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ABSTRACT 

Fluorene – an electron-rich organic polyaromatic molecule containing a central 5-membered ring – has 

been well-established in the literature as being a versatile, multifunctional building block with tuneable 

and robust optoelectronic and redox properties. For example, its relatively high photoluminescence 

quantum yield, its ability to support neutral organic radicals and its ambipolar charge transporting 

capabilities has warranted its use in the development of advanced light-emitting and charge transporting 

applications. However, benzannulated derivatives of fluorene are less well-known, despite retaining the 

optoelectronic behaviours inherent to fluorene, that are boosted by enhanced conjugation through the 

polyaromatic backbone. In fact, the few examples of ortho-fused benzannulated derivatives of fluorene 

that have been published are shown to possess a non-planar screw-shaped backbone enabling access to 

properties relating to their inherent chirality.  

     This Thesis focuses on investigating the fundamental properties of tetra-annulated 

tetrabenzo[a,c,g,i]fluorene (TBF) and its derivatives in order to draw attention to its multifaceted optical 

and charge conductive behaviours. Particular emphasis is placed on scrutinising the structures that the 

materials synthesised adopt in the solution- and solid-state and relating these structural findings to their 

emergent properties. For example, Chapter 2 and Chapter 3 relate how the structures of TBFs appended 

with a bulky, rigid anthracene substituent, affect their emissive and redox properties, respectively. Then, 

in Chapter 4, the dynamic interconversion of the polyaromatic backbone of TBFs are interrogated by 

DFT calculations to inform the design of configurationally stable TBF helicenes for the isolation of 

chiroptically-active molecules. Finally, Chapter 5 explores how the incorporation of heteroatoms into 

the TBF framework impacts optical and redox properties. Such chiral fluorescent closed- and open-shell 

helicenes can lead to a deeper understanding of fundamental spin electronics and molecular magnetics 

that may benefit the development of advanced light-emitting and memory technologies and hence lead 

us to a more advanced and sustainable future.  
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SYNOPSIS 

 

This Chapter focusses on introducing the fluorenyl moiety (highlighted in blue with a solid line in the 

cartoon above) as a polyaromatic hydrocarbon with highly efficient intrinsic emissive and redox 

properties that can be utilised effectively in applications related to the advancement of optoelectronic 

device fabrications from organic molecules. As a result, fluorenes have served as a functional organic 

small molecule building block to create simple and advanced structural architectures with enhanced 

properties depending on the nature of the groups attached to it. The advantages of extending the π-

system in all directions through benzannulation (as represented in the cartoon in grey) are discussed by 

highlighting specific examples from the literature. Some of these advantages include accessing systems 

that possess highly delocalised conjugation pathways and are therefore better suited to stabilising 

charged and neutral radical states (and even under ambient conditions) with red-shifted optical 

properties. The discussion then moves towards strategies that researchers have been using to introduce 

additional functionality to polyaromatic hydrocarbons by careful design of their three-dimensional 

structures to introduce chiral features through non-planar helically twisted geometries. Helicenes with 

the fluorenyl moiety embedded into them are discussed for their ability to improve the intrinsic 

chiroptical properties of these carbon-containing ortho-fused polyaromatics. In addition, it is evident 

from the literature search that researchers have had success with swapping out the carbon containing 

methylene-bridge in these fluorenyl-embedded helical systems with heteroatoms such as nitrogen and 

silicon to enhance solution and solid-state optical and redox properties even further. Finally, 

tetrabenzofluorene (TBF) is introduced as a tetraannulated analogue of fluorene and its remarkable 

solution and solid-state optical properties, together with its use in metal-organic half-sandwich 

complexes for synthetic catalytic purposes are discussed. The potential of TBFs to serve as chiroptically 

active [5]helicene derivatives are discussed based on experiments that are available in the literature, 

however it is clear that there is additional scope needed to study more thoroughly the fundamental 

properties of tetrabenzofluorenes and its derivatives.  

 

  



CHAPTER 1 | BENZANNULATED FLUORENES 

 
3 

1.1 FLUORENE: A BRIEF HISTORY  

Fluorene, which was first isolated from crude anthracene oil by Berthelot M.1 in 1867, was named on 

account of its intense violet fluorescence under UV irradiation. Its structure, described by Barbier P.1b,2 

as a “biphenyl in which two atoms of hydrogen are replaced by an equal volume of methylene” consists 

of a 5-membered cyclopentadienyl central ring, flanked by two annulated benzene rings (Figure 1.1a). 

Although it is classed as a polycyclic aromatic hydrocarbon, the central cyclopentadienyl ring is 

non-aromatic unless reduced to its highly delocalised anionic redox state3 whereby it obeys Hückel’s 

4n+2π electron rule for aromaticity. Early on, the three-dimensional (3D) shape and structure of 

fluorene was contested,4–6 but it is known now that fluorene is planar with a C2v symmetric axis by 

X-ray analyses (Figure 1.1b). In fact, the enhanced conjugation through the biphenyl moiety as a result 

of the rigidified planar framework endows its ability to absorb and emit in the UV–vis region.7 

Researchers quickly discovered that, owing to the reactivity of the hydrogen atoms in the 9-position 

(pKa = 22.6 in DMSO; weakly acidic),8 fluorene can be derivatised to introduce functionality at the 

methylene bridged head-position.9-11 Meanwhile direct substitution around the aromatic benzene rings 

occurs preferentially in the 2-position and the 7-position.1b,11,12 Researchers have been able to take 

advantage of these early advancements in understanding the structure, reactivity, and the intrinsic 

optoelectronic properties of fluorene to develop novel functional derivatives that have found use as 

dyes,13,14 anticancer agents,15 molecular and ionic photoluminescent sensors,16,17 electron-accepting 

materials in organic photovoltaic devices18 (OPVs) and emissive materials in organic light-emitting 

diodes (OLEDs),19, 20 among other uses.21, 22 

 

Figure 1.1 (a) Molecular and (b) X-ray crystal structure obtained by Belsky, V. K. et al.4 of fluorene with substituent numbering 

labelled in red and C–C bond distances labelled in black. (c) An example of an alternative method to synthesise diverse 

functionalised fluorenes from a substituted-biphenyl.7 

1.2 FUNCTIONAL SMALL MOLECULES BASED ON FLUORENE 

Synthetic variety has been quite simple to achieve from this small building block with methodologies 

evolving to enable symmetric and non-symmetric substitutions around all positions on the fluorene core 
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(where substitution in the 1,8-positions naturally requires smaller sterically bulky groups in the 

9-position to be feasible).23 Substitution at the methylene bridge 9-position is normally utilised to 

introduce solubilising groups24 (e.g., branched or linear alkyl groups or aryl groups) and has been 

especially popular in the development of spirocyclic compounds (i.e., spirofluorenes). Spirofluorenes 

are efficient light-emitting materials with high colour stability due to their molecular rigidity and 

efficient electroluminescence due to the ability of the spiro conformation to hinder intermolecular 

aggregation.25–27  

Although a popular strategy that is used to take advantage of the robust and reliable properties of 

fluorene is to incorporate this motif into organic polymers24,28,29 by reaction in the 2,7-positions, this 

introductory chapter will focus instead on its use in discrete functional organic small molecules (e.g., 

in Figure 1.2). Halogenation reactions (to install –Cl, –Br, –I, for example) involving fluorene or its 

oxidised counterpart fluorenone (Figure 1.2d) followed by subsequent metal-mediated C–C bond 

formation reactions (e.g., Suzuki–Miyaura, Sonogashira and Stille couplings) account for a majority of 

the diversity in organic small molecules bearing at least one fluorene unit.24,30 There exist alternative 

ways of decorating fluorene with substituents e.g., by careful construction of the fluorenyl core from a 

functionalised biphenyl building block7,31 (Figure 1.1c). Careful choice of substituents enables the 

tuning of frontier molecular orbitals (FMOs) for the desired applicability in optoelectronic devices.32  

Facile non-symmetric aromatic derivatisation33 together with the electron-rich nature of the fluorene 

moiety makes it suitable to use in push–pull donor–acceptor systems as either the π-spacer34,35 or the 

electron-donating group. For example, fluorene-based materials have had success in their use in dye 

sensitised solar cells when fused with other electron-donors such as triarylamines36 resulting in 

light-electricity conversion efficiencies of up to 8% for a fully organic system37 (Figure 1.2c). The 

coplanar nature of the biphenyl embedded in the fluorene is desirable because it enhances electron 

delocalisation (i.e., charge transport) between donors and acceptors in push–pull systems compared to 

π-spacers that twist out of plane of each other (e.g., biphenyls). Push–pull materials have also displayed 

suitable properties to be used as fluorosensors, nonlinear optical switches and in electro-optical and 

piezochromic materials.31  

In addition to push–pull conducive properties, fluorene derivatives and their oxidised counterparts 

based on fluorenone have exhibited impressive photophysical phenomena including solid-state 

emission through aggregation induced emission (AIE), room-temperature phosphorescence (RTP), and 

twisted intramolecular charge transfer (TICT).31 For example, a fluorene conjugated 

diphenylamine-oxadiazole derivative 1 (Figure 1.2a), was found to be emissive in the solid state with 

photoluminescent quantum yields (PLQYs i.e., the ratio between the number of photons emitted by a 

molecule and the number of photons used to excite the molecule) of 0.41. This impressive solid-state 

emission was found to be due to a phenomenon known as aggregation induced emission (AIE), which 

enables their solution-processability for OLED device applications.38 Further, when functionalised with 
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heavy atoms such as bromine in the 2,7-positions, fluorene 2 (Figure 1.2b) has been found to show 

triboluminescent room-temperature phosphorescence (i.e., upon introducing a mechanical stimulus, the 

material is phosphorescent) that are highly dependent on halogen BrBr interactions.39 In a separate 

example, a 2,7-diethylaminophenyl fluorenone 4 (Figure 1.2d) was observed to exhibit different 

radiative decay mechanisms dependent on solvent polarity; in low polarity solvents, radiative decay 

from an excimer dominated its emission whereas in higher polarity solvents, TICT emission was 

observed.40,41 

 

Figure 1.2 Molecular structures of relevant fluorenyl compounds discussed showing complex photophysical properties 

including (a) aggregation induced emission (AIE);38 (b) room temperature phosphorescence (RTP);39 (c) donor–acceptor 

push-pull systems;37 (d) twisted intramolecular charge transfer (TICT) processes.40,41 

Apart from the intrinsic photophysical properties of fluorene, researchers have also been intrigued by 

its redox behaviour and in particular its tendency to form chemically generated organic radicals. For 

example, the oxidation properties of 9,9-dialkyl substituted fluorenes were studied and it was observed 

that under a scanning potential, charged states were preferentially electropolymerising.42 On the other 

hand, the properties of radical anion and anionic states of fluorene were studied, and the stability of 

these states were found to be dependent on the counterion, solvent and temperature.43 In addition, 

researchers have been able to enhance the electron-accepting abilities of fluorene to afford strong 

electron acceptors with fully reversible reduction behaviours.44 Together, these works highlight the 

possibility for achieving ambipolar redox properties with fluorene (Figure 1.3a). Notably, fluorene has 
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been found to be suitable at forming chemically generated neutral organic radicals which can be 

kinetically stabilised such that they are able to persist under ambient conditions by the inclusion of 

sterically bulky groups such as anthracenyl and mesityl groups45–47 (e.g., 5 in Figure 1.3b). For example, 

the half-life (τ1/2) of an anthracenyl-fluorenyl radical prepared by Nishiuchi, T. et al.47 was found to be 

5.6 days under ambient conditions. Researchers have been able to extract this property from fluorenes 

to design mechanophores based on arylfluorene radicals.48 

 

Figure 1.3 (a) Highlighting the ambipolar redox abilities of fluorene. (b) An example of one of the first kinetically stabilised 

fluorenyl-radicals synthesised and characterised. 

There has also been a great tendency for researchers to use fluorene as a building block to construct 

non-planar and three dimensional (3D) molecular architectures (e.g., macrocycles, molecular rotors, 

metalla-knots,49 etc) in their efforts to synthesise and understand the properties of carbon-containing 

nanostructures.30,51 In particular, researchers have found that macrocyclisation of dibrominated 

fluorenes in the 3,6-positions (Figure 1.4a) are more conducive to forming non-linear conformations51,52 

compared to 2,7-derivatives which favour the formation of linear oligomers. For example, 

macrocyclization of fluorene was found to enhance electron delocalisation to result in globally 

antiaromatic polyradicaloid systems due to the enforced rigidity and planarity of the molecular 

structure.53 This global antiaromatic current is depicted by computationally determined anisotropic 

induced current (AICD) isosurfaces, shown in Figure 1.4b. 3D molecular structure and in particular 

conformational switching upon introduction of a mechanical stimulus has also been explored for 

fluorenylidene-acridanes (an example 7, is shown in Figure 1.4c) with applications in inkjet printing 

technologies54 and selective hole or electron mobilities55 depending on whether the system adopts a 

folded and twisted structure56 (Figure 1.4c). Fluorene in head-substituted fulvalene structures (e.g., 

compound 8 in Figure 1.4d) has also been used as a stator in the development of light-driven rotary 

molecular motors when trying to understand the dynamics behind photoisomerization which enables 

unidirectional rotation about a double bond57 (Figure 1.4d).  
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Figure 1.4 (a) Chemical structure of a tetrameric macrocycle synthesised from 3,6-fluorene derivatives and (b) depiction of 

the computationally calculated AICD global aromatic current experienced by a polyradicaloid macrocycle synthesised from 

four fluorene units. (c) Chemical structure of fluorenylidene-acridane 7 and a representation of the two conformations it can 

adopt in the solid state. (d) An example of a molecular rotary motor based on fluorene.  

It is evident that fluorene is a versatile and multifunctional building block that has enabled the study of 

the fundamental and intrinsic properties of rigid and planar polyaromatic small-molecule hydrocarbons 

where functionalisation allows for easy tuning of these properties. In addition, its incorporation into 

larger 3D systems has been found to increase the stability of the redox states of fluorene due to enhanced 

conjugation. 

1.3 BENZANNULATED FLUORENES 

Given the attractive photophysical and redox properties that are inherent to fluorene, the synthesis and 

properties analysis of π-extended benzannulated derivatives of fluorene has developed as researchers 

aim to take advantage of its reliably high PLQYs and reversible redox properties to create organic 

materials that have found use in advanced optoelectronic and magnetic applications. Benzannulation 

can occur in either the 1,2-, 2,3- or 3,4-positions58 (i.e., a, b, c positions respectively) singly to create 

benzofluorenes (or benzofluorenones)59 or doubly in a non-symmetric60 or symmetric fashion to make 

dibenzofluorenes (examples structures are shown in Figure 1.5). Synthetically, this feat has been 

achieved through intermolecular metal-catalysed cycloadditions61 (Figure 1.5a) or intramolecular 

Diels-Alder reactions62 (Figure 1.5b) to synthesise 1,2- and 2,3-benzofluorenes 9 and 10 respectively. 
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Alternatively, Pd-catalysed cascade reactions from a 2,7-diiodofluorene via consecutive arylation, 

cyclisation and aromatisation steps can achieve a variety of symmetric and non-symmetric elongated 

dibenzo- and benzofluorenes in good yields63 (Figure 1.5c).  

 

Figure 1.5 Synthetic schemes showing the diversity of methods available to synthesise monobenzofluorenes (e.g., in (a) and 

(b)), dibenzofluorenes either (c) directly from fluorene or using (d) Grignard or (e), (f) enamine chemistry and (g) 

tribenzofluorenes such as 15 
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With regards to the synthesis of dibenzofluorenes, it is more common to use alternative milder and more 

efficient synthetic strategies where the fluorene core is stitched together from a variety of polyaromatic 

molecules (e.g., naphthalene or phenanthrene derivatives) making use of either Grignard64,65 (Figure 

1.5d) or enamine chemistry64–66 (Figure 1.5e and f) to synthesise 1,2–, 1,2,5,6– and  

3,4–dibenzofluorenes  12, 13 and 14 respectively. Synthetic occurrences in the literature of 

tribenzofluorenes (e.g., 15) are sparse and follow similar synthetic routes to dibenzofluorenes, where 

for example, a base-assisted aldol reaction67 brings together phenanthrene and naphthalene derivates 

before successive oxidations to form the fluorenyl-core (Figure 1.5g). π-Extended fluorenes have been 

used in very similar ways to fluorene, e.g., by incorporating them into polymers,28,64 long chain 

oligomers68 or creating spirobenzofluorene derivatives69,70 and studying their solution and solid-state 

emissive and electrochemical properties for use as materials in OLEDs and OFETs as the emissive or 

charge transporting materials. This section will instead focus on the properties of the parent, 

small-molecule derivatives of these π-extended fluorenes in a similar manner to the section above.  

The absorption spectra of different isomers of benzofluorene and benzofluorenone71 display features 

that are less dependent on the electronics of the conjugated backbone and instead reveal interesting 

structural differences. For example, 3,4-benzofluorene 17 (Figure 1.6) displays an absorption spectrum 

whose features are significantly different to its 1,2- and 2,3-isomers because its structure is expected to 

disrupt the planarity of the fluorene backbone as a result of steric clashes between hydrogen atoms on 

the aromatic core. On the other hand, 1,2-benzofluorenone 16 displays an absorption spectrum whose 

features do not match its isomers because of the possibility of forming an intramolecular CH···O 

interaction between the carbonyl and a neighbouring aromatic proton.72  

 

Figure 1.6 Structures of the three possible isomers of benzofluorene (R = CH2) and/or benzofluorenone (R = C=O) where 

structural differences (highlighted in red) are used to differentiate absorption behaviours. 

Benzo- and dibenzofluorenes display a similar blue emission to fluorene with relatively high PLQYs. 

For example, the PLQY of polymers synthesised using either dibenzofluorene 12, 13 or 14 as the 

repeating unit are as high as 0.62 (e.g., P1364 Figure 1.7a), while the PLQYsolution for a benzofluorene 

derivative was found to be up to 0.7273 (e.g., 19 and 20 Figure 1.7b and c). These π-extended 

3,4-benzofluorene derivatives were found to display higher PLQYs compared to a fluorene control, 

even as solution-processed neat films (PLQYfilm of up to 0.45 compared to 0.40 with fluorene). Notably, 

the neat films possess high quantum yields that are only minimally affected by high concentration (i.e., 

aggregation) with fast radiative decay constants (kr) which when paired with an enhanced photostability 
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compared to fluorene compounds in air make them suitable materials for use in lasing applications.73 

Depending on the position of the benzannulation,61,74 emission of benzofluorenes are typically red 

shifted compared to fluorene due to the introduction of enhanced conjugation. Tuning of these optical 

properties can be made with ease with the correct choice of electron donating or accepting groups in 

particular positions around the extended aromatic surface (for example, 2161 in Figure 1.7d) is a near-

IR emitter). As a result of precisely understanding the optical properties of benzofluorenes, researchers 

were able to display its effective sensing of trinitrotoluene (TNT) on a nanomolar scale evident from a 

loss of emission from the benzofluorene upon titrating in dilute solutions of TNT.75  

 

Figure 1.7 Structures of a variety of benzo- and dibenzofluorene derivatives that have been studied for their optical properties 

in solution and as neat films (where possible, PLQYs are mentioned adjacent to the relevant chemical structures). (d) An 

example of a benzofluorene containing both donor and acceptor groups substituted to tune its optical properties such that it is 

a near-IR emitter. 

In addition to thoroughly understanding their optical properties, researchers have devoted time to 

probing the redox behaviour of benzo- and dibenzofluorenes. 1,2-Benzofluorene was found to be a 

better electron donor than its fully aromatic analogue chrysene (highlighting its oxidative abilities) 

aided by the polarising effect of the methylene carbon bridge in the cyclopentadienyl ring.76 In fact, the 

incidence of intense femtosecond laser pulses leads to the formation of triply and quadruply charged 

cations of 2,3-benzofluorenes detected by time-of-flight mass spectrometry (before the fragmentation 

process), one of the highest charged states observed by femtosecond laser ionisation for common 

hydrocarbons.77 On the other hand, chemical reductions with different Group 1 metals (e.g., Li, Na and 

K) at –70 °C is an efficient way of creating radical anions from different isomers of benzofluorene 
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which decay over time (following a second order rate dependence) as the temperature is raised to their 

respective and more stable, fully aromatic anions, confirmed by EPR and UV–vis absorption 

monitoring.78 The 3,4-dibenzofluorene anion also readily forms complexes with other metals such as 

manganese and iron.79 Similarly, the electron affinities of π-extended fluorenyls increases with the 

benzannulation.80 

On a related note, the acidity of the methylene protons (i.e., the ease with which protons can be 

deprotonated to form a fluorenyl anion) in 1,2-, and 3,4- di-81 and benzofluorene82 increases compared 

to fluorene (i.e., the pKa of those protons is smaller than in fluorene) due to the extended conjugation, 

however the opposite is true for 2,3-benzofluorene (Figure 1.8a). A similar trend was observed for 

phenyl-substituted dibenzofluorenes (R=Ph),81 where the head-group phenyl substitution resulted in an 

increase in the acidity throughout (Figure 1.8a) compared to simple dibenzofluorenes (R = H).  

 

Figure 1.8 Structures of aryl head-substituted π-extended fluorenyls, with (a) the resulting pKa highlighted underneath each 

structure, giving an indication of the stability of their conjugate anions or (b) the lifetime of the decay of their neutral organic 

radicals along with (c) spin-density plots determined by DFT (UB3LYP/6-31G(d,p)) that highlight the (de)localisation of the 

radical species. 

Finally, Tian and co-workers83 studied a series of π-extended fluorenyl radicals including a [5]helicene 

(29, Figure 1.8b, helicenes are discussed in more detail in Section 1.4.1). The anthracene head-unit was 

found to be crucial for stabilising the radical kinetically whereas π-extension provided thermodynamic 

stability. The ortho π-extended fluorenyl analogue 29 was found to display remarkable stability 

compared to its regioisomers owing to delocalisation resonance structures that constrained a majority 
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of the spin denisty to the 5-membered cyclopentadienyl ring (compared to 27 and 28) which is 

effectively sterically blocked by anthracene83 (spin-density plots are shown in Figure 1.8c). Trends in 

pKa (i.e., indicating the relative stability of anionic species of dibenzofluorenyls) match the trends 

observed for the lifetimes of the respective neutral organic radical – i.e., 3,4-dibenzofluorenes stabilise 

neutral and anionic states better than other symmetric regioisomers. Researchers have recognised the 

ability of fluorenes and its π-extended analogues to hold and release charge in different charged and 

neutral states effectively and have therefore sought to extract this functionality in diverse applications,84 

e.g., as cation-hosting organic anode materials in rechargeable alkali metal-ion batteries.85  

In addition to simple benzannulation, researchers have tended to favour the synthesis and properties 

analysis of indenofluorenes (IF; Figure 1.9a) that consist of two alternating 5-membered 

cyclopentadienyl and 6-membered benzene rings fused together (in a 6-5-6-5-6 fashion). Arranging 

these alternating cyclopentadienyl and benzene rings in different geometries results in 6 different 

possible regioisomers (Figure 1.9a) each with different conjugation/delocalisation patterns, aromatic vs 

antiaromatic behaviour in different redox states (depending on the sp2 vs sp3 hybridisation of the 

bridging carbons) and ground state redox structures (e.g., they are able to form both biradical open-shell 

or quinoidal closed shell electronic structures).86,87  

 

Figure 1.9 Chemical structures of different regioisomers of (a) indenofluorenes (1,2-c has never been isolated before) and (b) 

fluoreno- and dibenzofluoreno-fused fluorenes. (c) Structures of the planar and (d) non-planar macrocycles that can be 

synthesised by extending the π-surface of fluorene. 
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Introducing an additional benzene ring in the middle of 2,1-b (i.e., to synthesise a more representative 

fluoreno-fluorene fused dimer 30; Figure 1.9b) results in the expected red-shifting of its optical 

properties.88 The redox properties of a series of dibenzofluoreno-fluorene diradicaloids 31–33 (Figure 

1.9b) were studied and shed light on the modes of stabilisation for different charged and neutral radical 

states of π-extended multicomponent fluorenes. Hayashi, H. et al. found that their radical cations and 

neutral diradicals were stabilised thermodynamically, while radical anions were stabilised by the newly 

formed aromatic cyclopentadienyl rings.89 In fact, researchers have been testing the boundaries to the 

number of fused alternating 5- and 6- membered rings that are possible in the neutral and polyradical 

states. Owing to the inherent non-linear V-shape in the structure of fluorene, fused expansion in the 

2,3-positions inevitably results in macrocycles of different sizes that are both flat90 (e.g., 34; Figure 

1.9c) and curved in geometry (e.g., 35, also referred to as a carbon nanobelt; Figure 1.9d) with resulting 

polyradicals that display global aromaticity with enhanced optoelectronic and magnetic properties 

compared to linear derivatives.91,92  

In addition to macrocycles, π-extended fluorenes have also been incorporated into other exotic 

non-planar and twisted structures. For example, fragments of C60-fullerenes (also known as 

“buckyballs”) such as corannulenes and smaller fragments93 like 36 (Figure 1.10a) possess structures 

that are inherently curved due to the embedding of a cyclopentadienyl 5-membered ring into a 

polyaromatic nanographene analogue. In particular, 36 structurally incorporates a 9,9’-bifluorenylidene 

dimer (also referred to as a fulvalene) that is fused together in the 1,1-position (Figure 1.10a) and serves 

as a tool to understand the fundamental reactivity of fullerenes. Unfused bifluorenylidenes and their 

π-extended structural analogues such as 37 (Figure 1.10b) are highly strained in the neutral ground state 

and act as strong electron-acceptors in order to relieve steric strain to form fully aromatic systems and 

are suitable candidates for use in organic photovoltaic devices.18 In addition, dibenzofluorenylidenes 

such as 38 (Figure 1.10c) have been used to achieve red-shifted visible-light-driven molecular motors94 

where photodissociation enables controllable unidirectional motion about the C–C double bond.   

 

Figure 1.10 Chemical structures of non-planar (a) curved or (b) and (c) twisted π-extended analogues of benzannulated 

fluorenes 
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1.4 NON-PLANAR FLUORENYL POLYAROMATICS  

1.4.1 ORGANIC SMALL-MOLECULE CHIRALITY AND HELICENES 

As has been hinted at in certain parts of above sections, there is a great advantage in creating 3D 

π-conjugated and twisted structures in order to induce additional emergent functionality. For example, 

researchers have been able to develop materials that are chiral despite not containing a stereogenic 

point, i.e., a stereogenic carbon centre. Instead, these materials contain stereogenic axes or planes 

(Figure 1.11a) which render their enantiomers as non-superimposable images of each other.95 Chiral 

molecules are starting to gain relevance in the development of functional organic materials as 

researchers aim to make use of the tuneable chiral properties that are possible as a result of their 

structural variety. 

  

Figure 1.11 (a) Diversity in the types of chirality that can exist.95,98 (b) Chiral molecules preferentially emit light of one 

handedness, and the output is circularly polarised luminescence99 

Light is chiral as a result of the two quantum states that photons exist in96 which when propagated form 

right-handed and left-handed helixes of light. Hence an enantiomer will interact differently with 

right-handed light vs left-handed light depending on its chirality. The interaction between chiral 

molecules and light, either by absorption or emission, can be studied, detected and quantified by circular 

dichroism (CD) and circularly polarised luminescence (CPL) respectively. Studying chiral small 

molecules for their emission of circularly polarised light (Figure 1.11b) is particularly intriguing 

because of how little is known thus far. Emission by organic molecules is only possible for a small 
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proportion of molecules and research has tended to focus more on the ability of the molecules to emit 

rather than the extent to which this light is circularly polarised.97 Such a property is likely to be sought 

after in light-emitting device applications and in chiral probing/sensing applications. The difference in 

the intensity of right-handed light to left-handed light that is emitted by a small molecule is measured 

by the luminescence dissymmetry factor glum, defined by Equation 1, that normally has a value between 

+2 and –2.96  

|𝑔𝑙𝑢𝑚| =
2(𝐼𝐿 − 𝐼𝑅)

𝐼𝐿 + 𝐼𝑅
                   (𝐸𝑞. 1) 

The challenge to overcome in the design of chiral molecules that effectively emit light for chiroptical 

applications is to make sure that the molecule has a high glum without any sacrifices to the PLQY. 

Helicenes for example, are worthwhile candidates for studying CPL and have been found to have some 

of the largest glum values reported for organic small molecules while also boasting reasonably large 

quantum yield efficiencies.96,100 Helicenes are polycyclic ortho-fused organic molecules that, although 

aromatic, adopt a non-planar helical structure in order to avoid steric repulsions between atoms 

positioned in the fjord region (orange circles shown in Figure 1.12a). The helical twist that is formed 

around a stereogenic axis renders helicenes as inherently chiral since either a left-handed helix (M–) or 

a right-handed helix (P–) can exist (Figure 1.12a).101 Typical structural features of helicenes that are 

discussed in the literature include the distance between atoms in the fjord region (dH-H), the average 

torsional angle (θ) and the interplanar angle (φ).102 Extensive research has been conducted on a series 

of carbohelicenes (helicenes containing only carbon in its backbone) with the longest helicene reported 

to date formed of 16 fused aromatic units103 (named [16]helicene).  

The interplay between the steric repulsion of atoms in the terminal regions of a helicene and the ring 

strain that is induced to reduce the aforementioned repulsion means that smaller helicenes are flexible 

and tend to interconvert between enantiomers on a time scale of between minutes to a few days under 

ambient conditions102 (Figure 1.12). The Gibbs free activation energy of enantiomerization ΔG‡(T), of 

[6]helicene is ΔG‡(503) ~ 44 kcal mol-1 and is configurationally stable.102 Although enantiomers of 

[5]helicene can be separated at low temperatures by chiral high performance liquid chromatography 

(HPLC), they racemize over several days under ambient conditions.103 Introducing steric bulk in the 

fjord position can drastically increase the configurational stability of a [5]helicene102 and therefore 

enables our ability to exploit its chiroptical properties for use in advanced light-emitting technologies. 
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Figure 1.12 (a) P- and M- enantiomers of [6]helicene and the energy path that they follow to interconvert through a transition 

state (TS).104 (b) DFT calculated geometries of the TS of a series of carbohelicenes along with their associated energy barrier.105 

1.4.2 FLUORENYL-EMBEDDED HELICENES AND THEIR DERIVATIVES 

The 5-membered cyclopentadienyl ring orients itself perfectly for building helical structures upon 

π-extension hence, the incorporation of the fluorenyl motif into helically chiral organic small molecules 

presents an attractive strategy for both enhancing inherent luminescence properties as well as enabling 

access to stimuli-responsive behaviour. However, there are only few reports incorporating this motif 

into helicene scaffolds. Research by Oyama, H. et al.106 and Sawada, Y. et al.107 attempted to embed a 

fluorene unit into a [7]helicene structure (39 and 40, Figure 1.13) in order to improve its PLQY and 

enhance its chiroptical response and glum value. Compared to the PLQY of [7]helicene (0.02),108 both 

fluorene-embedded helicenes showed marked increases in quantum yields (PLQY = 0.40 and 0.32 for 

39 and 40 respectively) along with reasonably high glum values in their CPL signals. Synthetic variety 

enables fluorenes to be incorporated into different parts of helicenes (for example at the end of a non-

symmetric helicene, e.g., in 41109) and in more than just one position110 (e.g., 42 and 43), building up to 

exotic helical structures containing more than one stereogenic axis (e.g., 44111 also known as a 

multihelicene; Figure 1.13). In fact, helicenes containing more than just a single embedded fluorenyl 

unit enables the study of polyradicaloid helicenes (e.g., from 44), highlighting the breadth of 

opportunity available to take advantage of with such types of helicenes.  
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It should be noted that it has been recognised that 3,4-dibenzofluorenes and their derivatives, e.g., 25 

(discussed in Section 1.3) possess a non-planar backbone in their crystal structures and thus exist as 

two enantiomers. Pammer, F. et al.79 calculated the theoretical racemisation barrier of the anion of 

3,4-dibenzofluorene (18.76 kJ mol-1) to assess the viability of using this system as a ligand in metal 

catalysed enantioselective synthesis. They discuss from their theoretical calculations that the species 

are rapidly interconverting at room temperature and that these barriers are significantly lower than 

similar helical analogues containing methylene bridged 6-membered rings. When substituted in the 

fjord with fluorine atoms however, these theoretical barriers increase 6-fold, suggesting 

configurationally stable analogues of the anion of 3,4-dibenzofluorene are attainable.79  

 

Figure 1.13. Chemical structures of a variety of helicenes that have been synthesised previously (and in some cases analysed 

for their chiroptical properties) bearing a fluorene moiety in various parts of the helical backbone. 

Instead of building helicenes with methylene-bridged 5-membered rings, researchers have found more 

success with heteroatom-bridged 5-membered rings using a variety of heteroatoms including N, O, B, 

Si, P, and S112–118 to create helicenes with a variety of helicene lengths, e.g., from  

[6]- to [9]helicenes and even a “superhelicene” (Figure 1.14). In particular, focus has been devoted to 

developing synthetic methodology to either enable the synthesis of enantiopure heterohelicenes (which 

is historically very difficult to do) or to achieve facile swapping of the heteroatom in the bridge-position, 

giving access to multiple functional helicene derivatives from a single helicene113 (an example is shown 

in Figure 1.14a). In the small number of cases where researchers have investigated the properties of 

these heterohelicenes, the incorporation of the heteroatom into the helical backbone has led to the 

introduction of additional functional properties that were lacking in the carbon-only analogues. For 
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example, the PLQY of a silole-bridged [7]helicene 45, was found to be up to 0.17 in the solid state116 

(Figure 1.14b) which was matched by an azaborole helicene (PLQY = 0.24 in the solid state). This 

azaborole helicene was used in the fabrication of extrinsic circularly polarised light emitting diodes 

with an electroluminescence dissymmetry factor gEL of up to 0.54.117 In addition, the synthesis of two 

hexabenzocoronenes fused together into a helicene by a central 5-membered ring (Figure 1.14c) with 

varying bridge-position heteroatoms allowed for easy tuning of its optoelectronic properties. This study 

enabled the identification of 46 as a hole-transporting material that displayed highly isotropic 

hole-mobilities, the highest computed for other similar heteroatom helicenes.118  

 

Figure 1.14. (a) Synthetic scheme highlighting the ease with which the atom in the bridge position can be swapped out to 

enable a variety of heteroatom-embedded [7]helicenes. X-Ray crystal structure of (b) silole-[7]helicene 45 and a picture of its 

emissive abilities in the solid state and (c) superhelicene 46 that has hole transporting abilities.  

While there appears to be great scope in developing non-planar π-extended fluorenyl-embedded 

helicenes (or instead based on 5-membered heteroatom-containing rings), the difficulty in their 

synthesis and the isolation of enantiopure analogues appears to be hindering progress towards 

understanding their fundamental chiroptical properties and therefore their incorporation into device 

applications. 

1.4.3 TETRABENZOFLUORENES 

A four-fold fusion around the fluorenyl core has been achieved previously in the 1,2- and 2,3-positions 

where the resulting 5-membered cyclopentadienyl ring is flanked by two phenalene-derived units to 

make 47119 (Figure 1.15b), or in the 1,2- and 3,4-positions to create a fully benzannulated 

tetrabenzo[a,c,g,i]fluorene (TBF; Figure 1.15a). There has only been one report discussing the 

properties analysis of neutral organic radicals obtained from 47 that display stability under ambient 

conditions due to extended conjugation into the phenalenyl units (i.e., thermodynamic stability). On the 
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other hand, there are a few more reports focussed on TBF. TBF and its derivatives are synthesised from 

bromophenanthrene in three high yielding and easily scalable steps120 involving a Grignard reaction 

with a formate to create the methylene carbon bridge, followed by a facile acid-promoted ring-closing 

reaction to sculpt the 5-membered ring (Figure 1.15a). Less efficient syntheses have been reported on 

smaller scales from 9,10-bifunctionalised phenanthrenes by first dimerising through an Ullmann 

coupling before stitching the methylene bridge together over 10 steps.67 

 

Figure 1.15 (a) Synthetic schemes from the literature that have been used to synthesise TBF. (b) Structure of a tetra-extended 

fluorene; (c) Synthesis of stable TBF ammonium salts (including a crystal structure) and the following synthesis to 

functionalise the head position of TBFs. (d) UV–vis and emission profiles of alkyl head-substituted TBFs. 

Although the increased π-surface area decreases the solubility of TBFs in common organic solvents 

compared to fluorene, they can be easily functionalised in the 17-methylene carbon bridge position to 

introduce a variety of solubilising groups. A popular route to 17-functionalised TBFs occurs via 

ammonium salts complexed with anionic TBF which display remarkable stability in water at room 

temperature (a crystal structure of 48 is shown in Figure 1.15c). A simple nucleophilic substitution with 

these TBF-ammonium salts enables the introduction of a wide range of alkyl and benzyl groups under 

mild conditions.121 Head-functionalised TBFs have found use as anchoring groups to support the solid 

and solution phase synthesis of biologically relevant molecules120 because of their structural similarities 
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to the Fmoc protecting group.122 In addition, TBF has been used to support the enantiomeric resolution 

of pharmaceutical compounds123 due to its ability to be adsorbed strongly to porous graphitised carbon 

(i.e., charcoal) because of its relatively large π-surface.124  

Substituents can also be introduced to the aromatic wings of TBF in the 3,14-positions by a simple 

double bromination in good yields (up to 98%) with N-bromosuccinimide (NBS) followed by 

subsequent Suzuki-Miyaura cross coupling reactions125 (Figure 1.16a). Careful choice of substituents 

decorating the TBF moiety enables a tuning of its optical properties in both the solution and the solid 

state. For example, head group substitution with longer alkyl chains disrupts aggregate and therefore 

solid-state packing effectively to enable solid-state PLQYs of up to unity126 (emission spectra of these 

TBFs are shown in Figure 1.15d). On the other hand, introducing electron-withdrawing substituents to 

the 3,14-positions of TBF (Figure 1.16a) leads to bathochromic absorption shifts and a lowering of 

PLQY efficiencies in both the solution and solid state (up to 0.70). Notably, large 

solvatofluorochromism (Δλem = 67 nm) is experienced by all 3,14-substituted derivatives (e.g., 50 in 

Figure 1.16a) studied by Ueda, Y. et al.125 due to intramolecular charge transfer processes between the 

electron rich TBF core and the electron-withdrawing X groups. In addition, polymorphism in single 

crystals of a formyl derivative result in drastically differing optical properties (e.g., yellow vs green 

emission with solid-state PLQYs of 0.70 and 0.17 respectively from the two polymorphs). These results 

highlight the importance of intermolecular interactions in supporting and enabling solid-state emission 

of TBFs with the AIE mechanism127 (more in-depth discussions of AIE and specific mechanisms are 

presented in Chapter 2). As a result, TBFs bearing electron-withdrawing substituents have been 

identified as turn-on fluorescent sensors for cyanide ions, displaying an intense blue-green fluorescence 

in the presence of cyanide ions.128  

Although a study into the fundamental redox properties of TBFs has not been conducted in detail, 

researchers have identified the similarities of TBFs to cyclopentadienyls in the development of 

metal-organic complexes for catalytic applications. In particular, TBF-titanium(III)- and 

(IV)-complexes can be synthesised from TBF anions following lithiation,129,130 where the TBF-titanium 

compound prefers to form half-sandwich complexes (a crystal structure of one such complex is shown 

in Figure 1.16b). These complexes are stable under ambient conditions displaying the effective stability 

gain of the TBF anion due to the benzannulation. Relatedly, due to the high affinity of TBFs for charcoal 

(described above), they have been utilised as covalent anchors131 to attach Zn-porphyrins to graphene 

electrodes in the development of molecular wires for use in single-molecule junctions.132 In a different 

example, the TBF was anchored non-covalently through π-π interactions which drastically improved 

current readings in the single-molecule transistors performance (Figure 1.16c) due to efficient overlap 

between the anchor TBF group and the graphene electrodes.133 The results highlight the efficiency with 

which TBFs are able to conduct and transport charge in carbon-based materials. Separately, 

tetrabenzofluorenones and tetrabenzofluroenylidenes (i.e., TBF dimers connected with a C-C double 
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bond in the head-position) have been synthesised and studied because of their attractive 

electron-accepting abilities.134,135 

 

Figure 1.16 (a) Synthesis of functionalised derivatives of TBF through bromination and Suzuki-Miyaura couplings, where X 

is a range of electron-withdrawing groups. When X=CHO, i.e., compound 50, it experiences polymorphism in its 

crystal-packing. (b) Crystal structure of a TBF-TiCl3 complex (grey = carbon, red = Ti, green = Cl). (c) Conceptual figure of 

the device fabrication of non-covalent TBF-porphyrin single-molecule junctions in transistors. 

The butterfly shaped structure of TBF and its derivatives assumes a [5]helicene-like structure and X-ray 

crystal structures confirm its non-planarity (e.g., Figure 1.15c and Figure 1.16b).121,126,129,130 However, 

although presenting itself as an attractive AIE-active target capable of CPL and tackling challenges 

related to solid-state emission, TBF has yet to be developed as a chiroptical material, presumably due 

to its relatively low inversion barriers (ΔG‡ = 14.1 kcal mol-1 by variable temperature NMR)126 

rendering TBF configurationally unstable. However, as mentioned previously, there exist strategies to 

increase the configurational stability of such a helical structure by increasing the steric bulk of the atoms 

located in the fjord region.102 Studying fluorene-embedded helicenes such as TBF, therefore presents 

itself as a great opportunity to understand structure-property relationships to enhance the chiroptical 

response of CPL-active helicenes and access solid-state emission and charge transporting properties.  

1.5 THESIS OVERVIEW 

In the development of organic materials that have suitable optoelectronic properties for use in advanced 

OLED and OFET devices, candidates that efficiently emit light in the solution and solid-state together 

with the ability to transport charge effectively and with high mobilities are required. Although fluorenes 

have surfaced as suitable organic materials and have been incorporated into polymers for use in such 

optoelectronic devices, their benzannulated analogues are less well studied despite their attractive 

features. In particular, ortho-fused π-extended helical derivatives based on fluorene introduce additional 

functionality as a result of the intrinsic chirality of their twisted aromatic backbone rendering them able 

to selectively emit light of single handedness when enantiopure. Such a property is highly sought after 
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in the development of advanced light-emitting technologies. Specifically, the efficiencies of these 

devices are drastically improved since there is no longer a need to use anti-glare filters that filter out 

50% of polarised light emitted from conventional organic light emitters.98  

This Chapter therefore focussed on discussing examples where researchers have studied the 

fundamental optoelectronic properties of fluorenes and their π-extended benzannulated analogues. The 

Chapter puts specific emphasis on connecting these properties with the resulting applications with 

which these molecules have been tested in, to set the context for the research presented in the following 

Chapters of this Thesis and to highlight the gaps in the current state of research. The rest of the Chapters 

in this Thesis therefore focus on unravelling the fundamental optoelectronic properties of non-planar 

organic small molecules based on the structure of TBFs. Particular focus is placed on investigating the 

ability of head-substituted TBFs to emit in the solid/aggregate state (Chapter 2) and studying their redox 

properties including in charged and neutral radical states (Chapter 3). Then, the structures of 

configurational stable derivatives of TBFs (predicted by DFT calculations) are pursued synthetically in 

Chapter 4. Finally, TBF molecules that incorporate heteroatoms into their structure by head substitution 

or directly into the aromatic wings are studied in Chapter 5. This Thesis serves the purpose of presenting 

TBFs and their derivatives as multifunctional non-planar organic small molecules that allow us to 

understand fundamental structure-property relationships in order to aid with the design of organic 

materials that are suitable for use in a range of advanced optoelectronic devices applications.  
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SYNOPSIS 

 

The design of organic light emitters for brighter, sustainable and more energy-efficient display 

technologies has benefitted greatly from advances in the field of aggregation-induced and enhanced 

emission (AIE/AEE). However, although we nowadays accept synthetic design approaches, e.g., 

constructing highly twisted and sterically bulky chromophoric structures as conventional wisdom for 

encouraging the intermolecular effects required for AIE/AEE, our fundamental understanding of how 

finer intramolecular interactions influence the emergence of aggregate emission remains rather limited. 

In addition, there does not seem to be a clear distinction in the literature of how these design features 

either enhance AIE vs sterically supress aggregation-caused quenching (ACQ) effects in isolated but 

structurally similar molecules. This Chapter discusses the synthesis and properties analysis of a library 

of non-symmetric head-substituted tetrabenzofluorenes (TBF) that display aggregate and solid-state 

emission. An in-depth study of their structural features, intermolecular packings and optical behaviours 

shed light on the specific mechanisms that enable this observed solid-state emission. Bulky and rigid 

anthracenyl-substituted TBFs experience AEE in particular due to intramolecular interactions (e.g., an 

anthracenyl-hydroxy C–H···O interaction). However, in general, these anthracenyl-substituted TBFs 

perform less efficiently (i.e., lower PLQYs) than butyl-substituted TBFs whose solid-state emission is 

enabled by a lack of π-π interactions (i.e., a suppression of ACQ). The Chapter therefore encourages 

future AIE/AEE works to consider the effects of reducing ACQ vs enabling AEE separately with careful 

interrogations of steric vs intra- and intermolecular interactions in the development of solid-state light 

emitters for advanced technological applications.  
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2.1 INTRODUCTION 

Since the first report of aggregation-induced emission (AIE) from an organic small molecule in 2001,1  

research into AIE-active molecules has blossomed as researchers aim to increase the functional 

relevance of organic emitters in device applications by enhancing their solid-state light-emitting 

properties.2 Prior to the emergence of this phenomenon, organic chromophores were designed to contain 

typically planar aromatic surfaces, enabling the efficient stacking and assembly of individual 

chromophores, which although display efficient emission in solution, suffer from aggregation-caused 

quenching (ACQ) effects and therefore exhibit no solid-state emissive capabilities.3 On the other hand, 

aggregation-induced2 or enhanced emission (AEE)4 occurs when a molecule experiences a turn on 

and/or increase in emission intensity upon aggregation. The mechanism for this emission “switch on” 

has been postulated to be due to a restriction of intramolecular motions (RIM5), i.e., either rotations6 

and/or vibrations,7 that limit the number of non-radiative pathways (e.g., vibrational relaxation). For 

example, hexaphenylbenzene and tetraphenylethene (TPE; Figure 2.1a) are AIE-active as a result of 

restricted intramolecular rotations of peripheral phenyl groups upon aggregation.8 Therefore, 

AIE-active systems have generally been designed to have twisted and highly sterically hindered 

structures to interfere with and restrict intramolecular motions. Simultaneously, these twisted 

monomeric structures are less likely to prefer to pack in close proximity to each other leading 

additionally to reduced ACQ effects in the aggregate state.9 Yet at the same time, larger, sterically bulky 

π-functional groups can contribute to denser aggregate packing and ultimately emission quenching. 

