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Abstract

Organic light-emitting diode (OLED) technology is steadily gaining more and more
popularity, and, as of 2019, is the most commercially successful application of organic
electronics. Compared to light-emitting diodes (LEDs), OLEDs possess several advantages
such as colour tunability, quick switching times, higher brightness, better contrast, larger
fields of view, the possibility to use lighter substrates instead of commonly used glass, and,

potentially, cheaper production costs.

Improving the performance of OLED devices could open new opportunities for the
development of the technology and might be crucial for it to strengthen its position in the
market. Upon electrical excitation singlets and triplets are formed in 1:3 ratio, and one of the
challenges is to design materials that can efficiently utilise triplet excited states to generate
electroluminescence. In purely organic fluorescent compounds normally only singlets are
emissive at room temperature, so in fluorescent devices only 25% of the excited states are
used. Phosphorescent OLEDs are known for their high efficiency compared to their
fluorescent predecessors, however the structure of these materials is limited to heavy metal-
containing organic compounds. Thus, creation of purely organic light emitting materials is
of a great interest for the field. One of the solutions is to use thermally activated delayed
fluorescence (TADF) emitters where dark triplets can be converted into singlet excited states
and thus 100% internal quantum efficiency could be achieved. The design and synthesis of

new TADF emitters is the main scope of this thesis.

Chapter 1 gives a brief overview of the history of lighting technology with an emphasis on
solid-state lighting. The milestones in the development of organic semiconductors are also
described. The main concepts of organic electronics and the working principles of OLED
devices are briefly approached. Furthermore, the existing ways of enhancing the efficiency
of luminescent organic materials in light-emitting devices is discussed. A substantial part of
the chapter is dedicated to the description of the main principles used for the design of
materials exhibiting thermally-activated delayed fluorescence (TADF), recent advances in

their development and future perspectives.

Chapter 2 describes the photophysical properties of new helicene-based TADF emitters, in

particular their behaviour in the solid state. This includes the presentation of time resolved
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measurements of helical compounds in crystals and films. The performance of the materials

in OLEDs was also investigated.

In Chapter 3 the synthesis and physical properties of novel-star-shaped donor-acceptor
structures based on a truxene-benzothiadiazole-truxene core are discussed. The application
of these materials in fluorescent OLEDs and as colour-converters in hybrid LEDs is

described.

Chapter 4 demonstrates a new way of preparing materials exhibiting delayed fluorescence
(DF) from non-DF quinoline-based starting materials by simple methylation. These
methylated compounds exhibit either TADF or triplet-triplet annihilation (TTA) depending
on the relative position of donor and acceptor moieties in the molecule. They also show
aggregation-induced emission and mechanochromic properties. The photophysical

behaviour of these compounds was investigated mainly in the solid state.

The experimental procedures for chapters 2—4 are presented in Chapter 5.
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Chapter 1. Introduction

For centuries human life revolved around the natural cycle of day and night. The invention
of the electric light source has completely changed how people manage their time, extending
the notion of daily activity into night. Artificial light not only let people perform various
tasks outside of daylight time, but also improved public safety and in general became a
symbol of technological progress. Despite all the positive changes artificial light brings, its
ever-increasing use results in light pollution that can negatively impact individual biological
species as well as whole ecosystems.!? It can also lead to the disruption of circadian rhythms
in humans, and give rise to undesired metabolic changes.®> In 2006 illumination was
responsible for 17.5% of the total global energy consumption.* According to the report of
the International Energy Agency 1.2 billion people have gained access to electricity
worldwide since 2000.° With the amount of population using artificial illumination only
growing in the future, making lighting more energy efficient, safe and environmentally

friendly is of a great importance.

The development of modern lighting technology began with the invention of the
incandescent light bulb in the 19" century. Since then more efficient high-intensity discharge
(HID) lamps have widely replaced their predecessors. Mercury-vapour, metal-halide and
sodium-vapour lamps are among the most commercially successful (HID) lamps.® In recent
years solid-state lighting has emerged as an alternative to conventional light sources. Light
emitting diodes (LEDs) and their organic-based counterparts, organic light-emitting diodes
(OLEDSs), are semiconductor devices that emit light due to electron-hole recombination
process when current is applied (this effect will be further discussed in Section 1.3). This
process, later termed electroluminescence, was first observed by Henry Round in 1907 by
applying voltage to a crystal of silicon carbide (SiC).” In 1927 Losev has filed a patent for
the use of the light-emitting SiC detectors for information transfer and recording, which was
well ahead of the commercial development of optical storage and communication.® The
modern definition of electroluminescence was developed by Lehovec in 19518 after the
discovery of the transistor by Bardeen and Brattain in 1948°. The first visible light (red) LED
based on a GaAsP alloy was reported by Holonyak and Bevacqua in 1962.1 In the 1970s,
the first commercial products such as calculators and wristwatches containing GaAsP red
LEDs were introduced.® The work on blue LEDs began in the early 1970s and culminated
in the development of high brightness GaN/InGaN LEDs by Nakamura et al. in 1993.1! This
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was a starting point for the development of white LEDs, which in turn has made solid-state
lighting technology as popular as it is nowadays. In 2014 Nakamura, Amano and Akasaki
were awarded the Nobel Prize in Physics for the invention of efficient blue LEDs.'? The
advantages of LEDs over traditional light sources include higher efficiencies, better
brightness modulation, higher reliability, durability and longer lifetime. More recently
developed OLEDs can be considered the youngest lighting technology and are the focus of
this thesis.

Organic electronics is a field of materials science concerning the development of organic
small molecules and polymers with semiconducting properties. Apart from OLEDs these
compounds find application in devices such as organic field-effect transistors (OFETS), and

organic solar cells (OSCs).

The semiconductor industry is still predominantly based on inorganic materials. Yet organic
compounds have advantages that can extend the range of possible applications and meet the
needs that cannot be addressed with silicon-based semiconductors. Flexible and stretchable
organic materials can be used in biomedical devices and health monitoring systems.**#
Biodegradable materials might not only make the technology more environmentally
friendly, but also open new opportunities for the use of disposable electronic devices.'>1®
Lightweight transparent materials can also provide new design solutions. For example, it is
possible to cover with organic solar cells a variety of surfaces including windows!’ or use
transparent OLED screens®® for augmented reality applications and heads-up displays. Due
to their expected low production costs, organic electronic devices can be considered more
suitable for large area applications. Also, organic semiconductors have the potential to be
more sustainable.'® Finally, there is nearly unlimited structural diversity of applied materials

that can be achieved by means of organic synthesis.

The electrical activity of carbon-based materials has been investigated since the beginning
of the twentieth century. The electrical conductivity of graphite has long been studied and
was attributed to the specific arrangement of carbon atoms that form a m-conjugated system
within the layers of the material.2’ More than fifty years later the individual layers of graphite
(graphene) were isolated, and the history of two-dimensional materials began.?! In the 1950s,
electrical conductivity was observed and investigated in many more polycyclic aromatic
hydrocarbons such as violanthrone and pyranthrone.?? In 1954 Akamatu et al. reported the

observation of electrical conductivity in a phenanthrene complex with bromine.?® In 1964
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William Little discussed the possibility of synthesising organic superconductors,?* and
during the next decade the emphasis was on the development of conductive organic

materials.

The investigation of conductivity in conjugated structures was not confined to carbon-based
compounds. In 1973 Labes and co-workers reported the study of electrical conductivity of
polymeric sulphur nitride (SN)x.2> This work inspired MacDiarmad and Heeger to take a
closer look at the structure of this material,?® later leading to a collaborative project with
Shirakawa, who was working on polyacetylenes that had an unusual (for polymers at least)
silvery colour. It turned out that both cis- and trans-polyacetylenes when doped with
halogens demonstrate metallic conductivity.?”?®¢ For this discovery Shirakawa,

MacDiarmad, and Heeger were awarded the Nobel Prize in Chemistry in 2000.2°

Nowadays, of all organic electroactive materials, semiconductors attract the most attention.
The photovoltaic effect was first reported in organic compounds in 1958, although the
efficiencies were limited to about 1% for a few decades.®! In recent years significant
improvements were made in the field. Thus, in 2018 the record for organic solar cells
efficiencies was surpassed twice in tandem OPV devices with 15% and 17.3% reported by
Che et al.*? and Meng et al.,®® respectively. Electroluminescence in organic materials has
been known since the 1960s when it was first observed by applying alternating current to
brilliant acridine orange E, and direct current to anthracene.®3 However, because the
minimum thickness of the materials was in the range of few thousands of nanometres,
efficient charge injection was only possible when a very high voltage is applied, making the
concept not suitable for technological applications. In 1987 Tang et al. reported the first
stable electroluminescent diode based on thin films of small organic molecules® followed
by the work of Burroughes et al. on first polymer-based OLEDs,*" and interest in organic
semiconductors was reignited. Around the same time the first organic field-effect transistor
with polythiophene as a semiconducting material was reported by Koezuka et al.® Since
then more organic-based devices were developed including lasers, photodiodes*® and all-
polymer integrated circuits.** Many of these technologies have yet to pass the product

development phase.

Clearly, the field is relatively young, but it has already achieved a stage of maturity with
numerous examples of commercially successful applications, including xerography*? being
the earliest. The first OLED TV was launched by SONY in October 2007.*® Samsung
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Display remains the leading manufacturer of active-matrix OLED panels with almost 90%
share of the market as for 2017,* and some of Samsung’s flagship devices such as the
Galaxy S9 and Note 9 smartphones, and Galaxy Tab S4 tablet can be cited among the most
famous products present at the market in 2018.% Finally, at the Consumer Electronic Show
(CES) 2019 LG has presented its first rollable TV that is expected to be commercially

available within 12 months.*¢

Organic electronics is a highly interdisciplinary field where knowledge of photophysics,
device architecture and organic synthesis is required for the development of materials for
semiconducting devices. In the following sections, the basic electronic processes in organic
semiconductors as well as the main principles for the design of highly efficient organic light

emitting materials are described.
1.1 Band theory

The properties of materials are determined by their atomic scale structure and, more
precisely, by interactions between atoms or molecules in the solid state. Electrical
conductivity can be explained in terms of electronic band theory. In isolated atoms electrons
are found in discrete energy states. When more atoms are joined together in the solid state,
atoms’ outer shell atomic orbitals are overlapped at the greatest extent with the difference
between energy states of the atoms becoming so low that they form continuous energy
bands.*’

According to the Aufbau principle valence electrons fill the lowest available energy levels
first with higher levels being occupied subsequently. In metals, the electrons in the outer
shells are delocalised and can easily move into neighbouring empty energy levels. At
absolute zero these electrons fill the valence band (VB) up to the Fermi level, making it the
highest level occupied at 0 K. At higher temperature electrons can move into neighbouring
empty energy levels in the conduction band (CB) leaving behind positively charged “holes”

in the valence band.
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Figure 1.1. Schematic representation of energy bands for metal (a), semiconductor (b) and insulator

(c)

For semiconductors and insulators, the conduction and the valence band are separated by an
energy gap (also called the bandgap). Its magnitude defines the properties of the material
(Figure 1.1). In semiconductors the bandgap is relatively small, and electrons can gain
enough energy from heating or an applied electric field to move from the valence to the
conduction band. In insulators the energy difference between the valence and conduction
band is too large for electrons to overcome and thus no electric current can flow through

such solids.*

In molecular organic semiconductors instead of the terms valence and conduction band the
concept of highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) is used. According to the linear combination of atomic orbitals theory, n
atoms in the molecule form n/2 bonding and n/2 antibonding molecular orbitals (MOs).
Normally electrons are situated at bonding orbitals that are lower in energy than antibonding.
The highest orbital filled with electrons is considered the HOMO and the unoccupied orbital
with the lowest energy is called the LUMO.*

All organic semiconducting materials possess conjugated motifs consisting of alternating
double and single bonds. The sp? hybridisation of carbon gives three planar hybrid orbitals
separated by an angle of 120° and one 2p; orbital perpendicular to them. The overlap of two
sp? hybridised orbitals leads to the formation of a 6 bond, and the two remaining 2p; orbitals
can overlap to form a @ bond. The energy difference between © bonding (HOMO) and n*
antibonding (LUMO) orbitals is relatively small and when the molecule has an extended

conjugated system the overlap between MOs is increased to the point where they form

5|Page



continuous energy bands similar to the valence and the conduction bands in inorganic

semiconductors (Figure 1.2).4°
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Figure 1.2. Energy levels calculated for oligothiophenes with n = 1-4 and polythiophene. Reproduced
from Ref.#°

1.2 Excited states and electronic transitions in organic molecules

Upon optical or electrical excitation an electron is promoted from an orbital of a molecule
in the ground state (HOMO) to an unoccupied orbital (LUMO), creating an excited state.
There are three types of molecular orbitals where electronic transitions can occur: ¢ and &
orbitals, that were discussed in the previous section, and n-orbitals where non-bonding
electrons of heteroatoms such as oxygen or nitrogen are located. Figure 1.3 shows possible
electronic transitions for o, m and n-orbitals taking as example a molecule of formaldehyde.
The transition 6 — o* requires a lot of energy with the absorption maxima located in the far
UV, hence they are not typically observed in a standard UV-Visible absorption spectrum.
Mainly absorption spectroscopy is based on n — n* and 1 — =* transitions that occur at

lower energies and fall in a convenient region of the spectra between 200 and 700 nm.°
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Figure 1.3. Possible electronic transitions in formaldehyde. Reproduced from Ref.>

The type of excited state created upon energy absorption depends on the total spin quantum
number S (S = X s;, where s; = +%or —%), which in turn determines the spin multiplicity
M. The multiplicity is defined as 2S+1, and it is the number of possible orientations of the
spin angular momentum relative to a given S. A singlet excited state is formed if the spin of
the electron promoted to the LUMO is anti-parallel to that of the electron left at the HOMO
(spin multiplicity is equal to 1). If the spins of the electrons are parallel, a triplet state is
created with the multiplicity of 3 (Figure 1.4).>! According to Hund’s rule the term with the
highest spin multiplicity is the lowest in energy, so a triplet excited state is normally lower

in energy than a singlet.>°

T+ 1

LUMO — 1
HOMO —+- !
b
t H  ++
SO 51 Tl

Figure 1.4. Schematic representation of singlet and triplet excited states.

In general, the physical processes that occur after a molecule absorbs light can be illustrated
by a Jablonski diagram (Figure 1.5). Electronic states are shown in the diagram in bold lines

and denoted by So, S1—Sn for singlet states and T1 — T, for triplet states. Each electronic state

7|Page



also consists of many vibrational energy levels (depicted as black horizontal lines). Normally

at room temperature only the lowest vibrational level of the ground state (So) is populated.

t3

N
A
—

/]

So

Figure 1.5. Jablonski diagram.

When a molecule absorbs a photon (yellow arrows, A), an electron is excited to one of the
vibrational levels of the upper singlet state (Sn). Several processes can occur afterwards that
can be either radiationless or luminescent. Among the main non-radiative processes are
internal conversion, vibrational relaxation, intersystem crossing and reverse intersystem
crossing. Vibrational relaxation (VR) occurs from vibrational excited states to the lowest
vibrational level within one electronic state (wavy black arrows). Internal conversion (IC) is
a de-excitation process between a higher and a lower electronic excited state of the same
spin multiplicity (wavy green arrows). IC is more likely to occur between upper states, as
the energy gap between S; and So is usually too high. Intersystem crossing (ISC) is a
transition between two isoenergetic vibrational levels of two electronic levels with different
multiplicities (wavy red arrow). Thus, ISC can occur between the lowest vibrational level of
the singlet excited state (S1) and the closest in energy vibrational level of the triplet state
(T1), then vibrational relaxation can occur. Transition between electronic states of different
multiplicity is a forbidden process, but it can take place if the spin-orbit coupling (SOC) is
large enough.® If the energy of Sy is close to that of T+, and the lifetime of T1 is long enough,
reverse intersystem crossing (rISC) can occur (wavy red arrow). The latter process will be

discussed in more detail in Sections1.3.3 and 1.4.
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A molecule can relax to the ground state (So) from S or T1 by losing the energy via photon
emission. These luminescent processes are called fluorescence (F) for S;—So transition and
phosphorescence (P) for T1—So transition.®? However, in organic compounds at room
temperature non-radiative decay is usually predominant for the triplet excited state,
especially in solutions. Phosphorescence is more favoured in a rigid medium, but even in
this case it is usually observed only at low temperatures. Still, it is possible to induce

phosphorescence at room temperature in organic molecules.>

Clearly, there are many de-excitation pathways, and the probability of each depends on both
external factors (such as temperature, the type of medium containing the molecule or the
presence of impurities), and the molecular structure of a compound itself.

1.3 General principles of OLED devices

The simplest OLED device is composed of a thin organic luminescent layer placed between
two electrodes. When a voltage is applied, holes and electrons are injected from the anode
and cathode respectively into the organic semiconductor layer (emissive layer (EML)). After
charge carriers migrate through the organic layer to meet, they recombine and form excitons.
During the radiative decay of the excitons to the ground state, light is emitted. One of the
first reported OLEDs contained poly(p-phenylene vinylene) (PPV) as an emissive layer, and
its performance was quite low by modern standards, as PPV is mainly a hole-transporting
material, so the charge mobility was not properly balanced.®” In general, electrons are less
mobile than holes, so excitons formed in a single-layer device will be most likely located
closer to the cathode and can be easily quenched through non-radiative processes. In the
early days of the development of OLEDs Tang et al.*® reported a multi-layer device structure
(Figure 1.6-a) containing 4,4'-cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine]
(TAPC) as a hole-transporting layer (HTL), and tris(8-hydroxyquinoline)aluminium (Algs)
as an emissive layer (EML), which, due to its good electron mobility, also acted as an
electron-transporting layer (ETL) (Figure 1.6-b). In such a device excitons are
predominantly formed away from the cathode and closer to the interface between the two

organic layers.
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Figure 1.6. The architecture of the first double-layer OLED (a) and the molecular structure of the
materials used (b).

Modern OLED devices can have even more complicated structures with a few additional
organic layers including a hole injection layer (HIL), a hole transport layer (HTL) (often also
used as an electron blocking layer (EBL)), an electron transport layer (ETL) (that can also
act as a hole blocking layer (HBL)), and an electron injection layer (EIL) (Figure 1.7).%*
Additionally, the device can contain separate HBL and EBL that prevent charge carriers

from migrating further in the bulk and force them to recombine in the emissive layer.

a) b)

|_

|
Cathode

Figure 1.7. General structure of a multiple layer OLED device.

10| Page



1.3.1 Materials for OLEDs

Indium-doped tin oxide (ITO) is the most commonly used anode material due to its high
transparency and electrical conductivity. An HIL is usually inserted between the ITO and
HTL to lower the operating voltage by minimising the energy barrier for the injection of
holes. The conductive polymer blend PEDOT:PSS (poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate) is often used as an organic HIL®> (Figure 1.8). It is a water-soluble

material that can be deposited by solution processing.

As previously discussed, HTLs are very often used to improve the migration of holes into
the EML, and to do so an HTL should have a HOMO level close to that of the EML. Due to
its inherently poor electron transport properties, the HTL can also be used as an EBL,
providing the confinement of excitons in the EML. Thus it is preferable for the HTL to also
have a shallow LUMO level and a large band gap to provide a sufficient energy barrier for
electrons and avoid exciton diffusion.®® Triaryl amines such as tris(4-carbazoyl-9-
ylphenyl)amine (TCTA) or 4,4'4"-tris[(3-methylphenyl)phenylamino]triphenylamine (m-
MTDATA) are typical materials used as HTLs (Figure 1.8).%’

Similarly to HTLs, ETL materials act in two ways. Apart from providing a high electron
mobility they should also serve as an HBL, so the HOMO of the material needs to be deep
enough to prevent holes from migrating past the EML and the LUMO level needs to be
comparable to the work function of the cathode. Among common materials for ETLs are
phenanthroline derivatives such as 4,7-diphenyl-1,10-phenanthroline (BPhen) and its
methylated analogue 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP),>® oxadiazole-
based compounds such as 2-(4-tert-butylphenyl)-5-(4-biphenylyl)-1,3,4-oxadiazole
(PBD),*® and pyridine derivatives (1,3,5-tri(m-pyridin-3-ylphenyl)benzene (TmsPyPB))
(Figure 1.8).%°

Cathodes are normally made of materials with a low work function that favours electron
injection into the LUMO of the organic layer. Low work function metals such as Li, Mg and
Caare highly sensitive to moisture and oxygen. Using them in combination with less reactive
Ag or Al can improve the stability of the device.>® Alkaline metal compounds such as LiF,
CsF, Cs2COs3, and Li2O are widely used as EIL materials.®* A LiF/Al bilayer is often used to
lower the injection barrier. Usually only a thin layer (= 1 nm) of LiF is used. Some studies
explain the enhancement of the electron injection by electron tunnelling between a cathode

and an ETL through the thin metal complex layer,%? whereas others suggest that the LiF
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reacts with thermally activated aluminium resulting in the doping of the ETL material by
Li.5 Lithium quinolate complexes such as 8-hydroxyquinolinolatolithium (Liqg) or 2-methyl-

8-hydroxyquinolinolatolithium (LiMeq) are sometimes used instead of LiF to improve the

Q L

% @@r
had QJ sUensle
PEDOT:PSS (HIL) @ /@

TCTA (HTL) m-MTDATA (HTL)

processability (Figure 1.8).54

O~(j

LiMeq (EIL)

PBD (ETL)

Figure 1.8. Examples of some HIL, HTL, ETL and EIL materials.
1.3.2 Characterisation of OLEDs

Luminescence produced by electrical rather than optical excitation is called
electroluminescence (EL). Unlike for optical excitation which preserves spin, so that only
singlet excitons are created, electrical excitation results in the formation of both singlets and
triplets in a 1:3 ratio (according to the spin statistics). This distribution for organic

electroluminescent devices was also experimentally proven by Baldo and co-workers.®
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Fluorescent OLEDs can utilise only 25% of excitons, as the remaining 75% of formed triplet
excitons are usually non-emissive at room temperature. External quantum efficiency (EQE)
is one of the main parameters used to evaluate the performance of OLED devices which can
be calculated with the formula:

EQE = Nine X Nour = ¥ X Nsy X Ppp, X oyt (1.1)

Where vy is the charge balance factor, which is the ratio of the number of exciton-forming
events to the electrons flowing in the external circuit, ngt is exciton production efficiency,
Nine 1S internal quantum efficiency (IQE), noyu: IS light out-coupling efficiency, which is a
function of the refractive index of the emitter layer usually considered to be 20-30% because
of optical reflection and loss in layers, and ®py, is the photoluminescence quantum efficiency
(PLQY) defined by the ratio of photons emitted to photons absorbed by the material.>®-® It
is worth noting that for most devices only an approximate value of 1, is known, so the
comparison of EQEs for different devices should be done with caution. For fluorescence-
based OLEDs the maximum EQE is limited to 5-7.5%. All parameters can be optimised to
attain best performances of the devices. Photoluminescence quantum efficiency of up to
100% can be achieved for organic materials, and there is a substantial amount of work
dedicated to improving a charge balance in OLEDs with some of the methods described
above. In recent years several methods to increase the light out-coupling efficiency in
OLEDs were also developed, including the use of low-refracting index materials for the
ETL,% using a crystallised organic scattering layer formed on the outside of the OLED,% or
employing embedded microlens arrays as light extraction structures.®® Still the efficiency of
devices is particularly limited by exciton production efficiency, and for high performance
devices both triplets and singlets should be used. The ways of overcoming spin statistics
limitations for the increase of EQE will be discussed in Section 1.3.3.

Apart from EQE expressed in radiometric units there is a variety of metrics used to evaluate
and compare different light sources considering the human eye sensitivity. These units are
called photometric. One of the photometric quantities is luminous flux which is the light
power of a source perceived by the human eye. It is measured in lumens (Im). The
radiometric analogue for the luminous flux is the optical power (also called radiant flux)
which is the radiant energy emitted or received per unit of time. Optical power is measured
in watts (W). A monochromatic source that emits an optical power of 1/683 W at 555 nm

(the wavelength at which the human eye has the highest sensitivity) has a luminous flux of
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1 Im’. The luminous intensity is the luminous flux emitted at a certain angle. It is measured
in candelas (cd) with 1 cd being the luminous flux emitted into the solid angle of 1 steradian
(sr). Thus, 1 candela equals 1 lumen per steradian (cd = Im/sr). The illuminance (1) and the
luminance (L) are the luminous flux and the luminous intensity incident per unit area
respectively. llluminance is measured in units of lux (lux = Im/m?) and luminance in cd/m?.
Typical luminance of displays is around 50-400 cd/m?, while a luminance of above 1000

cd/m? is required for lighting applications.’

The electrical performance of light-emitting devices can be defined by three main
characterisations: external quantum efficiency (EQE), current efficiency (CE) and luminous
efficacy, also referred here as power efficiency (PE).’® "2 Current efficiency is defined as the
luminance produced by the current flowing through the unit area of the light-emitting device
and is measured in cd/A. Power efficiency is the amount of luminous flux generated per Watt

of electrical input power (Im/W).”

The colour quality of the light source can be defined by the Commission Internationale
d’Eclairage (CIE) chromaticity diagram (X,y), the correlated colour temperature (CCT) and
the colour rendering index (CRI). In order to establish a link between the wavelengths in the
electromagnetic visible spectrum and human colour vision the International Commission for
Illumination has developed the CIE (x,y) chromaticity diagram (Figure 1.9-a)’. Pure colours
are situated on the perimeter of the diagram and white light is located at the centre with
coordinates (0.33, 0.33). The colour temperature of a white source is defined as the
temperature of an ideal black body radiator (also called a Planckian radiator) that radiates
light of the same colour as a given light source. The colour of many light sources does not
fall on the Planckian locus, and thus the correlated colour temperature (CCT) is used to
quantify the colour. The CCT is the temperature at which the colour of the Planckian black
body is the closest to that of the given light source. The CCT can be determined by using
isothermal lines crossing the locus (Figure 1.9-b).” Achieving daylight spectra (with CCT
between 5000 K and 7000 K') in white LEDs seems to be a preferable option as it is the
most natural type of light for human eye perception. However, the requirements for the CCT
of the white light vary over the world. Thus, warm white light (2800 K to 3000 K) is
preferred in the US and UK households while Japan, for example, uses mainly 5000 K white

lighting.” Also, in some places, indoor lighting with a CCT of up to 7500 K is acceptable.
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Another important parameter characterising the white light source is the colour rendering
index (CRI). The CRI defines the ability of the white light source to accurately render the
colours of objects illuminated by this source. The Planckian black body source is considered
to provide a perfect colour rendering and has the highest CRI value (100).

v - chromaticity coordinate
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x - chromaticity coordinate X

Figure 1.9. (a) CIE 1931 (x,y) chromaticity diagram with pure white light located in the middle and
monochromatic light at the boundaries, reproduced from Ref.”; (b) Planckian locus and isothermal
lines of constant correlated colour temperature in the CIE 1931 chromaticity diagram, reproduced
from Ref.™

1.3.3 The main mechanisms of triplet harvesting in OLEDs

There are a few different mechanisms of triplet harvesting that can be used in materials for
OLEDs. The most widespread approach is to use organometallic complexes containing
heavy metals that enhance spin-orbit coupling (SOC). This increases the rate of 1SC and
allows the radiative decay of the triplet excited state.” In such a way, IQEs of
phosphorescent OLEDs (PHOLEDS) can achieve 100% (Figure 1.10-a). However there are
still problems with achieving stable blue emission for organic phosphorescent materials.”
Also, commercially used emitter materials for PHOLEDSs are mostly iridium and platinum-
based. Platinum group metals (PGM) are required for a large variety of industrial
applications other than optoelectronics, and the demand most likely will only increase in
future. Consequently, the replacement of scarce elements with more abundant alternatives is
of a great interest for the field.*°
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Figure 1.10. Main ways of triplet harvesting. Introduction of heavy metals into organic structure (a);
Triplet-triplet annihilation (b); Reverse intersystem crossing in hot excitons (c); Thermally activated
delayed fluorescence (d).

Another way to harvest triplet states in OLEDs is triplet fusion through the triplet-triplet
annihilation (TTA) process (Figure 1.10-b). In this case two molecules in the T state collide
and form one singlet excited state that can decay radiatively. The process can be described

by the following reaction:

T, + T, »S;+Sy— 2SSy + hv (1.2)

Since the process involves an additional transition of the molecules from Ti to Sy, the
resulting fluorescence has a much longer radiative decay. It was first observed in perylene
and is also called P-type delayed fluorescence.®® It is however difficult to control the
behaviour of materials with TTA in devices due to the bimolecular nature of the process.

More importantly, an IQE of 100% cannot be achieved in this case, as the maximum yield
of singlet excited states from the TTA process is 0.5. This makes the possible maximum for
the 1QE to be 25%+0.5%75% = 62.5%."8

Reverse intersystem crossing (rISC) from upper excited states (sometimes referred to as hot
excitons) has also been investigated as a way of triplet harvesting. In this case higher lying
singlet and triplet excited states, Sn and Tn, have strong charge transfer character (CT) and
are close enough in energy so that the rISC rate constant between T, and S, states can
compete with the rate of internal conversion (IC) within the triplet manifold. The IC can also
be suppressed if the energy gap between T and T is sufficiently large (Figure 1.10-c). The

upper triplet states T, are converted to upper singlet excited states Sn and are then internally
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converted to the first singlet excited state (S1) that can decay radiatively.”®®° The rISC from
upper triplet states was reported in a variety of materials such as quinoline isomers,
anthracene derivatives, organic dyes and some excited-state intramolecular proton transfer
(ESIPT) molecules, however the PLQY of such materials was usually low.8! Ma and co-
workers have investigated the potential application of such materials in OLEDs. The
reported compounds contain donor and acceptor moieties. To explain the theoretical
behaviour of such materials compounds TPA-QAP and TPA-AC can be used as an
example®! (Figure 1.11). TPA-QAP demonstrates a large energy gap between the lowest
excited singlet and triplet states (AEst) of around 0.75 eV. At the same time, a relatively
small T>-T1 gap favours the IC to the lowest excited state, and further non-radiative decay
of triplets, which makes TPA-QAP a simple fluorescent compound. For TPA-AC not only
IS the AEst higher (1.27 eV), but so is the T2 — T1 gap (1.12 eV), thus IC is suppressed. At
the same time, the S1 — T> gap is sufficiently small (0.14 eV) for rISC to occur. Clearly, other
upper excited states can be involved, and the general process can be described as a Tm — Sn

— S, transition.

’

NS
©)\N
TPA-QAP TPA-AC

_ S1-T1 =1.27 eV
Sq-Ty - 0.75 eV T,-Ty=012eV
T-T4 =037 eV S4-Tp = 0.14 eV

Figure 1.11. Molecular structures of TPA-QAP and TPA-AC and the energy gaps between first
singlet and two first triplet excited states.

Yet, the design of molecules where hot-exciton rISC can compete with IC between T, and
T1 remains very challenging. The explanation of the process relies mainly on theoretical
calculations, and thus in some cases it can be suggested that it is actually TADF (described

below).

Compared to hot-exciton rISC, there are no parasitic IC processes for reverse intersystem

crossing between the lowest singlet S1 and triplet T1 excited states, as in most cases the
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energy gap between T1 and So is too large for non-radiative decay. Thus, the materials
exhibiting riISC between the lowest excited states are better candidates for the application in
OLED:s.

Normally T is lower in energy than Sz, so some thermal activation is required for rISC to
occur.®® Radiative decay of singlet excited states S after rISC can be distinguished from
simple fluorescence by the much longer transient lifetime t. As such, this is called delayed
fluorescence (DF), in the same way as TTA (Table 1.1).5* Delayed fluorescence originating
from rISC can be distinguished from that of TTA due to the monomolecular nature of the
first process. It is worth noting that ISC can occur along with rISC, but it has to compete

with often more favourable radiative decay from Sz to So.

Table 1.1. Transition times for absorption and excited-state decay processes.

Process Transition time
Absorption 105

Internal conversion 10°s-1010s
Fluorescence 10°s-10°s
Intersystem crossing 108s—-107°s
Phosphorescence 10%s—-10%s
TADF 10°s-107?s

This type of DF was first reported in eosin in 1961 and was called E-type delayed
fluorescence.® It has been investigated in some other structures such as fullerenes® over the
few past decades, and its application in temperature and oxygen sensors was reported,®* but
only recently Adachi and co-workers have proved it to be a viable method for triplet
harvesting in OLEDs.® It is now more often called thermally activated delayed fluorescence
(TADF) in the ever-growing amount of publications related to the subject, and some of the

reported devices containing TADF materials reach an EQE of about 30%.%

18| Page



1.3.4 Thermally-activated delayed fluorescence materials and their use in
OLEDs

The main advantage of TADF is that 100% IQE can be achieved in purely organic materials.

However, there are still some limitations that should be considered.
1.3.5 Design of TADF materials

The main goal in the design of TADF materials is to achieve simultaneously a relatively
large radiative rate constant (k) and a small energy gap between the lowest singlet and triplet
excited states (AEst). Non-radiative decay from the T state should be minimised so that
riISC becomes the dominant process. The reverse intersystem crossing rate constant (Krisc)

can be determined according to the equation:®’

KgT

Kyisc = Aexp (‘
Here kg is the Boltzmann constant and T is the temperature, and it is clear that minimising
AEsr is crucial for efficient rISC. When the energy of the lowest singlet (Eg,) and triplet
(Et,) excited states is calculated there are several parameters to consider including orbital
energy (Eom), the electron repulsion energy (K), and the exchange energy of two unpaired
electrons in the excited state (J) (Equation (1.4) and (1.5)). Thus, AEst depends on the value
of the exchange energy (Equation (1.6)), which can be approximated as an overlap between

the ground and excited state wave functions.®

Es, = Eorp + K4 (1.4)
Er, = Eorp + K—]J (1.5)
AEST = Esl - ET1 = 2] (16)

Assuming that for S; and T1 the unpaired electrons are situated on the HOMO and LUMO
which then have the same value of J, the exchange energy of two electrons can be calculated

by Equation (1.7):%7

2

e (1.7)

= f ¢(r1)¢(rz)< )¢(rz)w(r1)dr1drz

rn—n
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Here, ¢ and y correspond to the wavefunctions of the HOMO and LUMO, respectively, and
e is the electron charge. Consequently, the value of AEst can be minimised if the overlap
between HOMO and LUMO is reduced.®® It can be achieved in donor-acceptor (D-A)
structures, where singlet and triplet excited states have strong CT character. There are several
ways to achieve good separation of HOMO and LUMO: create a twist between donor and
acceptor by introducing bulky substituents® (Figure 1.12-a), break conjugation between
donor and acceptor by spiro-linking® or another kind of physical separation® (Figure 1.12-
b,c), or introduce m-bridge between donor and acceptor® (Figure 1.12-d).
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Figure 1.12. Examples of TADF molecules with separated HOMO and LUMO

Although the use of approaches described above has given a lot of efficient TADF materials,
there are some exceptions to these rules. For example, while TADF is normally observed in
highly twisted D-A structures, more sterically hindered analogues might show higher
pronounced room-temperature phosphorescence (RTP) instead (Figure 1.13-a).%* The
position of substituents, as well as their conformation, also plays an important role in
achieving TADF (Figure 1.13-a,b).%®

20| Page



R=H TADF No TADF
R =j-Prort-Bu RTP

Figure 1.13. Interplay between TADF and RTP.

Increasing the efficiency of rISC by strong localisation of HOMO and LUMO often leads to
decreased electronic coupling between the ground and excited singlet states, low radiative
rate and, consequently, low ®p..% Also, the spatial separation of HOMO and LUMO is not
enough to reduce AEst, and other criteria should be taken into consideration to optimise
rISC. According to the El-Sayed rule, ISC (as well as rISC) is most efficient if the transition
happens with a change of orbital type. For example, in the case of transition between S; and
T1 the Y(x, n*) — 3(n, n*) ISC is expected to be faster than X(r, n*) — 3(n, n*), and ISC for
Y(n, n*) — 3(n, ©*) should be faster than (n, n*) — 3(n, n*).%” Consequently, ISC can be
enhanced in conjugated organic molecules containing heteroatoms with unpaired electrons

or empty orbitals. Indeed, to date, most TADF materials have this kind of structure.

The non-radiative transitions between states of a different multiplicity (both ISC and rISC)
are also highly dependent on the strength of the SOC, which is approximately proportional
to Z*, where Z is the atomic number.* It certainly plays an important role for the compounds
containing heavy atoms and was widely exploited to enhance both radiative and non-
radiative spin-forbidden transitions in phosphorescent organometallic complexes. SOC can
also affect the behaviour of purely organic molecules. It is particularly prominent when two
electronic states of different multiplicity are close enough in energy.®” There are still
relatively few studies discussing the influence of the SOC on the rISC rate. However, the
first TADF materials used in OLEDs were Sn*—porphyrin complexes, where, just as in
phosphors, the SOC was enhanced by an internal heavy atom effect.®® For the same reason
the use of Cu(l)-complexes as TADF emitters has been receiving increasing attention.®®
Another study has shown that the halogenation of the acceptor moiety in a TADF emitter
can affect the rISC rates resulting in shorter emission lifetimes and enhanced PLQY of

materials.®® The external heavy atom effect can influence the rISC rate in a similar way. It
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was demonstrated that the incorporation of a thin (~ 0.5nm) layer of the blue phosphorescent
iridium complex into TADF-based device increases the EQE by the factor of ~1.4,1%

According to theoretical calculations, the strength of SOC and the magnitude of AEst can be
equally important for achieving high rISC rates in purely organic TADF materials. For
example, Samanta et al. have demonstrated that fast rISC occurs when the molecule shows
simultaneously small AEst and strong SOC, as the rISC rate k,;sc is proportional to the

square of SOC matrix element (S, |Aso|T;) (Equation 1.8).2

2T N
Krsc = 5 PrC |(51|H50|T1>|2 (1.8)

Here, pgc is the Franck-Condon-weighted density of states. In the same study the importance
of the excited state character for TADF processes was discussed. When S3 has predominantly
CT character and Tz is mainly locally excited (LE) state, the SOC is the strongest, while
when both first singlet and triplet excited states have CT character SOC is negligible. This
is consistent with the previous findings stating that ISC is forbidden between singlet and
triplet CT excited states due to unfavourable SOC.1%? At the same time SOC can be strong
between T2and S; states when T is a LE state, and the AEstcan be reduced when the T and
T are close in energy. Some studies demonstrate that the two excited states involved in rISC
can be tuned independently, and therefore they are most likely of different character,103104
which is well in agreement with the theoretical findings.

It was also proposed to qualitatively estimate the SOC strength by investigating the changes
in w-conjugation of hole or electron wave functions between singlet and triplet excited states.
This is well in correlation with the El-Sayed rule. For example, in the cases of 4CzPN and
4CzIPN (Figure 1.14), the CT contribution is strong for Si1 as well as for T1 for both
molecules, which makes the difference in SOC matrix elements seem surprising. However,
although S; and T1 have similar electron wave functions, the difference can be observed in
the hole wave functions. For 4CzPN the different carbazole moieties are participating in
electronic transitions to the S; and T states. Carbazole substituents that are in ortho-
positions relative to the cyano groups are involved in the transition to the S; state, while
meta-substituted carbazoles contribute to a Ti state. This causes the difference in m-
conjugation for the hole wave functions of the Sy and T1 similar to that for LE tripletand CT
singlet states. At the same time, for 4CzIPN the difference between hole wave functions of
S1 and Tu is less noticeable.'®
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Figure 1.14. Molecular structures of 4CzPN and 4CzIPN, and the relative values of their AEst and
spin-orbit coupling matrix elements (SOCME).

It is important to modulate properly the HOMO-LUMO energy gap (AEH-L) to decrease the
value of AEst. For the excited states with CT character the AEn.. for the whole molecule
should be considered where the HOMO is situated at the donor and the LUMO at the
acceptor moiety (AEST, , Figure 1.15). For the LE states it is more relevant to consider the
energy gap (AELE ;) between HOMO and LUMO of either donor or acceptor moiety, where
the excited state is localised. In donor-acceptor molecules S;: states are normally of a CT
character while the nature of T state can be modulated. For example, in the above discussed
compound 4CzPN (Figure 1.14) T1 has predominantly CT character, but when the number
of carbazole units is decreased from four to one, the T1 has dominant LE feature, and the
AEst gap is increased.'® The excited states of a CT character are more sensitive to the overall
change of the molecule’s HOMO-LUMO energy gap, so they can be modulated to decrease
the AEst by lowering the HOMO and LUMO energy levels of acceptor moieties or

increasing them for donor units (Figure 1.15).1%
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Figure 1.15. The ways of modulation of the HOMO-LUMO energy gap for the CT triplet state in a
donor-acceptor molecule. Here AEST; and AELE | are HOMO-LUMO gaps for the CT and LE triplet
state respectively, Ho (Ha) and Lp (La) are the HOMO and LUMO of the donor (acceptor) moieties,
respectively. HOMO and LUMO of the whole molecule are Hp and La respectively. The scheme is
adapted from the Ref.1%

As shown, optimisation of rISC can be performed in a different manner, and as more research
has been done in this field, it is clear that there is no strict set of rules as to how approach
the design of the materials. For example, some ways of achieving an efficient SOC
(involving singlet and triplet states of a different character, notably CT and LE) can
seemingly contradict the requirement for Ty and Sy excited states to be predominantly of a
CT nature to have a small AEst. There are several theoretical studies that might resolve this
contradiction. It is worth mentioning though, that they were performed for a limited set of
compounds, and it is possible that the mechanisms differ for other types of structures. Marian
has demonstrated that the efficient coupling between the singlet CT (!CT) and triplet CT
(3CT) states is possible when mediated by mixing with an energetically close triplet LE state
((LE).1% The influence of nonadiabatic (vibronic) coupling on I1SC and rISC rates was
investigated in the works of Chen et al.1%” and Gibson et al.1% Initially a two-step mechanism
for rISC was suggested by Adachi and co-workers in their study of blue TADF emitters, %
Later the concept was supported by theoretical and experimental studies and was described
in more detail 1! First, the vibronic coupling between 3LE and 3CT results in an
equilibrium between two states via reverse IC, then 3CT is coupled to 'CT with 3LE acting
as an intermediate. This coupling is most efficient when 3CT and 1CT are nearly isoenergetic
thus providing good vibrational overlap. In summary, both vibronic and spin-orbit coupling
elements are important to achieve an efficient riISC. This is consistent with the experimental

results showing that in sterically hindered D-A compounds (i.e., where the vibronic coupling
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is reduced) TADF is suppressed and RTP is observed instead (Figure 1.13).%* This type of
mixed mechanism that goes beyond simple spin-orbit interaction and takes into account the

contribution of the vibrational motion is also called a second order spin-vibronic coupling.!t?

It was experimentally proven that the environment can strongly influence the energy levels
of the excited states. For example, Santos et al. have demonstrated that in TADF molecules
the relative energy levels of 1CT and 3LE states can be tuned by changing the polarity of the
media.’*® Etherington et al. have performed another study on the influence of the host’s
polarity and rigidity on the relative position of the excited states and rISC.1° Both singlet
and triplet CT states are stabilised in a more polar environment as well as with decreased
host rigidity. The relative energy ordering of the three lowest excited states that are involved
in spin-vibronic coupling can be categorised in three distinct groups (Figure 1.16): (a) CT
states are above the LE state, (b) CT states are nearly isoenergetic with LE state, (c) CT
states are below the LE state.!%® Case (b) represents the best scenario for the efficient TADF.
Also, if in the case (c) the 'CT is isoenergetic with ’LE (Es, = Er,), an efficient TADF can
be possible even when the energy gap between !CT and 3CT is relatively large (Es, > Er,),
which would allow their use as TADF emitters the molecules with higher overlap between
HOMO and LUMO. Although molecular design strategies for achieving this are yet to be

defined. 11!
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Figure 1.16. Three possible TADF mechanisms according to the relative order of three lowest
involved excited states. Here VC is vibronic coupling and Em corresponds to the emission. The
scheme is adapted from Ref.1°
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Clearly, molecular structure is crucial for efficient TADF, but the host environment is
equally important as it can influence the excited states involved in the TADF process. The
role of the host materials in efficient TADF devices will be discussed in more detail in
Section 1.4.3.

To conclude, both spin-orbit and vibronic coupling contribute to the efficiency of rISC, and
for TADF to occur it is important for materials to have proper alignment of the excited states
involved in the transition. However, achieving high rISC rates alone is not enough for the
design of efficient TADF materials. Additionally, the PLQY of the compound should be
high enough for it to be used in OLED devices.

Increasing PLQY ?
CzT (®p =40%) BCzT (®p =96%)
(b) N
N

N

B0 G ﬁé 2

Figure 1.17. The widespread methods of increasing PLQY of TADF materials. (a) Introduction of a
phenyl linker between donor and acceptor moieties. (b) Delocalisation of the HOMO.
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There are several approaches to increase the PLQY of a material. One is to introduce a
phenyl linker between the donor and acceptor moiety in order to extend both the HOMO and
LUMO and reduce their isolation, which can lead to an increase of the oscillator strength.!*
As an example, BCzT containing such a linker exhibits a much higher PLQY compared to
the simple donor-acceptor compound CzT (Figure 1.17-a).1*> However, the presence of a
phenyl linker can also lead to a weaker CT character of the S: excited state and,
consequently, an increase of AEst.** The strength of CT character can be maintained in
such structures by using stronger donor and acceptor groups. Another method to achieve
higher PLQY is to increase the delocalisation of the HOMO by increasing the conjugation
of the donor moiety or by introducing additional donor units which would lead to an increase
of the transition dipole moment.!'® For example, compound DCzTrz demonstrates a PLQY
of 43% (Figure 1.17-b), but this increases to nearly 100% for TCzTrz when the third
carbazole substituent is introduced.!!’ As it can be seen, even though all the compounds
from the examples described above consist of carbazole-based donor and triazine-based
acceptor moieties, their PLQY's differ dramatically depending on the arrangement of these

units in the molecule.

