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ABSTRACT

Synthesis And Optoelectronic Properties Of New Fluorene-2,5-Diaryl-1,3,4-Oxadiazole
Hybrid Materials
Stephen QOyston, University of Durham, 2005

Novel fluorene and spirobifluorene-2,5-diaryl-1,3,4-oxadiazole hybrids 165 and 171,
respectively, have been synthesised by Suzuki cross-coupling methodology. Pyridine
analogues of 165 and 171, 184 and 185, respectively, were also synthesised. Further extension
of the m-electron framework was achieved via Wittig reaction to afford compound 177. Single
layer organic light emitting devices (OLED)s using blends of MEH-PPV as the emissive
material with electron transport (ET) materials 165, 171, 177, 184 and 185 have been
fabricated. For all the devices studied electroluminescence (EL) originated exclusively from
the MEH-PPV with external quantum efficiencies (EQE)s greatly enhanced (>two orders of
magnitude) compared to pure MEH-PPV devices. The incorporation of pyridine in
compounds 184 and 185 considerably enhanced the electron affinity of the systems compared
to compounds 165 and 171. For a device incorporating PEDOT:PSS in the configuration
ITO/PEDOT:PSS/MEH-PPV-185 (30 : 70% by weight)/Ca/Al an EQE of ca. 0.6% and a

luminance efficiency of 1.2 ¢cd A™ at 10.5 V was achieved.
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Electron Transport Matérials for Organic Light Emitting Diodes

1 ELECTRON TRANSPORT MATERIALS FOR ORGANIC LIGHT

EMITTING DIODES

There has been intense research interest recently in the use of organic materials for light
emitting diodes (LEDs) since original reports of the electroluminescence (EL) properties of
conjugated polymers.' This reinforced the immense interest in electronic and optoelectronic
devices made entirely from organic materials born from the discovery in the late seventies
that certain polymeric organic materials can conduct electricity almost as efficiently as
copper.” Heeger et al. found that oxidation of ﬁolyacetylene with halogens (p-doping)
significantly increased conductivity; this can be considered the birth of the field of conducting
polymers.3

Organic light emitting diodes (OLEDs) offer many advantages over bulky inefficient
cathode ray tubes such as low power consumption, low weight and compact flat screen
technology. Also the possibility of producing inexpensive large area flat panel displays via
vapour deposition, first realised by Tang and VanSlyke,* could provide an alternative to liquid
crystal display (LCD) technology, as LCDs larger than 12 inches have proven very costly and
difficult to produce.’ Inorganic LEDs may also be challenged due to the versatility of -
conjugated polymers in that their physical properties (colour, emission efficiency and
operating lifetimes) can be fine-tuned by manipulation of their chemical structure.®

Initial commercial applications of organic materials in display technologies have
resulted in Pioneer Electronics introducing an organic EL monochrome display for
automobiles. Multicolor OLEDs have recently seen significant incorporation in other small-
format consumer electronic products such as mobile phones and portable audio players.
Eastman Kodak/Sanyo launched the first full colour, active matrix OLED screen digital
camera in 2003.” According to display industry analysis firm isuppli/Stanford Resources the
global market for OLEDs will increase from $112 million in 2003 to $2.3 billion in 2008}
There are still many difficulties to overcome including colour emission over the full visible
spectrum, higher quantum efficiencies, lower operating voltages-and longer device lifetimes

before OLEDs can become genuinely commercially viable.
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1.1 ELECTROLUMINESCENCE OF ORGANIC MATERIALS

EL (Appendix 1) is the non-thermal conversion of electrical energy into light in a substrate
whereby photon emission results from the recombination of holes and electrons within the
substrate. Pope et al.’ first observed EL from organic materials in 1963 by passing an electric
current through a single anthracene 1 crystal. Later, Helfrich reported fluorescence in
anthracene crystals using charge-injecting electrodes and attributed this to the recombination
of electrons and holes within the anthracene crystal.10 Two electrolytic solutions (positively
and negatively-charged anthracene) housed in glass tubes and cemented to the surface of the
crystal were responsible for charge transport of electrons and holes injected from the cathode
and anode, respectively, into the anthracene crystal. EL was witnessed in the section of the
anthracene crystal next to the hole-injecting anode, which suggests an imbalance of charge-
carrier injection and transport. High voltages (ca. 400 V) were required partly due to the
thickness of the crystals in both instances. This limited further breakthroughs until the 1980’s
when Vincett et al. reported EL from thin films of anthracene sublimed onto oxidised
aluminium electrodes. Operating voltages were brought down to ca. 30 V, although low
efficiencies were reported due to inefficient electron injection and poor quality anthracene

films.""

In 1987 it became apparent that organic materials were viable for optoelectronic
devices. In contrast to earlier organic EL devices, Tang and VanSlyke® developed an EL
diode comprising a double layer of thin organic films. The first layer, an aromatic diamine 2
responsible only for hole transport, was deposited onto an indium tin oxide (ITO) substrate
(ca. 750 A thick). A layer of the EL material tris-(8-hydroxyquinoline)aluminium (Alqs) 3
(ca. 600 A thick) followed this. Finally a low work function alloy of magnesium and silver
(10:1) was deposited as the cathode for more effective electron injection. All three layers were
deposited by vacuum deposition. The simply fabricated device displayed high photon /
electron quantum efficiencies of 1% with high luminous efficiencies and Brightnesé at driving
voltages below 10 V. The emission peak intensity at Apax S50 nm indicated that the radiative
recombination of injected electrons and holes occurs in the Alq; layer, as the EL emission

spectrum was identical to the photoluminescence (PL) spectrum of Alg; thin films.
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Scheme 1: Molecular structures of anthracene 1, diamine 2 and Alq; 3 as used by Tang and VanSlyke in
their double layer EL diode.*

Further work on multilayer thin organic film devices by Adachi et al.'? using the luminescent
hole transport material NSD 4 as the emitter and incorporating an electron transporting hole
blocking (ETHB) material PBD 5 in the device configuration (ITO/NSD/PBD/MgAg) gave
an emission intensity of ~ 1000 cd m™ at a current of 100 mA cm™ and a voltage of 16 V,
relating to a luminous efficiency of 0.2 Im W', Emission efficiencies of this device were 10*
times larger than that of a single layer device (ITO/NSD/MgAg) without PBD. Also
efficiencies of a bilayer device (ITO/TPD/NSD/MgAg), where TPD 6 is the hole transporting
diamine derivative, were only 10% times larger than the single layer device. The emission
spectra of the EL devices (Amax 520 nm) correspond to the PL spectra of NSD thin films. No
emission was evident from the PBD layer. These resuits established that recombination
occurred in the emitter layer, with the PBD layer blocking the transport of holes whilst

injecting electrons into the emitting layer.

dcm
e O
N-N
4NSD OCHa 5PBD

Yool

- O

Scheme 2: Molecular structures of the hole transport materials NSD 4 and TPD 6 and the ETHB material
PBD S.

6 TPD
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1.2 ELECTROLUMINESCENT CONJUGATED POLYMERS

Conjugated polymers are semiconductors due to ™ molecular orbitals being delocalised along
the polymer chain. Their advantage over non-polymeric organic semiconductors is their
attractive physical /mechanical properties and the possibility of solution processing to form
flexible and robust structures tailored for a wide range of applications. Conjugated polymers
which have large semiconductor gaps and can be prepared sufficiently pure can show high
quantum yields for photoluminescence. The first example of EL from an organic polymeric
semiconductor was a serendipitous diScovery by the Cambridge group of Friend et al,
reported in 1990. Whilst studying the electrical properties of poly(p-phenylene vinylene)
(PPV) 12 it was found that a strip of PPV sandwiched between two electrical contacts glowed

green in the dark when a current was applied.'

1.2.1 PPV & MEH-PPV

PPV and poly[2-(2-ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene] (MEH-PPV) proved
pivotal materials in the development of OLEDs throughout the 1990’s. PPV is a bright yellow
fluorescent polymer with EL maxima at A 551 nm (2.5 eV) and 520 nm (2.4 €V) in the
yellow-green region of the visible spectrum. The polymer is insoluble and intractable. The
direct synthesis of PPV has been carried out utilising some well-known coupling reactions,
i.e. Wittig'’ and Heck'* reactions. The problem with these direct syntheses from monomers is
that the material produced cannot be easily processed. These physical and processing
problems were overcome by the introduction of a solution-processable, sulphonium-precursor

1316 which meant that solution processing by spin

route to PPV by Wessling and Zimmerman,
coating could be used to manufacture good quality thin PPV films for use in EL devices.
Scheme 3 shows the reaction of 1,4-bis(dichloromethyl)benzene 7 with
tetrahydrothiophene 8 yielding the bis sulphonium salt 9. Polymerisation of a methanolic
solution of the monomer gave the colourless water-soluble viscous polyelectrolyte solution;
this was then dialysed against distilled water to remove low molecular weight impurities. The
molar mass of the precursor polymer 10 could not be determined. The reaction of the
polyelectrolyte 10 with refluxing methanol yielded the neutral polymer 11, which on gel
permeation chromatography (GPC) gave a number average molar mass M, of =100,000 g

mol™"'7 Spin coated thin films of the precursor polymer 10 were converted to PPV by thermal



Electron Transport Materials for Organic Light Emitting Diodes

elimination of tetrahydrothiophene and HCl to form the alkene bonds. The resultant thin films

of PPV 12 were homogenous, dense and uniform.

cl
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Scheme 3: Wessling and Zimmerman precursor route to PPV 12: i) 8, MeOH, 65 °C; ii) NaOH,
MeOH/H,0 or Bu,NOH, MeOH, 0 °C, neutralisation (HCI), dialysis (water); iii) MeOH, 50 °C; iv) 220 °C,
HCI(g)/Ar, 22 h; v) 180-300 °C, vacuum, 12 h®

Ohnishi ef al. '® and also Braun and Heeger'**° have independently reported PPV derivatives
that are soluble in the conjugated form. These PPV derivatives such as MEH-PPV 15, which
is the most widely studied PPV derivative (Scheme 4) and other dialkoxy-substituted

derivatives of PPV owe their increased solubility and air stability to the long alkoxy side

chains. _
OH oj—/J 05_/_/
i i cl i) N
cl
MeC MeO . MeG n
13 14 15

Scheme 4: Preparation of MEH-PPV 15: i) 3-(bromomethyl)heptane, KOH, EtOH, reflux, 16 h; ii)
HCHO, conc. HCI, dioxane, 20°C, 18 h, reflux, 4 h; iii) KO'Bu, THF, 20 °C, 24 h.2""*

MEH-PPV dissolves readily in solvents such as' THF and CHC]ls, which enables direct
deposition onto substrates without the need for thermal treatment during device fabrication,
which~was~ one of the major drawbacks of the Wessling precursor route. Also the EL

maximum of MEH=PPV is red-shifted-to Nvax 626 nm compared-to that of PPV (Apax 551 nm).
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The synthesis of MEH-PPV can be achieved, as before for PPV, or by a dehydrohalogenation
condensation polymerisation as developed by Gilch et al.® The Gilch route shortens the
preparation by two steps and also increases yields significantly with molar masses comparable
with that of the sulphonium precursor route.

Simple OLEDs employing MEH-PPV in the single layer (ITO/MEH-PPV/Ca) device
structure have achieved a respectable external quantum efficiency (EQE) of 1.0%."° Calcium
used here has a lower work function than the previously used aluminium, matching the
LUMO of the MEH-PPV more effectively. However, aluminium is less reactive in the

presence of moisture and air, aiding device stability.

1.3 SINGLE LAYER OLED STRUCTURES

The basic structure of OLEDs consists of a thin film of the EL material sandwiched between
two electrodes, one of which must be transparent. The light emitting material can be an
organic polymer, or a small non-polymeric molecule. Under an applied voltage electrons are
injected from the cathode (low work function electrode) and holes are injected from the anode
(high work function electrode) into the organic material where they migrate under the effect
of the external electric field.®

Light emission is the consequence of the radiative decay of excitons in the emissive
material produced by the combination of electrons and holes injected from the oppositely
charged electrodes.”® The photons of light generated escape through the transparent electrode.
Figure 1 shows a representation of a simple EL device. The device is fabricated by spin
coating the EL material, e.g. MEH-PPV, onto a transparent indium-tin oxide (ITO), glass or
polymer substrate such as commercially available poly(ethyleneterephthalate) (PET) coated
with a layer of ITO. The vacuum evaporation of a low work function metal cathode such as
Al or Ca completes the EL device structure.

In such a device electrons are injected into the LUMO (forming radical anions) and
the holes injected into the HOMO (forming radical cations) of the EL material. Under the
external field the charges migrate along the polymer chains and combination of the radical
anions and radical cations within a single conjugated segment forms singlet and triplet excited
states. Spin allowed radiative emission (fluorescence) of the singlet state occurs upon
relaxation to the ground state (see Appendix 1). Triplets usually relax to the ground state via a

non-radiative pathway. Therefore, efficiency of these devices is limited as the probability of
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A feature of the development of OLED technology is a lack of consistency between different
laboratories in terms of techniques and parameters to assess device performances, with
contradictory methods used for measuring quantum efficiency and device reliability. This
means it is often not possible to arrive at a meaningful comparison of data on materials and
fabricated devices from different publications. Forrest and co-workers have published an
authorative discussion on these aspects and formal definitions of the various terms used to

measure OLED efficiencies.?®

1.3.1 Bilayer Devices Incorporating ETHB Materials

The most widely studied emissive polymers such as PPV, poly(fluorene) and their derivatives
are predominantly hole transporting materials, therefore hole injection and transport
predominates. Additionally, charge recombination may occur too close to the
polymer/cathode interface, hence, the device efficiency is lowered due to the quenching of
excitons by the metal electrode. To achieve efficient EL charge injection needs to be
balanced.’’” One way to overcome these problems is the fabrication of bilayer OLEDs
incorporating ETHB materials, first pioneered by Tang and VanSlyke.* This approach has
retained the focus of international research. The ETHB material is deposited onto the emissive
polymer ﬁlm by spin coating or thermal evaporation before deposition of the cathode, which
has.a low work function matched as closely as possible to that of the LUMO of the ETHB
material, to facilitate electron injection (Figure 2). The barrier to electron injection is reduced
using ETHB materials; also the passage of holes is inhibited through the ETHB layer.
Electrons and holes accumulate near the EL polymer/ETHB layer where recombination is
confined in the EL polymer away from the cathode interface.® Applications of such layers in
OLEDs reduce the threshold voltage whilst increasing quantum efficiency and device stability
with respect to the analogous monolayer devices.

ETHB materials need to have a high electron affinity. The most widely applied ETHB
materials are m-electron deficient heterocycles carrying imine nitrogen’s in the aromatic ring.
The polarisation of the C**-N* bond due to the electron-withdrawing nitrogen atom lowers
the energy of the HOMO and LUMO levels. This increases the electron affinity and promotes
electron injection from the cathode.” Various 7-electron deficient heterocyclic moieties have
been incorporated into low molecular weight compounds and polymers for use as ETHB
materials. These include 1,2,4-triazoles, 1,3,5-triazines, pyridines, pyrimidines, quinolines,

quinoxalines, 1,3-oxazoles and 1,3,4-oxadiazoles.28
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Figure 2a: Schematic energy level diagram of a generalised bilayer OLED, illustrating the accumulation
of charge carriers at the interface of the hole-transporting and electron-transporting layers, HTL and

ETL, respectively. (Redrawn from reference 25).

1.4 2,5-DIARYL-1,3,4-OXADIAZOLES

Most of the practical work described in this thesis concerns new 2,5-diaryl-1,3,4-oxadiazole
(OXD) derivatives for OLED applications. It is appropriate, therefore, to review the important
features of oxadiazoles which have paved the way for the present study. Molecular and
polymeric OXDs have been widely studied due to their high thermal and chemical stability,
high photoluminescent quantum yields and the electron deficient nature of the 1,3,4-
oxadiazole heterocycle.” This class of compounds can be synthesised efficiently by a variety
of methods using readily available and cheap precursors. A wide range of functionality can
also be attached at the peripheral aryl groups prior to, or after, the synthesis of the ring system
to give novel small molecules or polymeric compounds.

Prompted by the discovery that 2-phenyl-5-(4-biphenyl)-oxazole functioned as an
efficient scintillation solute, Hayes et al.*® synthesised a series of related OXDs in the 1950s.
A selection of relevant derivatives is shown in Scheme 5, including PBD analogue 18. Since
thenlow -molecular weight aromatic OXDs have been used as scintillators and laser dyes with

high- photoluminescent efficiencies.’ The key breakthrough relevant to contemporary
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applications of OXDs in material science came in 1989 when Adachi ef al.'? incorporated the
OXD derivative PBD 5 as an electron transport material into a thin film bilayer EL device.
This work re-ignited interest in OXD derivatives and has been pivotal to the growing field of
OLED research throughout the 1990s, especially as electron -transport materials for
evaporated bilayer devices.

Polymers incorporating 1,3,4 oxadiazole moieties were first reported in 1961,* and
since then a wide variety of poly(1,3,4-oxadiazole)s have been prepared: their use as
advanced materials has been reviewed.?® Poly(1,3,4-oxadiazole)s exhibit excellent fibre and
film forming capabilities, high thermal stabilities and tough mechanical properties.
Consequently they have been used as heat resistant reinforcing fibers for advanced composite
materials and high resistant ﬁberé for the filtration of hot gases among other applications.**
Cyclic voltammetry (CV) studies of poly(arylene-1,3,4-oxadiazole)s with various arylene
groups such as naphthalene, biphenyl and thienylene present in the main chain, show
reversible n-doping characteristics. The mesomeric effects of the aromatic unit in the polymer
backbone influence the electrochemical behaviour of these polymers.>>** Polymers with
electron transport properties (n-type) had rarely been investigated, therefore, this property of
poly(arylene-1,3,4-oxadiazole)s due to the electron affinity of the 1,3,4-oxadiazole
heterocycle is of great importance.

The attractive combination of excellent thermal, mechanical and optoelectronic
properties has lead to the use of poly(arylene-1,3,4-oxadiazole)s in OLEDs, with the
oxadiazole group in the main chain or as a pendant substituent. They serve as electron
transport layers in monolayer and bilayer OLEDs with PPV as the emissive material, or as the
emitting layer themselves. Polymeric derivatives have been developed alongside new low
molecular weight OXD derivatives. Both families are components in many of the latest EL
devices. Previous reviews”**™* have covered developments up to 1998; the present review

will focus on advances in new materials and their applications since then.
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Scheme 5: Molecular structures of selected 2,5-diaryl-1,3,4-oxadiazole derivatives 16-20 synthesised by

Hayes et al.*

1.4.1 Synthesis of 2,5-Diaryl-1,3,4-Oxadiazoles.

There are two main routes for the formation of OXDs each with specific advantages (Scheme
6). The first route involves nucleophilic reaction of aroyl hydrazide 21 with an acid chloride
22 to give the diaroyl hydrazine 23. Dehydrative cyclisation using either SOCl, or POCl3
yields the 2,5-diaryl-1,3,4-oxadiazole 25.°° The alternative route (the Huisgen route)’®
involves the preparation of an aromatic tetrazole’’ 24 via the reaction of sodium azide with
the corresponding arylnitrile. The tetrazole is then reacted with the corresponding acid

chloride 22 leading directly to system 25 via intramolecular ring transformation.
O 0O
+
C NHNH, cl C
21 22
‘ i)l
00 N o}
OLFO O - 30
HN—NH N=N Cl
23 24 22

SaTes

Scheme 6: Synthesis of OXD: i) Pyridiie, 20 °C 0.5'h, A 0.5'h ; i) POCL,; iiiy Pyridine A.
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1.4.2 Low Molecular Weight Oxadiazoles as ETHB Materials

Increasing recent interest in electron transport molecular glasses has arisen from their
application in OLEDs. The major prerequisites for electron transport molecular glasses are
summarised in the following three points.®
1. Materials must give stable and uniform films. (Vacuum deposited or spin coated).
2. Materials must have large electron affinity and high electron mobility for efficient
injection and transport of electrons.
3. Materials must possess large exciton energy for preventing the energy transfer of
excitons produced in the emissive layer, to the electron transport layer in a bilayer

device.

PBD 5 initially employed by Adachi and co-workers has been extensively studied as an
ETHB material for evaporated bilayer devices.”>'? It still plays a pivotal role in OLED
research as it is available in high purity, sublimes and can be spin coated as a dispersion in a
range of standard polymers. At higher temperatures crystallisation of PBD may occur and
some incompatibilities with polymers exist that may lead to phase separation or
crystallisation. This crystallisation can be retarded by suspending PBD in an insulating
polymer such as poly(methyl methacrylate) (PMMA) as demonstrated by Brown ef al. A
mixture of PBD and PMMA was dissolved in CHCl; and spin coated onto a PPV layer in the
fabrication of the bilayer OLED. Although the device thickness increased leading to an
increase in voltage needed to drive the device, the internal EL efficiency increased from 0.1%
(for an ITO/PPV/Ca device) to 0.8% for (ITO/PPV/PBD-PMMA/Ca).40 Gong and co-
workers*' used poly(vinylcarbazole) (PVK) 27 with PBD as the host and tris[9,9-dihexyl-2-
(phenyl-4’-(pyridin-2°’-yl))fluorene]iridium(III) [Ir(DPPF);] 26 (Scheme 7) as the guest in an
electrophosphorescent LED. As stated previously a maximum efficiency of EL from the
excited states of organic materials will be limited to 25%, however there is evidence that for
some polymers this ratio can be nearer 1 : 1.The energy of the non-emissive triplets can be
harvested by energy-transfer to a phosphorescent dopant, e.g. transition metal complexes. The
commonly used concept is to blend a low molecular weight phosphorescent dye into a
polymer matrix into which holes and electrons are injected. It is important that triplet excitons
should not be transferred from the triplet emitter to the host, which means that the triplet
energy of the host should be higher than that of the emitter. The use of PPV 12 or
poly(fluorene) derivatives (which have low triplet energies) is, therefore, limited to red or

yellow triplet emitters. For higher energy triplet emitters (i.e., blue or green emitters) PVK 27
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is often used. However, PVK transports holes only, so an ET material needs to be added to get
balanced electron and hole currents and thereby to enhance device performance. Therefore,
PBD was mixed with PVK to enable the host blend to transport both holes and electrons.*?
Electrophosphorescent emission was evident at Apax 550 nm which is characteristic of
Ir(DPPF);, with no emission observed from either PVK or PBD, and an EQE of 8% photons

per electrons.

f(cl:HCHz}n

27

Scheme 7: Molecular structures of Ir(DPPF), 26 and PVK 27."

The oxadiazole dimer dye 1,3-bis(2-(4-tert-butylphenyl)-1,3,4-oxadiazol-5-yl)benzene (OXD-
7) 28¢ was synthesised based on PBD 5 along with other dimer analogs by Tsutsui and co-
workers®® in an effort to improve stability of vacuum deposited thin films without adversely
affecting the electronic and optical properties. OXD-7 28¢ displayed electronic properties
very similar to that of PBD, whilst vacuum deposited films of 28¢ gave homogeneous glassy
films with higher glass transition temperatures than PBD. Also, no degradation due to
spontaneous crystallisation of the films was observed after 30 days storage.

Further work established that employing 28¢ as an ETHB material in OLEDs with several
different emissive layers gave significant improvements in performance over devices without
the additional OXD-7 layer.*’ |

Wang, working within our group, synthesised and studied ETHB properties of novel bis-
1,3,4-oxadiazole-pyridine hybrids and the vinylene and phenylene analogues, including OXD-
7 28¢ (Scheme 8).*

13
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Scheme 8: Series of bis(1,3,4-oxadiazole) hybrids 28a-h studied by Wang*®*

Previous studies”*** have shown that the introduction of a pyridine unit into the main chain of
conjugated p-phenylene and 9,9-dialkylfluorene type polymers improves the electron
transport properties of these materials which are predominantly known as hole transporting
materials. As a consequence of this, pyridine and 1,3,4-oxadiazole moieties were covalently
linked to explore the effect of combining two electron deficient heterocycles. Initial studies of
the ETHB properties of the pyridine-1,3,4-oxadiazole hybrid PDPyDP 28d involved a
comparison of bilayer devices, based on MEH-PPV as the emitter, incorporating 28d with the
p-phenylene and trans-vinylene analogues PDPDP 28b and PDVDP 28a, respectively, with a
device configuration of ITO/MEH-PPV/AL for the single layer and ITO/MEH-PPV/28a,b or
d/Al for the bilayer devices. The ETHB materials were thermally evaporated on top of the
MEH-PPV layer.

For the three bilayer devices incorporating ETHB materials the current versus electric
field data (Figure 3a) are almost identical (suggesting similar electron transport properties).
Figure 3b shows light output versus electric field curves for the four OLEDs. The turn on
voltage for EL is lowered compared to that of the single layer device, the lowest being

observed for the device incorporating 28d.
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Further increases in EQE for this series of compounds have been observed by optimising the
film thickness of both the MEH(Rubrene) and ETHB material. A maximum EQE of 0.7% was
achieved for a device in the configuration ITO/[MEH(Rubrene)] (90 nm)/28d (55 nm)/Al.

The EL spectra of all the bilayer devices have essentially identical profiles with a peak at Npax
= 590 nm and a shoulder at ca. 630 nm, coincident with the EL emission of a single layer
MEH-PPV device, indicating that charge recombination and subsequent light emission

occurred exclusively within the MEH(Rubrene) layer.

1.4.2.1 Fluorene-OXD Hybrids

Antoniadis er al.*’ investigated the ETHB and EL properties of fluorene-oxadiazole hybrids
29, 30a-c and 31a-b in multilayer vapour-deposited OLEDs combining the very efficient PL
properties of fluorene with the good electron transport properties of 1,3,4-oxadiazole. These
hybrids served as model compounds for blue emitting bipolar polymeric analogues as they
comprise electron donating dimethylamine/diphenylamine and electron accepting oxadiazole
moieties. LEDs were fabricated using an ITO anode onto which the starburst triphenylamine
32 was vapour deposited as a hole injecting buffer layer followed by a 2™ hole transport layer
of TPD 6. A layer of 29, 30a-c or 31a-b was deposited as the electron transport and emissive
layer, followed by a further electron transport layer of Alg; 3 to enhance adhesion to the Mg
cathode.

The EL emission spectra of the device incorporating compound 29 showed a weak
blue emission centred at 400 nm attributed to the intrinsic emission of 29, with the majority of
the emission shifted to longer wavelengths due to strong exciplex formation. For this device a
maximum photometric efficiency of 0.6 cd A" was recorded, approximately 5 times smaller
than the efficiency recorded for a TPD 6/Alqs 3 device. Exciplex formation was suppressed
using the bipolar compounds 30a-c and 31a-b with amine groups introduced to reduce the
ionisation potential of the hybrid. Devices incorporating the dimethylamine-oxadiazole-
fluorene hybrids 30a-b showed photometric efficiencies up to 8.7 and 6.8 cd A™', respectively;
they also displayed the lowest operating voltages in the series. The OLED comprising 30a
had a cyan (blue-green) colour with an emission centred at 495 nm. Luminances of 200-300
cd m? were achieved at as low as 6 V with corresponding photometric power efficiencies of

4.51m W' and 3.2 Im W™ for devices incorporating 30a and 30b, respectively.
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Scheme 9: Molecular structures of oxadiazole-fluorene hybrids 29, 3i)a-c and 31a-b along with hole
transport materials 32 and 33 used in multilayer OLED studies by Antoniadis et al.*’

Within the series of compounds 30a-c and 31a-b substituents R; were altered in an attempt to
inhibit possible stacking and excimer formation of the fluorene molecule, and bulky
diphenylamino groups were introduced at the R, position of 31a-b to increase glass transition
and melting temperatures (Tg) and (Tw), respectively. Difficulty arose in evaporation for
compounds 31a-b incorporating diphenylamino groups with temperatures as high as 350-390
°C needed for reasonable deposition rates. The devices incorporating 31a-b also suffered from
higher operating voltages (compared to 30a-b), low efficiencies and lifetimes shorter than 100
s, attributed to possible destruction of their chemical structures during the heating process.

In an attempt to increase lifetimes, a series of devices incorporating 30a was
fabricated using the hole transport material NPB 33 instead of TPD 6 and copper
phthalocyanine (CuPc) instead of the starburst triphenylamine 31, due to the long lifetime
characteristics and good thermal stability of these two hole transporting materials. In all cases
the device lifetimes were not improved. The lifetime of two devices in the configuration
ITO/CuPc/NPB/30a(x A)/Alqs(y A)Mg having different thickness ratios for 30a and Alq,
were-also compared. Device A with a thin layer of 30a (x = 30) and thick Alqs layer (y = 600)
had-a-longer lifetime than device B, where (x = 500) and (y =100). For device A the emission
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characteristics were dominated by the emission of Algs. In this device, the majority of the
excitons are formed in the Alqs region, and only a small portion of the excitons are confined
in the 30a layer. Due to this the overall efficiency of device A (3.2 cd A™) is lower than that
of device B (8.7 cd A™). The lifetimes of both devices were significantly improved but were
still much shorter than expected for devices where 30a is not included.”® The possibility of
instability of the 1,3,4-oxadiazole molecules when in the excited state as well as the
likelihood of non-reversible reduction or oxidation processes may account for the poor
performance of these materials in EL devices.

Tang et al.*’ used compound 30b as an EL layer in a blue emitting OLED where a thin
Al O3 layer was inserted between the EL/Al cathode interface enhancing current injection,
device efficiency and reduced driving voltage. These effects from the insertion of this layer
v&"ere believed to result from the eliminated interaction between the EL layer and the Al
cathode suspected of non-radiative singlet exciton quenching.

