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ABSTRACT  

TITLE SYNTHESIS AND CHARACTERIZA nON OF NOVEL ORGANIC 

MATERIALS FOR OPTOELECTRONIC DEVICES 

BY : T ANIKA KHANARSA 

DEGREE : DOCTOR OF PHILOSOPHY 

MAJOR : CHEMISTRY 

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

KEYWORDS : DONOR I ACCEPTOR I 7l'-CONJUGATE I DYE SOLAR CELLS I 

ORGANIC LIGHT-EMITTING DIODES 

This thesis deals with synthesis and characterization of four series organic materials 

including 2D-D-1t-A TPA dyes, D-D-1t-A DPA dyes, pyranemalononitrile dyes and A-D-A dyes, 

as well as D-A-D emitting materials. The compounds exhibit optical and electrochemical 

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 Ti02 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 1t-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 TiOl electrode. Among 12 dyes 

in this work, DPA3 with carbazole encapped-diphenylamine double electron donor, tertthiophene 

1t-conjugated bridge, and cyanoacrylic acid accepter exhibit the highest power conversion 

efficiency (17) of 5.12%, whereas CFPA with carbazole-fluorene donor phenylene-(pyran-4-

yilidine)malononitrile-bisthiophene spacer and acrylic acid accepter exhibits lowest 17 of0.82%. 

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 affmity 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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1.1 Optoelectronic devices 

CHAPTER 1 

GENERAL INTRODUCTION 

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, photovoltaic 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 
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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 Ti02 nanocrystals. Charge separation takes 

place at the interface through photoind:uced electron injection from the excited dye into the 

conduction band of the Ti02• 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 Ti02 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 ofDSSCs. 
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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 OveraU etrreiency of the photovoltaic ceU ( TJceJ 
The performance of the solar cell can be quantified with parameters such as 

incident photon to current efficiency (IPCE), open circuit photovoltage (Voc) and the overall 

efficiency of the photovoltaic cell ( 1] 000). 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] : 

1] = 
cell 

J . v . ff 
sc oc 

I 
0 

(1) 
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Where 10 (mW/cm2
) is the photon flux (e.g., ca. 100 mW/cm2 for AM 1.5 G), 

2 J,c (mW/cm) is the short-circuit current density under irradiation, Voc (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-V curve (Figure 1.2). 

Jsc : = I 

If<! I\ 

Voc 

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 Ti02 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(II)-polypyridyl DSSCs can be attributed to their wide absorption range from the 
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visible to the near-infrared (NIR) regime. In addition, the carboxylate groups attached to the 

bipyridyl moiety lower the energy of the ligand 1t 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.1cm.1 

for the longest wavelength MLCT transition) [9]. 

TBAO 

0 

: I OHO 

N/l ··--N-...:: 
s--c·- ' h o 

OTBA s 
N719 

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 ofDSSCs 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 TiOr Since C343 has a narrow absorption spectrum, the conversion 
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efficiency of this specific compound was low. By introduction of a methine unit, the 7r-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]. 

0 
OH I '-" 

::.--, ( ,--N • ...._ i __ •• N" N - . J 
;R,u:., I N 

-.N ! 'N '-" N 
s-=-c N ' ._...I c s 

Ru-1 

Figure 1.4 Chemical structures ofK19, K73, K77 and Ru-1 dyes . 

. 0 COOH 

CJGC):o 
C343 

'-" COOH 
CN 

NKX-2753 NKX-2677 

Figure 1.5 Chemical structures ofC343, NKX-2311, NKX-2753 and NKX-2677 dyes. 
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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 ofD102 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 moiety as the electron acceptor with an overall 

conversion efficiency of 8.01 %. 

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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COOH 
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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 Ti02-surface. The binding is reversible with high binding equilibrium constants 

(K = 10
5 

M-
1
). At a 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 Ti0
2 

semiconductor. Some of the possible modes of chelationlderivatization, ranging from chemical 

bonding (chelating or bridging mode) to H-bonding, are shown in Figure 1.9 [21]. 

I I 
I I I c, c o_...... 'o c, c c I I I o_...... '-o o..-:'- -':'o o..-:'- -':'o H H H I {. I I I I I \ 7 Ti02 Ti Ti Ti, _......Ti 0 o, _...0 0 'Ti Ti 

(A) (B) (C) (D) (E) 

Figure 1.9 Possible binding modes for carboxylic acid groups on Ti0
2

• 
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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 OLEDs structure is shown in Fig.1.10. The OLEDs 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. 

2 .. 10V 

Cathede 

ADode (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 (AI) [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(l, 

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]. 

Ell 

H1l 

----HOMO 

Glass 
HTL EL ETL 

Figure 1.12 Structure (left) and energy level diagram (right) of multi-layer OLEDs. 



12 

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]. 

.k 
PS51 

Figure 1.13 Chemical structures of conducting polymers. 
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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
3

) 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. 

n 
PPV 3 

4 

CuPc 5 

Figure 1.14 Molecular electroluminescence materials. 
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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 tum into the thermodynamically stable 

crystalline state, which leads to device failure [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 Tg of 

above 100 OC, 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 

Tg 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 oflow 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 

(OLEDs) 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 

de localization of electrons may occur through the interaction of 1t-electrons in a highly conjugated 

chain or by a similar interaction of 1t-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, 57], 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. Local Informat1on loi oy-v 
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 

OLEDs. 

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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Figure 1.16 Some example of light-emitting dendrimer. 



18 

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]. 

n 
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NPD f.(d=f 
Tg: 95 °C HOMO: -5.70 eV; LUMO: -2.60 eV Tg: 65°C HOMO: -5.50 eV; LUMO: -2.30 eV 

T9: 152 °C HOMO: -XXX eV; LUMO: -XXX eV 

m-MTDATA: T9: 75 °C HOMO: -5.10 

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 (OLEOs) 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 organic light emitting diodes (OLEOs) and dye sensitized solar cells (DSCs). 

The aims of this thesis are follows: 

1.4.1 To synthesize the new senes 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-Donor 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 OLEOs application. 



CHAPTER2 

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 OLEOs 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 TP A can be used as the efficient dye 

sensitizers due to its non-planar structure that can suppress the dye aggregation or its optical 

properties that can increase the light harvesting ability [67]. Various types ofTPA 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 dye sensitizer by Jun 

Chen in 2007 [68]. The structure of previous TPA dyes are shown in Figure 2.1. The dyes were 

designed with TPA as electron donor, rhodanine-3-acetic acid as electron accepter and allylene 

group as 7t-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 TP A 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 1t-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 (11 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 n-spacer (19 and 
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20) and found that the introduction of ester moieties inn-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-1t-A); modified 

triphenylamine as donor, 5,5-dimethylcyclohexenyl-2,4-diene as 7t-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. 

0 CN 

XCOOH 

o-N 22 h 2 \d Jsc 8.02 mA/cm , Voc 0.54 V, 
ff0.64, 1] 2.79% 

Figure 2.2 TPA dyes with extended 7t-spacer cyclohexylene linker. 

2.2 Target dyes and Aims 

Due to the promising donor ability of triphenylamine, we have designed the target dyes 

with TP A 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-triphenylarnine as double electron 

donor, oligothiophene (thiophene 1-3 units) as 7t-conjugated bridge and cyanoacrylic acid as 

electron accepter. 

2.2.2 To study the effect of7t-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 

device performance. 

TPAl,n=l 

TPA2,n=2 

TPA3, n= 3 

Figure 2.3 Chemical structure oftarget 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. 

c:JCNH2 .._ 

____ N_H_2 -- N-o-1 

Cui, I\P04 , toluene, reflux 0 
. A- 26,48% 

+ 

24 25 

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
1
-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 c). 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 TP A. 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. 

c 

I 

- .. - ......... 

s 2 2 

Figure 2.4 H
1
-NMR spectrum of intermediate 26 in CDC1

3
• 
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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(O) as catalyst, sodium 

carbonate as base in THF!Hp 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. 

Q Br 

NBS, THF, rt 

29,n=1,91% 

30, n = 2, 87% 

Pd(PPh3) 4, THF!Hp 

26 

(g-s<OH),j Pd(PPh,),, THF/H,O 

'- h 
\=={ H 

27,n=1,72% 

28, n = 2, 63% 

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
1
-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 c 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 rn/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 5-formyl-2-thiophene boronic 

acid as described above. The successful introduction of aldehyde functional group was clearly 

confinned by NMR and IR spectra. The singlet signal of aldehyde proton (measured in CDC1
3

) 

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=O stretching of aldehyde was also observed at 

wavenumber 1670, 1665 and 1665 em for compound 22-24. From spectroscopic data, the 

aldehyde groups were successfully incorporated to the molecules. 

NQ (HO) ,..._ NQ 
2 u I' '\ 

_ s X -
Pd(PPh,),. THF/H,O d 'L9"''0r,= 1_3 

26,n=O,X=I 31,n=1,75% 

I 29,n=1,X=Br I,.._\ 32,n=2,70% 

30, n = 2, X= Br 33, n = 3, 60% 

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

d 

-cHO c l 

I 
' 

Figure 2.5 Expanded aromatic region H1-NMR spectrum of intermediate 31 in CDCly 
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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 TP Al-TP A3 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- 1 

indicate the cyanoacrylic acid group in the dye molecules. The H1-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-butyl groups are still be observed. 

ft NC_.GOOH h 
\={ _J.=\ , /s-;.;rcHo 
;=\N n = 1-3 Piperidine, CHC13 , reflux ;=\ 'n CN 
V 31, n = 1 V TPA 1, n = 1, 58% 

32,n"2 TPA2,n"2,57% 

33, n = 3 TPA3, n = 3, 48% 

Scheme 2.4 Synthesis of target dyes (TP Al-TP A3) by Knoevanegel reaction. 
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Figure 2.6 H
1
-NMR spectrum ofTPAl 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 Ti02 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 n-n* 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 (E) (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, A530 nm = 14500 M-1cm-1
), indicating good light harvesting ability. 

On the other hand, comparing to their absorption spectra in solution, the dyes 

adsorbed on Ti02 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 Ti02 surface and/or the interaction of the anchoring 

groups of the dyes with the surface of Ti02 [74]. The blue shift absorption of the dyes bonded to 

Ti02 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 

A 1 from formula E = 1240/A 1 and the calculated data are shown in Table 2.1. onse g onsc 
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Figure 2.7 Absorption spectra ofTPA1-TPA3; (A) measured in CH
2
Cl

2 
(B) dyes adsorbed on 

Ti02 film. 
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The fluorescence emission spectra of the dyes in CH2Cl
2 

(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 ofTPA1-TPA3 measured in CH
2
Cl

2 
solution. 

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

Table 2.1 Optical properties data ofTPA1-TPA3. 

compound 
Amaxabs /nm (E/M-lcm-1) 

solution • Adsorbed on Ti01b 

TPAl 331 (33,059) 437 

458 (22,860) 

TPA2 339 (32,319) 440 

455 (26,500) 

TPA3 339 (32,318) 449 

464 (30,900) 

• measured in dichloromethane solution at room temperature. 

b measured dyes adsorbed on Ti02 film. 

c excited at maximum absorption in solution. 

d estimated from the onset of absorption (Eg = 1240/Aonsct). 

A abs A em 
onset max 

(nm)" (nmtc 

553 585 

564 595 

587 584 

800 

Eg 

(eV)d 

2.24 

2.20 

2.11 
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2.3.3 Electrochemical properties 

The electrochemical properties of the dyes were studied by CV in CH
2
Cl

2 

solution with 0.1 M n-Bu4NPF6 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 TP A 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, 0.83 to 0.78 V 

when a number of thiophene units in the molecule or length of the 7t-conjugated spacers increased 

from TPAl, TPA2 to TPA3, respectively, as observed in other oligothiophenes [75]. The multiple 

CV scans of TP A dyes revealed identical CV curves with no additional peak at lower potential on 

the cathodic scan (Epc) 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-tert-butyl groups. This type of electrochemical coupling reaction can be 

detected in some carbazole derivatives with unsubstituted 3,6-positions 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 froin the onset 

potential of the CV curves are summarized in Table 2.2. The HOMO of TPAl (-5.22 eV) was 

lower than those of both TPA2 (-5.20 eV) and TPA3 (-5.16 eV), but all were much lower than the 

redox potential of the (/I3- couple ( -4.8 e V), 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 Ti02 electrode ( -4.4 e V 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 Ti02• Therefore, all dyes have sufficient driving force for 

electron injection from the excited dyes to the conduction band of Ti02• As a result, TPA dyes 

have enough energetically driving force for efficient DSSCs using a nanocrystalline titania 

photocatalyst and the (/13- redox couple. 
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Fugure 2.9 (A) Cyclic voltamogram ofTPA1-TPA3 in dry CH2Cl2 with scan rate of0.05 V/s 

and 0.1 M n-Bu4NPF6 as electrolyte. (B), (C) and (D) Multiple scan Cyclic 

voltamogram ofTPAl, TPA2 and TPA3, respectively. 

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

Dyes Eox (V)a 
onset HOMO (eV)' LUMO(eV)d 

TPAl 0.88 -5.22 -2.79 

TPA2 0.83 -5.20 -2.96 

TPA3 0.78 -5.16 -3.03 

31 

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

electrode, and Ag/ Ag +as a reference electrode in CH2Cl2 solution containing 0.1 M n-Bu4NPF as 

supporting electrolyte. 

b calculated using the empirical equation: HOMO= -(4.44 + Eoxonsct). 

c calculated from LUMO = HOMO+ Eg. 
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E (eV) 

-2.79 -2.96 -3.03 

2.43 2.24 2.13 -4.8 
Ti02 -1/13 

-5.22 -5.20 -5.16 

TPA3 
TPA1 TPA2 

Figure 2.10 Energy diagram indicated HOMOILUMO levels ofTPA1-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 dye aggregation on the semiconductor surface. We 

therefore designed bulky donor 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 TP A3 revealed that the dihedral angles formed between 

carbazole (Dl) 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 1t 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 7t-conjugated spacers adopted more planar 

conformation with the dihedral angles of the benzene and thiophene (T1) planes ranging from 

19.60 to 22.80°, and the thiophene (T1) and thiophene (T2, T3) planes (TPA2 and TPA3) ranging 

from 4.23 to 10.54°, whereas the thiophene (T3) and acrylic acid (A) planes were nearly coplanar 

(dihedral angle < 0.15°). This suggests that 7t-electrons from the donor moiety can delocalize 

effectively to the acceptor moiety, which subsequently transfer to the conduction band ofTi0
2

• 
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Figure 2.11 Schematic views of the ground state structures for TP A3. 

The molecular orbital distribution is very important in determining the charge-

separated states of organic dyes. The electron distributions of the HOMO and LUMO ofTPA dyes 

are shown in Figure 2,12. To create an efficient 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 peripheral 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 TP A 

dyes decrease when increasing a number of thiophene units in the molecule, in agreement with 

experimental absorption spectra and electrochemical results. These Eg 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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TPAl-HOMO 

TPA2-HOMO 

Figure 2.12 Molecular orbital of TP A dyes relevant ground state and excited state. 

Table 2.3 Calculated HOMO and LUMO gab. 

Gas DCM 

Compounds HOMO LUMO Eg HOMO LUMO Eg 

(eV) (eV) (eV) (eV) (eV) (eV) 

TPAl -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 2.22 -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 T5d ofTPA1-TPA3 dyes investigated 

by TGA analysis under nitrogen atmospheric condition. Those results suggested that the dyes were 

thennally stable materials with temperature at 5% weight loss (T5d) well over 285 °C. The better 

thermal stability of the dye is important for the lifetime of the solar cells. 
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Figure 2.13 TGA thermograms ofTPA1-TPA3 dyes. 

2.3.6 Dye Adsorption Kinetic on Ti02 

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 
15 15 • 15 ·2 

were 44.44 x 10 , 50.65 x 10 , and 53.90 x 10 molecules em for TPAl, TPA2 and TPA3, 

respectively. In view of the lower dye uptake of TPAl dye on the Ti02 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 TI:-spacer of TP Al as shown in Figure 
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2.15. As a result, TPA2 and TPA3 dyes with longer 1t-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 Ti02 films measured over a period of 50 h 

at room temperature, (B), (C) and (D) the absorption spectra ofTPAl, TPA2 and 

TP A3 in various time. 

TPA3 

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 cm2 were fabricated using 

TPAl-TPA3 as sensitizer. Nanocrystalline anatase Ti02 coated on FTO substrate were use as 

working electrode whereas Pt layer coated on ITO substrate were employed as counter electrode. 

The mixture of 12 (0.1 M), Lii (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. 1- 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. TP A2 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 mWcm-2
), the TPA3-

sensitized DSSCs showed the highest 17 among three dyes and gave a short-circuit photocurrent 

density (J) of 9.98 mAcm-
2

, open-circuit voltage (V,,) of 0.70 V, and fill factor (FF) of 0.67, 

corresponding to a 17 of 4.62%. The Jsc and 17 values of the DSSCs were in the order of TPA3 

(9.98 rnA em , 4.62%) > TPA2 (9.02 rnA em , 4.34%) > TPAl (7.53 rnA em , 3.70%). The 

larger Jsc and 17 of TP A3 cell demonstrates the beneficial influence of the red-shifted absorption 

spectrum and the broadening of the IPCE spectrum of TP A3 on Ti02 film. Whereas the lower 

efficiency of the TP At-based cell could be attributed to both the poorer spectral response and the 

lower dye content on Ti02 film. The use of tert-butyl groups as the substituents on the peripheral 

carbazole might also play the role in shielding the Ti02 surface from f/13. in the electrolyte and 

thus reduce the charge recombination or dark reaction. The efficiency of TP A3-sensitized DSSC 

reaches 89% of the reference N3-based cell ( 17 = 5.20%). Interestingly, TPAl-based cell also has 

efficiency reaching > 71% of the N3-based cell even though TPAl dye had a lower IPCE value and 

narrower IPCE spectrum than those of both TPA2 and TPA3. 
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Figure 2.16 IPCE spectra (A) and I-V characteristic (B) of TP At-TP A3. 

Table 2.4 Performance parameters of DSSCs constructed using TPA dyes. 

Dye Dye uptakea IPCE Jsc voc FF 1J 
15 -2 

(%) (mA.cm-1 (%) (xl 0 molecule.cm ) (V) 

TPAl 44.44 ± 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 9.98 0.70 0.67 4.62 

N3 55.13 ± 1.02 68 12.18 0.65 0.66 5.20 
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2.4 Conclusion 

We report here on the synthesis and photophysicallelectrochemical properties of a 

series of novel starburst 2D-D-7t-A carbazole-triarylamine based organic dyes (TPA1-TPA3) as 

well as their application in dye-sensitized nanocrystalline Ti02 solar cells (DSSCs). For the three 

designed dyes, the carbazole-triarylamine, thiophene and the cyanoacetic acid take the role as 

electron donor, 7t-spacer and anchoring group, respectively. It was found that the introduction of 

two carbazole moieties to fonn the 2D-D-7r-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 TP A3 showed the best photovoltaic performance: a maximum monochromatic incident 

photon-to-current conversion efficiency (IPCE) of 80%, a short-circuit photocurrent density (J,) of 

9.98 rnA cm-
2

, an open-circuit photovoltage (Voc) of 0.70 V, and a fill factor (FF) of 0.67, 

corresponding to an overall conversion efficiency ( 7]) of 4.62% under 100 m W cm-2 irradiation. 

This work suggests that the dyes based on 2D-D-7r-A structure are promising candidates for 

improvement of the performance of the DSSCs. 



CHAPTER3 

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 technique approaches 10.6 cm2Ns at an applied electric field of 

6.4 x 105 V/cm. 

T9 51 °C, Tm 168 °C, Td 332 °C 

33 

T9 74 °C, Tm 189 °C, Td 338 °C 

34 

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 
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good amorphous hole transporting molecules with hole drift mobility in the range of 10-4 
- 10-6 

cm2/Vs at the applied field of3xl05 V/cm. 

T9 60 °C, Tm 92 °C, Td 381 °C 

35 

\47 °C, Tm 154 °C, Td 339 °C 

36 

Figure 3.2 structure of 4,4-(diphenylamino)diphenylamine (35) and 

4,4-dicarbazolediphenylamine (36) 

T-K. Kinstle and co-worker [86] reported novel series of donor-accepter molecules 

having diphenylamine/triphenylamine donor, pheny1-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. 

CN 

V 

38 

Figure 3.3 Structure ofD-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 Jt-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. 

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

device performance. 

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

3.3 Results and discussion 

3.3.1 Synthesis 

DPAI,n=l 

DPA2, n=2 

DPA3, n=3 

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 1H-NMR spectra (measured in CDC1
3

) 

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 1H-NMR spectrum of compound 40 to 

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

H 

diphenylamine 

Kl, KI03 

AcOH/AcOEt 

r?yl 
H 

39,34% 

C12H25Br, NaOH 

DMSO, rt 

Scheme 3.1 Synthesis of N-dodecyl-4-iodo-N-(4-iodophenyl)aniline (40). 

40,90% 

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 common1y observed in arylamine materials. The successful coupling between carbazole and 

diphenylamine was confirmed by 1
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. 

K,P04 , toluene, reflux 

25 40 

41,46% 

Scheme 3.2 Synthesis of3,6-di-tert-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(O) as catalyst, sodium 
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carbonate as base in THF !Hp 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 

coupling and bromination was proceed. 

44, n = 1, 66% 

45, n = 2, 72% 

NBS, THF, rt 

Pd(PPh)4 , THF!Hp 

qB(OHh 

Scheme 3.3 Synthesis of oligothiophene intermediate. 

42, n = 1, 71% 

43, n = 2, 73% 

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 H1 NMR 

and IR spectra. The singlet signal of aldehyde proton in CDC13 was located at chemical shift 9.85, 

9.85 and 9.84 for aldehyde protons of compound 46,47 and 48, respectively. TheIR peaks ofC=O 

stretching of aldehyde was also observed at wavenumber 1664, 1665 and 1659 cm.1
• 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. 

OHC-(.'S";y-B(OHh u 
Pd(PPh3),. THF!Hp, reflux 

41,n=O,X=I 
44, n = 1, X = Br 
45, n = 2, X= Br 

Scheme 3.4 Synthesis ofDPA1-DPA3. 

3.3.2 Optical Properties 

46,n=1,54% 
47, n = 2, 57% 
48,n=3,51% 

NC'-"'COOH 

Piperidine, CHC13, 

reflux 

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

The absorption spectra of DPA dyes both measured in dichloromethane solution 

and adsorbed on anatase phase Ti02 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 1t to 1t* 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 tert-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 DP A dyes, the molar absorptivity of ICT band is moderately high, ranging 

from 25,174 to 30,102 M-1cm-1
• As a number of thiophene units in the molecules increases from 

DPAl to DPA3, the ICT bands show bathochromic shift and increase in molar absorptivity. 

It should be noted that absorption spectrum of D-D-n-A compared to D-n-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-1cm-\ 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 Ti02 films (Figure 3.5 (b) 

are broadened overing the region of 350---600 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 Ti02 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. 
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Figure 3.5 Absorption spectra ofDPA dyes: (A) CH2Cl2, (B) adsorbed on Ti02 film. 
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The photoluminescent spectra of DPA dyes measured in CH2Cl2 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. 

:::1 1.0 

.!. 

.?;- 0.8 ·;;; 

-DPA1 
-DPA2 
---A- DPA3 

c 
.! 0.6 .= 
"0 
Ql 0.4 _!j 
ca 
E 0.2 
0 z 

0.0 
500 600 700 800 

Wavelength (nm) 

Figure 3.6 PL spectra ofDPA1-DPA3 in CH2Cl2• 

Table 3.1 Photophysical data ofDPA1-DPA3. 

A abs / (E/M-1 -1) max nm em 
compound • Adsorbed on Ti02b solution 

DPAl 298 (28,911) 408 

331 (18,395) 

458 (25,110) 

DPA2 298 (30,611) 409 

350 (19,086) 

463 (27 ,435) 

DPA3 298 (29,802) 409 

464 (30,900) 

472 (30,102) 

• measured in dichloromethane solution at room temperature. 

b measured dyes adsorbed on Ti02 film. 

c excited at maximum absorption in solution. 

d estimated from the onset of absorption (E
8 

= 1240/Aonset). 

