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ABSTRACT

Four new types of carbazole dendrimers were successfully synthesized namely 1, 4-bis
(3, 6-bis (3, 6-ditert-pentyl-carbazol-9-yl)carbazol-9-yl)benzene (13), 1, 3-bis (3, 6-bis
(3, 6-ditert-pentyl-carbazol-9-yl)carbazol-9-yl)benzene (14), 4, 4'-bis (3, 6-bis (3, 6-
ditert-pentyl-carbazol-9-yl)carbazol-9-yl)biphenyl (15), and 4, 4'-bis (3, 6-bis (3, 6-ditert-
pentyl-carbazol-9-yl)carbazol-9-yl)-2,2'-dimethylbiphenyl (16) in six steps. Synthetic
route involves Ullmann reaction process as a key reaction to obtain the final products.
The dendrimers were isolated in moderate yield between 40-65 % after purification by
column chromatography and recrystallization. These dendrimers were fully characterized
by NMR, MALDI-TOF mass spectroscopy and CHN analysis. The pure dendrimers were
further studied for their optical properties by UV-Vis, fluorescence and low-temperature
phosphorescence. The thermal properties of the dendrimers have been study by TGA and
DSC analysis. Their electrochemical properties were measured by cyclic voltammetry
(CV) to determine their HOMO and LUMO energy levels. All of the dendrimers showed
good thermal stability, high triplet energy and appropriate HOMO and LUMO energy
levels to serve as host materials for OLEDs. Compound 16 was found to be the best choice
to be used as host material for blue, green and red OLEDs because of its high triplet
energy (Et = 2.82 eV) along with high glass transition temperature (T¢ = 270 °C), high
thermal decomposition stability (T4 = 470 °C) and suitable HOMO level (Exomo = -5.24
eV). Compound 16 was used as a host material in the fabrication of single-layer, double-
layer and multi-layer devices for blue, green and red OLEDs by a solution-process
method. An increment in device efficiency was observed from single layer to double layer
devices and further increment can be observed for multilayer devices. The morphology
of the thin films was analysed by atomic force microscopy (AFM), which revealed that

fluorinated alcohol can form a good thin film with low surface roughness compared to



normal alcohol. Fluorinated alcohol has been used to increase the electron injection
property of the devices and enable fabrication of electron transport layer through wet

process.



ABSTRAK

Empat jenis dendrimer baru berasaskan karbazola telah berjaya disintesis iaitu 1, 4-bis [3,
6-bis (3, 6-ditert-pentyl-carbazol-9-yl) carbazol-9-yl] benzena (13), 1, 3 -bis [3, 6-bis (3,
6-ditert-pentyl-carbazol-9-yl) carbazol-9-yl] benzena (14), 4, 4'-bis [3, 6-bis (3, 6 -ditert-
pentyl-carbazol-9-yl) carbazol-9-yl] bifenil (15) dan 4, 4'-bis [3, 6-bis (3, 6-ditert-pentyl-
carbazol-9-yl) carbazol -9-yl] -2,2'-dimethylbifenil (16) melalui enam langkah laluan
sintetik. Tindak balas proses Ullmann adalah tindak balas utama untuk mendapatkan
produk akhir. Dendrimer-dendrimer ini telah diasingkan dalam hasil sederhana antara 40-
65 % selepas proses penulenan dengan kaedah kolum kromatografi dan penghabluran
semula. Kesemua dendrimer dicirikan sepenuhnya olen NMR, MALDI-TOF
spektroskopi jisim dan analisis CHN. Kesemua dendrimer tulen telah dikaji sifat-sifat
optik mereka dengan UV-Vis, pendarfluor dan pendarfosfor suhu rendah. Sifat haba
dendrimer-dendrimer ini telah dikaji melalui analisis TGA dan DSC. Sifat elektrokimia
mereka diukur menggunakan voltammetri berkitar (CV) untuk mendapatkan tahap tenaga
HOMO dan LUMO mereka. Semua dendrimers menunjukkan kestabilan haba yang baik,
tenaga triplet yang tinggi dan tenaga HOMO dan LUMO di tahap yang sesuai untuk
digunakan sebagai hos untuk OLED. Sebatian 16 dipilih sebagai calon yang terbaik untuk
digunakan sebagai hos untuk OLED biru, hijau dan merah kerana tenaga tripletnya yang
tinggi (Et = 2.82 eV), suhu peralihan kaca yang tinggi (Tg = 270 ° C), kestabilan haba
penguraian yang tingi (T¢ = 470 ° C) dan tahap HOMO sesuai (Exomo = -5,24 eV).
Sebatian 16 telah digunakan sebagai hos untuk peranti lapisan tunggal, dua lapisan dan
peranti pelbagai lapis untuk OLED biru, hijau dan merah dengan kaedah proses larutan.
Kenaikan dalam kecekapan peranti dapat diperhatikan dari lapisan tunggal kepada peranti
dua lapisan dan kenaikan lanjut boleh diperhatikan untuk peranti berbilang lapisan.
Morfologi filem nipis telah dianalisis dengan kaedah mikroskopi daya atomik (AFM)

yang mendedahkan bahawa alkohol berfluorin boleh menghasilkan filem nipis yang lebih



baik dengan kekasaran permukaan rendah berbanding penggunaan alkohol normal.
Alkohol berfluorin telah digunakan untuk meningkatkan keberkesanan suntikan elektron
didalam peranti dan memungkinkan pembuatan lapisan pengangkutan elektron melalui

proses larutan.

Vi
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CHAPTER 1: OVERVIEW

1.1 Overview

Organic Light-Emitting Diodes (OLEDSs) have attracted much attention in academic
(Yeh et al., 2005) and industrial fields (Fyfe, 2009) as flat panel displays (Forrest, 2004)
and solid-state lighting (Sasabe et al., 2013; Service, 2005; Sun et al., 2006; Zhang et al.,
2012a). OLED technology has several advantages compared to previous generation
technology (e.g. LCD or LED) such as they are exceptionally thin (White et al., 2013),
flexible (Gustafsson et al., 1992; Kim et al., 2011; Nakajima et al., 2014; Noda et al.,
2011; Wang et al., 2011; Zhou et al., 2014), variable in shapes (Bi et al., 2014), colours
(Cheng et al., 2014; Fan et al., 2013; Liu et al., 2013a; Mingxiao et al., 2013; Zhang et
al., 2013), sizes (Shin et al., 2015), and some even crystal clear images (Lee et al., 2015;
Lifkaetal., 2011; Masuyama et al., 2015; Park et al., 2012a; Park et al., 2014; Park et al.,
2010; Takayuki et al., 2013). OLEDs are brighter and do not need a backlight, so they
consume less energy and produce a higher contrast than LCDs. This will prolong the
battery lifetime of our daily electronic devices, such as smartphones, tablets, and laptops.
Furthermore, OLEDSs exhibit response time up to 200 times faster than those of LCDs.
These characteristics are important in the projection of realistic motion pictures. In solid
state lighting, OLEDs will substitute our existing technology (fluorescence lamp, etc.)
because OLEDs are self-illuminating, eco-friendly and power saving (Levermore et al.,
2012; Yamae et al., 2013; Yuet al., 2012). Apart from that, there are some disadvantages,
where OLED displays may not last as long as LCDs because the degradation of the
organic molecules meant that early versions of OLEDs tended to wear out faster than
conventional LCDs or LED displays (Scholz et al., 2015). Another disadvantage of
OLED:s is that organic molecules in OLEDs are very sensitive to water and oxygen. But
this problem can be solved by purification and encapsulation (Ghosh et al., 2005; Kim et

al., 2013; Ueno et al., 2013; Yong-Qiang et al., 2014).



In order to maximize the device efficiency for solution processable
phosphorescent OLEDs (PhOLEDS), suitable organic host materials are needed. The
materials need to be amorphous, exhibit a high glass transition temperature (Tg) and be
thermally stable at high temperature, exhibit suitable HOMO and LUMO levels and
appropriate triplet energy (Tokito, 2004). Phosphorescent emitters are usually doped into
a host to diminish self-aggregation quenching and triplet-triplet annihilation. It is crucial
that the triplet energy of the host material should be higher than that of the phosphorescent
emitter to prevent energy back transfer and to confine the electro-generated triplet

excitons on the dopant molecules (Yang et al., 2013).

The design and synthesis of organic materials for the application as host materials
in electronic device are very important aspects in the development of efficient OLEDs
(Agarwal etal., 2011; Ameen et al., 2016; Zhang et al., 2015). In order to overcome earlier
problems using small organic molecules and polymers, a new class of materials was
introduced, i.e., dendrimers (Hwang et al., 2008; Li et al., 2009; Lo et al., 2007).
Dendrimers are superior in terms of their physical properties compared to small molecules
and polymers because of their high molecular weight nature and high purity level that can
reach up to 99.9 % (Morgan et al., 2014). Dendrimers from carbazoles and the derivatives
can be used to achieve an efficient and solution processable host materials for OLEDs

(Albrecht et al., 2015; Ban et al., 2015).

Present-day technology for fabrication of OLEDs display is vacuum deposition
technique. This fabrication technology is expensive and inefficient use of materials
because of difficulty to control deposition of mixture materials with a fixed ratio. One
way to reduce the cost and loss of materials during the fabrication process is solution
process technigue. One of the advantages of using solution process is the ability to reduce

materials usage because materials can be directly applied to the target area through slot-



die method. This technology is more suitable in mass production line as in large panel

OLED lighting while inkjet printing can be used for OLED displays.

In term of efficiency, blue phosphorescence organic light-emitting diodes
(PhOLED:s) is still lagging behind compared to red and green PhOLEDs due to the lack
of solution processable high triplet energy host materials. One way to overcome this
problem is to use organic dendrimers based on carbazole as the host materials. This kind
of structure has the benefit in term of high thermal stability and amorphous because of
the highly-twisted structure along with high molecular weight (Jiang et al., 2012b; Li et
al., 2013; Yang et al., 2013). Furthermore, carbazole dendrimers tend to retain high triplet
energy of the carbazole component (Wang et al.,, 2014). Unlike small molecules,
carbazole dendrimers will not crystallize during spin-coating. It is important to get a
smooth surface without pinholes to ensure high efficiency of PhOLEDs. All of these
carbazole dendrimer characteristics will benefit us in achieving our goal to produce blue
host materials that have suitable properties for long life-time solution-processable

PhOLED:s.

1.2 Objectives of Study

1. To synthesis carbazole-based host materials for solution processable OLEDs.

2. To purify the compounds and to characterize their optical properties using
UV/Vis, fluorescence, and phosphorescence spectroscopy.

3. To investigate their thermal stability in terms of thermal decomposition
temperature (Tq) and glass transition temperature (T).

4. To determine their HOMO and LUMO levels by cyclic voltammetry.

5. To design, fabricate and characterize solution processed single, double and

multilayer devices as red, green and blue PhOLEDs.



1.3 Organization of the thesis

This thesis consists of six chapters. Chapter 1 covers the overview of the thesis,

problem statement, objectives of study and organization of the thesis.

Chapter 2 is the literature review for the synthesis of carbazole derivatives,
carbazole as host materials for OLEDs, carbazole dendrimers as host materials for
PhOLEDs, history of OLEDs, host materials for PhOLEDs, type of host materials, type

and device structure of OLEDSs, photoluminescence, and generation of light in OLEDs.

Chapter 3 describes the synthesis and physical characterization of OLEDs
materials including photophysical, thermal, and electrochemical properties of the

materials synthesized.

In Chapter 4, it discusses the results of device fabrication of OLED devices based

on compound 16 as the host materials for red, green and blue PhnOLEDs devices.

The experimental section comprises in Chapter 5.

Chapter 6 summarizes the work done and also future work.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Carbazole is an aromatic heterocyclic organic compound that consists of a five-
membered nitrogen-containing ring sandwiched between two phenyl rings as shown in
Figure 2.1. Carbazole derivatives are an important class of heterocycles known for their
photophysical and biological activity such as antimicrobial, antitumor and antioxidative
agents (Bashir et al., 2015; Bouaziz et al., 2015; Gluszynska, 2015; Gu et al., 2014; Hieda
et al.,, 2014; Maria Stefania et al., 2015; Ochung’ et al., 2015). Recently, carbazole
derivatives have been used widely in organic devices including photovoltaic solar cells
(Kamaladin et al., 2015; Sathiyan et al., 2016; Xie et al., 2012) and organic light emitting
diodes (OLEDSs) (Chen et al., 2015; Moonsin et al., 2013; Sudyoadsuk et al., 2014; Xie
et al., 2015; Zhang et al., 2015). Carbazole can be obtained from coal tar (Graebe, 1872)
but the difficulty of removing impurities renders the synthetic preparation of carbazole

the best option to produce pure carbazole in a large quantity.

Figure 2.1: Structure and numbering of 9H-carbazole

In natural plants, many carbazole alkaloids have been isolated. In 2012, Yang et
al. (2012) have isolated carbazole alkaloids from stems of Glycosmis pentaphylla namely
4-(7-hydroxy-3-methoxy-6-methyl-9H-carbazol-4-yl)but-3-en-2-one (A), and two new
dimeric carbazole alkaloids, bisglybomine B (B) and biscarbalexine A (C), together with

seven known alkaloids (Figure 2.2).



Figure 2.2: Molecular structure of alkaloids A, B, C

Maneerat et al. (2013) isolated the carbazole alkaloids, clausenawallines G-K

along with another 12 known alkaloids from twigs of Clausena wallichii (Figure 2.3).

Figure 2.3: Some of the alkaloids from C. wallichii twigs

Other examples of carbazole alkaloids were isolated from Murraya euchrestifolia
(Rutacea) by Ito et al. (2012). 13 carbazoles have been isolated so far and some of them
show significant effects in the induction of apoptosis in HL-60 cells. They could be

possible candidates as a cancer chemopreventive agents (Figure 2.4).
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Figure 2.4: Some of the alkaloid isolated from Murraya euchrestifolia



In the field of organic electronics, carbazole-based materials have been widely
used as organic semiconductors in electronic devices. Carbazole oligomeric
semiconductors for use in organic field-effect transistors (OFETS) have been reported by
Drolet et al. (2005). The structure of CPC, RCPCR, CCC, and RCCR are shown in Figure

2.5.
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Figure 2.5: Molecular structure of 2,7-carbazolene-vinylene-based oligomers

In the organic bulk heterojunction (BHJ) solar cells, carbazole-based materials
have been reported to be used as sensitizer molecules. Choi et al. (2011) reported the

synthesis of HMBI for solution-processed BHJ (Figure 2.6).
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Figure 2.6: Molecular structure of HMBI



Carbazole-based semiconductors for use in organic ultraviolet sensors (UVSs)
have also been synthesized by Zhang et al. (2012b). The triphenylbenzene-containing
carbazole derivative (PCP) was reported to exhibit a wide band gap, good hole mobility,

and excellent thermal stability to be used as UVSs (Figure 2.7).
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Figure 2.7: Molecular structure of PCP
2.2 Synthesis of carbazole and substituted carbazoles

Because of the importance of carbazole and its derivatives, there have been an
enormous collection of synthetic strategies reported in the literature. In early times,
carbazole synthesis relies on nitrene insertion, Fisher indolization, Pummerer cyclization,
Diels-Alder reaction, etc. In recent times, transition metal-mediated C-C and C-N bond
formation, cyclotrimerization, benzannulation, Suzuki-Miyara coupling, ring-closing
metathesis, etc., have played an important role in the formation of carbazole derivatives

(Roy et al., 2012).

Two examples of the classic synthesis of carbazole and it derivative involve the
Borsche-Drechsel cyclization and Grabe-Ullmann reaction. In the Borsche—Drechsel

cyclization reaction (Borsche, 1908; Drechsel, 1888), phenylhydrazine is condensed with



cyclohexanone to form the corresponding imine and then the reaction proceeds to a
hydrochloric acid catalyzed rearrangement and ring-closing reaction to form the

tetrahydrocarbazole as shown in Scheme 2.1.
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Scheme 2.1: Borsche-Drechsel synthesis of tetrahydrocarbazole

In the Graebe-Ullmann method (Graebe et al., 1896), o-aminodiphenylamine was
treated with nitrous acid to give 1-phenyl-1,2,3-benzotriazole which upon heating loses

two nitrogen atoms to give carbazole as shown in Scheme 2.2.
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Scheme 2.2: Graebe-Ullmann synthesis of carbazole

Many methods have been developed in the modern age in order to increase the
yield of the desired carbazole products in a more cost-effective manner. In this literature
review, we will only discuss some important examples of the synthesis of carbazole

derivatives from the last 10 years and above.

Antiostatin A1, a potent antioxidant that contains carbazole moiety was
synthesized by Alayrac et al. (2009). The synthesis of Az involves a palladium-catalysed
arylamidation and a chemo- and regioselective rhodium-catalysed cross alkyne

cyclotrimerisation reaction as the key step. O-iodoaniline was used as the starting material



that undergoes a tosylation reaction with ethynyl(phenyl)iodonium triflate. Then, three
effective transition metal-catalysed reaction; a Sonogashira reaction, a rhodium-catalysed

reaction and a palladium-catalysed reaction was used to formed antiostatin A; (Scheme

2.3).
i)trimethylsilylacetylene
[PACIy(PPhs),] (5 mol%),
I Cul (10 mol%), Et;N-DMF (2:1), rt SiMes =Z
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82 %
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Lo

5 CsHy1

Antiostatin A,

Scheme 2.3: Total synthesis of antiostatin Az

Yamashita et al. (2009) reported the selective synthesis of 1,2,3,4-tetrasubstituted
carbazoles using palladium-catalyzed oxidative cycloadditions of indoles with alkynes in
the presence of Pd(OAc). as a catalyst, Cu(OAc)2.3H.0O as oxidant and LiOAc as
addictive. No reaction occurred when Ir or Rh derivatives were used as the catalysts.1-
Methylindole-3-carboxylic acid underwent an oxidative coupling with the alkyne to yield

1,2,3,4-tetraphenyl-9-methylcarbazole (Scheme 2.4).
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Scheme 2.4: Pd-catalyzed oxidative coupling of 1-methylindole-3-carboxylic acid with
alkynes

Fischer indolization was employed as the key step in carbazole synthesis by Park
et al. (2009) in the reaction of Cbz-protected aryl hydrazides with cyclohexanone to
produce tetrahydrocarbazoles. Subsequent oxidative aromatization of D with DDQ in

benzene afforded the corresponding N-Cbz-carbazoles (Scheme 2.5).
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Scheme 2.5: Fischer indolization of bishydrazides

Ramesh et al. (2009) synthesized di-, tri-, and tetra- substituted carbazole analogs
based on Hauser annulations (Hauser et al., 1978) which involve a one-pot operation of
three reaction sequences of Michael addition, Dieckmann condensation, and sulfoxide
elimination. In this reaction, bromomethylindole (E) was converted into sulfoxide (F)
which was then treated with different Michael acceptors in the presence of t-BuOK

resulting in the formation of carbazole analogs G (Scheme 2.6).