Wang,> working within our group, synthesised the related compound DFD 34, which
was used as an electron transport material blended over a range of compositions with the EL
polymer MEH-PPV in a single-layer device. This configuration has the advantage of easy
manufacture in terms of a single spin coating process. Light output from the blended OLEDs
increased as the percentage of 34 in the blended layer increased from 20-70% by weight but
decreased at higher percentage compositions. At an operating voltage of 25 V the EL of a
70% DFD device structure was 8 times that of a pure MEH-PPV layer reference device at the

same voltage.
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Scheme 10: Molecular structure of 34 DFD prepared by Wang.*

The brightness of this 70% blend device was 280 c¢d m™ at a current density of 66 mA cm™.
The increased light is indicative of efficient electron injection attributed to DFD. As
concentrations of DFD increased from 20 to 40 to 70 and up to 95% the EQE increased
accordingly with a maximum EQE of 0.1% for the 95% blend compared to that of the pure
MEH=PPV reference device of 1 x 10°. The EL spectra of all of the blend devices were

almost identical to that of the reference device with no emission evident from DFD, itself a
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blue emitter, even at maximum concentrations of 95%. EL originated, therefore, exclusively
from the MEH-PPV.

Preliminary optimisation of these devices included the incorporation of a hole
transport layer poly(3,4-ethylenedioxythiophene) doped with polystyrene sulphonic acid
[PEDOT:PSS] inserted between the anode and the blended film. The current and EL versus
voltage behaviour of the OLEDs were similar to those without the PEDOT layer, however
EQEs were all increased by a factor of approximately 3 independent of DFD concentrations.
A maximum observed EQE of 0.3% was recorded for the optimised 95% DFD blend device.

Wu et al.®' reported the synthesis and characterisation of efficient ET compounds 35a-
¢ where two identical ET OXD moieties were connected to a fluorene unit via the sp® C9
position to form a rigid 3-D structure. Increased glass transition temperatures relative to PBD
S were observed for these compounds and attributed to the non-planar 3-D structure arising
from the incorporation of the fluorene moiety.”> Additionally 35a-c displayed good film
forming properties. The PL spectra of 35a was almost superimposable on that of a model
compound 36, indicating that the tetrahedral C9 atom of 35a effectively breaks any

conjugation between the two OXD moieties.
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Scheme 11: Molecular structures of 35a-c and model compound 36.

Bilayer devices incorporating 35a-c as ETHB materials were fabricated in the configuration,
ITO/NPB 33/35a-¢/Mg:Ag. Devices incorporating 35b and ¢ gave higher current densities
than the device incorporating 35a, with current densities of 500 mA cm™ at a driving voltage
of 10 V. EL spectra of all three devices had N,,x = 448 nm, identical to that observed from the
PL of NPB 33. This result indicates that holes are blocked by the ETHB materials because of
the large energy barrier between the HOMO level of NPB 33 and those of 35a-c. Also, the
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small barrier between the LUMO of NPB 33 and those of 35a-c results in the recombination
zone being located within the NPB 33 layer.

Vacuum Level
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Figure 2b: Energy level diagram for compounds 35a-c.”!

Unoptimised devices exhibited maximum brightness values between 450 and 1600 cd m™,
and EQEs of 0.33, 0.20 and 0.25 for devices incorporating 35a-c, respectively. Trilayer
OLEDs were fabricated incorporating the blue dye PAP-NPA 37°° in the configuration
ITO/NPB 33/PAP-NPA 37/35a-c/Mg:Ag. All three devices gave strong blue emission with
Amax = 454 nm resulting from the PAP-NPA. EQEs of the trilayer OLEDs incorporating 35a-c
and PAP-NPA 37 were recorded as 1.40, 1.54 and 1.75, respectively, with maximum
brightnesses reaching ca. 5400-7000 c¢d m™.

N’ N
@j N b
PAP-NPA 37

Scheme 12: Molecular structure of blue dye PAP-NPA 37.%

In an attempt to improve processability and morphological stability of 1,3,4-oxadiazole
compounds, Salbeck and co-workers™ synthesised 38, a spiro linked molecule which
essentially comprised two PBD 5 units orthogonal to each other.

It was shown by spin coating amorphous films of both PBD 5 and the spiro analogue

38 onto quartz substrates that recrystallisation of the amorphous PBD film, which occurred at
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room temperature on standing for a period of 1 h, was eliminated for the film of 38 even at
elevated temperatures. Recrystallisation of PBD 5 was detectable by the film becoming turbid
and detection of a microcrystalline structure by scanning electron microscopy. The film of 38
remained amorphous and transparent throughout, with a smooth surface detected by electron

tunnelling microscopy.

Spiro-PBD 38 Spiro-TAD 39
Scheme 13: Molecular structures of spiro-PBD 38 and spiro-TAD 39 synthesised by Salbeck ef al.>

The higher morphological stability of 38 was attributed to the steric demands of the spiro
core. Also compound 38 has a higher stability than PBD with a melting point of 337 °C and a
Tg of 163 °C compared to the melting point of PBD at 138 °C. The electronic properties of 38
are almost identical to the parent PBD compound although the emission maximum of
compound 38 shows a 7 nm red shift compared to PBD attributed to the forced planarisation
of the biphenyl units in the spirobifluorene core.

A blue light emitting bilayer OLED fabricated using a hole transporting aromatic
amine (spiro-TAD) 39 and compound 38 in the configuration ITO/39/38/Al:Mg displayed a
very low turn on voltage of 2.7 V, with a brightness of 500 cd m™” measured at 5 V.>*
Chien’® reported the isomeric compound 40 with two 2-(4-tert-butylphenyl)-1,3,4-oxadiazole
groups in the same plane attached to a spirobifluorene unit at the 2 and 7 positions. The
bipolar analogue 41 was also reported, which incorporated two diphenylamine units

orthogonal to the oxadiazole plane.

1.4.2.2 Bipolar OXD Materials

Bipolar compounds have received considerable attention in the context of advanced materials.
In the context of this thesis the possibility of combining electron transport and hole transport
moieties, as well as an emissive unit in some cases, in one molecule should allow easy
fabrication of highly efficient single layer OLEDs. In the bipolar compound 41 the 1,3,4-
oxadiazole conjugated oligoaryl system acts as the electron acceptor whilst the triarylamine
moiety acts as the donor counterpart. Solvent polarity dependent fluorescence properties were

observed for 41 due to the highly efficient photoinduced electron transfer reactions. OLED
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work was not reported for 40 or 41, although other groups have utilised bipolar compounds in
OLED:s.

Schemel4: Molecular structure of compound 40 and the bipolar analogue 41.%

Hamada er al.>® synthesised compound 42, the bipolar analogue of OXD-7 28c¢, replacing the
terminal fert-butyl groups of 28¢ with electron donating dimethylamine groups and showed
that this material was useful as a blue emitting layer (EML) instead of an ET layer due to the
bipolar nature of the material, which offers good recombination sites for holes and electron
charge carriers. Three different device configurations applying 42 as an EML were compared
among which the double hetero (DH) structure, with the TPD 6 analogue 43 as the HTL, in
the configuration of ITO/43/42/0XD-7 28¢c (ETL)/MgAg showed the best performance with a
luminance of 1100 cd m™ observed at a drive current density of 100 mA cm™. EL emission

had Apnax = 475 nm corresponding well with the PL N of the OXD dimer dye 42.
IO -
b o o N )
. 5 e O

Scheme 15: Molecular structure of the bipolar compound 42 and HT material 43.%

Tamoto et al.”’ synthesised five new bipolar materials 44-48 for EML applications, replacing
dimethylamine groups with triphenylamine units, which possess superior hole transport
mobility.®® Tt was postulated that higher charge carrier mobilities would reduce driving
voltage and relieve exciplex formation, which usually takes place at the EML/transport layer
interface. Compounds 44-48 have T, values above 99 °C, with no clear crystallisation
temperatures indicating that they form desirably stable amorphous films. Compound 48
showed a pronounced Ty of 166.5 °C possibly due to the starburst structure of the three
triphenylamine units, also the hexafluoropropane linking unit of compound 44 is believed to

enhance to the thermal stability.
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Scheme 16: Molecular structures of bipolar compounds 44-48 and ET material 49.”
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For compounds 45-47 the bridging position of the disubstituted phenylene greatly influenced
the thermal properties of the materials with the 1,4-disubstituted phenylene 45 displaying the
highest thermal stability of all. Thin films of 44-48 all showed strong PL in the blue-green
region with Ny, = 454, 489, 458, 469 and 487 nm, respectively. For compounds 44 and 46 the
insulating nature of the hexafluoropropane unit, and the m-phenylene linkage, respectively,
contributed to the blue emission. The p- and o- phenylene linkages of 45 and 47, respectively,
led to blue-green emission due to the extended conjugatién. Comparison of 46 and 48 implied

that trisubstitution slightly increased 7 conjugation.
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Scheme 17: Molecular structure of triphenylamine HT material 50.%

Multilayer devices were fabricated incorporating a triphenylamine based HT material 50,
EML 44-48, compound 49 as an ETL and finally a further ETL of Alqs 3 in the configuration
ITO/S50/EML 42-46/49/Alq;/Mg:Ag. Each device showed good EL performances over a wide
range of current densities. For the device incorporating compound 46 a maximum luminance
of 6800 cd m™ was recorded at a current density of 700 mA c¢m™. In contrast, the EL device
incorporating compound 44 showed inferior characteristics.

l 59

Following this pioneering work, Justin Thomas et a synthesised multiply

substituted carbazole derivatives 51-57 to combine the hole transporting carbazole unit with
the OXD unit to provide balanced charge injection. All these materials were found to be

amorphous with relatively high T,’s.

51 R = p-(t-butyl)phenyl 53 Ar = 1-naphthyl; R = 9,9-di(n-butyl)-2-fluorenyl
52 R =9,9-di(n-butyl)-2-fluorenyl 54 Ar = 1-pyrenyl; R = 9,9-di(n-butyl)-2-fluorenyl

N O r 55R=p-(t-buty)phenyl :
{ W/ 56 R = 9,9-di(n-butyl)-2-fluorenyl
N-N 57 R = 1-pyrenyl
N

Scheme 18: Molecular structure of carbazole-OXD compounds 51-57.%°

Three device configurations incorporating compound 55 were compared to ascertain if this

series of compounds were applicable as ET, HT or bifunctional materials. The device
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incorporating 55 as a HT material, with the ET material TPBI 58, in the configuration
ITO/55/TPBI 58/Mg:Ag was the only device to produce reasonable light output with bright
blue-green EL, Anax = 482 nm, very close to that observed for the film PL of 55 (\nax = 490
nm), suggesting that these materials transport holes better than electrons. Therefore, devices
incorporating 51-57 as hole transport materials were fabricated in the configuration ITO/51-
57/TPBI 58/Mg:Ag (Type 1), also, devices were fabricated incorporating Alg; 3 in the
configuration ITO/51-57/Alqs 3/Mg:Ag (Type 2). The type 2 device incorporating 55
displayed an emission maximum resembling that of Alq;. Emission profiles of OXD
derivatives can overlap with that of Alqs in general, therefore, determination of the
contributions from each component is difficult. However, a larger fwhm (full-width at half-

maximum) for EL from the Alq; devices means that mixing of profiles cannot be excluded.

Q P
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Scheme 19: Molecular structure of TPBI 58.%

Devices incorporating compounds 55 and 56 which contain only 1 OXD unit exhibited better
performances compared to analogues with 2 OXD units (51 and 52). This suggests that
interruption of .the hole transport path by the hole blocking OXD moieties is more pronounced
for the bis-OXD compounds. '

The green emitting type 1 devices incorporating 55, 56 or 53 exhibited promising
efficiencies with maximum EQEs of 5.2, 4.7 and 3.5%, respectively. Type 1 devices
incorporating compounds 51, 53, 55 and 56 displayed superior brightnesses and efficiencies
compared to type 2 devices incorporating these materials. Conversely, type 2 devices
incorporating compounds 54 and 57 showed comparatively superior characteristics to the
corresponding type 1 devices. This has been attributed to the differences of the LUMO
positions between these two groups; for compounds 51, 53, 55 and 56 the LUMO resides
above 2.2 eV, whilst compounds 54 and 57 possess LUMO levels lower than 2.2 eV; thus
when the LUMO is lowered injection from the Alq; layer is enhanced, raising the device

efficiency.
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Justin Thomas et al.*® synthesised compounds 59-63, based on 55, incorporating electron
withdrawing groups such as CF; and C=N. This series of carbazole-OXD analogues were
incorporated into type 1 and 2 devices as HTLs with the electron transport materials TPBI and
Algs, as before. EL spectra observed for the type 1 devices in general resembled the PL
spectra of vapour deposited samples of the HTL materials, indicating that the excitons are
effectively confined within the HTLs. However, a slight blue shift relative to the PL spectra
was observed for devices incorporating the CF; analogues 59, 61 and 63, which was possibly

due to exciplex formation between the ETL and the HTL.
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Scheme 20: Molecular structure of carbazole-OXD compounds 55-and analogues 59-63.%°

For type 1 devices the HOMO energy level difference (1.1-0.9 eV) between the HTL and ETL
is significantly greater than the LUMO gap (0.5-0.3 ¢V), therefore holes can be effectively
confined within the HTL. For type 2 devices HOMO (0.9-0.7 ¢V) and LUMO (1.1-0.9 eV)
energy gaps between the HTL and ETL were very similar, consequently excitons can form
within both the ETL and the HTL. In general, the CF; derivatives exhibited enhanced
performances over the t-butyl derivatives. Compound 61 excelled in terms of maximum
brightness (36,930 and 37,600 cd m™, for device types 1 and 2, respectively) and EQE (3.9
and 2.1 %; device types 1 and 2, respectively) possibly due to the ETHB properties imparted
by the fluorine atoms.®' Placement of the CF3 on the OXD unit enhanced electron deficiency,
whilst CN substitution on the carbazole nucleus decreased the donor strength of carbazole.
This functional group positioning allows the fine-tuning of energy levels in these compounds.

Guan et al.*? synthesised the thermally stable, highly efficient blue EL material CzOxa
64. This bipolar material incorporating OXD and carbazole units was incorporated into
bilayer and trilayer devices to investigate its EL properties using the HT material TPD 6 for
the bilayer, and both TPD 6 and the ET material Alqs 3 for the trilayer device. The bilayer
device ITO/TPD 6/64/MgooAgo. exhibited onset voltages of 4 V with peak luminance
efficiencies of 1.35 Im W' at a luminance of 524 c¢d m™. A maximum luminance of 9,200 cd

m? at 15V was observed for this device. In comparison, the device incorporating Alqs
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(ITO/TPD 6/64/ Alqs/MgooAgo.1) showed dramatic improvements in EL-performance. The
outstanding feature of this trilayer device is its blue colour purity (x = 0.14, y = 0.19) on a
CIE (Commission International de I’Eclairage) 1931 chromaticity diagram, accompanied with

a maximum luminance efficiency of 2.25 Im W™ at a luminance of 2170 ¢d m? and a

g

maximum luminance as high as 26200 cd m? at 15 V.

() ,
USY

CzOxa 64
Scheme 21: Molecular structure of carbazole-OXD derivative CzOxa 64.5

EL spectra of the bilayer and trilayer devices are similar with A,x = 470 nm and a shoulder at
Amax = 404 nm. No emission was evident from compound 64 (An.x = 412 nm) and the shoulder
was ascribed to TPD 6 (Ayux = 400 nm). The new peak at Np.x = 470 nm indicates that an
exciplex is responsible for EL emission. To identify the emission origin from both devices the
PL spectra of a molar equivalent mixture of TPD 6 and 64 spin coated onto a quartz substrate
were obtained. Two emission bands were observed at Ay, = 400 and 470 nm. The
disappearance of emission from 64 and the appearance of the new emission at A, = 470 nm
implied that a new species is generated. The bipolar characteristics of 64 increase the number
of holes and electrons injected into the layers, thereby favouring exciplex formation at the
HTL/EML interface.

A series of novel carbazole dimers, trimers, fluorene and OXD hybrids was tested for their
suitability for triplet emitters in OLEDs by Brunner et al.®’ Energies of the HOMO, singlet
emission and triplet emission were recorded for a series of materials including compounds 65
and 66. The combination of HT carbazole and ET OXD units for balancing charge transport
was investigated in an attempt to establish a design rule for compounds with high triplet
energies and suitable HOMO and LUMO levels for charge injection by commonly used

injection layers. No OLED device data are currently available on compounds 65 and 66.
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Scheme 22: Molecular structures of carbazole-OXD derivatives 65 and 66.

1.4.2.3 OXD Materials as Emitters in OLEDs

The fluorescent 1,8-naphthalimide-OXD hybrid molecule 67 was studied by Jiang and
coworkers.® The oxadiazole moiety facilitates the injection of electrons from the cathode and
the 1,8-naphthalimide moiety acts as an emitting centre. Two possible mechanisms for EL
were proposed: the first involves intramolecular electron transfer from the 7*orbital of the
oxadiazole moiety to the 7*orbital of the 1,8-naphthalimide moiety where recombination of
the electrons and holes form excitons which then undergo radiative decay. The second
involves intramolecular energy transfer. It was proposed that recombination occurs in the
oxadiazole moiety, the energy of the excited oxadiazole is then transferred to the 1,8-
naphthalimide moiety leading to EL characteristics only of the 1,8-naphthalimide moiety.
Devices incorporating compound 67 displayed green-yellow EL at Np.x 532 nm, which
reached a luminance of 225 cd m™ at a voltage of 27 V. The maximum luminous efficiency of

0.43 Im W at 19 V was achieved.

O
(‘BHZCH2CH2NH@—<\ ’k

Oy N._O
N(CH3),
67

Scheme 23: Molecular structure of 1,8-naphthalimide-OXD hybrid 67.5

Liang et al. synthesised the blue light emitting ET complex 2-(5-phenyl-1,3,4-
oxadiazolyl)phenolatolithium LiOXD 68. OLEDs were fabricated incorporéting TPD 6 as a
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HT layer and 68 as the EML in the configuration ITO/TPD 6/68/Al. A single layer device
without TPD was shown to exhibit a low maximum luminance as well as a high turn on
voltage. The bilayer device displayed blue emission at Npjx = 468 nm with a maximum
luminance of 2900 ¢d m?. A maximum current efficiency of 3.9 cd A" and a luminance
efficiency of 1.1 Im W' was obtained. A relatively high EQE value of 2.4 was recorded for
this device. This impressive EL efficiency was attributed to i) the OXD segment in 68 has

excellent ET ability and ii) the lithium salt is favourable for electron injection.
Li

Scheme 24: Hydroxyphenyloxadiazole lithium complex 68.%

The efficiency of a device in the configuration ITO/NPB 33/Alqs/Al was significantly
increased when a thin layer of complex 68 was inserted between the Alg; and aluminium
electrode to act as an interface material. The performance of 68 as an interface material was
directly related to the thickness of the complex. The optimum device specifications were as
follows: ITO/NPB 33(40 nm)/Alq; 3(60 nm)/68(2 nm)/Al, which gave a maximum luminance
of 18389 cd m™ at a turn on voltage of 3.0 V. Furthermore, the device exhibited high current
and power efficiencies of 5.21 cd m? and 2.4 Im W™, respectively.

1.4.2.4 EL OXD Complexes

Luminescent lanthanide complexes are good candidates for pure colour emission OLEDs,
however the key problem is the very low efficiencies when incorporated into LEDs due to
poor charge—carrier transporting ability. Liang et al.%® synthesised a europium(III) complex 69
incorporating an oxadiazolyl moiety to improve the electron transport properties. The OXD
moiety was attached through a flexible spacer to a 2-(2-pyridyl)-benzimidazole (PyBM)

ligand, attached to the europium core, to improve the resulting solubility of the complex.
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Scheme 25: Molecular structure of the complex (OXD-PyBM)Eu(DBM); 69.%

The oxadiazole moiety and the europium ion are expected to retain their own ET and EL
properties, respectively, therefore, the complex was expected to exhibit the combined
properties of efficient ET and highly efficient red EL. A bilayer device incorporating the
complex 69 and the HT material TPD 6 in the configuration ITO/TPD 6/69/LiF/Al
emitted red light (Amax = 612 nm) at driving voltages of 7.8 V, characteristic of the Eu* ion in
the complex. For the bilayer device a maximum brightness of 322 cd mZata driving voltage
of 21 V and an EQE of 1.7% was achieved. A control device utilising (N-alkyl-substituted
PyBM)Eu(DBM); as an emitter exhibited poor performance, suggesting that the ET ability of
69 is significantly improved by the introduction of the OXD. Device fabrication is also
simplified by the introduction of the OXD moiety in the complex.

Gong et al.®® synthesised two novel, trifunctional, light emitting molecules based on
rhenium(I) (Re') 70 and ruthenium(II) (Ru") 71 bipyridine complexes, where the ET OXD,

HT triphenylamine and light emitting functional groups are incorporated into one molecule.

70: X = Re(CO);Cl

71: X = Ru(2,2-bipyridine); 2PFg"
Scheme 26: Re' 70 and Ru" 71 bipyridine complexes.
The complexes 70 and 71 were doped in different polymer hosts, polycarbonate (PC) and
poly(vinyl alcohol) (PVOH), respectively, at a concentration of 40%-wt (70 is a neutral
compound, however 71 is an ionic metal complex). Two single layer devices in the
configuration ITO/70:PC or 71:PVOH/AI displayed low turn on voltages with estimated
EQEs of ~0.1%. The metal complex/polymer systems exhibited EL spectra that were very

similar to their corresponding PL spectra.
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1.4.2.5 Highly Branched and Dendritic/Starburst OXD Materials

The amorphous films of low molecular weight OXDs can suffer from a lack of stability if
crystallisation occurs during device fabrication, upon storage or with increased device
operation temperature. Bulky substituents and non-planar dendritic/starburst molecular
architectures are often adopted to enhance the solubility of the molecules by preventing the
molecular stacking.’” This reduction of intermolecular interactions in films of highly
branched, dendritic/starburst compounds favour the formation of stable amorphous glassy
materials and hence often increases device efficiency.

The zeroth-generation dendrimer and widely studied ET material 1,3,5-tris(4-tert-
butylphenyl-1,3,4-oxadiazolyl)benzene (TPOB) 72a was first described by Naito and Miura.®®
Bettenhausen and Strohriegl®®’° later described the synthesis of starburst OXDs with benzene
cores 72a-j including TPOB 72a, and triphenylbenzene, triethynylbenzene and
triphenylamine cores 73-75, respectively. Most of the starburst OXD compounds shown in
Scheme 27 and 28 form amorphous glasses with high T,’s when cooled from the melt.
However, they mostly crystallise on heating above their T,. For compounds 72b-e with small
methyl, ethyl, or trifluoromethyl substituents no T,’s were observed; conversely, for
compounds 72a, and 72f-h incorporating bulkier tert-butyl, ethoxy, iso-pfopyl and
diethylamino groups, respectively, T,’s were observed ranging from 97 °C up to 142 °C for

T2a.
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Scheme 27: Molecular structures of starburst OXD compound 72a TPOB and analogues 72b-j.*

In contrast to the symmetrically substituted OXD 72d with six trifluoromethyl substituents,
the two asymmetrically substituted OXDs 72i-j form stable amorphous films with T,’s at 128
and 122 °C. Compounds 73 behaved similarly to 72a with the most stable glasses formed by
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75. Upon both heating and cooling, compound 75 displayed a T, at 137 °C with neither
crystallisation nor melting up to 350 °C. The morphological stability of 75 was attributed to
its non-planar structure, whereby the three core phenyl rings are twisted out of the plane with
respect to each other.”' Compound 74 did not show reproducible DSC scans, which was
attributed to thermal crosslinking of the triple bonds.” .

Devices incorporating 72a as an ETL in the configuration ITO/PPV/72a/Ag were
comparable with devices incorporating PBD 5, with EQEs of 0.1% and a brightness of several

hundred ¢d m™.” Tokito ef al.” also independently reported device studies on compound 72a.

Core Shell

.
;
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Scheme 28: Molecular structures of starburst OXD compound 73-75.”
Ogawa and co-workers’> incorporated TPOB 72a into bilayer devices of the configuration
ITO/HTM/72a/MgAg with a series of amorphous triphenylamine HTMs to investigate
exciplex formation at the interface between ET and HTLs, as a way of tuning the emission
colour. EL Spectra for the series of devices did not correspond to the PL spectra of TPOB 72a
and displayed only weak emission bands corresponding to the HTMs. The strong peaks at
Anax =500-580 nm, were assigned to exciplex formation at the interface between the two

transport-layers. PL spectra of spin-coated films of equimolar mixtures of TPOB 72a and each

of the-HTMs were in good agreement with the. EL spectra of the devices, supporting the
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exciplex formation theory. The emission colour of the devices resulting from exciplex
formation was dependent on the ionisation potential of the HTMs. A plot of the energy of the
EL spectral peaks for the devices versus the ionisation potential of the HTM gave a linear
relationship. The emission colour of the OLEDs was tuned from greenish-blue to orange
depending on the ionisation potential of the HT material used: a lower ionisation potential led
to red-shifted emission.

Noda et al.’”® applied compound TPOB 72a and Alqs 3 as ET materials in bilayer
devices where the emitting layer is a p-dopable thiophene/oligothiophene system where n = 1-
4 thiophene units end-capped with triarylamine substituents. These systems were based on
2,5-bis{4-[bis(4-methylphenyl)amino]phenyl}thiophene (n = 1), 2,2’-bithiophene (n = 2),
2,2°:5,2”’-terthiophene (n = 3) and 2,2°:5°,2°’:5”°,2°"’-quarterthiophene (n = 4). Alq; was
used for the devices incorporating the oligothiophene systems where n = 2-4; for these
devices EL spectra were in agreement with the PL spectra of the emitting material. For the
device incorporating the thiophene system, n = 1, emission was evident from the Alqs layer as
well as the emissive material, therefore for this devfce, compound 72a was used and the
emission originated from the emitting material only. It was shown that by extending the
thiophene chain from n = 1-4, and hence varying the conjugation length, the EL colour of the
devices was tuned from light blue (n = 1) through to orange (n = 4). The bilayer devices
incorporating both ET materials exhibited performances more than one order of magnitude
higher than single layer devices of the EL material.

Electron transport dendrimers can be superior to comparable oligomers/polymers as the
multiple branches of the dendritic structure increase the probability of charges finding an
energetically favoured pathway when hopping from one molecule to another.”’

To test this theory the 1% generation compound 76 was synthesised.”’ A further
synthetic route to compound 76 was independently reported by Bettenhausen et al.’
Dendrimer 76 formed stable amorphous glasses with a melting point of 407 °C during the first
DSC heating cycle. No recrystallisation took place on cooling and in the second and third
heating cycles a T, at 222 °C was observed. This high T, was comparable with that of
thermally stable main chain polymers and was the first well-defined low molecular-weight

OXD glass with a Tg above 200 °C.”
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Scheme 29: Molecular structure of first generation OXD dendrimer 76.”"

Device studies comparing the ET materials 76, TPOB 72a, PBD 5 (guest-host system in
polystyrene) and the main-chain OXD polymer 77" were carried out using PPV as the EML.
All of the bilayer devices incorporating the ET materials showed considerable increase in the
brightness and quantum efficiency compared to single layer PPV devices. In all cases the EL
spectra of the bilayer devices were identical to that of the single layer PPV device. Threshold
voltages for EL were only slightly increased from 2.5 to 3 V for devices incorporating 72a
and 76 compared to the single layer devices. In contrast, the devices incorporating PBD 5 in
polystyrene or the main chain polymer 77 showed threshold voltages of 5 and 11 V,
respectively. The best device results were obtained with the dendrimer 76; for the device in
the conﬁguration ITO/PPV/76/Ag, EQE’s of 0.4% were observed, a 4-fold increase compared
to the devices incorporating TPOB 72a. These results were the first hint that dendrimers
possess enhanced carrier mobilities compared to linear low molecular-weight and polymeric

counterparts,”” as predicted in a previous theoretical paper.”
GFs

N—-N
(L= o gt
LW T
77

Scheme-30: Molecular structure of OXD main chain polymer 77.”
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Compound 78 the triphenyl core analogue of dendrimer 76 was also investigated by
Bettenhausen et al.”” During the first DSC heating a melting point at 388 °C was observed
with no recrystallisation on cooling. Further heating cycles displayed a T, at 248 °C, 25 °C
higher than that of compound 76 with the smaller phenyl core. In addition to the high T,

compound 78 exhibited excellent film forming capabilities.

o N

o<

O,
/)
~Z

Z_,
z\ O
Zb'b\(
pa

(@]
N -
N\ N N
(0]

Scheme 31: Molecular structure of triphenyl core dendrimer 78.™

The X-shaped OXD compounds 79a-c¢ were also synthesised.”” Compounds 79a and 79¢
exhibited similar behaviour in DSC experiments. In the first heating cycle melting points at
385 and 384 °C were observed. In the following cooling cycle no recrystallisation was
observed. In the second heating cycle a T, was detected at 186 °C for 79a and 144 °C for 79c¢,
on further heating recrystallisation and melting occurred. For 79b a melting point at 372 °C
was observed in the first heating cycle. In all subsequent heating and cooling cycles no

recrystallisation or melting was detected. A T, at 152 °C was recorded for this compound.
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Scheme 32: Molecular structure of X-shaped OXD compounds 79a-c.”

