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Chapter 1

Introduction






1.1 Background

Conjugated organic polymers are basically long chain macromolecules that have alternating
carbon-carbon single and multiple bonds (might have cumulative double bonds) along the backbone.
Electrons delocalized along the w-conjugated backbone contribute electrical conductivity of the polymers.
Shirakawa, MacDiarmid, and Heeger have discovered electrical conductivity of a polyacetylene film upon
chemically doping with bromine in 1977 [1, 2]. For the last few decades, conjugated polymers have attracted
considerable interest around the world and considerable developments have been made. Many different
conjugated polymers have been extensively studied, such as polythiophenes and polypyrroles, among others,
as shown in Fig. 1-1 [3-9].

S s N

Polyacetylene Polythiophene Poly(3-alkyl)thiophene Polypyrrole Poly(2,7-fluorene)

Polyethylene-  Polyisothianaphthene Polyparaphenylene- Polyparaphenylene Poly(2,7-carbazole)

dloxythlophene vinylene
Poly(3,6-carbazole) Polyaniline

Fig. 1-1 Chemical structures of several commonly used conjugated polymers

Originally it was thought these types of polymer systems would serve as substitution for highly
conductive metals, such as copper and aluminum. However, the conjugated polymers were chemically
unstable in atmospheric conditions. In 1990, the first polymer light-emitting diodes (PLED) was reported by
Burroughes and co-workers [10], which was a demonstration of practical applications in the field of
conjugated polymers. Subsequently, conjugated polymers have been successfully used in a wide range of
applications including thin film transistors [11], chemical sensors for massive analyses [12, 13], light
emitting electrochemical cells (LEC) [14-16] and organic photovoltaic cells (OPV) [17, 18]. Electronic
devices, such as organic light-emitting devices and photovoltaic cells are currently under development for
practical uses. Conjugated polymers are not only unique materials for basic researches on organic
semiconductors but also promising materials for industrial applications, since they can be easier to make
devices for energy conservation and energy generation than alternative materials. These electroactive and
photoactive conjugated polymers have an advantage of easy tuning their properties through simple chemical
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modifications [19, 20].

Carbazole is a heterocyclic aromatic organic compound having a dibenzopyrrole structure. The structure
and numbering of positions in carbazole (Cz) are shown in Fig. 1-2. Conjugated polymers with carbazole
unit have interesting optical and electronic properties such as photoconductivity and photorefractivity [21,
22]. A number of carbazole derivatives have been synthesized and electrochemical and spectroscopic
properties of them have been extensively investigated [23-25]. Carbazole has been widely used as a
functional building unit of conjugated polymers for light-emitting layers in OLED and LEC devices utilized
as active layer components because they are thermally stable and show blue photo- and electroluminescence
due to the large bang gap of the biphenyl unit. The optical and electrical properties of polymers based on
carbazole can be easily tuned by substitution on the 2-, 3-, 6-, 7- and 9H-positions.
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Fig. 1-2 The structures and numbering system of Cz

In this thesis, two different research issues in the field of organic electronics were studied. New materials
based on carbazole for blue-light emitting and photovoltaic applications are developed and their basic
properties and prospect in applications are described.

Three major objectives of the present study are listed hereunder:

1. Synthesis and characterization of deep-blue light emitting and photovoltaic materials
2. Study on structural and physical properties of synthesized polymers

3. Exploration of the suitability of these polymers in the field of optoelectronic devices

1.2 Syntheses and characterizations of blue-light emitting -conjugated polymers.

Blue light-emitting materials are of great significance for their unique applications in flat-panel displays
and high-density information storage. Especially in full-color displays, the short-wavelength emission can
serve as an excitation source for emission over the whole visible range [26]. Therefore, development of
high-efficiency blue emitting materials is important. However, to develop stable pure blue polymeric
emitters for PLEDs and LECs with their color coordinates in the Commission Internationale de L’Eclairage
(CIE) chromaticity diagram within the standard blue (CIE: x< 0.15; y< 0.15) are still rare, It is also difficult
to achieve high efficiency and good charge balance due to the large energy bandgap (Eg) of these materials
[27]. In chapter 2, the design, syntheses and properties of new blue-light emitting m-conjugated materials are
discussed.

1.2.1 N-substituted poly(4H-benzo[def]carbazole)s for blue photoluminescence

Since the first report on blue PLEDs device fabricated with poly(p-phenylene) (PPP) in 1992 [28], a large
2



number of blue-light-emitting materials have been developed. Among the vast kinds of blue-light-emitting
polymers, fluorene-based conjugated polymers have been recognized as a promising class of them, because
of their good processability for making thin film devices and high fluorescent performances in the solid state
[29]. Unfortunately, polyfluorenes have usually emitted impure blue colors due to emissions from
contaminants such as excimers and keto-defects in addition to principal emission from B-phase, when they
are applied as emitting layer materials in PLEDs [30]. Since early in this century, poly(2,7-carbazole)s
regarded as a strained planner poly(4,4’-biphenylylene) with an imino-bridge have been considered as a new
candidate for blue light emitting materials comparable to the fluorene-based polymers, because they have
band gaps appropriate for blue light emissions and smaller ionization potentials compared to polyfluorenes
[25].

i X |
N ,L N
n
PECza PBCza
PECzb PBCzb 1,7-PBCza
C10H21 C10H21
X=a x=b: —_)-0<
CqoH21 CyoH21

Fig. 1-3 The structures of PECza, PECzb, PBCza, PBCzb and 1,7-PBCza

In this section, a new series of N-alkyl and N-phenyl substituted poly(carbazole)s having a
4,5-ethenylene bridge, poly(4H-benzo[def]carbazole)s (PBCza, PBCzb and 1,7-PBCza) (Fig. 1-3), were
synthesized. Derivatives of 4,5-ethylene bridged poly(carbazole) (PECza and PECzb) were also synthesized
for comparison. Basic properties of these polymers were compared with those of poly(2,7-carbazole)s and
poly(3,6-carbazole)s.

This new series of carbazole-based homopolymers had enough high molecular weights, good solubility
in common organic solvents, amorphous nature in the film state, and good thermal stability showing about
400 °C of temperature at 5 wt% loss in TGA. The band gaps of these polymers were in the range of
2.77-3.15 eV that were appropriate for bluish light emissions. The fluorescence maxima of these polymers in
CHCI; and in film state were in the ranges of 419-456 and 426-495 nm, respectively (Fig. 1-4). The CIE(X, y)
values of PECza, PECzb, PBCza and PBCzb in CHCI; were almost identical to (0.15, 0.05) in the region of
deep blue. In film state, CIE values for PECz (0.16, 0.15) were in the region of blue, while CIE values for
PBCz (0.19, 0.21) shifted toward greenish blue but in the region of blue. The shift of the PL color is ascribed
to the stronger intermolecular interaction between the larger planar units of PBCz as suggested in the XRD
results. Poly(2,6-benzocarbazole)s (PBCza and PBCzb) showed unexpectedly blue-shifted absorption bands,
the shallower Enomo, and the wider E;compared with those of poly(2,7-carbazole) regardless of having the
larger m-conjugation in the monomer unit. It is considered that PECz and PBCz have potential to be applied
in PLEDs as blue-light emitting materials.
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Fig.1-4 PL spectra of PBCza, PBCzb and 1,7-PBCza in CHCI; (a) and flim state (b).

On the other hand, 1,7-PBCz is found to have unique properties that the absorption and emission bands
were observed in considerable longer region in wavelength with moderate @5, which were quite different
from those of poly(3,6-carbazole)s. 1,7-PBCza showed the shallow Eomo and narrow Eg, fluorescing in blue
green color (CIE (0.20, 0.33)) in the film state. Therefore, the 1,7-BCz unit would rather be applied in a
donor component of donor-acceptor-type narrow band gap polymers for organic solar cells.

1.2.2 Synthesis and characterization of D-A polymers having azine unit for blue light emission.

In this part, the design of p-type conjugated polymers by incorporating electron-withdrawing groups,
such as azine unit, seems to be a straightforward strategy to tune carrier injection and transporting properties
of known materials. A new D-A system has been designed, which is expected to heighten both the energy
levels of the E, ymo, giving rise to a series of intriguing properties such as improved resistance to oxidation,
facilitated electron injection, and ambipolar characteristics.
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Fig. 1-5 The structures of PCz-triAz, PF-tetrAz and PF-triAz



The synthesises, characterizations and photoluminescence properties of these polymers, PCz-triAz,
PF-tetrAz and PF-triAz, shown in Fig. 1-5 were investigated. Herein, the carbazole/fluorene sequences
were selected as D for the reason of good thermal and electrochemical stability, high fluorescence yield and
facile chemical functionalization, while 1,2,4,5-tetrazine (tetrAz) and 1,3,5-triazine (triAz) were chosen as
A for their electron deficiency.

Three types of D-A copolymers were designed and synthesized by combination of an electron donor unit
of carbazole/fluorene sequences and an electron acceptor azine unit such as 1,2,4,5-tetrazine and
1,3,5-triazine. They have good thermal stability showing about at 360 °C with 5 wt% loss in TGA. Three
copolymers exhibited intense blue photoluminescence with emission peak maxima at 438, 437 and 421 nm
in CHCIj, respectively (Fig. 1-6). In the film state, the emission peak of PCz-triAz was observed at 495 nm,
while the emission peak maxima at 451 nm for PF-tetrAz and 422 nm for PF-triAz. The CIE values for
PF-tetrAz (0.16, 0.12) and PF-triAz (0.16, 0.07) were in the region of blue, while CIE values for PCz-triAz
(0.2, 0.32) shifted toward blueish green. These polymers exhibited good fluorescence quantum efficiencies in

CHCl; (& = 0.62, 0.63, 0.97).
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Fig. 1-6 PL spectra of PCz-triAz, PF-tetrAz and PF-triAz in CHCI; (a) and flim state (b)

Compared to PCz-triAz (Exomo = —5.47eV, Ey = 2.77 V), PF-tetrAz and PF-triAz showed deep Enomo
(-5.83, —6.0 eV) for hole transport and proper E4 (2.96, 3.12 eV) for blue emission. According to above
results, these D-A copolymers have a great potential to be applied in PLED as the blue-light emitting

materials.

1.2.3 Efficient blue luminescence D-r-A type copolymers having sulfone/phosphine oxide unit

Donor-n-acceptor (D-n-A) type copolymers have aroused much interest because they show high
fluorescent quantum yields and good charge carrier transport properties for using as hole- and
electron-transporting moieties [31]. It has been proved that use of D-n-A type molecules can enhance the
electroluminescence efficiencies of PLEDs [32, 33]. However, the D-n-A structure can enlarge = conjugation
and lead the intramolecular charge transfer trend to fluorescence red shifts [34]. In this work, to design
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efficiencies pure blue electroluminescence materials, it is important to suitably control the enlargement of
n-conjugation and trend of the intramolecular charge-transfer inside the molecules.
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R Y L
CETPO. b < BCTPO: D = PBCTPO: D =

Fig. 1-7 The structures of PFDSO2, PCDSO2, PBCDSO2, PDFDSO2, PFTPO, PCTPO and
PBCTPO

Herein, a series of D-n-A type copolymers were designed and synthesized (Fig. 1-7). The widely used
hole-transporting moiety, fluorene/carbazole, was selected as the electron-donor for its relatively mild
electron-donating ability, the sulfone/phosphine oxide unit as an acceptor unit for these excellent electron
injection properties. Moreover, the sulfone and phosphine oxide with two rotatable phenyl rings, serve as a
breaker of m-conjugation, because of their conformations of tetrahedral (sulfone)/ trigonal-pyramidal
(phosphine oxide), which could effectively confine the m-conjugation of the molecules. All of these
copolymers were fabricated simple LECs devises with structure of ITO/ PEDOT:PSS (40 nm)/ emission
layer + ionic liquid/ Al (100 nm). The electroluminescence properties of these materials were investigated.

A new series of D-n-A type copolymers were designed and synthesized. They have good thermal
stability showing at about 400 °C with 5 wt% loss in TGA. These copolymers exhibited intense blue
photoluminescence with emission peak maxima at 380 ~ 447 nm in CHCls. In the film state, the emission
peaks of polymers were observed at 404 ~ 449 nm. All the polymers exhibited good fluorescence quantum
efficiencies in CHCIs. The polymers basically have good molecular weights, good solubility in common
organic solvents, deep HOMO levels (5.58-6.05 eV) (Fig. 1-8), a conjugated polymers that shows excellent
fluorescence quantum efficiency, and proper bandgaps (Ey) for blue emission. These polymers have been
used as emitting layer materials of LECs devices that have a configuration of ITO/ PEDOT:PSS/
polymer+ionic liquid /Al. The LEC device embedded with PDFDSO2 shows intense luminance of about
1080 cd m2, while the devices embedded with PFDSO2 and PCDSO2 show less luminance.
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Fig. 1-8 Energy band diagrams of the polymers

1.3 Synthesises and photovoltaic performance of D-A structure narrow bandgap copolymers based on
benzo[def]carbazoles

The bulk heterojunction (BHJ) OPV as renewable energy system has attracted much attention because of
their many unique features such as low cost, easy fabrication, light weight and good flexibility [35, 36]. To
obtain high-performance OPV, it is necessary to design and synthesize conjugated polymers with desired
properties, such as (1) sufficient solubility for uniforming thin film, (2) miscibility with an n-type material,
(3) narrow band gap for matching the high photon flux region of the solar spectrum to ensure enough light
harvesting and (4) high hole mobility for efficient charge transport [37, 38]. Narrow-bandgap n-conjugated
polymers can harvest sunlight and increase the exciton concentration in the active layers, leading to an
increase of short-circuit current (Js) [39]. Therefore, new polymers with proper properties of
photoabsorption, semiconducting, energy levels, and stability have been attempted to be developed up to
date.

In this section, a simple strategy, synthesize D-A type narrow-bandgap copolymers was used.
Benzo[def]carbazole is chosen as the donor unit for this new attempt for synthesis of the D-A type
copolymers. Because this n-extended planar fused aromatic ring, benzo[def]carbazole, will be helpful for
intensifying intermolecular @ overlap and thus narrowing n-n stacking, which can contribute to enhancing
charge carrier mobility. Moreover, the bridging nitrogen-atom in benzo[def]carbazole offer a center for
solubilizing functionality and tuning of energy levels of molecular orbitals by introducing appropriate
substituents.

Three D-A type benzo[def]carbazole-based copolymers, PBCDTBT, PBCDTTPD and PBCBTDPP,
shown in Fig. 1-9 were synthesized and characterized. Herein, benzothiadiazole (BT),
thienopyrrole-4,6-dione (TPD) and 1,4-diketopyrrolopyrrole (DPP) were chosen as the typical A unit. The
effects of the different segments on the absorption spectra, energy levels, and the photovoltaic performances
of the copolymers are also studied.
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Fig. 1-9 The structures of PBCDTBT, PBCDTTPD and PBCBTDPP

Three copolymers exhibited broad absorption bands in UV and visible regions from 350 to 700 nm with
optical band gaps in the range of 1.68-2.11 eV, which overlapped with the major region of the solar spectrum.
Photoelectron yield spectroscopy revealed that these copolymers showed energy levels of the highest
occupied molecular orbital in the range of —5.22 eV to —5.34 eV, which could provide good air stability and
high open circuit voltages in photovoltaic applications. The BHJ OPV using PBCDTBT exhibited the PCE
value of 1.42 % with Jg. of 6.41 mA cm?, FF of 0.33, and V, of 0.67 V (Fig. 1-10), while those using
PBCDTTPD and PBCBTDPP showed PCE of 0.98 % (with Ji. = 2.52 mA cm?, FF = 0.50, V,, = 0.77 V),
and 0.75 % (with Ji. = 2.10 mA cm?, FF = 0.51, V. = 0.70 V, respectively. The higher performance of
PBCDTBT:PC;BM (1:3) than PBCDTTPD:PC,,BM (1:3), and PBCBTDPP:PC,,BM (1:4) was almost
ascribed to the higher J. of the former device, because the blend films of PBCDTBT:PC,,BM showed a
rather smooth surface and more intimate mixing, which certainly increased the heterojunction interface area

for exciton dissociation and consequently led to the higher Js. of OPV.

-1

Current density (mA/crnz)
N w \S] —_ [e)

N O W

=

—
—
— —
— —

—

B PBCDTBT
------ PBCDTTPD
— — —PBCBTDPP
1 ] 1 ] 1 ] 1 ]
0.2 0.4 0.6 0.8
Voltage (V)

Fig. 1-10 J-V curves of BHJ solar cell of PBCDTBT:PC,,BM (1:3), PBCDTTPD:PC,,BM (1:3) and
PBCBTDPP:PC;BM (1:4) under illumination of AM 1.5 G.
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1.4 Summary

This thesis majors in the synthesis, characterization and the testing of new, environmentally stable
materials based on carbazole for blue-light emitting and photovoltaic applications.

The chapter 2, firstly, new type of poly(carbazole)s for blue light emitting are succeeded to synthesize by
bridging of 4,5-ethenylene to a carbazole unit to construct benzo[def]carbazole. These homopolymers
exhibited high molecular weights, good solubility in common organic solvents, amorphous nature in the film
state and good thermal stability. The CIE (x, y) values of them in film state were almost showed in the region
of blue. The properties of poly(carbazole)s were studied to be applied in PLEDs as blue-light emitting
materials. In second part, new D-A coplymers have been designed and synthesized using carbazole/fluorene
sequences as the electron donor unit and azine unit as electron acceptor. These polymers showed intense blue
photoluminescence with CIE values in the region of blue and showed good fluorescence quantum
efficiencies in CHClI;. Polyfluorenes having electron accepting azine units (PF-tetrAz and PF-triAz)
showed shallow Enomo for hole transport and proper Eq for blue emission. These D-A copolymers will be
applied in the blue-light emitting materials. In third part, a series of D-n-A type copolymers were designed
and synthesized. The sulfone/phosphine oxide with rotatable phenyl rings served as controlling of the
n-conjugation to well-preserve blue emission. The polyfluorenes with electron accepting sulfone units
(PDFDS0?2) based LECs devices showed intense luminance of about 1080 cd m™.

Chapter 3 presented synthesis, characterization and OPV study of a novel benzo[def]carbazole based
polymers with the D-A architecture with three different electron acceptors. These copolymers exhibited
broad absorption bands in UV and visible regions with narrow optical band gaps. The absorption bands
overlapped with the major region of the solar spectrum. Compared with PBCDTTPD and PBCBTDPP
based BHJ OPV, The OPV using poly(benzo[def]carbazole) having electron accepting benzothiadiazole
units (PBCDTBT) exhibited the highest PCE, which ascribed to the high J,. of the device. The mixing
morphology of film PBCDTBT:PC,,BM showed a rather smooth surface and more intimate mixing led to
the high Js. of OPV. Benzo[def]carbazole is a kind of effective donor segment for the D-A type OPV
according to initial performances of these copolymers.
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Chapter 2

Syntheses and Characterizations of Blue-light Emitting nr-Conjugated Polymers






Preface

Organic electronics are considered to play an important role in our lives due to the development and
increased understanding of organic semiconductors. Organic semiconductors offer a wide variety of
advantages such as low cost, emission in visible (Vis) range, and tunability compared to the traditional
inorganic semiconductors and conductors. Organic semiconductors have found many application areas for
photo- and electro- active organic materials including organic light emitting diodes (OLEDs) [1-3], light
emitting electrochemical cells (LECs) [4-6], organic solar cells [7, 8], organic thin-film transistors [9] and
high-density information storage (Fig.1).

Fig.2-1 a) OLEDs [10]; b) organic solar cells [11]; c) organic thin-film transistors [12].

In the past decades, blue light-emitting materials have attracted considerable scientific and commercial
interest for their potential utility in full-color displays and high-density information storage. Especially in
full-color displays, development of high-efficiency blue-light-emitting materials is important among three
basic colors of blue, green, and red. Because the short-wavelength emission can serve as an excitation source
for emissions over the whole visible range [13]. However, to develop pure blue polymeric emitters with their
color coordinates in the Commission Internationale de L’Eclairage (CIE) chromaticity diagram within the
standard blue (CIE: x< 0.15; y< 0.15) (Fig.2-2) are still rare since wide bandgap (Eg) of these materials
makes the achievement of high efficiency and pure blue light emission have been incompatible in the OLED
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devices difficult [14]. In this chapter, the design, syntheses and properties of new blue-light emitting
n-conjugated materials are discussed.

CIE Chromaticity Diagram and Color Gamuts for NTSC

CIE: x<0.15
y<0.15

Fig. 2-2 CIE diagram.

The main objectives of this work are as follows:
1. Design and synthesize pure blue emission materials with high the brightness, efficiency and color
stability
2. 4,5-Ethenylene bridged poly(carbazole)s synthesized for blue photoluminescence
3. Synthesis of new D-A type of copolymers for blue light emission having azine unit
4. Design of D-n-A structure copolymers having sulfone/phosphine oxide unit for blue luminescence

2.1 N-substituted poly(4H-benzo[def]carbazole)s for blue photoluminescence

2.1.1 Background

Polymer light emitting diodes (PLEDs) are type of solid state light-emitting devices. The basic PLEDs
consists of a stack of thin organic layers sandwiched between a transparent anode and a metallic cathode (Fig.
2-3). The organic layers comprise an emissive layer and a conductive layer. When an appropriate voltage is
applied to the device, electrons are injected from the cathode and holes are injected from the anode. To
enhance electron injection, cathodes are often made of disadvanced work function materials, such as
aluminum or calcium. Conversely, to enhance hole injection, anodes are constructed from advanced high
work function materials. The typical anode material is indium/tin oxide (ITO).
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Fig. 2-3 Structure of PLED device

The process of light emission creation by PLED is as follows (Fig. 2-4):

When voltage is applied to PLED device, electrical current flows from the cathode to the anode through
the organic layers. The cathode gives electrons to emissive layer and the anode removes electrons from the
conductive layer. The holes leaved by removing electrons from the conductive layer need to be filled with
the electrons in the emissive layer. The holes jump to emissive layer and recombine with the electrons. As

the electrons drop into the holes, they release their extra energy in the form of a photon of light. The PLED
emit light.