A abs 
onset 

A em 
max Eg 

(nm)• (nm)a,c (eV)d 

561 597 2.21 

584 626 2.12 

604 625 2.05 
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The effect of solvent polarity on the absorption spectra of DPAl 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 Bl, 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. DPAl in DMF exhibited lowest maximum absorption at 

410 nm (4.85 x 10-19 J), whereas DPAl in dichloromethane exhibited the highest at 459 nm (4.33 x 

10-19 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). 
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Figure 3. 7 The absorption spectra of DPA dyes in various solvent. 

Table 3.2 Maximum absorption of DPAl measured in various solvents. 

solvent 

Amax(nm) 
Ea (l0·19 J) 

DMF 

410 

4.85 

• calculated from E = hV/A. 

EtOH 

421 

4.72 

DMSO THF 

430 441 

4.62 4.51 

DCM 

458 

4.33 
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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 DPAl 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 DPAl, DPA2 and DPA3 are 0.78, 0.70 and 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 

-DPA1 
4.5 -DPA2 

1 3.0 
---A-DPA3 

... c e 1.5 ... 
::I 
0 0.0 

-1.5 

0.0 0.5 1.0 1.5 

Potential vs Ag/Ag• (V) 

Fugure 3.8 Cyclic voltamogram ofDPA1-DPA3 in dry CH2Cl2 with scan rate of0.05 V/s and 0.1 

M n-Bu4NPF6 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]. 



50 

-e-1•'scan -e-1•'scan 
3.0 -2"dscan 4 

-&-3'd scan 
1 

-&-3'dscan 

11.5 ..... ..... s::: 2 s::: e e .. .. :J :J 0.0 0 0 
0 

(A) (B) 
-1.5 

0.5 1.0 1.5 0.5 1.0 1.5 

Potential vs Ag/Ag' (V) Potential vs Ag/Ag' (V) 

-e-1•'scan 
4 -2nd scan 

1 

-.t.-3'dscan 

..... s::: 2 
Gl .. .. 
:J 
0 

0 

(C) 
-2 

0.5 1.0 1.5 

Potential vs Ag/Ag' (V) 

Fugure 3.9 Multiscan cyclic voltamogram ofDPAl (A), DPA2 (B) and DPA3 (C) in dry. CH2Cl2 

with scan rate of0.05 V/s and 0.1 M n-Bu4NPF6 as electrolyte at 25 °C. 

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

estimated by the value ofEoxonset and Eg (from Table 3.1), whereas the highest occupied molecular 

orbital (HOMO) levels were obtained at Aonset 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 Ti02 ( -4.4 e V), and the HOMO has 

to be more positive than redox potential oflodide/triiodide (-4.8 eV). 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 ( and the overall solar to electricity 

conversion efficiency at the same time [90]. 

Comparing to HOMO and LUMO levels ofTPA dyes, HOMO ofDPA series are 

close to redox potential of Iodide/triiodide more than TPA series and LUMO of DP A dyes also 



51 

line nearly conduction band of Ti02 more than TPA dyes. Moreover the energy gab of DP A 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 TP A dyes. It may indicate that the DPA series 

may show higher DSSCs performance than that of TP A series due to their good optical and 

electrical properties. 

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

Dyes Eoxonsct (V)a HOMO (eV)c LUMO (eV)d 

OPAl 0.78 -5.18 -2.97 

DPA2 0.70 -5.09 -2.97 

DPA3 0.64 -5.04 -2.99 

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

electrode, and Ag/Ag+ as a reference electrode in CH2Cl2 solution containing 0.1 M n-Bu4NPF as 

supporting electrolyte 

b calculated using the empirical equation: HOMO= -(4.44 + Eoxonsct) 

c calculated from LUMO =HOMO + Eg 

E (eV) 

-2.97 -2.97 -2.99 

2.21 2.12 2.05 
Ti02 

-5.18 -5.09 -5.04 

DPA 
DPA DPA 

Figure 3.10 Energy diagram ofHOMOILUMO ofDPA1-DPA3. 

-4.8 -
1/13 
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3.3.4 Quantum chemical calculation 

In all the computations, the tertiary butyl groups substituted at carbazole and 

dodecyl side chain substituted at DPA are replaced by hydrogen atoms. The ground-state (SO) 

geometries of DPAI-DPA3 were optimized by the B3LYP/6-31G(d,p) [91] method in CH
2
Cl

2 

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 theN 

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 (D 1-

02) due to steric repulsion between the H atoms with a dihedral angle of -63°. Another phenyl 

group of DPA (D2), the thiophene (1t-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 D2-1t-A moieties would contribute to the high absorption coefficient for 

efficient light harvesting ability. 

Figure 3.11 Schematic view of the ground-state (SO) 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 CH2Cl2• 

Dihedral angle 

D1-D2 

Ph-Ph 

D2-Tl 

Tl-T2 

T2-T3 

T3-A 

OPAl 

-63.12 

41.87 

-8.82 

-1.28 

-0.96 

1.27 

DPA2 

-63.34 

40.10 

-17.62 

5.09 

0.25 

D1 =carbazole unit; D2 =diphenylamine unit; 

T1, T2, and T3 = thiophene units; A = cyanoacrylic acid; 

DPA3 

-63.20 

40.55 

-20.67 

0.38 

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 OPAl, DP A2, and DPA3, respectively. The orbital densities of the 

LUMO, on the other hand, are delocalized across the 1t-spacer and accepter, which are 

decomposed as 38% (1t-spacer) and 47% (A) for OPAl, 53% (1t-spacer) and 41% (A) for DPA2, 

and 60% (1t-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-1t-A based dyes. This feature also enables the desirable efficient electron 

transfer with strong photoabsorption for DSSCs. 



54 

DPAl-HOMO DPAl-LUMO 

DPA2-HOMO DPA2-LUMO 

DPA3-HOMO DPA3-LUMO 

Figure 3.12 Molecular orbital ofDPA dyes relevant ground state and excited state. 

Table 3.5. Energy Level, HOMO-LUMO energy gab and electron contribution of the 

HOMO and LUMO ofDPA dyes calculated by B3L YP/6-31G(d,p). 

Dye Energy Au.L Electron contribution(%) 

(eV) (eV) Dl D2 T A 

DPAl LUMO -2.71 2.46 0 15 38 47 

HOMO -5.17 57 34 6 3 

DPA2 LUMO -2.76 2.26 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 oc [T5ct (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]. 
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Figure 3.13 TGA thermograms ofDPA1-DPA3 dyes. 

3.3.6 Dye adsorption on Ti02 film 

Compound 

DPAl 

DPA2 336 

DPA3 362 

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 ofTi02 films was confirmed by FT-IR spectroscopy (Fig. 3.15), which 

showed absorption peaks of dyes on Ti02 at lower energy (1577 em-\ whereas the free acrylic 

acid locate at 1598 cm-
1 

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 Ti02• 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 n:-
conjugated spacers. At equilibrium, maximum uptakes of each dye are (84.4 ± 3.8) x 1015

, (97.5 ± 
15 15 -2 • 2.0) x 10 , and (104.3 ± 1.8) x 10 molecules em for DPAl, DPA2, and DPA3, respectively. 

Under this dye-loading result, the light-harvesting efficiency of DPAl is expected to be less than 

those of the other dyes leading to a small incident monochromatic photon to current conversion 

efficiency for the DPAl based cell. 

Comparing dye uptakes of TPA series (44.44 x 1015
, 50.65 x 1015

, and 53.90 x 

10
15 

molecules cm-2 for TPAl, TPA2 and TPA3, respectively), DPA dye can adsorbed on Ti02 

film more than TPA dyes. This because the TPA dyes have two carbazole unit (20-D-11:-A dyes) 

that increase the steric hindrance whereas DPA dyes (D-D-11:-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 Ti02 films measured over a period of 50 hat room 

temperature, (B), (C) and (D) the absorption spectra ofDPAl, DPA2 and 

DPA3 in various concentration. 
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Figure 3.15 FT-IR spectra of the DPAl adsorbed in Ti0
2 

films. 

3.3.5 Cell performance 
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DP Al-DPA3 Dyes were used as the sensitizers for dye-sensitized 

nanocrystalline anatase Ti02 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 ofDPAl-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 DPAl (81%) and DPA2 (82%). The higher IPCE value ofDPA3 is probably due to 

its c, 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 DP Al-DP A3 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 m W cm-2 illumination, the DP A3-sensitized cell 

shows the highest overall efficiency among the three dyes and gives a short-circuit photocurrent 

density(.!) of 10.89 rnA cm-
2

, open-circuit voltage (Vo) of 0.70 V, and fill factor (FF) of 0.67, 

corresponding to an overall conversion efficiency (rl) of 5.12%. The short-circuit photocurrent 

densities and efficiencies of the DSSCs are in the order DPA3 (10.89 rnA cm-2
, 5.12%) > DPA2 

(8.88 rnA em , 4.10%) > DPAl (7.19 rnA em , 3.52%). The better solar cell performance of the 

DP A3-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 DPAl 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 Ti0
2 

film. 
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Figure 3.16 IPCE spectra ofDPA and N3 dyes. 
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Figure 3.17 I-V characteristic of DP A1-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 (11 = 5.71%). The efficiency of the DPA1-based cell also 

reaches >62% of the efficiency of the N3-based cell even though DP A1 has a lower IPCE value 

and narrower IPCE spectrum than both DP A2 and DPA3. The llfllN
3 

values of DPA3 are 

competitive with or higher than those of the D-1t-A-type sensitizers containing carbazole or 

diphenylamine as the donor (49-90%, which shows that the use of D-D-1t-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 (llfllNJ) enables the comparison of the solar cell 

performance in different experimental conditions. 

Table 3.7 Performance parameter ofDSSCs constructed using DPA1-DPA3 as sensitizer·. 

Dye b 

17 Dye uptake J,c v FF oc 

15 2 2 (V) (%) (xlO molecule/em) (rnA/em) 

DPAl 88.4±3.8 7.19 0.73 0.67 3.52 

DPA2 97.5±2.0 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 Ti02 photonode with approximately 11 

J.lm thickness and 0.25 cm
2 

working area on the FTO (8 !2/A) substrate. 

b obtained from dye adsorption measurement. 

3.4 Conclusion 

We have developed new 0-D-n-A type organic sensitizers using 3,6-di-tert-

butylcarbazol-9-ylphenyl-N-dodecylaniline as double electron donor moiety (0-D), 

oligothiophenes as n-conjugated spacers (n) 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 TP A 

dyes including 1t 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 OFT method. The 0-D moiety 

has non-planar structure that may inhibit unfavorable dye aggregation yet to keep the conjugation 

in D-n-A moiety; the conjugation in D-n-A moiety is important for high intensity of 



60 

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 

DPAl 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%, Jsc value of 
-2 

10.89 rnA em , Voc 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). 



CHAPTER4 

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 1t-spacer may expand the absorption spectra ofthe dye 

to near IR region. 

Donor-acceptor (D-A) pyran-4-ylidene 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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Figure 4.1 The structure ofDCM 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 

molar 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 

7t-spacer part in DSSCs to enhance the absorption ability of the sensitizer [ 104-1 07]. 
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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 7t-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-1cm-1
• The dyes with the same donor 

without fluorene spacer exhibits lower the molar extinction coefficient around 22,000 M-1cm-1 

which ensured that fluorene unit in 1[-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-1cm-1 which indicate that the bis-dimethylfluoreneaniline 

moiety influence the optical characteristic of the dyes in the ·promising way to enhance the E. 

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 E 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 1t-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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4.2.3 To investigate the DSSCs performance based on the (pyrane-4-

ylidene )malononitrile dyes as dye-sensitizer. 

CFPA, X= H 

CFPC, X= CN 

COOH 

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 and 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 1H-NMR and IR 

data were confirmed the successful introduction of aldehyde functional group. IR spectrum of 

aldehyde 55 shows the vibration of C=O stretching of aldehyde at 1646 em·' and C=C stretching 

of aromatic compound at 1562 cm-
1
• The rest of IR signal are assigned as C-H stretching of 

aromatic ring (3042 em-'), C-H stretching of aliphatic chain in fluorene moiety and tert-butyl 

group in carbazole (2800-2900 cm-1
) and C-C stretching of aliphatic chain at 1416 cm-1 and more. 

1
H-NMR spectrum (in CDC13) reveals singlet signal of aldehyde proton (lH) 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 1H-NMR in aromatic region of compound 55 are shown in 

Scheme 4.1 and Figure 4.4, respectively. 

Br OHC-o-B(OH)2 

CHO 
Pd(PPh3),, THF!Hp, reflux 

54 55,69% 

Scheme 4.1 Synthesis of aldehyde intermediate 55. 

CHO 
a 

-CHO 

Figure 4.4 H
1
-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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CN 

CHO 

Piperidine, CHCI3 , reflux 

55 

56,39% 

Scheme 4.2 Synthesis of malononitrile intermediate 56. 

The chemical structure of malononitrile intermediate (56) was also confirmed by 
1
H-NMR and IR spectra. IR spectrum of aldehyde 55 shows the vibration of C=N stretching of 

malononitrile moiety at wavenumber 2210 cm.1
, C=O stretching of aldehyde at 1652 cm-1 and C=C 

stretching of aromatic compound at 1563 cm-1
, whereas 1H-NMR spectrum measured in CDC1

3 
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. 
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Figure 4.5 H
1
-NMR ofmalononitrile 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 5-formylthiopheneboronic acid under 

Pd(PPh)4 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=O 

stretching of aldehyde at 1658 cm-
1 
and H1 NMR signal of aldehyde (singlet, lH) at chemical shift 

9.85 ppm. 

NCJ(CN OHC-Q-Br 

Piperidine, CHCI3, reflux 

Scheme 4.3 Synthesis of compound 57 and 58. 

s 
I ;, Br 

57,73% 

OHC-o-B(OHh 

Pd(PPh)4 , THF!Hp 

58,44% 
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Figure 4.6 H1-NMR ofmalononitrile intermediate 58. 

Final target dyes CFPA and CFPC were ·prepared by Knoevanegel reaction 

between conesponding aldehyde 58 and malonic acid or cyanoacetic acid in piperidine condition. 

The reaction yielded 60% and 72% for CFPA and CFPC, respectively as shownin scheme 4.4. 

The products were achieved 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. 

58 

>" 1 piperidine, CHCI3 , reflux 
S CHO 

I = R 

Scheme 4.4 Synthesis of CFP A and CFPC dyes. 

R"'-:::: 

CFPA, X= H, 60% 

CFPC, X= CN, 72% 

COOH 
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I The structure of CFPA and CFPC were confinned by H-NMR and IR spectra. 

They show similar vibrational mode of 0-H stretching at 3394 and 3421 em·', C=N stretching at 

wavenumber 2210 and 2201 em.', C=O stretching of carboxylic acid at 1637 em·' and C=C 

stretching of aromatic compound at 1547 and 1537 em 1
• 

1H-NMR spectrum of both dyes 

measured in CDC13 show singlet signal of t\YO protons of carbazole (position 4 and 5) moiety, 

while the rest of aromatic protons (including protons in both anchoring groups) overlap with each 

other that make it difficult to identify. Hm\·e, er the mass spectrum of CFPA and CFPC are used 

to confinn the structure of the dyes. 
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Figure 4.7 H1-NMR ofCFPA. 
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Figure 4.8 H1-NMR ofCFPC. 

4.3.2 Optical Properties 

CN 

COOH 
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70 

ppm 

The absorption spectra of CFP A and CFPC dyes measured in dichloromethane 

solution and adsorbed on Ti02 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 n-rc* 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 Aonset from formula Eg = 1240/Aonset and the calculated data are shown in Table 

4.1. The molar extinction coefficient (c) of ICT bands CFPA and CFPC dyes are 47,341 and 

60,911 M.
1
cm-

1 
which are the highest value in this thesis. The promising c 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 (€ 
·I ·I range between 20,000- 35,000 M em ). 
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Figure 4.9 Absorption spectra of CFP A and CFPC dyes collected in CH
2
Cl

2
• 

The absorption maxima of CFP dyes adsorbed on Ti02 film are illustrated in 

Figure 4.10. Comparing to their absorption spectra in solution, the dyes adsorbed onto surface of 

Ti02 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 TP A and DP A dyes 

reported in previous chapter and a blue shift absorption of the dyes bonded to Ti0
2 

film can be 

observed in general type of acrylic anchoring group [21, 74, 87]. 
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Figure 4.10 Absorption spectra ofCFPA and CFPC adsorbed on Ti0
2 

film. 



72 

The photoluminescent spectra of CFP dyes measured in CH2Cl2 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 

CFP A and CFPC show stroke shift at 173 and 164 nm 
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Figure 4.11 Photoluminescent spectra of CFP A and CFPC measured in CH
2
Cl

2 
solution. 

Table 4.1 Optical data of CFP dyes. 

Amaxabs /nm (E/M-Icm-1) A abs 
onset 

compound solution • Adsorbed on (nm)3 

Ti0
2
b 

CFPA 297 (41,434) 444 574 

353 (40,595) 

455 (47,341) 

CFPC 297 (44,869) 448 579 

351 (39,657) 

466 (60,911) 

a measured in dichloromethane solution at room temperature. 

b measured dyes adsorbed on Ti02 thin film. 

c estimated from the onset of absorption (Eg = 1240/Aonset). 

A em 
max Eg 

(nm)" (eV)c 

628 2.16 

630 2.14 
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4.3.3 Electrochemical properties 

To evaluate the possibility of electron transfer from the excited dye to conductive 

band of Ti02, the electrochemical properties were measured by cyclic voltametry in CH
2
Cl

2 

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. CFP A 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 TP A and 

DPA dyes, CFPA and CFPC exhibit higher oxidation potential (E0 'onset 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 

15 ---- CFPC 

110 c 
1:l 5 

0.6 0.9 1.2 1.5 1.8 2.1 

Potential vs Ag/Ag• (V) 

Fugure 4.12 Cyclic voltamogram of CFP A and CFPC. 

The lowest unoccupied molecular orbital (LUMO) of CFPA and CFPC were 

estimated by the value of Eoxonset and Es, whereas the highest occupied molecular orbital (HOMO) 

levels were obtained from A 1 of absorption spectra. The examined HOMO and LUMO levels onse 

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 ofTi0
2 

(-4.4 eV), and the HOMO has to be 
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more positive than redox potential of Iodide/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 Ti0
2 

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 Eoxonset (V)a HOMO (eV)b LUMO (eV)' 

CFPA 1.03 -5.47 -3.31 

CFPC 1.04 -5.48 -3.34 

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

electrode, and Ag/ Ag + as a reference electrode in CH2Cl2 solution containing 0.1 M n-Bu
4
NPF as 

supporting electrolyte. 

b calculated using the empirical equation: HOMO= -(4.44 + Eoxonset). 

c calculated from LUMO = HOMO + Eg. 

E (eV) 

-4.4 

-5.47 

CFPA 

Figure 4.13 The energy diagram of CFP dyes. 

-3.34 

2.14 

-5.48 

CFPC 

-4.8 



75 

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 ofCFP dyes calculated by B3LYP/6-31G(d.p) level oftheory 

implemented in Gaussian 09 program. The dihedral angle between carbazole and fluorene of 

CFP A 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]. TheT-A dihedral angle are calculated to be -o.t8 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. 

CFPA CFPC 

Figure 4.14 Optimized structure ofCFPA and CFPC. 

Table 4.3 The selected bond distances and dihedral angles of CFP A and CFPC by 

B3L YP/6-31G(d.p). 

Dyes C-F F-P P-El El-Py Py-E2 E2-Tl Tl-Tl T2-A 

Dihedral( l/J) -54.03 34.67 -0.62 2.93 -2.79 -0.79 1.90 -0.18 
CFPA 

Distance (r) 1.42 1.48 1.46 1.44 1.45 1.43 1.43 1.44 

Dihedral( l/J) -54.72 34.90 -1.46 -2.50 2.14 0.32 0.72 -O.oi 
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 Ti02 of CFPC. 

However the electron distribution in accepter unit of CFP dyes are quite less than in DP A dyes 

which show percentage composition in accepter between 38-47%. This is probably due to the 

strong electron withdrawing ability of pyrane unit. 

Lt:MO 

IIOMO IIOMO 

Figure 4.15 Frontier molecular orbital of CFP A and CFPC calculated by B3L YP/6-31 G( 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 0 2 44 43 12 CFPA 
HOMO 80 19 0 0 

LUMO 0 0 28 47 25 CFPC 
HOMO 80 19 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 CFP A and CFPC were studied by 

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

are displayed in Figure 4.16 and T5d 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. 

100 
T5d 

80 

Dyes T5d (C) 0 - 60 Ill 
Ill 

I .2 40 ' CFPA 286 ... ..c:: 
Cl 
'iii 20 CFPC 302 --CFPA 

0 ---- CFPC 

200 400 600 800 

Temperature (°C) 

Figure 4.16 TGA thermograms ofCFPA and CFPC. 
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3.3.5 Cell performance 

Typical DSCs devices with effective area of 0.25 cm2 were fabricated using 

CFP A and CFPC as sensitizer. Nanocrystalline anatase Ti02 coated on FTO substrate were use as 

working electrode whereas pt layer were employed as counter electrode. The mixture of1
2 

(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. 1-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 CFP A and 

CFPC are broad cover whole UV regions that almost reach 650 nm implied by their absorption 

spectra. But the maximum IPEC ofCFP dyes are much lower than that ofN719 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. 

80 
--cFPA 
-e-CFPC 

60 -T-N719 

w 40 
() 
9: 

20 

Wavelength (nm) 

Figure 4.17 IPCE spectra ofCFP dyes and N719. 

The current density-voltage (J- V) curves of the DSSCs based on CFPA and 

CFPC under simulated AM1.5G irradiation (100 mW cm.2
) are displayed in Figure 4.18, where 

short-circuit photocurrent (J..), open-circuit photovoltage (V
0
), fill factor (FF), and power 

conversion efficiency (1]) can be determined. The DSSC based on CFPC produces 1J of 1.35% 
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(.!," = 3.68 rnA cm-
2

, Voc = 0.55 V, FF = 0.67) which are higher than its analog CFPA that produces 

1J of 0.82% (J,c = 2.63 rnA cm-
2

, Voc = 0.55 V, 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. 

12.5 ·-·-· 

10.0 

"'e 7.5 

<( g 5.0 

...., .... _ ...... _ .......... _ ............ 

.. 

. .... 
2.5 •••••••••. e A .... 

• 
____,_ N719 

• CFPA 
CFPC 

\ 
'! 

0.0 0.2 0.4 0.6 0.8 1.0 

Voltage (V) 

Figure 4.18 1- V characteristic of CFPA and CFPC. 

Table 4.6 Performance parameter ofDSSCs constructed using CFPA and CFPC as sensitizer·. 

Dye Jsc v FF 1] oc 

2 
(V) (%) (rnA/em) 

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 Ti02 photonode with approximately 11 

Jlm thickness and 0.25 cm
2 

working area on the FTO (8 0/A) substrate. 
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3.4 Conclusion 

A series of organic chromophores with the structure of donor-7t-accepter-7t-accepter 

(D-7t-A-7t-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 

7t-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 Ti0
2 

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 indicated 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 ( 7J) of 1.35% (J,c = 3.68 rnA cm-2
, Voc = 

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. 



CHAPTERS 

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, 1t-bridgee or 1t-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 Ti02 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 Ti02 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 donor such as fluorene, carbazole, dithieno[3,2-b:2' ,3 ']pyrole and 

triphenylamine[ll9, 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 
4 4 -1 -1 • very strong molar extinction coefficients ranged from 9.2x10 - ll.lxlO M em at their 

4 -1 -1 correspondent absorption maxima which are higher than those of 61 (7.46 xlO M em ) and 62 

(7.90 xl04 M-1cm-1
) which are the dithieno[3,2-b:2',3']pyrole dyes. This can be attributed to the 

fused phenyl 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 ']pyrole cores. The fluorene-based 60 cell exhibited the best energy 

conversion efficiencies ( lJ 4.73%) among 4 dyes, with V0 c 0.61 V, Jsc 12.27 mA/cm2, 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.S.l) with electron donating 

carbazole cores functionalized at two different positions (3,6- and 2,7-substituted) and linked 

through 1t-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 ( lJ 4.82%) with V
0
c 0.61 

2 V, Jsc 12.66 rnA/em , and FF 0.62 [120]. 

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

NC COOH 
\ 

1-2 

3,6-disubstitued carbazole 

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

HOOC 

Figure 5.1 Structure of example A-D-A dyes. 

