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Abstract 

Although supramolecular strategies can be successful in mediating the assembly of π-surfaces, 

these assemblies rely solely on typically weak, non-covalent interactions. A macromolecular 

approach (Chapter 1) provides an opportunity for even greater control as covalent scaffolds can 

reinforce and/or direct the assembly of π-surfaces whilst also taking advantage of non-covalent 

interactions that drive self-assembly. Mediating π-assembly via macromolecular scaffolds can 

provide access to, i) robust materials owing to the macromolecular sizes, ii) molecules that 

have high fidelity, iii) materials that have hierarchical ordering (i.e., multiple levels of 

assembly) and iv) materials that have advanced functioning. The arrangement of functional 

aromatic units in three-dimensional (3D) space is relatively unexplored, whereas one-

dimensional (1D) assembly of said units has been a target for supramolecular chemists over 

the last 30 years. This thesis will discuss these two macromolecular strategies towards guiding 

π-aromatic units: firstly, using a fullerene hexakis-adduct scaffold (Chapters 2 and 3) that pre-

organises and positions the pendant aromatic units in 3D space, and secondly, using a 

polypeptide (Chapter 5) that capitalises on β-sheet forming peptide sequences and an artificial 

β-turn to organise embedded functional units into 1D assemblies. In both strategies, the 

macromolecular scaffolds facilitate a structure of order that organises photo- and/or redox-

active units that can be investigated for their fundamental optoelectronic properties as well as 

potential applications (Chapter 4) such as in photovoltaics, photocatalysis and semiconductor 

devices. The macromolecular strategy in controlling π-assembly is still in its nascency, 

however, this thesis demonstrates the untapped potential bestowed upon multivalent, redox-

active macromolecular materials. 
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Synopsis  

Aromatic π-assemblies can be observed, monitored and exploited for emergent 

applications in organic photo- and redox-active materials. It is still a challenge to guide  

π-interactions in functional aromatic assemblies that have desirable orbital overlap as the 

orientation of interacting π-surfaces is largely dictated by electrostatic interactions. 

Supramolecular materials are a popular approach towards guiding π-assembly, however, 

limitations such as their sensitivity to pH, moisture, temperature, stress and propensity to 

aggregate into electrostatically favourable orientations hamper their use in a device setting. π-

Assembly using macromolecular scaffolds can help to overcome some of these issues by 

providing access to: i) more robust materials, ii) more reliable assembly processes, iii) materials 

that have hierarchical ordering, and iv) materials that have advanced functioning. This 

introductory chapter will first cover the fundamentals of aromatic assembly using rylene 

diimides as a canonical π-motif, before describing two macromolecular strategies for guiding 

π-assembly. The recent trends in fullerene hexakis-adduct chemistry to achieve three-

dimensional (3D) aromatic assembly are explored. Following this, the ever popular peptide–π 

conjugate strategies and the less explored polymer π-assembling systems that hope to achieve 

hierarchical one-dimensional (1D) aromatic assemblies are summarised. 
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1.1 Aromatic π-Assembly 

In supramolecular and organic materials chemistry, the assembly of π-surfaces—whether by 

intramolecular interactions or intermolecular multicomponent ensembles—can lead to 

emergent optical, electronic and electrochemical properties that are not present in the lone 

monomer. For example, favourable overlap of π-orbitals lowers the overall energetics of a  

π-assembled system to enable lowered barriers for charge transport in materials.1,2 Fundamental 

developments in π-mediated assembly strategies (especially within the solid state) can pave the 

way to novel materials that can serve applications in organic electronics, including 

semiconductors3, solar cells4, light-emitting devices5, batteries6, etc. In order to enable these 

long-term goals, fundamental research to understand (and ideally control) π-assembly at the 

molecular level remains paramount. This introduction surveys different approaches that 

researchers have taken over the decades to characterise and achieve aromatic assembly. 

Arguably the most popular approach to directing π-assembly is through supramolecular 

systems, i.e., from multicomponent assembly. However, supramolecular materials have 

inherent limitations such as their sensitivity to neighbouring environments (i.e., pH, moisture, 

temperature, stress, etc.) and preference to aggregate into non-desirable nanoscale orderings. 

Mediating π-assembly via macromolecular architectures can help to overcome some of these 

issues by providing access to: i) more robust materials owing to the high molecular weight 

building blocks, ii) more reliable assembly processes and iii) materials that have hierarchical 

ordering (i.e., multiple levels of assembly). Moreover, macromolecular π-assembly is a 

relatively unexplored approach towards guiding the assembly of π-surfaces. In this 

introduction, π-assembly mediated by macromolecular architectures is given preference and 

we draw examples from biological systems to inspire the design of synthetic materials. 

Aromatic assembly is ubiquitous in nature, and is common in stabilising the structures of 

enzymatic proteins, ribonucleic acid (RNA) and deoxyribonucleic acid (DNA). In the case of 

proteins, aromatic interactions are important in forming 2°, 3° and 4° structures that in turn 

arise owing to the order of amino acids in the 1° polypeptide sequence (Figure 1.1a). The utility 

of peptide sequences to organise aromatic interactions is featured in this thesis (Chapter 5) and 

will be covered in Section 1.5.1. Of all the biomolecules, DNA is a particularly good example 

of how aromatic interactions can influence structure at the hierarchical level. The biological 

macromolecule exemplifies a cooperative balance of hydrogen bonding, i.e., owing to 

complimentary Watson-Crick base pairing rules, and aromatic π-assembly interactions.7 The 

intermolecular π-interactions are especially important in the geometry of DNA, wherein the 

stacking of π-surfaces is dictated by favourable electronic distributions across proximal 
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aromatic units. Ultimately, the π-assembly is responsible for the helicity observed in double 

stranded DNA. Indeed, the three families of DNA helices, A-DNA, B-DNA and Z-DNA all 

have different conformations (Figure 1.1b). Driven almost solely by the stacking of the 

individual nucleotide bases, i.e, the sequence of π-stacked base pairs, the resulting helical 

pitches of A-DNA, B-DNA and Z-DNA are 28°, 34° and 45° respectively.8 

It is still a challenge to design synthetic systems that can form hierarchical structures which are 

reminiscent of DNA. Synthetic chemists have capitalised on π-interactions in various systems 

that allow for fundamental supramolecular investigations as well as materials that have bespoke 

properties and applications. For instance, polymers are a popular approach toward enforcing 

aromatic interactions for functional materials; P3HT9 (Figure 1.2a) is an electron rich polymer 

that can facilitate charge transfer in binary donor–acceptor mixtures. Similarly, dendrimers are 

Figure 1.1. a) Structural hierarchical ordering of proteins: 1° structure of amino acids, 2° Structure generating 

localised pleated sheets and helical motifs, 3° structure of the folded, globular protein, and 4° structure of a 

multicomponent protein complex. b) A-, B-and Z-DNA, as seen from the side (top) and looking down the axis 

(bottom) of the double stranded helix. 
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also polymeric molecules that have been decorated with aromatic molecules (e.g., pyrene10, 

Figure 1.2b) to explore π-assembly and function in three-dimensional (3D) space. Arguably 

one of the most popular strategies to control and manipulate π-interactions is through 

supramolecular assemblies11 (Figure 1.2c) of small molecules. Here, noncovalent interactions 

such as hydrogen bonding and electrostatic interactions can be used to drive assembly of 

aromatic molecules into favourable orientations for bespoke applications. In contrast, covalent 

or mechanical bond enforcement of π-interactions is also an approach that has been successful 

in controlling the order of aromatic molecules. Serving as a key example, mechanically 

interlocked molecules (MIMs) capitalise on the threading of a macrocycle over a stoppered 

chain (i.e., a rotaxane) or another macrocycle (i.e., a catenane12, Figure 1.2d) and in turn 

aromatic assemblies are enforced. Ultimately, many strategies exist to dictate and exploit  

π-assembly for not only fundamental π-interaction investigations, but also for access to 

functional organic materials. 

This Thesis details relatively unexplored strategies (i.e., macromolecular approaches) towards 

guiding π-assemblies, initially to study fundamental π-interactions with future aims of device 

implementation in various applications. The differing optical, electronic and electrochemical 

properties of π-aromatic molecules and their assemblies are exemplified in the various 

functions they show promise. Such applications include their use in diodes, transistors, 

semiconductors, photovoltaic cells as well as artificial photosynthetic devices where charge 

transport and conductivity properties are fundamentally important. In comparison to traditional 

metal-based materials, organic-based electronics can offer more tuneable alternatives that are 

both low cost and from a sustainable source. Yet, despite the breadth of knowledge–and 

understanding of functional aromatic compounds and the forces that dictate their properties in 

Figure 1.2. Different strategies to aromatic assembly: a) optoelectronic polymers, e.g., P3HT, b) dendrimers, e.g., 

light-harvesting pyrene dendrimers, c) supramolecular assemblies, e.g., self-assembly via hydrogen bonding and 

aliphatic interactions and d) covalent enforcement, e.g., a [2]-catenane MIM. 
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OEDs–there are few examples that bare commercial application. For instance, organic based 

solar cells (OSCs) offer attractive features such as low weight, semitransparency, flexibility, 

low-temperature processing, low materials consumption and the tunability of the optoelectronic 

properties, however, these features can be more difficult to instil into traditional metal based 

electronics.13 Moreover, the commercial applications of OEDs are plagued with issues such as 

short device lifetimes, molecular and material stability (i.e., O2, H2O, heat, irradiation, stress), 

fabrication on a large scale and the use of toxic solvents that are needed for their processing.14,15 

π-Assembly in macromolecular systems may allow for some of the limitations to be overcome 

by providing access to materials with high integrity. There is still a great need to develop new 

strategies that allow for complete control of the aggregation of functional photo- and redox-

active molecules for tailored properties and high performing functional organic materials.  

1.2 π-Assembly of Redox-Active Aromatics 

One of the fundamental challenges that continues to persist in the generation of aromatic 

assembled materials is the difficulty in controlling the orientation and alignment of interacting 

aromatic molecules. As aromatic molecules possess quadrupole moments16 with regions of 

high and low electron density, the molecules will try to adopt the most favourable electrostatic 

configurations upon interacting (Figure 1.3).17 For example, benzene has a charge distribution 

Figure 1.3. Illustration of the electrostatics (B3LYP/ 6-31G*) involved in the orientations of typical aromatic 

interactions that are dictated by quadrupole moments. Benzene and hexafluorobenzene are used to describe the 

assembly for electron-rich and electron-deficient aromatic rings, respectively. 



 Chapter 1| Macromolecular Strategies for π-Assembly in Organic Molecules 

 

7 

  

(c.f., intrinsic quadrupole moment Qzz = –8.5 B18) which favours edge-to-face interactions 

when interacting with like molecules (i.e., upon homo-assembly). In contrast, the electron 

withdrawing fluorine atoms of hexafluorobenzene causes an inversion in the charge 

distribution (c.f., intrinsic quadrupole moment Qzz = +9.5 B18) in comparison to benzene. Here, 

homo-assembly of electron deficient molecules favours off-centre parallel stacking of 

molecules. These effects can be further demonstrated with common redox-active molecules, 

such as perylene and perylene diimide (PDI). Like benzene, perylene (Figure 1.4a) has electron 

density concentrated on the p-orbitals central to the periphery of its carbon framework; 

perpendicular to the aromatic ring, electron density is much less. The introduction of two 

imides in PDI19 (Figure 1.4b), and therefore the inclusion of four carbonyls to perylene, changes 

the electron-rich core into a positive electrostatic region. Both perylene and PDI have large 

quadrupole moments parallel and perpendicular to their molecular axes, respectively, and 

therefore self-assembly processes are typically dominated by edge-to-face and off-centre 

parallel π-interactions.20   

As demonstrated by perylene and PDI, the inclusion of two electron withdrawing imide groups 

to the aromatic core greatly affects the energies of the highest occupied molecular orbitals 

(HOMO or EHOMO) as well as the lowest unoccupied molecular orbitals (LUMO or ELUMO). The 

difference in energy between the two molecular orbitals is the bandgap, which compared to 

metal semiconductor materials is relatively large. Electron rich molecules, such as pyrene, 

pentacene and polythiophenes, can facilitate charge-transport serving as p-type semiconductor 

materials.21 Here, electrons situated in the HOMO are high in energy and can be easily oxidised 

to generate charge carriers. Conversely, electron deficient molecules such as PDI have  

low-lying HOMOs and LUMOs, which can facilitate n-type semiconductor properties, i.e., 

these molecules are readily reduced to form charge carriers.22,23 For both p- and n-type 

molecules, the intermolecular aggregation and π-orbital coupling is of paramount importance 

Figure 1.4. Representative electrostatic potential Vs of a) perylene and b) perylenediimide19. Colours illustrate 

electron-rich (blue) and electron-poor (red) areas. 
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in order to obtain efficient charge delocalisation in the bulk material. Controlling the distance 

and orientation of interacting π-surfaces is therefore not only of fundamental interest to 

supramolecular chemistry, but also in designing organic materials for charge transport and 

conductivity applications.  

Whereas the characterisation of individual molecules is important for rationalising the bulk 

material properties, the performance level (e.g., for charge transport) is often highly sensitive 

to the intermolecular ordering of π-systems. For assembling π-surfaces, there are four different 

classes of packing motifs: i) herringbone packing (face-to-edge, Figure 1.5a) with poor π–π 

orbital overlap, ii) herringbone packing or slipped π-stacking (Figure 1.5b) with π–π orbital 

overlap between adjacent molecules, iii) lamellar packing (Figure 1.5c) with 1D π-stacking, 

and iv) lamellar packing (Figure 1.5d) with two-dimensional π-stacking.24 Arguably, the latter 

two forms where π-orbital overlap is maximised is considered the most efficient packing of 

molecules for applications such as charge transport, i.e., via the shortest route through the 

material. Molecular design and engineering has focused on obtaining materials that inherently 

have 2D lamellar packing, yet, it is a challenge to direct π-assembly into these most desired 

assemblies.  

Whereas homo-assembly of aromatic molecules can result in varied packing arrangements, 

hetro-assembly between electron rich and electron deficient aromatic molecules can lead to 

more predictable assemblies. Here, a Lewis acid–Lewis base type interaction exists with the 

partial transfer of electron density from the donor to the acceptor—this is known a charge 

transfer (CT) interaction.25 The properties of these aromatic CT assemblies are heavily 

dependent on the efficiency and directionality of the π-orbital interactions between stacks 

which are typically face-centred (Figure 1.3). Here, hetro-assembly is useful in driving the  

co-assembly of donor and acceptor units into arrays where π-interactions are aligned, however, 

for homo-assembly it is still a challenge to enforce face-centred π-interactions. 

Figure 1.5. Molecular packing motifs of planar aromatics. a) herringbone packing (face-to-edge) with no significant 

π-π overlap, b) herringbone packing with π-π overlap, c) 1D  lamellar packing and d) 2D lamellar packing. 



 Chapter 1| Macromolecular Strategies for π-Assembly in Organic Molecules 

 

9 

  

1.3 Rylene Diimide Assembly  

One of the staple redox-active aromatic units that is used to probe the effectiveness of  

π-assembly strategies is naphthalene diimide (NDI, Figure 1.6). NDI is the smallest member of 

the rylene diimide family and possesses important properties for OEDs, i.e., high electron 

affinity, good charge carrier mobility, thermal and oxidative stability. NDIs are attractive 

molecules because they can be readily synthesised from the corresponding dianhydride with 

amino functionalised molecules. Indeed, multiple strategies exist for both symmetric and 

asymmetric functionalisation. Furthermore, core substitution26 chemistry is also possible which 

can significantly change the optoelectronic properties of the NDI unit. The straightforward 

synthesis and optoelectronic properties has poised NDI as an attractive unit for modelling 

systems that direct favourable π-assembly in pursuit of functional organic materials. As such, 

NDI has been used in Chapters 2 and 5 to probe macromolecular strategies in guiding  

π-assembly. 

NDI undergoes a facile one electron reduction to a monoradical state (i.e., NDI•–) which can be 

further reduced to a dianionic state, (i.e., NDI2–), with both reductions fully reversible (Scheme 

1.1). Because of their reduction properties, NDI-functionalised molecules have found 

applications in charge transport27,28 and energy storage29 materials. Non-core substituted NDI 

molecules typically show three well-resolved absorption bands (Figure 1.6) centred at 380,  

Figure 1.6. Typical normalised absorption and fluorescence emission spectra of an N-alkyl substituted NDI. 

Emission collected following excitation at 356 nm.97 

Scheme 1.1. Chemical structures of neutral NDI, which can be readily reduced to form an NDI monoradical which 

can be subsequently reduced a second time to form an NDI dianion. 
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360 and 340 nm as a result of the π→π* transitions along the long axis of the chromophore in 

the non-aggregated state. The corresponding emission profile consists of a mirror-image of the 

absorption profile that possess a small Stoke’s shift.30,31 NDI units have very low quantum 

yields (Φf < 0.02) and lifetimes which are indicative of the fast deactivation of the S1 state via 

intersystem crossing (ISC) to the close lying triplet state.32 Ultimately, the properties of 

monomeric non-aggregated NDI units are generally well-understood, however, upon 

aggregation the optical as well as electronic properties can change in various ways that are 

indicative of specific π-assembly processes.  

1.3.1 Neutral NDI Aggregates 

As mentioned, NDI units have excellent optical characteristics such as their tendency to absorb 

in the UV-Vis region that not only allows for easier product isolation (i.e., when used during 

chromatographic analysis) but also the probing of their aggregation. When NDI units aggregate 

they typically assemble into H- or J-aggregates. These assemblies modify the excited state 

energies and oscillator strengths for the transitions between the ground and excited states. A 

bathochromic shift and decrease in intensity of the lowest-energy vibronic absorption is 

commonly referred to as J-aggregation, i.e., a thermodynamically favourable aggregation of 

NDI units via packing into slip stacked or head-to-tail assemblies.33 Conversely, a 

hypsochromic shift in the absorption energy profile is commonly referred to as H-aggregation, 

i.e., a thermodynamically unfavourable aggregation of NDI units packing head-to-head. The 

energetic cost for imposing a close, head-to-head interaction is often ‘paid for’ using other 

stabilising forces such as hydrogen bonding or through enforcing the geometry of the  

π-interaction using a covalent framework. In addition to the changes in absorption profile, there 

are stark differences in the emission of the differing aggregates. J-aggregation of NDI units 

typically results in a featureless emission band (i.e., an excimer) that can be significantly  

red-shifted in energy. On the other hand, H-aggregate emission is typically very weak or not 

observable. Additionally, hetero-assembly of NDI units with aromatic solvents molecules, i.e., 

solvent-mediated charge-transfer complexes, can also form which also have significant effects 

on the absorption and emission profiles. Although these general trends apply to most PAHs, 

exact molecular structure and aggregation can result in a relaxing of the exciton transition 

rules.33  

An example by Banerjee et al. demonstrates how a single NDI system can achieve a variety of 

different assemblies upon changing the solvent type and polarity.34 From titrating n-octane or 

toluene in to a solution of NDIA in chloroform, H-aggregates (Figure 1.7a/d) or J-aggregates 

(Figure 1.7c/e) form, respectively, with clear changes in the absorption and emission spectra 

profiles. In aromatic solvents, π-interactions between the solvent and the electron deficient NDI 
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core prevents H-aggregation in favour of J-aggregate like assemblies.35 There is an increase in 

the λonset (Figure 1.7f) of absorption and a red-shift in λem,max (Figure 1.7g) which is correlated 

to the electron donating capacity of the solvents, i.e., the extent of aromatic CT in the solvent 

mediated CT complexes varies from significant (mesitylene) to none (n-octane). This example 

shows an individual NDI molecule can form a mixture of assemblies depending on the solvent 

polarity or type. However, there are also examples of two-component mixtures used to direct 

more ordered assembly in supramolecular systems. For instance, Gosh et al. have used 

Figure 1.7. a) Structure of dipeptide NDIA. UV-Vis absorption spectra at 0.05 mM in CHCl3 with varying % 

compositions of b) n-octane and c) toluene. Emission spectra at 12 mM in CHCl3 with varying % compositions of 

d) n-octane and e) toluene. f) Absorption spectra CT bands and g) emission spectrum of donor–acceptor CT 

complexes of NDIA in various organic solvents at 0.05 mM. 

Figure 1.8. a) Gosh’s two-component NDI system driven to assembly by hydrophobic and hydrogen bonding 

interactions. b) In MCH, J-aggregation of the NDI units is observable by UV-Vis spectroscopy with a significant 

red-shift in the onset of absorption. 
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orthogonal hydrogen bonding to assemble a two-component NDI system (Figure 1.8a).36 In 

chloroform, the UV-Vis spectra showed (Figure 1.8b) well-resolved NDI absorption bands that 

were indicative of a fully dissolved state whereas in methylcyclohexane (MCH) an 18 nm shift 

in the onset of absorption was observed indicative of J-aggregation of NDI units and therefore 

assembly of the two-component system. 

In the solid state, deeper insight into the molecular interactions between NDI units can be 

obtained using X-ray crystallography, with the morphology of these assemblies observable 

using microscopy when they are drop cast as thin films. Bhosale et al. have demonstrated37 the 

self-assembly of a cholic acid N-substituted NDI conjugate (NDI-DCA, Figure 1.9a) into 

various nanostructures depending on the solvent environment. The cholic acid residues instil 

chirality into NDI-DCA, however, only a weak signal is observed from circular dichroism (CD) 

spectroscopy (Figure 1.9b). Upon molecular self-assembly, the embedded chirality can direct 

a handedness to the aggregated nanostructures with the chirality transferred to the 

chromophore—this is known as the Cotton effect and a characteristic signal can be observed 

depending on the specific aggregation adopted, e.g., anti-parallel β-sheets. A strong cotton 

effect is observed upon addition of water with two negative signal at 360 and 380 nm and a 

positive signal at 410 nm observed (Figure 1.9c) for NDI-DCA, indicative of right-handed 

helical aggregates. Scanning electron microscopy (SEM) allowed for visualisation of the 

aggregates following solvent evaporation. In 30% THF–H2O, right-handed (P-type) helices 

were observed several microns in length, whereas in 20% THF–H2O spheres (200–400 nm 

diameter) were observed exemplifying the sensitivity of the self-assembly process of the NDI-

conjugated molecules.  

Figure 1.9. a) Molecular structure of NDI-DCA. b) CD spectra of NDI-DCA (10 µM) in various different THF–

H2O mixtures. SEM images of nanostructures formed by NDI-DCA in different THF–H2O mixtures (10 µM) of c) 

70% and d) 80% H2O in THF.   
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1.3.2 π-Aggregation of NDI Radicals 

The field of NDI assembly was inspired by the early work of Larry Miller.38–40 He performed 

an in-depth analysis of how NDI molecules assemble in aqueous media in both the neutral and 

reduced states. A water soluble bis-sulphonate NDI (NDIsul, Figure 1.10a) was prepared and 

its self-aggregation (i.e. homo-assembly) in various solvents was monitored following 

complete reduction to the monoradical state (i.e., NDI•–) by sodium dithionite.41 In DMF, 

characteristic absorptions at 780 and 473 nm were observed in the Vis-NIR spectrum for 

NDIsul•–, characteristic of a monomerically dissolved NDI radical. However, in water an 

additional band (Figure 1.10b) was observed at 1140 nm corresponding to the radical anion 

NDI dimer (i.e., 2NDIsul2(•–)). Furthermore, upon the addition of sodium chloride to the 

aqueous solution containing NDIsul•–, the absorption spectrum (Figure 1.10c) further evolved 

with a peak at 1700 nm that extended into the IR region (i.e., beyond 2000 nm) as a result of 

higher order NDI aggregates (i.e., beyond dimer) in the monoradical state.  

Radical π-assembly can be difficult to achieve because of the inherent Coulombic repulsion 

that is experienced between reduced π-systems.42 Indeed, as demonstrated by Miller, driving 

forces such as the hydrophobic effect are often required to push together homo-assembly of 

radical π-systems. A more achievable situation to assemble NDI radicals is through mixed 

valence systems where an electron rich NDI radical (i.e., NDI•–) interacts with an electron-

deficient neutral NDI π-system.43 This has been demonstrated by Stoddart, who showed that  

π-assembly and electron delocalisation could be observed in discrete NDI systems (i.e., across 

NDI functionalised oligorotaxanes).44 Here, NDI macrocycles are threaded (Figure 1.11a) over 

an ammonium dumbbell and trapped into a MIM following a clipping reaction, i.e., Schiff base 

formation. The effect of mechanically enforcing the close contact (<3.5 Å) of stoppered NDI 

Figure 1.10. a) Chemical structure of NDIsul, and the NIR absorption spectra in b) H2O and c) H2O with 5.0 mM 

NaCl.  
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residues on the electronic properties was probed. For [2]NDI1R (i.e., the rotaxane with one 

clipped NDI units), two characteristic reduction events (Figure 1.8b) at –0.73 V and –1.20 V 

vs. Ag/AgCl correspond to the formation of the NDI monoradical (i.e., NDI•–), and dianion 

(i.e., NDI2–) species; an additional reduction event observed at –1.44 V corresponds to 

reduction of the pyridine ring. Owing to π-electronic communication encouraged between two 

electron-deficient NDI motifs, the first reduction of [3]NDI2R (i.e., the rotaxane with two 

clipped NDI units) takes place at a lower potential (Figure 1.11d) than for [2]NDI1R, however, 

the subsequent reduction is more difficult (–0.88 V) to achieve as a result of adding an electron 

to a more electron rich π-system. These observations reveal that the intermolecular π-assembly 

lowers the ELUMO. Furthermore, analysis of the first-wave reduction profiles (Figures 1.11c–e) 

for a series of [n]NDI1R oligorotaxanes reveals increasing separation of the first one-electron 

reduction process as a result of increasing electronic communication between multiple NDI 

units, i.e., electronic coupling across all NDI units is observed upon sequential reduction of 

each NDI unit. In addition, further insight could be gained using electron paramagnetic 

resonance (EPR) spectroscopy which provides information on thenumber of units involved in 

a system when radicals are shared. EPR experiments (Figures 1.11f–h) were used to probe the 

sharing of an electron in the mono-reduced states (i.e., a mixed valence state) with [4]NDI3R 

and [5]NDI4R. These results provide additional evidence for electron delocalisation across 

multiple NDI units with a narrowing of the spectral width as well as a loss in resolution of the 

hyperfine splitting couplings in the EPR signal. 

Figure 1.11. a) Oligorotaxane structure with illustrative cartoon, b) voltammogram of [2]NDI1R in CH2Cl2 at 298 

K (1.0 mM, 0.1 M TBAPF6 supporting electrolyte; scan rate = 50 mV s–1). Voltammogram of first-electron reduction 

for c) [2]NDI1R , d) [3]NDI2R , e) [4]NDI3R,  in CH2Cl2 at 298 K (1.0 mM, 0.1 M TBAPF6 supporting electrolyte; 

scan rate = 50 mV s–1). d) EPR spectra for for e) [2]NDI1R , f) [3]NDI2R , g) [4]NDI3R after reduction with CoCp2 

(1 equiv.) in CH2Cl2 (0.75 mM) at 270 K at X-band (9.5 GHz) with 0.020 mT modulation amplitude. 
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Although not a supramolecular system, the coupling of reduced NDI units can be further 

observed in covalent systems that do not allow for disassembly as a result of Coulombic 

repulsion. Wu et al. reported45 a rigid NDI cyclophane (NDIc) wherein the proximity of the  

π-surfaces was fixed at 3.5 Å (Figure 1.12a), enforcing strong intramolecular π-orbital coupling 

of the units. UV-Vis spectroscopy provided initial evidence for strong electronic 

communication between the NDI units of NDIc with a blue shift (Δλmax = 20 nm) in the  

lowest-energy vibronic absorption (Figure 1.12b) in comparison to a reference NDI molecule. 

Upon reducing NDIc to the monoradical state, a new absorption band centred at λmax = 1750 

nm appears as a result of an intervalence charge transition (IVCT). Simultaneously, the 

reduction of the EPR-linewidth for NDIc by a factor of √2 with respect to the control NDI 

provided further evidence for delocalisation of the single electron across both NDI units. 

Further reduction to the dimer anion resulted in a loss of the EPR signal and the disappearance 

of the IVCT band with the growth of a new band (Figure 1.12b) centred at λmax = 1000 nm for 

the doubly reduced species (i.e., NDI2(•–)). Here, a rigid covalent scaffold has allowed for 

electrostatically unfavourable radical π-interactions to be observed and characterised with  

UV-Vis-NIR and EPR spectroscopies.  

NDI molecules, and related rylene diimides, have been heavily explored and it has been 

demonstrated that we are able to control—to some extent—and observe interactions in the 

neutral as well as reduced states. Despite the many success stories, it is still a fundamental 

challenge to dictate the interactions between π-conjugated molecules and thus the properties of 

organic materials for electronic applications. An understanding of the processes that drive  

π-assembly and how it can be enhanced through either structural modification, solvent or 

redox-control, will pave the way for novel materials with emergent properties. Ultimately, 

although mediating π-assembly using macromolecular systems may have increased synthetic 

Figure 1.12. a) Plan and side-on views of solid-state structures of NDIc, showing the close intramolecular distance 

and twist angle between the two NDI units. b) Absorption spectra of NDIc in the ground state (black trace) and 

electrochemically mono-reduced (blue trace) and di-reduced (green trace) states with insets showing the mixed 

orbital interactions and lowest energy electronic transitions of the resulting absorption spectra.  
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difficulty, the benefits of i) high fidelity materials, ii) increased stability (i.e., to stress, 

temperature, etc.), and iii) nanoscale hierarchical ordering, make it an attractive strategy for the 

ultimate control over π-assembly processes. The following sections summarise the background 

and state of the art in two strategies that are central to my PhD thesis: i) macromolecular 3D 

scaffolds and ii) macromolecular 1D foldamers, for π-assembly. 

1.4 Fullerenes as Three-Dimensional Scaffolds 

The tendency of rylene diimides—and most planar aromatic molecules—to undergo 

thermodynamically-governed π-stacking interactions means that they will often lend 

themselves to the formation of 1D supramolecular π-assemblies and nanostructures (vide infra, 

Section 1.5) that are primed for facilitating unidirectional energy and charge transport 

processes. However, there is growing interest to understand the fundamental nature of aromatic 

interactions in 3D space, as this tends to mimic the 3D organisation of natural systems in 

biology and introduces ‘dimensionality’ as a novel design consideration, i.e., with respect to 

developing organic π-conjugated molecules for advanced optoelectronic applications. In order 

to overcome the electrostatic dictation on π-assembly, covalent scaffolds are generally required 

to realise precise, 3D spatial arrangements of aromatic units. To this end, hexakis-substituted 

fullerenes have emerged as a viable scaffold for studying and manipulating the through-space 

electronic processes that take place between 3D organised aromatic molecules. This section 

outlines the rather versatile Bingel and ‘click’ strategies for functionalising fullerenes with up 

to 12 aromatic units and surveys literature examples that exemplify the role of 3D scaffolds on 

mediating aromatic assembly and through-space energy transfer events. 

Fullerenes are attractive candidates for mediating π-assembly within charge-transport and 

catalysis applications as they combine three-dimensionality with unique photoelectric and 

electrochemical properties. Since 1990, the large scale availability46 of fullerenes has allowed 

for the development of many synthetic strategies that can modify or functionalise the 

conjugated fullerene surface. These molecules, and their functionalised derivatives, have 

received—and continue to receive—a lot of attention owing to their promise in the preparation 

of advanced materials. Indeed, [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) is a 

fullerene derivative widely used as an electron acceptor47 in bulk-heterojunction organic solar 

cells, a promising alternative technology to inorganic solar cells. Fullerene scaffolds offer a 

globular design, akin to proteins, for the synthesis of multivalent, multifunctional molecules. 

Owing to these unique properties associated with fullerenes, the synthesis of many bis-48,49, 

tris-50, tetrakis-51, pentakis-52 and higher substituted functionalised C60 derivatives has been 
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demonstrated following well-optimised synthetic protocols such as Bingel cycloproponation53, 

1,3-dipolar additions54 and Diels-Alder55 reactions (Scheme 1.2). The controlled 3D spatial 

arrangement of π-functional moieties in space, not only allows for a fundamental understanding 

of globular three-dimensional carbon structures, but also for the construction of novel 

multifunctional nanomaterials. To date, only a few examples of aromatic functionalised 

fullerene derivatives exist in the literature. Their structure dictates a scaffold of high integrity 

and thus can be used to mediate both intra- and intermolecular π-assembly for the study of 

fundamental π-interactions and the design of novel organic electronic materials. 

Although the chemistry in pursuit of fullerene adducts is vast, this discussion will focus only 

on derivatives attained using [2+1] cycloaddition reactions, i.e., through a Bingel–Hirsch 

reaction. The shortest and most reactive π-bonds on the surface of C60 are those between two 

fused six-membered rings. Owing to their electron deficient nature, these sites are susceptible 

to nucleophilic addition and thus reacting here allows for straightforward access to mono as 

well as highly substituted fullerenes; there are six [6,6] sites that are distributed in an octahedral 

Scheme 1.2. Examples of some of the most popular strategies for functionalisation of fullerene. The Bingel reaction 

can be employed under dilute or concentrated conditions to target either a mono-adduct or hexakis-adduct, 

respectively. 
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pattern across C60. Generally, functionalisation of fullerenes increases their solubility in 

common organic solvents and thus aids with the analysis and processability of such materials. 

However, this in turn can be detrimental to the electrochemical properties of the fullerene core 

as it disrupts conjugation as well as molecular symmetry and so a balanced approach to the 

functionalisation of fullerene is required in order to preserve these properties. 

The modified Bingel reaction has risen as a key strategy in functionalising fullerenes; it can 

produce reactive intermediates which can be generated in situ, as well as high yields and 

tolerability to various functional groups. For example, when pursuing a fully functionalised 

fullerene hexakis-adduct, the reaction is typically carried out in o-dichlorobenzene or toluene 

with C60 (1 equiv) added to a bismalonate (10 equiv), tetrabromomethane (100 equiv) and DBU 

(20 equiv). The reaction involves the use of tetrabromomethane, a bromination source for the 

in situ formation of the bromo malonate which is necessary for cyclopropanation to occur. 

Here, the bromide is a much greater leaving group than a proton in the ring closing step that 

links the malonate to the fullerene surface. Traditionally, the yields for this reaction were very 

low until it was ‘modified’, with the optimisation leading to previously unattainable high 

yielding syntheses of many hexakis-adducts. Conversely, selective mono-adduct formation can 

be achieved upon changing the relative equivalences of the reagents and performing the 

reaction under high dilution. These methods can therefore provide efficient routes to 3D 

molecules that vary in their valency, functionality and fundamental properties. 

Whilst the modified Bingel reaction provides a one-pot regioselective route to hexakis-adducts, 

the use of bulkier and structurally more complicated malonates via this route is often low 

yielding and requires extensive and difficult purification methods. The Nierengarten group 

were the first to use a key intermediate fullerene that was poised for ‘click’ functionalisation 

in accessing hexakis-adducts with high levels of structural complexity and functionality.56
 The 

researchers synthesised an azido functionalised hexakis-fullerene (12Az, Scheme 1.3) from 

which further functionalisation could easily be conducted using Cu(I)-catalysed azide-alkyne 

cycloaddition (CuAAC) ‘click’ reactions. A biphasic reaction mixture of dichloromethane–

water, containing copper sulphate pentahydrate as the source of copper and sodium ascorbate 

as the reducing agent, allowed for a range of highly substituted fullerenes—even with bulky 

peripheral groups,—to be synthesised with yields ranging from 56 to 91%. The CuAAC 

functionalisation strategy has since provided access to multivalent fullerene hexakis-adducts 

that have useful functions, .e.g, for inhibition of artificial Ebola virus as well as glycosidase 

inhibition.57,58 In addition, the Nierengarten group provided another route (Scheme 1.3)  

towards hexakis-adduct functionalised fullerenes capitalising on the use of trimethylsilyl-

protected alkyne groups. They synthesised 12TMSY (Scheme 1.3), bearing 12 alkyne groups 
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Scheme 1.3. The synthesis of of hexakis-adduct 12Az, bearing 12 azide groups serves as a key intermediates for 

the click functionalisation syntheses of dodeca-functionalised fullerenes. Trimethylsilyl-protected alkyne hexakis-

adduct 12TMSY allows for the synthesis of [5:1] fullerene hexakis-adducts following the selective synthesis of 

1TMSY from 1 and C60 under similar conditions under high dilution 

. 

. 
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that could be functionalised with azide-bearing molecules following in situ trimethylsilyl 

(TMS) deprotection using tetrabutylammonium fluoride (TBAF). Furthermore, capitalising on 

both synthetic approaches (i.e., varying dilution) towards mono- as well as hexakis-adduct 

fullerenes, they provided a route towards [5:1] non-symmetrical fullerene derivatives. Here, 

varying functionality can be appended around the fullerene core and thus a unique situation 

arises to study redox- and photophysical intramolecular processes between appended 

functional units as well as the fullerene core. These methods are now widely accepted as the 

go-to-strategy for synthesising multivalent fullerene hexakis-adducts owing to the ease of 

reaction, tolerance to a wide range of functional groups, high yields and straight forward 

purification.  

Varying adducts from mono- to hexa-substituted fullerene derivatives are synthetically 

possible. Yet, owing to the complications in controlling selectivity and purification of different 

adducts, only singularly functionalised and fully functionalised fullerene adducts are 

commonly reported in the literature, i.e., mono-adducts and hexakis-adducts. With respect to 

rylene diimides, there have been some examples of functionalised fullerenes with PDI to probe 

the interaction between the appended chromophore and the fullerene core. Köhler et al. recently 

investigated59 the light-harvesting properties of PDI antennas covalently linked to C60. PDI 

motifs have a tendency to form strong π-interactions that greatly alter their photophysical 

properties—this is unwanted with respect to designing light-harvesting materials based on PDI 

derivatives as energy is not transferred, i.e., to the fullerene in this case. Following the modified 

Bingel reaction, under high dilution they were able to selectively synthesise A2-F (Figure 

Figure 1.13. a) Chemical structure of A2-F. UV-Vis absorption b) and emission c) spectra of A2-F in CHCl3  

[10 µM], with arrows indicating selected wavelengths for generation of d) excitation spectra.  
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1.13a) in a yield of 47%. With long chain flexible linkers to attach the PDI units covalently to 

the fullerene surface, they observed a moderate (60%) amount of intramolecular π-interactions. 

The emission spectrum (Figure 1.13c) shone light on the distribution of non-interacting and 

interacting PDI units with the excitation spectra (Figure 1.13d) revealing the origin of the 

lower-energy emission (630 nm) came from J-aggregating PDI units. Ultimately, for the design 

of light harvesting PDI derivatives, the researchers concluded that longer, more-rigid antennas 

were required to prevent PDI units from aggregating (i.e., to increase performance efficiency) 

around a fullerene core. Although unwanted for light-harvesting applications with PDI, a fully 

decorated fullerene, e.g., from a hexakis-adduct, could increase the amount of intramolecular 

π-assembly for extended stacking of functional units to facilitate properties such as charge 

transport.  

1.4.1 π-Functionalised Fullerene Hexakis-Adducts  

To date, there are no examples of rylene diimide functionalised hexakis-adducts of fullerene 

and this provides an open territory for new research to take place (see Chapter 2). However, 

the homo-functionalisation of hexakis-adducts has allowed for investigations into the effect of 

the 3D scaffold on the π-interactions of the appended units. This has been demonstrated by 

Martín and co-workers who synthesised an electron-rich hexakis-adduct and investigated its 

interaction with graphene. Whereas surface modification of graphene can negatively impact 

Figure 1.14. Molecular structure of 12exTTF, bearing 12 π-exTTF moieties. AFM topography images of 

12exTTF–graphene composite showing detail of the surface of a platlet and small aggregates, including the 

resulting phase change around aggregates. Height profile along the black line shown, identifying aggregate heights 

of up to 2 nm. 
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some of its properties such as the band gap, non-covalent interactions can also be used in a 

manner that is non-destructive; π-interactions are commonly used to interact with the surface 

of graphene, carbon nanotubes, etc. The ‘clicking’ of 12 curved π-exTTF groups to deprotected 

12TMSY allowed for the straightforward synthesis of 12exTTF (Figure 1.14a). Initially,  

UV-Vis spectroscopy was used to probe the interaction of graphene and a monomeric π-exTTF 

unit with no interaction observed between the two. Yet, when grafted to the hexakis-adduct 

scaffold, an interaction with the graphene sheets was observed providing evidence for enhanced 

binding via a ‘multivalent’57 effect of having the 12 groups attached to the 3D scaffold. 

Furthermore, analysis of the 12exTTF–graphene composites with atomic force microscopy 

(AFM) confirmed the presence of graphene platelets (Figure 1.14b) with a high density of 

12exTTF agglomerates, roughly 3–6 nm in diameter and 1–2 nm in height. Additionally, 

Raman spectroscopy observed (Figure 1.14c) no change to the defect band (D) with a change 

to the G band, confirming the non-destructive injection of electron density from the exTTF 

moieties to the graphene surface. Although this study did not delve into the alteration of the 

electronic properties of graphene, it provides evidence for a change in the properties of a  

π-functionalised motif when it is appended to a multivalent scaffold in the presence of a 

functional material.  

As well as facilitating intermolecular interactions with 2D substrates such as graphene, the 

hexakis-adduct fullerene core also provides a means to study intramolecular processes. For 

instance, Iehl et al. decorated60 12Az with 12 conjugated E-stilbene (A) oligomers to make 12A 

(Figure 1.15a) and investigated its light-harvesting properties; model compounds were 

synthesised to aid understanding of the properties: 12Ph (Figure 1.15b) and a ‘clicked’  

E-stilbene A (Figure 1.15c). Upon collecting the emission spectrum of 12A they observed that 

the A-centred fluorescence (ca. 400 nm) was largely quenched, (Figure 1.15d) in comparison 

to A. In addition, a broad band centred ca. 600 nm was observed. Further emission experiments 

using a 550 nm cut-off filter revealed the presence of an almost quantitative energy transfer 

process via a Förster resonance energy transfer (FRET) mechanism—the fluorescence profile 

of A has significant overlap with the absorption profile of the C60 core and thus the emission 

energy is re-absorbed by the core. The excitation spectrum collected at 670 nm also matched 

exactly with the absorption spectrum of A, confirming the FRET process. Here, photophysical 

experiments reveal 12A to be an extremely efficient light-harvester, capable of channelling the 

absorbed energy from the periphery to the fullerene core by singlet–singlet energy transfer. 

Furthermore, the authors also suggest that the decorating of a hexakis-adduct with potent 

electron-donating motifs may allow for electron transfer from the periphery to the acceptor 

core. These observations provided early evidence that fullerene hexakis-adducts can have 
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photo- and/or redox-active light-harvesting properties. Indeed, careful selection of the pendant 

aromatic unit can be used to enhance or avoid these energy transfer properties.  

The energy transfer capabilities of fullerene hexakis-adducts has been further demonstrated by 

the Nierengarten group who designed61 a [5:1] system that allowed for energy-migration over 

long distances in a similar way to that which occurs in natural arrays. They chose to 

functionalise the hexakis-adducts with boron dipyrromethene (BODIPY) dyes; these 

chromophores are highly fluorescent, easily functionalised and readily facilitate charge 

transfer.62 To provide a gradient for energy transfer across a [5:1] system, they sequentially 

‘clicked’ two dyes, a yellow and blue BODIPY, to make 10Y2B (Figure 1.16a), with each dye 

differing in its conjugation and therefore optical properties and energy levels. They were able 

to selectively irradiate the blue BODIPY of 10Y2B and observe emission similar to that of 

control 2B10Ph. However, irradiation at 490 nm (95% selective for the yellow BODIPY) 

resulted in a very weak emission corresponding to the yellow BODIPY, with a concomitant 

increase in emission corresponding to blue BODIPY. Drawing comparisons with an equimolar 

mixture of the control compounds, this related to a quenching of roughly 85%. Excitation, 

variable-temperature and time-resolved emission spectroscopy experiments confirmed this was 

as a result of energy migration between the dyes for 10Y2B. Here, the fullerene hexakis-

Figure 1.15. Molecular structures of a) hexakis-adduct 12A, b) hexakis-adduct model compound 12Ph and c) 

reference A. d) i) Absorption and ii) emission spectra of A (black line), 12A (grey line) and 12Ph (grey dashed line) 

collected in CH2Cl2; inset shows emission spectra collected using a 550 nm cut-off filter of 12A (grey line), 12Ph 

at the same optical density (grey dashed line) and concentration (dashed black line) as of 12A. Emission spectra 

were collected following excitation at 335 nm. 
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scaffold provides a means for charge and energy transfer in a universal direction. When 

immersing mixtures of the yellow BODIPY-functionalised (10Y, Figure 1.16b) and hybrid 

dye-functionalised (10Y2B) fullerenes in a poly(methyl methacrylate) matrix, results confirm 

fast energy migration between 10Y molecules followed by the subsequent trapping of excitons 

by the blue BODIPY fragments of neighbouring 10Y2B molecules. Here, the migration of 

energy over long distances (ca. 70 Å) before concentrating at a reactive centre is highly 

reminiscent of natural light-harvesting systems seen in nature. Despite the synthetically 

challenging targets, the intricate design of the multivalent system has allowed for the supressing 

of unwanted intramolecular charge-transfer processes with the fullerene core in favour of 

intermolecular long-range communication between the different pendant aromatic units. As a 

proof-of-concept study, this paves the way for the design of analogues and materials that may 

increase efficacy when used in photovoltaic applications. It is clear that the tailoring of each 

system can hone in on or sequester the involvement of the fullerene core in optoelectronic 

processes. Indeed, when necessary the fullerene’s use can be concentrated as a scaffold for the 

Figure 1.16. Chemical structure of a) [5:1] hexakis 10Y2B, functionalised with 10 yellow absorbing dyes and 2 

blue absorbing dyes and b) [5:1] hexakis 10Y functionalised with 10 yellow dyes and 2 protected alkynyl moieties. 

c) Illustrative figure of model dye compounds, and the pathway for energy migration from the absorbing yellow 

dyes of 10Y to the blue dye moieties of 10Y2B. 
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3D arrangement of not only one chromophore, but also complementary chromophores for 

charge and/or energy migration. 

Energy transfer across fullerene hexakis-adducts has also be manifested in the form of electron 

migration. Indeed, installation of redox-active pendant units allows for insights into the 3D 

crowding of said units. The Nierengarten group grafted ten redox-active ferrocene units and 

two 1,2-dithiolane moieties onto a [5:1] hexakis-adduct to investigate charge-migration in the 

organic–inorganic hybrid molecules (10Fer, Figure 1.17a).63 With a high affinity for metals, 

the dithiolane moieties allowed for the anchoring of molecules onto a gold electrode via the 

formation of a submonolayer. Ultrafast CV experiments allowed the researchers to probe the 

dynamic exchange of electron across the grafted molecules. Various scan rates revealed 

oxidation processes primarily occur at the close-contact ferrocene–gold electrode surface, 

before subsequent hole-hopping between ferrocenium residues at further distances from the 

electrode surface; at faster scan rates the CV signal broadens (836 Vs–1, Figure 1.17b;  

55,700 Vs–1. Figure 1.17c), indicating that only a fraction of the ferrocene units are oxidised. 

Here, charge-migration from one component to another (i.e., Fc + Fc+  Fc+ + Fc) can be 

observed which allows for fundamental understanding of the processes involved in charge 

transport e.g., through organic molecular wires and at molecular junctions. In a similar manner, 

electron migration across the pendant aromatic units was also observed for 12ZnP (Figure 

1.17a), a fullerene hexakis-adduct decorated with 12 porphyrin units.64 The fluorescence 

quantum yield was much lower for 12ZnP (Φ = 0.3%) than the control individual porphyrin 

Figure 1.17. a) Chemical structure of mixed [5:1] fullerene hexa-adduct 10Fer. b) Voltammogram of 10Fer 

adsorbed onto a gold electrode in MeCN containing 0.1 M TBABF4 as supporting electrolyte; scan rate of b) 836 

Vs–1 and c) 55,700 Vs–1. 
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unit ZnP (Φ = 1.7%). In this case, FRET was ruled out with the reduced emission of 12ZnP 

associated with extensive intramolecular π-assembly of the peripheral ZnP units. With 

confirmation of no photo-induced processes occurring between the ZnP units and the fullerene 

core, the researchers further investigated their system probing the supramolecular binding 

(Figure 1.18a) of a monofunctionalized pyrrolidinofullerene derivative, F1. They found that 

cooperative binding was at play; following the coordinative binding of the pyrrol unit to a 

peripheral ZnP, the sandwiching of the fullerene (of F1) was initiated by a different porphyrin 

ring. Nanosecond transient absorption also observed a shoulder at 630 nm and a band at  

990 nm which emerged (Figure 1.18b) upon photoexcitation, relating to the porphyrin cation 

and fullerene F1 radical, respectively. Unexpectedly, the lifetime of the charge-separated state 

was calculated to be 300 ns, i.e., very long lived, resulting as a consequence of hole-hopping 

between Zn2+-porphyrin groups around the periphery of [12ZnP(F1)n]. With multiple ZnP 

chromophores of 12ZnP able to harvest light from the visible region, and the association of F1 

allowing for photoinduced electron transfer, the fullerene hexakis-adduct has served as a model 

system mimicking the primary events of photosynthesis.  

In addition to observing electronic processes across and between fullerene hexakis-adducts 

there have also been examples that use the pendant functionality to manipulate the 3D scaffold. 

Stoddart and co-workers have published a canonical example that uses a fullerene scaffold to 

control the dimerisation process of redox-active viologen units. This work is particularly 

relevant to Chapter 2 where we use similar techniques to study the redox controlled assembly 

of NDI units around a fullerene hexakis-adduct. A highly charged species, 12V24+ exists in an 

‘open’ charge-repelled state wherein the viologen units (Figure 1.19a) are at distances >3.5 Å 

and therefore, non-interacting. Viologen radicals (Figure 1.19b)—when at high concentrations, 

Figure 1.18. a) Schematic representation of photoinduced electron transfer between peripheral ZnP units of 12ZnP 

and coordinated F1, with subsequent hole-hopping around the periphery. b) Nanosecond transient absorption of 

12ZnP in the presence of F1 in i) toluene and ii) benzonitrile, excited at 560 nm. 
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in polar solvents or in covalently enforced close proximity—can dimerse with a characteristic 

absorption profile centred at ca. λmax = 850 nm. Both by chemical reduction using zinc dust and 

electrochemically from holding a solution of 12V24+at a potential of –0.50 V vs. Ag/AgCl, 

12V12•+ was generated and studied by electrochemistry, UV-Vis (Figure 1.19d) and EPR 

spectroscopies. With the growth of absorptions bands at λmax = 857 nm the researchers were 

able to confirm the π-dimerisation of the viologen units, which reverted back to an ‘open’ state 

upon oxidation in air. Here, the use of a 3D rigid scaffold with flexible linker chains has allowed 

for the study of a redox-switchable system that induces molecular reorganisation (Figure 1.19c) 

upon stimuli (i.e., reduction or oxidation). Whereas only intramolecular (<200 µM) interactions 

are investigated here, intermolecular investigations of 12V24+a smart material could pave the 

way for 3D artificial-muscle like molecules (i.e., material contraction and relaxation), in a 

similar way to that recently described65 by Barnes and co-workers. 

The list of aromatic functionalised hexakis-adducts is not exhaustive in this section but the 

examples presented demonstrate how the fullerene scaffold can be used to our advantage to 

look at π-assembly and the associated electronic processes in 3D space. Notably, most of the 

studies are conducted in the solution state and/or only address fundamental concepts with no 

implementation in a true device setting. However, devices incorporating fullerene hexakis-

adducts as functional molecules are starting to emerge. Völker et al. synthesised66 a  

Figure 1.19. a) Viologen unit and b) viologen radical cation unit. c) Illustration of the redox-mediated contraction 

of a viologen-appended hexakis-adduct of C60 via π-dimerisation of viologen pairs in the radical state. d) Time 

resolved UV-Vis spectra of 12V24+ in DMF (0.1 M TBAPF6) with potential held at –0.50 V. 



Chapter 1| Macromolecular Strategies for π-Assembly in Organic Molecules 

 

28 

 

‘super-triarylamine’ functionalised hexakis-adduct of fullerene, FU7 (Figure 1.20a), which 

was used as an active layer in the design (Figure 1.20b) of a novel perovskite solar cell (PSC). 