Light emission
= O

hv

M M MM M

(+)

apouy

Conductive layer Emissive layer

apoyyeD (I’

Fig. 2-4 Light creation by PLED

Organic semiconductors used for PLED show many advantages. First of all, compare to inorganic
semiconductors, PLED are more cost-effective due to the nearly unlimited synthetic abundance of organic
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materials and nomally thinner film thickness, typically ~ 100 nm thick. Secondly, PLEDs are compatible
with low-cost and large-area manufacturing processes. The organic layers of PLEDs can be processed by wet
procession without high vacuum environment such as roll-to-roll process [15,16], casting, spin coating, and
ink-jet printing [17-19]. These processes only require at room temperature, which fabricates significantly
easier than most inorganic materials. Moreover, the extremely flexibility of organic materials makes them
intrinsically compatible with flexible substrates. Hence, various low-cost substrates, such as glass, plastic,
and stainless steel foils, can be used for PLED devices. Furthermore, PLEDs also have excellent display
performances such as a fast response time, a wide viewing angle, a high contrast, and low power
consumption, compared to the properties of inorganic semiconductors.

In 1992, the first blue PLED device was reported, which was fabricated with poly(p-phenylene) (PPP) (as
shown in Fig. 2-5). After that, a large number of materials for blue-light-emitting have been developed
[20-24]. Fluorene-based (Fig.2-5) conjugated polymers have been recognized as a promising class among the
blue-light-emitting polymers, because they are good processable and show rarely high fluorescent
performances in the solid states [25, 26]. Unfortunately, the PLEDs used polyfluorene as a emitting layer
emitted impure blue colors due to emissions from contaminates such as excimers and keto-defects in addition
to principal emission from f-phase [27].

{OF T 0% 1T

Poly(p-phenylene) Polyfluorenes Poly(2,7-carbazole)s

Fig. 2-5 The structures of poly(p-phenylene), polyfluorene and poly(2,7-carbazole)s

Carbazole is a heterocyclic aromatic organic compound with a tricyclic structure, which consisting of
two six-membered benzene rings fused on either side of a five-membered nitrogen-containing ring.
Carbazole is a conjugated unit that can construct materials with interesting optical and electronic properties
such as photoconductivity and photorefractivity [28, 29], which has attracted significant attention for the
application. Since early in this century, poly(2,7-carbazole)s (Fig.2-5) regarded as a poly(4,4'-biphenylylene)
consisting of the strained planner unit of imino-bridged biphenylylene, have been considered as a new
candidate for blue light emitting materials comparable to the fluorene-based polymers, because they have
wide band gaps appropriate for blue light emissions, sharp emission bands in the solid film state, and smaller
ionization potentials compared to polyfluorenes [30-34]. Furthermore, poly(2,7-carbazole) derivatives
showed shallower highest occupied molecular orbital (HOMO) level around -5.5 eV [35, 36], which might
be more advantageous than polyfluorenes for hole injection from the ITO anode in the PLEDs device.

In this section, a new series of poly(carbazole)s for stable light emitting material are attempted to
synthesize by bridging of 4,5-ethylene and 4,5-ethenylene to carbazole (Cz) unit to construct
ethylenecarbazole (ECz) and benzo[def]carbazole (BCz) structures as shown in Fig. 2-6. The corresponding
poly(benzo[def]carbazole)s (PBCz) were obtained by dehalogenative polyconsensation of 2,6-dibrominated
and 1,7-dibrominated BCz monomers. In parallel, for comparison, poly(8,9-dihydro-2,6-benzo[def]
carbazole)s (PECz), were also synthesized from the precursor derivatives of the ethylene bridged carbazoles
(ECz). Basic properties of these polymers were compared with those of corresponding poly(2,7-carbazole)s
and poly(3,6-carbazole)s.
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Fig. 2-6 The structures and numbering system of Cz, ECz and BCz

2.1.2 Results and discussion
2.1.2.1. Synthesis

The general synthetic routes toward the monomers and polymers are shown in Scheme 2-1, Scheme 2-2
and Scheme 2-3. The 1-decylundecyl group was introduced into N-position of 3 by the procedure reported
previously [37], giving 4a. The introduction of the p-(1-decylundecyloxy)phenyl group at N-position of 3
was carried out according to the procedure in our previous report [38], giving 4b. The oxidation of 4a and 4b
with DDQ were carried out to give monomers 5a and 5b, respectively. The debromination of 5a and
successive bromination of 6a were performed to obtain 7a. In order to obtain PECza, PECzb, PBCza,
PBCzb and 1,7-PBCza, the homopolymerizations of 4a, 4b, 5a, 5b and 7a by Yamamoto reaction [39] were
carried out, respectively.

NO,
Br, Cu(NO3),, DCM
8 TN oo TN
1 2
H
N
PPhs
) )
- O

3

Scheme 2-1. Synthetic route of 2,6-dibromo-8,9-dihydrobenzo[def] carbazole

16



T CioHa21 C10H21 C10H21YC10H21

H
N N
C10H21 C10"'21 Ni(cod),, bpy
Reter oty
. DMSO KOH cod, THF, DMF
3 4a
benzene lDDQ
C10H21 C10H21 C10H21YC10H21
Ni(cod),, bpy N
—_—
cod, THF, DMF OQO n
PBCza
CqoH CqoH
107721102 C10H21YC10H21

H C1oH24
N [ 0~
v e ]
Ni(cod),, bpy
. Cul, THF, KPO; O O .
. cod, THF, DMF
4b

Z—@—O

3

=}

PECzb
benzeni DDQ

C10"'21\(C1o|'|21 CioHz1 C10H21
o) O
N Ni(cod),, bpy N
—_——
BrBr cod, THF, DMF

5b PBCzb

G

Scheme 2-2 Synthetic routes of PECz and PBCz

C1oHa1 C10H21 CioHz1 C1°H21
n-BulLi NI(Cod)z, bpy
Sa d, TH F/DMF
coO
THF, CH3OH CHC'3
6a 7a 1,7-PBCza

Scheme 2-3 Synthetic route of 1,7-PBCza

2.1.2.2. Solubility and thermal stability
All of the polymers have a good solubility in usual organic solvents such as toluene, THF, CHCl;, and so
forth. The gel permeation chromatography (GPC) results were summarized in Table 2-1. They showed good
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processability to make thin cast films. The number-average molecular weight (M,,) of the polymers were
larger than 10 kg mol™, the polydispersities (M,/M,) about 1.5, and the degree of polymerization (DP) higher
than 27. The thermal gravimetric analysis (TGA) results are shown in Fig. 2-7. These polymers had a good
thermal stability, and their temperatures of 5wt % loss in TGA (T,) were around 400 °C, respectively.
According to Ty results, it is easy find that the polymers with N-phenyl side group showed lower T4 values.
This result suggests that thermal stabilities of N-phenyl side group substituted polymers (PECzb and PBCzb)
are lower than those of N-alkyl substituted ones (PECza, PBCza, and 1,7-PBCza), which might be due to
suppression of intimate interaction among polymer chains by steric effect of the rigid N-phenyl group.

Table 2-1 GPC and TGA results of the polymers.

Polymer (kg '\r:::)I'l) (kg “:férl) My/M, DP? T4 (°C)°
PECza 78.3 107.7 1.38 161.4 464
PECzb 121.1 229.7 1.89 209.8 377
PBCza 13.3 18.9 1.42 27.6 422
PBCzb 299.2 528.2 1.76 520.3 366
1,7-PBCza 13.0 19.9 1.57 27.0 436

®DP was estimated from M.
*Temperature of 5 % weight loss determined by TGA under an argon atmosphere.

100F —
80 F
S
260
<
=
401
...... PECZa
——PECzb
20L = - =PBCza
—--—PBCzb
| ——1,7-PBCza

0 100 200 300 400 500 600
Temperature (C)
Fig. 2-7 TGA curves of the polymers.

2.1.2.3. Optical properties.

The UV-vis absorption and photoluminescence (PL) spectra of dilute solution and thin films of PECza,
PECzb, PBCza, PBCzb and 1,7-PBCza were investigated, and the results are shown in Fig. 2-8 and Fig.
2-9. The UV-vis and PL spectra data for all polymers are summarized in Table 2-2.
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Fig. 2-8 UV-vis and PL spectra of PECza and PECzb in CHCI; (a) and film state (b).

The absorption and PL spectra of PECza and PECzb in CHCI; are depicted in Fig. 2-8a. The absorption
maxima (Amax, aps) IN Wavelength at 388 nm for PECza and 385 nm for PECzb are due to n-n* transition of
the conjugated main chains. The Amax ans Of the series of PECz were similar with those of
poly(2,7-carbazole)s (PCz) (Amax abs = 387 nm) [40, 41]. The PL emission peak maxima (Amax em) in CHCl;
were observed at 426 nm for PECza and 424 nm for PECzb. The fluorescence quantum vyields (&g) of
PECza and PECzb (@5 =0.45, 0.67) were lower than those of PCz (&5 =1) in CHCI;. The Stokes shifts
(AA= (Amax em) — (Amax, avs)) in CHCIs were 38 nm for PECza and 39 nm for PECzb, which were slightly
larger than those of PCz (ca. 35 nm) [42]. These larger AA is due to the lager structural change between
ground and excited states, which might affect lowering @y.

Table 2-2 Optical properties, HOMO-LUMO energy gaps, and the energy levels of the polymers.

Polymer Amax, aps (NM) Amax, Em (NM) AR (nm) @y E, (V) Evomo  Eromo
inCHCl;  film inCHCI;  film (eV) (eV)

PECza 388 388 426 436 38 045  2.96 559 -254
PECzb 385 389 424 431 39 067 294 553  -259
PBCza 358 361 421 429 63 030 315 550 -2.44
PBCzb 361 361 419 426 58 048  3.05 549 244
1,7-PBCza 396 398 456 495 60 045  2.77 537  -2.60

aStokes shifts measured in CHClIs.

The absorption and PL spectra of PECza and PECzb in thin solid film state are shown in Fig. 2-8b. The
absorption spectra of PECza and PECzb were almost the same each other, and their energy gaps (Eg)
estimated from the onset of the absorption spectra in the film state were 2.94 and 2.96 eV, respectively,

which were almost the same with those of PCz (2.92 eV).
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Fig. 2-9 UV-vis and PL spectra of PBCza, PBCzb and 1,7-PBCza in CHCI; (a) and film state (b).

The absorption and PL spectra of PBCz in CHCI; are shown in Fig. 2-9a. The Amax, ans Were observed at
358 nm for PBCza and 361 nm for PBCzb owing to n-n* transition of conjugated polymer main chains.
Unexpectedly, the Amax ans Showed a blue-shifted in comparison to PCz and poly(2,7-phenanthrene)s [43, 44],
although they include an extended m-conjugated structure of phenanthrene in the unit. Consequently, both of
PBCza and PBCzb fluoresced in deep-blue color in CHCIs, and the Anax em OF them were observed at 421
nm and 419 nm, respectively. The AA of PBCza and PBCzb in CHCI; were 63 and 58 nm, which were larger
than those of PECz and PCz (35-39 nm). The larger A\ of PBCza and PBCzb might be lead to the lower &y
than those of of PECz and PCz. According these results, the 4,5-ethenylene bridge and the N-bridge
cooperatively control each ring strain and 2,7-conjugation of polycarbazole and polyphenanthrene i.e., an
optimized structure of BCz calculated by DFT showed both features of an elongated C-N linked Cz and a
strained phenanthrene with the imino bridge as shown in Fig. 2-10, Table 2-3 and Table 2-4.

oSO NN Ye

]
H
2 4 o J;’ ‘J
4 @ 2D 2 o
4 / \ \ N
09, 29" e 8y we ea
e e SR IR 5, 08 ea oo
J ’ J JJ @ ""-J d 2 I 2
J
Carbazole (Cz) Benzocarbazole (BCz) Phenanthrene

Fig. 2-10 Optimized geometric structures with numbering atoms of Cz, BCz and Phenanthrene obtained by
DFT/B3LYP/6-31G*.
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Table 2-3 Selected optimized bond angles of Cz, BCz and Phenanthrene obtained by DFT/B3LYP/6-31G*

Cz BCz Phenanthrene
Bond angle(°)

C.-Cy-Cs 121.9 117.4

C,-Cs-Cyy 106.7
C11-C13-Ny, 108.4

C4-Cs-Cyy 134.1

C,-C3-Cyg 108.8
Ci10-C12-Na3 106.4

C4-C3-Cyg 123.8

Cs-Ce-Cypy 123.0

C4-Cs-Ce 119.1
Ce-C11-Cr2 121.4

*The data for comparison are in the same color rows.

Table 2-4 Selected optimized bond lengths of Cz, BCz and Phenanthrene obtained by DFT/B3LYP/6-31G*

Cz BCz Phenanthrene
Bond length ( A)?
C:-C, 1.3967 1.3906
C,-Cs 1.42078 1.4079
Cs-Cyy 1.45038
Ci3-N2 1.38663
C3-Cyo 1.3883
C12-Ny3 1.4055
C11-Cp, 1.4045
Cs-Cs 1.4614
Ce-Cpy 1.4104

*The data for comparison are in the same color rows.

The absorption and PL spectra of PBCza and PBCzb in the thin film state were shown in Fig. 2-9b. The
Amax, aps Of PBCza and PBCzb were slightly red-shifted than those in CHCl3, because of some aggregations
or interactions between the polymer chains in the thin film state. The E, of PBCza and PBCzb were 3.15
and 3.05 eV, respectively, which were larger than those of PECz and PCz. The large E4 values of PBCz
were lead to the blue shifts of Anax ans in Solution. Moreover, the PL spectra of PBCz showed tailing bands in
the thin film state that might involve vibronic feature and excimeric emissions in the longer wavelength
region.

Fig. 2-9a also shows the absorption and PL spectra of 1,7-PBCza in CHCIl;. Comparison with Anay aps OF
poly(3,6-carbazole)s (Amax avs = €a. 310 nm), the Anax aps OF 1,7-PBCza in CHCI; was observed at 396 nm,
which was considerably red-shifted [45, 46]. This large red-shift is owing to effect of the 4,5-ethenylene
bridging at the Cz ring with extension of extend n-conjugation along the main chain through the 1,7-linkage
and the bridge. The Amax em OF 1,7-PBCza was observed at 456 nm, and the AL was 60 nm. Interestingly, The
1,7-PBCza showed surprisingly high &4 (= 0.45) compared with those (&5 = 0.04 to 0.06) for
poly(3,6-carbazole)s in dichloromethane [46]. This result suggests that the stabilization of energy states of
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1,7-PBCza by the extended n-conjugation might be responsible for the enhancement of quantum yields. The
absorption and PL spectra of 1,7-PBCza in the thin film state are also shown in Fig. 2-9b. The Anax abs Of
1,7-PBCza showed larger red-shifted compared with those of PECz, PBCz, and PCz. Compared with E, of
poly(3,6-carbazole)s (3.2 eV) [46], the E, of 1,7-PBCza is exceptionally narrow. The emission band of
1,7-PBCza showed much broader and shifted to lower energy compared with thatof poly(3,6-carbazole)s
(Amax, em= 426 nm) [46]. According to these photophysical results, we can find that 1,7-PBCza is a potential
polymer having light-emitting as well as hole transporting functions to be applied in PLEDs.

2.1.2.4. Electrochemical properties

Electrochemical properties of PECza, PECzb, PBCza, PBCzb and 1,7-PBCza were investigated by
cyclic voltammetry (CV) and their voltammograms are shown in Fig. 2-11 and related data are summarized
in Table 2-2. The energy levels of HOMO (Enomo) of PECza (-5.59 eV) and PECzb (-5.53 eV) were
estimated from the onset potential of an oxidation peak, which were similar to those of PCz (ca. -5.6 eV)
[42]. The Epomo of PBCza and PBCzb were —5.50 and —5.49 eV, respectively, which were shallower than
those of PECz. 1,7-PBCza showed the shallowest Eyomo (—5.37 €V), although it was deeper than those of
the comparison poly(3,6-carbazole)s (ca. —-5.10 eV) [46].

Because it was difficult to recognize the position of onset potentials in the reduction waves of the
homopolymers in the film state, the energy levels of the LUMO (E_umo) Were determined from the Exomo
and Eg using the equation, E.ymo = Enomo + Eg The E umo of PECza, PECzb, PBCza, PBCzb and
1,7-PBCza were estimated to be —2.54, —2.59, —2.44, —2.44 and —2.60 eV, respectively.

PECza M
Jmo )
S
=
5| PBCza Q
5
@)
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Fig. 2-11 Cyclic voltammograms of PECza, PECzb, PBCza, PBCzb and 1,7-PBCza.

In order to understand the difference of Eyomo between PCz and PBCz, density functional theory (DFT)
in the Gaussian 09 program at the B3LYP/6-31G(d) basis set was used to investigate the electronic structures
of Cz and BCz. The optimized geometry and electron density distributions in the HOMO and LUMO for the
different building blocks were shown in Fig.2-12. It is easy to find that electrons delocalize along the whole
rings well on both the HOMO and LUMO of Cz and BCz, therefore the scope of delocalization in the BCz is
wider for the larger fused aromatic ring system. As a result, compared to Exomo and E4 of Cz, the Eyomo Of
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BCz is higher and the E; is narrower. This calculation also indicates that though presence of the
4,5-ethenylene bridge of Cz, the BCz unit can function as phenanthrene.
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Fig. 2-12 HOMO and LUMO energy levels of carbazole (Cz) and benzocarbazole (BCz), optimized by DFT
calculation with Gaussian 09 program at the B3LYP/6-31G(d) basis set.

The conjugation along the main chain through 2,7-linked PCz is thought to be more advantageous than
2,6-linked PBCz, because no electron density could be observed in the center of the BCz unit according to
the electron density maps of HOMO of the Cz and BCz units. Thus, the wider Ey of PBCz can be accounted
for the characteristic electron distribution of BCz. Similarly, the narrow E4 observed of 1,7-PBCza can be
elucidated by m-conjugation of 1,7-linkage through 8,9-ethenylene of BCz.

2.1.2.5. X-ray diffraction analysis

Fig. 2-13 shows the results of n-stacking distance and structural order of the polymers in film state,
which were performed by the X-ray diffraction (XRD) analyses. PECza and PECzb exhibited a broad
diffraction hump observed at about 18-19° (d= 4.8, 4.7 A). On the same time, PBCza, PBCzb and
1,7-PBCza showed diffraction humps due to z-stacking in the wider angle at 26 = 20.50, 21.32, 21.10°,
which correspond to distances of 4.33, 4.16, 4.21 A, respectively. These polymers are considered to be
amorphous with loose m-stacking, because all the polymers had no sharp diffraction peaks but only broad
humps. Compared with the n-stacking distances of PECz, the smaller n-stacking distances observed for
PBCz suggests that the intermolecular interaction is stronger, which is basically affected by the size of the
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conjugated planar unit of the polymers.
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Fig. 2-13 X-ray diffraction patterns of PECza, PECzb, PBCza, PBCzb and 1,7-PBCza.

2.1.3 Summary

In this section, the syntheses and characterizations of a new series of carbazole-based homopolymers,
4,5-ethylene bridged poly(carbazole)s (PECza, PECzb) and poly(4H-benzo[def]carbazole)s (PBCza,
PBCzb and 1,7-PBCza), have been presented. They showed good solubility in common organic solvents,
enough high molecular weights, good thermal stability for making thin films and amorphous nature in the
film state. The electronic properties of absorption and emission of PECz were similar to those of PCz, but
the @y were somewhat lower than those of PCz. On the other hand, compared with PECz and PCz,
poly(2,6-benzocarbazole)s (PBCza and PBCzb) showed unexpectedly blue-shifted absorption bands, the
shallower Epowmo, and the wider Eg, although they have the larger n-conjugation in the monomer unit. These
results suggested that the dominant characteristics of poly(2,7-phenanthrene) strained by the N-bridge in
PBCz.

The PL emission colors can be evaluated by color coordinates in the CIE chromaticity diagram. In CHCl,
the CIE(x, y) values of PECza, PECzb, PBCza and PBCzb were almost identical to (0.15, 0.05) in the
region of deep blue. In film state, PL emission color of PECz (0.16, 0.15) were in the region of blue, while
the CIE values for PBCz were shifted to greenish blue but kept in the region of blue (0.19, 0.21). The shift of
the PL emission color due to the stronger intermolecular interaction between the larger planar units of PBCz
as suggested in the XRD results, although they have larger Eq than PECz. It is considered that PECz and
PBCz have potential to be applied in PLED as blue-light emitting materials, because of the appropriate
Eromoaround -5.5 eV for hole injection and appropriate E4 for blue emission. On the same time, 1,7-PBCz
is presented to have unique properties, i.e., the absorption and emission bands were observed in considerable
longer region in wavelength with moderate @5, which were quite different compared to those of
poly(3,6-carbazole)s. 1,7-PBCza showed the shallowest Eyomo and narrowest Eq of all the homopolymers
synthesized in this work, according to the dominant character of poly(1,8-phenanthrene) strained by the
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8,9-ethenylene bridge. Consequently, it fluoresced in blue green (CIE (0.20, 0.33)) in the film state.
Therefore, the 1,7-BCz group has potential to applied in a donor component of donor-acceptor type narrow
band gap polymers for organic solar cells.

2.1.4 Experimental

2.1.4.1 General method and instrumentation
All synthetic manipulations were performed by a standard technique using a Schlenk tube.

Column chromatography was performed using a silica gel (Kanto Chem., 60 N, 63-120 mm).
Photoabsorption in the range of ultraviolet-visible (UV-vis) and photoluminescence (PL) measurements of
the polymer samples in CHCI; and in a form of a thin film coating on a quartz glass were performed using a
Shimadzu UV-1800 spectrophotometer and an F-4500 fluorescence spectrophotometer (Hitachi) at room
temperature. The fluorescence quantum yield (®q) in CHCI; were relative to 9,10-diphenylanthracene in
cyclohexane (@5 = 0.90) as a standard. The number-average molecular weight (M,) and the weight-average
molecular weight (M,,) of the polymers were estimated by a gel permeation chromatography (GPC) system
(Shimadzu, LC solution) using polystyrene standards with CHCI; as an eluent. Nuclear magnetic resonance
(NMR) spectra were recorded on a JEOL JNM-ECS 400 spectrometer. The *H and *3C chemical shifts are
given in units of & (ppm) relative to 6 (TMS) = 0.00 and 8(CDClz) = 77.0 ppm, respectively. Elemental
analyses were carried out with a Perkin-Elmer type 2400 apparatus. Thermal gravimetric analysis (TGA) and
differential thermal analysis (DTA) were carried out by an Extar 7000 TG/DTA (Seiko) analyzer at a heating
rate of 10 °C min™ in an argon atmosphere. Cyclic voltammetry (CV) of polymers in thin film on a Pt disk
was performed at a scan rate of 50 mV/s in acetonitrile containing 0.1 M Et,;NBF,at room temperature under
Ar using a saturated calomel electrode (SCE) as the reference and platinum wire as the counter electrode.
The electrochemical data (vs SCE) obtained by cyclic voltammetry was made a correction with the redox
potential (4.8 eV) of ferrocene/ferricinium [47, 48].

