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ABSTRACT

TITLE : SYNTHESIS AND CHARACTERIZATION OF NOVEL ORGANIC
MATERIALS FOR OPTOELECTRONIC DEVICES

BY : TANIKA KHANARSA

DEGREE : DOCTOR OF PHILOSOPHY

MAJOR : CHEMISTRY

CHAIR : ASSOC.PROF.DR.VINICH PROMARAK, D. PHIL.

KEYWORDS : DONOR/ACCEPTOR/ 7#-CONJUGATE / DYE SOLAR CELLS /
ORGANIC LIGHT-EMITTING DIODES

This thesis deals with synthesis and characterization of four series ox;ganic materials
including 2D-D-T-A TPA dyes, D-D-Tt-A DPA dyes, pyranemalononitrile dyes and A-D-A dyes,
as well as D-A-D emitting materials. The compounds exhibit optical and électrochemical
characteristic that relate to the conjugation length in molecules such as red shift in absorption and
emission or lower in oxidation potentials as the number of thiophene increases. A large side of
donor moiety prevents dyes aggregation and also reduces dyes among adsorbed on TiO, resulting
in lower in DSSCs efficiency. Pyranemalononitrile dyes exhibit good photophysical and
electrochemical properties with the expanded absorption spectra by introducing the electron
withdrawing moiety, pyranemalononitrile, into T-conjugated bridge. Single donor double accepter
dyes show good optical and electrochemical properties as well due to the increasing anchoring
group, increasing the possibility of electron injection from dyes to TiO, electrode. Among 12 dyes
in this work, DPA3 with carbazole encapped-diphenylamine double electron donor, tertthiophene
T-conjugated bridge, and cyanoacrylic acid accepter exhibit the highest power conversion
efficiency (7)) of 5.12%, whereas CFPA with carbazole-fluorene donor phenylene-(pyran-4-
yilidine)malononitrile-bisthiophene spacer and acrylic acid accepter exhibits lowest 77 of 0.82%.

For OLEDs materials, D-A-D type organic emitting materials exhibit the absorption,
emission, and electrochemical characteristic that can be tuned by the conjugation system and

electronic nature of the central core. DTBTD with benzothiadiazole core extended with two



v

thiophene moiety shows fluorescence in red region due to the longest conjugation length and
strongest electron affinity core. On the other hand DND without electron affinity core exhibits the

emission in blue region due to the shortest conjugation length,
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CHAPTER 1
GENERAL INTRODUCTION

1.1 Optoelectronic devices

Electronic and optoelectronic devices impact many areas of society, from simple
household appliances and multimedia systems to communications, computing, and medical
instruments [1]. Optoelectronic device is the technology that combined optics and electronics, or
called electrical-to-optical or optical-to-electrical transducers, or instruments that use such devices
in their operation [2]. The development of electroactive and photoactive materials has been greatly
progressed due to their potentials in optoelectronic devices, such as electroluminessence (EL)
devices, photo.voltaic devices, thim film transistors, and solid state lasers [3]. Among the
optoeleclectronic materials, organic optoelectronic materials have received a great deal of attention
for their application over inorganic ones because their ease of processing and the tunability of their
properties through simple chemical modification [4]). Extensively studies have shown that
conjugated organic materials exhibit a variety of interesting optical, electrical, photoelectric, and
magnetic properties in solid state [5]. Thus this thesis has focused on development of novel
organic materials for organic optoelectronic devices such as organic photovoltaic cells or dye

sensitized solar cells and organic light emitting diodes.

1.2 Dye sensitized solar cells (DSSCs)

Photovoltaic devices are based on the concept of charge separation at an interface of
two materials of different conduction mechanism. To date this field has been dominated by solid-
state junction devices, usually made of silicon, and profiting from the experience and material
availability resulting from the semiconductor industry. The dominance of the photovoltaic field by
inorganic solid-state junction devices is now being challenged by the emergence of a third
generation of cells, based, for example, on nanocrystalline and conducting polymers films. These

offer the prospective of very low cost fabrication and present attractive features that facilitate




market entry. It is now possible to depart completely from the classical solid-state junction device,
by replacing the contacting phase to the semiconductor by an electrolyte, liquid, gel or solid,
thereby forming a photo-electrochemical cell. The phenomenal progress realized recently in the
fabrication and characterization of nanocrystalline materials has opened up vast new opportunities
for these systems. Contrary to expectation, devices based on interpenetrating networks of
mesoscopic semiconductors have shown strikingly high conversion efficiencies, which compete
with those of conventional devices. The prototype of this family of devices is the dye-sensitzed
solar cells (DSSCs), which realize the optical absorption and the charge separation processes by
the association of a sensitizer as light-absorbing material with a wide band gap semiconductor of
naaocrystalline morphology [6-8].
1.2.1 Component and working principles

Conventional DSSCs typically contain five components [9]: 1) a photoanode,
2) a mesoporous semiconductor metal oxide film, 3) a sensitizer (dye), 4) an electrolyte/hole
transporter, and 5) a counterelectrode. In DSSCs, the incoming light is absorbed by the sensitizer,
which is anchored to the surface of semiconducting TiO, nanocrystals. Charge separation takes
place at the interface through photoinduced electron injection from the excited dye into the
conduction band of the TiO,. Holes are created at the dye ground state, which is further
regenerated through reduction by the hole-transport material (HTM), which itself is regenerated at
the counterelectrode by electrons through an external circuit. In principle, for efficient DSSCs the
regeneration of the sensitizer by a hole transporter should be much faster than the recombination of
the conduction band electrons with the oxidized sensitizer. Additionally, the highest occupied
molecular orbital (HOMO) of the dye should lie below the energy level of the holetransporter, so
that the oxidized dyes formed after electron injection into the conduction band of TiO, can be
effectively regenerated by accepting electrons from the HTM. The general operating principle of a

dye-sensitized solar cell is depicted in Figure 1.1 [10].
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Figure 1.1 Schematic representation of the construction and the operational principle of DSSCs.

The research area dealing with DSSCs is expanding very rapidly and attracting
scientist from different disciplines: 1) Chemists to design and synthesize suitable donor—acceptor
dyes and study structure—property relationships; 2) physicists to build solar cell devices with the
novel materials, to characterize and optimize their performances, and to understand the
fundamental photophysical processes; and 3) engineers to develop new device architectures. The
synergy between all the disciplines will play a major role for future advancements in this area [9].

1.2.2 Overall efficiency of the photovoltaic cell (77.,)

The performance of the solar cell can be quantified with parameters such as
incident photon to current efficiency (IPCE), open circuit photovoltage (V) and the overall
efficiency of the photovoltaic cell (7],,). The efficiency of the DSSCs is related to a large number
of parameters. This thesis will only focus on the development of efficient sensitizers and their
synthesis, even so, it is important to have the general concepts in mind.

The solar energy to electricity conversion efficiency under white-light

irradiation (e.g., AM1.5G) can be obtained from the following equation [11] :

cell I (1)




Where /, (mW/cmz) is the photon flux (e.g., ca. 100 mW/cm’ for AM 1.5 G),
J, (mW/cm’) is the short-circuit current density under irradiation, ¥, (V) is the open-circuit
voltage, ff represents the cell fill factor. The fill factor is defined by the ratio of the current and
the voltage at the maximum power point to the short circuit current and the open circuit voltage.

The fill factor measures the squareness of the J-¥ curve (Figure 1.2).
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Figure 1.2 J-V curve.

1.2.3 Sensitizers
The efficiencies of the sensitizers are related to some basic criteria. The HOMO
potential of the dye should be sufficiently positive compared to the electrolyte redox potential
for efficient dye regeneration. The LUMO potential of the dye should be sufficiently negative
to match the potential of the conduction band edge of the TiO, and the light absorption in
the visible region should be efficient. However, by broadening the absorption spectra
the difference in the potentials of the HOMO and the LUMO energy levels is decreased.
If the HOMO and LUMO energy levels are too close in potential, the driving force for electron
injection into the semiconductor or regeneration of the dye from the electrolyte could be hindered.
The sensitizer should also exhibit small reorganization energy for excited- and ground-state redox
processes, in order to minimize free energy losses in primary and secondary electron transfer steps
[12].
1.2.3.1 Metal complex sensitizers
Sensitizer of ruthenium complexes such as the N3, N719 and black dyes
have been intensively investigated and show record solar energy-to-electricity conversion
efficiencies (7]) of 10.0, 11.2 and 10.8%, respectively (Figure 1.3) [13]. The high efficiencies of

the ruthenium(I}-polypyridyl DSSCs can be attributed to their wide absorption range from the




visible to the near-infrared (NIR) regime. In addition, the carboxylate groups attached to the
bipyridyl moiety lower the energy of the ligand TU orbital. Since the electronic transition is a
metal-to-ligand charge transfer (MLCT), excitation energy is effectively channeled to the
carboxylate group, from which electron injection into the conduction band of the semiconductor
takes place. However, the molar extinction coefficients of these dyes are moderate (20000 M-lcm'l

for the longest wavelength MLCT transition) [9].

Figure 1.3 Chemical structures of N3, N719 and black dyes.

A large number of different ruthenium based sensitizers have been
investigated in order to improve the photovoltaic performance and stability of the DSCs. Amongst
them especially four (K19, K73, K77 and Ru-1 [14]) have shown interesting properties in that
they are competing in efficiency and have higher molar extinction coefficients than the three

former. The enhanced absorption observed is expected from the extended conjugated system.

1.2.3.2 Metal-Free Organic sensitizers
Recently, performances of DSSCs based on metal-free organic dyes have
been remarkably improved by several groups. The first transient studies on a coumarin dye
in DSSCs was performed in 1996, when Gratzel et al. found injection rates of 200 fs from C343

into the conduction band of TiO,. Since C343 has a narrow absorption spectrum, the conversion




efficiency of this specific compound was low. By introduction of a methine unit, the Tl-system
could be expanded and in 2001 a respectable efficiency of 5.6% was obtained with NKX-2311
[15]. Adding more methine units (up to three) and introducing bulky substituents to prevent
dye-aggregation could push the efficiency to 6.7% in 2005 (NKX-2753). Currently other building

blocks like thiophene are tested, which are believed to give a higher stability. First results of 7.4%

for NKX-2677 are encouraging [16].
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Figure 1.5 Chemical structures of C343, NKX-2311, NKX-2753 and NKX-2677 dyes.




In 2003, an indoline dye D102 and D149 discovered by Ito et al. These
indoline dyes gave solar-to-electrical energy conversion efficiency of 6.1 and 9%, respectively,

in full sunlight. A highest efficiency for organic dyes has been achieved by an indoline dye D149
[17].

Figure 1.6 Chemical structures of D102 and D149 dyes.

In 2007, Yuanzuo Li et al. [18] reported the highly efficient and stable
organic dyes JK-1 and JK-2 composed of bis-dimethylfluoreneaniline moiety as
the electron donor and .cyanoacrylic acid m.oiety as the electron acceptor with an overall

conversion efficiency of 8.01%.
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Figure 1.7 Chemical structures of JK-1 and JK-2 dyes.

In 2007, Duckhyun Kim et al. [19] investigated that the organic dyes JK-
24 and JK-25 containing N-(9,9-dimethylfluoren-2-yl)carbazole as electron donor and
cyanoacrylic acid as electron acceptor bridged by thiophene units, gave an overall conversion
efficiency of 5.15%. Although many structure frameworks such as coumarin, aniline, and indoline
have been employed as good electron donor unit, the small molecular organic dyes containing the

N-substituted carbazole structural motif have been little explored for DSSCs.
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Figure 1.8 Chemical structures of JK-24 and JK-25 dyes.

1.2.3.3 Anchoring groups

Most of the dyes employed in DSSCs have carboxylic acid groups
to anchor on the TiO,-surface. The binding is reversible with high binding equilibrium constants
(K =10"M"). Ata pH > 9 the equilibrium is typically shifted to the reactant side and the dye
molecules desorbed. This somewhat fragile linkage triggered the development of dyes with
different anchoring groups. In general the binding strength to a metal oxide surface decreases in
the order phosphonic acid > carboxylic acid > ester > acid chloride > carboxylate salts > amides
[20] due to its strong electronic withdrawing properties, the most widely used and successful to
date being the carboxylic acid and phosphonic acid functionalities. The carboxylic acid groups,
while ensuring efficient adsorption of the dye on the surface also promote electronic coupling
between the donor levels of the excited chromophores and the acceptor levels of the TiO,
semiconductor. Some of the possible modes of chelation/derivatization, ranging from chemical

bonding (chelating or bridging mode) to H-bonding, are shown in Figure 1.9 [21].
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Figure 1.9 Possible binding modes for carboxylic acid groups on TiO,.




1.3 Organic Light Emitting Diodes (OLEDs)

Organic light emitting Diodes (OLEDs) have recently received a great deal of attention
for their application as full color, flat-panel displays as well as from the standpoint of scientific
interest. They are attractive because of low voltage driving, high brightness, capability of
multicolor emission by the selection of emitting materials and easy fabrication of large-area and
thin film devices {22].

1.3.1 Device structure and operation

The basic OLED:s structure is shown in Fig.1.10. The OLED:s structure is similar
to inorganic LEDs: an emitting layer between an anode and a cathode. Holes and electron are
injected from the anode and cathode. However, there is sometimes difficulty in injecting carriers
into the organic layer from the usually inorganic contacts. To solve this problem, often the
structure includes an electron transport layer (ETL) and/or a hole transport layer (HTL), which
facilitate the injection of charge carriers. The hole transporting layer (HTL) can transport holes
from the anode to the emitting layer (EML). The electron transporting layer (ETL) is used to
transport electrons from the metal cathode to the EML [23]. The mobility of electrons and holes is
different in organic compounds. The key point to operate OLEDs is to control the excitons

(electron and hole pairs), so that holes and electrons meet in the emissive layer in equal quantities.

210V

Cathode (e.g. Al)

Electron-transport layer

Emissive layer

Hole ~ transport layer

Anode (ITO...)

Figure 1.10 Cross-sectional representation of an OLEDs with both ETL and HTL.

1.3.2 Types of devices
The typical structure of molecule OLEDs consists of single or multiple

layers of organic thin films sandwiched normally between the transparent indium tin oxide (ITO)
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glass and vacuum-evaporated metals with low work function such as magnesium/silver (Mg/Ag)
or aluminium (Al) [24].
1.3.2.1 Single layer devices

The simplest form of OLEDs is shown in Figure 1.11. It consists of a
thin film of an organic electroluminescent material a sandwiched between two conducting
electrodes upon a substrate. The cathode is usually made from a low work-function metal such as
calcium or aluminium. A higher work-function material is used as the anode. For light to leave the
device, one of the electrodes must be transparent to the emitted light. Hence materials that are
transparent to the desired frequency range of visible light such as polyaniline, indium-tin oxide
(ITO) are chosen as the anode [25-27].

When a bias is applied across the device, electrons are injected into the
light emitting material near to the cathode to form radical anions. Material near the anode is
oxidised, giving radical cations, this is known as hole injection. These charges migrate across the
device under the applied electric field where they recombine forming an unstable, neutral, excited
state (exciting). The exciton is formed either as a singlet or a triplet spin state, the singlet being the
same as the singlet excited state involed in photoluminescence. Radiative relaxation of the singlet
exciton (~10'9s) gives photons with a frequency given approximately by the HOMO-LUMO gap of
the emissive material. If relaxation of the exciton occurs by a non-radiative pathway, the efficiency
of the device is reduced and the resultant heating may cause breakdown of the device and reduct
its working lifetime.

The ratio of the number of photons produced to the number of electrons
injected into the device is the internal efficiency of the OLEDs. Not all of the emitted photons
leave the device, hence the external efficiency, by a factor 2n, where n is the refractive index of
the layers. For a material with a typical refractive index of 1.4 [25], the external efficiency is
smaller than internal efficiency by a factor of four [26]. Currently, external efficiencies of devices
lie within the range 0.1-10%. It is also noteworthy that because of spin statistics, the maximum
internal efficiency of an OLEDs decaying from the singlet excited state is restricted to only 25% of
the photoluminescence quantum yield of the emissive material [26]. Hence some groups are
working on phosphorescent OLEDs materials, where intersystem crossing to and decay from a

triplet state is encouraged by the presence of heavy atom.
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Figure 1.11 Structure (left) and energy level diagram (right) of single-layer OLEDs

1.3.2.2 Multi-layer devices

In order to attain optimal efficiency for a single-layer device, electrons
must be injected by the cathode at the same rate as holes are injected by the anode [26, 28]. For
this to be so, the respective barriers to charge injection at the electrons must be either the same or
zero. This is normally not the case. For organic electroluminescent materials, for example poly(1,
4-phenylene vinylene), (PPV), hole injection is often predominant and therefore radical cation are
the majority charge carriers. Electron injection must be improved to enhance device efficiency.
This can be achieved by using a cathode with the lowest possible work-function, so calcium would
be a better electron injector than aluminium. Alternatively, incorporation of an additional layer
(Fig. 1.12) with an electron affinity equal to or greater than PPV can promote electron injection
from the cathode and at the same time provide a barrier to the motion of holes, promoting exciton
formation in the light emitting layer. This type of layer is known as an electron-conducting/hole-

blocking (ECHB) layer [24].

electron

Metal cathode

HOMO

Metai anode

Glass

Figure 1.12 Structure (left) and energy level diagram (right) of multi-layer OLED:s.
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When the efficiency of a device is limited by hole injection, the inclusion
of a suitable hole injection layer can be beneficial. One of the widely used polymers for promoting
the hole injection is poly(3,4-ethylenedioxythiophene)—poly(styrene) known as the PEDOT :PSS
which has been found to be useful in a hybrid OLED architecture combining both the advantages

of polymer LED (PLED) and multi-layered small molecule OLED [25].
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Figure 1.13 Chemical structures of conducting polymers.

1.3.3 Previous organic electroluminescent materials

Electroluminescence from organic materials was first discovered in the 1960s
when crystals of anthracene were seen to fluoresce when placed under a large (ca. 100 V) potential
difference between two metal electrodes [30]. At this time the operating voltages were too high
and brightness too low for commercial application, so organic materials could not complete with
the recently available inorganic LED.

In following years, much work was done on the electroluminescence of
evaporated thin films of molecular materials. In 1985, Tang accomplished electroluminescence
from a thin of vapor deposited aluminium tris-8-hydroxyquinoline (Alq,) in a two layer device
with an external efficiency of 1% [31].

In 1990 electroluminescence was reported from the conjugated polymer PPV
[31]. This discovery gave fresh impetus to the development of new materials for use in LEDs, and
of LED displays themselves, as a feasible and attractive alternative to the existing display

technologies.
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Figure 1.14 Molecular electroluminescence materials.




13

1.3.3.1 Low molecular weight materials

Since the first report of multi-layered organic light-emitting diodes
(OLEDs) using low molecular weight molecules by Tang and Van Slyke (32] electroluminescent
(EL) devices have been developed remarkably because they have applications in full-color flat-
panel displays [33-35]. Many studies focused on improving device efficiency and enhancing the
durability of OLEDs. High-performance EL devices are composed of thin organic multi-layers,
viz. the hole-transporting layer (HTL), electron-transporting layer (ETL) and emission layer
(EML). For the fabrication of highly stable OLEDs, low molecular weight materials with specific
optical and electronic properties, such as fluorescence, energy levels, charge mobility, etc., and
high morphologic stability are required [36-38]. The thermal stability of materials used in OLEDs,
particularly hole-transporting material, is one of the significant factors of the device durability.
Under thermal stress, most organic materials tend to turn into the thermodynamically stable
crystalline state, which leads to device fajlure [39, 40]. A considerable amount of evidence
indicates that an amorphous thin film with a high glass transition temperature (Tg) is more stable to
heat damage [41-45]. For the hole-transport layer, high thermal stability, especially high T, of
above 100 °C, good hole-transport ability, excellent film formability are essentially needed.

Amorphous molecular materials or molecular glasses are of interest
because of the following aspects. They are in a thermodynamically non-equilibrium state and
hence may exhibit glass-transition phenomena usually associated with amorphous polymers. The
T, of molecular glasses is understood as the temperature at which molecular motions of a group of
molecules, which are caused by intramolecular bond rotations, start to take place, resulting in a
change in the position of the gravity of molecules. It is thought that they assume a variety of states
such as the amorphous glass, supercooled liquid, and crystal. They may be characterized by the
presence of free volume and by the disorder of both intermolecular distance and orientation. They
may form uniform, transparent amorphous thin films by vapor deposition and spin-coating
methods. In contrast to single crystals and liquid crystals, which show anisotropic properties,
amorphous molecular materials may exhibit isotropic properties as well. The example of low

molecular weight electroluminescent materials are depicted in Figure 1.15 [46-49].
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Figure 1.15 The example of low molecular weight electroluminescent materials.

1.3.3.2 Conjugated organic polymers

In the late 1970s, conjugated polymers were proclaimed as futuristic new
materials that would lead to the next generation of electronic and optical devices. It now appears
with the discoveries of, for example, organic transistors [50], polymer light-emitting diodes
(OLED:s) and solar cells that new technologies are imminent. It has become apparent, from this
large body of work, that extensive delocalization of electrons along the polymer backbone is
necessary for a polymer to behave as semiconductor or even as an electrical conductor. This
delocalization of electrons may occur through the interaction of T-electrons in a highly conjugated
chain or by a similar interaction of 7-electrons with non bonded electrons of hetero atoms such as
sulphur and nitrogen in the backbone. In that way electrochemical polymerization of aromatic
compounds such as thiophene [51], furan, indole [52], carbazole, azulene, pyrene [53], and
benzene [54]. Conjugation has been rapidly extended. Polypyrrole, polyaniline and their
derivatives are the most commonly used conjugated polymers because of their relatively superior
stability [55]. Other examples include poly(p-phenylene vinylene)s (PPVs), polyfluorenes and
polyalkylthiophenes. For some time the application of conjugated polymers has been limited due

to their intractability and insolubility, especially in the doped state. This problem was overcome by
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the use of substituted monomers [56, 571, which not only produced processable polymers, but also
allowed the polymers obtained to be fully characterized by chemical and physical methods.
Conjugated polymers are also widely exploited because of their special characteristics such as low
densities, mechanical strength, ease of fabrication, flexibility in design, stability, resistance to
corrosion and low cost.

The performance of OLEDs is related to three main technological issues:
1) color range, 2) electroluminescence efficiency, 3) realiability or stability. The color of OLEDs
depends on the molecular compositions of the organic interface. The luminance efficiency can be
improved by incorporating phosphorescent dyes as dopants in an emitting layer and, thus,
exploiting the energy transfer from the singlet state of the host to the triplet state of the
phosphorescent emitter to obtain electrophosphorescence [58]. But this concept demands the use
of additional layers/components of host and blocking materials and the realization of an almost
perfect match of energy levels in the various materials involved in order to guarantee a high degree
of energy transfer to the triplet emitter. Moreover, phosphorescent emitter has to be doped into a
host material to avoid any triplet-triplet annihilation and the recombination zone has to be confined
to the doped layer.. This has been successfully demonstrated in devices prepared by vapor
deposition of low molar mass compounds as well as doped systems in polymer blends [59, 60].
This is, at present, one of the most attractive strategies to obtain highly efficient devices with
emission in the green to red region. The reliability of OLEDs and other electro-optical devices, is a
key source for the sceptical approach in the photonics community. The main cause of the
reliability problem is the degradation of organic molecules. Many groups are addressing this issue
and one solution is to introduce stabilizing agents and efficient sealing methods. Another reliability
problem relates to deterioration of the active cathode. Engineering tools have been used to deal
with this issue.

For the fabrication of high-performance OLEDs, an understanding of
basic processes, such as charge injection from the electrodes, charge transport, recombination of
charge carriers to generate the electronically excited-state molecule as well as development of new
materials with high performance and judicious choice of the combination of emitting and charge
transporting materials and the combination of emitting and luminescent dopant molecules, are of

vital importance. For this purpose, not only emitting materials but also charge transporting
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materials are also required. Both polymers and small molecules are candidates for materials in
OLED:s.

The materials for OLEDs should meet the following requirements [61]:
possess a suitable ionization potential and electron affinity in order to match energy levels for the
injection of charge carriers at electrode/organic material and organic material/organic material
interfaces, permit the formation of a uniform film without pinholes, morphological stability,
thermal and electrochemical stability, and also high luminescence for emitting materials. In
addition, doping of luminescent compounds has been shown to be an effective method for
attaining high brightness and desirable emission color.

1.3.3.3 Dendrimer

Dendrimers are now an important class of light-emitting material for use
in organic light-emitting diodes (OLEDs). Dendrimers are branched macromolecules that consist
of a core, one or more dendrons, and surface groups. The different parts of the macromolecule can
be selected to give the desired optoelectronic and processing properties. The first light-emitting
dendrimers were fluorescent but more recently highly efficient phosphorescent dendrimers have
been developed. The solubility of the dendrimers opens the way for simple processing and a new
class of flat-panel displays. The dendrimer comprises a core to which one or more dendrons
(branched structures) are attached. The dendrons themselves can have two components, the
branching units and linking moieties. The number of levels of branching is called the generation of
the dendrimer. To improve the solubility and processability, surface groups are often attached to
the distal (outer) ends of the dendrons. The emissive chromophores of the dendrimers can be
located at the core of the dendrimer, within the dendrons, and/or at the surface of the dendrimers.
All these strategies have been investigated with the most successful approach being where the core
is the light emitting component. OLEDs containing light-emitting dendrimers have been reported
to have external quantum efficiencies of up to 16 %. Some light-emitting dendrimers are depicted

in Figure 1.15 [62, 63].
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1.3.4 Hole transport materials

The Hole Transporting Material (HTL) is very common in small-molecule-based
OLED devices but are less common in polymer-based devices because conjugated polymers are
usually good hole conductors themselves. They serve to provide a hole-conductive (via charge
hopping) pathway for positive charge carriers to migrate from the anode into the EML. On the
basis of this requirement, HTMs are usually easily oxidized and are fairly stable in the one-
electron oxidized (radical—cation) form. This further translates into the materials having a fairly
shallow HOMO energy level-preferably isoenergetic with the anode/HIL. WF and somewhat lower
in energy than the HOMO energy level of the EML. This latter property improves the chances of
charge flow into the EML with minimal charge trapping. As the main function of the HTL is to
conduct the positive charge carrier holes, hole-traps (higher energy HOMO materials) should be
avoided either in the bulk of the material (i.e., hole-trapping impurity levels <<0.1% are typically
required) or at interfaces. Another, perhaps less commonly appreciated, function of the HTL is that
it should act as an EBL to prevent the flow of electrons from the EML and ultimately to the anode.
For this purpose, a very shallow LUMO level is desirable. Some favorable HTL are given in
Figure 1.17 [64, 65].
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Figure 1.17 Example of efficient hole transporting materials.
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1.4 Motivation and aims

The development of novel organic materials for optoelectronic applications has
attracted a lot of interest both industry and academic. Especially in the area of organic light
emitting diodes (OLEDs) and dye sensitized solar cells (DSSCs), hugs process has been made.
One of main technology attractions of organic electronics that the active layers can be deposited at
low temperatures by liquid phase techniques. This makes organic semiconductors ideal candidates
for low-cost, large-area electronic applications on flexible substrates. The creation of novel photo
and electro-active organic materials and their structures, reactions, properties, functions and
applications for electronic and optoelectronic devices have widely been investigated. Therefore
this thesis reports the development of the synthesis and characterization of novel organic materials
for application in orgénic light emitting diodes (OLEDs) and dye sensitized solar cells (DSCs).
The aims of this thesis are follows:

1.4.1 To synthesize the new series of carbazole-triphenylamine dyes, carbazole-
diphenylamine dyes, carbazole donor diaccepter dyes as well as (pyrane-4-ylidine)malononitrile
derivatives as organic dye sensitizer for dye-sensitized solar cell.

1.4.2 To synthesize the novel Donor—Accepter-Dondr type emitting materials for
organic light emitting diodes '

1.4.3 To characterize and study the elctronic, photophysical, electrochemical and
thermal properties of the target molecules.

1.4.4 To investigate their device performance as in DSSCs and OLEDs application.




CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF CARBAZOLE-

TRIPHENYLAMINE DYES FOR DYE-SENSITIZED SOLAR CELLS

2.1 Introduction

Due to its excellent properties in elctron donating ability, triphenylamine (TPA) have
been widely used in organic material field such as hole transporting material in OLEDs or dye-
sensitizer in DSSCs [66]. Among the recently developed metal free organic dyes, triphenylamine
dyes have displayed promising performance in the development of photovoltaic devices.
Theoretical and experimental studies have demonstrated that TPA can be used as the efficient dye
sensitizers due to its non-planar structure that can suppress t-he dye aggregation or its optical
properties that can increase the light harvesting ability [67]. Various types of TPA derivatives were
reported in term of molecular structure development related to their performance in DSSCs. For
example the simple structure of TPA dyes (11-14) were first reported as d}.fe sensitizer by Jun
Chen in 2007 [68]. The structure of previous TPA dyes are éhown in Figure 2.1. The dyes were
designed with TPA as electron donor, rhodanine-3-acetic acid as electron accepter and allylene
group as 7-spacer. The dyes with short and simple structure show promising cell performance
when the conjugation of the molecule was extended by introducing more double bond. One year
later then, they reported TPA dyes (15 and 16) with different electron accepter cyanoacrylic acid
group replacing rhodanine-3-acetic acid [69]. Compound 16 with cyanoacrlic acid accepter
exhibits better conversion efficiency compared to compound 14 which has the same chromophore.

After then TPA dyes have been attracted an attention as efficient dye sensitizer
evidenced by many reports in TPA dyes development. Chul hee Kim and co-worker [70] report an
efficient TPA dye with structure of TPA as donor, thiophene and phenylene as Tt-conjugated linker
and cyanoacrylic as electron accepter (17 and 18) and the dyes exhibit excellent overall solar-to-
electricity conversion efficiency of 9.1% equivalent to 90% of N3 dye (n 10.1%). At the same
period Pi-Tai Chou and Yun Chi [71] reported modified TPA dyes by using thiophene derivatives,

3,4-ethylenedioxythiophene and bis[2-(2-methoxyethoxy)ethoxy]thiophene as Ti-spacer (19 and
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20) and found that the introduction of ester moieties in T-spacer increase the spectral response and
renders a better degree of charge separation, resulting in a leap in photovoltaic performance in
comparison to its parent compound (Fig. 2.1) More over the two different electron accepters,
cyanoacrylic acid and rhodanine-3-acetic acid, were investigated. Although the rhodanine-3-acetic
acid dye exhibits good spectral features and large molar extinction coefficient, the photovoltaic
performance are smaller than that of cyanoacetic acid dyes. This results can confirmed that

rhodanine-3-acetic acid is poor anchor in comparison to cyanoacrylic acid.
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Figure 2.1 The structure of some triphenylamine dyes.
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The molecular engineering of dyes is the main effort to get the excellent dyes with
excellent optical and electrical properties of the dyes. He Tian and his coworker [72] reported
starburst triphenylamine based dyes with double donor moiety (D-D-TT-A); modified
triphenylamine as donor, 5,5-dimethylcyclohexenyl-2,4-diene as mt-spacer and cyanoacrylic acid as
accepter (Fig. 2.2) and found that the introduction of starburst carbazole-triphenylamine group as
double electron donor (23) brought about improved photovoltaic performance comparing with the
single triphenylamine unit (21). It might be described as the steric starburst carbazole-

triphenylamine donor suppress the dye aggregation which decrease the DSSCs performance.
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Figure 2.2 TPA dyes with extended TT-spacer cyclohexylene linker.

2.2 Target dyes and Aims

Due to the promising donor ability of triphenylamine, we have designed the target dyes
with TPA donor co-operate with two carbazole for the purpose of prevent dye aggregation and
increasing donor ability. Therefore the objectives of this chapter are:

2.2.1 To synthesize dyes containing carbazole-triphenylamine as double electron
donor, oligothiophene (thiophene 1-3 units) as T-conjugated bridge and cyanoacrylic acid as
electron accepter.

2.2.2 To study the effect of T-conjugation in the spacer to optical, electrochemical and

thermal properties of the dyes by varying thiophene unit.
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2.2.3 To fabricate DSSCs devices based on the synthesized dyes and investigate their

b TPAL n=1

COOH
N—<: :}—K ] 1Y
N\
n CN TPA2,n=2

O N TPA3, n=3
Q

device performance.

Q

Figure 2.3 Chemical structure of target dyes (TPA1-TPA3).

2.3 Results and discussion

2.3.1 Synthesis
The Carbazole-Triphenylamine dyes TP1-TPA3 have been synthesized using a

combination of Bromination, Suzuki coupling, Ullmann coupling and Knoevanegel reaction as

depicted in scheme 2.1, 2.2 and 2.3.

. oY
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Q

O N O Cul, K,PO,, toluene, reflux @
O N
Q

+

24 25 26, 48%

Scheme 2.1 Synthesis of N, N-bis(4-(3,6-di-tert-butylcarbazol-N-yl)phenyl)-4-iodoaniline (26).

The carbazole-triphenylamine donor (26) was synthesized by Ullmann coupling

reaction between 3,6-di-tert-butylcarbazole (25) and tris(4-iodophenyl)amine (24) using copper
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iodide as catalyst, (£)-trans-1,2-diaminocyclohexane as co-catalyst, potassium phosphate as base
in toluene under reflux condition (Scheme 2.1). The mole equivalent of 3,6-di-tert-butylcarbazole
and tris(4-iodophenyl)amine was used to be 2:1 to control the substitution of carbazole moiety in
product. In this condition, di-substituted triphenylamine was obtained as major product in 48%
yield, whereas the mono- and tri-substituted triphenylamine were obtained as by product in 31%
and 27% yield, respectively.

The structure of compound 26 was confirmed by NMR, IR and mass data (see
chapter 8). The H -NMR spectrum of intermediate 26 exhibits the strong singlet signal at chemical
shift 8.37 ppm (4H) which was assigned as the proton at position 4 and 5 of carbazole moiety
(proton ¢). Whereas the doublet signal at chemical shift 7.80 ppm (2H, J = 7.2 Hz) was assigned as
two protons in phenyl iodide ring (proton a). The doublet signal at chemical shift 7.20 ppm (2H,
7.2 Hz) that couplet with proton (a) was assigned to proton (b) due to their equal coupling constant
of 7.2 Hz. The overlapping peaks at chemical shift around 7.50-7.68 ppm are assigned as other
protons in carbazole and TPA moieties. The protons of four t-butyl groups was clearly located at
chemical shift 1.68 (s) equivalent to 36 protons can be confirmed the introduction of two carbazole
moiety to TPA. Moreover the successful synthesis of this donor moiety was also confirmed by

HRMS which indicated the molecular ion of the product at m/z 926.3902.

Figure 2.4 H'-NMR spectrum of intermediate 26 in CDCI,.




25

To extend the conjugation of the dyes, oligothiophene was introduced to TPA
donor using combination reaction of Suzuki coupling and bromination. Monothiophene
intermediate (27) was prepared by coupling reaction between triphenylamine donor (26) and 2-
thiopheneboronic acid using Tetrakis(triphenylphosphine)Palladium(0) as catalyst, sodium
carbonate as base in THF/H,O at reflux. The product was obtained in this condition in good yield.
Next step, N-bromosuccinamide bromination of the resultant thiophene intermediate (27) in THF
afforded bromothiophene intermediate (28) in excellent yield. To introduce more thiophene, the

repeating step of Suzuki coupling and bromination were incorporated.
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Scheme 2.2 Synthetic route to olithiophene intermediate (mono and bisthiophene (27, 28), and

brominated thiophene (29, 30).

The structures of all thiophene intermediate (27-30) were confirmed by NMR, IR
and mass data. Although the H'-NMR spectra of compounds elongated with thiophene units are
quite more complicated than compound 26. The singlet signal at chemical shift around 8.3 ppm
(4H) of proton ¢ of carbazole moiety was clearly shown. But the other aromatic signals were
overlap with each other that make it difficult to assign. However the protons of four t-butyl groups
were still present at chemical shift 1.68 ppm. Therefore the structures of thiophene intermediate
were confirmed by HRMS which indicate the molecular ion of compound 27, 28, 29 and 30 at m/z

882.4819, 964.4637, 961.3908 and 1044.3773, respectively.
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The aldehyde intermediate 31, 32 and 33 were then formed in reasonable yield by
Suzuki coupling condition of corresponding halide 26, 29, 30 with S-formyl-2-thiophene boronic
acid as described above. The successful introduction of aldehyde functional group was clearly
confirmed by NMR and IR spectra. The singlet signal of aldehyde proton (measured in CDCly)
was located at chemical shift 9.89, 9.87 and 9.88 for aldehyde protons of compound 31, 32, 33,
respectively. The dominant IR peaks of C=0 stretching of aldehyde was also observed at
wavenumber 1670, 1665 and 1665 ¢cm ' for compound 22-24. From spectroscopic data, the

aldehyde groups were successfully incorporated to the molecules.

g ~%
”'@@: Pd(PPh,),, THF/H,O N-@-@Clﬁa
@ p 26,n=0,X=1 ) 31,n=1,75%
O 29,n=1,X=8r %/t& 32,n=2,70%
30,n=2,X=8r 33,n =3, 60%

Scheme 2.3 Suzuki coupling reaction of aldehyde intermediate (22, 23, 24).