'BUOK, THF Ho
))NaH, PhSH, THF N R
COZEt ) o A COZEt R]_/\/RZ 2
\ 07C,3 0°C, 2-5h O O
Br - \ SOPh Ry

N ) m-CPBA N 36-77% N

SO,Ph S0,Ph SO,Ph

E F G

R; = H and R, = -CO,Me, -CHO, -CN, -NO,

Scheme 2.6: Synthesis of trisubstituted carbazoles from indole intermediate
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In the OLEDs field studies, many materials have been synthesized based on
carbazole derivatives. In 2011, study from You et al. (2011), reported the synthesis of P1
in which Suzuki Coupling was a key as shown in Scheme 2.7. 1,3,6,8-Tetrabromopyrene
(H) was obtained by bromination of pyrene using molecular bromine. An Ullmann
reaction was used in the synthesis of 9-(4-bromophenyl)-carbazole (1) using carbazole
and 1,4-dibromobenzene as the starting materials. Element I reacted with n-BuLi in THF
followed by the addition of triisopropyl borate and then a hydrolysis process to give 4-
(9H-carbazol-9-yl)phenylboronic acid (J). P1 was obtained via a Suzuki coupling reaction
between H and J in the presence of tetrakis(triphenylphosphine) palladium and K,COs in

toluene.

CO Br,, nitrobenzene CO
_— Br Br H
0 3h, 160°C 0

Br
Br
K,CO3;, DMPU 1) n-BuLi, THF, -78 °C
. N
Br

N

Cul, 18-Crown-6 2) (i-PrO);B, -78 °C
12h, 180 °C
| J
Br

N
H

B(OH),

»

N N
Pd(PPhy),/K,CO5
H+J
Toluene, 80 °C O
(1 P
O T OO

J
G

Scheme 2.7: Synthesis route of P1
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There are many more reports on the synthesis of carbazole derivatives such as

those by Cho et al. (2011), Youn et al. (2011), Yuan et al. (2016), and few others.

2.3 Carbazole as host materials for PhnOLEDs

In the area of organic electronics especially OLEDs, carbazoles have been used
widely as one of the main components in the synthesis of host materials for OLED
devices. Many literatures have reported the use of carbazole derivatives as their main
backbone (Grigalevicius et al., 2008; Lee et al., 2012; Romero et al., 1996; Tsai et al.,
2006; van Dijken et al., 2004; Zhao et al., 2011). Carbazole derivatives have been one of
the popular host materials for OLEDs due to their high triplet energy and good hole-
transporting ability. Carbazole has been reported to have triplet energy as high as 3.0
electron volt (eV) (Birks, 1970). This energy possesses by carbazole being often used as
building block for host materials. For blue emitting phosphors, host materials with higher
triplet energies more than 2.80 eV are necessary to prevent energy back transfer from

emitter guest to host (Yook et al., 2012).

One commonly used host for phosphorescent emitters is 4,4’-bis(9-carbazolyl)-
biphenyl (CBP) (Figure 2.7) with a triplet energy of 2.56 eV (Adachi et al., 2001). CBP
is used as an efficient host material for green and red phosphorescent organic light-
emitting diodes (PhOLEDS), but not an efficient host for blue PhOLEDs because of its
relatively low triplet energy compared to popularly used blue emitter, iridium (1I1)
bis(4,6-(difluorophenyl)pyridine-N,C?) picolinate (Flrpic, 2.65 eV) (Holmes et al.,
2003). In order to increase the triplet energy of CBP, scientists have developed a series

of structurally modified CBP-derivatives.

By introducing methyl groups at 2- and 2’-positions of the core biphenyl in CBP,

4,4’-bis(9-carbazolyl)-2,2’-dimethylbiphenyl (CDBP) (Figure 2.7) with higher triplet
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energy of 3.0 eV was produced (Tokito et al., 2003). It shows that by incorporation of the
steric group or non-conjugated linkage between the two carbazole moieties plays a key

role in achieving high triplet energy.

One more common example of modified CBP is 1,3-bis(N-carbazolyl)benzene
(mCP) (Figure 2.8) with triplet energy of 2.9 eV (Holmes et al., 2003). The mCP was
synthesized by replacing the core biphenyl group by single benzene group that attached
to carbazoles at meta-position instead of para-position in 1,4-bis(N-carbazolyl)benzene
(CCP). It is obvious that modifying the structure in PROLED host is a critical principle to

achieve high triplet energy.

CBP CDBP CCP mCP

Figure 2.8: Molecular structure of CBP, CDBP, CCP and mCP

Even though CDBP and mCP showed appropriate triplet energies and suitable to
be blue host materials for PhOLEDs, problems still remain in terms of relatively low
thermal and morphological stability due to their low molecular weight (Shirota, 2000).
Low molecular weight organic compound generally tends to crystallize above room
temperature and usually exist as crystals below their melting points. Crystalline

compounds are not favorable in solution-processed PhOLEDs and OLEDs.

Amorphous host materials were then introduced to overcome these problems.

Amorphous molecular materials or molecular glasses are preferable because they are in
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thermodynamically non-equilibrium state and hence may exhibit glass transition
phenomena usually associated with amorphous polymers. In contrast to single crystals
and liquid crystals, which show anisotropic properties, amorphous materials exhibit
isotropic properties as well as homogenous properties due to the absence of grain
boundaries. They often form a uniform and transparent amorphous thin films by solution-

processed methods (Shirota, 2000).

2.4 Carbazole dendrimers as host materials for PhOLED

To overcome the problem of crystallization in small molecules, dendrimer
materials for solution-processing were designed to suppress crystallization by introducing
alkyl chains, by adopting an asymmetric molecular structure and by introducing bulky

side groups to increase their molecular weight.

Dendrimers are now regarded as the third class of materials in application for
OLEDs and PhOLEDs. Dendrimers also called dendritic macromolecules or branched
macromolecules. A typical dendrimer usually consists of three components (Li & Liu,

2009):

(1) Core: located in the geometrical center or focus and usually determines the most
important function of the dendrimer.

(2) Surrounding dendrons: contain branching points and the branching level defines
the dendrimer generation.

(3) Surface groups: covalently grafted onto the periphery of the dendrons to tune

solubility and processability of the dendrimer.

Dendritic type materials represent an alternative to small molecule and polymeric
host materials, since they maintain small molecular characteristics, which are usually easy

to purify, exhibit a well-defined structure, and improved morphological behavior making
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it remains non-crystallizable during spin coating. Because of their high molecular weight,
dendrimers show amorphous characteristics with high thermal glass transition
temperature. Dendrimers also have good solubility and appropriate viscosity in common

organic solvents making them suitable for solution processing.

Many dendrimers based on carbazole derivatives have been reported, including
Cz-TCP, by Jiang et al. (2012a). Cz-TCP has an excellent thermal and morphological
stability due to its twisted and non-planar molecular structure (Figure 2.9). Cz-TCP also
possesses a high triplet energy at 2.86 eV, which makes it a suitable as host material for
blue phosphorescent dopants. Additionally, the attachment of bulky alkyl groups (tert-
butyl) ensures the solubility of the dendrimers in common solvents. Fabrication of blue
PhOLEDs using Cz-TCP as the host materials doped with the guest of iridium (I11)
bis[4,6-(di-fluoropenyl)-pyridinato-N,C’] (Flrpic) shows a high performance with
luminescence efficiency (LE) value of 25.7 cd Al and the external quantum efficiency
(EQE) of 13.0 %. While using deep blue phosphorescent emitter of iridium (I11) tris[3,5-
difluoro-4-cyanophenyl)pyridinato-N,C’] (FCNIrpic), the deep-blue-emitting devices
shows a value of LE of 10.9 cd A and EQE of 6.4 %. The efficiencies of these devices
are outstanding compared with the values exhibited by other works related to solution-

processed blue PhOLEDs.
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Cz-TCP Cz-CBP

Figure 2.9: Molecular structure of Cz-TCP and Cz-CBP

Another example is Cz-CBP (Figure 2.9 ) synthesized by Yang et al. (2013). Cz-
CBP exhibit a high thermal stability due to its high thermal decomposition temperature
(Tq) of 475 °C which is about 100 °C above the CBP. Cz-CBP also has much higher glass
transition temperature (Tg) which is 287 °C compared to CBP (T4 =62 °C). This showed
that this dendritic structure can greatly enhance thermal stability Cz-CBP which
facilitates the formation of amorphous film through solution processing. The triplet
energy of Cz-CBP was determined to be 2.68 eV which is sufficiently high to serve as
host for Flrpic (2.62 eV). Single layer device was fabricated using Cz-CBP as host for
Flrpic showed the maximum luminance efficiencies of 5.8 cd A™* and maximum quantum
efficiencies of 2.8 %. If compared to CBP based device, the efficiency of Cz-CBP based
device was almost 3 times higher. HOMO energy of Cz-CBP was estimated to be -5.30
eV. Compared with CBP (HOMO = -5.51 eV), it is believed that the holes are easily
injected from PEDOT: PSS to the emitting layer that contributes to the high efficiency of

Cz-CBP.
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Cz-CCP and Cz-mCP (Figure 2.10) are another examples of dendritic molecules
that have been modified from CCP and mCP (Jiang et al., 2012b). It has been reported
that Cz-CCP and Cz-mCP exhibit high triplet energy (2.85 eV), excellent film-forming
ability, high glass-transition temperatures (242-248 °C), high Tq (415-443°C) and
appropriate HOMO energy levels. The surface of dendrimers doped with 10 wt % Flrpic
are free of pinholes and are quite smooth, with the root-mean-square (rms) values less
than 0.2 nm, while the films prepared from mCP doped with Flrpic exhibit more
aggregation, or phase segregation, with the rms values more than 1.0 nm. The HOMO
energy levels of Cz-CCP and Cz-mCP were estimated to be -5.33 eV and -5.35 eV,
respectively. These energy levels have been well tuned to approach the work function of
PEDOT (-5.20 eV), which allows in a low barrier of hole injection. The single layer
device using Cz-CCP and Cz-mCP as host for Flrpic showed maximum luminance

efficiencies of 9.6 and 10.8 cd A respectively.
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Figure 2.10: Molecular structure of Cz-CCP and Cz-mCP
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Study from Li et al. (2013) reported the synthesize of third generation dendritic
structure of G3 (Figure 2.11). G3 was reported to have triplet energy of 2.61 eV which is
slightly lower than triplet energies of CBP at 2.67 eV. This dendritic molecule has shown
high thermal stability with T4 at 500 °C. G3 also have excellent Tq of 376 °C. This
amorphous nature is believed to arise from their three-dimensional molecular
conformation due to the existence of twisted biphenyl core and the bulky carbazole
dendrons. The high Tqand Ty of G3 ensure the suitability for this compound to have a
stable amorphous thin film by solution process for OLEDs fabrication. If compared to the
second-generation dendritic structure based on CBP, the third-generation structure shows
a decrease in triplet energy that is lower than Flrpic which result in G3 not suitable as

blue host materials.

Figure 2.11: Molecular structure of G3

In 2014, Wang et al. (2014) reported the synthesis of first, second and third
generation of dendrimers based on modified CDBP namely GIMP, G2MP, and G3MP
(Figure 2.12) through Ullmann reaction. (Note: this paper has been published after we

start our project in 2012). G2MP and G3MP have high T4 of 510 °C and 515 °C
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respectively. Compared to GIMP (T4 =395 °C), G2MP and G3MP show enhancement
about 115-120 °C which arises from the high molecular weight and bulky carbazole
dendrons. The T4 value for higher generation dendrimers of G2MP and G3MP also
increased to 297 °C and 368 °C respectively. These excellent morphological properties,
ensures G2MP and G3MP to form a good film for solution process PnOLEDs. The triplet
energy showed a decrease in value from 2.98 eV, 2.89 eV and 2.85 eV for GIMP, G2MP,
and G3MP respectively but is sufficient enough to serve as host materials for common
blue emitter for OLEDs. G1IMP-G3MP show higher triplet energy than dendrimers with
a biphenyl core which indicates that the presence of the two methyl group plays important
role in maintaining high triplet energy. G3MP also have an appropriate HOMO level (-
5.30 eV) which suitable for a wide color range of phosphors. G3MP as host materials also
showed high-performance deep-blue, blue, green and red PhOLEDs with significant

efficiencies of 18.2, 28.2, 54.0 and 12.7 cd A%, respectively.
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Figure 2.12: Molecular structure of GIMP, G2ZMP and G3MP

From above examples, it can be concluded that carbazole dendrimers will benefit

in term of thermal stability, good film formation during solution spin coating process,
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increase bandgap and appropriate HOMO energy levels while maintaining high triplet
energy. All the properties mentioned above makes carbazole dendrimers as the suitable

candidate as host materials for solution process OLEDs.

2.5 History of OLEDs

The first electroluminescence (EL) in organic materials was observed by Helfrich
and Schneider from anthracene in National Research Council, Canada in 1965
(Helfrich et al., 1965). However, no practical application of this technology was seen to
be possible due to its extremely high operation voltage. In 1979, Tang and Van Slyke
from Kodak generated light by passing current through conjugated materials in a bilayer
OLED, that lead to first efficient low-voltage organic EL (Tang et al., 1987). An organic
heterostructure was used and this is the most significant step towards the practical
applications of OLEDs technology. Since then, OLED technology has made significant
progress in the field of diode. In 1988, Chihaya Adachi and Tetsuo Tsutsai (Adachi et al.,
1988) developed a commercially multi-layered OLED by introducing an heterostructured
OLED. In 1990, Jeremy Borough (Burroughes et al., 1990) from Cambridge University
along with Richard Friend and Donal Bradley reported the first polymer-based LEDs
(PLEDSs) and this technology had huge contribution in lowering the manufacturing cost.
In 1997, the first commercial passive matrix OLEDs (PMOLEDs) displays have been
developed at Pioneer by Teruo Tohma that lead to full-color displays. In 1998, first
Phosphorescent OLEDs (PhOLEDs) was developed by Mark E. Thompson and Stephen
R. Forrest (Baldo et al., 1998) that make great improvement in OLEDs efficiency
compared to fluorescent LEDs. In 2007, Samsung Mobile Display developed the first

commercial active matrix organic LED (AMOLED) display.
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2.6 Host materials for OLEDs

To achieve high-efficiency OLEDs device, designing and development of

effective host materials is extremely important. In the search for novel host materials for

phosphorescent OLEDs, several requirements have to be considered:

(i)

(i)

(iii)

(iv)

The hosts should possess higher triplet energy than those of the dopant
emitters to prevent reverse energy transfer from the guest back to the
host, as well as confine triplet excitons in the emissive layer.

The highest occupied molecular orbitals (HOMOSs) and the lowest
unoccupied molecular orbitals (LUMOs) of host materials should
match with those of neighboring active layers to reduce the hole and
electron injection barrier, thus lowering the device driving voltages.
The hosts are expected to have good and balanced charge carrier
transport properties for the hole—electron recombination process and
confinement of the exciton formation zone in the emissive layer.

The host materials should have good thermal and morphological
stability, which could reduce the possibility of phase separation upon
heating, thus prolonging the device operational lifetime. Generally, a
bulky and sterically hindered molecular configuration is preferable to
enhance the glass transition temperature (Tg) and form
morphologically stable and uniform amorphous films. This kind of
materials would permit the formation of uniform films without

pinholes.
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2.7 Type of host materials

There are many types of host materials for OLEDs including polymer
(Ananthakrishnan et al., 2014; Dumur, 2015; Lengvinaite et al., 2010; Trattnig et al.,
2011; van Dijken et al., 2004), small molecules, (Duan et al., 2010; Duan et al., 2011;
Kim et al., 2008; Lee et al., 2014b; Oda et al., 2013) and dendrimers (Albrecht et al.,
2009; Hwang et al., 2008; Lo & Burn, 2007; Xiong et al., 2007; Zhang et al., 2004b).
Small molecule host materials are commonly used because of high purity, chemical
stability, high triplet energy and good lifetime. Small molecules can achieve as high as
99.9 % purity level when purified by sublimation process, which cannot be applied to
polymer materials. The impurity of host materials will shorten the lifetime of PhOLEDs
and long lifetime can be achieved by using highly purified small molecules as host
materials. In term of chemical stability, small molecules host materials are highly stable
because of the aromatic characteristic of their backbone structure. Almost all small
molecules host materials are made up from the combination of aromatic units with high
bonding energy that will benefit the chemical stability of the host materials. Because of
its shorter conjugation length compared to polymer host materials, it is easy to obtain high
triplet energy with small molecule host materials. The triplet energy of small molecules
can be easily modified in the range of 2.0 eV to 3.0 eV by manipulation of conjugation

length.