2.1.4.2 Materials

Reagents and solvents were purchased from Kanto Chemical, Nacalai Tesque Inc, Aldrich and Tokyo
Chemical Industry. 1-(1-decylundecyloxy)-4-iodobenzene and 1-Decylundecyl-4-methylbenzenesulfonate
were synthesized according to the procedures reported previously [49, 50]. 2,6-Dibrominated ECz (3) was
synthesized by reductive ring closure of 2 that was prepared by nitration of 1 according to the procedures
reported previously (Scheme 2-1) [51]. Tetrahydrofuran (THF) distilled after drying with sodium was stored
under an argon atmosphere. Dimethylformamide (DMF) and benzene distilled after drying with CaH, were
stored under an argon atmosphere. The other solvents and all commercially available reagents were used
without further purification.

2.1.4.3 Synthesis of monomers and polymers

Synthesis of 2,7-dibromo-9,10-dihydrophenanthrene (1). A mixture of 9,10-dihydrophenanthrene (3 g,
16.6 mmol) and FeC1;-H,O (55 mg, 0.30 mmol ) in H,O (330 mL) was added dropwise a solution of Br,
(2.7 mL, 34 mmol) in water (180 mL) over 4 h at room temperature, which was stirred for whole night. The
precipitate was collected by filtration as white solid and recrystallized from benzene to gave a white solid
(2.8 g, 56 %). "H NMR (400 MHz, CDCl3) & [ppm]: 7.55 (d, J= 8.2 Hz 2H), 7.42 (d, J= 8.2 Hz 2H), 7.38 (s,
2H), 2.83 (s, 4H); *C NMR (100 MHz, CDCls) & [ppm]: 139.1, 132.5, 131.1, 130.2, 125.2, 121.5, 28.5.

Synthesis of 2,7-dibromo-4-nitro-9,10-dihydrophenanthrene (2). To a suspension of 1 (2.8 g, 8.3
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mmol), copper(ii) nitrate hydrate (2.0 g, 8.7 mmol), dichloromethane (80 mL) and acetic anhydrous (20 mL),
trifluoroacetic acid(3.1 ml, 41.4 mmol) was slowly added, which was reacted with stirring for whole night.
After extraction with CH,CI, from water, drying over MgSO, and the solvent evaporation, the crude product
was purified by column chromatography using ethyl acetate /hexane (1:1) as the eluent to yield product as a
pale yellow solid (2.4 g, 76%). *H NMR (400 MHz, CDCl5) & [ppm]: 7.69 (s, 1H), 7.59 (s, 1H), 7.46 (s, 1H),
7.36 (d, J= 8.7 Hz 1H), 7.11 (d, J= 8.7 Hz 1H), 2.82 (s, 4H); *C NMR (100 MHz, CDCls) & [ppm]: 157.3,
142.9, 140.3, (134.1 131.2, 130.3, 127.5, 126.3, 125.7, 123.3, 120.6) for 9C, 29.1, 28.4.

Synthesis of 2,6-dibromo-8,9-dihydrobenzo[def] carbazole (3). A suspension of triphenylphosphine
(3.93 g, 15 mmol) and 2 (2.4 g, 6.2 mmol) in N-methyl-2-pyrrolidone (30 mL) under argon was stirred at
190 °C for 21 h. After cooling to ambient temperature, extraction with CH,Cl, from water, drying over
MgSQO, and the solvent evaporation, the crude product was purified by column chromatography using
CH.Cl,/hexane (2:1) as an eluent to yield 3 as a white solid (1.38 g, 63%). *H NMR (400 MHz, CDCls) &
[ppm]: 7.81 (s, 1H), 7.37 (s, 2H), 7.15 (s, 2H), 3.29 (s, 4H); *C NMR (100 MHz, CDCls) & [ppm]: 137.5,
131.3,121.3,121.0, 120.3, 111.8, 26.1.

Synthesis of 2,6-dibromo-N-(1-decylundecyl)-8,9-dihydrobenzo[def]carbazole (4a). A mixture of
potassium hydroxide (1.46 g, 26 mmol) and 3 (2 g, 5.7 mmol) in dimethyl sulfoxide (DMSO) (25 mL) was
added dropwise solution of 1-decylundecyl-4-methylbenzenesulfonate (2.65 g, 5.7 mmol) in DMSO (14 mL)
under argon. The mixture was stirred for 6 h at ambient temperature. After extraction with CH,Cl, from
water, drying over MgSQO, and evaporation of the solvent, the crude product was purified by column
chromatography using CH,Cl,/hexane (1:1) as an eluent giving yellow oil (2.27 g, 62%). *H NMR (400 MHz,
CDCly) 6 [ppm]: 7.34 (s, 2H), 7.11 (s, 2H), 4.26-4.23 (m, 1H), 3.29 (s, 4H), 2.13-2.08 (m, 2H), 1.89-1.83 (m,
2H), 1.29-1.15 (m, 32H), 0.88-0.84 (m, 6H); **C NMR (100 MHz, CDCl,) & [ppm]: 138.6, 131.4, 120.8,
119.9, 120.0, 111.4, 57.6, 34.0, 31.8, 29.6, 29.5, 29.4, 29.3, 29.2, 26.1, 22.6, 14.1. Calcd for CssHs,Br,N
(645.61): C, 65.11; H, 7.96; N, 2.17. Found: C, 65.42; H, 8.21; N, 2.20.

Synthesis of 2,6-dibromo-N-(p-(1-decylundecyloxy)phenyl)-8,9-dihydrobenzo-[def]carbazole (4b).
A mixture of trans-1,2-cyclohexanediamine (0.011 mL, 0.094 mmol), Cul (3.6 mg, 1.9 mmol), 3 (0.66 g, 1.9
mmol), 1-(1-decylundecyloxy)-4-iodobenzene (4.37 g, 8.5 mmol) and potassium phosphate (0.8 g, 3.7 mmol)
in THF (3 mL) was stirred at 65 °C for 72 h. After cooling to ambient temperature, the mixture was mixed
with water. After extraction with CH,CI,, drying over MgSQ, and evaporation of the solvent, the crude
product was purified by column chromatography using hexane as an eluent to give a white solid (1.1 g, 60%).
'H NMR (400 MHz, CDCls) & [ppm]: 7.43 (d, J= 6.8 Hz 2H), 7.39 (s, 2H), 7.18 (s, 2H), 7.06 (d, J= 8.0 Hz
2H), 4.28 (br, 1H), 3.32 (s, 4H), 1.73-1.67 (m, 4H), 1.43-1.27 (m, 32H), 0.90-0.86 (m, 6H); **C NMR (100
MHz, CDCly) & [ppm]: 157.7, 139.0, 131.3, 130.0, 126.1, 126.0, 121.2, 120.5, 116.9, 111.2, 78.5, 33.9, 31.9,
31.5, 29.7, 29.6, 29.3, 26.1, 25.4, 22.7, 22.6, 14.1. Calcd for C,4HssBr,NO (737.71): C, 66.65; H, 7.52; N,
1.90. Found: C, 66.31; H, 7.68; N, 1.97.

Synthesis of 2,6-dibromo-4-(1-decylundecyl)-4H-benzo[def]carbazole (5a). A suspension of 4a (0.5 g,
0.78 mmol) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (0.42 g, 1.8 mmol) in benzene (77 mL)
was refluxed under a N, atmosphere for 8 h. After cooling to ambient temperature, the mixture was mixed
with water. After extraction with CH,CI,, drying over MgSQO, and evaporation of the solvent, the crude
product was purified by column chromatography using hexane as an eluent to give a white solid (0.42 g,
85%). 'H NMR (400 MHz, CDCl3) & [ppm]: 7.90 (s, 2H), 7.83 (s, 2H), 7.59 (s, 2H), 4.46-4.43 (m, 1H),
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2.21-2.18 (m, 2H), 1.94-1.88 (m, 2H), 1.18-0.96 (m, 32H), 0.82-0.77 (m, 6H).*C NMR (100 MHz, CDCl5)
& [ppm]: 138.1, 127.7, 126.0, 120.7, 118.3, 118.2, 110.0, 58.1, 34.3, 31.9, 29.7, 29.6, 29.5, 29.4, 29.2, 25.3,
22.6, 14.1. Calcd for CasHyeBIN (643.59): C, 65.32; H, 7.67; N, 2.18. Found: C, 65.57; H, 8.02; N, 2.05.

Synthesis of 2,6-dibromo-4-(p-(1-decylundecyloxy)phenyl)-4H-benzo[def]carbazole (5b). According
to the procedure for 5a, dibromobenzocarbazole 5b was similarly synthesized, giving yellow oil (0.48 g,
96%). 'H NMR (400 MHz, CDCls) & [ppm]: 7.99 (s, 2H), 7.96 (s, 2H), 7.75 (s, 2H), 7.61 (d, J= 9.1 Hz 2H),
7.13 (d, J= 9.1 Hz 2H), 4.34-4.30 (m, 1H), 1.77-1.69 (m, 4H), 1.48-1.27 (m, 32H), 0.90-0.85 (m, 6H)."*C
NMR (100 MHz, CDCl3) 6 [ppm]: 157.8, 140.8, 130.3, 127.8, 126.2, 126.0, 121.2, 120.1, 119.3, 117.0,
109.9, 78.6, 33.9, 31.9, 31.5, 29.7, 29.6, 29.3, 25.4, 22.7, 22.6, 14.1. Calcd for C4;Hs3Br,NO (735.69): C,
66.84; H, 7.26; N, 1.90. Found: C, 66.47; H, 7.50; N, 1.75.

Synthesis of 4-(1-decylundecyl)-4H-benzo[def]carbazole (6a). Dibromobenzocarbazole 5a (0.8 g, 1.24
mmol) was dissolved in anhydrous THF (12.5 mL) and cooled to —78 °C under N, atmosphere, in which
n-BuLi solution (1.6 M in hexane, 1.63 mL, 2.6 mmol) was added dropwise with stirring. The mixture was
stirred at —78 °C for 20 min and then methanol (0.4 mL) was added. The reaction mixture was stirred for 1 h
at ambient temperature, quenched with water (40 mL), and extracted with CH,Cl,. After drying over MgSO,
and the solvent evaporation, the crude product was purified by column chromatography using hexane as an
eluent to give a white solid (0.428g, 72%). 'H NMR (400 MHz, CDCls) & [ppm]: 8.05 (s, 2H), 7.81(t, J= 7.8
Hz 2H), 7.73 (d, J= 7.8 Hz 2H), 7.53 (d, J= 7.8 Hz 2H), 4.66 (br, 1H), 2.38-2.35 (m, 2H), 2.02-1.99 (m, 2H),
1.24-1.09 (m, 32H), 0.90-0.82 (m, 6H). *C NMR (100 MHz, CDCls) & [ppm]: 129.4, 127.4, 126.5, 126.0,
121.6, 115.9, 114.5, 57.6, 34.5, 31.9, 31.8, 29.7, 29.6, 29.4, 29.3, 25.4, 22.6, 14.1.

Synthesis of 1,7-dibromo-4-(1-decylundecyl)-4H-benzo[def]carbazole (7a). A suspension of 6a (0.35g,
0.72 mmol) and NBS (0.26g, 1.44 mmol) in chloroform (3.5 mL) was stirred under a nitrogen atmosphere at
40 °C for 8 h. After cooling to ambient temperature, the mixture was mixed with water. After extraction with
dichloromethane, drying over MgSQO, and evaporation of the solvent, the crude product was purified by
column chromatography using hexane as an eluent to give a white solid (0.327g, 70%). *H NMR (400 MHz,
CDCl3) & [ppm]: 8.18 (s, 2H), 7.97 (d, J= 7.7 Hz 2H), 7.43 (d, J= 7.8 Hz 2H), 4.59 (br, 1H), 2.33-2.29 (m,
2H), 2.0-1.95 (m, 2H), 1.28-0.99 (m, 32H), 0.88-0.82 (m, 6H). *C NMR (100 MHz, CDCls) & [ppm]: 140.1,
133.8,129.9, 127.6, 126.1, 108.4, 57.9, 34.4, 31.8, 31.6, 29.6, 29.4, 29.3, 29,2, 26.0, 22.6, 14.1.

Synthesis of poly[8,9-dihydro-N-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-ylene] (PECza). A
solution of bis(1,5-cyclooctadiene)nickel(0) (Ni(cod),) (0.28 g, 1.03 mmol), 1,5-cyclooctadiene (cod) (0.25 g,
2.38 mmol) and 2,2’-bipyridine (bpy) (0.18 g, 1.15mmol) in DMF (2.5 mL) was heated to 80 °C under an
argon atmosphere for 30 min. The 4a (0.301 g, 0.46 mmol) dissolved in 2.5 mL of THF under argon was
added to the mixture solution. The mixed solution was heated at 80 °C for 72 h. After the reaction solution
was cooled to ambient temperature, the polymer was firstly precipitated from methanol/HCI aq, and then
reprecipitated from methanol/NH; ag and last from methanol, respectively. The resultant polymer was
successively extracted with acetone, hexane and chloroform by Soxhlet extraction. The chloroform extract
was again precipitated from methanol. PECza was gained as a yellow soild (0.21 g, 92%). *H NMR (400
MHz, CDCl3) 8 [ppm]: 7.48 (br, 2H), 7.32 (br, 2H), 4.56-4.55 (m, 1H), 3.50-3.41 (m, 4H), 2.38-2.36 (M, 2H),
1.99 (br, 2H), 1.31-1.09 (m, 32H), 0.90-0.82 (m, 6H). Calcd for CzsHs3N (487.82): C, 86.18; H, 10.95; N,
2.87. Found: C, 86.25; H, 10.24; N, 2.95.
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Synthesis of poly[8,9-dihydro-N-(p-(1-decylundecyloxy)phenyl)-4H-benzo[def] carbazole-2,6-ylene]
(PECzb). According to the procedure for PECza, polymerization of 4b abtained PECzb as a yellow solid
(0.22 g, 94%). 'H NMR (400 MHz, CDCls)  [ppm]: 7.62 (d, J= 8.4 Hz 2H), 7.51 (s, 2H), 7.31 (br, 2H), 7.07
(d, J= 8.4 Hz 2H), 4.29-4.26 (m, 1H), 3.47 (br, 4H), 1.73-1.70 (m, 4H), 1.50-1.25 (m, 32H), 0.90-0.83 (m,
6H). Calcd for C4;Hs,NO (645.61): C, 84.92; H, 9.91; N 2.42. Found: C, 84.95; H, 9.32; N, 2.56.

Synthesis of poly[4-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-ylene] (PBCza). In a similar way to
the synthetic procedure for PECza, polymerization of 5a abtained PBCza as a yellow solid (0.16 g, 91%).'H
NMR (400 MHz, CDCl3) & [ppm]: 8.26-8.15 (m, 4H), 8.03-7.99 (m, 2H), 4.92-4.90 (m, 1H), 2.62-2.59 (m,
2H), 2.16-2.14 (m, 2H), 1.42-1.08 (m, 32H), 0.90-0.79 (m, 6H). Calcd for CssHs;N (485.80): C, 86.53; H,
10.28; N, 2.88. Found: C, 86.35; H, 10.28; N, 2.81.

Synthesis of poly[4-(p-(1-decylundecyloxy)phenyl)-4H-benzo[def]carbazole-2,6-ylene] (PBCzb). In a
similar way to the synthetic procedure for PECza, polymerization of 5b abtained PBCzb as a yellow solid
(1.1 g, 65%)."H NMR (400 MHz, CDCls) & [ppm]: 8.21 (br, 4H), 8.08 (br, 2H), 7.88 (d, J= 7.6 Hz 2H), 7.17
(d, J= 7.6 Hz 2H), 4.32 (br, 1H), 1.85-1.69 (m, 4H), 1.27-1.24 (m, 32H), 0.89-0.82 (m, 6H). Calcd for
CuHssNO (577.90): C, 85.21; H, 9.59; N, 2.42. Found: C, 84.62; H, 9.41; N, 2.29.

Synthesis of poly[4-(1-decylundecyl)-4H-benzo[def]carbazole-1,7-ylene] (1,7-PBCza). In a similar
way to the synthetic procedure for PECza, polymerization of 7a abtained 1,7-PBCza as a green solid (0.15g,
72%). 'H NMR (400 MHz, CDCls) & [ppm]: 8.07-8.03 (m, 4H), 7.69-7.64 (m, 2H), 4.78-4.77 (m, 1H),
2.51-2.46 (m, 2H), 2.17-2.07 (m, 2H), 1.29-0.94 (m, 32H), 0.80-0.65 (m, 6H). Calcd for CssHs;N (485.80): C,
86.53; H, 10.28; N, 2.88. Found: C, 85.95; H, 10.35; N, 2.92.
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3C NMR spectra of 5b

PPM

GITFET — S

3=
TE'ZE
== 4T
SPE'SE
es'ee
h==TA =
TISTE
HEEE

S Y
A

i
.0

328

RRR
SN jPREE

;

8(.'|!O

C1DH21YC1OH21
(0]
|
i N
h
[

fxasy< el

SEDLTT
SCE'STT
SE0'0CT
LT TETD
SED'SET
f= 1 =ra
TELLET
S0E'0ET

SV

ST — o~

1
L

EBLST -

31

'H NMR spectra of 7a

0.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0




'H NMR spectra of PECza

HLO

A

'H NMR spectra of PBCza

H,O

32




'H NMR spectra of PECzb
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2.2 Synthesis and characterization of D-A polymers having azine unit for blue light emission.

2.2.1 Background

Conjugated polymers have gained great significance for various organic electronic applications. In order
to develop high-efficiency blue emitting materials, one effective strategy is to select electron-donating and
electron-accepting groups used in the conjugated backbone. This donor-acceptor (D-A) system is expected to
highten E_ymo, giving rise to a series of intriguing properties such as improved resistance to oxidation,
facilitated electron injection, and ambipolar characteristics.

In this chapter section, the synthesis, characterization and photoluminescence properties of
carbazole/fluorene-based polymers, PCz-triAz, PF-tetrAz and PF-triAz, shown in Fig.2-14 were
investigated. Herein, the carbazole/fluorene sequences were selected as electron donor for the reason of good
thermal and electrochemical stability, high fluorescence yield and facile chemical functionalization [52, 53],
while 1,2,4,5-tetrazine (tetrAz) and 1,3,5-triazine (triAz) were chosen as electron acceptor for their electron
deficiency [54].

R2 R2
. :
I3 I3 R R1 R»] R1
N N7 N N ! N)\N
. N
O™ . T T,
PCz-triAz PF-triAz
R1 R1 R1 R'] R'I R1 R, =
O NWEa® ) |
S
S0 aWa @S @S 0 S
R3 = CqoH21
PF-tetrAz

Fig. 2-14 Chemical structures of PCz-triAz, PF-tetrAz and PF-triAz

2.2.2 Results and discussion
2.2.2.1. Synthesis
The general synthetic routes toward the monomers and polymers PF-tetrAz, PF-triAz and PCz-triAz,

are outlined in Scheme 2-4 and Scheme 2-5. The cyclization of 1 was carried out with anhydrous hydrazine
by heating to give dihydrotetrazine intermediate 2, which was oxidized instantly into the fully aromatic
tetrazine 3 for its instability. Tetrazine 3 was polymerized by Suzuki coupling reaction with 2,
2'-(9,9-bis(2-ethylhexyl)-9H-fluorene-2,7-diyl)bis-1,3,2-dioxaborolane to affort PF-tetrAz.
2,7-Dibromo-9,9-bis(2-ethylhexyl)fluorene reacted with 4 to give 5. The alkyl group was introduced into
N-position of 2,7-dibromocarbazole by the procedure reported previously [37], giving 6. Monomer 7 was
similarly synthesized according to the procedure of 5. Homopolymerization of 5 and 7 by the Yamamoto

reaction afforded PCz-triAz and PF-triAz, respectively.
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Scheme 2-5. Synthetic routes of PF-tetrAz and PCz-triAz

2.2.2.2 Solubility and thermal stability

All of the copolymers have a good solubility in usual organic solvents such as CHCI3, chlorobenzene,
and o-dichlorobenzene. The polymers were identified by NMR and elemental analyses. The GPC results
were summarized in Table 2-5. These copolymers showed good processability to make thin cast films. The
M, of PF-tetrAz, PF-triAz and PCz-triAzz were 7.0, 14.5 and 7.5 kg/mol, respectively, which were not so
high but enough to investigate their basic properties and to examine basic characteristics of OLED. The TGA
results are shown in Fig. 2-15. These polymers had a good thermal stability, and their temperatures of 5 wt%
loss in TGA (T4) were around 370 °C, respectively, which suggests that all of copolymers have good thermal
stability for fabricating OLED devices.
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Table 2-5. GPC and TGA results of the polymers.

X
Polymer (kgﬂ%bl) (kqﬁzbl) Mu/M, | DP* | To(°C)’
PF-tetrAz 70 76 108 5 363
PF-triAz 145 21.9 152 | 145 387
PCz-triAz 75 82 1.10 85 376

#GPC analysis was carried out in CHCI; using polystyrene as the standard.
YDP was estimated from M,,.
“Temperature of 5 % weight loss determined by TGA under an argon atmosphere.

100
80+
S
2601
=
401+
- —PF-tetrAz
20 ———PF-triAz
| ——PCz-triAz

0 100 200 300 400 500 600
Temperature (°C)
Fig. 2-15 TGA curves of the copolymers.