COOH 

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

COOH 

2,7-disubstitued carbazole 

65, n = 1, 66, n = 2 
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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 7t-

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 7t-conjugated bridge and dicyanoacrylic acid group as 

double electron accepter. 

5.2.2 To investigate the 7t-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(O) as catalyst, sodium carbonate as base in THF!Hp 
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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 fm1her 

brominated using NBS in THF at room temperature to give brominated adduct (70) and (71) in 

excellent yield. 

(.SyB(OHh bd:f Br"Qj:j-Br U Br 

I. \ h 

\ Pd(PPh,)., THF/H,Q. cefl<o' \ 

67 1 
NBS. THF, rt 

Br 

Br 

h 
N . 

70,88%\ 

68,23% 

Scheme 5.1 Synthesis ofbromothiphene intennediate (70 and 71) 

+ N 

\ 
69.68% 

NBS. THF, rtl 
Br 

/' s 

71, 76% 

Br 

The stmctures of compounds were confinned by NMR and IR spectra. For 

example, the H
1
-NMR in CDCI, of compound 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 (I H, J 

= 8.4 Hz) and 6.59 ppm (1 H, J = 8. 7 Hz) are assigned to He of thiophene ring and Hb 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 spectmm of compound 68 reveals C=C stretching of aromatic ring at 
-1 -1 1625 and 1598 em . C-H stretching of aromatic compound at 3092 em and C-H stretching of 

aliphatic side chain at 2956, 2921, 2855 cm- 1
• 
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Figure 5.3 H
1
-NMR spectrum of compound 68. 

H
1
-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 He was 

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

5.4. 

Br 
:I a Br 
1: I 

' I 

I b, f 'I r I i i I 
I 

1\ 
p i e ! q II u: !! > n Iii y I' f; I !ill ! ,.,.,!I l I 
i\;\ : l_jt, 

' ' " ------ --··-- -·-- -.---------· 
' - --

1.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2 5 7..0 1.5 1.0 0.5 ppm 
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l§;[ M• ::1 lo; ,_, :: l<'lil 

Figure 5.4 H1-NMR spectrum of compound 70. 



I 
I 

6.5 

c :;--I 
s 

Figure 5.5 H1-NMR spectrum of compound 69. 
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Figure 5.6 Expanded H 1- NMR spectrum of compound 71. 
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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 his-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. 

(.S";y--B(OHh 

Pd(PPh3) 4 , THF!Hp, reflux 
+ 

N \72,27% 
;... THF rt 

Br 

Scheme 5.2 Synthetic route ofbisthiophene 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=O stretching of aldehyde between 1686-1694 cm- 1 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. It 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 HOOC COOH 

70, 71, OHC-o-B(OHh 

74, 75 Pd(PPh)4 , THF!Hp, reflux Piperidine, CHC13, reflux 

76, n = 0, m = 1, 93% 

77, n = 1 , m = 1 , 82% 

78, n = 1, m = 2, 74% 

79, n = 2, m = 2, 82% 

Scheme 5.3 Synthesis of diaccepter dyes CB01-CB22. 

CB01,n=O,m=1,19% 

CB11, n = 1, m = 1, 23% 

CB12, n = 1, m = 2, 17% 

CB22, n = 2, m = 2, 18% 
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Figure 5. 7 Expanded H1-NMR spectrum of compound CB22. 

5.3.2 Optical Properties 

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 first one located at 280 nm was 

assigned as 1t-1t* 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 (Amax 423 nm, ICT band) comparing to the shortest symmetric CBll 

dyes. Whereas an asymmetric dye (CBOl) exhibits the most blue shift (396 nm) due to the less 1t-

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 TP A 

(chapter 2), DPA (chapter 3) and CFP (chapter 4) dyes range between 450-470 nm, whereas Amax 
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 S value of CBll and CB21 are 
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noticeably higher than that of CBOl and CB02. This is clearly the effect of more conjugated 

length of thiophene chromophore in CBll and CB22. 

4.0 

3.5 (A) --cso1 
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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 Ti02 thin film are displayed in 

Figure 5.9(A). The absorption spectra adsorbed on Ti02 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 Ti02 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 

Ti02 surface the absorption spectrum of the dyes becomes broad and blue shift [123]. Although 

the broader absorptions of the dyes on the Ti02 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 ofCB dyes adsorbed on Ti0
2 

film (A), and PL spectra (B) 

measured in D MF. 

Table 5.1 Optical properties data ofCB01-CB22 dyes. 

Dyes Aabs 
onset 

A,abs 
max EatAmax A em 

max 
Aabs 

max Stroke 

(solution) (solution) (solution) (solution) (on Ti02) shift 

(nm)a (nm)a (M-1cm-•f (nm)""b (nm)c (nm) 

CBOl 456 396 24,669 515 396 119 
CBll 466 405 21,230 522 416 117 
CB12 486 413 25,723 533 433 120 
CB22 492 423 27,870 536 450 113 

a 
measured in dimethylformamide (DMF) solution at 25 °C 

b 
excited at maximum absorption in solution 

c 
measured dyes adsorbed on Ti02 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 
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increasing electron density in the backbone. The oxidation onset ofCBOl, CBll, 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 0I3. 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]. 
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Fugure 5.10 Cyclic voltamogram ofCB dyes in dry DMF. 

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

Dyes Eox (V)" b HOMO (eV)c LUMO(eV)d onset Eg (eV) 

DBOl 0.95 2.72 -5.39 -2.67 

DBll 0.93 2.66 -5.37 -2.71 

DB12 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
4
NPF as 

supporting electrolyte 

b estimated from the onset of absorption (Eg =1240/Aonsct) 

c calculated using the empirical equation: HOMO= -(4.44 + Eoxonsct) 
d 

calculated from LUMO =HOMO + Eg 
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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 Figure 5.12 

and T5d 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 

The photovoltaic properties of DSSCs containing CB dyes were measured under 

simulated AM 1.5 irradiation condition (100 mW/cm\ where Ti0
2 

photoelectrodes with 

approximately a thickness of 12 mm and a working area of 0.25 cm2 were utilized. The incident 

photon-to-current conversion efficiency (IPCE) and photocurrentevoltage (J- V) curves of DSSCs 



94 

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
0
c), short-

circuit photocurrent density (Jsc), fill factor (FF), and solar-to-electrical energy conversion 

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

Table 5.4 Performance parameter ofDSSCs constructed using CB dyes as sensitizer·. 

Dye J., voc FF 11 
2 (V) (%) (rnA/em) 

CBOl 9.54 0.72 0.69 4.70 

CBll 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 

a 
experiments were conducted in identical condition using Ti02 photonode with approximately 11 

J.lm thickness and 0.25 cm
2 

working area on the FTO (8 0/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 CBOl based device show the highest IPCE performance at 64%. This is because of the 



95 

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 CBOl based cell with lJ of 

4.70% (Jsc = 9.54 rnA cm.
2

, Voc = 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 thiophene 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 regeneration 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 lJ 2.23-4.7%. The best performance 
·2 comes from CBOl based cell with 4.70% (Jsc = 9.54 rnA em , Voc = 0.72 V, FF= 0.69). 



CHAPTER6 

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 7t-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 cceptor 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 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. 

Q 0 
N-o-Q--0-N 
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81' "-max= 529 nm, <rr = 0.15 

Q 0 
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Q 
n - /''\ }=/ 

I I Nfl 
N,S.N u 

85, "-max = 511 nm, <rr = 0.23 -

0 
N 

86, "-max = 437 nm, <rr = 0.05 

Figure 6.1 Example of red emitting materials based on BTD central core. 



98 

A series of D-A-D his-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 ofvarious electron 

affinitive central aryl cores that included dibenzothiophene, phenylene, oligothiophenes, 2,1,3-

benzothiadiazole, 4, 7 -dithien-2-yl-2,1 ,3-benzothiadiazole, thiophene S,S¢-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 (Tg ) 88-127 °C with a high 

decomposition temperature, Tdec > 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-
·2 ·I 12500 cd m and luminous efficiency up to 3.6-4.0 cd A . 

0"0 . 

-o- s 's' 
s 

Ar= 87 88 89 90 

-Q-I I I I N.5.N I I 

91 N.S.N 92 93 

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 TP A 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. 

Figure 6.3 Structure oftaget D-A-D emitting materials. 

No core 

DND 

u 
DT1D 
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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 

scheme 6.1-6.2. 

HO OH ' s ' B--<.-;-,.-B, 
HO" U OH 

95 96 

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. 

29 

26 
Pd(PPh)4 , Sn2(n-Bu)6 

Toluene, reflux 

Pd(PPh)4 , Sn2 (n-Bu)6 

Toluene, reflux 

Scheme 6.1 Synthesis ofDND, DT2D and DT4D by Stille coupling reaction. 
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The synthesis of DFD and DTlD 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 DTlD under Pd(PPh
3

)
4 

, 2M Na2C03 in THF, gave DFD and DTlD in 37 and 15% respectively. 

26 

26 

Pd(PPh)4 • 2M Na2C0
3 

THF, reflux 

HO OH . s ' 
Ho·

8"'q8
'oH 

Pd(PPh3)4 , 2M Na2C03 

THF, reflux 

DFD 

(37%) 

tzd ¢" 
N :-., /, 
....., 

DT10 I/-

(15%} 

Scheme 6.2 Synthesis ofDFD and DTlD 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)4 and 2M in THF, gave DBD, DTBTD and DPBPD 

in 49, 36 and 38% respectively. 

94 

29 

26 
THF, reflux 

THF, reflux 

::J-o W oA::: 
N.5.N 

Pd(PPh3) 4 , 2M Na2C03 

THF, reflux 

DTBTD 
(15%) 

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, DTlD 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 ofC=C stretching around 1600 cm-1
, C-C stretching at 1450 cm- 1

, and C-H stretching of 

aliphatic and aromatic. H
1
-NMR spectra of the compounds exhibit singlet signal at 

chemical shift 8.10-8.25 ppm collected in CDCI3 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 
I I 

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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Figure 6.5 H1-NMR spectra ofDND. 
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Figure 6.6 H
1
-NMR spectra ofDT2D. 
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Figure 6.7 H
1
-NMR spectra ofDBD. 

e f c b 
{! 

I 
CDCI3 

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 s.o 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm 

Figure 6.8 H
1
-NMR spectra ofDPBPD. 
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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 6.1 0, 

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 DTlD, DT2D and DT4D, and group 3 

refer to the benzothiadiazole core (DBD, DPBPD and DTBTD ). Absorption spectra of G 1 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 1t-1t:* transition of aromatic compounds, whereas the third 

band are assigned to ICT band of donor-accepter compounds. The molar extinction coefficient of 
-1 -1 the band at 350 nm (70,000-100,000 M em ) are rather higher than the £ of ICT band (20,000-

70,000 M-
1
cm-

1
). For G1, 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 (£ 
-1 -1 -1 -1 

99,854 M em for DND and 101,360 M em for DFD). Based on our knowledge, the 

introduction of fluorene moiety into the molecules will increase the molar absorptivity [ 1 04-107]. 

For G2, the increasing of thiophene unit, as expected, shifts the absorption of ICT band into lower 

energy (396, 418 and 450 nm for DTlD, DT2D and DT3D) and also increases the molar 

absorptivity (44,160, 54,895 and 70,616 M-1cm-1 for DTlD, 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 Hat 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 6.10 UV -visible spectra of DAD emitting materials in thin film. 
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The fluorescence spectra of D-A-D series measured in dilute dich1oromethane 

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 G 1 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
2
Cl

2 
(A), and thin film 

(B) excited at 350 nm. 
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Table 6.1 Photophysical data of D-A-D emitting materials. 

Ama;bs (nm)(E/M-1 cm-1
) A abs A ern (nm)c Strokes shift Ee 

onset max g 

solution a soli db (nm)a Solution a Soli db (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) 

DTlD 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) 

a measured in dichloromethane solution at 25 °C. 
b 

measured in thin film spin coated on glass substrate. 
c excited at 350 nm . 

d Am.:m- Amaxabs ofiCT band. 

e estimated from the onset of absorption (Eg = 1240/Aonset). 
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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 Bu4NPF 4 as a supporting electrolyte in 

CH2Cl2 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 E112 in the range of 0.66-1.67 V and Eonset of 0.31-0.42 V, Gl (DND and DFD) and G3 (BTD) 

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. 

20 --oNo 20 

15 

1 10 -s:: 
CD ... ... 
:::s 
0 

15 

1 10 c 
CD ... ... :::s 
0 

0 

-5 

0.5 1.0 1.5 2.0 0.5 1.0 1.5 

Potential vs Ag/Ag• (V) Potential vs Ag/Ag• (V) 

25 

20 

15 

- 10 s:: 
... 5 :::s 
0 

0 

-5 
0.5 1.0 1.5 2.0 

Potential vs Ag/Ag• (V) 

Fugure 6.12 Cyclic voltamograms of D-A-D emitter in dry CH2C12• 

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 DTlD. 

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

Compound Eox (V)a 
onset HOMO (eV)b LUMO(eV)c 

DND 0.69 -5.13 -2.00 

DFD 0.73 -5.17 -2.18 

DTlD 0.67 -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-

Bu4NPF as supporting electrolyte 

b calculated using the empirical equation: HOMO= -(4.44 + Eoxonset) 

c calculated from LUMO = HOMO + Eg 

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 well 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. 

Eoxl Eox2 Eox3 Eox4 Eox5 Eox6 112 112 112 112 112 112 Compound 
(V) (V) (V) (V) (V) (V) 

DND 0.75 0.88 1.11 1.47 

DFD 0.81 1.11 1.37 1.67 

DTID 0.74 0.82 1.16 1.40 

DT2D 0.75 1.13 1.32 1.61 

DT4D 0.66 0.79 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 Tg values and thermal 

stability [143]. 
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Figure 6.13 Multi-scan cyclic voltamograms ofDFD and DBD in dry CH
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Figure 6.14 DCS (second heating) and TGA traces of D-A-D series. 
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Table 6.4 Thermal properties of D-A-D compounds. 

Compound DND DFD DTlD DT2D DT4D DPBPD DBD DTBTD 

Tg Cc) 223 234 242 247 243 243 255 
TmCC) 324 372 363 343 368 
T5d Cc) 227 252 228 239 231 278 229 339 

6.4 Conclusion 

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 T5ct > 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 OLEOs 

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 TP A 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 characterize the optical and 

electrochemical properties 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-

1t-A carbazole-triarylamine-based organic dye (TPA1-TPA3) and D-D-1t-A (DPA1-DPA3) 

exhibit the promising photophysical, electrochemical and thermal properties related to the donor 

and 1t-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 1t-spacer, the electron 
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cmmot distribute to accepter as much as it could be. Additionally a large side of the molecules may 

reduce the dye uptake onto Ti02 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. DP A 

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

lowest energy gab (2.05 eV) related to the best overall power conversion efficiency ( 1J) of 5.12% 

(a short-circuit photocurrent density (JJ of 10.89 rnA cm-2
, open-circuit voltage (V

0
) 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 emissive 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 ofTs and T5d 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 OLEOs. 



CHAPTERS 

EXPERIMENT 

8.1 General procedures and instruments 

1H-NMR spectra were recorded on Briiker A VANCE (300 MHz) spectrometer. 13C 

NMR spectra were recorded on Briiker A VANCE (75 MHz) spectrometer and were fully 

decoupled. Chemical shifts (8) are reported relative to the residual solvent peak in part per million 

(ppm). Coupling constants (./) are given in Hertz (Hz). Multiplicities are quoted as singlet (s), 

broad (br), doublet (d), triplet (t), quartet (q), AA 'BB' quartet system (AA 'BB '), 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 (cm-1
). 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 c 
3 -1 -1 /dm mol em ) and sh refers to shoulder. Fluorescence spectra were recorded as a dilute solution 

in spectroscopic grade dichloromethane on a Perkin-Elmer LS SOB 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 Ti02 films were prepared by dipping dyes solution on 

Ti02 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 

measurements 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 P
2
0s-

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 Ti0
2 

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 cm2• 

DSSCs fabrication: Fluorine-doped Sn02 conducting glasses (8 0 /sq TC030-8, 

Solaronix) were used for transparent conducting electrodes. The double nanostructure thick film (1 

J...Lm thickness) consisting of a transparent (Ti-Nanoxide 20T/SP, Solaronix) and a scattering (Ti-

Nanoxide R/SP, Solaronix) Ti02 layers were screen-printed on TiCl
4 

treated FTO. Prior to dye 

sensitization, the Ti02 electrode with cell geometry of 0.5 x 0.5 em 2 were treated with an aqueous 

solution of 4 x 10.
2 

M TiCl4 at 70°C in a water saturation atmosphere, heated to 450°C for 30 inin 

and then cooled to 80°C. The Ti02 electrodes were immersed in the dye solution (3 x 10-4 M N3 in 

ethanol, and 5 x10·
4 

M organic dyes in CH2Cl2) in the dark at room temperature for 24 hours to 
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stain the dye onto the Ti02 surfaces. The dye-adsorbed Ti02 photoanode and Pt counter electrode 

were assembled into a sealed cell by heating a gasket Meltonix 1170-25 film (25 !J.m thickness, 

Solaronix) as a spacer between the electrodes. An electrolyte solution of 0.6 M Lil, 0.03 M I
2

, 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 cm2 and no mismatch 

correction for the efficiency conversion data. 

8.2 Synthesis 

N,N-b is( 4-(3,6-di-tert-butylcarbazoi-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), Cui (0.9 g, 4.8 mmol), K
3
P0

4 
(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
2 

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 °C, FT-IR (KBr, cm-1
): 3042, 2955, 1507, 1483, 

I 
810. H NMR (CDC13): 8.37 (4H, s), 7.80 (2H, d, J = 7.2 Hz), 7.50-7.68 (16H, m), 7.20 (2H, d, J = 

13 
7.2 Hz), 1.68 (s, 36H). C NMR (CDC13): 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 rn/z: 

926.3902 [M+H] 

N,N-bis(4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl)-4-(thiophen-2-yl)aniline (27) 

To a 100 ml round bottom flask, 26 ( 2.0 g, 1.9 mmol), 2-thiopheneboronic acid (0.27 

g, 1.9 mmol), Pd(PPh)4 (0.05 g, 0.04 mmol), 2 M aqueous (16 ml) and 40 ml of THF 

were placed. The resulting mixture was degassed for 5 min and then refluxed under N
2 

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 °C, FT-IR (KBr, em-\ 3041, 2958, 

1507, 1473, 809. 
1
H NMR (CDC13): 8.11 (4H, d, J = 5.4 Hz), 7.59 (2H, s), 7.24-7.48 (19H, m), 

13 
7.05 (IH, s), 1.68 (s, 36H). C NMR (CDCI3): 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-b ro mothiop hen-2-yl)-N,N-b is( 4-( 3 ,6-di-tert-b u ty lcarbazol-N-

yl)phenyl)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
2 

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 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, 
·I I 

FT-IR (KBr, em ): 3041, 2959, 1507, 1473, 809. H NMR (CDC1
3
): 8.15 (4H, d, J = 1.2 Hz), 

13 7.26-7.52 (21H, m), 7.03 (lH, s), 1.68 (s, 36H). C NMR (CDC1
3
): 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]-5-yi)-N,N-bis(4-(3,6-di-tert-butylcarbazoi-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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0 -l I 
250 C, FT-IR (KBr, em ): 3041, 2953, 1507, 1472, 808. H NMR (CDCIJ 8.16 (4H, s), 7.04-

7.62 (24H, m), 1.68 (s, 36H). 
13

C NMR (CDC13): 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, 32.0 

HRMS m/z: 964.4637 [M+H] 

4-(5'-bromo-[2,2'-bithiophen]-5-yi)-N,N-bis(4-(3,6-di-tert-butylcarbazol-N-

yl)phenyl)aniline (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-1
): 3041, 2959, 1507, 

1473, 808. 
1
H NMR (CDC13): 8.16 (4H, s), 7.26-7.60 (20H, m), 7.18 (lH, d, J = 3.6 Hz), 7.09 (lH, 

d, J = 3.9 Hz), 6.98 (lH, d, J = 3.6 Hz), 6.94 (lH, d, J = 3.9 Hz), 1.68 (s, 36H). 13C NMR (CDCIJ 

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 mlz: 1044.3773 [M+H] 

5-(4-(bis(4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl)amino)phenyl)thiophene-2-

carbaldehyde (31) 
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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(PPh3) 4 (0.02 g, 0.01 mmol), 2M aqueous solution (12 ml) and 

25 ml of THF were placed. The resulting mixture was refluxed under N
2 

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-1): 3042, 2958, 1670, 
I 

1599, 1507, 1446,808. H NMR (CDC13): 9.89 (lH, s), 8.17 (4H, s), 7.74 (lH, d, J = 3.9 Hz), 7.66 

(2H, d, J = 8.4 Hz), 7.42-7.56 (17H, m), 7.37 (lH, d, J = 3.8 Hz), 7.30 (2H, d, J = 8.1 Hz), 1.68 (s, 
13 

36H). C NMR (CDC13): 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-(b is( 4-(3,6-di-tert-bu tylcarbazo 1-N-y l)p henyl)amino )phenyl)-[2,2 '-

bithiophene]-5-carbaldehyde (32) 

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-1): 3042, 2959, 1665, 1601, 

1507, 1456, 808. 
1
H NMR (CDC13): 9.87 (IH, s), 8.18 (4H, d, J = 1.3 Hz), 7.67 (IH, d, J = 3.9 Hz), 

7.61 (2H, d, J = 8.6 Hz), 7.25-7.55 (24H, m), 1.68 (s, 36H). 13C NMR (CDC!): 182.3, 147.7, 

147.2, 145,9, 145.7, 142.8, 141.4, 139.3, 137.3, 134.5, 133.4, 128.2, 127.8, 127.2, 127.0, 125.4, 

124.1, 123.8, 123.5, 123.3, 116.2, 109.2, 34.7, 32.0 HRMS m/z: 991.4728 [M+H] 



5' '-( 4-(bis( 4-(3,6-di-tert-butylcarbazol-N-yl)phenyl)amino )phenyl)-[2,2' :5' ,2 "-

terthiophene]-5-carbaldehyde (33) 

125 

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, em.\ 3041, 2957, 1665, 1601, 
I 

1508, 1460, 808. H NMR (CDC13): 9.88 (lH, s), 8.17 (4H, d, J = 1.5 Hz), 7.70 (lH, d, J = 4.2 Hz), 

7.61 (2H, d, J = 8.4 Hz), 7.23-7.55 (23H, m), 7.17 (lH, d, J = 3.9 Hz), 1.68 (s, 36H). 13C NMR 

(CDCIJ 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-butylcarbazoi-N-yl)phenyl)amino)phenyl)thiophen-

2-yl)-2-cyanoacrylic acid (TPAl) 

_F\ 
CN 

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
2 

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 °C, FT-IR (KBr, em-\ 3422, 3042, 2958, 2211, 1582, 1508, 
l 

1473,808. H NMR (DMSO): 8.28 (4H, s), 8.17 (lH, s), 7.75 (3H, d, J = 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). 13C 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) 

TP A2 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-1): 3422, 3042, 2958, 

2213, 1610, 1508, 1473, 809. 
1
H NMR (DMSO): 8.27 (4H, d, J = 1.2 Hz), 8.00 (lH, 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). 13C NMR (DMSO): 

163.8, 147.2, 145.7, 144.1, 142.8, 141.7, 139.0, 136.1, 134.7, 133.0, 128.4, 127.9, 127.2 125.6, 

124.7 124.5, 124.0, 123.1,119.6, 116.8, 109.6, 34.8, 32.2 HRMS m/z: 1059.350 [M+H] 



(E)-3-( 5' '-( 4-(bis( 4-(3,6-di-tert-butylcarbazoi-N-yl)p hen yl)amino )phenyl)-

[2,2':5',2"-terthiophen]-5-yl)-2-cyanoactylic acid (TPA3) 
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TP A3 was prepared from 33 with a method similarly to that described above for 

TPAl. Yield: 0.19 g (48%). Dark red solid. m.p. > 250 °C, FT-IR (KBr, em-\ 3419,3042,2960, 

2212, 1609, 1508, 1473, 808. 1f NMR (DMSO): 8.27 (4H, s), 8.05 (IH, s), 7.70 (2H, d, J = 8.4 

Hz), 7.64 (IH, d, J = 4.2 Hz), 7.57 (4H, d, J = 8.4 Hz), 7.32-7.47 (16H, m), 7.25 (2H, d, J = 8.4 
13 

