Silicon-Containing Organic Conjugated Materials for Light

Emitting Diodes

A dissertation submitted for the degree of

Doctor of Philosophy

-0

Colin William Keyworth

Imperial College London
Department of Chemistry

2010



Declaration

The research contained within this thesis is solely the work of the author unless explicitly
indicated otherwise, in which case said work is appropriately referenced and attributed to the

primary author/s.

This work has not been previously submitted to any other examining body or university

for consideration and complies with the guidelines laid out by the Registry of Imperial

Gt

Colin Keyworth

College London.



Acknowledgements

I would like to thank my supervisors Dr Charlotte Williams and Prof Andrew Holmes, for
all of the support they have given me throughout the project and for the opportunity to study
both at Imperial College and at the Bio21 lab in Melbourne. It has been a great experience
which has not only advanced my skills as a scientist, but has also provided me with many
new friends and great memories. Cambridge Display Technology Ltd. have generously
funded a CASE award towards the project costs and | thank all of the staff there for the great
hospitality with which | was received on my stay at the company. In particular | would like
to thank Mary McKiernan for facilitating the visit and organising the CASE award.

| also thank all of the support staff at both Imperial College and Bio21 who run the various
analytical services and provided assistance in data interpretation, in particular Peter Haycock,
Dick Sheppard, Andrew White and Jonathan White.

Of course, | must thank my parents for providing the roof over my head, along with many
culinary delights prepared for me at the end of a long day in the lab. And of course for not
kicking me out of the house while I have been writing up!

Lastly, thanks go out to all of the people who have been steadfast drinking/ snooker/ road
trip companions and colleagues, whether in London at the Holland Club or in Melbourne at
Graduate House or Bio21. They include Neil Wilson, Paul Knight, Hugo Bronstein, Rachel
Platel, Tom Wells, Arwen Tyler, Niels Tholen, Paul Kirton, Rob Borthwick, Brian Johnson,
Scott Watkins, Wallace Wong, Adrian Rakimov, Kai-Florian Richter, Maria Martin, Yasmina
Manzo-Sanz, Maria Kristjansson, Sheldon Johnston, Phil Burton, Kat Webster, Maria Bonet,
Matthias Konning, Marcela Gonzalez, Miriam Lozano, Becky Carlton, Nathalie Colomer,
Sara Brorstrom, Sonja Schimo, Cathy Green and many others. Thanks for sharing in the
highs and lows of PhD life!



Summary

This thesis contains a study of polymer light emitting diodes (PLEDs) for commercial use
within blue organic light-emitting diode (OLED) display technologies. The introduction
chapter outlines the aims and synthetic strategies / targets employed during the research and

gives background information as to the historical development of OLEDs and PLEDs.

The first chapter of research involves the synthesis of several alternating co-polymers of
dibenzosilole (a previously reported monomer used in light emitting devices), along with the
prerequisite monomers. These co-polymers have been fully characterised and their opto-
electronic properties evaluated. The energy levels of the co-polymers (HOMO / LUMO)
were measured, then compared with each other and used to establish correlations between
these values and the use of co-monomers and the polymer backbone linearity. By tuning the
energy levels of conjugated polymers, it is possible to alter both the energy of the light
emitted (and therefore the colour) and also improve the charge-injection balance within the
OLED device, thereby improving lifetimes and performance. This research was primarily
concerned with blue light-emission, therefore these energy level studies were conducted with
a view to achieving blue light emission with the desired CIE coordinates and luminance. The
novel co-polymers were used to fabricate several prototype OLED devices and the
performance of these has been evaluated.

The second chapter of research contains a study of several novel silicon-containing
monomer structures, for incorporation into conjugated PLEDs. The first structure is a
disilaanthracene derivative and the attempted synthesis of this monomer is reported. The
other two monomers are based on spirosilabifluorene and the syntheses and full
characterisations are reported. Attempts at the coupling of these monomers were made, using
several different known coupling reactions including Suzuki, Stille and Kumada. The
attempted coupling products were simple trimers, using 9,9-dioctylfluorene as a co-monomer.
These were to be used in small molecule organic light-emitting diodes (SMOLEDs). The

outcomes of these coupling reactions are described.
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1.1 — Historical Development of OLEDs and PLEDs

In 1953 Bernanose reported the first electroluminescence from organic materials.” These
early experiments were very different from what we think of as OLEDs today. In a 1955
paper by the same author, solutions of the amine dyes acridine orange 1.01, gonacrin 1.02
and carbazole 1.03 were coated onto cellophane films, dried and sandwiched between
aluminium and mica sheets. Upon the application of an alternating current, with a potential
of up to 2000 V, electroluminescence of these materials was observed and the emission for
each material was measured.? The mechanism of electroluminescence was not understood at
the time but it was postulated that the emission was indeed originating from the organic

dielectric, rather than discharge effects within the cell.

®
H,N III/ NH, \ITI N7 ITI/ N
HCI

H

1.01 O 1.02 1.03

Cl

These early reports were followed by several important papers from Pope and co-workers,

which helped establish the key theories and processes involved in OLED operation:

e The discovery of ‘dark’ injecting electrode contacts for use with organic crystals
and the calculation of work function requirements for the separate electron- and
hole-injecting electrodes.®

e Electroluminescence from single crystals of anthracene, using direct current under
vacuum, and the proposal that the fluorescence was due to field-accelerated

electron excitation.*
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e The electroluminescence of an anthracene crystal in the absence of an external
electric field and the conclusion that this was caused by the thermal recombination
of an electron and a hole within the organic material, proving that the conduction

energy level for anthracene is higher than that of its exciton energy level.”

Injection from both the electrodes, leading to ‘recombination radiation’
(electroluminescence), was first reported by Helfrich and Schneider in 1965.° An anthracene
crystal was used and the electrodes were selected for their workfunction values, which
matched the specifications set out by Pope’s work. Light output of all devices at this time
was very low, especially considering the enormous driving voltages employed. With
improved conductivity of the emissive layer however, the efficiency of these devices began to
improve. Early examples of conducting organic materials include poly(acetylene) and
poly(pyrrole). In 1977 poly(acetylene) was used to achieve high conductivity when oxidised
and iodine-doped, a discovery which led to the Nobel Prize in Chemistry being awarded to

Heeger, MacDiarmid and Shirakawa.’

The first ‘OLED’ device was created by Tang and Van Slyke at the Eastman Kodak
company, reported in 1987.% This was the first device to use two layers; a hole-transporting
layer and an electron-transporting layer, which had the effect of improving the charge
injection balance and subsequently the operating efficiencies, due to exciton recombination
now being concentrated in the emissive layer, rather than at one electrode as in previous

devices.

With the groundwork laid for OLED devices, the paper published by Holmes and Friend

and their research teams in Nature in 1990 reported the first conjugated polymeric OLED

14



device, using poly(1,4-phenylenevinylene) (PPV) 1.04.° Since that publication, the newly
created field of light-emitting conjugated materials has been an area of intense research
activity. Early reviews (1998) by Greiner'® and Segura'! explore the synthetic strategies in
use, along with the structural design of the materials utilised, while the reviews published by
Kraft et al.’ and Friend et al."® give an overview of progress made in PLED materials and
device physics respectively. The review by Mitschke and Bé&uerle deals with materials for
OLED applications, along with light-emitting electrochemical cells (LECs) and electro-
generated chemiluminescence (ECL).** In 2008 Choi and co-workers published a review of
polymers specifically for flexible displays.”> The most comprehensive and contemporary
review, of the enormous array of published conjugated materials for PLED applications, is
that published by Grimsdale et al. in 2009.2° The introduction to this thesis will therefore
only refer to OLED and PLED materials which are particularly relevant to the work
undertaken herein; for the broader developments in the field the reader is referred to the

above reviews.

1.04

The development of these materials has been of great commercial, as well as academic,
interest due to their inherent potential for use in the electronics industry as the active layer
within full colour displays. As with traditional CRT-based colour displays, the majority of
polymeric light emitting diode (PLED) displays will be composed of individual pixels which
emit the three primary colours; red, green and blue, with the appropriate CIE coordinates.*’
Other methods for achieving a full colour palette include sequential colour filtering of white-
emitting materials,®® but this is less desirable due to loss of energy and added complexity

within the device structure.

15



Many of the PLEDs developed thus far have already shown great potential for use in
colour displays, often exhibiting high brightness, a wide range of colours, fast response times
(refresh rates) and very wide viewing angles. Ink-jet printing of OLEDs to create full-colour
displays is also an emerging technology which promises to deliver low cost, flexible screens

with a fully scalable manufacturing process.

The first commercial application of PLED technology was developed by Phillips in 2002;
an electric shaver incorporating a monochrome (orange) PLED display. Since that time
several prototype full-colour OLED screens have been developed. However, only one large
format full-colour display is presently commercially available; the 11 inch XEL-1 display
from Sony Electronics Inc.'® The display has been available since early 2007 in Japan,
released as a loss-making showcase for the potential of OLED display technology, and
features a screen which is only 3 mm in depth, including the frame (Figure 1.01). Being a
very early model, it was both highly expensive to manufacture and is still very costly to buy.
Although several display manufacturers are also developing similar technology, there have
been no further commercially available large-area OLED displays released within the last
three years (although many are promised in the near future). OLED technology is however,
increasingly found in small display applications, such as mobile phones and MP3 players.
The reasons for the delay in large-area screens are due to several problems with currently

available OLED materials and their use within prototype displays:

e Most have low efficiencies and require high driving voltages / currents.
e Some OLEDs are not sufficiently thermally stable to have useful lifetimes.
e Many OLEDs, especially blue-emitters, develop undesired wavelengths in their

emission after only a short operational lifetime.*
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Figure 1.01: Front and side profiles of Sony XEL-1 OLED display.”

The future of OLED and especially PLED displays will depend upon their longevity,
picture quality and price to the consumer. Improvements are made every year with the
lifetimes of materials and the maximum screen size of prototypes. Once the displays can be
routinely manufactured to a high standard using inkjet technology, the cost is likely to be low
enough for widespread use in displays, lighting and perhaps even advertising placards on
disposable packaging, such as cereal cartons. It is unclear whether OLED or PLED systems
will emerge as the dominant display technology in the coming years. OLED technology has
already found several commercial applications and as such now has a foot hold in the
marketplace. While PLED technology promises certain advantages over OLED, it remains to
be seen whether it will supersede the progress being made in small molecule OLED displays.
This will be determined by advances in both material and device performances. It is
therefore important that both the emissive materials and the understanding of their structure-
property relationships continue to be improved. A focus of activity in the synthesis of
conjugated polymers in both industry and academia is on materials which emit light in the
blue to violet region of the visible electromagnetic spectrum (~400 to 480nm wavelengths).
The reason for this bias is the comparatively short lifetimes of current benchmark blue

PLEDs, compared with their red and green counterparts.
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1.2 Photophysical Processes Within a PLED Device

Figure 1.02(a) shows a cross-sectional view of a prototype PLED device, illustrating the
layered structure and arrangement of the various electrodes, transporting layers and emissive
layers. Figure 1.02(b) is a simplified representation of the processes involved within an
operational PLED device. The device shown consists of five different layers (including
electrode materials). While devices can operate with only one active layer, it is far more

common to incorporate additional transport layers as shown.

e The anode; generally a transparent or semi-transparent semiconductor, such as
indium tin oxide (ITO), deposited on a plastic or glass substrate.

e A hole-transporting layer (HTL); improving the injection of holes from the anode
into the emissive layer.

e The emissive layer; this is the material from which the device luminescence
originates and as such, determines the colour output of the OLED.

e An electron-transporting layer (ETL); this facilitates charge injection from the
cathode into the emissive layer. The article published by Kulkarni et al. gives a
comprehensive review of ETL materials used in OLED applications.*

e The cathode; generally a relatively low work-function metal such as aluminium,
calcium or silver and often laid down by vacuum deposition. Since the cathodic
layers are generally non-transparent, the majority of light emitted from the organic
materials exits the device though the anode, with some transmission occurring at

the edges of the emissive layer, perpendicular to the substrate.
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The various organic interlayers and emissive layers are sequentially laid down onto the

prepared ITO surface, usually with spin-coating techniques, but occasionally using spray-

coating, traditional printing techniques such as gravure or lithography and even ink-jet

printing.
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Figure 1.02: (a) Typical PLED device layer structure and (b) simplified representation of the physical processes involved in PLED

operation, based on a diagram from ‘Organic Light-Emitting Devices’.”
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Charge injection at the electrodes occurs on the application of a potential difference across
the device. Electrons are injected into one side of the polymer film by the negatively charged
cathode and migrate through the device layers towards the anode. Metals with a low work-
function and high Fermi level facilitate injection into the device, since the energy barrier to
the ETL LUMO is reduced. The positively charged anode meanwhile injects holes into the
HTL HOMO level (here a high work-function / low Fermi level is required).’ Injected holes
and electrons migrate into the emissive layer via a ‘hopping’ transport mechanism and
recombine to form excitons (excited state electron-hole pairs). These excitons then relax to a
ground state through several different decay pathways, populating both singlet and triplet

energy states.

Statistical quantum dynamics predicts that the ratio of singlet to triplet state populations is
1:3, giving a maximum fluorescence quantum yield (radiative decay from the singlet state) of
0.25.% However, this yield can be much higher in polymer systems and the reasons for this
are intensely debated in the literature.?* Radiative decay from a triplet state
(phosphorescence) is forbidden by the spin-selection rules. However, the inclusion of heavy
metal atoms within molecules can relax these rules and allow the forbidden transition to
occur, enabling 100% internal quantum efficiency within the material. This is possible due to
the mixing of singlet and triplet states which occur within heavy metal atoms, due to strong
spin-orbit coupling interactions. The result is often referred to as a ‘triplet-harvesting’
system.” The research within this thesis will concentrate on fluorescent systems, therefore
an in-depth explanation of the energy transfer mechanisms within phosphorescent systems
will not be given. A description of these processes can be found within many books
concerning organoelectronics and OLED / PLED design, including the publication by Scherf

and co-authors.?
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1.3 — Photophysical and Electrochemical Measurements of Devices

1.3.1 — Evaluation Criteria

When evaluating the performance of an OLED or PLED device, several measurements
and calculations are performed to enable quantitative comparison of the device’s output

characteristics. The key values to be obtained are outlined in the following text:

Electroluminescence

The emission profile of the light generated by a device is obtained by recording its output
over a range of wavelengths (generally from 350 to 650 nm) using a specially adapted

fluorimeter under darkened conditions.