Therefore, although both AIE and ACQ phenomena have been known for a while now, the field of 

solid-state emission lacks clarity on the precise interplay of the structural effects influencing the two 

phenomena. Deciphering the role that sterically bulky groups play towards enabling solid-state emissive 

properties by X-ray analysis, i.e., whether they operate by enforcing RIM or by discouraging ACQ (both 

of which are conceptually different, but afford the same outcome), is complex and clarifying these 

insights would help to inform future rational design of solid-state emitters. 

 

Figure 2.1 (a) AIE exemplified in TPE. (b) General structure of the two enantiomers of tetrabenzofluorenes (TBF) 

Non-covalent intermolecular interactions that are present in the single-crystal X-ray packing structures 

of molecules have been typically used to justify observations of aggregation induced or enhanced 

emission.10 Though it is understood that solution-emissive aggregates may not necessarily pack with 
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the same motifs as in the solid-state (e.g., due to differing solvent interactions and greater degrees of 

freedom in solution), these inspections can nevertheless provide some insight into the possible 

intermolecular interactions that could give rise to aggregate emission and strengthens claims to support 

a particular mechanism for the solid-state emission (i.e., either restricted motion and hence AIE, or 

disrupted packing and hence ACQ). Intermolecular interactions such as π∙∙∙π interactions usually lead 

to ACQ type mechanisms, rendering its solid and aggregate state non-emissive. Therefore sterically 

disruptive design elements e.g., the introduction of long alkyl chains, reduces ACQ by disfavouring 

close packing of individual chromophores.3 On the other hand, reports suggest that intermolecular 

interactions such as CH∙∙∙π interactions help facilitate restricted motions and disrupt close packing upon 

aggregation (and hence enable AIE).11 In addition, while the effect that intermolecular interactions have 

on aggregate emission is relatively well studied, the role of intramolecular interactions has received 

much less attention.  

Structurally dynamic tetrabenzofluorene (TBF; Figure 2.1b, introduced in Chapter 1) and its derivatives 

have been studied as aggregation enhanced emitters in a couple of examples.12,13 TBFs present 

themselves as a convenient scaffold with an easily functionalisable sp3 methylene head 17-position 

(position highlighted in Figure 2.1b) to understand how intramolecular interactions and steric effects 

modulate efficient solid-state emission. Research into the effects that dialkyl chain lengths in the 

17-position have on the solid-state emissive properties of TBFs has been conducted,14 and the 

importance of longer dialkyl groups acting as spacers and disrupting the formation of π∙∙∙π interactions 

was discussed. Therefore, it is understood that the primary mechanism supporting the solid-state 

emission for simple head-substituted TBFs is through the suppression of ACQ rather than AIE. 

This Chapter describes a library of TBFs that were synthesised in order to discern the effect that subtle 

substitution changes at the 17-position of tetrabenzofluorenes have on their ability to be emissive in 

both the solution and the aggregate state. The TBFs (i.e., A-OH, A-H, B-OH and B-H; Figure 2.1b) 

are substituted with bulky/rigid (R2 = anthracenyl) or flexible (R2 = butyl) groups paired with  

R1 = –OH, –H. The anthracenyl group is intrinsically photoactive, therefore butyl analogues serve the 

additional purpose of aiding to unravel the complex interplay of fluorenyl vs anthracenyl photophysics. 

NMR spectroscopy of these non-symmetrically substituted TBF derivatives was used to identify 

specific intramolecular non-covalent interactions that arise as a result of the presence of the large 

anthracenyl head group. X-Ray crystallographic analyses reveal that TBFs have a non-planar aromatic 

helical surface and highlight intramolecular interactions between R1 and R2 of varying distances (and 

hence strengths) depending on the steric bulk of the R groups. Solution-state PLQY values of the TBF 

library range from 0.03–0.48, with the PLQY of B-OH in particular being a lot lower than expected 

(0.04), revealing that when appended with the flexible butyl chain, the –OH group serves to quench 

monomeric emission. Aggregation behaviours were studied by emission spectroscopy in solvent 

mixtures of varying THF and H2O compositions to reveal that anthracene-substituted TBFs A-OH and 
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A-H more readily undergo AEE due to an intramolecular CH∙∙∙O and intermolecular CH∙∙∙π interactions 

respectively, which rigidifies the structures. However, despite the structural rigidification introduced by 

the anthracene, this moiety was also found to contribute to a lower relative PLQY compared to 

butyl-substituted TBF derivates irrespective of the accompanying substituent at the head position. On 

the other hand, butyl-substituted TBF B-H was observed to display aggregate emission as a result of 

the flexible alkyl group preventing ACQ, resembling behaviour previously observed for 

alkyl-substituted TBFs. These results suggest that there is a balance to be struck between the size of a 

bulky π-surface and the desired efficiency in the resulting solid-state emission. The results additionally 

highlight the impact that intramolecular, intermolecular, and steric interactions can have on molecular 

motions and packing motifs of aggregates thereby affecting emissive abilities in their monomeric vs 

aggregate form. 

2.2 RESULTS AND DISCUSSION 

2.2.1 SYNTHESIS AND STRUCTURAL ANALYSES 

To obtain A-OH, A-H, B-OH and B-H, the TBF core was first synthesised, after which –R group 

functionalisation at the fluorenyl 17-position was achieved (Scheme 2.1). A common route to preparing 

tetrabenzofluorenes, reported by Hay, A. et al.15 proceeds via a Grignard-mediated dimerisation of 

9-bromophenanthrene 1 to afford alcohol 2, followed by an acid-mediated cyclisation and a 

base-catalysed tautomerisation of 3 to form the central 5-membered cyclopentadienyl ring. In order to 

install additional functionality and to enable organolithium carbon–carbon bond forming chemistries, 3 

was then subjected to mild oxidation conditions by bubbling air through the reaction to form ketone 

TBF=O in an 94% yield adapted from a procedure reported by Yamada, K. et al.16 From TBF=O, A-OH 

and B-OH were synthesised by reaction with 9-lithioanthracene (generated in situ) or n-BuLi 

respectively in THF at –78 °C. The isolated yield of A-OH is low (28%) owing to (i) steric crowding 

around the 17-fluorenyl ketone position from periphery aromatic rings in TBF=O and (ii) reaction with 

a sterically bulky anthracenyl group, resulting in unreacted ketone starting material remaining in 

solution even after 24 hours. In addition, other alkyl-containing TBF products are isolated in the 

reaction to synthesise A-OH, formed from a reaction with bromobutane which is present after lithium 

exchange in the presence of n-BuLi, supporting the low yields. Nonetheless, A-OH was isolated by 

trituration of the crude reaction material in n-hexanes to precipitate and remove ketone starting material 

TBF=O, followed by automated column chromatography (SiO2: 0–10% EtOAc in n-hexanes), 

confirmed by mass analysis and NMR spectroscopy. A-OH was then reduced with Et3SiH and TFA in 

CH2Cl2 to form A-H in 50% yield. The isolated yield of B-OH is poor as well (15%) due to a preferential 

elimination of H2O to form TBF-B as the major product, isolated in 54% yield. The synthesis of B-H 

was trialled from B-OH under similar reduction reaction conditions as those used to form A-H and 
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through a reduction of TBF-B with H2 gas in the presence of Pd/C in EtOAc, however the starting 

material remained unreacted following both procedures. B-H was finally synthesised from the 

deprotonation of 3 with tetrabutylammonium hydroxide (TBAH) which enabled a nucleophilic 

substitution reaction of the resulting highly air-sensitive deprotonated salt TBF–BuN4
+ with 

bromobutane in a 17% yield.  

 

Scheme 2.1 Synthesis of a library of TBF molecules including A-OH, A-H, B-OH, B-H and TBF-B starting from 

9-bromophenanthrene (1). Yields are highlighted in purple.  

All TBFs were isolated as racemates under fast exchange. The novel TBF products were confirmed by 

1H NMR analyses (Figure 2.2) which, apart from TBF-B, suggest that each molecule contains a 

non-symmetric structure on account of a complex aromatic region that contains two sets of aromatic 

proton environments arising from both the anthracene and the TBF units (indicated with a pink circle 

or a green star respectively; Figure 2.2). These NMR spectra have been fully assigned with the aid of 

1H–1H COSY, 1H–1H NOESY, 1H PSYCHE, 1H–1H TOCSY NMR (provided in Section 2.4.3) and D2O 

exchange experiment analyses (Section 2.4.3; Figure S2.2) together with single crystal X-ray data 

(Figure 2.3a and c vide infra).  
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Figure 2.2 Stacked 1H NMR (CDCl3, 400 MHz, 298 K) spectra from bottom: A-H, A-OH, B-OH, B-H and TBF-B. Anthracenyl protons are represented with a pink circle, TBF protons with a 

green star and alkyl protons with a blue triangle; all other proton signals are labelled in orange.  
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Notably, the 1H NMR spectrum of A-OH reveals a remarkably deshielded aromatic proton at a chemical 

shift value >10.5 ppm assigned as anthracenyl proton, H13 (see Section 2.4.3 for full 1H NMR 

spectroscopy characterisation). Upon closer inspection of the X-ray crystal data (Figure 2.3a), there is 

clear evidence of a short CH∙∙∙O intramolecular interaction (2.04 Å) between the –OH group and H13 in 

A-OH that may manifest in the downfield aromatic peak observed. In fact, 1H–1H NOESY NMR 

spectroscopy (Section 2.4.3; Figure S2.6) of A-OH reveals a through-space correlation between the  

–OH proton environment and a proton situated on both the anthracene and phenanthrene TBF core 

highlighting the closeness in distance between the proton environments. The furthest deshielded 

aromatic proton in A-H is also assigned to H13 on the anthracene, where its X-ray structure highlights 

a short CH∙∙∙H distance (1.87 Å), however, the deshielding is less pronounced compared to A-OH 

because CH∙∙∙H interactions are typically described as a weaker dispersion interaction.17 The CH∙∙∙O 

interaction in A-OH is also present in its DFT-optimised structure (2.02 Å; B3LYP(G3BJ)/6-31G(d,p) 

in CH2Cl2; structure shown in Section 2.4.6; Figure S2.35a) which generally predicts the experimental 

solid-state structure well. Finally, owing to the steric repulsive interactions between the bulky TBF and 

anthracene units related by an sp3 carbon centre, A-OH and A-H adopt highly twisted structures, with 

the anthracene group bent away from orthogonality and pointing towards only a single face of the TBF 

backbone, thus breaking planes of symmetry across the molecule (Figure 2.3a and c respectively) 

resulting in the more complex aromatic proton region observed in their NMR spectra. 

For B-OH, the methylene protons on the butyl chain (H9) are also shifted downfield for alkyl protons 

(δ (H9) >2.0 ppm) due to their close proximity with the –OH group despite being three bonds away, 

albeit not as significantly as observed for alkyl protons in common alcohols (δ >3.0 ppm) presumably 

due to weaker non-specific interactions of the –OH group with the flexible alkyl chain. An X-ray 

structure (Figure 2.4b; vide infra) and the DFT-optimised structure of B-OH (Section 2.4.6; Figure 

S2.35c) further confirm that there is no evidence of any intramolecular interactions influencing the 

arrangement of the butyl group in the solid state. The asymmetry of the structure of the molecule is 

further highlighted by two unique proton signals for these diastereotopic protons (H9 and H9’; at 2.72 

and 2.23 ppm respectively) compared to the similar proton environment in B-H. The 1H NMR spectrum 

of B-H reveals a much more ‘apparent’ symmetry of the TBF backbone compared to B-OH, despite the 

minute change in structure, likely due its butyl group benefitting from faster and more flexible 

movement on the NMR timescale as a result of the less sterically bulky –H group rendering both 

phenanthrene wings in similar proton environments. In addition, the acidity of the proton in the head 

position in B-H is highlighted by its downfield shift (5.11 ppm). TBF-B, on the other hand, possesses 

a symmetric structure due to its unsaturated alkenyl 17-position resulting in fewer aromatic 

environments from overlapping protons. TBF-B represents the case of a TBF void of any intramolecular 

interactions and serves as a useful structure to compare further optical properties of saturated TBFs 

against.  
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The X-ray crystal structures of A-OH, A-H and B-OH were analysed in more detail to study their 

helical parameters (summarised in Table 2.1) and compared to geometry optimised DFT models of 

A-OH, A-H, B-OH and B-H, calculated at the B3LYP(GD3BJ)/6-31G(d,p) level of theory in CH2Cl2, 

(DFT structures and parameters shown in Section 2.4.6, Figure S2.35 and Table S2.2). Two different 

polymorphs were obtained for A-OH. Single crystals of polymorph A-OH(1) were grown from 

evaporation from EtOAc/n-hexanes while polymorph A-OH(2) was grown by evaporation from a 

CHCl3 solution. Three different polymorphs of A-H were obtained. Polymorph A-H(1) and A-H(3) 

were grown from layering of CH2Cl2 and MeOH and polymorph A-H(2) was grown from evaporation 

from CH2Cl2. The following discussions centre around a representative A-H(1) (Figure 2.4 a,c) while 

structures and discussions of other polymorphs can be found in Section 2.4.4. Meanwhile B-OH is 

grown by evaporation from a solution of TBF-B in CH2Cl2/n-hexanes/MeOH. Unfortunately, single 

crystals of B-H grown from a layering of PhMe and MeOH, were not large enough to cause a strong 

enough diffraction pattern.  

All TBFs comprise of a non-planar [5]helical backbone as a result of steric repulsive interactions 

between opposing inner hydrogens on the terminal benzene rings (dHH 2.21 Å in A-OH, 2.22 Å in A-H 

and 2.12 Å in B-OH Figure 2.3 a,c and Figure 2.4 a,c), leading to average torsional angles (θ) around 

the inner fjord of 16.5°–17.2° and interplanar angles (φ) of 38.6°–41.7°. Helical parameters in the solid 

state appear to be slightly influenced by the substitution pattern at the fluorenyl head position, where 

TBFs containing the sterically bulky and rigid anthracene groups (A-OH and A-H) appear to have 

greater helical strain (larger dHH and average torsional angles θ) compared to the butyl appended TBFs. 

However, it is difficult to deconvolute effects of substitution pattern with solvent interactions present 

in the X-ray packing which ultimately will influence solid-state structure. For context, the torsional and 

interplanar angles of [5]helicene18 are 22.1° and 47.3° respectively determined by X-ray structural 

analysis (summarised in Table 2.1). The differences in helical structures between [5]helicenes and the 

TBF library highlight the influence of replacing a 6-membered benzene ring (in [5]helicene) with a 5-

membered cyclopentadienyl ring (in TBFs). The chemical and structural alteration alleviates helical 

strain by widening fjord bond angles (i.e., from 125.2° in [5]helicene to 131.1° in A-OH). In fact, helical 

parameters of the TBFs more closely resemble that of [4]helicenes19 and remain consistent with those 

of other disubstituted TBF molecules reported in the literature.13 In addition, the more bulky –OH group 

paired with the intramolecular CH∙∙∙O interaction in A-OH results in a twist of the anthracene group 

towards the TBF core, away from the hydroxy group, with a smaller torsional twisting (49.8°) compared 

to A-H (62.6°). These solid-state structural analyses support 1H NMR conclusions that even in solution, 

the library of TBFs adopt highly twisted, non-planar and non-symmetric structures, governed by the 

steric bulkiness of the groups substituted at the fluorenyl head position. 
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Figure 2.3. X-Ray crystal structures of polymorphs (a) rac-A-OH(1) and (b) rac-A-OH(2). Front and side views of A-OH(1) 

and A-OH(2) are shown, with helical parameters highlighted. Packing structure of (c) A-OH(1) as viewed down the b-axis 

and (d) A-OH(2) with stabilising interactions highlighted in red. Segregated rows/sheets/layers of M- and P-helical 

enantiomers are stabilised by mutual π–π interactions (3.34–3.76 Å centroid-to-centroid distances) between TBF and 

anthracene π-surfaces in A-OH(1). Homochiral dimers of A-OH(2) are additionally stabilised by a strong dimeric OH–π 

interaction (2.43 Å). Solvent molecules and non-interacting hydrogen atoms have been omitted for clarity. 

 
Figure 2.4. X-Ray crystal structures of (a) rac-A-H(1) and (b) rac-B-OH. Front and side view of A-H and B-OH are shown, 

with helical parameters highlighted. Packing structure of (c) A-H(1) and (d) B-OH are shown with stabilising interactions 

highlighted in green and red respectively. Heterochiral dimers in A-H(1) are stabilised by cooperative CH–π interactions 

(2.92Å). Homochiral dimers of B-OH are stabilised by a strong cooperative OH–π interactions (2.36–2.43 Å). Solvent 

molecules and non-interacting hydrogen atoms have been omitted for clarity. 
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Table 2.1 Comparison of TBF single crystal X-ray structural parameters with [5]helicene. 

Compound A-OHavg
d A-Havg

d
 B-OH  [5]helicene18 

dHH
a / Å 2.21 2.22 2.12 2.60 

θb / ° 17.0 17.2 16.5 22.1 

φ c / ° 38.6 41.7 41.6 47.3 

dR1R2
e / Å 2.04 1.87 - - 

a dHH is the distance between the hydrogen atoms on the terminal benzene rings; b θ is the average torsional angle around the 

inner fjord; c φ is the interplanar angle between planes located at the terminal fjord benzene rings; d The parameters quoted for 

A-OHavg and A-Havg are an average of all polymorphs of the compounds grown; e distance between R1 (–OH or –H) and H13 

in R2 (–anthracenyl), typically indicating a CH∙∙∙X interaction, where X = O or H. 

Interrogating the packing structures of A-OH(1) and A-OH(2) reveals that the supramolecular 

assembly of A-OH in both polymorphs is predominantly stabilised by π∙∙∙π interactions. The 

superstructural packing of A-OH(1) (Figure 2.3c) consists of alternating homochiral layers of A-OH 

that form one dimensional chains along the a axis. These homochiral sheets are held together by 

intermolecular π-interactions between two anthracene groups (3.46 Å) and two phenanthrene units (3.34 

Å). Alternating pairs of M-and P-enantiomers along the c axis are held together by intermolecular 

π-stacks involving the remaining free phenanthrene unit on TBF (3.76 Å). While polymorph A-OH(2) 

(Figure 2.3d) is also primarily held together by π∙∙∙π interactions between adjacent anthracenyl groups 

(3.50 Å) and between the phenanthrene wings (3.46 Å) of TBF cores with differing chirality, a strong 

intermolecular OH∙∙∙π hydrogen bond20 (2.43 Å) exists between homochiral TBF pairs due to the 

electron rich nature of the TBF core. A-H(1) crystallises out into heterochiral dimers that are stabilised 

by cooperative CH∙∙∙π interactions (2.92 Å) while there is no evidence of any stabilising π∙∙∙π 

interactions, despite three different solvent polymorphs of A-H being grown. The superstructure of 

B-OH packs (Figure 2.4d) in a more compact manner than A-OH and A-H because of the less bulky 

butyl group compared to the anthracene, held together by much stronger OH∙∙∙π cooperative hydrogen 

bonds (2.36 Å and 2.43 Å) between homochiral pairs.  

Hirschfeld analyses (Section 2.4.5, Figure S2.34) of the different crystal structures of the TBF library 

reinforce the conclusions made from the packing analyses. Crystal structures of A-OH contain mostly 

close C∙∙∙C (up to 7.7% i.e., π–π) and H∙∙∙C (up to 35.2%, mostly from OH∙∙∙π interactions) interactions 

displayed by white or red on the surfaces, i.e., regions where the intermolecular contacts are equal to or 

less than the sum of their van der Waals radii respectively. Similarly, crystal structures of A-H show 

mostly C∙∙∙H (up to 40.6%) and H∙∙∙H (up to 52.2%) interactions and B-OH contains mostly C∙∙∙H 

(33.8% from OH∙∙∙π interactions) and H∙∙∙H (57.9%) interactions. The results together suggest that 

differing intramolecular and steric interactions between head group substituents (e.g., CH∙∙∙O (2.02 Å) 

vs CH∙∙∙H (1.87 Å)) affect the resulting packing structures with differing intermolecular stabilising 

interactions (π∙∙∙π interactions (3.34 Å–3.76 Å) in A-OH vs CH∙∙∙π interactions (2.92 Å) in A-H vs 
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OH∙∙∙π interactions (2.36–2.43 Å) in B-OH) and could ultimately impact the respective optical 

properties of the TBFs in both the solution and solid state. 

2.2.2 OPTICAL PROPERTIES OF TBFS 

The absorption profiles of A-OH and A-H (Figure 2.5a, green and blue lines respectively) reveal that 

they absorb more broadly than other dialkylated TBF structures in THF.14 Owing to the electronic 

communication that exists between the fluorene core and anthracene, evident on analysis of their 

LUMO orbitals (Figure 2.5d), it is possible that some electron density is delocalised from the anthracene 

into the fluorenyl moiety resulting in the broader absorption. Notably, A-OH has a more red-shifted 

absorption onset (> 20 nm) than A-H likely because the weak intramolecular CH∙∙∙O interaction in 

A-OH is electronically stabilising and it allows A-OH to adopt a more vibrationally relaxed geometry 

in its excited state in solution compared to all other TBFs in the library.21 Furthermore, there is more 

evident electronic communication/delocalisation between the anthracene and fluorenyl parts of A-OH 

highlighted in its HOMO/LUMO orbital depictions (Figure 2.5d) in comparison to A-H further 

justifying the red-shifted nature of absorption for A-OH.  

 
Figure 2.5. Normalised (a) UV–vis absorption and (b) emission spectra in THF (10 μM). (c) Frontier molecular orbital (FMO) 

energy levels for A-OH (green line), A-H (blue line), B-OH (orange line), B-H (red line) (d) DFT structures and depictions 

of the frontier molecular orbitals of the TBF library 

In order to further elucidate the nature of these electronic interactions, Time-Dependent DFT (TD-DFT) 

analysis was performed at the B3LYP(GD3BJ)/6-31G(d,p) level of theory in CH2Cl2. The results from 

this calculation revealed for A-OH a complex first excited state (433 nm) involving transitions from 

the HOMO–1→LUMO, HOMO→LUMO and HOMO→LUMO+1 (Figure 2.6a, blue vertical lines), 

where electron density is shared across both TBF and anthracene moieties obscuring interpretation. 
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Natural transition orbital (NTO) analysis was then performed to simplify analyses by providing a more 

intuitive depiction of the first excited state orbital contributions for states with oscillator frequencies 

>0.1. NTO analysis for A-OH (Figure 2.6c) reveals a clear π–π* transition between a fluorene-dominant 

HONO and LUNO (i.e., natural orbitals with 96% occupancy) at 433 nm. It is only at the higher energy 

states (i.e., shorter wavelengths) that occupancies on anthracene are observed. These data imply that 

low energy excited state transitions are dominated by the fluorene core despite the presence of other 

potential chromophores. 

 

Figure 2.6. Normalised UV–vis absorption spectra measured in THF (10 μM; dashed lines) against TD-DFT simulated 

absorption spectra (B3LYP-GD3BJ/6-31G(d,p) in CH2Cl2; solid lines) for (a) A-OH and (b) B-OH. The vertical lines represent 

TD-DFT calculated excited state transitions with an oscillator frequency, f>0.05. NTO models for (c) A-OH and (d) B-OH 

showing significant (96% vs 99%) HONO/LUNO occupations of the fluorene core in the first excited state. 

Compared to A-H and A-OH, the absorption bands of B-H and B-OH (red and orange line respectively, 

Figure 2.5a) are blue-shifted, highlighting the lesser extent of conjugation. The vibronic transitions in 

the absorption of B-H are much broader than the other TBFs studied indicating an increase in motion 

due to the more flexible butyl group which increases the vibrational states present for the TBF 

chromophore to occupy upon excitation. The absorption band of B-OH is notably quite different 

compared to the rest of the TBF library and more closely resembles the absorption profile of the 

synthetic intermediate bearing a ketone at the TBF 17-position TBF=O. It is likely that the 

electron-withdrawing oxygen atom in both TBF=O and B-OH results in a less intense n-π* transition 

involving the oxygen atom22 which is more prominent than the TBF-centred π-π* transition. TD-DFT 
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analyses suggest that the lowest energy excited-state transition is dominated by a HOMO→LUMO 

transition for B-OH (at 405 nm) – NTO analyses (Figure 2.6d) confirm a large proportion of electron 

density situated on the oxygen atom in this transition supporting its quenching effect. 

Given the propensity of 17,17’-dialkylated TBF compounds to display bright solution (and solid-state) 

luminescence,12–14 emission spectroscopy of the TBF library along with measurements of their 

solution-state PLQYs were carried out to determine how fluorescence properties are influenced by 

intramolecular interactions of TBFs with differing –R group substituents. Exciting a solution of A-H in 

THF at various wavelengths between 285 and 380 nm afforded a broad emission profile (Figure 2.5b; 

λex = 355 nm), extending into the visible region, as far as 580 nm, which is notably further (Δλem = 100 

nm) than 17,17’-dialkylated derivatives. All other TBFs display a similar looking emission profile with 

a higher intensity long wavelength vibronic band and a lower intensity shorter wavelength vibronic 

band that are red-shifted for A-OH (432 and 452 nm) and blue-shifted for B-H (406 and 423 nm) 

compared to B-OH due to the presence and absence of the intramolecular interactions discussed 

previously respectively. The effect of the –R group substituent at the fluorenyl head position is again 

portrayed by the broadness or comparative sharpness of the vibronic fine structure of the emission bands 

confirming the flexibility and rigidity of the excited states of the butyl- and anthracenyl-appended TBFs 

respectively. Excitation experiments (Section 2.4.7.1; Figure S2.36a–d vide infra) were conducted for 

each of the emission maxima and returned excitation spectra that were similar to their absorption, 

suggesting a molecular origin to the fluorescence of A-OH, A-H, B-H and TBF-B (i.e., as opposed to 

the presence of aggregate species) in THF solution. However, excitation experiments (Section 2.4.7.1; 

Figure S2.36e and f) collected for the emission maxima in B-OH and TBF=O returned excitation 

spectra that resemble the excitation spectra for the rest of the TBF library highlighting that the emission 

of these compounds originates from their TBF core.  

Interrogation of the solution-state PLQYs measured relative to quinine sulfate dihydrate as a standard 

(results summarised in Table 2.2; see Section 2.4.7.2 for details on sample preparation and data 

handling) reveals that introduction of the anthracene group to the TBF core results in some 

solution-state emission quenching of A-H (0.03) relative to B-H (0.48). At the same time, the 

electron-withdrawing –OH group is observed to quench TBF emission in the absence of the anthracenyl 

moiety (PLQY (B-OH) = 0.04). The PLQY of A-OH (0.12) does not suffer as much from hydroxyl or 

anthracenyl quenching due to the effect of the intramolecular CH∙∙∙O interaction suggesting that the 

anthracenyl rigidifies the structure in solution which reduces the number of non-radiative, vibrational 

and rotational relaxation decay pathways. 
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2.2.3 AGGREGATION ANALYSES 

Suitable solvent conditions to induce aggregation for the TBF library were initially obtained by varying 

the relative amounts of two solvents of differing polarity and measuring the resulting absorption 

profiles. For instance, varying PhMe/EtOH compositions with A-OH samples resulted in the same 

absorption profile indicating no signs of aggregation up to 95% EtOH in PhMe. However, a red-shifted 

absorption in 80% H2O in THF (compared to in THF, Section 2.4.7,1, Figure S2.38a and b) confirmed 

the suitability of these solvent conditions to induce aggregation and therefore study whether any 

changes to emission behaviours are observed. The observation of aggregation was further supported by 

dynamic light scattering (DLS) experiments with Zavg values ranging from 158.6–194.0 nm for the TBF 

library (results summarised in Table 2.2; see Section 2.4.8 for full results). DLS measurements of the 

80% H2O in THF solvent mixtures for all TBFs suggest that A-OH forms the largest aggregates on 

average, while B-OH forms the smallest aggregates on average (Table 2.2). Importantly there is no 

indication by DLS that smaller monomeric species exist under these solvent conditions.  

Table 2.2. Summary of PLQY, lifetime parameters and DLS (reported as an average value over three 

runs) for the TBF library 

 ΦX
a εa / × 104 dm3 

mol-1 cm-1 

τmonomer
a
 / ns τ1

b
 / ns τ2

b
 / ns Zavg

b
 / nm 

A-OH 0.12 1.57 1.84 0.79 1.50 194.0 ± 7.4 

A-H 0.03 1.94 3.86 1.38 2.26 182.9 ± 3.0  

B-OH 0.04 0.28 2.08 0.79 2.14 158.6 ± 1.8 

B-H 0.48 1.33 2.67 1.12 3.12 194.0 ± 1.6 

aMeasurements of ΦX, ε and τmonomer were conducted in THF (i.e., for monomers of the TBF library), while bmeasurements of 

τ1, τ2 and Zavg were conducted in 80% H2O in THF solutions (i.e., aggregates) 

Therefore, solution-state aggregation of the TBF library was probed by emission spectroscopy (Figure 

2.7a, b, d, e) in varying THF/H2O mixtures (10 μM) to understand how substitution at the 17-position 

affects the ability of TBF to be emissive in the aggregate state. For all compounds, aggregation from 

80% H2O in THF mixtures manifests in red-shifted emission profiles (compared to monomeric emission 

in THF). Notably, the emission profiles of A-H evolve as the H2O content increases such that at 80% 

H2O in THF, an increase in emission intensity is observed (Figure 2.7b) with a red-shifted emission 

peak at λ=431 nm (compared to its monomeric emission), suggesting the formation of electronically 

stabilised aggregates that are AEE active. While A-OH does experience an increase in emission 

intensity at 80% H2O in THF from 70% H2O in THF (Figure 2.7a), this non-remarkable relative 

intensity increase of A-OH aggregate emission could simply be an effect of solubility causing the 

material to precipitate or it could be due to a slight aggregation caused quenching (ACQ) effect. 

Regardless, qualitatively, the solid material of A-OH is emissive under short wavelength light (365 
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nm). Similar to A-OH and A-H, B-H experiences an increase in emission intensity up to a 70% H2O in 

THF mixture supporting reports in the literature that a butyl group is sufficient to enabling solid-state 

emission of TBF molecules.3,14 Meanwhile, B-OH experiences emission quenching upon aggregation 

suggesting that the quenching effects of the electron deficient oxygen experienced by B-OH in its 

monomeric emission are carried forward into the aggregate-state.  

Figure 2.7. Aggregation studies in THF/H2O mixtures for (a) A-OH, (b) A-H, (d) B-OH and (e) B-H and lifetime studies of 

80% H2O in THF mixtures for (c) A-OH and A-H and (f) B-OH and B-H 

The X-ray packing structures of both compounds inform us that A-H readily forms strong dimeric  

CH∙∙∙π interactions (2.92 Å), whereas the superstructure of A-OH is stabilised by weaker π∙∙∙π 

interactions (3.34–3.76 Å). Hence, it is possible that a more rigid aggregate structure in A-H is 

responsible for its higher aggregate emission efficiency whereas in A-OH, π∙∙∙π interactions may lead 

to the slight quenching effect observed. The smaller steric burden of the –H in the head-position in A-H 

together with the weak intramolecular non-covalent CH∙∙∙H interaction (1.87 Å) results in a twisted 

structure with a torsional angle between the anthracene and TBF parts of 62.6°, (Figure 2.4a vide supra). 

This twisting of the two π-systems positions them in a manner where they are unable to interact 

intermolecularly through π∙∙∙π interactions, that would normally lead to ACQ. On the other hand, the 

intramolecular CH∙∙∙O interaction in A-OH (2.04 Å) enforces its structural geometry such that the 

torsional angle between the anthracene and TBF parts (49.8°; Figure 2.3a vide supra) is smaller than in 

A-H and therefore positions the anthracene such that it is able to interact intermolecularly through π∙∙∙π 

interactions resulting in the quenched aggregate emission. Although a crystal structure of B-H has yet 
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to be grown, inspection of the packing structure of 17,17-dibutyl-TBF14
 (Section 2.4.4 Figure S2.33) 

confirms that it is devoid of any π∙∙∙π interactions. Therefore, it is not too far-fetched to assume that this 

lack of π∙∙∙π intermolecular interactions might exist in B-H to explain its aggregate and solid-state 

emission capabilities. Here, the butyl group could help disrupt the formation of any π∙∙∙π interactions 

and help suppress ACQ in the solid-state. 

Emission lifetimes were measured for each TBF in THF (Section 2.4.7.1, Figure S2.38c) and in 80% 

H2O in THF solutions (10 μM; Figure 2.7 c and f) to understand how their fluorescence lifetimes might 

be affected in their monomeric vs aggregate forms. In THF, the emission intensity for each TBF decays 

with simple first order kinetics over time. The fitted lifetimes reveal that A-H and B-H have the longest 

monomeric fluorescence lifetimes of the TBF library (3.86 ns and 2.67 ns respectively) compared to 

A-OH and B-OH (1.84 ns and 2.08 ns respectively; values summarised in Table 2.2). The longer 

lifetimes indicate that the excited states of A-H and B-H monomers are more stabilised in THF than 

their hydroxylated analogues because of more favourable solvent interactions with THF in the excited 

state. Aggregates display two lifetime decay processes (τ1 and τ2) in 80% H2O in THF that are thought 

to be associated with emissive TBF monomers and higher order aggregates in solution, respectively 

(Table 2.2). This reasoning is supported by literature precedent23 and by our own DLS studies which 

suggest a distribution of aggregates present in an 80% H2O in THF mixture. Literature suggests that the 

lifetimes of aggregate species should be larger than their monomeric counterparts, and while this is the 

case for the butyl-appended TBFs, the anthracenyl-TBF aggregates have shorter lifetimes than their 

monomers.  

Attempts were made to measure neat thin-film emission (Section 2.4.7.1 Figure S2.37a–f) and PLQYs 

of the TBF library as additional confirmation of the enhanced emission upon aggregation. Neat 

thin-films were prepared from purified TBF materials by dissolving the material in PhMe (at a 

consistent concentration of 2.0 mM) and drop-casting onto a quartz disc, before slowly evaporating the 

solvent on a heating plate. Unfortunately, most TBFs showed PLQYs that were experimentally 

indistinguishable from zero (i.e., given the level of error from the instrument, it was difficult to 

differentiate between the TBF library). It is thought that the crystalline phase of the thin films is different 

to the aggregates formed in THF/H2O mixtures leading to the discrepancies observed. For example, by 

qualitative observations, an orange-coloured emission was observed for the thin-film made from A-H, 

which is different to the blue emission that has been observed in its powdered form. These results need 

to be confirmed by X-ray diffraction studies. All thin-film emission spectra are red shifted compared to 

their emission spectra in 80% H2O in THF (Section 2.4.7.1 Figure S2.37), highlighting the effect of 

extended aggregation in these films. Notably, A-H displays an additional new emission band at 600 nm 

that is thought to arise from solvent-solute interactions in the thin-film from the possible formation of 

a charge transfer/exciplex type of aggregate. More in depth emission studies on these thin films as well 
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as attempting to form the thin films using different methods (e.g., solvents, annealing) should help 

clarify these observations.  

2.3 CONCLUSIONS 

Four 17-anthracenyl TBFs, A-OH, A-H, B-OH, and B-H were synthesised – whose structures differ 

by substitution at the 17-position – and their structures and optical properties were analysed in their 

monomeric and aggregate forms. All TBFs exist with a non-planar [5]helicene-like backbone. The 

torsional angle between the anthracene and TBF parts in A-OH and A-H were found to be dependent 

upon the steric bulk and the directing non-covalent intramolecular interactions between the anthracene 

and the –OH or –H group in the 17-position (49.8° vs 62.6° respectively) resulting in differently twisted 

structures. An electronically stabilising intramolecular CH∙∙∙O interaction in A-OH appears to lead to a 

wider absorption range and a narrower emission range compared to A-H. A smaller steric repulsion 

experienced by R-groups substituted at the head-position in A-H affect its supramolecular packing by 

promoting a strong intermolecular dimeric CH∙∙∙π interaction. These intermolecular interactions lead to 

the formation of a rigid aggregate with restricted intramolecular motions in solution resulting in a more 

emissive aggregate. On the other hand, the possibility of A-OH forming π∙∙∙π interactions may 

contribute to the aggregate quenching effect observed. The butyl group in B-H and B-OH is more 

flexible than the anthracene in A-OH and A-H, therefore there is no indication of any intramolecular 

or steric effect from the head group substituents on the structures of B-H and B-OH. Instead, the butyl 

group disrupts the formation of close π∙∙∙π intermolecular interactions and lends itself to more efficient 

suppression of ACQ in B-H compared to anthracenyl-TBFs. The hydroxy group plays two roles: in 

B-OH it (i) quenches emission in both the solution- and solid-state whereas in A-OH it (ii) rigidifies 

the structure and enables an emissive solid through AEE.  

These results more generally suggest that alkyl groups are effective at disrupting π∙∙∙π interactions and 

hence reducing effects of ACQ. On the other hand, a hydroxy group in the presence of a bulky and rigid 

group such as anthracene in close proximity (such that they are able to interact intramolecularly) aids 

in the rigidification of the structure and therefore supports AEE mechanisms. As an extra consideration, 

in the case of TBFs, the anthracene chromophore competes with TBF as the main contributor of the 

photophysical properties of the molecule and because of its large π-surface, encourages the formation 

of π-interactions. Therefore, an alternative bulky group such as a tbutyl group or a smaller aromatic 

benzene moiety might facilitate more efficient observations of aggregate-emission.  

This Chapter reinforces the need for a shift in the way that the AIE/AEE community discusses 

mechanisms of aggregate emission to distinguish between reducing effects of ACQ vs enabling AEE. 

In addition, a careful consideration of steric vs intramolecular interactions is required in the 

development of solid-state light emitters for advanced technological applications. Furthermore, if the 
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chiral properties of TBF can be cultivated from the synthesis of a more sterically hindered TBF, 

derivatives of A-H and A-OH will be good candidates for accessing aggregation-enhanced circularly 

polarised luminescence properties from a TBF-derived helicene. 

2.4 SUPPLEMENTARY INFORMATION 

2.4.1 MATERIALS AND METHODS 

Materials. Unless stated, all chemicals and reagents were purchased from commercial suppliers 

(Sigma Aldrich, Fisher Scientific, Alfa Aesar and Fluorochem) and used without further purification. 

Before use, n-BuLi was titrated as described by Burchat, A. F et al.24 to obtain its active concentration. 

Anhydrous solvents were obtained from a neutral alumina Solvent Purification System under nitrogen 

and stored over activated (>250 °C at 0.01 mbar overnight) 3 Å molecular sieves under a dry Ar 

atmosphere.  

Product confirmation. Analytical thin-layer chromatography (TLC) was performed on 

aluminium-backed silica gel plates and visualised under UV irradiation (254 and 365 nm). Automated 

flash column chromatography was performed using a Teledyne ISCO Combiflash NextGen 300+ with 

detectors using broad range UV–vis (200-800 nm) and evaporative light scattering (ELS) under N2 gas 

and pre-filled RedisepTM Gold cartridges (normal phase: SiO2). High-resolution mass spectra were 

measured on a Bruker compact QTOF Atmospheric Pressure Ionisation Time of Flight instrument using 

an ESI or APCI source. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL 

ECS400D spectrometer (working frequencies of 400 MHz and 101 MHz for 1H and 13C nuclei) or a 

Bruker Neo spectrometer equipped with a triple-resonance room temperature probe (working 

frequencies of 700 MHz and 176 MHz for 1H and 13C nuclei). Chemical shifts (δ) are reported in parts 

per million (ppm) relative to the signals corresponding to residual non-deuterated solvents (CDCl3: δH 

7.26 ppm; δc 77.23 ppm; DMSO-d6: δH 2.50 ppm; δC 39.57 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 excitation (PSYCHE) and two-dimensional  

1H–1H COSY, 1H–13C HSQC and 1H–13C HMBC NMR spectroscopies. NMR spectra were processed 

using MestReNova software, Version 14.  

Sample analysis. Single crystal X-ray diffraction data were collected on a single-crystal Oxford 

Diffraction SuperNova with dual Mo and Cu sources. A suitable crystal was selected and mounted (oil 

on 100 μm mount) on a SuperNova Dual, Cu at home/near, Eos diffractometer. The crystal was kept at 

110.00(10) K during data collection. Using Olex2,25 the structure was solved with the SHELXT26 

structure solution program using Intrinsic Phasing and refined with the SHELXL27 refinement package 
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using Least Squares minimisation. Hirschfeld analyses of crystal structures were performed using 

CrystalExplorer 17.5 software.  

Absorption spectra were recorded on a Shimadzu UV-2401 PC spectrophotometer or on an Agilent 

Technologies Cary 5000 UV–vis–NIR spectrophotometer using standard 10 mm path length quartz 

cuvettes at room temperature. Solution-state fluorescence spectroscopy was carried out on a Hitachi 

F-4500 fluorimeter equipped with a 150 W Xe lamp using standard photoluminescence quartz cuvettes. 

Samples for solution-state spectroscopy had an optical density (O.D.) <0.1 in anhydrous and degassed 

solvent to allow for the measurements of solution-state photoluminescent quantum yields (PLQYs). 

Time-resolved photoluminescence lifetime decay measurements were carried out using a Dept. of 

Edinburgh FLS980 Fluorescence spectrophotometer mounted with an EPL picosecond pulsed diode 

laser (λex= 375.0 nm). Quantum yields (ΦX) were obtained by the relative method, using quinine sulfate 

(ΦST = 0.55 in 0.5 M H2SO4)
28 as an external reference. Dynamic light scattering (DLS) experiments 

were performed on a Zetasizer Nano (Malvern Instruments Ltd., Worcestershire, UK) measuring 

backscattered light fluctuations at an angle of 173° and a calculation of an autocorrelation function. The 

samples were measured at 25 °C and adjusted to this temperature for 2 minutes prior to the 

measurement. Autocorrelation functions were analysed using the DTS v5.1 software provided by 

Malvern. Measurements were performed in triplicate with 15–20 runs per single measurement and the 

calculated mean values (based on intensity distribution) were used. Thin films for solid-state emission 

were prepared by drop-casting a solution of emissive material (2.0 mM) in PhMe onto a quartz substrate 

at 65 °C to facilitate solvent evaporation. Emission spectra of the films were collected using a 

Horiba- Jobin Yvon Fluorolog-3 spectrofluorometer equipped with a 450 W Xe lamp as the light source. 

Density functional theory (DFT) calculations were prepared on GaussView 6.0 and submitted to the 

University of York Viking High Performance Computing cluster and run on Gaussian 16 using Becke’s 

three-parameter exchange functional with the gradient-corrected correlation formula of Lee, Yang and 

Parr (B3LYP)29,30 paired with the split valence double-zeta 6-31G(d,p) basis set, PCM solvation model 

(CH2Cl2) and dispersion corrections (D3BJ)31 unless stated otherwise.  

2.4.2 SYNTHETIC DETAILS 

Bis(phenanthren-9-yl)methanol 2: Magnesium turnings (0.20 g, 8.22 

mmol, 1.05 equiv.) and a catalytic amount of iodine were added to a 

flame-dried two-necked round bottomed flask with a stirrer bar and the 

flask was cycled under an Ar atmosphere. A solution of 

9-bromophenanthrene (2.02 g, 7.84 mmol, 1.0 equiv.) in dry THF (3 mL) 

was added to the reaction mixture dropwise over 20 min at room temperature over which time a colour 

change from green to brown was observed. After stirring for 3 h, a solution of ethyl formate (0.31 mL, 

3.89 mmol, 0.5 equiv.) in dry THF (1 mL) was added to the reaction mixture dropwise over 20 minutes. 
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The reaction mixture turned yellow-brown and was left to stir overnight. Once complete (confirmed by 

crude 1H NMR analysis), a 1 M aqueous solution of HCl (6 mL) was slowly added to quench the 

reaction mixture followed by additional HCl solution (4 mL) to destroy any leftover Mg turnings. The 

resulting precipitate was collected by filtration and washed in diethyl ether to yield 2 (1.10 g, 2.86 

mmol, 74%) as a pale yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.79 (dd, J = 8.4, 1.3 Hz, 2H8), 8.71 (d, J = 8.3 Hz, 2H4), 8.14 

(dd, J = 8.3, 1.3 Hz, 2H5), 7.82 (s, 2H9), 7.76 (dd, J = 7.8, 1.4 Hz, 2H1), 7.71–7.63 (m, 4H6,7), 7.59–7.53 

(m, 4H2,3), 7.33 (s, 1H10), 2.52 (br, 1H11); 13C NMR (CDCl3, 101 MHz, 298 K): δC 136.5, 136.0, 131.5, 

131.1, 130.6, 130.3, 129.3, 127.2, 126.9, 126.7, 126.4, 124.6, 123.5, 122.6, 70.0; ESI–HRMS (νe+, 

CH2Cl2) calculated for C29H20O: m/z = 407.1412 [M+Na]+; found 407.1417 [M+Na]+. Spectroscopic 

data matched that reported in the literature.15 

H-Tetrabenzo[a,c,g,i]fluorene 3: A round bottomed flask equipped with 

a stirrer bar was charged with 2 (0.52 g, 1.36 mmol, 1.0 equiv.) and 

CH2Cl2 (4 mL). Trifluoroacetic acid (TFA, 0.85 mL) was added dropwise 

over 5 min to afford a yellow suspension that was stirred at room 

temperature for an additional 20 min. CH2Cl2 was removed under reduced 

pressure and the resulting yellow solid was triturated in diethyl ether, 

filtered, washed with the minimum amount of diethyl ether and dried under high vacuum to give 3 (0.42 

g, 1.16 mmol, 85%) as a yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.84–8.77 (m, 2H8,5), 8.31–8.25 (m, 1H8’), 8.14–8.08 (m, 1H5’), 

7.99 (dd, J = 7.3, 1.8 Hz, 1H1’), 7.85 (d, J = 7.8 Hz, 1H1), 7.76–7.62 (m, 5H3’,4’,6’,7’,9), 7.50–7.38 (m, 

4H2’,4,6,7), 7.37–7.31 (t, J = 7.6 Hz, 1H2), 7.13 (dd, J = 7.6 Hz, 1H3), 5.43 (s, 1H10); APCI–HRMS (νe+, 

CH2Cl2) calculated for C29H18: m/z = 367.1409 [M+H]+; found 367.1489 [M+H]+. Spectroscopic data 

matched that reported in the literature.15  

Tetrabenzo[a,c,g,i]fluorene TBF: To a stirred suspension of 3 (0.406 g, 

1.11 mmol, 1.0 equiv.) in CH2Cl2 (20 mL) in a round bottomed flask, Et3N 

(0.1 mL) was added. After 30 min, the reaction mixture was concentrated 

and the crude solid triturated in diethyl ether to yield TBF (0.35 g, 0.95 

mmol, 87%) as a yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.84–8.81 (m, 2H8), 8.78 (dd, J = 7.5, 1.5 Hz, 2H5), 8.73 (dd, 

J = 8.2, 1.4 Hz, 2H4), 8.24–8.21 (m, 2H1), 7.74–7.61 (m, 8H2,3,6,7), 4.67 (s, 2H9); APCI–HRMS (νe+, 

CH2Cl2) calculated for C29H18: m/z = 367.1409 [M+H]+; found 367.1489 [M+H]+ Spectroscopic data 

matched that reported in the literature.32  
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Tetrabenzo[a,c,g,i]fluoren-17-one TBF=O: Using a literature modified 

procedure,16 a round bottomed flask with a stirrer bar was charged with 

3 (0.812 g, 2.21 mmol, 1.0 equiv.), DMF (45 mL), saturated aq. K2CO3 

(1.5 mL) with air bubbling through the solution. The reaction was heated 

to reflux overnight. After 18 h, the reaction mixture was cooled to room 

temperature, then a solution of saturated aq. NH4Cl (30 mL) was added 

to precipitate out a solid which was filtered and washed with water 

followed by diethyl ether to yield TBF=O (0.786 g, 2.07 mmol, 93%) as a dark brown solid.  

