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Abstact 

 

 Organic semiconductors have attracted much interest for future electronic devices such as organic 

light emitting diodes (OLEDs), organic field-effect transistors (OFETs), organic photovoltaics (OPVs), 

dye-sensitized solar cells (DSSCs) and so on due to many potential merits like light weight, low cost, 

flexibilty and solution processablity. Despite considerable studies for material science and device 

physics related to organic semiconductors, a better understanding of the efficient molecular design 

and systemical optimization is highly required for further development of organic electronics. So far, 

organic semiconductors based on rigid and π-conjugated molecular backbones that synthesized by 

powerful cross-coupling reaction methodologies have exhibited promising device performance. 

Among those, especially fused acenes or hetercyclic architecture has many advantages such as strong 

intermolecular interaction, increased coplanarity, reduced bandgap and good charge carrier transport. 

However, restricted synthetic methods hinder various modification of electronic properties of organic 

semiconductors with fused ring systems. In this work, synthesis of organic semiconductors based on 

such fused or cyclized heteroacenes and their optoelectronic applications are presented. Firstly, a 

thiophene-fused ladderized heteroacene dye is designed and synthesized via efficienct synthetic 

pathways. The fused material is used as a metal-free organic photosensitizer for DSSCs and the light 

harvesting property is characterized. Secondly, a nitrogen-fused cycle, carbazole-based semicondcutor 

PCDTBT, which is one of promising photoactive p-type polymer in organic bulk-heterojuction solar 

cells, is modified via incorporation of different electron-deficient units such as bisbenzothiadiazole, 

naphthothiadiazole and fluorinated benzothiadiazoles for systemical studies of structure-property 

relationship. The synthetic procedures and characterization of optical and electronic properties in 

OPVs are presented for each resulting PCDTBT derivative. Finally, a highly π-extended heteroacene, 

dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-b′]dithiophene (DTBDT), with α-positions availability is 

prepared via the synthesis of a key intermediate. The homopolymer and copolymers are synthesized 

for the first time and their properties are fully characterized. All polymers based on DTBDT are 

applied as p-type materials for OFETs.   

 

K e y w o r d s :  organic semiconductors, fused heteroacenes, dye-sensitized solar cells, organic 

photovoltaics, organic field-effect transistors
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iii) chloroform, NBS, RT, 72% yield; iv) THF, n-BuLi, -78 
o
C, trimethyltin chloride, -78 

o
C to RT, 

88% yield; v) toluene/DMF (4:1), [Pd(PPh3)4], 95
 o
C, 2 days; vi) toluene/2M aqueous K2CO3, Aliquat 

336
®
, [Pd(PPh3)4], 95

 o
C, 2 days; vii) toluene, [Pd(PPh3)4], 95

 o
C, 2 days. 

 

Scheme 3.2. Synthetic route to PCDTNT. Reagents and conditions: (i) Br2, glacial AcOH, RT for 8 h, 

84%; (ii) SOCl2, chloroform/pyridine, RT for 2 h, reflux for 8 h, 33%; (iii) 2-

(tributylstannyl)thiophene, Pd(pph3)4, toluene, reflux for 24 h, 70%; (iv) NBS, chloroform, RT 

overnight, 97%; (v) Pd2(dba)3, P(o-tolyl)3, aqueous K3PO4, toluene, reflux for 48 h, 43%. 

 

Scheme 3.3. Synthetic routes of PCDTFBT and PCDT2FBT
a
 

a
Reagents and reaction conditions: (i) DCM, Et3N, SOCl2, 0˚C, dropwise, reflux, 5h, 75%; (ii) HBr, 

Br2, reflux, 120˚C, 48h, 67%; (iii) 2-tributylstannyl thiophene, toluene, Pd(pph3)4, microwave, 140˚C, 

3h, 78% ; (iv) NBS, THF, RT, 12h, 86%; (v) toluene, Pd2(dba)3, P(o-tolyl)3, aqueous K3PO4, Aliquat
®
 

336, 72h. 

Scheme 4.1. Synthetic Routes of β-dodecyl Substituted DTBDT and DTBDT-Containing Polymers 

(PDTBDT, PDTBDT-BT, PDTBDT-DTBT, and PDTBDT-DTDPP). 

 

Scheme 5.1. Synthetic route for key monomers and copolymers based on ketopyrrole cores (DPP and 

IID). Reagent and conditions: (i) toluene, Pd(pph3)4 (10 mol%), 120 °C, 20 min, µW, 40%; (ii, iii, iv, 

v) toluene, Pd2dba3 (5 mol%), P(o-tolyl)3 (20 mol%), aqueous K3PO4 (5 equiv.), 120 °C, 48h. 
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Chapter 1 

Introduction  

 

1. Introduction 

1.1 Organic Semiconductors 

Organic semiconductors are organic materials with semiconducting properties. Since Letheby 

obtained the polyaniline via anodic oxidation of aniline in sulfuric acid in 1862, researchers have 

devoted to find organic compounds that carry current. The significant research efforts have been 

started from the discovery of semiconducting charge-transfer halogen salt complex based on 

polycyclic aromatic compounds with high conductivity such as the perylene-iodine complex in 1954.
1
 

Since then, this findings have led to develop metallic conductivity and superconductivity in charge-

transfer complexes until 1980s.
2
 As a recent tremendous advance, in 1977, Shirakawa, MacDiarmid 

and Heeger reported the iodine-doped trans-polyacetylene (t-PA: thermodynamically more stable than 

c-PA, see Figure 1.1.1a)
3
 with high conductivity, accelerating subsequent development of conductive 

polymers because the t-PA is the simplest π-conjuaged system and the insertion of doping concept is 

successfully demonstrated. After this historically meaningful and important discovery (the Nobel 

Prize for chemistry in 2000), organic semiconductors with π-conjuaged rigid molecular backbones 

have extensively studied to date and the research outcomes recently have emerged in a variety of 

electronic applications (see Figure 1.1.2) such as organic light-emitting diodes (OLEDs),
4-9

 organic 

photovoltaic cells (OPVs),
10-12

 organic field-effect transistors (OFETs),
13-15

 dye-sensitized solar cells 

(DSSCs),
16,17

 chemical sensors,
18 

electrochemical cells,
19-21

 photonic crystals,
22

 actuators
23

, lasers
24-26

.  

Typically, π-conjuaged system is composed of alternating single and multi bonds including double 

and triple bond, in which π-electrons are delocalized along the connected pz-orbitals of continuous 

sp
2
-hybridized carbon atoms. There are two classified groups of organic semiconductors based on π-

conjuaged systems according to the molecular weight: small molecule semiconductor such as 

anthracene, tetracene, fluorene, carbazole, fullerene, pentacene and perylene; and polymeric 

semiconductor such as poly(p-phenylene) (PPP), poly(p-phenylene vinylene) (PPV), polypyrrole 

(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), polyaniline (PANI) and polythiophene (PT) (see 

Figure 1.1.1b).  
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Figure 1.1.1 Chemical structures of organic semiconductors 

 

Like inorganic semiconductors, current carriers in organic semiconductors are holes and electrons in 

π-bonds. When organic molecules consist of π-conjuaged systems, electrons can mobile through 

overlapping of π-electron clouds by hopping or tunneling mechanism. Particularly, in commonly 

disordered organic semiconductors, there is a limitation of overlapping between π-bonds of molecules 

and therefore conduction can be mainly described by hopping of charge carriers from molecule to 

molecule, which depends on the energy gap between highest occupied molecular orbital (HOMO) and 

lowest unoccupied molecular orbital (LUMO). Charge carrier mobility is influenced by many factors 

including molecular packing, disorder, impurities, temperature, electric field, molecular weight and so 

forth. Due to weak intermolecular electronic coupling in organic semiconductors, molecular packing 

between interacting molecules has been considered as the most important influencing factor to reduce 

relatively large energy barriers at the molecular boundaries. 

Similar to inorganic semiconductor, organic semiconductors can be doped. For example, PANI has 

three distinct oxidation states (leuco-emeraldine (0%), emeraldine (50%), and pemigraniline (100%)) 

with different colors and has an acid or base doping response that can be applicable as acid or base 

chemical vapor sensors, supercapacitors and biosensors.
27

 Poly(3,4-

ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), which is referred to the organic metal 

due to the high conductivity (~1000 S/cm), is also known as such a typical example. The sulfonyl 

groups of PSS are deprotonated and negatively charged, while PEDOT based on polythiophene is 

positively charged. Upon treatment of sulfuric acid, the conductivity of PEDOT:PSS was reached up 
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to 3000 S.
28

 Due to the transparency and development of coating and printing techniques, 

PEDOT:PSS has been widely utilized as a conducting layer in electronic devices like as OLEDs and 

OPVs. 

Over the past decades, thousands of organic semiconducting materials have been designed and 

synthesized for electronic applications because of their potential advantages such as low cost, light 

weight, solution processability and flexibility. In particular, conjugated materials incorporating 

electron-excessive and electron-deficient cyclic rings depict significant decrease in the energy 

bandgap due to the increase of intramolecular charge transfer. However, further reduction of bandgap 

and molecular packing are limited by diheral angle twists along the aromatic backbone. In this regard, 

planar π-conjugated systems have attracted much interest. The torsional rings can be fused and 

planarized via efficient synthetic methods such as cyclizations or ladderizations (the details are 

introduced in section 1.3). So far, a variety of synthetic routes for fused aromatics or heteroacenes 

have been developed and the resulting compounds have led to many successful achievements in 

organic electronics.    

In this chapter, the basic background and synthetic methodologies of organic semiconductors is 

described through brief reviews of cross-coupling reactions and its reaction mechanisms. In addition, 

advantages, electronic properties and promising examples of organic semiconductors based on 

heteroacenes are also reviewed with the various synthetic methods. Then, the summarized theories of 

electronic applications like OLEDs, DSSCs, OPVs and OFETs are simply introduced and the 

examples using the organic semiconductors based on fused acenes or heterocyclic compounds are 

presented.  

 

 

Figure 1.1.2 Various electronic applications using organic semiconductors  
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1.2 The Essential Synthetic Methodology to π-Conjugated Organic Semiconductors: Aryl-Aryl 

Cross-Coupling Reaction 

1.2.1 Background 

 Aryl (Ar) is defined as any functional group or substituent derived from aromatic rings such as 

phenyl, naphthyl, thienyl and so on. For instance, the simplest aryl is a phenyl group which derived 

from benzene. Coupling reactions can be broadly categorized into homo (or self) couplings between 

identical fragments and cross-couplings between two different counterparts. The cross-coupling 

reaction has been known as an extremely powerful strategy to form C-C and C-heteroatom bonds 

during over a century (see Table 1).
29, 30

 So far, advances of organometallic chemistry
31

 play a critical 

role to further develop cross-coupling methods. Particularly, Ar-Ar cross-coupling has been utilized as 

a key synthetic methodology towards promising and various organic semiconductors based on π-

conjugated small molecules and polymers, leading to remarkable achievements in organic 

electronics.
32

 Today, Pd(0)- and Ni(0)-catalyst are most commonly used in modern cross-coupling 

reactions despite much efforts made to use copper-catalyzed chemistries in the early past decades.
30, 33

 

In particular, Heck, Negishi and Suzuki were awarded Nobel Prize in chemistry in 2010 for 

“palladium-catalyzed cross-coupling in organic synthesis” as huge contributions to coupling 

reactions.
34

 Indeed, recently the most popular catalyst is Pd with two stable oxidation states (0 and +2), 

for example, commonly available tetrakis(triphenylphosphine)palladium(0) and 

tris(dibenzylideneacetone)dipalladium(0). Moreover, Pd-catalyzed coupling has advantages such as 

reproducible yields, low sensitivity in air and moisture and functional group tolerance.
35, 36

 However, 

many other couplings still often use Ni
37

 or Cu
30, 33

 catalysts.   

In this section, typical cross-coupling name reactions such as Ullmann, Kumada, Heck, Sonogashira, 

Negishi, Yamamoto, Stille, and Suzuki reactions are briefly introduced and their some examples are 

described. 
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Table 1. Coupling name reaction overview  

Reaction Year Reactant A Reactant B Coupling  Cat. Remark 

Wurtz 1855 R-X sp
3 

R-X  sp
3
 homo Na  

Glaser 1869 RCCH sp RCCH sp homo Cu O2  

Ullmann 1901 Ar-X sp
2
 Ar-X sp

2
 homo Cu high temp. 

Gomberg 1924 Ar-H sp
2
 Ar-N2-X sp

2
 homo  base 

Cadiot 1957 RCCH sp RCCX sp cross Cu base 

Castro 1963 RCCH sp Ar-X sp
2
 cross Cu  

Gilman 1967 R2CuLi  R-X  cross   

Cassar 1970 Alkene sp
2
 R-X sp

3
 cross Pd base 

Kumada 1972 Ar-MgBr 
sp

2 

sp
3
 

Ar-X sp
2
 cross Pd or Ni  

Heck 1972 Alkene sp
2
 R-X sp

2
 cross Pd base 

Sonogashira 1975 RCCH sp R-X 
sp

3 

sp
2
 

cross 
Pd and 

Cu 
 

Negishi 1977 R-Zn-X 

sp
3 

sp
2
 

sp 

R-X 
sp

3 

sp
2
 

cross Pd or Ni  

Stille 1978 R-SnR3 

sp
3 

sp
2
 

sp 

R-X 
sp

3 

sp
2
 

cross Pd  

Suzuki 1979 R-B(OR)2 sp
2
 R-X 

sp
3 

sp
2
 

cross Pd base 

Hiyama 1988 R-SiR3 sp
2
 R-X 

sp
3 

sp
2
 

cross Pd base 

Buchwald 1944 
R2N-R 

SnR3 
sp R-X sp

2
 cross Pd 

N-C 

coupling 

Fukuyama 1998 R-Zn-I sp
3 

RCO(SEt) sp
2
 cross Pd  

Liebeskind 2000 R-B(OR)2 
sp

3 

sp
2
 

RCO(SEt) 

Ar-SMe 
sp

2
 cross Pd CuTC* 

*CuTc: copper(I)-thiophene-2-carboxylate 

 

1.2.2 Reaction Mechanism 

 One can state like that cross-coupling reaction is defined as -bond metathesis between an 

electrophile and a nucleophilic reagent, regarding as a generalized nucleophilic substitution.
38

 Most of 

such couplings reactions occur only in the presence of catalyst. The major role of catalyst is believed 

to take place in successively oxidative addition, transmetallation, and reductive elimination processes. 

For a commonly known Pd catalyst, the schematic cross-coupling reaction mechanism is depicted in 

Figure 1.2.1.   

The cross-coupling mechanism usually starts with an ‘oxidative addition’ of the low valent metal to 

an organic halide (as an electrophile). Oxidative addition is a process increasing both the oxidation 

state and coordination number of a metal center. This process can be restricted by reactivity of leaving 

groups on organic halides (order of reactivity: I > OTf > Br >> Cl, alkenyl-OTf >> aryl-OTf, where 

OTf is the triflate group). Subsequently, a counterpart like the organometallic as a nucleophile 

involves a ‘transmetallation’ step and thus both parts are placed on the same metal center. 

Transmetallation is an organometallic reaction by ligand transfer from a metal to another part. This 
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reaction is irreversible due to thermodynamic and kinetic reasons. Mostly, transmetallation is rate-

limiting process but the exact mechanism is poorly understood yet. Finally, a ‘reductive elimination’ 

of the two coupling segments to regenerate the catalyst and afford the product. Reductive elimination 

is the reverse of oxidation addition and two main groups should be mutually adjacent on the metal 

coordination.   

 

Figure 1.2.1 Schematic typical Pd-catalyzed cross-coupling reaction mechanism
35 

 

1.2.3 Ullmann Coupling Reaction 

 Prior to the discovery of conventional Pd-catalyzed reactions, copper (Cu)-mediated Ullmann 

coupling reactions were used for the formation of C-C and C-heteroatom bonds.
30, 33

 Despite some 

drawbacks such as poor solubility of copper salts, high reaction temperatures, low functional group 

tolerance and irreproducibility, the Cu-catalyzed cross-coupling reactions still remain the powerful 

method in industrial scale reactions and have been successfully utilized in some reactions that Pd-

catalyzed method have failed until now.  

The classical Ullmann reaction is the synthesis of symmetric biaryls on Cu catalyst,
39

 which is 

required the use of stoichiometric amounts of copper salts together with somewhat high reaction 

temperatures (~200 
o
C), and Ullmann-type reactions is referred as Cu-catalyzed nucleophilic aromatic 

substitution using nucleophiles with aryl halides, amines and phenol, which is able to afford 

asymmetric biaryls including arylamine and arylether compounds. 
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Figure 1.2.2 Simple examples of Ullmann cross-coupling reactions 

 

 The oxidation states of copper are in a range of Cu(0), Cu(I), Cu(II) and Cu(IV). Among them, Cu(I) 

and Cu(II) are known as the most common oxidation states yielding many compounds, whereas 

Cu(III) shows fewer applied examples. Compounds using Cu(0) catalyst have been obtained under 

specific conditions and C(IV) exists only in a particular circumstance. Although there are still 

disputed issues regarding to exact mechanism of Cu-mediated reactions, currently the mechanism of 

Ullmann cross-coupling has been explained as two potential pathways of oxidative addition and 

reductive elimination process. Unlike Pd-catalyzed cross-coupling, the ordering of oxidative addition 

and transmetallation process is unknown. In addition, as another insight into explore Cu-mediated 

mechanism, radical nucleophilic substitution, σ-bond metathesis and π-complex mechanisms have 

been proposed.
40 

 Recently, efficient methods for the Ullmann-type synthesis of diaryl ether compounds under mild 

reaction conditions has been reported and even organic solvent- and ligand-free Cu powder-

catalyzed.
41

 Ullmann amination of aryl halides has been successfully optimized in the presence of air 

in excellent yields (see Figure 1.2.3).
42 

 

 

Figure 1.2.3 Recently reported Ullmann-type coupling reactions 

 

1.2.4 Kumada Coupling Reaction 

 As shown in Table 1, the Kumada coupling was the first Pd (or Ni)-catalyzed cross-coupling, which 

has opened up the possibility of obtaining a variety of organic compounds by C-C bond formations 

using different organic halides.
43, 44

 The coupling reaction is provided by coupling of 

organomagnesium, which is called ‘Grignard reagent’,
44

 with alkyl, vinyl or alkyl halides (see Figure 

1.2.4a,b). The advantage of this reaction is the direct coupling of Grignard reagent, avoiding 
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additional reaction processes to other conversions. The general mechanism follows the above 

mentioned typical Pd-catalyzed cycling process (Figure 1.2.1) including oxidative addition, 

transmetallation and reductive elimination. For Ni catalyst, the mechanism can be described as 

analogous to that of Pd. However, all observations are not fully matched under certain conditions.   

In the historical view, Kumada coupling contributed to the synthesis of promising π-conjugated 

polymers such as polyalkylthiophenes (PAT, Figure 1.2.4c) that have used in OLED and OPV 

applications.
32

 For example, McCollough et al. has developed facile synthetic methodologies of 

regioregular PAT and this synthesis is now optimized to obtain high yield at room temperature, 

leading to commercialization of PAT.
46

  

 

  

Figure 1.2.4 (a) Reaction scheme, (b) example and (c) recent contribution of Kumada coupling 

 

1.2.5 Heck Coupling Reaction 

 The Heck reaction is the coupling reaction between an unsaturated halide or triflate and an alkene in 

the presence of a base and a Pd catalyst to afford a substituted alkene.
47-50

 This reaction was an 

example that exhibited firstly C-C bond formations amongst Pd-catalyzed cross-coupling reactions. 

This coupling reaction is important due to possible substitutions on planar sp
2
-hybridized carbon 

centers and excellent trans selectivity. Heck awarded the Nobel Prize in chemistry in 2010 for this 

cross-coupling reaction with Negishi and Suzuki. 