Host materials for OLEDSs can be classified into hole transport materials (HTM)
and electron transport materials (ETM). Generally, the molecular structure of HTM
usually contains electron-donating moieties such as triarylamine, diphenylamine,
carbazole and etc. In contrast to HTM, ETM normally contain electron withdrawing
group in their molecular structure. HTM and ETM play a critical role in determining the

quantum efficiency of OLEDs.
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Among properties that HTM for OLEDs should possess are (Tao et al., 2011):

) good hole mobility, a high glass transition temperature (Tg) to form thermally
and morphologically stable thin films

i) an appropriate HOMO level to ensure low energy barrier for hole injection
from the anode and then into the emissive layer

i) a suitable LUMO level to block electron injection from EML to the HTL

Iv) a high triplet energy to confine triplet excitons in the EML

High triplet energy unit with good hole transport properties should be used in
order to achieve high triplet energy and high hole mobility. Many core structure of HTM
have been used including carbazole (Grigalevicius et al., 2008; Romero et al., 1996),
diphenylamine (Cho et al., 2005; Koene et al., 1998), ditolylamine (Lee et al., 2014a; Yoo
et al., 2015) and indole (Park et al., 2012b; Shimizu et al., 2012). Commonly used HTM

are represent in Figure 2.13.

TCTA NPB

TPD TAPC

Figure 2.13: Commonly used HTM for OLEDs
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2.8 Type and device structure of OLEDs
2.8.1 Components of OLEDs

Generally, OLED devices consist of the following component:

Substrate: commonly used substrate is glass, clear plastic and metal foil. Need to be

transparent and conductive with high work function.

Anode: transparent electrode to inject hole into organic layers. Must have low roughness

and high work function. The anode component usually used is indium tin oxide (ITO)

Hole injection layer (HIL): Materials with high mobility, electron blocking capacity and

high glass transition temperature such as PEDOT: PSS

Hole transport layer (HTL): Transporting holes and blocking electron to prevent

electron from reaching the opposite electrode without recombining with holes.

Emissive layer (EML): A layer between HTL and ETL. Materials can be organic

molecules or polymers with high efficiency, lifetime and color purity.

Electron transport layer (ETL): Materials need to have a good electron transporting

and hole blocking properties.

Cathode: low work function metal or metal alloy. The cathode injects electrons into the

emitting layers. (barium, calcium, aluminum)
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Figure 2.14: Different types of OLEDs structure (from left) simple single-layer OLEDs,
common single-layer OLEDs, two-layers OLEDs, multilayer OLEDs

2.8.2 Simple single-layer OLEDs

In a simple single-layer OLED (Figure 2.14), the organic host material is
sandwiched between two electrodes (anode and cathode) and deposited on a substrate. To
achieve an efficient OLED with this single layer configuration, the organic material in
EML need to have high luminescence quantum yield and should be able to facilitate
injection and transport of electrons and holes. The demand for multifunctional capabilities
from a single organic material can be very difficult to meet by nearly all current materials
(Kulkarni et al., 2004) .This simplest structure gave very poor brightness, efficiency and
demand high driving voltage (Burroughes et al., 1990; Helfrich & Schneider, 1965; Tang

& VanSlyke, 1987; Vincett et al., 1982).

2.8.3 Common single-layer OLEDs

While in a common single-layer OLED (Figure 2.14), a hole injection layer (HIL)
is introduced before deposition of an emissive layer (EML). Electrons are injected from
the cathode in the conduction band (LUMO) of the organic compound, and holes are

injected from the anode in the valence band (HOMO) of the organic compound. The hole—

26



electron pair recombination that takes place at the interface between the two layers will

result in electroluminescence.

2.8.4 Two-layer OLEDs

In atwo-layer OLED (Figure 2.14) an emitting layer (EML) is positioned between
the hole injection layer (HIL) and the electron transporting layer (ETL). The emitting
layer is primarily the site where hole-electron recombination occurred and thus for
electroluminescence. This device structure is useful for emissive materials that do not

possess high carrier transport properties.

2.8.5 Multilayer OLEDs

A multilayer OLED involved introduction of hole transport layer (HTL) (Figure
2.14). Multilayer device structure eliminates the charge carrier leakage as well as exciton
quenching, as excited states are generally quenched at the interface of the organic layer
and the metal. Multilayer OLEDs consist of different layers namely substrate, anode,
hole injection layer (HIL), hole transport layer (HTL), emissive layer (EML),
electron transporting layer (ETL) and cathode (Thejo Kalyani et al., 2012). The vacuum
deposition process is effective to fabricate a multilayer device structure because each
organic layer can be easily stacked without any damage to the underlying organic layer.
But the multilayer structure is difficult to be formed by a solution process due to
intermixing of organic materials during the wet coating process. Therefore, a simple
device structure with only two organic layers, a hole injection layer, and an emitting layer

was initially used to fabricate solution processed OLEDs (Yook et al., 2014).
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2.9 Photoluminescence

Photoluminescence can be referred to the emission of light from a substance, and
occurs from electronic excited states. Photoluminescence can be classified into two main
categories; fluorescence and phosphorescence depending on the nature of the excited
state. For easy understanding, Joblonski energy diagram is commonly used to describe
the fluorescence and phosphorescence phenomena (see Figure 2.15). The singlet ground,
first, and second electronic states are depicted by So, Si, and S, respectively.
Fluorophores can exist in a number of vibrational energy level, depicted by 0, 1, 2, etc. at

each of these electronic energy level.

When a fluorophore absorbed light energy or electromagnetic radiation, electrons
will be raised from ground state to a higher vibrational level of either S1 or S;. In few rare
circumstances, molecules in condensed phases rapidly relax to the lowest vibrational level
of S1. The process is known as internal conversion and occurs within 102 s or less. In
excited singlet state (S1 or Sy) orbital, electron is paired (by opposite spin) to the second
electron in the ground state (So). Consequently, relaxation of electron occurred where
electron in S; orbital returned to Sp very rapidly to produce emission of light. The
emission rates of fluorescence are typically at 108 s, so that fluorescence lifetime is very

short, for about 10 ns (10 x 1079 s).

Phosphorescence is a phenomenon where relaxation of molecules from T to the
singlet ground state that produces emission of light. The process of electrons transfer from
Si1 to Ty is called intersystem crossing. Spin conversion occurred, where electron in the
T1 have the same spin orientation to the one in singlet ground state (not paired). Transition
from T to the singlet ground state is forbidden and resulted in slower emission rate (10°
to 10° s1), so that phosphorescence lifetime is much longer within millisecond to second

range.
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When electrons move from the excited state to the ground state, they will lose
their vibrational energy. Consequently, the emission spectrum is always shifted to a
longer wavelength than the excitation spectrum. This phenomenon is known as Stoke
Shift. Phosphorescence spectrum will be shifted to a longer wavelength (lower energy)
compared to fluorescence spectrum. The emission intensity peak is usually lower than the
excitation peak, and the emission curve is the mirror image of the excitation curve, but

shifted to a longer wavelength ("Introduction to Fluorescence,” 2006).

SZ A
IC
. T
Abs = Absorption
Abs Fl IC = Internal Conversion
hve o ISC = Intersystem Crossing
VP &«
p Fl = Fluorescence
hve | hus v Ph Ph = Phosphorescence
2 Jv v
SO (])' Y

Figure 2.15: A simplify Joblonski diagram

2.10 How OLEDs generate light?

OLEDs emit light in similar way LED does and the process is known as
electroluminescence. This involves the fluorescent or phosphorescent emission from an
organic emitter. OLEDs are double charge injection devices, which require the
simultaneous supply of both holes and electrons to the emissive layer (Kulkarni et al.,
2004). The process starts with the application of a voltage (potential difference), from a
battery or a power supply, across the anode and cathode. An electrical current will flow

from cathode to anode through the organic layers (emitting layer). The cathode loses
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electrons while anode gains them. At the boundary between the emissive and conductive

layers, electrons and holes will combine to produce energy in the form of a photon and

OLED will emit light. The color of the light is determined by the type of organic

compound in the emissive layer. Meanwhile the intensity and brightness depends on the

current density. Scheme 2.8 represent the generation of light in OLED devices.

HTL

EML.!

7

EIL

ITO
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q
HIL / ETL .'\

Metal

HIL: Hole Injection Layer
HTL: Hole Transport Layer
EML: Emissive Layer

ETL: Electron Transport Layer
EIL: Electron Injection Layer

Scheme 2.8: Generation of light in OLED devices
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CHAPTER 3: SYNTHESIS, CHARACTERIZATION, AND PHYSICAL

PROPERTIES

3.1 Overview of Ullmann Reaction

Originally, Ullmann reaction is a coupling reaction between two aryl halides and
copper as reagent or catalyst to form C-C bond. It was first reported over a hundred years

ago by Ullmann in 1901 (Ullmann et al., 1901).

Ullman

7 N_x + x—/ N 1901 7 N\__ \
Oreony B 00
R1 R, R4 R,
X=Hal

It was then employed by chemists to generate a C(aryl)-N, C(aryl)-S, C(aryl)-O
bond formation and this kind of reaction was known as Ullmann Condensation Reaction.
This involves a reaction between an aryl halide with a phenol, an aniline, or a thiophenol,

respectively, mediated by a copper species (Ullmann, 1903).

Ullman

725 NN/ 1003 . /N
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Then the Goldberg-Modified Ulmann Condensation Reaction was introduced
(Goldberg, 1906). It’s involves a copper-mediated (originally catalytic) formation of a

C(aryl)-N bond after the reaction between an amide and aryl halide.

R—HN Goldberg R

QX + >_R2 % 7/ ' A I\Il
=|= @) =|= R
R1 R O% ’

X=Hal

Numerous modification of the Ullmann couplings have been reported such as
Chan-Evans-Lam-Modified Ulmann Condensation Reaction (1997-98), Batey-Modified

Ullmann Condensation Reaction (2003) and many more (Ley et al., 2003).

The classic Ullmann and Goldberg reactions typically require harsh reaction
conditions such as high temperatures, extended reaction time, and in some cases
stoichiometric amounts of copper. The main reagent or catalyst use in Ullmann coupling
reactions is copper. Many improvements have been made since the last century.
Dimethylformamide has been used as the solvent to lower down the reaction temperatures
and lower the proportion of copper. The use of an activated form of Cu powder, made by
the reduction of copper(l) iodide with potassium, allows the reaction to carried out at even

lower temperatures with improved yields.

Copper derivatives have numerous possibilities of intermediates due to different
oxidation and coordination states of copper. Copper can be easily access from its four
oxidation states from 0 to +3. A complete understanding of the reaction mechanism in
currently elusive. However, there are four types of possible reaction that have been

discussed by Hassan et al., (2002):
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I. The first reaction implies the use of aromatic halides, generally iodides or
bromides, as substrates and copper metal as the reagent. This kind of reaction
involves the formation of a cuprate as an intermediate and copper halide as a
byproduct and this known as “the Ullmann reaction”.

ii. The second reaction involves the formation of an aryl carbanion as the
intermediate. As the oxidative addition to the copper is the limiting step in the
“classical” Ullmann reaction, preparation of the carbanion provides milder
conditions with a higher rate of reaction. With this methodology, a catalytic
amount of copper, generally Cu (I), can be used, but conversely, a
stoichiometric, or an even greater amount of base or organometallic is
required. This reaction requires the reduction of the substrate (formation of
the carbanion) and a transmetalation reaction followed by a reductive
elimination of the copper intermediate complex.

iii. The third reaction is an oxidation of two C-H aromatic bonds to form a C-C
bond. These reactions are performed because of the oxidative properties of
copper (11), and the use of oxidation potential is required. Both catalytic and
stoichiometric amounts of Cu (I1) have been used.

iv. The last reaction is Pschorr reaction which involves the decomposition of
diazonium in the presence of copper (generally Cu (1)) into radicals. This
reaction was discovered before the Ullmann reaction and limited by the access
to the required diazonium salt.

In term of reactivity of aryl halides with copper, as measured by the temperature
required to initiate the reaction or by the yield of the biaryl obtained, it is prominently
reliant on the structure of the halide. The order of reactivity of halogens have been found

to be 1 > Br > ClI, and the activating effect is 0 > p > m (Davey et al., 1948). Strong
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electronegative substituents such as nitro and carbomethoxyl groups predominantly at the

ortho position provide an activating effect.

In modern organic synthesis, the aryl-aryl bond formation is the most important
tool. This bond can be found in natural products such as alkaloids, numerous biological
parts of pharmaceutical, agrochemical, and dyes. While in organic materials, the aryl-aryl
bond formation is one of the most important aspects to acquire suitable materials for use
in electronic organics such as materials for use in OLEDs and solar cells. Many organic
materials have been reported before used the Ullmann reaction as the main synthetic
pathway to get the desired product (Jiang et al., 2011; Kimoto et al., 2004; Levermore et
al., 2012; Promarak et al., 2007; Thaengthong et al., 2011; Usluer et al., 2010; Zhang et

al., 2004b).

3.2 Synthesis and Characterization

In this chapter, we will discuss the synthesis of organic materials that is suitable
for OLEDs application. Our main target in this project is to synthesis dendrimers
compounds based on carbazole derivatives that have molecular weight of more than 1000
g mol™t. Our initial target molecules are 1,4-bis(3, 6-bis(carbazol-9-yl)carbazol-9-
yl)benzene (1), 1,3-bis(3, 6-bis(carbazol-9-yl)carbazol-9-yl)benzene (2), 4,4'-bis(3, 6-
bis(carbazol-9-yl)carbazol-9-yl)biphenyl (3) and 4,4'-bis(3, 6-bis(carbazol-9-yl)carbazol-
9-yl)-2,2'-dimethylbiphenyl (4) as shown in Figure 3.1. We have chosen different core
groups to give us a better idea of how our materials differ in their photochemical, thermal,

and electrochemical properties in the next step of our study.
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Figure 3.1: Molecular structure of 1, 2, 3 and 4

3.2.1 Synthesis of known compounds
3.2.1.1 Preparation of 1,4-di(9H-carbazol-9-yl)benzene (5)

Before we synthesis the big molecules (1-4), we have synthesized known and low
molecular weight compounds to find out the best reaction conditions. We have
synthesized small molecules of 1,4-di(9H-carbazol-9-yl)benzene (5) or known as CCP
(Koene et al., 1998). We have followed method from previous literature by Schroegel
(Schroegel et al., 2011). In order to form the C-N bond, we have applied Ullmann

condensation reaction as shown in Scheme 3.1. Finely copper powder was used as the
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main catalyst of this reaction. The copper used was purified using an acidic solution to
ensure its high purity level. Basic conditions were necessary for this reaction to occur and
therefore potassium carbonate (K2CO3) was used as the base in this step. The reaction
process use 18-crown-6 as phase transfer catalyst. 1,2-dichlorobenzene was selected as
the solvent because of its ability to with stand the high temperatures applied in the Ullman
reaction. The reaction mixture was refluxed for 24 hours under an inert atmosphere of

nitrogen gas.

N
Cu, K,CO3, 18-Crown-6,
1,2-dichlorobenzene, 180°C
N X 24 N

X=| or Br

Scheme 3.1: Synthesis of compound 5

After the reaction completion, a dark brown solution was observed and then
filtered by vacuum suction to remove the inorganic materials. This solution then
evaporated down under vacuum evaporator to yield a brownish solid, which was washed
several times with acetone. Acetone was used because it was discovered that the excess
of carbazole is easily removed by acetone washing and the products do not dissolve in
acetone. The washed solid was then recrystallized from chloroform to yield a white solid

material.

Synthesis work was started with small scale reaction and then was gradually
scaled up in further reactions. All the experiments were heated under reflux using the
same reaction conditions. The percentage of product isolated decreased as the amount of

starting materials used (1,4-diodobenzene) increased from 59 % to 48 % as shown in
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Table 3.1. The lower yield observed for the largest scale reaction (trial 4) was due to
several factors. In the large-scale reaction, stirring of the reactions mixtures become less
effective due to the high volume of chemicals used. Another factor was that the
purification procedure for the larger scale reactions became harder to carry out, that led

to the loss of final product and lower yield.

Table 3.1. Trials for compound 5

Trial Starting material Product Product Reaction

yield (g) yield (%) time (hour)

1 Carbazole 1,4- 0.13 59 24

diiodobenzene

2 Carbazole 1,4- 0.58 56 24

diiodobenzene

3 Carbazole 1,4- 4.67 54 24

diiodobenzene

4 Carbazole 1,4- 8.20 48 24

diiodobenzene

5 Carbazole 1,4- 5.45 31 24

dibromobenzene

There was a noticeable difference when 1,4-diiodobenzene and 1,4-
dibromobenzene was used as starting materials under the same reaction conditions. The
use of 1,4-dibromobenzene as the starting material led to a low yield product of 31 %.
This observation shows that using iodine-based starting materials for Ullmann reactions

will produce a higher yield compared to the corresponding bromine-based starting
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materials. This was due to the better leaving group effectiveness of aryl iodides compared

to that of aryl bromides.

3.2.1.2 Preparation of 1,3-di(9H-carbazol-9-yl)benzene (6)

After the successful synthesis of compound 5, we applied the same reaction
conditions using a different core unit, namely 1,3-diiodobenzene, as shown in Scheme
3.2. Compound 6 otherwise known as mCP, was synthesized using carbazole and
commercially available 1,3-diiodobenzene. Although the meta-linkages in mCP is more
hindered compared to the para-linkage in CCP, the yield of the final product is still
satisfactory at 77%. This result confines that the linkage position between carbazoles and
the core are not a major problem in the synthesis of small molecules using Ullmann

reaction.

