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Organic Semiconductor Design for Light-Emitting Electrochemical Cell
Technology

by Oliver James Ward

Organic light-emitting electrochemical cells (OLECs) that comprise an active layer, an
optional hole-injection layer, and a pair of electrodes, are promising alternatives to
currently prevalent technologies. Small-molecule OLECs with active layers based on
functionalised fluorene fragments tethered, by hydrocarbon chains, to alkylimidazolium
pendants have a number of properties that make them especially viable targets in the

design of next-generation OLEC devices.

Fluorene’s ease of functionalisation allows a systematically varied group of arylfluorene
salts to be generated, and a structure-activity relationship to be investigated. Cross-
coupling of alkylated bromofluorenes with substituted bromobenzenes, by way of the
corresponding dioxaborolanes, gives a set of neutral smart ink precursors that can be
quaternised with alkylimidazoles. Inductive (both +I and -I) and mesomeric effects
(both +M and -M) at the 3 and 4 positions of the aryl substituents are examined.
Head-to-head comparison of matched pairs reveals the effects of substituent type and
substitution pattern. 2,7-diarylfluorene smart inks and their 2-arylfluorene cousins are
compared in order to establish the effect of, and extent of the n-system, independently of
aryl group substitution pattern. The practical viability of smart inks bearing methylim-

idazolium pendants is compared with those bearing octylimidazolium pendants.

These arylfluorene smart inks form the training set used to establish an efficient, pre-
dictive computational modelling procedure. The substrate scope is probed by computa-
tional and spectroscopic analysis of a group of polyarenes based on phenanthrene, and
the generation of a functioning OLEC device from a smart ink in this chemical family is
demonstrated. The predictive model, in combination with a genetic algorithm, is used
to further extend the substrate scope and generate a UV-emitting arylpyridine and a

blue-emitting arylpyridinium analogue.
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Chapter 1

Introduction

1.1 Light-emitting technology

1.1.1 Light-emitting diodes

The light-emitting diode (LED) provides a source of bright light that is both cost-
effective and efficient. Haitz’s law, illustrated in Figure 1.1, describes cost per lumen
falling, and light output per LED rising exponentially with time,!) so the technology
seems set to continue to provide ever-better access to light-emitting devices. In particu-
lar, the OLED (organic light-emitting diode) can be constructed on a tiny scale, and in
vast quantities, with emissive properties that permit the manufacture of high-resolution,
handheld displays. The purpose of this work isn’t to challenge its utility, but to point to
certain application-specific limitations of LED technology, and advance the development

of a viable alternative - the organic light-emitting electrochemical cell (OLEC).

10% — . .
© o flux/package[lml| o 7 |
4 ¢ cost/lumen [$/Im] :
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FIGURE 1.1: Haitz’s law with a logarithmic y—axis.



2 Chapter 1. Introduction

The simplest LED consists of a semiconductor sandwiched between a pair of electrodes
(Figure 1.2, layers 1 and 7). As an electrical current is passed through the semiconduct-
ing layer (layers 2 - 6), light is emitted at an intensity that scales with the thickness
of the active layer (layer 4). (2) For an LED to function properly, the active layer must
be very thin (around 100 nm), and the thickness must be highly uniform. This limits
LEDs in the types of substrates on which they can be fabricated (layer 8). A suitable
substrate is rigid, and flat, and will remain so throughout the lifetime of the device. In
practice, LEDs have a more complicated structure, including layers optimised for the

injection and transport of electrons and ’holes’, as shown in Figure 1.2.()

Light Emitting Layer
Hole Transport Layer

Transparent Conductive Oxide
Substrate

ONOOhRWN =

FIGURE 1.2: The complex structure of a typical OLED.

High-work-function metals are chosen as the anodes (layer 7 in Figure 1.2) for LED
devices. This is so that the barrier to hole-injection into the highest occupied molecular
orbital (HOMO) is minimized. The cathode (layer 1), on the other hand, must have
a low work function. Electron-injection and hole-injection must be balanced for an
LED to function efficiently, and too high a work function in the cathode metal prevents
efficient electron-injection. Calcium is an example of a low-work-function metal that
has desirable electronic properties, but is easily oxidised. The gap between the work
functions of the electrodes, and the need to balance hole- and electron-injection means

that the system is never in electrochemical equilibrium. (?)

1.1.2 Light-emitting electrochemical cells.

The simplest light-emitting electrochemical cell (LEC) has the same basic construction
as an LED, but with an electrolyte added to the semiconducting layer. The electrolyte
provides mobile ions which, when a voltage bias is applied, can redistribute within the
active layer, preventing bi-layer formation at the electrodes, and leading to efficient
charge-injection. This removes the limitation on cathode material that is a problem
in LED-design. One benefit of this is that both electrodes, and ultimately the entire
device, can be made of air-stable materials - a great advantage.) This modification
also allows LECs to function efficiently without the need for many layers optimised for

charge-transport.
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Figure 1.3 shows a device which uses a silver cathode and an indium tin oxide (ITO)
anode, with a layer of PEDOT:PSS for the injection and transport of holes. The active
layer is made of a smart ink, commonly the polymer Super Yellow (vide infra 1.2.3)
combined with an electrolyte. Much of the science of LEC devices is conducted using

test devices such as this.

Silver electrode

Smart ink active layer
PEDOT:PSS hole transport layer
ITO electrode

|-

—

\\:_"‘———__‘_ f‘ .
H‘j ——— Glass slide

FicUureE 1.3: An OLEC device with a silver cathode, smart ink active layer, PE-
DOT:PSS hole transport layer, and ITO anode, printed onto glass.

In an LEC device with a pair of high-work-function electrodes, a p-i-n junction can
form,®) and a steady state is reached in which ion motion becomes insignificant. This
means that electroluminescence is highly efficient. The benefit of the presence of mobile
ions in the solid layer comes at the cost of long turn-on times, due to the slow reorgan-

isation of ions as the bias is applied. )

In order for an LEC to function, a voltage must be applied that is larger than the energy
gap of the semiconductor (3 - 5 V is typical), and this energy gap determines the colour
of the emitted light. The active layer in an LEC device is typically around 100 nm thick,
as in an LED, but the uniformity of the layer-thickness is not as tightly restricted. This
opens up the possibility of printing light-emitting devices onto flexible substrates. The

structure of a flexible OLEC device is shown in Figure 1.4.

Silver nanowire electrode
Super Yellow active layer
PEDOT:PSS hole transport layer

Silver electrode

Screen-printed interface layer

Polyester cotton woven textile

FIGURE 1.4: An OLEC device with a silver nanowire cathode, Super Yellow active
layer, PEDOT:PSS hole transport layer, Ag anode, and polymer interface layer, printed
onto a woven textile.

LEC devices continue to show poor performance compared to LED devices. The reali-
sation of bright blue- and red-emitters, for visual displays, is a particular hurdle, as the
human eye is less sensitive to wavelengths at either end of the visible light spectrum,

and so the perceived brightness is lower for these emitters. (*)
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The recent proliferation of new materials with which to build OLECs,®) and their

combination with a range of printing techniques, including spray coating, (7%

inkjet
printing, ) spin-coating, !*) and slot-die coating,*!) permit the realisation of light-
emission on flexible substrates. The device shown in Figure 1.4 emits light through the
semi-transparent silver nanowire cathode. The interface layer is electrochemically inert,
and establishes a flat surface onto which a very thin layer of silver can be deposited.

The subsequent layers are intrinsically flexible.

There is considerable focus on developing the colour-tunability, efficiency, brightness,
and stability of these devices, and this work takes aim at an unresolved problem in the
field - the precise relationship between the chemical structure of the active layer and the

colour of its emission.

1.1.3 Mechanism of action

Light is generated in electroluminescent devices by the generation of carriers, and their
recombination in a semiconducting layer.® The valence band and the conduction band
in a semiconductor are close enough in energy to allow the excitation of electrons from
the former to the latter. The excitation of an electron into the conduction band leaves
behind an electron hole - a quasiparticle defined as the absence of an electron where
one would assume it to exist from the balancing of positive and negative charges in the
substance. Both the electron in the conduction band, and the hole in the valence band

can move throughout the substance.

When a voltage is applied across a diode, electrons in the conduction band move toward
the anode and holes in the valence band move toward the cathode. Since electrons and
holes are able to move through the electrodes and around the circuit (Figure 1.5), the
regions near the electrodes remain electrically neutral while electrons and holes move

across the device.

Further from the electrodes is an electrically charged region in which carrier recombi-
nation occurs. This type of interface is known as a p-n junction - the region near the
anode is 'p-doped’ and the region near the cathode is 'n-doped’. Electrons can flow
readily from the cathode (or the n-doped part) to the anode (or the p-doped part), but

not nearly as easily in reverse.

It should be understood that the n-doped and p-doped regions have no net charge,
despite a relative abundance of electrons in the n-doped region and holes in the p-
doped region. The doping is typically achieved by the addition of dopants - atoms or
compounds whose function is to provide electrons or holes in an electrically neutral
state. A well-known example of this is the addition of phosphorus to silicon to create

an n-doped semiconductor. In an LEC, the doping occurs due to the oxidation of the
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fluorophore near the anode, and reduction near the cathode, during device operation.

Electric neutrality is maintained by the reorganisation of mobile ions. %)

At the interface, as electrons move toward the anode and leave behind semiconductor
cations, the region closer to the anode will accumulate net negative charge, and the
region closer to the cathode will accumulate net positive charge. The surface across
which these charged regions come into contact is known as the carrier recombination

zone, and is the part of the device that emits light.

)J] hv
cathode anode

— +| = +
n-doped +| - p-doped
+| -
electron carrier hole

transport recombination transport

FIGURE 1.5: A circuit with a p-n junction diode.

The difference between an LED and an LEC, at the level of operational mechanism,
is that the light-emitting layer in an LED consists of a neutral compound, or mixture
of compounds, whereas an LEC utilises a charged active layer. The active layer in an
LED must be thin (typically 100 nm) and highly uniform, as the neutral substance
has limited ability to transport charges over long distances. This makes the formation
of a p-doped region and an n-doped region less likely with greater separation of the
neighbouring charged layers. An LEC does not face this problem, as the incorporation
of charge into the active layer allows it to form a p-n junction across relatively large
inter-electrode distances. The trade-off is that the requirement to be charged imposes

additional limitations on the design of new active layers.

LECs based on ionic liquids, such as those with a host-guest architecture, have been
shown to exhibit delayed electroluminescence due to differential carrier injection rates. (%)
Where electron injection occurs more slowly than hole injection, the p-doped region
grows, encompassing the majority of the active layer. The n-doped region then begins

to grow, causing the p-doped region to recede, and the device to emit light.
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1.2 The state of the art

1.2.1 OLEC materials

A wide array of different materials are available for the construction of OLECs. A
variety of electrodes can be utilized, including graphene (%1% and layers of carbon nan-
otubes, 16 which are interesting in that they open up the possibility of constructing
completely metal-free LEC devices. The devices fabricated from the compounds synthe-
sized in this study used, as electrodes, sputter-coated silver and indium tin oxide, which is
transparent. Other electrodes that can be used include poly(3,4-ethylenedioxythiophene)
mixed with poly(styrenesulfonate) (PEDOT-PSS), and semi-transparent, spray-coated

silver nano-wires. (7)

LEC active-layers made from cadmium selenide quantum dots, ') lead-containing per-
ovskites, (18) and a variety of non-ionic compounds (1920) have also been shown to produce
light-emitting devices. Finding semiconductors that do not require heavy metals that
are toxic, environmentally hazardous, or expensive is obviously desirable. The contrast
between neutral and ionic light-emitters in OLEC devices is less clear. Non-ionic emit-
ters must be accompanied by an electrolyte for the device to function, and when the
electrolyte and light-emitting molecule are separable, phase separation may occur, re-

ducing the activity of the device. )

Two chemical classes have received much of the attention in this field: conjugated poly-
mers, one well-studied example of which is Super Yellow (2), and ionic transition-metal

complexes (iTMC) that utilize a variety of metals and ligand systems. (22) Study of the

latter is dominated by iridium(III) complexes such as 1, in which iridium is chelated by
23)

aromatic, polydentate ligands(

1 2
A high-performing Super Yellow
iTMC

FIGURE 1.6: Some of the best-performing active-layer chemicals yet made.
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1.2.2 Ionic transition-metal complexes

iTMCs have an advantage over conjugated polymers in that, where only singlet exci-
tons decay with emission of light in conjugated polymers, singlet and triplet excitons
can both decay with light-emission in iTMCs, giving them a much higher theoretical
efficiency ceiling. ) LEC devices can be made with iTMC active layers that are highly
efficient. Fast turn-on can also be achieved, although this is gained in a trade-off against
electroluminescence degradation time, and quantum yield. ) Many iridium complexes
exhibiting bright emission in the orange and yellow-green regions of the electromagnetic

spectrum have been synthesised. (25-27)

Much of the science of iTMC-based LEC devices has centred on device stability, and here,
developments have been tremendous. Some very stable iridium complexes have been
developed with extrapolated lifetimes of at least 2800 hours, with some lifetime estimates
over 3000 hours. 2839 A study by Kalyuzhny et al. (*)) showed that the ruthenium-based
iTMC-LECs that they studied (e.g. 3a) were much more stable if fabricated and used
under drybox conditions. They proposed a diaquoruthenium(II) complex (3b) as the
quencher that gave rise to instability in the devices fabricated in ambient atmospheric
conditions. Copper complexes have been synthesized that exhibit blue emission, but

degradation in the common solvents used to fabricate LECs hampered their utility. *?)

— -2+ — -2+

2CIo; 2 ClO;

3a 3b

FIGURE 1.7: A ruthenium comlpex studied by Kalyuzhny and a proposed quencher.

A number of hybrid systems with attractive emission properties have been created by
the pairing of an organometallic component with an ionic small molecule.(®) These and

other mixed systems are discussed separately (vide infra 1.2.5).
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1.2.3 Conjugated polymers

The first OLECs with conjugated-polymer active layers were reported by Pei et al.(3?)
Orange-, green-, and blue-emitters based on blends of MEH-PPV (poly[2-methoxy-5-(2’-
ethylhexyloxy)-1,4-phenylene vinylene], 4), DOHO-PPP (poly[2-(3,6-dioxaheptyloxy-1,4-
phenylene], 5), and PEO (polyethylene oxide, 6), with added electrolyte, were used to
establish the operational mechanism of LEC devices. Notable advances in the conjugated
polymer arena include the development of a multifluorophoric polymer that allows bright
white-emitting devices to be constructed with only a single light-emitting compound. (3%
Good charge transport properties, along with long lifetimes, good brightness, and high

luminous efficiency have also been observed in conjugated polymer-based LECs. (3%)

o
m\
0. n 0 "
L 0
O\ "
O\
4 5

6

F1GURE 1.8: The polymers used as active-layer constituents in the first conjugated-
polymer OLEC device. (33)

A study on the performance of polymer-based LEC devices showed that unencapsulated
devices decay through interaction with water, whereas polymer-encapsulated devices
decay due to spatial variation in the composition of the active layer. %) The study also

demonstrated arbitrarily high operation times for properly encapsulated devices.

1.2.4 Tonic small molecules

The final class of LEC to be discussed, and the focus of the rest of this work, is the ionic
small-molecule OLEC, that is, a device that uses a single organic salt as the active layer.
The advantages of this device construction, over the alternatives, can be summarised as

follows:

e The use of an organic substance avoids metals that can be toxic, expensive, envi-
ronmentally hazardous, or that lead to difficulties in synthesis, such as those found

in perovskites, quantum dots, and iTMCs.

e The currently dominant Ir complexes have low HOMO-LUMO energy gaps, and
therefore limited colour-tunability. ®”) Organic polyaromatics with larger HOMO-

LUMO gaps, and a great number of available structural modifications, show greater
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promise, especially in the UV /blue, and deep red regions of the electromagnetic

spectrum - areas in which iTMCs currently struggle to yield good results. (23

e New polymers are more difficult to synthesize in great abundance due to the re-
quirement that the polymerisation reaction yield be very close to quantitative.
This is desirable but not essential in small-molecule synthesis - chemists are there-

fore much less restricted in the structures they can realise.

e Many polymers are tricky to manipulate, chemically or otherwise, whereas the
solution-processability and solid-state properties of small molecules allow them to
be handled easily in device-printing. The synthesis of polymers is also fraught with

complications of gel-formation, which causes defects in the solid state. %)

e Ionic small molecules, with a charged moiety tethered to a light-emitting moiety,

O

do not face the problem of phase-separation.

PFg
N+
AN
B
\
8
The first fluorene-based iSM used in an A green-emitting phenoth-
OLEC iazine ink

F1GURE 1.9: Ionic small molecules for OLEC active layers.

The first breakthrough in the ionic small molecule arena was the synthesis of 7, a blue-
emitting terfluorene-based smart ink. Chen et al.®*?) selected fluorene as the core of
the fluorophore, in part, because of its reversible electrochemical properties (it can, in
principle, transport both electrons and holes in the solid state). Cyanine molecules have
also shown great promise as infra-red emitters. Pertegas et al. prepared LEC devices
with luminescence quantum yields of up to 27% by using a pair of cyanine dyes as a

host-guest system (*0) (Figure 1.10).

Single-component, green-emitting OLECs, based on phenothiazine (e.g. 8), were fabri-

(41)

cated by Shanmugasundaram et al. with good thermal stability, low turn-on voltages,

and maximum luminescence of 499 cd/m?2. The straightforward synthetic procedure and
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9a R=Et, 9b R=nBu

FIGURE 1.10: A pair of dyes which act as host (9a) and guest (9b), with near-IR
emission.

ease of functionalisation of the phenothiazine core make this a very attractive starting

point from which to search for other visible light-emitters.

In summary, there has been a broad and, in places, successful effort to realise light-
emitting devices that are unencumbered by some of the limitations of LED technology.
A great variety of new smart inks has been generated as scientists have sought to un-
derstand the physics and physical chemistry at play, but there are still large gaps in our
collective knowledge. The classes of compounds that have been under the most active
investigation generally emit light within a narrow band of the electromagnetic spectrum,
and much of the spectrum is represented poorly - the deep-blue and ultraviolet regions,

in particular.

1.2.5 Mixed systems

Smart ink systems that incorporate multiple light-emitting components often display
behaviour that is not simply the sum of the properties of the separate components.
Interactions between fluorophores in mixed systems can include exciton quenching, which
is usually undesirable. Exciton quenching is possible in single-component systems, but
can be attenuated by mixture with a host, at very low concentration, as was observed

for 10b. NG CN

N
PFs O

— —_ +
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10a 10b

FIGURE 1.11: An iridium(IIT) host and organic guest give efficient white emission.
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White-emission was achieved by Chen et al.(*?) with a host-guest system in which a
blue-green-emitting, organometallic host (10a) was combined with an organic, red-
emitting guest (10b). The red-emitter exhibited thermally activated delayed fluores-
cence (TADF), rendering it highly efficient due to the recycling of, ordinarily non-
radiative, triplet excitons. Detailed discussion of TADF systems lies beyond the scope
of this work. (43:44)

Green-emitting phosphonium salt 11 was shown by Adranno et al.*5) to form white-
emitting electroluminescent devices when used as the guest in a blend with an ionic
liquid host. The host was found to be the source of the blue emission, with green
emission coming from the MnBr,? ions. The red emission was unexpected, and the
authors proposed, on the basis of a drop in green emission during device operation, that
some of the MnBr,? ions were temporarily converted into a red-emitting species. The
phosphonium ion absorbs in the UV region (280 - 400 nm) then undergoes intersystem-
crossing (IC) followed by energy transfer to the manganese complex. The emission of

the manganese complex is thus enhanced.

11

FIGURE 1.12: A mixed organic/inorganic system.
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1.2.6 Aggregation-induced effects

The active layer of an OLEC, in practical use, is necessarily solid, and its condensed-state
emission properties are therefore of primary interest. The emission characteristics of
solutions are only of interest insofar as they enhance our understanding of the structure-

activity relationship and guide us toward compounds highly emissive as aggregates.

Aggregation-induced emission was observed by Luo et al. in a propeller-shaped pol-
yaromatic molecule, 12.*%) Observation of increased UV-absorption on nanoaggregate
formation indicated that the molecules in the nanoaggregate must be more conjugated
than those in solution. It stands to reason that better conjugation stems from greater
co-planarity in the molecule. Conversely, perfect co-planarity allows excimer formation,

which is known to give rise to aggregation-caused quenching (ACQ) effects.

F1GURE 1.13: Luo’s propeller-shaped molecule that exhibits ATE.

Luminogens based on fluorene and fluorenone have shown aggregation-induced emission
enhancement by Chen et al.(*"). They also observed significant redshift, and significant
enhancement of emission-intensity, on aggregate formation for a fluorene/fluorenone

donor-acceptor compound.

A computational study by Gong et al.(*®) examined the barriers to rotation between
potential-energy-surface (PES) minima in the fluorene-thiophene compounds shown in
Figure 1.14. They found PES minima for compounds with unsubstituted thiophenes
(13a) at geometries with dihedral angles between the aromatic rings of around 40°
and around 140°. The barrier to rotation between the minima was low, at around 1
kcal/mol. The barrier to planarity was slightly higher, at 1.25 kcal/mol. With the
inclusion of methyl groups at the 3- and 4-positions of the thiophene (13b), the barrier
to planarity greatly increased to 5.75 kcal/mol, but the barrier to rotation between PES

minima (now located at around 60° and 120°) decreased to < 0.5 kcal/mol.
~ 0~
L~y Ao

13a 13b

F1GURE 1.14: Fluorene-thiophene molecules examined in the study by Gong et al.
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1.2.7 Theoretical chemistry

Various groups have examined the predictive validity of different functionals and basis
sets in, for the most part, TD-DFT (time-dependent density functional theory) studies,
comparing calculated predictions to experimental data. A 2011 study by Fleming et
al. () used TD-DFT to predict the UV/Vis spectra of oxazine dyes (14). They found

that accounting for the presence of solvent significantly reduced the error in their pre-

II”\‘
HNK 0 )\IH‘“

14
FIGURE 1.15: Oxazine dye studied by Fleming et al.

dictions.

A study by Martynov et al.®®) found, for a group of phthalocyanine dyes (Figure 1.16),
that starting geometry, solvation effects, and the basis set employed all affected the
energy calculated, but not the trend across the group of compounds - a method that
consistently predicts relative energies with high accuracy can be useful, even if the

absolute values it gives are inaccurate.
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15a M=2H; 15b M=2n

FIGURE 1.16: Phthalocyanine studied by Martynov et al.

Martynov et al. also found that, for vertical excitations, the best-performing computa-

(50) Others have shown similar

tional methods used range-separated hybrid functionals.
outcomes studying cyanines and various fluorophores: °)) conventional hybrid function-
als (B3LYP and PBEO) perform well in prediction of the absorption and emission spectra
of various dyes, and where they give inaccurate predictions for a group of compounds,

the ranking within the group is preserved.

Fluorophores such as coumarins ®? and naphthalimides ®®) have been studied with TD-
DFT, and accounting for the presence of solvent has given better predictions. To de-
crease calculation time, time-independent DFT has been employed to predict UV-Vis

(54)

spectra, by making use of Kohn-Sham orbitals, but the predicted spectra differ visi-

bly from the corresponding experimental spectra. This approach may be useful in very
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high-throughput work, but the increased accuracy of TD-DFT is not generally consid-

ered costly, given the capabilities of modern hardware.

FIGURE 1.17: A coumarin solar cell fluorophore (16) and an electroluminiescent naph-
thalimide (17).

A study of bifluorene and substituted fluorenes used TD-DFT to examine the effect
of polarity and extent-of-conjugation on excitation energy. It concluded that CHCly
decreased excitation energy, and did so most strongly for the most polar compounds that
were examined. Compounds in which one aromatic ring is substituted with an electron-
donating group, and the other with an electron-withdrawing group, such as 18, displayed
solvatochromic behaviour.(®® They concluded that, in general, excitation energy was

lower in more conjugated systems. Other solvatochromic systems are discussed below

(vide infra 2.2.10).
18

FI1GURE 1.18: A polar push-pull system.

Ali et al.®® found, for a diverse group of large, polyaromatic fused-ring electron accep-
tors (FREAs), based on fluorene, carbazole, and related scaffolds (Figure 1.19), that the
conventional hybrid - PBEO, was the functional that gave the most accurate absolute
predictions of A4z, With an average error of 22 nm, and a maximum deviation from
experimental data of 92 nm. Conversely, they found that the trend was best predicted
by using a range-separated hybrid functional. Barboza et al.(®”) looked at the excited
states of unfunctionalised fluorene and found that range-corrected functionals were more

effective at predicting electronic excitation energies than pure hybrids.

Adegoke et al.®®) showed that the HOMO - LUMO 7 — 7% transition dominates elec-
tronic excitations in some polyaromatic fluorene-heterocycles, such as 22. The HOMO
- LUMO gap, whether calculated or extracted from spectral data, may not be predic-
tive of emission wavelength for compounds with more exotic structures, however. Roohi
et al.®%) predicted significant red-shift of the emission of some fluorene- and carbazole-

based compounds (23a,b) that can undergo excited-state intramolecular proton-transfer.
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FIGURE 1.19: FREAs studied by Ali et al.

PN
N\ /N
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FIGURE 1.20: A representative example from the study by Adegoke et al.(58)

23a X=CHp; 23b X=NH

FIGURE 1.21: A system that undergoes excited-state intramolecular proton-transfer.



16 Chapter 1. Introduction

1.3 Scientific and technological aims

1.3.1 Research programme

This PhD thesis is part of a wider programme of research which aims to advance OLEC
technology and its applications. The project is multidisciplinary, combining research
from specialists in synthetic, physical, and theoretical chemistry, engineering and elec-
tronics, and biology. Naturally, individual contributions are not made in isolation. A
major feature of the research has been the sharing of materials and data with other
institutions and departments. A brief outline of the structure of the project will be
beneficial to the reader’s understanding of where this PhD sits in the broader research
effort.

An engineering group, with a specialism in flexible electronics and smart materials,
developed methods for printing OLECs onto flexible substrates, and polymer specialists
developed self-healing device encapsulation. The synthetic chemistry group was tasked
with providing new emissive materials for use in these devices. Working closely with
the synthetic chemists, computational chemistry specialists sought ways of predicting
the emissive properties of new chemical structures. A collaboration between electronics
and biology groups studied the efficacy of antibacterial, UV-emitting OLEC devices in
marine anti-fouling, and medical contexts, and prototyped a drug-free, anti-infective

bandage.

The goal of the chemistry group, in general terms, was to make iterative improvements
to our smart inks, using study of the photo-physics of new compounds, and relying
on feedback from the engineers as to their practical viability. We were also concerned
with aiding the development of a multitude of potential technological applications by
enabling light-emission across a wide range of wavelengths. To this end, the group aimed
to develop a smart-ink colour chart, spanning the visible electromagnetic spectrum, and

if possible, extending into the UV and IR regions.

1.3.2 Research priorities

Ultimately, we would like to have the ability to rapidly converge on a high-performing
smart ink structure, once an application has been identified, however the array of all
feasible structures is too vast for even a modest experimental sampling of the overall
chemical space to be practical. There are, however, structural elements that can be
examined with some degree of isolation from one another, using, as a basis, a relatively

small set of smart inks.



1.3. Scientific and technological aims 17

To date, there has not been a systematic effort to understand the relationship between
the chemical structure of the light-emitters used in OLECs, and their emissive proper-
ties. While the predictive power of density functional theory is more-or-less universally
recognised, and the applicability of the many functionals and basis sets is understood
in general, a thorough benchmarking study, specific to the prediction of polyaromatic
fragments’ emissive properties, is required for us to accelerate the development of this
field.

This work has two main intentions: first, to develop an understanding of the structure-
activity relationship that determines the emission wavelength (and if possible, other
properties) of an ionic small-molecule, and second, to apply the derived structure-activity

relationship to the design of blue and ultraviolet light-emitters.

To this end, the first objective is to synthesise a systematically varied set of smart
inks, and to observe any qualitative differences between the various subsets according to
specific structural features. A computational procedure for predicting the absorbance
and emission properties can then be established, using these smart inks as the training
set. Testing of the model against experimental data, can then, by iterative refinement,

improve the computational method.

Potential medical applications, such as an anti-infective bandage, are the proximate
cause of interest in UV-emitting OLEC devices but, as with LEDs or any other type of
light-emitter, the technology is general-purpose. The fact that blue and UV emission
has proven difficult to realise is a sound reason to push the science beyond its existing
limits in this area. It is safe to assume that applications will be found for UV-, visible-,

and IR-emitting OLECs that have not yet been imagined.

1.3.3 Fluorene-based UV and blue emitters

Fluorene is incorporated into many organic fluorophores. Fluorene as the core of a
luminogen has several advantages. It can be formed into oligomers and polymers with
case, as demonstrated by Yamaguchi et al.(69) (Scheme 1.1), and Liu et al. 61). jts
electronics can be tuned by functionalisation of the arene; and the aliphatic carbon
is easily alkylated, allowing a wide array of different substituents to be added to the
molecule in a way that should minimally impact the electronics of the emissive part of

the molecule.

In donor-acceptor systems, fluorene is very often used as the donor, in combination with
an electron-deficient heterocyclic acceptor. (2764 Figure 1.22 shows a UV /blue emitting
bithiazole in which a fluorene fragment is the donor. It can also be used as a spacer,
between a donor and an acceptor. A trio of red-emitters, in which fluorene is employed

as a spacer, are shown in Figure 1.23. (65)
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N
DBH, TBAB, NH,
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29a X=NHp; 29b X=0OH; 29c X=SH

F1GURE 1.23: Compounds in which fluorene acts as a spacer.
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In a fluorene-ferrocene copolymer (Figure 1.24), a 9,9-dialkylfluorene acted as a donor,
and the polymer’s emission was substantially red shifted on oxidation of the ferrocene
units. (%) A highly electron-withdrawing substituent at the 9-position enabled acceptor
behaviour in the fluorene fragment. Charge transfer was so significant that the polymer

resisted oxidation with FeCl;.

FIGURE 1.24: A pair of fluorene-ferrocene copolymers in which the role of fluorene
depends on the functionality at the 9-position.

In 2012, Chen et al. reported the first UV-emitting LECs, with 2,2’-bifluorene derivative
31a, (Figure 1.25). (67) This is a promising starting point for the design of UV emitting
OLEC:s as the pi-system is not extensive, and the molecule is relatively small, allowing

us to avoid difficulties such as the solution-processability of the compound.

Arumugam et al.(%®) assessed bifluorene-based smart inks bearing a range of alkylimida-
zolium pendants and two different counterions. Octylimidazolium triflate salt, 31h, was
found to be the most viable smart ink in the set, with improved solution-processability in
the device-fabrication process. Bathochromic shift was observed in both the absorption
and PL emission of 31h, going from solution to film state. Hypsochromic shift was ob-
served in the spectra of 31a. The thin film emission spectra contained additional bands
at around 500 nm. These bands were stronger in compounds with smaller alkylimida-
zolium residues, suggesting that aggregation is the cause of the effect. The absorption
of 31h, in acetonitrile solution, was observed at 329 nm and at 340-343 nm in the film

state. Its emission was observed at 383 nm in solution and at 385 nm in the film state.
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31a
31c
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N
| N
R |
R
R=Me, X = PFG; 31b R=Me, X = CFSSOS
R ="Bu, X = PFg; 31d R= "Bu, X = CF3SO3
R = "Hex, X = PFg; 31f R ="Hex, X = CF3S05

R ="Oct, X = PFg; 31h R="Oct, X = CF3S0;

F1cURE 1.25: Bifluorene-based smart inks studied by Chen and Harrowven.

Shanmugasundaram et al. reported a pair of fluorene-based light-emitters with emission
peaks at 389 (32a) and 390 nm (32b).(%?) Emission wavelengths below 400 nm and

a very straightforward method for modification of the structure, by known synthetic

procedures, make this the ideal starting point for this study.

AN~

2 PFg

&y )’

32a R=0OMe; 32b R=OEt

FIGURE 1.26: Deep blue emitters.

A generalisation of 32a,b is shown in Figure 1.27. This is the starting point for the

investigation of fluorenes in this thesis.
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LI

33

FIGURE 1.27: A generalisation of the structure of 32a,b

The polyaromatic fragment, rendered in blue, has photo-physical and redox properties
that enable electroluminescence. Polyaromatic compounds of this type are, generally,
semiconductors. They are able to transport both electrons and holes by addition or
removal of electrons from the frontier orbitals situated on the aromatic system. Systems
based on substituted phenylfluorenes are slightly simpler than 32a and 32b, but are
amenable to a great deal of structural modification, using readily available substituted

benzenes.

The imidazolium fragments (in red) introduce charge. This enables the fabrication of
OLEC systems with single-component active layers (as opposed to blends with elec-
trolytes). Cations in small-molecule OLECs are often nitrogen-containing heterocycles
or tetra-alkylammonium units. They are stable and are relatively passive in the redox
processes at play in an electroluminescent device. These charged units are tethered to
the core fluorophore by a hexylene linker chain, chosen for its simplicity and synthetic
utility. A great variety of different terminal alkyl substituents can be incorporated into
the imidazolium. They are usually kept simple (1-methylimidazolium is very common),
but offer scope to tune the physical and aggregation properties of compounds of this
kind.

The X anions are a potential source of variation in physical and electrochemical prop-
erties, but are usually chosen to be small (and, therefore mobile), non-nucleophilic, and

redox-inactive under the conditions of device operation.

Keeping most of a structure constant, across a series of compounds, and varying certain
moieties in a systematic way, allows us to attempt to isolate the effects of those parts
of the structure. In this case, a general structure consisting of a fluorene core, hexylene
linkers, imidazolium cations, and trifluoromethanesulfonate anions can be held constant.
This allows us to focus on the influence of modifications to the chromophore (through

introduction of aromatic substituents), and to the terminal substituents.
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Oy R=Me, Et
Pd(PPh)s, KoCOg, H,0
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25 34aR = Me, 70%
34bR=Et, 65%
NI~

2 PFg

(v 0
/
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SCHEME 1.2: Synthesis of fluorene-naphthalenes employed by Shanmugasundaram. (69)

The synthetic approach used to generate these compounds was similar to that used by
Yamaguchi et al.(6?) Tetrabromide 25, generated, as before, from 2,7-dibromofluorene
and 1,6-dibromohexane, was cross-coupled, under Suzuki conditions, with a pair of naph-
thalene boronic acids (34a,b). These were quaternised, using 1-methylimidazole, then
a final anion exchange gave the target smart inks. This procedure was identified as a

useful means of accessing structures related to 33.
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Fluorene-based light-emitters

2.1 Library synthesis

2.1.1 Overview

Herein are presented the synthesis and characterisation of a range of novel light-emitters;
all close relatives of the fluorene-naphthalene system shown in Figure 1.26. A total of 36
fluorene-based smart inks formed the basis of this investigation.! 18 are arylfluorenes,

shown in Figure 2.1, and another 18, shown in Figure 2.2, are diarylfluorene analogues.

3~

2 CF380;
N* N*
oon
C N
Rz R
35a Ry=Ry=Me 35b Ry =Me, Ryp=n-Oct 36a R;{=R,=Me 36b Ry =Me, Ry=n-Oct

35c R{=OMe,Ry;=Me 35d R{=OMe,Ry=n-Oct 36c R;=OMe, R,=Me 36d R;=OMe, R;=n-Oct
35e R;=Ph,Ry;=Me 35f  R;=Ph, Ry=n-Oct 36e R;=Ph, R;=Me 36f R;=Ph, Ry=n-Oct

358 R,=CFsR.=Me 35h' R;=CN,R,=Me 36 R,-CFsRy,=Me 36h R;=CN,Rp=Me
35i R;=H,R,=Me 35] R;=H,R;=nOct
3-substituted arylfluorenes 4-substituted arylfluorenes

FIGURE 2.1: General structures of the arylfluorene compounds under investigation.

TCompounds synthesised and characterised by Dr Clementine E. Bavinton. UV-vis absorption spec-
tra were collected by Edward H. Jackman
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2 CF3S0;

/ N* N* + N+
WA SRS
R2 Rao Ro Ro

37a R{=Ry=Me 37b  Ry=Me, Ry =n-Oct 38a R;=Ry=Me 38b Ry =Me, Ry =n-Oct
37c R{=OMe,R,=Me 37d R;=OMe,Ry=nOct 38c R;=OMe,R;=Me 38d R;=0OMe, Ry=nOct
37e Ry=Ph,Ry=Me 37f  R;=Ph, Ry =n-Oct 38e R;=Ph,Ry=Me 38f Ry=Ph,Ry=nOct

g U
37¢' R,=CFsRp=Me 37h R;=CN,Ry=Me 38g R,=CF;R,=Me 38h R;=CN,Ry=Me
37i R;=H,R,=Me 37j R;=H,Ry=nOct
3-substituted diarylfluorenes 4-substituted diarylfluorenes

FIGURE 2.2: General structures of the diarylfluorene compounds under investigation.

The factors that determined the selection of functional groups were stability, synthetic
viability, and simplicity. A systematically varied set of compounds was conceived with
the goal of isolating the effects of individual structural features. Our work on bifluorene-
based smart inks determined, to some extent, the features that would be varied in this

study.

2.1.2 Establishment of a structure-activity relationship

Several hypotheses formed the basis of this investigation. The electronics of the flu-
orene moiety should have a significant impact on emission wavelength. The effect of
substituents on the molecular orbitals could allow us to vary this independently. The
extent of similarly conjugated m-systems would also be expected to have a major effect
on emission wavelength. The nature of the counter-ion and length of the hydrocarbon
tether would not be expected to alter the emission wavelength significantly, but could im-
pact other physical properties. Likewise, the heterocyclic terminus on the carbon chain
might affect physical properties and n-stacking interactions. The number of charged

units could affect device efficiency without significantly changing emission wavelength.

Smart inks were investigated that incorporate phenyl and ten different substituted
phenyl groups, chosen for the simplicity of their synthesis, stability, availability of requi-
site precursors, along with the systematic variation in electronic effect that they induce.
It was predicted that both the presence of a functional group and its position on the
phenyl ring would have an effect on emission wavelength and that this effect would be
more pronounced for functional groups that induce a stronger mesomeric effect (+M or
-M).
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The substituted phenyl groups included in this investigation were 3-tolyl, 4-tolyl, 3-
trifluoromethylphenyl, 4-trifluoromethylphenyl, 3-methoxyphenyl, 4-methoxyphenyl, 3-
cyanophenyl, 4-cyanophenyl, 3-biphenyl, and 4-biphenyl. In order to examine +I, -I,
+M, and -M effects independently of one another, a set of 4 functional groups with
complementary Hammett substituent constants was required. Methoxy (+M, -1, o, =
-0.27), cyano (-M, -1 o, = 0.66), methyl (+I, o, = -0.17), and trifluoromethyl (-1, o,

= 0.54) were chosen as exemplars from each of the 4 categories.

The effect of adding additional phenyl substituents was also studied by comparison of
phenylfluorenes with biphenylfluorenes and bis(phenyl)fluorene with bis-(biphenyl)fluor-
ene analogues (Figure 2.3). As these differ in respect of their symmetry, the conclusions
drawn from these comparisons might not be straightforward. The initial hypothesis was
that arylfluorenes would exhibit lower-wavelength emission than their diarylfluorenes

analogues and that this would be due, principally, to their smaller conjugated n-systems.

The final comparison to be made was that between 1-methylimidazolium and 1-octylimid-
azolium smart inks (Figure 2.4). Our starting assumption was that the emission wave-
length would not be significantly impacted by this difference, but that emission intensity
in the solid state may be impacted for reasons stated in Section 1.2.6. The first set of
compounds made were those incorporating phenyl, tolyl, methoxyphenyl, and biphenyl
groups, and these were used as the initial training set for the computational analysis
detailed in Chapter 3, and for much of the device-fabrication process. A colleague then
synthesised those bearing cyanophenyl and trifluoromethylphenyl groups, by which time
discoveries had been made about the inefficacy of the octylimidazolium smart inks, hence

the absence of inks combining CN or CF5 groups with octylimidazolium pendants.

The counter-ion was not varied in this investigation as a study by Arumugam et al. had
concluded that, for the bifluorene systems, triflate salts tended to have better solubility
profiles for device-printing than did the hexafluorophosphate salts. The length of the
alkyl chain also has a significant effect on solubility, but fine-tuning of the solubility
of promising molecules was not necessary at this stage. Given the difference in charge
multiplicity between the bifluorene-based smart inks and those investigated herein, firm
assumptions about the effect of alkyl chain length were deemed to be outside the scope
of this study.

For each of the synthesised smart inks, once isolated and characterised, a UV-vis spec-
trum, a fluorescence spectrum, and a cyclic voltammogram were obtained. The voltam-
metric data were used to calculate the HOMO energy. The UV-vis spectrum gave the
HOMO - LUMO gap. Details of these calculations are given in section 2.2.
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FiGURE 2.3: Compounds with n-systems consisting of phenyl and biphenyl groups
bonded to fluorene.
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FI1GURE 2.4: Compounds that differ in the size of their imidazolium pendants.
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2.1.3 Synthetic route

A modification of the procedure used by Shanmugasundaram,(®®) to synthesise the
fluorene-naphthalene compounds (Scheme 1.2), was employed to prepare the aforemen-
tioned series of compounds (Figure 2.1 and Figure 2.2). Scheme 2.1 shows the synthesis
of 35a—j and 36a—h by this route. First, bromofluorene 39 was alkylated at the benzylic
position with 1,6-dibromohexane (DBH) to give 40. Then dioxaborolane 41 was gener-
ated by Miyaura coupling. A range of arylbromides were then used in Suzuki coupling
reactions to generate the corresponding arylfluorenes 42 and 43. Quaternisation with

alkylimidazoles, followed by ion exchange, gave the smart inks 35a—j and 36a—h.

g (5 g

DBH, TBAB, Pd(dppf)Clz,
OO 5 KOH (ag. 50 wt%) Ba(pin)2, AcOK
f—> _——
75°C 1,4-dioxane,
78% 85°C
85%
39
Br Br Br Br
40 41
L .
L) [
N
A
R ArBr
2 CF43S03 1) toluene, Pd(PPhg)a,
100°C TBAB, KoCOs
B ——————
+ N 2) K*CF3SO3" toluesr;e;gzo,
oy W
ll\l N Br Br
R R
35 36 42 43

SCHEME 2.1: Synthetic route to 35a—j and 36a-h.