Hz), 1.68 (s, 36H). C NMR (DMSO): 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] 

his( 4-iodophenyl)amine 

P'pl 
H 

A mixture of diphenylamine (5.0 g, 29.5 mmol), KI (5.8 g, 35.4 mmol), KI0
3 

(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 (200 ml x 2) and aqueous NaHC0
3 

(200 ml), brine solution (200 

ml), dried over anhydrous 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 °C, FT-IR (KBr, V, cm-
1
): 3420 (N-H), 3075 (=C-H), 1585 (C=C), 1499, 1307, 815. 1H 

13 NMR (300 MHz, CDC13, u, ppm): 7.53 (4H, d, J = 8.7 Hz), 6.80 (4H, d, J = 8.7 Hz). C NMR 



128 

(75 MHz, CDC13, b, ppm): 142.2, 138.2, 119.9, 83.2. HRMS calcd for C
12

H9I
2
N: mlz 420.88; 

found: mlz [MH+] 

N-dodecy 1-4-iodo-N-( 4-iodophenyl)aniline ( 40) 

A mixture of bis(4-iodophenyl)amine (6.0 g, 14.2 mmol), 4-bromododecane (4.3 m1, 

17.1 mmol), NaOH (4.6 g, 113.6 mmol) in 50 ml ofDMSO 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 (I 00 ml x 2), aqueous HCl (2 M, 50 ml) 

and brine (50 ml), dried over anhydrous filtered and evaporated to dryness. Purification 

by silica gel column chromatography using hexane as eluent gave colorless oil (7.6 g, 90%). FT-

IR (NaCI, V, em-\ 3061 (=C-H), 2922 (-C-H), 1585, 1575 (C=C), 1486, 1361, 1245, 1006, 810. 
1

H NMR (300 MHz, CDCI3, b, ppm): 7.51 (4H, d, J = 8.7 Hz), 6.76 (4H, d, J = 8.7 Hz), 3.61 (2H, 

13 t, J = 7.5 Hz), 1.60 (2H, q, J = 6.3 Hz), 1.26 (18H, m), 0.89 (3H, t, J = 6.3 Hz). C NMR (75 MHz, 

CDC13, b, ppm): 147.3, 138.2, 123.1, 52.3, 32.0, 29.7, 29.6, 29.4, 27.3, 27.0, 22.7, 14.2. HRMS 

calcd for C24H33l3N: m/z 589.07; found: mlz [MH+] 

4-(3,6-di-tert-butylcarbazoi-N-yl)-N-dodecyi-N-(4-iodophenyl)aniline (41) 

A mixture of 40 (8.9 g, 15.2 mmol), 3,6-di-tert-butylcarbazole (1.0 g, 3.8 mmol), Cui 

(0.4 g, 1.9 mmol), K3P04 (2.0 g, 9.4 mmol), and (±)trans-1,2-diaminocyclohexane (0.2 ml, 1.9 

mmol) in toluene (70 ml) was degassed with N2 for 5 min and then heated at reflux under N
2 

atmosphere for 24 h. After coJling, the solid residue was filtered out and washed with DCM (50 

ml). The organic filtrate was washed with water (IOO ml x 2) and brine solution (IOO ml), dried 

over anhydrous 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 g, 46%). FT-IR 

(NaCI, V, em-\ 3042 (=C-H), 2956 (-C-H), 15S3, 1513 (C=C), 14S7, 1363, 1262, S10. 1H NMR 

(300 MHz, CDC13, D, ppm): S.13 (2H, d,J= 1.5 HZ), 7.56 (2H, d,J= 9.0 Hz), 7.33-7.47 (6H, m), 

7.16 (2H, d, J = S.7 Hz), 6.S3 (2H, d, J = 9.0 Hz), 3.S3 (2H, s), 1.60 (2H, s), 1.27 (ISH, m), O.S6 
( 13 
3H, t, J = 6.6 Hz). C NMR (75 MHz, CDC13, u, ppm): 147.6, 146.3, 142.6, 139.5, 13S.1, 131. 7, 

127.7, 123.4, 123, 122.9, 122.6, 122.2, 119.9, 116.1, 109.1, S3.3, 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
44

H
57

IN
2

: mlz 740.36; found: m/z [MH+] 

(42) 
4-(3,6-di-tert-butylcarbazol-N-yl)-N-dodecyl-N-(4-(thiophen-2-yl)phenyl)aniline 

A mixture of 41 (2.5 g, 3.3 mmol), 2-thiopheneboronic acid (0.4 g, 3.3 mmol), 

Pd(PPh3) 4 (0.07 g, 0.07 mmol), 2 M aqueous (34 ml) in THF (57 ml) was degassed with 

N2 for 5 min and then heated at reflux under N2 atmosphere for 24 h. After cooling, DCM (IOO ml) 

was added and the organic layer was washed with water (100 ml x 2) and brine solution (100 ml), 

dried over anhydrous 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 
·I I 

(NaCI, V, em ): 3053 (=C-H), 2957 (-C-H), 1608, 1510 (C=C), 1502, 1362, 1261, 805. H NMR 

(300 MHz, CDC13, 8, ppm): 8.23 (2H, s), 7.62 (2H, d, J = S.4 Hz), 7.17-7.56 (12H, m), 6.10 (IH, 

13 t, J = 4.5 Hz), 3.S5 (2H, t, J = 7.2 Hz), l.S3 (2H, m), 1.35-1.55 (ISH, m), 0.94 (3H, t, J = 6.3). C 

NMR (75 MHz, CDC13, 8, ppm): 147.2, 146.9, 144.6, 142.7, 139.9, 131.2, 12S.2, 12S.2, 127.9, 

127.2, 124.0, 123.7, 123.5, 122.3, 121.9, 121.5, 116.4, 109.6, 52.7, 34.9, 32.3, 32.2, 29.9, 29.9, 

29.7, 29.6, 27.S, 27.4, 23.0, 14.4. HRMS calcd for C
48

H
60

N
2
S: mlz 696.45; found: m/z [MH+] 



4-(5-bromothiophen-2-yi)-N-(4-(3,6-di-tert-butylcarbazoi-N-yl)phenyi)-N-

dodecylaniline (44) 
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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
2 

for a 

further 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 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, em-\ 3036 (=C-H), 2923 (-C-H), 1676, 1486 CC=C), 1362, 1253, 810. 1H NMR 

(300 MHz, CDC13, 8, ppm): 8.17 (2H, s), 7.45-7.51 (H, m), 7.37 (2H, d, J = 8.4 Hz), 7.21-7.26 

(3H, m), 7.01 (2H, d, J = 8.4 Hz), 6.96 (2H, dd, J = 8.4, 5.6 Hz), 3. 77 (2H, t, J = 7.5 Hz), 1. 77 (2H, 
13 s;: . m), 1.13-1.57 (18H, m), 0.87 (3H, t, J = 6.2). C NMR (75 MHz, CDC1

3
, u, 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 

calcd for C48H59BrN2S: mlz 774.36; found: mlz [MH+] 

4-([2,2'-bithiophen]-5-yi)-N-(4-(3,6-di-tert-butylcarbazoi-N-yl)phenyi)-N-

dodecylaniline (43) 

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-1): 3036 (=C-H), 

2924 (-C-H), 1602, 1512 (C=C), 1499, 1363, 1262, 809. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 

8.14 (2H, d, J = 1.2 Hz), 7.54 (2H, 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). 13C NMR (75 MHz, CDC1
3
, 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 C52H62N2S2: mlz 778.44; found: m/z [MH+] 

4-(5'-bromo-[2,2'-bithiophen]-5-yi)-N-(4-(3,6-di-tert-butylcarbazoi-N-yl)phenyi)-

N-dodecylaniline (45) 

Br 

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-1): 3029 

(=C-H), 2923 (-C-H), 1589, 1576 (C=C), 1486, 1362, 1245, 810. 1H NMR (300 MHz, CDC1
3

, 8, 
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 

) 
13 

(3H, s . C NMR (75 MHz, CDCl3, u, 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, 

31.9, 29.6, 29.6, 29.4, 29.3, 27.5, 27.1, 22.7, 14.1. HRMS calcd for C
52

H
61

BrN
2
S

2
: mlz 856.30; 

found: mlz [MH+] 

5-( 4-( ( 4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl)( dodecyl)amino )p henyl)thiop hene-

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(PPh3) 4 (0.016 g, 0.013 mmol), 2 M aqueous solution (7 ml) in THF (20 ml) 

was degassed with N2 for 5 min and then heated at reflux under N2 atmosphere for 24 h. After 

cooling, DCM (50 ml) 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 filtered and evaporated to dryness. 

Purification by silica gel column chromatography using DCM/hexane (1 :4) as eluent gave yellow 

sticky gum (0.47 g, 54%). FT-IR (NaCl, V, cm-1
): 3036 (=C-H), 2918 (-C-H), 1664 (C=O), 1600, 

1510 (C=C), 1446, 1362, 1225, 805. 
1
H NMR (300 MHz, CDC1

3
, 8, ppm): 9.85 (lH, 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 (1 OH, m), 6.99 (2H, d, J = 8.6 Hz), 

3.82 (2H, t, J = 7.5 Hz), 1.77 (2H, s), 1.26-1.54 (18H, m), 0.85 (3H, s). 13C NMR (75 MHz, CDC1
3

, 

8, 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 calcd for C49H60NpS: mlz 724.44; found: mlz [MH+] 

5'-(4-((4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl)(dodecyl)amino)phenyl)-[2,2'-

bithiophene]-5-carbaldehyde (47) 

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, em-\ 3038 

(=C-H), 2919 (-C-H), 1664 (C=O), 1607, 1511 (C=C), 1454, 1361, 1227. 1H NMR (300 MHz, 

CDC13, 8, ppm): 9.85 (lH, s), 8.17 (2H, s), 7.65 (2H, d, J = 3.8 Hz), 7.18-7.51 (13H, m), 7.09 (2H, 

13 d, J = 8.6 Hz), 3.82 (2H, t, J = 7.5 Hz), 1.79 (2H, s), 1.29-1.49 (18H, m), 0.85 (3H, m). C NMR 

(75 MHz, CDC13, 8, 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, 31.9, 29.6, 29.6, 29.4, 29.3, 27.6, 27.1, 22.7, 14.1. HRMS calcd for C
53

H
62
NPS

2
: mlz 

806.43; found: mlz [MH+] 
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-( 4-( ( 4-(3,6-di-tert-bu tylcarbazol-N-yl)phenyl)( dodecyl)a mino )phenyl)-

[2,21:51,2"-terthiophene]-5-carbaldehyde (48) 
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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 °C, FT-IR (KBr, V, cm-1): 

3059 (=C-H), 2914 (-C-H), 1659 (C=O), 1597, 1509 (C=C), 1454, 1356, 1225, 1046, 809, 791. 1H 

NMR (300 MHz, CDC13, 8, ppm): 9.84 (lH, s), 8.26 (2H, s), 7."09-7.58 (18H, m), 3.82 (2H, s), 

( ) 13 'X 1.83 2H, s , 1.36-1.63 (18H, m), 0.95 (3H, s). C NMR (75 MHz, CDC1
3

, u, 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 calcd for C
57

H
64

N
2
0S

3
: m/z 888.42; found: 

mlz [MH+] 

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

phenyl)thiophen-2-yl)acrylic acid (DPAl) 

A mixture of 46 (0.16 g, 0.2 mrnol), cyanoacetic acid (0.04 g, 0.4 mrnol) and 

piperidine (2 drops) in chloroform (20 ml) was degassed with N
2 

for 5 min and then heated at 

reflux under N2 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 
0 -1 solids (0.11 g, 61%). m.p. >250 C, FT-IR (KBr, V, em ): 3421 (0-H), 3042 (=C-H), 2925 (-C-
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H), 2213 (C=N), 1598 (C=O), 1512 (C=C), 1363, 1225, 808. 1H NMR (300 MHz, DMSO, 8, 
ppm): 8.22 (3H, s), 7.77 (lH, s), 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, s), 1.67 (2H, s), 1.19-1.40 (18H, m), 0.80 (3H, s). 13C NMR (75 MHz, DMSO, 8, 
ppm): 164.4, 148.6, 145.8, 142.7, 139.2, 134.5, 132.4, 127.8, 127.5, 124.7, 124.4, 123.9, 123.2, 

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, 27.4, 26.8, 

22.5, 14.3. HRMS calcd for C52H61Np2S: mlz 791.45; found: mlz [MH+] 

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

phenyl)-[2,2 '-bithiophen]-5-yl)acrylic acid (DP A2) 

COOH 

Compound DPA2 was prepared from 47 with a method similarly to that described 

above for OPAl and obtained as orange-red solid (0.12 g, 59%). m.p. > 250 °C, FT-IR (KBr, V, 

em.\ 3420 (0-H), 3041 (=C-H), 2925 (-C-H), 2213 (C=N), 1598 (C=O), 1512 (C=C), 1363, 

1225, 809. 
1
H NMR (300 MHz, DMSO, 8, ppm): 8.14 (lH, s), 8.04 (2H, s), 7.87 (lH, 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, 
13 

s). C NMR (75 MHz, DMSO, u, 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
56

H
63
Np

2
S

2
: m/z 791.45; 

found: mlz [MH+] 

(E)-2-cyano-3-( 5' '-( 4-( ( 4-(3 ,6-di-tert-b utylcarbazol-N-yl)phen yl)( dodecyl)amino) 

phenyl)-[2,2':5',2"-terthiophen]-5-yl)acrylic acid (DPA3) 

COOH 
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Compound DPA3 was prepared from 48 with a method similarly to that described 

above for DPAl and obtained as dark red solid (0.18 g, 47%). m.p. > 250 °C, FT-IR (KBr, V, cm-

1): 3421 (0-H), 3036 (=C-H), 2924 (-C-H), 2212 (C=N), 1602 (C=O), 1512 (C=C), 1363, 1225, 

808. 
1
H NMR (300 MHz, DMSO, 8, ppm): 8.02 (lH, s), 7.75 (lH, 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, s). 
u 

C NMR (75 MHz, DMSO, u, 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
60

H
65
Np

2
S

3
: mlz 955.42; 

found: m/z [MH+] 

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

CHO 

A mixture of 54 (2.0 g, 3.0 mmol), 4-formylphenylboronic acid (0.4 g, 2.7 mmol), 

Pd(PPh3) 4 (0.095 g, 0.082 mmol), and 2M aqueous solution (40 ml) in THF (60 ml) was 

degassed with N2 for 5 min. The reaction mixture was stirred at reflux under N2 for 24 h. After 

being cooled to room temperature, water (100 ml) was added and extracted with CH
2
Cl

2 
(80 ml x 

2). The combined organic phase was washed with water (80 ml), brine solution (80 ml), dried over 

anhydrous filtered, and the solvents were removed to dryness. Purification by column 

chromatography over silica gel eluting with a mixture of CH2Cl2 and hexane (1 :4) followed by 

recrystallization from Hexane afforded 1 as colorless solid (1.3 g, 69%). m.p. >250 °C, FT-IR 
-I 

(KBr, V, em ): 3048 (C-H), 2954, 2926, 2856 (C-H), 1646 (C=O), 1562 (C=C, Ar), 1487, 1363, 

1262, 925, 808. 
1
H NMR (300 MHz, CDC13, 8, ppm): 10.12 (lH, s), 8.25 (2H, s), 8.04 (2H, d, J = 

8.1 Hz), 7.95 (lH, d,J=7.3 Hz), 7.43-7.92 (llH, m), 2.11 (4H, t,J= 7.3 Hz), 1.56 (18H, s), 1.19 
u (16H, m), 0.85 (6H, t, J = 5.5 Hz), C NMR (75 MHz, CDC13, u, 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, 121.4, 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 calcd for C52H61NO: m/z 695.79; found: mlz 696.826 [MH+]. 
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(E)-2-(2-(4-(7-(3,6-di-tert-butylcarbazoi-N-yl)-9,9-dihexylfluoren-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
2 

atmosphere for 18 h. After cooling to room temperature, the reaction was quenched with water (5 

ml) and extracted with CH2Cl2 (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
2
Cl

2
:Hexane (1 :4) 

afforded yellowish-orange solids (0.46 g, 39%). m.p. >250 °C, FT-IR (KBr, V, cm-1): 3042 (=C-

H), 2926, 2856 (-C-H), 2210 (C=N), 1652, 1563 (C=C, Ar), 1472, 1416, 1361, 1295, 1178, 925, 

808. 
1
H NMR (300 MHz, CDC13, 8, ppm): 8.17 (2H, s), 7.93 (lH, d, J = 8.4 Hz), 7.85 (lH, d, J = 

8.3 Hz), 7.77 (2H, d, J = 8.1 Hz), 7.39-7.70 (lOH, m), 6.81 (lH, s), 6.74 (2H, m), 6.57 (IH, s), 

13 2.44 (3H, s), 2.02 (4H, t, J = 7.2 Hz), 1.48 (18H, s), 1.11 (16H, m), 0.79 (6H, t, J = 6.3 Hz). C 

NMR (75 MHz, CDC13, 8, 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 C62H67Np: m/z 873.08; found: mlz 874.104 [MH+]. 
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2-(2-( (E)-2-( 5-b romothiophen-2-yl)vinyl)-6-( (E)-4-(7-( 3,6-di-tert-b u tylcarbazoi-N-

yl)-9 ,9-dihexylfluo ren-2-yl)styryl)pyran -4-ylidene) malo n onitrile (57) 

Br 

A mixture of 56 (1.00 g, 1.14 rnmol), 5-bromothiophene-2-carba1dehyde (0.24 g, 1.26 

rnmol) and piperidine (2 drops) in chloroform (20 ml) was heated at reflux under N
2 

atmosphere 

for 18 h. After cooling, the reaction was quenched with water (5 ml) and extracted with CH
2
Cl

2 

(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 CH2Cl2:Hexane (I :4) afforded dark orange solids (0.87 g, 

73%). m.p. >250 °C, FT-IR (KBr, V, em-\ 3052 (=C-H), 2952,2926,2856 (-C-H), 2207 (C-N), 

1637, 1600, 1547 (C=C, Ar), 1491, 1473, 1416, 1362, 1294, 1201, 1179, 943, 808. 1H NMR (300 

MHz, CDC13, b, ppm): 8.19 (2H, s), 7.93 (lH, d, J = 8.7 Hz), 7.41-7.87 (l5H, m), 7.10 (2H, m), 

6.83 (lH, d, J = 15.9 Hz), 6.73 (lH, s), 6.68, (lH, s), 6.48 (lH, d, J = 15.6 Hz), 2.07 (4H, m), 1.50 

13 s:: (ISH, s), 1.13 (16H, m), 0.79 (6H, t, J = 6.9 Hz). C NMR (75 MHz, CDC1
3

, u, 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, 125.4, 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, 55.6, 40.3, 34.7, 32.0, 31.5, 29.6, 23.9, 22.5, 14.0. HRMS calcd 

for C67H68NpSBr: mlz 1041.43; found: mlz 1042.4395 [MH+]. 



2-(2-((E)-4-(7-(3,6-di-tert-butylcarbazoi-N-yl)-9,9-dihexylfluoren-2-yl)styryi)-6-

((E)-2-(5'-formyl-[2,2'-bithiophen]-5-yl)vinyl)pyran-4-ylidene)malononitrile (58) 
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A mixture of 57 (1.12 g, 0.91 mmol), 5-formyl-2-thiopheneborobic acid (0.16 g, 0.76 

mmol), Pd(PPh3) 4 (0.022 g, 0.016 mmol), and 2M aqueous solution (20 ml) in THF (30 

ml) was degassed with N2 for 5 min. The reaction mixture was heated to reflux under N
2 

for 24 h. 

After being cooled to room temperature, water (50 ml) was added and extracted with CH
2
Cl

2 
(50 

ml x 2). The combined organic phase was washed with water (50 ml), brine solution (50 ml), dried 

over anhydrous filtered, and evaporated under vacuum to dryness. Purification by column 

·with a mixture of CH2Cl2 and hexane (I: 1) afforded 7 as reddish-orange solid (0.39 g, 44%). FT-

IR (K.Br, V, em-'): 3055 (=C-H), 2953,2860 (-C-H), 2211 (C=N), 1658 (C=O), 1638, 1601, 1504, 

1473 (C=C, Ar), 1362, 1294, 1261, 944, 807. 1H NMR (300 MHz, CDC13, 8, ppm): 9.85 (IH, s), 

8.23 (2H, s), 7.92 (2H d, J = 8.0 Hz), 7.31-7.83 (18H, m), 6.80 (lH, d, J = 15.8 Hz), 6.68 (2H, s), 
13 6.58 (2H, d, J = 15.7 Hz), 2.11 (4H, s), 1.55 (18H, s), 1.18 (16H, m), 0.85 (6H, t, J = 6.3 Hz). C 

NMR (75 MHz, CDC13, 8, 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, 55.6, 40.3, 34.8, 32.1, 31.6, 29.7, 24.0, 22.6, 14.1. HRMS calcd for C
72

H
71

N
3
0

2
S

2
: 

mlz 1073.50; found: mlz 1074.5119[MH+]. 
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(E)-3-(5'-((E)-2-(6-((E)-4-(7-(3,6-di-tert-butylcarbazoi-N-yl)-9,9-dihexylfluoren-2-

yl)styryl)-4-(dicyanomethylene)pyran-2-yl)vinyl)-[2,2'-bithiophen]-5-yl)acrylic acid (CFPA) 

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
2 

atmosphere for 18 h. 

After cooling, the reaction was quenched with water (5 ml) and extracted with CH
2
Cl

2 
(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% Me0H:CH2Cl2 afforded red solid (0.12 g, 60%). m.p. >250 °C, 

FT-IR (K.Br, V, em-\ 3394 (0-H), 3042 (C-H, Ar), 2926, 2856 (C-H), 2210 (C-N), 1637 (C=O), 

1600, 1547 (C=C), 1490, 1473, 1363, 1250, 944, 807. 1H NMR (300 MHz, DMSO, 0, ppm): 8.31 

(2H, s), 7.30-8.16 (24H, m), 7.21 (lH, d, J = 15.7 Hz), 6.95 (lH, d, J = 16.5 Hz), 2.08 (4H, s), 

) 13 s:: 1.41 (18H, s, 1.05 (16H, s), 0.72 (6H, m). C NMR (75 MHz, DMSO, u, 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, 

31.7, 31.4, 29.4, 23.9, 22.5, 22.4 14.2. HRMS calcd for C
74

H
73

N
3
0

3
S

2
: m/z 1115.51 

{E)-2-cyano-3-{5'-{(E)-2-(6-((E)-4-(7-(3,6-di-tert-butylcarbazoi-N-yl)-9,9-

dihexylfluoren-2-yl)styryl)-4-(dicyanomethylene)pyran-2-yl)vinyl)-[2,2'-bithiophen]-5-

yl)acrylic acid ( CFPC) 

CN 

COOH 
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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
2 

atmosphere for 18 h. 

After cooling, the reaction was quenched with water (5 ml) and extracted with CH
2
Cl

2 
(50 ml x 2). 

The combined organic layer was washed with water (50 m1 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:CH2Cl2 afforded red solid (0.17 g, 72%). m.p. >250 °C, 

FT-IR (KBr, V, cm-
1
): 3421 (0-H), 3052 (C-H, Ar), 2926, 2856 (C-H), 2201 (C=N), 1637 (C=O), 

1600, 1537 (C=C, Ar), 1490, 1473, 1418, 1363, 1250, 1203, 994, 807. 1H NMR (300 MHz, 

DMSO, 8, ppm): 8.23 (2H, s), 7.26-8.06 (24H, m), 7.07 (IH, d, J = 15.6 Hz), 6.85 (lH, d, J = 

13 s;: 14.4 Hz), 2.09 (4H, s), 1.39 (18H, s), 1.02 (16H, s), 0.70 (6H, m). C NMR (75 MHz, DMSO, u, 

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, 125.4, 

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, 

32.2, 31.3, 29.3, 23.9, 22.4, 14.2. HRMS calcd for C
75

H
72

N
4
0

3
S

2
: mlz 1140.50. 