Interestingly, compounds CPT3 and CPT4 reported by Hirata et al. demonstrate that the
stronger delocalisation of the HOMO leads not only to an increase of PLQY, but also to a
decrease of AEst (Figure 1.18).1'° Theoretical calculations demonstrate that while the
delocalisation of HOMO decreases the energy of the Si state it has no effect on the T state.
The T1 wavefunction for both compounds is confined to the central carbazole-phenylene-
triazine moiety due to the strong electronic coupling between carbazole and phenylene
triazine fragments and thus provides low triplet energy.8
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Figure 1.18. Molecular structures of the compounds CPT3 and CPT4,

Although in some cases PLQY and AEst in donor-acceptor TADF systems can be tuned
nearly independently, more often there is a clear trade-off between the efficiency of the rISC
and the radiative rates. Also, when the above described method of separating HOMO and
LUMO is used, the emission originating from the CT excited states is too broad.!
Normally, full width at half maximum (FWHM) of EL peaks for such materials is around 70
—100 nm,'? for comparison FWHM of below 20 nm can be achieved for LEDs.*?! FWHM
of above 50 nm impairs the colour purity and reduces EQE since commercial displays
require the use of colour filters.*?® This makes TADF compounds less suitable for display
applications.** Hence, it is desirable to create an efficient TADF material without using a

donor-acceptor strategy.

Li et al. have reported the acceptor-only compound HAP-3MF (Figure 1.19-a) with the rISC
occurring between 3(n, n*) and !(n, m*) excited states.!?? Although it demonstrated a
moderate PLQY of 26%, the 6% EQE indicates that TADF is most likely involved. However,
the mechanism of the TADF process in HAP-3MP was not explained. Hatakeyama et al.
have demonstrated that the separation of HOMO and LUMO could be achieved by a
multiple-resonance effect (Figure 1.19-b).*%° In both DABNA-1 and DABNA-2 the LUMO
is localised on the boron atom and at ortho- and para-positions relative to it, while the
HOMO is localised on the nitrogen atoms and at meta-positions relative to the boron atom
(Figure 1.19-c). In the theoretical study Northey and Penfold found that in DABNA-1 the
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rISC to Si1 occurs via an upper triplet excited state T2.12> DABNA-2 has demonstrated a
PLQY of around 85-90% and an EQE of more than 20%. More importantly, due to the non-
CT character of the excited states in the compound, a FWHM of only 28 nm was observed.

F
(a) (b)

9 f=0.415
2

HOMO (~4.69 eV) LUMO (-1.21 eV)

Figure 1.19. Molecular structures of non-CT TADF emitters. (a) Acceptor-only structure. (b)
Compounds with a multiple-resonance effect HOMO-LUMO separation. (c) Orbital localisation and
energies for DABNA-2 (reproduced from Ref.'?).

Mamada et al. have shown that HOMO-LUMO separation in triquinolonobenzene (TQB)
occurs due to excited state intramolecular proton transfer (ESIPT) (Figure 1.20-a).1%* The
ESIPT requires the presence of proton donor and proton acceptor groups (R2NH and R.C=0
respectively for TQB) situated close to each other in a molecule. The excitation M - M*
(Figure 1.20-b) causes the redistribution of electronic charge which leads to an increased
acidity of the proton donor and basicity of the proton acceptor.'?® This results in a proton
transfer between the proton donor and the proton acceptor leading to formation of a tautomer
A* (in the example described above, M and M* correspond to TQB, and A and A* to TQB-
A). After radiative decay, A* — A reverse proton transfer occurs to the initial form A - M
(TQB). Although TADF was observed previously in imidazole-based ESIPT materials,'?5

Mamada et al. were first to report the use of such emitters in OLEDs,?* Compound TQB
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demonstrates PLQY of up to 62% in the solid state, and the EQE of their devices reached
14%.

b) S, (M¥)
S, (A¥)
ISC risc
T, (A%)
Abs PF| |DF
H O H-0 —
B TS So (A)

TQB (M) TQB-A (A) S, (M)

Figure 1.20. TADF from an excited state intramolecular proton transfer. (a) Molecular structures of
TQB and its tautomer TQB-A. (b) Jablonski diagram for the ESIPT-assisted TADF process. Abs
and RIPT denote absorption and reverse intramolecular proton transfer respectively.

Recently, Pander et al. have reported TADF in pure donor systems (Figure 1.21).1%
Interestingly, all compounds demonstrate moderate AEst gaps of around 0.21-0.28 eV. This
could be attributed to the fact that the molecules have sufficient conjugation for the
delocalisation of the Sy state (thus lowering it), but at the same time a propeller-like slightly
distorted structure increases the energy of the triplet state to observe the reduced AEst. It
was suggested that rISC in these materials originates from the upper triplet states T»> and T3
populated via the reverse internal conversion (rIC) from the T1 excited state, and the whole
mechanism was called reverse internal conversion delayed fluorescence. The molecules also
demonstrate high PLQY of up to 89%, which was explained by the mixed n*-nn* character
of the excited states that enhances their coupling to the ground state. All compounds
demonstrate a strong contribution of DF, however when TCA-C4 was used in OLEDs, the
maximum EQE of devices was 4.1%. This could be explained by the strong electron-
blocking properties of the material that hinders the injection of electrons into the emissive
layer. Nevertheless, the devices demonstrate a very narrow EL peak with a FWHM of 38

nm.
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Figure 1.21. Chemical structures of donor-only TADF systems.

While the above described examples are still perceived rather as an exception to the rule,
they prove that TADF can be observed in a wide variety of organic materials and is often

mediated by the additional photophysical processes.
1.3.6 Colour tuning in TADF emitters

The colour of the emission is another important parameter in the design of any luminescent
compound. Just as in case of fluorescent and phosphorescent emitters, the creation of
efficient green and yellow TADF materials is relatively easy compared to blue and red. Blue
emission is difficult to achieve in TADF compounds because it requires maintenance of a
small AEst while keeping the HOMO-LUMO gap large enough to emit in the blue region.
In red TADF emitters the excited states are particularly susceptible to non-radiative decay,
which is consistent with the energy gap law.*?® Yet, there are already quite a few blue and
red TADF emitters reported up to date. Blue TADF emission could be achieved when weak
donors and acceptors are used, while it can also be beneficial to reduce m-conjugation in the
molecule. Diphenylamine, carbazole, and 9,9-dimethyl-9,10-dihydroacridine (DMAC) are
among the popular donors for blue emitters, while diphenyl sulfone and triazine derivatives
are often used as acceptors.’?® Some TADF materials were described above: BCzT (Figure
1.17-a) is an efficient blue emitter with an EL peak (AeL) at 492 nm, commission
internationale de 1’éclairage (CIE) chromaticity coordinates of (0.18, 0.34) and an EQE of
nearly 22%,'*> while CPT4 (Figure 1.18) has demonstrated Ag. = 487 nm, CIE (0.19, 0.35)
and an EQE of around 20%.%° Another example of a blue TADF material is DDMA-TXO2

where 9.9-dimethylthioxanthene-S,S-dioxide (which can be perceived as a rigidified
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modification of a diphenyl sulfone) is used as an acceptor and DMAC as a donor (Figure
1.22). It demonstrated an AeL of 465 nm, CIE (0.16, 0.25) and a maximum EQE of around
22%.1%0 However, reports of deep blue TADF emitters (with CIE y < 0.1) remain scarce.
One example is DS-Cbz (Figure 1.22) with CIE (0.15, 0.07) and an EQE of 9.9%.1%°
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Figure 1.22. Examples of blue TADF emitters.

For green and yellow emitters stronger donors such as phenoxazine and phenothiazine are
often used along with carbazole and DMAC derivatives. Triazine-based moieties as well as
cyano-substituted aromatic compounds are often the acceptors of choice.3! 4CzIPN (Figure
1.23) described at the beginning of this chapter is one of the most popular green TADF
emitters that was used in a variety of OLED structures, and some of the devices have
achieved nearly 30% EQE with Ae.=499 nm and CIE (0.20, 0.49).%%132 Green compound Px-
VPN and yellow Ac-CNP are good examples of successful colour tuning by changing the
strength of donor and acceptor moieties (Figure 1.23).2*3 Px-VPN demonstrates an EQE of
around 14% and CIE (0.35, 0.57), and Ac-CNP shows an EQE of 13% with CIE (0.47, 0.51).
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Figure 1.23. Examples of green and yellow TADF emitters.
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Red TADF emitters are often based on strong polycyclic heteroaromatic acceptors such as
dicyanodiazatriphenylene or dibenzo[a,j]phenazine.’** For example POZ-DBPHZ
demonstrated a good efficiency in devices with an EQE of 16% and AgL.= 610 nm (Figure
1.24).7*° Recently, two new red emitters Da-CNBQx (Ae.=617 nm) and Da-CNBPz
(AeL=670 nm) were reported (Figure 1.24). Devices for both compounds demonstrate
particularly impressive performance for red emitters with EQEs of 20% and 15%,

respectively.r*
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Figure 1.24. Examples of red TADF emitters.
1.3.7 Host materials for TADF emitters

For phosphorescent and TADF emitters their luminescence involves long lived triplets,
which gives a much higher probability of non-radiative relaxation of the excited states. When
neat films of such emitters are used in devices, performance is often compromised by
concentration quenching, triplet-triplet annihilation, excimer formation, exciton migration
and other unwanted processes.3” Some neat films of TADF emitters can give an EQE of up
to 20% in OLEDs,'® but this is an exception. More often TADF compounds should be
dispersed in a host matrix to suppress side de-excitation processes and achieve high
efficiencies. Some of the requirements for TADF hosts are similar to those for
phosphorescent emitters. First, the triplet energy of the host should be significantly higher
than that of the emissive material to avoid quenching the triplet states of the emitter and to

confine the excitons in the emissive layer.®’ It is particularly difficult to find an appropriate
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host for blue emitters, as the triplet level should preferably be above 3 eV. The HOMO and
LUMO of the host should match those of the adjacent layers to provide efficient injection of
charge carriers, and the host should also have balanced charge transport properties to ensure
efficient recombination of charge carriers, thus bipolar hosts are normally performing better
than unipolar.*® Many of the hosts applied in PhOLEDs such as 1,3-bis(N-
carbazolyl)benzene (mCP), 4,4'-bis(N-carbazolyl)-1,1’-biphenyl (CBP) or bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO) are used as well for TADF OLEDs
(Figure 1.25).%7 Due to a high triplet level (T, ~ 3 eV) DPEPO is often used as a host for
blue TADF emitters, 3140 mCP (T, =~ 2.9 eV)%® is a common host for green materials, and
CBP (T; = 2.6 eV) can be used in red OLEDs.'® It is also important for a good host material
to provide an efficient transfer of excitons to the emitter (guest). To achieve this, HOMO
and LUMO levels of the guest should ideally be within the HOMO-LUMO gap of the host,
and the absorption spectra of the TADF guest should overlap the emission spectra of the
host.®” In addition, the thermal and morphological stability of the host plays a crucial role in

increasing the lifetime of the device.'*

o 500y @E g@

mCP CBP DPEPO

Figure 1.25. Examples of the commercially available host materials for TADF OLEDs.

As discussed in Section 1.4.1, excited states in TADF compounds have strong CT character,
and rISC involves a complex spin-vibronic coupling mechanism between *CT and 3LE triplet
states mediating the following up-conversion to the 'CT singlet excited state.*'° Since the
excited states with CT character are more sensitive to the polarity of the environment than
LE states,'' the polarity of the host material can affect significantly the AEst. For example,
the CT states of a blue emitter DDMA-TXO2 described in Section 1.4.2. (Figure 1.22) are
stabilised in a polar DPEPO host.™*° This leads to a reduced AEst gap, higher rISC rates and,
consequently, a higher PLQY of the material with the EQE of the devices containing this
blend being above 22%.
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Traditional host materials cannot always satisfy all the requirements for achieving high
efficiencies of TADF OLEDs. Currently the design of new TADF hosts might be of even
higher interest than that of TADF emitters themselves. It is also particularly interesting to
find cost-efficient methods for the preparation of the host materials, as sometimes they
constitute the bulk of the emissive layer with doping concentrations of TADF emitter being

as low as 1 wt.%.

Cho et al. reported a new bipolar host material DCzDCN (Figure 1.26) that was used in
green OLEDs based on the 4CzIPN emitter.'** They showed a maximum EQE of 26.7%,
which is much higher compared to the devices using CBP as a host (EQE = 17.1%). The
authors have also highlighted the importance of balance between achieving high triplet
energy levels and keeping the bandgap of the material sufficiently low to avoid the increase
in driving voltage caused by a high energy barrier for charge injection. The turn-on voltage
of the DCzDCN:4CzIPN device is 3.0 eV. Remarkably, the lifetime of the devices with
DCzDPN as host was almost 20 times higher (200 h) than of those containing CBP (10.2
h), which is due to a higher morphological stability of DCzDPN films. Gaj et al. have
reported another bipolar TADF host mCPSOB (Figure 1.26) that also demonstrated high
performance in devices (EQE = 26.5%).14? Another interesting example is a pure
hydrocarbon host SF34 based on a spirobifluorene unit (Figure 1.26).24* The authors claim
it to have a higher chemical stability than comparable heteroatom-containing compounds.
The strongly twisted skeleton of SF34 provides a higher ambipolar charge transfer and a
good thermal stability. The SF34:4CzIPN devices demonstrated an EQE of 22.3%, very low
efficiency roll-off (EQE = 20.8% at 5000 cd/m?), and a device lifetime of above 250 h.
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Figure 1.26. Molecular structures of some bespoke TADF hosts.

Lee et al. have investigated the influence of the relative position of the donor and acceptor
on the properties of the bipolar host in the series of compounds pCzB-2CN, mCzB-2CN and
0CzB-2CN (Figure 1.27).1** Triplet energies for the materials were 2.58, 2.73 and 2.99 eV,
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respectively. The increase of triplet energy is due to the shortening of the conjugation
between carbazole and isophthalonitrile. The current density and luminance of the devices
with the 4CzIPN emitter increased from 0CzB-2CN to pCzB-2CN. The highest EQE of
26% was achieved in the device based on mCzB-2CN:4CzIPN, as the film of this blend
also had the highest PLQY (=100%). The lower PLQY of the pCzB-2CN:4CzIPN film
could be explained by the low triplet level of the host, while in the case of 0CzB-2CN it is

caused by poor energy transfer.
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pCzB-2CN mCzB-2CN oCzB-2CN

Figure 1.27. Donor-acceptor host materials with different interconnection positions of donor and
acceptor moieties.

Another way to achieve a balanced charge mobility is to use a blend of hole- and electron-
transporting materials instead of bipolar hosts. Kim and Lee have studied the behaviour of
mixed hosts and 4CzIPN in devices where the mCP:BmPyPb blend gave the highest EQE
of 28.6%.*° The high efficiency of the devices is due to the strong overlap of the emission
spectrum of the host blend with the absorption of the TADF emitter. It is also important that
the employed hole transporting material has a deeper HOMO than that of the emitter to avoid

exciton quenching.

O Q
Moo

mCP

Figure 1.28. Materials used as mixed hosts by Kim and Lee.
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Other studies have also pointed out the importance of molecular orientation of the host as
well as the compatibility of molecular structure and polarity of host and guest materials for
increased efficiency of devices.!*® With a constantly growing amount of efficient TADF
emitters reported each year, the development of TADF host materials becomes an

increasingly appealing direction of research in the field with more exciting findings to make.

1.3.8 TADF in dendrimers and polymers

Polymers and dendrimers possess many advantages such as the possibility to use solution-
processing methods for device fabrication (which can be cheaper and more suitable for large
area deposition), better film-forming properties and increased thermal stability. However,
there are still relatively few examples of TADF macromolecules reported to date. Most
macromolecular materials demonstrating TADF show rather moderate EQEs in OLEDs
compared to devices containing small molecules. This is probably due to the methods used
in the device fabrication which are rarely optimised, so the development of materials
convenient for more versatile device optimisation is of the high interest in the area, and some

of the approaches seem to be very promising.

As discussed in the previous section, for enhanced performance of devices small TADF
molecules are usually dispersed in a host matrix. However, hosts can negatively affect the
photophysical behaviour of the emitter, reduce the PLQY and change the fluorescence and
photoluminescence spectra profiles. These changes can be caused by the formation of
exciplexes between a guest and a host molecule, which can make the non-radiative decay
more favourable for the excited states of the guest molecule.®®” The emission of exciplexes
is also usually red-shifted and more broad compared to that of the isolated molecule.'#’
Efficiency losses in host-guest blends can also result from phase separation caused by
differences in the molecular structures of two materials.®” One solution would be to use a
self-host TADF material instead of the heterogeneous system. In recent years several
dendrimer and polymer TADF materials containing an intramolecular host moiety were
reported. There are three main ways to incorporate host units into the polymer or dendrimer
backbone.'*® The TADF core of the dendrimer can be surrounded by dendrons serving as a
host (Figure 1.29-a), the TADF unit can be copolymerised with the host monomer (Figure
1.29-b) or pending TADF and host groups can be grafted onto the main polymer chain

(Figure 1.29-c). Currently, most self-host materials are dendrimers.
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Figure 1.29. Schematic structures of polymer (a,b) and dendrimer (c) self-host materials.

Dendrimers are peculiar macromolecules that combine the advantages of both small
molecules and polymers. In a similar way to small molecules they have a precise chemical
structure that allows increased tuneability of HOMO and LUMO levels, which in turn can
lead to better device efficiencies.'*® At the same time, much like polymers, they demonstrate
good film morphology and are more suitable for solution deposition. Albrecht et al. were
first to report the GNTAZ series of TADF dendrimers with a triazine core and carbazole
dendrons (Figure 1.30-a).2*® The bulky dendrimer structure inhibited the intermolecular
interactions and reduced concentration quenching. The luminescence spectra are very similar
for dendrimers of different generations proving that the emission originates from the central
triazine-carbazole core. G3TAZ has demonstrated the best efficiency, although the EQE of
the devices was only 3.4%. Later, the same group reported a modified version of G3TAZ
with tert-butyl groups introduced on the terminal carbazoles.**! The maximum EQE of the
optimised devices was 9.4%. The same idea of the encapsulation of the TADF core with
carbazole dendrons later led to the preparation of dendrimers based on diphenyl sulfone-
DMAC TADF unit (maximum EQE of the device is 12.2%),'% and benzophenone-carbazole
TADF core (EQE = 17.0%).1%
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Figure 1.30. Molecular structures of the triazine-based TADF dendrimers series.

In the examples described above carbazole dendrons are conjugated with the TADF core,
and in some cases the photophysical properties of the emissive core can be influenced by the
peripheric dendrons, which is not always desirable.!> To avoid this, the dendrons can be
grafted to the central TADF unit by non-conjugated linkages. Ban et al. have developed two
new dendrimers TZ-Cz and TZ-3Cz (first and second generation, respectively) based on the
same triazine-carbazole core as the GnTAZ series (Figure 1.30-b).> Here the carbazole
dendrons are connected to the central unit via alkyl chains. A device based on TZ-3Cz has
demonstrated a maximum EQE of 10.1% which is higher than that for TZ-Cz (6.5%) and
for the unsubstituted TADF unit TZ (1.09%). The turn-on voltage of the devices decreased
for higher generations being 4.7 V for TZ, 4.0 V for TZ-Cz and 3.6 V for TZ-3Cz. Current
density is also higher for TZ-3Cz, demonstrating that the bulky dendrone enhances charge
injection and charge transporting properties of the compound. The same group has prepared
several bipolar self-host TADF demdrimers such as poCz-SO'® and POCz-DPS®’ based
on the diphenyl sulfone-carbazole blue TADF emitter (DMOC-DPS) (Figure 1.31). The
attached dendrons were based on a bipolar phosphine oxide carbazole moiety, which is
particularly interesting considering that most of the previously used dendrons are carbazole-
only based. The highest EQE was achieved for the POCz-DPS (7.3%).
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Figure 1.31. Molecular structures of bipolar self-host dendrons.

Polymer PAPTC is another example of a self-hosting TADF material (Figure 1.32-a).1%
Here the acceptor is connected via the side chain to the donor part of the TADF unit situated
in the backbone and alternated with carbazole which plays the role of the intramolecular
host. PAPTC has demonstrated a maximum EQE of 12.6%, which is the highest efficiency
reported to date for polymeric non-doped solution-processed TADF emitters. Most of the
time, to achieve high device performance, TADF polymers are dispersed in a host matrix.
Xie et al. have reported a series of side chain type TADF polymers PCzDP prepared with
various feed molar ratios of the TADF monomer (Figure 1.32-b).2*® The highest EQEs of
5.0% (non-doped) and 16.1% (doped with the small molecule TADF emitter in the mCP
host) were observed for devices based on the PCzDP-20 material. Wang et al. have prepared
another series of TADF polymers PSFOTT with a different content of TADF units, where
a pending acceptor is attached to a donor in the backbone (Figure 1.32-c).1® A TADF
monomer was copolymerised with fluorene and dibenzothiophene-S,S-dioxide derivatives.
Films of polymers with a low TADF unit content (0.5-1 mol%) exhibit dual blue and orange
emission originating from the backbone and TADF moiety, respectively, which results in an
overall white photoluminescence. The emissions of polymers containing 2-10 mol% of
TADF unit is predominantly orange due to a more efficient energy transfer from the
backbone to a TADF unit. The best performance was demonstrated for PFSOT T2 with 4.8%
EQE in non-doped devices, and an EQE of 19.4% in the mCP host. Ren et al. have reported
a series of copolymers Copol, Copo2, Copo3 and Homopo containing different ratios of
dibenzothiophene-S,S-dioxide-phenothiazine TADF moiety and styrene unit used as a
spacer suppressing TTA processes (Figure 1.32-d).1%* It was demonstrated that the presence
of styrene reduces the interactions between TADF units and provides a higher colour purity

of the material. The best performance was achieved for the Copol-based device with a
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maximum EQE of 20.1%, although at a higher brightness of 100 cd/m? the EQE was 5.3%.

The emitter was used in an mCP host.

\
XNM PCzDP-5 x=0.05
PCzDP-10  x=0.10

PCzDP-15 x=0.15

N
©[ j@ PCzDP-20  x=0.20
0

PSFOTTO0.05
PSFOTTO.1 x=0.1
PSFOTT0.5 x=0.5
PSFOTT1 x=1
PSFOTT2 x=2
PSFOTT5 x=5
PSFOTT10 x=10

Copo1 m:n = 63:37
Copo2 m:n = 54:46
Copo3 m:n = 33:67
Homopo m:n=0:100

Figure 1.32. Molecular structures of some TADF polymers.

It is also possible to achieve TADF in polymers with a non-conjugated backbone via a
through-space charge transfer effect between pendant donor and acceptor moieties.'®? TADF

can also be observed in oligomers prepared from non-TADF monomers. 63

1.3.9 TADEF in exciplexes

An alternative way to achieve TADF is to use two different molecules that can form an

intermolecular excited state complex, which is also called an exciplex.!%

Exciplexes and excimers are bimolecular complexes formed upon excitation of one of the
participating molecules. The interaction between the excited molecule A* and ground state
molecule A can result in formation of the excited state dimer (AA)* also called an excimer.
When two different molecules participate in a process, one being a donor (D) and another

an acceptor (A), the newly formed complex (DA)* is an exciplex (Figure 1.33).147:165
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Figure 1.33. Schematic representation of the exciplex formation when either acceptor (left) or donor
(right) are excited. Adapted from Ref .1¢°

The wave function of the exciplex can be expressed as a linear combination of LE and CT

states, and the influence of ground states can be neglected (Equation 1.9).1%°
Y(DA]") =~ c30(D"A) + c2(DA") + c;$(DTA™) (1.9)

Here the coefficients indicate the relative contribution of each state. The first two terms
represent local excited states of a donor (LEp) and an acceptor (LEa), and the last term

corresponds to an intermolecular CT state.16®

The formation of exciplexes is a common process in organic electronic devices. First reports
of exciplex emission in OLEDs date back to 1998 when it was observed by Itano et al.’
The exciplex was formed on the interface between the emitter and a hole-transporting
material. The first exciplex-based TADF OLED was reported by Goushi et al.'®® The
emissive layer comprised the mixture of either 50mol% m-MTDATA:t-Bu-PBD or m-
MTDATA:3TPYMB (Figure 1.34). OLEDs consisting of ITO (110nm)/m-MTDATA (20
nm)/50 mol% m-MTDATA:3TPYMB (60 nm)/3-TPYMB (20 nm)/LiF (0.8 nm)/Al (50 nm)
have demonstrated a maximum EQE of 5.4%. Nowadays efficiencies of above 10% can be

achieved for exciplex-based devices.'®
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Figure 1.34. Molecular structure of donor (m-MTDATA) and acceptors (t-Bu-PBD and 3TPYMB)
forming exciplexes.

The main advantage of exciplex-based devices is the simplicity of the structure, as two
materials are used in three layers. The donor component of the exciplex can be used
simultaneously as an HTL, while the acceptor is applied as an ETL. This can reduce the
voltage drops normally caused by charge injection and transport through additional layers,
and that is why many exciplex devices demonstrate low turn-on voltages of around 2.5 V.#’
However, for efficient formation of exciplexes the materials should be used as neat films,
which makes it impossible to improve the efficiency of devices by dispersing the emissive

compound in a host matrix.
1.3.10 Other uses and future perspectives for TADF emitters

TADF molecules can also be used as assistant dopants in fluorescent OLEDs. In this case
the emissive layer comprises of a host material, a TADF assistant dopant and a fluorescent
emissive dopant. Nakanotani et al. have reported a series of blue, green, yellow and red
OLEDs based on such a system.10 In these devices triplet excitons formed upon electrical
excitation of the TADF dopant are converted to singlet excitons and transferred to the Sz
state of the fluorescent emissive dopant via Forster energy transfer (FRET) followed by
radiative decay. The concentrations of the TADF dopants in the reported devices varied from
15 to 50 wt% to ensure that they act as main charge recombination centres, and the
concentrations of the emissive dopant were as low as 1 wt% to avoid charge carrier trapping

on fluorescent molecules. To provide an efficient FRET there should be a significant overlap
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between the absorption spectra of the emitter and photoluminescence spectra of the TADF
dopant. The maximum EQE of the devices was 18%. Recently, this approach was used to
prepare near-infrared OLEDs for biosensing applications.!’* Such three-component systems
might be difficult to technically realise on an industrial scale,}’? but it is also possible to
create a two-component system consisting of a TADF compound, used as a host, and a
fluorescent dopant.*”® TADF materials were also used as hosts in phosphorescent OLEDs.*"*
This approach however does not possess the advantage of metal-free TADF systems. Apart
from being applied in OLEDs, TADF emitters encapsulated in a polymer matrix were

applied in fluorescence imaging in living cells.*”™

Since the beginning of 2019, the amount of reports on current or planned releases of OLED-
based devices is on the rise. That includes the promise of Apple to switch from LCDs to
OLED:s in all its iPhones by 2020, the release of laptops from Dell, HP and Lenovo with
OLED screens,!’” and a spectacular presentation of rollable OLED TVs from LG during
CES 2019.% This means that OLEDs are here to stay at least for the near future. Using TADF
materials could be the way to make technology more viable and attractive for mass market
applications. Until now most of the commercial OLED displays use phosphorescent organic
materials for red and green pixels while blue pixels are based on fluorescent compounds
which impairs the overall efficiency of the device.!”> One of the first steps for the commercial
application of TADF materials would be to use them as blue emitters in OLED displays. At
the moment CYNORA in collaboration with LG Display is developing deep-blue TADF
emitters, and expects to get blue TADF materials in mass production by 2020.17® This could
possibly lead to further exploration of TADF phenomena in commercial products. It is also
interesting to explore further the TADF mechanism in materials designed without the use of
a common donor-acceptor scheme, such as compounds with ESIPT-mediated TADF or
molecules with non-CT excited states. Other challenges can be found in the design of
efficient host materials and macromolecular TADF compounds. Thus, while dozens of
reports on new TADF emitters appear each week with many of them demonstrating
performance in OLED devices that might appear hard to surpass, there are still numerous
problems related to the topic that do not receive enough attention and are waiting to be

solved.

44 |Page



Chapter 2. Helicene-Based TADF emitters

In this chapter the behaviour of two new helicene-based TADF emitters is examined with an
emphasis on the photophysical properties of the materials in the solid state. The influence of
the molecular packing within crystal lattice on TADF emission is also discussed in this study.
When solvent is present in the crystal lattice of the diaza[5]helicene-based compound,
aggregation is suppressed and the material demonstrates higher PLQY and stronger TADF

emission. Solution processed OLED devices show maximum EQE of 7.1% for the materials.

The work presented in this chapter was published in Journal of Materials Chemistry C
(Klimash, A.; Pander, P.; Klooster, W. T.; Coles, S. J.; Data, P.; Dias, F. B.; Skabara, P. J.
Intermolecular Interactions in Molecular Crystals and Their Effect on Thermally Activated
Delayed Fluorescence of Helicene-Based Emitters. J. Mater. Chem. C 2018, 6 (39), 10557—
10568.). This was a collaborative project between the group of Professor Peter Skabara from
the School of Chemistry (University of Glasgow), Organic Electroactive Materials (OEM)
group at Durham University and the National Crystallography Service at the University of
Southampton. A. Klimash has worked on the design, synthesis, purification, structure
characterisation, and electrochemical and thermal analysis of new materials. P. Pander has
performed steady state and time-resolved photophysical measurements, device fabrication
and device testing. W. Klooster has performed X-ray crystallographic analysis.
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2.1 Introduction

Despite the increasing amount of TADF materials reported to date, very few studies have
focused on investigating TADF behaviour of compounds in a pure solid state, without
dispersing the emitter in a host. Recently, several TADF emitters with mechanochromism
were reported. Okazaki et al. have presented new TADF dibenzo[a,j]phenazine-based
materials with a detailed analysis of their tricolour-changeable mechanochromic
luminescence.'’® Pashazadeh et al. have presented a similar study of quinoxaline-based
TADF emitters,'® The influence of the solid state solvation on the behaviour of TADF
compounds was also discussed in several works.'®182 |t is also important to understand
prompt and delayed fluorescence processes in the solid state for materials demonstrating
aggregation-induced emission.'®® Also, the study of TADF in crystals would be beneficial
for extending the application of TADF phenomena to organic light-emitting transistors®* as
crystalline materials can provide a rare combination of high charge carrier mobility and high

luminescence.18

The photophysical properties of two helicene-based TADF materials are discussed in this

chapter, and their behaviour in the crystalline phase is described.
2.1.1 Structure and properties of helicenes

Helicenes belong to a family of polycyclic aromatic hydrocarbons (PAHSs) (Figure 2.1).
While most PAHSs have a planar backbone, helicenes that consist of several ortho-fused

aromatic rings have a twisted structure due to an intramolecular steric repulsion.

D 0B & &

pyrene benzo[c]phenanthrene

dibenz[a,h]anthracene [5]helicene

Figure 2.1. Chemical structures of various polycyclic aromatic hydrocarbons and their space-filling
models (reproduced from Ref 1),
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Despite the absence of chiral centres, helicenes are chiral compounds (Figure 2.2). Due to a
nonplanarity, the benzene rings in helicenes are not regular hexagons, as the length of the
bonds in the inner helix of helicenes are bigger than of those in the outer helix.’®” Yet, n-
electrons can still be efficiently delocalised through the distorted backbone.'® Enantiopure
helicenes have high specific optical rotation,' and their less rigid skeleton makes them
more soluble compared to planar PAHs.**® Such particularity has encouraged the application
of helicenes in fields ranging from asymmetric catalysis!®'%2 to chemical sensors,%31%

nonlinear optics,***" and circularly polarised luminescent materials.%¢1%°

S

e

5

<o

(M)-[6]helicene (P)-[6]helicene

Figure 2.2. Chirality of [6]helicene. Space-filling models reproduced from Ref.18

Photoluminescence quantum vyields of unsubstituted helicenes are low due to a fast
intersystem crossing rate.2% This is likely to be the reason why they were not considered for
use in OLEDs until recently.?’* However, as in many other organic compounds, the emissive
properties of helicenes can be tuned by further functionalisation.?®> The reduced -
conjugation, caused by a distorted molecular structure, results in a relatively large HOMO-
LUMO gap even in higher helicenes, which makes them interesting candidates for blue
OLEDs.2%32% gchmidt et al. have demonstrated that the deviation from planarity in
monoaza[5]helicenes directly influences the strength of the spin-orbit coupling and,
consequently, the intersystem crossing rates in materials.?°2%” Another theoretical study by
Yang et al. has demonstrated that the chirality of the compounds can significantly influence
the behaviour of material in the bulk.?%® It was shown that crystalline 1-aza[6]helicene can
demonstrate up to 80 times higher hole mobility in a racemic mixture compared to an
enantiopure one. All these findings prove that helicenes are an exciting and promising class
of materials to be used in organic electronics, and more in-depth understanding of the

photophysical behaviour of these compounds is required.
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2.2 Results and Discussion

The key materials in this work are H1-PXZ and H2-PXZ (Scheme 2.1). Mono- and
diaza[5]helicene were used as acceptors that provide particular steric hindrance with their
distorted skeleton thus reducing the AEst gap. Phenoxazine is used as a donor. Its
morpholine-like central ring fused to two benzene rings contributes to a higher twist within
the structure, better separation of HOMO and LUMO, and induced CT transition.?% The

final materials were prepared from helical cores 2.6 and 2.10 (Scheme 2.1).

Cl — Cl
7 \
NN N
p— _ _
25
Buchwald-Hartwig coupling Oxidative photocyclisation

S

. CI Cl —
-H8 - U8
X0 SR

210

H2-PXZ

Scheme 2.1. Retrosynthetic strategy for the preparation of compounds H1-PXZ and H2-PXZ
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2.2.1 Synthesis and characterisation of the materials

A modified literature procedure was used for the preparation of the helical core 2.6%'° and

its synthesis is summarised in Scheme 2.2.

24 PPh3
\ CHO _NaBH, CBry, PPh3 PPhs, Tol
/ MeOH THF DCM RT 100 °C, 12h
N 93% 67% 80%

B@ o N\ Cl
;
pph, 21 _ >
NaH, DCM 0
—_ = —_—
N 24 RT, 10h A I2, hv, Tol, 36h
Z
N~ “Cl 88% P 85%
N~ “Cl
25

Scheme 2.2. Synthesis of the helical core 2.6.

First, 2-chloroquinoline-3-carboxaldehyde 2.1 was reduced to alcohol 2.2 which was next
converted into bromide 2.3 via an Appel reaction. The phosphonium salt 2.4 was then
prepared from 2.3 and used next for the preparation of alkene 2.5 via Wittig olefination with
aldehyde 2.1. Helicene 2.6 was prepared from 2.5 by oxidative photocyclization under UV
irradiation. The preparation of helical acceptor core 2.6 was the limiting step for the scale-
up of the material as the reaction was performed in highly diluted solution to avoid side
products of [2+2] cycloaddition. The final compound H1-PXZ was prepared via Buchwald-
Hartwig coupling between phenoxazine and the core 2.6 (Scheme 2.3).

Scheme 2.3. Synthesis of the target molecule H1-PXZ.
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Several different procedures were investigated for the preparation of H1-PXZ (Table 2.1).
The reaction was found to be the most efficient when carried out in a microwave synthesiser.
When Pd2(dba)s was used as a catalyst, the final product could not be fully separated from
the dibenzylideneacetone ligand by column chromatography, so Pd(OAc)2 was used as an
alternative.

Table 2.1. Attempted syntheses of H1-PXZ.

Entry Conditions Yield, %
1 Pd(dba)s, tBusP, Cs,COs3, Tol, 110°C, 19 h -
2 Pdz(dba)s, tBusP, Cs,COs, Tol, 100°C, microwave, 2 h 34%
3 Pd(OAC),, tBusP, Cs2COs, Tol, 100°C, microwave, 2 h 45%

The synthesis of helicene H2-PXZ is shown in Scheme 2.4. The procedure is similar to that
used for the preparation of H1-PXZ. 2-(bromomethyl)naphthalene 2.7 was converted into a
phosphonium salt 2.8, which was next used for the preparation of the alkene 2.9. The helical
acceptor core 2.10 was prepared next via oxidative photocyclisation. The yield of the
reaction was lower than that for the helicene 2.6, as in this case planar side products also
formed. Finally, H2-PXZ was prepared following the Buchwald-Hartwig procedure
described above.

2.1
©

Br N oHO N_ _Cl
Br @ PPh, P @j/
N Cl
PPh3 Tol NaH, DCM =
110 °C, 12h RT, 10h
95%

0,
27 2% ?
N\ Cl phenoxazine,
O Pd(OAc),, Cs,CO3

(0] t-BusP, Tol
29 —— > S
I, hv, Tol, 36h 100 °C, mw, 2h
2.10 H2-PXZ

Scheme 2.4. Synthesis of the compound H2-PXZ.
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The molecular structure of H1-PXZ and H2-PXZ was confirmed by *H NMR, ¥*C NMR
(see Appendix) and high-resolution mass spectrometry. The *H NMR spectra of both

compounds at room temperature display broad peaks corresponding to protons of
phenoxazine units.
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Figure 2.3. Variable temperature *'H NMR experiments for H1- and H2-PXZ at 273-323 K in
chloroform-d, showing the aromatic peaks in the range 5.8 to 6.9 ppm.

Variable temperature NMR experiments (Figure 2.3) demonstrate that at lower temperature
these peaks are separated and sharp, which most likely indicates the presence of two
conformers existing due to a restricted rotation between donor and acceptor. This is also

consistent with the results of temperature-dependent photophysical studies described below.
At higher temperatures the peaks coalesce.

2.2.2 X-ray crystallography

The structures of both compounds were further confirmed by single crystal X-ray diffraction
studies. Crystals of both H1-PXZ and H2-PXZ were obtained by slow evaporation from a
mixture of ethyl acetate : hexane (1 : 7). For H1-PXZ two types of crystals were formed
simultaneously: luminescent orange blocks (H1-PXZ-0) and non-luminescent red needles

(H1-PXZ-r). In each case, the compounds are present as a racemic mixture of two
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enantiomers. The torsion angles between the donor and acceptor moieties in H1-PXZ-o are
reduced compared to H1-PXZ-r (Figure 2.4), being 73.14°, and 87.98°, respectively.

Figure 2.4. Molecular structures of H1-PXZ-o0 (a, ¢) and H1-PXZ-r (b, d).

The structure of H2-PXZ is shown in Figure 2.5 and the molecule has a torsion angle of
82.92°.

Figure 2.5. Molecular structure of H2-PXZ.
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Unlike the other two crystals, H1-PXZ-0 contains hexane in the crystal lattice which
significantly influences the packing within the crystal (Figure 2.6-a) and its photophysical
behaviour. In H1-PXZ-r (Figure 2.6-b) intermolecular n-n close contacts (ca. 3.2-3.5 A) can
be observed between the benzene rings of the phenoxazine units, whilst for H1-PXZ-o there
are no close contacts due to the presence of the occluded hexane molecules. Since there are
two phenoxazines per H1-PXZ molecule, this produces infinite chains of close contacts,
which can result in the formation of low-emissive excimers.}*” In H2-PXZ there is only one
phenoxazine moiety, and this unit has a close intermolecular n-m interaction with an adjacent

molecule to form aggregated pairs of molecules (Figure 2.7).

b)

Figure 2.6. Crystal packing structure of H1-PXZ-0 (a) and H1-PXZ-r (b). H atoms omitted for
clarity.
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Figure 2.7. Dimers of H2-PXZ with H atoms omitted for clarity.

2.2.3 Electrochemical and thermal analysis

The electrochemistry data are presented in Table 2.2. The cathodic and anodic peaks are

shown for reversible and irreversible (irr) processes and determined from the onset
potentials.

Table 2.2. HOMO-LUMO levels and Eq for H1- and H2-PXZ.

HOMO, eV LUMO, eV Eq, eV Eox, eV Erea, €V
H1-PXZ  -5.35 -2.96 2.39 0.55 -1.84; -2.20(irr)?
H2-PXZ 525 -2.57 2.68 0.45 -2.23(irr)

2 (irr) denotes irreversible; ® HOMO(LUMO) calculated from the peak of the corresponding redox
wave and referenced to ferrocene.

Both compounds demonstrate one reversible peak around 0.5 eV. H1-PXZ presents first
reversible and second irreversible reduction peaks (Figure 2.8) while for H2-PXZ there is
only an irreversible reduction peak (Figure 2.9).

1.0¢10° 25x10°

— H1-PXZ Reduction . —— H1-PXZ Oxidation
2.0x10° |
5.0¢10° 1
1.5x10° o
0.0 4 1.0x10°
< < .
= ) =  50x10° 4
E -5.0x10" E
S S 0.0 |
O (&)
-1.0x10° - s |
5.0x10°
-1.5x10° -1.0010° o
-1.5x10°® -
-2.0010% — T T T T T T T T T T T
25 20 -15 -1.0 05 02 0.0 02 0.4 0.6 0.8 1.0 1.2
Potential (V) Potential (V)

Figure 2.8. Reduction (left) and oxidation (right) curves from cyclic voltammetry of H1-PXZ

referenced against the Ei. of the Fc/Fc* redox couple; 5-10* M solutions in 0.1 M n-BusNPFg
(CH.CLy).
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Figure 2.9. Reduction (left) and oxidation (right) curves from cyclic voltammetry of H2-PXZ
referenced against the Ei. of the Fc/Fc* redox couple; 5-10* M solutions in 0.1 M n-BusNPFg
(CH.CL).

Thermal properties for both compounds were investigated in powder by differential scanning
calorimetry (DSC) and thermal gravimetric analysis (TGA). The DSC curves do not reveal
any thermal events for H1-PXZ and H2-PXZ. Both compounds have high thermal stability
and demonstrate 5% weight loss only at 356.5 °C and 334.4 °C for H1-PXZ and H2-PXZ

respectively.
2.2.4 Photophysics of helicene-based emitters

The photophysical properties of both H1-PXZ and H2-PXZ were investigated in solution
and in the solid state in Zeonex matrix and in crystals. The measurements were performed
by Piotr Pander from the OEM group in Durham University. Both molecules demonstrate
the typical behaviour of TADF materials with D-A and D-A-D structure 8”8

2.2.4.1 Photophysical studies in solution

The absorption spectra of both compounds demonstrate the presence of a charge transfer
(CT) band (Figure 2.8). The materials exhibit mixed local (LE) and CT emission in solution.
Remarkably, the contribution of the LE photoluminescence in solution is much stronger for
H1-PXZ and H2-PXZ compared to other TADF materials with a small S-T gap. This could
be possibly explained by a steric hindrance between donor and acceptor moieties that
restricts the rotation of the substituents around the C-N axis, as described in previous
studies.** The dihedral angle between donor and acceptor is nearly orthogonal due to the
limited rotation of the donor moiety around the C-N bond. In this case the radiative decay
rate from the LE state can compete with the formation of the CT states, as the population of

the CT state is slowed down. However, other TADF compounds with similar arrangements
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of donor and acceptor units often show strong TADF in solution. Thus, the orientation of D
and A moieties itself cannot explain the quenching of the CT emission. Therefore, the
internal conversion (IC) is the most plausible cause of the suppressed CT
photoluminescence. Long-lived emission of the CT state is more strongly affected by the IC
compared to that of the short-lived LE state. Due to the strong electron-accepting properties
of the helical core of H1-PXZ, the compound exhibits CT emission only in non-polar
methylcyclohexane (Figure 2.8). In more polar toluene and dichloromethane (DCM) the CT
emission is quenched. On the other hand, H2-PXZ demonstrates a clear solvatochromic shift
of the CT luminescence in more polar solvents. This suggests that H1-PXZ has a much
stronger CT character compared to H2-PXZ. Due to this, the HOMO-LUMO of H1-PXZ

situated at D and A moieties respectively are nearly orthogonal in the solvent.
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Figure 2.10. Photoluminescence spectra of H1-PXZ and H2-PXZ in solutions of various polarity,
hex = 355 nm.

One of the simplest ways to determine whether there is a contribution of triplet excited states
to the photoluminescence process is to compare the intensity of the emission in the presence
of oxygen and in degassed solution. Molecular oxygen is a quencher of luminescence. Its
ground state is a triplet 302, and the excited triplet or singlet states of the molecule (M*) can
be quenched via energy transfer resulting in the non-radiative decay of M* to the ground
state (M) and the formation of the singlet excited state oxygen (Equation 2.1).%°

A"+ 3%, - A + o, (2.1)
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Intensity (a.u.)

The longer the lifetime of the excited state the stronger its sensitivity to the presence of
oxygen. Consequently, triplets are more strongly affected than singlet excited states. Indeed,
the emission is suppressed for both H1-PXZ and H2-PXZ in the presence of oxygen (Figure
2.11).
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Figure 2.11. Emission of H1-PXZ (left) and H2-PXZ (right) in the presence of oxygen and in
degassed solution; Aex = 355 nm.