2.2.2.3 Optical properties.

The photophysical properties of dilute solution and thin films of PF-tetrAz, PF-triAz and PCz-triAz
were investigated with UV-vis and PL, and the results are shown in Fig. 2-16. The UV-vis absorption and the
emission spectra data for polymer were summarized in Table 2-6.
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Fig. 2-16 UV-vis absorption spectra and photoluminescence (PL) of the polymers in CHCI; (a) and film
state (b).

Absorption and PL spectra of PF-tetrAz, PF-triAz and PCz-triAz in CHCI; are shown in Fig.2-16a. The
absorption maxima in wavelength (Anax) at 390 nm for PF-tetrAz, 394 nm for PF-triAz and 378 nm for
PCz-triAz are due to m-t* transition of the conjugated main chains. The absorption An.x of PCz-triAz is
shorter compared with those of PF-tetrAz and PF-triAz due to the good electron-donating ability of
carbazole. The absorption An.x Of PF-triAz is slightly red-shift compared with that of PF-tetrAz, which
indicates that m-conjugation of PF-triAz is longer than that of PF-tetrAz. The emission peaks in solution
were observed at 437 nm for PF-tetrAz, 421 nm for PF-triAz and 438 nm for PCz-triAz. Stokes shifts of
PCz-triAz in the solution was 60 nm, which was much larger than those of PF-tetrAz (47 nm) and PF-triAz
(27 nm). This large Stokes shift is in charge lowering @y.

Table 2-6 Optical properties of the copolymers.

Polymer Amax, aps (NM) Amax, Em (NM) . EL (6V)
CHCl; film CHCl, film
PF-tetrAz 390 393 437 451 0.63 2.80
PF-triAz 394 395 421 422 0.97 2.98
PCz-triAz 378 397 438 495 0.62 2.77

®Measured in CHCI; solution with 9,10-diphenylanthracene in cyclohexane as the standard (@;= 0.90)

Fig.2-16b shows absorption and PL spectra of PF-tetrAz, PF-triAz and PCz-triAz in thin solid film
state. Compared with absorption spectra in solution, the absorption of PCz-triAz showed broad and red shift
compared with the absorption in film, while those of PF-tetrAz and PF-triAz are slightly red shift compared
with their absorption in film. The broadening and red shift of absorption spectra in the film state indicated
that there were some aggregations or interactions of the polymer chains in the solid state. The E,°" estimated
from the onset of the absorption spectrum in the film state were 2.80 eV for PF-tetrAz and 2.65 eV for
PCz-triAz, which were smaller than that of PF-triAz (2.98 eV). Compared with PL spectra of PF-tetrAz,
PF-triAz and PCz-triAz in solution, the red shifts were observed in their film.The PL maxmum of PF-triAz
in the film state was shorter in wavelength than that of PF-tetrAz. This can be attributed to the restrained

intermolecular aggregation and the higher polarizability of the tetrAz group with the larger dipole moment
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than triAz unit [55]. PF-tetrAz, PF-triAz and PCz-triAz showed intense blue PL emission with CIE
coordinates (x, y = 0.16, 0.12; 0.16, 0.07; 0.20, 0.32, respectively) in the film state and good relative @5 of
0.63, 0.97 and 0.62, respectively, in CHCI3, which suggests that PF-tetrAz and PF-triAz are considered to
be good polymeric blue emitters compare to a series of polyfluorene derivatives [56].

2.2.2.4. Electrochemical properties

Electrochemical analysis of thin-film samples of the polymers was employed to estimate Enomo and
ELumo. The CV results of PF-tetrAz, PF-triAz and PCz-triAz are shown in Fig. 2-17, and the estimated
values are summarized in Table 2-7.

——PF-tetrAz
— PF-triAz
—PCz-triAz

Current (a.u.)

| . | . | . | .
-2 -1 0 1 2
Potential (V vs SCE)

Fig. 2-17 Cyclic voltammograms of PF-tetrAz, PF-triAz and PCz-triAz

According to the anodic scan, all of the copolymers showed irreversible oxidation peak, which were
assigned to the fluorene/carbazole units with rich eletrons easy to oxidate. The Epomo estimated from the
onset potential of an oxidation peak of PCz-triAz was —5.47 eV, which was shallower than those of
PF-tetrAz (-5.83 eV) and PF-triAz (-6.0 eV). This could be caused by the stronger electron-donating
ability of the carbazole unit. The Enomo 0f PF-tetrAz was higher about 0.17 eV than that of PF-triAz, which
could be caused by the delocalization of the HOMO because of good planarity between the fluorene and
tetrAz segments. Upon the cathodic sweep, PF-triAz exhibited quasireversible reduction waves, whereas
PF-tetrAz and PCz-triAz showed weak irreversible reduction waves. The E_ ymo Of PF-tetrAz (-2.85 eV) is
slightly higher than that of PF-triAz (-2.88 eV), on account of higher electron-deficiency of tetrAz
compared to triAz. The above results suggest that higher electronegativity of the azine unit is responsible for
lowering of both Eyomo and E, ymo Of the polymers.
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Table 2-7 HOMO-LUMO energy gaps and the energy levels of the polymers.

Polymer Es (eV) Enomo (BV)|  ELumo (€V) EsC(eV)
PF-tetrAz 2.80 -5.83 -2.85 2.98
PF-triAz 2.98 -6.0 —2.88 3.12
PCz-triAz 2.65 —5.47 —2.7 2.77

From the Epomo and Eiumo, the Eg values of 2.98, 3.12 and 2.77 eV are obtained for PF-tetrAz,
PF-triAz and PCz-triAz, respectively, which are similar to Eg°‘“. These energy gaps with suitable Exomoand
ELumo are good for lessening driving voltage and augmenting efficiency of OLEDs [57].

2.2.2.5. Electroluminescence properties

The EL properties of the copolycondensates are investigated by constructing OLEDs devices that have
configuration of indium tin oxide (ITO)/ poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/ copolymer/ LiF/ Al, and the results are summarized in Table 2-8. Due to PF-tetrAz based
devices quickly died. Figure 2-18 shows OLEDs structure, luminance vs. operating voltages and current
density vs. operating voltages characteristics of the OLEDs.

(a)

Al (100 nm)
LiF (0.5 nm)
Copolymer (60 nm)

PEDOT:PSS (40 nm)

ITO/Glass
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Fig. 2-18 The structure (a), luminance-voltage (L-V) curves and current density-voltage (J-V) curves (b)
of the OLEDs devices, solid line is luminace of PF-triAz (blue) and PCz-triAz (pink); dsahed line is current
density of PF-triAz (green) and PCz-triAz (orange).

Table 2-8. EL properties of the polymers.

L max Current density | Max. efficiency
Polymer | (voltage) at Linax (voltage) Remark
cd m? (V) mA cm’ cd A* (V)
PCz-triAz | 182 (18.8) 225 0.21 (5.1) greenish blue
PF-tetrAz — — — quickly die
PF-triAz | 536 (12.2) 163 0.35(11.9) blue

The turn-on voltages of the PF-triAz and PCz-triAz copolymer-based devices were about 10 V and 12
V, respectively, which suggest that interfacial barriers of carrier injection are different from each other. Their
emission colors were viewed as blue emission for PF-triAz and greenish blue for PCz-triAz-based ones.
The maximum brightness of the PF-triAz-based devices and PCz-triAz copolymer-based devices were
about 536 and 182 cd/m?, while the current density were 163 and 225 mA/cm?, respectively, and the
maximum current efficiencies were about 0.35 and 0.21 cd/A, respectively. Clearly, the PF-triAz
copolymer-based devices showed the better EL performances than the PCz-triAz-based devices. This might
be attributed to the low molecular weight of PCz-triAz. Low molecular weight led to the poor thin film
guality and low brightness and small current efficiency of the PCz-triAz-based device. Consequently, the
azine unit increased the current efficiency of the OLED devices compared polyfluorene and polycarbazole
based devices, which showed the current efficiency 0.25 and 0.20 cd/A [58, 59].
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2.2.3 Summary

In summary, three blue luminescence polymers PF-tetrAz, PF-triAz and PCz-triAz, have been
developed by combination of the fluorene/carbazole sequences as an electron-donor and the tetrAz or triAz
core as an electron-acceptor. All of the copolymers were obtained in high yields, and they showed a good
solubility in common organic solvents and good thermal stability. They showed similar electronic properties
of absorption and emission in CHCI; solution, the values of Amax(abs) and Anax(em) of each polymer were
about 380 and 430 nm, respectively. In the thin film states, PF-triAz showed deep blue fluorescence with the
values of Ana(em) at 422 nm with CIE coordinates (0.16, 0.07). PF-tetrAz, PF-triAz and PCz-triAz
showed acceptable Enomo (—5.83, 6.0 and —5.47 eV) for hole transport and proper Eq4 (2.98, 3.12 and 2.77
eV) for blue emission. We fabricated the OLEDs devices that have a configuration of ITO/ PEDOT:PSS/
copolymer/ LiF/ Al using these polymers as the emitting layer materials, and investigated their EL
performances for the first time. PF-triAz based OLEDs devices showed maximum brightness and the
maximum current efficiencies were 536 cd/m? and 0.35 cd/A, respectively. According to these results, these
D-A copolymers have a great potential to be applied in OLED as the blue-light emitting materials.

2.2.4 Experimental
2.2.4.1 Fabrication and Measurement of OLED Devices

The OLED devices were fabricated in the configuration of ITO/ PEDOT:PSS/ copolymers/LiF/ Al. The
patterned ITO (conductivity: 10 €/square) glass was precleaned by ultrasonication in 2-propanol and
successively in acetone. The precleaned ITO glass was treated in an ultraviolet-ozone chamber. A thin layer
(40 nm) of PEDOT:PSS was spin-coated on the ITO at 3000 rpm in 3 min and air-dried at 110 °C for 10 min
on a hot plate. The substrate was transferred to a glovebox under N, atmosphere. Solutions of the copolymers
at various blending ratios in toluene were subsequently spin-coated on the PEDOT:PSS layer. LiF (0.5 nm)
and Al (100 nm) were deposited on the emitting layer with conventional thermal evaporation at the chamber
pressure lower than 5 x 10™* Pa, which provided the devices with an active area of 2 x 2 mm?. The thickness
of emitting layers and PEDOT:PSS layers were measured using a stylus-type film thickness meter (ULVAC
E. S., Inc., Tokyo, Japan, Dektak). The luminance-current density-voltage (L-J-V) curves were measured
using Keithley 2612A and TOPCON BM-9M with measurement angle at 0.2 A.

2.2.4.2 Materials

Three polymers (PF-tetrAz, PF-triAz and PCz-triAz) were synthesized according to the Scheme 2-4
and Scheme 2-5. Reagents and solvents were purchased from Kanto Chemical, Tokyo Chemical Industry,
Aldrich and Nacalai Tesque Inc. 2, 7-dibromocarbazole,
7-bromo-9,9-bis(2-ethylhexyl)-9H-fluorene-2-carbonitrile (1), 2,4-dichloro-6-(octyloxy)-1,3,5-triazine (4)
and 2,2'-(9,9-bis(2-ethylhexyl)-9H-fluorene-2,7-diyl)bis-1,3,2-dioxaborolane were synthesized according to
the procedures reported previously [60-63]. Tetrahydrofuran (THF) distilled after drying with sodium was
stored under an argon atmosphere. Dimethylformamide (DMF) distilled after drying with CaH, was stored
under an argon atmosphere. The other solvents and all commercially available reagents were used without
further purification.

2.2.4.3 Synthesis of monomers and polymers

Synthesis of 7-bromo-9,9-bis(2-ethylhexyl)-9H-fluorene-2-carbonitrile (1). A suspension of
Cu()CN (0.16 g, 1.82 mmol) and 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorine (1 g, 1.82 mmol) in 8 mL of
DMF was refluxed for 24 h. After cooling to ambient temperature, the mixture was mixed with water. After
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extraction with dichloromethane, drying over MgSQO, and the solvent evaporation, the crude product was
purified by column chromatography using hexane/CH,Cl, (9:1) as an eluent to give a light yellow oil (0.46 g,
51.2%). '"H NMR (400 MHz, CDCls) § [ppm]: 7.75 (d, J= 7.8 Hz 1H), 7.65-7.63 (m, 3H), 7.55-7.50 (m, 2H),
1.98 (d, J= 4.1 Hz 4H), 0.90-0.49 (m, 30H). *C NMR (100 MHz, CDCls;) & [ppm]: 153.3, 144.7, 138.2,
131.3,130.5, 127.7, 127.5, 122.0, 120.3, 119.6, 109.7, 55.5, 44.3, 34.6, 28.0, 27.1, 22.6, 14.0, 10.8, 10.3.

Synthesis of 3,6-bis(7-bromo-9,9-bis(2-ethylhexyl)-9H-fluorene-2-yl)-1,2-dihydro [1,2,4,5]tetrazine
(2). To mixture of 1 (0.2 g, 0.41 mmol) in ethanol (1 mL) was added hydrazine (0.019 mL, 0.615 mmol) and
sulfur (0.008 g, 0.25 mmol) quickly. The suspension was heated reflux for 3h with stirring and then put into
an ice bath for further solidification. The precipitate was collected by filtration and washed with 2 x 10 mL
of cold ethanol to give a crude orange dihydrotetrazine, which was reacted in the next step without further
purification.

Synthesis of 3,6-bis(7-bromo-9,9-bis(2-ethylhexyl)-9H-fluorene-2-yl)-[1,2,4,5]tetrazine (3). The
orange solid of 2 was dissolved in 1 mL of acetic acid at ambient temperature with stirring. NaNO, (0.028 g,
0.41 mmol) was added to the solution at 0 °C. After complete of the reaction, the purple precipitate was
collected by filtration and washed with 2 x 5 mL of methanol to give a dark purple solid (0.176 g, 84.6%).
'H NMR (400 MHz, CDCls) & [ppm]: 8.08 (s, 2H), 8.01 (d, J= 8.25 Hz 2H), 7.78 (d, J= 8.25 Hz 2H), 7.62 (d,
J=8.25 Hz 2H), 7.56 (s, 2H), 7.50 (d, J= 8.25 Hz 2H), 2.12-2.03 (m, 8H), 1.28-1.25 (m, 4H), 0.91-0.77 (m,
32H), 0.56-0.50 (m, 24H). *C NMR (100 MHz, CDCls) & [ppm]: 177.3, 157.7, 153.3, 144.7, 138.2, 130.5,
130.4, 128.4, 127.6, 127.5, 122.0, 120.3, 55.5, 44.2, 34.7, 33.6, 28.0, 27.1, 22.6, 14.1, 10.3.

Synthesis of 2,4-dichloro-6-(octyloxy)-1,3,5-triazine (4). A suspension of 1-decanol (1.72g, 11
mmol ), cyanuric chloride (1.5g, 8.13 mmol), and collidine (1.1 mL) in acetone (10 mL) was stirred in an
ice-bath for another one hour. After warming to ambient temperature, the mixture was mixed with water.
After extraction with dichloromethane, drying over MgSQO,and the solvent evaporation, the crude product
was purified by column chromatography using hexane/dichloromethane (1:1) as an eluent to give a white oil
(1.90g, 88%)."H NMR (400 MHz, CDCl5) & [ppm]: 4.47 (t, J= 6.9 Hz 2H),1.82-1.76 (m, 2H), 1.45-1.26 (m,
10H), 0.89-0.85 (m, 3H). *C NMR (100 MHz, CDCls) & [ppm]: 172.4, 171.0, 70.7, 31.7, 29.1, 28.4, 28.2,
25.7,22.6, 14.0.

Synthesis of 2-octyloxy-4,6-bis(7-bromo-9,9-bis(2-ethylhexyl)-9H-fluorene-2-yl)-1,3,5-triazine (5).
9,9-Bis(2-ethylhexyl)-2,7-dibromofluorene (0.44 g, 0.80mmol) was dissolved in 4 mL of dry THF and
cooled to —78 °C under N, atmosphere, in which n-BuL.i solution (1.6 M in hexane, 0.56 mL, 0.9 mmol) was
added dropwise with stirring. The mixture was stirred at —78 °C for one hour and 4 (0.11 g, 0.4 mmol) was
added slowly. The reaction solution was stirred for another 15 min at —78 °C. Afterward, the solution was
allowed to warm up to ambient temperature and stirred for one day, and quenched with addition of water.
After extraction with dichloromethane, drying over MgSQO,4and the solvent evaporation, the crude product
was purified by column chromatography using dichloromethane/hexane (1:2) as eluent to afford a yellow oil
(0.088g, 51%). *H NMR (400 MHz, CDCl3) & [ppm]: 8.68-8.65 (m, 4H), 7.82 (d, J= 7.78 Hz 2H), 7.65 (d, J=
7,78 Hz 2H), 7.58 (d, J= 7.78 Hz 2H), 7.51 (d, J= 7.78 Hz 2H), 4.66 (br, 2H), 2.14-1.94 (m, 10H), 1.32-1.24
(m, 6H), 0.92-0.71 (m, 36H), 0.58-0.50 (m, 27H). *C NMR (100 MHz, CDCl;) & [ppm]: 173.5, 170.3, 153.9,
150.4, 144.5, 139.4, 134.5, 130.1, 128.4, 127.5, 124.6, 121.7, 121.6, 119.6, 68.1, 55.3, 44.3, 34.7, 33.5, 31.8,
29.4,29.1,28.8, 28.1, 27.1, 26.0, 22.7, 22.6, 14.1, 14.0, 10.4.
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Synthesis of 2,7-dibromo-9-(2-heptylundecyl)-9H-carbazole (6). A mixture of 2,7-dibromocarbazole
(1.269, 3.89mmol) and NaH (0.25 g,) was stirred 30 min at 0 °C, and then 8-(bromomethyl)heptadecane
(2.3g, 3.9 mmol) was added. The reaction mixture was allowed to stirr for 24 h at room temperature. The
mixture was poured into water. After extraction with CH,Cl,, drying over MgSO, and the solvent
evaporation, the crude product was purified by column chromatography (silica gel, hexane/CH,Cl,, 1:1, as an
eluent) to give oil (1.99 g, 89%).'"H NMR (400 MHz, CDCls) & [ppm]: 7.89 (d, J= 8.24 Hz 2H), 7.50 (s, 2H),
7.34 (d, J= 8.24 Hz 2H), 4.06 (d, J= 7.33 Hz 2H), 2.08 (m, 1H), 1.34-1.22 (m, 28H), 0.90-0.84 (m, 6H). *C
NMR (100 MHz, CDCl3) 8 [ppm]: 141.8, 122.5, 121.4, 121.2, 119.6, 112.3, 47.8, 37.6, 36.1, 31.9, 31.8, 31.6,
29.9, 29.8, 29.6, 29.5, 29.3, 29.2, 27.8, 26.4, 22.7, 22.6, 14.1, 14.0.

Synthesis of 2-octyloxy-4,6-bis(7-bromo-9-(2-heptylhendecyl)-9H-carbazole-2-yl)- 1,3,5-triazine (7).
6 (0.36 g, 0.80mmol) was dissolved in dry THF (4 mL) and cooled to —78 °C under nitrogen atmosphere, in
which 1.6 M n-BuLi/hexane solution (0.56 mL, 0.9 mmol) was added dropwise with stirring. The mixture
was kept at —78 °C for 1 h and 4 (0.11 g, 0.4 mmol) was slowly added. The reaction mixture was stirred for
another 15 min at —78 °C. Afterward, the solution was allowed to warm up to room temperature and stirred
for 24 h, and quenched with addition of water. After extraction with CH,CI,, drying over MgSO, and the
solvent evaporation, the crude product was purified by column chromatography (silica gel, CH,Cl,/hexane,
1:2, as eluent) to afford a light yellow solid (0.113 g, 55%)."H NMR (400 MHz, CDCl3) & [ppm]: 8.74 (s,
2H), 8.59 (d, J= 8.24 Hz 2H), 8.17 (d, J= 8.24 Hz 2H), 7.99 (d, J= 8.24 Hz 2H), 7.58 (s, 2H), 7.37 (d, J=8.24
Hz 2H), 4.70 (d, J= 6.4 Hz 2H), 4.40-4.37 (m, 4H), 1.97-1.91 (m, 2H), 1.42-1.20 (m, 68H), 0.89-0.80 (m,
15H). *C NMR (100 MHz, CDCl5) & [ppm]: 175.2, 172.5, 142.9, 140.8, 132.8, 125.9, 122.4, 122.1, 121.2,
120.6, 120.3, 120.0, 112.4, 110.2, 68.4, 68.0, 47.8, 37.7, 31.9, 31.8, 31.7, 31.6, 30.8, 30.0, 29.9, 29.6, 29.5,
29.4,29.3,29.2,29.1, 28.8, 26.5, 25.9, 22.7, 22.6, 19.2, 14.1, 14.0, 13.8.

Synthesis of poly[(9,9,9',9",9",9"-hexaxis(2-ethylhexyl)[2,2":7",2"'-ter-9H-fluorene]-
7,7"-diyl)-([1,2,4,5]tetrazine-3,6-diyl)] (PF-tetrAz). A mixture solution of 2,2'-(9,9-bis(2-ethylhexyl)-9H-
fluorene-2,7-diyl)bis-1,3,2-dioxaborolane (0.037 g, 0.07 mmol), aqueous K,CO; (2M, 0.7 mL),
tetrakis(triphenylphosphine) palladium (Pd(PPhs)4, 4.1 mg) and 3 (0.071 g, 0.07 mmol) in 1.0 mL of toluene
was heated reflux with vigorous stirring for 72 h under argon atmosphere. After the reaction solution was
cooled to ambient temperature, the resultant precipitate was firtly precipitated from methanol/HCI aq, and
reprecipitated from methanol/NH; ag and from methanol, respectively. The polymer was successively
extracted with acetone, hexane and chloroform by Soxhlet extraction. The chloroform extract was again
precipitated from methanol. PF-tetrAz was given as an orange solid (0.077g, 80%).'H NMR (400 MHz,
CDCly) 6 [ppm]: 8.12-8.02 (m, 4H), 7.90-7.83 (m, 4H), 7.78-7.59 (m, 8H), 7.49 (br, 1H), 7.35-7.30 (m, 1H),
2.17-2.0 (m, 12H), 1.31-1.11 (m, 6H), 0.89-0.80 (m, 48H), 0.63-0.57 (m, 36H). CgoH1,,N, (1246.89): Calcd.
C 85.66, H 9.85, N 4.49; Found. C 83.48, H 9.33, N 4.38.