CV experiments of FU7 confirmed the orbital energies of the HOMO (–5.04 eV) and LUMO  

(–3.50 eV) to be situated on the triarylamine units and fullerene core respectively. The 

researchers rationalised that owing to the high conduction band, FU7 could allow for hole-

transporting properties whilst also acting as an efficient electron-blocking material; 

maintaining carrier transfer to the anode and cathode allows for higher efficiencies to be 

reached. Additionally, with the apex of the molecule centred around a spherical C60 cage, the 

3D transport pathways and increased structural ordering in thin films is correlated with a higher 

device performance (fill factor = 67%), in comparison to a benchmark control spiro-

OMeTAD.67 Indeed, whereas a device based on an active layer of spiro-OMeTAD (fill factor 

= 20%) required morphology controlling additives such as 4-tert-butylpyridine and lithium 

bis(trifluoromethane) sulphonimidate to function efficiently, devices based on FU7 did not. 

The 3D arrangement of pendant aromatic units likely provides charge transport pathways via 

intra- and intermolecular π-assembly whilst also allowing for a favourable morphology 

controlled deposition in the device. This study has not only allowed for the synthesis of a 

functional molecule in a PSC, but has also served as a platform for the next generation of 

hexakis-adducts that may have improved electrochemical and morphological properties for 

PSC applications. 

Figure 1.20. a) Chemical structure of hexakis-adduct FU7. b) Proposed PSC architecture showing energy level 

gradients; FU7 can serve as a p-type semiconductor whilst at the same time preventing the backflow of electrons 

from towards anode. 
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As demonstrated by the examples presented here, the controlled 3D spatial arrangement of  

π-functional aromatic units in space provides a unique opportunity to study multivalent  

photo- and redox-active globular molecules. The fullerene hexakis-adduct structure dictates a 

scaffold of high integrity and thus can be used to mediate both intra- and intermolecular  

π-assembly and charge transfer processes for the design of novel organic electronic materials. 

Indeed, properties such as energy and electron transfer are sought after for photovoltaics, 

semiconductor materials, etc., and it is only recently that fullerene hexakis-adducts with 

exploitable properties in devices are starting to emerge. There is a need to synthesise 

functionalised fullerene hexakis-adducts and study their emergent properties in anticipation of 

their integration into advanced materials. To this extent we have synthesised redox-active 

fullerene hexakis-adducts to study radical π-assembly and photoinduced charge transfer in 3D 

space in Chapters 2 and 3, with the potential applications of these molecules explored in 

Chapter 4.  

1.5 Supramolecular vs. Macromolecular π-Assembly 

The study of aromatic interactions in 3D space is still in its nascency because of the challenges 

associated with the synthesis of 3D scaffolds. 1D assembly remains the most popular and 

accessible way to achieve long-range ordering of functional aromatic units that is necessary for 

directing charge, e.g., in a semiconductor device.68 There are many strategies that have been 

developed to date that are based primarily on supramolecular chemistry that take advantage of 

hydrogen bonding, electrostatics, multicomponent assembly, etc. to mediate π-assembly. One 

of the leading strategies is to use peptide-driven assembly. Here, even short peptides  

(e.g., dipeptides) can spontaneously assemble to form a range of highly ordered nanoscale 

architectures such as nanotubes, nanofibrils and nanotapes as well as macroscopic assemblies 

such as hydrogels.69–71 From selecting known peptide sequences that have a propensity to form 

secondary structure motifs such as β-sheets (i.e., that have 1D ordering), the adding or 

embedding of non-natural motifs in a multicomponent system can allow for the engineering of 

nanoscale devices with unique functionality. Furthermore, careful design of the peptide system 

can impose more order towards 1D arrays such as parallel and anti-parallel β-sheet formation, 

with the latter more stable owing to the alignment of hydrogen bonds.72 Owing to the properties 

of individual amino acid building blocks, peptides show the same chemical diversity to that of 

proteins, however, they lack the stability and robustness of high molecular weight proteins such 

as fibres. Polypeptide π-assembly could allow for some of these limitations to be overcome in 

providing materials that have, i) increased stability (i.e., to heat, moisture, pH, stress),  
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ii) nanoscale ordering (i.e., reminiscent of secondary and tertiary protein structures) and iii) 

higher performance than the low molecular weight analogue monomers. This section first 

acknowledges some of the key strategies used in the supramolecular peptide-driven assembly 

of aromatic units, before discussing how advantages from these systems can be adapted to 

macromolecular strategies. 

1.5.1 Peptide π-Conjugate Assembly 

The use of peptides to enforce and direct the assembly of non-specific π-interactions is popular 

owing to the well-established and known assembly patterns of peptide sequences in natural 

systems. Chemists exploit such peptide sequences to induce hydrogen bonding that effectively 

marshals the π-systems of multiple peptide–π conjugates into typical linear arrays. 

Furthermore, stimuli-responsive properties can be instilled from the integration of amino acids 

such as lysine that can induce electrostatic repulsion, and therefore disassembly, upon 

protonation. These assembled supramolecular arrays can be used to study and understand 

spatio-temporal phenomena that occur between their proximal π-orbitals such as photoinduced 

electron transfer, long-range electron delocalisation, higher order assembly, and so on.  

Exemplifying the self-assembly properties of peptide driven assembly, Parquette et al. have 

used lysine containing dipeptide NDI-conjugates (Figure 1.21a) to form β-sheet assemblies that 

have long-range spatial organisation.73 They showed that the self-assembly of an NDI 

functionalised dipeptide could be controlled by changing the position of the NDI unit and the 

free amine along the peptide backbone. As observed by transmission electron microscopy 

(TEM) and AFM, N-protected DPA and DPB (Figure 1.21a) displayed contrasting self-assembly 

processes wherein left-handed helical twists with a pitch length of 50 ± 4 nm were observed 

Figure 1.21. a) Design of hydrophobic and polar dipeptides, Ac = acetyl. b) The self-assembly of DPA in H2O as 

visualised by TEM i) and tapping-mode AFM iii) showing left-handed helical fibres with a regular pitch. The self-

assembly of DPB in H2O as visualised by TEM ii) and tapping-mode AFM iv) showing left-handed twists that have 

a smooth surface. No assembly of DPC was observed at this concentration (250 µM). 
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(Figure 1.21b) for DPA and flattened, twisted nanoribbons with 20–70 nm in width were 

observed for DPB. In contrast, for the N-deprotected DPC, no self-assembly was observed at 

the same concentration (250 µM) owing to the increased electrostatic repulsion between 

protonated amine groups. Here, a delicate—albeit unpredictable—balance between 

electrostatic repulsion and hydrophobic interactions are responsible for the self-assembly 

processes that results in 1D ordering.  

Peptide amphiphiles (PAs) can also be used to drive 1D assembly of peptide π-conjugates.74,75  

Here, PAs consists of a hydrophilic head group peptide fragment that is covalently bonded to 

an aliphatic lipid chain. The incorporation of photo- and redox- units into PAs not only instil 

optoelectronic properties, but also allows for a synergistic assembly mediated by both hydrogen 

bonding and π-interactions. Das and co-workers incorporated76 an NDI unit and a short 

hydrophilic peptide sequence in a PA (PC1, Figure 1.22a) for applications in cell imaging and 

pH sensing. Their NDI-based hydrogelator self-assembled in aqueous solution, driven by  

π-stacking, hydrophobic and hydrophilic interactions. Resultantly, a fibrous network formed, 

with further aggregation over time resulting in the immobilising of water molecules in the 

formation of a hydrogel, as visualised by TEM (Figure 1.22b).  

Longer peptide sequences that are often synthetically attainable by solid-phase peptide 

synthesis are more capable of forming highly ordered nanostructures, and as such are used by 

chemists in designing supramolecular materials that have high fidelity. Inspired by  

Bombyx mori silk, Baurele et al. demonstrated77
 the synthesis and use of peptide-oligothiophene 

PAs (e.g., 4T-COOH, Figure 1.23b) to create functional materials with nanoscale structuring 

also reminiscent of β-sheet formation. They utilised a pentapetide sequence of glycine–alanine 

(GAGAG) to drive assembly of a conjugated thiophene aromatic unit via hydrogen bond 

formation. Signals at 1630 cm–1 and 1680 cm–1 in the FTIR spectrum (Figure 1.23a) suggested 

anti-parallel β-sheet organisation of the peptide fragments in the diblock-oligomer, comparable 

to that of the control GAGAG which naturally exhibits β-sheet organisation. However, 

Figure 1.22. a) Chemical structure of PC1; π-assembling NDI unit is shown in teal and hydrophilic cell-targeting 

sequence shown in brown. b) TEM image of the aqueous gel solution of PC1 taken 72 h from maturation. 
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disordered linear strands (3.5–4.0 nm in length) were observed (Figure 1.23c) by scanning 

tunnelling microscopy (STM), presumed to be from head-to-tail assemblies. These 

observations exemplify the difficulty in enforcing desired—often face-to-face—π-interactions 

when there are multiple non-covalent interactions present that have the potential to direct  

self-assembly.  

1.5.2 π-Embedded Peptide Assembly 

It is still a challenge to enforce the orientation and through-space interactions of π-functional 

moieties as they have a propensity to π-stack in a geometry that is energetically favourable, 

often as head-to-tail assemblies. In peptide assemblies, steric interference induced by large 

aromatic chromophores can often prevent the desired peptide secondary structures from 

forming. Whereas PAs allow for access to various nanostructures, another strategy to 

predictably controlling the π-assembly processes of peptide π-conjugates is through embedding 

the aromatic units within peptide chains.78 Although this can be more synthetically challenging, 

this strategy provides a more predictable level of control over π-interactions during the 

assembly process. This approach has been utilised to great effect in designing peptide-based 

organic electronic materials that have 1D ordering. 

For instance, Stupp et al. have prepared79
 1D nanostructured gels using oligothiophene-

embedded peptide derivatives in pursuit of functional optoelectronic materials. Breaking their 

design (Figure 1.24a) strategy into four segments they used: i) a semiconducting 

oligothiophene core, ii) β-sheet forming amino acids to drive self-assembly, iii) an alkyl spacer 

chain for molecular flexibility and iv) amino acids for enhanced solubility i.e. lysine. TEM 

(Figure 1.24b) and AFM imaging confirmed intertwined networks of 1D nanostructures of both 

Figure 1.23. a) ATR-FTIR spectra of GAGAG (black curve), 4T-COOH (red curve), and GAGAG-4T (blue 

curve), indicating β-sheet conformation in the peptide hybrid. b) Chemical structure of peptide-oligothiophene 

conjugate 4T-COOH. c) STM height image of GAGAG-4T on HOPG (62 × 100 nm2, bias voltage = −600 mV, 

sample is negative, tunnel current = 68 pA) indicating H-bonded directed assembly in the formation of 2D-

organisation. 
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ST1 and ST2, with gelation occurring at concentrations ranging from 1–3 wt% in water over 

the course of 12 h to 5 days. Variable-temperature CD spectroscopy was used to investigate 

the conformation of the peptide fragment in the 1D structures they observed. Upon heating 

ST1, a minimum at 219 nm was observed in the CD spectrum (inset, Figure 1.24c) indicative 

of β-sheet assemblies within the gel. Initially, the CD spectrum showed a lack of order (inset, 

Figure 1.24c) at ambient temperature, suggesting that π-interactions are the dominant force in 

the aggregates. Following a second round of heating, the assembly does not return to its original 

state as the β-sheet ordering remains present in the CD spectrum, i.e., once formed the β-sheet 

assemblies are strong. Interestingly, ST2 does not show any bands in the peptidic region  

(200–250 nm) of its CD spectrum (Figure 1.24d), at all temperatures tested, with only a small 

Cotton effect observed correlating to the thiophene units. The additional flexibility of ST1 is 

necessary in facilitating hydrogen bonding between the peptide fragments and without the 

linker, the uncontrolled π-assembly processes dominate aggregate formation over β-sheet 

ordering. Despite observing self-sustaining hydrogels for both π-embedded peptides, these 

investigations show that other factors, such as the addition of spacers and the spatial alignment 

of hydrogen bonds are vital in controlling nanoscale ordering. 

Figure 1.24. a) Molecular structures of oligothiophene-embedded peptides 5TAHxLLKK (ST1) and 5TLLKK 

(ST2), differing from the incorporation of a flexible alkyl chain in ST1. b) TEM image of ST1 showing 1D 

nanostructures with a width of 6.30 ± 0.85 nm. c) Variable-temperature CD spectra of ST1 upon heating in water 

and methanol at room temperature. d) Variable-temperature CD spectra of ST1 upon cooling. 

b 
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In another example, Hodgkiss80 et al. capitalised on the complementarity of an antiparallel  

β-strand interface that exists between the two subunits of the protein dimer peroxiredoxin. By 

embedding PDI units between the peptide sequences (Ile-Lys-His-Leu-Ser-Val-Asn) from the 

two interfaces, they were able to direct 1D assembly (Figure 1.25a). Furthermore, a series of 

embedded PDI peptide-conjugates were synthesised to compare the effect of the number of 

peptide substituents and the directionality of their connectivity. Sequences were also 

terminated with a trimer of glutamic acid residues that were used to aid solubility of the 

molecule as well as providing a means to invoke pH-triggered assembly of the π-embedded 

peptide. The material with the peptides oriented in the N-terminal to C-terminal direction away 

from PDI resulted in strong intermolecular π-couplings and long range ordering visualised by 

TEM and CD experiments (Figure 1.25a/b). Although this example demonstrates a highly order 

one-dimensional assembly of PDI units, it is synthetically quite demanding as it uses a non-

repetitive 20 amino acid sequence. A route towards highly order 1D assembly that only makes 

use of repetitive amino acids or dipeptide sequences is an attract alternative.  

For all of the fundamental progress achieved in the synthesis of peptide–π conjugates and 

demonstration of emergent properties, it is still uncommon for such self-assembled materials 

to be investigated for fundamental energy transfer processes—though there are a handful of 

examples. Tovar et al. have used81
 both embedded and side-chain aromatic motifs for the 

peptide-driven supramolecular polymerisation of π-conjugated electron donor–acceptor 

molecules. Electron-donating oligothiophene motifs were embedded in a β-sheet forming 

peptide sequence (Gly-Gly-Val-Glu-Lys), with electron-accepting NDIs installed via imidation 

at site-specific lysine residues (Figure 1.26a). Stacking of the π-conjugated peptides under 

aqueous conditions afforded 1D nanostructures (Figure 1.26b) that were confirmed by CD and 

TEM experiments. The transfer of charge between the peptidic platforms was confirmed using 

dynamic photospectroscopy (Figure 1.26c/d) with long lived charge-separated species 

observed in the assembled state. Altering the pH of the medium allowed for control of the 

assembly process and the degree of charge transfer by modulating charged states and the degree 

of Coulombic repulsion between peptide chains.  

Figure 1.25. a) Illustration of self-assembly between PDI-embedded peptide conjugates, confirmed to be 1D 

assemblies, i.e., β-sheets, by b) TEM and c) CD spectroscopy experiments. 
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Additionally, charge transport properties have been demonstrated82 through self-assembled 

nanostructures of oligothiophene-embedded peptides (Figure 1.27a). Tovar and co-workers 

used highly charged peptide sequences, i.e., glutamic and aspartic amino acids, to increase the 

solubility of their peptide π-conjugates whilst instilling a means to drive self-assembly upon 

changing pH. At pH = 6 (i.e., when Coulombic repulsion is no longer present), UV-Vis and 

CD spectroscopies identified that the monomeric units self-assembled into H-like aggregates 

(Figure 1.27b). TEM was used to characterise the nanostructure morphologies  

Figure 1.27. a) Chemical structure of a general oligothiophene peptide conjugate including the intermolecular 

hydrogen bonding network and b) a space-filling model to illustrate the assemblies. c–d) TEM images of 1D 

nanostructures formed following self-assembly. Current–voltage plots for field-effect transistor of an 

oligothiophene peptide conjugate at e) gate voltages of 20 V to –80 V and d) at an applied drain voltage of –80 V, 

with varied gate voltage. 

Figure 1.26. a) Molecular design and b) illustration of self-assembly and electron transfer of the donor-acceptor π-

peptide hybrid. Spectral dynamics following excitation of the designed system (DA-2) in a c) non-assembled and 

(d) assembled state, showing two photo induced responses including excitation of oligothiophene and oxidation of 

NDI. 
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(Figures 1.27c/d) confirming that 1D assemblies in micrometre length were formed. To 

demonstrate the electrical properties, the self-assembled nanostructures were incorporated into 

the active layer of a field effect transistor. The current–voltage output (Figure 1.27e/f) allowed 

for a hole mobility of the nanostructures to be calculated (3.8 × 10–5
 cm2 V–1 s–1) confirming 

that charge could be transported through the networks of self-assembled structures. As 

demonstrated by these examples, multicomponent supramolecular assemblies involving the 

propagation of individual ‘monomer’ molecules presents an elegant, straightforward route to 

accessing nanotopologies of high structural ordering. Indeed, with a vast library of protein 

structures available, there is breadth for the inspiration of newly designed nanotechnologies 

driven to assemble using established peptide sequences. However, the use of peptides in multi-

component self-assembly is not without drawbacks as, i) their assembly to desired 

nanostructures is often hard to predict and ii) the low molecular weight building blocks can be 

sensitive to temperature changes and acidic or alkali environments, sometimes hampering their 

structural integrity and ability to function in device applications.  

1.5.3 Mediating π-Assembly with Macromolecular Architectures 

Beyond supramolecular multicomponent assembly, researchers have looked at other strategies 

to achieve aromatic interactions within discrete molecules. These pre-configured systems are 

in many ways more synthetically demanding, however, they provide a situation from which 

fundamental π-interactions can be fully interrogated (e.g., by CV, UV-Vis and PL 

Figure 1.28. Structures of a) Matile’s NDI foldamers, b) Takeuchi’s tweezer-shaped NDI–anthracene conjugate and 

c) illustration of Champness’ NDI–PDI mechanically interlocked handcuff. 
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spectroscopy, etc.) For instance, macrocycles such as the NDI cofacial dimer45 (vide supra, 

Figure 1.12) as well as rigid oligomers of NDI from the Matile83 (Figure 1.28a) and Takeuchi84 

groups (Figure 1.28b) have provided platforms to observe NDI interactions in the neutral as 

well as reduced state. Even MIMs, such as those presented by the Champness group  

(Figure 1.28c), where now the π-systems are more dynamic with respect to one another but are 

still confined to a discrete space allow for fundamental investigations into aromatic interactions 

between rylene diimides.85 These examples are valuable because they allow understanding of 

electronic processes across well-defined distances between a discrete number of functional 

aromatic units which is difficult to achieve in supramolecular systems (i.e., where the number 

of interacting units is not possible to control). However, it is synthetically quite demanding to 

prepare these small molecular systems and ideally, higher length scales want to be achieved so 

that these materials can be potentially developed for applications in organic electronic devices. 

This section is going to describe the current state of the field with regards to using 

macromolecular strategies to organise aromatic units in long-range 1D assemblies. Ultimately, 

macromolecular approaches to guiding π-assembly have not yet demonstrated the successful 

self-assembly properties displayed by peptide-driven assembly, however, the field is beginning 

to move towards this target. 

Iverson et al. have demonstrated86,87 the extent to which π-interactions can be directed using 

foldamer assembly. Comprising of a flexible amphiphilic backbone of alternating asparagine 

and leucine amino acids, the Iverson foldamers86
 (Figure 1.29a) adopt a folded conformation 

in which electron-rich 1,5-dialkoxynaphthalene (DAN) and NDI units are stacked upon each 

other, owing to the favourable aromatic CT interactions between π-surfaces. These polymeric 

structures display characteristic CT absorbance in the visible region, giving rise to a purple 

colour in aqueous solution.  

Whereas hetro-assembly of donor–acceptor aromatics is relatively straight forward because of 

the favourable electrostatics between the units, homo-assembly is much more challenging to 

achieve. Following their initial foldamer work, Iverson et al. revealed87
 the conformational 

switching of the stacked foldamer into a fibril aggregate, driven by homo-assembly, i.e., by 

intermolecular NDI–NDI aggregation. Upon heating the stacked foldamer, the researchers 

observed the disappearance of the NDI–DAN CT band (λmax = 526 nm) by UV-Vis 

spectroscopy with chiral assemblies, i.e., fibril formation, confirmed by CD spectroscopy and 

TEM (Figure 1.29b). They proposed that the formation of 1D ribbons was driven by the 

amphilicity of the unravelled foldamer, with hydrophobic leucine surfaces coming in close 

contact to form a pseudo-bilayer. Proposing that this could also be a fundamental driving force 

in amyloid fibre formation this example demonstrates the use of foldamers to not only 

understand secondary structure formation, but also hierarchical ordering.  
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The conformation switching properties of diaminonaphthalene–viologen (NP1) foldamers has 

been exemplified by the Li group.72 Here, instead of using heat to switch between 

macromolecular conformations, they used redox chemistry (i.e., reduction with Zinc dust) to 

cause a switch between CT-stabilised hetro-assembly and homo-assembly (Figure 1.30) of 

viologen units. Unlike in discrete supramolecular systems that are less dynamic, these 

macromolecular system still possesses a degree of dynamic behaviour that allows for the 

switching of conformations and different types of aromatic assembly in the same system. 

Figure 1.29. a) Iverson et al. synthesised a range of foldamers based on their initial design of alternating DAN and 

NDI residues in a flexible chain, overserving self-assembly driven by the hydrophobic effect and aromatic CT 

interactions. b) Upon heating, the unfolded amphiphilic foldamer form 1D fibres, driven to assembly by off-set 

NDI–NDI stacking with dimerisation to sequester the hydrophobic leucine residues. 

Figure 1.30. Polymer NP1 is stabilised by intramolecular aromatic charge-transfer π-interactions, i.e.,  

hetro-assembly of viologen (dark blue) and diaminonaphthalene (beige) units. Upon reduction of the viologen units, 

the polymer changes conformation to allow for aggregation of the viologen radical cations (green). 
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It is not necessary to use such complex systems to achieve homo-assembly of aromatic units 

with redox-controlled assembly possible in homo-polymers of viologen units. This has been 

demonstrated again by the Li group who showed that oligo (ethylene glycol)-linked viologen 

radical cation polymers (L1–4, Figure 1.31a) can form pleated secondary structures driven by 

radical stacking. Owing to Coulombic repulsion between viologen units, the polymers exist in 

an extended state. Upon reducing their polymers of differing linker length between viologen 

units (V), they observed an absorption band at 650 nm corresponding to the monomer 

bipyridium radical cation (V•+) as well as a band at 1020 nm (Figure 1.33c) corresponding to 

the radical cation dimer (V•+)2. At the same concentration, no absorption for (V•+)2 was observed 

in the spectrum for LM1 (Figure 1.31b), indicating that positive cooperativity was at play 

between V•+ in the polymers of greater chain length. Subsequently, the addition of lithium and 

sodium cations to the polymers allowed for coordination to the glycol chains and the 

reinforcing of the pleated structure (Figure 1.31d), as confirmed with an increase in absorption 

corresponding to the (V•+)2 dimer. Li et al. found that the linker between strands of a folding 

polymer play an important role in directing intermolecular π-assembly. Indeed, for L1 (shortest 

linker) intermolecular dimerisation of V•+ was favoured over intramolecular folding whereas 

the longer linkers resulted in a looser folded state with the absorption corresponding to (V•+)2 

weakening from L2, to L3 to L4. These observations confirm that the shape and length of 

linkers in π-embedded foldamers are very important in enhance 1D nanostructures such as 

pleated sheets with the Li group demonstrating these findings further in multiple examples.88,89 

Figure 1.31. Molecular structures of a) the viologen polymers (L1–4) of differing glycol space length and b) control 

monomer LM1, and viologen monomer. c) UV-Vis spectra of the reduced polymers. d) Illustration of the proposed 

pleated foldamers driven by the dimerisation of V•+ units and stabilisation of structure by ether–cation binding. 
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Macromolecular systems that mediate π-assembly in the context of a device are currently 

uncommon. However, Ikeda has demonstrated that an understanding of the self-assembly 

process of such systems can be realised in a device setting. Ikeda published90,91 a series of 

papers on the hierarchical self-assembly of a synthetic polymer that forms supramolecular 2D 

nanosheets for applications in OEDs. Their design adopted a phenyl-capped bithiophene 

(Ph2TPh) as a rigid, functional π-motif, terminated with ethylene glycol chains. Utilising azide 

and alkyne end groups, they polymerised their macromonomer to poly(Ph2TPh-OEG) (Figure 

1.32) via CuAAC chemistry. In the polymeric form, the UV-Vis spectrum showed aggregation 

of the Ph2TPh motifs in organic solvent, indicating the folding of the copolymer and close-

proximity of the bithiophene units. TEM and dynamic light scattering (DLS) revealed, 

however, the formation of nanosheets (Figure 1.32) instead of the proposed 1D fibres. The 

UV-Vis spectrum of the monomeric species did not show any indication of self-assembly  

(i.e., π-aggregation) which shows that nanosheet formation required the folding of the 

copolymer. These observations identify the importance of pre-inducing the folding of the 

polymer chains in directing interactions between embedded π-units.  

Recently, these ultrathin nanosheets of poly(Ph2TPh-OEG) have been demonstrated92
 as high 

performance pseudo capacitors for potential new concept thin-film energy storage devices. 

Stacked in a film consisting (Figure 1.33a) of a gold-coated polyethylene terephthalate (PET) 

substrate and electrochemically exfoliated graphene (EG), the poly(Ph2TPh-OEG) nanosheets 

were tested for their use as all-solid-state supercapacitors (ASSSs). An ultrahigh energy density 

of 13 mWh cm−3
 was attained for TP/EG-ASSSs with uptake of the energy at 4.5 mWh cm−3

 

for TP/EG-ASSSs indicating very fast recharge times. Functionally, the capacitive 

performance of TP/EG-ASSSs under deformation was tested and showed no decrease in 

performance  

Figure 1.32. Illustration of the potential mechanism to nanosheet assembly including folding of  

poly(Ph2TPh-OEG) into aggregated states that self-assemble, whilst monomeric Ph2TPh-OEG does not self-

assemble. 
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(Figure 1.33b), with only a slight degradation in performance over 1000 cycles (Figure 1.33c). 

Although not using biomimetic assembly to induce hierarchical formation, this work 

demonstrates an example of hierarchical assembly of a macromolecule in functional 

nanomaterials that bare exceptional performance. Additionally, this work further implies that 

π-interactions on their own cannot yield 1D structures predictably. In fact, a macromolecular 

assembly approach is key to accessing this topology. 

As has been noted, π-assembly within a macromolecular architecture offers the opportunity to 

develop robust materials that exhibit high levels of structural hierarchy. Although not in pursuit 

of 1D assemblies with embedded photo- and/or redox-active properties, an approach by Guan 

and co-workers on synthetic β-sheet forming polypeptides provides an attractive route to 

accessing polymers exhibiting 1D and hierarchical ordering.93 They employed CuAAC to 

polymerise a peptide macromonomer (GM1, Figure 1.34a) composed of a hexapeptide 

sequence of alternating alanine and glycine residues, similar to the repeating amino acid 

sequences of β-sheet forming polypeptides found in spider silks. Their use of CuAAC 

Figure 1.33. a) The device architecture of flexible poly(Ph2TPh-OEG)/EG-ASSSs. b) voltammogram of 

poly(Ph2TPh-OEG)/EG-ASSSs tested under different bending degrees. c) The cycling stability of the 

poly(Ph2TPh-OEG)/EG-ASSSs measured at a scan rate of 100 mV s−1. 

Figure 1.34. a) A protected hexapeptide macromonomer (GM1) with azide and alkyne moieties, synthesised by 

Guan et al. b) β-turn mimic as described by Burgess et al. utilising CuAAC ‘click’ chemistry, and c) an energy 

minimised structure showing hydrogen bond formation between the strands; a three carbon linker chain between the 

triazole and the proximal amide residues maximises the interactions between strands, similar to that observed in 

anti-parallel β-sheet formation in amyloid fibres. 
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chemistry not only allowed a convergent synthetic route to high molecular weight polymers, 

but also embedded a synthetic β-turn (Figure 1.34b/c) regularly throughout the 

macromolecule.94 Although not mediating π-assembly, this method of polymer assembly could 

be applied towards organising photo- and redox-active embedded macromolecules into 

nanoscale structures sought after for accessing unique and interesting optoelectronic properties. 

By utilising directed hydrogen bonding networks between antiparallel peptide chains, specific 

cofacial 1D-alignment of functional aromatic surfaces can be enforced and exploited for their 

emergent optical and electron conducting properties. The synthetic achievement’s93 by Guan 

serve as the ideal platform to tailor a macromolecular system for the design of functional 

optoelectronic materials. Peptide driven assembly has been used76,77,95,96 to guide  

π-interactions, in pursuit of materials exhibiting optoelectronic properties. However,  

macromolecular-polypeptide assembly via the formation of synthetic β-sheets offers an 

unparalleled level of control in directing π-assembly processes, and thus will be worth the 

additional synthetic challenge in successfully making high molecular weight functional 

polymers. In doing so, we may achieve access to novel materials for fundamental structure–

property investigations as well as for the development of advanced organic electronic devices.  
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1.6 Overview 

With the emergence of nanotechnology and the ‘bottom up’ approach to designing materials, 

supramolecular strategies are poised to deliver unrivalled performance from a means that is 

tuneable, low cost and from a renewable source. Controlling the π-assembly of photo- and/or 

redox-active aromatic units is not only on fundamental importance to supramolecular 

chemistry, but also for the design of functional materials in a device setting. There are various 

strategies that exist to control the assembly of functional aromatic molecules. In this chapter, 

we have explored the current state-of-the-art for two main strategies in controlling the  

π-assembly of aromatic systems. 3D scaffolding that takes advantage of fullerene  

hexakis-adducts has been shown to facilitate electronic processes, energy transfer and even 

redox-controlled aromatic assemblies in 3D space. The 3D approach to organising aromatic 

molecules is still in its nascency and therefore much less developed than 1D strategies. We 

have explored the attractive supramolecular approaches that have been in pursuit of 1D 

ordering and seen how these strategies have evolved for π-assembly mediated by 

macromolecular architectures. Supramolecular materials have inherent limitations such as their 

sensitivity to pH, moisture, temperature, stress, etc. and their propensity to aggregate into non-

desirable nanoscale ordering. Macromolecular scaffolds can help to overcome some of these 

issues by providing access to: i) more robust materials, ii) materials that have hierarchical 

ordering (i.e., multiple levels of assembly) and iii) materials that have advanced functioning. 

Moreover, macromolecular π-assembly is not an extensively studied approach towards guiding 

the assembly of π-surfaces and therefore opportunities exist to further scientific understanding 

through fundamental investigations. 

Photo- and redox-active molecules that have useful optoelectronic properties are important for 

the design of advanced organic materials. Strategies that can control and exploit how these 

functional molecules interact in homo- as well as hetro-assemblies will pave the way for 

materials with emergent properties that have the potential to be used in many applications such 

as photovoltaics, semiconductor materials, advanced displays, and many more.   
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Synopsis  

Inherently spherical, fullerenes can serve as molecular scaffolds for the organisation of 

functional units in three-dimensional (3D) space. We envisaged that combining the structural 

offerings of a Th-symmetrical hexakis-adduct of fullerene with 12 redox-active NDI electron 

acceptors would allow us to construct a molecule that could serve as a platform to monitor and 

control their aromatic assembly in 3D space. In doing so, there would be potential to exploit 

these interactions for applications related to organic electronics where dimensional charge 

delocalisation and electron transfer processes are sought after. Theoretical and experimental 

observations indicate the presence of favourable, extended and dynamic intramolecular NDI–

NDI π-interactions around the periphery of 12NDI in the NDI neutral state. Notably, we 

observed the unexpected assembly of NDI radical anions in the reduced states of 12NDI—

evidenced by strong low-energy (IR) absorption bands—despite considerable Coulombic 

repulsive forces and the inherent flexibility of the covalent linkages to the fullerene core. 

Additionally, insights into electron delocalisation around their periphery are provided by 

variable temperature EPR spectroscopy. Previously, mixed-valence and electron sharing 

between NDI residues has been observed through covalent or mechanically-interlocked 

assemblies as well as through supramolecular systems. However, the findings in this study 

highlight this is not a prerequisite in accessing these properties and that dynamic scaffolds can 

impose electron-sharing in 3D space. As electroactive materials these molecules have the 

potential to percolate charge in an organic electronic device such as a photovoltaic.   
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2.1 Introduction 

Throughout the last decade, electroactive organic molecules that have semiconductor 

properties have received increasing attention owing to their advantages to viably replace 

traditional metal-based electronic materials.1–3 Yet, it is still a challenge to design, control and 

exploit the assembly of functional aromatic molecules in which the orientation and alignment 

of typically intermolecular π-systems ultimately dictate bulk properties such as charge 

transport. Naphthalene diimide (NDI) is a staple π-electron acceptor whose electrochemical 

and self-assembly behaviour is well understood.4 As a result of a strong molecular quadrupole 

moment (as with other members of rylene diimide family), non-polar NDI molecules have a 

propensity to aggregate in an uncontrolled fashion. Aggregation patterns that reduce or 

eliminate π-orbital overlap are undesired when developing materials that require charge 

delocalisation and conductivity properties; here, one-dimensional (1D) alignment of planar 

molecules is important for high levels of performance. Many strategies have been developed 

to encourage and/or direct the assembly of these valued motifs.5 Electron delocalisation 

between close-contact rylene diimide motifs has been observed by the Stoddart and 

Wasielewski groups in highly rigid NDI cyclophanes6 that are model compounds for the 1D 

alignment of NDI molecules (Figure 2.1a). Additionally, methods to stabilise the radical anion 

of NDI have been developed in order to pursue advanced paramagnetic and  

NIR-absorbing materials. The Mukhopadhyaya group have successfully used chemical 

modification (Figure 2.1b) to access NDI radicals7,8 that have air, light and chromatographic 

stability, whereas the Liu (Figure 2.1c) and Li, Stoddart and Wasielewski groups (Figure 2.1d) 

have used encapsulation methods to enhance the stability of reduced NDI species.9,10 Recently, 

the Champness group have used flexible, mechanically-interlocked systems, wherein loose 1D 

Figure 2.1. Stabilising rylene diimide radicals in a, a) rigid NDI cofacial dimer, b) phosphonium-substituted NDI, 

c) cucurbit[n]uril host, d) in a tetracationic cyclophane and e) molecular handcuffs. 
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alignment of rylene diimides is imposed; these unique ‘molecular handcuffs’ have allowed for 

the observation of rare and unusual π-radical interactions (Figure 2.1e).11 To date, a dynamic 

scaffold that allows for the observation of NDI radical π-interactions precedes us.  

Another family of excellent n-type acceptor are that of the fullerenes; they can exhibit high 

levels of charge mobility (i.e. PCBM12, μe = 2 × 10–7 m2 V–1 s–1) and have therefore been 

popularly exploited in organic electronics applications, including photovoltaics.13,14 Inherently 

spherical, fullerenes can serve as molecular scaffolds for the organisation of other functional 

units in 3D space; this endows properties such as molecular recognition, ligand binding  

(e.g., in a MOF) and energy harvesting.15 Functionalisation not only increases the solubility of 

fullerenes, but also allows for the creation of dynamic, multivalent macromolecules that are 

akin to globular proteins. The Nierengarten group have provided a key strategy for the design 

and high-yielding synthesis of various hexakis C60 adducts using Cu(I)-catalysed azide–alkyne 

cycloaddition (CuAAC, See Chapter 1 Section 1.4.1 for discussion) chemistry.16,17 Indeed, their 

work has allowed for the synthesis of highly Th-symmetrical fullerene derivatives that 

possesses various electrochemical and photochemical properties thanks to their pendant 

functionalities, whilst at the same time providing an opportunity to study the synergy of the 3D 

‘multivalent effect’18. To this extent, C60 has been decorated with redox-active viologen units19 

to study intramolecular π-dimerisations as well as porphyrin20 and BODIPY21 dyes for the 

construction of photosynthetic models and artificial light-harvesting arrays, respectively. 

However, despite the diverse developments in designing and characterising functionalised 

fullerene hexakis-adducts, there are surprisingly few examples that fully explore the effect of 

3D crowding on the redox-active properties of appended units in anticipation of rationalising 

high performance in organic electronics. We envisaged that combining the structural offerings 

of a Th-symmetrical octahedral fullerene with an NDI electron acceptor would allow us to 

construct a molecule that could serve as a platform to monitor and control interactions between 

two-dimensional (2D) planar aromatic units for potential applications in organic electronics 

where charge delocalisation and electron transfer processes are sought after. 

Here, we investigate the intramolecular self-assembly and charge delocalisation properties 

between NDI units that are decorated in 3D space around a fullerene hexakis-adduct, 12NDI, 

drawing comparisons with a model NDI compound 2NDI that represents the ‘ungrafted’ arm 

of the fullerene species. Owing to the high local concentration of NDI motifs around the 

periphery of 12NDI, the assembly of NDI radical anions in the reduced states is evidenced by 

strong low-energy (IR) absorption bands despite considerable Coulombic repulsive forces and 

the inherent flexibility of the covalent linkages to the fullerene core. 
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2.2 Results and Discussion 

2.2.1 Synthesising a NDI-Functionalised C60 Hexakis-Adduct 

NDI functionalisation of the azido-fullerene core (12Az, vide infra Scheme 2.2) enables access 

to a multivalent redox-active species that is capable of accumulating at least 24 electrons, i.e., 

two per NDI. In order to install NDI motifs to the fullerene core, an asymmetric NDI bearing 

alkyne functionality (1) was prepared according to Scheme 2.1. High yields of asymmetric 

N,N’-substituted NDIs can be accessed through a variety of methods. For instance, one-pot 

reactions are attractive, however, they usually result in poor selectivity that results in statistical 

mixtures of desired and undesired products. Owing to the success of pH-controlled protocols 

for synthesising NMIs in aqueous solution, this route (Scheme 2.1) was used to prepare the 

desired NDI monoalkyne 1 via the NMI diacid intermediate 3. NDA was first suspended in 

H2O and treated with 1 M KOH to form the tetracarboxylic acid. The pH was then adjusted to 

6.3 before the addition of one equivalent of hexylamine to the reaction mixture, which was 

subsequently heated at reflux overnight. The initially transparent solution gradually became 

cloudy as the poorly soluble NMI diacid 3 began to precipitate out of solution as a beige solid. 

Upon cooling the mixture to room temperature, an excess of acetic acid was added to fully 

precipitate NMI 3, which was isolated by filtration in 92% yield and could be used in the next 

step without further purification. Subsequently, NMI diacid 3 was subjected to typical imide 

condensation conditions with propargylamine to obtain the asymmetric NDI 1. Specifically, 

propargylamine was added to a solution of 3 in dry DMF and heated under a N2 atmosphere at 

140 °C overnight. Precipitation of the crude product in 1 M HCl, followed by purification by 

flash column chromatography (SiO2: 30–80% CH2Cl2 in n-hexanes), afforded pure 1 in 70% 

yield. The straightforward, and scalable (up to 10 g), synthesis of NDI 1 allowed for sufficient 

quantities that were utilised in the 12-fold functionalization of 12Az.  

With the alkyne 1 in hand, 12Az could be functionalized using CuAAC chemistry to finally 

produce the 12NDI. Following a similar protocol (Scheme 2.2) as described by Nierengarten 

et al. (see Chapter 1, Scheme 1.3), an excess of alkyne 1 (1.25 equiv. per azide) was added to 

Scheme 2.1. Conventional solution-phase synthesis of alkyne bearing NDI 1; high selectivity for the synthesis of 3 

was achieved using a pH-controlled aqueous reaction. 
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a solution of 12Az in CH2Cl2. Screening of reaction conditions allowed us to identify 1.25 

equiv. of alkyne per azide as being optimal, yet still resource efficient, for ensuring all azides 

would react to afford a monodisperse 12NDI product. A solution of CuSO4 (0.3 equiv) and 

sodium ascorbate (0.9 equiv.) in H2O was subsequently added to the reaction mixture, which 

was immediately degassed by three cycles of freeze-pump-thaw to ensure the active Cu(I) 

species was maintained over the course of the reaction. The reaction mixture was stirred under 

Ar atmosphere at 50 °C until the azide stretch (ca. 2100 cm–1) was no longer detectable by IR 

spectroscopy—typically after 24 h. The solvent was then removed and the crude product 

purified by flash column chromatography (SiO2: 0–6.5% MeOH in CH2Cl2) to give 12NDI in 

58% yield. 1H NMR analysis showed (Figure 2.2) broad peaks for all environments, indicative 

of a multivalent species, with peaks at δH 8.52 (10, 11, Figure 2.2) and 2.20 ppm  

(19, Figure 2.2)—corresponding to the NDI aromatic and fullerene methylene protons,  

respectively—integrating in a 2:1 ratio (i.e., 48 and 24 protons), thus confirming the addition 

of 12 total NDI motifs to fullerene core. MALDI-TOF analysis (Figure 2.27, appendix) 

confirmed the generation of a completely functionalised and monodisperse 12NDI product, 

displaying only a single peak at 6969.4 m/z (6991.0 m/z calculated for [M+H]+ = 

C390H312N60O72); no other adducts relating to partially reacted fullerene adducts were observed. 

Scheme 2.2. The synthesis of 12NDI; NDI 1 can be clicked onto 12Az up to 12 times following  CuAAC ‘click’ 

chemistry in a biphasic mixture of CH2Cl2–H2O with CuSO4 and sodium ascorbate present as the source of Cu  and 

reducing agent respectively. Control malonate 2NDI can be synthesised using similar conditions from the azido 

malonate 5. 
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In order to aid the characterisation and interpretation of data collected for 12NDI, an NDI 

control compound (2NDI) was prepared (Scheme 2.2). Starting from the malonate 522, a key 

intermediate in the synthesis of 12Az, similar CuAAC reaction conditions were applied to 

install two equivalents of 1, thereby generating 2NDI in 83% yield (see Experimental Section 

2.5.1 for full synthetic details). Without the effect of tethering to a three-dimensional fullerene 

surface, control compound 2NDI is expected to observe different self-assembly properties, 

both in solution and the solid state. Control 2NDI can adopt more conformations in comparison 

to when covalently bound to the fullerene surface (as in 12NDI). Therefore, intramolecular  

π-interactions should not be as enforced as conformational freedom remains unrestricted. On 

the other hand, we surmise that the 3D globular architecture imposed by the fullerene core will 

enforce a degree of directionality towards intramolecular NDI assembly of 12NDI.  

2.2.2 Neutral-State Assembly Properties of 12NDI and 2NDI  

With the compounds in hand, UV-Vis and photoluminescence studies were conducted to 

investigate the intramolecular self-assembly properties of the pendant NDI units of 12NDI. 

Sample solutions were surveyed initially at low concentrations to only consider contributions 

from intramolecular NDI assembly. Briefly, a concentration study of 12NDI was performed in 

dry CH2Cl2 (Figure 2.29, appendix) to confirm the maximum working concentration (0.5 mM) 

for which a linear dependence Beer–Lambert law was still observed. Furthermore, dynamic 

light scattering (DLS) experiments were conducted to confirm the UV-Vis spectra were 

representative of primarily non-aggregated molecules. In CH2Cl2, at 0.3 mM there was little 

Figure 2.2. 1H NMR (CDCl3, 700 MHz, 298 K) spectrum of 12NDI. 
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evidence of any intermolecular aggregation of the hexakis-adduct, with a mean particle 

diameter of 3.99 nm observed (Figure 2.33, appendix) which correlates to one molecule (as 

estimated by the MD simulations in CH2Cl2, vide infra). Indeed, no aggregates correlating to 

assemblies of more than one individual molecule were observed up to 120 h later (Figures 

2.34/35, appendix). Control samples (i.e., of 2NDI and 1) for all solution-state studies herein 

were consistently prepared at equimolar concentrations with respect to NDI units of the 12NDI 

solution to ensure results could be genuinely compared. 

Solvent-dependent absorption analysis of 12NDI (1 μM; 12 μM with respect to NDI units) was 

performed in a range of solvent polarities to monitor the solvatochromic effects on 

intramolecular NDI assembly. The 12 NDI units of 12NDI exist in close proximity to one 

another as a result of steric crowding arising from the multivalent substitution of the fullerene 

core. Ground-state aggregation effects (see Chapter 1, Section 1.3.1 for discussion on NDI 

aggregation) should therefore result in more exaggerated red-shifting and broadening effects 

to reflect a higher degree of assembly than in 1 and 2NDI. In CH2Cl2, 12NDI shows (Figure 

2.3a) well-resolved sharp absorption bands between 300–400 nm as a result of the  

π–π* transition across the long axis of the NDI chromophore; this absorption feature is 

suggestive of a monomeric, non-aggregated state.23,24  Yet, for compounds 1 and 2NDI, the 

ratio (A380 nm/A360 nm) between the two lowest-energy absorptions (i.e., 381 and 360 nm) is 

greater in CH2Cl2 (1 = 1.26, 2NDI = 1.25, 12NDI = 1.08, Figure 2.30, appendix for 1, Figure 

2.3b for 2NDI), which indicates that even in a solvent known for its high solubility of planar 

aromatics, there is still some intramolecular aggregation of NDI units in 12NDI. In comparison 

to CH2Cl2, there is significant red shifting observed in all other solvents (i.e., THF, dioxane, 

PhMe, o-DCB and DMSO) which is in accord with the formation of J-aggregates and/or 

solvent mediated aromatic charge-transfer complexes, both orienting the NDI chromophores 

into co-facial, presumably slip-stacked arrangements that are thermodynamically stabilised 

Figure 2.3. Solvent-dependent UV-Vis spectra of a) 12NDI [1 µM] and b) 2NDI [6 µM]. 
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relative to the monomerically dissolved state.25,26 Specifically, the ratio between the 381 and 

360 nm absorptions of 12NDI is inverted in comparison to 1 and 2NDI in THF (0.96), DMSO 

(0.92) and PhMe (0.86), indicating extensive intramolecular NDI aggregation is present in 

these solvents; this ratio is decreased significantly in all solvents in comparison to 2NDI and 

1. The absorption spectrum of divalent species 2NDI appear similar to those of 1, with an 

earlier onset of absorption (391 > 388 nm) in CH2Cl2 and PhMe (403 > 401 nm) that may be 

indicative of enhanced intramolecular π-interactions between the two NDI units of 2NDI. 

These spectral changes between 12NDI, 2NDI and 1 confirm the fullerene scaffold instils a 

propensity for NDI units to intramolecularly aggregate in the neutral state in all solvents.  

Solvent-dependent emission profiles of 12NDI reveal (Figure 2.4a) that excited-state aromatic 

dimers (‘excimer’) between co-facially interacting NDI units and/or excited-state aromatic 

complexes (‘exciplexes’) between π-electron-deficient NDI units and π-electron-rich solvent 

molecules are present. Indeed, excimer emission is observed in CH2Cl2 at 490 nm, confirming 

the ground state intramolecular NDI aggregation in all solvents for 12NDI. Excimer-like 

emission was also observed (Figure 2.4b) for 2NDI at 487 nm, in a relatively similar intensity 

to the molecularly dissolved state emission, observable at 386 nm; this suggests there is a 

mixture of conformations for the control 2NDI, one with intramolecular NDI aggregation, and 

one without. The excimer emission is not present for 1 in CH2Cl2 (Figure 2.21, appendix), 

confirming that the molecular scaffolds of 12NDI and 2NDI are important in pre-organising 

their respective NDI units in space. Additionally, the solvent mediated charge-transfer 

interactions observed by absorption experiments in PhMe and o-DCB are confirmed by broad, 

featureless emission at wavelengths >425 nm (i.e., PhMe: λem,max = 492 nm: o-DCB:  

λem,max = 464 nm for 12NDI) owing to energetically favourable solvent π-interactions.27,28 Both 

UV-Vis and emission spectroscopy unequivocally confirm intramolecular NDI aggregation in 

Figure 2.4.  Solvent-dependent normalized emission data of a) 12NDI [1 µM] and b) 2NDI [6 µM]. 
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12NDI in all solvents, i.e., intramolecular NDI aggregation is inherent because of the steric 

crowding of the NDI units in 3D space.  

Although this work is primarily geared towards understanding the intramolecular interactions 

of NDI around a spherical core in the solution state, investigations of these interactions in the 

solid state would also allow us to develop insights for implementing 12NDI in the context of 

device active layers (see Chapter 4). Therefore, thin films of 2NDI and 12NDI were prepared 

at 1 wt% in 3 different polymer matrices (ZEONEX®: a cyclic olefin copolymer (COC), PS: 

polystyrene; PMMA: polymethylmethacrylate, Figure 2.5c) for photoluminescence 

experiments. Here, dispersions at 1 wt% focus on mainly intramolecular interactions  

and therefore provide insight into the intramolecular NDI aggregation in the  

solid state. Additionally, this would allow us to modulate the interaction of polymer  

side chains—if any—with the NDI units. The polymers were first solubilised in o-DCB, with 

overnight mixing at room temperature to ensure complete dissolution. Aliquots of 2NDI and 

12NDI were added to the polymer solutions to create 1 wt% mixtures that were subsequently 

cast onto quartz and dried overnight under vacuum (<0.1 mbar). The solid-state emission 

profiles of 12NDI (Figure 2.4b) and 2NDI (Figure 2.5a) display a broad featureless emission 

band at ca. 460 nm that is reminiscent of excimer-like emission that was observed in the steady-

state experiments—this was correlated to NDI dimer aggregation. Unlike in the steady-state 

emission spectrum, however, a second broad featureless emission band (i.e., >500 nm) is 

present. This observation suggests that higher order intramolecular NDI assemblies29 can be 

facilitated in the solid state by both 2NDI and 12NDI. The non-aggregated state emission  

(459 nm) of 2NDI is relatively unchanged with respect to 12NDI in all three matrices, with a 

Stoke’s shift of ca. 10 nm towards 467 nm. However, the lower energy emission is broad, up 

to—and encompassing—700 nm; this is not observed for 2NDI. Additionally, this NIR 

emission band observes clear differences in each of the polymer matrices, with varying ratios 

between the higher energy (467 nm) and the two main lower energy (581 and 639 nm) 

absorptions; these differences can be attributed to the 3D multivalency of 12NDI. PS is poised 

for intermolecular π-interactions, with 12NDI, that can facilitate extended NDI aggregation 

around the periphery of individual molecules. Indeed, as observed in the steady-state 

experiments, PS (Figure 2.5) is conducive to excited-state aromatic charge transfer interactions. 

The NIR emission band is less pronounced in PMMA (Figure 2.5) and ZEONEX® (Figure 2.5) 

in which the purely aliphatic or polar polymer chains clearly have little effect on the 

intramolecular assembly. Together, the steady- and solid-state results highlight the dynamic 

pre-organisation of NDI units afforded by the three-dimensional multi-substituted 12NDI, akin 

to a multivalent globular protein interacting within an extracellular matrix. 
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Molecular dynamics (MD) simulations were conducted in order to gain insight into the likely 

conformations adopted by the neutral states of 2NDI and 12NDI in CH2Cl2 solution that in turn 

relate to the ground state intramolecular NDI aggregation (see appendix, Section 2.5.9 for full 

discussion on calculations). Given the size and complexity of the 12NDI structure, restrained 

electrostatic potential atomic partial (RESP) charges needed to be obtained in a two-stage 

process, by first calculating separately the RESP partial charges of the much simpler dimer 

2NDI and a hexakis-substituted fullerene core (not prepared synthetically, see Figure 2.44, 

appendix for structure), and then matching these by hand to the fully constructed 12NDI 

molecule).  

Using the reference atoms (shown in Figure 2.43, appendix) intra- and interbranch distances 

between NDI units were monitored over t = 800 and t  = 500 ns for 2NDI and 12NDI, 

respectively, where π-interactions were assumed at distances dNDI  ≤ 3.5 Å.30 As the free  

(i.e., untethered) ‘arm’ of 12NDI, flexible dimer 2NDI (Figure 2.6a) is able to adopt more 

conformations (i.e., 35–180° vs. 37–165° for 12NDI, see Figure 2.49, appendix for probability 

distribution over MD simulation) in solution that ultimately range between i) a ‘bound’ state 

in which its two neutral NDI units are co-facially oriented within 3.5 Å of one another and ii) 

an ‘open’ non-interacting or ‘unbound’ state. From the simulation data, an equilibrium constant 

K = Nbound/Nunbound—corresponding to the ratio of ‘bound’ (defined at cut-off distance of 0.55 

nm) and ‘unbound’ states (Figure 2.6b) of neutral dimer 2NDI—has been calculated as 4.39. 