Current, Voltage and Luminance (IVL) Characteristics

The device being tested is operated over a range of driving voltages, generally ina 1 V
stepwise progression. At each discreet voltage, the current passing through the device is
measured and recorded (in milliamps) with a highly sensitive ammeter, while the luminance
is measured in cd/m? from the device emission by a photo-multiplier device. The candela
(cd) is the SI unit for the power emitted by a light source, weighted by the response of the
human eye to various wavelengths (known as the luminosity function). Depending upon the
OLED testing rig available, current and Iluminance readings may be performed
simultaneously or may have to be taken from separate pixels. These readings can then be
plotted against each other on a graph to show the rates of change of current and luminance
with voltage. By performing certain mathematical functions on these figures, further data
such as current density (recorded in mA/cm?) and luminance efficiency (recorded in cd/A)

can be elucidated.
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Efficiency

The efficiency of an OLED device is generally measured by two methods. The first is the
luminance efficiency, measured in cd/A, either at a particular current density or a particular
luminance level. These values are obtained from manipulation of the IVL data as described
above and are commonly used for the purposes of OLED device comparison. Efficiency
values are generally far greater for red and green OLED devices (with values approaching
100 cd/A for green pixels). Typical blue OLED efficiencies range from 0.5-2.5 cd/A
(moderate) to 2.5-4 cd/A (good) and up to 4-8 cd/A (very good to excellent). It should be
noted that efficiency benchmarks change constantly as materials improve; therefore these
figures are only a rough guide, correct at the time of writing. The second method, first
published by de Mello et al., is to obtain the external quantum efficiency of the operational
device by using an integrating sphere, connected to a charge-coupled device (CCD)
analyser.?® Further technical details of this method have been published by Tanaka et al.?’
The external efficiency (ng,) is dependent on several factors, including charge balance within
the emissive layer (y), the photoluminescence quantum yield (np;), the yield of out-coupled
photons emitted () and the proportion of singlet spin-states (xs). This relationship is

summarised by the equation:

NeL =V NpLNc Xs

Luminous Efficacy

Commonly used to compare lighting sources, the luminous efficacy, reported in lumens
per Watt (Im/W), is often used to compare OLED light output with that of other lighting
technologies (such as incandescent, compact fluorescent, etc). By taking into account the
receptivity of the human eye at all wavelengths, a value called luminous flux is derived from

the weighted sum of all wavelengths emitted within the visible range. The efficacy is a
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measure of the luminous flux per Watt of power supplied to the device. The Lumen is related
to the candela by the equation: 1 1Im =1cd-sr  (sr = steradian; the Sl unit of solid angle,
which is a conical volume from within a sphere, where the area of the domed base is equal to

the square of the radius).

Turn-On Voltage

This is the driving voltage needed to produce an observable luminance level from the
OLED device (typically 0.1 cd/m?). It is determined from the voltage / luminance plot and is
taken as the x-axis intercept (with voltage plotted on the x-axis and luminance plotted on the

y-axis).

CIE Coordinates

CIE coordinates are essential for accurately comparing the emission colours of OLED

devices. See the section below for further details.

Lifetime

The lifetime of a device is generally quoted as the number of hours of continuous
operation, at a specified initial luminance level, before that luminance decreases to 50% of
the original level. Early devices were sufficiently short-lived to record the ‘luminance half-
life” in real-time. Today however, many benchmark OLED materials are reported to have
lifetimes above 100,000 hours, making real-time measurements impractical. To overcome
this, the devices are often operated at far higher luminance levels than in a real-life
application (generally at 1000 cd/m?), causing them to degrade at an accelerated rate. This

allows the actual luminance half-life to be predicted reasonably accurately.
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1.3.2 - Colour Coordinates

The standard system for reporting the observed colour of emission of OLED devices is the
Commission Internationale de I'Eclairage (CIE) colour-coordinate system.!” The CIE x,y,z-
coordinates are obtained by a mathematical derivation of responses from the three separate
groups of cone cells within the human eye, known as tristimulus values (Equations 4 to 6).%
These tristimulus values are obtained by the integration of three colour-matching functions,

which are plotted in Figure 1.04(a). Equations 1 to 3 show the integrals for each value.

X = fo I()F()dA  (Equation 1) =t (Equation4)
o Y .
Y = f I(A)y(1)dA  (Equation 2) Y= xtiv+z (Equation 5)
0
) =——~ (Equation 6
Z= f I(A)z(A)dA  (Equation 3) Z=~Tv+z (Equation6)
0

Figure 1.03 Tristimulus value and CIE x,y,z-coordinate equations.
[Equation key: X,Y,Z = tristimulus values; I(A) = spectral power distribution; x,y,z = colour matching functions; A = wavelength of
equivalent monochromatic light]

From these colour-coordinates a colour space can be plotted. The CIE 1931 colour space
is the international standard which plots all of the colours observable by the human eye and is
a representation of the perceived brightness and chromaticity of coloured light (Figure
1.04(b)). The numbered boundary line within the plot is the visible light spectrum, with the
wavelengths indicated. Light from devices giving the same CIE x,y-coordinates, will appear
as the same colour to an observer. Depending on the display technology, targets are set for
the CIE coordinates of the individual red, green and blue pixels which make up the majority
of colour displays. These will differ between technologies such as CRT and the more modern
high definition televisions (HDTV) and are often represented on the colour space as an RGB

triangle.
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Figure 1.04: (a) CIE 1931 colour matching functions and (b) colour space chromaticity diagram.”

For reference purposes, the x-, y-coordinates for blue emission are generally around [0.15,
0.06]. This equates to a pure blue emission and values of up to [0.16, 0.18] are acceptable.
Higher x values give a purple/violet emission, while higher y values give a ‘sky blue’
emission. The pure blue coordinates are most desirable, since this enables the largest gamut
of colours. CIE coordinates are calculated from the electroluminescence spectrum of the

device, by the mathematical functions as described above.

1.4 — Poly(fluorene) as a Blue-Emitter and Problems Related to Keto-Defect Formation

The first blue-emitting PLED materials to be studied were based on the PPP (poly-para-
phenylene) structure 1.05 (Figure 1.05). Unsubstituted PPP (when R = H) is insoluble in all
common solvents® and therefore alkyl substituents (R = alkyl) were introduced to aid
solubility. The introduction of these alkyl groups, however, caused a high degree of torsion
between the phenylene subunits of the polymer backbone, severely reducing the strength of
conjugation and hence diminishing the optical properties.®* In 1999, Scherf and co-workers
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proposed that bridging groups between the phenyl rings could be used to force planarity
along the polymer backbone.* Since then, structures with varying levels of aryl-aryl bridging
have been developed which give rise to a range of polymers with differing degrees of
planarity and hence different optical properties. A review of bridged phenylene systems was
published in 2007 by Miillen and Grimsdale.*® Figure 1.05 shows some of these structures,
with the degree of bridging in the order: PPP 1.05 < poly(fluorene) 1.06 (PF) <
poly(indenofluorene) 1.07 (PIF) < ladder-type PPP 1.08 (LPPP). Much of the research in
recent years has focused on poly(fluorene) 1.06 (R = H) along with its analogues (R = alkyl)
as the most promising materials for blue OLEDs, due to their high planarity, conjugation and
relative ease of synthesis. The synthesis of poly(fluorene) was first reported by Yoshino and
co-workers in 1989, at around the same time as the first report of PPP-based emissive
materials, using an FeCls catalyst.** The polymer suffered from low molecular weights, high
polydispersity and a mixture of regioisomers, along with poor purity due to contamination of
the polymer with iron and low purity starting materials. The first blue electroluminescent
device to use poly(fluorene) as the emissive layer was reported by the same group in 1991.%°
For a recent review of poly(fluorene)-based materials, the reader is directed to the article
published by Zhao and co-workers® (N.B. the naming convention for alkyl groups on the
bridgehead carbon is to include the chain length within the abbreviated name, e.g. PF8 is

poly(fluorene) with two octyl chains).

M 00 »'ap

Figure 1.05: Various degrees of aryl bridging within conjugated polymers.
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1.4.1 Degradation of Poly(fluorene) During Annealing and Device Operation

Conventionally synthesised poly(fluorene)-type materials have been shown to suffer from
rapid degradation, leading to a loss of intensity in the blue emission and the appearance of
emission bands at lower energies (generally green) in the luminescence spectrum.” This
phenomenon is observed during thermal annealing, exposure to oxygen and during device
operation. Figure 1.06 shows the change in photoluminescence of a pristine poly(fluorene)

sample, compared with samples annealed for two hours at 150 °C and four hours at 200 °C.*
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Figure 1.06: Photoluminescence spectra of poly(fluorene) showing degradation during hot annealing.®

A pronounced bathochromic shift of the emission maximum of the annealed samples is
observed, leading to green emission at 550 nm. There have been many proposed
explanations for this degradation in emission spectrum and the origins of the so-called ‘g-
band’ occurring at 535 nm in oxidised samples of poly(9,9-dioctylfluorene). In 2002, Scherf
and co-workers proposed a photo- or electro-oxidation pathway mechanism for the formation
of keto-defects at poly(fluorene) bridgehead sites. It was claimed that the g-band is a direct

result of these keto-defect sites.***° (Scheme 1.01)
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Scheme 1.01: Possible mechanism of photo-/electro-oxidation.®

Other explanations have included aggregation (n-stacking) of polymer chains giving rise
to excimer formation,** while an in-depth study carried out by Bradley and co-workers has
shown that the green emission is not directly attributable to n-n* transitions from the ketone
moiety, but instead it originates from fluorenone-based excimers; relying on inter-chain

interactions.*?

Research by Zhao et al. points to both fluorenone formation and cross-linking of polymer
chains, via a radical mechanism, as the origin of lower energy green emission.* It was
proposed in this work that defects within the polymer chains, especially where only one alkyl
chain is present at a bridgehead carbon (the other substituent being a proton), are attacked in
the presence of oxygen and heating. Residual transition metals are proposed to catalyse the
process. Once formed, the radical sites undergo propagation with other polymer chains and

cross-linking can occur between separate radical sites in close proximity.

It is currently widely accepted that the formation of keto-defects is responsible, either
directly or indirectly, for lower wavelength emissions and recent work by Lupton and co-
workers has more or less proved this theory.** There is however, still some debate as to the

roles of inter-chain interactions in these g-band emissions.*
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1.5— Overview of Methods Employed to Combat G-Band Emission in PF-Type

Materials

1.5.1 - Ultra-High Purity Monomers

In 2003, Craig et al. showed that the g-band emission in poly(fluorene) could be
eliminated by removing all traces of potential fluorenone sites, i.e. the protonated bridgehead
carbons remaining after alkylation.*® This was achieved by the addition of a strong base,
potassium tert-butoxide, effecting the deprotonation of these unwanted mono- or non-
alkylated fluorene molecules. The pure fluorene monomer 1.09 could then be separated from
the deprotonated impurities by simple filtration through an alumina plug. The molecular
weight of the polymer made from this monomer by Yamamoto coupling was however, much
lower than that made without the extra purification step (20 kDa compared to 330 kDa).

(Scheme 1.02)
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Scheme 1.02: Purification of fluorene monomer by deprotonation and filtration.

These findings have been supported by another preparation of defect-free dialkylfluorene
reported in 2007 by Holmes and co-workers, shown in Scheme 1.03.*" This alternative
synthetic route ensures complete alkylation of the bridgehead carbon of the fluorene during
synthesis, giving high monomer purity without the need for special purification techniques.

The resulting homo-polymers synthesised from these monomers displayed no green emission
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from fluorenone defects. As with the research by Craig et al., the molecular weights were

much lower (~20 kDa) when using the higher purity monomers.

CgH17CgH47
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CQHWCBH17
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Scheme 1.03: Synthesis of high purity, defect-free dialkylfluorene monomer and homo-polymer.

[Conditions: (i) n-BuLi, THF, -78 °C, (CgH17),C=0, then 25 °C; (ii) BFs-Et20, CH2Clz, 25 °C, 12 h, 80% (over two steps); (iii) Brz, Iz,
CH2Clz, 0-25 °C, 3 h, 74%; (iv) Pd(PPhs),, toluene, 20%aq. Et,NOH, 90°C, 24 h, bromobenzene, 12 h, phenylboronic acid, 12 h]

1.5.2 - Bulky Bridgehead Substituents and Spirobifluorene

Millen and co-workers have synthesised a series of ladder-type pentaphenylene
monomers and their resultant homo-polymers from Yamamoto coupling reactions.*®*° One
of the materials synthesised was fully arylated monomer 1.10.*° It was found that even after
prolonged annealing in air at 200 °C very little change in photoluminescence was observed,;
in stark contrast to partially alkylated monomer 1.11, in which the classic appearance of a g-

band emission was observed.

1-11 R2 = C8H17

Spirobifluorene subunits have also been incorporated into polymer backbones to afford the

same reduction in fluorenone formation. Literature examples include poly(spirobifluorene)
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1.12, with two alkoxy substituents, which gives a relatively poor efficiency (g-band emission
is not reported),® along with polymer 1.13, with only one alkoxy substituent on the repeat

unit, which displays very high stability under annealing conditions.>*

Co-polymers incorporating spirobifluorene and fluorene subunits are also reported; co-
polymer 1.14 was stable to 100 °C but showed long-wave emission after annealing at higher
temperatures.®> Co-polymer 1.15 was shown to have stable photoluminescence after 20 h of

annealing at 150 °C.