To understand complex photophysical processes involved in TADF the luminescence should
be investigated using time-resolved measurements. In this study phosphorescence, prompt
fluorescence (PF) and delayed fluorescence (DF) spectra as well as fluorescence decay (from
400 ps to 1 s) were measured using nanosecond gated luminescence and lifetime
measurements. Here, a pulsed Nd:YAG laser emitting at 355 nm or a N laser emitting at
337 nm was used as the excitation source. The resulting emission was focused onto a
spectrograph and detected on a sensitive gated intensified charge coupled device (iCCD)
camera with sub-nanosecond resolution. Time resolved measurements can be performed by
varying the gating delay, also called time delay, that determines the time when the collection
of emitted by the sample photons begins, and integration times (the duration of collection).
The photoluminescence decay curves can be obtained by recording multiple spectra while

logarithmically increasing the gating delay and integration times.
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Photoluminescence decay of H1-PXZ and H2-PXZ in MCH solution at room temperature
shows the usual behaviour of a TADF emitter with two exponential regimes corresponding
to prompt and delayed fluorescence (Figure 2.12). It is worth noting that the presented

decays reflect only CT emission, as 'LE states decay within the first nanosecond.
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Figure 2.12. Photoluminescence decay of H1-PXZ and H2-PXZ in methylcyclohexane (MCH)
solutions.

The photophysical properties of H1- and H2-PXZ are summarised in Table 2.3. The PLQY
of degassed solutions is 7% and 4% respectively, which is caused by the strong contribution

of the non-radiative decay for the materials.

Table 2.3. Photophysical properties of materials in methylcyclohexane

Compound Amax, NM? @p, P TpF, NS° Tor, psd
H1-PXZ 611 0.07 15.0+£0.2 0.40 £0.02
H2-PXZ 536 0.04 6.1+0.2 0.47 £0.02

@ Charge transfer photoluminescence maximum Aexc = 410 nm;  photoluminescence quantum yield
in degassed solution, Aexc = 410 nm ; ¢ prompt fluorescence lifetime in a degassed solution; ¢ delayed
fluorescence lifetime in a degassed solution.

2.2.4.2 Photophysical properties in polymer matrix

Both compounds show TADF emission when doped in non-polar polymer Zeonex, 1 wt.%
(Figure 2.13-a,b; Figure 2.14). The lifetime of both prompt and delayed fluorescence is
longer in the solid state than in solution (Figure 2.14 and Figure 2.12). This suggests that the
non-radiative decay is suppressed in the solid state. In solution H2-PXZ appears to be a
more efficient CT emitter than H1-PXZ (Figure 2.10) most likely due to a faster radiative
decay of the CT state which can compete effectively with internal conversion. At the same
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time the CT emission is observed for both molecules in Zeonex matrix (Figure 2.13-a), and
TADF is more prominent. Thus, the investigation of the photophysical properties of the

systems are focused on materials in the solid state, i.e. in films and crystals.
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Figure 2.13. Photophysical characteristics of the materials in the solid state: a) steady-state emission
spectra in Zeonex; b) photoluminescence decay of HI1-PXZ in Zeonex; c) steady-state
photoluminescence spectra of molecular crystals; d) photoluminescence decay of H1-PXZ-o
crystals.

Temperature is one of the crucial parameters that influences knsc and resulting TADF
emission, as it follows from Equation 1.3 discussed in Section 1.4.1 of Chapter 1. Thus, the
temperature dependence is an important proof of TADF character of the delayed
fluorescence as the integral of the DF increases with the increase of temperature for TADF

materials.8’

However, the fluorescence decay of H1-PXZ and H2-PXZ demonstrates a slightly different
situation due to a strong contribution of non-radiative decay for the triplet state of the
molecules. Instead of decreasing, the TADF intensity increases as the temperature decreases
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to 160 K (Figure 2.14) for both H1-PXZ and H2-PXZ. This is caused by the suppression
of the non-radiative decay at lower temperature. Below 160 K the DF intensity decreases as

is expected for TADF materials.
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Figure 2.14. Photoluminescence decay of H1-PXZ and H2-PXZ in Zeonex film (1% w/w) at various
temperatures.

There are two different ways to experimentally determine AEst. The first is to calculate the
difference between the onset of the fluorescence and phosphorescence peaks, and it is an
optical gap.?!! The second is calculated by fitting the integrated DF emission as a function
of temperature giving the thermal activation energy (AEaranr) derived from the Arrhenius
equation. Similarly to the HOMO-LUMO gap calculations, different approaches in this case
can give very different values, and the variation is usually greater for higher performing
compounds. It was suggested that the difference is caused by the presence of an intermediate
state,?! which is in agreement with the spin-vibronic mechanism of TADF described in
Section 1.4.1 of Chapter 1. Conformational changes occurring after the generation of a

relatively long lived triplet excited state could also explain such a discrepancy.!®

The design of both H1-PXZ and H2-PXZ allows a perfect alignment of singlet and triplet
states even in non-polar media, leading to a nearly zero S-T gap. Remarkably, in these
systems phosphorescence is hardly observable even at 80 K making the determination of the
triplet state energy difficult (Figure 2.15 and Figure 2.16). Yet, phosphorescence can be
distinguished in H2-PXZ, indicating an S-T gap of 0.01 eV. In H1-PXZ the
phosphorescence is not easily observed, and therefore the triplet energy cannot be

determined directly from the phosphorescence.
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The temperature dependence of TADF intensity according to Arrhenius equation (Figure
2.15-c and Figure 2.16-c) shows that the Earaor) is below 0.02 eV (12 + 3 meV and 15 + 3
meV in H1-PXZ and H2-PXZ, respectively). This demonstrates that the S-T gap in H1-
PXZ is the same order of magnitude as it is in H2-PXZ. As discussed above, the increase in
the DF intensity between 295 and 220 K indicates the suppression of the non-radiative decay
(Figure 2.15 c and Figure 2.16 c).

For the delayed fluorescence it is important to track the changes in the emission spectrum
with time. For that, time resolved spectra were recorded. The spectra of PF and DF should
be identical for TADF, as the emission results from the relaxation of the same singlet excited

state.??
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Figure 2.15. Time-resolved photoluminescence analysis of H1-PXZ in Zeonex film (1% w/w): a)
time-resolved spectra at 295 and 80 K; b) time-resolved spectra recorded at late delay times at 80 K;
c) temperature dependence of delayed fluorescence; d) power dependence of delayed fluorescence
at 295 K.
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In H1-PXZ prompt and delayed fluorescence spectra are nearly identical. They are slightly
blue-shifted at 80 K (Figure 2.15-a). As mentioned previously, the observation of
phosphorescence in H1-PXZ is impossible even at low temperatures due to a nearly zero S-
T gap. At long delays above 100 ms, two emission components that have comparative
photoluminescence lifetimes can be observed at low temperatures (Figure 2.15-b). The one
at 2.34 eV is identical to the CT emission of the molecule and thus can be attributed to the
delayed fluorescence. The other component with approximatively 0.5 eV higher energy
resembles the typical behaviour of phosphorescence in TADF materials; it however most
likely originates from a different population of H1-PXZ molecules. In this case there is no
communication between the emissive states at 2.34 eV and 2.84 eV as they are located in
different molecules. This can happen if, in a rigid polymer matrix at 80 K, some of the
molecules cannot adapt a conformation suitable for the fast formation of a CT state due to
the lack of freedom possible at higher temperatures. These molecules thus emit
phosphorescence from the LE state (emission at 2.84 eV). At the same time normal TADF

CT emission can be observed for the rest of the molecules (emission at 2.34 eV).

As there are two types of delayed fluorescence, it is important to distinguish TADF from the
delayed fluorescence originating from TTA. While the former is an intramolecular process,
TTA involves the interaction of two molecules in the triplet state. Measuring the power
dependence of the delayed fluorescence intensity can differentiate between the two
mechanisms. The TTA process is controlled by diffusion and it competes with the
monomolecular decay of triplet excited states.®” When triplet deactivation occurs more
quickly than triplet-triplet annihilation, the DF resulting from TTA shows a quadratic power
dependence.?®® The following increase of the excitation dose produces higher triplet
concentrations, and the TTA becomes a dominant process. At this stage the dependence
becomes linear. Unlike TTA, TADF intensity always demonstrates linear power
dependence. Indeed, in the case of H1-PXZ the intensity of DF varies linearly with

increasing excitation power (Figure 2.15-d).

H2-PXZ shows more complicated photophysical behaviour compared to H1-PXZ. For this
material the spectrum of prompt fluorescence changes over time (Figure 2.16-a). The spectra
at 0.7 ns delay and 35 ns delay are different, and the latter is more similar to the DF spectrum
recorded at longer delay. This indicates the relaxation of the excited state molecule geometry
with time. It takes molecules several nanoseconds to relax, thus DF originates from the

molecules with relaxed geometry. For H2-PXZ at 80 K it is possible to observe the
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phosphorescence at longer delays (Figure 2.16-b). The phosphorescence spectrum is well
resolved and can be distinguished from the CT emission. The TADF is however still present
even at 80 K. Interestingly, the phosphorescence onset (2.57 eV) and relaxed CT emission
onset (2.58 eV) are nearly isoenergetic. The lowest triplet state of the molecule (*LE) is most
likely located at the acceptor, as the phosphorescence of the donor is expected at a higher
energy of around 2.8 eV.12 Just as in the case of H1-PXZ, the power dependence of DF for
H2-PXZ is linear (Figure 2.16-d), which confirms the unimolecular origin of the process
and indicates TADF.
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Figure 2.16. Time-resolved photoluminescence analysis of H2-PXZ in Zeonex film (1% wi/w): a)
time-resolved spectra at 295 and 80 K; b) time-resolved spectra recorded at late delay times at 80 K;
¢) temperature dependence of delayed fluorescence; d) power dependence of delayed fluorescence
at 295 K.
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2.2.4.3 Photophysics in crystals

Solutions and Zeonex films are isotropic environments. The formation of aggregates is very
unlikely during the film fabrication, as both compounds are well soluble in toluene. In
addition, both emitters are used in very low concentrations, so the bimolecular interactions
between emitter molecules are suppressed. At the same time, the intermolecular interactions
play an important role in crystals of H1-PXZ and H2-PXZ. They can suppress the non-
radiative decay and control the CT state energy. Normally the intermolecular interactions
cause the aggregation induced quenching of the emission.?'* That is why H1-PXZ-r and
H2-PXZ crystals exhibit a low PLQY (3-4%). Not only is the PLQY low for these two types
of crystals, but also the TADF emission arising from the crystals is very weak at room
temperature (Figure 2.15). On the contrary, H1-PXZ-o crystals containing a molecule of
hexane per each molecule of emitter (Figure 2.4-a, -c and Figure 2.6-a), demonstrate an
increased PLQY (0.16 £ 0.03) and a prominent TADF (Figure 2.13-d). Thus, the influence
of the hexane molecule is significant for the observation of TADF when comparing crystals
of H1-PXZ-r and H1-PXZ-o. It is worth noting that the D-A dihedral angles in both crystals
are very close (Figure 2.4-c, -d). Consequently, the difference in the TADF behaviour
observed for two types of H1-PXZ crystals can be attributed to the presence of the solvent
molecules in the crystal lattice. As was discussed in Section 2.2.2, in H1-PXZ-r crystals the
radiative decay is suppressed due to the intermolecular - close contacts. On the other hand,
the presence of the hexane molecules in the lattice perturbs the molecular packing in the H1-
PXZ-o crystals and reduces the luminescence quenching caused by the aggregation.
Remarkably, the H1-PXZ-o crystal shows a higher CT state energy compared to H1-PXZ-
r. As there is no significant difference in the relative position of D-A units in both crystals,
this can be explained by the change in the dielectric constant of each crystal type. As a D-
A-D molecule, H1-PXZ shows a significant dipole moment even in the ground state, giving
rise to a larger dielectric constant in the solid state. Contrary to that, the presence of hexane
might lead to a decrease in the dielectric constant resulting in the difference of CT energy
between the crystals. The variation of CT energy affects not only the colour of emission but
also TADF. In H1-PXZ-o the TADF emission is observable even at 80 K (Figure 2.13-d).
This indicates that for H1-PXZ-o0 the S-T gap is close to zero. As the CT state is lower in
H1-PXZ-r crystals, the non-radiative decay increases according to the energy gap law. This
affects both the lowest singlet (S1) and triplet (T1) states. This can explain the lower PLQY
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of H1-PXZ-r (resulting from both S; and T being affected by a non-radiative decay), and
much weaker, hardly observable TADF (suggesting that the T state is being affected).

Compared to H1-PXZ-0, H1-PXZ-r crystals demonstrate a much lower photoluminescence
quantum yield (0.03-0.04), and thus the TADF is also much weaker (Figure 2.17 a).
However, the TADF intensity is decreased at lower temperature. At the same time, H2-PXZ
crystals show a negative temperature dependence of delayed fluorescence intensity, so the
TADF increases significantly at low temperature (Figure 2.17 b). This indicates a significant

contribution of the non-radiative decay and a small S-T gap in the crystal.
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Figure 2.17. Photoluminescence decay of H1-PXZ-r (a) and H2-PXZ (b) crystals at various
temperatures.

H1-PXZ-o crystals show typical TADF behaviour at 295 K. The spectra of prompt and
delayed fluorescence are nearly identical, and there is no evidence of the presence of any
meta-stable conformers (Figure 2.18-a). At lower temperature (Figure 2.18-b) the presence
of at least two conformers, existing on short (PF) and long (DF) timescale, can be observed.
This is due to a significant restriction of molecular motion at 80 K. The signal appearing in
the microsecond timescale is unlikely to be phosphorescence, as otherwise the third
exponential component would be present in the photoluminescence decay (with the first
component corresponding to a prompt fluorescence, the second being delayed fluorescence,
and the third being phosphorescence).®#?!> The TADF mechanism involves a competition
between delayed fluorescence and phosphorescence, thus there should be an additional
exponential regime in the intermediate temperatures between 295 and 80 K if

phosphorescence is observed. In the case of H1-PXZ-0, however, the decay consists of only
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two exponential components at all temperatures up to 80 K. It is also unlikely that the

phosphorescence is that short-lived (around 10-100 ps) in the absence of any heavy atoms.

Prompt fluorescence spectra are clearly different at 295 K and 80 K (Figure 2.18-c). This
indicates a substantial change in the geometry of the excited state at lower temperature. It
means that molecular motion is restricted at low temperature, and the singlet state cannot
rapidly relax its geometry. The linear power dependence (Figure 2.18-d) confirms that the
delayed fluorescence recorded for H1-PXZ-0 is an intramolecular process and thus it is
TADF.

a) —07ns b)
1.04 \ —11s ] 19 p —o07ns
'n\ 3.1 us
0.8 Lo
LR 0.8
L | 8
P =
w06 / ‘» 0.6
c c
k] K]
£ ! £
o f o
2 2
=04+ = 04
(o] o
E E
o (=]
= =z
0.24 0.24
0.0 e . ‘ . . 0.0 : ; . . . ‘
500 550 600 650 700 750 500 550 600 650 700 750
Wavelength (nm) Wavelength (nm)
T ‘ d)10“ T
% 1.0 ——07ns295K | Linear fit
' ——0.7ns 80K ¥ =0.996
0.8
= 10 i 'e
E _?10 e°°
> 3
5 064 .}
& z é’f
E ‘B e
o
i 04 £ o
g & 10° s
S @
=z K]
L]
0.2 °
'e.
0®
o
0.0 ‘ T T ‘ T r 10° T T T
500 550 600 650 700 750 0.1 1 10 100
Wavelength (nm) Laser pulse energy (uJ)

Figure 2.18. Photoluminescence properties of H1-PXZ-0 crystals: a) Time-resolved spectra at 295
K; b) Time-resolved spectra at 80 K; ¢) Comparison of prompt fluorescence spectra at 295 K and 80
K; d) Power dependence of delayed fluorescence at 295 K.

H1-PXZ-r also demonstrated TADF emission properties at 295 K, but the delayed
fluorescence is very weak (Figure 2.19-a). The prompt and delayed fluorescence have the

same emission spectrum, and no conformers are present (Figure 2.19-a). The molecular
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motion is restricted in H1-PXZ-r similarly to H1-PXZ-o0 (Figure 2.19-b). Due to that the
late prompt (35 ns) and delayed fluorescence (microsecond region) differ from early prompt
fluorescence (0.7 ns). This can be caused by a restricted molecular motion. As a consequence
the emission arises from two different populations of conformers. For similar reasons
described for H1-PXZ-o0, the emission observed at the microsecond timescale is unlikely to

be phosphorescence.

Prompt fluorescence spectra at 295 K and 80 K are visibly different (Figure 2.19-c), which
again indicates a significant geometrical change in the singlet excited state at low
temperatures, resulting in the singlet state not being able rapidly relax its geometry because
of the obstructed molecular motion at low temperature. The linear power dependence (Figure
2.19-d) proves that the delayed fluorescence of H1-PXZ-r is a monomolecular process, thus
it is TADF.
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Figure 2.19. Photoluminescence properties of H1-PXZ-r crystals: a) Time-resolved spectra at 295
K; b) Time-resolved spectra at 80 K; ¢) Comparison of prompt fluorescence spectra at 295 K and 80
K; d) Power dependence of delayed fluorescence at 295 K.
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H2-PXZ crystals demonstrate typical behaviour of TADF emitters at 295 K with prompt
and delayed fluorescence having the same emission spectrum (Figure 2.20-a). The delayed
fluorescence is weak, but it is stronger than that in H1-PXZ-r crystals (Figure 2.20-b). The
restricted molecular motion can be observed in H1-PXZ crystals at low temperatures (Figure
2.20-b). Similarly to H1-PXZ-o, prompt fluorescence (0.7 ns) and delayed fluorescence (at
1us — 1 ms) spectra differ for H2-PXZ due to a restricted molecular motion. This is due to

the reasons described above for other molecular crystals.
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Figure 2.20. Photoluminescence properties of H2-PXZ crystals: a) Time-resolved spectra at 295 K;
b) Time-resolved spectra at 80 K; ¢) Comparison of prompt fluorescence spectra at 295 K and 80 K;;
d) Power dependence of delayed fluorescence at 295 K.

However, H2-PXZ crystals are different from those described before. For H2-PXZ
phosphorescence can be observed at very late delay times (79 ms) (Figure 2.20-b). The
emission spectrum at 79 ms has a clearly vibronic shape. Also, the photoluminescence decay
apparently reveals a third exponential component (>50 ms) which is different from the

delayed fluorescence region (200 ns — 1 ms) (Figure 2.21). At low temperatures there is a
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significant geometrical change in the singlet excited state, which results in the clear
difference between prompt fluorescence spectra at 295 K and 80 K, which is similar to the
cases described above. For H2-PXZ crystals power dependence is sublinear (Figure 2.20-
d). This most likely indicates the monomolecular origin of the delayed fluorescence.
However, there should be the influence of an additional exciton quenching process. It is not

quite clear what causes this effect, but it can possibly be explained by the singlet-singlet

annihilation.
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Figure 2.21. Photoluminescence decay of H2-PXZ crystals at 80 K in broad timescale.

Because of the difference in PLQY of the crystals, the best parameter describing the amount
of TADF produced in each type of crystal would be the delayed to prompt fluorescence ratio
(Figure 2.22). The variation in DF/PF with temperature is insignificant for H1-PXZ-0 and
H1-PXZ-r. At all temperatures H1-PXZ-0 shows more TADF than the H1-PXZ-r crystals.
This implies that in H1-PXZ-o the coupling between the CT state and 3LE state is much
stronger than it is in H1-PXZ-r, which results in a higher triplet formation yield. On the
contrary, H2-PXZ demonstrates a large variation of the DF/PF ratio with temperature. At
80 K the delayed fluorescence to prompt fluorescence ratio is much higher than at all other
temperatures. This indicates that H2-PXZ is actually a better TADF emitter compared to
both H1-PXZ crystals, but a strong non-radiative decay more effectively quenches triplet

states, so the contribution of DF at room temperature is very low.
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Figure 2.22. Delayed (DF) to prompt fluorescence (PF) ratio in the organic crystals as a function of
temperature.
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2.2.5 Device fabrication and characterisation

The electroluminescence performance of the new materials was evaluated in solution-
processed devices. H1-PXZ (Dev 1) and H2-PXZ (Dev 2) were used as dopants (5%) in a
mixed host poly(N-vinylcarbazole):2-t-butylphenyl-5-biphenyl-1,3,4-oxadiazole
(PVK:PBD, 60:40 w/w).
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Figure 2.23. Electroluminescence characteristics of OLED devices fabricated using H1-PXZ and
H2-PXZ as emitters: a) EQE vs. current density; b) Current density vs. applied bias; ¢) Brightness
vs applied bias; d) Electroluminescence spectra. Device structure: ITO | HIL 1.3N (45 nm) | PVKH
(10 nm) | PVK:PBD (60:40) co 5% X (32 nm) | TPBi (50 nm) | LiF (0.8 nm) | Al (100 nm). Where
X =H1-PXZ (Dev 1), X = H2-PXZ (Dev 2).

OLEDs were fabricated by a hybrid spin-coating / evaporation method. PEDOT:PSS
(Heraeus Clevios 1.3N) was used as a hole injection layer. High molecular weight poly(9-
vinylcarbazole) (PVKH) was used as an electron blocking/hole transporting layer. TPBi was
used as an electron transporting/hole blocking layer. The devices had the following structure:
ITO/PEDOT:PSS/PVKH/EML/TPBI/LIF/AL
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H1-PXZ in Dev 1 exhibited orange electroluminescence, CIE (0.52, 0.41). Dev 2 containing
H2-PXZ demonstrated yellow emission, CIE (0.44, 0.50). Dev 1 and Dev 2 achieved an
EQE of 1.5% and 7.1%, and current efficiency of 2.7 cd A* and 13.9 cd A, respectively
(Figure 2.23 and Figure 2.24). The maximum brightness is 1160 cd m? and 670 cd m for
Dev 1 and Dev 2 respectively. At 5 cd m the turn on voltage is lower for Dev 2 (5.1 V)
than for Dev 1 (7.5 V). The efficiency roll-off is much higher for Dev 2 than for Dev 1. This
is probably due to an unknown degradation process in Dev 2.
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Figure 2.24. Current efficiency vs. current density characteristics of OLED devices.

2.2.6 Theoretical calculations

In addition to experimental measurements theoretical calculations using density functional
theory (DFT) and time-dependent density functional theory (TDDFT) were performed by Dr
Joseph Cameron (University of Glasgow) for the helicene-based compounds. Firstly, the
geometries of H1- and H2-PXZ were optimised using coulomb-attenuated CAM-B3LYP
functional and 6-31+G(d) basis set. The calculated structures are in good correlation with

the determined crystal structures of compounds (Figure 2.25, Table 2.4).

Table 2.4. Correlation between calculated structures and crystal structures.

Compound MUE (A) Calculated helicene twist (exp) (°)
H1-PXZ 0.004 38.71 (38.75)
H2-PXZ 0.008 39.74 (42.39)

4 Mean unsigned error (MUE) is calculated from non-hydrogen containing bonds, toluene as
polarisable-continuum model solvent
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Figure 2.25. Crystal structures (left) and calculated structures (right) for H1-PXZ (a, b) and H2-PXZ
(c, d).

Calculations were also performed to investigate the influence of the donor moiety on the
magnitude of the oscillator strength and spatial overlap between HOMO and LUMO. This
can help to estimate a relative PLQY and AEstfor a given set of compounds. For this, vertical
transitions from the optimised ground state geometries were calculated using TDDFT. The
calculations were carried out for the compounds with H2 core as an acceptor and
phenoxazine (H2-PXZ), phenothiazine (H2-PTHZ) and acridine (H2-ACR) as donor
groups to determine how suitable each donor group would be for achieving high PLQY's and
rISC rates (Figure 2.26).
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Figure 2.26. Molecular structures of the compounds H2-PXZ, H2-PTHZ and H2-ACR

For a transition between a given couple of occupied (i) and unoccupied (¢a) oOrbitals the
orbital overlap (0;,) can be calculated as the inner product of the moduli of two orbitals
(Equation 2.2).26

Oia = Uilllgab = [ 10:®)] loa(®ldr 22)
Normally in TDDFT, multiple transitions between occupied and unoccupied pairs of orbitals
contribute to a given excitation, so the contribution of each transition (x;,) should be
considered. Thus, the spatial overlap (A) for linear excitations was calculated using the
method described by Peach et al.?1® (Equation 2.3). As was discussed in Chapter 1, a smaller
spatial overlap provides a smaller AEsT gap, so it is a useful parameter in determining good
TADF candidates.

_ YiakiaOiq (2.3)

A
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CAM-B3LYP functional®!” was used in these calculations. Compared to B3LYP, it has a
greater Hartree-Fock exchange at long range which provides a higher accuracy in calculation
of CT excitations where the orbital overlap is low. This can be useful for measuring the
separation between HOMO and LUMO in donor-acceptor molecules with a strong CT
character. The data from TDDFT calculations for H2-PXZ, H2-PTHZ and H2-ACR are
shown in the Table 2.5. Here, H2-PXZ demonstrates an optimal combination between a
small spatial overlap and relatively big oscillator strength (f) compared to compounds with
phenothiazine and acridine donor moieties. Scheme 2.5 shows the orbital transitions
associated with LE and CT excitations for H2-PXZ. While H2-PTHZ can potentially
demonstrate higher PLQY due to a higher oscillator strength, the spatial overlap of 0.44
indicates that it is most likely will not exhibit TADF due to a larger S-T gap and so would
lead to a reduced efficiency of the material in devices compared to H2-PXZ. H2-ACR has
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the lowest spatial overlap, but at the same time demonstrates a very low oscillator strength,

which suggests it will not be suitable for OLED applications.

Table 2.5. Vertical transitions, oscillator strength, excitation energies and spatial overlap calculated
for helical compounds with H2 core.

Excitation

Compound MO transitions f energy (V) A
H—L (0.644)
H2-PXZ H—L+1 (-0.101) 0.073 3.35 0.24

H—L+2 (0.175)
H-2—L+1 (0.219)
H-1—-L (-0.316)
H2-PTHZ 0.145 3.66 0.44
H—L (0.532)
H—L+2 (-0.137)
H—L+1 (0.658)

H2-ACR 0.003 3.40 0.17
H—L+2 (0.168)

HOMO-1 LUMO+2

HOMO LUMO+2

Scheme 2.5. LE (a) and CT (b) excitations for H2-PXZ.

Excited state optimisation was performed as well for H2-PXZ to investigate the structural
changes upon excitation. The optimisation was carried out using CAM-B3LYP functional
and 6-31+G(d) basis set. As expected for a compound with a strong solvatochromism and a

large Stokes shift, H2-PXZ undergoes noticeable excited state structural relaxation. Thus,
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planarisation of the phenoxazine unit is observed in the excited state, and the twist of the
helical moiety decreases (Table 2.6, Figure 2.27). Similarly, dipole moment increases upon
excitation, which is a sign of the substantial changes in the charge distribution characteristic
for CT excitations. At the same time, the direction of the dipole moment does not change

significantly.

Figure 2.27. Optimised excited state geometry for H2-PXZ.

Table 2.6 Structural and dipole moment changes upon excitation.

Structure Helicene twist, ay (°)  Phenoxazine twist, ap (°)  Dipole moment, p (D)
F2-PXZ 39.74 176.25 4.64

(ground state) ' : '

H2-PXZ

(excited state) 31.26 179.76 5.84

In summary, when compared to compounds with acridine (H2-ACR) and phenothiazine
(H2-PHTZ) donors, H2-PXZ demonstrates a better balance of small orbital overlap and
moderately high oscillator strength to be the best TADF candidate. H2-PXZ also shows
significant changes in the geometry and dipole moment upon excitation, which confirms a

CT character of the compound.
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2.3 Conclusions and perspectives

Two new helicene-based D-A-D and D-A compounds demonstrating TADF in the solid state
and in solution were prepared. The photophysical study of crystals has demonstrated that for
H1-PXZ the presence of hexane in a crystal lattice increases the PLQY as well as the
intensity of TADF emission. This signifies that both parameters are influenced by packing
of the molecules in the lattice rather than by relative position of donor and acceptor moieties
in the molecule. Basic theoretical calculations were also performed for H2-PXZ and they
were in good correlation with the experimental results. As discussed in the introduction to
this chapter, the curved structure of helicene can induce spin-orbit coupling (SOC) in these
materials. It would be interesting to perform additional theoretical calculations on H1- and
H2-PXZ and their planar analogues such as P1-PXZ and P2-PXZ (Figure 2.28) to
investigate whether the contribution of spin-orbit and spin-vibronic coupling to the rISC

process in helicenes is higher compared to planar compounds.
0ar° 0
QL0 N
N7 SN N~ |
® O ¢
P1-PXZ P2-PXZ
Figure 2.28. Molecular structures of some planar analogues of H1-PXZ (P1-PXZ) and H2-PXZ
(P2-PX2).
For both H1- and H2-PXZ there is a strong contribution of the non-radiative processes
resulting in a low PLQY of the materials. To avoid this problem, it is possible to design

TADF emitters based on higher helicenes, such as hexa- or-heptahelicenes, that have a more
rigid structure compared to pentahelicenes (Figure 2.29).

Figure 2.29. Possible molecular structures of higher helicenes than can be used as TADF emitters or
chiral dopants for TADF emissive layers in OLEDs.
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It was demonstrated in the previous studies that helicene can be used as a chiral dopant for
the achiral light-emitting polymer to induce CPL.?!8 Thus, the preparation of the enantiopure
helicene-based compounds would also be of significant interest for TADF OLEDs with
circularly polarised electroluminescence. This is another reason to use higher helicenes in
future work instead of pentahelicenes that have a very low racemisation barrier.?® To
prepare helical compounds on a larger scale it is also preferable to modify procedures for
use in flow reactors. For the same reasons it would be advantageous to use chiral resolution
techniques rather than chiral HPLC to obtain enantiopure compounds. This may include

resolution by recrystallisation or the use of chiral resolving agents.
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Chapter 3. Multifunctional materials with
truxene-benzothiadiazole-truxene core

Truxene, with its C3 symmetry, is recognised as a building block for star-shaped structures.
Such compounds combine advantages of both polymers and conjugated small molecules
making these materials interesting candidates for optoelectronic applications. This chapter
describes the synthesis and properties of two novel donor-acceptor compounds Al and A2
containing a benzothiadiazole acceptor moiety connected through two truxene linkers to
four donor moieties. Triphenylamine and phenoxazine are donors of choice for Al and A2,
respectively. The electroluminescent properties of the compound Al were investigated in

OLED devices whilst this compound was also used as a down-converter in hybrid LEDs.

Part of the bibliographic review presented in the introduction to this chapter was published
in the Display and Imaging journal (Orofino, C.; Klimash, A.; Kanibolotsky, A. L.; Skabara,
P. J. Synthesis and Analysis of Hyperbranched Oligofluorenes for Optoelectronic
Applications. Display and Imaging 2017, 2, 175-196.)
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3.1 Introduction

Conjugated polymers are widely used as semiconductor materials in OPVs, OLEDs and
OFETs.?Y® They demonstrate good film forming properties and solubility, allowing such

220 roll-

materials to be processed using low-cost deposition methods, such as spin-coating,
to-roll processing and ink-jet printing??! for the fabrication of polymer-based devices. In the
case of small molecules, more expensive vapour deposition methods are often used.
Moreover, the tendency of small molecules to spontaneously crystallise can impair their
efficiency in OLED devices, thus materials forming amorphous films, such as polymers, are
preferred.??2 However, contrary to small molecules polymers suffer from poor batch-to-
batch reproducibility and can be difficult to purify. This can affect the performance of
polymer-based devices. To combine advantages of both polymers and small molecules well-
defined monodisperse oligomers can be used. Like small molecules, oligomers possess
precise HOMO and LUMO energy levels due to high purity, but have desirable
characteristics of polymers such as good solubility, high thermal stability and superior film-
forming properties.’*® In the simplest case oligomers used in organic electronics are linear
(i.e. one-dimensional, 1D) n-conjugated systems. The charge mobility in such structures is
limited to one dimension which can lead to an anisotropy of electronic properties of materials
in the bulk.?2 This problem can be solved by increasing the dimensionality of oligomers into
second (2D) and third (3D) dimensions.}*®223 In this case oligomeric arms are attached to
the central core. The resulting macromolecules can be called star-shaped oligomers or
dendrimers. Among the popular cores used in the design of star-shaped materials for
optoelectronic applications are benzene (Figure 3.1-a,b,c),??* triphenylamine (Figure 3.1-
d),??® sp3-carbon (Figure 3.1-¢),2%° pyrene (Figure 3.1-f)?% and triazine (Figure 3.1-g).??®

L0 XK AR

e

XX oL W

Figure 3.1. Examples of some central units for star-shaped materials.

80| Page



3.1.1 Star-shaped materials with a truxene core

Truxene (10,15-dihydro-5H-diindeno[1,2-a:1',2'-c]fluorene; Figure 3.2) is another
recognised building block for star-shaped systems. It is possible to functionalise the truxene
unit at the C-2, C-7 and C-12 positions, as well as at the C-5, C-10 and C-15 positions. These
latter three positions, however, are usually derivatised with alkyl chains to provide better
solubility of the material by reducing z- n stacking.'*°

Figure 3.2. Truxene core with the carbon skeleton labelled.

One of the interesting examples of truxene-based dendrimers was presented in the work of
Cao et al. (Figure 3.3). The dendrimers contained up to nine truxene moieties and were
spaced by benzene linkers. The same group later reported star-shaped compounds with a

228

truxene core and hexa-peri-hexabenzocoronene arms,~*° as well as giant dendrimers

containing up to 22 truxene moieties with no additional spacers.?%°

R = n-CGH13

Figure 3.3. Truxene-based dendrimers with phenyl spacers.
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Among other reported star-shaped materials with a truxene core are a series with
oligothiophene branches (Figure 3.4-a)>° that were used in OFETs.?%! It was demonstrated
that the materials with longer oligothiophene arms had decreased hole mobility due to the
lower degree of crystallinity. Other examples include a series of materials with thiophene
derivatives arms end-capped with Ceo groups (Figure 3.4-b) reported by Wang et al.?*? The
same group has developed star-shaped materials with thiophen-2-yl and 5-(2-(thiophen-2-
yl)vinyl)thiophene-2-yl arms ending with a 4-(diphenylamino)styryl donor or 2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran-3-yl)vinyl acceptor groups (Figure 3.4-
c). Both symmetrical donor- or acceptor-only (Figure 3.4-c,d) as well as asymmetrical
donor-acceptor (Figure 3.4-e,f) molecules were synthesised.?®® These materials can
potentially be applied in OPVs. Recently Wu et al. have reported the series of wide bandgap
star-shaped acceptors (Figure 3.4-d) where electron-accepting 4-(3-ethylhexyl-4-
oxothiazolidine-2-yl)dimalononitrile-benzothiadiazole moiety was attached to truxene core
in meta- or para- position.?* When combined with low-bandgap 3,9-bis(2-methylene-(3-
(1,1-dicyanomethylene)-indanone)-5,5,11,11-tetrakis(4-hexylthienyl)-dithieno[2,3-d:2",3'-
d’]-s-indaceno[1,2-b:5,6-b’]-dithiophene  (ITIC-Th) acceptor and poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b"ldithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th) donor materials in a
ternary blend film, both compounds showed high power conversion efficiencies of 10.15%
for meta- and 8.28% for para-substituted truxenes in solar cells. A better performance of the
meta-substituted compound was attributed to a more compact intermolecular packing and
shorter n—m stacking distances in this material. Recently Sharma et al. have also reported
new AIE materials with tetraphenylethene arms (Figure 3.4-e) that were used for the
preparation of fluorescent OLED devices.?®
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Figure 3.4. Some examples of star-shaped materials with a truxene core.

Truxene can be regarded as three overlapping fluorene moieties, thus it is a natural branching
point for oligofluorene systems creating star-shaped oligomers with a virtually no-core
moiety. Star-shaped oligomers based on a truxene core functionalised at C-2, C-7 and C-12
positions with oligofluorenes were synthesised by the Skabara group (Figure 3.5).2%6:237 Al
the molecules are blue emitters (AL = 400—420 nm). When the length of oligofluorene arms
increases from 3 to 6, molecules exhibit increasing two-photon absorption due to the
elongated m-conjugation. The oligomer T6 shows a threshold for two-photon absorption
pumped amplified spontaneous emission of 2.43 mJ cm~2, which is the lowest for organic
semiconductors. It makes these radial oligofluorene truxenes amongst the most suitable

candidates for non-linearly pumped light-emitting materials.?%62%"
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Figure 3.5. Oligofluorene truxene with the arm length rising from one fluorene unit (T1) to six (T6).
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Following the study of the aforementioned oligofluorene truxene structures (T1-T6), new
T4-based compounds with the fused bicyclic 2,1,3-benzothiazole molecule inserted
sequentially at each of five possible positions were reported (Figure 3.6).2% The electron-
deficient character of the 2,1,3-benzothiadiazole (BT) heterocycle can be used for
stabilisation and spatial localisation of the LUMO in conjugated structures and it is widely

applied in the design of organic semiconductors.?*®

Figure 3.6. Structure of oligofluorene-truxene star-shaped systems containing the 2,1,3-
benzothiadiazole unit.

Absorption spectra of T4BT-A, -B, -C, -D and -E in the solid state show three bands. The
first high energy peaks around 220 nm correspond to a localised-localised n-n* transition.
For T4BT-A and T4BT-D second peaks corresponding to a delocalised-delocalised m-m*
transition at 362 nm and 370 nm, respectively, are the most intense with a well-defined
shoulder at 320 nm. This signifies that the transitions between HOMO and upper delocalised
unoccupied orbitals are split into two components. Similarly, transitions for T4BT-B and
T4BT-C show a high intensity peak around 356 nm with an unresolved shoulder around 320
nm. The position of the BT unit in the chain between peripheral 9,9-dihexylfluorene units
and 9,9-dihexylfluorene units attached to the core influences the characteristics of the
spectra. The absorption spectra of T4BT-E where all five 9,9-dihexylfluorene units are
involved in transitions show the most red-shifted delocalised-delocalised -* transition. All
compounds in the T4BT series, excluding T4BT-E, demonstrate a delocalised-localised

transition (from the HOMO delocalised across the oligofluorene arms to the LUMO
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localised on the BT units), with peaks at 445 nm for T4ABT-A and T4BT-D and 440 nm for
T4BT-B and T4BT-C. This transition with an intramolecular charge transfer (CT) character
IS not present in the spectrum of T4BT-E. TD-DFT calculations for this compound reveal
the low oscillator strength for the ICT transition due to a small overlap between the HOMO
and LUMO of T4BT-E. Photoluminescence spectra show the same kind of correlation.
T4BT-B and T4BT-C exhibit the most red-shifted PL (562 nm), T4BT-A and T4BT-D
show slightly blue-shifted emission (553 nm) and T4BT-E has a strongly blue-shifted PL
(507 nm). All the compounds of the series are green emitters with good thermal stability,
solubility and film-forming properties. The T4BT-B molecule has demonstrated efficient
electrogenerated chemiluminescence (ECL), which makes the compounds of the series

promising candidates for use in highly sensitive ECL sensors.240-24

Lai et al. have reported a series of starburst oligofluorene truxenes Tr1-Tr4 with six arms
of varied length (Figure 3.7-a).2*> The compounds demonstrate deep-blue emission in
solution and solid state (Ap = 398441 nm), which is blue-shifted compared to T1-T4
analogues. This is due to the result of the decreased degree of conjugation caused by steric
hindrance between fluorene arms in Tr1-Tr4. The PLQY of the materials is in the range of
64-100% in solution and 50-90% in the solid (film) state. Tr3 was also used in an organic
laser device as the gain media demonstrating a low lasing threshold (Ex= 0.4 nJ pulse™, 1.3
] ecm™?). Recently Zhang et al. reported analogues of compounds Tr1-Tr4 in which
oligofluorene arms are end-capped with a diphenylamine moiety in order to improve charge
carrier mobility (Figure 3.7-b).?*® The emission of Tr1F-Tr3F is red-shifted compared to
the T and Tr series (ApL = 435-450 nm), with PLQY s in the range of 56-89% in films and
63-93% in solutions. Compound Tr3F demonstrated the best lasing properties out of the

series with the lowest amplified spontaneous emission threshold of 1.5 uJ cm? (27.4 nJ

pulse™).
a b
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Tr2 n=2 TE n=1
Tr3 n=3 Tr2F n=2
Tr4 n=4 Tr3F n=3

Figure 3.7. Structures of radial truxene-based oligofluorenes with six arms.
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Another example of truxene-based dendrimers is represented by dumbbell-shaped molecules
where two truxene moiecties are used as m-linkers between the central core and four
arms.?#42% The Pei group presented a series of D-n-A dendrimers with benzothiadiazole as
an acceptor core and triphenylamine donor end-groups connected to truxene through various
conjugated thiophene-based linkers (Figure 3.8). The emission of SB and DB (614 nm and
628 nm in hexane) is more red-shifted compared to TB (592 nm). Also, compound DB with
a vinylene-containing linker had the highest molar extinction coefficient in the series
indicating the longest effective conjugation length.

Figure 3.8. Structures of truxene-based dendrimers SB, DB and TB.
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The same group reported a series of conjugated molecules BTTyn and BTDyn with a

benzothiadiazole core and truxene arms end-capped with thiophene moieties (Figure 3.9).24°

N

Figure 3.9. Molecular structures of dumbbell-shaped molecules with truxene z-linkers.

Emission spectra of BTTyn and BTDyn are very similar with the PL maxima around 630
nm in solution, 640 nm in films, and a PLQY of 25% in solution for both compounds. While
both dendrimers demonstrate very similar photophysical behaviour their performance in
OLED devices differ significantly. The larger molecule BTDyn demonstrates one order of
magnitude higher maximum luminescence efficiency (1.07 cd/A) compared to BT Tyn (0.11
cd/A).

In summary, truxene can be used as a central unit for a variety of electroactive materials,
and the properties of these materials can be easily tuned depending on the nature of the
introduced substituent. The applications of truxene-based materials include, but are not
limited to, OLEDs, OPVs and lasers. For example, truxene-based materials were also used

as down-converters in hybrid LEDs.
3.1.2 White hybrid LEDs containing down-converting materials

Solid state lighting is a well-established technology with LEDs being used virtually
everywhere nowadays from street lighting to displays. There are a few approaches to achieve
white LED light. One method is to use a set of three inorganic LEDs emitting red, green and
blue (RGB) light.?*” Another way to use additive RGB colour systems is to coat an UV LED
chip with red, green and blue phosphors that absorb high energy UV light and re-emit it at

longer wavelengths, producing white light.?*® It is also possible to generate white light by
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combining a blue LED with a yellow phosphor.?*® This last method is advantageous due to
its relative simplicity and the high efficiency of the used blue LEDs, and it is widely
employed for the fabrication of commercial white LEDs. There are several requirements for
the phosphor materials to be efficient in down-converters. The absorption spectrum of a
phosphor should have a significant overlap with the emission of the blue LED (around 440-
470 nm) in order to achieve an optimised energy transfer; the material needs to demonstrate
a high PLQY for the efficient energy conversion, and have good chemical and thermal
stability.?*® The same principle can be applied for the fabrication of hybrid organic/inorganic
LEDs where an organic fluorescent material is used as a down-converter instead of a
phosphor.?®* Employing organic compounds can reduce the use of materials containing rare-
earth elements and provide a better tunability of the emitted light. Furthermore, because the
excited states in fluorescent materials have a much shorter lifetime compared to those in
phosphors, hybrid LEDs can be applied in visible light communication providing much

higher data transmission speeds compared to conventional white LEDs.??

While the first hybrid LEDs used polymers for colour conversion,?® the use of well-defined
small molecules would be advantageous in this case for the reasons explained above. For
example, Findlay et al. reported the down-converting small molecule material
(BODFIuTh)2FB (Figure 3.10).2>* The photophysical properties of the compound were
investigated in solution and in solid state (encapsulated in a 1,4-cyclohexanedimethanol
divinyl ether (CHDV) matrix). Absorption spectra are very similar in both solution and solid
state with two peaks around 403 nm and 526 nm. The emission is slightly red-shifted in
CHDV (565 nm compared to 550 nm in solution). The material also demonstrates a high
PLQY of 60% in solution and 63% when encapsulated. Its colour converting properties were
investigated by depositing the material in a CHDV matrix on a blue LED. The encapsulation
of materials provides a better film morphology, reduces the amount of the material used in
the device and helps to suppress the aggregation of the molecules in the solid state. The
resulting hybrid device demonstrated two emission peaks: one in a blue region characteristic
of the inorganic blue LED and an additional yellow emission originating from the organic
layer. The chromaticity coordinates for the bare blue LED were (0.16, 0.02) while for the
hybrid device, the coordinates were (0.34, 0.31) which is closer to the Planckian locus. The
correlated colour temperature (CCT) was calculated to be 5137 K, which is perceived as a
cool white light. In the next study the influence of (BODFIluTh)2FB concentration on the
colour and the conversion efficiency of the resulting white LED was investigated.?> The
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material was used in various concentrations ranging from 0.25% to 4% (w/v) in the CHDV
matrix. With increased concentration more blue light is absorbed and thus the intensity of
the blue emission peak decreases. At the same time the intensity of yellow emission from
the organic colour converter decreases at higher concentrations, which can be due to the
aggregation of the molecules that in turn causes emission quenching. The parameters of the
optimum LED (1%(w/v) of down-converter in 1 uL of the matrix), were remeasured after
15 months in order to study the stability of the device. The decreased intensity of the yellow
peak indicates the degradation of the organic material.