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

\_!/,_ __ )L.} 

\ 
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 N2 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 

Na2S04, 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, cm-
1
): 2961, 2923, 2873 (C-H), 1600 (C=C), 1483, 1213, 777. 1H NMR 

(300 MHz, CDC13, 8, 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 (lH, m), 1.32 (8H, m), 0.89 (6H, t, J = 7.2). 13C NMR (75 MHz, 
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CDC13, 0, 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 C20H23Br2N: mlz 435.02; found: mlz 436.0272 [MH+] 

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

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

"'t s s '\ 

A mixture of 67 (2.28 g, 5.21 mmol), 2-thiopheneboronic acid (1.40 g, 10.95 mmol), 

Pd(PPh3) 4 (0.12 g, 0.10 mmol), 2M aqueous (34 ml) in THF (57 ml) was degassed with 

N2 for 5 min and then heated at reflux under N2 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 filtered and evaporated to dryness. 

Purification by silica gel column chromatography using hexane as eluent gave colorless sticky 

gum 3-bromo-9-(2-ethylhexyl)-6-(thiophen-2-yl)carbazole (68) (0.52 g, 23%) and 9-(2-

ethylhexyl)-3,6-di(thiophen-2-yl)carbazole (69) (1.61 g, 68%), respectively. 

-1 
Compound 68; FT-IR (NaCl, V, em ): 2956, 2921, 2855 (C-H), 1625, 1598 (C=C), 

1481, 1448, 1216, 789. 
1
H NMR (300 MHz, CDC13, 0, ppm): 8.25 (2H, s), 7.75 (IH, dd, J = 8.4, 

1.2 Hz), 7.59 (lH, dd,J= 8.7, 1.5 Hz), 7.18-7.42 (5H, m), 3.93 (2H, d,J= 6.7 Hz), 1.91 (lH, m), 
13 1.38 (8H, m), 0.99 (6H, m). C NMR (75 MHz, CDC13, u, 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, 39.4, 31.1, 28.9, 

24.5, 23.2, 14.2, 11.0. HRMS calcd for C24H26BrNS: mlz 439.10; found: mlz 440.1051 [MH+] 

Compound 69; FT-IR (NaCl, V, em-\ 2961, 2923, 2873 (C-H), 1601 (C=C), 1483, 

1213, 777. 
1
H NMR (300 MHz, CDC13, 0, ppm): 8.49 (2H, s), 7.84 (2H, d, J = 8.4 Hz), 7.52 (2H, 

d, J = 3.3 Hz), 7.42 (2H, d, J = 5.1 Hz), 7.29 (2H, t, J = 4.2 Hz), 4.02 (2H, d, J = 5.7 Hz), 2.14 

(lH, m), 1.46 (8H, m), 1.07 (6H, m). 
13

C NMR (75 MHz, CDC1
3

, 0, ppm): 145.7, 140.9, 128.1, 

125.9, 124.5, 123.7, 123.2, 122.1, 117.9, 109.5, 47.5, 39.5, 31.0, 28.9, 24.9, 23.1, 14.2, 11.0. 

HRMS calcd for C28H29NS2: mlz 443.17; found: mlz 444.1822 [MH+] 
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3-bromo-6-(5-bromothiophen-2-yl)-N-(2-ethylhexyl)carbazole (70) 

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, cm-

1): 2961, 2923, 2873 (C-H), 1630, 1601 (C=C), 1483, 1213, 777. 1H NMR (300 MHz, CDC13, 8, 
ppm): 8.14 (lH, s), 8.05 (lH, s), 7.51-7.58 (2H, m), 7.28 (lH, d, J = 8.1 Hz), 7.20 (IH, d, J = 8.7 

. Hz), 7.03 (2H, m), 3.99 (2H, d, J = 1.5 Hz), 1.96 (lH, m), 1.30 (8H, m), 0.90 (6H, m). 13C NMR 

(75 MHz, CDC13, 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, 24.4, 23.0, 14.1, 10.9. HRMS calcd for 

C24H25Br2NS: mlz 517.01; found: mlz 518.0154 [MH+] 

3,6-bis(S-bromothiophen-2-yi)-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 (NaCI, V, em-

\ 2961, 2923 (C-H), 1630, 1601 (C=C), 1483, 1213, 777. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 

8.21 (2H, d, J = 1.5 Hz), 7.61 (2H, dd, J = 8.4, 1.5 Hz), 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 (lH, m), 1.25-1.40 (8H, m), 0.86-0.95 (6H, m). 13C 

NMR (75 MHz, CDC13, 8, 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, 28.8, 24.3, 23.0, 14.0, 10.8. HRMS calcd for C
28

H
27

Br
2
NS

2
: m/z 599.00; 

found: mlz 600.0031 [MH+] 



3-([2,2'-bithiophen]-5-yl)-6-(5-bromothiophen-2-yi)-N-(2-ethylhexyl)carbazole 

(72) and 3,6-di([2,2'-bithiophen]-5-yi)-N-(2-ethylhexyl)carbazole (73) 
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Compound 72 and 73 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 (NaCI, V, em-\ 2956, 2923, 2855 (C-H), 

1625, 1598 (C=C), 1481, 1216,789,685. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 8.24 (lH, s), 8.17 

(lH, s), 7.70 (lH, d, J = 8.4 Hz), 7.60 (lH, d, J = 8.4 Hz), 7.04-7.31 (9H, m), 3.98 (2H, d, J = 1.5 
13 s:: Hz), 2.05 (lH, s), 1.30 (8H, m), 0.89 (6H, m). C NMR (75 MHz, CDC1

3
, u, 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 C32H30BrNS3: mlz 603.07; found: mlz 603.0721 [M+] 

Compound 73; yield 45% (1.08 g), FT-IR (NaCI, V, cm-1
): 2957, 2926, 2856 (C-H), 

1627, 1599 (C=C), 1484, 1452, 1218, 791. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 8.30 (2H, d, J = 

1.2 Hz), 7.69 (2H, dd, J = 8.4, 1.5 Hz), 7.33 (2H, d, J = 8.7 Hz), 7.18 (8H, m), 7.04-7.07 (2H, m), 

4.13 (2H, d, J = 1.4 Hz), 2.03 (lH, m), 1.27-1.44 (8H, m), 0.99-1.09 (6H, m). 13C NMR (75 MHz, 

CDC13, 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
36

H
33

NS
4

: mlz 

607.15; found: mlz 607.1497 [M+], 608.1569 [MH+]. 

3-( 5 '-b ro mo-[2,2 '-b ithiophen] -5-yl)-6-( 5-bromothiophen-2-yl)-N-(2-

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, em-\ 2956, 2916, 2855 (C-

H), 1612, 1598 (C=C), 1484, 1451, 1216, 778_ 1H NMR (300 MHz, CDCl
3

, 8, ppm): 8.16 (IH, s), 

8.12 (IH, d, J = 1.5 Hz), 7.61 (IH, dd, J = 8.4, 1.2 Hz), 7.56 (IH, dd, J = 8.4, 1.5 Hz), 7.24 (2H, 

dd, J = 9.6, 1.2 Hz), 7.17 (IH, d, J = 3.6 Hz), 7.05 (3H, m), 6.98 (IH, d, J = 3.9 Hz), 6.91 (IH, d, 

13 J = 3.9 Hz), 3.92 (2H, d, J = 1.5 Hz), 2.00 (IH, s), 1.30-1.38 (8H, m), 0.89-0.94 (6H, m). C 

NMR (75 MHz, CDC13, 8, 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 

C32H29Br2NS3: mlz 680.98; found: mlz 680.9786 [M+] 

3,6-bis( 5 '-bromo-[ 2,2 '-b ithiophen] -5-yl)-N-(2-ethylhexyl)carbazole (7 5) 

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, V, em-\ 2956, 2916, 2855 (C-

H), 1612, 1598 (C=C), 1484, 1451, 1216, 778. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 8.31 (2H, d, 

J = 1.2 Hz), 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, d, J = 6.6 

Hz), 2.05 (IH, m), 1.28-1.44 (8H, m), 0.87-0.99 (6H, m). 13C NMR (75 MHz, CDC1
3

, 8, 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 ealcd for C36H31 Br
2
NS

4
: mlz 762.97; found: mlz 762.9727 

[M+] 



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

yl}benzaldehyde (76) 

OH 
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A mixture of 70 (0.70 g, 1.34 mmol), 4-formylphenylboronic acid (0.40 g, 2.68 

mmol), Pd(PPh3) 4 (0.062 g, 0.054 mmol), 2 M aqueous solution (10 ml) in THF (30 ml) 

was degassed with N2 for 5 min and then heated at reflux under N
2 

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 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, V, cm-1
): 2925, 2852 (C-H), 1690 (C=O), 1594 

(C=C), 1482, 1437, 1167,794. 
1
H NMR (300 MHz, CDC13, 8, ppm): 10.07 qH, s), 10.00 (lH, s), 

8.39 (2H, m), 7.76 (lOH, m), 7.36-7.48 (4H, m), 4.16 (2H, d,J= 6.0 Hz), 2.09 (lH, m), 1.27-1.41 

(8H, m), 0.87-0.97 (6H, m). 
13

C NMR (75 MHz, CDC13 , 8, 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, 

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 

calcd for C38H35N02S: mlz 569.24; found: mlz 570.2470 [MH+] 

4,4 '-( 5,5 '-(N-(2-ethylhexyl}carbazole-3,6-diyl)b is( thiophene-5,2-

diyl})dibenzaldehyde (77) 
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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, cm-1): 2916 (C-H), 

1686 (C=O), 1592 (C=C), 1436, 1163, 791. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 9.97 (2H, s), 

8.30 (2H, s), 7.72-7.81 (lOH, m), 7.26-7.45 (6H, m), 4.09 (2H, d, J= 5.4 Hz), 2.04 (lH, m), 1.30-
13 5:: 1.36 (8H, m), 0.87-0.92 (6H, m). C NMR (75 MHz, CDC1

3
, u, 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, 

23.0, 14.0, 10.9. HRMS calcd for C42H37N02S2 : mlz 651.23; found: mlz 651.2276 [M+], 652.2340 
[MH+] 

4-( 5-(N-(2-ethylhexyl)-6-( 5 '-( 4-formylphenyl)-[2,2 '-bithiophen ]-5-yl)carbazo 1-3-

yl)thiophen-2-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-1): 2946, 2916 (C-

H), 1691 (C=O), 1595 (C=C), 1441, 1163, 783. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 10.08 (lH, 

s), 10.01 (lH, s), 8.41 (2H, s), 7.78-8.01 (IOH, m), 7.39-7.50 (4H, m), 4.20 (2H, d, J = 6.9 Hz), 

2.10 (lH, m), 1.25-1.56 (8H, m), 0.86-0.97 (6H, m). 13C NMR (75 MHz, CDC1
3

, 8, 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, 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 calcd for C38H35N0
2
S: mlz 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) 

OH 
CHO 

v \ 

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.1): 2924, 2854 (C-H), 1694 

(C=O), 1597 (C=C), 1445, 1166, 788. 
1
H NMR (300 MHz, CDC1

3
, 0, ppm): (2H, s), 8.34 

(2H, d, J= 1.5 Hz), 7.89 (4H, d, J= 8.4 Hz), 7.73-7.78 (6H, m), 7.24-7.43 (IOH, m), 4.16 (2H, d, 

13 J= 6.9 Hz), 2.09 (IH, m), 1.27-1.41 (8H, m), 0.87-0.97 (6H, m). C NMR (75 MHz, CDCI
3

, u, 

ppm): 191.3, 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, 39.4, 31.0, 28.8, 24.4, 23.0, 14.0, 10.9. HRMS 

calcd for C50H41N02S4 : mlz 815.20; found: mlz 815.2031 [M+], 816.2098 [MH+] 

(E)-3-( 4-( 5-( 6-( 4-( (E)-2-carboxy-2-cyanoviny l}p henyl}-N-(2-ethylhexyl)carbazol-3-

yl)thiophen-2-yl)phenyl)-2-cyanoacrylic acid (CBOl) 

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
2 

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-1
): 3384 (0-H), 2927 (C-H), 2212 (C=N), 

1623 (C=O), 1590 (C=C), 1345, 1188, 789. 1H NMR (300 MHz, DMSO, 8, ppm): 8.75 (lH, s), 

8.68 (IH, s), 7.59-7.98 (16H, m), 4.30 (2H, d, J = 6.6 Hz), 2.02 (lH, m), 1.26-1.34 (8H, m), 0.76-
13 s:: 

0.88 (6H, m). C NMR (75 MHz, CDC13, u, 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 C
44

H
37
Np

4
S: mlz 703.25. 

(2£,2 'E)-3,3 '-( ( 5,5 '-(N-(2-ethylhexyl)carbazole-3,()-diyl)b is( thiop hene-5,2-

diyl) )bis( 4,1-phenylene) )bis(2-cyanoacrylic acid) ( CBll) 

Compound CBll was prepared from 77 with a method similarly to that described 

above for CBOI and obtained as red-orange solid (0.14 g, 23%). FT-IR (KBr, V, em·\ 3384 (0-

H), 2925 (C-H), 2212 (C=N), 1624 (C=O), 1591 (C=C), 1350, 1189, 787. 1H NMR (300 MHz, 

DMSO, 8, 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), 4.30 (2H, d,J= 6.6 Hz), 2.00 (IH, m), 1.20-1.31 (8H, m), 0.78-0.89 (6H, 

m). 
13

C NMR (75 MHz, CDC13, 8, 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 C
48

H
39
Np

4
S

2
: mlz 

785.24. 
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(E)-3-( 4-(5-( 6-(5 '-( 4-((E)-2-carboxy-2-cyanovinyl)phenyl)-[2,2 '-bithiophen] -5-yi)-

N-(2-ethylhexyl)carbazol-3-yl)thiophen-2-yl)phenyl)-2-cyanoacrylic acid (CB12) 

Compound CB12 was prepared from 78 with a method similarly to that described 

above for CBOl and obtained as red solid (0.094 g, 17%). FT-IR (KBr, V, em·\ 3364 (0-H), 

2924 (C-H), 2212 (C=N), 1616 (C=O), 1594 (C=C), 1353, 1189, 779. 1H NMR (300 MHz, 

DMSO, 8, ppm): 8.68 (lH, s), 8.64 (lH, s), 7.26-7.94 (20H, m), 4.29 (2H, m), 1.13-1.30 (8H, m), 
l3 s:: 0.75-0.87 (6H, m). C NMR (75 MHz, CDCl3, u, 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
52

H
41
Np

4
S

3
: mlz 

867.23. 

(2E,2'E)-3,3'-((5',5'''-(N-(2-ethylhexyl)carbazole-3,6-diyl)bis([2,2'-bithiophene]-

5',5-diyl))bis(4,1-phenylene))bis(2-cyanoacrylic acid) (CB22) 

HOO N OOH N 

Compound CB22 was prepared from 79 with a method similarly to that described 

above for CBOl and obtained as red solid (0.12 g, 18%). FT-IR (KBr, V, cm-1): 3383 (0-H), 2921 

(C-H), 2211 (C=N), 1623 (C=O), 1597 (C=C), 1370, 1081, 784. 1H NMR (300 MHz, DMSO, 8, 
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ppm): 8.67 (2H, s), 7.94 (6H, d, J = 7.5 Hz), 7.80 (6H, d, J = 7.8 Hz), 7.68 (2H, d, J = 3.9 Hz), 

7.62 (lH, s), 7.59 (lH, s), 7.57 (2H, d, J = 3.6 Hz), 7.44 (2H, d, J = 3.6 Hz), 7.41 (2H, d, J = 3.9 
13 Hz), 4.29 (2H, m), 2.08 (lH, m), 1.21-1.33 (8H, m), 0.76-0.89 (6H, m). C NMR (75 MHz, 

CDC13, 0, ppm): 139.3134.9, 129.9, 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, 10.9. HRMS calcd for C
56

H
43
Np

4
S

4
: mlz 949.21. 

4,4 '-(N,N-bis( 4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl)amino )-1,1 '-biphenyl 

(DND) 

A degassed solution of 26 (0.71 g, 0.76 mmol), hexabutyldistananne (0.21 g, 

0.37 mmol) and Pd(PPh3) 4 (0.018g, 0.015 mmol) in toluene (25 ml) was heat at 80 °C under 

N2 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 rnl), 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 °C; FT-IR (KBr, 

V, em·\ 2958 (C-H), 1505 (C=C), 1474, 1261, 793. 1H NMR (300 MHz, CDC1
3

, 0, ppm): 8.16 

(8H, s), 7.64 (4H, d, J= 8.1 Hz), 7.42-7.52 (36H, m), 1.54 (72H, s). 13C NMR (75 MHz, CDC1
3

, 

0, 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
116

H
120

N
6

: mlz 1596.96; 

found: mlz 1598.429 [MH
2
+] 



2,5-Bis{N,N-bis[4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl]4-aminophenyl}-9,9-

dipropylfluorene (DFD) 
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A mixture of26 (0.50 g,0.54 mmol), 9,9-dipropylfluorene-2,7-bis(boronic acid pinacol 

ester) (0.12 g, 0.24 mmol), Pd(PPh3) 4 (0.012 g, 0.009 mmol), 2M aqueous solution (15 

ml) in THF (25ml) was degassed with N2 for 5 min and then heated at reflux under N
2 

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 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 °C, FT-IR (KBr, V, cm.1): 

2952 (C-H), 1507 (C=C), 1493, 1262, 807. 1H NMR (300 MHz, CDC1
3

, 0, ppm): 8.23 (8H, s), 

13 7.48-7.84 (46H, m), 2.13 (4H, m), 1.54 (74H, s), 0.78 (6H, m). C NMR (75 MHz, CDC1
3

, u, 

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 

C135H140N6: mlz 1845.11; found: mlz 1845.289 [M+] 
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2,5-Bis{N,N-bis[4-(3,6-di-tert-butylcarbazol-N-yl)phenyl]4-aminophenyl} 

thiophene (DTlD) 

A mixture of 26 (0.80 g,0.86 mmol), 2,5-thiophenediboronic acid (0.006 g, 0.34 

mmol), Pd(PPh3)4 (0.015 g, 0.013 mmol), 2M Na2C03 aqueous solution (15 ml) in THF (25ml) 

was degassed with N2 for 5 min and then heated at reflux under N
2 

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 NazS04, 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, cm.
1
): 2952 (C-H), 1507 (C=C), 1491, 1260, 786. 1H NMR (300 MHz, 

CDC13, 8, ppm): 8.16 (8H, s), 7.17-7.65 (42H, m), 1.48 (72H, s). 13C NMR (75 MHz, CDC1
3

, 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, 34.8, 32 .. HRMS calcd for C120H122
N

6
S: mlz 1678.95; found: m/z 

1679.564 [MH+]. 

5,5'-Bis{N,N-bis[4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl]4-aminophenyl}-2,2'-

bithiophene (DT2D) 



153 

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 °C; FT-IR (KBr, V, em·\ 

2952 (C-H), 1507 (C=C), 1493, 1262, 807. 1H NMR (300 MHz, CDC1
3

, D, 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 = 8.4 Hz), 7.22 (2H, d, J = 
13 s:: 3.6 Hz), 7.19 (2H, d, J = 3.6 Hz), 1.49 (72H, s). C NMR (75 MHz, CDCI

3
, u, 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 calcd for C124H124N6S2 : mlz 1760.93; found: mlz 1761.703 [MH+] 

5,5'''-Bis{N,N-bis[4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl)4-aminophenyl}-

2,2':5' ,2":5" ,2 "'-guaterthiophene (DT4D) 

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 °C; FT-IR (KBr, V, cm-1): 

2952 (C-H), 1507 (C=C), 1491, 1260, 808. 1H NMR (300 MHz, CDC1
3

, b, 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 = 

) ( 13 s:: 3.7 Hz, 7.19 2H, d, J= 3.7 Hz), 7.11 (4H, m), 1.49 (72H, s). C NMR (75 MHz, CDC1
3

, u, 

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 C132H128N6S4: mlz 1924.91; found: mlz 1928.359 [MH/J 
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4,7-Bis{N,N-bis[4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl]aminophen-4-yl}-2,1,3-

benzothiadiazole (DBD) 

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)4 (0.015 g, 0.013 mmol), 2 M aqueous 

solution (15 ml) in THF (25ml) was degassed with N2 for 5 min and then heated at reflux under N
2 

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
2
S0

4
, 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 °C, FT-IR (KBr, V, cm.1): 2955 

(C-H), 1505 (C=C), 1474, 1261, 808. 1H NMR (300 MHz, CDC1
3

, 8, ppm): 8.16 (8H, s), 8.04 
13 (4H, d, J = 8.4 Hz), 7.86, (2H, s), 7.43-7.55 (36H, m), 1.48 (72H, s). C NMR (75 MHz, CDC1

3
, 

8, ppm): 154.2, 147.6, 146.0, 142.8, 139.4, 132.2, 132.1, 130.3, 127.8, 127.7, 125.4, 123.9, 123.6, 

123.3, 116.2, 109.2, 34.7, 32.0. HRMS calcd for C122H122N8S: mlz 1730.95; found: mlz 1731.719 
[MH+] 
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4,7-Bis{5-(N,N-bis[4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl]aminophenyl)-thien-

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

Compound DTBTD was prepared 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 °C; FT-IR (KBr, V, em-

\ 2958 (C-H), 1505 (C=C), 1474, 1261,814, 793. 1HNMR (300 MHz, CDCl
3

, D, ppm): 8.17 (8H, 

s), 7.90 (2H, s),-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, 
13 s:: 

s). C NMR (75 MHz, CDC13, u, 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 C130H126N8S3: mlz 1894.93; found: mlz 1895.577 [MH+] 

4, 7-Bis{4,4 '-(N ,N-bis [4-(3,6-di-tert-butylcarbazoi-N-yl)phenyl]amino )-1 ,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 °C; FT-IR (KBr, V, cm-

1): 2958 (C-H), 1505 (C=C), 1474, 1261, 814, 793. 1H NMR (300 MHz, CDC13, 0, ppm): 8.16 (8H, 

d,J=0.9Hz),8.10(4H,d,J=8.1 Hz), 7.90(2H,s), 7.82(4H,d,J=8.1 Hz), 7.71 (4H,d,J=8.4 

13 s:: ) Hz), 7.40-7.54 (36H, m), 1.49 (72H, s). C NMR (75 MHz, CDC1
3

, u, 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, 

4 '-bromo-N,N-bis( 4-(3,6-di-tert-b utylcarbazol-9-yl)p henyl)-[ 1,1 '-biphenyl] -4-

amine (94) 

A mixture of26 (1.0 g, 1.07 mmol), 4-bromophenylboronic acid (0.072 g, 0.36 mmol), 

Pd(PPh)4 (0.005 g, 0.007 mmol), 2 M aqueous solution (10 ml) in THF (15ml) was 

degassed with N2 for 2 min and then heated at reflux under N2 atmosphere for 24 h. After cooling, 

dich1oromethane (50 ml) was added and the organic layer was washed with water (50 ml x 2) and 

brine solution (50 ml), dried over anhydrous filtered and evaporated to dryness. 

Purification by silica gel column chromatography using dichloromethane/hexane (I :6) as eluent 

followed by recrystallization with dichloromethane/hexane gave color less solid (0.26 g, 76%). 
0 -1 I m.p. m.p. > 250 C, FT-IR (KBr, V, em ): 2955 (C-H), 1505 (C=C), 1474, 1261, 808. H NMR 

(300 MHz, CDC13, 0, ppm): 8.16 (4H, s), 7.43-7.59 (21H, m), 1.48 (36H, s). 13C NMR (75 MHz, 

CDC13, 0, ppm): 142.85, 139.30,131.90, 128.36, 127.70, 125.24, 123.34, 116.22, 109.31, 34.72, 
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Synthesis and Characterization of 2D-D-n-A-Type Organic Dyes Bearing 
Bis(3,6-di-tert-butylcarbazol-9-ylpheoyl)aniline as Donor Moiety for Dye-

Sensitized Solar CeUs 

Tanika Khanasa,l•l Nittaya Jantasing,l•l Sompbob Morada,l•l Nararak LeesakuJ,Ibl 
Ruaogchai Tarsang,l•l Supawadee Namuangruk,l<l Tinnagon Kaewin,l•l 

Siriporn Jungsuttiwong,l•l Taweesak Sudyoadsuk,l•l and Vinich Promarak*ldl 

KC)''''Ords: Donor -acceptor systems I Dyes I Sensitizers I Conjugation 

A series or novel 20-D-Jt-A-type organic dyes, namely 
CC'ITnA {n = 1-3), bearing bis{3,6-di-tert-butylcarba.zol-9-
ylpheny1Janiline as an electron-donor moiety (20-DJ, oligo--
thiophene segments with a number of thiophene units from 
one to three units as 11:-<:onjugated spacers (1£), and cyaoo-
dcrylic ddd dS the electron acceptor (A) were synthesized 
and characterized as dye sensitizers for dye-sensitized solar 
cells (DSSCsj. These compounds exhibit high. thermal and 
electrochemical stability. Detailed investigations of these 
dyes reveal that both peripheral carbazole donors (201 have 
henefida! influence on the red.-5bifted absorption spectrum 
of the dye in solution and dye adsorbed oc nol film, and the 

broadening or the incident monochromatic photon-to-current 
conversion efficiency (IPCE) spectra of the DSSCs, leading 
to enhaoced energy conversion effidency {'1). Among these 
dyes, CClTJA shows the best photovoftaic perfonnance, and 
a maximal inddent monochromatic pbotoc-to-current con-
Version efficiency (IPCEJ value of 80%. a short-drcujt pboto-
rurrent density (J.d of 9.98 rn.Acrn-2• open-circuit voltage 
(Voo:J of 0.70 V. and fill factor (FFJ of 0.67, corresponding to 
an averall conversion effideocy '1 of 4.6% were achieved. 
This work suggests that organic dyes based on this type of 
donor moiety or donor moJeaUac architecture are promising 
candidates for improved performance DSSCs. 