1H NMR (CDCl3, 400 MHz, 298 K): δH 9.25–9.20 (m, 2H8), 8.81–8.77 (m, 2H5), 8.71–8.67 (m, 2H4), 

8.31 (dd, J = 8.3, 1.3 Hz 2H1), 7.81 (ddd, J = 8.3, 6.9, 1.3 Hz, 2H2), 7.73 (ddd, J = 8.2, 6.9, 1.3 Hz, 

2H3), 7.70–7.64 (m, 4H6,7); 13C NMR (CDCl3, 101 MHz, 298K): δC 147.1, 134.9, 131.8, 129.1, 128.7, 

128.6, 127.8, 127.1, 126.8, 126.6, 126.1, 125.0, 124.1, 122.9; APCI–HRMS (νe+, CH2Cl2) calculated 

for C29H16O: m/z = 381.1201 [M+H]+; found 381.1266 [M+H]+. Spectroscopic data matched that 

reported in the literature.16  

 A-OH: A solution of 9-bromoanthracene (0.122 g, 0.47 mmol, 1.75 

equiv.) in anhydrous and degassed THF (5 mL) under an Ar atmosphere 

was cooled to –78 °C and n-BuLi (2.5 M in n-hexane, 0.25 mL, 2.3 

equiv.) was added slowly to eventually afford a bright orange coloured 

solution indicative of Li insertion. The solution was stirred at –78 °C 

under Ar for 45 min before a solution containing TBF=O (0.104 g, 027 

mmol, 1.0 equiv.) in dry and degassed THF (75 mL) under Ar was 

slowly transferred dropwise to the reaction flask. The reaction mixture was allowed to warm up to room 

temperature, stirred overnight and monitored by TLC (20% EtOAc/n-hexanes). Water (40 mL) was 

added slowly to quench the reaction and the reaction mixture was extracted into EtOAc (3 x 50 mL). 

The combined organic layers were washed with saturated aq. NH4Cl (50 mL) followed by brine (50 

mL), dried over MgSO4 and concentrated. The crude solid was washed with the minimum amount of 

acetone and the filtrate was concentrated. Automated column chromatography (SiO2: 5% EtOAc in 

n-hexanes) afforded the desired product A-OH (43.5 mg, 0.078 mmol, 28%) as a yellow solid.  

1H NMR (CDCl3, 400 MHz, 298 K): δH 10.58 (d, J = 9.4 Hz, 1H13), 8.80 (d, J = 8.2 Hz, 2H5), 8.73 (dd, 

J = 8.1, 1.5 Hz, 2H8), 8.69 (d, J = 8.4 Hz, 2H4), 8.46 (s, 1H9), 8.19–8.14 (m, 1H10), 7.93–7.89 (m, 1H10’), 

7.85 (d, J = 8.3 Hz, 2H1), 7.81–7.61 (m, 8H6,7,11,12,13’), 7.45 (ddd, J = 8.3, 6.9, 1.3 Hz, 2H2), 7.13 (ddd, 

J = 8.2, 6.9, 1.1 Hz, 2H3), 6.92 (ddd, J = 8.4, 6.5, 1.0 Hz, 1H11’), 6.47 (ddd, J = 9.4, 6.5, 1.5 Hz, 1H12’), 

2.89 (s, OH); 13C NMR (CDCl3, 101 MHz, 298K): δC 133.1, 132.6, 132.1, 131.8, 130.6, 130.2, 129.1, 

128.8, 128.4, 128.1, 127.6, 127.2, 126.8, 126.6, 126.4, 125.6, 125.6, 125.0, 124.6, 124.4, 123.9, 123.3, 

91.0; APCI–HRMS (νe+, CH2Cl2) calculated for C43H26O: m/z = 559.6800 [M+H]+; found 559.2048 

[M+H]+ and 541.1932 [M-H2O]+ 
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 A-H: Et3SiH (0.1 mL) and TFA (0.1 mL) were added dropwise to a 

solution of A-OH (20.2 mg, 0.036 mmol, 1.0 equiv.) in anhydrous 

CH2Cl2 (10 mL) under a N2 atmosphere. The reaction mixture was 

allowed to stir at room temperature overnight and monitored by TLC 

(20% EtOAc in n-hexanes). On complete consumption of the starting 

material, the reaction mixture was extracted with H2O (3 x 10 mL). The 

combined organic layers were dried with Na2SO4, concentrated and the 

crude solid purified by automated column chromatography (SiO2: 10% 

EtOAc in n-hexanes) to yield A-H (10.1 mg, 0.019 mmol, 50%) as a yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 9.11 (d, J = 9.0 Hz, 1H13), 8.88–8.83 (m, 2H5), 8.80 (d, J = 8.0 

Hz, 2H8), 8.69–8.65 (m, 2H4), 8.49 (s, 1H9), 8.26 (d, J = 8.5 Hz, 1H10), 7.92–7.85 (m, 1H12), 7.79–7.67 

(m, 6H6,7,10’,11), 7.45 (d, J = 8.3 Hz, 2H1), 7.41–7.36 (m, 2H3), 7.28–7.24 (m, 1H11’), 7.00 (m, 3H2,13’), 

6.59–6.52 (m, 1H12’), 1.25 (s, 1H14); 13C NMR (CDCl3, 101 MHz, 298K): δC 131.5, 131.0, 130.7, 129.6, 

128.9, 128.8, 128.4, 128.0, 127.7, 127.0, 126.2, 126.0, 126.0, 125.4, 124.7, 124.5, 123.8, 123.3, 41.6*; 

APCI–HRMS (νe+, CH2Cl2) calculated for C43H26: m/z = 543.2107 [M+H]+; found 543.2094 [M+H]+; 

*limited by concentration 

B-OH: A solution of TBF=O (252 mg, 0.66 mmol, 1.0 equiv.) in 

anhydrous and degassed THF (200 mL) under an Ar atmosphere was 

cooled to –78 °C and n-BuLi (2.44 M in n-hexanes, 0.32 mL, 1.2 equiv.) 

was added slowly. The reaction mixture was allowed to slowly warm up 

to room temperature and then stirred at room temperature overnight. The 

reaction was quenched slowly with dropwise addition of water. The 

reaction mixture was extracted with EtOAc (100 mL) and water (50 mL). 

The organic layer was dried with Na2SO4, filtered and concentrated. The crude solid was washed with 

the minimum amount of n-hexanes (to avoid dissolving starting material TBF=O) and the filtrate 

concentrated. Automated column chromatography (SiO2: 5% EtOAc in n-hexanes) afforded the desired 

product, B-OH (39.0 mg, 0.089 mmol, 14%) as a yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 9.28–9.24 (m, 1H5), 8.90–8.83 (m, 2H4,5’), 8.74–8.70 (m, 1H8), 

7.96–7.81 (m, 4H1’,2,3,6’), 7.73–7.64 (m, 2H6,7), 7.54–7.45 (m, 4H1,4’,7’,8’), 7.19 (td, J = 7.6, 1.2 Hz, 1H2), 

6.99–6.93 (m, 1H3), 4.24 (s, OH), 2.72 (ddd, J = 15.4, 11.0, 4.7 Hz, 1H9), 2.28–2.17 (m, 1H9’),  

1.49–1.28 (m, 4H10,11), 0.79 (t, J = 7.0 Hz, 3H12); 13C NMR (CDCl3, 101 MHz, 298K): δC 203.4, 158.8, 

142.3, 134.5, 132.6, 131.9, 131.4, 131.4, 130.7, 130.5, 129.4, 128.5, 128.4, 128.3, 128.3, 128.1, 127.8, 

127.7, 127.6, 127.4, 125.4, 124.7, 124.2, 123.8, 122.5, 53.2, 38.3, 29.9, 27.5, 23.0; APCI–HRMS (νe+, 

CH2Cl2) calculated for C33H26O: m/z = 439.2056 [M+H]+; found 439.2072 [M+H]+ 
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 TBF-B: A solution of TBF=O (174.7 mg, 0.46 mmol, 1.0 equiv.) in 

anhydrous and degassed THF (150 mL) under an Ar atmosphere was 

cooled to –78 °C and n-BuLi (2.44 M in n-hexanes, 0.75 mL, 4.0 equiv.) 

was added slowly. The reaction mixture was allowed to slowly warm up 

to room temperature and then stirred at room temperature overnight. The 

reaction was quenched slowly with dropwise addition of NaOH (4N, 10 

mL) followed by H2O (50 mL). The reaction mixture was extracted with 

EtOAc (2 x 75 mL), then the combined organic layers were washed with 

brine, dried over Na2SO4 and concentrated. The crude solid was washed with the minimum amount of 

n-hexanes and the filtrate concentrated to remove as much TBF=O as possible from the crude. The 

desired product, TBF-B, was then isolated by automated column chromatography (SiO2: 5% EtOAc in 

n-hexanes) as a yellow solid (101.4 mg, 0.24 mmol, 52%). 

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.86–8.79 (m, 6H4,5,8), 8.57 (dd, J = 8.2, 1.4 Hz, 2H1),  

7.76–7.69 (m, 6H3,6,7), 7.63 (ddd, J = 8.2, 6.9, 1.2 Hz, 2H2), 2.90–2.81 (m, 2H10), 2.51 (s, 1H9), 0.86 (q, 

J = 7.4 Hz, 2H11), 0.38 (t, J = 7.3 Hz, 3H12); APCI–HRMS (νe+, CH2Cl2) calculated for C33H24: m/z = 

421.1958 [M+H]+; found 421.1966 [M+H]+ 

B-H:  3 (106.3 mg, 0.29 mmol, 1.0 eq.) was dissolved in degassed 

dioxane (5 mL) and heated to reflux. A solution of tetrabutylammonium 

hydroxide (40% w/w in H2O, 78.0 mg, 0.30 mmol, 1.0 eq.) in degassed 

dioxane (2 mL) was added and a yellow precipitate was formed 

immediately. The salt was filtered under N2 and washed with warm 

degassed dioxane (3 x 5 mL) followed by Et2O (3 x 5 mL). The salt was 

resuspended in degassed dioxane (5 mL) and a solution of bromobutane 

(36.7 mg, 0.27 mmol, 0.9 equiv.) in degassed dioxane (2 mL) was added 

to the reaction mixture and heated to reflux for 6 h. Once the reaction was complete (confirmed by TLC 

in 10% EtOAc in n-hexanes), the solvent was removed, and the residue redissolved in CH2Cl2 (20 mL) 

and separated with water (20 mL). The organic layer was dried with Na2SO4 and concentrated. The 

desired product, B-H, was isolated as a mixture with TBF=O by automated column chromatography 

(SiO2: 1% EtOAc in n-hexanes). The product mixture was redissolved in the minimum amount of hot 

hexanes and hot-filtered to remove any remaining TBF=O. The filtrate was finally concentrated to yield 

pure B-H (19.4 mg, 0.046 mmol, 17%) as a yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.87–8.78 (m, 4H5,8), 8.70 (d, J = 8.2 Hz, 2H4), 8.30 (dd, J = 

7.5, 1.8 Hz, 2H1), 7.75–7.61 (m, 8H2,3,6,7), 5.11 (t, J = 4.5 Hz, 1H13), 2.65 (dt, J = 12.7, 4.5 Hz, 2H9),  

0.91–0.78 (m, 3H12), 0.41–0.33 (m, 4H10,11); APCI–HRMS (νe+, CH2Cl2) calculated for C33H24: m/z = 

422.2035; found 423.2101 [M+H]+  
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2.4.3 NMR DATA 

 

Figure S2.1 1H NMR (CDCl3, 400 MHz, 298K) spectrum of A-OH 
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Figure S2.2 1H NMR (CDCl3, 400 MHz, 298K) spectrum of A-OH before (top) and after (bottom) addition of D2O  
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Figure S2.3 Stacked 1H PSYCHE (top) and 1H NMR (bottom; CDCl3, 700 MHz, 298K) spectra of A-OH 
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Figure S2.4 13C NMR (CDCl3, 101 MHz, 298K) spectrum of A-OH 
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Figure S2.5 Annotated 1H–1H COSY NMR (CDCl3, 700 MHz, 298K) spectrum of A-OH 
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Figure S2.6 Annotated 1H–1H NOESY NMR (CDCl3, 700 MHz, 298K) spectrum of A-OH 
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Figure S2.7 Annotated 1H–1H TOCSY NMR (CDCl3, 700 MHz, 298K) spectrum of A-OH 
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Figure S2.8 1H NMR (CDCl3, 400 MHz, 298K) spectrum of A-H 
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Figure S2.9 Stacked 1H PSYCHE (top) and 1H NMR (bottom; CDCl3, 700 MHz, 298K) spectra of A-H 
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Figure S2.10 13C NMR (CDCl3, 101 MHz, 298K) spectrum of A-H 
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Figure S2.11 Annotated 1H–1H COSY NMR (CDCl3, 700 MHz, 298K) spectrum of A-H 
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Figure S2.12 Annotated 1H–1H TOCSY NMR (CDCl3, 700 MHz, 298K) spectrum of A-H 
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Figure S2.13 Annotated 1H–1H NOESY NMR (CDCl3, 700 MHz, 298K) spectrum of A-H 
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Figure S2.14 1H NMR (CDCl3, 400 MHz, 298K) spectrum of B-OH 
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Figure S2.15 Stacked 1H PSYCHE (top) and 1H NMR (bottom; CDCl3, 700 MHz, 298K) spectra of B-OH 

 



CHAPTER 2 | AGGREGATE EMISSION IN HEAD-MODIFIED TBFS 

 
73 

 

Figure S2.16 13C NMR (CDCl3, 101 MHz, 298K) spectrum of B-OH 
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Figure S2.17 Annotated 1H–1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of B-OH 
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Figure S2.18 Annotated 1H–1H NOESY NMR (CDCl3, 400 MHz, 298K) spectrum of B-OH 
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Figure S2.19 1H NMR (CDCl3, 400 MHz, 298K) spectrum of B-H 
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Figure S2.20 Annotated 1H–1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of B-H 
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Figure S2.21 1H NMR (CDCl3, 400 MHz, 298K) spectrum of TBF-B 
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Figure S2.22 Stacked 1H PSYCHE (top) and 1H NMR (bottom; CDCl3, 700 MHz, 298K) spectra of TBF-B 
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Figure S2.23 13C NMR (CDCl3, 101 MHz, 298K) spectrum of TBF-B 
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Figure S2.24 Annotated 1H–1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of TBF-B 
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Figure S2.25 Annotated 1H–1H NOESY NMR (CDCl3, 400 MHz, 298K) spectrum of TBF-B 
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2.4.4 X-RAY DIFFRACTION ANALYSES 

Tetrabenzofluorenone TBF=O 

Single crystals of TBF=O (aja22022) were grown from THF by slow evaporation.  

 

 

Figure S2.26 (a) Structural parameters of a representative M-TBF=O highlighted in blue and (b) the supramolecular packing 

of the racemate. Non-interacting H atoms have been omitted for clarity. 

Crystal data for C29H16O (M = 380.42 g/mol): monoclinic, space group P2/c (no. 13), a = 18.2583(3) Å, 

b = 5.07710(10) Å, c = 19.1389(3) Å, β = 90.3210(10)°, V = 1774.13(5) Å3, Z = 4, T = 110.00(10) K, 

μ(Cu Kα) = 0.659 mm-1, Dcalc = 1.424 g/cm3, 11113 reflections measured (9.242° ≤ 2θ ≤ 142.942°), 

3420 unique (Rint = 0.0214, Rsigma = 0.0198) which were used in all calculations. The final R1 was 0.0378 

(I > 2σ(I)) and wR2 was 0.1005 (all data). 
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Tetrabenzofluorene A-OH(1) 

Single crystals of polymorph A-OH(1) suitable for X-ray diffraction (aja21017) were grown from 5% 

EtOAc in n-hexanes solution. The crystal contained solvent channels running parallel to the b-axis. 

From the difference map it was apparent that there was a mixture of ethyl acetate and hexane present 

and there were at least 4 different sites for the solvents within the asymmetric unit.  A suitable discrete 

model for this solvent could not be achieved, therefore a solvent mask was used.  The solvent mask 

estimated 34 electrons per asymmetric unit which is equivalent to approximately about two-thirds of a 

molecule of solvent. 

 

 

Figure S2.27. (a) Structural parameters of a representative P-A-OH(1) highlighted in blue and (b) the supramolecular packing 

or the racemate. Non-interacting H atoms have been omitted for clarity. 

Crystal data for C43H26O (M = 558.64 g/mol): monoclinic, space group P21/c, a = 12.47104(9) Å, b = 

10.36805(9) Å, c = 23.90930(17) Å, β = 90.1508(6)°, V = 3091.47(4) Å3, Z = 4, T = 110.00(10) K, μ(Cu 

Kα) = 0.542 mm-1, Dcalc = 1.200 g/cm3, 22473 reflections measured (7.088° ≤ 2θ ≤ 134.146°), 5528 

unique (Rint = 0.0217, Rsigma = 0.0182) which were used in all calculations. The final R1 was 0.0338 (I 

> 2σ(I)) and wR2 was 0.0919 (all data).  
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Tetrabenzofluorene A-OH(2) 

Single crystals of polymorph A-OH(2) suitable for X-ray diffraction (aja21043) were also grown from 

chloroform. The chloroform molecules exhibited disorder and was modelled with Cl3 and C44 in two 

positions in a refined ratio of 0.937:0.063(3).  For the minor component, the C-Cl bond lengths were 

restrained to be 1.76 angstroms and the Cl-C-Cl distances restrained to be 2.9 angstroms. The atomic 

displacement parameters (ADP) of Cl3 & Cl3a were constrained to be equal as were the ADPs of C44 

& C44a. The hydroxy hydrogen was located by difference map and allowed to refine. 

 

 
Figure S2.28. (a) Structural parameters of a representative P-A-OH(2) highlighted in blue and (b) the supramolecular packing 

of the racemate. Non-interacting H atoms and solvent molecules have been omitted for clarity. 

Crystal data for C44H27Cl3O (M = 678.00 g/mol): monoclinic, space group P21/n (no. 14), a = 

15.6722(3) Å, b = 10.8852(3) Å, c = 18.8283(4) Å, β = 96.5397(19)°, V = 3191.11(12) Å3, Z = 4, T = 

110.00(10) K, μ(Cu Kα) = 2.883 mm-1, Dcalc = 1.411 g/cm3, 11941 reflections measured (6.96° ≤ 2θ ≤ 

134.156°), 5687 unique (Rint = 0.0247, Rsigma = 0.0338) which were used in all calculations. The final 

R1 was 0.0366 (I > 2σ(I)) and wR2 was 0.0970 (all data).  
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Tetrabenzofluorene A-H(1) 

Single crystals of polymorph A-H(1) suitable for X-ray diffraction (aja21050) were grown from CH2Cl2 

and MeOH by solvent layering. There was a partially occupied solvent void containing 

dichloromethane. This was disordered and modelled in 4 positions with refined occupancies of 

0.353(2): 0.345(3): 0.148(3): 0.0675(15). All C-Cl bond lengths were restrained to be equal and Cl-Cl 

distances restrained to be 2.9 Å. The ADP of equivalent disordered atoms were constrained to be equal 

(e.g., Cl1a, Cl1b, Cl1c and Cl1d). Forcing the occupancies to sum to unity significantly reduced the 

quality (e.g., R1 worsened by 0.45%). 

 

 

Figure S2.29. (a) Structural parameters of representative P-A-H(1) highlighted in blue and (b) the supramolecular packing of 

the racemate. Non-interacting H atoms and solvent molecules have been omitted for clarity. 

Crystal data for C43.915H27.825Cl1.825 (M =620.16 g/mol): triclinic, space group P-1 (no. 2), a = 

11.7092(3) Å, b = 12.5917(4) Å, c = 12.6199(4) Å, α = 115.994(3)°, β = 90.434(3)°, γ = 109.212(3)°, 

V = 1553.83(10) Å3, Z = 2, T = 110.00(10) K, μ(Cu Kα) = 1.976 mm-1, Dcalc = 1.326 g/cm3, 21595 

reflections measured (7.922° ≤ 2θ ≤ 134.136°), 5534 unique (Rint = 0.0272, Rsigma = 0.0241) which were 

used in all calculations. The final R1 was 0.0423 (I > 2σ(I)) and wR2 was 0.1160 (all data). 
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Tetrabenzofluorene A-H(2) 

Single crystals of polymorph A-H(2) suitable for X-ray diffraction (aja21047) were grown from CH2Cl2 

solution by slow evaporation. The dichloromethane was disordered and modelled in two positions in a 

refined ratio of 0.638:0.362(7). The ADPs of C87a &C87b were constrained to be equal as were the 

ADPs of Cl2a & Cl2b. 

 

 

Figure S2.30 (a) Unit cell of P-A-H(2) and M-A-H(2) and (b) its supramolecular packing. Non-interacting H atoms have been 

omitted for clarity. 

Crystal data for C87H54Cl2 (M =1170.20 g/mol): triclinic, space group P-1 (no. 2), a = 12.1074(5) Å, b = 

13.6029(6) Å, c = 17.7307(6) Å, α = 91.918(3)°, β = 90.342(3)°, γ = 98.692(3)°, V = 2884.9(2) Å3, Z = 

2, T = 110.00(10) K, μ(Cu Kα) = 1.410 mm-1, Dcalc = 1.347 g/cm3, 19108 reflections measured (6.578° 

≤ 2θ ≤ 134.158°), 10305 unique (Rint = 0.0350, Rsigma = 0.0564) which were used in all calculations. The 

final R1 was 0.0465 (I > 2σ(I)) and wR2 was 0.1233 (all data).  
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Tetrabenzofluorene polymorph A-H(3) 

Single crystals of A-H(3) suitable for X-ray diffraction (aja21049) were grown from CH2Cl2 and MeOH 

solution by solvent layering. 

 

 

Figure S2.31. (a) Unit cell of a representative P-A-H(3) and (b) the supramolecular packing of the racemate. Non-interacting 

H atoms have been omitted for clarity. 

Crystal data for C43H26 (M =542.64 g/mol): triclinic, space group P-1 (no. 2), a = 12.6766(3) Å, b = 

13.0047(5) Å, c = 18.3093(7) Å, α = 76.845(3)°, β = 77.638(3)°, γ = 70.453(3)°, V = 2738.31(17) Å3, 

Z = 4, T = 110.00(14) K, μ(Cu Kα) = 0.567 mm-1, Dcalc = 1.316 g/cm3, 18354 reflections measured 

(7.32° ≤ 2θ ≤ 134.148°), 9767 unique (Rint = 0.0201, Rsigma = 0.0278) which were used in all calculations. 

The final R1 was 0.0337 (I > 2σ(I)) and wR2 was 0.0878 (all data).  

 

 



CHAPTER 2 | AGGREGATE EMISSION IN HEAD-MODIFIED TBFS 

 
89 

Tetrabenzofluorene B-OH 

Single crystals of B-OH suitable for X-ray diffraction (aja23018) were grown from a solution of TBF-B 

in CH2Cl2, n-hexanes and MeOH by vapour diffusion. The crystal contained disordered 

dichloromethanes, two per asymmetric unit. One was modelled in two positions with refined 

occupancies of 0.684:0.316(3). The ADPs of pairs of disordered atoms were constrained to be equal 

(Cl2 & Cl2A, C133 & C134) and C-Cl bond-lengths restrained to be the same (Cl1-C133, C1-C134, 

Cl2-C133, Cl2-C134). A discrete atom model could not be obtained for the other dichloromethane 

therefore a solvent mask was used which calculated 42 electrons in a volume of 180 Å3 per asymmetric 

unit. Two of the butyl side chains were disordered. For one, the terminal ethyl group was modelled in 

two positions in a refined ratio of 0.817:0.183(5). The ADPs of disordered pairs of atoms were 

constrained to be equal (C65 & C65a, C66 & C66a) and C-C bond-lengths restrained to be 1.52 Å 

(C64-C65, C64-C65a, C65-C66 & C65a-C66a). For the other disordered butyl group, the whole side 

chain was modelled in two positions in a refined ratio of 0.556:0.444(7). 

 

 

Figure S2.32. (a) Structural parameters of a representative P-B-OH highlighted in blue and (b) the supramolecular packing 

of the racemate. Non-interacting H atoms and solvent molecules have been omitted for clarity. 

Crystal data for C133H106Cl2O4 (M =1839.07 g/mol): triclinic, space group P-1 (no. 2), a = 17.4084(2) Å, 

b = 18.4113(2) Å, c = 19.3835(3) Å, α = 117.4140(13)°, β = 110.8594(12)°, γ = 93.8416(10)°, V = 

4949.77(13) Å3, Z = 2, T = 110.00(14) K, μ(Cu Kα) = 1.039 mm-1, Dcalc = 1.234 g/cm3, 54499 

reflections measured (7.242° ≤ 2θ ≤ 134.158°), 17625 unique (Rint = 0.0174, Rsigma = 0.0192) which 

were used in all calculations. The final R1 was 0.0551 (I > 2σ(I)) and wR2 was 0.0585 (all data). 
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Tetrabenzofluorene 17,17-dibutylTBF14 (CCDC 792538) 

The X-ray crystal structure of 17,17-dibutylTBF was analysed in order to draw conclusions about 

intermolecular interactions that are likely to present in the crystal structure of B-H. 

 

 

Figure S2.33. (a) Unit cell of P-A-H(3) and (b) its supramolecular packing 
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2.4.5 HIRSCHFELD ANALYSES 

Table S2.1 Summary of the contributions (%) of intermolecular interactions for crystals structures of 

the TBF library determined by Hirschfeld analyses.  

Interaction Type A-OH(1) A-OH(2) A-H(1) A-H(2) A-H(3) B-OH  

C···C 6.3 7.7 6.8 6.8 9.6 3.3 

C···H 35.2 31.7 38.1 40.6 38.2 33.8 

H···H 45.8 59.8 45.4 49.1 52.2 57.9 

Not all atom interactions are shown in the table above (e.g., interactions with solvent Cl atoms and O atoms are 

not given, hence not all percentages will add to 100%) 

 

Figure S2.34. Hirschfeld surfaces along with their fingerprint regions for (a) A-OH(1), (b) A-OH(2), (c) A-H(1), (d) A-H(2), 

(e) A-H(3) and (f) B-OH. 
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2.4.6 DFT ANALYSES 

DFT calculations were performed to obtain geometrically optimised structures of both enantiomers 

(only one representative enantiomer is shown in Figure S2.35) of A-OH, A-H, B-OH and B-H using 

B3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model. Ground state geometries were verified by 

convergence to a minimum stationary point and no negative vibrational frequencies observed. 

Time-dependent DFT (TD-DFT) calculations were performed for the first 20 states of each compound 

using B3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model and in some cases natural transition 

orbital (NTO) analysis was performed on specific excited states to understand qualitatively what 

occupations of orbitals gave rise to those excited state transitions. 

 

Figure S2.35. DFT optimised structures (B3LYP-GD3BJ/6-31G(d,p) in CH2Cl2) with key structural parameters highlighted 

in blue for a representative P-enantiomer (a) A-OH, (b) A-H, (c) B-OH and (d) B-H 

Table S2.2 Comparison of DFT structural parameters from a representative P-enantiomer for each 

compound in the TBF library 

Compound A-OH A-H B-OH  B-H 

dHH
a / Å 2.18 2.16 2.17 2.14 

θ b / ° 16.7 16.6 16.9 16.4 

Фc / ° 39.8 39.0 39.0 37.5 
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2.4.6.1 CARTESIAN COORDINATES

P-A-OH 

C -6.739712 5.415108 3.613778 

C -6.150542 4.534695 2.728217 

C -6.632112 4.387174 1.404865 

C -7.681578 5.248445 0.955055 

C -8.279537 6.119596 1.895111 

C -7.834537 6.193309 3.201098 

H -6.346244 5.514853 4.620296 

H -9.081663 6.777148 1.583778 

H -8.308300 6.880177 3.895138 

C -7.259707 4.547427 -1.398815 

C -6.228978 3.695261 -0.902227 

C -8.051924 5.271678 -0.452731 

C -9.137554 6.035170 -0.937206 

C -7.557354 4.660265 -2.778679 

C -9.418810 6.114407 -2.288398 

H -9.774123 6.569440 -0.242577 

C -8.615431 5.429502 -3.217607 

H -6.955698 4.123601 -3.496216 

H -10.260935 6.707878 -2.629882 

H -8.831874 5.496221 -4.279126 

C -6.018385 3.500064 0.446752 

C -5.237240 2.856330 -1.717749 

C -4.391576 2.218560 -0.598970 

C -4.982952 2.450526 0.621788 

C -3.264558 1.359723 -0.762183 

C -4.631101 1.635083 1.757734 

C -2.745471 0.705795 0.400129 

C -2.620060 1.168967 -2.010868 

C -5.443147 1.540037 2.913679 

C -3.477343 0.794688 1.656546 

C -1.565833 -0.058370 0.261318 

H -3.008514 1.663254 -2.891736 

C -1.483274 0.392439 -2.112471 

C -5.087754 0.735542 3.977983 

C -3.127898 0.003987 2.775976 

C -0.944182 -0.213856 -0.964382 

H -1.128073 -0.538177 1.128080 

H -0.999512 0.264098 -3.075425 

C -3.901881 -0.016270 3.920342 

H -5.731509 0.675409 4.849652 

H -2.253102 -0.632812 2.732026 

H -0.038747 -0.807710 -1.037423 

H -3.610999 -0.641837 4.758150 

C -2.402420 5.888412 -0.521019 

C -3.356456 4.998024 -0.939737 

C -3.468837 4.589841 -2.309569 

C -2.533083 5.195546 -3.228910 

C -1.542592 6.110537 -2.754751 

C -1.468807 6.450080 -1.433003 

C -4.426706 3.645714 -2.779659 

C -2.595692 4.876129 -4.582661 

C -3.579270 4.026337 -5.081517 

C -4.535550 3.405530 -4.182218 

C -5.544999 2.596965 -4.818498 

H -6.315960 2.150326 -4.214265 

C -5.579144 2.403709 -6.175073 

C -4.606724 2.983978 -7.032423 

C -3.638014 3.778249 -6.488822 

H -2.367376 6.174317 0.525684 

H -4.054552 4.628363 -0.210778 

H -0.853492 6.534154 -3.479587 

H -0.716568 7.148344 -1.080445 

H -1.875186 5.314540 -5.267784 

H -6.373389 1.797957 -6.600719 

H -4.647055 2.808580 -8.102579 

H -2.891222 4.255596 -7.116694 

O -6.006713 1.761364 -2.247583 

H -5.382977 1.081772 -2.544824 

H -6.376270 2.085660 2.947549 

H -5.282692 3.970015 3.039280 

M-A-OH 

C -6.739712 5.415108 -3.613778 

C -6.150542 4.534695 -2.728217 

C -6.632112 4.387174 -1.404865 

C -7.681578 5.248445 -0.955055 

C -8.279537 6.119596 -1.895111 

C -7.834537 6.193309 -3.201098 
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H -6.346244 5.514853 -4.620296 

H -9.081663 6.777147 -1.583778 

H -8.308300 6.880177 -3.895138 

C -7.259707 4.547427 1.398815 

C -6.228978 3.695261 0.902227 

C -8.051924 5.271678 0.452731 

C -9.137554 6.035170 0.937206 

C -7.557354 4.660265 2.778679 

C -9.418810 6.114407 2.288398 

H -9.774123 6.569440 0.242577 

C -8.615431 5.429502 3.217607 

H -6.955698 4.123601 3.496216 

H -10.260935 6.707878 2.629882 

H -8.831874 5.496221 4.279126 

C -6.018385 3.500064 -0.446752 

C -5.237240 2.856330 1.717749 

C -4.391576 2.218560 0.598970 

C -4.982952 2.450526 -0.621788 

C -3.264558 1.359723 0.762183 

C -4.631101 1.635083 -1.757734 

C -2.745471 0.705795 -0.400129 

C -2.620060 1.168966 2.010868 

C -5.443147 1.540037 -2.913679 

C -3.477343 0.794688 -1.656546 

C -1.565833 -0.058370 -0.261318 

H -3.008514 1.663254 2.891736 

C -1.483274 0.392439 2.112471 

C -5.087754 0.735542 -3.977983 

C -3.127898 0.003987 -2.775976 

C -0.944182 -0.213856 0.964382 

H -1.128073 -0.538177 -1.128080 

H -0.999512 0.264098 3.075425 

C -3.901881 -0.016270 -3.920342 

H -5.731509 0.675409 -4.849652 

H -2.253102 -0.632812 -2.732027 

H -0.038747 -0.807710 1.037423 

H -3.610999 -0.641837 -4.758150 

C -2.402420 5.888411 0.521019 

C -3.356456 4.998024 0.939737 

C -3.468837 4.589841 2.309569 

C -2.533083 5.195546 3.228910 

C -1.542592 6.110537 2.754751 

C -1.468807 6.450080 1.433003 

C -4.426706 3.645714 2.779659 

C -2.595692 4.876129 4.582661 

C -3.579270 4.026337 5.081517 

C -4.535550 3.405530 4.182218 

C -5.544999 2.596965 4.818498 

H -6.315959 2.150326 4.214265 

C -5.579144 2.403709 6.175073 

C -4.606724 2.983978 7.032423 

C -3.638014 3.778249 6.488822 

H -2.367376 6.174317 -0.525684 

H -4.054552 4.628363 0.210778 

H -0.853492 6.534154 3.479587 

H -0.716568 7.148344 1.080445 

H -1.875186 5.314540 5.267784 

H -6.373389 1.797957 6.600719 

H -4.647055 2.808580 8.102579 

H -2.891222 4.255596 7.116694 

O -6.006713 1.761364 2.247583 

H -5.382977 1.081771 2.544824 

H -6.376270 2.085660 -2.947549 

H -5.282692 3.970015 -3.039280 

P-A-H 

C -6.715486 5.421910 3.623602 

C -6.145631 4.520967 2.744855 

C -6.586738 4.416039 1.404230 

C -7.571398 5.340559 0.933347 

C -8.150921 6.232923 1.864348 

C -7.749013 6.266283 3.186300 

H -6.351528 5.485694 4.644157 

H -8.902977 6.938897 1.534182 

H -8.207245 6.970665 3.873226 

C -7.119319 4.646557 -1.415720 

C -6.136426 3.746676 -0.901667 

C -7.899382 5.400026 -0.485535 

C -8.933803 6.217640 -0.992883 

C -7.383679 4.767210 -2.801608 

C -9.179067 6.313493 -2.350578 

H -9.561539 6.779297 -0.311758 
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C -8.393780 5.587004 -3.263394 

H -6.797286 4.192354 -3.505598 

H -9.982932 6.948398 -2.709401 

H -8.587928 5.660550 -4.328790 

C -5.981192 3.513492 0.450552 

C -5.157477 2.897886 -1.698161 

C -4.426610 2.141203 -0.598824 

C -5.015171 2.405725 0.623573 

C -3.336916 1.229088 -0.743710 

C -4.715387 1.565638 1.760045 

C -2.852215 0.563347 0.425015 

C -2.696429 1.001671 -1.986440 

C -5.549839 1.495318 2.900828 

C -3.595576 0.680638 1.673235 

C -1.700361 -0.245133 0.300767 

H -3.077306 1.487932 -2.874163 

C -1.586268 0.186038 -2.075021 

C -5.244229 0.672947 3.967715 

C -3.295435 -0.128230 2.793878 

C -1.074554 -0.429262 -0.918690 

H -1.288371 -0.735985 1.174115 

H -1.104217 0.029004 -3.034781 

C -4.087834 -0.123692 3.926164 

H -5.904958 0.633995 4.827906 

H -2.446326 -0.799660 2.759401 

H -0.190332 -1.055587 -0.981479 

H -3.835189 -0.764134 4.765215 

C -2.420474 6.075392 -0.595115 

C -3.272088 5.064505 -0.955136 

C -3.453905 4.690152 -2.325466 

C -2.691755 5.419704 -3.313007 

C -1.815717 6.469968 -2.897195 

C -1.681140 6.794471 -1.575480 

C -4.327695 3.654347 -2.733148 

C -2.819489 5.090854 -4.662695 

C -3.664128 4.063491 -5.084088 

C -4.434957 3.322673 -4.108292 

C -5.273080 2.274185 -4.615157 

H -5.867732 1.675913 -3.936736 

C -5.349630 1.991256 -5.954117 

C -4.592590 2.732276 -6.902717 

C -3.773298 3.738639 -6.471569 

H -2.306868 6.331132 0.453770 

H -3.811845 4.537897 -0.184913 

H -1.257621 7.003229 -3.661402 

H -1.013233 7.593278 -1.269228 

H -2.247094 5.644436 -5.402121 

H -5.995899 1.188566 -6.294776 

H -4.667456 2.494161 -7.958722 

H -3.183245 4.315769 -7.177630 

H -5.740238 2.133261 -2.219322 

H -6.461885 2.076290 2.921884 

H -5.320829 3.906501 3.077714 

M-A-H 

C -6.715485 5.421913 -3.623600 

C -6.145628 4.520970 -2.744854 

C -6.586736 4.416041 -1.404229 

C -7.571398 5.340560 -0.933346 

C -8.150923 6.232922 -1.864348 

C -7.749014 6.266283 -3.186299 

H -6.351526 5.485698 -4.644155 

H -8.902981 6.938894 -1.534183 

H -8.207247 6.970664 -3.873226 

C -7.119321 4.646555 1.415720 

C -6.136426 3.746676 0.901667 

C -7.899383 5.400025 0.485535 

C -8.933806 6.217638 0.992884 

C -7.383683 4.767206 2.801609 

C -9.179071 6.313488 2.350579 

H -9.561541 6.779296 0.311759 

C -8.393785 5.586998 3.263394 

H -6.797289 4.192350 3.505599 

H -9.982937 6.948392 2.709402 

H -8.587934 5.660543 4.328791 

C -5.981190 3.513493 -0.450551 

C -5.157477 2.897886 1.698162 

C -4.426610 2.141204 0.598825 

C -5.015170 2.405726 -0.623573 

C -3.336916 1.229086 0.743711 

C -4.715386 1.565640 -1.760045 

C -2.852215 0.563346 -0.425014 
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C -2.696432 1.001667 1.986442 

C -5.549836 1.495322 -2.900829 

C -3.595575 0.680640 -1.673235 

C -1.700363 -0.245136 -0.300766 

H -3.077309 1.487928 2.874165 

C -1.586273 0.186032 2.075024 

C -5.244226 0.672951 -3.967716 

C -3.295433 -0.128228 -2.793878 

C -1.074558 -0.429268 0.918693 

H -1.288373 -0.735988 -1.174114 

H -1.104223 0.028996 3.034784 

C -4.087832 -0.123689 -3.926165 

H -5.904954 0.634001 -4.827908 

H -2.446325 -0.799660 -2.759401 

H -0.190337 -1.055594 0.981482 

H -3.835186 -0.764130 -4.765216 

C -2.420473 6.075391 0.595112 

C -3.272088 5.064506 0.955134 

C -3.453905 4.690153 2.325465 

C -2.691753 5.419705 3.313005 

C -1.815715 6.469969 2.897192 

C -1.681139 6.794471 1.575476 

C -4.327695 3.654350 2.733148 

C -2.819487 5.090856 4.662693 

C -3.664126 4.063494 5.084087 

C -4.434957 3.322675 4.108291 

C -5.273079 2.274188 4.615158 

H -5.867733 1.675916 3.936738 

C -5.349629 1.991260 5.954118 

C -4.592587 2.732280 6.902717 

C -3.773295 3.738642 6.471568 

H -2.306867 6.331130 -0.453773 

H -3.811846 4.537897 0.184912 

H -1.257618 7.003229 3.661399 

H -1.013231 7.593276 1.269223 

H -2.247091 5.644438 5.402119 

H -5.995898 1.188571 6.294777 

H -4.667452 2.494165 7.958723 

H -3.183241 4.315772 7.177629 

H -5.740236 2.133261 2.219324 

H -6.461882 2.076295 -2.921886 

H -5.320826 3.906506 -3.077712 

P-B-OH 

C -6.685427 5.463082 3.649650 

C -6.128002 4.572957 2.752781 

C -6.660239 4.406067 1.451406 

C -7.737447 5.250665 1.036603 

C -8.298079 6.135770 1.986197 

C -7.798414 6.232840 3.271019 

H -6.251765 5.578361 4.637929 

H -9.115010 6.785578 1.696891 

H -8.244208 6.930147 3.973179 

C -7.415996 4.516090 -1.321814 

C -6.314667 3.726124 -0.868740 

C -8.185504 5.228802 -0.348323 

C -9.334121 5.926540 -0.783831 

C -7.824628 4.546357 -2.679300 

C -9.707764 5.944599 -2.114871 

H -9.950230 6.451826 -0.064022 

C -8.945104 5.250004 -3.071084 

H -7.265088 3.969662 -3.401669 

H -10.597345 6.487495 -2.418119 

H -9.246582 5.252098 -4.113841 

C -6.069480 3.522604 0.474980 

C -5.214506 3.043762 -1.684481 

C -4.569663 2.141426 -0.633489 

C -5.082945 2.421411 0.612889 

C -3.519788 1.195866 -0.838645 

C -4.732546 1.592105 1.741709 

C -2.985543 0.521940 0.303969 

C -2.970784 0.927510 -2.118110 

C -5.488087 1.561745 2.938371 

C -3.641258 0.678291 1.596039 

C -1.870843 -0.325815 0.116578 

H -3.422294 1.385416 -2.987287 

C -1.891952 0.079378 -2.266255 

C -5.129603 0.750055 3.996643 

C -3.284753 -0.118772 2.708674 

C -1.326350 -0.538487 -1.136664 

H -1.422381 -0.824845 0.966960 

H -1.481534 -0.109580 -3.253192 
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C -3.997957 -0.075796 3.891419 

H -5.730719 0.741940 4.900294 

H -2.455527 -0.810871 2.630162 

H -0.468367 -1.193946 -1.247346 

H -3.703806 -0.708082 4.723112 

H -6.382687 2.164244 3.011666 

H -5.244205 4.017109 3.035194 

C -4.158788 4.106748 -2.113307 

H -3.821660 4.611085 -1.202337 

H -3.290207 3.563133 -2.503023 

C -4.597643 5.155950 -3.137501 

H -4.992226 4.678653 -4.046017 

H -5.415701 5.759109 -2.732750 

C -3.438884 6.074628 -3.539872 

H -2.620816 5.469312 -3.951736 

H -3.037963 6.559447 -2.640317 

C -3.857153 7.138741 -4.556050 

H -3.016624 7.785384 -4.826431 

H -4.234417 6.677890 -5.475829 

H -4.653643 7.774436 -4.153883 

O -5.690445 2.283431 -2.799666 

H -5.343107 2.679238 -3.609201 

M-B-OH 

C -6.685428 5.463083 -3.649650 

C -6.128002 4.572957 -2.752781 

C -6.660239 4.406067 -1.451407 

C -7.737448 5.250665 -1.036603 

C -8.298079 6.135771 -1.986197 

C -7.798415 6.232841 -3.271019 

H -6.251765 5.578361 -4.637930 

H -9.115011 6.785578 -1.696891 

H -8.244209 6.930147 -3.973180 

C -7.415996 4.516091 1.321814 

C -6.314667 3.726124 0.868740 

C -8.185504 5.228802 0.348323 

C -9.334122 5.926541 0.783831 

C -7.824629 4.546357 2.679300 

C -9.707765 5.944599 2.114871 

H -9.950231 6.451827 0.064022 

C -8.945105 5.250004 3.071084 

H -7.265088 3.969663 3.401669 

H -10.597346 6.487495 2.418120 

H -9.246583 5.252098 4.113842 

C -6.069481 3.522604 -0.474980 

C -5.214506 3.043762 1.684481 

C -4.569663 2.141426 0.633489 

C -5.082945 2.421412 -0.612889 

C -3.519788 1.195866 0.838645 

C -4.732546 1.592106 -1.741709 

C -2.985543 0.521940 -0.303970 

C -2.970784 0.927510 2.118110 

C -5.488088 1.561745 -2.938371 

C -3.641258 0.678291 -1.596039 

C -1.870843 -0.325815 -0.116578 

H -3.422294 1.385416 2.987287 

C -1.891952 0.079378 2.266255 

C -5.129603 0.750055 -3.996644 

C -3.284753 -0.118772 -2.708675 

C -1.326350 -0.538487 1.136664 

H -1.422381 -0.824845 -0.966960 

H -1.481534 -0.109580 3.253192 

C -3.997957 -0.075796 -3.891419 

H -5.730719 0.741940 -4.900295 

H -2.455527 -0.810871 -2.630163 

H -0.468367 -1.193946 1.247346 

H -3.703806 -0.708082 -4.723112 

H -6.382687 2.164244 -3.011667 

H -5.244206 4.017109 -3.035194 

C -4.158788 4.106748 2.113307 

H -3.821660 4.611086 1.202337 

H -3.290207 3.563133 2.503023 

C -4.597643 5.155950 3.137501 

H -4.992226 4.678654 4.046017 

H -5.415701 5.759109 2.732751 

C -3.438884 6.074629 3.539873 

H -2.620816 5.469312 3.951736 

H -3.037963 6.559448 2.640318 

C -3.857153 7.138742 4.556050 

H -3.016625 7.785384 4.826431 

H -4.234417 6.677891 5.475829 

H -4.653643 7.774437 4.153883 
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O -5.690445 2.283431 2.799667 

H -5.343107 2.679238 3.609201 

P–B-H 

C -6.810069 5.403894 3.752254 

C -6.210436 4.547738 2.848726 

C -6.698305 4.407804 1.527520 

C -7.776464 5.247390 1.103339 

C -8.379980 6.097496 2.058062 

C -7.922664 6.166892 3.360632 

H -6.408465 5.498234 4.756230 

H -9.197703 6.742525 1.759913 

H -8.401152 6.837770 4.067026 

C -7.375832 4.583216 -1.261100 

C -6.270288 3.803937 -0.800901 

C -8.186071 5.255645 -0.294564 

C -9.338781 5.934981 -0.747349 

C -7.749888 4.624919 -2.626674 

C -9.679006 5.967232 -2.087735 

H -9.986365 6.431736 -0.034765 

C -8.877568 5.307227 -3.036908 

H -7.151059 4.088080 -3.352509 

H -10.574021 6.493372 -2.404161 

H -9.153628 5.320178 -4.086520 

C -6.061098 3.560938 0.544990 

C -5.183626 3.132677 -1.615152 

C -4.554680 2.214252 -0.589695 

C -5.074150 2.461866 0.665708 

C -3.518770 1.260124 -0.818283 

C -4.723771 1.598705 1.771099 

C -2.987885 0.549249 0.301520 

C -2.993604 1.012097 -2.110888 

C -5.475474 1.537519 2.968671 

C -3.633701 0.686297 1.601351 

C -1.895441 -0.318838 0.079023 

H -3.433482 1.512435 -2.966133 

C -1.937581 0.142157 -2.295240 

C -5.112683 0.703189 4.008073 

C -3.271256 -0.132934 2.695774 

C -1.372982 -0.514437 -1.186820 

H -1.449440 -0.851604 0.910071 

H -1.543780 -0.033169 -3.291337 

C -3.979178 -0.116801 3.882430 

H -5.711562 0.674282 4.912858 

H -2.439418 -0.819820 2.599858 

H -0.533193 -1.188086 -1.324418 

H -3.679549 -0.764922 4.699871 

H -6.371413 2.135601 3.058429 

H -5.325194 4.000388 3.143116 

C -4.122982 4.175903 -2.090574 

H -3.816257 4.754042 -1.210779 

H -3.236385 3.623194 -2.418067 

C -4.546600 5.125283 -3.210210 

H -4.903817 4.544490 -4.072116 

H -5.387211 5.746811 -2.885624 

C -3.397777 6.033995 -3.659797 

H -2.555442 5.415569 -3.997212 

H -3.031170 6.603987 -2.795866 

C -3.808474 6.998227 -4.774422 

H -2.974453 7.638250 -5.079235 

H -4.152222 6.452098 -5.660124 

H -4.628131 7.648443 -4.448908 

H -5.561083 2.576944 -2.481777 

M–B-H 

C -6.810069 5.403894 -3.752253 

C -6.210435 4.547738 -2.848725 

C -6.698305 4.407804 -1.527519 

C -7.776464 5.247390 -1.103338 

C -8.379980 6.097496 -2.058061 

C -7.922664 6.166892 -3.360631 

H -6.408465 5.498235 -4.756229 

H -9.197703 6.742525 -1.759912 

H -8.401152 6.837770 -4.067025 

C -7.375832 4.583215 1.261101 

C -6.270287 3.803936 0.800901 

C -8.186071 5.255645 0.294564 

C -9.338781 5.934980 0.747350 

C -7.749888 4.624919 2.626675 

C -9.679006 5.967231 2.087736 

H -9.986365 6.431735 0.034766 

C -8.877568 5.307226 3.036909 
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H -7.151059 4.088080 3.352509 

H -10.574021 6.493371 2.404162 

H -9.153628 5.320177 4.086521 

C -6.061097 3.560938 -0.544990 

C -5.183626 3.132676 1.615152 

C -4.554680 2.214251 0.589695 

C -5.074150 2.461866 -0.665707 

C -3.518770 1.260124 0.818283 

C -4.723771 1.598705 -1.771099 

C -2.987885 0.549249 -0.301520 

C -2.993605 1.012096 2.110888 

C -5.475474 1.537520 -2.968671 

C -3.633701 0.686297 -1.601351 

C -1.895442 -0.318839 -0.079023 

H -3.433483 1.512434 2.966133 

C -1.937582 0.142156 2.295240 

C -5.112682 0.703190 -4.008073 

C -3.271255 -0.132933 -2.695774 

C -1.372983 -0.514439 1.186820 

H -1.449441 -0.851606 -0.910070 

H -1.543781 -0.033170 3.291337 

C -3.979177 -0.116800 -3.882431 

H -5.711561 0.674283 -4.912858 

H -2.439417 -0.819819 -2.599858 

H -0.533195 -1.188088 1.324419 

H -3.679547 -0.764920 -4.699871 

H -6.371413 2.135602 -3.058429 

H -5.325193 4.000389 -3.143115 

C -4.122982 4.175902 2.090575 

H -3.816255 4.754041 1.210779 

H -3.236385 3.623193 2.418068 

C -4.546600 5.125283 3.210209 

H -4.903817 4.544492 4.072115 

H -5.387211 5.746811 2.885623 

C -3.397777 6.033996 3.659795 

H -2.555442 5.415570 3.997211 

H -3.031170 6.603987 2.795864 

C -3.808474 6.998229 4.774419 

H -2.974453 7.638252 5.079232 

H -4.152223 6.452101 5.660122 

H -4.628132 7.648444 4.448905 

H -5.561083 2.576943 2.481778 
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2.4.7 SUPPLEMENTARY OPTICAL DATA 

2.4.7.1 ABSORPTION, EMISSION AND EXCITATION SPECTRA 

Samples were prepared using anhydrous and spectroscopic grade solvents with the aid of sonication to 

afford complete dissolution. Absorption and fluorescence spectra were recorded at room temperature 

(298 K) in quartz cuvettes (10 mm path length) and baseline corrected with respect to pure solvent (in 

the case of absorption spectroscopy).  