The presence of the absorption band in a green region for (BODFIluTh)2FB caused self-
absorption in the molecule, thus reducing the luminous efficacy. To tackle this problem
another series of organic down-converting materials with benzothiadiazole ((TPA-FIu)2BT)
or bisbenzothiadiazole ((TPA-FIu):BTBT) core and fluorene arms end-capped with
triphenylamine moieties was synthesised (Figure 3.10).2% Both compounds demonstrate two
absorption peaks that are blue-shifted compared to (BODFIluTh)2FB (345 nm and 430 nm
for (TPA-Flu)2BT, and 343 nm and 443 nm for (TPA-FIu)2.BTBT). This shift provides a
better overlap of the absorption peak of the organic material with the emission from the blue
LED. Both materials also exhibit larger Stokes shifts with emission at 570 nm for (TPA-
Flu):BT (PLQY = 61%) and 584 nm for (TPA-FIu).BTBT (PLQY = 17%). Both materials
have higher intensity emission in the green region when compared to (BODFIluTh)2FB and

therefore demonstrate good colour rendering index (CRI) values (60 < CRI < 70).

(TPAFIlu),BT
(TPAFIu),BTBT

Figure 3.10. Examples of molecular structures for small molecule organic down-converters,?425
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3.2 Results and discussion

As was previously discussed in Chapter 1, one of the ways of achieving a small S:-T1 gap
and, thus, TADF properties in molecules, is to spatially separate the HOMO and LUMO. It
can be done by creating D-A structures with a n-linker between donor and acceptor units and
the use of sterically encumbered substituents. The truxene core presents an opportunity for
such separation due to the absence of conjugation between its three arms. In structure A-n,
the benzothiadiazole core is linked via two truxene units to four donor moieties (Scheme
3.1). Compounds A-n can be prepared from compound A via Suzuki C-C or Buchwald-
Hartwig C-N coupling. Compound A was prepared by Suzuki coupling of compound 4 with
4,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzo[c][1,2,5]thiadiazole.

Scheme 3.1. Retrosynthetic strategy for the preparation of the A-n series of molecules.
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3.2.1 Synthesis and properties of new truxene-based materials

Tribromo-hexahexyltruxene 3.4 was prepared according to the well-established procedure
(Scheme 3.2).%%¢ Truxene 3.2 was synthesised from indanone 3.1 and then alkylated to form

hexahexyltruxene 3.3. Compound 3.4 was prepared via halogenation with Bro.

CeH13
(i) CeH4z

—_—

76%

Br
3.1 3.2 3.3 3.4

Scheme 3.2. Synthesis of tribromo-hexahexyltruxene. Reagents and conditions: (i) CH3COOH, HClI,
100 °C, 16 h; (i) (1) n-BuLi, THF, 5°C, (2) n-CeHa3Br, 5°C, 8h; (iii) Bra, CH.Cl,, RT, 14 h.

Compound A was synthesised via Suzuki-Miyaura coupling between bromide 3.4 and 2,1,3-
benzothiadiazole-4,7-bis(boronic acid pinacol ester) 3.5 (Scheme 3.3).2% Truxene derivative
3.4 was used in large excess (7:1 ratio of 3.4 to 3.5 was found to be an optimal, Table 2) in
order to minimise side polymerisation reactions and achieve higher selectivity. For the same
reasons, the base used for coupling is the relatively weak K>COs. Use of a stronger base,
such as Ba(OH)2-8H20, resulted in a lower yield (Table 2, entry 4). However, the best yield

for the reaction is still as low as 18 %.

Pd(PPh3),, Base
Tol, 90°C, 3d

Scheme 3.3. Synthesis of molecule A.
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Table 3.1 Attempted syntheses of A.

(3.4):(3.5) )
Entry Base ) Yield,% Comments
ratio
1 7:1 9 )
Product easily separated by column
2 K,COs 12:1 7 chromatography, but a lot of additional side
products are formed, starting material can be
3 31 6 separated and recycled.
Ba(OH)z- ]
71 5 The lowest yield
8H,0
5 K,CO3 71 18 Reaction performed on a large scale. The highest
yield.

In order to avoid selectivity problems during the coupling, the synthetic route was modified,
firstly by preparing monohalogenated hexahexyl truxene 3.6 from 3.4 and preparing
compound A0 via Suzuki coupling. This could possibly then be brominated to form

compound A (Scheme 3.4).

Pd(PPh3)s, Ba(OH),-8H,0
Tol, 90°C, 3d

Scheme 3.4. Alternative synthetic route for the preparation of compound A via non-brominated
intermediate AO.
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N-Bromosuccinimide was used as the halogenating agent for the preparation of compound
3.6. Different solvents were screened for the reaction including 1,2-propanediol carbonate,
dichloromethane and dimethyl formamide (DMF) (Table 3.2). Only reaction in acetic acid,
with heating, gave monobrominated product (Table 3.2, entry 5) which is probably due to a

more efficient heterolysis of NBS in a polar acidic environment.?’

Table 3.2. Attempted syntheses of monobrominated compound 3.6.

Entry Conditions Yield (%) Comments
NBS, 1,2-propanediol carbonate,
1 60°C. 2 h No product
2 NBS, CH.Cly, RT, 18 h - No product
NBS, CH,CIlo/CH3;COOH(1:1),
3 RT. 18 h No product
4 NBS, DMF, RT, 72 h - No product

Mixture of starting material with
5 NBS; CHsCOOH, 80°C, 72 h 57 monobrominated product and
traces of dibrominated truxene

Separation of product 3.6 from the starting material and dibrominated hexahexyltruxene
turned out to be a challenging procedure, as compound 3.6 was inseparable from the by-
products on silica gel. Recrystallisation in ethanol and methanol also failed to provide
sufficiently pure compound. Additionally, preparative gel permeation chromatography
(GPC) was unsuccessful in separating mono- and dibrominated products; *H NMR analysis
of all collected fractions did not show any significant change in the ratio of compounds in
the mixture. As MALDI and *H NMR (for entry 6, Table 3.2) analysis confirmed that
monohalogenated product (3.6) was the major compound (ratio of mono- to dibrominated
compound was 9:1), the mixture was used without additional purification for the preparation

of compound AO.

As selectivity in the reaction of monobrominated truxene 3.6 is not the main concern
anymore, the procedure for Suzuki coupling to form compound AO was slightly modified:;
Ba(OH)2-8H.0 was used as a base and the relative amount of truxene derivative 3.6 to
boronic ester 3.5 was decreased (Table 3.3). On a small scale the compound AO was
synthesised with significantly higher yield (Table 3.3, entry 1), but on a large scale (Table
3.3, entry 2) the yield is similar to that of A (Table 3.3, entry 2). The necessity of the
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additional step makes this synthetic route (Scheme 3.4) even less efficient than the initial
one (Scheme 3.3).

Table 3.3 Attempted syntheses of compound AO.

) Yield
Entry  (3.6):(3.5) ratio Comments
(%)
1 41 42 Small scale synthesis. Side products formed.
Formation of AQ is confirmed by MALDI-MS
2 41 10 Large scale synthesis. Standard separation

procedure, low yield

In order to improve the efficiency of the reaction, another strategy to increase the yield of
the core A was attempted. Two main problems when synthesising the core A from the
tribrominated truxene derivatives are a side polymerisation reaction and the low reactivity
of the boronic ester in the Suzuki-Miyaura coupling when it is situated on the electron
accepting unit. One way to increase the reactivity is to prepare the boronic acid derivative of
truxene and use 4,7-dibromobenzo[c][1,2,5]thiadiazole 3.8 for the coupling (Scheme 3.5).
In order to avoid a side polymerisation reaction the number of the reactive sites on truxene
can be reduced to one with two others being protected by trimethylsilyl (TMS) groups
(Scheme 3.5, compound 3.7). Compound 3.9 can then be prepared via Suzuki-Miyaura
coupling, and then converted into the desired product A. The synthesis of compound 3.7 was
attempted by a visiting Masters student, Manon Bousquet. The synthesis was performed in
two steps following the procedure for the preparation of 9,9-dihexyl-7-trimethylsilylfluoren-
2-ylboronic acid described by Belton et al.?*® Firstly, two out of three bromine atoms were
substituted with lithium by adding 2 equivalents of n-BuL.i, with subsequent introduction of
TMS groups by adding trimethylsilyl chloride to the reaction mixture. Next, lithium-halogen
exchange was performed on the remaining bromine atom, followed by the addition of the
triisopropyl borate. After the work-up the NMR of the crude mixture indicated that the

majority product formed was the trisilylated side product.
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Scheme 3.5. Alternative synthetic route for the preparation of A via the boronic acid derivative 3.7.
Reagents and conditions: (i) (1) n-BuLi (2 eq.), -85°C, THF; (2) TMSCI (2 eq.), -100°C, RT, 1 h; (ii)
(1) n-BuLi (1.2 eq.), -85°C, THF (2) (i-PrO)sB (3 eq.), -100°C, RT, 12 h; (iii) Pd(PPhs)s,
Ba(OH)-8H,0, THF, 85°C, 12 h; (iv) Br;, CH;COONa, THF, 0 °C, 30 min.

Due to the low yields of the intermediate in the first attempted alternative synthesis (Scheme
3.4) and unsuccessful second attempt (Scheme 3.5), the initial synthetic route (Scheme 3.3)

was used for the preparation of compound A.

The first target Al was synthesised via Suzuki coupling of A with (4-
(diphenylamino)phenyl)boronic acid 3.10. The first attempt (Table 3.4, entry 3) was
unsuccessful. Side products, where cross-coupling had occurred at fewer than four sites,
were isolated by column chromatography whilst the target compound Al was obtained with
a 3% vyield. After increasing amounts of boronic acid 3.10 and Ba(OH)2-8H>0 and scaling

up the reaction, product Al was prepared with a much higher yield of 61%.
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Pd(PPhg)s,
3.10 BB(OH)z*BHzo/HQO

THF, 80°C, 3 days
¥ o0 %

Scheme 3.6. Synthesis of the molecule Al.

Table 3.4. Attempted syntheses of Al.

A:(3.7):Base  Yield
ratio (%)

Entry Comments

8 different fractions were collected. MALDI shows the
1 1:10:5 3 presence of mono- di- and tris- coupled intermediate
products. The last fraction contains product Al

Small scale reaction. Reduction in quantity of side
2 1:15:25 51 products. Product easily purified by chromatography.
Molecular mass confirmed by MALDI analysis.

3 1:15:25 61 Large scale reaction
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Target A2 can be prepared via C-N coupling. Buchwald-Hartwig methodology was
considered as the strategy of choice. A standard procedure employing palladium (11) acetate
with tri-tert-butylphosphine as a ligand and potassium tert-butoxide as a base was used for
the coupling between phenoxazine (PXZ) and compound A, giving the product A2 with a
yield of 76% (Scheme 3.7).

Pd(OAc),, KOtBU, +-BugP
Toluene, 120°C, 3d

A

0 U &

Scheme 3.7. Synthesis of compound A2.
3.2.2 Physical properties of A, A0, A1l and A2

Electrochemical and photophysical measurements were performed for compounds A0, A,
Al and A2 (Figure 3.11).

Br
ke
A

Figure 3.11. Molecular structures of the materials from the A-n series.

Absorption and emission spectra were measured in both solution (toluene and
tetrahydrofuran (THF)) and solid state, including neat film and in a CHDV matrix (Figure
3.12). Additionally, the emission and photoluminescence quantum yield (PLQY) were
measured in powder samples (Table 3.6 and Table 3.8, respectively). All materials
demonstrate two main absorption bands, the most intense peak corresponding to a local n—

n* transition at a shorter wavelength, and a weaker band associated with intramolecular
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charge transfer at a longer wavelength. Compounds A and A2 demonstrate very similar
absorption spectra in toluene with an intense band around 315 nm and a weaker band around
425 nm. The latter band is slightly red-shifted in THF and film and corresponds to a charge
transfer process. Absorption spectra of A0 and Al also reveal two bands. For A0 the more
intense band is blue-shifted compared to other compounds and is at 308 nm with the second
band situated around 330 nm. Al differs from the other three compounds by a widened and
significantly red-shifted first absorption band at around 355 nm with the CT band at around
426 nm. This difference can be explained by the extension of n-conjugation to the phenyl
ring of the triphenyl amine moiety in Al. The similarity of the absorption spectra for all
compounds except Al indicates that the absorption is mainly influenced by the truxene-
benzothiadiazole-truxene core, and that the ICT transition occurs between occupied orbitals
of truxene moieties and unoccupied orbitals of the BT unit. In the CHDV matrix all
compounds demonstrated a red shift (=20 nm) of the absorption band corresponding to a

local m—mt* transition with no significant changes of the CT band.
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Figure 3.12. UV-vis absorption (left axis) and emission (right axis) spectra of A0 (a), A (b), Al (c)
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and A2 (d) in toluene, THF, neat film and CHDV matrix.
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Table 3.5. Absorption maxima for AQ, A, Al and A2 in solution, neat film and CHDV matrix.

Aabs (Toluene) haps (THF) Aaps (film) Aaps (CHDV)
nm nm nm nm
A0 308, 430 307, 430 308, 440 332,432
A 315, 426 313, 426 316, 435 332,427
Al 355, 427 351, 431 356, 427 374,432
A2 315, 423 312, 430 315, 435 339, 428

Photoluminescence spectra were recorded with excitation of the molecules at the wavelength
of the most intense absorption band. All compounds are green emitters with emission peaks
at around 530 nm (Table 3.6). Compounds A and A0 show a small red shift in polar solvent
and in film state. For Al and A2 the red-shift of the emission is larger in THF solution than
in films when both are compared to toluene solution. In the CHDV matrix all compounds
demonstrate blue-shifted emission when compared to neat films. Also, for A1 and A2 the
narrowing of the emission peak is observed in the CHDV matrix, which is probably due to
a partial suppression of the molecular vibrations in the matrix. The emission in powder form
is red-shifted (=10 nm) compared to films of A0, Al and A2, whilst it is almost identical for
A.

Table 3.6. Emission maxima for A0, A, Al and A2 in solution, neat film, CHDV matrix and powder.

e (Toluene) e (THF) e (film) e (CHDV) el (powder)
nm nm nm nm nm
A0 527 535 541 533 550
A 523 530 543 526 540
Al 535 549 544 529 557
A2 529 541 531 522 552
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Table 3.7. PLQY (%) of A, A0, Al and A2 in solution and solid state. Measured when excited at a
longer absorption wavelength of the materials.

Toluene THF N_e at CHD.V Powder
Film matrix
A0 22 34 58 62 87
A 22 31 58 68 82
Al 38 27 39 70 65
A2 38 <1 10 48 20

Despite the similarity of absorption and emission spectra for all four molecules, there is a
significant difference in the PLQY between A2 and the rest of the compounds (Table 3.7).
While A0, A and Al show moderate PLQY in the range of 22-38% in both toluene and THF,
for A2 fluorescence is practically quenched in more polar THF. Compounds AO and A
exhibit high PLQY values of 58% in neat films and even higher PLQY of 62% and 68% in
a CHDV matrix. Interestingly, the highest PLQY for these materials is observed in powder
form (87% for Al and 82% for A2). Material Al has demonstrated the highest PLQY of
70% when encapsulated in a CHDV matrix, and the emission is partially quenched in a neat
film (39%). For A2 the PLQY is almost five times lower in a neat film compared to the
CHDV matrix (10% and 48% respectively). The quenching of A2 emission in a more polar
THF can indicate a stronger CT character in a molecule compared to the other three
compounds. Luminescence quenching observed in a neat film of A2 material signifies that
intermolecular interactions arising in the solid suppress the radiative decay. The emission of
A2 in powder form (20%) is also much lower compared to Al (65%) as well as AO and A.
To conclude, for the materials A0, A and Al the non-radiative decay is suppressed in the
solid state, thus they exhibit aggregation-enhanced emission. Contrary to this A2 exhibits a
prominent quenching of the emission in the neat film and powder even though the extinction
coefficient is the highest for this material (Table 3.8). This is probably due to a formation of
non-emissive aggregates possibly arising from the n-7 interactions between phenoxazine
units for A2 in the solid state.
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Table 3.8. Molar extinction coefficient £ for A, A0, Al and A2 in toluene, calculated for the two
absorption maxima.

A0 A Al A2
£, (), nm) 118804 (308) 151370 (315)  155736(355) 159 546 (315)
£, (), nm) 29 838 (430) 28 884 (426) 28 366 (427) 36 504 (423)

The lifetimes of the excited states of the materials A1l and A2 were evaluated using the time-
correlated single-photon counting method (TCSPC). The measurements were performed by

Dr Dmytro Volyniuk at Kaunas University of Technology.

In TCSPC the sample is excited with a pulse of light and the detection of the emitted light
occurs at a very low rate so that less than one photon is detected per pulse. A large number
of excitation-relaxation events is recorded together with the time between the excitation
pulse and the detection of the photon emitted by the material. The measurements can be
represented as a histogram with the x-axis corresponding to a time difference and the y-axis
representing the number of detected photons with a given time interval.>?

Figures 3.13 and 3.14 show the photoluminescence decay curves recorded for Al and A2.
There are three curves in each graph including measured decay, instrument response and fit.
The fitted function is a result of a convolution of the instrument response with the measured
decay data. In solution, fluorescence decay profiles are mono-exponential for both Al
(Figure 3.13-a) and A2 (Figure 3.14-a), and the materials demonstrate short fluorescence
lifetimes of around 3.6 ns. Thus, no delayed fluorescence is observed for the solutions. In
films, both A1l and A2 demonstrate multi-exponential decay. The lifetimes of the excited
states are longer in films, but they still remain within the range of prompt fluorescence.
Short-lived fluorescence is predominant for A1 with average decay times being 0.89 ns
(15%), 4.18 ns (65%) and 12.5 ns (20%). The behaviour of A2 is more complex in films
with four decay times having almost identical rate: 0.27 ns (20%), 1.69 ns (29%), 7.97 ns
(26%) and 28.8 ns (25%). This is most likely the result of intermolecular interactions arising
in the film state that are leading to a formation of different excited species, such as excimers.

This is in good agreement with the results of the PLQY measurements discussed above.
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Figure 3.13. Time-correlated single-photon counting fluorescence decay profiles and fitted functions
for Alin 2:10* M toluene solution (a) and film (b). Excitation wavelength Aexc = 350 nm.
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Figure 3.14. Time-correlated single-photon counting fluorescence decay profiles and fitted functions
for A2 in 2:10* M toluene solution (a) and film (b). Excitation wavelength Aexc = 315 nm.

The electrochemical properties of A1 and A2 were studied by cyclic voltammetry. The

experiments were performed using ~5-10* M concentrations of both compounds ina 0.1 M

solution of tetrabutylammonium hexafluorophosphate in the 1 : 2 acetonitrile : toluene

mixture. Acetonitrile has a relatively low reduction potential, and toluene enhances the

solubility of molecules. The oxidation of compound AO shows two irreversible waves

(Figure 3.15). The reduction demonstrates two sets of quasi-reversible waves, each followed

by one irreversible wave; it also shows an additional quasi-reversible wave at a higher
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negative potential. The HOMO and LUMO energies were calculated for material A0 and
were found to be -5.67 and -2.87 eV respectively.
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— A0 - Redugction —— A0 - Oxidation
-6
oo 8.0x10° |
”3 , L 40010°
T 20x10° =
5 5
£ E "
L:) 8 2.0x10°
-4.0x10°
0.0
6.0x10° o
T T T T T 2.0x10° T T T T T T T T T T
35 3.0 25 20 -15 -10 -05 04 02 00 02 04 06 08 10 12 14
Potential (V) Potential (V)

Figure 3.15. Reduction (left) and oxidation (right) curves from cyclic voltammetry of AO referenced
against the Ei. of the Fc/Fc* redox couple; 5-10% M solutions in 0.1 M n-BusNPFg (1:2
acetonitrile:toluene mixture).

Compound A demonstrates two quasi-reversible oxidation peaks, whilst for the reduction
two quasi-reversible peaks are followed by one irreversible wave (Figure 3.16). The
calculated HOMO and LUMO energies for A are -5.68 and -2.95 eV, respectively.
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Figure 3.16. Reduction (left) and oxidation (right) curves from cyclic voltammetry of A referenced
against the Ei. of the Fc/Fc* redox couple; 5-10% M solutions in 0.1 M n-BusNPFg (1:2
acetonitrile:toluene mixture).

The oxidation and reduction curves of compounds Al and A2 are shown in Figures 3.17 and
3.18, respectively. The oxidation of A1 demonstrates one reversible and two quasi-reversible
peaks. The reduction shows three quasi-reversible waves and one irreversible process. The
calculated HOMO and LUMO energy levels for Al are -5.20 eV and -2.94 eV, respectively.
The HOMO level is almost 0.5 eV higher compared to A0 and A, and the electrochemical
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band gap is narrowed, due to the introduction of four electron-donating triphenylamine

groups.
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Figure 3.17. Reduction (left) and oxidation (right) curves from cyclic voltammetry of Al referenced
against the Ei. of the Fc/Fc* redox couple; 5-10% M solutions in 0.1 M n-BusNPFg (1:2
acetonitrile:toluene mixture).

For compound A2 the first reversible oxidation peak appears at the lowest potential
compared to the other three compounds, and it is followed by a second irreversible peak
(Figure 3.18). The reduction processes involve three quasi-reversible waves. The calculated
HOMO and LUMO energies are -5.04 eV and -2.93 eV. In this case phenoxazine is
introduced into the backbone as a stronger electron-donating moiety, and the Egcv) is even
lower than that for A1 The LUMO energy levels are nearly identical for all four compounds

due to the presence of the same 2,1,3-benzothiadiazole acceptor moiety.
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Figure 3.18. Reduction (left) and oxidation (right) curves from cyclic voltammetry of A2 referenced
against the Ei, of the Fc/Fc* redox couple; 5-10*% M solutions in 0.1 M n-BusNPFs (1:2
acetonitrile:toluene mixture).

A comparison of the optical and electrochemical band gaps for compounds AOQ, A, Al and
A2 is shown in Table 3.9. The difference between Egept) and Egcv) is more significant for

compounds A0 and A than it is for Al and A2. Normally, the optical band gap is lower than
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the electrochemical band gap.?®® This difference corresponds to the exciton binding energy,
i.e. the energy needed for the transformation of the electrostatically bound excited state into
the ionised state.?® In this case it can be concluded that for A0 and A the exciton binding
energy is much higher than it is for A1 and A2, which is in agremment with the previous
studies where the dependence of the exciton binding energy on the molecule length is

observed with smaller molecules, demonstrating higher energies.?®

Thermal properties of materials were studied by differential scanning calorimetry (DSC) and
thermal analysis (TGA). All compounds demonstrate high thermal stability with 5% weight
loss at 380°C (A), 402°C (A0) and 415°C (Al and A2). When measured by DSC compound
Al demonstrates a transition peak at 161°C which is most likely a glass transition (see

Appendix).

Table 3.9. Correlation of optical and electrochemical HOMO-LUMO gaps for A0, A, Al and A2.

E E HOMO®  LUMO® Eqcv) Eqgopy”
X red
° ’ Q%) (V) V) eV)d
-2.05 (g-r)?
-2.15 (irr)®
0.97(irr)
A0 -2.47 (g-r) -5.77 -2.75 3.02 2.55
1.16(irr)
-2.61 (irr)
-2.85 (irr)
-2.02 (g-r)
1.01(g-r)
A -2.51 (g-r) -5.81 -2.78 3.03 2.55
1.14(g-r)
-2.81 (irr)
-1.94 (g-r)
0.51
-2.19 (g-r)
Al  1.00(g-r) -5.31 -2.86 2.45 2.52
-2.63 (q-r)
1.19(g-r)
-2.79 (irr)
-2.15 (irr)
0.34
A2 -2.58 (irr) -5.14 -2.65 2.49 2.52
1.16(irr)
-2.86 (irr)

3 (g-r) denotes quasi-reversible; ° (irr) denotes irreversible; ¢ HOMO (LUMO) calculated from the
peak of the corresponding redox wave and referenced to ferrocene. ¢ The optical HOMO-LUMO
gap (Egep) is calculated from the onset of the long wavelength-edge of the absorption band.
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3.2.3 Fabrication and characterisation of fluorescent OLEDs

The final material A1 had the highest PLQY in the solid state and was therefore chosen to
be used as an emissive layer in OLED devices. Table 3.10 presents the summary of all the
device structures used in this study. In all cases ITO was used as an anode. PEDOT:PSS or
MoOs were used as the HIL, and LiF | Al or Ca | Al as the cathode layers. PEDOT:PSS was
spin-coated at 3000 rpm for 60 s. MoOs, LiF | Al and Ca | Al were thermally evaporated. Al
was spin-coated at 1000 rpm for 60 s from a toluene or chloroform solution at the stated
concentration. The EQE of the devices was calculated using the method proposed by
Okamoto et al.?®! All the devices demonstrate green emission with Ag;, =~ 540 nm, CIE (0.40,
0.60) (Figure 3.19-b). The wavelength of the emission is slightly red-shifted at higher

concentrations of Al (Figure 3.19-a).
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Figure 3.19. Example of the electroluminescence spectra (a) and CIE coordinates (b) for the devices

using Al as the emitter. Device structure: ITO | PEDOT:PSS | Al | Ca (40 nm) | Al (60 nm). Al spin-
coated from toluene.
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Table 3.10. Summary of the device structures used for the investigation of the EL properties of Al.

Series Device structure Conditions

Dev A ITO | PEDOT:PSS | Al | Al spin-coated from chloroform solution.
Ca (40 nm) | Al (60 nm) Concentration: 5-30 mg/mL

Dev B ITO | PEDOT:PSS | Al | A1 spin-coated from toluene solution;
Ca (40 nm) | Al (60 nm) Concentration: 5-30 mg/mL

Al spin-coated from toluene solution.
Dev C ITO | MoO: [ Al Concentration: 20 mg/mL.

Ca (40 nm) | Al (60 nm) Annealing temperature: 25-150°C.

Dev D ITO | PEDOT:PSS | Al | Al spin-coated from toluene solution.
LiF (1 nm) | Al (100 nm) Concentration: 10-25 mg/mL.

Dev E ITO | PEDOT:PSS | Al | TPBI | Al spin-coated from toluene solution.
LiF (1 nm) | Al (100 nm) Concentration: 5-10 mg/mL.

In the first series of OLED devices, a Ca (40 nm) | Al (60 nm) bilayer was used as a cathode.
To investigate the influence of the solvent used for the spin-coating of the emissive layer on
the performance of devices, solutions of Al were prepared in chloroform (Dev A) or toluene
(Dev B) with concentrations varying from 5 mg/mL to 30 mg/mL. Table 3.11 presents the

main characteristics of OLED devices from Dev A and Dev B series.
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Table 3.11. Performance of Dev A and Dev B OLED devices fabricated using Al as emitter.
Device structure: ITO | PEDOT:PSS | Al | Ca (40 nm) | Al (60 nm).

Turnon
Concentration voltage ) Current
of the EML Solvent Luminance  efficiency =~ Power  EQE
at 10 cd m (cdm?)2 efficiency (%) ?
(mg/mL) (cd A2
V) (Imw) @
4962 0.73 0.43
5 Chloroform 3.3 0.14
(8.5V) 4.7V) 4.7V)
1422 0.05 0.05
Toluene 2.92 0.01
(10.9V) (3.2V) (3.1V)
4077 0.95 0.41
10 Chloroform 4.2 0.18
(10.2V) (6.2V) (5.25V)
4674 0.52 0.47
Toluene 2.97 0.12
(8.47V) (3.3V) (2.8 V)
1281 1.71 0.82
20 Chloroform 5.76 0.28
a7.8V) (8.1V) (5.0V)
5393 1.17 0.83
Toluene 4.05 0.28
(12.9Vv) 3.9V) 3.9V)
372 2.55 0.81
30 Chloroform 7.79 0.60
(18.8V) (12.4V) (6.8V)
6292 2.17 1.26
Toluene 4.68 0.52
(15.8 V) (5.22 V) (4.1V)

2 Maximum performance is shown

All devices demonstrate an increase in the turn-on voltage with an increase in concentration
(Table 3.11, Figure 3.20 and Figure 3.21). Maximum EQE and current efficiency of the
devices also increases at higher concentrations (Table 3.11, Figure 3.22 and Figure 3.23).
The Dev B series has demonstrated a higher maximum luminance (6292 cd/m?) compared
to the Dev A series (4964 cd/m?). Also, the luminance increases with increased
concentration of the material for the Dev B series, whilst it decreases for Dev A (Figure
3.21). The maximum EQE of the devices increases at higher concentrations; whilst at 30

mg/mL it is slightly higher for Dev A compared to Dev B (0.60% and 0.51%, respectively),
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Dev B device demonstrates more than 15 times higher luminance. Additionally, the Dev B

series demonstrated lower turn-on voltages which is most likely due to the slower

evaporation rates of toluene compared to chloroform used for the deposition of the EML in

Dev A.%2263 Ag the Dev B series has demonstrated better performance compared to Dev A,

toluene was used for spin-coating of the EML for all the following series of devices.
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Figure 3.20. Current density vs applied bias for Dev A (a) and Dev B (b) series. Device structure:

ITO | PEDOT:PSS | AL | Ca (40 nm) | Al (60 nm).
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Figure 3.21. Brightness vs applied bias for Dev A (a) and Dev B (b) series. Device structure: ITO |

PEDOT:PSS | Al | Ca (40 nm) |

Al (60 nm).
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Figure 3.22. EQE vs. current density for Dev A (a) and Dev B (b) series. Device structure: ITO |

PEDOT:PSS | Al | Ca (40 nm) | Al (60 nm).
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Figure 3.23. Current efficiency vs current density for Dev A (a) and Dev B (b) series. Device
structure: ITO | PEDOT:PSS | Al | Ca (40 nm) | Al (60 nm).

In the next series (Dev C), MoOswas used as the HIL. The concentration of the A1 material

in the toluene solution for spin-coating was 20 mg/mL (Table 3.12). Annealing temperatures

varied from 50°C to 150°C. Unannealed devices demonstrate the highest brightness (7990

cd/m?), the lowest turn on voltage (5.7 V) and EQE comparable to the devices annealed at
50°C and 100°C (0.30%, 0.29% and 0.34%, respectively). Devices annealed at 150°C have

shown the lowest efficiencies. The performance of Dev C is similar to that of Dev B at 20

mg/mL concentration of Al in toluene. The driving voltage is, however, lower for Dev B.

Thus, PEDOT:PSS was used as the HIL in the following series of devices.
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Table 3.12. Performance of Dev C OLED devices fabricated using Al as the emitter.
Device structure: ITO | M0oO3 (10 nm) | Al | Ca (40 nm) | Al (60 nm).
Al spin-coated from toluene and annealed at various temperatures.

Annealing Turnon _ Current Max power

temperature ~ Voltageat  Luminance efficiency efficiency EQE
10 cd m?2 (cd m?)?2 (%)?

©) ) (cd A (Im W) ®
no annealing 5.7 7990 (13.1V) 111(115V)  0.31(112V) 0.30
50 6.45 6775(149V) 1.08(135V)  0.26 (13.2V) 0.29
100 7.31 7142 (158V) 125(119V)  0.36 (9.52 V) 0.34
150 6.24 6333 (15.1V) 0.76 (149V)  0.16 (14.2V) 0.20

2 Maximum performance is shown

In the Dev D series LiF (1 nm) | Al (100 nm) bilayer was used as a cathode instead of Ca |
Al, and the concentration of the emissive layer varied from 10 mg/mL to 25 mg/mL. The
devices show very low EQEs (<0.01%) and brightness below 200 cd/m?as well as very high
driving voltages of around 8 V (Table 3.13).

Table 3.13. Performance of Dev D OLED devices fabricated using Al as emitter.

Device structure: ITO | PEDOT:PSS | Al | LiF (1 nm) | Al (100 nm). Al spin-coated from toluene.
Turn on

Concentration voltage at Current Max power
Luminance ici ici
of the EML 10 cd m?2 (cd m?)e efficiency efficiency EQE (%)?
mg/mL cd Ay Im w)?
(mg/mL) W) (cd A% (Im W)
10 7.95 17 (9.2V) 0.01(9.2V) 0.0003 (9.2V) 0.0003
15 7.35 143 (126V) 0.02(9.0V) 0.006 (8.7 V) 0.005
20 7.95 157 (13.8V) 0.02(10.1V) 0.006 (9.6 V) 0.005
25 9.20 113 (14.4V) 0.04(10.2V) 0.01(9.8V) 0.009

2 Maximum performance is shown

The introduction of TPBi as an ETL (spin-coated at 2000 rpm for 30 s from a 6 mg/mL
solution of methanol),?®* has led to a higher brightness of the devices (400-500 cd/m?) and
lower turn on voltages (=5V), but the EQE of the devices still did not surpass 0.01 % (Table
3.14).
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Table 3.14. Performance of Dev E OLED devices fabricated using Al as the emitter and TPBi as an
ETL. Device structure: ITO | PEDOT:PSS | Al | TPBi | LiF (1 nm) | Al (100 nm).
Al spin-coated from toluene, and TPBI spin-coated from methanol at 2000 rpm for 60 s.

Turnon

Concentration voltage at ) Current Max power
of the EML geal  Luminance efficiency efficiency EQE
10cd m (cd m—Z) a (%)?
(mg/mL) (cd At (ImW)?
V)
5 4.5 523 (7.8 V) 0.03 (7.8 V) 0.013 (7.7 V) 0.009
10 5.4 410(855V)  0.04(855V)  0.013(8.4V) 0.01

2 Maximum performance is shown

Out of the five series, Dev B has shown the best all-round performance with the maximum
EQE of 0.52 %, luminance of 6292 cd/m?and a turn on voltage of about 4.7 V. The Ca | Al
cathode is thus the best choice for the fabrication of devices with Al as an emissive layer.
This is probably due to a better matching work function of the Ca | Al cathode to the LUMO
of A1, compared to the LiF | Al cathode (Figure 3.24).2% The performance of the OLEDs

can possibly be further improved by introducing an ETL.

LiF | Al (2.8 eV)
I

-29eV  |ca | Al(2.9¢eV)

3.3 eV

Al
PEDOT:PSS
ITO T
I -50e
4.7 eV DlEy

Figure 3.24. Energy diagram for the series Dev A and Dev B of the OLED devices.

3.2.4 Use of materials as down-converters in hybrid LEDs

In addition to studying Al as an emissive layer for OLEDs, the material A1 was also used
as a down-converter in hybrid LEDs. The preparation of devices and all related
measurements were performed at the University of Strathclyde by Dr Jochen Bruckbauer.
To prepare the devices, compound Al was incorporated into a transparent CHDV matrix,
deposited onto an LED chip, and the organic layer was next cured with UV light.?>* In order

to investigate the colour converting properties of the material, different amounts of Al (0.6
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— 4.6 mg) per 1 mL of CHDV matrix were used. The EL spectra for hybrid LEDs show two
peaks: one around 455 nm corresponding to the emission of the blue LED and another around
530 nm originating from the Al material (Figure 3.25). When the concentration of Al
increases, the intensity of the blue emission decreases as more of the blue light is absorbed
by the organic material. The intensity of the emission from Al increases until the
concentration of the organic material raises to 1.8 mg/mL and decreases afterwards. This
behaviour can be attributed to aggregation induced quenching at higher concentrations of
the organic material.?®® The calculated chromaticity coordinates in the CIE 1931 (X, y)
chromaticity diagram for the light emitted by hybrid LEDs, together with the emission from
the bare blue LED are shown in the Figure 3.26. The colour of the light emitted by the LEDs
with Al concentration of 0.9 and 1.3 mg/mL is the closest to the Planckian locus. When the
concentration of the material increases, the colour shifts to the green region, and at 4.6
mg/mL the emission originates almost completely from the organic material. The colour
shift occurs on a straight line between the coordinates from the blue LED and the green
region, which makes it pass above the Planckian locus. An additional red-shifted component
in the emission of the organic material in this case could have made the line to pass through
the Planckian locus and thus produce a better-quality white light. The difference in the
chromaticity of the devices using the same concentrations of the colour-converter are most

likely due to the inaccuracies in the volume measurements for the deposited organic layer.

T T : I ! I ! T T T
Dev1 - 0.6 mg/mL
Dev2 - 0.6 mg/mL ]
Dev3 - 0.9 mg/mL
----- Dev4 - 0.9 mg/mL
Dev5 - 1.3 mg/mL
Dev6 - 1.3 mg/mL
Dev7 - 1.8 mg/mL ]
Dev8 - 1.8 mg/mL
Dev9 -2.4 mg/mL |
----- Dev10 - 2.4 mg/mL
Dev11 - 4.6 mg/mL
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Figure 3.25. EL spectra of the blue LED after encapsulation with different amounts of the organic
wavelength converter.
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Figure 3.26. Chromaticity diagram (CIE 1931) showing coordinates of LEDs encapsulated with
different concentrations of organic down-converter.

The quality of the hybrid LED light was evaluated by determining CRI and CCT colorimetry
values discussed in Section 1.3.2 of Chapter 1 (Figure 3.27). The CRI varies from around 40
to 70 for different concentrations of Al. At 0.9 mg/mL the CRI value is the highest (67), and

it decreases at higher concentrations.

According to the CCT of the prepared hybrid LEDs, the light varies from cool to warm white
with increased concentration. The lowest CCT is around 4870 K (4.6 mg/mL). At 0.9 mg/mL
the CCT is the highest (around 12730 K). Only concentrations of Al between 1.8 mg/mL
and 4.6 mg/mL provide CCT values within a 3000 — 7000 K range, which is acceptable for
indoor lighting.
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Figure 3.27. CRI (left) and CCT (right) values for hybrid LEDs encapsulated with different
concentrations of organic down-converter.

While the radiant flux is higher at lower concentrations of the down-converter, the luminous
flux (characterising the light power perceived by the human eye), increases with
concentration up until 1.8 mg/mL and slightly decreases afterwards (Figure 3.28). Luminous
efficacy (Figure 3.29) follows the same trend, as the electrical power is roughly the same for
all LEDs. This trend demonstrates that the use of the colour converter enhances the

perception of the light by the human eye.
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Figure 3.28. Radiant flux (left) and luminous flux (right) values for hybrid LEDs encapsulated with
different concentrations of organic down-converter.

Another parameter which can evaluate the efficiency of the hybrid LED containing a colour
converter is the blue-to-white efficacy, which is the ratio of the luminous flux of the hybrid
LED to the radiant flux of the bare blue LED, and has values above 200 Im/W for phosphor-
based commercial white LEDs.?® The highest blue-to-white efficacy of 320 Im/W is

achieved for devices with a concentration of 1.8 mg/mL for Al.
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Figure 3.29. Luminous efficacy (left) and blue-to-white efficacy (right) values for hybrid LEDs
encapsulated with different concentrations of organic down-converter.

In summary, concentrations of 0.9 mg/mL of down-converter provide the best colour quality.
whilst the efficiency of the device is highest at 1.8 mg/mL for Al. The chromaticity
coordinates are, however, quite far away from the Planckian locus for all devices, and CCT
and CRI values considered acceptable for industrial applications could not be achieved
simultaneously. In order to achieve a better colour quality, the emission of the material
should be broader and extend further into the longer wavelength. This could be achieved by
using a stronger electron-donating group and extending the conjugation in the system by, for
example, introducing additional zt-linkers, such as fluorene moieties between the truxene-

based core and the donor.
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3.3 Conclusions

In summary, two new donor-acceptor compounds Al and A2 based on a truxene-BT-truxene
core were synthesised. The absorption and emission profiles of the materials do not differ
significantly from their precursor (A) and the unsubstituted core A0, which signifies that it
is mainly influenced by the core unit. Material Al has demonstrated a higher PLQY in
solution and in solid state compared to A2. The electroluminescent properties of Al were
investigated in OLEDs. The highest EQE for the devices is 0.60%, and the maximum
achieved brightness is 7990 cd/m?. The performance of the devices could possibly be further
improved by introducing an ETL, such as BCP, with the LUMO energy level matching the
work function of the cathode and the LUMO level of Al. The material A1 was also used as
a colour-converter in hybrid LED devices. Whilst the material efficiently absorbs blue light
and re-emits it at a longer wavelength, the quality of light is not satisfactory for lighting
applications and a pure white light could not be achieved using the material. For a better
colour quality, the colour-converter should emit light at a longer wavelength compared to
Al. The increase of conjugation between the core and the donor unit can red-shift the
emission of the material as well as increase the absorptivity, thus providing a better colour-

conversion.

While the materials A1 and A2 do not demonstrate TADF properties, the delayed
fluorescence can potentially be achieved in isotruxene-based materials, as in isotruxenes the
conjugation is interrupted only partially (Figure 3.30-a), and when the combination of two
donor (acceptor) and one acceptor (donor) substituents is used this can lead to a reduced
AEst gap whilst simultaneously keeping the conjugation strong enough to achieve high
PLQY. Triazatruxene, an heterocyclic analogue of truxene (Figure 3.30-b), was recently
successfully used as a donor core in a TADF compound with dibenzothiophene-S,S-dioxide
as an acceptor.?®® The material has demonstrated exceptionally high PLQY (=1) and fast
rISC rates. This was explained by the presence of three quasi-equivalent acceptors in the
system that give rise to multiple excited triplet and singlet states that are close in energy and
vibronically coupled to each other. The strategy employing multiple acceptor systems can
be further extended to the preparation of TADF materials based on a cyclic tetraindole core
(Figure 3.30-c), which can often be separated as a side product during the synthesis of

triazatruxene.28’
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R = Alkyl
R4, Ry, Rz = Donor or Acceptor
A = Acceptor

Figure 3.30. Suggested molecular structures for TADF emitters with isotruxene (), triazatruxene (b)
and tetraindole (c) cores. Conjugated arms of isotruxene are circled in blue and red.

Moreover, the core A can be employed as a building block for the preparation of dendrimers
with oligofluorene arms (Figure 3.31). These materials can be used in lasing applications as
well as for visible light communications. In fact, two new compounds A-Fl1 and A-Fl2were
already prepared in the group by a visiting Masters student Manon Bousquet, and their
properties should be investigated further. The yield of material A can be increased by further
optimisation of the coupling procedure. For example, the influence of the concentration of
the starting material in the reaction mixture was not investigated in this study. Lower

concentrations could minimise the unwanted side polymerisation processes in this case.

Figure 3.31. Molecular structure of the materials with A core and oligofluorene arms.
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Chapter 4. “Chemeleon” quinolines:
Compounds exhibiting mechanochromic

aggregation-induced delayed emission

Here the properties of new charge-transfer (CT) compounds with quinoline used as an
acceptor and di-tert-butyl carbazole as a donor are discussed. When the nitrogen atom of
the quinoline moiety in Q1 and Q2 is methylated, formed salts show mechanochromism and
aggregation-induced emission (AIE). Moreover, depending on the relative position of the
donor and acceptor the materials demonstrate either TTA or TADF. Due to the AIE
character of the methylated compounds the properties of materials were mainly investigated
in the solid state. The influence of the counter-ion on the properties of quinoline derivatives
is also discussed in this chapter. In addition, the material Q2-S1 was tested in organic light-
emitting diode (OLED) devices.

119 | Page



4.1 Introduction

Even though organic electronics is a relatively young field of materials science, thousands
of novel semiconducting organic materials have already been reported. For many of these
compounds the preparation involves complex multi-step syntheses using time-consuming
procedures and tedious purification methods. This can limit the scale-up of the materials and
their use in commercial products. Thus, using easily available starting materials and simple
synthetic routes for the preparation of highly efficient compounds would be beneficial for
the field.

Finding good candidates for use in organic semiconducting devices among already existing
fluorescent materials is particularly tempting. One such compound is quinine, an alkaloid
naturally occurring in cinchona trees. It is widely used as an antimalarial drug?®, and is
fluorescent in acidic environments, such as tonic water. The compound was known since the
beginning of the 19" century, and the first observation of fluorescence, originally termed
‘epipolic dispersion’, was first reported by John Hershel?®® using a solution of quinine
sulphate in 1845. Moreover the solution of quinine sulphate was used for the first description
of the change in refrangibility between absorbed and emitted light later termed the Stokes’
shift?’®, after its discoverer George Stokes, who also coined the term fluorescence. Despite
the fact that quinine helped give birth to the field of fluorescence spectroscopy and is still
widely used as a fluorescence standard,?’* its photophysical properties have not been fully
investigated to date.

Dr Marc Etherington from the OEM group in Durham University in his study of quinine has
observed several new properties. For example, in polar solvents an additional emission band
emerges for quinine. It is red-shifted with the increase of the solvent polarity indicating the
CT character of the band (Figure 4.1).
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Figure 4.1. Solvatochromism of quinine (unpublished work).