The OXD functionality has been incorporated into various calamitic liquid crystalline
systems, both as additives® and as mesogens.81 Zhang et al.** synthesised a range of
tris(oxadiazole) species 80 with benzene or triazine cores and three (trialkoxyaryl)oxadiazole
arms including compound 80a, 1,3,5-tris{5-[3,4,5-tris(octyloxy)phenyl]-1,3,4-oxadiazol-2-
yl}benzene, which was studied in detail. This series of tris(OXD) species form columnar

discotic liquid-crystalline mesophases rather than amorphous films.
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Scheme 33: Molecular structure of discoid tris(OXD) 80a synthesised by Zhang et al.*

Compound 80a exhibited a columnar discotic liquid-crystalline mesophase between 38 and
ca. 210 °C and possessed high electron mobility in the solid state. The electron mobility
measurements were carried out without any attempt to align the directors of the columnar
material. It is therefore anticipated that processing improvements, perhaps employing surface-
modifying alignment agents, may lead to higher mobilities.*

- Verheyde and Dehaen® prepared generation one (G)) and generation two (G;) OXD
dendro_ns gnd using a tridirectional OXD core obtained Gland G, dendrimers 81a and 81b,

respectively. Compound 81b contains three different OXD layers, which could be
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advantageous as an ET material as the electrons have an enhanced probability of finding an

energetically favourable pathway to hop from one site to another in the process of charge

G2 Dendron @
~N

O |

N

G4 Dendron

R 7% >’< /\Q/k >‘< g
=N
O__N
R R
\( s o) 0
N o) NN / N
N d \ }”@1 he 8BS =N N=/ OFt

transport.

2\O

N-N R
81aR =G, 82aR =G, 83aR=G;
81bR=G, 82bR =G, 83bR=G;

R

Scheme 34: Molecular structure of dendrimers 81-83.%

Compounds 82a-b and 83a-b with triazine and 1,10-phenanthroline cores, respectively, were
also synthesised: no optoelectronic properties for 81-83 have been reported.

The rigid tetrahedral tetraphenylmethane skeleton is an effective core for stable
amorphous phases of both molecular and oligomeric materials;®* however, the EL properties

167

of these materials have remained largely unexplored. Yeh et al.”’ established that compounds
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84-88 form glassy films which serve as light emitting or charge transport materials.
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Scheme 35: Molecular structure of tetraphenylmethane-based OXD compounds 84-86.

For compounds 84, 85, and 86 melting points were observed at 400, 337 and 270 °C and Tg’s
at 175, 97 and 125 °C, respectively. Exothermic crystallisation temperatures for the three
compounds were observed between 200 and 220 °C. CV data implied that the
tetraphenylmethane framework or peripheral substituents hardly altered the electron
withdrawing ability of the oxadiazole ring in compounds 84-86 compared with that of PBD 5.
A three-layer device incorporating 86 in the configuration ITO/NPB 33/Alq;/86 /MgAg was
compared to a reference device incorporating PBD 5§ in the conﬁgurétion ITO/ 33/Alq;
6/5/MgAg. Compound 86 was chosen for device fabrication because of its acceptable
volatility under high vacuum. Both devices had turn on voltages for EL at approximately 7-8

V, with EL characteristic of the Alq; at Ayax = 515 nm. At a drive voltage of 12 V the current
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was three times lower in the 86 device than in the PBD device, and the 86 device was more
than three times dimmer than the PBD device at the same driving voltage (10 V). With lower
current density as well as lower EL the 86 device still has a comparable EQE of ca. 0.75% to
that of the PBD device with an EQE of ca. 1%.

Scheme 36: Molecular structures of tetraphenylmethane-based OXD/TPA compounds 87 and 88.%7

Bipolar compounds 87 and 88 possess peripheral diarylamine units (meta- and para-linked,
respectively, to the OXD arms). T,’s were observed at 149 and 187 °C, respectively, with no
melting point or recrystallisation temperatures observed. A single layer device in the
configuration ITO/88/Ca/Ag showed blue emission at low applied voltages, which turned
bluish white at elevated voltages. The device had a photometric efficiency of ~0.7 cd A™ at a
current density of ~10 mA cm™. The device brightness reached a maximum of 1690 cd m™ at
a driving voltage of ~14 V. Compound 88 behaves predominantly as an ET material, therefore
a blended system contaihing both 88 and the HT material PVK 27 was constructed in an effort
to provide a more efficient device. Doping of PVK with 88 in a 3:1 weight ratio for the device
configuration ITO/PVK:88/Ca/Ag resulted in a slightly enhanced photometric efficiency of
0.8 cd A™! with a current density of less than 8 mA cm™.

Two blue light emitting Y-shaped trimeric compounds having high T,’s have been
synthesised by Cha and Jin.¥® Compound 89 incorporates three carbazole moieties for HT and
compound 80 comprises three OXD moieties for effective ET. Both compounds exhibited

high T,’s at 250 and 156 °C, respectively.
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Scheme 37: Molecular structure of Y-shaped trimers 89 and 90.%° -

For a bilayer device incorporating 89 as both HT and EML, and 90 as ET and EML in the
configuration ITO/89/90/LiAl, EL emission was dependent on the applied electric field and
changed drastically when the applied voltage was higher than 2.5 mV cm’'. At applied
voltages of 1.5 and 1.83 mV cm’! the device emitted between 400-550 nm with A = 451
with a shoulder at 424 nm. Above 2.5 mV cm’ the emission changed with the shoulder
intensity greatly increasing so that An.x = 424 nm. Emission was attributed to the excitons of
both compounds with overlapping EL. Increasing the applied voltage again, resulted in two
new peaks at Amax = 526 and 592 nm in the green and red regions, respectively, in addition to
the original blue emission. Above an applied field of 2.8 mV cm’' the emitted light appeared
to be white. The two new peaks were assigned to exciplexes formed at the interface of the

organic layers. This study highlighted a novel method to design a white light source
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employing a bilayer device consisting of electron donating and electron withdrawing layers
both of which are blue-emitters, but are able to form green and red light emitting exciplexes.
The intensity and efficiency of these devices, however, require further improvement for
practical applications.

Cha et al.”* studied related branched compounds 91a-b composed of a light-emitting
core which defines the colour emission, surface groups controlling the processing properties
and linkers allowing the transport of charges into the core unit. The 9,10-
bis(phenylethynyl)anthracene core defines EL wavelength with ethynyl-OXD units acting as

electron-transporting linkers between the conjugated sections of the molecule and the

peripheral alkyl groups.
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Scheme 38: Molecular structure of the four-armed conjugated compounds 91a and 91b.>*

Compound 91b with dodecyloxy surface groups has a high T, of 211 °C, exhibited good
solubility in common organic solvents and formed good quality thin films by spin coating
from solution. In contrast, compound 91a with fert-butyl surface groups had low solubility
and gave films of inferior quality. A device incorporating 91b in the configuration
ITO/PEDOT:PSS/91b/Li:Al emitted red light with an EQE of 0.02%, indicating that the
oxadiazole moieties acted only as electron transporters as the core is the only red light
emitting chromophore in the structure.

- Chung et al. 86 synthesised the multibranched compound 92 which consists of two -

conjugated triphenylamino-OXD units connected to a central wconjugated bis-2-
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thienylethenylene bridging core. These two distinct chromophore units have different
electronic excited-state energies as demonstrated by model compounds representing the arm
and core structures. It was shown that the model arm unit is a higher energy band gap green
emitting dye, whereas the model core is a lower energy red emitting dye. It was expected that
these two chromophores built into one molecule 92, would promote effective intrasystem
excitation transport and conversion from the higher-energy state to the lower one. For
compound 92 a very effective intramolecular energy transfer from the excited arm units to the

7 —conjugated bridge unit was observed; however no OLED applications of coinpound 92

have been reported.

Scheme 39: Molecular structure of multibranched compound 92.*

1.4.2.6 Liquid Crystal OXD Materials

The introduction of a molecular orientation which promotes a large overlap of wavefunction
of m-orbitals in conjugated materials would be expected to promote high charge carrier
mobility.?’ This was seen for compound 80a in the previous section and was the premise for
the design of liquid crystal (LC) OXD materials 93-94 by Tokuhisa and co-workers®”*® as
high quality thin films of LC materials with a high degree of molecular orientation can be

obtained ¥ The OXD chromophote served ds a mesogernic unit in compound 93. A large
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enhancement of electron mobility.due to a regulated molecular orientation was observed in

the glassy LC film of 93; however the azomethine linkage lacked thermal stability.

N—-N
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Scheme 40: Molecular structures of LC OXD materials 93-95,53%%1

The LC material 94 in which the OXD chromophore is directly substituted with alkoxy
groups exhibited very high electron mobilities, at a level of 10° cm® V' s, in the smectic
phase attributed to high intralayer molecular order. Compound 94 also exhibited strong PL in
the LC phase, with emission highly polarised (order parameter Sg;. = 0.32) along the rubbing
direction of the ITO, and was therefore incorporated into OLEDs. A device in the .
configuration ITO/CuPc/94/Alq; 3/Al exhibited linear polarised emission with EL
corresponding to compound 94; however, a low EQE of 2.8 x 10” was recorded for this
device.”

Kawamoto et al.”! synthesised the bipolar LC 95 incorporating an OXD moiety for
ET, and an amine moiety as a HT unit, which exhibited LC behaviour and strong blue
emission. Compound 95 was used as the EML in devices in the configuration [TO/95/MgAg,
and ITO/PEDOT/95/MgAg, turn on voltages for current were observed at 12 and 8 V,
respectively, and the values of luminance and current density of the bilayer device were ten
and six times higher than those for the single layer device, respectively. For both devices EL
was observed to originate from the LC 95. Recently, achiral nematic LC materials based on

OXDs have been reported by Gértz and Goodby.*?

1.4.2.7 Electrochromic Device Applications of OXD Materials

Low molecular weight OXDs have been used in various other applications, Wang et al.”

synthesised three new tetrathiafulvalene (TTF) derivatives 96-98 bearing OXD units as
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chromophores and demonstrated that conjugation of the two moieties offered great potential

for electrochromic devices (ECD)s.
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Scheme 41: Molecular structure of TTF-OXD materials 96-98.

The optical switching of 98 was realised, whilst applying electrical square waves across a
spectroelectrochemical cell containing a solution 98 (in DCM), the optical absorption around
the 98" Apax peak was switched leading to a highly-reversible colouring (dark-

green)/bleaching (orange) process.

1.4.2.8 Macrocyclic OXDs

Multidentate OXD, imine and phenol-containing macrocycles 99 and 100 were synthesised by
Perez and Bermejo.”* The two macrocycles can potentially co-ordinate two M(II) cations with
electron neutrality after the deprotonation of the phenol group. However, both macrocycles

were found to be insoluble in all common organic solvents.
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Scheme 42: Macrocycles 99 and 100.>*
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The use of azobenzene derivatives as an “on-off” switch to control chemical functions is of
interest®™ and photochemically reversible switchable azomacrocycles have been prepared.96
Zheng and co-workers” prepared azomacrocycle 101 containing two OXD moieties, but

found difficulty in characterisation due to insolubity in all common organic solvents.
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Scheme 43: Azomacrocycle 101.”

Du et al.”® synthesised two macrocyclic phosphoramidate receptors 102 and 103 containing
glycine ethyl ester and OXD units. From the P=0O and N-H polar groups and the rigid
aromatic units, hydrogen bonding and 7 -stacking may be present and result in self assembly

or molecular recognition properties. The X-ray structure of the zrans isomer 102 was reported.
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Scheme 44: macrocyclic phosphoramidate receptors 102 and 103.%®

Macrocycles 102 and 103 are self associated by intermolecular N-H "O=P hydrogen bonds

and intermolecular or intramolecular aromatic face-to-face 7-7 interactions.
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1.4.3 Polymeric Oxadiazoles

Synthesis of 7-conjugated polyoxadiazoles has been achieved by direct analogy with their low
molecular weight counterparts via ring closure of polyhydrazides with reagents such as POCl;
and polyphosphoric acid, or alternatively, by reaction of bis(tetrazole)s with bis(acid
chloride)s. In addition, poly(oxadiazole ether)s can be prepared by activated nucleophilic
polycondensation of oxadiazole difluorides with aromatic diols. The electron deficient OXD
unit has been incorporated directly into the main chain or by attaching it as a pendant group to
the polymeric aryl backbone.

Fully conjugated aromatic polyoxadiazoles usually exhibit low solubility in common
organic solvents resulting in processability problems. To increase solubility and hence
processability, without losing thermal stability, block copolymers containing flexible
ethers’®*%1%0 perfluoralkyl,”®!°%'% or diphenylsilyl**'? linkers have been developed as ETHB

layers in polymer LEDs (PLED)S.103,29a

1.4.3.1 Main Chain OXD Polymers

Zheng et al.'™ synthesised a series of copolymers 105a-c consisting of alternating blocks of
rigid chromophores containing OXD units together with flexible spacer segments with the
objective of raising the ET ability. The effect of the substituents on the optical properties of
the copolymers was investigated.

Single layer devices incorporating the three OXD copolymers 105a-c in the
configuration ITO/105a-c/Ca/Al exhibited blue-green light, Nnx = 494, 509, 480 nm,
respecfively, compared to that of the reference copolymer 104 device which exhibited blue
emission, Amax = 477 nm. EL for 105a and 105¢ were similar to their PL spectra, indicating
that EL and PL originate from the same excited state; however EL of 105b (A\pax = 509 nm)
was found to be significantly red shifted compared with its PL spectra (Amax = 455 nm).
Excimer emission could be responsible for this shift, although further investigations are

required to fully understand this phenomena in these copolymer systems.
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105a R=R'=0CH,
105b R=R'=CH;
105¢ R=0CHs; R=H

Scheme 45: Reference copolymer 104 and OXD copolymers 105a-c prepared by Zheng et al.'*

The OXD copolymers were not only used as blue-green emitters but also as ET materials in
bilayer devices. For the device incorporating 105¢ and PPV as an emissive layer in the
configuration ITO/PPV/105¢/Ca/Al no emission from 105¢ was observed indicating that 105¢
acts as the ET material and PPV as the emitter. The brightness and efficiency of a single-layer
PPV device ITO/PPV/Ca/Al was improved by a factor of >10° with the introduction of 105¢.
The bilayer device had a brightness of 2,400 cd m™ at 6.8 V with an EQE of 0.094%. This
indicates the efficient ET ability for the OXD copolymer, moving the recombination zone
away from the cathode interface and improving the probability of recombination in the PPV
emitting layer.

Mikroyannidis and co-workers'®® synthesised two new PPV-type conjugated polymers
106-107 with OXD moieties in the backbone. Both polymers emitted greenish-blue light in
solution with PL Npx = 511 and 487 nm for 106 and 107, respectively. The emission
maximum for 106 red-shifted by 24 nm compared to that of 107 suggesting increased electron
delocalisation along the backbone of polymer 106, possibly due to the higher composition of
electron donating dodecyloxy groups per repeat unit of 106 and/or a possible disruption of the
conjugation along the backbone of 107 caused by the two OXD units. Therefore increasing
the OXD composition in the polymer backbone of 107 did not extend the effective

chromophore.
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Scheme 46: PPV based OXD containing polymers 106-107.'"

. Bilayer devices incorporating polymer 106 in the configuration ITO/PEDOT/106/Al exhibited
a maximum brightness of 23 cd m™ and a low EQE of 0.002% at 16 V. EL spectra of this
device displayed voltage tunable EL colors. At a turn on voltage of 9 V, the EL A = 558 nm
(yellow), however, the EL spectra gradually blue-shified with an increase in applied bias,
showing EL Npax = 545 nm at 13.5 V, Apax = 540 nm at 15 V and finally Npax = 527 nm at 16
V. This trend was irreversible in that, for a device working at 16 V (Apxx = 527 nm),
decreasing the applied bias back down to 9 V did not red-shift the EL to Apx = 558 nm. This
suggested that the application of higher electric fields and consequently greater local heating
in the polymer films lead to changes in the conformation of the polymer backbone, leading to
subtle variations in the electronic band structure.

To improve the device performance and efficiency, a blend of polymer 106 was made
with a hole transport molecule, 6 wt % 1,1-bis(di-4-tolylaminophenyl)cyclohexane (TAPC).
A maximum brightness of 70 ¢d m™ and a maximum EQE of 0.01% at 17.5 V were achieved,
representing a factor of 3-5 enhancement in performance over the device incorporating
polymer 106 only. As before, EL spectra of this device displayed repeatable, irreversible
voltage tunable EL. Devices. incorporating polymer 107 did not show measurable EL
properties, as the PL emission was very weak compared to polymer 106.

The polymer 777® described earlier (p. 35) was used as an ETHB material in PPV
based devices and its ET properties evaluated against triazine and quinoxaline counterparts.'%
Polymer 77 forms stable glasses with a Tg of 220 °C, is readily soluble in common organic
solvents and possesses excellent film forming capabilities. A bilayer device in the
configuration ITO/PPV/77/Al demonstrated that 77 possessed hole-blocking capabilities,
exhibiting increased operational performances in comparison to a reference single PPV layer

device. A maximum brightness of 55 cd m™ at a current density of 155 mA c¢cm™ was recorded
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at an onset voltage of 7 V, compared to the reference device which gave a maximum
brightness of 2 cd m™ at a current density of 436 mA cm, however, a lower onset voltage of
6 V was achieved. Applying polymer 77 in a device incorporating a Ca cathode in the
configuration ITO/PPV/77/Ca, the EQE could be increased by one order of magnitude up to

0.2% 78,99, 107

1.4.3.2 Fluorene-Oxadiazole Hybrid Main Chain Polymers

1'% synthesised a series of alternating copolymers with 9,9-dioctylfluorene and

Ding et a
oxadiazole units. In the polymers the oxadiazole units were evenly dispersed in the main
chain at every one, 108a P(F-alt-Ox), three, 108b P(F3-alt-Ox), or four, 108¢ P(F4-alt-Ox),
fluorene units. Another copolymer 109 with an asymmetric repeat unit structure P(F;-Ox-F-
Ox) was prepared for comparison. Electrochemical characterisation as well as photo- and
electroluminescent studies demonstrated excellent stabilities of the majority of the
copolymers at both positive and negative charged states and comparatively stable blue-light-

emitting properties compared to polyfluorene.

108a x =1, P(F4-alt-Ox)
108b x = 3, P(F;-alt-Ox)
108¢ x =4, P(F4-alt-Ox)

109 P(F;-Ox-F {-Ox)
R= n-CgH17

Scheme 47: Alternating fluorene-oxadiazole copolymers 108a-c and 109 prepared by Ding e al.'”

Electrochemical studies also showed that the insertion of the oxadiazole moieties into the
poly(fluorene) chain raised the electron affinities of the copolymers close to the work function
of cathodes such as Ca and Mg. The UV-vis and PL spectra of the copolymers were very
sim@lg; to thqse of poly(ﬂuorene), except 108a. It is apparent that as oxadiazole units are

introduced into the poly(fluorene) conjugated chain, there is a 10-12 nm red-shift in the
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absorption spectra and a 5-7 nm red-shift in the emission spectra. The extent of the red-shift
was not affected by the oxadiazole content in the chain. This observation indicates that the
oxadiazole unit does not interrupt the main chain conjugation, as suggested by Lee and Chen
for PPV type copolymers.'® Further work on these copolymers revealed that 108b and 108¢
have the highest electrochemical stability; therefore bilayer devices in the configuration
ITO/HML/108b-¢c/Al were fabricated, where HML represents a non-emissive HTL. The two
devices exhibited similar behaviour with relatively broad EL spectra almost identical to the
PL spectra of the film. No additional bands were observed between 400 and 700 nm in the EL
spectrum and this was maintained over a period of 12 h. Devices made from poly(fluorene)
were found to emit blue light for only a few minutes at their original brightness before
dimming quickly with a shift of the emitting wavelength from Npax = 423 nm to Npax = 510
nm.'® It was therefore concluded that fluorene-oxadiazole copolymers have a high stability
associated with their blue light-emitting properties and that they are good candidate materials
for ET layers in PLEDs.

Ma and co-workers''® reported the synthesis of the cationic conjugated alternating

copolymer 110 (PFON'(CH;);I-PBD), comprising alternating fluorene and OXD in the main
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Scheme 48: Fluorene-OXD alternating cationic polymer 110.'°

Multilayer PLEDs were fabricated using a light emitting polymer (cast from solution in an
organic solvent) as an EML and the water-soluble (or methanol soluble) polymer 110 as an
ET in the following configuration: ITO/PEDOT/emissive polymer/110/Ba/Al. Devices using
poly(9,9-dioctylfluorenyl-2,7-diyl) (PFO) 132 as the EML were fabricated with and without
the ETL 110. The PFO/110 device turned on at ~3 V, whereas for the PFO device without 110
the turn on voltage was ~ 5 V. At 6 V the luminance obtained from the PFO/110 device was
3450 cd m™, compared to 30 cd m™ for the device without 110. For devices utilising MEH-
PPV as the emissive material, again with and without the ET material, similar results were

observed, with luminances of 5600 cd m™ at 5 V compared to luminances of 3550 cd m™ for
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the device without the ETL. By casting the ETL 110 from solution in methanol and the
emissive layer from solution in an organic solvent, interfacial mixing was avoided which
facilitated fabrication methods. This demonstrated that high performance PLEDs can be

fabricated by processing all layers from solution.

1.4.3.3 Bipolar Main Chain OXD Polymers

Meng et al.'' synthesised the bipolar compound 111, which emitted greenish-blue light in
polymer films at Anax = 475 nm. A device in the configuration ITO/111/Al emitted blue light
at ca. 8 V with a current density of 1.14 mA cm™. When the forward bias was increased both
the current and the light output increased rapidly after 6 V. These preliminary results suggest
that polymer 111 could be a potential novel active material as it has a similar LUMO but
higher HOMO compared to MEH-PPV, implying that it has a more balanced charge injection,

which greatly enhances EQEs of PLEDs.
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Scheme 49: Molecular structure of bipolar compound 111.'"

Zhang and co-workers' "2

reported the synthesis of the bipolar luminescent polymer 112
containing triphenylamine and OXD units in the main chain. The analogous polymer 113
without OXD units was also reported for comparison. UV-vis absorption spectra of thin films
of the two polymers illu_strated that the main absorption peak is red-shifted from Np.x = 470
nm (113) to Apax = 495 nm (112) due to the inclusion of the OXD unit. A smaller red-shift
was observed for the PL spectra, from Apax = 545 nm (113) to Npax = 555 nm (112).. These
data indicate that the effective conjugation length of the polymer is increased with the

inclusion of the OXD unit.
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Scheme 50: Bipolar polymers 112 and 113 prepared by Zhang et al.'?

Devices of the configuration ITO/PEDOT/112 or 113/CsF/Al gave blue EL. The device
incorporating the bipolar polymer 112 exhibited a maximum brightness of 3600 cdm?and a
maximum EL efficiency of 0.65 cd A‘le_quating to an EQE of 0.3%. In contrast, the device
incorporating the polymer 113 exhibited a significantly reduced maximum brightness of 284
cd m™ and a lower EL efficiency of 0.042 c¢d A". The devices incorporating the bipolar
polymer 112 were observed to achieve brightnesses and efficiencies 15 times that of devices

incorporating polymer 113.

1.4.3.4 Pyridine-Oxadiazole Main Chain Polymers

In our group Wang et al. '3 synthesised the poly(alkoxyPBD) derivative 114 and its dipyridyl
analogue 115 using Suzuki coupling methodology. Compound 114 was the first polymeric
material based on the PBD structure 5 as the repeating unit.
O\)i/\/
X X=
/ 0]
ety s
N-N

0]
114 X=CH

115 X=N
Scheme 51: Poly(alkoxyPBD) derivative 114 and its dipyridyl analogue 115 prepared by Wang et al.'”

Thermal gravimetric analysis (TGA) established that polymers 114 and 115 are highly stable
up to 370 °C and 334 °C, respectively, and are amorphous with Tg’s = 196 °C and 193 °C,
respectively. Thin film PL spectra of 114 and 115 showed strong blue PL with Apax = 444 nm
and 475 nm, respectively, Polymer 114 was investigated as an ET polymer in bilayer LEDs
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with MEH-PPV as the emissive layer. For the device ITO/PEDOT/MEH-PPV/114/Al an EQE
of 0.26% and brightness of 800 cd m? was achieved, with emission solely from the MEH-
PPV layer.

1.4.3.5 Side Chain OXD Polymers

Peng and Zhang''* synthesised PPVs containing rigid OXD units as main chain substituents.
Three polymers were synthesised, the homopolymers 116 and 118 and the random copolymer

117, all of which are soluble in common organic solvents.

116x=1,y=0

117 x=05,y=05

118 x=0,y =1
Scheme 52: Molecular structure of polymers 116-118 synthesised by Peng and Zhang.'"

Single layer devices based on polymers 117 and 118 in the configurations
ITO/polymer/Ca(Al) and ITO/polymer/Al displayed uniform red-orange EL identical to their
PL spectra. For the devices incorporating 118 with Al as the cathode an EQE of 0.041% at a
current density of 1 mA mm™ was observed, which is 20 times higher than that of the devices
incorporating the PPV type polymer 116. Efficiency decreased slightly when the current
density increased with the highest efficiency of 0.045% obtained at 0.3 mA mm™. The devices
also showed similar turn-on voltages (8 V) for both the light and current, indicating a
reasonably balanced charge injection. With Ca as the cathode, a higher efficiency of 0.066%
and lower turn-on voltages were achieved. The EQE increased slightly when the current
density increased, which is in contrast with the Al cathode devices. Polymer 117 which has
half the OXD content of 118, gave less efficient devices (0.018%) than 118 when Al was used
as the cathode. However, this was still 1 order of magnitude greater than that of the PPV
polymer 116. Employing Ca as the cathode, polymer 117 showed the same efficiency as
polymer 118. '
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These results indicated that the electron injection properties are improved from polymer 116
to 117 and to 118, also more balanced charge injection of both charge carriers has to be
achieved, even for polymer 118. Limited electronic interactions of the cross-conjugated OXD
units with the conjugated backbone were thought to be a barrier to this. The LED efficiencies
- 0f 117 and 118 are higher than that of side chain OXD-PPVs prepared in previous work by
Bao et al.'"® but lower than that of the main chain OXD-PPV polymer 119 prepared by Peng
et al.''® This seems consistent with the strength of electronic interactions between the OXD

units and the conjugated backbone in these different OXD-PPV derivatives.
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Scheme 53: Main chain OXD-PPV polymer 119 and reference polymer 120 prepared by Peng et al.''®

For single layer devices in the configuration ITO/119/Al, EQEs of 0.15% were obtained,
almost 40 times larger than that of devices incorporating PPV polymer 120. The turn on
voltages of 6 V for the polymer 119 devices were also much lower than that for the PPV
polymer 120 devices (15 V).

In an attempt to ascertain if further improvement in device efficiency is possible, Peng
and Zhang''? synthesised the PPV based polymer 121 with OXD units incorporated into both
the main chain and as side chain substituents. Single layer devices were fabricated in the
configuration ITO/polymer/Al or Ca incorporating polymer 121 and compared to devices
incorporating the PPV reference polymer 116, the side chain OXD-PPV polymer 118 and the
main chain OXD-PPV polymer 119. Devices incorporating polymer 121 displayed uniform
red-orange EL almost identical to its PL spectra with slight blue-shifting of its maximum by

20 nm compared to its PL spectra.
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Scheme 54: Polymer 121 prepared by Peng et al.'"’

Polymer 121 devices with Al as the cathode showed EQE of 0.07%. This value is 30 times
greater than for the reference PPV polymer 116 and more than twice that of polymer 118, but
lower than the main chain OXD-PPV polymer 119. With Ca as the cathode, a higher EQE of
ca. 0.15% and a lower turn-on voltage of 7 V compared to ca. 10 V for the Al device was
achieved.

Chen et al.''® prepared two PPV based polymers 122-123 functionalised with OXD

side chains mimicking the chemical structure of PBD 5.

122 123

Scheme 55: OXD side chain PPV polymer 122 and 123.'®

Polymer 122 could not be dissolved in any conventional solvents, therefore the 1:1 copolymer
123 was synthesised with a block containing two long alkoxy side chains. The copolymer 123
was soluble in common solvents and displayed high stability with an onset for degradation at
386 °C and a high T, of 205 °C, which is rarely the case for PPV derivatives such as MEH-
PPV. When excited at 426 nm, PL spectra of copolymer 123 showed Amax = 560 nm,

corresponding to orange-yellow light.
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Bao et al.'"® synthesised the organic soluble polymer 124 bearing pendant OXD groups.
Devices in the configuration ITO/124/Al exhibited EQEs of 0.2% at a current density of ca. 8

C12H250
oY W
' n
O

mA cm™.

Scheme 56: Polymer 124 prepared by Bao ef al.'"®

Lee et al.''’ reported the PPV derivatives 125 and 126. The 2-ethylhexyloxy group of 126

may increase interchain distances.

126 X = 2-Ethylhexyloxy

Scheme 57: Molecular structures of pendant OXD-PPV derivatives125-126.'"

Excitation at 420 nm gave PL Ny« of 530 nm and 534 nm for polymer films of 125 and 126,
respectively, which are comparable with A, of 540 nm for films of PPV. Devices in the
configuration ITO/125 or 126/Al displayed EL corresponding to their PL spectra and had
EQEs 16 and 56 times greater, respectively, than that of PPV devices. In particular, the
optimised device ITO/PEDOT:PSS/126/Al:Li revealed a maximum luminance of 1090 c¢d m™
with an EQE of 0.045%. The presence of the bulky alkoxy pendant in polymer 126 increaséd
device performance over polymer 125. This was consistent with an earlier report, that long or
bulky substituents enhance device efficiency by reducing the possibility of the formation of
interchain polaron pairs.'*°

A new series of asymmetric PPV based homopolymers, as well as copolymers

containing’ OXD pendant groups, were synthesised by Kim er al'?' Bilayer devices
incorporating polymers 127a-g were fabricated in the cotifiguration ITO/PEDOT:PSS/127a-
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g/Al. Electrooptical properties and device performance could be adjusted by introducing the

OXD-PPV content in the copolymers.
127 a: x=100,y=0

O M
O/Q—( )—@o b: x= 84,y = 16
N—N
c: x=64,y=36
\ CO d: = 51 -
\ :x=51,y=49
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f: x=17,y=93

g: x=0,y=100
Scheme 58: Homopolymers 127a, 127g and copolymers 127b-f prepared by Kim e¢ al

As the OXD content in the copolymef increased from 127g to 127a the device performance
was significantly increased. The luminance efficiency of the copolymer 127b was 41 times
higher than that of the homopolymer 127g. The maximum brightness was achieved for the
homopolymer 127a and was found to be 19,395 cd m™ at 14 V, the luminance efficiency was
recorded at 21.1 cd A" at 5,930 cd m™ and was 88 times higher than that of the homopolymer
127g. The emission colours could be tuned from green to yellowish-orange from 127g-a via
intramolecular energy transfer.