Figure 2.5 Expanded aromatic region H'-NMR spectrum of intermediate 31 in CDCl,.
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Final step in synthesis of target dyes, Knoevenagel condensation of resultant
aldehydes (31-33) with 2-cyanoacetic acid in the presence of piperidine as base in chloroform gave
desired organic dyes TPA1-TPA3 as orange, red and dark red solids, respectively in moderate
yield. The structures of target dyes were confirmed by NMR, IR and mass spectra. The IR spectra
of all dyes exhibit C=N stretching of cyanoacrylic acid as sharp peaks at wavenumber 2200 cm '
indicate the cyanoacrylic acid group in the dye molecules. The H'-NMR spectra measured in
DMSO-d6 show singlet signal of allylic proton of acrylic acid group at chemical shift 8.17, 8.00
and 8.05 ppm for TPAl, TPA2 and TPA3, respectively. The other protons that indicate the
chemical structure of donor and thiophene spacer of this series such as four protons of carbazole

moieties, doublet protons of phenyl ring and 36 protons of four t-buty] groups are still be observed.

o
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Scheme 2.4 Synthesis of target dyes (TPA1-TPA3) by Knoevanegel reaction.
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Figure 2.6 H'-NMR spectrum of TPA1 in DMSO-d6.
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2.3.2 Optical Properties

The absorption spectra of carbazole-triphenylamine dyes measured in
dichloromethane solution and adsorbed on TiO, thin film are shown in Figure 2.7. In solution, all
three dyes show similar characteristic of donor-accepter arylamine dyes which show strong
absorption bands around 290-350 nm corresponds to T-7* transition and broad absorption bands
around 400-550 nm corresponds to Intramolecular Charge transfer Transition (ICT) of donor-
accepter compound [73]. The bathochromic shifted (red shifted) absorption spectra and larger
molar extinction coefficient (€) (Table 2.1) were observed when more thiophene units were
introduced. The red shift in absorption can be attributed to the extended conjugation system of the
entire structure. Moreover, the € values of the ICT bands of these dyes are considerably larger
than that of the Ru dye (N3, }Lmnm = 14500 M'cm ™), indicating good light harvesting ability.

On the other hand, comparing to their absorption spectra in solution, the dyes
adsorbed on TiO, exhibit slightly hypsochromic shifted or blue shifted (13-20 nm) which indicate
strong interactions between dyes and semiconductor surface. Such phenomenon is commonly
observed in the spectral response of other organic dyes, which may be ascribed to the H-
aggregation of the dye molecules on the TiO, surface and/or the interaction of the anchoring
groups of the dyes with the surface of TiO, [74]. The blue shift absorption of the dyes bonded to
TiO, film can be observed in general type of acrylic anchoring group [21]. From absorption
spectra of dyes in dichloromethane solution, the energy gab of all dyes can be calculated from

Ao from formula E, = 1240/, and the calculated data are shown in Table 2.1,
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Figure 2.7 Absorption spectra of TPA1-TPA3; (A) measured in CH,CI, (B) dyes adsorbed on

TiO, film.
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The fluorescence emission spectra of the dyes in CH,C, (Fig. 2.8) showed a
red-shift upon increased number of thiophene units in the molecule, which is roughly parallel to
the trend of the absorption spectra (Figure 2.7(A)). The stroke shift between absorption and

emission spectra range between 60-100 nm.
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- Figure 2.8 (A) Fluorescence spectra of TPA1-TPA3 measured in CH,CI, solution.

(B) Absorption and emission spectra of TPA1 indicated stroke shift.

Table 2.1 Optical properties data of TPA1-TPA3.

x"'laxabs /nm (S/M-lcm-l) xonse‘abs x|'|'|3xern Eg
compound . , ae d
solution’ Adsorbed on TiO,  (nm) (nm)” (eV)
TPA1 331 (33,059) 437 553 585 2.24

458 (22,860)

TPA2 339(32,319) 440 564 595 2.20
455 (26,500)

TPA3 339 (32,318) 449 587 584 2.11
464 (30,900)

* measured in dichloromethane solution at room temperature.
b .

measured dyes adsorbed on TiO, film.
* excited at maximum absorption in solution.

onsct)’

? estimated from the onset of absorption (Eg =1240/A,
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2.3.3 Electrochemical properties

The electrochemical properties of the dyes were studied by CV in CH,CI,
solution with 0.1 M n-Bu,NPF; as a supporting electrolyte. The results are shown in Figure 2.9 and
all data are listed in Table 2.2. The CV curves of all dyes exhibited multi quasireversible oxidation
and one irreversible reduction processes. The reduction wave was attributed to the reduction of the
cyanoacrylic acid acceptor moiety, which was in the range of -1.55 to -1.86 V. The first oxidation
wave of TPA dyes corresponded to the removal of electrons from the peripheral carbazole donor
moieties to give radical cation. The first oxidation potentials decreased from 0.88,0.83t00.78 V
when a number of thiophene units in the molecule or length of the T-conjugated spacers increased
from TPA1, TPA2 to TPA3, respectively, as observed in other oligothiophenes [75]. The multiple
CV scans of TPA dyes revealed identical CV curves with no additional peak at lower potential on
the cathodic scan (E,) being observed. This indicates that no oxidative coupling at the 3,6
positions of the peripheral carbazole led to electro-polymerization was taken place. This is due to
the present of 3,6-di-fert-butyl groups. This type of electrochemical coupling reaction can be
detected in some carbazole derivatives with unsubstituted 3,6—p§sitions and might be occurred
upon charge separation, which hampers the dye regeneration [76]. Therefore, it is important that
the dyes are electrochemically stable molecules.

The HOMO and LUMO energy levels of the dyes calculated from the onset
potential of the CV curves are summarized in Table 2.2. The HOMO of TPA1 (-5.22 V) was
lower than those of both TPA2 (-5.20 V) and TPA3 (-5.16 eV), but all were much lower than the
redox potential of the I/, couple (-4.8 eV), therefore, dye regeneration should be
thermodynamically favorable and could compete efficiently with the recapture of the injected
electrons by the dye radical cation. The LUMOs (-2.97 - -3.03 eV) of these dyes calculated from
the HOMOs and energy gaps (Eg) estimated from the optical absorption edge were less negative
than the conduction band of the TiO, electrode (-4.4 eV vs vacuum) [77] and the LUMO of N3 dye
(-3.84 eV) [78]. To ensure efficient charge injection the LUMO level of dye should be >0.3 eV
above the conduction band of the TiO,. Therefore, all dyes have sufficient driving force for
electron injection from the excited dyes to the conduction band of TiO,. As a result, TPA dyes
have enough energetically driving force for efficient DSSCs using a nanocrystalline titania

photocatalyst and the I/I, redox couple.
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voltamogram of TPA1, TPA2 and TPA3, respectively.

Table 2.2 Electrochemical properties and energy level of carbazole-triphenylamine dyes.

Dyes E”,_ (V)" HOMO (eV)’ LUMO (eV)’

TPA1 0.88
TPA2 0.83
TPA3 0.78

-5.22

-5.20

-5.16

-2.79
-2.96

-3.03

a . . .
measured using glassy carbon electrode as a working electrode, a platinum rod as a counter
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electrode, and Ag/Ag+ as a reference electrode in CH,Cl, solution containing 0.1 M n-Bu4NPF as

supporting electrolyte.

® calculated using the empirical equation: HOMO = -(4.44 + E™_ ).

¢ calculated from LUMO = HOMO + E,.

onsct
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Figure 2.10 Energy diagram indicated HOMO/LUMO levels of TPA1-TPA3.

2.3.4 Quantum chemical calculation

To gain insight -into the geometrical, electronic and optical structures of the dyes,
quantum chemical calculation was performed using TDDFT/B3LYP6-31G (d.p) method. The
results are shown in Figure 2.11 and 2.12. A major factor for low conversion efficiency of many
organic dyes in DSSCs is the formation of d_de aggregation on the semiconductor surface. We
therefore designed bulky dohor moiety making up of two 3,6-di-tert-butylcarbarzole units
connected to triphenylamine unit to perform steric hindrance part (starburst donor) of the
molecule. The optimized structures of TPA3 revealed that the dihedral angles formed between
carbazole (D1) and phenyl (Ph) planes in all molecules were as large as 54.34-55.63° resulting
bulky structure, which could help to prevent the close 7t aggregation effectively between the dye
molecules. The non-coplanar geometry can also reduce contact between molecules and enhance
their thermal stability. The aromatic rings of the Tt-conjugated spacers adopted more planar
conformation with the dihedral angles of the benzene and thiophene (T,) planes ranging from
19.60 to 22.80°, and the thiophene (T,) and thiophene (T,, T,) planes (TPA2 and TPA3) ranging
from 4.23 to 10.54°, whereas the thiophene (T,) and acrylic acid (A) planes were nearly coplanar
(dihedral angle < 0.15°). This suggests that Tl-electrons from the donor moiety can delocalize

effectively to the acceptor moiety, which subsequently transfer to the conduction band of TiO,.
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Figure 2.11 Schematic views of the ground state structures for TPA3.

| The molecular orbital distribution is very important in determining the charge-
separated states of organic dyes. The electron distributions of the HOMO and LUMO of TPA dyes
are shown in Figure 2,12. To create an ef.ﬁcient charge-transfer transition, HOMO must be
localized on the donor unit and LUMO on the acceptor unit. The HOMOs of these compounds
were delocalized over the donor moiety. In TPA1-TPA3 dyes, the major contribution of the donor
moiety comes from both triphenylamine and each peri];heral carbazole. The LUMOs were
delocalized across the oligothiophenes and cyanoacrylic acid acceptor. The results indicate that the
distribution of the HOMO and LUMO of all dyes is well-separated suggesting the HOMO-LUMO
transition and can be considered as an ICT transition.

As expected, the calculated HOMOs, LUMOs and energy gaps (Eg cal) of TPA
dyes decrease when increasing a number of thiophene units in the molecule, in agreement with
experimental .absorption spectra and electrochemical results. These E, cal values were slightly
higher than those estimated from the optical absorption edge (Eg) (Table 2.3). There are factors
responsible for the errors because the orbital energy difference between HOMO and LUMO is still
an approximate estimation to the transition energy since the transition energy also contains
significant contributions from some two-electron integrals. The real situation is that an accurate
description of the lowest singlet excited state requires a linear combination of a number of excited

configurations.
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Figure 2.12 Molecular orbital of TPA dyes relevant ground state and excited state.

Table 2.3 Calculated HOMO and LUMO gab.

Gas DCM
Compounds HOMO LUMO Eg HOMO LUMO Eg
(V) (V) V) (eV) (V) (V)
TPA1 -5.24 -2.73 2.51 -5.05 -2.67 2.38
TPA2 -5.16 -2.83 2.33 -4.97 -2.78 2.19
TPA3 -5.10 -2.88 222 -4.91 -2.83 2.09
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2.3.5 Thermal Properties
For optoelectronic applications, the thermal stability of organic materials is
crucial for device stability and lifetime. The degradation of organic optoelectronic devices depends
on morphological changes resulting from the thermal stability of the amorphous organic materials
[79]. Figure 2.13 and Table 2.4 show TGA thermograms and T, of TPA1-TPA3 dyes investigated
by TGA analysis under nitrogen atmospheric condition. Those results suggested that the dyes were
thermally stable materials with temperature at 5% weight loss (T,,) well over 285 °C. The better

thermal stability of the dye is important for the lifetime of the solar cells.

100«7 Tsd

__ o] ' Compound T,, o)
3
@ o TPA1 284
K]
B e tpad TPA2 285
2 —s— TPA2

201 TPA3 TPA3 353

(1] T T T
200 400 600 800

Temperature (°C)

Figure 2.13 TGA thermograms of TPA1-TPA3 dyes.

2.3.6 Dye Adsorption Kinetic on TiO,

The performance of a DSSC is not only based on the absorption of the harvesting
dye but also on the total amount of dye present. Therefore, the dye uptake was determined using
spectrophotometric measurements of UV-Vis absorption according to the reported method [80].
Figure 2.14 shows the dye uptake profiles as a function of time and absorption spectra in different
concentration for TPA1-TPA3 dyes. In all cases, dye uptake markedly increased at the beginning
until it reached a plateau at about 30 h. These profiles are typical for organic adsorbates into nano-
porous inorganic matrices [81]. It was found that at the equilibrium maximum uptakes of each dye
were 44.44 x 10", 50.65 x 10", and 53.90 x 10" molecules cm” for TPA1, TPA2 and TPAS3,
respectively. In view of the lower dye uptake of TPA1 dye on the TiO, film compared to others,
such a result can be rationalized by steric hindrance of the donor moiety around the carboxylic acid

anchoring group, which arises from a considerably shorter TT-spacer of TPAL1 as shown in Figure
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2.15. As a result, TPA2 and TPA3 dyes with longer T-conjugated spacers have more space to

accommodate the donor moiety allowing larger dye uptake.
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Figure 2.14 (A) The adsorption data for the dyes onto TiO, films measured over a period of 50 h
at room temperature, (B), (C) and (D) the absorption spectra of TPA1, TPA2 and

TPA3 in various time.
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Figure 2.15 The space-filling molecular models of the optimized conformation of the dyes.
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2.3.7 Cell performance

Typical DSSCs devices with effective area of 0.25 cm’ were fabricated using
TPA1-TPA3 as sensitizer. Nanocrystalline anatase TiO, coated on FTO substrate were use as
working electrode whereas Pt layer coated on ITO substrate were employed as counter electrode.
The mixture of I, (0.1 M), Lil (0.1 M) and t-butyl-pyridine (0.5 M) in acetonitrile solution was
used as an electrolyte system. The photovoltaic parameters under a solar condition (AM 1.5) are
summarized in Table 2.5. I-V curves of all dyes are shown in Figure 2.16 (B) whereas plots of
Incident Photon-to-current conversion efficiency (IPCE) at various wavelengths are given in
Figure 2.16(A). The IPEC spectra of the dyes lie in blue/green regions implied by their absorption
spectra and show maximum IPCE larger than N3. TPA2 based device with 2 thiophene units
exhibit the best maximum IPCE of 86%, whereas TPA3 dyes exhibit the broadest spectra among
three dyes. Comparing to the N3 reference dye, it shows very broad IPEC spectrum almost reach
750 nm which indicate the high performance of photon absorption which is normally observed in
Ru complex dyes.

Under continuous visible-light irradiation (AM 1.5G, 100 chm.z), the TPA3-
sensitized DSSCs showed the highest 77 among three dyes and gave a short-circuit photocurrent
density (J) of 9.98 mAcm.z, open-circuit voltage (¥, ) of 0.70 V, and fill factor (FF) of 0.67,
‘corresponding to a 77 of 4.62%. The J_ and 7] values of the DSSCs were in the order of TPA3
(9.98 mA cm”, 4.62%) > TPA2 (9.02 mA cm”, 4.34%) > TPA1 (7.53 mA cm>, 3.70%). The
larger J_ and 7] of TPA3 cell demonstrates the beneficial influence of the red-shifted absorption
spectrum and the broadening of the IPCE spectrum of TPA3 on TiO, film. Whereas the lower
efficiency of the TPA1-based cell could be attributed to both the poorer spectral response and the
lower dye content on TiO, film. The use of fert-butyl groups as the substituents on the peripheral
carbazole might also play the role in shielding the TiO, surface from I/, in the electrolyte and
thus reduce the charge recombination or dark reaction. The efficiency of TPA3-sensitized DSSC
reaches 89% of the reference N3-based cell (1] = 5.20%). Interestingly, TPA1-based cell also has
efficiency reaching >71% of the N3-based cell even though TPA1 dye had a lower IPCE value and

narrower [PCE spectrum than those of both TPA2 and TPA3.
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Figure 2.16 IPCE spectra (A) and I-V characteristic (B) of TPA1-TPA3.

Table 2.4 Performance parameters of DSSCs constructed using TPA dyes.
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Dye Dye uptake’ IPCE J. V.. FF n
(x10" molecule.cm® (%) (mA.cm’) \%) (%)
TPA1 4444 +1.95 78 7.53 0.72 0.69 3.70
TPA2 50.65 + 1.81 86 9.02 0.71 0.68 4.34
TPA3 53.90 % 0.50 80 998 0.70 0.67 4.62
0.66 5.20

N3 55.13+1.02 68 12.18 0.65
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2.4 Conclusion

We report here on the synthesis and photophysical/electrochemical properties of a
series of novel starburst 2D-D-TT-A carbazole-triarylamine based organic dyes (TPA1-TPA3) as
well as their application in dye-sensitized nanocrystalline TiO, solar cells (DSSCs). For the three
designed dyes, the carbazole-triarylamine, thiophene and the cyanoacetic acid take the role as
electron donor, T-spacer and anchoring group, respectively. It was found that the introduction of
two carbazole moieties to form the 2D-D-7T-A configuration brought about superior performance,
in terms of bathochromically extended absorption spectra, enhanced molar extinction coefficient,
dye aggregation prevention and better thermo-stability. Moreover, the HOMO and LUMO energy
levels tuning can be conveniently accomplished by alternating the donor moiety, which was
confirmed by electrochemical measurements and theoretical calculations. The DSSCs based on the
dye TPA3 showed the best photovoltaic performance: a maxirﬁum monochromatic incident
photon-to-current conversion efficiency (IPCE) of 80%, a shoﬁ-circuit photocurrent density (J, ) of
9.98 mA cr‘nlz, an open-circuit photovoltage (V,) of 0.70 V, and a fill factor (FF) of 0.67,
corresponding to an overall conversion efficiency (7)) of 4.62% under 100 mWem irradiation.
This work suggests that the dyes based on 2D-D-7T-A structure are promising candidates for

improvement of the performance of the DSSCs.




CHAPTER 3
SYNTHESIS AND CHARACTERIZATION OF CARBAZOLE-

DIPHENYLAMINE DYES FOR DYE-SENSITIZED SOLAR CELLS

3.1 Introduction

Although the diphenylamine moiety have not much gained popularity on field of
organic optoelectronic devices comparing to triphenylamine, the diphenylamine unit have attracted
our consideration because of its donor ability and its non-planar structure. There are some reports
that study the properties of diphenylamine encaped-carbazole (33) and biscarbazole (34) as hole
transporting materials (Figure 3.1) [83, 84]. Compounds show glass-forming characteristic with
glass-transition temperatures in the range of 72-128 °C characterized by differential scanning
calorimetry. The electron photoemission spectra of the materials have been recorded and the
ionisation potentials of 5.25-5.30 eV have been established. Room temperature hole-drift mobility
in the amorphous film of 6,6-di(N-dimethylphenylamino)-9,9-butyl-3,3-bicarbazole (34)
established by the time-of-flight tephnique approaches 10° cm’/Vs at an applied electric field of

6.4 x 10° V/em.
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Figure 3.1 Structure of diphenylamine encaped-cabazole (33) and biscabazole (34).

The low molecular weight organic compounds called molecular glasses from carbazole
encaped-diphenylamine (35) and ((diphenyl)amino)phynylamine (36) were reported as hole-

transporting materials by J.V. Grazulevicius and co-worker [85]. The compound are found to be




good amorphous hole transporting molecules with hole drift mobility in the range of 10" - 10

cm’/Vs at the applied field of 3x10° V/em.
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Figure 3.2 structure of 4,4-(diphenylamino)diphenylamine (35) and

4,4-dicarbazolediphenylamine (36)
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T.K. Kinstle and co-worker [86] reported novel series of donor-accepter molecules

having diphenylamine/triphenylamine donor, phenyl-ethynyl-carbazole linkers attached to a

terminal malononitrile acceptor (37 and 38 in Fig. 3.3). The compounds incorporated with

diphenylamine donor showed characteristic of donor-accepter such as the ICT absorption band in

UV-visible and fluorescence spectra, HOMO and LUMO levels and the low energy gab revealed

the good electron donor properties of diphynylamine.
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Figure 3.3 Structure of D-A compound with Diphenylamine donor.

From the literature study above, we have ensured that the diphenylamine moiety can

be used as electron donor for DSSCs materials. More over the non-planar structure of arylamine

can promote the steric hindrance of the dyes molecules.
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3.2 Target dyes and aims

3.2.1 To synthesize three dyes containing diphenylamine-encabed with 3,6-di-tert-
butylcarbazole as double donor, oligothiophene (thiophene unit = 1-3) as Tt-conjugated linker and
cyanoacrylic acid as electron accepter as sensitizer in DSSCs.

3.2.2 To study the optical, electrochemical and thermal properties of the dyes due to
the extension of conjugation system by varying thiophene unit.

3.2.3 To compare the diphenylamine dyes with triphenylamine dyes (chapter 2) in
term of photo/electrochemical properties and steric effect between the different donor moiety.

3.24 To fabricate DSSCs devices based on the synthesized dyes and investigate the

device performance.

DPAlL,n=1
DPA2,n=2

DPA3,n=3

~Figure 3.4 The structure of target dyes (DPA1-DPA3).

3.3 Results and discussion

3.3.1 Synthesis

The carbazole-diphenylamine dyes (DPA1-DPA3) were synthesized by
stepwise synthetic protocol similar to the TPA synthesis which start from donor synthesis,
molecular elongation by increasing the thiophene unit and end-up with incorporation of accepter.

The synthesis of donor part starting with diphenylamine starting material was
iodinated in the mixture of potassium iodide and potassium iodate in acetic acid/ethyl acetate (1:1)
at 80°C resulting in diiododiphenylamine 2 in poor yield (scheme 3.1). The unidentified sticky
adduct occurred during reaction may cause the low quantitative amount of di(4-iodophenyl)amine
(39). The structure of iodinated product was confirmed by '"H-NMR spectra (measured in CDCI,)
which exhibit very clear doublet signal of aromatic proton at chemical shift at 6.80 and 7.53 ppm

with coupling constant of 8.7 Hz. The N-H starching of free amine was also observed in IR
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spectrum of compound 39. Alkylation of 39 in the presence of 1-bromododecane, sodium
hydroxide in dimethyl sulfoxide at room temperature gave n-dodecyl-bis(4-iodophenyl)amine (40)
in excellent yield. The Alkyl peaks were observed in 'H-NMR spectrum of compound 40 to

confirm successful introduction of alkyl group to N position of diphenylamine (see chapter 8).

@ @ K, KIO, '\Q @I C ,H,.Br, NaOH '\@ @/'
> — N
N AcOH/ACOEt N DMSO, rt |

Ci2Hzs

diphenylamine 39, 34% 40, 90%
Scheme 3.1 Synthesis of N-dodecyl-4-iodo-N-(4-iodophenyl)aniline (40).

The  3,6-di-tert-butylcarbazole-endcapped-diphenylamine donor part was
prepared by Ullmann coupling reaction between 3,6-di-tert-butylcarbazole and excess amount of
alkylated iododiphenylamine (40) yielded mono-substituted diphenylamine (DPA, 41) as major
product and di-substituted DPA as minor product. The tertiary butyl group at position 3 and 6 of
carbazole were introduced in purpose of steric hindrance and oxidative coupling protection which
is commorly observed in arylamine materials. The successful coupling between carbazole and
diphenylamine was confirmed by 'H-NMR spectrum. The singlet signal at chemical shift 8.13 ppm

was observed which contribute to the proton at position 4 and 5 of carbazole moiety.

H,N  NH,
I |
+ QI O =
> N |
I | fl
” CiaHas K,PO,, toluene, reflux O \
l _

25 40

Ci2Hzs
41, 46%

Scheme 3.2 Synthesis of 3,6-di-ters-butylcarbazole-endcapped-diphenylamine donor (41).

To elongate the conjugation of the molecules, mono and dithiophene was
introduced to donor using combination reaction of Suzuki coupling and bromination.
Monothiophene intermediate (42) was prepared by coupling reaction between donor (41) and 2-

thiopheneboronic acid using Tetrakis(triphenylphosphine)Palladium(0) as catalyst, sodium
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carbonate as base in THF/H,O at reflux and obtained in good yield. NBS bromination of the
resultant thiophene intermediate in THF at room temperature afforded bromothiophene

intermediate (44) in moderate yield. To introduce more thiophene, the repeating step of Suzuki

0L

CizHzs

S
41 @,B(OH)Z

Pd(PPh,),, THF/H,0

e e® Sha, o
| A 4 |

coupling and bromination was proceed.

Cratzs P(PPh,),, THF/H,0 Ciakzs
44, n=1,66% @»B(OH): 42, n=1,71%
45,n=2,72% 43,n=2,73%

Scheme 3.3 Synthesis of oligothiophene intermediate.

The extended carboxaldehyde functionalized thiophene intermediate (46-48) were
achieved by Suzuki condition as well. The coupling reaction between corresponding aryl halide
(41, 44 and 45) and 5-formyl-2-thiopheneboronic acid (scheme 3.4) yielded the aldehyde 46, 47
and 48 in 54, 57 and 51%, respectively. This moderate yield are commonly observed in Suzuki
coupling of 5-formyl-2-thiopheneboronic acid due to its unstable thiophene carboxaldehyde
intermediate. The successful introduction of aldehyde functional group was confirmed by H' NMR
and IR spectra. The singlet signal of aldehyde proton in CDCI, was located at chemical shift 9.85,
9.85 and 9.84 for aldehyde protons of compound 46, 47 and 48, respectively. The IR peaks of C=0
stretching of aldehyde was also observed at wavenumber 1664, 1665 and 1659 cm' . Finally the
dyes were obtained by Knoevenagel reaction of corresponding aldehyde (46-48) with cyanoacetic

acid. All dyes were obtained as orange, red and dark red amorphous solid. The color of dyes are
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intended to be darker comparing to the carbazole-triphenylamine series (Chapter 2) which are
good signed for good absorption property. The solubility of dyes in common organic solvent is

pretty excellent owing to the long alkyl chain attached to N position of arylamine.

s
H B(OH
O « 0 C\@/ (OH), Q CHO
S \ N > S \y n
O N\©\ X PA(PPh,),, THF/H,0, reflux O N@ X
N 'i‘ ’

CioHas Cy2Hzs
41, n=0,X=1 46, n=1,54%
4 n=1,X=8Br 47, n=2,57%
45, n=2,X=Br 48,n=3,51%
NC._.COOH

Piperidine, CHCI

-
reflux

COOH

NC—~
0,

CizHas
DPA1,n=1,61%
DPA2, n =2, 59%
DPA3, n=3,47%

Scheme 3.4 Synthesis of DPA1-DPA3.

3.3.2 Optical Properties
The absorption spectra of DPA dyes both measured in dichloromethane solution
and adsorbed on anatase phase TiO, particle as well as their emission spectra are displayed in
Figure 3.5. The dyes show similar UV-vis characteristic comparing to TPA dyes (Chapter 2)
including 7t to m* transition at 290-350 nm and intramolecular charge transfer transition (ICT) at
400-550 nm because of their very similar chromophores, but the DPA dyes exhibit little red shifted
in ICT band. The difference between maximum absorption wavelengths of the two series are 8, 20

and 17 nm for single, bis and fert-thiophene, respectively. It can be described in term of
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aggregation. TPA dyes have large and more steric structure and the starbust-liked structure of TPA
can suppress the aggregation of the dyes resulting in blue shift absorption.

During DPA dyes, the molar absorptivity of ICT band is moderately high, ranging
from 25,174 to 30,102 M'em™. As a number of thiophene units in the molecules increases from
DPA1 to DPA3, the ICT bands show bathochromic shift and increase in molar absorptivity.
It should be noted that absorption spectrum of D-D-T-A compared to D-TT-A structure,
bathochromically shifts in the ICT peak together with significant increases in molar extinction
coefficient were improved. The molar absorptivity of DPA dyes are considerably larger than that
of the standard ruthenium dye N3 at 518 nm (A = 13000 M'em™), indicating excellent light
harvesting ability of our DPA dyes. Moreover, the greater maximum absorption coefficients of the
organic dyes allow a correspondingly thinner nanocrystalline film so as to avoid the decrease of
the film mechanical strength. This also benefits the electrolyte diffusion in the film and reduces the
recombination possibility of the light-induced charges during transportation [86].

The absorption spectra of DPA dyes adsorbed on the TiO, films (Figure 3.5 (b)
are broadened overing the region of 350600 nm and slightly blue shifted (20~28 nm) compared to
their solution spectra. The former is ascribed.to H-aggregation and the interaction of the anchoring
groups of the dyes with the surface of TiO, which commonly observed in the spectral response of
other organic dyes [74, 87]. The latter can be explained by non-planar structure of tert-

butylcarbazole unit of dyes preventing aggregation via molecular stacking.

(A) —=— DPA1 2 104 (B)

—e— DPA2 =
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Figure 3.5 Absorption spectra of DPA dyes: (A) CH,CL,, (B) adsorbed on TiO, film.
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The photoluminescent spectra of DPA dyes measured in CH,Cl, are depicted in
Figure 3.6. It shows red shift when the thiophene unit in the molecule is increasing similar to their
absorption and the PL spectra of TPA dyes in chapter 2 due to the elongation of the conjugation in

molecules.

Normalized Intensity (a.u.)

“s00 600 700 800
Wavelength (nm)

Figure 3.6 PL spectra of DPA1-DPA3 in CH,CIL,.

Table 3.1 Photophysical data of DPA1-DPA3.

lll'laxabs /nm (8/M-lcm-l) N lOI'ISC‘ahs lll'lﬂxel“ Eg
compound . . Iy 4
solution’ Adsorbed on TiO, (nm) (nm)" (eV)

DPA1 298 (28,911) 408 561 597 2.21

331(18,395)
458 (25,110)

DPA2 298 (30,611) 409 584 626 2.12
350 (19,086)
463 (27,435)

DPA3 298 (29,802) 409 604 625 2.05
464 (30,900)
472 (30,102)

* measured in dichloromethane solution at room temperature.
b .

measured dyes adsorbed on TiO, film.
® excited at maximum absorption in solution.

! estimated from the onset of absorption (Eg =1240/\,

onset)'
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The effect of solvent polarity on the absorption spectra of DPA1 dyes was also studied
(Figure 3.7 and Table 3.2). The absorption was measured in five different solvents
(dimethylformamide (DMF), ethanol (EtOH), dimethylsulfoxide (DMSO), tetrahydrofurane (THF)
and dichloromethane (DCM)). We assigned the absorption bands at 298 nm as B1, at 331 nm as
B2 and at 410-458 nm as B3, respectively. There is only B3 band that be effected by solvent
polarity change. These B3 bands therefore are assigned as ICT bands of donor-accepter molecule
which can be generally observed in most sensitizer. The absorption spectra show blue shift when
the polarity of solvents are increasing. DPA1 in DMF exhibited lowest maximum absorption at
410 nm (4.85 x 10" J), whereas DPAL1 in dichloromethane exhibited the highest at 459 nm (4.33 x
10" J). These results can be considered as the negative solvatochromism-physical intermolecular
solute-solvent interaction forces-which tend to alter the energy difference between ground and
excited state of chromophore of the dyes [88]. The polar solvents are good support solvent to the
excited state dye species more than non-polar solvents resulting in close molecular orbital, which

tends to absorb light at high energy region (low wavelength).

Normalized intensity (a.u.}

300 400 500 600
Wavelength (nm)

Figure 3.7 The absorption spectra of DPA dyes in various solvent.

Table 3.2 Maximum absorption of DPA1 measured in various solvents.

solvent DMF EtOH DMSO THF DCM
A, (nm) 410 421 430 441 458
E' (10" J) 4.85 4.72 4.62 451 433

® calculated from E = hv/A
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3.3.3 Electrochemical properties

Cyclic voltamogram of DPA dyes measured in dicloromethane solution are
illustrated in Figure 3.8 and the multiple scan are shown in Figure 3.9 (A), (B) and (C) for DPAL,
DPA2 and DPA3, respectively. From CV curves, DPA2 and DPA3 with two and three thiophene
moieties exhibit three reversible oxidation peaks whereas DPA1 with one thiophene moiety show
only two oxidation process. The first two oxidation peaks in low potential are contributed to the
oxidation of Nitrogen atom in carbazole and diphenylamine units, whereas the third one in higher
oxidation potential are attributed to the oxidation of the conjugation backbone which have
thiophene moities. The oxidation onset of DPAIl, DPA2 and DPA3 are 0.78, 0.70 ahd 0.64,
respectively (Table 3.3) indicated that increasing in conjugation length of the dyes shifted the

oxidation potential in a negative direction [89].

6.0

—a— DPA1

451 —e—pPA2
_ —a—DPA3
g 0]
£
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© 4ol
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Fugure 3.8 Cyclic voltamogram of DPA1-DPA3 in dry CH,CI, with scan rate of 0.05 V/s and 0.1
M n-Bu,NPF as electrolyte at 25 °C.

Their multiple CV scans reveal identical CV curves with no additional peak at
lower potential on the cathodic scan being observed signifying no oxidative coupling at the 3,6-
positions of the peripheral carbazole due to the tert-butyl substituents and they are
electrochemically stable molecules. This type of electrochemical coupling reaction can be detected
in some carbazole derivatives with unsubstituted 3,6-positions occurred upon charge separation,
which could suppress the dye regeneration resulting in lower the efficiency of the DSSCs

performance [76].
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Fugure 3.9 Multiscan cyclic voltamogram of DPA1 (A), DPA2 (B) and DPA3 (C) in dry CH,Cl,

with scan rate of 0.05 V/s and 0.1 M n-Bu,NPF, as electrolyte at 25 °C.

The lowest unoccupied molecular orbital (LUMO) levels of the dyes were

estimated by the value of E* __ and E, (from Table 3.1), whereas the highest occupied molecular

onset

orbital (HOMO) levels were obtained at Kom of absorption spectra. The examined HOMO and
LUMO levels are listed in Table 3.3. To get an efficient electron injection, LUMO of the dye has
to be sufficiently more negative than conduction band edge of TiO, (-4.4 eV), and the HOMO has
to be more positive than redox potential of lodide/triiodide (-4.8 €V). As results in Table 3.3, the
introduction of more thiophene moiety into the molecule shifts the HOMO levels negatively,
which decrease the gap between HOMO level and redox potential of iodide/triiodide. This might
reduce the efficiency of regeneration of the oxidized dye by I and the overall solar to electricity
conversion efficiency at the same time [90].

Comparing to HOMO and LUMO levels of TPA dyes, HOMO of DPA series are

close to redox potential of Iodide/triiodide more than TPA series and LUMO of DPA dyes also
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line nearly conduction band of TiO, more than TPA dyes. Moreover the energy gab of DPA dyes
are slightly lower than TPA dyes. These results are agreeably with the absorption band of DPA
dyes which exhibit more red shift in absorption than TPA dyes. It may indicate that the DPA series
may show higher DSSCs performance than that of TPA series due to their good optical and

electrical properties.

Table 3.3 Electrochemical properties and energy level of carbazole-diphenylamine dyes.

Dyes E™ . (V)' HOMO(eV) LUMO (eV)’

DPA1 0.78 -5.18 -2.97
DPA2 0.70 -5.09 -2.97
DPA3 0.64 -5.04 -2.99

* measured using glassy carbon electrode as a working electrode, a platinum rod as a counter
electrode, and Ag/Ag+ as a reference electrode in CH,Cl, solution containing 0.1 M n-Bu4NPF as
supporting electrolyte

* calculated using the empirical equation: HOMO = -(4.44 + E”

OnSC()

¢ calculated from LUMO = HOMO + E .

E (eV)
A
‘2.97 '2.97 _2‘99
-
4,
_4 2.21 212 2.05 4.8
TiO ——
2 I,
Y
Y
5.18 -5.09 -5.04
DPA
DPA DPA

Figure 3.10 Energy diagram of HOMO/LUMO of DPA1-DPA3.




52

3.3.4 Quantum chemical calculation

In all the computations, the tertiary butyl groups substituted at carbazole and
dodecy! side chain substituted at DPA are replaced by hydrogen atoms. The ground-state (SO)
geometries of DPA1-DPA3 were optimized by the B3LYP/6-31G(d,p) [91] method in CH,Cl,
solvent of the conductor-like polarizable continuum model (C-PCM) [92, 93]. The optimized SO
state structures of DPA3 are shown in Figure 3.11. Table 3.4 shows the dihedral angles between
the connecting moieties denoted in Figure 3.11. The molecules have a bent structure due to the N
atom of the diphenylamine unit. The conjugation holds across this N atom trough lone pair
electron of Nitrogenatom. Although the tert-butyl and dodecyl groups may affect the planarity of
the molecules, this conjugation provides a significant factor for the strong photoabsorption of dyes
molecules. As we have expected, the nonplanarity exists at carbazole and the phenyl of DPA (D1-
D2) due to steric repulsion between the H atoms with a dihedral angle of -63°. Another phenyl
group of DPA (D2), the thiophene (Tt-spacer), and the accepter moieties (A) are nearly planar. The
thiophene units have a zigzag structure which maintains the near planarity of the molecules. We
expect the planarity in the D2-7T-A moieties would contribute to the high absorption coefficient for

efficient light harvesting ability.

Figure 3.11 Schematic view of the ground-state (S0) structure for DPA3.
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Table 3.4 Dihedral Angles (deg) between moieties for the ground state of the dyes optimized by
B3LYP/6-31G(d,p) in CH,CL,.

Dihedral angle DPA1 DPA2 DPA3
D1-D2 -63.12 -63.34 -63.20
Ph-Ph 41.87 40.10 40.55
D2-T1 -8.82 -17.62 -20.67
T1-T2 -1.28 5.09 -
T2-T3 -0.96 - -
T3-A 1.27 0.25 0.38
D1 = carbazole unit; D2 = diphenylamine unit;
T1, T2, and T3 = thiophene units; A = cyanoacrylic acid;

Ph-Ph = dihedral angle between two phenylene rings of the diphenylamine moiety.