Introduction 

Since the report by O'Reagan and Griitzel in 1991 on 
dye-sensitized solar cells (DSSCs) with dramaticaUy in-
creased light harvesting efficicncy,l'l this type of solar cell 
has attracted considerable aod sustained attention because 
it offers the possibility of low-cost conversion of photo-
energy.f21 To date, DSSCs with a validated efficiency m:onl 
of more than II % bave been obtained with Ru complexes 
such as the black dye. IJJ More recenUy, a DSSC submodule 
of 17 an2 consisting of eight pantlld cells with a convemoo 
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efftciency of more than 9.9% was fabricated by Sony.l'l Al-
though is still room foe improvement of the- efficiency 
of Ru-based DSSCs, 1•1 Ru dyes are nevertheless costly, diffi-
cult to allaio, and normally have only moderate absorption 
intensity. [SJ Enonnous effort is also being dedicated to the 
development of new and efficient dyes that ace suitable with 
respect to tbeir tnodest cost, ease of synthesis and modifica-
tion, large molar extinction and long-term sta-
bility. Organic dyes meet all these criteria. Thus, there have 
been remarlcable de>clopments in organic dye-based DSSCs 
in recent years. (til and effiCiencies exo:eding 10% have been 
achieved by nsing dyes that have broad, red-shifted, and 
inteuse spectllll absorption in the visible light region.171 Al-
though ranarkable progress bas been made in the devclop-
llleJlt of organic dyes as seositizen for DSSCs, their chemi-
cal structures still require for further improve-
ment in perfonnaooe. Most of the developed organic dyes 

of donor, X -conjugation. and acoeptor 
ties, thereby fOrming a 0-a-A SlructtJR, and broad ranges 
of comoersion efftcicncies have been achieved .I._.! Most of 
the highly effiCient DSSCs based on organic dyes have long 

spacers between the donor and re-
sulting in broad and intense absorption spectra, aromatic 
amines as donor moieties. a strong electron-withdrawing 
group (cyaooacrylic acid) a5 aooeptor, and anchoring moie-
ties. However. the introdudion of long n-conjugated seg-
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ments results in rod-like molecules., which can lead to re-
combination of the electrons lO the triiodide and magnify 
.aggregation between moleculcs..!9l The close n:-n: aggregation 
can not only lead to self-quenching and reduction of elec-
tron injection into Ti0 2, but can also result in instability of 
the organic dyes due to the formation of excited tripld 
sbtes and unstable radicals und<::r light irradiation_1 101 On 
the basis of these criteria, recently. organic dyes with 2D-n:-
A structures have been reported by severd.l groups.l 11l Their 
studies suggest that good performance for organic dyes 
based on 20-n:-A structure over the simple D-n:-A configu-
ration could be achined by the molecular design. 

We anticipated that further improvements could be made 
by introducing an additional donor moiety into the aro-
matic amine to form a 20-D-n-A structure., and eovi.<>aged 
that such architectures would extend the absorption region. 
enhance the molar extinction coefficient, reduce the ten-
dency to aggregate., and lead to better thermal stability 

86 compaced. witb simple 0-"Jt-A structures. To this end. we 
pcepared a set of new. simple 20-D-n-A-type organic dyes.. 
In our design (Figure 1), tripbenylamine and carbazole 
moieties were employed as the aromatic and additional do-
nors, respectively, thereby fOrming a bis(3,6-di-urr-butyl-

91 carbazol-9-ylphenyl)aniline donor moiety (20-0). The cya-
noacrylic acid and oligothlophenes were incorporated as ac-
ceptor (A) and simple It-spacer (x). respectively. Recently. 
effiCient DSSCs that incorpordte various t.riphenylamine 
and carbazole-based dyes have been reported, indicating the 

"96 importance of their further investigation in DSSCs.l12f In 
addition. it has been found that by incorporating an elec-
tron-donor group into the dye molecule, the physicaJ sepa-
ration of the dye cation from the eloctrode surfa.;e can be 
increased. which facilitates a high rnte of charge sepantion 

101 and collection compared with interfacial charge-recombina-
tion processe:s..l131 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..l141 More-

106 over, the 6utky, nooplanac structure of this 20-D moiety 
may prove to be important for solving the intractable prob-
lems associated with close lHt aggregation of the dye mole-
cules.. The inclusion of ten-butyl substituents can ineft:aSe 
the solubility of the dy<; and also fonn a hydrophobic 

Ill blocking layer on the surface to suppress tbe approach 
of iodide/triiodide (1-n,-) electrolyte to the To02, conse-
quently leading to an improvement io the open-<ircuit volt-
age. Herrin, we «port a detailed synthesis aod the physical 
and photopbysical properties of these 20-D-n-A-type dyes 

116 (CCITnA). !heir use as dye sensitizers in 
DSSCs in comparison with N3 dye and O-x-A-type dye 
(IT2A),f1Sl having triphenylamine as a donor, also re-
ported. 

Results aod Discussion 
111 Synthesis aod Cbacac1erizatioo 

The dyes were synthesized as outlined in Scheme I. First, 
a key intennediate, N,N-bis[4-(3,6-di-ten-butylcarbaz.ol-9-

IBu ,- I .c!)" 
"L_{ - s 

y 

CCIT1A n"' 1 
CC1T2A n o::2 
CC1T3A n = 3 

IBu y 
tBu f ,J: NC 

v TT2A 

F1gure I. Molecular structures of the designed dyes. 

yl)phenyl}-4-iodoanili.ne (3), synthesized from Ullmann 
coupling of tri(p-iodophenyl}amine (I) v.ith 3,6-di-tert-bu-
tylcarbazole (2) obtained from directed iodination of tri-
phenylamine with h. and from an aUcylatioo of carbazole 
with tert-butyl chloride. respectively. A stoichiometric reac-
tion of I (2 equiv.) and 2 (I equiv.) under a catalytic system 
of Cui as catalyst, ( :':: )-trans-1.2-diaminocyclohexane as co-
catalyst, and K 3P04 as base in toluene. afforded intermedi-
ate 3 in moderate yield (44%). From 3, intermediates Sand 
7 were syothesizcd by using a combination of Suzuki cross-
coupling and bromination reactions in an iterative manner. 
Suzuki cross-coupling reaction with 2-thiopbene boronic 
acid catalyzed by [Pd(PPh,)4)1Na,C03 (aq.) in tetra-
hydrofucan (llif) was employed to achieve an increased 

of thiophene units in the molecule, whereas bromi:.. 
nation with N-bromosuccinimide (NBS) in THF selectively 
introduced a bromo function to the a.-position of the ter-
minal thlopbc:ne ring. allowing a further Suzuki cross-cou-
pling reaction to he perfonned. The Suzuki coupling of 3 
and 5 with 2-thiopbene boronic acid afforded thiophene 
compounds 4 and 6 in good yields, whereas bromination of 
4 and 6 with NBS yielded bromo intermediates 5 and 7 in 
91 and 87%., cespectively. Subsequent coupling of interme-
di.a.Les 3. 5 and 7 with 5-form.ylthiophene-2-boronic acid un-
der tbe same Suzuki coupling conditions gave 8, 9y and 10 
in yields of 75, 70, and 60'Y., respectively. Final Knoevena-
gel condensation or these aldehydes with cyanoacrylic acid 
in the of a catalytic amount. of piperidine in CH03 
heated at reflux for 18 h gave (E)-3-{5-(4-{bis[4-(3,6-di-tert-
butylcarbazol-9-yl)phcnyl]amino) phenyl)thiophen-2-yl]-
2-qanoacrylic acid (CCrTIA), (E)-.3-{5'-(4-{bis[4-(3,6-di-
tert-butylcarbaz.ol-9-yl)phenyl]amino)phenyl)-(2,2' -bithio-
phen)-5-yl]-2-cyanoaaylic acid (CCIT2A) and (E)-3-[5"-
(4-{bis(4-(3,6-di-tert-butylcubazol-9-yl)phenyl]amino)-
phenyl)-(2,2' :5' ,2 "-terthiophco)-5-yij-2-cyanoacrylic acid 
(CCITIA) in yields of 58, 51, and -ISYo, «spectively. All 
dyes can be crystallized to give intensely colored solids. The 
colors of these solid products varied from orange to dark-

www.eufjoc.org 0 oo0o W"dcy-VOI Voiag GmbH 4 Co. KGaA, Weiabeim 

174 

131 

13<' 

141 

14<' 

151 

IS<' 

161 



166 

171 

176 

Job/Un:' ''K.-\1'1 

Or-ganic Dyes 

l!lu l8u 

'Qfj 
N 
H 

CUI,K3P04 

fU-03-fJ 10:15:1B 

"" l8u"!6 
Ill" 

l8uu9 
44% 

-as 
NV' 0 

Su y 
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"" 
"'"-Ct¢ 4 n= •.63% 

6 n=2.57% 

'"" 
Tl<F 

heal 
Q--B(OH),. Pd(Pf>t,JI·- Tl<F I J NBS. Tl<F 

CCTTlA 58'Yo 
CCT12A 57% 
CCTT3A 48% 
Tl2A 79% 

\ 
NCCH,GQ,H \ -.0<0,\ 

Scheme I ofCClTnA (n = 1-3) and Tf2.A dyes._ 

r-ed as the number- of thiophene units in the molecule in-
creased from cern A. CCITIA to CCIT3A. In the syn-
thesis of (E}-3- (5' -(4-(diphenylamino)pbenyl]-2.2' -bi-
thiophen-5-ylf-2-cyanoacrylic acid intermediate 
2,2'-bitbiophene-5-carbaldehyde (II} was first selectively 
iodinated at the a-position of the terminal thiophene ring 
with NTS in THF to give 5'-iodo-2.2'-bithiopbene-:H:arb-
aldehyde (12) in 83% yield_ Subsequently, Suzuki coupling 
of 12 witb 4-(diphenylamino)phenylboronic acid£''1 af-
forded 5' -(4-{ dipbenylamino )phenyl]-2,2 '-bitbiophene-5-
carbaldehyde (13) in a yield of 82 Knoeve.oagel cooden-
satioo of this aldehyde with cyanoacrylic acid catalyzed by 
piperidine produced TT2A in 79% yield_ The of 
all dye molecules were characterized unambiguously on the 
basis of FTIR, 'H NMR, aod "C NMR spectroscopy as 
well as high-resolution mass spectrometry_ Tbese com-
pounds show good solubility in organic solvents. presum-

..I"\_ OiO 
' 's' ""\£ 

12 

6 
"1; "1-·C!.· 0 n 

"'" y 
"" 

NIS. TliF 

11 

5 n, 1,91% 
7 n:-2,87% 

ably as a result of their steric bulk and the presence of ten-
butyl substitvents, allowing dye adsorption on Ti0

2 
ftlm 

and lilbricalion of DSSCs 

Opliaol Properties 

UVIVIS absorption spectra of CCITnA and Tf2A in 
are shown in Figure 2 and the characteristic data 

are summarized in Table I. The spectra of CCIT nA exhib-
ited thn:e strong absorption bands at 297-298, 330-34(), 
and 455--464 om. respectively (Figure 2. a). The ftrst and 
second absorption bands were attributed to locaJized JHt* 
tr.msitions of the carbazole and triphenylamine donors 
(20-D), respectively. "The third band was ascribed to intra-
molecular charge ttansfer (ICO transition from the 20-0 
moiety to the cyaooacrylic acid acceptor. This was con-
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f"igure 2. UVNis absorption spectra of dyes (a} in CH20 2 solution and (b) adSOf"bed on Tr0
2 

film. {c) UV/Vis absorption spectra {If 
CCITIA in different solvents.. (d) PL spectra of dyes ln CHP

2 
solution. 

Table l. Optical, and electronic properties of the dyes.. 

"" ""'-.. £(..,taa-'J A"'"' Em ., r"' Ew. \'S. At/ T,.t<' £."' £,<aJ"l HOM ()I I= I [nml (nmj "•."1'1 rq (eVJ WMQP>I(eVJ CCTTIA 458 25225 436 6<6 1:14{74.6) 0.60 -1.61. 0.8.1, 1.08, 284 2.25 238 -5.121-2.97 1.40 CCTT2A 4SS 2932:! ... , 658 0.88(61.0) 0.73 -1.86.,0.81, U18, 285 221 219 -5.201-2.99 
1.35.1.50 CerDA 464 33926 450 672 0.85(805) 1.12 -J.61. 0.78. 0.99, 353 213 208 -5.161-3.03 
L06..UI.U7 TT2A 405 20206 422 651 1..10(97.6) 0.90 -1.55.0.92. 1.35 290 225 2J8 -5.28/-3.03 N)£191 530 14500 

1.86 1.86 -5.511-3.84 
{a) Absorption and emission measured in CHP2 solution. (bJ Absorption of the dyes adsorbed on Ti0

2 
film. (c) FJuorescence lifetime 

measured in CH20 1 solution at 25 oc. [dl Measured by CV using a glassy carbon working electrode, Pt counter electrode and Ag/Ag+ 
electrode with OJ N nBu.cNPF4i as supporting electrolyte io CH20 2• [ej Measured by TGA at a heating rate of 10 oOptin under 

N2
• [f] Estimated from the absorption onset:£,_= 1240/1.. (gJ CaJculated by at the IDDFTIBJLVP/6-JIG (d,p) leYel. (hJ Calculated from 

oxidation onset potentiaJ: HOMO = -{£0 ,_/""' + lUMO = HOMO- £c. 

fumed by a negative solvatochromic i.e.,. hypsoch-
romic shift of maximum wavelength (1..-} of tbe peaks at 
longer wavelength in more polar solvents., whereas lhe posi-
tions of the first and second absorption bands were nearly 
independent of soh•enl polarity (Figure 2. c). The molac ex-
tinction ooeffkienls (t) of !he frn and second absorption 
bands of all compounds were nearly identical (t = 42326 
and 33061 ..-•cm-1• respectively). as !hey have !he same do-
nor. The f.: values of the ICT bands ofCCITnA were mod-
erate lo high, ranging from 25U5 lo 33926 ..-• au-•. As !he 
number of thiophene units m the molecules increase from 
CCITIA, CCIT2A to CCIT3A, !be ICT bands showed 

bathochromic shifts and increased 1: values. The absorption 
spectra and the t values of conjugated cbromophores in-
crease as the degree of conjugation is cxtended_lt7J 

Comparison of the absorption spectra and 1: values of 
lD-D-11-A dyes CCITIA and CC1TIA to those of(E}-3-
{5-{4-(diphenylamino)phenyljthiophen-2-yl}-2-cyanoaaylic 
acid (liCT = 379 run, t = 17000 ..-'em-• in CHO,)I"J and 
TT2A (ltcr = 405 om, • = 20206 ..-'an-1). having simple 
D-x-A structures. revealed significant batbochromic shifts 
(50-79 om) of !he ICf peaks and increases in !he • values 
(1.45-1.48 fold). These ItSul!s suggesllba!lhe use of carba-
zole as an additional or secondary donor to triphenylamine 

Cl 0000 Wtley-VOJ Verlag GmbH&. Co. KGaA, 9kmheirn 
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20-D-n-A-Type Organic Dyc.-s 

donor to form a 20-D-n-A structure dye may he an effec-
tive way to bathocbromically shift and enhanu: the. e value 
of the dye's absorption spectra, which is dc;irahk for bar-
vesting more solar lighL Morcowr. thee values of Lhc ICf 

221 peaks of these dyes are constdc:ntbly larger than that of the 
Ru dye (N3. a 30 nrn = 14500 indicating good 
light harvesting ability_ The higher f. values of the dyes allow 
a correspondingly thinner nan1..Jcrystalline film to be used, 
so avoiding a decrease in the mechanical strength of the 
ftlm. This is also advantageous for electrolyte diffusion in 
the film and reduces the possibility of recombination oft he 
light-lnduced charges during The absorp-
tion spectra of Cm nA adsorbed on Ti0 2 films are sho\\11 
in Figure 2 (b). The spectra we.re slightly (13-

23 L 22 nm) compared with spectr.d measured in CH 2CI
2

. Such 
a phenomenon is commonly observed in the spectr.d 
sponse of other or-ganic dyes, and may be ascribed to the 
H-aggregation of the dye molecules on the Ti01 surface 
and/or the interaction of the anchoring groups of the dyes 

236 with the surface ofTi02.121l The fluorescence emission spec-
tra of the dyes in CH20 2 were redshifled with incre<tSiog 
numbers of thiophene units in the molecule.. which was 
roughly parallel to the trend of the absoq>lion spectrn (Fig-
ure 2. d). The fluorescence decay curves of the dyes were 

241 measured in CH2Cl1 at 25 oc and their- decay par.tmeters 
giving the best fit are summarized in Table I_ As the 
number of thiophene units in the molecule increased f.-om 
CCITIA. CCTr2A to CCTDA. the major r-elaxation time 
decreased from 1.14. 0.88 to 0.83 ns., respectively. 

246 Elcctrocbemical and n.., ... ,., Properties 

The electrochemical properties or the dyes were studied 
by cyclic voJt.aaunetry (CV) in CH2.0 2 solution with 0.1 M 

6 as a supporting electrolyte. The results are 
in_Figure 3 (a) and all data are listed in Table I. The 

251 CV curves of all dyes exhibited multi quasirevasible oxi-
dation events and one irreversible reduction process. The 
reduction wave was attributed to the reduction of the 
cyanoacrylic acid acceptor- which was in the: range 
of -1.55 to -1.86 V. The first oxidation wave of Tf2A 

a) 

1 
::0 
00 

-CCn1A 
--- CCTT2A 
- -CCTT3A 

TT2A 

Eurlj, 
<{a.,..- a..-;.,., 

..,.lth the removal of electrons from the tri-
phenylamine donor to give the corresponding radical cat-
ion. whereas Lho.so! of CCITnA corresponded to removal 
of eloctrons from the peripheral carbazole donor moieties 
to give the radical cation. The first oxidation potentials of 
CCITnA decrea.<>ed from 0.88. 0.83 to 0.78 V when the 
numher of thiophene units in the molecule or the length 
of the spacers ""-ere increased from CCIT!A, 
CCIT2A to CCIT3A. respectively, as observed in other 
oligothiophenes. f1ll These values wer-e lower than that of 
IT2A (0_92 \'), inJicating the advantage of having periph-
eraJ carbazoles as extra donors. The multiple CV scans of 
ccn-nA revealed identical CV curves, with no additional 
peak at lower potential on the cathodic scan (Epc) being 
observed. This indicates that no oxidative coupling at the 3 
or- 6 positions of the peripheral carbazole, leading to elec-
tropolymerization, took place. pr-esumably 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 with unsubstituted 3,6-positions£231 and 
migh[ occur upon charge separation, which hampers the 
dye regener.ttion. Therefore. it is clear that the 
dyes are electrocbemicaUy stable molecules. 

The HOMO and LUMO energy levels of the dyes calcu-
lated fr-om tbe onset potential of the CV curves ar-e summa-
rized in Table I. The HOMO of CClTIA (-5.22eV) w.J.s 
lower- than those of both CCIT2A (-5.20 eV) and 
CCIT3A (-5.16 eV), but all were much lower than the 
dox potential of the 1-113- couple (-4.8eV), therefore., dye 
regener.ation should be thermodynamically favorable and 
should compete efficiently with the recapture of the injected 
electrons by the dye radical cation. The LUMOs (-2.97 to 
-3.03 eV) of these dyes calculated from the HOMOs and 
energy gaps ( EJ estimated from the optical absorption edge 
wer-e less negative than the conduction baRd of the Ti02 
electrode (-4.00 eV vs. vacuum)l""l and the LUMO or NJ 
dye (-3.84 eV).f191 To ensure efficient charge injection. the 
LUMO Je.el or the dye should he more thao 0.3 eV above 
the conduction band of the Tt02• Therefore., all dyes have 
sufficient driving fon::e for electron injection from the ex-
cited dyes to the conduction band of Ti02. As a result. 

--.-ccTnA 
-ccTT3A 
--+-lT2A 

100 200 300 400 500 600 700 
Temperature ("C) 

Figure 3. (a} CV curves measured in CRP2 solution wilh nBu.NPF6 as supporting dcctrolyte at a scan r.Ue of 100 mV/s. (b) TGA 
thennograms measurro at a heating rate of 10 .. Omin undet-
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em nA have suHicient energetic driving force for efficient 
DSSCs using a nanO<..I)'Stallme titania photocatalyst and 
the 1-11 1- redm couple. Moreover. having high LUMO po-
tentials, these dyes become very attmctive for other metal 

301 o.'Cidc with higher conduction bands than 
that of Ti0 2 such as ZnO, Nb10 5, SrTiOJ and their com-
positesi::!St to achi!!ve high open-circuit voltage O"oc) DSSes. 

The thermal propenics "-<e:re investigated by thermogravi-
metric analysis (TGA), and the suggested that dyes 

J(\1, emnA thennaiJy st.ahle materials, with temperature 
at 5'\-;, weight loss (T 5-dl well over 285 oc (Figure 3, b). The 
betkr thnrnal stability of tbe dye is important for the life-
time of the soi<n cells.. 1261 

Quantum Chemical Cakulatioos 

311 To gain insight into the geometrical, electronic, and op-
tical structures of these new dyes., quantum chemistry calcu-
lations wece perfonned at the TDDFT/BJLYP/6-JJG {d,p) 
level;f:!7J the results ace summarized in Figure 4 and detailed 
in the Suppor1ing Information. A major factor leading to 

316 low conversion efficiencies of many organic dyes in DSSCs 
is the formation of dye aggregation on the semiconductor 
surface_ll{J) We therefore included a bulky donor moiety 
equipped with two 3,6-di-terr-butylcarbazole units con-
nected to a triphenylamioe unit to increase the steric bulk 

321 of the molecule. The optimized structures ofCCITnA re-
vealed that the dihedral angles fonned between carbazole 
(DI) and phenyl (Ph) planes in all molecules were as large 
as 54.-55.63• due to the steric bulk of the structure, 
which could help to prevent close R-n aggregation dfec-

326 tively between dye molecules. The noncoplanar geome-
try can also .reduce contact between molecules and enhance 
their thermal stability.f281 1be aromatic rings of the x-cooju-
gated spacers adopted moo: planar conformations, with the 
dihedral angles hetw.co the benzene and thiophene (T,) 

331 planes ranging fmm 19.60 to 22.80", and the thiophene (T,) 
and thiophene (T, T 1) planes (CCIT2A and CCIT3A) 
ranging from 4.23 to 10.54•, whe=s the thiophene (T

3
) 

and acrylic acid (A) planes were nearly coplanar (dihedral 
angle of less than 0.15°). This suggests that n-electroos from 

336 the donor moiety can delocalize elfoctively to the acceptor 
moiety, which can subsequently transfer to the conduction 
band of Ti02. 