 In terms of the reaction mechanism, Pd(0) is generally prepared in-situ from a Pd(II) precursor such 

as palladium(II) acetate (Pd(OAc)2). Before the main reaction process, Pd(II) is reduced by 

triphenylphosphine (pph3; Ln(n=1)) to get Pd(0)L2. The first step is started from oxidative addition of 

Pd(0) to phenyl bromide, which is followed by formation of π-complex with vinyl ester. Secondly, the 

alkene compound is inserted in the Pd-C bond in a syn addition. Then, the torsional strain rotates the 
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phenyl to form trans isomer. The β-H (or syn) elimination occurs to form the product and new Pd-

alkene π-complex. This complex is destructed by reductive elimination of Pd(II) by potassium 

carbonate as base in the last step. The mechanistic cycle is repeated during the coupling reaction.  

 

 

Figure 1.2.5 (a) general transformation and (b) reaction mechanism of Heck cross-coupling  

 

 Since Heck discovered coupling reaction with Pd(OAc)2 and base as a hindered amine,
47

 recently the 

Heck cross-coupling has been utilized to synthesize hole-transporting materials for light-emitting 

diode applications via alternating donor-acceptor arrangement (see the examples in Figure 1.2.6b).
51

  

 

 

Figure 1.2.6 (a) the first Heck reaction in 1972 and (b) triphenylamine-containing copolymer and 

PPV analogue via Heck cross-coupling reaction 
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1.2.6 Sonogashira Coupling Reaction 

 The Sonogashira cross-coupling, discovered in 1975 by Sonogashira,
52

 Tohda and Hagihara, is a Pd-

catalyzed C-C bond formation for coupling a terminal sp hybridized carbon from an alkyne with a sp
2
 

carbon of an aryl or vinyl halide or triflate.
53

 The reaction is typically performed with Pd catalyst such 

as PdCl2(pph3)2, CuI co-catalyst and an amine base (see Figure 1.2.7a).  

 

. 

Figure 1.2.7 (a) reaction scheme and (b) general mechanism of Sonogashira coupling 

 

 The exact mechanism of this reaction
54

 is still not well understood due to difficulty of fully analyzing 

two independent catalytic cycles by Pd and Cu, respectively. In terms of Pd cycle (cycle A), the 

mechanistic route follows general cross-coupling mechanism process like as oxidative addition, 

transmetallation, trans-cis isomerization and reductive elimination, as depicted in Figure 1.2.7b. In 

the Cu cycle, the base assists Cu acetylide formation with the help of a π-alkyne Cu complex, making 

the alkyne terminal proton more acidic. The copper acetylide combines with Pd cycle through 

transmetallation process. 

 To prevent the undesirable formation of alkyne homo coupling through a Cu-mediated reaction, 

recently the ‘copper-free’ Sonogashira coupling has been developed. Nowadays, numerous organic 

materials from Sonogashira reaction have been applied in most diverse areas such as dyes, sensors, 
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polymers, heterocycle and electronics. Impressively, it was reported that a simple search regarding 

“Sonogashira” showed over 1500 published references during the period 2007-2010.
55

  

 To synthesize low band gap polymers with donor-acceptor architectures, Sonogashira cross-coupling 

reaction was performed on Pd and Cu catalysts, as shown in Figure 1.2.8. The resulting two 

copolymers poly(heteroaryleneethynylene) derivatives containing thieno[3,4-b]pyrazine and 

thiophene or dialkoxyphenylene exhibit wide absorption ranges from 390 to 800 nm due to push-pull 

effect through the triple bonds.
56

 In addition, this reaction strategy has been used to obtain Pt-based 

polymers in the presence of a catalytic amount of CuI under Sonogashira-type dehydrohalogenation 

conditions.
57

    

 

 

 

Figure 1.2.8 Examples of Sonogashira cross-coupling for electronic applications 

 

1.2.7 Negishi Coupling Reaction 

 The Negishi cross-coupling,
58

 discovered in 1977 and was awarded Nobel Prize in chemistry in 2010, 

is the first reaction to prepare asymmetric biaryls with good yields. This reaction allows versatile Ni- 

or Pd-catalyzed coupling of organozinc reagents as nucleophiles with various organic halides as 

electrophiles including aryl, vinyl, benzyl and allyl. The reaction mechanism is described as typically 

proposed three elementary steps such as oxidative addition, transmetallation and reductive elimination 

(see Figure 1.2.9).  
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Figure 1.2.9 (a) General scheme and (b) reaction mechanism of Negishi cross-coupling 

 

As an example applied in polymerization, a star-branched P3HT has been synthesized via Negishi 

cross-coupling reaction in Rauh and Reynolds groups.
59

 The polymer was obtained by capping with 

thiophene at a prepared hyperbranched poly(triphenylamine). 

 

 

 

Figure 1.2.10 Star-branched P3HT via Negishi cross-coupling polymerization reaction 
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1.2.8 Yamamoto Coupling Reaction 

 The Yamamoto cross-coupling reaction has been usually utilized in homo coupling of aryl halides.
60, 

61
 The reaction is performed on Ni(0) catalyst such as bis(1,5-cyclooctadiene)nickel(0) (Ni(COD)2) in 

the presence of ligand (1,5-cyclooctadiene, COD) and 2,2′-bipyridine. Despite high reactivity, this 

cross-coupling reaction suffers from relatively long reaction time and easy degradation of Ni catalyst. 

In addition, the utilization of huge amount of catalyst is a critical drawback.  

 

 

 

Figure 1.2.11 (a) mechanism and (b) examples of Yamamoto cross-coupling reaction 

 

 Unlike other reactions’ three-step mechanism, the reaction undergoes via subsequent oxidative 

addition, disproportionation and reductive elimination, as shown in Figure 1.2.11a. In particular, 

disproportionation process requires much amount Ni catalyst.  

 So far, Yamamoto coupling has been applied in the polymerization of polyfluorene derivatives for 

OLEDs, polycarbazole for OPVs and polythiophene derivatives for OFETs.
32, 62

  

 

1.2.9 Stille Coupling Reaction 

 The Stille reaction,
63-65 

discovered in 1977 by Stille and Milstein, is a cross-coupling of an organotin 

reagent with sp
2
-hybridized organic halide in the presence of Pd(0) catalyst such as 

tetrakis(triphenylphosphine)palladium(0), Pd(pph3)4, and tris(dibenzylideneacetone)dipalladium(0), 

Pd2(dba)3. The reaction is usually performed in inert condition since oxygen causes the oxidation of 

Pd and promotes unwanted homo coupling of organic stannyl compounds, leading to a decrease yield. 

As organotin reagents, a trimethylstannyl and tributylstannyl compound is usually used and these are 
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known as quite toxic organoreagents. The Stille coupling together with Suzuki coupling has been 

applied in most coupling reactions related to material synthesis towards organic electronics, 

nowadays.
32

 The reaction scheme is as following: R1-Sn(R)3 + R2-X  R1-R2 + X-Sn(R)3, where X 

is a typical halide (I, Br, Cl, triflate). The reaction mechanism is somewhat well-studied and consists 

of oxidative addition, transmetallation and reductive elimination process, as shown in Figure 1.2.12.  

 

 

Figure 1.2.12 General mechanism of Pd-catalyzed Stille cross-coupling reaction 

 

 Among many examples, donor-acceptor alternating copolymers based on cyclopenta[2,1-b:3,4-

b′]dithiophene (CPDT)
66

 and benzo[1,2-b:4,5-b′]dithiophene (BDT)
67

, which are PCPDTBT 

derivatives and PBDTTT, has been synthesized using its tin precusors via Pd-catalyzed Stille cross-

coupling reaction. Those polymers have exhibited promising performances in electronic applications 

such as OFETs and OPVs. The well-known synthetic schemes are depicted in Figure 1.2.13. 
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Figure 1.2.13 Selected examples of Pd-catalyzed Stille cross-coupling polymerization reaction 

 

1.2.10 Suzuki Coupling Reaction 

 The Suzuki reaction, firstly reported in 1979 by Suzuki who is one of Nobel Prizer in chemistry 

(2010), is the cross-coupling of an aryl (or vinyl) boronic acid (or ester) with an aryl (or vinyl) halide 

in the presence of a Pd(0) catalyst with base.
36,68,69

 This reaction is a powerful coupling method that 

allows for the synthesis of conjugated olefins, styrenes and biphenyls. Unlike other familiar metal-

mediated organic reactions, the Suzuki cross-coupling is carried out in an aqueous condition. 

Moreover, the reaction is tolerant for versatile functional groups. 

 

 

 

Figure 1.2.13 The first published example of Pd-catalyzed Suzuki cross-coupling reaction 

 

The reactivity of pseudohalides has the following order: R-I > R-OTf > R-Br >> R-Cl. The reaction 

mechanism is almost the same as that of Stille method: typical oxidative addition, transmetallation 

and reductive elimination. Only one difference is that the boronic acid should be activated with base, 

resulting in enhancing the polarization of the organic ligand and facilitating transmetallation.  
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Figure 1.2.14 Catalytic cycle of Suzuki cross-coupling reaction in the presence of NaOH 

 

 π-Conjugated fluorene- and 2,7-carbazole-based copolymers with electron-deficient unit have been 

synthesized using Pd-catalyzed Suzuki cross-coupling polymerization method (see Figure 1.2.15).
70, 

71 
Polyfluorene derivatives have been utilized to fine-tune color emitting properties and polycarbazole 

derivatives have shown deep HOMO level to apply into light harvesting devices. 

 

 

Figure 1.2.15 Pd-catalyzed Suzuki cross-coupling polymerization 
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1.3 Acenes and Heteroacenes: Why is the Development of Heteroacenes Important?   

 The ‘acenes’ are a class of polycyclic aromatic hydrocarbons consisting of linearly fused benzene 

rings (see Figure 1.3.1). Among them, oligoacene-type rubrene and pentacene have been used as 

well-known organic semiconductors with high mobilities, exceeding that of amorphous silicon (1 

cm
2
V

-1
s

-1
).

72-75
 Highly ordered and close molecular packing should result in such an excellent 

achievement. However, much research efforts have been made to overcome some drawbacks for 

further practical applications of the linearly fused benzenes to electronic devices. In particular, due to 

their high-lying HOMO levels, such oligoacenes are very sensitive to photooxidation and unstable to 

retain device performance under ambient conditions.
76

 Thereby, it is important to design and 

synthesize new organic semiconducting materials with simultaneously high mobility and enhanced 

ambient stability. 

 

 

Figure 1.3.1 Examples of polycyclic aromatic hydrocarbons (acenes) 

 

 Insertion of heteroatoms, such as sulfur, nitrogen, oxygen and so on, into the fused systems has 

provided various modifications of physical and chemical properties of cyclic acenes. As exemplified 

in Figure 1.3.2, [1]benzothieno[3,2-b]benzothiophene (BTBT),
77

 indolo[3,2-b]carbazole (ICz)
78, 79

 

and anthradithiophene (ADT),
80, 81

 which are called ‘heteroacene’ molecules, have been synthesized to 

achieve oxidative stability because their band gaps are larger than that of pentacene and thus give 

lower lying HOMO levels. The carrier mobilities of these heteroacenes have been estimated yet to be 

relatively lower than that of pentacene despite strong π-stacking abilities. However, recently   llen et 

al. reported enhanced mobility exceeding integer value using a successful heteroaromatic backbone of 

dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-b′]dithiophene (DTBDT)
82, 83

 through a different film forming 

method. In addition, many other chemists have devoted to design and synthesize new heterocyclic 

materials with both advantages: mobility and stability. So far, this class of materials is known as 

promising candidates for OFET applications. Therefore, it is necessary to develop facile and diverse 

synthetic pathways for further enhancement of OFET materials based on heteroacenes. 
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Figure 1.3.2 Examples of several efficient heteroacene frameworks 

 

1.3.1 A Brief Review of Synthetic Methods Towards Heteroacenes 

1.3.1.1 Intramolecular Direct Annulation  

 The synthesis of heterocycles via intramolecular direct annulation methods has been established by 

Friedel-Crafts acylation and alkylations. The first study in case of Friedel-Crafts alkylation has been 

started to construct ladder-type structures by   llen and coworkers.
84

 As shown in Figure 1.3.1.1, the 

ladderized polymer can be obtained by two step reactions. Firstly, α-ketone on the backbone was 

converted into alcohol via reduction using lithium aluminum hydride. Secondly, boron trifluoride 

etherate catalyzed to complete the cyclization.
85

 In a different example, boron trifluoride etherate has 

been replaced by a mixture of acetic acid and hydrochloric acid.
86

 As a result, so far the Friedel-Crafts 

alkylation method has been utilized for synthesizing p-type materials. 

 

 

Figure 1.3.1.1 Ladder-type (a) polymer and (b) monomer by Friedel-Crafts alkylation 

 

Wang et al. has utilized concentrated sulfuric acid to achieve a successful cyclized diketone 

compound through Friedel-Crafts acylation with high yield (see Figure 1.3.1.2).
87

 Then, the two 

diketone were substituted to further electron-withdrawing malononitrile groups for n-channel 

OFETs.
88

 Additionally, the general acylation condition has been also applied to build the same cyclic 

system.
89
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Figure 1.3.1.2 Ladder-type (a) Wang’s diketone oligoacene and (b) thiophene-fused heteroacene by 

Friedel-Crafts acylation 

 

1.3.1.2 Intramolecular Electrophilic Cyclization 

 2,3-disubstituted benzo[b]thiophenes
90

 was obtained in high yield by Larock et al. from o-

alkynylthioanisol catalyzed by I2, Br2, NBS, sulfur and selenium electrophiles, as described in Figure 

1.3.1.3. Since then, Pei and coworkers utilized this efficient electrophilic cyclization to construct 

ladderized heteroacenes with C2-symmetries. Recently, six fused aromatic dinaphtho[2,3-b;2′,3′-

f]chalcoge[3,2-b]chalcogenophenes has been synthesized in the presence of excess iodine as Lewis 

acid. The olefin form is converted to thienothiophene (or selenophenoselenophene) compounds in 

good yields. According to all previous reports, the electrophilic cyclization method shows the 

advantages of shorter synthetic routes, high yields and tolerable substituents.
91

        

  

 

Figure 1.3.1.3 Examples of Intramolecular electrophilic cyclization reactions 

 

1.3.1.3 Electrophilic Substitution via Triflic Acid 

The high molecular weight polymers such as poly(phenylene sulfide) (PPS)
92, 93

  and 

poly(phenylene sulfide-phenylene amine) (PPSA)
94, 95

 has been firstly prepared by Yamamoto and 

coworkers via intermolecular coupling reaction in the activated aromatic methyl sulfoxides in the 

presence of strong acids. The reaction mechanism is revealed as shown in Figure 1.3.1.4. Firstly, in 

an aromatic sulfoxide compound, sulfinyl group (S=O) is polarized as S
+
-O

-
 due to d empty orbital. 

Secondly, electrophilic attack can be occurred at the negatively charged oxygen atom in the presence 

of trifluoromethanesulfonic acid or triflic acid, which is the strongest protic acid and most efficient for 
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the sulfonium cation formation, to afford sulfonium cation as active species. The isolated activated 

sulfoxide is act as an electrophile
96

 and therefore attacks electrophilically the neighboring benzene 

ring to give water as a byproduct. As another way, phosphorus pentoxide promotes the reaction due to 

its dehydration effect. Finally, demethylation process on pyridine as a nucleophile completes the 

desired cyclization. Due to easy availability, this method has been a powerful tool to synthesize 

ladderized polymers and oligoacenes with sulfur atom.
97 

 

 

Figure 1.3.1.4 Reaction mechanism of electrophilic substitution in triflic acid 

 

Intramolecular cyclization also has been successfully demonstrated in the presence of the triflic acid 

(see Figure 1.3.1.5). In particular, dibenzo[b,b′]thieno[2,3-f;5,4-f′]bis[1]benzothiophene (DBTBT)
98

 

has been developed as a high-performed OFET material, even though three isomers were obtained in 

the final product. Another example regarding heteroacene, fluorene[2,3-b]benzo[d]thiophene, via 

intramolecular ring closure was reported in the OLED application.
99 

 

 

Figure 1.3.1.5 Heteroacenes cyclized by intramolecular electrophilic substitution 
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Despite the usefulness of this synthetic strategy, there are some drawbacks like as degradation of 

longer alkyl groups of the compound in the triflic acid and low functional group tolerance for halogen 

atom, trimethylsily, carbonyl and α-proton of thiophene.           

 

1.3.1.4 Aromatic Nucleophilic Substitution 

 As an alternative method to obtain a well-known benzo[b]thiophene, much works have been devoted 

to develop new synthetic approaches. In particular, the utilization of precursors based on bromophenyl 

with acetylene functional group affords benzo[b]chalcogenophenes upon chalcogene elements like 

sulfur, selenium and tellurium via lithium-halogen exchange in good yields, which was firstly 

reported by Sashida et al.
100

 Then, the same method has been employed to obtain benzo[1,2-b;4,5-

b′]dithiophenes and benzo[1,2-b;4,5-b′]diselenophenes by Takimiya and coworkers,
101

 as depicted in 

Figure 1.3.1.6. Additionally, intramolecular triple cyclization by nucleophilic substitution was 

demonstrated by Yamaguchi et al. from bis(o-haloaryl)diacetylenes to produce heterole-1,2-

dichalcogenin-heterole fused tricyclic frameworks. Next, upon copper metal, the subsequent 

dechalcogenation was achieved to give heteroacenes based on thiophene and selenophene (Figure 

1.3.1.6b).
102, 103

 Later on, Takimiya et al. developed the nucleophilic cyclization using sodium sulfide 

(Na2S), as an inorganic sulfur source, and o-alkynylbromobenzenes to obtain benzo[1,2-b;3,4-b′;5,6-

b′′]trithiophenes in one pot reaction with accessibility of precursors and reasonable yields of products. 

Another example of nucleophilic cyclization is synthesizing thienothiophenes. The reaction is started 

with a nucleophilic attack of thioglycolate anion to the bromo-substituted carbon atom in the presence 

of base. An intramolecular aldol condensation of carbaldehyde with CH2 of the ester group affords 

thieno[3,2-b]thiophene-2-carboxylate. Finally, by employing nucleophilic aromatic substitution 

(SNAr) to synthesize fluorinated benzobisbenzothiophenes, Watson and coworkers applied efficient 

dealkylation and ring closure to finish the reaction in one pot.
104

 This reaction is limited only under 

highly electron deficient systems that are sustainable in strong base. 
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Figure 1.3.1.6 Examples of heteroacenes cyclized by aromatic nucleophilic substitutions  

 

1.3.1.5 Cadogan Reductive Cyclization 

 Cadogan et al. established reductive cyclization method of nitro groups.
105

 Notably, the synthesis 

was applied to get five-membered rings with nitrogen such as carbazole derivatives
106

, as shown in 

Figure 1.3.1.7. An advantage of this ring closure method is that it is not affected by the electronic 

state of the substrate and thereby Cadogan cyclization can be possibly occurred in both electron-rich 

and electron-poor systems. While, regioselectivity in this reaction can be much lower than Friedel-

Crafts reaction in some examples.
107

  

 

 

 

Figure 1.3.1.7 Cadogan reductive cyclization 
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1.4 Organic Optoelectronics 

1.4.1 Organic Light Emitting Diodes (OLEDs) 

1.4.1.1 Background 

 An organic light emitting diodes (OLEDs) are device in which the emissive electroluminescent 

organic layer in response to an applied electric current. OLEDs have attracted much interest due to 

potential advantages like light weight, low cost, flexibility, tunable light absorption and emission. 

Since organic electroluminescence was firstly observed by Pope and coworkers in 1963,
108

 Tang et al. 

(1987, see Figure 1.4.1.1) developed an low operation-voltage organic light emitting diode (OLED) 

with a double layer device structure by vapor deposition method using tris(8-

hydroxyquinolinato)aluminium (Alq3) and N,N′-diphenyl-N,N′-bis(3-methylphenyl)-1,1′-biphenyl-

4,4′-diamine (TPD, π-conjugated small molecules), performing external quantum efficiency of 1 % 

and brightness of over 1000 cd/m
2
.
109

 In 1990, a OLED device based on poly(p-phenylene vinylene) 

(PPV), which is called polymer-LED (PLED) and shows green-yellow spectrum, was demonstrated 

by Burroughes et al. in Friend’s group.
110

 Since then, tremendous progress has been achieved to 

develop simultaneously promising OLED materials and efficient optimized device structures.  