 

Figure S2.36. Normalised absorption (solid), emission (dotted) and excitation (dashed) spectra of (a) TBF=O, (b) A-OH, (c) 

A-H, (d) B-OH, (e) B-H, (f) TBF-B measured in THF (10 µM). 
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Figure S2.37. Normalised solution-state emission (dotted), aggregate emission (dashed) and thin-film emission (solid) spectra 

of (a) 4, (b) A-OH, (c) A-H, (d) B-OH, (e) B-H, (f) TBF-B. 

 

Figure S2.38. Aggregation studies by absorption spectroscopy in (a) THF–H2O mixtures and (b) PhMe–EtOH mixtures. (c) 

Lifetime measurements of the TBF library in THF (i.e., as monomers) 
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2.4.7.2 PLQY DETERMINATION 

Concentration-dependent absorption spectroscopy was collected in dry and degassed THF to confirm 

sample concentrations of optical densities < 0.1 a.u at the excitation wavelength (365 nm). 

Concentration-dependent emission spectra of the TBF library were collected in anhydrous and degassed 

THF, exciting at 365 nm (with a 5 nm slit width). The area under the emission curves was determined 

by the software and plotted against the absorption at 365 nm at the same concentrations. A scatter plot 

was generated with a line of best fit, where the gradient for each compound was used to calculate their 

quantum yields (𝛷𝑋) relative to quinine sulfate dihydrate (QS; 𝛷𝑆𝑇=0.55)29 using Equation S1 where 

X refers to the TBF compound, ST refers to the QS, 𝜂 refers to the refractive index of the solvent used 

(i.e., 𝜂𝑋=1.41 for THF and 𝜂𝑆𝑇=1.35 for 0.5 M sulfuric acid). 

Φ𝑋 = Φ𝑆𝑇 (
𝐺𝑟𝑎𝑑𝑋

𝐺𝑟𝑎𝑑𝑆𝑇
) (

𝜂𝑋
2

𝜂𝑆𝑇
2

)          (𝐸𝑞. 𝑆1) 

Figure S2.38. Straight line graphs of the integrated area under the emission curves of A-OH, A-H, B-OH, B-H and the 

standard quinine sulfate QS against the emission at 365 nm in order to calculate relative PLQY values 
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2.4.8 DYNAMIC LIGHT SCATTERING (DLS)  

DLS experiments were conducted in a standard quartz cuvette (10 mm path length). Samples were 

prepared in either 70% or 80% H2O and THF mixtures (10 µM) and filtered through an Acrodisc 0.45 

µm filter before addition to the cuvettes. Data was collected at 298 K. 

 

Figure S2.40. (a) Size distribution with respect to sample intensity (%) of B-H and (b) size distribution with respect to volume 

(%) of B-H in 70% H2O and THF mixtures at 10 µM, run in triplicate. Mean particle diameter = 142.3 nm, st.d = 4.91 for B-H  

 

 
Figure S2.41. Size distribution with respect to sample intensity (%) of (a) A-OH, (c) A-H and size distribution with respect 

to volume (%) of (b) A-OH and (d) A-H in 80% H2O and THF mixtures at 10 µM, run in triplicate. Mean particle diameter = 

194.0 nm, st.d = 7.43 for A-OH and mean particle diameter = 182.9 nm, st.d = 3.02 for A-H 
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Figure S2.42. Size distribution with respect to sample intensity (%) of (a) B-OH, (c) B-H and size distribution with respect 

to volume (%) of (b) B-OH and (d) B-H in 80% H2O and THF mixtures at 10 µM, run in triplicate. Mean particle diameter = 

158.6 nm, st.d = 1.82 for B-OH and mean particle diameter = 194.0 nm, st.d = 1.64 for B-H 
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SYNOPSIS 

 

This Chapter interrogates the electrochemical and chemical redox properties of anthracenyl-appended 

TBFs in order to understand their fundamental behaviours under different conditions. Cyclic 

voltammograms of A-H and non-substituted TBF (i.e., head substituent is –H) display reversible first 

oxidation processes whereas A-OH has a quasi-reversible first oxidation. It is hypothesised that this 

quasi-reversibility originates from a chemical cleavage of the hydroxy group whose bond strength is 

predicted to decrease considerably upon oxidation of A-OH and results in the formation of a TBF-

centred radical TBF-A•. Spectroelectrochemical (SEC) studies confirm the differing oxidation 

behaviours of A-OH and A-H. Meanwhile it is observed that once the radical cation of A-H is formed 

(A-H•+), this species decays over time to TBF-A•. The absorption profiles of A-OH and A-H, once their 

first oxidation species have reached electrochemical equilibrium, match confirming observations of the 

formation of TBF-A•. Following these results, CV of the TBFs is repeated under basic conditions to 

reveal a loss in reversibility of the first oxidation for A-H and TBF suggesting the formation of the 

same TBF-centred radicals. SEC under basic conditions should validate observations further. As a result 

of these electrochemical results, efforts to synthesise TBF-A• via chemical reduction of A-OH are 

discussed, including challenges and side products isolated. EPR spectroscopy confirms the presence of 

an open-shell species. The UV–vis absorption profile of this species similarly matches the oxidation 

equilibrium SEC absorption profiles of A-OH and A-H, thereby confirming electrochemical 

conclusions. TBF-centred radicals are thought to feature again when TBF ketone TBF=O is reduced 

under Grignard conditions in the presence of MgI•. A mechanism reminiscent of the synthesis of 

pinacols is proposed, however in the absence of a kinetically stabilising group the radical is quenched. 

Similarly, alcohol head-substituted TBFs (in particular B-OH) are shown to display an unusual 

reactivity leading to the isolation of a TBF dimer, TBF-2. This Chapter therefore highlights the various 

ways in which the redox chemistries of a variety of TBFs can result in exotic open-shell and closed-

shell systems.  
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3.1 INTRODUCTION 

In Chapter 2, TBFs were established as convenient scaffolds to study the emergence of the AIE/AEE 

phenomena as a result of intrinsic intramolecular interactions from R groups at the fluorenyl 

head-position. A further advantage of pursuing fluorene-based materials is their robust chemical and 

electrochemical redox behaviours, which allows for their use in a variety of advanced energy storage 

applications such as organic photovoltaic devices1 and alkali-metal-ion batteries.2 A thorough literature 

review presenting examples where researchers have investigated the ambipolar redox behaviours of 

fluorenes and their benzannulated analogues is presented in Chapter 1. In addition, Chapter 1 also 

discusses the remarkable ability of the fluorenyl core to afford stable organic neutral radicals with 

half-lives spanning 3–43 days under ambient conditions (Chapter 1, Figure 1.8b, vide supra).3,4 In 

particular, sterically bulky head-substituents such as anthracene provide kinetic stability to these neutral 

organic radicals. As a result, upon electron transfer (e.g., oxidation in this case), fluorenes readily 

undergo C–H bond cleavage in favour of forming radicals (Figure 3.1a) and have been used to inspire 

new elementary reaction steps involving C–H bonds.5 Long-lived persistent organic radicals such as 

these fluorenyl-centred radicals are sought after for their potential applications in spin electronics (also 

known as spintronics), molecular magnets, quantum information and other energy related applications.6  

Organic radicals are expected to perform more efficiently than closed shell-emitters because emission 

arises due to spin-allowed relaxation from doublet excited states as opposed to competing singlet and 

triplet states of typical closed-shell organic luminophores7 (Figure 3.1b). In addition, emission from a 

doublet excited state does not undergo typical fluorescence quenching experienced by closed-shell 

organic small molecules.8,9 In fact, a thin film of a mesitylated trityl radical derivative displays an 

extremely high PLQY of 0.93 and when incorporated into a light-emitting diode boasts an external 

quantum efficiency of 28%.7  

 

Figure 3.1 (a) Chemical structures of a fluorenyl system depicting how, upon oxidation, a C–H bond at the fluorenyl-head 

position is cleaved in favour of forming its organic radical analogue. In this case, the proton is transferred intramolecularly 

before reacting further. (b) Jablonski diagram highlighting the 100% internal quantum efficiency of doublet emission.10  

In particular, the marriage between organic radicals, their redox behaviours and chirality has started to 

gain popularity among researchers. For example, chiral macrocycles have been shown to undergo 

redox-triggered chirality switching enabling the selective capture and release of guests.11 Further, when 
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enantiopure helicenes are included in the fabrication of organic field effect transistors (OFETs), devices 

display a highly specific photoresponse to circularly polarised light, enhancing device performances 

ten-fold.12 In addition, CPL activity from open-shell double-state systems have only been discussed in 

a few examples.8,13 If configurationally stable analogues of TBF and/or their radicals can be isolated, 

these materials are expected to display promising chiroptoelectronic properties (e.g., chiral AIE/AEE). 

Therefore, the preparation of fluorenyl-embedded helicenes based off the TBF motif could afford access 

to novel closed- and open-shell emitters arising from the robust redox behaviour of the fluorenyl core. 

These redox states of configurationally stable analogues of TBF could result in materials with enhanced 

reactivity, high PLQYs, and even efficient solid-state optical behaviour. Research into such open-shell 

materials is desirable because so much is still unknown about fundamental emissive structure-property 

relationships and the field remains underdeveloped due to the challenge of accessing ambient stable 

radicals in the first place. 

In this Chapter, the redox properties of anthracenyl-appended TBFs are probed in comparison to TBF 

in an effort to understand how the sterically hindered group plays a role in stabilising different redox 

states. Redox states are first generated electrochemically revealing an unusual quasi-reversibility of the 

first oxidation of A-OH that is not observed for A-H, despite the relatively minute structural 

modification at the head-position. Spectroelectrochemical (SEC) analyses reiterate the remarkably 

different mixed valence and charged states that are formed from the oxidation of both TBFs. 

Furthermore, cyclic voltammetry studies are repeated with an excess amount of base, and it is thought 

that A-H undergoes C–H bond cleavage as a radical cation in favour of forming TBF-A•. This result 

further suggests that the quasi-reversibility observed for the single-electron oxidation of A-OH is 

related to the formation of a similar radical species. Following these electrochemical studies, attempts 

to synthesise TBF-A• are made via a chemical reduction of A-OH with SnCl2. EPR and absorption 

spectroscopies confirm the presence of an open-shell species, the results of which are supported by DFT 

calculations. Furthermore, the redox-properties of TBFs are highlighted in two separate examples 

resulting in the chemical reduction of a TBF ketone TBF=O (whose synthesis is discussed in Chapter 

2) and a photoinduced dimerization to form TBF-2. Together, these studies support the development of 

ambient-stable and persistent organic radicals based on TBF. The results from these studies also suggest 

that the chemical reactivity of redox states of TBF can be taken advantage of to study exotic structures.  

3.2 RESULTS AND DISCUSSION 

3.2.1 ELECTROCHEMICALLY INDUCED REDOX STATES OF TBF 

The redox properties of A-OH and A-H were firstly probed electrochemically by cyclic voltammetry 

(CV) and square wave voltammetry (SQWV) studies and compared to TBF (Figure 3.2a and c). 

Measurements were conducted using TBAPF6 (0.1 M) as the supporting electrolyte on samples with a 
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concentration of 1 mM in CH2Cl2. A full window scan (from –1.8 V to +1.8 V; consult Supplementary 

Information, Section 3.4.1, Figure S3.4) for all TBFs indicates that under these conditions only the 

oxidative processes can be probed.  

 

Figure 3.2 (a) Cyclic voltammograms of A-OH, A-H, and TBF (1 mM solutions in CH2Cl2 containing 0.1 M TBAPF6 as the 

supporting electrolyte) measured at a scan rate of 100 mVs-1. (b) The different oxidative states of TBF that are possible and a 

resonance structure of TBF+•. (c) Square wave voltammograms of A-OH, A-H, and TBF indicating that each oxidative process 

involves just a single electron; (d) Variable scan rate CV data for A-OH measured between 50–200 mVs-1. 

All TBFs display two single-electron oxidative events to form the radical cation and dicationic states 

(Figure 3.2b) with varying degrees of reversibility. The bulky and electron-rich anthracene groups result 

in a shifting of the first oxidation potential to larger positive potentials (E1/2
ox,1(A-H) = +1.27 V vs 

Ag/AgCl, E1/2
ox,1(A-OH) = +1.29 V vs Ag/AgCl) compared to TBF (E1/2

ox,1(TBF) = +1.21 V vs 

Ag/AgCl; Figure 3.2a). These positive shifts indicate a more energetically stable radical cationic state 

presumably due to the lowering of the HOMO energy levels14 of A-OH and A-H when capped with 

anthracene (confirmed by DFT analyses in Chapter 2). The first oxidation potential of A-OH is more 

positive than A-H indicating the electron-withdrawing effect from the hydroxy group, making it harder 

to oxidise A-OH. Notably, while the first oxidation potential of TBF and A-H is fully reversible 

(confirmed by Randles-Sevcik plots of peak current (IP) against the square root of the scan rate (ν1/2), 

Section 3.4.1; Figure S3.6), this oxidation potential is quasi-reversible for A-OH, evident from the 

absence of a fully formed peak when the potential is cycled back towards zero. In fact, upon increasing 

the scan rate from 50 mVs-1 to 200 mVs-1 (Figure 3.2d), the first oxidation peak is observed to gradually 

broaden and shift to more positive potentials before the peak appears to split ever so slightly into two. 

These observations indicate that there is a fast chemical process occurring during the first oxidation of 
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A-OH which can only be observed at higher scan rates. It is known that upon oxidation, fluorenyl  

C–H bonds weaken and therefore can be deprotonated by a base to form fluorenyl radicals.15 

Additionally, it has been shown that benzannulation around the fluorenyl core and from head 

substitution lowers the pka of the systems significantly (e.g., the pka of phenyl head-substituted 

3,4-dibenzofluroene is 14.8, Chapter 1, Figure 1.8).16 Finally, it is also known that C–OH bonds are 

generally weaker (i.e., easier to break) than C–H bonds.17 Therefore, it is not too far a stretch to 

hypothesise that upon a single-electron oxidation of A-OH, the head position C–OH bond may be 

weakened to the point that it breaks under the conditions of the CV experiment to form a TBF centred 

radical TBF-A• (a representative mechanism is shown in Figure 3.3b vide infra). The second oxidation 

peak for all TBFs is quasi-reversible, presumably due to the unstable antiaromatic nature of cationic 

states of fluorene (Figure 3.2b).18  

In order to understand how the redox properties of the TBFs influence their electronic and optical 

properties, and to try to characterise the nature of the first oxidised species of A-OH in more detail, 

spectroelectrochemistry (SEC) was performed on A-H and A-OH whereby their first oxidation states 

were generated electrochemically, and their formation tracked by UV–vis–NIR absorption 

spectroscopy. For A-H, when a voltage of +1.32 V is applied, its absorption profile immediately shifts 

to A-Htransient(1) (Figure 3.3a; purple line) with a distinct vibronic absorption maximum at 515 nm and 

a second longer wavelength absorption band at 1095 nm. This absorption profile quickly decays over 

minutes to form a new charged species (Figure 3.3a; blue line) absorbing at 465 nm and 700 nm before 

it decays over a longer time period until the electrochemical reaction reaches equilibrium (red line). For 

A-OH, a different evolution of absorption bands is observed with fewer identifiable states generated. 

When a voltage of +1.37 V is applied to a solution of A-OH, its absorption at 380 nm drops immediately 

to the purple trace (Figure 3.3c) with a low intensity absorption at 1126 nm. This absorption profile 

decays through the blue trace (Figure 3.3c) on its way to forming a new species (red trace; Figure 3.3c) 

with a similar absorption profile (λabs = 530 nm) to the equilibrated oxidation species generated for A-H.  

Due to the fast kinetics of the chemical change occurring as A-OH is oxidised (which was observed at 

faster scan rates in its CV studies), the charged states that A-H forms as it is oxidised are not seen in 

A-OH, presumably because they don’t exist for long enough on the time scale of the experiment. In 

fact, the only distinct trace in the evolution of absorption spectra for A-OH as it is oxidised is its final 

state (red trace, Figure 3.3c), which following on from previous discussions about the weakened –OH 

bond under these electrochemical conditions has been attributed to TBF-A•. However this assignment 

needs to be confirmed by EPR spectroscopy studies once TBF-A• has been generated chemically and 

isolated. On the other hand, A-Htransient(1) is presumed to represent non-covalent dimers of mixed 

valence states (purple trace, Figure 3.3a) resulting in the long wavelength absorption band observed19,20 

which decays quickly to the blue absorption trace. This UV–vis absorption trace is presumed to be 

attributed to A-H•+ and is blue-shifted compared to the earlier transient species (A-OHtransient(1)) due to 
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a possible structural change from a fully neutral benzenoid to an unstable quinoidal radical cationic 

state21 (Figure 3.2b). Confirmation of these assignments can be made more confidently by performing 

in situ EPR spectroscopy in tandem with SEC to inform the formation of radical states (or their silence, 

e.g., in the formation of dimers). Due to the resemblance of the redox states formed when the 

electrochemical reaction has reached equilibrium upon oxidation of A-OH and A-H, the red trace for 

A-H has also been identified as originating from TBF-A•. Here, it is thought that trace water (pka = 

14)22 acts as a base to slowly deprotonate A-H•+ to TBF-A• over time (Figure 3.3b).  

 

Figure 3.3 (a) Absorption spectroscopy of different transient states that are formed as A-H (0.5 mM solution prepared with a 

0.1 M TBAPF6 supporting electrolyte in CH2Cl2; black line) is oxidised using a constant applied voltage of +1.32 V. (b) 

Possible mechanism for the electrochemical generation of TBF-A•; (c) UV–vis absorption spectroscopy of different transient 

states that are formed as A-OH (0.5 mM solution prepared with a 0.1 M TBAPF6 supporting electrolyte in CH2Cl2; black line) 

is oxidised using a constant applied voltage of +1.37 V; (d) Cyclic voltammograms of A-OH, A-H, and TBF when treated 

with pyridine (1 mM solutions prepared with a 0.1 M TBAPF6 supporting electrolyte in CH2Cl2 measured at 100 mVs-1) 

In order to test the stability of the oxidised states formed, CV studies were repeated in CH2Cl2 containing 

an excess of 0.3% pyridine (Figure 3.3d). Before conducting any electrochemistry, UV–vis absorption 

profiles for all TBFs under these conditions confirm that pyridine is not strong enough to cause 

deprotonation in the neutral states (Section 3.4.4.2; Figure S3.7). This particular study is inspired by 

experiments performed by F. G. Bordwell at al.15 They suggest that upon oxidation of phenyl 

head-substituted fluorenes to the radical cation state, the bond dissociation energy of the head-position 

C–H bond reduces dramatically such that a base is able to deprotonate the radical cation to form a 



CHAPTER 3 | EXPLORING REDOX CHEMISTRIES OF TBFS 

 
115 

neutral radical (potential mechanism highlighted in Figure 3.3b), evident by a loss of reversibility for 

the first oxidation peak. Notably, while the voltammogram of A-OH (purple trace, Figure 3.3d) simply 

shifts slightly to lower potentials compared to when no base is added, the voltammograms of TBF and 

A-H change dramatically. The first oxidation peaks for A-H and TBF lose their reversibility to reveal 

a quasi-reversible state which occurs at much lower potentials presumably due to the cleavage of the 

head-group C–H bond. In the absence of a kinetically stabilising anthracenyl group, as in TBF, it is 

possible that following the formation of the TBF-centred radical, dimerisation or 

electropolymerisation23 occurs, quenching the radical quickly. The neutral radical that is formed as A-H 

is oxidised (TBF-A•) is expected to be much more stable because of the presence of the kinetically 

stabilising anthracene head group. Therefore, the first scan of the voltammogram of A-H under basic 

conditions (dark blue line, Figure 3.3d) is presumed to highlight two oxidation processes: the first 

(+1.15 V) for the oxidation of A-H to its radical cation which is quickly deprotonated on the timescale 

of the experiment to form the radical TBF-A• and the second oxidation process (+1.27 V) for the 

oxidation of TBF-A• to TBF-A+. As A-H is consumed by this chemically irreversible C–H bond 

cleavage, the presence of the oxidation peak at +1.15 V diminishes with successive scans (light blue 

traces, Figure 3.3d) The smaller change in oxidation potentials of A-OH under basic conditions 

compared to without base reveals that pyridine simply catalyses the C–OH bond cleavage that is already 

occurring, since we observed the quasi-reversibility of this oxidation peak from A-OH even in the 

absence of pyridine. Spectroelectrochemical studies under basic conditions need to be conducted to 

help to clarify the mechanism upon oxidation, and EPR studies will be necessary to confirm assignments 

of radical species.  

3.2.2 CHEMICALLY GENERATED REDOX STATES OF TBF 

TBF is a structural amalgamation of the π-extended fluorenyl radicals discussed in Chapter 1, 27 and 

29 (Figure 1.8, vide supra) studied by Tian and coworkers3 and therefore the TBF centred radical, 

TBF-A• is expected to exhibit an intermediate, yet still desirably long, half-life (τ1/2) under ambient 

conditions (between 7–43 days). Unrestricted DFT calculations (UB3LYP/6-31G(d,p)) of TBF-A• in 

the gas phase (Figure 3.4a) reveal that removal of the bulky –OH group at the 17-position symmetrises 

the overall structure of TBF-A• since the anthracene group is no longer being sterically or electronically 

influenced by an adjacent head-group substituent. In addition, removal of the –OH group has little effect 

on the strain in its helical backbone, since the helical parameters are relatively unchanged compared to 

A-OH. Spin density models (Figure 3.4b) clarify that the radical is predicted to be primarily situated 

on the cyclopentadienyl ring, with majority of the spin density (55%) sitting on the head-position carbon 

atom, in accordance with literature reports on π-extended fluorenyl-radicals. Unlike 29 (Chapter 1, 

Figure 1.8) however, there is no spin density distributed to the anthracene unit in TBF-A• which bodes 

well for its stability as there should be fewer decomposition, oxidation or dimerisation pathways 
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available to quench the radical. The anthracene in TBF-A• is therefore acting largely as a sterically 

bulky group, providing kinetic stability to protect the spin density that is located at the fluorene core.  

 

Figure 3.4 (a) Geometry optimised structure of TBF-A• (UB3LYP (GD3BJ)/6-31g(d,p)). (b) Spin-density DFT plots (isovalue 

0.004) for TBF-A• where the blue and green regions represent the α and β spins of electrons respectively and the numbers 

represent the % of spin density on each C atom in the cyclopentadiene ring (positive and negative value for α and β spins 

respectively); (c) Reaction conditions for the reduction of A-OH by SnCl2 to form TBF-A• (d) EPR spectrum (1000 μM, 

PhMe, 298 K) of an impure mixture of TBF-A• following column chromatography 

To establish proof of concept that the TBF framework is appropriate for accessing ambient-stable 

organic radicals, A-OH was reduced with SnCl2 in order to generate TBF-A• (Figure 3.4c). Upon 

treatment of A-OH with SnCl2 and removal of heterogenous by-products and solvent, FTIR analyses 

(spectrum provided in Section 3.4.4.2, Figure S3.8b) of the crude material show a loss of the –OH 

stretching band at 3495 cm-1. Relying on predictions by DFT of a relatively ambient stable radical, the 

crude material was purified by automated column chromatography and three separate fractions were 

isolated. Fraction I (not majorly coloured), which was more non-polar than the starting material, was 

identified by a range of techniques (including TLC, 1H NMR and EPR spectroscopy and mass analyses) 

to contain a mixture of a closed and an open shell species. An EPR spectrum of fraction I was prepared 

in dry and degassed PhMe (1000 μM, Figure 3.4d) and confirms the presence of the open-shell species. 

The hyperfine structure of the EPR signal is broad which could be a result of multiple factors including 

(i) a slow relaxation time of surrounding atoms around the spin-active system, (ii) dynamic motion of 

the material in PhMe at room temperature, or (iii) aggregation of the material at that concentration 

leading to the possibility of spin hopping. The radical appears to be stable under ambient conditions 

since a 2-month-old crude sample of TBF-A• (stored in solution in a screw capped vial) still has an EPR 

signal (Section 3.4.4.2, Figure S3.8a), albeit with poorer resolution indicating that the radical inevitably 

seems to have decomposed over time. Fraction II was identified by 1H NMR spectroscopy and mass 

spectrometry to contain starting material. Fraction III (red powder), revealed a more polar closed-shell 
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species that was identified by 1H NMR spectroscopy and mass spectrometry to be an oxidised analogue 

of the starting material A-OH (APCI–HRMS (νe+, CH2Cl2) calculated for C43H26O2: m/z = 575.2073 

[M+H]+; found 575.2036 [M+H]+).  

The reaction is complex to understand and control because it requires relatively long reaction times for 

starting material to be consumed. SnCl2 reductions to yield fluorenyl-centred radicals typically occur in 

~1–4 h in good yields using 5–10 equivalents of reducing agent.3,4 Full consumption of the TBF starting 

material A-OH, under the same reaction conditions is only noticed after at least 36 h when monitoring 

the reaction by TLC. When A-OH is reduced with 10 equivalents of SnCl2, the proportion of the 

closed-shell species isolated in fraction I increases while the amount of active radical decreases. 

Therefore, in a separate reduction reaction, a pure sample of this closed shell species was isolated. A 1H 

NMR spectrum of the closed-shell species (Figure 3.5) reveals a disruption to the symmetry in the 

phenanthrene wings of the TBF moiety, evident by the increase in the number of aromatic proton 

environments observed compared to starting material. A structure of the material (H1) has been 

proposed and has been used to fully assign all the proton signals in the spectrum (with the aid of 1H–1H 

COSY NMR analyses provided in Section 3.4.3 Figure S3.2). A crystal structure of the material has 

been difficult to grow since H1 transforms over time in solution to its thermodynamically stable 

tautomer A-H. It appears as though the radical is getting over reduced (by forming a radical and then 

accepting a further H• to form the closed-shell species). The presence of this product is not unusual 

since Sn is well-known for facilitating the de-aromatisation of diols under acid-free conditions.24,25  

 

Figure 3.5. Annotated structure of the closed-shell species, H1 that is formed as the radical decomposes along with its fully 

assigned 1H NMR (CDCl3, 400 MHz, 298 K) spectrum. 

With a crude sample of TBF-A• in hand, its optical properties were interrogated by measuring its  

UV–vis absorption profile and comparing it to a TD-DFT simulated UV–vis spectrum (Figure 3.6a). 

The absorption profile for the crude material shows an absorption band between 300–400 nm typical of 

the fluorenyl core/anthracene, with an additional broad long wavelength band between 450–700 nm 

which could be indicative of the radical. Notably, this absorption band matches well with the SEC 

analyses of A-OH and A-H (Figure 3.3a and c vide supra) supporting conclusions of the formation of 

TBF-A• under an electrochemical stimulus. The electronic transition associated with this long 

wavelength absorption has been assigned to the promotion of an electron to the low lying SOMO*–β 

orbital (–3.42 eV) in its electronic structure (Figure 3.6b and c), determined by DFT calculations. The 
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accuracy of the TD-DFT model (Figure 3.6a blue dashed line) is validated by its decent fit compared to 

the experimental UV–vis spectrum of TBF-A•, albeit slightly red-shifted. Unfortunately, spin 

contamination limited the extent to which the TD-DFT UV–vis spectrum of TBF-A• could be analysed, 

since it typically leads to the overestimation of contributions from FMO orbitals as a result of the small 

SOMO–⍺→SOMO-β energy gap (Figure 3.7b). 

 
 

Figure 3.6. (a) UV–vis absorption profile of TBF-A• in CH2Cl2 (purple trace) compared to the TD-DFT simulated UV–vis 

spectrum (UB3LYP (GD3BJ) /6-31g(d,p), CH2Cl2 solvent model, blue dashed line). The red vertical lines represent calculated 

excited state transitions with an oscillator frequency, f>0.01. (b) Energy level diagram and (c) depiction of the frontier 

molecular orbitals (FMOs) of TBF-A• (isovalue = 0.02) represented separately as α and β orbitals 

Apart from using SnCl2 as a reducing agent, TBF centred radicals can also be accessed under Grignard 

reaction conditions. In the synthesis of A-OH, the installation of anthracene with TBF ketone TBF=O 

(introduced in Chapter 2) was attempted with a Grignard reaction (Figure 3.7) in an attempt to increase 

the isolated yields of A-OH discussed in Chapter 2. 9-Bromoanthracene was reacted with Mg turnings 

in the presence of I2 to encourage formation of the Grignard reagent, followed by quenching with 

TBF=O. However, these conditions led instead to the reduction of TBF=O to the dihydro species 

TBF=O’, whose structure was unequivocally confirmed by single crystal X-ray analysis (Figure 3.7c). 

A mechanism for the reduction of TBF=O to TBF=O’ has been proposed (Figure 3.7b), inspired by 

Gomberg and Bachmann’s mechanism for the reduction of aromatic ketones to pinacols.26 Briefly, an 

active MgI• species formed following Mg activation with I2 is thought to reduce the fluorenone core to 

a spin-delocalised fluorenyl radical intermediate that is quickly quenched in the absence of a kinetically 

stabilising group. Indeed, this final step would require a H• source, however, it is well known that 

carbon-centred radicals readily participate in hydrogen abstractions.6 The C-C bonds around the 

5-membered ring in the single crystal X-ray structure of TBF=O’ clearly highlight the effect of the 

aromatic ketone reduction. The longer C-C single bond length (1.54 Å) results in a non-planar TBF 
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wing such that in the supramolecular packing of TBF=O’ (Figure 3.7d) molecules are unable to stack 

efficiently. Instead slip-stacked π···π interactions (measured as centroid-centroid distances, 3.97 Å) 

hold molecules together. Together, the results from this Chapter so far highlight our ability to be able to 

form TBF-centred radicals both electrochemically and chemically with varying degrees of stability.  

 
Figure 3.7 (a) Grignard reaction conditions for the reduction of TBF=O, via a (b) proposed radical-mediated pathway to form 

the dihydro species, TBF=O’. (c) Single crystal X-ray structure of TBF=O’ with bond lengths around the 5-membered ring 

reported in Å along with its (d) supramolecular packing. Non-interacting hydrogen atoms have been omitted for clarity. 

3.2.3 PHOTOINDUCED DIMERISATION OF TBF 

The hydroxy group in head-substituted fluorenes is known to be photo-labile, since in their excited 

states, the C–OH bond cleaves readily to form fluorene radicals or cations.27–30 Therefore, the 

photostability of alcohol-substituted TBFs were studied qualitatively by allowing solutions of A-OH 

and B-OH (whose synthesis and properties analysis is discussed in Chapter 2) to age over time under 

ambient conditions. This photostability monitoring led to the unexpected isolation of a TBF dimer, 

TBF-2 as single-crystals suitable for X-ray diffraction that were grown from a solution of B-OH in 

CH2Cl2 with n-hexanes and MeOH. It is hypothesised that this chemical transformation occurs in two 

ways from trace amounts of a TBF substituted in the head position by a hydroxy group (i.e., R =  

–OH and –H). Decomposition of this TBF species is proposed to occur via a TBF-centred radical since 

fluorenyl-alcohols are known to be susceptible to a photoinduced reduction to a fluorenyl radical which 

dimerises quickly in the absence of kinetically stabilising groups (Figure 3.8a).28–30 Alternatively, it is 

possible that trace amounts of TBF ketone TBF=O, follow a similar acid-catalysed decomposition 

pathway described previously by B. Jose and S. Prathaphan31 (Figure 3.8b) for diazafluorene, 1 which 

loses a molecule of N2 to form a fluorenyl cation on its way to dimer F-2. This TBF-dimer has in fact 

been isolated before32 in pursuit of a TBF-titanium half-sandwich titanocene complex. In this case, the 
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dimer was formed from the oxidation of a TBF anion ligand to a radical facilitated by the reduction of 

Ti(IV) to Ti(III) or Ti(II).33 

 

Figure 3.8. (a) Decomposition pathway that alcohol-substitutred fluorenyls are proposed to undertake when irradiated with a 

UV–vis light source. (b) A proposed acid-catalysed decomposition pathway of diazafluorene to F-2 that is theorised to be a 

potential decomposition pathway of TBF ketone 4; (c) X-ray crystal structure of the TBF dimer, TBF-2 along with its (d) 

supramolecular crystal packing. Relevant bond lengths, angles and non-covalent interactions are highlighted in red. All 

non-interacting hydrogen atoms and solvent molecules have been omitted for clarity. 

The X-ray crystal structure of racemic TBF-2 (Figure 3.8c) reveals that each TBF unit within the dimer 

exists with the same stereochemistry, i.e., the dimer crystallises out as only M,M– or P,P–TBF-2 

(represented by purple and pink molecules respectively in Figure 3.8d). The C–C bond length between 

the TBFs is 1.61 Å, remarkably longer than that of a standard C–C single bond (1.54 Å). Despite the 

steric bulk imposed by each TBF unit in the dimer, they organise themselves in close proximity to each 

other in a syn arrangement. Each TBF in the dimer is held together by relatively strong intramolecular 

π···π interactions (3.41 Å) where the complementary curvature of the two TBFs favours the formation 

of a homochiral covalent dimer. In the supramolecular packing of the dimer (Figure 3.8d), strong 

dimeric CH···π and π···π interactions (2.84 Å and 3.78 Å respectively) enable a second dimer with the 

opposite chirality to exist in close proximity.  

Since the TBF-2 crystals were grown suspended in a solution of B-OH, they required purification by 

automated column chromatography to remove traces of B-OH, in order to study the structural and 

optical properties of TBF-2 in solution. The 1H NMR spectrum of TBF-2 is broad at room temperature 

suggesting intermediate exchange on the time scale of the NMR experiment. However, poor resolution 

makes it difficult to fully analyse and assign the peaks in the spectrum at room temperature. The 

dynamic motion is assumed to be rotation around the elongated TBF C–C single bond and therefore, 
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variable temperature 1H NMR spectroscopy (from 218 K to 328 K; Figure 3.9a) was performed to 

understand what the energy barrier for this process is. Although at lower temperatures, the peaks in its 

1H NMR spectrum sharpen drastically, these proton peaks do not shift by a great extent revealing that 

there is no conformational change to the molecule. The energy barrier for the rotation about the C–C 

single bond (ΔG‡), calculated using the approximation method34 is 18.6 kcal mol-1 (see Section 3.4.3.1 

for full data analysis). This energy barrier is significantly higher than for typical C–C single bonds and 

instead is closer to the energy barrier for C=C double bonds.35 It is presumed that the strong 

intramolecular π···π interaction identified in the crystal structure of TBF-2 and the steric barrier 

imposed by the large π-surface of the TBF increases ΔG‡. This experimentally calculated energy barrier 

is even higher than the energy barrier computed by DFT for the rotation around a C=C bond in a 

1,2-dibenzofluorenylidene dimer36 (ETS = 11.6 kcal mol-1) highlighting the strength of this 

intramolecular interaction.  

 

Figure 3.9 (a) VT 1H NMR (CDCl3, 600 MHz) spectra of TBF-2 from 268–328 K. The spectrum for the coalescence 

temperature is highlighted with a red box which enabled calculations of ΔG‡ = 18.6 kcal mol-1. (b) Concentration-dependent 

absorption spectroscopy (CH2Cl2, 298 K) of TBF-2. (c) Emission and excitation studies of TBF-2 (10 μM, CH2Cl2, 298 K) 

The optical properties of the dimer were probed in order to understand how the dynamic dimeric 

structure of TBF-2 impacts the absorption and emissive abilities of TBF core. The UV–vis absorption 

profile for TBF-2 in CH2Cl2 (Figure 3.9b) is vastly different from monomeric TBF with three broad 

absorption bands between 300–330 nm, 345–400 nm and 400–470 nm. The featureless absorption bands 

indicate a system in dynamic motion on the time scale of the experiment, similar to the conclusions 
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reached from the 1H NMR spectrum of TBF-2 at room temperature. In addition, the new absorption 

band at longer wavelengths (λmax = 420 nm) is indicative of a dimer that is presumably stabilised by the 

intramolecular π···π interactions identified by X-ray analyses. Emission of TBF-2 was probed at each 

of the absorption bands (λex = 300, 380 and 430 nm) resulting in broad and featureless bands (Figure 

3.9c). The highest intensity emissive signal was obtained by exciting the molecule at 300 nm, resulting 

in two emissive bands with maxima at 358 nm and 426 nm. TBF-2 even shows some emission upon 

excitation at 430 nm with a maximum at 498 nm. The resulting excitation spectra gave back signals that 

resemble the absorption of TBF-2, however some bands were more red-shifted (e.g., λ(abs) = 420 nm 

vs λ(ex) = 433 nm), indicating a relaxation of the electronic states of TBF-2 upon excitation. VT 

absorption or emission studies of TBF-2 would help confirm observations about the dynamic structure 

of the dimer made from VT NMR studies. The results from the properties analysis study of TBF-2 

highlight just one example of the exotic structures that can be obtained by taking advantage of the redox 

properties of the fluorenyl core of TBF. 

3.3 CONCLUSIONS 

In this Chapter, the redox properties of anthracenyl-substituted TBFs were probed first 

electrochemically to understand how the head group influences their ability to lose electrons. While 

structurally very similar, the CV of A-H displayed a fully reversible first oxidation wave whereas for 

A-OH, this oxidation wave was found to be quasi-reversible on account of a fast chemical process 

occurring. The stabilities of these oxidation states were tested by the addition of pyridine, resulting in 

a dramatically changed voltammogram for A-H in particular – losing its reversibility for the first 

oxidation process. Instead, it is hypothesised that upon formation of the radical cation, the base is able 

to deprotonate at the fluorenyl-head position to form a neutral radical TBF-A•. Following these positive 

results, TBF-A• was synthesised from A-OH and its structural features studied by UV–vis spectroscopy 

and DFT calculations, while EPR spectroscopy confirms the paramagnetic nature of the radical 

following the removal of the –OH group. Spin density calculations highlight the localisation of the spin 

on the central cyclopentadienyl ring which when compared to literature compounds allow us to infer a 

similar ambient stability of the radical. Synthetic efforts to remake the radical need to be made and will 

enable the ambient stability of TBF-A• to be quantitatively obtained by following the loss of absorption 

intensity over time. Finally, interrogations of the photostability of alcohol head-substituted TBFs led to 

the isolation of a TBF dimer TBF-2 that is in dynamic motion about the C–C single bond with an energy 

barrier of 18.6 kcal mol-1, significantly higher than for typical C–C single bonds. This dynamic motion 

translates into its optical properties resulting in broad and featureless absorption and emission curves. 

This Chapter has therefore highlighted the advantage of utilising the redox properties of TBFs to study 

exotic structures such as ambient stable radicals and TBF dimers.  
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3.4 SUPPLEMENTARY INFORMATION 

3.4.1 MATERIALS AND METHODS 

Materials. Unless stated, all chemicals and reagents were purchased from commercial suppliers 

(Sigma Aldrich, Fisher Scientific, Alfa Aesar and Fluorochem) and used without further purification. 

Anhydrous solvents were obtained from a neutral alumina Solvent Purification System under nitrogen 

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. 

Product confirmation. Analytical thin-layer chromatography (TLC) was performed on 

aluminium-backed silica gel plates and visualised under UV irradiation (254 and 365 nm). Automated 

flash column chromatography was performed using a Teledyne ISCO Combiflash NextGen 300+ with 

detectors using broad range UV–vis (200-800 nm) and evaporative light scattering (ELS) under N2 gas 

and pre-filled RedisepTM Gold cartridges (normal phase: SiO2). High-resolution mass spectra were 

measured on a Bruker compact QTOF Atmospheric Pressure Ionisation Time of Flight instrument using 

an ESI or APCI source. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL 

ECS400D spectrometer (working frequencies of 400 MHz and 101 MHz for 1H and 13C nuclei) or a 

Bruker AVIIIHD500 (working frequencies of 500 MHz and 126 MHz for 1H and 13C nuclei). Chemical 

shifts (δ) are reported in parts per million (ppm) relative to the signals corresponding to residual 

non-deuterated solvents (CDCl3: δH 7.26 ppm, δc 77.23 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 two-dimensional 1H–1H COSY, 1H–13C HSQC and 1H–13C HMBC 

NMR spectroscopies. NMR spectra were processed using MestReNova software, Version 14.  

Sample analysis. Single crystal X-ray diffraction data were collected on a single-crystal Oxford 

Diffraction SuperNova with dual Mo and Cu sources. A suitable crystal was selected and mounted (oil 

on 100 μm mount) on a SuperNova Dual, Cu at home/near, Eos diffractometer. The crystal was kept at 

110.00(10) K during data collection. Using Olex2,37 the structure was solved with the SHELXT38 

structure solution program using Intrinsic Phasing and refined with the SHELXL39 refinement package 

using Least Squares minimisation. Absorption spectra were recorded on an Agilent Technologies Cary 

5000 UV–vis-NIR spectrophotometer using standard 10 mm path length quartz cuvettes at room 

temperature. Solution-state fluorescence spectroscopy was carried out on a Hitachi F-4500 fluorimeter 

equipped with a 150 W Xe lamp using standard photoluminescence quartz cuvettes. Samples for 

solution-state spectroscopy had an optical density (O.D.) <0.1 in anhydrous and degassed solvent to 

allow for the measurements of fluorescence spectroscopy. Cyclic voltammetry (CV) and square-wave 
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voltammetry (SQWV) was carried out at room temperature on Ar-purged sample solutions in anhydrous 

CH2Cl2 using a Gamry Reference 3000 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. A Pt wire was used as the counter 

electrode and the reference electrode was an Ag/AgCl 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 a constant applied voltage. Electron paramagnetic 

spectroscopy (EPR) spectra were recorded at X-band on a Bruker EMX-Micro spectrometer using 0.1 

G modulation amplitude. EPR samples (1000 μM) were prepared and stored in an anaerobic glove box 

(MBraun UniLab Pro) under a dry Ar atmosphere by in anhydrous and thoroughly degassed CH2Cl2 or 

PhMe solutions. Density functional theory (DFT) calculations were prepared on GaussView 6.0 and 

submitted to the University of York Viking High Performance Computing cluster and run on Gaussian 

16 using Becke’s three-parameter exchange functional with the gradient-corrected correlation formula 

of Lee, Yang and Parr (B3LYP)40,41 paired with the split valence double-zeta 6-31G(d,p) basis set, PCM 

solvation model (CH2Cl2) and dispersion corrections (D3BJ)42 unless stated otherwise.  