1.5.3 — Cross-Linked Poly(fluorene)

A novel approach to allow photo-resist type patterning of OLED pixels has been reported
by Wang et al. and involves the synthesis and photo-cross-linking of oxetane-substituted
fluorene derivatives 1.16.°* Upon cross-linking, the material shown exhibited good
performance levels as the blue pixel material within a multicoloured OLED device. The
suppression of green-band emission was evident, although a small shoulder at 500 nm

appeared during device operation.
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1.5.4 - Improved Encapsulation

A recent paper by Lee and co-workers reports that the introduction of an inert TiOy layer
within PF-based PLEDs has provided air-stable devices. The TiOy is spin-coated between the
cathode and emitting layer (in most cases) and has been shown to act as both an oxygen /
moisture barrier and as a scavenger layer. This technique greatly reduces degradation of the

emitting layer and the appearance of green emissions during operation is minimised.>

1.5.5 - Replacement of the Bridgehead Atom

Several different analogues of fluorene have been synthesised, using various elements as
the replacement bridgehead atom. These elements are generally from groups Il to VI of the
periodic table. Carbazole, the nitrogen analogue of fluorene, has been known for many
decades, used in the xerographic industry and in recent times has been studied extensively for
use in organic electronic materials. An early example of its use in OLED materials is the
homo-polymer 1.17, published by Leclerc and co-workers.”® Homo-polymer 1.18, linked
through the 2,7-positions, has also been reported by the same group.®’ Both these materials
showed good electroluminescent properties but suffered from poor solubility in common

organic solvents.
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n S
1.18 CBH17
CeH13CeH13 CeH13CgH13 CeH1sCoHis

Dibenzoboroles are rare but known and the small molecule 1.19, synthesised by Tamao
and co-workers shows solvatochromism; the ability for the fluorescence (in solution) to be
turned on or off by changing solvents.”® However, the use of dibenzoboroles is limited due to
the instability of these compounds; material 1.19 was stabilised by the bulky aryl substituent.
Dibenzothiophene-containing co-polymer 1.20 was reported with varying feed ratios of the
dibenzothiophene subunit; ratios of 20% and higher with respect to the fluorene subunit
suppressed g-band emission, but the polymers suffered from low efficiencies and
luminance.®®  Oligomer 1.21, containing dibenzothiophene-S,S-dioxide subunits, was

synthesised by Perepichka et al. and displayed high luminescence efficiencies but very poor

Q Q Cot
1.22

Tanaka and co-workers reported co-polymer 1.22, containing dibenzophosphole and para-

solubility.®

phenylene moieties. The appearance of a g-band was not observed but the inclusion of
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dibenzophosphole had the effect of red-shifting the photoluminescence maximum, resulting
in a green-blue emission.”® There are relatively few examples of dibenzofuran being used in
OLED materials; the small molecule 1.23 was reported by Vecchi et al. as an efficient

charge-transporting host for blue phosphorescent materials.®

While many of these alternative materials have improved annealing / operational colour
stability over poly(fluorene), their emissive properties are generally much poorer in
comparison, often being red-shifted too far to consider their use as blue OLED materials.
Poor solubility is also a common problem; especially with those bridgehead atoms that do not
allow for solubilising substituents to be included. In order for the heteroatom to be a useful
substitute for carbon, it must not be easily oxidised and it must be multivalent for inclusion of
the aforementioned solubilising groups. Increased solubility not only increases the efficacy
of materials but also generally results in a higher M, during polymerisations and hence

greater processability.

Analogues of fluorene which contain heavier group IV elements have been known for
several decades, but their use in blue emitting OLED materials was first reported by Chan et
al. in 2005 and has given rise to one of the most promising systems for stable blue emitters:
poly(dibenzosilole) 1.24.°® This material was shown to be free from g-band emission,
providing stable blue electroluminescence after several hours of annealing at 250 °C. Figure
1.07, taken from this work, shows that devices incorporating poly(dibenzosilole) exhibit very
little change in their fluorescence, even after 12 hours of annealing at 250 °C. It should be
briefly explained that a silole is a five-membered ring consisting of a butadiene moiety
connected to a silicon atom at either end, thus completing the ring. A dibenzosilole therefore,

is a silole with phenyl rings fused to both sides, as in structure 1.24.

34



QIS o

'Si
R R

==/ 260 °C for 12 h 1.24

Photoluminescence (a.u.)

200°C ford h

Z/ 120°C for2h

-
[=]

Pristine

650

Figure 1.07: Photoluminescence spectra of poly(dibenzosilole) with various annealing conditions.®®

The use of poly(dibenzosiloles) is of increasing interest, not only in OLED polymers, but
also in organic field effect transistors (OFETs)®* and organophotovoltaics (OPVs).®® A short
review of conjugated systems with main group element bridgehead atoms and their orbital
interactions has been published by Yamaguchi and Tamao.®® For a recent review of the use of
poly(fluorene), poly(carbazole) and poly(dibenzosilole) derivatives within both white OLEDs

(WOLEDs) and organic photovoltaic (OPV) applications, the reader is directed to the article

published by Beaupré, Boudreault and Leclerc.®’

1.6 — Silole and Dibenzosilole-Based Materials

1.6.1 — Background to Silole and Dibenzosilole Development

The use of siloles as EL materials was first reported in 1996 by Tamao and coworkers.®®

Previous studies, as early as 1967, had shown that siloles have a high electron affinity

compared with cyclopentadienes;®® in fact they are capable of forming tetra-anions, as

described in 1981 by O’Brien and Breeden.”” Therefore it was postulated by Tamao that
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siloles would offer a good alternative to the oxadiazole and triazole structures being utilised
at the time™, since the low-lying LUMO levels would certainly improve the balance of
charge injection through the organic materials. Ab initio calculations of the HOMO and
LUMO energy levels backed up this hypothesis and the devices constructed did indeed have
improved charge transfer but were, however, unsuitable for electroluminescence purposes
due to low luminance efficiencies. The improvements in DFT approximations during the
1990s enabled a modelling of the energy and spatial distribution of the molecular orbitals.
This model predicted that the silole LUMO had unusually low energy due to a highly
favourable interaction between the butadiene n* orbital and the silylene o* orbital.”” (See

Figure 1.08)

Si

of

Figure 1.08: Representation of the calculated frontier molecular orbitals of the silole ring, from ab initio HF/6-31G* calculations.”

Dibenzosilole (or silafluorene) 1.25 is the silicon analogue of fluorene. It was first
reported by Gilman and co-workers in 1955, having been synthesised from 2,2’-
dibromobiphenyl by a double lithiation and ring-closure with dichlorodiphenylsilane. This
material was prepared only as part of an investigation into coupling reactions of silanes and
alkyllithium reagents however, and it was not until 2005 that the first use of this structure was

seen in a polymer for OLED applications.

Ph _Ph CgH17CgH17
O
1.25 1.26
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As discussed in the previous section, Holmes and co-workers reported a silicon analogue
of poly(fluorene); poly(9,9-dioctydibenzosilole) 1.26, in 2005 which showed greatly
enhanced colour stability over poly(fluorene) in its blue light emission.®® ™ This polymer
gave a deep blue photoluminescence (CIE coordinates [0.15, 0.11]) and a simple OLED
device gave electroluminescence maxima at 431 and 451 nm. The energy gap of this material
(3.6 eV) was virtually identical to that of poly(fluorene), whilst the LUMO level of
poly(dibenzosilole) was lowered by approximately 0.1 eV in relation to that of
poly(fluorene); a much smaller effect than that seen in the silole / cyclopentadiene
comparison. The chemical stability, optical properties and material processability of
poly(dibenzosilole)s are generally comparable to those of their fluorene analogues. The
uptake of these materials for use in OLEDs has thus far been limited, perhaps due to the

challenging syntheses of the monomers. Recently, however, they have been used in several

75-76 64, 77

applications including organic photovoltaics, organic field effect transistors and even
sensors for explosive particulates.”®®° These publications will be reviewed in the forthcoming

section.

1.6.2 — Current Developments in Dibenzosilole-Containing Materials
Homo-Polymers and Co-Polymers for OLED Applications

In 2005 Mo et al. synthesised the 3,6-dibenzosilole homo-polymer 1.27 by a nickel-
catalysed coupling reaction (using NiCl, and triphenylphosphine), giving a molecular weight
of 16 kDa (PDI 1.6). The photoluminescence spectrum showed an emission maximum at 355
nm in both solid and solution states (equating to a UV / violet emission). The material was
noted to possess a wide orbital energy gap of approximately 4.0 eV.%* A paper published by

Holmes and co-workers in the same year prepared end-capped homopolymer 1.28 via a
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Suzuki polycondensation.”* The polymer had a molecular weight of 23 kDa (PDI 2.1) and
was highly soluble in common organic solvents. Because of its high energy gap, it was used
as a host material for the iridium guest complex 1.28a within a green emitting PLED device
which displayed low turn-on voltages and complete energy transfer to the guest complex (and
hence emission only from the guest). Chen et al. published the synthesis of methoxy-
substituted dibenzosilole 1.29 in 2006, as a potential monomer material but did not explore its

use within a polymer.%

CH,

CGH13C6H13 C8H1S7ICBH17 @Ij
05, @F Br
1.27 " 1.28 1.28a 2

Cao and co-workers published co-polymer 1.30 in 2006, synthesised from both 3,6-
dibenzosilole and fluorene subunits in varying feed ratios.®® The co-polymer containing 10%
dibenzosilole (m:n = 9:10) gave the best performance from a PLED device, showing greatly
improved colour purity over poly(fluorene) after annealing at 150 °C for one hour. An
emission maximum at 420 nm was recorded in the electroluminescence spectrum (422 and
443 nm in thin film photoluminescence measurements). The device had a high external
efficiency of 3.34% and reasonably low turn-on voltage of 6.7 V. The CIE coordinates were
[0.16, 0.07] giving a high purity blue colour. The luminance efficiency (2.02 cd/A) and
maximum luminance (326 cd/m?) were fairly low however. Mo et al. have recently
published dibenzosilole co-polymer 1.31, containing a triarylamine subunit.** A device was
fabricated and the electroluminescence spectrum showed a narrow emission profile with a
deep blue maximum at 418 nm. The external electroluminescence quantum efficiency was

high, at 1.91%, but no brightness levels or CIE coordinates were reported.
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Perfluorinated Dibenzosiloles

With a view to achieving materials with high electron affinities, Geramita et al. have
published a range of perfluorinated dibenzosilole molecules including 1.32%° and 1.33.% The
alkyne-linked material 1.32, containing perfluorinated phenyl end groups, gave a UV/blue
fluorescence emission, with a maximum at 378 nm, while material 1.33, with phenyl end
groups, displayed a blue / sky blue fluorescence profile with emission maxima at 436 and 457

nm.

Vinylene-Linked Dibenzosilole Co-Polymers

Trogler and co-workers have published several vinylene-linked silole and dibenzosilole
co-polymer materials for use as explosives sensors. Co-polymers 1.34 and 1.35 were
published in 2007 and feature dibenzosilole subunits linked to the polymer chain via the
silicon bridgeheads.”® In the thin film state, polymer 1.34 gave a photoluminescence

emission maximum at 376 nm, while polymer 1.35 gave a blue-green emission with a
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maximum at 492 nm. Both materials gave very low fluorescence quantum yields of 0.04 and
0.02 respectively. Co-polymer 1.36, published by the same group in 2008, incorporates a
spirobifluorene subunit, attached to the dibenzosilole by vinyl linkages through the silicon
centre.” The photoluminescence spectrum revealed a maximum at 470 nm (measured for a
thin film), indicating a blue / sky blue emission. The fluorescence quantum yield was
reported to be 1.00 (All quantum yields in the publications from Trogler and co-workers were

quoted as = 30%, relative to 9,10-diphenylanthracene in toluene).

1.34

Use in Organic Field Effect Transistors (OFETS)

Marks and co-workers have published two co-polymers of dibenzosilole and thiophene
subunits, 1.37 and 1.38.%* 7" The photoluminescence emission maxima were at 488 nm (sky
blue) and 528 nm (green-blue) respectively. Within OFET devices, both co-polymers
showed excellent stability and were found to be p-channel materials; 1.37 showed a moderate
hole mobility of 1.0 x 10 cm? Vs, while 1.38 showed a higher mobility of 6.0 x 10 cm?

vist
CgH47CgH17
1.37 x=1 Si m
1.38 x=2 OO : S X; ]
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Ladder-Type and Bridged Dibenzosilole Analogues

Yamaguchi et al. published the innovative silicon-bridged stilbene structure 1.39,%” which
had a fluorescence emission maximum at 473 nm, with a fluorescence quantum yield of 0.50.
The highly substituted ladder-type material 1.40 was reported by Matsuda et al. and was
synthesised by an iridium-catalysed [2+2+2] cycloaddition reaction.?® No devices were
fabricated but a photoluminescence maximum of 396 nm (in hexane solution) was reported.
The bis-bridged silole 1.41, published by Li et al., gave photoluminescence maxima at 370
and 384 nm (affording a violet / UV emission) and a fluorescence quantum yield of 0.45.%°
In 2009 the same author reported co-polymers 1.42 to 1.45, all of which incorporate the same
bis-bridged silole moiety, along with a variety of linking groups.*® Materials 1.42, 1.43 and
1.44 had photoluminescence maxima (and fluorescence quantum yields) of: 401 nm (0.34),

394 nm (0.51) and 390 nm (0.46) respectively.

Me Me
Me Me Me Me I Phi i :
Me Me Me Me Me Me
1.39 1.40

5% SS0aV
o m

Si

Me Me 1.42 R=

1.41 143 R= fme 1.45 />
<7,
Ph

144 R= “s°s®

/N /\

Vinylene-linked polymer 1.45 displayed a photoluminescence maximum at 418 nm but

had a much lower fluorescence quantum yield (0.02). It was observed that quantum yields
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were higher for the materials containing saturated linker groups (1.43 and 1.44) than for those

with unsaturated linkages (1.42 and 1.45). No devices were fabricated for the study.

Alkyne-Linked Dibenzosiloles

A recent paper by Xu and Li uses a dibenzosilole core in some highly emissive trimetric
materials 1.46-1.48, featuring a methoxy-substituted dibenzosilole core connected via ethyne
linkages to a phenyl end group.®® Devices were not fabricated with the dibenzosiloles, but all
three materials exhibited blue fluorescence with emission maxima between 397 and 421 nm,

with high fluorescence quantum yields (between 0.75 and 0.89).