 

 

Figure 1.4.1.1 Device and molecular structures used in the first efficient OLED  

 

 Another important breakthrough in OLEDs was accomplished by Forrest et al. as the 

electrophosphorescent device with significantly enhanced internal quantum efficiency (IQE) 

compared to the fluorescent devices using a phosphorescent dopant in the guest-host system.
111

 In the 

electrical excitation, singlet of 25 % (fluorescence) and triplets of 75 % (phosphorescence) would be 

formed. According to quantum mechanics, the radiative relaxation from excited triplet state (T1) to 

ground stat (T0) happens in a very slow rate, yet the introduction of phosphorescent emitter in a guest-

host system, transition from T1 to T0 become much faster than non-radiative relaxation. Through 

intersystem crossing transition from excited singlet state (S1) to T1, theoretically, excitation of 25 % 

(S1) can be completely utilized. Therefore, it is possible to obtain nearly 100 % IQE in phosphorescent 

OLEDs. 
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 In views of application, the commercialization of OLED was firstly realized by 1
st
 generation OLED 

display of Pioneer in 1997. After that, SONY launched, in 2008, the first OLED TV. In present, 

Samsung leads the OLED display world market. Recently, LG display launched the first 55 inch 

OLED TV. In 2013, Samsung Cheil industry merged with Novaled and expended global investment 

for R&D of OLEDs.  

 

1.4.1.2 Operating Principle 

 Typically, the device structure of OLED consists of organic emissive layer (OEL) between indium 

tin oxide (ITO) as the anode (+) and metal cathode (-). To promote efficient charge carrier transport 

between both electrodes and OEL, additional hole injection layer (HIL), hole transporting layer (HTL), 

electron injection layer (EIL) and electron transporting layer (ETL) are deposited, as illustrated in 

Figure 1.4.1.2a. The main role of HIL is the improvement of contact resistance between inorganic 

ITO layer and organic HTL layer. PEDOT:PSS
112

 is also typically usable conductive layer because 

HOMO level lies between the workfunction of ITO (ФITO ~ 4.7 eV) and HOMO level of organic layer. 

HTL helps providing injected holes to emissive layer without loss. HIL and HTL materials are known 

as p-type organic semiconductors with usually bulky aromatic amine groups. EIL is positioned 

between cathode and ETL layer, which induce suitable injection of electron. However, unlike other 

layers, EIL is typically metal-type material such as LiF and CsF. In case of ETL, it requires electron-

withdrawing functional group on the molecular backbone and high electron mobility. Opposite to 

HTL materials, ETL should be n-type organic semiconductors such as Alq3, triazole and oxadiazole. 

For the cathode, metals with low workfunction such as Ca (ФCa ~ 3 eV),  g (ФMg ~ 3.7 eV), Al (ФAl ~ 

4.3 eV) and Ag (ФCa ~ 4.6 eV) have been utilized to minimize energy barrier for electron injection. 

The drawback of such metal cathodes is drastic reactivity to oxygen and moisture. Therefore Ca and 

Mg should be protected by the upper layer like Al. 

Figure 1.4.1.2b describes operating principle of OLED device by expressing flowing charge carriers 

in energy diagram. During the operation, a current flows through the device from cathode to anode, as 

electrons are injected into LUMO of the organic material from usually aluminum (Al) cathode 

through EIL and ETL. In contrast, holes pass through HIL and HTL into HOMO of the organic layer 

from ITO anode. Ultimately, electrostatic forces bring the recombination of holes and electrons to 

form excitons. The decay of this excited states results in energy relaxation by emission of radiation 

with the frequency depending on the energy band gap of organic layer material.  
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Figure 1.4.1.2 Schematic device structure (a) and operating principle (b) of OLEDs 

 

In terms of the device physics theory, carrier injection can be generally explained via three 

mechanisms: (1) lowering energy barrier by image charge force at the metal-organic interface, (2) 

thermionic emission due to the existence of backflow to the electrode by disordered site in organic 

materials
113

 and (3) Fowler-Nordheim tunneling emission in the presence of a high electric field. 

Unlike inorganic semiconductors, carrier transport is determined by hopping of charge carriers 

between localized states, depending on the energy difference and the distance between molecules.
114, 

115 
Due to extremely low transporting properties in organic semiconductors, the carrier mobility is 

strongly dependent on a function of applied electric field and measured by the time-of-flight (TOF) 

method using following relation: μ = d
2
/(V × τT), where d is the film thickness, τT is the transit time. 

Given ohmic contact, I-V is linear at low fields, yet becomes non-ohmic at higher fields. This is 

generally due to the increase of current density in between electrodes at higher field and the existence 

of disordered traps at even lower field, contributing to the formation of space charge-limited current 

(SCLC).
116

 In this case, the carrier flows can be calculated using the following SCLC equations: J = 

(9/8) × ε0εμ × (V
2
/d

3
) in the trap-free, where J is the current density, ε0 is the permittivity of the 

vacuum, ε is the permittivity of the film; J = (9/8) × ε0εμθ × (V
2
/deff 

3
) in discrete traps at low applied 

voltage, θ = nf /(nf  + nt), where nf is the free carrier density and nt is the trapped carrier density. After 

carrier injection and transport, both electrons and holes recombine to form singlet excitons, triplet 

excitons and charge transfer excitons, if exciton radius << rC (rC = q/4πεkT): Langevin 

recombination.
117, 118

  

 

1.4.1.3 Advantages and Disadvantages of OLEDs 

 Currently OLEDs are already commercialized and broadly used in display areas such as mobile 

phones, PDAs, digital cameras, laptop computers and televisions due to many attractive advantages as 

following. The efficiency of OLEDs is quite better than other type displays without using backlight, 
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diffusers and polarizers. Inkjet and screen printing process for PLEDs are possible for mass 

manufacturing and color selectivity can be control to blue to red light. Compact, thin, light-weight and 

flexible devices are also important advantages of OLEDs. Even at low operating voltage, OLEDs 

show high brightness, resolution and wide viewing angle as high as 160 degrees. OLEDs exhibit 

decay time of below 1μs, resulting in fast responses.  

 On the other hands, there still remain several disadvantages that should be overcome, such as 

degradation by oxygen and moisture in air, limited lifetime, low glass transition temperature for small 

molecules, and low mobility by amorphous nature of organic semiconductors. 

      

1.4.1.4 Organic Emissive Materials 

Organic emissive semiconductors for OLEDs have been developed so far in three major directions: 

small molecules, polymers and phosphorescent materials. As mentioned previously, Alq3 and diamine 

compound used in Dr. Tang’s work at Eastman Kodak are typical examples of small molecules for 

OLEDs,
110

 which is called in SM-OLED. A number of organic materials have been utilized for 

enhancing charge transporting ability. Particularly, triphenylamine and carbazole derivatives have 

been commonly used as hole transporting materials.
119

 Triphenylamines have been receiving much 

attetions in OLED applications due to the bulky, non-planar and star-shaped molecular geometry.
120,121 

Genenarlly, the modified compounds have  been synthesized by Ullmann coupling reaction from 

triiodo core with the secondary amine.  

Compounds such as perylene, rubrene and quinacridone derivatives have been applied as dopant 

materials in host-dopant systems.
122

 So far, molecular doped guest-host blends have been extensively 

researched to enhance the efficiency and to tune emissive color of OLEDs. The energy gap of guest 

molecule should be smaller than that of host. The energy transfer occurs from host to guest by Förster 

and/or Dexter energy transfer mechanism. Alq3 has been utilized as a green emitter and as a host for 

yellow and red emitting materials. In case of blue emissive materials, spiro-type compound with 

oligophenyls has much attention due to high emitting efficiency and glass transition temperature.
123

 

However, the development of blue emitting materials has to overcome many limitations for 

commercialization, such as efficiency, color purity, durability and stability of devices. As well, red 

emissive materials have had the similar difficulties to the blue materials.  

 Polymer LED involves electroluminescent conductive polymers that emit light when applied 

external voltage. Unlike SM-OLEDs, polymers can be processable in solution and thus spin coating 

has been commonly used to fabricate devices. To date, huge research efforts have been devoted to 

develop PLED materials via various molecular designs. Starting from developed PPV (firstly reported 

by Friend et al.)
111

 and its derivatives (Wudl et al.), various modifications of PPP, PT, polyfluorene 

(PF), polyquinoline (PQ), polyqunoxaline (PQx) and so on have been made to systemically study and 
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characterize optical properties, charge transfer and stabilities. Recently, there has been an effort to 

apply silicon-contained and linearly fused structures to control properties of PPP-type polymers.          

 The use of phosphorescence in OLEDs has led to highly efficient light conversion from electrical 

energy by increasing IQE of devices. As typical phosphorescent materials, currently iridium (Ir)-

complex compounds such as Ir(ppy)3
124, 125

 are focused as an effective dopant with respect to non-

conjugated poly(vinylcarbazole) (PVK)
126, 127

 as an host. In fact, radiative relaxation from triplet to 

ground state is generally forbidden. However, it is known that strong spin-orbit coupling by the heavy 

metal atom such as Ir and Pt at the center of the complexes makes intersystem cross transition 

possible and thereby both singlet and triplet excitons can be radiatively decayed, resulting in 

improvement of IQE. Since then, metal-complexed electrophosphorescent materials have exhibited 

high efficiency and thermal stability as well as tunable color emissions.  

 

 

 

Figure 1.4.1.3 Structures of organic emissive LED materials categorized as small molecule, polymer 

and phosphorescent material 
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1.4.2 Dye-Sensitized Solar Cells (DSSCs) 

1.4.2.1 Background 

 Among many photovoltaic devices, dye-sensitized solar cells (DSSCs), which are 

photoelectrochemical cells converting sunlight to electricity, have attracted much attention of both 

scientific researchers and industries over the world due to low cost, easy and inexpensive fabrication 

method as well as good power conversion efficiency (PCE). Since Grätzel demonstrated DSSCs with 

a high PCE (over 7 %) as a breakthrough in 1991 for the first time,
128

 DSSCs have been considered as 

a potential alternative to expensive inorganic solar cells based on bulk silicon which is currently 

dominant in the market. The key component in the milestone device work by Grätzel was the 

introduction of titanium dioxide (TiO2) nanoparticle-based anode to give high surface area and a thin 

layer of dyes was coated on TiO2 porous film to collect photogenerated electrons form dyes. Main 

differences of DSSCs from other type solar cells are that sunlight is not dominantly absorbed by 

semiconductor TiO2 and the exciton (electron-hole pair) is not separated by built-in-potential of a p-n 

junction. The exciton is generated from dye molecules anchoring on TiO2 nanoparticles with wide 

bandgap and quickly separated in a picosecond due to the energy level difference. Electrons are 

transferred from the dye through the conduction band of TiO2-coated anode to the transparent 

conducting oxide (TCO) film coated on the glass, while holes move to the electrolyte by a redox 

reaction. So far, as the photosensitizer, the use of ruthenium (Ru)-based metal complex dyes such as 

N3, N719 and black dye has resulted in PCE of over 10 %,
129

 yet recently metal-free organic dyes 

have actively developed due to easy structural modification as well as cost and environmental issues. 

The overall cell efficiency in DSSCs is found to be proportional to the electron injection efficiency in 

the wide bandgap semiconductors with nanostructures. To replace both porous and TiO2 nanoparticle, 

zinc dioxide (ZnO2) nanowires have been utilized but the device efficiencies were poor. Upon 

extensive studies covering fundamental chemistry, physics and device engineering backgrounds, the 

solar cell performance has been significantly increased until now and the best PCE of DSSCs has 

already surpassed up to 10 % in the lab scale.
130, 131

  

 

1.4.2.2 Operating Principle 

 DSSCs consist of a photoanode, an electrolyte and conductive substrate coated with a catalyst as 

cathode (see Figure 1.4.2.1). The photoanode is made up of a wide band gap semiconductor (TiO2, 

SnO2, ZnO2). Typically the porous TiO2 layer is made on a conducting glass substrate (F:SnO2/FTO 

coated glass). The electrolyte is usually iodide/triiodide (I
-
/I3

-
) redox couple in acetonitrile and the 

cathode is coated by Pt and carbon.   
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Figure 1.4.2.1 (a) Schematic operation process of DSSCs and (b) metal-free organic dye structure  

 

Step 1: the dye, typically Ru-comlex photosensitizer, on the TiO2 surface is excited from the ground 

state (S) to the excited state (S*) by photon absorption.  

S + hν → S* 

Step 2: the excited electrons are injected into the conduction band of TiO2-coated anode, resulting in 

the oxidation of the photosensitizer (S
+
). 

S* → S
+
 + e

-
 (→ TiO2) 

Step 3: the injected electrons are transported toward TCO. 

Step 4: the oxidized photosensitizer (S
+
) accepts electrons from I

-
 ion redox mediator, leading to 

regeneration of the ground state (S). I
-
 is oxidized to I3

-
. 

S
+
 + e

-
 → S 

Step 5: the oxidized redox mediator, I3
-
, diffuses toward the electrode and then it is again reduced to I

-
. 

I3
-
 + 2e

- 
→ 3I

- 

 

1.4.2.3 Photovoltaic Characterization 

 The device performance is determined by measuring its output power per unit intensity of the 

incident light. The standard illumination condition for testing of a solar cell is 100 mWcm
-2

 on AM 

1.5. To increase the power conversion efficiency, three key parameters such as short-circuit current 

density (JSC), open-circuit voltage (VOC) and fill factor (FF) should be maximized. Here, JSC is the 

highest current density obtained under short circuit conditions (i.e. when applied voltage, V = 0). VOC 

is the maximum voltage obtained when there is no current flow and it corresponds to the energy 

difference between Fermi level of the semiconductor and redox energy level of the redox couple. FF 

is defined as the ratio of its maximum power to the product of JSC and VOC. Therefore, the efficiency 

(η) is given by the following equation: η (%) = (JSC × VOC × FF) × 100 (%) / Pin, where Pin is the input 

power. To confirm the accuracy of the measurement, the incident photon to current conversion 

efficiency (IPCE) should be obtained. IPCE is defined as the number of electrons flowing through an 

external circuit under short circuit condition per incident photon and the equation is as follows: IPCE 
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= 1240 × (JSC (λ) [Acm
-2

])/ (λ (nm) × Pin (λ) [Wcm
-2

]) 

 

1.4.2.4 Organic Dyes as Photosensitizers 

 To be utilized as a photosensitizer in DSSCs, a dye molecule should fulfill some criteria. The ideal 

dye should absorb light in whole visible range and even near infrared region. In addition, the 

photosensitizer should strongly adsorb to the semiconductor like TiO2 and thus anchoring groups such 

as carboxylates, sulfonates, borates and phosphates should be functionalized. LUMO level of the dye 

should be higher than that of conduction band of semiconductor in order to achieve efficient electron 

transfer. The oxidized state of the dye should be more positive in potential that that of redox 

electrolyte. The dye should be thermally, chemically and photoactively stable and not be aggregated. 

J- and H-aggregation, which is respectively longer and shorter absorption shiftness, have been 

reported. To date, Ru-comlex dyes like N3, N719 and black dye
132-134

 (see the chemical structures in 

Figure 1.4.2.2) have extensively studied and exhibited broad absorption spectra, suitable excited and 

ground state, good chemical stability and high efficiency, despite low molar extinction coefficient.  

 

 

 

Figure 1.4.2.2 Chemical structures of Ru-complexed photosensitizers with high efficiency 

 

 Recently, metal-free organic dyes have been synthesized due to cost effectiveness, easy structural 

modification and environmental advantages. To design and construct metal-free dyes, donor-(π-

spacer)-acceptor (D-π-A) system has been commonly adopted due to the effective photoinduced 

intramolecular charge transfer. As small-molecule dyes, coumarin,
135, 136

 triphenylamine,
137, 138

 

bisfluorenylaniline
139

 and rhodamine
140

 derivatives have reported high efficiency (8 ~ 10 %), which 

possess typical D-π-A structural backbone. In case of polymer dyes, most synthesized polymers have 

exhibited very poor performance due to the reduced number of carboxylic acid and the increased 

molecular weight compared to small molecules.
141
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π

 

 

Figure 1.4.2.3 (a) Metal-free D-π-A system, (b) small molecule and (b) polymer dyes  
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1.4.3 Organic Photovoltaics (OPVs) 

1.4.3.1 Background 

 Now, fossil fuels such as coal, oil and gas are rapidly diminishing and thus the demand to develop 

renewable and clean energy sources is increasing. Amongst various future energy resources, the sun 

light is believed to provide potential and the largest contribution as inexhaustible and sustainable 

source. Photovoltaic effect, which is firstly observed in 1839 by Becquerel,
142

 is the creation of 

electricity in a certain material from photon energy such as sun light. The development of the 

photovoltaic cell has been mainly accomplished using inorganic semiconducting materials such as 

amorphous and crystalline silicon, Group III-V compounds including GaAs and CdTe, and 

chalcopyrite compounds like copper indium gallium diselenide (CIGS). However, after observing 

photoconductivity from anthracene in 1906,
143

 much interest has been emerged until now to study 

organic photovoltaics (OPV). OPVs possess many benefits like as low cost, light weight, flexibility 

and solution processablity. In 1986, an historical breakthrough happened by the Tang’s demonstration 

of an OPV cell with copper phthalocyanine (CuPc) and perylene tetracarboxylic derivatives.
144

 In 

1992, C60-fullerene as the acceptor was utilized with conjugated polymers to observe photoinduced 

electron transfer by Sariciftci et al., leading to the development of polymer-fullerene-based OPVs.
145

 

Yu et al. made a new trend in OPV devices by introducing bulk-heterojuction (BHJ) structure for the 

first time.
146

 So far, there has been great attention to develop promising organic photoactive materials 

such as polythiophenes, donor-acceptor polymers, small molecules and fullerene derivatives and to 

optimize device performance through advanced structural modification like tendem cells. In particular, 

most of promising organic semiconductors in OPVs have facilited rigid, planar and fused 

(hetero)cyclic backbones such as fluorene, carbazole, cyclopentadithiophene, benzodithiophene and 

so on.
32

 It is important to design and synthesize new qulafied organic semiconductors with fused 

conjugated frameworks to use as photoactive materials for OPVs. Upon device optimization with 

various efficient methods, the power conversion efficiency in OPVs is continuously increasing.  

Further, recently hybrid-type OPVs have emerged as a new generation and striking approach using 

quantum-dot surface plasmon resonance strategy towards highly enhanced device performance.
147

 

Compared with other type photovoltaic devices, OPVs have relatively short scientific history, yet have 

achieved tremendous enhancement in efficiency (up to over 10 %, see Figure 1.4.3.1).   
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Figure 1.4.3.1 (a) overall photovoltaic research history and best efficiency records, (b) planar 

heterojuction, (c) bulk-heterojunction structure and (d) conjugated polymer-fullerene blend 

 

 

1.4.3.2 Operating Principle 

 While light-emitting diodes give rise to specific light from electricity, photovoltaic device oppositely 

produces electricity from sun light. The device configuration has been modified from single layer 

through bilayer (or planar-heterojunction) to bulk-heterojuction (BHJ) structure. Among them, 

especially solution-processable BHJ-type devices with donor-accepter blend films (see Figure 

1.4.3.1c) have achieved great performance so far. The advantage of this type is increasing surface 

areas between donor (D) and acceptor (A) within the active film. The conventional device consists of 

the following configuration: glass/ITO/PEDOT:PSS/D:A/Ca/Al (Figure 1.4.3.2a). Recently, the 

inverted device structure with the configuration of glass/ZnO/D:A/MoO3/Ag (Figure 1.4.3.2b) has 

also attractive attention due to its stability and durability. Generally, as illustrated in Figure 1.4.3.2c, 

an OPV operates through four main processes such as photon absorption, exciton diffusion, exciton 
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dissociation and charge transport, charge collection. These processes determine photovoltaic 

properties.  