By applying the relationship between Gibb’s free energy and the equilibrium constant (i.e., ΔG 

Figure 2.5. Solid-state emission spectra of  a) 2NDI and b) 12NDI, prepared from drop casting a solution (1 mg/ 

mL) of compound from o-DCB, with vacuum drying; 1 wt% embedded within different polymer matrices, PMMA 

(green), ZEONEX® (pink) and PS (blue) was also investigated. 
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= –RT lnK) a free energy of binding (ΔGbound) for 2NDI is estimated to be –3.7 kJ mol–1. This 

ΔGbound value  is not too dissimilar to that of a weak strength hydrogen bond (2.1–6.3 kJ  

mol–1)31, however, it is moderately strong for a π-interaction and is similar to that of benzene 

dimers (6.2–10.4 kJ mol–1)32, and—as predicted by the MD simulation—at room temperature 

the dominant conformation will likely be the ‘bound’ state. On the other hand, ground-state 

absorption studies did indicate a monomeric i.e. ‘unbound’ state, whereas excited-state studies 

revealed a mixture of pre-aggregated excimer-like emission as well as monomerically solvated 

emission—it is likely a mixture of ‘unbound’ and ‘bound’ conformations are present at room 

temperature in CH2Cl2. 

Similar MD simulations carried out on 12NDI over 200 ns reveal a similar propensity for 

neutral NDI units to dimerise, but indicate that these can do so either with a neighbouring NDI 

unit attached to i) the same 'arm' or ii) a separate 'arm' tethered to the fullerene core. Moreover, 

owing to the mutivalent substitution of 12NDI, each of the 12 NDI units are able to form 

assemblies beyond dimers, such that the number of NDI units in an intramolecular cluster or 

aggregate is greater than two (e.g., see Figure 2.6c where n = 2 and 3 at 123 ns). These situations 

Figure 2.6.  a) Snapshot MD simulation image of 2NDI in ‘unbound’ and ‘bound’ conformations. The molecule is 

fluxional between unbound and bound states at room temperature. b) Histogram of NDI–NDI distances for 2NDI 

monitored over 800 ns in CH2Cl2; inset shows NDI distances over duration of the simulation. Based on a cut-off for 

binding of 0.55 nm, the equilibrium constant, K = Nbound / Nunbound = 4.39 and the free energy of binding = –3.7 kJ 

mol–1. c) Snapshot MD simulation image (taken at 123 ns) of 12NDI revealing the molecular conformation as well 

as multiple NDI–NDI close distanced stacks of n = 2 or 3. d) Most probable NDI–NDI distances for neighbouring, 

as well as all other chains, around the periphery of the molecule over the duration of the simulation for 12NDI. 
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are encouraged by the fact that NDI–NDI distances (dNDI  ≤ 3.5 Å) are observed persistently 

over the course of the simulation for NDI–NDI interactions on i) the same ‘arm’ and ii) 

neighbouring ‘arms’. Indeed, NDI stacks, i.e., dimer, trimer and tetramer assemblies, are 

observed at dNDI = 3.5, 7.0 and 10.5 Å, respectively (Figure 2.6d). The NDI units can move 

freely to become non-interacting or aggregate with a different neighbouring NDI unit—this is 

expected owing to the low binding energy (ΔGbound –3.7 kJ mol–1) for dimerisation, as 

calculated for 2NDI. These calculations are in accord with the ground-state absorption data, 

corroborating the observations that suggested extended intramolecular NDI aggregation. These 

observations suggest 12NDI could demonstrate both intramolecular electron delocalisation in 

a single molecule as well as intermolecular long-range electron delocalisation in a highly dense 

state such as in the active layer of a device where charge mobility through the material is 

required (see Chapter 4 for space-charge-limited diode study with 12NDI). 

2.2.3 Redox-Induced Assembly of 12NDI and 2NDI 

With clear observations of ground-state and excited-state NDI intramolecular aggregation, 

attention was then turned towards probing the electronic couplings in reduced states, i.e., the 

occurrence of electrostatically-driven ‘mixed valence’33 interactions, for example between a 

relatively π-electron-dense NDI•– monoradical anion and an electron-deficient surface of 

neutral NDI0. These ‘mixed valence’ species are readily characterised by the appearance of an 

intervalence charge transfer (IVCT) in the NIR region of the corresponding absorption 

spectrum, as well as by electron paramagnetic resonance (EPR)  spectroscopy which provides 

information on the number of units involved in the system when radicals are shared.34 

Additionally, strong electronic couplings in the reduced states can also be visualised by cyclic 

voltammetry (CV) experiments, with the resolving of sequential redox processes when 

molecular orbitals are coupled. Table 2.1 summarises the energy level and band gap parameters 

derived from solution-state UV-Vis and CV experiments. 

Table 2.1. Optoelectronic properties calculated by UV-Vis spectroscopy and cyclic voltammetry 

 [a] solution, [b] Onset of absorption, [c] ELUMO = –(Ered + 4.75) eV, [d] EHOMO = ELUMO – Egap eV 

Previous photophysical investigations (see Section 2.2.1) by UV-Vis and emission 

spectroscopy were completed at low concentrations (i.e., <12 µM of NDI units) in order to 

Compound λabs
a [nm] Egap

b
 [eV] Ered [V] LUMOc [eV] HOMOd [eV] 

1 380, 359 3.20 –0.50 –3.77 –6.96 

2NDI 380, 360 3.19 –0.47 –3.79 –6.98 

12NDI 381, 360 3.17 –0.43 –3.84 –7.01 
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highlight contributions from intramolecular interactions. With the following techniques  

(i.e., CV, SEC, EPR) requiring higher concentrations of compound for the collection of spectra 

that has respectable signal to noise ratio, experiments in CH2Cl2 were deliberately conducted 

at concentrations of 0.3 mM thereby encouraging intramolecular NDI interactions. CV was 

carried out on samples of 12NDI in dry, degassed CH2Cl2 solutions containing 0.1 M TBAPF6 

as the supporting electrolyte, and the data compared to samples of 1 and 2NDI prepared at 

equimolar concentrations with respect to NDI units. Briefly, NDI monomer 1 undergoes two 

well-defined single-electron reduction events (Figure 2.7d) at –0.65 and –1.02 V vs. Ag/AgCl 

to generate the NDI radical anion (1•–) and dianion (12–) states, respectively, in a stepwise 

fashion. Additionally, both reduction events are similar in nature, as observed by SWV (Figure 

2.7a). Unsurprisingly, this behaviour of 1 is consistent with the NDI literature.32 It is the cyclic 

voltammogram of 2NDI, however, that begins to provide us with insights into how 

intramolecular NDI assembly can influence molecular electrochemical properties.  

The first notable observation (Figures 2.7b/e) is that dimer 2NDI undergoes reduction at less 

negative potentials than 1 (–0.46 vs. –0.51 V), which is indicative of a more energetically 

accessible NDI LUMO (ELUMO) for the population of 2NDI with a single electron, i.e., for the 

generation of 2NDI•–. Given the fact that similar N-substitution of NDI units has little influence 

Figure 2.7. Square-wave voltammograms of a) 1, b) 2NDI and c) 12NDI ([0.3 mM with respect to NDI units] in 

degassed CH2Cl2 containing 0.1 M TBAPF6 as supporting electrolyte; scan rate range 50–1000 mV s–1 for 1 and 

12NDI, 50–3000 mV s–1 for 2NDI. Cyclic voltammogram (50 mVs-1, 298 K) of d) 1, e) 2NDI and f) 12NDI ([0.3 

mM with respect to NDI units] in degassed CH2Cl2 containing 0.1 M TBAPF6. Line plots of current peak versus the 

square root of the scan rate confirming the excellent electrochemical reversibility of the exhaustive first-wave and 

second-wave cathodic/anodic processes for g) 1, h) 2NDI and i) 12NDI.  
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on the π-electronics, the reduced ELUMO can confidently be attributed to the preferable 

intramolecular ground-state interactions (ΔGbound –3.7 kJ mol–1) of neutral NDI units, i.e., 

within the 'bound' state of 2NDI. In other words, the π-orbital overlap between co-facially 

oriented NDI units in 2NDI affords an energetically stabilised extended LUMO that can more 

easily receive electron density. Upon lowering the potential further, a second first-wave 

reduction leading to the generation of 2NDI2(•–) is observed, clearly demonstrating the 

favourable electronic coupling between NDI0 and NDI•– units, later confirmed by 

spectroelectrochemistry (SEC) to be an intramolecular mixed-valence state (see discussion on 

SEC, vide infra). Subsequent reduction of both NDI•– units of 2NDI2(•–) to their dianionic states 

occurs simultaneously, as evidenced by a single two-electron reduction event that is also scan-

rate independent between 50–1000 mV s–1 (Figure 2.7h). We take this to mean that Coulombic 

interactions within 2NDI4– causes reconfiguration to an 'unbound' state quickly on the 

timescale of these experiments, such that the presence of a theoretical NDI•–/NDI2– mixed-

valence intermediate state is unlikely. Square-wave voltammetry (Figure 2.7b) provides further 

evidence to describe the transition from the ‘bound’ to ‘unbound’ state with two singularly 

resolved processes for the formation of 2NDI•– and 2NDI2(•–) at –0.53 and –0.64 V, respectively, 

in addition to the single process for the formation of 2NDI4– at –0.98 V. Furthermore, molecular 

dynamics simulations were also conducted on the partially reduced species 2NDI•– in an 

attempt to visualise the ‘mixed valence’ state. In an approach similar to that for preparing the 

neutral state MD simulations, quantum mechanically-derived RESP charges of 1•– were used 

to approximate π-electrostatic interactions in 2NDI•– with dNDI = 3.5 Å confirming the 

persistence of a π-interaction from the neutral to the mixed-valence state (Figure 2.48, 

appendix). Owing to the conformational switching of 2NDI•– towards full reduction, increased 

scan rates of up to 3 Vs–1 were used to try and resolve electronic couplings of the higher states 

in the ‘bound’ conformations, i.e. mixed-valence states such as 2NDI•–/2NDI2–, however, no 

individual processes could be resolved. Nonetheless, collecting CV data at variable scan rates 

allowed us to confirm the electrochemical reversibility of each NDI redox process via the 

Randles–Ševčík equation (eq. 1) and rule out any instances of irreversible chemical reactions 

taking place. 

𝑖𝑝 = 2.69 × 105 × 𝐴 × 𝐷
1

2 × 𝑛
3

2 × 𝑣
1

2 × 𝐶       at 25°C                  (eq. 1) 

where ip = current max, A = electrode area, D = diffusion coefficient, n = number of electrons 

transferred, v = scan rate, C = concentration 

Here, the relationship between redox peak current and square root of the scan rate is correlated 

via eq. 1, with a linearly proportional relationship indicating reversibility. As expected, variable 

scan rate CV analysis shows (Figure 2.7g–i) that both reductions are fully reversible for 2NDI 
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as well as 1, indicating no chemical modification upon generating the multiply charged species. 

Rationalised by the MD simulations, charge transport pathways around the periphery of 12NDI 

are possible owing to the dynamic nature of the Th-symmetrical octahedral scaffold; the 

reduced conformational freedom (37–165°, see Figure 2.49, appendix) of the arms ensures that 

NDI–NDI π-interactions are maintained. Upon reduction, evidence (Figure 2.7f) of favourable 

and potentially extended π-interactions and stacks emerges with a further decrease in the onset 

of reduction (ΔV = –50 mV) in comparison to 2NDI; the LUMO is further stabilised for 12NDI 

than for 2NDI, i.e., –3.84 vs. –3.79 eV. A notably lower peak reduction potential (–0.75 V) is 

required to generate [12NDI]12(•–), in which all NDI units have been electrochemically 

converted to 12 NDI radical anions. Unlike during the first reduction wave of 2NDI, it is more 

difficult to resolve the overlapping single-electron reductions for each of the 12 NDI units 

within 12NDI. However, there is indication by square-wave voltammetry that the first-wave 

reduction process can be at least viewed (Figure 2.7c) as two distinct groupings that collectively 

represent of all of the NDI interactions around the fullerene hexakis adduct, albeit each still 

broad due to electronic fluctuations experienced by NDI units that can now participate in 

dynamic ensembles involving more than two NDI units. These observations are in accord with 

seminal work by Larry Miller on NDI radical aggregation within a multivalent dendrimer.35 As 

the cathodic sweep begins, the initial reduced NDI interact with neighbouring neutral NDI and 

form mixed-valence stacks. The broadness of the first reduction event is indicative of different 

Figure 2.8. Illustration to demonstrate the conformational switching for 2NDI in the neutral as well as multiply 

reduced states. 
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radical stacks that are not in equilibrium—with 12 NDI units per molecule, there are likely 

varying degrees of NDI aggregation during the course of the CV experiment. Indeed, the 

presence of mixed-valence interactions was further supported (Figure 2.46, appendix) by MD 

simulations of [12NDI]6(•–), that were prepared in a similar manner to simulations of 2NDI•–. 

Here, extended NDI stacks (i.e., dimers, trimers and tetramers) were observed to form around 

the periphery of the molecule providing some evidence for extended delocalisation of radicals 

in the mixed-valence state. Indeed, [12NDI]6(•–) still adopts a broad range of interbranch 

conformations (i.e., 33–110°, see Figure 2.50, appendix for probability distribution over MD 

simulation) in solution that facilitates extended NDI stacks. An idealised cartoon graphic is 

offered in Figure 2.10.  

We hypothesised that the reduced conformational freedom of the grafted ‘arms’ might allow 

us to observe additional mixed valence states i.e., for [12NDI]18(•–), wherein stacks of NDI2(•–) 

and  NDI•– are forced in to close proximity despite the Coulombic repulsion that was shown to 

to ‘open up’ 2NDI4–. Variable scan rates (50–1000 mVs–1, Figure 2.7h) did not allow for any 

resolution of the second-reduction wave towards [12NDI]24–, despite the addition of 12 

electrons. Clearly, the electrostatic repulsion between the NDI2– states is too great to resolve 

any interactions over the duration of the CV experiment. However, the full reduction of the 

molecule occurs at a significantly lower potential, i.e. ΔV = 70 mV in comparison to 2NDI4–, 

Figure 2.9. Snapshot MD simulation image (95 ns) of [12NDI]6(•–)
 revealing molecular conformation as well as 

multiple NDI close distanced stacks of n = 1, 2, 3 or 4. 
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which indicated that Coulombic effects are much greater for 12NDI during the second 

reduction to the dianionic state of each NDI unit. Additionally, the single-electron reduction of 

the hexakis-adduct fullerene core is not observed as a result of signal overlap (–1.15 V) with 

the second reduction process towards [12NDI]24–. Despite the use of flexible scaffolds, clearly, 

electronic communication in the multiply reduced states of both 2NDI and 12NDI is observed.  

Spectroelectrochemistry was subsequently employed to confirm the presence of mixed-valence 

interactions as well as to gain further insight into other higher order interactions present in the 

multiply reduced state. Spectroelectrochemical measurements were conducted in dry, degassed 

CH2Cl2 solutions with 0.1 M TBAPF6 as the supporting electrolyte. The samples were added 

to an Ar-purged, air-tight optically transparent thin-layer electrochemical (OTTLE) cell 

(Pt/Pt/Ag wire configuration; path length ca. 0.2 mm). OTTLE cells are a convenient tool for 

electrochemically generating oxygen-sensitive species in situ for real-time spectroscopic 

analysis; the cell is designed to be easily accommodated by most FTIR and UV-Vis absorption 

spectrometers. The absorption spectra of reduced NDI units, i.e., NDI•–
 and NDI2–, are 

characteristic in a monomeric, non-aggregated state. Predictably, subjecting NDI 1 to a 

constant potential of –0.80 V vs. Ag generates the radical anion 1•– which displays (Figure 2.11) 

characteristic absorption bands centred at 476 and 754 nm. A further reduction in the applied 

Figure 2.10. Cartoon depicting sequential reduction of 12NDI: neutral (green), radical (brown) and dianionic (red) 

NDI. The favourable interactions i.e. neutral–neutral, radical–neutral and radical–radical, are observed during the 

CV experiment whereas the Coulombic repulsion of dianion–dianion NDIs results in a single reduction event. 
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potential to –1.10 V results in the diminishing of the radical absorptions in favour of the dianion 

12– spectrum, with the new bands centred at 423 and 604 nm. Noticeably, no absorption bands 

were observed between 800–3000 nm. These observations were as expected as no significant 

electronic couplings were identified by CV experiments. On the other hand, the CV and SWV 

of 2NDI in CH2Cl2 identified significant orbital couplings were present in the reduced state, 

i.e., a mixed-valence state was likely present for 2NDI•–.  

Applying a potential of –0.55 V allowed for the generation of the monoreduced 2NDI•–. 

Subsequently, the appearance (Figure 2.12a/b) of an IVCT band centred at 2160 nm confirmed 

the presence of a mixed-valence state, i.e., the formation of a singularly occupied molecular 

orbital (SOMO) in which an NDI dimer is populated with one electron (NDI0/NDI•–). Upon 

forming the diradical 2NDI2(•–) at –0.80 V, this low-energy IR band disappears in favour of a 

very weak band at 1125 nm. This higher energy absorption can be attributed to a weak 

interaction between two singularly reduced NDI units, i.e., NDI•–/NDI•–, with the remaining 

profile highly reminiscent to that of 1•–. These observations correlate well with those previously 

published, i.e., water-soluble NDI radicals have been found to dimerise in aqueous solution 

with the corresponding λmax at 1140 nm.36  As expected, the full reduction of both NDI units to 

the dianionic state, i.e., 2NDI4–, reveals an absorption profile identical to that of 12–, confirming 

that no aggregation is present in the higher reduced states. Previously rationalised by the CV 

and SWV experiments (Figure 2.7), these observations agree with the hypothesised 

conformational switching of 2NDI between the ‘bound’ and ‘unbound’ states upon sequential 

reduction of the NDI units.  

Figure 2.11. UV-Vis-NIR absorption spectra (1.8 mM of NDI units) of 1 (purple) and upon its sequential 

electrochemical reduction in situ to afford the fully reduced 12– (orange) via 1•– (brown). Spectra were recorded 

under an argon atmosphere in deaerated anhydrous CH2Cl2 solutions containing 0.1 M TBAPF6 as the supporting 

electrolyte. 
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Whereas the ‘ungrafted arms’ have the freedom to adopt various conformations, the ‘grafted 

arms’ of 12NDI are much more restricted and the impact of these features should be evident 

by spectroelectrochemistry upon reduction to the variously reduced states. As expected, 

subjecting 12NDI to a potential of –0.45 V resulted in the growth of an IR absorption band 

centred at 2305 nm (Figure 2.13). This mixed-valence absorption band is similar to that 

observed for 2NDI•–, however, for 12NDIn(•–) (where n = <12) the band is greater in intensity 

(O.D. = 0.057 vs. 0.044 for 2NDI•) and has a shift in the λmax, i.e., 152 nm red shift to that 

observed for 2NDI•–. This corroborates the previous rational that the hexakis C60 scaffold 

directs intramolecular NDI aggregation—both in the neutral as well as reduced state. Indeed, 

the shift in λmax is indicative of higher order, i.e., beyond dimer, mixed-valence interactions36. 

Previously, these IVCT interactions have only been observed in aqueous media or in very rigid 

systems wherein the close-proximity of NDI units in the reduced state is enforced.6,35 Upon 

further reduction towards [12NDI]12(•–), the band centred at 2305 nm diminishes in favour of 

Figure 2.12. a) Illustrative reduction of an NDI dimer stack. b) UV-Vis-NIR absorption spectra of 2NDI (1.8 mM 

of NDI units) and upon its sequential electrochemical reduction in situ to afford fully reduced NDI2– units ( 

i.e., 2NDI2(2–) = 2NDI4–) species via the NDI•– radical anion (i.e., 2NDI2(•–) = 2NDI2–). Spectra were recorded under 

an argon atmosphere in deaerated anhydrous CH2Cl2 solutions containing 0.1 M TBAPF6 as the supporting 

electrolyte. 
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the higher energy band at 1135 nm that is associated with NDI radical–radical interactions. 

Notably, the relative intensity of this band in 12NDI12(•–) is significantly increased  

(O.D = 0.054) compared to that observed (O.D. = 0.016) for 2NDI2(•–). These observations 

confirm that the fullerene hexakis-adduct scaffold pre-organises the NDI units in 3D space in 

both the neutral as well as multiple reduced states. The broad first reduction event observed in 

the CV of 12NDI was indicative of the generation of NDI radicals that were not in equilibrium. 

However, for [12NDI]12(•–) each NDI•– is now in an equilibrated state that is likely as radical 

dimer pairs; this can be rationalised owing to the similarity with the λmax of 2NDI2(•–),  

i.e., Δλmax = 5 nm. The intensity of the radical interaction is greater than in 2NDI2(•–) as the 

‘grafted arms’ of [12NDI]12(•–) hinder the radicals from disassociating. Indeed, the equilibrated 

radical state is supported by the sharp second reduction wave as [12NDI]24– is generated at  

–1.30 V. Now, each NDI unit is in the dianionic form and Coulombic effects result in the 

disassociation of any previous NDI radical pairs. Subsequently, the absorption spectrum of 

[12NDI]24– is highly reminiscent of both 12– and 2NDI4–, with no evidence of any additional 

mixed-valence states observed by variable scan rate (50–1000 mVs–1) experiments. 

Additionally, during the second reduction wave the single-electron reduction of the C60 is 

observed with a broad and featureless band (see Figure 2.40, appendix) at 943 nm, confirming 

Figure 2.13. UV-Vis-NIR absorption spectra of 12NDI (1.8 mM of NDI units) and upon its sequential 

electrochemical reduction in situ to afford the NDI•– radical anion (i.e., 12NDI12(•–) = 12NDI12–) via the  

mixed-valence partially reduced states that are depicted above the spectra. Spectra were recorded under an argon 

atmosphere in deaerated anhydrous CH2Cl2 solutions containing 0.1 M TBAPF6 as the supporting electrolyte. 



Chapter 2| Self-Assembly Properties of a Multi-Electron Acceptor Fullerene 

 

72 

 

that the fully reduced species is a twenty-five electron acceptor (i.e., 24 e–
 for all NDI units and 

1e– for the fullerene moiety). Additionally, spectroelectrochemical FTIR was conducted 

however no significant differences (Figures 2.37–39, appendix) between 1, 2NDI and 12NDI 

were observed that could be indicative of mixed-valence interactions. To gain a deeper 

understanding of any electron sharing that may be present between the electronically coupled 

NDI units, EPR spectroscopy was employed for various radicals of 12NDI as well as 2NDI.  

Radical anion samples (150 μM spin density) for continuous-wave EPR (CW-EPR) 

spectroscopy were chemically generated in an argon glove box by titrating analyte solutions 

with cobaltocene (CoCp2) solution; CoCp2 is a single-electron reductant (E1/2(CoCp2) = –1.3 V 

vs. Fc+/Fc) that can allow for the formation of NDI•–
 but not for over reduction to NDI2–

. First, 

the active concentration of freshly prepared CoCp2 stock solutions was determined (Figure 

2.14a) by titrating known volumes of the reductant into a solution of NDI 1 (150 μM), and 

monitoring for saturation of the signature NDI radical anion absorption (λmax = 476 nm in 

CH2Cl2). Subsequently, the mixed-valence states could be accurately generated, i.e., 2NDI•–, 

[12NDI]•–, etc., for CW-EPR analysis. The samples were prepared in glass pasteur pipette in 

deaerated CH2Cl2 and the EPR spectra were recorded at X-band using 0.1 G modulation 

amplitude. Additionally, any simulated spectra were generated using EasySpin37 toolbox 

(MatLab). We simulated the EPR spectrum (Figure 2.14b) of 1•– assuming that the NDI unit is 

symmetrical but with the N-CH2 protons having different hyperfine splitting constants. As a 

result of this simulation, the hyperfine splitting values were 0.22 (αH), 0.97 (αN), 1.72 (αH) 

Figure 2.14. a) Titration of 1 [150 µM] in degassed CH2Cl2 with a glove-box prepared stock solution of CoCp2 in 

degassed CH2Cl2; no change in absorption is observed between 90 and 110 µL additions. Plot of absorbance at 476 

nm after each addition of CoCp2 stock. Stock concentration calculated to be 4.63 mM. b) Room-temperature  

CW-EPR spectrum of 1•– (150 μM spin density) in CH2Cl2 upon chemical reduction of 1 with 1 (black) equiv. of 

CoCp2 and the simulated spectrum for 1•–. 
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and 2.05 (αH), corresponding to the aromatic naphthalene protons, the nitrogen atoms, and the 

two methylene groups, respectively. These values are similar to previously reported hyperfine 

splitting constants for monomeric NDI and are consistent with the experimental EPR data for 

1•– (Figure 2.14b). 

As identified by SEC, the mixed-valence state for 2NDI•– should facilitate electron sharing 

between two NDI units. At ambient temperature, the EPR spectrum (black, Figure 2.15) of 

2NDI•– is clearly different to that of 1•–. Despite the broadness of the EPR spectrum, it can be 

reproduced by simulation if the coupling of two NDI units is assumed. Here, the hyperfine 

values of 2NDI•– are ca. half that of 1•–, i.e., 0.12 (αH), 0.48 (αN), 0.86 (αH) and 0.96 (αH) 

which confirms the radical is delocalised over two NDI units and that 2NDI•– exists almost 

entirely in a ‘bound’ conformation. These observations—in hand with the results from CV and 

SEC experiments–unequivocally confirm a mixed-valence interaction. Upon decreasing the 

temperature of 2NDI•–, the EPR signal (Figure 2.16a) broadens slightly. This broadening likely 

occurs as a consequence of i) slower molecular tumbling in a more viscous solvent at low 

temperature, ii) the slowing of a dynamic process (i.e., conformational switching), or iii) a 

slowing in the radical exchange rate. However, these observations strongly indicate that the 

dominant conformation is the ‘bound’ state at ambient temperature, corroborating the intensity 

of the mixed-valence band that was visualised by UV-Vis spectroscopy. On the other hand, 

greater intensity mixed valence (λmax = 2305 nm in CH2Cl2) and radical dimer NDI•–/NDI•–, 

(λmax = 1135 nm in CH2Cl2) bands were observed in the spectra for 12NDI and therefore 

electron sharing between NDI units should be even greater for the 12-fold decorated hexakis-

adduct. 

The EPR spectrum of the direduced species, i.e., 2NDI2(•–), provides further insight into the 

conformational switching in the direduced state.  At ambient temperature, the EPR profile  

(red, Figure 2.15) of 2NDI2(•–) is broad with respect to the signal of monoradical 1•–. The 

Figure 2.15. Room-temperature CW-EPR spectra of 2NDI•– (red, 150 μM spin density) and 2NDI2(•–) in CH2Cl2 

upon chemical reduction of 2NDI with 1 and 2 equiv. of CoCp2, respectively. 
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potential mixture of ‘unbound’ and ‘bound’ states rationalises the weaker intensity NDI•–/NDI•– 

interaction that was observed in the 2NDI2(•–) absorption spectra (λmax = 1125 nm in CH2Cl2). 

Upon cooling 2NDI2(•–), there is a significant decrease (Figure 2.16b) in intensity which 

suggests a diamagnetic species is forming, i.e., an EPR silent conformation. However, the 

reduced intensity signal has increasingly sharpened lines with the spectrum resembling that of 

1•–. This strongly suggests that at low temperature the two NDI units become isolated, which 

is consistent with an EPR active ‘unbound’ conformation. The mixture of ‘unbound’ and 

‘bound’ states rationalises the weaker intensity NDI•–/NDI•– interaction that was observed for 

the 2NDI2(•–) absorption (λmax = 1125 nm in CH2Cl2). 

EPR samples of [12NDI]•–, [12NDI]4(•–) and [12NDI]12(•–) were prepared in order to probe the 

electron sharing both in the mixed-valence states as well as for the full mono reduction of each 

NDI unit. In comparison to 2NDI•–, the EPR signal corresponding to the monoreduced 

fullerene, i.e., [12NDI]•–, is broadened (Figure 2.17) and consistent with increased 

delocalisation of the radical. Indeed, these observations are consistent with the hypothesis 

rationalised from CV and SEC experiments, i.e., when only a few radicals are present in the 

system there is greater delocalisation than in the fully monoreduced NDI•– state. For the 

tetraanionic, [12NDI]4(•–), the signal increases (Figure 2.17) in intensity and is reminiscent of 

the monoradical, i.e., no splitting is observed. Here, for [12NDI]4(•–), there are also NDI•–/NDI•– 

interactions that can take place. However, there is a clear resolving (Figure 2.17) of the EPR 

signal for the dodeca-radical [12NDI]12(•–) in which each NDI unit is mono reduced to NDI•–. 

This change in signal indicates there is less radical exchange present, likely owing to the 

Coulombic repulsion in the highly reduced state. However, the broadened signal does suggests 

that dynamic processes are still at play. The change in signal upon formation of the dodeca-

radical corroborates the hypothesis that electron sharing capabilities are most prominent in the 

Figure 2.16. Variable-temperature CW-EPR spectra of a) 2NDI•– [150 µM spin density] and b) 2NDI2(•–) [300 µM 

spin density]  in CH2Cl2 upon chemical reduction of 2NDI with 1 equiv. and 2 equiv. of CoCp2, respectively. Spectra 

were collected between 293–193 K. 
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mixed-valence state, and it is these states that persist and are observable by other techniques 

such as CV and SEC.  

Clearly, the extensive intramolecular NDI assembly observed in the neutral-state is maintained 

upon reduction. These mixed-valence states are rarely observed in organic solvents and 

therefore this study provides insight into approaches that can be used to enforce radical 

interactions that have previously not been observed. Currently, work is still on going to gain 

an even deeper understanding of the π-interactions in the reduced state. Variable-temperature 

EPR experiments in different solvents, as well as electron-nuclear double resonance (ENDOR) 

analysis should shine light on the extent of electron sharing in 12NDI as well as 2NDI. 

Additionally, the solid-state assembly of 12NDI in the reduced state may pave the way for 

novel fullerene assemblies that have emergent optoelectronic applications.  

2.3 Conclusions 

Capitalising on an approach developed by the Nierengarten group, we have synthesised a multi-

redox hexakis-adduct of C60 functionalised with naphthalene diimide moieties (12NDI). We 

have found that the three-dimensional scaffold facilitates NDI–NDI π-interactions in both the 

neutral and reduced states; these observations are rare in flexible NDI compounds, especially 

in highly solubilising solvents such as CH2Cl2. The control 2NDI has demonstrated redox-

controlled conformational switching between an ‘unbound’ and a ‘bound’ state, via formation 

of a mixed-valence interaction that has been observable by CV, SEC and EPR. Fullerene 

hexakis-adduct 12NDI enforces intramolecular NDI aggregation in the neutral state that is 

maintained upon reduction of the NDI units. Low-energy IVCT absorptions are indicative of 

mixed-valence states that constitute extended NDI stacks in the reduced state, e.g., NDI•–/NDI0. 

Figure 2.17. Room-temperature CW-EPR spectra of 12NDI (150 μM spin density) in CH2Cl2 upon chemical 

reduction with 1 (red), 4 (green) and 12 (purple) equiv. of CoCp2, respectively. 
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Indeed, EPR spectroscopy suggests that the monoreduced hexakis-adduct, i.e., [12NDI]•– can 

facilitate radical sharing in higher order assemblies beyond the dimer. It is clear that despite 

the dynamic nature of the fullerene hexakis-adduct scaffold, the pre-organisation of the pendant 

NDI units in 3D space allows for the study of fundamental π-interactions in the neutral and 

reduced states. To gain further insight into the nature of the multivalent states, we are currently 

employing solvatochromic EPR and ENDOR spectroscopy. Furthermore, we are now looking 

at the integration of these n-type semiconductor molecules in a device setting for potential 

applications in an organic electron device (see Chapter 4 for discussion on space-charge-

limited diodes involving 12NDI). 
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2.4 Experimental Details 

2.4.1 General Materials & Methods 

Materials: All reagents and solvents were purchased from commercial suppliers (Merck, 

Acros Organics, Alfa Aesar, Fischer Scientific, Tokyo Chemical Industry or Fluorochem) and 

used without further purification unless stated otherwise. Anhydrous solvents were obtained 

from a Solvent Purification System (neutral alumina) and stored over activated  

(>250 °C at 0.01 mbar overnight) 3 Å molecular sieves under a dry Ar atmosphere. Solvents 

and solutions required for air-sensitive manipulations were degassed thoroughly using a 

minimum of three freeze–pump–thaw cycles and the flask back-filled under an Ar  

atmosphere. N-Hexyl-1,4,5,8-naphthalenetetracarboxylicacid-1,8-monoimidediacid[38] (1), 

1,3-bis(3azidopropyl)propanedioate[16] and the azido fullerene hexakis-adduct[16] (12Az) were 

synthesised according to previously published literature procedures. 

Product confirmation: Analytical thin-layer chromatography (TLC) was performed on 

aluminum-backed silica gel 60 plates pre-loaded with F254 indicator (Sigma Aldrich) and 

visualised either under UV light irradiation (254 and 365 nm) and/or by dip-staining methods. 

Flash column chromatography was carried out on an automated system (Teledyne Isco 

Combiflash Rf+) outfitted with a broad range UV–Vis (200–800 nm) absorption detector. 

Nuclear magnetic resonance (NMR) spectra were recorded using either a Bruker Advance III 

Ultrashield 400 Plus (working frequencies: 1H and 13C nuclei = 399.975 and 100.603 MHz, 

respectively), an Appleby VNMRS-600 (1H and 13C nuclei = 599.832 and 150.288 MHz, 

respectively) or a Varian VNMRS-700 (1H and 13C nuclei = 700.130 and 176.048 MHz, 

respectively) spectrometer at a constant temperature of 298 K. Operating temperatures of the 

NMR spectrometers were measured with the aid of a MeOH internal calibrant. All 13C NMR 

experiments were proton decoupled. Chemical shifts (δ) are reported in parts per million (ppm) 

relative to the signals corresponding to the residual non-deuterated solvents (CDCl3: δH = 7.26, 

δC = 77.16 ppm; DMSO-d6: δH = 2.50, δC = 39.52 ppm). Coupling constants (J) are reported in 

Hertz (Hz) and 1H multiplicities are reported in accordance with the following convention: s = 

singlet, d = doublet, t = triplet, q = quadruplet, p = pentet, m = multiplet. Assignment of 1H and 

13C NMR signals were accomplished with the aid of ‘pure-shift’ yielded chirp excitation39 

(PSYCHE) and two-dimensional COSY, HSQC and HMBC NMR spectroscopies. NMR 

spectra were processed using MestReNova software, Version 11. Low-resolution electrospray 

ionisation (ESI-MS) and atmospheric solids analysis probe (ASAP-MS) mass spectrometries 

were performed using a Waters TQD UPLC ES MS/MS spectrometer and a Waters Xevo 

QTOF spectrometer equipped with an atmospheric pressure ionisation (API) source, 
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respectively. High-resolution mass spectra (HR-MS) were obtained using either a high-

resolution Waters LCT Premier XE spectrometer equipped with an ESI source or an accurate 

mass UPLC ES MS equipped with an API source. Matrix-assisted laser-desorption ionisation 

time-of-flight (MALDI–TOF) mass spectrometry was carried out on an Autoflex II ToF/ToF 

mass spectrometer (Bruker Daltonik GmBH). Modes of analysis include reflectron enhanced 

mass resolution between m/z 500 and 5000. Linear above m/z 5000 and MS/MS (LIFT) 

Elemental analysis was conducted using a Exeter Analytical CE-440 instrument (horizontal 

furnace, static combustion), which was calibrated with acetanilide reference standard. 

Sample analysis: Attenuated total reflectance (ATR) Fourier transform infrared (FTIR) 

spectroscropy was performed on PerkinElmer Frontier FTIR spectrometer equipped with a 

Specac Quest ATR accessory with extended range diamond puck. UV-Vis-NIR absorbance 

data were collected using a Cary 5000 Series UV–Vis–NIR spectrophotometer (Agilent 

Technologies) at room temperature. The steady-state photoluminescence (PL) of solutions and 

solid-state films was measured using Jobin Yvon Fluoromax and Horiba Fluorlog3 

spectrophotometers, respectively, against machine-specific calibration curves. Cyclic 

voltammetry (CV) and square-wave voltammetry (SQV) was carried out at room temperature 

on Ar-purged sample solutions in anhydrous CH2Cl2 using a PalmSens EmStat3 potentiostat 

interfaced to a PC. Tetrabutylammonium hexafluorophosphate (TBAPF6; 0.1 M) was 

recrystallized from hot EtOH and used as the supporting electrolyte. All solution-state 

electrochemical experiments were performed using a glassy carbon working electrode (BASi; 

0.071 cm2). The electrode surface was polished routinely with 0.05 µm alumina–water slurry 

on a felt surface immediately before each use. The counter electrode was a Pt wire and the 

reference electrode was an Ag/AgCl (sat. KCl) aqueous electrode stored routinely in a 3 M KCl 

aqueous solution. Spectroelectrochemistry (SEC) experiments were performed at room 

temperature using an optically transparent thin-layer electrochemical (OTTLE) cell (path 

length approx. 0.2 mm with two CaF2 windows separated by PTFE spacers) fitted with a Pt 

wire mesh working electrode, Pt wire counter electrode and a Ag wire pseudo-reference 

electrode. All SEC samples were prepared as Ar-purged solutions in anhydrous CH2Cl2 or 

anhydrous THF containing TBAPF6 (0.1 M) as the supporting electrolyte and analysed under 

an applied voltage sweep. Electron paramagnetic resonance (EPR) spectra were recorded at X-

band on a JEOL X320 spectrometer using 0.1 G modulation amplitude. The spectra were 

simulated using EasySpin37 toolbox for MatLab. EPR samples (150–400 μmol spins/ L; 

approximately 200 μM per sample) were prepared and stored in an anaerobic glove box 

(MBraun UniLab Pro) under a dry Ar atmosphere by titrating cobaltocene as a chemical 

reductant into anhydrous CH2Cl2 or THF solutions. Chemically-generated redox states were 

routinely confirmed by absorption spectroscopy prior to EPR analysis in borosilicate glass 
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tubes (O.D 3 mm, thickness ca.1 mm) sealed under an Ar atmosphere. An FEI Helios dual-

beam scanning electron microscope (SEM; 3.0 kV) was used to image the morphology of thin-

film specimens. SEM samples were prepared by drop-casting 50 µL of a solution (0.1 mg/ mL) 

in anhydrous o-dichlorobenzene onto pristine silicon wafers that were then dried thoroughly 

overnight under reduced pressure (<0.01 mbar). A Cressington Scientific sputter coater 

equipped with a Au/Pd target and MTM-10 thickness monitor was used to apply a thin 

conductive layer (10 nm) to samples immediately before SEM images were taken. 
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2.4.2 Experimental Procedures 

 

 

Scheme 2.4. Synthesis of 2NDI. Reagents and conditions: (i) 1,3-bis(3-azidopropyl)propanedioate[16] (2Az), 

CuSO4•5H2O, sodium ascorbate, CH2Cl2–H2O, 50 °C, 16 h, 83%. 

Scheme 2.3. Synthesis of the NDI-functionalised ‘click’ fullerene hexakis adduct 12NDI. Reagents and conditions: 

(i) i) 1 M KOH, H2O, ii) n-hexylamine, pH 6.3, reflux, 16 h, 91%; (ii) propargylamine, DMF, reflux, 16 h, 71%; 

(iii) 12Az[16], CuSO4•5H2O, sodium ascorbate, CH2Cl2–H2O, 50 °C, 16 h, 58%. 
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General Procedure for CuI-catalyzed azide–alkyne [3+2] cycloadditions or ‘click’ 

reactions:  

A freshly prepared solution of CuSO4•5H2O (0.3 equiv.) as the Cu source and sodium ascorbate 

(0.9 equiv.) as the reducing agent in Ar-degassed deionised water (11–18 mM with respect to 

CuI) was added to a separately prepared Ar-degassed solution of azide (1.0 equiv.) and requisite 

alkyne (1.25 equiv. per azide functionality) in CH2Cl2 (11–14 mM). The resulting biphasic 

mixture (i.e., 3:1 v/v CH2Cl2–H2O) was subjected to further degassing by freeze-pump-thaw 

before stirring the reaction at 50 °C for 48 h under an Ar atmosphere. The reaction was 

monitored by FTIR analysis and, upon observing the complete disappearance of the –N3 stretch 

(ca. 2093 cm–1), the solvents were removed completely by rotary evaporation (<60 mbar at  

40 °C) and crude material subjected to automated flash chromatography to afford the desired 

‘click’ product. 

N-Hexyl-1,4,5,8-naphthalenetetracarboxylic acid-1,8-monoimide 

diacid[38] (1): Compound 1 was prepared according to a modified 

literature40 procedure. In a 500 mL round-bottomed flask equipped with a 

magnetic stir bar and air condenser, naphthalene-1,4,5,8-tetracarboxylic 

acid dianhydride (3.00 g, 11.2 mmol, 1.0 equiv.) was suspended in 

deionised water (300 mL). A 1 M KOH aqueous solution (50 mL) was 

added to the stirring solution, resulting in complete dissolution of the 

starting material as the potassium carboxylate salt. A 1 M H3PO4 aqueous solution (ca. 15 mL) 

was then added to adjust the solution pH to 6.3 by digital meter readout before adding  

Scheme 2.5. Synthesis of the alkyl-functionalised ‘click’ fullerene hexakis adduct 12Alk. Reagents and conditions: 

(i) 12Az[16], CuSO4•5H2O, sodium ascorbate, CH2Cl2–H2O, 50 °C, 16 h, 47%. 
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n-hexylamine (1.47 mL, 11.2 mmol, 1.0 equiv.) to afford a clear yellow solution. The solution 

pH was readjusted back to 6.3 using a 1 M H3PO4 aqueous solution before heating the reaction 

mixture to reflux (>100 °C) in an open flask overnight (ca. 16 h). Upon cooling the reaction to 

room temperature, glacial acetic acid (20 mL) was added slowly whilst stirring and the flask 

was stored at 4 °C overnight to afford complete precipitation of the desired product. The 

resulting solid was collected by vacuum filtration, washed with copious amounts of 1 M HCl 

followed by cold MeCN (30 mL), and dried under high vacuum to obtain the title compound 1 

(3.78 g, 10.2 mmol, 91%) as a beige powder, which was used directly in subsequent syntheses 

without further purification.  

1H NMR (600 MHz, DMSO-d6, 298 K): δH 8.52 (d, J = 7.5 Hz, 2H10), 8.15 (d, J = 7.5 Hz, 

2H11), 4.01 (t, J = 7.5 Hz, 2H6), 1.62 (p, J = 7.4 Hz, 2H5), 1.24–1.38 (m, 6H2,3,4), 0.86 (q, J = 

8.1, 6.5 Hz, 3H1). 13C NMR (150 MHz, CDCl3, 298 K): δC 168.7 (C14), 162.8 (C7), 137.6 (C9), 

130.1 (C10), 128.9 (C11), 128.5 (C8), 125.5 (C13), 124.2 (C12), 39.9 (C6), 31.0 (C3), 27.3 (C5), 

26.2 (C4), 22.0 (C2), 13.9 (C1). HR-MS (ESI; MeOH, ve–): m/z [M–H]– calcd for C20H18NO6 = 

368.1134, found: 368.1222. 

N-Hexyl-Nʹ-(3-propargyl)-1,4,5,8-naphthalene diimide (2): In a 50 mL 

round-bottomed flask equipped with a magnetic stir bar and an air condenser, 

monoimide 1 (1.98 g, 5.37 mmol, 1.0 equiv.) was suspended in anhydrous 

DMF (20 mL) under an Ar atmosphere, followed by the addition of 

propargylamine (378µL, 5.91 mmol, 1.1 equiv.). The resulting mixture was 

stirred at 140 ºC overnight (ca. 16 h). Upon cooling the reaction to room 

temperature, the solvent was removed completely by rotary evaporation  

(<7 mbar at 40 °C) to afford a black solid. The solid was dispersed in acetone 

(30 mL) with the aid of agitation by sonication and the suspension poured into 

cold 1 M HCl (500 mL) with the precipitate collected by vacuum filtration. 

The solid was re-dissolved in CH2Cl2 (30 mL) and passed through a silica plug followed by 

additional CH2Cl2 (300 mL) to remove any remaining insoluble materials. The solvent was 

removed from the filtrate completely by rotary evaporation and the crude residue was purified 

by automated flash column chromatography (Teledyne Isco CombiFlash Rf+ system, SiO2: 

30–80% CH2Cl2 in n-hexanes) to afford the title compound 2 (1.48 g, 3.81 mmol, 71%) as a 

pink powder.  

1H NMR (700 MHz, CDCl3, 298 K): δH 8.80 (d, J = 7.6 Hz, 2H11), 8.77 (d, J = 7.6 Hz, 2H10), 

4.98 (d, J = 2.5 Hz, 2H15), 4.17–4.21 (m, 2H6), 2.23 (t, J = 2.4 Hz, 1H18), 1.70–1.78 (m, 2H5), 

1.40–1.47  (m, 2H4), 1.30–1.39 (m, 4H2,3), 0.89 (t, J = 7.1 Hz, 3H1). 13C NMR (CDCl3, 176 

MHz, 298 K): δC 162.8 (C7), 162.2(C14), 131.5(C11), 131.1(C10), 127.2(C12), 126.9(C9), 
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126.35(C8), 78.0(C15), 71.3(C17), 41.2(C6), 31.6(C3), 30.0(C15), 28.2(C5), 26.9(C4), 22.7(C2), 

14.2(C1). HR-MS (ESI; MeOH, ve+): m/z [M+H]+ calcd for C23H21N2O4 = 389.1501, found 

389.1501. Elemental analysis: Anal. calcd for C23H21N2O4: C, 71.12; H, 5.18; N, 7.21. Anal. 

found: C, 71.08; H, 5.19; N, 7.15 (–0.04% C, +0.01% H, –0.06% N).  

NDI-functionalised ‘click’ fullerene hexakis-adduct 12NDI: Applying the General 

Procedure for ‘click’ reactions described above, the title compound 12NDI was prepared from 

12Az (140 mg, 60.1 µmol, 1.0 equiv.), alkyne 2 (350 mg, 0.90 mmol, 15 equiv), CuSO4•5H2O 

(6.7 mg, 27.0 µmol, 0.3 equiv.) and sodium ascorbate (16.0 mg, 81.0 μmol, 0.9 equiv.) in a 3:1 

v/v CH2Cl2–H2O mixture (7 mL). Purification was achieved by automated flash column 

chromatography (Teledyne Isco CombiFlash Rf+ system, 24 g SiO2: 0–6.5% MeOH in CH2Cl2) 

to afford pure 12NDI (243 mg, 34.9 µmol, 58%) as an orange powder.  

1H NMR (CDCl3, 700 MHz, 298 K): δH 8.33–8.74 (m, 48H10,11), 7.64–8.09 (m, 12H17),  

5.20–5.49 (m, 24H15), 4.19–4.60 (m, 48H18,20), 4.00–4.15 (m, 24H6), 2.18–2.45 (m, 24H19), 

1.62–1.74 (m, 24H5), 1.27–1.45 (m, 72H4,2,3), 0.81–0.95 (m, 36H1). 13C NMR (CDCl3, 176 

MHz, 298 K): δC 163.5 (C21), 162.5 (C7or14), 162.4 (C7or14), 145.9 (C24), 142.9 (C16), 141.3 (C25), 

131.1(C10), 130.9 (C11), 126.7 (C9), 126.5 (C8+13), 126.2 (C12), 123.9 (C17), 69.2 (C23),  

63.9 (C18), 47.0 (C20), 45.5 (C22), 41.1 (C6), 35.6 (C15), 31.6 (C3), 29.4 (C19), 28.1 (C5), 26.9 

(C4), 22.7 (C2), 14.2 (C1). MALDI–TOF (ve+): m/z [M+H]+ calcd for C390H312N60O72 = 6991.0, 

found: = 6969.4. Elemental analysis: Anal. calcd for C390H312N60O72: C, 65.71; H, 4.75; N, 

12.46. Anal. found: C, 65.57; H, 4.47; N, 11.43 (–0.14% C, –0.28% H, –1.03% N). 

 

2NDI: Applying the General Procedure for ‘click’ reactions described above, the title 

compound 2NDI was prepared from 1,3-bis(3-azidopropyl)propannedioate[16] (2Az)  
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(97 mg, 0.36 mmol, 1.0 equiv.), alkyne 2 (350 mg, 0.90 mmol, 2.5 equiv), CuSO4•5H2O  

(27 mg, 0.11 mmol, 0.3 equiv.) and sodium ascorbate (64 mg, 0.32 mmol, 0.9 equiv.) in a 3:1 

v/v CH2Cl2–H2O mixture (31 mL). Purification was achieved by automated flash column 

chromatography (Teledyne Isco CombiFlash Rf+ system, 24 g SiO2: 0–3.5% MeOH in CH2Cl2) 

to obtain pure 2NDI (314 mg, 0.30 mmol, 83%) as a colourless powder.  

1H NMR (CDCl3, 700 MHz, 298 K): δH 8.68–8.73 (m, 8H10,11), 7.76 (s, 2H17), 5.48 (s, 4H15), 

4.44 (t, J = 6.9 Hz, 4H19), 4.16 (t, J = 6.5 Hz, 8H6,20), 3.36 (s, 2H22), 2.27 (p, J = 6.5 Hz, 4H18), 

1.69–1.75 (m, 4H5), 1.42 (p, J = 7.2 Hz, 4H4), 1.29–1.38 (m, 6H2,3), 0.89 (t, J = 6.9 Hz, 6H1). 

13C NMR (CDCl3, 176 MHz, 298 K): δC 166.3 (C21), 162.8 (C7), 162.7 (C14), 143.0 (C16), 131.3 

(C10), 131.0 (C11), 127.0 (C9), 126.9 (C13), 126.8 (C8), 126.5 (C12), 123.9 (C17), 62.2 (C20), 47.0 

(C18), 41.4 (C16), 41.2 (C22), 35.7 (C15), 31.6 (C3), 29.3 (C19), 28.2 (C5), 26.9 (C4), 22.7 (C2), 

14.2 (C1). HR-MS (ASAP; ve+): m/z [M+H]+ calcd for C55H54N10O12 = 1047.4041, found: = 

1047.4036. Elemental analysis: Anal. calcd for C55H54N10O12: C, 63.09; H, 5.20; N, 13.38. 

Anal. found: C, 62.75; H, 5.16; N, 13.25 (–0.34% C, –0.04% H, –0.13% N). 

 

Alkyl-functionalised ‘click’ fullerene hexakis-adduct 12Alk: Applying the General 

Procedure for ‘click’ reactions described above, the title compound 12Aalk was prepared from 

12Az (331 mg, 142 μmol, 1.0 equiv.), 1-hexyne (243 mg, 2.13 mmol, 15 equiv), CuSO4•5H2O 

(10.6 mg, 42.6 μmol, 0.3 equiv.) and sodium ascorbate (25.3 mg, 128 mμmol, 0.9 equiv.) in a 

3:1 v/v CH2Cl2–H2O mixture (17 mL). Purification was achieved by automated flash column 

chromatography (Teledyne Isco CombiFlash Rf+ system, 24 g SiO2: 0–5% MeOH in CH2Cl2) 

to obtain pure 12Alk (230 mg, 66.9 μmol, 47%) as a dark orange glassy solid.  

1H NMR (CDCl3, 700 MHz, 298 K): δH 7.27–7.78 (m, 12H6), 4.08–4.67 (m, 48H9,7), 2.52–2.85 

(m, 24H4), 2.13–2.47 (m, 24H8), 1.48–1.75 (m, 24H3), 1.25–1.46 (m, 24H2), 0.90 (t, J = 7.2 

Hz, 36H1). 13C NMR (CDCl3, 151 MHz, 298 K): δC 163.5 (C10), 148.9 (C5), 145.9 (C13), 141.2 

(C14), 121.2 (C6), 69.2 (C12), 63.9 (C9), 46.9 (C7), 45.4 (C11), 31.5 (C3), 29.4 (C8), 25.5 (C4), 

22.4 (C2), 13.9 (C1). MALDI-TOF (ve+): m/z [M+H]+ calcd for C186H192N36O24 = 3316.7, found 
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3438.1. Elemental analysis: Anal. calcd for C186H192N36O24: C, 67.37; H, 5.84; N, 15.21. Anal. 

found: C, 64.32; H, 5.46; N, 13.74 (–3.05% C, –0.38% H, –1.47% N).  
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2.5 Appendix of Supplementary Data and Discussion 

2.5.1 Structural Assignment by Two-Dimensional (2D) NMR 

In order to fully assign the 1H and 13C signals of fullerene hexakis adducts 12NDI and 12Alk, 

we employed 2D NMR spectroscopy. Briefly, we first determined peak assignments for the 

simpler 2NDI compound through analysis of COSY (Figure 2.18), HSQC (Figure 2.19) and 

HMBC (Figure 2.20) correlations, which enabled us to confidently assign by comparison the 

analogous peaks present in 12NDI and 12Alk. Process of elimination allowed us to attribute 

any remaining 13C signals to the naphthalene core. 

 

Figure 2.18. Partial 1H–1H COSY NMR spectrum (700 MHz, CDCl3, 298 K) of 2NDI. 
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Figure 2.19.  Partial HSQC NMR spectrum of 2NDI. Key assignments are correlated between the 1H and 13C nuclei. 