R2 1.46 R1 = CH3, R2 =H
1.47 R1 = C6H5, R2 =H
1.48 R;=CgHs, R, =CF;

Alternative Architectures

Novel trisilasumarene 1.49 was synthesised by successive intramolecular sila-Friedel-
Crafts reactions by Furakawa.®? The structure may prove to have interesting opto-electronic
properties, but the synthetic route and characterisation only was reported. Spirosilabifluorene
compound 1.50 was reported by Agou and co-workers and shows a fluorescence maximum at

441 nm but a low fluorescence quantum yield of 0.21.%

Silicon-bridged dibenzosiloles 1.51 and 1.52 were reported by Shimizu et al. as part of a
study of the effects of the silicon bridges on photophysical properties of dibenzosiloles.**
Material 1.51, which incorporates two silylene bridgeheads, exhibited a violet emission with

a photoluminescence maximum at 397 nm (fluorescence quantum vyield of 0.26), while
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material 1.52, which incorporates two bridgeheads comprising of silylene and disilylene
groups respectively, exhibited a blue emission (photoluminescence maximum at 450 nm) but

a low fluorescence quantum yield of 0.05.

(CoHs)N N(CzHs),

1.49 ®/ \© Si 1.50
Rassy
(CoHs)N N(CzHs),
\ / \ /
Si Si
o OG-0 OO
S' s .
5 RS

Dithienosiloles

A structural relation of dibenzosilole, which has recently found use in organic photovoltaic
(OPV) applications,™* is dithienosilole. Three examples of the use of these materials in

OLED applications are compounds 1.53, 1.54 and 1.55, which were reported by Ohshita et

al.%’
Q Q i B
R—-P S S P—-R 1 .53 R =Ph Ph—P S S P—Ph
R LT R P N\ J W ] Pn 199
s 1.54 R = naphthyl _
Pl 2
PH Ph PH Ph

All three materials exhibited blue photoluminescence, with emission maxima (and
fluorescence quantum vyields) at 434 nm (0.41), 434 nm (0.43) and 442 nm (0.47)
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respectively, when in a powdered form. Single-layered OLED devices were constructed for
each material, but performance was very poor, with highly red-shifted emissions and very

low maximum luminance (0.6 — 5.4 cd/m?).

For further reading, reviews of dibenzosilole and silole-containing materials have been

published by Wong et al.*® and Chen et al.*®

1.7 — Current Industrial Material Performances

From the display industry, the latest figures released by CDT/Sumitomo® and Dupont***

are highlighted in Table 1.01. It can be seen that lifetimes are already relatively high for
most materials, with green and red emitters firmly in the lead. The majority of OLED
manufacturers seek to achieve high performance materials for all three colours, along with
white for lighting purposes. It is clear that certain materials, such as the green emitter
reported by Dupont or the red solution from CDT listed in this table, are far ahead of the
competition and so it may be that display manufacturers select the requisite OLED materials

from several different sources, choosing the best performing from each group.

Company Dupont CDT/Sumitomo
Colour Red Green Blue Red Green Blue White
Colour (0.68, (0.26, (0.14, | (0.63, (0.29, (0.14, (0.34,
coordinates 0.32) 0.65) 0.12) | 0.37) 0.64) 0.18) 0.39)
Lifetime* 62k 1000k 38k | >200k 80k 18k 8k
Current 13 25 6 30 18 12 12
efficiencyt
Date of information May 2009 May 2008

Table 1.01: Comparison of reported commercial device performances.
[Note: * _ Lifetimes reported as luminance half-life, in hours, operating 1000 cd/m?, 21-22 °C;T = Measured in cd/A]
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Material lifetimes are improving at a very high pace within the industry. This is due in
large part to the increased investment in OLED display research, as the commercial potential

of these materials for the display and lighting industries becomes ever greater.

1.8 — Scope and Aims of Research Project

1.8.1 - Stable Blue Emitters

If the lifetimes and efficiencies of blue OLEDs are to be improved, the balance of charge
injection within working devices needs to be addressed. This can be improved through the
choice of electrode materials and through the use of interlayer materials between the
electrodes and the emissive layer. Another method is to alter the orbital energy gap and
energy levels of the emissive layer itself, to provide lower energy barriers to charge injection.
This is ultimately a more desirable method as it leads to a simpler and thus more cost
effective and reliable device structure; minimizing the possibility of effects such as de-

lamination during device operation.

The incorporation of siloles into conjugated polymers for use as OLED emissive layers is
clearly an attractive method of increasing both electron affinity and hole transporting ability,
whilst lowering the LUMO and improving charge injection at the cathode. On top of these
electronic advantages, there is the chemical advantage that unwanted emission wavelengths
due to oxidations of the bridge-head atoms are not observed, even after prolonged

annealing.®

The main objectives of the research described in this thesis are to further investigate the

use of dibenzosilole subunits within co-polymers for PLED devices and to explore alternative
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silicon-bridged or silicon-containing conjugated materials for the same purpose. The desired
optical properties of the polymers to be investigated are a strong fluorescence emission in the
violet / blue region of the electromagnetic spectrum (380-495 nm). As discussed, this is
already achieved by pristine samples of poly(fluorene), but rapidly degrades to a green /
yellow emission when used in a device. Therefore, structures with good thermal and optical

stability in the desired emission range are crucial for successful device operation.

1.8.2 - Investigation of Dibenzosilole Co-Polymer Materials

Co-polymers with the general structure 1.56 will be investigated, using a systematic
approach in altering both the linking positions of the dibenzosilole subunit and the co-
monomer used. The physical and optoelectronic properties of the materials will be studied,
with a view to correlating these properties with the structural features within the various co-
polymer backbones. The ‘tuning’ of energy levels and energy gaps by co-polymerisation will

be of particular interest.

Conjugated
\ / \ / comonomer

n
CBH17 C8H17

1.8.3 - Investigation of Silicon-Containing Materials with Alternative Architectures

Alongside the dibenzosilole co-polymers being investigated in Chapter 2, silicon-
containing structures which allow the possibility of conjugated polymers linked through
silicon centres within each repeat unit will be explored. This is an attractive possibility as it
enables through-conjugation whilst removing vulnerable bridgehead carbon linkages and

would make use of the inherent electron affinity of silicon to realise enhanced transport
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properties within the emissive layer.  The general target subunit structures are

disilaanthracene 1.57 and spirosilabifluorene 1.58.

R\SiR 1.57 1.58
R

The electronic and optical properties of the conjugated polymers or oligomers will be
thoroughly investigated in order to establish their suitability for use within OLEDs. It will
also be useful to try to gain insights into the structure-function relationship of these systems,
especially with regards to the conjugation effects through silicon in various bridging
situations. These materials will be explored in Chapter 3, in which there is a comprehensive
review of the background of this field of chemistry, along with the proposed target structures

and rationale for their design.
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2.1 — Introduction and Target Materials

As mentioned in the introduction, it will be the focus of this chapter to explore the tuning
of the HOMO and LUMO energies (and consequently the energy gap) of a series of new
conjugated co-polymers for use as the emissive layer material within PLEDs. These co-
polymers will be formed from two different dibenzosilole subunits, along with various
dibromo-substituted co-monomer moieties, using Suzuki coupling reactions. The tuning

effects will be explored in two different ways:

1) By altering the co-monomer, to introduce electron-transporting or hole-transporting
subunits into the polymer backbone.
2) By altering the coupling positions on the dibenzosilole subunit; linking the conjugated

backbone either through the <3,6-’ or the ‘2,7-’ positions (See Figure 2.01).

3 4 5 6
Q) Q2
s e si s
R R R R R R
3,6- 2,7-

Figure 2.01: Carbon-numbering scheme for dibenzosilole and the coupling positions used in dibenzosilole monomers.

Four different co-monomers have been selected for use within the proposed series of
dibenzosilole co-polymers; two which possess electron-transporting characteristics, two with
hole-transporting characteristics. The resulting eight co-polymer materials, four with 3,6-
linked dibenzosiloles and four with 2,7-linked dibenzosiloles, will then be compared and
contrasted in their optoelectronic and photophysical characteristics, in order to draw
conclusions regarding the effects that the various linkage positions and structural moieties

have had on the aforementioned energy levels (Figure 2.02).
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Figure 2.02: Diagram showing the general structure of the eight dibenzosilole co-polymers.

The co-monomers selected for their electron-transporting properties are both based on 5-
membered nitrogen heterocycles. Previous studies have shown that oxadiazole subunits
within conjugated polymers have enhanced electron-transporting properties due to the high
electron affinity of oxadiazole.! Triazole subunits are also reported to possess an enhanced
electron affinity, but studies on their use in polymers is limited.> Therefore monomers 2.01

and 2.02 (Figure 2.03) will be synthesised and used accordingly in the planned co-polymers.

Electron-transporting Hole-transporting

N N
2.01 2.02 203 G, /@ \©\
OCgH47 Br Br

Figure 2.03: Hole-transporting and electron-transporting monomers selected for co-polymerisation with dibenzosilole.

Triazoles have an advantage over oxadiazoles in that there is an opportunity to enhance
the monomer solubility (and subsequently co-polymer solubility) through functionalisation of
the single bridging nitrogen with a solubilising moiety. To this effect, triazole monomer 2.02
has a side-group containing an octyl chain for enhanced solubility. The hole-transporting
monomers will consist of carbazole 2.03, a widely reported monomer used in both homo- and

co-polymers for OLEDs,® and triarylamine 2.04 (Figure 2.03). Although there are many
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literature examples of other triarylamines, this particular example is currently unpublished, as
far as the author is aware. The experimental procedure for the preparation of the triarylamine

2.04 was kindly provided by Dr Scott Watkins (CSIRO, Australia).

2.2 — Synthesis of Silole Monomers and Optimisation of Synthetic Route

2.2.1 - 2,7-Linked Dibenzosilole Monomer

Synthesis of the dibenzosilole monomer 2.10 was performed following the route reported
by Holmes and co-workers,* with particular emphasis on modifications to improve the
yields. Scheme 2.01 shows the reported synthetic route, along with the reaction conditions

previously employed.

NO,
(ii)
e e e e e
2.05 2.06 O)N 2.07 HoN
V) y (i)
2.10 ‘ !
% % ““
Br Br<«— Br O O Br
Si
C8H17 C8H17 C8H17 CSH17 2.09 2-08 |

Scheme 2.01: Synthetic route to 2,7-linked dibenzosilole monomers.
[Conditions: (i) Cu, DMF, 125 °C, 3 h, 79%; (ii) Sn, HCI, EtOH, 100 °C, 2 h, 92%; (iii) Nitrosylsulphuric acid, conc. H,SO4, 0 °C, 1 h

then KI, -10 °C to 50 °C, 2 h, 15%; (iv) t-BuLi, Si(CsH17).Cl,, -90 °C, 81%; (v) t-BuLi, 2-isopropoxy-4,4°,5,5’-tetramethyl-1,3,2-
dioxaboralane, -78 °C, 57%]

2,5-Dibromonitrobenzene was coupled using Ullmann conditions to give biphenyl 2.06 in
79% vyield. This product was subsequently reduced with tin powder and HCI to afford the
diamine 2.07 in up to 92% yield. The diazotization and subsequent Sandmeyer iodination of

diamine 2.07 to afford diiodide 2.08 was generally very low yielding (a maximum yield of
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20% was achieved using the previously reported nitrosylsulphuric acid and conc. H,SO,4
conditions) and proved to be a major bottleneck in the monomer synthesis. Therefore, this
step was targeted for a series of investigations as an attempt to improve the yield. It is
believed that the poor yield of this step is due to the formation of a cyclic iodonium ion 2.11

during the reaction (Scheme 2.02).>”

NH, ®N=N
ﬂ ) — ﬂ Ve

HoN N=N@

19 '

| @
<—— Br Br =—
2.11 Br O O Br

N=N D
®

Scheme 2.02: Likely mechanism of cyclic iodonium ion formation.®

Alternative conditions which employed KNO,, DMSO and HI® gave no product, while the
use of isoamyl nitrite as the nitrating agent and diiodomethane as both solvent and iodide
source® gave slightly improved results (~25%). A much more successful strategy was to use
a modification of classical diazotization conditions (HCI, NaNO,, KI). The dilution of the
reaction mixture was greatly increased and the addition of acetonitrile ensured the solubility
of reagents and intermediates during the reaction. By careful control of reaction temperature,
the yield of this reaction was increased to 58% and consistent results were achieved on scales
ranging from 500 mg to 15 g; larger scale reactions gave reduced vyields, due to
inhomogeneous mixing and poor temperature control. This is a valuable improvement in the
synthesis of dibenzosilole monomers, giving both a more reliable diazotisation step and much

higher overall yields — making the large scale synthesis more viable (Scheme 2.03).
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Scheme 2.03: Diazotisation and subsequent iodination.

[Conditions: (i) HCI, H,0, MeCN, NaNO,, -10 °C, 1 h; (ii) KI, H,0, -15 °C to 80 °C, 16 h, 58%]

The formation of dibenzosilole 2.09 from diiodide 2.08 proceeded via a selective double
halogen-lithium exchange at the 2,2’-positions of the biphenyl. The reaction was carried out
at -90 °C to ensure selectivity between the two different halogen atoms, leading to lithiation
of the iodine substituents only. The dilithiated intermediate species was treated with a di-n-
alkyldichlorosilane to afford the ring-closed dibenzosilole product. Due to low availability of
the required di-n-octyldichlorosilane, in the first instance the silole monomer 2.12 was
synthesised in 75% yield, using dimethyldichlorosilane to perform the ring closure. It was
hoped that the methyl substituents could be replaced with longer alkyl chains, following the
procedure reported by Ishikawa et al.’® (Scheme 2.04). However, the low solubility of
dibenzosilole 2.12 resulted in low yields (~30%) of the monomer 2.13 and complicated

purification.

aﬁ 2

" 2.08 /\ 212 /\ 213

(i) ‘
CGH1306H13

Scheme 2.04: Synthesis of methyl-substituted dibenzosilole monomer and subsequent attempt at transmetallation.