 

 

 

Figure 1.4.3.2 (a) Conventional, (b) inverted device structures and (c) operating mechanism of OPVs 

 

 The ‘photon absorption’ is strongly dependent on optical absorption band and coefficient, film 

thickness and internal reflection. The most commonly used donor polymer poly(3-hexylthiophene) 

(P3HT) has shown promising efficiency, but limited due to its absorption range. Therefore, many 

chemists have designed and developed various donor polymers with efficient strategy such as donor-

acceptor type molecular architectures towards lower energy bandgap. The film thickness is within the 

order of around 100 nm to prevent loss by exciton. The ‘exciton diffusion’ rate depends on exciton 

diffusion length (LD) and distance between exciton and donor-acceptor interface (Lintf). Due to the 

relationship like as LD = CD × τ, where CD is the diffusion coefficient and τ is the exciton lifetime, 

excitons can diffuse only in the condition of Lintf ≤ LD to avoid unwanted recombinations. The typical 

LD is known as the range of 4 to 20 nm for most conjugated polymers.
148

 For the ‘exciton 

dissociation’, the minimum energy should be required to overcome the exciton binding energy (~ 0.3 

eV).
149

 If meet this condition, exciton is separated into hole and electron at the interface of donor and 

acceptor, collecting charge carriers (generating current). Highly efficient percolation networks within 

the active blend help the charge transport. For better charge transporting, post thermal treatment 

provides self-assemble ordered phases.
150
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The power conversion efficiency (η) is given by the following equation: η (%) = (JSC × VOC × FF) × 

100 (%) / Pin , where Pin is the input power, JSC is the short-circuit current density obtained under short 

circuit conditions (V = 0), VOC is the open-circuit voltage obtained when there is no current flow, FF 

is defined as the ratio of its maximum power to the product of JSC and VOC. Usually, in OPVs, JSC is 

related to the light absorption property of photoactive organic materials, film thickness and so on. VOC 

is strongly dependent on the energy difference between HOMO of donor and LUMO of acceptor, 

which requires the following relation: VOC = (1/e)[|HOMO(donor)-LUMO(acceptor)| (eV) + △], △ is 

the excition dissociation energy, 0.3 eV. FF is affected many factors that can be hardly understood, 

but it is known that FF is maily influenced by shunt (RSH) originated from poor diode contact and 

series resistance (RS), which comes from contact and bulk semiconductors. The J-V characteristics 

can be described as the following equation: J = J0[exp(q(V-JRSA))/(nkT) – 1] + (V-JRSA))/(RSHA) – 

Jph, where k is Boltzmann’s constant, T is temperature, q is elementary charge, A is device area, n is 

ideality factor of the diode, J0 is reverse saturation current density, Jph is photocurrent, RS is series 

resistance and RSH is shunt resistance.
151

  

 

 

Figure 1.4.3.3 Equivalent circuit of a solar cell. 

 

1.4.3.3 Photoactive Organic Materials 

 The photoactive layer consists of donor (p-type) and acceptor (n-type). Among conjugated 

semiconducting materials, p-type materials have much attention and are mixed with [6,6]-phenyl-C61 

or C71-butyric acid methyl ester (PC61BM or PC71BM; PCBM) to use as active blend in bulk 

heterojunction  photovoltaic cells (BHJ OPVs). Relatively, the development of n-type materials has 

been achieved slowly. The requirements for designing of ideal donor and acceptor should include 

good solubility and film-forming, strong and broad absorption, high charge carrier mobility, suitable 

HOMO and LUMO level and high purity and molecular weight.  

 The development of p-type polymers started from the synthesis of polyphenylenevinylene (PPV) 

derivatives. Particularly, poly[2-methoxy-5-(2′-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) 

exhibited PCE of 2.07 % in the BHJ OPV device.
152, 153

 Then, the modified version, fully regioregular 

poly[2-methoxyl-5-(3,7-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) improved the 

efficiency (PCE = 3.1 %) by Tajima et al.
154

 A number of PPV-type polymers based on ethylene and 

ethynylene have also been synthesized to use highly ordered molecular arrangments. Another 
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breackthrough of p-type materials is polyalkylthiophenes. Especially, regioregular poly(3-

hexylthiophene) (P3HT) with good solubility, stability, crystallinity and morphology achieved high 

PCE among the polyalkylthiophene family.
155

 Today, the best efficiency has reached up to around 5 %. 

However, further enhancement was limited due to its restricted absorption range. Therefore, chemists 

have employed donor-acceptor (D-A) strategy in molecular design towards lower bandgap polymers. 

In addition, selection of newly developed fullerene derivative, indene-C60 bisadduct (ICBA), led to the 

PCE of 5.44 % in P3HT-based devices.
156

  

 Typical D-A copolymers have shown promising performance so far in BHJ OPVs. In particular, 

fused ring systems such as fluorene, carbazole, cyclopentadithiophene and benzodithiophene have 

emerged as effective donor units due to rigid, planar and efficient conjugation. Firstly, polyfluorenes 

possess thermal and photochemical stability, low-lying HOMO and high mobility. However, too large 

bandgap limited efficient light harvesting.
157

 The incorporation of various electron accepting units 

lowered bandgap. Among its derivatives, fluorene-dithienobenzothiadiazole copolymer gave a PCE of 

2.2 %. Further improvement was achieved via side-chain tuning, ladderization and silafluorene, 

respectively.
158, 159

 Secondly, polycarbazole derivatives have been extensively studied because 

carbazole is an electron-rich building block. Since Leclerc have developed 2,7-carbazole-

dithienobenzothiadiazole copolymer, PCDTBT, the optimized BHJ OPVs by Park et al. have recently 

exhibited the best PCE of 6.1 %.
160

 Third, cyclopentadithiophene (CPDT) derivatives have attracted 

great interest due to fully coplanar backbone, low bandgap and strong intermolecular interaction. 

M hlbacher et al. synthesized CPDT-benzothiadiazole copolymer, PCPDTBT, which exhibited low 

bandgap and high mobility. With additive control using a small amount of 1,8-octanedithiols, the 

based device efficiency was significantly enhanced from 3.5 % up to 5.5 %.
161

 After that, Heeger et al. 

reported further improvement (PCE = 6.5 %) using tandem cell with two layers of P3HT and 

PCPDTBT.
162

 The carbon atom on CPDT has been replaced by silicon, germanium, nitrogen and 

sulfur. Silicon- and germanium-bridged cyclic compound have shown high PCE of over 7 % in 

copolymerization with thienopyrroldione as electron-deficient unit. Next, benzo[1,2-b;4,5-

b′]dithiophene (BDT) has been recognized as a promising donor unit in photovoltaic materials. The 

incorporation of thienothiophene promoted quinoid character and planarity of resulting polymer 

backbone.
163

 Later, fluorinated benzothiadiazole-based copolymer exhibited a PCE of over 7 % with 

high open-circuit voltage.
164

  

 Recently, Bazan reported a promising solution-processed small molecule, DTS(PTTh2)2, as a donor 

material and BHJ OPV with PC71BM acceptor exhibited a extremely high PCE of 6.7 %.
165

 From the 

already reported several classes of dyes such as phthalocyanine (Pc), squaraine and 

diketopyrrolopyrrole, the possibility for enhancement of device performance using small molecules 

has been confirmed even if the related studies are still slow. Since Tang used CuPc as a donor in a 

bilayer heterojunction OPV with C60 (PCE ~ 3.5 %),
166

 Marks and coworkers reported a promising 
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efficiency of 5.7 % using a squaraine (SQ) dye-based donor.
167

 Generally, SQ molecules showed 

broad absorption range from 500 to 900 nm in the film, high absorption coefficient and stability. 

Nguyen et al. used a series of diketopyrrolopyrrole-based materials in solution-processed BHJ OPVs. 

Among them, controlling phase separation of DPP(TBFu)2 by thermal annealing yielded a promising 

PCE of 4.4 %.
168

       

 

 

Figure 1.4.3.4 Promising p-type polymers and small molecules for BHJ OPVs 
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 In case of n-type materials, PCBM is a fullerene derivative that was firstly synthesized by Wudl et 

al.
169

 and is known as the most powerful acceptor, which can be hardly modified but has strong 

electron affinity and high electron mobility. Small molecule and polymers based on perylene diimide 

(PDI) have attracted interest as promising non-fullerene acceptor materials. Their observed properties 

such as large absorption, high electron mobilities and affinities are quite similar to those of PCBM. 

Zhan et al. reported the first soluble rylene-based polymer with high mobility (1.3 × 10
-2

 cm
2
V

-1
s

-1
) 

and PCE of 1.3 % in BHJ OPVs.
170

 PPV-type polymers have also played a critical role in the electron-

acceptor areas. The replacement of vinylene with electron-withdrawing cyanovinylene in MEH-PPV 

lowered both HOMO and LUMO by 0.5 eV. Fréchet et al. reported a PCE of 2 % using CN-PPV as an 

acceptor in bilayer devices.
171

 Interestingly, McNeill utilized the fluorene-dithienobenzothiadiazole 

copolymer with ambipolarity as an acceptor.
172

 With P3HT, a PCE of 1.8 % was achieved. Very 

recently, Marks reported the usages of naphthalene diimide (NDI) derivatives as efficient polymer 

acceptors and one of those exhibited a PCE of 2.7 % in BHJ OPVs.
173

 Reynolds used isoindigo 

polymers based on the lactam structure as acceptor with P3HT, resulting in a PCE of 0.5 %.
174

 Wudl et 

al. also has shown the synthesis of decacyclene triimides derivatives as new acceptors and a 

photovoltaic cell with P3HT exhibited a PCE of 1.6 %.
175 

 

 

 Figure 1.4.3.5 Promising n-type organic semiconductors for BHJ OPVs 
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1.4.4 Organic Field-Effect Transistors (OFETs) 

1.4.4.1 Background 

 The field-effect transistor (FET) is a three-terminal electronic device that can control the electrical 

current or voltage between two terminal electrodes by applying an electrical current or voltage to the 

third terminal electrode. Therefore, the OFET is a field effect transistor that uses an organic 

semiconductor instead of an inorganic semiconductor in its channel. OFETs have received great 

attention since Tsumura et al. invented the first device using the polythiophene in 1986,
176

 due to the 

potential applications in intergarted circuits for flexible, low-cost, light-weight and large-area 

electronics. In particular, organic semiconductors with π-conjugated systems can be easily designed 

and modified towards optimized charge transport, energy bandgap and energy levels compared to 

inorganic semiconductors. Besides, OFETs can be an efficient tool to explore the structure-property 

relationships of π-conjugated organic systems, such as parameters of field-effect mobility for 

electrical polarity, current on/off ratio and threshold voltage. The performance of OFETs has been 

improved over the past decades with field-effect mobility, recently in some cases, exceeding those of 

amorphous silicon-based FETs (μ ~ 1.0 cm
2
V

-1
s

-1
).

177, 178
 Usually, rubrene and pentacene with highly 

odered planar backbones have exhibited such as excellent performances despite limited ambient 

stability for photooxidation.
76

 However, recently fused heterocycles or heteroacenes have emerged as 

a promising structural strategy to pursue simultaneously high charge carrier mobility and oxidative 

stability.
179-182

 In addition, several classes of organic semiconductors have realized remarkable 

achievements through creative attempts such as the utilization of organic dyes with lactam centers, 

side-chain engineering with modification, hydrogen bond control (see section 1.4.4.3).      

 

1.4.4.2 Operating Principle 

 Typical OFETs consist of three terminals such as source, drain and gate electrode, a semiconducting 

layer and an insulating layer (gate dielectric), as depicted Figure 1.4.4.1. According to the position of 

the electrodes, OFETs can be classified as four types: bottom-gate top contact, bottom-gate bottom 

contact, top-gate top contact and top-gate bottom contact. Among them, bottom-gate bottom contact 

(BGBC) is the most convenient for organic semiconductors because the organic layer is sensitive to 

solvents and thermal irradiation. However, bottom-gate top contact has exhibited higher device 

performance than BGBC due to its better contact quality between electrodes and organic layer. When 

considering the practical application, top-gate configurations are most likely more efficient.  

 Simply, one can regard the OFET as a capacitor consisting of conducting channel and gate electrode. 

Here, the conducting channel is formed between source and drain electrodes. If the voltage is applied 

to the gate, charges are induced at the conducting channel. If the bias is applied through the channel, 

the current is generated from source to drain. In OFETs, it is recognized that conducting channel is 
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located close to the interface between the organic semiconductor and insulator, with a thickness of one 

to several molecular layers. 

 

Figure 1.4.4.1 Typical device configuration of a bottom-gate top contact OFET 

 

 Unlike inorganic semiconductors, organic semiconductors usually exhibit low conductivity and 

therefore usually OFETs are operated in accumulation state. While holes in p-channel OFETs are 

accumulated in the channel by injecting holes from source to organic semiconductor, electrons in n-

channel devices are accumulated in the conducting channel. Therefore, p-channel OFETs are operated 

with negative gate voltages, whereas n-channel devices are operated with positive gate voltages.  

 In case of organic semiconductors, it is difficult to avoid defects, induced carrier traps at the 

interface between organic layer and insulator. Additionally, charge transport can be affected by 

morphology or environmental conditions. Thereby, only when the gate voltage is larger than a certain 

value, the channel can be turn on. This critical gate voltage is called the threshold voltage (VT). 

 The operation procedure is as follow (see Figure 1.4.4.2). As the source-drain bias (VDS) is increased 

but much less than (VG - VT), the charge concentration become distributed as a linear slope along the 

channel. Thus, the current is linearly increased with the gate voltage and this situation is described by 

the following equation: IDS = μCiW/L[(VG - VT)VDS - VDS
2
/2], where IDS is the drain current, W and L 

are the channel width and length, respectively, μ is the mobility, Ci is the electric capacitance of 

insulater per unit area. That is, if VDS << (VG - VT), the VDS
2
/2 term in the equation is neglected and 

thereby the device is operated in the linear regime by following the approximated equation: IDS = 

μCiW/L(VG - VT)VDS. If VDS = (VG - VT), the VDS
2
/2 term can not be neglected so that the current is no 

longer proportional to the drain voltage. In addition, there is not any difference of potential between 

the gate and the drain near the channel, which point is called pinch-off voltage and a depletion area is 

formed at near the drain electrode. Ultimately, the previous equation is changed into the following 

equation at VDS = (VG - VT): IDS = μCiW/L[(VG - VT)VDS - VDS
2
/2] = μCiW/L[(VG - VT) (VG - VT)

 
– (VG - 

VT)
 2
/2] = μCi(VG - VT)

2
. Despite further increasing the drain voltage, the current in the pinch-off point 

is no longer increased and therefore the OFET is operated in the saturation regime.  
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Figure 1.4.4.2 OFET operation mechanisms in the (a) linear, (b) pinch-off and (c) saturation regime   

 

 The general condition for operating OFETs is that the source electrode should be grounded and the 

drain and gate voltages should be positive for n-channel devices and negative for p-channel devices. 

When a negative gate voltage is applied for n-channel transistors, the device is operated in the 

depletion region because it is difficult to accumulate holes in organic semiconductors. However, if the 

efficient gate voltage is equal to or lower than the drain voltage, then the channel can also be turned 

on, which is called a super-linear regime (see Figure 1.4.4.3a). Under these conditions, VGS should be 

VGD and ID is replaced by –ID. The current is described by the following equation: ID = - μCi(VGS - VT)
2
 

= - μCi(VG – VD - VT)
2
. 

 From the general measurement, two types of I-V characteristics are typically displayed as depicted in 

Figure 1.4.4.3b: output (constant VG) and transfer (constant VD) curve, respectively. Key parameters 

like μ and VT are derived from the transfer curve by using the slope and intercept, respectively, of the 

ID in the linear regime or the square-root of ID in the saturation regime as a function of gate voltage. 

Another important factor, the on/off current ratio is calculated from the ratio of ID
max

 and ID
min

.  

 



 

59 

 

 

Figure 1.4.4.3 (a) Output and (b) transfer character of an n-type OFET. 

 

1.4.4.3 p-Type, n-Type and Ambipolar Organic Semiconductors 

 During the past decades, tremendous progress has been made in OFETs based on a variety of p-type, 

n-type and ambipolar organic semiconductors. Most of organic materials with promising 

performances possess planar or planar-like π-systems inducing strong π-π intermolecular interactions. 

So far, electronic properties of small-molecule organic semiconductors have far exceeded the 

polymeric semiconductors most likely due to the difficulty to obtain monodisperse polymers and 

crystalline polymer thin films. Therefore, currently the exploring of high conductive polymers became 

one of attractive research issues for chemists, physist and device engineers. In this section, the 

previous studies and examples of each p-type, n-type and ambipolar organic semiconductors are 

briefly presented for both small molecules and conjugated polymers.       

In case of p-type organic semiconductors (see Figure 1.4.4.4), linearly fused acenes such as 

tetracene, rubrene and pentacene hav exhibited the highest hole mobilities (μh) in vacuum-deposited 

thin film transistors (TFTs) despite low resistance in ambient condition. Particularly, pentacene (3) 

have shown μh of 5 cm
2
V

-1
s

-1
 as a thin film on BGTC and 40 cm

2
V

-1
s

-1
 as a single crystal on TGTC 

TFTs.
183

 Rubrene(2)-based device has also reported one of the highest value of 24.5 cm
2
V

-1
s

-1
 on 

BGTC configuration.
184

 Solution-processable Tips-pentacene (4) has exhibited oxidative stability and 

good performance on drop-cast TFTs (1.8 cm
2
V

-1
s

-1
).

185 
Other, fused heteroacenes (5-7) have been 

considered as promising candidates for solution-processed TFT applications.
181, 186-188 

Recently, copolymers with fused backbones such as cyclopentadithiophene, indacenodithiophene, 

thienothiophene, fluorene, diketopyrrolopyrrole and isoindigo have exhibited good performances, 

exceeding amorphous silicon, on convenient solution-processed TFTs (see the examples in Figure 

1.4.4.4).
189-194
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Figure 1.4.4.4 p-type organic semiconductors based on small molecules and polymers  

 

Unlike p-type organic semiconductors, n-type materials have been slowly developed so far due to 

relatively low mobility. Additionally, a few of n-type organic semiconductors are air-stable. Therefore, 

concentrating on the development of n-type materials is very important and currently the related 

studies are highly active. Among many n-type semiconductors, small molecules containing thiazole 

and fused thiazole have exhibited n-type characteristics and good electon mobilities (μe) on BGTC 

TFTs.
195, 196

 Well-known naphthalene diimide (NDI) and perylene diimide (PDI) with rich electron-

withdrawing groups have been utilized as strong n-type semiconductors despite their rigid molecular 

backbones.
197-199

 The fullerene, C60, is the most powerful acceptor due to its strong electron affinity 
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and thus fullerene derivatives has been used as efficient acceptor in OPVs. Recently, fullerene-based 

vacuum-deposited TFTs have exhibited extremely high electron mobility (6 cm
2
V

-1
s

-1
).