Synthesis of poly[(9,9,9",9'-tetrakis(2-ethylhexyl)-9H-fluorene-7,7'-diyl)-2-octyloxy-
1,3,5-triazine-4,6-diyl)] (PF-triAz). A mixture solution of bis(1,5-cyclooctadiene)nickel(0) (Ni(cod),)
(0.110 g, 0.40 mmol), 2,2"-bipyridine (bpy) (0.070 g, 0.448mmol) and 1,5-cyclooctadiene (cod) (0.10 g, 0.92
mmol) in 1 mL of DMF was heated under an argon atmosphere for 30 min at 80 °C. To the mixture was
added 5 (0.083 g, 0.184 mmol) dissolved in1 mL of THF under argon. The mixture solution was heated for
72 h at 80 °C. After the reaction solution was cooled to ambient temperature, the resultant polymer was
firstly precipitated from methanol/HCI aq, and reprecipitated from methanol/NH; aq and from methanol,
respectively. The precipitate was successively extracted with acetone, hexane and chloroform by Soxhlet
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extraction. The chloroform extract was again precipitated from methanol. PF-triAz was obtained as a white
solid (0.060g, 83%). 'H NMR (400 MHz, CDCls) § [ppm]: 8.73 (br, 4H), 7.92-7.89 (m, 4H), 7.70-7.67 (m,
4H), 4.68 (d, J= 5.6 Hz 2H), 2.17 (br, 8H), 2.01-1.97 (m, 2H), 1.47-1.25 (m, 6H), 0.93-0.87 (m, 36H),
0.73-0.53 (m, 27H). CsH103sN30 (1013.70): Calcd. C 84.05, H 10.23, N 4.14; Found. C 82.23, H 9.66, N
3.84.

Synthesis of poly[(9,9'-bi(2-heptylhendecyl)-9H-carbazole-7,7'-diyl)-2-octyloxy-
1,3,5-triazine-4,6-diyl)] (PCz-triAz). Similarly, polymerization of 7 gave PCz-triAz as a light yellow solid
(0.13 g, 90%). 'H NMR (400 MHz, CDCls) § [ppm]: 8.82-8.67 (m, 3H), 8.31-8.28 (m, 5H), 7.77-7.67 (m,
4H), 4.75 (br, 2H), 4.57 (br, 4H), 2.05 (br, 6H), 1.43-1.23 (m, 64H), 0.91-0.82 (m, 15H). Cs;H-7N;O (817.70):
Calcd. C 80.71, H 9.15, N 8.26; Found. C 78.50, H 8.57, N 8.09.
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'H NMR spectra of PCz-triAz
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2.3 Efficient blue luminescence D-rw-A type copolymers having sulfone/phosphine oxide unit
2.3.1 Background

During the last few decades, electrical devices based on organic materials have emerged as an interesting
and promising alternative to their inorganic counterparts. Organic materials could offer critical advantages
such as being more environmentally friendly and less expensive in many electrical applications. One
application, a light-emitting device, has used in the form of polymer light-emitting diodes (PLEDs). The
PLEDs technology has been applied in consumer-market but some shortcomings are still existence. The
efficiency of PLEDs depends crucially on the work functions of the charge carrier injectors, leading to
limitations in the choice of electrode materials and allowed active material thickness [64].

Another type of electroluminescent device, the polymer light emitting electrochemical cells (LECs), were
invented in 1995 by Qibing Pei and Alan Heeger’s group at Santa Barbara [65]. Polymer LECs are
fundamentally different from PLEDs since their incorporation of about a single emitting layer of luminescent
polymers blended with electrolytes or ionic liquids between electrodes (Fig. 2-19). Owing to the addition of
an electrolyte, the active layer of LECs allows to be ionic conductors as well as electronic conductors.

Cathode

Tonic light-emitting
species

Do ®e@e Do b
Anode ek 0 & o d o & o,

Substrate-

Fig. 2-19 The Structure of LECs

In order to explain the showed characteristics of LECs, the operating mechanism were investigated. In
simplest form of the polymer LECs, itsconsists of a single emitting layer of luminescent polymers mixed
with solvated ions. When a bias voltage is firstly applied, ionic charge will be built up on the surface of the
polymer film. At same time, an equal electronic charge was built uo on the electrode surface [66]. A very
strong electric field was exsited at the interface enabling the electronic charges to move through into the
polymer. Once a voltage greater than the energy gap of the polymer is applied, the charge injection occurs
with electrons injecting from the cathode and holes injected from the anode. As a result, the luminescent
polymer near the cathode/ anode is reduced/ oxidized by gaining electrons/ losing electrons, respectively.
The mobile ions from the polymer electrolyte redistribute until they are conducted between the
reduced/oxidized polymer segments to compensate the electronic charges. When the expanding p and n
doping regions eventually meet within the electric field between the electrodes, the light emitting junction is
eventually formed and the injected electrons and holes recombine and emit light. [67].
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Due to the good conductive and tends to form ohmic contact with electrodes and polymer, the LECs
show more balanced and efficient charge carrier injection. Consequently, the LECs typically exhibits low
turn on voltage which approximately equal to the energy band gap Eq (E, is the polymer energy band gap)
and high external quantum efficiency. As the same reason, the LECs performance is relatively insensitive to
the thickness of the active layer polymer film and to kinds of electrode materials [67].

Table 2-9. The comparision of polymer LEDs and LECs [68]

Polymer LEDs Polymer LECs
Active layer Conjugated polymer material Blend of ZT;!;%?;?: polymer and
Thickness of active layer Thin Insensitive
Anode High work-function Insensitive
Cathode Low work-function Insensitive

Depending on  kinds  off
Operating voltage electrodes, contacting conditions Depending on Energy bandgap
and Energy bandgap

Response speed High Low

Fabrication Simpler Simpler

Some potential advantages of LECs such as low operating voltage, high efficiency and insensitivity to
the electrode materials etc as listed in Table 2-9. As the presence of ions, the external quantum efficiency of
LEC:s is not dependent on the injection balance, because charges are easily injected. Although the LECs have
possessed many attractive device characteristics, but some drawbacks existed due to the electrochemical
doping process itself. For example, the operational lifetime of LECs is typically very short, because of the
irreversible degradation of the luminescent polymers leading to lower external qunatum efficiency, when
they are doped during continuous operation [67]. Furthermore, due to the limitation of the electrochemical
doping process and the formation of a emitting junction by the slow ionic motion, the response time of LECs
is normally slow, ranging from seconds to hours [67, 69, 70]. In order to make LECs suitable for lighting,
more effective ways have been studied.

Although LECs have these advantages, the pure blue LECs are still rare. Chen et al. have developed
efficient sky-blue LECs with luminance, CIE index and current efficiency of 5.3 cd m?, 2.6 cd A" and
(0.21, 0.33), respectively [71]. He et al. have presented pure blue LECs with performances of 39 cd m?, 0.65
cd A" and CIE (0.20, 0.28), respectively [72]. However, the blue emitting LECs using polymers as the
active layer have no report.

One type of compound that typically consist of an electron-donating and an electron-accepting group
connected through a m-conjugated linker, has attracted much technological research interest because of their
unique optical and electrical properties. In order to obtain pure blue emitting materials, donor-r-acceptor
(D-w-A) type copolymers have aroused intensive interest because they not only possess high fluorescent
guantum yields owing to the effective radiative decay of their excited intramolecular charge-transfer state but
also show good bipolar charge-transporting properties for their constituting of hole- and

electron-transporting moieties [73]. Because D-n-A type fluorophores were used, the device configurations
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were effectively simplify and the electroluminescence efficiencies were tremendously enhanced [74, 75].
However, the D-r-A structure in main chain of copolymer enlarged m-conjugation and the intramolecular
charge-transfer lead to remarkable fluorescence red shifts [76]. One easy strategy for preserving well blue
emission is to control the length of n-conjugation and the intramolecular charge-transfer inside main chain.

Herein, in order to develop pure blue emitting conjugated polymers, sulfone/phosphine oxide units were
as chosen electron-acceptor (A) due to its good electron injection properties. More importantly, the
sulfone/phosphine oxide unit can segment the local = conjugation and limit the intramolecular
charge-transfer. Moreover, in this work, two benzene rings were linked to the sulfone/phosphine oxide unit,
which also served for controlling local w-conjugation because of its tetrahedral/trigonal-pyramidal structure.
This conformation could effectively hinder close molecular packings in the solid state, and prevent excimer
formation and fluorescence quenching [77]. Furthermore, the confinement of the intramolecular
charge-transfer by sulfone/phosphine oxide unit was beneficial to conductivity in LECs device.
Fluorene/carbazole units were selected as as the emissive and electron-donor (D) unit for hole injection
and transport functions.

Seven D-rn-A type copolymers, poly[4,4’-diphenylsulfone-alt-9,9-bis(2-ethylhexyl)-9H-fluorene-2,7-diyl]
(PFDSO), poly[4,4’-diphenylsulfone-alt-(9,9,9',9'-tetrakis(2-ethylhexyl)-9H-fluorene-7,7'-diyl)] (PDFDSO),
poly[4,4’-diphenylsulfone-alt-(9-(2-heptylundecyl)-9H-carbazole-2,7-diyl)] (PCDSO),
poly[4,4’-diphenylsulfone-alt-(4-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-diyl)] (PBCDSO),
poly[4,4’-diphenyl(phenylphosphinylidene)-alt-9,9-bis(2-ethylhexyl)- ~ 9H-fluorene-2,7-diyl]  (PFTPO),
poly[4,4’-diphenyl(phenylphosphinylidene)-alt-(9- (1-decylundecyl)-9H-carbazole-2,7-diyl)] (PCTPO) and
poly[4,4’-diphenyl(phenylphosphinylidene)-alt-(4-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-diyl)]
(PBCTPO), shown in Fig.2-20 and Fig. 2-21, were synthesized and characterized. An organic ionic liquid,
methyltrioctylammonium trifluoromethanesulfonate (MATS) (Fig. 2-21), was used to introduce mobile ions
into the emitting layer of copolymers. The MATS shows the easy processing and good free-standing film
quality [78]. Finally, the optical and electronic properties of these copolymers were investigated, and the
PLEDs and LECs devices embedded with the mixture of copolymers and ionic liquid as the emitting layer
were evaluated.

(OEO) OO0

R, R4 |-I\>2 37\1/

N
PFDSO: D = PCDSO: D= PBCDSO: D =
-

Fig.2-20 The chemical structures of PFDSO, PDFDSO, PCDSO and PBCDSO
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Fig. 2-21 The chemical structures of PFTPO, PCTPO, PBCTPO and MATS.

2.3.2 Results and discussion
2.3.2.1. Synthesis

The general synthetic routes toward the monomers and polymers are depicted in Scheme 2-6 and Scheme
2-7. 2,7-dibromo-9-(2-heptylundecyl)-9H-carbazole (4) was carried out according to the procedure in our
last section. The sulfone intermediate 2 was prepared from 1-bromo-4-iodobenzene, sequentially, a coupling
reaction was carried out with sulfur powder, copper (I) iodide and lithium hydroxide monohydrate as the
catalyst to give 1. The oxidation of 1 was performed to give 2 by using KMnO, and MnSQ,. The diboronic
esters 3, 5 and 6 were synthesized by coupling of 2,7-dibromo-9,9-bis(2-ethylhexyl)fluorene, 4,
2,6-dibromo-4-(1-decylundecyl)-4H-benzo[def]carbazole, and bis(pinacolato)diboron with PdCI,(dppf) as
the catalyst, respectively. Lithiation of 2,7-dibromo-9,9-bis(2-ethylhexyDfluorene with n-butyllithium
(n-BuLi) followed by treatment with 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane gave 7. The
coupling reaction of 7 and 2 gave 8. The phosphine oxide intermediate 9 was prepared from
1,4-dibromobenzene by sequential lithium-halogen exchange with nBuLi, coupling with
dichlorophenylphosphine, and oxidation with hydrogen peroxide. Homopolymerization of 8 by the
Yamamoto reaction afforded PDFDSO as a light yellow solid. The copolymers, PFDSO, PCDSO,
PBCDSO, PFTPO, PCTPO and PBCTPO were synthesized by Suzuki coupling polymerizations of 3, 5
and 6 with 2 and 9, respectively.
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Br@l

KMnO, o
Br—< >—S—< >—B CH 2 —<: :>—§—<: :>—
2vi2 o)
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Br Br—> Br Br4>
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Scheme 2-6. Synthetic routes of PFDSO, PDFDSO, PCDSO and PBCDSO
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Scheme 2-7. Synthetic routes of PFTPO, PCTPO and PBCTPO

2.3.2.2. Solubility and thermal stability

All of the copolymers have a good solubility in usual organic solvents such as CHCIls, chlorobenzene,
and o-dichlorobenzene. These polymers were identified by NMR and elemental analyses. The results of GPC
were summarized in Table 2-10. All of the copolymers showed good processability to make thin cast films.
The M, of PFDSO, PDFDSO, PCDSO, PBCDSO, PFTPO, PCTPO and PBCTPO were more than 10
kg/mol, which were not so high but enough to investigate their basic electronic properties and to examine
characteristics of LECs. These polymers had a good thermal stability, and their temperatures of 5 wt % loss
in TGA (T4 were around 370 °C, respectively, which suggests that all of copolymers have good thermal
stability for fabricating LECs devices.

Table 2-10 the GPC and TGA results of the copolymers.

Polymer (kg .'\:q"ol_” (kg _'\r/]':z)l_l) Mu/M, DP* Ty (°C)°
PFDSO 18.3 32.9 1.8 30.3 386
PDFDSO 11.0 135 1.26 111 375
PCDSO 11.6 13.7 1.18 20.2 374
PBCDSO 25.6 31.8 1.24 36.6 403-
PFTPO 115 16.2 1.4 16.6 366
PCTPO 10.9 13.7 1.2 16.2 351
PBCTPO 14.0 21.8 15 18.4 400

®DP was estimated from M.
*Temperature of 5 % weight loss determined by TGA under an argon atmosphere.

2.3.2.3. Optical properties.

The photophysical properties of dilute solution and thin films of PFDSO, PDFDSO, PCDSO, PBCDSO,
PFTPO, PCTPO and PBCTPO were investigated with UV-vis and PL, and the results are shown in Fig.
2-22, Fig. 2-23 and Fig. 2-24. The UV-vis absorption and the emission spectra data for polymers were
summarized in Table 2-11 and Table 2-12.
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Fig. 2-22 UV-vis and PL spectra of PFDSO and PDFDSO in CHCI; (a) and film state (b).

The absorption and PL spectra of PFDSO and PDFDSO in CHCI; are shown in Fig. 2-22a. The
absorption A in wavelength at 349 nm for PFDSO and 365 nm for PDFDSO are due to m-n* transition of
the conjugated backbone. Compared with PFDSO, the absorption A.x of PDFDSO is longer in wavelengths,
which indicates that w-conjugation of PDFDSO is longer than that of PFDSO. The emission peaks were
observed at 409 nm for PFDSO and 415 nm for PDFDSO in solution. Stokes shifts (AL) of PFDSO in the
solution was 60 nm, which was slightly larger than that of PDFDSO (50 nm). The larger Ak is due to the
lager structural change between ground and excited states, which might affect lowering @y

Table 2-11 Optical properties, HOMO-LUMO energy gaps, and the energy levels of the polymers.

Polymer Amax, Abs (NM) Amax, Em (NM) &, Es™ Eromo ELomo Es°
inCHCI; | film | inCHCI; | film (eV) (eV) (eV) (eV)

PFDSO 349 350 409 414 | 060 | 320 | —6.05 | -2.68 | 3.37

PDFDSO 365 368 415 420 | 068 | 305 | -579 | -2.63 | 3.16
PCDSO 348 351 434 446 | 063 | 304 | -566 | -2.65 | 3.01

PBCDSO 325 325 447 449 | 050 | 323 | 562 | -231 | 331

Fig. 2-22b shows the absorption and PL spectra of PFDSO and PDFDSO in the thin film state. The
absorption of PFDSO and PDFDSO are slightly broadened and red-shifted in the film state compared with
absorption spectra in solution, which indicated that there were some aggregations or interactions of the
polymer chains in the solid state. The E, between HOMO and LUMO of the PFDSO and PDFDSO
estimated from the onset of the absorption spectrum in the film state was 3.20 eV for PFDSO, which was
larger than that of PDFDSO (3.05 eV). The slight red shifts were observed in film state compared with PL
spectra of PFDSO and PDFDSO in solution. The reason might attribute to the existence of the
diphenylsulfone unit, which has effectively prevented close packing of constituent molecules and suppressed
intermolecular aggregation because of the noncoplanar configuration.
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Fig. 2-23 UV-vis and PL spectra of PCDSO and PBCDSO in CHCI; (a) and film state (b).

Fig. 2-23a shows the absorption and PL spectra of PCDSO and PBCDSO in CHClI;. The absorption Amax
at 348 nm for PCDSO and 325 nm for PBCDSO are due to n-n* transition of the conjugated main chain.
Although PBCDSO includes an extended w-conjugated structure of phenanthrene in the unit, the absorption
Amax OFf PBCDSO shows unexpectedly blue-shifted in comparison to that of PCDSO. The emission peaks
were observed at 434 nm for PCDSO and 447 nm for PBCDSO in solution. The AA of PCDSO in the
solution was 86 nm, which was slightly smaller than that of PBCDSO (122 nm). The larger A\ of PBCDSO
might be responsible for the lower @5 than that of PCDSO.

The absorption and PL spectra of PCDSO and PBCDSO in the thin film are shown in Fig. 2-23b. In the
film state, the absorption of PCDSO and PBCDSO were slightly broadened and red-shifted compared with
absorption spectra in solution, which indicated that there were some aggregations or interactions of the
polymer chains in the film state. The ES” between HOMO and LUMO of the PCDSO and PBCDSO
estimated from the onset of the absorption spectrum in the film state was 3.04 eV for PCDSO, which was
smaller than that of PBCDSO (3.23 eV). The large E4 values of PBCDSO were responsible for the blue

shifts of Amax abs IN SOlution.

Table 2-12 Optical properties, HOMO-LUMO energy gaps, and the energy levels of the polymers.

Polymer Amax, abs (NM) Amax, em (NM) @y EgOpt Eromo ELomo

in CHCl, film in CHCl, film (eV) (eV) (eV)
PFTPO 339 344 380 404 | 1.00 | 3.30 —6.04 —2.74
PCTPO 339 340 423 425 | 0.66 | 3.18 -5.75 -2.75
PBCTPO 318 320 437 439 | 055 | 3.37 ~5.58 -2.21
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Fig. 2-24 UV-vis and PL spectra of PFTPO, PCTPO and PBCTPO in CHCI; (a) and film state (b)

The absorption and PL spectra of PFTPO, PCTPO and PBCTPO in CHCI; are shown in Fig. 2-24a.
The absorption Amax in wavelength at 339 nm for PFTPO, 339 nm for PCTPO and 318 nm for PBCTPO are
due to m-n* transition of the conjugated main chain. The absorption An.x 0f PBCTPO was unexpectedly
blue-shifted in comparison to those of PFTPO and PCTPO, although it includes an extended w-conjugated
structure of phenanthrene in the unit. Consequently, they fluoresced deep-blue in CHCIs. The emission peaks
were observed at 380 nm for PFTPO, 423 nm for PCTPO and 437 nm for PBCTPO in solution. The A\ of
PBCTPO in the solution was 119 nm, which was larger than those of PFTPO (41 nm) and PCTPO (84 nm).
The larger AL of PBCTPO might be responsible for the lower &4 than those of PFTPO and PCTPO.

The absorption and PL spectra of PFTPO, PCTPO and PBCTPO in the thin film are shown in Fig.
2-24b. The absorption of PFTPO, PCTPO and PBCTPO in the film state were slightly broadened and
red-shifted compared with absorption spectra in solution, which indicated that there were some aggregations
or interactions of the polymer chains in the film state. The E;** between HOMO and LUMO of the PFTPO,
PCTPO and PBCTPO estimated from the onset of the absorption spectrum in the film state was 3.37 eV for
PBCTPO, which was larger than that of PFTPO (3.30 eV) and PCTPO (3.18 eV). The large Eq values of
PBCTPO are responsible for the blue shifts of Amax aps in solution.

2.3.2.4 Electrochemical properties

Electrochemical analysis of the thin-film sample of the polymers was employed to estimate Enomoand
ELumo. The CV results of PFDSO, PDFDSO, PCDSO, PBCDSO, PFTPO, PCTPO and PBCTPO are
shown in Fig. 2-25 and Fig. 2-26, and the estimated values are summarized in Table 2-11 and Table 2-12.
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Fig. 2-25 Cyclic voltammograms of PFDSO, PDFDSO, PCDSO and PBCDSO

As show in Fig. 2-25, PFDSO, PDFDSO and PBCDSO had irreversible oxidation peaks during the
anodic scan, which were assigned to the oxidation of the fluorene/benzo[def]carbazole units, while PCDSO
had weak irreversible oxidation waves. The Exomo estimated from the onset potential of an oxidation peak of
PDFDSO was -5.79 eV, which was higher about 0.26 eV than that of PFDSO (-6.05 eV). This result could
be attributed to the longer n-conjugation of PDFDSO than that of PFDSO. The Epomo of PBCTPO (-5.62
eV) was shallower than that of PCTPO. During the cathodic scan, PFDSO exhibited quasireversible
reduction waves, whereas PDFDSO, PCDSO and PBCDSO showed weak irreversible reduction waves. The
ELumo Of PFDSO, PDFDSO, PCDSO and PBCDSO were —2.68, —2.63, —2.65, —2.31 eV, respectively,
estimated from the onset potentials of reduction. The E,* of PFDSO, PDFDSO, PCDSO and PBCDSO
were determined as 3.37, 3.16, 3.01 and 3.31 eV by calculating from Epomo and E_umo, respectively. The
differences between the band gap values directly measured by CV (E*.3.37, 3.16, 3.01 and 3.31 eV ) and
the optical band gap values obtained from UV-vis spectra (E,” : 3.20, 3.05, 3.04, 3.23 eV ) are
approximately consistent. These energy gaps with suitable Exomo and Epumo should contribute to augmenting
efficiency of blue emitting polymer devices.
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Fig. 2-26 Cyclic voltammograms of PFTPO, PCTPO and PBCTPO

In Fig. 2-26, PFTPO, PCTPO and PBCTPO showed irreversible oxidation peaks during the anodic
scans, which are assigned to the oxidation of the donor units. The Exomo estimated from the onset potential
of an oxidation peak of PBCTPO was —5.58 eV, which was shallower than those of PFTPO (-6.04 eV) and
PCTPO, which might be attributed to an extended n-conjugated structure of phenanthrene in the PBCTPO.
Because it was difficult to recognize the position of onset potentials in the reduction waves of these
copolymers in the film state, the energy levels of LUMO (E_umo) Were estimated from the Exomo and optical
band gap (Eg) using the equation, E ymo = Enomo + Eg. The ELymo of PFTPO, PCTPO and PBCTPO were
determined to be —2.74, -2.75 and —2.21 eV, respectively. The above results suggest that electronegativity of
the phosphine oxide unit is responsible for lowering of both Eyomo and E, ymo Of the polymers.