N
. 'i | Cu, K,COs, 18-Crown-6, )\: 6
+ >
N \© 1,2-dichlorobenzene, 180°C N O
H | 24 h

Scheme 3.2: Synthesis of compound 6

3.2.1.3 Preparation of 1,4-di(9H-carbazol-9-yl)biphenyl (7)

The third compound that we have synthesized was compound 7 or known as CBP
as shown in Scheme 3.3. The core unit, 4,4’-diiodobiphenyl (23) was prepared from
commercially available biphenyl which was reacted with iodine under acidic conditions
to produce the desired products, which was then recrystallized from ethanol to yield

colorless crystals with a moderate yield of 63 % and 70 % as shown in Table 3.2.
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Compound 23 was further reacted with carbazole to yield 4,4’-di(9H-carbazole-

9-yl)biphenyl (7) under the same Ullman condensation reaction conditions as compound

5. A brownish solid was formed before purification process. The mixture was then

purified by recrystallization from chloroform to form a white solid material. Several trials

for compound 7 are shown in Table 3.2. As expected, prolonging the reaction time from

24 hours to 48 hours produced a higher yield for larger scale reactions (trial 4) as

compared to compound 5.

O CH3COOH, H,0 O

+

conc. H,SO,

lp
O HIO,, CCl,

Cu, K,CO3, 18-Crown-6,

>

I
23

O 1,2-dichlorobenzene, 180°C

24 h

Scheme 3.3: Synthesis of compound 7

Table 3.2: Trials for 4,4’-diiodobiphenyl (23)

Trial Product yield Product yield
(9) (%)
1 2.5 63
2 5.67 70

g
O

O

%
C
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Table 3.3: Trials for compound 7

Trial Product Product Reaction
yield (g) yield (%) time
(hours)
1 0.11 55 12
2 0.70 60 24
3 3.48 76 24
4 9.48 79 48

3.2.1.4 Preparation of 9,9'-(2,2'-dimethylbiphenyl-4,4'-diyl)bis(9H-carbazole) (8)

We also synthesized compound 8 or known as CDBP as shown in Scheme 3.5.
Compound 8 was different compared to compound 7 with the addition of methyl moiety
at the position of 2 and 2’ of biphenyl core unit. This kind of compound will benefit in
term of triplet energy as reported before (Schroegel et al., 2011). Even though the core
unit used (4,4'-diiodo-2,2'-dimethylbiphenyl) more hinder or bulky compared to 4,4’-
diiodobiphenyl, still the final product can reach to 61 %. Compared to compound 7, the
present of the methyl moiety can be seen clearly as singlet peak at 2.29 ppm from H
NMR spectra. There was also a peak at 20.15 ppm observed from 3C NMR spectra

indicating the presence of methyl group.

2
O

Cu, K,CO3, 18-Crown-6, 8

|
O 1,2-dichlorobenzene, 180°C O
I

g

61%
24 h

%
»

Scheme 3.4: Synthesis of compound 8
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3.2.2 Synthesis of dendrimers

After identifying the best reaction conditions for the Ullman reaction, we
proceeded to synthesize the larger target compounds. In our initial plan, we tried to
synthesis compound 1 using the method of Zhang et al. (2004b) with little modification.

The synthesis pathway of compound 1 is shown in Scheme 3.5.

In this synthetic route, compound 5 was used as the starting material. lodination
at 3, 6 position of compound 5 using Kl and K103 lead to the formation of an intermediate
(compound 17). Compound 17 was then directly reacted with carbazole by using an
Ullmann condensation reaction without a subsequent purification process. Although we
managed to obtain the final product (compound 1), the yield was very low at less than 5%
(overall yield). This low yield is believed due to the difficulty of carbazole in reacting
with compound 17 due to the bulky molecular structure, i.e., steric hindrance. Another
reason is believed due to the unknown mixture of iodinated carbazoles in compound 17,
i.e., a mixture of mono, di and tri-substituted products. This mixture of isomers of
iodinated compound 17, make the last step produce a lot of undesired products, which
renders the separation of the target compound by column chromatography difficult to
achieve because the mixture compounds have a very similar polarity and molecular
composition. We also tried to synthesize compounds 2, 3 and 4, but unfortunately neither

of the product could be isolated or the yield of product was too low for further studies.
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N Cu, K,CO3, 18-Crown-6
H 1,2-dichlorobenzene

Qo "
Q / "

O

17 Cu, K,CO3, 18-Crown-6
1,2-dichlorobenzene
reflux,180°C

(2 ()
5%

r 4

Scheme 3.5: Synthetic route for synthesis of compound 1

After obtaining pure compound 1, we have tested the solubility of compound 1 in
1 % wiv of chloroform and chlorobenzene in order to test its suitability as host for solution
process OLED devices. We found out that compound 1 was not dissolved in the solvents
that make it non-favorable candidate as host materials for OLEDs. Therefore, we have
decided to stop synthesis of 1, 2, 3 and 4 because they have not met earlier expectation

for use as solution processable host materials for OLEDs.

Because of the solubility problem, we had searched for another approach to
increase the solubility of our compounds in commonly use solvent for OLEDs fabrication.
We found out that from other works (Aizawa et al., 2012; Chen et al., 2012b) that
solubility of the compound can be increased by adding alkyl group at the outer layer of
the structure. So we decided to add a bulky alkyl group of tert-pentyl group at the outer
layer of compound 1,2,3 and 4 to produce 1, 4-bis (3, 6-bis (3, 6-ditert-pentyl-carbazol-
9-yl)carbazol-9-yl)benzene (13), 1, 3-bis (3, 6-bis (3, 6-ditert-pentyl-carbazol-9-
yl)carbazol-9-yl)benzene (14), 4, 4-bis (3, 6-bis (3, 6-ditert-pentyl-carbazol-9-
yl)carbazol-9-yl)biphenyl (15) and 4, 4'-bis (3, 6-bis (3, 6-ditert-pentyl-carbazol-9-

yl)carbazol-9-yl)-2,2'-dimethylbiphenyl (16) as shown in Figure 3.2.
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Figure 3.2: Molecular structure of 13, 14, 15 and 16

In order to obtain big molecules with a high molecular weight, we have proposed
a new synthetic pathway as shown in Scheme 3.6. We need to change our synthesis
strategy because of the low yield produced and difficulty in purification by using previous
synthetic pathway (Scheme 3.5). This pathway takes six steps to be completed with
finalization by Ullmann reaction. We started with iodination of carbazole at 3 and 6
position to yielded iodinated carbazole (18). The second step was Friedel-craft alkylation
reaction between carbazole and 2-chloro-2-methylbutane to produce compound 19. As a

result, a protected carbazole was obtained by the addition of tert-pentyl group at 3 and 6
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positions. The third step was protection at N-H of 3,6-diiodocarbazole by using a
protection group to produce 20a/20b. Next step was coupling reaction between 20a/20b
with 19 to yield compound 21. After that, we did deprotection of compound 21 to produce
non-protected “wing” of compound 22. The last step was Ullmann reaction between 22
with 1,4-diiodobenzene, 1,3-diiodobenzene, 4,4’-diiodobiphenyl and 4,4'-diiodo-2,2'-

dimethylbiphenyl to yield compound 13,14,15 and 16 respectively.

Friedel-Craft
“ lodination Alkylatlon
N
H

20a/20b I

H

l
Protection

Ullmann Coupllngﬂ
e"\\o“

o
'
00

\"’E ﬁ Ullmann Coupling
Where I-R-I=

T “& f

compound 13-16
*PG=protecting group

Scheme 3.6: General synthetic route to synthesis dendritic molecules
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3.2.3 lodination of carbazole

Carbazole was iodinated at 3 and 6 positions with Kl and KOz under acidic

condition using acetic acid as the solvent to produced 3,6-diodocarbazole (18) as shown

in Scheme 3.7.
| |
Kl, KIO3, CH3COOH
Q3 (S
(0]

N reflux, 80°C, 24 h N
H H

18

Scheme 3.7: lodination of carbazole using Kl and KIO3

We also managed to get 3,6-diiodobenzene by method Michinobu et al. (2009) by
using N-iodosuccinimide (NIS) as reagent as shown in Scheme 3.9. This reaction yielded

almost same percentage of product around 70%.

N CH,Cl,/CH;COOH N

H H
18

Scheme 3.8: lodination of carbazole using NIS

Kl and KIOs were mainly used in our experiment because there are cheap and
non-toxic compared with other iodination reagent (such as NIS) that lead to low-cost
production of a material. Other iodination reagents also have been reported to cause

pollution problem to the environment (Adimurthy et al., 2003).

Because the need to use compound 18 in next step reaction we have synthesis

compound 18 several times and the results are summarized in Table 3.4. Even the reaction
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increases in volume, the percentage yield of product is still satisfactory at a moderate

yield.

Table 3.4: Trials for compound 18

Trial Reagent Product Product
yield () yield (%)
1 Carbazole Kl, KIO3 4.2 72
2 Carbazole KI, KIO3 16.5 66
3 Carbazole Kl, KIO3 375 74

3.2.4 Friedel-Craft Alkylation

In order to introduce alkyl group to 3 and 6 positions of carbazole, we have
followed previous literature method (Neugebauer et al., 1972). Carbazole was reacted
with two equilibriums of 2-chloro-2-methylbutane. AICI3 was served as the catalyst and
dry dichloromethane as the solvent to obtain compound 10 as shown in Scheme 3.9. *H
NMR spectra of compound 19 showed clear peaks at 1.76 ppm, 1.41 ppm and 0.71 ppm
attributed to the alkyl group present. The trial for compound 19 was concluded in Table

3.5.

o
N AICl5, Dichloromethane (dry) O O 51%
N
H

19

Scheme 3.9: Friedel-Craft alkylation of carbazole
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Table 3.5: Trials for compound 19

Trial Product yield Product yield
(9) (%)
1 0.25 27
2 6.76 37
3 9.33 51

With compound 19 in our hand, we have decided to synthesis molecules almost
similar with compound 5-8 but with the addition of alkyl group at the outer layer. Before
proceeding to the synthesis of the dendrimers, we tried using compound 19 for the
synthesis of low molecular weight compound by using the same Ullmann condensation

reaction.

3.2.5 Synthesis of modified new compound with low molecular weight

After synthesized known materials (compound 5-8), we decided to synthesized
1,4-bis(3,6-di-tert-pentyl-9H-carbazol-9-yl)benzene (9), 1,3-bis(3,6-di-tert-pentyl-9H-
carbazol-9-yl)benzene (10), 4,4'-bis(3,6-di-tert-pentyl-9H-carbazol-9-yl)biphenyl (11)
and 9,9'-(2,2'-dimethylbiphenyl-4,4'-diyl)bis(3,6-di-tert-pentyl-9H-carbazole) (12) with
3,6-di-tert-pentyl-9H-carbazole (15) as starting materials as shown in Scheme 3.10.
Compounds 9-12 were prepared in a similar way as compound 5-8 with Ullmann

condensation reactions to combine N-C bond.

There are slightly decrease in product yield of compound 10 compared to
compound 9 for about 22 %. This observation is believed due to steric hindrance effect
of meta position of compound 10 which result in difficulty of bulky compound 15 to react
toward core group. On the other hand, compound 12 produce lower yield compared to

compound 11. The present of two methyl moieties in compound 11 played significant
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role in reducing the product yield because of its bulkiness hindered compound 15 to react

effectively toward Ullmann reaction.

” a= Cu, K,COg, 18-Crown-6,
1,2-dchlorobenzene, 180°C

Scheme 3.10: Preparation of 9, 10, 11 and 12

After successfully synthesized of compound 9-12 in satisfactory yield, we move
on to synthesis our dendritic molecules. We have used compound 15 that we have

prepared before to continue our main objective to synthesis compound 13-16.
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3.2.6 Protection of iodinated carbazole

Before proceed to the next step, we need to protect the iodinate carbazole
(compound 18) using a protecting group. Acetyl group was introduced at N atom
replacing H atom as shown in Scheme 3.11. We use acetyl as it can be removed easily
before our last step of this synthetic route. Acetic anhydride was used as the reagent. This
reaction was refluxed for about 4 hours at 140 °C and a simple purification method was

enough to get a pure product in 79 % yield.

| |
O O (CH3CO0),0, reflux, 4 h
g O O 79%
N
H

A

20a

Scheme 3.11: Synthesis of compound 20a using acetic anhydride

The 'H NMR spectra clearly show a singlet sharp peak at the aliphatic region of
2.84 ppm indicating the present of -CHs group from the acetyl. While the **C NMR shows

a peak at 27.68 nm to prove the present of the methyl group.

We also protect the iodinate carbazole with another protecting group which is tert-
butyl carbamate or simply known as BOC. Anhydride (BOC)20 was used as the reagent,
4-dimethylaminopyridine (DMAP) as nucleophilic catalyst and acetone as the solvent.

The reaction is shown in Scheme 3.12.

| |
T
N DMAF’t ick(]etone
H r
20b
O)\O

-

Scheme 3.12: Synthesis of compound 20b using (BOC).0O
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This reaction also results in satisfactory yield which is 70 %, but less about 9%
compared to the reaction with acetic anhydride. As a result, we decided to use the first

method because of higher yield produced, simple purification process and much cheaper

in term of cost. Table 3.6 summarized the trials result for 20a.

Table 3.6: Trials for compound 20a

Trial Starting material Product Product
yield (g) | yield (%)

1 Compound Acetic 1.64 74
18 anhydride

2 Compound Acetic 8.75 79
18 anhydride

3 Compound Acetic 16.94 77
18 anhydride

3.2.7 Synthesis of “wing”

0.0k O O
reflux, 165°C

io

Scheme 3.13: Synthesis of compound 21

This step involves Ullmann coupling reaction using copper (1) oxide as a catalyst
and N,N’-dimethylacetamide (DMACc) as the solvent. This reaction produces a white
powder after recrystallization from ethanol. Scheme 3.13 shows the synthesis of

compound 21 and Table 3.7 summarized the trials we have done.
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Table 3.7: Trials for compound 21

Trial Product yield Product yield
(9) (%)
1 0.71 67
2 2.65 74
3 6.93 78

We also tried several times to make our wing with similar condition and reagent
as compound 5, but unfortunately, we could not get target compound. There are no clear

explanations of this phenomena from literature.
3.2.8 Deprotection of “wing”

It is necessary to removed protecting group before proceeding to the last step. The
acetyl group was easily removed by using a base, potassium hydroxide (KOH) as a

medium for the reaction as shown in Scheme 3.14. Table 3.8 summarized the trials for
compound 22.

/&O "

Scheme 3.14: Synthesis of compound 22
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Table 3.8: Trials for compound 22

Trial Product yield Product yield
(9) (%)
1 0.05 58
2 1.80 95
3 3.40 83

3.2.9 Final step: Synthesis of Novel Dendrimers

The synthesis of our target compound was finalized with Ullmann condensation
reaction using the same reagent as compound 5 before. The wing was reacted with 1,4-
diiodobenzene to produce compound 13. After purification steps, it was tested for its
solubility in chloroform and dichlorobenzene and it was discovered that compound 13
was easily dissolved in the solvents. This observation has proved that adding alkyl group
to the dendrimers will increase their solubility in organic solvents. We continued our
synthesis work with the reaction between the “wing” with 1,3-diiodobenzene, 4,4’-
diiodobiphenyl and 4,4'-diiodo-2,2'-dimethylbiphenyl to yield compound 14, 15 and 16
respectively. The purification process was conducted by flash column chromatography
and recrystallization several times with chloroform to yield a pure white solid. As
expected compound 14 has the lowest yield among others dendrimers because of steric

hindrance effect of meta position.
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Scheme 3.15: Synthesis of 13,14,15 and 16

13

The next step in this study is to conduct photophysical, thermal, and
electrochemical analysis of our synthesized compounds in order to confirm its suitability

as host materials for solution process OLEDs.
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3.3 Photophysical Properties

Photophysical properties of all compounds were investigated by UV-Visible,
photoluminescence (PL) and low-temperature phophorescence. Figure 3.4 and 3.5 show
the UV-Visible absorption and photoluminescence emission spectra of the compounds in
a solution of dichloromethane (CH2Cly) at room temperature and their detailed

photophysical data are summarized in Table 3.9.

3.3.1 UV-Visible

The UV-Visible experiment was conducted to determine the band gap of all
molecules synthesized. The band gap or also known as energy gap of materials is
important in solar cells, nanomaterials and as well as in semiconductors. Band gap is the
energy difference between the top of the valance band and the bottom of the conduction
band in semiconductors and insulators as illustrated in Figure 3.3. Band gap is the major
factor in determining the electrical conductivity of a solid. In a semiconductor, the band
gap is the minimum amount of energy required for an electron to be excited at the first
LUMO level. In the same time, a hole is created in the conduction band and this electrons-

holes cycle allows the semiconductor to conduct electrons.

In this project, the optical band gaps of all compounds were calculated from

electronic absorption spectra by using the following equation as in the literature.

_ 1240
Aonset

3.1)

Where Aonset 1S the onset of wavelength which can be determined by the
intersection of two tangents on the absorption edges. Aonset alS0 indicates the electronic

transition start wavelength.
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Figure 3.3: Band gap in semiconductor

Compound 5 showed two strong peaks at the wavelength of 241 nm and 296 nm
that can be attributed to the n-* transition in carbazole units as can be seen in Figure 3.4.
Almost similar peaks were observed for compound 9 where strong peaks observed at 242
nm and 298 nm. While compound 13 showed the addition of peaks at 270 nm and 289
nm attributed to the n-n* transition of the outer layer of carbazole dendrons.Compound
5, 9 and 13 have onset absorption at (Aonset) at 351 nm, 359 nm, and 367 nm respectively
based on the edge of the Uv-vis absorption peak. The optical bandgap of compound 5, 9
and 13 was calculated to be 3.54 eV, 3.59 eV, and 3.38 eV respectively. This result shows
a decrease trend of band gap from compound 5 to 9 for 0.04 eV and from compound 9 to
13 for 0.16 eV. A similar trend can be observed for other series of the compound with
same core group where dendrimers of compound 14, 15 and 16 show smaller band gap
of 3.41 eV, 3.43 eV, and 3.45 eV respectively in comparison of the small molecules. Data

for optical properties for all compounds were shown in Table 3.9.
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3.3.2 Photoluminescence (PL)

For further understanding of optical properties of our molecules, we used PL
experiment to investigate their excited state behavior. As shown in Figure 3.5, the PL
spectra of compound 1 showed a maximum emission peak at 351 nm. There was a little
shift toward the higher wavelength for compound 5 at 359 nm compared to compound 1.
This little red-shift observed was believed to be due to the effect of the tert-pentyl group.
Meanwhile in compound 13, maximum emission peak was observed to be red shifted to
403 nm. Compound 5 and 9 are red shifted to 52 nm and 44 nm respectively, compared
to compound 13. The deep-blue fluorescence observed for compound 13, proved that it
is suitable as blue host materials for OLEDs. The same phenomenon was observed for
compound 14, 15, and 16 where the newly synthesized dendrimers showed a peak at deep-
blue region of 400 nm, 409 nm, and 403 nm respectively. This observation clearly showed

that compound 13, 14, 15 and 16 can be used as host materials for blue OLEDs.
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Figure 3.4: Normalized UV-Vis spectra of compounds 5-16 in dichloromethane
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Figure 3.5: Normalized PL spectra of compounds 5-16 in dichloromethane
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Table 3.9: Summary of optical properties for compounds 5-16

Compound A abs, Aonset Eg (eV)? PLA
max (nm) (nm) emission,
max
5 241 351 3.53 351
6 241 346 3.58 346
7 238 351 3.53 376
8 242 352 3.52 349
9 242 359 3.45 359
10 243 354 3.50 355
11 240 358 3.46 396
12 243 358 3.46 360
13 240 367 3.37 403
14 241 360 3.44 403
15 242 362 3.43 409
16 241 364 341 400

%optical band gap.