The improved device performance of the PPV-OXD homopolymer 127a over 127g
and the copolymers 127b-f was attributed to better electron injection and charge balancing
and also efficient intramolecular energy transfer from the OXD units to the PPV backbone.
The maximum luminance efficiency of 127a was ranked the highest value amongst PPV
derivatives at the time of publishing.

Kim and co-workers'* synthesised a novel highly efficient oxadiazole-PPV polymer
128 with oxadiazole units on the vinyl unit. Polymer 128 was expected to have highly twisted
chain conformations because of the bulky oxadiazole units. Such chain conformations are
expected to minimize chain interactions, which are Well known to lower the efficiency of EL

and PL.'3
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Scheme 59: Oxadiazole-PPV polymer 128 prepared by Kim and co-workers.'”

Devices in the configuration ITO/PEDOT:PSS/128/Al displayed bright yellow emission with
an EL maximum Npx = 563 nm, which was almost identical to that of the PL maximum.
Maximum EQEs of 0.34% at 11 V and 0.077A c¢m™ and a maximum luminance of 1,457 cd
m? at 13 V and 0.22 A cm™ were recorded for this device. When the Al cathode was replaced
with Ca a slight improvement in EL efficiency was observed with an EQE of 0.43% at 11 V
(0.25 A cm'z) and a maximum luminance of 5,140 cd m? at 12.5 V (0.61 A cm™).

1.4.3.6 Fluorene-Oxadiazole Hybrid Side Chain Polymers

Wu and co-workers'?* displayed further use of OXD pendant groups. Polymer 129 was
synthesised by attaching two OXD groups onto the C-9 position of the alternating fluorene
units. This 3-D structure was designed to restrict 7-stacking between polymer chains and

suppress the formation of excimers in the solid state.

CgHy7~  CgHy7

129
Scheme 60: Fluorene-OXD polymer 129 prepared by Wu and co-workers.'>*

Also the sp® carbon (C-9) serves as a spacer to effectively block the conjugation between the
OXD side chains and the fluorene backbone, therefore maintaining the conjugation and

integrity of the main chain polyfluorene emission spectrum.
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The EL properties of polymer 129 were examined using the device configuration
ITO/PEDOT:PSS/129/Ca/Ag. The EL at Np.x = 428 nm was identical to the PL spectrum. No
undesirable excimer/aggregate/oxidation emission was observed at long wavelehgth which is
a known problem with PFO 132 (Chapter 2). The device displays strong blue emission with a
low turn-on voltage at 5.3 V and a high brightness of 2770 cd m™ at 10.8 V. A maximum
EQE of 0.52% at 537 c¢d m™ at a voltage of 7.4 V was recorded. This device based on
polymer 129 demonstrated a much higher brightness and efficiency than devices based on
PFO 132, which had a maximum brightness around 600 cd m™ and an EQE of 0.2%.'%> This
improved performance was due to increased electron injection and transport in polymer 129
and efficient energy transfer from the OXD side chains to the polyfluorene backbone.

A series of soluble alternating fluorene based copolymers, 130 and 131a-g, containing
symmetrical and asymmetrical OXD pendants with various terminal groups were synthesised
by Sung and Lin.'?® A series of devices in the configuration ITO/PEDOT:PSS/polymer/Ca/Al

were fabricated.

CeHis~ CeHia

131a-g

Scheme 61: Fluorene OXD polymers 130 and 131a-g synthesised by Sung and Lin.'?®

All of the devices show turn on voltages between 7 and 9 V; the maximum attainable
luminance was 462 cd m™ at 15 V with polymer 131g as tfle emitter. All the asymmetrical
OXD-substituted polymers 131a-g displayed purple to blue emission with EL Aj.x between
406 and 452 nm, which are well matched with their PL spectra. In contrast, the symmetrical
polymer 130 displayed slight voltage dependent EL. Since the absorption and fluorescence
data reveal that polymer 130 forms excimers due to aggregation in the solid film, the EL

spectra of 130 is red-shifted and become broader by increasing the voltage. By comparison of
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polymers 130 with 131d it was observed that the asymmetrically substituted polymers possess
better device properties (higher quantum yield and lower aggregation in the solid state) than
the symmetrical substituted polymer 130.

1.5 CONCLUSIONS

Since pioneering work employing PBD as an ETHB material in thin bilayer devices'? and the
discovery that organic conjugated polymers such as PPV could be used as emissive materials
in OLEDs,l 1,3,4-0xadiazoles have been widely studied as ETHB materials in OLED
applications. This chapter has reviewed and updated published work, although not
exhaustively, on low molecular weight and polymeric 1,3,4-oxadiazoles demonstrating their
wide functionalisation, molecular architecture and application in OLEDs, predominantly as
ETHB materials but also as bipolar and emissive materials. Applications as liquid crystal and

electrochromic materials have also been highlighted.
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2 NEW 2,5-DIARYL-1,3,4-OXADIAZOLE-FLUORENE HYBRIDS

2.1 INTRODUCTION

As discussed in Chapter 1, 2,5-diaryl-1,3,4-oxadiazole derivatives have been widely studied
in diverse areas of chemistry. In particular, owing to the electron deficient nature of the 1,3,4-
oxadiazole ring, luminescent properties and excellent thermal and chemical stability, a range
of OXD derivatives have been applied as emissive and/or ETHB materials in OLEDs.

At the outset of my work there were very few examples of covalent combinations of
fluorene and OXD units. Therefore, it was timely in the search for new materials with
balanced hole and electron transport properties to target novel fluorene-OXD hybrids. Many
examples of such systems have been synthesised and their optoelectronic and OLED

properties investigated.

2.1.1 Poly(fluorenes)

The first blue emitting PLED was made by Yoshino ef al.'*’ using poly(9,9-dihexylfluorenyl-
2,7-diyl) 133, since then poly(9,9-dialkyfluorene)s (PF)s have been widely studied as they are

promising blue-light emitting materials for PLED applications due to their thermal stablity,'?®

high PL quantum yields129 and good charge transport properties.13 0.131

PFs are derivatives of poly(para-phenylene)s (PPP)s which fit into a class of rigid-rod
blue light emitting polymers.>'*? The extended conjugation characteristic of this class of
materials enhances charge delocalisation by virtue of the greater molecular planarity attained
along their rigid backbones. For PFs the bridging C-9 atom between the alternate pairs of
phenyl rings rigidly planarises the biphenyl structure in the fluorene monomer. This
delocalisation influences the polymer’s physical properties including band gaps and emission
quantum yields."** Also facile functionalistion at C-9 offers the ability of controlling polymer

34

solubility, without significant effects on the electronic structure of the backbone,'** and

potential interchain interactions in films.'?'**

The physical properties of PFs can be fine tuned through chemical structure
modifications and copolymerisation, for example, to give EL emission across the full visible
spectrum from blue to red, unlike the more widely studied PPVs.'** A portfolio of fluorene

copolymers that emit colours across the full visible spectrum has been prepared using Suzuki
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couplings at Dow Chemical Company.'*® No other polymer class, to date, offers the full range
of colours with high efficiency, low operating voltages and high device lifetime. Thus
polyfluorene based molecules are amongst the most viable light emitting polymers (LEP)s for

commercialisation,'’’

132 R= CBH17 PFO
133 R= CGH13

Scheme 62: Poly(9,9-dioctylfluorenyl-2,7-diyl) PFO 132, poly(9,9-dihexylfluorenyl-2,7-diyl) 133 and
spirobifluorene 134.

However, PF based LEDs typically exhibit device degradation under operation with the
emergence of a low-energy emission band (at ~2.2-2.4 eV). This longer wavelength band
converts the desirable blue emission to greenish blue with an increase in broadband emission
tailing.'*® Numerous groups have reported the appearance of this red-shifted component in the
luminance spectra of a range of PF homo- and copolymer thin films.'?®*"1%% The origin of
this low energy emission band has been attributed to reordering of the polymer chains and

. . 109,125,135a,13%,
subsequent aggregate or excimer formation,'0®!?>13%®13%140 However,

recently several
research groups'**'**®!*! have ascribed this emission to fluorenone defects produced by
thermo-, photo-, or electro-oxidative degradation.'*? Sims et al."** concluded that whilst these
fluorenone defects are necessary to activate the green band emission, they are not considered
to be sufficient alone. The green band emission was attributed to fluorenone-based excimers.
Although a number of possible mechanisms have been suggested, the origin of the longer

wavelength band is the subject of ongoing study.

2.1.2 Spirobifluorene

An approach to improve the spectral stability of PFs is the introduction of a spiro structure.
The tetrahedral bonding atom at the centre of 134 maintains a 90° angle between the
connected biphenyl units via a g-bonded network. It has been shown that the introduction of
spiro linkages in low molecular weight organic materials (compound 38) improves
processability as well as morphological stability.>* Also the bulky structure minimises the
close packing of the spiro-annulated molecules in the solid state, therefore suppressing

. . . . . P . o . 44 P
excimer formation in comparison with fluorene compounds.'*'** Also this molecular
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architecture is anticipated to reduce fluorenone defects as the susceptability for oxidation at
the C-9 position of spirobifluorene should be decreased.

Kim et al'® reported a device incorporating 9,10-bis[(2,7-di-"butyl)-9,9-
spirobifluorenyl] anthracene as the EML which exhibited pure blue emission (x = 0.14, y =
0.08) at 300 cd m™ in CIE chromaticity coordinates, which was the nearest to the National
Television Standards Committee (NTSC) standard value reported at the time of publication.
Also, no tailing in the longer wavelength region was observed. Wu et al.'*® reported devices
incorporating a ter(spirobifluorene) compound that that did not exhibit any change in its EL
spectra after continuous operation for 32 h. Similarly, Katsis and co-workers'*’ observed no
changes in morphology, emissive colour and PL quantum yield on heating spiro-
oligo(fluorene) films.

Several groups have demonstrated that spirobifluorene-fluorene copolymers exhibited
better colour stability than PFs with a reduction in longer wavelength emission following
thermal treatment.'*® Also Wu et al.'*® reported a poly(spirobifluorene) which exhibited good
luminescent stability with no green band emission observed in solid films after annealing for

3 hat 200 °C.

2.1.3 Fluorene-OXD Hybrids

. The combination of poly(9,9-dihexylfluorene) 133 as an EML and an OXD derivative (PBD
5) as an ETL was first described by Ohmori et al.'*® in a triple layer structure, also utilising

4
47,51,54,55 and

TPD 6 as a HT material. Since then various fluorene-OXD small molecule
polymeric'®"''*!24126 hyhrids have been reported in the literature. Preliminary work within
our group by Dr Wang’ % involved the synthesis of the fluorene-oxadiazole hybrid DFD 34
with a 1,3,4-oxadiazole moiety to confer electron injection and a fluorene moiety to provide
blue emission. As stated in Chapter 1, it was established that DFD is an efficient ETHB
material when used as a dopant in MEH-PPV in single layer devices.

Following these initial results we targeted a new series of fluorene-OXD hybrids and
explored the effect of inserting additional phenyl rings into the backbone. We also
investigated the effects of replacing the 9,9-dihexylfluorene core with spirobifluorene in an
effort to eliminate the formation of fluorenone defects, which is a factor that can quench
emission and impair device performance. Also further functionalisation of the OXD system
has been carried out to afford the carbaldehyde compound 172, which allowed further

extension of these systems via Wittig chemistry. This chapter reports the synthesis of the
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linearly extended conjugated ETHB compounds, namely 165, the spirobifluorene analogue
171 and compound 177, along with crystal structures of 165, ab initio calculations, optical
absorption, PL spectra, and OLED studies of compounds 165, 171 and 177 blended with
MEH-PPV to enhance electron injection.

2.2 RESULTS AND DISCUSSIONS

. 2.2.1 Synthesis

Our initial aim was to synthesise compound 140, which from a synthetic viewpoint will offer
excellent scope for functionalisation reactions which extend the w-conjugation leading to
novel materials for ETHB applications.

The aroyl hydrazide 138 was prepared in high yields via the aminolysis of the
commercially available methyl ester 137.'*' Nucleophilic reaction of 138 with the acid
chloride 136, obtained from the corresponding benzoic acid 135, yielded the diaroyl
hydrazine 139, which was not purified. The crude product 139 was cyclodehydrated using
POCL* to give the 2,5-diaryl-1,3,4-oxadiazole 140 (76% yield). During the course of our

work the preparation of 140 was described by other workers. >

C12H250‘©_/< C12H250‘®_/<
OH Cl
135 136
@] . 0
B’©_< - Br@ 0)
OMe NHNH2 _
137 138

00
C12H250‘©_4 @Br
HN—NH

/N
Uo
C12H2507 Br

140

Scheme 63: Synthesis of 2-(4-bromophenyl)-5-(4-dodecyloxyphenyl)-1,3,4-0xadiazole 140: i) SOCL,, A; ii)
NH;NH,.H,0, CH;0H, A; iii) pyridine, 20 °C 0.5 h, A 0.5 h; iv) POCl,, A. '
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The dodecyloxy chain of OXD 140 was attached to introduce solubility to the system for ease
of purification and to allow further reactions to take place in common solvents. The bromine
handle allows for further functionalisation via numerous aryl-coupling techniques.

It was initially attempted to convert the bromo substituted OXD 140 into the
corresponding boronic acid 141 via lithiation at —78 °C, quenching with trialkyl borate and

aqueous work up followed by acidification (Scheme 64).

N—N N—N
(A (A
/O/QO)\Q i, i Q/ko)\g
C12H250 Br C12H250 B(OH)2
140 141

Scheme 64: Attempted synthesis of boronic acid analogue 141: i) n-BuLi, THF, -78 °C; ii) TIPB, -78 °C -
20 °C; iii) HBr/H,0.

Although the '"H NMR spectrum of the crude product showed a peak at ca. 9 ppm which
disappeared on addition of D,0 (as would be expected for a boronic acid group), low yields
were consistently obtained and further purification was not successful. In a revised procedure
a suspension of 140 and #-BuLi in THF was maintained at -40 °C for 4 h in an attempt to
drive lithiation to completion before quenching with triisopropyl borate (TIPB). This led to a
darkening of solution, which was attributed to side reactions as no material precipitated out of
the aqueous solution on acidification. Upon analysis it was observed that the organic layer
contained starting material.

It was established that 1 mmol of compound 140 in 25 ml of THF would remain in
solution at temperatures as low as -40 °C, but rapidly precipitated out of solution at lower
temperatures; the above procedure was then repeated at -30 and -20 °C but again the reaction
failed. Attempts using triethyl borate instead of TIPB at -78, -40, -30 and -20 °C were carried
out, but as before, no material precipitated out of the aqueous solution on acidification and
unreacted starting material was present in the organic layer.

The electron withdrawing effect of the oxadiazole unit could be the reason for
lithiation problems; therefore, two methoxy groups ortho to the bromine were introduced into
compound 145 to act as electron donors, to counter the electron withdrawing effect of the

oxadiazole unit.
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HO MeQ MeO
o ) 0 i) Y
Br —  Br —> Br
OH OMe NHNH,
HO
142 MeO 143 MeO 144
L '7‘_’:] OMe
iii, iv)
B g
C12H25O Br
OMe
145

Scheme 65: Synthesis of dimethoxy analogue 145: i) K,CO,, dimethylsulphate, acetone, A; ii)
NH,NH,.H,0, CH;0H, A; iii) 4-dodecyloxybenzoic acid chloride 136, pyridine, 20 °C 0.5 h, A 0.5 h; iv)
POCl,, A.

4-Bromo-3,5-dimethoxybenzoic acid methyl ester 143 was prepared in high yields (80%) via
the methylation of 4-bromo-3,5-dihydroxybenzoic acid 142 with dimethylsulphate and K,CO;
in dry acetone.'’>!3 Compound 143 was then converted to the hydrazide 144 (77%) via
aminolysis with hydrazine monohydrate. Following the same procedure for the synthesis of
140, compound 144 was dissolved in pyridine and reacted with the acid chloride 136. The
intermediate hydrazine was then cyclised with POCl; to give 2-(3,5-dimethoxy-4-
bromophenyl)-5-(4-dodecyloxyphenyl)-1,3,4-oxadiazole 145 (73%).

Attempted boronic acid formation from 145 with »-BulLi, trialkylborate and HBr
failed at -78, -40, -30 and -20 °C, as previously for 140, with only starting material recovered
from the organic layer. Trialkylborate was added before n-BuLi in one experiment to trap the
lithiated species but this reaction also failed with only starting material recovered.

Although we were unable to prepare the boronic acid derivative of 145, further
functionalistion via a Suzuki coupling reaction with 4-formylbenzene boronic acid 146 was

achieved, yielding compound 147, which is expécted to contain a highly twisted biaryl unit.'**

/o '
(HO)ZBQ—/
N—N OMe N—N

/N 146 R OMe
L av
Cr2H250 Br . Cr2Ha50 O 0
147  OMe

145 OMe

Scheme 66: Synthesis of compound 147: i) Pd(PPh;),, Na,CO;, THF, A.

Following a literature preparation of the diphenyloxazole boronic acid derivative 5-(4-
dimethylaminophenyl)-2-[4-(dihydroxyboranyl)phenyl]oxazole, > we attempted to synthesise

the OXD-boronic ester derivative.
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8'%° via acid-catalysed

Compound 135 was converted into the corresponding methyl ester 14
esterification in high yield (94%); this was then converted into the corresponding hydrazide

1497 (90%) as previously for compounds 138 and 144.

o 0 i) 0
C12H250‘©_< > C12H250—®—< > C12H250‘®_/<
OH OMe NHNH,
135 148

149

Scheme 67: Synthesis of 4-dodecyloxybenzoic acid hydrazide 149: i) H,SO, MeOH, A 12 h; ii)
NH;NH;.H,0, CH,0H, A.

The commercially available 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoic acid 150
was treated with SOCl,. The hydrazide 149 in pyridine was subsequently added. In the 'H
NMR spectrum of the product, no N-H protons were observed indicating that the reaction had
possibly failed although peak broadening could not be ruled out. Attempted cyclisation
carried out in POCI; established that the reaction had indeed failed.

Q o Q 0 i Q 0 Q
W N e N S G S W
0 OH 0O Cl 0o HN—NH

150 151 152

Scheme 68: attempted synthesis of boronic ester 152: i) SOCl,, ii) 4-dodecyloxybenzoic acid hydrazide 149,
pyridine, 20 °C 0.5 h, A 0.5 h.

N oy~

Although we were unable to prepare the OXD boronic acid analogue 141, further
functionalisation of the OXD system was readily achieved via Suzuki coupling with various
aryl and heterocyclic boronic acids, demonstrating that compound 140 is a versatile reagent.
Benzene boronic acid 153 and 3-methoxybenzene boronic acid 154 were coupled with OXD
compound 140 under standard Suzuki conditions to give compounds 157 and 158 in 71 and
85% yields; respectively. Similarly, Suzuki couplings of compound 140 with the heterocyclic

5'"% and 2-methoxy-5-pyridyl boronic acid

boronic acids, 2-furaldehyde-5-boronic acid 15
156'* (both prepared by Dr Parry in our group) afforded compounds 159 and 160 in 28 and

68% vyields, respectively.
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N-N

(HO)ZBO /O/(O \ O

153 Cy2H2s0 157

OMe

(HO)ZBO ; /@A O

154 i) C12H250
(HORB O\~ .

' J@*
155 C12H250 159

(HObBOOMe

o)
N C1oH250 =
12125
156 160 s
N OMe

Scheme 69: Suzuki cross-coupling of compound 140: (i) 140, Pd(PPh;),, Na,CO;, DMF/THF, A.

v

\j

Having established suitable conditions for Suzuki couplings of 140, our attention then turned
to the synthesis of OXD-fluorene hybrids. 2,7-Dibromofluorene 162 was prepared in 65%
yield from bromination of the commercially available fluorene 161 in an acetic/sulphuric acid
mixture with an excess of bromine.'® 9,9-Dihexyl-2,7-dibromofluorene 163 was then
obtained in 82% yield from 162 by deprotonation with potassium ¢-butoxide followed by two-
fold alkylation with bromohexane in THF.'®' This route was preferred to the protocol reported
by several other groups162 (viz. alkylation followed by bromination) as we prepared 2,7-
dibromofluorene 162 on a large scale (1.5 mole) and subsequently alkylated smaller batches
(50 mmol) when needed. This route also avoided possible bromination of the aliphatic chains,
a difficulty in the alternative route.

9,9-Dihexylfluorene-2,7-diboronic acid 164, a key reagent in the synthesis of fluorene
based luminophores via Suzuki couplings, was obtained in 61% yield from 163 by reaction

with n-BuLi and TIPB, followed by aqueous work up.'®*!%

CgH13™ "CgHya
163

j v, Vi)
(HO)zBB(OH)z

CeH13~ "CgHiz
164

Scheme 70: Synthesis of 9,9-dihexylfluorene-2,7-diboronic acid 164: i) acetic acid/H,SOy,; ii) bromine; iii)
KBrQs/acetic acid, T< 50 °C; iv) 1-bromchexane, ~-BuOK, THF, 0 °C— 20 °C; v) n-BuLi, THF, -78 °C; vi)
TIPB, -78 °C — 20 °C, H,0.
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The two-fold reaction of compound 140 with 9,9-dihexylfluorene-2,7-diboronic acid 164
under standard palladium-catalysed Suzuki cross-coupling conditions afforded the linearly

extended m-conjugated fluorene-OXD hybrid compound 165 in 44% yield.”’

Y

/

/@/@O)\Q +  (HO)B O‘O B(OH),
Ci2H250 Br CeHis~ CgHis

140 164
i)
o O T T
CeHiz™ "CgHys
165

C12H50
Scheme 71: Synthesis of 165: (i) Pd(PPh;),, Na,CO;, THF, A.

We next targeted the spirobifluorene analogue of 165. 9,9-Spirobifluorene was first
synthesised by Clarkson and Gomberg'®® via Grignard reaction of 2-biphenylmagnesium
iodide with fluorenone, yielding the tertiary alcohol, followed by a sulphuric acid promoted
Friedel-Crafts cyclisation. Recently this method has been applied in the synthesis of 2-bromo-
and 2,7-dibromospirobifluorene, via 2-bromo- and 2,7-dibr0mofluorenone.166 This route was
preferred to subsequent electrophilic bromination of spirobifluorene due to the purification
problems of 2-bromospirobifluorene; also dibromination of spirobifluorene only occurs at the

2,2’-positions instead of the desired 2,7-positions.

e Sv g es:'e

Scheme 72: Synthetic route to 2,7-di(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)spirebifluorene 170: (i)
Cr0,, AcOH, A; (ii) 2-bromobiphenyl 167, -BuLi, THF, -78 °C; (iii) 166, -78 °C— 20 °C; (iv) HCl, AcOH,
A; (v) n-BuLi, THF, -78 °C; (vi) 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane -78 °C — 20 °C.
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Instead of the Grignard route to 170, we proposed to use lithium-halogen exchange of
commercially available 2-bromobiphenyl 167 as described in the literature for 2-
iodobiphenyl.'®’” 2,7-Dibromofluorenone 166 was prepared in 79% yield by oxidation of 2,7
dibromofluorene 162 with chromium trioxide (Scheme 72).'%®

Lithium-halogen exchange of 2-bromobiphenyl 167 in THF was carried out via the
addition of 2 equivalents of f-BuLi at -78 °C. The reaction was then quenched with 2,7-
dibromofluorenone 166 to give carbinol 168. Dehydrative cyclisation of 168 was then carried
out with HCl in acetic acid yielding 2,7-dibromospirobifluorene 169 (72% yield). The
dipinacolato boronic ester 170 was prepared in 58% yield via lithiation of 169 with n-BuLi,
followed by quenching with 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane. ' *®°

The two-fold reaction of compound 140 with dipinacolato boronic ester 170 under
palladium catalysed Suzuki cross-coupling conditions utilising tri-z-butyl phosphine afforded

the spirobifluorene-OXD hybrid compound 171 in 40% yield.”’
N—N

140

C12H250
Scheme 73: Synthesis of compound 171: i) Pd(PPh;),, PBu'y, K,CO;, Toluene, A.

As demonstrated in our exploratory Suzuki coupling studies (Scheme 69), a formyl group can
be introduced onto the OXD unit (compound 159), allowing for further functionalisation by
Wittig chemistry. We, therefore, attached a para-formylphenyl unit via Suzuki coupling so
that further extension of the conjugéted system could be carried out. Compound 140 was
coupled with 4-formylbenzene boronic acid 146 under standard palladium-catalysed Suzuki
cross-coupling conditions to give 4’-[5-(4-dodecyloxyphenyl)-1,3,4-oxadiazol-2-yl]-biphenyl-
4-carbaldehyde 172 in good yield (78%).

We initially tested compound 172 for its suitability in Wittig coupling with the
simplest aryl triphenylphosphonium salt. The reaction between 172 and
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benzyltriphenylphosphonium chloride employing NaOH as the base yielded 2-(4-

dodecyloxyphenyl)-5-(4’-styryl-biphenyl-4-yl)-1,3,4-oxadiazole 173 (51%).

O

/
HO),B
N— (HO), N-

CQH%O@A @ LN cmHz:.,OQA

N-N

" /N
S O
C12H350
173

Scheme 74: Synthesis of compounds 172 and 173: (i) 146, Pd[PPhs],, Na,CO,;, THF, A; ii)
benzyltriphenylphosphonium chloride, NaOH, THF.

To achieve further extension of the m-electron framework, compound 177 was prepared by

two-fold Wittig reaction of compound 172 and the bis(triphenylphosphonium) salt 176.'%

Compound 177 comprises two OXD moieties and a central fluorene moiety connected via

phenylvinylene units.

CGH13 CeH13 C6H13 CeH13

iv)

OO 0
C12H250/©/4 Ph P pph, 22T
% CeHis~ CeHiz @ °
172
l v, vi)

C12H25O\©\( | O O 0.0 O O \ ﬁ0012st

-N CsH1z~ CeHis N-
177

Scheme 75: Synthesis of the bis(triphenylphosphonium) salt 176 and compound 177: (i) n-BuLi, THF, -78
°C; (ii) bromohexane, -78 °C— 20 °C; (iii) paraformaldehyde, HBr (33% in glacial acetic acid), A; (iv)
triphenylphosphine, DMF, A; (v) NaOEt, EtOH/THF; (vi) HCL
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9,9-Dihexylfluorene 174 was synthesised according to the literature procedure.'”® The acidic
protons at the 9-position of fluorene 161 were removed by lithiation with n-BuLi, followed by
alkylation with 2 equivalents of bromohexane to give compound 174 (81%).

° with

Bromomethylation of 174 was carried out following the literature preparation'®
paraformaldehyde and HBr in acetic acid to give 2,7-bis(bromomethyl)-9,9-dihexylfluorene
175 in 78% yield. The bis(triphenylphosphonium) salt 176 was prepared in 60% yield by
treatment of 2,7-bis(bromomethyl)-9,9-dihexylfluorene 175 with triphenylphosphine in DMF.
Finally the carbaldehyde 172 wunderwent two-fold Wittig reaction with the
bis(triphenylphosphonium) salt 176 in freshly distilled dry ethanol and THF with sodium
ethoxide as base to afford compound 177 (43%).

9,9-Dihexylfluorene-2,7-dicarbaldehyde'’! has been employed to introduce a fluorene
moiety, via Wittig reaction, into copolymers, although the synthetic route to the

dicarbaldehyde from fluorene involves 5 steps, compared to the bis(triphenylphosphonium)

salt route used here (3 steps).

2.2.2 X-Ray Structure of Compound 165

The crystal structure of compound 165 was solved by Dr A. Batsanov. The asymmetric unit
of 165 contains one molecule (Figure 6), which has neither crystallographic nor approximate

symmetry. The fluorene moiety is planar within £0.03 A and forms dihedral angles of 21.9°

and 30.3° with the adjacent benzene rings i and iv. On the contrary, the angles between the

Figure 6: X-ray molecular structure of 165.

Of the two n-hexyl substituents at C(9), one is fully ordered and the other has two
orientations, A and B. The C;; fragment [n-hexyl-C(9)-n-hexyl] adopts an all-trans

conformation, except one terminal CH,CH,CH; moiety, which is disordered equally between
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trans (A) and gauche (B) conformations. The n-dodecyl chain attached to O(3) adopts an all-
trans conformation, except the terminal methyl group which has a gauche orientation. In the
second n-dodecyl chain, four methylene groups are disordered between two positions; in each
case one CCCC torsion angle corresponds to a gauche conformation and the rest to a distorted
trans conformation [165.5(2)° to 179.4(4)°, average 171(4)°]. As a result, the former n-
dodecyl chain is roughly coplanar with the polycyclic part of the molecule and the latter is

bent out of this plane. The longest dimension of the molecule (in the crystal) is ca. 54 A.

2.2.3 Quantum Chemical Calculations

Ab initio calculations were performed by Dr 1. F. Perepichka in our group. Density functional
theory (DFT) calculations investigated the geometry and the electronic structure of molecules
165, 171 and 177. For comparison DFD 34 and the widely used ETHB material OXD-7 28¢
were also included.