Figure 2.20. Partial HMBC NMR spectrum of 2NDI. Key assignments are correlated between the 1H and 13C nuclei. 
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Owing to its octahedral Th-symmetry, the core of fullerene hexakis-adducts comprises three 

chemically non-equivalent carbon environments that can be readily distinguished on the basis 

of chemical shift, i.e., two sp2-carbon centres (ca. 141 and 145 ppm for 12NDI) and one  

sp3-carbon centre (ca. 70 ppm) associated with the non-conjugated propane ring. We 

determined peak assignments for 12NDI compound through analysis of COSY (Figure 2.21), 

HSQC (Figure 2.22) and HMBC (Figure 2.23) correlations. Similarly, peak assignments for 

12Alk were determined through analysis of COSY (Figure 2.23), HSQC (Figure 2.24) and 

HMBC (Figure 2.25) correlations. 

 

 

 

Figure 2.21. Partial 1H–1H COSY NMR spectrum of 12NDI. 
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Figure 2.22. Partial HSQC NMR spectrum of 12NDI. Key assignments are correlated between the 1H and 13C 

nuclei. 

Figure 2.23. Partial HMBC NMR spectrum of 12NDI. Key assignments are correlated between the 1H and 13C 

nuclei. 
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Figure 2.24. Partial 1H–1H COSY NMR spectrum of 12Alk. Key assignments are correlated between the 1H and 
13C nuclei. 
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Figure 2.25. Partial HSQC NMR spectrum of 12Alk. Key assignments are correlated between the 1H and 13C nuclei. 

Figure 2.26. Partial HMBC NMR spectrum of 12Alk. Key assignments are correlated between the 1H and 13C 

nuclei. 
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2.5.2 MALDI-TOF 

Hexakis-adducts often have high molecular weights, and due to their often multivalent/ 

dendrimer like structure, it is difficult to structurally confirm these compounds by 1H and 13C 

NMR. However, MALDI-TOF can provide invaluable information, especially when 

monitoring the ‘click’ functionalisation of hexakis-adducts in addition to confirming the 

number of pendant units. Depending on volatility and fragmentation of compound, signal 

intensity can be very broadly scattered. Representative examples of 12NDI (Figure 2.27) and 

12Alk (Figure 2.28) are shown below.  

 

 

Figure 2.27.  MALDI–TOF mass spectrum of TBF-functionalised ‘click’ fullerene hexakis-adduct 12NDI. 

Figure 2.28. MALDI–TOF mass spectrum of alkyl-functionalised ‘click’ fullerene hexakis-adduct 10Alk. 
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2.5.3 Absorption and Emission Spectroscopy 

The solution-state optical properties of NDI derivatives serve as excellent tools to probe the 

intra- and intermolecular organisation of their aromatic quadrupoles. Samples were prepared 

containing equimolar concentrations of NDI units for direct comparison of results in 

anhydrous, spectroscopic grade solvents and with the aid of sonication to afford complete 

dissolution. Steady-state absorption and fluorescence emission spectra were recorded at room 

temperature (25 ºC) in quartz cuvettes (10 mm and 10 × 10 mm path lengths, respectively) and 

corrected with respect to the pure solvent. All fluorescence samples were excited at 360 nm 

and spectra recorded using either a standard 90º detector set up or, in the case of samples with 

optical densities >0.3 O.D, front-facing detection. The molar absorptivity (ε) was calculated 

using the following equation: 

𝜖 =  
𝐴 × 𝑙

𝑐
 

where  𝐴 is measured absorption (O.D.), 𝑐 is concentration, and 𝑙 is pathllength of cuvette. 

 

 

Figure 2.29. a) Concentration-dependent absorption spectra of 12NDI in CHCl3 (298 K). Cuvette path length 

= 10 mm. Absorbance at 381 nm for 12NDI at varying concentration b) 0.5–4.0 µM; ε shown on graph in  

M–1
 cm–1

 and c) at 25–500 µM where a cuvette with path length ca. 0.2 mm was used. 
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We also investigated the ability of 12NDI and 2NDI to form solid-state intra- and 

intermolecular NDI interactions using absorption and emission spectroscopies. Intramolecular 

NDI interactions were encouraged by drop-casting o-dichlorobenzene solutions containing 

each analyte (0.05 mg/ mL) and polymer (5 mg/ mL) onto quartz substrates, resulting in 

‘diluted’ thin films as 1 wt% dispersions of analyte in a polymer matrix. A selection of 

polymers—poly(methylmethacrylate) (PMMA), polystyrene (PS) and Zeonex® (a proprietary 

cycloolefin polymer)—were considered in order to modulate the interaction of polymer side 

chains with NDI units. Thin films were allowed to cure by slow evaporation of the solvent 

under ambient conditions before drying films completely under vacuum at 0.1 mbar overnight. 

Quartz substrates were routinely cleaned prior to preparation of thin films by rinsing in 

concentrated aqueous H2SO4 followed by water then acetone before drying in an oven at  

Figure 2.30. a) Room-temperature concentration-dependent absorption spectra of 2NDI in CHCl3. Cuvette path 

length = 10 mm. b) Absorbance at 381 nm for 2NDI at varying concentration 1–25 µM; ε shown on graph in M–1
 

cm–1
. 

Figure 2.31. Room-temperature solvent-dependent absorption spectra of 1 [12 μM]. Cuvette path length = 10 mm. 

Room-temperature solvent-dependent emission spectra of 1. Samples were prepared at 0.1–0.3 O.D. and excited at 

360 nm. Cuvette path length = 10 mm. 
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100 °C for at least 1 h. The observation of higher order aggregates in 12NDI suggests the 

presence of other higher-order NDI assemblies29 that can take place intramolecularly. It is 

apparent from comparing the ratios of the two emission band intensities that the flexible, 

multivalent nature of 12NDI lends itself better to the formation of long-range networked 

ensembles in neat thin films compared to 2NDI, which we envision could manifest  

(Figure 2.32) via the intercalation of several NDI units originating from multiple separate 

fullerene molecules. While 2NDI is also capable of participating in similar interactions (albeit 

divalent), its propensity to already pre-organise NDI units co-facially into a ‘bound 

conformation in solution may ultimately limit the extent of higher-order assembly observed the 

solid state.  

2.5.4 Dynamic Light Scattering (DLS) 

As a multivalent molecule, we rationalised that 12NDI may aggregate into larger assemblies 

via aromatic π-interactions, i.e., there is potential for intermolecular interactions. DLS was 

conducted in order to find a working concentration for all experiments that would home in on 

the properties of individual molecules where there are no contributions from molecules 

interacting. A working concentration of 0.3 mM for 12NDI was hypothesised; this is a 

concentration where good signal-to-noise ratio should be maintained for analysis by CV, SEC 

(OTTLE), EPR spectroscopy, etc. Samples were prepared in CH2Cl2 [0.3 mM] and filtered 

using an Acrodisc 0.45 µm filter immediately after dissolution of the material, before addition 

to a quartz cuvette (10 mm path length). Data collected at 298 K. Mean particle diameter = 

4.48 nm, SD = 4.0%. 

Figure 2.32. Potential intra- and intermolecular NDI assembly pathways of (a) 12NDI and (b) 2NDI. 
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Figure 2.33.  DLS data for a freshly prepared solution of 12NDI in CH2Cl2 [0.3 mM]. The sample was filtered using 

an Acrodisc 0.45 µm filter before addition to a quartz cuvette (10 mm path length). Data collected at 298 K. Mean 

particle diameter = 4.51 nm, SD = 4.1%. 

Figure 2.34. DLS data for an aged solution of 12NDI in CH2Cl2 [0.3 mM], t = 120 h. The sample was filtered at  

t = 0 h using an Acrodisc 0.45 µm filter before addition to a quartz cuvette (10 mm path length). Data collected at 

298 K. Mean particle diameter = 4.48 nm, SD = 4.0%. 
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2.5.5 Electrochemical Analysis 

Cyclic voltammograms of 1, 2NDI and 12NDI were recorded at room temperature in deaerated 

CH2Cl2 solutions (3.6 mM with respect to NDI units; 0.1 M TBAPF6 supporting electrolyte) 

under an argon atmosphere using a standard three-electrode set up. See Section 2.4.1 (Materials 

and Methods) for full experimental details. The current intensity is directly proportional to the 

square-root of the scan rate for each CV experiment which reveals that all first- and second-

wave cathodic/anodic processes are highly reversible. We further note that, while the  

π-conjugation compared to pristine C60 has indeed been disrupted, hexakis-substituted fullerene 

Figure 2.35. Average particle diameter (3 runs) of 12NDI in CH2Cl2 [0.3 mM] as measured by DLS every 24 

hours. No aggregation into larger particles was observed. 

Figure 2.36. Cyclic voltammogram (50 mVs–1, 298 K) of 12Alk ([0.3 mM] in degassed CH2Cl2. The irreversible 

one-electron reduction is observed at –1.15 V and therefore coincides with the second reduction event of 12NDI.  
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cores are not electrochemically inert and undergo electrochemically irreversible single-electron 

reduction themselves16, i.e., –1.15 V vs Ag/AgCl for the model fullerene hexakis adduct 12Alk 

(Figure 2.36), which is coincident with the second-wave NDI reductions of 12NDI.
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2.5.6 SEC–FTIR Analysis 

Spectroelectrochemical measurements were conducted on dearated anhydrous CH2Cl2 

solutions (3.6 mM with respect to NDI units) containing 0.1 M TBAPF6 as the supporting 

electrolyte in an air-tight optically transparent thin-layer electrochemical (OTTLE) cell (path 

length ca. 0.2 mm) under an argon atmosphere. See Section 2.4.1 (Materials and Methods) for 

full details. Neutral NDI molecules are typically characterised by strong FTIR vibrational 

bands associated with the symmetric and asymmetric stretching of the imide carbonyls  

(1650–1725 cm–1) and aromatic C–C bonds (<1600 cm–1) of the naphthalene core.11  

 

 

 

 

 

 

Figure 2.37. Partial FTIR spectra of 1 in deaerated anhydrous CH2Cl2 under argon atmosphere before and during 

the application of a constant voltage to generate step-wise the radical anion 1•– (–0.6 V vs. Ag) and dianion 12–  

(–1.1 V). TBAPF6 (0.1 M) was used as the supporting electrolyte. 
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Figure 2.38. Partial FTIR spectra of 2NDI in deaerated anhydrous CH2Cl2 under argon atmosphere before and 

during the application of a constant voltage to generate step-wise the diradical 2NDI2(•–) (–0.7 V vs. Ag) and 

tetranionic 2NDI4– (–1.3 V). TBAPF6 (0.1 M) was used as the supporting electrolyte. 

Figure 2.39. Partial FTIR spectra of 12NDI in deaerated anhydrous CH2Cl2 under argon atmosphere before and 

during the application of a constant voltage to generate step-wise [12NDI]12(•–) (–0.7 V vs. Ag) and [12NDI]24–  

(–1.3 V). TBAPF6 (0.1 M) was used as the supporting electrolyte. 
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2.5.7 SEC–UV-Vis-NIR Analysis 

Spectroelectrochemical measurements were conducted on dearated anhydrous CH2Cl2 

solutions (3.6 mM with respect to NDI units) containing 0.1 M TBAPF6 as the supporting 

electrolyte in an air-tight optically transparent thin-layer electrochemical (OTTLE) cell (path 

length ca. 0.2 mm) under an argon atmosphere. See Section 2.4.1 (Materials and Methods) for 

full experimental details. Upon applying a voltage of –0.90 V to 12NDI, an absorption 

correlating to the reduction of the C60 core grows in at 945 nm (Figure 2.40). The C60 hexakis 

radical can also be generated with control compound 12Alk. The absorption profile of 12Alk•–
 

is similar in profile (Figure 2.41) to that observed for 12NDI, however, there is a slight red shift 

in energy (i.e., λmax = Δ50 nm), potentially arising from an interaction between an NDI•– and 

C60
•–. 

Figure 2.40. Partial absorption window of 12NDI (1.8 mM of NDI units) following the exhaustive and 

electrochemical irreversible reduction in deaerated anhydrous CH2Cl2 containing 0.1 M TBAPF6 as the supporting 

electrolyte. Profile is correlated to the reduction of the C60 core. A constant potential –0.90 V was applied. 

Figure 2.41. UV-Vis-NIR absorption spectra of 12Alk (1.0 mM) in deaerated anhydrous CH2Cl2 containing 0.1 M 

TBAPF6 as the supporting electrolyte. A constant potential –1.10 V was applied. 
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2.5.8 Chemical Reductions by Cobaltocene Titrations 

All chemical reduction experiments were performed in an argon glove box (<0.1 ppm O2 and 

H2O content) by controlled titration of cobaltocene (CoCp2) as a single-electron reductant 

(E1/2(CoCp2) = –1.3 V vs. Fc+/Fc) into analyte solutions prepared using well-deaerated 

anhydrous solvents. The active concentration of freshly prepared CoCp2 stock solutions was 

determined via Equation 2 by titrating known volumes of the reductant into a solution of NDI 

1 (150 μM), a well-established electron acceptor available in our laboratory, and monitoring 

for saturation of the signature NDI radical anion absorption (λmax = 478 nm in CH2Cl2).  

[CoCpA] = [CoCpT] x (AT/AA)–1                        (eq.2) 

CoCpA = active CoCp2 concentration µM, CoCpT = theoretical CoCp2 concentration µM, AT 

= theoretical amount for 1 equiv. in µL, AA = actual amount for 1 equiv. in µL. 

 

2.5.9 CW-EPR Spectra 

EPR (CW-EPR) spectra were recorded at X-band on a JEOL X320 spectrometer using 0.1 G 

modulation amplitude. The spectra were simulated using EasySpin37 toolbox for MatLab.  

CW-EPR spectra were collected between 293–193K in a glass pasteur pipette in deaerated 

anhydrous solvents. Radical anion samples (150 μM spin density) were chemically generated 

in an argon glove box (<0.1 ppm O2 and H2O content) by titrating analyte solutions with known 

equivalents of CoCp2 stock solution. All samples were confirmed by absorption spectroscopy 

prior to EPR analysis. 

Figure 2.42. Room-temperature CW-EPR spectra of a) 2NDI•– (black, 150 μM spin density) and b) 2NDI2(•–) (red, 

simulated spectra) in CH2Cl2. 
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2.5.10 Molecular Dynamics (MD) Simulations 

Molecular dynamics (MD) simulations were conducted in order to gain insight into the likely 

conformations adopted by the neutral states of 2NDI and 12NDI in CH2Cl2 solution that in turn 

relate to the ground state intramolecular NDI aggregation. 2NDI and 12NDI structures were 

initially built in the SCIGRESS molecular modelling package41 and energy minimised by first 

employing the MM3 force field42–44, followed by the AM1 semiempirical Hamiltonian45. Force 

fields were then constructed using the GAFF (Generalized Amber Force Field)46 and RESP 

charges using the antechamber tool of the AmberTools 18 package47. RESP (restrained 

electrostatic potential atomic partial charges), were obtained from Gaussian 09 Hartree-Fock 

calculations with a 6-31G* basis set, with charges fitted to the electrostatic potential at points 

selected according to the Merz-Singh-Kollman scheme48. GAFF topologies and coordinate 

files were converted into the GROMACS format using the ACPYPE script49. 

Given the size and complexity of the 12NDI structure, RESP charges needed to be obtained in 

a two stage process, by first calculating separately the restrained electrostatic potential atomic 

(RESP) partial charges of the much simpler dimer 2NDI and a hexakis-substituted fullerene 

core (not prepared synthetically, see Figure 2.44 for structure), and then matching these by 

hand to the fully constructed 12NDI molecule. The minimum energy conformations were then 

obtained using GAFF-RESP in the GROMACS 2018.7 package. These conformations were 

solvated with CH2Cl2 solvent and added PF6
– and TBA+ ions. These configurations were then 

used as the starting point for the molecular dynamics simulations.. The systems were first 

compressed to liquid state densities at 298 K and 1 bar, using a modified Berendsen thermostat 

and a Berendsen barostat. The systems were then equilibrated using a Nosé-Hoover thermostat 

and a Parrinello-Rahman barostat (over 200 ps). These runs used thermostat and barostat 

relaxation times of 1 ps and 2 ps respectively and a 1 fs time step. Production runs with the 

same thermostat and barostat were carried out for >800 ns for 2NDI and >500 ns for 12NDI. 

Using the reference atoms (shown in Figure 2.43)  intra- and interbranch distances between 

NDI units were monitored over t = 800 ns and t = 500 ns for 2NDI and 12NDI, respectively, 

where π-interactions were assumed at distances dNDI ≤ 3.5 Å.30 As the free (i.e., untethered) 

‘arm’ of 12NDI, flexible dimer 2NDI (Figure 2.5a) is able to adopt more conformations in 

solution that ultimately range between i) a ‘bound’ state in which its two neutral NDI units are 

co-facially oriented within 3.5 Å of one another and ii) a non-interacting or ‘unbound’ state.  
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Figure 2.44. Fullerene model ‘cage’ used for calculating respiratory charges on C60 core (HF/6-31G*, Gaussian 9). 

Figure 2.43. 2NDI model used for calculating restrained charges on ‘arms’ (HF/6-31G*, Gaussian 9). NDI–NDI 

distance is shown here in the ‘open’ form, i.e., at 2.4 nm 
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Figure 2.45. Distances between NDI units across 12NDI, monitored over 200 ns in CH2Cl2. 

Figure 2.46. Distances between NDI units across [12NDI]6(•–), monitored over 200 ns in CH2Cl2 
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Figure 2.47. Histogram of NDI–NDI distances on a) intra branch (red line) and b) all branches (black line) of 

[12NDI]6(•–), monitored over 200 ns in CH2Cl2. 

Figure 2.48. Histogram of NDI–NDI distance for 2NDI(•–) monitored over 200 ns in CH2Cl2. 
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Figure 2.50.  Interbranch angle distribution of 2NDI (black) and one ‘arm’ of 12NDI (blue), monitored over the 

duration of the MD simulations following simulated annealing. Hexakis-adduct data is averaged over the six arms. 

Figure 2.49. Interbranch angle distribution of 2NDI•– (black) and one ‘arm’ of [12NDI]6(•–) (blue), monitored over 

the duration of the MD simulations following simulated annealing. Hexakis-adduct data is averaged over the six 

arms. 
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Synopsis  

Inherently spherical, fullerenes can serve as molecular scaffolds for the organisation of 

functional units in three-dimensional space. We envisaged that combining the structural 

offerings of a Th-symmetrical hexakis-adduct of fullerene with 12 redox-active 

tetrabenzo[a,c,g,i]fluorene (TBF) units would allow us to construct a molecule from which 

photoinduced energy and/or electron transfer processes could take place between the pendant 

donor units and acceptor core. Here, charge transfer processes are of fundamental interest to 

artificial light-harvesting systems as well as the active components of donor–acceptor 

molecules and junctions in organic electronic devices such as solar cells. Facilitated by the 

close proximity of TBF units around the fullerene scaffold, extended π-stacks of TBF are 

observed in the neutral as well as radical state of 12TBF. Notably, we observe Förster 

resonance energy transfer (FRET) between the TBF and fullerene units of 12TBF. Indeed, for 

twice decorated 2TBF, much greater FRET is observed for the fully decorated 12TBF which 

provides some initial evidence of a ‘multivalent’ effect. In addition, TBF halide derivatives 

(18-Cl, 18-Br and 18-I) were isolated whilst in pursuit of 12TBF. This small family of  

α-substituted TBF compounds allowed for a systematic study of the inherent optoelectronic 

properties of TBF units. Ultimately, the substituent effect did not greatly alter the 

optoelectronic properties of the TBF unit with no evidence of a through-space interaction 

between the halide and TBF π-system. The three TBF halides have different packing’s in the 

solid state which require different helical pitches; 18-Cl has the closest intermolecular  

π–π-interactions and the smallest torsional angle. The multi-redox and light-harvesting 

molecule 12TBF is explored as a photocatalyst for the degradation of waste water textile dyes 

and is described later in Chapter 4.  

Acknowledgements  

The following people are gratefully acknowledged for their contributions to this chapter:  

Dr. Krishnamurthy Munusamy, P. Ramar, Dr. A.A Boopathi, Assistant Professor Srinivasan 

Sampath and Dr. Debasis Samanta for conceiving the project and preparing 12TBF.  

Dr. Chunyong Li at Durham University for fsTA sample measurements. Dr Marc K. 

Etherington at Northumbria University for his help with data interpretation relating to 

photophysical measurements. 

  



Chapter 3| Charge-Transfer Properties of a Donor–Acceptor Fullerene 

 

113 

 

3.1 Introduction 

Multivalent fullerenes, such as those discussed in Chapters 1 and 2, have shown to serve as 

scaffolds for supporting aromatic assemblies and electronic processes. The fullerene  

hexakis-adduct scaffold was exploited in Chapter 2 to pre-organise redox-active naphthalene 

diimide (NDI) units in three-dimensional (3D) space from which electronic couplings could be 

observed. The decoration of fullerene hexakis-adducts with donor motifs provides a platform 

to study artificial light-harvesting and artificial photosynthetic systems. To this extent, Iehl et 

al. have demonstrated1 the light-harvesting properties of an E-stilbene functionalised hexakis-

adduct, and the Martín group have probed the enhanced binding of a π-extended 

tetrathiafulvalene2 unit with graphene when decorated on a fullerene hexakis-adduct via a 

‘multivalent’3 effect. Depending on the photo- and redox-active properties of the appended 

donor molecules, the resulting applications of said donor–acceptor hexakis-adducts can vary, 

e.g., materials for energy migration4. A relatively unexplored donor that has the potential to be 

integrated into a fullerene hexakis-adduct is tetrabenzo[a,c,g,i]fluorene (TBF), i.e., a  

π-extended derivative of photo- and redox-active fluorene. We envisaged that a  

dodeca-functionalised TBF fullerene (12TBF, Figure 3.3) would provide an ideal platform to 

study the three-dimensional (3D) precise arrangement of TBF units in close proximity of an 

acceptor unit, in this case, a fullerene core.  

The photoactive donor properties of TBF derivatives have not been fully explored with regards 

to electron/charge-transfer processes. However, the parent molecule fluorene has been 

extensively studied for its optoelectronic properties for materials such as light-emitting diodes5 

and photovoltaics6,7 and TBF should facilitate similar optoelectronic properties, with the 

additional benefits of a π-extended system (e.g., a change in band gap). The supramolecular 

assembly of fluorene derivatives is key in accessing useful properties such as charge transport8, 

and it is anticipated TBF-based materials will also require a high degree of control over  

TBF-assembly. A rigid 3D scaffold based on a fullerene hexakis-adduct scaffold provides an 

ideal opportunity to study TBF assembly as well as probe the photo- and/or redox-relationship 

with an acceptor, i.e., a fullerene.  

Figure 3.1. Chemical structure of tetrabenzo[a,c,g,i]fluorene. 

TBF 
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Kawase and co-workers have explored the optoelectronic properties of TBF derivatives. 

Substituting at positions R and Y (Figure 3.1) with alkyl chains (Figure 3.2a)9 and electron 

donating/withdrawing groups (Figure 3.2b)10,11, respectively, allowed for tuneable emission 

properties as a result of aggregation and extended conjugation. The self-assembly properties of 

TBF (Y = H) derivatives have also been explored (Figure 3.2c) by Sampath et al.12 Varying 

morphologies for the self-assembled TBF derivatives were observed by scanning (SEM) and 

transmission (TEM) electron microscopy upon changing the solvent conditions; cuboid shape 

nanocrystals and vesicles were formed from solutions of toluene and THF–H2O mixtures, 

respectively.13 Assali et al. have exploited TBF in functional materials for e.g., its use as an 

anchor—owing to its electron rich nature and ability to partake in non-covalent  

π-interactions—to interact with carbon nanotubes (Figure 3.2d).14 Researchers at the University 

of Oxford and Lancaster University have also capitalised on the high-affinity of TBF to anchor 

porphyrin single-molecule transistors on graphene (Figure 3.2e).15,16 Both of these strategies 

for installing the TBF anchoring unit make use of an alkyne functionalised TBF 1 (Figure 3.3), 

either using Cu(I)-catalysed azide–alkyne cycloaddition (CuAAC) or palladium-catalysed 

Sonogashira cross-coupling reactions to create higher order TBF derivatives.  

Figure 3.2. TBF optoelectronic and assembly studies. a) dialkyl-substituted TBF, b) electron-withdrawing 

extended TBFs, c) self-assembling TBFs. TBFs as an anchor for d) carbon nanotubes and e) graphene. 
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Here, we investigate the self-assembly and photo-induced energy transfer properties of a multi-

redox-active fullerene hexakis-adduct, 12TBF. Owing to the high local concentration of TBF 

units around the periphery of 12TBF, thermodynamically favourable π-interactions are 

observed between pendant TBF units. Energy transfer between the TBF unit and the fullerene 

core is observed via a Förster resonance energy transfer (FRET) mechanism with greater FRET 

observed for 12TBF in comparison to control 2TBF, i.e., a twice TBF decorated  

hexakis-adduct (Figure 3.3). Following the discussion on 12TBF, a small family of TBF 

halides (i.e., Cl, Br and I) that were isolated as intermediates for 12TBF have provided an 

opportunity to study the optoelectronic properties of TBF in a systematic manner. Ultimately, 

the optoelectronic properties do not vary with substituent, however, differences in the 

individual molecular structures have a significant effect on the packing as elucidated by single-

crystal X-ray analysis. 

 

 

 

Figure 3.3. Dodeca-functionalised hexakis-adduct 12TBF and envisaged [5:1] fullerene hexakis-adduct 2TBFa, 

accessible from TBF alkyne 1.  
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3.2 Results and Discussion 

 Synthesising TBF-Functionalised C60 Hexakis-Adducts 

A TBF-functionalised hexakis fullerene adduct 12TBF was produced by carrying out CuAAC 

chemistry on 12Az with alkyne-functionalised TBF 1, following the same methodology as 

applied to the synthesis of 12NDI in Chapter 2. The preparation14 of TBF 1 is shown in Scheme 

3.1. Briefly, 9-bromophenanthrene (2) was subjected to Grignard conditions in the presence of 

Mg and ethyl formate (3) to form TBF dimer 4 which was isolated in 77% yield. Treatment of 

alcohol 4 with TFA induced formation of the cationic intermediate that readily undergoes 

cycloaromatisation to form a mixture of tautomers 5 that were pure in 93% yield following 

washings with n-hexanes. A solution of 5 in dioxane at 120ºC with nBu4NOH 

(tetrabutylammonium hydroxide, TBAOH) results in the immediate precipitation the TBF 

tetrabutylammonium salt 6 as a bright yellow solid. Although this salt has moderate stability 

in organic solvents, owing to its high sensitivity to moisture, the precipitate was collected, 

washed with anhydrous dioxane and anhydrous Et2O and used in subsequent reactions 

immediately. Upon re-suspending the yellow solid in anhydrous dioxane, the addition of 

propargyl bromide 7 results in a high conversion to TBF 1, which can be isolated (85% yield) 

following simple trituration with MeOH. Although the SN2 reaction using TBF 6 seems facile, 

the salt is highly basic—even at low temperatures—and therefore electrophiles that do not 

allow for proton abstraction are necessary in achieving successful SN2 reactions, e.g., 7. 

With alkyne 1 in hand, 12Az could be functionalized using CuAAC chemistry to produce 

12TBF. Following a similar protocol (Scheme 3.2) as described by Nierengarten et al.17 (see 

Chapter 1, Scheme 1.3), an excess of alkyne 1 (1.25 equiv. per azide) was added to a solution 

of 12Az under CuAAC conditions. The reaction mixture was stirred under Ar atmosphere at 

Scheme 3.1. Synthesis route towards TBF alkyne 1, formed from reacting TBF 6 with propargyl bromide (7).  
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40 °C until the azide stretch (ca. 2100 cm–1) was no longer detectable by FTIR spectroscopy—

typically after 24 h. The solvent was then removed and the crude product purified by flash 

column chromatography (SiO2: 0–5.0% MeOH in CH2Cl2) to give 12TBF in 46% yield. Owing 

to the low solubility of 12TBF in common deuterated solvents such as CDCl3 and DMSO-d6, 

full 2D NMR structural analysis could not be obtained. However, 1H NMR analysis showed 

(Figure 3.22, appendix) broad peaks for all environments, indicative of a multivalent species, 

with peaks at δ 7.3–8.8 ppm corresponding to the aromatic TBF and triazole protons. MALDI-

TOF analysis further confirmed the generation of a functionalised 12TBF product, displaying 

(Figure 3.24, appendix) a broad peak at 7211.7 m/z (7178.4 m/z calculated for [M+K]+ = 

Scheme 3.2. The synthesis of 12TBF; TBF 1 can be clicked onto 12Az up to 12 times following  CuAAC ‘click’ 

chemistry in a biphasic mixture of CH2Cl2–H2O with CuSO4 and sodium ascorbate present as the source of Cu2+ 

and reducing agent respectively. 
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C498H312N36O24) for a fully substituted species. Owing to the low volatility and high 

fragmentation of the dodeca-functionalised fullerene other peaks were observed in the MALDI-

TOF spectrum, however, FTIR spectroscopy confirmed no unreacted azide groups were present 

(ca. 2100 cm–1) in 12TBF. 

In order to make the [5:1] fullerene hexakis-adduct 2TBFa, a different fullerene scaffold was 

required.18 We envisaged that 2TBFa would be synthetically achievable from fullerene 

monoadduct 8 (Figure 3.4) that bears azide functionality; this would be complementary to 

reacting with the in-hand TBF alkyne 1 with a subsequent Bingel reaction allowing for full 

functionalisation of the remaining reactive sites on the fullerene surface. Unfortunately, mono-

adduct 8 was found to be highly reactive with extensive intra- and intermolecular by-product 

formation via 1,3-dipolar cycloaddition reactions between the azide groups and fullerene 

molecules, ultimately hampering its purification and use.19 Instead, a route (vide infra, Scheme 

3.3) towards 2TBF via the alkyne mono-adduct (9, Figure 3.4) was selected. Consequently, a 

complimentary TBF azide derivative—that could be ‘clicked’—required synthesising.  

It was envisaged that a TBF azide derivative could be readily achieved (Figure 3.5a) following 

treatment of a TBF halide with a source of azide anion, e.g., NaN3. Unfortunately—despite 

numerous attempts involving changing reagents and conditions—the direct conversion to the 

azide derivative was not possible. Despite the low basicity of N3
– (pKb = 9.2), upon addition to 

one of the TBF halides, immediate abstraction of the bridged proton was observed. This 

unwanted reaction is highly favourable as the resulting aromatic species is fully conjugated. 

Other strategies such as i) attaching the halide–alkyl chain before engaging with azide SN2 

reactions and ii) using Grignard/organolithium chemistry in conjunction with an electrophilic 

source of azide, were also unsuccessful. Attention was then turned towards synthesising TBF 

azide 10 (Figure 3.5b) with the retrosynthesis suggesting that the reaction of TBF salt 6 with  

Figure 3.4. Chemical structure of azido mono-adduct (8) and the protected alkyne mono-adduct (9) both accessible 

from C60. 
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1-(azidomethyl)-4-(bromomethyl)benzene (12) should not allow for any unwanted elimination 

reactions to occur.  

Compound 12 was first prepared from the addition of NaN3 to 1,4-bis(bromomethyl)benzene 

(11), with the reaction monitored by TLC (SiO2: 100% n-hexanes) until the monosubstituted 

product was the dominant species. Following purification by chromatography (SiO2: 100% n-

hexanes), 12 was isolated in 55% yield. Azide 12 was then coupled to freshly prepared 

tetrabutylammonium salt 6, with TBF azide 10 isolated by filtration in a yield of 87%. Single-

crystals of 10 were grown from a mixture of CH2Cl2–n-hexanes with 10 packing as racemic 

pairs of P-10 and M-10 (Figure 3.5c) enantiomers with a pitch of 2.18 Å that pack into a 

pseudo-herringbone array (Figure 3.36, appendix). Notably, the phenyl spacer was situated 

above the TBF framework at ca. 3.5–3.9 Å, i.e., a weak intramolecular π-interaction may be 

present. No intermolecular π–π interactions between the aromatic units were observed (Figure 

3.5d) in the packing, however, multiple CH–π interactions were present. With TBF 10 in hand, 

Figure 3.5. a) Unsuccessful synthesis of TBF-N3, showing problematic acidic proton on TBF chloride (18-Cl). 

Synthesis of 1-(azidomethyl)-4-(bromomethyl)benzene (12) from 11, and subsequent reaction with TBF 6 to form 

TBF azide 10. d) Solid-state structure of M-10 and c) unit cell packing of 10 as enantiomer pairs of M- and P- 

isomers. 
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Scheme 3.3. The synthesis of 2TBF; sequential CuAAC ‘click’ reactions can be used to construct the non-

symmetrical [5:1] hexakis-adduct. 
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attention was then turned towards constructing an appropriate [5:1] hexakis-adduct from C60 

mono-adduct 9.  

With azide 10 in hand, a [5:1] hexakis-adduct that was poised for CuAAC chemistry to produce 

2TBF was required. Following a similar protocol (Scheme 3.3) as described by Nierengarten 

et al. (see Chapter 1, Scheme 1.3), 10Alk was targeted, i.e., a [5:1] hexakis-adduct bearing 10 

n-butyl groups and two protected alkyne moieties. The azido hexakis-adduct 10Az was 

prepared from fullerene mono-adduct 9, with both compounds synthesised following modified 

literature procedures.18 Following similar CuAAC reaction conditions that were used to 

generate 12TBF, pendant alkyl groups were installed on to 10Az using 1-hexyne  

(see Experimental Section 3.4.2 for full synthetic details), with 10Alk isolated in 75% yield. 

Subsequently, 10Alk was deprotected in situ following treatment with TBAF, to cleave the 

TMS groups and liberate the free alkyne units. Following CuAAC conditions at ambient 

temperature, two TBF azide 10 were installed, thereby generating 2TBF in 68% yield  

(see Experimental Section 3.4.2 for full synthetic details). Despite the high molecular weight 

and multivalent nature of the compound, 1H NMR analysis showed (Figure 3.6) good 

agreement between the integration of the two TBF, the n-butyl chains, and the C60 scaffold, 

with peaks at  δH 8.25 and 8.75 (5+4 and 1+8, Figure 3.6) and 4.30 ppm (10+13, Figure 3.6)—

corresponding to TBF aromatic and fullerene methylene protons, respectively—integrating in 

a 1:3 ratio (i.e., 16 and 48 protons), thus confirming the addition of two TBF units to the 

fullerene. MALDI-TOF analysis also confirmed the monodisperse 2TBF species was present 

with a peak (Figure 3.26, appendix) for C252H226N36O24 found at 4182 m/z; no fragments were 

Figure 3.6. 1H NMR (CDCl3, 400 MHz, 298 K) spectrum of 2TBF.  
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found for the monoTBF-substituted derivatives or unreacted starting materials 10Alk, 

confirming the addition of two TBF motifs. 

 Redox- and Charge-Transfer Properties of 12TBF 

The fullerene hexakis-scaffold for electron acceptor 12NDI (see Chapter 2, Section 2.2.2 for 

discussion) pre-organised the NDI units such that electronic couplings were observable by 

electrochemical techniques such as cyclic voltammetry (CV). The electronic coupling between 

donor motifs, e.g., when fixed at proximal distance in a macrocycle, has been shown to 

facilitate a significant change in the redox properties of the individual units.20 For the TBF 

donor functionalised fullerene, 12TBF, we envisaged electronic couplings between TBF units 

upon the oxidation to the corresponding radical cation and dicationic species. Fluorene itself is 

a two-electron oxidant that typically shows reversible CV behaviour upon formation of its 

radical cation 14 (Scheme 3.4) and its dication 15.21,22 In the presence of base or a basic solvent 

(e.g., DMSO, Scheme 3.4) radical cation 14 can readily undergo proton abstraction to form 16 

(Scheme 3.4) which can dimerise to form 17. This irreversible chemical transformation to 17 

can be observed by CV with a non-reversible oxidation process in addition to the reversible 

formation of 14 and 13.22  

In CH2Cl2, the CVs (Figure 3.39, appendix) of TBF alkyne 1 and azide 10 showed only one 

oxidation event, +1.24 and +1.22 V vs. Ag/AgCl, respectively, that was fully reversible. The 

full reversibility of the oxidation processes shows there is no irreversible dimerization of the 

TBF units as seen for, e.g., 13 (Scheme 3.4). Furthermore, the extended conjugation on each 

side of the fluorene unit significantly increases the EHOMO to ca. –5.22 eV in comparison to the 

parent fluorene23 (–6.16 eV) and therefore the TBF units will have quite different  

redox-properties to fluorene so should not be expected to be entirely the same. In DMF, the 

voltammograms (Figure 3.7) of alkyne 1 and azide 10 show two separate oxidation processes 

Scheme 3.4. Fluorene derivatives can undergo two reversible oxidation processes to form, e.g., 14 and then 15. In 

the presence of base or a basic solvent dimerization can occur, e.g., from 16 to 17.  
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at ca. +1.11 V (TBF+•) and ca. +1.34 V (TBF2+) for both compounds. These oxidation events 

are also observed to be quasi-reversible, i.e., the oxidised species is not fully reduced during 

the time scale (100 mVs–1) of the CV experiment. Furthermore, the current peak drops between 

subsequent scans. Initially, these observations suggested dimerisation of the radical species 

(Scheme 3.4). However, for TBF azide 10, spectroelectrochemistry shows almost complete 

regeneration (Figure 3.41, appendix) of the neutral TBF state upon reduction of the fully 

oxidised states (i.e., TBF2+) confirming that no chemical modification/dimerisation had taken 

place.  The resolving of the oxidation events and the reduction in peak current between scans 

are likely as a result of slower electron transfer between the TBF molecules and the electrode 

surface in DMF.24 Additional CV experiments in solvents of various polarity and viscosity may 

shine light on the redox-properties of 1 and 10 in CH2Cl2. Owing to the low solubility of 12TBF 

and 2TBF in organic solvents such as CH2Cl2, CV experiments were conducted in DMF at  

0.2 mM and 0.5 mM, respectively. 

The hexakis-adduct scaffold should facilitate intramolecular TBF aggregation around the 

periphery of the globular scaffold. The oxidation behaviour of 2TBF is not dissimilar to what 

was observed for TBF 1 and 10, undergoing two oxidation events (Figure 3.8a) at +1.13 and 

+1.34 V to generate 2TBF4+. However, it is the voltammogram of 12TBF that provides insight 

(Figure 3.8b) into how intramolecular TBF aggregation can influence the electrochemical 

properties. A notable higher oxidation potential (+1.24 V vs. +1.13 V for 2TBF) is required to 

generate the first oxidised species, presumably 12TBF12(•+). The increased difficulty in 

oxidation can be rationalised owing to the likely thermodynamically favourable electronic  

π-couplings between neutral TBF units that are proximal to TBF•+ radicals, i.e., the electrons 

in neutral TBF units are attracted to TBF•+ and more difficult to oxidise. Indeed, this is further 

evidenced by an even higher potential (+1.41 V vs. +1.32 V for 2TBF) for the full oxidation 

Figure 3.7. Cyclic voltammograms (100 mVs-1, 298 K) of a) TBF alkyne 1 and b) TBF azide 10 collected at [1.0 

mM] in degassed DMF containing 0.1 M TBAPF6 as supporting electrolyte; a decrease in current is observed 

between the first (black line), second (blue line) and third scan (grey line).  
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of each TBF unit in forming 12TBF24+. Additionally, the irreversible reduction of the C60 core 

is observed at –1.00 and –1.01 V for 2TBF and 12TBF, respectively, at a slightly lower 

potential than the core reduction of control 12Alk (–0.94 V vs. Ag/AgCl, see Chapter 2 Section 

2.5.4)—potentially as a result of an interaction between the electron rich TBF units and the 

acceptor core. With the multi-redox behaviour of 12TBF confirmed, attention was then turned 

towards characterising any intramolecular TBF couplings as well as any photo-induced energy 

and/or charge transfer processes with the fullerene core. 

Typically, TBF units show an absorption band centred at λmax = 368 nm, with a smaller shoulder 

at 380 nm, that occur as a result of the π–π* transition.12  As anticipated, in both CH2Cl2 and 

DMF, the UV-Vis spectra of TBF alkyne 1 and azide 10 are almost identical (Figure 3.9a), 

with the two lowest-energy absorptions at 371 and 379 nm. Additionally, the emission spectra 

(Figure 3.9a) are also similar for both compounds in DMF and CH2Cl2 with λem,max = 424 nm. 

These observations suggest there is no ground-state or excited-state (i.e., excimer) aggregation 

Figure 3.8. Cyclic voltammograms (100 mVs-1, 298 K) of a) 2TBF [0.5 mM] and b) 12TBF [0.2 mM] collected in 

degassed DMF containing 0.1 M TBAPF6 as supporting electrolyte. 

Figure 3.9. a) UV-Vis (solid line) and emission spectra (dashed line) of TBF alkyne 1 (black) and azide 10 (red) 

in DMF. b) Normalised UV-Vis (solid line) and emission spectra (dashed line) of 12TBF (black), 2TBF (gold) and 

12Alk (blue) in DMF; data is normalized at different wavelengths to illustrate comparison. Emission spectra 

collected after excitation at 390 nm.   
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present in 1 and 10. However, when the TBF units are attached to the hexakis-adduct scaffold, 

there are small but noticeable differences in the optical properties (Figure 3.9b). Notably, in 

DMF (Figure 3.9b) there is a red-shifted onset of absorption for 2TBF (402 nm) and 12TBF 

(405 nm) in comparison to TBF 1 (400 nm) and 10 (401 nm). Additionally, there is a blue-shift 

in the λmax to 366 nm for 2TBF and 12TBF. These observations suggest there is ground-state 

electronic intramolecular coupling of the TBF units on 2TBF and 12TBF. The absorption of 

the C60 core is weak in the visible region, with a shoulder extending out towards 600 nm. The 

low extinction coefficient of the fullerene core conceals the absorption to the baseline for 2TBF 

and 12TBF, however, it can be observed from the absorption spectrum of 12Alk. For 12Alk, 

the emission profile observes a maxima (λem,max >700 nm) in the NIR region that is correlated 

to the C60 core. For 2TBF and 12TBF the emission from the fullerene core is not observed as 

the spectra is dominated by the highly emissive TBF units (λem,max = 426 nm). However, with 

significant spectral overlap (i.e., between 150–400 nm) between the emission of the TBF 

fragments and the absorption of the C60 core, it is possible for energy transfer to take place 

between the donor–acceptor fragments via a Förster resonance energy transfer (FRET) 

mechanism.25 

Any energy and/or electron transfer processes that may be possible between the TBF units and 

fullerene core in the solid state is important in the context of device implementation. Therefore, 

photophysical investigations were employed on thin films of 2TBF, 12TBF, TBF 1 and 12Alk 

which were prepared on quartz substrates at 1 wt% in ZEONEX®, a cyclic olefin polymer 

(COP) that has high optical transparency. Here, dispersions at 1 wt% would hone in on mainly 

intramolecular interactions in the solid state. The absorption band correlating to the TBF units 

of 2TBF shows a red shift (i.e., Δλmax = 14 nm) to 393 nm when embedded in the polymer 

matrix, whereas 12TBF shows a red shift to 396 nm (i.e., Δλmax = 15 nm) in the polymer as 

opposed to in DMF (Figure 3.10a). This data suggests that in the solid state there is increased 

TBF aggregation around the fullerene scaffold, and to a greater extent in 12TBF where beyond 

dimer intramolecular stacks of TBF units are possible. The lowest-energy absorption for alkyne 

1 (Figure 3.10a) also bathochromically shifts (Δλmax = 9 nm, vs. DMF) when embedded in the 

polymer, suggesting some intermolecular TBF aggregation is still facilitated at 1 wt%. The 

fullerene control, 12Alk, also absorbs and emits in a similar manner to when solvated by DMF, 

i.e., a NIR emission λem,ax >700 nm is observed (Figure 3.10c) which suggests that 12Alk is 

likely in the same (i.e., non-aggregated) environment when solvated by DMF and when at 1 

wt%. It is the emission spectrum of 12TBF, however, that provides some initial evidence of 

FRET with a NIR emission observable (Figure 3.10c) at λem,max >700 nm. A low energy 

emission (λem,max = ca. 650 nm) is also observed (Figure 3.10c) for 2TBF, however, in a 

relatively lower intensity in comparison to its TBF centred (λem,max = 420 nm) emission. These 
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observations suggest that the hexakis-adduct scaffold facilitates extended TBF intramolecular 

aggregation as well as FRET in the solid state, which is greater for the fully decorated hexakis-

adduct 12TBF.  

We hypothesised that neat films, i.e., 100 wt%, would allow us to probe the inclusion of 

extended intermolecular interactions on the energy transfer processes. Neat films of 12TBF, 

2TBF, 12Alk and TBF alkyne 1 were prepared in a similar manner to the embedded polymer 

samples from drop cast solution in DMF [0.1 mg/ mL]. Additionally, a [1:12] mixture of 12Alk: 

1 was prepared to investigate the effect of tethering the TBF units covalently to the fullerene 

scaffold. For hexakis-adducts 2TBF and 12TBF, there is slight blue shift (i.e., Δλmax= –8 and 

–4 nm, respectively) in absorption (Figure 3.10b) in contrast to when dispersed in the polymer. 

This increase in energy could arise from intermolecular aggregation of TBF units in a slightly 

thermodynamically destabilising assembly that is not enforced when in a monodisperse state. 

A broad and featureless emission—that is significant in intensity—is observed (Figure 3.10d) 

Figure 3.10. Solid-state a) absorption and c) emission of compounds dispersed at 1 wt% in ZEONEX matrix; 

samples were prepare from o-DCB solutions. Control non covalent mixture 12Alk:TBF 1 (yellow), 12TBF (black), 

2TBF (orange), 12Alk (blue) and TBF alkyne 1 (green). Solid-state absorption b) and emission d) of thin films of 

compounds drop cast from solutions of DMF [0.1 mg/ mL]. Emission spectra collected after excitation at 390 nm. 

Control 12Alk is normalized to show comparable intensity. 
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for 12TBF at λem,max = 650–700 nm, which is similar to the emission profile of 12Alk. The C60 

core emission is observed for 2TBF, but at a much lower intensity relative to the TBF centred 

emission at 440 nm. The emission profile (Figure 3.10d) of the non-covalent mixture 

12Alk:TBF 1 was highly reminiscent of TBF 1, however, a weak emission (λem,max = 646 nm) 

from the C60 core is observed i.e. a small amount of FRET takes place. Clearly, the covalent 

linkage of the TBF units and the C60 core enhances FRET between the TBF units and the 

fullerene core with the ratio between the C60 (λem, max =700 nm) and TBF (λem, max =420 nm) 

emission at 1.13, 0.53 and 0.09 for 12TBF, 2TBF and the non-covalent mixture 12Alk:TBF 1, 

respectively. Furthermore, solid-state excitation experiments (Figure 3.11) of 12TBF neat 

films carried out at 435 and 700 nm produced identical excitation profiles that resembled the 

TBF donor absorption, consistent with the notion of an active FRET process. The FRET 

process within 12TBF is similar to that observed by Iehl et al., who decorated a hexakis-adduct 

with stilbene oligomers.1 The researchers also proposed that photoinduced electron transfer 

(PET) between strong donors and the C60 core could also be possible in appropriately designed 

systems.  

Following excitation of a sample, measuring the absorption spectra overtime provides 

information that relates to the evolution and/or decaying of intermediate excited or charge-

separated species; femtosecond transient absorption analysis (fsTA) is useful for observing 

photo-induced electron and energy transfer processes. fsTA spectra (Figures 3.12a–d) were 

collected following excitation at 343 nm; all samples were prepared at 100 µM in DMF using 

a 1 mm path length cuvette (See section 3.5.8 for full fsTA details). The decay times for 12TBF, 

2TBF, TBF 1 and 12Alk at energies of interest, i.e., 568 nm for C60* and 695 nm for TBF*, 

are presented in Table 3.1 (for exponential decay fitting see Figures 3.44–47, appendix). 

 

Figure 3.11. Excitation spectra of 12TBF collected after monitoring emission at 435 (black) and 685 (red) nm. 



Chapter 3| Charge-Transfer Properties of a Donor–Acceptor Fullerene 

 

128 

 

Table 3.1. Absorption lifetimes of main absorptions for C60 (568 nm) and TBF (695 nm) excited states. 

 

Exciting a sample of 12TBF in DMF at 343 nm generates the 12TBF* excited state (695 nm) 

followed by rapid decay over 1.79 ± 1 ps and a long decay over 1.79 ± 0.03 ns. The shorter 

decay is 250-fold faster than the excited-state decay of free TBF alkyne 1, suggesting the role 

of the C60 in facilitating through-space energy transfer. Indeed, decay of TBF* excited state in 

12TBF is concomitant with the generation of a C60* absorption band at 570 nm. Meanwhile, 

the absence of any new absorption bands that could correspond to the charge-separated TBF•+ 

species (verified in situ by spectroelectrochemistry; Figure 3.42, appendix) in the fsTA spectra 

 
568 nm 695 nm 

τ1 τ2 τ1 τ2 

12Alk 71 ± 11 ps 1.19 ± 0.01 ns – – 

TBF 1 – – 3.05 ± 0.01 ns – 

2TBF 92 ± 3 ps 1.07 ± 0.01 ns 109 ± 1 ps 1.01 ± 0.01 ns 

12TBF 80 ± 3 ps 1.48 ± 0.02 ns 12 ± 1 ps 1.79 ± 0.03 ns 

Figure 3.12. Absorption spectra of a) TBF 1, b) 12Alk, c) 2TBF and d) 12TBF monitored following pulse at 343 

nm. Spectra shown are from pre-pulse (–6 ps) to 5000 ps. All samples were prepared in DMF [100 μM]. 
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of 12TBF rules out PET in favour of the FRET hypothesis. This is supported with the absence 

of C60
•– in the fsTA spectra, however, the absorption is weak and broad between 700–900 nm 

(verified in situ by spectroelectrochemistry; Figure 3.43, appendix), and therefore this signal 

could not be easily detected by fsTA. Meanwhile, the fsTA spectra of 2TBF demonstrate 

similar features to that of 12TBF but notably experiences a longer-lived TBF* excited-state 

over 109 ± 1 ps. Furthermore, the C60* core has a longer decay of τ1 = 80 ps and τ2 = 1.48 ns 

for 12TBF in comparison to 12Alk (τ1 = 92 ps and τ2 = 1.07 ns). These data indicate that energy 

from the TBF* is dissipated faster for the fully decorated 12TBF, either as a result of increased 

FRET with the C60 core that prolongs the C60* state, or from intramolecular TBF aggregation.26  

Both donor–acceptor hexakis-adducts 12TBF and 2TBF are of very similar size and shape, 

and both are dynamic in nature owing to the hexakis-adduct scaffold that allows for molecular 

rearrangement. Comparing all compounds, there is evidence for a ‘multivalent’27 effect i.e., the 

crowding of functional units in a given space has allowed access to more FRET in the fully 

decorated 12TBF as opposed to 2TBF. Molecules such as 12TBF that are highly efficient at 

absorbing light in the visible region and focusing it at an active centre are highly desirable 

when it comes to studying natural light-harvesting systems as well as designing photo-active 

functional molecules. There is potential for these molecules to have applications in photo-

active catalysis, however, further fundamental studies could also enable the observation of 

other intra- and intermolecular processes such as PET. The photocatalytic properties of 12TBF 

are explored in Chapter 4.  

 Optoelectronic Properties of α-Functionalised TBF Halides 

During the early stages of this research, we also generated a small number of intermediate TBF 

halide derivatives i.e., 18-Cl, 18-Br and 18-I (Figure 3.13, see Experimental 3.4.2 for synthetic 

details) that although they were not used directly in the synthesis of 12TBF, allowed for the 

probing of fundamental optoelectronic and solid-state TBF assembly properties. This small 

section summarises our findings through, absorption and emission spectroscopies, cyclic 

voltammetry and single crystal X-ray analysis. 

Figure 3.13. Chemical structures of TBF halides, 18-Cl, 18-Br and 18-I. 
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UV-Vis absorption spectra of 18-Cl, 18-Br and 18-I were collected in CH2Cl2, THF, DMF, 

PhMe and o-DCB (Figure 3.14a for 18-I, see Figure 3.37, appendix for 18-Cl and 18-Br) in 

order to probe any ground-state aggregation and solvatochromism. All three compounds show 

spectra reminiscent9,11 of (structurally similar) TBF derivatives in non-polar and aromatic 

solvents, with λmax = ca. 370 nm. Unexpectedly, in DMF, extensive bathochromic shifts were 

observed for TBF halides 16 with a decrease in the absorption at 370 nm in place of an 

absorption at 455 nm. Additionally, a new well-resolved transition appears at 328 nm. In THF, 

similar red-shifted features—albeit much lower in intensity–were observed for TBF 18-Br and 

TBF 18-I. The bathochromic shifts are most prominent in polar solvents and indicate positive 

solvatochromism. Furthermore, the non-polar TBF molecules may aggregate in more polar 

solvents which could result in bathochromic shifts and therefore emission studies were 

employed on 18-Cl, 18-Br and 18-I in order to probe any excimer-like emissive aggregation 

in DMF and THF.  