The adoption of a late-branching synthetic route allowed starting materials to be synthe-
sised in bulk, then divided into aliquots for the following reaction steps. This minimised
the number of reactions required to generate a wide array of unique materials. The
number of reactions required to synthesise this set of smart inks could, in principle,
have been reduced by performing the quaternisation before the Suzuki coupling, but the

limited solubility of the imidazolium salts rendered this approach impractical.

The same strategy was subsequently applied to dibromofluorene 24. The bis-alkylation
step to 25 and the bis-borylation step to 44 each proceeded smoothly allowing the library
of smart inks 37a—j and 38a-h to be prepared in good yields (Scheme 2.2, Table 2.2).
In the following sections (2.1.4 - 2.1.6) each step of this sequence will be discussed in
detail.
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SCHEME 2.2: Synthetic route to 37a—j and 38a—h.

2.1.4 Synthesis of dialkylfluorenes

The alkylation of bromofluorenes 24 and 39 required a very high concentration of 1,6-
dibromohexane for oligomerisaton (47), intramolecular cyclisation (48), or inexhaustive
reaction (49) to be avoided. A colleague (" found that using 7 equivalents of 1,6-
dibromohexane resulted in a significantly lower yield of the target molecule than using
10 equivalents. His work also showed that significant amounts of 48 and 49 were formed,
along with small amounts of numerous other compounds, when smaller excesses of 1,6-
dibromohexane were used. Because the myriad by-products that were formed tended
to have similar Rg values in column chromatography, their separation was difficult to
achieve. The reaction was performed with an excess of 1,6-dibromohexane sufficient to

avoid their formation altogether. As 1,6-dibromohexane is an oil, it was used neat.

Once the reaction was complete, dilution with DCM allowed a standard work-up to
be performed, giving an oil that consisted, predominantly, of 1,6-dibromohexane. This
and the target dialkylfluorene compound have very similar Rp values and are highly
lipophilic, so extremely non-polar solvent systems were used to separate them. A reac-
tion that started with 10 g of 2-bromofluorene (40.8 mmol) used approximately 65 mL of
1,6-dibromohexane, of which approximately 13 mL was consumed in the production of
the target molecule. The remaining 52 mL of 1,6-dibromohexane, having a boiling point
of 243 °C, could not be easily distilled from the mixture. The method of isolating the
target molecule that was found to be most efficient was chromatography with petroleum
ether or hexane. A silica gel slurry around 20 cm deep, in a 9 cm diameter column, with

a very porous frit was used. The first 6 L of eluent was collected as quickly as possible
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and discarded. Fractions were then collected as normal and, once the 1,6-dibromohexane
had all eluted, 10% DCM in petroleum ether or hexane was used. Some of the target
compound was inevitably lost to the earlier, mixed fractions, and in general, a fresh
reaction was a much more fruitful means of isolating more of the target molecule than

further chromatography.

47a, X=H;47b, X=Br

+
X . Br
X . Br
P N
Br
X 0.0 Br KOH (aqg. 50 wt%), TBAB + .

75°C

39 X=H;24 X=Br 48a, X = H;48b, X =Br

Br Br

40 X=H;25 X=Br
X . Br

49a, X =H; 49b, X =Br

SCHEME 2.3: By-products of 2-bromofluorene alkylation.

Production of alkylated fluorenes on a larger scale, using the same methods, would be
problematic. A 40 mmol reaction produced a mixture of oils that was around 1 c¢m
deep, when loaded into the large, 9 cm diameter column used throughout this PhD. A
scale-up of this process would require more specialised equipment. Only a few instances
of this reaction were required in order to give enough material to complete the work, so

optimisation of the process was not prioritised.

2.1.5 Cross-coupling to form arylfluorenes and diarylfluorenes

The fluorene-naphthalene compounds reported by Shanmugasundaram et al. (32a,b)
were synthesised without conversion of dibromofluorene 25 to dioxaborolane 44. Instead,
the dibromofluorene was reacted, under Suzuki coupling conditions, with an arylboronic
acid (Scheme 1.2). If the desired arylboronic acid happened to be available, or cheap

to acquire, this approach was the most economical. In this work, a single, large-scale
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Miyaura coupling was employed (25 — 44, Scheme 2.2), so that a variety of cheap,
readily available arylbromides could be used as Suzuki coupling partners. The Miyaura
coupling proved straightforward and high-yielding, and the only difficulty encountered in
the process emerged from the tendency of bis-pinacolatodiboron (By(pin)s) to degrade
over time. Once this had been identified as the cause of lower-than-expected yields,
simply sieving the reagent, to separate the bis-pinacolatodiboron powder from crystalline

impurities, gave much better results.

The Suzuki coupling of a dioxaborolane 41 and 44 and an arylbromide was not fraught
with practical difficulties, but yields varied greatly, depending on the arylbromide sub-
strate. Arylbromides in which the carbon bonded to bromine is electron-rich tended to
give lower yields in this reaction. The most problematic arylbromide substrates included
in this study were 4-bromoanisole and 2-bromoanisole. Reactions with 4-bromoanisole
gave 46b in 57% and 43a in 27% yield (Table 2.1 and Table 2.2). This was not consid-

ered low enough to warrant further investigation.

The first set of inks to be synthesised were those based on bis-(methoxyphenyl)fluorenes.
Scheme 2.4 shows the disparity in yields achieved under identical conditions for the 3
different bromoanisoles (42a, 43a and 51a). The reaction with ortho-bromoanisole was
attempted a second time without improvement, so the study of 2-substituted arylfluo-
renes and diarylfluorenes was set aside. The need to provide a significant quantity of
each smart ink to our collaboratorst made it prudent to focus efforts on those substances

which gave moderate to high yields at every stage of their synthesis.

L 0w

Pd(PPhg)s, KoCO3, Ho0

5laRr-= CGH1QBF 9%

130, ;Q“ G

d(PPha)s, KzCO3, H20
50 R= CGH128I'

42aR = CsH1gBI' 71%
Br

Pd(PPhg)s, K2COg, Hgo/ O O.O O

43aR = CsH1gBI' 57%

SCHEME 2.4: Formation of bis-(methoxyphenyl)fluorenes.

A standard batch of OLECs consisted of 9 devices, each requiring 0.15 mL of a 70 mg/mL solution.
190 mg of a smart ink permitted 2 batches to be fabricated, which was considered ideal.
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2.1.6 Quaternisation

Quaternisation of the bromoalkane residues to form imidazolium salts (41 — 35a-j,
36a-h, Scheme 2.1 & 44—37a-j, 38a-h, Scheme 2.2) proceeded well, provided a sig-
nificant excess of the parent imidazole was used, and several days were allowed for
complete reaction. Reaction in a non-polar solvent proved best as it allowed the imida-
zolium bromide salt (e.g. 52a,b) to precipitate from solution as it formed (Scheme 2.5
is an illustrative example). Excess imidazole could then be decanted away with the
solvent, once the reaction was complete. After washing the residue with toluene, anion
exchange was performed (52a,b — 35i,j). In this final step, washing with copious water
was required to rid the mixture of excess KBr. Triflate salts were sonicated in water
and collected by filtration repeatedly to ensure complete removal of KBr. As the solid
residues were sonicated repeatedly in water, and the water discarded, the form of the
residue changed visibly. In general, the residue began as a white or off-white solid, and

became an off-white gum after several washes, indicating the removal of KBr.

OO0 B0 G0

_ 2 CF3S03
R = Me, Oct K*CF3SO3
o]
toluene, 100 °C (ag. 1 M)
2-3 days
+ N+ + N+
Br Br </\ \ I ’X </\ \ I ’X
c Y s
it N R K
42b 52a R=Me 35i R=Me
52b R=Oct 35j R-=oOct

SCHEME 2.5: The quaternisation of 42b.

If too little imidazole was used in the quaternisation reaction, or if the reaction was
not given adequate time, some of the bromoalkane residues remained unreacted. Sep-
aration of a singly-substituted compound, such as 53, from the desired dications, was
not straightforward, so the mixture had to be subjected to the reaction conditions again
in such instances. This process was unreliable and usually failed to give a completely
quaternised smart ink. Reaction for 2 or 3 days with a twofold stoichiometric excess of

an alkylimidazole was found to be sufficient, with replenishment of any lost toluene.
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FIGURE 2.5: A singly-substituted smart ink.

TABLE 2.1: Synthesis of arylfluorene smart inks.

Ar R Yield 42 and 43 | Yield 35 and 36
() (70)
42c, 35a 3-MeCgH, Me 44 65
42c, 35b 3-MeCgH, Oct 44 25
42a, 35¢ 3-MeOCgHy Me 60 94
42a, 35d 3-MeOCgH, Oct 60 72
42d, 35e 3-PhCgH, Me 42 35
42d, 35f | 3-PhCgH, Oct | 42 14
42b, 35i CgHj5 Me 84 63
42b, 35j CeHs Oct 84 7
43b, 36a 4-MeCgHy Me 24 70
43b, 36b 4-MeCgH,y Oct 24 99
43a, 36¢ 4-MeOCgH, Me 27 64
43a, 36d 4-MeOCgH, Oct 27 67
43c, 36e 4-PhCgHy Me 96 34
43c, 36f 4-PhCgH, Oct 96 80

TABLE 2.2: Synthesis of diarylfluorene smart inks.

Ar R Yield 45 and 46 | Yield 37 and 38
(%) (%)
45a, 37a 3-MeCgHy Me 72 52
45a, 37b 3-MeCgH, Oct 72 70
45b, 37c 3-MeOCgH, Me 71 58
45b, 37d 3-MeOCgHy Oct 71 41
45c, 37e 3-PhCgH, Me 57 33
45c, 37f 3-PhCgH, Oct 57 57
45d, 37i CgHj5 Me 70 50
45d, 37j CgHj5 Oct 70 87
46a, 38a 4-MeCgHy Me 61 91
46a, 38b 4-MeCgHy Oct 61 83
46b, 38c 4-MeOCgH, Me 57 33
46b, 38d 4-MeOCgH, Oct 57 58
46¢, 38e 4-PhCgH, Me 75 14
46c¢, 38f 4-PhCgHy Oct 75 57
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2.2 Experimental analysis

2.2.1 Overview

The oxidation and reduction potentials of a semiconductor can be used to determine its
interfacial energy-level alignment with anode and cathode materials. This is important
to know as a large energy-level mismatch with either the cathode or anode would result
in inefficient transport of electrons or holes respectively. Both potentials can be obtained
from cyclic voltammetry (CV) measurements, but accurate measures of the reduction
potential are impossible in the presence of moisture. Given the impracticality of thor-
ough drying of the imidazolium salts under investigation, the absolute energy of the
LUMO can be calculated from the sum of the HOMO energy (from cyclic voltammetry)
and the HOMO-LUMO gap (from UV-vis absorption).

The barrier to electron-injection is defined as the difference between the LUMO energy
of the semiconductor and the Fermi energy of the cathode, which is defined for a given
metal at a given temperature. The hole-injection barrier is similarly defined using the
HOMO energy and the Fermi energy of the anode. Typical Fermi energy values for silver
are around 5.5 eV and those for indium tin oxide (ITO) are around 3.0 eV. Temperature,
surface topology, and the presence of impurities and adsorbed gasses can affect the
electrochemical properties of the electrodes, but their examination lies outside the scope

of this work.

2.2.2 Calculation of the HOMO energy from a cyclic voltammogram

The absolute energy of the HOMO of a species can be calculated from the potential
at which it begins to oxidise in an electrochemical cell. A compound’s oxidation peak
onset can be extracted from its cyclic voltammogram, by a process detailed below.
The oxidation peak onset must be compared to that of a standard, measured against a
reference electrode. Ferrocene is the standard in common use (™). The potential of the

Fc™ /Fc redox couple, in eV, is taken as its half-wave potential, defined as,

1
E1/2 = i(Epc‘f‘Epa)a (2'1)

where E,, is the anodic peak maximum and FE),. is the cathodic peak minimum. The
anodic and cathodic peaks, measured against saturated calomel electrode (SCE), were
found to be 0.36 eV and 0.44 eV respectively, giving a half-wave potential of 0.40 eV.
The potential of ferrocene against vacuum is -4.8 eV, (72 so the energy of the HOMO in
eV is given by:

EHOMO = _(Eonset + 44) (22)
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The evaluation of E,, s involved a degree of judgement, but the process presented below
was an attempt to generate the values in as objective a manner as possible. An example

illustrates the process.
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FIGURE 2.6: The cyclic voltammogram of 38e.

The oxidation peak (A, Figure 2.6) is very clear, but its onset appears gradual, because
the ’baseline’ is non-zero and gradually increasing. It is difficult to determine exactly
when the increase in current, and therefore oxidation, begins. Note that the reduction
peak (B, Figure 2.6) is also visible, but without thorough drying and degassing of the

sample, any calculations based on this peak would be meaningless.

A numerical approximation to the first derivative of a CV curve (Figure 2.7) can be
obtained as follows: for a given data point on the voltammogram, take the difference
between two measured current values that are 5 data points apart. Do the same for the
corresponding potential values, and divide the former by the latter to give % for that
point. The same process was applied to the % values to give an approximation to fWA'
Values 5 data points apart were used to avoid the problem of adjacent identical values

producing zeroes.
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FIGURE 2.7: A numerical approximation of the first derivative of the voltammogram
‘curve’.

The slope of the curve prior to the oxidation peak in the voltammogram is roughly
constant, so the first derivative gives a nearly flat line until the onset of oxidation. It
is, however, still unclear at which potential value the oxidation begins, partly due to
the fact that % sits slightly above the x-axis, and partly due to the smooth increase in

gradient. The onset appears to occur somewhere around 1.2 - 1.3 V, in this case.
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FIGURE 2.8: A numerical approximation of the second derivative of the voltammogram
‘curve’.

In the 2" derivative approximation (Figure 2.8), the values before the oxidation peak

sit on the z-axis, and the rise in the gradient occurs more abruptly than in either of
d2A

the other plots. Close examination of the data shows a sharp rise in the e values
beginning at 1.27 V.
The energy of the HOMO is simply:

Enonmo = —(1.274+4.4) = —5.67 eV. (2.3)

2.2.3 Calculation of the optical bandgap from the UV-vis spectrum

The HOMO to LUMO 7w — 7+ transition was shown to be the dominant transition in a
set of fluorene-based semiconductors,®® so it was predicted that the HOMO - LUMO
gap would be approximated by the optical band gap, which can be calculated by the
Tauc method. (™)

The Tauc method, briefly summarised, involves finding the point of steepest increase
in absorbance, running from low to high frequency, and plugging the corresponding
wavelength into the formula:

1239.95

Lonset

: (2.4)

opt —

where E,; is the optical band-gap of the material, and Lyse is the wavelength at which
absorbance is increasing most rapidly. Figure 2.9 is the absorbance spectrum of 38e.
The steepest part of the slope was assumed to be located at about the mid-point of the
absorbance band and from the approximately sigmoid shape of the curve in that part
of the spectrum, this was a safe assumption. The point on the curve at 50% of the

absorbance maximum occurs at 361 nm and the band-gap was given by,

1239.95
361

The final value to be calculated is the absolute energy of the LUMO:

Eopt = =3.43 eV. (2.5)
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Fi1cURE 2.9: The UV-visible absorption spectrum of compound 38e.

Enowmo + Eopt = Ervmo, (2.6)

—5.67 eV 4343 eV = -2.24 €V. (2.7)

2.2.4 Electroluminescent devices

The smart inks described in this chapter and the OLEC device fabrication process were
in simultaneous development throughout the research programme. OLECs fabricated
early in the project used polymer/electrolyte blends based on Super Yellow and other
well known polymers. Potassium trifluoromethanesulfonate (KOTf) was used as the

supporting electrolyte. T

First, a PEDOT:PSS suspension in water was spray coated directly on to the ITO-coated
glass substrate and dried. A solution of the electroluminescent polymer in toluene was
then mixed with solutions of KOTf and the ion-dissolving polymer polyethylene oxide
in cyclohexanone. The resulting solution was spray coated over the PEDOT:PSS layer
and dried. A layer of silver nanowires was then spray coated and silver conductive paint

was used to connect the device to a circuit.

When experimental smart inks were used, the active layer and PEDOT:PSS were applied
by spin-coating due to persistent problems with nozzle-blockage when spray coating was
attempted. When printing onto a glass/ITO slide, the top electrode was always a solid
layer of silver applied by sputter coating. Many parameters (e.g. spin speeds, annealing
times and temperatures, and solution amounts and concentrations) required adjustment
as more devices were made. It became clear that no single set of parameters would result

in optimal performance with every smart ink. A method was established which tended

tTAll data from electroluminescent devices, as well as all thin film photoluminescence data, and all
images from scanning electron microscopy were collected by Dr Katie Court and Dr Yi Li and were
reproduced with permission. This collaboration was time-limited so data for some compounds could not
be collected.
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to produce more working devices than failures, but the eradication of failures was not

possible nor was optimisation of the process for each new ink practicable.

The data obtained from devices that use experimental smart inks could not be assumed
to be perfectly reliable. There are several factors that could affect the electrolumines-
cence of OLEC devices, including the thickness of the active layer, and the concentrations
of fluorophores and electrolyte in the active layer. Figure 2.10 shows the electrolumi-
nescence spectra from a pair of OLEC devices that used 37b and 38e. 37b exhibited
electroluminescence with a peak at or just above 400 nm, but the precise value is not
clear and no further structure is discernible. The latter has 50 times the intensity and
a spectrum in which the A4, value is easily extracted. The location and shape of a

secondary peak are also very clear.
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FIGURE 2.10: Electroluminescence spectra from two OLEC device (7475,

The inconsistency of the electroluminescence data limited their use in this investigation.
High quality photoluminescence data, in solution and film states, were acquired for a
wider range of compounds and provide a better description of true emission colour.f
The first thing to note about the thin film photoluminescence spectra of 35a-38h is that
they tended to have a 2-band structure, with some spectra displaying two very distinct
bands, and others, a major band with a shoulder peak. A4, values taken from global

maxima were used for all analysis, unless otherwise stated.

Solution photoluminescence spectra tend to have a 2-band structure with both bands
very similar in intensity, and the global maximum can lie on either band. Photolumines-
cence spectra for 37b and 38e in the film state and in solution (Figure 2.11) are shown
for comparison with the electroluminescence data shown above. In some cases, 2 Anaz
values are used in discussion of a compound’s emission, one for A4, and another for a

local maximum of very similar intensity.
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FIGURE 2.11: Solution and thin film photoluminescence spectra of 37b and 38e.

2.2.5 Methylimidazolium vs octylimidazolium

Data tabulated in Appendix G show the wavelengths of the 2 peaks in the solution-
state emission spectra of pairs of compounds. With an average difference in emission
peak wavelength of < 1 nm for a 1-methylimidazolium/1-octylimidazolium pair, emission
wavelength in acetonitrile solution appears to be barely affected by the length of the

terminal alkyl chain.

Figure 2.12 shows images, from a scanning electron microscope (SEM), of OLEC devices
fabricated using four smart inks (Figure 2.13). 35a produced a very even film (the
thin, dark band) on an ITO electrode (the bottom-most of the two bright lines). 35b
differs from 35a only in that it bears an octylimidazolium pendant, and produced a
highly uneven film. Likewise, an even layer of 35e (which bears a methylimidazolium
pendant) contrasts with an uneven layer for 35f (its octylimidazolium analogue). These
are representative examples that demonstrate the poor performance of octylimidazolium

salts in the fabrication process. See Appendix E for SEM images of other OLEC devices.

It is possible that modifications to the fabrication process, such as the use of differ-
ent solvent systems in the spin coating step, would improve the evenness of the layers
formed from octylimidazolium inks. The fabrication method proved to be generally re-
liable across a fairly diverse range of smart inks, so pursuit of high performance from
uncooperative inks such as these was deemed not to be a priority. The synthesis of new

octylimidazolium smart inks was therefore discontinued.
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FIGURE 2.12: SEM images of OLEC devices using 35a, 35b, 35e and 35£(7479).
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FIGURE 2.13: Two methyl/octylimidazolium pairs, compared in Figure 2.12.

Few octylimidazolium inks produced working devices, so solid-state data on this subclass

was not complete enough for meaningful conclusions to be drawn. Analysis of the

relationship between structure and activity in the fluorophore was therefore restricted

to methylimidazolium variants.*

*38d was among the few octylimidazolium inks to produce a fairly even film and a high quality
electroluminescence spectrum. Due to the inadvertent loss of the only sample of 1-methylimidazolium

analogue 38c, 38d was used for later analysis.
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2.2.6 Arylfluorenes vs diarylfluorenes

No strict pattern emerged from the solution-state data (Table 2.3), when compounds
were compared in arylfluorene/diarylfluorene pairs. Thin-film photoluminescence spec-
tra, on the other hand, showed that a diarylfluorene analogue always emits longer-
wavelength light than the corresponding arylfluorene. This result could be rationalised
by the presence of more extensive n-systems leading to lower HOMO-LUMO gaps, and
thus lower energy emissive transitions. Nonetheless, it is curious that the effect is only
visible in the solid state. It is plausible that rotation of the aromatic substituents is
more restricted in the solid state, resulting in greater co-planarity between fluorene and

aryl substituents.

TABLE 2.3: Emission and absorption maxima of fluorene-based smart inks

Compound EL Film PL Solution PL Abs
(R substituent) Amaz (NM) | Ajpag (nm) Amag (nM) Amag (M)
Arylfluorenes

35a (3-Me) 412.5 388.5 382 292
35c¢ (3-OMe) 417.5 392 378 314
35e (3-Ph) 407.5 371 380 290
35i (3-H) 415 414 347 313
36a (4-Me) 413 385.5 361 294
36¢ (4-OMe) 411.5 410.5 363 313
36e (4-Ph) 409.5 414 378 319
Diarylfluorenes

37a (3-Me) 411 414 359 326
37c (3-OMe) 487.5¢ 414 360 328
37e (3-Ph) 410 392.5 360 327
37i (3-H) 409 410 373 327
38a (4-Me) 410 434.5 359 330
38d (4-OMe) 412.5 422 385 334
38e (4-Ph) 419.5 414 382 339

%This highly anomalous result was one of the first obtained, when the ink-purification method and
the OLEC fabrication procedure were immature. It was excluded from the analyses presented in this
thesis.

The phenylfluorenes were an exception. Their analysis was plagued with difficulties
(very thin or uneven films/short circuits), so their thin-film photoluminescence data

(Appendix B) was considered unreliable.

Another property that differs between these two groups is symmetry. It is possible
that intermolecular interactions in the solid state are stronger for the more symmetrical
compounds. This stands to reason if the effect of stronger intermolecular interactions is

to induce a bathochromic shift in the photoluminescence of the fluorophore.

The case of the bis-4-tolyl derivative 38a is also noteworthy. It was found to exhibit thin

film photoluminescence at a significantly longer wavelength than any other smart ink in
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this set (434.5 nm). This supports the hypothesis that the colour of emission in the solid
state is strongly affected by intermolecular interaction. This diarylfluorene scaffold has
the greatest symmetry of those studied, and the lowest degrees of freedom available, so it
is plausible that intermolecular interactions, in the solid state, are significantly stronger

for 38a than for the other smart inks in the set.
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FIGURE 2.14: An arylfluorene/diarylfluorene pair.
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FIGURE 2.15: The longest-wavelength emitter in the set (Amaz = 434.5 nm)

Returning to the solution photoluminescence data (Table 2.3), pairs of compounds with
4-biphenyl substituents showed, by far, the largest differences in emission-peak wave-
length. These contrast starkly with otherwise identical 3-biphenyl group-bearing com-
pounds, and the reason is not obvious. Stronger intermolecular interactions in the

4-substituted compounds are a possibility.

If there are long-range interactions between the fluorene core and the terminal phenyl
groups, the ground state of a 4-biphenylfluorene (36e,f and 38e,f) could contain terminal
phenyl groups that sit in the plane of the fluorene core. This may lower the HOMO-
LUMO gap, as is normally observed with an increase in conjugation (albeit, in this case,
a long-range one), and thus raise the wavelength of emission. In order for the terminal
phenyl group in a 3-biphenylfluorene (35e,f and 37e,f) to sit in the plane of the fluorene

core, the medial phenylene must also sit in that plane - a situation that is unlikely due to
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steric barriers. This is speculation, and data on more compounds with similar structures

would be needed for a firm conclusion to be drawn.
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FIGURE 2.16: Compounds with 4-biphenyl groups exhibit bathochromic shift relative
to other compounds in the set, most acutely in the case of 38e.

The fact that emission wavelength does not appear to be strongly linked to the extent of
conjugation of the n-systems for these compounds, or the existence of non-zero barriers
to planarity, indicates that the fluorene moiety and the other aromatic moieties may

absorb and emit somewhat independently of one another.

2.2.7 Functional group effects

It was predicted at the outset that a clear pattern would reveal itself, with predictable
relationships between similarly functionalised compounds. No strict pattern emerged
from the solution-state emission data (Table 2.3). A tendency for compounds with func-
tional groups that extend the n-system to exhibit longer wavelength photoluminescence
emission in solution was discovered, which was unsurprising, but the pattern was neither

strong, nor mirrored in the thin film data.

If the emission profile of a polyarene in this class is dominated by a single fragment, one
should expect that modification of the less strongly emitting fragments would have a rel-
atively small effect on emission colour. The weak trends observed for these arylfluorenes
seem to indicate that the fluorene fragment is the dominant emitter. This hypothesis
was tested by direct functionalisation of fluorene, and the results are presented below
(vide infra 3.2.2).

2.2.8 Functionalisation at position 3 vs position 4

The comparison of 3- and 4-functionalised pairs was more complex than the others that

were made. The solution-state emission spectra showed no discernible pattern, except in
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the case of bis-biphenylfluorenes (Table 2.3), where the 4-substituted variants exhibited

much longer wavelength emission than their 3-substituted counterparts.

UV-vis absorption spectra taken in acetonitrile solution revealed a general pattern in
which compounds with groups at the 3 position had higher bandgaps than those sub-
stituted at the 4 position (Table 2.4). For tolylfluorenes (35a, 36a, 37a and 38a), this
trend was weak. The tolylfluorenes had very similar bandgaps to one another, which was
an unsurprising finding, given the minimal effect a methyl group has on the electronics

and steric environment of a benzene ring.

TABLE 2.4: Orbital energies and bandgaps of fluorene-based smart inks.

Compound Optical bandgap | Egomo (eV) Erumo (eV)
(R; substituent) | (eV)

Arylfluorenes

35a (3-Me) 3.83 -5.81 -1.98
35¢ (3-OMe) 3.82 5.88 -2.06
35e (3-Ph) 3.82 -5.87 -2.06
351 (3-H) 3.83 5.81 -1.98
36a (4-Me) 3.80 _5.77 -1.96
36¢ (4-OMe) 3.76 -5.63 -1.88
36e (4-Ph) 3.67 5.77 2.10
Diarylfluorenes

37a (3-Me) 3.59 5.71 2.12
37c (3-OMe) 3.59 _5.77 2.16
37e (3-Ph) 3.59 577 2.17
371 (3-H) 3.62 -5.73 2.11
38a (4-Me) 3.58 5.67 2.08
38d (4-OMe) 3.52 5.51 -1.98
38e (4—Ph) 3.43 -5.67 -2.24

Thin-film photoluminescence spectra showed a strict pattern: wherever a methoxyphenyl
or biphenyl group was present (35c,e, 36¢,e, 37c,e and 38c,e), the 3-substituted com-
pound exhibited lower wavelength emission than the corresponding 4-substituted com-
pound, with a mean difference of 22 nm. Where tolyl groups were present, the differences
were much smaller (38a, already touched upon above, was a clear outlier). The fact
that the position of a substituent appeared to have a larger effect on emission-wavelength
than its type, and that this effect was only visible in the thin-film photoluminescence
data, lent further support to the hypothesis that intermolecular interactions in the solid

state are a very important factor.

The general trends in optical bandgap and thin film PL emission peak wavelength
matched, so unsurprisingly, the correlation found between them was fairly strong (Fig-
ure 2.17, R? = 0.866). It is not clear how much of the variance in photoluminescence
Amaz can be accounted for by intermolecular interaction in the thin film, but with 13.4%

of the variance unaccounted for, a reasonably large effect is probable.
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FIGURE 2.17: PL emission in the solid state vs optical bandgap.

2.2.9 HOMO energies and band gaps

HOMO energies (Table 2.4) ranged from -5.92 €V, in the case of bis-4-trifluorophenyl
fluorene 38g, to -5.51 eV, in the case of bis-4-methoxyphenyl fluorene 38c. As a
general rule, a methylimidazolium-pendant-bearing compound and the corresponding
octylimidazolium-pendant-bearing compound had very close, or the same HOMO en-
ergy. Similar HOMO energies for these pairs were expected as their HOMO and LUMO

are situated entirely on the aromatic fluorophore. (7)

Compounds with electron-donors at the 4 position generally had higher-energy HOMOs.
Compounds with electron-withdrawing groups anywhere, and the arylfluorenes function-
alised at the 3 position, had the lowest-energy HOMOs. The gap between the lowest
and highest HOMO energies was relatively small, so all of the compounds in this set

should be compatible with the same anode materials.

Optical band gaps ranged from 3.43 eV, in the case of bis-p-biphenyl fluorene 38e, to
3.83 eV in the cases of m-tolyl 35a, and phenylfluorene 35i. These compounds represent
opposite extremes in the structures of the fluorophores they carry. The higher bandgap
materials have the least extensive m-systems in the set, and 38e, the most. The trend
held across the full set of molecules, and when considered as groups that have 3, 4, or 6
aromatic rings in their fluorophores, no overlap is observed between the 3-ring group and
the 6-ring group. This unsurprising finding provided one simple heuristic with which
to design light-emitters, or rather, confirmed one of the basic assumptions made at the

outset.
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2.2.10 Solvatochromism

Many fluorescent compounds exhibit significant solvatochromism or solvent-induced
colour change in emission or absorption spectra. This occurs due to the differential
stability of the excited and ground states in various solvents. If the excited state is more
polar than the ground state, it is more stable in more polar solvents. Less energy is
therefore required to excite the molecule from the ground state to the excited state, so a
bathochromic shift, or positive solvatochromism, is observed. Negative solvatochromism
is a hypsochromic shift in the absorption or emission spectrum of a compound due to

its excited state being less polar than its ground state. (77)

Solvatochromic compounds tend to be multifluorophoric with a donor-acceptor structure
in which the acceptor is a fragment with a strongly electron-withdrawing moiety. The
donor may or may not contain a strongly electron-donating moiety, as in the case of
54. Computational work on several solvatochromic compounds (") (e.g. 55 and 56)
locates the HOMO predominantly on the donor fragment, and the LUMO predominantly
on the acceptor fragment (Figure 2.20 and Figure 2.21). In 55, the relatively electron-
rich carbazole fragments contribute greatly to the HOMO and very little to the LUMO
and as such, would be expected to act as donors. The terminal carboxylic acid in 56,
functionalised with two inductively electron-withdrawing chloride groups, contributes
greatly to the LUMO and little to the HOMO, and acts as an electron acceptor.

donor.

55 56

FIGURE 2.19: Solvatochromic compounds analysed by DFT. (78;79)

Among the fluorene-based systems studied, only those with cyanophenyl residues resem-

ble these donor-acceptor systems. 36i' is a simplified molecular fragment corresponding

TCompounds synthesised and characterised by Dr Clementine E. Bavinton. UV-vis absorption spec-
tra were collected by Edward H. Jackman
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FIGURE 2.20: Frontier orbitals of 55 calculated by DFT using BSLYP and 6-311G. (78)

The HOMO of 56 The LUMO of 56

Ficure 2.21: Frontier orbitals of 56 calculated by DFT using B3LYP and 6-
31G(d). (™)

to the smart ink 36h, for use in computational calculations (Figure 2.22). For a ra-
tionalisation of this simplification, and details of the computational procedure used see
Chapter 3. Figure 2.23 shows visualisations of the HOMO and LUMO of this fragment.
The fluorene fragment appears to make a higher contribution to the HOMO than to the
LUMO, and the inverse is true of the cyanophenyl fragment. Neither the HOMO nor the
LUMO is located, in its entirety, on one fragment, however, which indicates that little

if any solvatochromic shift should be observed for a compound with this fluorophore.

(0

2 CF3S0;
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36h 36i

FIGURE 2.22: A smart ink and the simplification used in computational calculations.

A flow-UV-vis setup was used to measure the absorption of 36h across a solvent gra-
dient. Due to the insolubility of 36h in solvents at the extremes of polarity, mixtures

with acetonitrile were used. The least polar solvent system used was 1:1 MeCN:Et,0.
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FIGURE 2.23: Frontier orbitals of 36i calculated by DFT using wB97XD and 6-31G(d).

The percentage of acetonitrile was increased from 50% to 100% at constant solute con-
centration. The ratio of water was then increased from 0% to 50% at constant solute
concentration. Figure 2.24 shows overlaid absorption spectra acquired at the extremes,
and at 100% acetonitrile. The negligible change in Apax demonstrates a lack of solva-

tochromic behaviour that can be extrapolated to the rest of the compounds in the series.
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FIGURE 2.24: Overlayed UV-vis absorption spectra of 36h in 1:1 MeCN:H50O, in neat
MeCN, and in 1:1 MeCN:Et,O.
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2.3 Conclusions

So far, it is not possible to give a straightforward plan for the design of a smart ink of a
given colour, but it is possible to elucidate several key principles. These principles are
general but may prove less relevant to the design of certain structures to the extent that

they differ from those in this study.

Structural modifications to the fluorene fluorophore are likely to have a more substantial
effect on emission colour than modifications to other components of the smart ink.
Establishing the relative importance of each component part early on makes it likely that
we can achieve significant blue- or red-shifting. Fine-tuning could then be achieved by
modification elsewhere. The emission colour of the smart inks discussed herein appears
to be dominated by the fluorene moiety, and controlled to a lesser extent by the rest of

the aromatic fluorophore.

That the position of a substituent on a phenyl group appears to have a more substan-
tial effect than the makeup of that substituent was a surprising finding. The analyses
presented in this chapter used experimental measures of bulk properties. Given that
there appears to be a complex and subtle relationship between molecular structure and
function, a much closer look at the electronic differences between compounds will be

needed in order to take this investigation further.

The terminal alkyl chain affects physical properties without having a substantial impact
on emission colour. The octylimidazolium smart inks were failures, by-and-large. This
was due to their tendency to form highly uneven layers when deposited as films. It could
be that solvent is trapped by the octyl chains, and bubbles out slowly as the film dries.
Without a targeted investigation of the film-deposition process, it is impossible to say,
but for the purpose of this work, they were deemed too unruly to be worthy of further

study.

Intermolecular interactions have a very significant effect on solid-state emission colour.
Symmetrical compounds with relatively few degrees of freedom exhibit red-shifted emis-
sion in the solid state, relative to their close structural relatives. Although the close
packing of complex compounds is very difficult to predict, once a small number of ex-
emplars in a given family of smart inks have been made, it is simple in principle to shift

the emission colour by changing the steric environment of the fluorophore.

While steric bulk may be desirable for colour-tuning, it can be a hindrance in the fab-
rication process. Careful design of the fluorophore may be needed in order to avoid

excessively large side-chains that thwart the production of working devices.

There are two natural paths forward. The first involves close analysis of the electronics

of fluorene-based systems, using computational methods to establish orbital energies and
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geometries. Analysis of the effect of substituents on frontier orbital energies should, in

principle, give a much more precise description of the structure-activity relationship.

The second is an expansion of the range of substrates included in the investigation. Thus
far, structural variety has been minimal, so general conclusions about small-molecule
smart inks are impossible to draw. The next part of this work attempts to make progress
toward a more generally applicable predictive model, while building a deeper understand-

ing of the structure-activity relationship at play.
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Chapter 3

A predictive computational model

3.1 Introduction

3.1.1 Benchmarking

A sophisticated, multi-step computational procedure, developed in collaboration with
Matthieu Hédouin, ®?) allowed prediction of absorption and emission peak wavelengths
with extremely high accuracy (R? = 0.991 and 0.994 respectively). Hédouin performed
theoretical calculations on simplified structures that correspond to smart inks presented
in Chapter 2. We provided the experimental data against which a variety of computa-

tional methods were benchmarked.

Density functional theory (DFT) was used for geometry optimisation and natural tran-
sition orbital (NTO) analysis, and time-dependent density functional theory (TD-DFT)
was used for calculation of vertical excitations. The state-specific polarisable continuum
model was used to simulate the solvation of the fluorophore. Potential energy surface
minima were found by harmonic frequency calculations after every geometry optimi-
sation. A natural transition orbital analysis of an excited state of 35a revealed that
the particle NTO (corresponding to the LUMO), and hole NTO (corresponding to the
HOMO) were located entirely on the arylfluorene aromatic system (Figure 3.1). Sim-
plified structures, substituting methyl groups for the alkylimidazolium pendants, were
employed thereafter (Figure 3.2). As noted in Chapter 2, the first compounds synthe-
sised were used as the initial training set, so the fluorene-based fluorophores that contain
biphenyl, tolyl, or methoxyphenyl groups appear in the benchmarking study, along with

a fluorene-phenanthrene structure discussed below (vide infra 3.1.2).

In the study by Hédouin, absorption spectra were calculated as follows. Ground state
geometry optimisation was performed for all conformers of a molecule and the most
stable conformer was selected. The solvent environment from this optimisation was

stored and used in the calculation of excitations.
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Emission energies were calculated by first, optimising the geometry of an excited state.
The solvent environment established in this calculation was stored, and optimisation of
the ground state geometry was then performed using the stored solvent environment.

Emission energy was given by the difference in energy between the two structures.

The substrate scope of this procedure was tested using a range of polyaromatic structures
including heterocycles, alkene-linked polyarenes, a thiourea, and others. 57 and 58
(Figure 3.3) are examples of compounds that were incorporated into the model using
experimental data from collaborators, and 59 and 60, among others, used literature
data. The predictive accuracy of the model was unchanged on addition of a varied
group of aromatic compounds but failed to predict the A4, values for absorption or

emission of B-carotene (61), which is highly conjugated but aliphatic.

FIGURE 3.1: Natural transition orbitals for 35a.

L~

2 CF3S0;
N+ N+
3 ) O‘O O
N) AN
/ |
35a 35k
The full structure of 35a. The simplification of 35a.

FIGURE 3.2: A full smart ink and the fragment containing the frontier orbitals.

3.1.2 Phenanthrene-based systems

Fluorene-phenanthrene systems 62a and 62b (Figure 3.4) were included in the bench-
marking study. As the they do not fit the pattern of structural variation in the other
fluorene-based smart inks, they were not included in the analysis presented in the pre-

vious chapter.
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FIGURE 3.3: Some of the compounds analysed by Hédouin et al.
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FI1GURE 3.4: UV-emitting fluorene-phenanthrene systems.

The synthesis of the fluorene-phenanthrene smart inks (Scheme 3.1) was carried out
according to the same procedure as was used for the other arylfluorene smart inks 35
and 36 (Scheme 2.1). The first 2 steps were identical, and the discussion laid out in 2.1.4
applies. The Suzuki coupling to form 64 was performed under the same conditions as
for the arylfluorenes 35 and 36, and gave an exceptional yield (91%). The 14-electron
n-system is not fully aromatic, instead consisting of two discrete benzene rings, and a
vinyl group, to which bromine is bonded. This structure undergoes cross-coupling far

more readily than a typical bromoarene.

Our engineering collaborators found these compounds to be promising materials for use

in UV-emitting OLECs, with photoluminescence emission peaks at 364 nm (62a) and 363
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62a 63% 64 91%
62b 78%

SCHEME 3.1: Synthesis of fluorene-phenanthrene smart inks.

nm (62b). These compounds were studied very early in the research programme, when
the OLEC fabrication process was not well understood. As such, the electroluminescence

data (Figure 3.5) for these compounds were of low-quality, but indicated that their
emission peaks would be found at, or just below, 400 nm.

Phenanthrene, as the core of a fluorophore, was identified as a promising alternative

to fluorene in the search for UV-emitting smart inks. Recent work in the Harrowven

group, ®1%2) on the development of practicable syntheses of phenanthrene-based systems

made them an attractive object of study.

Mormalizadl
Mormaliz ed1

400 800 = 400 @00
Wavelength (nm) - Intensity Wavelength (nm) - Intensity
62a 62b

FI1GURE 3.5: Electroluminescence of 62a,b.
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3.2 Research and development

3.2.1 Overview

Our collaboration with Hédouin et al. led them to examine an array of compounds using
the range-separated hybrid functional ®B97XD along with the large 6-31+G(d,p) basis
set. This set of parameters formed the basis for the computational analysis reported
herein, but computational efficiency and expansion of the substrate scope were prioritised
in our own work. The desired outcome was a simpler model which predicted absorption

and emission with good accuracy, in very little time, on an ordinary desktop computer.