To decrease the computational time we calculated the molecules 165a, 171a, 177a
(where index “a” means that in structures 165, 171 and 177 C;,H,s0 was replaced by CH;0,
and in structures 165 and 177 C¢H;; was replaced by C,Hs; see Appendix 2.1) as well as
compound 34a (where C¢H,; was replaced by C,;Hs). Comparison of calculated LUMO
energies for compounds 34a, 165a, 171a and 177a with that for OXD-7 28¢c shows that
compounds 165a and 171a as acceptors match very well with OXD-7 and compounds 34a
and 177a are even better acceptors (by ca. 0.2 and 0.3 eV, respectively; Figure 7). So, from an
energy point of view, compounds 34a, 165a, 171a and 177a are good alternatives to OXD-7
as electron transport materials. On the other hand, all these compounds (34a, 165a, 171a and
177a) have higher HOMO levels, so their function as hole blocking layers in OLEDs could be
less efficient [although their HOMOs are still much lower than that of common EL polymers
like MEH-PPV (~ 5.0 eV)].

Compound 177a showed the smallest HOMO-LUMO gap (2.97 eV) and a feature is
that its LUMO orbitals are delocalised between the central fluorene moiety and adjacent
phenylene units (no LUMO population on the oxadiazole rings), whereas for all other
oxadiazole derivatives (34a, 165a, 171a and OXD-7) substantial localisation of the LUMO is
observed on the oxadiazole moieties (see Figure A6, Appendix 2.1).

The calculated HOMO energy for OXD-7 (-6.27 eV) is quite close to its ionisation

potential measured by photoemission studies (f, = 6.5 eV, i.e. the difference is only ~ 0.23
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eV),” whereas the calculated LUMO energy (—2.03 eV) is higher than found experimentally
(by subtraction of the optical gap energy: Ea = I, -3.7 €V = 2.8 eV) by ca. 0.77 eV. In section
2.2.5 this difference between the experimental and calculated LUMO energies is used to
moderate conduction band levels when discussing the energy diagram of OLEDs to compare

LUMO levels of oxadiazole derivatives With that for MEH-PPV.,
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Figure 7: B3LYP/6-311G(2d,p)//B3LYP/6-31G(d) orbital energy level diagrams for compounds 34a, 165a,
171a and 177a in comparison with the ETHB material OXD-7 28c.

2.2.4 Optical Absorption and PL Properties

Solution UV-Vis absorption and photoluminescence (PL) spectra for compound 157, 160,
173, 165, 171 and 177 were recorded in DCM. The absorption spectra of 157 and 160 are
very similar with Npix =313-315 nm. The absorption of compound 173 is red shifted
significantly with Npax = 338 nm, which would be expected due to the extended conjugation

of the extra phenylvinylene unit.
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(11) Multilayer structures can be assembled with an ETHB layer placed on top of the
emissive polymér film (by spin-coating or thermal evaporation) before deposition of the
cathode. This approach requires more complex fabrication procedures than those used for
single-layer devices.

(iii) Electron-deficient segments can be covalently bound to the emissive polymer,
either by insertion into the main-chain, as end-capping groups, or as pendant side-groups. The
synthesis of these polymers can be very challenging, often requiring multi-step routes and/or
specific cross-coupling reactions.

(1v) ET materials can be blended into the emissive polymer prior to deposition. Single-
layer devices of this type have the advantage that their manufacture requires only a single
spin-coating process.' >
Within our group single layer devices using blends of MEH-PPV and non-emissive, ETHB
materials containing covalently linked OXD and pyridine units have previously been
reported.'” This section concerns the study of the new OXD-fluorene hybrids 165, 171 and
177 and their blends with MEH-PPV. Our strategy was to improve further the efficiency of
the OLEDs through energy or charge transfer processes within the blended layer film.

All the OLEDs studied were fabricated by J. H. Ahn in Prof M. C. Petty’s group in the
School of Engineering, University of Durham. Initially devices in the configuration
ITO/MEH-PPV:ETHB/AIl were fabricated. The polymer blends all contained 70% electron
transport materials by weight. The current density versus electric field (J-E) and light output
versus electric field (L—E) characteristics of polymer blend devices using compound 34, 165,
171 and 177 are shown in Figure 10 (positive bias applied to the ITO electrode). The J-E and
L-E characteristics of an OLED based on a pure (non-blended) MEH-PPV layer are also
shown for comparison. For all the blended layer studies, the EL output was characteristic of
MEH-PPV. 1t is evident that the EL emission from the blend devices was significantly greater
than the light output of the pure MEH-PPV; at the same time, the current through the blend
films was lower. However, within experimental errors, it was difficult to discern any
particular trends between the different blended layers. The onset voltage for light emission for

the blended devices was ca. 4.5 V, compared with ca. 6 V for the pure MEH-PPV device.
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External quantum efficiencies of OLEDs containing different amounts of 171 are shown in
Figure 12. These data are similar to those previously obtained by our group for blends
incorporating 34.%° The device efficiency increased with the concentration of the electron
transport material over the range of composition investigated. The efficiency for the 95%
blend device was more than two orders of magnitude greater than that of the pure MEH-PPV

device.

External quantum efficiency (%)

—5-70% —v—95%
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10*

Figure 12: External quantum éfficiency of blended MEH-PPV OLEDs incorporating compound 171. Data
are shown for blend devices with 20%, 50%, 70%, and 95% of 171 by weight.

To investigate if this efficiency could be increased even further, a device incorporating
99.99% of 34 was fabricated. However, the EL emission was poor and the device quantum
efficiency did not exceed 1x107> %, indicating an upper limit to the efficiency of our blended
layer structures.

Despite the relatively high external quantum efficiencies of some of the blended layer
OLEDs, the brightness and power efficiencies of the OLEDs are low compared to state-of-
the-art polymer displays. For example, the brightnéss of a 70% blended device incorporating
165 was 210 cd m™ at a current density of 62 mA cm™. However, it should be noted that our
devices have not been optimised in any way, e.g. by use of a low work function cathode.

The HOMO and LUMO energy levels for MEH-PPV determined from oxidation and
reduction potentials in CV experiments are Eyomo = —4.98 €V and Eyymo = —2.89 eV.!7* This
HOMO energy value is much higher than experimental 7, values for OXD-7 or calculated
values for OXD-7, 34a, 165a, 171a, and 177a (Figure 7). Using the figure of 0.77 eV (the
difference between the experimental value £5 ~ 2.8 eV and calculated HOMO energy level

for OXD-7, and assuming that it is similar for other oxadiazole derivatives) we can estimate
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LUMO energies for compounds 34, 165, 171 and 177 for direct comparison with the values
for MEH-PPV (3.01, 2.83, 2.81 and 3.09 eV, respectively).

MEm

-2.89 6V Compound 34
3.01eV
Al
ITo -4.2 eV
-4.8 eV
@ Us eV
-6.06 eV

i Figure 13: Energy band diagram of ITO, MEH-PPV, compound 34, and Al. For MEH-PPV, data are
from Ref. 174a; for compound 34, the calculated energies of LUMO and HOMO levels for 34a have been
corrected by adding the difference between the calculated and experimental values for OXD-7 (see Ref.

43) [AE*“*® % 0,77 eV (LUMO), 0.23 eV (HOMO)).

The LUMO levels for compounds 34 and 177 lie ~0.1-0.2 eV below that of MEH-PPV,
whereas for compouﬁds 165 and 171 they are comparable to that for MEH-PPV. Thus, holes
are more likely to be transferred from the ITO anode to the MEH-PPV, (Figure 13) but
electrons will move from the Al cathode to 34 or 177 more easily than to the MEH-PPV. The
electrons can then easily move to the LUMO level of the host polymer, subsequently
recombining with holes to produce EL characteristic of MEH-PPV. In the case of blends of
MEH-PPV with compounds 165 and 171 electrons can also be injected directly into the
LUMO of MEH-PPV as well as into the LUMO of oxadiazole derivatives (depending on the
ratio in the blend). Nevertheless, in these cases EL also occurs only from MEH-PPV because
of the substantial barrier for hole transfer from MEH-PPV into the HOMO of oxadiazoles.
When large amounts of 34 are blended with MEH-PPV it will become more difficult

to inject holes (the majority carriers) from the ITO into the blended film and the device

' A more direct comparison of calculated energy levels for compounds 34, 165, 171 and 177 with ultraviolet
photoelectron spectroscopy (UPS) calculated values could be applied. The UPS values for the HOMO and
LUMO levels of MEH-PPV have been found to be 4.4 and 2.2 eV,'”* however, thesé values are not a direct
measurement and are determined in relation to the electrode material (gold).
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current (majority carrier hole current) will decrease. In contrast, electron injection from the Al
will increase, thereby increasing the EL. The light output will only decline when the supply of
holes from the anode becomes limited. From experimental work with blended layers based on
171, this seems.to occur for concentrations of the electron transport material greater than 95%
by weight.

The EL emission from OLEDs depends on the injection and transport of carriers, the
generation of singlet excitons and their survival from non-radiative deactivation. For the blend
devices in this work, the electron injection and transport are increased as noted previously. A
‘dilution’ effect may also be a contributory factor to the increase in our OLED efficiencies
with increasing electron transport material concentration. As the polymer molecules become
separated by the electron transporting molecules, concentration quenching - intermolecular
non-radiative decay of singlet excitons - will be reduced resulting in an enhanced light output.

Kang et al.'”® have previously noted that the external quantum efficiency increased
over seven times when MEH-PPV was blended with 90 wt% poly(methyl methacrylate)
(PMMA), an electro-optically inert material. A much larger increase in efficiency (almost 500
times) was noted by mixing the MEH-PPV with another electroactive polymer. In our own
studies, no improvement in the OLED efficiency was found using a 90% PMMA and MEH-
PPV blend. An increase in the photoluminescence (PL) efficiency was noted in some of the
films formed from mixtures of MEH-PPV with the electron transport compounds. For
example, the PL efficiency of blends based on 34 increased by a factor of three as the
concentration of 34 was increased from 20% to 90% by weight. Over the same composition
range, the EL efficiency increased by a factor of 40, suggesting that dilution effects do not
play a major role in determining the efficiency of our blended layer OLEDs.

The external quantum efficiency of our blend devices could be increased further by
incorporating a PEDOT:PSS layer between the ITO and the blend film. The external quantum
efficiency of the blend devices was increased two to three times regardless of the
composition. The external quantum efficiency of 95% blend devices using a PEDOT layer
was about 0.4%. Table 2 shows the external quantum efficiencies of OLEDs based on 34 and
171. It is also expected that thermal annealing™ could be used to extend the efficiencies of

these devices.
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Compound 34 Compound 171

wt%  Without PEDOT  With PEDOT wt% Without PEDOT  With PEDOT
40% 0.01% 0.04% 50% 0.02% 0.08%

70%  0.03% 0.10% 70%  0.06% 0.15%

95%  0.11% (6.7) 0.31% (12.7) 95% 0.16% 0.38%

Table 2: External quantum efficiencies of MEH-PPV polymer blend OLEDs incorporating compound 34
and compound 171, with and without a PEDOT:PSS layer. The current density was 30 mA cm™ unless

designated in parentheses.

For all the electron transport compounds studied, the EL spectra were found to be independent
of the blend composition. Figure 14 compares the EL spectra of a pure MEH-PPV device with
blended devices, 50% by weight, incorporating 34, 165, and 177: the emission of all the blend

devices corresponded to that from MEH-PPV.

I ' i ' i ' 1 ' J
104 R —— MEH-PPV
= 4 \ ---50% 34 E
S o8 Ay --=--50% 185
$ ,,‘ T e 50% 177 _{
2 b i \ 1
4 [
£ "] Eony, ]
@ A WA ]
E 0.4 4 L 3 —
I8 Y
® i AR
E R
$ 024  Ji -
A n o NaL
Ay )
00 '/l —T T T 1
500 550 600 650 700 750 800
Wavelength (nm)

Figure 14: The EL spectré of a pure MEH-PPV OLED and blended layer devices incorporating
compounds 34, 165, and 177. The composition of all the blends was 50% by weight.
No emission was evident from the electron transport materials, all of which are blue emitters.
The OLED incorporating a blend of compound 34 possessed a main peak at 570 nm, exactly
the same as that of the pure MEH-PPV device. However, the spectra of the devices
incorporating 165 and 177 were red-shifted relative to pure MEH-PPV, with the main EL
peak located at 590 nm. Blended devices based on 171 also exhibited a red-shifted EL
spectrum (data not shown).

It is interesting to note that the three compounds exhibiting red-shifted EL spectra
(165, 171 and 175) have dodecyloxy terminal groups. These groups are replaced by ters-butyl
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groups in the case of compound 34. To study the influence of the terminal groups on the EL

spectrum, a further compound, 178 was synthesised by G. Hughes in our laboratory.176

/
CeHi3 N-N

178

Scheme 76: Molecular structure of compound 178.

This has basically the same chemical structure as 165, but with ferz-butyl terminal groups
instead of dodecyloxy groups. The EL spectra for blended layer OLEDs incorporating 178
and 165 (both 50% compositions by weight) are contrasted in Figure 15. The EL output of the
device based on 178 peaks at the same wavelength as the pure MEH-PPV device, providing
very strong evidence that the red-shifts noted in our studies are associated with the
dodecyloxy chains interacting with the emissive MEH-PPV.

It is known that the emission of conjugated polymers such as MEH-PPV can be
changed by varying the chain conformation. Schwartz and co-workers reported that the
photoluminescence of MEH-PPV solutions varies according to the polarity of the solvents.'”’
These workers noted that MEH-PPV chains in non-polar solvents such as chlorobenzene are
more extended than in polar solvents such as tetrahydrofuran. This results in a red-shift of the
PL spectrum of the chlorobenzene solution relative to the tetrahydrofuran solution. The same
group demonstrated red shifts for MEH-PPV oriented on silica porous composite materials, in
which the energy initially located on randomly oriented polymer segments exterior to the
pores was driven to the aligned segments in the channel interior where the PL emission
occurred.'” In a similar way, the MEH-PPV molecules in our blend films may adopt different
conformations depending on the properties of the other component of the blend and

consequently the emission from MEH-PPV varies.'”
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Figure 15: EL spectra of blended layer MEH-PPV OLEDs incorporating compounds 165 and 178. The
composition of both blends was 50% by weight.

The results described above suggest a good mixing of the MEH-PPV with the electron
transport compounds. No sign of phase separation was evident using atomic force
microscopy, although this is not a definitive method of determining the distribution of the two
components. The fact that no’ direct EL from the electron transport materials could be
measured, even at high concentration (up to 95%), implies that the molecules of these
materials are well distributed among the MEH-PPV polymer chains. Strong evidence for
intimate mixing was also provided by the red-shifted EL curves for devices incorporating 165,
171 and 177. For these OLEDs, no unshifted MEH-PPV spectrum was detected, supporting
the view that the MEH-PPV is able to interact with the electron transport compounds.

- Devices were fabricated utilising the ETHB materials 165, 171 and 177 as emitting
material without MEH-PPV in the configuration ITO/PEDOT:PSS/ETHB/AL. The current
density versus electric field (J-E) and light output versus electric field (L-E) characteristics of
pure devices using compound 165, 171 and 177 are shown in Figure 16 (positive bias applied

to the ITO electrode).
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Figure 16: (a) Current density versus electric field and (b) light output versus electric field characteristics

for OLEDs incorporating 165, 171 and 177, in the configuration ITO/PEDOT:PSS/ETHB/AI

The onset voltage for light emission was relatively high, 10 V, for the device incorporating
177 and ca. 25 V for the pure 165 and 171 devices. The device incorporating pure ETHB
material 177 was the only device to show promise as an emitting material with an EQE of ca.

0.02%, compared to EQEs of ca. 0.001% recorded for devices incorporating 165 and 171.
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Figure 17: The external quantum efficiencies of OLEDs incorporating 165, 171 and 177, in the

configuration ITO/PEDOT:PSS/ETHB/AI.
From the EL spectra of the pure compound devices for 165, 171 and 177, Amax = 430, 433 and
487 nm, respectively. The EL Amay is ca. 30-40 nm red-shifted compared to the PL Anax for

compounds 165, 171 and 177.
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2.3 CONCLUSIONS

We have synthesised the OXD derivative 140 and achieved further functionalisation by
Suzuki cross-coupling reactions to yield the linearly extended fluorene-OXD hybrid 165 and
the spirobifluorene-OXD analogue 171. Wittig chemistry has also been used to extend the
conjugation via the carbaldehyde substituted OXD 172 to yield compound 177. Spectroscopic
studies in solution have established that the spirobifluorene architecture of 164 has no
electronic effect on the OXD-fluorene backbone, as identical UV-Vis absorption and PL
spectra were obtained for compounds 165 and 171.

The OLED performance of the ETHB materials 165, 171 and 177 blended with MEH-
PPV has been investigated. The EQE of blended-layer devices containing the ETHB materials
increased significantly compared to those fabricated using pure MEH-PPV. A striking feature
of this work is that EL originates exclusively from the MEH-PPV material, even when the ET
material is 95% by weight of the blend. The EL spectra of devices incorporating compounds
165, 171 and 177, which all bear terminal dodecyloxy groups, are red shifted by ca. 20 nm
compared to the devices with compounds 34 and 178 which have terminal fert-butyl groups.
This provides evidence for intimate mixing of the polymer and ET compounds. Further
improvements have been achieved by incorporating a layer of PEDOT:PSS, with efficiencies
reaching ca. 0.4% at 30 mA cm™ for a device in the configuration ITO/PEDOT:PSS/MEH-
PPV-171 (95% by weight)/Al

Devices comprising pure 165, 171 and 177 as the emitting material were fabricated.
compound 177 was the only ET material to show promise as an emitting material, with
devices incorporating 177 displaying EQEs 20 times that of devicés incorporating compounds
165 and 171. The EL spectrum and CIE coordinates of the spiro analogue 171 demonstrated a
more intense pure blue colour compared to that of 165. This may be attributed to the reduction

in fluorenone defects for compound 171.
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3 NEW OXD-FLUORENE HYBRIDS INCORPORATING PYRIDINE

AND THIOPHENE UNITS

3.1 INTRODUCTION

Pyridine is an electron-deficient heterocycle, so its presence in OXD systems is expected to
increase the electron affinity compared to the OXD compounds 165 and 171 described in
Chapter 2. The synthesis of the symmetrical 2,5-di-(3-pyridyl)-1,3,4-oxadiazole has been

'8 along with the corresponding symmetrical 2,5-di-(2-pyridyl)-1,3,4-oxadiazole and

reporte
2,5-di-(4-pyridyl)-1,3,4-oxadiazole, for which a crystal structure was obtained.'®!

The effect of combining the two electron deficient heterocycles on the ETHB
properties of the pyridine-1,3,4-oxadiazole hybrid PDPyDP 28d was studied within our
group.** Following on from this work, our strategy was to combine the strong ET ability of
the 2-phenyl-5-pyridyl-1,3,4-oxadiazole (PyOXD) units with a 9,9-dihexylfluorene core to
provide blue emission and to utilise energy- or charge-transfer processes within blended layer
films to improve further the efficiency of the OLEDs.

In this chapter we report the synthesis of the novel 2-phenyl-5-pyridyl-1,3,4-
oxadiazole ring system 183 and describe Suzuki cross-coupling reactions to obtain 184 and
the spirobifluorene analogue 185. The 1,4-di(2-ethylhexoxy)-bis-2,5-PyOXD 187 was
synthesised to ascertain if the absence of the planarising fluorene unit and the introduction of
electron-donating alkoxy groups induce steric twisting in these systems which would
influence the UV-absorption and PL spectra compared to compounds 184 and 185.

Polymers with covalently linked thiophene and 1,3,4-oxadiazole units have been
synthesised and used in the fabrication of blue OLEDs as functional materials.'®® The
oligothiophene blocks exhibit high m-electron density, while the oxadiazole blocks show high
electron affinity. Varying the length of the oligothiophene block provided a means of tuning
the luminescence of these polymers, whereas the oxadiazole units facilitated ET in the
polymers. The emission tuning of a series of thiophene-oxadiazole polymers has been
attributed to the remarkable difference in HOMO-LUMO band gap between the two
heterocycles.'*** Goddard synthesised the OXD derivative 5-(5-phenyl-1,3,4-oxadiazol-2-yl)-
2-thiophenecarboxylic acid, incorporating a thiophene unit'®® and Mitschke et al'®
synthesised oligoheterocycles incorporating thiophene and oxadiazole moieties. Predictably,

the introduction of the oxadiazole unit into the conjugated 7-systems led to enhanced electron
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acceptor characteristics compared to analogous oligothiophenes. We therefore synthesised
compound 189, namely a thiophene-OXD-fluorene system. The crystal structure of 189, ab
initio calculations of 184 and 185, and OLED studies on compounds 184 and 185 blended
with MEH-PPV have been carried out. Optical absorption and PL spectra of compounds 184,
185, 187 and 189 are compared with those of 165 and 171 to evaluate the effect of replacing a
phenyl unit with pyridyl and thienyl moieties.

3.2 RESULTS AND DISCUSSIONS

3.2.1 Synthesis

The initial aim was to synthesise the pyridine analogue of compound 140 and via Suzuki
coupling reactions synthesise PyOXD-fluorene analogues of compounds 165 and 171. DFT
calculations (Section 3.2.4) established that compound 184a, with the pyridyl nitrogen
adjacent to the fluorene, is a stronger electron acceptor than its isomer 184-iso which has the
pyridyl nitrogen adjacent to the oxadiazole ring. Therefore, we chose the former system as our
synthetic targeit. The route to compound 183 is shown in Scheme 77. 6-Bromonicotinic acid
180 was synthesised from 2-bromo-5-methylpyridine 179 following the literature
procedure.'® The reaction of compound 180 with thionyl chloride at reflux gave 2-
chloropyridine-4-carbonyl chloride, which was reacted directly with 4-dodecyloxybenzoic
acid hydrazide 149 in pyridine to give the intermediate dihydrazide, which was not purified.
In situ dehydrative cyclisation in refluxing phosphorus oxychloride,* followed by reaction
with HBr in glacial acetic acid (to convert the 2-chloro substituent to 2-bromo) gave the

functionalised 2-phenyl-5-pyridyl-1,3,4-oxadiazole reagent 183 in 37% yield from 180.
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Scheme 77: Synthesis of 2[5-(2-bromopyridyl)]-5-(4-dodecyloxyphenyl)-1,3,4-0xadiazole 183: i) KMnO,,
H,O0, aliquat 336, A; ii) SOCl,, A; iii) pyridine, 20 °C 1 h, A 2 h; iv) POCl;, A; v) DCM, HBr (33% in glacial

acetic acid).

Other methods of bromination were applied, including the use of phosphorus tribromide,
which has beeh used in the conversion of 6-chloronicotinonitrile to 6-bromonicotinonitrile,186
although very low yields of compound 183 were obtained.

Bromination of the chloro substituent was carried out, as at the time of synthesis, there
were very few reports of efficient palladium-catalysed Suzuki couplings of aryl chlorides.
With hindsight it is likely that the chloro-substituted analogue of compound 183 should
undergo successful Suzuki coupling reactions due to the electron deficient nature of the
pyridine and oxadiazole rings.'®” Chloro-substituted pyridines have been shown to be suitable

substrates for room temperature Suzuki reactions.'®®
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Two-fold reactions of 183 with 9,9-dihexylfluorene-2,7-diboronic acid 164'® and the

0166b

dipinacolboronate reagent 17 under palladium-catalysed Suzuki-Miyaura conditions gave

the target compounds 184 and 185, respectively, in 35% and 56% yields.

CeH13 CeHi3 N- N

184

C12H250

183

C12H250

(HO)ZBB<0H)2 i 0.0 i

CgHi3~ CgHia

164

Scheme 78: Synthesis of compound 184 and 185: (i) 164, Pd[PPh;],, Na,CO;, THF, A; (ii) 170, Pd[PPh;],,
PBu';, K,CO;, toluene, A.

Further Suzuki coupling of compound 183 with 1,4-bis(2-ethylhexyloxy)benzene-2,5-

6 189

diboronic acid 186, °~ which was available within our group, yielded compound 187 in 41%

yield.
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Scheme 79: Synthesis of compound 187: i) Pd(PPh;),Cl,, PBu';, Na,CO,, THF, A.

The effect of replacing the phenyl and pyridyl moiety in compounds 165 and 184,
respectively, with a thienyl moiety was investigated by coupling the thienyl analogue of 140,
2-(4-tert-butylphenyl)-5-[2-(5-i0odothienyl)]-1,3,4 oxadiazole 188,' which was synthesised
within our group, with the boronic acid 164 to yield the thienyl-OXD-fluorene hybrid 189 in
42% yield. The replacement of the dodecyloxy chains with tert-butyl groups in compound

189 is not anticipated to have a significant effect on the spectroscopic characteristics of 189

with respect to 165 and 184.
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Scheme 80: Synthesis of compound 189: i) Pd(PPh;),Cl,, PBu';, Na,CO;, THF, A.
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3.2.2 X-ray Crystal Structure of 189

The crystal structure of compound 189 was solved by Dr A. Batsanov. The asymmetric unit
of 189 comprises two molecules, 189A and 189B, each having one #-Bu and one n-hexyl
group conformationally disordered (Figure 20). The conformations of the molecular ‘rod’ are
somewhat different. In molecule 189B, as in 165, the central fluorene moiety is planar with
the mean deviation §=0.013 A (max. 6=0.025 A), whilst in molecule 189A it is substantially
puckered (mean 6=0.08, max. 0.16 A). The interplanar angles between the fluorene moiety (or
rather its outer 6-membered rings, i and v) and the adjacent thiophene rings ii and vi varies
from 4.6 to 36.4°, but on average are smaller than the corresponding angles in 165, which has
benzene rings instead of thiophene. In both molecules of 189, the mutual orientation of the
two thiophene rings is transoid, that of oxadiazole rings also transoid, and each adjacent pair
of thiophene and oxadiazole rings has the S and O atoms in frans-positions relative to the
connecting C-C bond. The dihedral angles between these and other rings along the chain are
also mostly small. Overall, the ‘rod’ acquires some out-of-plane bending. Thus, the two
outlying C(benzene)—C(¢-Bu) bonds deviate from the fluorene mean plane by ca. 1° and 22°
in molecule 189A, 17° and 25° in 189B.

Figure 20: X-ray structure of compound 189.

3.2.3 Optical Absorption and Emission Properties

Solution UV-Vis absorption and photoluminescence (PL) spectra for compound 184, 185, 187
and 189 were recorded in DCM and are collated in Table 3. The Stokes shifts in Amax values
for compounds 184, 185 and 189 are in the range 50-80 nm, which agrees with known OXD
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185 and 189, could be attributed to the increased ability for the molecule to twist due to the

absence of the conformationally restricting fluorene core.
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Figure 22: Normalized UV-Vis absorption (dashed lines) and PL (solid lines) spectra for compounds 187
and 189 in DCM, 20 °C. Excitation wavelengths correspond to the maximum of absorption.

The absorption and emission peaks of 184 and 185 are red-shifted compared with their phenyl
analogues 165 (abs: 16 nm, PL: ca. 10 nm) and 171 (abs: 15 nm, PL: ca. 9 nm), respectively.
Figure 23 shows the gradual red-shift in PL from the spirobifluorene phenyl analogue 171 to
the 9,9-dihexylfluorenepyridyl analogue 184.
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eV for both 184 and 185, with respect to 165 and 171 is observed, originating from the
electron deficient character of the pyridine ring.

The replacement of the phenyl ring (165) by the thienyl ring (189) leads to a larger
red-shift in both absorption and emission spectra. This can be explained by a “push-pull
effect” of the conjugated electron donating thiophene ring and the electron accepting
oxadiazole ring lowering the HOMO-LUMO gap.'*? Also, compound 189 possesses an
increased planarity compared to 165 (observed from the X-ray structure of 189, Section 3.2.2)
this increase in conjugation will also contribute to a red-shift in absorption and PL spectra.
Within our group investigations into the replacement of a phenyl ring with thienyl in alkyne

substituted OXDs also lead to a red-shift in the absorbance and PL spectra.'*

3.2.4 Quantum Chemical Calculations

Ab initio calculations were performed by Dr L. F. Perepichka in our group. DFT calculations
were performed to elucidate the geometry and the electronic state of the new pyridyl-
containing derivatives 184 and 185 in comparison with 165 and 171. As previously (Chapter
2), to decrease the computational time calculations were performed on molecules 184a and
185a (Appendix 2.2). Calculations were also performed on the geometrical isomers of
compounds 184a and 185a, with different substitution positions at the pyridine rings

(compounds 184a-iso and 185a-iso), which have not been synthesised.

OCH

o T
C,Hs C,Hs
d 184a-iso

H3CO

N’N\
\
d °

HsCO 185a-iso

Scheme 81: Molecular structures of 184a-iso and 185a-iso.

The optimised geometries of compounds 184a-iso and 185a-iso are generally similar to the

previously reported benzene analogues 165a and-171a, whereas the reduced steric hindrance
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between the pyridine and fluorene rings in 184a and 185a results in substantial planarisation
of the system and consequently an increase in the conjugation (Figure A9, Appendix 2.2).
Thus, the dihedral angles between the pyridine and fluorene rings in compounds 184a and
185a are 15.5° and 16.3°, respectively, whereas these angles in 184a-iso and 185a-iso are
36.4° and 36.5°, respectively, which are similar to those between the fluorene and adjacent
benzene rings in 165a and 171a, viz. 35.9° and 36.3°, respectively. All these six structures
show planarity at the oxadiazole site; the dihedral angles between the oxadiazole moiety and ‘
the adjacent benzene and pyridine rings are less than 1°.