3.3.3 Phosphorescence

One of the important parameter of a host material is the triplet energy (Et). Et of
materials determine the suitability of a given host for red, green or blue emitter. In our
project, we focused on synthesized host materials that are suitable for blue emitter
especially iridium (111) bis(4,6-(difluorophenyl)pyridine-N,C?) picolinate (Flrpic). So,
we need to study their triplet energy before deciding on the best material to be used in the

device fabrication step. The reason is that the materials must have Et higher than Et of
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Flrpic (2.65 eV) (Holmes et al., 2003) to avoid energy back transfer from emitter guest

to the host.

Triplet energy (Et) of the dendrimers compound 13-16 was measured by low-
temperature phosphorescene in dilution and solid forms as shown in Figure 3.6. The Et
was estimated from the highest energy 0-0 vibration peaks of the phosphorescence spectra
at 77 K. Compound 16 shows the highest Et compared to other dendrimers whether in
dilute or solid with 2.82 eV and 2.92 eV respectively. This high Er is the result of
conjugation breaking by the core unit of this dendrimer, which is 2,2'-dimethylbiphenyl.
If compared to compound 15, the presence of biphenyl at the core of this structure will
decrease Er of this dendrimer to about 0.39 eV in solid and 0.17 eV in dilution. While the
benzene ring at the core of the compound 13 and 14 which have different position (para
and meta) do not give much different in term of Et whether in solid (2.73 eV) or dilution
(2.78 eV) for compound 13 and 2.71 eV (solid) and 2.79 eV (dilution) for compound 14.
Triplet energy of the compound 13-16 is summarized in Table 3.10. All dendrimers have
enough triplet energy to serve as blue host materials for FIrpic except for compound 15

that have the same Et with Flrpic.

Table 3.10: Triplet energy of 13-16 in dilute and solid form

Compound Triplet Energy, Et (eV)
Dilute Solid
13 2.78 2.73
14 2.79 2.71
15 2.65 2.53
16 2.82 2.92

60



Normalized phosphorescence (a.u)

Normalized Phosphorescene (a.u)

1.2

Solid
1 | = Dilute
0.8
0.6
0.4 13
0.2
0

1.8 2 22 24 26 28 3 3.2
Energy (eV)

1.2
Solid
1 Dilute
0.8
06 - 15
0.4
0.2
0
1.8 2 22 24 26 28 3 3.2

Energy (eV)

Normalized phosphorescence (a.u)

Normalized Phosphorescence (a.u)

1.

1.2

0.8

0.6

0.4

0.2

0.

0.

0.

0.

2
Solid
1 = Dilute
8
6
14
4
2
0
1.8 2 22 24 26 28 3 3.2
Energy (eV)
Solid
e Dilute
16

1.8 2 22 24 26 28 3 3.2
Energy (eV)

Figure 3.6: Triplet energy (Et) of compound 13, 14, 15 and 16 in dilute and solid state
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3.4 Thermal Properties

Thermogravimetric analysis (TGA) can be used to evaluate the thermal stability
of a material including small organic molecules and dendrimers for OLEDs. No change
in mass will be observed in certain temperature range indicating that the materials are
thermally stable. Change of mass indicates the beginning of materials decomposition. At
this point, materials are beginning to change in properties and can no longer serve as host

for OLEDs.

For the purpose of measuring the number of characteristic properties of a material
including glass transition temperatures (Tg), differential scanning calorimetry (DSC) is
used. All amorphous materials will yield T¢ during heating and it is the main characteristic
transformation temperature of amorphous material. The glass transition event occurs
when a hard, solid, amorphous material undergoes its transformation to a soft, rubbery,
liquid phase. Tq is a valuable characterization parameter associated with a material and
can provide very useful information regarding the thermal stability of a material. To be a
suitable host material for OLEDs, the compounds need to be thermally stable at high

temperature and have glass transition temperature for at least 100 °C.

3.4.1 TGA and DSC analysis

The thermal properties of dendrimers were investigated by using
thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) at a
scanning rate of 10 °C min~! under a nitrogen atmosphere. Figure 3.7 represents the
curves of compound 5-8, 9-12, and 13-16. The decomposition temperature (Tq)
corresponding to a 5% weight loss is 305 °C for compound 5, while 9 and 13 possess Tq

values as high as 404 °C and 502 °C, respectively.
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The addition of tert-pentyl group at the outer layer of compound 9, make it more
thermally stable compared to compound 5. There are about 99 °C different in T4 between
compound 5 and 9. This observation might be attributed to increasing in molecular weight
from compound 5 (408.16 g mol™) to 9 (688.48 g mol™?). Compared with compound 5
and 9, an enhancement of Ty for about 198 °C and 98 °C were obtained in the dendrimer
of compound 13, which arises from its high molecular weight (1630.02 g mol™) and bulky
carbazole dendrons at its outer layer. Other compounds with same core group series also
showed the same trend where increasing in molecular weight will result in increased of
the Tq value. Summary data of thermal properties for all compounds are listed in Table

3.11.

The morphological stability of all dendrimer is clearly seen in Figure 3.8. Distinct
endothermic peaks related to the glass transition (Tgy) appeared at 224 °C, 274 °C, 198 °C
and 270 °C for compound 13, 14, 15 and 16 respectively. For use as host materials for
OLED:s, the Tg4 value of a material needs to be higher than 100 °C to avoid crystallization
of the amorphous film during operation. By using organic glasses materials as the host,
emitter can be uniformly diluted into the host and the effect of concentration quenching

is minimized.
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Figure 3.7: TGA traces of compound 5-16 tested at scan rate of 10 °C min™t under a
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Amorphous materials are an advantage to OLEDS due to the absence of grain
boundaries that act as trap states (Shirota, 2000). The high Tg values for these dendrimers
as a result from high molecular weight due to the presence of bulky carbazole dendrons
(Jiang et al., 2012a; Zhang et al., 2004a). This result implies that dendrimers 13-16 would
have excellent morphological stability, a favorable feature for the realization of long-term

OLED:s.

Based on results from TGA and DSC, dendrimers 13-16 shows excellent thermal
and amorphous stability that make them highly promising candidates to prepare stable

amorphous thin films by solution casting for applications in OLEDs.

Table 3.11: Summary of Tqand Tg4 for compound 5-16

Compound T4 (°C) Tq(°C)
5 305 -
6 346 -
7 383 -
8 355 -
9 404 .

10 381 -
11 394 -
12 403 -
13 502 224
14 508 274
15 494 198
16 487 270
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3.5 Electrochemical Properties

In an organic semiconductor such as OLED devices, the energies of frontal orbital
which are HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied
molecular orbital) play an important role in determining the effectiveness of charge
carrier (electron and holes) injection to the devices. The energy alignment between the
organic materials and the emitters is crucial in the fabrication of a working device
(Agarwal et al., 2011; Seo et al., 2011). Optimization of OLED devices can be achieved
through efficient charge injection from electrode to semiconducting material, effective
charge transport and charge confinement. The electrochemical data gave sufficient
information which allows the estimation of relative position of HOMO and LUMO levels

of the host materials used for device fabrication.

To investigate the electrochemical properties of our compounds, we have
conducted cyclic voltammetry experiments for all compounds synthesized to estimate the
HOMO and LUMO energy levels. Figure 3.9 shows cyclic voltammogram of dendrimer

13-16.

The onset oxidation started at 0.52, 0.52, 0.52 and 0.53 V for compounds 13-16
respectively (Table 3.12). The highest occupied molecular orbital (HOMO) can be
determined using the oxidation onset (Eonset) according to the following equations:
HOMO=- Eox-4.71eV, where Eox are the onset potentials for oxidation relative to the

Ag/Ag+ reference electrode.
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Figure 3.9: Cyclic voltammograms of compound 13-16 at scan rate 50 mV s* in
dichloromethane

HOMO for compound 13,14,15 and 16 were determined to be -5.23 eV, -5.23 eV,
-5.23 eV and -5.24 eV respectively (Table 3.12). The LUMO value was determined from
the optical band gap and determined to be -1.85 eV, 1.78 eV, -1.80 eV, -1.83 eV for

compound 13, 14, 15 and 16 respectively. All of the dendrimers have HOMO level that
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are quite close to the work function of widely used hole injecting material PEDOT:PSS
(5.1eV) (Nardes et al., 2008) indicating that efficient hole injection into the emitting layer
could be achieved by using compound 13-16 as host materials in the emitting layer of

OLED:s.

Table 3.12: Cyclic voltammetry data of compounds 5-16

Compounds Eod (V) ELumo’(eV) Enomo®(eV)
5 0.55 -1.72 -5.26
6 0.56 -1.68 -5.27
7 0.58 -1.78 -5.29
8 0.56 -1.74 -5.27
9 0.54 -1.79 -5.25
10 0.59 -1.79 -5.30
11 0.58 -1.82 -5.29
12 0.55 -1.79 -5.26
13 0.52 -1.85 -5.23
14 0.52 -1.78 -5.23
15 0.52 -1.80 -5.23
16 0.53 -1.83 -5.24

2 Onset oxidation and reduction potentials versus Ag/Ag".
b Calculate from optical bandgap ELumo= Eg-Eromo

¢ Estimated from the onset oxidation potential by using Enomo= -Eox-4.71eV

3.6 Conclusion

In summary, this study has managed to synthesize four new dendrimers of
compound 13,14, 15 and 16 by using Ullmann reaction in six steps reaction pathway.
These compounds have been tested in term of thermal, optical, and electrochemical

properties. All of the dendrimers showed good thermal stability, high triplet energy and
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appropriate HOMO and LUMO energy levels to serve as host materials for PnOLEDs.
Compound 16 was found to be the best choice for the application as host material for
blue, green and red OLED because of its high triplet energy (Et = 2.82 eV) along with
high glass transition temperature (Tq = 270 °C), high thermal decomposition stability (T4

=470 °C) and suitable HOMO level (Exomo= -5.24 eV).
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CHAPTER 4: DEVICE FABRICATION

4.1 Introduction

There are two different fabrication methods for OLED. The first one is vacuum
deposition (Kang et al., 2009; Long et al., 2011; Yun et al., 2012) and the second one is
wet/solution process such as spin coating method (Kim et al., 2014; Tsai et al., 2015; Xue
et al., 2015; Yu et al., 2015b) and ink-jet printing (Gorter et al., 2013; Jung et al., 2012;
Liu et al., 2013b; Nakata et al., 2011; Yoon et al., 2012). Vacuum deposition method is
commonly used because of its simplicity in creating the multi-functional layer that can
improve device performance (Reineke et al., 2009; Sun et al., 2006). However, vacuum
deposition process is expensive and can waste OLED materials up to 80% (Kim et al.,
2007).Therefore, the fabrication of large panel display and lighting are unfavorable by

this method.

On the other hand, solution process method is gaining popularity because of its
minimal cost compared to vacuum deposition system. Furthermore, the fabrication
process can be done in an ambient environment. This method allows large area, low cost
and roll-to-roll manufacturing process (So et al., 2007). To apply this method, OLED
materials must have good solubility in the solvent used and also have high glass transition
temperature, desirably Tq above 100 °C (Schroegel et al., 2011) . Crystallization can
happen during the spin coating process and thermal annealing of solvent if low T4 material
is used that can possibly lead to reliability issues. Crystallization of OLED thin film can
cause electric field inhomogeneity leading to thermal breakdown and catastrophic failure

(Han et al., 1996).

In this chapter, we will discuss the fabrication of single, double, and multi-layer

phosphorescence organic light emitting diode (PhOLED) by solution process method.
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The devices were fabricated based on compound 16 as the host for blue, green and red
emitter PhNOLED. We chose compound 16 as our host materials because of its suitable
physical properties as well as its high triplet energy (2.82 eV) as discussed in Chapter 3.
Flrpic, Ir(mppy)3 and Hex-Ir(phg)3 were used as the emitter for blue, green and red
devices respectively. Figure 4.1 and Figure 4.2 shows the chemical structures of the

materials used in this work and their energy levels respectively.

‘ %
i | ‘ A
Flrpic N
X-F6-TAPC Ir(mppy)3 I

Cr \
ole v
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Hex-Ir(phq)3

OD7
SPPO13

Figure 4.1: Chemical structure of chemicals used for device fabrication
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Figure 4.2: Energy levels of the materials

4.2 Single-layer PhOLEDs

Single layer device with the configuration of ITO (100 nm) / PEDOT:PSS (Al
4083) (40nm) / EML (60 nm)/ CsF (1 nm) / Al (100 nm) was fabricated by solution
processing methods. PEDOT:PSS was used as the hole-injection layer. Electron-
transporting material OXD-7 was mixed into the host materials to facilitate the electron
transport in the emitting layer. Flrpic, Ir(mppy)3 and Hex-Ir(phg)3 with an optimize
concentration of 10 wt. % was used as dopant emitters and CsF was used as the electron-
injection layer. Figure 4.3 shows the luminance, current density, current efficiency, power
efficiency characteristic of blue, green and red devices. All the devices data are
summarized in Table 4.1. Maximum luminescence efficiency was found to be 6.2, 10.8
and 4.5 cd A for blue, green and red OLEDs respectively. Meanwhile LEio0 was
determined to be 1.3, 4.3 and 2.6 cd A for blue, green and red respectively. The
efficiency of the blue device showed about 3 times higher than the reported value of mCP
with the maximum current efficiency of 1.8 cd Al with almost similar configuration
(Jiang et al., 2010). This performance is achieved due to the excellent thermal stability of
the dendritic host, which significantly enhances the capability of forming a stable

amorphous thin film. As shown in Table 4.1, the electroluminescence (EL) spectra of
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blue devices are identical with the CIE coordinates of (0.16,0.32), corresponding to the

emission of Flrpic, and indicate the efficient energy transfer from hosts to Flrpic.

Table 4.1: Device performances of the solution-processed blue, green and red single layer
PhOLEDs. The Von is defined as voltage at a brightness of 1 cdm™. LEmax and PEmax are
the maximum luminescence and power efficiencies respectively. LE1o00 and PE1ooo are
the luminescence and power efficiency at 1000 cdm

Device Von L Emax PEmax LE1000 PE1000 CIE1000
V) (cd/A) | (Im/W) | (cdiA) | (Im/w)
Blue 6.5 6.2 1.85 1.3 0.5 (0.16,0.33)
Green 5.0 10.8 3.0 4.3 1.4 (0.31,0.63)
Red 5.0 4.5 1.04 2.6 0.8 (0.58,0.42)
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Figure 4.3: (a) Luminescence-voltage, (b) current density-voltage, (c) current efficiency-

luminescence, (d) power efficiency-luminescence of blue, green and red of single layer
devices
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4.3 Double-layer PhOLEDs

Double layer PhROLEDs with the configuration of ITO (100 nm) / PEDOT:PSS
(Al 4083) (40nm) / EML (40 nm)/ SPPO13 (30 nm) / CsF (1 nm) / Al (100 nm) was
fabricated by solution processing methods. SPPO13 was acted as electron-transporting
and hole-blocking layer (Tian et al., 2015; Yook et al., 2010). Blue, green and red devices
showed luminous efficiency of 6.7, cd A1, 17.9 cd A* and 8.8 cd A respectively as
shown in Table 4.2. Compared to single layer device, double layer device shows an
increase in efficiency for all devices. This increase in efficiency was almost double for
green and red devices while for the blue device increase is just 0.2 cd A from 6.5 cd A"
1t0 6.7 cd AL, The turn-on voltage (Von) also shows lower for all devices compared to
single layer devices from 6.5V, 5.0V,and 5.0 Vto 4.5V, 4.5V and 4.0 V for blue, green
and red device respectively. This result indicated the effectiveness of SPPO13 as electron
injection layer to confine excitons in the emissive layer in order to minimize excitons
quenching and then enhance the efficiency of the devices. Figure 4.4 shows the
luminance, current density, current efficiency and power efficiency of the double layer
devices.
Table 4.2: Device performances of the solution-processed blue, green and red double
layer PhOLEDSs. The Von is defined as voltage at a brightness of 1 cdm™2. LEmax and PEmax

are the maximum luminescence and power efficiencies respectively. LE1000 and PEzo00
are the luminescence and power efficiency at 1000 cdm

Device Von LEmax |  PEmax | LEioo0 |  PEioco ClEz000
V) Cd/A) | mwW) | (cdia) | (Imw)

Blue 45 6.7 2.3 6.3 23 | (0.16, 0.36)

Green 45 17.9 6.2 6.3 26 | (0.29, 0.63)

Red 4.0 8.8 3.7 35 16 |(0.57,0.43)
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Figure 4.4: (a) Luminescence-voltage, (b) current density-voltage, (c) current efficiency-

luminescence, (d) power efficiency-luminescence of blue, green and red of double layer
devices

4.4 Multi-layer PhOLEDs

Multi-layer PhOLEDs with the configuration of ITO (100 nm) / PEDOT: PSS
(40nm) / X-F6-TAPC (10 nm)/ EML (40 nm)/ SPPO13 (30 nm) / CsF (1 nm) / Al (100
nm) was fabricated. In order to confine both carriers and excitons, X-F6-TAPC and
SPPO13 are used. X-F6-TAPC and SPPO13 have triplet energy of 2.87 eV (Liaptsis et
al., 2013) and 2.73 eV (Chen et al., 2012a) respectively. This would be sufficient to
confine the triplet excitons within the emissive layer. X-F6-TAPC also serves as an
electron blocker (having LUMO of -1.6 eV) and modulate the charge balance while

SPPO13 serves as a hole blocker (having HOMO of -6.5 eV) while assisting electron
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injection and avoid cathode quenching. The ability of X-F6-TAPC to photo-crosslink
and the insolubility of the host in 2,2,3,3-tetrafluoro-1-propanol allows the forming of

multilayer solution processable phosphorescent light emitting diodes.