Orbital density analysis using the GaussSum program38 was carried out for the
HOMO and LUMO of all dyes, and the contribution from each moiety is summarized in Table 3.5
and Figure 3.12. The orbital densities of the HOMO are distributed over the D-D moiety, which
are 91%, 73%, and 62% for DPA1, DPA2, and DPA3, respectively. The orbital densities of the
LUMO, on the other hand, are delocalized across the T-spacer and accepter, which are
decomposed as 38% (T-spacer) and 47% (A) for DPA1, 53% (Tt-spacer) and 41% (A) for DPA2,
and 60% (7-spacer) and 38% (A) for DPA3. These values show that the distributions of the
HOMO and LUMO of the dyes are well separated, suggesting that the HOMO — LUMO
transition can be regarded as an intramolecular charge transfer (ICT), which is a major
characteristics of D-7T-A based dyes. This feature also enables the desirable efficient electron

transfer with strong photoabsorption for DSSCs.
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Figure 3.12 Molecular orbital of DPA dyes relevant ground state and excited state.

Table 3.5. Energy Level, HOMO-LUMO energy gab (A\,,,), and electron contribution of the
HOMO and LUMO of DPA dyes calculated by B3LYP/6-31G(d,p).

Dye Energy AH_L Electron contribution (%)
(eV) (eV) D1 D2 T A
DPA1 LUMO -2.71 2.46 0 15 38 47
HOMO -5.17 57 34 6 3
DPA2 LUMO -2.76 226 0 6 53 41
HOMO -5.02 29 44 22 4
DPA3 LUMO -2.90 2.04 0 2 60 38

HOMO -4.94 20 42 35 3
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3.3.5 Thermal properties

The thermal properties of DPA1-DPA3 dyes were evaluated using
thermogravimetric analysis. Figure 3.13 displays the TGA thermograms of the dyes which has
good thermal stability, i.e., it is stable up to around 280 °C [T, (degradation temperature at 5%
weight loss)] in a nitrogen atmosphere. As can be seen in Figure 3.13, the dyes undergo a three-
step degradation. The weight loss during the first step (around 400 °C) or around 20% weight loss
equivalent to the weight of accepter moiety, and the weight losses during the second and third
steps (440-610 °C) may correspond to the weight fractions of the aromatic parts of the two side

groups [94].

= Compound T,, (C)
g DPA1 284
> DPA2 336
2

DPA3 362

200 400 600 800
Temperature (°C)

Figure 3.13 TGA thermograms of DPA1-DPA3 dyes.

3.3.6 Dye adsorption on TiO, film

The performance of a DSSC also depends on the total amount of dye present
[94]. Therefore, the dye uptake was determined using UV-vis absorption technique [80]. In all
case, the rate of dye adsorption is initially rapid and eventually reaches a plateau. These profiles
are typical for organic adsorbates into nanoporous inorganic matrixes [95]. The chemisorption of
all dyes onto the surface of TiO, films was confirmed by FT-IR spectroscopy (Fig. 3.15), which
showed absorption peaks of dyes on TiO, at lower energy (1577 cm'l), whereas the free acrylic
acid locate at 1598 cm’' indicated the vibration of carboxylate group. The characteristic vibration
modes of the carboxylate group of all dyes are identical to those reported for other dyes [96, 97].
This indicates that all dyes bind in the same way to TiO,. Therefore, the difference observed in

performance can be directly related to the effect of the molecular volume and how much dye is
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absorbed. The dye uptakes depend on the steric hindrance of the donor moiety around the
carboxylic acid anchoring group; such steric hindrance can be reduced in DPA3 with longer TT-
conjugated spacers. At equilibrium, maximum uptakes of each dye are (84.4 + 3.8) x 10°,(97.5 +
2.0) x 1015, and (104.3 % 1.8) x 10" molecules cm” for DPA1, DPA2, and DPA3, respectively.
Under this dye-loading result, the light-harvesting efficiency of DPA1 is expected to be less than
those of the other dyes leading to a small incident monochromatic photon to current conversion
efficiency for the DPA1 based cell.

Comparing dye uptakes of TPA series (44.44 x 10", 50.65 x 10", and 53.90 x
10115 molecules cm’” for TPAL, TPA2 and TPA3, respectively), DPA dye can adsorbed on TiO,
film more than TPA dyes. This because the TPA dyes have two carbazole unit (2D-D-T-A dyes)
that increase the steric hindrance whereas DPA dyes (D-D-T-A) have less steric effect from one

carbazole moiety resulting in more dye uptake.
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Figure 3.14 (A) dyes uptakes onto TiO, films measured over a period of 50 h at room
temperature, (B), (C) and (D) the absorption spectra of DPA1, DPA2 and

DPA3 in various concentration.
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Figure 3.15 FT-IR spectra of the DPA1 adsorbed in TiO, films.

3.3.5 Cell performance

DPA1-DPA3 Dyes were used as the sensitizers for dye-sensitized
nanocrystalline anatase TiO, solar cells. The corresponding IPCE plots and current density-voltage
(J-V) characteristics are shown in Figure 3.16, and the resulting photovoltaic parameters (average
values) are summarized in Table 3.7. The IPCE spectra of DPA1-3 sensitizers plotted as a function
of the excitation wavelength are broadened and red-shifted as the number of thiophene units in the
molecule increases, which is coincident with the result of the absorption spectra. The IPCE
spectrum of DPA3 shows a high maximum value of 83%, which is slightly higher than the IPCE
values of both DPA1 (81%) and DPA2 (82%). The higher IPCE value of DPA3 is probably due to
its €, which enhances the electron-injection yield in comparison with those of the other dyes.
Because of their larger molar extinction coefficients, the IPCE values of dyes DPA1-DPAS3 are
higher than that of the N3 dye; the N3 dye shows a broader IPCE spectrum, which is consistent
with its wide absorption spectrum.

Under standard AM 1.5G 100 mW cm” illumination, the DPA3-sensitized cell
shows the highest overall efficiency among the three dyes and gives a short-circuit photocurrent
density (J.) of 10.89 mA cmiz, open-circuit voltage (V) of 0.70 V, and fill factor (FF) of 0.67,
corresponding to an overall conversion efficiency (1) of 5.12%. The short-circuit photocurrent
densities and efficiencies of the DSSCs are in the order DPA3 (10.89 mA cm‘z, 5.12%) > DPA2
(8.88 mA cm-z, 4.10%) > DPA1 (7.19 mA cm_z, 3.52%). The better solar cell performance of the
DPA3-based cell than that of the other dyes in this series can be explained by the red shift of the

absorption spectrum of DPA3 compared to DPA1 and DPA2. This is better for the light harvesting
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efficiency in DSSCs. While the lower efficiency of the DPA1-based cell can be attributed to both

the poorer spectral property and the lower dye content on the TiO, film.

IPCE (%)
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Figure 3.16 IPCE spectra of DPA and N3 dyes.
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Figure 3.17 I-V characteristic of DPA1-DPA3 and N3 reference dye.

The efficiency of the DPA3-based device reaches 90% of the efficiency of the
standard ruthenium dye N3-based cell (T| = 5.71%). The efficiency of the DPA1-based cell also
reaches >62% of the efficiency of the N3-based cell even though DPAT has a lower IPCE value
and narrower IPCE spectrum than both DPA2 and DPA3. The MM, values of DPA3 are
competitive with or higher than those of the D-Tt-A-type sensitizers containing carbazole or
diphenylamine as the donor (49-90%, which shows that the use of D-D-T-A type sensitizers

improves the energy harvesting of the DSSCs by decreasing aggregation and increasing the molar
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extinction coefficients. This relative efficiency (TM}/My;) enables the comparison of the solar cell

performance in different experimental conditions.

Table 3.7 Performance parameter of DSSCs constructed using DPA1-DPA3 as sensitizer .

Dye Dye uptakeb J, V. FF n
(}(1015 molecule/cmz) (mA/cmz) v) (%)
DPA1 88.413.8 7.19 0.73 0.67 3.52
DPA2 97.512.0 8.88 0.70 0.66 4.10
DPA3 104.3£1.8 10.89 0.70 0.67 5.12
N3 55.1£1.0 11.54 0.71 0.70 5.71

“experiments were conducted in identical condition using TiO, photonode with approximately 11
Hm thickness and 0.25 cm’ working area on the FTO (8 Q/A) substrate.

b . .
obtained from dye adsorption measurement.

3.4 Conclusion
“We have developed new D-D-T-A type organic sensitizers using 3,6-di-terr-
butylcarbazol-9-ylphenyl-N-dodecylaniline as double electron donor moiety (D-D),
oligothiophenes as 7T-conjugated spacers (7T) and cyanoacrylic acid as the electron acceptor (A) for
DSSCs. These dyes exhibit high thermal and electrochemical stability. HOMO and LUMO energy
level tuning is achieved by varying the conjugation between the carbazole-diphenylamine donor
and the cyanoacetic acid acceptor. The dyes show similar UV-vis characteristic comparing to TPA
dyes including 7t transition at 290-350 nm and ICT bands at 400-550 nm because of their similar
chromophores. But the DPA dyes exhibit little red shifted in ICT band which can be described in
term of aggregation. The red shift absorption can be observed when the number of thiophene unit
are increasing due to the elongation of conjugation length.
The ground state geometry, dihedral angle, and electronic structure both in ground
state and exited state of the dye molecules were investigated by the DFT method. The D-D moiety
has non-planar structure that may inhibit unfavorable dye aggregation yet to keep the conjugation

in D-T-A moiety; the conjugation in D-TI-A moiety is important for high intensity of
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photoabsorption. The electron distribution of ground state (HOMO) and excited state (LUMO)
shows that, even though the dihedral angle between D-D moiety are quite high (60°) the electron
can distribute between donor and accepter very well (from donor 57% to accepter 47% in case of
DPA1 dye).

The results suggest that the organic dyes based on double donor moiety are promising
candidates for improvement of the performance of the DSSCs. DSSCs devices using these dyes
exhibit efficiencies ranging from 3.52-5.12% under AM 1.5G illumination. The best performance
among these dyes was found in DPA3, which shows a maximal IPCE value of 83%, J value of
10.89 mA cm-z, V.. value of 0.70 V, and FF value of 0.67, that correspond to an overall conversion

efficiency of 5.12% (89.6% of the N3-based cell).




CHAPTER 4
SYNTHESIS AND CHARACTERIZATION OF (PYRANE-4-

YLIDENE)MALONONITRILE DYES FOR DYE-SENSITIZED SOLAR CELLS

4.1 Introduction

The molecular structure of the dye plays an important role in DSSCs. The performance
of DSSCs generally depends on the relative energy levels of the sensitizers and the kinetics of the
electron-transfer processes at the interface between the dye bound to the semiconductor surface.
One general principle to construct an efficient dye and efficient DSSCs is the absorption spectra of
the dye should cover the whole visible and some of the near-infrared region, and its molar
extinction coefficient must be as high as possible to enable efficient light harvesting ability [98].
Therefore, the introduction of accepter in T-spacer may expand the absorption spectra of the dye
to near IR region.

Donor-acceptor (D-A) pyran-4—ylidex.1e derivatives have attracted much attention
because of their interesting optical properties. Thus, 4-dicyanomethylene-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran (DCM) is a well known laser dye, and many of its derivatives are
useful red dopants for organic light-emitting diodes (OLED). Figure 4.1 show the structures of
DCM derivatives as the examples of red dopant materials using in both NLO and OLEDs
application [99-102].

The UV-Visible and fluorescence spectra of DCM derivatives, as expected, show the
red-shift absorption, and all exhibit a charge transfer (CT) absorption band in solution cover the
region 400-600 nm. The HOMO and LUMO levels of the DCM derivatives range between -5.4 —
(-5.7) eV and -2.3 — (-3.2) eV, respectively. This results show that it is possible to incorporate this

DCM type in the molecules to expand the absorption spectra of the target dyes.
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DCM

TDCM

A CN

CN

Figure 4.1 The structure of DCM and DCM derivatives; red-light emitter for OLEDs.

Fluorene is well known as a promising optical and thermally stable material and is
widely used as emitting materials in OLEDs application and optoelectronic materials. The high
rholar extinction coefficient of fluorene derivatives can be observed in various reports [103].
Beside used as OLEDs materials there are many studies reported fluorene derivative as donor or

Ti-spacer part in DSSCs to enhance the absorption ability of the sensitizer [104-107].

@WOH s

O

COOH
S

&5

Figure 4.2 DSSCs dyes from fluorene derivatives.
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With arylamine donor, fluorene 7t-bridge dyes (56, 57 and 58) exhibited longer
wavelength absorption due to T-conjugated elongation in the bridge and the significant lowering
of the LUMO level when compared to the dyes without fluorene moiety have high molar
extinction coefficient ranged around 33,000 - 37,000 M'cm”. The dyes with the same donor
without fluorene spacer exhibits lower the molar extinction coefficient around 22,000 M'em”
which ensured that fluorene unit in 7-spacer enhance the absorption ability of the dyes.

In dye 58, fluorene unit was introduced as part of donor group (directly introduced at
N-atom of arylamine). The bis-dimethylfluoreneaniline moiety (acting as electron donor) ensure
greater resistance to degradation when exposed to light and high temperatures as compared to
simple arylamines. Also, the non-planar structure of bis-dimethylfluoreneaniline suppresses
aggregation, disfavoring molecular stacking. The dye show red-shifted absorption and very strong
molar extinction coefficient of 44,000 M 'cm ' which indicate that the bis-dimethylfluoreneaniline
moiety influence the optical characteristic of the dyes in the promising way to enhance the €.

| Therefore in this series we designed the dyes molecules with carbazole-fluorene donor
pyran-4-ylidinemalononitrile conjugated with bisthiophene unit as spacer and acrylic acid or

cyanoacrylic acid accepter used as sensitizer in DSSCs.

4.2 Target dyes and aims

From mentions above, the new series of dye-sensitizer was designed. The carbazole
moiety was used as electron donor due to its electron donating ability and thermal properties, the
fluorene was introduced to increase the € value, whereas the (pyrane-4-ylidene)malononitrile

moiety was incorporated into the molecule to expand the absorption spectra cover to red region.

The aims of this chapter are:

4.2.1 To synthesize 2 dyes containing carbazole-fluorene as electron donor, (pyrane-4-
ylidene)malononitrile plus bithiophene as Tl-conjugated linker and cyanoacrylic acid or acrylic
acid as electron accepter.

4.2.2. To investigate the different anchoring group (cyanoacrylic acid and acrylic

acid); effect of electron withdrawing moiety (-CN) to optical and electrochemical properties and

HOMO-LUMO levels.
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423 To investigate the DSSCs performance based on the (pyrane-4-

ylidene)malononitrile dyes as dye-sensitizer.

CFPA, X=H

CFPC, X=CN

Figure 4.3 Structure of (pyrane-4-ylidene)malononitrile dyes (CFP dyes).

4.3 Results and discussion

4.3.1 Synthesis

The synthesized strategy of pyrane dyes is the same as TPA anql DPA dyes
which are constructing the dye from donor, followed by introducing the linker and then attached
the accepter in the last step. The synthesis of CFP dyes are illustrate in Figure 4.1. The carbazole
fluorene donor (54) were synthesized by Ullmann coupling reaction between 3,6-di-tert-
butylcarbazole and 5,7-bromo-9,9-dihexylfluorene as described in previous reports [108, 109].
The aldehyde intermediate (55) was prepared from Suzuki coupling between aryl bromide donor
(54) and 4-formylphenylboronic acid to give aldehyde (55) in good yield. The 'H-NMR and IR
data were confirmed the successful introduction of aldehyde functional group. IR spectrum of
aldehyde 55 shows the vibration of C=0 stretching of aldehyde at 1646 cm™ and C=C stretching
of aromatic compound at 1562 c¢m’. The rest of IR signal are assigned as C-H stretching of
aromatic ring (3042 cm'l), C-H stretching of aliphatic chain in fluorene moiety and tert-butyl
group in carbazole (2800-2900 cm') and C-C stretching of aliphatic chain at 1416 cm” and more.
'H-NMR spectrum (in CDCL,) reveals singlet signal of aldehyde proton (1H) at chemical shift 10.1

ppm and singlet signal of two protons of 4,5-carbazole moiety at chemical shift 8.25 ppm (2H).
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The synthetic scheme and the expanded 'H-NMR in aromatic region of compound 55 are shown in

Scheme 4.1 and Figure 4.4, respectively.

FE =R
PA(PPh,),, THF/H,O, reflux

55, 69%

Scheme 4.1 Synthesis of aldehyde intermediate 55.

Figure 4.4 H'-NMR of aldehyde intermediate 55.

The introduction of (pyran-4-ylidine)malononitrile moiety was proceed under
Knoevenagel reaction between the corresponding aldehyde (55) and 2,6-dimethylpyrane-4-
ylidenemalononitrile using piperdine as base in chloroform at reflux to give malononitrile product
(56) in poor yield. Although we have tried to improve the reaction yield by increasing the mole
percent of 2,6-dimethylpyrane-4-ylidenemalononitrile, the low amount of desired product was still
obtained. Due to the introduction of accepter malononitrile moiety in the molecules, the yellowish-

orange product was obtained.
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NC__CN

|
O A O.O O CHO IoI
O Piperidine, CHCL,, refluxﬁ
55

Scheme 4.2 Synthesis of malononitrile intermediate 56.

56, 39%

The chemical structure of malononitrile intermediate (56) was also confirmed by
'H-NMR and IR spectra. IR spectrum of aldehyde 55 shows the vibration of C=N stretching of
malononitrile moiety at wavenumber 2210 cm”, C=0 stretching of aldehyde at 1652 cm ' and C=C
stretching of aromatic compound at 1563 cm'l, whereas 'H-NMR spectrum measured in CDCl3 as
solvent reveals singlet signal of two protons of carbazole moiety and three methyl protons of

methyl group in malononitrile at chemical shift 2.44 ppm as singlet.

,JL j | WNJJJ\MW‘J\W’k

T T T T T T T T T T T T T T T T T T
85 8.0 7.5 10 65 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.8 1.0 0.5 ppm

Figure 4.5 H'-NMR of malononitrile intermediate 56.
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Next step the thiophenyl substituted (pyrane-4-ylidene)malononitrile (57) was
also prepared by Knoevenagel reaction. The reaction of 5-bromothiophene-2-carbaldehyde and
corresponding methyl malononitrle (56) under piperidine condition gave compound 57 in good
yield. Although the NMR and IR characteristic of reactant (56) and product (57) are similarly
because of their similar chromophore, the disappearance of methyl proton of malononitrile moiety
can confirm the success of this reaction.

To extend the conjugation length, another thiophene unit was introduced through
Suzuki coupling reaction between compound 57 and S-formylthiopheneboronic acid under
Pd(PPh,), catalyst condition as depicted in scheme 4.3. The reddish-orange solid was obtained.
The successful introduction of aldehyde functional group was confirmed by IR peak of C=0O
stretching of aldehyde at 1658 cm’ and H' NMR signal of aldehyde (singlet, 1H) at chemical shift
9.85 ppm.

NC__CN S,

! OHC\@,Br

R0 Piperidine, CHCI,, reflux

57, 73%

S
0Hc\<_7,|3(0H)2
\ /

O N 0.0 | PA(PPh,),, THF/H,0

Scheme 4.3 Synthesis of compound 57 and 58.
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Figure 4.6 H'-NMR of malononitrile intermediate 58.

Final target dyes CFPA and CFPC were -prepared by Knoevanegel reaction
between corresponding aldehyde 58 and malonic acid or cyanoacetic acid in piperidine condition.
The reaction yielded 60% and 72% for CFPA and CFPC, respectively as shown in scheme 4.4.
The products were achieyed as dark red solid which are good sign for absorption spectra in near IR
region. Both dyes can dissolve in common organic solvents such as dichloromethane, chloroform

and THF. This good solubility may be due to the two hexyl groups in fluorene.

HOOC._.COOH or NC._ COOH
-

piperidine, CHCL,, refmx

CHO
58 : CFPA, X = H, 60%

CFPC, X=CN, 72%

Scheme 4.4 Synthesis of CFPA and CFPC dyes.
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The structure of CFPA and CFPC were confirmed by 'H-NMR and IR spectra.
They show similar vibrational mode of O-H stretching at 3394 and 3421 cm-l, C=N stretching at
wavenumber 2210 and 2201 cm", C=0 stretching of carboxylic acid at 1637 cm' and C=C
stretching of aromatic compound at 1547 and 1537 em'. 'H-NMR spectrum of both dyes
measured in CDCI; show singlet signal of two protons of carbazole (position 4 and 5) molety,
while the rest of aromatic protons (including protons in both anchoring groups) overlap with each
other that make it difficult to identify. However the mass spectrum of CFPA and CFPC are used

to confirm the structure of the dyes.

T
906 25

Figure 4.7 H'-NMR of CFPA.
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Figure 4.8 H'-NMR of CFPC.

4.3.2 Optical Properties

The absorption spectra of CFPA and CFPC dyes measured in dichloromefhane
solution and adsorbed on TiO, thin film and emission spectra measured in dichloromethane
solution are shown in Figure 4.9, 4.10 and 4.11 and the corresponding data are summarized in
Table 4.1. In solution, two dyes show similar absorption feature which show two absorption bands
(x and y) around 290-350 nm corresponds to 7T-7T* transition and strong absorption bands around
400-550 nm (z) corresponds to Intramolecular Charge transfer Transition (ICT) of donor-accepter
dyes. The bathochromic shifted (red shifted) absorption spectra were observed in CFPC dye
which can ascribe as the stronger electron withdrawing ability of cyanoacrylic acid moiety in
CFPC than acrylic acid moiety in CFPA [110]. This red-shifted can be found in the report of
malonic acid anchoring group comparing to cyanoacrylic acid as well {104 and 111]. From
absorption spectra of dyes in dichloromethane solution, the energy gab of all dyes can be
calculated from Kom from formula Eg = 1240/7Lonset and the calculated data are shown in Table
4.1. The molar extinction coefficient (€) of ICT bands CFPA and CFPC dyes are 47,341 and

60,911 M 'cm' which are the highest value in this thesis. The promising £ value may probably be
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due to the fluorene moiety in donor part as expectation. This may indicate a better ability of light
harvesting of the CFP dyes compared to those of TPA and DPA dyes without fluorine moiety (€

range between 20,000 — 35,000 M 'cm ™).
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Figure 4.9 Absorption spectra of CFPA and CFPC dyes collected in CH,Cl,.

The absorption maxima of CFP dyes adsorbed on TiO, film are illustrated in

Figure 4.10. Comparing to their absorption spectra in solution, the dyes adsorbed onto surface of
. TiO, film exhibit broader and little hypsochromic shift or blue shift in absorption spectra ( 11 and
18 nm for CFPA and CFPC, respectively), which indicate strong interactions between dyes and
semiconductor surface. The blue shift in absorption were also observed in TPA and DPA dyes
reported in previous chapter and a blue shift absorption of the dyes bonded to TiO, film can be

observed in general type of acrylic anchoring group [21, 74, 87].

0 ——CFPA

ool ---- CFPC
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Figure 4.10 Absorption spectra of CFPA and CFPC adsorbed on TiO, film.
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The photoluminescent spectra of CFP dyes measured in CH,CI, solution are
depicted in Figure 4.11. Among two dyes, CFPC exhibit little red shift in emission (2 nm)
compared to CFPA due to the strong electron withdrawing anchoring group of CFPC. Moreover

CFPA and CFPC show stroke shift at 173 and 164 nm

5 104 .. ——CFPA
s K ---- CFPC
2 0.84 ‘
£ .
2 .
2 o6 ,
£ - \
. v
h=]
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E 02y \
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Wavelength (nm)

Figure 4.11 Photoluminescent spectra of CFPA and CFPC measured in CH,Cl, solution.

Table 4.1 Optical data of CFP dyes.

A" ;mm (EMem™) A A ™ g

onset max g
compound  solution  Adsorbed on (nm)" (nm)’ (eV)’
TiO,’
CFPA 297 (41,434) 444 574 628 2.16

353 (40,595)
455 (47,341)
CFPC 297 (44,869) 448 579 630 2.14
351 (39,657)
466 (60,911)

* measured in dichloromethane solution at room temperature,
b . .
measured dyes adsorbed on TiO, thin film.

“ estimated from the onset of absorption (E, =1240/A,

onset) N
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4.3.3 Electrochemical properties

To evaluate the possibility of electron transfer from the excited dye to conductive
band of TiO,, the electrochemical properties were measured by cyclic voltametry in CH,CI,
solution at room temperature using 0.1 M tetrabutylammonium hexafluorophosphate as a
supporting electrolyte as shown in Figure 4.12 and the electrochemical characteristics of CFPA
and CFPC are summarized in Table 4.2. CFPA and CFPC exhibit irreversible oxidation process.
The oxidation onset of CFPA and CFPC appeared nearly the same position at 1.03 and 1.04 V
due to the same molecular structure. This first oxidation potential is attributed to the oxidations of
Nitrogen atom of tert-butylcarbazole, whereas the rest oxidation waves indicated the removal of
electrons from the backbone. The reduction processes of these dyes are not observed. The
difference anchoring group has less influence to the oxidation potential. Comparing to TPA and
DPA dyes, CFPA and CFPC exhibit higher oxidation potential (onomt of TPA and DPA dyes
range around 0.66-0.88 V). This is probably due to the stronger electron withdrawing ability of
(pyrane-4—ylidine)malononitrile moiety in the spacer, which delocalizes electron density from

donor toward accepter segment and makes it less prone to oxidation [104].

20

——CFPA
---- CFPC
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Fugure 4.12 Cyclic voltamogram of CFPA and CFPC.

The lowest unoccupied molecular orbital (LUMO) of CFPA and CFPC were
estimated by the value of ononset and E, whereas the highest occupied molecular orbital (HOMO)
levels were obtained from }\,onset of absorption spectra. The examined HOMO and LUMO levels
are listed in Table 4.2. To get an efficient electron injection, LUMO of the dye has to be

sufficiently more negative than conduction band edge of TiO, (-4.4 eV), and the HOMO has to be
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more positive than redox potential of lodide/triiodide (-4.8 eV). As results in Table 4.2, The
HOMO of the dyes are very proximal and the LUMO levels are not noticeably different. However
the estimated LUMO of DFPA and CFPC are lined below conduction band of TiO, and HOMO of

the dyes are lined negatively than redox couple potentials which indicate the enough driving force

for electron injection and regeneration process.

Table 4.2 Electrochemical property and energy level of CFP dyes.

Dyes E” . (V) HOMO (eV)’ LUMO (eV)*

CFPA 1.03 -5.47 -3.31
CFPC 1.04 -5.48 -3.34

* measured using glassy carbon electrode as a working electrode, a platinum rod as a counter

electrode, and Ag/Ag+ as a reference electrode in CH,CI, solution containing 0.1 M n-Bu,NPF as

supporting electrolyte.

* calculated using the empirical equation: HOMO = -(4.44 + E* )

onset

" calculated from LUMO = HOMO + E,,

E (eV)
A
-3.31 -3.34
I
-4.4
: -4.
- 2.16 2.14 _8
Ti0» I-!|3-
.
-5.47 -5.48
CFPA CFPC

Figure 4.13 The energy diagram of CFP dyes.
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4.3.4 Quantum chemical calculation

In the investigation of donor-accepter systems, the molecular structure of the
ICT states is an important point of discussion. Herein, theoretical calculations were performed to
study the ground-state structures of CFP dyes calculated by B3LYP/6-31G(d.p) level of theory
implemented in Gaussian 09 program. The dihedral angle between carbazole and fluorene of
CFPA and CFPC were calculated to be -54.03 degree and -54.72 degree, respectively indicate
that N-linked carbazole and fluorine are twist out of plane which is the uniform of the carbazole
component [112, 113]. The T-A dihedral angle are calculated to be -0.18 degree and -0.01 degree
allowed the electron delocatization into the whole molecules. Moreover the cyanoacrylic acid
group was found to be located in co-planar with the thiophene ring. From the calculated results
indicate that the linker and acceptor moieties are fully conjugated as demonstrated by the co-

planarity of the linker and acceptor groups.

b 4 “ ? : » . “2é P 7@
,d a‘of 2,7 ,:‘o, i 2.7,
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4 L 2] v d 4 979 4 L4 JT?
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‘J“‘JPYJ “‘ “4“‘ Py;"a
‘P‘t“‘“.“‘, ‘,T1 ‘P‘f“‘“.“““lT‘l
El ,9,%., B2 el Le,9, B2
o? 2eq o? Yq
CFPA CFPC
Figure 4.14 Optimized structure of CFPA and CFPC.
Table 4.3 The selected bond distances and dihedral angles of CFPA and CFPC by
B3LYP/6-31G(d.p).
Dyes C-F F-P P-E1l El-Py Py-E2 E2-T1 T1-T2 T2-A

Dihedral( @) -54.03 34.67 -0.62 293 279 -0.79 1.90 -0.18
CFPA
Distance (r) 1.42 1.48 1.46 1.44 1.45 143 1.43 1.44

Dihedral(@) -54.72 3490 -1.46 -2.50 2.14 032 0.72 -0.01
CFPC
Distance (r) 1.42 1.48 1.46 1.44 1.45 1.44 1.43 1.43
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Note: C is Carbazole, F is Fluorene, P is phenyl, E is ethene, Py is pyran, T is thiophene, A is
accepter.

To gain insight into the geometrical electronic structures of the dyes, molecular
orbital and density of state were performed by using B3LYP/6-31G(d,p) level of theory. The
frontier molecular orbitals of the CFPA and CFPC dyes are shown in Figure 4.15. The HOMO
are localized over the carbazole and fluorene unit with percentage decomposition of 80 and 49%
respectively, while the LUMO are localized in pyran unit, thiophene and accepter. At ground state,
the electron in carbazole and fluorene does not distribute distinctively to phenyl ring (P) due to the
large twist angle between fluorene and phenyl. This may reduce electron transport process from
donor to accepter which low the efficiency of the dyes. The electron density distribution of LUMO
state for CFPA at accepter moiety (12%) are less than in CFPC (25%). This can be attributed to
the less electron withdrawing ability of acrylic acid than that of cyanoacrylic acid which indicate
the possibility of electron injection from accepter to conduction band edge of TiO, of CFPC.
However the electron distribution in accepter unit of CFP dyes are quite less than in DPA dyes
which show percentage composition in accepter between 38-47%. This is probably due to the

strong electron withdrawing ability of pyrane unit.
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Figure 4.15 Frontier molecular orbital of CFPA and CFPC calculated by B3LYP/6-31G(d,p).
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Table 4.4 Summarized energy and characteristic of Frontier Orbitals of CFP dyes calculated by

B3LYP/6-31G(d.p).

Molecular Percentage composition

Dyes

orbital C F-P Py T A

LUMO 2 44 43 12
CFPA

HOMO 80 19 1 0 0

LUMO 0 0 28 47 25
CFPC

HOMO 80 19 1 0 0

Note: C is Carbazole, F is Fluorene, P is phenyl, Py is pyran, T is thiophene, A is accepter

4.3.5 Thermal Properties

The

thermal

degradation of CFPA

and CFPC were

studied by

thermogravimetric analysis under nitrogen atmospheric condition. TGA thermograms of the dyes

are displayed in Figure 4.16 and T, are listed in Table 4.5. The dyes exhibit 5% weight loss at 286

and 302 °C suggested that the dyes were thermally stable materials with temperature over 286 °C

which is good for long term stability of DCCCs devices.
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Figure 4.16 TGA thermograms of CFPA and CFPC.
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3.3.5 Cell performance

Typical DSCs devices with effective area of 0.25 cm’ were fabricated using
CFPA and CFPC as sensitizer. Nanocrystalline anatase TiO, coated on FTO substrate were use as
working electrode whereas pt layer were employed as counter electrode. The mixture of L, (0.1 M),
Lil (0.1 M) and t-butyl-pyridine (0.5 M) in acetonitrile solution was used as an electrolyte system.
The photovoltaic parameters under a solar condition (AM 1.5) are summarized in Table 4.6. -V
curves of the dyes are shown in figure 1 and plots of Incident Photon-to-current conversion
efficiency (IPCE) at various wavelengths are given in figure 2. The IPEC spectra of the CFPA and
CFPC are broad cover whole UV regions that almost reach 650 nm implied by their absbrption
spectra. But the maximum IPEC of CFP dyes are much lower than that of N719 reference dyes and
lower than TPA and DPA dyes. The maximum IPCE values of CFP dyes are 31% and 34% for
CFPA and CFPC, respectively. This low photo to current conversion of this series is probably due
to the low electron density distributed at accepter as described ‘in theoretical study by quantum
calculation. Although the electron withdrawing moiety ((pyralne-4-ylidine)malononitrile) expand
the absorption spectra into the red region, it take a role of decreasing the electron delocalization

between donor and accepter. This may decrease the IPCE value of the dyes.

804
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Figure 4.17 IPCE spectra of CFP dyes and N719.

The current density-voltage (J-¥) curves of the DSSCs based on CFPA and
CFPC under simulated AM1.5G irradiation (100 mW cm’) are displayed in Figure 4.18, where
short-circuit photocurrent (J.), open-circuit photovoltage V), fill factor (FF), and power

conversion efficiency (7’]) can be determined. The DSSC based on CFPC produces #] of 1.35%
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(J,=3.68 mA cm'z, V.. =055V, FF = 0.67) which are higher than its analog CFPA that produces
1 of 0.82% (J, = 2.63 mA cm_z, V. =0.55V, FF=0.57). The low over all conversion efficiency
of the dyes are relative to their low IPCE values. However CFPC shows better cell performance
than CFPA due to its good photophysical, electrochemical properties and its IPCE value indicated

that the cyanoacrylic acid is the better anchoring group than acrylic acid accepter.
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Figure 4.18 I-V characteristic of CFPA and CFPC.

Table 4.6 Performance parameter of DSSCs constructed using CFPA and CFPC as sensitizer'.

Dye J,. V. FF n

(mA/cm’) V) (%)

CFPA 2.63 0.55 0.57 0.82
CFPC 3.68 0.55 0.67 1.35
N719 12.04 0.70 0.70 5.90

“experiments were conducted in identical condition using TiO, photonode with approximately 11

Mm thickness and 0.25 cm’ working area on the FTO (8 Q/A) substrate.
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3.4 Conclusion

A series of organic chromophores with the structure of donor-Tt-accepter-T-accepter
(D-T-A-Tt-A) have been synthesized and characterized in order to approve optical and
electrochemical properties as well as the DSSCs performance. The carbazole-fluorene take a role
as electron donor, phenylene, bisthiophene and (pyrane-4-ylidine)malononitrile functionalized as
Tl—conjugated bridge which has accepter property, and the two anchoring group, cyanoacetic acid
and acrylic acid, were incorporated. The absorption spectra of the dyes exhibit broad and red shift
due to the introduction of accepter moiety ((pyrane-4-ylidine)malononitrile) into the spacer which
help to extend the spectra cover the red region. The HOMO and LUMO levels of the dyes are
lined positively than iodide/triiodide potential and conduction band edge of TiO, which are driving
force for electron regeneration and electron injection process. The optimized structure of the dyes
at ground state and the calculated electron distribution between donor and accepter ind_icated the
possibility of charge separation in excited dyes. Although the dyes exhibit the low in IPCE value,
the dye CFPC show the overall conversion efficiency (7) of 1.35% (J,, = 3.68 mA cm”, V.=
0.55 V, FF = 0.67) which are higher than its analog CFPA. This result ensures that the

cyanoacrylic acid is better anchoring group than acrylic acid group.




CHAPTER 5
SYNTHESIS AND CHARACTERIZATION OF CARBAZOLE DONOR

DIACCEPTER (A-D-A) DYES FOR DYE-SENSITIZED SOLAR CELLS

5.1 Introduction

There are numerous dyes with common structural compositions; an electron donor
with a high absorption band in the visible range, T-bridgee or Tt-spacer and an electron acceptor
(most notably cyanoacrylic acid), which facilitate vectorial charge transfers upon light absorption
as well as assist the dye to anchor on the TiO, surface has been reported to enhance the charge
carrier mobilities with effective intramolecular charge transfers [114]. However, researches on
DSSCs have led to a greater understanding of the key dye characteristics like, possessing high
molar extinction coefficients [115, 116], low band gaps and capable of absorbing the entire solar
spectrum that make dyes to achieve high power conversion efficiencies [117]. Most importantly,
‘the structural configurations of dyes that containing multiple electron acceptors followed by
anchoring groups can generate photoinduced intramolecular charge transfer (ICT), which can
provide efficient electron injection to the TiO, conduction band [118]. Therefore in this chapter, it
is involved the investigation of low band gap dye sensitizer with the strucuture of Donor-
Diaccepter or Accepter-Donor-Accepter (A-D-A) for enhancement charge separation in excited
dye and for improvement the photo harvesting ability.