3.4.2 SYNTHETIC DETAILS 

H1: To a flame-dried 2-necked round bottomed flask with a stirrer bar, 

SnCl2 (0.187 g, 1.21 mmol, 12.3 equiv.) was added and the flask 

subjected to a nitrogen atmosphere by cycling under vacuum. In a 

separate vial, a solution of A-OH (55.2 mg, 0.099 mmol, 1.0 equiv.) in 

anhydrous and degassed CH2Cl2 (10 mL) was made and transferred into 

the reaction flask. The reaction vessel was covered with foil and left to 

stir at room temperature under the nitrogen atmosphere. Once a TLC (in 

20% CH2Cl2 in n-hexanes) confirmed that starting material had been consumed, the reaction mixture 

was filtered and concentrated. H1 was isolated by automated column chromatography (SiO2: 0–20% 

CH2Cl2 in n-hexanes) as a white solid (26.4 mg, 0.049 mmol, 49%). 

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.83–8.77 (m, 1H10’), 8.71 (d, J = 8.2 Hz, 1H13), 8.63 (s, 1H1), 

8.27–8.23 (m, 1H13’), 8.17 (d, J = 8.5 Hz, 1H2), 8.05–7.96 (m, 2H5,5’), 7.85 (dd, J = 7.9, 1.2 Hz, 2H9,9’), 

7.76–7.68 (m, 2H11’,12’), 7.64 (dd, J = 8.8, 1.1 Hz, 1H2), 7.57–7.47 (m, 2H10,3), 7.44–7.28 (m, 4H4,4’,8’,12), 
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7.25–7.20 (m, 1H11), 7.11 (td, J = 7.6, 1.3 Hz, 1H8), 7.04–6.98 (m, 1H3’), 6.77 (ddd, J = 8.2, 6.9, 1.2 

Hz, 1H7), 6.66–6.60 (m, 2H6’,7), 6.32 (dd, J = 7.8, 1.3 Hz, 1H6), 5.76 (s, 1H14). APCI–HRMS (νe+, 

CH2Cl2) calculated for C43H27: m/z = 542.2107 [M+H]+; found 542.2100 [M+H]+  

TBF-A•: To a flame-dried 2-necked round-bottomed flask with a stirrer bar, 

SnCl2 (26.2 mg, 0.138 mmol, 7.8 equiv.) was added and the flask subjected 

to a nitrogen atmosphere by cycling under vacuum. In a separate vial, a 

solution of A-OH (19.8 mg, 0.035 mmol, 2.0 equiv.) in anhydrous and 

degassed CH2Cl2 (2.0 mL, 17.5 mM) was made and 1.0 mL of this solution 

transferred into the reaction flask. The reaction vessel was topped up with 

CH2Cl2 (10 mL), covered with foil and left to stir at room temperature under 

the nitrogen atmosphere. Once a TLC (in 20% CH2Cl2 in n-hexanes) confirmed that starting material 

had been consumed, the reaction mixture was filtered and concentrated. The desired product TBF-A• 

was isolated by automated column chromatography (SiO2, 0–20% CH2Cl2 in n-hexanes) impure. 

APCI–HRMS (νe+, CH2Cl2) calculated for C43H25
•: m/z = 541.1956 [M]+; found 541.1969 [M]+  

 TBF=O’: An excess magnesium turnings (17.6 mg, 0.72 mmol, 6.5 

equiv.) and a catalytic amount of iodine were added to a flame-dried 

two-necked round bottomed flask with a stirrer bar and the flask was 

cycled under an Ar atmosphere. A solution of 9-bromoanthracene 

(50.3 mg, 0.19 mmol, 1.7 equiv.) in dry THF (1.5 mL) was added to 

the reaction mixture dropwise over 20 min at room temperature over 

which time a colour change to orange was observed. After stirring for 1 h, a solution of TBF-ketone 

TBF=O (43.1 mg, 0.11 mmol, 1.0 equiv.) in dry THF (12 mL) was added to the reaction mixture 

dropwise over 20 minutes. The reaction mixture was heated to 40 °C and was left to stir overnight. Once 

complete (confirmed by a crude 1H NMR spectrum), a 1 M aqueous solution of HCl (5 mL) was added 

to quench the reaction mixture followed by additional HCl solution (5 mL) to destroy any leftover Mg 

turnings. The reaction mixture was extracted into CH2Cl2 (3 x 20 mL). The combined organic layers 

were washed with saturated aq. NaHCO3 (20 mL) followed by brine (20 mL), dried over MgSO4 and 

concentrated. The desired product TBF=O’, was isolated by automated column chromatography (SiO2, 

5% EtOAc in n-hexanes) as a yellow solid (15.9 mg, 0.042 mmol, 38%). 

1H NMR (CDCl3, 400 MHz, 298 K): δH 9.20–9.12 (m, 1H9), 8.85 (dd, J = 8.2, 1.1 Hz, 1H12),  

8.76–8.69 (m, 1H16), 8.50 (dd, J = 8.0, 1.4 Hz, 1H13), 7.99–7.90 (m, 2H1,4), 7.90–7.82 (m, 2H2,3),  

7.75–7.65 (m, 2H6,7), 7.54–7.50 (m, 1H10), 7.48–7.40 (m, 2H8,5), 7.31–7.27 (m, 1H11), 7.23–7.19 (m, 

1H15), 6.95 (t, J = 7.6 Hz, 1H14), 5.58 (d, J = 7.5 Hz, 1H18), 4.27 (d, J = 7.5 Hz, 1H17). APCI–HRMS 

(νe+, CH2Cl2) calculated for C29H19O: m/z = 383.1430 [M+H]+; found 383.1434 [M+H]+  

• 
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3.4.3 NMR SPECTRA 

 

Figure S3.1 1H NMR (CDCl3, 400 MHz, 298K) spectrum of H1 
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Figure S3.2 Annotated 1H–1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of H1 
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Figure S3.3 1H NMR (CDCl3, 400 MHz, 298K) spectrum of TBF=O’ with an attempt to assign the peaks 
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4.3.3.1 VT 1H NMR ANALYSES 

The coalescence temperature, 𝑇𝐶 , was determined to be 298 K and the singlet proton peak at ~6.1 ppm, 

assigned to one of the TBF head position protons was used to calculate a change in chemical shift (∆𝜐 =

𝛿328 − 𝛿218). The barrier to rotation about the C–C single bond, ΔG‡ was therefore calculated using the 

approximation method34,43 and Equation S1 to be around 18.6 kcal mol-1.  

∆𝐺‡ = 𝑅𝑇𝐶 [22.96 + ln (
𝑇𝐶

∆𝜐
)]            (𝐸𝑞. 𝑆1) 

∆𝜐 = 6.0860 − 6.147 = 0.061 

𝑇𝐶 = 298 𝐾 

∆𝐺‡ = 18.6 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙−1 

where R is the ideal gas constant. 

3.4.4 SUPPLEMENTARY SPECTRA 

3.4.4.1 CYCLIC VOLTAMMETRY 

Cyclic voltammograms of A-OH, A-H, TBF 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 Section 3.4.1 for full experimental details. Table S3.1 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 the oxidation 

waves for A-H and TBF are highly reversible. A non-linear relationship for A-OH confirms the 

quasi-reversibility for its first oxidation process. 

 

Figure S3.4. Full window cyclic voltammograms of A-OH, A-H, and TBF (1 mM solutions in a 0.1 M TBAPF6 solution in 

CH2Cl2 measured at 100 mVs-1) 
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Table S3.1 Optical band gap and HOMO energy level calculations from experimental absorption and 

cyclic voltammetry studies in CH2Cl2 of A-OH and A-H 

 ε / M-1cm-1 Ebg,opt
a / eV Eox

1/2 / V (Eonset) HOMOb / eV LUMOc / eV 

A-OH 1.57 x 104 2.67 1.29 (1.00) –5.80 –3.13 

A-H 1.93 x 104 2.80 1.27 (0.99) –5.78 –2.98 

aThe optical band gap (Ebg,opt) was determined from the onset of absorption; bThe energy of the HOMO was 

calculated using the equation: HOMO = –(Eonset,ox + 4.80) eV; cLUMO = HOMO + Ebg,opt 

The molar absorption coefficients (ε) were obtained from straight line graphs of absorption (A) at 365 

nm against concentration (c) and with a path length (l) of 1 cm according to Equation S2:  

𝐴 = 𝜀𝑐𝑙          (𝐸𝑞. 𝑆2) 

Where the gradient of these straight lines is equal to 𝜀. 

 

Figure S3.5. Straight line graphs of the absorption at 365 nm against the concentration of A-OH, A-H, B-OH, B-H in order 

to calculate molar absorption coefficients in THF. 

 

y = 19354x - 0.0036
R² = 0.9991

y = 15724x - 0.0037
R² = 0.9972 y = 2813.5x - 0.0092

R² = 0.9996

y = 13311x + 0.0021
R² = 0.991

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

0 0.000005 0.00001 0.000015 0.00002 0.000025 0.00003

A
b

so
rp

ti
o

n
 a

t 
3

6
5

 n
m

Concentration / M

TBF-A-H
TBF-A-OH
TBF-B-OH
TBF-B-H



CHAPTER 3 | EXPLORING REDOX CHEMISTRIES OF TBFS 

 
131 

 

Figure S3.6 (a) The reversibility of the first oxidation of A-H and TBF is highlighted by a linear relationship between peak 

current and the square root of scan rate, √ν, while the first oxidation peak for A-OH is quasi-reversible. Variable scan rate 

dependent cyclic voltammograms of the first oxidation of (b) A-H (c) TBF and (d) A-OH 

3.4.4.2 OTHER SPECTRA 

 

Figure S3.7 (a) Absorption spectrum of A-H in CH2Cl2 with 0.3% pyridine. No difference is observed to the absorption profile 

of A-H compared to when there is no base present. The increase in intensity at 800 nm exists because of a detector change in 

the spectrometer. 
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Figure S3.8 (a) EPR spectrum of TBF-A• in (2-month-old crude sample stored under ambient conditions in solution in a screw 

capped vial, 500 μM, CH2Cl2). (b) IR spectrum of a crude material of TBF-A• (blue) against A-OH (purple trace) highlighting 

a loss of the peak at 3495 cm-1
 corresponding to an –OH stretching mode. 

3.4.5 X-RAY DIFFRACTION ANALYSES 

TBF=O’ 

Single crystals of TBF=O’ (aja21020) were grown from a solution of CHCl3 by slow evaporation.  

 

Figure S3.9. (a) Structural parameters of TBF=O’ highlighted in blue and (b) its supramolecular packing. Non-interacting H 

atoms have been omitted for clarity. 

Crystal data for C29H18O (M = 382.43 g/mol): monoclinic, space group P21/n, a = 4.56660(12) Å, b = 

23.8119(7) Å, c = 16.9160(4) Å, β = 92.921(2)°, V = 1837.05(8) Å3, Z = 4, T = 110.00(10) K, μ(Cu 

Kα) = 0.636 mm-1, Dcalc = 1.383 g/cm3, 6298 reflections measured (9.086° ≤ 2θ ≤ 135.15°), 3293 unique 

(Rint = 0.0221, Rsigma = 0.0294) which were used in all calculations. The final R1 was 0.0361 (I > 2σ(I)) 

and wR2 was 0.0963 (all data). 
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TBF-2 

Single crystals of TBF-2 (aja23017) were grown from a solution of CH2Cl2 and n-hexanes by solvent 

layering.  

 

Figure S3.10. (a) Structural parameters of a representative P,P-TBF-2 highlighted in red and (b) the supramolecular packing 

of the racemate. Non-interacting H atoms have been omitted for clarity. 

Crystal data for C59H36Cl2 (M =815.78 g/mol): monoclinic, space group P21/n (no. 14), a = 

13.83379(14) Å, b = 20.02735(14) Å, c = 14.92887(15) Å, β = 110.8407(11)°, V = 3865.49(7) Å3, Z = 

4, T = 110.00(10) K, μ(Cu Kα) = 1.843 mm-1, Dcalc = 1.402 g/cm3, 25847 reflections measured (7.488° 

≤ 2θ ≤ 154.194°), 7872 unique (Rint = 0.0286, Rsigma = 0.0304) which were used in all calculations. The 

final R1 was 0.0389 (I > 2σ(I)) and wR2 was 0.1090 (all data).  
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3.4.6 DFT ANALYSES 

DFT calculations were performed to obtain geometrically optimised structures of both enantiomers of 

TBF-A• using UB3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model. Ground state geometries were 

verified by convergence to a minimum stationary point and no negative vibrational frequencies 

observed. Time dependent DFT (TD-DFT) calculations were performed for the first 20 states of each 

compound using UB3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model. 

3.4.6.1 CARTESIAN COORDINATES 

P-TBF-A• 

C -7.367141 4.728461 3.914144 

C -6.615970 4.042649 2.982552 

C -6.726537 4.318541 1.593900 

C -7.569950 5.400175 1.170802 

C -8.334711 6.067908 2.151438 

C -8.253852 5.734427 3.491870 

H -7.257502 4.504405 4.970330 

H -8.980391 6.887904 1.863120 

H -8.850395 6.276025 4.218929 

C -6.628890 5.267332 -1.141093 

C -5.758403 4.220720 -0.665888 

C -7.581874 5.816615 -0.227822 

C -8.492524 6.783750 -0.709191 

C -6.626184 5.721743 -2.480569 

C -8.466686 7.214349 -2.022853 

H -9.242944 7.194586 -0.044957 

C -7.522930 6.679364 -2.914656 

H -5.926133 5.293768 -3.183393 

H -9.181743 7.956538 -2.363094 

H -7.504755 7.004774 -3.950106 

C -5.937656 3.647307 0.608636 

C -4.635205 3.574881 -1.295756 

C -4.170876 2.533751 -0.414896 

C -5.032617 2.482878 0.698726 

C -3.044793 1.640261 -0.527011 

C -5.042934 1.332462 1.547289 

C -2.912827 0.598768 0.443460 

C -2.036826 1.791505 -1.507752 

C -6.132081 1.021695 2.403916 

C -3.965238 0.391302 1.432946 

C -1.768899 -0.228641 0.388469 

H -2.116329 2.591633 -2.229320 

C -0.937158 0.955280 -1.540624 

C -6.128784 -0.112395 3.188929 

C -3.989696 -0.749581 2.263763 

C -0.799286 -0.062803 -0.583180 

H -1.630846 -1.006446 1.129420 

H -0.173902 1.098141 -2.299182 

C -5.035053 -0.994184 3.136651 

H -6.977535 -0.331507 3.828739 

H -3.190797 -1.477822 2.200635 

H 0.069674 -0.712907 -0.596944 

H -5.024234 -1.886810 3.753830 

C -2.328743 7.137594 -1.837459 

C -3.058310 5.990866 -1.664750 

C -3.304341 5.103967 -2.758256 

C -2.751154 5.438352 -4.048166 

C -1.993422 6.642634 -4.184139 

C -1.789582 7.470819 -3.113222 

C -4.061471 3.919516 -2.611622 

C -2.965476 4.580731 -5.131839 

C -3.708877 3.403706 -4.998464 

C -4.274468 3.063095 -3.715614 

C -5.041847 1.861863 -3.610611 

H -5.478571 1.604966 -2.652337 

C -5.224657 1.045003 -4.695208 

C -4.659448 1.378295 -5.959630 

C -3.926619 2.525545 -6.104950 

H -2.155364 7.800262 -0.995497 

H -3.462046 5.740801 -0.690335 

H -1.582303 6.885089 -5.159837 

H -1.213644 8.383431 -3.229086 
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H -2.544353 4.835102 -6.100837 

H -5.807889 0.135139 -4.594820 

H -4.816770 0.718486 -6.806912 

H -3.495751 2.791302 -7.065931 

H -6.997042 1.670663 2.408512 

H -5.898106 3.305424 3.315003 

M-TBF-A• 

C -7.367141 4.728461 -3.914144 

C -6.615969 4.042649 -2.982552 

C -6.726537 4.318541 -1.593900 

C -7.569950 5.400175 -1.170802 

C -8.334711 6.067908 -2.151437 

C -8.253852 5.734427 -3.491870 

H -7.257501 4.504406 -4.970330 

H -8.980391 6.887905 -1.863120 

H -8.850395 6.276025 -4.218929 

C -6.628890 5.267332 1.141093 

C -5.758403 4.220720 0.665888 

C -7.581874 5.816615 0.227822 

C -8.492524 6.783749 0.709192 

C -6.626184 5.721743 2.480569 

C -8.466686 7.214348 2.022854 

H -9.242945 7.194585 0.044957 

C -7.522931 6.679363 2.914656 

H -5.926133 5.293768 3.183394 

H -9.181744 7.956537 2.363094 

H -7.504755 7.004773 3.950107 

C -5.937656 3.647307 -0.608636 

C -4.635205 3.574881 1.295756 

C -4.170876 2.533751 0.414896 

C -5.032617 2.482879 -0.698726 

C -3.044793 1.640261 0.527011 

C -5.042934 1.332462 -1.547289 

C -2.912827 0.598768 -0.443460 

C -2.036826 1.791505 1.507752 

C -6.132081 1.021695 -2.403916 

C -3.965238 0.391302 -1.432946 

C -1.768899 -0.228641 -0.388469 

H -2.116328 2.591633 2.229320 

C -0.937158 0.955280 1.540624 

C -6.128784 -0.112395 -3.188929 

C -3.989696 -0.749581 -2.263763 

C -0.799286 -0.062803 0.583181 

H -1.630847 -1.006447 -1.129419 

H -0.173902 1.098141 2.299182 

C -5.035053 -0.994184 -3.136651 

H -6.977535 -0.331507 -3.828740 

H -3.190798 -1.477822 -2.200635 

H 0.069674 -0.712907 0.596944 

H -5.024234 -1.886809 -3.753831 

C -2.328743 7.137594 1.837459 

C -3.058310 5.990866 1.664750 

C -3.304341 5.103967 2.758256 

C -2.751154 5.438353 4.048166 

C -1.993422 6.642635 4.184139 

C -1.789582 7.470819 3.113222 

C -4.061470 3.919516 2.611622 

C -2.965476 4.580732 5.131838 

C -3.708877 3.403707 4.998464 

C -4.274468 3.063096 3.715614 

C -5.041847 1.861863 3.610611 

H -5.478571 1.604966 2.652337 

C -5.224657 1.045004 4.695208 

C -4.659448 1.378295 5.959630 

C -3.926619 2.525546 6.104950 

H -2.155363 7.800262 0.995496 

H -3.462045 5.740801 0.690334 

H -1.582303 6.885089 5.159837 

H -1.213644 8.383431 3.229085 

H -2.544353 4.835103 6.100837 

H -5.807889 0.135140 4.594820 

H -4.816770 0.718486 6.806912 

H -3.495751 2.791302 7.065931 

H -6.997041 1.670663 -2.408512 

H -5.898106 3.305424 -3.315003 
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SYNOPSIS 

 

In the design of efficient light-emitting enantiopure organic molecules for advanced chiroptical 

applications, helicenes – featuring ortho-fused polyaromatic non-planar structures – have generally 

performed well due to the inherent chirality of their backbones. However, the configurational stability 

of smaller helicenes (< six fused rings) is not sufficiently high to prevent dynamic interconversion 

between enantiomers at room temperature in solution. In particular, although embedding the highly 

photoactive fluorene should boost the solution and solid-state PLQY as well as the chiroptical response 

of [5]helicene-like tetrabenzofluorenes (TBFs), the central 5-membered ring appears to hamper its 

configurational stability even further compared to benzenoid helicenes. This Chapter discusses 

computational efforts to investigate the energy barriers associated with the interconversion between 

enantiomers (ΔG‡) of TBFs introduced in previous Chapters. Then the effectiveness of design strategies 

towards increasing these interconversion barriers is examined. Increasing the steric bulk in the fjord 

region with methyl groups, or by increasing the length of the helicene structure (e.g., to a [7]helicene) 

is predicted by DFT calculations to achieve the desired configurational stability without affecting the 

optical properties of the proposed systems. Finally, synthetic efforts to isolate these helicene targets are 

discussed including the challenges faced and how these were overcome, with alternative synthetic 

routes proposed.   
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4.1 INTRODUCTION 

As discussed in Chapter 1 (Section 1.4), research into chiral organic small molecules has gained interest 

over the years as researchers aim to take advantage of their structural diversity to develop chiral 

fluorescent materials that produce circularly polarised luminescence1 (CPL) of single light-handedness. 

The performance of CPL-active molecules is evaluated by their luminescence dissymmetry factor2 𝑔𝑙𝑢𝑚  

(Eq. 1). Such a property is likely to be sought after in light-emitting device applications and chiral 

probing/sensing applications.3 Among chiral organic small molecules, helicenes have surfaced as 

desirable CPL-active candidates and have been found to possess some of the highest glum values owing 

to the inherent chirality in their helical structure.4 Unfortunately, the photoluminescence quantum yields 

(PLQYs) of simple carbon-containing helicenes (i.e., carbohelicenes) are poor in both the solution- and 

solid-states.5 For example, the PLQY of [5]helicene is 0.04 in solution. Similarly, a triple 

carbo[5]helicene, which has three helical components fused to its backbone and therefore has extended 

conjugation, was found to have a PLQY of only 0.062 in solution and 0.058 as a powder.6  

|𝑔𝑙𝑢𝑚| =
2(𝐼𝐿 − 𝐼𝑅)

𝐼𝐿 + 𝐼𝑅
      𝐸𝑞. 1 

Despite the attractive luminescence features and potential for stimuli-responsiveness offered by 

fluorene, there are only a few reports that study the effectiveness of incorporating this motif into 

helicene scaffolds in order to boost solution-state CPL emission efficiencies.7,8 Fluorenyl-embedded 

[7]helicene structures were found to be configurationally stable such that their chiroptical response 

could be evaluated (Figure 4.1a). Examples7,8 showed marked increases in quantum yields (of between  

0.32–0.40 compared to 0.02 for [7]helicene)5 along with reasonably high glum values in their CPL 

signals. Studying fluorene-embedded helicenes therefore presents itself as a great opportunity to 

understand structure-property relationships that enhance the chiroptical response of CPL-active 

helicenes and enable access to solid-state emission properties. However, fluorenyl-embedded 

ortho-fused molecules based on TBF have not been interrogated in much detail for their CPL abilities, 

despite X-ray crystal structures of the butterfly-shaped molecule confirming its non-planar 

[5]helicene-like structure (Figure 4.1b).9 Although presenting itself as an attractive AEE-active 

target10,11 (discussed in Chapter 2), relatively low inversion barriers (ΔG‡ = 14.1 kcal mol-1 by VT 

NMR)9 render TBF configurationally unstable.  

Fortunately, there exist multiple strategies to increase the configurational stability of such helical 

structures. The first strategy involves (i) extending the π-conjugation to access higher order 

helicenes12,13 such as the fluorene-centred [7]helicene studied by Oyama, H. et al.7 (Figure 4.1a) which 

is configurationally stable. Then, (ii) increasing the steric bulk of the atoms located in the fjord region14 

can favourably increase ΔG‡, where methyl groups have been shown to be highly effective steric 

groups15 when substituted into the fjord region of carbohelicenes. Finally, (iii) increasing the chiral 
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complexity of helicenes by introducing multiple stereogenic axes16 has been shown to be suitable at 

increasing ΔG‡, where a triple[5]helicene is configurationally stable even though [5]helicene on its own 

is not. This strategy additionally lends itself to enhanced glum values. In this Chapter, initially, the 

configurational stability of key molecules discussed in Chapter 2 and 3 including A-OH, A-H, B-OH 

and TBF-A• (Table 4.1 and Figure 4.2) are explored by DFT calculations of transition state 

interconversion energy barriers. Then, structures of configurationally stable fluorenyl-embedded 

helicene analogues of TBF are identified, targeting each of the strategies discussed above (e.g., (i) 

7HTBF, (ii) MeTBF, and (iii) TNF, Figure 4.1c). TD-DFT calculations provide an insight into the 

optical properties of the target helicenes before a discussion on the synthesis of brominated precursors 

and attempts to isolate the helicene targets.  

 

Figure 4.1 Example of (a) a fluorene-embedded [7]helicene7 and (b) a dialkylated TBF along with their X-ray crystal 

structures. Typical structural helical parameters are indicated on crystal structures in blue and orange. (c) Structures of 7HTBF, 

MeTBF and TNF highlighting different structural methods of increasing configurational stability. The R-group is simplified 

to R=H for DFT calculations.  

4.2 RESULTS AND DISCUSSION 

4.2.1 PREDICTING STRUCTURAL DYNAMICS 

In order to investigate the chiroptical activity of fluorene-centred helicenes, it is necessary to generate 

systems with high configurational stability. For context, the Gibbs free energy barrier of 

enantiomerisation, ΔG‡ of [5]helicene is 24.1 kcal mol-1 at 298 K in solution and an enantioenriched 

sample racemises over 29 h under ambient conditions.13 DFT transition state optimisations for the 

interconversion between M– and P– enantiomers of A-OH (B3LYP(GD3BJ)/6-31G(d,p) in CH2Cl2) 

reveal an enantiomerisation energy barrier (summarised in Table 4.1) of 12.6 kcal mol-1, similar to the 

interconversion barriers measured experimentally for dialkylated TBFs (14.1 kcal mol-1 at 10 °C).9 

These results imply that A-OH is likely to have a low configurational stability and interconverts 

between enantiomers at a fast rate at room temperature. In fact, the interconversion barrier for A-OH is 
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understandably smaller than the barrier for [5]helicene because the cyclopentadienyl ring causes a 

widened average C-C-C bond angle between the atoms within the internal fjord (i.e., from 125.2° in 

[5]helicene to 131.1°; discussed in Chapter 2). This widened fjord loosens the helical pitch of the 

fluorenyl[5]helicene structure, allowing for easier interconversion between enantiomers.  

There is a slight effect on the enantiomerisation barrier from the R-group in the head position of TBF, 

evident by comparing the respective interconversion barriers for A-OH, A-H and B-OH (Table 4.1). A 

larger steric bulk of the combined R groups appears to increase the interconversion barrier slightly (i.e., 

A-OH > A-H > B-OH). Steric and/or electronic effects between head group substituents were found in 

Chapter 2 to affect anthracene-TBF torsional angles. Larger steric interactions/weaker intramolecular 

interactions between head-group substituents were observed to position the anthracene moiety closer to 

a single face of the TBF (i.e., top or bottom face). In this case, the spatial orientation of the anthracene 

(Figure 4.2) hinders the geometrical adjustments that the TBF backbone needs to make in order to 

interconvert between enantiomers resulting in a relatively larger barrier. On the other hand, the 

flexibility of the butyl group in the head-position avoids hindering the interconversion of the TBF 

backbone, resulting in relatively lower enantiomerisation barriers. Unfortunately, these results therefore 

suggest that TBF-A• (ΔG‡ =13.1 kcal mol-1), pursued in Chapter 3, is predicted to be configurationally 

unstable. 

Table 4.1 Summary of the Gibbs free energy of enantiomerisation, ΔG‡, determined by DFT transition 

state calculations ((U)B3LYP (GD3BJ) / 6-31G(d,p) in CH2Cl2) 

Compound ΔG‡ / kcal mol-1 

A-OH 12.6 

A-H 11.8 

B-OH 9.15 

TBF-A• 13.1 

MeTBF 37.8 

7HTBF 34.0 

[5]helicene13 24.1 

Configurationally stable TBFs were therefore targeted by following each of the three strategies 

discussed in the introduction. Firstly, a two-fold ortho π-extension of the tetrabenzofluorene [5]helicene 

framework into a [7]helicene-based TBF with chrysene wings, 7HTBF (Figure 4.1c) is predicted to 

have a sufficiently high barrier to enantiomerisation of 34.0 kcal mol-1. The transition state of this 

[7]helical framework adopts a highly strained, non-planar, saddle-like transition state geometry (Figure 

4.2) that is consistent with that of other configurationally stable [7]helicenes in the literature.7,8 

Secondly, introducing steric bulk in the fjord region of the [5]helical TBF framework with methyl 

groups, is predicted to raise the interconversion barrier (37.8 kcal mol-1; Figure 4.2)) such that MeTBF 
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is expected to be configurationally stable. It is evident that methylation is a more effective strategy of 

increasing the configurational stability of TBFs compared to π-extension likely because methyl groups 

provide greater steric bulk in the immediate inner helix fjord position compared to an annulated benzene 

ring. Similar trends are observed experimentally13,15 for fully benzenoid helicenes – dimethylation of 

[5]helicene results in ΔG‡ = 44.2 kcal mol-1 at 503 K while a dibenzannulated [7]helicene has ΔG‡ = 

41.2 kcal mol-1 at 298 K. Regardless, both strategies result in configurationally stable helicenes and if 

a choice needs to be made, the easier target to achieve synthetically should be pursued. For the purposes 

of this Chapter, starting materials to arrive at both 7HTBF and MeTBF were synthesised and progress 

achieved to make the helicenes is described in Section 4.2.3. 

 

Figure 4.2. Transition-state structures ((U)B3LYP(GD3BJ)/6-31G(d,p) in CH2Cl2) of A-H, A-OH, TBF-A•, B-OH, 7HTBF 

and MeTBF along with their calculated energy barriers of enantiomerisation, ΔG‡ highlighting the difference in the 

transition-state structures of [5]helical TBFs, sterically bulky [5]helical TBFs and [7]helical TBFs. 

Finally, the third strategy to yield configurationally stable helicenes involves increasing the chiral 

complexity of the system by designing a triple helicene from a four-fold π-ortho extension of the TBF 

framework. This benzannulation results in a tetranaphthafluorene (TNF) structure (Figure 4.1c) whose 

interconversion barriers are more complex to analyse. There are now three stereogenic axes, each of 

which can exist as either the P– or M– enantiomer. Each of these stereogenic elements of the molecule 

are fluxional and can interconvert to the opposite enantiomer resulting in 6 distinct isomeric structures 

of TNF all with different chirality. Out of the 6 isomers of TNF, DFT calculations reveal that the lowest 

energy pair of enantiomers exist as the P,M,P/M,P,M pair while the M,M,P/P,P,M enantiomeric pair is 

1.44 kcal mol-1 higher in energy and the P,P,P/M,M,M enantiomeric pair is higher still in energy (2.73 

kcal mol-1) compared to the lowest energy enantiomer pair (Figure 4.3). The helical strain under which 

the system is put appears to be minimised when the chirality of each stereogenic axis alternates. These 

results are corroborated by literature DFT TS analyses of an analogous triple[5]helicene where the 

central 5-membered ring is replaced with a benzene ring.6 Furthermore, an in depth transition state 
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analysis highlights that the interconversion of the central TBF-like [5]helicene has the lowest energy 

barrier (10.4 kcal mol-1; Figure 4.3). This interconversion barrier is even lower than the alkylated TBFs 

studied above and therefore in TNF will be interconverting at a fast rate at room temperature. It is 

evident that the 5-membered cyclopentadienyl is therefore an effective design strategy to incorporate 

into π-extended polyaromatic molecules to relieve helical strain. On the other hand, the [5]helicene 

wings on the TNF molecule have a higher energy barrier to interconversion (21.4–20.9 kcal mol-1), 

however still lower compared to [5]helicene. In TNF, the loosening of helical pitch due to the central 

5-membered cyclopentadienyl ring propagates outwards to the [5]helicene wings allowing for the easier 

interconversion of all stereogenic helical elements. This result is different from what has been shown 

in the literature, where the increase in chiral complexity consolidates into greater interconversion 

barriers for individual [5]helicene elements in a multihelicene.  

 

Figure 4.3 Complex transition-state interconversion analysis of the 6 possible structures of the triple helicene, which is 

represented by a simplified triple helicene skeleton. Note that P, P, M and M, P, P are the same as well as P, M, M and M, M, 

P, but are represented separately on the diagram for full comprehension. All values are quoted in kcal mol-1; numbers in 

brackets underneath the simplified structures represent the zero-point energies of the molecules relative to the lowest energy 

enantiomer pair (P, M, P or the M, P, M). All other energies represent the transition state energies for the interconversion 

specified by the arrows, e.g., the interconversion between P, P, P to P, P, M has an energy barrier of 20.88 kcal mol-1. 

Due to the large difference in transition state barriers between the central and wing helicenes in TNF, 

it is unlikely that the M,M,P/P,P,M enantiomeric pair will be accessed thermodynamically from the 

lowest energy enantiomeric pair if temperatures are kept low. As a result, the full interconversion 

pathway from P,M,P to its M,P,M enantiomer is unlikely to occur at low temperatures. At room 

temperature and higher, the system is likely to be rapidly interconverting between isomers. Therefore, 

the structural design of this complex triple helicene may not lend itself to favourable chiroptical 

properties because enantiopure samples will be difficult to obtain. Nevertheless, gaining a deeper 
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understanding of why increased chiral complexity might not always lead to enhanced configurational 

stability is required for future designs of multihelicenes that can emit light with high PLQYs.  

4.2.2 TD-DFT ANALYSES OF CHIROPTICAL PROPERTIES 

The optical properties of the three helicene targets MeTBF, 7HTBF, and TNF were explored by 

time-dependent DFT calculations (of the first 20 states; B3LYP(GD3BJ)/6-31G(d,p) in CH2Cl2) in order 

to get an understanding of what effect the structural changes to these helicenes have on their excited 

state behaviours compared to the closed shell TBFs explored in Chapter 2. A comparison of frontier 

molecular orbitals (FMOs; Figure 4.4a and b) reveals that the increase in electron density through either 

π-extension or methylation results in a destabilisation of both the HOMO and LUMO energy levels of 

all configurationally stable TBF targets compared to A-H. This shift in FMOs results in similar optical 

energy band gaps for all the materials and is supported by the TD-DFT calculations where the onset of 

absorption for all compounds studied (Figure 4.4c) is very similar. Notably, the greatest increase in 

FMO energy levels is experienced by MeTBF rather than the π-extended analogues TNF and 7HTBF. 

Depictions of the FMOs (Figure 4.4b) of these configurationally stable TBFs suggest that for 7HTBF, 

there is a lack of electron density around the newly introduced terminal benzene rings in the LUMO, 

even though this electron density exists in its HOMO. A similar observation is noticed for TNF where 

the lateral π-extended benzene rings display relatively less electron density in its LUMO compared to 

the parent TBF core. The results reveal that despite structural changes to these TBF analogues, the 

HOMO and LUMO energy levels are still mainly centred around the TBF core and therefore the optical 

properties of MeTBF, 7HTBF and TNF are likely to appear quite similar.  

The TD-DFT simulated UV–vis absorption profiles of MeTBF, 7HTBF and TNF (Figure 4.4c) reveal 

two absorption bands for all three TBF analogues for a low energy π–π* transition and a higher energy 

transition (below 300 nm) involving core electrons. Meanwhile, the simulated circular dichroism (CD) 

spectra (Figure 4.4d and e) for two TNF diastereoisomers display a negative cotton effect for the long 

wavelength peak (350–500 nm) and a positive cotton effect for the shorter wavelength peak (250–350 

nm). For P–MeTBF and P–7HTBF, the lowest energy transition occurs corresponds to a 

HOMO→LUMO transition that is highly localised around their fluorenyl cores. The lowest energy 

transition for P,M,P–TNF is a little more complex and in addition to a HOMO→LUMO transition, it 

involves a transition from its HOMO→LUMO+1 and HOMO–2→LUMO+1 (Figure 4.4c). In order to 

deconvolute the contributions of these orbital transitions to this lowest energy excited state, natural 

transition orbital (NTO) analysis was conducted. The results reveal a 96.1% occupancy from its highest 

occupied natural transition orbital (HONO) to its lowest unoccupied natural transition orbital (LUNO, 

Section 4.4.4, Figure S4.12), suggesting that the fluorenyl core dominates the excited state properties 

of TNF despite the lateral π-extension and consequent increase in chiral complexity of the molecule. 

The results in combination are positive since the photophysical properties of the fluorenyl core are 
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maintained in the configurationally stable helical targets, indicating that when successfully synthesised 

and separated out into their enantiomers, MeTBF, 7HTBF and TNF are predicted to display absorption 

and emission characteristics that are similar to TBFs and with equally high PLQYs and glum values.  

 

Figure 4.4 (a) HOMO and LUMO energy levels of the configurationally stable TBF targets compared to A-H (discussed in 

Chapter 2) and (b) their depictions. (c) TD-DFT of the first 20 states calculated using B3LYP(GD3BJ)/6-31G(d,p) in CH2Cl2 

of P–7HTBF, P–MeTBF, P,M,P–TNF; Comparison of the simulated UV and CD spectra for (b) P,P,P– and (c) P,M,P-TNF 

diastereoisomers.  
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4.2.3 SYNTHETIC PROGRESS 

The general synthetic strategy used in this Chapter attempted to sculpt the central 5-membered ring 

follows the synthesis outlined by Hay, A. et al.17 described in Chapter 2 to synthesise A-OH starting 

from 9-bromophenanthrene (Scheme 2.1; vide supra). Monobrominated precursors bromochrysene, 

dimethylbromophenanthrene and bromo[5]helicene are therefore required to achieve 7HTBF, MeTBF, 

and TNF respectively. Monobromochrysene 5 was synthesised from chrysene using 

N-bromosuccinimide (NBS) as a brominating agent, in anhydrous DMF with heating at 60 °C (Scheme 

4.1). Monitoring the reaction by TLC (10% CH2Cl2 in n-hexanes) and 1H NMR spectroscopy shows 

conversion to the desired product 5 along with some minor dibrominated species. Purification of this 

crude solid has been difficult because the spots all coelute, even in a 1% CH2Cl2/n-hexanes solvent 

system (and poor solubility in n-hexanes that causes streaking). An initial Grignard reaction to form a 

methylene bridged alcohol dimer was trialled unsuccessfully for 5 using activated magnesium turnings 

and I2 in THF, followed by the addition of ethylformate or methylformate. The crude material contained 

unreacted starting material (confirmed by 1H NMR spectroscopy), indicating that this electron rich 

brominated polyaromatic requires harsher conditions in its activation. Since there was only a small 

amount of material (5) to work with and a dibrominated impurity, effort was placed instead on 

synthesising bromo[5]helicene, which could be attained on much higher scales. 

 

Scheme 4.1. Bromination of chrysene to form monobromochrysene 5, which was used to form the fluorenyl core via a 

Grignard-mediated dimerisation. 

The second brominated precursor, bromo[5]helicene was prepared in a 22% yield over five steps 

(Scheme 4.2) from rac-BINOL following previously reported methods.15,21 A triflation of BINOL to 

introduce a good leaving group allows methyl groups to be installed via a Kumada coupling (7). Then, 

two radical-mediated reactions first brominate the methyl groups (using dibenzoylperoxide as the 

radical initiator) and facilitate ring closing to make the fully aromatised dibromo[5]helicene 9. Finally, 

a reduction with zinc dust forms the monobromo[5]helicene in a 72% yield. The monobrominated 

[5]helicene 10, contains non-brominated [5]helicene (14% by mass, determined by 1H NMR 

spectroscopy) which has been difficult to purify due to coelution of the brominated and non-brominated 

species in even 100% n-hexanes, however its presence should not affect the outcome of any future 

reactions. 
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 Scheme 4.2 Five-step synthetic scheme starting from rac-BINOL followed by a triflation to form 6, methylation (7), 

bromination (8), ring-closing (9) and reduction to arrive at monobromo[5]helicene 10. 

An initial Grignard reaction was trialled with 10 using activated magnesium turnings and I2 in THF, 

followed by the addition of ethylformate or methylformate. The results were the same as for the 

dimerisation of 5, i.e., the larger aromatic surfaces in these brominated precursors require harsher 

conditions in their activation. Since lithiation has been used previously to activate 

7-bromo[5]helicene,22 n-BuLi conditions were trialled at –78 °C (Scheme 4.3) and monitored once the 

electrophile was added (i.e., ethylformate, methylformate or DMF). Even though activation is occurring 

(i.e., upon quenching of the reaction there is no starting material remaining), multiple products have 

been isolated, none of which are the desired dimer 11. Notably, an intermediate aldehyde species 12, 

formed by the reaction of only a single equivalent of the lithiated [5]helicene, 10a, has been isolated as 

the major product in a 32% yield (Figure 4.5). This result indicates that a second addition of lithiated 

[5]helicene 10a (Figure 4.5(i)) is hindered in the formation of 11. Instead, in the same reaction pot, 12 

does appear to be electrophilic enough to react with further equivalents of n–BuLi to form an alkylated 

alcohol which undergoes elimination to form two diastereomeric 9-butene[5]helicenes, 13 (Figure 

4.5(ii), see Section 4.4.3, Figure S4.1 for its 1H NMR spectrum). 

 

Scheme 4.3. Synthesis of dihelicene 11 from bromo[5]helicene 10. 

A reaction to encourage a second equivalent of the lithiated 10a to react with the newly formed aldehyde 

12 was set up to push the second addition in the formation of the dimer 11 (Figure 4.5(i)). Although 10a 

was being consumed, majority of the aldehyde, 12 was recovered from the reaction by column 

chromatography suggesting that the formylhelicene 12 does not behave as a suitable electrophile when 
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in conjugation with the electron-rich [5]helicene backbone. The reactivity of 12 was tested by 

attempting a reaction of the less sterically hindered 9-bromophenanthrene with 12 which could achieve 

an asymmetric double helicene with a fluorene core (15 in Figure 4.5(iii)). 9-Bromophenanthrene was 

reacted with n-BuLi in THF at –78 °C followed by the addition of 12. Upon quenching the reaction 

with NH4Cl and an aqueous work up, a solid that is insoluble in CH2Cl2 was isolated in a 47% yield 

with an [M+H]+ peak in its mass spectrum that corresponds to a molecule with the structure of 14 or 

due to free rotation of the phenanthrene, its isomer 15 (calculated for C37H22: m/z = 467.1802 [M+H]+; 

found 467.1767 [M+H]+, Figure 4.5). The appearance of an aromatic singlet with a single proton 

integration in the 1H NMR spectrum of this reaction attempt (Section 4.4.3, Figure S4.3), suggests that 

it is more likely that 14 has formed instead of 15 since an aromatic singlet only exists in 14 (indicated 

with an orange circle on its structure, Figure 4.5). However, the material is highly insoluble, even in 

DMSO, resulting in peaks that are broad and poorly resolved at high concentrations, making it hard to 

analyse the NMR data fully. It is possible that on quenching the reaction with NH4Cl (which is slightly 

acidic), a dehydration occurs inducing ring closing to the thermodynamically stable 6-membered ring 

isomer 14 (as opposed to a more sterically strained 15). The result suggests that the formyl helicene 

species 12 is reactive because there has been a successful conversion towards a dimerised product (i.e., 

14), hence it is unclear why the dimerisation of two [5]helicenes is not occurring (i.e., to form 11). 

Regardless, the results from this test reaction suggests that the solubility of TNF is likely to be poor in 

common organic solvents, a key factor that needs to be addressed before future synthetic efforts. 

 

Figure 4.5 Mechanism showing how the activated lithiated [5]helicene 10a reacts with ethyl formate to form the isolated 

aldehyde [5]helicene 12, which can then be attacked by a second equivalent of a lithiated species either (i) R=[5]helicene in 

the synthesis of the dimer 11 (not isolated); (ii) R=butyl, which undergoes an elimination of H2O to form 13, or (iii) 

R=phenanthrene which forms the intermediate alcohol dimer 11a in situ before cyclising to allow for the isolation of proposed 

structures 14 or 15 upon acidic workup.  

The final brominated precursor dimethylbromophenanthrene 20 was synthesised over five steps, in a 

stepwise sequence adapted from the literature18–20 (Scheme 4.4). First, a Suzuki–Miyaura coupling of 

bromobenzaldehyde and dimethylphenyl boronic acid forms 16, followed by a Corey-Fuchs reaction to 

first synthesise 17 then, 18 in a 78% yield. A simple bromination with NBS followed by gold-mediated 
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cycloisomerisation, involving a 1,2-migration of the bromine atom,20 yields the desired brominated 

precursor 20, in an 80% yield. Although Rusali, L. E. et al.18 encourage microwave heating for the Pd 

catalysed Suzuki-Miyaura reaction to form 16 and the gold-mediated cycloisomerisation reaction to 

form 20, conventional heating was performed more successfully during a scale up of these reactions 

resulting in better yields. Due to the relatively distant location of the microwave facility in the Green 

Chemistry microwave facility at the University of York, reactions were never performed under pristine 

air-free/moisture-free conditions and therefore never reached full completion. Instead, conventional 

heating provided more control over these reaction conditions as well as the ability to monitor the 

reactions.  

 

Scheme 4.4 Five-step synthetic route starting from 1,2-bromobenzaldehyde involving a Suzuki–Miyaura coupling to form 16, 

a Corey-Fuchs reaction (first forming 17 then 18), before a bromination (19) and gold-catalysed cycloisomerisation to form 

dimethylbromophenanthrene 20 which should yield a configurationally stable analogue of TBF. 

Learning from previous attempts to dimerise brominated polyaromatics, the dimerisation of 20 was 

performed over two steps, forming aldehyde 21 initially, before reacting it with a second equivalent of 

5 (after lithiation) to form alcohol dimer 22 in a 75% yield (Scheme 4.5). The successful dimerisation 

of 20 suggests that less electron rich and less sterically bulky brominated analogues of phenanthrene 

are more suitable and favour the formation of the desired dimer, unlike attempts to dimerise 10. 

Subsequent attempts to ring close 22 through a simple dehydration with TFA at room temperature were 

unsuccessful since the isolated material (24) appears to have the same structure as 22, evident from the 

presence of three singlet aromatic peaks with a relative integration of 2:2:2 (i.e., H9 is still present, 

Figure 4.6). The NMR results, combined with qualitative observations (of a colour change to a light 

blue upon addition of TFA) reveal that while there is a chemical change occurring, ring closing is not 

favoured at room temperature. A structure of 24 has been proposed where the species chooses to react 

with EtOAc (presumably) used in the work up (Figure 4.6).  
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Scheme 4.5 Reaction scheme followed to synthesise dimer 22 from 20 through aldehyde 21.  

The ring closing of 22 has been attempted in CHCl3, which is a more acidic solvent than CH2Cl2 and 

enables higher temperatures to be reached upon reflux and therefore was hypothesised to favour the 

formation of the desired product 23. After a 48 h reflux, with no evidence of the formation of 23, the 

reaction mixture was treated with a mild base (Et3N) to recover a derivative of the starting material. 

Harsher yet conditions were attempted, using Scholl oxidation reaction conditions (DDQ and 

CH3SO3H) to push the reaction to product formation. It is difficult to say with certainty whether this 

reaction worked in the way that was expected because Scholl oxidations can lead to unexpected 

structural products all with similar molecular masses.23–25 The 1H NMR spectrum of the major product 

isolated (25) following automated column chromatography reveals a highly symmetric product with 

only three singlet peaks in the aromatic region, indicating that there is a possibility that the fully 

ring-closed, methylated TBF-helicene product MeTBF has formed. Since 2D 1H–13C HMBC analyses 

suggest that the singlet peak at 7.3 ppm is in close proximity to the singlet aromatic peaks at 8.2 and 

8.4 ppm, it will be necessary to grow single crystals suitable for X-ray diffraction in order to confirm 

fully the structure of the material formed after the Scholl oxidation. 