Initially, observations identify a similar emission spectra—a featureless emission at  

λem,max = 430 nm—in all solvents, including in DMF for which ground state aggregation was 

hypothesised (Figure 3.14b for 18-I, see Figure 3.37, appendix for 18-Cl and 18-Br). Notably, 

for TBF 18-I, a vibronic emission with peaks at 476 and 466 nm was observed in o-DCB, 

suggesting a π-interaction between the TBF unit and the electron poor aromatic solvent that 

results in a  more order TBF state.28 No low energy excimer-like emission was observed for 

18-Cl, 18-Br and 18-I, ruling out aggregation as the likely cause of the bathochromic shift in 

the absorption profile. Further experiments (dynamic light scattering and photoluminescence 

quantum yields) are required to rule out the formation of any non-emissive aggregates.29 

Additionally, computational calculation (i.e., DFT) of the dipole moments in the ground and 

excited states will help rationalise the insensitivity of the emission spectra to 

Figure 3.14. a) UV-Vis and b) emission spectra of TBF 18-I, in various solvents: DCM (black), THF (light blue), 

DMF (yellow), o-DCB (dark blue) and Toluene (pink). Emission spectra were collected after excitation at 390 nm.  
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solvatochromism.30,31 Ultimately, the halide substituent effect does not greatly alter the 

absorption and emission properties of the TBF halides, however, solvatochromic properties 

have been observed which are useful for stimuli-responsive materials.32 

Cyclic voltammetry was employed to further explore if the halide substituent effect changed 

the electronic properties of the donor TBF molecules. CV was carried out in degassed CH2Cl2 

solutions using 0.1 M TBAPF6 as the supporting electrolyte. Notably, TBF derivatives 18-Cl, 

18-Br and 18-I all undergo oxidations (Figure 3.15) at similar potentials, i.e., –1.29, –1.30 and 

–1.27 V vs. Ag/AgCl to form the dications 18-Cl2+, 18-Br2+ and 18-I2+, respectively. Each 

oxidation event is fully reversible with the relationship between the square of the variable scan 

rate and peak current directionally proportional for all oxidation and reduction processes 

(Figure 3.40, appendix). These observations suggest that the halide substituent does not greatly 

alter the electronic properties of the TBF units. Indeed, the calculated EHOMO levels (Table 3.4, 

appendix) range between –5.39 to –5.43 eV which are of similar energy to the TBF  

alkyne 1 and azide 10 derivatives (Table 3.2, appendix) Additionally, the EHOMO are similar to 

non-functionalised aromatic hydrocarbons such as dibenzo[g,p]chrysenes (DBC, –5.25  

to –5.65 eV)33. Nevertheless, the TBF halide derivatives 18-Cl, 18-Br and 18-I all show a 

reversible two-electron oxidation in CH2Cl2 and therefore they could find use as p-type organic 

semiconductor molecules in an organic electronic device, e.g., in a photoactive donor–acceptor 

bulk heterojunction system. 

Single crystals of the TBF halides 18 were grown by slow evaporation of CH2Cl2–hexanes 

solutions. TBF 18-Cl crystallised (Figure 3.16a) as enantiomeric pairs of P-18-Cl and M-18-

Cl in space group P21/n whereas 18-Br (Figure 3.16b) and 18-I (Figure 3.33, appendix) 

crystallised as enantiomeric pairs (i.e., P-18-Br/I and M-18-Br/I) in space group P-1. TBF 18-

Cl packs into a sandwiched herringbone array whereas both 18-Br and 18-I pack in highly 

Figure 3.15. Cyclic voltammograms (100 mVs–1, 298 K) of 18-Cl (black), 18-Br (gold) and 18-I (blue) collected 

at [1.0 mM] in degassed CH2Cl2 containing 0.1 M TBAPF6 as supporting electrolyte.  
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ordered arrays of sheets. Notably, the torsional angles were ±18.09 for P- and M-18-Cl which 

are considerably low in comparison to dialkyl-substituted TBF derivatives published9 by 

Kawase et al. The torsional angles for P- and M-18-Br and P- and M-18-I were 24.93º and 

25.29º, respectively, confirming a large increase in pitch between 18-Cl and 18-Br/18-I. The 

bond angle between the TBF framework and the halide also increases linearly from 18-Cl to 

18-Br and then 18-I (111.76°, 112.87° and 113.09°). Multiple intermolecular interactions  

(i.e., π–π, C-H–π, Cl/Br/I–H-C) are present in the packing of the molecules. However, the 

enantiomeric pair of P- and M-18-Cl pack with the shortest intermolecular π–π distances (3.39 

Å), around the sum of the Van der Waals radii. Additionally, the chloride atom has close 

contacts between 2.84–3.41 Å with aromatic protons whereas the bromide and iodide’s are at 

a longer distance of 3.02–3.41 Å. These observations suggest that the additional and shorter 

intermolecular interactions between 18-Cl molecules allows for a smaller helical pitch. The 

EHOMO for 18-Cl, 18-Br and 18-I lends the molecules to similar oxidation potentials, however, 

Figure 3.16. Solid-state structure of a) P-18-Cl and b) P-18-Br. Crystal packing of molecules in 18-Cl and 18-Br 

showing sandwiched herringbone and sheet-like arrays of interacting molecules, respectively. Crystal packing is 

viewed along the b-axis and c-axis with hydrogens omitted for clarity. 
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the different packing arrangements will likely result in different charge mobilities in say a 

device where the TBF halides could act as p-type semiconductor materials.  

3.3 Conclusions 

Capitalising on an approach developed by the Nierengarten group, we have synthesised a 

hexakis-adduct of C60 functionalised with TBF units (12TBF). We have found that the 3D 

scaffold facilitates intramolecular TBF π-interactions in both the neutral and reduced states 

which are observable by UV-Vis and PL spectroscopies as well as CV experiments. The  

donor–acceptor fullerene 12TBF facilitates FRET. The energy transfer process is confirmed 

with emission and excitation spectroscopic measurements that confirm the TBF centred 

emission is quenched in favour of NIR-emission from the fullerene core. FRET is also observed 

for twice decorated hexakis-adduct 2TBF, however, the relative amount is much less than for 

the fully decorated 12TBF. fsTA spectroscopy confirms the FRET process, with photo-induced 

electron transfer between the donor and acceptor units not observed. In addition, a small family 

of TBF halide derivatives (18-Cl, 18-Br and 18-I) have been investigated for their 

optoelectronic and structural characterisation. We have observed the TBF halides to have 

solvatochromic behaviour by UV-Vis spectroscopy with extensive bathochromic shifts 

observed in DMF. In the solid state, the molecular conformation and packing is dictated by the 

various halogen and π–π interactions which are not present for all three halides. With light-

harvesting properties confirmed, 12TBF has potential applications in organic electronic 

materials such as organic light-emitting diodes or solar cells.34 Chapter 4 details the 

investigation of 12TBF as a potential photo-active catalyst for the light-induced degradation 

of waste dyes. 
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3.4 Experimental Details 

 General Materials and Methods 

Materials: All reagents and solvents were purchased from commercial suppliers (Merck, 

Acros Organics, Alfa Aesar, Fischer Scientific, Tokyo Chemical Industry or Fluorochem) and 

used without further purification unless stated otherwise. Anhydrous solvents were obtained 

from a Solvent Purification System (neutral alumina) and stored over activated (>250 °C at 

0.01 mbar overnight) 3 Å molecular sieves under a dry Ar atmosphere. Solvents and solutions 

required for air-sensitive manipulations were degassed thoroughly using a minimum of three 

freeze–pump–thaw cycles and the flask back-filled under an Ar atmosphere. Compounds 1[14], 

4[35], 5[35], 9[18], 12[36], 10Az[18], 12Az[17] and 19[37] were synthesised according to previously 

published literature procedures. 

Product confirmation: Analytical thin-layer chromatography (TLC) was performed on 

aluminum-backed silica gel 60 plates pre-loaded with F254 indicator (Sigma Aldrich) and 

visualised either under UV light irradiation (254 and 365 nm) and/or by dip-staining methods. 

Flash column chromatography was carried out on an automated system (Teledyne Isco 

Combiflash Rf+) outfitted with a broad range UV–Vis (200–800 nm) absorption detector. 

Nuclear magnetic resonance (NMR) spectra were recorded using either a Bruker Advance III 

Ultrashield 400 Plus (working frequencies: 1H and 13C nuclei = 399.975 and 100.603 MHz, 

respectively), an Appleby VNMRS-600 (1H and 13C nuclei = 599.832 and 150.288 MHz, 

respectively) or a Varian VNMRS-700 (1H and 13C nuclei = 700.130 and 176.048 MHz, 

respectively) spectrometer at a constant temperature of 298 K. Operating temperatures of the 

NMR spectrometers were measured with the aid of a MeOH internal calibrant. All 13C NMR 

experiments were proton decoupled. Chemical shifts (δ) are reported in parts per million (ppm) 

relative to the signals corresponding to the residual non-deuterated solvents (CDCl3: δH = 7.26, 

δC = 77.16 ppm; DMSO-d6: δH = 2.50, δC = 39.52 ppm). Coupling constants (J) are reported in 

Hertz (Hz) and 1H multiplicities are reported in accordance with the following convention:  

s = singlet, d = doublet, t = triplet, q = quadruplet, p = pentet, m = multiplet. Assignment of 1H 

and 13C NMR signals were accomplished with the aid of ‘pure-shift’ yielded chirp excitation38 

(PSYCHE) and two-dimensional COSY, HSQC and HMBC NMR spectroscopies. NMR 

spectra were processed using MestReNova software, Version 11. Low-resolution electrospray 

ionisation (ESI-MS) and atmospheric solids analysis probe (ASAP-MS) mass spectrometries 

were performed using a Waters TQD UPLC ES MS/MS spectrometer and a Waters Xevo 

QTOF spectrometer equipped with an atmospheric pressure ionisation (API) source, 

respectively. High-resolution mass spectra (HR-MS) were obtained using either a  
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high-resolution Waters LCT Premier XE spectrometer equipped with an ESI source or an 

accurate mass UPLC ES MS equipped with an API source. Matrix-assisted laser-desorption 

ionisation time-of-flight (MALDI–TOF) mass spectrometry was carried out on an Autoflex II 

ToF/ToF mass spectrometer (Bruker Daltonik GmBH). Modes of analysis include reflectron 

enhanced mass resolution between m/z 500 and 5000 and linear above m/z 5000 and MS/MS 

(LIFT).  

Sample analysis: The X-ray single crystal data for TBF 10, 18-Cl, 18-Br and 18-I were 

collected at temperature 120.0(2) K, maintained by Cryostream (Oxford Cryosystems) open-

flow nitrogen cryostats. Data for all compounds were collected using λMoKα radiation  

(λ =0.71078Å). The SXRD experiments were performed on the Bruker D8Venture (Photon III 

MM C14 CPAD detector, IμS-III-microsource, focusing mirrors - for TBF 10; Photon100 

CMOS detector, IμS-microsource, focusing mirrors - for all other compounds) diffractometers. 

Numerical (18-I) or multi-scan (all other compounds) absorption correction was applied. The 

structures were solved by direct method (intrinsic phases method for 18-I) and refined by full-

matrix least squares on F2 for all data using Olex239 and SHELXTL40 software. All  

non-hydrogen atoms were refined in anisotropic approximation, hydrogen atoms in structures 

18-Cl polymorph A were refined freely with isotropic a.d.p.’s, hydrogen atoms in other 

compounds were placed in the calculated positions and refined in riding mode. Crystal structure 

18-Cl polymorph B contains severely disordered solvent molecules (most probably 0.5 DCM 

and 0.5 hexane, 36 symmetry-independent electrons) in partially occupied positions. These 

molecules could not be modelled reliably and their contribution was taken into account by 

applying the MASK procedure of Olex2 program package. Attenuated total reflectance (ATR) 

Fourier transform infrared (FTIR) spectroscopy was performed on PerkinElmer Frontier FTIR 

spectrometer equipped with a Specac Quest ATR accessory with extended range diamond 

puck. UV-Vis-NIR absorbance data were collected using a Cary 5000 Series UV–Vis–NIR 

spectrophotometer (Agilent Technologies) at room temperature. The steady-state 

photoluminescence (PL) of solutions and solid-state films was measured using Jobin Yvon 

Fluoromax and Horiba Fluorlog3 spectrophotometers, respectively, against machine-specific 

calibration curves. Cyclic voltammetry (CV) was carried out at room temperature on Ar-purged 

sample solutions in anhydrous CH2Cl2 or DMF using a PalmSens EmStat3 potentiostat 

interfaced to a PC. Tetrabutylammonium hexafluorophosphate (TBAPF6; 0.1 M) was 

recrystallized from hot EtOH and used as the supporting electrolyte. All solution-state 

electrochemical experiments were performed using a glassy carbon working electrode (BASi; 

0.071 cm2). The electrode surface was polished routinely with 0.05 µm alumina–water slurry 

on a felt surface immediately before each use. The counter electrode was a Pt wire and the 

reference electrode was an Ag/AgCl (sat. KCl) aqueous electrode stored routinely in a 3 M KCl 
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aqueous solution. Spectroelectrochemistry (SEC) experiments were performed at room 

temperature using an optically transparent thin-layer electrochemical (OTTLE) cell (path 

length approx. 0.2 mm with two CaF2 windows separated by PTFE spacers) fitted with a Pt 

wire mesh working electrode, Pt wire counter electrode and a Ag wire pseudo-reference 

electrode. All SEC samples were prepared as Ar-purged solutions in anhydrous CH2Cl2 or 

anhydrous DMF containing TBAPF6 (0.1 M) as the supporting electrolyte and analysed under 

an applied voltage sweep. For fsTA setup and individual component details see Section 3.5.8.
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 Experimental Procedures 

 

 

Scheme 3.6. Reagents and conditions (i) 12[12], dioxane, 60 °C, 3 h, 86%. 

Scheme 3.5. Synthesis of the TBF-functionalised ‘click’ fullerene hexakis-adduct 12TBF.  Reagents and conditions 

(i) 12Az[17], 12[12], CuSO4•5H2O, sodium ascorbate, CH2Cl2–H2O, 40 °C, 24 h, 46%. 
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Scheme 3.7. Synthesis of the TBF-functionalised ‘click’ fullerene hexakis adduct 2TBF.  Reagents and conditions 

(i) 1-Hexyne, CuSO4•5H2O, sodium ascorbate, CH2Cl2–H2O, 50 °C, 24 h, 75%.  (ii) 10, CuSO4•5H2O, sodium 

ascorbate, CH2Cl2–H2O, rt, 24 h, 68%.   
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General Procedure for Cu(I)-catalysed azide–alkyne [3+2] cycloadditions (or ‘click’ 

reactions): 

A freshly prepared solution of CuSO4•5H2O (0.5 equiv.) as the Cu(I) source and sodium 

ascorbate (1.5 equiv.) as the reducing agent in degassed water (10 mM with respect to Cu(I)) 

was added to separately prepared and degassed solution of either fullerene hexakis-adduct 

12Az, 10Az or 10Alk (1 equiv.) and the desired alkyne or azide (1.25 equiv. per azide or 

alkyne) in CH2Cl2 (22 mM). The resulting biphasic mixture was subjected to a further round 

of degassing before back-filling the flask with Ar gas and stirring the reaction vigorously at  

40 °C (or rt for 10Az)) for 24 h. The reaction was monitored by FT-IR analysis and worked up 

upon observing the complete disappearance of the –N3 stretch (2093 cm-1). The crude product 

was extracted into CH2Cl2 and the solvent removed by rotary evaporation. The pure product 

was isolated by column chromatography. 

TBF-N3 (10): In a 50 mL round-bottomed flask equipped with a 

magnetic stir bar and a reflux condenser, TBF 6 (762 mg,  

1.25 mmol, 1.0 equiv.) was added to anhydrous dioxane (20 mL) 

under Ar. The reaction mixture was then heated to 110 °C to 

dissolve 6 and form a clear solution. nBu4NOH in MeOH  

(1.26 mL, 1 M, 1.0 equiv.) was added to the reaction mixture 

upon which a bright yellow precipitate formed immediately. After 20 minutes stirring at 110°C, 

the precipitate was collected by vacuum filtration and washed with warm anhydrous dioxane  

(12 mL) and then Et2O (15 mL). The yellow solid was then immediately transferred to a 20 mL 

Scheme 3.8. Synthesis of the TBF halide derivatives. Reagents and conditions: (i) SOCl2, CH2Cl2, reflux, 2 h, 66%; 

(ii) PBr3, THF, 0°C–rt, 1 h, 72%; (iii) NaI, acetone, reflux, 16 h, 99%.  
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round-bottomed flask equipped with a magnetic stir bar and under Ar. The solid was  

re-suspended in anhydrous dioxane (10 mL) and the reaction mixture heated to 60°C. 

Compound 12 (340 mg, 1.50 mmol, 1.2 equiv.) was added to the reaction mixture, which was 

subsequently stirred for 3 hours at 60 °C during which time a beige solid precipitated out of 

the reaction mixture. The reaction mixture was concentrated and the precipitate collected by 

vacuum filtration. After washing the solid with MeOH (15 mL), the desired compound TBF 

azide 10 (558 mg, 1.09 mmol, 87%) was isolated as a beige powder. 

1H NMR (CDCl3, 599 MHz, 298 K): δH 8.79–8.83 (m, 2H13), 8.75–8.78 (m, 2H16), 8.32–8.35 

(m, 2H19), 8.29–8.32 (m, 2H10), 7.73–7.78 (m, 2H12), 7.68–7.73 (m, 2H11), 7.61–7.66 (m, 2H18), 

7.47–7.52 (m, 2H17), 6.24–6.28 (m, 2H3), 5.80–5.84 (m, 2H4), 5.27 (t, J = 4.7 Hz, 1H7),  

3.79 (d, J = 4.7 Hz, 2H6), 3.76 (s, 2H1). 13C NMR (CDCl3, 151 MHz, 298 K): δC 143.3 (C8), 

137.5 (C21), 135.9 (C5), 132.7 (C2), 131.4 (C20), 130.6 (C14), 129.1 (C4), 129.0 (C9), 128.1 (C15), 

127.4 (C19), 127.1 (C12), 126.5 (C3), 126.1 (C11), 125.8 (C18), 125.2 (C16), 124.7 (C10),  

123.9 (C13), 123.6 (C17), 54.3 (C1), 48.2 (C7), 39.9 (C6). HRMS (ESI; MeOH, ve+): m/z [M+H]+ 

calcd for C37H26N3 = 512.2127, found 512.2126. 

TBF-functionalised ‘click’ fullerene hexakis-adduct TBF: Applying the General Procedure 

described above, the TBF-functionalised fullerene hexakis-adduct 12TBF was prepared from 

12Az (231 mg, 0.1 mmol, 1.0 equiv.), TBF alkyne 1 (604 mg, 1.49 mmol, 15 equiv), 

CuSO4•5H2O (12 mg, 0.05 mmol, 0.5 equiv.) and sodium ascorbate (30 mg, 0.15 mmol,  

1.5 equiv.) in CH2Cl2–H2O (1:1, 10 mL). Purification was achieved by column chromatography 

(SiO2: 0–5% MeOH in CH2Cl2) to obtain pure 12TBF (350 mg, 0.05 mmol, 46%) as a dark red 

powder.  

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.37–8.53 (m, 72H), 7.81–8.37 (m, 24H), 7.26–7.75 

(m, 96H), 4.95–5.16 (m, 12H), 3.40–3.67 (m, 72H), 1.61–1.62 (m, 24H). 13C NMR (CDCl3, 

100 MHz, 298 K): δC 161.4, 143.8, 143.8, 142.8, 136.6, 136.6, 131.3, 130.3, 128.5, 127.80, 

127.1, 127.0, 126.1, 125.9, 125.2, 125.1, 124.7, 123.6, 123.5, 121.1,  63.0, 62.9, 46.8, 45.1, 

44.8, 30.9, 29.3. FT-IR; 3080, 2960, 2923, 2853, 1742, 1602, 1499, 1452, 1362, 1259, 1219, 
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1082, 1017, 965, 907, 772, 753, 724, 617, 527, 433 cm–1. MALDI–TOF (ve+): m/z [M+H]+ 

calcd for C498H312N36O24 = 7178.4, found: = 7211.7 [M+K]+.  

 

Alkyl-functionalised ‘click’ fullerene hexakis-adduct 10Alk: Applying the General 

Procedure described above, the Alkyl-functionalised fullerene hexakis-adduct 10Alk was 

prepared from 10Az (368 mg, 0.15 mmol, 1.0 equiv.), 1-hexyne (215 µL, 1.89 mmol, 12.5 

equiv), CuSO4•5H2O (18 mg, 0.07 mmol, 0.5 equiv.) and sodium ascorbate (45 mg, 0.23 mmol, 

1.5 equiv.) in CH2Cl2–H2O (1:1, 6 mL). Purification was achieved by column chromatography 

(SiO2: 0–5% MeOH in CH2Cl2) to obtain pure 10Alk (369 mg, 0.11 mmol, 75%) as a dark red 

powder.  

1H NMR (CDCl3, 400 MHz, 298 K): δH 7.28–7.54 (m, 10H5), 4.11–4.60 (m, 48H4+5),  

2.53–2.83 (m, 20H7), 2.14–2.42 (m, 24H9), 1.82–2.01 (m, 4H2), 1.54–1.71 (m, 36H3+6+10),  

1.27–1.46 (m, 30H11), 0.81–1.00 (m, 9H12), -0.07–0.21 (m, 8H1). 13C NMR (CDCl3, 100 MHz, 

298 K): δC 163.4, 163.4, 145.9, 145.8, 145.7, 141.3, 141.1, 141.0, 141.0, 130.5, 127.8, 121.1, 

105.0, 85.9, 69.2, 69.0, 65.9, 63.8, 46.6, 45.2, 31.5, 29.3, 27.5, 25.4, 22.3, 16.5, 13.9, 0.1. 

MALDI–TOF (ve+): m/z [M+H]+ calcd for C184H190N30O24Si2  = 3261.8, found: = 3263.4 

[M+H]+.  
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TBF-functionalised ‘click’ fullerene hexakis-adduct 2TBF: Applying the General 

Procedure described above, the TBF-functionalised fullerene hexakis-adduct 2TBF was 

prepared from 10Alk (45 mg, 13.8 µmol, 1.0 equiv.), TBF azide 10 (18 mg, 34.5 µmol,  

2.5 equiv), CuSO4•5H2O (2 mg, 6.9 µmol, 0.5 equiv.) and sodium ascorbate (4 mg, 20.7 µmol, 

1.5 equiv.) in CH2Cl2–H2O (1:1, 500 µL) with TBAF (35 µL, 34.5 µmol, 2.5 equiv.). 

Purification was achieved by column chromatography (SiO2: 0–5% MeOH in CH2Cl2) to obtain 

pure 2TBF (39 mg, 9.4 µmol, 68%) as a dark red solid.  

1H NMR (CDCl3, 400 MHz, 298 K): δH  8.58–8.89 (m, 8H5+4), 8.17–8.37 (m, 8H8+1),  

7.28–7.82 (m, 28H2+6+7+14+17+21), 6.01–6.19 (m, 4H12), 5.56–5.77 (m, 4H11), 5.11–5.34 (m, 2H9), 

3.98–4.58 (m, 46H17+18), 3.60–3.78 (m, 8H10+13), 2.46–2.80 (m, 24H20), 2.11–2.43 (m, 20H22), 

1.82–2.06 (m, 4H15), 1.50–1.75 (m, 24H16+19), 1.13–1.42 (m, 30H24+23), 0.73–0.97 (m, 30H25). 

13C NMR (CDCl3, 151 MHz, 298 K): δC 163.6, 148.7, 146.0, 143.2, 141.2, 137.2, 131.3, 130.4, 

129.2, 128.9, 127.9, 127.2, 127.1, 126.2, 125.9, 125.1, 124.6, 123.8, 123.7, 121.1, 70.7, 64.0, 

48.1, 46.7, 39.8, 32.0, 31.6, 29.48, 25.4, 22.8, 22.5, 14.2, 14.0. MALDI–TOF (ve+):  

m/z [M+H]+ calcd for C252H226N36O24  = 4142.7, found: = 4181.8 [M+K]+.  

TBF 16-Cl: In a 10 mL round-bottomed flask equipped with a 

magnetic stir bar, alcohol 19 (348 mg, 0.88 mmol, 1.0 equiv.) was 

added to CH2Cl2 (3.5 mL). The reaction mixture was cooled to 0 °C 

before the addition of thionyl chloride (120 µL, 1.66 mmol,  

2.0 equiv.). The reaction mixture was then heated to reflux for  

2 hours. Upon cooling, the solvent was removed by rotary evaporation. The resulting solid was 

re-dissolved in CH2Cl2 (10 mL) and precipitated by the addition of MeOH (50 mL). The solid 

was collected by vacuum filtration to yield the desired compound 18-Cl (241 mg, 0.58 mmol, 

66%) as a yellow powder.  
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1H NMR (CDCl3, 599 MHz, 298 K): δH δ 8.81–8.85 (m, 4H8+11), 8.65–8.71 (m, 2H14),  

8.21–8.25 (m, 2H5), 7.67–7.76 (m, 6H6+7+13), 7.61–7.66 (m, 2H12), 5.25 (t, J = 3.6 Hz, 1H2), 

4.52 (d, J = 3.7 Hz, 2H1). 13C NMR (CDCl3, 151 MHz, 298 K): δC 141.2 (C3) , 138.1 (C16), 

131.9 (C15), 130.9 (C9), 128.5 (C4), 128.0 (C10), 127.8 (C14), 127.3 (C7), 126.4 (C6), 126.3 (C13), 

125.4 (C12), 124.2 (C11), 123.9 (C8), 123.8 (C5), 49.1 (C2), 47.5 (C1). HRMS (ESI; MeOH, ve+): 

m/z [M+H]+ calcd for C30H20Cl = 415.1254, found 415.1255. 

TBF 18-Br: In a 10 mL round-bottomed flask equipped with a 

magnetic stir bar and under Ar, alcohol 17 (793 mg, 2.0 mmol,  

1.0 equiv.) was added to anhydrous THF (3 mL). The reaction 

mixture was cooled to 0 °C and PBr3 (76 µL, 0.8 mmol, 0.4 equiv.) 

was added dropwise. The reaction mixture was stirred at 0 °C for  

1 hour, during which the reaction went from suspension of white solid to a clear amber solution. 

Upon warming to room temperature, the solvent was remove by rotary evaporation. H2O  

(20 mL) and CH2Cl2 (20 mL) were added to the reaction mixture and the crude product was 

extracted into CH2Cl2 (3 x 40 mL). The organic fractions were combined and then washed with 

saturated NaHCO3 (3 × 10 mL), H2O (3 × 10 mL) and brine (2 × 10 mL). The solvent was 

removed by rotary evaporation to afford a yellow solid that was triturated with hexanes  

(3 × 10 mL). The solid was collected by vacuum filtration to yield the desired compound 18-

Br (662 mg, 1.44 mmol, 72%) as a yellow powder.  

1H NMR (CDCl3, 599 MHz, 298 K): δH δ 8.79–8.86 (m, 4H8+11), 8.65–8.74 (m, 2H14),  

8.19–8.25 (m, 2H5), 7.68–7.76 (m, 6H6+7+13), 7.61–7.66 (m, 2H12), 5.26 (t, J = 3.5 Hz, 1H2), 

4.47 (d, J = 3.5 Hz, 2H1). 13C NMR (CDCl3, 151 MHz, 298 K): δC 141.5 (C3), 138.1 (C16), 

131.9 (C15), 130.9 (C9), 128.5 (C4), 128.0 (C10), 127.9 (C14), 127.4 (C7), 126.4 (C6), 126.3 (C13), 

125.4 (C12), 124.0 (C11), 123.9 (C5), 123.8 (C8), 47.9 (C2), 36.2 (C1). HRMS (ESI; MeOH, ve+): 

m/z [M+H]+ calcd for C30H20Br = 459.0748, found 459.0746. 

TBF 18-I: In a 10 mL round-bottomed flask equipped with a magnetic 

stir bar and under Ar, TBF 18-Br (206.7 mg, 0.45 mmol, 1.0 equiv.) 

and NaI (270 mg, 1.80 mmol, 4 equiv.) were added to (CH3)2CO  

(2 mL). The reaction mixture was heated to reflux and stirred 

overnight. Upon cooling, H2O (10 mL) and CH2Cl2 (30 mL) were 

added to the reaction mixture and the crude product was extracted into CH2Cl2 (3 x 40 mL). 

The organic fractions were combined and then washed with Na2S2O3 (3 × 10 mL), H2O (3 × 10 

mL) and brine (3 × 10 mL). The solvent was removed by rotary evaporation. The desired 

compound 18-I (223 mg, 0.44 mmol, 99%) was isolated as an orange powder.  
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1H NMR (CDCl3, 599 MHz, 298 K): δH δ 8.78–8.85 (m, 4H8+11), 8.66–8.73 (m, 2H14),  

8.10–8.17 (m, 2H5), 7.68–7.76 (m, 6H6+7+13), 7.61–7.66 (m, 2H12), 4.83 (t, J = 3.6 Hz, 1H2), 

4.37 (d, J = 3.5 Hz, 2H1). 13C NMR (CDCl3, 151 MHz, 298 K): δC 142.5 (C3), 137.9 (C16), 

131.8 (C15), 130.9 (C9), 128.4 (C4), 128.0 (C10), 127.9 (C14), 127.3 (C7), 126.4 (C6), 126.3 (C13), 

125.4 (C12), 124.0 (C11), 123.8 (C8), 123.6 (C5), 46.4 (C2), 11.5 (C1). HRMS (ESI; MeOH, ve+): 

m/z [M+H]+ calcd for C30H20I = 507.0610, found 507.0611. 

3.5 Appendix of Supplementary Data and Discussion 

 Structural Assignment by Two-Dimensional (2D) NMR 

In order to fully assign the 1H and 13C signals of the TBF derivatives 18-Cl, 18-Br, 18-I and 

TBF azide 10 we employed 2D NMR spectroscopy. We determined peak assignments through 

analysis of COSY (Figures 3.17), HSQC (Figures 3.18) and HMBC (Figures 3.19) correlations, 

as demonstrated for TBF 18-I. 

Figure 3.17. Partial 1H–1H COSY NMR spectrum (700 MHz, CDCl3, 298 K) of 18-I. 
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Figure 3.19. Partial HMBC NMR spectrum of 18-I. Key assignments are correlated between the 1H and 13C nuclei. 

Figure 3.18. Partial HSQC NMR spectrum of 18-I. Key assignments are correlated between the 1H and 13C nuclei. 
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Owing to its octahedral Th-symmetry, the core of fullerene hexakis-adducts, i.e., 12TBF, 12Az 

and 12Alk, comprises three chemically non-equivalent carbon environments that can be readily 

distinguished on the basis of chemical shift, i.e., two sp2-carbon centres (ca. 141 and 145 ppm) 

and one sp3-carbon centre (ca. 70 ppm) associated with the non-conjugated propane ring. In 

practice, the chemically non-equivalent carbon environments in C2v-symmetrical [5:1] 

fullerene hexakis-adducts, i.e., 2TBF, 10Az, 10Alk, appear at similar chemical shifts to the 

hexakis-adducts. Owing to the low solubility, and the complex functionality of the  

hexakis-adducts, only partial assignment of the 1H NMR proton environments was possible. A 

representative assignment of the 1H (Figure 3.20) and 13C (Figure 3.21) environments of 10Alk 

is shown. The low solubility of 12TBF in CDCl3 makes full 1H assignment difficult (Figure 

3.22). 

 

 

 

 

Figure 3.20. 1H NMR (CDCl3, 400 MHz, 298 K) spectrum of 10Alk. 
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Figure 3.21. 13C NMR (CDCl3, 101 MHz, 298 K) spectrum of 10Alk; fullerene core environments are assigned. 

14+15 
13 

Figure 3.22. 1H NMR (CDCl3, 400 MHz, 298 K) spectrum of 12TBF.  
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 NMR Spectroscopy 

The 1H NMR spectra of the halide derivatives does not change dramatically for the series. The 

most significant changes occur at the bridged proton and methylene groups. For the weakly 

electronegative 18-I, the iodine atom is less shielding and there is a concomitant upfield shift 

(Figure 3.23) for environments.  

Figure 3.23. 1H NMR (CDCl3, 400 MHz, 298 K) spectrum of a) 18-Cl, b) 18-Br , c) 18-I. 
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 MALDI-TOF 

Hexakis-adducts often have high molecular weights, and owing to their often multivalent/ 

dendrimer like structure, it is difficult to structurally confirm these compounds by 1H and 13C 

NMR. However, MALDI-TOF can provide invaluable information, especially when 

monitoring the ‘click’ functionalisation of hexakis-adducts in addition to confirming the 

number of pendant units. Depending on volatility and fragmentation of compound, signal 

intensity can be very broadly scattered. Representative examples of 12TBF (Figure 3.24), 

10Alk (Figure 3.25) and 2TBF (Figure 3.26) are shown below.  

 

 

Figure 3.24.  MALDI–TOF mass spectrum of TBF-functionalised ‘click’ fullerene hexakis-adduct 12TBF. Peaks 

centred at m/z = 6855 and 6472 correspond to fragmentations of one and two TBF units lost at the triazole position. 

Figure 3.25. MALDI–TOF mass spectrum of alkyl-functionalised ‘click’ fullerene hexakis-adduct 10Alk. 
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Figure 3.26. MALDI–TOF mass spectrum of alkyl-functionalised ‘click’ fullerene hexakis-adduct 2TBF. 
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 X-Ray Crystallographic Analysis 

Analysis of all crystal structures are shown (Figure 3.27–33) with the crystal system, space 

group, unit cell parameters reported below. TBF 18-Cl crystallised into two different 

polymorphs, A and B that were both grown by slow evaporation of a mixture of  

CH2Cl2–hexanes. Polymorph B of 18-Cl could not be properly modelled. 

TBF 18-Cl Polymorph A  

Crystal system: monoclinic 

Space group: P21/n 

Unit Cell Parameters: a = 11.0349(5) Å, b = 12.4222(6) Å, c = 14.3785(7) Å, α = 90°, β = 

91.2370(18)°, γ = 90°, volume = 1970.51(16) Å3, ρcal g/cm3 = 1.399, Z = 4, R = 1%.

Figure 3.27.  a) Solid-state structure of TBF 18-Cl and b) packing of 18-Cl molecules in polymorph A. 
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Figure 3.28. Solid-state superstructure of TBF 16-Cl in polymorph A. Lattice is made up of 2×2×2 unit cells in order to illustrate the crystal packing. Projections are viewed along 

the crystallographic a) a-, b) b-, and c) c-axes. Hydrogen atoms are emitted for clarity. 
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TBF 16-Cl Polymorph B  

Crystal system: triclinic 

Space group: P-1 

Unit Cell Parameters: a = 10.7011(11) Å, b = 12.3864(12) Å, c = 18.2367(17) Å, α = 

97.338(4)°, β = 95.758(3)°, γ = 114.094(3)°, volume = 2157.3(4) Å3, ρcal g/cm3 = 1.277, Z = 4, 

R = 17%. 

 

 

Figure 3.29. a) Solid-state structure of TBF 18-Cl and b) packing of 18-Cl molecules in polymorph B. 
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Figure 3.30. Solid-state superstructure of TBF 16-Cl in polymorph B. Lattice is made up of 3×3×2 unit cells in order to illustrate the crystal packing. Projections are viewed along 

the crystallographic a) a-, b) b-, and c) c-axes. Hydrogen atoms are emitted for clarity. 
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TBF 18-Br 

Crystals of TBF 18-Br suitable for X-ray diffraction were grown by slow evaporation of a 

mixture of CH2Cl2–hexanes. 

  

Crystal system: triclinic 

Space group: P-1 

Unit Cell Parameters: a = 8.4143(4) Å, b = 10.5591(6) Å, c = 11.8568(6) Å, α = 104.559(2)°, 

β = 94.001(2)°, γ = 91.502(2)°, volume = 1016.09(9) Å3, ρcal g/cm3 = 1.501, Z = 2, R = 8%. 

 

 

  

 

Figure 3.31. a) Solid-state structure of TBF 18-Br and b) packing of 18-Br molecules. 
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Figure 3.32. Solid-state superstructure of TBF 16-Br. Lattice is made up of 2×2×2 unit cells in order to illustrate the crystal packing. Projections are viewed along the crystallographic 

a) a-, b) b-, and c) c-axes. Hydrogen atoms are emitted for clarity. 
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TBF-I 

Crystals of TBF 18-I suitable for X-ray diffraction were grown by slow evaporation of a 

mixture of CH2Cl2–hexanes. 

 

  

Crystal system: triclinic 

Space group: P-1 

Unit Cell Parameters: a = 8.5929(4) Å, b = 10.6641(5) Å, c = 11.8010(5) Å, α = 102.913(2)°, 

β = 93.960(2)°, γ = 91.642(2)°, volume = 1050.45(8) Å3, ρcal g/cm3 = 1.601, Z = 2, R = 5%.

  

 

Figure 3.33.  a) Solid-state structure of TBF 18-I and b) packing of 18-I molecules. 
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Figure 3.34. Solid-state superstructure of TBF 16-I. Lattice is made up of 2×2×2 unit cells in order to illustrate the crystal packing. Projections are viewed along the crystallographic a) 

a-, b) b-, and c) c-axes. Hydrogen atoms are emitted for clarity. 
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TBF 10 

Crystals of TBF azide 10 suitable for X-ray diffraction were grown by slow evaporation of a 

mixture of CH2Cl2–hexanes. 

Crystal system: monoclinic 

Space group: P21/n 

Unit Cell Parameters: a = 11.2354(4) Å, b = 14.5637(6) Å, c = 15.6833(6) Å, α = 90°, β = 

91.251(2)°, γ = 90°, volume = 2565.63(17) Å3, ρcal g/cm3 = 1.324, Z = 4. R = 12%. 

Figure 3.35. a) Solid-state structure of TBF 10 and b) packing of TBF 10 molecules. 
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Figure 3.36. Solid-state superstructure of TBF 10. Lattice is made up of 2×2×2 unit cells in order to illustrate the crystal packing. Projections are viewed along the crystallographic a) 

a-, b) b-, and c) c-axes. Hydrogen atoms are emitted for clarity. 
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 Absorption and Emission Spectroscopy 

Samples were prepared in anhydrous, spectroscopic grade solvents and with the aid of 

sonication to afford complete dissolution. Steady-state absorption and fluorescence emission 

spectra were recorded at room temperature (298 K) in quartz cuvettes (10 mm and 10 ×10 mm 

path lengths, respectively) and corrected with respect to the pure solvent. All fluorescence 

samples were excited at 390 nm and spectra recorded using a standard 90º detector set. 

Figure 3.37. Normalized UV-Vis (solid line) and emission (dashed line) spectra of TBF alkyne 1 (black) and TBF 

azide 10 (red) in CH2Cl2. Spectra measured at 298 K. Excitation at 390 nm. 

Figure 3.38. a) UV-Vis and b) emission spectra of TBF 18-Cl and c) UV-Vis and d) emission spectra of TBF 18-

Br in various solvents: DCM (black), THF (light blue), DMF (yellow), o-DCB (dark blue) and Toluene (pink). 

Spectra measured at 298 K. Excitation at 390 nm 
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 Cyclic Voltammetry 

Cyclic voltammograms of TBF 1, 10, 18-Cl, 18-Br and 18-I were recorded at room 

temperature in deaerated CH2Cl2 solutions with 0.1 M TBAPF6 as supporting electrolyte under 

an argon atmosphere using a standard three-electrode set up. See Experimental section 3.4.1 

for full experimental details. Table 3.2 (CH2Cl2) and Table 3.3 (DMF) summarises energy level 

and band gap parameters derived from solution-state experiments. The current intensity is 

directly proportional to the square-root of the scan rate for each CV experiment which reveals 

that all first- and second-wave cathodic/anodic processes are highly reversible. 

 

Table 3.2. Optoelectronic properties calculated by UV-Vis spectroscopy and cyclic voltammetry in CH2Cl2 

[a] solution, [b] Onset of absorption, [c] EHOMO = –(Eox+4.75) eV, [d] ELUMO = EHOMO + Egap eV 

 

Table 3.3. Optoelectronic properties calculated by UV-Vis spectroscopy and cyclic voltammetry in DMF 

[a] solution, [b] Onset of absorption, [c] EHOMO = –(Eox + 4.75) eV, [d] ELUMO = EHOMO + Egap eV                             

[e] ELUMO = –(Ered + 4.75) eV 

 

Table 3.4. Optoelectronic properties calculated by UV-Vis spectroscopy and cyclic voltammetry in CH2Cl2. 

[a] solution, [b] Onset of absorption, [c] EHOMO = –(Eox + 4.75) eV, [d] ELUMO = EHOMO + Egap eV 

Compound λabs
a [nm] Egap

b
 [eV] Eox [V] HOMOc [eV] LUMOd [eV] 

TBF 1 379, 367 3.08 +1.11 –5.37 –2.29 

TBF 10 379, 367 3.08 +1.07 –5.33 –2.25 

Compound λabs
a [nm] Egap

b
 [eV] Eox [V] HOMOc [eV] LUMO [eV] 

TBF 1 380, 365 3.09 +0.96 –5.22 –2.13d 

TBF 10 381, 367 3.08 +0.96 –5.22 –2.14d 

2TBF 380, 364 2.13 +0.99 –5.21 –3.47e 

12TBF 381, 366 2.11 +0.82 –5.04 –3.45e 

Compound λabs
a [nm] Egap

b
 [eV] Eox [V] HOMOc [eV] LUMOd [eV] 

18-Cl 369 3.08 +1.15 –5.44 –2.34 

18-Br 369 3.08 +1.17 –5.43 –2.36 

18-I 371 3.08 +1.13 –5.39 –2.32 
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Figure 3.39. Cyclic voltammograms (100 mVs–1, 298 K) of a) TBF alkyne l and c) TBF azide 10 ([1.0 mM] in 

degassed CH2Cl2 containing 0.1 M TBAPF6 as supporting electrolyte. CV also collected at variable scan rates: 

50–1000 mVs–1 and current peak against the square root of the scan rate has been plotted showing a linear 

relationship that indicates redox-reversibility for both b) TBF 1 and d) 10. 

Figure 3.40. Current peak against the square root of the scan rate for a) 18-Cl, b) 18-Br and c) 18-I shows a linear 

relationship that indicates a fully reversible oxidation process for all three compounds. 
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 SEC–UV-Vis-NIR Analysis 

Spectroelectrochemical measurements were conducted on dearated anhydrous CH2Cl2 or DMF 

solutions containing 0.1 M TBAPF6 as the supporting electrolyte in an air-tight optically 

transparent thin-layer electrochemical (OTTLE) cell (path length ca. 0.2 mm) under an argon 

atmosphere at 298 K. See Experimental Section 3.4.1 for full experimental details. Upon  

re-applying a voltage of +0.2 V towards TBF 12+ (itself generated by applying a potential of 

+1.2 V) the characteristic TBF band (i.e., for neutral TBF) returns, confirming no degradation 

upon oxidation (Figure 3.41). In CH2Cl2 the absorption profile (Figure 3.42) of TBF 12+ is much 

more resolved. The C60 hexakis radical can also be generated with control compound 12Alk 

from applying a voltage of –1.1 V (Figure 3.43). 

 

Figure 3.42. UV-Vis absorption spectra of TBF alkyne 1 [1.0 mM] in deaerated anhydrous CH2Cl2 containing 0.1 

M TBAPF6 as the supporting electrolyte at 0.0 V (black line) and 1.2 V (brown line).  

Figure 3.41. UV-Vis absorption spectra of TBF alkyne 1 [1.0 mM] in deaerated anhydrous DMF containing 0.1 M 

TBAPF6 as the supporting electrolyte at 0.0 V (blue line) and 1.2 V (dark blue line). A constant potential +0.2 V 

was applied to re-reduce the compound (yellow line). 
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 Femtosecond Transient Absorption Spectroscopy (fsTA) 

Set up for fsTA was as follows; the laser is PHAROS from Light Conversion (wavelength: 

1030 nm, pulse duration: 180 fs, repetition rate: 1 KHz, power: 0.6 W). Part of the output is 

used to do third harmonic generation (THG), which produces 343 nm output that is used to 

pump the sample at a power of 0.5 mW. Another part of the output is used to pump a 2 mm 

sapphire plate to generate white light continuum (WLC), which is used to probe the dynamics 

of the excited states. The polarization of the pump is vertical to the optical table, while the 

polarization of the probe is parallel to the optical table. The spot sizes (Full Width @ 1/e2) of 

the pump and probe are 270 μm and 200 μm, respectively. The time delay between the pump 

and the probe is controlled by a 1 meter motorized translation stage (Zaber Technologies Inc. 

A-LST1000AKT07G06SU), which can generate a 6 ns delay. The pump is modulated by an 

optical chopper (Thorlabs Inc. MC2000B-EC) that is locked to the half frequency of the laser 

repetition rate to create an iterated pump on / pump off situation. The WLC goes through a 

spectrometer and the intensities at different wavelengths are monitored by a camera (Imaging 

Solutions Group LightWise LW-ELIS-1024A-1394). The camera is synchronized with the 

laser pulse to ensure it captures the spectrum of WLC pulse by pulse. The transient absorption 

spectrum at one fixed time delay is calculated by eq.1. 

∆𝑇/𝑇 = (∑(𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚𝑝𝑢𝑚𝑝−𝑜𝑛 −  𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚𝑝𝑢𝑚𝑝−𝑜𝑓𝑓)/𝑆𝑝𝑒𝑐𝑡𝑟𝑢𝑚𝑝𝑢𝑚𝑝−𝑜𝑓𝑓)/𝑁

𝑁

𝑖=1

 

(eq. 1) 

Figure 3.43. UV-Vis spectrum of 12Alk [1.0 mM] in in deaerated anhydrous CH2Cl2 containing 0.1 M TBAPF6 as 

the supporting electrolyte at 0.0 V (black line) and at –1.15 V (orange line) when the sample has been fully reduced. 

Inset shows low intensity absorptions between 400–1200 nm. 
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where N is average number, in our case N=500. By changing the time delay between pump and 

probe, we obtain the whole transient absorption spectra. All data was collected following 

excitation at 343 nm; all samples prepared at 100 uM in DMF using a 1 mm path length cuvette. 

Figure 3.44. Decay measured at a) 568 nm, b) 740 nm and c) 695 nm for 12Alk following excitation at 343 nm. 

Decay is fit to exponential decay.  

Figure 3.45. Decay measured at a) 568 nm, b) 740 nm and c) 695 nm for TBF alkyne 1 following excitation at 343 

nm. Decay is fit to exponential decay. 
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Figure 3.46. Decay measured at a) 568 nm, b) 740 nm and c) 695 nm for hexakis-adduct 2TBF following excitation 

at 343 nm. Decay is fit to exponential decay. 

Figure 3.47. Decay measured at a) 568 nm, b) 740 nm and c) 695 nm for hexakis-adduct 12TBF following excitation 

at 343 nm. Decay is fit to exponential decay. 
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Synopsis 

The implementation of functionalised C60 hexakis-adducts in photo- and electro-active 

materials is an emergent area of research. The selective functionalisation of fullerene scaffolds 

instils bespoke properties that can be exploited for high performing devices and materials. We 

envisaged that a Th-symmetrical hexakis-adduct of fullerene with 12 redox-active naphthalene 

diimide (NDI) electron acceptors could direct charge as an active layer in an organic electronic 

device. Solid-state self-assembly investigations by UV-Vis and PL spectroscopies provide 

evidence of varying intermolecular aggregation (i.e., potential charge-transport pathways) 

between a small family of novel acceptor molecules. Space-charge-limited diodes have been 

fabricated to calculate the electron-only mobility of the acceptor materials. Contrary to our 

initial hypothesis, for non-optimised devices we observe greater charge mobility (μe) in the 

model compounds of the hexakis-adduct system, with the fullerene species shown to be a poor 

electron transporting material. We also hypothesised a tetrabenzo[a,c,g,i]fluorene (TBF) 

hexakis-adduct of fullerene could be used as an organic dopant to increase the photocatalytic 

dye degradation properties of a semiconductor catalyst, i.e., ZnO. Solid-state analyses by FTIR 

and UV-Vis spectroscopies provides evidence for the integration of the hexakis-adduct and 

ZnO in a composite. An increase in dye degradation efficacy is observed for the composite in 

comparison to undoped ZnO. Additionally, the composite has wide applicability as it is 

effective against several types of dye and has high recyclability, which will serve it well in 

applications beyond the lab. As photo- or redox-active materials, these first-generation 

functionalised molecules should pave the way for fullerene hexakis-adducts to be viable 

candidates for various useful applications. 
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4.1 Introduction   

Classically, the synthesis of higher-order fullerene derivatives—especially those with  

Th-symmetry—was not possible until the fullerene azido-functionalisation strategy1 was 

developed by the Nierengarten group in 2008. Capitalising on Sharpless’s CuAAC (Cu(I) 

azide-alkyne cycloaddition) ‘click’ reaction2, the Nierengarten group have pioneered the 

synthesis, characterisation and properties analysis of functionalised fullerene hexakis-adducts. 

Indeed, they have designed many derivatives that have useful applications in biological 

systems. For instance, carbohydrate functionalised fullerenes ‘sugar balls’3 have been found to 

be anti-adhesive against bacterial infection whereas polycationic hexakis-adducts have gene 

delivery capabilities.4 The successful application of these fullerene derivatives depends not 

only on the embedded ‘clicked’ functionality, but also on the precise three-dimensional (3D) 

arrangement of said pendant units. However, the applications of such systems in organic 

electronic materials are still limited, even though the controlled functionalisation of fullerene 

hexakis-adducts has enabled the study of fundamental redox- and photo-controlled processes. 

To this extent, viologen5, BODIPY6 and polycyclic aromatic hydrocarbon (PAH)7 

functionalised fullerenes have been studied (for full discussion see Chapter 1, Section 1.4.2). 

There is one example from Völker et al. who have integrated (Figure 4.1) a triaryl-amine 

functionalised hexakis-adduct into a perovskite with the fullerene species having a dual role, 

Figure 4.1. a) Chemical structure of fullerene hexakis-adduct FU7. b) Proposed PSC architecture showing energy 

level gradients; FU7 can serve as a p-type semiconductor whilst also preventing the backflow of electrons towards 

the anode. 
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i.e., acting as an electron-blocking unit and providing a means for hole-transport—these 

properties are facilitated by the C60 core and the pendant aromatic units, respectively.8 

Clearly, there is an untapped potential in the implementation of fullerene hexakis-adducts in 

organic electronic materials for real-life applications. With the growing need for functional 

organic molecules that allow for more tuneable, compact and cheaper nanotechnologies, 

fullerene derivatives are poised to emerge as functional organic molecules that have 

applications in a multitude of fields.  

The progress so far in regards to the development of functional fullerene hexakis-adducts for 

optoelectronic applications has been discussed in Chapter 1. Despite the benefits of 

constructing 3D macromolecules that have tailored redox properties, integration of such 

molecules into devices for, e.g., organic electronics, is still rare. Here, two different 

applications of fullerene hexakis-adducts 12NDI (Figure 4.2, see Chapter 2) and 12TBF  

(see Chapter 3) are discussed. Capable of accepting a minimum of 24 electrons, i.e., two per 

NDI unit, 12NDI has the potential to serve as an electron-transporting material for conductivity 

applications. The solid-state assembly of 12NDI, and the constituent compounds that are used 

to form the fullerene species, is investigated by UV-Vis and PL (photoluminescence) 

spectroscopies as well as scanning electron microscopy (SEM). Space-charge-limited diodes 

have been fabricated containing an active layer of the novel acceptor compounds, with carrier 

mobility calculated using the space-charge-limited-current model. In the non-optimised 

devices, we observe the structurally less complex acceptors, i.e., 2NDI  

(μe = 0.8 × 10–6
 m2 V–1 s–1) and 1NDI (μe = 1.5 × 10–8

 m2 V–1 s–1), to have the greatest charge 

mobility capabilities and these molecules could function as active layers in semiconductor 

devices. Likewise, we can tailor the properties of functionalised hexakis-adducts by installing 

electron-rich pendant donor units. These donor–acceptor hybrid fullerene derivatives display 

light-harvesting properties that are reminiscent of natural photosynthetic systems.  