To that end, the wB97XD functional with the smaller 6-31G(d) basis set, and the con-
tinuous polarisable-continuum model (C-PCM) were chosen for our work. »B97XD was
chosen as, being a long-range corrected functional, it is optimised for calculation of ex-
citations. The choice of basis set was a balance of rigour and simplicity. The diffuse
function in the 6-314+G(d,p) basis set helps the simulation to account for long-range
bonding interactions and to describe anions, and was deemed unnecessary. Likewise,
the p-polarisation function added to the hydrogen atoms improves calculations involv-
ing polarised bonds, such as hydrogen bonds, and was also deemed unnecessary. The
state-specific polarisable continuum model used in the benchmarking study requires op-
timisation of the geometries of multiple structures. It was replaced with the continuous
polarisable continuum model which can be applied to a single DFT or TD-DFT calcu-

lation.

The analysis of a structure consisted of a single ground-state geometry optimisation,
followed by harmonic frequency calculation, and vertical excitation calculations for the
6 lowest-lying excited states. As with the more involved process detailed above, 9,9-

dimethylfluorenes were analysed in lieu of full smart ink structures.

3.2.2 Directly functionalised fluorenes

Hédouin ran calculations on many substituted fluorenes (Figure 3.7) so that the synthetic
chemistry team could identify alternative fluorophores. Fluorine, chlorine, and methoxy
groups were selected as mesomeric electron-donating groups, and acyl groups were used

as mesomeric electron-withdrawing groups.

The model predicted that electron donor substituents would shorten the wavelengths
of absorption and emission, but not below those of unsubstituted fluorene (absorption
Amaz = 264 nm, emission A4, = 302 nm). The shortest absorption and emission
wavelengths were predicted for fluorenes with an electron donor at the R4 position.
Substituents at the Ry position were predicted to have the least effect. The model pre-

dicted that electron-withdrawing substituents would raise the wavelengths of absorption
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and emission, and do so most strongly if attached at the Ry position. Negligible differ-
ence was made to the predicted transitions by substituting fluorine for chlorine. 66a—g

span the full range of predicted emission wavelengths (Table 3.2).

FI1GURE 3.6: Numbering convention for fluorene.

COMe COMe COMe COMeCOMe
FIGURE 3.7: A selection of the substituted fluorenes analysed by DFT.

Fluorofluorenes 66a and 66b were synthesised as detailed in Scheme 3.2 and Scheme 3.3

1. n-BuLi, THF, -78°C F NH,

| ~~F 2 (iPro)B, -78°C - RT PA(OAo)z, KiCOs Q O
> Br 3. HCl (ag. 2 M) f : acetone, Ho0, 65°C

respectively.

67a 68a 78% 69a 63%
F CH_Br,, Pd(OAc)2 1. HCI, H,0
KHCO3 KOAc 2. NaNO,, H20, 0°C
0.0 DMF DMA, H,0O Q O 3. Kl, HoO
i-PrOH, Ar, 75°C
66a 54% 703 67°/o

SCHEME 3.2: Synthesis of 4-fluorofluorene.

Conversion of a bromobenzene (67a,b) into an arylboronic acid (68a,b) came with
2 complications. The first was that the boronic acid product tended to condense to
form polymers and oligomers, such as trimeric anhydride 68a. Their isolation and
characterisation was therefore not straightforward. In general, the complex mixture of

arylboronic acid derivatives could be used without purification, as it was in Scheme 3.3.
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i 1. n-BuLi, THF, -78°C (|)H NH2
@\ 2. (i-PrO)3B, -78°C - RT F. B Pd(OAC)z K2CO3 Q O
OH
Br 3. HCl (aq. 2 M) acetone, Ho0, 65°C
67b 68b 69b 88%
. CHgBrp, Pd(OAc)2 F 1. HCI, H0
KHco3 KOAc 2. NaNO;, H,0, 0°C
0.0 DMF DMA, H,0 Q O 3. Kl, Hy0
i-PrOH, Ar, 75°C
66b 44% 70b 53%

SCHEME 3.3: Synthesis of 3-fluorofluorene.

The second complication stemmed from the presence of inseparable impurities at several
stages in the synthesis. Given the difficulties encountered characterising the arylboronic
acids, it was not possible to identify or separate such impurities at this stage. At every
subsequent stage in the synthesis, the compounds formed were so similar in their Rf
values that they could not be fully separated from one another by chromatography. A
very small amount (= 20 mg) of each of the target fluorofluorenes was isolated, at high

purity, for characterisation.

The emission of these compounds was predicted to span 84 nm, which is a much wider
range than is covered by the arylfluorenes and diarylfluorenes discussed herein. This in-
dicates that it is the fluorene core that controls emission wavelength much more strongly
than the arene or arenes to which it is bonded. 66a and 66b were predicted to have
the deepest UV-emission and were synthesised (Scheme 3.2 and Scheme 3.3). 66a had
absorbance and emission peaks at 260 and 301 nm respectively. 66b had absorbance
and emission peaks at 258 and 313 nm respectively™. While these compounds exhibited
deep UV-emission, and were therefore appealing, difficulties in the synthesis of signifi-
cant quantities hampered their conversion into full smart inks.

TABLE 3.1: Predicted transitions of substituted fluorenes

Absorption Ape, (nm) | Emission Ajge (nm)
66a 272 378
66b 283 379
66¢c 291 384
66d 311 386
66e 346 414
66f 346 419
66g 347 462

¥Note that the wavelength predictions by Hédouin are for specific electronic transitions. True Amaz
values may differ substantially if a system can undergo several bright transitions. In these cases, high-
energy transitions appear to contribute strongly to the emission spectra, hence lower-than-expected
Amaz values.



58 Chapter 3. A predictive computational model

3.2.3 Comparing DFT to experimental data sets

Time-independent DFT calculations gave predictions of HOMO energies that differed
significantly from those determined by voltammetry (Table 3.2). They were not consid-
ered in isolation, however. It was the goodness-of-fit between the two sets of values that
was deemed to be most important. Figure 3.8 shows a plot of DFT-calculated HOMO
energies of the fluorene-based molecules described in Chapter 2 against those derived
from cyclic voltammetry. The goodness-of-fit was high (R? = 0.914), representing fairly
tight correlation between the sets of values, and therefore reasonably high predictive

validity for the computational model, when used to predict HOMO energies.

— -5.45
e " WwBY7XD, 6-31Gld), C-PCM
B 550 e
= coce a
S . R2=0.9144
15_ -5.60 : o
= .-
S K
T A o0 0
T 580 sig: "o
T -5.85 e
£ 590 g 8 8
& 5.95
=
& 6,00
7.90 7.70 7.50 -7.30 7.10

Theoretical HOMO energy (eV)

F1cUrE 3.8: Values for HOMO energy from CV vs those from DFT.

An equation for the HOMO energy of a polyarene, given its DFT-calculated HOMO

energy was determined from the best fit curve:

Eeyp = 0.6834 Eppp — 0.6271 (3.1)

274 and higher-order polynomial best fit curves gave higher R? values (up to 0.94) at the
cost of increasingly substantial deviations from linearity, outside the included range of
values. It is possible that these data would be best explained using a polynomial fit, but
data points across a much wider range of HOMO energies would be required to establish
this. The 2" order polynomial approximation accounted for 93% of the variance in the
data set (R? = 0.930) and gave the following equation for experimental HOMO energy,
which deviates slightly from linearity, and could provide a sensible approximation across

a wider wavelength range:

Eewp = 0.64 B2, +10.29 E4. + 35.56 (3.2)

calc

Figure 3.9 shows the tight correlation (R? = 0.945) between the experimentally deter-
mined optical band gaps and computationally determined HOMO-LUMO gaps of the
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TABLE 3.2: Calculated and experimental values for HOMO energy, bandgap
(exp.)/HOMO-LUMO gap (calc.), and excitation wavelength.

Compound Enomo (eV) | Bandgap (eV) | Emission A\pqq (nm)
(R; substituent) | Calc. | Exp. | Calc. | Exp. | Calc. | Exp.
Arylfluorenes

35a (3-Me) -7.59 | -5.81 | 8.15 3.83 267 386
35c¢ (3-OMe) -7.61 | -5.88 | 8.16 3.82 268 392
35e (3-Ph) -7.62 | -5.87 | 8.13 3.82 267 388
35i (3-H) -7.61 | -5.81 | 8.16 3.83 267 -
35g (3-CF3) -7.71 | -5.90 | 8.12 3.80 273 -
35h (3-CN) -7.75 | -5.86 | 8.00 3.80 273 -
36a (4-Me) -7.54 | -5.77 | 8.11 3.80 268 386
36¢ (4-OMe) -7.39 | -5.63 | 8.01 3.76 271 388
36e (4-Ph) -7.51 | -5.77 | 7.90 3.67 276 410
36g (4-CF3) -7.72 | -5.86 | 8.05 3.79 275 -
36h (4-CN) -7.75 | -5.81 | 7.73 3.67 284 -
Diarylfluorenes

37a (3-Me) -7.43 | -5.71 7.80 3.59 281 414
37c (3-OMe) -7.47 | 577 | 7.81 3.59 282 414
37e (3-Ph) -748 | 577 | 7.78 3.59 283 412
37i (3-H) 747 |-581 | 781 |3.62 |281 |-
37g (3-CFy) -7.71 | -5.89 | 7.83 3.62 288 -
37h (3-CN) -7.69 | -5.90 | 7.74 3.58 288 -
38a (4-Me) -7.37 | -5.67 | 7.75 3.58 284 409
38d (4-OMe) 720 | -551 | 7.65 |352 |271 | 422
38e (4-Ph) -7.36 | -5.67 | 7.54 3.43 292 415
38g (4-CFy) -7.64 | -5.92 | 7.72 3.57 291 -
38h (4-CN) -7.71 | -5.89 | 7.47 3.44 301 -
Phenanthrenes

76a -8.14 | - 7.19 3.25 360 -
76b -8.00 | - 7.08 3.15 367 -
76c -8.63 | - 7.26 3.32 335 -
76d -7.92 | - 6.93 3.05 368 -
76f -7.95 | - 7.04 3.05 365 -
76g -8.03 | - 7.09 3.12 364 -
T7a -7.80 | - 6.83 3.90 368 -
T7c -7.74 | - 6.72 3.50 383 -

fluorene-based molecules. The degree to which this is a usefully predictive result depends
on the degree to which emission colour is determined by bandgap in smart inks. Ade-
goke et al.(®®) demonstrated the dominance of the 7 — 7 transition in the electronic
excitations of fluorene-based light-emitters. On this basis, it was predicted that there
would be fairly strong, positive correlation between theoretical HOMO-LUMO gap and

emission colour.
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FIGURE 3.9: Bandgap values from absorption spectra vs those from DFT.

Figure 3.10 shows the correlation between theoretically determined HOMO-LUMO gap
and thin-film photoluminescence \,q.. 83.7% of the variance (R2 = 0.837) was ac-
counted for by the theoretical model which gave a standard error of 8.09. This meant
that a photoluminescence emission colour could be predicted with an error margin of
approximately £8 nm. As the visible part of the light spectrum spans a range of around

300 nm, for display applications, a difference of 8 nm is subtle.
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FIGURE 3.10: DFT-calculated HOMO-LUMO gap vs photoluminescence (PL) emission
peak wavelength.
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3.2.4 Comparing TD-DFT to experimental data sets

The correlation between optical bandgap and TD-DFT-calculated emission peak is
shown in Figure 3.11. The correlation (R? = 0.989) was higher than that with time-
independent DFT-calculated HOMO-LUMO gap. That this method had similar predic-
tive validity to the time-independent method was an unsurprising result, given that the
excitation calculations are performed on the output geometries from the DFT calcula-

tions.

385

2.8 o
o7 e R? = 0.9893

359

wB97XD, 6-31G(d), C-PCM

3.7
3.65

36

Optical bandgap (eV)

3.35

3.5 “
270 275 280 285 200 295
Theoretical emission peak (nm)

F1GURE 3.11: Optical bandgap plotted against TD-DFT-calculated emission peak.

Likewise, thin film photoluminescence emission peak wavelength correlates with TD-
DFT-calculated emission peak only slightly more strongly than it does with DFT-
calculated HOMO-LUMO gap (Figure 3.12). Emission peaks calculated by TD-DFT
accounted for 85.0% (R? = 0.850) of the variance in the photoluminescence emission

maxima of thin films.
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FicUrReE 3.12: Thin film photoluminescence peak wavelengths plotted against TD-
DFT-calculated emission peaks.
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3.2.5 Expanding the scope of the theoretical model

Previous work in the Harrowven group resulted in the development of a flow-photochemi-
cal method for the synthesis of fused phenanthrene-maleic anhydride systems(®2). The
promising results from phenanthrenes 62a and 62b suggested that good access to UV
and visible light-emission could be achieved with this class of structures. The synthesis
(Scheme 3.4) is fairly tolerant of common functional groups, and although it is multi-
step, it does not require purification of every intermediate compound. A number of

fluorophores (76a-i) are accessible via this route (Figure 3.13).(5?)

Part of the appeal of phenanthrene-based systems is that the category includes he-

licenes (77a—c) with non-planar aromatic systems (Figure 3.14). Circularly polarised

(83) finds application in photonics and dis-

(84)

luminescence from chiral organic compounds
play technology, including circularly polarised electroluminescence from an OLED
It has also been employed for the photocatalytic generation of chiral materials(®%:%6),
These exotic structures, compared with planar phenanthrenes, allow the limits of our

predictive model to be probed further.

The modular construction of the fluorophore from separate aryl halides is an attractive
feature as it allows the incorporation of heteroatoms into the polyarene ring system
- something which is not nearly as straightforward with the fluorene-based systems
discussed above. These acid anhydrides are stable intermediates and can be transformed

into smart inks by the 2-step process detailed in Scheme 3.5.

o —0 0

HO, o - \r ~  _o0 0 |.
);( O );( 1.PhLL THE OH
P F e — (0] _

HO' 0 MeOH ~0 0 2. NH4CI
33% 48%
1. BF3‘Et20,
71 72 73a MeOH
2. NaHCOj3
O o \o 69%
0 O/
h (UVB) [ ] 1. PhLi _
- R Sra— e
2, O2 2. NH4CI o)
48% O 0 97% O /
76a 75a 74a

SCHEME 3.4: Synthesis of anhydride 76a, devised in the Harrowven group. (81

Heteroyclic fluorophores were examined in our benchmarking study and they were han-
dled well by the rigorous computational method employed (Figure 3.15). Helicenes, with
non-planar aromatic systems, had not yet been examined, however. UV-vis absorption
spectra were acquired for 76a—d,f,g and 77a,c. Their optical bandgaps were compared
with DFT-calculated values. Figure 3.16 shows the relationship between optical bandgap
and calculated HOMO-LUMO gap for the fluorenes (blue dots) and maleic anhydrides
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76f 76g 76h 76i

F1cURE 3.13: A range of maleic anhydrides accessed by the flow-photochemical method
established in the Harrowven group. (81;82)

77a 77b

FIGURE 3.14: Helicenes accessible by the same photochemical route.

HoN
100-120 °C
62%
CF3S0;4
N—"""SN
—
79 78

SCHEME 3.5: 2-step synthesis of a smart ink based on 76a.
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(red dots), with 2 very clear outliers corresponding to helicenes 77a and 77c (black
dots). The omission of the two helicenes from the dataset brings the predictive validity
of the model from weak (R? = 0.658) to very strong (R? = 0.982). Figure 3.17 is the
same graph plotted without the 2 outliers. One explanation for this failure is that the
non-planar ring systems in helicene structures are treated by the simulation as groups

of discrete alkenes and polyenes.
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FIGURE 3.15: Predicted emission peak maxima, plotted against experimental values,
for a range of aromatic compounds including organometallic and heterocyclic systems.
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FIGURE 3.16: Relationship between optical bandgap and DFT-calculated HOMO-
LUMO gap for a group of compounds that includes 2 helicenes.

3.50
3.80
= 3.70
1o R =09818 :-_' .
3.50
3.40
3,30 o e
3,20
£ 310 -
3.00

2.30
6.30 7.20 7.80 2.30
Theoretical HOMO-LUMO gap (eV)

wB97XD, 6-31G(d), C-PCM ]
.-".

tical bandgap (e

0
[
®

FIGURE 3.17: Relationship between optical bandgap and DFT-calculated HOMO-
LUMO gap excluding helicenes.
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These data were acquired using the same set of computational parameters as above
(wB97XD, 6-31G(d), C-PCM). Calculations were performed using the acid anhydrides,
as shown (Figure 3.13, Figure 3.14, and 76a), and the corresponding methylmaleimides
(Figure 3.18). There was negligible difference between the two sets’ calculated orbital
energies, and the results did not differ whichever heteroatom was used. The data pre-

sented are from calculations using 80a—h.

FI1GURE 3.18: The methylmaleimides corresponding to 76a—d f,g and 77a,c.

Smart ink 79 was synthesised (Scheme 3.5) and used to fabricate a green-emitting OLEC
device (Apmazr = 510 nm). The device generated dim light from a thin active layer, thereby

providing a proof-of-concept for smart inks based on this set of fluorophores.

3.2.6 A flow-photochemical synthetic method

The study that discovered the synthetic route to the acid anhydrides shown above also
found that the same conditions failed to cyclise certain diarylcyclobutenediones into
fused polyarenes (Figure 3.19). Oxidative ring-expansion of the cyclobutenedione frag-
ment was demonstrated in all cases, but arenes with strongly electron-donating groups
at the 4-position resisted cyclisation. Some reactions gave very low yields of the fused
product, some gave only the diarylmaleic anhydride (82a—d), and others gave intractable

mixtures.

The proposed mechanism for this transformation, detailed in Scheme 3.6, contains two
independent oxidations. The ring-expansion to form 83e requires oxidising conditions
(a combination of Iy and O, was used in this study) and moisture. The second oxi-
dation involves dearomatisation of 2 arenes, to form 83f, followed by dehydrogenative
rearomatisation to give phenanthrene derivative 76a. The relative ease with which

the diarylcyclobutenediones form maleic anhydrides, contrasted with their reluctance
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to form fused polyarenes. It is possible that, in some cases, the wavelength needed for
photoinduced cyclisation differs markedly from that needed for cyclobutene ring opening
(81 — 82) or that the reaction was much slower under the conditions used. Alterna-
tively, the ring-opening of 83f back to 83e may be more significant in some cases than
in others. Importantly, steric constraints are unlikely to be the reason for these stopping
at the intermediate stage as several helicenes formed in reasonable yields under these

conditions.

75b Ry =OMe, Ry =H, Rz =H 8la 98% 82a
75¢c R; = OMe, Ry = H, Rz = CF3 81b 93% 82b
75d Ry = OMe, R, = OMe, Rz = H 81c 97% 82c
75e Ry, Ry = OCH,0, Rz = H 81d 99% 82d

FIGURE 3.19: Photochemical reactions that failed to produce fused phenanthrenes.
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SCHEME 3.6: Proposed mechanism for formation of 76a

To test if the reaction could be pushed toward phenanthrene formation, a new, highly
flexible, photochemical method was employed in an attempt to access some products
that had proven elusive. Figure 3.20 shows a schematic of the photo-flow reactor used
in our group. A peristaltic pump, with two input lines, pumps the reaction mixture and
a gas (Oy in this case) into a photo-reactor simultaneously. This results in segmented
flow - the reaction mixture is broken into many short segments, separated by bubbles
of Oy. The reaction mixture has a high surface area, and as the catalytic iodine reacts
with dihydrophenanthrene 83f, HI is produced. In turn, this either disproportionates

to Hy and I, or it reacts with O, to regenerate I, with production of water. The flow
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rate is calculated based on the known internal volume of the reactor and the desired
residence time for the reaction. This time will be known only approximately in the case
of reactions performed under segmented flow, as the introduction and aggregation of gas

bubbles in the solution is a complication which is very difficult to take full account of.

UV lamp within a quartz tube

(0.d.8cm, I.50 cm)
Philips 36 W lamps
UVA, UVB & UVC

“—— FEP tubing
i.d.2.44 mm,l.26 m
SAFETY: foil wrapped
and water cooled

Gas
bubbler 7

Qutlet Gas Solution )

Ismatec REGLO digital ms-2/8 peristaltic pump  Segmented flow of
flow rate 10 mL/min solution and gas bubbles

FiGure 3.20: Flow set up 1

An alternative method (Figure 3.21), known as circulating flow, is simpler to set up and
easy to monitor. Unlike the method described above, the reaction mixture is returned to
its original flask, once it has passed through the reactor. With a high flow rate (around
20 mL/min with the equipment used in this study), a reaction mixture of around 100
mL or less can be passed through the reactor many times. If the optimal light exposure
time is unknown, for a given reaction, it can be monitored periodically and stopped once

complete.

Segmented flow of

solution and gas bubbles UV lamp within a quartz tube

(0.d. 8 cm, I. 50 cm)
Philips 36 W lamps
UVA, UVB & UVC

“— FEP tubing
s | i.d.2.44 mm, .26 m
i SAFETY: foil wrapped
and water cooled

Ismatec REGLO digital ms-2/8 peristaltic pump
flow rate 10 mL/min

FIGURE 3.21: Flow set up 2 (circulating flow)

Two variants of this set up were used in this work: one with a single input line (Flow set
up 2, Figure 3.21), and a dual-input variant with a second input line which was either
attached to a gas inlet or left open to air (Flow set up 3, Figure 3.22). Flow set up 2 is
suitable for reactions in which none of the reagents or products are gaseous. Flow set

up 3 is suitable for segmented flow reactions.
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Segmented flow of
solution and gas bubbles

UV lamp within a quartz tube

(0.d. 8 cm, .50 cm)
Philips 36 W lamps
UVA, UVB & UVC

. “—— FEP tubing

- i.d.2.44 mm,l.26 m

‘ SAFETY: foil wrapped
and water cooled

Solution Gas

Ismatec REGLO digital ms-2/8 peristaltic pump
flow rate 10 mL/min

FIGURE 3.22: Flow set up 3 (circulating flow)

It was postulated that the photo-induced dearomatisation step would proceed optimally
under different wavelengths of radiation for different substrates. The optimal conditions
for generation of anhydride 76a (using UV-A light) were used for all subsequent reactions
in that investigation. UV-B and UV-C radiation were both able to effect the desired
transformation, however, with UV-B being the more effective of the two. UV-B was

employed in the photo-flow reactions in this work.

The dual-input method (flow set up 3) was used to generate 76a in 48% yield, over 3
hours. This prompted an attempt to prepare and isolate methoxyphenanthrene anhy-
dride 82a (Scheme 3.7), which had not been isolated after exposure to UV-A, in the
original study. The experiment was fraught with practical difficulties, however. Block-
ages formed in multiple parts of the apparatus, necessitating a high flow rate (>15
mL/min). When a high flow rate was used, the solution would be pushed into the con-
nector which joins the input lines with some force, often leading to the solution being
pumped into the gas inlet. This problem was especially difficult to prevent when air was
used as the gas, and the gas inlet was left open to the ambient atmosphere. Leaks at
the joins between tubes and connectors are more common in flow set up 3, due to its

higher complexity.

The single-input method (flow set up 2) was adopted with much greater success. The
removal of the gas inlet necessitated a switch from catalytic oxidant (I5) to stoichiometric
oxidant. Note that, in a circulating flow reaction, if the total volume of the reacting
solution is lower than the internal volume of the flow reactor, the solution reservoir
completely empties periodically. When the solution is then returned from the reactor to
the reservoir, a small amount pools and is simultaneously pumped back into the reactor.
Some amount of air is mixed in with the solution in this process, so there is an extent

to which the system produces segmented flow after every cycle but the first.

This set up was found to be low-maintenance, and very user-friendly. Mass spectrometry

was used to monitor the reaction, initially every half hour, and then every hour or two
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once it became apparent that the relative concentration of the starting material was
being reduced very slowly. 82a was eventually isolated in 25% yield, after a total of 23

hours over 3 sessions.

An attempt to synthesise compound 82d from cyclobutenedione 75e, using flow set up
2, resulted in the production of none of the desired compound. After 21 hours over 4
sessions, a peak in the mass spectrum at m/z = 295 (M+H) provided evidence of the

formation of 82d, but this was not isolated.

O, O
m (UVB)
MeCN, I2
Flow setup 3
3 h, 48%
O,
hV (UVB)
MeCN, I2

Flow setup 2
23 h, 25%

N (UVB)
MeCN, I2
O O Flow setup 2
21 h, not isolated

75e 81d, trace 82d, not isolated

SCHEME 3.7: Flow-photochemical reactions of cyclobutenediones.

Time constraints precluded further investigation of this synthetic method. Due to the
discontinuation of a collaboration with engineers, whose task included the fabrication
of OLECs, no further smart inks were synthesised from this set of fluorophores. The
partial success of this alternative method sets a promising stage for the development of

further smart inks in this highly varied family of structures.
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3.2.7 Extension of the computational model

Fluorofluorenes 66a and 66b and maleimide smart ink 79 were incorporated reason-
ably well into the computational model. Their inclusion in the comparison of calculated
HOMO-LUMO gap with optical bandgap causes a slight drop in the correlation between
experiment and calculation (R? = 0.956). The computational model underestimated
the bandgaps of the fluorofluorenes (green dots) and overestimated the bandgap of the
maleimide smart ink (orange dot), but the overall predictive validity of the model re-

mained high.

wB97XD, 6-31G(d), C-PCM wi

R*=0.9556

Optical bandgap (eV)
4
)

6.80 7.30 7.80 8.30 8.80 9.30
Theoretical HOMO-LUMO gap (eV)

F1cUre 3.23: Optical bandgap vs theoretical HOMO-LUMO gap, 66a,b and 79 in-
cluded.
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3.3 Conclusion

A theoretical model has been established for prediction of the optical bandgaps of smart
ink fluorophores with very high accuracy (R? = 0.956). The film-state photolumines-
cence was predicted reasonably well by the model, with 85% of the variance accounted
for (R? = 0.850). For this family of structures, therefore, theoretical calculations gave
predictions of solid state emission peak wavelength with an error of about £8 nm. This

provides a useful tool in the search for new organic light-emitters.

A pair of fluorofluorene compounds (66a and 66b) were determined to be very promising
fluorophores for UV-emission applications. They were incorporated into the theoretical
model without a significant reduction of predictive validity. A different synthetic ap-

proach would be required if they are to be used at scale.

This model failed in 2 cases. B-carotene and helicenes were not able to be incorporated
into the model. Given the moderate success of the model for planar aromatic compounds,
which are ubiquitous among smart inks, it did not seem appropriate to weaken the
predictive validity of the model in order to incorporate exotic structure types. If non-
aromatic or non-planar aromatic compounds are to be used as fluorophores in future

work, benchmarking studies targeting those structure types will be required.

A set of aromatic compounds based on phenanthrene were identified as promising light-
emitters for OLEC applications. They were incorporated into the theoretical model
very well, and a brief exploration of a new flow-photochemical synthetic method proved
fruitful in 2 cases. This opens up a promising avenue of exploration for the generation

of new visible light-emitters.

At this stage, a solid foundation had been set down for the prediction of the emissive
properties of a diverse class of aromatic compounds. Our ultimate goal - the ability to
discover a viable chemical structure, with desirable emissive properties, without having
to synthesise a large library, was still not met. Trial and error, and guesswork were
still very much part of the equation. With the ability to quickly assess large numbers
of structures in silico, all that was required to achieve our stated aim, was a means of
automating the generation of structures to be analysed. The following chapter describes
an attempt to generate, from first principles, and with minimal human bias, a chemical

structure that has all of the properties we want from a smart ink.
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Chapter 4

Algorithmic structure

determination

4.1 Introduction

4.1.1 Background

At this stage in the research programme, we had the ability to analyse a non-helicene
aromatic chemical structure using DFT and TD-DFT and predict, with good accuracy,
the chemical’s frontier orbital energies and the wavelength associated with the most
dominant electronic transition between them. Omnce the computational procedure for
establishing the emissive properties of a structure had been established, it was straight-
forward to input a long list of structures (which could belong to a diverse range of
chemical families) and automate the generation and analysis of results. The problem of

deciding which structures to input remained, however.

A colleague 87) had developed an algorithm which could automatically generate chemical
structures according to a predefined set of rules governing which molecular fragments
were permitted in which combinations. When used in conjunction with the methods of
the previous chapter, the identification of promising candidates could, in principle, be
fully automated. This allowed the identification of candidate structures in classes that

had not yet been considered.

Analysis of various structural features had shown, for compounds based on fluorene
and phenanthrene, how bathochromic and hypsochromic shift could be achieved. The
magnitude of the shift that was achieved within a family of structures was fairly low.
The fluorenes exhibited emission in the deep blue region with some emission in the
UV-A region. The phenanthrenes exhibited emission in the blue and blue-green regions.

With emission wavelength determined predominantly by the core aromatic fragment and
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less so by substituents, it seemed that significant shift of emission wavelength in either
direction would be most readily achieved using chemicals with different core aromatic

fragments, i.e. ones not based on fluorene or phenanthrene.

Thus far, the approach of researchers has been to create chemicals based on molecu-
lar fragments already known to exhibit many of the desired properties. Fluorene and
phenanthrene are in this category, and both can be found many times in the literature
on the topic of OLECs. Other structural motifs that appear many times in the literature
are simple arenes, conjugated systems based on thiophene and other heterocycles such
as carbazole, and fused polyarenes based on napthalene, pyrene and others. In a recent
review (), 20 of the 27 ionic small molecules discussed were based on either fluorene,
carbazole, phenanthroimidazole, or pyrene, or a combination thereof (Figure 4.1). 26 of
those 27 used alkylimidazolium ions tethered to the fluorophore, and all 27 used hex-
afluorophosphate as the counterion. Success reported in the literature, and in our own
work, with systems based on fluorene and phenanthrene set the direction of the bulk of
this study.

CN

FIGURE 4.1: A representative sample of ionic small molecules that use combinations
of common molecular fragments

There is an understandable temptation to stick to chemistry based on familiar molec-
ular scaffolds. A greater likelihood of producing a high-functioning material, and the
availability of well-studied synthetic methods, contribute to the wealth of research us-
ing these common fragments. Less commonly studied fragments present difficulties and
opportunities that may prove worth an investment of effort, if there is an incentive to

study them.
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4.1.2 Finding smart inks algorithmically

Algorithmic structure-generation is an emerging field that removes, to some degree,
guesswork and human bias from the problem of deciding which chemicals to study. The
hope is that, with sufficient computational power, and the broadest feasible chemical

space defined, very few stones will be left unturned in the search for new light-emitters.

The work of a collaborating computational chemistry specialist, 87 Jay Johal, produced
an algorithm which generated chemical structures in a generational cycle, homing in on
those with some predefined target property. In the work described below, Johal pro-
duced, amended, and ran the structure-generating algorithm. We provided descriptions
of the molecular fragments to be used and wavelengths to be targeted, along with as-
sessments of the viability of generated structures for synthesis in the laboratory. We

also completed an assay of basis sets and all experimental work.

A structure-generating rule-set was defined by the atoms and fragments that the algo-
rithm may use. The algorithm generated a specified number of structures according to
these rules. The structures were then paired using 2-way tournament selection, detailed
discussion of which lies outside the scope of this work 3. For each parent pair, a child
pair is generated by combination of structural motifs of each of the parents (Figure 4.2).
Alterations are made to a small, randomly determined, subset of the child structures, at
a predefined frequency, mimicking the process of genetic mutation in biological repro-

duction.

Since orbital energies and electronic transition energies are readily calculated by DFT
and TD-DFT respectively, these were ideal targets for such an algorithm. These prop-
erties could be determined for new child structures, as they were generated, and the
structures with absorption and emission maxima that more closely approximated the
target value were then more likely to be selected as the parents of the next generation.

A single run consisted of up to 30 generations, or cycles.

~o
|\
Z 0

87a Parent 1 87b Parent 2
FsC N e
T A
N O |
7
87c cChild 1 87d child 2

FIGURE 4.2: An example of the generation of 2 child structures from 2 parent structures
with a random mutation applied to Child 1 (87c)
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4.2 Research and Development

4.2.1 Reducing the compute time of theoretical calculations

The computational work presented in the previous chapter was suitable for the analysis
of a relatively small number of substrates. A typical geometry optimisation took around
3 hours, and TD-DFT would then take around 30 minutes to 1 hour. To analyse 100
structures by this method would therefore take around a fortnight. For very high-

throughput analysis, this method was, therefore, sub-optimal.

In order to have a genetic algorithm generate and analyse a large population of chemical
structures in a reasonable time, while not compromising accuracy, an assay of basis

(80) the basis set was

sets was required. In the benchmarking study by Hédouin et al.,
chosen as an industry standard which reliably produced high quality simulations. The
accuracy of the model was prioritised and no emphasis was placed on calculation time.
The computational work of the previous chapter used a basis set chosen based on the
perceived advantages of diffuse and polarisation functions. While 6-31G(d) was an

effective choice, no quantitative data was used to demonstrate that it was optimal.

The approach used in this work was to assay an array of chemical fragments by DFT
and TD-DFT in order to find the most CPU time-efficient method for calculating en-
ergy values for their frontier orbitals and the corresponding electronic transitions. This
method was then used with a far larger, algorithm-generated structure set to identify

(87) An overall reduction in compute time was sought, whether this

potential smart inks.
came primarily from faster geometry optimisation (DFT), faster excitation calculations

(TD-DFT), or a balanced reduction across both methods.

The functional was kept the same as in previous work as it had proven highly effective.
The continuous polarisable continuum model was also used, as before, because interac-
tion with the solvent sphere was deemed important. The basis sets assayed were 3-21G,
6-21G, 4-31G, 6-31G, 6-31+G, 6-31G(d), 6-31+G(d), and 6-31++G(d).

3-21G is known to predict unrealistic geometries in many cases. The addition of a
polarisation function to the heavy atoms (3-21G(d)) improves calculations but some
problems remain, such as the prediction of trigonal planar geometry for primary amines.
6-21G, 4-31G, and 6-31G represent intermediate levels of theory, which were predicted
to perform significantly better than 3-21G, at some cost to calculation speed. The
remaining basis sets represent higher levels of theory, known to perform well for molecules
without highly exotic structures. These were predicted to be unnecessarily costly with

regard to calculation time.

The fluorene-based fluorophores containing methoxyphenyl, biphenyl, and tolyl groups

were used as input structures. Experimental data for the corresponding smart inks had
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been acquired in full by the time this assay was performed. The predictive validity of
the computational model was unchanged on addition of the acid anhydrides discussed in
Chapter 3, so it was thought likely that extending this assay to include those structures

would have very little effect.

Figure 4.3 shows total calculation times, across all of the included structures, for geom-
etry optimisations and excitation calculations. The secondary axis shows the goodness-
of-fit of calculated HOMO-LUMO gap and optical bandgap. While every basis set
generated a high goodness-of-fit, there was a clear difference between 3-21G/6-21G, and
the larger basis sets. All basis sets from 4-31G to 6-31++G(d) generated a goodness-

of-fit, with experimental data, over 0.996, or very strong correlation.

Surprisingly, there was almost no difference in total calculation time between 3-21G,
6-21G, 4-31G, and 6-31G. As diffuse and polarisation functions were added thereafter
(6-31G(d), 6-31+G, 6-31+G(d), and 6-31++G(d)), calculation times rose sharply. This
assay confirmed that 6-31G(d) was a very good choice for low-throughput work, with
high accuracy and relatively low calculation time. However, for very high-throughput
work, 6-31G was identified as the most efficient basis set. 6-31G gave very similar
accuracy to the larger basis sets, in around half the time taken by the method that used
6-31G(d).
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FIGURE 4.3: Total calculation time and goodness of fit for each basis set

Interestingly, geometry optimisations using 6-31+g(d) took longer than the strictly larger
6-31++4G(d). It may be the case that diffuse functions on hydrogen atoms allow the
ground state structures to be found with fewer calculation iterations, despite the higher
complexity of the calculations. Given the lack of obvious long-range bonding interactions
in the structures analysed, this is a surprising finding. It could indicate that long-range
interactions between the fluorene core and adjacent arenes are more important than first

anticipated.
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4.2.2 Definition of the chemical space

Carefully defined rules govern the generation and mutation of structures. There was an
amount of trial and error in the process of defining these rules as it was not obvious, at
the outset, which structural motifs would be preferred by the algorithm. Initially, the
rule-set was defined as broadly as possible, and the restrictions were modified after each
run. This approach allowed certain types of structure to be eliminated, while searching

the widest possible chemical space.

We defined the structure-generation instructions in terms of chemical fragments. The
implementation of those instructions was completed by Johal®”). As the synthetic
partner in this collaboration, our role was to guide our collaborator’s use of the algorithm

to generate results that could be realised practically.

Several simple fragments were used as starting points - benzene, cyclopentadiene, furan,
pyrrole, and thiophene. The initial structure generation rules were defined as follows.
First, fuse up to 6 of these rings, excluding any phenalene-type structures. Then replace
up to 1 aromatic CH group, not already adjacent to a heteroatom, with nitrogen. Finally,
replace any hydrogen atom on an aromatic group with methyl, methoxy, dimethylamino,
cyano, fluorine, or CF5. This rule-set was intended to produce robust aromatic molecules
with feasible synthetic pathways. The restriction on the number of aromatic CH groups
to be replaced with nitrogen was intended to produce compounds that could be readily

converted to cations via alkylation, without the production of polycations.
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SCHEME 4.1: The initial generation of a structure by the genetic algorithm.

87e

4.2.3 Generation of new chemical structures

The first run searched for green emitters and produced 70 structures with bright tran-
sitions predicted in or very close to the correct wavelength range (500-600 nm). Not a
single thiophene was generated, but every other possible mutation was present in multi-
ple structures. A representative sample of these is shown in Figure 4.4. Extensive, fused
aromatic systems, often with large numbers of substituents, were common features and
all of the structures in the set presented a significant synthetic challenge, far beyond

that of the blue-emitting fluorene systems.

88b contains 2 nitrogen atoms introduced by the replacement of an aromatic CH group.

This is due to a random mutation, not a failure of the algorithm to adhere to the
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structure-generation rules set out above. In the interest of maintaining as wide a search-

space as possible, this was permitted in future iterations.

SN N N

1 0
L
s

88c 502 nm

88d 565nm 88e 526 nm 88f 526 nm

FIGURE 4.4: A selection of the structures generated in the first run of the genetic
algorithm with predicted transition wavelengths.

The next run continued to employ the same mutation restrictions and allowed the bond-
ing together (as opposed to fusing) of fragments in child-generation. Rules preventing
the generation of helicene motifs and terminal cyclopentadiene units were introduced at
this stage. A more targeted search for structures predicted to emit at 500 nm produced

structures of similar description to those of the previous run (Figure 4.5).

89a 499 nm
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89d 493 nm 89e 497 nm 89f 508 nm

FIGURE 4.5: A selection of the structures generated in the second run of the genetic
algorithm with predicted transition wavelengths.
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The structures generated in the second run were, with a few exceptions such as 89d,
highly complex and therefore not sensible synthetic targets for OLEC applications. In
the third run, 2 major changes were made. A group of new arenes was introduced
for the initial structure-generation step (Figure 4.6), and fused systems of more than 4
rings were removed from consideration. A very large population of structures emerged
with bright transitions in the target wavelength range, which was set at 500-600 nm in
the interest of casting the widest possible net with the substantially altered structure-
generation rule set. (Figure 4.7). Many structures were significantly simpler than those

generated in previous runs but were still, generally, highly complex.
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FIGURE 4.6: Core arenes introduced in the third run of the algorithm
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FIGURE 4.7: A selection of the structures generated in the third run of the genetic
algorithm with predicted transition wavelengths.
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A fourth run used the same restrictions on structure, with UV-A (315 - 400 nm) as the
target range. Very few of the structures contained fused systems of more than 2 rings,
and while some compounds contained large numbers of functional groups, many were
considered to be synthetically viable. In this case, electronic transitions were predicted
in the target wavelength range, but longer-wavelength emission peaks were predicted.
These compounds, much like the fluorene smart inks discussed in previous chapters,

would likely emit across the deep blue and UV-A regions.
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92d 407 nm 92e 417 nm 92f 418 nm

FI1GURE 4.8: A selection of the structures generated in the fourth run of the genetic
algorithm with predicted transition wavelengths.

A search for UV-B-emitters (280 - 315 nm), using the same parameters as the previ-
ous two runs, generated a large number of structures based on biphenyl, with bright,
high-energy transitions. Many were functionalised in ways that permit straightforward

synthesis. A representative sample is shown in Figure 4.9.
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FIGURE 4.9: A selection of the structures generated in the fifth run of the genetic
algorithm with predicted transition wavelengths.
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4.2.4 Identification of promising targets for UV-emission

Several methoxyphenylpyridines (93a—c) were identified as promising (having short-
wavelength emission and facile synthesis), and 9 such structures (93a—c,j—o0) were anal-
ysed by DFT/TD-DFT using a larger basis set (6-31+G(d,p))®7). 93k was predicted

to have the brightest transition in the target wavelength range.

This set of regioisomers was selected as the compounds can all be synthesised by
Suzuki coupling of the appropriate methoxyphenylboronic acid with an iodopyridine
(Scheme 4.2), all of which are readily available. A methoxyphenylpyridine could be
modified or prepared for use in an OLEC in a number of ways. The neutral pyridine
could be mixed with an electrolyte, or they could be methylated to form pyridinium
salts. Alternatively, in place of the methoxy group, a tethered ionic group could be
added to give a compound such as 94. Introducing charge in this way should have rela-

tively little impact on the electronics, and therefore emission colour, of the fluorophore.

o— o—
\ N= — N=—

93a 290 nm, 0.64 93b 289 nm, 0.25 93c 291 nm, 0.34
o—
\ =N \ — —N
93j 277 nm, 0.42 93k 280 nm, 0.66 931 257 nm, 0.25
-0 —0 —Q
N—= —N _
93m 288 nm, 0.17 93n 279 nm, 0.14 930 287 nm,0.18

FI1GURE 4.10: Promising biaryls selected for further analysis, with predicted transition
wavelengths and oscillator strengths.
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FIGURE 4.11: A smart ink based on 93k
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4.2.5 Realisation of a computationally generated structure

93k was synthesised by Suzuki coupling of 4-methoxyphenylboronic acid and 4-iodopyri-
dine, and then methylated, with MeOTf, to form pyridinium salt 97. 93k was obtained
in relatively good yield. In the methylation step, the reaction was cooled in an ice
bath, and after addition of MeOTf and removal from the ice bath, the pyridinium salt

precipitated from the reaction mixture instantly.