 

Figure 4.6 Structures and stacked 1H NMR (CDCl3, 400 MHz, 298 K) spectra of 22 and the major products 24 (with a proposed 

structure shown) and 25 isolated after attempts to encourage ring closing. 
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4.3 CONCLUSIONS 

Three structural strategies have been adopted to synthesise topologically complex fluorenyl-embedded 

helicenes 7HTBF, MeTBF, and TNF whose configurational stabilities are predicted by DFT 

calculations. Strategies to increase the steric bulk around the inner helix at the terminal benzene ring 

position (either through methylation or benzannulation) are suitable for increasing the Gibbs free energy 

of enantiomerisation such that the resulting helicenes are configurationally stable. In the context of 

trying to choose which strategy might work more reliably in pursuit of configurationally stable 

helicenes, methylation appears to be a more effective strategy (ΔG‡
 (MeTBF) = 37.8 kcal mol-1 

compared to ΔG‡
 (7HTBF) = 34.0 kcal mol-1). However, since both strategies achieve similar results, 

the strategy that is easier to implement synthetically should be adopted. Increasing the chiral complexity 

with a triple helicene design TNF does not result in a configurationally stable helicene because the 

configurational instability of the central fluorenyl-helicene propagates outwards toward the [5]helicene 

‘wings’ lowering their interconversion barriers. However, the study of TNF is still necessary from a 

fundamental perspective to contribute to the underdeveloped field of multihelicenes. DFT and TD-DFT 

calculations provide an insight to the functional optical properties that these helical targets are predicted 

to have once they have been successfully synthesised. The calculations reveal that despite synthetic 

alterations to the TBF core in MeTBF, 7HTBF and TNF, the fluorenyl electronic (i.e., FMOs) and 

optical properties (from simulated UV–vis and CD spectra) are retained. This result suggests that we 

can expect these TBF analogues to behave in a similar manner to the TBFs studied in previous Chapters, 

with efficient absorption, emission and redox characteristics. 

Monobrominated precursors have been synthesised in decent yields and initial dimerization attempts 

have worked to varying extents. Grignard reactions were insufficient at activating the larger π-surfaces, 

therefore lithiation proves to be a more efficient route to forming the fluorenyl methylene bridge. The 

dimerisation of bromo[5]helicene does not go to completion presumably due to the increased steric bulk 

of the [5]helicene compared to phenanthrene. Instead, an intermediate [5]helicene aldehyde prefers to 

react with excess n–BuLi as opposed to activated Li-[5]helicene. On the other hand, dimethylated 

phenanthrene more readily forms the desired alcohol dimer. However, ring-closing attempts to create 

the 5-membered cyclopentadienyl core require extremely harsh Scholl oxidation conditions to push the 

reaction to completion, and there is still some uncertainty about whether the desired helicene has 

formed. While this Chapter has focussed on synthesising the cyclopentadienyl ring by forming the CH2 

bridge upon dimerisation, there are alternative routes that could be trialled to form the fluorenyl core,26 

e.g., by forming the CH2 bridge after aromatic C–C dimerisation first27 (Figure 4.7). 
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Figure 4.7 Alternative routes to forming the fluorenyl core in the synthesis of configurationally stable TBF analogues. 

Tying these conclusions together with the promising results obtained in Chapter 2 with respect to 

efficient aggregate emission and Chapter 3 with regards to the robust redox chemistry of TBFs, the 

results presented in this Chapter suggest that configurationally stable TBF analogues have the potential 

to be efficient multifunctional helicenes that can afford redox states that are solid-state CPL-active for 

potential uses in advanced light-emitting and charge-transporting technologies.  

4.4 SUPPLEMENTARY INFORMATION 

4.4.1 GENERAL MATERIALS AND METHODS 

Materials. Unless stated, all chemicals and reagents were purchased from commercial suppliers 

(Sigma Aldrich, Fisher Scientific, Alfa Aesar and Fluorochem) and used without further purification. 

Tetrakis(triphenylphospine)palladium(0) was prepared according to literature methods.28 Before use, 

n-BuLi was titrated as described by Burchat, A. F et al.29 to obtain its active concentration. Anhydrous 

solvents were obtained from a neutral alumina Solvent Purification System under nitrogen and stored 

over activated (>250 °C at 0.01 mbar overnight) 3 Å molecular sieves under a dry Ar atmosphere.  

Product confirmation. Thin layer chromatography was performed on aluminium-backed silica gel 

plates and visualised under UV irradiation (254 and 365 nm). Automated flash column chromatography 

was performed using a Teledyne ISCO Combiflash NextGen 300+ with detectors using broad range 

UV–vis (200-800 nm) and evaporative light scattering (ELS) under N2 gas and pre-filled RedisepTM 

Gold cartridges (normal phase: SiO2). High-resolution mass spectra were measured on a Bruker 

compact QTOF Atmospheric Pressure Ionisation Time of Flight instrument using an ESI or APCI 

source. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL ECS400D spectrometer 

with working frequencies of 400 MHz for 1H and 101 MHz for 13C. Chemical shifts are reported in ppm 

relative to the signals corresponding to residual non-deuterated solvents (CDCl3: δH 7.26 ppm, δC 77.23 

ppm, DMSO-d6: δH 2.50 ppm, δC 39.57 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 two-dimensional 1H–1H COSY, 1H–13C HSQC and 1H–13C HMBC NMR 

spectroscopies. NMR spectra were processed using MestReNova software, Version 14.  
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Computational analysis. Density functional theory (DFT) calculations were prepared on 

GaussView 6.0 and submitted to the University of York Viking High performance Computing cluster 

and run on Gaussian 16 using Becke’s three-parameter exchange functional with the gradient-corrected 

correlation formula of Lee, Yang and Parr (B3LYP)30,31 paired with the split valence double-zeta 

6-31G(d,p) basis set, PCM solvation model (CH2Cl2) and dispersion corrections (D3BJ)32 unless stated 

otherwise.  

4.4.2 SYNTHETIC DETAILS 

5: A flame-dried crimp-capped vial was charged with N-bromosuccinimide (0.0781 

g, 0.44 mmol, 1.0 equiv.) and chrysene (0.101 g, 0.44 mmol, 1.0 equiv.) under an Ar 

atmosphere with a stirrer bar. DMF (3 mL) was added, and the reaction mixture was 

heated at 60 °C overnight. The reaction was cooled to room temperature and water 

was added to precipitate the solid. The precipitate was collected by vacuum filtration, 

washed with water and the minimum amount of MeOH and n-hexanes. Column 

chromatography is not a suitable separation technique to isolate pure singly 

brominated chrysene, nevertheless, 5 (83.8 mg, 0.27 mmol, 62%) was isolated as a 

mixture of singly and dibrominated chrysene, confirmed by 1H NMR spectroscopy.  

1H NMR (CDCl3, 400 MHz, 298 K) δH 9.04 (s, 1H1), 8.80–8.76 (m, 1H2), 8.71–8.64 (m, 2H6,8),  

8.46–8.42 (m, 1H5), 8.04–7.97 (m, 2H7,9), 7.79–7.71 (m, 3H3,4,11), 7.66 (ddd, J = 8.0, 6.9, 1.2 Hz, 1H10); 

ESI–HRMS (νe+, CH2Cl2) calculated for C18H11Br: m/z = 307.0122 [M+H]+; found 307.0119 [M+H]+ 

Spectroscopic data were consistent with those published previously.33 

6: To a flame-dried round bottomed flask with a stirrer bar was added rac-BINOL 

(2.88 g, 10 mmol, 1.0 equiv.) and the flask was subjected to an Ar atmosphere. 

Anhydrous CH2Cl2 (80 mL) was added, and the reaction mixture was stirred 

before adding distilled pyridine (3 mL). The reaction vessel was cooled to 0 °C in 

an ice bath and trifluoromethanesulfonic dianhydride (3.5 mL) was added 

dropwise over 15 minutes. After stirring at room temperature for 5 hours, the 

reaction mixture was cooled in an ice bath to 0 °C and was quenched with HCl (1 M, 20 mL) followed 

by an extraction in CH2Cl2 (40 mL). The aqueous layer was washed once with CH2Cl2 (40 mL), then 

the combined organic layers were washed with saturated sodium bicarbonate (25 mL) followed by brine 

(25 mL). The combined organic layers were dried over MgSO4 and concentrated to yield 6 (5.39 g, 9.79 

mmol, 98%) as a white colourless solid which was dried on the Schlenk line overnight.  

1H NMR (DMSO-d6, 400 MHz, 298 K): δH 8.47 (d, J = 9.1 Hz, 2H1), 8.25–8.21 (m, 2H3/6), 7.82 (d, J 

= 9.1 Hz, 2H2), 7.69 (ddd, J = 8.2, 6.9, 1.2 Hz 2H4/5), 7.52 (ddd, J = 8.4, 6.9, 1.3 Hz, 2H4/5), 7.13–7.09 

(m, 2H3/6); 13C NMR (DMSO-d6, 101 MHz, 298 K): δC
 133.0, 132.4, 132.2, 128.8, 128.6, 127.7, 125.9, 

122.4, 119.2; 19F NMR (DMSO-d6, 377 MHz, 298 K): δF
 –74.51; ESI–HRMS (νe+, CH2Cl2) calculated 
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for C22H12F6O6S2: m/z = 572.9877 [M+Na]+; found 572.9864 [M+Na]+ Spectroscopic data matched that 

reported in the literature.15,21 

7: To a flame-dried two-necked round bottomed flask with a stirrer bar was added 

6 (0.563 g, 1.02 mmol, 1.0 equiv.), Ni(dppp)Cl2 (42 mg, 0.08 mmol, 0.08 equiv.) 

and the flask was subjected to an Ar atmosphere. Diethyl ether (8 mL) was added, 

and the stirred reaction mixture was cooled to 0 °C in an ice bath before methyl 

magnesium bromide (1.33 mL, 3.0 M in diethyl ether solution, 4.0 mmol, 4.0 equiv.) 

was added slowly over 5 minutes. The yellow reaction mixture was then heated to reflux overnight, and 

a colour change to dark red was observed. Once complete (confirmed by TLC in 5% CH2Cl2 in 

n-hexanes) the flask was cooled to 0 °C in an ice bath, the reaction was quenched slowly with water 

(10 mL) and HCl (1 M, 10 mL) and extracted with diethyl ether. The aqueous layer was washed with 

diethy ether (20 mL) and the combined organic layers were washed with saturated aq. NaHCO3 (25 

mL) followed by brine (25 mL). The combined organic layers were dried over MgSO4 and concentrated 

to yield 7 (0.263 g, 0.932 mmol, 91%) as a yellow oil that was pure enough to use in the next step 

without further purification.  

1H NMR (CDCl3, 400 MHz, 298 K): δH 7.92–7.87 (m, 4H2,7), 7.52 (d, J = 8.4 Hz, 2H3), 7.40 (ddd, J = 

8.1, 6.7, 1.2 Hz, 2H6), 7.21 (ddd, J = 8.3, 6.7, 1.3 Hz 2H5), 7.07–7.04 (m, 2H4), 2.05 (s, 6H1); 13C NMR 

(DMSO-d6, 101 MHz, 298 K): δC
 134.3, 133.7, 132.0, 131.8, 128.6, 128.0, 127.4, 126.2, 124.9, 124.7, 

19.5; Spectroscopic data matched that reported in the literature.15,21 

8: To a flame-dried two-necked round bottomed flask with a stirrer bar 

connected to a condenser was added N-bromosuccinimide (7.20 g, 40.5 mmol, 

19 equiv.) and dibenzoyl peroxide (94 mg, 0.388 mmol, 0.18 equiv.). The flask 

was evacuated and subjected to an Ar atmosphere. A solution of 7 (0.596 g, 2.11 

mmol, 1.0 equiv.) in CCl4 (15 mL) was added and the reaction flask was heated 

to reflux for 40 hours. The reaction vessel was cooled to room temperature, filtered and the filtrate 

concentrated before the crude residue was taken up in CH2Cl2 (25 mL) and extracted with water (20 

ml). The aqueous layer was extracted with CH2Cl2 (2 x 20 mL), the combined organic layers were 

washed with saturated aq. NaHCO3 (2 x 30 mL), followed by water (2 x 30 mL), dried under MgSO4 

and concentrated. The crude residue was purified by column chromatography (silica gel, 20% CH2Cl2 

in n-hexanes) to yield 8 (1.079 g, 1.80 mmol, 85%) as a pale yellow/white solid. 

1H NMR (CDCl3, 300 MHz, 298 K): δH 8.24 (d, J = 8.8 Hz, 2H2), 8.15 (d, J = 8.8 Hz, 2H3), 7.95 (dd, 

J = 8.2, 1.3 Hz, 2H7), 7.53 (ddd, J = 8.2, 6.9, 1.2 Hz 2H6), 7.30 (ddd, J = 8.3, 6.9, 1.3 Hz, 2H5), 6.98, 

(d, J = 8.3 Hz, 2H4), 6.21 (s, 2H1); 13C NMR (CDCl3, 101 MHz, 298 K): 138.3, 133.8, 130.8, 130.8, 

128.3, 127.9, 127.9, 127.7, 127.6, 126.5, 39.1. Spectroscopic data matched that reported in the 

literature.15,21 
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9: Into a flame-dried round bottomed flask with a stirrer bar was added 8 

(0.133 g, 0.22 mmol, 1.0 equiv.) and anhydrous DMF (5 mL) and cooled in an 

ice bath to 0 °C. t-BuOK (0.3895 g, 3.47 mmol, 15 equiv.) was added slowly 

in portions over 15 minutes and the temperature of the flask monitored to 

control the exotherms. After 30 minutes the reaction mixture was poured into 

aq. HCl (10 mL, 0.12 M) to precipitate out the product. 1 M HCl was added 

until the pH dropped from 10 to 1. The precipitate was filtered and triturated with MeOH, then dried 

under vacuum to give a yellow powder (0.0392 g, 0.090 mmol, 39%). The filtrate and the aqueous phase 

were extracted with diethyl ether (3 x 30 mL) to isolate more product from the DMF, dried under MgSO4 

and concentrated to yield 9 as a brown/yellow powder (0.0668 g) that needs to be purified further. 

1H NMR (CDCl3, 300 MHz, 298 K): δH 8.46 (d, J = 8.9 Hz, 2H2), 8.24 (d, J = 8.9 Hz, 2H3),  

8.01–7.92 (m, 4H4,7), 7.54 (ddd, J = 8.0, 6.9, 1.1 Hz 2H6), 7.27–7.21 (m, 2H5); APCI–HRMS (νe+, 

CH2Cl2) calculated for C22H12Br2: m/z = 434.9306 [M+H]+; found 434.9399 [M+H]+ Spectroscopic data 

matched that reported in the literature.15,21 

10: A flame-dried 2-necked round bottomed flask fitted with a condenser was 

charged with 7,8-dibromo[5]helicene, 9 (262 mg, 0.60 mmol, 1.0 equiv) and 

non-activated zinc dust (191 mg, 2.93 mmol, 5.0 equiv) and the flask was 

evacuated and back-filled with argon. Glacial acetic acid (20 mL) was added 

via syringe and the contents heated to reflux at 130 ºC for 5 h. Once the 

reaction was confirmed to be complete by 1H NMR analysis of a crude 

sample, the reaction mixture was filtered while hot to remove any excess zinc. The filtrate was allowed 

to cool down to room temperature overnight over which point the desired product slowly precipitated 

out of solution. The light cream solid was filtered and washed with water to afford a mixture of 

7-bromo[5]helicene, 10 and [5]helicene (145 mg total, 86% of total solid is the desired product).  

1H NMR (CDCl3, 400 MHz, 298 K): 8.43 (d, J = 8.6 Hz, 1H8), 8.36 (dd, J = 8.7, 3.4 Hz, 2H), 8.20 (s, 

1H7), 8.00–7.91 (m, 4H), 7.79 (d, J = 8.6 Hz, 1H9), 7.56–7.49 (m, 2H), 7.30–7.22 (m, 2H);  

APCI–HRMS (νe+, CH2Cl2) calculated for C22H13Br: m/z = 357.0279 [M+H]+; found 357.0275[M+H]+ 

Spectroscopic data matched that reported in the literature.15,21 

12/13: A flame-dried round-bottomed flask with a stirrer bar, under an 

atmosphere of N2 was charged with 10 (0.217 g, 0.61 mmol, 1.0 equiv.) 

and dry THF (10 mL) and cooled to –96 °C in a liq. N2/acetone bath. 

n-BuLi (0.35 mL, 0.88 mmol, 2.5 M in n-hexanes) was added dropwise to 

the reaction mixture and it was stirred for 2 h under N2 and at –96 °C. A 

solution of ethyl formate (0.05 mL, 0.62 mmol, 1.0 equiv.) in THF (1 mL) 

was added to the reaction mixture dropwise and the reaction flask was allowed to slowly warm up to 
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room temperature. A crude 1H NMR spectrum of the reaction mixture after 2 h shows consumption of 

starting material therefore the reaction mixture was quenched with 1 M HCl (5 mL), added slowly. The 

reaction mixture was extracted with CH2Cl2 (3 x 10 mL) before the combined organic layers were 

washed with sat. aq. NaHCO3 (10 mL), followed by brine (10 mL). The organic layers were finally 

dried over Na2SO4 and concentrated. Product 12 (64.9 mg, 0.21 mmol, 34%) and product 13 (11.4 mg, 

0.033 mmol, 5%) were isolated by automated column chromatography (SiO2: 5–10% EtOAc in 

n-hexanes) as colourless solids. 

12: 1H NMR (CDCl3, 400 MHz, 298 K): 10.54 (s, 1H14), 9.32 (d, J = 9.0 Hz, 1H8), 8.41–8.34 (m, 

3H1,7,13), 8.12–8.06 (m, 1H9), 8.02–7.96 (m, 4H4,5,6,10), 7.63–7.52 (m, 2H2,12), 7.32–7.27 (m, 1H3,11); 

APCI–HRMS (νe+, CH2Cl2) calculated for C23H14O: m/z = 307.1123 [M+H]+; found 307.1110 [M+H]+ 

Spectroscopic data matched that reported in the literature.22 

13: 1H NMR (CDCl3, 400 MHz, 298 K): 8.43 (dd, J = 8.7, 2.8 

Hz, 2H1), 8.37 (dd, J = 9.3, 1.2 Hz, 2H13), 8.20 (d, J = 9.0 Hz, 

1H5), 8.13 (d, J = 9.0 Hz, 1H6), 8.04 (d, J = 9.2 Hz, 2H8,9),  

7.97–7.87 (m, 10H4,5,6,7,8’,9’,10), 7.51 (ddd, J = 7.9, 6.7, 1.2 Hz, 

4H3,11), 7.27–7.22 (m, 4H2,12), 5.58 (ddd, J = 9.9, 8.1, 4.4 Hz, 

2H14), 2.10–2.03 (m, 2H15), 1.66–1.50 (m, 4H16), 1.46–1.36 (m, 

4H17), 0.95–0.90 (m, 6H18); APCI–HRMS (νe+, CH2Cl2) calculated for C23H14O: m/z = 347.1800 

[M+H]+; found 347.1794 [M+H]+ 

16: A flame-dried round-bottomed flask fitted with a condenser and a stirrer 

bar under an atmosphere of N2 was charged with 2-bromobenzaldehyde 

(2.032 g, 11.0 mmol, 1.0 equiv.), 3,5-dimethylphenyl boronic acid (1.953 g, 

13.0 mmol, 1.2 equiv.), caesium fluoride (4.651 g, 30.6 mmol, 2.8 equiv.) 

and tetrakis(triphenylphospine)palladium(0) (0.681 g, 0.59 mmol, 5 mol%) 

all dissolved in degassed, anhydrous 1,2-dimethoxyenthane (20 mL). The 

resulting yellow suspension was heated to 80 °C and monitored by mass 

spectrometry. After 4 hours, following complete consumption of 2-bromobenzaldehyde, the reaction 

mixture was diluted with EtOAc (50 mL) and water (50 mL) and separated. The resulting aqueous layer 

was washed with EtOAc (3 x 50 mL) and the combined organic layers dried over Na2SO4 and 

concentrated. The desired product 16 (2.154 g, 10.2 mmol, 97%) was isolated by automated column 

chromatography (SiO2: 1% EtOAc in n-hexanes) as a colourless solid. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 10.0–9.98 (m, 1H9), 8.01 (dd, J = 7.8, 1.4 Hz, 1H8), 7.62 (td, J 

= 7.8, 1.4 Hz, 1H6), 7.51–7.40 (m, 2H5,7), 7.08 (s, 1H10), 6.99–7.00 (m, 2H2,4), 2.37–2.40 (m, 6H1,3); 13C 

NMR (CDCl3, 101 MHz, 298 K) δC 192.9, 146.5, 138.2, 137.8, 133.9, 133.6, 130.8, 129.9, 128.2, 127.7, 
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127.5, 21.5; ESI–HRMS (νe+, CH2Cl2) calculated for C15H14O: m/z = 233.0937 [M+Na]+; found 

233.0940 [M+Na]+ Spectroscopic data matched that reported in the literature.18–20 

17: CBr4 (1.554 g, 4.68 mmol, 2.7 equiv.) was added portion wise to a cooled 

solution of PPh3 (2.278 g, 8.68 mmol, 5.0 equiv.) in CH2Cl2 (25 mL) and the 

resulting orange suspension was stirred for 10 minutes at 0 °C. A solution of 

16 (0.361 g, 1.72 mmol, 1.0 equiv.) in CH2Cl2 (25 mL) was added dropwise. 

The reaction was kept at 0 °C for 1 h, while the reaction was monitored by 

TLC (5% EtOAc/n-hexanes). Upon completion of the reaction, the reaction 

mixture was quenched with brine (20 mL) and separated. The aqueous layer was washed with CH2Cl2 

(3 x 30 mL) and the combined organic layers dried over Na2SO4 and concentrated. The crude solid was 

dissolved in hexanes and triturated (with sonication) then filtered, three times to remove traces of 

triphenylphosphine oxides. The combined filtrates were concentrated and purified by automated 

column chromatography (SiO2: 5% EtOAc in n-hexanes) to yield 17 (0.500 g, 1.36 mmol, 80%) as a 

colourless oil. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 7.70–7.67 (m, 1H8), 7.42–7.33 (m, 3H5,6,7), 7.22 (d, J = 0.9 Hz, 

1H10), 7.02 (s, 1H9), 6.96–6.94 (m, 2H2,4), 2.37–2.39 (m, 6H1,3); 13C NMR (CDCl3, 101 MHz, 298 K) 

δC 141.4, 140.1, 137.9, 137.9, 133.9, 129.9, 129.3, 129.3, 128.7, 127.6, 127.1, 90.5, 21.5. Spectroscopic 

data matched that reported in the literature.18–20 

18: A flame-dried round-bottomed flask with a stirrer bar, under an 

atmosphere of N2 was charged with 17 (0.651, 1.78 mmol, 1.0 equiv.) and 

dry THF (25 mL) and cooled to –96 °C in a liq. N2/acetone bath. n-BuLi (2.4 

mL, 3.55 mmol, 1.6 M in n-hexanes) was added dropwise to the reaction 

mixture and it was stirred for 2.5 h under N2 and at –96 °C. The reaction was 

quenched with water (15 mL) and allowed to warm up to rt before being 

extracted with Et2O (3 x 30 mL). The combined organic layers were dried with Na2SO4 and 

concentrated. The desired product 18 (0.285 g, 1.38 mmol, 78%) was isolated by automated column 

chromatography (SiO2: 2% EtOAc in n-hexanes) as a clear oil. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 7.63–7.60 (m, 1H8), 7.42–7.35 (m, 2H5,7), 7.31–7.27 (m, 1H6), 

7.23–7.21 (m, 2H2,10), 7.03 (s, 1H4), 3.05 (s, 1H9), 2.39–2.37 (m, 6H1,3); 13C NMR (CDCl3, 101 MHz, 

298 K) δC 144.8, 140.3, 137.6, 134.0, 129.7, 129.3, 129.0, 127.2, 126.9, 120.5, 83.3, 80.1, 21.5;  

APCI–HRMS (νe+, CH2Cl2) calculated for C16H14: m/z = 207.1168 [M+H]+; found 207.1165 [M+H]+. 

Spectroscopic data matched that reported in the literature.18,20 
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19: A flame-dried round bottomed flask under an atmosphere of N2 was 

charged with 18 (0.810 g, 3.92 mmol, 1.0 equiv.) and dissolved in acetone 

(100 mL). N-bromosuccinimide (0.736 g, 4.13 mmol, 1.05 equiv.) and 

silver(I) nitrate (65.9 mg, 0.39 mmol, 0.1 equiv.) were added and the reaction 

allowed to proceed at room temperature under light-free conditions for 3 

hours. After the reaction was complete, confirmed by TLC (5% 

EtOAc/n-hexanes), the reaction mixture was concentrated to dryness. 

n-Hexanes (50 mL) was added to the crude material and triturated (with sonication), before being 

filtered through a pad of celite. The filtrate was concentrated to yield the desired product 19 (1.083 g, 

3.80 mmol, 97%) as a yellow oil without any need for any further purification. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 7.55 (dd, J = 7.7, 1.0 Hz, 1H8), 7.40–7.37 (m, 2H5,7), 7.31–7.26 

(m, 1H6), 7.23–7.21 (m, 2H2,10), 7.03 (s, 1H4), 2.40–2.38 (m, 6H1,3); 13C NMR (CDCl3, 101 MHz, 298 

K) δC 144.7, 140.0, 137.7, 133.7, 129.6, 129.3, 129.0, 127.1, 127.0, 121.0, 79.9, 52.3, 21.5;  

APCI–HRMS (νe+, CH2Cl2) calculated for C16H13Br: m/z = 285.0273 [M+H]+; found 285.0260 

[M+H]+ Spectroscopic data matched that reported in the literature.18,20 

20: A flame-dried round bottomed flask fitted with a condenser and a stirrer bar, 

under an atmosphere of N2 was charged with 19 (1.085 g, 3.80 mmol, 1.0 equiv.), 

AuCl (0.201 g, 0.86 mmol, 20 mol%) and anhydrous and degassed toluene and 

heated to 80 °C. A TLC of the reaction mixture (10% EtOAc in n-hexanes) 

confirmed the reaction was complete after 20 h. The crude material was purified 

by automated column chromatography (SiO2: 5% EtOAc in n-hexanes) to yield 

the desired product 20 (0.942 g, 3.30 mmol, 87%) as a pale-yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 8.72–8.67 (m, 1H8), 8.37–8.32 (m, 2H5,9), 8.27 (s, 1H4),  

7.70–7.66 (m, 2H6,7), 7.30 (s, 1H2), 2.70 (s, 3H1/3), 2.57 (s, 3H1/3); 13C NMR (CDCl3, 101 MHz, 298 

K): δC 136.6, 134.2, 131.6, 130.4, 130.3, 130.2, 129.3, 128.1, 127.4, 127.3, 127.0, 123.3, 120.9, 120.8, 

22.2, 19.8; APCI–HRMS (νe+, CH2Cl2) calculated for C16H13Br: m/z = 285.0273 [M+H]+; found 

285.0283 [M+H]+ Spectroscopic data matched that reported in the literature.18–20 

21: A flame-dried round bottomed flask with a stirrer bar, under an 

atmosphere of N2 was charged with 20 (0.199 g, 0.70 mmol, 1.0 equiv.) and 

dry THF (15 mL) and cooled to –96 °C in a liq. N2/acetone bath. n-BuLi 

(0.3 mL, 0.73 mmol, 2.5 M in n-hexanes) was added dropwise to the 

reaction mixture and it was stirred for 2 h under N2 and at –96 °C. A colour 

change to a deep purple indicated activation of the aromatic core. 

Anhydrous DMF (1.1 mL, 14.0 mmol, 20 equiv.) was added to the reaction 

mixture and stirred for an additional 2 h at –96 °C. A colour change to yellow indicated quenching of 
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the lithiated species. The reaction mixture quenched additionally with saturated aq. NH4Cl and extracted 

with CH2Cl2 (3 x 20 mL). The combined organic layers were dried over Na2SO4 and concentrated. The 

desired product 21 (0.130 g, 0.56 mmol, 80%) was isolated by automated column chromatography 

(SiO2: 5–10% EtOAc in n-hexanes) as a colourless solid. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 10.39 (s, 1H10), 9.40–9.36 (m, 1H5), 8.74–8.69 (m, 1H8), 8.44 

(s, 1H9), 8.36 (s, 1H4), 7.74–7.68 (m, 2H6,7), 7.36 (s, 1H2), 2.81 (s, 3H1), 2.61 (s, 3H3); 13C 

NMR (CDCl3, 101 MHz, 298 K): δC 194.011, 140.518, 137.69, 137.016, 133.613, 130.914, 130.52, 129.415, 

128.312, 128.17, 127.56, 127.217, 125.95, 123.18, 121.14, 22.63, 19.81; APCI–HRMS (νe+, CH2Cl2) 

calculated for C17H14O: m/z = 235.1045 [M+H]+; found 235.1062 [M+H]+ 

22: A flame-dried round bottomed flask with a stirrer bar, under an 

atmosphere of N2 was charged with 20 (0.159 g, 0.56 mmol, 1.0 

equiv.) and dry THF (5 mL) and cooled to –96 °C in a liq. N2/acetone 

bath. n-BuLi (0.24 mL, 0.61 mmol, 2.5 M in n-hexanes) was added 

dropwise to the reaction mixture and it was stirred for 2 h under N2 

and at –96 °C. A colour change to a deep purple indicated activation 

of the aromatic core. After 2 h, a solution of 21 (0.127 g, 0.54 mmol, 1.0 equiv.) in dry THF (5 mL) was 

added dropwise and the reaction mixture was allowed to warm up slowly to room temperature and 

stirred for an additional 3 hours. A TLC (5% EtOAc/n-hexanes) confirmed complete consumption of 

21, after which the reaction was quenched with saturated aq. NH4Cl (10 mL) and the reaction mixture 

extracted with EtOAc (15 mL). The aqueous layer was washed with EtOAc (3 x 15 mL), and the 

combined organic layers dried over Na2SO4 and concentrated. The desired product 22 (0.178 g, 0.40 

mmol, 75%) was isolated by automated column chromatography (SiO2: 5–10% EtOAc in n-hexanes) 

as a colourless solid. 

1H NMR (CDCl3, 400 MHz, 298 K) δH 8.78–8.73 (m, 2H5), 8.35 (s, 2H4), 8.10 (d, J = 8.3 Hz, 2H8), 

7.97 (s, 2H9), 7.63 (ddd, J = 8.3, 7.0, 1.3 Hz, 2H7), 7.52 (ddd, J = 8.3, 7.0, 1.3 Hz, 2H6), 7.22 (s, 3H2,10), 

2.57 (s, 6H1), 2.43 (s, 6H3).; 13C NMR (CDCl3, 101 MHz, 298 K): δC 136.217, 135.414, 135.315, 131.112, 

130.711, 130.113, 129.92, 128.216, 126.76, 126.37, 124.68, 123.75, 122.39, 120.54, 70.710, 22.23, 

19.81; APCI–HRMS (νe+, CH2Cl2) calculated for C33H28O: m/z = 463.2032 [M+Na]+; found 463.2041 

[M+Na]+ 
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4.4.3 NMR SPECTRA OF SELECTED COMPOUNDS 

 

Figure S4.1 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 13 
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Figure S4.2 1H–1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of 13 
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Figure S4.3 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 14 or 15 
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Figure S4.4 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 21 
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Figure S4.5 13C NMR (CDCl3, 101 MHz, 298K) spectrum of 21 
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Figure S4.6 1H–13C HSQC NMR (CDCl3, 101 MHz, 298K) spectrum of 21 
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Figure S4.7 1H–13C HMBC NMR (CDCl3, 101 MHz, 298K) spectrum of 21 
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Figure S4.8 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 22 
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Figure S4.9 13C NMR (CDCl3, 101 MHz, 298K) spectrum of 22 
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Figure S4.10 1H–13C HSQC NMR (CDCl3, 101 MHz, 298K) spectrum of 22 
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Figure S4.11 1H–13C HMBC NMR (CDCl3, 101 MHz, 298K) spectrum of 22 
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4.4.4 DFT ANALYSES 

DFT calculations were performed to obtain geometrically optimised structures of all enantiomers and 

the transition state structures for the interconversion between enantiomers of A-OH, A-H, B-OH, 

TBF-A•, 7HTBF, MeTBF and TNF using (U)B3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model 

or unrestricted conditions for open-shell structures. Ground state geometries were verified by 

convergence to a minimum stationary point and no negative vibrational frequencies observed. 

Time dependent DFT (TD-DFT) calculations were performed for the first 20 states of each compound 

using B3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model and in some cases natural transition 

orbital (NTO) analysis was performed on specific excited states to understand qualitatively what 

occupations of orbitals gave rise to those excited state transitions. 

Structures of transition states for the interconversion between the M- and P- enantiomers of the TBF 

library were optimised using the Berny approximation34 using (U)B3LYP(GD3BJ)/6-31G(d,p) in a 

CH2Cl2 solvent model starting from a random guess. Transition states were verified by the appearance 

of a negative imaginary frequency which when animated mirrored the translational motion that would 

depict enantiomeric interconversion. Single point energy calculations were performed so that energies 

of the enantiomers and transition states could be compared to determine the energy barrier for the 

interconversion to provide insight into the configurational stability of the studied molecules. 

 

Figure S4.12. TD-DFT and NTO analyses for the first excited state of P,M,P-TNF 

 

4.4.4.1 CARTESIAN COORDINATES 

Cartesian coordinates for the optimised structures of the TBF-based helicenes studied are summarised 

here. 

https://drive.google.com/file/d/15phHexJzRTMYAEGOnhHQdsZrFBiPfL7R/view?usp=sharing
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SYNOPSIS 

 

There is a limit to how well carbohelicenes can perform as efficient chiral light-emitting and charge 

transporting materials for advanced chiroptoelectronic applications. Therefore, heteroatoms embedded 

into helicenes serve the purpose of boosting their performances and introducing additional relevant 

functionality. This chapter discusses two synthetic targets Acr-OH and MDI-TBF that are pursued 

whose structures are based on the TBF framework. Acr-OH, where a redox-active acridine is non-

conjugatively substituted in the head position of TBF, forms dimers in solution that are held together 

by intermolecular hydrogen bonds (H-bonds). These intermolecular dimers appear to stay intact upon 

excitation, resulting in large observed emission Stokes shifts (Δλ = 93 nm). Acr-OH is quite sensitive 

to the addition of H2O, which disrupts these H-bonds and breaks apart the dimers revealing the 

monomeric behaviour of Acr-OH in solution. Then, in the second part of this Chapter, the redox 

properties of an intermediate MDI-dimer 4 that has been isolated in the pursuit of MDI-TBF (where 

heteroatoms would be conjugated into the TBF framework) are studied. The results reveal how 

favourably 4 accepts electrons compared to its monomer H2MDI. The ease with which 4 accepts 

electrons is due to extended conjugation between MDI units, enhanced by an increase in double bond 

character of the C–C bond that joins the MDI units in the dimer and is confirmed by SEC analyses. 

Interrogation of the DFT structures of the reduced states of MDI-TBF highlight a largening of helical 

fjord parameters upon reduction, suggesting an increase in its configurational stability.  It is evident 

from these two examples that the embedding of heteroatoms results in fluorenyl-embedded helicenes 

with emergent multifunctionality that make them suitable for use as sensing or charge transporting 

materials.  
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5.1 INTRODUCTION 

So far, the research Chapters this Thesis have solely discussed carbon-containing polyaromatic 

frameworks with non-planar and contorted structures that are based off the TBF moiety. The central 5-

membered cyclopentadienyl ring has been crucial to enabling the optical and redox properties observed 

for the systems discussed. However, in general, without additional substituent functionalisation to the 

helicene framework (or through heteroatom doping), carbohelicenes suffer from relatively low PLQYs 

and poor charge carrier mobilities.1,2 Chapter 1 discussed examples where researchers have been 

successful at introducing additional functionality to fluorenyl-based helicenes by incorporating 

heteroatoms into the helical framework to enable and tune multifunctional and stimuli responsive 

behaviours. They achieved this feat by swapping out the methylene carbon atom in fluorene for 

heteroatoms such as N, S, O, B, P and Si.3–9 Therefore, there are benefits to introducing redox-active 

heteroatom moieties to TBF structures in order to induce new (electro)chemical responsiveness and 

functionality.  

Since the TBF core is electron rich (due to its tetrabenzannulated wings), it seems appropriate to pair it 

with electron-deficient heteroatom-based moieties in order to study fundamental charge-transfer 

properties, as has been conducted for smaller fluorenes.10 In particular, acridiniums (or acridines in their 

neutral forms) – isostructural with anthracene – exhibit profound changes to their electronic properties 

and/or shape upon redox, acid/nucleophile or mechanical stimuli.11 These stimuli-dependent behaviours 

have enabled their development as multi-responsive recognition units12,13 (Figure 5.1a). In addition, 

researchers have had success with sculpting helical aromatic systems from highly electron-deficient 

diimides (Figure 5.1b). These helicene diimides display typical n-type redox behaviours inherent to 

linear and flat aromatic diimides but with enhanced emission in both solution and the solid-state 

(PLQYsolid of up to 0.17). While heteroatom-based non-planar systems exhibit enhanced intrinsic redox 

and optical properties, they also introduce novel ways for molecules to interact supramolecularly e.g., 

through H-bonds14 leading to the emergence of novel bulk material properties in their aggregate forms 

(e.g., thin-films), which are arguably more relevant for device-like applications. To this end, the design 

of electron deficient heterohelicenes is required to enhance the performance of current chiral organic 

semiconductors and emitters for use in advanced technological applications. 

In this Chapter, introducing heteroatoms to helical frameworks was approached in two different ways. 

Firstly, while providing kinetic stability to fluorenyl radicals, an acridine moiety is used as a substitute 

for anthracene (Figure 5.1c) in Acr-OH. The design of the structure of Acr-OH results in the electron-

deficient acridine unit being bound non-conjugatively in the head-position of the electron rich TBF 

framework, which paves the way for the study of charge transfer processes. In fact, AEE studies of 

Acr-OH highlight the strong tendency for the molecule to form intermolecular H-bonds in non-polar 

solvents that are disrupted upon addition of polar solvents such as water which competes for these H-
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bonding sites. The second method discussed in this Chapter involves sculpting diimide units around a 

fluorenyl core to create a highly electron accepting helical framework (Figure 5.1d). The design of this 

helicene introduces heteroatoms into the [5]helical framework in a mellaphanic diimide (MDI)/TBF 

hybrid MDI-TBF. Here, the flat but non-linear mellaphanic diimide replaces the electron-rich 

phenanthrenes as the ‘wings’ of the structure. The synthesis of this target has proved to be difficult to 

achieve, however a study of the optoelectronic properties of an MDI-dimer was undertaken and was 

compared to results obtained for a regioisomer of MDI based on a pyromellitic diimide (PMDI – here 

the diimide groups are placed para to each other rather than ortho as in MDI). The redox properties of 

the MDI-dimer along with DFT calculations of MDI-TBF revealed the potential that MDI-TBF has in 

acting as a redox-controlled chirality lock.  

 

Figure 5.1 (a) Structures depicting the multi-responsive electronic properties of acridines under different stimuli. (b) Examples 

of linear flat aromatic diimides and analogous non-planar helicene diimides. Chemical structures of targeted hetero-substituted 

TBF inspired helicenes including (c) Acr-OH and (d) MDI-TBF. 

5.2 RESULTS AND DISCUSSION 

5.2.1 ACRIDINYL-TBFS 

In Chapter 2, the synthesis, optical and aggregation behaviours of TBF moieties substituted with an 

anthracene were discussed. Then in Chapter 3, discussions are presented focussing on how this bulky 

anthracene enables ambient stable organic radicals to be isolated and studied. The swapping of an 
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anthracenyl head-substituent with an acridinyl head-substituent was performed to introduce a nitrogen 

atom para to the 17-position in TBF, in order to understand how the optical and aggregation properties 

of the resulting TBF, Acr-OH change compared to A-OH (studied in Chapter 2). Its synthesis was 

performed in a similar manner to A-OH (Scheme 5.1) using 9-bromoacridine (provided by collaborator 

Dr. Henri-Pierre Jacquot de Rouville at the University of Strasbourg), under n-BuLi conditions with the 

TBF ketone TBF=O.  

 

Scheme 5.1 Synthesis of Acr-OH from 9-bromoacridine and TBF ketone TBF=O 

1H NMR spectroscopic analyses (Figure 5.2a) reveal a non-symmetric structure on account of two sets 

of proton peaks on the acridine moiety (pink circles, Figure 5.2a), similar to the structural features of 

A-OH. The chemical shift corresponding to one of the H12 protons on the acridine moiety is 

significantly shifted downfield suggesting a deshielding effect from the hydroxy group in close 

proximity. The solubility of Acr-OH is worse than A-OH in the same organic solvents and is evidenced 

by the poor signal-to-noise of the 1H NMR spectrum, even though the sample is prepared to saturation. 

As a result, the proton signals in the 1H NMR spectrum appear broader than in A-OH, potentially 

indicating some form of aggregation that is occurring in solution. Alternatively, the broadness of the 

NMR signals could be as a result of dynamic motion in solution from rotation of the acridine group 

around the C–C single bond in the head position. 

A single-crystal X-ray structure of Acr-OH (Figure 5.2b) was obtained by evaporation from a solution 

of EtOAc and n-hexanes. Analysis of this structure reveals that Acr-OH crystallises out as a 

heterochiral dimer that is held together by a strong OH∙∙∙N hydrogen bond (2.07 Å). The helical 

parameters of the non-planar TBF (i.e., its interplanar angle φ = 43.7°, average torsional angle θ =18.1° 

and the distance between the inner fjord protons dHH = 2.23 Å) are slightly larger than for other TBF 

structures studied in Chapter 2 (φ = 38.6–41.7°, θ = 16.5–17.2° and dHH = 2.12–2.22 Å). These 

differences arise as a result of the different packing structures and solvent interactions in this solvate, 

however the structure of Acr-OH remains looser in helical pitch compared to [5]helicene (φ = 47.3°, θ 

= 22.1° and dHH = 2.60 Å). In addition to intermolecular OH∙∙∙N bonds, there exist π∙∙∙π interactions 

(3.45 Å) which hold the superstructure together in alternating M– and P– enantiomers (Figure 5.3d vida 
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infra). Hirschfeld surface analysis is a useful tool to understand what close contacts exist in a crystalline 

material, because it provides a straightforward visualisation of intermolecular interactions. From the 

surface constructed, regions in red, white and blue represent interatomic distances closer, equal or 

greater than the sum of their van der Waal radii. Hirschfeld analysis (Figure 5.2c) confirms that the 

major intermolecular interactions that contribute to red spots on the surface are from strong hydrogen 

bonds (which accounts for 3.7% of the entire Hirschfeld surface), while C∙∙∙C (i.e., weak π∙∙∙π) and 

C∙∙∙H interactions contribute 8.2% and 30.8% respectively of the surface. 

 

Figure 5.2. (a) Partial 1H NMR (CDCl3, 400 MHz, 298 K) spectrum of Acr-OH. Acridinyl protons are represented with a 

pink circle and TBF protons with a green star; all other proton signals are labelled. (b) Unit cell representation of the single 

crystal X-ray structure of Acr-OH where hydrogen bonds and distances are highlighted in orange, interplanar angles and 

average torsional angles in dark blue. (c) Hirschfeld surface generated for the single crystal X-ray structure of Acr-OH 

including its fingerprint region and a table highlighting the % surface area of particular atom-atom interactions to the overall 

surface. 

The solution-state optical properties of Acr-OH were studied by UV–vis absorption and fluorescence 

spectroscopy in THF (10 µM; Figure 5.3a). Acr-OH absorbs between 325–435 nm (similar to other 

TBFs studied in Chapter 2) identified as the π-π* transition of the TBF core, revealing that the acridine 

moiety does not interfere with TBF photophysics. In addition, the vibrational features of the absorption 

band are broad indicating dynamic motion of the molecule in solution (corroborating peak broadness 

observed in its 1H NMR spectrum). Aggregation is not observed between 5–60 µM, evidenced by a 
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linear concentration-dependence of the absorption spectra at 365 nm according to the Beer-Lambert 

relationship (see Supplementary Information, Section 5.4.5, Figure S5.21). 

 

Figure 5.3 (a) Normalised absorption, emission, and excitation spectra for Acr-OH measured in THF (10 μM). (b) 

Aggregation studies in THF/H2O mixtures for Acr-OH; (c) Normalised absorption, emission and excitation spectra for Acr-

OH measured in 10% THF–H2O (10 μM) (d) Packing structure of Acr-OH viewed along the a axis is shown highlighting 

H-bonds and π-π interactions that are the major non-covalent interactions taking place. M–enantiomers are coloured in green 

while P–enantiomers are coloured purple. All non-interacting hydrogen and solvent atoms have been omitted for clarity. 

Exciting Acr-OH at 365 nm (Figure 5.3a) results in a broad and featureless emission band between 

425–635 nm with a remarkably large Stokes shift (Δλ = 93 nm). This observed Stokes shift indicates 

either (i) the formation of an excited state dimer (excimer) or an excited state complex (exciplex) in the 

excited state15,16 (ii) the formation of an intramolecular charge transfer (ICT)17 complex due to the donor 

(TBF)-acceptor (acridine) structure of Acr-OH or (iii) excitation of a non-covalently bound ground-

state dimer/aggregate18,19 with an apparent excimer-like emission. Of the three possibilities described 

above, (i) seems least likely to occur since the excitation spectra (Figure 5.3a and Section 5.4.5.1, Figure 

S5.22) corresponding to emission between 400–480 nm is reminiscent of the absorption spectrum15 of 

Acr-OH, albeit with less prominent vibronic resolution. The similarities between the excitation and 

absorption spectra of Acr-OH suggest that it is not possible for excimers or exciplexes (i.e., which are 

different species compared to their ground state monomers) to have formed upon excitation. On the 

other hand, although the electron-rich TBF core is not in conjugation with the electron deficient acridine 
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moiety, it is possible that an ICT process occurs through-space20 given the close proximity between the 

two groups in the X-ray crystal structure (davg(C–H) = 2.52 Å; Figure 5.2b). Interrogation of the frontier 

molecular orbitals (FMOs; Supplementary Information, Section 5.4.6 Figure S5.28) of Acr-OH 

provides additional support for an ICT process since electron density in the LUMO is observed 

predominantly around the acridine head-group with a small amount of electron density situated on the 

cyclopentadienyl core. It is also possible that (iii) can occur since the X-ray structure of Acr-OH 

suggests that it can exist as a ground state dimer in THF with a strong hydrogen bond holding two Acr-

OH molecules together (Figure 5.3d) such that when excited, its emission appears to resemble that of 

an excimer. 