Moreover, it is possible to achieve similar fluorescent properties to the acidified quinine in
neutral solutions when the nitrogen atoms of quinine are methylated. Indeed, Dr Marc
Etherington has discovered that the methylation of one or both nitrogen atoms of quinine
leads to significant changes in its emission profile (Figure 4.2). The methylation of the
tertiary amine leads to the suppression of the CT emission discussed above, and only a high
energy band can be observed (Figure 4.2-b). When both nitrogen atoms are methylated the
emission shifts to around 450 nm and is similar to the emission profile of quinine sulphate
in acidic solution (Figure 4.2-c).2’?> Thus, the most significant changes are observed when

the sp? nitrogen of quinine is methylated.
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Figure 4.2. Influence of the methylation of nitrogen atoms of quinine on the emission profile
(unpublished work).

Numerous readily available natural compounds containing heteroaromatic rings could be
modified by this simple procedure and can potentially demonstrate a drastic change in their

photophysical properties. Moreover, it is probably possible to induce thermally activated

121 | Page



delayed fluorescence (TADF) in such compounds. Initially TADF was observed in eosin Y
(hence also being known as E-type delayed fluorescence), a material that similarly to quinine
exhibits proton transfer. Also, as it was discussed in Section 1.4.1 of Chapter 1, HOMO-
LUMO separation sufficient for inducing reverse intersystem crossing (rISC) and, thus,
TADF can be achieved in molecules with excited-state intramolecular proton transfer
(ESIPT)¥4126 Thus, quinine and similar compounds, such as quinoline, are good candidates

for further investigations in the area of proton transfer TADF materials.
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Figure 4.3. Molecular structures of quinine, quinoline and its derivatives used for optoelectronic
applications.

It was also previously observed that in molecules with CT character the AEst gap can be
modulated by changing the polarity of the media, which in turn can enhance TADF (Section
1.4.1, Chapter 1)1913 Thus, it would be interesting to investigate whether the CT state can
be tuned and TADF can be induced by methylation of the sp? nitrogen atom in donor-
acceptor compounds containing heterocyclic aromatic moieties, such as quinoline (Figure
4.3).

Quinoline is already used as an acceptor in a TADF emitter. In the compound CQNN
carbazole is introduced in the 8-position of quinoline, and naphthyl moieties are situated in
2- and 4-positions (Figure 4.3)?"3. This material exhibits mechanoluminescent properties. In
its a-CQNN form with non-centric Pna2: symmetry the material exhibits prompt
fluorescence together with phosphorescence. After mechanical grinding it turns into p-
CQNN with centric P21/n symmetry which demonstrates TADF via rISC from T> to S; and
RTP from T relaxation. According to theoretical calculations the conformational change
results into a significant reduction of S:-T> gap from 0.732 eV for a-CQNN to 0.016 eV for
B-CONN.
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Protonation of the quinoline moiety was previously used for tuning the optoelectronic
properties of fluorescent materials. Hancock et al. have reported a quinoline-based
fluorescent emitter BPYOQ (Figure 4.3) where the luminescence was modulated by
protonation of one or both of its nitrogen atoms by camphorsulfonic acid (CSA)?™. The
colour of the emission could be changed by mixing BPYOQ and CSA in different molar
ratios. In chloroform solution the pure BPYOQ demonstrates one emission peak at 434 nm,
and upon the addition of CSA a second band emerges at 523-530 nm. And the overall colour
of the emission shifts from blue to green. However, the addition of CSA also quenches the
emission, reducing the photoluminescence quantum yield (PLQY) from 87% to 37%.
Contrary to the solution, in solid state the material demonstrates only one emission band
which shifts gradually from green to red with increasing amounts of CSA. Authors suggest
that this is due to the fusion of two PL bands at lower concentrations of CSA when
protonated and non-protonated forms of BPYOQ are in equilibrium. At higher
concentrations emission originates exclusively from the doubly protonated compound. The
electroluminescent properties of BPYOQ:nCSA mix (n =0, 0.2,0.5, 1 and 2, and is a molar
ratio of CSA) were investigated in OLED devices. Increasing amounts of CSA decreases the
turn-on voltage of the devices (from 5.1 to 4.2 V), and the current efficiency is also decreased
(from 1.44 cd/A to 0.1 cd/A).

The materials containing the methylated quinoline moiety have already been used for
optoelectronic applications. Recently reported compounds HM6FQ and HM7FQ
demonstrate second-order nonlinear optical response with good characteristics for terahertz
wave generation (Figure 4.4)?>. In this case the introduction of a fluorine atom into the
quinoline backbone results into a higher thermal stability of the material compared to non-
fluorinated HMQ-T due to the formation of additional hydrogen bonds. Quinolinium salts
can also demonstrate luminescent properties. For example, the star-shaped liquid-crystalline
molecule QN3 (Figure 4.4) exhibited AIE, which is most likely caused by the electrostatic

repulsion between the molecules and steric hindrance that inhibits the n— stacking.?’®

123 | Page



© 3 PFg
(0] /O ®
X @N R2
| OC1,H2s5
HO QN3 N OC1q,Hys
HM6FQ-T R,=F, R,=H O R=
HM7FQ-T R,=H,R,=F
HMQ-T R;=H,R,=H

Figure 4.4. Examples of molecular structures of quinolinium salts.

Pyridine is another heterocyclic aromatic moiety that can be modified by methylation of its
nitrogen atom. Pyridinium salts can exhibit aggregation-induced emission and are soluble in
water, which makes them good candidates for the applications in optical and biological
research. For example, A-shaped pyridinium salt DMDPS based on Troger’s Base (Figure
4.2) have demonstrated AIE, which is most likely due to the conformational twist of the
molecule in the solid state that leads to loose stacking.?’” Another example of pyridinium
salts demonstrating AIE is the CPN series where the colour of the emission can be tuned by
the introduction of the various aromatic substituents into the central benzene ring (Figure
4.5). AIE in these materials is most likely caused by their highly twisted structure®’®. The
materials demonstrated a good biocompatibility and could be used for mitochondrial and
bacterial imaging. Moreover, they can potentially be used in anticancer and antibacterial

treatment.

/ CPN
©
DMDPS PFg

Figure 4.5. Examples of molecular structures of pyridinium salts demonstrating AIE.

Methylated quinoline-based donor-acceptor compounds exhibiting delayed fluorescence
have not yet been reported and are the scope of this chapter. Furthermore, the materials

presented in this work demonstrate aggregation-induced emission (AIE) and
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mechanochromism (MC). In the last few years several series of materials simultaneously
exhibiting TADF, AIE and MC have been reported.*’®?”® However, to our knowledge this is

the first time they have been observed in organic salts prepared from non-TADF materials.

4.2 Results and discussion

To investigate the influence of the methylation on the photophysical properties of quinoline-
based donor-acceptor materials two new compounds Q1 and Q2 were synthesised (Scheme
4.1). Here, 3,6-di-tert-butylcarbazole (tBu-CBZ) was introduced as a donor in the 3- or 4-
position of quinoline. The compounds were then methylated to prepare a series of quinoline
salts Q1-Sn and Q2-Sn with different counter-ions including triflate, iodide and

tetrafluoroborate (Scheme 4.1).

tBu {Bu
B O O
— - N
N A
N S (M
_ tBu N/ o
4.1 N a1 @l X
Q1-Sn
Buchwald-Hartwig coupling Methylation n A
1 OTf
2 |

tBu tBu tBu tBu 3 BF4
;
Co— 7 —
~ N/
N ®|

4.2 Q2 Q2-Sn

Scheme 4.1. General strategy for the preparation of the series of methylated quinoline-based
compounds Q1-Sn and Q2-Sn.

4.2.1 Synthesis of quinoline-based charge-transfer compounds
Both Q1 and Q2 were prepared via Buchwald-Hartwig coupling between 3,6-Di-tert-
butylcarbazole (tBu-CBZ) and 3-bromoquinoline (4.1) or 4-bromoquinoline (4.2),

respectively (Scheme 4.2). Tris(dibenzylideneacetone)dipalladium(0) (Pdz(dba)s) was used
as a catalyst, 2-dicyclohexylphosphino-2',4",6’-triisopropylbiphenyl (XPhos) as a ligand and
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sodium tert-butoxide was a base of choice. Compound Q1 was prepared with 60% yield

while the reaction for the preparation of Q2 demonstrated a much lower yield of 12%.

tBu

@(7 N
tBu tBu
60%
XPhos, Pdy(dba)s, NaOtBu
tBu
H Tol, 110°C, 18h
tBu-CBZ Br 12% O O

Scheme 4.2. Synthesis of compounds Q1 and Q2.

Compounds Q1-S1 and Q2-S1 were prepared by the methylation of Q1 and Q2,
respectively, with methyl trifluoromethanesulfonate (Scheme 4.3). Products could be easily
separated by filtration. Both compounds exhibit aggregation-induced emission and
mechanochromism.

tBu

tBu
82%

MeOTf
CH,Cly, 0°C - RT, 10h

Q1 or Q2

72%

Scheme 4.3. Synthesis of compounds Q1-S1 and Q2-S1.

Materials Q1-S2 and Q2-S2 were prepared following the modified synthetic procedure
described in the literature®® by the reaction between methyl iodide and Q1 or Q2,
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respectively, in the microwave reactor (Scheme 4.4). Unlike the methylated compounds with
triflate counter-ion (Q1-S1 and Q2-S1), Q1-S2 and Q2-S2 do not exhibit AIE, but still
demonstrate mechanochromism. The synthesis of Q1-S3 and Q2-S3 was attempted in the
ion exchange reaction between AgBF4 and Q1-S2 or Q2-S2, respectively (Scheme 4.4). The
product could not be purified from the silver halide contamination, and an alternative method

was used (Scheme 4.5)%1,

Q1 -S3
AgBF4

MeOH 4 min
tBu

60%

Q1
Mel

or
Tol, 100°C, mw, 3 h
Q2
0,
52% Q2-52 Q2-83
N AgBF4
A MeOH, 4 min
/ / BF4

Scheme 4.4. Synthesis of Q1- and Q2-S2, and Q1- and Q2-S3 materials.

Here the desired products Q1-S3 and Q2-S3 were prepared from Q1 and Q2, respectively,
using a one-step reaction with trimethyl orthoformate and ammonium tetrafluoroborate. The

reaction was performed in the microwave reactor.

tBu

54%

Q1

NH4BF4, (MeO),CH
or
110°C, mw, 1 h

Q2

48%

2 BF,
o

Scheme 4.5. Alternative synthetic route for the preparation of compounds Q1-S3 and Q2-S3.
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4.2.2 Electrochemical characterisation and thermal properties

The electrochemistry data are presented in Table 4.1. The cathodic and anodic peaks are

shown for reversible, quasi-reversible (g-r) and irreversible (irr) processes.

Table 4.1. HOMO-LUMO levels and electrochemical bandgap Egcv) for the Q series.

E E HOMO¢ LUMO¢ Egicv)
o red (eV) (eV) (eV)
0.87 . \D
Q1 1.06 (q-r)? -1.80 (irr) -5.67 -3.00 2.67
0.89 .
Q2 1.14 (q1) -1.63 (irr) -5.69 -3.17 2.52
-1.31 (irr) i )
Q1-s1 0.95 1,74 (irr) 5.75 3.49 2.26
-1.27 (irr)
Q2-S1 0.95 1,67 (irr) -5.75 -3.53 2.22
0.81 (irr)
Q1-S2 0.96 (irr) -0.75 (irr) -5.61 -4.05 1.56
1.49
0.55 (irr)
Q2-S2 0.73 (irr) -0.83 (irr) -5.35 -3.97 1.38
1.57
Q1-S3 1.16 -1.09 (irr) -5.96 -3.71 2.25
Q2-S3 1.19 -1.23 (irr) -5.99 -3.57 2.42

3 (g-r) denotes quasi-reversible; ° (irr) denotes irreversible; ¢ HOMO(LUMO) calculated from the
peak of the corresponding redox wave and referenced to ferrocene.

The pairs of Q1 and Q2 derivatives demonstrate very similar electrochemical behaviour for
all four sets of compounds. Materials Q1 and Q2 both show one reversible and one quasi-
reversible oxidation peak (Figure 4.6, Table 4.1). The reduction demonstrates one
irreversible peak. HOMO energies of materials are almost identical (-5.67 eV for Q1 and -
5.69 eV for Q2) while the LUMO energy is 0.17 eV higher for Q1 material compared to Q2
(-3.00 eV and -3.17 eV, respectively) which is probably due to a less efficient conjugation
between carbazole and quinoline moiety for Q1.
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Figure 4.6. Reduction (left) and oxidation (right) curves from cyclic voltammetry of Q1 and Q2
referenced against the Ei. of the Fc/Fc* redox couple; 5-10* M solutions in 0.1 M n-BusNPFg
(CHCI,).

The oxidation of materials Q1-S1 and Q2-S1 demonstrates one reversible wave and the
reduction shows two irreversible waves (Figure 4.7, Table 4.1). The methylated materials
have lower Egcv) (2.26 eV for Q1-S1 and 2.22 eV for Q2-S1) compared to Q1 (2.67 eV)
and Q2 (2.52 eV).
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Figure 4.7. Reduction (left) and oxidation (right) curves from cyclic voltammetry of Q1-S1 and Q2-
S2 referenced against the E1/2 of the Fc/Fc+ redox couple; 5-10-4 M solutions in 0.1 M n-Bu4NPF6
(CH2CI2).

The materials Q1-S2 and Q2-S2 show one reversible and two irreversible oxidation peaks,
and one irreversible reduction peak (Figure 4.8, Table 4.1). These compounds demonstrate
the smallest Eqcv) (1.56 eV for Q1-S2 and 1.38 eV for Q2-S2) out of the whole series.
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Figure 4.8. Reduction (left) and oxidation (right) curves from cyclic voltammetry of Q1-S2 and Q2-
S2 referenced against the Ey» of the Fc/Fc* redox couple; 5:10* M solutions in 0.1 M n-BusNPFs
(CHCI,).

For the compounds Q1-S3 and Q2-S3 there is one reversible oxidation peak and one
irreversible reduction peak (Figure 4.9, Table 4.1). These compounds demonstrate the lowest

HOMO energy levels in the series (= 6 eV).
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Figure 4.9. Reduction (left) and oxidation (right) curves from cyclic voltammetry of Q1-S3 and Q2-
S3 referenced against the E1» of the Fc/Fc* redox couple; 5-10* M solutions in 0.1 M n-BusNPFs
(CH.CL).

Thermal properties of the materials were investigated using TGA and DSC (Table 4.2). All
compounds demonstrate high thermal stability with 5% weight loss above 290 °C for Q1,
Q2, and Q1- and Q2- derivatives with triflate and tetrafluoroborate counter-ions. The
materials with iodine counter ions exhibited a slightly lower thermal stability with 5% weight
loss at 211 °C for Q1-S2 and 251 °C for Q2-S2. Some of the materials demonstrate thermal
transitions when measured by differential scanning colorimetry (Table 4.2). Lower
temperature transitions are most likely glass transitions (Tg). All salts exhibit

mechanochromic properties which suggests that the conformational changes can occur in the
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solid state for these compounds. Thus, some of the higher temperature transitions (Tst) can

be attributed to the solid-solid phase transformations.

Table 4.2. Thermal properties of the quinoline-based materials.

QL Q2 QI-S1 Q2SI OQL-S2 Q252 Q1S3 Q2-S3

5% weight loss (°C) 290 310 330 315 211 251 328 319
110 (T,) 129 (T,)

DSC transitions (°C) - 92 (Tg) 91 (Ty) 251 (ngt) 95 (Ty) 222 ETS% -
273 (T

4.2.3 Photophysics of quinoline derivatives

The photophysical properties of the compounds were investigated in solution and solid state.
The measurements were performed by Dr Marc Etherington from the OEM group in Durham
University. All Q1- and Q2-based salts demonstrate very similar absorption and emission
profiles, so most of the measurements were performed only for Q1-S1 and Q2-S1

compounds.

4.2.3.1 Photophysical properties in solution

The emission and absorption for Q1 and Q2 were investigated in solutions of
Methylcyclohexane (MCH), chloroform, 2-methyltetrahydrofuran (2-MeTHF) and
dichloromethane (DCM). Due to the quenching of the emission for the salts, only the

absorption spectra could be recorded for Q1-S1 and Q2-S1.

The absorption spectra for Q1 in most solvents demonstrates two strong and several weaker
bands corresponding to m-n* transitions (Figure 4.10, Table 4.3). Q1 is a blue emitter with
the photoluminescence exhibiting bathochromic shifts of up to 100 nm in more polar

solvents that indicates the charge-transfer character of the emission (Figure 4.10, Table 4.4).
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Figure 4.10. UV-vis absorption (left) and emission (right) spectra for Q1 in solution.

The absorption spectra of Q2 exhibits strong absorption band corresponding to m-m*

transition and four weaker ones (Figure 4.11, Table 4.3). The emission is slightly red-shifted

compared to Q1, but it also demonstrates similar bathochromic shifts in more polar solvents

(Table 4.4).
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Figure 4.11. UV-vis absorption (left) and emission spectra (right) for Q2 in solution.
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Table 4.3. Absorption peaks (nm) for Q1, Q2, Q1-S1 and Q2-S1 in MCH, 2-MeTHF,
dichloromethane and chloroform.

01 Q2 Q1-812 Q2-812
284, 287, 295,

MCH 310, 329, 343, 2893'33;163'5%26’ i i

356, 373 ’

pMeTHE 283,295 313, 285,317,327, 294,320 334, 286, 322, 345,
329 344, 363 333, 360 452 450

Dichioromethane 284 294,314, 289,317,327, 290,306,319, 284,312, 324,
330, 344,364 339 350 333493 480

Chioroform 286 295,315, 201,317,327, 292,306,321, 285,313, 325,
330 344, 368 339 365 334493 473

» 284 204320 288,317,326, 293322, 333,
Acetonitrile 344, 361 333, 364 450 283, 318, 448

acompound insoluble in MCH

Table 4.4. Emission peaks (nm) for Q1 and Q2 in solutions of MCH, 2-MeTHF, dichloromethane

and chloroform

MCH 2-MeTHF Dichloromethane Chloroform Acetonitrile
Q1 383 434 471 465 482
Q2 401 444 479 472 494

Compounds Q1-S1 and Q2-S1 are non-emissive in solution due to AIE, so only absorption

spectra could be recorded for these materials. The compounds are insoluble in MCH, so the

spectra were recorded in 2-MeTHF, dichloromethane and chloroform. Similarly to Q1 the

absorption spectra of Q1-S1 exhibits several absorption bands between 290 nm and 334 nm.

A new CT band emerges at a longer wavelength (around 450 nm in 2-MeTHF and

acetonitrile, Figure 4.12-a, Table 4.3). The last band demonstrates almost 40 nm red-shift in

dichloromethane and chloroform.

Q2-S1 demonstrates a very similar behaviour exhibiting a new CT band around 450 nm in

2-MeTHF and acetonitrile that is red-shifted in dichloromethane (30 nm) and chloroform
(23 nm) (Figure 4.12-b, Table 4.3).
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Figure 4.12. UV-vis absorption spectra for Q1-S1 (a) and Q2-S1 (b) in solution.

While in solution the luminescence is fully quenched for Q1-S1 and Q2-S1, both materials
emit strongly in solid state. The salts are insoluble in hexane, so it is possible to form
nanoaggregates by adding hexane in THF solutions of materials. The intensity of the
emission is increased for both Q1-S1 and Q2-S1 with the increase of the volume fraction of

hexane (Figure 4.13). This confirms the AIE properties of the materials.
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Figure 4.13. Photoluminescence spectra of Q1-S1 (a) and Q2-S1(b) in THF/hexane mixtures with
different hexane fractions (fycx). The excitation wavelength is 450 nm.

4.2.3.2 Photophysical studies in solid state

The emission and absorption spectra were recorded for all eight materials in PMMA film

with 1 % w/w of compounds in the matrix.

Absorption spectra of materials Q1 and Q2 in PMMA films are very similar to those

recorded in solution (Figure 4.14, Table 4.5). Q1 shows two strong absorption m—m*
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transition bands at 286 nm and 296 nm, and three weaker bands between 330 nm and 366
nm. Compound Q2 exhibits one strong absorption peak at 291 nm and four lower intensity
bands between 318 nm and 361 nm. Both Q1 and Q2 emit light in a blue region with peaks
at 407 nm and 412 nm, respectively (Figure 4.14, Table 4.5). The PLQY of materials in
PMMA films is around 20% for both compounds.
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Figure 4.14. UV-vis absorption (left) and emission spectra (right) for Q1 and Q2 in PMMA film.

The absorption spectra for the methylated derivatives of Q1 are nearly identical
independently of the nature of the counter-ion (Figure 4.15-a, Table 4.5). Q2 derivatives
demonstrate similar behaviour (Figure 4.15-b, Table 4.5). All six salts are yellow emitters

with photoluminescence peaks between 578 nm and 590 nm (Figure 4.16, Table 4.5).

Due to the similarity of the photophysical properties of the salts with different counter-ions,
the more in-depth study was performed only on Q1-S1 and Q2-S1 compounds. These
materials were also prepared in the highest yields, so they can be considered the best

candidates for OLED applications.

For compounds Q1-S1 and Q2-S1 PLQY was recorded in both PMMA and neat film. The
emission is quenched in PMMA matrix for both Q1-S1 (13% in neat film and 4% in PMMA)
and Q2-S1 (34% in neat film and 13% in PMMA). This is due to the aggregation-induced

nature of the emission of the materials.
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Figure 4.15. UV-vis absorption spectra for Q1-based (a) and Q2-based (b) salts in PMMA film.
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Figure 4.16. Photoluminescence spectra for Q1-based (a) and Q2-based (b) salts in PMMA film.

Table 4.5. Absorption and emission maxima for Q-series in PMMA matrix film.

Q1 Q2 Q1-S1 QI1-S2 Q1S3 Q251 Q252 Q2-S3

286 291

205 205 294
Absorption 250 318 323 323 325 285 287 286
330 329 321 317 318

nm 337 33 336
344 339 p2r 2 SR 449 446 449

366 361

E”giﬁon 407 412 578 586 581 581 500 585

Apart from PMMA the absorption and emission spectra of Q1-S1 and Q2-S1 were also
recorded in neat films with acetonitrile and chloroform used as solvents for deposition, and
in Zeonex and DPEPO matrix. Absorption spectra are very similar for different films of both
Q1-S1 (Figure 4.17) and Q2-S1 (Figure 4.18).
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Figure 4.17. UV-vis absorption and emission spectra for Q1-S1 in film.

For Q1-S1 the photoluminescence spectra in a more polar, compared to Zeonex and PMMA,
DPEPO matrix demonstrates red shift (Figure 4.17, Table 4.6), which confirms the CT

character of the emission. Neat films have very similar emission profiles.

In the similar way, for Q2-S1 the emission in DPEPO is more red-shifted than in Zeonex
and PMMA (Figure 4.18, Table 4.6). However, unlike for Q1-S1, there is a drastic difference
in the colour of the emission between neat films deposited from different solvents. The
photoluminescence of the neat film deposited from acetonitrile is red-shifted for almost 70
nm compared to chloroform films. It is possible that due to a slightly slower evaporation
rates of acetonitrile compared to chloroform there is the difference between the films
morphology or even the conformation of the molecules of Q2-S1 in film.
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Figure 4.18. UV-vis absorption and emission spectra for Q2-S1 in film.
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Table 4.6. Emission peaks (nm) for Q1-S1 and Q2-S1 in films.

10% Neat Neat
[0) [0)
1% Zeonex 1% PMMA DPEPO (acetonitrile)  (chloroform)
Q1-s1 571 588 607 574 575
Q2-s1 606 596 622 651 582

All salts exhibit mechanochromism, i.e. their colour changes after the mechanical force is
applied. Due to the quenching of the luminescence for Q1-S2 and Q2-S2, the emission
spectra before and after grinding were recorded only for Q1-S1, Q2-S1 (Figure 4.19-a,b),
Q1-S3 and Q2-S3 (Figure 4.19-c,d). Initially all four materials are yellow emitters that after
grinding exhibit the shift of the photoluminescence into the red region (Figure 4.19, Table
4.7). Both Q1-S1 and Q1-S3 demonstrate much smaller PL shift of 28 nm and 15 nm,
respectively, compared to Q2-S1 (43 nm) and Q2-S3 (54 nm). This indicates that when tBu-
CBZ is in the para-position in the molecule, the material exhibits more significant change in
the packing after grinding than when tBu-CBZ is in the meta- position. This can also signify
that the initial molecular structure of Q2-based compounds is more twisted than in Q1-based
materials. This in its turn can lead to a reduced ST gap observed in Q2-S1 (described below).
However, more in-depths study of the materials’ structures in powders is needed to confirm
these hypotheses.
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Figure 4.19. Emission spectra for powders of Q1-S1 (a), Q2-S1 (b), Q1-S3 (c) and Q2-S3 (c) before
and after grinding.

Table 4.7. Emission maxima for powders of Q1-S1, Q2-S1, Q1-S3 and Q2-S3 before and after
grinding.

Q1-s1 Q2-S1 Q1-S3 Q2-S3

Before grinding 554 557 585 559
nm

After grinding 582 600 600 613
nm

4.2.3.3 Time-resolved measurements

Due to the AIE nature of Q1-S1 and Q2-S1 time-resolved measurements were first

performed in neat films.

Both compounds show delayed emission at room temperature (RT) (Figure 4.20 for Q1-S1
and Figure 4.21 for Q2-S1). For Q1-S1 the lifetime of prompt fluorescence (~28 ns) and
delayed fluorescence (~9 ps) are longer than those for Q2-S1 (around 15 ns and 7 ps,

respectively).
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Figure 4.20. Photoluminescence decay for Q1-S1 at RT (left) and 80 K (right).
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Figure 4.21. Photoluminescence decay for Q2-S1 at RT (left) and 80 K (right).

As it was discussed in Chapter 2, it is possible to distinguish TADF from TTA by measuring

the dependence of fluorescence intensity (Ir) on laser fluence (Eex). The TTA process

demonstrates quadratic power dependence at lower excitation dose with the slope n being 2

for Ig~E" that turns into 1 at high triplet densities.®>?®? For TADF materials the

dependence is always linear. The estimated slope for the Q1-S1 is 1.29, which indicates that

the emission results from TTA (Figure 4.22-a). For Q2-S1 the power dependence is linear,

thus fluorescence originates from TADF (Figure 4.22-b). This correlates well with the values
of AEs.t gaps for Q1-S1 and Q2-S1.
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Figure 4.22. Power dependence of delayed fluorescence for Q1-S1 (a) and Q2-S1 (b) at 295 K.

Photoluminescence decay was also recorded at 80 K for both materials (Figure 4.20 for Q1-
S1 and Figure 4.21 for Q2-S1). In this case mainly prompt fluorescence and
phosphorescence are observed for both compounds, the presence of the TTA component is

however also possible in this case for Q1-S1.

For Q1-S1 the spectra of prompt and delayed fluorescence are nearly identical at room
temperature (Figure 4.23-a), and the prompt fluorescence spectra is slightly blue shifted at
80 K. At long delay around 40 ms phosphorescence spectra demonstrates a presence of a
lower intensity high energy shoulder. It is most likely singlet emission, as its onset is very
close to that of a PF at 80 K, and it most likely originates from TTA. This correlates well

with the laser fluence measurements discussed above.

Likewise, for Q2-S1 prompt and delayed fluorescence spectra are very similar at RT, and
prompt fluorescence is slightly blue-shifted at 80 K (Figure 4.23-b). No additional peaks are

however observed at longer delay at low temperature.
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Figure 4.23. Time resolved spectra at RT and 80 K for Q1-S1 (a) and Q2-S1 (b).

The ICT and 3LE energies for both samples were measured from the onset of the short
wavelength-edge of the maximum fluorescence and phosphorescence peaks, respectively
(Table 4.8). While the first singlet excited states *CT are nearly isoenergetic for Q1-S1 and
Q2-S2 (2.51 eV), the energy of 1LE triplet state is 0.17 eV lower for the Q1-S1 (2.23 eV)
compared to Q2-S1 (2.40 eV). The AEs.t is consequently is much smaller for Q2-S1 (0.11
eV) compared to Q1-S1 (0.28 eV). This in itself is a quite surprising outcome as one would
expect Q2-S1 with tBu-CBZ in para- position to have a better conjugation between donor
and acceptor moieties and thus a larger overlap between HOMO and LUMO levels compared
to Q1-S1 where the communication between quinoline and tBu-CBZ situated in meta-
position should be interrupted. This might indicate that other factors can influence the
magnitude of the AEs.tgap. It is also possible that in the solid state the twist between donor
and acceptor moieties is stronger for Q2-S1 than it is Q1-S1, which leads to a better
separation of HOMO and LUMO for the former. This however still needs to be further
confirmed by X-ray crystallography studies.

Table 4.8. The measured energies of 'CT and 3LE, respective AEs.t and reverse intersystem crossing
rates of Q1-S1 and Q2-S1 samples in neat film. Determined from the spectra recorded at 80 K.

Sample 1ICT?/ eV SLE?/eV AEst/eV krisc (x10°s?)
Q1-S1 251 (2.25) 2.23 (1.98) 0.28 38
Q2-S1 251 (2.33) 2.40 (2.13) 0.11 1.2

aPeak energies are in brackets.
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4.2.4 Device fabrication

Electroluminescent properties of the material Q2-S1 were also evaluated in OLED devices.
All layers were thermally evaporated. For all devices ITO was used as a anode, N,N'-di(1-
naphthyl)-N,N’-diphenyl-(1,1'-biphenyl)-4,4'- diamine (NPB) as an HIL, 44
(Diphenylsilanediyl)bis(N,Ndiphenylaniline) (TSBPA) as an HTL, TPBi as an ETL, lithium
fluoride (LiF) as an EIL, and aluminium (Al) as a cathode. An additional layer of Bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPQO) was used in half of the devices as HBL.
Thus, two series of devices were fabricated, Dev 4.1 and Dev 4.2 with and without DPEPO

layer, respectively. The structures of devices are presented in the Table 4.9.

Table 4.9. Device structure for Dev 4.1 and Dev 4.2 series.

Device series Structure
Dev 4.1 2 ITO | NPB (40 nm) | TSBPA (10 nm) | Q2-S1 (20 nm) | DPEPO (10 nm)
' | TPBi (40 nm) | LiF (1 nm) | Al (100 nm).
Dev 4.2 2 ITO | NPB (40 nm) | TSBPA (10 nm) | Q2-S1 (20 nm) | TPBi (40 nm) |

LiF (1 nm) | Al (100 nm).

Dev 4.2 demonstrates the best all round performance with a turn-on voltage of around 5.6 V
and the maximum brightness of 519 cd m (Figure 4.24, Table 4.10). The efficiency is
however very low for both Dev 4.1 and Dev 4.2 (Figure 4.25) with a maximum EQE of
0.16% and 0.25%, and current efficiency of 0.21 cd A and 0.20 cd A%, respectively. The
NMR of the evaporated films suggests that some chemical modification occurs, so the
emissive layer most likely consists of the products of a partial degradation of material Q2-
S1. The evaporation occurs at around 250 °C, which is well below the temperature of
thermal decomposition for Q2-S1, thus the reasons for the modifications occurring in the

emissive layer upon thermal deposition should be further investigated.

Table 4.10. Performance of Dev 4.1 and Dev 4.2 OLED devices fabricated using Q2-S1 as emitter.

Turn on voltage

. . 2 Brightness Current efficiency oz\a
Device series at10cdm (cd m)? (cd A1)e EQE (%)
V)
Dev 4.1 8.5 227 (15.0V) 0.21 (10.0V) 0.16
Dev 4.2 5.6 519 (10.5V) 0.20 (8.0V) 0.25

aMaximum performance
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Figure 4.24. Current density vs. applied bias (a) and brightness vs. bias for Dev 4.1 and Dev 4.2.
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Figure 4.25. EQE vs. applied bias (a) and current efficiency vs. current density (b) for Dev 4.1 and
Dev 4.2.

Both devices exhibit pink electroluminescence (Figure 4.26) with CIE (0.60, 0.40) for Dev
4.1 (EL peak at 632 nm) and CIE (0.52, 0.35) for Dev 4.2 (646 nm).
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Figure 4.26. Electroluminescence spectra for Dev 4.1 and Dev 4.2.
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4.3 Conclusions and future work

The materials presented in this chapter could be prepared via a simple two-step synthesis
involving a relatively quick purification process. In total six new quinoline-based salts were
synthesised. Initially only salts Q1-S1 and Q2-S1 with triflate counter-ion were prepared
from Q1 and Q2 materials. Both have demonstrated mechanochromism and aggregation-
induced emission. In order to investigate the influence of the counter-ion on the properties
of the materials in the solid state four more compounds were prepared, Q1-S2 and Q2-S2
with iodide, and Q1-S3 and Q2-S3 with tetrafluoroborate counter-ions. Q1- and Q2-
derivatives with different counter-ions demonstrate very similar absorption profiles. All
compounds exhibit mechanochromism, the emission is however quenched for Q1-S2 and
Q2-S2 most likely because of the heavy atom effect. Thus, excluding the materials
containing heavy atom in the structure, the AIE and mechanochromism are observed in

quinoline-based salts independently of the type of the counter-ion.

Time-resolved measurements were performed for the compounds Q1-S1 and Q2-S1. Both
materials exhibit delayed fluorescence, but despite of a very similar structure, Q1-S1 shows
TTA while Q2-S1 is a TADF emitter. For Q1-S1 the AEst gap is around 0.28 eV while it is
0.11 eV for Q2-S1. This implies that either in solid state the twist between donor and
acceptor units is stronger for Q2-S1 than it is for Q1-S1 leading to a better HOMO-LUMO
separation in Q2-S1, or apart from the orbital overlap there are other factors influencing the
magnitude of the AEst gap that should be further investigated. To get a more in-depth
understanding of the processes happening in materials in solid state the X-ray

crystallography study will be carried out on the quinoline-based compounds in the future.

OLED devices containing material Q2-S1 were prepared by thermal deposition. The
performance of the devices was low with the maximum EQE of only 0.25%. Apparently
during the thermal deposition in the vacuum chamber, the degradation of the material occurs.
In the first instance the electroluminescent properties of materials should be tested in solution
processed devices, and the conditions for the thermal evaporation should be further
optimised. It would be also beneficial to carry out theoretical calculations for materials Q1-
S1 and Q2-S1 that could possibly explain the reasons behind the difference in behaviour of

materials.
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Chapter 5. General conclusions and outlook

The main theme of this thesis was the synthesis and experimental investigation of organic
luminescent materials. The principal goal was to apply these compounds in organic light-
emitting diodes. Different methods of harvesting 100% of excitons via reverse intersystem
crossing were explored in order to achieve high external quantum efficiencies in devices. In
all cases the aim was to synthesise materials exhibiting thermally-activated delayed
fluorescence (TADF). This was achieved for the compounds described in Chapters 2 and 4.
While the materials in Chapter 3 did not demonstrate delayed fluorescence, the modification

of the molecular structures could probably induce TADF in their analogues.

Chapter 2 describes the properties of two new TADF emitters H1-PXZ and H2-PXZ where
di- or monoaza[5]helicene is used as an acceptor moiety. The helical structure of the
materials induces a twist between the donor and acceptor and in both cases the AEST gap of
the materials is close to zero, increasing the rISC rate. Additionally, the crystals of compound
H1-PXZ have demonstrated an increase in PLQY when hexane is present in the crystal
lattice. This also leads to an increased intensity of TADF emission. Both materials were also
tested in OLED devices demonstrating EQEs of 1.5 % for H1-PXZ and 7.1 % for H2-PXZ.
The relatively low performance of the devices can be explained by a low PLQY of the
materials caused by the strong contribution of non-radiative processes in pentahelicenes. The
use of higher helicenes can probably solve this problem. In the future, enantiopure helicenes
could also be employed as dopants for TADF materials to induce circularly-polarised light.
In total this is one of the first investigations of TADF materials in the crystalline state, and
a better understanding of TADF processes in crystals could contribute to the development
of organic light-emitting transistors in the future.

In Chapter 3 the synthesis and photophysical properties of four new materials A0, A, Al and
A2 with truxene-BT-truxene cores are presented. All four materials are fluorescent emitters
with photoluminescence mainly influenced by the core unit. Material A2 demonstrates a
significant luminescence quenching in the solid state compared to the three other compounds
which is most likely caused by intermolecular interactions giving rise to the formation of
non-emissive excited species, such as excimers, in the solid state. Compound Al was used
for the preparation of fluorescent OLEDs. The highest EQE for the devices was 0.6 %. It is

possible to improve the performance of the devices by introducing an appropriate ETL. The
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material Al was also used as a colour converter for inorganic blue LEDs. The organic layer
successfully absorbs blue light and re-emits green light which results in a shift of the
emission colour closer to the Planckian locus. However, pure white light could not be
achieved in this case, and to improve the colour quality the emission of the material should
have an additional longer wavelength component. This could probably be accomplished by
extension of the m-conjugation in the materials. The truxene-BT-truxene unit can also be
used as a core building block for the preparation of a variety of dendrimers. Thus, by
introducing oligofluorene arms it is possible to prepare materials suitable for lasing or

visible-light communication applications.

A new approach to the design of materials with delayed fluorescence was investigated in
Chapter 4. First, two donor-acceptor materials Q1 and Q2 were prepared. Here quinoline
was used as an acceptor and 3,6-di-tert-butylcarbazole (tBu-CBZ) as a donor. The
methylation of the sp2 nitrogen atom of the quinoline acceptor moiety can induce either TTA
or TADF in donor-acceptor systems depending on the position of the donor substituent in
the molecule. Thus, when the 3,6-di-tert-butylcarbazole donor unit is in the meta- position
the material exhibits TTA (Q1-S1), and in the para- position it shows TADF (Q2-S1). The
methylated salts were prepared with different counter-ions such as triflate (Q1-S1 and Q2-
S1), iodide (Q1-S2 and Q2-S2) and tetrafluoroborate (Q1-S3 and Q2-S3). All six materials
show very similar photophysical properties and exhibit mechanochromism with the colour
of the powders shifting from yellow to orange after grinding. However, for compounds
containing an iodide counter-ion, fluorescence is quenched due to a heavy atom effect. Q1-
S1, Q2-S1, Q1-S3 and Q2-S3 all demonstrate aggregation-induced emission. Due to that,
the properties of the materials were mainly investigated in the solid state. In total, the
methylation of non-DF materials is an interesting new method for the preparation of
materials exhibiting delayed fluorescence. The compound Q2-S1 was also used for the
preparation of OLED devices. The performance of the materials was however quite low, as
some chemical modification occurs upon thermal deposition of the compounds. Thus, the
procedure for the fabrication of OLED devices from the methylated compounds should be
optimised. It is also possible to test the performance of the materials in solution-processed
devices to avoid thermal degradation of the compounds. Additionally, analysis by X-ray
crystallography will be carried out in the near future to give a better understanding of the

influence of the molecular structure of the materials on their photophysical properties.
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Overall, this work demonstrates a variety of emissive materials that can be used in organic
light-emitting diodes. It also gives an idea of the main challenges arising during the design,
synthesis and application of thermally-activated delayed fluorescence materials. In all cases
the emphasis was on the investigation of the properties of materials in the solid state as in
each described series of materials the intermolecular interactions significantly influence the
photophysical behaviour of the compounds. Helicenes in Chapter 2 demonstrate a change in
PLQY depending on the packing of molecules in the crystal lattice. In Chapter 3 it is shown
that intermolecular interactions can significantly affect the lifetime of luminescence as well
as the rate of radiative decay. Aggregation-induced emission and mechanochromism
demonstrated by quinoline-based materials presented in Chapter 4 are directly dependent on
the relative position of the molecules in the solid. The main goal of this body of work was
to synthesise compounds exhibiting TADF, which was achieved in most cases. The materials
however have additionally demonstrated some unexpected behaviour in the solid state. This
proves that it is particularly interesting in the design of optoelectronic compounds to try and
predict not only the properties of the isolated molecule, but also the properties arising in the
bulk material. Considering that most optoelectronic materials are used as films in
semiconducting devices, a better understanding of the materials’ behaviour in the solid state
is required, and the future direction of this work could be a more systematic investigation of

the processes occurring in the solid state for such compounds.
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Chapter 6. Experimental

General experimental details

Unless stated otherwise, all reagents were purchased from Sigma Aldrich, TCI, Alfa Aesar
or Fluorochem and used without further purification.
Tetrakis(triphenylphosphine)palladium(0) was synthesised and stored under an inert

atmosphere.

Dry solvents were obtained from a solvent purification system (SPS 400 Innovative
Technologies) with alumina as a drying agent. Glassware was dried in an oven at 120 °C
overnight.

Solvents were removed using a rotary evaporator with vacuum supplied by low vacuum

pump, and, when necessary, a high vacuum was used to remove residual solvent.

Microwave syntheses were performed using Biotage Initiator Classic microwave heating
apparatus in 10-20 mL vials. Photochemical reactions were conducted under a Black-Ray
B-100AP High intensity UV Lamp with 365 nm wavelength.

Thin layer chromatography (TLC) was performed using Merck Silica gel 60 F2s4 TLC plates.

Column chromatography was carried out on silica gel Zeoprep 60 Hyd (40-63 um mesh).
Melting points were determined using a Stuart Scientific SMP1 Melting Point apparatus.

'H and *C NMR spectra were recorded on a Bruker AVIII 400 apparatus at 400 MHz and
100 MHz, respectively, or a Bruker AV500 at 500MHz and 125MHz, respectively. NMR
data are presented in the following order: chemical shifts (8) in ppm; multiplicity as singlet
(s), doublet (d), triplet (t), quartet (q), multiplet (m); coupling constants (J) in Hz. Multiplets
are reported over the range they appeared (in ppm). Signals were sharp unless stated as broad
(br). Samples were referenced to residual solvent peaks.

Z : E ratios for the products of Wittig olefination were determined after purification by

column chromatography by comparing integrals for related signals in *H NMR spectra.

MS MALDI-TOF analyses were run on a Shimadzu Axima-CFR spectrometer (mass range
20-150000Da); GCMS were run on a Thermo Finnigan Polaris Q spectrometer using

electron ionization (EI) mode (mass range 50-650Da). The high resolution mass
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measurements were performed on a Waters Xevo G2S instrument (ASAP-TOF-MS) or on a
Finnigan MAT 95XP (EI).

Thermal analysis

Thermogravimetric analyses (TGA) were performed on a Perkin-Elmer Thermogravimetric
Analyser TGA7 or on a NETZSCH TG 209 F3 - Tarsus thermogravimeter under a constant
flow of Argon or Nitrogen (20 mL/min). The temperature was increased at a rate of 10
°C/min from 40 °C to 500 °C.

Differential scanning calorimetry was carried out on a TA Instruments Q1000 with a RC-90
refrigerated cooling unit attached or on a NETZSCH DSC 214 — Polyma differential
scanning calorimeter. The test procedure was a standard Heat-Cool-Reheat, and the

temperature range was from 20 °C to 300 °C at 10 °C min™™,
X-ray crystallography

For the X-ray diffraction measurements a suitable crystal was selected and mounted on a
MITIGEN holder in perfluoroether oil on a Rigaku 007HF diffractometer equipped with
Varimax confocal mirrors and an AFC11 goniometer and HyPix 6000HE detector. The
crystal was kept at T = 100K during data collection. Using Olex2 the structure was solved
with the ShelXT structure solution program, using the Intrinsic Phasing solution method.

The model was refined with version 2014/7 of ShelXL using Least Squares minimisation.
Electrochemical characterisation

Cyclic voltammetry measurements were performed using a CH Instruments 660E
electrochemical workstation with iR compensation at a scan rate of 0.1 V s The
electrochemical cell comprised of glassy carbon, platinum wire and silver wire as working,
counter and reference electrodes respectively. The experiments were conducted at room
temperature in degassed (Ar) 0.1 M solutions of tetrabutylammonium tetrafluoroborate in

anhydrous solvent with ca. 5-10* M concentrations of the studied compounds.

All measurements were referenced against the half-wave potential (E1/2) of the Fc/Fc+ redox
couple. The cathodic and anodic peaks are shown for reversible and irreversible (irr)
processes. The HOMO and LUMO levels were determined according to the following

equations:

LUMO = - (Eox + 4.8) (eV); HOMO = — (Ered + 4.8) (eV)
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Optical properties

UV-Vis absorption spectra were recorded on a Shimadzu 2600 spectrophotometer fitted with
an integrating sphere and results were normalised to Amax. Fluorescence spectroscopy
measurements were conducted on a Perkin Elmer LS45 fluorescence spectrometer, an
Edinburgh Instruments FLS980 fluorescence spectrometer or a Jobin Yvon FluoroMax-3
fluorescence spectrometer. Thin films for recording PL spectra were prepared by spin-
coating technique utilizing a SPS-Europe Spin150 Spin processor using 2.5 mg/mL solutions
of compounds in THF on pre-cleaned quartz substrates (UQG optics) or by drop casting of

1 mg/mL solutions on quartz substrates.