2.3.2.5 Electroluminescence properties

For the sake of investgate the application pontential of PFDSO and PDFDSO, firstly they were used as
an emitting layer materials for PLEDs with a device structure of ITO/ PEDOT:PSS (40 nm)/copolymer/LiF
(0.5 nm)/Al (100 nm). Unfortunately, PFDSO and PDFDSO based devices showed very weak light due to
the large band gap. The LEC devices based on PFDSO and PDFDSO were fabricated with a device
configuration: ITO/PEDOT:PSS/copolymer:MATS/AI (Fig. 2-27a) to explore their application potentials.
The active layer using copolymers and ionic liquid MATS with mass ratio of 50:1 was coated with a spin
coater of the mixture solution from toluene at speed of 1000 rpm, yielding a layer thickness of approximately
65 nm. Fig. 2-27b shows the EL spectra of the LECs devices based on PFDSO and PDFDSO, which exhibit
EL peaks at 449 and 434 nm, respectively. All of the results are summarized in Table 2-13. The
electroluminescence with CIE coordinates were (0.18, 0.15) and (0.17, 0.10) (as shown in Fig. 2-28) for blue
emtting polymer LECs, respectively. Compared to the corresponding PL spectra in film state, the EL spectra
are slightly red shifted about 21 and 14 nm, respectively, which different from polyfluorene derivatives with
unwanted long wavelength emission [79]. This attributed to the existence of the diphenylsulfone unit with
the tetrahedral electronic conformation, which has prevented intermolecular aggregation
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Fig. 2-27 LECs structure (a) and EL spectra of PFDSO and PDFDSO-based LECs (b).

Table 2-13 Characteristics of PFDSO and PDFDSO-based LECs?

Maximum Maximum Maximum CIE
Polymer luminance currgnt eurr ent A, L coordinates
(cdm?) densmf2 efﬁueTlcy (nm)
(mA cm™) (cd A)
PFDSO 139[8.5] 50 [8.5] 0.28 [8.5] 449 0.18, 0.15
PDFDSO 890[6.8] 56 [6.8] 1.60 [6.8] 434 0.17,0.10

The device structure: ITO/ PEDOT:PSS (40 nm)/ polymer:MATS/ Al (100 nm)
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The current luminescence-voltage (L-V) and density-voltage (J-V) curves of the PFDSO and PDFDSO
based LECs devices operated with a sweep rate of 0.01 V/s are shown in Fig. 2-29. The luminance and
current density of two copolymer based devices increased slowly with the increase of voltage, which reveals
the characteristics of LECs devices. The luminance of PFDSO and PDFDSO based LECs devices increased
rapidly and reached a luminance of 139 and 890 cd m?, respectively, with current density 50 and 56 mA
cm 2, respectively. The current efficiency of PDFDSO based LECs device was 1.60 cd A™, which was
higher than that of PFDSO based LECs device. The PDFDSO based device exhibited higher EL properties
than PFDSO based one, which suggests that there was a longer n-conjugation controlled by the sulfone unit
in PDFDSO. It is noted that compared with reported LECs with CIE coordinates of (0.20, 0.28), brightness
(39 cd m™) and current efficiency (0.65 cd A™) [72], and CIE coordinates of (0.20, 0.34), brightness (24 cd
m2) and current efficiency (0.89 cd A™) [71], this is the first time to report a high efficiency and pure blue
emission polymer LECs.

y - chromaticity

00 01 02 03 04 05
x - chromaticity

Fig. 2-28 The EL colour of PFDSO (yellow) and PDFDSO (green) -based LECs in CIE program.
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Fig. 2-29 Luminance (solid line) and current density (dashed line) versus voltage curves of PFDSO and
PDFDSO-based LECs.

2.3.3 Summary

A new series of D-n-A type copolymers, which have controlled m-conjugation through introducing
sulfone/phosphine oxide unit for preserve blue emission have been designed and synthesized. These
copolymers showed good solubility in common organic solvents, enough high molecular weights to make
thin films, and good thermal stability showing about 380 °C of temperature at 5 wt% loss in TGA. Basic
properties of these polymers were investigated for the applications in LECs with a configuration of ITO/
PEDOT:PSS/ copolymer:MATS/ Al. The devices based on PFDSO and PDFDSO exhibit EL peaks at 449
and 434 nm with CIE coordinates of (0.18, 0.15) and (0.17, 0.10), respectively. Moreover, the PDFDSO
based device showed a high luminance of 890 cd m™ with current efficiency of 1.60 cd A™. These results
suggest that it is an effective way for blue emission polymers by controlling the length of -conjugation.

2.3.4 Experimental
2.3.4.1 Fabrication and Measurement of LECs Devices

The LEC devices were fabricated in the configuration of ITO/ PEDOT:PSS/ polymers:MATS/AI. The
patterned ITO (conductivity: 10 €/square) glass was precleaned by ultrasonication in 2-propanol and
successively in acetone. The precleaned ITO glass was treated in an ultraviolet-ozone chamber. A thin layer
(40 nm) of PEDOT:PSS was spin-coated on the ITO at 3000 rpm in 3 min and air-dried at 110 °C for 10 min
on a hot plate. The substrate was transferred to a glovebox under N, atmosphere. Solutions of the copolymers
and MATS at various blending ratios in toluene were subsequently spin-coated on the PEDOT:PSS layer. Al
(100 nm) were deposited on the emitting layer with conventional thermal evaporation at the chamber
pressure lower than 5 x 10 Pa, which provided the devices with an active area of 2 x 2 mm?. The thickness
of emitting layers and PEDOT:PSS layers were measured using a stylus-type film thickness meter (ULVAC
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E. S., Inc., Tokyo, Japan, Dektak). The luminance-current density-voltage (L-J-V) curves were measured
using Keithley 2612A and TOPCON BM-9M with measurement angle at 0.2 A.

2.3.4.2 Materials and Synthesis of monomers and polymers

Reagents and solvents were purchased from Kanto Chemical, Tokyo Chemical Industry, Aldrich and
Nacalai Tesque Inc. Dimethylformamide (DMF) and CH,CI, distilled after drying with CaH, were stored
under an argon atmosphere. Tetrahydrofuran (THF) distilled after drying with sodium was stored under an
argon atmosphere. The other solvents and all commercially available reagents were used without further
purification.

Synthesis of di(4-bromophenyl)sulfide (1). A mixture of 1-bromo-4-iodobenzene (7.14 g, 0.025 mol),
Cul (0.33 g, 1.68 mmol) ,sulfur powder (0.81 g, 0.025 mol), and LiOH-H,0 (2.13 g, 0.05 mol) in 45 mL of
DMF were stirred at 100 °C for 12 h. After cooling to ambient temperature, the mixture was mixed with
water. After extraction with dichloromethane, drying over MgSQO, and the solvent evaporation, the crude
product was purified by column chromatography using hexane/dichloromethane (1:1) as an eluent to give a
pure yellow solid (3.58 g, 83%). 'H NMR (400 MHz, CDCls) & [ppm]: 7.43 (d, J= 8.8 Hz 4H), 7.19 (d, J=
8.8 Hz 4H). *C NMR (100 MHz, CDCI3) & [ppm]: 134.4, 132.5, 132.2 121 4.

Synthesis of di(4-bromophenyl)sulfone (2). A suspension of 1 (0.5 g, 1.45 mmol), Manganese(ll)
sulfate monohydrate (0.73 g, 4.3 mmol), and potassium permanganate (KMnQ,) (0.73 g, 4.6 mmol) in 11 mL
of dichloromethane were stirred continuously for 10 h. After extraction with dichloromethane from water,
drying over MgSO,and the solvent evaporation, the crude product was purified by column chromatography
(silica gel, dichloromethane/hexane 1:1, as eluent) to afford a yellow solid (0.46 g, 85%). ‘H NMR (400
MHz, CDCl3) & [ppm]: 7.78 (d, J= 8.4 Hz 4H), 7.65 (d, J= 8.4 Hz 4H). **C NMR (100 MHz, CDCls) & [ppm]:
140.2, 132.7, 129.1, 128.8.

Synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9,9- bis(2-ethylhexyl)-fluorene (3).
A mixture of 2,7-dibromo-9,9-bis(2-ethylhexyDfluorene (1.22 g, 2.22 mmol), bis(pinacolato)diboron (2.03 g,
7.97 mmol), 1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(Il) (PdCl,(dppf)) (0.113 g, 0.133
mmol), and potassium acetate (1.30 g, 13.28 mmol) in DMF (20 mL) was stirred under argon atmosphere at
60 °C for one day. After cooling to ambient temperature, the solution was mixed with water. After extraction
with dichloromethane, drying over MgSO,and the solvent evaporation, the crude product was purified by
column chromatography using hexane/dichloromethane (1:1, v/v) as an eluent to give a pure white solid
(1.32g, 92%). ‘H NMR (400 MHz, CDCls) & [ppm]: 7.83 (d, J= 8.0 Hz 2H), 7.75 (s, 2H), 7.70 (d, J= 8.0 Hz
2H), 2.0 (d, J= 7.7 Hz 4H), 1.38-1.19 (m, 24H), 0.85-0.46 (m, 30H). *C NMR (100 MHz, CDCls) & [ppm]:
150.0, 143.8, 133.4, 130.3, 119.2, 83.5, 54.7, 43.9, 34.6, 33.4, 27.8, 27.1, 24.7, 22.6, 14.0, 10.2.

Synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)- 9-(2-heptylundecyl)-9H-carbazole
(5). According to the procedure for 3, the diboronic ester 5 was similarly synthesized giving light yellow oil
(0.56 g, 71%). "H NMR (400 MHz, CDCl;) & [ppm]: 8.11 (d, J= 7.79 Hz 2H), 7.87 (s, 2H), 7.66 (d, J= 7.79
Hz 2H), 4.25 (d, J= 7.33 Hz 2H), 2.19 (br, 1H), 1.43-1.39 (m, 24H), 1.35-1.21 (m, 28H), 0.90-0.83 (m, 6H).
3C NMR (100 MHz, CDCls)  [ppm]: 140.9, 139.9, 125.0, 124.7, 119.9, 115.6, 83.7, 47.4, 37.6, 31.9, 31.8,
31.7,29.9, 29.8, 29.6, 29.3, 29.2, 26.4, 26.2, 24.9, 24.8, 22.7, 22.6, 14.1, 14.0.

Synthesis of 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4-(1-decylundecyl)-4H-
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benzo[def]carbazole (6). According to the procedure for 3, the diboronic ester 6 was similarly synthesized
giving white solid (0.59 g, 60%)."H NMR (400 MHz, CDCls) & [ppm]: 8.26 (s, 2H), 8.02 (s, 2H), 7.97(s, 2H),
4.75 (br, 1H), 2.42-2.38 (m, 2H), 2.05-2.01 (m, 2H), 1.45 (m, 24H), 1.26-1.11 (m, 31H), 0.89-0.82 (m, 6H).
3C NMR (100 MHz, CDCls) & [ppm]: 132.3, 127.5, 126.2, 123.7, 121.8, 111.4, 111.1, 83.8, 57.7, 34.6, 31.8,
29.5,29.4,29.3, 26.9, 26.8, 25.0, 22.6, 14.1.

Synthesis of 2-(7-bromo-9,9-bis(2-ethylhexyl)fluoren-2-yl)-4,4,5,5-tetramethyl- 1,3,2-dioxaborolane
(7). 2,7-Dibromo-9,9-bis(2-ethylhexyl)fluorene (0.80 g, 1.46 mmol) was dissolved in 6 mL of dry THF and
cooled to —78 °C under N, atmosphere, in which n-BuL.i solution (1.6 M in hexane, 1.08 mL, 1.7 mmol) was
added dropwise with stirring. The mixture was stired at -78 °C for 1 h and
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.35 mL, 1.7 mmol) was added slowly. The reaction
solution was stirred for another 15 min at —78 °C. Afterward, the mixture was allowed to warm up to ambient
temperature and stirred for one day, and quenched with addition of water. After extraction with
dichloromethane, drying over MgSQO,and the solvent evaporation, the crude product was purified by column
chromatography using ethyl acetate/hexane (1:5, v/v) as an eluent to afford white solid (0.62 g, 72%). *H
NMR (400 MHz, CDCl3) 6 [ppm]: 7.94 (br, 2H), 7.65 (d, J= 7.3 Hz 1H), 7.57 (d, J= 8.2 Hz 1H), 7.51 (d, J=
8. Hz 1H), 7.44 (d, J= 8.2 Hz 1H), 2.0-1.93 (m, 4H), 1.36 (s, 12H), 0.88-0.46 (m, 30H). **C NMR (100 MHz,
CDCly) 6 [ppm]: 153.4, 149.2, 143.0, 140.4, 133.7, 130.4, 130.3, 129.8, 127.4, 121.3, 120.9, 118.9, 83.6,
55.1,44.2, 43,9, 34.6,34.5, 33.5, 33.4, 28.0, 27.7, 27.2, 27.0, 24.9, 24.7, 22.7, 22.6, 14.0, 10.4, 10.2.

Synthesis of 4,4’-bis(7-bromo-9,9-bis(2-ethylhexyl)-9H-fluorene-2-yl)diphenylsulfone (8). A mixture
of 7 (0.52 g, 0.87 mmol), tetrakis(triphenylphosphine) palladium (Pd(PPhs),, 50 mg), aqueous K,COs (2 M,
1.5 mL) and 2 (0.14 g, 0.35 mmol) in 2.5 mL of toluene was heated reflux with vigorous stirring for 72 h
under an argon atmosphere. After the reaction mixture was cooled to ambient temperature, the solution was
mixed with water. After extraction with dichloromethane, drying over MgSQO,and the solvent evaporation,
the crude product was purified by column chromatography using hexane/dichloromethane (1:1, v/v) as an
eluent to give a light yellow solid (0.32 g, 80%). ‘H NMR (400 MHz, CDCl5) & [ppm]: 8.07 (d, J= 8.2 Hz
4H), 7.76-7.74 (m, 6H), 7.58 (d, J= 7.8 Hz 2H), 7.57-7.51 (m, 6H), 7.47 (d, J= 7.8 Hz 2H), 2.01-1.97 (m,
8H), 0.90-0.69 (m, 36H), 0.58-0.47 (m, 24H). *C NMR (100 MHz, CDCl;) & [ppm]: 153.0, 151.3, 140.8,
140.1, 139.4, 130.1, 130.0, 128.2, 127.8, 127.5, 127.4, 126.5, 122.9, 121.3, 121.1, 120.2, 55.3, 44.3, 34.7,
33.7,28.1, 27.0, 22.7, 14.0, 10.3.

Synthesis of bis(4-bromophenyl)(phenyl)phosphine oxide (9). 1,4-Dibromobenzene (3.54 g, 15 mmol)
was dissolved in 120 mL of dry THF and cooled to —78 °C under nitrogen atmosphere, in which n-BuLi
solution (1.6 M in hexane 9 mL, 15 mmol) was added slowly with stirring. The reaction solution was strred
at this temperature for 3 h, and then dichlorophenylphosphine (1 mL, 7.4 mmol) was added. The resulting
solution was stirred for a further 3 h at —78 °C before quenching with methano(I5 mL). Afterward, the
solution was allowed to warm up to ambient temperature and quenched with addition of water. After
extraction with dichloromethane, drying over MgSQO,, the solvent had been completely removed, 30%
hydrogen peroxide (22 mL) and dichloromethane (45 mL) were added to the obtained residue and the
mixture stirred overnight at ambient temperature. After extraction with dichloromethane, drying over MgSO,
and the solvent evaporation, the crude product was purified by column chromatography using ethyl acetate
/hexane (1:5, v/v) as an eluent to afford white solid (2.5 g, 77%). ‘H NMR (400 MHz, CDCls) § [ppm]:
7.64-7.60 (m, 6H), 7.57-7.48 (m, 7H). *C NMR (100 MHz, CDCl3) & [ppm]: 133.5, 133.4, 132.4, 132.3,
132.0, 131.9, 131.8, 131.5, 130.8, 130.4, 128.8, 128.7, 127.5, 127 .4.
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Synthesis of poly[2,7-(9,9-bis(2-ethylhexyl)fluorene)-alt-4,4’-diphenylsulfone] (PFDSO). Suspension
of 3 (0.42 g, 0.8 mmol), aqueous K,CO; (2 M, 1.88 mL), 2 (0.30 g, 0.8 mmol), and Pd(PPh3), (46.2 mg) in
6.5 mL of toluene was heated reflux with vigorous stirring under an argon atmosphere for 72 h. After the
reaction mixture was cooled to ambient temperature, the resultant precipitate was firstly precipitated from
methanol/HCI ag, and reprecipitated from methanol/NH; ag and from methanol, respectively. The polymer
was successively washed and extracted with acetone, hexane and chloroform by Soxhlet extraction. The
chloroform extract was again precipitated from methanol. The final product was dried under vacuum for
whole night, affording a light yellow solid (0.396g, 82%). *H NMR (400 MHz, CDCls) & [ppm]: 8.07 (d, J=
8.4 Hz 4H), 7.80-7.74 (m, 6H), 7.56 (d, J= 8.4 Hz 4H), 2.05 (d, J= 5.2 Hz 4H), 0.88-0.70 (m, 18H),
0.57-0.47 (m, 12H). *C NMR (100 MHz, CDCl3) & [ppm]: 151.6, 141.1, 137.8, 137.7, 128.2, 127.8, 126.5,
122.9, 120.5, 55.2, 44.3, 34.6, 33.7, 28.1, 27.0, 22.6, 14.0, 10.3. C4;1H500,S (606.91): Calcd. C 81.14, H 8.30;
Found. C 80.14, H 7.86.

Synthesis of poly[2,7°-(9,9,9°9’-tetrakis(2-ethylhexyl)fluorene)-alt-4,4’-diphenylsulfone] (PDFDSO).
A mixture of bis(1,5-cyclooctadiene)nickel(0) (Ni(cod)2) (0.17 g, 0.62 mmol), 1,5-cyclooctadiene (cod)
(0.15 g, 1.38 mmol) and 2,2-bipyridine (bpy) (0.11 g, 0.71 mmol) in 2 mL of DMF was heated for 30 min at
80 °C under an argon atmosphere. To the mixture solution was added 5 (0.31 g, 0.27 mmol) dissolved in 2
mL of THF under argon. The reaction mixture was heated for 72 h at 80 °C. After the reaction mixture was
cooled to ambient temperature, the resultant precipitate was firstly precipitated from methanol/HCI ag, and
reprecipitated from methanol/NH; ag and from methanol, respectively. The polymer was successively
extracted with acetone, hexane and chloroform by Soxhlet extraction. The chloroform extract was again
precipitated from methanol. The final product was dried under vacuum for whole night, affording a light
yellow solid (0.23 g, 84%). '"H NMR (400 MHz, CDCls) & [ppm]: 8.08 (d, J= 7.6 Hz 4H), 7.78-7.76 (m, 8H),
7.61-7.56 (m, 8H), 2.08-2.07 (m, 8H), 0.90-0.51 (m, 60H). *C NMR (100 MHz, CDCls) & [ppm]: 153.9,
153.8, 145.0, 144.6, 141.8, 137.4, 137.2, 134.4, 133.9, 130.9, 128.2, 127.8, 120.2, 55.2, 44.3, 34.7, 33.6, 28.2,
27.1,22.7,14.0, 10.4. CggHgsO,S (967.49): Calcd. C 84.42, H 8.96. Found. C 83.81, H 9.43.

Synthesis of  poly[2,7-(9-(2-heptylundecyl)-9H-carbazole)-alt-4,4’-diphenylsulfone] (PCDSO).
According to the synthetic procedure for PFDSO, polymerization of 5 with 2 abtained PCDSO as a light
yellow solid (0.228g, 70%). *H NMR (400 MHz, CDCls) 5 [ppm]: 8.16 (d, J= 8.0 Hz 2H), 8.11 (d, J =8.0 Hz
4H), 7.87-7.81 (m, 4H), 7.55 (d, J =8.0 Hz 2H), 7.46 (d, J =8 Hz 2H), 4.23 (d, J =6.8 Hz 2H), 2.17 (s, 1H),
1.39-1.16 (m, 28H), 0.90-0.81 (m, 6H); **C NMR (100 MHz, CDCls) & [ppm]: 156.5, 142.0, 140.1, 137.3,
137.2, 135.5, 133.6, 132.6, 131.7, 128.3, 128.2, 122.6, 122.5, 121.1, 118.8, 108.0, 51.3, 46.9, 38.6, 35.0, 31.8,
31,7, 315, 29.9, 29.8, 29.5, 29.2, 29.1, 26.5, 22.6, 22.5, 14.1, 14.0. C4,Hs3NO,S (635.95): Calcd. C 79.18, H
8.27, N 2.25; Found. C 76.59, H 7.89, N 1.98.