The: molecular orb1tal distribution is \·cry important in 
determining the charge-separated states of organic dyes. 
The electron distributions of the HOMO and LUMO of 
CCIT nA and TI2A are sho'-'"n in Figure 5 and in the Sup-
porting Information. To create an efficient charge-transfer 
transition, the HOMO must be localized on the donor unit 

341 

and the LUMO on the acceptor unit.f29l The HOMOs of 
these compounds are cakulated to delocalize over the do- J..l( 
nor moiety. f n em nA d_ves. the major contribution of the 
donor moiety come. frnm both triphenylamine and each 
peripheral carbazole_ The UH,ofOs are ddocalized 3\..IOSs 

the oligothiophene group:; and cyanoacry!ic acid ac:.ceptor. 
TI1e resuJlS indicate that the distribution of the HOMO and 351 
LUMO of all dyes is welt-separated, suggesting that tbe 
HOMO-LUMO transition and can be considered as an 
ICT transition. The lowest tr.msition (Sa-S

1
; > 93%, 

HOMO--.LUMO) of CCITnA dyes corresponds to a 
charge-transfer excitation from the carbazole-triphenyl-
amioe donor to the oligothiophene n-spacer and cyarH)-
acrylic acid acceptor (see the Supporting Information). The 
S2 transition state (5u-S1; > 88%} is related to a HOMO-

LUMO transition and has a charge shift mainly from 
the two peripheral carbazole moieties to the oligothiophene 
n-spacer and cyanoacrylic acid acceptor, wbich is reflected 
in the molecular orbital involved in the transition as weU as 
in the low oscillator strength due to the long-range charge 
shift. For the s., transition state > &8% HOM0-
2--+LUMO), a charge shift mainly originates from the do---
nor moiety and oligothiophene rr-spacer to the oligotbi-
ophene n-spacer and cyanoacrylic acid acceptor witb mod-
erate to high oscillator strengths. nus means that these ad-
ditional carbazole donor unils may cause a cascade effect 
that aids charge separation. Therefore.. it is .believed that 

35t 

36t 

36('; 

371· 

Figure 4. Schematic views of the ground state structures for Figure 5. The HOMO and WMO orbitals of Tf2A (top) and 
CCf3A. CClT2A (bouom) 
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Figure 7. Space-filling mola.:ular of the op(imlzt:d 
mation of dyes. 

Photovoltaic Properties a( Cerro A 

CcrTnA and TI2A dyes ":ere used as sens1tizcrs for 
dye-sensitized nanocrystalline anatase Ti02 solar cells 
(DSSCs). Cells with an effective area of 0.25 cm 2 (0.5 em 
X0.5 em) were fabricated with II p.m {9.5Jim transparent 
+ 1.5 p.m scattering) thick Ti0 2 working electrode., platinwn 
(Pt) counter electrode., and an ela.-trolyte composed of 
0.03 M IJQ.6 M LillO. I M guanidinium thiocyanate/0.5 M 

in a 15:85 (v/v) mixture of benzonitrilel 
acetonitrile solution. The reference cell with the same struc-
ture based on NJ dye as the sensitizer. was made for com-
parison. To assess photovoltaic performance., five cetls \l"ere 
prepared and measured under the standard conditions. The 
corresponding current density-voltage (J- V) characteristlcs 
and the incident monochromatic photon-to-current conver-
sion eflkiency OPCE) plots are shown in Figure 8. and the 
resulting photovoJtaic parameters (averdge values) are sum-
marized in Table 2. The IPCE spectra of CCITnA-sensi-
tized DSSCs plotted as a function of excitation wavelength 
were broadened and redshirted as the number of thiophene 
units in the molecule increased. which is coincident with lhe 

· absorption spectra. Tile IPCE actloo spectnt for DSSC 
based on CCIT2A were considerably redshifted in com-
parison with that of a DSSC with 1T2A as a result of bav--
ing additional donors in CCTf2.A; whicb is consistent with 
the UVIVlS absorption spectra of the dye-loaded Ti02 films.. 
1lle photocurrent response of CCIT2A-sensitized DSSC 
also had a higher value. exceeding 76% betW<en 435 and 
504 nm, compared with the other dyes.. The maximum 

20 

500 600 700 
Wavelength fnm) 

Figure 8. (a) IPCE plols and (b) J.JI curves for the DSSCs. 

IPCE (80'J,Q) occurred at 475 nm. which is higher than the 
IPCE values of both CCTTIA- (70%) and CCITJA 
(70%}-sensitlz:ed DSSCs. This observation deviates from 
our expectation on the basis of thee values of their absorp-
tion but is also observed in types of organic 
<1ycs f.lJI In all devices, we observed a docrease in the IPCE 
..thon:- 600 nm in tbe long-wavelength region that can be at-
tributed to a decrease in the light-harvesting efficiency of 

dyes. The slightly lower IPCE value of 
sitized DSSC compared with lhat of CCIT2A-sensitized 

is probably due to extended rr-conjugalion elong-
.Jllon of Cm3A, which may lead to decreased electron-
tnjL-cfion yield relative to that of the CCTT2A dye_l3-tl This 
suggests that the structural modification of the dyes 
strongly influences electron-injection and the collection efTi-

which, in tum, has a significant elfect on the IPCE 
and overall conversion efficiency ('1) of the devices. More-
over, the IPCE values of all synthesized dyes were higher 
than that of the N3 dye due to the larger molar extinction 
coefficients 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 mWcm-1

), the CCITJA-scnsitized DSSC showed the 
highest 'I among these dyes and gave a short-circuit photo-
current density (Jsc) of 9.98 mAcm-2• open-circuit voltage 
( V<l of 0.70 V. and r.JI factor (FF) of 0.67. corresponding 
to a '1 of 4.62%. The Jo:.c and 7f Values of the DSSCs were 
in the order: CCIT3A (9.98 rnA em·'. 4.62%) > CCTDA 
(9.02mAcm·'. 4.34%)-> CCITIA (7.53 rnA em·'. 3.70%1 
> 1T2A (6.89 3_38%). The measured Jsc values 
of these solar ceUs were also cross-checked with the Js.. val-
ues calculated from integration of their corresponding 
IPCE spectra (Cal. J sc). thus supporting the reported effi-
ciency. with the results being in agreement to within 5% 
(Table 2). The larger J. and q of the CCTDA (20-D-n-
A)-sensitiztd sola.r cell compared with that of a solar cell 
based on 1T2A (D-x-A) demonstrates the beneficial influ-
ence of the redshifted absorption spectrum of CCIT2A on 
Ti02 film and the broadening of the IPCE Spectrum of 
CCTf2A-sensitizcd solar cell. This could result from cas-
cading electron transfer from the additional carbazole do-

0.0 0.1 0.2 0.3 0.<4 0.5 0.6 
een vollage IVl 
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ness. Purification by silica gd column chromatography (MeOH/ 
CH 2CI 2, 2:98) afforded the pruduc1 {0.16 g. 58%) as an or.tnge so-
lid (m.p. > 250 "C). FTlR (KHr): ::: 3-t22 (0-H), 3042. 2958, 
2214 (C=N), 1582 (C=O), 1508. 1.116. 1294. 1263. 1H 

866 NMR (300 CDCl,![D,,IDMSOJ J = 8.28 (,;, 4 If), 8.17 (,;, I 
H), 7.75 (d. 1:::: 8.4 Hz, J Ht, 7 61 (d. J = 3.4 Hz, 5 H), 7.21--7.55 
(m, 12 H), 7.27 (d, J = 8.4 H). I 41 (s., 36 H) ppm. 1!(: NMR 
(75 MHz, CDa,I(O&JDMSOJc J = 1(,_, J, I SO I, 1•&.0, 145.5, 142.8, 
139.0, 138.o. 135.5, 13J.2. !27 r:n.s. 11.5.9. 124_2 124.0. 123.5. 

871 123.3, 116.8, 109.6. 31 2 ppm. HRMS: ml::. calcd_ for 
fM ... J976_47511. f,)und 976 7170 

(E)-J...j5'-{ 4-{ 8isf4-{J .6--di -r crt -b uty lcar-buul- y I )pbeaylfillmino 1-
phenyll-{2,2' Acid (CC1T1A): 
CompoWld CCTT'>_A (0.12 g., was preparo.:J from 9 by usiog 

876 a similar method to lhat abo..-e fo-r CCTTtA, as a red 
solid (m.p. > 250"C) FTIR (K8r): \· 3--122 (0-H). 3042, 2958, 
2211 (C=N), l6IO (C:=O). 1363. IJ/7, 1294, 1263, 
'H NMR (300 MHz, CDClJ[D,fDMSO)c 5 = 8.27 {d, J = 12 
4 H), 8.00 (' I H), 7.73 {d, 1 = 8.4 Hz, 2 Hl. 7.35-7.63 (m. 20 H), 

881 8.4 Hz., 2 H), 1 40('\., 36 H) ppm. 11C NMR. (75MHz, 
CDOY[D6fDMSO): ,j ::::: 163.8, 2. 145.7. 144.1, 142.8. 141.7, 
139.0, 136.1, 134.7, 133.0, 12RA 127.9, 127.2. 125.6, 124.7, 1245, 
124.0, 123.1. 119.6, 116.8. 109.6. 34.8. 3L1 ppm. HRMS: m/zcak:d. 
for found 1059.3502. 

886 (£)-.l-JS''-{4--(Bisf4--(J.6--di-urt-buty1CliTbazol-9-yl)pkoylfaminoJ-
pbeoyf)-(2,2 ':S '.2' '-(erthiophea )-5-yi)-Z-cyauoacrylic Add 
(CCITIA): Compound CC1T3A (Q.I9 g. 48"4} \!.'as pcepan:d fmm 
10 by using a similar melhod lo Lhal described above for CCITIA, 
as a sol>! > 25Q "<-). FTIR (KB,)c o = 3419 (0-H), 

891 3042, 2960, 2213 (C=N), 1609 (C=O), 1508, I 364, 1317, 1294, 
1263, 'H NMR (300 MH7, CDa,I(O,)DMSO)oJ;8.27 
(,;,4 H), 8.05(, I H), 7.70(d,J = 8.4 2 H), 7.64(<1, 
I H), 7.57 (d, J ; 8.4 Hz., 4 H), 732-7.47 (m, 17 H), 7.25 (d. J = 
8.4 Hz, 2 H), 1.39 (• 36 H) ppm. "C NMR (75 MHz, CDO,I 

8% [D,)DMSO)c J ; 164.5, 147.0, 145. 7, 143.2, 142_8, 14LJ, 141 8, 
139.0, 137.7, 137.2, 135.8, 134.8, 134.5, 132.9, 128.5, 127.8, 
127.0, 126.2, 125.5, 125.3, 124.8, 123.9, 118.9, 
109.5, 34.9, 32.2 ppm. HRMSc mlz calcd. f<>< C 7JI..N,O,S, (M'J 
1140.4504; found 1140.5029. 

90 I ( E}-3-(S' -(4-(Dipheaylaraiao )pheayll-2.2' -bithiopbea-S..yiJ-2-
cyaDGactylk Add {TTlA): Compound lTlA (0.20 g. 79%) was 
prepared from 13 by using a similar method to that described above 
for CCITIA,.as a red--orange solid (m.p. > 250 "'C). F11R (KBr): 
v= 3418 {0-H), 3044,2964, 2211 (C=N), 1611 (C--Q), 1512, 1364, 
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906 1315, 1284, 1260, 'H NMR (300 MHz, (D,[DMSO)c 4 = 
8.00 (<I H), 7.58-7.62 (m, 3 H), 7.4Ci--7.45 (m. 3 H). 7.30-7.35 (m, 
4 H), 7.04-7.10 (m, 6 H), 6.93 {d, 1 = 8.4 2 H) ppm. "C NMR 
(75 MHz, (D,JDMSO)o J; 147.72, 147.19, 144.32, 14L53, 140.20, 
136.56, 136.18, 134.32, 130.15. 127.29, 127.19. 126.97, 124.96, 

(IO)a) R_ E Fmk, J. Seibt, V. Engel, Renz, Kaupp, S. 
brunner, H. M. Zhao., 1. Prwer, E Wunfmtt, B. Engels, J. Am. 91 

911 124.62, 124.55, 124.10, 123.13, 119.80 ppm. HRMS: m/z calod. for 
C,.H,.N,O,S, (M•J504.0966; found 504Jl983. · 

Sopporti.g lalotmatioe (see footnote oo the f'tTSt page of this arti-
cle): Quantum charUcal calculations, multiple CV scans. FTIR 
spectra, aod UV/Vas absorption spectns of dyes adsotbcd on TIOc 

916 aDd 'Hand 1lCNMR spectra of the dyes and intennediates. 
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D-D-;r-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 
SupawJdee R:roichi \bsahiro 
Somphob Kae.,,:in,il 
and V!nich l'romaral:·i· 1:-

Jtt;ma Tanika Khanasa/ 
Sudyo,H:huk,i' 

·t_\',lti,:::-,_,1] C._-:>k; S(:i'le'lh-t' P:,!h. .. ,·,, ';=. 

J·lnstJtute fo1 .1gd R.cse;-,rdl ('ep;:::· fC'r Cc•mp1:t.1t!t•t'..!i ::.cH ,,·,., ·...:l-.;,igo-nek-a_ Oka:Jk.: }ap<1n 

jap.m S<.:ieace and T<'chn,,:t•j;:y .\.gt:!;cv CRES"I. S .. Chiy,.::>d.t-h.:, lL(' -c:.>:s, 
Ce.ntt:r !Ct Org,u:.:c .md A..lk:r:Jti''"' D\:p.trtm .. ·nt vf .1:1.i C'!:nt.1:: hr:o-.J.non in Ch•m1stry. d-

Sl·ien..:i:', Ut"J.,Jn tJbvn R.<tdutiur:: 34 ThJJ!J.nJ 

ABSTRACT: A of org.1n;.: sensitiurs w"irh rhe dtrt>ct 
ekctron in;ection :=.nd a high mol:tr extinction 
coefficient comprising doL!ble dcmors, a .--r-s:pacer

7 
and 

acceptor g:-oups (D-D-1!"-A type) were 
ar..d duracttnzcd lry expi'rimt-'nt.J.l .anJ theoretical 

for Stlb:r cells. (E)-2-Cy:antl-3-{.5.-(4-
( { -4-- ( 3,6-di- tert y1) pher.yi )dodecyiam ino)-
phenyl)-[2.,2 · :5'J2 -terthiophenc >s-yi}:tc!}1i<: acid s.hnwed per-
fonnance with <;. m.txim.al in<ident photon tc• e1e"aron 
conversion effkien..:y of 839-;;, !.._ value of 10.89 rn.:'\._ c:n 
1/,., valut.· of 0.7{) V, anJ JiH fat.i.o;:- of 0.67, wh!d1 to ar: overJ!i effi.dency of 5.12% under :\,\1 l.SG 
illumination. The molecdar geomct.,·, electronii:: s:tmcture_. .and excited states . ....._,re investigated v.ith density functional theory, 
t;me·dependent density_ hmctioml! thecn·ys .and the symmetry·adapted i.nlcto:J.ction method. The \.louble 
donor moieties net only contribute to enhancement cf the ability, but inhibit between dye 
molecule:: and prn-ent m the dcctrol}ie from injected electrons Detailed assignments 
of the lr"\-r-vis sp .. "<.i:ra beimv the give;J. Tho? ligl1t-han-·esting state hr.s intramoiecuhtr ..:h.1rge 
transft:r chamcter l-..ith a high rrw!4!" extinction coefficief!t h-.!cause of the i0ng Our expe-rimental and theoretkal i1ndings 
supp(lrt the potential of ..:lin.•ct dedro.n injectivn from the dye to TiO:: in one step with electronic t.'XCitation for the present D-
D-:r-A sensitjur-;_ The airi'ct dectron injtction1 inhibited aggrt.-gatj<'n1 and high r.lola.r extinction coefficient rnay bl' the origin 
of the nbserved high eliident..-y. type t)fD-D-.>r-A ;<;tructure with direct dectwn injection wodd Simplify the strategy for 
designing organic 

• INTRODUCTION 

Since the report <Jt> ::dis (DSSCs) u 
dra.<natic increase in thr light-har.,·cstmg by o·Re.agan 
and Gr3tzd in 19-";:i 1, typt-· .. -'!t" 5t.)la; cdl has 
con:\iderabiC' <nul ;;ttenti.:m as it dfers the 
cf low- ..:est of the To date, '' DSSC 
""';d; a ••alid:tted dlicl£'01.._-r {!f) ::ec0rd o{ ks been 

with su(h hlad 

costlv .;.nd h:trdlv J.tt.:.ir;ed and nnrmal!v bw .:t ;n;:.der.tt£· 
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meet a.!l there h.1s been rem.trk.abJe 

haxc hro.ad, rt.-..l-;;hifteJ1 >nter.sc o\bsorrtion in the 
vi:.ibll: hitt .rt:gicn, 40(1-SOO run."; 

AfdhR!gh h.1s bet:n in the ,,rgomk" 
as for DSSCs. <.'ptimi:;.:.tinn of their ..::hcmical 

-----·-------------------
'\L.; 9, 2>?12 

.. ;,:J 15-. Wll 
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h.l:: _:. i2' -'. tt r.:·ac:,t-::- sx:--:;. of th 

DFT/TDDFT <:«ktll.ati•)as f ch.:.5k:· 
that tfw elcctwn inie•.:llon. directly f·pm ti-H: dy,-
TiU:: by photf.•J.b'>i.Jrplwn The dir{:d .::Ju$ed I·; 
in <lbsorptiorl .. 1f ViSible nny be migin of the 

II EXPERIMENTAL AND CQt,-;PUTl\TIONAL 
METHODS 

Experimental Methods. 

.. 
tilm { ...... I J.I:U 0f .1 { T' 
N.anoxidt: Sc!.>rdr.;.:t) .m:i .t fTi-:."JnDx:id.: 
R/SP> Solaroni;tl TiO;; l::p:; were r•r: 
treatt>d tin (FTC). f'r:oo to lly:.: 

TiCi4 .1t '70 ;C in a atmo.spih'f\', }J<:ated t1; 450 
for >0 min, ll' SO ·:c. Th(; T;O: 

5 
tempt?rature for 24 h st::i:1 the ... h-e onto rh,:. LO: 
The Jre-adsorbt•d T1C:_ ar.d Pt ..:ounh•r 

a..<:semhl.:-J info .a ::e1i by 3 ga':iket Mcltoni.\ 
1170·25 tilm (:Z5 j«m th1ckness. Sc!aronix) :as :1 spac<:"r hep..·..,.ec 
the eh.·ctrode$. ;\n electroly::e sC'!ut=-:m nf 0.6 M Lit 0.03 .M I;:_. 

thr\1Ugh the rredri!h:d h.ole by .a -..-:a.ccun1 backf.Hhg method. 
For :.>a<h Jw, six wen: .1nd measured f.:>r 
cor.sistenq: and the 3'\.'tOraged \'ell Jata were The 
reference celL.-: with the iJ.rac devke on tht-

• N3 dye, .as the abo fabrioted f0: 
The wrrer.t cien:.ity-...-oltage data -:..·ere ;lVeragcd 
ffi.,m Corward an • ..i ttackw::.rd scam skp .and a delay 
time of 10 mV anC 4(1 ms. r.:-spectrvely:l; The in .. -ident pbr•tr--n 
to electron com-erswn efficiency {lPCE) t1f th{; Je\icc tmdc; 
short-d;:::cuit conditions wa5- by rnc:.ms of an Oriel 
l,S{J 1\r Xe la.:np fittt!..i w:;h a Comer:tl(1!1t: 130 l '.8 m 
monochromator :ts .:1 mono..:hrom,1tic light a NeW'f'(lrt 
818-t.r\: silkon :i..x d.er.si.ty a.::1d J 

Keith\7 64-.'SS .1\ll 
using a black pl.!:qk' with Jn ..;perture arc3 of O.i.SO .:m 2 

and no IlllSmJt.:h efficien\.f <:onve.rskn 
The CA.pl'GJJH'ntal an: m dK 
h1fonnatio!) 

Computational Details. ln .:H tho: computa.t.ic>ns. the 
groups substituted 2t CAZ and J.oJecyl ')ide st.:b:dtuted <ot 
DP.A are repl.a;;.ed l"')· hydrogen The ground-stat<.' (S) 
geometriey:l of UB 1-3 by the B3L l'J> /6-
31G(d:rY· h: CH:Cl: mlvent of the cendtoctor-lih 
pt1larizablc- continuum modd T;')e I.!V-t·i.; 
absorption w.:1l:' ..:.l.k:.li.ated by SAC-Cl '>1:ith a double 

\ 
rrototype !-J::-te::r., -. ... model (T!(\),;:.-cive 
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.OFt.:-""' -.v1th TD nh:th(,J J:h: fd;',' 

in 
:he 5tlpport:;:.f. Tht: enc:-gy 
ukuL;:.,:.d J.<: 

i:o du: h;t.d a;ag;: :..,:· 
.Jye- snto::n tl:'d r:rTiO_,;.) :lnd r:· 3.:e the 

t cb<.t<':- and dy:: 

II RE.:;:iLTS ;":.3\D DISCUSSION 
Synthesis and Characterization. -l !w t(J 

prcp:nr. UR!-3 ,;rc- shr.wn in Schtl''h' n! tlh: 
h!•.!tl;!>:!.!t•D .•. :·lj tb: _ 

.... b:uJ. ... d:.t.a ,:..rt· tbt:JI.'UJ c•. 
::..u; in c ... --.l.1rcd s;-•lh\. The ,--.! lL.-s..-

p-;·,J,h.t<. frtm::. to rt:J ·'" tJ,,. 
·/ .Jr;i!> ln th"' l'D:i, 
t;} 

Geometry and Molenilar Orbitals. ·! b:: 

---------------··---- ---
fablt.• 1. Dihedral Angles (deg) between .\'ioietit:':. for the 
Gmnnd St.;te of the Dyt>s Optimized by R3LYP/6-31G(d,p) 
in CH1(:J! 

llBl C3::>. 
D, D: -6J.I2 --:'3 ... --f,:• . ..:'ll 
i'f-:-;':-.' n .. i) - -i0 ,,, ·•tl.\"> 

T, -Kf-::'. -2067 
-I 5.!i9 ., ;-l 

T;-:-. .:;.:::- !}]<) 

:mg!es b..-twecn the :noi€ties deno"ed Figure l. 
mole( des have .;: her;t structure due !o the N <IH\rn of the 

diph<.•oryLunino: unit, yet the conjugation hold:; a ... Toss !his N 
..ttom. Although tlu t-Bl: tiodecyl groups may the 
pla.nanty of the :nolcculcs) provides a 
5igmfiam fl.ctt.lr for the s;mng of these 

.. :ull-.'3 a,: later in the osciHatm strct:J.1:th. ,-\;; we ha\·e 
t'Xf'ede·d .. th..? n\mplan.arity exist.-. at CAZ ar.d the ph.:nrl of 

;,;: 
(n-spJ.t:erL ar:d the..:\ n..::.t:iy 

pl.m.1r. fn Fll2 ;:;.nd UHJ, lht• <<nib. havt· ;; l .. igz;,og 

183 



''::;;:,::I:< 
moie .. :u!(:.5 rho$<:· f(lr trausitit't" ro1..::t-1i 
COmf'OUnds, \•.<here 0fbitA.l !-d,lX,"ttH):-J is tM 
t:"ertica.l deta..:hmenl The I,, __ p al:>->..• .;pl·eJ 
well ·.-.:ith tht' c.llcd!ted -;.i ther::ft'r,:, the t:;(pt>rinw'1t.Uh· 
predicted LUMtJ lewls ''..'ell v.:ith tht· cakubk,l 
O!k. 2 sbJh$ th;;t th<: HO.\.IO .1 l:l:r1Z€ ..::odfiu'-'nt Jt 

the 3,6-posit.:.or:j <.1( Ci\Z. Or. th:! h:<:t> of c-rb;t,d 
theory. the of CL'\2 aro: u; the 
(cationic) form of the Jyt•. The p:\1te..:ton of th{;se f.;· 
t-nu groups is f.wor.able for staLihy cf tht: 0xidi1.ed fom1 c•f the 
dye according tc thecretka! rredi .. -tion. 

arc thermally- stable material!. \•:ith at S''o ,..,-c,gk 
los." (1$c) wefl c•.·\>r 284 (hgt.:re ss in 
Information). ·nlC bl!ttcr the:-m.-t! stJ.Hhty ei the i:-
imuortant fc..r the c[ the sd:.r 

'UV-Vfs Spectra.l.JV-ns abst'rF•ti\m :>pl-ctrJ 0fl'H!-J m l 
Jitut(' solution vf CH,CL and or. Ti0. films are m 

J, ar..d the d..;ta art. in T 4 

Figure 3. Ab'i<'tph..,n '.)( '!\·;.>-; m .ard 
(b) .l.b.mrpti\in $pt.:tr.; of !b:- dyes on ·.r!O; U3l {Hack 
till:! (red .:;;:_d 'L'BJ (1•iu::' ifh·,::td t;i;t;;gics·:. 