™ CFsSOs
B —
/©/ OH @ Pd(OAC)2, KoCO3 \ MeOTf, DCM_ \ < > < >N+_
~o _/ acetone, H2O ::: : : 0°C - RT \__/
65°C, 70% 100%
95 96 97

SCHEME 4.2: Synthesis of an algorithmically-generated structure and a pyridinium
derivative.

93k and 97 differ substantially in their UV-vis absorption and emission. There is very
little overlap in their absorption or fluorescence spectra (Figure 4.12). 93k has UV-
B absorption (Apqr = 274 nm) and UV-A emission (Apqe = 338 nm). The cationic
fluorophore exhibits significant bathochromic shift in absorption (Apq; = 334 nm) and

emission (A\pqr = 424 nm), relative to its neutral precursor.

For chemicals in this family, introducing charge through the methoxy group is an ef-
fective way of generating short-wavelength emitters, and if longer-wavelength emission
is desired, a pyridinium ion can be generated. 98, synthesised by a colleague on the
same research program,®?) is another example of a salt with charge introduced as part
of the fluorophore, and was the longest-wavelength emitter generated in this work. A
useful design heuristic is revealed by this observation; the introduction of positive charge
into a fluorophore is a simple means of inducing substantial bathochromic shift in its

absorption and emission.
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FIGURE 4.12: Absorbance and fluorescence emission of 93k and 97

93k was incorporated into the predictive model established in the previous chapter.
Using wB97XD, 6-31G(d), and C-PCM as before, its calculated HOMO-LUMO gap was
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FIGURE 4.13: Long-wavelength emitter 98

compared to its optical bandgap (Figure 4.14, purple dot) and the correlation remained
very high (R? = 0.959).
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FIGURE 4.14: Optical bandgap vs theoretical HOMO-LUMO gap, 93k included.

Pyridinium salt 97 could not be included in the model due to severe underestimation of

the HOMO-LUMO gap by the computational model (Figure 4.15, black dot).
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FIGURE 4.15: Optical bandgap vs theoretical HOMO-LUMO gap, 97 included.
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4.3 Conclusion

Once an appropriate set of parameters had been established for the genetic algorithm, a
promising fluorophore was quickly identified. The computational method used to predict
absorption and emission was optimised for this purpose. This process required a far
lower investment of time and resources than the synthesis of a large library of chemicals,

followed by experimental analysis of their absorption and emission properties.

The algorithm generated very many structures with predicted transitions in the target
ranges which were 85 - 100 nm wide. In the interest of searching the widest possible
chemical space, as the algorithm’s structure-generation rule set was being honed, large
target wavelength ranges were used. Once a rule set to generate many synthetically

viable structures has been established, more narrowly defined criteria can be used.

In the search for visible- or IR-emitters, tighter restrictions on the types of permitted
fragments will likely be required. Synthetic routes to the larger fused aromatic systems
that the algorithm generated were not obvious. The parallel use of structure-generating
algorithms and Al models which assess the synthetic viability of those structures is an
area of current interest. It is possible that advances in Al will allay, at least in part,
the need to use human judgement to determine which chemical structures are viable.
For the time being, iterative refinement of a genetic algorithm’s parameters, followed
by more in-depth analysis of the most promising structures, is an effective means of

identifying compounds worthy of practical investigation.
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Chapter 5

Conclusions

5.1 Project outcomes

Figure 5.1 shows the range of emission colours achieved in this PhD (a - b), and by the
group as a whole (a - ¢). The structural variation across the spectrum is immediately
apparent (Figure 5.2 and Figure 5.3). As each researcher tended to focus his or her
efforts on a certain chemical class, their contributions tended to belong to a narrow

range of the electromagnetic spectrum.

a b C

L —

400 nm 500 nm 600 nm 700 nm

FIGURE 5.1: The part of the electromagnetic spectrum covered by compounds synthe-
sised in this work, and in others associated with the programme of research.

The study of fluorene systems generated blue-emitting smart inks in abundance. This
led, naturally, to an effort to generate UV-emitters, for applications in medical contexts.
New UV-emitters were less readily forthcoming than anticipated. A systematic study,
which used them as a training set, produced a model with which a great variety of

structures could be analysed.

The success of the computational model, and a desire to extend it to include other
structure classes, led to a study of phenanthrene-based systems and the fabrication of
a green-emitting OLEC device. Helicenes were discovered to be in non-conformity with

the other phenanthrene-based chromophores, and had to be set aside.

Finally, algorithmic structure-generation was employed, alongside the DFT method, in
the design of a UV-B emitter. Introduction of charge to the chromophore revealed

another limitation of the computational model.
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FIGURE 5.3: Green-emitters.

A Dbetter understanding of the relationship between the structure, and emissive and
physical properties of polyaromatic smart inks has been gained, but simple heuristics
have proven difficult to come by. The interactions between seemingly disparate structural
features have shown themselves to be complex and subtle. It seems that those who make
it their business to find better ways to predict chemical properties will have plenty to

do for the foreseeable future.

This PhD can be summarised as an attempt to accelerate the development of light-
emitting technology by bringing together modest advances in a collection of disciplines:
synthetic and physical chemistry, computational modelling, engineering, and generative
Al
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5.2 Future work

The OLEC, like its older sibling, the OLED, is a general-purpose technology. Attempting
to count the number of uses that have been found for OLEDs and LEDs, or to calculate
the sum of their economic worth would be a fool’s errand. It is impossible to predict,
with any certainty, the technological applications that will be imagined for light-emitters
in future. OLECs are still in their infancy, so in the short-term, their fundamental
chemistry and physics will need to see advances, if they are to become economically

viable products.

Small-molecular fluorenes, phenanthrenes, and the other structures examined in this
thesis, will likely serve as stepping-stones en route to far more effective light-emitters.
Their structural features and syntheses are relatively simple to understand, so they serve
the purposes of modern science well, but their emissive properties would need to improve

by orders of magnitude before they could emerge from academia.

All of that said, there are areas that this thesis touched on, but did not explore in any
depth, and which are clearly interesting. The most obvious of these is helicene chemistry.
The computational model developed in Chapter 3 completely failed to predict their
emissive properties, so the drawing board will have to be returned to by anyone wishing
to design emitters that use them. The generation of plane-polarised light from helicenes

is an exciting possibility.

Aggregation effects could be probed by more subtle modification of the non-emissive
parts of the molecules than was used in this work. The fact that calculations using
gas-phase structures produced a strongly predictive model indicates that the compounds
studied in this project are not strongly influenced by effects that arise from close-packing.
There were outliers in the data, however. Light-emitters that respond to pressure could

be a technology to watch out for.

Recent years have seen huge advances in Al, which it is easy to imagine will enter the
science of chemistry soon. This thesis contains a brief excursion into this territory,
and the outcomes are promising. Systems which can analyse the chemical literature far
more effectively than the most industrious human scientist will very likely be one of the
targets for developers in this space. The proof-of-concept which comprises Chapter 4
is another stepping-stone, not intended to produce a workable product, but intended
to show that a functional material can be realised rapidly, and with high accuracy in
the prediction of its properties. This is the space to watch most attentively, not just
for advances in OLEC science, but for step-changes in the approach taken to the entire

science of chemistry.
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Chapter 6

Experimental details

6.1 General experimental techniques

Melting points: Melting points were recorded on a Stuart SMP20 digital melting point
apparatus or an Electrothermal IA9100 digital melting point apparatus and are uncor-

rected.

Infrared Spectra: Infrared spectra were recorded solid as thin films or as solid compres-
sions using a Nicolet 380 Laboratory FT-IR spectrometer or a Nicolet iS5 Laboratory
FT-IR spectrometer. Absorption maxima () are expressed as very strong (vs),
strong (s), medium (m), weak (w), very weak (vw), or broad (br) and are quoted in

wavenumbers (v, cm™).

UV-Vis Absorption Spectra: Spectra were recorded on a Horiba Scientific Duetta Fluo-
rescence and Absorbance Spectrometer. A pair of identical quartz glass cuvettes (path
length 1 ¢cm) was used, and experiments were carried out in acetonitrile. An acetoni-
trile blank was recorded and subtracted from the raw data to give the spectra. The
wavelength of maximum absorbance (Ajnq.) is given in nm with the molar extinction

coefficient (¢) in parentheses (dm3moltem™).

NMR Spectra: 1H, 13C, and 19F spectra were recorded on a Bruker AVIITHD 400 (400/101
/376 MHz) spectrometer at 298 K unless stated otherwise. Experiments were carried out
in deuterated chloroform (CDCl;) unless otherwise stated, supplied by Sigma Aldrich
and stored over dried K,CO3 to neutralise trace acidity. Chemical shifts were reported
in parts per million (ppm) downfield of tetramethylsilane with residual solvent as the
internal standard. Assignments were made on the basis of chemical shifts, coupling con-
stants, DEPT-135, COSY, HSQC, HMBC (or NOAH sequences) and comparison with
literature values where available. Resonances are depicted as s (singlet), d (doublet),

t (triplet), q (quartet), sxt (sextet), sept (septet), m (multiplet), br (broad) and app
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(apparent). Coupling constants (/) are given in Hz and are rounded to the nearest 0.1
Hz.

Low Resolution Mass Spectrometry (ESI+): Samples were analysed using a Waters
(Manchester, UK) Acquity TQD mass tandem quadrupole mass spectrometer. Samples
were introduced to the mass spectrometer via an Acquity H-Class quaternary solvent
manager (with TUV detector at 254 nm, sample and column manager). Ultrahigh per-
formance liquid chromatography was undertaken using Waters BEH C18 column (or
equivalent) (50 mm x 2.1 mm 1.7 pm). Gradient elution from 20% acetonitrile (0.2%
formic acid) to 100% acetonitrile (0.2% formic acid) was performed over five to ten min-

utes at a flow rate of 0.6 mL min™.

High Resolution Mass Spectrometry (ESI+): Samples were analysed using a MaXis
(Bruker Daltonics, Bremen, Germany) time of flight (TOF) mass spectrometer. Samples
were introduced to the mass spectrometer via a Dionex Ultimate 3000 autosampler and
uHPLC pump. Ultrahigh performance liquid chromatography was performed using a
Waters UPLC BEH C18 (50 mm x 2.1 mm 1.7 pm) column. Gradient elution from 20%
acetonitrile (0.2% formic acid) to 100% acetonitrile (0.2% formic acid) was performed
in five minutes at a flow rate of 0.6 mL min™'. High resolution positive ion electrospray
ionisation mass spectra were recorded. Alternatively, samples were analysed using a
solariX (Bruker Daltonics, Bremen, Germany) FT-ICR mass spectrometer equipped
with a 4.7 T superconducting magnet. Samples were infused via a syringe driver at

a flow rate of 5 pL min!.

Mass spectra were recorded using positive ion atmospheric
pressure photoionisation. Isotopes IH, 13C, N , 160, 19F, and "Br were used to calculate

exact masses.

High Resolution Mass Spectrometry (APPI): Samples were analysed using a solariX
(Bruker Daltonics, Bremen, Germany) FT-ICR mass spectrometer equipped with a 4.7
T superconducting magnet. Samples were infused via syringe driver at a flow rate
of 5 puL min'. Mass spectra were recorded using positive ion atmospheric pressure
photoionisation. Isotopes lH, 13C, 4N , 160, 1913‘, and "Br were used to calculate exact

masses.

Chromatography: Thin layer chromatography was carried out on Merck Silica Gel 60 A
F 254 0.2 mm plates, which were visualised under fluorescence UV (254 nm) followed by
staining with aqueous 1% KMnQO,, or ethanolic polymolybdenic acid (PMA). Column
chromatography was carried out under slight positive pressure using silica gel with the

stated solvent system.

Solvents and Reagents: Reagents that were commercially available were purchased and
used without further purification unless stated otherwise. Dry THF was obtained from
Fisher in an AcroSeal bottle. All air sensitive reactions were carried out under argon

using flame or oven dried apparatus.
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6.2 Synthetic procedure

A four-step synthetic procedure afforded all of the arylfluorene and diarylfluorene smart
inks that are presented in Chapter 2 and Chapter 3:

1. Alkylation of a bromofluorene

2. Miyaura borylation

3. Suzuki cross-coupling with a substituted bromobenzene

4. Quaternisation with an imidazole, followed by anion-exchange
In general, reaction conditions do not vary across the different examples of these reac-

tions. Column chromatography conditions, especially in the case of the products of the

Suzuki cross-coupling reactions, were established independently, for each new reaction.

Difficulty isolating the imidazolium salts, in the quaternisation step, led to experimen-

tation with the reaction conditions and purification. Several procedures are presented.
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6.3 Fluorene-based smart inks

6.3.1 1-Octyl-1H-imidazole

N\ 1. KOH, DMSO, RT N/\N
k/NH \—/
= 2. Br\/\/\/\/
100 101
C3H4No C11H2oN2
Mol Wt: 68.08 Mol Wt: 180.30

A mixture of imidazole (4.00 g, 58.8 mmol) and KOH (3.31 g, 59.0 mmol) in DMSO
(20.0 mL) was stirred until all of the solids had dissolved (2.5 h). 1-Bromooctane (8.10
ml, 49.3 mmol) was added and followed after 20 h by water (60 mL). The resulting
solution was extracted with CHCl3 (6x20 mL), then the combined organic phases were
washed with water (6x100 mL), dried over MgSO, and concentrated in vacuo yielding
the title compound as a tan oil, (8.18 g, 45.4 mmol, 92%). Analytical data are consistent

with literature values.©V)

LRMS (ESI+) m/z: 181 [M+H]*", C;,HyNy, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
d = 7.45 (1H, s, Ar-H), 7.03 (1H, s, Ar-H), 6.88 (1H, s, Ar-H), 3.90 (2H, t,
J = 7.2 Hz, CH,), 1.81-1.69 (2H, m, CH,), 1.33-1.18 (10H, m, 5x CH,),
0.87 (3H, t, J = 6.7 Hz, CH3) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 137.0 (CH), 129.2 (CH), 118.7 (CH), 47.0 (CH,), 31.6 (CH,), 31.0
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6.3.2 2-Bromo-bis-9,9-(6’-bromohexyl)fluorene

Sy

/\/\/\/Br
Br

KOH (ag. 50 wt%), TBAB
. Br 75°C

Br Br
39 40
Cy3HgBr CasH31Br3
Mol Wt: 245.12 Mol Wt: 571.24

2-Bromofluorene 39 (10.0 g, 40.9 mmol), tetrabutylammonium bromide (1.59 g, 4.94
mmol), and 1,6-dibromohexane (65 mL, 420 mmol), were added to aqueous KOH (50
wt%, 50 mL) at room temperature. After 17 hours at 75 °C, the mixture was cooled to
room temperature and diluted with DCM (20 mL). The organic layer was separated and
washed sequentially with HyO (2 x 15 mL), HCI (2M, 20 mL), and H,O (2 x 15 mL), then
dried over MgSQO, and concentrated in vacuo. Purification by column chromatography
(silica; 0-70% DCM in hexane) afforded the title compound as an colourless oil (18.3 g,

32.0 mmol, 78%). Analytical data are consistent with literature values. (?%)

HRMS (APPI) Found: 567.9979 [M]T, CysHa Brs, Required: 567.9976

1H NMR (400 MHz, CDCl, 25 °C):
§ = 7.68 (1H, m, Ar-H), 7.57 (1H, d, J = 8.6 Hz, Ar-H), 7.50 - 7.45 (2H,
m, 2xAr-H), 7.38 - 7.31 (3H, m, 3xAr-H), 3.29 (4H, t, J = 6.8 Hz,
2xCH,Br), 2.03 - 1.89 (4H, m, 2xCH,), 1.67 (4H, app quin, J = 7.2 Hz,
9% CH,), 1.26 - 1.16 (4H, m, 2xCH,), 1.14 - 1.03 (4H, m, 2xCH,), 0.68 -
0.55 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 152.6 (C), 149.9 (C), 140.1 (C), 140.0 (C), 130.0 (CH), 127.6 (CH),
127.1 (CH), 126.0 (CH), 122.8 (CH), 121.1 (CH), 121.0 (C), 119.8 (CH),
55.2 (C), 40.1 (CHy), 33.9 (CH,), 32.6 (CH,), 29.0 (CH,), 27.7 (CH,),
23.5 (CH,) ppm
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6.3.3 Bis-2,7-dibromo-bis-9,9-(6’-bromohexyl)fluorene

Synthesised following the procedure detailed in

6.3.2, using the following reagent amounts and Br 0.0 Br
column conditions:

2,7-dibromofluorene: 10.0 g, 30.9 mmol

1,6-dibromohexane: 48 mL, 464 mmol

TBAB: 2.15 g, 6.68 mmol

KOH (aq., 50 wt%): 200 mL Br Br
Yield: 12.9 g, 19.9 mmol, 64% (off-white solid) Cg:g;m
Column chromatography: 0-50% DCM in hexane Mol Wt: 650.13

Analytical data are consistent with literature

values. (47)
MP 71.6 - 73.0 °C
HRMS (APPI) Found: 645.9079 [M]*, CosHzoBry, Required: 645.9081

1H NMR (400 MHz, CDCls, 25 °C):
§ =754 (2H, d, J = 8.2 Hz, 2xAr—H), 7.47 (2H, dd, J = 8.3, 1.6 Hz,
2xAr—H), 7.44 (2H, d, J = 1.5 Hz, 2xAr—H), 3.31 (4H, t, J = 6.8 Hz,
2x CH,Br), 1.98 - 1.90 (4H, m, 2xCH,), 1.68 (4H, quin, J = 7.1 Hz,
2xCH,), 1.26 - 1.17 (4H, m, 2xCH,), 1.14 - 1.04 (4H, m, 2xCHS,), 0.66 -
0.54 (4H, m, 2x CH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 152.2 (2xC), 139.1 (2xC), 130.3 (2xCH), 126.1 (2xCH), 121.6
(2xCH), 121.2 (2xC), 55.5 (C), 40.0 (2xCHy,), 33.9 (2xCH,), 32.6
(2xCH,), 28.9 (2x CHy), 27.7 (2x CH,), 23.5 (2x CH,) ppm
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6.3.4 2-(9,9-Bis(6-bromohexyl)-9 H-fluoren-2-yl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane

.Q . (A5 <

2(pin)2, Pd(dppf)Cly, AcOK

1,4-dioxane, 85°C

Br Br
41
CasHa1Brs C31H43BBr202
Mol Wt: 571.24 Mol Wt: 618.30

Tribromide 40 (2.23 g, 3.90 mmol), By(pin), (1.15 g, 4.52 mmol), and AcOK (2.52 g,
25.7 mmol) were dissolved in 1,4-dioxane (38 mL). The mixture was sonicated under
argon for 5 minutes, then Pd(dppf)Cl, (207 mg, 0.28 mmol) was added and the mixture
was sonicated again, under argon, for a further 10 minutes. After 19 hours at 85 °C, the
mixture was cooled to room temperature, filtered through celite, and concentrated in
vacuo. CHCl3 (30 mL) was added then the solution was washed sequentially with HyO
(2 x 20 mL), HCI (2M, 30 mL), and H,O (2 x 20 mL), dried over MgSQOy,, filtered, and
concentrated in vacuo. Purification by column chromatography (silica; 40-60% DCM in
petrol) yielded the title compound as a white solid (2.05 g, 3.31 mmol, 85%). Analytical

data are consistent with literature values. (61)

MP 83.5 - 85.5 °C
HRMS (APPI) Found: 616.1718 [M]*, C4,H,3BBry0,, Required: 616.1723

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.84-7.80 (1H, m, Ar-H), 7.75-7.69 (3H, m, 3xAr-H), 7.37-7.31 (3H
m, 3xAr-H), 3.27 (4H, t, J = 6.8 Hz, 2xCH,Br), 2.07-1.91 (4H, m,
2xCH,), 1.64 (4H, app quin, J = 7.2 Hz, 2xCH,), 1.40 (12H, s, 4xCH3),
1.22-1.13 (4H, m, 2xCH,), 1.11-1.01 (4H, m, 2xCH,), 0.67-0.50 (4H, m,
2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 150.9 (C), 149.5 (C), 144.1 (C), 140.9 (C), 133.8 (CH), 128.7 (CH),
127.6 (CH), 126.8 (CH), 122.8 (CH), 120.2 (CH), 119.0 (CH), 83.7 (C),
54.9 (C), 40.1 (CH,), 33.9 (CH,), 32.6 (CH,), 29.0 (CH,), 27.7 (CH,),
24.9 (CHjy), 23.4 (CH,) ppm. 1x (C) not observed due to splitting by

boron nucleus.

FT-IR (Vmax cm™, solid):
2976 (w), 2930 (m), 2857 (w), 1609 (w), 1352 (vs), 1143 (s), 1080 (m), 963
(m), 847 (m), 742 (s)
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6.3.5 2,2’-(9,9-Bis(6-bromohexyl)-9 H-fluorene-2,7-diyl) bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane)

Synthesised following the procedure detailed in

6.3.4, using the following reagent amounts, and O\B O‘O B/O
/ \

column conditions: 0 0

Tetrabromide 102: 2.00 g, 3.08 mmol

AcOK: 2.14 g, 21.8 mmol

1,4-dioxane: 40 mL

By(pin)y: 1.78 g, 7.01 mmol Br Br
Pd(dppf)Cly: 210 mg, 0.28 mmol 50
Column chromatography: &z%‘gg;gg

silica; 10% ethyl acetate in hexane
Yield: 2.25 g, 3.02 mmol, 98% (white solid)

Analytical data are consistent with literature values. (61)

MP 114.2 - 121.8 °C
HRMS (APPI) Found: 742.2572 [M]",C3;Hs,B,Br,0,, Required: 742.2575

1H NMR (400 MHz, CDCls, 25 °C):
§ =7.82 (2H, dd, J = 7.5, 1.1 Hz, 2x Ar-H), 7.76-7.71 (4H, m, 4x Ar-H),
3.26 (4H, t, J = 6.9 Hz, 2xCH,Br), 2.06-1.98 (4H, m, 2xCHS,), 1.63 (4H,
app quin, 2x CH,), 1.45-1.36 (24H, m, 8xCHsy), 1.21-1.10 (4H, m,
2xCH,), 1.10-0.99 (4H, m, 2x CH,), 0.62-0.50 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
0 150.1 (2xC), 143.9 (2xC), 133.8 (2xCH), 128.7 (2xCH), 119.4
(2xCH), 83.8 (4xC), 55.0 (C), 39.9 (2xCH,), 33.9 (2xCH,), 32.6
(2xCH,), 28.9 (2xCH,), 27.7 (2xCH,), 24.9 (8xCHsy), 23.4 (2xCH,)
ppm. 2x(C) not observed due to splitting by boron nucleus.

FT-IR (Vpmax cm™, solid):
2077 (w), 2930 (m), 2857 (w), 1607 (w), 1348 (vs), 1143 (s), 1079 (m), 963
(m), 857 (m)
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6.3.6 9,9-Bis(6-bromohexyl)-2,7-bis(3-methoxyphenyl)-9 H-fluorene
oL A
joﬁ () B\;(
Q Pd(PPhg)s, TBAB, KoCOg
' Br o~ toluene, H,0, 85°C

Br Br
50 103 45b
C37H54BzBI’204 C7H7BI’O C39H44BI’202
Mol Wt: 744.26 Mol Wt: 187.04 Mol Wt: 704.59

Dioxaborolane 50 (497 mg, 0.65 mmol), TBAB (40 mg, 0.10 mmol), 3-bromoanisole (0.20
ml, 1.46 mmol), and K,CO3 (670 mg, 5.00 mmol) were partitioned between toluene (4.0
mL) and H,O (2.0 mL). The mixture was sonicated under argon for 15 minutes, then
Pd(PPhj), (61 mg, 0.05 mmol) was added, and the mixture was sonicated again, under
argon, for a further 10 minutes. After 13.5 hours at 85 °C the mixture was cooled to
room temperature, filtered through celite, washed sequentially with H,O (2 x 30 mL),
brine (30 mL), and HyO (2 x 30 mL), dried over MgSO,, and concentrated in vacuo.
Purification by column chromatography (silica; 2% to 5% ethyl acetate in hexane) gave

the title compound as a colourless oil (327 mg, 0.46 mmol, 71%).

HRMS (ESI) Found: 703.1781 [M + H]*, C39H,4Bry0,, Required: 703.1786

1H NMR (400 MHz, CDCls, 25 °C):
§ =779 (2H, d, J = 7.8 Hz, 2xAr-H), 7.62 (2H, dd, J = 7.8, 1.6 Hz,
2xAr-H), 7.57 (2H, d, J = 1.3 Hz, 2xAr-H), 7.45-7.39 (2H, m, 2x Ar-H),
7.31-7.28 (2H, m, 2x Ar-H), 7.25-7.22 (2H, m, Ar-H), 6.94 (2H, ddd, J =
8.2, 2.5, 0.8 Hz, 2xAr-H), 3.92 (s, 6H, 2xOCHS,), 3.27 (4H, t, J = 6.8 Hz,
2x CH,Br), 2.11-2.02 (4H, m, 2x CH,), 1.72-1.62 (4H, m, 2x CH,),
1.27-1.16 (4H, m, 2xCH,), 1.15-1.05 (4H, m, 2xCH,), 0.79-0.67 (4H, m,
2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 160.0 (2xC), 151.3 (2xC), 143.1 (2xC), 140.2 (2xC), 140.0 (2xC),
129.8 (2xCH), 126.2 (2xCH), 121.4 (2xCH), 120.0 (2xCH), 119.7
(2xCH), 113.2 (2xCH), 112.2 (2xCH), 55.4 (2xCH,), 55.1 (C), 40.3
(2xCH,), 33.9 (2xCH,), 32.6 (2xCH,), 29.1 (2xCH,), 27.8 (2xCH,),
23.6 (2xCH,) ppm

FT-IR (Vpax e, film):
2030 (s), 1599 (s), 1466 (vs), 1214 (vs), 1035 (), 779 (s)
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6.3.7 9,9-Bis(6-bromohexyl)-2,7-bis(4-methoxyphenyl)-9 H-fluorene

Synthesised following the procedure detailed in
6.3.6, with the following reagent amounts, and O O‘O O

. o) 0
column conditions: / \
Dioxaborolane 50: 500 mg, 0.65 mmol
TBAB: 32 mg, 0.10 mmol
4-bromoanisole: 0.20 mL, 1.46 mmol

K5COj3: 683 mg, 5.00 mmol Br Br
46b

C3gH44Bra02
H50: 3.0 mL Mol Wt: 704.59

Pd(PPhg),: 55 mg, 0.05 mmol

Reaction time: 45 h

Column chromatography: silica; 5% ethyl acetate in hexane.
Yield: 263.0 mg, 0.37 mmol, 57% (colourless oil)

toluene: 6.0 mL

HRMS (ESI) Found: 703.1781 [M + HJ*, C4H,,BryO,, Required: 703.1786

1H NMR (400 MHz, CDCls, 25 °C):
§ =776 (2H, d, J = 7.8 Hz, 2xAr-H), 7.67-7.60 (4H, m, 4xAr-H), 7.57
(2H, dd, J = 7.8, 1.6 Hz, 2xAr-H), 7.53 (2H, d, J = 1.3 Hz, 2xAr-H),
7.08-7.00 (4H, m, 4xAr-H), 3.89 (6H, s, 2xCH3), 3.28 (4H, t, J = 6.8 Hz,
2x CH,Br), 2.10-2.01 (4H, m, 2xCH,), 1.67 (4H, quin, J = 7.2 Hz,
2xCH,), 1.28 — 1.18 (4H, m, 2xCH,), 1.11 (4H, quin, J = 7.4 Hz,
2xCH,), 0.80 - 0.68 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 159.1 (2xC), 151.2 (2xC), 139.62 (2xC), 139.56 (2xC), 134.1 (2xC),
128.2 (4xCH), 125.7 (2xCH), 120.9 (2xCH), 119.9 (2xCH), 114.2
(4xCH), 55.4 (2xCHjs), 55.1 (C), 40.3 (2xCH,), 33.9 (2x CH,), 32.6
(2xCH,), 29.1 (2xCH,), 27.7 (2xCH,), 23.6 (2x CH,) ppm

FT-IR (Vpax cm™, film):
2931 (m) 1608 (m), 1516 (vs), 1465 (s), 1437 (m), 1247 (vs), 1179 (s), 1044
(m), 1028 (m), 818 (s)
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6.3.8 9,9-Bis(6-bromohexyl)-2,7-bis(2-methoxyphenyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and O O‘O O
column conditions: o o
Dioxaborolane 50: 500 mg, 0.65 mmol / \
TBAB: 42 mg, 0.10 mmol

3-bromoanisole: 0.20 mL, 1.46 mmol

K5COg3: 674 mg, 5.00 mmol Br Br

toluene: 4.0 mL 104a
CagHa4Br20

H50: 2.0 mL M03I9W‘ttf7;)24.§9

Pd(PPhg),: 58 mg, 0.05 mmol

Reaction time: 3.5 days

Column chromatography: silica; 5 to 10% ethyl acetate in hexane.
Yield: 40.5 mg, 0.06 mmol, 9% (colourless oil)

HRMS (APPI) Found: 702.1717 [M]F, CyoH,,BryO,, Required: 702.1708

1H NMR (400 MHz, CDCls, 25 °C):
§ =776 (2H, d, J = 8.4 Hz, 2xAr-H), 7.57 - 7.51 (4H, m, 4xAr-H), 7.44
(2H, dd, J = 7.5, 1.8 Hz, 2xAr-H), 7.39 - 7.32 (2H, m, 2xAr-H), 7.09
(2H, td, J = 7.4, 1.0 Hz, 2xAr-H), 7.04 (2H, dd, J = 8.3, 0.9 Hz,
2x Ar-H), 3.86 (6H, s, 2xCH,), 3.29 (4H, t, J = 6.9 Hz, 2xCH,Br), 2.06
~ 1.98 (4H, m, 2xCH,), 1.70 (4H, quin, J = 7.2 Hz, 2xCH,), 1.28 - 1.21
(4H, m, 2xCH,), 1.12 (4H, app quin, J = 7.3 Hz, 2xCH,), 0.91 — 0.80
(4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDCly, 25 °C):
§ = 156.6 (2xC), 150.3 (2xC), 139.7 (2xC), 137.1 (2xC), 131.2 (2xC),
130.9 (2xCH), 128.5 (2xCH), 128.2 (2xCH), 124.3 (2x CH), 121.0
(2xCH), 119.2 (2xCH), 111.6 (2xCH), 55.7 (2x CHjs), 54.8 (C), 40.1
(2xCH,), 33.9 (2xCH,), 32.7 (2xCH,), 29.2 (2x CH,), 27.8 (2x CH,),
23.8 (2xCH,) ppm

FT-IR (Vpax cm™, film):
1464 (s), 1239 (s), 1026 (s), 750 (vs)
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6.3.9 9,9-Bis(6-bromohexyl)-2,7-di-m-tolyl-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and O O‘O O
column conditions:

Dioxaborolane 50: 510 mg, 0.68 mmol

3-bromotoluene: 0.17 mL, 1.40 mmol

K,CO3: 465 mg, 3.40 mmol

Pd(PPhg),: 58 mg, 0.05 mmol Br Br
TBAB: 40 mg, 0.12 mmol 45a

C3gHy4Br2
toluene: 4.0 mL Mol Wt: 672.59
H,0: 2.0 mL

Reaction time: 17.5 h
Column chromatography: silica; 20-50% DCM in petrol
Yield: 330 mg, 0.49 mmol, 72% (off-white oil)

HRMS (APPI) Found: 670.1804 [M]T, CyoH,,Br,, Required: 670.1810

1H NMR (400 MHz, CDCls, 25 °C):
§ =779 (2H, dd, J = 7.8, 0.5 Hz, 2xAr-H), 7.62 (2H, dd, J = 7.8, 1.7 Hz,
2x Ar-H), 7.58 (2H, dd, J = 1.7, 0.5 Hz, 2xAr-H), 7.54 — 7.48 (4H, m,
4xAr-H), 7.44 — 7.37 (2H, m, 2xAr-H), 7.24 — 7.19 (2H, m, 2x Ar-H),
3.29 (4H, t, J = 6.8 Hz, 2x CH,Br), 2.49 (6H, s, 2x CHjy), 2.14 — 2.04 (4H,
m, 2x CH,), 1.68 (4H, quin, J = 7.2 Hz, 2xCH,), 1.29 — 1.18 (4H, m,
2xCH,), 1.12 (4H, quin, J = 7.4 Hz, 2xCH,), 0.81 — 0.69 (4H, m,
2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 151.2 (2xC), 141.6 (2xC), 140.3 (2xC), 140.1 (2xC), 138.4 (2xC),
128.7 (2xCH), 127.93 (2xCH), 127.90 (2xCH), 126.2 (2x CH), 124.3
(2xCH), 121.4 (2xCH), 120.0 (2xCH), 55.2 (C), 40.4 (2x CH,), 34.0
(2xCH,), 32.7 (2xCH,), 29.1 (2xCH,), 27.8 (2xCH,), 23.6 (2x CH,),
21.6 (2xCHjs) ppm

FT-IR (Vpax cm™, film):
2928 (m), 2855 (m), 2360 (m), 1464 (s), 907 (s), 826 (s), 782 (s), 731 (vs),
701 (s)
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6.3.10 9,9-Bis(6-bromohexyl)-2,7-di-p-tolyl-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and O 0.0 O
column conditions:

Dioxaborolane 50: 512 mg, 0.69 mmol

4-bromotoluene: 237 mg, 1.36 mmol

K,CO3: 476 mg, 3.40 mmol

Pd(PPhg),: 58 mg, 0.048 mmol Br Br
TBAB: 40 mg, 0.12 mmol 46a

CagHa4Br2
toluene: 4.0 mL Mol Wt: 672.59
H,0: 2.0 mL

Reaction time: 17.5 h
Column chromatography: silica; 20-50% CHCl; in hexane
Yield: 277 mg, 0.41 mmol, 61% (off-white oil)

HRMS (APPI) Found: 670.1804 [M]T, CyoH,,Br,, Required: 670.1810

1H NMR (400 MHz, CDCls, 25 °C):
§ =7.77 (2H, dd, J = 7.8, 0.5 Hz, 2x Ar-H), 7.63 — 7.57 (6H, m, 6x Ar-H),
7.55 (2H, dd, J = 1.6, 0.5 Hz, 2xAr-H), 7.31 (4H, dd, J = 8.4, 0.6 Hz,
4xAr-H), 3.28 (4H, t, J = 6.8 Hz, 2x CH,Br), 2.44 (6H, s, 2xCHj), 2.10
—2.02 (4H, m, 2xCH,), 1.67 (4H, quin, J = 7.2 Hz, 2xCH,), 1.27 — 1.17
(4H, m, 2xCH,), 1.10 (4H, quin, J = 7.4 Hz, 2xCH,), 0.79 — 0.69 (4H, m,
2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 151.2 (2xC), 140.0 (2xC), 139.9 (2xC), 138.7 (2xC), 137.0 (2xC),
129.5 (4xCH), 127.0 (4xCH), 125.9 (2xCH), 121.2 (2xCH), 120.0
(2xCH), 55.1 (C), 40.3 (2xCH,), 33.9 (2xCH,), 32.6 (2xCHy,), 29.1
(2xCH,), 27.7 (2xCH,), 23.6 (2xCH,), 21.1 (2x CH;) ppm

FT-IR (Vpax cm™, film):
2928 (m), 2855 (w), 1465 (m), 1247 (m), 1052 (m), 907 (m), 807 (vs), 730

(s)
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6.3.11 2,7-Di([1,1’-biphenyl]-3-y1)-9,9-bis(6-bromohexyl)-9 H-fluorene

Synthesised following the procedure detailed in
6.3.6, with the following reagent amounts, and
column conditions:

Dioxaborolane 50: 1.01 g, 1.35 mmol
3-bromobiphenyl: 0.48 mL, 2.90 mmol

K5CO3: 941 mg, 6.81 mmol

Pd(PPhg),: 126 mg, 0.11 mmol

TBAB: 89 mg, 0.28 mmol

toluene: 8.0 mL

H,0: 4.0 mL

Reaction time: 16 h

O
9, S

Br Br
45¢
CagHagBro
Mol Wt: 796.73

Column chromatography: silica; 20 - 50% CHCl; in hexane

Yield: 608 mg, 0.76 mmol, 57% (off-white oil)

HRMS (APPI) Found: 794.2120 [M]*, C4H,gBry, Required: 794.2123

1H NMR (400 MHz, CDCls, 25 °C):

§ =790 (2H, td, J = 1.8, 0.4 Hz, 2xAr-H), 7.84 (2H, dd, J = 7.9, 0.4 Hz,
2xAr-H), 7.74 — 7.67 (8H, m, 8xAr-H), 7.65 — 7.55 (6H, m, 6xAr-H),
7.55 - 7.48 (4H, m, 4xAr-H), 7.42 (2H, tt, J = 7.4, 1.2 Hz, 2xAr-H), 3.28
(4H, t, J = 6.8 Hz, 2x CH,Br), 2.14 - 2.05 (4H, m, 2xCH,), 1.74 — 1.63
(4H, m, 2xCH,), 1.29 - 1.19 (4H, m, 2xCH,), 1.18 - 1.07 (4H, m,
2xCH,), 0.83 - 0.72 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):

§ = 151.4 (2xC), 142.1 (2xC), 141.9 (2xC), 141.3 (2xC), 140.17 (2xC),
140.16 (2xC), 129.2 (2xCH), 128.8 (4xCH), 127.4 (2xCH), 127.3
(4xCH), 126.3 (2xCH), 126.17 (2xCH), 126.16 (2xCH), 126.1 (2x CH),
121.5 (2xCH), 120.2 (2xCH), 55.2 (C), 40.3 (2xCH,), 33.9 (2xCH,),
32.6 (2xCH,), 29.1 (2xCH,), 27.8 (2xCH,), 23.6 (2x CH,) ppm

FT-IR (Vpax cm™, film):

2929 (m), 2855 (w), 2359 (w), 1597 (m), 1463 (s), 906 (s), 756 (vs), 730

(vs), 700 (vs)
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6.3.12 2,7-Di([1,1’-biphenyl]-4-y1)-9,9-bis(6-bromohexyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and O 0.0 O
column conditions: O

Dioxaborolane 50: 1.00 g, 1.35 mmol

4-bromobiphenyl: 667 mg, 2.86 mmol

K5CO3: 943 mg, 6.83 mmol

Pd(PPhg),: 121 mg, 0.11 mmol Br Br
TBAB: 92 mg, 0.28 mmol 46c

CagHagBr2
toluene: 8.0 mL Mol Wt: 796.73
H,0: 4.0 mL

Reaction time: 16 h
Column chromatography: silica; 20 - 50% CHCl; in hexane
Yield: 801 mg, 1.01 mmol, 75% (off-white oil)

HRMS (APPI) Found: 794.2122 [M]*, C4H,gBry, Required: 794.2123

1H NMR (400 MHz, CDCls, 25 °C):
§ =783 (2H, dd, J = 7.8, 0.4 Hz, 2xAr-H), 7.82 — 7.73 (SH, m, 8xAr-H),
7.72 - 7.66 (6H, m, 6xAr-H), 7.65 (2H, d, J = 1.2 Hz, 2xAr-H), 7.54 —
7.47 (4H, m, 4xAr-H), 7.43 - 7.37 (2H, m, 2xAr-H), 3.20 (4H, t, J = 6.8
Hz, 2x CH,Br), 2.16 — 2.04 (4H, m, 2xCH,), 1.69 (4H, quin, J = 7.1 Hz,
2% CH,), 1.31 - 1.19 (4H, m, 2xCH,), 1.19 — 1.08 (4H, m, 2x CH,), 0.84 —
0.71 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDCly, 25 °C):
§ = 151.4 (2xC), 140.7 (2xC), 140.4 (2xC), 140.14 (2xC), 140.07 (2xC),
139.6 (2xC), 128.8 (4xCH), 127.54 (4xCH), 127.50 (4xCH), 127.4
(2xCH), 127.0 (4xCH), 126.1 (2xCH), 121.3 (2xCH), 120.2 (2x CH),
55.2 (C), 40.3 (2xCH,), 33.9 (2xCH,), 32.6 (2xCH,), 29.1 (2xCH,), 27.8
(2xCH,), 23.6 (2xCH,) ppm

FT-IR (Vpax cm™, film):
3028 (w), 2929 (m), 2855 (w), 2359 (w), 1464 (s), 906 (s), 818 (s), 764 (s),
728 (vs), 696 (s)
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6.3.13 9,9-Bis(6-bromohexyl)-2-(3-methoxyphenyl)-9 H-fluorene

Synthesised following the procedure detailed in
6.3.6, with the following reagent amounts, and
column conditions:

Dioxaborolane 41: 1.1 g, 1.8 mmol
3-bromoanisole: 0.23 mL, 1.8 mmol

K,CO3: 1.0 g, 7.4 mmol

Pd(PPhjy),: 62 mg, 0.050 mmol

TBAB: 78 mg, 0.24 mmol 42a

C32H3BB|'20
toluene: 8.0 mL Mol Wt: 598.46
H,0: 4.0 mL

Reaction time: 15 h
Column chromatography: silica; 20 - 50% DCM in hexane
Yield: 640 mg, 1.07 mmol, 60% (off-white oil)