There are few works that have reported the multiple anchoring group (cyanoacrylic
acid) with various domor such as fluorene, carbazole, dithieno{3,2-b:2°,3’]pyrole and
triphenylamine[119, 120]. The structures of A-D-A dyes sensitizer are shown in Figure 5.1. In
case of fluorene and dithieno[3,2-b:2°,3 ]pyrole dyes, the dyes with fluorene donor (59, 60) show
very strong molar extinction coefficients ranged from 9.2x10° — 11.1x10° M'cm” at their
correspondent absorption maxima which are higher than those of 61 (7.46 x10' M'em') and 62
(7.90 x10* M'lcm—l) which are the dithieno[3,2-b:2°,3’]pyrole dyes. This can be attributed to the
fused pheny! rings of fluorene cores as the higher molar extinction coefficients indicate, 59 and 60

dyes earing fluorene cores have facilitated higher light harvesting efficiencies than 61 and 62
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containing dithieno[3,2-b:2",3’Jpyrole cores. The fluorene-based 60 cell exhibited the best energy
conversion efficiencies (1] 4.73%) among 4 dyes, with V. 0.61 V, Jge 12.27 mA/cmz, and FF
0.59. As described above, due to the largest molar extinction coefficient, 60 dye has the highest
light harvesting efficiency and consequently promoted 60 to have the best photovoltaic
performance among four dyes [119].

In case of carbazole donor, 3,6-carbazole and 2,7-carbazole moiety have been
investigated. Two sets of symmetrical A-D-A organic sensitizers (Fig.5.1) with electron donating
carbazole cores functionalized at two different positions (3,6- and 2,7-substituted) and linked
through 7T-conjugated thiophene bridges (to broaden the absorption range of the dyes) to two
electron-accepting cyanoacrylic acid units acting as terminal anchoring groups. The UV spectra
reveals that 2,7-substituted carbazole exhibited red-shifted absorption comparing to 3,6-substituted
carbazole. Furthermore, substitution of the alkyl side chains in the thiophene moieties, led to
intramolecular ring twisting, thereby inducing larger band gap energies and associated blue shifts
in the UV-Vis spectra. Although the 2,7-substituted exhibit the promising optical properties,
compound 62 with 3,6-disubstituted carbazole exhibit the best efficiency (7] 4.82%) with Voc 0.61
V, Jg. 12.66 mA/em’, and FF 0.62 [120].

CN NC

HoOC S O O S WY s s. W\,
Z s HOOC COCH
cn L . N/ ; COOH So W\ /s,
2.3 NC N

2-3 CgHyy” ~CeHia X
CgH17” "CgHyr

59 (n =2) and 60 (n = 3)

61 (n=1)and 62 (n = 2)

NC
HOOC
X, \ /S\ \S O O s 1\ //~CO0OH
N\ 1-2 /) N \ J 81_2

— A
A =Hor CgHys Gt Gty &

3,6-disubstitued carbazole 2,7-disubstitued carbazole

63,n=1,A=H,64,n=2 65,n=1,66,n=2

Figure 5.1 Structure of example A-D-A dyes.
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5.2 Target dyes and Aims

From the introduction above, we have designed a series of Accepter-Donor-Accepter
(A-D-A) dyes with 3,6-disubsittuted carbazole donor and symmetric and asymmetric -
conjugated thiophene linker. The aims of this chapter are:

5.2.1 To synthesize symmetric and asymmetric A-D-A dyes containing carbazole
moiety as electron donor, oligothiophene as TT-conjugated bridge and dicyanoacrylic acid group as
double electron accepter.

5.2.2 To investigate the Tt-conjugated bridge system; symmetric and asymmetric arms
to the absorption spectra and also the molar extinction coefficient.

5.2.3 To investigate the DSSCs performance of the synthesized dye-based devices.

CB01,n=0,m=1
CB11,n=1,m=1
CB12,n=1,m=2

CB22,n=2,m=2

Figure 5.2 Structure of target A-D-A dyes (CB01-CB22).

5.3 Results and discussion

5.3.1 Synthesis
The carbazole donor diaccepter (or A-D-A) dyes (CB01-CB22) were synthesized
by stepwise synthetic protocol illustrated in scheme 5.3.1. 3,6-dibromo-N-(2-ethylhexyl)carbazole
(67) was used as starting material. The preparation of (67) was described in previous report [121].
The strategy that was used to prepare the difference moiety of thiophene was shown in Scheme 5.1
and 5.2. The Suzuki coupling reaction between 3,6-dibromo-N-(2-ethylhexyl)carbazole (67) and 2-
thiopheneboronic acid was performed as the same condition in previous chapter including

Tetrakis(triphenylphosphine)Palladium(0) as catalyst, sodium carbonate as base in THF/H,0
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(scheme 5.1). The condition control to obtained mono and di-substituted thiophene unit in one step
was using 1.5 equivalent of 2-thiopheneboronic acid. This step provided mono- and di-substituted
carbazole in over all yield of 91% (23% for mono-substituted carbazole (68) and 68% for di-
substituted carbazole (69)). The mono and di-thiophene substituted carbazole were further
brominated using NBS in THF at room temperature to give brominated adduct (70) and (71) in

excellent yield.

S SN z SN
Br. B @/B(OH)Z ar _ S / R
O . O
NK,:[ Pd(PPh.),, THF/H.O, reflux ng: qu:
67
68, 23% 69, 68%
NBS, THF, rt - _
Br NBS, THF, rt

SN
Br. B —
OO 7 S
N _

70, 88%
. 71,76%

Scheme 5.1 Synthesis of bromothiphene intermediate (70 and 71)

The structures of compounds were confirmed by NMR and IR spectra. For
example, the H'-NMR in CDCI, of compound 68 show singlet signal at chemical shift 8.25 ppm of
two protons at position 4 and 5 in carbazole moiety (Figure 5.3), doublet signal at 7.75 ppm (1H, J
= 8.4 Hz) and 6.59 ppm (1H, J = 8.7 Hz) are assigned to H' of thiophene ring and H’ of carbazole
moiety, respectively. The rest of aromatic protons are overlap with each other which is difficult to
identify. Moreover aliphatic protons of 2-ehtylhexyl side chains (proton d) were observed at
chemical shift 3.93 (2H, d, J = 6.7 Hz) indicate that this alkyl group connected to N-position of
carbazole moiety. The IR spectrum of compound 68 reveals C=C stretching of aromatic ring at
1625 and 1598 cm . C-H stretching of aromatic compound at 3092 cm’ and C-H stretching of

aliphatic side chain at 2956, 2921, 2855 cm
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Figure 5.3 Hl-NMR spectrum of compound 68.

H'-NMR and IR spectra of thiophene intermediate compound 69, 70 and 71 are
quite similar due to their similar backbone and functional group. In compound 70 proton H® was

replaced by Bromine atom led to the disappearance of H® signal at 7.75 ppm as shown in Figure

54.
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Figure 5.4 H'-NMR spectrum of compound 70.
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To elongate the thiophene unit in linked arms, re-step of Suzuki coupling of aryl
halide intermediate dibromothiophene (71) and 2-thiophene boronic acid was proceed under the
same condition as shown in scheme 5.2. The mole ratio between boronic compound/aryl halide
still be 1.5 to gave mono- and di-substituted bis-thiophene in 27 and 45% yield, respectively
followed by NBS bromination to give brominated adduct in good yield. The structure elucidation
of bisthiophene intermediate are also based on the interpretation of IR and NMR spectra and the

spectral data of each compound are listed in chapter 8.

B(OH)2
/ S
O O d(PPh,),, THF/H,O, reﬂux

OO

N

\(‘: 72,27% 73, 45%

NBS, THF,

Br NS
{_S
o
74, 79%

Scheme 5.2 Synthetic route of bisthiophene intermediate 74 and 75.

To introduce the aldehyde functional group, Suzuki coupling reaction between
corresponding aryl halide intermediate (70, 71, 74 and 75) and 4-formylphenylboronic acid was
performed under similar condition as describe in previous. Although many reports review that the
cyanoacrylic acid should connect directly onto the thiophene unit to reduce dihedral angle between
the conjugated bridge and cyanoacrylic acid group, we chose 4-formylphenyl moiety instead of 5-
formylthiophene due to the more stable of 4-formylphenylboronic acid than 2-
formylthiopheneboronic acid. We have tried to introduce 2-thiophenecarboxaldehyde to the

molecules but the reaction yield was very unpleasant (2-5%). The major product was only mono-
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substitited formylthiophene. It is probably due to the unstable of 5-formylthiopheneboronic acid its
self. The reaction yield for this step are 93, 82, 74 and 82% for aldehyde 76 to 79, respectively.
The aldehyde functional groups in the molecules were confirmed by IR and NMR spectra which
show C=0 stretching of aldehyde between 1686-1694 cm’' and singlet signal of aldehyde proton at
10.00-10.08 ppm, clearly confirmed that the aldehyde moiety was successfully introduced to the
molecules.

Finally the four target dyes was obtained by Knoevanegel reaction between the
corresponding aldehyde (76 - 79) and cyanoacetic acid using piperidine as base in chloroform at
reflux condition. The dyes were obtained as red-orange to dark red. The more thiophene units were
introduced, the more dark color was gained. Unfortunately the dyes do not show good solubility in
common organic solvent such as dichloromethane and chloroform. Tt can be dissolved little in
DMF and THF. This poor solubility of the dyes can be consideration as the planar structure of the
carbazole core inducing the dye aggregation led to the difficult isolation of the dye product by

chromatographic method. Therefore the yield of this step is rather small.

OHC CHO

70, 71, o»-lc—<—;>—|3(ow)2

74,75 Pd(PPh,),, THF/H,0, r;ﬁux

NC._.COOH

—

Piperidine, CHCI,, reflux

76,n=0,m=1,93% CBO0t,n=0,m=1,19%
T.n=1m=182% CB11,n=1,m=1,23%
8.n=1m=274% CB12,n=1,m=217%
79,n=2,m=2,82% CB22,n=2,m=2, 18%

Scheme 5.3 Synthesis of diaccepter dyes CB01-CB22.
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Figure 5.7 Expanded H'-NMR spectrum of compound CB22.

5.3.2 Optical Properties 7

The UV-visible absorption spectra of dyes in DMF solutions are displayed in
Figure 5.8 (A) and (B), respectively, and their corresponding data are listed in Table 5.1. Owing to
their similar structure, all the CB dyes exhibit similar absorption pattern located in the range of
260-500 nm which distinguish into two dominant peaks. The ﬁfst one located at 280 nm was
assigned as TT-TU* transition band, whereas the second one (the stronger one) that ranges around
390-420 nm can be attribute to the ICT band of donor-accepter molecule.

As expected, CB22 with the longest symmetric conjugated system exhibits
more red shift absorption (}\,max 423 nm, ICT band) comparing to the shortest symmetric CB11
dyes. Whereas an asymmetric dye (CB01) exhibits the most blue shift (396 nm) due to the less -
conjugation length. Comparing to the other dyes in this thesis (Chapter 2, 3 and 4), the carbazole
dyes exhibit the most blue shift in absorption spectra. The absorption maxima (ICT band) of TPA
(chapter 2), DPA (chapter 3) and CFP (chapter 4) dyes range between 450 — 470 nm, whereas }\,max
of ICT band of CB dyes range around 390 — 420 nm. It can be consider as most of CB dyes have
less chromophore (one carbazole donor) than other series which have double donor. Another
possible reason that can describe the blue shift spectra of CB series is that the absorption spectra
were collected in polar solvent (DMF). The effect of solvent polarity on ICT band of donor-

accepter compound was clearly investigated in chapter 3. The € value of CB11 and CB21 are
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noticeably higher than that of CBO1 and CB02. This is clearly the effect of more conjugated

length of thiophene chromophore in CB11 and CB22.
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Figure 5.8 Absorption spectra of CB01-CB22 (A) € plot; (B) Normalized intensity plot.

The absorption spectra of CB dyes adsorbed on TiO, thin film are displayed in
Figure 5.9(A). The absorption spectra adsorbed on TiO, film are broader than the spectrum in
DMF (Figure 5.8). It is suggested that the broadening of the absorption spectrum is due to an
interaction between the dyes and TiO, led to the dyes aggregation because of the planarity of
carbazole cores [120, 122]. It has been also observed that when the dyes are adsorbed onto the
TiO, surface the absorption sbectrurn of the dyes becomes broad and blue shift [123]. Although
the broader absorptions of the dyes on the Ti0, films are favorable for light harvesting, their
absorption maxima were shifted to shorter wavelengths. We attribute these blue shifts to the
formation of H-type aggregates or deprotonation of the carboxylic acid units [74, 124], indicating
that the carboxylic acid moieties are stronger electron acceptors compared with the carboxylate-
titanium units. Similar phenomena have been observed for several other organic dyes [125-127].

The photoluminescence spectra of CB dyes are depicted in Figure 5.9(B).
Compared to their absorption spectra in DMF solution (Figure 5.8), PL spectra exhibit red shift

with the stroke shift value between 113-120 nm.
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Figure 5.9 Absorption spectra of CB dyes adsorbed on TiO, film (A), and PL spectra (B)

measured in DMF.

Table 5.1 Optical properties data of CB01-CB22 dyes.

Dyes Kabsom \ Kabsmx € at Amax AT A Stroke
(solution)  (solution)  (solution)  (solution) (on TiO,)  shift
(nm)’ (nm)’ (Mem’)’ (nm)™* (nm)° (nm)
CBo01 456 396 24,669 515 396 119
CB11 466 405 21,230 522 416 117
CB12 486 413 » 25,723 533 433 120
CB22 492 423 27,870 536 450 113

* measured in dimethylformamide (DMF) solution at 25 °C
® excited at maximum absorption in solution

“ measured dyes adsorbed on TiO, thin film

5.3.3 Electrochemical properties
Cyclic voltamogram of carbazole dyes measured in dimethylformamide solution
are illustrated in Figure 5.10 and the electrochemical data, HOMO and LUMO levels are
summarized in Table 5.2. Owing to the presence of central electron donating moieties (carbazole
donor core), CB dyes exhibit dominant irreversible oxidation peaks at higher voltage and the
smaller on at lower voltage, whereas the reduction process of the dyes are not observed. The dyes

with more thiophene unit exhibit lower oxidation onset indicate easier losing electron due to the




92

increasing electron density in the backbone. The oxidation onset of CB01, CB11, CB12 and CB22
are 0.78, 0.70 and 0.64, respectively indicated that increasing in conjugation length of the dyes
shifted the oxidation potential in a negative direction. The HOMO levels of the dyes were in the
range -5.39 to -5.25 eV with respect to I/1, redox couple (-4.8 eV), thus the low energy levels of
dyes ensured negative Gibb’s energies and thus provided enough driving forces for the charge
regenerations [128]. The deduced LUMO levels were in the range of ca. -2.67 to -2.73 eV, which
are higher than the conduction band edge (-4.4 eV), thus indicating that the electron injection

process is energetically favorable [129].

Current (uA)

06 08 10 12 14 16
Potential vs Ag/Ag” (V)

Fugure 5.10 Cyclic voltamogram of CB dyes in dry DMF.

Table 5.2 Electrochemical data and energy level of carbazole diaccepter dyes.

Dyes E", . (V) E, (eV)’ HOMO (eV)’ LUMO (eV)’
DBO1 0.95 2.72 -5.39 -2.67
DBI11 0.93 2.66 -5.37 -2.71
DBI12 0.83 2.55 -5.27 2.72
DB22 0.81 2.52 -5.25 -2.73

*measured using glassy carbon electrode as a working electrode, a platinum rod as a counter electrode,
and Ag/Ag+ as a reference electrode in dimethylformamide solution containing 0.1 M n-Bu/NPF as
supporting electrolyte

* estimated from the onset of absorption (Eg =1240/7\,‘msc')

¢ calculated using the empirical equation: HOMO = -(4.44 + E™
? calculated from LUMO = HOMO + E,

OHSCt)




Figure 5.11 The energy diagram of CB dyes.
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The thermal decomposition of CB dyes was studied by thermogravimetric analysis

under nitrogen atmospheric condition. TGA thermograms of the dyes are displayed in F igure 5.12

and T, are listed in Table 5.3. The dyes exhibit 5% weight loss between 160 and 244 °C. The low

thermal properties are parallel to its small molecular weight.
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Figure 5.12 TGA thermograms of CB dyes.

5.3.4 Cell performance

800

Dyes
CBo01
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CB22

T,, CC)
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The photovoltaic properties of DSSCs containing CB dyes were measured under

simulated AM 1.5 irradiation condition (100 mW/cmz), where TiO, photoelectrodes with

approximately a thickness of 12 mm and a working area of 0.25 cm’ were utilized. The incident

photon-to-current conversion efficiency (IPCE) and photocurrentevoltage (J-¥) curves of DSSCs
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based on CB dyes and N719 refference dyes are shown in Figure 5.13 (A) and (B), respectively,
and the details of photovoltaic parameters, such as the open-circuit photovoltage (V,,.), short-
circuit photocurrent density (JSC), fill factor (FF), and solar-to-electrical €nergy conversion

efficiency ( 1)) are listed in 5.4.
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Figure 5.13 IPCE spectra (A) and I-¥ curves (B) of DSSCs based on CB dyes as sensitizer.

Table 5.4 Performance parameter of DSSCs constructed using CB dyes as sensitizer'.

Dye g, V. FF n

(mA/ecm’) \%) (%)
CB01 9.54 0.72 0.69 4.70
CB11 8.67 0.68 0.73 4.29
CB12 7.26 0.61 0.73 3.21
CB22 5.35 0.56 0.74 2.23
N719 12.04 0.70 0.70 5.90

“experiments were conducted in identical condition using TiO, photonode with approximately 11

Hm thickness and 0.25 cm’ working area on the FTO (8 Q/A) substrate.

Due to the large molar extinction coefficient and red shift in absorption spectra,
the cell based on CB22 sensitizer should show the better IPCE spectra among four dyes, but the
results show that the IPCE value of CB22 exhibits the lowest in maximum IPCE value of 22%,

whereas CB01 based device show the highest IPCE performance at 64%. This is because of the
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low solubility of the dye when more thiophene units are introduced. Base on the fact that
bisthiophene moiety provide planar structure, incorporating with planarity of 3,6-disubstituted
carbazole, the dyes CB12 and CB22 are less soluble which cause a problem in the cell fabrication
process. Therefore the best overall conversion efficiency comes from CBO01 based cell with H of
4.70 % (J, = 9.54 mA cm'z, V.=0.72 V, FF = 0.69) which is equivalent to 79% compared to

N719 reference cell.

5.4 Conclusion

We have synthesized a series of organic sensitizers with functionalized 3,6-carbazole
(donor) connected to two anchoring cyanoacrylic acid (acceptor) termini via symmetrical and
asymmetrical conducting thiophene linkers. In this A-D-A configuration, the dyes show the optical
properties influenced from the number of thiophene unit as observed in previous study in chapter 2
and 3. The absorption and emission spectra are more red shift when the number of thiophené ring
are increasing. The dye CB22 containing symmetric bisthiophene as spacer show the best optical
characteristic. The HOMO and LUMO levels of four dyes indicate the driving force for electron
injection and regeneratioﬁ process. From optical and electrochemical characteristic of CB dyes
indicate the good sign for using CB dyes as sensitizer in DSSCs. Unfortunately, the DSSCs from
CB dyes based device exhibit the cell performance during 7] 2.23-4.7%. The best performance

comes from CBO1 based cell with 4.70 % (J,.=9.54 mA cm'z, V,.=0.72V, FF = 0.69).




CHAPTER 6
SYNTHESIS AND CHARACTERIZATION OF D-A-D EMITTING
MATERIALS FOR ORGANIC LIGHT EMITTING DIODES

6.1 Introduction

Although the first generation organic light emitting diodes (OLEDs) displays has now
been produced in consumer electronics such as digital cameras and mobile phones, it is still
interesting to be investigated to develop more efficient and stable phosphorescent materials to
simplify or improve device performance and stability. The device performance of OLEDs depends
on the charge balance of the injected holes and electrons as well as the exciton confinement in a
device [130]. As n-conjugated emissive materials often exhibit better hole injection and transport
than electrons, the charge balance of an OLED device is often optimized by sequential deposition
of functional layers to differentially perform the charge injection, charge transport, and light
emission [131]. Multifunctional emissive materials with a dipolar character, which transport holes
and electrons more or less equally, may be used to simplify the fabrication and structure of a
multilayer device [132].

Many Donor-Accepter (D-A) molecules have been employed as emitters in OLEDs,
but the nature of the emissive states has not always been established or clear, neither are the
factors governing the EL efficiency and thus the choice of the D and A moieties [133-135].
Systematic studies of the effects of factors such as the electron-donating strength of the donor
moiety, the electron-accepting strength of the acceptor moiety, and the molecular geometry on the
EL of D-A molecules have been lacking but are essential for a rational molecular design of next-
generation emissive materials for OLEDs [136]. The emission from such D-A molecules, in
principle, can originate from intramolecular charge-transfer (ICT) excited states formed by
reaction between the donor radical cations and the ceeptor radical anions [137]. Thus, a choice of
the D and A units could facilitate simultaneous manipulation of the highest occupied molecular
orbital/lowest unoccupied molecular orbital (HOMO/LUMO) levels and the emission color of the

D—-A molecule [138].
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Donor-Accepter-Donor (D-A-D) type organic emissive materials have been largely
unexplored in field of OLED application even though this is typical structure for two-photon
absorbing dyes. Depending on the electronic nature of the central aryl donor moiety, this type of
materials will emit light cover visible spectrum by tuning the conjugation length and type of
central aryl core. There are few reports that investigated the D-A-D OLED materials based on
thiophene, benzothiadiazole, benzoazadiazole and fluorenone. The charge transfer from donor to
accepter of this OLED type provide the materials in low band gap and tuning color to red region.

Benzothiadiazole (BTD) core with arylamine donor based on D-A-D type were
reported as red emitting materials by Shuntaro Mataka and co-workers [139]. The examples of
BTD emitters are given in Figure 6.1. The photon absorbing and the fluorescent quantum yield of
this. materials were investigated and found that the BTD derivatives exhibit orange to red
photoluminescent and the length and the planarity of the p-conjugated spacers between the
benzothiadiazole unit and the amino groups play an important role in increasing the two-photon

absorption activity.
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Figure 6.1 Example of red emitting materials based on BTD central core.
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A series of D-A-D bis-dipolar emissive oligoarylfluorenes, bearing an electron
affinitive core, 9,9-dibutylfluorene as conjugated bridges, and diphenylamino as end-caps were
reported by Ye Tao and co-workers [140]. The materials modified by the use of various electron
affinitive central aryl cores that included dibenzothiophene, phenylene, oligothiophenes, 2,1,3-
benzothiadiazole, 4,7-dithien-2-yl1-2,1,3-benzothiadiazole, thiophene  §,5¢-dioxide, and
dibenzothiopheneS,S¢-dioxide exhibit the full UV-vis spectrum cover from 412 to 656 nm. Most
of materials can form morphologically stable amorphous thinfilms (7} g ) 88-127 °C with a high
decomposition temperature, T, > 450 °C. The multilayer OLEDs based on these emitters exhibit
good to excellent device performance with emission colors spanning the full UV-vis spectrum.
The emitter bearing oligothiophene core based devices exhibit a maximum luminance of 5000-

12500 cd m”~ and luminous efficiency up to 3.6-4.0 cd Al
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Figure 6.2 Example of full color emitting materials based on A-D-A structure.

6.2 Target molecules and aims

Based on literatures review above, we have interested in the emitting materials with
the basic structure of Donor-Accepter-Donor type. We have designed the molecules with
carbazole-triphenylamine as donor moiety due to the non-planar structure of TPA and the thermal
stability of carbazole moiety as well as the electron donating ability of both arylamine derivatives.
For the accepter core, we varied the selected core to form the full color emitting materials from

blue (phenyl, fluorine), green (oligothiophene) to red (benzothiadiazole) and expected that the
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large electron donor moiety will display the importance role for improving the OLEDs
performance of D-A-D type emitting materials.
Therefore, the aims of this chapter are:
6.2.1 To synthesize D-A-D type emitting materials with carbazole-triphenylamine as
donor and Fluorene, oligothiophene and benzothiadiazole as accepter core as shown in Figure 6.3.
6.2.2 To investigate the optical and electrochemical properties of the materials: how
the electron affinity core effect the absorption, emission, the molar extinction coefficient as well as
the HOMO-LUMO levels of the materials

6.2.3 To investigate the OLEDs performance based on the emitter from target

molecules.
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Figure 6.3 Structure of taget D-A-D emitting materials.
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6.3 Results and discussion

6.3.1 Synthesis
The synthesis of D-A-D emitting materials were proceed by double coupling
reaction including double Suzuki coupling of halide of arylamine donor compound 26, 29, 30 and
94 with the corresponding boronic acid; 9,9-dipropylfluorene-2,7-bis(boronic acid pinacol ester)
(95), 2,5-thiophenediboronic acid (96) and 2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinacol
ester) (97), or Stille homo coupling of two arylamine. The structure of corresponding halide donor

and boronic acid derivatives are given in Figure 6.4 and the synthetic scheme are illustrated in

.

Q
Y

scheme 6.1-6.2.

O

4

94
0, O
\)i :ﬁ e s M jo‘e Q B‘o:é
B B, i
\ OH
CsH7 CsHy Ho U N‘S'N
96 97

Figure 6.4 Structure of starting materials.
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The synthesis of DND, DT2D and DT4D were performed using Stille coupling
reaction between halide donor 26, 29 and 30 under Pd(PPh3)4 and hexabutyldistananne condition,

gave DND, DT2D and DT4D in 11, 39 and 39% respectively.
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Scheme 6.1 Synthesis of DND, DT2D and DT4D by Stille coupling reaction.
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The synthesis of DFD and DT1D were performed using Suzuki coupling reaction
between halide donor 26 and corresponding boronic acid; 9,9-dipropylfluorene-2,7-bis(boronic
acid pinacol ester) (95) for DFD, and 2,5-thiophenediboronic acid (96) for DT1D under Pd(PPh,),

» 2M Na,CO, in THF, gave DFD and DT1D in 37 and 15% respectively.
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Scheme 6.2 Synthesis of DFD and DT1D by Suzuki coupling reaction.
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The synthesis of DBD, DTBTD and DPBPD were performed using Suzuki
coupling reaction between halide donor 26, 27 and 94 with 2,1,3-Benzothiadiazole-4,7-bis(boronic

acid pinacol ester) (97 under Pd(PPh,), and 2M Na,CO, in THF, gave DBD, DTBTD and DPBPD
in 49, 36 and 38% respectively.
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Scheme 6.3 Synthesis of DBD, DPBPD and DTBTD by Suzuki coupling reaction.
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All products were obtained as solid and can be dissolved very well in common
organic solvent such as dichloromethane and chloroform due to the steric non-planar structure of
donor TPA moiety, except DTBTD and DPBPD that have less solubility than other because of
their planar benzothiadiazole core, led to the aggregation in solid state. DND and DFD were
obtained as white solid, DT1D and DT2D were obtained as greenish-yellow, while DT4D was
orange solid. The BTD core series were achieved as orange to dark red solid. The color becomes

darker when the conjugation in the accepter core is extended.

The chemical structures of products were identified by NMR and IR techniques.
Because of similar functional groups, IR spectra of D-A-D compounds show very similar features
composed of C=C stretching around 1600 cm ', C-C stretching at 1450 cm’, and C-H stretching of
aliphatic and aromatic. H'-NMR spectra of the compounds exhibit dominaﬁt singlet signal at
chemical shift 8.10-8.25 ppm collected in CDCI, represent 8 protons of carbazole at position 4 and
5 and very strong singlet signal at chemical shift 1.5 ppm represent 72 protons of 24 methyl
groups in carbazole moiety, whereas the peaks appeared overlapped each other at 7.0-7.5 ppm
were the proton of aromatic segment in the whole molecules. Figure 6.5, 6.6 and 6.5 displayed the
selected H'-NMR spectra of DND, DT2D and DBD represent the H'-NMR spectra of compound
without core, oligothiophene core and benzothiadiazole core, respectively and the spectroscopic

data are given in chapter 8.
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6.3.2 Optical Properties

The absorption spectra in solution of all D-A-D emitting materials were collected
in dichloromethane and thin film prepared by spin coating of the emitting materials on glass
substrate. The spectra of compound in solution and thin film are displayed in Figure 6.9 and 6.10,
and the corresponding data are listed in Table 6.1. The D-A-D compounds can be divided into
three groups based on the aryl core type which are: group 1 (G1) composed of DND and DFD,
group 2 (G2) refer to the thiophene compounds which are DT1D, DT2D and DT4D, and group 3
refer to the benzothiadiazole core (DBD, DPBPD and DTBTD). Absorption spectra of G1 exhibit
two distinguish peaks located at 295 and 350 nm. The spectra of G2 and G3 show three dominant
peaks. The first two peaks located at 295, 350 nm, and the third band range between 400-600 nm.
The first two peaks are assigned to TT-7U* transition of aromatic compounds, whereas the third
band are assigned to ICT band of donor-accepter compounds. The molar extinction coefficient of
the band at 350 nm (70,000-100,000 M"'cm) are rather higher than the € of ICT band (20,000-
70,000 M'lcm'l). For GI, the incorporation of Fluorene core just affects only the absorption
wavelength shifted a bit into red region (24 nm), but does not affects to the molar absorptity (€
99,854 M'cm” for DND and 101,360 M'cm' for DFD). Based on our knowledge, the
introduction of fluorene moiety into the molecuies will increase the molar absorptivity [104-107].
For G2, the increasing of thiophene unit, as expected, shifts the absorption of ICT band into lower
energy (396, 418 and 450 nm for DT1D, DT2D and DT3D) and also increases the molar
absorptivity (44,160, 54,895 and 70,616 M'em" for DTI1D, DT2D and DT3D). This result is
related to their observed color. For G3, DTBTD exhibit the most red shift in absorption due to the
longer in conjugation system. Comparing to DPBPD, DTBTD exhibits more red shift than
DPBPD because of the more planarity of thiophene than phenyl ring, which has repulsion between
two H at adjacent ring [141].

The absorption spectra of D-A-D compounds measured in thin film are displayed
in Figure 6.10. Among thin film, the compounds are exhibit red shift in absorption when the
conjugation in the molecules is increasing as observed in solution. The absorption in film exhibits
broad and little red shift compared to its spectra in solution [142]. This is probably due to the

aggregation in solid state of the compounds.
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Figure 6.9 UV-visible spectra of DAD emitting materials in CH,CL,.
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The fluorescence spectra of D-A-D series measured in dilute dichloromethane
solution (A) and in thin film (B) excited at 350 nm are shown in Figure 6.11. The compounds
exhibit red shift in emission as increased the electron affinity of the aryl core and extended the
conjugation length of the molecules. All compounds in G1 and G2 series were strongly fluorescent
in solution with color-tuning from deep blue to bright orange as the number of thiophene units
increased, whereas G3 with BTD core exhibit lesser fluorescent. We also investigated the effect of
excitation wavelength to emission spectra and found that the excitation at absorption maxima of
ICT band reduced the fluorescence intensity, while excitation at absorption of donor (350 nm)
exhibit better in fluorescence. This indicate that the energy can transfer from donor to accepter in
D-A-D molecules.

From fluorescence spectra both in solution and thin film, the spectra of all
compounds can span cover the UV-visible region from blue to red due to the extension of

. conjugation length and the incorporation of electron affinity core provided the full color emitting

materials from one series.
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Figure 6.11 Photoluminescent spectra of DAD emitting materials in CH,CL, (A), and thin film

(B) excited at 350 nm.




Table 6.1 Photophysical data of D-A-D emitting materials.
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abs

€

}"m,abs (ﬂm)(S/M-ICm-I) }\:onm }»mxem (nm)° Strokes shift E,
solution” solid” (nm)’ Solution"  Solid" (nm)d (eV)
DND 349 (99,854) 348 396 422 426 73 3.13
DFD 346 348 414 443 433 70 2.99
(101,369)
373 (85,524)
DTID 339 (56,125) 348,403 447 465 488 69 2.77
396 (44,160)
DT2D  337(61,110) 347,421 481 494 517 76 2.58
418 (54, 895)
DT4D  334(74,537) 348,456 521 529 545 79 2.39
450 (70,616)
DPBPD  334(93,595) 349,444 489 513 528 91 2.53
422 (25,407)
DBD 331 (93;002) 350,467 534 600 599 138 2.32
| 462 (20,993)
DTBTD 348 (93,496) 348,537 613 636 647 108. 2.02
528 (43,096)

* measured in dichloromethane solution at 25 oC.

® measured in thin film spin coated on glass substrate.

© excited at 350 nm .

TN of ICT band.

® estimated from the onset of absorption (E, =1240/\

onset)'
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6.3.3 Electrochemical properties
To probe the redox properties of these D-A-D series, cyclic voltammetry
performed in a three-electrode cell setup with 0.1 M Bu,NPF, as a supporting electrolyte in
CH,CI, was carried out. The Cyclic voltamogram of all compounds are shown in Figure 6.11 and
the results are tabulated in Table 6.2 and 6.3. All compounds exhibit reversible oxidation wave

with E,  in the range 0f 0.66-1.67 V and E__, of 0.31-0.42 V, G1 (DND and DFD) and G3 (BTD)

onset
series exhibit three dominant oxidation peaks, corresponding to three arylamine (two carbazole
and one triphenylamine) on both side of donor groups, where as G2 (thiophene core) series exhibit

four or more (DT4D) oxidation peaks. This more oxidation process may come from the loss of

electron in aryl core.
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Fugure 6.12 Cyclic voltamograms of D-A-D emitter in dry CH,Cl,.

The conjugation length and the strength of electron affinity core significantly
affect the oxidation potentials of compounds. For example the emitting materials with BTD core

exhibit highest oxidation potential among 3 groups. The first oxidation potential of BTD core
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range between 0.8 V, while the orther series are between 0.6-0.7 V. This higher in oxidation
potential of BTD series are attribute to the electron withdrawing ability of benzothiadiazole core.
In general, the stronger the electronic withdrawing strength, which holds electrons more strongly,
the higher the (first/second) oxidation potential is. On the other hand, the longer the conjugated
aryl core, which can better stabilize the radical cation(s), the lower the oxidation potential is.

Therefore, DT4D exhibit lower oxidation potential than DT2D and DT1D.

Table 6.2 Electrochemical properties and energy level of D-A-D emitting materials.

a

Compound E™__ (V)" HOMO (eV)’ LUMO (eV)'

DND 0.69 -5.13 -2.00
DFD 0.73 -5.17 -2.18
DTID 067 -5.11 -2.34
DT2D 0.66 -5.10 -2.52
DT4D 0.63 -5.07 -2.68
DPBPD 0.76 ‘ -5.20 -2.67
DBD 0.76 -5.20 -2.88
DTBTD 0.72 -5.16 -3.14

* measured using glassy carbon electrode as a working electrode, a platinum rod as a counter
electrode, and Ag/Ag+ as a reference electrode in dimethylformamide solution containing 0.1 M n-
Bu,NPF as supporting electrolyte

® calculated using the empirical equation: HOMO = -(4.44 + E™ )

onset

¢ calculated from LUMO = HOMO + E,

The LUMO determined by the difference of HOMO and optical energy gap was
tabulated in Table 6.2. The electron withdrawing nature of the aryl central core and the
conjugation length affect the HOMO and LUMO levels as ;vell as the energy gap. Consistently,
the stronger the electron withdrawing strength, the more stabilized is the LUMO (-2.67 to -3.14
eV). These results further support that the LUMO, HOMO, and energy gap of these D-A-D series

can easily be modified or tuned by the use of various central aryl cores.
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Table 6.3 The half-wave oxidation potential of multi-oxidation process.

Compound Emm onzm E“Sm Eo“m Eusm E'M]/z

V) V) \Y) V) (V) V)
DND 0.75 0.88 111 1.47 - -
DFD 0.81 111 1.37 1.67 - -
DT1D 0.74 0.82 1.16 1.40 - -
DT2D 0.75 1.13 1.32 1.61 - -

DT4D 0.66 6.79 0.96 1.13 1.24 1.50
DPBPD 0.83 1.13 1.45 1.75 - -
DBD 0.83 1.13 1.48 - - -
DTBTD 0.80 1.12 1.33 1.53 - -

During double scan of the oxidation process of D-A-D emitting materials, there is
no new oxidation wave (Figure 6.13). This indicates the electrochemical reaction is not taken
place, due to radical at C-3 and C-6 position of periperyl carbazole. This can contribute to a tert-
butyl substituent and C-3 and C-6 position of carbazole provided more steric hindred. From these
results, the carbazole radical cation cannot occur oxidative coupling at the surface of glassy
electrode. This result indicates that radical cation for this molecule is stable to an oxidative
coupling.

6.3.4 Thermal Properties

For OLED applications, thermal stability of organic materials is crucial for
device stability and lifetime. The degradation of organic electroluminescent devices depends on
morphological change resulting from the thermal instability of the amorphous organic layer.
The phase-transition properties of D-A-D emitting materilas were determinedd by differential
scanning calorimetry (DSC) in nitrogen atmosphere at heating rate of 10 °C/min, the results are
shown in Figure 6.14. DSC measurements show that all D-A-D compounds are amorphous.
The crystallization behavior does not observe in this series. This can be attributed to the bulky
donor group which suppressed the flexibility of compound. Glass transition state of this D-A-D

compound range bwtween 220-250 "Cwhich indicate the good thermal property of this series.
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It has been reported that the life time of OLEDs is directly related to the T, values and thermal

stability [143].
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Figure 6.13 Multi-scan cyclic voltamograms of DFD and DBD in dry CH,CL,.
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Table 6.4 Thermal properties of D-A-D compounds.