Donor–acceptor fullerene 12TBF exhibits multi-redox and light-harvesting properties, as 

identified by cyclic voltammetry (CV) experiments and UV-Vis and PL spectroscopies (see 

Chapter 2). When combined with zinc oxide (ZnO), a common inorganic photocatalyst, 12TBF 

is shown to mitigate the high h+ and e– recombination rates that limit the use of ZnO in practical 

dye photodegradation applications. To this end, a composite of 12TBF with ZnO has been 

prepared and characterised by FTIR and UV-Vis spectroscopies, as well as powder X-ray 

diffraction (PXRD) which confirms a change to the optical properties upon composite 

formation but no change in the crystalline form of the ZnO nanoparticles. The  

organic–inorganic composite has been investigated as a photocatalyst for dye degradation with 

increased efficacy observed for the composite, in comparison to lone ZnO, for five industrially 

relevant dyes. A mechanism has been proposed to rationalise the increased efficacy with our 
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current understanding that efficient h+ transfer from the TBF units to ZnO prevents h+ and e– 

recombination on the inorganic catalyst. There is promise for both 12NDI and 12TBF to find 

use as functional molecules in two very different, but important applications. These studies 

were primarily conducted by collaborators, and presented here is my interpretation of the data. 

4.2 NDI–Fullerene Hybrids as Electron Transport Materials 

To date, there are ample examples of p-type semiconductors with excellent charge carrier 

mobilities whereas there are far lower performance comparable n-type organic semiconductor 

materials9. For injection charge to be facilitated by n-type organic materials, electron-deficient 

molecules that have low energy LUMOs (i.e., lowest unoccupied molecular orbital) are 

required. In addition, for the material to be stable in air, its LUMO energy ideally falls below 

that of water and oxygen, where –4 eV tends to be favourable. Fullerene acceptors (FAs)1 and 

their derivatives have been extensively studied as electron acceptor materials owing to their 

high electron affinity, mobility and their ability to percolate charge in thin films as well as in 

Figure 4.2. Chemical structure of a) fullerene hexakis-adduct 12NDI, b) divalent 2NDI, c) fullerene hexakis-adduct 

12Alk as well as d) monovalent 1NDI. 
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binary material mixes (e.g., bulk hetrojunction organic solar cells). However, FAs have 

inherent limitations with their poor synthetic flexibility, as well as their high propensity to 

degradation. Consequently, new classes of electron acceptor materials, prosaically termed non-

fullerene acceptors (NFAs), have come about as alternatives to traditional FAs. Specifically, 

rylene imide dyes such as perylene diimide (PDI) and naphthalene diimide (NDI) have emerged 

as promising candidates to replace traditional FA-based materials. As electron-deficient 

molecules, PDI and NDI have low energy LUMOs and thus are capable of behaving as n-type 

organic semiconductors. We rationalised that the electron sharing capabilities of 12NDI and 

2NDI (Figure 4.2b) would allow them both to mediate charge in an organic electronic device 

(OED). Whereas 12NDI has the potential to form extended charge-transport pathways in 3D 

space (Figure 4.3a), divalent 2NDI (Figure 4.3b) shares similar photophysical properties yet 

different self-assembly properties. In addition to 12NDI and 2NDI, the synthesis of 

electronically active control compounds, i.e., a fullerene core bearing no NDI units, 12Alk 

(Figure 4.2c), and a monomer NDI species bis-hexyl NDI (1NDI, Figure 4.2d) has allowed for 

the study of charge mobility in a small family of FA/NFA and FA–NFA hybrids.  

4.2.1 Solid-State Self-Assembly of Acceptor Molecules 

First, we investigated the solid state intramolecular NDI π-interactions of the acceptor 

molecules using absorption and emission spectroscopies. Neat thin films were prepared by 

drop-casting o-dichlorobenzene solutions onto quartz substrates that were dried overnight 

under vacuum (<0.1 mbar). o-Dichlorobenzene (o-DCB) is a common solvent used in organic 

electronic device fabrication as it can solubilise fullerene derivatives, however, it was also 

chosen to encourage10 intramolecular NDI π-interactions during evaporation of the solvent. 

Optical absorption analysis is important in identifying aggregation and the presence of potential 

charge transport pathways between molecules. The thin-film absorption spectra of 1NDI, 2NDI 

Figure 4.3. Potential intra- and intermolecular NDI assembly pathways of a) 12NDI and b) 2NDI that may lend 

themselves to charge-transport pathways in the active layer of device. 
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and 12NDI (solid lines, Figure 4.4) all display the characteristic NDI peaks (i.e., ca. 360 and  

380 nm) between 300–400 nm. In the solid state, 1NDI shows a peak at 369 nm with a λmax at 

392 nm. However, the ratio (A380/A360) between the two absorptions is inverted in 2NDI and 

12NDI (1NDI = 1.09, 2NDI = 0.95 and 12NDI = 0.95). These observations indicate there is 

greater propensity for NDI intermolecular aggregation in 2NDI and 12NDI. However, the 

onset of absorption is lower in energy for 1NDI (λonset = 417 nm) and 2NDI (λonset = 424 nm) in 

comparison to 12NDI (λonset = 409 nm) which also indicates that NDI aggregation is present for 

the model acceptor molecules 1NDI and 2NDI.  

The NDI aggregates can be further identified with a loss of vibronic structure in their emission 

profiles that is concomitant with the rigidification of closely coupled NDI units in the 

electronically excited state. Extensive excimer-like emission (i.e., <450 nm) is observed  

(dotted lines, Figure 4.4) for all NDI compounds. For 1NDI, a significant contribution from 

lower energy emission (λem.max = 606 nm) is observed in comparison to higher energy  

excimer-like emission (λem.max = 439 nm). The lower energy emission suggests extensive 

intermolecular NDI aggregation is present for 1NDI, thus confirming the ground state 

observations by UV-Vis spectroscopy.11,12,13  On the other hand, the intensity of these emission 

bands at ca. 460 and 580 nm are inverted for 2NDI and broadened which indicates extensive 

intermolecular NDI aggregation is present in what is likely a different packing arrangement to 

that observed for NDI1.14 Similarly, a different packing arrangement is rationalised from the 

emission profile of 12NDI, in which the higher energy emission (λem.max = 479 nm) is further 

red shifted (Δλ = 19 nm) than 2NDI. Additionally, the emission profile shows a significant 

Figure 4.4. Solid-state absorption spectra of 12NDI (black line), 12Alk (blue line), 2NDI (green line) and 1NDI 

(gold line); samples were prepared by drop-casting o-DCB solutions onto quartz before drying overnight under 

vacuum. Solid-state emission profiles of 12NDI (black dotted line), 12Alk (blue dotted line), 2NDI (green dotted 

line) and 1NDI (gold dotted line). 
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contribution in the NIR region between 525 and 700 nm. The lower-energy emission could 

arise from intramolecular NDI aggregation around the hexakis-adduct, however, it is likely that 

both inter- and intramolecular NDI aggregation is present between the fullerene molecules. 

For 12Alk, emission from the fullerene core is observed at (λem.max = 700 nm), significantly  

lower in energy from that of the excimer-like NDI aggregates. Ultimately, the broadened  

emission profiles indicate there is different aggregation—and potential charge transport  

pathways—between the NDI units for 12NDI, 2NDI and 1NDI. 

SEM analysis was then conducted to investigate the morphologies of the thin films. Whereas 

the morphology is not a direct indication of the bulk aggregation, it can identify highly 

crystalline or amorphous aggregation patterns that may in turn relate to the self-assembly of 

the organic molecules. The resulting intermolecular forces that drive molecular assembly into 

highly ordered aggregates can be very important in forming close contacts between conjugated 

sites that provide efficient pathways for the delocalisation of charge. SEM samples were 

prepared on silicon wafers from solutions in o-DCB. The dried organic deposit was coated in 

gold nanoparticles (10 nm) before imaging with an FEI Helios dual-beam scanning electron 

microscope (see Experimental Section 4.4.1 for full substrate preparation details and Figures 

4.19–21, appendix for additional images). The surface morphology of 1NDI reveals a highly 

crystalline state (Figure 4.5a) wherein long-range ordering is present, i.e., plates of up to  

Figure 4.5. Scanning electron micrographs of a) 1NDI, b) 2NDI, c) 12NDI and d) 12Alk, drop-cast from  

o-DCB solutions (1 mg/ mL) onto pristine silicon wafers. Magnification: 10000x. 
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30 μM in length are observed. Observations are significantly different for divalent compound 

2NDI wherein fibrillar aggregates (Figure 4.5b) are most common. Additionally, some areas 

of monodisperse spherical aggregates (4 µm in diameter, see Figure 4.20e, appendix) are 

observed, likely forming as a result of concentration gradients upon the drying of the films. In 

comparison to 2NDI, the increased molecular flexibility (i.e., intramolecular folding) may 

allow for the controlled assembly into spherical aggregates. However, the main morphology 

observed is the fibrillar aggregation. In contrast, no noticeable morphology is observed (Figure 

4.5c) from drop-cast solutions of 12NDI, with what is most likely an amorphous thin film of 

compound. This loss in ordered assembly (in comparison to 2NDI) is expected owing to the 

spherical molecular shape that should hinder packing of aggregates into crystalline domains. 

The formation of the thin film may provide a controlled 3D network of favourable  

π-interactions between NDI units on neighbouring 12NDI molecules. This controlled 

morphology is evidenced by analysis of 12Alk where with areas of much greater disorder and 

varying particulate sizes are present (Figure 4.5d). As there are only non-directional 

interactions between neighbouring 12Alk molecules, there is no aid to forming a uniform thin 

film as demonstrated with the aromatic interactions that can drive assembly of 12NDI. With 

evidence of varying self-assembly processes, likely dictated by intermolecular NDI 

aggregation in the solid state, attention was turned to fabricating space-charge-limited diode 

devices. As electron only devices, the electron transport in the bulk materials can be calculated. 

This work was completed by a fellow PhD student in the Department of Engineering at Durham 

University—David A. Palacios-Gomez, under the supervision of Professor Chris Groves. 

4.2.2 Charge Mobility Studies of Acceptor Molecules 

The field effect transistor (FET) and space-charge-limited current (SCLC) methods are both 

widely used to measure the charge mobilities of organic semiconductor materials.15–17 One of 

the advantages of using the SCLC model is that the properties can be measured using thin films, 

with a device fabrication that is similar to that of an organic photovoltaic (OPV). To focus on 

the electron-only properties of the FA/NFA and FA–NFA hybrids, the devices (Figure 4.6a) 

were sandwiched between PEDOT:PSS (Figure 4.6c) and LiF electrodes; PEDOT:PSS has a 

work function of 5.2 eV and therefore hole injection into the HOMO of the novel acceptors is 

supressed (Figure 4.6b). The synthesised materials were tested for electron transport in 

electron-only devices by the SCLC method, with a device configuration of 

glass/ITO/PEDOT:PSS/active layer/LiF/Al (see Appendix and Supplementary Information 

Section 4.3.3 for full device preparation details). Following active layer deposition, the devices 

were thermally annealed at 120 °C for 10 minutes.  
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Generally, the thicker an active layer, the more likely disorder may be present resulting in 

increased h+ and e– recombination and therefore a lower carrier mobility.18,19 However, we 

fabricated devices with thin (ca. 100 nm) and thick (ca. 250 nm) active layers to determine if 

performance was limited by injection currents or space-charge currents, with the latter allowing 

for the performance of the semiconductor material to be calculated. A quadratic relationship 

between voltage (V) and the current density (J) reveals that current is dominated by carriers 

injected from the contacts and that performance correlates to space-charge currents. Hence, the 

current is only dependent on mobility which in turn can be estimated from J–V measurements, 

e.g., via the Mott–Gurney (eq. 1) method. High charge carrier mobility would be expected from 

materials that have high conductivity such as a metal or highly doped semiconductor and this 

is beyond the scope of the Mott–Gurney method—a linear relationship between V and J is 

observed in this situation. 

𝐽 =  
9

8
𝜀0𝜀𝑟𝜇

(𝑉𝑎𝑝𝑝−𝑉𝑏𝑖)2

𝑑3                       (eq. 1) 

𝐽 = current density, 𝑑 = thickness of active layer, 𝑉𝑎𝑝𝑝 = applied potential, 𝑉𝑏𝑖 = built-in 

potential, 𝜀0= vacuum permittivity, 𝜀𝑟 = permittivity of active layer, 𝜇 = electron mobility of 

material. 

Devices were fabricated with active layers of the NDI compounds 12NDI, 2NDI and 1NDI. In 

addition, devices containing an alkyl-substituted fullerene hexakis-adduct 12Alk and PCBM 

were also fabricated as controls with inefficient and efficient charge mobility performance, 

respectively. The charge mobility results are summarised in Table 4.1.  

Figure 4.6. a) Schematic of the device architecture. b) HOMO and LUMO energy levels of the materials used to 

construct the active layer of the devices as well as HOMO energy levels for PEDOT:PSS and LiF (Vbi = 1.5V). c) 

Chemical structures of macromolecular salt PEDOT:PSS.  
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Table 4.1. Summary of charge mobility described by SCLC model for devices constructed as 

glass/ITO/PEDOT:PSS/active layer/LiF/Al; Vbi of 1.5V. 

Active Layer Thickness (nm) µelectron mobility (m2 V–1 S–1) 

PCBM 240 2.90 × 10–6 

12Alk 200 1.03 × 10–11 

12Alk 145 1.43 × 10–11 

1NDI 248 0.73 × 10–8 

1NDI 100 1.50 × 10–8 

2NDI 220 0.80 × 10–6 

12NDI 189 2.47 × 10–11 

12NDI 139 0.82 × 10–11 

12NDI;2NDI [1:1] 191 3.00 × 10–9 

12NDI;2NDI [1:2] 167 1.75 × 10–8 

A SCLC diode comprising PCBM was characterised to validate the working device 

architecture and provide a benchmark for assessing the performing of devices involving novel 

active materials. PCBM is a well-known, and well-studied, electron-acceptor material that has 

a mobility of μe = 2  x  10–7 m2 V–1 s–1.20 Although thin-film (120 mm) devices comprising 

Figure 4.7. J–V dark characteristics of electron-only devices based on glass/ITO/PEDOT:PSS/PCBM/LiF/Al for 

a) thin (120 nm) and b) thick (240 nm) films. c) Experimental electron transport (square) measured by SCLC (solid 

line) with a mobility of 2.90 × 10–6 m2 V–1 S–1 using Vbi of 1.5 V. *Electron mobility not measured for the thin film 

due to the linear J–V behaviour which is not characteristic of the SCLC model. 
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PCBM did not display charge mobility behaviour within the space-charge regime (i.e., 

characterised by a linear J–V curve; Figure 4.7a), thicker devices (240 mm; Figure 4.7b) 

allowed us to determine by eq. 1 a charge mobility of 2.90 × 10–6 m2 V–1 S–1 using Vbi of 1.5 V. 

This value is similar to that observed in the literature20 and therefore confirms the integrity of 

the device architecture.  

Attention was then turned towards characterising the charge mobility of the NDI derivatives. 

Absorption and emission studies of 1NDI suggested there was extensive intermolecular NDI 

aggregation and therefore the presence of extended charge-transport pathways. SEM analysis 

of 1NDI also identified highly crystalline domains that were representative of a highly ordered 

morphology. Thin-film (100 mm) and thicker (248 nm) devices comprising of 1NDI displayed 

charge mobility behaviour within the space-charge regime (i.e., characterised by a quadratic  

J–V curve; Figure 4.8a), allowing us to determine by eq. 1 charge mobilities of  

1.50 × 10–8 m2 V–1 S–1 and 0.73 × 10–8 m2 V–1 S–1 using Vbi of 1.5 V for the 100 and 248 nm 

films, respectively. These modest charge carrier mobilities for 1NDI are 1–2 orders of 

magnitude lower than those of similar NDI derivatives,21 however, for a non-optimised device, 

these values are promising. Kumar et al. have shown21 that annealing the active layers at high 

temperatures (200 °C) can enforce greater structural order and high carrier mobility for simple 

Figure 4.8. J–V dark characteristics of electron-only devices prepared with glass/ITO/PEDOT:PSS/1NDI/LiF/Al 

for a) 100 and c) 248 nm films. Experimental electron transport (square) as described by SCLC measurement (solid 

line) with a mobility of 1.50 × 10–8 m2 V–1 S–1 at 100 nm b) and 0.73 × 10–8 m2 V–1 S–1 at 248 nm d) using, Vbi of 

1.5V. 
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alkyl-substituted NDI derivatives. They also rationalised the improved charge transport 

properties were as a result of long range π-aggregation and reduced orientation disorder, in a 

similar manner to that also discussed by Avinash et al.22  

For the divalent NDI species 2NDI, the photophysical, as well as morphology studies, 

suggested a significantly different assembly of NDI units in comparison to 1NDI. Extensive 

NDI intermolecular aggregation was confirmed by emission spectroscopy with SEM analysis 

revealing a morphology that was dominated by fibrillar assembly, i.e., a more amorphous 

morphology than that of 1NDI.  Thin-film (83 mm) devices comprising 2NDI displayed linear 

J–V behaviour not within the space-charge regime indicating that charge mobility is high for 

the divalent molecule. Thicker devices (220 nm; Figure 4.8b) allowed us to determine by  

eq. 1 a charge mobility of 0.8 × 10–6 m2 V–1 S–1 using Vbi of 1.5 V. This relatively high mobility 

is 1–2 orders of magnitude greater than that observed for 1NDI, and is likely facilitated by 

greater long-range assembly of NDI units. The SEM morphology analysis showed less order 

for 2NDI (than the crystalline 1NDI), however, the fibrillar networks may provide more 

extensive charge-transport pathways that can govern increased charge mobility. With 

optimisation via various annealing temperatures and potentially the addition of morphology 

Figure 4.9.  J–V dark characteristics of electron-only devices based on glass/ITO/PEDOT:PSS/2NDI/LiF/Al for a) 

thin (83 nm) and b) thick (220 nm) films. c) Experimental electron transport (square) measured by SCLC (solid line) 

with a mobility of 0.8 × 10–6 m2 V–1 S–1 using Vbi of 1.5 V. *Electron mobility not measured for the thin film due to 

the linear J–V behaviour which is not characteristic of the SCLC model. 
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controlling additives, the enhanced electronic properties of 2NDI could lead it to be a 

promising candidate for implementation into an organic electronic device. 

The FA–NFA hybrid 12NDI is functionalised with 12 NDI units that are distributed in 3D 

space. If the molecular packing is in a similar manner to that observed for 2NDI—the closely 

related ‘ungrafted’ arm of 12NDI—then extended charge transport pathways may be possible 

throughout the thin film. Thin-film (139 mm) and thicker devices (189 nm) comprising 12NDI 

displayed quadratic J–V behaviour within the space-charge regime allowing us to determine 

charge mobilities of 0.82 and 2.47 × 10–11 m2 V–1 S–1 using Vbi of 1.5 V for the 139 and  

189 nm films, respectively. The low carrier mobilities are similar to alkyl-substituted fullerene 

hexakis-adduct control 12Alk (1.43 × 10–11 and 1.03 × 10–11 m2 V–1 S–1 using Vbi of 1.5 V for  

145 and 200 nm thick films, respectively; Figure 4.23, appendix). These data suggest the 

percolation of charge is not being facilitated by the NDI units in 12NDI, but by the fullerene 

hexakis-adduct core which itself is an ineffective material for charge transport. Comparing the 

molecular design of 12NDI to Völker’s fullerene FU7 (vide supra, Figure 4.1), it is possible 

that increased linker length between the C60 core and the NDI residues, as well as increasing 

the density of NDI residues on each arm, may facilitate higher levels of charge mobility. The 

Figure 4.10. J–V dark characteristics of electron-only devices prepared with glass/ITO/PEDOT:PSS/12NDI/LiF/Al 

for a) 139 and c) 189 nm film. Experimental electron transport (square) as described by SCLC measurement (solid 

line) with a mobility of 0.82 × 10–11 m2 V–1 S–1 at 139 nm b) and 2.47 × 10–11 m2 V–1 S–1 at 189 nm d) using,  

Vbi of 1.5 V. 
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increased molecular flexibility may promote the formation of long-range charge transport 

pathways between NDI residues as observed for 2NDI. In order to probe if incomplete  

NDI–NDI charge-transport pathways were the cause of the low mobility observed for 12NDI, 

blends of 12NDI and 2NDI were fabricated. Here, the mobility (Figures 4.24/25, appendix) 

rose linearly with increasing amount of 2NDI in the blend, suggesting that 12NDI and 2NDI 

were not intercalating to form extended charge transport pathways.    

We have implemented our novel acceptor molecules into the fabrication of space-charge-

limited diodes. The devices have been used to calculate the charge mobility of the materials as 

electron-only devices using the space-charge-limited current model. In conjunction with their 

photophysical as well as morphology studies, the observed carrier mobilities can be rationalised 

and understood. The best performing device is that with an active layer of 2NDI that has a 

charge mobility of 0.80 × 10–6 m2 V–1 S–1; a high mobility such as this suggests that 2NDI could 

find use in an organic electronic device. Following device optimisation from, e.g., annealing 

the active layers at various temperatures or from the addition of additives, the formation of 

more ordered charge-transport pathways may be realised. These preliminary charge mobility 

studies indicate there is promise for NDI-functionalised fullerene hexakis-adducts to be used 

as functional organic materials for applications in charge delocalisation and conductivity. 

Increasing the local concentration of NDI units may provide more complete charge-transport 

pathways for high levels of charge mobility, whilst maintaining the advantages of having a 

processable and morphology-controlled material for organic electronic materials. Additionally, 

an NDI-substituted hexakis-adduct with increased molecular flexibility may facilitate a 3D 

network for charge delocalisation in a manner that is currently not possible for 12NDI. Device 

optimisation and the synthesis of these compounds is currently underway. 

4.3 A Donor–Acceptor Fullerene for Water Remediation  

Depending on the functional unit, fullerene hexakis-adducts can have applications as, e.g., 

diodes, transistors or photovoltaics. However, organic electronic materials are not the only 

potential application when hexakis-adducts are functionalised with redox-active units. For 

instance, fullerene hexakis-adducts can be integrated into inorganic composites to alter the 

properties of functional semiconductor materials. Specifically, photocatalysis using metal 

oxides (MOs) is an area of research that currently strives for increased efficacies by composite 

formation with organic dopants. Here, we explore a composite of 12TBF with the aim of 

overcoming some of the current limitations with the use of ZnO a photocatalyst. Donor–

acceptor hexakis-adduct 12TBF has light harvesting applications, multi-redox activity and 
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potential binding affinity with two-dimensional (2D) substrates that may aid h+ and e– 

recombination on ZnO thereby increasing the photocatalytic efficacy with regards to dye 

degradation applications.  

Water pollution is a global problem that is growing in severity. Rapid population growth, as 

well as the boom of the textiles industries, has fuelled water pollution with organic materials 

that are extremely harmful to not only humans, but aquatic life and animals too.23 Over the past 

20 years, researchers have developed various strategies for treating water polluted with waste 

organic dyes with photocatalysis emerging as a front-runner. MOs such as TiO2 and ZnO have 

been extensively investigated as semiconductor photocatalysts; they are low-cost, resistant to 

erosion and non-toxic.24,25 Upon sunlight irradiation, TiO2/ZnO form charge carriers as h+ and 

e– pairs. Subsequently, a series of chemical reactions (Scheme 4.1) can occur that generate 

species such as •OH (eq. 2), H2O2 (eq. 2) and •O2
– (eq. 3), that are responsible for degrading 

organic pollutants in water.  

However, one of the major drawbacks in accessing high levels of photocatalytic activity for 

ZnO and titanium dioxide (TiO2) is the rapid recombination of the h+ and e– pairs. The large 

band gaps for MO also limit their absorption from the visible-light region of solar energy.25 In 

order to generate high concentrations of reactive species such as hydrogen peroxide (H2O2), 

organic additives such as electron acceptor materials, e.g., graphene, can be used to prevent 

recombination on the MO by trapping the charge carriers and increasing the amount of solar 

energy that can be harvested by the catalyst.26–30 Additionally, fullerenes such as C70
31

 and C60
32 

have also been explored as acceptor materials that increase the photocatalytic efficacy of ZnO 

and TiO2, respectively. To date, the use of fullerene hexakis-adducts has not been explored for 

increasing the efficacy of MOs with regards to dye degradation applications. Yet, these systems 

could offer electron-acceptor, light-harvesting and anti-photocorrosive properties that would 

increase the device performance of semiconductor photocatalysts.  

Fullerene hexakis-adduct 12TBF (Scheme 3.2, see Chapter 3 for synthesis and optoelectronic 

characterisation) is as a multi-redox molecule that possesses light-harvesting properties. We 

envisaged that 12TBF could enhance the photocatalytic efficiency of ZnO by participating in 

redox reactions that prevent recombination of h+ and e–
 on ZnO and ultimately the generation 

of degrading radical species. In addition, interaction of 12TBF with the inorganic nanoparticles 

Scheme 4.1. Upon photoirridation, h+ and e– pairs form on MO nanoparticles; these are the sites upon which O2 and 

H2O ultimately form reactive species such as •O2
–, •OH and H2O2 that degraded organic pollutants such as dyes. 
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could also modify the band gap and therefore increase the extinction coefficient of absorbed 

solar energy, i.e., in the visible region, to further increase photocatalytic efficacy. 

4.2.1 Preparation of a TBF-Fullerene–ZnO Composite 

To make (Scheme 4.2) the organic–inorganic composite, ZnO was first dispersed in ethanol by 

sonication (see Appendix and Supplementary Information Section 5.3.5 for full synthetic 

details). The organic compound was then added to the ZnO suspension and the components 

were mixed in the dark before drying. 

Initially, a composite containing 1wt% 12TBF was prepared with FTIR spectroscopy used to 

confirm the presence of 12TBF in the composite. ZnO is typically identified by a band  

(Figure 4.11) at ca. 520 cm–1 in the FTIR spectra.33 Additionally, bands at 3400 cm–1 and 

between 1300–1750 cm–1 correspond to surface interactions with air, i.e., water and carbon 

dioxide. For the composite, these bands (Figure 4.11) arising from surface interactions are 

diminished significantly, suggesting that 12TBF is decorated as a layer across the surface of 

the ZnO nanoparticles. The band at 520 cm–1 has also shifted to a lower wavenumber which 

suggests a lengthening of the Zn–O bond and an interaction with 12TBF. The aromatic C–H 

stretches of the TBF units are observed in the composite at ca. 3000 cm–1, however, no 

significant shifts are observed in comparison to bare 12TBF. 

Scheme 4.2. Preparation of 12TBF-ZnO composite. The ZnO was initially dispersed using sonication for 1 hr. 
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PXRD patterns were then collected in order to probe any change to the crystalline structure and 

size of ZnO upon composite formation. The PXRD pattern of bare ZnO (Figure 4.29, appendix) 

indexed to the well-established (100), (002), (101), (102), (110), (103), (200), (112), (201), 

(004), (202) crystal planes of its hexagonal lattice geometry.34 The diffraction patterns are 

relatively unchanged for the ZnO-C60 and ZnO-12TBF composites suggesting there is no 

significant change to the crystalline structure of ZnO following composite preparation. The 

ZnO particle size was calculated for each composite using the Debye–Scherrer equation using 

2θ = 35.9.  

𝐷 =
𝐾𝜆

𝛽ℎ𝑘𝑙𝑐𝑜𝑠𝜃
     (eq.4) 

where βhkl is the integral half width, K is a constant equal to 0.9, k is the wave length of the 

incident X-ray (k = 1.5406 Å), D is the crystallite size, and θ is the Bragg angle. 

The crystallite sizes were found to be 30.4, 32.6 and 31.4 nm for ZnO, C60-ZnO and 

12TBF-ZnO, respectively, confirming that the preparation of the composites did not alter ZnO 

particle sizes. Furthermore, the similar crystallite sizes confirms that the surface area of the 

ZnO nanoparticles will be of similar size and therefore the number of reactive sites available 

for dye degradation processes should be the same throughout, with the change in efficacy 

directly correlated to the organic dopant.    

To probe any changes to the band gap of ZnO, UV-Vis diffuse-reflectance spectroscopy (DRS) 

was conducted (Figure 4.27, appendix) for the composite materials and Tauc plots, which allow 

for the direct band gap energy, were generated (Figure 4.12 and see Figure 4.28, appendix). 

ZnO was calculated to have an apparent band gap of 3.08 eV, which is similar to that previously 

reported for ZnO nanoparticles.35 For C60-ZnO and 12TBF-ZnO, the apparent band gap is 

Figure 4.11. FTIR spectra of individual components ZnO (blue) and 12TBF (black), and composite 12TBF-ZnO 

(red). 
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increased to 3.14 and 3.19 eV, respectively. Here, a blue shift in absorption could be evidence 

of Burstein–Moss (BM) effect36, i.e., if the conductance band of ZnO is populated with 

electrons, the e– excited from the valence band will be forced to occupy a higher energy band. 

Consequently, a blue shift in absorption and an increase in the band gap occurs.With evidence 

that the properties of ZnO are modified—even at 1 wt%—attention was then turned towards 

dye degradation experiments with a staple dye, Rhodamine B (RhB). 

4.3.2 Dye Degradation Properties of a TBF-Fullerene–ZnO Composite 

With the 12TBF-ZnO composite in hand, dye degradation studies were initially performed in 

aqueous solutions of RhB dye at varying concentrations of RhB. In order to fully understand 

the donor–acceptor fullerenes role, control composites were prepared and analysed alongside 

with all composites at 1wt % dopant. All experiments were carried out under irradiation of light 

for 120 minutes and the concentration of dye in solution was monitored by steady-state  

UV-Vis spectroscopy. The dye removal efficacy of composites was calculated using eq. 5 

below.  

Removal of Dye (%) = (Ci-Cf) /Ci ×100           (eq. 5) 

Ci = initial concentration of dye and Cf = final concentration of dye. 

Initially, composites were screened for their photocatalytic activities to degrade RhB dye at  

1 wt% doping of organic material. UV-Vis spectroscopy was used to monitor the removal of 

dye from solution, i.e., the degradation efficacy. Composite 12TBF-ZnO outperforms  

(Figure 4.13) all other control composites, as well as ZnO, for all experiments at various 

Figure 4.12. Tauc plots i.e., plot of (Ahν)2 vs. energy (eV) for ZnO (blue), C60-ZnO (purple), 12TBF-ZnO (red) 

and 12TBF (black); A = absorption, hν = incidence photon energy. Inset shows calculated optical band gap (Eopt) 

taken from x-axis intercept. 
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starting concentrations of dye. At 12 ppm of dye, the 12TBF-ZnO composite still removes 75% 

of dye from solution whereas the performance of ZnO drops to 34%. All other controls perform 

at 52–61% at 12 ppm, significantly less than that of 12TBF-ZnO; this confirms it is necessary 

to have the TBF units situated in a 3D space at a high local concentration around the fullerene. 

Generally, as the concentration of dye increases in solution there is a drop in efficacy. This 

behaviour is in line with other dye degrading semiconductor catalysts and is caused by the 

overcrowding of ZnO by dye and by-product molecules, in addition to the dye molecules 

blocking transmission of energy to ZnO.37  

All composites were tested at 1 wt% doping of organic material, however, in order to optimise 

the performance of the 12TBF-ZnO composite, various loading wt% of 12TBF were explored. 

At the lowest starting concentration of dye (2 ppm) there is an improvement in performance 

for the 3.0 wt% and 5.0 wt% composites, with 96% and 97% removal of dye, respectively 

(Figure 4.14a/b). However, at greater concentrations of dye (12 ppm) the performance of the  

5 wt% composite decreases to 67% whereas the 3.0 wt% composite still performs above 80%. 

This type of behaviour is in line with previously published organic–ZnO composites that have 

deteriorating performance at high levels of organic doping.30 The photocatalytic performance 

decreases with excessive amounts of 12TBF as direct irradiation of ZnO is diminished with 

12TBF covering the surface and forming large, light-absorbing aggregates.  

The instability of ZnO under UV irradiation can hinder its implementation as an effective 

photocatalyst. However, UV absorbing barriers–such as graphene oxide sheets—can increase 

the durability of ZnO by supressing photo-corrosion and therefore increasing its photocatalytic 

efficiency.38 In order to test the recyclability of the 12TBF-ZnO composite, repeat tests with 

Figure 4.13. Removal of RhB from solution at varying initial concentrations (2–12 ppm). 12TBF-ZnO composite 

(blue line) consistency outperforms all other controls for each experiment. 
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the same composite were completed for the degradation of RhB (12 ppm) solutions. The 3 wt% 

12TBF-ZnO composite had an efficacy of 80% for the first dye degradation experiment. After 

5 cycles, 62% of dye is still removed (Table 4.2) from solution by the composite, which is 77% 

reproducible in comparison to the efficacy of the first experiment. This high level of 

reproducibility serves 12TBF-ZnO as a genuine candidate for a hybrid photocatalyst with high 

efficacy.  

Table 4.2. Recyclability of 12TBF-ZnO (3 wt%) catalyst; after 5 cycles, 61.8% of dye is still removed from solution.  

 

 

 

 

 

To demonstrate the diverse use of the composite, degradation studies were then conducted on 

a range of industrially relevant dyes. Here, dyes of differing molecular structure will have 

varying susceptibilities to degradation, however, the composite should always outperform ZnO 

when working as an efficient photocatalyst. The photocatalytic efficacy of the 12TBF-ZnO 

composite was compared against undoped ZnO for Reactive Blue 4 (RB4, 50 ppm), Quinoline 

Yellow (QY, 12 ppm), Methylene Blue (MB, 20 ppm) and Safranin (SO, 20 ppm); all 

degradation was monitored by UV-Vis spectroscopy (Figure 4.15). Although the concentration 

is varied for each dye, the 12TBF-ZnO composite consistently outperforms ZnO (Figure 4.15). 

Indeed, for MB the composite approaches near 100% removal of dye from solution, in 

comparison to just 64% for ZnO.  

Cycle Removal of Dye / % 

1 80.4 

2 73.5 

3 65.6 

4 65.0 

5 61.8 

Figure 4.14. a) Removal of Rhodamine B from solution using 12TBF-ZnO composite at varying wt% loading of 

12TBF. b) Sample images of the best performing composite 3 wt% 12TBF-ZnO vs. ZnO. 
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In order to quantify the rate of dye degradation for the best performing composite, the removal 

of RhB from solution was monitored over time using the 3 wt% composite. A solution of RhB 

(12 ppm) was mixed with the 3 wt% 12TBF-ZnO composite and aliquots were taken every  

30 minutes (for 180 minutes) with the concentration of dye remaining calculated by UV-Vis 

spectra measurements (Figure 4.16a and see Figure 4.30, appendix for spectra). The reaction 

was found to follow a Langmuir–Hinshelwood mechanism for catalysis at the surface of ZnO, 

i.e., a heterogeneous catalytic process.37,39 The photocatalytic degradation reaction followed 

pseudo first-order kinetics with respect to irradiation time (Figure 4.15b) and the rate constant 

values were estimated by the pseudo first-order eq.5:  

ln(Ci/Cf) = kt                 (eq. 5) 

Figure 4.15. UV-Vis absorption spectra for dye degradation studies on a) RhodamineB, b) Quinoline Yellow, c) 

Reactive Blue 4, d) Safranin Orange and e) Methylene Blue; red line = before treatment, pink like = ZnO treatment, 

orange line = 12TBF-C60 treatment. Bar chart shows comparison between the two treatments for each dye. 
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K = pseudo first order rate constant for degradation of dye (in min–1), t = irradiation time (in 

min.), Ci = initial concentration of dye and Cf = final concentration of dye. 

To compare the efficacy, the rate of dye degradation was also quantified using bare ZnO (see 

Supporting Table 4.3, appendix). Plotting ln(Ci/Cf) against irradiation time allowed for the 

calculation of the rate constants, with k = 6 × 10–3 and k = 15 × 10–3 for ZnO and 12TBF-ZnO, 

respectively. With a confirmed enhancement in efficacy, i.e., 2.5 × increase in rate, attention 

was then turned towards deciphering the likely mechanism for the increased performance. 

The optical bands gaps that were calculated for the composites (DRS UV-Vis spectroscopies) 

indicated that there were no significant changes to the amount of sunlight irradiation that could 

be absorbed and therefore this reasoning behind the increased efficacy in comparison to ZnO 

is unlikely. However, an increase in the apparent band gap of the 12TBF-ZnO composite was 

indicative of a BM effect which could be evidence for less h+ and e– recombination in ZnO. As 

a donor–acceptor hybrid, 12TBF is bestowed with oxidative as well as reductive units. Owing 

to the poor electron affinity of the fullerene hexakis-adduct core of 12TBF (ELUMO = –3.5 eV) 

it is not thermodynamically feasible for photoexcited electrons in ZnO (conductance  

band = –4.1 eV) to be transferred to the LUMO of 12TBF. On the other hand, h+ transfer 

between a photogenerated h+ on ZnO and a TBF unit on 12TBF is thermodynamically 

favourable as the valence band for ZnO is –7.8 eV whereas the EHOMO of TBF is –5.1 eV. With 

12TBF adsorbed at the surface of the ZnO nanoparticles, there is a high local concentration of 

TBF units and therefore multiple h+ transfer reactions can occur simultaneously for separate 

TBF units of 12TBF. With efficient h+ transfer taking place, the recombination of 

photogenerated h+ and e–
 on ZnO could be significantly reduced. Subsequently, the 

concentration of dye degrading species (i.e., •O2
–, •OH, H2O2) at the surface of ZnO is increased, 

which ultimately results in a greater removal of dye from solution. This proposed mechanism 

Figure 4.16. a) Ratio of final concentration of dye (Cf) vs. initial concentration (Ci) of Rhodmaine B dye throughout 

duration of experiment for both ZnO (red line) and 3wt% 12TBF-ZnO (black line). b) Plot of ln(Ci/Cf) vs. 

irradiation time allows for the calculation of the rate constant for dye degradation; the behaviour is pseudo first 

order. ZnO = –0.006 min–1, 12TBF-ZnO (3 wt%) = –0.015 min–1
. 
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would agree with the blue-shift in absorption for the 12TBF-ZnO composite in comparison to 

pure ZnO that might arise from the BM effect. Furthermore, the TBF-ZnO composite i.e., with 

a monomeric TBF unit, only showed 55% efficacy for the degredation of RhB in comparison 

to 3 wt% 12TBF-ZnO (75%) which suggests that crowing of TBF units in 3D space is required 

to access the higher performing composites. The mechanistic processes are depicted in Figure 

4.17. 

In summary, these results show that the organic–inorganic composite, i) can increase the 

efficacy of ZnO for dye degradation applications and ii) has increased photo-stability owing to 

the ZnO surface shielding by 12TBF molecules. With a clear observation that the donor-

acceptor C60 hexakis-adduct increases the performance of ZnO, further photophysical 

investigations could help elucidate and gain further insight into the mechanism behind the 

increased efficacy. Whereas the performance has been demonstrated for 3 wt% 12TBF-ZnO, 

we are currently investigating the ‘multivalent’40 effect that is bestowed on the fullerene 

scaffold from the full decoration with 12 TBF units. A second fullerene hexakis-adduct, 2TB 

(Chapter 3), that bears only two TBF units, has been used to form a new ZnO composite from 

which a comparison can be made with 12TBF-ZnO. Currently, dye degradation experiments 

are being conducted on the 2TBF-ZnO composite. If there is an unprecedented increase in 

performance between the di- and dodeca-decorated fullerenes, this could be evidence of a 

synergy that relates to a multivalent effect.  

Figure 4.17. Suggested mechanism for photocatalytic degradation of dye molecules. The recombination of photo 

generated h+ and e– on ZnO is lowered thanks to effective h+ transfer from the TBF moieties of 12TBF. Electron 

transfer from the conductance band of ZnO to the LUMO of C60 is thermodynamically unfavourable.  
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4.5 Conclusions 

Following the fundamental properties analysis of the key molecules in Chapters 2 (12NDI)  

and 3 (12TBF), we rationalised that our hexakis-adduct fullerene molecules could have 

applications in organic electronic and photocatalytic materials. We have implemented our 

novel acceptor molecules into diodes and have calculated the charge mobility as electron-only 

devices using the space-charge-limited current model. The non-optimised devices calculate a 

charge mobility of ca. 1 × 10–11 m2 V–1 S–1 for 12NDI, significantly less than for model 

compound 2NDI (1 × 10–6 m2 V–1 S–1). Indeed, alike 12Alk, the observed charge mobility is 

extremely low. These data suggest that despite the decoration of NDI units in 3D space, 

sufficient charge-transport pathways are not formed between molecules to mediate charge 

throughout the active layer. Device optimisation from, e.g., annealing the active layers at 

various temperatures or from the addition of additives, should improve the performance of the 

devices. However, the changing of the pendant aromatic unit (e.g., to a PDI unit) and/or 

quantity of the pendant units (e.g., in branched system) may also facilitate greater charge 

mobilities for fullerene hexakis-adducts. Hexakis-adduct 12TBF is poised for further 

investigations that could help explain the increased dye degradation efficacy of ZnO when used 

as a composite. Currently, h+ transfer from the TBF units to a vacant h+
 site on ZnO is 

rationalised as the main contributor for the increased efficacy. The recyclability of the 

composite has been demonstrated with high levels of degradation still observed after five 

Figure 4.18. Chemical structure of [5:1] hexakis-adduct 2TBF, functionalised with only two TBF units. 
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cycles. Additionally, the degradation of five industrially relevant dye has shown the wide 

applicability of the composite, i.e., it is a versatile photocatalyst for degradation. Currently, we 

are investigating the dye degradation efficacy of a [5:1] hexakis-adduct composite,  

i.e., 2TBF-ZnO, that may not only help deduce the mechanism behind the increased 

performance for 12TBF, but also provide evidence for a ‘multivalency’41 effect. Here, proving 

a multivalent effect is responsible for the increased device performance could inspire the design 

of bespoke fullerene hexakis-adducts that have emergent properties in photo- and redox-active 

materials. 
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4.6 Experimental Details 

4.6.1 General Materials and Methods 

Materials: All reagents and solvents were purchased from commercial suppliers (Merck, 

Acros Organics, Alfa Aesar, Fischer Scientific, Tokyo Chemical Industry or Fluorochem) and 

used without further purification unless stated otherwise. Compounds 2NDI, 12NDI, 12Alk 

were synthesised following procedures described in Chapter 2) and 12TBF, 2TBF, TBF were 

synthesised following procedures described in Chapter 3. Anhydrous solvents were obtained 

from a Solvent Purification System and stored over activated (>250 °C at 0.01 mbar overnight) 

3 Å molecular sieves under an Ar atmosphere. Solvents and solutions required for air-sensitive 

manipulations were degassed thoroughly using a minimum of three freeze–pump–thaw cycles 

and the flask back-filled under an Ar atmosphere.  

Product confirmation: Analytical thin layer chromatography (TLC) was performed on 

aluminium-backed silica gel 60 plates pre-loaded with F254 indicator (Sigma-Aldrich) and 

visualised under UV light irradiation (254 and 365 nm). Nuclear magnetic resonance (NMR) 

spectra were recorded using a Varian VNMRS-700 (1H and 13C nuclei = 700.130 and 176.048 

MHz, respectively) spectrometer at a constant temperature of 298 K. Operating temperatures 

of the NMR spectrometers were measured with the aid of a MeOH internal calibrant. All  

13C NMR experiments were proton decoupled. Chemical shifts (δ) are reported in parts per 

million (ppm) relative to the signals corresponding to the residual non-deuterated solvents 

(CDCl3: δH = 7.26, δC = 77.16 ppm). Coupling constants (J) are reported in Hertz (Hz) and  

1H multiplicities are reported in accordance with the following: s = singlet, d = doublet,  

t = triplet, q = quadruplet, p = pentet, m = multiplet. NMR spectra were processed using 

MestReNova software, Version 11.  

Sample analysis: UV-Vis absorbance data were collected using a Cary 5000 Series  

UV–Vis–NIR spectrophotometer (Agilent Technologies) at room temperature. UV-Vis DRS 

spectra were collected on a UV 2600, Shimadzu spectrometer. The steady-state 

photoluminescence (PL) of films were measured using Jobin Yvon Fluoromax and Fluorlog 

spectrophotometers, respectively, against machine-specific calibration curves.  An FEI Helios 

dual-beam scanning electron microscope (SEM; 3.0 kV) was used to image the morphology of 

thin-film specimens. SEM samples were prepared by drop-casting 50 µL of a solution in o-

dichlorobenzene (0.1 mg/ mL) onto pristine silicon wafers that were dried thoroughly overnight 

under reduced pressure (<0.01 mbar). A Cressington Scientific sputter coater equipped with a 

Au/Pd target and MTM-10 thickness monitor was then used to coat samples with a thin 

conductive layer (10 nm) immediately before SEM images were taken. PXRD data was 
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collected on a Rigaku mini flex-II Desktop X-Ray diffractometer. PXRD scans were collected 

between 5 to 80 degrees, with Cu Kα radiation. 

Space-charge-limited Diode Device Preparation: ITO coated glass substrates (VisionTek 

systems LTD) with sheet film resistance of 7 Ω and 19.5 mm by 16.5 mm were first cleaned 

by ultrasonic bath in 2-propanol, acetone, Decon 90 and de-ionised water for 15 min each. 

After cleaning, substrates were blown dry with nitrogen gas and then treated with UV-oxygen 

plasma, 100W, for 10 min. Using a Laurell spin coater, a layer of 200 µL of  

poly(3,4-ethylenedioxythiophene): poly styrenesulfonate PEDOT:PSS (Heraeus CLEVIOStm 

P VP AI 4083) was spin coated (after passing through 0.2 µL syringe filter) at 2500 rpm for 45 

s on top of the ITO before thermally annealing all substrates at 140 °C for 10 min. Substrates 

were then moved into a glovebox to spin coat active layers. Solutions of [6,6]-phenyl-C60-

butyric-acid-methyl-ester (PCBM) and 12NDI were prepared with a combination of CHCl3 

and o-DCB (90:10 ratio, dissolved in 600 µL) containing 18 mg and 10 mg to produce thick 

(∼250 nm) and thin (∼100 nm) films respectively. Compounds 1NDI and 12Alk were prepared 

only with CHCl3 containing 18 mg and 10 mg to produce thick (∼250 nm) and thin (∼100 nm) 

films respectively. Compound 2NDI was prepared with CHCl3 using 18 mg dissolved in 1200 

µL. 12NDI, 12Alk, 2NDI, and 1NDI solutions were heated in a hot plate at 50 °C while stirring 

for 4 hours before film deposition. A 100 µL of active layer was spin coated at 1000 rpm for 

60 s on top of the PEDOT:PSS layer. For 1NDI, 2000 rpm for 60 s were used (both for 18 mg 

and 10 mg) and for 2NDI 1000 rpm for thin devices and 500 rpm for thick devices. Thermal 

annealing for 10 min at 120 °C was carried out prior to vacuum deposition (6.0 × 10–6 torr). A 

1 nm layer of lithium fluoride and 100 nm of aluminium were thermally evaporated through a 

shadow mask with an active area of 3.53 × 10–6 m2.  

4.6.2 Experimental Procedures 

N,Nʹ-Bis(hexyl)naphthalene diimide (1NDI): Compound 1NDI was 

prepared according to a literature42 procedure without further 

modification. The product was recrystallised from hot DMF and dried 

thoroughly under high vacuum prior use in device studies. Spectroscopic 

data were consistent with those previously published.42 

 1H NMR (CDCl3, 700 MHz, 298 K): δH 8.76 (s, 4H), 4.20 (t, J = 7.5 Hz, 

4H), 1.75 (p, J = 7.2 Hz, 4H), 1.36–1.45 (m, 12H), 0.91 (t, J = 6.9 Hz, 6H).  
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4.7 Appendix of Supplementary Data and Discussion 

4.7.1 Solid-State Thin Film Absorption and Emission 

We investigated the ability of 12NDI, 2NDI and 1NDI to form solid-state intra- and 

intermolecular NDI interactions using absorption and emission spectroscopies. Intramolecular 

NDI interactions were encouraged by drop-casting o-DCB solutions containing each analyte 

(0.1 mg/ mL) onto quartz substrates. Thin films were allowed to cure by slow evaporation of 

the solvent under ambient conditions before drying films completely under vacuum at 0.1 mbar 

overnight. Quartz substrates were routinely cleaned prior to preparation of thin films by rinsing 

in concentrated aqueous sulphuric acid followed by water then acetone before drying in an 

oven at 100 °C for at least 1 h. 

4.7.2 Scanning Electron Microscopy (SEM) Images 

SEM analysis was used to gain insight into the morphology of the acceptor compounds in the 

solid state. All SEM samples were drop cast from solutions (0.1 mg/ ml) of o-DCB onto  

pre-cut silicon wafers before drying under high vacuum (<0.01 mbar for 16 h at 25 °C).  

 

 

 

 

 

Figure 4.19. Scanning electron micrographs of 1NDI drop-cast from o-DCB (0.1 mg/ mL) onto pristine silicon 

wafers. Magnification: a) 1000x and b) 3500x. 
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Figure 4.21. Scanning electron micrographs of (a,b) 12NDI and (c,d) 12Alk drop-cast from o-DCB solutions  

(0.11 mg/ mL) onto pristine silicon wafers. Magnification: 1000x and 3500x show a thin film with irregular sized 

aggregates throughout, providing evidence for thin-film formation of 12NDI driven by favourable π-interactions 

between molecules. 

Figure 4.20. Scanning electron micrographs of 2NDI, drop-cast from o-DCB (0.1 mg/ mL) onto pristine silicon 

wafers. Magnification: (a–c) 10000x and (d–f) 3500x. 
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4.7.3 Charge Mobility in Space-Charge-Limited Diode (SCLC) Device 

The acceptor materials were tested for electron transport in electron-only devices by the SCLC 

method, with a device configuration of glass/ITO/PEDOT:PSS/active layer/LiF/Al (see 

Experimental Section 4.4.1 for full device preparation details). A total of 264 devices were 

fabricated (Figure 4.22). 

Figure 4.22. The substrate configuration with diode area (dashed line) of 3.53 × 10–6 m2). 

Figure 4.23. J–V dark characteristics of electron-only devices prepared with glass/ITO/PEDOT:PSS/ 

12Alk/LiF/Al for a) 145 nm and c) 200 nm film. Experimental electron transport (square) as described by SCLC 

measurement (solid line) with a mobility of 1.43 × 10–11 m2 V–1 S–1 at 145 nm b) and 1.03 × 10–11 m2 V–1 S–1 at  

200 nm d) using, Vbi of 1.5V. 
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Figure 4.26. Dimer 2NDI doping in a 12NDI:2NDI blend and its effect on electron transport. 

Figure 4.24. a) J–V dark characteristics of electron-only devices for binary mixture of 12NDI:2NDI with a 1:1 ratio 

prepared with glass/ITO/PEDOT:PSS/active layer/LiF/Al with film thickness of 191 nm film. b) Experimental 

electron transport (square) as described by SCLC measurement (solid line) with a mobility of 3.00 × 10–9 m2 V–1  

S–1 using Vbi of 1.5V, for this blend. 

Figure 4.25. a) J–V dark characteristics of electron-only devices for binary mixture of 12NDI:2NDI with a 1:2 ratio 

prepared with glass/ITO/PEDOT:PSS/active layer/LiF/Al with film thickness of 167 nm film. b) Experimental 

electron transport (square) as described by SCLC measurement (solid line) with a mobility of  

1.75 × 10–8 m2 V–1 S–1 using Vbi of 1.5V, for this blend. 
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4.7.4 Composite Preparation 

General Procedure for the preparation of ZnO composites: 

ZnO (500 mg) was dispersed in ethanol (50 ml) and sonicated for 1 hour at rt. The dispersed 

ZnO was taken in a 100 ml single neck round-bottom flask. The organic compound (5 mg) was 

dissolved in CHCl3 (5 mL). The organic solution was then added dropwise into the dispersed 

ZnO solution over 5 minutes away from light. After complete addition, the cloudy reaction 

mixture was stirred vigorously for 1 h under dark conditions. The reaction mixture solvent was 

removed by rotary evaporation and the composite was dried for 12 h under high vacuum oven 

at 65 ºC to obtain solid powders. The prepared composites e.g., 12TBF-ZnO, were used as 

photocatalysts for the degradation of Rhodamine B (RhB) dye. Similarly, the TBF-ZnO,  

C60-ZnO, and 12Alk-ZnO composites were also prepared in this manner. In the case of  

C60-ZnO, C60 (5 mg) was dissolved in toluene (5 ml) prior to addition to the dispersed ZnO 

mixture. The composites were used as control compounds in the dye degradation studies.  