HRMS (APPI) Found: 596.1287 [M]T, Cy,HasBr,0, Required: 596.1289

'H NMR (400 MHz, CDCly):
§ =777 (1H, dd, J = 7.8, 0.5 Hz, Ar-H), 7.76 - 7.72 (1H, m, Ar-H), 7.61
(1H, dd, J = 7.8, 1.7 Hz, Ar-H), 7.56 (1H, dd, J = 1.6, 0.5 Hz, Ar-H),
7.42 (1H, app. t, J = 8.3 Hz, Ar-H), 7.40 - 7.31 (3H, m, Ar-H), 7.29 (1H,
ddd, J = 7.6, 1.7, 1.0 Hz, Ar-H), 7.24 - 7.22 (1H, m, Ar-H), 6.94 (1H, ddd,
J =8.2,2.6,0.09 Hz, Ar-H), 3.92 (3H, s, OCHj), 3.28 (4H, t, J = 6.8 Hz,
CH,Br), 2.07 - 1.99 (4H, m, CH,), 1.72 - 1.63 (4H, m CH,), 1.26 - 1.17
(4H, m, CH,), 1.10 (4H, quin, J = 7.5 Hz, CH,), 0.77 - 0.63 (4H, m, CH,)
ppm
13C NMR (101 MHz, CDCly, 25 °C):
§ = 160.0 (C), 150.9 (C), 150.6 (C), 143.1(C), 140.7 (C), 140.5 (C), 139.9
(C), 129.8 (CH), 127.1 (CH), 126.9 (CH), 126.1 (CH), 122.8 (CH), 121.4
(CH), 119.9 (CH), 119.8 (CH), 119.7 (CH), 113.2 (CH), 112.2 (CH), 55.3
(CHj;), 55.0 (C), 40.2 (2xCH,), 33.9 (2xCH,), 32.6 (2xCH,), 29.0
(2xCH,), 27.7 (2xCH,), 23.5 (2xCH,) ppm

FT-IR (Vpax cm™, film):
3004 (w), 2929 (s), 2855 (m), 1599 (m), 1456 (s), 1215 (s), 1053 (m), 1036
(m), 777 (s), 741 (vs)
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6.3.14 9,9-Bis(6-bromohexyl)-2-(4-methoxyphenyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and 0.0 O
0

column conditions:

Dioxaborolane 41: 1160 mg, 1.88 mmol
4-bromoanisole: 0.24 mL, 1.8 mmol
K,CO3: 1.01 g, 7.30 mol

Pd(PPhg),: 75 g, 0.06 mmol Br Br
TBAB: 60 mg, 0.19 mmol 43a
toluene: 8.0 mL Mﬁfﬁfﬁéas
H,0: 4.0 mL

Reaction time: 15 h
Column chromatography: silica gel; 20 - 50% DCM in hexane
Yield: 304 mg, 0.51 mmol, 27% (off-white oil)

HRMS (APPI) Found: 596.1278 [M]T, Cy,HasBr,0, Required: 596.1289

1H NMR (400 MHz, CDCls, 25 °C):
§ =17.75 (1H, dd, J = 7.8, 0.6 Hz, Ar-H), 7.74 — 7.71 (1H, m, Ar-H), 7.65
—7.60 (2H, m, 2xAr-H), 7.55 (1H, dd, J = 7.8, 1.7 Hz, Ar-H), 7.51 (1H
dd, J = 1.7, 0.6 Hz, Ar-H), 7.39 — 7.29 (3H, m, 3xAr-H), 7.06 — 7.00 (2H,
m, 2xAr-H), 3.89 (3H, s, CHj), 3.28 (4H, t, J = 6.8 Hz, 2x CH,Br), 2.02
(4H, dd, J = 9.7, 6.8 Hz, 2xCH,), 1.71 — 1.62 (4H, m, 2xCH,), 1.26 —
1.16 (4H, m, 2xCH,), 1.14 — 1.04 (4H, m, 2xCH,), 0.75 — 0.62 (4H, m,
2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ =159.1 (C), 151.0 (C), 150.5 (C), 140.8 (C), 139.8 (C), 139.7 (C), 134.1
(C), 128.2 (2xCH), 127.0 (CH), 126.9 (CH), 125.6 (CH), 122.7 (CH),
120.9 (CH), 119.9 (CH), 119.7 (CH), 114.2 (2x CH), 55.4 (CHj), 55.0 (C),
40.3 (2xCH,), 33.9 (2xCH,), 32.6 (2xCH,), 29.0 (2xCHy,), 27.7
(2xCH,), 23.5 (2xCH,) ppm

FT-IR (Vpax cm™, film):
3003 (w), 2929 (s), 2855 (m), 1606 (m), 1517 (s), 1451 (s), 1246 (vs), 1179
(s), 1043 (m), 823 (vs), 741 (vs)
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6.3.15 9,9-Bis(6-bromohexyl)-2-(m-tolyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and O.Q O
column conditions:

Dioxaborolane 41: 1.11 g, 1.79 mmol

3-bromotoluene: 0.17 mL, 1.4 mmol

K,COg3: 1.04 g, 7.53 mmol

Pd(PPhjs),: 64 mg, 0.06 mmol Br Br
TBAB: 54 mg, 0.17 mmol 42c

Ca2HsgBr2
toluene: 8.0 mL Mol Wt: 582.46
H,0: 4.0 mL

Reaction time: 15.5 h
Column chromatography: silica; 5 - 30% DCM in hexane
Yield: 355 mg, 0.61 mmol, 44% (off-white oil)

HRMS (APPI) Found: 580.1340 [M]T, C3,HaBr,, Required: 580.1340

1H NMR (400 MHz, CDCls, 25 °C):
§ =777 (1H, dd, J = 7.9, 0.6 Hz, Ar-H), 7.76 — 7.73 (1H, m, Ar-H), 7.60
(1H, dd, J = 7.8, 1.7 Hz, Ar-H), 7.56 (1H, dd, J = 1.7, 0.6 Hz, Ar-H), 7.52
~7.48 (2H, m, 2xAr-H), 7.42 - 7.31 (4H, m, 4xAr-H), 7.23 — 7.19 (1H, m,
Ar-H), 3.29 (4H, t, J = 6.8 Hz, 2x CH,Br), 2.49 (3H, s, CH3), 2.08 — 2.00
(4H, m, 2xCH,), 1.72 — 1.63 (4H, m, 2xCH,), 1.27 — 1.18 (4H, m,
2xCH,), 1.15 — 1.05 (4H, m, 2xCHy,), 0.75 — 0.64 (4H, m, 2x CH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 150.9 (C), 150.5 (C), 141.5 (C), 140.8 (C), 140.3 (C), 140.2 (C), 138.4
(C), 128.7 (CH), 127.90 (CH), 127.89 (CH), 127.1 (CH), 126.9 (CH),
126.1 (CH), 124.3 (CH), 122.8 (CH), 121.4 (CH), 119.9 (CH), 119.8
(CH), 55.0 (C), 40.2 (2xCH,), 33.9 (2xCH,), 32.6 (2xCH,), 29.0
(2xCHy,), 27.7 (2xCH,), 23.5 (2xCH,), 21.6 (2x CHj3) ppm

FT-IR (Vpax cm™, film):
3004 (w), 2929 (s), 2855 (m), 1599 (m), 1456 (s), 1215 (s), 1053 (m), 1036
(m), 777 (s), 741 (vs)
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6.3.16 9,9-Bis(6-bromohexyl)-2-(p-tolyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and 0.0 O

column conditions:

Dioxaborolane 41: 1.10 g, 1.78 mmol
4-bromotoluene: 184 mg, 1.08 mmol
K,COg3: 1.00 g, 7.25 mmol

Pd(PPhjs),: 61 mg, 0.05 mmol Br Br
TBAB: 77 mg, 0.24 mmol 43b
toluene: 8.0 mL MO??,@'#;?E_%
H,0: 4.0 mL

Reaction time: 15.5 h
Column chromatography: silica, 5 - 20% DCM in hexane
Yield: 150 mg, 0.258 mmol, 24% (colourless oil)

HRMS (APPI) Found: 580.1345 [M]T, C3,HaBry, Required: 580.1340

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.78-7.71 (2H, m, 2xAr-H), 7.61-7.56 (3H, m, 3xAr-H), 7.54 (1H, d, J
= 1.7 Hz, Ar-H), 7.39-7.28 (5H, m, 5x Ar-H), 3.28 (4H, t, J = 6.8 Hz,
2xCH,Br), 2.43 (3H, s, CH;), 2.08-1.96 (4H, m, 2xCH,), 1.66 (4H, dt, J
= 14.5, 7.0 Hz, 2xCH,), 1.26-1.16 (4H, m, 2xCH,), 1.09 (4H, app quin, J
= 7.5 Hz, 2xCH,), 0.75-0.61 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 150.9 (C), 150.5 (C), 140.8 (C), 140.11 (C), 140.06 (C), 138.7 (C),
137.0 (C), 129.5 (2 x CH), 127.01 (CH), 126.99 (2 x CH), 126.9 (CH),
125.8 (CH), 122.8 (CH), 121.2 (CH), 119.9 (CH), 119.7 (CH), 55.0 (C),
40.2 (CH,), 33.9 (CH,), 32.6 (CH,), 29.0 (CH,), 27.7 (CH,), 23.5 (CH,),
21.1 (CHj3) ppm

FT-IR (Vpax cm™, film):
3018 (w), 2928 (s), 2855 (m), 1451 (s), 813 (vs), 740 (vs)
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6.3.17 2-([1,1’-Biphenyl]-3-y1)-9,9-bis(6-bromohexyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and 0.0 O
column conditions:

Dioxaborolane 41: 1.05 g, 1.70 mmol Q
3-bromobiphenyl: 0.24 mL, 1.6 mmol

K,COg3: 1.06 g, 7.64 mmol

Pd(PPhj),: 65 mg, 0.06 mmol Br Br
TBAB: 45 mg, 0.14 mmol 42d
toluene: 8.0 mL Mo‘fﬁ,’:“gffm
H,0: 4.0 mL

Reaction time: 15 h
Column chromatography: silica; 20% CHCI; in hexane
Yield: 438 mg, 0.68 mmol, 42% (off-white oil)

HRMS (APPI) Found: 642.1491 [M]*, C4,H,(Bry, Required: 642.1497

1H NMR (400 MHz, CDCls, 25 °C):
§ =7.90 (1H, td, J = 1.8, 0.6 Hz, Ar-H), 7.81 (1H, dd, J = 7.8, 0.5 Hz,
Ar-H), 7.79 - 7.75 (1H, m, Ar-H), 7.74 - 7.65 (4H, m, Ar-H), 7.64 — 7.49
(5H, m, 5xAr-H), 7.45 — 7.32 (4H, m, 4xAr-H), 3.29 (4H, t, J = 6.8 Hz,
2xCH,Br), 2.10-2.01 (4H, m, 2xCH,), 1.73-1.63 (4H, m, 2xCH,), 1.28 —
1.18 (4H, m, CH,), 1.11 (4H, quin, J = 7.5 Hz, 2xCH,), 0.81 - 0.64 (4H,
m, 2x CH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 151.1 (C), 150.6 (C), 142.2 (C), 142.0 (C), 141.3 (C), 140.8 (C), 140.6
(C), 140.1 (C), 129.3 (CH), 128.9 (2xCH), 127.5 (CH), 127.4 (2xCH),
127.2 (CH), 127.0 (CH), 126.23 (2 x CH), 126.20 (CH), 126.1 (CH), 122.9
(CH), 121.5 (CH), 120.1 (CH), 119.9 (CH), 55.1 (C), 40.3 (2xCH,), 34.0
(2xCH,), 32.7 (2xCH,), 29.1 (2xCH,), 27.8 (2xCH,), 23.6 (2x CH,)
ppm

FT-IR (Vpax cm™, film):
3030 (w), 2928 (m), 2855 (m), 1597 (w), 1452 (m), 1254 (m), 907 (m), 756
(vs), 734 (vs), 700 (vs)
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6.3.18 2-([1,1’-Biphenyl]-4-y1)-9,9-bis(6-bromohexyl)-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and 0.0 O
column conditions: O
Dioxaborolane 41: 1.03 g, 1.67 mmol

4-bromobiphenyl: 387 mg, 1.66 mmol

K,COg3: 1.07 g, 7.73 mmol

Pd(PPhg),: 66 mg, 0.06 mmol Br Br
TBAB: 40 mg, 0.13 mmol 43c
toluene: 8.0 mL MO?S\XZ“E?EM
H,0: 4.0 mL

Reaction time: 15 h
Column chromatography: silica; 10 - 50% CHCl; in hexane
Yield: 1.03 g, 1.59 mmol, 96% (off-white oil)

HRMS (APPI) Found: 642.1493 [M]*, C4,H,(Bry, Required: 642.1497

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.83 - 7.64 (9H, m, 9xAr-H), 7.62 (1H, dd, J = 1.6, 0.5 Hz, Ar-H),
7.53 — 7.47 (2H, m, 2xAr-H), 7.42 - 7.32 (4H, m, 4x Ar-H), 3.29 (4H, t, J
= 6.8 Hz, 2xCH,Br), 2.10 - 2.00 (4H, m, 2xCH,), 1.72 - 1.63 (4H, m,
2xCH,), 1.27 — 1.18 (4H, m, 2xCH,), 1.11 (4H, quin, J = 7.4 Hz,
2xCH,), 0.78 — 0.64 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 151.0 (C), 150.6 (C), 140.74 (C), 140.71 (C), 140.51 (C), 140.45 (C),
140.0 (C), 139.6 (C), 128.8 (2xCH), 127.53 (2xCH), 127.50 (2x CH),
127.3 (CH), 127.2 (CH), 127.03 (CH), 126.95 (CH), 126.0 (CH), 122.8
(CH), 121.2 (CH), 120.0 (2xCH), 119.8 (CH), 55.0 (C), 40.3 (2x CHy,),
33.9 (2xCH,), 32.6 (2xCHy,), 29.0 (2x CH,), 27.8 (2x CH,), 23.6
(2xCHj,) ppm

FT-IR (Vpax cm™, film):
2928 (m), 2854 (m), 1450 (s), 1244 (m), 825 (s), 764 (vs), 740 (vs), 696
(vs), 558 (s)
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6.3.19 9,9-Bis(6-bromohexyl)-2-phenyl-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and 0.0 O

column conditions:

Dioxaborolane 41: 3.07 g, 4.97 mmol
bromobenzene: 0.53 mL, 5.03 mmol
Pd(PPhy),: 290 mg, 0.25 mmol

TBAB: 340 mg, 1.05 mmol Br Br
K,COg3: 5.06 g, 36.6 mmol 42b

Ca1HzeBr2
toluene: 34 mL Mol Wt: 568.44
H,0: 16 mL

Reaction time: 20 h
Column chromatography: silica; 10 - 20% DCM in hexane
Yield: 2.38 g, 4.19 mmol, 84% (off-white oil)

HRMS (APPI) Found: 566.1175 [M]T, Cy,HaBrs, Required: 566.1178

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.78 (1H, dd, J = 7.9, 0.4 Hz, Ar-H), 7.76 — 7.73 (1H, m, Ar-H), 7.72
~7.68 (2H, m, 2xAr-H), 7.61 (1H, dd, J = 7.8, 1.7 Hz, Ar-H), 7.57 (1H,
dd, J = 1.7, 0.4 Hz, Ar-H), 7.53 — 7.47 (2H, m, 2xAr-H), 7.41 — 7.31 (41,
m, 4xAr-H), 3.28 (4H, t, J = 6.8 Hz, 2xCH,Br), 2.09 — 1.99 (4H, m,
9% CH,), 1.72 - 1.62 (4H, m, 2xCH,), 1.27 — 1.17 (4H, m, 2xCH,), 1.10
(4H, quin, J = 7.4 Hz, 2xCH,), 0.76 — 0.63 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 151.0 (C), 150.5 (C), 141.6 (C), 140.7 (C), 140.4 (C), 140.1 (C), 128.8
(2xCH), 127.2 (3xCH), 127.1 (CH), 126.9 (CH), 126.1 (CH), 122.8 (CH),
121.4 (CH), 120.0 (CH), 119.8 (CH), 55.0 (C), 40.2 (2xCH,), 33.9
(2xCH,), 32.6 (2xCH,), 29.0 (2xCH,), 27.7 (2xCH,), 23.5 (2x CH,)
ppm

FT-IR (Vpax cm™, film):
3029 (vw), 2929 (m), 2855 (w), 1451.7 (m), 907 (m), 758 (s), 731 (vs), 696
(s), 645 (m)



6.3. Fluorene-based smart inks 113

6.3.20 9,9-Bis(6-bromohexyl)-2,7-diphenyl-9 H-fluorene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and O O.Q O
column conditions:

Dioxaborolane 50: 2.02 g, 2.71 mmol

bromobenzene: 0.57 mL, 5.43 mmol

Pd(PPhy),: 340 mg, 0.27 mmol

TBAB: 550 mg, 1.70 mmol Br Br
K,CO4: 9.18 g, 66.4 mmol 45d

C37H40Br2
toluene: 40 mL Mol Wt: 644.54
H,0: 20 mL

Reaction time: 20 h
Column chromatography: silica; 5 - 20% DCM in hexane
Yield: 1.23 g, 1.91 mmol, 70% (off-white oil)

HRMS (APPI) Found: 642.1487 [M]*, C4;H,(Bry, Required: 642.1491

1H NMR (400 MHz, CDCls, 25 °C):
§=7.81 (2H, dd, J = 7.8, 0.5 Hz, 2xAr-H), 7.74 — 7.69 (4H, m, 4x Ar-H),
7.63 (2H, dd, J = 7.8, 1.7 Hz, 2xAr-H), 7.59 (2H, dd, J = 1.7, 0.6 Hz,
9xAr-H), 7.54 - 7.48 (4H, m, 4xAr-H), 7.42 - 7.37 (2H, m, 2x Ar-H),
3.28 (4H, t, J = 6.8 Hz, 2x CH,Br), 2.13 — 2.03 (4H, m, 2xCH,), 1.68
(4H, quin, J = 7.2 Hz, 2xCH,), 1.28 — 1.18 (4H, m, 2xCH,), 1.17 - 1.07
(4H, m, 2xCH,), 0.81 — 0.69 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 151.3 (2xC), 141.5 (2xC), 140.2 (2xC), 140.0 (2xC), 128.8 (4xCH),
127.2 (6xCH), 126.2 (2xCH), 121.4 (2xCH), 120.1 (2xCH), 55.1 (C),
40.3 (2xCHy), 33.9 (2xCH,), 32.6 (2xCH,), 29.0 (2xCH,), 27.7
(2xCH,), 23.6 (2xCH,) ppm

FT-IR (Vpax cm™, film):
3028 (vw), 2929 (m), 2855 (w), 1464 (m), 1248 (m), 1053 (m), 756 (vs),
696 (s), 560 (m)
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6.3.21 9-(9,9-Bis(6-bromohexyl)-9 H-fluoren-2-yl)phenanthrene

Synthesised following the procedure detailed in

6.3.6, with the following reagent amounts, and 0.0 OO

column conditions:

Dioxaborolane 41: 4.14 g, 6.69 mmol '
9-bromophenanthrene: 1.72 g, 6.70 mmol

Pd(PPhy),: 281 mg, 0.24 mmol

TBAB: 307 mg, 0.95 mmol Br Br
K,CO3: 4.64 g, 33.6 mmol 64
toluene: 70 mL Mo??,f,t460§;2_56
H,0: 25 mL

Reaction time: 15 h
Column chromatography: silica; 10 - 30% DCM in petroleum ether
Yield: 4.08 g, 6.10 mmol, 91% (off-white oil)

HRMS (APPI) Found: 666.1948 [M]*, C3oH,oBry, Required: 666.1497

1H NMR (400 MHz, CDCls, 25 °C):

§ =8.82 (1H, d, J = 8.2 Hz, Ar-H), 8.76 (1H, d, J = 8.3 Hz, Ar-H), 7.96
(2H, app. dd, J = 8.1, 1.2 Hz, 2xAr-H), 7.86 (1H, dd, J = 7.7, 0.5 Hz,
Ar-H), 7.82 — 7.77 (2H, m, 2xAr-H), 7.73 — 7.62 (3H, m, 3x Ar-H), 7.59 —
7.53 (2H, m, 2xAr-H), 7.52 (1H, dd, J = 1.5, 0.5 Hz, Ar-H), 7.43 - 7.34
(3H, m, 3xAr-H), 3.30 (4H, t, J = 6.8 Hz, 2x CH,Br), 2.03 (4H, t, J =
8.3 Hz, 2xCH,), 1.70 (4H, quin, J = 7.1 Hz, 2xCH,), 1.31 - 1.21 (4H, m,
2xCH,), 1.18 — 1.08 (4H, m, 2xCH,), 0.91 — 0.68 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 150.6 (C), 150.4 (C), 140.9 (C), 140.4 (C), 139.6 (C), 139.1 (C), 131.6
(C), 131.3 (C), 130.7 (C), 129.9 (C), 128.8 (CH), 128.6 (CH), 127.4 (CH),
127.2 (CH), 127.0 (CH), 126.90 (CH), 126.85 (CH), 126.6 (CH), 126.5
(2xCH), 124.6 (CH), 123.0 (CH), 122.8 (CH), 122.6 (CH), 119.9 (CH),
119.6 (CH), 55.0 (C), 40.2 (2xCH,), 33.9 (2xCH,), 32.6 (2xCH,), 29.1
(2xCH,), 27.8 (2xCH,), 23.7 (2x CH,) ppm

FT-IR (Vpax cm™, film):
2030 (m), 2856 (w), 1730 (m), 1545 (m), 1437 (s), 1364 (s), 1114 (s), 741 (s)

~~  —~
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6.3.22 3,3’-((2,7-Bis(4-methoxyphenyl)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

1) toluene, 100°C

2 CF450;
+ \> ]
| 2 K'CFsSOy (aa. TM)
\
+ N*
Br Br </\J ( \
N N
/ |
46b 101 38c

CagH44Br20o C4HgN2 C4gHs6F6N40gS2
Mol Wt: 704.59 Mol Wt: 82.12 Mol Wt: 1007.12

Dibromide 46b (201.6 mg, 0.29 mmol) and 1-methylimidazole (0.05 mL, 0.64 mmol) in
toluene (3.0 mL) were heated at 100°C for 20 hours, then cooled to room temperature,
and concentrated in vacuo. MeCN and KOTY (aq., 1.0 M, 5.0 mL) were added, and
the solvent was removed in vacuo. The residue was dissolved in MeCN, filtered through
a sinter, and the resulting solution concentrated in vacuo. Petroleum ether was added
and the resulting suspension was sonicated for 20 minutes. The title compound was
collected by filtration as a white oil (96.8 mg, 0.096 mmol 33%).

HRMS (ESI+) Found: 354.2206 [M]?", C,7H5sN,O,, Required: 354.2216

1H NMR (400 MHz, DMSO-d6, 25 °C):
§ = 8.93 (2H, br s, 2xAr-H), 7.84 (2H, br d, J = 7.8 Hz, 2xAr-H), 7.74 —
7.51 (12H, m, 12xAr-H), 7.05 (4H, br d, J = 8.3 Hz, 4xAr-H), 3.97 (4H,
brt, J = 6.7 Hz, 2xNCH,), 3.82 (6H, s, 2xCHs), 3.75 (6H, s, 2x CHs),
2.13 - 2.09 (4H, m, 2xCH,), 1.60 — 1.46 (4H, m, 2xCH,), 1.13 — 0.91 (8H,
m, 4xCH,), 0.67 — 0.48 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, DMSO-d6, 25 °C):
§ = 158.9 (2xC), 151.0 (2xC), 139.1 (2xC), 138.7 (2xC), 136.3 (2xCH),
132.7 (2xC), 127.8 (4xCH), 123.5 (4xCH), 122.3 (2xCH), 122.1
(2xCH), 119.1 (2xCH), 114.4 (4xCH), 79.2 (2xCH,), 55.2 (C), 48.7
(2xCHj;), 35.7 (2xCH,), 30.7 (2xCH,), 29.3 (2xCH,), 28.8 (2xCH,),
25.4 (2xCH,), 23.6 (2xCH,) ppm

FT-IR (Vpax cm™, film):
2032 (w), 2858 (w), 1466 (w), 1241 (vs), 1228 (vs), 1164 (s), 1025 (vs), 636
(vs)
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6.3.23 3,3’-((2,7-Bis(3-methoxyphenyl)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

o) N
/ [ \> 1) toluene, 100°C
SN

2) K*CF3S05 (aq. 1 M)

\
CgHi7

+ +
/ N\
Br Br <\ { |
5“) S
CgH17 ‘C H
45b 101 37d gH17
C3gH44Br202 C11HzoN2 Ce3HgaFeN4OgS2
Mol Wt: 704.59 Mol Wt: 180.30 Mol Wt: 905.37

Dibromide 45b (753 mg, 1.07 mmol) and l-octylimidazole (0.85 mL, 4.29 mmol) in
toluene (10 mL) were heated at 100°C for 48 hours, then cooled to room temperature.
The solvent was removed in vacuo, then MeOH (5 mL) and KOTf (aq., 1.0 M, 10 mL)
were added. The solvent was removed in vacuo, the residue was washed onto a phase
separator with HyO (50 mL), then washed through with acetone (20 mL). The solvent
was removed in vacuo, then petroleum ether (100 mL) was added. The suspension was
sonicated for 30 minutes, then the title compound was collected by filtration as an orange
gum (525 mg, 0.44 mmol, 41%).
HRMS (ESI+) Found: 452.3302 [M]?*, C¢HgyN,O,, Required 452.3292
1H NMR (400 MHz, acetone-d6, 25 °C):
0 =9.06 (2H, app t, J = 1.5 Hz, 2xAr-H), 7.91 (2H, dd, J = 7.9, 0.4 Hz,
2xAr-H), 7.80 (2H, dd, J = 1.2, 0.4 Hz, 2xAr-H), 7.73 — 7.67 (4H, m,
4xAr-H), 7.63 (2H, t, J = 1.8 Hz, 2xAr-H), 7.45 — 7.38 (2H, m,
2xAr-H), 7.34 (2H, ddd, J = 7.7, 1.6, 1.0 Hz, 2xAr-H), 7.30 — 7.27 (2H,
m, 2xAr-H), 6.96 (2H, ddd, J = 8.1, 2.6, 1.0 Hz, 2xAr-H), 4.26 (4H, t, J
= 7.3 Hz, 2xNCH,), 4.19 (4H, t, J = 7.2 Hz, 2xNCH,), 3.89 (6H, s,
2x0CHjy), 2.24 — 2.15 (4H, m, 2xCH,), 1.87 (4H, quin, J = 7.2 Hz,
2xCH,), 1.72 (4H, quin, J = 7.2 Hz, 2xCH,), 1.29 — 1.10 (28H, m,
14xCH,), 0.87 — 0.82 (6H, m, 2xCHjy), 0.75 — 0.65 (4H, m, 2xCH,) ppm
13C NMR (101 MHz, acetone-d6, 25 °C):
0 =160.6 (2xC), 151.9 (2xC), 142.9 (2xC), 140.6 (2xC), 140.2 (2xC),
136.3 (2xCH), 130.3 (2xCH), 126.4 (2xCH), 122.9 (2xCH), 122.8
(2xCH), 121.7 (2xCH), 121.6 (q, J = 321.6 Hz, (2xCF}3), 120.6 (2x CH),
119.6 (2xCH), 113.0 (2xCH), 112.8 (2xCH), 55.6 (C), 55.1 (2xCHay),
49.84 (2xCH,), 49.75 (2x CH,), 40.0 (2xCH,), 31.8 (2xCH,), 30.1
(2xCH,), 30.1 (2xCH,), 29.2 (2xCH,), 29.0 (2xCH,), 26.2 (2x CH,),
25.9 (2xCH,), 24.0 (2xCH,), 22.7 (2xCH,), 13.8 (2xCHj3) ppm
FT-IR (Vpax cm™, film):
2929 (w), 2857 (w), 1466 (w), 1245 (vs), 1161 (s), 1030 (vs), 638 (s)
UV-Vis (MeCN): A\jpar = 328 (41500)
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6.3.24 3,3’-((2-(m-Tolyl)-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl))bis(1-octyl-1 H-imidazol-3-ium)

trifluoromethanesulfonate O O

N
[ \> 1) toluene, 100°C -
+ N 2 CF3S03

2) K*CF3S05 (ag. 1 M)

\
CgHi7

+ N*
v 0
Br Br N N
! \
CgH
42¢ 101 g7 3pp CeMtr
Cs2H3sBr2 C11H20N2 CseH78FeN406S2
Mol Wt: 582.46 Mol Wt: 180.30 Mol Wt: 1081.37

Dibromide 42c¢ (209 mg, 0.36 mmol) and l-octylimidazole (0.16 mL, 0.81 mmol) in
toluene (10.0 mL) were heated at 100 °C for 17 hours, then cooled to room temperature.
The solvent was removed in vacuo, then MeCN (10 mL) and KOTf (aq., 1.0 M, 5.0 mL)
were added. The solvent was removed in vacuo and the resulting solids were washed
onto a frit with H,O, then washed through with acetone (30 mL), and the solvent was
removed in vacuo. The solid thus collected was dissolved in MeCN (10 mL), and filtered
through a 0.2 pum filter cartridge, which removed all visible precipitate. After removal of
the solvent in vacuo, continuous extraction in ethyl acetate/H5O yielded a yellow gum.
Petroleum ether was added and the suspension was sonicated for 10 minutes. The title
compound was collected by filtration as a white gum (97 mg, 0.090 mmol 25%).
HRMS (ESI+) Found: 391.3108 [M]?*, C5,H7sN,, Required: 391.3108
1H NMR (400 MHz, acetone-d6, 25 °C):
0 =9.09 (2H, app. t, J = 1.5 Hz, 2xAr-H), 7.87 (1H, d, J = 7.9 Hz,
Ar-H), 7.84 — 7.80 (1H, m, Ar-H), 7.78 - 7.74 (1H, m, Ar-H), 7.74 - 7.63
(5H, m, 5xAr-H), 7.60 — 7.51 (2H, m, 2xAr-H), 7.49 — 7.45 (1H, m,
Ar-H), 7.41 - 7.31 (3H, m, 3xAr-H), 7.22 - 7.17 (1H, m, Ar-H), 4.30 (4H,
t, J = 7.3 Hz, 2xCH,), 4.22 (4H, t, J = 7.2 Hz, 2xCH,), 2.42 (3H, s,
CH,), 2.15 (4H, br s, 2xCH,), 1.97 - 1.84 (4H, m, 2xCH,), 1.82 — 1.67
(4H, m, 2xCH,), 1.33 — 1.21 (20H, m, 10xCH,), 1.16 — 1.05 (8H, m,

4xCH,), 0.91 - 0.81 (6H, m, 2xCHy), 0.73 — 0.55 (4H, m, 2x CH,) ppm
13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.5 (C), 151.0 (C), 141.5 (C), 141.2 (C), 140.8 (C), 140.4 (C), 138.7

(C), 136.3 (2xCH), 129.2 (CH), 128.3 (CH), 127.9 (CH), 127.6 (CH),
127.3 (CH), 126.2 (CH), 124.4 (CH), 123.3 (CH), 123.0 (2xCH), 122.9
(2xCH), 121.6 (CH), 120.4 (CH), 120.1 (CH), 55.4 (C), 49.9 (2x CH,),
49.8 (2x CH,), 40.1 (2xCH,), 31.9 (4xCH,), 30.2 (2xCH,), 30.1
(2xCH,), 26.2 (4xCH,), 25.9 (2xCH,), 23.9 (2xCH,), 22.7 (4x CH,),

21.1 (CHjy), 13.8 (2xCHj3) ppm
FT-IR (Vpax cm™, film):

2028 (m), 2857 (w), 1252 (s), 1155 (s), 1029 (vs), 743 (m), 636 (vs)
UV-Vis (MeCN): Ajpaz = 291 (19300)
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6.3.25 3,3’-((2-Phenyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

N

[ \> 1) toluene, 100°C _
+ N 2 CF3S03
\ 2) K*CF3SO3 (ag. 1 M)
N+ N+
V0
Br Br N N
/ \
42b 105 35i
Cs31HaeBr2 C4HgN2 C41HagFeN4OgS:
Mol Wt: 568.44 Mol Wt: 82.12 Mol Wt: 870.97

Dibromide 42b (1.17 g, 2.05 mmol) and 1-methylimidazole (0.65 mL, 8.20 mmol) in
toluene (20.0 mL) were heated at 100 °C for 2 days, then cooled to room temperature.
The solvent was removed in vacuo and the mixture was dissolved in methanol. KOTf
(aq., 1 M, 20 mL, 20 mmol) was added, and the solvent removed in vacuo. The solids
were purified by washing with copious diethyl ether (100 mL), which was then decanted
away, followed by sonication in copious water (100 mL) which was then decanted away.
The resulting gum was dissolved in acetone (10 mL), transferred to a vial, and the
solvent removed in vacuo, affording the title compound as a white gum (1.13 g, 1.30
mmol, 63%).

HRMS (ESI+) Found: 286.1932 [M]?*, C39H,sN,, Required: 286.1934

1H NMR (400 MHz, acetone-d6, 25 °C):
§ = 8.98 (2H, s, 2xAr-H), 7.88 (1H, dd, J = 7.9, 0.6 Hz, Ar-H), 7.84-7.81
(1H, m, Ar-H), 7.78-7.73 (3H, m, 3xAr-H), 7.67 (1H, dd, J = 7.9, 1.7 Hz,
Ar-H), 7.63 (4H, d, J = 1.7 Hz, 4xAr-H), 7.51-7.45 (3H, m, 3xAr-H),
7.39-7.33 (3H, m, 3xAr-H), 4.20 (4H, t, J = 7.2 Hz, 2xCH,), 3.97 (61, d,
J = 0.5 Hz, 2xCHy), 2.20-2.07 (4H, m, 2xCH,), 1.71 (4H, quin, J = 7.2
Hz, 2xCH,), 1.18-1.05 (8H, m, 4xCH,), 0.71-0.56 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.6 (C), 151.0 (C), 141.5 (C), 141.1 (C), 140.9 (C), 140.3 (C), 137.0
(2xCH), 129.2 (2xCH), 127.63 (CH), 127.57 (CH), 127.4 (CH), 127.2
(2xCH), 126.2 (CH), 124.2 (2xCH), 123.3 (CH), 122.7 (2xCH), 121.62
(CH), 121.58 (q, J = 321.3 Hz, 2xCF,S0y), 120.5 (CH), 120.2 (CH), 55.4
(C), 49.8 (2xCH,), 40.1 (2xCH,), 36.0 (2xCH,), 30.1 (2x CH,), 30.1
(2x CH,), 25.9 (2x CH,), 23.9 (2x CHs) ppm

FT-IR (Vpax cm!, film):
3524 (w), 2934 (vw), 1635 (w), 1249 (vs), 1162 (s), 1031 (vs), 763 (m), 639
(s), 577 (m)

UV-Vis (MeCN): Az = 313 (21000)
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6.3.26 3,3’-((2,7-Diphenyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl)) bis(1-methyl-1 H-imidazol-3-ium)

o0 O3

N
[ \> 1) toluene, 100°C 2 CF4S0;
T SN
\ 2) K*CF3S0y (ag. 1 M)
+ +
/ 7\
Br Br <N\) (
N
/ |
45d 105 37i
Ca7H40Br2 C4HeN2 C47H52F6N4O6S2
Mol Wt: 644.54 Mol Wt: 82.12 Mol Wt: 947.07

Dibromide 45d (481 mg, 0.75 mmol), and 1-methylimidazole (0.24 mL, 2.98), in toluene
(20 mL) were heated at 100 °C for 3.5 days then cooled to room temperature. The solvent
was decanted away from the resulting gum, which was washed with toluene (3x20 mL).
The gum was then dissolved in the minimum of methanol and KOTf (aq., 1 M, 20 mL,
20 mmol) was added resulting in the immediate formation of a white precipitate. The
solvent was removed in vacuo, and the resulting solids were sonicated in water (20 mL)
which was decanted away, followed by washing with water (2x20 mL). The resulting
gum was dissolved in acetone (10 mL) which was removedin vacuo, affording the title
compound as an off-white gum (341 mg, 0.37 mmol, 50%).
HRMS (ESI+) Found: 324.2093 [M]?*, C;5H55N,, Required: 324.2091
1H NMR . (400 MHz, acetone-d6, 25 °C):
0 =8.96 (2H, s, 2xAr-H), 7.92 (2H, dd, J = 7.9, 0.5 Hz, 2xAr-H), 7.80
(2H, dd, J = 1.7, 0.6 Hz, 2xAr-H), 7.79-7.75 (4H, m, 4xAr-H), 7.70 (2H,
dd, J = 7.9, 1.7 Hz, 2xAr-H), 7.59 (4H, d, J = 1.6 Hz, 4xAr-H),
7.53-7.47 (4H, m, 4xAr-H), 7.41-7.35 (2H, m, 2xAr-H), 4.19 (4H, t, J =
7.2 Hz, 2xCH,), 3.95 (6H, s, 2xCHy3), 2.25-2.15 (4H, m, 2xCH,), 1.71
(4H, quin, J = 7.3 Hz, 2xCH,), 1.20-1.05 (8H, m, 4xCH,), 0.76-0.64 (4H,
m, 2x CH,) ppm
13C NMR (101 MHz, acetone-d6, 25 °C):
0 = 151.9 (2xC), 141.5 (2xC), 140.6 (2xC), 140.3 (2xC), 137.0 (2xCH),
129.3 (4xCH), 127.6 (2xCH), 127.3 (4xCH), 126.3 (2xCH), 124.1
(2xCH), 122.7 (2xCH), 121.71 (2C, q, J = 321.3 Hz, 2xCF3503), 121.66
(2xCH), 120.6 (2xCH), 55.6 (C), 49.8 (2xCH,), 40.1 (2xCH,), 36.0
(2xCHjy), 30.1 (2xCH,), 29.4 (2xCH,), 25.9 (2xCH,), 24.0 (2xCH,)
ppm
FT-IR (vmax cm™t, film):
3523 (vw), 3114 (vw), 2931 (w), 2858 (w), 1569 (w), 1465 (m), 1252 (vs),
1159 (s), 1030 (vs), 759 (s), 638 (vs), 574 (m)
UV-Vis (MeCN): Apar = 327 (35400)
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6.3.27 3,3’-((2,7-Bis(3-methoxyphenyl)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.22, with the following reagent amounts:
Dibromide 45b: 170 mg, 0.24 mmol
1-methylimidazole: 0.04 mL, 0.5 mmol
toluene: 4.0 mL

KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol

Reaction time: 24 h * N*
. . (v 0
Yield: 140 mg, 0.14 mmol, 58% (white gum) ;\1 N
|
HRMS (ESI+) 354.2203 [M]**, 37¢
C47H56N4O49, Required: 354.2196 CagHsFsN4OgS2
Mol Wt: 1007.12

1H NMR . (400 MHz, acetone-d6, 25 °C):
§ = 8.95 (2H, s, 2xAr-H), 7.91 (2H,
dd, J = 7.9, 0.5 Hz, 2xAr-H), 7.79 (2H, dd, J = 1.6, 0.5 Hz, 2x Ar-H),
7.70 (2H, dd, J = 7.8, 1.7 Hz, 2xAr-H), 7.60 (4H, d, J = 1.7 Hz,
AxAr-H), 7.45 - 7.38 (2H, m, 2xAr-H), 7.33 (2H, ddd, J = 7.7, 1.7, 1.0
Hz, 2xAr-H), 7.29 - 7.26 (2H, m, 2xAr-H), 6.97 (2H, ddd, J = 8.1, 2.6,
1.0 Hz, 2xAr-H), 4.19 (4H, t, J = 7.3 Hz, 2xNCH,), 3.96 (6H, s,
2xCHsy), 3.89 (6H, s, 2xCHy), 2.23 — 2.16 (4H, m, 2xCH,), 1.71 (4H,
quin, J = 7.3 Hz, 2xCH,), 1.17 — 1.07 (8H, m, 4xCH,), 0.76 — 0.63 (4H,
m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 161.5 (2xC), 152.7 (2xC), 143.8 (2xC), 141.5 (2xC), 141.0 (2xC),
137.8 (2xCH), 131.1 (2xCH), 127.2 (2xCH), 124.9 (2xCH), 123.5
(2xCH), 122.6 (2xCH), 121.4 (2xCH), 120.5 (2xCH), 113.9 (2xCH),
113.6 (2xCH), 56.4 (2xCHs), 56.0 (C), 50.6 (2x CH,), 40.9 (2xCH,),
36.8 (2xCHy), 30.9 (2xCH,), 26.7 (2xCH,), 24.82 (2x CH,), 24.78
(2xCH,) ppm

FT-IR (™ cm™!, film):
2079 (w), 2932 (w), 1245 (vs), 1229 (vs), 1165 (s), 1030 (vs), 637 (vs)

UV-Vis (MeCN): Apaz = 328 (26200)
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6.3.28 3,3’-((2-(m-Tolyl)-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.22, with the following reagent amounts: O‘O O

Dibromide 42c: 356 mg, 0.64 mmol
1-methylimidazole: 0.11 mL, 1.4 mmol

toluene: 10.0 mL 2 CF3S0;3
KOTf (aq., 1.0 M): 10.0 mL, 10.0 mmol
Reaction time: 17 h N* N*
- . (0D

Yield: 366 mg, 0.41 mmol, 65% (off-white gum) N N

/ |
HRMS (APPI) Found: 293.2010 [M]?*, 35a
CyoH50Ny, Required: 293.2012 CazHsoFeN4O6S2