200 
 

As effective n-type materials, NDI-based polymer has shown good solution processability and 

promising performance.
201

 However, recently some polymers based on diketopyrrolopyrrole (DPP) 

have reported considerably enhanced mobilities of 2-3 cm
2
V

-1
s

-1
 by incorporating tetrafluorophenyl 

unit or giving amphiphilic side alkyl chain.
202, 203

  

   

 

Figure 1.4.4.5 n-type organic semiconductors based on small molecules and polymers 

 

In amipolar organic semiconductors, polymers have exhibited higher device performances compared 

to small molecules. This is most likely due to the appearance of attractive DPP-based organic 
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semiconductors. Indeed, many copolymers containing DPP segment have emerged as promising 

ambipolar semiconductors.
204-206

 Various electron-deficient units such as benzothiadiazole, 

bisbenzothiadiazole and so on have copolymerized with DPP to modify electrical polarity and charge 

carrier mobility (see Figure 1.4.4.6). Recently, our group have also devoted to develop ambipolar 

TFTs via DPP modifications. One of those, side-chain tuning strategy for a DPP-based copolymer has 

resulted in significantly enhanced field-effect mobility by inducing stronger π-π stacking 

interactions.
207

  

     

 

Figure 1.4.4.6 ambipolar organic semiconductors based on small molecules and polymers 
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1.4.4.4 Influencing Factors for Efficient Charge Transport in OFETs 

 Firstly, the most important factor is the semiconductor itself because the mobility is the intrinsic 

property of the material. This is originated from molecular structure, reorganization energy, impurity, 

stability and so on. Secondly, the choice of metal electrode is a critical issue. The most commonly 

used metals for OFETs electrodes are gold (Au) and platinum (Pt). Most organic semiconductors 

possess HOMO levels in the range of -5.4 ~ -4.8 eV, which matches well with the workfunction of Au 

(5.1 eV). Therefore, it is easy to obtain an efficient charge injection for p-type materials by using Au 

as source and drain electrodes. For n-type materials, LUMO levels are usually higher than 4.0 eV and 

therefore low workfunction metal such as Ca, Mg, Al and Ag have been selected for n-type and 

ambipolar OFETs. Third, the device performance is dependent on the property of insulator surface. 

The dielectric should have a compact structure, low leakage current, smooth surface, better 

compatibility with organic semicondcutors, and a high k value. Finally, -OH groups on the surface of 

silicon substrate may hinder the film formation by low compatibility and charge transport by electron 

trap. As buffer layers, SAMs, n-octyltrichlorosilane (OTS) and n-octadecyltrichlorosilane (ODTS) 

have been used to efficiently anchor organic materials through Si-O-Si bonds. These monolayers are 

typically 1~2 nm thick and give no significant impact on capacitance.   
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Chapter 2 

Thiophene-Fused Coplanar Sensitizer for Dye-Sensitized Solar Cells 

 

 In this chapter, we describe a synthesis and characterization of an organic material based on 

thiophene-fused ladderized phenylene as well as its electronic application as a photosensitizer in dye-

sensitized solar cells (DSSCs). Previously, a ladder-type pentaphenylene backbone has been utilized 

by Prof. Klaus Müllen as an efficient π-conjugated spacer in DSSC active material based on donor 

(D)-π spacer-acceptor (A) framework and the resulting dyes exhibited promising optoelectronic 

performances in DSSCs. The main focus in this work is to investigate the influence of thiophene 

substitution, instead of phenylene groups, in the fused acene spacer by in-depth studies for optical and 

electronic properties of the thiophene-fused coplanar sensitizer.  

Chapter 2 is reproduced in part with permission of “Thiophene-fused coplanar sensitizer for dye-

sensitized solar cells” from J. Kim et al, Tetrahedron Lett. 2011, 52, 2764. Copyright 2011 Published 

by Elsevier Ltd.  
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2.1 A New Ladder-type π-Conjugated Heteroacene Dye 

2.1.1 Research Background 

Dye-sensitized solar cells (DSSCs) have grown one of the most blossoming alternatives for the 

photovoltaic conversion of solar energy as compared to the typical solid p–n junction photovoltaic 

devices.
1,2

 Up to this time, the conventional ruthenium (Ru)-based sensitizers such as N3/N719
3,4

 and 

black dye
5
 have reached the promising solar-energy-to-electricity conversion efficiencies of 11% 

under AM 1.5G irradiation. In addition to Ru complexes, metal-free organic dyes have also been 

utilized as photosensitizers in DSSCs because of their wide variety of the structures, facile 

modification, high molar absorption coefficient, low cost, and environment-friendliness.
6-8

 Generally, 

organic dyes should contain a structure of donor (D)-to-acceptor (A) bridged by a π-conjugation 

system and possess a broad and intense spectral absorption. Among the various types of π-conjugated 

compounds, the ladder π-electron systems, which have fully ring-fused cyclic skeletons, are a 

particularly growing class of materials.
9-12

 Their rigid π-conjugated frameworks without any 

conformational disorder can not only strengthen the parallel p-orbital interactions to elongate effective 

conjugation length and facilitate π-electron delocalization, providing an effective way to extend the 

visible absorption region
13,14

 but also suppress the rotational disorder around interannular single bonds 

and lower the reorganization energy, which in turn enhances the intrinsic charge mobility.
15-17

  

Taking these positive points into account, the first successful examples of the ladder-type donor (D)-

π-spacer-acceptor (A) sensitizers with pentaphenylene were reported by Müllen and co-workers.
6
 

Although such dyes exhibited high absorption coefficients up to 75,600 M
-1

 cm
-1

, the efficiencies of 

these dye-based solar cells were below 2.3% in DSSCs with the low current a result of the short 

wavelength absorption of the dyes (λmax = 442–457 nm) and the low driving forces for the dye 

regeneration. One can also observe in DSSCs that thiophene is an important building unit for 

improved efficient devices. Thereby, in the one dimensionally ladder-type framework, the 

introduction of a thiophene moiety seems to provide advantages in order to achieve high performance 

photovoltaic materials.
18

 On the basis of the results reported above, we have tried to design a fused 

oligoacene dye with the combination of thiophene and phenylene units in one molecular skeleton. 

Herein, we report a new ladder-type π-conjugated heteroacene dye containing thiophene segments as 

coplanar π-conjugation system with the acceptor/anchor group (2-cyanoacrylic acid) and donor 

functionality (N,N-dimethylaniline) for use in DSSCs (see Figure 2.1.1). In addition, the bulky aryl 

side groups can suppress the aggregation for the dye on the TiO2 surface, probably resulting in further 

efficient photocurrent generation. 
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Figure 2.1.1. Chemical structure of the thiophene-fused coplanar sensitizer. 

 

2.1.2 Synthesis and Characterization 

The novel ladder-type π-conjugated heteroacene dye containing thiophenes is constructed by the 

stepwise synthetic protocol illustrated in Scheme 2.1. The diethyl 2,5-di(thiophen-2-yl)terephthalate 

(2) was synthesized by Stille coupling reaction of diethyl 2,5-dibromoterephthalate (1) with 2-

stannylthiophene. Addition of 4-methylphenyllithium gave the corresponding diol and the desired 

thiophene-implanted coplanar chromophore (4,9-dihydro-4,4,9,9-tetrakis(4-methylphenyl)-s-

indaceno[1,2-b:5,6-b′]dithiophene (3)), which subsequently underwent bromination with NBS in 

DMF to generate the mono bromothiophenyl compound 4. Suzuki coupling of 4 with N,N-

dimethylaniline-4-boronate ester yielded the key intermediate 5. The thiophene unit was converted to 

the corresponding carbaldehyde 6 via Vilsmeier–Haack reaction.
19

 Upon condensation of 6 with 

cyanoacetic acid by Knoevenagel reaction in the presence of piperidine, the target thiophene-fused 

coplanar sensitizer 7 was isolated as a dark red solid. Thanks to the bulky aryl substituents as the 

solubilizing groups, the coplanar sensitizer 7 shows excellent solubility in common organic solvents, 

overcoming the planarity–solubility tradeoff to facilitate its processability. 
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Scheme 2.1. Synthetic route of the thiophene-fused coplanar sensitizer.  

 

2.1.3 Optical Properties 

The UV–vis absorption of the coplanar sensitizer 7 was investigated in chloroform and on the TiO2 

film, respectively, as depicted in Figure 2.1.2. The absorption of 7 shows a broad peak centered at 

500 nm with extinction coefficient (ε) of 84,000 M
-1

cm
-1

, arising from π–π
*
 charge transfer transition 

in the chromophore backbone. Notably, the absorption of the coplanar sensitizer 7 is substantially 

bathochromically shifted with significantly higher molar extinction coefficient as compared to the 

mother ladder-type pentaphenylene-based dyes (the absorption maxima of the dyes range from 442 to 

457 nm and their molecular coefficients are at less than 76,000 M
-1

cm
-1

).
6
 This is due to the 

introduction of thiophenes as heteroaromatic electron-rich building segments instead of phenylene 

groups in the dye.  

The absorption peak of the coplanar sensitizer 7 is blue-shifted by adsorption on the TiO2 surface 

(Figure 2.1.2). The blue shift of the absorption spectrum by adsorption on the TiO2 surface is also 

observed in other organic dyes,
20,21

 which is presumably attributed to the deprotonation of the dye by 

adsorption on the TiO2 surface (i.e., the carboxylate anion). In addition, we cannot count out that the 

interactions between TiO2 surface and the adsorbed dye molecule may lead to the formation of H-type 

aggregate.
22 
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Figure 2.1.2. UV–vis absorption spectra of the thiophene-fused coplanar sensitizer 7 in CHCl3 (-△-) 

and on the TiO2 film (-○-). 

 

2.1.4 Photovoltaic Performance of DSSCs 

Nano-crystalline TiO2 colloids prepared by a sol-gel hydrolysis method
23

 were used for making the 

TiO2 paste. The TiO2 paste was consisted of TiO2 nano-crystalline, ethylcellulose as a binder, and α-

terpineol as a solvent. The TiO2 paste was printed on a F-doped SnO2 conducting glass (TEC Glass-

TEC 8, Pilkington) and subsequently sintered at 500 
o
C for 1 h. The thickness of the TiO2 thin film 

was 15 μm and the active area of the TiO2 electrode was 0.25 cm
2
. The coplanar sensitizer 7 was 

dissolved at a concentration of 0.3 mM in an absolute ethanol. The TiO2 film was immersed in the dye 

solution and kept at room temperature for 1 day to allow the dye to be adsorbed to the TiO2 surface. 

The photovoltaic performance of the DSSCs was obtained using a liquid electrolyte comprising 0.6 

M 1-hexyl-2,3-dimethyl-imidazolium iodide, 0.1 M lithium iodide, 0.05 M iodine, and 0.5 M 4-tert-

butylpyridine in acetonitrile.
24

 The photovoltaic performance was recorded under the simulated AM 

1.5 irradiation (100mWcm
-2

). 

The action spectrum of monochromatic incident photon-to-current conversion efficiency (IPCE) for 

the DSSC based on the coplanar sensitizer 7 is presented in Figure 2.1.3. As expected, the IPCE 

spectrum of the DSSC based on the coplanar sensitizer 7 is bathochromic-shifted, when compared to 

that based on the ladder-type pentaphenylene-based dyes,
6
 which is in good agreement with 

absorption behavior of 7 described above. The onset of the IPCE spectrum of the DSSC based on 7 is 

700 nm and a high IPCE (> 60%) is observed in the range from 440 to 520 nm with a maximum value 

of 65.5% at 475 nm. 
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Figure 2.1.3. IPCE spectrum for dye-sensitized solar cell based on thiophene-fused coplanar 

sensitizer 7.  

 

The solar energy-to-electricity conversion efficiency, η (%) under white-light irradiation (e.g., AM 

1.5G) can be obtained from the following equation: 

η = (JSC × VOC × FF) × 100/ I0 

, where I0 (mWcm
-2

) is the photon flux (100 mWcm
-2

 for AM 1.5G), Jsc (mAcm
-2

) is the short-circuit 

current density under irradiation, Voc (V) is the open-circuit voltage, and FF represents the fill factor. 

As depicted in Figure 2.1.4, a η value of 2.31% (Jsc = 7.3 mAcm
-2

, Voc = 0.53 V, and FF = 60.3%) is 

obtained with the DSSC based on 7 under AM 1.5 solar condition. 

By considering the high molar extinction coefficient and the broad absorption of the dye 7 in our 

experiments, the further enhanced device performance could be expected. The low performance of 

DSSCs based on the dye 7 is mainly due to the low current value, which can be the result of the 

relatively decreased IPCE. Although the efficiency of the dye 7 still needs to be further improved with 

respect to high-end applications, the preliminary result can be comparable with or better than those of 

the optimized performance of DSSCs constructed with the parent ladder-type pentaphenylene-based 

dyes (η = 1.1–2.3%). We are currently studying the molecular structures of the further extended 

thiophene-fused coplanar sensitizers to help us better understand the DSSCs based on heteroaromatic 

fused molecular structures... 
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Figure 2.1.4. J–V curve obtained with dye-sensitized solar cell based on thiophene-fused coplanar 

sensitizer 7 under AM 1.5G irradiation (100mWcm
-2

). 

 

2.1.5 Conclusion 

In summary, a novel ladder-type donor (D)-π spacer-acceptor (A) heteroaromatic dye is synthesized 

as a photosensitizer for DSSC applications in which the thiophene-fused coplanar building block 

serves as a π-conjugated electron spacer. The electron-donating moiety is substituted to N,N-

dimethylaniline, and the electron-withdrawing part/anchor is 2-cyanoacrylic acid. In comparison with 

the parent ladder-type pentaphenylene-based dyes, the bathochromic shift of the absorption spectrum 

is achieved by introduction of thiophenes as electron-rich groups. A maximum η value of 2.31% is 

reached under AM 1.5 irradiation (100mWcm
-2

) with a DSSC based on the thiophene-fused coplanar 

sensitizer 7 (Jsc = 7.3 mA cm
-2

, Voc = 0.53 V, and FF = 60.3%). Although the efficiency of the 

resulting rigid coplanar dye molecule has somewhat lower relative to other dyes such as Ru-complex 

and other metal-free organic dyes, this work has launched the heteroaromatic-fused molecular 

structure into the possibility of sensitizers based on π-spacer bridged donors and acceptors. We 

believe that the development of highly efficient organic sensitizers is possible through sophisticated 

structural modification based on the ladder-type heteroaromatic dyes. 
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Chapter 3 

p-Type Polymeric Semiconductors Based on 2,7-Carbazole and 

Heterocyclic Accepting Units 

 

 In this chapter, the synthesis and characterization of a new families of p-type polymers based on 2,7-

carbazole and different heterocyclic acceptors such as bisbenzothiadiazole, naphthothiadiazole and 

fluorinatied benzothiadiazoles are presented. All synthesized resulting materials are applied as donors 

for the fullerene-based acceptor in bulk-heterojunction (BHJ) polymer photovoltaic cells. The main 

research interest in this work is to explore structure-property relationship by simple chemical structure 

modifications of well-known comparable donor PCDTBT in the photon-electron conversion system. 

PDTCz-BBT incorporating bisbenzothiadiazole (BBT) as a stronger accepting unit exhibited a power 

conversion efficiency of ~2 % in its initial photovoltaic device. Naphthothiadiazole (NT) with an 

aromatic extension than benzothiadiazole (BT) unit has been prepared via the established synthetic 

pathway to afford PCDTNT as a new PCDTBT analogue for achieving simultaneously small energy 

bandgap and lower-lying HOMO level. In addition, the fluorinated PCDTBT derivatives have been 

synthesized by introducing mono- and difluoro BT unit towards deeper HOMO energy level and high 

open-circuit voltage (VOC) in photovoltaic devices. Indeed, the monofluorinated polymer exhibited 

higer VOC of 0.95 V compared to the nonfluorinated PCDTBT.   

Section 3.1 in chapter 3 is reproduced in part with permission of “Copolymers comprising 2,7-

carbazole and bis-benzothiadiazole units for bulk-heterojunction solar cells” from J. Kim et al., Chem. 

Eur. J., 2011, 17, 14681. Copyright 2011 Wiley-VCH Verlag GmbH & Co. KCaA, Weinheim. 

Section 3.2 in chapter 3 is reproduced in part with permission of “Replacing 2,1,3-benzothiadiazole 

with 2,1,3-naphthothiadiazole in PCDTBT: towards a low bandgap polymer with deep HOMO energy 

level” from J. Kim et al., Polym. Chem., 2012, 3, 3276. Copyright 2013 Royal Society of Chemistry. 
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3.1 Copolymers Comprising 2,7-Carbazole and Bis-benzothiadiazole Units for Bulk-

Heterojunction Solar Cells   

3.1.1 Research Background 

Recently, polymer solar cells (PSCs) have been extensively studied due to their prospective merits 

such as cost-effectiveness, tunable light absorption, and solution processability.
1–5

 Significant 

advances have been made in bulk-heterojunction (BHJ) solar cell devices, with reported power 

conversion efficiency (PCE) reaching 6–7%.
6,7

 Over the past decade, a typical BHJ composite 

consisting of poly(3-hexylthiophene) (P3HT) as a donor and [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) as an acceptor has been most extensively investigated as the active layer on solar cell 

devices.
8,9

 P3HT is still one of the most promising donor polymers in PSCs. However, P3HT does not 

provide the best spectral overlap with the solar spectrum and there is increasing need to identify new 

classes of materials with improved PCE in BHJ solar cells. In this context, low band gap polymers are 

of great importance because of their high tendency for absorbing visible wavelength photons as well 

as enhancing the intramolecular charge transfer (ICT), which can promote charge carrier mobility.
10,11

 

Another important strategy toward the improvement of PCE is the modulation of the HOMO–LUMO 

gap in conjugated polymers, which can be achieved by introducing suitable electron donor and 

acceptor (D–A) functional groups within the molecule.
12–17

 Moreover, the D–A systems cause partial 

ICT that enables manipulation of HOMO and LUMO levels, leading to low band gap semiconducting 

polymers with relatively high charge carrier mobilities.
 10, 11, 18–20

 

Tricyclic 2,7-carbazole
21,22

 units (CZs) have emerged as powerful electron-rich building blocks to 

construct D–A copolymers because poly(2,7-carbazole) derivatives with a suite of electron-deficient 

moieties have been shown to have deep-lying HOMO energy levels and good hole-transporting 

properties, bringing high open-circuit voltages (Voc) and short circuit currents (Jsc), respectively.
23,24

 

Although many electron-deficient comonomers such as quinoline,
25,26

 benzooxadiazole,
21

 and 

quinoxaline,
21, 27–29

 have been used in D–A copolymers, benzothiadiazole-based conjugated 

copolymers show particularly high PCEs in BHJ composites with fullerene.
21,24,30,31

 Among D–A type 

polymeric architectures, the ICT can be enhanced by utilizing relatively stronger electron acceptors, 

for example, thieno[3,4-b]pyrazine,
32,33

 [1,2,5]thiadiazolo[3,4g]quinoxaline,
34

 and 

pyrazino[2,3g]quinoxaline,
27

 which leads to relatively lower band gap polymers than 

benzothiadiazole-based D–A polymers. However, no improvement of the overall PCEs has been 

achieved in comparison to the devices from benzothiadiazole-based D–A polymers/PCBM. 

Recently, Janssen et al. have reported the use of various copolymers of cyclopentadithiophene with 

electron-deficient aromatic units for solar cells.
31

 Among them, the bis-benzothiadiazole (BBT)-based 

D–A copolymer revealed deeper HOMO energies, resulting in increased Voc (0.83 V) and a PCE of 

up to 2.0%. However, up to now, this has been the sole report on the use of BBT-based polymers for 

electronic applications, probably in part due to the limited solubility of the polymers obtained through 
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copolymerization of BBT with other aromatics. Taking all of these results into account, we focused on 

the design of a new family of soluble organic semiconducting D–A copolymers derived from BBT 

(acceptor moiety) and CZ (donor moiety), which most likely induces a synergistic effect in properties 

that can potentially lead to improved photovoltaic performance in devices. Owing to the strong 

rigidity of both the 2,7-carbazole and BBT units, the resulting polymers are likely to exhibit poor 

solubility in organic solvents. To circumvent this problem, bulky side chains have to be attached onto 

the main polymer backbone. The specific new conjugated polymers we have synthesized and 

investigated are shown in Scheme 1: poly[N-(2-decyltetradecyl)-2,7-carbazole-co-7,7′-{4,4′-bis-

(2,1,3-benzothiadiazole)}](PCZ-BBT), poly[N-(2-decyltetradecyl)-2,7-carbazolevinylene-co-7,7′-

{4,4′-bis-(2,1,3 benzothiadiazole vinylene)}] (PCZV-BBTV), and poly[N-(2-decyltetradecyl)-2,7-(di-

2-thienyl) carbazole-co-7,7′-{4,4′-bis-(2,1,3-benzothiadiazole)}] (PDTCZ-BBT) by appropriate 

copolymerization. Cyclic voltammetry and optical absorption studies were employed to correlate the 

structure to the measured properties. Moreover, we report on their OFETs as well as photovoltaic 

performance together in combination with fullerene derivative. 