[Conditions: (i) t-BuLi, Si(CHs),Cl,, -90 °C, 75%; (ii) t-BuL.i, 2-isopropoxy-4,4°,5,5’-tetramethyl-1,3,2-dioxaboralane, -78 °C, 30%;
(i) Hexyllithium, THF, -78 °C to RT]
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The transmetallation of dibenzosilole, to effect a substitution of the bridgehead alkyl
chains, has been proposed to proceed via a five-coordinate silicon intermediate (Scheme
2.05). Attempts at substituting the bridgehead methyl groups of monomer 2.13 with hexyl-
chains, using hexyllithium at -78 °C gave a mixture of compounds. Isolation of the mono-
and di-substituted products by column chromatography proved to be highly challenging and

none of the desired product 2.14 was observed.

Me Me
5% Yoo

Me\ ,R

Scheme 2.05: Possible reaction mechanism for alkyl substitution at silicon bridgehead.*

o ®
R Li

A commercial source of di-n-octyldichlorosilane was later found and the original synthetic
route was used to afford dibenzosilole 2.09 in 81% vyield. The final step to the monomer is
the borylation of the dibenzosilole 2.10, using t-butyllithium and 2-isopropoxy-4,4°,5,5’-
tetramethyl-1,3,2-dioxaboralane — a common reagent in synthesis of monomers for Suzuki
coupling reactions. Yields were generally around 60% after purification by recrystallisation

from isopropyl alcohol (Scheme 2.01). The overall yield of monomer 2.10 was around 20%.

2.2.2 — 3,6-Linked Dibenzosilole Monomers
The synthetic route to dibenzosilole monomer 2.19 was published in 2005 by Holmes and

co-workers'! and is shown in Scheme 2.07. The starting material was formed by a homo-
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coupling of o-dibromobenzene with 0.5 eq. of n-butyllithium, which proceeded smoothly to
afford biaryl 2.15 in 60% vyield. This reaction was originally reported in 1957 by Gillman
and Gaj and it was originally postulated that a benzyne intermediate is involved in the
reaction.'? This theory has subsequently been vouchsafed by a study published by Leroux and

Schlosser.™ (Scheme 2.06)

LiC4Hg BrC4H
Br 49 rafo Br

S SRVl R IR,
| |
o o ¥

00

215 Li

Scheme 2.06: Benzyne mechanism for homo-coupling of o-dibromobenzene, as proposed by Leroux et al.*®

Dibromide 2.15 was reacted with n-butyllithium and the lithiated intermediate was treated
with a solution of iodine in diethyl ether to form diiodide 2.16 in 64% vyield. The
bromination of diiodide 2.17 was achieved with iron powder and bromine in carbon
tetrachloride, in a 39% yield. The reaction was also attempted with chloroform as solvent,
but no product was observed after 2 days at 50 °C. Compound 2.17 was treated with t-
butyllithium and di-n-octyldichlorosilane at -90 °C, as in the previous monomer synthesis, to
give dibenzosilole 2.18 in 49% yield. This compound was then reacted with t-butyllithium
and 2-isopropoxy-4,4’,5,5’-tetramethyl-1,3,2-dioxaboralane to afford the 3,6-linked monomer

2.19 in 30% yield.
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Scheme 2.07: Synthetic route to 3,6-linked dibenzosilole monomer.**

[Conditions: (i) n-BuLi, Et,0, -78 °C to RT, 16 h then I,, Et,0, 0 °C to RT, 4 h, 64%; (ii) Fe powder, CCly, Br, 50 °C 16 h, 39%; (iii)
t-BuLi, Si(CgH17).Cl,, -90 °C to RT, 49%; (iv) t-BuL.i, 2-isopropoxy-4,4°,5,5’-tetramethyl-1,3,2-dioxaboralane, -78 °C to RT, 30%]
The purification of monomer 2.19 was particularly troublesome. Recrystallisation was the
only suitable option, as attempted purification by chromatography on silica, alumina or
florisil either resulted in decomposition of the product, or failure to separate the by-products.
The crude product was a light-yellow oil. Repeated attempts at trituration, vacuum
distillation and sublimation failed, but after several days crystallisation occurred and
subsequent recrystallisations from ethanol were trivial. This accounts for the low yield of

recovered material; the overall yield for monomer 2.19 was only 2%.

2.3 — Synthesis of Co-Monomers

2.3.1 — Triarylamine Monomer

The synthesis of monomer 2.04 was achieved in a one-step process, utilising the ligand-
catalysed Ullmann condensation as reported by Goodbrand and Hu.'*** 1,10-Phenanthroline
monohydrate and copper chloride were used as the catalyst system to couple one equivalent
of 4-sec-butylaniline with two equivalents of 4-bromoiodobenzene. No optimisation of the
reaction was carried out, but a modest of yield of 33% of triarylamine 2.04 was recovered

after extensive purification by column chromatography and recrystallisation.  4-sec-
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Butylaniline was used, as the butyl chain should enhance solubility of both the monomer and

subsequent polymers (Scheme 2.08).

2. /©/ + - 2.04
Br (i) N
JOR D!
Br Br

14-15

Scheme 2.08: Ligand-catalysed Ullmann coupling to form triarylamine monomer.

[Conditions: (i) CuCl, 1,10-phenanthroline monohydrate, KOH, toluene, reflux 16 h, Ny, 33%]

After several recrystallisations from isopropyl alcohol the product crystals were of
sufficient quality to obtain an X-ray crystal structure which is included, along with the
refinement data, in the Appendices Chapter, Section 5.1. The starting material 4-sec-
butylaniline is a chiral amine, supplied as a racemic mixture. Since no resolution is applied
during the monomer synthesis, both enantiomers are present in the crystals, as illustrated in

the X-ray structures shown in Figure 5.01.

2.3.2 — Carbazole Monomer

Synthesis of the known carbazole monomer 2.03 was carried out using a literature
procedure,'® with some minor modification to the conditions employed. 9H-Carbazole was
treated with 1-bromooctane under basic conditions, using tetrabutylammonium bromide as a
phase transfer catalyst, to afford carbazole 2.20 in 72% yield after purification by column
chromatography. The bromination of 2.20 was realised by the use of N-bromosuccinimide in

THF, at room temperature for 16 hours, to yield monomer 2.03 in 81% yield. (Scheme 2.09)
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Scheme 2.09: Synthesis of the carbazole monomer.

[Conditions: (i) EtsNBr, 1-bromooctane, toluene, ag. NaOH, 70 °C 16 h, N, 72%; (ii) NBS, THF, 0°C to RT 16 h, 81%]

2.3.3 — Oxadiazole Monomer

The synthetic route to oxadiazole monomer 2.01 follows well-established literature routes;
reaction of a 1,2-diaroylhydrazine with phosphorus oxychloride to give a 1,3,4-oxadiazole
was first reported in 1955 by Hayes et al.!” The condensation reaction of 3-bromobenzoyl
chloride with hydrazine monohydrate afforded hydrazine intermediate 2.21 in 78% Yyield.
This procedure was adapted from that reported by Chen et al for condensation of 4-
bromobenzoyl chloride.® Treatment of this hydrazine with phosphorous oxychloride gave

oxadiazole 2.01 in 88% yield (Scheme 2.10).

O @)
Br 0 e N
Cl - N~ Br 2.21
H
O
l (ii)
N—N
Br AR Br
O 2.01
Scheme 2.10: Synthesis of 1,3,4-oxadiazole monomer.

[Conditions: (i) N-methyl-2-pyrrolidinone, N,H4.H,O, 0 °C to RT 16 h, N,, 78%; (ii) POCIs;, 130°C, 7 h, N,, 88%0]

2.3.4 — Triazole Monomer
The synthetic route to triazole monomer 2.02 follows that reported by Chen.’® The

hydrazine intermediate 2.21, which was synthesised in the route to oxadiazole 2.01, is used as
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the starting material. Treatment of this compound with phosphorous pentachloride in toluene
yields the hydrazine 2.22. However, it was found that a large proportion of oxadiazole 2.01
was also formed (approx. 1:3 ratio of oxadiazole : hydrazine). A search of the literature
revealed that this reaction was first reported as early as 1906 and that the paper indeed
mentions formation of the two products observed.* It was found that additional quantities of
phosphorus pentachloride and an extended reaction time transformed the undesired
oxadiazole component into hydrazine 2.22, but overall yields were low (~20%). Reaction of
hydrazine 2.22 with 4-octyloxyaniline in N,N-dimethylaniline, followed by treatment with

HCI, afforded 1,3,4-triazole monomer 2.02 in 66% yield. (Scheme 2.11)

2 (i cl
Br\©)J\H,N Br —_ Br\©)\\N,N\ Br
O 221 Cl 222
N—N
Br R Br i
N -
2.02

H,N—_)-OCgHi7

OCgH47

Scheme 2.11: Synthesis of 1,3,4-triazole monomer.
[Conditions: (i) PCls, toluene, reflux, 16 h, 18%; (ii) N,N-dimethylaniline, 135 °C, 48 h, 66%0]

After several recrystallisations from isopropyl alcohol, crystals of 2.02 were formed in
sufficient purity to obtain an X-ray crystal structure. Both structure and refinement data are
included in the Appendices Chapter, Section 5.2. The structure is remarkably ordered, with
virtually no disorder of the octyl chain (see Figure 5.02). This could be relevant for inter-

chain packing scenarios once the monomer is incorporated into a co-polymer.
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2.4 — Synthesis and Characterization of Dibenzosilole Co-Polymers

2.4.1 — Synthesis of Co-Polymers using Suzuki Polycondensation Reactions

A series of eight novel co-polymers were synthesised using ‘AA-BB’ Suzuki coupling
methodology. Reaction conditions were identical for each co-polymer and reaction scales
were kept equivalent, within the two groups containing different dibenzosilole monomers.
Monomers were added in a 1:1 stoichiometric feed ratio. Palladium (II) acetate was used as
the catalyst, along with tricyclohexylphosphonium tetrafluoroborate as the co-catalyst. A
biphasic mixture of toluene and 20% aqg. tetraethylammonium hydroxide was used and the
reactions were stirred vigorously under nitrogen at 110 °C. The tetrafluoroborate salt was
used instead of the conventional phosphine solution, as it is air stable which enables reagents
to be weighed out much more conveniently and accurately. These reagents have been shown
to be very good replacements for conventional air-sensitive phosphines, and performance in

Suzuki polymerisations is generally identical®® (Scheme 2.12).

ﬁ» @_Q//B ﬁ j: : 6 Silole Comonomer

C8H17 CSH17
+ L (if)

Silole Comonomer

Scheme 2.12: General reaction scheme for Suzuki polycondensations.

[Conditions: (i) 2 mol% Pd(I1)(OACc),, 8 mol% [(CeH11)sPH] BF,, 20% ag. (CoHs);,NOH, 110 °C 48 h, Nj; (ii) bromobenzene, 2
mol% Pd(I1)(OAc),, 8 mol% [(CsH11)sPH] BF4, 110 °C 16 h, Ny; (iii) phenyboronic acid, 2 mol% Pd(I1)(OAc),, 8 mol% [(CsH11)sPH]
BF,4, 110 °C 16 h, N;]



End-capping of the polymer chains was achieved in two steps, firstly by addition of
bromobenzene to the reaction mixture in order to couple with the boronic ester end group,
then by addition of phenylboronic acid in order to couple with the bromo-terminated chain
ends. In both of these steps, fresh catalyst and co-catalyst was also added. The workup and
purification of the co-polymers was performed by precipitation into methanol, followed by
filtration through Celite and silica plugs, then a further precipitation into methanol. The
polymer fibres were then filtered and rigorously dried under high vacuum. Figure 2.04

shows the eight different co-polymers synthesised using the outlined conditions.

CsH17\ ,CsH17

0 @,
O OO 2.23

CsH17\ /C8H17 CsH17

CsH17\ /C8H17

-
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CsH17 C8H17
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Figure 2.04: Alternating co-polymers synthesised with Suzuki polycondensation methodology.
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2.4.2 — Analysis of Co-polymers

Some of the physical properties of the co-polymers are summarised in Table 2.01. The
yields of the co-polymers are all reasonably high, ranging from 88% to 96%, showing that the
samples were not fractionated during work-up and filtration. However the molecular weights
are universally very low, particularly for co-polymers containing the oxadiazole and
carbazole monomers. The polydispersity indices (PDI), determined by GPC and defined as
Mw/M,, were reasonably low for all samples, which is unsurprising given the low molecular
weights and hence lessened scope for a wide variety of chain lengths or degrees of

polymerisation.

Co-polymer 2.23 2.24 2.25 2.26 2.27 2.28 2.29 2.30
Silole used 3,6 3,6 3,6 3,6 2,7 2,7 2,7 2,7

Co- iaryl- iaryl-
Carbazole Oxadiazole Triazole Tr|a'ryl Carbazole  Oxadiazole Triazole Trla.ryl
monomer amine amine

Yield 96% 89% 94% 92% 96% 88% 91% 92%
M, 4800 3300 6900 8000 3400 4000 6700 5700

GDZS: M,, 6600 5600 10500 10700 5500 4700 12200 11700
PDI 1.38 1.7 1.52 1.34 l1.61 1.19 1.82 2.05

DSCt Tg/°C 76 90 107 84 87 67 111 90

TGAY T4/°C 343 380 363 328 185 347 332 353

Table 2.01: Physical properties of co-polymers 2.23-2.30.

[Note: Abbreviations used: 2,7 = monomer 2.10; 3,6 = monomer 2.18; M, , My, = number average, weight average molecular
weights; PDI = polydispersity index; T4 = glass transition temp.; T4 = decomposition temp. * - GPC data measured using mixed D
columns, THF eluent and poly(styrene) calibrant; *- Using scan rate of 40 °C /min. Three cycles recorded. Average value given; # -
Decomposition temp., as indicated by 5% weight loss. Scan rate of 10 °C /min]

The GPC analysis of co-polymers 2.28, 2.23, 2.25 and 2.26 exhibited bimodal (and even
trimodal) distributions within the detector response vs. retention time traces. The cause of
this has not been confirmed. Table 2.01 lists only the highest molecular weight peaks; the
full details can be found in the experimental data. The GPC trace of co-polymers 2.23

(bimodal) and 2.30 (unimodal) are included in the Appendices Chapter, Section 5.3 as an

example (see Figure 5.03). Possible causes of these distributions are:
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1) Palladium (I1) mediated homo-coupling of the boronic esters (dibenzosilole monomer
2.10 or 2.18) to give a dibenzosilole homo-polymer as a by-product.?%?
2) Poor solubility of the polymer in the GPC mobile phase (THF), which could lead to

partial crystallisation and extended retention of material on the column.