Mol Wt: 884.99
1H NMR (400 MHz, acetone-d6, 25 °C):

§ = 8.98 (2H, s, 2x Ar-H), 7.87 (1H,

dd, J = 7.9, 0.5 Hz, Ar-H), 7.84 - 7.81 (1H, m, Ar-H), 7.76 (1H, dd, J =
1.7, 0.6 Hz, Ar-H), 7.66 (1H, dd, J = 7.9, 1.7 Hz, Ar-H), 7.64 — 7.62 (41,
m, 4xAr-H), 7.59 — 7.56 (1H, m, Ar-H), 7.56 — 7.51 (1H, m, Ar-H), 7.48 —
7.45 (1H, m, Ar-H), 7.40 - 7.31 (3H, m, 3xAr-H), 7.22 - 7.17 (1H, m,
Ar-H), 4.20 (4H, t, J = 7.2 Hz, 2xCH,), 3.97 (6H, s, 2xCHy), 2.41 (3H,
s, CHy), 2.19 — 2.09 (4H, m, 2xCH,), 1.71 (4H, quin, J = 7.2 Hz,
2xCHy), 1.18 — 1.04 (SH, m, 4xCH,), 0.71 - 0.54 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.5 (C), 151.0 (C), 141.5 (C), 141.2 (C), 140.8 (C), 140.4 (C), 138.7
(C), 137.0 (2xCH), 129.1 (CH), 128.3 (CH), 127.9 (CH), 127.6 (CH),
127.3 (CH), 126.2 (CH), 124.4 (CH), 124.1 (2xCH), 123.3 (CH), 122.7
(2xCH), 121.6 (CH), 120.4 (CH), 120.1 (CH), 55.4 (C), 49.7 (2xCHj),
40.1 (2xCH,), 36.0 (2xCH,), 30.1 (2xCH,), 30.1 (2xCH,), 25.9
(2xCH,), 23.9 (2xCH,), 21.0 (CH;) ppm

FT-IR (Vpax cm, film):
3110 (w), 2929 (w), 2857 (w), 1465 (m), 1253 (vs), 1155 (s), 1029 (vs), 757
(m), 636 (vs)

UV-Vis (MeCN): Apaz = 292 (20200)
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6.3.29 3,3’-((2,7-Bis(4-methoxyphenyl)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O‘O
P ]

Dibromide 46b: 206 mg, 0.29 mmol
1-octylimidazole: 124 mg, 0.68 mmol

toluene: 3.0 mL 2 CF3S0;
KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol

Reaction time: 20 h </\J+ ,[S
Yield: 390 mg, 0.32 mmol, 58% (white oil) N N
HRMS (ESI+) Found: 452.3306 [M]2*, Coftrr Caftiz
CgHeyN,Oy, Required: 452.3292 CssHii?MOsSz

1H NMR (400 MHz, DMSO-d6, 25 °C): Mol Wt: 1203.50

§ =9.07 (2H, t, J = 1.4 Hz,

2xAr-H), 7.85 (2H, dd, J = 7.9, 0.2 Hz, 2xAr-H), 7.76 — 7.67 (8H, m,
8xAr-H), 7.66 — 7.61 (4H, m, 4xAr-H), 7.09 — 7.02 (4H, m, 4x Ar-H),
4.26 (4H, t, J = 7.3 Hz, 2xCH,), 4.20 (4H, t, J = 7.2 Hz, 2xCH,), 3.86
(6H, s, 2xCH3), 2.21 — 2.12 (4H, m, 2xCH,), 1.93 - 1.81 (4H, m,
2xCH,), 1.72 (4H, quin, J = 7.2 Hz, 2xCH,), 1.30 - 1.09 (28H, m,
14xCH,), 0.88 — 0.81 (6H, m, 2xCH3), 0.76 — 0.63 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, DMSO-d6, 25 °C):
§ = 159.8 (2xC), 151.8 (2xC), 140.0 (2xC), 139.8 (2xC), 136.3 (2x CH),
133.9 (2xC), 128.3 (4xCH), 125.7 (2x CH), 122.90 (2x CH), 122.85
(2xCH), 121.1 (2xCH), 120.4 (2xCH), 114.7 (4xCH), 55.5 (C), 55.2
(2xCH;), 49.9 (2xCH,), 49.8 (2xCH,), 40.1 (2xCH,), 31.9 (4x CH,),
30.1 (2xCH,), 30.0 (2xCH,), 26.2 (4xCH,), 25.9 (2xCH,), 24.0
(2xCH,), 22.7 (4xCH,), 13.8 (2x CH;3) ppm

FT-IR (Vpax cm!, film):
2930 (w), 2858 (w), 1517 (w), 1466 (w), 1243 (vs), 1161 (s), 1026 (vs), 636
(vs)

UV-Vis (MeCN): Apnaz = 334 (46500)
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6.3.30 3,3’-((2,7-Di-m-tolyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O 0.0 O

Dibromide 45a: 115 mg, 0.17 mmol
1-methylimidazole: 0.03 mL, 04 mmol

toluene: 2.5 mL 2 CF4S03
KOTf (aq., 1.0 M): 5.0 mL
Reaction time: 18 h N N*
. . (r 0

Yield: 87 mg, 0.089 mmol, 52% (white gum) ;\1 N

|
HRMS (ESI+) Found: 338.2254 [M]?*, 37a
Cy7Hs6Ny, Required: 338.2247 GastlssP e a2

1H NMR (400 MHz, acetone-d6, 25 °C):

§ = 8.96 (2H, s, Ar-H), 7.91 (2H, dd, J = 7.9, 0.4 Hz, 2x Ar-H), 7.81 —
7.77 (2H, m, 2xAr-H), 7.69 (2H, dd, J = 7.8, 1.7 Hz, 2xAr-H), 7.64 —
7.57 (6H, m, 6xAr-H), 7.55 (2H, dd, J = 7.7, 0.6 Hz, 2xAr-H), 7.38 (2H,
t, J = 7.6 Hz, 2xAr-H), 7.23 — 7.17 (2H, m, 2xAr-H), 4.19 (4H, t, J =
7.3 Hz, 2xCH,), 3.99 — 3.94 (6H, m, 2xCHy), 2.42 (6H, s, 2xCH,), 2.24 —
9.15 (4H, m, 2xCH,), 1.71 (4H, quin, J = 7.3 Hz, 2xCH,), 1.18 - 1.06
(8H, m, 4xCH,), 0.74 — 0.63 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.9 (2xC), 141.5 (2xC), 140.5 (2xC), 140.4 (2xC), 138.7 (2xC),
137.0 (2xCH), 129.2 (2xCH), 128.3 (2xCH), 127.9 (2xCH), 126.3
(2xCH), 124.4 (2xCH), 124.1 (2xCH), 122.7 (2xCH), 121.6 (2xCH),
120.5 (2xCH), 55.6 (C), 49.8 (2x CH,), 40.1 (2x CH,), 36.0 (2xCHy),
30.1 (2xCHy), 29.4 (2xCH,), 25.9 (2xCH,), 24.0 (2xCH,), 21.0
(2xCH3) ppm

FT-IR (Vpax cm™, film):
2029 (w), 2857 (w), 2348 (w), 1465 (m), 1255 (vs), 1158 (s), 1030 (vs), 783
(s), 638 (vs)

UV-Vis (MeCN): Aoz = 326 (36000)
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6.3.31 3,3’-((2,7-Di-m-tolyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl))bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O O‘O O

Dibromide 45a: 89 mg, 0.13 mmol
1-octylimidazole: 100 mg, 0.55 mmol

toluene: 2.5 mL 2 CF3S0;
KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol
Reaction time: 18 h N N*

| R
Yield: 281 mg, 0.24 mmol, 70% (orange gum) <5\1\) k,}

)
CeH

HRMS (ESI+) Found: 436.3353 [M]>*, T
Cg1HgyNy, Required: 436.3343 CeaHaaFeN4O6S2

Mol Wt: 1171.50

1H NMR (400 MHz, acetone-d6, 25 °C):
§ =9.11-9.01 (2H, m, 2xAr-H),
7.90 (2H, d, J = 7.8 Hz, 2xAr-H), 7.79 (2H, d, J = 1.2 Hz, 2xAr-H), 7.72
— 7.52 (10H, m, 10xAr-H), 7.41 — 7.34 (2H, m, 2xAr-H), 7.23 — 7.16 (2H,
m, 2xAr-H), 4.26 (4H, t, J = 7.3 Hz, 2xCH,), 4.20 (4H, t, J = 7.2 Hz,
2xCH,), 2.42 (6H, s, 2xCHs), 2.24 — 2.15 (4H, m, 2xCH,), 1.93 — 1.83
(4H, m, 2xCH,), 1.77 — 1.67 (4H, m, 2xCH,), 1.20 — 1.09 (28H, m,
14xCH,), 0.87 — 0.82 (6H, m, 2xCHy), 0.75 — 0.64 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.8 (2xC), 141.5 (2xC), 140.5 (2xC), 140.4 (2xC), 138.7 (2xC),
136.3 (2xCH), 129.2 (2xCH), 128.3 (2xCH), 127.9 (2xCH), 126.2
(2xCH), 124.4 (2xCH), 122.9 (2xCH), 122.8 (2xCH), 121.6 (2xCH),
120.5 (2x CH), 55.6 (C), 49.9 (2x CH,), 49.8 (2x CH,), 40.1 (2xCH,),
31.8 (4xCH,), 30.1 (2xCH,), 30.0 (2xCH,), 30.1 (2xCH,), 26.2
(2xCH,), 25.9 (2xCH,), 24.0 (2xCH,), 22.7 (4xCH,), 21.1 (2x CH),
13.8 (2xCHj) ppm

FT-IR (Vpax cm™, film):
2028 (w), 2857 (w), 2359 (w), 1246 (vs), 1159 (s), 1029 (vs), 637 (vs)

UV-Vis (MeCN): A\jpae = 326 (33200)
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6.3.32 3,3’-((2,7-Di-p-tolyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O 0.0 O

Dibromide 46a: 450 mg, 0.67 mmol
1-octylimidazole: 0.30 ml, 3.8 mmol

toluene: 10.0 mL 2 CF4S0;
KOTf (aq., 1.0 M): 10 mL, 10 mmol
Reaction time: 3 days N N
. ' L S )
Yield: 592 mg, 0.61 mmol, 91% (off-white solid) ;\1 N
!

MP 68.8 - 70.1 °C 38a

c 06S
HRMS (ESI+) Found: 338.2254 [M]*, o 10"

C47H56N4, Required: 338.2247

1H NMR . (400 MHz, acetone-d6, 25 °C):
§ = 8.96 (2H, s, 2xAr-H), 7.88 (2H, d, J = 7.8 Hz, 2xAr-H), 7.79 - 7.74
(2H, m, 2xAr-H), 7.71 - 7.62 (6H, m, 6x Ar-H), 7.61 — 7.57 (4H, m,
AxAr-H), 7.31 (4H, dd, J = 8.4, 0.6 Hz, 2xAr-H), 4.18 (4H, t, J = 7.2
Hz, 2xCH,), 3.95 (6H, s, 2xCH,), 2.38 (6H, s, 2xCHy), 2.24 — 2.14 (4H,
m, 2xCH,), 1.70 (4H, quin, J = 7.3 Hz, 2xCH,), 1.21 — 1.04 (8H, m,
4xCH,), 0.77 - 0.62 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.8 (2xC), 140.3 (2xC), 140.2 (2xC), 138.6 (2xC), 137.2 (2xC),
137.0 (2xCH), 129.9 (4xCH), 127.1 (4xCH), 126.0 (2xCH), 124.1
(2xCH), 122.7 (2xCH), 121.4 (2xCH), 120.5 (2xCH), 55.6 (C), 49.7
(2xCH,), 40.1 (2xCH,), 36.0 (2xCHs), 30.1 (2xCH,), 29.4 (2x CH,),
95.9 (2x CH,), 24.0 (2x CH,), 20.6 (2x CHy) ppm

FT-IR (Vpax cm™, solid):
3112 (w), 2929 (w), 2857 (w), 1466 (m), 1253 (vs), 1156 (s), 1029 (vs), 809
(s), 756 (m), 636 (vs)

UV-Vis (McCN): Apae = 330 (37700)



126 Chapter 6. Experimental details

6.3.33 3,3’-((2,7-Di-p-tolyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl))bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O 0.0 O

Dibromide 46a: 366 mg, 0.54 mmol
1-octylimidazole: 0.60 mI, 3.0 mmol

toluene: 10 mL 2 CF43S0;
KOTf (aq., 1.0 M): 10 mL, 10 mmol
Reaction time: 3 days * N*
. . . (v 0
Yield: 523 mg, 0.43 mmol, 83% (white gum) N N
)
CeH

HRMS (ESI+) Found: 436.3346 [M]2+, O
CﬁlH84N47 Required: 436.3343 Cg3HgaFeN4OsS2

Mol Wt: 1171.50

1H NMR (400 MHz, acetone-d6, 25 °C):
§ = 9.06 (2H, s, 2x Ar-H), 7.88 (2H,
d, J = 7.9 Hz, 2xAr-H), 7.79 — 7.75 (2H, m, 2xAr-H), 7.71 - 7.64 (SH, m,
8xAr-H), 7.62 (2H, t, J = 1.8 Hz, 2xAr-H), 7.35 - 7.26 (4H, m,
AxAr-H), 4.26 (4H, t, J = 7.3 Hz, 2xCH,), 4.20 (4H, t, J = 7.2 Hz,
9% CH,), 2.39 (6H, s, 2x CHy), 2.23 — 2.14 (4H, m, 2xCH,), 1.87 (4H,
quin, J = 7.2 Hz, 2xCH,), 1.72 (4H, quin, J = 7.2 Hz, 2xCH,), 1.30 —
1.22 (20H, m, 10xCH,), 1.17 — 1.07 (8H, m, 4xCH,), 0.87 — 0.82 (6H, m,
2xCHsy), 0.75 - 0.64 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.8 (2xC), 140.3 (2xC), 140.2 (2xC), 138.6 (2xC), 137.2 (2xC),
136.3 (2xCH), 129.9 (4xCH), 127.1 (4xCH), 126.0 (2xCH), 122.91
(2xCH), 122.85 (2xCH), 121.4 (2xCH), 120.5 (2xCH), 55.6 (C), 49.9
(2xCH,), 49.8 (2xCH,), 40.1 (2xCH,), 31.9 (4xCH,), 30.1 (2xCH,),
30.1 (2xCH,), 26.2 (4xCH,), 25.9 (2x CH,), 24.0 (2xCH,), 22.7
(4xCH,), 20.6 (2xCHj), 13.8 (2xCH;) ppm

FT-IR (Vpax cm™, film):
3141 (vw), 2926 (m), 2856 (w), 1466 (m), 1254 (s), 1156 (s), 1029 (vs), 810
(s), 637 (vs)

UV-Vis (MeCN): Apaz = 329 (35100)
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6.3.34 3,3’-((2,7-Di([1,1’-biphenyl]-3-y1)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.23, with the following reagent amounts:
Dibromide 45c: 360 g, 0.45 mmol
1-methylimidazole: 0.10 mL, 1.3 mmol
toluene: 10.0 mL

KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol

Reaction time: 17 h
. . S @)
Yield: 162 mg, 0.15 mmol, 33% (off-white solid) ;\1 N
|
MP 94.6 - 98.0 °C 37e
CaoHeoFsN4O6S
HRMS (ESI+) Found: 400.2414 [M]2+, Mol W: 1099.26

C57H60N4, Required: 400.2404

1H NMR (400 MHz, DMSO-d6, 25 °C):
§ = 9.06 — 8.89 (2H, m, 2xAr-H), 8.04 — 7.88 (6H, m, 6xAr-H), 7.87 -
7.73 (SH, m, 8x Ar-H), 7.71 — 7.65 (2H, m, 2x Ar-H), 7.64 — 7.55 (6H, m,
6x Ar-H), 7.55 — 7.46 (4H, m, 4xAr-H), 7.42 (2H, d, J = 7.5 Hz,
9x Ar-H), 4.18 (4H, t, J = 7.2 Hz, 2xCH,), 3.94 (6H, s, 2x CH), 2.29 -
2.18 (4H, m, 2xCH,), 1.72 (4H, quin, J = 7.3 Hz, 2xCH,), 1.19 - 1.06
(8H, m, 4xCH,), 0.79 — 0.64 (4H, m, 2xCH,) ppm

13C NMR. (101 MHz, DMSO-d6, 25 °C):
§ = 153.0 (2xC), 143.2 (2xC), 143.1 (2xC), 142.4 (2xC), 141.7 (2xC),
141.3 (2xC), 137.9 (2xCH), 130.9 (2xCH), 130.3 (4xCH), 128.9
(2xCH), 128.5 (4xCH), 127.5 (2xCH), 127.4 (2xCH), 127.3 (2xCH),
126.9 (2xCH), 125.1 (2xCH), 123.7 (2xCH), 122.9 (2xCH), 121.7
(2xCH), 56.8 (C), 50.8 (2x CH,), 41.1 (2xCH,), 37.0 (2xCH,), 31.12
(2xCH,), 31.06 (2x CH,), 26.9 (2xCH,), 25.1 (2x CH,) ppm

FT-IR (Vpax cm™, solid):
3111 (vw), 2930 (w), 2857 (w), 1569 (w), 1464 (w), 1253 (s), 1153 (s), 1029
(vs), 758 (s), 636 (vs)

UV-Vis (MeCN): Apae = 327 (41300)
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6.3.35 3,3’-((2,7-Di([1,1’-biphenyl]-3-y1)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.23, with the following reagent amounts:
Dibromide 45c: 285 mg, 0.36 mmol
1-octylimidazole: 0.14 mI, 0.71 mmol

toluene: 10.0 mL

KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol
Reaction time: 17 h + -
Yield: 264 mg, 0.20 mmol, 57% (yellow oil) </’,\'\)\ (,\’,\>

)
CgH
HRMS (ESI+) Found: g CeHi7

37f
498.3529 [M]>*, C7yHggN,, Required: 498.3499 CHasFaN RS,

Mol Wt: 1295.64

1H NMR (400 MHz, acetone-d6, 25 °C):
§ = 9.97 (2H, s, 2x Ar-H), 8.08 — 8.00
(4H, m, 4xAr-H), 7.94 (2H, d, J = 7.8 Hz, 2xAr-H), 7.85 — 7.75 (10H, m,
10xAr-H), 7.70 (2H, t, J = 1.8 Hz, 2xAr-H), 7.67 — 7.62 (2H, m,
2xAr-H), 7.62 — 7.56 (2H, m, 2xAr-H), 7.54 — 7.46 (4H, m, 4xAr-H),
7.42 — 7.35 (2H, m, 2xAr-H), 4.31 — 4.20 (8H, m, 4xCH,), 2.34 - 2.19
(4H, m, 2xCH,), 1.89 - 1.76 (4H, m, 2xCH,), 1.75 - 1.64 (4H, m,
2% CH,), 1.28 — 1.10 (28H, m, 14xCHS,), 0.84 — 0.78 (6H, m, 2xCHsy), 0.77
- 0.67 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 153.3 (2xC), 143.1 (2xC), 143.0 (2xC), 142.3 (2xC), 141.6 (2xC),
141.1 (2xC), 138.0 (2xCH), 130.9 (2xCH), 130.3 (4xCH), 128.8
(2xCH), 128.6 (4xCH), 127.6 (2xCH), 127.4 (2xCH), 127.2 (2x CH),
126.9 (2xCH), 123.8 (2xCH), 123.6 (2xCH), 123.1 (2xCH), 121.7
(2xCH), 56.8 (C), 50.6 (2xCH,), 50.5 (2x CH,), 40.8 (2x CH,), 32.9
(4xCH,), 31.3 (2xCH,), 31.0 (2xCH,), 27.2 (4xCH,), 26.6 (2x CH,),
24.8 (2xCH,), 23.7 (4xCH,), 14.8 (2xCHj3) ppm

FT-IR (Vpax cm™, film):
2925 (m), 2855 (m), 1559 (m), 1464 (s), 1257 (s), 1157 (s), 1030 (s), 757
(vs), 702 (s), 637 (vs)

UV-Vis (MeCN): A\jpar = 328 (46800)
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6.3.36 3,3’-((2,7-Di([1,1’-biphenyl]-4-y1)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.23, with the following reagent amounts:
Dibromide 46¢: 423 mg, 0.53 mmol
1-methylimidazole: 0.10 mL, 1.3 mmol
toluene: 10.0 mL

KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol
Reaction time: 17 h

I\ M
Yield: 81 mg, 0.074 mmol, 14% <?\l\) A}
|

(orange solid)

38e

MP 167.5 - 169.0 °C CsoHeoFsN4OgS2
Mol Wt: 1099.26

HRMS (ESI+) Found: 400.2411 [M]**,
C57H60N4, Required: 400.2404

1H NMR (400 MHz, DMSO-d6, 25 °C):
§ = 8.96 (2H, s, 2xAr-H), 7.95 (2H, d, J = 7.9 Hz, 2xAr-H), 7.92 — 7.86
(6H, m, 6xAr-H), 7.82 — 7.72 (10H, m, 10xAr-H), 7.59 (4H, t, J = 1.9
Hz, 4xAr-H), 7.53 — 7.46 (4H, m, 4xAr-H), 7.43 — 7.36 (2H, m, 2xAr-H),
4.18 (4H, t, J = 7.2 Hz, 2xCH,), 3.93 (6H, s, 2xCHj), 2.29 — 2.18 (4H,
m, 2xCH,), 1.77 — 1.66 (4H, m, 2xCH,), 1.18 — 1.05 (8H, m, 4xCH,),
0.80 — 0.66 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, DMSO-d6, 25 °C):
§ = 152.1 (2xC), 140.7 (4xC), 140.4 (2xC), 140.2 (2xC), 139.7 (2xC),
137.0 (2xCH), 129.3 (4xCH), 127.8 (2xCH), 127.74 (4xCH), 127.71
(4xCH), 127.1 (4xCH), 126.2 (2xCH), 124.1 (2xCH), 122.7 (2xCH),
121.6 (2xCH), 120.7 (2xCH), 55.7 (C), 49.8 (2xCH,), 40.1 (2x CH,),
36.0 (2xCHs), 30.1 (2xCH,), 30.1 (2xCH,), 25.9 (2xCH,), 24.0
(2xCHj,) ppm

FT-IR (Vpax cmt, solid):
2062 (w), 2857 (w), 1466 (m), 1254 (s), 1152 (s), 1029 (vs), 820 (m), 763
(s), 636 (vs)

UV-Vis (MeCN): Aoz = 339 (48400)
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6.3.37 3,3’-((2,7-Di([1,1’-biphenyl]-4-y1)-9 H-fluorene-9,9-
diyl) bis(hexane-6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.23, with the following reagent amounts:
Dibromide 46¢: 312 mg, 0.39 mmol
1-octylimidazole: 0.15 mI, 0.76 mmol

toluene: 10.0 mL

KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol

Reaction time: 17 h </\J+ ,[,&
Yield: 290 mg, 0.22 mmol, 57% N N
(yellow gum) CeH17 Sotirr
38f
HRMS (ESI+) Found: 498.3509 [M]>*, CHFIN O,
C1HggNy, Required: 498.3499 Mol Wt: 1295.64

1H NMR (400 MHz, acetone-d6, 25 °C):
§ = 9.06 (2H, t, J = 1.5 Hz, 2xAr-H), 7.95 (2H, d, J = 7.9 Hz, 2x Ar-H),
7.93 — 7.86 (6H, m, 6x Ar-F), 7.84 — 7.70 (10H, m, 10x Ar-F), 7.67 (2H,
app. t, J = 1.8 Hz, 2xAr-H), 7.63 (2H, app. t, J = 1.8 Hz, 2xAr-H), 7.54
746 (4H, m, 4xAr-H), 7.43 — 7.36 (2H, m, 2x Ar-H), 4.31 — 4.15 (8H, m,
AxCH,), 2.31 - 2.17 (4H, m, 2xCH,), 1.93 - 1.79 (4H, m, 2xCH,), 1.72
(4H, quin, J = 7.2 Hz, 2xCH,), 1.20 — 1.09 (28H, m, 14x CHL,), 0.90 —
0.80 (6H, m, 2xCHs), 0.79 — 0.65 (4H, m, 2x CH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 152.1 (2xC), 140.69 (2xC), 140.67 (2xC), 140.4 (2xC), 140.1 (2xC),
139.7 (2xC), 136.3 (2xCH), 129.3 (4xCH), 127.8 (2xCH), 127.74
(4xCH), 127.70 (4xCH), 127.1 (4xCH), 126.2 (2xCH), 122.9 (2xCH),
122.9 (2xCH), 121.6 (2xCH), 120.7 (2xCH), 55.7 (C), 49.9 (2xCH,),
49.8 (2xCH,), 40.1 (2xCH,), 31.9 (2xCH,), 30.1 (2xCH,), 30.0
(2xCH,), 29.2 (2xCH,), 29.0 (2xCH,), 26.2 (2xCH,), 25.8 (2xCH,),
24.0 (2xCH,), 22.7 (2xCH,), 13.8 (2xCHj3) ppm (2xCH, coincident with

another unidentifiable signal)

FT-IR (Vpax cm™, film):
2927 (m), 2856 (w), 1466 (m), 1253 (vs), 1154 (s), 1029 (vs), 821 (m), 766
(s), 636 (vs)

UV-Vis (MeCN): Apae = 339 (54200)
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6.3.38 3,3’-((2-(3-Methoxyphenyl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.23, with the following reagent amounts:
Dibromide 42a: 575 mg, 0.96 mmol
1-methylimidazole: 0.31 mL, 3.9 mmol
toluene: 10.0 mL

KOTf (aq., 1.0 M): 5.0 mL, 5.0 mmol

Reaction time: 16 h N* N*
) | (0
Yield: 813 mg, 0.90 mmol, 94% (yellow oil) ;\1 N
|
HRMS (ESI+) Found: 301.1994 [M]**, 35¢
C40I_I50N407 Required: 301.1987 C4oH50FeN4O7So
Mol Wt: 900.99

1H NMR (400 MHz, acetone-d6, 25 °C):
§ = 8.98 (2H, s, 2x Ar-H), 7.87 (1H, dd, J = 7.9, 0.5 Hz, Ar-H), 7.84 —
7.81 (1H, m, Ar-H), 7.77 (1H, dd, J = 1.7, 0.5 Hz, Ar-H), 7.68 (1H, dd, J
= 7.8, 1.7 Hz, Ar-H), 7.62 (4H, app. d, J = 1.7 Hz, 4xAr-H), 7.49 — 7.45
(1H, m, Ar-H), 7.43 — 7.38 (1H, m, Ar-H), 7.38 — 7.30 (3H, m, 3xAr-H),
7.28 — 7.25 (1H, m, Ar-H), 6.95 (1H, ddd, J = 8.1, 2.5, 1.0 Hz, Ar-H), 4.19
(4H, t, J = 7.3 Hz, 2xCH,), 3.97 (6H, s, 2xCH,), 3.88 (3H, s, CHs), 2.20
~2.06 (4H, m, 2xCH,), 1.71 (4H, quin, J = 7.2 Hz, 2xCH,), 1.17 - 1.02
(8H, m, 4xCH,), 0.72 — 0.54 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 160.6 (C), 151.5 (C), 151.0 (C), 142.9 (C), 141.1 (C), 141.0 (C), 140.1
(C), 136.9 (2xCH), 130.3 (CH), 127.6 (CH), 127.3 (CH), 126.2 (CH),
124.1 (2xCH), 123.3 (CH), 122.6 (2xCH), 121.6 (CH), 120.4 (CH), 120.1
(CH), 119.6 (CH), 113.0 (CH), 112.8 (CH), 55.3 (C), 55.1 (CHj), 49.7
(2xCH,), 40.0 (2xCH,), 35.9 (2xCHs), 30.1 (2xCH,), 25.8 (2x CH,),
23.9 (2xCH,) ppm (2xCH, coincident with another unidentifiable signal)

FT-IR (Vpax cm™, film):
3153 (w), 3114 (w), 2039 (w), 2861 (w), 1570 (m), 1252 (vs), 1157 (s), 1028
(vs), 744 (m), 637 (vs)

UV-Vis (MeCN): Apae = 314 (24500)
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6.3.39 3,3’-((2-(3-Methoxyphenyl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.23, with the following reagent amounts:
Dibromide 42a: 175 mg, 0.29 mmol
1-octylimidazole: 0.30 mI, 1.8 mmol

toluene: 10.0 mL

KOTf (aq., 1.0 M): 10.0 mL, 10.0 mmol

Reaction time: 19 h * N*
/ 1\
) . (50D

Yield: 230 mg, 21 mmol, 72% (orange oil)

2 CF3S03

{ |
CBH17 CgH17

HRMS (ESI+) Found: 399.3086 [M]?* 354
Cs,4H75N,4O, Required: 399.3082 CacHreFeN:OsSs
Mol Wt: 1097.37

1H NMR (400 MHz, acetone-d6, 25 °C):
§=9.08 (2H, t, J = 1.4 Hz,
2xAr-H), 7.87 (1H, d, J = 7.9 Hz, Ar-H), 7.84 — 7.81 (1H. m, Ar-H), 7.76
(1H, d, J = 1.2 Hz, Ar-H), 7.72 (2H, app. t, J = 1.8 Hz, 2xAr-H),
7.69-7.64 (3H, m, 3xAr-H), 7.49 - 7.45 (1H, m, Ar-H), 7.38 - 7.30 (4H, m,
AxAr-H), 7.28 - 7.24 (1H, m, Ar-H), 6.95 (1H, ddd, J = 8.1, 2.5, 1.0 Hz,
Ar-H), 4.29 (4H, t, J = 7.3 Hz, 2xCH,), 4.21 (4H, t, J = 7.2 Hz,
2% CH,), 3.88 (3H, s, OCHy), 2.20 — 2.09 (4H, m, 2x CH,), 1.89 (4H,
quin,J = 6.8, 2xCH,), 1.72 (4H, quin, J = 7.1 Hz, 2xCH,), 1.32 — 1.23
(20H, m, 10xCH,), 1.16 — 1.06 (SH, m, 4xCH,), 0.88 — 0.82 (6H, m,
2xCHsy), 0.72 - 0.56 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 160.7 (C), 151.5 (C), 151.0 (C), 143.0 (C), 141.1 (C), 141.0 (C), 140.1
(C), 136.3 (2xCH), 130.3 (CH), 127.6 (CH), 127.3 (CH), 126.2 (CH),
123.3 (CH), 122.93 (2xCH), 122.87 (2xCH), 121.7 (CH), 120.4 (CH),
120.2 (CH), 119.6 (CH), 113.0 (CH), 112.8 (CH), 55.4 (CH,), 55.1 (C),
49.9 (2xCH,), 49.8 (2xCH,), 40.0 (2xCH,), 31.9 (4xCH,), 30.1
(2xCH,), 30.07 (2xCH,), 30.05 (2xCH,), 29.2 (2xCH,), 29.0 (2x CH,),
26.2 (4xCH,), 25.9 (2xCH,), 23.9 (2xCH,), 22.7 (4xCH,), 13.8
(2xCH3) ppm

FT-IR (Vpax cm™, film):
3113 (w), 2936 (m), 2860 (w), 1570 (m), 1254 (vs), 1158 (s), 1029 (vs), 743
(s), 637 (vs)

UV-Vis (MeCN): Aoz = 314 (28800)
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6.3.40 3,3’-((2-(4-Methoxyphenyl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O.Q O
Dibromide 43a: 128 mg, 0.21 mmol
1-methylimidazole: 0.10 mL, 1.3 mmol
toluene: 10.0 mL

KOTf (aq., 1.0 M): 10.0 mL, 10.0 mmol

o
\

2 CF3S03

Reaction time: 16 h N+ N*
| e of {3 L)
Yield: 122 mg, 0.14 mmol, 64% (white oil) N N
\
HRMS (ESI+) Found: 301.1994 [M]?*, 36¢
C40I_I50N407 Required: 301.1987 C4oH50FeN4O6So
Mol Wt: 900.99

1H NMR (400 MHz, acetone-d6, 25 °C):
§ = 8.99 (2H, s, 2xAr-H), 7.88 — 7.78 (2H, m, 2xAr-H), 7.74 - 7.60 (8H,
m, 8xAr-H), 7.48 — 7.43 (1H, m, Ar-H), 7.39 — 7.30 (2H, m, 2xAr-H),
7.10 - 7.02 (2H, m, 2xAr-H), 4.20 (4H, t, J = 7.3 Hz, 2xCH,), 3.98 (61,
s, 2xCHy), 3.85 (3H, s, CHy), 2.19 — 2.09 (4H, m, 2xCH,), 1.71 (4H,
quin, J = 7.2 Hz, 2xCH,), 1.16 — 1.05 (8H, m, 4xCH,), 0.71 — 0.55 (41,
m, 2x CH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 159.8 (C), 151.5 (C), 150.9 (C), 141.3 (C), 140.2 (C), 140.0 (C), 137.0
(CH), 133.9 (C), 128.3 (2xCH), 127.4 (CH), 127.3 (CH), 125.7 (CH),
124.2 (2xCH), 123.3 (CH), 122.7 (2xCH), 121.1 (CH), 120.4 (CH), 120.2
(CH), 120.0 (CH), 114.7 (2xCH), 55.4 (CHjs), 55.2 (C), 49.8 (2xCHS,),
40.1 (2xCH,), 36.0 (2xCH,), 30.1 (4xCH,), 25.9 (2xCH,), 23.9
(2xCH,) ppm

FT-IR (Vpax cm!, film):
2928 (w), 2856 (w), 1739 (w), 1452 (m), 1253 (vs), 1146 (vs), 1029 (vs),
826 (m), 744 (m), 637 (vs)

UV-Vis (MeCN): Az = 313 (26000)
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6.3.41 3,3’-((2-(4-Methoxyphenyl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: O‘O O
Dibromide 43a: 101 mg, 0.17 mmol ?
1-octylimidazole: 0.20 mI, 1.0 mmol

toluene: 10.0 mL

KOTf (aq., 1.0 M): 10 mL, 10 mmol

Reaction time: 16 h </\;\\1+ ,;,+,>
Yield: 125 mg, 0.11 mmol, 67% (off-white gum) ll\l) kN
|
CeH
HRMS (ESI4) Found: 399.3089 [M]?*, o 164 Caftr7
Cs,4H75N,4O, Required: 399.3082 CosbraFaNeOuSz
Mol Wt: 1097.37

1H NMR (400 MHz, acetone-d6, 25 °C):
§ =9.07 (2H, t, J = 1.5 Hz,
9xAr-H), 7.83 (1H, d, J = 7.8 Hz, Ar-H), 7.80 (1H, s, Ar-H), 7.74 - 7.58
(8H, m, 8xAr-H), 7.48 - 7.43 (1H, m, Ar-H), 7.38 - 7.29 (2H, m, 2xAr-H),
7.09 - 7.02 (2H, m, 2xAr-H), 4.28 (4H, t, J = 7.3 Hz, 2xCH,), 4.21 (4H, t,
J = 7.2 Hz, 2xCH,), 3.85 (3H, s, CHy), 2.18 - 2.09 (4H, m, 2xCH,), 1.94
~1.83 (4H, m, 2xCH,), 1.78 - 1.65 (4H, m, 2xCH,), 1.31 - 1.08 (28H, m,
14xCHy,), 0.88 - 0.82 (6H, m, 2xCHy), 0.71 - 0.54 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 159.7 (C), 15L.5 (C), 150.9 (C), 141.2 (C), 140.2 (C), 140.0 (C), 136.3
(CH), 133.8 (C), 128.3 (2xCH), 127.4 (CH), 127.3 (CH), 125.6 (CH),
123.2 (CH), 122.93 (2xCH), 122.86 (2xCH), 121.5 (q, J = 321.1,
2xCFy), 121.1 (CH), 120.4 (CH), 120.0 (CH), 114.6 (2xCH), 55.3 (C),
55.1 (2x CHy), 49.9 (2x CH,), 49.8 (2xCH,), 40.1 (2xCH,), 31.8
(2xCHy), 30.11 (2xCHy), 30.06 (2x CHy), 30.0 (2x CHy), 29.2 (2x CH,),
20.0 (2x CHy), 26.2 (2xCH,), 25.8 (2xCH,), 23.9 (2xCH,), 22.7
(2xCH,), 13.8 (2xCHj3) ppm

FT-IR (Vpax cm™, film):
2035 (w), 2560 (w), 1622 (m), 1245 (vs), 1159 (s), 1030 (vs), 637 (vs), 577
(s)

UV-Vis (MeCN): Aoz = 313 (11200)
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6.3.42 3,3’-((2-(p-Tolyl)-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: 0.0 O

Dibromide 43b: 851 mg, 1.42 mmol
1-methylimidazole: 0.23 mL, 2.8 mmol

toluene: 10.0 mL 2 CF4S0;
KOTf (aq., 1.0 M): 20 mL, 20 mmol
Reaction time: 20 h N N*
) | (v 0

Yield: 880 mg, 0.99 mmol, 70% (off-white gum) ;\1 N

|
HRMS (ESI+) Found: 293.2018 [M]?*, 36a
CyoH50Ny, Required: 293.2012 CaaHs0FsN406S2

Mol Wt: 884.99
1H NMR . (400 MHz, acetone-d6, 25 °C):

§ = 8.99 (2H, s, 2xAr-H), 7.86 (1H, d, J = 7.9 Hz, Ar-H), 7.84 - 7.80 (1H,
m, Ar-H), 7.75 (1H, d, J = 1.1 Hz, Ar-H), 7.68 - 7.61 (7TH, m, 7xAr-H),
7.49 - 7.45 (1H, m, Ar-H), 7.37 - 7.28 (4H, m, 4xAr-H), 4.20 (4H, t, J =
7.2 Hz, 2xCH,), 3.98 (6H, s, 2xCHy), 2.38 (3H, s, CH), 2.19 - 2.09 (4H,
m, 2xCH,), 1.71 (4H, quin, J = 7.1 Hz, 2xCH,), 1.15 - 1.04 (SH, m,
4xCH,), 0.70 - 0.55 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.5 (C), 151.0 (C), 141.2 (C), 140.6 (C), 140.2 (C), 138.6 (C), 137.2
(C), 137.0 (2xCH), 129.9 (2xCH), 127.5 (CH), 127.3 (CH), 127.1
(2xCH), 125.9 (CH), 124.1 (2xCH), 123.3 (CH), 122.7 (2xCH), 121.4
(CH), 120.4 (CH), 120.1 (CH), 55.4 (C), 49.8 (2xCH,), 40.1 (2xCH,),
36.0 (2xCHj), 30.1 (2xCH,), 29.4 (2xCH,), 25.9 (2xCH,), 23.9
(2xCH,), 20.5 (CH3) ppm

FT-IR (Vyax cm!, film):
3113 (w), 2930 (w), 2858 (w), 1570 (w), 1451 (w), 1253 (vs), 1154 (s), 1028
(vs), 816 (m), 743 (m), 636 (vs)

UV-Vis (MeCN): Apaz = 294 (27300)
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6.3.43 3,3’-((2-(p-Tolyl)-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl))bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: 0.0 O

Dibromide 43b: 707 mg, 1.18 mmol
1-octylimidazole: 0.47 mL, 2.36 mmol

2 CF3803
toluene: 10.0 mL
KOTf (aq., 1.0 M): 10 mL, 10 mmol
Reaction time: 20 h </\\+ r}1+~§
Yield: 1.27 g, 1.17 mmol, 99% (off-white gum) 5\1) AN

|

CeH

HRMS (ESI+) Found: 391.3117 [M]?*, S 36(;8“‘7
Cs,H7gN,, Required: 391.3108 CaathaFaN OGS,
'H NMR (400 MHz, acetone-d6, 25 °C): Mol W: 1081.37

§=9.09 (2H, t, J = 1.5 Hz,

2% Ar-H), 7.85 (1H, dd, J = 7.9, 0.4 Hz, Ar-H), 7.83 - 7.79 (1H, m, Ar-H),
7.75 (1H, dd, J = 1.8, 0.5 Hz, Ar-H), 7.72 (2H, t, J = 1.8 Hz, 2xAr-H),
7.68 - 7.62 (5H, m, 5x Ar-H), 7.49 - 7.44 (1H, m, Ar-H), 7.36 - 7.27 (4H,
m, 4xAr-H), 4.29 (4H, t, J = 7.3 Hz, 2xCH,), 4.21 (4H, t, J = 7.2 Hz,
2xCH,), 2.38 (3H, s, CHy), 2.21 - 2.09 (4H, m, 2xCH,), 1.96 - 1.83 (4H,
m, 2xCH,), 1.78 - 1.66 (4H, m, 2xCH,), 1.31 - 1.08 (28H, m, 14xCH,),
0.87 - 0.83 (6H, m, 2xCHy3), 0.73 - 0.53 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.5 (C), 151.0 (C), 141.2 (C), 140.6 (C), 140.2 (C), 138.6 (C), 137.2
(C), 136.3 (2xCH), 129.9 (2xCH), 127.5 (CH), 127.3 (CH), 127.1
(2xCH), 125.9 (CH), 123.3 (CH), 122.93 (2xCH), 122.87 (2xCH), 121.4
(CH), 120.4 (CH), 120.1 (CH), 55.3 (C), 49.9 (2xCH,), 49.8 (2xCH,),
40.1 (2xCH,), 31.9 (4xCH,), 30.14 (2x CH,), 30.06 (2xCH,), 26.2
(4xCH,), 25.8 (2xCH,), 23.9 (2xCH,), 22.7 (4xCH,), 20.5 (CH;), 13.8
(2xCH3) ppm