As shown in Table 4.3, blue, green and red devices achieved maximum efficiency
of 9.3 cd A%, 24.4 cd At and 9.9 cd A respectively. These correspond to the power
efficiency of 2.8 Im W, 8.1 Im W and 3.3 Im W of the devices respectively. For the
blue device, comparing to single and double layer device the enhancement of 2.8 cd A
and 2.6 cd A were achieved, respectively. While for the green device, an increment by
13.6 cd A! and 6.5 cd Al were achieved from single and double layer device,
respectively. On the other hand, the red device also shows enhancement in efficiency
from single and double layer counterpart by 5.4 cd A and 1.1 cd A? respectively. These
results indicated that addition of X-F6-TAPC as the hole-transport layer in addition of
SPPO13 as electron-transporting layer help hole mobility and electron injection that

resulted in the increment of device efficiency.

All the devices can achieve brightness of 3000 cdm and beyond as shown in
Figure 4.5 (a). The efficiencies tend to peak near the 1000cdm2. This will be very useful
for high brightness outdoor display with the electroluminescence spectra as shown in

Figure 4.5 (c).
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Table 4.3: Device performances of the solution-processed blue, green and red multilayer
PhOLEDs. The Von is defined as voltage at a brightness of 1 cdm™. LEmax and PEmax are
the maximum luminescence and power efficiencies respectively. LE1o00 and PE1ooo are
the luminescence and power efficiency at 1000 cdm

Device Von LEmax PEmax LE1000 PE 1000 ClE1000
(V) Cd/A) | amWw) | (cdiA) | amw)
Blue 5.8 9.3 2.8 9.1 2.8 (0.16, 0.34)
Green 5.2 24.4 8.1 23.3 8.0 (0.30, 0.62)
Red 53 9.9 3.3 9.4 3.2 (0.57,0.43)
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Figure 4.5: (a) Luminescence-voltage, (b) current density-voltage, (c) current efficiency-
luminescence, (d) power efficiency-luminescence of blue, green and red of multi-layer
devices
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4.5 Thin Film Morphology

Solution process of small molecules tends to suffer from aggregation. One of the
reasons of attaching tert-pentyl at the 3,6 positions is to prevent aggregation and to
increase the solubility of compound 16 in organic solvents. In order to verify whether it
can form a good uniform thin film, the morphologies of the neat and doped films of
compound 16 are characterized by AFM. The root means square roughness, Rrws of
compound 16 on top of PEDOT: PSS is 0.292 nm while the doped compound 16 with
OXD-7 and Flrpic with a ratio of 100:30:10 has an even smaller roughness of 0.233 nm
as shown in Figure 4.6(a) and Figure 4.6(b) respectively. This indicates that compound

16 and the doped 16 have good film forming property.

To form the double layer and multilayer organic light emitting diode through
solution processing, electron transporting SPPO13 will be used. SPPO13 is often vacuum
deposited (Aizawa et al., 2012; Mostafa et al., 2013; Ye et al., 2015; Zhang et al., 2012a);
however, it can be solution processed using isopropyl alcohol (IPA). We found that IPA
processed SPPO13 on top of compound 16 has a poor film homogeneity resulting in the
roughness of 0.591 nm as depicted in Figure 4.6(c). After testing with a range of solvents,
it was found out that 2,2,3,3-tetrafluoro-1-propanol a type of fluorinated alcohol to be
able to form a uniform thin film with roughness of 0.195 nm which is a significant
improvement as seen in Figure 4.6(d). Fluorinated alcohol has been used to increase the
electron injection property of the organic light emitting diodes and this could help to

improve the electron injection of the device (Calvin Yi Bin et al., 2014).
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4.6 Conclusion

An increase in device efficiency has been observed from single layer devices to
double layer devices in addition of SPPO13 as electron injection layer. Further increase
in device efficiency can be observed in multilayer devices in conjunction with the addition
of X-F6-TAPC as a hole transporting layer. Compound 16 has showed its ability to serve
as universal host materials to triplet emitter of blue, green, and red. The AFM results
showed that the surface roughness of SPPO13 can be improved by using fluorinated

alcohol as the solvent to allow better electron injection to the emission layer.
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CHAPTER 5: EXPERIMENTAL

5.1.1 Instrumentation for Chapter 3

Melting points were measured in glass capillaries recorded on Mel-Temp ii,
Laboratory Devices and were not corrected. 'H NMR and *C NMR spectra were recorded
using either a JEOL Lambda FT-400 spectrometer, Bruker Avance Ill FT-400
spectrometer or Bruker Avance Ill FT-600 MHz and an internal standard of
tetramethylsilane (TMS). Chemical shifts are reported in ppm on 6 scale, and the coupling
constant is given in Hz. Multiplicity of the signals is given as follows:s = singlet, d =

doublet, t = triplet, g = quartet and m = multiplet.

For compounds with RMM <700 g mol™* mass spectra were recorded using a
Shimadzu QP5050A gas chromatography/mass spectrometer with electron impact (EI) at
a source temperature of 200 °C. For compounds with RMM >700 g mol™, mass spectra
were analyzed using a Bruker reflex IV matrix-assisted laser desorption/ionization
(MALDI) time-of-flight (TOF) MS. A 384-well microliter plate format was used with a
scout target. Sample were dissolved in dichloromethane directly used for measurement.
CHN elemental analysis was obtained from CHNS/O 2400 Series Il, Perkin Elmer

analyzer and Thermo Finnigan Flash-1112EA.

Uv-Visible measurements were recorded using Cary 60 UV-Vis, Agilent
Technologies. Fluorescence spectra were recorded by Cary Eclipse Fluorescence
Spectrophotometer, Agilent Technologies. The samples were diluted in dichloromethane
and the measurements were recorded at room temperature at the same setting and using

quartz cells.

For triplet energy measurement, thin film samples were drop-casted onto a glass

substrate heated at 60 °C from chloroform solution containing hosts at a concentration of
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40 mg mLL. For dilute system, the samples were prepared at a concentration of 1 mg/mL
dissolved in chlorobenzene. The samples were attached to the sample holder in a nitrogen
cryostat (Janis). The samples were excited at 350 nm by a 150 fs pulsed Ti:sapphire laser
(Spectra-Physics Hurricane) at 1 kHz repetition rate in conjunction with an ultrafast
optical parametric amplifier (Quantronix TOPAS). A monochromator (Princeton
Instruments Acton SP 2150) and then to a gated intensified CCD camera (Andor ICCD

334T) are used to capture the phosphorescence.

TGA and DSC analysis were performed on TGA 4000, Perkin Elmer and
DSCQ20, TA instruments respectively. The cyclic voltammetry (CV) spectra were
recorded using Potentiostat Galvanostat, Autolab. 0.1 M tetrabutylammonium perchlorate
(TBAP) was used as a supporting electrolyte in dichloromethane solution and platinum
as working electrode. The CV curves were referenced to an AgCI/Ag reference electrode

and the scan rate was 50 mV s? in a potential range of -2.0 V to +2.5 V.

5.1.2. Working Procedures and Conditions for Chapter 3

Flash Column chromatography was performed using silica gel (0.063-0.2 mm)
from the MERCK Company as the stationary phase. The used solvents are mentioned in
the experimental section. Analytical Thin Layer Chromatography (TLC) was performed
using MERCK 25 TLC plates 20 x 20 cm silica gel 60 F2s4 precoated aluminum plate.

Spot was viewed under ultraviolet light and ethyl acetate:hexane as the solvent or eluent.

1,2-dichlorobenzene were dried using 3A° molecular sieves prior used. Others
solvents purchased from commercial sources were used directly. Commercially available
starting materials, reagents, and solvents were purchased from ALDRICH, ACRQOS, or
MERCK Company. Carbazole from MERCK was undergoing recrystallization process

several times using ethanol before used.
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5.3 Experimental for Chapter 3

5.3.1 1,4-Di(9H-carbazol-9-yl)benzene (5) (Jeon et al., 2012; Jiang et al., 2012a;

Schrogel et al., 2011; Zhang et al., 2004b)

Cu, K,CO;, 18-Crown-6
+
N
H

1,2-dichlorobenzene, 180°C
| 24 h

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (5.00 cm®), carbazole (0.22 g,
1.33 mmol), 1,4-diiodobenzene (0.20 g, 0.61 mmol), K.COs3 (0.67 g, 4.85 mmol), Cu
powder (0.08 g, 1.21 mmol) and 18-Crown-6 (0.032 g, 0.12 mmol) were added. The
mixture was heated at 180 °C using an oil bath and maintained at that temperature for 24
hours. After cooling to room temperature, the crude mixture was filtered to remove
inorganic solid. The filtrate was concentrated under reduce pressure. The compound was
purified by recrystallization from chloroform to afford a white powder (0.13 g, 59%). Mp
305-310°C; *H NMR (ppm, 400 MHz, CDCl3) & : 8.18 (4H, d, J = 7.6 Hz, H-4,H-5),
7.81(s, 4H, H-2>, H-3’, H-5", H-6"), 7.56 (4H, d, J = 8.4 Hz, H-1, H-8), 7.46 (4H, t, J =
7.6, 7.2 Hz, H-3, H-6), 7.32 (4H, t, J = 7.6 Hz, 7.2 Hz, H-2, H-7); 3C NMR (ppm, 100
MHz, CDClIs) &c : 140.77, 136.69, 128.39, 126.13, 123.58, 120.46, 120.28, 109.76; MS

(MALDI-TOF) [m/z]: calcd for C3oH20N2, 408.16; found, 408.20.
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5.3.2 1,3-Di(9H-carbazol-9-yl)benzene (6)(Jeon & Lee, 2012; Jiang et al., 2012a;

Schrogel et al., 2011)

Cu, K,CO;,, 18-Crown-6
+
N |
H

1,2-dichlorobenzene, 180°C

In a 100 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (50.00 cm?), carbazole (5.32
g, 31.83 mmol), 1, 3-diiodobenzene (5.00 g, 15.16 mmol), K.COs (16.76 g, 121.28
mmol), Cu powder (1.93 g, 30.32 mmol) and 18-Crown-6 (0.80 g, 3.03 mmol) were
added. The mixture was heated at 180 °C using an oil bath and maintained at that
temperature for 48 hours. After cooling to room temperature, the crude mixture was
filtered to remove inorganic solid. The filtrate was concentrated under reduce pressure.
The compound was purified by recrystallization from chloroform to afford a white
powder (4.75 g, 77 %). Mp 150-155 °C; *H NMR (ppm, 400 MHz, CDCl3) o1 : 8.16 (4H,
d, J=7.76 Hz H-4, H-5), 7.86 (2H, m, ArH), 7.71 (2H, d, J = 8.00 Hz, ArH ), 7.54 (4H,
d, J =8.20 Hz, H-1, H-8), 7.44 (4H, t, J = 7.76, 15.32 Hz, H-3, H-6), 7.32 (4H, t, J = 7.60,
14.88 Hz, H-2, H-7);13C NMR (ppm, 100 MHz, CDCls) & : 140.61, 139.38, 131.20,
126.16, 125.86, 125.35, 123.60, 120.45, 120.33, 109.69; MS (MALDI-TOF) [m/z]:

calcd for C3pH20N2, 408.16; found, 408.16.
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5.3.3 4,4-Di (9H-carbazole-9-yl)-biphenyl (7) (Jeon & Lee, 2012; Jiang et al., 2012a;

Schrogel et al., 2011)

[ N

O Cu, K,CO,, 18-Crown-6,
1,2-dichlorobenzene, 180°C
oy

5 4
6 3
7 2
8 1
4

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?), carbazole (0.18
g, 1.08 mmol), 4,4’-diiodobiphenyl (0.20 g, 0.49 mmol), K.COs (0.55 g, 3.94 mmol), Cu
powder (0.06 g, 0.97 mmol) and 18-Crown-6 (0.03 g, 0.098 mmol) were added. The
mixture was heated at 180 °C using an oil bath and maintained at that temperature for 24
hours. The slurry was then cooled and filtered using silica gel to remove inorganic
mixture. Filtrate was reduced under high vacuum pump and then washed several times
with acetone to yield a white powder (0.11 g, 55 %). Mp 260-265 °C; *H NMR (ppm,
400 MHz, CDCl3) 6n: 8.17 (4H, d, J = 7.8 Hz, H-4, H-5), 7.92 (4H, d, J = 8.56 Hz , H-
2°,H-6),7.71 (4H, d, J = 8.32 Hz, H-3’, H-5"), 7.51 (4H, d, J = 8.08 Hz, H-1, H-8), 7.43
(4H, td, J = 5.88 Hz, J = 1.2 Hz, H-3, H-6), 7.30 (4H, td, J = 6.84 Hz, H-2, H-7); 3C
NMR (ppm, 100 MHz, CDCls) ¢ : 140.84, 139.31, 137.27, 128.53, 127.50, 126.03,
123.51, 120.38, 120.09, 109.83; MS (MALDI-TOF) [m/z]: calcd for C3sH24N2, 484.19;

found, 484.59.

86



5.3.4 9,9'-(2,2'-Dimethylbiphenyl-4,4'-diyl)bis(9H-carbazole) (8) (Jeon & Lee, 2012;

Jiang et al., 2012a; Schrogel et al., 2011)

24 h

|
O Cu, KZCO3, 18-Crown-6,
+
1,2-dichlorobenzene, 180°C
y ¢
|

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (5.00 cm?®), carbazole (0.17 g,
1.01 mmol), 4,4'-diiodo-2,2'-dimethylbiphenyl (0.20 g, 0.46 mmol), K-.COs (0.25 g, 1.84
mmol), Cu powder (0.06 g, 0.92 mmol) and 18-Crown-6 (0.02 g, 0.09 mmol) were added.
The mixture was heated at 180 °C using an oil bath and maintained at that temperature
for 24 hours. After cooling to room temperature, the crude mixture was filtered to remove
inorganic solid. The filtrate was concentrated under reduce pressure and then purified by
column chromatography to yield a white powder. (Hexane: Ethyl acetate; 20:1) (0.14 g,
61 %). Mp °C: 110-115; *H NMR (ppm, 400 MHz, CDCl3) 8 : 8.18 (4H, d, J = 7.72 Hz,
H-4, H-5), 7.54-7.44 (14H, m, H-1, H-3, ,H-6, H-8, H-3’, H-5’, H-6"), 7.31 (4H, t, J =
7.40, 14.8 Hz, H-2, H-7), 2.29 (6H, s, -CH3); 13C NMR (ppm, 100 MHz, CDCls) & :
140.94, 140.00, 137.93, 136.90, 130.79, 128.34, 125.92, 124.32, 123.40, 129.34, 119.91,

109.92, 20.15; MS (MALDI-TOF) [m/z]: calcd for CasH2gN2, 512.23; found, 512.25.