Compound DND DFD DTID DT2D DT4D DPBPD DBD DTBTD

T,(C) 223 234 24 - 247 243 243 255
T, (°C) - - - 324 372 363 343 368
T,(C) 227 252 228 239 23] 278 229 339

6.4 Conclusion
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A series of organic light-emitting materials with Donor-Accepter-Donor type were

successfully synthesized and characterized. The key step to successfully synthesize the compounds

is convergent approach using double Suzuki coupling and Stille coupling reaction. The compounds

show absorption and emission cover from blue to red region, which shown that the absorption,

emission, and electrochemical properties are significantly affected by the electronic nature of the

electron affinitive central core, provided an effective tool to tune/modify these functional

properties leading to success in the full color emission tuning. Most of compound show high

thermal stabilities with a decomposition temperature of T,, > 250 °C and form morphologically

stable amorphous thin films (Tg ) 220-250 °C. From photophysical and electrochemical data show

that this type of emitting materials can be used as efficient emitting materials for OLEDs

application.




CHAPTER 7

SUMMARY

In this work, we have successfully synthesized and characterized five series of DSSCs
sensitizer and OLEDs materials for optoelectronic devices including: starburst TPA dyes, DPA
dyes, (pyrane-4-ylidine)malononitrile dyes, single donor double accepter dyes as well as full color
emissive materials based on donor-accepter-donor type. The combination of Knoevanegel
reaction, Suzuki coupling reaction, Ullmann coupling reaction, bromination and alkylation were
used to prepare intermediate and target molecules. The structure elucidation of all compounds was
based on spectroscopic methods including NMR, IR and MS techniques. UV-visible and
fluorescence spectrometry and cyclic voltammetry were used to character‘ize the optical and
electrochemical propefties and thermal properties were studied by DSC and TGA. The quantum
calculation was used to estimate the optimized structure and the possibility of electron distribution
for further understanding what’s going on inside the molecules. A series of novel starburst 2D-D-
T-A carbazole-triarylamine-based organic dye (TPA1-TPA3) and D-D-T-A (DPAl-bPA3)
exhibit the promising photophysical, electrochemical and thermal properties related to the donor
and TC-spacer type. The optical characteristic of the dyes can be tuned by the number of thiophene
unit in the bridge, and also donor type. The more number of thiophene unit, the more red shift in
absorption spectra. The more in conjugation length, the smaller in oxidation potential. The large
side of donor moiety of the dyes resulting in less dyes aggregation which affective the efficiency
in good way, but provide less dye uptakes onto the surface of mesoporous metal oxide resulting in
lower efficiency. Therefore the efficient DSSCs device could come from the optimized all
parameter in DSSCs. For CFP dyes, the two exhibit good characteristic of optical and electrical
data, which are broad absorption spectra, high molar extinction coefficient, suitable HOMO-
LUMO level for good light harvesting ability and electron injection/regeneration process.
Moreover the dyes also show good thermal stability. Unfortunately the DSSCs based devices
exhibit rather small overall conversion efficiency compared to the first two series (TPA and DPA

dyes). This may consider as due to the incorporation of the accepter into T-spacer, the electron
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cannot distribute to accepter as much as it could be. Additionally a large side of the molecules may
reduce the dye uptake onto TiO, film.

The one donor-double accepter (A-D-A) dyes based on carbazole moiety were
investigated. The optical and electrochemical properties of the dyes were also tuned by increasing
the number of thiophene unit as observed in TPA and DPA dyes. The bisthiophene arms exhibits
more red shift than monothiophene and symmetric thiophene exhibits more red shift than
asymmetric dyes due to the elongation of conjugation. Due to the planar structure of the carbazole
core, it causes the dyes aggregation which decrease the power conversion efficiency of A-D-A
dyes.

Among four series of the dyes sensitizer, DPA dyes exhibit best characteristic in
optical and'-electrochemical properties such as most red shift in absorption and lowest in oxidation
potentials which indicate the efficient light harvesting ability and charge separation process. DPA

dye with three thiophene units (DPA3) shows most red shift absorption spectra (A 472 nm) and

lowest energy gab (2.05 eV) related to the best overall power conversion efficiency (7]) of 5.12 %
(a short-circuit photocurrent density (J_) of 10.89 mA cm_z, open-circuit voltage (¥, ) of 0.70 V,
and fill factor (FF) of 0.67) which almost reach to 90% compared to N3 reference dyes.

Finally, the full color emissivé materials based on donor-accepter-donor type were also
investigated. The absorption, emission, and electrochemical properties are significantly affected
by the electronic nature of the electron affinitive central core, provided an effective tool to
tune/modify these functional properties leading to success in the full color emission tuning. The
emissive materials show good thermal stabilities with high value of T and T, up to 250 °C. From

photophysical and electrochemical data show that this type of emitting materials can be used as

efficient full color emitting materials for OLEDs.




CHAPTER 8

EXPERIMENT

8.1 General procedures and instruments

'"H-NMR spectra were recorded on Britker AVANCE (300 MHz) spectrometer. e
NMR spectra were recorded on Briker AVANCE (75 MHz) spectrometer and were fully
decoupled. Chemical shifts (3) are reported relative to the residual solvent peak in part per million
(ppm). Coupling constants (J) are given in Hertz (Hz). Multiplicities are quoted as singlet (s),
broad (br), doublet (d), triplet (t), quartet (q), AABB' quartet system (AABB’), AB quartet (ABq)
and multiplet (m).

The IR spectra were recorded on a Perkin-Elmer FT-IR spectroscopy as KBr disks or -
neat liquid between two NaCl plates. The absorption peaks are quoted in wavenumber (em”). UV-
visible spectra were measured in spectrometric grade dichloromethane on a Perkin-Elmer UV
Lambda 25 spectrometer. The absorption peaks are reported as in wavelength (nm) (log €
/dmgmol'lcm'l) and sh refers to shoulder. Fluorescence spectra were recorded as a dilute solution
in spectroscopic grade dichloromethane on a Perkin-Elmer LS 50B Luminescence Spectrometer.

UV-Visible and fluoreacence spectra were recored on Perkin-Elmer UV-Visible
spectrophotometer LAMDA 35 and fluorescence spectrophotometer LS-45. The absorption and
emission in solution were measured in distilled dicloromethane and dimethylformamide. The
absorbtion and emission in thin film were measured compounds coated on glass substrate by spin
coating technique. The dyes adsorbed on TiO, films were prepared by dipping dyes solution on
TiO, substrate for 24 h and then rinced to removed the unadsorbed dyes, and dried over air flow
for 24 h.

Dichloromethane was distilled from calcium hydride. Tetrahydrofuran (THF) was
heated at reflux under nitrogen over sodium wire and benzophenone until the solution became
blue and was freshly distilled before use.

Analytical thin-layer chromatography (TLC) was performed with Merck aluminium

plates coated with silica gel 60 F254. Column chromatography was carried out using gravity feed
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chromatography with Merck silica gel mesh, 60 A. Where solvent mixtures are used, the portions
are given by volume.

The electrochemistry was performed using a AUTOLAB spectrometer. All
Mmeasurements were made at room temperature on sample dissolved in freshly distilled
dichloromethane, 0.1 M tetra-n-butylammonium hexafluorophosphate as electrolyte. The solutions
were degassed by ubbling with nitrogen. Dichloromethane was washed with concentrated sulfuric
acid and distilled from calcium hydride. A glassy carbon working electrode, platinum wire counter
electrode, and a Ag/AgCl/NaCl (Sat.) reference electrode were used. The ferrocenium/ferrocene
couple was used 74 as standard, and the ferrocene was purified by recrystallization from ethanol
and then dried under high vacuum and stored over PO,

Differential scanning calorimetric (DSC) analysis was performed on a METTLER
DSC823e thermal analyzer using a heating rate of 10 °C/min and a cooling rate of 50 °C/min under
a nitrogen flow. Samples were scanned from 25 to 250 °C and then rapidly cooled to 25 °C and
scanned for the second time at the same heating rate to 350 °C.

Thermal gravimetric analysis (TGA) was performed on a TG8120 thermoPlus, Rigaku,
Japan thermal analyzer. Samples were scanned from 25 °C to 700 °C using a heating rate of 10
°C/min and a cooling rate of 70 °C/min under a nitrogen flow.

Melting points was measured by BIBBY Stuart Scientific melting point apparatus
SMP3 in open capillary method and are uncorrected and reported in degree Celsius.

The dyes adsorption kinetic were measured dyes adsorded on TiO, films by study the
UV-visible absorption spectra and adsorbed time of the dyes in dichloromethane solution. The
cuvettes were sealed to prevent solvent leaking. The adsorbed area was 0.25x0.25 cm’.

DSSCs fabrication: Fluorine-doped SnO, conducting glasses (8 €2 /sq TCO30-8,
Solaronix) were used for transparent conducting electrodes. The double nanostructure thick film (1
Im thickness) consisting of a transparent (Ti-Nanoxide 20T/SP, Solaronix) and a scattering (Ti-
Nanoxide R/SP, Solaronix) TiO, layers were screen-printed on TiCl, treated FTO. Prior to dye
sensitization, the TiO, electrode with cell geometry of 0.5 x 0.5 cm’ were treated with an aqueous
solution of 4 x10”° M TiCl, at 70°C in a water saturation atmosphere, heated to 450°C for 30 min
and then cooled to 80°C. The TiO, electrodes were immersed in the dye solution (3 x10™* M N3 in

ethanol, and 5 x10™ M organic dyes in CH,CL,) in the dark at room temperature for 24 hours to
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stain the dye onto the TiO, surfaces. The dye-adsorbed TiO, photoanode and Pt counter electrode
were assembled into a sealed cell by heating a gasket Meltonix 1170-25 film (25 Wm thickness,
Solaronix) as a spacer between the electrodes. An electrolyte solution of 0.6 M Lil, 0.03 M I,0.1
M guanidinium thiocyanate, and 0.5 M tert-butylpyridine in 15/85 (v/v) mixture of benzonitrile
and acetonitrile was filled through the predrilled hole by a vacuum back filling method. For each
dye, six devices were fabricated and measured for consistency and the averaged cell data was
reported. The reference cells with the same device configuration based on N3 dye, as the
sensitizer, were also fabricated for comparison. The measured current density-voltage data were
averaged from forward and backward scans with a bias step and a delay time of 10 mV and 40 ms,
respectively. Incident photon to electron conversion efficiency (IPCE) of the device under short-
circuit condition were performed by mean of an Oriel 150W Xe lamp fitted with a CornerstoneTM
130 1/8 m monochromator as a monochromatic light source, a Newport 818-UV silicon
photodiode as power density calibration and a Keithley 6485 picoammeter. All measurements
were performed using a black plastic mask with an aperture area of 0.180 cm’ and no mismatch

correction for the efficiency conversion data.

8.2 Synthesis

MN-bis(4-(3,6-di-tert—butylcarbazol—N-yl)phenyl)-4-iodoaniline (26)

To a 100 ml round bottom flask, tris(4-iodophenyl)amine ( 3.0 g, 4.8 mmol), 3,6-di-
tert-butylcarbazole (2.7 g, 9.6 mmol), Cul (0.9 g, 4.8 mmol), K,PO, (3.3 g, 24.1 mmol), and

(¥)trans-1,2-diaminocyclohexane (0.6 ml, 4.8 mmol) in 60 ml of toluene were added. The
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resulting mixture was degassed for 5 min and then refluxed under N, atmosphere for 24 h. After
cooling, the solid residue was filtered out. The filtrate was washed with water (200 ml x 2) and
brine (200 ml), dried over anhydrous sodium sulphate and evaporated to dryness. The pure
compound was obtained by silica gel column chromatography using DCM/Hexane (1:9) as eluent.
Yield: 1.9 g (48%). Light gray solid. m.p. > 250 oC, FT-IR (KBr, cmAl): 3042, 2955, 1507, 1483,
810. 'H NMR (CDCl,): 8.37 (4H, s), 7.80 (2H, d, T = 7.2 Hz), 7.50-7.68 (16H, m), 7.20 (2H, d, J =
7.2 Hz), 1.68 (s, 36H). "C NMR (CDCL): 147.2, 145.9, 145.6, 142.6, 139.4, 133.3, 130.9, 128.7,

127.8, 126.8, 125.3, 124.5, 123.6, 123.3, 122.7, 116.3, 110.8, 109.2, 34.8, 32.0. HRMS m/z:
926.3902 [M+H]

N,N-bis(4-(3,6-di—tert—butylcarbazol-N-yl)phenyl)-4-(thiophen-2-yl)aniline Q7

s
9

saclisgs

Toa 100 ml round bottom flask, 26 (2.0 g, 1.9 mmol), 2-thiopheneboronic acid (0.27
g, 1.9 mmol), Pd(PPh,), (0.05 g, 0.04 mmol), 2 M Na,CO, aqueous (16 ml) and 40 ml of THF
were placed. The resulting mixture was degassed for 5 min and then refluxed under N, atmosphere
for 24 h. After cooling, DCM (100 ml) was added and the organic layer was washed with water
(100 ml x 2) and brine (100 ml), dried over anhydrous sodium sulphate and evaporated to dryness.
The pure compound was obtained by silica gel column chromatography using DCM/Hexane (1:9)
as eluent. Yield: 1.3 g (72%). Colorless solid. m.p. > 250 OC, FT-IR (KBr, cm'l): 3041, 2958,
1507, 1473, 809. 'H NMR (CDCL): 8.11 (4H, d, T = 5.4 Hz), 7.59 (2H, s), 7.24-7.48 (19H, m),
7.05 (1H, s), 1.68 (s, 36H). “C NMR (CDCl,): 146.6, 145.9, 143.6, 142.7, 139.1, 132.7, 129.5,
128.5, 127.7, 121.1, 125.2, 124.9, 123.8, 123.1, 116.5, 109.5, 34.8, 32.2 HRMS m/z: 882.4819
[M+H]
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4-(5-bromothiophen-2-yl)-N,N-bis(4-(3,6-di-tert—butylcarbazol-N-

yDphenyl)aniline (29)

N-Bromosuccinamide (0.35 g, 2.0 mmol) was added in small portions to a solution of
27 (1.7 g, 1.9 mmol) in THF (30 ml). The mixture was stirred at room temperature under N, for 1
h. Water (30 ml) and DCM (100 ml) were added. The organic phase was separated, washed with
water (100 ml x 2), brine solution (100 ml), dried over anhydrous Na,SO,, filtered, and the solvent
was removed to dryness. Purification by silica gel column chromatography eluting with
DCM/Hexane (1:9) gave brominated product. Yield: 1.5 g (91%). Colorless solid. m.p. > 250 °C,
FT-IR (KBr, em"): 3041, 2959, 1507, 1473, 809. 'H NMR (CDCL): 8.15 (4H, d, J = 1.2 Hz),
7.26-7.52 (21H, m), 7.03 (1H, s), 1.68 (s, 36H). "C NMR (CDCL,): 147.3, 145.7, 142.9, 139.3,
138.5, 133.4, 127.7, 126.2, 125.2, 123.6, 123.3, 116.3, 109.2, 86.3, 34.7, 32.0 HRMS m/z:
961.3908 [M+H]

4-([2,2'-bithiophen]-S-yl)-N,N-bis(4-(3,6-di-tert—butylcarbazol-N-yl)phenyl)aniline
(28)

Compound 28 was prepared from 29 with a method similarly to that described above

for 27 and obtained as yellowish green solid. Yield: 1.8 g (63%). Light yellow green solid. m.p. >
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250 oC, FT-IR (KBr, cm_l): 3041, 2953, 1507, 1472, 808. 'H NMR (CDCL,): 8.16 (4H, s), 7.04-
7.62 (24H, m), 1.68 (s, 36H). °C NMR (CDCL,): 146.7, 145.9, 142.8, 139.4, 133.2,129.2, 127.8,

127.7, 126.7,125.1, 124.6, 124.6, 124.6, 124.2,123.9, 123.3, 123.2, 116.2, 109.2, 34.8, 320
HRMS m/z: 964.4637 [M+H]

4-(5'-bro mo-[2,2'-bithiophen]-5-yl)-N,N-bis(4-(3,6-di-tert-b utylcarbazol- V-
yDphenyDaniline (30)

30 was prepared from 28 with a method similarly to that described above for 29.
Yield: 1.3 g (87%). Light yellow green solid. m.p. > 250 °C, FT-IR (KBr, cm ): 3041, 2959, 1507,
1473, 808. 'H NMR (CDCL): 8.16 (4H, s), 7.26-7.60 (20H, m), 7.18 (1H, d. J = 3.6 Hz), 7.09 (1H,
d,J=3.9 Hz), 6.98 (1H, d, ] = 3.6 Hz), 6.94 (1H, d, J = 3.9 Hz), 1.68 (5, 36H). °C NMR (CDCL):
147.0, 145.8, 143.3, 142.8, 139.3, 139.0, 135.0, 133.2, 130.6, 127.7, 126.8, 125.2, 124.9, 124.4,
123.5,123.3,123.1, 116.2, 109.2, 34.7, 32.0 HRMS m/z: 1044.3773 [M-+H]

5-(4-(bis(4-(3,6-di—tert-butylcarbazol-N-yl)phenyl)amino)phenyl)thiophene—Z-

Q S._CHO
T
<

carbaldehyde (31)

O

b

Cl

5
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To a 100 ml round bottom flask, 26 (1.5 g, 1.8 mmol), 5-formyl-2-thiopheneboronic
acid (0.15 g, 1.1 mmol), Pd(PPh,), (0.02 g, 0.01 mmol), 2 M Na,CO, aqueous solution (12 ml) and
25 ml of THF were placed. The resulting mixture was refluxed under N, atmosphere for 24 h.
After cooling, DCM (100 ml) was added and the organic layer was washed with water (100 ml x
2) and brine (100 ml), dried over anhydrous sodium sulphate and evaporated to dryness. The pure
compound was obtained by silica gel column chromatography using DCM/Hexane (1:5) as eluent.
Yield: 0.75 g (75%). Light yellow solid. m.p. > 250 °C, FT-IR (KBr, cm’): 3042, 2958, 1670,
1599, 1507, 1446, 808. 'H NMR (CDCI ):9.89 (1H, s), 8.17 (4H,s), 7.74 (1H, d, ] = 3.9 Hz), 7.66
(2H,d,J = 8.4 Hz), 7.42- 756(17H m), 7.37 (1H, d,J = 3.8 Hz), 7.30 (2H, d, ] = 8.1 Hz), 1.68 (s,
36H). Pc NMR (CDC]) 182.5, 154.1, 148.7, 145. 4, 142.9, 141.7, 139.3, 137. 5, 133.9, 127.8,
127.6, 127.3, 125.8, 123.6, 123.4, 123 .4, 123.2, 116.2, 109.2, 34.7, 32.0 HRMS m/z: 909.4761
[M+H]

5'-(4-(bis(4-(3,6-di—tert—butylcarbazol-N-yl)phenyl)amino)phenyl)—[2,2 -
bithiophene]-5-carbaldehyde 32)

o

Qo
@M

N

Q

32 was prepared from 29 with a method similarly to that described above for 31.
Yield: 0.64 g (70%). Yellow solid. m.p. > 250 °C, FT-IR (KBr, cm™): 3042, 2959, 1665, 1601,
1507, 1456, 808. 'H NMR (CDCI,): 9.87 (1H, 5), 8.18 (4H, d, J = 1.3 Hz), 7.67 (1H, d, J = 3.9 Hz),
7.61 (2H, d, J = 8.6 Hz), 7.25-7.55 (24H, m), 1.68 (s, 36H). “C NMR (CDC13): 182.3, 147.7,
147.2, 1459, 145.7, 142.8, 141.4, 139.3, 137.3, 134.5, 133.4, 128.2, 127.8, 127.2, 127.0, 1254,
124.1,123.8,123.5, 123.3, 116.2, 109.2, 34.7, 32.0 HRMS m/z: 991.4728 [M+H]
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5"-(4-(bis(4-(3,6-di-tert-butylcarbazol—N-yl)phenyl)amino)phenyl)-[2,2':5',2"-
terthiophene]-5-carbaldehyde (33)

of
5

Q

P

33 was prepared from 30 with a method similarly to that described above for 31.
Yield: 0.72 g (60%). Yellow solid. m.p. > 250 °C, FT-IR (KBr, cm”): 3041, 2957, 1665, 1601,
1508, 1460, 808. 'H NMR (CDCL): 9.88 (1H, s), 8.17 (4H, d, J = 1.5 Hz), 7.70 (1H, d, ] = 4.2 Hz),
7.61 (2H, d,J = 8.4 Hz), 7.23-7.55 (23H, m), 7.17 (1H, d, ] = 3.9 Hz), 1.68 (s, 36H). °C NMR
(CDCL,): 182.3,147.2, 146.8, 145.8, 144.0, 142.8, 141.6, 139.3, 139.3, 137.2, 135.0, 134.3, 133 3,

128.7, 127.7, 126.9, 125.5, 124.3 124.0, 123.5, 123.3, 116.2, 109.2, 34.7, 32.0 HRMS m/z:
1074.4470 [M+H]

(E)-3-(5-(4-(bis(4-(3,6-di-tert—butylcarbazol-N-yl)phenyl)amino)phenyl)thiophen-
2-yl)-2-cyanoacrylic acid (TPA1)

Q S\ ~COOH
') Ik

e

&

rd

A mixture of 31 (0.3 g, 0.3 mmol), cyanoacetic acid (0.038 g, 0.4 mmol) piperidine ( 2
drops) and chloroform (20 ml) was placed to 50 ml round bottom flask and refluxed under N,
atmosphere for 18 h. After cooling, the reaction was quenched with 2 ml of water and 50 ml of

DCM was added. The organic layer was washed with water (50 ml x 2) and brine (50 ml), dried
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over anhydrous Sodium sulphate, filtered and evaporated to dryness. The pure compound was
obtained by silica gel column chromatography eluting with MeOH:DCM (2:98). Yield: 0.16 g
(58%). Light orange solid. m.p. > 250 0C, FT-IR (KBr, cm ): 3422, 3042, 2958, 2211, 1582, 1508,
1473, 808. 'H NMR (DMSO): 8.28 (4H, s), 8.17 (1H, s), 7.75 3H, d, ] = 8.4 Hz), 7.61 (2H,d,J =
8.4 Hz), 7.23-7.55 (13H, m), 7.27 (2H, d, J = 8.4 Hz), 1.68 (s, 36H). °C NMR (DMSO): 164.3,
150.1, 148.0, 145.5, 142.8, 139.0, 138.0, 135.5, 133.2, 127.9, 127.8, 125.9, 124.2 124.0, 123.5,
123.3,116.8, 109.6, 34.9, 32.2 HRMS m/z: 976.717 [M+H]

(E)-3-(5 '-(4-(bis(4-(3,6-di-tert-butylcarbazol-N-yl)phenyl)amino)phenyl)-[2,2‘-
bithiophen]-5-yl)-2-cyanoacrylic acid (TPA2)

TPA2 was prepared from 32 with a method similarly to that described above for
TPAL Yield: 0.12 g (57%). Orange solid. m.p. > 250 °C, FT-IR (KBr, cm’): 3422, 3042, 2958,
2213, 1610, 1508, 1473, 809. 'H NMR (DMSO): 8.27 (4H, d, J = 1.2 Hz), 8.00 (1H, s), 7.73 (3H,
d, J = 8.4 Hz), 7.35-7.63 (20H, m), 7.26 (2H, d, J = 8.4 Hz), 1.68 (s, 36H). °C NMR (DMSO):
163.8, 147.2, 145.7, 144.1, 142.8, 1417, 139.0, 136.1, 134.7, 133.0, 128.4, 127.9, 1272 125.6,
124.7124.5,124.0, 123.1,119.6, 116.8, 109.6, 34.8, 32.2 HRMS m/z: 1059.350 [M+H]
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(E)-3-(5"-(4-(bis(4-(3,6-di-tert—butylcarbazol—N-yl)phenyl)amino)phenyl)-
[2,2‘:5',2"-terthiophen]-5-yl)-2-cyanoacrylic acid (TPA3)

COOH
DK™
s s \J con
\

N

&
5

&

TPA3 was prepared from 33 with a method similarly to that described above for
TPA1. Yield: 0.19 g (48%). Dark red solid. m.p. > 250 oC, FT-IR (KBr, cm—l): 3419, 3042, 2960,
2212, 1609, 1508, 1473, 808. '"H NMR (DMSO): 8.27 (4H, s), 8.05 (1H,s), 7.70 (2H, d, ] = 8.4
Hz), 7.64 (1H,d, T =42 Hz), 7.57 (4H,d, T = 8.4 Hz), 7.32-7.47 (16H, m), 7.25 (2H,d,T=1384
Hz), 1.68 (s, 36H). °C NMR (DMSO0): 164.5, 147.0, 145.7, 143.2, 142.8, 142.3, 141.8, 139.0,
137.7, 137.2, 135.8, 134.8, 134.5, 132.9, 128.5, 127.8, 127.1, 127.0, 126.2, 125.5, 125.3, 124.8
124.4,123.9,123.1, 118.9, 116.7, 109.5, 34.9, 32.2 HRMS m/z: 1040.50 [M+H]

bis(4-iodophenyl)amine

A mixture of diphenylamine (5.0 g, 29.5 mmol), KI (5.8 g, 35.4 mmol), KIO, (6.9 g,
32.5 mmol) in glacial acetic acid (250 ml) was heated at 70 °C for 12 h. The temperature was
cooled and DCM (200 ml) was added. The organic phase was thoroughly washed with water (200
ml x 4), 0.2 M aqueous Na,S0, (200 ml x 2) and aqueous NaHCO, (200 ml), brine solution (200
ml), dried over anhydrous Na,SO, and filtered. After solvent evaporation, the pure compound was
obtained by recrystallization from DCM/hexane mixture as light gray solids (4.2 g, 34%). m.p.
122-123 oC, FT-IR (KBr, V, em’): 3420 (N-H), 3075 (=C-H), 1585 (C=C), 1499, 1307, 815. 'H

NMR (300 MHz, CDCL,, O, ppm): 7.53 (4H, d, J = 8.7 Hz), 6.80 (4H, d, J = 8.7 Hz). °C NMR
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(75 MHz, CDC13, 6, ppm): 142.2, 138.2, 119.9, 83.2. HRMS calcd for C,HILN: m/z 420.88;
found: m/z [MH]

N-dodecyl-4-iod0~N-(4-iodophenyl)aniline (40)

I I
Q0
CizHys
A mixture of bis(4—iodophenyl)amine (6.0 g, 14.2 mmol), 4-bromododecane (4.3 ml,

17.1 mmol), NaOH (4.6 8, 113.6 mmol) in 50 m] of DMSO was stirred at room temperature for 24
h. The solid residue was filtered out. Water (50 ml) was added to filtrate and then extracted with
ethyl acetate. The organic phase was washed with water (100 ml x 2), aqueous HCI (2 M, 50 ml)
and brine (50 ml), dried over anhydrous Na2SO4, filtered and evaporated to dryness. Purification
by silica gel column chromatography using hexane as eluent gave colorless oil (7.6 g, 90%). FT-
IR (NaCl, V, cm'l): 3061 (=C-H), 2922 (-C-H), 1585, 1575 (C=0), 1486, 1361, 1245, 1006, 810.
'H NMR (300 MHz, CDCL,, O, ppm): 7.51 (4H, d, J = 8.7 Hz), 6.76 (4H, d, J = 8.7 Hz), 3.61 (2,
t,J=17.5Hz), 1.60 (2H, q,J=6.3 Hz), 1.26 (18H, m), 0.89 (BH, t,J=6.3 Hz). e NMR (75 MHz,
CDCl,, 0, ppm): 147.3, 138.2, 123.1, 52.3, 32,0, 29.7, 25.6,29.4, 273, 27.0, 22.7, 14.2. HRMS
caled for C, Hy,LN: m/z 589.07; found: m/z [MH]

4-(3,6-di-tert-butylcarbazol—N-yl)-N-dodecyl-N-(4-iod0phenyl)aniline 41)

Aseey

CizHzs

A mixture of 40 (8.9 g, 15.2 mmol), 3,6-di-terr-butylcarbazole (1.0 g, 3.8 mmol), Cul
(04g 19 mmol), K,PO, 2.0 g, 9.4 mmol), and (i)trans—l,2-diaminocyclohexane (0.2 ml, 1.9
mmol) in toluene (70 ml) was degassed with N, for 5 min and then heated at reflux under N,
atmosphere for 24 h. After coc;ling, the solid residue was filtered out and washed with DCM (50
ml). The organic filtrate was washed with water (100 ml x 2) and brine solution (100 ml), dried

over anhydrous Na,SO, and evaporated to dryness. Purification by silica gel column
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chromatography using DCM/hexane (1:9) as eluent gave light gray wax (1.3 8, 46%). FT-IR
(NaCl, V, cm’ ) 3042 (=C-H), 2956 (-C-H), 1583, 1513 (C=C), 1487, 1363, 1262, 810. HNMR
(300 MHz, CDCl,, 8, ppm): 8.13 (2H, d,J=15HZ),7.56 (2H,d,J=9.0 Hz), 7.33-7.47 (6H, m),
7.16 (2H, d, J = 8.7 Hz), 6.83 (2H, d, J = 9.0 Hz), 3.83 (2H, ), 1.60 (2H, ), 1.27 (18H, m), 0.86
(H, t,J=6.6 Hz). "C NMR (75 MHz, CDcl,, 8 ppm): 147.6, 146.3, 142.6, 139. 5,138.1,131.7,
127.7, 123.4, 123, 122.9, 122.6, 122.2,119.9, 116.1, 109.1, 83.3, 52.5,34.7,32.0, 31. 9,29.6,29.6,
29.4,29.3,27.4, 27. 0,22.6, 14.1. HRMS calcd for C s, IN,: m/z 740.36; found: m/z [MH" ]

4-(3,6—di-tert-butylcarbazol—N-yl)-N-dodecyl-N-(4—(thiophen-Z-yl)phenyl)aniline

ry g
@@Q

]
CiaHas

42)

A mixture of 41 (2.5 g 3.3 mmol), 2-thiopheneboronic acid (0.4 g, 3.3 mmol),
Pd(PPh,), (0.07 g, 0.07 mmol), 2 M Na,CO, aqueous (34 ml) in THF (57 ml) was degassed with
N, for 5 min and then heated at reflux under N, atmosphere for 24 h. After cooling, DCM (100 mi)
was added and the organic layer was washed with water (100 ml x 2) and brine solution (100 ml),
dried over anhydrous Na,SO,, filtered and evaporated to dryness. Purification by silica gel column
chromatography using DCM/hexane (1:9) as eluent gave colorless sticky gum (1.7 g, 71%). FT-IR
(NaCl, V,em ) 3053 (=C-H), 2957 (-C-H), 1608, 1510 (C=0C), 1502, 1362 1261, 805. 'H NMR
(300 MHz, CDcl,, 8 ppm): 8.23 (2H, s),7.62 (2H,d,J =84 Hz), 7.17-7.56 (12H, m), 6.10 (1H,
t,J =4.5 Hz), 385(QH, t,J= 7.2 Hz), 1.83 (2H, m), 1.35- 1.55 (18H, m), 0.94 3H, t,J=6.3). Pc
NMR (75 MHz, CDCl,, 8 ppm): 147.2, 146.9, 144. 6, 142.7, 139.9, 131 2, 128.2, 128.2, 127. 9,
127.2, 124.0, 123.7, 123.5, 122.3, 121.9, 1215, 116.4, 109.6, 52.7, 34.9, 32.3, 32.2, 29.9, 29.9,
29.7,29.6,27.8, 27. 4,23.0, 14.4. HRMS calcd for CgHgoN,S: m/z 696.45; found: m/z [MH" ]
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4-(5-bromothiophen-2-yl)-N-(4-(3,6-di-tert-butylca rbazol-N-yl)phenyl)- V-

8 e
B o

CizHas

dodecylaniline (44)

N-Bromosuccinamide (0.56 g, 3.2 mmol) was added in small portions to a solution of
42 (2.1 g, 3.0 mmol) in THF (30 ml). The mixture was stirred at room temperature under N, for a
further 1 h. Water (30 ml) and DCM (100 mi) were added. The organic phase was separated,
washed with water (100 m] x 2), brine solution (100 ml), dried over anhydrous Na,SO,, filtered,
and the solvents were removed to dryness. Purification by silica gel column chromatography
eluting with DCM/hexane (1:9) gave brominated product as colorless sticky gum (1.5 g, 66%).
FT-IR (NaCl, V, cm'l).' 3036 (=C-H), 2923 (-C-H), 1676, 1486 kC=C), 1362, 1253, 810. 'H NMR
(300 MHz, CDCl,, 8, ppm): 8.17 (2H, s), 7.45-7.51 (H, m), 737 2H, d, J = 8.4 Hz), 7.21-7.26
(3H,m), 7.01 (2H, d, J = 8.4 Hz), 6.96 (2H, dd, /=84, 5.6 Hz),3.77 2H, t,J=7.5 Hz), 1.77 (2H,
m), 1.13-1.57 (18H, m), 0.87 3H, t, J = 6.2). "C NMR (75 MHz, CDCL,, 8, ppm): 147.5, 146 4,
146.0, 142.6, 139.5, 131.7, 130.7, 127.7, 126.7, 126.5, 123.5, 122.4, 120.5, 116.2, 110.5, 52.5,
37.1,34.7, 32.7, 32.0, 31.9, 30.0, 29.7, 29.6, 29.6,29.4, 29.3, 27.5, 27.1, 22.7, 19.7, 14.1 HRMS
caled for CoHy,BIN,S: m/z 774.36; found: m/z [MH']

4-([2,2'-bithi0phen]-5—yl)-N-(4-(3,6—di-tert—butylca rbazol-N-yl)phenyl)- V-

dodecylaniline (43)

Cy2Has

Compound 43 was prepared from 44 with a method similarly to that described above
for 42 and obtained as light green sticky gum (1.7 g, 73%). FT-IR (NaCl, V, cm-l): 3036 (=C-H),
2924 (-C-H), 1602, 1512 (C=C), 1499, 1363, 1262, 809. 'H NMR (300 MHz, CDCl,, 8, ppm):

8.14 (2H, d, /= 1.2 Hz), 7.54 (28, d, J = 8.7 Hz), 7.01-7.49 (17H, m), 3.78 (2H, t, J = 7.2 Hz),
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1.77 (2H, m), 1.26-1.47 (18H, m), 0.83 (3H, t, J = 6.2). “c NMR (75 MHz, CDCl,, 8, ppm):
147.3, 146.6, 143.3, 142.6, 139.6, 131.4, 127.8, 127.8, 127.3, 126.7, 124.6 124.1, 123.5, 123 .4,
123.2,122.6, 121.9, 121.1, 116.2, 109.3, 52.6, 37.2, 34.8, 32.1, 32.0, 30.1, 29.8, 29.7, 29.7, 29.5,
29.4,27.6,27.2,22.8, 14.2. HRMS calcd for C,HN,S,: m/z 778.44; found: m/z [MH+]

4-(5'-bromo-[2,2'—bithiophen]-5-yl)—N-(4-(3,6-di—tert-butylcarbazol—N-yl)phenyl)—

N-dodecylaniline (45)

CiaHas

Compound 45 was prepared from 43 with a method similarly to that described above
for 44 and obtained as light yellow-green sticky gum (1.1 g, 72%). FT-IR (NaCl, V, cm_l): 3029
(=C-H), 2923 (-C;H), 1589, 1576 (C=C), 1486, 1362, 1245, 810. '"H NMR (300 MHz, CDCl,, 6,
ppm): 8.15 (2H, d, J = 1.8 Hz), 7.36-7.55 (8H, m), 7.21 (2H, d, J = 6.3 Hz), 7.06-7.14 (4H, m),
6.92 (2H, dd, J = 3.8, 12.6 Hz), 3.81 (2H, t,J = 7.2 Hz), 1.77 (2H, s), 1.27-1.55 (18H, m), 0.86
GH, s). "C NMR (75 MHz, CDCL, &, ppm): 147.4, 146.7, 143.8, 142.6, 139.5, 139.1, 134.5,
131.6, 130.6, 127.7, 126.7, 124.9, 123.5, 123.3, 123.1, 122.5, 120.6, 110.5, 109.2, 52.5, 34.7, 32.0,
319, 29.6,29.6,29.4, 293, 27.5, 27.1, 22.7, 14.1. HRMS caled for C,,H, BrN,S,: m/z 856.30;
found: m/z [MH ']

5-(4-((4-(3,6-di-tert-butylca rbazol-N-yl)phenyl)(dodecyl)amino)phenyl)thiophene-

Q . \CHO
B o

CiaHas

2-carbaldehyde (46)

A mixture of 41 (0.6 g, 0.9 mmol), 5-formyl-2-thiopheneboronic acid (0.1 g, 0.6
mmol), Pd(PPh,), (0.016 g, 0.013 mmol), 2 M Na,CO, aqueous solution (7 mi) in THF (20 ml)
was degassed with N, for 5 min and then heated at reflux under N, atmosphere for 24 h. After

cooling, DCM (50 mi) was added and the organic layer was washed with water (50 ml x 2) and
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brine solution (50 ml), dried over anhydrous Na,SO,, filtered and evaporated to dryness.
Purification by silica gel column chromatography using DCM/hexarne (1:4) as eluent gave yellow
sticky gum (0.47 g, 54%). FT-IR (NaCl, V, cm’): 3036 (=C-H), 2918 (-C-H), 1664 (C=0), 1600,
1510 (C=C), 1446, 1362, 1225, 805. '"H NMR (300 MHz, CDCl,, 6, ppm): 9.85 (1H, s), 8.15 (2H,
s), 7.70 (2H, d, J = 3.8 Hz), 7.58 (2H, d, J = 8.6 Hz), 7.26-7.53 (10H, m), 6.99 (2H, d, J = 8.6 Hz),
3.82(2H,t,J="17.5Hz), 1.77 2H, 5), 1.26-1.54 (18H, m), 0.85 (3H, s). ’C NMR (75 MHz, CDCL,,
d, ppm): 182.5, 155.1, 149.1, 145.6, 142.8, 140.9, 139.3, 137.8, 133.5, 127.8, 127.5, 125.0, 124.2,
123.5,123.3,122.3, 117.9, 116.2, 109.1, 52.5,34.7,32.0, 31.9, 29.6, 29.6, 29.4, 29.3, 27.5, 27.0,
22.6, 14.0. HRMS caled for C,oH,N,0S: m/z 724.44; found: m/z [MH']