FT-IR (Vpax cm™, film):
3142 (w), 3107 (w), 2928 (m), 2857 (w), 1560 (w), 1465 (m), 1253 (s), 1156
(s), 1029 (vs), 636 (vs)

UV-Vis (MeCN): Aoz = 294 (21300)
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6.3.44 3,3’-((2-([1,1’-Biphenyl]-3-yl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: 0.0 Q

Dibromide 42d: 619 mg, 0.96 mmol

1-methylimidazole: 0.23 mL, 2.87 mmol Q
toluene: 10.0 mL
KOTf (aq., 1.0 M): 10 mL, 10 mmol 2 CF3S0s
Reaction time: 16 h + -
' ion ti | [J Z ’X
Yield: 315 mg, 0.33 mmol, 35% (off-white gum) ;\1 N
|
HRMS (ESI+) Found: 324.2092 [M]**, 356
C45H52N4, Required: 324.2091 C47H50FgN4O6So

Mol Wt: 947.07
1H NMR (400 MHz, acetone-d6, 25 °C):

§ = 8.97 (2H, s, 2xAr-H), 7.99 (1H, td, J = 1.8, 0.5 Hz, Ar-H), 7.94 —
7.88 (2H, m, 2x Ar-H), 7.87 — 7.83 (1H, m, Ar-H), 7.81 — 7.73 (4H, m,
4xAr-H), 7.69 — 7.56 (6H, m, 6xAr-H), 7.54 — 7.46 (3H, m, 3xAr-H),
7.43 - 7.31 (3H, m, 3xAr-H), 4.19 (4H, t, J = 7.2 Hz, 2x CH,), 3.96 (6H,
s, 2x CHy), 2.23 — 2.07 (4H, m, 2x CH,), 1.77 - 1.66 (4H, m, 2xCH,),
1.19 — 1.01 (8H, m, 4x CH,), 0.74 — 0.54 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.6 (C), 151.0 (C), 142.2 (C), 142.1 (C), 141.3 (C), 141.13 (C),
141.07 (C), 140.2 (C), 137.0 (2xCH), 129.9 (CH), 129.3 (2xCH), 127.8
(CH), 127.7 (CH), 127.44 (2xCH), 127.36 (CH), 126.4 (2xCH), 126.2
(CH), 125.8 (CH), 124.1 (2xCH), 123.3 (CH), 122.7 (2xCH), 121.8 (CH),
120.5 (CH), 120.2 (CH), 55.4 (C), 49.8 (2xCH,), 40.1 (2xCH,), 36.0
(2xCH;), 30.1 (2xCH,), 29.4 (2xCH,), 25.9 (2xCH,), 23.9 (2xCH,)
ppm

FT-IR (Vpax cm™, film):
3115 (w), 2938 (w), 1575 (m), 1251 (vs), 1157 (s), 1049 (w), 758 (s), 636
(vs)

UV-Vis (MeCN): Aoz = 290 (25800)
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6.3.45 3,3’-((2-([1,1’-Biphenyl]-3-yl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: 0.0 O
Dibromide 42d: 579 mg, 0.90 mmol

1-octylimidazole: 0.54 mL, 2.73 mmol Q
toluene: 10.0 mL

KOTf (aq., 1.0 M): 10 mL, 10 mmol 2 CF3S03
Reaction time: 16 h </\J+ ’7‘(’\>
Yield: 144 mg, 0.13 mmol, 14% (off-white oil) N N
HRMS (ESI+) Found: 422.3197 [M]?*, Caftr ol
CsoHgoNy, Required: 422.3186 G HagFaNeORS,s
IH NMR (400 MHz, acetone-d6, 25 °C): Mol Wt: 1143.44

§ =9.07 (2H, t, J = 1.6 Hz,

2xAr-H), 7.99 (1H, t, J = 1.6 Hz, Ar-H), 7.93 — 7.88 (2H, m, 2xAr-H),
7.87 - 7.83 (1H, m, Ar-H), 7.80 — 7.74 (4H, m, 4xAr-H), 7.72 - 7.63 (5H,
m, 5xAr-H), 7.62 — 7.57 (1H, m, Ar-H), 7.54 — 7.45 (3H, m, 3xAr-H),
7.43 ~ 7.34 (3H, m, 3xAr-H), 4.28 (4H, t, J = 7.3 Hz, 2xCH,), 4.21 (4H,
t, J = 7.2 Hz, 2xCH,), 2.23 - 2.07 (4H, m, 2xCH,), 1.93 - 1.84 (4H, m,
9% CH,), 1.72 (4H, quin, J = 7.2 Hz, 2xCH,), 1.30 — 1.10 (28H, m,
14xCH,), 0.87 — 0.81 (6H, m, 2xCHy), 0.74 — 0.56 (4H, m, 2x CH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ =151.6 (C), 151.0 (C), 142.2 (C), 142.1 (C), 141.4 (C), 141.2 (C), 141.1
(C), 140.2 (C), 136.3 (2xCH), 129.9 (CH), 129.3 (2xCH), 127.8 (CH),
127.7 (CH), 127.45 (2xCH), 127.36 (CH), 126.4 (CH), 126.2 (CH), 125.8
(CH), 123.3 (CH), 122.94 (2xCH), 122.88 (2xCH), 121.8 (CH), 120.5
(CH), 120.2 (CH), 120.1 (CH), 55.5 (C), 49.9 (2xCHy,), 49.8 (2xCH,),
40.1 (2xCH,), 31.9 (4xCH,), 30.14 (2xCH,), 30.06 (2xCH,), 26.2
(4xCH,), 25.9 (2xCH,), 23.9 (2xCH,), 22.7 (4xCH,), 13.8 (2x CH,)
ppm

FT-IR (Vpax cm™, film):
3106 (w), 2930 (m), 2858 (m), 1560 (m), 1456 (m), 1253 (vs), 1155 (s),
1029 (vs), 757 (s), 636 (vs)

UV-Vis (MeCN): Apae = 291 (27600)



6.3. Fluorene-based smart inks 139

6.3.46 3,3’-((2-([1,1’-Biphenyl]-4-y1)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: 0.0 O O

Dibromide 43c: 269 mg, 0.42 mmol
1-methylimidazole: 0.10 mL, 1.3 mmol

toluene: 10 mL 2 CF3S0;
KOTf (aq., 1.0 M): 10 mL, 10 mmol
Reaction time: 16 h JN N*

\ 7\
Yield: 135 mg, 0.14 mmol, 34% (orange oil) <;\1\) k,\:>

|

HRMS (ESI+) Found: 324.2098 [M]?*, 36e
C45H52N4, Required: 324.2091 C47Hs50FgN406S2

Mol Wt: 947.07
1H NMR . (400 MHz, acetone-d6, 25 °C):

§ =8.98 (2H, s, 2xAr-H), 7.94 - 7.71
(10H, m, 10xAr-H), 7.65 - 7.61 (4H, m, 4xAr-H), 7.53 — 7.45 (3H, m,
3xAr-H), 7.42 - 7.32 (3H, m, 3xAr-H), 4.20 (4H, t, J = 7.2 Hz, 2xCH,),
4.02 - 3.93 (6H, m, 2xCH3), 2.28 - 2.09 (4H, m, 2xCH,), 1.78 - 1.66 (4H,
m, 2xCH,), 1.20 - 1.04 (8H. m, 4xCHy), 0.75 — 0.55 (4H, m, 2x CH,)
ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.6 (C), 151.0 (C), 141.1 (C), 141.0 (C), 140.7 (C), 140.4 (C), 140.1
(C), 139.6 (C), 137.0 (2xCH), 129.3 (2xCH), 127.8 (CH), 127.72
(2xCH), 127.69 (3xCH), 127.4 (CH), 127.1 (2xCH), 126.1 (CH), 124.2
(2xCH), 123.3 (CH), 122.7 (2xCH), 121.5 (CH), 120.5 (CH), 120.2 (CH),
55.4 (C), 49.8 (2xCH,), 40.1 (2xCHy,), 36.0 (2xCHj), 30.1 (2x CH,),
29.40 (2xCH,), 25.9 (2xCHy,), 23.9 (2x CH,) ppm

FT-IR (Vyax cm!, film):
3567 (w), 3115 (w), 2938 (w), 1572 (m), 1250 (vs), 1158 (s), 1029 (vs), 744
(m), 636 (vs)

UV-Vis (MeCN): Anar = 319 (33200)
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6.3.47 3,3’-((2-([1,1’-Biphenyl]-4-y1)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.23, with the following reagent amounts: 0.0 O

Dibromide 43c: 226 mg, 0.35 mmol
1-octylimidazole: 0.21 mI, 1.1 mmol

toluene: 10 mL 2 CF4S03
KOTf (aq., 1.0 M): 10 mL, 10 mmol

Reaction time: 16 h [J+ ’[S
Yield: 322 mg, 0.28 mmol, 80% (off-white gum) N N
HRMS (ESI+) Found: 422.3197 [M]2+, Cattr Cattr
CsoHgoN,, Required: 422.3186 C61H803FZ:40682
1H NMR (400 MHz, acetone-d6, 25 °C): Mol Wt 1143.44

§ =9.08 (2H, t, J = 1.5 Hz,

2xAr-H), 7.92 - 7.65 (14H, m, 14xAr-H), 7.53 — 7.46 (3H, m, 3xAr-H),
7.42 - 7.33 (3H, m, 3xAr-H), 4.27 (4H, t, J = 7.3 Hz, 2xCH,), 4.21 (4H,
t, J = 7.2 Hz, 2xCH,), 2.22 — 2.09 (4H, m, 2xCH,), 1.93 — 1.83 (4H, m,
2xCH,), 1.72 (4H, quin, J = 7.2 Hz, 2xCH,), 1.31 — 1.09 (28H, m,
14xCH,), 0.89 — 0.79 (6H, m, 2xCHj3), 0.74 — 0.58 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.6 (C), 151.0 (C), 141.1 (C), 141.0 (C), 140.7 (C), 140.4 (C), 140.1
(C), 139.6 (C), 136.3 (2xCH), 129.3 (2xCH), 127.8 (CH), 127.72
(2xCH), 127.69 (2xCH), 127.4 (CH), 127.0 (2xCH), 126.0 (CH), 123.33
(CH), 123.30 (CH), 122.93 (2xCH), 122.87 (2xCH), 121.5 (CH), 120.5
(CH), 120.2 (CH), 55.4 (C), 49.9 (2xCH,), 49.8 (2xCH,), 40.1 (2xCH,),
31.9 (2xCH,), 30.1 (2xCH,), 30.0 (2xCH,), 29.2 (2xCH,), 29.0
(2xCH,) 26.2 (2xCH,), 25.8 (2xCH,), 23.9 (2xCH,), 22.7 (2xCH,),
13.8 (2xCHj) ppm

FT-IR (Vpax cm™, film):
3106 (w), 2930 (m), 2858 (m), 1560 (m), 1456 (m), 1251 (s), 1156 (s), 1029
(vs), 636 (vs)

UV-Vis (MeCN): Apar = 318 (37800)
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6.3.48 3,3’-((2-Phenyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl))bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.25, with the following reagent amounts: 0.0 O

Dibromide 42b: 1.06 g, 1.87 mmol
1-octylimidazole: 1.48 ml, 7.38 mmol

2 CF3S0;
toluene: 20 mL
KOTf (aq., 1.0 M): 20 mL, 20 mmol
Reaction time: 2 days </\\+ N+~§
A
Yield: 1.55 g, 1.45 mmol, 77% (off-white gum) 5\1) AN
)
CeH
HRMS (ESI+) Found: 384.3039 [M]2+, S 35 Gz
Cs3H76N,, Required: 384.3030 CasHreFeNsOgS2
Mol Wt: 1067.35

1H NMR . (400 MHz, acetone-d6, 25 °C):
§ =9.07 (2H, t, J = 1.6 Hz,
2% Ar-H), 7.87 (1H, dd, J = 7.9, 0.6 Hz, Ar-H), 7.84-7.80 (1H, m, Ar-H),
7.77-7.73 (3H, m, 3xAr-H), 7.72-7.64 (5H, m, 5xAr-H), 7.51-7.45 (3H, m,
3xAr-H), 7.39-7.31 (3H, m, 3xAr-H), 4.28 (41, t, J = 7.3 Hz, 2xCH,),
4.21 (4H, t, J = 7.2 Hz, 2xCH,), 2.12 (4H, m, 2xCH,), 1.94-1.84 (4H, m,
9% CH,), 1.72 (4H, quin, J = 7.3 Hz, 2xCH,), 1.31-1.06 (28H, m,
14xCH,), 0.88-0.82 (6H, m, 2xCHs), 0.70-0.55 (4H, m, 2x CH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.5 (C), 151.0 (C), 141.5 (C), 141.1 (C), 140.9 (C), 140.2 (C), 136.3
(2xCH), 129.2 (2xCH), 127.6 (CH), 127.5 (CH), 127.3 (CH), 127.2
(2xCH), 126.1 (CH), 123.3 (CH), 122.93 (2xCH), 122.87 (2x CH), 121.6
(CH), 121.5 (2C, q, J = 320.6 Hz, 2x CF4S04), 120.4 (CH), 120.1 (CH),
55.4 (C), 49.9 (2xCH,), 49.8 (2xCH,), 40.1 (2xCH,), 31.8 (4x CH,), 30.1
(2x CH,), 30.1 (2xCH,), 30.0 (2xCH,), 26.2 (2x CH,), 25.8 (2x CH,),
23.9 (2xCH,), 22.7 (4xCH,), 13.8 (2xCHs) ppm

FT-IR (Vpax cm™, film):
3523 (w), 2929 (w), 2858 (w), 1455 (w), 1252 (vs), 1159 (s), 1030 (vs), 764
(m), 638 (vs), 576 (m)

UV-Vis (MeCN): Apae = 313 (17700)
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6.3.49 3,3’-((2,7-Diphenyl-9 H-fluorene-9,9-diyl) bis(hexane-6,1-
diyl))bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in

6.3.26, with the following reagent amounts: O O.Q O

Dibromide 45d: 418 mg, 0.65 mmol

1-octylimidazole: 0.51 ml, 2.6 mmol

toluene: 20 mL 2 CF3SO;

KOTf (aq., 1.0 M): 20 mL, 20 mmol

Reaction time: 3.5 days N* N+
. . [ ) I \
Yield: 644 mg, 0.56 mmol, 87% (off-white gum) N N
|
HRMS (ESI+) Found: 422.3191 [M]>*, G gy O
Cs9HgoNy, Required: 422.3186 Ce1HaoFN4O6S2
Mol Wt: 1143.44

1H NMR (400 MHz, acetone-d6, 25 °C):
§ =9.07 (2H, t, J = 1.5 Hz,
2x Ar-H), 7.92 (2H, dd, J = 7.8, 0.5 Hz, 2xAr-H), 7.81 (2H, dd, J = 1.7,
0.6 Hz, 2x Ar-H), 7.79-7.76 (4H, m, 4x Ar-H), 7.72-7.67 (4H, m, 4x Ar-H),
7.63 (2H, t, J = 1.8 Hz, 2xAr-H), 7.53-7.46 (4H, m, 4x Ar-H), 7.41-7.35
(2H, m, 2xAr-H), 4.27 (4H, t, J = 7.3 Hz, 2xCH,), 4.20 (4H, t, J = 7.3
Hz, 2xCH,), 2.26-2.16 (4H, m, 2xCH,), 1.93-1.82 (4H, m, 2xCH,), 1.72
(4H, quin, J = 7.2 Hz, 2xCH,), 1.31-1.09 (28H, m, 14x CH,), 0.88-0.82
(6H, m, 2xCHj), 0.75-0.65 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
6 =151.9 (2xC), 141.5 (2xC), 140.6 (2xC), 140.3 (2xC), 136.3 (2xCH),
129.3 (4xCH), 127.6 (2xCH), 127.3 (4xCH), 126.3 (2xCH), 122.93
(2xCH), 122.86 (2xCH), 121.7 (2xCH), 120.6 (2xCH), 55.6 (C), 49.9
(2xCH,), 49.8 (2xCH,), 40.1 (2xCH,), 31.9 (2xCH,), 30.13 (2xCH,),
30.06 (2xCH,), 29.4 (2xCH,), 29.2 (2xCH,), 29.0 (2xCH,), 26.2
(2xCH,), 25.9 (2xCH,), 24.0 (2xCH,), 22.7 (2xCH,), 13.8 (2x CHs)
ppm

FT-IR (Vpax cm™, film):
3108 (vw), 2928 (m), 2857 (w), 1465 (m), 1254 (vs), 1156 (s), 1030 (vs),
762 (s), 637 (vs), 573 (m)

UV-Vis (MeCN): Apaz = 327 (40400)
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6.3.50 3,3’-((2-(Phenanthren-9-yl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-methyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.26, with the following reagent amounts:
Dibromide 64: 817 mg, 1.22 mmol
1-methylimidazole: 0.24 mL, 3.01 mmol
toluene: 10.0 mL

KOTf (aq., 0.1 M): 30 mL, 3.0 mmol

Reaction time: 20 h

Yield: 745 mg, 0.77 mmol, 63% (off-white gum)

HRMS (ESI+) Found: 336.2091 [M]?*, 62a
C47HsoN,, Required: 336.2091 Gulearel4Os®2

1H NMR . (400 MHz, acetone-d6, 25 °C):
§ = 8.86-9.00 (4H, m, 4x Ar-H), 8.06 (1H, dd, J = 7.8, 1.3 Hz, Ar-H), 7.99
(1H, d, J = 7.7 Hz, Ar-H), 7.91-7.87 (1H, m, Ar-H), 7.85-7.80 (2H, m,
2xAr-H), 7.77-7.67 (3H, m, 3xAr-H), 7.64 (4H, app. t, J = 1.8 Hz,
2xAr-H), 7.61 (4H, app. t, J = 1.8 Hz, 2xAr-H), 7.57 (1H, d, J = 1.1
Hz, Ar-H), 7.55-7.46 (3H, m, 3xAr-H), 7.41-7.33 (2H, m, 2x Ar-H), 4.02
(4H, t, J = 7.1 Hz, 2xCH,), 3.78 (6H, s, 2x CHs), 2.06-1.95 (4H, m,
9% CH,), 1.59 (4H, quin, J = 7.3 Hz, 2xCH,), 1.13-0.96 (8H, m, 4x CH,),
0.73-0.53 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 150.3 (C), 150.1 (C), 140.3 (C), 140.0 (C), 138.8 (C), 138.4 (C), 136.4
(2xCH), 131.1 (C), 130.6 (C), 130.3 (C), 129.4 (C), 128.7 (2xCH), 127.4
(CH), 127.2 (CH), 127.1 (2xCH), 127.0 (CH), 126.8 (CH), 126.7 (CH),
126.1 (CH), 124.5 (CH), 123.5 (4xCH), 122.9 (CH), 122.8 (CH), 122.2
(2xCH), 120.7 (2C, q, J = 322.1 Hz, 2xCF5S03), 120.1 (CH), 54.7 (C),
48.7 (2xCH,), 35.7 (2xCH,), 30.7 (2xCH,), 29.4 (2xCH,), 28.9
(2xCH,), 25.4 (2xCH,), 23.6 (2xCH,) ppm

FT-IR (Vpax cm™, film):
3525 (w), 2931 (w), 1723 (w), 1244 (vs), 1162 (s), 1027 (vs), 766 (w), 636
(vs), 577 (m)
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6.3.51 3,3’-((2-(Phenanthren-9-yl)-9 H-fluorene-9,9-diyl) bis(hexane-
6,1-diyl)) bis(1-octyl-1 H-imidazol-3-ium)
trifluoromethanesulfonate

Synthesised following the procedure detailed in
6.3.26, with the following reagent amounts:
Dibromide 64: 434 mg, 0.65 mmol
1-octylimidazole: 0.27 mL, 1.34 mmol

toluene: 5.0 mL

2 CF380;
KOTf (aq., 1.0 M): 10.0 mL, 10.0 mmol

Reaction time: 24 h </\\+ l;ﬁ’\>
Yield: 590 mg, 0.51 mmol, 78% (off-white gum) ll\j) kl\\l
CeH CeH
HRMS (ESI+) Found: 434.3197 [M]2*, o 62; "
Cg1HgoNy, Required: 434.3186 Ce3HeoFsN4O6S2
Mol Wt: 1167.47

1H NMR (400 MHz, acetone-d6, 25 °C):
§ =9.09 (2H, t, J = 1.5 Hz,
2x Ar-H), 8.97-8.92 (1H, m, Ar-H), 8.91-8.86 (1H, m, Ar-H), 8.02 (1H, dd,
J =7.7,1.6 Hz, Ar-H), 7.99 (1H, dd, J = 7.7, 0.5 Hz, Ar-H), 7.94-7.88
(2H, m, 2xAr-H), 7.81 (1H, s, Ar-F), 7.77-7.66 (7H, m, 7xAr-F), 7.60
(1H, dd, J = 1.6, 0.5 Hz, Ar-H), 7.58-7.49 (3H, m, 3xAr-H), 7.43-7.35
(2H, m, 2x Ar-H), 4.31-4.21 (8H, m, 4xCH,), 2.14-2.07 (4H, m, 2x CH,),
1.93-1.83 (4H, m, 2xCH,), 1.77 (4H, quin, J = 7.2 Hz, 2xCH,), 1.31-1.13
(28H, m, 14xCH,), 0.89-0.81 (6H, m, 2x CHy), 0.81-0.65 (4H, m, 2x CH,)
ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 151.0 (C), 150.8 (C), 141.2 (C), 140.9 (C), 139.8 (C), 139.3 (C), 136.3
(2xCH), 132.0 (C), 131.5 (C), 131.2 (C), 130.3 (C), 129.14 (CH), 129.06
(CH), 127.7 (CH), 127.6 (CH), 127.4 (CH), 127.2 (CH), 127.1 (CH), 127.0
(CH), 126.9 (CH), 125.0 (CH), 123.6 (CH), 123.4 (CH), 123.0 (CH),
122.95 (2x CH), 122.90 (2xCH), 121.6 (2C, q, J = 322.0, 2x CF3S0s),
120.24 (CH), 120.17 (CH), 121.6 (CH), 55.4 (C), 49.9 (2x CH,), 49.8
(2xCH,), 40.1 (2xCH,), 31.9 (2xCH,), 30.14 (2xCH,), 30.11 (2xCH,),
29.4 (2xCH,), 29.2 (2xCH,), 29.0 (2x CHy), 26.2 (2x CH,), 26.0
(2xCH,), 24.0 (2xCH,), 22.7 (2xCH,), 13.8 (2xCHj) ppm

FT-IR (Vpax cm™, film):
2930 (w), 1242 (vs), 1170 (s), 1025 (vs), 769 (w), 636 (vs), 577 (m)
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6.4 Substituted fluorenes

6.4.1 2,4,6-Tris(2-fluorophenyl)-1,3,5,2,4,6-trioxatriborinane

1. n-BuLi, THF, -78°C Q\F
F 2 (iPrO)B, -78°C - RT B
F o7 ™0
g 3 HCl(ag.2M) | |

106 107
CgH4BrF C1gH12B3F303
Mol Wt: 175.00 Mol Wt: 365.72

To a solution of 2-bromo-1-fluorobenzene (7.65 mL, 70.0 mmol) in THF (200 mL) at -78
°C, was added n-butyllithium (30.0 mL, 75.0 mmol), dropwise over 20 min. Triisopropyl
borate (24.0 mL, 105 mmol) was added and the resulting mixture was warmed to room
temperature over 1 hour. HCI (aq. 2 M, 100 mL) was added, then the solution was
concentrated in vacuo. The resulting suspension was dissolved in water (200 mL) and
extracted with ethyl acetate (2x50 mL). The combined organic phases were washed
with water (50 mL), dried over MgSQO,, and concentrated in vacuo to yield the title
compound as an off-white solid (7.61 g, 54.4 mmol, 78%). The crude mixture was used

without further purification. Analytical data are consistent with literature values. (%)

MP 97.5 - 101.0 °C
LRMS (EI) m/z: 366 [M]*, C;gH,9B35F505, Relative intensity: 100%

1H NMR (400 MHz, acetone-d6, 25 °C):
0 =775 (1H, ddd, J = 7.4, 6.4, 1.9 Hz, Ar-H), 7.46 (1H, dddd, J = 8.3,
7.4,5.4,1.9 Hz, Ar-H), 7.18 (1H, app. tt, J = 7.4, 0.9 Hz, Ar-H), 7.15
(2H, d, J = 1.8 Hz, OH), 7.06 (1H, ddd, J = 9.9, 8.3, 0.9 Hz, Ar-H) ppm
(Dissolution in moisture-containing acetone-d6 causes hydrolysis to the

boronic acid)

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 167.3 (d, Jop = 244.3, CF), 136.5 (d, Jor = 8.8, CH), 132.8 (d, Jop =
8.8, CH), 124.2 (d, Jop = 2.9, CH), 115.1 (d, Jop = 24.9, CH) ppm.
1x(C) not observed due to splitting by boron nucleus.

9F NMR (376 MHz, acetone-d6, 25 °C):
0 =-107.3 (1F, s, Ar-F) ppm
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6.4.2 2’-Fluoro-[1,1’-biphenyl]-2-amine

O,
N I F
Fo70 N C( Pd(OAC)2, KoCOs3 Q O
B __B
©/ ~o” :@ NH,  acetone, H,0, 65°C

E HoN
107 108 109
C1gH12B3F303 CeHeIN Cy2H10FN
Mol Wt: 365.72 Mol Wt: 219.03 Mol Wt: 187.22

The trimeric anhydride of 2-fluorophenylboronic acid 107 (2.02 g, 14.4 mmol), 2-iodoaniline
(2.24 g, 10.2 mmol), and K,CO3 (3.50 g, 25.3 mmol) were dissolved in a mixture of ace-
tone (18 mL) and water (24 mL), and heated at 65 °C under an argon atmosphere.
Pd(OAc), (10 mg, 0.045 mmol) was dissolved in acetone (4 mL) and added using a
syringe. After 20 hours, the reaction mixture was cooled to room temperature, filtered
through celite, concentrated in vacuo and extracted with ethyl acetate (4x40 mL). The
combined organic phases were washed with water (50 mL), dried over MgSO, and con-
centrated in vacuo. Purification by column chromatography (silica; 4% to 20% ethyl
acetate in hexane) gave the title compound as a brown solid (1.21 g, 6.45 mmol, 63%).

Analytical data are consistent with literature values. (®%

MP 89.0 - 91.0 °C
LRMS (ESI+) m/z: 188 [M+H]*, C;5H;(FN, Relative intensity: 100%

1H NMR . (400 MHz, acetone-d6, 25 °C):
§ = 7.41 (1H, dddd, J = 8.2, 7.2, 5.4, 2.1 Hz, Ar-H), 7.38 (1H, tdd, J =
7.6, 2.1, 0.4, Ar-H), 7.27 (1H, ddd, J = 7.6, 7.3, 1.2 Hz, Ar-H), 7.22 (11,
dddd, J = 10.3, 8.3, 1.2, 0.4 Hz, Ar-H), 7.12 (1H, ddd, J = 8.1, 7.3, 1.5
Hz, Ar-H), 7.02 (1H, dddd, J = 7.8, 1.5, 0.7, 0.4 Hz, Ar-H), 6.83 (1H,
ddd, J = 8.1, 1.3, 0.5 Hz, Ar-H), 6.70 (1H, ddd, J = 7.7, 7.3, 1.2 Hz,
Ar-H), 4.35 (2H, br s, 2xNH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 160.3 (d, Jop = 245.0, C), 146.0 (C), 132.3 (d, Jop = 3.7, CH), 131.0
(CH), 129.7 (d, Jop = 8.1, CH), 129.2 (CH), 127.5 (d, Jep = 16.9, C),
124.9 (d, Jop = 3.7, CH), 120.9 (C), 117.2 (CH), 116.2 (d, Jop = 22.7,
CH), 115.6 (CH) ppm

9F NMR (376 MHz, acetone-d6, 25 °C):
0 =-109.7 (1F, s, Ar-F) ppm
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6.4.3 3’-Fluoro-[1,1’-biphenyl]-2-amine

X

1. n-BuLi, THF, -78°C OH HoN E
F Br 2 (-PrO)sB,-78°C-RT F. é\OH Pd(OAC), KoCO3
\©/ 3. HCl (ag. 2 M) \©/ acetone, H,0, 65°C O Q
HoN
110 111 112
CgH4BrF CeHgBFO, Ci2H1oFN
Mol Wt: 175.00 Mol Wt: 139.92 Mol Wt: 187.22

Synthesised following the procedures detailed in 6.4.1 and 6.4.2. Boronic acid inter-
mediate 111 (m/z: 366, C,gH;5B305F3, Relative intensity: 100%) was used without
purification. The following reagents, conditions and column conditions were used:
3-fluorobromobenzene: 25.0 g, 143 mmol

n-butyllithium (2.5 M in hexanes): 60 mL, 150 mL

triisopropylborate: 44 mL, 191 mmol

HCI (2.0 M, aq.): 200 mL, 400 mmol

THEF: 400 mL

3-fluorophenylboronic acid: 3.80 g, 27 mmol

2-iodoaniline: 6.56 g, 30 mmol

Pd(OAc): 70 mg, 0.30 mmol

K5CO3: 9.00 g, 65 mmol

H50: 65 mL

acetone: 60 mL

Column chromatography: silica, 0 - 10% ethyl acetate in hexane

Yield: 4.44 g, 23.7 mmol, 88%, colourless oil

Analytical data are consistent with literature values. (®%

LRMS (EI) m/z: 188 [M+H]*, C;5H;(FN, Relative intensity: 55%

1H NMR . (400 MHz, acetone-d6, 25 °C):
§ = 7.47 (1H, dddd, J = 8.2, 8.0, 6.2, 0.4 Hz, Ar-H), 7.28 (1H, ddd, J =
7.6, 1.5, 1.4 Hz, Ar-H), 7.20 (1H, dddd, J = 10.3, 2.7, 1.6, 0.4 Hz, Ar-H),
7.13-7.07 (2H, m, 2xAr-H), 7.05 (1H, ddd, J = 7.7, 1.7, 0.2 Hz, Ar-H),
6.83 (1H, ddd, J = 8.1, 1.2, 0.4 Hz, Ar-H), 6.71 (1H, ddd, J = 7.6, 7.4, 1.2
Hz, Ar-H), 4.51 (2H, br s, NH,) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 163.3 (d, Jor = 244.3 Hz, C), 145.2 (C), 143.0 (d, Jcor = 8.1 Hz, C),
130.9 (d, Jor = 8.8 Hz, CH), 130.4 (CH), 129.1 (CH), 125.6 (d, Jor = 2.2
Hz, C), 125.2 (d, Jor = 2.9 Hz, CH), 117.8 (CH), 115.94 (CH), 115.87 (d,
Jor = 21.3 Hz, CH), 113.8 (d, Jor = 21.3 Hz, CH) ppm

9F NMR (376 MHz, acetone-d6, 25 °C):
0 =-113.6 (1F, s, Ar-F) ppm
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6.4.4 2-Fluoro-2’-iodo-1,1’-biphenyl

F 1. HCI, H,O F
Q O 2. NaNOy, H,0, 0°C O Q
3. KI, HpO
HoN |
109 113
C12H1oFN C1oHgFI
Mol Wt: 187.22 Mol Wt: 298.10

A solution of HCI (conc., 0.23 mL, 2.80 mmol) in water (0.85 mL) was added slowly
to 2-fluoro-2’-amino-1,1-biphenyl 109 (95 mg, 0.51 mmol). The mixture was cooled
to 0-5 °C, then NaNO, (260 mg, 3.77 mmol) in water (1.0 mL) was added. After 1 h
and 40 min at 0-5 °C, KI (0.17 g, 1.02 mmol) in water (1.0 mL) was added resulting
in immediate precipitation of a dark red solid. Water (2.0 mL) was added to facilitate
stirring and after 22 h, ethyl acetate (20 mL), water (10 mL), and sodium metabisulfite
(500 mg) were added. The aqueous phase was washed with ethyl acetate (3x10 mL)
and the combined organic phases were dried over MgSO, and concentrated in vacuo.
Purification by column chromatography (silica; 2% to 30% ethyl acetate in hexane) gave
the title compound as a colourless oil (102 mg, 0.34 mmol, 67%). Analytical data are

consistent with literature values. %)

GCMS (EI) m/z: 298 [M]", C;,HgFI, Relative intensity: 100%

1H NMR (400 MHz, acetone-d6, 25 °C):
0 =8.01 (1H, ddd, J = 8.0, 1.2, 0.5 Hz, Ar-H), 7.51 (1H, ddd, J = 7.6,
7.4,1.2 Hz, Ar-H), 7.52-7.46 (1H, m, Ar-H), 7.35 (1H, ddd, J = 7.6, 1.7,
0.5 Hz, Ar-H), 7.30 (1H, tdd, J = 7.7, 1.0, 0.4 Hz, Ar-H), 7.27 (1H, tdd, J
— 7.3, 2.3, 0.5 Hz, 2xAr-H), 7.23 (1H, dddd, J = 9.5, 8.4, 1.0, 0.4 Hz,
Ar-H), 7.18 (1H, ddd, J = 8.0, 7.3, 1.7 Hz, Ar-H) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):
§ = 159.4 (d, Jop = 245.0, C), 141.7 (C), 139.5 (CH), 132.3 (d, Jop =
16.1, C), 131.8 (d, Jop = 2.9, CH), 130.9 (CH), 130.5 (d, Jop = 8.1, CH),
130.0 (CH), 128.6 (CH), 124.5 (d, Jop = 3.7, CH), 115.9 (CH), 99.4 (C)
ppm

9F NMR (376 MHz, acetone-d6, 25 °C):
d =-114.7 (1F, s, Ar-F) ppm
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6.4.5 3’-Fluoro-2-iodo-1,1’-biphenyl

Synthesised following the procedure detailed in
6.4.4 with the following reagent amounts and
column conditions:

2-(3’-fluorophenyl)aniline: 2.48 g, 13.2 mmol
HCI (37%): 5.50 mL, 67.0 mmol

NaNOy: 6.50 g, 94.2 mmol

KI: 4.40 g, 26.5

H,0: 45 mL

Column chromatography: silica, hexane

Yield: 2.10 g, 7.04 mmol, 53%, colourless oil

Analytical data are consistent with literature values.

114

CioHgFI
Mol Wt: 298.10

GCMS (EI) m/z: 298 [M]", C;,HgFI, Relative intensity: 100%

1H NMR . (400 MHz, acetone-d6, 25 °C):

§ =8.01 (1H, ddd, J = 7.9, 1.3, 0.4 Hz, Ar-H), 7.53-7.46 (2H, m,
2xAr-H), 7.36 (1H, ddd, J = 7.6, 1.7, 0.4 Hz, Ar-H), 7.22-7.13 (3H, m,
3xAr-H), 7.10 (1H, dddd, J = 9.9, 2.6, 1.6, 0.5 Hz, Ar-H) ppm

13C NMR (101 MHz, acetone-d6, 25 °C):

§ = 162.6 (d, Jop = 244.3 Hz, C), 146.7 (d, Jor = 8.1 Hz, C), 145.6 (d,
Jor = 2.2 Hz, C), 140.0 (CH), 130.4 (CH), 130.3 (d, Jop = 8.8 Hz, CH),
129.8 (CH), 128.8 (CH), 125.7 (d, Jop = 2.9 Hz, CH), 116.4 (d, Jor =
22.0 Hz, CH), 114.7 (d, Jer = 20.5 Hz, CH), 97.8 (CI) ppm

19F NMR (376 MHz, acetone-d6, 25 °C):
0 =-114.0 (1F, s, Ar-F) ppm
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6.4.6 4-Fluorofluorene

CHgBrg Pd OAC)Q

Q O
DMF, DMA, H,0 0.0
i-PrOH, Ar, 75°C

113
Mol Wt: 298.10 Mol Wt: 184.21

A mixture of 2-fluoro-2-iodobiphenyl 113 (1.00 g, 3.35 mmol), CH,Br, (1.0 mL, 14.3
mmol), Pd(OAc), (336 mg, 1.5 mmol), KOAc (3.00 g, 30.0 mmol), NaHCO3 (2.30 g,
32.0 mmol), DMF (20 mL), DMA (6.7 mL), H,O (8.3 mL), and IPA (0.5 mL, 65 mmol)
was sonicated under a flow of Ar for 15 min, then heated at 75 °C for 18 h. The mixture
was cooled to r.t., further Pd(OAc), (336 mg, 1.5 mmol) was added, and the stirrer bar
was replaced due to palladium deposition. The mixture was heated at 75 °C under Ar
for 22 h, then cooled to room temperature and extracted with ethyl acetate (3x50 mL).
The combined organic phases were washed with water (50 mL), dried over MgSO,, and
concentrated in vacuo. Purification by column chromatography (silica, hexane) gave
the title compound as a colourless oil (334 mg, 1.81 mmol, 54%). Analytical data are

consistent with literature values. %)

GCMS (EI) m/z: 184 [M]*, C3HgF, Relative intensity: 86%

1H NMR (400 MHz, CDCl, 25 °C):
0 =8.02 (1H, d, J = 7.6 Hz, Ar-H), 7.56 (1H, app. dquin, J = 7.5, 1.0 Hz,
Ar-H), 7.43 (1H, t, J = 7.6 Hz, Ar-H), 7.38-7.32 (2H, m, 2xAr-H), 7.27
(1H, ddd, J = 8.1, 7.5, 5.0 Hz, Ar-H), 7.08 (1H, ddd, J = 10.0, 8.2, 0.6
Hz, Ar-H), 3.97 (2H, s, CH,) ppm

13C NMR (101 MHz, CDCly, 25 °C):
§ = 158.5 (d, Jor = 250.2 Hz, C), 146.1 (d, Jop = 5.9 Hz, C), 142.5 (C),
138.8 (d, Jop = 2.9 Hz, C), 128.9 (d, Jor = 14.7 Hz, C), 127.8 (d, Jop =
7.3 Hz, CH), 127.0 (CH), 126.8 (CH), 124.7 (CH), 123.4 (d, Jor = 5.1 Hz,
CH), 120.6 (d, Jor = 2.9 Hz, CH), 113.7 (d, Jop = 19.8 Hz, CH), 37.4
(CHy) ppm

F NMR (376 MHz, CDClj, 25 °C):
d =-120.7 (1F, s, Ar-F) ppm

UV-Vis (MeCN): Apae = 260 (39200)
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6.4.7 3-Fluorofluorene

Synthesised following the procedure detailed
in 6.4.6 with the following reagent amounts and
column conditions:
2-(3’fluorophenyl)iodobenzene:

245 mg, 0.82 mmol

CH5Bry: 0.23 mL, 3.3 mmol

Pd(OAc),: 90 mg, 0.40 mmol

KOAc: 726 mg, 7.40 mmol

NaHCO3: 656 mg, 7.81 mmol

DMF': 5.0 mL

DMA: 1.7 mL

H,0: 2.1 mL

TPA: 120 pL, 16 mmol

Column chromatography: silica, hexane
Yield: 66.3 mg, 0.360 mmol, 44%

Analytical data are consistent with literature values.

GCMS (EI) m/z: 184 [M]T, C,3HgF, Relative intensity: 96%

'H NMR (400 MHz, CDCls, 25 °C):

O

Cy3HgF
Mol Wt: 184.21

§ =7.75 (1H, d, J = 7.3 Hz, Ar-H), 7.56 (1H, ddt, J = 7.4, 2.0, 0.9 Hz,
Ar-H), 7.50-7.43 (2H, m, 2xAr-H), 7.40 (1H, app. tdt, J = 7.5, 1.3, 0.6
Hz, Ar-H), 7.37-7.32 (1H, m, Ar-H), 7.01 (1H, ddd, J = 9.3, 8.3, 2.5 Hz,

Ar-H), 3.87 (2H, s, CH,) ppm
13C NMR (101 MHz, CDCly, 25 °C):

§ = 162.6 (d, Jop = 242.8 Hz, C), 144.2 (C), 143.6 (d, Jop = 8.8 Hz, C),
141.0 (d, Jor = 2.9 Hz, C), 138.4 (d, Jor = 2.2 Hz, C), 127.3 (CH), 126.8

(CH), 125.9 (d, Jop = 8.8 Hz, CH), 125.1 (CH), 120.1 (CH), 113.5 (d,
Jor = 22.7 Hz, CH), 106.8 (d, Jop = 22.7 Hz, CH), 36.3 (CH,) ppm

9F NMR (376 MHz, CDClj, 25 °C):
0 =-116.7 (1F, s, Ar-F) ppm

UV-Vis (MeCN): Apaz = 258 (25100)
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6.5 Phenanthrenes

6.5.1 2-(6-Bromohexyl)isoindoline-1,3-dione

6] O
DMF, RT e VaWaN
N- K*  + ; E > N Br
(j:é Br Br
e} e}
115 116 117

CgH4N02K CSH1QBI’2 C14H1GBTN02
Mol Wt: 146.13 Mol Wt: 243.97 Mol Wt: 310.19

A suspension of potassium phthalimide (70.0 g, 380 mmol) and 1,6-dibromohexane (112
mL, 730 mmol) in dimethyl formamide (140.0 mL) was stirred under argon for 18 h. The
mixture was partitioned between ethyl acetate (140 mL) and water (140 mL), then the
aqueous phase was separated, and washed with ethyl acetate (100 mL). The combined
organic phases were washed with water (5x1 L), dried with MgSO,, then the solvent
was removed in vacuo. Purification by column chromatography (silica; 30% DCM in
petroleum ether) yielded the title compound as a white solid, (64.0 g, 206 mmol, 55%).

Analytical data are consistent with literature values.(9?)