3) The formation of macrocycles, giving rise to well defined mono-disperse species.

Homo-coupling of the boronic esters 2.10 or 2.18 is unlikely, as the elemental analyses for
co-polymers 2.23, 2.24 and 2.28 are all very close to the expected values for an alternating
copolymer; a homo-coupling would lead to a large discrepancy in the weight percentage of
nitrogen. Poor solubility on the GPC columns is also unlikely, as the co-polymers were all
readily dissolved in THF at room temperature. The most likely explanation is therefore the
formation of macrocycles during polymerisation. This phenomenon is often observed in
polymerisations, especially with substrates which introduce a twist into the growing polymer
chain. On consideration of the materials seen to have bi/trimodal distributions, these are

indeed the more twisted structures, featuring the 3,6-linked dibenzosilole subunit.

2.5 — Comparison of UV Spectra and Conclusions Regarding Backbone Conjugation

The UV-visible absorption spectra for co-polymers 2.23 to 2.30 were recorded in
chloroform solutions and are displayed in Figure 2.05. When comparing the absorption
maxima and onset wavelengths of the four co-polymers containing 2,7-linked dibenzosilole
monomers to those of their counterparts, there is a clear hypsochromic shift from 2,7-linked

to 3,6-linked co-polymers.
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Figure 2.05: UV-visible absorption spectra of co-polymers. Recorded in CHCI; solution and intensity-normalised.

The optically determined energy gap between the frontier molecular orbitals of the co-
polymers can be calculated from the UV-vis spectra by two methods: either by using the
approximated onset wavelength of the absorption (0>0 band edge) or by using the cross-
over point when comparing normalised UV-vis and PL spectra (vide infra).  The ‘onset’
method is more reliable, since it does not vary with spectrometer configurations; the
‘crossover’ method depends on the conditions used for recording the PL spectrum (slit width,
etc). Therefore the onset measurements will be used when making comparisons and for

calculations of orbital energy gaps.

Table 2.02 summarises the absorption maxima, UV-Vis / PL crossover and absorption
onset wavelengths for each of the co-polymers. Within each of these datasets, the differences
in wavelength between dibenzosilole linkage positions are shown for each co-monomer,
along with the resulting change in frontier orbital energy gap (AEg). From this data it can be
seen that co-polymers containing triarylamine (2.26 and 2.30) and carbazole (2.23 and 2.27)

subunits have higher absorption onset wavelengths and consequently smaller energy gaps,
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implying a greater degree of conjugation within these polymers. When considering the
difference in optical energy gap (AEy) observed when the dibenzosilole is linked through
‘2,7°- or ‘3,6’-positions, the data (onset method) shows an increase with co-monomer in the

order: triarylamine < carbazole < oxadiazole < triazole.

Wavelength A /nm AE
Measurement Co-monomer 2,7-Dibenzosilole 3,6-Dibenzosilole / /e\7
(Eg/eV) (Eg/eV)
Triarylamine 2.30: 390 2.26: 353 37 -
Absorption Carbazole 2.27:353 2.23: 296 57 -
Maximum Triazole 2.29: 326 2.25: 268 58 -
Oxadiazole 2.28: 320 2.24: 268 52 -
Triarylamine 2.30: 419 2.26: 394 25 0.19
Uv-vis / PL Carbazole 2.27: 395 2.23: 362 33 0.29
crossover Triazole 2.29: 366 2.25: 329 37 0.38
Oxadiazole 2.28:372 2.24: 329 43 0.44
Triarylamine 2.30: 428 (2.90) 2.26: 400 (3.10) 28 0.20
Carbazole 2.27: 398 (3.12) 2.23: 366 (3.39) 32 0.27
UV-vis onset
Oxadiazole 2.28: 364 (3.41) 2.24: 328 (3.78) 36 0.37
Triazole 2.29: 364 (3.41) 2.25: 312 (3.97) 52 0.56

Table 2.02: Summary of UV-vis absorption onset wavelengths and UV-vis /PL cross-over wavelengths of co-polymers 2.23 to 2.30,
along with calculated differences in wavelengths and energy gap energy.

ggs]t)reviations used: PL = Photoluminescence; E, = energy gap energy A X = difference in wavelength; A E, = difference in energy

An average wavelength difference, between the energy gaps of the 2,7- and 3.6-
dibenzosilole co-polymers, of 35 nm (0.33 eV) is obtained using the ‘crossover’ method,
compared with an average difference of 37 nm (0.35 eV) using the ‘onset’ values. For a
demonstration of the calculation methods used for finding the absorption onset values and
cross-over values, examples can be found in the Appendices Chapter, Section 5.4. The reader
is referred to Figure 5.04 and Table 5.01 for an example of the calculations involved in
finding the UV-Vis absorption onset and to Figure 5.05 and Table 5.02 for an example of the

method for finding the cross-over value.
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The differences in the energy gaps (and hence changes in effective conjugation) for the
2,7- and 3,6-dibenzosilole co-polymers can be rationalised by considering the maximum
number of conjugated para-phenylene units within each polymer backbone. Only para-
linked phenylene units can be considered to be conjugated, as the conjugation through meta-
linkages is too small to be of consequence. As a direct consequence of this fact, the 3,6-
linked systems are always less conjugated than their 2,7-linked counterparts and therefore

have larger energy gaps and smaller UV-Vis absorption onset wavelengths.

Figure 2.06 shows a ‘cartoon’ depiction of a short chain of each of the eight co-polymers,
arranged by co-monomer and dibenzosilole monomer used. Maximum lengths of
conjugation (through para-phenylene units) are highlighted in blue, while possible

conjugation through other subunits is highlighted in purple.

Within the triarylamine-containing co-polymers 2.26 and 2.30, overlap between the aryl zt-
system with the p-orbital of the nitrogen atom leads to a high degree of conjugation along
both of these polymer backbones (highlighted in purple). In the case of 2.30, the length of
conjugation is essentially ‘non-limited’ in theory (although in reality, steric interactions may
limit this conjugation length, by causing rotational distortions and diminishing the orbital
overlap). The backbone of co-polymer 2.26 contains meta-linkages however, which limit the
possible length of conjugation to either 2 or 5 phenylene units (highlighted in blue). Since
the change in orbital energy gap between these two systems is not particularly large, it can be
inferred that the effective conjugation length in polymer 2.30 is therefore slightly longer than
5 phenylene units. The increased conjugation in these polymers leads to a decreased energy
gap and an increased UV-Vis absorption onset wavelength (the highest amongst the eight co-

polymers).

71



When considering the carbazole-containing systems 2.23 and 2.27, some degree of
conjugation is expected to exist (as with the triarylamines) between the aryl n-system and
nitrogen p-orbital.*® % Since the UV-Vis absorption onset wavelength of 2.27 is within 2 nm
of that of co-polymer 2.26, the effective conjugation of the (theoretically non-limited) co-
polymer 2.27 must also be around 5 phenylene units. This indicates that the extent of
conjugation through a 3,6-linked carbazole subunit is lower than that though a triarylamine

subunit. Accordingly, the onset wavelengths are lower for carbazole-containing co-polymers.

When considering the oxadiazole- and triazole-containing co-polymers, it can be seen
from Figure 2.06 that 2.28 and 2.29 both have maximum conjugation lengths of 3* and 4
units (where * denotes an unknown extent of conjugation over the triazole/oxadiazole 5-
membered rings). The maximum conjugation length for both materials is therefore predicted
to be the same 4-unit stretch along the dibenzosilole subunit. This postulation is supported by
identical UV-Vis onset wavelengths for each material, with a value of 364 nm (giving an
energy gap of 3.41 eV). The 3,6-linked co-polymers 2.24 and 2.25 do not have the same 4-
unit maximum conjugation lengths, as the linkages are now ‘meta’; the oxadiazole/triazole
subunits must therefore be the maximum conjugation lengths (3* units). Since the onset
wavelength is lower for 2.25 than for 2.24, it can be concluded that the oxadiazole subunit is

more highly conjugated than the triazole subunit.

In general, the 3,6-linked dibenzosilole co-polymers have lowered frontier orbital energy
gaps, as a consequence of the diminished conjugation due to meta-linkages. The difference
in energy gaps between the 2,7-linked and 3,6-linked systems, AEy, is smaller for the
triarylamine and carbazole-containing materials because the interaction of phenylene =-

orbitals with nitrogen p-orbitals leads to increased conjugation for both 2,7- and 3,6-linked
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systems. As a final observation, the energy gap of co-polymer 2.23 (3.39 eV) is almost
identical to that of co-polymers 2.28 and 2.29 (3.41 eV). This suggests that the longest
conjugation length in 2.23 (the 4-unit carbazole-containing moiety) is equivalent, in energy
gap terms, to the longest conjugation length in 2.28 and 2.29; the 4-unit dibenzosilole-

containing subunit.

2,7-Linked E, Difference (eV) 3,6-Linked

2.30 - Non-limitedt* 2.26 — 2 & 5* units C,;anz,H.7

0D
bg 020 ) 0
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CgH17CaHyy CgHy7CaHyy CgHy7CaHyy

2.24 - 2 & 3* units
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CyHy;CaH7 Sn

§ O -
&0, 6P Coang
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Figure 2.06: Cartoon depiction of maximum conjugation lengths within co-polymer backbones.

[Note: f - May not be unlimited due to steric-induced distortional effects; * - denotes an extended conjugation, which may not have
the same strength as a biphenyl subunit]

73



2.6 — Measurement of HOMO / LUMO Energy Levels and Photoluminescence Spectra

2.6.1 — Cyclic Voltammetry Measurements

Cyclic voltammetry was conducted on all eight co-polymers, having spin-cast the
materials onto a glass-carbon working electrode. A platinum wire counter electrode and Ag
/AgQCI pseudo reference electrode were immersed, along with the working electrode, in a
solution of 0.1 M tetrabutylammonium perchlorate in acetonitrile under a blanket of argon.
Measurements were calibrated using a ferrocene / ferrocenium couple as an internal standard.
The energy levels were then determined in the same manner as described by Thelakkat et

al.** The results of these measurements are displayed in Table 2.03.

Oxidation Reduction

Co-polymer Dibenzosilole Co-monomer Potential HOMO Potential LUMO
(eV) (eV)
(V) (V)

223 % 3,6 Carbazole 0.72 -5.52 & &
2.24 3,6 Oxadiazole * * * *
2.25 3,6 Triazole 3 3 3 e

2.26 & 3,6 Triarylamine 0.53 -5.33 * *
2.27 2,7 Carbazole 0.68 -5.48 t &
2.28 2,7 Oxadiazole * * * *
2.29 2,7 Triazole t t t &

230t 2,7 Triarylamine 0.56 -5.36 * *

Table 2.03: Cyclic voltammetry data obtained from reduction and oxidation sweeps performed on spin-cast thin films.

[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon. Oxidation sweeps performed at 1000mV /s and used to

calculate HOMO; reduction sweeps performed at 100 mV /s for LUMO measurement; T = non reproducible, ¥ = non reproducible,
new peak appearing; * = not observed]

Co-polymers containing triazole subunits (2.25 and 2.29) and oxadiazole subunits (2.24
and 2.28) gave no observable reduction or oxidation responses. Co-polymers containing
carbazole and triarylamine subunits gave a clear oxidation (HOMO) response, but both were
irreversible (see the Appendices Chapter, Section 5.5: Figure 5.06). Interestingly, the

oxidation waves observed for co-polymers 2.23, 2.26 and 2.30 were non-reproducible.
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For co-polymer 2.30, the response at 0.62 V becomes weaker with successive cycles,
which could be due to dissolution of the sample from the working electrode surface, or to
electro-decomposition to a redox-inactive species (Figure 2.07). For co-polymer samples
2.23 and 2.26 the waves were also non-reproducible. But in these cases, while the original
peak decreases in intensity, a new peak is observed to increase in intensity during progressive
sweeps.
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Figure 2.07: Cyclic voltammogram showing oxidation sweeps for co-polymer 2.30 on spin-coated thin film.

[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon. Oxidation sweeps performed at 1000mV /s and used to
calculate HOMO]
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Figure 2.08: Cyclic voltammogram showing oxidation sweeps for co-polymer 2.23 on spin-coated thin film.

[Note: Glass-carbon working electrode. Ag /AgCl pseudo reference electrode, platinum wire counter electrode, 0.1 M
tetrabutylammonium perchlorate in acetonitrile, under a blanket of argon. Oxidation sweeps performed at 1000mV /s and used to
calculate HOMOQO]

75



The oxidation response for co-polymer 2.26 at 0.62 V decreases, while the shoulder at
0.50 V increases (see Appendices Chapter, Section 5.5: Figure 5.07); for co-polymer 2.23 the
peak at 0.90 V decreases while the shoulder at 0.70 V increases - Figure 2.08). This would
indicate that an electrochemical reaction is taking place for these two co-polymers during the
oxidation sweeps. It is only the materials containing 3,6-linked dibenzosilole and a hole-

transporting subunit (carbazole or triarylamine) which show irreproducible oxidations.

2.6.2 — Photoluminescence Spectra

The co-polymers were spin-coated onto quartz plates and photoluminescence spectra of
the thin films were measured. Figure 2.9 shows the spectra obtained. Dotted lines represent
the 3,6-linked co-polymers, while the solid lines in the same colours represent their 2,7-
linked counterparts. The majority of spectra display multiple emission maxima. This is due
to multiple vibrational excitation states for the co-polymers. Most of the samples emit in the
violet-blue region of the visible spectrum (shown along the top edge of the graph for
reference), however the largest emission maxima for co-polymers 2.23, 2.24 and 2.25 lie
within the UV region (with 2.23 and 2.24 having large shoulder peaks in the blue region). It
should be noted that the emission spectra for 2.23 and 2.24 were particularly weak in signal
intensity, possibly due to the quality of the spin-cast film, therefore these results are more
tentative. With this in mind, the emission spectra were also recorded in solution (chloroform)
for comparison purposes. The majority of the spectra were very similar with the exception of

the two co-polymers just mentioned. The differences are displayed in Figure 2.10.
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Figure 2.9: PL spectra recorded for co-polymer samples spin-coated on quartz plates.