5'-(4-((4-(3,6-di-tert-butylcarbazol-N-yl)phenyl)(dodecyl)amino)phenyl)- [2,2'-
bithiophene]-5-carbaldehyde @7

CizHas

Compound 47 was prepared from 44 with a method similarly to that described above
for 46 and obtained as light yellow-green sticky gum (0.3 g, 57%). FT-IR (NaCl, V, cm’): 3038
(=C-H), 2919 (-C-H), 1664 (C=0), 1607, 1511 (C=C), 1454, 1361, 1227. 'H NMR (300 MHz,
CD(l,, 6, ppm): 9.85 (1H, s), 8.17 (2H,s), 7.65 2H, d,J = 3.8 Hz), 7.18-7.51 (13H, m), 7.09 (2R,
d,J =8.6 Hz),3.82 2H,t,J=17.5 Hz), 1.79 (2H, s), 1.29-1.49 (18H, m), 0.85 (3H, m). Pc NMR
(75 MHz, CDCl,, 6, ppm): 182.3, 148.0, 147.5, 146.6, 146.2, 142.7, 141.2, 139.5, 137.4, 133.7,
132.3 127.8, 127.2, 126.9, 125.7,123.6, 123.5, 123.3, 123.2, 122.8,119.7, 116.2, 109.2, 52.5, 34.7,

32.0, 319, 29.6, 29.6, 29.4, 29.3, 27.6, 27.1, 22.7, 14.1. HRMS caled for C,H,N,08,: m/z
806.43; found: m/z [MH']
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5"-(4-((4-(3,6-di-tert—butylcarbazol-N-yl)phenyl)(dodecyl)amino)phenyl)-
[2,2':5',2"-terthiophene]-5-carbaldehyde (48)

CizHas

Compound 48 was prepared from 45 with a method similarly to that described above
for 46 and obtained as yellow-orange solid (0.28 g, 51%). m.p. > 250 oC, FT-IR (KBr, V, cm'l):
3059 (=C-H), 2914 (-C-H), 1659 (C=0), 1597, 1509 (C=C), 1454, 1356, 1225, 1046, 809, 791. 'H
NMR (300 MHz, CDCI,, 6, ppm): 9.84 (1H, s), 8.26 (2H, s), 7.09-7.58 (18H, m), 3.82 (2H, s),
1.83 (2H, s), 1.36-1.63 (18H, m), 0.95 (3H, s). "C NMR (75 MHz, CDCI,, 6, ppm): 182.2, 147.6,
146.8, 146.3, 144.5, 142.7, 141.5, 139.6, 139.5, 137.3, 134.4, 134.1, 132.0, 127.8, 127.0, 126.7,
126.4,125.5, 124.1, 123.9, 123.6, 123.3, 123.2,122.7, 120.3, 116.3, 109.3, 52.5, 34.8, 32.1, 32.0,

29.7,29.7, 29.5, 29.4, 27.6, 27.2, 22.8, 14.2. HRMS caled for Cy,H,,N,0S,: m/z 888.42; found:
m/z [MH']

(E)-2-cyan0-3-(5-(4-((4-(3,6-di—tert-butylcarbazol-N-yl)phenyl)(dodecyl)amino)
phenyl)thiophen-2-yl)acrylic acid (DPA1)

A mixture of 46 (0.16 g, 0.2 mmol), cyanoacetic acid (0.04 g, 0.4 mmol) and
piperidine (2 drops) in chloroform (20 ml) was degassed with N, for 5 min and then heated at
reflux under N, atmosphere for 8 h. After cooling, the reaction was quenched with water (5 ml)
and extracted with DCM (50 ml x 2). The combined organic layer was washed with water (50 ml x
2) and brine (50 ml), dried over anhydrous sodium sulphate, filtered and evaporated to dryness.
Purification by silica gel column chromatography eluting with MeOH:DCM (1:9) afforded orange

solids (0.11 g, 61%). m.p. >250 °C, FT-IR (KBr, V, cm™): 3421 (O-H), 3042 (=C-H), 2925 (-C-
p
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H), 2213 (C=N), 1598 (C=0), 1512 (C=C), 1363, 1225, 808. 'H NMR (300 MHz, DMSO, O,
ppm): 8.22 (3H, s), 7.77 (1H, 5), 7.62 (2H, d, J = 8.1 Hz), 7.29-7.52 (9H, m), 7.04 (2H, d, J = 8.4
Hz), 3.81 (2H, 5), 1.67 (2H, 5), 1.19-1.40 (18H, m), 0.80 (3H, 5). "C NMR (75 MHz, DMSO, O,
ppm): 164.4, 148.6, 145.8, 142.7, 139.2, 1345, 1324, 127.8, 127.5, 124.7, 1244, 123.9, 1232,
123.2,123.1, 119.1, 116.7, 109.5, 52.0, 34.8, 32.2, 31.7, 29.5, 29.4, 29.4,29.2, 29.1, 274, 26.8,
22.5, 14.3. HRMS calcd for C,,Hg,N,0,S: m/z 791.45; found: m/z [MH')

(E)-2-cyano-3-(5'-(4-((4-(3,6-di—tert—butylcarbazol-N-yl)phenyl)(dodecyl)amino)

phenyl)-[2,2'-bithiophen]-5-yDacrylic acid (DPA2)

CiaHas

Compound DPA2 was prepared from 47 with a method similarly to that described
above for DPA1 and obtained as orange-red solid (0.12 g, 59%). m.p. > 250 oC, FT-IR (KBr, V,
cmll): 3420 (O-H), 3041 (=C-H), 2925 (-C-H), 2213 (C=N), 1598 (C=0), 1512 (C=0), 1363,
1225, 809. 'H NMR (300 MHz, DMSO, &, ppm): 8.14 (1H, s), 8.04 (2H, 5), 7.87 (IH, s), 7.15-
7.50 (13H, m), 6.97 2H, d, J = 7.8 Hz), 3.71 (2H, s), 1.65 (2H, s), 1.17-1.37 (18H, m), 0.75 (3H,
s). “C NMR (75 MHz, DMSO, 6, ppm): 167.0, 147.6, 146.1, 145.3, 143.8, 142.5, 139.2, 135.1,
133.8, 131.6, 127.5, 126.7, 125.8, 123.8, 123.6, 123.1,120.0, 116.1, 109.3, 52.2, 34.7, 32.3, 31.7,
29.5,29.4, 29.4, 29.2, 29.1, 27.4, 26.8, 22.5, 14.2. HRMS calcd for C,HN,0,S,: m/z 791.45;
found: m/z [MH')

(E)-2-cyano-3-(5"-(4-((4-(3,6-di-tert-b utylcarbazol-V-yl)phenyl)(dodecyl)amino)
phenyl)-[2,2':5',2"-terthiophen]-S-yl)acrylic acid (DPA3)
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Compound DPA3 was prepared from 48 with a method similarly to that described
above for DPA1 and obtained as dark red solid (0.18 g, 47%). m.p. > 250 OC, FT-IR (KBr, V, cm
l): 3421 (O-H), 3036 (=C-H), 2924 (-C-H), 2212 (C=N), 1602 (C=0), 1512 (C=C), 1363, 1225,
808. 'H NMR (300 MHz, DMSO, 8, ppm): 8.02 (1H, s), 7.75 (1H, s), 7.73 (3H, s), 7.07-7.51
(14H, m), 6.99 (2H, d, J = 8.4 Hz), 3.73 (2H, s), 1.66 (2H, s), 1.16-1.37 (18H, m), 0.75 (3H, ).
°C NMR (75 MHz, DMSO, 6, ppm): 167.0, 147.6, 146.1, 145.3, 143.8, 142.5, 139.2, 135.1,
133.8, 131.6, 127.5, 126.7, 125.8, 123.8, 123.6, 123.1, 120.0, 116.1, 109.3, 52.2, 34.7, 32.3, 31.7,
29.5, 294, 29.4, 29.2, 29.1, 27.4, 26.8, 22.5, 14.2. HRMS calcd for CgoHgsN;0,S,: m/z 955.42;
found: m/z [MH+]

4~(7-(3,6-di-tert—butylcarbazol—N—yl)-9,9—dihexylﬂuoren—2—yl)benzaldehyde (55)

(e ®
()

CHO

A mixture of 54 (2.0 g, 3.0 mmol), 4-formylphenylboronic acid (0.4 g, 2.7 mmol),
Pd(PPh,), (0.095 g, 0.082 mmol), and 2 M Na,CO, aqueous solution (40 ml) in THF (60 ml) was
degassed with N, for 5 min. The reaction mixture was stirred at reflux under N, for 24 h. After
being cooled to room temperature, water (100 ml) was added and extracted with CH,CL, (80 ml x
2). The combined organic phase was washed with water (80 ml), brine solution (80 ml), dried over
anhydrous Na,SO,, filtered, and the solvents were removed to dryness. Purification by column
chromatography over silica gel eluting with a mixture of CH,Cl, and hexane (1:4) followed by
recrystallization from Hexane afforded 1 as colorless solid (1.3 g, 69%). m.p. >250 OC, FT-IR
(KBr, V, cm-’): 3048 (C-H), 2954, 2926, 2856 (C-H), 1646 (C=0), 1562 (C=C, Ar), 1487, 1363,
1262, 925, 808. 'H NMR (300 MHz, CDCL,, 8, ppm): 10.12 (1H, 5), 8.25 (2H, 5), 8.04 (2H, d, J =
8.1 Hz), 7.95 (1H, d, J =7.3 Hz), 7.43-7.92 (11H, m), 2.11 (4H, t, J = 7.3 Hz), 1.56 (18H, s), 1.19
(16H, m), 0.85 (6H, t, J = 5.5 Hz), °C NMR (75 MHz, CDCL,, O, ppm): 191.8, 152.8, 151.9,
147.5, 142.9, 141.0, 139.3, 139.1, 138.6, 137.3, 135.1, 130.3, 127.7, 126.5, 125.4, 123.5, 123.4,
121.7, 1214, 121.0, 120.2, 116.3, 109.2, 55.5, 40.3, 34.7, 32.0, 31.5, 29.6, 23.9, 22.5, 14.0.
HRMS caled for C,,H, NO: m/z 695.79; found: m/z 696.826 [MH'].




136

(E)-2-2«(4-(7-(3,6-di-tert-b utylcarbazol—N-yl)-9,9-dihexylﬂu0ren-2-yl)styryl)-6-

methylpyran-4-ylidene)malononitrile (56)

A mixture of 55 (1.13 g, 1.58 mmol), 2-(2,6-dimethylpyran-4-ylidene)malononitrile
(1.36 g, 7.90 mmol) and piperidine (2 drops) in chloroform (20 ml) was heated at reflux under N, '
atmosphere for 18 h. After cooling to room temperature, the reaction was quenched with water (5
ml) and extracted with CH,CI, (50 ml x 2). The combined organic layer was washed with water
(50 ml x 2) and brine (50 ml), dried over anhydrous sodium sulphate, filtered and evaporated to
dryness. Purification by silica gel column chromatography eluting with CH,Cl,:Hexane (1:4)
afforded yellowish-orange solids (0.46 g, 39%). m.p. >250 oC, FT-IR (KBr, V, cm_l): 3042 (=C-
H), 2926, 2856 (-C-H), 2210 (C=N), 1652, 1563 (C=C, Ar), 1472, 1416, 1361, 1295, 1178, 925,
808. 'H NMR (300 MHz, CDCl,, 8, ppm): 8.17 (2H, s), 7.93 (1H, d, J = 8.4 Hz), 7.85 (1H,d, J =
8.3 Hz), 7.77 (2H, d, J = 8.1 Hz), 7.39-7.70 (10H, m), 6.81 (1H, s), 6.74 (2H, m), 6.57 (1H, s),
2.44 (3H,s), 2.02 (4H,t,J=17.2 Hz), 1.48 (18H, s), 1.11 (16H, m), 0.79 (6H, t, J = 6.3 Hz). c
NMR (75 MHz, CDCl,, 6, ppm): 161.9, 159.1, 156.2, 152.7, 151.9, 143.5, 142.8, 141.5, 139.3,
138.8, 137.6, 137.2, 133.3, 128.3, 127.7, 126.1, 125.6, 123.5, 123.4, 121.4, 121.3, 120.9, 120.2,
117.9, 116.3, 115.0, 109.2, 107.3, 106.5, 59.5, 55.5, 40.3, 34.7, 32.0, 31.5, 29.6, 23.9, 22.5, 20.0,
14.0. HRMS calcd for CeHg;N,O: m/z 873.08; found: m/z 874.104 [MH+].
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2-(2—((E)-2-(5-bromothiophen-2-yl)vinyl)-6-((E)-4-(7-(3,6-di-tert-butylcarbazol—N—

yl)-9,9-dihexylﬂuoren-2-yl)styryl)pyran-4-ylidene)malononitrile (57

NC___CN

A mixture of 56 (1.00 g, 1.14 mmol), 5-bromothiophene-2-carbaldehyde (0.24 g, 1.26
mmol) and piperidine (2 drops) in chloroform (20 ml) was heated at reflux under N, atmosphere
for 18 h. After cooling, the reaction was quenched with water (5 ml) and extracted with CH,CI,
(50 ml x 2). The combined organic layer was washed with water (50 ml x 2) and brine (50 ml),
dried over anhydrous sodium sulphate, filtered and evaporated to dryness. Purification by silica
gel column chromatography eluting with CH,Cl,:Hexane (1:4) afforded dark orange solids (0.87 g,
73%). m.p. >250 °C, FT-IR (KBr, V, em’): 3052 (=C-H), 2052, 2926, 2856 (-C-H), 2207 (C=N),
1637, 1600, 1547 (C=C, Ar), 1491, 1473, 1416, 1362, 1294, 1201, 1179, 943, 808. 'H NMR (300
MHz, CDCl,, 8, ppm): 8.19 (2H, s), 7.93 (IH,d,J =8.7 Hz), 7.41-7.87 (15H, m), 7.10 (2H, m),
6.83 (1H,d,J =159 Hz), 6.73 (1H, s), 6.68, (1H,s),6.48 (1H, d, J = 15.6 Hz), 2.07 (4H, m), 1.50
(18H, s), 1.13 (16H, m), 0.79 (6H, t, J = 6.9 Hz). "C NMR (75 MHz, CDCL,, O, ppm): 158.1,
157.5, 155.4, 152.7, 151.9, 143.6, 142.8, 141.6, 140.6, 139.3, 139.2, 138.8, 137.5, 133.3, 131.4,
130.8, 129.5, 128.4, 127.8, 126.2, 1254, 123.5, 123.4, 121.4, 120.9, 120.2, 118.2, 117.8, 116.5,

116.3, 115.0, 109.2, 107.2, 59.6, 5.6, 40.3, 34.7, 32.0, 31.5, 29.6, 23.9, 22.5, 14.0. HRMS caled
for Co;HggN;OSBr: m/z 1041.43; found: m/z 1042.4395 [MH"].
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2—(2-((E)—4-(7-(3,6-di-tert-butylcarbazol—N-yl)-9,9-dihexylﬂuoren-2-yl)styryl)-6-

((E)-Z-(S'-formyl-[2,2'-bithiophen]-S-yl)vinyl)pyran-4-ylidene)malononitrile (58)

NC.__CN

A mixture of 57 (1.12 g, 0.91 mmol), 5-formyl-2-thiopheneborobic acid (0.16 g, 0.76
mmol), Pd(PPh,), (0.022 g, 0.016 mmol), and 2 M Na,CO, aqueous solution (20 ml) in THF (30
ml) was degassed with N, for 5 min. The reaction mixture was heated to reflux under N, for 24 h.
After being cooled to room temperature, water (50 ml) was added and extracted with CH,CI, (50
ml x 2). The combined organic phase was washed with water (50 ml), brine solution (50 ml), dried
over anhydrous Na,SO,, filtered, and evaporated under vacuum to dryness. Purification by column
- with a mixture of CH,Cl, and hexane (1:1) afforded 7 as reddish-orange solid (0.39 g, 44%). FT-
IR (KBr, V, cm-'): 3055 (=C-H), 2953, 2860 (-C-H), 2211 (C=N), 1658 (C=0), 1638, 1601, 1504,
1473 (C=C, Ar), 1362, 1294, 1261, 944, 807. 'H NMR (300 MHz, CDCl,, 6, ppm): 9.85 (1H, s),
8.23 (2H, s), 7.92 2H d, J= 8.0 Hz), 7.31-7.83 (18H, m), 6.80 (1H, d, J = 15.8 Hz), 6.68 (2H, s),
6.58 (2H, d, J = 15.7 Hz), 2.11 (4H, 5), 1.55 (18H, s), 1.18 (16H, m), 0.85 (6H, t, J = 6.3 Hz). "C
NMR (75 MHz, CDCl,, 6, ppm): 182.4, 158.2, 157.5, 155.3, 152.8, 152.0, 145'.5, 143.5, 142.9,
142.7, 141.4, 140.6, 139.3, 139.2, 138.8, 137.2, 137.0, 136.9, 133.4, 131.5, 129.5, 128.5, 127.7,
127.0, 126.5, 126.2, 125.4, 123.6, 123.4, 121.3, 120.3, 118.8, 118.1, 116.4, 115.2, 109.2, 107.2,
107.2, 60.1, 5.6, 40.3, 34.8, 32.1, 31.6, 29.7, 24.0, 22.6, 14.1. HRMS caled for C,;H, N,0,S,:
m/z 1073.50; found: m/z 1074.5119[MH"].
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(E)-3-(5'-((E)-2-(6-((E)-4-(7-(3,6-di-tert-butylcarbazol-N—yl)-9,9—dihexylﬂuoren-2-

yl)styryl)-4-(dicyanomethylene)pyran-2-yl)vinyl)-[2,2‘-bithiophen]-S-yl)acrylic acid (CFPA)

NC__CN

A mixture of 57 (0.20 g, 0.18 mmol), malonic acid (0.027 g, 0.27 mmol) and
piperidine (2 drops) in chloroform (20 ml) was heated at reflux under N, atmosphere for 18 h.
After cooling, the reaction was quenched with water (5 ml) and extracted with CH,CI, (50 ml x 2).
The combined organic layer was washed with water (50 ml x 2) and brine_ (50 ml), dried over
anhydrous sodium sulphate, filtered and evaporated to dryness. Purification by silica gel column
chromatography eluting with 2% MeOH:CH,Cl, afforded red solid (0.12 g, 60%). m.p. >250 °C,
FT-IR (KBr, V, cm-l): 3394 (O-H), 3042 (C-H, Ar), 2926, 2856 (C-H), 2210 (C=N), 1637 (C=0),
1600, 1547 (C=C), 1490, 1473, 1363, 1250, 944, 807, 'H NMR (300 MHz, DMSO, 6,‘>ppm): 8.31
(2H, s), 7.30-8.16 (24H, m), 7.21 (I1H, d,J = 15.7 Hz), 6.95 (1H, d, J = 16.5 Hz), 2.08 (4H, s),
141 (18H, s), 1.05 (16H, s), 0.72 (6H, m). ’C NMR (75 MHz, DMSO, O, ppm): 159.8, 157.0,
152.0, 151.8, 142.8, 139.1, 129.4, 129.1, 123.8,123.2, 121.3, 116.6, 109.3, 107.6, 55.6, 34.8, 32.2,
317,314, 29.4,23.9,22.5,22.4 14.2. HRMS caled for C,,H,)N,0,S,: m/z 1115.51

(E)-2-cyano-3-(5'-((E)—2-(6-((E)-4-(7-(3,6-di-tert-butylcarbazol—N-yl)—9,9-
dihexylﬂuoren-Z-yl)styryl)-4~(dicyanomethylene)pyran-Z-yl)vinyl)-[2,2'-bithiophen]-S-
yDacrylic acid (CFPC)

NC__CN
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A mixture of 57 (0.25 g, 0.23 mmol), cyanoacetic acid (0.029 g, 0.35 mmol) and
piperidine (2 drops) in chloroform (20 ml) was heated at reflux under N, atmosphere for 18 h.
After cooling, the reaction was quenched with water (5 ml) and extracted with CH,CI, (50 ml x 2).
The combined organic layer was washed with water (50 ml x 2) and brine (50 ml), dried over
anhydrous sodium sulphate, filtered and evaporated to dryness. Purification by silica gel column
chromatography eluting with 2% MeOH:CH,Cl, afforded red solid (0.17 g, 72%). m.p. >250 OC,
FT-IR (KBr, V, Cm-l): 3421 (0O-H), 3052 (C-H, Ar), 2926, 2856 (C-H), 2201 (C=N), 1637 (C=0),
1600, 1537 (C=C, Ar), 1490, 1473, 1418, 1363, 1250, 1203, 994, 807. 'H NMR (300 MHz,
DMSO0, O, ppm): 8.23 (2H, s), 7.26-8.06 (24H, m), 7.07 ( 1H, d, J = 15.6 Hz), 6.85 (1H, d, J =
14.4 Hz), 2.09 (4H, 5), 1.39 (18H, 5), 1.02 (16H, 5), 0.70 (6H, m). °C NMR (75 MHz, DMSO, O,
ppm): 164.4, 159.0, 158.5, 156.0, 152.8, 151.8, 142.8, 142.7, 142.3, 140.2, 139.5, 139.1, 138.8,
137.6, 137.0, 136.7, 134.4, 133.1, 131.5, 130.3, 129.1, 127.7, 127.5, 126.3, 126.5, 125.8, 1254,
123.9,123.2, 121.7, 121.4, 121.3, 120.9, 119.3, 116.8, 115.7, 115.7, 109.3, 107.6, 57.9, 55.6, 34.8,
322,313, 29.3,23.9,22.4, 14.2. HRMS caled for C,,H,,N,0,S,: m/z 1140.50,

3,6-dibromo-N-(2-ethylhexyl)carbazole 67)

BrBr

N-Bromosuccinamide (2.22 g, 12.51 mmol) was added in small portions to a solution
of N-ethylhexylcarbazole (1.66 g, 5.95 mmol) in THF (30 ml). The mixture was stirred at room
temperature under N, for a further 1 h. Water (30 ml) and DCM (50 ml) were added. The organic
phase was separated, washed with water (50 ml x 2), brine solution (50 ml), dried over anhydrous
Na,SO,, filtered, and the solvents were removed to dryness. Purification by silica gel column
chromatography eluting with hexane gave brominated product as colorless sticky gum (1.51 g,
91%). FT-IR (NaCl, V, em™): 2961, 2923, 2873 (C-H), 1600 (C=0), 1483, 1213, 777. '"H NMR
(300 MHz, CDCl,, 6, ppm): 8.03 (2H, s), 7.52 (2H,dd,J=9.5,1.8 Hz), 7.15 (2H, d, J = 8.7 Hz),
3.93 (2H, d, J = 6.9 Hz), 1.97 (1H, m), 1.32 (8H, m), 0.89 (6H, t, J = 7.2). “c NMR (75 MHz,
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CDCl,, 6, ppm): 139.6, 128.9, 123.9, 123.0, 111.9, 110.5, 47.5, 39.3, 31.0, 28.7,24.0, 23.3, 14.0,
10.9. HRMS calcd for C,0HyBr,N: m/z 435.02; found: m/z 436.0272 [MH+]

3-bromo-N-(Z-ethylhexyl)-6-(thiophen-2-yl)carbazole (68) and

N-(2-ethylhexyl)-3,6-di(thiophen-Z-yl)carbazole (69)

Br T C SN
“N ( "

A mixture of 67 (2.28 g, 5.21 mmol), 2-thiopheneboronic acid (1.40 g, 10.95 mmol),
Pd(PPh,), (0.12 g, 0.10 mmol), 2 M Na,CO, aqueous (34 ml) in THF (57 ml) was degassed with
N, for 5 min and then heated at reﬂﬁx under N, atmosphere for 24 h. After cooling,
dichloromethane (100 ml) was added and the organic layer was washed with water (100 ml x 2)
and brine solution (100 ml), dried over anhydrous Na,SO,, filtered and evaporated to dryness.
Purification by silica gel column chromatography using hexane as eluent gave colorless sticky
gum 3-bromo—9-(2-ethy1hexyl):6-(thiophen—2-yl)ca:bazole (68) (0.52 g, 23%) and 9-(2-
ethylhexyl)—3,6-ai(thiophen—2-yl)carbazole (69) (1.61 g, 68%), respectively.

Compound 68; FT-IR (NaCl, V, cm’): 2956, 2921, 2855 (C-H), 1625, 1598 (C=C),
1481, 1448, 1216, 789. 'H NMR (300 MHz, CDCl,, 8, ppm): 8.25 (2H, s), 7.75 (1H, dd, J = 8.4,
1.2 Hz), 7.59 (1H, dd, J = 8.7, 1.5 Hz), 7.18-7.42 (5H, m), 3.93 2H, d,J=6.7 Hz), 1.91 (1H, m),
1.38 (8H, m), 0.99 (6H, m). "C NMR (75 MHz, CDCL,, 8, ppm): 145.5, 140.6, 139.9, 128.9,
128.5,128.1, 126.1, 124.8, 124.5, 123.8, 123.1, 117.7, 111.9, 110.6, 109.5, 47.4, 394, 31.1, 28.9,
24.5,23.2,14.2, 11.0. HRMS caled for C,,H,(BINS: m/z 439.10; found: m/z 440.1051 [MH+]

Compound 69; FT-IR (NaCl, V, cm’): 2961, 2923, 2873 (C-H), 1601 (C=C), 1483,
1213, 777. 'y NMR (300 MHz, CDCl,, 8, ppm): 8.49 (2H, s), 7.84 (2H, d,J=8.4Hz),7.52 (2H,
d,J=33Hz),742 (24, d, J = 5.1 Hz), 7.29 (2H, t, J = 4.2 Hz), 4.02 (2H, d, J=5.7Hz), 2.14
(1H, m), 1.46 (8H, m), 1.07 (6H, m). "C NMR (75 MHz, CDCL,, O, ppm): 145.7, 140.9, 128.1,

125.9, 124.5, 123.7, 123.2, 122.1, 1179, 109.5, 47.5, 39.5, 31.0, 28.9, 24.9, 23.1, 14.2, 11.0.
HRMS calcd for C, H, NS, : m/z 443.17: found: m/s 444.1822 [MH']
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3—bromo-6-(5-bromothiophen-2-yl)—N-(2-ethylhexyl)carbazole (70)

Br

SN
Br. —_
N

Compound 70 was prepared from 68 with a method similarly to that described above
for 44 and obtained as colorless solid or colorless sticky gum (0.34 g, 88%). FT-IR (NaCl, V, em’
): 2961, 2923, 2873 (C-H), 1630, 1601 (C=C), 1483, 1213, 777. 'H NMR (300 MHz, CDCL,, 8,
ppm): 8.14 (1H, s), 8.05 (1H, s), 7.51-7.58 (2H, m), 7.28 (1H, d, J = 8.1 Hz), 7.20 (1H,d,J = 8.7
" Hz),7.03 (2H, m), 3.99 2H, d, J= 1.5 Hz), 1.96 (1H, m), 1.30 (8H, m), 0.90 (6H, m). "C NMR
(75 MHz, CDCI,, 8, ppm): 146.9, 140.7, 139.9, 130.8, 128.6, 125.5, 124.3, 123.1, 122.1, 117.4,
111.9, 110.6, 110.0 109.5, 47.5, 39.4, 31.0, 28.8, 244, 23.0, 14.1, 10.9. HRMS caled for
C,H,Br,NS: m/z 517.01; found: m/z 518.0154 [MH"]

3,6—bis(5-bromothiophen-2-yl)-N-(2—ethylhexyl)carbazole 71

Compound 71 was prepared from 69 with a method similarly to that described above
for 44 and obtained as colorless solid or colorless sticky gum (0.57 g, 76%). FT-IR (NaCl, V, ecm’
l): 2961, 2923 (C-H), 1630, 1601 (C=C), 1483, 1213, 777. 'H NMR (300 MHz, CDCl,, 6, ppm):
821 (2H,d,J=1.5 Hz), 7.61 2H, dd, J = 84,1.5Hz), 7.35 (2H, d, J = 8.7 Hz), 7.06 (4H, dd, J
= 8.7,3.9 Hz), 4.10 (2H, d, J = 1.5 Hz), 2.05 (1H, m), 1.25-1.40 (8H, m), 0.86-0.95 (6H, m). "C
NMR (75 MHz, CDCl,, 6, ppm): 147.0, 141.1, 130.8, 125.5, 124.3, 123.0, 122.2, 117.6, 109.9,
109.6 47.6, 39.4, 31.0, 288, 24.3, 23.0, 140, 10.8. HRMS caled for C,H, Br,NS,: m/z 599.00;
found: m/z 600.0031 [MH"]
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3-([2,2‘-bithiophen]-5-yl)-6-(5-bromothiophen-Z-yl)-N-(Z-ethylhexyl)carbazole

(72) and 3,6-di([2,2'—bithiophen]-5-yl)-N-(2-ethylhexyl)carbazole (73)

Compound 72 and 73 were prepared from 71 with a method similarly to that described
above for 68 and 69 and obtained as colorless solid.

Compound 72; yield 27% (0.72 g), FT-IR (NaCl, V, cm’ ) 2956, 2923, 2855 (C-H),
1625, 1598 (C=0), 1481, 1216, 789, 685. 'H NMR (300 MHz, CDCl,, 8 ppm): 8.24 (1H, s), 8.17
(1H, s), 7.70 (1H, d,J =84 Hz), 7.60 (1H, d, J = 8.4 Hz), 7.04-7.31 (9H, m),3.98 2H,d,J=1.5
Hz), 2.05 (1H, s), 1.30 (8H, m), 0.89 (6ﬁ, m). "C NMR (75 MHz, CDCl,, O, ppm): 147.1, 144.3,
141.0, 140.9, 137.7, 135.5, 130.8, 127.8, 125.5, 125.1, 124.6, 124.3, 124.2, 124.1, 123.2, 123.1,
123.0, 122.6, 122.2, 117.6, 117.5, 109.9, 109.6 47.6, 39.4, 31.0, 28.8, 24.3, 23.0, 14.0, 10.8.
HRMS calcd for C32H3oBrNS3: m/z 603.07; found: m/z 603.0721 [M+]

Compound 73; yield 45%V(1.O8 g), FT-IR (NaCl, V, cm_l): 2957, 2926, 2856 (C-H),
1627, 1599 (C=C), 1484, 1452, 1218, 791. 'H NMR (300 MHz, CDCl,, 8, ppm): 8.30 2H, d, J =
1.2 Hz), 7.69 (2H, dd, J = 8.4,1.5Hz),7.33 2H, d,J=8.7 Hz), 7.18 (8H, m), 7.04-7.07 (2H, m),
413 @M, d, 7= 1.4 Hz), 2.03 (1H, m), 1.27-1.44 (8H, m), 0.99-1.09 (6H, m). °C NMR (75 MHz,
CDCl,, 8, ppm): 144.4, 140.9, 137.8,135.5, 127.8, 125.5,124.3, 124.2, 124.0, 123.2,123.0, 122.6,
117.6, 109.6, 47.6, 39.4, 31.0, 28.8, 24.3, 23.0, 14.0, 10.8. HRMS calcd for C,H, NS : m/z
607.15; found: m/z 607.1497 [M+], 608.1569 [MH+]

3-(5'-bromo-[2,2 "-bithiophen] -5-yl)-6-(5-bromothiophen-Z-yl)-N-(Z-
ethylhexyl)carbazole (74)
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Compound 74 was prepared from 72 with a method similarly to that described above
for 44 and obtained as colorless solid (1.78 g, 79%) FT-IR (KBr, V, cm'l): 2956, 2916, 2855 (C-
H), 1612, 1598 (C=C), 1484, 1451, 1216, 778. 'H NMR (300 MHz, CDCl,, 8, ppm): 8.16 (1H, s),
8.12 (1H, d,J = 1.5 Hz), 7.61 (1H, dd, J = 8.4, 1.2 Hz), 7.56 (1H, dd, J = 8.4, 1.5 Hz), 7.24 (2H,
dd,J=9.6,1.2Hz),7.17 (1H,d, J = 3.6 Hz), 7.05 (3H, m), 6.98 (1H, d, J = 3.9 Hz), 6.91 (1H, d,
J=39Hz),392(QH,d,J=15 Hz), 2.00 (1H, s), 1.30-1.38 (8H, m), 0.89-0.94 (6H, m). e
NMR (75 MHz, CDCl,, 6, ppm): 147.1, 144.8, 140.0, 139.3, 134.2, 132.1, 131.8, 131.5, 130.8,
130.1, 129.9, 129.5, 126.0, 125.8, 125.2, 124.6, 124.3, 124.2, 124.1, 123.2, 123.1, 123.0, 122.6,
122.2,117.6, 117.5, 109.9, 109.6 47.6, 39.4, 31.0, 28.8, 24.3, 23.0, 14.0, 10;8. HRMS calcd for
Cy,H,gBr,NS.: m/z 680.98; found: m/z 680.9786 [M']

3,6-bis(5'-br0m0-[2,2'-bithiophen]-5-yl)-N-(2-ethylhexyl)carbazole (75)

Compound 75 was prepared from 73 with a method similarly to that described above
for 44 and obtained as colorless solid (1.62 g, 74%) FT-IR (KBr, vV, cm']): 2956, 2916, 2855 (C-
H), 1612, 1598 (C=C), 1484, 1451, 1216, 778. 'H NMR (300 MHz, CDCl,, 6, ppm): 8.31 (2H, d,
J=12Hz),7.70 2H, dd, J = 8.7, 1.2 Hz), 7.37 2H, d, J = 8.7 Hz), 7.26 2H, d, J = 3.9 Hz),
7.12 (2H, d, J = 3.6 Hz), 7.00 (2H, d, J = 3.6 Hz), 6.96 (2H, d, J = 3.9 Hz), 4.15 (2H, dJ=66
Hz), 2.05 (1H, m), 1.28-1.44 (8H, m), 0.87-0.99 (6H, m). °C NMR (75 MHz, CDCL,, O, ppm):
144.9, 141.0, 139.2, 134.4, 130.6, 125.3, 124.9, 124.2, 123.2,123.1, 122.6, 117.6, 109.6 47.6, 39.4,

31.0, 28.8, 24.4, 23.0, 14.0, 10.8. HRMS calcd for C36H3,Br2NS4: m/z 762.97; found: m/z 762.9727
M']




145

4-(5-(N—(2-ethylhexyl)-6-(4-formylphenyl)carbazol—3-yl)thiophen—2-

yDbenzaldehyde (76)
HO

on &
2 0
O

A mixture of 70 (0.70 g, 1.34 mmol), 4-formylphenylboronic acid (0.40 g, 2.68
mmol), Pd(PPh,), (0.062 g, 0.054 mmol), 2 M Na,CO, aqueous solution (10 ml) in THF (30 ml)
was degassed with N, for 5 min and then heated at reflux under N, atmosphere for 24 h. After
cooling, dichloromethane (50 ml) was added and the organic layer was washed with water (50 ml
x 2) and brine solution (50 ml), dried over anhydrous Na,SO,, filtered and evaporated to dryness.
Purification by silica gel column chromatography using dichloromethane/hexane (1:1) as eluent
gave yellow solid (0.66 g, 93%). FT-IR (KBr, Vv, cm-]): 2925, 2852 (C-H), 1690 (C=0), 1594
(C=C), 1482, 1437, 1167, 794. 'H NMR (300 MHz, CDCL,, 8, ppm): 10.07 (1H, 5), 10.00 (1H, s),
8.39 (2H, m), 7.76 (10H, m), 7.36-7.48 (4H, m), 4.16 (2H, d,J=6.0 Hz), 2.09 (1H, m), 1.27-1.41
(8H, m), 0.87-0.97 (6H, m). B¢ NMR (75 MHz, CDCl,, 6, ppm): 192.00, 191.42, 147.8, 147.2,
141.5, 141.2, 140.4, 140.2, 134.7, 134.5, 130.8, 130.6, 1304, 1274, 126.2, 125.6, 124.4, 125.3,
124.3, 123.3, 119.3, 117.7, 109.8, 109.7, 47.6, 39.4, 31.0, 28.8, 24.4, 23.0, 14.0, 10.9. HRMS
caled for C, H, NO,S: m/z 569.24; found: m/z 570.2470 [MH]

4,4'-(5,5 '-(N-(Z-ethylhexyl)carbazole-3,6-diyl)bis(thiophene-S,Z-
diyl))dibenzaldehyde (77)
OH HO
- 3

Vg
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Compound 77 was prepared from 71 with a method similarly to that described above
for 76 and obtained as yellow-orange solid (0.44 g, 82%). FT-IR (KBr, V, cmq): 2916 (C-H),
1686 (C=0), 1592 (C=C), 143‘6, 1163, 791. '"H NMR (300 MHz, CDCl,, 5, ppm): 9.97 (2H, s),
8.30 (2H, s), 7.72-7.81 (10H, m), 7.26-7.45 (6H, m), 4.09 (2H, d, J= 5.4 Hz), 2.04 (1H, m), 1.30-
1.36 (8H, m), 0.87-0.92 (6H, m). "C NMR (75 MHz, CDCL,, &, ppm): 191.3, 147.2, 141.1, 140.4,
140.1, 134.8, 130.4, 126.1, 125.6, 124.4, 124.3, 123.1, 117.7, 109.6, 47.6, 39.4, 31.0, 28.8, 24.4,
230, 14.0, 10.9. HRMS caled for C,,H,,NO,S,: m/z 651.23; found: m/z 651.2276 [M'], 652.2340

[MH']

4-(5-(N—(2-ethylhexyl)-6-(5'-(4-formylphenyl)-[2,2'-bithiophen]-S-yl)carbazol-3-
yl)thiophen-Z-yl)benzaldehyde (78)

Compound 78 was prepared from 74 with a method similarly to that described above
for 76 and obtained as yellow-orange solid (0.59 g, 74%). FT-IR (KBr, V, cm'l): 2946, 2916 (C-
H), 1691 (C=0), 1595 (C=C), 1441, 1163, 783. 'H NMR (300 MHz, CDCl,, 8, ppm): 10.08 (1H,
s), 10.01 (1H, s), 8.41 (2H, s), 7.78-8.01 (10H, m), 7.39-7.50 (4H, m), 4.20 (2H, d, J=6.9 Hz),
2.10 (1H, m), 1.25-1.56 (8H, m), 0.86-0.97 (6H, m). "C NMR (75 MHz, CDCl,, 5, ppm): 192.00,
191.42, 147.8, 147.2, 141.5, 141.2, 140.4, 140.2, 134.7, 134.5, 130.8, 130.6, 130.4, 127.4, 126.2,

125.6,124.4,125.3, 1243, 123.3, 119.3, 117.7, 109.8, 109.7, 47.6, 39.4, 31.0, 28.8, 24.4, 23.0,
14.0, 10.9. HRMS caled for C,iH,NO,S: m/z 569.24.
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4,4'-(5‘,5"'-(N-(2-ethylhexyl)carbazole-3,6-diyl)bis( [2,2'-bithiophene]-5',5-

diyl))dibenzaldehyde (79)

Compound 79 was prepared from 75 with a method similarly to that described above
for 76 and obtained as orange solid (0.43 g, 82%). FT-IR (KBr, V, cm-l): 2924, 2854 (C-H), 1694
(C=0), 1597 (C=C), 1445, 1166, 788. 'H NMR (300 MHz, CDCl,, O, ppm): 10.01 (2H, s), 8.34
(2H, d, /= 1.5 Hz), 7.89 (4H, d, J = 8.4 Hz), 7.73-7.78 (6H, m), 7.24-7.43 (10H, m), 4.16 (2H, d,
/=69 Hz), 2.09 (1H, m), 1.27-1.41 (8H, m), 0.87-0.97 (6H, m). °C NMR (75 MHz, cpcl,, O,
ppm): 1913, 145.2, 141.0, 140.6, 139.8, 139.3, 1349, 134.9, 130.5, 129.9, 125.9, 125.5, 125.4,
124.3,123.2, 123.1, 122.8, 117.6, 109.6, 47.6, 39.4, 31.0, 28.8, 24.4, 23.0, 14.0, 10.9. HRMS
caled for Cy;H, NO,S,: m/z 815.20; found: m/z 815.2031 [M'], 816.2098 [MH]

(E)-3—(4-(5-(6-(4-((E)-2-carboxy—2-cyanovinyl)phenyl)-N-(2-ethylhexyl)carbazol—3-

yl)thiophen—2-yl)phenyl)-2-cyan0acrylic acid (CB01)

A mixture of 76 (0.42 g, 0.73 mmol), cyanoacetic acid (0.31 g, 3.65 mmol) and

piperidine (2 drops) in chloroform (40 ml) was heated at reflux under N, atmosphere for 24 h.
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After cooling, the reaction was quenched with water (5 ml) and extracted with dichloromethane
(50 ml x 2). The combined organic layer was washed with water (50 ml x 2) and brine (50 ml),
dried over anhydrous sodium sulphate, filtered and evaporated to dryness. Purification by silica
gel column chromatography eluting with gradient methanol/dichloromethane (1-50%) afforded the
dye as orange solids (0.10 g, 19%). FT-IR (KBr, V, cm'l): 3384 (O-H), 2927 (C-H), 2212 (C=N),
1623 (C=0), 1590 (C=C), 1345, 1188, 789. 'H NMR (300 MHz, DMSO, 6, ppm): 8.75 (1H, s),
8.68 (1H, s), 7.59-7.98 (16H, m), 4.30 2H, d, J = 6.6 Hz), 2.02 (1H, m), 1.26-1.34 (8H, m), 0.76-
0.88 (6H, m). “C NMR (75 MHz, CDCl,, 6, ppm): 139.8, 134.9, 134.9, 130.5, 129.9125.4, 124.3,
123.2109.6, 47.6, 39..8, 24 4, 23.0,. HRMS calcd for CuHy;;N,O,S: m/z 703.25.