4.7.5 UV-Vis Diffuse Reflectance Spectroscopy (DRS)  

The UV-Visible spectroscopy studies were conducted on UV 2600, Shimadzu spectrometer, 

with a scan speed of 200 nm/ min. A tauc plot (i.e., (Ahν)2 vs. hν, Figure 4.27) was used to 

determine the optical band gap of the materials.   

 

Figure 4.27. UV-Vis DRS spectra of ZnO (blue), 12TBF (black), composites 12TBF-C60 (red) and C60-ZnO 

(purple). 
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4.5.6 Powder X-Ray Diffraction (PXRD) 

Powder X-ray diffractions were conducted on a Rigaku mini flex-II Desktop X-Ray 

diffractometer. Scans were conducted between 5 to 80 degrees, with Cu Kα radiation. The 

PXRD pattern of bare ZnO was 2θ = 31.40°, 34.06°, 35.92°, 47.24°, 56.32°, 62.54°, 66.04°, 

67.6°, 68.76°, 72.76° and 76.74° 

 

Figure 4.28. Tauc plot (Ahν)2 vs. hν) used to determine the optical band gap of ZnO (blue), 12TBF (black), 

composites 12TBF-C60 (red) and C60-ZnO (purple). 
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Figure 4.29. Powder X-ray diffraction patterns for ZnO (blue), and composites (1 wt%) of C60-ZnO (black) and 

12TBF-ZnO (red). Typical diffraction paterrn for pure ZnO is: 31.37° (100), 34.03° (002), 35.86° (101), 47.16° 

(102), 56.21° (110), 62.51° (103), 66.08° (200), 67.58° (112), 68.74° (201), 72.23° (004), 76.71° (202). No 

significant diffraction peak shifting is observed for the composites. 
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4.7.6 Photocatalytic Degradation Studies  

Rhodamine B (RhB) was used as a model dye to estimate the photocatalytic dye degradation 

capability of the composites. The prepared photocatalysts were studied systematically for 

degradation of RhB under sunlight in different experimental conditions. The degradation of 

RhB dye was calculated in terms of percentage by using the equation:  

Percentage removal = (Ci-Cf) /Ci ×100 

Ci = initial concentration of dye and Cf = final concentration of dye 

Initially, the photodegradation of RhB solution was monitored at different concentrations 

ranging from 2 ppm to 12 ppm with ZnO, C60-ZnO, 12TBF-ZnO, 12Alk-ZnO, and TBF-ZnO 

photocatalyst under 120 min irradiation of sunlight to confirm molecular design principle and 

optimise the photocatalytic activity of catalyst. After that, the concentration of dye solution 

was fixed (12 ppm) and the irradiation time of sunlight was varied ranging from 30 to 180 min 

with 20 mg of ZnO and 12TBF-ZnO. Generally, the photocatalytic degradation reaction 

followed pseudo first order reaction with respect to irradiation time and the rate constant values 

were estimated by the pseudo first order equation:  

ln (Ci/Cf) = kt  

k = pseudo first order rate constant for degradation of dye (in min–1) and t =  irradiation time 

in min.) 

 

 

 

 

Figure 4.30. UV-Vis absorption spectra of RhB solution (12 ppm) and its sequential degradation using 3 wt% 

12TBF-ZnO over 180 min at rt. 
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Table 4.3. Removal of RhB (12 ppm) dye from solution over time following catalyst treatment 

Irradiation time / min 
Removal of Dye / % 

ZnO 12TBF-ZnO 

30 21.5 40.1 

60 25.2 51.7 

90 30.1 66.4 

120 42.6 78.6 

150 58.5 91.2 

180 69.4 97.0 
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Synopsis 

Peptide recognition provides a highly versatile and tuneable strategy to direct aromatic 

assembly and afford the preparation of functional, one-dimensional (1D) organic materials 

comprising higher-order nanostructures. The wide availability and programmability of amino 

acids to generate self-assembling peptide sequences and their sensitivity to changes in their 

environment allows for the predictable construction of artificial β-sheets with stimuli 

responsive properties. By utilising directed hydrogen bonding networks between parallel or 

antiparallel peptide chains, specific cofacial 1D-alignment of functional aromatic surfaces can 

be enforced and exploited for their emergent optical and electron conducting properties. In 

doing so, we may achieve access to novel materials for fundamental structure–property 

investigations as well as for the development of advanced organic electronic devices.  

Relatively unexplored, macromolecular peptide assembly offers arguably the opportunity to 

effect controlled nanoarchitectures with i) greater stability over their energetically-limited 

supramolecular counterparts on account of their kinetic trapping as well as ii) more advanced 

structural hierarchy. Here, an NDI-embedded polypeptide (P1DMB) is targeted via a convergent 

synthetises of a peptide macromonomer that is poised for Cu(I)-catalysed azide–alkyne 

cycloaddition (CuAAC) polymerisation. P1DMB has stimuli responsive behaviour with the  

acid-labile dimethoxybenzyl (DMB) group acting as hydrogen bond blocking motif. Upon 

removal of the DMB group, the deprotected polymer (P1) should self-assemble with the 

macromolecular architecture promoting antiparallel β-sheet formation. J-aggregation of NDI 

units in the DMB protected polymer P1DMB is observed by UV-vis spectroscopy. Additionally, 

CD spectroscopy shows exciton coupling of NDI units via a Cotton effect, which arises owing 

to the formation of chiral assemblies. These NDI couplings are not pronounced in the protected 

macromonomer M1DMB providing evidence for π-assembly that is mediated by 

macromolecular folding directed by a β-turn mimic. CV experiments show that the NDI units 

within P1DMB are easier to reduce than for M1DMB as a consequence of favourable interactions 

between the electron-deficient NDI units in the partially folded polypeptide. Additionally, the 

full reduction of each NDI unit in the protected polymer to the dianionic state is achieved at a 

lower potential than for M1DMB, providing evidence for a hydrogen bond stabilised 

macromolecular architecture that can partially counteract electrostatically repulsive  

π-interactions between the embedded NDI units. Preliminary self-assembly studies by FTIR 

spectroscopy of deprotected polymer P1 suggest the desired 1D alignment of the polymer 

chains, i.e., the formation of β-sheet assemblies, can be facilitated following TFA-assisted 

DMB removal.  
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As a result of COVID, this project could not be completed, however, all synthetic targets have 

been made and self-assembly and optoelectronic characterisation is currently being completed 

in the group.  
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5.1 Introduction 

Artificial β-sheet assemblies offer access to 1D nanoscale geometries that open the door to 

materials with novel optoelectronic properties. Well-understood β-sheet-forming peptide 

sequences have been used to direct/enforce assembly of functionally-attractive aromatic units, 

most commonly via multicomponent supramolecular assembly of small peptide–π conjugates 

(e.g., π-peptide amphiphiles and π-embedded peptides).1–4 (See Chapter 1, Section 1.5.1 for 

discussion). Mediating π-assembly via a peptide-inspired macromolecular design is a relatively 

unexplored approach towards guiding the assembly of π-surfaces into 1D assemblies. Yet, the 

macromolecular strategy offers advantages such as i) stabilised/robust materials owing to the 

high molecular weight building blocks ii) more reliable assembly processes and iii) nanoscale 

structures of high fidelity. The nanoscale topologies of macromolecular self-assembled systems 

are often challenging to predict. However, Guan et al. have recently provided a strategy4 to  

β-sheet-forming macromolecules via a convergent synthetic approach utilising a 

‘macromonomer’. They used CuAAC5,6 to polymerise a peptide macromonomer (G1DMB, 

Figure 5.1,) composed of a hexapeptide sequence of alternating alanine and glycine residues, 

similar to the repeating amino acid sequences of β-sheet forming polypeptides found in spider 

silks.7 Furthermore, the polymerisation instilled a folding of the polypeptide via a  

1,4-substituted triazole β-turn mimic8. Guan and co-workers were able to apply9 their strategy 

to the convergent synthesis of a synthetic polypeptide PG1DMB that folds into well-defined  

β-sheets and further assembles into hierarchical nanofibrils.  

An acid-cleavable 2,4-dimethoxybenzyl (DMB) amide protecting group increases the 

solubility of PG1DMB  and inhibits premature assembly until it is removal with TFA. Following 

DMB deprotection of PG1DMB, the polymer (PG1, Figure 2) self-assembles into a fibrous 1D 

material with inherent β-sheet assemblies. This was confirmed by the presence of a minimum 

at λ = 206 nm and a maximum at λ = 105 nm in the CD spectrum, which is indicative of a 

β-sheet conformation. 10 Both TEM and AFM imaging identified that the β-sheets assemble 

into hierarchical amyloid-like nanofibrils, with widths of 3.8 ± 0.4 nm corresponding to the 

length of a single β-sheet and heights of 1.7–7 nm indicating the stacking of one to four layers 

Figure 5.1. The DMB-protected hexapeptide macromonomer G1DMB (           ) with azide and alkyne terminal 

moieties, synthesised by Guan et al.9 

G1DMB 
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of β-sheet bilayers in individual fibrils. Although not functional with respect to optoelectronic 

properties, the polymer was able to form 1D nanoscale structures with inherent hierarchical 

ordering. 

The approach on synthetic β-sheet forming polypeptides provides a predictable route to 

accessing polymers exhibiting high levels of structural order, both at the nanoscale in the 

formation of β-sheets and macroscopic scale via the formation of hierarchical nanofibrils. The 

work in this Chapter describes synthetic efforts to prepare naphthalene diimide  

(NDI)-embedded polypeptide foldamers inspired by a macromonomer strategy.  

DMB-protected alanine–glycine (AlaGly)n macromonomers containing a main-chain NDI unit 

are C- and N-terminated with reactive azide and alkyne groups, respectively, to enable ‘click’ 

polymerisation by CuAAC chemistry. The C–N sequence of the macromonomer will allow for 

anti-parallel β-strand formation in the polymer, wherein the intramolecular hydrogen bonding 

interactions are fully aligned between main chain –NH and –CO groups. Here, the enhanced 

alignment of the amino acid residues should also facilitate coplanar aggregation of NDI units 

for more efficient charge delocalisation to occur, i.e., for materials with high conductivity. 

Owing to the large π-surface of NDI and the potential for these units to participate in hydrogen 

bonding interactions, a route that mediates intramolecular NDI assembly should be applicable 

to other functional redox-active units such as pyromellitic and perylene diimide. 

 

  

 

Figure 5.2. Following polymerisation of a protected macromonomer, via CuACC chemistry, self-assembly into  

β-sheets and then nanofibers could be induced via acid treatment to remove the protecting group. 

G1DMB 

PG1DMB PG1 
PG1 
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5.2 Results and Discussion 

5.2.1 Convergent Synthesis of Macromonomers M1DMB and C1DMB 

The synthesis of DMB-protected peptide macromonomers for subsequent ’click’ 

polymerisation was approached using a convergent methodology. Retrosynthetic analysis of 

desired macromonomer M1DMB allowed for the identification of three key intermediates 

(Scheme 5.1) required for its convergent synthesis: two complementary CuAAC ‘clickable’ 

peptide end fragments, AlkyneGADMB and AzideAGX (x = C-activation group), and an 

asymmetric NDI amino acid, H2N-NDI-COOH.9  

The NDI ‘amino acid’ H2N-NDI-COOH was easily accessed (Figure 5.3) from  

1,4,5,8-naphthalenetetracarboxylic acid dianhydride (NDA) by pH-mediated synthesis11 of an 

asymmetric naphthalene monoimide carboxylic acid β-Ala-NMI  (98% yield) followed by its 

condensation N-Boc-ethylenediamine (4) to generate Boc-NDI-COOH (85% yield). Product 

NDI 5 was confirmed by 1H NMR spectroscopy (Figure 5.3) in which the peaks associated 

with NDI aromatic protons at δH 8.62 (7, 11, Figure 5.3) exhibit an AB pattern indicative of the 

asymmetric N,N-substitution. In addition, peaks at δH 4.17 (3, Figure 5.3) and 4.28 ppm  

(12, Figure 5.3) corresponding to two chemically-distinct α-imide proton environments 

confirm the asymmetric substitution of NDI 5. Mass spectrometry further confirmed NDI 5, 

with a peak at 481.1485 m/z (481.1472 m/z calculated for [M-H]– = C24H23N3O8).  

Scheme 5.1. The convergent synthesis of macromonomer M1DMB requires the synthesis of an asymmetric NDI 

amino acid (H2N-NDI-COOH), a C-activated alanine-glycine azide fragment (AzideAGX, X = activating group), 

and a 2,4-dimethoxybenzene (DMB) protected alanine-glycine alkyne fragment (AlkyneGADMB). 



Chapter 5 | A Macromonomer Route Towards an NDI-Embedded Polypeptide 

 

217 

The N-terminal peptide fragment 11 bearing the alkyne end group and a DMB protecting group 

was initially synthesised according to a modified literature procedure4 (Scheme 5.2). An 

EDC•HCl/HOBt-mediated amide coupling between N-Boc-glycine (6) and 1-amino-4-pentyne 

(7) in CH2Cl2, provided alkyne intermediate peptide 8 in 94% yield. Boc-deprotection of 8 in 

1:1(v/v) TFA–CH2Cl2, followed by a second EDC•HCl/HOBt coupling with N-Boc-alanine (9) 

yielded dipeptide AlkyneGABoc
 in 86% yield. The TFA salt of 10 was then subjected directly 

to reductive amination with 2,4-dimethoxybenzaldehyde using NaCNBH3 to afford the desired 

N-terminal fragment AlkyneGADMB
 in 74% yield. An alternative high-yielding preparation of 

AlkyneGABoc (82% yield) was also achieved by carrying out an EDC•HCl/HOBt-mediated 

amide coupling of the TFA ammonium salt of 1-amino-4-pentyne with dipeptide 12  

(Figure 5.4)—a common intermediate that is additionally used for the synthesis of N-terminal 

fragment AzideAGX (vide infra, Scheme 5.4). Approaching the synthesis of AlkyneGADMB in 

this manner means the use of precursors like dipeptide 12 (for preparation, see Scheme 5.4, 

vide infra) is maximised, encouraging a more efficient synthesis overall.  

Figure 5.3. Synthesis of β-Ala-NMI via the controlled condensation of β-alanine (9) and NDA (1) and subsequent 

synthetic step towards Boc-NDI-COOH (5) from condensation with N-Boc-ethylenediamine at 140 °C in 

anhydrous DMF. 1H NMR (DMSO-d6, 700 MHz, 298 K) spectrum of Boc-NDI-COOH. 
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The synthesis of fragment 17 (vide infra, Scheme 5.4) was originally envisaged using 

conventional orthogonal protecting group strategies involving a C-terminal ester functionality 

followed by saponification to free the C-terminus for peptide coupling. However, in our hands, 

the strong hydroxide conditions required to saponify said ester resulted in unwanted 

degradation products that could not be identified by NMR spectroscopy. Therefore, a  

C-activation route involving highly electron-withdrawing perfluorophenyl (Pfp) esters was 

Figure 5.4. 1H NMR (CDCl3, 400 MHz, 298 K) of AlkyneGABoc, synthesised from dipeptide intermediate 19. 

Amine 14b was used as the TFA salt, prepared and stored from the addition of 1 mole equivalence of TFA. 

Scheme 5.2. Synthesis of alkyne functionalised peptide fragment AlkyneGADMB using an orthogonal group 

protecting strategy. 
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instead used to avoid the need for base-mediated saponification and afford amide coupling to 

20 by straightforward nucleophilic attack. N-Boc-alanine (9) was Pfp-activated by  

DCC-mediated coupling with pentafluorophenol to afford 13 in 75% yield (Scheme 5.3). The 

rapid precipitation of the dicyclohexylurea (DCU) by-product is observed which is mostly 

removed from the reaction mixture by filtration. To remove trace amounts of DCU, the crude 

residue was subjected to reverse-phase column chromatography (C18: 0–100% H2O in MeOH) 

giving pure C-activated 13 in 75% yield. The Pfp-activated alkyl azide (15) was prepared and 

purified in a similar manner from 14 in 72% yield (Scheme 5.3). 

C-activated 13 and glycine (16) were coupled (Scheme 5.4) to form dipeptide 12, introduced 

previously as a common intermediate to DMB-protected alkyne 11. Partitioning the crude 

mixture between H2O and CH2Cl2 allowed for the removal of pentaflurophenol and excess 13 

from the organic phase with the crude dipeptide 12 purified by crystallisation from hot H2O to 

Scheme 5.3. Reaction scheme for the synthesis of Pfp-activated alanine 13, and of Pfp-activated alkyl azide 15, 

following the same procedure and work up. 

Scheme 5.4. Synthesis of AzideAGTfp via alanine-glycine intermediate 12, utilising Pfp- and Tfp-activated peptide 

coupling methods. 
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afford a final 99% yield. Single-crystal X-ray analysis (Figure 5.5) confirmed the absolute 

stereochemistry (S) of the key alanine-glycine intermediate. Indeed, multiple hydrogen bonds 

were observed between molecules in a pleated ordering (see Figure 5.35, appendix), boding 

well for the self-assembly properties of the repeat unit. 

Dipeptide 12 was then deprotected (1:1 v/v TFA–CH2Cl2) to yield the TFA ammonium salt 

(97% yield), which was subsequently coupled (Scheme 5.4) to 15 to give the desired N-terminal 

peptide fragment 17 in 93% yield. Successful purification of 17 was achieved using reverse-

phase chromatography (C18: 0–100% MeOH in H2O), with the addition of 0.1% TFA essential 

to keep the acid moiety protonated and prevent co-elution with DIPEA. The C-activated Pfp 

ester of 17 (AzideAGPfp) was initially pursued by DCC-mediated coupling of 17 with 

pentafluorophenol. 1H NMR analysis confirmed the reaction had gone to completion, however, 

the Pfp ester was found to have poor stability in water, as evidenced by recovery of 17 in large 

quantities from the aqueous layer. To reduce unwanted side reactions of the C-terminus of 

AzideAGPfp, the less reactive tetrafluorophenyl (Tfp) ester group was pursued instead, resulting 

Figure 5.6.  Partial 1H NMR (CDCl3, 700 MHz, 298 K) of AzideAGTfp, synthesised from 17 using EDC coupling 

reagent. 

Figure 5.5. a) Chemical structure and b) solid-state structure of dipeptide 12. 
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in AzideAGTfp (18, Figure 5.6). In this case, a combination of EDC•HCl and DIPEA was 

required to carry out the transformation of acid 17 to C-activated 18 in anhydrous THF. 

Following purification by normal-phase chromatography (SiO2: 100% EtOAc), the C-activated 

18 peptide fragment was successfully isolated in 83 % yield with no apparent side reactivity 

involving the Tfp ester observed this time. 1H NMR spectroscopy (Figure 5.6) confirmed the 

successful C-activation, with the aromatic proton at δH 6.98 ppm (1, Figure 5.6) and glycine 

protons at δH 4.38 ppm (2, Figure 5.6) integrating to 1 and 2, respectively. Furthermore, the 

glycine amide proton at δH 6.98 ppm (3, Figure 5.6) is significantly downfield shifted in 

comparison to the alanine amide proton at δH 6.37 ppm (3, Figure 5.6) which suggests that 

some intramolecular hydrogen bonding is present involving the glycine residue of AzideAGTfp. 

With AlkyneGADMB, AzideAGTfp and Boc-NDI-COOH available, the target protected 

macromonomer M1DMB could be finally prepared in addition to control macromonomer C1DMB 

(i.e., bearing no alanine–glycine residues) following a convergent synthetic approach  

(Scheme 5.5).  

In pursuit of M1DMB, Boc-NDI-COOH was Boc-deprotected in 1:1(v/v) TFA–CH2Cl2 before 

coupling to AzideAGTfp. Following removal of the reaction mixture solvent, the solid was 

triturated with EtOAc to remove excess AzideAGTfp and 1 M HCl to remove DIPEA, allowing 

NDI tripeptide 20 to be obtained in 90% yield. For the subsequent coupling with 

AlkyneGADMB, complete dissolution of tripeptide 20 was only possible at dilute concentrations 

(<0.01 M) in a mixture of DMF:DMSO 1:0.1(v/v), with the presence of DMSO also useful for 

Scheme 5.5. High yielding synthesis of M1DMB using both C-activation and orthogonal protecting group chemistry. 
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increasing the yield of peptide coupling reactions that induce molecular aggregation.12  

A coupling of the two fragments with HATU at 40 °C allowed for the target macromonomer 

M1DMB to be isolated by column chromatography (SiO2: 0–15% EtOH in CH2Cl2) in 

respectable yield (59%) given the coupling of a hindered secondary amine with a poorly soluble 

carboxylic acid peptide fragment.4 The product was confirmed by 1H NMR spectroscopy in 

which an AB quartet centred at δH 8.74 (18, 19, Figure 5.7) ppm was observed, indicative of 

an asymmetric N-substituted NDI system. Other proton peaks at δH 6.26 (27, Figure 5.7), 6.69 

(7, Figure 5.7), 6.88 (24, Figure 5.7), 6.98 (22, Figure 5.7) and 7.12 (5, Figure 5.7) ppm were 

indicative of the amide proton environments, showing evidence of five peptide bonds in the 

macromonomer. Peaks associated with the 2,4-dimethoxybenzyl group were also present at δH 

6.45 (12, 13, Figure 5.7) and 7.12 ppm (11, Figure 5.7), confirming the successful coupling. 

On closer inspection, geminal protons 4, 6, 10, 23 (Figure 5.7) are all split, e.g., J = 140 Hz for 

10, with the presence of chiral centres in M1DMB resulting in diastereotopic methylene proton 

environments. The significant splitting of the glycine methylene signals (6*, J = 286 Hz and  

23*, J = 124 Hz, Figure 5.7) indicates a pre-folding of the peptide chains in CDCl3, i.e., there 

are ‘two faces’ and geminal protons have differing chemical shifts.19 The pre-folding on M1DMB 

is likely driven by hydrogen bonds with the intramolecular folding further evidenced by the 

downfield shifting of the glycine amide signals (δH 6.70 and 6.92 ppm)13, with respect to the 

alanine amide proton (δH 6.32 ppm). In addition, the compound was further confirmed by mass 

spectrometry with a peak at 964.3976 m/z (964.3953 m/z calculated for [M+H]+ = 

C47H54N11O12).  

Figure 5.7. 1H NMR (CDCl3, 700 MHz, 298 K) spectrum of M1DMB. 
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The π-embedded design of macromonomer M1DMB is such that CuAAC click polymerisation 

will generate an artificial β-turn mimic via a 1,4-triazole that is expected to promote polymer 

folding into anti-parallel β-sheets upon removal of the DMB protecting group. The formation 

of 1D fibres is expected to marshal NDI units into co-facial (presumably H-type)14,15 aggregates 

that lend themselves to investigations of through-space electron delocalisation events across 

hierarchically ordered π-stacks. A control macromonomer (C1DMB, Scheme 5.6) bearing no 

alanine–glycine peptide residues was also prepared in order to distinguish the critical role of 

the peptide sequence in stabilising aromatic foldamer assembly. Control NDI macromonomer 

C1DMB was synthesised in a manner similar to macromonomer M1DMB, making use of already 

available intermediates and precursors. Requisite DMB-protected alkyne amine 22  

(Scheme 5.6) was prepared in 63% yield by subjecting 1-amino-4-pentyne (7) to reductive 

amination conditions in the presence of 2,4-dimethoxybenzaldehyde using NaCNBH3.  

The synthesis of C1DMB (66%, Scheme 5.6) was then achieved by coupling amine 22 with the 

azide-terminated NDI 21 (prepared from Boc-NDI-COOH and Pfp-activated azide 15; see 

Scheme 5.6. Synthesis of control macromonomer C1DMB from NDI 21 and DMB protected alkyne 22 which was 

synthesised from 7.  
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Experimental section for details) with coupling agent HATU in DMF. The protected 

macromonomer C1DMB was isolated by column chromatography (SiO2: 40–100% EtOAc in  

n-hexanes) in a yield of 28%.  

The 1H NMR and NOESY (Figure 5.8) analysis of C1DMB in CDCl3 revealed the presence of 

two different conformers (i.e., rotamers) in solution. Peaks at δH 1.89 (1*, Figure 5.8) and 1.94 

(1*, Figure 5.8) ppm, as well as peaks at δH 6.98 (6*, Figure 5.8) and 7.17 ppm (6*, Figure 5.8) 

both showed NOESY correlations indicating exchange between both conformers. 

Environments proximal to the tertiary amine inversion centre are split the most (e.g., 6, 5 and 

11, Figure 5.8), with respect to other environments such as the propargyl azide chain which is 

situated on the opposite termini of C1DMB. A stabilised conformation is hypothesised in which 

the electron-rich DMB group forms an aromatic charge-transfer interaction with the electron 

poor NDI unit that facilitates the electrostatically stabilised conformer, i.e., the conformer with 

the greatest population for 6, 5, 11 etc. at roughly 7:3. Indeed, there is a solvent dependency 

for C1DMB to exist as rotamers with the 1H NMR spectrum of C1DMB in DMSO-d6 showing (see 

Figure 5.8. Partial 1H NMR (CDCl3, 700 MHz, 298 K) spectrum of C1DMB with assignments (top), and partial 

NOESY spectra between 6.3–7.2 ppm and 1.6–2.2 ppm showing exchange (blue) and COSY (red) correlations. 
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Figure 5.34, appendix) only one conformation is present. Further, solvent-dependence and 

variable-temperature NMR analysis will elucidate further insight into the C1DMB rotamer 

dynamics. 

Whereas a mixture of conformers is observed for C1DMB—which likely form as the result of a 

weak aromatic CT interaction between the DMB group and the NDI unit—a single conformer 

is observed for M1DMB stabilised by multiple intramolecular hydrogen bonds. These 

observations bode well for the envisioned self-assembly of the polypeptide. Indeed, with both 

macromonomers in hand, attention was turned towards preliminary polymerisation reactions. 

5.2.2 CuAAC ‘Click’ Polymerisation of M1DMB 

The CuAAC (Figure 5.9a) reaction installs an artificial β-turn whilst propagating the length of 

the polypeptide chain. Typically, macromonomer polymerisations are carried out at high 

concentrations (0.1 M) in order to maximise the degree of polymerisation (DP) according to 

Carother’s equation16 for step-growth bifunctional (AB, here, A = azide and B = alkyne) 

polymerisations. Additionally, a high concentration reduces the formation of cyclic 

oligomers.17,18 First, M1DMB was dissolved in DMF with TBTA (30, Figure 5.9b). As a ligand 

for Cu(I), TBTA coordinates to and stabilises the active Cu+ species for catalysing the 

cycloaddition reaction. The reaction mixture was deoxygenated via three cycles of freeze-

pump-thaw under Ar before the Cu+ source (CuOAc) was added and the reaction mixture 

heated to 80 °C. TLC analysis (SiO2: 12% ethanol in CH2Cl2) indicated the full reaction of the 

macromonomer after 1 h, however, in an attempt to increase the polymer length, the reaction 

Figure 5.9. Most recently proposed mechanism for CuAAC, as described by Fokin.47 
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was continued overnight. Upon cooling the reaction mixture, MeOH was added to quench the 

polymerisation and precipitate polymer P1DMB, which was subjected to multiple washings in 

MeOH by centrifugation. As expected, polymer P1DMB was less soluble in solvents such as 

CH2Cl2 and THF. P1DMB was fully soluble in solvents such as a DMF and DMSO, as well as 

HFIP, which is known to solubilise hydrogen bond-acceptor molecules such as polyamides; 

solubility of P1DMB in chlorinated solvents (i.e., CH2Cl2, CHCl3) could be achieved by 

introducing 10% v/v MeOH.  

Analysis of the 1H NMR spectrum of P1DMB confirms the polymeric nature of this high-

molecular weight product: extensive peak broadening is observed for all proton environments 

compared to the sharper 1H NMR spectrum of monomer M1DMB. Peaks at δH 8.53 (5, 6, Figure 

5.10) and 6.55 (3, 4, Figure 5.10) ppm correspond to the NDI aromatic protons and the aromatic 

DMB protons, respectively, with the newly formed triazole proton observable at 

δ 7.50 (7, Figure 5.12). As a result of the broad and overlapping peaks, no end-group analysis 

could be performed on the alkynyl hydrogen or terminal methylene groups, to estimate the DP. 

Figure 5.10. CuAAC polymerisation of P1DMB using CuOAc in the presence of TBTA. 1H NMR  

(CDCl3:MeOD 0.9:0.1(v/v)), 400 MHz, 298 K) spectrum of P1DMB with partial assignment. Broadening of all 

environments indicates a polymeric species is present.  
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Owing to the low amount of sample isolated, no 13C spectrum could be collected, however, it 

is anticipated that the disappearance of the alkynyl carbons and the formation of the triazole 

carbons will further confirm the successful polymerisation of M1DMB to P1DMB. As a means to 

quantify the extent of polymerisation and the average mass of the polymers present, attention 

was then turned towards GPC and MALDI-TOF MS.  

The polymer is observed by MALDI-TOF MS as a sodiated adduct, which is common19 for 

polyamides (See Figure 5.36, appendix). As MALDI-TOF is not implicitly quantitative the 

number average molecular weight (MN) cannot be estimated, however, up to a heptamer of 

P1DMB is observed. To complement the MALDI-MS data, GPC analysis of P1DMB was also 

conducted; sample measurements were calibrated against polystyrene in DMF (0.1 M LiCl). 

GPC analysis (see Figure 5.37, appendix) of P1DMB revealed a retention volume of 13.55 mL 

which correlated to an MN of 9,869 g mol–1, weight average molecular weight (MW) of  

24,169 g mol–1 and a polydispersity index (PDI) of 2.45. These data are comparable with 

previously reported9 CuAAC polymerisations with GPC characterisation of Guan’s polymer 

confirming a MN of 11,500 g mol–1, MW of 21,800 g mol–1 and a PDI of 1.84.21 Both GPC and 

MALDI-MS therefore complement the finding of at least several macromonomers joined 

together following the CuAAC polymerisation and thus confirm the synthesis of a high 

molecular weight π-embedded polypeptide.  

5.2.3 Optoelectronic Properties of a π-Embedded Polymer, P1DMB 

The solubility of protected polymer P1DMB and protected monomer M1DMB was limited in 

organic solvents, however, solubility of P1DMB in DMF and HFIP allowed for some preliminary 

steady-state characterisation of the DMB-protected polymer by UV-Vis and CD spectroscopy, 

as well as by cyclic voltammetry. In addition, solid-state analyses have been performed using 

FTIR spectroscopy. 

The optical properties of rigid chromophores such as NDI endow them with properties that are 

sensitive to their neighbouring environment; the absorption profile varies extensively between 

monomeric and highly aggregated or coupled states. Samples of M1DMB were prepared at 

50 μM, i.e., O.D of 1.0 (l = 1 cm). In order to draw genuine comparisons with the monomer, 

samples of P1DMB were prepared at the same O.D. In HFIP, M1DMB shows (Figure 5.11a)  

well-resolved sharp absorption bands between 300–400 nm, i.e., λmax = 342, 360 and 382 nm, 

as a result of the π–π* transition across the long z-axis of the NDI chromophore; this implies a 

monomeric, non-aggregated state.20,21 The spectrum of P1DMB in HFIP is almost identical 

(Figure 5.11a) to the macromonomer profile indicating that the artificial β-turn mimic does not 

induce folding of the polymer that results in ground-state intramolecular NDI aggregation. In 

contrast, there is change between the profiles of the macromonomer and the polymer in DMF. 
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The absorption profile of M1DMB in DMF (Figure 5.11b) is highly reminiscent of the profile in 

HFIP, with peaks at λmax = 381, 361 and 343 nm corresponding to the three main absorptions. 

However, in DMF, the ratio between the two lowest-energy vibronic absorptions at 381 and 

363 nm is decreased, i.e., from 1.13 for M1DMB to 1.05 for P1DMB. Additionally, the λonset of 

P1DMB is bathochromically shifted to 395 nm (vs. 392 nm for M1DMB). These spectral changes 

are in accord with the formation of J-aggregates, i.e., the orienting of NDI chromophores into 

co-facial, presumably slip-stacked arrangements that are thermodynamically stabilised relative 

to the monomerically dissolved state22,23 These observations also provide evidence that the 

artificial β-turn facilitates some foldamer assembly wherein NDI units are positioned in close 

proximity (≤3.5 Å) and electronically coupled.  

To gain further insight into the nature of the assembly processes, CD spectroscopy was 

employed. CD spectroscopy is integral to characterising chiral molecules and nanostructures; 

chiral structures interact with circularly polarised light, enabling the detection of enantiomers  

(i.e., R/S configurations or P/M-helical isomers) that will typically display mirrored CD signals 

as well as assemblies such as β-sheets (i.e., a maximum and a minimum at 195 nm and 216 nm, 

respectively24). CD analysis in HFIP is useful in identifying a change in the peptidic region of 

the polymer.25,26 On the other hand, DMF is useful as a solvent to monitor any changes in the 

Cotton effect region, while at the same time not inducing any specific conformation as in HFIP. 

For all CD spectra recorded, the high-tension voltage (HT) was kept under 500 V throughout 

the measurement in order to not oversaturate the detector.  

The far-UV (260–195 nm, Figure 5.12a) CD spectrum for M1DMB in HFIP indicates a random  

coil-like assembly27 is present with a minimum at 198 nm. Additionally, a negative Cotton 

effect is observed between 320–420 nm, i.e., λmax = 381 and 357 nm—associated with the 

ground-state absorption of an NDI unit. For the polymerised species P1DMB, in which the 

Figure 5.11. Normalised UV-Vis absorbance spectra of monomer M1DMB (black) and P1DMB (gold) in a) HFIP and 

b) DMF. 
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artificial β-turn mimic is installed into the backbone, there is a significant change in the far- 

and low-UV regions (i.e., 190–450 nm). Negative Cotton effects are observed for P1DMB  

(λmax = 380 and 359 nm) in HFIP (Figure 5.12b), with an inversion between the two bands (381 

and 357 nm) in comparison to M1DMB. Additionally, for P1DMB a maximum at 250 nm is 

indicative of another NDI transition along the short axis of the chromophore, in an assembled 

state.28 Whereas ground-state absorption data did not show any signs of NDI aggregation for 

both M1DMB and P1DMB, the observations from CD analysis suggest that both molecules 

assemble into chiral assemblies, likely driven by the high polarity of the HFIP solvent 

molecules. In the far-UV region, an α-helical conformation of the peptide backbone in P1DMB 

is most prominent with a minima at λ = 223 and 210 nm, although, there is evidence for a 

random coil conformation with a maximum at λ = 195 nm.29 The observations can be 

rationalised owing to the conformational inducing effects of solvents such as HFIP; the solvent 

molecules interact strongly with peptide regions which simultaneously promote extended 

helical conformations over more compact, hydrogen bond driven assemblies such as β-sheets.30 

Nevertheless, in HFIP the different CD spectra of M1DMB and P1DMB show that the 

macromolecular scaffold facilitates a change in the self-assembly properties with chiral 

assemblies formed for both the macromonomer and polymer.  

On the other hand, in DMF assembly should be unaffected by any solvent-induced 

conformation that may be present in HFIP. In DMF, for M1DMB, there is no Cotton effect 

observed (Figure 5.13) which suggests that the molecule has not aggregated into any chiral 

nanostructures. This is in contrast to the behaviour in HFIP that showed assembly of M1DMB 

which suggests that the less polar solvent molecules do not drive assembly. In DMF a positive 

Cotton effect (Figure 5.13) clearly arises for P1DMB between 300–425 nm, (i.e., λmax = 390 and 

378 nm), providing evidence that the introduction of the β-turn mimic facilitates foldamer 

assembly in to nanoscale assemblies that have NDI–NDI couplings. Furthermore, the sign of 

Figure 5.12. CD spectra for M1DMB [50 µM] (black) and P1DMB [1.0 mg/ mL] (gold) in the a) far-UV and b) low-

UV region; collected in HFIP.  
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the Cotton effect is opposite to that observed in HFIP suggesting a change in helicity of the 

assemblies from M- in HFIP) to P- in DMF. Ultimately, analysis of the ground state UV-Vis 

and CD spectroscopic data suggests that polar solvent molecules of HFIP induces assembly of 

the peptide fragments of both M1DMB and P1DMB into chiral assemblies whereas in DMF 

assembly is dependent on the macromolecular scaffold. Unfortunately, the incompatibility of 

DMF in the far-UV region (i.e., <270 nm) for CD spectroscopy makes it impossible to 

rationalise any secondary structure conformation in the assembled polymer. Nevertheless, the 

polymerisation of M1DMB into P1DMB has resulted in a change of the electronic couplings of 

the embedded NDI units that are likely facilitated by an ordered peptide backbone. The  

UV-Vis and CD spectra strongly support the notion that the artificial β-turn facilitates folding 

of the polymer to encourage NDI interactions in the ground state—indeed, it is likely that only 

the partial folding of the macromolecular is possible because of the DMB group. To further 

investigate any secondary structure formation in P1DMB, solid-state FTIR spectroscopy was 

performed on M1DMB
 and P1DMB. Here, the Cotton effect observed in α-helical assemblies 

provides evidence for anticipated properties such as long range electron transport.31 

FTIR spectroscopy is a powerful tool for assessing secondary structure conformations of 

polypeptides such as β-sheets and α-helices.32 There are two amide bands (I and II) that can be 

used to decipher peptide backbone conformation in FTIR spectra. The easiest to decipher is 

that of the amide I region; this vibration results from the C=O stretching of the amide group 

coupling to the bending of the N–H and the stretching of the C–N bonds.33 The amide I band 

is found between 1,700–1,600 cm−1 and is the site from which β-sheet structures can be 

observed. Indeed, insights such as the presence of β-turns, parallel and anti-parallel ordering 

can all be rationalised from the amide I band region and therefore it is an essential technique 

for probing the assembly of both M1DMB and P1DMB in the solid state.34 The FTIR spectrum of 

M1DMB (Figure 5.14a) identifies an easily recognisable –N3 stretch at 2105 cm–1. Upon 

Figure 5.13. CD spectra for M1DMB [50 µM] (black) and P1DMB [0.5 mg/ mL] (gold) between 450–300 nm; collected 

in DMF. 
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polymerisation to P1DMB, the relative intensity of the azide stretch is diminished significantly, 

however, it is still present; this is expected owing to the unreacted terminal azide residues in 

the polydisperse product. Analysis of the amide I region of M1DMB suggests a mixture of 

aggregated states involving the amide residues are present, with absorbances at 1628 and 1162 

cm–1 indicative of β-sheet and random coil assemblies, respectively. Analysis of the amide I 

region of P1DMB (Figure 5.14b) reveals two key absorptions at 1661 and 1654 cm−1 that are 

characteristic of a random coil conformation35 with a disappearance of the absorption at 1628 

cm–1 that was observed for M1DMB. These observations are consistent with the CD data of 

P1DMB collected in HFIP that suggested both random coil and helical-like conformations were 

present. Furthermore, the FTIR spectrum of P1DMB is reminiscent to the DMB-protected 

polypeptide PGDMB synthesised by Guan and co-workers who also deduced random coil9 

formation with an absorbance at 1655 cm–1. In conjunction with UV-Vis and CD 

spectroscopies, FTIR spectroscopy provides further evidence that the artificial β-turn facilitates 

greater order of the macromolecule that in turn mediates greater π-assembly of NDI stacks. To 

investigate the resulting effects on the redox-properties of the NDI units, cyclic voltammetry 

experiments were employed in DMF.  

Figure 5.14. FTIR spectrum of a) M1DMB with resolution of the amide I and amide II region; the azide stretch is 

highlighted at 2105 cm−1. FTIR spectrum of b) P1DMB with resolution of the amide I and amide II region; the azide 

stretch is highlighted as well as the frequencies relating to random coil formation. 
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The reduction properties of NDI units are highly sensitive to aggregation with favourable  

π-interactions between electron-deficient NDI units facilitating easier reductions (see Chapter 

1.3).36 To probe the reduction properties in the NDI-embedded molecules, cyclic voltammetry 

was carried out on samples of M1DMB [0.5 mM] and P1DMB [0.5 mg/ mL] in dry, degassed 

DMF solutions containing 0.1 M TBAPF6 as the supporting electrolyte. Briefly, M1DMB 

undergoes two well-defined single-electron reduction events (Figure 5.15a) at –0.46  

and –0.84 V vs. Ag/AgCl to generate stepwise the NDI radical anion (i.e., NDI•–) and dianion  

(i.e., NDI2–) states, respectively; the voltammogram is highly reminiscent of a non-aggregating 

NDI species.37 However, the voltammogram of P1DMB (Figure 5.15b) provides evidence of 

electronic coupling of the NDI units with an earlier onset of reduction (ΔV = –80 mV) which 

is indicative of a more accessible NDI to generation NDI•– for each NDI unit within the polymer 

chains. As the local environment, i.e., N-substitution, of the NDI units in M1DMB and P1DMB 

are identical, this observation can be confidently attributed to the pre-folding of the polypeptide 

chain that facilitates intramolecular NDI aggregation. Additionally, the broadness of the first 

reduction wave of P1DMB is indicative of various redox-states of NDI units that are sequentially 

reduced over the CV experiment, i.e., in a multivalent species.38 These observations agree with 

some assembly of the peptide chains facilitated by the polymer backbone. Additionally, a more 

negative reduction peak potential (–0.89 V) is required to generate the NDI2–
 state of P1DMB, in 

which all NDI units have been fully reduced to the dianionic state. The change in potential (ΔV 

= +50 mV) likely arises owing to increased Coulombic repulsion effects in the partially 

assembled polymer. Indeed, the lower reduction potential suggests that the partially folded 

macromolecular scaffold provides a platform for extended NDI•––NDI•–
 interactions. Upon full 

reduction to the NDI2– state for each unit, the electronically disfavoured π-interactions between 

NDI units is ultimately what triggers disassembly of P1DMB in a similar manner to the pH 

controlled disassembly of protonated peptide–π conjugates.39 These observations suggest that 

Figure 5.15. Cyclic voltammograms (50 mVs−1, 298 K) of a) M1DMB and b) P1DMB in degassed DMF containing 

0.1 M TBAPF6 as supporting electrolyte. 
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the macromolecular approach to π-assembly is providing access to properties that are emergent 

because of the molecular design, i.e., from i) folding facilitated by the β-turn mimic and ii) the 

intramolecular hydrogen bonding complementarity enforced by anti-parallel β-strand 

positioning.  

Table 5.1. Optical and electrochemical properties of M1DMB and P1DMB
 collected in DMF  

[a] solution, [b] Onset of absorption, [c] ELUMO = –(Ered + 4.75) eV, [d] EHOMO = ELUMO – Egap eV  

Although further characterisation of M1DMB and P1DMB by PL, SEC, AFM and TEM is 

necessary for a complete understanding of the optoelectronic as well as self-assembly 

properties, test DMB-deprotections have been conducted on P1DMB, in pursuit of the 

deprotected polymer, P1. Indeed, preliminary characterisation of the deprotected polymer may 

aid the understanding and allow for further insights into the structural and self-assembly 

properties of P1DMB. 

5.2.4 Stimuli-Responsive Folding of a π-Embedded Polypeptide 

We hypothesised that the integration of the DMB group into the polymer backbone would have 

benefits such as i) preventing premature aggregation that decreases solubility and ii) installing 

stimuli-responsive behaviour. Following the removal of the DMB group, a free amide is 

liberated that can readily participate in hydrogen bonding interactions, i.e., intramolecular 

interactions that are necessary to fold the polypeptides into 1D β-sheets. When desired, the 

protecting group can be cleaved following treatment with TFA/TIPS/H2O (95:2.5:2.5).9 

Following treatment of P1DMB with the acidic solution (see Experimental 5.4.2 for full synthetic 

details), the deprotected polymer P1 could be isolated by centrifugation with washings of 

MeOH. Reaction completion was indicated by TLC analysis (SiO2: 0–12% EtOH in CH2Cl2) 

with disappearance of the P1DMB spot, with replacement by another ninhydrin- and UV-active 

(365 nm) spot on the baseline. With the artificial β-turn directing antiparallel β-sheet assembly, 

the now freely available alanine residue can participate in hydrogen bonding to allow complete 

alignment of the monomer strands through successive H-bond donor and acceptor interactions.  

Compound λabs
a [nm] Egap

b
 [eV] Ered [V] LUMOc [eV] HOMOd [eV] 

M1DMB 381, 361 3.16 –0.33 –7.03 –3.87 

P1DMB 381, 361 3.14 –0.25 –7.09 –3.95 
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FTIR spectroscopy was employed to gain some initial insight into any changes in the peptide 

backbone conformation upon deprotection. In an attempt to mediate the desired self-assembly 

of the deprotected polymer P1, the time-controlled precipitation of the polymer was initiated 

from adding H2O (50%) to a dilute [0.1 mM] solution of P1 in HFIP (50%).40 The mixture was 

left overnight, during which a white cotton-like solid precipitated (66% yield) from solution. 

The assembled polymer P1 was isolated by filtration and used for FTIR spectroscopy. Analyses 

of the amide I region for the non-assembled DMB-protected polymer P1DMB indicated a 

random coil conformation was likely present (Figure 5.16a). However, for the assembled 

polymer P1, absorptions (Figure 5.16b) at 1696 and 1628 cm–1 in the amide I region were 

indicative of β-sheet assemblies with the absorption at 1661 cm–1 no longer present. 

Furthermore, absorptions at 1528 and 1577 cm-1 in the amide II region of P1 were indicative 

of β-turns. These observations provide evidence for an anti-parallel β-sheet conformation in 

the deprotected polymer P1.9,35 As polypeptide structures are highly dependent on pH, ionic 

strength and temperature, there is scope to modify the assembly of the deprotected polymer P1 

that may lead to even high order aggregates.40
 Owing to the very low solubility of P1,  

solid-state techniques such as AFM, TEM and WAXS will be key in characterising the 

assemblies in both the assembled as well as non-assembled polymer. The spectral changes 

following deprotection demonstrate the validity of our design to enable acid-responsive 

polymer assembly into anti-parallel β-sheets in the presence of a relatively large chain-

embedded NDI π-system. Although these results are preliminary, it is clear that the changing 

of properties between M1DMB, P1DMB and P1 provides some initial evidence of macromolecular 

assembly that results in β-sheet forming assemblies.  

Figure 5.16. FTIR spectra of a) P1DMB
 and b) P1 between 1450–1750 cm–1; the peaks associated with a) random 

coil and b) β-sheet formation, are highlighted (blue). 
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Unfortunately, as a result of COVID, this project could not be completed however work is 

currently being undertaken in the Avestro group to complete all remaining analyses on not only 

M1DMB, P1DMB and P1, but also C1DMB, CP1DMB and CD1 (Figure 5.17).  It is anticipated that 

AFM and TEM will be necessary in characterising the highly ordered nanostructures which 

will have 1D ordering, i.e., β-sheet assemblies. The proximal positioning of the NDI units in 

the foldamers should support electron sharing properties and therefore spectroelectrochemistry 

(SEC) and electron paramagnetic resonance (EPR) spectroscopy will be integral to observing 

and quantifying the radical delocalisation properties. These charge delocalisation properties are 

important for assessing conductivity applications in organic electronic materials. The 

remaining analyses will reinforce the design rational behind a π-embedded polypeptide that 

allows for functional materials that are reminiscent of biomaterials such as spider silk.  

5.3 Conclusions 

We have designed and synthesised a π-embedded macromonomer that can be ‘click’ 

polymerised using CuAAC chemistry providing a route towards high molecular weight 

polypeptides whilst also installing an artificial β-turn that promotes macromolecular folding. 

As a proof-of-concept, we have embedded an NDI electron-acceptor motif, a staple π-electron 

acceptor. The embedded redox-unit has allowed for the monitoring of π-assembly in the 

macromolecule P1DMB. In DMF, NDI π-interactions are observed by UV-Vis spectroscopy 

which confirms J-aggregation of NDI units in the protected polymer P1DMB but not for the 

parent macromonomer M1DMB
. Additionally, CD spectroscopy of P1DMB in DMF shows 

exciton coupling of NDI units via a Cotton effect in the polymer providing evidence for  

π-assembly that is mediated by macromolecular folding, which in turn is directed by a β-turn 

mimic. CV experiments show that the NDI units within P1DMB are easier to reduce as a 

Figure 5.17. Structures of DMB-deprotected polymers P1 and CD1. 
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consequence of favourable interactions between the electron-deficient NDI units in the partially 

folded polypeptide. Additionally, the full reduction of each NDI unit in P1DMB to the dianionic 

state is achieved at a lower potential than for M1DMB providing evidence that the 

macromolecular scaffold can be used to stabilise NDI radical interactions. Here, maintaining 

the order macromolecular structure is important for facilitating long range charge 

delocalisation. Preliminary self-assembly studies by FTIR spectroscopy of deprotected 

polymer P1 suggest the desired 1D alignment of the polymer chains, i.e., the formation of  

β-sheet assemblies, can be facilitated following DMB removal. Moreover, analysis of the 

amide II band provides evidence for anti-parallel β-strand alignment and therefore the most 

thermodynamically favoured β-sheet structuring in P1. Here, mediating π-assembly through a 

macromolecular architecture will allow for the precise 1D alignment of redox-active units and 

will pave the way for molecular wires that have emergent optoelectronic properties.  

As a proof-of-concept, NDI has been selected as the π-embedded motif, however, this strategy 

is applicable to various redox- and photo-active units that will have bespoke properties.   
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5.4 Experimental Details 

5.4.1 General Materials & Methods 

Materials: All reagents and solvents were purchased from commercial suppliers (Merck, 

Acros Organics, Alfa Aesar, Fisher Scientific, Tokyo Chemical Industry or Fluorochem) and 

used without further purification unless stated otherwise. Anhydrous solvents were obtained 

from a Solvent Purification System (neutral alumina) and stored over activated (>250 °C at 

0.01 mbar overnight) 3 Å molecular sieves under a dry Ar atmosphere. Solvents and solutions 

required for air-sensitive manipulations were degassed thoroughly using a minimum of three 

freeze–pump–thaw cycles and the flask back-filled under an Ar atmosphere. 1-Amino-4-

pentyne4 (7), perfluorophenyl-4-azidobutanoate[41] (15) were synthesised according to 

previously published literature procedures. 

Product confirmation: Analytical thin-layer chromatography (TLC) was performed on 

aluminum-backed silica gel 60 plates pre-loaded with F254 indicator (Sigma Aldrich) and 

visualised either under UV light irradiation (254 and 365 nm) and/or by dip-staining methods. 

Flash column chromatography was carried out on an automated system (Teledyne Isco 

Combiflash Rf+) outfitted with a broad range UV–Vis (200–800 nm) absorption detector. 