[Excitation wavelengths used (in nm): 2.23 — 296; 2.24 — 268; 2.25 — 268; 2.26 — 353; 2.27 —

610

353; 2.28 — 320; 2.29 — 326; 2.30 - 390]
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Figure 2.10: Comparative PL spectra of co-polymers 2.23 and 2.24 in the solution and solid states.

[Note: Solid state measurements taken on spin-cast quartz plates, solution samples measured in chloroform]

Both materials are predominantly UV-emitters and show single emission maxima in
solution (as did all of the co-polymer samples) which coincide with the largest maxima

present in the solid state. This suggests that aggregation effects within the solid state samples

are causing an additional lower energy emission.



The CIE coordinates of emission from the eight co-polymers, in the thin-film state, were
determined from the photoluminescence spectrum from each material and the results are
plotted in Figure 2.11 (The region shown is an enlargement of a small area of the 1931 colour
space, highlighted by the red box). It can be seen that all of the materials produced emissions
with a deep blue colour and the results are within a tight grouping around the coordinates
which are recommended for high definition blue OLED devices (0.15, 0.06). The table inset
into Figure 2.11 gives the actual coordinate values. Only materials 2.23, 2.27 and 2.30 do not

give a pure blue emission.

Co-polymer CIE coordinates
2.23 [0.16,0.09]
2.24 [0.15, 0.05]
0.1 - 2.25 [0.15, 0.06]
2300, /oL 2.26 [0.16, 0.05]
2.27 [0.16, 0.07]
2.28 [0.16, 0.05]
2.29 [0.16, 0.05]
2.30 [0.15,0.10]
0.05 - 038 ~ 540
’ | | Bl
0.1 0.15 0.2 00 01 02 03 04 05 06 07 08

Figure 2.11: CIE coordinates of co-polymer emission, as determined from integration of photoluminescence spectra.

2.6.3 — Determination of Frontier Energy Levels
The reduction and oxidation peak values obtained from cyclic voltammetry measurements,

along with the UV-vis spectra from each co-polymer, were used to calculate the HOMO and
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LUMO energy levels for each material. These values are displayed in Figure 2.12 and are
grouped by co-monomer for purposes of comparison between the differently linked
dibenzosilole subunits. The optical energy gap was calculated from the absorption onset
wavelength for each compound. Since no reduction or oxidation responses were observed for
the triazole- or oxadiazole-containing co-polymers, values for the HOMO energy levels were

obtained from the PESA method, which will be discussed in the next section.
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Figure 2.12: Co-polymer energy levels, as determined from UV-vis absorption onset wavelengths and CV measurements.

[Note: white bars are values from UV-vis / PESA measurements]

It can be seen in Figure 2.12 that the orbital energy gaps are larger for the 3,6-
dibenzosilole co-polymers than for their 2,7-linked counterparts. The material with the
smallest energy gap (2.90 eV) is co-polymer 2.30, containing triarylamine and 2,7-
dibenzosilole subunits. The largest orbital energy gaps are found for co-polymers 2.24 (3.78
eV) and 2.25 (3.97 eV), containing oxadiazole and triazole respectively, along with 3,6-
dibenzosilole subunits. Co-polymers containing 2,7-dibenzosilole, along with oxadiazole
(2.28) and triazole (2.29) subunits, exhibit the lowest HOMO levels. Those materials
containing 3,6-linked dibenzosilole, along with oxadiazole (2.24) and triazole (2.25) subunits

exhibit the highest LUMO levels.
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2.6.4 — PESA Measurements and Comparisons of Co-Polymer Energy Levels

Alongside the measurements obtained using cyclic voltammetry, the ionisation potential
(HOMO energy levels) of each of the co-polymers were recorded using the Photoelectron
Emission Spectroscopy in Air (PESA) technique. Samples were spin-coated onto glass
microscope slides and a Riken-Keiki Co. ACII spectrometer was used to measure the
ionisation energy values. The spectrometer consisted of a monochromatic UV source and an
open electron counter. UV radiation was directed at the material surface and the energy of
the radiation increased stepwise. Once the ionisation potential was reached photoelectrons
were emitted from the surface and counted in the detector. An example of the use of this
technique within the literature is the measurement of the HOMO levels of dibenzochrysene

derivatives published by Winzenberg et al.®
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Figure 2.13: Comparison of co-polymer energy levels, as determined CV measurements and PESA measurements.

[Note: energy gaps determined by UV-vis absorption onset. Dark blue bars are values obtained from CV measurements; light blue
from PESA]

Figure 2.13 contrasts the frontier orbital energy values obtained from CV measurements
and UV data (dark blue bars) with those obtained by PESA methods and UV data (light blue

bars). The energy levels obtained with the two methods are similar for all samples where CV
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data exists. The best correlations are found with the 2,7 linked materials. Considering the
irreducibility of many of the cyclic voltammetry results, the PESA-derived values are used

when making comparisons of energy levels for each of the co-polymers.

On examination of the derived frontier molecular orbital energy levels, certain trends
emerge. Within the group of co-polymers containing 3,6-linked dibenzosilole, those
materials which include a hole-transporting subunit (2.26 — triarylamine, 2.23 — carbazole)
have a hole-blocking nature, due to low HOMO levels (2.26: -5.62 eV; 2.23: -5.77 eV).
Those which include an electron-transporting subunit (2.24 — oxadiazole, 2.25 — triazole)

have an electron-blocking nature, due to high LUMO levels (2.24: -1.72 eV; 2.25: -1.76 eV).

It can be seen, therefore, that for 3,6-dibenzosilole co-polymers, the transport properties of

the material are opposite to the transporting nature of the co-monomer subunit.

This trend is reversed, however, for the co-polymer materials containing 2,7-dibenzosilole
subunits. For the co-polymers containing a hole-transporting subunit (2.30 — triarylamine,

2.27 — carbazole), a hole-transporting nature is observed, due to raised HOMO levels (2.30: -

5.43 eV, 2.27: -5.47 eV). For those materials containing an electron-transporting subunit

(2.28 — oxadiazole, 2.29 — triazole), an electron-transporting nature is observed, due to

lowered LUMO levels (2.28: -2.42 eV; 2.29: -2.53 eV).

For a single-layer PLED device, co-polymer 2.30 would be expected to have the greatest

efficiency due to having the lowest barriers for injection both at the anode and the cathode.
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2.7 — Device Fabrication and Testing

Having prepared the series of dibenzosilole co-polymers and analysed their physical
properties, a batch of PLED devices was fabricated in a clean-room environment at the
Cambridge Display Technology fabrication facility. All testing of the devices was carried out
in the same facility. For each of the different emissive materials, a set of four PLED devices,

each with 8 pixels, was prepared with the configuration shown in Figure 2.14.

100 nm Al

50 nm Silole co-polymer
(

10 nm PEDOT:PSS
(

Anode — Glass/ITO

Figure 2.14: OLED structure diagram for blue emission devices fabricated at Cambridge Display Technology.

Before commencing the device fabrication, a nominal thickness of emissive layer of 50
nm was chosen and several spin-coating trials of solutions of varying concentrations at
changing spin-speeds were performed. In many cases, the quality of film formed from the
polymers was poor and film thickness measurements, as recorded by a Dektak stylus profiler,
were erratic. With the required spin conditions, solvent and solution concentrations to
achieve a 50 nm film of each of the eight co-polymers, the necessary solutions were prepared

ready for device fabrication.

Pre-patterned ITO-covered glass plates were annealed and UV / ozone cured before a 10

nm layer of PEDOT:PSS was deposited by spin-coating. Having annealed this layer at 170
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°C, a 50 nm layer of the emissive layer (from the range of co-polymers 2.23 to 2.30) was
spin-coated and dried before briefly annealing at 80 °C. A metal evaporation system, with a
shadow-mask grille, was used to deposit a 0.5 nm layer of elemental barium, followed by 100
nm of elemental aluminium. The whole device was then encapsulated within a moisture /
oxygen impermeable casing, complete with electrical pin contacts attached to the separated
electrodes. A purpose-built testing rig was used to automatically analyse the photophysical
properties and current/voltage characteristics of each batch of devices. Figure 2.15 shows the

image recorded for illumination of the batch of devices containing co-polymer 2.26 at 9 V.

Figure 2.15: Photographs of devices containing co-polymer 2.26 in operation at 9V driving voltage.

Surprisingly, a red emission is seen (with very low intensity). From the set of blue OLED
devices tested this was the only batch which produced an emission bright enough to
photograph. The area in Figure 2.15 encircled in white shows a small circular patch with a
blue emission. This type of ‘comet’ defect is due to either foreign material (dust, etc) or
crystallised material present just before the solution spreading phase of the spin-coating
process. The radial effect of this point defect can be seen as a shadow running towards the
top left corner of the plate. It can be seen that there are many defects in the film including
comets and also pinholes (encircled in green). These pinholes are not due to film-forming

defects, but are a result of failure of the encapsulation, leading to ingress of oxygen. Indeed,
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it was found that the encapsulation had completely failed in many of the devices in this test
batch, leading to complete de-lamination of the plates, at the interface between the cathode

and emissive layer.

The most likely explanation for the de-lamination and red emission is that the actual
thickness of emissive layer was in fact far greater than the nominal 50 nm. Due to the
irreproducibility of the spin-coating trials and extreme difficulties in obtaining clean, usable
trench profiles for thickness measurements, it is quite possible that the actual film thickness
could differ greatly to the nominal value. Changes in the emissive layer thickness can greatly
affect the emission colour for poly(fluorene)-type materials and relatively small increases in
layer thickness can have drastic consequences for device efficiencies, often causing a order of
magnitude reduction.?® These changes can be caused by an optical interference effect within
the ‘weak microcavity’®’, based on the distance of the emission zone from the reflective
cathode, along with the wavelength of emitted light. Changes in film morphology at the
point of light emission, along with self-absorption by the emissive material can also have a
great effect on the device output. Simulations of emission from a white OLED device, by
Meerholz and co-workers, have shown that the zone of emission can affect the out-coupling
of different wavelengths of light; with larger distances between cathode and emission zone

favouring red light out-coupling.?®

Figure 2.16 shows the electroluminescence spectra for those devices with a measurable
output at 9 V driving voltage. All of the signals are very weak, leading to noisy data. The
spectrum for co-polymer 2.27 (containing 2,7-dibenzosilole / carbazole subunits) shows
emission in the blue region of the spectrum, with only a slight red-shift (~10 nm) in

comparison to the photoluminescence spectrum (Figure 2.9). The traces for co-polymers
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2.23 (3,6-dibenzosilole / carbazole) and 2.30 (2,7-dibenzosilole / triarylamine) are extremely
weak in intensity and show emission occurring in both the blue and red regions of the
spectrum, with the blue emission being dominant. The electroluminescence spectrum of co-
polymer 2.26 (3,6-dibenzosilole / triarylamine subunits) is greater in intensity and relatively
noise-free, but surprisingly the emission is mainly in the red region of the spectrum, with
only a minor blue emission. This was visualised in the device photograph (Figure 2.15) and
the emission peak at 420 nm must come from the comet defect points, as mentioned

previously.
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Figure 2.16: Electroluminescence spectra of co-polymers 2.23, 2.26, 2.27 and 2.30, recorded at 9 V (co-polymer 2.28 recorded at 14 \VV
inset).

It was found that by increasing the driving voltage to 14 V, an electroluminescence
spectrum could also be measured for co-polymer 2.28 (containing 2,7-dibenzosilole /
oxadiazole subunits). The output is very weak however, leading to a large amount of noise.
The emission for this co-polymer was in the blue region only, with no red emission observed

(See inset area of Figure 2.16). It was found that while some of the other devices did indeed
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turn on at this higher voltage, they were so unstable at 14 V driving voltage that the lifetimes

were too short for electroluminescence spectra to be recorded.

Table 2.04 shows a summary of the CIE coordinates and quantum efficiencies recorded
for the four devices which gave measurable values, along with the CIE coordinates
determined for the photoluminescence of each co-polymer. A very large colour change is

seen for all materials except co-polymer 2.27, which gave a deep blue device emission.

PL CIE Device CIE

Co-polymer coordinates coordinates QE Factor
2.23 [0.16,0.09] [0.30, 0.28] 0.0108 (1%)
2.26 [0.16,0.05] [0.48,0.35] 0.0062 (0.6%)
2.27 [0.16,0.07] [0.20, 0.15] 0.0111 (1%)
2.30 [0.15,0.10] [0.26,0.23] 0.0100 (1%)

Table 2.04: Summary of emission properties of co-polymers.

[Abbreviations used: QE = quantum efficiency, as determined by division of current passing through device by number of photons
detected (at the photoluminescence maximum wavelength)]

The luminance values from individual pixels in each of the devices were recorded, over a
driving voltage range of 8 to 14 V. The average results for each batch of devices tested are
shown in Figure 2.17, along with the values for individual pixels. It can seen that device
pixels containing co-polymer 2.26 (3,6-dibenzosilole / triarylamine subunits) gave the highest
luminance levels, of up to 150 cd /m?. The results vary considerably though and the average
is around 20 cd /m?  Pixels containing co-polymer 2.23 (3,6-dibenzosilole / carbazole) gave
the most reproducible / stable luminance outputs, while those containing co-polymer 2.30
(2,7-dibenzosilole / triarylamine) show a very large drop in luminance at around 12 V, most
likely due to rapid degradation of the polymer. The luminance values for co-polymer 2.27
(2,7-dibenzosilole / carbazole subunits) are uniformly low in comparison with the other

devices tested, with a peak value of only 1 cd /m?.
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Figure 2.17: Luminance vs voltage plots for blue PLED devices.
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Figure 2.18: Average current density versus voltage plot (with raw data inset).