In S()}ution, all th<! Ji:.pby thn:e stn.n!g :tbsorptl0n bJ:g_,j; 
arpe.tdng ,1t J.nd 297-300 nm_ !"\!spec-
---·-···-------·----------·-
Table 4. Optical Properties of tht Dyes 

. -··--···-·-·--·------Bl'l 
.-.·:•.-. \-\',· ,: . .:-aaL th·:,<;· .1'> B 1, 32, .md BJ R 1 shows ,;, 

i" to J.:! lCT Fn)m ti-1e D-U !'!Wiety to 
cl'-..' _'\_ n:cllt"t;-, ;he: KT dura.:k:· b ::.mJli [{If b2 .md f\3; 

...:.t!! bo: •'-.l- ,;- ;;-!· f.lf 

r" 
{;nm CHl !T, lflt2 ;md (:B.), ti1<.· Bi 

.1 -md r:·. 1t b,: 
t!:.; Jbo,J;pt!f>"l ... 'tmm ,1t UBI comp<:.:t:d tu of (E)-

:. ;,,' c 
.J • .,.frt.:d,lrt.: shd!s ;a !ht:- iCT pt'<1k 

m mol.!r <!"Xtin(:ti,on 
!Old_;. ·rh(.· D-r1 --r,-:\ 

:. \; l->.:tt!wchn:;;nj, n the 
.>.i:d C!li:,H,L<.''I t·. ).lt<fl:OYf:f, F c{ .lii dve:- <It f(. J' b;:md !5 

,':'';), 
::.t)ility. The gr,'att':- nH .. xinmn ,;bs:.npt;L)f! t:('l'lficicnts 

<Jl the J-,-.:., allO\v a i:O!Te<;:pondingh: thmncr nano-
lilm :;o :!S to avo;,J lht- of the film 

a:so th(': Jilfi.lsion 

L'f Fbi-3 nn the T<03 tllms ihs<.ue ?•b) 
bm:1drned, CO\"enng :;he n.ogior. of 35(J-600 r:m1 J.;u.1 slt$ht!y 

(20-2S nrnj compared to ;heir solutioa 
The- former fs .asc:ibcd h! the interaction cf the anchoriuv. 

l'b: htter can bt;> expl.tkted f.y nvnpian;u stmcturc nf the t-
B;:;;:CAZ ;Jmt of thc, dyes prcYenting <iwegJti·on >'l.l molecdar 
:-tacking. 

Theoretical Absorption Spectra of the Dyes. Th.-:-
.1Pwrption spectra G1.kd::atcd by SACCJ ..,!"€ 

;n -t-6 for U!H-3 with the c·xpcrimt•ntal spectr;;_ SAC-
CI rerroJuce-d ;he T..JV-.... i$ :>pectmm satbfad{lriiy H) provide 
rdahle a.'-Si£nml'nt and dla;·acterit:aUon o( tht? 

The! TDDFT ..:a.lrulations shown in 
in the Inform.aticn suffered ::.ewo·e funcrionai 

.• 1nd it w.as to ass1gn the "1-p<:·ctr..l by 
TL1DFT c.alcdatj;..ns only. \Ve ..:oncluded th:.1t the 

.li>d transition ch.trarter for U.B I ..:.akdated by 
SAC--CI :<::t: ":.:nnmarit.-ed m Tahle- S, where the w1th f > 
0.05 :lfC sb.·n,.,..·n; the CompJde li'>OS .1re $iven in lhc .Supporting 
lnfomtatkn (Tal:->ieoS. $4-57.1. 

-<-,"" 
610 

--'l\ka.;ured i:: C L(T sdutJv:·:. 
.:r.d ::mi;,:;·vn ::p.:-n1" M\;: Ti01 til:n. 'The L;-(1 ff'Ji!1 tb:.· <>ftbt• 

dy::) 1:1 CH:Cl.: .. 
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Hs;un: 4. (.t) !h! ·t'J t:l 
CP. L SAC-CI "-ate .;:();:·•.:'!t:kd .. C.Hl:·:<bro 
rh,_, 6-.'hm \-<as :!'·/ lht: :.:att' anJ 0 2 ..:'.' tiw ether 

Figure S. (:;_; E«pc:im::mal and SAC.C Jb.urp.ivr.: o( 
Clll. ··rhc SAC-Cl •q;r.- c-cn--.:oh.:h:cl ""''h.; {';.;.;_;,_<;\;.uJ e!Jvdn:w· 

.the :Whm \\-<tfi OA- ttV i<..:r the .st.1t:c <1:->d fl.! ;i)l o!h,..-

O;!r findings cbta;;JcJ hy the SAC -C1 (;.li.:ubtions can b-.-
bri...tl..,- a"' i"olll-.,,- ..... : th.:t 
tu t-he H0:\.·10 _..., Ll..JMO .. ,,.-!th ICT 

chur01c-ter to cnt-rgy with incr<O:.l!<ing il'l:gth v( th.-: 
thiophene ..::luin. This ._·;m be s.impiy L'>.Tl ... ind r.y ;h, '-ie:...--rease 
of the -e:-tergy gap. 10c :!'l 

the light reglon cont:tim only one 
.,.._-hile other .ab:oorptio:) band;:,. arc 
t'lel.'tronic tr.msltion!;. Th._,. higb:r t•xcitatiom reb.te tv the 
contr:hutions of local !t - .:"' trar.!lith.ln5 \""' " ef lCT 
::.nd - :r4 character$. The detail .... ot' th<' .1Ps;:::.:·?tio:l 
c::n b<! an:aiyzeJ using the L(lmputatk,nal 

!r:. the expenmentai l7V-v:s. 
band<>, Bl, £!2, B3, B4, with ;:nci c:m 
be ;dcr::.tihed fur .:t (>i.!Q-2(>;.) nn .. 1-.:·Jo._,. <\lnl:t.atinn 
clm:shokL The SAC-Ci c.J.:ubtJt:n c ... a :Jssigr. the.se 
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t.<.; 

6. b·= ,-b.-•r('ill">i: 'i'\'d::; <>f 
UP.:"-. -;, c,• .. ·"J .-.i:b J 

th-.: 1-:.-.hn; ;:, ,:1-' 02 ,,th::· 

-:."i ti,( .... , f the 
bend th•: 'l'<J"t m th;:- DSSC 

Th<.' ab!>ot-p' ,):J un::-;· o( Bi .lt 2.71 
J?V i-ts-7 P.m l. L'<.l,·ol.ut•d .ar 2.72 

-1-.:'S r::m] by SAC-Cf. ,r, <·xcdL-nt \dth 
.1nd ch:u·,Kt;;-r!uG as J. f fO:'-.-IU .....,. LU.\10 tn.n:;ition that is ICT 

:c the "'xcit<ltil,)!l ts 
responsible th<'" t·i,:drn'' rrJ:mti:r fmm CAZ DP.<\ 
donors to the Jr-'>pa:e"'r ;;nd acid 

The B2 bar;d to the- se;;ond 
;;tale ca.lrui.nl.'"d .a; 4JY?. <'\. Tb..-: {if:.h 5.lxih 
to the ohen:eJ B3 b.<.J. Th£- :'1 l J>houldt•:· ohserved awunJ 4.3 
t:V mav be t,, th<:- 11th stJ.ll' cJl:::dah•J ;;.t 4.81 eV. 
Then d:t! nQi, .... 12th. .:orresponJ_j, the S2 

The t·i·.;cl\"t:J ;Jt 5.15 m.;y h.t' .1Si:igneL1 to 
the -"-lhi 2llth <lt 6.11 anJ 6.34 eV, 
res:pecb•ciy; b.Jw-cvcr, tb.· conditions ar.• 
i:l51..nfir.:::€nt fo:· o( in tbc-
hit:he-r t'Jl<.'-rgy h•;- the (.hJ.rKkri:z.Hion of the .exctted 
S!J.te;:;, \'\e oilS<' .:hpo-le (jt} for lhe gr.nmd 
:m,i :trl.' tndoded ::1 T ahl.c 5-. Fmn; f.i and 

- :f"' r.nd. JCT m h:{ 1- r<!giur1. b.1.nd .. 'l'S 

aj,igc.ed u: :;. \.\!tthin 20 we 
r;ot oka.;n tugh-intt:mtty \t.Ht'S ,;round 6.U e\'". whidt may 
::or:-e.spon\i lo the B4 br;J ,,f t:B: anJ {;B3. 

Our ..:;_.;c .. cr and TI"l C-\i\·1"-"f:GLYP cal ... :;tww<JJ that 
l.TBl- .3 n..l·.;-e ;,_mly :.•r,t.: lCT exd.ted in qsible light 
!:"!):im-1. Thi:-> r'c:::.t:..::r<: -iee;T:S t.-! be cummon !o m.my oti-wr D-!i-
A-type .. lycs; ::-onsetpnttly, :t }idJs a n:J.rr{H'I.' h.md. 
For ctficient p:-vperties. thb CJ:n b<! a "'-'rious 

3 
;..ibr.1t1on;; .:nd s:okti.'"-!>Vlvcnt inknt.1.Hm.\. In 

sen:..e. ,..er; q_-;id ,;.{r;:u:w,,·orb. as conjugated mKrocydk 
C\lmr•,ur:<h:. ;o;rc t'i.f."•t bcc.1use m·.,ft.cubr vthatlc-ns .ltE' 
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TableS. Ab:;orption Energy {.lE. t!V {nm)), D•poloc- ,\h•ment {Ji. D), Dipole .Mument Change \..l.;t, D), Os\.·i1lat1.1f Stn:nt.>th I._(L 
and Tr.tnsition Character of th.e Singlet Excited l;B l C.1iruh.tcd hy SAC-CI .. 

state 
tl/'{0) 

;·.;,;.:: . ; 
-].!2 

S.?. :.J.-.i:'..>J.: 

SACCI 

U.0t; 1H -- L ... 5) • 1).3: \:I- l - l ' 12) 
t"•.-:t> \H- ·• LJ 
:;.:;o (H-; - L , s! c.;::: (i-l :;; -- 1.; 
;J.:'O (H -· .• ! 'c- ;,J 

llA·l 1_!!- L- 4; · :); .... L; 
!"•.4} 1)\ ·- • [_- i}- {l )(; n--::- '·- .;.; 
0::c. n-.; .. ; - L - :.n 
;).f;;; !H-!- 04_; dl--.;- L+ )J 

st..o:te:: f > <).OS<::.: d:;:- .::h.:: or; th _: ::-:!)il!t'nh f:(·HJ ;-h:- st-1:,? ( GS; L' (E:'s ;, ..J.v = 1}1, .. 
- .. md th<.> sround it:l.k <:if(•k m:->me-:-t ;. 

-1!2 

6. Pt·rformance I>;:uameters of DSSC\ Lsmg Dye!i.., 

""' dye (!:•'' em - ' ::n .. ·-1; 
l'I\! . .; 0 ' ,, L'"B2 .-,-: > 0 ::!{: ' 

" ' ' •':)') ,..,_., 
. .:. " ' !; 

restr;.;.:ted and S:Jch compounds \JSu:oJly !iha:-r- d:;H':rtkn 
h.md;;.:, Ht>xibky of the Present D-D-.'t'-_-\ fr::.:r..£-wC>rk .;:,_...,t:k! 
contr--ibutt> to the of the ICT h.and. The dYC. 
UB3, showt'd th£" bn.·.adrst absomlion.. !f th• 
gt-omdry of the moku:dc is sJg;,ific .• u:dy JitfHegt frC>Jn the 
gt.•oml'try· m the- g:·vt:nd stat.>, o<:erb.p 

• small a:ad the .thsorpr,\)il Ct1f'tfdenr 
Thereft,re1 med-cratt' is .1lsc :, [;.igh 
absorption coeifidem: and •ilio stah!.lity o( the :lye:. .. 

Dye Adsorption on a TfO;;: Film. The rrrfNm.J.ect" nf .: 
DSSC .also vn the total .anwur.t of dy\· Fft'St>r:t; 

. 
(see FigureS! m the Supporting Idt'rn<atl0n}. fh-esr 

su-(ace of "'-";1$ confim:ed by FT-lR spe-ctro.<<.:'P>'-
whkh siu_,, ... ab:;vrpt;cn pNks of both the dyt-$ oJr..l T:('!: 
(Figure SS in the Supporting Int(•:matwn -L The 

that .ali Jyt!:<> Hnd in the- same .,,.3). to TiO!; rht 
dutenmce observed ia on d1n:...:th· rda!ed t0 
the <.:•f the mol;cular voh.nne and hvw mt:ch dt·e is 
absorbed. 

The d>•e ;;pt.ah·s depend on 6,., steric 0f the d":;n<:r 
moiety arocnJ the i:'arboXJ-;k add gwtJp: :>t:ch :o:tcnc 
hindr.mce c<m bt red.uced in UB3 lo;lfer ,7 
.::p.a,;:ers. At equihbtit:m, ma.ximurn t:pta.ke:-. of dye :tl't' ( S-4.4 
± 3.i( X (97.5 ::t 1.0) X W 1-'", (;04.3 .:t ! ,-:,; y 

;:m-:: fCl! i.}Bl, UB2, anJ PB3, 
6). Under thi.:' Jy<:·lo.1ding rt-sult. 
t--,f UBJ i.,; exp<:--ned t;:; bt tk:.a o! f:tt' oth-:2-, 

l5f>S9 

.. ,. \") H' " (':>t>_! -.:,.; t::.ld 'K ' {nl:\ W!l ., 
(.7} ;),6"7 3 o' 6:.>;-\ ,, ':'C 0.6t• ; !0 ' "' t:.:-<.: r•.o7 •>{I oo . ..:.., 
G.7; :.:.-0 _.:, "-'i .:.on ' 

kaJing: k> a snu.E i:l;:tdent pf1olnn to 
-c;,;nYers;t"'!t"l efhciency tCr the CBl-b.:sed cell. 

Photovoftak Properties. Dves UH!-3 were .:s tht· 
for c.natase Ti01 solar 

cells. The wrrc:<-p..:nding JPCE plots .1nd nment demity-
1'0hage (J-V_) J.!t! shnwn in pens a and b, 

of F1gme -:: ami the photoYolraic 

G.:.l Q • t>.J 
vo!tager.r: 

Ftgure 7. {.;;.} a...:ti:.m jr<;o..:t:a .:::nci tb) i--t' 
;:1f :he DSSC!> b.t!>ed e-n UBI (b1a,.:k lfi:l:?. {red c.irdt:-s}, UB3 
(;,lu<- i_ an.J N3 dye$. 

v-alu\•s} summ:.uiu.i ;n The 
TPCE of US 1-3 sensit.izen. plotted as a fun<..."1itm o( the 
cxcitalitm wan:length .ue bn.,.adened and red-shifte-d as the 
number- of th.iophc.,w units i:n the mt,!ecuit: mcre-ases. whkh i,.; 
.::0bctd<?ot \'.-ilh the result of tfw absorptlcn spe:ctr4:. The IPCE 
SO.lC'ctmm cfl..lH shows a m.a.Um;,:zm value of83%, is 
siightly higher than the- 1PC-E '\·aiues 0f beth UBl ($1%) ar.d 
UB2 __ higher IPCE value of UB3 is probJb!y dt!e to 
it:.. t·_, whi..::h enhan('e\ the yield in com.p.uison 
hith thos.: cf th:.: (.'i:ht:r BecJU<;-:;< u( th<::ir larg:tr mo!a:· 
eJffinctioo) the l.PCE values of dyes lTR l-.3 arc 
higher tlua that o{ tla:· .f\:3 dre; !'\3 d)'l' :!>how.s a broader 
IPCE ::-pectn.:.m, is consistt'nt \-'l-itl1 ib v.·ide ab<Jq.ltion 
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5rectrum. Undt:r .:\.:\1 i.SG lVO m.W 
1Lm-;nutmn, UB3--:m:.iti:zcd a:!! shews the blghf:St overall 

.Jm.ong Lhe •hr>!e and givt:s a !>hort-.:-:.r-.1.at 
rhotOC!liTCTH density (i,_) of ]t)J"<-9 m!\. en-:.··', ope.r;-circuir 
,uJt.a.ge (F.:,_) vf 0.7(: V, :.nd fi1! (FF} ,;( O.t:. 

;:-,( the DSSC\ J.rt> m the ;rder UB3 ( 10.89 em-:: 5.12-?t J -> 

l'f\2 (63S m.--\ > l;Bl (7.19 rn.P·, .)..)2Lc). 
'1 he f,. p( tbe:•e d:ll.:. CW!'.\-

(;1{:\k.!:-<i with the f., -.·alues ollc.l.tte-d frvm ;JJttgr:.Itmn tlf 
IPCE s:ptxtn. ( J,,- "!, p.mlv verii}ing 

the re:oult:o fuund tc b.:: in tt' 

l'ht.> 1:--ew..·r sohr ..:t'll i htghes:: 11 J.nJ JK) tb<.• 
LH3-ba$<:J ...;dl than that vr' mhn m ;::-;u; ht· 

-.::(;-;) nnnpa.rcd tt' the UP·2- and CR3-h.1srd ;:-el;s can h£-
to both th...: sp;:dral anJ the k}'.\'1..'f 

dye cm.lt<-'IH t'n the TiO;; film, The ettidenc;- of L;,e VR3 -bJ.seJ 
Jev;.::t: 9\)<;;; dw c·ffici<:ncy of ::}w <;t.andard mth£-nimn 
dye o.'U ::: Thc- df.d.::1cy ttw UBJ-
bJ!!-ed cdl .li::;o n.>aches >62';lt. Q[ cf:ldet;.::y {•f th1: 1\'3-ba.!.cd 
cell even !:hough UBl has a IPCE nlue and 
JPCE th.an both UR2 <ted UB3. 'f1w of 
·cR i-3 (T.-.bli.• 6) an.· CtXnpe:it.:v<.> ..... ·ith or higher than t."i-tose of 
the s.:-nsirizers containing -:arb:rldt: <)r d.Irhcr.y!-
2mint' the dr•r:or { 49-9'J:t>; see Table S8 ir. the Su!..lfOttl;)g 
JnfMmation fnr ddails), shm-.-s th.tt the d D:_D-;;__::: 
/'. typo? impro;.-es the energy .r..)f tht- DSSC 
b\' Jeneai>ing and in..-:reasing the mot:.r erincti0n 

Thi.s elfidency enabics th<.' 
of tht> s.obr cell perL•tm::J.nce different 
conditi,·ms. 

t (m=\·1-J m:- 1
} mcihplii!-d by dye uptah .. :.m-::) 

:o a Th;s v,1!ue ;..-:orrt>sponds tC' the 
of the Qptki spectra. For the pr;:seni cires, 1; -'-< 

;;.pproxim.J.tdy zero; the 1.ero intf<Y£pt !mpiies that no current 
is obscrv£:d for zero absorbar:.ce. E "\"\'!;"' .1'--;unu:: the r: 

\'aluc dyes: -:s dire-::lly to th.H of 
!he amount of excited dy'-!:. is propl,rtional c X 

;.:ptak.e value .ilid .1.lso linl!ady nJrrd.ates '!.\.-'ith J.. .. lh:s line:.r 

'2r---- -...... --;-8;:·--

- 41 
J 
! 
I' 

t-Hi • ..-

I'J{I/ •• /-

/// 

olt!.. __ o 

/ 

Figure 8. Linear ],_ r x ;.;pt.ake. i.'hc Jinc.a:· 
i!n» ;s i, :: X >!.pl.!ke_' - 0.0-! ..... = 0.9<;f'-J 
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(Q;rebb.:>r:: th.it dder.:.n::aed L\nly by the ahorb;:l!K<:! 
>:f" ,1 pb::t,•n. cf the (hh•phen.e chain cl..oes :tHect 

et1i.;:,u,;:.:;: c'f dt>-.·tl un mJ<:>.tk)n, ugh the UJMC 
k-.,..eJ ond F, ___ ,. or:. the :::h.:tin length. Il1is lr-nsl·h 

.. ndel:.:e th<-' m;t·-.·tit.':) ;;uggelit>; the 
J,n:;:t inie..::t:·-·n m;.-,:h:w.ism tOr UHl-3 be:.:ause J 

m<!.,:h:;n>r-:-1 nny n0t ,·sphr..itJy im-o\·{' the stak-s 
thl' Lllh Thi-; i,_.; e-..idence for direct 

\·d.,-. h;- c:Jn:.i.a.t:ons the 
dy<.'-T;C, <-h .. r:i'-'Jd irl rh<! 

Model of the Dye/Semiconductor Pwtotype. To 
.:::l-t<:.;;) c. cmdcrs:::rt<.ling ._)f 

,:;,·'-' ._fl.us:e tran:---ier m 
the •·:::- mo.Jd th::o <>ys:lem .,.,.·itL tbc 
Jy::- cd::,.r!->:"d f•:1 the an.lt3.S£" (TO:\.. duster. Our dyes 

('" t!:,- T;O! by FT--IR 
· :bu;., cakulate...l t):d:> the <-hemburptH.HI 

,dxl: fomwJ hy tht> two o>,:yg€n 

<'J,:yg\·r;. T\.,.-<:., T1----n w1tfi tht• TJ-0 bond 
r .. mging 2.:r: t;' 2.2.0 A, in;h·,lting d:t":m-
;:;orptivn_'-- l :u..' .!Jwtption t.':tergl<!-'5 c{ lJIH, LB21 
Jr::d L:B3 d-t€ .arc -10.3, -13.9, and -13.1 
kolhnol, indio.ting 'i:inJng_ intt.•r:ttt!ons bdh'C;.>n 
thl..' and 1" ;t)2 .. 

lt i$ . .-;-1 th.1t the eh·ctrcn inje-<.tiN: 
fn\m the :iyl..' W the .:::m be theoretic.Jily 
duCIJated b: the of the dc.:tr0ni.: structure cf th..! dye 
<l&:-:}r-h.;:d wh;.:.h \:"•10 be classified intD 
r\"\>'c- typt>'5.) · hrst a-H:'ch;!nism, injection. involves 
phMoex:.:1tJ.thm t<.1 Jy,: <!X<.:ited state-, aa..i then an de .. -:t:-on is 
t.:.·ansfetrl"d ti."' !h.: ;;emJ.cmtductcor. The second i.>: a direct 

.a nn..,·-stq.: injection from the state 
cf the hJ ::b.: hand nf the by 

Th.: d-c .... .. .t.nd cx.t.Jta;ion energ!e:; ir. the 
prese1::. :T10_- m:.}del syst:.>-.ms were examined by the 
TDDFT cakul.1ttcns at the cptimi-ze:d geometries. The 

::h(.''"·n in Tabk 59 in the in 
(TiO:],_.-t.Tl, tt.£> excitiltion from. the- HOl\.-10 - 1 tc-t the. 
LUI\.10 + L' a:1d. LL1MO + 21 contribute-d to the .stmnl) 
.1bmrrrkn :n t:,(· ·v-isible hght rq!ion. The MOs rde-<.•ant to this 
tr.amitJt:n banJ .art' $h)w;t in Figt:re 9. The 
HOMO - l h oyer Jrc. the LUMO + 12 
Jnd LUMO- :':I J1stributed th<:! (Ti0;.)3t--dye intctf011:c, 
mdira:ting the strong .-::oup[ing ber--.v-eo::n the dye .excited state 
and the c\mdt.:. .. i.!\ln h.and state;,; cf Ti01. T.tUs ret-.-ult ind;c.·ues 
that the 1.he-:t jnle'""ti .. •n mecha:1ism is identlfied in the present 

i:<. :::--r..o origin their excdlent p-erforman-ce as 
for th.: and (T;0;:;)_,e-UB.3 

..:-ompk--xes, a simibr WdS nht.aini'ci (St.'C Figur{'s SIO 
,m\i Sil il< !h{· Surportmg fnlormatitm). Thc<>e transition 

:md ?\·h.)s of the mo...1e1 systrm show 
thAt mt<cbanism in the protOf)T-4-'S is an 
ic.kdaoa! d!n'(t tv 
de.:tr(\n t'rcm th.:: Jye$ :o the ,:onJuction band 
o( th· .. ·e. nus thet)retk:.1l ;:ru.! t.>xperimcntal evidence 

the direct for the 
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