Photoluminescence quantum yields of degassed solutions and films in Chapter 2 were
determined using an integrated sphere (Edinburgh Instruments) coupled to a FLS980
spectrometer and calibrated with two standards: quinine sulfate in 0.1M H>SO4 and
rhodamine 6G in ethanol. Photoluminescence and photoluminescence quantum vyield of
crystals in Chapter 2 were recorded in an integrating sphere using a QEPro matrix
spectrometer (Ocean Optics). For the materials in Chapter 3 all photoluminescence quantum
yields measurements were performed in air. Photoluminescence quantum yield of powders
in Chapter 3 were recorded with a Hamamatsu Quantaurus-QY Plus Absolute PL quantum
yield spectrometer. Excitation was at the specified wavelengths for each measurement and
was obtained from a Xe lamp that was coupled to a motorised monochromator. PLQY was
calculated by the system according to the method reported by Suzuki et
al.?8 Photoluminescence quantum yield of films and solutions in Chapter 3 were recorded
using a calibrated integrating sphere?* attached to a USB 2000 spectrometer and Gooch &
Housego spectrometer. The excitation light was produced by a Quartz Tungsten Halogen
lamp and the emission light was collected by an Ocean Optics USB 2000 spectrometer.

Phosphorescence (PH), prompt fluorescence (PF), and delayed fluorescence (DF) spectra
and fluorescence decay curves were recorded using nanosecond gated luminescence and
lifetime measurements (from 400 ps to 1 s) using either third harmonics of a high energy
pulsed Nd:YAG laser emitting at 355 nm (EKSPLA) or a N2 laser emitting at 337 nm.
Emission was focused onto a spectrograph and detected on a sensitive gated iCCD camera
(Stanford Computer Optics) having sub-nanosecond resolution. PF/DF time resolved
measurements were performed by exponentially increasing gate and integration times.

Temperature-dependent experiments were conducted using a continuous flow liquid
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nitrogen cryostat (Janis Research) under nitrogen atmosphere, while measurements at room

temperature were recorded in vacuum in the same cryostat.

Photoluminescence decay curves of materials in Chapter 3 were recorded by time-resolved
single photon counting method using an Edinburgh Instruments FLS980 photoluminescence
spectrometer and PicoQuant LDH-D-C-375 laser as the excitation source. The fit was
convolved within the instrument response and compared to the data. Least squares fitting

was used to iterate the fit parameters until the best fit was found.

The mechanochromic emission measurements for Chapter 4 were performed by exciting the
samples with a UV torch of emission peak 410 nm and collecting the emission into an optical
fibre attached to an Ocean Optics USB 4000 spectrometer with a 500 ms integration time.
LabView software was used to interface with the spectrometer and collect the data. The
measurements were performed before and after the sample was ground in a pestle and
mortar. Due to the nature of the measurement emission intensities cannot be directly

compared.
OLED devices fabrication and characterisation

OLEDs described in Chapter 2 were fabricated by a spin-coating / evaporation hybrid
method. The hole injection layer (Heraeus Clevios HIL 1.3N), electron blocking/hole
transport layer (PVKH), and emitting layer (PVK:PBD with 5% of dopant) were spin-coated,
whereas the electron transport/hole blocking layer (TPBi) and cathode (LiF/Al) were
evaporated. Devices of 4x2mm pixel size were fabricated. PVK — poly(9-vinylcarbazole)
(MW =90 000, Acros Organics), PVKH — poly(9-vinylcarbazole) (MW =1 100 000, Sigma
Aldrich), PBD - 2-(biphenyl-4-yl)-5-(4-tert-butylphenyl)-1,3,4-oxadiazole (99%, Sigma
Aldrich), TPBi - 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (sublimed,
LUMTEC), LiF (99.995%, Sigma Aldrich), and aluminium wire (99.9995%, Alfa Aesar)
were purchased from the companies indicated in parentheses. OLED devices were fabricated
using pre-cleaned indium-tin-oxide (ITO) coated glass substrates after ozone plasma
treatment with a sheet resistance of 20 Q cm™ and ITO thickness of 100 nm. Heraeus Clevios
HIL 1.3N was spin-coated and annealed on a hotplate at 200 °C for 3 min to give a 45 nm
film. The electron blocking/hole transport layer (PVKH) was spun from
chloroform:chlorobenzene (95:5 v/v) (3 mg/mL) and annealed at 50 °C for 5 min to give a
10 nm film. The emitting layer was spun from toluene solution of PVK:PBD (60:40 w/w)

and dopant with a total concentration of host of 10 mg/mL. The solution was spun onto the
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PVKH layer and then annealed at 50 °C for 5 min giving a 32 nm film. All solutions were
filtered immediately before application using a PVDF or PTFE syringe filter with 0.45 pum
pore size (excepting the PVKH solution). All other organic and cathode layers were
thermally evaporated using a Kurt J. Lesker Spectros 11 deposition system at 10° mbar. All
organic materials and aluminium were deposited at a rate of 1 A s™*. The LiF layer was
deposited at 0.1-0.2 A s*. Characterisation of OLED devices was conducted in a 10 inch
integrating sphere (Labsphere) coupled with a USB spectrometer (Ocean Optics) and
connected to a Source Measure Unit.

The devices fabricated in Chapter 3 were prepared using the procedure described below. Pre-
patterned ITO slides (7 /sq, 15 mm x 15 mm x 1.1 mm, KINTEC) were cleaned with
deionised water, acetone and isopropanol in an ultrasonic bath for 5 minutes before treatment
with UV-ozone for 2 minutes. This method has been shown to improve the hole injection of
ITO and the performance of devices in general.?®> PEDOT:PSS (Heraeus P VP AL 4083)
was spin-coated onto the pre-cleaned ITO substrates at 3000 rpm and annealed at 120 °C for
20 minutes, before cooling to room temperature. These substrates were transferred into a
glove box where all the subsequent fabrication steps and measurements were performed.
Solutions of compound Al were prepared using toluene or chloroform with varying
concentrations at 1000 rpm. For compound Al, a solution with concentration of 20 mg/mL
was found to be optimum and hence was used to continue other characterisation
measurements such as annealing. The spin-coated films were annealed for 20 minutes at
temperatures of 50, 100 and 150 °C. After annealing, these films were transferred into a
thermal evaporator attached to the glove box for evaporation of the electrodes. An active
area of 1.5 x 3.5 mm was obtained by evaporation of 40 nm of calcium and 60 nm of
aluminium electrodes through a shadow mask at the base pressure of 1 x 106 mbar. JVL
characteristics were measured inside the glove box with a light-tight box attached. A
Keithley Semiconductor Characterisation System (SCS) 4200 was used to bias the OLEDs.
Luminance measurements were performed by using a Macom L203 photometer with a
calibrated silicon photodetector and a photopic filter. These calibrations can be traced back
to the National Physical Laboratory, London standards. Wavelength dependent
electroluminescence spectra were measured by using an Ocean Optics USB2000+
spectrometer under an ambient atmosphere and a Keithley 2450 was used to bias the OLEDs

for these measurements.
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The OLEDs discussed in Chapter 4 were fabricated on patterned ITO coated glass
(VisionTek Systems) with a sheet resistance of 15 Q/sq. Oxygen-plasma cleaned substrates
were loaded into a Kurt J. Lesker Super Spectros deposition chamber, and both the small
molecule Q2-S1 and cathode layers thermally evaporated at pressure below 10" mbar. The
materials used for the production of the devices were: N,N’-di(1-naphthyl)-N,N'-diphenyl-
(1,1’-biphenyl)-4,4’-  diamine (NPB) as hole injection layer (HIL), 4,4
(diphenylsilanediyl)bis(N,N-diphenylaniline) (TSBPA) as hole transporting layer (HTL)
and TPBi as electron transporting layer (ETL), lithium fluoride (LiF) as electron injection
layer, and aluminium (Al) as cathode. An optional Bis[2- (diphenylphosphino)phenyl]ether
oxide (DPEPO) hole blocking layer (HBL) was used in half of the devices to test the charge
balance. NPB and DPEPO were purchased from Sigma Aldrich and sublimed before use.
TSBPA and POT2T were purchased from Lumtec and used as received. TPBi was purchased

from Lumtec and sublimed before use.

Freshly evaporated devices were encapsulated under inert atmosphere using UV-curable
epoxy (DELO Katiobond) along the outer edges of the active area with a glass coverslip.
Devices were then transferred into a calibrated 10-inch integrating sphere (Labsphere) and
their electrical properties measured using an Agilent Source Measure Unit (6632B).
Emission spectra were simultaneously measured using a calibrated fibre coupled
spectrometer (Ocean Optics USB4000).

Hybrid LEDs fabrication

The light-emitting diodes used with organic colour converter in hybrid LEDs were supplied
by Plessey Semiconductors Ltd, Roborough, UK. Their emission wavelength is around 445
nm, and they consist of blue-emitting GaN-on-Si LED. The forward current for the LEDs is
25 mA. Electroluminescence measurements of the LEDs were performed at room
temperature with a Keithley 236 source measure unit as a current source. The LEDs were
placed in an integrating sphere (Labsphere illumina®plus 600/610, diameter 25 cm) coupled
to a spectrometer (CDS-610, wavelength accuracy <0.5 nm) with a 600 um diameter single
core fibre cable. The system is corrected for its response using a calibrated spectral and
luminous flux standard (SCL-600). Chromaticity coordinates (CIE 1931) and correlated

colour temperature (CCT) were calculated from the response-corrected spectra.
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Tetrakis(triphenylphosphine) palladium (0)

O

L 4

Palladium (I1) chloride (1 g, 5.64 mmol, 1 eq.) and triphenylphosphine (7.4 g, 28.2 mmol, 5
eq.) were added to a two-neck flask fitted with a filter stick and connected to a second two-
neck flask. Anhydrous DMSO (80 mL) was added and the mixture was heated until the
solution turned orange (160 °C, ~30 min). Hydrazine monohydrate (1.1 mL, 22.56 mmol, 4
eq) was then added and the solution left to cool to room temperature with stirring. After 15
minutes of stirring a large amount of precipitate had formed. The reaction set up was inverted
and DMSO removed from the second flask. The crude product was washed successively
with anhydrous methanol (2x100 mL) and anhydrous diethyl ether (2x100 mL), then dried
under vacuum in the filter stick. The product was obtained as a bright yellow solid (5.9 g,
91%).

Compound 2.2

(2-Chloroquinolin-3-yl)methanol

@fj)
Pz
N Cl

To a solution of 2-chloroquinoline-3-carboxaldehyde 2.1 (6 g, 31.3 mmol) in a mixture of
MeOH (100 mL) and THF (100 mL) was added sodium borohydride (1.78 g, 47 mmol) at 0
°C, and the mixture was stirred for 30 min. The reaction mixture was quenched with water
and diluted with Et2O. The organic layer was separated, washed with brine (250 mL), dried
over MgSOs, and concentrated under reduced pressure giving 2.2 (5.7 g, 93%) as a white
solid: mp 168-170 °C; m/z (EI-GCMS) calculated for C10HsCINO 193.03, found m/z = 193
[M*]; 'H NMR (400MHz, DMSO-ds): 8.47 (s, 1H), 8.09 (d, J = 8.1 Hz, 1H), 7.96 (d, J = 8.1
Hz, 1H), 7.79 (t, J = 8.4 Hz, 1H), 7.65 (t, J = 8.1, 1H), 4.70 (d, J = 3.7 Hz, 2H). 3C NMR
(100 MHz, CDCl3): & 148.39, 146.00, 135.86, 133.89, 130.13, 127.87,127.46, 127.22,
127.16, 59.88. This was consistent with previously published data.?*
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Compound 2.3

3-(Bromomethyl)-2-chloroquinoline

©\/\/{
Pz
N° CI

A mixture of (2-chloroquinolin-3-yl)methanol 2.2 (5.7 g, 29.4 mmol) and
tetrabromomethane (14.6 g, 44.2 mmol) in dry dichloromethane (100 mL) was cooled to 0
°C, and a solution of triphenylphosphine (11.6 g, 44.2 mmol) in dry dichloromethane (50
mL) was added dropwise. The reaction mixture was stirred at room temperature for 8 h, then
quenched with water. The organic layer was separated, washed with brine (250 mL), dried
over MgSOs, and concentrated under reduced pressure. The crude product was purified by
column chromatography on silica gel, eluting with ethyl acetate : hexane (1:4) giving 2.3 as
a pale-yellow solid (5.1 g, 67%): mp 120-122 °C; m/z (EI-GCMS) calculated for
C1oH7BrCIN 254.95, found m/z = 254.9 [M*]; 'H NMR (400MHz, CDCl3): & 8.29 (s, 1H),
8.06 — 8.04 (m, 1H), 7.88 — 7.86 (1H, m), 7.84 — 7.76 (1H, m), 7.64 — 7.59 (1H, m), 4.81 (s,
1H). BC NMR (100 MHz, CDCl3): & 149.57, 146.92, 138.83, 138.25, 130.61, 129.10,
127.87, 127.05, 126.70, 29.28. This was consistent with previously published data.?%

Compound 2.4

((2-Chloroquinolin-3-yl)methyl)triphenylphosphonium bromide

©
Br
® PPhy
AN
—
N Cl

A mixture of 3-(bromomethyl)-2-chloroquinoline 23 (2 g, 7.8 mmol) and
triphenylphosphine (6.1 g, 23.4 mmol) was dissolved in toluene (100 mL) and refluxed for
12 h, then cooled to room temperature. The solid was filtered, washed with hexane (200 mL)
and dried under vacuum to give product 3 as a white powder (3.25 g, 80%): mp 254-255 °C,;
m/z (MALDI-TOF) calculated for C2sH22CINP [M - Br] 438.12, found 438.20 [M*]; 'H
NMR (400MHz, CDCls): & 8.72 (d, J = 3.5 Hz, 1H), 7.93 (d, J = 8.3 Hz, 1H), 7.87 — 7.77
(m, 10H), 7.75 (t, J = 7.7 Hz, 1H), 7.71 — 7.64 (m, 6H), 7.55 (t, J = 7.6 Hz, 1H), 6.02 (d, J =
14.4 Hz, 2H). 3C NMR (100 MHz, CDCls): & 150.55, 150.50, 146.60, 142.58, 142.52,
134.88, 134.85, 133.82, 133.81, 130.90, 129.99, 129.87, 127.80, 127.56, 127.14, 126.56,
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126.53, 119.71, 119.63, 117.26, 116.40, 27.97, 27.49. This was consistent with previously
published data.?!°

Compound 2.5
1,2-Bis(2-chloroquinolin-3-yl)ethene

Cl

A/ E\ /gz

Cl

A mixture of phosphonium salt 2.4 (3 g, 5.7 mmol) and sodium hydride (608 mg, 14.5 mmol)
was dissolved in dry dichloromethane (50 mL). A solution of 2-chloroquinoline-3-
carbaldehyde 2.1 (923 mg, 4.8 mmol) in dry dichloromethane (20 mL) was added dropwise
over 30 min. The reaction mixture was stirred at room temperature overnight, then quenched
with water (150 mL), extracted with dichloromethane (2x200 mL), dried over MgSO4 and
concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel, eluting with ethyl acetate : hexane (1:2) giving the product 2.5
as a pale yellow solid (1.5 g, 88%, Z/E = 10:1): mp 218-220 °C; m/z (EI-GCMS) calculated
for C20H12CI2N2 350.04, found 350.1 [M*]; *H NMR (400MHz, CDCls): cis-isomer: & 8.00
(dd, J=7.49 Hz, 2H), 7.83 (s, 2H), 7.69 (ddd, J = 8.5, 6.7, 1.6 Hz, 2H), 7.53 — 7.38 (m, 4H),
7.09 (s, 2H). 3C NMR (100 MHz, CDClz): & 149.77, 146.48, 137.82, 130.22, 128.54,
128.30, 127.71, 127.07, 126.74, 126.29. This was consistent with previously published
data.?°

Compound 2.6

2,5-Dichlorodibenzo[a,k][3,8]phenanthroline

N\ cl

'

N Cl

The compound 2.5 (450 mg, 1.28 mmol) was dissolved in dry toluene (300 mL) then iodine
(163 mg, 1.28 mmol) added. Nitrogen was bubbled through the solution for 30 min, then

propylene oxide (45 mL) added. The reaction mixture was irradiated under a UV lamp
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(Black-Ray® B-100AP High intensity UV Lamp, 365 nm) for 36 h, then washed with
Na>S,0zaqueous solution (2x100 mL), water and brine, dried over MgSOs, and concentrated
under reduced pressure. The crude product was purified by column chromatography on silica
gel, eluting with ethyl acetate : hexane (1:6) giving the product 2.6 as a yellow solid (380
mg, 85%): mp 254-256 °C; m/z (MALDI-TOF) calculated for C2oH10CI2N2 348.02, found
348.98 [M*]; *H NMR (400MHz, CDCls): § 8.61 (s, 2H), 8.46 (d, J = 8.4 Hz, 2H), 8.19 (dd,
J=8.3, 1.1 Hz, 2H), 7.76 (ddd, J = 8.3, 7.0, 1.3 Hz, 2H), 7.41 (ddd, J = 8.4, 7.0, 1.3 Hz,
2H). ®C NMR (100 MHz, CDCls): § 150.34, 143.92, 131.31, 129.82, 128.33, 127.00,
126.56, 125.98, 125.53, 123.40. This was consistent with previously published data.?%

Compound H1-PXZ

2,5-Di(10H-phenoxazin-10-yl)dibenzo[a,k][3,8]phenanthroline

A mixture of palladium (Il) acetate (37 mg, 0.16 mmol), caesium carbonate (1.24 g, 3.8
mmol), phenoxazine (159 mg, 0.87 mmol) and 2.6 (170 mg, 0.54 mmol) was dissolved in
dry toluene. A 1M solution of tri-tert-butylphosphine in toluene (0.35 mL) was added next
and the solution was bubbled with nitrogen for 30 min. The reaction mixture was heated at
100 °C in a microwave for 2 h, then filtered through celite, washed with toluene (200 mL)
and concentrated under reduced pressure. The crude product was purified by column
chromatography on silica gel, eluting with ethyl acetate : hexane (1:7) giving product H1-
PXZ as a dark-red solid (115 mg, 45%): mp >360 °C; m/z (MALDI-TOF) calculated for
CasH2N4O2 642.21, found 642.15 [M']; HRMS (ASAP-TOF-MS) calculated for
CasH26N4O2+H" 643.2134, found 643.2134 [M+H"]; 'H NMR (400MHz, CDCls): § 8.80
(dd, J=8.5, 0.9 Hz, 2H), 8.43 (s, 2H), 8.36 (dd, J = 8.3, 1.1 Hz, 2H), 7.86 (ddd, J = 8.3, 7.0,
1.3 Hz, 2H), 7.59 (ddd, J = 8.4, 7.0, 1.4 Hz, 2H), 6.83 (dd, J = 7.9, 1.0 Hz, 4H), 6.73 (t, J =
7.3 Hz, 4H), 6.55 (br s, 4H), 6.16 (br s, 2H), 6.03 (br s, 2H). 3C NMR (100 MHz, CDCl5):
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0 149.75, 144.93, 143.75, 133.35, 132.55, 129.46, 129.24, 127.02, 126.84, 126.11, 125.20,
124.14, 122.90, 122.09, 115.62, 113.48.

Compound 2.8

(Naphthalen-2-ylmethyl)triphenylphosphonium

B@
r
® PPh,

This was synthesised according to the general procedure leading to 2.4. 2-
(bromomethyl)naphthalene 2.7 (1.5 g, 6.7 mmol), triphenylphosphine (4.34 g, 20.3 mmol),
and toluene (100 mL) were used. Phosphonium salt 2.8 was obtained as a white solid (3.1 g,
95%): mp 246-248 °C; m/z (MALDI-TOF) calculated for C29H24P [M - Br] 403.16, found
403.25 [M*]; *H NMR (400MHz, CDCls): § 7.82 — 7.75 (m, 9H), 7.72 (d, J = 7.8 Hz, 1H),
7.65—7.60 (m, 6H), 7.57 (m, 3H), 7.47 — 7.39 (m, 2H), 7.20 (dt, J = 8.4, 1.7 Hz, 1H), 5.65
(d, J=14.5 Hz, 2H). $3C NMR (100 MHz, CDCls): § 134.43, 134.40, 134.05, 133.94, 132.49,
132.21, 130.79, 130.71, 129.74, 129.71, 129.67, 129.55, 128.19, 128.15, 127.91, 127.39,
127.06, 126.05, 125.87, 124.04, 123.95, 117.90, 117.05, 30.84, 30.38. This was consistent

with previously published data.?%3

Compound 2.9

2-Chloro-3-(2-(naphthalen-2-yl)vinyl)quinoline

N._Cl
\
X
|

This was synthesised according to the general procedure leading to 2.5. Phosphonium salt
2.8 (3 g, 6.2 mmol), sodium hydride (0.65 g, 15.5 mmol), 2-chloroquinoline-3-carbaldehyde
2.1 (0.99 g, 5.2 mmol), and dichloromethane (120 mL) were used. The product 2.9 was
obtained as a pale yellow solid (1.31 g, 72%, Z/E = 10:1): mp 112-114 °C; m/z (EI-GCMS)
calculated for C21H14CIN 315.08, found 314.9 [M*]; HRMS (EI) calculated for C2:H14CIN
315.08, found 315.10 [M*]; cis-isomer: *H NMR (400MHz, CDCls): § 8.04 (dd, J = 8.5, 0.7
Hz, 1H), 7.79 — 7.67 (m, 4H), 7.60 (d, J = 8.5 Hz, 1H), 7.51 (dd, J = 8.1, 1.4 Hz, 1H), 7.49
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—7.43 (m, 3H), 7.26 (dd, J = 8.7, 1.6 Hz, 1H), 7.06 (d, J = 12.2 Hz, 1H), 6.86 (dd, J = 12.1,
0.7 Hz, 1H). 3C NMR (100 MHz, CDCls): § 150.15, 146.32, 138.01,137.98, 132.98, 132.89,
132.84, 132.25, 129.88, 129.84, 129.50, 128.13, 127.72, 127.38, 127.17, 127.05, 126.52,
126.44, 125.80, 125.78, 125.09. trans-isomer: *H NMR (400MHz, CDCls3): & 8.48 (s, 1H),
8.04 (d, J=9.2 Hz, 1H), 7.97 (s, 1H), 7.92 — 7.83 (m, 5H), 7.73 (d, J = 7.0 Hz, 1H), 7.69 (d,
J=13.9 Hz, 1H), 7.62 — 7.58 (m, 1H), 7.54 — 7.51 (m, 2H), 7.41 (d, J = 16.2 Hz, 1H).

Compound 2.10

2-Chloronaphtho[2,1-k]phenanthridine

This was synthesised according to the general procedure leading to 2.6. Compound 2.9 (500
mg, 1.58 mmol), iodine (216 mg, 1.7 mmol), propylene oxide (55 mL, 790 mmol), and
toluene (600 mL) were used. Product 2.10 was obtained as a pale-yellow solid (300 mg,
60%): mp 222-224 °C; m/z (EI-GCMS) calculated for C21H12CIN 313.07, found 313.1 [M*];
'H NMR (400MHz, CDCls): 6 8.54 (d, J = 8.5 Hz, 1H), 8.47 (d, J = 8.5 Hz, 2H), 8.16 (dd,
J=8.3,1.0 Hz, 1H), 8.06 (dd, J = 10.9, 8.6 Hz, 2H), 8.01 (dd, J = 8.0, 1.2 Hz, 1H), 7.93 (d,
J = 8.6 Hz, 1H), 7.69 (ddd, J = 8.3, 7.0, 1.4 Hz, 1H), 7.61 (ddt, J = 8.1, 4.6, 2.3 Hz, 1H),
7.35(qdd, J=10.5, 3.6, 0.9 Hz, 2H). **C NMR (100 MHz, CDCls): § 150.76, 143.52, 134.35,
133.19, 132.86, 132.62, 132.41, 129.97, 129.75, 128.85, 128.58, 128.21, 127.97, 127.61,
127.43,126.74, 126.07, 125.96, 125.42, 124.73, 124.03. This was consistent with previously

published data.?3®
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Compound H2-PXZ

10-(Naphtho[2,1-k]phenanthridin-2-yl)-10H-phenoxazine

This was synthesised according to the general procedure leading to H1-PXZ. Palladium (1)
acetate (36 mg, 0.16 mmol), caesium carbonate (1.21 g, 3.73 mmol), phenoxazine (195 mg,
1.06 mmol), 2.10 (167 mg, 0.53 mmol), 1M solution of tri-tert-butylphosphine in toluene
(0.34 mL), and toluene (8 mL) were used. The product H2-PXZ was obtained as a yellow
solid (120 mg, 48%): mp 336-338 °C; m/z (MALDI-TOF) calculated for C33H20N.O 460.16,
found 460.12 [M*]; HRMS (ASAP-TOF-MS) calculated for Cs3H2oN.O+H" 461.1653,
found 461.1653 [M+H*]; *H NMR (400MHz, CDCls): § 8.70 (d, J = 8.4 Hz, 1H), 8.63 (d, J
= 8.5 Hz, 1H), 8.38 (d, J = 8.4 Hz, 1H), 8.30 (dd, J = 8.3, 1.1 Hz, 1H), 8.08 (d, J = 8.5 Hz,
1H), 8.04 (dd, J = 8.1, 1.0 Hz, 1H), 7.92 (dd, J = 14.3, 8.5 Hz, 2H), 7.76 (ddd, J = 8.3, 7.0,
1.3 Hz, 1H), 7.64 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 7.44 (dddd, J = 8.4, 6.9, 4.1, 1.4 Hz, 2H),
6.85(d, J =7.1 Hz, 2H), 6.73 (br s, 2H), 6.60 (br s, 1H), 6.52 (br s, 1H), 6.14 (br s, 1H), 5.99
(br s, 1H).1*C NMR (100 MHz, CDCls): § 149.95, 144.64, 143.64, 134.43, 133.78, 132.81,
132.36, 129.90, 129.60, 128.90, 128.67, 128.55, 128.24, 127.68, 127.34, 126.69, 125.93,
125.59, 125.30, 125.25, 124.77, 124.72, 124.43, 123.01, 122.92, 121.66, 115.37, 113.50

Compound 3.2

10,15-Dihydro-5H-diindeno[1,2-a:1",2'-c]fluorene

1-Indanone (13.6g, 0.1 mol, 3 eq) was dissolved in 60 mL acetic acid then 30 mL HCI was

added. The solution was stirred for 16 h at 100°C. The precipitate was washed with water,
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acetone and dichloromethane to give the product 3.2 as a white powder (9.26 g, 0.027mol,
80%): mp >360 °C; 'H NMR (400 MHz, CDCl3) § 7.97 (d, J = 7.5 Hz, 3H), 7.71 (d, J = 7.5
Hz, 3H), 7.51 (t, J = 7.4 Hz, 3H), 7.40 (t, J = 7.4 Hz, 3H), 4.30 (s, 6H). *C NMR (101 MHz,
CDCls) 6 143.82, 141.74, 137.16, 135.31, 126.96, 126.34, 125.16, 121.92, 36.59. This was

consistent with previously published data.?8’

Compound 3.3

5,5,10,10,15,15-Hexahexyl-10,15-dihydro-5H-diindeno[1,2-a:1",2'-c]fluorene

To a suspension of truxene 3.2 (4 g, 0.02 mol, 1 eq.) in THF (100 mL), n-BuLi (2.06 M
solution in n-hexane, 21.4 mL, 0.044 mol, 3.8 eq.) was added over a 20 min period at 5°C.
The solid dissolved, changing colour to deep red. The solution was stirred for 30 min then
1-bromohexane (6.25 mL, 0.044 mol, 3.8 eq) was added over a 10 min period at 5°C and the
mixture was stirred for 4 h at room temperature. The second portion of n-BuLi (2.06 M
solution in n-hexane, 21.4 mL, 0.044 mol, 3.8 eq.) was added at 5°C and after 30 min the
second portion of 1-bromohexane (6.25 mL, 0.044 mol, 3.8 eq.) was added at the same
temperature. After overnight stirring at room temperature, the reaction was quenched by
addition of a saturated solution of NH4CIl (200 mL) and extracted with petroleum ether
(2x250 mL). The mixture was concentrated under reduced pressure and the product was
purified by column chromatography on silica gel with petroleum ether as an eluent giving
compound 3.3 as a pale yellow solid (9.5 g, 0.011 mol, 95%): mp 61-63 °C; MS (MALDI-
TOF) calculated for Ce3Heo 846.70, found 846.66 [M*]; *H NMR (400MHz, CDCls): & 8.41
(3H d, J=7.49 Hz), 7.50 (3H, d, 6.87 Hz) 7.48-7.36 (6H, m), 3.12-2.90 (6H, m), 2.20-2.02
(6H, m), 1.02-0.80 (36H, m), 0.70-0.44 (30H, m). **C NMR (CDCls): & 153.54, 144.72,
140.26, 138.28, 126.23, 125.85, 124.54, 122.07, 55.53, 36.89, 31.41, 29.43, 23.82, 22.20,

13.89. This was consistent with previously published data.?%
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Compound 3.4

2,7,12-Tribromo-5,5,10,10,15,15-hexahexyl-10,15-dihydro-5H-diindeno[1,2-a:1",2"-

c]fluorene

To a stirred solution of hexahexyltruxene 3.3 (4.3 g, 5 mmol, 1 eq.) in dichloromethane (40
mL) bromine (0.81 mL, 15.7 mmol, 3.1 eq.) was added over a 5 min period at 0°C under
protection from light. After 14 h the reaction mixture was washed with sodium thiosulphate
saturated solution (250 mL), extracted with dichloromethane (2x200 mL), washed with
sodium carbonate solution (250 mL) and dried over MgSQa4. The solution was concentrated
under reduced pressure. The residue first was recrystallized from petroleum ether and
washed with cold petroleum ether and then purified by column chromatography on silica gel
eluting with hexane : ethyl acetate (10:1) mixture giving product 3.4 as a white powder (5.1
g, 4.7 mmol, 76%): m.p. 224-225 °C; MS (MALDI-TOF) calculated for Ce3sHs7Br3 1080.44,
found 1084.41 [M*]; *H NMR (400MHz, CDCls): & 8.20 (d, J = 8.5 Hz, 3H), 7.59 (d, J =
2.0 Hz, 3H), 7.54 (dd, J = 8.5, 1.9 Hz, 3H), 3.01 — 2.66 (m, 6H), 2.08 — 2.02 (m, 6H), 0.98 —
0.83 (m, 36 H), 0.65 (t, J = 7.1 Hz, 18H), 0.59 — 0.35 (m, 12H). *C NMR (CDCl3): § 155.37,
144.39, 138.35, 137.13, 128.87, 125.39, 125.02, 120.54, 55.48, 36.31, 30.93, 28.85, 23.36,
21.74, 13.34. This was consistent with previously published data.?®

Compound 3.6

2-Bromo-5,5,10,10,15,15-hexahexyl-10,15-dihydro-5H-diindeno[1,2-a:1",2"-c]fluorene
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Hexahexyltruxene 3.3 (1 g, 1.2 mmol, 1 eq.) was dissolved in acetic acid (60 mL) and N-
bromosuccinimide (0.18 g, 1.12 mmol, 0.95 eq.) in a solution of acetic acid (40 mL) was
added dropwise over 15 minutes under protection from light. The mixture was stirred at 80
°C for 3 days, cooled to room temperature and the crude product was extracted with
dichloromethane. The organic layer was washed successively with saturated solutions of
Na,COz (200 mL), NaHCOs (200 mL) and water (200 mL), dried over MgSO4 then
concentrated under reduced pressure. The crude material was recrystallised from ethanol.
Product 3.6 was isolated as a white powder (0.55 g, 57%). m.p. 128-130 °C; MS (MALDI-
TOF) calculated for CesHsoBr 924.61, found 926.44 [M*]; *H NMR (400 MHz, CDCls) §
8.36 (d, J =7.3 Hz, 1H), 8.32 (d, J = 7.0 Hz, 1H), 8.22 (d, J = 8.5 Hz, 1H), 7.57 (d, J = 2.0
Hz, 1H), 7.50 (dd, J = 8.5, 2.0 Hz, 1H), 7.47 — 7.42 (m, 2H), 7.41 — 7.32 (m, 4H), 3.05 —
2.89 (m, 4H), 2.89 — 2.75 (m, 2H), 2.15 — 1.92 (m, 6H), 1.05 — 0.70 (m, 36H), 0.70 — 0.54
(m, 18H), 0.55 — 0.33 (m, 12H). 3C NMR (101 MHz, CDCls) & 156.14, 153.65, 153.62,
153.45, 145.36, 144.84, 144.82, 144.35, 140.35, 140.13, 140.01, 139.42, 138.64, 138.43,
138.37, 137.30, 129.11, 126.53, 126.31, 126.07, 125.94, 125.43, 124.70, 124.63, 124.54,
122.24,122.17, 120.59, 55.96, 55.69, 55.60, 55.57, 37.00, 36.95, 36.90, 36.82, 31.49, 31.48,
29.50, 29.49, 29.41, 23.89, 22.28, 13.88. This was consistent with previously published

data.?®
Compound A

4,7-Bis(7,12-dibromo-5,5,10,10,15,15-hexahexyl-10,15-dihydro-5H-diindeno[ 1,2-
a:1',2'-c]fluoren-2-yl)benzo[c][1,2,5]thiadiazole

A mixture of tribromohexahexyltruxene 34 (13 g, 12 mmol, 7 eq.),
tetrakis(triphenylphosphine)palladium (0) (0.8 g, 0.68 mmol, 0.4 eq.) and 2,1,3-
benzothiadiazole-4,7-bis(boronic acid pinacol ester) 3.5 (0.665 g, 1.7 mmol, 1 eq.) was dried
under reduced pressure for 30 min, then dissolved in dry degassed toluene. An aqueous
degassed solution of K.CO3 (2M, 4.28 mL) was added and the mixture was stirred at 100°C
for 3 days. The mixture was washed with water (200 mL), the toluene layer was separated
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and aqueous phase was extracted with dichloromethane (2x200 mL). The organic phases
were combined, dried over MgSO4 and concentrated under reduced pressure. The crude
mixture was purified by column chromatography on silica gel. The starting material was first
eluted with hexane, then the product was eluted with a hexane : toluene (5:1) mixture. Pure
compound A was obtained as a yellow-green powder (660 mg, 0.3 mmol, 18%): mp 124-
126 °C; MS (MALDI-TOF) calculated for Ci132H176BraN2S 2137.03, found 2141.97 [M™];
'H NMR (400 MHz, CDCls) § 8.53 (d, J = 8.9 Hz, 2H), 8.29 (d, J = 8.6 Hz, 2H), 8.23 (d, J
= 8.6 Hz, 2H), 8.20 — 8.18 (m, 4H), 8.05 (s, 2H), 7.63 (dd, J = 7.7, 1.9 Hz, 4H), 7.57 (ddd,
J=8.3,5.0, 1.9 Hz, 4H), 3.10 — 3.03 (m, 4H), 2.97 — 2.87 (m, 8H), 2.33 — 2.21 (m, 4H),
2.14 —2.04 (m, 8H), 1.13 - 0.79 (m, 72H), 0.78 — 0.61 (m, 36H), 0.55 (dt, J = 20.3, 6.3 Hz,
24H). C NMR (CDCls) & 155.54, 155.43, 153.90, 153.48, 145.39, 144.70, 144.25, 139.60,
138.64, 138.56, 137.75, 137.21, 137.04, 135.18, 132.64, 128.83, 127.54, 126.90, 125.48,
125.39, 125.06, 125.01, 124.24, 122.62, 120.43, 55.63, 55.50, 55.37, 36.49, 36.40, 31.04,
30.97, 29.01, 28.96, 28.91, 23.50, 23.42, 21.80, 21.77, 13.40. Elemental Analysis: Found:
C, 73.80, H, 8.34, N, 1.30, Expected: C, 74.00, H, 8.28, N, 1.31.

Compound A0

4,7-Bis(5,5,10,10,15,15-hexahexyl-10,15-dihydro-5H-diindeno[1,2-a:1",2'-c]fluoren-2-
yl)benzo[c][1,2,5]thiadiazole

Compound 3.6 (1.43 g, 1.55 mmol, 4 eq) and tetrakis(triphenylphosphine)palladium (0)
(0.09 g, 0.08 mmol, 0.2 eq.) were dissolved in degassed THF (70 mL). 2,1,3-
Benzothiadiazole-4,7-bis(boronic acid pinacol ester) 3.5 (0.15 g, 0.39 mmol, 1 eq.) was
dissolved in THF (30 mL) and added to the reaction mixture followed by Ba(OH).-8H20
(0.37 g, 1.16 mmol, 3 eq) and degassed water (0.7 mL). The mixture was degassed and
heated at 80°C overnight. THF was evaporated and the crude product was dissolved in
dichloromethane (100 mL), the organic phase was washed with water (2x50 mL), dried over
MgSOQO4 and concentrated under reduced pressure. The product was purified by column
chromatography on silica gel. The starting material was first eluted with hexane, then the

product was eluted with a hexane : toluene (5:1) mixture. Pure compound AO was obtained
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as a bright yellow-green powder (70 mg, 10%): mp 332-334 °C; MS (MALDI-TOF)
calculated for Ci32H1s0N2S 1825.38, found 1827.10 [M*]. *H NMR (400 MHz, CDCls) §
8.55 (d, J = 8.4 Hz, 2H), 8.40 (t, J = 7.0 Hz, 4H), 8.21 — 8.12 (m, 4H), 8.03 (s, 2H), 7.54 —
7.45 (m, 4H), 7.46 — 7.34 (m, 8H), 3.16 — 2.76 (m, 12H), 2.35 — 2.18 (m, 4H), 2.12 (ddd, J
=18.4,13.1, 6.9 Hz, 8H), 1.07 — 0.73 (m, 72H), 0.75 — 0.38 (m, 60H). *C NMR (101 MHz,
CDCl3) 6 154.48, 154.19, 153.67, 153.62, 145.38, 145.22, 145.17, 140.67, 140.34, 140.31,
138.56, 138.51, 137.95, 135.34, 133.23, 128.02, 127.22, 126.42, 126.01, 124.76, 124.69,
123.05, 122.23, 55.84, 55.74, 55.70, 37.12, 37.01, 31.60, 31.50, 29.57, 29.52, 24.03, 23.93,
22.32,22.30, 13.91, 13.88.

Compound Al

4,44 A" -(Benzo[c][1,2,5]thiadiazole-4,7-diylbis(5,5,10,10,15,15-hexahexyl-10,15-
dihydro-5H-diindeno[1,2-a:1",2'-c]fluorene-12,2,7-triyl))tetrakis(N,N-diphenylaniline)

A mixture of A (150 mg, 0.07 mmol, 1 eq.), tetrakis(triphenylphosphine)palladium (0)
(40.45 mg, 0.035 mmol, 0.5 eq.), 4-(diphenylamino)phenylboronic acid (305 mg, 1.05
mmol, 15 eq.) and Ba(OH)2-8H20 (552 mg, 1.75 mmol, 25 eq.) was dried under vacuum and
dissolved in dry degassed THF (10 mL). Degassed (bubbled with N.) water (1.16 mL, 2.1
mL per gram of base) was added and the mixture was heated to 85°C. After 3 days the THF
was removed under reduced pressure, the crude product was diluted with toluene (100 mL)
and washed with water (2x100 mL). The aqueous phase was extracted with toluene (2x100
mL), the organic phases were combined, dried over MgSQO4 and concentrated under reduced

pressure. Product A1 was purified by column chromatography on silica gel with hexane :
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toluene (5:1) and then reprecipitated from dichloromethane with methanol giving the product
Al as abright yellow powder (122 mg, 61%): mp 158-160°C; MS (MALDI-TOF) calculated
for Cao4H232N6S 2797.81, found 2800.32 [M*]; *H NMR (400 MHz, CDCl3) § 8.59 (d, J =
8.3 Hz, 2H), 8.53 — 8.38 (m, 4H), 8.22 (d, J = 9.5 Hz, 4H), 8.07 (s, 2H), 7.79 — 7.61 (m,
16H), 7.37 —7.29 (m, 16H), 7.28 — 7.17 (m, 24H), 7.08 (dt, J = 8.3, 1.0 Hz, 8H), 3.24 - 2.94
(m, 12H), 2.42 — 2.06 (m, 12H), 1.17 — 0.80 (m, 72H), 0.81 — 0.38 (m, 60H). *C NMR
(CDCl3): 6 153.97, 153.83, 153.64, 147.31, 147.25, 146.63, 144.85, 144.78, 140.17, 138.76,
137.97, 137.47, 134.86, 134.82, 132.72, 128.80, 127.54, 127.20, 124.43, 124.14, 123.92,
123.88, 123.65, 122.42, 119.52, 55.55, 55.33, 38.68, 36.69, 36.63, 36.59, 31.10, 31.01,
29.09, 29.04, 23.55, 23.44, 21.92, 21.83, 13.43. Elemental Analysis: Found: C, 87.00, H,
8.30, N, 3.00, Expected: C, 87.50, H, 8.35, N, 3.00.

Compound A2

4,7-Bis(5,5,10,10,15,15-hexahexyl-7,12-di(10H-phenoxazin-10-yl)-10,15-dihydro-5H-
diindeno[1,2-a:1",2'-c]fluoren-2-yl)benzo[c][1,2,5]thiadiazole

A mixture of A (150 mg, 0.07 mmol, 1 eq.), phenoxazine (128 mg, 0.07 mmol, 1 eq.),
palladium (I1) acetate (16 mg, 0.07 mmol, 1 eq.), tri-tert-butylphosphine (45 mg, 0.22 mmol,
3.2 eq.) and potassium tert-butoxide (85 mg, 0.70 mmol, 10 eqg.) was dissolved in dry toluene
(15 mL), degassed and stirred at 110°C. After 3 days, the mixture was washed with water
(100 mL), the aqueous phase extracted with toluene (2x100 mL), the organic phases were
combined and then dried over MgSO4. The solvent was evaporated under reduced pressure.
Purification by chromatography on silica gel with a hexane : toluene (4:1, then 3:1) mixture
followed by reprecipitation from dichloromethane with methanol afforded the product A2
as orange-yellow powder (136 mg, 76%): mp > 360 °C; MS (MALDI-TOF) calculated for
C1s0H208N604S 2549.60, found 2551.81 [M*]; *H NMR (400 MHz, CDCl3) § 8.66 (d, J = 8.5
Hz, 2H), 8.58 (dd, J = 8.2, 5.0 Hz, 4H), 8.27 — 8.17 (m, 4H), 8.07 (s, 2H), 7.52 (dd, J = 3.0,
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2.2 Hz, 4H), 7.41 (ddd, J = 10.6, 8.4, 1.9 Hz, 4H), 6.77 (dt, J = 7.8, 1.5 Hz, 8H), 6.74 — 6.67
(m, 8H), 6.67 — 6.59 (m, 8H), 6.09 (ddd, J = 7.9, 2.3, 1.6 Hz, 8H), 3.22 — 2.96 (m, 12H),
2.43 — 2.24 (m, 4H), 2.23 — 2.04 (m, 8H), 1.15 — 0.87 (m, 72H), 0.76 — 0.61 (m, 60H). 3C
NMR (CDCls): 6 156.36, 156.23, 153.92, 153.49, 145.85, 145.52, 145.21, 143.59, 139.91,
139.78, 139.61, 137.92, 137.43, 137.28, 136.71, 135.27, 134.18, 132.67, 127.84, 127.58,
126.96, 126.51, 124.41, 124.02, 123.96, 122.76, 120.80, 114.99, 112.64, 55.65, 55.58, 55.50,
36.38, 36.24, 31.13, 30.95, 30.91, 29.20, 28.93, 28.82, 28.74, 23.76, 23.52, 23.42, 21.76,
18.33, 13.42. Elemental Analysis: Found: C, 84.67, H, 8.36, N, 3.22, Expected: C, 84.73, H,
8.22, N, 3.29.

Compound Q1

3,6-Di-tert-butyl-9-(quinolin-3-yl)-9H-carbazole

N Q

CLT

3,6-Di-tert-butyl-9H-carbazole 4.3 (485 mg, 1.73 mmol, 1.2 eg.) was added in a dried 3-
neck flask and dissolved in 120 mL of anhydrous toluene. 3-bromoquinoline 4.1 (300 mg,
1.44 mmol, 1 eq.) was added and the mixture was bubbled with N2 for 15 minutes while
stirring. Tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)s) (66 mg, 0.075 mmol, 0.05
eq.) and 2-dicyclohexylphosphino-2’,4’,6'-triisopropylbiphenyl (XPhos) (137 mg, 0.29
mmol, 0.2 eq.) were added and the mixture was degassed for another 15 minutes. Sodium
tert-butoxide was added (167 mg, 1.73 mmol, 1.2 eq.) followed by tert-butanol (4 mL) and
the mixture was degassed for 15 more minutes. It was next stirred at 110 °C for 18 hours.
The mixture was then cooled to room temperature, washed with water (2x100 mL), dried
over MgSO4 and concentrated under reduced pressure. The crude product was then purified
by column chromatography with dichloromethane followed by recrystallisation from ethyl
acetate giving the material Q1 as white crystals (350 mg, 60%). mp 248 — 250 °C; HRMS
(LMMS) calculated for C29HsoN2 406.2408, found 406.2468 [M+H"]; *H NMR (400 MHz,
CDCl3) § 9.17 (d, J = 2.5 Hz, 1H), 8.33 (d, J = 2.3 Hz, 1H), 8.25 (d, J = 8.5 Hz, 1H), 8.18
(d, J =1.6 Hz, 2H), 7.90 (d, J = 8.4 Hz, 1H), 7.82 (t, J = 7.7 Hz, 1H), 7.66 (t, J = 7.5 Hz,
1H), 7.50 (dd, J = 8.6, 1.9 Hz, 2H), 7.38 (d, J = 8.6 Hz, 2H), 1.48 (s, 18H). 13C NMR (100
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MHz, CDCl3) 6 149.60, 146.83, 143.68, 139.21, 132.06, 131.97, 129.73, 129.60, 128.42,
127.71, 127.58, 123.98, 123.79, 116.55, 108.81, 34.82, 32.01.