87



5.3.5 1,4-Bis(3,6-di-tert-pentyl-9H-carbazol-9-yl)benzene (9) (Jeon & Lee, 2012; Jiang

et al., 2012a; Schrogel et al., 2011)

I
Cu, K,CO,, 18-Crown-6

+ >
O O 1,2-dichlorobenzene, 180°C
N I
H

24 h

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?®), 3, 6-di-tert-
pentyl-9H-carbazole (0.48 g, 1.56 mmol), 1,4-diiodobenzene (0.25 g, 0.76 mmol), K.COs
(0.84 g, 6.08 mmol), Cu powder (0.10 g, 1.52 mmol) and 18-Crown-6 (0.04 g, 0.15 mmol)
were added. The mixture was heated at 180 °C using an oil bath and maintained at that
temperature for 24 hours. After cooling to room temperature, the crude mixture was
filtered to remove inorganic solid. The filtrate was concentrated under reduce pressure
and then purified by recrystallization from chloroform to get a white powder (0.39 g,
76%). Mp 270-275 °C; 'H NMR (ppm, 400 MHz, CDCl3) 84 : 8.10 (4H, d, J = 1.20 Hz,
H-4, H-5), 7.78 (4H, s, H-2°, H-3’, H-5", H-6"), 7.50 (4H, d, J = 8.60 Hz, H-1, H-8), 7.45
(4H, dd, J = 1.56, 7.48 Hz, H-2, H-7), 1.80 (8H, g, J = 7.40, 7.44Hz, -CH>-), 1.45 (24H,
s, -(CH3)2), 0.75 (12H, J = 7.32 Hz, -CHa); 13C NMR (ppm, 100 MHz, CDCls) 8 : 141.33,
139.07, 136.70, 127.79, 124.25, 123.49, 117.19, 109.16, 37.98, 37.38, 29.14, 9.33; MS

(MALDI-TOF) [m/z]: calcd for CsoHsoN2, 688.48; found, 688.60.
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5.3.6 1,3-Bis(3,6-di-tert-pentyl-9H-carbazol-9-yl)benzene (10) (Jeon & Lee, 2012;

Jiang et al., 2012a; Schrogel et al., 2011)

| 6
Cu, K,COy,, 18-Crown-6 5 ~LN Q
vevll S
I 1,2-dichlorobenzene, 180°C 3
N 24 h

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?®), 3, 6-di-tert-
pentyl-9H-carbazole (0.48 g, 1.56 mmol), 1,3-diiodobenzene (0.25 g, 0.76 mmol), K2COs
(0.84 g, 6.08 mmol), Cu powder (0.10 g, 1.52 mmol) and 18-Crown-6 (0.04 g, 0.15 mmol)
were added. The mixture was heated at 180 °C using an oil bath and maintained at that
temperature for 24 hours. After cooling to room temperature, the crude mixture was
filtered to remove inorganic solid. The filtrate was concentrated under reduce pressure
and then purified by recrystallization from chloroform (0.28 g, 54%). Mp 205-210 °C;
IH NMR (ppm, 400 MHz, CDCl3) 8y : 8.07 (4H, s, H-4,H-5), 7.82 (1H,s, H-2"), 7.77
(1H,t, J = 7.92 Hz, H-5°), 7.65 (2H, d, J = 7.92 Hz, H-4’, H-6"), 7.47 (4H, d, J = 8.64
Hz, H-2, H-7), 7.41 (4H, d, J = 8.68 Hz, H-1, H-8), 1.77 (8H, q, J = 7.36, 7.40 Hz, -CH2-
), 1.42 (24H, s, -C(CHa)2), 0.74 (12H, J = 7.28 Hz, -CH3); 3C NMR (ppm, 100 MHz,
CDCls) &c : 141.39, 139.73, 138.88, 130.84, 124.88, 124.45, 124.26, 123.53, 117.18,
109.15, 37.96, 37.35, 29.11, 9.30; MS (MALDI-TOF) [m/z]: calcd for CsoHeoN2,

688.48; found, 688.61.
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5.3.7 4,4'-Bis(3,6-di-tert-pentyl-9H-carbazol-9-yl)biphenyl (11) (Jeon & Lee, 2012;

Jiang et al., 2012a; Schrogel et al., 2011)

O Cu, K,CO,, 18-Crown-6
+
H O 1,2-dichlorobenzene, 180°C
24 h

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with nitrogen inlet, o-dichlorobenzene (10.00 cm?®), 3, 6-di-tert-pentyl-
9H-carbazole (0.39 g, 1.27 mmol), 4,4'-diiodobiphenyl (0.25 g, 0.62 mmol), K-COs (0.69
g, 4.96 mmol), Cu powder (0.08 g, 1.24 mmol) and 18-Crown-6 (0.03 g, 0.12 mmol) were
added. The mixture was heated at 180 °C using an oil bath and maintained at that
temperature for 24 hours. After cooling to room temperature, the crude mixture was
filtered to remove inorganic solid. The filtrate was concentrated under reduce pressure
and then purified by recrystallization from chloroform (0.42 g, 89%). *H NMR (ppm,
400 MHz, CDCl3) 81 : 8.10 (4H, s, 4H, H-4,H-5), 7.90 (4H, d, J = 8.00 Hz, H-2’, H-6"),
7.71 (4H, d, J = 7.40 Hz, H-3°, H-5"), 7.43 (8H,m, H-1, H-2, H-7, H-8), 1.80 (8H, q, J =
6.84, 7.24Hz, -CH>-), 1.45 (24H, s, -C(CH3)2), 0.75 (12H, J = 6.92 Hz, -CHs); 3C NMR
(ppm, 100 Mhz, CDCl3) & : 141.19, 139.08, 138.79, 128.31, 127.01, 124.17, 123.45,
117.14, 109.22, 37.97, 37.38, 29.14, 9.33; MS (MALDI-TOF) [m/z]: calcd for

CseHessN2, 764.51; found, 764.68.

90



5.3.8 9,9'-(2,2'-Dimethylbiphenyl-4,4'-diyl)bis(3,6-di-tert-pentyl-9H-carbazole) (12)

(Jeon & Lee, 2012; Jiang et al., 2012a; Schrogel et al., 2011)

O Cu, K,COg, 18-Crown-6
+
N
H

‘ 1,2-dichlorobenzene, 180°C
24h

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with nitrogen inlet, o-dichlorobenzene (10.00 cm?®), 3, 6-di-tert-pentyl-
9H-carbazole (0.36 g, 1.18 mmol), 4,4'-diiodo-2,2'-dimethylbiphenyl (0.25 g, 0.58
mmol), K2CO3z (0.64 g, 4.64 mmol), Cu powder (0.07g, 1.16 mmol) and 18-Crown-6
(0.03 g, 0.12 mmol) were added. The mixture was heated at 180 °C using an oil bath and
maintained at that temperature for 24 hours. After cooling to room temperature, the crude
mixture was filtered to remove inorganic solid. The filtrate was concentrated under reduce
pressure and then purified by recrystallization from chloroform to yield an orange powder
(0.32 g, 70%). Mp 290-295 °C; *H NMR (ppm, 400 MHz, CDCls) 8+ : 8.09 (4H,s, H-
4,H-5), 7.53 (2H, s, H-3"), 7.49 (6H, m, H-2, H-7, H-6), 7.42 (m, 6H, H-1, H-8, H-5"),
2.26 (s, 6H, -CHs at C-2"), 1.80 (g, 8H, J=7.28, 7.36 Hz, -CH,-), 1.45 (s, 24H, -C(CH3)>),
0.75 (t, 12H, J = 7.24 Hz, -CHs); 3C NMR (ppm, 100 MHz, CDCls) & :140.99, 139.54,
139.19, 137.75, 137.34, 130.68, 127.84, 124.07, 123.83, 123.34, 117.10, 109.30, 37.96,
37.40, 29.15, 20.11, 9.34; MS (MALDI-TOF) [m/z]: calcd for CsgHesN2, 792.54; found,

792.67.
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5.3.9 3,6-Diiodo-9H-carbazole (18) (EI-Khouly et al., 2013; Wang et al., 2012; Wu et
al., 2011; Yu et al., 2015a; Zhang et al., 2010)

| 5 4 |
KI, KIO3, CH3COOH ¢ O 3
reflux, 80°C, 24 h 7 2
N 8 1

N
H H

Carbazole (5.00 g, 29.94 mmol) was dissolved in acetic acid (50.00 cm?®) and then
warmed to 80 °C. Potassium iodide (6.51 g, 39.22 mmol) and potassium iodate (4.99 g,
23.35 mmol) were added to this solution and the mixture was refluxed for 24 hours. The
crude product was diluted with water and filtered with vacuum. The brown precipitates
were stirred in the solution of sodium sulfite for 1 hour and filtered with vacuum. The
product was recrystallized from dichloromethane to give a brownish solid (9.08 g, 72 %).
Mp 145-150 °C; IH NMR (ppm, 400 MHz, CDCl3) 8 : 8.32 (2H, s, H-4, H-5), 8.10 (1H,
s, N-H), 7.69 (2H, dd, J = 1.08, 7.40 Hz, H-2, H-7), 7.22 (2H, d, J = 8.48 Hz, H-1, H-8);
13C NMR (ppm, 100 MHz, CDCls) & : 138.51, 134.82, 129.39, 124.58, 112.69, 82.45;
MS (GC) [m/z]: calcd for C12H7I2N, 418.87; found, 419.00; Anal. calcd for C12H7I2N:

C, 34.40; H, 1.68; N, 3.34. Found: C, 34.42; H, 1.60; N, 3.31.
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5.3.10 3,6-Di-tert-pentyl-9H-carbazole (19) (McClenaghan et al., 2003; Michinobu et

al., 2009; Woon et al., 2015)

He HsC
U s
Cl Hec-C. 5 437 C-CHj
O
N AlICl3, Dichloromethane (dry) 7 2
H 8 1

H

The mixture of carbazole (10.00 g, 59.88 mmol), anhydrous AICIz (7.98g,
58.88mmol) and dry dichloromethane (200.00 cm?®) in a three-necked flask cooled to 0 °C
was added dropwise a solution of 2-chloro-2-methylbutane (14.75 cm?, 119.76 mmol) in
dry dichloromethane (40.00 cm?®). After addition, the mixture was stirred for 10 min at the
same temperature. Then the ice bath was removed and the reaction was continued for 24
hours. The mixture poured into ice-water (500.00 cm® and extracted with
dichloromethane. The combined organic phase was dried over MgSOa. After filtered, the
filtration was evaporated to give a grey crude which was recrystallized from ethanol to
afford a white powder (9.33 g, 51%). Mp 215-220 °C; *H NMR (ppm, 400 MHz, CDCls)
811 8.01 (2H, s, H-4, H-5), 7.83 (1H, s, N-H), 7.39 (2H, d, J = 8.48 Hz, H-2, H-7), 7.33
(2H, d, J = 8.52 Hz, H-1, H-8), 1.76 (4H, q, J = 7.40, 7.44 Hz, -CHy-), 1.41(12H, s,-
C(CHa)2), 0.71 (6H, t, J = 7.40 Hz, -CH3); 3C NMR (ppm, 100 MHz, CDCl3) & :140.41,
137.96, 124.03, 123.31, 117.06, 109.96, 37.90, 37.42, 29.15, 9.31; MS (GC) [m/z]: calcd
for C22H29N, 307.23; found, 307.00; Anal. calcd for C2Hx9N: C, 85.94; H, 9.51; N, 4.56.

Found: C, 86.20; H, 9.00; N, 5.52.
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5.3.11 N-(3,6-diiodo-9H-carbazol-9-yl)ethanone (20a) medified method of (AJprecht et al.,

2008; Yu et al., 2015a)

| 5 4 |
C , retiux,
N
N 8 )\ 1
H 07 “CHj

3,6-Diiodo-9H-carbazole (10.00 g, 23.87 mmol) was dissolved in acetic
anhydride (50.00 cm®). The mixture was refluxed at 140 °C for about 4 hours. The
precipitates were filtered under vacuum and wash with water several times to afford white
powder (8.76 g, 79 %). Mp 215-220 °C; *H NMR (ppm, 400 MHz, CDCls) &1 : 8.25 (2H,
s, H-4,H-5), 7.96 (2H, d, J = 8.80 Hz,H-2,H-7), 7.78 (2H, d, J = 8.80 Hz, H-1,H-8), 2.84
(3H, s, -CHs); 3C NMR (ppm, 100 MHz, CDCl3) & : 169.67, 137.95, 136.47, 128.99,
127.19, 118.01, 87.60, 27.68; MS (GC) [m/z]: calcd for C14HqloNO, 460.88; found,
461.00; Anal. calcd for C14Hgl2NO: C, 36.47; H, 1.97; N, 3.04. Found: C, 36.47; H, 1.71,

N, 3.02.
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5.3.12 N-(3,6-bis(3,6-ditert-pentyl-carbazol-9-yl)carbazole)ethanone (21) (EI-Khouly

etal., 2013; Wang et al., 2012; Yu et al., 2015a)

ll . Cu;0, DMAG, | | I‘

o) 8 1

To a solution of 1-(3, 6-diiodo-9H-carbazol-9-yl)ethanone (2.00 g, 4.33 mmol)
and 3, 6-Di-tert-pentyl-9H-carbazole (2.67 g, 8.68 mmol) in N,N-dimethylacetamide
(30.00 cm®) was added copper oxide (1.24 g, 8.68 mmol). The mixture was refluxed at
165 °C for 48 hours and cooled to room temperature and then diluted with water. The
precipitates were filtered and recrystallized from ethanol to afford white powder (2.65 g,
74 %). *H NMR (ppm, 400 MHz, CDCl3) 6+ : 8.49 (2H, d, J = 8.88 Hz, H-4, H-5), 8.16
(2H, d, J = 2.04 Hz, H-2, H-7), 8.08 (4H, s, H-4’, H-5"), 7.75 (2H, dd, J = 2.08 Hz, 6.76
Hz, H-1, H-8), 7.37 (8H, m, H-1°, H-2’, H-7°, H-8"), 3.05 (3H, s, 0=C-CH3), 1.77 (8H,
g, -CHz-), 1.42 (24H, s, -(CH3)2), 0.72 (12H, t, -CHz); 13C NMR (ppm, 100 MHz, CDCls)
Oc @ 169.88, 141.17,139.46, 137.74, 134.38, 127.37, 126.71, 124.22, 123.35, 118.39,
117.56, 117.18, 108.92, 37.95, 37.36, 29.12, 27.79, 9.32; MS (MALDI-TOF) [m/z]:
calcd for CsgHesN3O, 819.51; found, 820.11; Anal. calcd for CsgHesN3O: C, 84.94; H,

7.99; N, 5.12. Found: C, 84.56; H, 8.09; N, 5.18.
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5.3.13 3,6-Bis(3,6-ditert-pentyl-carbazol-9-yl)carbazole (22) (EI-Khouly et al., 2013;

Yuetal., 2015a)

O O KOH, H20,
DMSO, THF,
N O reflux

To a solution of N-(3,6-bis(3,6-ditert-pentyl-carbazol-9-yl)carbazole)ethanone
(2.00 g, 2.44 mmol) in THF (6.00 cm®), DMSO (3.00 cm®) and water (1.00 cm?) were
added. The mixture was stirred for 10 min. KOH (1.20 g, 21.4 mmol) was added
subsequently to the mixture and then refluxed for 4 hours. The crude was diluted with
water and neutralize with HCI solution (6 N). The crude was filtered and recrystallised
from mixture of hexane: ethyl acetate (1:1) to give white solid. (1.80 g, 95 %). Mp 285-
290 °C; 'H NMR (ppm, 400 MHz, CDCl3) 8w : 8.41 (1H, s, N-H), 8.19 (2H, s, H-4, H-
5), 8.08 (4H, s, H-4’, H-5"), 7.67 (4H, m, H-1, H-2, H-7, H-8), 7.36 (8H, m,H-1",H-2’,
H-7°, H-8’), 1.77 (8H, q, J = 7.32, 7.44 Hz, -CHy-), 1.42 (24H, s, -(CH3)2), 0.72 (12H, t,
J = 7.28 Hz, -CHas); *C NMR (ppm, 100 MHz, CDCls) & : 140.66, 140.08, 139.01,
130.49, 125.95, 124.11, 124.02, 123.07, 119.42, 117.03, 111.81, 109.04, 37.92, 37.39,
29.15,9.33; MS (MALDI-TOF) [m/z]: calcd for CseHe3N3, 777.50; found, 777.64; Anal.

calcd for CsgHg3N3: C, 86.44; H, 8.16; N, 5.40. Found: C, 85.87; H, 8.41; N, 5.38.
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5.3.14 1,4-Bis(3,6-bis(3,6-ditert-pentyl-carbazol-9-yl)carbazol-9-yl)benzene (13)

(Jeon & Lee, 2012; Jiang et al., 2012a; Schrogel et al., 2011; Woon et al., 2015)

2%

Cu, K2C03 18-Crown-6,

1,2-dichlorobenzene, 180°C
48 h

4

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?), 3,6-bis(3,6-ditert-
pentyl-carbazol-9-yl)carbazole (0.51 g, 0.66 mmol), 1,4-diiodobenzene (0.10 g, 0.30
mmol), KoCOs (0.33 g, 2.40 mmol), Cu powder (0.04 g, 0.60 mmol) and 18-Crown-6
(0.02 g, 0.06 mmol) were added. The mixture was heated at 180 °C using an oil bath and
maintained at that temperature for 48 hours. After cooling to room temperature, the crude
mixture was filtered to remove inorganic solid. The filtrate was concentrated under
reduced pressure and purify using column chromatography (hexane: ethyl acetate; 30:1)
to give a white powder. The compound was further purified by recrystallization from
chloroform (0.45 g, 90 %). *H NMR (ppm, 400 MHz, CDCl3) 64 : 8.32 (4H, d, J = 1.28

Hz), 8.12 (8H,s), 8.10(4H.,s), 7.86 (4H, d, J = 8.68 Hz), 7.73 (4H, dd, J = 1.52, 7.12 Hz),
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7.41 (8H, d, J = 9.28 Hz), 7.38 (8H, d, J = 8.56 Hz), 1.80 (16H, g, J = 7.28, 7.40 Hz),
1.43 (48H, s), 0.75 (24H, t, J = 7.28 Hz); 3C NMR (ppm, 100 MHz, CDCl3) & : 140.85,
140.20, 140.00, 136.88, 131.39, 128.80, 126.19, 124.32, 124.10, 123.16, 119.50, 117.14,
111.09, 109.01, 37.96, 37.40, 29.16, 9.35; MS (MALDI-TOF) [m/z]: calcd for
C118H128Ns, 1630.02; found, 1630.58; Anal. calcd for C11gH128Ns: C, 86.93; H, 7.91; N,

5.15. Found: C, 86.44; H, 8.22; N, 5.14.
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5.3.15 1,3-Bis(3,6-bis(3,6-ditert-pentyl-carbazol-9-yl)carbazol-9-yl)benzene (14)

(Jeon & Lee, 2012; Jiang et al., 2012a; Schrogel et al., 2011)

O O DN
(O v
Cu, K,CO;, 18-Crown-6, N Q O
_— N
N 1,2-dichlorobenzene, 180°C
H 48h O
N
+
-0 Q O
| JEN®