The localisation of the HOMO and LUMO orbital coefficients for compounds with
different substituents at position 9 of the fluorene moiety is quite similar for both series, i.e.
184a/185a and 184a-iso/185a-iso. The main population of the HOMO is on the central
aromatic fluorene moiety with some extension onto the pyridine and oxadiazole moieties, and
quinoidal character of the LUMO orbital (see Figures A10 and All, Appendix 2.2).
Comparison of the two isomers, 184a and 184a-iso, demonstrates some differences in the
occupancy of their HOMOs. In the case of 184a, better planarity and consequently increased
conjugation between the pyridine and fluorene rings, results in increased population on the
central fluorene ring, whereas for the isomer 184a-iso the HOMO is more delocalised over the

molecule even extending onto the terminal alkoxyphenyl moieties (Figure 26).

184a, LUMO =-2.34 ¢V 184a, HOMO = -5.67 eV

184a-iso, LUMO =-2.25 ¢V 184a-iso, HOMO =-5.78 eV
Figure 26: B3LYP/6-311G(2d,p)//B3LYP6-31G(d) frontier orbitals of compounds 184a and 184a-iso.

The most interesting feature of the electronic structure of the new compounds 184 and 185,
compared to their benzene analogues 165 and 171, is the difference in the frontier orbital
energies (Figure 27). Whereas the HOMO energies for both series of compounds are almost
the same (the difference is only ~0.03—0.04 eV), a pronounced decrease in the LUMO
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Figure 30. External quantum efficiency of blended MEH-PPV OLEDs incorporating 184, 185 and 165.
Data are shown for blend devices with 50%, 70%, and 95% by weight.

The external quantum efficiency of our OLEDs could be increased further by using a layer of
PEDOT:PSS between the ITO and the blended-layer film.'®* This resulted in an efficiency
increase of 2-3 times, regardless of the composition and material. A 70% compound 185-
containing blend device with PEDOT exhibited an external quantum efficiency of 0.5% and a
luminous efficiency of 0.93 cd A“l_ at 9.5 V and a luminance of 100 ¢d m™. When the Al
cathode was replaced by Ca/Al (thermally evaporated), the efficiency values for the 70% 185-
based device increased further to 0.6% and 1.2 cd A" at 10.5 V.

This result is interesting as the use of Ca might be expected to increase significantly
the blend efficiency, as it does with pure MEH-PPV (at S V and 100 cd A" the EQE and the
luminous efficiency for an ITO/PEDOT/MEH-PPV/Ca/Al device were 0.42% and 0.72 cd A~
!, respectively). However, only a very modest increase was observed. This suggests that the
two methods of enhancing the electron injection into the emissive polymer are mutually
exclusive, i.e. one can either use a low work function metal such as Ca, or exploit a blended-
layer structure. For the latter devices, it appears that there is not much further gain in then
adding Ca as a top electrode. Indeed, the use of blended layers with an Al cathode offers a
distinct advantage in terms of environmental stability and ease of handling, as Ca electrodes
are highly reactive and unstable in the atmosphere.

Figure 31 contrasts the EL spectrum of a pure MEH-PPV device with the spectra from
50% 165, 50% 185 and 70% 184 blended-layer OLEDs. The emission from all these devices
was from MEH-PPV. No EL could be detected from the ET materials, which are all blue
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compounds 184 or 185. The external quantum efficiencies of the devices were greatly
enhanced compared to pure MEH-PPV reference devices, with EQEs of (based on 70%
blends) 184 and 185 of ca. 0.08 % and 0.25 %, respectively. In comparison, the efficiency of
blend devices incorporating 70% of 165 and 171 was ca. 0.05 %, while that of a pure MEH-
PPV reference device was 10°%.

Further improvements in efficiency were realised by incorporating PEDOT:PSS. The
EQE for the device ITO/PEDOT:PSS/MEH-PPV-185 (30:70% by weight)/Al reached 0.5%
and a luminous efficiency of 1.1 cd A™" at 11 V and a luminance of 100 cd m™ was achieved.
Replacing the Al cathode with Ca/Al gave only a modest increase in efficiency (EQE 0.6 %
and 1.3 cd A™' at 9.3 V) unlike the pure MEH-PPV reference device where a far greater
increase in efficiency occurs. This leads to the important conclusion that electron injection
into the MEH-PPV emitter can be enhanced either by using a low work function metal such

as Ca, or by exploiting a blended-layer structure.
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4 A NEW OXD-FLUORENE COPOLYMER

4.1 INTRODUCTION

Having successfully achieved the synthesis of OXD-fluorene hybrid materials (165 and 171)
which met with success as ETHB materials, we therefore turned our attention to polymeric
OXD-fluorene hybrids for use in OLEDs as emissive materials with electron transport
characteristics.

OXD-fluorene main chain''® and side chain polymers'**'? have been synthesised and
applied in PLEDs. In our group Wang et al.''> synthesised the poly(alkoxyPBD) derivative
114 using Suzuki coupling methodology. Following on from this work, our strategy was to
combine the OXD units with a spirobifluorene core to provide blue emission and minimise
the formation of fluorenone defects. Ethylhexoxy units were introduced into the system to
increase solubility and hence processability.

In this chapter we report the synthesis of the OXD-fluorene copolymer 191 via Suzuki
coupling methodology along with solution and solid-state optical absorption and PL spectra.
The synthesis of the monomer 196, an analogue of 165, which was achieved via a tetrazole

route, is also described.

4.2 RESULTS AND DISCUSSIONS

4.2.1 Synthesis

Initially we synthesised polymer 191 via Suzuki-type co-polymerisaﬁon of an equimolar
mixture of the OXD derivative 190, which was synthesised by C. Wang in our laboratory, and
the dipinacolboronate reagent 170‘l66b with Pd(PPhs), as the catalyst in THF. This yielded the
target copolymer 191 in a 7% yield. The polymer was subjected to GPC analysis in THF
solution using a refractive index detector. Molecular weights were calculated from a
calibration curve created with polystyrene standards, and so are approximate values. The
polymer synthesised under these initial conditions (i) had a number average molecular weight
(Mn) of ca. 3.8 x 10° g mol™, with a polydispersity (pd) index of 2.0. Due to the low yield of

polymerviA9i under this first set of conditions, we repeated the syntheéfs under the second set
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of conditions (ii). The Pd(PPhs)s-catalysed Suzuki coupling reaction of dipinacolboronate
reagent 170 and monomer 190 was accomplished in toluene solution by adding a catalytic
amount of bulky tri-fert-butylphosphine as a promoter.166b This revised set of conditions (i1)
yielded the polymer in an increased yield of 48%. GPC analysis was carried out, as
previously, and revealed that polymer 191 synthesised under conditions (ii) had an increased

Mn of ca. 5.8 x 10° g mol'and a pd of 2.35.

191

Scheme 82: Synthesis of polymer 191 (i) Pd[PPh;],, Na,CO,, THF, A; (ii) Pd[PPh;),, PBu, K;CO;,
toluene, A.
Polymer 191 exhibited good solubility in a range of common organic solvents. Differential
scanning calorimetry (DSC) was carried out at a heating rate of 10.0 °C min” in the
temperature range from 25 to 300 °C. For polymer 191 no phase transitions were observable.
The synthesis of monomer 196 was achieved via a tetrazole route.*® 2,7-Bis(4-
cyanophenyl)-9,9-dihexylfluorene 193 was synthesised in 47% yield via Suzuki coupling of
9,9-dihexyl-2,7-dibromofluorene 163 and the commercially available 4-cyanophenyl boronic
acid 192."7 Compound 193 was converted into the corresponding tetrazole 194 in 82% yield,
via the reaction of sodium azide and ammonium chloride in DMF.> Tetrazole 194 was then

treated with 4-iodobenzoyl chlo.ride 195 in pyridine to yield the monomer 196 in 75 % yield.>
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Scheme 83: Synthesis of compound 196 (i) Pd[PPh;},Cl,, PBu';, Na,COs, THF, A; (ii) NaN,, NH,Cl, DMF,
A; (iii) pyridine, A.

4.2.2 Optical Absorption and Emission Properties

Solution UV-Vis absorption and PL spectra for polymer 191 were recorded in DCM. A broad
absorption was observed for the polymer with Aj.x of 380 nm. The PL spectrum consisted of a
major peak at Apax = 415 nm and a red-shifted shoulder at Ay = 436 nm.
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The calculated PLQY for the thin film of polymer 191 was only ca. 1%, which is significantly
diminished, compared to the solution state PLQY. There is precedent for this reduction in PL
efficiency in related systems, as Morgado et al. found that the PL efficiency of a series of
fluorene-thiophene copolymers was strongly reduced on going from solution to the solid state,
which was attributed to the quenching effects associated with the interchain interactions.'”

Given this low PLQY for films of 191, device studies were not pursued.

4.3 CONCLUSIONS

We have synthesised the fluorene-OXD copolymer 191 and the monomer 196. No further
studies were carried out on copolymer 191 due to the strong reduction in PLQY in the solid
state compared to solution measurements, which is severely detrimental for OLED
applications. The monomer 196 was prepared via a tetrazole route but was not taken any
further. This compound is the analogue of 165 and could be a key reagent in future OXD-

fluorene co-polymer studies within our laboratory.
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5 EXPERIMENTAL PROCEDURES

This chapter details the experimental procedures and analytical data for each of the novel
" compounds presented in this thesis. This chapter also includes the experimental procedures
for some compounds which were already known in the literature that were used in the course

of this work.

5.1 GENERAL METHODS

All reactions that required inert or dry atmospheres were carried out under a blanket of argon,
which was dried by passage through a column of phosphorus pentoxide. All reagents
employed were of standard reagent grade and purchased from Aldrich, Lancaster, Avocado,
Fluka or Merck and used without further purification unless otherwise stated. The following
solvents were dried and distilled immediately prior to use: acetone, over Drierite (CaSQOy),
acetonitrile and dichloromethane over calcium hydride, diethyl ether and toluene over sodium
metal, tetrahydrofuran over potassium metal. N, N-Dimethylformamide was dried by standing
over 4 A molecular sieves for at least 48 h and was not distilled prior to use. Ethanol and
methanol were dried and distilled over magnesium turnings and stored under dry argon over 3
A molecular sieves. Pyridine was dried by standing over potassium hydroxide overnight
followed by vacuum distillation and stored under dry argon over 3 A molecular sieves.
Chlorobenzene, cyclohexane, ethyl acetate, hexane and petroleum ether were used without
prior purification.

Column chromatography was carried out using Prolabo silica (70-230 mesh). Solvents
used for chromatography were distilled prior to use, with the exception of dichloromethane,
chloroform and petroleum ether, which were used as supplied. Analytical Thin Layer
Chromatography (tlc) was performed on Merck DC-Alufolien Silica gel, 60 Fys4 0.2 mm
thickness or Merck DC-Alufolien oxide neutral (Type E), 60 Fys4 0.2 mm thickness precoated
tlc plates.
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UV-Vis spectra were recorded using a Varian Cary 5 spectrophotometer at ambient
temperatures. Photoluminescence spectra were recorded using a Jobin-Yvon Horiba Flurolog
3-22 Tau-3 spectrofluorimeter with a 0.5-2 nm bandpass using a Xenon lamp. Spectra were
recorded using conventional 90 ° geometry with an excitation at the maximum absorbance
recorded for the specific compound. PLQY of thin films were measured using a Jobin-Yvon
Fluromax spectrofluorimeter equipped with integrating sphere.'*®

For the fabrication of OLEDs, MEH-PPV was purchased from Aldrich and blended
with the ET materials described in Chapters 2 and 3. Indium-tin-oxide (ITO) coated glass
from Merck with sheet resistance of 9 @ o' was used as the anode. This was cleaned by
ultrasonication in acetone and isopropyl alcohol for 30 min each and dried with a nitrogen
gun. The polymer and ET materials were dissolved in chloroform or in a mixture of
chloroform and p-xylene (3:1 v/v) to provide the blend solution, which was spin-coated onto
the ITO. The concentration of ET material was changed from 20% to 95% for compounds
165, 171 and 177 and 50 % to 95 % for compound 184 and 185, of the total weight.
Following the spin-coating, Al or Ca/Al top electrodes, in the form of dots (radius 1 mm;
thickness 150 nm) were thenﬁally evaporated at a pressure of about 107° mbar. In some cases
PEDOT:PSS, purchased from Bayer AG, was spin-coated onto the ITO prior to the deposition
of the polymer blend. These PEDOT layers (40 nm in thickness) were dried for 12 h in
nitrogen at room temperature to remove residual solvent.

Electrical measurements were undertaken in a vacuum chamber (10~ mbar). The d.c.
bias was applied and the current measured by a Keithley 2400 Source Meter. The light
emitted from the device was collected by a large area photodiode (1.5 cm diameter) connected
to a Keithley 485 Digital Picoammeter. For external quantum efficiency measurements, the
light power was calculated using the photocurrent and the conversion factor (wavelength
dependent) of the photodiode (ampere/watt). Electroluminescence (EL) spectra were
measured using an Ocean Optics USB2000 Miniature Fibre Optic Spectrometer. The surface:
morphologies of the blend films were observed using a Digital Instrument NanoScope E

atomic force microscope.
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Solution '"H NMR and °C NMR spectra were recorded on Mercury 200, Varian Unity 300,
Bruker Avance 400 and Varian Inova 500 spectrometers operating at ('H) 199.99, 299.91,
400.13, 499.99 and (13C) 50.29, 75.42, 100.62, 124.99 MHz, respectively. Chemical shifts are
reported in ppm downfield of tetramethylsilane (TMS), using TMS or the residual solvent as
internal reference. The following abbreviations are used in listing NMR spectra: s = singlet, d
= doublet, dd = doublet of doublets, dt = doublet of triplets, t = triplet, m = multiplet and br =
broad.

Mass spectra were obtained on a VG7070E instrument operating in EI mode at 70 eV.
Electrospray high resolution mass spectra were obtained on a Micromass LCT (TOF).
MALDI-TOF spectra were obtained on an Applied Biosystems Voyager-DE STR operating in
reflector mode.

Elemental analyses were obtained on a Carlo-Erba Strumentazione instrument.
Melting points were determined in open-end capillaries using a Stuart Scientific melting point
apparatus SMP3 at a ramp rate of 2.5 °C min™' without calibration.

Single-crystal X-ray diffraction experiments were carried out on a Bruker SMART 3-
circle diffractometer with an APEX CCD area detector, using graphite monochromated Mo-
K, radiation (1 =0.71073 A) from 60W Mo-target microfocus Bede Microsource® X-ray
generator with glass polycapillary X-ray optics and a Cryostream-Plus open-flow N cryostat.
The structure was solved by direct methods and refined by full-matrix least squares against F
of all reflections, using SHELXTL 6.14 software (Bruker-Nonius AXS, Madison, W1, USA,
2003).
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5.2 EXPERIMENTAL PROCEDURES OF CHAPTER 2

5.2.1 Suzuki Cross-Coupling: General Procedure

The halide, the boronic acid and the catalyst (5 mol% relative to the boronic acid) were added
sequentially to degassed THF/ DMF/ toluene, in the absence of light. The reaction mixture
was stirred at 20 °C for 0.5 h. Degassed aqueous Na,CO3/K,COj3 solution was added and the
reaction mixture was heated at reflux under Ar until tlc monitoring showed that the reaction
was complete (48-96 h). Solvent was evaporated in vacuo and the crude products were
extracted into organic solvent. The organic layer was washed with H,0, separated and dried

over MgSQy4. Products were purified by column chromatography.

5.2.2 4-Bromo-benzoic acid hydrazide 138

Br <:> /<° Methyl-4-bromobenzoate 137 (10.75 g, 50 mmol) was dissolved in

NHNH,  ethanol (70 cm®) with heating. Hydrazine monohydrate (7.27 cm?, 150
mmol) was added and the mixture was refluxed for 12 h. The solufion was then cooled to rt
and the white crystalline solid collected by suction filtration and washed with cold ethanol.
The product was then dried under high vacuum for 24 h yielding compound 138 (9.68 g,
90%), mp: 167.8-168.1 °C, (lit.">! 163-165 °C). &y (DMSO-ds, 400 MHz) 9.84 (s, 1H), 7.75
(d,J 8, 2H), 7.64 (d, J 8, 2H), 4.49 (s, 2H). 6c (DMSO-d¢, 100 MHz) 165.57, 133.07, 132.03,
129.74, 125.46.

5.2.3 2-(4-Bromophenyl)-5-(4-dodecyloxyphenyl)-1,3,4-oxadiazole 140

')H(‘ 4-n-Dodecyloxybenzoic acid (3.07 g, 10 mmol) 135 was
C12H250U O)\©\Br refluxed in thionyl chloride (SOCly) (15 ecm’) for 12 h under
argon to obtain a clear orange solution. The excess SOCl, was then removed by vacuum

distillation to yield an orange residue. Dry toluene (30 cm’) was then added and distilled off at

118



Experimental Procedures

reduced pressure to remove any remaining SOCl,. After cooling to rt, 4-bromobenzoic acid
hydrazide 138 (2.15 g, 10 mmol) dissolved in pyridine (20 cm’) was added via syringe. The
solution was stirred for 0.5 h at rt and then for a further 0.5 h at 110 °C. Pyridine was
removed by vacuum distillation. After cooling to rt, mefhanol (100 cm’) was then added and
the suspension was heated at reflux for 15 min, cooled and the white solid obtained by
vacuum filtration. The crude intermediate product was dried for 12 h under high vacuum and
then refluxed with phosphorus oxychloride (POCl3) (25 cm’) for 5 h after which time the
POCI; was removed by vacuum distillation yielding a cream solid. Methanol (100 cm’) was
then added and the suspension was heated at reflux for 15 min, cooled and the solid obtained
by vacuum filtration. The crude product was then purified by column chromatography (eluent:
DCM-EtOAc 19:1 v/v) and crystallisation (ethanol) to yield white crystals of compound 140
(3.7 g, 76%), mp: 101.5-102 °C (1it.>* 101 °C). MS (EI) m/z 486 (M*, 'Br, 100%), 484 (M",
"Br, 98%). Anal. Calcd for C;6HyBrN,O,: C, 64.33; H, 6.85; N, 5.77. Found: C, 64.09; H,
6.89; N, 5.60. 6y (CDCls, 400 MHz) 8.04 (d, J 9, 2H), 7.98 (d, J 8.8, 2H), 7.66 (d, J 8.8, 2H),
7.01 (d, J 8.8, 2H), 4.03 (t, J 6.6, 2H), 1.81 (m, 2H), 1.26 (m, 18H), 0.87 (t, J 6.5, 3H). d¢
(CDCl3, 100 MHz) 167.31, 163.60, 162.32, 132.61, 128.95, 128.43, 126.37, 123.25, 116.23,
115.23, 68.53, 32.151, 29.87, 29.80, 29.59, 29.34, 26.23, 24.68, 24.53, 22.93, 21.31, 14.37.

5.2.4 Attempted synthesis of 2-(4-benzene boronic acid)-5-(4-dodecyloxyphenyl)-[1,3,4]

oxadiazole 141

NN To a solution of 2-(4-bromophenyl)-5-
c;,szkr)o/@/< o)\©\3(o|-|)2 (dodecyloxyphenyl)-1,3,4-oxadiazole 140 (1.0 g, 2.1
mmol) in dry THF (40 cm®) was added nBuLi solution in hexane (1.6 M, 1.6 cm®) drop wise
at —78 °C under argon. The mixture was stirred at —78 °C for 6 h to give a dense white
suspension. Triisopropyl borate (TIPB) (1.0 cm®, 4.3 mmol) was syringed in quickly at —78 °C
and the mixture was stirred for 12 h with a cooling bath allowing the temperature to rise
gradually to 20 °C yielding a bright yellow solution. The suspension was quenched with H,O
to give a cloudy cream suspension, which was stirred for a further 0.5 h. THF was evaporated
under vacuo and NaOH (5% soln) was added until a pH of 10 was achieved. The organic
material was then extracted with an ether/hexane (4:1) mixture and the aqueous layer was

acidified with aqueous HBr (48%) giving a white precipitate. Crystallisation of the crude
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product from a H,O / EtOH mixture yielded a white solid (0.05g, 5%). 8y (DMSO-de, 300
MHz) 8.29 (s, 2H), 8.02 (m, 6H), 7.16 (d, J 7.5, 2H), 4.01 (m, 2H), 1.7 (m, 2H), 1.06 (m,
18H), 0.81 (m, 3H). The peak at 8.29 ppm disappeared on addition of D,O (as would be
expected for a boronic acid group). However, impurities in the 'H and *C NMR spectra,
incorrect elemental analysis and decomposition at 189.1-193 °C rather than a clean sharp
melting point were obtained. Low yields were consistently obtained and further purification
proved difficult making it impossible for satisfactory identification of the product. Further

modifications to this procedure carried out as described on page 66 did not yield compound

141.

5.2.5 Methyl-4-bromo-3,5-dimethoxybenzoate 143

MeQ o 4-Bromo-3,5-dihydroxybenzoic acid 142 (7.0 g, 30 mmol), potassium
Br oMe carbonate (12.44 g, 90 mmol) and dimethylsulphate (8.52 cm’, 90 mmol) in
MeO

dry acetone (75 cm®) under argon were stirred at rt for 20 min and then
refluxed for 8 h. After cooling the salts were filtered off and the solvent evaporated under
vacuo. The crude product was dissolved in diethylether and washed seqﬁentially with H,O,
NaOH (5% soln.), HO, ammonium hydroxide (conc.), H,O, HCI (dil.), and ﬁna}ly H,O. The
washed solution was dried over Na;SO, and evaporated under vacuo to give a white solid,
which was recrystallised from ethanol to yield white crystals of compound 143 (6.59 g, 80%),
mp: 121.6-122.6 °C (Lit.** 121-122 °C). &y (DMSO-dg, 200 MHz) 7.19 (s, 2H), 3.88 (s, 6H),
3.86 (s, 3H). 6c (DMSO-dg, 100 MHz) 166.30, 157.24, 130.67, 106.20, 105.77, 57.22, 53.20.

5.2.6 4-Bromo-3,5-dimethoxybenzoic acid hydrazide 144

MeQ o Methyl-4-bromo-3,5-dimethoxybenzoate 143 (6.0 g, 21.8 mmol) was

BHQ_’(NHNH dissolved in ethanol (20 cm®) with heating. Hydrazine monohydrate (10
2

MeO cm®, 206 mmol) was added and the solution was refluxed for 12 h. The

solution was then cooled to rt and suspended in an ice bath. The cream crystalline solid was
then collected by vacuum filtration and washed with ice cold ethanol. The product was then
dried under high vacuum for 24 h to yield compound 144.(3.8 g, 63%), mp: 212.7-213.5 °C.
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MS (EI) m/z 276 (M", ®'Br, 3%), 274 (M, "Br, 3%). Anal. Calcd for CoHy;BrN,0s: C, 39.29;
H, 4.03; N, 10.18. Found: C, 39.27; H, 4.07; N, 10.36. 84 (DMSO-ds, 200 MHz) 9.88 (s, 1H),
7.16 (s, 2H), 4.53 (s, 2H), 3.87 (s, 6H). 8c (DMSO-ds, 100 MHz) 165.59, 157.03, 134.35,
104.15, 103.33, 57.17.

5.2.7 2-(3,5-Dimethoxy-4-bromophenyl)-5-(4-dodecyloxyphenyl)-1,3,4-oxadiazole 145

NN OMe 4-p-Dodecyloxybenzoic acid 135 (3.07g, 10.0 mmol) was
C12H250/®/< O)\Q\Br refluxed in SOCl, (15 cm’) for 12 h under argon. The
OMe  excess SOCI, was then removed by vacuum distillation. Dry
toluene (30 cm’) was then added and distilled off at reduced pressure to remove any
remaining SOCl,. After cooling to rt, 4-bromo-3,5-dimethoxybenzoic acid hydrazide 144
(2.75 g, 10 mmol) dissolved in pyridine (20 cm®) was added via syringe. The solution was
stirred for 0.5 h at rt and then for a further 0.5 h at 110 °C. Pyridine was removed by vacuum
distillation. After cooling to rt, H,O (100 cm®) was then added and the suspension was heated
at reflux for 15 min, cooled and the cream solid obtained by vacuum filtration. The crude
intermediate product was dried for 12 h under high vacuum and then refluxed with POCl; (25
cm’) for 5 h after which time the POCl; was removed by vacuum distillation yielding a cream
solid. H,O (100 cm3) was then added and the suspension was heated at reflux for 15 min,
cooled and the solid obtained by vacuum filtration. The crude product was then purified by
column chromatography (eluent: DCM-EtOAc 9:1 v/v) and crystallisation (ethanol) to yield
white crystals of compound 145 (3.97 g, 73%), mp: 116.5-117.3 °C. MS (EI) m/z 546 (M",
81Br, 51%), 544 (M", ”Br, 51%). Anal. Calcd for CpsH3,BrN,0;: C, 61.65; H, 6.84; N, 5.14.
Found: C, 62.11; H, 6.97; N, 4.98. &;; (DMSO-ds, 200 MHz) 8.04 (d, J 8.6, 2H), 7.36 (s, 2H),
7.11 (d, J 8.6, 2H), 4.06 (t, J 6.3, 2H), 3.96 (s, 6H), 1.72 (m, 2H), 1.23 (m, 18H), 0.83 (t, J 6.6,
3H). 6¢ (CDCl3, 100 MHz) 164.82, 163.74, 162.16, 157.65, 128.78, 124.03, 115.93, 115.03,
105.06, 102.95, 68.35, 56.80, 31.91, 29.64, 29.62, 29.58, 29.55, 29.36, 29.33, 29.13, 26.00,
22.67, 14.08.
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5.2.8 2-(3,5-Dimethoxy-4-(4-benzaldehyde)-phenyl)-5-(4-dodecyloxyphenyl)-1,3,4-

oxadiazole 147

NN OMe In accordance with the general method for Suzuki
oo /@/ﬁo o Cross-coupling reactions, compound 145 (1.64 g, 3
OMe y  mmol), 4-formylbenzene boronic acid 146 (0.57 g,
3.8 mmol), Pd(PPhs), (230 mg, 0.19 mmol), THF (40 cm?®) and Na,CO3 (2 M, 9.75 cm’®);
reaction time 96 h; extracted with diethyl ether. Chromatography eluent: DCM-EtOAc (17:3
v/v), followed by recrystallisation from ethanol gave 147 as a white solid (0.82 g, 48%), mp:
103.5-104.0 °C. MS (EI) m/z 570 (M, 100%). Anal. Caled. for C3sH4oN,0s: C, 73.66; H,
7.42; N, 4.91. Found: C, 73.17; H, 7.42; N, 4.90. 5y (CDCl;, 400 MHz) 10.07 (s, 1H), 8.10 (d,
J 8.8, 2H), 7.95 (d, J 8.4, 2H), 7.56 (d, J 8.4, 2H), 7.42 (s, 2H), 7.04 (d, J 8.8, 2H), 4.06 (t, J
6.6, 2H), 3.88 (s, 6H), 1.83 (m, 2H), 1.28 (m, 18H), 0.89 (t, J 7.2, 3H). 8¢ (CDCls, 100 MHz)
192.05, 164.81, 163.98, 162.15, 157.87, 140.09, 135.21, 131.59, 129.10, 128.79, 125.06,
121.41, 116.03, 115.05, 102.81, 68.36, 56.24, 31.91, 29.65, 29.62, 29.58, 29.56, 29.37, 29.33,
29.14, 26.00, 22.67, 14.09.

5.2.9 4-Dodecyloxybenzoic acid methyl ester 148

CoaHasO @_/f 4-n-Dodecyloxybenzoic acid 135 (6.13 g, 20 mmol) was dissolved in

OMe  methanol (50 cm®). Conc. H2SO4 (1.0 cm®) was added and the solution
was refluxed for 12 h. The solution was then cooled to rt and the white precipitate collected
by suction filtration and washed with water and cold methanol. Recrystallisation of the solid
from methanol afforded compound 148 as white needles (6.04 g, 94%), mp: 55.0-55.9 °C
(lit."*® 57-58 °C). &, (CDCls, 400 MHz) 8.0 (d, J 8.8, 2H), 6.9 (d, J 8.8, 2H), 4.0 (t, J 6.5, 2H),
3.9 (s, 3H), 1.8 (m, 2H), 1.3 (m, 18H), 0.9 (t, J 6.8, 3H). 6¢ (CDCl;, 100 MHz) 3 167.17,
163.18, 131.78, 122.50, 114.27, 68.42, 52.07, 32.15, 29.89, 29.87, 29.82, 29.79, 29.59, 29.57,
29.34,26.21, 22.93, 14.36.
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5.2.10 4-Dodecyloxybenzoic acid hydrazide 149

MO <:> 20\, 4-n-Dodecyloxybenzoic acid methyl ester 148 (5.8 g, 18.1 mmol)
121125
NHNH2 was dissolved in methanol (50 ml) with heating. Hydrazine

monohydrate (8.7 cm’, 180 mmol) was added and the mixture was refluxed for 12 h. The
solution was then cooled to rt and the white precipitate collected by suction filtration and
washed with water and cold methanol. Recrystallisation of the solid from ethyl acetate
afforded compound 149 as a white solid (5.2 g, 90%), mp: 95.3-96 °C (lit."*” 94-96 °C). MS
(ET) m/z 320 (M", 100%). 8y (CDCl; 200 MHz) 7.7 (d, J 8.8, 2H), 7.5 (br, 1H), 6.9 (d, J 8.8,
2H), 4.0 (t, J 6.6, 2H), 3.4 (br, 2H), 1.8 (m, 2H), 1.3 (m, 18H), 0.9 (t, J 6.2, 3H).