 

 

Figure 3.1.1. Chemical structures of bis-benzothiadiazole-based copolymers. 

 

3.1.2 Synthesis and Characterization 

2,7-Dibromo-N-(2-decyltetradecyl)carbazole
22

 and 7,7′-dibromo- 4,4′-bis-(2,1,3-benzothiadiazole)
35

 

were prepared according to the literature procedures. To ensure good solubility of the target polymers 

and to compensate for the poor solubility of the rigid bis-benzothiadiazole (BBT) unit, the bulky 2-

decyltetradecyl
36

 side chain was introduced on the nitrogen atom of the carbazole moiety. The 

synthetic procedures for the three copolymers are outlined in Scheme 3.1. First, poly[N-(2-

decyltetradecyl)-2,7-carbazole-co-7,7′-{4,4′- bis-(2,1,3-benzothiadiazole)}] (PCZ-BBT) was obtained 

by a palladium-catalyzed Suzuki polycondensation reaction with N-(2-decyltetradecyl)-2,7-bis-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)carbazole and 7,7′-dibromo-4,4′-bis-(2,1,3-

benzothiadiazole). Incorporating vinylene groups in π-conjugated systems is an effective strategy for 

tuning electronic and optical properties.
37–39 

The vinylene linkage serves to planarize the polymeric 

backbone and extend the π-conjugation by further eliminating torsional strains between the donor and 

acceptor units, leading to a lower optical band gap and a more broadly light-absorbing material.
40 

Therefore, a D–A copolymer containing the electron-acceptor BBT linked to the electron-donor CZ 

through a vinylene unit, namely poly[N-(2-decyltetradecyl)-2,7-carbazolevinylene-co-7,7′-{4,4′-bis-
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(2,1,3-benzothiadiazolevinylene)}] (PCZV-BBTV) was designed and synthesized by a palladium-

catalyzed Stille-type polycondensation between 2,7-dibromo-N-(2-decyltetradecyl)carbazole, 7,7′-

dibromo-bis-(2,1,3-benzothiadiazole), and trans-1,2-bis-(tri-n-butylstannyl)ethylene. The feed ratio of 

the two dibromide monomers to trans-1,2-bis-(tri-n-butylstannyl)ethylene was 1:1.  

Another useful strategy toward extended π-conjugation systems with lower band gap is the 

introduction of five-membered heteroaromatic building blocks such as thiophenes within the 

backbone, which would tune the HOMO and LUMO levels of the polymers. Besides, this approach 

can enhance the π-donating character in D–A copolymers based on BBT, most likely producing 

progressive reduction of the band gap.
41

 Toward this, the carbazole-cored 3 bearing two unsubstituted 

thiophene units was prepared by Stille coupling of 2,7-dibromo-N-(2-decyltetradecyl)carbazole with 

2-(tributylstannyl)thiophene. Direct bromination of 3 with N-bromosuccinimide (NBS) at 5 and 5′ 

positions yielded selectively 2,7-bis-(5-bromothiophen-2-yl)-N-(2-decyltetradecyl)carbazole (4). This 

dibromide was converted to the corresponding distannylate comonomer 5 by lithiation with n-

butyllithium, followed by treatment with tributyltin chloride. The distannylate bithiophene monomer 5 

was copolymerized with 7,7′-dibromo-4,4′-bis-(2,1,3-benzothiadiazole) under standard conditions to 

generate the target copolymer poly[N-(2-decyltetradecyl)-2,7-(di-2-thienyl)carbazole-co-7,7′-{4,4′-

bis-(2,1,3-benzothiadiazole)}] (PDTCZ-BBT). 

Gel-permeation chromatography (GPC) analysis against a polystyrene (PS) standard exhibits a 

number-averaged molecular mass (Mn) of 8.0 kDa, 6.5 kDa, and 3.2 kDa, for PCZ-BBT, PCZV-

BBTV, and PDTCZ-BBT, respectively with a polydispersity (PDI) of 2.83, 2.69, and 1.15. Thanks to 

the bulky solubilizing group, all the polymers show good solubility in organic solvents (e.g., THF, 

toluene, chloroform, o-dichlorobenzene (o-DCB)). However, the reason for the observed low 

molecular weight is likely the result of the poor solubility of the BBT monomer and/or a reduced 

stability of the intermediate palladium complexes involving BBT units. A microwave-facilitated 

synthesis and in situ mediated Pd
0
 methodology by utilizing [Pd2(dba)3]/PPh3 (dba 

=dibenzylideneacetone) as catalyst under various solvents is currently underway to improve the 

molecular masses of the resulting polymers. 
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Scheme 3.1. Synthetic route for the copolymers based on bis-benzothiadiazole. Reagents and 

condition: i) THF, n-BuLi, -78 
o
C, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, -78 

o
C to 

RT, 50% yield; ii) toluene/DMF (4/1), 2-(tributylstannyl)thiophene, [Pd(PPh3)4], 100 
o
C, 70% yield; 

iii) chloroform, NBS, RT, 72% yield; iv) THF, n-BuLi, -78 
o
C, trimethyltin chloride, -78 

o
C to RT, 

88% yield; v) toluene/DMF (4:1), [Pd(PPh3)4], 95
 o
C, 2 days; vi) toluene/2M aqueous K2CO3, Aliquat 

336
®
, [Pd(PPh3)4], 95

 o
C, 2 days; vii) toluene, [Pd(PPh3)4], 95

 o
C, 2 days. 

 

3.1.3 Optical Properties 

The UV-Vis absorption properties of PCZ-BBT, PCZV-BBTV, and PDTCZ-BBT were 

investigated in chlorobenzene solution and in thin films as shown in Figure 3.1.2a and 3.1.2b, 

respectively. All polymers show the high-energy peaks (λmax~320 nm) stemming from the π– π* 

transition of the carbazole moiety, whereas the broad lower energy bands centered around 450–550 

nm are ascribed to the intramolecular charge transfer (ICT) between the CZ units as electron donors 

and the BBT segments as electron acceptors. These main absorption peaks of all polymers (PCZ-BBT, 

PCZV-BBTV, and PDTCZ-BBT) are slightly bathochromically shifted in films as compared to 

solution. In the case of PCZV-BBTV, an ICT band is seen in the 500–520 nm range as a shoulder or 

weak band, most likely due to the random distribution of BBT (acceptor) and CZ (donor) units on 

copolymerization with vinylene units. PDTCZ-BBT displays an absorption band strongly redshifted 

by approximately 100 nm, when compared to PCZBBT and PCZV-BBTV, indicating the occurrence 

of effective ICT between the donor and acceptor blocks. More interestingly, the more pronounced 

ICT leads to the unexpected broad absorption that ranges from 350 nm to 600 nm with near uniform 
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intensity. The optical band gaps estimated from the onsets for PCZ-BBT, PCZV-BBTV, and 

PDTCZ-BBT are 2.11, 1.99, and 1.82 eV, respectively. These results imply that the adjacent 

thiophenes around the CZ unit lead to a smaller band gap due to strong ICT. 

 

 

Figure 3.1.2. UV-Vis absorption spectra of the bis-benzothiadiazole-based copolymers in 

chlorobenzene solution (a) and as thin films (b). 

 

3.1.4 Electrochemical Properties 

The redox behaviors of PCZBBT, PCZV-BBTV, and PDTCZ-BBT films were investigated by 

cyclic voltammetry using a platinum electrode in an acetonitrile solution containing 0.1 molL
-1

 

Bu4NClO4 under a scan rate of 50 mVs
-1

 (Figure 3.1.3a). The electrochemical HOMO–LUMO 

energy gap was determined as the difference between the onsets of the oxidation and reduction 

potentials (Eg
elec

=Eox
onset

-Ered
onset

). Ionization potential (IP) and electron affinity (EA) energies were 

estimated from the onset potential for oxidation and reduction, respectively, and calibrated against the 

oxidation potential of Fc/Fc
+
 (4.8 eV below the vacuum level). The HOMO values of PCZ-BBT, 

PCZV-BBTV, and PDTCZ-BBT were calculated to be -5.42, -5.47, and -5.42 eV and the LUMO 

values were calculated to be -3.66, -3.78, and -3.76, respectively (see the energy level diagram in 

Figure 3.1.3b). All polymers showed similar behavior during both the p- and n-doping process. The 

HOMO levels of all polymers are not only in an ideal range to assure better air stability and greater 

attainable Voc in the final device,
42

 but also the LUMOs are positioned 0.5–0.6 eV above the LUMO 

of the PC71BM acceptor (4.3 eV) to ensure energetically favorable electron transfer. Among them, 

PDTCZ-BBT shows the smallest band gap of 1.66 eV. For PDTCZ-BBT the reduction potential is 

slightly less than that for the analogous carbazole-based copolymer PCDTBT containing one BT as an 

electron-accepting heteroaromatic unit with the same electron-rich blocks (both carbazole and 

thiophene) (HOMO = -5.5 eV and LUMO = -3.6 eV), showing that the BBT electron-deficient units 

lead to better accepting properties compared to single-BT but that the effect is small because of the 

steric hindrance between the two BT units. From a basic electronic point of view of the band gap, the 

incorporation of BBT is anticipated to tune only the LUMO in comparison to PCDTBT, however, it is 
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worth noting that BBT in the polymers has a slight influence on the HOMO level as well. 

Although the electrochemical gaps (Eg
elec

) of the polymers follow the same trend as the optical gaps 

(Eg
opt

), a slight difference is revealed. A rationale for such differences is that for determining the 

oxidation and reduction potentials obtained from the CV, electrons are extracted or added, whereas 

the Eg
opt

 value provides the energetic difference for an intramolecular excitonic state, with the hole 

and electron stabilized by coulombic attraction.
31

 

Taking the HOMO and LUMO levels of the polymers, it is possible to make some prediction with 

respect to the maximum attainable efficiencies using the Konarka efficiency map for single layer BHJ 

solar cells that comprise a donor with a variable band gap in conjunction with an acceptor with a 

variable LUMO.
43

 The estimated values are 7.3%, 8.2%, and 8.1% for PCZ-BBT, PCZV-BBTV, and 

PDTCZ-BBT, respectively, indicating promising materials for photovoltaics considering their 

frontier orbital energies. These theoretical values are much higher than that of PCDTBT (6.5%).
44 

 

 

Figure 3.1.3. Cyclic voltammograms of the bis-benzothiadiazole-based copolymers in thin films on a 

Pt electrode in 0.1 molL
-1

 Bu4NClO4/acetonitrile solution at room temperature (a) and Energy level 

diagram of PCZBBT, PCZV-BBTV, and PDTCZ-BBT and PCBM (b). 

 

3.1.5 Device Properties 

BHJ solar cell devices with the structure ITO/PEDOT:PSS (40 nm)/copolymer:PC71BM/Al were 

fabricated and characterized. Since the blend ratio is an important factor influencing device 

performance, we have carefully controlled the blend ratio of the active layers over a very broad range 

from 1:1 to 1:4 (w/w) of polymer:PC71BM in o-dichlorobenzene solution. The weight ratio of the 

active layers having the best performance is 1:3 for both PCZBBT: PC71BM and PCZV-

BBTV:PC71BM, whereas the device with 1:2 (w/w) of PDTCZ-BBT:PC71BM shows optimal 

performance. We also tested different thermal annealing conditions for the fabricated devices. The 

optimal results are obtained by carrying out the thermal treatment at 120 
o
C for 5 min, after deposition 

of the Al electrode (ca. 2×10
-6

 Torr). Figure 3.1.4 shows the J–V curves and incident photon-to-

electron conversion efficiency (IPCE) for solar cells under simulated 1 sun AM 1.5 G radiation (100 

mWcm
-2

), and the photovoltaic properties are summarized in Table 1. The device performance of the 

two polymers (PCZ-BBT and PCZV-BBTV) reveals close similarities for the J–V characteristics. 
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The PCEs (η) of 0.42%, 0.46%, and 2.07% are achieved and the IPCE exhibits values up to 17.9%, 

16.8%, and 26% for PCZ-BBT, PCZV-BBTV, and PDTCZ-BBT based cells, respectively. Among 

these polymers, the PCE of PDTCZ-BBT:PC71BM shows the highest value, which is primarily 

attributable to a remarkable increase in Jsc since the Voc and FF of the three polymers are comparable. 

As expected from the oxidation potentials, the Voc (0.66 eV) for the cell with PDTCZ-BBT is 

somewhat lower than that of the analogous polymer PCDTBT (0.88 eV).  

 

 

Figure 3.1.4 Current density–voltage (J–V) characteristics of polymers:PCBM blend films under 100 

mWcm
-2

 AM 1.5G illumination (a) and incident photon-to-current efficiency (IPCE) spectra of the 

polymers:PCBM (b), respectively. 

 

Table 2. Characteristics of bulk-heterojunction solar cells. 

Active layers [w/w]
[a]

 
JSC 

[mAcm
-2

] 

VOC 

[V] 

FF PCE 

[%] 

PCZ-BBT:PC71BM (1:3) 2.24 0.62 0.30 0.42 

PCZV-BBTV: PC71BM (1:3) 2.29 0.54 0.37 0.46 

PDTCZ-BBT: PC71BM (1:2) 7.16 0.66 0.44 2.07 

[a] Concentration: 1 wt% in o-DCB. 

 

In Figure 3.1.5, the AFM images of the PDTCZ-BBT with PC71BM are shown. The blend exhibits 

a rather uniform and smooth film formation, which suggests the absence of large features that reduce 

the interface between the polymer and fullerene potentially limiting device performance.
1, 45, 46 
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Figure 3.1.5. AFM images of PDTCZ-BBT:PCBM spin coated from o-DCB. 

 

The relatively superior performance of the PDTCZ-BBT:PC71BM device can be attributed to the 

following factors: two neighboring electron-rich thiophene units on the carbazole core makes the 

system a better donor than that obtained with a carbazole unit alone, leading to enhanced ICT. This 

notion is supported by the pronounced bathochromic shift of the observed ICT band. Additionally, the 

unsubstituted thiophene unit acts as a π-conjugated spacer in the main backbone, minimizing steric 

effects on conjugation, which may facilitate improved charge carrier mobility. To confirm this 

assumption, we evaluated the field-effect transistors (FETs) of all polymers based on the top contact 

geometry as reported in our previous report.
23

 Both PCZ-BBT and PCZV-BBTV did not show FET 

characteristics, whereas PDTCZ-BBT exhibits clean, typical p-type transistor performance. This 

implies that the PDTCZ-BBT system offers better crystalline perfection than both PCZ-BBT and 

PCZV-BBTV, due to the conjugated thiophene spacers. The output and transfer characteristics of 

PDTCZ-BBT FET are shown in Figure 3.1.6. A saturation region mobility of 1.13×10
-4

 cm
2
V

-1
s

-1
 is 

obtained. 
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Figure 3.1.6. Transfer (a) and output (b) characteristics of a PDTCZ-BBT field-effect transistor 

(L=50 μm, W=1.5 mm) processed from chlorobenzene.  

 

Despite the high potential efficiencies (7–8%) for these polymers based on the Konarka model as 

discussed above, the best performance actually observed in the PDTCZ-BBT: PC71BM device is 

significantly less than that of the highly optimized PCDTBT cell (ca. 6%). However, the preliminary 

result from the PDTCZ-BBT-based cell is comparable with the reported initial power conversion 

efficiency (PCE) of PCDTBT (3.6%) by Leclerc and co-workers.
47

 

Even though we cannot speculate on the special reasons for the low efficiency for PDTCZ-BBT in 

the BHJ solar cell when compared to PCDTBT, it is clear that the genetic character of the low 

molecular weight for PDTCZ-BBT (Mn=3.2 kDa) seems to limit the performance since low 

molecular weight has an impact on the film mechanical properties, the interface resistance, and the 

nanoscale morphology, resulting in a low Voc value and a low FF. Besides, one cannot exclude that 

the unsymmetric branched solubilizers (decyltetradecyl side chains) on the carbazole units lead to an 

undesirable nano morphology at the blend interface. 

We are currently preparing PDTCZ-BBT with improved molecular weight as well as symmetric 

branched solubilizing groups by new synthetic strategies, which would provide better structural 

organization and higher molecular weight and, hopefully, substantial enhancement in device 

performance. 

 

3.1.6 Conclusion 

Copolymers containing electron-accepting bis-benzothiadiazole (BBT) units and electron-donating 

2,7-carbazole (CZ)-based moieties, namely PCZ-BBT, PCZV-BBTV, and PDTCZ-BBT have been 

synthesized by using palladium-catalyzed Stille and Suzuki polycondensation reactions for use as 

donors in polymer BHJ solar cells. The BBT-based materials show deeper-lying HOMO and LUMO 

levels compared to BT-based polymers. The electrochemical band gaps (eV) of the resulting polymers 



 

87 

 

are in the following order: PDTCZ-BBT (1.65 eV) < PCZV-BBTV (1.69 eV) < PCZ-BBT (1.75 eV). 

Interestingly, by virtue of the pronounced ICT, PDTCZ-BBT, which possesses two thiophene units 

adjacent to the CZ core, shows a broad absorption band over the 350–600 nm range with mostly 

uniform intensity. The photovoltaic properties of all the polymers were investigated in bulk-

heterojunction devices using a fullerene derivative as an electron acceptor. In the case of PDTCZ-

BBT, a power conversion efficiency (PCE) of up to 2.07% is observed. It must be emphasized that 

despite the relatively low molecular weights, this is the first detailed study of 

BBT-based D–A copolymers with moderate solar cell performance. It opens up the opportunities for 

development of new materials based on BBT for solar cell applications. 
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3.2 Replacing 2,1,3-Benzothiadiazole with 2,1,3-Naphthothiadiazole in PCDTBT: Towards a 

Low Bandgap Polymer with Deep HOMO Energy Level  

3.2.1 Research Background 

Polymer solar cells (PSCs) have received global attention because of their potential advantages 

such as cost effectiveness, light weight, flexibility, and solution processability.
1–5

 To date, poly(3-

hexylthiophene) (P3HT) has achieved a great success as a donor material in bulk-heterojunction 

(BHJ) PSCs, yielding power conversion efficiencies (PCEs) of 3–5%.
6–11

 However, further 

improvements in the efficiency have not yet emerged with P3HT since it harvests only a limited range 

of the solar spectrum (bandgap ~ 1.9 eV). For a better sunlight absorption, one of the most powerful 

strategies is the utilization of donor–acceptor (D–A) architecture in the polymer backbone.
12–14

 In fact, 

through the rational choice of D and A units, various D–A copolymers with a low bandgap have been 

reported, resulting in higher PCEs by mainly increasing the short-circuit current density (JSC).
15–17

  

2,7-Carbazole is an attractive electron-rich building block to construct D–A copolymers with a low-

lying highest occupied molecular orbital (HOMO) energy level that leads to a high open-circuit 

voltage (VOC) on BHJ PSCs.
13,18

 Amongst numbers of D–A copolymers based on 2,7-carbazole 

derivatives, poly(2,7-carbazolealt-4,7-dithienyl-2,1,3-benzothiadiazole) (PCDTBT)
19

 has shown 

excellent PCEs by the device structure optimization.
18,19

 However, PCDTBT still possesses a large 

bandgap (~1.88 eV).
19

 Recently, to simultaneously take structural advantage of PCDTBT and its 

lower bandgap relative to PCDTBT, Hsu et al.
20

 and our group
21

 independently reported PCDTBT-

based ladder-type polymers with forced planarity of which initial device performance showed a 

promising PCE of 3.7% with a reduced bandgap (~0.2 eV) in comparison with that of PCDTBT. 