Compound Q2

3,6-Di-tert-butyl-9-(quinolin-4-yl)-9H-carbazole

/
N

This was synthesised according to the general procedure leading to Q1. 3,6-di-tert-butyl-
9H-carbazole 4.3 (2.41 g, 8.6 mmol, 1 eq.), 4-bromoquinoline 4.2 (1.5 g, 7.2 mmol, 1.2 eq.),
Pd2(dba)z (0.33 g, 0.36 mmol, 0.05 eq.), XPhos (0.69 mg, 1.44 mmol, 0.2 eq.), sodium tert-
butoxide (0.83 mg, 8.6 mmol, 1.2 eq.) and tert-butanol (16.5 mL) were used. The crude
product was purified by column chromatography with a hexane : ethyl acetate (10 : 1)
mixture followed by recrystallisation from methanol giving the material Q2 as a yellow
powder (360 mg, 12%). mp 168 — 170 °C; HRMS (EI) calculated for C29H3oN2 406.2408,
found 406.2419 [M*]; *H NMR (400 MHz, CDCls) § 9.10 (d, J = 4.6 Hz, 1H), 8.29 (d, J =
8.4 Hz, 1H), 8.19 (d, J=1.7 Hz, 2H), 7.80 (t, J = 7.7 Hz, 1H), 7.62 (dd, J = 8.4, 0.8 Hz, 1H),
7.54 (d, J = 4.6 Hz, 1H), 7.45 (t, J = 7.6 Hz, 1H), 7.41 (dd, J = 8.6, 1.9 Hz, 2H), 7.01 (d, J =
8.6 Hz, 2H), 1.48 (s, 18H). 3C NMR (100 MHz, CDCI3) § 151.01, 150.34, 143.63, 143.58,
139.74, 130.27, 130.13, 127.08, 125.61, 124.22, 123.92, 123.89, 119.91, 116.43, 109.77,
34.81, 32.00.
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Compound Q1-S1

3-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-1-methylquinolin-1-ium

trifluoromethanesulfonate

Compound Q1 (50 mg, 0.123 mmol, 1 eq.) was dissolved in dry dichloromethane (2 mL)
and cooled down to 0 °C under N2 atmosphere. Methyl trifluoromethanesulfonate (14 pL,
0.123 mmol, 1 eq.) was added and the mixture was stirred for 20 h at room temperature. The
formed precipitate was filtered off and washed with cool methanol (100 mL) to give the
product Q1-S1 as a bright yellow solid (58 mg, 82%). mp 356 — 358 °C; HRMS (LMMYS)
calculated for CoH3asN2" 421.2643, found 421.2625 [M™]; *H NMR (400 MHz, DMSO-ds)
8 10.15 (s, 1H), 9.73 (s, 1H), 8.67 (d, J = 8.9 Hz, 1H), 8.59 (d, J = 7.8 Hz, 1H), 8.44 (d, J =
1.5 Hz, 2H), 8.40 (t, J =8.0 Hz, 1H), 8.19 (t, J = 7.6 Hz, 1H), 7.66 (d, J = 8.7 Hz, 2H), 7.61
(dd, J = 8.7, 1.8 Hz, 2H), 4.78 (s, 3H), 1.49 (s, 18H). 3C NMR (100 MHz, DMSO-ds) &
150.00, 144.71, 142.88, 138.65, 137.62, 135.78, 132.06, 131.01, 130.86, 130.33, 124.67,
124.01, 119.65, 117.54, 109.73, 46.02, 35.14, 32.24.

Compound Q2-S1

4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-1-methylquinolin-1-ium

trifluoromethanesulfonate

S

—

o)

This was synthesised according to the general procedure leading to Q1-S1. Q2 (50 mg, 0.123
mmol, 1 eq.), dichloromethane (2 mL) and methyl trifluoromethanesulfonate (14 pL, 0.123
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mmol, 1 eq.) were used. Hexane was added to the solution of the product, then the formed
precipitate was filtered off and washed with cold hexane (100 mL) giving the product Q2-
S1 as a bright yellow solid (51 mg, 72%). mp 302 — 304 °C; HRMS (LMMS) calculated for
Ca0H33N2" 421.2643, found 421618 [M™]; *H NMR (400 MHz, CDCls3) § 9.66 (d, J = 6.5 Hz,
1H), 8.45 (d, J = 9.1 Hz, 1H), 8.30 — 8.19 (m, 2H), 8.14 (d, J = 1.6 Hz, 2H), 8.10 (d, J = 6.5
Hz, 1H), 7.84 (t, J = 7.7 Hz, 1H), 7.45 (dd, J = 8.7, 1.8 Hz, 2H), 7.20 (d, J = 8.7 Hz, 2H),
4.83 (s, 3H), 1.46 (s, 18H). 3C NMR (101 MHz, CDCls) § 153.16, 150.83, 146.76, 138.52,
136.43, 129.49, 127.73, 125.87, 125.32, 124.86, 119.30, 118.87, 116.96, 110.59, 45.61,
34.99, 31.80.

Compound Q1-S2

3-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-1-methylquinolin-1-ium iodide

Compound Q1 (50 mg, 0.123 mmol, 1 eq.) was dissolved in toluene (10 mL) and methyl
iodide (0.38 mL, 6.15 mmol, 50 eq.) was then added. The mixture was heated to 100 °C for
2 hours in a microwave. The formed yellow precipitate was filtered off and washed with
diethyl ether (100 mL) to afford the material Q1-S2 as a bright yellow solid (40 mg, 60%).
mp 242-244 °C; HRMS (LMMS) calculated for C2oHz3N2" 421.2643, found 421.2620 [M™];
'H NMR (400 MHz, CDCls) § 9.57 (d, J = 2.0 Hz, 1H), 9.00 (d, J = 1.8 Hz, 1H), 8.50 (d, J
= 9.0 Hz, 1H), 8.26 — 8.17 (m, 2H), 8.15 (d, J = 1.6 Hz, 2H), 7.98 (t, J = 7.6 Hz, 1H), 7.74
(d, J = 8.7 Hz, 2H), 7.56 (dd, J = 8.7, 1.9 Hz, 2H), 4.99 (s, 3H), 1.47 (s, 18H). 13)C NMR
(101 MHz, CDCl3) 6 147.77, 145.60, 141.62, 138.24, 137.46, 136.11, 133.50, 131.28,
130.36, 130.02, 124.92, 124.64, 119.40, 116.80, 109.18, 49.00, 34.92, 31.90.
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Compound Q2-S2

4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-1-methylquinolin-1-ium iodide

Su®

@

This was synthesised and purified according to the general procedure leading to Q1-S2. Q2
(50 mg, 0.123 mmol, 1 eq.), toluene (10 mL) and methyl iodide (0.38 mL, 6.15 mmol, 50
eq.) were used. The material Q2-S2 was isolated as a bright yellow solid (35 mg, 52%). mp
240-242 °C; HRMS (LMMS) calculated for CoHasN2* 421.2643, found 421.2622 [M*]; ¢
H NMR (400 MHz, CDCl3) 6 10.45 (d, J=6.7 Hz, 1H), 8.50 (d, J = 8.6 Hz, 1H), 8.30 — 8.26
(m, 2H), 8.19 - 8.16 (m, 3H), 7.93 - 7.82 (m, 1H), 7.48 (dd, J = 8.7, 1.9 Hz, 2H), 7.26 (d, J
= 8.7 Hz, 2H), 4.99 (s, 3H), 1.49 (s, 18H). *C NMR (101 MHz, CDCls) § 152.95, 150.80,
146.78, 140.68, 138.49, 136.36, 129.47, 127.84, 125.88, 125.28, 124.87, 119.30, 118.98,
116.97, 110.68, 46.12, 34.99, 31.80

Compound Q1-S3

3-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-1-methylquinolin-1-ium tetrafluoroborate

(3

®
| g,
A mixture of Q1 (250 mg, 0.6 mmol, 1 eq.) and NH4BF4 (80 mg, 0.77 mmol, 1.25 eq.) was
dissolved in trimethyl orthoformate (10 mL). The solution was heated at 100 °C for 2 hin a
microwave. The solvent was evaporated, the crude product was diluted with methanol (100
mL) and filtered through a basic aluminium oxide plug. The solution was concentrated under

reduced pressure. The material was then dissolved in chloroform and reprecipitated with
hexane affording the product Q1-S3 as a bright yellow powder (170 mg, 54%). mp 296298
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°C; HRMS (LMMS) calculated for CooHasN2* 421.2643, found 421.2642 [M*]; *H NMR
(400 MHz, CDCl3) & 9.20 (s, 1H), 8.89 (s, 1H), 8.37 (d, J = 8.9 Hz, 1H), 8.27 — 7.94 (m,
4H), 7.88 (t, = 7.6 Hz, 1H), 7.53 (s, 4H), 4.76 (s, 3H), 1.46 (s, 18H). 3C NMR (101 MHz,
CDCl3) § 147.75, 145.53, 141.61, 138.28, 137.43, 136.03, 133.23, 131.17, 130.14, 129.82,
124.97, 124.52, 118.96, 116.73, 108.60, 47.04, 34.89, 31.88.

Compound Q2-S3

4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-1-methylquinolin-1-ium tetrafluoroborate

O

@

This was synthesised and purified according to the general procedure leading to Q1-S3. Q2
(50 mg, 0.12 mmol, 1 eq.), NH4BF4 (16 mg, 0.15 mmol, 1.25 eq.) and trimethyl orthoformate
(3 mL) were used. The trimethyl orthoformate was then evaporated under reduced pressure,
the product was diluted with methanol (100 mL) and filtered through a basic aluminium
oxide plug. The solvent was evaporated under reduced pressure, and the material was
recrystallised from isopropanol giving the product Q2-S3 as a bright-yellow solid (30 mg,
48%). mp 322-324 °C; HRMS (LMMS) calculated for C2oH33N2* 421.2643, found 421.2626
[M*]; *H NMR (400 MHz, CDCl3) § 9.48 (d, J = 6.7 Hz, 1H), 8.49 (d, J = 8.9 Hz, 1H), 8.31
—8.20 (m, 2H), 8.15 (d, J = 1.6 Hz, 2H), 8.11 (d, J = 6.5 Hz, 1H), 7.89 — 7.73 (m, 1H), 7.47
(dd, J = 8.7, 2.0 Hz, 2H), 7.23 (d, J = 8.7 Hz, 2H), 4.81 (s, 3H), 1.48 (s, 18H). *C NMR
(101 MHz, CDClz) & 153.04, 150.54, 146.62, 140.80, 138.56, 136.37, 129.44, 127.57,
125.78, 125.34, 124.86, 119.41, 118.96, 116.88, 110.64, 45.58, 34.97, 31.80.
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Chapter 7. Appendix

NMR spectra
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Crystal data

H1-PXZ

Figure 7.1. H1-PXZ crystal structure. Thermal ellipsoids drawn at the 50% probability level.
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Table 7.1. Crystal data and structure refinement details of H1-PXZ.

Compound

Formula

Dcalc./ g cm-3
p#/mm-t
Formula Weight
Colour

Shape
Size/mm3

T/K

Crystal System
Space Group
a/A

b/A

c/A

al’

B

7

V/A3

Z

7
Wavelength/A
Radiation type
@min/o

@max/o
Measured Refl.
Independent Refl.
Reflections Used
Rint
Parameters
Restraints
Largest Peak
Deepest Hole
GooF

wR: (all data)
WR2

Ri1 (all data)

R1

H1-PXZ

Cs0H40N402
1.295
0.623
728.86
orange
block
0.200x0.150%0.100
100(2)
monoclinic
C2/c
11.28030(10)
14.5794(2)
22.9364(2)
90
97.5790(10)
90
3739.17(7)
4

0.5
1.54184
CuKy

6.376
68.235
31606
3349

3305
0.0300

254

0

0.504
-0.311
1.056
0.1056
0.1053
0.0445
0.0441
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Table 7.2. Fractional atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A?x103) for H1-PXZ. U is defined as 1/3 of the trace of the orthogonalised Uj.

Atom X y Z Ueq
01 6147.4(9) 6790.5(7) 56284(5)  33.4(3)
N2 6726.8(10) 3534.1(8) 63059(5)  21.6(3)
N1 6244.3(10) 5085.8(8) 6170.7(5)  22.8(3)
20 5406.3(11) 3432.1(9) 7280.3(5)  17.9(3)
C14 6735.9(11) 2742.6(9) 6637.7(6)  20.6(3)
19 6102.6(11) 2654.2(9) 7131.0(5)  18.7(3)
c21 5608.7(11) 4273.2(9) 70100(5)  18.7(3)
13 6226.1(11) 4254.7(9) 64952(6)  20.3(3)
c22 5254.2(11) 5111.8(9) 7246.0(6)  20.0(3)
c12 5173.6(12) 5367.9(10) 5825.5(6)  22.8(3)
c18 6301.0(11) 1851.5(9) 74769(6)  21.1(3)
c1 7322.0(12) 5504.7(10) 6056.6(6)  23.5(3)
C15 7420.5(11) 2005.5(10) 6469.0(6)  24.1(3)
c11 4149.7(12) 4828.9(10) 5737.4(6)  25.0(3)
C17 7001.3(12) 1152.2(10) 7312.3(6) 24.3(3)
c7 5151.7(13) 6224.4(10) 5551.8(6)  25.8(3)
c6 7241.5(13) 6362.6(10) 5784.1(6)  26.4(3)
c2 8453.3(12) 5128.6(11) 6216.0(6)  27.6(3)
C16 7538.7(12) 1217.6(10) 6794.0(6) 26.1(3)
c8 41449(13)  6533.4(11)  52015(6)  30.1(3)
C10 3121.3(13) 5149.2(11) 5394.9(6)  28.1(3)
c5 8250.7(14)  68315(11)  5670.4(6)  33.1(4)
c9 3121.0(13) 5998.4(11) 51253(6)  30.4(3)
c3 9470.0(13) 5602.9(12) 6104.5(7)  33.3(4)
c4 9371.9(14) 6449.8(12) 5831.8(6)  34.7(4)
C24 6114.3(15) 8716.6(12) 71587(8)  39.3(4)
c23 6779.1(18)  8632.0(13)  6625.8(8)  47.0(4)
25 5310.0(16)  7907.3(12)  7228.0(9)  46.9(5)

Table 7.3. Anisotropic displacement parameters (x10%) H1-PXZ. The anisotropic displacement
factor exponent takes the form: -2 z2[h2a*2 x Uy;+ ... +2hka* x b* x Uyz]

Atom Un Uz Uss Uzs Uiz Uiz
01 33.8(6) 28.3(6) 38.0(6) 7.8(4) 4.2(5) -2.7(4)
N2 18.9(5) 27.4(6) 18.8(5) -1.2(4) 3.8(4) -2.4(5)
N1 20.4(6) 28.4(6) 20.1(6) 5.2(5) 41(4) -2.8(5)
C20 14.8(6) 22.8(7) 15.8(6) -1.2(5) 0.7(5) -1.8(5)
C14 16.7(6) 26.0(7) 18.9(6) -3.2(5) 2.1(5) -2.5(5)
C19 15.3(6) 22.1(7) 18.6(6) -3.0(5) 1.7(5) -1.8(5)
c21 14.4(6) 23.4(7) 17.9(6) 0.5(5) 1.4(5) -0.9(5)
Cc13 16.8(6) 26.3(7) 17.6(6) 1.3(5) 1.8(5) -3.1(5)
Cc22 17.4(6) 20.5(7) 21.7(6) 2.2(5) 1.4(5) -1.0(5)
Cc12 23.9(7) 29.8(7) 15.2(6) 0.2(5) 5.1(5) 2.0(6)
C18 17.5(6) 23.7(7) 22.0(6) -0.8(5) 2.3(5) -0.9(5)
C1 25.8(7) 29.1(7) 16.0(6) -0.5(5) 4.5(5) -7.1(6)
C15 18.4(6) 32.0(8) 22.4(7) -6.9(6) 4.2(5) -0.3(5)
C11 24.9(7) 31.2(8) 19.7(6) -0.8(6) 5.6(5) 0.3(6)
Cc17 19.9(6) 24.2(7) 28.0(7) -1.2(6) 0.2(5) 1.8(5)
c7 29.4(7) 29.3(7) 19.8(6) 0.4(5) 7.2(5) 0.3(6)
Ccé6 29.4(7) 30.3(8) 19.3(6) 1.1(6) 2.3(5) -4.2(6)
C2 25.6(7) 34.6(8) 22.4(7) 3.5(6) 1.9(5) -5.7(6)
C16 19.5(7) 28.6(7) 29.9(7) -7.8(6) 1.8(5) 4.6(5)
Cc8 36.5(8) 34.1(8) 20.7(7) 3.6(6) 7.7(6) 9.0(6)
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Atom

Ui

Uz

Usz

Uzs

Uiz

Uiz

C10
C5
c9
C3
C4
C24
C23
C25

Table 7.4. Bond Lengths in A for H1-PXZ.

241(7)
40.4(9)
29.0(7)
25.0(7)
30.8(8)
35.4(9)
52.7(11)
36.4(9)

20.0(8)
35.4(8)
43.9(9)
46.4(9)
46.9(10)
32.9(8)
38.3(10)
33.5(9)

Atom Atom Length/f\
01 Cc7 1.3862(18)
01 C6 1.3869(18)
N2 C14 1.3816(18)
N2 C13 1.2946(18)
N1 C13 1.4237(17)
N1 C12 1.4151(17)
N1 C1 1.4154(17)
C20 C20? 1.449(2)
C20 C19 1.4462(18)
C20 C21 1.4063(18)
C14 C19 1.4215(17)
C14 C15 1.4072(19)
C19 Cc18 1.4150(19)
Cc21 C13 1.4481(18)
C21 C22 1.4158(18)
C22 C221 1.365(3)
C12 C11 1.390(2)
C12 Cc7 1.396(2)
Cc18 Cc17 1.3729(19)
C1 Cé6 1.396(2)
C1 C2 1.393(2)
C15 C16 1.366(2)
C11 C10 1.393(2)
Cc17 C16 1.407(2)
c7 C8 1.378(2)
ceé C5 1.382(2)
Cc2 C3 1.391(2)
C8 Cc9 1.385(2)
C10 Cc9 1.384(2)
C5 C4 1.387(2)
C3 C4 1.382(2)
C24 Cc23 1.521(3)
C24 C25 1.509(2)
C25 C251 1.509(4)

11-x,+y,3/2-2

20.5(7)
22.7(7)
18.3(7)
27.6(7)
25.8(7)
47.3(10)
49.9(11)
70.0(13)

-6.1(6)

4.4(6)

-1.5(6)

3.3(7)
47(7)
0.3(7)
0.9(8)

-7.8(8)

4.4(5)
1.6(6)
3.6(5)
0.6(6)
1.3(6)

-3.0(7)

6.4(8)
3.5(8)

1.7(6)
-14.2(7)
11.3(7)
-8.5(7)
-18.1(7)
3.9(7)
3.1(8)
4.6(7)
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Table 7.5. Bond Angles in * for H1-PXZ.

Atom Atom Atom Angle/*

c7 01 ce6 116.32(11)
C13 N2 C14 117.70(11)
C12 N1 C13 118.02(11)
C12 N1 C1 117.50(11)
C1 N1 C13 122.40(11)
C19 C20 C201 125.29(8)

Cc21 C20 Cc201 117.45(7)

Cc21 C20 Cc19 117.05(11)
N2 C14 Cc19 123.11(12)
N2 C14 C15 116.80(12)
C15 C14 C19 120.09(12)
C14 C19 C20 117.58(12)
Cc18 C19 C20 124.51(12)
Cc18 C19 C14 117.54(12)
C20 Cc21 C13 117.81(11)
C20 C21 C22 120.94(12)
C22 C21 C13 121.22(12)
N2 C13 N1 118.58(11)
N2 C13 Cc21 124.52(12)
N1 C13 Cc21 116.87(11)
Cc221 C22 C21 119.86(8)

C11 C12 N1 123.28(13)
C11 C12 c7 118.37(13)
Cc7 C12 N1 118.33(12)
Cc17 C18 C19 120.94(12)
ceé C1 N1 117.56(13)
Cc2 C1 N1 124.15(13)
Cc2 C1 ce6 118.26(13)
Cle6 C15 C14 120.64(12)
C12 C11 C10 120.46(14)
Cc18 Cc17 Cl6 120.64(13)
01 C7 C12 120.63(12)
Cc8 Cc7 01 118.10(13)
Cc8 Cc7 C12 121.27(14)
01 Cé6 C1 121.44(12)
C5 Cé6 01 117.13(13)
C5 Cé6 C1 121.41(14)
C3 C2 C1 120.34(14)
C15 C16 C17 119.74(13)
c7 C8 Cc9 119.92(14)
Cc9 C10 C11 120.20(14)
cé C5 c4 119.75(14)
C10 Cc9 C8 119.75(14)
C4 C3 C2 120.56(15)
C3 C4 C5 119.67(14)
C25 C24 Cc23 112.84(15)
C251 C25 C24 115.96(14)

11-x,+y,3/2-z
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Table 7.6. Torsion Angles in * for H1-PXZ.

Atom Atom Atom Atom Angle/*
01 Cc7 C8 C9 -
178.41(12)
01 C6 C5 Cc4 178.16(13)
N2 C14 C19 Cc20 0.97(18)
N2 C14 C19 C18 -
172.40(11)
N2 C14 C15 Cl6 175.96(12)
N1 C12 C11 C10 179.64(12)
N1 C12 Cc7 01 -1.43(19)
N1 C12 Cc7 C8 178.85(12)
N1 C1 Cé6 01 -0.20(19)
N1 C1 Cé6 C5 178.28(13)
N1 C1 Cc2 C3 -
177.76(13)
C20? C20 C19 C14 172.13(14)
C20? C20 C19 C18 -15.0(2)
C20? C20 Cc21 C13 -
168.26(13)
C20? C20 C21 C22 13.8(2)
C20 C19 C18 C17 -
178.21(12)
C20 Cc21 C13 N2 -8.42(19)
C20 Cc21 C13 N1 169.67(11)
C20 C21 C22 C221 2.3(2)
C14 N2 C13 N1 177.82(11)
C14 N2 C13 C21 -4.13(19)
C14 C19 C18 C17 -5.35(18)
C14 C15 Cl6 C17 -1.9(2)
C19 C20 Cc21 C13 16.70(17)
C19 C20 Cc21 C22 -
161.28(11)
C19 C14 C15 Cl6 -3.61(19)
C19 C18 Cc17 Cl6 0.0(2)
C21 C20 C19 C14 -13.26(17)
C21 C20 C19 C18 159.60(12)
C13 N2 C14 C19 7.85(18)
C13 N2 C14 C15 -
171.71(12)
C13 N1 C12 C11 -7.23(19)
C13 N1 C12 Cc7 173.89(12)
C13 N1 C1 Cé6 -
173.93(12)
C13 N1 C1 Cc2 3.9(2)
C13 Cc21 C22 C221 -
175.62(14)
C22 Cc21 C13 N2 169.55(12)
C22 Cc21 C13 N1 -12.36(17)
C12 N1 C13 N2 105.06(14)
C12 N1 C13 Cc21 -73.14(15)
C12 N1 C1 Cé6 22.82(18)
C12 N1 C1 C2 -
159.36(13)
C12 C11 C10 Cc9 1.8(2)
C12 Cc7 C8 (o°] 1.3(2)
C18 C17 Cl6 C15 3.8(2)
C1 N1 C13 N2 -58.12(17)
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Atom Atom Atom Atom Angle/*
Cc1 N1 C13 Cc21 123.68(13)
Cc1 N1 C12 C11 156.78(13)
C1 N1 C12 c7 -22.11(18)
C1 Cé6 C5 C4 -0.4(2)
C1 C2 C3 C4 -0.4(2)
C15 C14 Cc19 C20 -

179.49(11)
C15 C14 Cc19 Cc18 7.15(18)
C11 C12 c7 01 179.63(12)
C11 C12 c7 C8 -0.1(2)
C11 C10 Cc9 C8 -0.6(2)
c7 01 (09) C1 -22.94(18)
c7 01 ce6 C5 158.53(13)
c7 C12 C11 C10 -1.48(19)
c7 C8 Cc9 C10 -1.0(2)
ceé 01 c7 C12 23.68(18)
ceé 01 c7 Cc8 -

156.59(13)
ceé C1 C2 C3 0.1(2)
ceé C5 Cc4 C3 0.1(2)
Cc2 C1 ce6 01 -

178.16(13)
Cc2 C1 ceé C5 0.3(2)
Cc2 C3 Cc4 C5 0.3(2)
C23 C24 C25 C251 175.62(17)
11-x,+y,3/2-z

Table 7.7. Hydrogen fractional atomic coordinates (x10) and equivalent isotropic displacement
parameters (A2x10%) for H1-PXZ. U is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom

y y/
H22 5370 5673 7051 24
H18 5945 1796 7828 25
H15 7804 2056 6126 29
H11 4151 4238 5912 30
H17 7124 619 7551 29
H2 8531 4545 6402 33
H16 7982 716 6671 31
H8 4153 7113 5012 36
H10 2418 4784 5346 34
H5 8177 7413 5482 40
H9 2421 6214 4889 36
H3 10238 5342 6217 40
H4 10069 6769 5755 42
H24A 6703 8774 7517 47
H24B 5626 9283 7121 47
H23A 6201 8605 6267 71
H23B 7262 8071 6659 71
H23C 7302 9165 6608 71
H25A 4692 7881 6879 56
H25B 5794 7341 7229 56
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H2-PXZ

Figure 7.2. H1-PXZ crystal structure. Thermal ellipsoids drawn at the 50% probability level.
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Table 7.8. Crystal data and structure refinement details of H2-PXZ.

Compound H2-PXZ
Formula C33H20N20
Dcalc./ g cm3 1.370
u/mm-1 0.650
Formula Weight 460.51
Colour yellow
Shape block
Size/mm?3 0.150x0.080x0.050
T/K 100(2)
Crystal System triclinic
Space Group P-1

a/A 14.2418(2)
b/A 14.2451(2)
c/A 22.5117(2)
af’ 88.0520(10)
B/° 92.0040(10)
v/ 101.8250(10)
V/A3 4465.74(10)
Z 8

Z' 4
Wavelength/A 1.54184
Radiation type CuKe«

Omin/* 1.964

Omax/’ 68.249
Measured Refl. 78986
Independent Refl. 16070
Reflections Used 15605

Rint 0.0352
Parameters 1298
Restraints 0

Largest Peak 0.920
Deepest Hole -0.339

GooF 1.039

wR2 (all data) 0.1956

WR2 0.1941

Ri1 (all data) 0.0723

R: 0.0714
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Table 7.9. Fractional Atomic Coordinates (x10%) and Equivalent Isotropic Displacement
Parameters (A2x10%) for H2-PXZ. U is defined as 1/3 of the trace of the orthogonalised Uj.

Atom X y z Ueq
01 3159.1(16) 1622.0(13) 5853.5(8) 33.3(5)
N1 3499.3(17) 3512.1(15) 6231.7(9) 22.8(5)
N2 4608.0(16) 4813.2(16) 6596.6(8) 21.8(4)
Cc1 3474.9(18) 2762.5(18) 6655.6(10) 20.6(5)
Cc2 3583.3(18) 2900.3(19) 7263.8(10) 22.6(5)
C3 3512(2) 2123(2) 7659.8(12) 31.4(6)
Cc4 3341(2) 1198(2) 7455.0(12) 34.8(7)
C5 3233(2) 1046(2) 6845.8(12) 30.0(6)
cé6 3294.1(19) 1819.9(19) 6450.6(11) 24.6(5)
c7 3432.9(19) 2372.8(18) 5453.3(11) 24.0(5)
Cc8 3516(2) 2153.5(19) 4868.3(11) 27.4(6)
Cc9 3778(2) 2882.7(19) 4443.2(11) 26.5(6)
C10 3964.8(19) 3823(2) 4615.7(11) 24.0(5)
C11 3884.5(19) 4040.3(18) 5204.7(10) 20.9(5)
C12 3610.9(19) 3331.0(18) 5630.2(11) 21.7(5)
C13 3744.6(18) 4489.1(18) 6403.9(9) 18.7(5)
C14 3015.2(18) 5049.0(19) 6312.4(10) 19.4(5)
C15 2025.0(19) 4597(2) 6236.1(11) 26.0(6)
Cle6 1363.5(19) 5174(2) 6173.4(12) 31.2(6)
C17 1641(2) 6170(2) 6084.7(12) 29.7(6)
C18 948(2) 6767(2) 5960.1(13) 38.0(7)
C19 1226(2) 7709(2) 5801.7(13) 38.8(7)
C20 2193(2) 8127(2) 5706.5(12) 35.9(7)
Cc21 2488(2) 9094(2) 5461.3(12) 35.9(7)
Cc22 3404(3) 9436(2) 5317.3(14) 43.8(8)
Cc23 4093(2) 8864(2) 5378.4(12) 37.9(7)
C24 3843(2) 7954.9(19) 5627.7(11) 29.7(6)
C25 2911(2) 7581(2) 5821.7(11) 30.8(7)
C26 2627.0(19) 6618.3(19) 6088.7(11) 22.9(5)
Cc27 3292.5(18) 6045.0(18) 6319.1(10) 18.6(5)
C28 4221.3(18) 6416.4(18) 6607.1(10) 18.1(5)
C29 4500(2) 7352.6(19) 6825.7(10) 22.7(5)
C30 5356(2) 7633.4(19) 7137.9(10) 24.9(5)
C31 5983.0(19) 6997(2) 7250.2(11) 27.2(6)
C32 5723.1(18) 6077(2) 7057.1(11) 25.7(5)
C33 4833.8(18) 5769.2(19) 6749.6(10) 20.6(5)
02 1547.0(15) 3394.7(13) 4052.0(8) 29.1(4)
N3 1366.6(16) 1480.0(15) 3731.2(8) 20.9(4)
N4 341.1(16) 86.9(16) 3406.9(8) 21.4(4)
C34 1222.8(18) 1693.3(18) 4321.9(10) 20.2(5)
C35 1003.2(18) 997.4(18) 4767.8(10) 20.0(5)
C36 884(2) 1245(2) 5348.8(11) 25.3(5)
C37 959(2) 2205(2) 5483.1(11) 30.0(6)
C38 1168(2) 2906.2(19) 5037.8(11) 27.5(6)
C39 1309.9(19) 2658.3(18) 4465.8(11) 23.6(5)
C40 1468.3(19) 3149.8(19) 3456.6(11) 24.4(5)
C41 1514(2) 3887(2) 3041.5(12) 30.3(6)
C42 1448(2) 3693(2) 2438.9(12) 32.4(6)
C43 1329(2) 2759(2) 2264.1(12) 28.4(6)
C44 1290.1(19) 2018(2) 2685.4(11) 23.9(5)
C45 1363.4(18) 2197.0(18) 3287(1) 20.1(5)
C46 1197.2(17) 491.0(18) 3575.9(10) 17.6(5)
Cc47 1998.4(18) 17.9(19) 3637.8(10) 19.6(5)
C48 2955.2(19) 567.3(19) 3670.3(11) 23.6(5)
C49 3699.4(19) 100(2) 3682.3(11) 28.1(6)
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Atom X y Z Ueq
C50 3542.9(19) 2903(2) 3767.2(11) _ 26.7(6)
51 4357(2) -1348(2) 3821.1(12)  32.4(6)
C52 4237(2) -2287(2) 3967.5(13)  34.8(6)
C53 3326(2) -2831(2) 4122.4(12)  31.1(6)
C54 3234(2) -3776(2) 4356.9(13)  35.3(6)
C55 2383(2) -4263(2) 4547.5(13)  34.8(7)
C56 1564(2) -3844(2) 45293(12)  35.4(6)
57 1627(2) -2929.0(19) 4291.6(11)  29.7(6)
c58 2490(2) -2420.3(19) 4057.8(11)  25.7(6)
C59 2591.9(19)  -1456.6(19) 3810.5(11)  22.6(5)
C60 1814.3(18) -982.7(18) 3628.8(10)  17.8(5)
c61 885.1(18)  -14452(18) 3370.2(10)  18.7(5)
62 684.5(19)  -2383.2(19) 3154(1) 22.9(5)
63 180.5(19)  -2744(2) 2868.4(11)  26.0(5)
C64 -873.8(19)  -2187(2) 27779(11)  29.2(6)
C65 .694.6(19)  -1258(2) 2966.4(11)  26.7(6)
C66 190.2(18) -869.1(18)  3253.9(10)  19.9(5)
03 8414.1(13)  1505.6(15) 971.2(8)  29.5(4)
N5 6490.0(15) 1370.7(17) 1272.4(8)  21.4(4)
N6 5096.3(15) 337.7(15) 1587.4(8)  19.2(4)
67 6713.3(17) 1219.8(18) 685.1(10)  18.8(5)
68 6003.2(18) 991.9(19) 2347(10)  21.9(5)
C69 6266(2) 865(2) 342.8(11)  26.4(6)
C70 7222(2) 924(2) 4716(11)  27.9(6)
c71 7927.6(19) 1118.6(19) 21.6(12)  27.5(6)
c72 7672.7(18) 1276.7(19) 542.6(11)  23.7(5)
c73 8154.5(18) 1457.8(19) 15559(11)  22.9(5)
C74 8886(2) 1495(2) 1979.9(12)  32.2(6)
C75 8691(2) 1474(2) 2579.1(12)  32.6(6)
76 7754(2) 1404(2) 27513(12)  29.1(6)
c77 7013.9(19) 1350.2(19) 2321.8(11)  23.8(5)
78 7211.8(17) 1385.3(17) 1721.8(10)  19.2(5)
79 5501.4(17) 1207.9(19) 1426(1) 18.9(5)
C80 5034.4(18) 2003.0(19) 1359.9(10)  18.5(5)
81 5567.4(19) 2951.1(19) 1331.5(11)  24.0(5)
c82 51152(19)  3698.0(19) 1309.6(11)  27.0(6)
c83 4108(2) 3537.7(19)  1210.0(11)  26.2(6)
84 3659(2) 4348(2) 11458(11)  29.6(6)
c85 2721(2) 4231.9(19) 987.4(12)  30.1(6)
86 2179.0(19) 3321(2) 8343(11)  27.2(6)
87 1238(2) 3218(2) 591.7(12)  32.4(6)
c88 736(2) 2356(2) 4042(12)  33.1(6)
€89 1167(2) 1551(2) 4258(12)  31.9(6)
90 2076.6(19) 1618(2) 670.8(11)  26.8(6)
co1 25903(18)  2480(2) 905.6(10)  23.7(5)
92 3561.3(18) 2596.4(19) 11643(10)  20.4(5)
93 4018.1(17) 1807.7(18) 1353.6(10)  17.2(5)
C94 3563.2(17) 883.5(18) 1605.0(9)  17.7(5)
c95 2609.2(18) 666.3(19) 1808.7(10)  21.6(5)
96 2242(2) -196(2) 20889(11)  26.2(5)
c97 2801(2) -889(2) 2177.9(11)  28.5(6)
o8 3741(2) -697.6(19) 2000.6(11)  25.7(6)
99 4138.9(18) 189.8(17) 1729(1) 19.0(5)
04 6626.8(13) 3098.9(15) 856.1(8)  30.3(4)
N7 8516.5(15) 3512.1(16)  -1239.6(8)  20.7(4)
N8 9823.4(15)  46269(15)  -16052(8)  18.8(4)
100 83283(17)  3598.7(18) -633.1(10)  18.4(5)
101 90623(18)  3892.9(19) -2045(10)  21.2(5)

200 | Page



Atom X y Z Ueq
102 8838.5(19) 3958(2) 386.2(11) _ 23.6(5)
103 7897.6(19) 3759(2) 559.3(11)  26.7(6)
C104 7164.4(18) 3469(2) 1342(11)  27.1(6)
105 7383.6(18) 3400.9(19) 450.2(11)  23.5(5)
106 6818.5(18) 3304.2(18)  -1454.4(10)  22.1(5)
107 6036.6(19) 3257(2) -1842.7(12)  29.2(6)
108 6182(2) 3432(2) 24502(12)  29.7(6)
109 7112(2) 3649(2) 2657.0(12)  30.2(6)
C110 7898(2) 3703.8(19)  -2263.9(11)  23.7(5)
Cc111 7752.5(17) 3521.9(17)  -1657.5(10)  19.6(5)
c112 9491.9(17) 3750.1(19)  -1413.7(10)  18.6(5)
113 10040.4(18) 3019.3(19)  -1324.8(10)  18.9(5)
C114 9609.8(19) 2043.3(19)  -1240.1(11)  24.8(5)
C115 10175(2) 1375(2) 1187.2(12)  31.2(6)
C116 11187(2) 1659(2) 1112.8(11)  28.6(6)
c117 11780(2) 965(2) 1001.4(12)  34.2(7)
118 12736(2) 1244(3) -850.9(12)  36.8(7)
119 13153(2) 2204(2) 750.0(12)  31.1(6)
120 14118(2) 2492(2) -509.1(12)  35.1(7)
c121 14471(2) 3401(3) -355.8(13)  39.0(7)
C122 13889.9(19) 4085(2) 4103(11)  32.6(6)
c123 12979.6(19) 3848(2) -657.6(11)  28.3(6)
C124 12594.4(19) 2916(2) 861.9(10)  27.3(6)
125 11621(2) 2637(2) 1115.6(11)  24.1(5)
C126 11053.2(18)  3309.3(18)  -1336.7(10)  17.3(5)
c127 11413.6(17) 4226.7(18)  -1627.0(9)  17.0(5)
128 12355.4(18) 4504.9(19)  -1851.1(10)  21.6(5)
C129 12632.2(19) 5357(2) 2170.1(11)  27.1(6)
€130 11997(2) 5973.9(19)  -22719(11)  27.4(6)
131 11074(2) 5721.6(19)  -2073.9(11)  25.2(5)
132 10770.1(18) 4842.7(18)  -1765.1(10)  18.6(5)

Table 7.10. Anisotropic Displacement Parameters (x10%) H2-PXZ.
The anisotropic displacement factor exponent takes the form: -222[h2a*? x U1+ ... +2hka* x b* x Uz2]