5.2.11 Attempted synthesis of 152

0 00 Compound 150 (1.24 g, 5.0 mmol) was refluxed in
idB@_SN_NE_@OCQHZS SOCI, (15 cm’) for 12 h under argon. The excess
SOCI; was then removed by vacuum distillation. Dry toluene (30 cm’) was added and
distilled off at reduced pressure to remove any rémaining SOCl,. After cooling to rt, 4-
dodecyloxybenzoic acid hydrazide 149 (1.60 g, 5 mmol) dissolved in pyridine (20 cm’) was
added via syringe. The solution was stirred for 0.5 h at rt and then for a further 0.5 h at 110
°C. Pyridine was removed by vacuum distillation. After cooling to rt, H,O (100 CIﬁ3 ) was then
added and the suspension was heated at reflux for 15 min, cooled and the cream solid
obtained by vacuum filtration. From 'H NMR analysis of the crude intermediate product 152,
no N-H peaks were observed indicating the reaction had possibly failed. The intermediate 152
was dried for 12 h under high vacuum and then refluxed with POCl; (25 cm’) for 5 h after
which time the POCl; was removed by vacuum distillation. H,O (100 cm®) was then added
and the suspension was heated at reflux for 15 min, cooled and the solid obtained by vacuum
filtration. '"H NMR analysis of the crude product showed no identifiable features. Further
purification proved difficult making it impossible for satisfactory identification of the crude

product.
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5.2.12 2-Biphenyl-4-yl-5-(dodecyloxyphenyl)-1,3,4-0xadiazole 157

NN By analogy with the synthesis of 147, compound 140
(312st0/®/4 O (1.0 g, 2.1 minol), benzeneboronic acid 153 (0.30 g, 2.5
. mmol), Pd(PPhs)s (144 mg, 0.13 mmol), DMF (30 cm’)
and Na,CO; (1 M, 6.2 cm3); reaction time 96 h; extracted with DCM. Chromatography eluent:
DCM-EtOAc (9:1 v/v), followed by recrystallisation from cyclohexane gave 157 as a white
crystalline solid (0.72 g, 71%), mp: 115.4-116.4 °C. MS (EI) m/z 482 (M", 72%). Anal.
Calcd. for C3;H3gN,O5: C, 79.63; H, 7.94; N, 5.80. Found: C, 79.36; H, 7.88; N, 5.75. 6y
(CDC1s, 200 MHz) 8.21 (d, J 8.2, 2H), 8.09 (d, J 8.2, 2H), 7.74 (d, J 6.8, 2H), 7.60 (d, J 8.2,
2H), 7.51 (t,J 7.2, 1H), 7.40 (t, J 7.2, 2H), 7.02 (d, J 8.6, 2H), 4.04 (t, J 6.6, 2H), 1.8 (m, 2H),
1.3 (m, 18H), 0.88 (t, J 6.6, 3H). &c (CDCl;, 100 MHz) 164.31, 164.01, 162.25, 141.63,
144.41, 129.22,128.93, 128.37, 127.91, 127.51, 127.40, 123.10, 117.22, 115.22, 68.52, 32.16,
29.90, 29.88, 29.83, 29.81, 29.61, 29.59, 29.37, 26.24, 22.93, 14.38. UV-Vis (DCM) Nnax 313
nm, PL (DCM) Npax 365, 378 nm.

5.2.13 2-(4-Dodecyloxyphenyl)-5-(3-methoxybiphenyl-4-yl)-1,3,4-oxadiazole 158

A By analogy with the synthesis of 147, compound 140
c12|-|250/©/< OOMe (0.51 g, 1.1 mmol), 3-methoxybenzene boronic acid
154 (0.23 g, 1.5 mmol), Pd(PPh3)s; (85 mg, 0.07
mmol), THF (20 cm’ ) and Na;,CO3 (2 M, 2.2 cm3); reaction time 72 h; extracted with DCM.
Chromatography eluent: DCM-EtOAc (9:1 v/v), followed by recrystallisation from ethanol
gave 158 as a white crystalline solid (0.46 g, 85%), mp: 99.1-99.7 °C. MS (EL) m/z 512 (M",
86%). Anal. Calcd. for C33H4N,05: C, 77.31; H, 7.86; N, 5.46. Found: C, 77.74; H, 7.86; N,
5.34. 64 (CDCl3, 200 MHz) 8.18 (d, J 8.2, 2H), 8.08 (d, / 8.2, 2H), 7.74 (d, J 8.2, 2H), 7.40 (t,
J 1.8, 1H), 7.26 (s, 1H), 7.19 (d, J 8.8, 1H), 7.02 (d, J 8.8, 2H), 6.96 (d, J 8.2, 1H), 4.04 (t, J
6.6, 2H), 3.89 (s, 3H), 1.82 (m, 2H), 1.28 (m, 18H), 0.88 (t, J 6.6, 3H). ¢ (CDCl;, 100 MHz)
179.89, 164.21, 162.22, 160.29, 144.33, 141.61, 130.25, 128.93, 127.97, 127.47, 123.23,
119.88, 116.37, 115.21, 113.68, 113.16, 68.52, 55.62, 32.20, 29.90, 29.88, 29.83, 29.81,
29.62, 29.60, 29.37, 26.23, 22.93, 14.38.
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5.2.14 5-{4-[5-(4-Dodecyloxyphenyl)-1,3,4-oxadiazol-2-yl]-phenyl}-furan-2-
carbaldehyde 159

NN o By analogy with the synthesis of 147, compound 140
C12H25o/©/40 \o ) / (0.24 g, 0.50 mmol), 2-furaldehyde-5-boronic acid 155

(0.10 g, 0.72 mmol), Pd(PPh;), (42 mg, 0.04 mmol),
THF (20 cm3) and Na,CO; (2 M, 1.1 cm3); reaction time 96 h; extracted with EtOAc.
Chromatography eluent: DCM-EtOAc (9:1 v/v), followed by recrystallisation from ethanol
gave 159 as a pale pink solid (0.07 g, 28%), mp: 167.5-168.1 °C. MS (EI) m/z 500 (M", 62%).
Anal. Calcd. for C3,H36N;04: C, 74.37; H, 7.25; N, 5.60. Found: C, 74.04; H, 7.32; N, 5.58.
oy (CDCl3, 200 MHz) 9.63 (s, 1H), 8.12 (d, J 8.2, 2H), 8.05 (d, J 8.4, 2H), 7.89 (d, J 8.2, 2H),
7.29 (d, J 3.8, 1H), 6.98 (d, J 8.4, 2H), 6.90 (d, J 3.8, 1H), 3.97 (t, J 6.6, 2H), 1.80 (m, 2H),
1.20 (m, 18H), 0.81 (t, J 6.6, 3H). 8¢ (CDCl;, 100 MHz) 177.65, 165.10, 162.37, 158.13,
152.70, 136.61, 131.75, 129.01, 127.58, 125.96, 124.97, 117.65, 116.11, 115.20, 109.40,
68.54, 32.14, 29.86, 29.82, 29.83, 29.63, 29.61, 29.59, 29.34, 26.22, 22.92, 14.36.

5.2.15 5-{4-[5-(4-Dodecyloxyphenyl)-1,3,4-oxadiazol-2-yl]-phenyl}-2-methoxypyridine
160

'}H{’ By analogy with the synthesis of 147, compound
C12H250/©/< 0)\©\©\ 140 (0.49 g, 1.0 mmol), 2-methoxypyridine-5-
N" OM® b oronic acid 156 (0.23 g, 1.5 mmol), Pd(PPhs); (87
mg, 0.08 mmol), THF (20 cm’) and Na,CO; (2 M, 2.25 cm’); reaction time 72 h; extracted
with EtOAc. Chromatography eluent: DCM-EtOAc (17:3 v/v), followed by recrystallisation
from ethanol gave 160 as a cream/white crystalline solid (0.35 g, 68%), mp: 145.1-145.7 °C.
MS (EI) m/z 513 (M", 11%). Anal. Calcd. for C3,H3gN;0;5: C, 74.82; H, 7.65; N, 8.18. Found:
C,74.74; H, 7.71; N, 8.23. 3y (CDCl3, 200 MHz) 8.47 (d, J 2.5, 1H), 8.19 (d, J 8.5, 2H), 8.07
(d,J9, 2H), 7.85 (dd, Jus 6.4, Juc 2.5, 1H), 7.68 (d, J 8.4, 2H), 7.02 (d, J 9, 2H), 6.95 (d, J 8.6,
1H), 4.0 (m, 5H), 1.82 (m, 2H), 1.26 (m, 18H), 0.87 (t, J 6.6, 3H). &¢ (CDCl;, 100 MHz)
164.90, 164.09, 162.24, 164.34, 145.44, 141.19, 137.44, 129.04, 128.93, 127.69, 127.32,
123.15, 116.33, 115.22, 111.36, 68.53, 53.93, 32.16, 29.90, 29.88, 29.83, 29.80, 29.61, 29.59,
29.36, 26.23, 22.93, 14.37. UV-Vis (DCM) Nusx 315 im, PL (DCM) Nrax 364, 378 nm.
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5.2.16 2,7-Dibromofluorene 162

O O Fluorene 161 (250.0 g, 1.5 mol) was dissolved in acetic acid (2000 cm®)
Br Br
. at 70 °C and H,SO, (98%, 25 cm’) was added slowly to the solution.

The reaction mixture was allowed to cool to ca. 50 °C with stirring, and a solution of Br; (100
cm’) in acetic acid (200 cm®) was then added dropwise with stirring, keeping the temperature
at 40-55 °C to avoid crystallisation of the fluorene. When ca. half of the Br, had been added,
2,7-dibromofluorene started to crystallise. When this was observed, the remaining Br, was
added simultaneously with KBrOs (100 g) in acetic acid (400 cm’®) in small portions whilst
cooling the flask in an ice bath and ensuring the reaction solution did not exceed 55 °C. The
reaction was stirred for 3-4 h at rt and then cooled in an ice bath. The precipitate was collected
via vacuum filtration, washed with acetic acid and H,O 1:1 (v/v) and then H,O before drying
to yield compound 162 (316.8 g, 65%), mp: 163-164 ‘;C (1it.*' 163.5-165.5 °C). MS (EI) m/z
325 (M*, ¥'Br, ¥'Br, 58%), 323 (M", "°Br, ®'Br, 63%), 321 (M*, ”°Br, "Br, 59%). Anal. Calcd.
for Ci3HsBr: C, 48.19; H, 2.49. Found: C, 47.87; H, 2.48. 8y (CDCl;, 400 MHz) 7.65 (s, 2H),
7.58 (d, J 8, 2H), 7.49 (d, J 8, 2H), 3.84 (s, 2H). 8¢ (CDCl;, 400 MHz) & 144.79, 139.69,
130.15, 128.31, 121.19, 120.94, 36.56.

5.2.17 2,7-Dibromo-9,9-dihexylfluorene 163

O O Potassium fert-butoxide (1.0 M in THF, 46 cm®) was added over a
g CBH1305H13 g period of 0.5 h to a solution of 2,7-dibromofluorene 162 (15 g, 46
mmol) and bromohexane (32.4 cm’, 0.23 mol) in THF (250 cm®) at 0 °C, resulting in a red
suspension. After stirring for 1 h a second portion of potassium fert-butoxide (1.0 M in THF,
46 cm’) was added dropwise and the suspension stirred for 12 h at rt. THF was removed
under vacuo, dry DCM (100 cm®) was added and the purple suspension was then filtered
removing inorganic salts. The filtrate was concentrated and purified by column
chromatography (silica, eluent: hexane) and recrystallised from ethanol to yield white plates
of compound 163 (18.5 g, 82%), mp: 71.2-72.0 °C (lit.'®® 72-73 °C). MS (EI) m/z 494 (M",
$1Br, ¥'Br, 23%), 492 (M, "Br, ¥Br, 44%), 490 (M*, "Br, Br, 22%). Anal. Calcd. for
CsH3zBr,: C, 60.99; H, 6.55. Found: C, 60.87; H, 6.54. 8y (CDCl3, 300 MHz) 7.51-7.54 (m,

2H), 7.45-7.48 (m, 4H), 1.92 (t, J 8.4, 4H), 1.04 (m, 12H), 0.79 (t, J 6.9, 6H), 0.54 (m, 4H). &
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(CDCl3, 100 MHz) & 152.51, 139.01, 130.11, 126.13, 121.43, 121.09, 55.65, 40.18, 31.44,
29.56, 23.62, 22.56, 13.99.

5.2.18 9,9-Dihexylfluorene-2,7-diboronic acid 164

O O "Butyllithium (2.5 M, 17.7 cm’, 44.3 mmol) was added
(HO),B . B(OH), . _ _ ,
dropwise to a stirred solution of 2,7-dibromo-9,9-
CeHiz™ "CeHia

dihexylfluorene 163 (10.8 g, 21.9 mmol) in THF (100 cm’) at -78 °C. After 5 h stirring at -78
°C, TIPB (15.2 cm’, 66 mmol) was added to the white suspension in one portion. The
suspension was stirred for 12 h with a cooling bath allowing the temperature to rise gradually
to rt. The reaction was quenched with H,O (100 cm®) and the mixture stirred for a further 4 h.
THF was then removed under vacuo and the remaining mixture acidified slowly with HBr
(48%) to pH 5. The crude product was then extracted into diethyl ether (3 x 50 cm?), dried
over MgSO4 and the diethyl ether removed under vacuo. The white solid was then
recrystallised from acetonitrile to yield a white crystalline solid 164 (5.7 g, 61%), mp: 298.0-
299.0 °C (lit."** 297-298 °C). Anal. Calcd for C,sH36B,04: C, 71.12; H, 8.60. Found: C, 71.33;
H, 8.64. 6y (DMSO-d¢, 400 MHz) 8.06 (s, 4H), 7.88 (s, 2H), 7.77-7.78 (m, 4H), 1.92 (m, 4H),
1.05 (m, 12H), 0.75 (t, J 7.2, 6H), 0.4 (m, 4H). &c (DMSO-ds, 100 MHz) 149.37, 142.30,
132.87, 128.37, 118.96, 54.15, 30.88, 28.96, 23.39, 21.89, 13.71.

5.2.19 2,7-Bis{4-[2-(4-dodecyloxyphenyl)-1,3,4-oxadiazol-5-yl]phenyl}-9,9-
dihexylfluorene 165

N O 0.0 O o Y@/OQ?HZ" By ana?logy with the

do Cots” CoHi r\\k I{J synthesis of 147,
compound 140 (0.44 g,

C12H250 0.91 mmol), compound
164 (0.23 g, 0.54 mmol), Pd(PPhs), (63 mg, 0.05 mmol), THF (20 cm’) and Na,CO3; 2 M,
0.82 cm’); reaction time 96 h; extracted with ethyl acetate. Chromatography eluent: DCM—

EtOAc (24:1 v/v), followed by recrystallisation from cyclohexane gave 165 as a white solid
(0.27 g, 44%), mp: 161.5-162.0 °C. MS (MALDI-TOF) m/z Calcd. for C77HogN4O4: 1143.63
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(M"). Found 1143.74. Anal. Calcd. for C77HosN4sO4: C, 80.87; H, 8.64; N, 4.90. Found: C,
80.59; H, 8.60; N, 4.77. &4 (CDCl;, 300 MHz) 8.2 (d, J 8.4, 4H), 8.0 (d, J 8.7, 4H), 7.8 (m,
6H), 7.6 (d, J 7.8, 2H), 7.5 (s, 2H), 7.0 (d, J 8.7, 4H), 4.0 (t, J 6.6, 4H), 2.0 (m, 4H), 1.8 (m,
4H), 1.3 - 1.2 (m, 36H), 1.0 (m, 12H), 0.8 (t, J 6.9, 6H), 0.7 (m, 10H). 8¢ (CDCl3, 100 MHz)
164.87, 164.28, 162.23, 152.23, 144.84, 140.92, 139.19, 128.94, 127.34, 127.52, 126.50,
122.94, 121.69, 120.64, 116.40, 115.225, 68.53, 55.71, 40.63, 32.16, 31.70, 30.01, 29.91,
29.88, 29.84, 29.81, 29.62, 29.60, 29.37, 26.25, 24.05, 22.94, 22.81, 14.38, 14.25. A crystal
for X-ray analysis was grown from hexane / DCM mixture. UV-Vis (DCM) Npax 356 nm, PL
(DCM) Nax 401, 422 nm.

5.2.20 2,7-Dibromofluorenone 166

O O 2,7 Dibromofluorene 162 (160 g, 0.49 mol) was dissolved in acetic acid
g . o (1400 cm®) with heating at 95-110 °C. A solution of CrO; (122.8 g) in
° H,0 (100 cm®) and acetic acid (400 cm’) was added dropwise with
stirring at 95-110 °C. After complete addition the reaction mixture was stirred for 2 h and then
allowed to cool to rt with continuous stirring. The yellow solid was then collected, washed
sequentially with acetic acid, then acidified H,O (98%, 30 cm® HCI: 700 cm® H,0), to remove
chromium salts, and finally H,O until neutral. The crude product was recrystallised from
toluene to give the yellow solid 166 (130.8 g, 79%), mp: 208.1-209.0 °C (lit.*** 205-209 °C).
MS (EI) m/z 339 M", ®'Br, ®'Br, 50%), 337 (M", Br, ¥'Br, 100%), 335 (M, "®Br, "Br,
52%). Anal. Calcd for C3HeBr,0: C, 46.20; H, 1.79. Found: C, 46.15; H, 1.74. 6y (CDCl;,
400 MHz) 7.76 (d, J 2, 2H), 7.63 (dd, Ju 8, Jac 2, 2H), 7.38 (d, J 8, 2H), &¢ (CDCl3, 100

MHz) 6 190.92, 142.25, 137.47, 135.27, 127.85, 123.32, 121.84.

5.2.21 2,7- Dibromospirobifluorene 169

"‘Butyllithium (1.7 M, 29.4 ¢cm’, 50 mmol) was added dropwise to a
stirred solution of 2-bromobiphenyl 167 (3.45 cm®, 20 mmol) in THF
(30 em?®) at -78 °C. After 3 h stirring at -78 °C a solution of 2,7-
dibromofluorenone 166 (6.76 g, 20 mmol) dissolved in THF (50 c¢m’) was added over a
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period of 0.5 h. The reaction was stirred for a further 2 h and allowed to warm to rt. The
reaction was quenched with H,O and the THF removed under vacuo. The crude product was
extracted twice with diethylether, dried over MgSO, and the diethylether removed under
vacuo. The crude product was dissolved in acetic acid (20 cm’) with the addition of HCI
(98%, 1 cm’ ), the solution was then refluxed for 0.5 h, allowed to cool and then quenched
with H,O. The precipitate was then filtered and washed with H,O before being dissolved into
chloroform and dried over MgSQOy4. The chloroform was then removed under vacuo and the
crude product was purified by column chromatography (eluent: chloroform-hexane 1:1 v/v)
and recrystallised from chloroform / ethanol to yield a white solid 169 (6.8 g, 72 %), mp:
>305 °C (decomp.). MS (EI) m/z 475 (M*, ¥'Br, *'Br, 52%), 473 (M", "Br, 'Br, 100%), 471
(M", Br, Br, 52%). Anal. Calcd for CosH 4Br,: C, 63.32; H, 2.98. Found: C, 63.11, H, 2.90.
on (CDCl;, 400 MHz) 7.86 (d, J 8, 2H), 7.68 (d, J 8, 2H), 7.50 (dd, Jus 8, Jac 2, 2H), 7.42 (td,
Jab 7.6, Joc 1.2, 2H), 7.16 (td, Jop 7.6, Jo 1.2, 2H), 6.8‘5 (d, J 2, 2h), 6.74 (d, J 8, 2H), &c
(CDCls, 100 MHz) 8 150.55, 147.07, 141.7, 139.64, 131.13, 128.29, 128.09, 127.34, 124.06,
121.89, 121.39, 120.28, 65.61.

5.2.22 2,7-Di (4,4,5,5-tetramethyl-1,3,2 dioxaborolan-2-yl) spirobifluorene 170

"Butyllithium (1.6 M, 15 cm’, 25.5 mmol) was added
dropwise to a stirred solution of 2,7-dibromospirobifluorene
169 (2.5 g, 5.2 mmol) in THF (100 cm’) at -78 °C. After 2 h
stirring at -78 °C, 2-isopropoxy-4,4,5,5-tetramethyl-[1,3,2]-dioxaborolane (5.31 cm’, 26

mmol) was added in one portion. The suspension was stirred for a further 2 h and allowed to
warm to rt. The reaction was quenched with H,O and the THF removed under vacuo. The
crude product was extracted twice with diethylether, dried over MgSO4 and the diethylether
removed under vacuo. The crude product was then recrystallised from toluene / hexane to
give a white solid 170 (1.69 g, 58 %), mp: 320-321 °C (1it."%%* 321-322 °C). MS (EI) m/z 568
(M, 100%). Anal. Caled for C3;H33B,04: C, 78.20; H, 6.74. Found: C, 77.77, H, 6.68. 8y
(CDCl3, 400 MHz) 7.88-7.85 (m, 6H), 7.37 (td, Jap 7.5, Jac 1.2, 2H), 7.15 (s, 2H), 7.10 (td, Jas
7.5, Juc 1.2, 2H), 6.70 (d, J 7.6, 2H), 1.26 (s, 24H), 8¢ (CDCl;, 100 MHz) 148.8, 148.6, 144.7,
1423, 134.9, 1304, 127.9, 127.8, 124.5, 120.3, 119.9, 83.9, 66.1, 25.0.
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5.2.23 2,7-Bis{4-[2-(4-dodecyloxyphenyl)-1,3,4-0xadiazol-5-yl]phenyl}spirobifluorene
171

OCi2Hzs By analogy with the
synthesis of 147,
compound 140 (0.40 g,
0.82 mmol), compound

170 (0.23 g, 0.4 mmol), Pd(PPhs)4 (58 mg, 0.05 mmol), tri-tert-butylphosphine (0.02 g, 0.1

mmol), toluene (10 cm’) and K,CO3 (2 M, 2.17 cm’); reaction time 48 h; extracted with

chloroform. Chromatography eluent: DCM-EtOAc (19:1 v/v) followed by recrystallisation
from cyclohexane / ethanol mixture gave compound 171 as a white solid (0.18 g, 40%), mp:
138.4-139.6 °C. MS (MALDI-TOF) m/z Calcd. for C;7HgN;O4: 112548 (M'). Found
1125.66; Anal. calcd. for C;7HgogN4O4: C, 82.17; H, 7.16; N, 4.98. Found: C, 81.71; H, 7.28;
N, 4.96. 6y (CDCl;, 400 MHz) 8.08-8.04 (m, 8H), 8.00 (d, J 8, 2H), 7.93 (d, J 8, 2H), 7.72
(dd, Jus 8, Juc 1.6, 2H), 7.60 (d, J 8, 4H), 7.44 (td, Jop 7.6, Jac 0.8, 2H), 7.17 (td, Jap 7.6, Juc
0.8, 2H), 7.03-7.01 (m, 6H), 6.86 (d, J 7.6, 2H), 4.04 (t, J 6.8, 4H), 1.83 (m, 4H), 1.5-1.3 (m,
36H), 0.89 (t, J 6.8, 6H). 8¢ (CDCl;, 100 MHz) 8 164.51, 163.93, 161.98, 150.21, 148.29,
147.51, 143.83, 141.88, 141.25, 139.84, 128.69, 128.05, 127.60, 127.17, 127.09, 124.22,
122.78, 122.64, 120.73, 120.25, 116.16, 114.98, 68.30, 66.14, 31.93, 29.67, 29.64, 29.60,
29.57, 29.38, 29.36, 29.14, 26.00, 22.70, 14.13. UV-Vis (DCM) Aax 356 nm, PL (DCM) Npax
399, 420 nm.

5.2.24 4’-[5-(4-Dodecyloxyphenyl)-1,3,4-oxadiazol-2-yl]-biphenyl-4-carbaldehyde 172

AN By analogy with the synthesis of 47, compound 140
C12H250/®/4 OO (1.46 g, 3.0 mmol), 4-formylbenzene boronic acid
146 (0.58 g, 3.9 mmol), Pd(PPhs)s (0.23 g, 0.2

mmol), THF (25 cm3) and Na,CO; (1 M, 12 cm3); reaction time 96 h; extracted with
chloroform. Chromatography eluent: CHCI3-EtOAc (9:1 v/v) and recrystallisation from
CHCl; / ethanol gave compound 172 as a white solid (1.19 g, 78 %), mp: 211.9-212.7 °C. MS
(ED): m/z 510 (M+, 55%); Anal. Calcd. for C33H33N,0s: C, 77.61; H, 7.50; N, 5.49. Found: C,
77.15; H, 7.34; N, 5.40. 3y (CDCls, 200 MHz) 10.10 (s, 1H), 8.25 (d, J 7.8, 2H), 8.09 (d, J
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8.0, 2H), 8.01 (d, J 7.8, 2H), 7.80-7.84 (m, 4H), 7.04 (d, J 8.0, 2H), 4.05 (t, J 6.2, 2H), 1.83
(m, 2H), 1.28 (m, 18H), 0.89 (t, J 6.4, 3H). 5c (CDCL, 100 MHz) 191.70, 162.12, 145.74,
142.64, 141.47, 135.81, 130.37, 128.75, 127.98, 127.78, 127.44, 124.06, 116.07, 115.05,
99.99, 68.34, 31.91, 29.65, 29.63, 29.58, 29.56, 29.37, 29.34, 29.13, 26.00, 22.68, 14.10.

5.2.25 2-(4-Dodecyloxyphenyl)-5-(4’-styryl-biphenyl-4-yl)-1,3,4-oxadiazole 173

NN Compound 172 (0.26 g, 0.5 mmol) and
C12H25OU ° O O P O benzyltriphenylphosphonium chloride (0.29
g, 0.5 mmol) were dissolved in THF (15
cm?). NaOH (50% soln. 2.0 cm®) was then added dropwise over 0.5 h. The reaction was
stirred for 8 h. The solvent was removed in vacuo and the crude product was extracted with
toluene, washed with water and dried over MgSQ,. After removal of toluene under vacuo the
crude product was recrystallised from cyclohexane yielding a yellow solid 173 (0.15 g, 51%)),
mp: 131.5-132.0 °C. MS (ES) m/z 585 (M+, H+); Anal. calcd. for C4oH4uN,0,: C, 82.15; H,
7.58; N, 4.79. Found: C, 81.94; H, 7.49; N, 4.84. &4 (CDCls, 400 MHz) 8.18 (d, J 8.4, 2H),
8.08 (d, J 8.8, 2H), 7.75 (d, J 8.4, 2H), 7.54 (d, J 8.0, 2H), 7.37 (d, J 8.4, 2H), 7.31 (m, 5H),
7.03 (d, J 8.8, 2H), 6.66 (d, J 7.6, 2H), 4.05 (t, J 6.6, 2H), 1.83 (m, 2H), 1.28 (m, 18H), 0.89
(t, J 6.0, 3H). 8¢ (CDCls, 100 MHz) 162.02, 137.21, 130.94, 129.55, 128.62, 128.69, 128.73,
128.32, 127.37, 127.26, 127.10, 126.84, 126:59, 123.59, 122.87, 116.23, 115.02, 109.99,
90.19, 68.33, 31.91, 29.65, 29.63, 29.58, 29.56, 29.37, 29.34, 29.14, 26.00, 22.68, 14.09.

5.2.26 9,9-Dihexylfluorene 174

O O "Butyllithium (1.6 M, 31.3 cm?, 50 mmol) was added dropwise to a stirred
. solution of fluorene 161 (3.3 g, 20 mmol) in THF (50 cm®) at -78 °C. After
CeHiz™ CeHia

stirring for 1 h at -78 °C, bromohexane (8.2 cm®, 60 mmol) was added. The
reaction was stirred for 2 h and allowed to warm to rt. The reaction was quenched with H,O
and the THF removed under vacuo. The crude product was extracted twice with diethylether,
dried over MgSOj and the diethylether removed under vacuo to yield the white deliquescent

solid 174 (5.40 g, 81%). MS (EI): m/z 334 (M", 66%); Anal. Calcd. for CysHas: C, 89.76; H,
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10.24. Found: C, 89.49; H, 10.20. 8y (CDCl;, 400 MHz) 7.71 (d, J 8, 2H), 7.35 (d, J 8.4, 2H),
7.29-7.33 (m, 4H), 1.89-1.85 (m, 4H), 1.02-0.93 (m, 12H), 0.67 (t, J 6.8, 6H), 0.54 (m, 4H),
dc (CDCl3, 100 MHz) 150.71, 141.15, 126.99, 126.70, 122.85, 119.65, 55.04, 40.44, 31.52,
29.75, 23.75, 22.60, 14.10.