However, tedious synthetic methodologies of the ladder-type PCDTBTs have restricted the realization 

of their usage in BHJ devices. Along these lines, we have focused on tuning the conjugation length in 

the polymer backbone to efficiently decrease the bandgap without the complicated modifications, 

whilst maintaining the structural analogy of PCDTBT. Considering the extended aromatic conjugation 

of 2,1,3-naphthothiadiazole (NT) over 2,1,3-benzothiadiazole (BT), we present an easily obtainable 

NT analogue of PCDTBT with a lower bandgap, namely, poly(2,7-carbazole-alt-4,7-dithienyl-2,1,3-

naphthothiadiazole) (PCDTNT) of which design motif is outlined in Figure 3.2.1. Not only do we 

thoroughly describe the optoelectronic features of PCDTNT including cyclic voltammetry (CV), 

density functional theory (DFT) of the electronic structure, and transistor characteristics but also our 

preliminary investigation on the photovoltaic properties of PCDTNT in typical BHJ devices with 

PCBM is presented. 
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Figure 3.2.1. Typical design motif of NT over BT (a). Chemical structure of PCDTNT (b).  

 

3.2.2 Synthesis and Characterization 

The synthetic routes to produce the intermediates and polymer (PCDTNT) are outlined in Scheme 

3.2. First, 2,3-diaminonaphthalene (1) was brominated using bromine in acetic acid and subsequently 

followed by intramolecular cyclization with thionyl chloride in a mixed solution of pyridine and 

chloroform, generating dibromo-NT compound 3. Pd-catalyzed Stille coupling reaction of 3 and 2-

tributylstannylthiophene gave dithienyl NT (DTNT) 5, which was converted into the corresponding 

dibromide monomer by treatment with NBS in chloroform. The comonomer 2,7-bis(4′,4′,5′,5′-

tetramethyl-1′,3′,2′-dioxaborolan-2′-yl)-N-9′′-heptadecanylcarbazole (6) was synthesized according to 

reported methods.
19

 Suzuki polymerization with 5 and 6 was carried out in the presence of Pd2(dba)3 

and P(o-tolyl)3 as a 

catalyst and ligand in a mixture of toluene and aqueous K3PO4 to afford an alternating copolymer 

PCDTNT as a dark purple solid.  

 

 

Scheme 3.2. Synthetic route to PCDTNT. Reagents and conditions: (i) Br2, glacial AcOH, RT for 8 h, 

84%; (ii) SOCl2, chloroform/pyridine, RT for 2 h, reflux for 8 h, 33%; (iii) 2-

(tributylstannyl)thiophene, Pd(pph3)4, toluene, reflux for 24 h, 70%; (iv) NBS, chloroform, RT 

overnight, 97%; (v) Pd2(dba)3, P(o-tolyl)3, aqueous K3PO4, toluene, reflux for 48 h, 43%. 

 

PCDTNT has good solubility in common organic solvents (chloroform, THF, toluene, etc.) at room 

temperature. GPC analysis of PCDTNT using THF exhibits an Mn value of 12,800 g mol
-1

 with a 

polydispersity index (PDI) of 1.67 against polystyrene (PS) as a standard. The resonances at 8.53–

7.48 ppm in the 
1
H NMR spectrum of PCDTNT are assigned to protons on the carbazole and DTNT 



 

91 

 

units (Figure 3.2.2). The peaks between 4.68 and 0.77 ppm are attributed to the protons of the 

heptadecanyl chains. The peak area ratio between the aromatic and aliphatic protons in the NMR 

spectrum agrees with the molecular structure of PCDTNT. 

 

 

Figure 3.2.2. 
1
H NMR spectrum of PCDTNT in CDCl3. 

 

3.2.3 Thermostability 

Thermogravimetric analysis (TGA) shows that the onset decomposition temperature (Td) of PCDTNT 

is around 425 
o
C (Figure 3.2.3), indicating an excellent thermal stability. This implies that devices 

fabricated with PCDTNT would be as stable as those of PCDTBT that are both stable in air at room 

temperature and capable of withstanding high temperatures for extended periods of time.
19,22 

 

 

Figure 3.2.3. TGA plot of PCDTNT at a heating rate of 10 
o
C min

-1
 in a N2 atmosphere. 

 

3.2.4 Optical Properties 

Figure 3.2.4 depicts UV-visible absorption spectra of PCDTNT in chloroform solution and on the 

thin film. PCDTNT in solution shows a π–π* absorption maximum at 368 nm and an intramolecular 

charge transfer (ICT) band at 553 nm, while that on the film exhibits broadened and red-shifted 

absorption bands at 380 and 584 nm, respectively due to closer packing in the solid state.
23,24

 The 

optical bandgap (Eg
opt

) of PCDTNT is estimated to be 1.71 eV (onset ~724 nm, Eg
opt, film

 = 1240/λonset 

(nm)). It turns out that PCDTNT exhibits lower bandgap than that of PCDTBT (1.87 eV),
19

 verifying 
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the motivation of this work about the effect of extended aromatic π-conjugation of NT. Note that 

PCDTBT exhibited similar absorption intensities between the high-energy and the lower-energy peaks, 

whereas in the case of PCDTNT, the intensity of the ICT band is observed to be relatively lower than 

that of the π–π* absorption band. This is most likely attributed to a strong steric interaction between 

NT and adjacent thienyl units in the polymer,
25

 slightly impeding the effective ICT between the donor 

and acceptor blocks. 

 

 

Figure 3.2.4. UV-vis absorption spectra of PCDTNT in CHCl3 solution and on the film. 

 

3.2.5 Electrochemical Properties 

Cyclic voltammetry (CV) of the PCDTNT thin film was performed on a platinum electrode in 0.1 M 

Bu4NPF6–acetonitrile solution at room temperature. As depicted in Figure 3.2.5, the oxidation and 

reduction potentials determined from the onset values are 0.73 V and -1.01 V, respectively. The 

corresponding HOMO and LUMO energy levels calculated against ferrocene as an internal standard 

are -5.37 eV and -3.63 eV, respectively, which fit reasonably well with the required electronic levels 

for BHJ PSCs utilizing PCBM derivatives as the acceptor. The electrochemical bandgap (Eg
ec

) is 1.74 

eV that matches well with its Eg
opt

. Compared to PCDTBT, the replacement of BT with NT rings in 

the polymer backbone lifts the HOMO energy level with the LUMO level being almost unchanged. 
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Figure 3.2.5. Cyclic voltammogram of the PCDTNT thin film on the Pt electrode in 0.1 M n-

Bu4NPF6–acetonitrile solution at a scan rate of 50 mVs
-1

 (a). Energy level diagram of solution-

processed PCDTNT:PC71BM PSCs (b). 

 

3.2.6 Density Functional Theory (DFT) Calculation 

In order to provide deeper insight into the molecular structure of PCDTNT, a model system based on 

the repeating unit containing methyl side chains on the carbazole block was calculated by using 

density functional theory (DFT) at the B3LYP/6-31G* with Gaussian 09 package. The HOMO wave 

function is delocalized along the whole conjugated backbone of the polymer. For the LUMO, the 

distribution of density of states is mainly localized on the NT unit. This observation is quite similar to 

typical D–A polymers used as p-type materials in the BHJ devices. In addition, a non-planar 

conformation with strong twist angles of ~40 
o
C between the two thienyl and NT units (Figure 3.2.6), 

supporting our presumption aforementioned about the reduced intensity of the ICT band, is found. 

 

 

Figure 3.2.6. HOMO and LUMO of a methyl-substituted PCDTNT at the B3LYP/6-31G* 

calculation level (top) and its geometry-optimized structure (bottom). 
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3.2.7 Organic Field-Effect Transistors (OFETs) and Photovoltaic Properties 

Bottom gate/top-contact organic field-effect transistors (OFETs) with gold source–drain electrodes 

were used to test the charge transport behavior of PCDTNT (Figure 3.2.7). As expected, the FET 

device based on PCDTNT shows the hole mobility of 2 × 10
-6

 cm
2
 V

-1
 s

-1
, which is typical as a p-type 

semiconductor.  

 

 

Figure 3.2.7. Transfer characteristics of the OFET device of PCDTNT. 

 

BHJ solar cells using the blends of PCDTNT and PC71BM
26,27

 with different weight ratios were 

fabricated and the photovoltaic properties were measured under the illumination of AM 1.5 G and an 

irradiation intensity of 100 mWcm
-2

. The postproduction annealing at a high temperature (~150 
o
C) 

was performed since it has been proven to be a very efficient method for improving the electrical 

characteristics of conventional PSCs. Figure 3.2.8a shows current density–voltage (J–V) 

characteristics of the cells with and without 1,8-octanedithiol (ODT) as an additive, respectively. The 

PCDTNT:PC71BM device has a JSC of 2.00 mAcm
-2

, a VOC of 0.69 V, and a FF of 30%, yielding a 

PCE of 0.42%. An addition of 1.0 v/v% ODT is helpful to get better photovoltaic properties in 

PCDTNT:PC71BM-based cells, resulting in a PCE of 1.31% with a JSC of 4.98 mAcm
-2

, VOC of 0.81 

V, and FF of 33%. Apparently, the solar cells based on PCDTNT show a high VOC of 0.81 V 

compared to the typical donor polymers, which is attributed to the low-lying HOMO of PCDTNT. 

However, the limiting factor of its photovoltaic performance is mainly the significantly lower FF. 

Although concrete evidence of the reasons is lacking at this stage, this may be due to the combined 

effects: (i) the relatively low molecular weight of PCDTNT, (ii) the unfavorable morphology between 

donor and acceptor components due to the bulky NT building block, and/or (iii) the intrinsic low 

charge carrier mobility of PCDTNT. 

To confirm the accuracy of the measurement, an incident photon to charge carrier efficiency (IPCE) 

spectrum for the best cell was acquired and is shown in Figure 3.2.8b. The maximum value of IPCE 
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is estimated to be 33.7% at 400 nm. The IPCE spectrum is entirely consistent with the results of J–V 

characteristics. The distribution of the IPCE spectrum is also similar to that of the UV-visible 

absorption of PCDTNT. 

 

 

Figure 3.2.8. J–V characteristics (a) and IPCE spectrum (b) of the BHJ PSCs based on 

PCDTNT:PC71BM (1 : 3, w/w) blends with and without ODT (1.0 v/v%) measured under AM 1.5G 

illumination from a calibrated solar simulator with an irradiation intensity of 100 mWcm
-2

. 

 

3.2.8 Atomic Force Microscopy Analysis 

Figure 3.2.9 shows atomic force microscopy (AFM) images of the PCDTNT:PC71BM films with 

and without the additive, respectively. The morphology of the pristine film shows large domains with 

a root-mean-squared (rms) surface roughness of 9.49 nm. Such a formation in polymer:PC71BM 

blends is often observed and has been found to be detrimental to BHJ PSCs.
28,29

 Processing with ODT 

results in a much more homogeneous, finer phase separation (rms = 4.23 nm) with nanoscale texture. 

The improved morphology can explain the enhanced photocurrent (2.00 vs. 4.98 mAcm
-2

). 

 

 

Figure 3.2.9 Tapping mode AFM height images of the surface morphology of PCDTNT:PC71BM (1 : 

3, w/w) blend films without (a) and with ODT (b). rms roughness: (a) 9.49 nm and (b) 4.23 nm. 
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3.2.9 Conclusion 

 In summary, for further narrowing the bandgap of the well-known PCDTBT without sacrificing its 

structural advantage, we have used the 2,1,3-naphthothiadiazole (NT) unit in place of 2,1,3-

benzothiadiazole (BT) in the polymer backbone, yielding a poly(2,7-carbazole-alt-4,7-dithienyl-2,1,3-

naphthothiadiazole) (PCDTNT). The polymer PCDTNT simultaneously possesses an excellent 

solubility for solution-processability and a low bandgap (1.71 eV) with suitable position of HOMO–

LUMO energy levels. Despite a high VOC (0.81 V) on the photovoltaic performance of PCDTNT-

based BHJ solar cells, a significantly lower FF leads to an overall low efficiency. Taking its deep-

lying HOMO and low bandgap into account, there is still plenty of room to establish better 

efficiencies of BHJ PSCs. We highlight that this work opens a door to the applications of NT-based 

polymers in BHJ PSCs. 
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3.3 Synthesis of PCDTBT-Based Fluorinated Polymers for High Open-Circuit Voltage in 

Organic Photovoltaics: Further Understanding Relationships between Polymer Energy Levels 

Engineering and Ideal Morphology Control 

3.3.1 Research Background 

Rapid and drastic advances in the performance of polymer-based bulk-heterojunction (BHJ) solar 

cells brighten the vision of organic photovoltaics for flexible, light-weight, and ultralow-cost 

electronic devices in the offing by means of printing technologies.
1
 It is well-known that the intrinsic 

properties of semiconducting polymers play determining roles in the overall performances of polymer 

BHJ solar cells. Thereby, research activities on new materials development have been almost 

exclusively focused on creating low bandgap polymers via donor (D)-acceptor (A) approach, so as to 

harvest more sunlight, which leads to higher short-circuit current density (JSC).
1c, 2

 However, a major 

drawback in lowering the bandgap of polymers is the moderate open-circuit voltage (VOC), caused by 

their shallow highest occupied molecular orbital (HOMO) energy levels. 

In this regard, poly(2,7-carbazole-alt-dithienylbenzothiadiazole) (PCDTBT, see Figure 3.3.1) is a 

superior example for a deep HOMO (-5.50 eV) as required by the ‘ideal’ -conjugated polymers, 

which is a crucial prerequisite to achieve a high VOC and outstanding stability against oxidation.
 2f, 3

 

Nevertheless, as reported, the inherent disadvantages of PCDTBT, such as slightly limited absorption 

range and relatively low carrier mobility led to the mediocre JSC.
2f, 3

 

In attempts to further optimize its light-harvesting and charge-transporting ability, we recently 

reported various PCDTBT-based structural derivatives, such as ladder-type PCDTBT
[4]

 and 

naphthothiadiazole and selenophene analogues of PCDTBT,
5
 respectively (the structures shown in 

Figure 3.3.1). However, even in the successful demonstration regarding the extended absorption with 

deep-lying HOMOs, the resulting polymers did not yield devices with correspondingly high 

performances. This is likely due to the lack of either well-defined macroscopic state of matter 

(solubility, molecular weight, polydispersity, and end caps) or building in ideal morphology for a 

given polymer/fullerene system. 

 



 

99 

 

 

 

Figure 3.3.1 Chemical structures of (a) PCDTBT-based polymeric semiconductors studied by our 

research group and PCDTBT shown on the top/left and (b) novel fluorinated analogues of PCDTBT 

(PCDTFBT and PCDT2FBT) in the present study. Rsc = solubilizing alkyl chain. 

 

Recently, the introduction of fluorine (F) atoms onto conjugated polymer backbone has been proven 

to be an effective way to enhance the efficiency of BHJ solar cells.
6
 The cause for this observation 

generally accounts for the lowering of the polymer HOMO energy level as well as the possible 

formation of the secondary bonding (e.g. C–F···H, and F···S, and C–F···F) through inter- or 

intramolecular interactions. However, the improved efficiencies of the fluorinated polymers over 

those of their nonfluorinated analogue polymer-based devices are not very clear and are still under 

investigation.
6a, 6b, 6f, 6g, 6i-k, 7

  

In this research, as another challenge for finding the success of molecular modification to PCDTBT 

backbone, we have firstly synthesized a series of its fluorinated analogues (PCDTFBT and 

PCDT2FBT) as shown in Figure 1, not only to investigate the effects of fluorination on the properties 

of PCDTBT but also to further uncover the underlying working principles of F atoms on each of the 

three photovoltaic parameters (VOC, JSC, and fill factor (FF)). 

 

3.3.2 Synthesis and Characterization 

Scheme 3.3 shows the synthetic routes to prepare the intermediates and fluorinated target polymers. 

From mono- and difluoro-phenylenediamine as starting materials, 1a and 1b were prepared by an 

intramolecular cyclization with thionyl chloride in triethylamine, respectively. Then, the 
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corresponding dibromo compounds 2a and 2b were obtained by using bromine and hydrobromic acid. 

Under microwave-assisted condition, Pd-catalyzed Stille-type coupling reaction either of 2a or 2b and 

2-tributylstannylthiophene gave 3a or 3b. Then, the addition of N-bromosuccinimide (NBS) to either 

of 3a or 3b in chloroform finished the synthesis of the dithienyl-fluorinated benzothiadiazole 

monomers (4a and 4b).  

On the other hand, the diboronic ester co-monomer 5 based on 2,7-carbazole was synthesized 

according to the reported procedures.
3d

 Suzuki coupling polymerization using either of 4a or 4b and 5 

in the presence of Pd2(dba)3/P(o-tolyl)3 as catalyst/ligand produced the corresponding polymers 

(PCDTFBT (1F) and PCDT2FBT (2F) are used to abbreviate mono-and di-fluorinated versions, 

respectively). Details of synthesis of monomers, polymerization, and their characterizations are given 

in the Experimental sections. 

 

 

 

Scheme 3.3. Synthetic routes of PCDTFBT and PCDT2FBT
a
 

a
Reagents and reaction conditions: (i) DCM, Et3N, SOCl2, 0˚C, dropwise, reflux, 5h, 75%; (ii) HBr, 

Br2, reflux, 120˚C, 48h, 67%; (iii) 2-tributylstannyl thiophene, toluene, Pd(pph3)4, microwave, 140˚C, 

3h, 78% ; (iv) NBS, THF, RT, 12h, 86%; (v) toluene, Pd2(dba)3, P(o-tolyl)3, aqueous K3PO4, Aliquat
®
 

336, 72h. 

 

Both the polymers were purified by successive Soxhlet extractions with methanol, acetone, hexane, 

and chloroform. Gel-permeation chromatography (GPC) analysis against polystyrene standard 



 

101 

 

exhibited exhibits a number-averaged molecular mass (Mn) of 11.0×10
3
 and 31.5×10

3
 g mol

-1 
and 

polydispersity indices (PDIs) of 1.39 and 2.05 for PCDTFBT and PCDT2FBT, respectively. In 

addition, the polymers were structurally characterized by a combination of 
1
H and 

19
F NMR. 

Thermogravimetric analysis (TGA) shows that the onset decomposition temperatures (Td) with 5 % 

weight loss of PCDTFBT and PCDT2FBT are around 450 and 437 ˚C, respectively, indicating good 

thermal stability under nitrogen atmosphere. This implies that devices fabricated with the fluorinated 

polymers would be as much as stable as those of PCDTBT that are both stable in air at room 

temperature and capable of withstanding high temperatures for extended periods of time.
3c, 8

 

 

3.3.3 Optical and Electrochemical properties 

Figure 3.3.2 shows the UV-Vis absorption spectra of PCDTFBT and PCDT2FBT in 

chlorobenzene (CB) solution and as thin films, respectively. Both the polymers exhibit two distinct 

absorption bands; a one at the high-energy region (270-400 nm), originating from the localized π-π* 

transition and a relatively broader one at the low-energy region (420-610 nm) induced by a typical 

intramolecular charge-transfer (ICT), as typically observed in D-A polymers including nonfluorinated 

analogous PCDTBT.
3d

  

Going from solution to the solid state, both the polymers have nearly identical features in their 

high-energy bands, while the low-energy bands are bathochromically shifted, implying the increased 

-stacking form as well as electronic interactions in the solid state.
2e, 9

 Notably, introducing more F 

atoms on the polymer backbone makes the maxima (max) of the polymers blue-shifted, that is, max 

value of the PCDT2FBT film is 13 nm blue-shift from that of PCDTFBT. A similar effect was 

reported in fluorine-substituted oligomers and polymers.
6f, 6h, 6k, 10

 The spectroscopic data of the 

polymers are summarized in Table 3, where the optical bandgap (Eg
opt

) of the two polymers was 

determined from the onset of absorption (onset). It is worth noting that despite the difference observed 

in max values of the two polymers, the onset values are almost unchanged, resulting in the same 

optical bands of 1.82 eV that is relatively lower than that of the nonfluorinated PCDTBT (1.88 eV). 