MP 55.0 - 57.0 °C (lit. 57 - 58 °C) (%)
LRMS (ESI+) m/z: 310 [M+H]*, C;4,H;4BrNO,, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.88-7.80 (2H, m, 2x Ar-H), 7.75-7.68 (2H, m, 2x Ar-H), 3.72-3.65
(2H, t, J = 7.2 Hz, CH,), 3.39 (2H, t, J = 6.8 Hz, CH,), 1.90-1.80 (2H,
m, CH,), 1.74-1.65 (2H, m, CH,), 1.54-1.43 (2H, m, CH,), 1.42-1.32 (2H,
m, CH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):

§ = 168.4 (2xC), 133.9 (2xC), 132.1 (2xCH), 123.2 (2x CH), 37.8 (CH,),
33.7 (CH,), 32.6 (CH,), 28.4 (CH,), 27.7 (CH,), 26.0 (CH,) ppm



6.5. Phenanthrenes 153

6.5.2 2-(6-(1H-Imidazol-1-yl)hexyl)isoindoline-1,3-dione

N=N\
g/NH
0] 0]
w DMF, 0°C, Ar
N_/\/\/\BI‘
RT, overnight N m
=N
o 117 O 118
C14H16BrNO2 C17H19N302
Mol Wt: 310.19 Mol Wt: 297.36

Imidazole (3.00 g, 44.1 mmol) was dissolved in dimethylformamide (30 mL), and cooled
to 0 °C under argon. The mixture was cannulated onto cold NaH (60% suspension
in mineral oil, 1.91 g, 47.8 mmol), then the resulting mixture was warmed to room
temperature. After 2 h, the mixture was cooled to 0 °C, cannulated onto phthalimide
117 (13.6 g, 43.8 mmol) at 0 °C then warmed to room temperature. After 3 days,
The mixture was partitioned between water (50 mL) and ethyl acetate (50 mL), then
the aqueous phase was separated and extracted with ethyl acetate (3x50 mL). The
combined organic phases were washed with water (6x100 mL), dried over MgSO,, and
concentrated in vacuo yielding a yellow/brown oil to which a small amount of petroleum
ether was added causing a white solid to precipitate from the mixture. The solids were
washed with petroleum ether yielding the title compound as a white solid. (9.62 g, 32.3

mmol, 74%). Analytical data are consistent with literature values. (95)

MP 82.0 - 85.0 °C
LRMS (ESI+) m/z: 298 [M+H]*", C;;H;gN50,, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.85-7.78 (2H, m, 2xAr-H), 7.73-7.64 (2H, m, 2xAr-H), 7.43 (1H, br
s, Ar-H), 7.02 (1H, br s, Ar-H), 6.88 (1H, br s, Ar-H), 3.90 (2H, t, J = 7.2
Hz, CH,), 3.65 (2H, t, J = 7.2 Hz, CH,), 1.75 (2H, quin, J = 7.2 Hz,
CH,), 1.65 (2H, quin, J = 7.2 Hz, CH,), 1.42-1.28 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 168.4 (2xC), 136.9 (CH), 133.9 (2xCH), 132.0 (2xC), 129.1 (CH),
123.1 (2xCH), 118.7 (CH), 46.9 (CH,), 37.6 (CH,), 30.8 (CH,), 28.3
(CH,), 26.2 (CH,), 26.0 (CH,) ppm
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6.5.3 6-(1H-Imidazol-1-yl)hexan-1-amine

O 1. NoHyeH0, H,0, EtOH, A
HoN
N N/x 2. HCI, (conc.), RT @
EN 3. Al6 h) then RT (16 h) N

o)

118 119
C17H19N302 CoH17N3
Mol Wt: 297.36 Mol Wt: 167.26

Phthalimide 118 (2.85 g, 9.58 mmol) was dissolved in a 3:1 mixture of ethanol and water
(600 mL), then hydrazine monohydrate (1.02 mL, 21.0 mmol) was added. The mixture
was heated at reflux for 18 hours, then cooled to room temperature. HCI (conc. 7.0
mL, 83 mmol) was added dropwise, then the mixture was heated at reflux for 6 hours,
then cooled to room temperature for a further 16 hours. The solvent was removedin
vacuo and the resulting mixture was partitioned between water (150 mL) and DCM
(150 mL). The aqueous phase was washed with DCM (2x50 mL), then basified to pH 11
with NaOH (aq., 2 M). The basified aqueous solution was extracted with DCM (3x100
mL), then the combined organic phases were dried over MgSO,. The solvent was then
removed in vacuo yielding the title compound as a yellow oil, (1.22 g, 7.31 mmol, 76%).

Analytical data are consistent with literature values. (%)

LRMS (ESI+) m/z: 168 [M+H]", CoH,;Ns, Relative intensity: 100%

1H NMR (400 MHz, CDCl,, 25 °C):
0 =7.37 (1H, s, Ar-H), 6.95 (1H, s, Ar-H), 6.82 (1H, s, Ar-H), 3.84 (2H, t,
J = 7.1 Hz, NCH,), 2.59 (2H, t, J = 6.8 Hz, NCH,), 1.76-1.64 (4H, m,
CH, and NH,), 1.41-1.17 (6H, m, 3xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 136.8 (CH), 129.1 (CH), 118.5 (CH), 46.7 (CH,), 41.6 (CH,), 33.0
(CH,), 30.8 (CH,), 26.14 (CH,), 26.09 (CH,) ppm
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6.5.4 3,4-Dimethoxycyclobut-3-ene-1,2-dione

O. O

Ve ~
HO, (0] _0 (o)
]EE O
—_—
MeOH, 50°C
HO O © ~—~0 (o)
71 120
C4H204 CeHeO4
Mol Wt: 114.06 Mol Wt: 142.11

3,4-Dihydroxycyclobut-3-ene-1,2-dione (39.0 g, 342 mmol), and trimethyl orthoformate
(76.0 mL, 695 mmol) were dissolved in methanol (250 mL) and the mixture was heated
at 50 °C for 20 hours. The solvent was removed in vacuo, and the residue was partitioned
between DCM (200 mL) and saturated aqueous NaHCO3 (100 mL). The aqueous phase
was separated and extracted with DCM (3x50 mL), then the combined organic phases
were washed with HyO (3x100 mL), dried over MgSO,, and concentrated in vacuo.
Recrystallisation from ethyl acetate gave the title compound as a white solid (16.0 g,

113 mmol, 33%). Analytical data are consistent with literature values. *7)

MP 53.5 - 55.5 °C (lit. 52 - 54 °C)
LRMS (ESI+) m/z: 143 [M+H]", C4HgO4, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
0 = 4.35 (6H, s, 2xCHj) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 189.1 (2xC), 184.4 (2xC), 60.9 (2x CH;) ppm
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6.5.5 4-Hydroxy-2,3-dimethoxy-4-phenylcyclobut-2-en-1-one

—0, O

0 0
1. PhLi, THF, -78°C ||
. - OH
o
o 2 NHCLRT

\° &
120 73a
CGH504 C12H1204
Mol Wt: 142.11 Mol Wt: 220.22

Dimethoxycyclobutenedione 120 (1.01 g, 7.09 mmol) was dissolved in THF (60 mL)
and cooled to -78 °C under argon flow. Phenyllithium (1.9 M in dibutyl ether, 4.75 mL,
9.03 mmol) was added dropwise and the mixture was stirred for 90 min at -78 °C. After
warming to room temperature, sat. NH,Cl (30.0 mL) was added, and the mixture was
extracted with CH,Cly (3x50 mL). The combined organic phases were dried over MgSO,
and the solvent was removed in vacuo, giving the title compound as a yellow solid (752

mg, 3.41 mmol, 48%). Analytical data are consistent with literature values. (98
MP 200.0 - 204.0 °C
LRMS (ESI+) m/z: 189 [M-OMe| ", C;,H,50,4, Relative intensity: 100%

'H NMR (400 MHz, CDCls, 25 °C):
§ = 7.50-7.55 (2H, m, 2x Ar-H), 7.29-7.42 (3H, m, 3x Ar-H), 4.05 (3H, s,
CH,), 4.00 (3H, s, CH3), 3.73 (1H, br s, OH) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 194.8 (C), 192.8 (C), 192.3 (C), 173.7 (C), 132.8 (CH), 129.1
(2xCH), 127.8 (2xCH), 127.6 (C), 61.7 (2xCHj3) ppm
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6.5.6 3,4,4-Trimethoxy-2-phenylcyclobut-2-en-1-one

—0, O AN

o P
|| 1. BF3Et;0, MeOH, THF, 0°C g
OH |

~0 2.NaHCO;3
0
/

73a 74a
Cy2H1204 C13H1404
Mol Wt: 220.22 Mol Wt: 234.25

Alcohol 73a was dissolved in THF (50 mL) at 0 °C. MeOH (0.25 mL, 6.27 mmol)
and BFj3;FEtyO were added and the mixture was stirred at 0 °C for 3 hours. After
warming to room temperature, sat. NaHCO3 (20 mL) was added, and the mixture was
extracted with Et50 (3x30 mL). The combined organic phases were washed with water
(50 mL) and dried over MgSQOy,, then the solvent was removed in vacuo. Purification by
column chromatography (silica; 10% ethyl acetate in hexane) gave 74, slightly impure,
as a yellow oil (505 mg, 2.15 mmol, 69%) which was used without further purification.

Analytical data are consistent with literature values. (%)

LRMS (EI) m/z: 234 [M]*, C 3H,4,0,, Relative intensity: 234%

1H NMR (400 MHz, CDCls, 25 °C):
§ = 7.78-7.83 (2H, m, 2x Ar-H), 7.36-7.41 (2H, m, 2x Ar-H), 7.29-7.34
(1H, m, Ar-H), 4.26 (3H, s, CH3), 3.60 (6H, s, 2xCHj) ppm

13C NMR (101 MHz, CDCly, 25 °C):
d = 189.6 (C), 180.7 (C), 129.2 (C), 128.6 (CH), 128.5 (2xCH), 128.1
(C), 127.1 (2xCH), 115.2 (C), 60.2 (CHs), 53.9 (2xCHs) ppm. A
cyclobutenedione is produced by hydrolysis of the acetal. Peaks

corresponding to this impurity have been omitted.
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6.5.7 3,4-Diphenylcyclobut-3-ene-1,2-dione

N N
o 7 o P/ 0 o)
o ‘o]
| _ | .
o 1. PhLi, THF, -78 °C l>, acetone
—_— — >
O [ 2.NH,|,-78°C - RT O O . O O

74a 121 75a

C13H1404 C1gH1603 C16H1002
Mol Wt: 234.25 Mol Wt: 280.32 Mol Wt: 234.25

To a solution of cyclobutenone 74a (840 mg, 3.59 mmol) in THF (60 mL), at -78 °C,
was added, dropwise, phenyllithium (1.9 M in dibutyl ether, 2.0 mL, 3.80 mmol). The
mixture was stirred at -78 °C for 90 min, then NH,Cl (sat. aq., 45 mL) was added. After
warming to room temperature, the mixture was extracted with CH,Cl, (3x50 mL) and
the combined organic phases were dried over MgSO,. The solvent was removed in
vacuo giving cyclobutenone 121, as a yellow oil, which was dissolved in acetone (25
mL). Todine (104 mg, 0.410 mmol) was added and the mixture was stirred at room
temperature for 30 min, then the solvent was removed in wvacuo. The mixture was
dissolved in Et,0 (50 mL) and washed with NayS,04 (sat. aq., 25 mL) and water (2x50
mL). The aqueous phase was washed with Et,O (2x50 mL) and the combined organic
phases were dried over MgSO,. The solvent was removed in vacuo then purification by
column chromatography (silica; 5 - 100% Et,O in hexane) gave the title compound as
a yellow solid (816 mg, 3.48 mmol, 97%). Analytical data are consistent with literature

values. (100)

MP 91.5 - 93.5 °C (lit. 95 - 96 °C)
LRMS (ESI+) m/z: 235 [M+H]*, C,4H;(05, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
d = 8.04-8.13 (4H, m, 4xAr-H), 7.50-7.66 (6H, m, 6x Ar-H) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ =196.1 (2xC), 187.5 (2xC), 133.4 (2xCH), 129.3 (4xCH), 128.2
(4xCH), 128.1 (2xC) ppm
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6.5.8 Phenanthro[9,10-c|furan-1,3-dione

Q. O
_ N (UVB)
O O I, Op, MeCN
75a 122a
C16H1002 C16HgO3
Mol Wt: 234.25 Mol Wt: 248.24

A solution of cyclobutenedione 75a (535 mg, 2.28 mmol) and iodine (100 mg, 0.39
mmol) in acetonitrile (120 mL) was irradiated with UV-B light, under circulating flow
conditions described in Chapter 3 (flow set up 3), at a flow rate of 20 mL min™!, for 3
hours. The resulting precipitate was filtered from the mother liquor giving an orange
solid (270 mg, 1.09 mmol, 48%) that was used without further purification. Analytical

data are consistent with literature values. (101

MP 317.5 - 319.0 °C

LRMS (EI) Found: 248.2 [M]", C;4HgO3, Required: 248.2

1H NMR (400 MHz, CDCls, 25 °C):
§ =9.04 (2H, ddd, J = 8.1, 0.9, 0.5 Hz, 2xAr-H), 8.82 (2H, d, J = 8.4 Hz,
2xAr-H), 7.95 (2H, ddd, J = 8.4, 7.0, 1.4 Hz, 2x Ar-H), 7.87 (2H, ddd, J
= 8.2, 7.1, 1.0 Hz, 2xAr-H) ppm

13C NMR (101 MHz, CDCly, 25 °C):
§ = 131.0 (2xCH), 129.1 (2xCH), 126.4 (2xCH), 123.5 (2xCH) ppm.

8x C not observed /coincident.

UV-Vis (MeCN): Aag = 356 (8760)
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6.5.9 4-Hydroxy-2,3-dimethoxy-4-(4-methoxyphenyl)cyclobut-2-en-1-

one
Synthesised o o
following the procedure detailed in 6.5.5, with the
Q
following reagent amounts and column conditions: ~0 OH A\
dimethylsquarate 120: 2.30 g, 16.2 mmol 73b

4-bromoanisole: 2.05 mL, 16.3 mmol

n-butyllithium: 6.50 mL, 16.3 mmol

THF: 160 mL

Column chromatography: silica, 0 - 40% ethyl acetate in hexane
Yield: 2.85 g, 11.4 mmol, 70%

Analytical data are consistent with literature values.
LRMS (ESI+) m/z 251 [M+H]|", C;3H,,05, Relative intensity: 100%
1H NMR (400 MHz, CDCls, 25 °C):
d = 7.47-7.40 (2H, m, 2xAr-H), 6.91-6.87 (2H, m, 2xAr-H), 4.06 (3H, s,
CH,), 4.00 (3H, s, CHy), 3.80 (3H, s, CHj), 3.54 (1H, s, OH) ppm
13C NMR (101 MHz, CDClj, 25 °C):
0 =184.5 (C), 166.4 (C), 159.6 (C), 135.0 (C), 129.3 (C), 127.1 (2xCH),
113.9 (2xCH), 87.2 (C), 60.1 (CHj), 58.6 (CHjy), 55.2 (CH3) ppm. Many

other peaks observed. Used without further purification.

(97)
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6.5.10 3-(4-Methoxyphenyl)-4-phenylcyclobut-3-ene-1,2-dione

Synthesised following the procedures detailed o
in 6.5.6 and 6.5.7, without purification of the O

trimethoxycyclobuteneone intermediate, with the 0
following reagent amounts and column conditions: ||
alcohol 6.5.9: 2.85 g, 11.4 mmol O ©
MeOH: 0.90 mL, 22.8 mmol 75b
BF3-Et,0: 1.70 mL, 13.8 mmol C7H1205

THF: 2x80 mlL Mol Wt: 264.28
PhLi (1.9 M in DBE): 4.3 mL, 7.98 mmol

I5: 300 mg, 1.20 mmol

acetone: 50 mL

Column chromatography: silica, 0 - 20% ethyl acetate in hexane

Yield: 590 mg, 2.23 mmol, 20%

Analytical data are consistent with literature values. (102

MP 131.5 - 134.0 °C
LRMS (ESI+) m/z: 265 [M+H]", C;;H503, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
§ = 8.19-8.11 (2H, m, 2x Ar-H), 8.07-8.00 (2H, m, 2x Ar-H), 7.62-7.50
(3H, m, 3xAr-H), 7.08-7.01 (2H, m, 2xAr-H), 3.92 (3H, s, CH3) ppm

13C NMR (101 MHz, CDCly, 25 °C):
§ =196.7 (C), 195.7 (C), 186.3 (C), 185.2 (C), 164.0 (C), 132.7 (CH),
130.7 (2xCH), 129.2 (2xCH), 128.5 (C), 127.9 (2xCH), 120.9 (C), 114.8
(2xCH), 55.6 (CH;) ppm
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6.5.11 6-Methoxyphenanthro[9,10-c|furan-1,3-dione

(@) O
_ 1 (UVB)
—_—
O O I, MeCN
—_
(0]
75b —
C17H1203 C17H1004
Mol Wt: 264.28 Mol Wt: 278.26

A solution of cyclobutenedione 75b (250 mg, 0.946 mmol) and iodine (200 mg, 0.946
mmol) in acetonitrile (50 mL) was irradiated with UV-B light, under circulating flow
conditions described in Chapter 3 (flow set up 2), at a flow rate of 15 mL min™!, for a
total of 23 hours across 3 sessions. The reaction was monitored by UV /Visible spec-
troscopy, and terminated when there was negligible cyclobutenedione 75b remaining in
the reaction mixture. The solvent was removed in vacuo. DCM (50 mL) was added and
the resulting precipitate was filtered through a glass frit, then concentrated in vacuo.
Purification by column chromatography (silica; 0 - 100% DCM in hexane) gave the title
compound as a yellow solid (67 mg, 0.241 mmol, 25%)

MP 219.5 - 221.5 °C
LRMS (ESI+) m/z 279 [M+H]", C;;H,(O,4, Relative intensity: 100%

1H NMR (400 MHz, CD,Cl,, 25 °C):
§ = 8.91 (1H, ddd, J = 8.1, 1.7, 0.6 Hz, Ar-H), 8.86 (1H, d, J = 9.0 Hz,
Ar-H), 8.70 (1H, dddd, J = 8.6, 1.7, 0.6 Hz, Ar-H), 8.09 (1H, br d, J =
2.4 Hz, Ar-H), 7.90 (1H, ddd, J = 8.7, 7.0, 1.7 Hz, Ar-H), 7.85 (1H, ddd,
J =8.1,7.0, 1.7 Hz, Ar-H), 7.46 (1H, dd, J = 9.0, 2.4 Hz, Ar-H), 4.08
(3H, s, CH3) ppm

13C NMR (101 MHz, CDyCl,, 25 °C):
§ = 164.5 (C), 164.3 (C), 162.5 (C), 137.1 (C), 133.7 (C), 130.9 (CH),
129.8 (CH), 128.4 (CH), 126.6 (CH), 125.8 (C), 124.2 (CH), 119.8 (CH),
105.7 (CH), 56.3 (CH3) ppm. 3xC not observed/coincident.
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6.5.12 3-(Benzo|d][1,3]dioxol-5-yl)-4-phenylcyclobut-3-ene-1,2-dione

Synthesized following the methods

detailed in 6.5.5, 6.5.6, and 6.5.7, without O °
purification of the intermediates, and with ]
the following reagents and column conditions: o 0
Step 1 { O
dimethylsquarate: 2.00 g, 14.1 mmol © 75e
3,4-methylenedioxybromobenzene: 1.86 mL, 15.4 Ci7H1¢04
n-butyllithium: 6.00 mL, 15.0 mmol Mol Wi:278.26
THF: 150 mL

Step 2

methanol: 0.93 mL, 23.0 mmol

BF3-Et,0: 1.70 mL, 13.8 mmol

THF: 160 mL

Step 3

PhLi (1.9 M in dibutyl ether): 6.0 mL, 11.4 mmol

I5: 300 mg, 1.18 mmol

acetone: 15 mL

Column chromatography: silica gel; 13% ethyl acetate in hexane
Yield: 943 mg, 3.39 mmol, 30%

MP 55.1 - 55.8 °C
LRMS (ESI+) m/z: 279 [M+H]*, C,;H,;(O,, Relative intensity: 100%

1H NMR (400 MHz, CDCls, 25 °C):
§ = 8.05-8.01 (2H, m, 2xAr-H), 7.86 (1H, dd, J = 8.2, 1.7 Hz, Ar-H),
7.61-7.54 (4H, m, 4xAr-H), 6.99 (1H, dd, J = 8.2, 0.2 Hz, Ar-H), 6.11
(2H, s, CH,) ppm

13C NMR (101 MHz, CDCly, 25 °C):
§ =196.4 (C), 195.6 (C), 186.2 (C), 185.5 (C), 152.3 (C), 148.4 (C), 132.9
(CH), 129.3 (2xCH), 128.3 (C), 128.0 (2xCH), 125.2 (CH), 122.2 (C),
109.3 (CH), 107.7 (CH), 102.1 (CH,) ppm
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6.5.13 2-(6-(1H-Imidazol-1-yl)hexyl)-1 H-dibenzo|e,g]isoindole-
1,3(2H)-dione

Ar, 100-120°C
+ @ - . N_/\/\/\N/\N
=N NMP \§/
76a 119 78
C16HgO3 CgH17N3 Cao5H23N30,
Mol Wt: 248.24 Mol Wt: 167.26 Mol Wt: 397.48

Acid anhydride 76a (270 mg, 1.09 mmol) and amine 119 (187 mg, 1.12 mmol) were
dissolved in N-methyl-2-pyrrolidone (20 mL) and heated at 100 °C, under an argon
blanket, for 20 hours, after which time the title compound and the singly-condensed
carboxylic acid intermediate were visible by mass spectrometry. The reaction mixture
was heated at 120 °C under an argon blanket for a further 24 hours, after which the
aforementioned intermediate had been consumed. The mixture was cooled to room
temperature, and partitioned in water (50 mL) and CH,Cl, (50 mL). The aqueous
phase was washed with DCM (4x50 mL) until no further colour-change was observed,
and the combined organic phases were dried over MgSO,. Concentration in vacuo, and
purification by column chromatography (silica; 0 - 100% ethyl acetate in hexane) gave

the title compound as an orange solid (270 mg, 0.68 mmol, 62%).

MP 149.5 - 150.0 °C
HRMS (ESI) Found: 398.1863 [M+H] ", CosHyyN;0,, Required: 398.1864

1H NMR (400 MHz, CDCls, 25 °C):
§ = 9.05-9.11 (2H, m, 2x Ar-H), 8.64-8.70 (2H, m, 2x Ar-H), 7.79 (2H,
ddd, J = 8.4, 7.0, 1.6 Hz, 2xAr-H), 7.74 (2H, ddd, J = 8.1, 7.0, 1.4 Hz,
2x Ar-H), 7.48 (1H, s, Ar-H), 7.05 (1H, s, Ar-H), 6.90 (1H, s, Ar-H), 3.93
(2H, t, J = 7.2 Hz, CH,), 3.73 (2H, t, J = 7.2 Hz, CH,), 1.70-1.85 (4H,
m, 2xCH,), 1.34-1.49 (4H, m, 2xCH,) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ =169.9 (2xC), 137.0 (CH), 133.2 (2xC), 129.3 (3xCH), 128.3 (2xCH),
127.3 (2xC), 126.1 (2xCH), 125.4 (2xC), 123.1 (2xCH), 118.7 (CH), 46.9
(CH,), 37.5 (CH,), 30.9 (CH,), 28.5 (CH,), 26.3 (CH,), 26.1 (CH,) ppm

FT-IR (Vpax cm™, film):
2920 (w), 1839 (m), 1766 (), 1704 (m), 1446 (m), 1187 (s), 1158 (s), 906
(s), 767 (vs), 717 (s), 632 (s)
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6.5.14 1-(6-(1,3-Dioxo-1,3-dihydro-2 H-dibenzo|e,g]isoindol-2-
yl)hexyl)-3-methyl-1 H-imidazol-3-ium
triluoromethanesulfonate

NJ\/\/\N/\ MeOTH, Ar
l./’ DCM,0°C-RT

78 79
CosH23N302 Ca7H26F3N305S
Mol Wt: 397.48 Mol Wt: 561.57

Imidazole 78 (240 mg, 0.604 mmol) was dissolved in anhydrous CH,Cl, (15 mL) and
cooled to 0 °C under argon flow. MeOTf (0.12 mL, 1.08 mmol) was added dropwise
and the mixture was warmed to room temperature, with immediate formation of a

precipitate. After 2 h, the solvent was removed in vacuo, giving the title compound as
an orange solid (332 mg, 0.591 mmol, 99%).

MP 194.0 - 198.0 °C
HRMS (ESI) Found: 412.2025 [M]*, CyHysN30,, Required: 412.2020

1H NMR (400 MHz, acetonitrile-d3, 25 °C):
§ = 8.97 (2H, ddd, J = 8.1, 1.5, 0.5 Hz, 2x Ar-H), 8.72-8.76 (2H, m,
2% Ar-H), 8.42 (1H, br s, Ar-H), 7.82 (2H, ddd, J = 8.4, 6.6, 1.6 Hz,
9xAr-H), 7.77 (2H, ddd, J = 8.4, 6.6, 1.4 Hz, 2xAr-H), 7.35 (1H, t, J =
1.8 Hz, Ar-H), 7.31 (1H, t, J = 1.8 Hz, Ar-H), 4.11 (2H, t, J = 7.2 Hz,
CH,), 3.80 (3H, s, CHs), 3.65 (2, t, J = 7.0 Hz, CH,), 1.83 (2H, quin, J
= 7.3 Hz, CH,), 1.71 (2H, quin, J = 7.2 Hz, CH,), 1.32-1.47 (4H, m,
2xCH,) ppm

13C NMR (101 MHz, acetonitrile-d3, 25 °C):
§ = 170.9 (2xC), 137.0 (CH), 134.1 (2xC), 130.5 (2xCH), 129.6 (2x CH),
128.5 (2xC), 126.6 (2xCH), 126.4 (2xC), 124.7 (CH), 124.6 (2xCH),
123.4 (CH), 50.5 (CH,), 38.4 (CH,), 36.9 (CHy), 30.5 (CH,), 29.2 (CH,),
26.9 (CH,), 26.3 (CH,) ppm

YF NMR (376 MHz, acetonitrile-d3, 25 °C):
d =-78.7 (1F, s, CF3SO3") ppm

FT-IR (Vpax cm™, solid):
3000 (w), 2945 (w), 1841 (m), 1762 (vs), 1614 (s), 1522 (m), 1456 (s), 1411
(5), 1322 (5), 1222 (s), 1157 (vs), 1018 (s), 907 (vs), 780 (vs), 719 (s), 600
(s)

UV-Vis (MeCN): Aoz = 382 (5300)
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6.6 Pyridine systems

6.6.1 4-(4-Methoxyphenyl)pyridine

OH —
\O@B/ . @N PA(OAC), KeCOs, Ar ( > \< >N
oH —/  acetone, H20, 65°C /
95 96

93k
C7HgBO3 CsHalN CiaHiiNO
Mol Wt: 151.96 Mol Wt: 205.10 Mol Wt: 185.23

Synthesised following the method detailed in 6.4.2 with the following reagent amounts
and column conditions:

4-methoxyphenylboronic acid: 1.26 g, 8.29 mmol

4-iodopyridine: 1.70 g, 8.29 mmol

Pd(OAc)y: 19.1 mg, 0.085 mmol

KyCO3: 2.94 g, 21.3 mmol

H50: 20 mL

acetone: 20 mL

Column chromatography: silica gel; 0 - 65% ethyl acetate in hexane

Yield: 1.08 g, 5.84 mmol, 70%

Analytical data are consistent with literature values. (19%)

MP 97.4 - 98.0 °C
LRMS (ESI+) m/z: 186 [M+H]", C;,H;NO, Relative intensity: 100%

'H NMR (400 MHz, CDCls, 25 °C):
0 = 8.61 (2H, app. d, J = 4.5 Hz, 2xAr-H), 7.59 (2H, app. d, J = 8.0 Hz,
2xAr-H), 7.47 (2H, app. dd, J = 4.5, 1.6 Hz, 2xAr-H), 7.01 (2H, app. d,
J = 8.0 Hz, 2xAr-H), 3.86 (3H, s, CH3) ppm

13C NMR (101 MHz, CDClj, 25 °C):
§ = 160.5 (C), 150.0 (2xCH), 147.8 (C), 130.2 (C), 128.1 (2xCH), 121.0
(2xCH), 114.5 (2xCH), 55.3 (CH;3) ppm

UV-Vis (MeCN): Apae = 274 (23300)



6.6. Pyridine systems 167

6.6.2 4-(4-Methoxyphenyl)-1-methylpyridin-1-ium
trifluoromethanesulfonate

CF3S0,
_— \ —
\OO_QN _MeOTHA _ o=
4/ DCM, 0°C - RT /
93k 97
C12H11NO C14H14F3NO4S
Mol Wt: 185.23 Mol Wt: 349.32

Synthesised following the method detailed in 6.5.14 with the following reagent amounts:
4-methoxyphenylpyridine 93k: 500 mg, 2.70 mmol

MeOTf: 0.36 mL, 3.20 mmol

DCM: 15 mL

Yield: 0.941 g, 2.69 mmol, 100%

MP 147.5 - 149.0 °C

HRMS (ESI+) Found: 200.1073 [M]*, C;3H;,NO, Required: 200.1070

1H NMR (400 MHz, acetonitrile-d3, 25 °C):
0 = 8.57-8.51 (2H, m, 2xAr-H), 8.20-8.14 (2H, m, 2xAr-H), 7.95-7.90
(2H, m, 2xAr-H), 7.17-7.11 (2H, m, 2xAr-H), 4.23 (3H, s, CH3), 3.89
(3H7 S, CH?)) ppmn

13C NMR (101 MHz, acetonitrile-d3, 25 °C):
0 =164.4 (C), 156.3 (C), 145.9 (2xCH), 131.0 (2xCH), 126.6 (C), 124.5
(2xCH), 116.3 (2xCH), 56.6 (CHj), 48.2 (CH3) ppm

FT-IR (vmax cm™t, solid):
3049 (w), 2842 (w), 1640 (m), 1603 (s), 1502 (m), 1255 (vs), 1148 (vs),
1028 (s), 826 (s), 635 (s)

UV-Vis (MeCN): Ajpaz = 334 (69700)
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Absorbance spectra
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Appendix B

Photoluminescence spectra

B.1 Film state

60000
S 40000
W
5
=
[}
&8 200004
[
7}
£
0_
260 460 660 860 1 OIOO 1 2'00
Wavelength (nm)
35a
200004
El
8
.‘i“ 10000 -
[72]
[ o
QO
7}
£
04 S i 5 i
260 460 660 860 1 DIOO 1 2I00
Wavelength (nm)
35¢c
10000
El
8
2 50004
[}
[ =
[
i}
k= |
260 460 660 860 1 OIOO 1 2'00

Wavelength (nm)
35e

60000
40000 4
ni
3
=
w
£ 20000 -
5D
£
D._
200 400 GO0 BOO 1000 1200
Wavelength (nm)
35b
15000+
57100004
3
=
[72]
@ 5000
Q
5]
=
04 — e »
260 460 660 860 1 DIOO 1 2‘00
Wavelength (nm)
35d
200004
'S 15000
8
210000
(72}
[ =
8]
= 5000+
0 - B —
260 460 660 860 1 0‘00 1 2’00

Wavelength (nm)

35f

175



176

Chapter B. Photoluminescence spectra

20000
15000+
=
8
é.,IUODOn
7]
< ~\
£ 50004
£
o \u,
200 400 600 800 1000 1200
Wavelength (nm)
36a
~— 20000
3
\(_U, '
=
[}
[ a
[ ]
=
£ ol - s 5
260 460 660 860 1 DIOO 1 ZIOO
Wavelength (nm)
36¢
10000+
El
8
2 50004
7]
[ o
[7]
L .
E .
200 400 600 800 1000 1200
Wavelength (nm)
36e
20000+
15000
o~
3
8
§‘1OODO-
[}
[ a
L 5000
=
i .
260 460 660 860 1 DIOO 1 ZIOO

Wavelength (nm)
37a

10000+
El
I
2 5000
W
£
£
£ S
07 S = e NS
260 460 660 860 1 OIOO 1 2'00
Wavelength (nm)
36b
40000+
E)
8
220000
(7}
[ n
Q
8]
=
0] B =
260 460 660 860 1 DIOO 1 ZIOO
Wavelength (nm)
36d
10000+
El
&
2 5000
W
£
£
£
G o e
260 460 660 860 1 OIOO 1 2'00
Wavelength (nm)
36f
15000+
5 10000
©
8
2
2 5000
Q
]
£ %
o . .
260 460 660 860 1 DIOO 1 ZIOO

Wavelength (nm)
37b



B.1. Film state 177
15000 60000
S 10000 S 40000
8 8
= =
7]
2 5000 & 20000
L £
£ £
0- e R 0-
260 460 660 Bbﬂ 1 OIOO 1 2:00 260 460 660 Bbﬂ 1 0‘00 1 Z:DO
Wavelength (nm) Wavelength (nm)
37d 38a
15000 200004
) S 15000-]
S 10000 &
= 210000
[} (7}
S 5000 S
= E 5000+
il - 6 s e e
260 460 660 860 1 DIOO 1 2‘00 260 460 660 860 1 DIOO 1 2‘00
Wavelength (nm) Wavelength (nm)
38b 38d
60000
200004
5 S 40000
z 8
2 10000 =
2 & 20000
o £
£ £
0 od
e e e T T T T T J
200 400 GO0 500 1000 1200 200 400 600 800 1000 1200

Wavelength (nm)

38e

Wavelength (nm)
38f



178

Chapter B. Photoluminescence spectra

B.2

Solution state

1200

300
800
1000
700
= 00 BN
o @
- SO0
P =z
E g 400
2z 2
E 400 = 300
h 200 -
200 < .
i 100 :
ot 4
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
35a 35b
300 2500
= ,‘ 2 2000
— ak —
S5 200 3 El
& Ty S
H
Zw 3 z
Z Y 2
g % 3 1000
S 100 . -" c
0 " 500
i ¥
0 o 0
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
35c¢ 35d
500 1200
450 {
3 1000
400 '
P
5 0 ¥ Y
£ 300 i o
Z 0 bt Z w00
Wi v
= hd c
2 o p "‘ 2
£ 150 - L £
100 . s00
50 H
i
0 0
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
35e 35f
2500 2000
1800 .
4 A
2000 i 1600 !
- B 1400 L
= H "-' =1 . “
1500 it G 1200 :
: :
z I 2 1000 i
[ A 2 :
o looo : \ g oo v
- - = .
1= N £ oo 2
500 - 400 ..
H 200
R 0 —
250 350 450 550 650 750 250 350 450 550 650

Wavelength (nm)

35i

Wavelength (nm)

35j



B.2. Solution state 179

Ao 2000
250 ; 1800
3.
A 1600
300 ;:é
- — 1400
= s L ‘ 3
o T @ 1200
= 200 i Z 1000
Z I 2
a 150 |3 @ 800
— . - -
= b X £ 6o
100 . '
. 4 400 E
:

=

= &
i-\
-
[=1
g
L..___

250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
36a 36b
1800 900
1600 800
1400 700
= 1200 S 600
5 :h
- 1000 = 500
E E=]
2 800 g 400
2z 2
£ 60 £ 300
400 200 \
200 100
o o \‘.___._
250 350 450 550 650 750 450 550 650 750
Wavelength (nm) Wavelength (nm)
36¢ 36d
2000 2000
7000 F000
&000 &000
BI =t DI =t
m S0 @ s
Z a000 i Z ano0
n i o
c 1 c
a4 3000 i T 3000
= L =
1= £
2000 2000
1000 1000
o 0
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
36e 36f
16000
12000
14000
10000
12000 H
3: i = 2000
= o000 i =t
Z a000 | \ Z &0
w . ‘n
c ] —
g oo : & om0
£ ' =
4000 .
3 2000
2000 i
i 0
o —} 500 600 700
250 350 450 550 650 750

Wavelength (nm) Wavelength (nm)

37a 37b



180 Chapter B. Photoluminescence spectra

16000 16000

14000 14000

12000 12000 1
3, P i
3 10000 3 10000 - i
H
Z 8000 = 8000 |
‘@ ‘@ |
=4 r =4 P
U 86000 . L &000 .
- . - .
£ . k= i
4000 : 4000 .
2000 : 2000 2
o o
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
37c 37d
16000 2500
14000
2000 ﬁ
12000 i
—_ - H
=] =] i
Emmc E 1500 : i
Z 8000 . = :
2 - 2 :
T 6000 g looo “y
z = -
c = N
4000 .
500 "
2000 3
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
37e 37i
2500 2000
A
E', 7000 4
2000 i
i &000
= H =
1500 i @ soon
L
= Dy Z 000
g 1000 v @ 3000
= - =
c - \ £
* 2000
S00 L
1 1000
250 350 450 550 650 750 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)
37j 38a
4500 18000
4000 16000
M M
3500 : 14000 i
= 3000 ; S 12000 .
m H ] .
= 2500 = 10000 .
Iy i Z :
H 1) -
2 2000 i 2 2000 :
2 H i .
= 1500 _f kS &000 :
1000 i 4000 *
500 i 2000 H
o WJ ] —J
250 350 450 550 650 250 350 450 550 650 750
Wavelength (nm) Wavelength (nm)

38b 38c



B.2. Solution state 181

2000
1800 .. 10000
1600 ;“ $000 r
‘5 2000 \\
~— 1400 =3 B
= i = 7000 oy
@ 1200 ' IR
- : T ooo —
£ 1000 i = [
& : £ 5000 :
= L vl
500 ; c :
s : i g 4000 .
= eoo . £ 3000 :
400 - 2000
00 B 1000
n HﬂlJ
250 350 450 550 650 500 600 700
Wavelength (nm) Wavelength (nm)
38d 38e
12000 s000
10000 000
4 : /
= 8000 \ =y {
: [ S 4000 !
o [ o i
s - = H
£ o0 | 2 3000 i
= . n i
: o i
o . o 1]
£ 4000 : £ 2000 ;
2000 1000
R .
250 350 450 550 650 730 300 400 500 a00 00
Wavelength (nm) Wavelength (nm)
38f 76a
7000

5000
A

4500 f\
&000
I M
4000 ! \ i
< 3500 i — 5000 i
3 i 3 P
3 2000 i 2 000 ,'
Z 2500 H =z :
wi i i r 1 H
2 ! £ 3000 H
§ oo i g Py
=t i z H
£ 1500 ! £ 2000 H
1000 H
1000 f
500
1] 0
250 450 650 850 250 350 450 550 650
Wavelength (nm) Wavelength (nm)
T6c 76f
7000 2500
&000 r
2000
— 5000 —_ f\
3 / 2 ;
L 000 l[ G 1500 ’ \
wy I
i f £ 1000 i
@ a H
= l e !
= 2000 { £ i
500 H
1000 f
o [i] M-Ju-}
250 450 650 850 250 450 650 850
Wavelength (nm) Wavelength (nm)
76b

76d



182 Chapter B. Photoluminescence spectra

00 2000
350 A 1800
R Y 1600
200 ! \
- H = 1400
3 o f 3
e ry £ 1200
£ a0 i Z 1000
w
3 i 2 s
T 150 5 i g
£ H £ oo
100 ;
i 400
0 / 200
0 0
450 550 550 750 250 250 450 650 850
Wavelength (nm) Wavelength (nm)
76g T7a
1200
16000
1000
3
3 o0 ] = 12000
L i o loooa
= H ==
= o H £ sona
= { &
£ 100 i % 6000
H = 4000
. \_/——/ L
2000
0 j a
350 asa 550 650 450 550 650
Wavelength (nm) Wavelength (nm)
T7c 66b
20000 12000
18000
& 10000
16000 b H
—_ }: - H
3 14000 s S 8000 . "
B 12000 = = to
= i
Z 10000 L3 F= P
i Z HE
S 2000 1 T H
] "4 £ 4000
£ o000 H £ H
. !
4000 : L 2000 :
. 1]
2000 . !
i H
] oo i} ‘fu
150 350 450 550 B50 250 350 450 550 G50
Wavelength (nm) Wavelength (nm)
66a 93k
5000
8000
7000 ff\
S sona 1
=2 H
= 5000 i
kS H
@ 4 i
@ aono {
2 2000 !
=
2000 j
1000 ,
0
250 350 450 550 650

Wavelength (nm)

97



Appendix C

Electroluminescence

183

spectra
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Appendix D

Cyclic voltammograms
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Scanning electron microscope

images
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Appendix F

Computational data
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Appendix G

Tabulated data

TABLE G.1: Emission and absorption of arylfluorene smart inks

EL Mgz (nm)

Film PL A4, (nm)

Solution PL A4 (nm)

197

Abs Apgz (nm)

35a 412.5 388.5 382 292
35b - 389 381 291
35¢c 417.5 392 378 314
35d - 392 378 314
35e 407.5 371 380 290
35f 435 388 381 291
35i 415 414 347 313
35j 418.5 414 346 313
36a 413 385.5 361 294
36b - 387 362 294
36¢ 411.5 410.5 363 313
36d - 405 362 313
36e 409.5 414 378 319
36f 409.5 414 375 318
TABLE G.2: Emission and absorption of diarylfluorene smart inks
EL Mgz (nm) | Film PL A (nm) | Solution PL Ajgy (nm) | Abs Apee (nm)

37a 411 414 359 326
37b 411.5 413 375 326
37c 487.5 414 360 328
37d 412 414.5 360 328
37e 410 392.5 360 327
37f - 391 361 328
37i 409 410 373 327
37j 409.5 409 374 327
38a 410 434.5 359 330
38b 409 409 349 329
38c - 416.5 - -

38d 412.5 422 385 334
38e 419.5 414 382 339
38f - 416.5 385 339
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