Synthesis of poly[2,7-(4-(1-decylundecyl)-4H-benzo[def]carbazole)-alt-4,4’-diphenylsulfone]
(PBCDSO). According to the synthetic procedure for PFDSO, polymerization of 6 with 2 abtained
PBCDSO as a light yellow solid (0.148 g, 78.3%). *H NMR (400 MHz, CDCl;) & [ppm]: 8.18-8.11 (m, 6H),
7.95-7.91 (m, 6H), 7.68-7.66 (m, 2H), 4.71 (br, 1H), 2.37 (br, 2H), 2.05 (br, 2H), 1.25-1.08 (m, 31H),
0.81-0.77 (m, 6H).*C NMR (100 MHz, CDCl;) & [ppm]: 157.5, 142.4, 139.4, 135.8, 135.7, 129.5, 128.2,
128.1, 127.6, 127.3, 126.9, 116.2, 115.4, 115.1, 108.2, 53.9, 41.1, 34.6, 31.8, 31.6, 29.4, 29.2, 29.1, 26.8,
22.6, 14.2. Calcd for C47H59NO,S (702.05): C, 80.41; H, 8.47; N, 2.00. Found: C, 79.60; H, 8.35; N, 1.96.
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Synthesis  of  poly[2,7-(9,9-bis(2-ethylhexyl)fluorene)-alt-4,4’-diphenyl(phenylphosphinylidene]
(PFTPO). According to the synthetic procedure for PFDSO, polymerization of 5 with 2 abtained PFTPO as
a light yellow solid (0.258 g, 77%). ‘H NMR (400 MHz, CDCls) & [ppm]: 7.85-7.74 (m, 12H), 7.63-7.52 (m,
7H), 2.07 (m, 4H), 0.83-0.76 (m, 18H), 0.58-0.50 (m, 12H).**C NMR (100 MHz, CDCls) & [ppm]: 153.1,
151.6, 145.3, 138.4, 132.7, 132.6, 132.1, 127.2, 127.1, 126.4, 122.9, 120.3, 117.9, 55.2, 44.5, 34.7, 33.8, 28.2,
27.1,22.7, 14.0, 10.4. Calcd for C47Hs50P (666.93): C, 82.64; H, 8.31. Found: C, 80.46; H, 8.26.

Synthesis of poly[2,7-(9-(2-heptylundecyl)-9H-carbazole)-alt-4,4’- diphenyl(phenylphosphinylidene]
(PCTPO). According to the synthetic procedure for PFDSO, polymerization of 5 with 2 abtained PCTPO
as a light yellow solid (0.155g, 78%). *"H NMR (400 MHz, CDCl3) & [ppm]: 8.21-8.16 (m, 2H), 7.89-7.71 (m,
11H), 7.65-7.46 (m, 6H), 4.68-4.65 (m, 1H), 2.35-2.30 (m, 2H), 1.99-1.95 (m, 2H), 1.26-1.04 (m, 31H),
0.84-0.78 (m, 6H). *C NMR (100 MHz, CDCls) & [ppm]: 157.4, 145.8, 132.8, 132.7, 132.6, 132.2, 132.1,
132.0, 128.7, 128.6, 127.8, 127.7, 127.6, 120.7, 110.4, 110.3, 107.7, 56.6, 33.8, 31.8, 31.7, 29.5, 29.3, 29.2,
26.8, 24.9, 22.6, 14.0. Calcd for Cs;HgsNOP (738.05): C, 83.00; H, 8.74; N, 1.90. Found: C, 81.79; H, 8.90;
N, 1.89.

Synthesis of poly[2,7-(4-(1-decylundecyl)-4H-benzo[def]carbazole)-alt-4,4’-
diphenyl(phenylphosphinylidene] (PBCTPO). According to the synthetic procedure for PFDSO,
polymerization of 5 with 2 abtained PBCTPO as a light yellow solid (0.178 g, 86%). ‘H NMR (400 MHz,
CDCly) 6 [ppm]: 8.12 (s, 2H), 7.98-7.75 (m, 14H), 7.62-7.52 (m, 3H), 4.74-4.72 (m, 1H), 2.42-2.39 (m, 2H),
2.09-2.02 (m, 2H), 1.32-1.10 (m, 31H), 0.82-0.78 (m, 6H). **C NMR (100 MHz, CDCls) & [ppm]: 154.0,
151.4, 143.9, 143.5, 140.1, 134.6, 134.5, 132.6, 128.8, 128.7, 128.6, 126.7, 121.4, 121.3, 114.9, 57.9. 48.0,
34.6, 31.8, 31.6, 29.4, 29.3, 29.2, 26.7, 22.6, 14.0. Calcd for Cs3HgsNOP (762.07): C, 83.53; H, 8.47; N, 1.84.
Found: C, 81.75; H, 8.49; N, 1.78.
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'H NMR spectra of PFDSO

=
=
=z
o
N
L
TRL
e |/
ESL |/|
TG L = X c
XLL -0 o @ -=
Ll
|t - 0 O —--
TOB'L

PPM

3C NMR spectra of 8

PPM

68



'H NMR spectra of PDFDSO
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3C NMR spectra of PBCDSO
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'H NMR spectra of PFTPO
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Chapter 3
Synthesis and Photovoltaic Performance of D-A structure Narrow Bandgap

Copolymers Based on Benzo[def]carbazole






3.1 Background

With the increasing of power consumption, renewable sources have attracted much attention. Solar
power is one promising renewable source which has the possible to have a significant impact on lowering the
demand for electricity produced by fossil fuels. Polymer solar cells (PSCs) (Fig.2-1) offer great potential as
renewable, alternative source for electrical energy due to their light weight, low cost, solution processablity,
flexibility, and the synthetic versatility, which can convert solar energy into electrical energy via the
photovoltaic effect [1-4]. Although the PSCs are similar to traditional silicon based solar cells in function,
the mechanisms of PSCs generated differs significantly.

Fig. 3-1 Application of PSCs [5, 6]

During the past ten years, PSCs have received much attention because of their unique advantages of low
cost, light weight, and great potential for the realization of flexible and large-area devices. Typically, bulk
heterojunction (BHJ) PSCs (Fig. 3-2) have dramatically improved the cells performance due to the unique
merits such as the design and synthesis of novel donor materials, the control and optimization of device
fabrication, and the development of new device architectures such as tandem and ternary solar cells. In the
BHJ PSCs, blend layer of an electron-donating conjugated polymer and an electron-accepting fullerene
derivative with phase separation in nanoscale is sandwiched between cathode and anode [7-9]. Compared to
the bilayer device architecture, the BHJ structure can provide a much larger interfacial area due to the
formation of interpenetrating network. It should be indicated that the interplay of these components in the
heterojunction is among the most important aspects determining the properties of the PSCs. Compete with
silicon-based solar cells, the current challenges for PSCs remain to further improve photovoltaic efficiency
as well as durability and cost-effectiveness. Conjugated polymers show a potential alternative because (1) the
synthesis of polymer is easy and cost-effective, (2) the polymers can be easily cast on a variety of substrates
using wet-processing techniques such as spin-casting or even printing technologies, (3) the energy band gap
can be easily modified by chemical structure, and (4) the strong absorptivity and high extinction coefficients
of these semiconductor films can be achieved, which make them excellent chromophores for optoelectronic
applications.
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Fig. 3-2 Device architecture of BHJ PSCs [10]

The major objectives of the present study are:

1. Design, syntheses and characterization of new type of D-A-structure narrow bandgap copolymers

2. Clarifications of basic physical properties of these new copolymers

3. Preliminary investigation of the photovoltaic performance of the copolymers based on bulk
heterojunction polymer solar cells

In order to obtain high-performance PSCs, it is necessary to design and synthesize conjugated polymers
with desired properties, such as sufficient solubility to promise processing a good miscible thin-layer with an
n-type material, high hole mobility for efficient charge transport, and narrow bandgap for matching the high
photon flux region of the solar spectrum to ensure enough light harvesting, leading to an increase of
short-circuit current (Js¢) [11-14]. It has been also known for using a polymer whose HOMO energy level is
situated close to 5.5 eV [15] could lead to a large open-circuit voltage (Vo) in PSCs devices [16]. Since
these complicated factors in relation of trade-off, the developments of new polymers with proper properties
of photoabsorption, energy levels, semiconducting, and stability have been a challenging research up to now.

A well known strategy to synthesize narrow bandgap polymers is to construct D-A type conjugated
copolymers, which have a polymer backbone consisted of alternating electron donating (D) and electron
accepting (A) units. Poly(2,7-carbazole-alt-dithienylbenzo thiadiazole) (PCDTBT) which was one of the
most successful D-A type copolymers due to its deep energy level of HOMO and high stability against
oxidation, was shown in Fig.3-3. According to the report, the power conversion efficiencies (PCEs) of
PCDTBT-based PSCs with the standard devices configuration reached 4.6% [17]. Although the
PCDTBT-based PSCs showed an outstanding high PCE, the band gap (Eg) of PCDTBT was larger than the
typical narrow-bandgap copolymers which exhibited high photovoltaic performance [18]. A polycyclic
aromatic compound, benzo[def]carbazole, is a unique building block with a large n-conjugation system and
its electron-donating ability is suggested to be stronger than carbazole [19]. In general, a n-extended planar
fused aromatic ring will be helpful for intensifying intermolecular  overlap and thus narrowing n-n stacking
distance, which can contribute to enhancing charge carrier mobility. Furthermore, by introducing appropriate
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substituents, the bridging nitrogen-atom in benzo[def]carbazole works as a center a center for solubilizing
functionality and tuning of energy levels of molecular orbital [20]. Therefore, benzo[def]carbazole was
selected as the donor unit to construct new D-A type copolymers.

PCDTBT

Fig. 3-3.Chemical structure of PCDTBT

In this chapter, three D-A type of benzo[def]carbazole-based copolymers poly[4-(1-decylundecyl)-4H-
benzo[def]carbazole-2,6-diyl-thiophene-2,5-diyl-2,1,3-benzothiadiazole-4,7-diyl-thiophene-2,5-diyl]
(PBCDTBT), poly[4-(1-decylundecyl)-4H-benzo[def] carbazole-2,6-diyl-thiophene-2,5-diyl-5-(2-ethylhexyl)
thieno[3,4-c]-pyrrole-4,6-dione-1,3-diyl-thiophene-2,5-diyl] (PBCDTTPD) and poly[4-(1-decylundecyl)
-4H-benzo[def]carbazole-2,6-diyl-thiophene-2,5-diyl-2,5-didecylpyrrolo-[3,4-c]pyrrole-1,4-dione-3,6-diyl-th
iophene-2,5-diyl] (PBCBTDPP), as shown in Fig. 3-4, were designed, synthesized and characterized. In this
study, benzo[def]carbazole was chosen as the D unit, while benzothiadiazole (BT) having electronegative
heterocyclic system, thienopyrrole-4,6-dione (TPD) having electron withdrawing imino-bridged system, and
diketopyrrolopyrrole (DPP) having electron withdrawing pyrazolone system were selected as the typical A
unit. The effects of the different A segment on the absorption spectra, energy levels, and the photovoltaic

performances of the copolymers were also investigated.

C1oH21<_C1oH21

h

N
/ N\ all N
ORGSO
n
A: 4@7 A =O N (@) A =
PBCDTBT: PBCDTTPD: H PBCBTDFPP:

R=—0"(" R=H R=H

Fig. 3-4 Chemical structures of PBCDTBT, PBCDTTPD and PBCBTDPP

3.2 Results and Discussion

3.2.1 Synthesis
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Scheme 3-1 showed the general synthetic routes toward the monomers and polymers. Coupling of 1 and
bis(pinacolato)diboron with PdCl,(dppf) as the catalyst was to synthesize the diboronic ester 2. The
dibromination of 3 was performed to give 4 by the procedure reported previously [21]. The alkyl group was
introduced into N-position of 5 giving 6 by using K,CO; and the corresponding alkyl bromide in the
presence of catalytic amount of 18-crown-6. The dibromination of 6 was carried out with NBS, giving 7.
PBCDTBT, PBCDTTPD, and PBCBTDPP were synthesized by Suzuki coupling polymerization of 2 with
the corresponding three acceptor units. For stabilization of the copolymers, an end-capping with phenyl or
alkoxyphenyl was performed.

C1OH21YC1OH21 gi :é CoH2s C10H21
Br C Br
) PACI,(dppf), KOAC

o é—/ o O N O
CHCl;, ACOH
TN\ 7\ nes - e NN TN g
S S s S S S
4

?10"'21

S
NN
= /\ Pd(PPhs),
2 + Br s Br > PBCDTBT
S K,COs, Toulene
8

7;0
2 + Br_< )_4 M §_Br ek, PBCDTTPD

K,CO3, Toulene




Pd(PPh3),

> PBCBTDPP
K,CO3, Toulene

I
C1oH21
7
Scheme 3-1 Synthetic routes of PBCDTBT, PBCDTTPD and PBCBTDPP

3.2.2 Solubility and thermal stability

These copolymers showed good solubility in common organic solvents such as CHCls,
o-dichlorobenzene, and chlorobenzene. All of the copolymers were identified by NMR and elemental
analyses. The results of gel permeation chromatography (GPC) were summarized in Table 3-1. They showed
good processability to make thin cast films. The M, and M,/M, of PBCDTBT, PBCDTTPD, and
PBCBTDPP were about 10 kg/mol and about 1, which were comparable each other and not so high but
enough to investigate their basic properties and to examine basic characteristics of BHJ PSCs. The TGA
results are shown in Fig.3-5. These polymers showed that temperature of 5 wt % loss in the TGA was around
350 °C, which suggeste that the thermal stability of these copolymers were good for making organic devices
as well as the carbazole-based copolymers [22].

Table 3-1 GPC and TGA results of the polymers.

Polymer (kg I\:;,rl) (kg'\r/lnvtv)l'l) M./M, T4 (°C)?
PBCDTBT 9.0 9.3 1.04 362
PBCDTTPD 7.0 7.5 1.03 326
PBCBTDPP 10.7 18.0 1.68 371

*Temperature of 5% weight loss determined by TGA under an argon atmosphere.
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Fig. 3-5 TGA curves of PBCDTBT, PBCDTTPD and PBCBTDPP

3.2.3 Optical properties.

The UV-vis absorption spectra of dilute solution and thin films state of PBCDTBT, PBCDTTPD and
PBCBTDPP were investigated, and the results are shown in Fig. 3-6. The UV-vis spectra data for all
polymers are summarized in Table 3-2.

. —PBCDTBT
(@) —PBCDTBT (b) —PBCDTTPD
—_ PBCDTTPD —PBCBTDPP

—PBCBTDPP

Absorbance (a.u.)
Absorbance (a.u.)

| L | 1 ) . L | L | ! | N

500 600 700 800 900 300 400 500 600 700 800 900
Wavelength (nm) Wavelength (nm)

Fig. 3-6 UV-vis spectra of PBCDTBT, PBCDTTPD and PBCBTDPP in CHCI; (a) and film state (b)

L | L
300 400

All of the polymers in CHCI; exhibited two major absorption bands in the ranges of 300-400 and
450-750 nm, as shown in Fig. 3-6a. The bands at longer wavelength corresponds to the intramolecular charge
transfer (CT) transition between the D and A units and the other at the shorter wavelength could be attributed
to localized m-n* transition. The absorption maximum (Zm.) Values in wavelength of these polymers were in
order from longest to shortest of PBCBTDPP, PBCDTBT, PBCDTTPD. The DPP unit is found to have the
strongest D-A effect in the series of benzocarbazole copolymers due to the degree of the red-shifts of D-A
bands,
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Table 3-2 Absorption spectrum data, HOMO-LUMO energy gaps, and the energy levels of the polymers.

ADbS. Amax (Nm)
Polymer = E, 7 (eV)

a
EHOMO ELUMO

CHCl;  film (V)  (eV)
PBCDTBT 355,527 358,564 1.93 522 -3.29
PBCDTTPD 337,486 355,516,559 2.11 534 -3.23
PBCBTDPP 344,638 356,694 1.68 531 -3.63

a —_ opt
ELumo = Eq " + Enomo

The absorption spectra of three polymers in thin film state are shown in Fig 3-6b. The shape of the
absorption bands in thin film state was similar to that in solution. Compared with the absorption maxima in
solution, there were red-shifted by 37-63 nm in film state due to increase of coplanarity of polymer chains by
alignment on a planar substrate and enhancement of n-n stacking of the planar units as well as the highly
planar polymers in the solid film state [23]. The E,™ were estimated to be 1.68, 1.93, and 2.11 eV for
PBCDTBT, PBCDTTPD and PBCBTDPP, respectively, from the absorption edges of the films. The
difference of the E, of PBCDTBT, PBCDTTPD and PBCBTDPP affected by the D-A interaction
suggests that light harvesting capabilities along with E,°* can be tuned by the D-A segments in the backbone
of polymer, which is one of the efficient ways to design the PSCs materials by changing D and A.

The energy levels of HOMO (Eyomo) and LUMO (E ymo) of PBCDTBT, PBCDTTPD and
PBCBTDPP are summarized in Table 3-2. The Ejomo 0f PBCDTBT, PBCDTTPD and PBCBTDPP were
found to situate in the range from —5.34 to —5.22 eV, which would be moderately deep to offer relatively
high V,. when BHJ PSCs are constructed, accordingly the E_ ymo Of these copolymers were situated from
—3.63 to —3.23 eV suitable for efficient charge separation from copolymer to PC;BM. These data indicate
that the acceptor segments differently introduced in three polymers considerably affect on E,ymo but little
affect on Enomo. The E umo 0f PBCBTDPP was —3.63 eV, which was deeper than those of PBCDTBT
(-3.29 eV) and PBCDTTPD (-3.23 eV). The results suggest that the electron-accepting ability of the A units
is in an order of DPP > BT = TPD.

3.2.4 Photovoltaic Properties

These new copolymers could be expected to be good donor materials in PSCs, because PBCDTBT,
PBCDTTPD and PBCBTDPP have the deep-lying Exomo and narrow band gaps. Therefore, the intrinsic
photovoltaic properties of PSCs was carried out using PBCDTBT, PBCDTTPD and PBCBTDPP as the
electron donors and PC,,BM selected as an electron acceptor materials with a BHJ PSC device configuration
of ITO/ PEDOT:PSS (40 nm)/ polymer:PC;,BM/ LiF (1 nm)/ Al (80 nm). CHCI; was chosen as the solvent
to obtain the blended polymer active layer. BHJ PSCs based on various blend ratios of copolymers
(PBCDTBT, PBCDTTPD and PBCBTDPP) and PC;,BM were prepared and characterized.

The ratios of the polymers:PC;,BM were changed from the optimal ratios, PCE dates as summarized in
Table 3-3, and the surface morphologies were shown in Fig.3-7. The blend ratios of PBCDTBT:PC;,BM at
1:3, PBCDTTPD:PC;BM at 1:3, and PBCBTDPP:PC;,BM at 1:4 gave the optimal values for PSCs
performances. The values of V., Js, FF and PCE of the devices are summarized in Table 3-4. Fig, 3-8
showed the current density-voltage (J-V) curves for these devices measured under irradiation of AM 1.5
solar-simulated light (100 mwW cm™?).
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Table 3-3 Characteristics of PBCDTBT, PBCDTTPD and PBCBTDPP-based PSCs?

Polymer:PC,,BM BHJ J
Polymer (v)\//eight ra;;)o) Thickness (nm) (mA/s;mZ) Voo V) | FF | PCE (%)
PBCDTBT 1:4 64 5.63 0.68 |0.32 1.20
PBCDTBT 1:3 61 6.41 0.67 |0.33 1.42
PBCDTBT 1:2 69 5.52 0.69 |0.30 1.14
PBCDTTPD 1:4 65 1.92 0.74 |0.53 0.76
PBCDTTPD 1:3 64 2.52 0.77 |0.50 0.98
PBCDTTPD 1:2 64 2.38 0.81 |0.43 0.84
PBCDTTPD 1:1 64 2.29 0.90 |0.36 0.75
PBCBTDPP 1:4 61 2.10 0.70 | 0.51 0.75
PBCBTDPP 1:3 65 2.17 0.69 |0.48 0.72

#The average value calculated from the results of three PSCs with device structure of ITO/ PEDOT:PSS (40
nm)/ copolymer:PC-,,BM/ LiF (1 nm)/ Al (80 nm).
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Fig 3-7. AFM images of the blend films of PBCDTBT:PC,,BM (a) (1:4), (b) (1:3), (c) (1:2),
PBCDTTPD:PC,BM (d) (1:4), (e) (1:3), (f) (1:2), (9) (1:1) and PBCBTDPP:PC7BM (h) (1:4), (i) (1:3).
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Fig. 3-8 J-V curves of BHJ solar cell of PBCDTBT:PC;BM (1:3), PBCDTTPD:PC7BM (1:3) and
PBCBTDPP:PC;,BM (1:4) irradiation of AM 1.5 solar-simulated light (100 mW cm ).

The V. values of the copolymer-PC,,BM-OPV devices were in the order of largeness; PBCDTTPD
(Vo= 0.77 V) > PBCBTDPP (V= 0.70 V) > PBCDTBT (Vo= 0.67 V). This order could result from Exomo
in shallow order of the polymers: PBCDTTPD (-5.34 eV) < PBCBTDPP (-5.31 eV) < PBCDTBT (-5.22

eV), since V. is related to difference between E_ymo Of an acceptor (PC,,BM) and Epomo Of a donor
(copolymers) [24].

Table 3-4 Characteristics of PBCDTBT, PBCDTTPD and PBCBTDPP-based PSCs?

Polymer:PC,,BM BHJ J
Polymer (v)\:eight ra;?o) Thickness (nm) (mA/S;mZ) VuM) [ FF PCE (%)
PBCDTBT 1:3 61 6.41 0.67 0.33 1.42
PBCDTTPD 1:3 64 2.52 0.77 0.50 0.98
PBCBTDPP 1:4 61 2.10 0.70 0.51 0.75

2 All the data are an average value obtained from independent three PSC devices. The device structure: ITO/
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PEDOT:PSS (40 nm)/ polymer:PC,,BM/ LiF (1 nm)/ Al (80 nm).

[nm]

Fig. 3-9 AFM images of the blend films of (a) PBCDTBT:PC;,,BM (1:3), (b) PBCDTTPD:PC;,BM (1:3),
and (c) PBCBTDPP:PC,BM (1:4).