The current densities, again for each individual pixel, were measured over a voltage sweep
from -4 V to +14 V bias. The curves for the individual pixels and for the average across
device batches are displayed in Figure 2.18; the data for individual pixels is also shown. The

graph traces for co-polymers 2.23, 2.26 and 2.30 show reasonably high current densities in
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the 10 V to 14 V range; all reaching 100 mA /cm? at around 13.75 V. The average data
curves are fairly noisy below 8 V however, making interpretation of these results difficult. It
would appear that co-polymer 2.23 devices reached a relatively high current density of 1 mA
/em? at a 3.75 V driving voltage. While densities recorded for 2.27-containing devices
covered the widest range, the average of the values was the lowest amongst the devices,

reaching only 1 mA /cm?at 12 V.

In contrast to the reasonably high current densities observed, the luminance efficiencies
were extremely low when measuring at a given current density (the highest value being only
0.09 cd /A at 100 mA /cm?) or at given luminance levels (0.12 cd /A at 0.1 cd /m?). As the
current density decreased, the maximum luminance efficiencies increased in the case of
devices containing co-polymer 2.26. This shows that with increasing voltage, the
concomitant increase in luminance is greater than the increase in current density (see

Appendices Chapter, Section 5.6.1 for efficiency graphs; Figures 5.09 and 5.10).
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2.8 — Using Co-Polymers as a Host Material for Green Phosphorescent Devices

At the same time as the batch of blue devices (Section 2.7) were prepared, a set of four
green-emitting devices were fabricated, using the dibenzosilole co-polymers as host materials
for a green phosphorescent iridium guest complex. The precise nature of the green
phosphorescent iridium complex was not disclosed by the industrial partner, due to
commercial confidentiality. For further general information on these materials, the reader is
directed to the review by Park and co-workers.”® The co-polymers were those containing
triarylamine and triazole (2.25, 2.26, 2.29 and 2.30), as these materials had the highest
molecular weights and therefore the greatest chances of success in a device due to their

improved ability to form films.

Anode — Glass/ITO

Figure 2.19: OLED structure diagram for green emission devices fabricated at Cambridge Display Technology.

Figure 2.19 shows the OLED structure employed in the device fabrication process. An
interlayer material, poly(9,9-dioctylfluorene-alt-N-(4-butylphenyl)-diphenylamine) (TBF)
was used between the PEDOT:PSS and emissive layers in order to improve hole mobility and
charge transfer balance.®® The device structure is much the same as that employed for the
blue-emitting OLED systems, the only difference being the inclusion of the TFB interlayer,

which was not deemed worthwhile for the blue devices, since it would have caused a barrier
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to injection. Identical testing procedures were used to measure the device performances for
each co-polymer blend material. The electroluminescence spectra of all four devices are
shown in Figure 2.20. It can be seen that while the triazole-containing materials 2.25 and
2.29 gave sharp emission peaks in the green spectral region, those materials containing
triarylamine (2.26 and 2.30) were far weaker in intensity and had emission maxima in both

the green and red regions of the spectrum, with the red emission being the most intense.
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Figure 2.20: Electroluminescence spectra for green phosphorescent devices, recorded at 9V.

Figure 2.21: Photographs of devices containing blend of (a) co-polymer 2.25 and (b) co-polymer 2.26 in operation at 9 V.

Two photographs taken of the devices during operation are displayed in Figure 2.21. It
can be seen that the pixels containing co-polymer 2.25 blend (photograph (a)) are of a deep
green colour and the film quality is reasonably high, with no pin-holes and traces of only one
‘comet’ defect. Meanwhile, pixels containing co-polymer 2.26 blend (photograph (b)) have a
far more yellow-green hue, as would be expected from the large red-emission observed in the
electroluminescence spectrum. The film is also of a lower quality, similar to those observed
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for the blue-emitting devices in Section 2.6. The CIE colour coordinates and quantum

efficiencies are summarised in Table 2.05. Although the brightness (and quantum efficiency)

of devices containing blends of co-polymers 2.25 and 2.29 were very low, the colours were a

very good match for the CIE green specifications (0.30, 0.60).

CIE
Host polymer

coordinates

Colour Factor

Quantum Efficiency Factor

2.25 [0.32,0.62] 1.028 0.0031 (0.3%)
2.26 [0.48,0.47] 0.607 0.0053 (0.5%)
2.29 [0.34, 0.60] 0.985 0.0032 (0.3%)
2.30 [0.48, 0.39] 0.398 0.0081 (0.8%)

Table 2.05: Device data for green phosphorescent devices.

The average luminance versus voltage plots for each device batch are shown in Figure

2.22, along with the data for each individual pixel. The plots show that co-polymer 2.26

blend devices gave the lowest luminance levels throughout, reaching only 10 cd /m? at almost

12 V. From the average values, plotted in Figure 2.22, it can be seen that the majority of

pixels containing this co-polymer blend had degraded by 13 V operating voltage.
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Figure 2.22: Average luminance vs voltage plot for green phosphorescent devices (with raw data inset).
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Figure 2.23: Average current density vs voltage plot for green phosphorescent devices (with raw data inset).

Figure 2.23 shows the average current densities, versus voltage, for each batch of devices
and the data collected for individual pixels. As with the luminance levels, those devices
containing blends with co-polymers 2.26 and 2.30 show a rapid degradation at 12.5 V and 10
V respectively. Those devices containing blends of co-polymers 2.25 and 2.29 had the
lowest current density across all voltages, but as seen in Figure 2.22, also had the highest
luminance levels. These devices therefore had far greater efficiencies at given luminance or
current density levels. In both cases, the efficiencies for pixels containing blends of co-
polymers 2.26 and 2.30 were extremely low, while those containing a blend of co-polymer
2.25 were highest, with values of 6.0 cd /A at 100 cd/m? luminance and 6.2 cd /A at 1 mA

Jem? current density. (See the Appendices Chapter, Section 5.6.2 for efficiency graphs,

Figures 5.11 and 5.12)
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2.9 — Conclusions and Outlook

2.9.1 - Devices

From the photoluminescence measurements and frontier orbital energy levels, all of the
co-polymer materials showed promise for use as blue OLED emissive materials. However,
both the blue fluorescent and green phosphorescent devices performed poorly. The
overriding factor in this poor performance is ascribed to the film-forming capabilities of the
co-polymer materials. It could be observed from photographs of individual pixels that the
film surfaces had many defects and it is postulated that the actual film thickness was far
greater than the intended 50 nm, leading to de-lamination in some device batches and greatly
red-shifted emission colour. It is possible however, to draw some conclusions from the
device performances by considering the correlations with energy levels and co-polymer

structures.

Devices fabricated with co-polymers 2.26 and 2.30 gave the highest luminance levels and
current densities (within the voltage range 8 to 12 V). These materials both feature a
triarylamine subunit and exhibit the lowest LUMO levels within the series of co-polymers.
This suggests that the reduced electron-injection barrier led to improved device performance,
which in turn implies that the electron-injection barrier is of more importance than the barrier
for hole-injection, for the dibenzosiloles tested within the device architecture employed. The
device containing co-polymer 2.26 displayed mostly red emission, while that containing 2.30
displayed mostly blue emission. It can therefore be envisaged that the higher HOMO level of
2.30 (-5.43 eV) reduces the hole-injection barrier, leading to improved charge injection
balance and increased polaron recombination within the desired zone of emission. In the case

of 2.26, a lowered HOMO level (-5.62 eV) increased the hole-injection barrier, which leads
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to an unbalanced charge injection and the recombination of polarons closer to the

PEDOT:PSS/emissive layer interface than within the desired emission zone.

Carbazole-containing co-polymers 2.23 and 2.27 afforded devices with lower luminance
levels and current densities than those containing 2.26/2.30. Both of these materials feature
slightly higher LUMO levels than the triarylamine-containing copolymers (2.23: -2.38 eV;
2.27: -2.35 eV). Accordingly, the electron-injection barrier is increased, leading to the
observed decrease in device performance. The device containing co-polymer 2.27 produced
the best observable emission profile (Figure 2.16), showing a pure blue output, while the
device containing 2.23 produced the lowest intensity and widest emission profile, giving a
mixture of blue and red electroluminescence. The higher HOMO level of 2.27 (-5.47 eV)
reduces the hole-injection barrier, thereby improving charge injection balance and resulting in
polaron recombination / emission occurring within the desired emission zone. In the case of
2.23 however, the lower HOMO level (-5.77 eV) leads to an increased hole-injection barrier
and a poor balance of charge injection, hence radiation recombination of polarons will occur

predominantly towards the PEDOT:PSS/emissive layer interface

In contrast with these materials, co-polymers containing electron-transporting oxadiazole
(2.24 and 2.28) and triazole (2.25 and 2.29) subunits afforded the worst devices, with only the
device containing co-polymer 2.28 giving any measurable output. These materials had the
highest LUMO (2.24 and 2.25) or lowest LUMO (2.28 and 2.29) levels and therefore the
greatest barriers to electron- and hole-injection respectively. From within this grouping, co-
polymer 2.28 had the most balanced charge injection barriers and the smallest energy gap,
due to the 2,7-dibenzosilole subunit, which may explain why it was the only material to give

a working device.
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When examining the performance of the green phosphorescent devices, it is necessary to
consider the energy levels of both the host and guest material. Since these levels are not
known for the phosphorescent iridium host complex, due to confidentiality reasons,

relationships must be inferred by the relative device performances.

From the electroluminescence spectra (Figure 2.20) it can be seen that the emission profile
for devices containing co-polymers 2.26 and 2.30 both have far greater contributions from a
red-emitting species than from the green-emitting guest complex. Comparison of these
profiles with the spectra recorded for the blue devices (Figure 2.16) shows that the emission
is indeed coming mainly from the co-polymer host. This suggests an energy mismatch
between the energy levels of these two materials with those of the iridium complex, which
can be explained by the smaller energy gap of the triarylamine-containing polymers in

comparison to the materials containing triazole subunits.

In contrast to the luminance and efficiency values, the current density for these two
devices was highest amongst those fabricated. Since the emission is mainly from the
dibenzosilole co-polymers, this can be explained by the same arguments as for the blue
devices, i.e. the higher HOMO levels due to the hole transporting triarylamine subunits leads

to reduced injection barriers at the anode and better charge transport characteristics.

The best performances were obtained with devices using co-polymers 2.25 and 2.29, both
of which contain electron-transporting triazole subunits and have wide orbital energy gaps.
For both of these devices, the emission profile in the electroluminescence spectra (Figure
2.20) can be seen to have no contribution from the co-polymer hosts, indicating a far greater

match between the energy levels of the guest and host materials. This also explains the
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higher luminance and efficiency values for both materials, since emission from a
phosphorescent material will generally have far greater efficiencies due to its triplet

harvesting ability (as discussed in the introduction).

There was a four-fold increase in device efficiencies for those devices containing co-
polymer 2.25 over those containing 2.29. It can be postulated therefore that the LUMO level
of the iridium guest complex lies below that of co-polymer 2.25, affording better charge
transfer between the two materials; it lies slightly above that of co-polymer 2.29, causing a

small electron injection barrier from host to guest.

2.9.2 — Potential of Dibenzosilole-Based Materials for PLEDs and Opportunities for
Improvement

From the excellent photoluminescent properties (which in several cases meet the CIE
coordinate specifications for blue emission) and general stability of the polymers synthesised,
it is clear that dibenzosiloles are good candidates as subunits within emissive materials for
blue PLEDs. They were however, disappointing in their device performances, due mainly to
poor film formation. The best performing materials were those with the lowest LUMO levels
(triarylamine-containing co-polymers 2.26 and 2.30) and the smallest energy gaps (co-
polymer 2.30). In conclusion, a future study of dibenzosilole-containing co-polymers should

include:

e An optimisation of polymerisation conditions in order to maximise molecular weight and
improve film-forming abilities. This could include improved monomer purification and

monitoring of the polymerisation by GPC to determine whether the reaction kinetics are
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particularly slow or whether the coupling rate decreases due to solubility issues, as the
product chain length increases from the oligomeric to the polymeric regime.

e Further exploration of the HOMO / LUMO tuning by altering the co-monomer materials.
Perhaps a combination of both hole- and electron-transporting moieties, such as in
general structure 2.31, would further enhance charge balance within the OLED devices

and improve performance.

€™ - Transporting
material

material
CgHi7  CgHyy CgHi7 CgHyz

ﬁw h - Transporting "@_Q

Some of the co-polymers showed promise as host materials for phosphorescent guest
complexes but, as with the blue devices, most were hampered by poor film formation. It is
clear that wide energy gap materials with high LUMO levels (3,6-dibenzosilole / triazole co-
polymer 2.25) provide the best results as energy can be transferred more efficiently between
the LUMO levels of host and guest. Therefore the 3,6-dibenzosiloles are better candidates
for this application. It would be worthwhile exploring co-polymers of 3,6-dibenzosilole with
other hole-transporting subunits, in order to raise the HOMO levels and improve current

densities.
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ALTERNATIVE SILICON-
CONTAINING CONJUGATED

MATERIALS FOR BLUE EMISSION
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3.1 - Introduction and Overview of Literature Examples

The birth of organosilicon chemistry occurred almost 150 years ago when in 1863 the
formation of tetraethylsilane, from tetrachlorosilane and diethylzinc, was reported by Friedel
and Crafts." The field has grown enormously since then, especially with the development of
the silicone industry and the now widespread use of silyl halides, such as TMSCI to afford
the silane protecting group 3.01, in organic synthesis. A very good essay on the history of the
development of the field, especially with regard to the silicone industry, has been written by

Seyferth.?
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The use of silicon within conjugated materials is almost exclusively in the form of silole
materials 3.02, as discussed in the previous chapter. Silicon is also known to have stable 5-
coordinate forms such as the methyl-substituted spirosilabifluorene salt 3.03.2 Silabenzenes
3.04 are known to exist but are generally extremely unstable and therefore not of any
practical use.* One of the only known stable forms is 3.05, which uses very bulky

substituents to stabilise the silabenzene ring, reported in 2000 by Wakita et al..’

As discussed in the review of dibenzosilole-containing materials in Chapter 1, Trogler and
co-workers have published a series of alternating polymers and co-polymers incorporating

silafluorene-vinylene units 3.06, which proved to be valuable materials for the sensing of
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