Nuclear magnetic resonance (NMR) spectra were recorded using either a Bruker Advance III 

Ultrashield 400 Plus (working frequencies: 1H and 13C nuclei = 399.975 and 100.603 MHz, 

respectively), an Appleby VNMRS-600 (1H and 13C nuclei = 599.832 and 150.288 MHz, 

respectively) or a Varian VNMRS-700 (1H and 13C nuclei = 700.130 and 176.048 MHz, 

respectively) spectrometer at a constant temperature of 298 K. Operating temperatures of the 

NMR spectrometers were measured with the aid of a MeOH internal calibrant. All 13C NMR 

experiments were proton decoupled. Chemical shifts (δ) are reported in parts per million (ppm) 

relative to the signals corresponding to the residual non-deuterated solvents (CDCl3: δH = 7.26, 

δC = 77.16 ppm; DMSO-d6: δH = 2.50, δC = 39.52 ppm). Coupling constants (J) are reported in 

Hertz (Hz) and 1H multiplicities are reported in accordance with the following convention:  

s = singlet, d = doublet, t = triplet, q = quadruplet, p = pentet, m = multiplet. Assignment of 1H 

and 13C NMR signals were accomplished with the aid of ‘pure-shift’ yielded chirp excitation42 

(PSYCHE) and two-dimensional COSY, HSQC and HMBC NMR spectroscopies. NMR 

spectra were processed using MestReNova software, Version 11. Low-resolution electrospray 

ionisation (ESI-MS) and atmospheric solids analysis probe (ASAP-MS) mass spectrometries 

were performed using a Waters TQD UPLC ES MS/MS spectrometer and a Waters Xevo 

QTOF spectrometer equipped with an atmospheric pressure ionisation (API) source, 

respectively. High-resolution mass spectra (HR-MS) were obtained using either a  
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high-resolution Waters LCT Premier XE spectrometer equipped with an ESI source or an 

accurate mass UPLC ES MS equipped with an API source. Matrix-assisted laser-desorption 

ionisation time-of-flight (MALDI–TOF) mass spectrometry was carried out on an Autoflex II 

ToF/ToF mass spectrometer (Bruker Daltonik GmBH). Modes of analysis include reflectron 

enhanced mass resolution between m/z 500 and 5000. Linear above m/z 5000 and MS/MS 

(LIFT)  

Sample analysis: The X-ray single crystal data for 12 was collected using λCuKα radiation (λ 

=1.54178 Å) at 120.0(2) K which was maintained by a Cryostream (Oxford Cryosystems) 

open-flow nitrogen cryostat. The SXRD experiments were performed on a Bruker D8Venture 

(Photon100 CMOS detector, IμS-microsource, focusing mirrors) diffractometer. Multi-scan 

absorption correction was applied. The structures were solved by direct method and refined by 

full-matrix least squares on F2 for all data using Olex243 and SHELXTL44 software. All non-

hydrogen atoms were refined in anisotropic approximation, hydrogen atoms in 12 were refined 

freely with isotropic a.d.p.’s, hydrogen atoms in other compounds were placed in the calculated 

positions and refined in riding mode. Attenuated total reflectance (ATR) Fourier transform 

infrared (FTIR) spectroscopy was performed on PerkinElmer Frontier FTIR spectrometer 

equipped with a Specac Quest ATR accessory with extended range diamond puck. UV-Vis-

NIR absorbance data were collected using a Cary 5000 Series UV–Vis–NIR spectrophotometer 

(Agilent Technologies) at room temperature. Circular dichroism spectroscopy was performed 

on a Jasco J-1500 spectropolarimeter with a band width of 1 nm and a response time of 1 

second. The CD spectra was collected between 450–190 nm, with a data pitch of 0.5 nm at 50 

nm/min. For each CD spectrum, 3 accumulations were collected and averaged. Cyclic 

voltammetry (CV) and square-wave voltammetry (SWV) was carried out at room temperature 

on Ar-purged sample solutions in anhydrous DMF using a PalmSens EmStat3 potentiostat 

interfaced to a PC. Tetrabutylammonium hexafluorophosphate (TBAPF6; 0.1 M) was 

recrystallized from hot EtOH and used as the supporting electrolyte. All solution-state 

electrochemical experiments were performed using a glassy carbon working electrode (BASi; 

0.071 cm2). The electrode surface was polished routinely with 0.05 µm alumina–water slurry 

on a felt surface immediately before each use. The counter electrode was a Pt wire and the 

reference electrode was an Ag/AgCl (sat. KCl) aqueous electrode stored routinely in a 3 M KCl 

aqueous solution. Molecular weight analysis of polymers was carried out by size exclusion 

chromatography (SEC) using a Viscotek TDA 302 with a refractive index detector. Two 300 

mm PLgel 5 μm mixed C columns were used with a linear molecular weight range of  

200–2000000 g mol–1. DMF (0.1 M LiCl)  was  used  as  the  eluent  at  a  flow  rate  of  1.0  

mL  min–1  at  a  temperature  of  35 °C.   
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5.4.2 Experimental Procedures 

β-Ala-NMI (3): To a 500 mL round-bottomed flask was added 

1,4,5,8,-naphthalenetetracarboxylic acid anhydride (1) (1.19 g, 

4.45 mmol, 1.0 equiv.) and H2O (350 mL). 1 M KOH (40 mL) was 

added to the suspension. Heating and sonication was used to 

homogenise the solution before the adjustment to pH 6.35 by the addition of 1 M H3PO4.  

β-Alanine (397 mg, 4.45 mmol, 1.0 equiv.) was added to the reaction mixture which was 

refluxed at 110 °C overnight. Once cooled, the solution was filtered before glacial acetic acid 

(6 mL) was added to the filtrate to afford a precipitate that was collected via vacuum filtration 

and washed with H2O (10 mL). The title compound β-Ala-NMI was isolated (1.56 g, 4.36 

mmol, 98%) as an off-white solid that did not require further purification. 

1H NMR (DMSO-d6, 700 MHz, 298 K): δH 8.47 (d, J = 7.5 Hz, 2H7), 8.00 (d, J = 7.5 Hz, 2H8), 

4.24 (d, J = 7.4 Hz, 2H,3), 2.58 (t, J = 7.6 Hz, 2H2). 13C NMR (DMSO-d6, 176 MHz, 298 K): 

δC 173.3 (C1), 169.9 (C11), 163.8 (C4), 141.9 (C6), 130.9 (C7), 129.0 (C5), 128.4 (C8), 126.22 

(C9), 123.4 (C10), 36.5 (C3), 32.8 (C2). ESI-HRMS (MeOH, ve+): calcd for C17H11NO8 = 

358.0563 m/z; found: [M+H]+ = 358.0564. 

Boc-NDI-COOH (5): (a) Microwave solution-

phase synthesis: To a 20 mL microwave vial, was 

added β-Alanine (87 mg, 0.98 mmol, 0.8 equiv.), 

DIPEA (170 µL, 1.22 mmol, 1.0 equiv.),  

1,4,5,8,- naphthalenetetracarboxylic acid anhydride 

(1) (328  mg, 1.22 mmol, 1.0 equiv.) and anhydrous DMF (15 mL). The vial was sealed and 

the suspension was sonicated for 2 mins before being subjected to microwave irradiation for 

75 °C for 5 min, followed by 140 °C for 10 min. Upon cooling, N-Boc-ethylenediamine (4) 

(193 µL, 1.22 mmol, 1.0 equiv.) and DIPEA (170 µL, 1.20 mmol, 1.2 equiv.) were then added 

by syringe directly to the reaction mixture, which was then subjected again to microwave 

irradiation for 5 min at 140 °C. Upon cooling, the solvent was removed under reduced pressure. 

The resulting residue was taken up into Me2CO and added to vigorously stirring 1 M HCl 

solution at 0 °C. The mixture was left to stand in the fridge for 4 h. The precipitate was collected 

via vacuum filtration, washed with water and dried under high vacuum. The crude residue was 

purified by automated flash column chromatography (Teledyne Isco CombiFlash Rf+ system, 

15 g SiO2: 0 to 20% Me2CO in CH2Cl2). The title compound Boc-NDI-COOH was isolated 

(792 mg, 1.65 mmol, 45%) as a colourless solid.  

(b) Conventional solution-phase synthesis: To a 100 mL round-bottomed flask was 

added 1 (2.53 g, 7.09 mmol, 1.0 equiv.), N-Boc-ethylenediamine (4) (1.12 mL, 7.09 mmol,  
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1.0 equiv.) and anhydrous DMF (40 mL). The reaction was left to stir at 140 °C for 18 h. Upon 

cooling, the solvent was removed under reduced pressure. The residue was taken up in Me2CO 

and added to vigorously stirring 1 M HCl solution at 0 °C. The precipitate was collected via 

vacuum filtration and washed with water. The title compound Boc-NDI-COOH was isolated 

(2.90 g, 6.02 mmol, 85%) as a brown solid and did not require any further purification.  

1H NMR (DMSO-d6, 700 MHz, 298 K): δH 8.64 (d, J = 7.5 Hz, 2H7), 8.63 (d, J = 7.6 Hz, 2H8), 

(t, J = 6.2 Hz, 1H14), 4.26 (t, J = 8.1 Hz, 2H3), 4.14 (t, J = 5.8 Hz, 2H12), 3.26–3.30 (m, 2H13), 

2.62 (t, J = 7.9 Hz, 2H2), 1.21 (s, 9H17). 13C NMR (DMSO-d6, 176 MHz, 298 K): δC 172.4 

(C1), 162.7 (C411), 162.5 (C4), 155.8 (C15), 130.3 (C7/8), 130.2 (C7/8), 126.5 (C5/9), 126.2 (C5/9), 

126.0 (C10/6), 77.5 (C16), 40.3 (C12), 37.6 (C13), 36.2 (C3), 32.2 (C2), 28.0 (C17); ESI-HRMS 

(MeCN, ve–): calcd for C24H23N3O8 = 481.1472 m/z; found: [M-H]– = 481.1485. 

1-Amino-4-pentyne (7): 1-phthalimido-4-pentyne (7.64 g, 35.8 mmol, 1.0 

equiv.) was suspended in EtOH (70 mL) and hydrazine monohydrate was 

added dropwise till the mixture became clear. The reaction vessel was fitted with an air 

condenser and the mixture was stirred at 70 °C for 2 h, during which time a white solid 

precipitated. After the reaction mixture had cooled, H2O (50 mL) was added followed by the 

addition of 2 M HCl to adjust the pH to 3.5. The precipitate was removed by vacuum filtration 

and the filtrate concentrated by rotary evaporation. The aqueous solution was then cooled to  

0 °C and 10 M NaOH (30 mL) was added. The aqueous solution was then extracted with 

CH2Cl2 (3 x 150 mL). The combined organic layer was dried (MgSO4), filtered and 

concentrated on the rotary evaporator. The title compound 1-Amino-4-pentyne was isolated 

(1.25 g, 15.4 mmol, 43%) as a red oil. Spectroscopic data were consistent with those published 

previously.9 

1H NMR (CDCl3, 400 MHz, 298 K): δH 2.79 (t, J = 6.9 Hz, 2H), 2.24 (td, J = 7.0, 2.7 Hz, 2H), 

1.94 (t, J = 2.7 Hz, 1H), 1.65 (p, J = 7.0 Hz, 2H).  

N-(tert-butyloxycarbonyl)-(S)-alanine pentafluorophenyl 

ester (13): To a 100 mL round-bottomed flask was added 

pentafluorophenol (279 mg, 1.52 mmol, 1.0 equiv.),  

Boc-Ala-OH (9) (316 mg, 1.67 mmol, 1.1 equiv.) and 

anhydrous MeCN (53 mL). The reaction mixture was cooled to 0°C in an ice-bath. A solution 

of DCC (376 mg, 1.82 mmol, 1.20 equiv.) in anhydrous MeCN (13 mL) was added dropwise 

to the reaction mixture which was left to stir at rt for 16 h. The precipitate was removed via 

vacuum filtration and the solvent removed under reduced pressure. The residue was triturated 

further with a small amount of EtOAc (5 mL) to encourage additional precipitation of DCU  

by-product, which was subsequently removed by vacuum filtration. The filtrate was evaporated 



Chapter 5 | A Macromonomer Route Towards an NDI-Embedded Polypeptide 

 

241 

completely under reduced pressure and the resulting residue was purified by automated flash 

column chromatography (Teledyne Isco CombiFlash Rf+ system, 13.5 g C18: 40 to 100% 

MeOH in H2O). The title compound 13 was isolated (404 mg, 1.14 mmol, 75%) as a colourless 

powder.  

1H NMR (CDCl3, 700 MHz, 298 K): δH 5.04 (d, J = 7.9 Hz, 1H4), 4.66 (m, 1H2), 1.58  

(d, J = 7.3 Hz, 3H3), 1.46 (s, 9H7). 13C NMR (CDCl3, 176 MHz, 298 K): δC 169.9 (C1), 155.1 

(C5), 142.0 (CPfp), 140.6 (CPfp), 139.1 (CPfp), 138.8 (CPfp), 137.4 (CPfp), 125.1 (CPfp), 80.7 (C6), 

49.4 (C2), 28.4 (C7), 18.4 (C3). 19F NMR (CDCl3, 376 MHz, 298 K): δF –152.54 (d, J = 19.7 

Hz), –157.52 (t, J = 21.6 Hz), –162.06 (d, J = 20.4 Hz); ESI-HRMS (MeOH, ve+): calcd for 

C9H7F5NO2 = 256.0397 m/z; found: [M-Boc]+ = 256.0404. 

Perfluorophenyl-4-azidobutanoate (15): To a 100 mL round-

bottomed flask was added pentafluorophenol (1.61 g, 8.51 mmol,  

1.1 equiv.), alkyl azide (14) (1.01 g, 7.75 mmol, 1.0 equiv.) and 

anhydrous DMF (310 mL). The reaction mixture was cooled at 0 °C 

in an ice bath. A solution of DCC (3.20 g, 15.5 mmol, 2.0 equiv.) was added dropwise to the 

reaction mixture and left to stir at rt for 16 h. The precipitate was removed via vacuum filtration 

and the filtrate concentrated to dryness by rotary evaporation. The residue was triturated in a 

small amount of EtOAc (5 mL) to encourage the precipitation of DCU by-product, which was 

subsequently removed by vacuum filtration. The solvent was removed from the filtrate under 

reduced pressure and the resulting residue was purified by automated flash column 

chromatography (Teledyne Isco CombiFlash Rf+ system, 40 g C18: 55 to 100 % MeOH in 

H2O). To isolate the product, MeOH was removed from the chromatography fractions 

containing product by rotary evaporation and the product was extracted from the remaining 

H2O into EtOAc (4 × 60 mL). The organic fractions were combined, dried over anhydrous 

MgSO4, filtered and the solvent under reduced pressure. The title compound 15 was isolated 

(1.65 g, 5.58 mmol, 72%) as colourless liquid. Spectroscopic data were consistent with those 

published previously.41 

1H NMR (CDCl3, 600 MHz, 298 K): δH 3.46 (t, J = 6.5 Hz, 2H), 2.80 (t, J = 7.2 Hz, 2H), 2.05 

(t, J = 6.5 Hz, 2H).  

N-(tert-butyloxycarbonyl)-(S)-alanylglycine (19): To a 100 mL 

round-bottomed flask was added glycine (93 mg, 1.24 mmol, 1.0 

equiv.) and anhydrous DMF (10 mL). The reaction mixture was 

cooled at 0 °C in an ice bath. A solution of compound 13 (485 mg, 1.36 mmol, 1.1 equiv.) in 

anhydrous DMF (10 mL) was added dropwise to the reaction mixture and it was left to stir at 

rt for 16 h. The solvent was removed under reduced pressure. EtOAc (5 mL) and H2O (5 mL) 
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were added to the crude residue. The product was extracted into H2O (3 x 5 mL). The aqueous 

fractions were combined and the solvent was removed by reduced pressure. The title compound 

N-(tert-butyloxycarbonyl)-(S)-alanylglycine was isolated (302 mg, 1.23 mmol, 99%) as a 

colourless solid and did not require any further purification. Spectroscopic data were consistent 

with those published previously.45 

1H NMR (DMSO-d6, 700 MHz, 298 K): δH 8.00 (t, J = 5.8 Hz, 1H), 6.90 (d, J = 7.8 Hz, 1H), 

3.99 (p, J = 7.3 Hz, 1H), 3.66–3.81 (m, 2H), 1.37 (s, 9H), 1.18 (d, J = 7.2 Hz, 3H). ESI-MS 

(MeOH, ve+): calcd for C10H18N2O5 = 269.343 m/z; found: [M+Na]+ = 269.253. 

AlkyneGABoc (10): To a 500 mL round-bottomed flask 

was added 12 (1.20 mg, 4.86 mmol, 1.0 equiv.), DIPEA 

(1.02 mL, 5.83 mmol, 1.2 equiv.) and CH2Cl2 (50 mL). 

After stirring at rt for 10 min, EDC•HCl (1.02 g, 5.35 mmol, 1.1 equiv.) was added to the 

reaction mixture. The reaction vessel was then cooled to 0 °C in an ice bath, with additional 

stirring for 20 mins. A solution of 7b (1.60 g, 6.33 mmol, 1.3 equiv.) and DIPEA (1.65 mL, 

9.50 mmol, 1.5 equiv.) in CH2Cl2 (100 mL) was added to the reaction mixture dropwise, which 

was then allowed to warm to rt and stirred for 48 h. Following this, the reaction mixture was 

concentrated and washed with 1 M HCl (3 x 50 mL), NaHCO3 sat. (3 x 60 mL) and brine  

(1 x 50 mL). The organic layer was dried over MgSO4, filtered and concentrated via reduced 

pressure. The crude residue was purified by automated flash column chromatography 

(Teledyne Isco CombiFlash Rf+ system, 100 g SiO2: 100% EtOAc) with the title compound 

AlkyneGABoc
 isolated (1.24 g, 3.98 mmol, 82%) as a white solid. Spectroscopic data were 

consistent with those published previously.9 

1H NMR (CDCl3, 400 MHz, 298 K): δH 6.94 (s, 1H), 6.87 (s, 1H), 5.15 (s, 1H), 4.05–4.15 (m, 

1H), 3.87–4.00 (m, 2H), 3.24–3.46  (m, 2H), 2.23 (td, J = 7.0, 2.7 Hz, 2H), 1.96 (t, J = 2.7 Hz, 

1H), 1.69–1.80 (m, 2H), 1.43 (s, 9H), 1.37 (d, J = 7.1 Hz, 3H). 

AlkyneGADMB (11): In a 20 mL round-bottomed 

flask, 10 (437 mg, 1.40 mmol, 1.0 equiv.) was added 

to CH2Cl2 (3 mL) and cooled in an ice bath to 0 °C.  

TFA (1.07 mL, 14.0 mmol, 10 equiv.) was added to the reaction mixture dropwise and the 

reaction was left to stir for 2 h. The solvent was removed by rotary evaporation followed by 

the removal of excess TFA by azeotropic distillation with anhydrous PhMe (3 × 1 mL). MeOH 

(10 mL) was then added to the reaction vessel. Et3N (254 µL, 1.82 mmol, 1.3 equiv.) was then 

added to the reaction mixture, followed by 2,4-dimethoxybenzaldehyde (233 mg, 1.40 mmol, 

1.0 equiv.) and then NaCNBH3 (106 mg, 1.68 mmol, 1.2 equiv.). After stirring for 72 h at room 

temperature, the solvent was removed and the crude reaction mixture was purified by 
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automated flash column chromatography (Teledyne Isco CombiFlash Rf+ system, 40 g SiO2: 

0 to 5% MeOH in CH2Cl2) with the title compound AlkyneGADMB isolated (375 mg, 1.04 

mmol, 74 %) as a colourless solid. Spectroscopic data were consistent with those published 

previously.9 

1H NMR (400 MHz, DMSO-d6): δH 8.90 (s, 1H), 8.69 (s, 1H), 8.04 (t, J = 5.5 Hz, 1H), 7.30 

(d, J = 8.4 Hz, 1H), 6.62 (d, J = 2.4 Hz, 1H), 6.56 (dd, J = 8.4, 2.4 Hz, 1H), 3.96 (s, 2H), 3.79 

(d, J = 9.0 Hz, 9H), 3.14 (q, J = 6.6 Hz, 2H), 2.80 (t, J = 2.7 Hz, 1H), 2.17 (td, J = 7.2, 2.7 Hz, 

2H), 1.58 (p, J = 7.1 Hz, 2H), 1.38 (d, J = 6.8 Hz, 3H). 

AzideAG (17): Compound 19 (251 mg, 1.02 mmol, 1.0 

equiv.) was added to CH2Cl2 (6 mL) and cooled in an ice bath 

to 0 °C.  TFA (781 µL, 10.2 mmol, 10 equiv.) was added to 

the reaction mixture dropwise and the reaction was left to stir for 2 h. The solvent was removed 

by rotary evaporation followed by the removal of excess TFA by azeotropic distillation with 

anhydrous PhMe (3 × 1 mL). Anhydrous DMF (6 mL) was added to the deprotected amine, 

followed by the addition of DIPEA (373 µL, 2.14 mmol, 2.1 equiv.) and 15 (361 mg, 1.22 

mmol, 1.2 equiv.). After stirring for 16 h the reaction mixture was concentrated by rotary 

evaporation. The crude product was then partitioned between H2O (10 mL) and CH2Cl2 (15 

mL), with the organic soluble impurities washed from the aqueous layer. The aqueous layer 

was then concentrated before purification using automated flash column chromatography 

(Teledyne Isco CombiFlash Rf+ system, C18 13.5 g: 10% MeOH–H2O/0.1% TFA) to yield 

(244 mg, 0.95 mmol, 93 %) the title compound AzideAG as a clear oil. Spectroscopic data 

were consistent with those published previously.9 

1H NMR (DMSO-d6, 700 MHz, 298 K): δH 8.12 (t, J = 5.9 Hz, 1H), 8.07 (d, J = 7.7 Hz, 1H), 

4.31 (p, J = 7.2 Hz, 1H), 3.69–3.78 (m, 2H), 3.32 (t, J = 6.9 Hz, 2H), 2.20 (td, J = 7.3, 2.3 Hz, 

2H), 1.74 (p, J = 7.2 Hz, 2H), 1.19 (d, J = 7.1 Hz, 3H).  

AzideAGTfp (18): Compound: 17 (795 mg, 3.09 mmol, 

1.0 equiv.) was added to anhydrous THF (20 mL). 

EDC•HCl (651.6 mg, 3.40 mmol, 1.1 equiv.) and 

DIPEA (538 µL, 3.09 mmol,  

1 equiv.) were then added to the reaction mixture and it was stirred for 15 mins. A solution of 

tetrafluorophenol (616 mg, 3.71 mmol, 1.2 equiv.) in anhydrous THF (3 mL) was then added 

to the reaction mixture dropwise which was allowed to stir at rt for  

6 h. The reaction solvent was removed under reduced pressure and the residue then dissolved 

in CH2Cl2 (10 mL). The organic layer was washed with 1 M HCL (2 x 30 mL), dried over 

MgSO4, filtered and the solvent was removed under reduced pressure to isolate (1.04 g, 2.57 
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mmol, 83 %) the title compound AzideAGTfp as a white solid that did not require any further 

purification.  

1H NMR (CDCl3, 600 MHz, 298K): δH 7.33 (t, J = 5.8 Hz, 1H9), 6.98–7.05 (m, 1H1), 6.37  

(d, J = 7.5 Hz, 1H13), 4.64 (p, J = 7.1 Hz, 1H11), 4.32–4.46 (m, 2H8), 3.34 (t, J = 6.6 Hz, 2H17), 

2.26–2.37 (m, 2H15), 1.91 (p, J = 6.9 Hz, 2H16), 1.42 (d, J = 7.0 Hz, 3H12). 13C NMR (CDCl3, 

150 MHz, 298K): δF 173.0 (C10), 172.4 (C14), 166.1 (C7), 147.0 (C6), 145.3 (C2), 141.5 (C5), 

139.8 (C3), 129.2 (C4), 103.8 (C1), 50.8 (C17), 48.7 (C11), 40.8 (C8), 33.1 (C15), 24.7 (C16), 17.9 

(C12). ESI-HRMS (MeCN, ve+): calcd for C15H16N5O4F4 = 406.1138 m/z; found: [M+H]+ = 

406.1133. 

Tripeptide NDI (20): To a 20 mL round-bottomed flask was added Boc-NDI-COOH (327 

mg, 0.68 mmol, 1.0 equiv.) and CH2Cl2 (3 mL) and the mixture was cooled to 0 °C in an ice 

bath. TFA (560 µL, 6.8 mmol, 10 equiv.) was added dropwise to the stirring mixture and 

allowed to warm to rt over 2 h, in an open reaction vessel to allow for CO2 release. The solvent 

was removed under reduced pressure followed by the removal of excess TFA by azeotropic 

distillation with anhydrous PhMe (3 × 2.5 mL) to produce a brown solid product. Dioxane  

(10 mL) was added to the reaction vessel. DIPEA (178 µL, 1.0 mmol, 1.5 equiv.) was then 

added, and the suspension was stirred at rt for 15 mins. A solution of AzideAGTfp (331 mg, 

0.82 mmol, 1.2 equiv.) in dioxane (5 mL) was then added to the reaction mixture and it was 

stirred at rt for 16 h. The solvent was removed by reduced pressure and triturated with EtOAc 

(3 × 10 mL) and 1 M HCl (3 × 10 mL) to isolate (380 mg, 0.61 mmol, 90 %) the title compound 

20 as a brown solid that did not required any further purification.  

1H NMR (599 MHz, 298 K, DMSO-d6): δH 12.42 (s, 1H1), 8.51–8.69 (m, 4H6+7), 8.10–8.19 

(m, 1H18), 8.05 (t, J = 5.9 Hz, 1H14), 7.94 (t, J = 6.0 Hz, 1H11), 4.24–4.35 (m, 2H4), 4.09–4.21 

(m, 2H9), 3.50–3.61 (m, 2H13), 3.39–3.48 (m, 2H10), 3.25–3.33 (m, 2H22), 2.61–2.66 (m, 2H3), 

2.10–2.21 (m, 2H20), 1.66–1.77 (m, 2H21), 1.14–1.25 (m, 3H17). 13C NMR (151 MHz, 298 K, 

DMSO-d6): δC 174.2, 172.5, 172.4, 171.5, 171.1, 171.1, 169.0, 166.2, 163.2, 162.8, 162.7, 

162.5, 130.4, 130.3, 126.4, 126.3, 126.2, 126.1, 126.0, 53.4, 50.2, 50.2, 48.5, 47.4, 42.0, 40.1, 

36.3, 36.1, 32.0, 31.9, 31.8, 24.5, 24.3, 18.0, 17.6, 17.1, 16.7. ESI-HRMS (MeCN, ve+): calcd 

for C28H29N8O9 = 621.2057 m/z; found: [M+H]+ = 621.2047. 
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M1DMB: Compound 20 (380 mg, 0.61 mmol, 1.0 equiv.) was added to a mixture of  

DMF–DMSO 9:1(v/v) (22 mL). DIPEA (128 µL, 0.73 mmol, 1.2 equiv.) and HATU  

(278 mg, 0.73 mmol, 1.2 equi.v) were added to the reaction mixture and it was left to stir for 

30 mins at 40 °C. AlkyneGADMB (222 mg, 0.67 mmol, 1.1 equiv.) was then added to the 

reaction mixture and it was left to stir at at 40 °C for 48 h. After 24 h additional HATU  

(278 mg, 0.73 mmol, 1.2 equiv.) was added to the reaction mixture. Following this, CH2Cl2  

(20 mL) and then H2O (10 mL) was added to the reaction mixture. The product was then 

extracted into CH2Cl2 (3 × 20 mL). The organic fractions were combined and washed with  

1 M HCl (3 × 50 mL) and brine (1 × 50 mL). The organic layer was dried over MgSO4, filtered 

and concentrated via reduced pressure. The crude residue was purified by automated flash 

column chromatography (Teledyne Isco CombiFlash Rf+ system, 40 g SiO2: 0 to 15 % EtOH 

in CH2Cl2) with the title compound M1DMB isolated (342 mg, 0.36 mmol, 59 %) as an orange 

powder.  

1H NMR (CDCl3, 700 MHz, 298K): δH 8.78 (d, J = 7.6 Hz, 2H19), 8.76 (d, J = 7.6 Hz, 2H18), 

7.11–7.18 (m, 2H5+11), 7.00 (t, J = 5.9 Hz, 1H22), 6.90 (t, J = 5.9 Hz, 1H24),  

6.71 (t, J = 6.3 Hz, 1H7), 6.48 (s, 1H13), 6.46 (d, J = 2.3 Hz, 1H12), 6.29 (d, J = 6.4 Hz, 1H27), 

4.69 (d, J = 15.6 Hz, 1H,10’), 4.50–4.63 (m, 2H17), 4.42–4.49 (m, 2H, 10’+20’), 4.34–4.41  

(m, 1H,20’), 4.29 (p, J = 7.0 Hz, 1H25), 4.05 (dd, J = 17.0, 7.1 Hz, 1H6’), 3.92–3.98 (m, 2H8+23’), 

3.90 (s, 3H15), 3.81 (s, 3H14), 3.67–3.77 (m, 3H21+23’), 3.63 (dd, J = 17.0, 5.5 Hz, 1H6’), 3.31 

(td, J = 6.6, 1.2 Hz, 2H20), 2.97–3.19 (m, 3H4’+16), 2.79–2.89 (m, 1H4’), 2.18–2.27 (m, 2H28), 

2.13 (td, J = 7.1, 2.6 Hz, 2H2), 1.89 (t, J = 2.6 Hz, 1H1), 1.76–1.86 (m, 2H29), 1.54–1.65 (m, 

2H3), 1.39 (d, J = 7.0 Hz, 3H26), 1.35 (d, J = 7.0 Hz, 3H9). 13C NMR (CDCl3, 176 MHz, 298K): 

δC 172.7, 172.3, 171.9, 171.3, 169.4, 169.2, 163.3, 163.0, 161.4, 158.4, 131.0, 130.6, 126.8, 

126.5, 126.5, 126.2, 115.6, 104.4, 99.0, 83.7, 77.2, 77.0, 76.8, 68.7, 56.1, 55.4, 50.6, 49.6, 48.4, 

43.6, 43.2, 40.4, 38.3, 38.2, 37.4, 32.8, 32.4, 27.8, 24.5, 17.7, 15.9, 13.3. ESI-HRMS (MeCN, 

ve+): calcd for C47H54N11O12 = 964.3953 m/z; found: [M+H]+ = 964.3976. 

DMB-protected alkyne (22): 1-Amino-4-pentyne (509 

mg, 6.12 mmol, 1.0 equiv.) was added to EtOH (30 mL), 

followed by the addition of NaCNBH3 (500 mg, 7.96 

mmol, 1.3 equiv.). A catalytic amount of TFA was added, 

and the reaction mixture was stirred at rt for 24 h. The solution was then concentrated by rotary 
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evaporation and the resulting residue purified by column chromatography (20 g SiO2: 0 to 50% 

EtOAc in n-hexanes) to yield (900 mg, 3.86 mmol, 63%) the title compound 22 as a green oil.  

1H NMR (CDCl3, 600 MHz, 298 K): δH 7.12 (d, J = 8.0 Hz, 1H13), 6.45 (d, J = 2.4 Hz, 1H9), 

6.42 (dd, J = 8.1, 2.4 Hz, 1H10), 3.80 (s, 3H15), 3.79 (s, 3H12), 3.71 (s, 2H7), 2.68 (t, J = 7.1 Hz, 

2H5), 2.25 (td, J = 7.2, 2.7 Hz, 2H3), 1.93 (t, J = 2.7 Hz, 1H1), 1.72 (p, J = 7.1 Hz, 2H4). 13C 

NMR (CDCl3, 151 MHz, 298 K): δC 160.2 (C14), 158.7 (C11), 130.5 (C13), 121.0(C8), 103.8 

(C10), 98.7 (C9), 84.4 (C2), 68.5 (C1), 55.5 (C12), 55.4 (C15), 48.8 (C7), 48.0 (C5), 28.8 (C4), 16.5 

(C3). ESI-HRMS (MeOH, ve+): calcd for C14H20NO2 = 234.1494, m/z; found: [M+H]+ = 

234.1500. 

Azide-NDI (21): To a 20 mL round-bottomed 

flask was added Boc-NDI-COOH (292 mg, 0.61 

mmol, 1.0 equiv.) and CH2Cl2 (2 mL) and the 

mixture was cooled to 0 °C in an ice bath. TFA 

(467 µL, 6.1 mmol, 10 equiv.) was added 

dropwise to the stirring mixture and allowed to warm to rt over 2 h, in an open reaction vessel 

to allow for CO2 release. The solvent was removed under reduced pressure followed by the 

removal of excess TFA by azeotropic distillation with anhydrous PhMe (3 × 2.5 mL). DIPEA 

(266 µL, 1.53 mmol, 2.5 equiv.) were added to DMSO (6 mL) and left to stir for 15 mins. 15 

(216 mg, 0.73 mmol, 1.2 equiv.) in DMSO (1 mL) was added dropwise to the reaction mixture 

which was left to stir overnight. The product was then precipitated in water and collected by 

vacuum filtration. The excess starting material was removed with washings of EtOAc (3 × 10 

mL), isolating the title compound (197 mg, 0.40 mmol, 66%) as a brown solid.  

1H NMR (700 MHz, 298 K, DMSO-d6): δH 12.42 (s, 1H1), 8.57–8.64 (m, 4H8+9), 8.00  

(t, J = 6.2 Hz, 1H15), 4.26 (t, J = 7.9 Hz, 2H4), 4.14 (t, J = 6.0 Hz, 2H13), 3.41 (q, J = 6.0 Hz, 

2H14), 3.21 (t, J = 6.9 Hz, 2H19), 2.63 (t, J = 7.8 Hz, 2H3), 2.00 (t, J = 7.3 Hz, 2H17), 1.61 (p, J 

= 7.1 Hz, 2H18). 13C NMR (176 MHz, 298 K, DMSO-d6): δC 172.8 (C2), 172.0 (C16), 163.1 

(C12), 162.8 (C5), 130.8 (C9), 130.7 (C8), 126.7 (C10), 126.6 (C7), 126.5 (C11), 126.4 (C6), 50.6 

(C19), 40.4 (C13), 36.7 (C14), 36.5 (C4), 32.6 (C17), 32.4 (C3), 24.8 (C18). HRMS (ASAP, ve+): 

m/z calcd for [M+H]+ 493.1472, found 493.1461. 

 

 



Chapter 5 | A Macromonomer Route Towards an NDI-Embedded Polypeptide 

 

247 

 

C1DMB: Compound 22 (98 mg, 0.42 mmol, 1.1 equiv.) and 21 (186 mg, 0.38 mmol, 1.0 equiv.) 

were added to anhydrous DMF (4 mL) and cooled to 0 °C. DIPEA (80 µL, 0.46 mmol, 1.2 

equiv.) was added to the reaction mixture. After 5 min of stirring at 0 °C, HATU (175 mg, 0.46 

mmol, 1.2 equiv.) was added to the reaction mixture which was allowed to warm to rt. The 

reaction mixture was stirred for 96 h. Following this, H2O (10 mL) and CH2Cl2 (50 mL) were 

added to the reaction mixture. The product was then extracted into CH2Cl2 (2 x 50 mL). The 

organic fractions were combined and washed with 1 M HCl (1 × 100 mL), sat. aqueous 

NaHCO3 sol. (1 × 100 mL) and brine (1 × 100 mL). The organic layer was dried over MgSO4, 

filtered and concentrated via reduced pressure. The crude residue was purified by column 

chromatography (6 g SiO2: 0 to 2 % MeOH in CH2Cl2) with the title compound C1DMB isolated 

(75 mg, 0.11 mmol, 28 %) as an orange powder.  

1H NMR (CDCl3, 400 MHz, 298K): δH 8.74 (dd, J = 7.2, 2.1 Hz, 4H13+14),  

7.15–7.18+6.97–7.00 (2 x m, 1H6), 6.39–6.44 (m, 2H7+9), 6.02–6.08 (m, 1H17), 4.50–4.57 (m, 

2H12), 4.50–4.57+4.38–4.45 (2 x m, 2H5), 4.38–4.45 (m, 2H15), 3.79–3.80 (m, 3H8), 3.77–3.79 

(m, 3H10), 3.68–3.72 (m, 2H16), 3.33–3.39 (m, 2H4), 3.19–3.23 (m, 2H20), 2.89–2.92+2.84–2.88 

(2 x m, 2H11), 2.15–2.19 (m, 4H2+18), 1.89+1.94 (2 x t, J = 2.6 Hz, 1H1), 1.74–1.80 (m, 2H19), 

1.74–1.80+1.69–1.74 (2 x m, 2H3). 13C NMR (CDCl3, 176 MHz, 298K): δC 172.4, 172.4, 170.8, 

170.2, 163.6, 163.5, 162.8, 160.8, 160.3, 158.59, 158.4, 131.3, 131.1, 131.1, 131.0, 128.7, 

127.0, 126.9, 126.9, 126.9, 126.5, 126.4, 118.1, 116.9, 104.4, 104.0, 98.8, 98.4, 83.9, 83.1, 

77.3, 77.2, 77.0, 69.4, 68.8, 55.5, 55.5, 55.4, 55.4, 50.8, 47.0, 46.2, 44.8, 42.4, 40.4, 40.4, 39.0, 

39.0, 37.7, 37.7, 33.1, 31.2, 27.2, 26.3, 24.7, 16.4, 16.1. ESI-HRMS (MeCN, ve+): calcd for 

C37H37N7O8 = 708.2782 m/z; found: [M+H]+ = 708.2786. 

1H NMR (DMSO-d6, 400 MHz, 298 K): δH 8.65–8.71 (m, 4H13+14), 7.99–8.04 (m, 1H17), 6.99 

(t, J = 8.4 Hz, 1H6), 6.52–6.56 (m, 1H9), 6.44–6.51 (m, 1H7), 4.38 (d, J = 12.7 Hz, 2H5), 4.25–

4.33 (m, 2H12), 4.13–4.19 (m, 2H15), 3.72–3.80 (m, 6H8+10) 3.38–3.46 (m, 2H16), 3.18–3.24 (m, 

4H4+20), 2.79–2.86 (m, 2H11), 2.72–2.75+2.76–2.78 (2 x m, 1H1), 2.08–2.15 (m, 2H2), 2.00 (t, 

J = 7.3 Hz, 2H18), 1.52–1.69 (m, 4H3+19).  
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P1DMB: M1DMB (5 mg, 5.3 µmol, 1.0 equiv.) and TBTA (0.04 mg, 25 µmol, 1.0 equiv.) were 

added to anhydrous DMF (10 µL) and the reaction mixture was degassed by three cycles of 

freeze-pump-thaw. CuOAc (0.3 mg, 0.5 µmol, 0.1 equiv.) was added to the vial and the reaction 

mixture and a further three cycles of degassing by freeze-pump-thaw were employed. The 

reaction was stirred at 80 °C for 16 h. MeOH (0.5 mL) was added to the reaction mixture and 

the crude product was subject to 5 cycles of centrifugation, with the MeOH (0.5 mL) decanted 

each time. The product P1DMB was isolated as a white solid (3 mg, 60%) that was used in 

analyses without further purification.  

1H NMR (CDCl3, 400 MHz, 298K): δH 8.53 (s, 4H), 7.77 (s, 1H), 7.61 (s, 1H), 7.50 (s, 1H), 

6.82–7.04 (m, 1H), 6.31 (s, 2H), 2.76–3.10 (m, 4H), 1.57–2.13 (m, 4H), 0.94–1.31 (m, 6H). 

MALDI–TOF (ve+): m/z [M+Na]+ calcd for C390H312N60O72 = 6773.8, found: = 6767.7.  

P1: Polymer P1DMB (3 mg) was added to a 5 mL round-bottomed flask equipped with a 

magnetic stirrer. A solution of TFA/TIPS/H2O (95:2.5:2.5, 0.7 mL) was added to the reaction 

mixture and it was stirred at room temperature for 1 hour. MeOH (3 mL) was then added to the 

reaction mixture and the resulting precipitate was collected and purified by centrifugation with 

MeOH (3 x 1 mL). The successful deprotection was confirmed by TLC analysis (0–12% EtOH 

in CH2Cl2) and the target P1 isolated as a solid (2 mg, 66%) that was used without further 

purification.    
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5.5 Appendix and Supplementary Information 

5.5.1 Structural Assignment by Two-Dimensional (2D) NMR 

In order to fully assign the 1H and 13C signals of the NDI amino acid 5, we employed 2D NMR 

spectroscopy. We determined peak assignments through analysis of COSY (Figure 5.18), 

HSQC (Figure 5.19) and HMBC (Figure 5.20) correlations. Process of elimination allowed us 

to attribute any remaining 13C signals to the naphthalene core. 

 

 

 

 

Figure 5.18. Partial 1H–1H COSY NMR spectrum (700 MHz, DMSO-d6, 298 K) of 5. 
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Figure 5.19. Partial 1H–13C HSQC NMR spectrum (151/700 MHz, DMSO-d6, 298 K) of 5. 

Figure 5.20. Partial 1H–13C HMBC NMR spectrum (151/700 MHz, DMSO-d6, 298 K) of 5. 
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In order to fully assign the 1H and 13C signals of the C-activated AzideAGTfp (18), we employed 

2D NMR spectroscopy. We determined peak assignments through analysis of COSY (Figure 

5.21), HSQC (Figure 5.22) and HMBC (Figure 5.23) correlations.  

 

 

 

 

 

 

 

 

Figure 5.21. Partial 1H–1H COSY NMR spectrum (600 MHz, CDCl3, 298 K) of 18. 
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Figure 5.22. Partial 1H–13C HSQC NMR spectrum (151/600 MHz, CDCl3, 298 K) of 18. 

Figure 5.23. Partial 1H–13C HMBC NMR spectrum (151/600 MHz, CDCl3, 298 K) of 18. 
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With increasing structural order, i.e., intramolecular folding, it became increasingly difficult to 

fully assign the 13C signal.  In order to fully assign the 1H signals of tripeptide 20 as well as 

M1DMB, we employed 2D NMR spectroscopy. We determined peak assignments through 

analysis of COSY correlations (Figure 5.24/25), in conjunction with signal comparisons with 

the synthetic pre-cursors. 

 

 

  

Figure 5.24. Partial 1H–1H COSY NMR spectrum (600 MHz, DMSO-d6, 298 K) of 20. 
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Figure 5.25. Partial 1H–1H COSY NMR spectrum (600 MHz, CDCl3, 298 K) of M1DMB. Amide couplings are 

shown in green for clarity. 
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In order to fully assign the 1H signals of the control macromonomer C1DMB, we employed 2D 

NMR spectroscopy. However, 13C signals could not be assigned owing to the complexity for 

C1DMB
. We first determined peak assignments for the synthetic precursors, 21 (Figures  

5.26–28) and 22 (Figures 5.29–31), through analysis of COSY, HSQC, HMBC and NOESY 

correlations, which enabled us to confidently assign by comparison the analogous peaks present 

in C1DMB (COSY, Figure 5.32).  

 

 

 

 

 

Figure 5.26. Partial 1H–1H COSY NMR spectrum (600 MHz, CDCl3, 298 K) of 22. 
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Figure 5.27. Partial 1H–13C HSQC NMR spectrum (151/600 MHz, CDCl3, 298 K) of 22. 

Figure 5.28. Partial 1H–13C HMBC NMR spectrum (151/600 MHz, CDCl3, 298 K) of 22. 
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Figure 5.30. Partial 1H–13C HSQC NMR spectrum (176/700 MHz, DMSO-d6, 298 K) of 21. 

Figure 5.29. Partial 1H–1H COSY NMR spectrum (700 MHz, DMSO-d6, 298 K) of 21. 
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Figure 5.31. Partial 1H–13C HMBC NMR spectrum (176/700 MHz, DMSO-d6, 298 K) of 21. 
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Figure 5.32. Partial 1H–1H COSY NMR spectrum (700 MHz, CDCl3, 298 K) of C1DMB. 
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5.5.2 NMR Spectroscopy 

Control macromonomer C1DMB
 exists as two conformations (i.e., rotamers) in CDCl3 (Figure 

5.34), with a ratio of ca. 7:3, in favour of what is believed to be as intramolecular aromatic 

charge transfer interaction between the electron rich dimethoxybenzyl group and the electron 

poor NDI unit. However, this behaviour is not observed in DMSO-d6 (Figure 5.33) where only 

one conformer is present. Intramolecular aromatic CT interactions are usually stabilised in 

polar solvents such as H2O and DMSO. However, with only one conformer present in DMSO, 

there are potential hydrogen bonding46 or n–π* interactions that prevent a mixture of 

conformers from forming. 

Figure 5.33. 1H NMR spectrum (700 MHz, CDCl3, 298 K) of C1DMB
. 

Figure 5.34. 1H NMR spectrum (400 MHz, DMSO-d6, 298 K) of C1DMB
. 
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5.5.3 X-ray Crystallographic Analysis 

Analysis of the crystal structure of dipeptide 12 is shown (Figure 5.35) with the crystal system, 

space group, unit cell parameters reported below. Single crystals of 12 (mono hydrate) were 

grown from a saturated solution of hot water, confirming the (S)-configuration.  

Crystal system: monoclinic 

Space group: P21 

Unit Cell Parameters: a = 10.5975(7) Å, b = 6.2531(4) Å, c = 10.9156(7) Å, α = 90°, β = 

108.370(3)°, γ = 90°, volume = 686.48(8) Å3, ρcal g/cm3 = 1.279, Z = 2, R = 7%. 
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Figure 5.35. Solid-state superstructure of dipeptide 12. Lattice is made up of 3×3×3 unit cells in order to illustrate the crystal packing that is largely dominated by intrabranch hydrogen 

bonding, and hydrogen bonding to H2O molecules. Projections are viewed along the crystallographic a) a-, b) b-, and c) c-axes.  
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5.5.4 MALDI-TOF 

Several matrices (CHCA, DHB, HABA and sinapinic acid) were tested for the deposition of 

the polymer prior to collecting MALDI-MS spectra. HABA [10 mg/ mL] in THF, spotted with 

an equal amount of polymer P1DMB solution in HFIP gave the best response. Up to seven repeat 

units were confirmed (Figure 5.36) to have been ‘clicked’ following the CuAAC 

polymerisation, all observable as sodiated species. 

5.5.5 GPC 

Samples were prepared for SEC analysis by dissolving ca. 2 mg of the polymer in 2 mL DMF 

for a concentration of ca. 1 mg/ mL. Protected polymer P1DMB had a retention volume of 13.55 

mL (Figure 5.37) which equates to an Mn of 9,689 gmol–1
, as calculated from a calibration of 

known molecular weight polystyrene  

Figure 5.36. MALDI-MS of P1DMB, identifying up to the soidated hepatmer  (m/z = 6767.7 g/ mol). 

Figure 5.37. GPC trace (RI index) of P1DMB, calibrated against polystyrene, Mn of 9,689 gmol–1. 
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This Thesis has highlighted the recent advances in using macromolecular scaffolds to guide 

aromatic π-assembly, focusing on the emergent optoelectronic properties that may be exploited 

in future devices—all the work displayed here was achieved in the period of May 2017–August 

2021. At the outset of the research discussed in this Thesis a number of different approaches to 

guiding π-assemblies were acknowledged that have served as a springboard for much of the 

work discussed herein. The use of three-dimensional (3D) fullerene scaffolds has been explored 

for mediating π-assembly that allows for access to unique optical and electronic properties. In 

pursuit of one-dimensional (1D) π-aromatic assembly, supramolecular assemblies based on 

multicomponent peptide–π-conjugates have been recognised as attractive strategies that can be 

exploited in macromolecular systems for 1D ordering of functional aromatic units. During the 

same time frame of this thesis, advances in the synthesis of macromolecular architectures have 

been reported which in turn can be exploited for guiding aromatic π-interactions in space. 

Chapter 2 of this Thesis described the synthesis and π-assembly investigations of a naphthalene 

diimide (NDI) substituted fullerene hexakis-adduct. The 3D fullerene scaffold pre-organises 

the pendant NDI units and restricts their movement in space which enforces intramolecular 

NDI aggregation. The electronic couplings between NDI units are preserved upon reduction 

with extended mixed-valence NDI stacks evidence by IR bands in the absorption spectra. 

Furthermore, the tethering of the NDI units by the scaffold helps to observe Coulombically 

repulsive NDI radical–radical interactions. These NDI radical π-interactions are usually only 

observable in rigid, covalent systems or under the influence of the hydrophobic effect and 

therefore this system provides an unexplored avenue to achieving π-assembly of reduced NDI 

units in a flexible and organic soluble system.  

A fullerene hexakis-adduct has also been decorated with electron rich tetrabenzofluorene 

(TBF) units to investigate the intramolecular π-assembly of the TBF units in 3D space and the 

energy transfer properties with the fullerene acceptor core. In Chapter 3 a fully decorated TBF 

fullerene hexakis-adduct and a disubstituted [5:1] fullerene hexakis-adduct have been 

synthesised and their photophysical properties characterised. The light harvesting properties of 

the fullerenes were confirmed with energy transfer between the TBF units and fullerene core 

proceeding via a Förster resonance energy transfer (FRET) mechanism. Furthermore, FRET 

was increased for the fully decorated TBF-substituted fullerene in comparison to the 

disubstituted analogue which is suggestive of a “multivalent” effect. Despite the first synthesis 

of TBF in 1960, these studies are some of the first to explore the photodonor properties in 

pursuit of functional organic materials. A system with an appropriately matched acceptor may 

allow for electron transfer processes that can be exploited for various applications in organic 

electronics. 
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The functionalised fullerenes investigated for their fundamental optoelectronic properties in 

Chapters 2 and Chapter 3 have been integrated into devices that are described in Chapter 4. 

Space-charge-limited diodes were fabricated and the electron only mobility quantified for 

devices containing active layers of the NDI fullerene compound as well structurally related 

NDI analogues. It was discovered that the fullerene hexakis-adduct molecules had poor charge 

mobility with the model NDI compounds having higher performance. The poor performance 

of the NDI fullerene is believed to be as a result incomplete charge transport pathways between 

the NDI units in 3D space. However, these observations are crucial to rationalising the potential 

charge transport properties in acceptor fullerene hexakis-adducts based on NDI. A larger 

aromatic unit, such as perylene diimide, may facilitate greater charge transfer properties when 

decorated around a fullerene hexakis by completing the charge transfer pathways that eluded 

the NDI-substituted fullerene. On the other hand, the TBF-decorated fullerene improved the 

performance of a metal oxide catalyst for dye degradation experiments. As a composite, the 

TBF-functionalised fullerene increased the rate of dye degradation and decreased the 

photodegradation properties of ZnO. We currently believe the increased efficacy is as a result 

of the efficient transport of electrons from the fullerene TBF units to ZnO. This process 

prevents recombination of holes and electrons and therefore increases the amount of degrading 

species such as hydroxyl radicals that ultimately break down dye molecules. This study 

demonstrates the first time a fullerene hexakis-adduct has been used to increase the 

performance of a metal oxide for photocatalysis—these observations should inspire the 

implementation of other functionalised fullerene derivatives in such applications. Increasing 

the local concentration of TBF molecules–—or the use of another suitable donor—around the 

fullerene hexakis could pave the way for devices with increased photocatalytic performance. 

In pursuit of 1D assembly of aromatic π-systems, Chapter 5 describes the synthesis and 

characterisation of a NDI-embedded polypeptide that is designed to fold into β-sheets that have 

hierarchical ordering. A convergent route is used to synthesise high molecular weight polymers 

from a macromonomer that is poised of Cu(I)-catalysed azide–alkyne cycloaddition 

polymerisation. The polymerisation instils an artificial β-turn mimic that induces a partial 

folding to the polypeptide in an antiparallel arrangement of strands with CD and UV-Vis 

spectroscopies revealing the macromolecular scaffold facilitates NDI couplings that are not 

present in the lone macromonomer. The desired folding of the polypeptide into β-sheet 

assemblies is anticipated following removal of a hydrogen-bond blocking group that is initially 

used to increase polymer solubility as well as instil the stimuli responsive properties. Currently, 

there is preliminary evidence to suggest the NDI-embedded polypeptide can fold into β-sheets 

and this work is underway within the group. It is still uncommon to achieve hierarchical 

ordering in the macromolecular assembly of optoelectronic materials, however, the strategy 
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employed here provides a route that can be adapted to various photo- and/or redox-active units 

that can be ‘embedded’ in the polymer. Following this proof-of-concept, various 

homopolymers and hetropolymers, such as donor–acceptor arrays, will allow for properties 

such as photoinduced energy transfer and conductivity. 

The assembly of π-surfaces—whether by intramolecular interactions or intermolecular 

multicomponent ensembles—can lead to emergent optical, electronic and electrochemical 

properties that are not present in the lone molecules. Arguably the most popular strategy for 

assembling aromatic π-surfaces is through supramolecular assemblies that make use of non-

covalent interactions in multicomponent systems. However, these assemblies have inherent 

limitations such as their sensitivity to pH, moisture, temperature, stress, etc., as well the 

difficulty in controlling nanoscale morphologies. Mediating π-assembly via macromolecular 

scaffolds can help to overcome some of these issues by providing access to, i) more robust 

materials owing to the macromolecular sizes, ii) more reliable assembly processes, iii) 

materials that have hierarchical ordering (i.e., multiple levels of assembly) and iv) materials 

that have advanced functioning. There is still room to broaden the scope of macromolecular π-

assembly to study fundamental π-interactions. This strategy to mediate the assembly of 

functional aromatic units is still in its nascency and we have just scratched the surface in regards 

to exploring the fundamental properties that are bestowed upon multivalent, redox-active 

macromolecular materials. We are yet to tap into the full potential of this field, however, this 

Thesis highlights the strides we have taken towards this goal. 
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My final year MChem project, based in the Manchester Institute of Biotechnology (MIB), 
was to (i) synthesize a small library of cysteine-containing linkers, (ii) measure the kinetics 
(UV) of a native chemical ligation reaction between the cysteine-linkers and a synthetic 
lipid and (iii) make synthetic vesicles and monitor their aggregation using fluorescence 
microscopy and UV — rate constants were calculated from the raw UV data. 
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July 2020 The Soft Matter Showcase 2020 — Poster Prize | ‘Multivalent Fullerene Adducts for Functional 
Materials’, poster prize (£100) for best overall poster presentation. 

Dec 2019 Royal Society of Chemistry Travel Bursary (Intercontinental) | Grant of £400 to disseminate research 
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Dec 2018  Royal Society of Chemistry Travel Bursary (Continental) | Grant of £280 to disseminate research at 
supramolecular chemistry conference, Supr@Lyon. 

Mar 2018 Chemical Nanoscience Symposium — Poster Prize | ‘Macromolecular Assembly of π-Embedded 
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9. Mini MBA with Durham Business School, Durham (UK). 2018 | Course Attended. 
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3. Early Stage Researcher Meeting: The Protein and Peptide Science Group, Durham (UK). 2017 | Oral Presentation. 
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