Atom Un Uzz Uss Uzs Uis Uiz
01 57.4(13) 17.4(9) 22.8(9) 13(7) 5.7(9) 1.9(8)
N1 35.2(12) 16.8(11) 16.0(9) 3.2(8) 3.1(9) 4.3(9)
N2 23.5(11) 27.5(12) 15.7(9) 2.0(8) 0.4(8) 8.3(9)
c1 19.8(12) 22.1(13) 20.6(11) 3.9(10) 3.4(9) 6.3(9)
c2 21.2(12) 26.9(13) 19.0(11) 1.8(10) 3.9(9) 2.8(10)
C3 33.6(15) 37.8(16) 23.1(12) 7.6(11) 49(11) 8.4(12)
C4 43.8(17) 30.1(15) 32.3(14) 11.6(12) 10.2(12) 12.4(12)
C5 37.2(15) 20.2(13) 32.8(14) 6.9(10) 12.1(11) 5.7(11)
Cceé 28.4(14) 22.9(13) 23.0(12) 1(1) 8.2(10) 5.3(10)
Cc7 28.0(14) 17.5(12) 25.6(12) -0.3(10) 4(1) 1.7(10)
Cc8 34.0(15) 19.7(12) 27.9(13) -4.4(10) 4.6(11) 2.9(10)
c9 31.7(14) 25.3(13) 21.1(12) -3.6(10) 5(1) 1.3(11)
10 25.8(13) 23.9(13) 20.7(12) 4.1(10) 4.1(10) 1.6(10)
c11 24.6(13) 16.5(12) 19.9(11) -1.3(9) -0.1(10) -0.2(9)
c12 23.8(13) 19.1(12) 21.8(12) -2.8(10) -1.7(10) 3.5(9)
13 20.5(12) 22.5(13) 12.9(10) 1.2(9) 0.6(9) 47(10)
C14 20.4(13) 23.0(13) 13.8(10) -2.0(9) -0.8(9) 2.1(10)
C15 20.6(13) 31.1(14) 23.4(12) -7.2(10) 0.6(10) -2.9(10)
C16 16.8(12) 42.7(17) 32.3(14) -12.6(12) -3.6(10) 1.1(11)
Cc17 24.5(14) 39.6(16) 27.6(13) -13.5(12) -10.3(10) 12.9(12)
C18 31.0(15) 54(2) 33.0(15) -9.9(13) -9.9(12) 18.4(14)
C19 48.4(19) 42.4(17) 33.1(15) -9.1(13) -9.3(13) 27.2(14)
C20 48.9(18) 36.7(16) 27.7(13) -10.9(12) -14.4(13) 22.8(14)
c21 55(2) 32.1(15) 27.2(13) -2.0(12) -11.4(13) 26.7(14)
Cc22 60(2) 34.1(17) 38.1(16) 1.9(13) -5.2(15) 12.8(15)
Cc23 49.6(19) 32.3(15) 29.9(14) 2.5(12) -6.9(13) 6.1(13)
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Atom Ui Uz Uss Uzs Uiz Uz
C24 43.4(16) 22.5(13) 22.4(12) o) 68(11) 5.9(11)
€25 50.5(18) 26.1(14) 20.5(12) -8.3(10) -15.8(12) 20.6(13)
26 25.0(13) 26.2(13) 19.1(11) -7.2(10) -7.2(10) 9(1)
c27 21.2(12) 21.3(12) 13.9(10) -2.8(9) -0.6(9) 5.9(10)
28 18.8(12) 22.6(13) 11.6(10) -0.4(9) 1.4(9) 1.2(9)
€29 30.7(14) 21.5(13) 14.6(10) 0.2(9) 2(1) 1.9(10)
30 30.9(14) 21.2(12) 17.4(11) -2.7(9) 2.9(10) -7.2(10)
31 19.9(13) 36.0(15) 21.1(12) -1.1(10) 2(1) -4.8(11)
32 16.5(12) 38.2(15) 22.0(12) 4.1(11) 3.1(10) 4.7(10)
33 20.5(12) 26.9(13) 15.5(10) 0.9(10) 2.4(9) 7.4(10)
02 43.5(12) 17.2(9) 23.9(9) 0.3(7) 6.7(8) -0.4(8)
N3 28.3(11) 17.8(11) 17.0(9) 5.8(8) 4.9(8) 5.8(8)
N4 22.2(11) 27.7(12) 15.6(9) 3.5(8) 1.6(8) 9.1(9)
34 18.8(12) 20.8(12) 21.0(11) -3.9(9) -1.0(9) 3.5(9)
35 21.5(12) 18.2(12) 18.7(11) -0.3(9) 0.3(9) 0.2(9)
36 29.8(14) 24.7(13) 19.1(11) 3.4(10) 5.7(10) 0.3(10)
37 39.1(16) 28.5(14) 19.8(12) -5.8(10) 9.8(11) -1.8(11)
38 35.9(15) 20.6(12) 24.1(12) -5.9(10) 41(11) -0.1(11)
39 29.0(14) 16.8(12) 23.2(12) 1.3(9) 3.7(10) 0.2(10)
40 24.4(13) 24.3(13) 25.1(12) 2.2(10) 7.8(10) 5.4(10)
c41 35.8(15) 19.5(13) 36.4(14) 6.6(11) 11.0(12) 7.2(11)
c42 37.4(16) 31.0(15) 31.0(14) 15.5(11) 7.6(12) 13.6(12)
c43 28.9(14) 34.6(15) 23.0(12) 8.5(11) 4.3(10) 10.1(11)
C44 25.0(13) 27.4(14) 20.0(11) 5(1) 5.2(10) 7.4(10)
45 20.7(12) 21.3(13) 19.2(11) 2.3(9) 2.6(9) 6.3(9)
C46 18.4(12) 21.1(12) 13.1(10) 0.3(9) 1.6(9) 3.5(9)
c47 18.8(12) 24.7(13) 15.4(10) -3.2(9) -2.5(9) 4.8(10)
48 20.9(13) 23.8(13) 23.8(12) -4.5(10) 0(1) -1.3(10)
49 17.7(12) 36.1(15) 30.0(13) 11.2(11) -6.2(10) 3.7(11)
€50 20.9(13) 35.4(15) 24.5(12) -8.9(11) -6.3(10) 7.4(11)
c51 20.2(13) 39.6(16) 38.2(15) -8.8(12) -6.8(11) 8.1(11)
C52 31.5(15) 38.4(16) 36.9(15) -4.9(12) -10.4(12) 13.8(12)
C53 45.6(18) 27.3(14) 24.0(12) -4.0(11) -6.8(12) 16.4(12)
C54 40.6(17) 29.2(14) 38.0(15) -1.6(11) -11.5(12) 13.7(12)
55 47.6(18) 27.4(14) 31.2(14) 1.5(12) -13.3(13) 14.3(13)
C56 38.7(16) 31.4(15) 32.9(14) 0.1(12) -5.1(12) 0.8(12)
c57 46.4(17) 23.1(13) 20.8(12) -1.5(10) -10.2(11) 11.2(12)
58 31.0(14) 25.3(13) 22.2(12) -5.9(10) -8(1) 9.6(11)
€59 25.0(13) 26.5(13) 18.8(11) -7.2(10) -8.7(10) 11.7(10)
60 19.5(12) 20.6(12) 13.7(10) -1.1(9) -0.5(9) 5.0(9)
c61 19.2(12) 24.2(13) 11.7(10) 0.5(9) 2.4(9) 1.6(9)
62 27.5(13) 24.3(13) 15.7(10) 0.2(9) 1.5(9) 2.4(10)
C63 26.2(13) 27.6(14) 19.7(11) -3.8(10) 2.5(10) -5.8(10)
C64 19.8(13) 40.2(16) 22.6(12) -6.2(11) -1.5(10) -5.9(11)
C65 16.5(12) 39.3(16) 23.5(12) 2.7(11) 3.5(10) 3.7(11)
C66 19.9(12) 25.0(13) 14.8(10) -0.3(9) 2.1(9) 4.2(10)
03 15.7(9) 47.2(12) 25.4(9) -7.4(8) 2.3(7) 5.4(8)
N5 14.4(10) 35.0(12) 15.9(9) -0.3(9) -0.2(8) 7.8(8)
N6 18.3(10) 23.3(11) 17.0(9) -2.0(8) -0.2(8) 6.4(8)
c67 15.0(11) 24.3(13) 17.3(11) -3.9(9) -2.9(9) 4.6(9)
c68 18.9(12) 23.9(13) 21.6(12) -3.8(10) 0.2(10) 1.3(9)
69 24.6(13) 30.5(14) 20.7(12) -4.1(10) 0(1) -2.5(11)
70 28.4(14) 30.6(14) 22.7(12) -7.3(10) 7.1(10) -0.9(11)
c71 20.3(12) 29.6(14) 32.0(14) -45(11) 2.3(10) 2.5(10)
c72 17.7(12) 27.6(13) 24.9(12) -4.3(10) -2.6(10) 2.8(10)
73 17.7(12) 28.6(13) 22.7(12) -6.6(10) -3.4(9) 5.5(10)
C74 20.8(13) 43.2(17) 35.0(14) -9.8(12) -6.9(11) 11.6(12)
75 29.7(15) 36.7(15) 31.9(14) -9.6(12) -18.3(11) 9.8(12)
76 32.3(15) 32.1(15) 23.0(12) -45(11) -8.8(11) 7.6(11)
c77 22.1(13) 27.9(13) 21.3(11) -2.1(10) -4.6(10) 5.2(10)
c78 18.9(12) 16.8(11) 22.5(11) -3.1(9) -5.5(9) 5.7(9)
€79 14.8(12) 27.4(13) 13.8(10) -1.5(9) -1.5(9) 3.3(10)
80 16.7(12) 25.0(13) 13.9(10) -2.3(9) 0.8(9) 42(9)
cs1 22.4(13) 24.9(13) 23.1(12) 1.9(10) 5.8(10) 1.1(10)
c82 29.3(14) 23.6(13) 26.7(13) 3.1(10) 45(11) 2.5(10)
83 33.0(15) 28.0(14) 18.4(11) 4.1(10) 6.6(10) 8.3(11)
84 35.3(15) 27.8(14) 27.4(13) 2.5(11) 3.4(11) 10.9(11)
85 39.5(16) 24.0(13) 27.9(13) 6.4(10) 3.9(11) 9.8(11)
86 23.9(13) 40.2(16) 20.4(11) 6.2(11) 4.4(10) 13.8(11)
87 27.1(14) 39.0(16) 34.5(14) 7.6(12) -0.4(11) 16.5(12)
88 23.9(14) 43.3(17) 32.8(14) 10.9(12) -0.1(11) 10.9(12)
€89 24.2(13) 38.5(16) 29.8(13) 4.6(11) -3.3(10) 0.8(11)
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Atom Ui Uz Uss Uzs Uiz Uz
90 24.2(13) 38.1(16) 19.0(11) 8.0(11) 3.5(10) 92(11)
€91 20.3(12) 34.4(15) 17.9(11) 5.7(10) 2.0(9) 9.6(10)
92 18.3(12) 29.7(14) 15.4(10) 2.9(9) 4.8(9) 10.1(10)
93 17.8(12) 21.1(12) 13.5(10) -0.3(9) -0.5(9) 6.2(9)
94 18.2(12) 22.5(12) 11.8(10) -1.3(9) -0.2(9) 2.7(9)
95 18.8(12) 28.8(13) 16.8(10) -2.3(9) 1.7(9) 3.5(10)
96 24.3(13) 30.4(14) 20.9(11) -3.1(10) 5.1(10) -2.6(10)
97 40.0(16) 21.6(13) 19.9(11) -1.8(10) 5.8(11) -4.1(11)
€98 36.4(15) 20.9(13) 20.1(11) 2.4(10) 3.8(11) 6.6(11)
€99 21.5(12) 18.6(12) 15.8(10) -2.7(9) 1.7(9) 1.5(9)
04 16.8(9) 45.2(12) 26.1(9) -2.5(8) 1.9(7) 0.5(8)
N7 13.3(10) 33.0(12) 16.6(9) 2.8(8) 0.4(8) 6.8(8)
N8 16.4(10) 21.9(11) 18.3(9) -0.8(8) -0.2(8) 4.6(8)
€100 15.6(11) 22.9(12) 16.1(11) -0.4(9) -2.4(9) 3.2(9)
c101 15.7(12) 26.0(13) 21.5(12) -1.9(10) -1.3(10) 3.1(9)
102 21.4(13) 27.9(13) 20.6(12) -1.9(10) -0.2(10) 2.5(10)
103 21.7(12) 36.8(15) 21.3(12) -5.2(11) 3.6(10) 3.9(11)
C104 19.1(12) 34.0(15) 28.7(13) 1.4(11) 1.9(10) 6.4(11)
€105 18.7(12) 27.7(13) 24.0(12) -0.4(10) -3.8(9) 5.1(10)
106 19.0(12) 26.2(13) 22.2(11) -6.1(10) -4.9(9) 7.2(10)
€107 18.8(12) 36.1(15) 34.4(14) -12.6(11) -6.2(11) 8.9(11)
c108 22.7(13) 33.8(15) 32.7(14) -12.0(11) -15.8(11) 7.3(11)
€109 32.9(15) 31.4(15) 25.0(13) -5.4(11) -11.0(11) 5.1(11)
c110 23.3(13) 25.1(13) 22.5(11) -4.1(10) -4.5(10) 4.8(10)
c111 17.6(12) 19.5(12) 21.9(11) -6.3(9) -6.9(9) 4.7(9)
c112 14.6(12) 27.4(13) 13.4(10) -0.8(9) -2.5(9) 4(1)
c113 20.4(13) 24.2(13) 13(1) -0.4(9) 0.6(9) 6.6(10)
c114 23.9(13) 26.4(14) 21.1(12) 1.6(10) 4.7(10) 2(1)
115 46.0(17) 20.9(13) 27.1(13) 3.2(10) 7.7(12) 7.0(12)
Ccl16 36.8(16) 30.8(15) 21.8(12) 5.6(11) 7.0(11) 14.8(12)
c117 50.4(18) 25.6(14) 28.5(14) 6.5(11) 9.4(12) 12.0(13)
c118 35.8(16) 54(2) 28.7(13) 6.4(13) 4.1(12) 28.9(14)
C119 29.8(14) 43.4(16) 25.4(13) 5.8(12) 3.7(11) 20.3(12)
€120 29.8(15) 52.7(19) 30.0(14) 16.2(13) 6.8(12) 27.5(14)
c121 22.8(14) 60(2) 35.0(15) 43(14) -6.1(11) 11.4(13)
c122 22.6(13) 48.9(18) 25.8(13) 1.6(12) -1.4(10) 6.7(12)
c123 22.8(13) 44.0(16) 18.3(11) 2.5(11) 0.4(10) 8.4(11)
c124 23.0(13) 46.6(17) 17.5(11) 9.0(11) 6(1) 20.1(12)
c125 27.8(13) 30.2(14) 18.5(11) 5.5(10) 7.2(10) 15.7(11)
c126 18.3(12) 22.1(12) 12.4(10) 0.0(9) 0.5(9) 6.6(9)
c127 16.0(11) 23.2(12) 11.5(10) -0.9(9) -1.9(9) 3.6(9)
c128 16.9(12) 30.4(14) 16.8(11) -2.4(10) 0.8(9) 3(1)
€129 23.8(13) 35.1(15) 18.6(11) -1.8(10) 4.4(10) -3.9(11)
€130 35.6(15) 21.5(13) 22.0(12) 0.4(10) 3.9(11) -1.8(11)
131 30.7(14) 22.9(13) 22.0(12) 2.7(10) 1.7(10) 5.4(10)
132 19.2(12) 20.2(12) 15(1) -1.1(9) -2.7(9) 1.2(9)

Table 7.11. Bond Lengths in A for H2-PXZ.

Atom Atom Length/A
o1 C6 1382(3)
01 c7 1.377(3)
N1 c1 1.404(3)
N1 12 1.407(3)
N1 c13 1.427(3)
N2 c13 1.287(3)
N2 C33 1.386(3)
c1 c2 1.388(3)
c1 c6 1.405(4)
c2 c3 1.387(4)
c3 C4 1.382(4)
c4 cs 1.394(4)
cs c6 1.383(4)
c7 c8 1.378(3)
c7 12 1.405(4)
c8 9 1.390(4)
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C9 10 1.378(4)
C10 c11 1.385(3)
c11 c12 1.375(3)
c13 Cl14 1.439(3)
Cl14 15 1.432(4)
C14 c27 1.393(4)
c15 C16 1.372(4)
C16 c17 1.402(4)
c17 18 1.444(4)
c17 C26 1.419(4)
Cc18 C19 1.357(5)
c19 €20 1.405(5)
20 c21 1.450(4)
20 €25 1.419(4)
c21 €22 1.344(5)
c22 €23 1.398(4)
c23 C24 1.377(4)
C24 €25 1.404(4)
€25 €26 1.462(4)
€26 c27 1.445(3)
c27 28 1.458(3)
28 €29 1.411(4)
c28 €33 1.415(3)
€29 €30 1.379(4)
30 €31 1.409(4)
c31 32 1.368(4)
€32 €33 1.417(4)
02 €39 1.376(3)
02 C40 1.391(3)
N3 €34 1.405(3)
N3 45 1.405(3)
N3 C46 1.433(3)
N4 C46 1.287(3)
N4 C66 1.388(3)
C34 €35 1.384(3)
C34 €39 1.403(3)
35 C36 1.391(3)
C36 c37 1.392(4)
37 38 1.387(4)
38 €39 1.379(3)
C40 c41 1.375(4)
C40 C45 1.400(4)
ca1 c42 1.390(4)
c42 c43 1.375(4)
c43 C44 1.389(4)
C44 C45 1.383(3)
C46 c47 1.440(3)
C47 C48 1.426(4)
c47 60 1.396(4)
c48 c49 1.362(4)
C49 50 1.407(4)
C50 c51 1.430(4)
C50 €59 1.426(4)
c51 52 1.345(4)
52 53 1.417(4)
C53 C54 1.411(4)
C53 C58 1.431(4)
C54 C55 1.344(5)
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C55 C56 1.414(4)
C56 C57 1.379(4)
C57 58 1.402(4)
C58 €59 1.445(4)
C59 C60 1.451(3)
C60 c61 1.463(3)
c61 62 1.408(4)
c61 C66 1.422(3)
62 63 1.379(4)
C63 C64 1.393(4)
C64 C65 1.375(4)
C65 C66 1.412(4)
03 72 1.400(3)
03 c73 1.375(3)
N5 c67 1.404(3)
N5 C78 1.414(3)
N5 C79 1.432(3)
N6 C79 1.301(3)
N6 €99 1.383(3)
C67 C68 1.404(3)
c67 72 1.400(3)
C68 €69 1.393(3)
C69 70 1.387(4)
70 c71 1.396(4)
c71 c72 1.371(3)
c73 C74 1.382(3)
c73 78 1.389(3)
C74 75 1.385(4)
75 C76 1.386(4)
C76 C77 1.397(3)
c77 C78 1.387(3)
C79 80 1.428(3)
80 c81 1.408(4)
80 93 1.416(3)
c81 82 1.351(4)
82 83 1.417(4)
83 C84 1.430(4)
c83 €92 1.411(4)
C84 85 1.349(4)
85 86 1.415(4)
86 c87 1.410(4)
86 91 1.439(4)
87 88 1.360(5)
88 89 1.406(4)
89 €90 1.377(4)
€90 91 1.404(4)
co1 €92 1.461(3)
o2 93 1.454(3)
93 €94 1.449(3)
€94 95 1.419(3)
€94 €99 1.423(3)
95 C96 1.374(4)
C96 c97 1.396(4)
c97 C98 1.381(4)
C98 €99 1.404(4)
04 €105 1.396(3)
04 €106 1.393(3)
N7 €100 1.415(3)
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N7 C111 1.415(3)
N7 C112 1.426(3)
N8 C112 1.306(3)
N8 €132 1.378(3)
€100 €101 1.406(3)
€100 €105 1.391(3)
C101 €102 1.389(3)
€102 €103 1.379(4)
C103 €104 1.399(4)
C104 €105 1.374(3)
C106 c107 1.383(3)
C106 c111 1.392(4)
c107 c108 1.397(4)
c108 €109 1.390(4)
€109 €110 1.394(4)
C110 c111 1.396(3)
c112 C113 1.429(3)
c113 C114 1.409(4)
c113 €126 1.418(3)
C114 C115 1.367(4)
C115 C116 1.420(4)
C116 c117 1.437(4)
C116 €125 1.403(4)
c117 c118 1.371(5)
c118 €119 1.397(5)
C119 €120 1.443(4)
C119 C124 1.423(3)
€120 c121 1.342(5)
c121 C122 1.402(4)
c122 c123 1.374(4)
c123 C124 1.414(4)
C124 €125 1.463(4)
C125 €126 1.441(3)
C126 c127 1.445(3)
c127 c128 1.424(3)
c127 €132 1.413(3)
c128 €129 1.381(4)
C129 €130 1.394(4)
€130 C131 1.374(4)
C131 €132 1.406(4)

Table 7.12. Bond Angles in ° for H2-PXZ.

Atom Atom Atom Angle/*
c7 01 (03) 117.3(2)
C1 N1 C12 118.9(2)
C1 N1 C13 120.68(19)
C12 N1 C13 116.9(2)
C13 N2 C33 116.9(2)
N1 C1 (03) 117.7(2)
Cc2 C1 N1 123.6(2)
Cc2 C1 ce6 118.6(2)
C3 C2 Cc1 120.6(3)
C4 C3 C2 120.5(2)
C3 C4 C5 119.7(3)
cé C5 c4 119.9(3)
01 Cé6 C1 122.1(2)
01 Cé6 C5 117.2(2)
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C5 6 C1 120.7(2)
01 c7 C8 117.7(2)
01 c7 c12 121.5(2)
c8 c7 c12 120.9(2)
c7 c8 C9 120.2(2)
10 c9 C8 119.2(2)
C9 10 c11 120.4(2)
c12 c11 10 121.3(2)
c7 c12 N1 118.3(2)
c11 c12 N1 123.6(2)
c11 c12 C7 118.0(2)
N1 c13 Cl14 116.7(2)
N2 c13 N1 118.0(2)
N2 c13 Cl14 125.2(2)
c15 C14 c13 121.1(2)
c27 Cl14 c13 118.3(2)
c27 Cl14 15 120.6(2)
C16 15 Cl14 118.0(3)
c15 C16 c17 121.7(3)
C16 c17 c18 121.9(3)
C16 c17 C26 120.4(2)
€26 c17 c18 117.7(3)
c19 C18 c17 121.5(3)
Cc18 C19 20 121.5(3)
c19 €20 c21 122.2(3)
c19 €20 C25 119.8(3)
25 €20 c21 118.0(3)
c22 c21 20 120.6(3)
c21 €22 c23 121.2(3)
C24 €23 22 119.4(3)
c23 C24 25 121.8(3)
20 €25 C26 118.4(3)
C24 €25 20 118.4(3)
C24 €25 C26 122.9(2)
c17 C26 25 119.1(2)
c17 €26 c27 116.4(2)
c27 €26 25 124.4(2)
Cl4 c27 C26 118.8(2)
Cl14 c27 28 115.6(2)
€26 c27 28 125.5(2)
€29 c28 c27 124.0(2)
€29 28 33 117.1(2)
33 c28 c27 118.4(2)
30 €29 c28 121.1(2)
€29 €30 c31 121.2(2)
32 €31 C30 119.1(2)
c31 €32 33 120.3(2)
N2 €33 28 122.6(2)
N2 €33 32 116.4(2)
c28 €33 32 121.0(2)
39 02 C40 117.0(2)
C34 N3 C45 118.6(2)
C34 N3 C46 118.03(19)
C45 N3 C46 120.16(19)
C46 N4 C66 117.3(2)
35 C34 N3 123.1(2)
35 C34 39 118.6(2)
€39 C34 N3 118.3(2)
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C34 35 C36 121.0(2)
35 36 37 119.8(2)
38 37 C36 119.6(2)
39 38 c37 120.4(2)
02 €39 C34 122.2(2)
02 €39 38 117.1(2)
38 €39 C34 120.6(2)
02 C40 C45 121.5(2)
c41 C40 02 117.1(2)
c41 C40 C45 121.4(2)
C40 c41 C42 120.0(3)
c43 c42 c41 119.4(2)
Cc42 c43 C44 120.3(2)
C45 C44 C43 121.2(3)
C40 45 N3 118.8(2)
C44 45 N3 123.5(2)
C44 45 C40 117.7(2)
N3 C46 c47 117.0(2)
N4 C46 N3 117.9(2)
N4 C46 Cc47 125.0(2)
c48 c47 C46 120.3(2)
C60 c47 C46 118.2(2)
C60 c47 c48 121.4(2)
C49 c48 c47 118.8(2)
C48 C49 C50 121.0(3)
C49 €50 C51 118.6(3)
C49 €50 C59 120.4(2)
59 C50 51 121.0(3)
52 51 C50 120.0(3)
51 52 C53 121.0(3)
52 53 C58 120.4(3)
C54 53 C52 120.5(3)
C54 €53 C58 119.1(3)
C55 C54 C53 120.3(3)
C54 C55 C56 121.4(3)
C57 C56 C55 119.5(3)
C56 C57 C58 120.6(3)
C53 C58 C59 118.6(3)
57 58 C53 118.6(2)
57 58 C59 122.5(2)
C50 €59 C58 117.1(2)
C50 €59 C60 116.8(2)
C58 €59 C60 126.0(2)
c47 60 C59 117.5(2)
c47 60 Cc61 116.1(2)
59 C60 C61 126.0(2)
C62 c61 C60 123.9(2)
C62 c61 C66 117.7(2)
C66 c61 C60 117.7(2)
C63 62 Cc61 120.8(2)
62 63 C64 121.1(3)
C65 C64 C63 120.0(2)
C64 C65 C66 120.0(2)
N4 C66 C61 122.7(2)
N4 C66 C65 116.9(2)
C65 C66 Cc61 120.4(2)
c73 03 C72 116.95(19)
C67 N5 Cc78 118.35(19)
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C67 N5 C79 118.61(19)
c78 N5 C79 120.17(19)
c79 N6 99 116.4(2)
C68 c67 N5 122.2(2)
C72 c67 N5 119.3(2)
C72 c67 C68 118.5(2)
C69 68 C67 119.8(2)
C70 €69 C68 120.5(2)
C69 70 c71 119.9(2)
C72 c71 70 119.6(2)
C67 C72 03 121.2(2)
c71 C72 03 117.2(2)
c71 72 C67 121.6(2)
03 73 C74 116.6(2)
03 73 78 122.6(2)
C74 73 c78 120.8(2)
c73 C74 C75 120.3(3)
C74 C75 C76 119.5(2)
75 C76 c77 120.0(2)
c78 c77 C76 120.5(2)
73 78 N5 118.8(2)
c77 78 N5 122.3(2)
c77 c78 c73 118.9(2)
N6 79 N5 117.1(2)
N6 79 80 125.7(2)
C80 79 N5 117.1(2)
c81 80 C79 121.0(2)
c81 80 93 121.2(2)
93 80 c79 117.7(2)
82 c81 80 120.3(2)
c81 82 83 120.1(3)
82 83 C84 118.8(3)
€92 83 82 120.5(2)
92 83 C84 120.7(3)
85 C84 83 120.6(3)
C84 C85 86 120.9(2)
85 86 c91 120.4(2)
c87 86 85 121.0(3)
c87 86 c91 118.5(3)
88 c87 86 121.5(3)
c87 88 89 120.1(3)
€90 89 88 120.0(3)
89 €90 c91 121.3(3)
86 91 €92 117.9(2)
€90 co1 86 118.2(2)
€90 91 €92 123.6(2)
83 €92 c91 117.7(2)
83 €92 93 117.7(2)
93 €92 c91 124.5(2)
C80 93 €92 116.3(2)
C80 93 C94 115.8(2)
C94 €93 €92 127.5(2)
95 €94 93 124.0(2)
95 €94 99 117.2(2)
€99 €94 93 118.3(2)
C96 95 C94 121.5(2)
95 €96 c97 120.5(2)
98 97 C96 120.0(2)
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c97 C98 Cc99 120.4(2)
N6 C99 C94 122.9(2)
N6 C99 Cc98 116.7(2)
C98 C99 C94 120.3(2)
C106 04 C105 116.50(19)
C100 N7 C111 117.45(19)
C100 N7 C112 117.70(19)
C111 N7 C112 121.23(19)
C112 N8 C132 116.7(2)
c101 C100 N7 122.5(2)
C105 C100 N7 119.3(2)
C105 C100 c101 118.2(2)
C102 C101 C100 120.1(2)
Cc103 C102 Cc101 120.8(2)
C102 C103 C104 119.3(2)
C105 C104 C103 120.1(2)
C100 C105 04 120.6(2)
C104 C105 04 117.8(2)
C104 C105 C100 121.5(2)
C107 C106 04 117.0(2)
C107 C106 C111 121.2(2)
C111 C106 04 121.8(2)
C106 C107 C108 119.7(3)
C109 C108 C107 119.5(2)
C108 C109 C110 120.7(2)
C109 C110 C111 119.8(3)
C106 C111 N7 118.2(2)
C106 C111 C110 119.1(2)
C110 C111 N7 122.6(2)
N7 C112 C113 116.6(2)
N8 C112 N7 117.7(2)
N8 C112 C113 125.5(2)
C114 C113 C112 122.5(2)
C114 C113 C126 120.3(2)
C126 C113 C112 117.2(2)
C115 C114 C113 119.5(2)
Cl114 C115 Clle 120.9(3)
C115 Cl1e6 C117 121.4(3)
C125 Cl16 C115 119.9(2)
C125 Cl16 Cc117 118.6(3)
C118 C117 C116 121.1(3)
C117 C118 C119 121.5(2)
C118 C119 C120 122.1(2)
C118 C119 C124 119.0(3)
C124 C119 C120 118.8(3)
C121 C120 C119 121.3(2)
C120 C121 C122 120.0(3)
C123 C122 C121 120.4(3)
C122 C123 C124 121.8(3)
C119 C124 C125 119.4(3)
C123 C124 C119 117.2(3)
C123 C124 C125 123.0(2)
Cl16 C125 C124 118.4(2)
Cl16 C125 C126 117.5(2)
C126 C125 C124 124.0(2)
C113 C126 C125 117.9(2)
C113 C126 Cc127 115.8(2)
C125 C126 Cc127 126.0(2)
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C128 C127 C126 123.8(2)
C132 C127 C126 118.8(2)
C132 C127 C128 117.0(2)
C129 C128 Cc127 121.1(2)
C128 C129 C130 120.5(2)
C131 C130 C129 120.1(2)
C130 C131 C132 120.2(2)
N8 C132 Cc127 122.6(2)
N8 C132 C131 116.4(2)
C131 C132 Cc127 121.0(2)

Table 7.13. Torsion Angles in * for H2-PXZ.

Atom Atom Atom Atom Angle/*
01 Cc7 C8 (0] 179.2(2)
01 C7 C12 N1 -0.2(4)
01 C7 C12 C11 179.8(2)
N1 C1 Cc2 C3 177.3(2)
N1 C1 ce6 01 1.1(4)
N1 C1 ce6 C5 -178.1(2)
N1 C13 C14 C15 19.2(3)
N1 C13 C14 C27 -162.9(2)
N2 C13 C14 C15 -164.8(2)
N2 C13 C14 C27 13.2(3)
C1 N1 C12 c7 17.1(4)
C1 N1 C12 C11 -162.9(2)
C1 N1 C13 N2 66.8(3)
C1 N1 C13 C14 -116.9(2)
C1 C2 C3 C4 0.6(4)
Cc2 C1 ceé 01 178.7(2)
Cc2 C1 ceé C5 -0.5(4)
Cc2 C3 Cc4 C5 -0.3(4)
C3 C4 C5 cé -0.3(4)
C4 C5 ce6 01 -178.5(3)
C4 C5 ceé C1 0.7(4)
ceé 01 c7 Cc8 165.0(2)
ceé 01 c7 C12 -15.7(4)
ceé C1 C2 C3 -0.1(4)
c7 01 ce6 C1 15.4(4)
c7 01 (03) C5 -165.4(2)
c7 C8 Cc9 C10 0.8(4)
Cc8 Cc7 C12 N1 179.0(2)
Cc8 Cc7 C12 C11 -1.0(4)
C8 Cc9 C10 C11 -0.5(4)
Cc9 C10 C11 C12 -0.5(4)
C10 C11 C12 N1 -178.7(2)
C10 C11 C12 c7 1.3(4)
C12 N1 C1 Cc2 165.1(2)
C12 N1 C1 cé -17.4(3)
C12 N1 C13 N2 -91.9(3)
C12 N1 C13 C14 84.4(3)
C12 Cc7 C8 Cc9 -0.1(4)
C13 N1 C1 Cc2 6.9(4)
C13 N1 C1 cé6 -175.6(2)
C13 N1 C12 c7 176.1(2)
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13 N1 C12 c11 -3.9(4)
13 N2 33 c28 -11.1(3)
13 N2 33 €32 169.3(2)
13 Cl14 15 16 177.6(2)
13 Cl14 c27 26 165.2(2)
13 C14 c27 c28 -19.5(3)
Cl4 c15 C16 c17 10.7(4)
Cl4 c27 28 €29 -159.3(2)
Cl4 c27 28 33 11.8(3)
15 Cl14 c27 26 -16.9(3)
15 C14 c27 c28 158.5(2)
15 C16 c17 c18 173.8(2)
C15 C16 c17 26 -3.4(4)
16 c17 c18 c19 -171.6(3)
16 c17 C26 25 161.5(2)
C16 c17 C26 c27 -13.7(4)
c17 c18 c19 20 5.0(4)
c17 €26 c27 C14 23.5(3)
c17 €26 c27 c28 -151.4(2)
c18 c17 C26 25 -15.8(4)
c18 c17 C26 c27 169.1(2)
c18 c19 20 c21 171.6(3)
c18 c19 20 25 -5.0(4)
c19 €20 c21 22 -172.9(3)
c19 20 25 C24 169.1(2)
c19 20 25 26 -5.4(4)
20 c21 22 c23 2.3(5)
20 €25 C26 c17 15.9(3)
20 €25 C26 c27 -169.4(2)
c21 €20 25 C24 -7.6(4)
c21 €20 25 26 177.8(2)
c21 €22 c23 C24 -4.4(4)
22 €23 C24 25 0.2(4)
c23 C24 25 20 5.8(4)
23 C24 25 26 -179.9(2)
C24 €25 C26 c17 -158.5(2)
C24 25 C26 c27 16.3(4)
25 €20 c21 22 3.7(4)
25 €26 c27 Cl14 -151.4(2)
25 €26 c27 c28 33.8(4)
26 c17 c18 c19 5.6(4)
26 c27 c28 €29 15.7(4)
26 c27 28 33 -173.2(2)
c27 C14 15 Cc16 -0.3(4)
c27 c28 29 30 174.5(2)
c27 c28 33 N2 3.7(3)
c27 c28 33 32 -176.7(2)
c28 €29 30 31 0.0(4)
29 c28 C33 N2 175.5(2)
29 c28 C33 32 -4.9(3)
29 30 31 32 -1.5(4)
30 €31 €32 33 -0.2(4)
31 €32 33 N2 -176.9(2)
31 €32 33 c28 3.5(4)
33 N2 c13 N1 178.74(19)
33 N2 Cc13 Cl14 2.8(3)
33 c28 29 30 3.2(3)
02 C40 C41 Cc42 179.5(2)
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02 C40 C45 N3 -1.9(4)
02 C40 C45 C44 180.0(2)
N3 C34 C35 C36 178.8(2)
N3 C34 C39 02 -1.2(4)
N3 C34 C39 C38 179.5(2)
N3 C46 Cc47 C48 -18.8(3)
N3 C46 Cc47 C60 165.0(2)
N4 C46 Cc47 C48 163.1(2)
N4 C46 Cc47 C60 -13.2(3)
C34 N3 C45 C40 16.4(4)
C34 N3 C45 C44 -165.6(2)
C34 N3 C46 N4 88.3(3)
C34 N3 Cc46 Cc47 -90.0(3)
C34 C35 C36 C37 1.9(4)
C35 C34 C39 02 178.5(2)
C35 C34 C39 C38 -0.8(4)
C35 C36 C37 C38 -1.1(4)
C36 C37 C38 C39 -0.6(4)
C37 C38 C39 02 -177.8(2)
C37 C38 C39 C34 1.5(4)
C39 02 C40 C41 167.2(2)
C39 02 C40 C45 -13.8(4)
C39 C34 C35 C36 -0.9(4)
C40 02 C39 C34 15.4(4)
C40 02 C39 C38 -165.2(2)
C40 C41 C42 C43 0.5(4)
C41 C40 C45 N3 177.0(2)
C41 C40 C45 C44 -1.1(4)
C41 C42 C43 C44 -1.0(4)
C42 C43 C44 C45 0.4(4)
C43 C44 C45 N3 -177.4(2)
C43 C44 C45 C40 0.6(4)
C45 N3 C34 C35 165.3(2)
C45 N3 C34 C39 -14.9(3)
C45 N3 C46 N4 -71.3(3)
C45 N3 Cc46 Cc47 110.4(3)
C45 C40 C41 C42 0.5(4)
Cc46 N3 C34 C35 5.4(3)
C46 N3 C34 C39 -174.8(2)
C46 N3 C45 C40 175.9(2)
C46 N3 C45 C44 -6.1(4)
C46 N4 C66 ce1l 10.8(3)
Cc46 N4 Cc66 C65 -168.6(2)
Cc46 C47 C48 C49 -175.0(2)
Cc46 C47 Cc60 C59 -167.8(2)
C46 C47 C60 ce1l 19.1(3)
Cc47 C48 C49 C50 -11.2(4)
Cc47 C60 Cce1 Cc62 159.5(2)
Cc47 Cc60 c61 C66 -11.3(3)
C48 C47 Cc60 C59 16.0(3)
C48 C47 Cc60 cel -157.1(2)
C48 C49 C50 C51 -175.3(2)
C48 C49 C50 C59 3.4(4)
C49 C50 C51 C52 172.7(3)
C49 C50 C59 C58 -163.3(2)
C49 C50 C59 Cc60 13.8(3)
C50 C51 C52 C53 -5.7(4)
C50 C59 Cc60 Cc47 -23.0(3)
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C50 C59 C60 C61 149.4(2)
c51 50 C59 C58 15.4(4)
c51 50 59 C60 -167.5(2)
c51 52 C53 C54 -170.8(3)
c51 52 C53 C58 7.5(4)
52 53 C54 C55 174.7(3)
52 53 C58 C57 -171.2(2)
52 53 C58 €59 2.4(4)
53 C54 C55 C56 -1.1(4)
53 58 59 C50 -13.3(3)
53 58 59 C60 169.9(2)
C54 53 C58 C57 7.1(4)
C54 53 C58 €59 -179.3(2)
C54 C55 C56 C57 2.4(4)
C55 C56 C57 C58 1.3(4)
C56 C57 C58 53 -6.0(4)
C56 C57 C58 €59 -179.3(2)
C57 C58 C59 C50 160.0(2)
C57 58 C59 C60 -16.7(4)
C58 53 C54 C55 -3.7(4)
C58 €59 C60 c47 153.8(2)
C58 €59 C60 c61 -33.8(4)
€59 50 C51 52 -6.0(4)
€59 C60 c61 62 -13.0(4)
€59 C60 c61 C66 176.2(2)
C60 c47 c48 C49 1.1(4)
C60 c61 C62 C63 -174.3(2)
C60 c61 C66 N4 -3.8(3)
C60 c61 C66 C65 175.5(2)
c61 62 C63 C64 0.9(4)
C62 c61 C66 N4 -175.1(2)
C62 c61 C66 C65 42(3)
C62 63 C64 C65 1.0(4)
C63 C64 C65 C66 -0.3(4)
C64 C65 C66 N4 177.0(2)
C64 C65 C66 c61 -2.4(4)
C66 N4 C46 N3 179.55(18)
C66 N4 C46 c4a7 -2.3(3)
C66 c61 C62 C63 -3.5(3)
03 C73 C74 75 178.5(3)
03 C73 C78 N5 -0.7(4)
03 C73 C78 c77 -179.4(2)
N5 c67 C68 €69 179.0(2)
N5 c67 C72 03 -1.7(4)
N5 c67 C72 c71 178.8(2)
N5 C79 80 c81 -19.6(3)
N5 C79 80 93 163.5(2)
N6 C79 80 c81 163.8(2)
N6 C79 80 93 -13.2(3)
c67 N5 c78 C73 13.7(3)
c67 N5 c78 c77 -167.7(2)
C67 N5 C79 N6 86.9(3)
C67 N5 C79 80 -90.1(3)
C67 68 C69 70 2.6(4)
C68 c67 C72 03 179.7(2)
C68 c67 C72 c71 0.2(4)
C68 €69 C70 c71 -0.5(4)
€69 70 c71 c72 -1.8(4)
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C70 C71 C72 03 -177.6(2)
C70 C71 C72 ce67 1.9(4)
C72 03 C73 C74 167.5(2)
C72 03 C73 C78 -13.1(4)
C72 c67 C68 C69 -2.4(4)
C73 03 C72 ce67 14.3(3)
C73 03 C72 C71 -166.2(2)
C73 C74 C75 C76 0.7(5)
C74 C73 C78 N5 178.6(2)
C74 C73 C78 Cc77 0.0(4)
C74 C75 C76 Cc77 0.4(4)
C75 C76 Cc77 C78 -1.3(4)
C76 Cc77 C78 N5 -177.5(2)
C76 Cc77 C78 C73 1.1(4)
C78 N5 ce67 C68 166.2(2)
C78 N5 ce67 C72 -12.4(4)
C78 N5 C79 N6 -73.7(3)
C78 N5 C79 C80 109.4(2)
C78 C73 C74 C75 -0.9(4)
C79 N5 ce67 C68 5.3(4)
C79 N5 ce67 C72 -173.3(2)
C79 N5 C78 C73 174.2(2)
C79 N5 C78 C77 -7.2(4)
C79 N6 C99 C94 11.5(3)
C79 N6 C99 C98 -169.3(2)
C79 C80 Cc81 C82 -175.5(2)
C79 C80 C93 C92 -167.7(2)
C79 C80 C93 C94 19.5(3)
C80 Cc81 C82 C83 -11.1(4)
C80 C93 C94 C95 159.6(2)
C80 C93 C94 C99 -11.7(3)
c81 C80 Cc93 C92 15.4(3)
c81 C80 C93 C94 -157.4(2)
c81 C82 C83 C84 -175.5(2)
c81 C82 C83 C92 3.4(4)
C82 C83 C84 C85 172.8(2)
C82 Cc83 C92 Cc91 -163.7(2)
C82 Cc83 C92 C93 13.6(3)
C83 C84 C85 C86 -5.2(4)
C83 C92 C93 Cc80 -22.3(3)
C83 C92 C93 C94 149.5(2)
C84 C83 C92 c91 15.1(3)
C84 C83 C92 C93 -167.6(2)
C84 C85 Cc86 Cc87 -171.3(2)
C84 C85 Cc86 Cc91 6.7(4)
C85 C86 Cc87 C88 175.3(3)
C85 C86 c91 C90 -171.2(2)
C85 C86 c91 C92 2.7(3)
C86 Cc87 C88 C89 -2.7(4)
C86 c91 C92 Cc83 -13.2(3)
C86 c91 C92 C93 169.6(2)
c87 C86 c91 C90 6.9(3)
c87 C86 c91 C92 -179.3(2)
c87 C88 C89 C90 4.0(4)
C88 C89 C90 c91 0.3(4)
C89 C90 Cc91 C86 -5.7(4)
C89 C90 Cc91 C92 -179.2(2)
C90 c91 C92 C83 160.3(2)
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€90 Co1 €92 93 -16.8(4)
91 86 c87 88 -2.7(4)
91 €92 93 80 154.8(2)
91 €92 93 €94 -33.4(4)
€92 83 C84 85 -6.0(4)
€92 93 C94 95 -12.2(4)
€92 93 C94 €99 176.4(2)
93 80 c81 82 1.3(4)
93 €94 95 C96 -174.4(2)
93 €94 99 N6 -4.0(3)
93 €94 99 98 176.7(2)
C94 €95 C96 c97 -0.4(4)
95 €94 €99 N6 -175.9(2)
95 €94 €99 98 4.8(3)
95 €96 c97 98 2.1(4)
C96 c97 98 €99 -0.2(4)
c97 98 €99 N6 177.4(2)
c97 98 €99 €94 -3.3(4)
€99 N6 C79 N5 -
179.41(18)

€99 N6 C79 80 -2.8(3)
€99 €94 C95 C96 -3.0(3)
04 €106 107 c108 -178.4(2)
04 €106 c111 N7 1.2(4)
04 €106 c111 c110 178.8(2)
N7 €100 c101 €102 -179.4(2)
N7 €100 105 04 1.4(4)
N7 €100 105 c104 179.6(2)
N7 C112 C113 c114 18.3(3)
N7 C112 C113 C126 -163.0(2)
N8 C112 C113 c114 -166.2(2)
N8 C112 C113 C126 12.6(3)
€100 N7 c111 €106 -20.4(3)
€100 N7 c111 c110 162.1(2)
€100 N7 C112 N8 -93.0(3)
€100 N7 c112 C113 82.9(3)
€100 c101 €102 103 -1.5(4)
C101 €100 105 04 -179.5(2)
c101 €100 105 c104 -1.3(4)
c101 €102 103 c104 1.3(4)
€102 €103 C104 105 -1.1(4)
103 C104 105 04 179.3(2)
103 €104 105 €100 1.1(4)
105 04 C106 c107 -162.6(2)
C105 04 C106 c111 19.1(3)
105 €100 c101 €102 1.5(4)
€106 04 105 €100 -20.4(3)
€106 04 105 c104 161.4(2)
C106 c107 C108 €109 0.2(4)
c107 C106 c111 N7 -176.9(2)
c107 C106 c111 c110 0.6(4)
c107 C108 €109 c110 -0.6(4)
c108 €109 €110 c111 1.1(4)
€109 C110 c111 N7 176.4(2)
€109 C110 c111 €106 -1.1(4)
c111 N7 €100 c101 -159.8(2)
c111 N7 €100 105 19.2(3)
c111 N7 C112 N8 65.0(3)
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C111 N7 C112 C113 -119.0(2)
C111 C106 c107 C108 -0.2(4)
C112 N7 C100 c101 -1.0(3)
C112 N7 C100 C105 178.1(2)
C112 N7 C111 C106 -178.5(2)
C112 N7 C111 C110 4.0(4)
C112 N8 C132 C127 -12.0(3)
C112 N8 C132 C131 168.4(2)
C112 C113 C114 C115 176.7(2)
C112 C113 C126 C125 166.0(2)
C112 C113 C126 C127 -19.9(3)
C113 Cl14 C115 Cl16 11.0(4)
C113 C126 Cc127 C128 -159.2(2)
C113 C126 C127 C132 12.6(3)
C114 C113 C126 C125 -15.2(3)
Cl114 C113 C126 C127 158.9(2)
Cl114 C115 Cl1e C117 174.1(2)
Cl114 C115 Cl1e C125 -2.4(4)
C115 Cl16 C117 C118 -171.1(3)
C115 Cl16 C125 C124 161.5(2)
C115 Cl16 C125 C126 -14.8(3)
Cl16 C117 Cc118 C119 5.5(4)
Clle C125 C126 C113 23.3(3)
C116 C125 C126 C127 -150.2(2)
C117 Cl1e6 C125 C124 -15.2(3)
C117 Cl16 C125 C126 168.6(2)
C117 C118 C119 C120 170.9(3)
C117 C118 C119 C124 -6.1(4)
C118 C119 C120 C121 -172.8(3)
C118 C119 C124 C123 169.2(2)
C118 C119 C124 C125 -4.0(4)
C119 C120 C121 C122 2.1(4)
C119 C124 C125 Cl16 14.6(3)
C119 C124 C125 C126 -169.4(2)
C120 C119 C124 C123 -7.9(3)
C120 C119 C124 C125 179.0(2)
C120 C121 C122 C123 -4.4(4)
C121 C122 C123 C124 0.3(4)
C122 C123 C124 C119 5.8(4)
C122 C123 C124 C125 178.7(2)
C123 C124 C125 Cl16 -158.1(2)
C123 C124 C125 C126 17.9(4)
C124 C119 C120 C121 4.2(4)
C124 C125 C126 C113 -152.8(2)
C124 C125 C126 C127 33.8(4)
C125 Cl16 C117 C118 5.5(4)
C125 C126 Cc127 C128 14.3(4)
C125 C126 Cc127 C132 -173.8(2)
C126 C113 Cl14 C115 -1.9(4)
C126 C127 C128 C129 174.3(2)
C126 C127 C132 N8 3.6(3)
C126 C127 C132 C131 -176.8(2)
Cc127 C128 C129 C130 1.1(4)
C128 C127 C132 N8 176.0(2)
C128 C127 C132 C131 -4.4(3)
C128 C129 C130 C131 -2.4(4)
C129 C130 C131 C132 0.4(4)
C130 C131 C132 N8 -177.3(2)
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C130 C131 C132 C127 3.2(4)
C132 N8 C112 N7 179.36(19)
C132 N8 C112 C113 3.8(3)
C132 C127 C128 C129 2.3(3)

Table 7.14. Hydrogen fractional atomic coordinates (x10%) and equivalent isotropic displacement
parameters (A2x103) for H2-PXZ. Ueq is defined as 1/3 of the trace of the orthogonalised Uj;.

Atom y VA

H2 3707 3533 7410 27
H3 3582 2228 8075 38
H4 3296 669 7728 42
H5 3118 412 6702 36
H8 3394 1502 4755 33
H9 3828 2734 4039 32
H10 4150 4326 4329 29
H11 4021 4692 5317 25
H15 1832 3919 6229 31
H16 700 4891 6191 37
H18 284 6496 5990 46
H19 755 8094 5754 47
H21 2028 9489 5402 43
H22 3588 10079 5171 53
H23 4727 9101 5249 45
H24 4314 7570 5669 36
H29 4090 7797 6757 27
H30 5527 8268 7280 30
H31 6578 7203 7457 33
H32 6141 5642 7130 31
H35 933 340 4676 24
H36 752 762 5653 30
H37 868 2378 5878 36
H38 1214 3561 5127 33
H41 1591 4529 3167 36
H42 1485 4201 2150 39
H43 1273 2620 1853 34
H44 1212 1377 2558 29
H48 3071 1247 3683 28
H49 4334 456 3632 34
H51 4981 -980 3754 39
H52 4772 -2591 3967 42
H54 3777 -4069 4380 42
H55 2331 -4902 4698 42
H56 974 -4191 4680 43
H57 1082 -2641 4286 36
H62 1150 -2773 3205 27
H63 -305 -3382 2731 31
H64 -1470 -2449 2586 35
H65 -1166 -877 2903 32
H68 5345 925 324 26
H69 5787 737 -650 32
H70 7396 832 -866 33
H71 8581 1142 -106 33
H74 9526 1535 1860 39
H75 9195 1506 2870 39
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Atom

H76
H77
H81
H82
H84
H85
H87
H88
H89
H90
H95
H96
H97
H98
H101
H102
H103
H104
H107
H108
H109
H110
H114
H115
H117
H118
H120
H121
H122
H123
H128
H129
H130
H131

7614
6371
6248
5473
4025
2421
949
94
830
2362
2216
1602
2536
4122
9713
9340
7749
6514
5404
5649
7213
8532
8932
9888
11506
13123
14511
15115
14127
12598
12801
13261
12201
10642

1393
1289
3066
4332
4973
4769
3762
2299
960
1071
1128
-321
-1491
-1170
4047
4142
3818
3320
3106
3402
3762
3864
1851
712
302
774
2029
3581
4716
4323
4098
5523
6570
6142

3161
24472
1328
1361
1215
979
559
258
271
681
1750
2223
2360
2063
-319
675
963
250
-1697
-2720
-3070
-2408
-1220
-1200
-1033
-814
-458
-210
-275
-692
-1780
-2321
-2478
-2146

35
29
29
32
35
36
39
40
38
32
26
31
34
31
25
28
32
32
35
36
36
28
30
37
41
44
42
47
39
34
26
33
33
30
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