Notably, upon titration of H2O into THF solutions of Acr-OH (Figure 5.3b), a dramatic reduction of 

the intensity of the emission peak at 485 nm is observed along with the growth of a blue shifted emission 

band between 390–550 nm. If the emission at 485 nm was due to an ICT process (i), the titration of a 

polar solvent like H2O is expected to stabilise the charge transfer product more than non-polar solvents 

like THF.20 At a 90% THF in H2O solvent composition, a red shift of the long-wavelength emission 

peak is observed (from 485 nm to 520 nm) highlighting a possibly stabilised ICT state. However, the 

hypothesis of the ICT process is less likely to result in the new blue-shifted emission band at that same 

solvent composition (420 nm). This new emission data therefore appears to favour (iii). The new blue-

shifted emission band shows vibronic fine structure which potentially indicates a breaking apart of the 

ground-state dimer/aggregate into its monomers (with has less vibrational freedom) upon titration of 

H2O. Here, the sensitivity of Acr-OH to H2O suggests that it is an efficient medium to compete for 

hydrogen bond sites on the acridine thereby allowing Acr-OH to exist as a monomer. Excitation 

experiments for the emission at 445 nm were probed in a 10% THF–H2O mixture of Acr-OH (Figure 

5.3c) to uncover a red-shifted excitation spectrum compared to its absorption with a much smaller 

Stokes shift (Δλ = 17 nm). These results further support the conclusion that in H2O, Acr-OH exists as 

a monomer.  

Further experiments such as solvent dependent emission spectroscopy, lifetime measurements21 and 

dynamic light scattering measurements need to be conducted to help elucidate more clearly the 

monomeric and aggregate states in different solvent conditions. Together, the results highlight the effect 

that introducing heteroatoms into the structure of helical polyaromatic molecules such as Acr-OH has 

on its ability to interact intermolecularly through non-covalent interactions (H-bonds). These 

intermolecular interactions were previously not possible in the all carbon-containing framework. As a 

result, Acr-OH displays optical behaviours, where it exists as a dimer/aggregate in THF which is 

effectively destabilised in aqueous media. The decent separation between the monomeric and 

dimeric/aggregate emission bands warrants the use of Acr-OH as an effective optical H2O sensor. 
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5.2.2 TOWARDS A TBF-DIIMIDE HYBRID 

Since the attractive properties of helicene diimides have been discussed in the introduction of this 

Chapter, we thought it would be appropriate to work towards the synthesis of a hybrid diimide-TBF, 

MDI-TBF where the phenanthrene wings can be replaced by a structurally analogous non-linear 

mellaphanic diimide (MDI). The synthesis of MDI-TBF was proposed via two different routes (Scheme 

5a and b). Both methods require monobrominated tetramethylbenzene, therefore a large-scale synthesis 

was required. Bromination of tetramethylbenzene TMB was conducted via two methods22,23 using (i) a 

single equivalent of Br2 in DMF, or (ii) milder conditions involving benzyltrimethylammonium 

tribromide (BTMABr3) as the brominating agent with a ZnCl2 catalyst. Both synthetic methods resulted 

in a mixture of starting material TMB and product 1 upon analyses of crude 1H NMR spectra, however 

higher conversions to 1 were achieved with method (ii) using BTMABr3 (86% yield compared to 52% 

with method (i)). Purification of 1 from the starting material TMB was attempted via vacuum 

distillation and via column chromatography on alumina since product degraded on silica, however both 

purification methods were unable to fully separate out the mixture and tended to result in lower isolated 

yields. The presence of TMB should not affect the outcome of subsequent reactions (i.e., oxidation, 

condensation, etc), therefore, a crude product mixture containing a 1:1.1 mixture of TMB and 1 was 

carried forward with the expectation that any remaining TMB could be eventually removed upon 

purification of later stage products. 

The first synthetic route towards MDI-TBF (Scheme 5.2a) involves the synthesis of the 

monobrominated MDI ‘wings’ 3 of the framework first. The MDI wings are then dimerised (i.e., 4) to 

construct the cyclopentadienyl core afterwards. The synthesis of novel MDI 3 from 

bromotetramethylbenzene 1 was adapted from the synthesis of its dibrominated-analogue,24 while the 

synthesis of 4 was adapted from the synthesis of a pyromellitic diimide dimer.25 Oxidation of the methyl 

groups with an excess of KMnO4 afforded 2 in a 60% yield, which enabled the synthesis of 

monobrominated MDI 3 (17%) in a condensation reaction with hexylamine in AcOH under reflux 

conditions. At this stage, automated column chromatography (SiO2: 0–100% CH2Cl2 in n-hexanes) 

enabled the separation of brominated (3) and non-brominated MDI (H2MDI). Then, an Ullman 

coupling with activated Cu-bronze in NMP under reflux yielded dimer 4 in a 43% yield. From MDI-

dimer 4, we hypothesised that an electrophilic aromatic substitution reaction with formaldehyde should 

enable the formation of the cyclopentadienyl carbon bridge to synthesise MDI-TBF. However, the 

electron deficient nature of MDI would require harsh conditions and the use of TFA or a Lewis acid 

(AlCl3) to push the reaction to completion.  
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Scheme 5.2. Synthesis of MDI-TBF from 2,3,4,5-tetramethylbromobenzene (TMB) using two separate routes; (a) by 

constructing the diimide wings first (1-4) and (b) by devising the TBF core first before forming the diimide wings. Conditions 

for (i) Br2, DMF, 52%, (ii) BTMABr3, ZnCl2, AcOH, 86%. 

In light of these envisioned difficulties in the first synthetic route, the second route (Scheme 5.2b) 

approaches the synthesis of MDI-TBF from a different perspective. It begins with construction of the 

fluorenyl core to form octamethylfluorene 622 first, after which an 8-fold oxidation and condensation 

should synthesise the desired helicene MDI-TBF. Commencing from the same 1:1.1 mixture of TMB 

and 1, dimer 5 is synthesised in a homocoupling reaction under n-BuLi conditions, followed by the 

addition of CuCl2. The cyclopentadienyl ring is then constructed by a simple electrophilic aromatic 

substitution reaction with paraformaldehyde and TFA in CH2Cl2 in a 22% yield. When following this 

route, the largely impure mixture of brominated and non-brominated tetramethylbenzene impacted 

purification in all stages of the small reaction tests performed thus far due to a coelution of the desired 

products with TMB. However, it is anticipated that the improved bromination method development 

involving BTMABr3 discussed above should yield better results since there would be a smaller 

proportion of the TMB impurity. Unfortunately, time did not permit the completion of this synthesis. 

Moving forward, although an 8-fold oxidation might seem insurmountable, a 6-fold oxidation has been 

conducted previously on hexamethylbenzene.26 This successful synthesis is precedent to suggest that 

the oxidation of octamethylfluorene 6 should go to completion with longer reaction times and excess 

equivalents of KMnO4. Literature suggests that the condensation to create the four diimide wing groups 

is likely to lead to a distribution of products24 where diimides can possibly form in the 2,3- and 6,7-
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positions in the oxidised derivative of octamethyl fluorene (positions highlighted in Scheme 5.2b on 

compound 7), instead of in the desired positions.  

Despite not arriving at MDI-TBF yet, MDI-dimer 4 is an interesting compound to study in of itself due 

to the possibility of it adopting a quinoidal-type structure in its reduced states (Figure 5.5c vide infra), 

where a fairly flexible system (i.e., 4) becomes highly rigid and planar (in both 4•– and 42–). In addition, 

in its neutral state, 4 can exist in one of two conformations 4A and 4B (Figure 5.4), both of which are 

symmetric (i.e., they result in the same number of proton peaks in a 1H NMR spectrum). At room 

temperature, there exists a single aromatic proton for the MDI core, and two sets of proton environments 

for the alkyl protons. The splitting of the alkyl protons into two distinct environments highlights the 

intrinsic non-symmetric nature of a single non-linear MDI unit in dimer 4 (i.e., the two sets of alkyl 

proton environments exist for the alkyl groups on the top (R) and bottom (R1) face of a single MDI unit 

in the dimer; represented in Figure 5.4). 

Variable temperature (VT) 1H NMR spectroscopy (Figure 5.4) was conducted in order to gain insight 

on the conformation that 4 favours adopting in solution (if at all). No noticeable changes to the spectra 

were observed within the increased temperature range studied (298–328 K) however, the experiment 

was limited by the boiling point of CHCl3 (stacked spectra presented in Section 5.4.3 Figure S5.18). 

More noticeable shifts and broadening of peaks were observed upon decreasing the temperature  

(298–218 K; Figure 5.4). At colder temperatures, molecular movements are slowed down such that 4 

will tend towards its thermodynamically stable conformation. Of the two conformations, 4A is likely 

to be more thermodynamically stable since it appears to avoid the steric interactions that are evident in 

4B between diimide carbonyl groups. In addition, 4A is likely to be stabilised by an intramolecular 

CH···O interaction between an aromatic proton on the MDI with a carbonyl on the adjacent MDI unit 

(highlighted in Figure 5.4). The shift of the aromatic proton H1 downfield upon lowering the 

temperature indicates a deshielding of that proton environment, which could be indicative of the 

intramolecular interaction with the electronegative oxygen atom from a carbonyl group as presented in 

conformer 4A. In addition, the alkyl proton in the α-position to the nitrogen atom H2′ appears to separate 

out into two environments indicating that this environment becomes diastereotopic at lower 

temperatures. This proton environment (i.e., the α-proton on R) has been assigned to the face of the 

MDI where the inner carbonyl (e.g., on C8; Figure 5.4) interacts with the aromatic proton in 4A, where 

each of the two protons in this position would be affected differently by the intramolecular CH···O 

interaction upon rigidification. Since the proton shifts are relatively small upon lowering temperatures, 

it can be concluded that the MDI-dimer 4 prefers to exist in a dynamic conformation similar to 4A even 

at room temperature.  
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Figure 5.4 Stacked VT 1H NMR (500 MHz, CDCl3, 298–218 K) spectra of 4 that has been fully assigned along with structures 

of the two idealised planar conformations that 4 can adopt by rotation around the C–C single bond. 

In order to understand how the structural dynamics of 4 are affected in its different redox states, cyclic 

voltammetry (CV; prepared with TBAPF6 (0.1 M) as the supporting electrolyte in THF) was performed 

and the results compared to an MDI-monomer H2MDI as a control compound (Figure 5.5a). The cyclic 

voltammogram of H2MDI is reminiscent of symmetric, linear aromatic diimides (such as its isomer 

PDMI) and displays two reversible single electron reductions at –0.96 V vs Ag/AgCl and –1.59 V vs 

Ag/AgCl. These reduction potentials (and especially the second reduction potential) are much more 

negative than its linear regioisomer (e.g., E1
1/2 of H2PMDI25 is –0.78 V and E2

1/2 is –1.46 V vs Ag/AgCl) 

indicating that it is much harder to add electrons to this system, likely because the non-linear nature of 

the MDI positions charged carbonyl oxygen centres in close proximity to each other. Possible resonance 

structures of the reduced states of H2MDI that confirm this hypothesis are presented in Section 5.4.5.2, 

Figure S5.26.  

The cyclic voltammogram of 4 in THF displays four reversible single-electron reduction processes (two 

for each MDI unit). It is clear from the splitting of the first reduction process in H2MDI (–0.96 V vs 

Ag/AgCl) into two distinct less negative reduction processes (–0.76 V vs Ag/AgCl and –0.99 V vs 

Ag/AgCl) that some electronic communication between the two MDI units in the dimer exists. The 

electrochemical reversibility of this first reduced state for 4 was confirmed by measuring the cyclic 

voltammogram at multiple scan rates (Figure 5.5b) which resulted in a straight-line relationship 

between the peak current i and the square root of the scan rate, √ν (See Section 5.4.5.2, Figure S5.27). 

The first reduction of MDI-dimer 4 occurs at only slightly more negative potentials than the first 
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reduction potential for its isomeric PMDI-dimer (–0.75 V vs Ag/AgCl under the same conditions)25
 

suggesting that upon reduction, 4 has a similarly twisted and rigid structure compared to PMDI-dimer 

with enhanced delocalisation between the two MDI units. Upon accepting electrons, two possible 

resonance structures of the radical anion (and therefore the dianion) of 4 have been proposed (Figure 

5.5c). Both resonance structures feature a double bond between the MDI–MDI C–C bond, providing an 

explanation for the increased conjugation observed by CV. 4Q2– has a quinoidal-type structure where 

the resulting charges exist on the outer carbonyls of the diimide, whereas 4C2– manages to maximise 

conjugation between the two charged centres ideally making it the more thermodynamically-favoured 

resonance structure.  

 

Figure 5.5 (a) Cyclic voltammograms of H2MDI compared to MDI-dimer 4 (1 mM solutions prepared using 0.1 M TBAPF6 

as the supporting electrolyte in THF measured at a scan rate of 100 mVs-1) with E1/2 values indicated; (b) variable scan rate 

dependent cyclic voltammograms of the first two reductions of 4. (c) Proposed resonance structures of the mono- and direduced 

redox states of 4  

DFT calculations for the first and second reduced states of MDI-dimer 4 provide further insight into 

their structures. The structures of both the first and second reduced states are highly planar where the 

twist angle between each MDI in the dimer is 40.4° in 4•– and 31.0° in 42– compared to 57.3° for 4 

(Figure 5.6). In addition, the carbon-carbon bond between the two MDI units is shorter (1.46 Å for 4•– 

and 1.43 Å for 42–; Figure 5.6a) than in the neutral state (1.48 Å) suggesting an increase in the double 
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bond character upon reduction. The LUMO of the neutral dimer 4, along with the SOMO of 4•– and the 

HOMO of 42– highlight electron density along the MDI–MDI C–C bond supporting the argument for 

extended delocalisation between the MDI units in the dimer. A representative orbital is shown with 

4LUMO in Figure 5.7a (see Section 5.4.6, Figure S5.29 for other orbitals). Bond length analyses of the 

DFT structures of the reduced states of the dimer (Figure 5.6) suggest a bond lengthening for the four 

C–C bonds adjacent the central MDI-MDI C–C bond (e.g., from 1.40 Å and 1.41 Å in 4, to 1.46 Å and 

1.43 Å in 42–) and a bond shortening of the inward facing carbon–carbonyl carbon bonds (from 1.50 Å 

in 4, to 1.45 Å in 42–), with the structures appearing to mirror the bonding highlighted in resonance 

structures 4C•– and 4C2–. 

 

Figure 5.6 DFT optimised ((U)B3LYP-GD3BJ/6-31G(d,p) in CH2Cl2) geometry analysis of 4, 4•–, and 42– highlighting 

torsional angles around the central C–C bond (highlighted in blue) and bond lengths (in black). These bond lengths are mirrored 

along the symmetry axis. 

In order to understand how the structural dynamics of 4 affect its optical properties, UV–vis absorption 

and fluorescence spectroscopy were conducted in different solvents (Figure 5.7b and c). The neutral 

dimer 4 absorbs between 300–370 nm, attributed to a π-π* transition, which appears as a shoulder to a 

higher energy transition below 300 nm in all solvents. The π-π* absorption band is red-shifted with less 

resolved vibrational features compared to a control compound Br-MDI 3 (its absorption spectrum is 

shown in Section 5.4.5.1; Figure S5.23) indicating that the conjugation in 4 results in an electronic 

stabilisation and that the dimer is more dynamic in solution respectively. There are only small shifts to 

the absorption of 4 in different polarity solvents (Figure 5.7b) and the spectra remain broad and with no 

vibrational fine structure indicating that solvent polarities don’t impact the dynamic motion of the 

dimer. Unlike its non-emissive monomer H2MDI, MDI-dimer 4 is emissive and emits between  

330–600 nm in THF with an emission maximum at 367 nm (Figure 5.7c). This emission peak is red 

shifted in more polar solvents such as DMF (λmax = 379 nm) due to greater excited state stabilisation in 

accordance with the Franck-Condon principle. The excitation spectra obtained for these emission peaks 

are similarly featureless and do not resemble the absorption spectra indicating the possibility of some 

structural changes in the excited state resulting in the emission. This conclusion is supported by the 

large Stokes shift27 observed in both solvents (Δλ = 61–71 nm).  
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Figure 5.7. (a) Frontier molecular orbital diagram for neutral, radical anion and dianionic states of 4 obtained by DFT 

calculations ((U)B3LYP-GD3BJ/6-31G(d,p) in CH2Cl2) along with a pictorial representation of the LUMO of 4 highlighting 

conjugation across the central MDI–MDI C–C bond. (b) Normalised UV–vis absorption (100 µM, 298 K) spectra of 4 in a 

variety of polar and non-polar solvents and (c) Normalised fluorescence spectra (50 µM, 298 K) of 4 in THF and DMF. 

The electronic and optical properties of the reduced states of MDI-dimer 4 were interrogated by DFT 

analyses of their frontier molecular orbitals (FMOs, Figure 5.7a) and by spectroelectrochemistry (SEC, 

Figure 5.8) to understand whether predictions by DFT of the formation of 4C•– preferentially over 4Q•– 

occur experimentally. When the neutral dimer 4 accepts an electron to become 4•–, the new singly 

occupied molecular orbital (SOMO; here SOMO–α; Figure 5.7a) is actually lower in energy (–3.44 eV) 

compared to the LUMO of the neutral state (–3.10 eV) highlighting the stability gained from extended 

conjugation of the charge within the dimeric structure. SEC of 4 (Figure 5.8b) was conducted where 

the first and second reduced states were formed (by applying a constant voltage of –0.81 V and –1.05 

V respectively) in a single experiment and the resulting changes to the absorption of the molecule 

monitored over time and compared to H2MDI (Figure 5.8a) as a control. Notably, even though 4 

consists of two individual H2MDI units bonded together, the absorption traces of their analogous redox 

states – i.e., the radical anion and dianion – are vastly different. On its way to the absorption trace 

presumed to be the radical anion 4•–, the absorption of 4 evolves through two identifiable mixed valence 

states, labelled as transient (1) with a broad absorption band at λmax = 1257 nm which quickly (over 

minutes) decays to form transient (2) with an absorption maximum of 844 nm. This second absorption 

peak (844 nm) decays over time before growing again once the solution has fully converted to the 

presumed radical anion of 4 (purple line, Figure 5.8b) with a second absorption band with peaks at 567 

nm and 604 nm. EPR spectroscopy of this reduced state needs to be performed to confirm its identity. 

The absorption curve of 4•– decays slowly over time when the more negative potential is applied (–1.05 

V) to the orange curve (Figure 5.8b) with an absorption at 557 nm for 42–. These absorption spectra are 

much more red-shifted than the evolution of H2MDI to H2MDI•– which features an absorption at 551 

nm, reminiscent of the absorption of the radical anions of linear diimides such as PMDI.25 The radical 

anion of H2MDI also decays slowly over time when the more negative potential is applied (–1.70 V) 

to the purple line with absorption at 384 nm and 304 nm. The red-shifted nature of the absorption of the 

reduced states of 4 compared to H2MDI highlight the electronic stabilisation experienced by 4 due to 
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extended conjugation, similar to the resonance structures 4C•– and 4C2–. In addition, the highly blue-

shifted nature of H2MDI2– highlights the effects of the non-linear nature of MDI which points charged 

carbonyl oxygen atoms towards each other (Section 5.4.5.2 Figure S5.26).  

 

Figure 5.8. Evolution of UV–vis absorption spectra monitored over time of different transient states that are formed as (a) 

H2MDI (0.5 mM solution in a 0.1 M TBAPF6 in THF; black line) is reduced to a radical anion (red line) using a constant 

applied voltage of –1.06 V, then reduced to a dianion (purple line) using a constant applied voltage of –1.70 V and of (b) 4 

(0.5 mM solution in a 0.1 M TBAPF6 in THF; black line) is reduced to a radical anion (purple line) using a constant applied 

voltage of –0.81 V and then reduced to a dianion (orange line) using a constant applied voltage of –1.05 V. Absorption data 

at 800 nm has been manually removed where the spectrometer was changing light sources. 

Together, the optoelectronic properties analysis of MDI-dimer 4 and its redox states highlight some of 

the behaviours and properties we might expect to see in a TBF-MDI hybrid helicene MDI-TBF, albeit 

with less rotational freedom than 4. Therefore, hypotheses have been made that are substantiated by 

DFT optimised structures of MDI-TBF and its reduced states (Figure 5.9b). Firstly, similar to MDI-

dimer 4, it is expected that upon reduction, MDI-TBF will adopt bonding which favours the formation 

of the greatest delocalisation pathway (Figure 5.8a) which conveniently spans the entire helical 

backbone and the inner fjord carbonyl groups. As a result, DFT structures of the reduced states reveal 

an increase of the through-space distance between the oxygen atoms in the fjord (from dOO = 2.73 Å in 

MDI-TBF to dOO = 2.91 Å in MDI-TBF2–) and an increase of the average torsional angle along the 

inner helix (from θ = 17.6° in MDI-TBF to θ = 20.1° in MDI-TBF2–). The increasing repulsion between 

those inner fjord carbonyl oxygens upon reduction is expected to hamper the interconversion M– and 

P– enantiomers of MDI-TBF and therefore lead to an increased barrier, ΔG‡. The interconversion for 

the neutral state of MDI-TBF has been predicted by DFT calculations to be 20.7 kcal mol-1 which is 
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similar to the configurational stability of [5]helicene (ΔG‡ = 24.1 kcal mol-1 at 298 K in solution and an 

enantioenriched sample will form a racemic mixture over 29 h under ambient conditions).28,29 Here, we 

envision that the configurational stability of MDI-TBF can therefore be controlled by its different redox 

states. As a result, MDI-TBF will be able to act as a chiroptical enantiomeric lock that is governed by 

its charge.  

 

Figure 5.9. (a) Proposed delocalisation pathway for various redox states of MDI-TBF and (b) DFT (B3LYP(GD3BJ)/6-

31G(d,p) in CH2Cl2) optimised geometry analysis of MDI-TBF, MDI-TBF•–, and MDI-TBF2– highlighting average torsional 

angles about the inner fjord (highlighted in blue) and bond lengths (highlighted in black). The bond lengths are mirrored along 

the symmetry axis. 

5.3 CONCLUSIONS 

This Chapter has discussed the synthetic efforts to isolate a TBF appended with an acridine moiety Acr-

OH. The peaks in the 1H NMR spectrum of the molecule are broad and poorly resolved revealing a 

propensity for Acr-OH to aggregate in CDCl3. Its X-ray crystal structure highlights the non-planarity 

of the helical backbone. Unlike A-OH (discussed in Chapter 2) where an intramolecular CH···O 

interaction between head-group substituents is most remarkable, in Acr-OH a strong intermolecular 

hydrogen bond exists between a nitrogen atom on the acridine in one molecule with a hydroxy group 

of a second. The optical properties of the system were investigated by UV–vis and fluorescence 

spectroscopy in a single relatively non-polar solvent system (THF) to uncover an emission band that is 

broad and featureless and displays a notably large Stokes shift (Δλ = 93 nm). However, upon titrating 

in a more polar solvent H2O, this emission experiences a blue shift and exhibits vibrational fine 

structure. Together, these optical results suggest that Acr-OH exists as a dimer in its ground state in 

relatively low polarity solvents (such as CDCl3 and THF), presumably held together by intermolecular 

H-bonds, which when excited, appear to mimic excimeric emission. H2O competes for the H-bonding 

sites within Acr-OH, to break apart these dimers revealing its true monomeric emissive behaviour. 
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Impressively, these properties have been introduced to the system by the simple embedding of a single 

nitrogen atom to the TBF structure to drastically affect its optical behaviour in solvents with different 

polarities.  

In a separate example, synthetic efforts to introduce multiple nitrogen and oxygen atoms into the 

backbone of a TBF [5]helicene, MDI-TBF are discussed, including the challenges encountered in its 

synthesis. Although, the desired helical product has not yet been achieved, the optoelectronic properties 

of an MDI-dimer 4 were studied instead. Structurally, this dimer can exist in two conformations. VT 

NMR spectroscopic analyses hint at the dimer existing in its sterically less hindered conformer where 

an intramolecular aromatic-carbonyl CH···O interaction appears to be stabilising. Its cyclic 

voltammogram highlights the ability of 4 to be able to accept two electrons reversibly and with a smaller 

energy barrier than its monomer H2MDI as a result of extended conjugation between both MDI units. 

SEC and DFT structural analyses help to confirm that upon reduction the C–C bond that bridges the 

two individual units gains double bond character and leads to a planarisation of the system. Together, 

these results suggest that in the reduced states of MDI-TBF, the inner carbonyls are likely to hold these 

extra electrons, leading to a largening of the helical fjord atom-atom distances and therefore greater 

configurational stability. Therefore, it is suggested that MDI-TBF could act as a redox-controlled 

chirality lock, where its configurational stability is locked upon reduction. In both examples, the 

advantages of including heteroatoms into the TBF backbone are clear resulting in multifunctional and 

stimuli responsive systems with relevance in a range of applications.  

5.4 SUPPLEMENTARY INFORMATION 

5.4.1 GENERAL MATERIALS AND METHODS 

Materials. Unless stated, all chemicals and reagents were purchased from commercial suppliers 

(Sigma Aldrich, Fisher Scientific, Alfa Aesar and Fluorochem) and used without further purification. 

Before use, n-BuLi was titrated as described by Burchat, A. F et al.30 to obtain its active concentration. 

Anhydrous solvents were obtained from a neutral alumina Solvent Purification System under nitrogen 

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. 

Product confirmation. Analytical thin-layer chromatography (TLC) was performed on aluminium-

backed silica gel plates and visualised under UV irradiation (254 and 365 nm). Automated flash column 

chromatography was performed using a Teledyne ISCO Combiflash NextGen 300+ with detectors 

using broad range UV–vis (200-800 nm) and evaporative light scattering (ELS) under N2 gas and pre-

filled RedisepTM Gold cartridges (normal phase: SiO2). High-resolution mass spectra were measured on 
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a Bruker compact QTOF Atmospheric Pressure Ionisation Time of Flight instrument using an ESI or 

APCI source. Nuclear magnetic resonance (NMR) spectra were recorded on a JEOL ECS400D 

spectrometer (working frequencies of 400 MHz and 101 MHz for 1H and 13C nuclei) or a Bruker 

AVIIIHD500 (working frequencies of 500 MHz and 126 MHz for 1H and 13C nuclei). Chemical shifts 

(δ) are reported in parts per million (ppm) relative to the signals corresponding to residual non-

deuterated solvents (CDCl3: δH 7.26 ppm, δc 77.23 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 two-dimensional 1H–1H COSY, 1H–13C HSQC and 1H–13C HMBC 

NMR spectroscopies. NMR spectra were processed using MestReNova software, Version 14.  

Sample analysis. Single crystal X-ray diffraction data were collected on a single-crystal Oxford 

Diffraction SuperNova with dual Mo and Cu sources. The crystal was kept at 110.00(10) K during data 

collection. Using Olex2,31 the structure was solved with the SHELXT32 structure solution program using 

Intrinsic Phasing and refined with the SHELXL33 refinement package using Least Squares 

minimisation. Hirschfeld analysis of crystal structures was performed using CrystalExplorer 17.5. 

Absorption spectra were recorded on a Shimadzu UV-2401 PC spectrophotometer or on an Agilent 

Technologies Cary 5000 UV–vis–NIR spectrophotometer using standard 10 mm path length quartz 

cuvettes at room temperature. Solution-state fluorescence spectroscopy was carried out on a Hitachi F-

4500 fluorimeter equipped with a 150 W Xe lamp using standard photoluminescence quartz cuvettes. 

Samples for solution-state spectroscopy had an optical density (O.D.) <0.1 in anhydrous and degassed 

solvent to allow for the measurements of fluorescence spectroscopy. Cyclic voltammetry (CV) and 

square-wave voltammetry (SWQV) were carried out at room temperature on Ar-purged sample 

solutions in anhydrous THF using a Gamry Reference 3000 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. A Pt wire was used 

as the counter electrode and the reference electrode was an Ag/AgCl 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 an Ag wire pseudo-reference electrode. All SEC samples were 

prepared as Ar-purged solutions in anhydrous THF containing TBAPF6 (0.1 M) as the supporting 

electrolyte and analysed under a constant applied voltage. Density functional theory (DFT) calculations 

were prepared on GaussView 6.0 and submitted to the University of York Viking High performance 

Computing cluster and run on Gaussian 16 using Becke’s three-parameter exchange functional with the 
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gradient-corrected correlation formula of Lee, Yang and Parr (B3LYP)34,35 paired with the split valence 

double-zeta 6-31G(d,p) basis set, PCM solvation model (CH2Cl2) and dispersion corrections (D3BJ)36 

unless stated otherwise.  

5.4.2 SYNTHETIC DETAILS 

Acr-OH: A solution of 9-bromoacridine (96.7 mg, 0.375 mmol, 1.1 

equiv.) in anhydrous and degassed THF (5 mL) under an Ar atmosphere 

was cooled to –78 °C and n-BuLi (1.6 M in n-hexane, 0.25 mL, 1.1 

equiv.) was added slowly to eventually afford a bright yellow coloured 

solution indicative of Li insertion. The solution was stirred at –78 °C 

under Ar for 45 minutes before a solution containing TBF=O (0.134 g, 

0.351 mmol, 1.0 equiv.) in dry and degassed THF (15 mL) under Ar 

was slowly transferred dropwise to the reaction flask. The reaction 

mixture was allowed to warm up to room temperature, stirred overnight and monitored by TLC (20% 

EtOAc/n-hexanes). Once complete, water (40 mL) was added slowly to quench the reaction followed 

by saturated aq. NH4Cl (10 mL) and the reaction mixture was extracted into EtOAc (3 x 50 mL). The 

combined organic layers were dried over MgSO4 and concentrated. The desired product Acr-OH (12.9 

mg, 0.023 mmol, 6%), was isolated by automated column chromatography (SiO2: 5% EtOAc in  

n-hexanes) as a yellow solid. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 10.65 (d, J = 9.3 Hz, 1H12), 8.80 (d, J = 8.4 Hz, 2H5),  

8.74–8.67 (m, 4H4,8), 8.39 (d, J = 8.8 Hz, 1H9), 7.98–7.87 (m, 3H9’,10,12’), 7.87–7.76 (m, 5H1,7,11),  

7.75–7.67 (m, 2H6), 7.48 (t, J = 7.7 Hz, 2H3), 7.23–7.12 (m, 3H2,10’), 6.51 (t, J = 8.0 Hz, 1H11’), 4.34 

(br, OH). APCI–HRMS (νe+, CH2Cl2) calculated for C43H26NO: m/z = 560.2009 [M+H]+; found 

560.2036 [M+H]+ and 542.1924 [M-H2O]+ 

Bromination of tetratmethylbenzene (TMB):  

Method 122:  A flame-dried two-necked round bottomed flask 

equipped with a stirrer bar was charged with TMB (5.60 mL, 37.5 

mmol, 1.0 equiv.) and dry DMF (25 mL) under a positive flow of 

N2 gas. The flask was then wrapped in aluminium foil and the 

solution was cooled to 0 °C in an ice bath. A separately prepared 

solution containing Br2 (1.90 mL, 37.1 mmol, 1.0 equiv.) in DMF 

(7.5 mL) was cooled to 0 °C and added dropwise to the stirring mixture. The reaction mixture was then 

allowed to warm to rt and stirred for additional 20 h. [Safety note: Trace Br2 on contaminated equipment 

(e.g., vials, pipettes, needles and syringes) was quenched with saturated aq. Na2S2O3 and fumes allowed 

to dissipate in a well-ventilated fume hood prior to disposal]. The reaction mixture was cooled to 0 °C 
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and saturated aq. Na2S2O3 (10 mL) was added to quench any unreacted Br2 until the orange colour 

dissipated and the mixture formed a white suspension. The mixture was then diluted with H2O (10 mL) 

and extracted with n-hexanes (30 mL). The aqueous layer was washed with n-hexanes (2 x 30 mL). The 

combined organic layers were washed with H2O (15 mL), dried (MgSO4), filtered and concentrated to 

yield a yellow oil. 1H NMR analyses revealed the isolated oil (7.18 g) to be a 50% pure mixture of the 

desired product 1 (4.40 g, 20.7 mmol, 52%) with an unreacted TMB impurity. 

Method 223:  A single-necked round bottomed flask with a stirrer bar was charged with glacial AcOH 

(300 mL), TMB (7.2 mL, 48.3 mmol, 1.0 equiv.), anhydrous ZnCl2 (7.19 g, 52.5 mmol, 1.1 equiv.) and 

BTMABr3 (18.88 g, 48.4 mmol, 1.0 equiv.). The orange mixture was left to stir under N2 for 20 h until 

the reaction mixture formed a yellow-white suspension. The mixture was diluted with H2O (30 mL) and 

quenched with saturated aq. Na2S2O3 (25 mL) until the orange colour faded. The mixture was extracted 

with n-hexanes (4 x 150 mL) before the combined organic layers were dried (MgSO4), filtered and 

concentrated. 1H NMR analysis revealed the oil (9.13 g) to be an 87% pure mixture of the desired 

product 1 (8.33 g, 39.1 mmol, 81%) with an unreacted TMB impurity. 

1H NMR (CDCl3, 400 MHz, 298 K): δH 7.31 (s, 1H11), 6.99 (s, 2H1), 2.45 (s, 3H12), 2.35 (s, 6H4/5), 2.31 

(s, 3H13), 2.30 (s, 3H15), 2.28 (s, 6H5/4), 2.21 (s, 3H14); 13C NMR (CDCl3, 101 MHz, 298 K): δC 136.910/9, 

135.57/6, 134.39/10, 133.28, 131.011, 122.36/7, 20.515, 20.212, 17.413, 16.114. APCI–HRMS (ve+,  

n-hexanes) calculated for C10H13Br: m/z = 213.0273 [M+H]+, found 213.0272 [M+H]+ 

2: A two-necked round bottomed flask equipped with a stirrer 

bar and a condenser was charged with the 1:1.1 mixture of 1 and 

TMB (2.05 g, 11.8 mmol, 1.0 equiv.), t-BuOH (15 mL) and H2O 

(15 mL). Following KMnO4 (9.63 g, 60.9 mmol, > 5 equiv.) 

addition, the open necks were sealed with glass stoppers and the 

reaction mixture was refluxed gently at 90 °C with vigorous 

stirring until the purple colour of the solution faded, indicating 

complete consumption of KMnO4. The reaction flask was removed from the heating and more KMnO4 

(9.54 g, 60.4 mmol, > 5 equiv.) was slowly added. The reaction mixture was refluxed gently with 

vigorous stirring for 2 d. Before cooling, the reaction was slowly quenched with EtOH (2 mL) until the 

purple colour faded. The mixture was then cooled, filtered, washed with H2O and the filtrate 

concentrated. The filtrate was dried on high vacuum line (~3.5 mbar, 60 °C) overnight. The material 

was then redissolved in the minimum amount of water (ca. 2–5 mL) before conc. HCl (ca. 1 mL) was 

added dropwise until pH = 1. After the solvents had been removed by rotary evaporation, the crude 

material was left on a high vacuum line overnight (3.5 mbar, 60 °C). The solid was then redissolved in 

acetone and KCl salt was filtered off the mixture. The filtrate was concentrated to yield the desired 

product as a cream solid, which was dried on high vacuum before any characterisation. 1H NMR 
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analysis revealed the isolated solid (2.17 g) to be a 48% pure mixture of the desired product 2 (1.18 g, 

3.54 mmol, 60%) and 1,2,3,4-teracarboxybenzoic acid 7 (0.990 g, 3.90 mmol, 66%) by-product. 

1H NMR (Me2CO, 400 MHz, 298 K): δH 8.29 (s, 1H11), 8.08 (s, 2H1). 13C NMR (Me2CO, 101 MHz, 

298 K): δC 167.94, 167.413, 166.85, 166.814, 166.212, 165.415, 140.08, 136.79, 135.57, 135.23, 134.12, 

133.010, 133.06, 131.41, 120.611 

3: A flame-dried two-necked round bottomed flask with a 

stirrer bar and a condenser was charged with glacial AcOH 

(ca. 36 mL), before the 1:1.1 mixture of 2 and 7 (1.06 g, 3.62 

mmol, 1.0 equiv.) was added under N2 with stirring and 

heating at 120 °C. Upon complete dissolution, hexylamine 

(950 μL, 7.20 mmol, 2.0 equiv.) was added via micropipette 

and the reaction allowed to stir under N2 for 16 h. More 

hexylamine (95 μL, 0.720 mmol, 0.2 equiv.) was added via 

micropipette push the reaction to completion and left to stir 

at 120 °C for 5 h. H2O (ca. 35 mL) was added and a white-

brown solid was collected via vacuum filtration. To 

maximise product yield, the solid was collected off the filter 

by dissolving in CH2Cl2 (ca. 50 mL) into a new receiving 

flask. The solution was subsequently dried (MgSO4), filtered and concentrated to dryness by rotary 

evaporation to yield a dark-brown solid. The solid was subjected to automated flash column 

chromatography (SiO2: 0–70% CH2Cl2 in n-hexanes) to yield BrMDI 3 as a white solid (138 mg, 0.298 

mmol, 17%) and H2MDI as a white solid (39 mg, 0.1 mmol, 5.2 %).  

3: 1H NMR (CDCl3, 400 MHz, 298 K): δH 8.28 (s, 1H6), 3.77–3.71 (m, 4H9,17), 1.74–1.64 (m, 4H10,18), 

1.38–1.23 (m, 12H11,12,13,19,20,21), 0.90–0.84 (m, 6H14, 22). 13C NMR (CDCl3, 101 MHz, 298 K): δC 

165.516, 165.07/8/15, 163.77/8/15, 162.87/8/15, 138.23/4, 134.21, 133.26, 130.43/4, 127.12, 124.55, 39.19/17, 

39.19/17, 31.412,20, 28.310/18, 28.310/18, 26.611,20, 22.613,21, 14.114,22. APCI–HRMS (ve+, CH2Cl2) calculated 

for C22H27BrN2O4: m/z = 463.1227 [M+H]+, found 463.1211 [M+H]+. 

H2MDI: 1H NMR (CDCl3, 400 MHz, 298 K): δH 8.18 (s, 2H1), 3.75 (t, J = 8 Hz, 4H6), 1.71 (q, J = 8 

Hz, 4H7), 1.38–1.24 (m, 12H8,9,10), 0.91–0.84 (m, 6H11). APCI–HRMS (ve+, CH2Cl2) calculated for 

C22H28N2O4: m/z = 385.2127 [M+H]+, found 385.2099 [M+H]+. Spectroscopic data matched that 

reported in the literature.24 

4: Copper bronze activation: Copper bronze (9.98 g) was treated with an I2 solution in acetone (2.22 g 

in 110 mL) and stirred for 15 min. The solid was collected by vacuum filtration and rinsed with acetone 

a few times, before stirring in conc. HCl solution in acetone (1:1 v/v) for 15 min.   



CHAPTER 5 | MULTIFUNCTIONAL HETEROATOM-DOPED HELICENES 

200 

 

A flame-dried two-necked round bottomed flask equipped with a 

magnetic stir bar and a condenser was charged with 3 (90.2 mg, 0.195 

mmol, 1.0 equiv.) and activated copper bronze (92.4 mg, 1.46 mmol, 7.46 

equiv.) and cycled three times with Ar. Dry NMP (10 mL) was added via 

syringe and the reaction was allowed to stir at 150 °C for 3 h. The mixture 

was cooled to rt, before EtOAc (35 mL) and brine (30 mL) were added, 

and the layers separated. The organic layer was washed with water (3 x 

30 mL) to remove a white precipitate and the aqueous layer was washed 

further with EtOAc (3 x 30 mL). The combined organic layers were dried 

(Na2SO4), filtered and concentrated to yield a brown solid. The crude 

material was subjected to automated column chromatography (SiO2:  

0–30 % CH2Cl2 in n-hexanes) to yield the product 4 as a light-brown solid 

(32.1 mg, 0.042 mmol, 43%).  

1H NMR (CDCl3, 400 MHz, 298 K): δH 8.09 (s, 2H11), 3.78 (t, J = 7.24 Hz, 4H6), 3.65 (t, J = 7.24 Hz, 

4H17), 1.76–1.65 (m, 4H5), 1.65–1.57 (m, 4H18), 1.32 (m, 24H2,3,4,19,20,21), 0.92–0.81 (m, 12H1,22). 13C 

NMR (CDCl3, 101 MHz, 298 K): δC 166.416/15, 166.17, 163.88, 163.615/16, 137.89/10/12/13, 137.59/10/12/13, 

135.39/10/12/13, 128.911, 128.79/10/12/13, 39.16, 38.917, 31.42/21, 31.42/21, 28.45, 28.318, 26.64, 26.519, 22.63/20, 

22.63/20, 14.21/22, 14.11/22. APCI–HRMS (ve+, CH2Cl2) calculated for C44H54N4O8: m/z = 767.4014 

[M+H]+, found 767.3989 [M+H]+. 

5: A flame-dried three-necked round bottomed flask was charged the 1:1.1 

mixture of 1 and TMB (0.405 g, 1.16 mmol, 1 equiv.) under an N2 

atomosphere. The flask was cooled to –96 °C in an acetone/liquid N2 bath 

before dry THF (5 mL) was added. n-BuLi (2.44 M in n-hexanes, 0.53 mL, 

1.1 equiv.) was added dropwise over 5 min, after which a yellow suspension formed and the mixture 

was allowed to stir for 1 h at –96 °C. Anhydrous CuCl2 was added (0.176 g, 1.29 mmol, 1.1 equiv.) in 

one portion and the reaction mixture was further stirred for 20 min at –96 °C. The mixture was exposed 

to air and stirred for 15 min. 1 M HCl solution (ca. 10 mL) was added, and the mixture was stirred for 

further 5–7 min before n-hexanes (25 mL) and H2O (15 mL) were added and the layers separated. The 

aqueous layer was subsequently washed with n-hexanes (25 mL) and CH2Cl2 (15 mL). The combined 

organic layers were washed once more with H2O (25 mL), dried (Na2SO4), filtered and concentrated to 

leave a yellow oil. The crude material was subjected to automated flash column chromatography (SiO2: 

0–10% CH2Cl2 in n-hexanes) to yield a white solid (0.029 g, 0.108 mmol, 18%).  

1H NMR (CDCl3, 400 MHz, 298 K): δH 7.09 (s, 2H2), 2.33–2.28 (m, 18H7/8/9/10), 2.02 (s, 6H7/8/9/10).  

APCI–HRMS (ve+, CH2Cl2) calculated for C20H26: m/z = 267.2107 [M+H]+, found 267.2111 [M+H]+. 

Matched spectroscopic data in the literature.22
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5.4.3 NMR SPECTRA 

 

Figure S5.1 Partial 1H NMR (CDCl3, 400 MHz, 298K) spectrum of Acr-OH 
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Figure S5.2 Annotated 1H-1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of Acr-OH 
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Figure S5.3 1H NMR (CDCl3, 400 MHz, 298K) spectrum of a 1:1.1 mixture of TMB and 1 
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Figure S5.4 13C NMR (CDCl3, 101 MHz, 298K) spectrum of a 13:87 mixture of TMB and 1 
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Figure S5.5 1H NMR (CDCl3, 400 MHz, 298K) spectrum of a 1:1.1 mixture of 2 and 7 
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Figure S5.6 13C NMR (CDCl3, 101 MHz, 298K) spectrum of a 1:1.1 mixture of 2 and 7 
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Figure S5.7 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 3 
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Figure S5.8 Annotated 1H-1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of 3 
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Figure S5.9 13C NMR (CDCl3, 101 MHz, 298K) spectrum of 3 
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Figure S5.10 Annotated 1H-13C HSQC NMR (CDCl3, 101 MHz, 298K) spectrum of 3 
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Figure S5.11 Annotated 1H-13C HMBC NMR (CDCl3, 101 MHz, 298K) spectrum of 3 
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Figure S5.12 1H NMR (CDCl3, 400 MHz, 298K) spectrum of H2MDI 
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Figure S5.13 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 4 
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Figure S5.14 Annotated 1H-1H COSY NMR (CDCl3, 400 MHz, 298K) spectrum of 4 
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Figure S5.15 13C NMR (CDCl3, 101 MHz, 298K) spectrum of 4 
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Figure S5.16 Annotated 1H-13C HSQC NMR (CDCl3, 101 MHz, 298K) spectrum of 4 
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Figure S5.17 Annotated 1H-13C HMBC NMR (CDCl3, 101 MHz, 298K) spectrum of 4 
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Figure S5.18 High temperature VT NMR (CDCl3, 400 MHz, 298K) spectrum of 4 
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Figure S5.19 1H NMR (CDCl3, 400 MHz, 298K) spectrum of 5 
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5.4.4 X-RAY DIFFRACTION ANALYSIS 

TBF-Acr 

Single crystals of TBF-Acr were grown from a solution of EtOAc in n-hexanes. The asymmetric unit 

contained two channels with n-hexanes, one of which was well defined, and the second which was less 

well defined. A suitable discrete model for this solvent in the second channel could not be achieved, 

therefore a solvent mask was used. 

 

Figure S2.20 (a) Structural parameters of the unit cell packing of TBF-Acr highlighted in blue and orange and (b) the 

supramolecular packing of the racemate. Non-interacting H atoms and solvent have been omitted for clarity. 

Crystal data for C87H57N2O2 (M =1162.34 g/mol): triclinic, space group P-1 (no. 2), a = 12.8097(10) Å, 

b = 13.2065(11) Å, c = 20.1413(14) Å, α = 79.779(6)°, β = 87.266(6)°, γ = 71.352(7)°, V = 

3177.1(4) Å3, Z = 2, T = 110.00(10) K, μ(Cu Kα) = 0.555 mm-1, Dcalc = 1.215 g/cm3, 20270 

reflections measured (7.77° ≤ 2θ ≤ 142.628°), 11946 unique (Rint = 0.0895, Rsigma = 
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0.1472) which were used in all calculations. The final R1 was 0.0659 (I > 2σ(I)) and wR2 was 0.1567 

(all data).  

5.4.5 SUPPLEMENTARY SPECTRA 

5.4.5.1 OPTICAL SPECTRA 

Samples were prepared using anhydrous and spectroscopic grade solvents with the aid of sonication of 

afford complete dissolution. Absorption spectra were recorded at room temperature (298 K) in quartz 

cuvettes (10 mm path length) and baseline corrected with respect to pure solvent. 

 

Figure S5.21 Concentration-dependent UV–vis absorption studies of Acr-OH in THF. Inset shows a straight-line graph 

highlighting observations of the Beer-Lambert law.  

 

Figure S5.22 Excitation spectra of Acr-OH at different emission wavelengths in THF (10 µM) 
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Figure S5.23 Aggregation studies by UV–vis absorption studies of Acr-OH in THF/H2O mixtures 

 

Figure S5.24 Concentration dependent UV–vis absorption studies of Br-MDI in THF. Inset shows a straight-line graph 

highlighting observations of the Beer-Lambert law. 
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Figure S5.25 Solvent-dependent UV–vis absorption studies of Br-MDI.  

 

Figure S5.26 Concentration dependent UV–vis absorption studies of MDI-dimer 4 in THF. Inset shows a straight-line graph 

highlighting observations of the Beer-Lambert law. 
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5.4.5.2 CYCLIC VOLTAMMETRY 

Cyclic voltammograms of 4 were recorded at room temperature in deaerated THF solutions (1 mM with 

solutions 0.1 M TBAPF6 supporting electrolyte) under an argon atmosphere using a standard three-

electrode set up. See Section 5.4.1 for full experimental details.  