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?), 3,6-bis(3,6-ditert-
pentyl-carbazol-9-yl)carbazole (0.52 g, 0.67 mmol), 1,3-diiodobenzene (0.10 g, 0.30
mmol), KoCO3 (0.33 g, 2.40 mmol), Cu powder (0.04 g, 0.60 mmol) and 18-Crown-6
(0.03 g, 0.12 mmol) were added. The mixture was heated at 180 °C using an oil bath and
maintained at that temperature for 48 hours. After cooling to room temperature, the crude
mixture was filtered to remove inorganic solid. The filtrate was concentrated under
reduced pressure and purify using column chromatography (hexane: ethyl acetate; 30:1)
to give a white powder. The compound was further purified by recrystallization from
chloroform (0.19 g, 40 %). *H NMR (ppm, 400 MHz, CDCl3) &+ : 8.30 (4H,d, J = 1.88
Hz), 8.18 (1H,t, J = 1.76Hz), 8.08 (8H, d, J = 1.08 Hz), 8.05 (1H, s), 7.98 (2H, dd, J =
1.76, 6.56 Hz), 7.83 (4H, d, J = 8.72Hz), 7.71 (4H, dd, J = 2.00, 6.72 Hz), 7.39 (8H, dd,

J=1.64,7.08 Hz), 7.36 (8H, d, J = 8.60 Hz), 1.79 (16H, g, J = 7.32, 7.44 Hz), 1.42 (48H,
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s), 0.73 (24H, t, J = 7.32 Hz); 3C NMR (ppm, 100 MHz, CDCls) & : 140.85, 140.08,
139.97, 139.33, 131.46, 126.58, 125.50, 124.36, 124.11, 123.16, 119.51, 117.12, 111.00,
109.00, 37.95, 37.39, 29.16, 9.34; MS (MALDI-TOF) [m/z]: calcd for CiisH12sNs,

1630.02; found, 1630.01.
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5.3.16 4,4'-Bis(3,6-bis(3,6-ditert-pentyl-carbazol-9-yl)carbazol-9-yl)biphenyl (15)

(Jeon & Lee, 2012; Jiang et al., 2012a; Schrogel et al., 2011)

B T S

Cu, KZCO3 18-Crown-6, O

H 1,2-dichlorobenzene, 180°C
O

+

" N )
5

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?), 3,6-bis(3,6-ditert-
pentyl-carbazol-9-yl)carbazole (0.48 g,0.62 mmol), 4,4'-diiodobiphenyl (0.10 g, 0.25
mmol), K2COz (0.56 g, 4.0 mmol), Cu powder (0.03g,0.50 mmol) and 18-Crown-6
(0.02g, 0.05 mmol) were added. The mixture was heated at 180 °C using an oil bath and
maintained at that temperature for 96 hours. After cooling to room temperature, the crude
mixture was filtered to remove inorganic solid. The filtrate was concentrated under
reduced pressure and purify using column chromatography (hexane: ethyl acetate; 50:1)
to give a white powder. The compound was further purified by recrystallization from
chloroform (0.25 g, 59 %). *H NMR (ppm, 400 MHz, CDCls) o1 : 8.30 (4H, d, J = 1.88
Hz), 8.10 (8H, d, J = 1.24 Hz), 8.08 (4H, d, J = 8.48 Hz), 7.93 (4H, d, J = 8.44 Hz), 7.76
(4H, d, J= 8.64 Hz), 7.68 (4H, dd, J = 1.96, 6.72 Hz), 7.41 (8H, dd, J = 1.72, 7.00 Hz),
7.37 (8H, d, J= 8.56 Hz), 1.80 (16H,q, J = 7.32, 7.44 Hz), 1.43 (48H, s), 0.75 (24H, t, J
= 7.32 Hz); 3C NMR (ppm, 100 MHz, CDCls) & 140.80, 140.32, 140.06, 139.81,

136.99, 131.11, 128.93, 127.66, 126.07, 124.16, 124.09, 123.14, 119.41, 117.12, 111.17,
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109.05, 37.96, 37.42, 29.18, 9.36; MS (MALDI-TOF) [m/z]: calcd for Ci24H132Ns,

1706.05; found, 1706.71.
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5.3.17 4,4'-Bis(3,6-bis(3,6-ditert-pentyl-carbazol-9-yl)carbazol-9-yl)-2,2'-

dimethylbiphenyl (16) (Jeon & Lee, 2012; Jiang et al., 2012a; Schrogel et al., 2011)

g,

Cu, K2C03 18-Crown-6, O

H 1,2-dichlorobenzene, 180°C
48h O

" P B

In a 50 cm?® two neck round bottom flask equipped with a magnetic stirrer and a
condenser topped with a nitrogen inlet, o-dichlorobenzene (10.00 cm?), 3,6-bis(3,6-ditert-
pentyl-carbazol-9-yl)carbazole (0.50 g, 0.64 mmol), 4,4'-diiodo-2,2'-dimethylbiphenyl
(0.13 g, 0.29 mmol), K2CO3 (0.64 g, 4.64 mmol), Cu powder (0.04 g, 0.58 mmol) and
18-Crown-6 (0.03 g, 0.12 mmol) were added. The mixture was heated at 180 °C using an
oil bath and maintained at that temperature for 96 hours. After cooling to room
temperature, the crude mixture was filtered to remove inorganic solid. The filtrate was
concentrated under reduced pressure and purify using column chromatography (hexane:
ethyl acetate; 50:1) to give a white powder. The compound was further purified by
recrystallization from chloroform (0.30 g, 60 %). *H NMR (ppm, 400 MHz, CDCl3) 8n:
8.29 (4H, s), 8.10 (8H, s), 7.78-7-59 (14H, m), 7.41 (8H, d, J = 8.80 Hz), 7.37 (8H, d, J
= 8.56 Hz), 2.42 (6H, s), 1.80 (16H, q, J = 7.32, 7.40 Hz), 1.43 (48H, s), 0.75 (24H, t, J
= 7.24 Hz); 3C NMR (ppm, 100 MHz, CDCls) &. : 140.76, 140.49, 140.44, 140.08,

138.39, 136.64, 130.94, 128.50, 125.99, 124.49, 124.07, 124.03, 123.11, 119.38, 117.10,
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111.24, 109.05, 37.95, 37.41, 29.17, 20.32, 9.35; MS (MALDI-TOF) [m/z]: calcd for
C126H136Ns, 1734.09; found, 1734.64. Anal. calcd for Ci26H13sNe: C, 87.25; H, 7.84; N,

4.84. Found: C, 87.00; H, 7.62; N, 4.83.
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5.3.18 4,4’-Diiodobiphenyl (23) (Xiong et al., 2007)

O CH3COOH, H,0
conc. H,SO,4
O HIO3, CCly

A mixture of biphenyl (1.54 g, 10.00 mmol), acetic acid (10.00 cm?), water (1.00
cm?®), conc. Sulfuric acid (1.00 cm®), iodine (2.79 g, 11.00 mmol), periodic acid (1.25 g,
5.50 mmol) and carbon tetrachloride (2.00 cm®) was maintained at 80 °C for about 4 hours
with a magnetic stirrer. The slurry product was cooled to room temperature and poured
into water. The solution was extracted with dichloromethane (3 x 50 cm®). After the
combined dark purple organic layer was decolorized with sodium sulfite, it was washed
with water, dried over anhydrous Na»SOg, filtered and evaporated to dryness to get a
slightly yellow solid and recrystallized from ethanol to afford a colorless crystal. (2.8 g,
65%). Mp 186-188 °C; *H NMR (ppm, 400 MHz, CDCls) 8 : 7.72 (4H, d, J = 8.52 Hz,
H-3, H-5, H-3’, H-5"), 7.22 (4H, d, J = 11 Hz, H-2, H-6, H-2, H-6"); 13C NMR (ppm,
100 MHz, CDCls) 8. : 139.57, 138.01, 128.69, 93.51; MS (GC) [m/z]: calcd for Ci2Hslo,

; 405.87 found, 406.00.
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5.4 Experimental for Chapter 4

5.4.1 General information

All materials were purchased and used as received without further purification.
OXD-7, SPPO13, X-F6-TAPC, Flrpic, Ir(mppy)3, Hex-Ir(phg)3 were purchased form
Luminescence Technology Corp. Single layer device structure consists of ITO (100 nm)
/ PEDOT: PSS (Al 4083) (40nm) / EML (60 nm)/ CsF (1 nm) / Al (100 nm), double layer
device structure consists of ITO (100 nm) / PEDOT:PSS (Al 4083) (40nm) / EML (50
nm)/ SPPO13 (30 nm) / CsF (1 nm) / Al (100 nm) and multi-layer device structure
consists of ITO (100 nm) / PEDOT:PSS (Al 4083) (40nm) / X-F6-TAPC (10 nm)/ EML
(40 nm)/ SPPO13 (30 nm) / CsF (1 nm) / Al (100 nm) have been fabricated as shown in

Figure 5.1.

SPPO13 SRR

EML
EML EML

X-F6-TAPC

PEDOT:PSS PEDOT:PSS

PEDQT:PSS

ITO ITO

Glass

Figure 5.1: Structure of single, double and multi-layer devices

The EML layer for the device is 16: Flrpic or Ir(mppy)3 or Hex-Ir(phg)3:0XD-7
with a blending ratio of 100:30:10. Electroluminescence intensities were measured using
SM442 Spectrometer. AFM was measured using AFM (NT-MDT Solver Next) with non-

contact mode.
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5.4.2 Device fabrication process

Bare ITO deposited on polished soda lime glass was used as substrate. The
ITO/glass substrates were purchased from Luminescence Technology Corporation,
Taiwan. The thickness of the ITO and glass was 120 nm and 1.1 mm respectively. The
size of the substrate was 15 mm x 20 mm. The substrates were cleaned sequentially using
deionized water (DI), acetone, isopropyl alcohol, and DI water again for 15 minutes.

Figure 5.2 shows the ITO pattern dimensions.

20 mm

| 4.0mm

‘ 2.5mm

15mm | 2.0mm

Figure 5.2: Patterned ITO dimensions

The patterned ITO substrates were treated using oxygen plasma at 35 W for 5
minutes. This process is important to remove organic contaminants through the chemical
reaction of highly reactive oxygen radicals. Furthermore, this treatment will increase the
ITO work function and generate surface hydroxylation which improves the surface

wettability.

Immediately after the oxygen plasma treatment, an aqueous dispersion of
PEDOT: PSS was spin-coated onto the substrates to form a 40 nm film. Then, the samples
were baked in N2 glove box environment for 10 minutes at 150 °C. X-F6-TAPC and 4-

octyloxydiphenyliodonium (OPPI) as photoinitiator is mixed at 12.5% in toluene to be
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spin-coated to form 10 nm thin film and then irradiated with UV light (310 nm, 185
mW/cm?, 3 minutes) before baking at 80 °C for 20 minutes (for multi-layer device only).
The EML dissolved in chlorobenzene was spin coated on top of PEDOT: PSS (for single
and double layer device only) or X-F6-TAPC (for multilayer device only) and then baked
at 80 °C for 20 minutes. Following that, 30 nm SPPO13 dissolved in 2,2,3,3-tetrafluoro-
1-propanol (a type of fluorinated alcohol) was spin coated on top of EML and then baked
at 80 °C for 20 minutes (for double and multi-layer device only). Next, 1 nm of CsF and
100 nm of Al was vacuum deposited at a base pressure of 2.5 x 10 mbar without breaking

the vacuum. All the devices were encapsulated using UV curable epoxy and glass lid.

All the fabrication process except the PEDOT: PSS film deposition was carried
out in a glovebox with oxygen less than 100 ppm and moisture below 40 ppm. The OLED
device consists of six areas defined by overlapping of the cathode and anode. The active

area of the device was 4.5 mm?.

5.4.3 Current-voltage-luminance (I-V-L) measurement

I-V-L measurement is the most basic and important measurement for OLED. The
I-V-L measurements were carried out using Konica Minolta CS-200 integrated with a
Keithley 236 source-measuring-unit (SMU). The measurement was carried out in a dark
enclosure to avoid stray light. Voltage from the SMU was applied across the OLED and
simultaneously the current, luminance of the devices was captured by the chroma meter.
OLED efficiency is characterized by current efficiency and power efficiency. These
efficiencies can be calculated from I-V-L data. Current efficiency (cd/A) is the luminance
(L) generated by the device per unit current (). Current efficiency from luminance in

forward direction can be calculated using:
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Nce = L/] (5.1)

with L and I is the measured brightness and operating current respectively.

While power efficiency or luminous efficiency (Im/W) of the device in forward

direction can be calculated using (Reineke et al., 2013):

Nee = Nce-T-fpyv (5.2)

where

fo = =272 "7 1 (6, b)sin6 dpdo (5.3)

ly

The fo factor takes into the consideration of the light intensity distribution in forward
hemisphere. lo is measured light intensity in forward direction and V is the operating

voltage. The I-V-L measurement setup is shown in Figure 5.3.

Test,device
/;
| >
L B | I O OO
CS-200
Dark enclosure
Computer for

I-V-L measurement

Figure 5.3: I-V-L measurement setup
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5.4.4 Surface profiler

Surface thickness of a thin film is usually measured by using surface profilometer.
The profilometer will give data of the difference between the high and low point of a
surface in nanometers scale. There are two types of profilometers which are contact and
non-contact profilometer. Contact profilometer not suitable for very soft and easily
damageable surface. Hard and damage surface also can damage the stylus used.
Meanwhile, non-contact profilometer uses a beam of light to get surface information.
Since there is no contact with the sample surface, this profilometer can be safely used to
measure any surface. Basically, profilometers consist of two parts; a detector to collect
surface information and a sample stage to hold the sample tested. During the scanning,
the stylus is moved across the sample surface at a constantly velocity while maintaining
a constant applied stylus force. As the stylus is moved, the contact force between the
stylus and the surface is sensed by a displacement capacitance sensor. This information
is feedbacked to the computer and the surface profile can be modelled. It is crucial to
applied suitable stylus force during scanning. Too low force will result in lost contact
with the sample surface and too high force may damage the sample during the scanning
process. Generally, the recommended stylus load is in between 1 mg-2 mg. In this work,
the film thickness was measured using P-6 profilometer (KLA-Tencor). The stylus load
was set at 1 mg with the tip radius of 2 um. Figure 5.4 shows the simplified schematic

diagram of a surface profiler.
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CHAPTER 6: SUMMARY AND FUTURE WORKS

6.1 Summary

We have succeeded in the synthesis of four new compounds based on carbazole
dendrimers using an Ullmann reaction. The dendrimers 13-16 incorporated tert-pentyl
groups at the outer layer to ensure their solubility in organic solvents used for device
fabrication processes, such as drop casting, spin coating, etc. All carbazole dendrimers
show suitable thermal properties with high T4 and T4 values that lead to the formation of
a good thin film in solution-processed PhOLEDs. A limited number of known small
OLED materials 5-8, were also synthesized. New small OLED materials, modified from
5-8 have also been synthesized (compound 9-12). All of these compounds have been fully

characterised by common analytical spectroscopic methods.

The bandgap energy, Eg of the dendrimers was determined from UV-Vis spectra
to be in the range of 3.37 eV — 3.44 eV. The emission spectra of 13-16 show peaks
between 400 nm — 409 nm that indicate that the materials can be use as host materials for
blue OLEDs. These dendrimers show triplet energy in the range of 2.65 eV to 2.82 eV
that is suitable for use with blue, green and red emitters as the dopants. Compound 16
were found to have the highest triplet energy because of the non-planar core structure that

enables it to maintain high triplet energy.

The HOMO level of the dendrimers was determined from evaluation of the
oxidation peak of cyclic voltammetry and the LUMO level was obtained from the
bandgap value obtained from UV-Vis spectra. The HOMO level for 13, 14, 15 and 16
were determined to be -5.23 eV, -5.23 eV, -5.23 eV and -5.24 eV, respectively. All of the
dendrimers exhibit a HOMO level quite close to the work function of PEDOT: PSS,
indicating that efficient hole injection into the emitting layer could be achieved by using

13-16 as host materials in the emitting layer of OLEDs.
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Compound 16 was chosen to be used as host materials for single, double and
multilayer PhOLEDs for blue, red and green through solution process method. Single
layer devices show low current and power efficiency compared to those of similar double
layer devices. An increment in efficiency for double layer device was achieved due to
addition of electron transport layer, SPPO13. The presence of the hole transport layer, X-

F6-TAPC in multilayer devices further increase the efficiency of all devices.

The morphological nature of the thin film surface was studied using AFM. The
AFM results show that the surface roughness of SPPO13 can be improved by using
fluorinated alcohol as the deposition solvent to allow better electron injection to the
emission layer. We found that IPA-processed SPPO13 on top of 16 has a poor film
homogeneity resulting in roughness of 0.591 nm, while we found out that 2,2,3,3-
tetrafluoro-1-propanol to be able to form uniform thin film with roughness of 0.195 nm

which is a significant improvement.

6.2 Future works

For synthesis of OLED materials, several suggestions can be made as follow:

1. Computational methods could be used to design more interesting molecules. This
part is important before the start of synthesis work to avoid time wasting and
reduce the cost of synthesis of a new material. Computational method can predict
the Er, HOMO and LUMO of a novel material (Milian-Medina et al., 2012;
Nguyen et al., 2010; Yang et al., 2008).

2. Careful and organise comparison needs to be done by using different Ullmann
methods or other methods to maximise the yield of product. This study could

reduce the cost of the production of a material for OLEDs and PhOLEDs.

113



3.

Increase the molecular weight of the dendrimers in increasing dendron
generations to enhance their physical properties. It is important to improve the
thermal properties of OLED material to ensure long lifetime of OLED devices.
Bipolar host materials based on carbazole dendrimers can be further developed.
Bipolar host materials have advantages of high triplet energy and balanced charge
transport properties (Byeon et al., 2015; Feng et al., 2015; Lin et al., 2015; Lu et
al., 2015). Carbazole unit can be combined with electron transport type materials
such as triazine, phosphine oxide and pyridine.

Recently, thermally activated delayed-fluorescence materials (TADF) have been
reported (Albrecht et al., 2015; Chen et al., 2016; Higuchi et al., 2015; Tao et al.,
2014). TADF materials have the advantages in term of their high internal quantum
efficiency and inexpensive (rare-metal-free) materials. There still lot to explore in

TADF area because the reported external quantum efficiency (EQE) still very low.
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