(2E,2'E)-3,3'((5,5 '-(N-(Z-ethylhexyl)carbazole-3,6-diyl)bis(thiophene-5,2-

diyl))bis(4,1—phenylene))bis(2—cyanoacrylic acid) (CB11)

HOO!

NC™ ™~

OOH

= CN

@ O
= 3O
e

Compound CB11 was prepared from 77 with a method similarly to that described
above for CB01 and obtained as red-orange solid (0.14 g, 23%). FT-IR (KBr, V, cm-l): 3384 (O-
H), 2925 (C-H), 2212 (C=N), 1624 (C=0), 1591 (C=0), 1350, 1189, 787. '"H NMR (300 MHz,
DMSO, 6, ppm): 8.69 (2H, s), 7.92-7.96 (6H, m), 7.82 (6H, d, J = 8.1 Hz), 7.72 2H, d, J = 3.6
Hz), 7.61-7.64 (4H, m), 430 2H, d, J = 6.6 Hz), 2.00 (1H, m), 1.20-1.31 (8H, m), 0.78-0.89 (6H,
m). Pc NMR (75 MHz, CDCl,, 5, ppm): 141.0, 140.61130.5, 129.9, 125.9, 125.5, 125.4, 124.3,

123.2,123.1.6, 47.6, 39.4, 31.0, 28.8, 24.4, 23.0, 14.0, 10.9. HRMS calcd for CHN,0,8,: m/z
785.24.
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(E)-3-(4-(5-(6-(5 '-(4-((E)-2-carboxy-2—cyanovinyl)phenyl)-[2,2'-bithiophen]-S-yl)-
N-(2-ethylhexyl)carbazol—3-yl)thiophen-2-yl)phenyl)-2—cyanoacrylic acid (CB12)

OOH

Compound CB12 was prepared from 78 with a method similarly to that described
above for CBO01 and obtained as red solid (0.094 g, 17%). FT-IR (KBr, V, cm'l): 3364 (O-H),
2924 (C-H), 2212 (C=N), 1616 (C=0), 1594 (C=C), 1353, 1189, 779. 'H NMR (300 MHz,
DMSO0, O, ppm): 8.68 (1H, s), 8.64 (1H, s), 7.26-7.94 (20H, m), 4.29 (2H, m), 1.13-1.30 (8H, m),
0.75-0.87 (6H, m). “C NMR (75 MHz, CDCl,, 6, ppm): 140.6, 134.9, 130.5, 125.5, 125.4, 123.1,

122.8, 117.6, 109.6, 47.6, 39.4, 31.0, 28.8, 24.4, 23.0, 14.0. HRMS calcd for C,H, N,0,S,: m/z
867.23.

(2E,2'E')-3,3'-((5',5"'-(N-(2-ethylhexyl)carbazole-3,6-diyl)bis([2,2'-bithi0phene]-
5',S-diyl))bis(4,1-phenylene))bis(2-cyanoacrylic acid) (CB22)

HOO!

Compound CB22 was prepared from 79 with a method similarly to that described
above for CB01 and obtained as red solid (0.12 g, 18%). FT-IR (KBr, V, cm''): 3383 (O-H), 2921

(C-H), 2211 (C=N), 1623 (C=0), 1597 (C=C), 1370, 1081, 784. 'H NMR (300 MHz, DMSO, 6,
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ppm): 8.67 (2H, 5), 7.94 (6H, d, J = 7.5 Hz), 7.80 (6H, d, J = 7.8 Hz), 7.68 (2H, d, J = 3.9 Hz),
762 (1H, s), 7.59 (1H, 5), 7.57 (2H, d, J = 3.6 Hz), 7.44 (2H, d, J = 3.6 Hz), 7.41 (21, d, J = 3.9
Hz), 429 (2H, m), 2.08 (1H, m), 1.21-1.33 (8H, m), 0.76-0.89 (6H, m). ’C NMR (75 MHz,
CDCL,, O, ppm): 139.3134.9, 120.9, 125.5, 125.4, 124.3, 1232, 123.1, 122.8, 117.6, 109.6, 47.6,
39.4,31.0,28.8, 24.4, 10.9. HRMS calcd for C,H, N,0,S,: m/z 94921,

4,4’-(N,N-bis(4-(3,6-di-tert-butylcarbazo I-N-yl)phenyl)amino)-1,1’-biphenyl

Yo

g«'«@

Q

(DND)

Q

Z

i
(D

A degassed solution of 26 (0.71 g, 0.76 mmol), hexabutyldistananne (0.21 g,
0.37 mmol) and Pd(PPh,), (0.018g, 0.015 mmol) in toluene (25 ml) was heat at 80 °C under
N, atmosphere for 24 h. After the reaction mixture was cooled to room temperature, water (10 ml)
was added. The mixture was extracted with dichloromethane (50 ml x 2). The combined organic
phase was washed with water (50 ml), brine solution (50 ml), dried over anhydrous sodium sulfate,
filtered and evaporated to dryness. Purification by silica gel column chromatography using
dichloromethane/hexane ~ (1:6) as  eluent followed by  recrystallization  with
dichloromethane/hexane afforded 2 as colorless solid (0.063 g, 11%); m.p. >250 oC; FT-IR (KBr,
V, em’): 2958 (C-H), 1505 (C=C), 1474, 1261, 793. '"H NMR (300 MHz, CDCL,, O, ppm): 8.16
(8H, 5), 7.64 (4H, d, J = 8.1 Hz), 7.42-7.52 (36H, m), 1.54 (72H, 5). "C NMR (75 Miz, CDCl,,
6, ppm): 145.2, 141.0, 140.6, 139.8, 139.3, 134.9,134.9, 130.5, 129.9, 125.9, 125.5, 125.4, 124.3,
123.2, 123.1, 122.8, 117.6, 109.6, 47.6, 34.4, 31.0. HRMS calcd for C, H Ny: m/z 1596.96;

116~ 7120

found: m/z 1598.429 [MH, "]
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2,5-Bis{/V,N-bis [4-(3,6-di—tert-butylcarbazol—N-yl)phenyl]4-aminophenyl} -9.9-

dipropylfluorene (DFD)

A mixture of 26 (0.50 g,0.54 mmol), 9,9-dipropylfluorene-2,7-bis(boronic acid pinacol
ester) (0.12 g, 0.24 mmol), Pd(PPh,), (0.012 g, 0.009 mmol), 2 M Na,CO, aqueous solution (15
ml) in THF (25ml) was degassed with N, for 5 min and then heated at r_eﬂux under N, atmosphere
for 24 h. After cooling, dichloromethane (50 ml) was added and the organic layer was washed
with water (50 ml x 2) and brine solution (50 ml), dried over anhydrous Na,SO,, filtered and
evaporated to dryness. Purification by silica gel column chromatography using
dichloromethane/hexane  (1:6) as  eluent followed by  recrystallization  with
dichloromethane/hexane gave yellow solid (0.30 g, 37%). m.p. > 250 OC, FT-IR (KBr, V, cm'l):
2952 (C-H), 1507 (C=C), 1493, 1262, 807. '"H NMR (300 MHz, CDCl,, 8, ppm): 8.23 (8H, s),
7.48-7.84 (46H, m), 2.13 (4H, m), 1.54 (74H, s), 0.78 (6H, m). “C NMR (75 MHz, CDCI,, 8,
ppm): 151.8, 146.6, 146.2, 142.8, 139.4, 139.4, 139.3, 136.8, 133.0, 128.3, 127.7, 125.7, 125.0,
123.3, 121.1, 120.1, 116.3, 109.3, 55.5, 43.0, 34.8, 32.1, 29.7, 17.4, 14.6. HRMS calcd for
C3sH 4oNg: m/z 1845.11; found: m/z 1845.289 [M']
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2,5-Bis{/V,N-bis [4-(3,6-di—tert—butylcarbazol-N-yl)phenyl] 4-aminophenyl}

thiophene (DT1D)
I

QOOOO
) (J

A mixture of 26 (0.80 g,0.86 mmol), 2,5-thiophenediboronic acid (0.006 g, 0.34
mmol), Pd(PPh,), (0.015 g, 0.013 mmol), 2 M Na,CO, aqueous solution (15 ml) in THF (25ml)
was degassed with N, for 5 min and then heated at reflux under N, atmosphere for 24 h. After
cooling, dichloromethane (50 ml) was added and the organic layer was washed with water (50 ml
x 2) and brine solution (50 ml), dried over anhydrous Na,SO,, filtered and evaporated to dryness.
Purification by silica gel column chromatography using dichloromethane/hexane (1:6) as eluent
followed by recrystallization with dichloromethane/hexane gave yellow solid (0.086 g, 15%). m.p.
>250 °C, FT-IR (KBr, V, em): 2952 (C-H), 1507 (C=C), 1491, 1260, 786. 'H NMR (300 MHz,
CDCL,, O, ppm): 8.16 (8H, s), 7.17-7.65 (42H, m), 1.48 (72H, s). "C NMR (75 MHz, CDC,, 0,
ppm): 151.8, 146.6, 146.2, 142.8, 139.4, 139.4, 139.3, 136.8, 133.0, 128.3, 127.7, 125.7, 125.0,
123.3,121.1, 120.1, 116.3, 109.3, 34.8, 32.. HRMS calcd for C 2ol ,NS: m/z 1678.95; found: m/z
1679.564 [MH].

5,5°-Bis{V,N-bis [4-(3,6-di-tert-butylcarbazol-N-yl)phenyl]4-aminophenyl}-2,2’-

:
RN NN e

Q @

bithiophene (DT2D)
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Compound DT2D was prepared from 29 with a method similarly to that described
above for DND and obtained as green solid (0.17 g, 39%). m.p. >250 0C; FT-IR (KBr, V, cm'l):
2952 (C-H), 1507 (C=C), 1493, 1262, 807. 'H NMR (300 MHz, CDCl,, 6, ppm): 8.16 (8H, d, J =
0.9 Hz), 7.61 (4H, d, J = 8.7 Hz), 7.40-7.53 (36H, m), 7.30 (4H, d,J=84Hz), 722 2H, d, J =
3.6 Hz), 7.19 (2H, d, J = 3.6 Hz), 1.49 (72H, s). "C NMR (75 MHz, CDCL,, O, ppm): 146.8,
145.9, 142.8, 139.3, 136.3, 133.2, 129.1, 127.7, 126.7, 125.1, 124.4, 123.5, 116.2, 109.2, 34.5,
32.0. HRMS caled for C,,H,,,N,S,: m/z 1760.93; found: m/z 1761.703 [MH']

5,5°*-Bis{NV,N-bis [4-(3,6-di-tert-butylcarbazol-N-yl)phenyl]4-amin0phenyl}-

2,2’:5°,2°°:5”°,2>>-guaterthiophene (DT4D)

N

" g
N©4 )
g ®

Compound DT4D was prepared from 30 with a method similarly to that described
above for DND and obtained as orange solid (0.17 g, 39%). m.p. >250 0C; FT-IR (KBr, V, cm'l):
2952 (C-H), 1507 (C=C), 1491, 1260, 808. '"H NMR (300 MHz, CDCl,, 6, ppm): 8.16 (8H, d, J =
1.2 Hz), 7.60 (4H, d, J = 8.4 Hz), 7.40-7.53 (32H, m), 7.29 (4H, d, J = 8.4 Hz), 7.22 (2H,d,J=
3.7 Ha), 7.19 (2H, d,J=3.7 Hz), 7.11 (4H, m), 1.49 (72H, 5). "C NMR (75 MHz, CDCL, J,
ppm): 146.9, 145.9, 143.0, 142.8, 139.3, 136.4, 133.2, 129.1, 127.7, 126.7, 125.2, 124.4, 123.5,
116.2,109.2, 34.7, 32.0. HRMS calcd for C,. H NS,: m/z 1924.91; found: m/z 1928.359 [MH;]

13277128
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4,7—Bis{N,N-bis[4-(3,6-di—tert-butylcarbazol-N—yl)phenyl]aminophen—4-yl}-2,1,3-

benzothiadiazole (DBD)

&

Uaba@a

T
S

®,

@

5 gL
SRS

(s

A mixture of 26 (0.90 g,0.97 mmol), 2,1,3-Benzothiadiazole-4,7-bis(boronic acid
pinacol ester) (0.012 g, 0.32 mmol), Pd(PPh,), (0.015 g, 0.013 mmol), 2 M Na,CO, aqueous
solution (15 ml) in THF (25ml) was degassed with N, for 5 min and then heated at reflux under N,
atmosphere for 24 h. After cooling, dichloromethane (50 ml) was added and the organic layer was
washed with water (50 ml x 2) and brine solution (50 ml), dried over anhydrous Na,SO,, filtered
and evaporated to dryness. Purification by silica gel column chromatography using
dichloromethane/hexane (1:6) as eluent followed by recrystallization with
dichloromethane/hexane gave red solid (0.27 g, 49%). m.p. > 250 OC, FT-IR (KBr, V, cm’'): 2955
(C-H), 1505 (C=C), 1474, 1261, 808. 'H NMR (300 MHz, CDCL,, &, ppm): 8.16 (8H, s), 8.04
(4H, d, J = 8.4 Hz), 7.86, (2H, 5), 7.43-7.55 (36H, m), 1.48 (72H, 5). "C NMR (75 MHz, CDCI,,
8, ppm): 154.2, 147.6, 146.0, 142.8,139.4,132.2,132.1, 130.3, 127.8,127.7, 1254, 123.9, 123.6,

123.3, 116.2, 109.2, 34.7, 32.0. HRMS calcd for CoH,,,N,S: m/z 1730.95; found: m/z 1731.719
[MH']
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4,7-Bis{5-(N,N-bis[4-(3,6-di-tert-butylcarbazol—N-yl)phenyl]aminophenyl)-thien-

2-yl}-2,1,3-benzothiadiazole (DTBTD)

@

>

Compound DTBTD was preparéd from 29 with a method similarly to that described
above for DBD and obtained as dark red solid (0.19 g, 36%). m.p. >250 oC; FT-IR (KBr, V, cm’
": 2958 (C-H), 1505 (C=C), 1474, 1261, 814, 793.'H NMR (300 MHz, CDcCl,, 5, ppm): 8.17 (8H,
s), 7.90 (2H, 5),7.71 (4H,d, J=8.2 Hz), 7.40-7.55 (36H, m), 7.32 (4H, d, J = 8.2 Hz), 1.49 (72H,
s). °C NMR (75 MHz, CDCL, 5, ppm): 152.6, 147.1, 145.9, 145.2, 142.8, 139.4, 133.2, 129.1,
128.7, 127.8, 127.0, 125.4, 125.2, 124.4, 123.9, 123.3, 123.3, 116.2, 109.2, 34.7, 32.0. HRMS
calcd for CI3OH,26NSS3: m/z 1894.93; found: m/z 1895.577 [MH+]

4,7-Bis {4,4’-(N,N-bis[4-(3,6-di-tert-butylcarbazol-N-yl)phenyl]amino)—l,1 ’-
biphenyl}-2,1,3-benzothiadiazole (DPBPD)
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Compound DPBPD was prepared from 94 with a method similarly to that described
above for DBD and obtained as dark red solid (0.19 g, 38%). m.p. >250 oC; FT-IR (KBr, V, cm
'): 2958 (C-H), 1505 (C=C), 1474, 1261, 814, 793."H NMR (300 MHz, CDCl,, O, ppm): 8.16 (8H,
d,/=0.9 Hz), 8.10 (4H, d, J = 8.1 Hz), 7.90 (H, s), 7.82 (4H, d, J= 8.1 Hz),7.71 (4H,d,J=8.4
Hz), 7.40-7.54 (36H, m), 1.49 (72H, s). "C NMR (75 MHz, CDCL,, 8, ppm): 154.2, 142.8, 139.3,
136.0, 133.2, 132.8, 129.7, 128.2, 127.7, 127.0, 125.1, 124.6, 123.5, 123.3, 123.3, 116.2, 109.2,
34.7,32.0. HRMS calcd for ClaH 30NgS,: m/z 1883.0.1

4‘-bromo-N,N-bis(4-(3,6-di-tert—butylcarbazol-9-yl)phenyl)—[1,1 '-biphenyl}-4-

amine (94)

0

J

oo

©
e

A mixture of 26 (1.0 g, 1.07 mmol), 4-bromophenylboronic acid (0.072 g, 0.36 mmol),
Pd(PPh3)4 (0.005 g, 0.007 mmol), 2 M Na,CO, aqueous solution (10 ml) in THF (15ml) was
degassed with N, for 2 min and then heated at reflux under N, atmosphere for 24 h. After cooling,
dichloromethane (50 ml) was added and the organic layer was washed with water (50 ml x 2) and
brine solution (50 ml), dried over anhydrous Na,SO,, filtered and evaporated to dryness.
Purification by silica gel column chromatography using dichloromethane/hexane (1:6) as eluent
followed by recrystallization with dichloromethane/hexane gave color less solid (0.26 g, 76%).
m.p. m.p. > 250 °C, FT-IR (KBr, V, cm’): 2955 (C-H), 1505 (C=C), 1474, 1261, 808. '"H NMR
(300 MHz, CDCI,, O, ppm): 8.16 (4H, 5), 7.43-7.59 (21H, m), 148 (36H, s). "C NMR (75 MHz,
CDCl,, 6, ppm): 142.85, 139.30,131.90, 128.36, 127.70, 125.24, 123.34, 116.22, 109.31, 34.72,
32.06. HRMS calcd for CoHe N,Br: m/z 955.12.
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A series of novel 2D-D-x-A-type organic dyes, namely broadening of the incident monochromatic photon-to-current
CCTToA (n = 1-3), bearing bis(3,6-d.i-len—butylwbazol-9— conversion efficiency (IPCE) spectra of the DSSCs, ieading
viphenylanilipe as an electron-donor moiety (2D-D), oligo-  to enbanced energy conversion efficiency (). Among these
thiophene segments with a number of thiophene units from dyes, CCTT3A shows tha best photovoltaic performance, and
one to three units as R-conjugated spacers (x), and Cyano- a maximal incident monochromatic photon-to-current con-
acrylic add as the electron acceplor (A} were synthesized version efficiency (IPCE} value of 80 %. a short—circuit photo-
and characterized as dye sensitizers for dye-sensitized solar  current density (J,) of 9.98 mAc, opea-circuit voltage
cells (DSSCs}. These compounds exhibit high thermal and (Vo) of 0.70V, and fill facior (FF) of 0.67, corresponding to
eledrochemical bility. Detailed i igati of these an overall conversion efficiency 7 of 4.6% were achieved.
dyes reveal that both peripheral carbazole donors {2D) bave  This work Suggests that organic dyes based on this type of
henefidal influence on the red-shifted absorption Specttum  donor moiety or donor molecular architecture are Ppromising
of the dye in solution and dye adsorbed oo TiO, tilm, and the candidates for improved performance DSSCs.

Iatroduction . efficiency of more than 9.9% was fabricated by Sony. Al
. R _ . though there is still room for improvement of the efficiency
Since the report by O'Reagan and Gritzel in 1991 2 of Ru-based DSSCs{¥ Ru dyes are nevertheless costly, diffi-
dye-sensitized solar oells (DSSCs) with dramatically in- to attain, and normally have only moderate absorption
creased light harvgu.ng ‘cfﬁmmcy,“lglhls type o{ solar cell intensity™ Enormous effort is also being dedicated to the
Fras ¢ " and sust 1t - bx development of new aud efficient dyes that are suitable with
it offers the possibility of low-cost conversion of photo- respoct (0 their modest cost, ease of synthesis and modifica-
energy™ To date, DSSCs with a validated efficiency record tion, large molar extinction coefficient, and long-term sta-
of more than 11% have been obtained with Ry complexes bility. Organic dyes meet all these criteria. Thus, there have
such as the black dye!® More recently, a DSSC submodule been remarkable developments in organic dye-based DSSCs

of 17 em? consisting of cight paralle] cells with a conversron in recent years® and efficicncies exceeding 10% have b
achieved by using dyes that have broad, red-shifted, and

{a] Center for Orgaaic Elocironic 2ad Alternative Energy, intense spectral absorption in the visible light region.™ Al
E"P‘n"““! o Chemistry, Faculty of Science, Ubon though remarkable progress has been made in the develop-
atchathani University, i . . . i
Ubon Ratchathani, 34190, Thailand . ment of organic dyes as sensitizers for DSSCs, their chemi-

L] g:vmﬂlm of Chemistry, Faculty of Scieace, Prince of g structurres still require optimization for further improve-
Ha'x,%, So:.m%l 10, Thaitand ment in performance. Most of the developed organic dyes

{c] National Nanotechnology Center, 130 Thailand Science Park,  arc composed of donor, R-conjugation, and acceptor moie-

Iyothin Rd., Kloog L“G‘;LP:)‘P“E'“"‘W u:.ozf- Thailind o thereby forming a D-x-A structure, and broad ranges

1O
of nnovati b P .

e ﬁ‘d:&olmm lns(ilu::do( Scieace, Si Ui Innox y :'; of efficicncies have been achieved 1681 Moil of
Technology, *. . the highly efficient DSSCs based on organic dyes have ong
:':'::a 1%%““ Ratchasima, 30000, Thaitand n-conjugated spacers between the donor and acceptor, re-
E-miail: pvinich@sut.ac. th sulting in broad and intense absorption spectra, aromatic
H°"mj“ii f““;’”‘m‘:‘w :: ((<=Author: please in-  amines as donor moieties, a strong electron-withdrawing
seri of your . N . L .

& Supporting information for this article is available on the  BTOUP ( yHe aqd)as. plor, and znch'onng mote-
WWW under http/dx.doi.org/10.1002/cjoc. 201 201479, ties. Hi . the duction of long n-conjugated seg-
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ments results o rod-like molecules, which can lead to re-
combigation of the electrons to the trijodide and magnify
aggregation between molecules™ The close - aggregation
can not only lead to self-quenching and reduction of elec-
tron injection into TiO,, but can also resuit in instability of
the organic dyes due to the formation of excited trplet
states and unstable radicals under light irradiation.'% On
the basis of these criteria, recently, orgaaic dyes with 2D-r-
A structures have been reported by several groups!!!! Their
studies suggest that good performance for organic dyes
based on 2D-r-A struciure over the simple D-n-A configu-
ration could be achieved by the molecular design.

We anticipated that furtber improvements could be made
by introducing an additional donor moiety into the aro-
matic amine to form a 2D-D-n-A structure, and eanvisaged
that such architectures would extend the absorpuon region,
enhance the molar extinction coefficient, reduce the ten-
dency to aggregate, and lead to better thermal stability
compared with simple D-n-A structures To this end, we
prepared a set of new, simple 2D-D-n-A-type organic dyes.
In our design (Figure 1), triphenylamine and carbazole
moicties were employed as the aromalic and additional do-
nors, respectively, thereby forming a bis(3,6-di-tert-butyl-
carbazol-9-ylphenyl)aniline donor moiety (2D-D). The cya-
noacrylic acid and oligothiophenes were incorporated as ac-
ceptor {A) and simple n-spacer (r), respectively. Recently,
eflicieat DSSCs that incorporate vacious triphenylamine
and carbazole-based dyes have been reported, indicating the
importance of their further investigation in DSSCs ('Y in
addition, it has been found that by i incorporating an elec-
tron-donor group into the dyc molecule, the physical sepa-
ration of the dyc cation from the eloctrode surface can be
increased, which (acilitates a high rate of charge separation
and collection compared with interfacial charge-recombina-
tion processes!*?l Furthermore, the use of triphenylamine
and carbazole have aroused great interest because of their
excellent hole-transport capability, and their derivatives
have become classic hole-transporting materials "4 More-
over, the bulky, nonplanar structure of this 2D-D moiety
may prove to be important for solving the intractable prob-
lems associated with closc n-r aggregation of the dyc mole-
cules. The inclusion of ferr-butyl substituents can increase
the solubility of the dye, and aiso form a bydrophobic
blocking layer on the TiO; surface to suppress the approach
of iodideftriiodide (I71,7) electrolyte to the TiO,, conse-
quently leading to an improvement in the open—circuit volt-
age. Hercin, we report a detailed synthesis and the physical

COOH CCTT1A n=1

I L CCTT2A n=2
< > n

CCTT3A n=13

NC
O

Figure 1. Molecular structures of the designed dyes.

yhphenyl}-4-iodoaniline (3), was synthesized frorn Ullmana
coupling of tri{p-iodophenyl)amine (1) wuh 'i ,6-di-tert-bu-
tylcarbazole (2) obtained from di d of tn-
phenylamine with I, and from an alkylation of carbazole
with zert-butyl chloride, respectively. A stoichiometric reac-
tion of T (2 equiv.) and 2 (I equiv.) under a catalytic system
of Cul as catalyst, (*)-trans-1.2-diaminacyclohexane as co-
catalyst, and K,POy as base in toluene, afforded intermedi-
ate 3 in moderate yield (44%). From 3, intermediates 5 and
7 were syathesized by usmg a combination of Suzuki cross-
coupling and bromit in an ilerative manner.
Suzuki cmss-coupling reaction with 2-thiophene boronic
aad catalyzed by [PA(PPhy),Na,CO; (aq) in tetra-
hydrofuran (THF) was cmployed to achieve an increased
number of thiophene units in the molecule, wh bromi-
nation with N-bromosuccinimide (NBS} in THF selectively
introduced a bromo function to the a-position of the ter-
mina! thiophene ring, allowing a further Suzuki cross-cou-
pling reaction to be performed. The Suzuki couphng of3
and 5 with 2-thioph b ic acid afforded thi

compounds 4 and 6 in good yields, whereas hrummauon of
4 and 6 with NBS yielded bromo intermediates 5 and 7 in
91 and 87%, respectively. Subsequent coupling of interme-
diates 3, 5 and 7 with S-formylthiophene-2-boronic acid un-
det the same Suzuki coupling conditions gave 8, 9, and 10
ia yields of 75, 70, and 60%, resp ly. Final K1

and photophysical properties of these 2D-D-x-A-type dyes
(CCTTnA). Furthermore, their use as dye sensttizers in
DSSCs in comparison with N3 dye and D-n-A-type dye
(TT2A),'3 having triphenylamine as a donor, are also re-
ported.

Results aad Discussion

Syatbesis and Ch P

The dyes were syathesized as outlined in Scheme 1. First,
a key intermediate, N, N-bis{4-(3,6-di-rert-butylcarbazol-9-

2 weww.curjoc.org
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gel cond
in the presence of a catalytic amount of piperidine in CHCly
beated at reflux for 18 h gave (E) -3-{5-(4-{ bis[4-(3,6-di-terr-
butylcarbazol-9-yl)ph §phenyl)thiophen-2-yl}-
2-cyanoaarylic aud (CClT IA) (b)-}-{i'-(«t—{bls(ll—(} 6-di-
tert-butylcarbazol-9-yi } phenyl)-(2,2°-bithio-
phcn)-S-yl}-Z-cyanom:ryhc 2cid (CCTT2A) and (E}-3-[5"-
(4-{bis[4-(3,6-di-tert-butylcarbazol- -9-yl)phenyljamino}-
phenyl)-(2,2':5",2""-terthiophen)-5-yl)-2-cyanoacrylic acid
(CCTT3A) in yields of 58, 57, and 48%, respectively. All
dyes can be crystallized to give intensely colored solids. The
colors of these solid products varied from orange to dark-

£ X Org Chem. 9000, 0-0

of thesc aldehydes with cyanoacrylic acid -
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Scheme 1. Synthesis of CCTTaA {1 = 1-3) and TT2A dyes.

red as the number of thiophene units in the molecule in-
creased from CCTTIA, CCTT2A to CCTT3A. In the syn-
thesis of (E)-}»(5’-[4—(diphcnylamino)phcnyl]-Z.Z'-bi~
lhiophcn«S-yH-annoacrylic acid (TT2A), intermediate
2,2'~bilhiophcnc-S-carbaldehydc (11) was first selectively
iodinated at the a-position of the terminal thiophene ring
with NIS in THF to give 5'-i0do-2,2"-bithiophene-S—carb-
aldeltyde (12) in 83% yield. Subsequently, Suzuki pling
of 12 with 4-(diphenylamino)phenylboronic acid*¢l af-
forded 5‘-[4~(diphcnylamino)phcuyl]-Z,Z’—biihiophcnc—S-
carbaldehyde (13) in a yield of 82% Knoevenagel conden-
sation of this aldehyde with cyanoactylic acid catalyzed by
piperidine produced TT2A in 79% Yield. The structures of
all dye molecules were characteri bi; ly on the

ably as a result of their steric bulk and the presence of rerr-
butyl substituents, allowing dye adsorption on TiO, (dm
and [abrication of DSSCs. -

Optical Properties

UV/Vis absorption spectra of CCTTnA and TT2A in
CHYCl, are shown in Figure 2 and the characteristic data
are summarized in Table 1. The spectra of CCTTnA exhib-
ited three strong absorption bands at 297-298, 330-340,
and 455464 um, respectively (Figure 2, a). The first and
second absorption bands were attributed to localized n-n*

basis of FTIR, 'H NMR, and '}C NMR spectroscopy as
well as high-resolution mass spectrometry. Thése com-
pounds show good solubility in organic solvents, presum-

Eur. J, Org. Chem 0000, 0-0
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t i of the carbazole and triphenylamine donors
(2D-D), respoctively. The third band was ascribed to intra-
molecular charge transfer (ICT) traesition from the 2D-D
moiety to the cyanoacrylic acid acceplor. This was con-
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Figure 2. UV/Vis absorption spectra of dyes (@) in CH,(, solution and {b} adsorbed on TiO, film. (c) UV/Vis absorption spectra of
CCTTIA ia different solvents. (d) PL spectra of dyes in CHCH, solution.

Table 1. Optical, theral, ck ical, and ek ic prop of the dyes
Dye Absou o) A Emobl fag (4 pW B v Ay M gn Eal  HOMO/
[om} fomj  fom] A" V) ra 1 LUMOR ev]

CCTTiA 458 25225 % 646 LGS 060 141,08 108, 280 225 238 -5.2-297
140

CCTA 455 93 442 658 083(610) 073  -186.081,1.08, 265 221 219 -5.200-2.99
135,150

CCTTIA 484 33926 450 672 085(80.5) 112 -1.61,078.099. 353 213 208 -5.16-3.03
106,131, 1.37

Tr24 405 20206 4 651 1300976) 090  -155092. 135 2%0 225 28 -S28/-3.03

N3'% 530 14500 - - - - - - 1.86 136 -5.52-3.84

{a] Absorption and emission measured in CH,QY, solution. fb] Absorption of the dyes adsorbed on TiO, fitm. {c} Fluorescence Lifetime

measured in CH,Cl, solution at 25 °C. {d} Measured by CV using a glassy carbon working electrode,

reference electrode with 0.f M aBu,NPF; as supporting electrolyte in

Pt counter electrode and Ag/lAg*
CH,Q;. fc] Measured by TGA at a heating cate of 10 °C/min under

Ny [f] Estimated from the absorption onset: £, = 1240/4_ {g] Calculated by at the TDDFI/BILYPI6-31G (d,p) feel. [h] Calculated from
oxidation oaset potential: HOMO = AL g™ + 4.44); LUMO = HOMO ~ [

firmed by a negative solvatochromic shift, ie, hypsoch-
romic shift of maximum wavelength (1g,.,) of the peaks at
longer wavclength in more polar solvents, whereas the posi-
tions of the first and second absorption bands were nearly
independent of solvent polarity (Figure 2, ¢). The molar ex-
tinction cocfficients (¢) of the first and second absorption
bands of all compounds were nearly identical (¢ = 42326
2nd 33061 M~ em!, respectively), as they have the same do-
nor. The & values of the ICT bands of CCTTnA were mod-
erate 1o high, ranging from 25225 10 33926 M~ c™'. As the
number of thiopheae units in the molecules increase from
CCTTIA, CCTT2A to CCTT3A, the ICT bands showed

4 Www.curjoc.og
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bathochromic shifis and increased ¢ values The absorption
spectra and the ¢ values of conjugated chromophores in-
crease as the degree of conjugation is extended [!7
Comparison of the absorption spectra and ¢ values of
2D-D-n-A dyes CCTTIA and CCTTA 10 those of (E)-3-
{5{4-(diphcnylamino)phenyljthiophen-2-yi}-2-c yhic
acid (Licr = 39 nm, £ = 17000 M~ an* in CHCL)'Y and
TT2A (Aicr = 405 am, € = 20206 M~'em™), having simple
D-r-A structures, revealed significant bathochromic shifts
(50-79 em) of the ICT peaks and increases in the e values
(1.45-1.48 fold). These results suggest that the use of carba-
zole as an additional or secondary donor to triphenylamine

Ewr. J Org Chem 06000, 0.0
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donor 10 form a 2D-D-r-A strecture dye may be an cffec-
Live way to bathochromically shift and eahunce the ¢ value
of the dye's absorption spectra, which is desirable for hac
vesting more solar light. Morcover, the ¢ values of the ICT
peaks of these dyes are considerably larger than that of the
Ru dye (N3, dsqpqm = 14500 m~'cm") (19 indicating good
light harvesting ability. The higher € values of the dyes allow
a correspondingly thinner nanocrystaliine film (o be ased,
so avoiding a decrease i the mechanical strength of the
(dm. This is also advantageous for efectrolyte diffusion in
the film and reduces the possibility of recombination of the
light-induced charges during transportation. *¥ The absorp-
tion spectra of CCTTnA adsorbed on TiO, films are shown
in Figure 2 (b). The spectra were slightly blueshifted (13-
22 nm} compared with spectra measured in CH (5. Such
a phenomenon is commonly observed in the spectral re-
sponse of other organic dyes, and may be ascribed to the
H-aggregation of the dye motecules on the T:O; surface
and/or the interaction of the anchoring groups of the dyes
with the surface of TiO,.2" The fluorescence emission spec-
tra of the dyes ia CH,Cl, were redshifted with increasing
numbers of thiophene uaits in the molecule, which was
roughly parallei (o the trend of the absorption spectra (Fig-
ure 2, d). The fluorescence decay curves of the dyes were
measured in CH,Cl; at 25°C and their decay parameters
giving the best {it are summarized in Table i. As the
oumber of thiophene units in the molecule increased from
CCTTIA, CCTT2A to CCTT3A, the major relaxation time

decreased from 1.14, 0.88 (o 0.33 ns, respectively.