5.2.27 2,7-Bis(bromomethyl)-9,9-di-n-hexylfluorene 175

0.0 Br A mixture of 9,9-dihexylfluorene 174 (5.00 g, 15 mmol) and

B paraformaldehyde (6 g, 200 mmol) in HBr (in acetic acid, 33%) (42

' CgHyg~ “CgHia
cm’) was stirred at 60 °C for 24 h. The reaction was cooled to rt and
H,0 (100 cm®) added. The crude product was extracted with DCM (3 x 50 cm’), washed
sequentially with saturated NaHCQO;, NaCl and H,O then dried over MgSQ,. After removal of
DCM under vacuo the crude product was purified by column chromatography (eluent:
hexane-ethyl acetate 9:1 v/v) to give the colourless viscous liquid 175 (6.1 g, 78 %). MS (EI)
m/z 522 (M, 8'Br, ¥'Br, 3%), 520 (M", "Br, 8'Br, 5%), 518 (M*, "Br, °Br, 3%). &y (CDCls,
400 MHz) 7.44-7.74 (m, 6H), 4.81 (s, 4H), 1.99 (m, 4H), 1.00 (m, 12H), 0.73 (m, 6H), 0.52
(m, 4H). 8¢ (CDCls, 400 MHz) 171.89, 162.88, 150.39, 139.80, 129.45, 119.75, 84.00, 54.85,

40.37, 31.25, 29.56, 23.57, 22.50, 14.02

5.2.28 2,7-Bis(bromomethyl)-9,9-dihexylfluorene triphenylphosphonium dibromide salt
176

O O (E?pha o A mixture of 2,7-bis(bromomethyl)-9,9-dihexylfluorene (6.0
. 2Br g 11.5 mmol) 175 and triphenyphosphine (10.74 g, 40.95

PhsP
®
mmol) in DMF (120 cm®) was refluxed for 12 h. The cooled

CeHi3™ “CeHia

solution was then added slowly to diethyl ether (500 cm®) with vigorous stirring. The white
salt, which precipitated, was then filtered, washed with ether and dried under high vacuum for
24 h giving compound 176 (7.2 g, 60 %). 8y (CDCl3, 400 MHz) 7.78-7.62 (m, 30H), 7.35 (d,
J 7.6, 2H), 7.07 (d, J 7.6, 2H), 6.95 (s, 2H), 5.42 (d, J 14, 4H), 1.46 (t, J 8.4, 4H), 1.08 (m,
4H), 0.83 (m, 8H), 0.76 (t, J 7, 6H), 0.19 (m, 4H). 8p (CDCl;, 121 MHz) 23.63. &¢ (CDCl;,
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100 MHz) 151.24, 140.40, 134.97, 134.99, 134.33, 134.23, 130.15, 130.03, 126.14, 118.14,
117.29, 54.86, 39.96, 31.60, 29.52, 23.79, 22.57, 13.96

5.2.29 Compound 177

O e OO o T

N-N CgH13~ CgHyz -N

Compound 172 (0.28 g, 0.55 mmol) and compound 176 (0.28 g, 0.27 mmol) were dissolved
in a mixture of distilled anhydrous ethanol (30 cm’) and THF (15 cm?®). Sodium metal (0.03 g)
in anhydrous ethanol (15 cm®) was then added dropwise over 0.5 h. The reaction was stirred
for 12 h and then HCI (0.1 M, 1 cm®) was added. The solvents were removed in vacuo and the
crude product was extracted with toluene, washed with H,O and dried over MgSQO,. After
removal of toluene in vacuo the crude product was purified by column chromatography
(eluent: CHCls-diethylether 11.5:1 v/v) and recrystallised from CHCIl; / ethanol to yield
compound 177 as a yellow solid (0.16 g, 43%). mp: 171.3-172.7 °C. MS (MALDI-TOF) m/z
Calcd. for Co3H;10N4O4: 1347.89 (M+). Found 1347.76; Anal. calcd. for CosH;;oN4O4: C,
82.87; H, 8.23; N, 4.16. Found: C, 82.38; H, 8.23; N, 4.05. &4 (CDCl;, 400 MHz) 8.21 (d, J
7.2, 4H), 8.10 (d, J 7.6, 4H), 7.73 (d, J 7.6, 4H), 7.70 (m, 10H), 7.52-7.56 (m, 4H), 7.25-7.29
(m, 4H), 7.04 (d, J 7.6, 4H), 4.05 (t, J 6.6, 4H), 2.05 (m, 4H), 1.83 (t, J 8.1, 4H), 1.28 (m,
36H), 1.09-1.13 (m, 12H), 0.89 (t, J 6.0, 6H), 0.71-0.78 (m, 10H). &c (CDCl;, 100 MHz)
164.62, 164.00, 162.02, 156.66, 151.66, 143.61, 140.82, 138.64, 137.53, 136.22, 129.97,
128.70, 127.36, 127.32, 127.22, 127.05, 125.82, 122.87, 120.89, 120.02, 116.21, 115.01,
68.32, 55.05, 40.57, 31.92, 31.53, 29.77, 29.67, 29.64, 29.60, 29.57, 29.38, 29.35, 29.15,
26.00, 23.83, 22.68, 22.60, 14.11, 14.01. UV-Vis (DCM) Anax 397 nm, PL (DCM) Apax 444,
468 nm. |
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5.3 EXPERIMENTAL PROCEDURES OF CHAPTER 3

5.3.1 6-Bromonicotinic acid 180

Br WO 2-Bromo-5-methylpyridine 179 (17.2 g, 100 mmol) and phase transfer agent

N OH " Aliquat-336 (0.5 cm®) in H,O (350 c¢m®) were heated at 70 °C. Powdered
KMnO, (44 g, 0.28 mol) was added carefully in small portions over a period of 3 h. The
mixture was then refluxed for a further 1.5 h. After cooling, the solid was filtered off, washed
with hot water and the combined filtrates were concentrated to ca. 150 cm’ , then acidified
with HBr (48%) and cooled in an ice bath. The precipitate was then filtered off, washed with
H,0, recrystallised from H,O and dried to yield 180 as colourless plates (10.1 g, 50%), mp:
194.5-195.0 °C (lit.'"® 195 °C).- Anal. Calcd. for C¢H4BrNO,: C, 35.67; H, 2.00; N, 6.93.
Found: C, 35.61; H, 1.99; N, 6.95. &4 (DMSO-de, 400 MHz) 8.87 (d, J 2, 1H), 8.16 (dd, Ju»
8.2, Jac 2, 1H), 7.80 (d, J 8.2, 1H). 6¢c (CDCl3;, 100 MHz) 165.51, 151.12, 145.54, 139.86,
128.23, 126.42.

5.3.2  2-[5-(2-Bromopyridyl)]-5-(4-dodecyloxyphenyl)-1,3,4-oxadiazole 183

PN 6-Bromonicotinic acid 180 (6.6 g, 32.7 mmol) was refluxed
(;12sto/®/k o A N7 B in thionyl chloride (40 cm?®) for 12 h under nitrogen. The
excess thionyl chloride was then removed by vacuum distillation. Dry toluene (30 cm?®) was
then added and distilled off at reduced pressure to remove any remaining thionyl chloride.
After cooling to rt, 4-dodecyloxybenzoic acid hydrazide 149 (10.58 g, 33 mmol) dissolved in
pyridine (50 cm®) was added via a syrihge. The solution was stirred for 1 h at rt and then for a
further 2 h at 110 °C. Pyridine was removed by vacuum distillation. After cooling to rt,
methanol (50 cm®) was then added and the suspension was heated at reflux for 15 min, cooled
and a solid obtained by vacuum filtration. The crude intermediate product was dried for 12 h
under high vacuum and then refluxed with POCl; (40 cm’) for 12 h after which time the

POCl; was-removed by vacuum distillation yielding a cream solid. Methanol (50 cm’) was
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then added and the suspension was heated at reflux for 15 min, cooled and the solid obtained
by vacuum filtration. The crude product was dried for 12 h under high vacuum and then
dissolved in a minimum amount of dichloromethane. HBr (in glacial acetic acid, 33%) (20
cm’) was then added and the suspension was stirred at rt for 96 h. The suspension was then
diluted with H,O (20 cm®) and neutralised with Na,CO; (2 M). The mixture was extracted
with DCM, washed with NaOH and then H,O and filtered through celite before drying with
MgSO, and filtering. The solution was concentrated in vacuo and the crude product was then
purified by column chromatography (eluent: CHCl3-EtOAc 19:1 v/v) and crystallisation
(ethanol) to yield white crystals of compound 183 (5.9 g, 37%), mp: 144-144.5 °C. MS (EI)
m/z 487 (M, *'Br, 20%), 485 (M*, Br, 20%). Anal. Calcd for CosH3,BrN3O»: C, 61.73; H,
6.63; N, 8.64. Found: C, 61.58; H, 6.63; N, 8.43. &y (CDCls, 400 MHz) 9.08 (d, J 2.4, 1H),
8.28 (dd, Ju» 8.4, Joc 2.4, 1H), 8.07 (d, J 8.8, 2H), 7.69 (d, J 8.4, 1H), 7.04 (d, J 8.8, 2H), 4.05 |
(t, J 6.8, 2H), 1.83 (m, 2H), 1.28 (m, 18H), 0.89 (t, J 6, 3H), 8¢ (CDCl;, 100 MHz) 165.30,
162.40, 160.00, 154.21, 147.68, 136.50, 128.89, 128.54, 119.63, 115.50, 115.14, 68.38, 31.91,
29.64, 29.62, 29.58, 29.55, 29.35, 29.33, 29.11, 25.99, 22.67, 14.09.

5.3.3 2,7-Bis{5-[2-(4-dodecyloxyphenyl)-1,3,4-oxadiazol-5-yl]-2-pyridyl}-9,9-
dihexylfluorene 184

OCi2Hzs n d i
N accordance with the
-N / N O‘O \ O@/
N\ A\ =N Y T
o

@L CoHrs CeHirs \ general method for

Suzuki cross-coupling
C12Hos0 reactions, compound
183 (0.196 g, 0.4 mmol), compound 164 (0.077 g, 0.18 mmol), Pd(PPh;)s (23 mg, 0.02
mmol), THF (25 cm®) and Na,CO; (2 M, 0.6 cm?); reaction time 48 h; extracted with DCM.
Chromatography eluent: DCM-EtOAc (19:1 v/v) followed by DCM-EtOAc (9:1 v/v) and
recrystallisation from ethanol gave 184 as a white solid (0.073 g, 35%), mp: 166.7-167.5 °C.
MS (MALDI-TOF) m/z Calcd. for C75sHgsNgO4: 1145.76. Found 1145.73 (M+); Anal. Calcd.
for C4sHogNgO4: C, 78.63; H, 8.45; N, 7.34. Found: C, 78.99; H, 8.51; N, 6.94. 8y (CDCl;,
400 MHz) 9.44 (d, J 2, 2H), 8.51 (dd, Jus 8, Jac 2, 2H), 8.14 (m, 4H), 8.12 (d, J 8.8, 4H), 8.02
(d, J 8, 2H), 7.9 (d, J 8, 2H), 7.06 (d, J 8.8, 4H), 4.06 (t, J 6.4, 4H), 2.17 (m, 4H), 1.84 (m,
4H), 1.5-1.3 (m, 36H), 1.1 (m, 12H), 0.9 (t, J 6.4, 6H), 0.74 (m, 10H). 6c (CDCl3, 100 MHz)
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165.02, 162.25, 159.81, 152.33, 147.66, 142.40, 134.80, 134.78, 128.84, 126.43, 121.59,
120.64, 120.44, 120.41, 118.62, 115.86, 115.12, 68.37, 55.70, 53.39, 40.38, 31.91, 31.50,
29.65,29.63, 29.59, 29.56, 29.37, 29.34, 29.13, 26.00, 23.88, 22.68, 22.56, 14.10, 13.95. UV-
Vis (DCM) Anax 372 nm, PL (DCM) Ay 411, 431 nm,

5.3.4 2,7-Bis{5-[2-(4-dodecyloxyphenyl)-1,3,4-0xadiazol-5-yl]-2-pyridyl}spirobifluorene
185

Y©/OC12H25 By analogy with the
o
I synthesis of 184,

compound 183 (0.486

g, 1 mmol), compound
170 (0.284 g, 0.5 mmol), Pd(PPh;)4 (58 mg, 0.05 mmol), tri-fert-butylphosphine (0.02 g, 0.1
mmol), toluene (20 cm®) and K,CO; (2 M, 2.5 cm?); reaction time 48 h; extracted with
chloroform. Chromatography eluent: CHCI3-EtOAc (17:3 v/v) followed by recrystallisation
from a toluene/ethanol mixture gave compound 185 as a yellow solid (0.32 g, 56%), mp:
203.0-203.4 °C. MS (MALDI-TOF) m/z Calcd. for C;sH7sNgO4: 1127.62. Found 1127.65
(M+); Anal. caled. for C7sH73NgO4: C, 79.90; H, 6.97; N, 7.45. Found: C, 79.70; H, 7.00; N,
7.26. 6u (CDCl3, 400 MHz) 9.27 (s, 2H), 8.33 (d, J 8.4, 2H), 8.23 (d, J 8, 2H), 8.04 (m, 6H),
7.94 (d, J 8, 2H), 7.72 (d, J 8.4, 2H), 7.43 (m, 4H), 7.15 (t, J 7.6, 2H), 7.02 (d, J 8.4, 4H), 6.84
(d, J 7.6, 2H), 4.04 (t, J 6, 4H), 1.82 (m, 4H), 1.5-1.3 (m, 36H), 0.89 (t, J 6.4, 6H). 6¢c (CDCl;,
100 MHz) 164.95, 162.19, 162.09, 159.13, 150.4, 147.98, 147.45, 142.85, 142.0, 138.30,
134.57, 128.81, 128.10, 127.48, 127.17, 124.25, 122.72, 121.00, 120.43, 120.30, 118.62,
115.76, 115.06, 68.33, 66.15, 31.92, 29.66, 29.64, 29.59, 29.57, 29.39, 29.37, 29.12, 25.99,
22.70, 14.13. UV-Vis (DCM) Npax 371 nm, PL (DCM) N\pax 407, 430 nm.
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5.3.5 1,4-Bis{5-[2-(4-dodecyloxyphenyl)-1,3,4-oxadiazol-5-yl]-2-pyridyl}-2,5-(2-
ethylhexoxy) phenyl 187

By analogy with the synthesis
OC12Has
o of 184, compound 183 (0.69
NI/N\ 7 N\ s_/ \o “ g, 1.4 mmol), compound 186
/@k ° N 4 i (030 g 071 mmol),
Cy2H250 f/{ Pd(PPh;),Cl,; (52 mg, 0.07

mmol), tri-tert-
butylphosphine (0.02 g, 0.1 mmol), THF (50 cm’) and Na,COs (2 M, 2.8 cm’); reaction time
96 h; extracted with toluene. Chromatography eluent: DCM-EtOAc (11.5:1 v/v) followed by
recrystallisation from ethanol gave compound 187 as a yellow solid (0.33 g, 41%), mp: 144.5-
145.2 °C. MS (MALDI-TOF) m/z Calcd. for C7HjgoNgOs: 1145.71. Found 1145.77 (M");
Anal. calcd. for C1;H;0oNeOg: C, 75.49; H, 8.80; N, 7.34. Found: C, 74.99; H, 8.76; N, 7.37.
ou (CDCls, 400 MHz) 9.45 (d, J 2.4, 2H), 8.43 (dd, Ju» 8.4, Jac 2.4, 2H), 8.28 (d, J 8.4, 2H),
8.11 (d, J 8.8, 4H), 7.76 (s, 2H), 7.06 (d, J 8.8, 4H), 4.07 (m, 8H), 1.85 (m, 6H), 1.5-1.3 (m,
52H), 0.89 (m, 18H). &c (CDCls, 100 MHz) 165.00, 162.29, 162.24, 157.65, 151.54, 147.20,
133.55, 129.46 128.83, 125.55, 118.50, 115.88, 115.37, 115.11, 71.64, 68.36, 39.70, 31.91,
30.83, 29.65, 29.62, 29.85, 29.55, 29.36, 29.33, 29.13, 29.10, 26.00, 24.23, 23.02, 22.67,
14.09, 14.03, 11.23. UV-Vis (DCM) Anax 327, 380 nm, PL (DCM) Apax 460 nm.

5.3.6 2,7-Bis{5-[5-(4-tert-butylphenyl)-1,3,4-oxadiazol-2-yl}-thien-2-y1}-9,9-

dihexylfluorene 189

By analogy with the synthesis
of 184, compound 188 (0.3 g,
0.73 mmol), compound 164
0.17 g 040 mmol),
Pd(PPh3),Cl, (29 mg, 0.04 mmol), tri-ferz-butylphosphine (0.01 cm’, 0.1 mmol), THF (50
cm’) and Na,CO3.(2 M, 1.0 cm’); reaction time 96 h; extracted with toluene. Chromatography
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eluent: DCM-EtOAc (32.3:1 v/v) followed by DCM-EtOAc (9:1 v/v) and recrystallisation
from toluene / ethanol gave yellow needles of 189 (0.15 g, 42%), mp: 252.6-253.0 °C. MS
(ED) m/z 898 (M+, 100%). Anal. calcd. for Cs7HgN4O,S,: C, 76.13; H, 6.95; N, 6.23. Found:
C, 75.73; H, 6.89; N, 5.91. &, (CDCls, 400 MHz) 8.08 (d, J 8.4, 4H), 7.84 (d, J 4, 2H), 7.78
(d, J 8.0, 2H), 6.70 (d, J 8.0, 2H), 7.65 (s, 2H), 7.57 (d, J 8.4, 4H), 7.47 (d, J 4, 2H), 2.07 (m,
4H), 1.40 (s, 18H), 1.11 (m, 12H), 0.77 (m, 10H). d¢ (CDCl;, 100 MHz) 164.12, 160.93,
155.43, 152.16, 149.75, 141.11, 132.39, 130.54, 128.81, 126.08, 125.34, 123.85, 123.75,
120.94, 120.61, 120.41, 55.53, 40.35, 35.12, 31.43, 31.13, 29.62, 23.79, 22.54, 13.96. UV-Vis
(DCM) Anax 394 nm, PL Apayx (DCM) 439, 466 nm.
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Experimental Procedures

5.4 EXPERIMENTAL PROCEDURES OF CHAPTER 4

5.4.1 Polymer 191 (Method 1)

In accordance with the general
method for Suzuki cross-
coupling reactions, compound

190 (0.87 g, 1.0 mmol),

n

compound 170 (0.57 g, 1.0 mmol), Pd(PPhs), (115 mg, 0.1 mmol), THF (50 cm?) and Na,COs

2M5 cm3); reaction time 96 h; extracted with CHCl;. The organic solution was then

washed with H,O, dried and filtered through a celite column. The filtrate was concentrated in
vacuo to afford a viscous solution that was added dropwise into vigorously stirring ethanol
(150 cm®) and the resulting mixture was stirred at rt for 12 h. The resulting pale yellow solid
was filtered, washed with ethanol and dried for 48 h under high vacuum giving polymer 191
(0.1 g, 7%), M,: 9970, Pd: 1.11 (polystyrene standard). &y (CDCls, 400 MHz) 8.13-7.45 (m,
18H), 7.19-6.80 (m, 6H), 4.07 (m, 4H), 1.84 (m, 2H), 1.5-1.3 (m, 16H), 0.94-0.82 (m, 12H).
UV-Vis (DCM) Npax 380 nm, PL (DCM) Npax 415, 436 nm.

5.4.2 Polymer 191 (Method 2)

By analogy with method 1, compound 190 (0.79 g, 0.9 mmol), compound 170 (0.52 g, 0.9
mmol), Pd(PPhs),; (104 mg, 0.09 mmol), tri-tert-butylphosphine (0.01 cm’, 0.1 mmol),
toluene (50 cm3) and K,CO; (1 M, 10 cm3); reaction time 96 h; extracted with CHClI;. Th¢
organic solution was then washed with H,O, dried and filtered through a celite column. The
filtrate was concentrated in vacuo to afford a viscous solution that was added dropwise into
vigorously stirring ethanol (150 cm®) and the resulting mixture was stirred at rt for 12h. The
resulting pale yellow solid was filtered, washed with ethanol and dried for 48 h under high
vacuum giving polymer 191 (0.64 g, 48%), M,: 35000, Pd: 1.02 (polystyrene standard).

Spectroscopic data were identical to those obtained by method 1.
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Experimental Procedures

5.4.3 2,7-Bis(4-cyanophenyl)-9,9-dihexylfluorene 193

O O In accordance with the general method for Suzuki
NN cross-coupling reactions, compound 163 (4.9 g, 10.0

mmol), 4-cyanophenyl boronic acid 192 (3.08 g, 21.0
mmol), Pd(PPh;3),Cl, (1.52"g, 2.1 mmol), tri-tert-butylphosphine (0.2 cm’, 1.0 mmol), THF
(50 cm3) and Na,CO; (2 M, 42.0 cm3); reaction time 72 h; extracted with DCM.
Chromatography eluent, hexane—EtOAc (9:1 v/v) followed by recrystallisation from ethanol
gave compound 193 (2.5 g, 47%), mp: 114.2-115.1 °C (lit."” 113-115 °C), MS (EI) m/z 536
(M+, 100%). Anal. calcd. for C3oHNy: C, 87.27; H, 7.51; N, 5.22. Found: C, 87.25; H, 7.52;
N, 5.21. 8y (CDCls, 400 MHz) 7.84 (d, J 7.6, 2H), 7.78 (m, 8H), 7.62 (d, J 8.0, 2H), 7.58 (s,
2H), 2.07 (m, 4H), 1.06 (m, 12H), 0.77 (m, 10H). 8¢ (CDCl;, 100 MHz) 152.14, 145.96,
140.98, 138.45, 132.61, 127.77, 126.44, 121.59, 120.63, 118.98, 110.80, 55.55, 40.32, 31.42,
29.60, 23.80, 22.51, 13.93.

5.4.4 2,7-Bis[4-(5-1 H-tetrazole)phenyl]-9,9-dihexylfluorene 194

H A mixture of 2,7-bis(4-cyanophenyl)-9,9-
.N N.
NS O . O { N dihexylfluorene 193 (0.54 g, 1 mmol), NaNj
N~N CeHi3 CsHis N-N
H (0.16 g, 2.5 mmol) and NH,Cl1 (0.13 g, 2.5 mmol)
in degassed DMF (15 ml) was refluxed for 24 h. The reaction mixture was then cooled to rt
and HC1 (5 cm®) in H,O (30 ml) was added slowly. The green precipitate was then filtered,
washed with H,O and dried for 48 h under high vacuum giving compound 194 (0.51 g, 82%),
mp: >250 °C (decomp.), MS (EI) m/z 622 (M"). Anal. caled. for C30H4Ns: C, 75.21; H, 6.80;
N, 17.99. Found: C, 74.77; H, 6.80; N, 17.56. &y (DMSO-ds, 400 MHz) 8.21 (d, J 8.4, 4H),
8.06 (d, J 8.4, 4H), 8.02 (d, J 8.0, 2H), 7.95 (s, 2H), 7.83 (d, J 8, 2H), 2.2 (m, 4H), 1.05 (m,
12H), 0.71 (m, 10H). 8¢ (DMSO-de, 100 MHz) 151.58, 142.91, 140.23, 137.96, 127.58,
127.49, 125.90, 122.92, 121.17, 120.67, 55.14, 31.49, 29.57, 24.12, 22.61, 14.46.

140




Experimental Procedures

5.4.5 2,7-Bis{4-[2-(4-iodophenyl)-1,3,4-oxadiazol-5-yl]phenyl}-9,9-dihexylfluorene 196

| 4-Todobenzoyl chloride 195 (1.07

NS O (/ O ° 4 ), dissolved in pyridi
» Cartn S <Caths ?\1 /r/\I g, 4 mmol), dissolved in pyridine
(5 cm®) was added dropwise to a
solution of  2,7-bis[4-(5-1H-

tetrazole)phenyl]-9,9-dihexylfluorene 194 (0.50 g, 0.8 mmol) in pyridine (15 cm?) and the

mixture was refluxed for 3 h. Pyridine was removed by vacuum distillation. After cooling to
rt, methanol (30 cm’) was added and the suspension was heated at reflux for 15 min, cooled
and the white solid obtained by vacuum filtration. The crude product was then purified by
column chromatography (eluent: DCM-EtOAc 24:1 v/v) and recrystallised from toluene to
yield white crystals of compound 196 (0.62 g, 75%), mp: 253.8-254.5 °C. MS (MALDI-TOF)
m/z Calcd. for Cs3HyglbN4O;: 1027.19. Found 1027.20 (M+). Anal. Calcd for Cs3HysIoN4O,: C,
62.00; H, 4.71; N, 5.46. Found: C, 61.77; H, 4.72; N, 5.39. 8y (CDCls, 400 MHz) 8.24 (d, J
8.4, 4H), 7.92 (m, 8H), 7.87 (m, 6H), 7.68 (d, J 8, 2H), 7.65 (s, 2H), 2.09 (m, 4H), 1.09 (m,
12H), 0.77 (m, 10H). 6¢ (CDCls, 100 MHz) 164.76, 164.06, 152.05, 145.03, 140.78, 138.90,
138.42, 128.29, 127.78, 127.47, 126.32, 123.46, 122.36, 121.51, 120.45, 98.55, 55.52, 40.37,
31.45,29.65, 23.83, 22.54, 13.97.
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Appendix one

1 APPENDIX ONE: LUMINESCENCE SPECTROSCOPY

Luminescence can be categorised by the manner in which the excited state is formed.
Photoluminescence (PL) is the type used in spectroscopy and occurs when a molecule absorbs
light. Other types include electroluminescence (EL), which causes light to be emitted when an
electric current is passed through a material, chemiluminescence (involving a reaction
releasing energy as light rather than heat) and bioluminescence (for example in special organs
of deep sea fish to help attract prey).

In phosphorescence the emission results from a triplet excited state. The transition
down to the ground state is spin forbidden as the excited state is in the same spin orientation
as that of the ground state. Therefore, the process is relatively slow and emission lasts well
beyond the excitation, with phosphorescence lifetimes being anything from 102 s to several
minutes (for example phosphorescent materials used on watch hands, allowing the time to be
read in the dark).

Fluorescence on the other hand results from emission from a singlet excited state.
Here the electron is of opposite spin to that of the ground state and so transition is allowed
resulting in a much shorter lifetime of the order of 10”° s. Therefore, to the naked eye, light

appears to be emitted only whilst the sample is being excited.'
S, —3 e
g Ic n
S, ——A Is¢
A :%:

Abscaption E Ic T

b

1

Fhurescence ISC
Phosphixest en ¢
hy4
-~
¥
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Figure Al. Typical example of a Jablonski diagram.’

The processes involved in luminescence are usually shown on a Jablonski diagram.? A typical
example is given in Figure Al. In this diagram the vertical scale represents energy whilst the
horizontal scale is used as an easy way of distinguishing between states of differing spin
multiplicity. The singlet ground state, first excited state and higher excited states are denoted

So, S| and S,, respectively. The triplet excited states are denoted in a similar way with ‘T’
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replacing ‘S’. Each of these energy levels is split into a number of vibrational energy levels,
which result from the motion of the nuclei in the molecule. In multinuclear systems these
vibrational levels cause the excited states to overlap leading to continuous spectra being
observed. The vibrational levels also give rise to fine structure in the spectra.

In fluorescence the absorption of a photon of light promotes an electron from the
ground state into a higher singlet energy level. The molecule then relaxes down to the lowest
vibrational excited state of S; via one of the two noﬁ-radiative processes. These are internal
conversions (IC) to a lower excited state or vibrational relaxation (VR), where the molecule
loses vibrational energy by (i) collisions with solvent molecules in solution or by (ii)
interactions with the vibrational motions of a solid matrix. These processes occur in general in
under 102 s, which is much quicker than the alternative (S2 = Sp) radiative decay. As
fluorescence lifetimes are typically between 10® and 10" s these processes are usually
complete before emission commences. The molecule will then relax to the ground state
(though not necessarily to the lowest energy vibrational state) with the energy lost being
released as light. As the excitation does not have a large effect on the geometry of the
molecule the spacing of the vibrational states is similar for both Sy and S;. This leads to the
fluorescence emission spectra being similar (albeit reversed) in shape to the absorption
spectra.' '

Fluorescence can be effected by quenching, resulting in the intensity of fluorescence
being reduced. There are ranges of mechanisms by which this process can occur. Collisional
quenching occurs when the fluorophore in the excited state comes into contact with another
molecule (quencher) in solution. During the encounter the quencher returns the fluorophore to
the ground state by a variety of methods which can include electron transfer or spin-orbit |
coupling and intersystem crossing (ISC) to the triplet state (the latter occurs when the

quencher is, for example, molecular oxygen or a halogen).
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2 APPENDIX 2: QUANTUM CHEMICAL CALCULATIONS

2.1 NEW 2,5-DIARYL-1,3,4-OXADIAZOLE-FLUORENE HYBRIDS

Theoretical ab initio calculations were performed by Dr 1. F. Perepichka. DFT calculations
were performed to look at the geometry and the electronic state of the molecules 165, 171 and
177. For comparison DFD 34 and OXD-7 28c were also included. To decrease the

comi)utational time we calculated the molecules 34a, 165a, 171a and 177a.

N"Y 28 "N

Mo~ YQX

Csz CsHs

34a

e O OISO o

CoHs™ CoHs
177a

Scheme Al: Structures of compounds OXD-7 28¢, 34a, 165a, 171a and 177a studied by ab initio

calculations.
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177a, LUMO =-2.32 eV

Figure A6: Frontier orbitals of compounds 165a, 171a and 177a calculated by B3LYP/6-
311G(2d,p)//B3LYP6031G(d) DFT method.
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2.2 NEW OXD-FLUORENE HYBRIDS INCORPORATING PYRIDINE AND
THIOPHENE UNITS

DFT calculations were performed to elucidate the geometry and the electronic state of the
new pyridyl-containing derivatives 184 and 185 in comparison with 165 and 171. As
previously to decrease the computational time calculations were performed on molecules
184a and 185a. Calculations were also performed on the geometrical isomers of compounds
184a and 185a, with different substitution positions at the pyridine rings (compounds 184a-

iso and 185a-iso), which have not been synthesised.

C2Hs™ "CoHs
184a

HaCO

CoHs CoHs
184a-iso
H3CO
185a-iso
H;CO

Scheme A2: Structure of compounds 184a, 185a, 184a-iso and 185a-iso studied by ab initio calculations.
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2.3 COMPUTATIONAL PROCEDURES

The ab initio computations of geometries of compounds OXD-7, 34a, 165a, 171a, 177a,
184a, 185a, 184a-iso and 185a-iso were carried out with the Gaussian 98> package of
programs at density-functional theory (DFT) level using Pople's 6-31G split valence basis set
supplemented by d-polarisation functions on heavy atoms. DFT calculationé were carried out
using Becke's three-parameter hybrid exchange functional® with Lee-Yang—Parr gradient-
corrected correlation functional (B3LYP).5 Thus, the geometries were optimised with
B3LYP/6-31G(d) and for all compounds and electronic structures were then calculated at both
B3LYP/6-31G(d) and B3LYP/6-311G(2d,p) levels of theory. Contours of HOMO and LUMO

orbitals were visualised using Molekel v.4.3 program.®
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