 

Figure S5.27 Electrochemical reduction of H2MDI and canonical resonance forms (i.e., C = fully conjugated; Q = quinoidal) 

of the dianion H2MDI2- 

The electrochemical reversibility of the first reduced state for 4 was confirmed by measuring the cyclic 

voltammogram at multiple scan rates which resulted in a straight-line relationship between the peak 

current i and the square root of the scan rate, √ν. 

 

Figure S5.28 The reversibility of the first reduction of 4 is highlighted by a linear relationship between peak current and the 

square root of scan rate, √ν   

Table S4.1. Experimentally determined LUMO and band gap (Ebg(opt)) parameters of BrMDI and 4 

from UV–vis and CV analyses in THF 

  λonset/ nm Ebg(opt)
a / eV Eonset,red / V LUMOb / eV HOMOc / eV 

BrMDI 353 3.51 –1.44 –3.36 –6.87 

4 364 3.41 –1.30  –3.50 –6.91 
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aThe optical band gap (Ebg,opt) was determined from the onset of absorption; bThe energy of the LUMO 

was calculated using the equation: LUMO = –(Eonset,red + 4.80) eV; cThe energy of the HOMO was 

calculated using the equation: HOMO = LUMO – Ebg,opt 

5.4.6 DFT ANALYSES 

DFT calculations were performed to obtain geometrically optimised structures of both enantiomers 

(Acr-OH, MDI-dimer 4 and its redox states and MDI-TBF and its redox states) and the transition state 

structures for the interconversion between enantiomers of MDI-TBF (and its redox states) using 

(U)B3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent model. Ground state geometries were verified by 

convergence to a minimum stationary point and no negative vibrational frequencies observed.  

Structures of transition states for the interconversion between the M- and P- enantiomers of MDI-TBF 

were optimised using the Berny approximation using B3LYP(GD3BJ)/6-31G(d,p) in a CH2Cl2 solvent 

model starting from a random guess. Transition states were verified by the appearance of a negative 

imaginary frequency which when animated mirrored the translational motion that would depict 

enantiomeric interconversion. Following this optimisation, single point energy calculations were 

performed so that energies of the enantiomers and transition states could be compared to determine the 

energy barrier involved in the interconversion to provide insight into the configurational stability of the 

studied molecules. 

 

Figure S5.29 Depiction of the HOMO and LUMO energy levels of a representative enantiomer of Acr-OH along with pictorial 

representation of the electron density distribution of those energy level.  

The anti-conformer of 4 and its redox states were found to be lower in energy than the syn-conformer, 

therefore only the anti-conformer is shown. The singlet states of 42– and MDI-TBF2– were predicted 
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to be more energetically stable than their triplet states therefore, results pertaining to only the dianion 

singlet states are discussed and shown in this Thesis Chapter.  

Table S4.2. DFT calculated parameters for the neutral and redox states of 4 and MDI-TBF.* 

 Relative ZPE/ eV HOMO / eV LUMO / eV Band Gap / eV 

4 + 5.83 –7.37 –3.10 4.26 

4•– + 2.48 –3.44 –2.16 1.28 

42– 0.00 –2.59 –1.27 1.32 

MDI-TBF + 6.08 –7.13 –3.35 3.78 

MDI-TBF•– + 2.56 –3.56 –1.93 1.63 

MDI-TBF2– 0.00 –2.63 –1.04 1.59 

*Relative zero-point energies (ZPE) are quoted by setting the minimum energy for each series of compounds to 

0.00 eV. For all radical states (e.g., 4•–) HOMO and LUMOs are represented by the highest singly occupied 

(SOMO) and lowest singly unoccupied (SOMO*) α-orbitals.  

 

Figure S5.30. Frontier molecular orbital depictions (along with the energies of those orbitals) of selected neutral and charged 

states of 4 and MDI-TBF.  
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5.4.6.1 CARTESIAN COORDINATES

4  

C -3.505356 1.928830 0.853514 

C -3.433978 0.720663 1.517032 

C -2.172460 0.157496 1.780495 

C -2.305009 2.552239 0.479300 

C -0.975833 0.773602 1.409295 

C -1.059684 2.015232 0.741472 

C 0.631091 -1.132128 1.127259 

C 1.885930 -1.674621 1.323278 

C 0.348478 0.147946 1.652452 

C 2.904994 -1.019936 2.032261 

C 1.364942 0.795845 2.356894 

C 2.636004 0.227844 2.558160 

C -2.394409 -1.115472 2.541467 

C -2.639400 3.832062 -0.213959 

C 2.410625 -2.993683 0.860158 

C 1.340138 2.115848 3.067667 

O -1.881730 4.655794 -0.688835 

O -1.572370 -1.897218 2.980895 

O 0.428613 2.915822 3.163555 

O 1.839364 -3.850621 0.214009 

C -4.637931 2.802840 0.404998 

O -5.835688 2.647045 0.519805 

C -4.480410 -0.189697 2.082182 

O -5.689095 -0.085699 2.069039 

C 3.450500 1.182607 3.376555 

O 4.595878 1.091125 3.766148 

C 4.108368 -1.914573 2.038538 

O 5.203223 -1.745900 2.533149 

N 2.606577 2.267775 3.633268 

N 3.726429 -3.057607 1.324223 

N -4.034485 3.904831 -0.214705 

N -3.777771 -1.246558 2.669320 

C 3.013457 3.421534 4.417226 

H 3.246038 3.120037 5.440897 

H 3.895885 3.883795 3.970555 

H 2.184247 4.127492 4.419415 

C 4.616788 -4.182781 1.097327 

H 5.505215 -3.855634 0.553142 

H 4.921801 -4.620612 2.050170 

H 4.071986 -4.919843 0.508928 

C -4.429843 -2.353574 3.347953 

H -5.020879 -1.983667 4.188314 

H -5.085479 -2.885004 2.655085 

H -3.650673 -3.023239 3.709078 

C -4.793110 4.999256 -0.795234 

H -5.443328 4.627127 -1.589797 

H -5.404012 5.481796 -0.029420 

H -4.079792 5.713447 -1.204308 

H -0.161517 2.534326 0.430445 

H -0.121507 -1.677245 0.571214 

4•– 

C -3.542067 1.884845 0.865155 

C -3.473336 0.619410 1.410187 

C -2.227414 0.064957 1.773902 

C -2.319403 2.596056 0.699241 

C -0.997832 0.765946 1.589570 

C -1.094633 2.075460 1.055422 

C 0.558884 -1.164223 1.436630 

C 1.823444 -1.700397 1.538884 

C 0.311782 0.175864 1.827462 

C 2.934072 -0.974826 2.056661 

C 1.423613 0.894093 2.361214 

C 2.710221 0.323105 2.467769 

C -2.497740 -1.216891 2.454992 

C -2.623661 3.907923 0.097452 

C 2.285774 -3.048048 1.156873 

C 1.475195 2.220385 3.007329 

O -1.866680 4.818453 -0.217296 

O -1.738455 -2.006756 3.000874 

O 0.592371 3.043202 3.212212 

O 1.658814 -3.979900 0.667303 

C -4.641904 2.750288 0.386527 

O -5.850605 2.570867 0.342291 

C -4.551663 -0.352429 1.782869 

O -5.756955 -0.286079 1.611400 

C 3.619341 1.321688 3.118862 

O 4.810621 1.248704 3.368484 
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C 4.114711 -1.865331 2.023911 

O 5.273708 -1.684152 2.368452 

N 2.814792 2.412435 3.414883 

N 3.649887 -3.075840 1.476877 

N -4.016770 3.931065 -0.055663 

N -3.897304 -1.407565 2.401912 

C 3.292885 3.606766 4.080841 

H 3.722258 3.355666 5.053953 

H 4.055271 4.105541 3.476578 

H 2.438927 4.269896 4.215227 

C 4.506338 -4.225910 1.272753 

H 5.348345 -3.964098 0.627184 

H 4.896103 -4.589421 2.227304 

H 3.906048 -5.003573 0.801201 

C -4.576196 -2.565990 2.945724 

H -5.262164 -2.271099 3.744216 

H -5.143573 -3.077353 2.164079 

H -3.814045 -3.233932 3.345810 

C -4.751208 5.049409 -0.610224 

H -5.295887 4.743900 -1.507358 

H -5.466687 5.436694 0.119626 

H -4.027985 5.823758 -0.864602 

H -0.198222 2.657232 0.887527 

H -0.240194 -1.760854 1.017400 

42–  

C -3.564129 1.844473 0.846521 

C -3.486243 0.561257 1.349850 

C -2.259969 0.015880 1.795551 

C -2.336925 2.607507 0.821684 

C -1.008883 0.762731 1.717371 

C -1.134541 2.106063 1.257367 

C 0.524989 -1.167518 1.648207 

C 1.790449 -1.699115 1.670070 

C 0.284182 0.204201 1.951695 

C 2.958115 -0.937064 2.049026 

C 1.456641 0.955137 2.387677 

C 2.747958 0.378094 2.414788 

C -2.560108 -1.237442 2.463551 

C -2.626067 3.924494 0.255983 

C 2.216355 -3.053862 1.321590 

C 1.548623 2.255355 3.025869 

O -1.884256 4.887087 0.039176 

O -1.856610 -2.033080 3.090200 

O 0.696898 3.098020 3.317714 

O 1.562237 -4.029943 0.942705 

C -4.632792 2.687971 0.319484 

O -5.839292 2.501727 0.148194 

C -4.579583 -0.428849 1.631163 

O -5.772029 -0.384037 1.352400 

C 3.707269 1.380065 2.991805 

O 4.919517 1.305308 3.156760 

C 4.121222 -1.813283 1.947008 

O 5.323837 -1.634864 2.149534 

N 2.932273 2.463013 3.341395 

N 3.607107 -3.058737 1.511021 

N -4.003581 3.911182 -0.016077 

N -3.968639 -1.460295 2.307927 

C 3.445096 3.664270 3.957366 

H 3.993856 3.425669 4.872988 

H 4.117068 4.201714 3.280028 

H 2.589713 4.296602 4.196047 

C 4.445511 -4.211347 1.275981 

H 5.281397 -3.946053 0.623438 

H 4.852374 -4.604111 2.213787 

H 3.829320 -4.975711 0.801882 

C -4.655799 -2.635815 2.789111 

H -5.476636 -2.359105 3.457298 

H -5.065908 -3.221446 1.959801 

H -3.927271 -3.237528 3.333074 

C -4.719845 5.026798 -0.589893 

H -5.137302 4.764479 -1.567269 

H -5.541481 5.335099 0.062916 

H -4.011466 5.847759 -0.704016 

H -0.253159 2.729801 1.195412 

H -0.298669 -1.793612 1.334723 

MDI-TBF 

C -3.474311 1.903763 1.011115 

C -3.481494 0.745144 1.767556 

C -2.265548 0.105873 2.065856 

C -2.257439 2.385497 0.482526 
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C -1.052287 0.661455 1.669155 

C -1.048816 1.772674 0.778248 

C 0.355031 2.028524 0.238447 

C 1.161337 0.979102 0.997501 

C 2.516993 0.686432 0.971092 

C 0.332534 0.272732 1.915663 

C 3.082062 -0.255390 1.857232 

C 0.919370 -0.540245 2.881467 

C 2.292922 -0.834725 2.834687 

C -2.589331 -1.251825 2.606552 

C -2.577378 3.562793 -0.387032 

C 3.626534 1.231099 0.124542 

C 0.394606 -1.040700 4.191120 

O -1.827809 4.260225 -1.047874 

O -1.858957 -2.211367 2.753979 

O -0.656528 -0.784020 4.743464 

O 3.585016 2.079290 -0.749445 

C 0.866541 3.444086 0.591529 

H 0.231091 4.186775 0.108018 

H 0.847236 3.605655 1.672695 

H 1.889993 3.560093 0.231974 

C 0.383737 1.792134 -1.289088 

H 1.407447 1.897384 -1.649846 

H 0.018944 0.790912 -1.533918 

H -0.247680 2.532296 -1.782669 

C -4.579159 2.779670 0.507109 

O -5.772943 2.732147 0.718919 

C -4.592687 -0.103564 2.312300 

O -5.789107 0.098165 2.335663 

C 2.616733 -1.709039 4.009446 

O 3.662468 -2.240321 4.320031 

C 4.548501 -0.345308 1.569095 

O 5.404594 -1.035883 2.081603 

N 1.433262 -1.791141 4.749019 

N 4.781394 0.566700 0.533237 

N -3.958256 3.731779 -0.309127 

N -3.973268 -1.257577 2.800840 

C 1.353074 -2.448493 6.041862 

H 1.643173 -3.495929 5.942144 

H 2.014572 -1.960797 6.762013 

H 0.321754 -2.378026 6.384447 

C 6.095559 0.788789 -0.045408 

H 6.802824 1.073798 0.735793 

H 6.451508 -0.119554 -0.536594 

H 6.003352 1.591664 -0.775309 

C -4.715388 -2.400652 3.303438 

H -5.296764 -2.110871 4.180860 

H -5.392209 -2.783013 2.535874 

H -3.992622 -3.169190 3.573511 

C -4.690653 4.779673 -0.999523 

H -5.451714 4.338962 -1.646439 

H -5.174161 5.441125 -0.277342 

H -3.975633 5.343425 -1.596765 

MDI-TBF_TS 

C 3.464432 -0.401828 -0.188309 

C 3.097077 0.926057 -0.175380 

C 1.782570 1.325332 0.171592 

C 2.496342 -1.369170 0.109129 

C 0.754734 0.361875 0.306477 

C 1.165134 -1.014397 0.277888 

C 0.000001 -1.969416 0.359554 

C -1.165133 -1.014398 0.277885 

C -2.496341 -1.369172 0.109124 

C -0.754734 0.361874 0.306477 

C -3.464431 -0.401830 -0.188312 

C -1.782572 1.325330 0.171595 

C -3.097078 0.926055 -0.175376 

C 1.907650 2.816536 0.415905 

C 3.189871 -2.703125 0.139444 

C -3.189869 -2.703127 0.139435 

C -1.907652 2.816532 0.415916 

O 2.751626 -3.808041 0.406994 

O 1.231858 3.562305 1.082026 

O -1.231855 3.562298 1.082036 

O -2.751622 -3.808043 0.406986 

C -0.000001 -2.737794 1.705143 

H 0.888503 -3.366627 1.761597 

H -0.000002 -2.038318 2.545415 

H -0.888505 -3.366627 1.761595 

C 0.000003 -2.928726 -0.856416 

H -0.881890 -3.565435 -0.825402 
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H 0.000004 -2.359482 -1.790050 

H 0.881897 -3.565434 -0.825399 

C 4.778879 -1.090284 -0.404239 

O 5.868468 -0.643381 -0.692941 

C 3.933966 2.133027 -0.462015 

O 5.074550 2.196327 -0.875815 

C -3.933971 2.133026 -0.461998 

O -5.074559 2.196327 -0.875789 

C -4.778876 -1.090288 -0.404252 

O -5.868463 -0.643386 -0.692960 

N -3.126548 3.215081 -0.149525 

N -4.518803 -2.446570 -0.186792 

N 4.518806 -2.446566 -0.186780 

N 3.126542 3.215083 -0.149547 

C -3.601984 4.585990 -0.081000 

H -4.584540 4.615477 -0.549693 

H -3.675527 4.912594 0.959255 

H -2.915140 5.245699 -0.613946 

C -5.548679 -3.468926 -0.260757 

H -6.325732 -3.275574 0.481849 

H -5.998037 -3.474134 -1.255742 

H -5.075708 -4.429002 -0.060697 

C 3.601976 4.585993 -0.081035 

H 4.584530 4.615479 -0.549734 

H 2.915128 5.245697 -0.613981 

H 3.675525 4.912605 0.959218 

C 5.548685 -3.468921 -0.260734 

H 5.998123 -3.474052 -1.255682 

H 6.325679 -3.275631 0.481951 

H 5.075694 -4.429011 -0.060784 

MDI-TBF•– 

C -3.490821 1.908445 1.021711 

C -3.485905 0.756035 1.786518 

C -2.273570 0.097587 2.073040 

C -2.253123 2.379212 0.462831 

C -1.040408 0.647931 1.656082 

C -1.053389 1.756905 0.755502 

C 0.354752 2.025559 0.233073 

C 1.166593 0.991665 1.007607 

C 2.518578 0.702855 0.971793 

C 0.321499 0.282821 1.915840 

C 3.093639 -0.272253 1.856952 

C 0.918144 -0.555973 2.884488 

C 2.293136 -0.856782 2.821005 

C -2.596152 -1.243262 2.586879 

C -2.566453 3.533013 -0.407202 

C 3.613317 1.255947 0.146074 

C 0.409868 -1.033070 4.180894 

O -1.830764 4.232862 -1.098971 

O -1.890470 -2.230230 2.726124 

O -0.632140 -0.781678 4.766246 

O 3.595077 2.122825 -0.724401 

C 0.842716 3.448923 0.581880 

H 0.203882 4.181017 0.085867 

H 0.804638 3.614966 1.662514 

H 1.871657 3.572876 0.239212 

C 0.408166 1.783453 -1.291459 

H 1.435694 1.899416 -1.639181 

H 0.060284 0.774982 -1.533770 

H -0.230543 2.510605 -1.796157 

C -4.576760 2.774741 0.524391 

O -5.782003 2.764560 0.734012 

C -4.602817 -0.086683 2.334059 

O -5.802477 0.127072 2.373868 

C 2.624001 -1.733617 3.994085 

O 3.671759 -2.279406 4.294613 

C 4.540194 -0.350255 1.576778 

O 5.424621 -1.038325 2.067905 

N 1.457027 -1.800085 4.745708 

N 4.770565 0.583148 0.550543 

N -3.949830 3.712921 -0.314553 

N -3.995424 -1.246496 2.799976 

C 1.371589 -2.456930 6.033467 

H 1.407124 -3.544028 5.919147 

H 2.198776 -2.142835 6.674454 

H 0.422522 -2.169063 6.485177 

C 6.082475 0.818886 -0.016571 

H 6.782165 1.134927 0.761266 

H 6.466868 -0.091033 -0.484829 

H 5.981920 1.604344 -0.764877 

C -4.731954 -2.384947 3.308523 
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H -5.208592 -2.142214 4.262140 

H -5.503172 -2.690662 2.596939 

H -4.019548 -3.197000 3.451968 

C -4.677689 4.754523 -1.009980 

H -5.472438 4.317652 -1.619264 

H -5.125678 5.453140 -0.298032 

H -3.969109 5.283218 -1.646664 

MDI-TBF2–  

C -3.508128 1.906937 1.026185 

C -3.491332 0.757391 1.795921 

C -2.282281 0.082499 2.072182 

C -2.250796 2.371019 0.442204 

C -1.031078 0.634327 1.640887 

C -1.057402 1.741349 0.733484 

C 0.354913 2.023022 0.227999 

C 1.170925 1.001087 1.015046 

C 2.519896 0.711846 0.969584 

C 0.313025 0.293163 1.916621 

C 3.103063 -0.294383 1.855206 

C 0.917557 -0.564304 2.894382 

C 2.292082 -0.877130 2.812662 

C -2.600106 -1.242689 2.558758 

C -2.558317 3.508223 -0.423635 

C 3.601692 1.267048 0.157712 

C 0.427547 -1.001986 4.183863 

O -1.834642 4.213447 -1.141010 

O -1.916840 -2.255019 2.698509 

O -0.599457 -0.742195 4.807798 

O 3.605533 2.151160 -0.710492 

C 0.822825 3.452121 0.576677 

H 0.180335 4.176132 0.072458 

H 0.769437 3.619145 1.657183 

H 1.856128 3.583974 0.248132 

C 0.430353 1.782595 -1.294570 

H 1.461105 1.910253 -1.629984 

H 0.097753 0.768687 -1.539024 

H -0.214823 2.500443 -1.805755 

C -4.578011 2.767394 0.538099 

O -5.794343 2.791202 0.744563 

C -4.615322 -0.082923 2.340020 

O -5.818481 0.143062 2.393949 

C 2.630609 -1.751843 3.989338 

O 3.677606 -2.319697 4.276484 

C 4.531866 -0.367090 1.577792 

O 5.443329 -1.053165 2.047921 

N 1.483789 -1.789640 4.757114 

N 4.759112 0.582667 0.556325 

N -3.943370 3.699227 -0.314219 

N -4.019567 -1.247303 2.781751 

C 1.391811 -2.439552 6.042695 

H 1.370098 -3.529894 5.939820 

H 2.243434 -2.167647 6.672545 

H 0.464874 -2.104198 6.509306 

C 6.067489 0.823690 -0.006782 

H 6.776132 1.115443 0.773928 

H 6.451994 -0.074306 -0.500362 

H 5.968657 1.628404 -0.735542 

C -4.748302 -2.378928 3.303488 

H -5.176112 -2.157503 4.287017 

H -5.561364 -2.661406 2.628200 

H -4.041971 -3.204807 3.394599 

C -4.664067 4.743858 -1.004343 

H -5.369343 4.323493 -1.728442 

H -5.226208 5.355697 -0.293276 

H -3.931286 5.359804 -1.525731 
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This Thesis has primarily focused on studying the optoelectronic properties of derivatives of 

tetrabenzofluorenes (TBFs), a non-planar, helically twisted polyaromatic framework that is built from 

a fluorene core. Chapter 1 lays out the foundations for the rest of the thesis by presenting a thorough 

literature review of the field, starting from the discovery of the highly fluorescent organic small 

molecule fluorene, before building up to larger benzannulated analogues. Initially, fluorene is presented 

as a highly desirable functional organic molecule for use in the development of advanced light-emitting 

and charge transporting technologies, due to the enforced planarity of its biphenyl moiety due to a 

methylene bridge. This planarity enhances conjugation within the molecule enabling both its inherent 

fluorescence and ambipolar charge transporting behaviours. Substitution of electron-donating or 

electron-withdrawing substituents around the periphery of the molecule allows for the facile tuning of 

these properties for the desired outcome. Benzannulation to form mono-, di-, tri- or tetrabenzofluorenes 

only enhances these properties further by extending delocalisation pathways resulting in 

bathochromically shifted optical behaviours and thermodynamically stable charged and neutral redox 

species. In addition, ortho-fused fluorenyl-based polyaromatics such as TBFs, are noticed to possess a 

non-planar screw-shaped backbone, indicating the potential to exploit these structures for properties 

related to their inherent chirality. In light of these findings, the remainder of this thesis discussed 

research that I have conducted during the three years of my PhD to investigate the fundamental 

properties of multifunctional derivatives of TBFs. 

In Chapter 2, a series of non-symmetric, head-substituted TBFs are synthesised and the mechanism for 

their solid-state emission is probed by optical and time-resolved spectroscopies. In particular, the 

Chapter strives for clarity on the impact of sterically bulky, rigid aromatic substituents compared to 

flexible but disruptive alkyl head groups and specifically how the nature of these substituents affects 

the mechanism for the aggregate emission. Anthracenyl-TBFs are observed to undergo AEE as a result 

of restricted motions, e.g., due to an intramolecular CH···O interaction observed by X-ray crystal 

structure analyses. The anthracene also appears to compete with the photophysical properties of the 

TBF core resulting in lower overall solution-state PLQY values. Butyl-appended TBFs emit light more 

efficiently in solution with relatively higher PLQYs and display aggregate emission due to the effective 

disruption of TBF π-interactions by flexible butyl groups which hinder ACQ effects. An adjacent 

hydroxy head-group (which for anthracenyl-TBFs helps enforce aggregate rigidity and reduce 

intramolecular motions) appears to negatively impact solution and aggregate-emission of butyl 

appended TBFs as a result of its electron-withdrawing nature. This Chapter has therefore helped to build 

a strong fundamental understanding of TBF aggregate emission such that these learnings can be applied 

to similar functional organic molecules to enhance their solid-state emissive behaviours. Given these 

findings, future endeavours to study surface morphologies (e.g., using electron microscopy techniques) 

and emissive behaviours of derivatives of TBF as thin-films or powders would serve this line of research 

well to highlight the use of these TBF materials in organic light-emitting applications. 
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Apart from their ability to absorb and emit light efficiently, TBFs should be able to donate and accept 

charge readily, similar to fluorene. However, a fundamental study of the redox properties of 

head-substituted TBFs has never been conducted. Chapter 3 therefore describes efforts to probe the 

electrochemical, chemical, and photochemically induced redox states of derivatives of TBFs. Despite 

minimal structural differences between hydroxy- and hydrogen anthracenyl head-substituted TBFs, the 

hydroxy-derivative is found to display a quasi-reversible first oxidation. This quasi-reversibility is 

observed presumably due to the cleavage of a weakened C–OH bond following oxidation to a radical 

cation state after which a TBF centred-radical is proposed to form. SEC analyses confirm the evolution 

of different redox states between the two TBF derivatives. The TBF-centred radical was then pursued 

by a chemical reduction of the hydroxy derivative. EPR spectroscopy confirms the presence of an 

open-shell molecule, after which absorption studies of the material match the profiles generated by 

electrochemical oxidation of the hydroxy- and hydrogen anthracenyl head-substituted TBFs confirming 

earlier hypotheses. TBF centred radicals are also hypothesised to be generated under Grignard 

conditions (i.e., in the presence of MgI•) from a TBF head-substituted ketone. However, in this case, 

the absence of kinetically stabilising groups leads to the reduction of the aromatic core. In addition, 

upon exposure to visible light, hydroxy-substituted TBFs are observed to decompose to a TBF dimer 

with a relatively large carbon-carbon single bond between the two TBFs. The mechanism for this 

decomposition is proposed to take place via either a cationic, anionic, or radical TBF state. The results 

from this Chapter reveal the complexity of the redox behaviours of TBFs, and the breadth of 

opportunities available to take advantage of them to achieve ambient stable neutral organic radicals. 

While the TBF radical has been isolated in this Chapter, this line of research would benefit from further 

in-depth studies of this organic radical, including quantifying its half-life stability, studying its emissive 

properties in both the solution and solid-state and attempting to grow single crystals.  

In Chapter 4, the configurational stability of the [5]helicene-like backbone of the TBF framework is 

addressed through DFT calculations. The Gibbs free energy barrier of enantiomerisation (ΔG‡) for 

head-substituted TBFs are predicted to be low, similar to experimental analyses of this barrier that have 

previously been reported. These results confirm that in solution, TBFs will be rapidly interconverting 

between enantiomers at room temperature. Three strategies to increase this barrier are discussed, with 

varying degrees of success. Elongating the helical framework through ortho-benzannulation and adding 

steric bulk to the fjord through methylation are predicted to be appropriate methods of increasing ΔG‡. 

On the other hand, the design of a triple-helicene based on the TBF framework with increased chiral 

complexity is not predicted to achieve the desired results. TD-DFT calculations further predict that 

these structural changes should not affect the photophysical properties of the targets. Syntheses of these 

targets reveal the challenge associated with isolating configurationally stable TBF derivatives. However 

enough progress has been made so that the next researcher who continues this work should be able to 

isolate and study configurationally stable derivatives of TBF. With the enantiopure helicenes based on 
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TBF, together with conclusions made in Chapter 2, we have a framework for accessing solid-state 

emission of single-handedness for the development of more efficient and advanced organic 

light-emitting technologies. In addition, while Chapter 4 focused solely on configurationally stable 

analogues based on the TBF structure, there would also be advantages of attempting to generate organic 

radicals from other [7]helicene fluorenyl-embedded helicenes reported in the literature to study their 

chiroptical properties.  

The final experimental Chapter in this thesis discusses efforts to introduce additional functionality to 

the TBF core by incorporating known n-type redox-active units such as acridines and diimides into the 

design of the electron-rich TBF. Acridines are head-substituted non-conjugatively to the TBF core and 

result in strong intermolecular hydrogen bonded dimers. As a result, the optical properties of the 

acridinyl-TBF display large Stokes shifts due to the excitation of ground state dimers, while the true 

monomeric optical behaviours are revealed upon addition of water. Even with the observation of these 

remarkable optical behaviours, the full potential of acridines have not yet been realised. There are still 

further opportunities to synthesise the acridinium (i.e., a charged analogue of the acridine) and to then 

explore its sensitivity to other stimuli such as pH, redox and light. In the second example presented in 

this Chapter, a non-linear aromatic diimide unit, mellaphanic diimide (MDI) is used to sculpt the wings 

of the TBF framework, and an MDI-dimer is isolated as an intermediate towards synthesising the 

MDI-TBF helicene hybrid. This dimer is observed to adopt one of two conformations, presumably 

stabilised by an intramolecular aromatic-carbonyl CH···O interaction, in its neutral and reduced states. 

Compared to its monomer, the dimer accepts charges easily due to extended conjugation between the 

two MDI units, aided by an increase in double bond character of the MDI-MDI C–C bond. This 

enhanced conjugation endows the dimer with emissive capabilities (even though monomers of MDI are 

non-emissive). These results together with DFT calculations highlight the potential for the structure of 

the MDI-TBF dimer to deliver a highly electron-deficient emissive helicene. Upon reduction of this 

MDI-TBF hybrid helicene, its configurational stability is expected to increase allowing for a selective 

and controllable lock and release of the configuration of the helicene. Therefore, synthetic efforts to 

isolate this diimide helicene are expected to reap interesting results and should be pursued further.  

This Thesis therefore presents the TBF framework as a multifunctional platform that can be tuned in a 

controllable manner in order to extract a desired outcome. A thorough fundamental analysis of the 

properties of TBFs has enabled us to understand clearly, how its structural and electronic features can 

be tweaked to enhance either its solid-state emissive properties or its ability to stabilise charged and 

neutral redox states. I envision that a marriage of all the potential characteristics of TBFs that are tackled 

in previous Chapters, including its configurational stability, highlights an avenue for research that will 

deliver a highly impactful organic functional molecule that can possibly revolutionise the fields of 

organic light-emitting and charge-transporting materials in our ever rapidly evolving technological 

world.  
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A.1 INTRODUCTION 

Throughout my PhD, I have also been more widely involved in other collaborative projects with 

researchers in the Avestro Group that don’t necessarily focus on the specific goals of my PhD. These 

projects include (i) my involvement in the synthesis, optoelectronic properties analysis and DFT 

analyses of azole-substituted naphthalene diimides as through-space charge transporting materials. I 

was first involved in this project during my BSc research project, and I have been helping to push the 

research to completion during my PhD. In a second project, my involvement has included (ii) DFT 

calculations to model transition states for the interconversion of M- and P- enantiomers of charged 

helicenes derived from naphthalene diimides and performing aromaticity calculations such as nucleus 

independent chemical shift (NICS), anisotropy induced current density (AICD) and isomagnetic 

shielding analysis (IMS, with Peter Karadakov). My involvement in this project was extended to study 

(by DFT) some elongated structures based on these helicenes with redox-controlled conformational 

changes. Finally, I was involved in a third project to help study by DFT, (iii) the structures of 

functionalised shape-persistent 3-conjugated triangular macrocycles based off pyromellitic diimides 

and their non-linear regioisomer mellaphanic diimide. This appendix summarises my involvements in 

these projects outside of the scope of my PhD Thesis and discusses some of the results collected.  

A.2 CHARGE MOBILITIES OF AZOLE-SUBSTITUTED NAPHTHALENE 

DIIMIDES 

Collaborators and contributors: Grant M. Brown, Philip A. Hope, Fraser H. N. Arnold, Adam C. Carrick 

and Jamie A. Gould.  

The discussions below are adapted from a manuscript in preparation for which I am a co-first author. 

A series of four naphthalene diimides were synthesised bearing either a 4-pyrazole, 

3,5-dimethylpyrazole, 3-pyrazole and 4,5-dimethylpyrazole (to make 1, 2, 3, and 4 respectively) in the 

N,N’-position as a hydrogen bond directing substituent (Figure A.1a). Solvent-free crystal structures 

(Figure A.1b–e) of the four diimides reveal that the aromatic surfaces organise and orient themselves 

with different degrees of π-overlap despite minute differences to the N-group substituents. The sterically 

bulky diimides 2 and 4 displayed packings with virtually no π···π interactions. Sterically unhindered 

diimide 1 orders π-surfaces in a thermodynamically favoured slip-stacked configuration (dπ–π = 3.24 

Å), however with a relatively low degree of π-contact. Notably, the highest degree of NDI–NDI overlap 

is observed for NDI 3 where aromatic surfaces orient themselves co-facially with each layer related by 

S2 symmetry. This arrangement of π-surfaces results in π–π distances (3.47 Å) greater than NDI 1. 

To understand whether the orientation and area of overlap is more energetically favourable and 

conducive to charge transport in NDI 3 or in NDI 1, the energy and orbital overlap of the LUMO of a 
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representative dimer (Figure A.1, dimer LUMO orbital inset; isovalue 0.01) was compared. It is clear 

that the twisted orientation of NDI surfaces in 3 promotes efficient orbital lobe matching (and therefore, 

spatial orbital overlap) in its dimer compared to the parallel orientation of π-surfaces in 1. Therefore, 3 

possesses a lower energy dimer LUMO (ELUMO of 1 = –3.5 eV vs ELUMO of 3 = –3.7 eV, Figure A.1a and 

c respectively) despite the larger π-π distance. Following these results, we envisaged that NDI 3 would 

transport charge most efficiently, followed by NDI 1, then either of NDI 2 or 4. This hypothesis was 

confirmed by experimental conductivity measurements on as-synthesised micro-crystalline powders of 

the respective NDIs. 

 

Figure A.1 (a) Chemical structures of the NDIs studied in this work. Charge transfer pathways and the resulting charge transfer 

integrals in each specified direction for solvent-free X-ray crystal structures of NDI b) 1; c) 2; d) 3 and e) 4. For each 

compound, the LUMO of the dimer (isovalue 0.01) with the largest J value is shown along with the energy of this LUMO and 

the centroid-centroid distance ri (or the plane-plane distance, π-πi where appropriate). Pyrazole groups and H atoms have been 

omitted for clarity. 
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To understand what particular aspects (i.e., distance, orientation, symmetry) of the solid-state packing 

of each NDI lead to the conductivity results obtained experimentally, theoretical charge mobility 

calculations were carried out (supported by DFT calculations and CATNIP1). Charge transfer pathways 

were determined within the de-solvated crystal packing structures for each compound and the charge 

transfer integral, Ji, was evaluated in each of these directions using the dimer projection method (Figure 

A.1, black arrows highlight charge transport pathways).2,3 The rate of charge transport in each direction 

ki, was then calculated according to the Marcus equation (Eq. 1) using the calculated values of Ji, and 

the calculated reorganization energy, λ (Eq. 2). Finally, the charge mobility of electron transport, μ, 

which is dependent upon the rate of charge transfer in all directions, ki, and the centroid-centroid 

distance between dimers, ri (Eq. 3), was calculated and summarised in Table A.1.  
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where ℏ is reduced Planck’s constant, kB is Boltzmann’s constant, T is room temperature i.e., 298 K. 
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where EN
0 and EC

- are the energies of the neutral and singly charged NDIs. EN
- is the energy of the 

neutral species in the optimised geometry of the charged species, and EC
0 is the energy of the charged 

species in the optimised geometry of the neutral species.  

𝜇 =
𝑒𝐷

𝑘𝐵𝑇
=

𝑒

6𝑘𝐵𝑇
∑ 𝑘𝑖𝑟𝑖

2𝑝𝑖

𝑖

          𝐸𝑞. 3 

where e is electron charge, D is the charge diffusion coefficient, ri is the centroid-centroid NDI-NDI 

distance between dimers in the ith direction and pi is the probability of charge moving in this specified 

direction, i.e., 𝑝𝑖 =
𝑘𝑖

∑ 𝑘𝑖𝑖
.  

Table A.1. Summary of the charge mobility, μ for each NDI 

NDI μ / cm2 J-1 s-1 

1 0.24 

2 0.36 

3 0.09 

4 0.05 

The results from these calculations approximately match the trends observed in the experimental 

conductivity measurements (NDI 3 > 1 and 4 ≈ 2; Table A.1). Significant charge transfer pathways (i.e., 

Ji >20 meV) include the slip stacked NDI–NDI π-interaction in NDI 1 (Figure A.1a, J1 =108 meV) and 

the co-facial overlap in NDI 3 which results in the greatest charge transfer integral (Figure A.1c,  

J2  = 182 meV). Despite the closer π-π distance in NDI 1, the charge transfer calculations reveal that 

this charge transfer pathway (J1 in NDI 1) does not contribute to the overall charge mobility as much 

as the co-facial dimer in NDI 3 (J2 in NDI 3) as a result of poorer spatial overlap between orbitals in 
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the LUMO of the dimer. NDI 3 therefore displays the greatest theoretical charge mobility, larger than 

theoretical values that have previously been reported in the literature for some NDI materials.
4 

This result is further highlighted in distance dependent calculations where the vertical distance, dv 

between the dimers in NDI 1 and 3 were altered and the resulting charge transfer integral, J calculated 

and plotted (Figure A.2a). The results reveal that at any distance, NDI 3 is more susceptible to transfer 

charge than NDI 1 due to the more efficient spatial overlap in the twisted and co-facial arrangement of 

NDIs in 3. The results, in combination with experimental conductivity properties, suggest that the 

area/extent of LUMO π-orbital overlap is a significant factor to consider in achieving high conductivity 

materials as it maximizes the surface area of the most straightforward charge transfer pathway(s) in a 

material. Additionally, although twisted in an S2 symmetry, the LUMO orbital lobe matching and hence 

overlap in NDI 3 seems to be maximized in comparison to the parallel arrangement of NDI surfaces in 

NDI 1.  

 

Figure A.2 (a) A comparison of the absolute charge transfer integral, |J|, between the slip-stacked dimer in 1 and the co-facial 

dimer in 3 at varying vertical distances (Δdv) away from the distance of the dimers obtained in the respective crystal structures 

(defined as 0 Å); (b) Dependence of J on the twist angle (θ) between monomers in the co-facial dimer in 3 where 0° is the 

crystal structure defined angle between the two monomers; (c) Variation of HOMO and LUMO energies of the resulting dimers 

as one molecule in the dimer is horizontally translated away from the crystal structure defined distance (dh = 0) to alter the 

degree of slip-stacking in 1.      

To test these hypotheses, first the area/extent of orbital overlap was probed further – the horizontal 

distance, dh between NDIs in the slip-stacked dimer in NDI 1 was altered away from the crystal structure 

defined distance (set to 0 Å) and the resulting energy of the HOMO and LUMO of the dimer plotted 

(Figure A.2c). Similar to what has been reported previously,5 the energy of the HOMO and LUMO 

show alternating increases and decreases in energy attributed to the symmetry alignment and then 

breaking of orbital overlap as the extent of slip-stacking is either increased or decreased. The results 

hint at the criticality of quantum chemical symmetry alignments in enabling charge to flow. This result 

is further substantiated when the orientation of the arrangement of π-surfaces in NDI 3 is probed in 

more detail – the twist angle between two NDIs in the co-facial dimer in 3 was altered and the resulting 

charge transfer integral calculated and plotted (Figure A.2b). At the crystal structure defined angle (set 

to 0°), the charge transfer integral is at its maximum and steeply falls away as the angle is altered in 

either a clockwise or anticlockwise manner away from 0°. Evidently, the S2 twisted orientation of NDIs 

maximizes the electronic and quadrupolar interactions through efficient π-orbital overlap due to 
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quantum mechanical orbital symmetry matching in the dimer and hence allows for a superior charge 

transport in comparison to NDI 1. Through this systematic study, we have therefore shown that 

consideration of factors in addition to the distance between π-surfaces such as the orientation of 

π-surfaces and quantum mechanical symmetry factors (which impact the efficiency of orbital overlap) 

can dictate the resulting charge transport. 

A.3 DFT CALCULATIONS OF NAPHTHALENE DIIMIDE-DERIVED 

HELICENES 

Collaborators and contributors: Venkata S. Mothika, Matteo L. Albino, Pavan K. Yerramsetti, Biman 

Bhunia, Shana Noureen, Connor Prior and Peter Karadakov. 

For context, this project is work I am doing as part of a larger group where my role is to collect the DFT 

data including optimised structures of neutral and charged states (of H1, H3 and TH), conformational 

and transition state (TS) analyses. Initially, the aromaticity of helicenes derived from a diketone diimide 

(DKDI) – a product of the oxidation of a naphthalene diimide (NDI; Figure A.3a) – is studied 

computationally by AICD6, IMS7 and NICS8 analyses. These analyses are important to conduct because 

they support experimental claims for the observation (for the first time!) of a Zimmerman-Möbius 

aromatic stabilised species in the reduced states of H1 and H3. IMS results are highlighted in Figure 

A.3b, where the isosurfaces generated are an intuitive way to visualise Clar’s rule. Aromatic rings that 

appear like distinct donuts exhibit a strong magnetic shielding and therefore are aromatic. Upon 

reduction to the dianion, H1, is predicted to experience an increase in aromaticity between atoms in the 

helicene’s fjord region (highlighted in orange in Figure A.3b), as a result of a through-space 

Zimmerman-Möbius aromatic interaction. 

 

Figure A.3 (a) Structures of synthetic precursors used to isolate NDI-based helicenes studied in our group such as H1. (b) IMS 

calculation results where an isosurface has been generated to highlight an increased aromatic character through-space between 

the nitrogen atoms in the fjord (highlighted in orange). 
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In a related project, H1 has been laterally extended with a thianthrene moiety to test the boundaries of 

this observed Zimmerman-Möbius aromaticity and redox-induced intraannular fjord electronic 

interactions. Following a screen of different functionals (B3LYP, PBE0, M06-2X) and basis sets 

(6-31G(d,p), 6-31G+(d,p), 6-311G(d,p), 6-311G+(d,p), cc-pvtz, aug-cc-pvtz), 

B3LYP(GD3BJ)/6-311G(d,p) in CH2Cl2 was chosen as the most suitable functional and basis set pairing 

which estimated band gap values and LUMO energies that were close to experimental values while also 

having a manageable computational expense. Since the thianthrene moiety is non-aromatic and hence 

kinked in its geometry in its neutral state, there are three possible conformers of TH that can exist with 

the two arms of the helicene (Figure A.4a). Of the three conformers of thianthrene, DFT confirms that 

the conformer which preferentially crystallises out (P–THA; Figure A.4a) has the lowest zero-point 

energy. The difference in energy between the conformers is between 0.31–2.31 kcal mol-1 (i.e.,  

0.01–0.10 eV) and the transition-state energy barrier for the interconversion between conformers is low 

(4.28 kcal mol-1 or 0.19 eV) suggesting that in solution an average of all three conformations is 

observed.  

 

Figure A.4. (a) Structures of three conformers of P-TH that can exist along with the transition state energy for the 

interconversion between conformers, TS–TH. All energies are quoted in eV. (b) Optimised structure, HOMO and AICD plots 

of the dicationic state of TH highlighting the potential for through-space S–S bonding interactions.  

DFT calculations of the oxidised TH2+ state reveal a highly planar laterally extended analogue of H1, 

notably with a shortened S–S distance of 2.87 Å. Its HOMO displays through-space electron 

delocalisation between the two sulfur atoms indicating a bonding-type interaction. The implications of 

these structural changes on the aromaticity of the molecule are evaluated by AICD calculations which 

highlight an isosurface with current density occupying the through-space regions of both the fjord  

N–N atoms as well as the S–S atoms. Work to obtain experimental evidence to support these DFT 

calculations is ongoing.  
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A.4 DFT CALCULATIONS OF MOLECULAR TRIANGLES 

Collaborators and Contributors: Fraser H. N. Arnold, William Glover-Humphreys, Mariia Kuznetsova, 

Paul McGonigal 

My involvement in this project has included the optimisation of the geometries of functionalised 

molecular triangles based on pyromellitic diimides (PMDIs) and frustrum shaped rigid macrocycles 

built from non-linear mellaphanic diimides (MDIs). This Section will therefore appear more like a 

Supplementary Information section from a manuscript.  

Calculations to optimise the geometries of ground states of a range of triangles were carried out using 

density functional theory (DFT) with Becke’s three-parameter exchange functional with the 

gradient-corrected correlation formula of Lee, Yang and Parr (B3LYP)9,10 paired with the triple zeta 

valence plus polarisation def2tzvp11 basis set, PCM solvation model (CH2Cl2) and dispersion 

corrections (D3BJ).12 Ground state geometries were verified by convergence to a minimum stationary 

point and no negative vibrational frequencies observed. Tri-functionalised triangles result in the 

formation of atropisomers therefore, the structures Δ a (for the syn-conformer i.e., all groups pointing 

in the same direction) and Δ b (for the anti-conformer) were optimised as well. 

 

Figure A.5 Geometry optimised structures of simple brominated molecular triangles based on PMDI. Vertex angles were 

measured as the angle between two PMDI planes, and the height of the cavity is quoted as an average height of 

centroid-centroid distance between a PMDI centroid and a centroid bisecting the cyclohexane C–C bond. 

The PMDI planes in aryl- and pyridyl-triangles are more twisted than simpler functionalised PMDI 

triangles (e.g., brominated triangles shown in Figure A.5) whose triangular sides are more planar. To 

avoid steric repulsions, these aryl- or pyridyl- groups are twisted away from the plane of the PMDI with 

torsional angles between 52.5–62.3º. In addition, Py3PMDI-Δ a and Ar3PMDI-Δ a appear to display 

some stabilising intramolecular CH···π interactions (2.72 Å and 2.71 Å respectively – quoted as an 

average value) between aryls and pyridyls in close proximity. These intramolecular aryl–π interactions 

result in a macrocyclic geometry change where there is less access to the triangular cavity from one 

face of the triangle.  
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Figure A.6 Geometry optimised structures of tri- and hexa-substituted aryl- (Ar) and pyridyl- (Py) molecular triangles based 

on PMDI. Vertex angles were measured as the angle between two PMDI planes, and aryl or pyridyl torsional twists are quoted 

as an average. The height of the cavity is quoted as an average height of centroid-centroid distance between a PMDI centroid 

and a centroid bisecting the cyclohexane C–C bond. 

Creating molecular triangles from non-linear and non-symmetric aromatic diimides such as mellaphanic 

diimides (MDI) reveal two DFT optimised structures of conformers (Figure A.7a and b) where 

carbonyls from the diimides are placed in much closer proximity than its linear and symmetric triangular 

isomer (PMDI, presented in Figures A.5). As a result, the cavity of the syn triangle appears widened 

and much more accessible from once face of the triangle, whereas the highly electron-rich oxygen atoms 

in the carbonyls suggest a strong possibility of binding metals similar to crown-ethers.  

 

Figure A.7 (a) Geometries of two conformers that can be synthesised from the condensation reaction involving a 

non-symmetric diimide, MDI, including the transition state energy barrier involved in the interconversion between conformers. 

(b) A space-fill model of the syn conformer to highlight the close proximity of the carbonyls. 

DFT coordinates for all systems discussed in this Appendix can be viewed here.  

https://drive.google.com/file/d/16Iwc-GNvSYzirwFjVC-f2WEht8Fl95y8/view?usp=share_link
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