Electrochemical and Thermal Properties

The electrochemical properties of the dyes were studied
by cyclic voltammetry (CV) in CH,Q, solution with 0.1 M
"B NPFg as a supporting electrolyte. The results are
shown in_Figure 3 (a) and all data are Jisted in Table 1. The
CV curves of all dyes exhibited multi qQuasireversible oxi-
dation events and one irreversible reduction process. The
reduction wave was attributed lo the reduction of the
cyanoacrylic acid acceptor moiety, which was i (he range
of ~1.55 to -1.86 V. The first oxidation wave of TT2A

agreed with the removal of electrons from the tri-
phenylamine donor to give the corresponding radical cat-
ion, whereas those of CCTTnA corresponded to removal
of electrons from the peripheral carbazole donor moieties
to give the radical cation. The first oxidation poteatials of
CCTToA decreased from 0.88, 0.83 (o 0.78 V when the
number of thiophene units in the molecule or the length
of the n-conjugated spacers were increased from CCTTIA,
CCTT2A 10 CCIT3A, respectively, as observed in other
oligothiophenes ™ These values were lower than that of
TT2A (0.92 V), indicating the advantage of having periph-
eral carbazoles as extra donors. The multiple CV scans of
CCTTnA revealed identical CV curves, with no additional
peak at lower potential on the cathodic scan (Ec) being
observed. This indicates that no oxidative coupling at the 3
or 6 positions of the peripheral carbazole, leading to elec-
tropelymerization, took place, presumably due to the pres-
ence of the 3.6-di-terr-butyl groups. This type of electro-
chemical coupling reaction can be detected in some carba-
zole derivatives with unsubstituted 3,6-pasitions® and
might occur upon charge separation, which hampers the
dye regeneration. Therefore, importantly, it is clear that the
dyes are electrochemically stable molecules.

The HOMO and LUMO energy levels of the dyes calcu-
lated from the onset potential of the CV curves are summa-
rized in Table 1. The HOMO of CCTTIA (-5.22eV) was
lower than those of both CCTT2A (-520eV) and
CCTT3A (-5.16 eV), but all were much lower than the re-
dox potential of the ;- couple (-4.8¢V), therefore, dye
regeneration should be thermodynamically favorable and
should compete efficiently with the recaptuce of the injected
clectroos by (he dye radical cation. The LUMOs (=297 to0
~3.03 ¢V) of these dyes calculated from the HOMOs and
energy gaps (E,) estimated from the opticat qbsorplion edge
were less negative than the conduction band of the TiO,
electrode (-4.00 eV vs. vactum}?*! and the LUMO of N3
dye (-3.84 V). To ensure efficient charge injection, the
LUMO level of the dye should be more than 0.3 eV above
the conduction band of the TiO,. Therefore, all dyes have
sufficient driving force for electron injection from the ex-
cited dyes to the conduction band of TiO;. As a result,

a) - b)
8 = 20
- k3
3 2w
£4 S.
g £
5 i
00 2
80
-100

20 -15 <10 05 00 05 10 15
Poteatial vs Ag/Ag+ (V}

Figure 3. (a) CV curves measured in CH,C1,
thermograms measured at 2 heating rate of 10
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solution with nBu,NPF; as supporting eloctrolyte at a scan rate of 100 mVis {b) TGA

°C/min under N,.
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CCTTnA have sufficient energetic driving force for efficient
DSSCs using a nano<crystalline titania photocatalyst and
the 1"1," redox couple. Moreover. having high LUMO po-
tentials, these dyes become very attractive for other metal
oxide semiconductors with higher conduction bands than
that of TiQ, such as Zn0, Nb,0;, SrTiO; and their com-
positest® 1o achieve high open-circuit voltage (¥, ) DSSCs

The thermat properties were tnvestigated by thermogravi-
metric analysis (TGA), and the results suggested that dyes
CCTTnA were thermally stable raterials, with temperature
at 5% weight toss (Tsq) well over 285 °C (Figure 3, b). The
better thermal siability of the dye is important for the life-
time of the solar cells 261

Quantum Chemical Calculations

To gain insight into the geometrical, electronic, and op-
tical structures of these new dyes, quantum chemistry calcu-
lations were performed at the TODFT/B3LYP/6-31G {d.p)
level:"7 the resuits are summarized in Figure 4 and detailed
in the Supporting Information. A major factor leading to
low conversion efficiencies of many organic dyes in DSSCs
is the formation of dye aggregation on the semiconductor
surface." We therefore included a bulky domor moiety
equipped with two 3.6-di-rerr-butylcarbazole units con.
nected to a triphenylamine unit to increase the steric bulk
of the molecule. The optimized structures of CCTTnA re-
vealed that the dihedral angles formed between carbazole
(D1) and phenyl (Ph) planes in all molecules were as large
as 54.34-55.63° due to the steric bulk of the structure,
which could help to prevent close #-n aggregation effec-
tively between the dye molecules. The noncoplanar geome-
try can also reduce contact between molecules and enhance
their thermal stabitity.1?%l The aromatic rings of the x-conju-
gated spacers adopted more planar conformations, with the
dihedral angles between the benzene and thiophene (T,)
planes ranging from 19.60 to 22.80°, and the thiophene (T,)
and thiophene (T, Ts) planes (CCTT2A and CCTT3A)
ranging from 4.23 to 10.54°, whereas the thiophene (T,)
and acrylic acid (A) planes were neady coplanar (dihedral
angle of less than 0.15°). This suggests that n-electrons from
the donor moiety can delocalize effectively to the acceplor
moiety, which can subsequently transfer to the conduction
band of TiQ,. -

Figure 4. Schematic views of the ground state structures foc
CCT3A.

6 wwweurjoc.org
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The molecular orbital distribution is very important in
determining the charge-separated states of organic dyes
The electron distributions of the HOMO and LUMO of
CCTTnA and TT2A are shown in Figure S and in the Sup-
porting Information. To create an eflicient charge-transfer
transition, the HOMO mwst be localized on the donor unit
and the LUMO on the acceptor unit!®! The HOMOs of
these compounds are calculated 10 delocalize over the do-
nor moiety. {o CCTTnA dyes, the major contribution of the
donor motety comes from both triphenylamine 2nd cach
peripheral carbazole. The LUMOs are delocalized across
the ofigothiophene groups and cyanoacrylic acid acceptor,
The results indicate that the distribution of the HOMO and
LUMO of all dyes is well-separated, suggesting that the
HOMO-LUMO umnsition and can be considered as an
ICT trawsition. The lowest transition (Sg—S,; > 93%,
HOMO—LUMO) of CCTToA dyes cortesponds to a
charge-transfer excitation from the carbazole-triphenyl-
amine donor to the oligothiophene n-spacer and cyann-
acrylic acid acceptor (see the Supporting Information). The
S, transition state (Se—Sy: > 88%) is related (0 a HOMO-
1-LUMO trapsition and has a charge shift mainly from
the two peripheral carbazole moicties to the oligothiophene
r-spacer and cyanoacrylic acid acceptor, which is reflected
in the molecular orbital involved in the transition as well as
in the low oscillator strength due 10 the long-range charge
shift. For the S; transition state (Se—S;; > 88% HOMO-
2-LUMO), a charge shift mainly oniginates from the do-
nor moiety and oligothiophene n-spacer to the oligothi-
ophene n-spacer and cyanoacrylic acid acceptor with mod-
erate to high oscillator strengths. This means that these ad-
ditional carbazole donor units Taay cause a cascade effect
that aids charge separation. Therefore, it is believed that

Figure S. The HOMO and LUMO orbitals of TT24 (top) and
CCTT2A (bottom).
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Figure 7. Space-filling raolecular models of the optimized confor-
mation of the dyes

Photoveltaic Properties of CCTFaA

CCTTnA and TT2A dyes were used as sensitizers for
dye-sensitized nanocrystalline anatase TiO, sofar cells
(DSSCs). Cells with an effective area of 0.25 cm? 0.Scm
X 0.5 cm) were fabricated with 11 ym (9.5 #m transparent
* 1.5 um scattering) thick TiO, working electrode, platinum
(P1) counter electrode, and an electrolyle composed of
0.03m 106 Lil/0.1m guanidinium thiocyanatef0.5 M
tert-butylpyridine in a 15:85 (v/v} mixture of benzonitrite/
acctonitrile solution. The reference cell with the same struc-
ture based on N3 dye as the sensitizer, was made for com-
parison. To assess photovoltaic performance. five ceils were
prepared and measured under the standard conditions. The
corresponding current density-voltage (J- 1) characteristics
and the incident monochromatic photon-to-current conver-
sion efficiency (IPCE) plots are shown in Figure 8, and the
resulting photovoltaic parameters (average values) are sum-
marized in Table 2. The IPCE spectra of CCTTnA-sensi-
tized DSSCs plotted as a function of excitation wavelength
were broadened and redshifted as the ber of thioph

V. Promarak et al.

{PCE (80%) occurred at 475 am, which is higher than the
(PCE values of both CCTTIA- (710%) and CCTT3A
(76%.)-sensitized DSSCs. This observation deviates from
our cxpectation on the basis of the ¢ values of their absomp-
tion spectra, but is alsa observed in other types of organic
dyes ¥ fn all devices, we observed a decrease in the IPCE
ahove 600 nm in the long-wavelength region that can be at-
tributed 10 a decrease in the light-harvesting efficiency of
these dyes The slightly lower IPCE value of CCTT3A-sen-
sitized DSSC compared with that of CCTT2A sensitized
DSSC is probably due to extended m-conjugation elong-
ation of CCTT3A, which may lead to decreased electron-
injection yield refative to that of the CCTT2A dye> This
suggests that the structural modification of the dyes
strongly influences electron-injection and the collection effi-
ciencies, which, in turn, has a significant effect on the IPCE
and overall conversion efficiescy {;) of the devices More-
over, the IPCE values of all synthesized dyes were higher
than that of the N3 dyc due 10 the larger molar extinction
coeflicients of these dyes, however, the N3 dye showed a
broader IPCE spectrum, which is consistent with its wider
absorption spectrum.

Under continuous visible-light irradiation (AM 1.5G,
100 mWem2), the CCTT3A-sensitized DSSC showed the
highest 7 among these dyes and gave a short—circuit photo-
current density (J.) of 9.98 mA cm2, open-circuit voltage
(V.) of 0.70 V, and (il factor (FF) of 0.67, corresponding
{0 a 700 462%. The J,. and n values of the DSSCs were
in the order: CCTT3A (9.98 mAcm2, 4.62%) > CCTT2A
(902 mAcm, 4.34%) > CCTTIA (7.53 mAcm=, 3.70%)
> TT2A (689 mAcm™, 3.38%). The measured J,. values
of these solar cells were also cross-checked with the 7, val-
ues calculated from integration of their comesponding

units in the molecule i d, which is ¢ with the

-absorption spectra. The IPCE action spectra for DSSC

based on CCTT2A were considerably redshifted in com-
parison with that of a DSSC with TT2A as a result of bav-
ing additional donors in CCTT2A; which is consistent with
the UV/Vis absorption spectra of the dye-loaded TiO, films.
The photocurrent response of CCTT2A-sensitized DSSC
also had a higher value, exceeding 76% between 435 and
504 nm, compared with the other dyes The maximum

I 2T

IPCE spectra (Cal. J,,). thus supporting the reported efli-
ciency, with the results being in agreement {0 within 5%
(Table 2). The larger J,, and 4 of the CCTT2A (2D-D-n-
A) itized solar cell d with that of a solar cell
based on TT2A (D-n-A) demonstrates the beneficial influ-
ence of the redshifted absorption spectrum of CCTT2A on
TiO, film and the broadening of the IPCE spectrum of
CCTT2A-sensitized solar cell. This could result from cas-
cading clectron transfer from the additional carbazole do-

' 80

IPCE (%)
5 8

400 500 600 700
Wavelength (nm)

Figure 8. (a) TPCE plots and (b) J-¥ curves for the DSSCs.
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aess. Purification by sifica get cotumn chromatography (MeQH/
CH,Cl,, 2:98) afforded the product (0.16 g. S8%) as an ordnge so-
lid (m.p. >250°C). FTIR (KBr)y & = 3422 (O-H), 3042, 2958,
2212 (C=N), 1582 {C=0), 1508, 1316, 1294, 1263, 808 c. 'H
NMR (300 MHz, CDCIYIDJDMSO): 5 = 8.8 (s, 4 H), 817 (s, 1
H),7.75(d. J =84 Hz 3 Hy, 761(d.J=84 Hz, 5 H), 7.23-7.55
(m, 12 H). 7.07 (4, = 8.4 Hz, 2 H). 141 (5, 36 H) ppm. C NMR
{75 MHz, CDUYDJIDMSO): 643,150 1, 148.0, 145.5,142.8,
139.0, 1380, 1355, 1332, 1279, 1273 1259, 1242 1240, 1235,
1233, 116.8, 109.6, 34.9. 32 Ippm. HRMS: m/z caled. for
CoeHeN,0,8 [M*1 976 4750, found 976,71 mn.

(D-J—IS‘-(4—{Bisll-(].s«ii»l(rt—bmylcarbzzul-‘bylypheuyl]amina’-
phenst)-(2.2"-bithiophcn)-5-y1-2-cyanoaceylic Acid (CCTT24):
Compound CCTT24A (0.12 g, 57%) was prepared from 9 by using
4 similar method to that described above for CCTTIA, as a red
solid {(m.p. > 250 °C). FTIR (KBr): & = 3422 (O-H), 3042, 2958,
2211 (C=N), 1610 (C=0), 1308, 1363, 1317, 1294, 1263, 809 cm~'.
'H NMR (300 MHz, CDQADIDMSO): & = 8.27 (d, 7=12Hz,
4H), 800G | H), 7.73 ./ =84Hz 2 1y, 7.35-7.63 (m, 20 H),
726(d. /=84 Hz, 2 H), 1.40 (s, 36 H) ppm. ’C NMR (75 MHz,
CDOYIDGDMS0): & = (638, 1472, 1457, 144.1, 142.8, 1417,
139.0, 136.1, 1347, 1330, 128 4, 1279, 1272, 1256, 1247, 1245,
124.0,123.1, 1196, 146.8, 109.6. 34.8_ 322 Ppm. HRMS: mi'z caled.
for CruflesN,O,S, [MH*} 1058.4627: found 10593502,

(ErJ-IS"-(4~(Bisl-t—(},6-di-nrl-bvtylwhuol—‘)—yl)phmyllxmino}»
phenyl)—(l.l’:5',2"-(er(hinphen)—5-_vl]~l—(ylno:crylic Acid
(CCTT3Ak Compound CCTT3A {0.19 ¢, 48%) was prepared from
10 by usmg a simitar method to that described above for CCTTIA,
as & dark-red solid (m.p. > 250 °C). FTIR (KBr): & = 34]9 {O-H),
3042, 2960, 2213 (C=N), 1609 (C=0), 1508, 1364, 1317, 1294,
1263, 808 cra!, ‘H NMR {300 MHz, CDG,{DdDMSO): é=827
(s 4H),805(s 1 H),72.70(d. 7 = 84 Hz, 2H), 7.64(d, s =42 Hz,
1H),757(d, /=84 Hz 4 H), 7322747 (m, 1T H), 7.25 ds=
8.4 Hz, 2 H), 1.39 (s, 36 H) pPpm. *C NMR (75 MHz, CDAy
{DJDMSO0): § = 1645, 1470, 1457, 1432, 1423, 1423, 141 8,
1390, 137.7, 1372, 1358, 134.8, 1345, 1329, 1285, 127.8, ny,
1270, 126.2, 12535, 1253, 124.8, 124.4, 1239, 1231, 1189, 116.7,
109.5, 349, 32.2 ppm. HRMS: o'z cakd, for CrgNOsS; M*]
1140.4504; found 1140.5029.

(E)-3-{S'4-(Dipheaylamigo)ph yH-1,2"-bithiophen-S-y1j-2-
<yapascrylic Acid (TTZA): Compound TT2A 0.20 g, 79%) was
prepared from 13 by using a similar method 10 that described above
for CCTTIA, a5 a red-orange solid (m.p. > 250 °C). FTIR (KBr):
V= 3418 (0-H), 3044, 2964, 221§ (C=N), 161 (C=0), 1512, 1364,
1315, 1284, 1260, 808 con'. *H NMR (300 MHz, {DJDMSO). 6 =
8.00 (s, 1 H), 7.58-7.62 (m, 3 H), 7.40-745 {m, 3 H), 7.30-735 (m,
4H), 7.04-7.10 (m, 6 H), 693 (d, / = 8.4 Hz, 3 H) ppm. "'C NMR
(75 MHz, {DgDMSO): 6 = 147.72, 147.19, 144.32, 141.53, 14020,
136.56. 136.18, 13432, 130.15. 127.29, 12719, 126.97, 124.96,
124.62, 124.55, 12410, 123.13, 119.80 ppm. HRMS: myz caled. for
CooHxN0S; [M*] 504.0966; found 504.0983. :

Sapporting Information (sce footnote on the first page of this arti-
cle): Quantum chemical «calculations, multiple CV scans, FTIR
spectra, and UV/Vis absorption spectra of dyes adsorbed on Ti0,,
and ‘H and '3C NMR spectra of the dyes and intermediates,
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D-D-7—A-Type Organic Dyes for Dye-Sensitized Solar Cells with a
Potential for Direct Electron Injection and a High Extinction
Coefficient: Synthesis, Characterization, and Theoretical
Investigation

Supawadee Namuangruk,” Ryoichi Fukuda, ™ Masahiro Ehar
Somphob Morada,’ Ti’magcn Raewin," §i porn Jungsottin
and -

 Jrtima Meeprasen,? T_;_mika Khanasa,”

Paweesak Sudvoadsuk,”

inich Promarak

INANCTEC

> and Besea

of organic sensitizers with the direct -
cicctron injecion mechanism znd a high molar extinction
coefficient comprising double donors, a Z-spacer, and
anchoring acceptar ps (D-D-r—a type} were synthe-
by experimental and theoretical
-sensitized solar cells,

-y Jacrylic acid showed per-
& maximal incident photon to electro
conversion eficiency of 83%, f_ value of 1089 mA m™3 .
V,; value of 670 V, an: factor of 0.7, which comrespond to ar overall conversion etficiency of 5.12% under AM 1.3G
vestigated with density functional theory,
ation interaction method. The double
onating ab but also jnhibit aggregation between dye
1g with injected electrons in TiQ,. Detailed assignments

llimination. The molecular geometsy, electronic strcture, and excited states we
time-dependent density Rinctional theory, and the symmetry-adapted cluster-con
donor moieties not only contribute to enk

ncement of the electro:
molecules and prevent iodide /triicdide in the electrolyte from recomb:
of the UV—vis spectra below the ionization threshold are given. The low-lying light-harvesting state has tramolecuiar charge
transfer character with a high molar extinction coefficient becavse of the ieng 7-spacer. Oer experimental and theoretical findings
support the potential of direct electron injection ko the dye to TiO, in ons step with electranic excitation for the present D~
D—x~A sensitizers. The direct eloctron injection, inhibited aggregation, and i wlar extinction coefficient may be the origin
of the abserved high efficiency. This type of D=D—z~A structure with direct clectron injection would simplify the strategy for

designing organic sen.

213,

W INTRODUCTION

Since the report on dye
dramatic increase in the fi

sitzed solar cells {DSSCs} with a
Rarvesting efficiency by OQ'Reagan

matkable

; 11 scent vearsS an
and Gritzel in 1951} type of selar cell has atiracted developm il recent year, m‘d
. ; vificien ed asing dyes which

tave broad, red-shifted, and intense spects

visible Light icn, 400—800 am.’
Although remarkable progress kas been made i

dyes as sensiticers for DS

of low-cost conversion of the pi
with 2 validated efficiency
chtained with ruthen:
Though there i

otoesnergy
record of

costly and
abserption §

to developing

ot
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J]A i0ns of 4 (10
that l'w electron njection proceeds directly
Ti(*. by phet uabwrpu
teise absorption of v
ethiciency of he present d

no The direct inpection cacsed
ible huh may be the onigin of the kg
thearetic

everal new

we of

tw improve the perfora

B EXPERIMENTAL AND C
FETHODS

Experimental Methods. Fiu
s {8 Qisq, T

parent conducting els
atm {~1 um thickpess
Nanoxide 20778
R/SP, Solaronix}
reated (L(er"

tin ‘,xide {FTON
fectrode with 4 cell geon
an agueous solution of 4
THCL a0 70 °C in 2 water saturation atmosghere, 7
*C for 30 min, and then couled to 80
were immersed in the dye solution {3 % 107 \’\I
and 5 X 107 M crganic d s ln CHC L) in th dark at re
temperatare for 24 h i
The dye-adsorbed cds and Pt counter <lectrode
Were as (emblad inio 2 by }'utix.l, a t Meltonix
1170-25 Glm (25 jm th:ckne\s Sclaronix) as a spacer ierwaer
the electrode An electrolyte soluton of 8.6 M L), G
2.1 M guanidini i M tert-butyln "k‘lmﬂ ir
2 13/83 {v/ Vi m onitrile and acetonitrile was §ile
theough the predrilled hole by 2 vactum backfll 4 'rerhod
Ior vach dye, six devices were Dabricated and measured for
. and the averaged ooll data were reporred. The
reference cels with the same device configuration based on the
3 dye, as the sensitizer, were ako fabricated for <omparisen.
he measured curcent den .glm%e cata were .uende
from forward and backward scans w bizs step and a delay
time of 10 mV and 40 respectively. * The ine
sency (IPCE) of the
as determined by means of an Oriel
IS¢ W Xe famp i wih 2 Comerstone 130 1/8 m
monochromator as a monachromatic fight source, a Newpart
818-UV silicon phatodiode for powsr density calibration, and a
y 6485 p;c(ta'\me&r
usl-\g a Uuk p4=

1 a6 aperture area of .
the =ficiency
15 are described in the §uppor(u-

Computational Details. In il the computations, the t-By
groups substis CAZ and dodecyl side chain substituted &t
DPA are replaced by hydrogen atoms. The ground-s {8;1
geomer: ties, of UBI-3 were optimized 5y the B3LYP/6-
31G{ dp 'r.ethod i CH,Cl, solvent of t}\; ccndvdor-l

absorption spntm were ©

¢ plus polarization {DZP} c’« s fasi
were performed by AL
prototype system, wr studied the duster mad

25655

where B
dye g

af the (T

2 5 v DISCUSSION
Synthesis and Charcctenzanom Ahs :
prepare dyes U

Table 1. Dihedyai Angles {deg} between Moieties for the
Gmnud State of the Dyes Optimized by B3LYP/6-31G{d,p}
CH,Cl,

upi

dihedral snghe®

atic view of the g

m),les between the coni necting moieties denoted i Figure 1.

The molevuies Fave a hent structure due to the N atom of the
dipheaylamine unit, vet the con jugation holds across this N
atom. Although the £Bu and dodecyl groups may affect the
planarity of the molecnles, this jugation provi
siguificans fitor for the ng ;‘w‘oabwmnon of these
molecules a3 s strength. As w2 have
expected, the nonplanarity exists 2t CAZ and the phenyl of
DPA f.),—D } due to steric repulsion between the H atoms
with 2 dihedral :mg‘e of ~63% Another phesw] group of DPA
soicties are m:x:w
3, the thiophene units have 2 vigeag

¢s A

1, the :fuep’xme La-spacer;, and the

;\L.r 3 UR2 and U

LR
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ray be caused by som
and reorganization <
molecules :
compou
vertical detachment processe
well with the calcelated
predicted LUMO enorgy lew
one. Figure 2 shows that ¢

s osmall for
OF trapsition
significant o

Zonp also sgreed
xperimentally
3 the calculate
¢« HOMO has a largs coefficient at

7 ns of CAZ. On the besis of §
theory, the 3.8.positions of CAZ are stive
The protecticn of
is favorable for stabi idize
dye according to the thecretical prediction.

The thermal Propeties were investigated by thesmograsi-
meatric analysis {TGA). Thase resuits suggest that dyes UB1-2
are thermally stable matecials with 2 temperature at 3% v
loss {Te,} well over 284 °C {Figuze $5 ;
Information}. The better thermal stahi;
important for the lifetime of the solar cefls.

UV-Vis Spectra, 17V —vi¢ 2bsorption spectra of UBY
difute solation of CH.CE

ons by

dve s

ormm. absorbance (

Figure 3.
{5 abrorption spes
UB2 {red arde

¥ thres strong absorpticn bands

O, and 297-300 min. respec-

dye

B3
upz 3
e 502

“Measured in C
shsarption and om

on gl
2s in TH.C

- and B3, B shows
mic shift of
{ Figure 86,

e of B2

The posit

solvent polarity. Thes ndicates that
Fomoiety to

r B2 and B3

pendent of

{to w JOT

= 7 frarsitions of

1, fanging
- As the number of thiophese

the molar 2xtinction
2b i ] A stucture is

» a bathodt

dyes at the ICT band is
+ larger rdard ratheniem dye N2
= 13000 M ting exce
sbility. The greater maxdmum absarption coeff
of the crganic dyes allow a corespoadinghy thinn
crysllice fils se of the film
chanica? the electrobyte diffusion
res the recombinati
ses during transportati

& Moreover, # o

50 2 to avoid the dec

s diso ben

bsorpiion
cdsorbed on the T, flms {Figore 3k} are
-6 oy, ightly
5=28 nm; compared to their solution spectra.
action of the anchoring
TiO;, and is commonly
other organic dyes ¥
latter can be explained by the nonplanar structaze of the 2

B2, UAZ unit of the dyes preventing aggregation via moleculac

Xing.
Theoreticat Absorption Spectra of the Dyes. The
thearesical absorption spectra cakulated by SAC-CJ are shown
in Figures 4—4 for UB:—3 with the experimentat spectra. SAC-
Cl reproduced the is spectnum satisfactorily 10 provide
reliable acterization of the electronic
spectivan. The TODFT calcuiations shown in Tables $i-83
o the Supparting Information soffered se e functiona
deperddence, and it was difficelt to assign the sy
TODET caleshations only. We concluded that the
i 3t feast necessary for studying i
refated excitation energy, os
ent, and transition character for UBJ cale
semmarized in Table §, where the states with § >
shown; the complete lists are £
an {Tahles S4—57}.

.85 are
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Adticle

<V for the other

states.

WET? CONYO:
the lowest

u],mu te the HOMQ — LJ\I\J

xh(ar.\\ter s to lower energy v
thiophene chain. This can be simp!

of the HOMO-LUMO energy gap. The i

the vis)

b.md\ are composed of several
¢ higher excitations relate to the
contributions of jocal 7~ N5 OF & mintere of (CT
@nd 7~ 7% character he detail of the ahs:
can be analyzed using the compratational res
In the experunental 17V—_vic
bands, Bi, B2, B3, and B4, mth
be identified for
threshold, The b“L (_3 €.

while ather ab;orpt
electionic transitions.

erphion
¢ Sz, can

€ <0l"!13!‘ﬂr
on: these

23655

T oapedda

envelop

the other

the Brst
the present DSSC
observed at
alated at
with experiment
sition that is 1ICT
section. This excitation iy
“teon manster from CAZ and DPA
pacer fic acid
ved c(‘rr—'sponds 0 second
and sixth states correspond
hcu}d(-.r observed around 4.3
€V may state caleclated at 4.81 eV,
Then the next, 12th, state ated corresponds to the §2
shoulder. Th B+ ban ved al .15 e may be assigned te
the 19th and 20th s U,_nl.ued at 6.11 and 6.34 oV,
kowever, the present computational conditions are
qeanti wited states in the
higher energy regic zation of the excited
{j¢} for the ground
able 3. From g and

<illator strength are
and the mixtuce of

sructures of the absor

“bsoa]‘-zzcn Band is the

and chacacter:
as explain
resposnsil
donors to the thiophene
acceptor. The B2 band Ot‘n.
state caleulated ap 44
ta the abserved b« b

d

for

CYAR0ACT

GG

,,, -1

3 shown in Figeres §
o that of UBL The specira van be
ner. Within 20 states solved, we
states around 6.0 eV, wi
B2 and UB3.

SLYP caleclations showed that
excited wate in the vsnbe hg»ﬂ

i
attributed !} ¢ etul& o!’
;1 interactions. in this

as conjugated macroc
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Table 5. Absorption Energy {AE. eV {nm}}, Dipole Muoment ¢ i, 1, Dipole Mement Lhange {34, 1), Oscillator Strength o
and Transition Character of the Singlet F\cneu States of UB1 Calculated by SAC-CI*

AL CT

w

st oot A 6V 2 2V (s { {0y mptiude {orbita: transitine

Table 6. Performance Pammeten of DESCs Constructed U sing Dyes”

e dye eptake’ (19 molecuies em

£

00

kness and 2
pared with the referaace 3
s for detsils). “Obteined &

on the BTO | & S‘ q7 substrates. (,bnmcd e
D-7—A tyre ers in the qange of 49-00% isee T
corresponding IPCE spectra.

——
leading to a sm,

cident menochromatic Fhioton to current
acy for the LB ! based celf.

Photovohalc Propemes. Dyes {2B1—3 were used as the
sensitizers for dye-sensitized nanocrystalline anatase TiO; solar
cells. The comresponding IPCE plots and current dum{"—
voltage 7=V} characterist are shown in parts a and b,
respectively, Figur d the resalting photovoltaic

bute 10 (hc bmaune» of }‘e ICT band. 11
UB3, showed the broadest :bscmlm'\ if th
geometry of the molecele is g
geometry in the ground state, the Franck~
* becomes small and the abserprion costfdent
Therefore, mederste rig,idness is alse required
absorption coefficient and also stab ty of the dves.
Dye Adsorption on a TiO, Film. The rerformagnc
BSSC also depends con the tora! amoun:
- t}.cruorc the dye uptake was determined,
dye storpx ton & initislly rapid and cvenn
phateau (see @ the Suppesting Information}. These
profiles are typ ‘o, orgar\k adserbates inte nanops
inorganic matrixes.” The chen orption of al dres onto the
surface of TiQ, flms was confirmed by FTIR speciroscopy,
which showe absarption peaks of both the dyes and T
(Figure S3 in the Su' porting Informatien. The
svibration e
2l to those n.[x,rled f0' ol‘wr dv"
dyes bird in the same way to Ti(
difference observed i performance can be dire
the effect of the molecular v
absorbed.
The dye uptakes depend on the steric hindrance of ¢
moiety around the carboxylic acid muw'nny group; such steric
hindeance can be rcd.: :.d in UB3 wi

J fmAfeny

v rezches a2

4 Istica
red cirches), UB3

parameters 4av:ragc values} are semmarized in Table & The
TPCE spectra of UB1—3 sensitizers plotted as a fanction of the
excitation wavelength are broadened and red-shified as the
mm‘be' of thiophene units in the molecuic inecreases, which is
< 2ot with the resalt of the absorption spectra. The IPCE
ectrum of UB3 shows a high maximam value of 83%, which is

ghtly higher than the 1PCE values of both UB1 (§1%) and
UB2 {82%}. The higher 1PCE vatue of UB3 is probably due to
g R enhances the elecrmn -injection yield in comparison
with those of the other dyes™ Becauss of their ht&(”‘ mot:
ents, the IPCE values of dyes URI=3 are
higher Kh.n that of the N3 dye; the N3 dye shows a breader
= spectrum, which s ¢ et with its wide absorption

refa ‘r_d o
e and how ru_gh dve s
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ectrum. Under standard AM 1.5 100 mW
imination, the !H‘,S-wn

wm

voltage {V,
Lotrespan ndrng Hy version eihuem)-
$-12%. The short-tireuit photacarrent der
SSCs are in Yhe order UB

L 410%) > 19 mA om
alues of these solar cells were
alues cleelated from wmtegration of
S5 .,n\lmg IPCE srﬁtu ‘CJ!\,& b partly verifying
seported - an\]

and .} oof the
¢ other dyes m this se
ft of the absorption spectrum
UB2: this 5 better fo
ency. While the i-.\-er kﬂ f
ared to the UB2-
bhoth the poorer spectral property and the
neent on the TiO; film, The errwencw of the UR3
s of efficiz
dye Ni-based cell {3 = 5719 Thc "tf
based eell also reaches >62% of the e of the N3-based
cell even though UBL has a lower IPCE salue and narrower
IPCE spectrent thars both UB2 acd UB3. The 3433,
i~3 {Table 6) are compi ¢ higher than those of

~A-type sensitizers i carbazole or diphenyl-
sing as the donor {46-90%; see Table 58 in the bu-v[onmsz
Information for details), which shows that the of D-D—g—
A-type sensitizers improves the energy harus"’ts of the DSSC
by decreasing aggregation and Increasing the moler extinction

coefficients. This relative efficiency

arvesting efh
LN:d

oy of the L'ls,-

vatues of

comparisan of the selar cell pe{f‘mmm.c in different
experimerital L(J“dllldl’\\

55 va. LN Th:) vaine <omesponds te the
spectra. For the present dyes, this & %
dw uprake nh_e sﬁow cx\eﬂ\.nt linear correlation with the
chserved J,. 1 Figare 8, where the intercept is
E pmxlm.llc‘\' zero; the zero intercept implies that no current
density is observed for aero absorbance. If we assume the &
valee of free dyes is directly proportiona to that of adsorbed
dyes, the amount of excited dvu is proportional to this £ ¥ dye
uptake value and also line correlates with .. This Yinear

25660

i |

1ed only by the at.soxbur,zc
<f the thinphene chain does not «
inzection, although the LUMGO energy
Wl on the chain jength.
igection mecha uggests the
anism for 13 because suck a

ficitly invoive the =ie<tronic states of
he expe 'unr:rhf evidence for direvt
¢ 3 for the

IE e! (.vd E

we l’mdc! the pro
the anatase (T 2

Oure d,’cs
stggesed by FT-IR
ul‘mt:J only the chemisorption
ch s formed by the two carboxylate o oxygen

ons a hydroxyl groop with a surface

nds form, wath the Ti=O boad distances
to 220 A, indwating bidentate chem-
' chd du)dl}‘il(‘!‘ At 9-5 of UB1, UBZ,
ct ), and ~13.1

g interactions between

isin of electron jection
tor can be theoretically
cleaidated v the he electronic structare of the dye
adsorbed o the senticorductor, which can be dassified into
nwe types.’ " The first mechanista, indirest injection, involves
photoexcitation to 2 dye excited state, and then an electron is
transferred o serrxconductur. '['hc second is 2 direat
mechan tian from the ground state
of the dye 1o the conduction band of '.he seraicenductor by
photoaratation.
The decrosic structure and  excitation
p(’e<cn: T iye madel systems were examined
tiens at the optimized geometries. The
¢ sere charncterivesd the 5.15 phase using
with the 3-21G{d) basi e results are
§9 in the Supporting Informatica. in
excitation from the HOMO - § o the
@ LUMO + 21 contributed to the strong
isible bytht region. The MOs vant. tc this
wuction baid are shown in Figure 9. The
ced over the dye, whilg the LUMO + 12
MO - ‘l e distributed ot the {Ti0, }5,—dye interface,
wicating the strong coupling benwveen the dye excited state
and the L\\T‘dl.t non hand states of TiO,. This result indicates
tection mechanism is identified in the present
2 origin of their excellent wer":\.'m:n\e as
{TiQ, )25~ UR2 and (TO 23— UB3
sm‘xhr picture was obtained {see Figures S10
ard Sii i the \upronmg Information). These transition
characters \lus of the {Ti0,) «—dye mode! system show
that ’hc ser mechanisn: in the protonypes is an

frony the .hw. o

ihe

RENTA

wanster process corresponding o
excited dyes to the conduction band
i nd experimental evidence
ect injection mechanisy for the
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