It has been proven that the morphology of blend films of the copolymers and PC,,BM is a determining
factor for photovoltaic properties. The phase separation in nanoscale which assists in forming an
interpenetrating network between the donor and acceptor materials lead to efficient charge separation and
carrier transport [25]. Thus, surface morphologies of the spin coating films were investigated by AFM, and
the images are shown in Fig. 3-9. The blend film of PBCDTBT:PC;BM (1:3) showed smooth surface and
well intimate mixing in nanoscale(Fig. 3-9a), meanwhile, a rough surface and pronounced phase separation
in microscale were observed for PBCDTTPD:PC;,BM (1:3) and PBCBTDPP:PC,,BM (1:4) (Fig. 3-9b,c).
Large globular domains in microscale were observed in the blend films of PBCDTTPD:PC;,BM (1:3) and
PBCBTDPP:PC,,BM (1:4), which certainly reduced total area of heterojunction interface for exciton
dissociation. As a results, the PSCs devices with phase separation in nanoscale led to the higher J than
PBCDTTPD:PC,BM (1:3) and PBCBTDPP:PC;,BM (1:4) device with phase separation in microscale.
These results suggest that that PBCDTTPD and PBCBTDPP were incompatible with PC;,BM in the films
cast from the CHCI; solutions, which might caused by steric hindrance of the side chain and polar amino-
and imino structures in the A unit.
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Fig. 3-10 IPCEs of the devices of PBCDTBT:PC;,,BM (1:3), PBCDTTPD:PC;,,BM (1:3), and
PBCBTDPP:PC,,BM (1:4)

Fig 3-10 shows the incident photon to current conversion efficiencies (IPCEs) curves of the devices of
PBCDTBT:PC,,BM (1:3), PBCDTTPD:PC;,,BM (1:3), and PBCBTDPP:PC;,BM (1:4). All of the devices
were found to show sensitization over the whole visible light region, which are consistent with the absorption
spectra of the polymers. The PBCDTTPD:PC;,BM (1:3) (maximum IPCE = 19 % at 490 nm) and
PBCBTDPP:PC70BM (1:4) (maximum IPCE = 10 % at 380 nm)based BHJ PSCs displayed lower IPCE
response than that of PSCs of PBCDTBT:PC,,BM (1:3) (maximum IPCE = 47 % at 480 nm). The
PBCDTBT:PC;BM (1:3) device showed higher IPCE response, which was attributed to phase separation in
nanoscale, that should increase area of heterojunction interface for exciton dissociation.

3.3 Summary

In this work, three types of D-A copolymers, PBCDTBT, PBCDTTPD and PBCBTDPP, which
consisted of the n-extended D of benzo[def]carbazole and three typical A, BT, TPD, and DPP, were
successfully synthesized by Suzuki cross-coupling polymerization. These copolymers showed excellent
solubility of PBCDTBT, PBCDTTPD and PBCBTDPP in most organic solvent along with good
film-forming ability due to the long branched alkyl-chains at N-position of D unit. The strong
intramolecular charge transfer band of the D and A units lead to UV-vis spectra measurements showed
that these thin films covered the whole visible light absorption (from 300 to 800 nm). The
benzo[def]carbazole unit with a high donor ability was used to narrow the band gap of the copolymers,
however, the E; of PBCDTBT, PBCDTTPD and PBCBTDPP were similar to those of corresponding
carbazole-TBT, -TTPD and -TDPP [26, 27, 28]. Compared to the corresponding carbazole-based

coplymers, the Eyomo Values of PBCDTBT and PBCDTTPD were shallower [27, 28], these tendency
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has been observed similarly in the case of benzocarbazole-based homopolymers [29]. On the other side,
PBCBTDPP exceptionally showed a deep-lying Enomo. Preliminary evaluation of the
PBCDTBT:PC,,BM (1:3) based BHJ PSCs exhibited PCE of 1.42 %, which was the highest value after
optimization. The moderate PCE was owe to immiscibility of the polymer and PC,,BM in the film state
after thin film forming, which reduce efficiency of charge separation of exciton and carrier transport
paths. Practically, the morphology of PBCDTTPD:PC;,BM (1:3) and PBCBTDPP:PC;;BM (1:4)
showed pronounced phase separation in microscale, which lead to the PCE values lower than 1 %.
Therefore, improvement of the miscibility of the copolymers with PC;,BM should be an imperative
solution to increase the performance of PSCs.

3.4 Experimental

3.4.1 General method and instrumentation

Column chromatography was performed using a silica gel (Kanto Chem., 60 N, 63-120 mm). UV-Vis
measurements of the polymer samples in CHCI; and in a form of a thin film coating on a quartz glass were
performed using a Shimadzu UV-1800 spectrophotometer (Hitachi). NMR spectra were recorded on a JEOL
JNM-ECS 400 spectrometer.”H and **C chemical shifts are given in units of 6 (ppm) relative to & (TMS) =
0.00 and 3(CDCl,) = 77.0 ppm, respectively. The atomic force microscopy (AFM) measurement of the
surface morphology of samples was conducted on a Nanocute (SII NanoTechnology Inc.) in tapping mode.
The number-average molecular weight (M,) and the weight-average molecular weight (M,,) of the polymers
were estimated by Shimadzu LCsolution GPC using polystyrene standards in CHCIls. Thermogravimetric
analysis (TGA) was performed under argon at a heating rate of 10 °C min™ with a Seiko EXSTAR7000.
HOMO energy levels of polymers were estimated by photoelectron yield spectroscopy (PYS) using an AC-3
spectrometer (Riken Keiki). Elemental analyses were carried out with a Perkin-Elmer type 2400 apparatus.

3.4.2 Fabrication and measurement of solar cell devices

The solar cells were fabricated in the configuration of ITO/PEDOT:PSS/polymers:PC,BM/LiF/Al. The
patterned ITO (conductivity: 10 Q/square) glass was precleaned by ultrasonication in acetone and
successively in ethanol. The precleaned ITO glass was treated in an ultraviolet-ozone chamber. A thin layer
(40 nm) of PEDOT:PSS was spin-coated on the ITO at 3000 rpm and air-dried at 110 °C for 10 min on a hot
plate. The substrate was transferred to a glovebox and redried at 110 °C for 10 min on a hot plate under N,
atmosphere. Solutions of the polymers and PC,,BM at various blending ratios in CHCI; were subsequently
spin-coated on the PEDOT:PSS layer. The BHJ layers were dried at 110 °C for 10 min. LiF (1 nm) and Al
(80 nm) were deposited on the BHJ layer with conventional thermal evaporation at the chamber pressure
lower than 5 x 10 Pa, which provided the devices with an active area of 2 x 5 mm?. The thickness of BHJ
and PEDOT:PSS layers were measured using an automatic microfigure measuring instrument (Surfcorder
ET200, Kosaka Laboratory Ltd.). The current density-voltage (J-V) curves were measured using an ADCMT
6244 DC voltage current source/monitor under AM 1.5 solar-simulated light irradiation of 100 mW cm 2 (P;)
(OTENTO-SUN 1, Bunkoh-Keiki Co., Ltd.). The PCEs of a solar cells based on the polymers were
determined by the equation of PCE = (Jsc X Voc X FF)/ (Pin), Where Jg, Vo, and FF are short-circuit current,
open-circuit voltage and fill factor. These organic photovoltaic parameters were calculated at the average of
the measured results of three PSCs. The incident photon to current conversion efficiencies (IPCEs) were
measured using an SM-250 system (Bunkoh-Keiki Co., Ltd.).
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3.4.3 Materials

Reagents and solvents were purchased from Kanto Chemical, Tokyo Chemical Industry, Aldrich and
Nacalai Tesque Inc. 5-(2-ethylhexyl)-1,3-di-2-thienyl-4H-thieno[3,4-c] pyrrole-4,6-dione 3 [30] and
4,7-bis(5-bromo-2-thienyl)-2,1,3-benzothiadiazole 8 [31] were synthesized according to the procedures
reported previously. 2,6-Dibromo-4-(1-decylundecyl)-4H-benzo[def]carbazole 1 was synthesized following
our another report [29]. The other solvents and all commercially available reagents were used without further
purification.

3.4.4 Synthesis of monomers and polymers

Synthesis of 2,6-bis(4,4,5,5-tetramethyl-1-3-2-dioxaborolan-2-yl)-4-(1-decylundecyl)-
4H-benzo[def]carbazole (2). A mixture of 1 (1.07 g, 1.71 mmol), potassium acetate (1.18 g, 12 mmol),
bis(pinacolato)diboron (1.04 g, 4.12 mmol), and 1,1'-bis(diphenylphosphino)ferrocene]dichloropalladium(ll)
(PdCl,(dppf)) (0.086g, 0.24 mmol) in dioxane (30 mL) was stirred at 80 °C for one day under argon
atmosphere. After cooling to ambient temperature, the mixture solution was mixed with water. After
extraction with dichloromethane, drying over MgSQO, and the solvent evaporation, the crude product was
purified by column chromatography using hexane/dichloromethane (1:1, v/v) as an eluent to give a pure
white solid (1.1g, 90 %). 'H NMR (400 MHz, CDCls) & [ppm]: 8.26 (s, 2H), 8.02 (s, 2H), 7.97 (s, 2H),
4.80-468 (br, 1H), 2.42-2.38 (m, 2H), 2.06-2.01 (m, 2H), 1.47 (s, 24H), 1.26-1.11 (m, 32H), 0.88-0.82(m,
6H). *C NMR (100 MHz, CDCl3) & [ppm]: 138.6, 132.3, 127.5, 126.3, 123.7, 121.8, 114.2, 83.8, 57.7, 34.6,
31.8, 31.6, 29.5, 29.4, 29.3, 29.2, 26.8, 24.9, 22.6, 14.1.

Synthesis of 1,3-bis(5-bromothiophen-2-yl)-5-(2-ethylhexyl)-5H-thieno[3,4-c] pyrrole-4,6-dione (4).
Excess N-bromosuccinimide (NBS) (0.45 g, 2.5 mmol) was added to the mixture of 3 (0.43 g, 2.07 mmol) in
chloroform (19 mL), followed by addition of acetic acid (1.2 mL). The solution was kept at ambient
temperature for whole night. After extraction with dichloromethane from water, drying over MgSO, and the
solvent evaporation, the crude product was purified by column chromatography (silica gel,
dichloromethane/hexane, 1:4, as eluent) to afford a yellow solid (0.55 g, 94 %)."H NMR (400 MHz, CDCls)
d [ppm]: 7.66 (d, J= 4.4 Hz 2H), 7.08 (d, J= 4.4 Hz 2H), 3.55 (d, J= 7.2 Hz 2H), 1.84-1.81 (m, 1H), 1.33-1.27
(m, 8H), 0.92-0.87 (m, 6H). *C NMR (100 MHz, CDCls) & [ppm]: 162.7, 135.4, 133.7, 131.1, 129.8, 128.8,
116.7, 42.6, 38.3, 30.6, 28.5, 27.5, 23.9, 23.0, 14.1.

Synthesis of 2,5-didecyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (6). A mixture
of 5 (0.12 g, 0.4 mmol), potassium carbonate (0.18 g, 1.32 mmol), 1-Bromodecane (0.29 g, 1.3 mmol) and
18-crown-6 (0.001 g, 0.013 mmol) in DMF (2 mL) was stirred at 80 °C for 12 h, and then cooled to ambient
temperature slowly. The precipitates were collected by filtration and were redissolved in chloroform (20 mL).
The mixture solution was mixed with water. After extraction with dichloromethane, drying over MgSO,and
the solvent evaporation, the crude product was purified by column chromatography (silica gel,
chloroform:hexane, 1:1, as eluent) to yield a dark reddish brown solid (0.15g, 64 %).'H NMR (400 MHz,
CDCly) 6 [ppm]: 8.92 (d, J=5.2 Hz 2H), 7.64 (d, J= 5.2 Hz 2H), 7.28 (t, J= 5.2 Hz 2H), 4.07 (t, J= 8 Hz 4H),
1.75-1.73 (m, 4H), 1.41-1.25 (m, 28H), 0.89-0.85(m, 6H). *C NMR (100 MHz, CDCl3) & [ppm]: 161.3,
140.0, 135.2, 130.6, 129.8, 128.6, 107.6, 42.2, 31.8, 30.2, 29.5, 29.4, 29.3, 29.2, 26.8, 22.6, 14.1.

Synthesis of  3,6-bis-(5-bromo-thiophen-2-yl)-2,5-didecyl-pyrrolo[3,4-c]pyrrole-1,4-dione (7).
N-bromosuccinimide (0.11 g, 0.58 mmol) was added to the mixture of 6 (0.15 g, 0.26 mmol) in chloroform
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(48 mL), which was covered with aluminum foil. The reaction solution was stirred for two days at ambient
temperature. After extraction with dichloromethane, drying over MgSO, and the solvent evaporation, the
crude product was purified by column chromatography using an eluent of dichloromethane:hexane (1:1, v/v)
to yield a dark reddish brown solid (0.12 g, 63 %). '"H NMR (400 MHz, CDCl;) & [ppm]: 8.68 (d, J= 4.8 Hz
2H), 7.24 (d, J= 4.8 Hz 2H), 3.98 (t, J= 7.6 Hz 4H), 1.73-1.70 (m, 4H), 1.40-1.25 (m, 28H), 0.89-0.86(m,
6H).

Synthesis of poly[4-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-diyl-
thiophene-2,5-diyl-2,1,3-benzothiadiazole-4,7-diyl-thiophene-2,5-diyl] (PBCDTBT). Suspension of 2
(0.147 g, 0.2mmol), 8 (0.091 g, 0.2 mmol), tetrakis(triphenylphosphine) palladium (Pd(PPhs),, 12 mg) and
aqueous K,COs (2 M, 0.5 mL) in 2 mL of toluene was heated reflux with vigorous stirring for 72 h under an
argon atmosphere. The solution was added 2 (0.02 mmol) and stirred for 2 h, and then 1-bromo-4-[(2-
ethylhexyl)oxy]-benzene (0.02 mmol) was added and refluxed for whole night to finish the end-capping
reaction. After the reaction mixture was cooled to ambient temperature, the resultant precipitate was firstly
precipitated from methanol/HCI ag, and reprecipitated from methanol/NH; ag and from methanol,
respectively. The polymer was successively washed and extracted with acetone, hexane and chloroform by
Soxhlet extraction. The chloroform extract was again precipitated from methanol. The final product was
dried under vacuum overnight, giving a dark red solid (0.040 g, 27 %). ‘H NMR (400 MHz, CDCls) & [ppm]:
8.12-8.10 (m, 2H), 8.09-8.03 ( m, 2H), 7.94-7.71 (br, 4H), 7.60-7.47 (br, 4H), 4.75 (br, 1H), 2.49-2.47 (br,
2H), 2.13-2.12 (br, 2H), 1.48-0.91 (br, 40 H), 0.90-0.79 (br, 6H). C4Hs;N3S; (735.61): Calcd. C 75.25, H
7.33, N 5.36; Found. C 74.42, H 7.71, N 5.23.

Synthesis of poly[4-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-diyl-thiophene-
2,5-diyl-5-(2-ethylhexyl)thieno[3,4-c]pyrrole-4,6-dione-1,3-diyl-thiophene-2,5-diyl] (PBCDTTPD).
Under an argon atmosphere, a suspension of 2 (0.118 g, 0.16 mmol), aqueous K,CO; (2M, 0.45 mL), 4
(0.094 g, 0.16 mmol) and Pd(PPhs), (10 mg) in 1.5 mL of toluene was heated reflux with vigorous stirring
for 72 h. Then, bromobenzene (1.5 uL, 0.016 mmol) was added and stirred for 2 h, phenylboronic acid (3.9
mg, 0.016 mmol) was added and the reaction refluxed for whole night to finish the end-capping reaction.
After the reaction solution was cooled to ambient temperature, the resultant precipitate was precipitated from
methanol/HCI ag, and reprecipitated from methanol/NH; ag and from methanol, respectively. The polymer
was successively washed and extracted with acetone, hexane and chloroform by Soxhlet extraction. The
chloroform extract was again precipitated from methanol. The final product was dried under vacuum
overnight, giving a deep red solid (0.052 g, 38 %). '"H NMR (400 MHz, CDCl3) & [ppm]: 8.07 (br, 2H),
7.84-7.51 (m, 8H), 4.85 (br, 1H), 3.85-3.49 (m, 2H), 2.37-2.04 (br, 4H), 1.48-0.72 (br, 52H). Cs;H:,N,0,S;
(864.70): Calcd. C 74.95, H 7.95, N 3.07; Found. C 72.96, H 7.76, N 2.29.

Synthesis of Poly[4-(1-decylundecyl)-4H-benzo[def]carbazole-2,6-diyl-thiophene-2,5-
diyl-2,5-didecylpyrrolo[3,4-c]pyrrole-1,4-dione-3,6-diyl-thiophene-2,5-diyl] (PBCBTDPP). According to
procedure of the synthesis of PBCDTTPD, starting with 2 (0.14 mmol, 0.09 g) and 7 (0.14 mmol, 0.09 g) to
afford a deep blue solid (0.121 g, 93 %). ‘H NMR (400 MHz, CDCl;) & [ppm]: 9.11-9.10 (m, 2H), 8.10-7.90
(m, 2H), 7.83-7.41 (m, 6H), 4.74-4.71 (m, 1H), 4.26-4.21 (m, 4H), 2.45-2.43 (m, 2 H), 1.44-1.14 (br, 46 H),
0.96-0.80 (br, 12H). CgHg7N30,S; (1063.28): Calcd. C 77.84, H 9.18, N 3.95; Found. C 72.82, H 8.46, N
3.11.
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'H NMR spectra of PBCDTBT
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'H NMR spectra of PBCBTDPP
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Chapter 4 Conclusion

In this thesis work, the motivation for this thesis was the synthesis, characterization and the testing of
new, environmentally stable materials based on carbazole for blue-light emitting and photovoltaic
applications.

In chapter 2 first section, a new series of N-alkyl and N-phenyl substituted poly(carbazole)s having an
4,5-ethenylene bridge, poly(4H-benzo[def]carbazole)s, were synthesized. Derivatives of poly(carbazole)s
having an 4,5-ethylene bridge were also synthesized for comparison. These polymers were prepared from
corresponding dibromo monomers by Ni(0)-catalyzed Yamamoto polycondensation. All of the polymers had
good solubility in common organic solvents, enough high molecular weights to make thin films, amorphous
nature in the solid state, and good thermal stability showing about 400 °C of temperature at 5 wt% loss in
TGA. The band gaps of these homopolymers were in the range of 2.77-3.15 eV which were appropriate for
bluish light emissions. The absorption and emission maxima of these homopolymers in CHCI; were in the
ranges of 361-396 and 419-456 nm, respectively. The CIE(X, y) values of these polymers in CHCI; were
almost identical to (0.15, 0.05) in the region of deep blue. In film state, CIE values poly(benzocarbazole)s
(0.19, 0.21) shifted toward greenish blue but in the region of blue. The shift of the PL color is ascribed to the
stronger intermolecular interaction between the larger planar units of poly(benzocarbazole)s as suggested in
the XRD results. All of the polymers showed good fluorescence quantum efficiencies in CHCIs. The energy
levels of highest occupied molecular orbital of the poly(benzocarbazole)s were shallower than those of
corresponding 4,5-ethylene bridged poly(carbazole)s. It is considered that poly(benzocarbazole)s have
potential to be applied in OLEDs as blue-light emitting materials.

In second section, Three types of donor-acceptor copolymers were designed and synthesized by
combination of an electron donor unit of carbazole/fluorene sequences and an electron acceptor azine unit
such as 1,2,4,5-tetrazine and 1,3,5-triazine. They were well soluble in common organic solvents with the
number average molecular weight (M,) of 7.5, 7.0 and 14.5 kg mol™, respectively, and have good thermal
stability showing about at 370 °C with 5 wt% loss in TGA. These copolymers exhibited intense blue
photoluminescence with emission peak maxima at 438, 437 and 421 nm in CHCl,, and 495, 451 and 422 nm
in the film state, respectively. All of the polymers exhibited good fluorescence quantum efficiencies in
CHCI; (@3 = 0.62, 0.63, 0.97). Energy levels of the highest occupied molecular orbital and lowest
unoccupied molecular orbital energy levels estimated by cyclic voltammetry were to be -5.47, -5.83, —-6.0
eV and —-2.70 -2.85, —2.88 eV, respectively. We fabricated the OLEDs devices that have a configuration of
ITO/ PEDOT:PSS/ copolymer/ LiF/ Al using these polymers as the emitting layer materials, and investigated
their EL performances for the first time. PF-triAz based OLEDs devices showed maximum brightness and
the maximum current efficiencies were 536 cd/m® and 0.35 cd/A, respectively. According to above results,
these D-A copolymers have a great potential to be applied in OLEDSs as the blue-light emitting materials.

In third section, a new series of donor-n-acceptor type carbazole/fluorene-based copolymers with
sulfone/phosphine oxide unit as electron acceptor to break m-conjugation in main chain for obtaining high
efficiency and pure-blue emitting materials were designed and synthesized. All of these copolymers showed
good solubility in common organic solvents, enough high molecular weights to make thin films, and good
thermal stability showing about 380 °C of temperature at 5 wt% loss in TGA. The electroluminescence
properties of these copolymers were investigated by fabricating light-emitting electrochemical cells devices
that have a configuration of ITO/ PEDOT:PSS/ copolymer:ionic liquid/ Al. The device based on PDFDSO
exhibited pure blue electroluminescence maximum centered at 434 nm with CIE coordinates of (0.17, 0.10),
and maximum luminance and current efficiency have reached 1080 cd m2 and 1.96 cd A™ at 12.5 V. To our
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knowledge, this result overall in one of the best reported blue polymer LECs, which suggests that it is an
effective way for blue emission polymers by controlling the n-conjugation.

In chapter 3, three type of narrow bandgap copolymers by combination of a donor unit of
benzo[def]carbazole with an acceptor unit of benzothiadiazole, thienopyrrole-4,6-dione, and
1,4-diketopyrrolopyrrole were successfully synthesized. Basic properties of these copolymers were
investigated for the applications in bulk heterojunction polymer solar cells. Absorption spectra showed that
these copolymers exhibited broad absorption bands in UV and visible regions from 350 to 800 nm with
optical band gaps in the range of 1.68-2.11 eV, which overlapped with the major region of the solar spectrum.
All of the copolymers showed energy levels of the highest occupied molecular orbital in the range of -5.22
eV to -5.34 eV, which could provide good air stability and high open circuit voltages in photovoltaic
applications. Initial performances of these copolymers in bulk heterojunction photovoltaic devices showed
power conversion efficiencies about 1 % under irradiation of AM 1.5 solar-simulated light (100 mW cm ).
Benzo[def]carbazole is a kind of effective donor segment for the design of D-A type polymer solar cells
according to initial performances of these copolymers.
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