This can be partly attributed to a change in the polymer chain packing via the additional non-covalent 

interactions with a greater number of F atoms. 
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Figure 3.3.2 (a) Solutions and (b) thin films absorbance spectra of PCDTFBT and PCDT2FBT, (c) 

cyclic voltammogramms of the fluorinated polymer thin films on Pt electrodes in 0.1 M 

Bu4NPF6/CH3CN at a scan rate of 50 mVs
-1

, (d) energy level diagrams of PCDTFBT and 

PCDT2FBT relative to the reported PCDTBT in the solution-processed conventional BHJ devices.  

 

Figure 3.3.2c shows cyclic voltammogram (CV) of the polymer thin films in acetonitrile and the 

CV data are summarized in Table 3. The CV curves of both PCDTFBT and PCDT2FBT cast films 

reveal quasi-reversible oxidation and reversible reduction behaviors. The HOMOs for PCDTFBT and 

PCDT2FBT are estimated to be -5.54 and -5.67 eV based on their onset redox potentials, respectively 

and both are lower in energy than those of PCDTBT (-5.5 eV). These results are in agreement with 

the previous reports that fluorination leads to the lowering of the polymer HOMO level.
6h, 6k, 11

 

Thereby, both the polymers are expected to impart better air stability as well as a higher VOC in BHJ 

solar cells than that of the PCDTBT-based devices. 

When comparing singly- versus doubly-fluorinated polymers, accompanied with the further 

decrease on the HOMO observed by increasing the number of F atoms, PCDT2FBT yields LUMO 

energy levels at 0.12 eV lower than the PCDTFBT (-3.71 eV), resulting in a similar electrochemical 

bandgap (~1.83 eV). The estimated electrochemical bandgaps coincide well with the optical bandgaps 

measured for these polymers. In addition, the energy level positions of PCDTFBT and PCDT2FBT 

in BHJ solar cells together with those of PCDTBT are illustrated as shown in Figure 3.3.2d. 
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Table 3. Optical and electrochemical properties of the polymers. 

Polymer 
max

soln.
 

(nm) 

max
film

 

(nm) 

Eg
opt

  

(eV)
a
 

HOMO 

(eV)
b
 

LUMO 

 (eV)
b
 

Eg
elec

  

(eV)
c
 

PCDTFBT 382, 535 395, 573 1.82 -5.54 -3.71 1.83 

PCDT2FBT 378, 522 392, 560 1.82 -5.67 -3.83 1.84 
a
Calculated from the absorption band edge of the polymer films, Eg

opt 
= 1240/edge; 

b
Thin films were deposited on Pt electrodes with the solution of n-Bu4NPF6 in CH3CN,  

versus Fc/Fc
+
 at 50 mVs

-1
;  

HOMO and LUMO were estimated from the onset oxidation and reduction potentials, respectively; 
c 
Eg

elec 
(eV) = |LUMO - HOMO|(eV). 

 

3.3.4 Computational Calculation 

To understand the minimum-energy conformations and molecular orbital distributions by varying 

the number of F atoms, the optimized structures were computed by using density functional theory 

(DFT) calculation at B3LYP/6-31G level. The dioctyl alkyl chain on the model system was replaced 

by a methyl group for simplicity. 

Among the three possible conformations of the structural dithienylbenzothiadiazole (DTBT) unit as 

positioning for the S atoms between the flanking thiophene and BT units (e.g. syn-syn, anti-anti, and 

syn-anti), the anti-anti conformers for both the DTFBT and DT2FBT, as shown in Figure 3a and b, 

show energetically stable molecular geometry with the lowest total energy in each single basic unit. 

Additionally, the dihedral angles between the BT core and the neighboring thiophene units are 

calculated to be less than 1°, contributing to the high molecular planarity for each polymer (see the 

top of Figure 3.3.3). Figure 3.3.3c-d also show the molecular orbital distributions of HOMO and 

LUMO isosurfaces for each model dimer. HOMOs for both the models are well-delocalized over the 

whole conjugated backbone, while LUMOs are mainly distributed on the electron accepting BT 

blocks. 

θ1 = 0.8˚, θ2 = 0.1˚ θ1 = 0.9˚, θ2 = ~ 0˚

HOMO

LUMO

HOMO

LUMO

(a) (b)

(c) (d)

Side view Side view

anti-anti anti-anti
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Figure 3.3.3 Optimized geometries with the lowest total energy of CDTFBT (a) and CDT2FBT (b). 

Side views and charge-density isosurfaces for the HOMO and LUMO levels of PCDTFBT (c) and 

PCDT2FBT (d) dimers (B3LYP/6-31G). 

 

3.3.5 Organic Thin-Film Transistors (OTFTs) Characteristics 

To test the charge-carrier transport capability of PCDTFBT and PCDT2FBT, typical bottom-

gate/top-contact organic thin-film transistors (OTFTs) were fabricated by solution-processed spin-

coating method. Figure 3.3.4 exhibits the output and transfer curves of the OTFTs tested with 

PCDTFBT and PCDT2FBT, showing typical p-type semiconductor behaviors. The hole mobilities 

were estimated from the slope of drain-to-source current |Ids|
1/2

 as a function of the gate voltage (Vgs) 

in the saturation regime. The PCDTFBT and PCDT2FBT-based OTFTs show the hole mobilities of 

3.03×10
-4

 cm
2
V

-1
s

-1
 and 9.50×10

-5
 cm

2
V

-1
s

-1
, threshold voltages (VTh) of -20.85 V and -30.28 V, and 

on/off current ratios (Ion/Ioff) of 8.60×10
2
 and 2.25×10

2
, respectively. 

 

 

Figure 3.3.4 (a), (b) Transfer curves in the saturated regime and (c), (d) output characteristics for each 

OFET device (L = 50 m, W = 2950 m) based on PCDTFBT and PCDT2FBT, respectively. Insert: 

schematic device configuration. 

 

Since Yu and coworkers reported the effect of the net dipole moment on pseudocharge transfer 

characteristics in D-A polymers,
12

 we also calculated for the ground to excited state dipole change for 

a single repeat unit of each polymer (see Table 4 and Figure 3.3.5), to propose a possible explanation 

for the superior OTFTs performance of PCDTFBT, as compared to PCDT2FBT. However, in the 

current context, it seems to be premature for a correlation between mobility and ge, where ge is 

the overall change in the ground and excited state dipole determined by accounting for the changes of 

the dipole along each coordinate axis.
12

 To certainly shed light on the validity of this relationship, 
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perhaps more experimental evidence and detailed theoretical calculations in various polymers remain 

as the subject of future study. 

 

 

 

 

Figure 3.3.5 Calculated net dipole moments of single repeating units for DTFBT, DT2FBT, 

PCDTFBT and PCDT2FBT in the ground and excited state, respectively (blue line: dipole moment 

vector). 

 

Table 4. Overall changes in the ground state and excited state dipole moment for DTFBT, DT2FBT, 

CDTFBT and CDT2FBT units 

unit μg (D)
a 

μe (D)
b
 △ μge (D)

c 

DTFBT 1.77 3.06 4.60 

DT2FBT 2.60 1.71 4.31 

CDTFBT 2.55 9.04 10.00 

CDT2FBT 4.33 10.09 12.41 

a
μg : ground state dipole moment; 

b
μg : excited state dipole moment; 

c
μge : overall change calculated by 

the following equation, △ μge = [(μgx – μex)
2
 + (μgy – μey)

2
 + (μgz – μez)

2
]

1/2
  

 

3.3.6 Bulk-Heterojunction Solar Cells Performance 

Photovoltaic effects of PCDTFBT and PCDT2FBT were investigated in BHJ solar cells with the 

conventional device configuration of glass/ITO/PEDOT:PSS/polymer:PC71BM/Al. The blend ratios 

(w/w) of polymer and PC71BM were controlled from 1:1 to 1:4. To find a best condition, the 

photovoltaic properties were systematically screened in different solvents, concentrations, additives, 

and spin-coating speeds (see Table 5). Among such various conditions, the device performance was 

optimized when the blend was spin-coated with a ratio of 1:4 w/w by chlorobenzene (CB). Although 

the control of the nanoscale morphology for obtaining better efficiency by using the additives was 

unsuccessful, the performances of both the polymers-based devices are considerably improved as a 

result of thermal annealing protocols. This is in contrast to PCDTBT:PC71BM system, in which 

thermal annealing reduced the photovoltaic parameters.
2f, 13
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Table 5. photovoltaic performances of PCDTFBT-based cells through various additives treatment 

Active  

layer 
Additive 

Thermal 

treatment 

(˚C) 

Jsc 

(mAcm
-2

) 

Voc 

(V) 
FF 

 PCE 

(%) 

PCDTFBT 

: PC71BM 

(1:4, w/w)* 

 

DIO
a 

x 6.84 0.70 0.31 1.48 

120 7.60 0.88 0.35 2.31 

140 8.23 0.91 0.37 2.80 

BDT
b
 

x 3.28 0.83 0.43 1.21 

120 3.01 0.92 0.41 1.17 

140 2.80 0.85 0.38 0.94 

CN
c 

x 1.73 0.33 0.26 0.16 

120 1.83 0.60 0.33 0.38 

140 2.00 0.81 0.31 0.52 

ODT
d 

x 3.86 0.79 0.44 1.34 

120 4.51 0.93 0.40 1.69 

140 5.25 0.88 0.45 2.08 

DPE
e
 (1v%) 

100 6.86 0.87 0.40 2.38 

120 7.14 0.90 0.40 2.55 

 150-10
f 

8.94 0.84 0.52 3.88 

DPE
e
 (2v%) 

x 6.60 0.94 0.53 3.28 

 150-10
f 

8.99 0.90 0.53 4.29 

 

DPE
e
 (3v%) 

x 7.24 0.82 0.41 2.44 

 150 9.24 0.88 0.46 3.65 

 170 8.77 0.87 0.52 4.01 
a
1,8-diiodooctane; 

b
1,4-butanedithiol; 

c
1-chloronaphthalene; 

d
1,8-octanedithiol; 

e
diphenyl ether;

 

f
thermal annealing time: 150 ˚C for 10 min; *7mg/1ml, chlorobenzene 

 

Figure 3.3.6a shows current density-voltage (J-V) curves of photovoltaic devices based on 

PCDTFBT and PCDT2FBT, respectively under AM 1.5 G illumination from a calibrated solar 

simulator with irradiation intensity of 100 mWcm
-2

 and the parameters are listed in Table 6. In the 

pristine cells, the power conversion efficiencies (PCEs) of both the PCDTFBT- and PCDT2FBT-

containing devices (PCE = 1.29-1.95 %) are limited by the unoptimized interpenetrating 

polymer/fullerene network. Upon optimization of the active layer morphology via the thermal 

annealing at 120 ˚C, PCDTFBT-based device exhibits the PCE of up to 3.96 %, with a JSC of 9.04 

mAcm
-2

, a VOC of 0.95 V, and a FF of 0.46.  
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Figure 3.3.6 (a) Current density–voltage (J-V) characteristics and (b) incident photon-to-current 

efficiency (IPCE) of conventional devices with the blends of PCDTFBT:PC71BM and 

PCDT2FBT:PC71BM (1:4 w/w), (c) J-V characteristics in the dark for the blends of 

PCDTFBT:PC71BM and PCDT2FBT:PC71BM (1:4 w/w), (d) J-V characteristics of the electron-only 

devices and hole-only devices. 

 

It is worth noting that the obtained VOC is one of the highest values reported in BHJ solar cells 

based on PCDTBT derivatives, to date. Besides, although PCDTFBT in the inverted architecture 

(ITO/ZnO/polymer:PC71BM/MoO3/Au) employed in this study is inferior performance to that of the 

best typical solar cells above, because of the reduced JSC and FF, it delivers the same champion VOC 

value (0.95 V). This is an expected result, considering the effect of F atoms as discussed in the 

Introduction. Naively, one may therefore expect the doubly-fluorinated PCDT2FBT-based device to 

have a further improved VOC relative to that of PCDTFBT. However, the device based on 

PCDT2FBT is best PCE of only 2.07 %, accompanied by the moderate photovoltaic characteristics 

(JSC = 6.94 mAcm
-2

, a FF = 0.34, and even the decreased VOC = 0.88 V). 
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Table 6. Summary of solar cell characteristics of PCDTFBT and PCDT2FBT. 

 

active layer
a 

Annealing (˚C)
b
 JSC (mA/cm

2
) VOC (V) FF PCE (%) 

PCDTFBT 

: PC71BM 

w/o 5.94 0.74 0.29 1.29 

150 9.04 0.95 0.46 3.96 

PCDT2FBT 

: PC71BM 

w/o 7.84 0.76 0.33 1.95 

150 6.94 0.88 0.34 2.07 
a 
polymer:PC71BM = 1:4 w/w. 

b
10 min. 

 

We measured the J-V curves in the dark to characterize the relation between the diode saturation 

current density (J0) and the VOC using the devices based on PCDTFBT:PC71BM and 

PCDT2FBT:PC71BM, respectively. The J0, extracted from the intercept on the vertical axis from the 

logarithmic current curve with respect to voltage (Figure 3.3.6c), falls from around 10
-3

 to 10
-4

 

mAcm
-2 

with decreasing the number of fluorine atoms. Taking into account the following equation; 

VOC = kBT/e [ln ((JSC / J0) + 1)], where J0 is the dark saturation current density, kB is the Boltzmann 

constant, and T is the temperature,
14

 in fact, PCDTFBT shows the lower J0 value, leading to the 

higher VOC value than PCDT2FBT-based device. 

The PCE with the limited VOC of PCDT2FBT-based BHJ cells is still puzzling, however this 

suggests that other factors caused by inadequate morphology between D and A components beyond 

the contributor based solely on energy levels of HOMO and LUMO can be involved in the overall 

PCEs. A plausible explanation is that a formation of aggressive PCDT2FBT crystallinity via the 

sufficient driving force for C–F···H, and F···S, and C–F···F interactions as well as the 

fluorophobicity effect
6f

 for fullerene molecules is detrimental to the morphology quality in BHJ 

system, leading to a reduced shunt resistance
15

 and increased bimolecular recombinations.
16

 One can 

conclude that there is still a lot to be done to determine a clearer structure-property relationship 

regarding the device parameters. 

To further verify the accuracy of the measurement, incident photon-to-current efficiency (IPCE) 

spectra were measured for the corresponding best devices. As depicted in Figure 3.3.6b, both the 

polymers show IPCE contributions at wavelengths in the range from 300 nm to 700 nm. PCDTFBT 

shows relatively higher photoconversion efficiencies of ~60 % than those of PCDT2FBT (~40 %) 

throughout their absorption ranges. The integrated JSC from IPCE data agrees well with the data from 

J-V curves. Almost quenched photoluminescence (PL) data for both polymer in polymer:PC71BM 

blends indicated that not only does the efficient photoinduced charge transfer occur, but also this loss 

of photocurrent cannot be assigned to exciton diffusion limitations. 

The hole and electron mobilities of the fluorinated polymer:PC71BM blend systems (1:4 w/w) were 

measured by the space-charge-limited current (SCLC) method, as shown in Figure 3.3.6d. The hole 

(μh) and electron mobilities (μe) for PCDTFBT:PC71BM blend were obtained to be 2.87×10
-4 

cm
2
V

-1
s

-

1
 and 1.64×10

-4 
cm

2
V

-1
s

-1
 with the thermal annealing, respectively, which are about an order of 
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magnitude higher than those of PCDT2FBT blend (μh = 3.49×10
-5

 and μe = 7.27×10
-5

 cm
2
V

-1
s

-1
). The 

charge-carrier mobilities such as higher and more balanced values can roughly track the trend in 

overall PCE of both the polymers.
5a

  

 

3.3.7 Thin-film morphology 

To further determine the influence of the fluorine substitutions on the bulk morphology, X-ray 

diffraction (XRD) analysis was used to examine the thin films of each pure polymer and as-spun 

blends of polymer:PC71BM, respectively (Figure 3.3.7). The XRD patterns from the PCDTFBT and 

PCDT2FBT-only films at 22.68° and 23.33° respectively, show the d(010) reflection, characteristic 

of the - stacking of the polymer backbones,
17

 while there are no observable (100) reflection, which 

presumably indicates the characteristics of their edge-on structures. On the other hand, both the 

annealed films exhibit significant sharpening and intensification of the (100) reflections (2 = 6.54° 

for PCDTFBT and 6.58° for PCDT2FBT), along with the presence of the slightly shifted (010) 

peaks. Notably, the observed interlayer distances of both the polymers are shorter than that of the 

reported PCDTBT film (d(010)
PCDTBT

 = 4.4 Å ),
18

 evidencing a closer molecular ordering of the 

fluorinated polymers. 

In the case of both the blend systems without thermal annealing, we have found the only (100) 

reflections slightly shifted to smaller 2 values (2 = 19.08° for PCDTFBT and 19.30° for 

PCDT2FBT), indicating the expansion of -stacking planes, most likely due to the intercalation of 

the PC71BM between the side-chains of the polymers in the blend films.
19

 Interestingly, it is apparent 

that there is a co-existence of the (010) and (100) peaks for both the post-annealed polymers. 

 

 

Figure 3.3.7 XRD patterns obtained from (a) pristine thin films of PCDTFBT and PCDT2FBT 

without and with thermal annealing, (b) blend films of PCDTFBT:PC71BM and 

PCDT2FBT:PC71BM without and with thermal annealing.  
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According to the XRD results, one can conclude that the thermal annealing leads to in a 

reorientation of the polymers both at the surface and in the interior of the films, enhancing a 

preference in the face-on orientations. This is probably of consequence for better photovoltaic device 

performance on the devices presented here via the use of the thermal annealing. 

We also investigated the film morphology of the polymer blend films processed with and without 

thermal annealing by using atomic force microscopy (AFM). From the height images (Figure 3.3.8), 

the annealed surface processed PCDTFBT (rms = 2.54 nm) is rougher than that without annealing 

(rms = 0.38 nm), attributed to a morphology of appropriate phase separation with fullerene aggregates 

as well as a interpenetrating D and A domains.
20

 In the both before and after annealing cases of the 

PCDT2FBT-based film, the AFM reveals uniform and smooth surfaces (rms = 0.47~0.53 nm) and the 

interpenetrating networks are not difficult to be distinguished. The more favorable morphology of 

PCDTFBT:PC71BM blend films after the thermal annealing can mainly contribute to the high 

performance of this polymer, as compared to the PCDT2FBT-based devices. 

 

 

Figure 3.3.8 Surface morphology of blend films based on PCDTFBT:PC71BM (1:4 w/w) without (a) 

and with thermal annealing (b), and PCDT2FBT:PC71BM (1:4 w/w) without (c) and with thermal 

annealing (d). 

 

3.3.8 Conclusion 

In summary, the synthesis of two novel fluorinated analogues of PCDTBT, namely PCDTFBT 

(1F) and PCDT2FBT (2F), designed by either singly- or doubly-fluorination of the BT unit on the 
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repeat unit, have been described, aiming to render favorable properties for the lowering of the 

polymer HOMO energy levels as well as the creation of the secondary bonding toward further 

improving the photovoltaic parameters. Both experimental results and theoretical calculations have 

shown that the incorporation of F atoms to the polymer backbone can fine-tune the polymer energy 

levels, charge-carrier transport capability, and molecular packing. The resulting polymers show the 

desirable deeper HOMOs (-5.54~-5.67 eV) and LUMOs (-3.71~-3.83 eV) than its nonfluorinated 

PCDTBT (HOMO = -5.5 eV and LUMO = -3.6 eV), possibly allowing a high VOC and JSC. Based on 

the PCDTFBT systems, BHJ solar cells with a PCE as high as 3.96 % have been realized by 

noticeably increasing the VOC of 0.95 V, which is the highest VOC value ever reported for polymer 

solar cells based on PCDTBT derivatives. Regarding the relative deeper-lying HOMO level via the 

multi-fluorination, the device derived from PCDT2FBT is expected to show better performance with 

the further improved VOC value. Nevertheless, the only moderate PCE of 2.07 % with even the 

somewhat decrease in VOC (0.88 V) is observed. Therefore, the results shown in this study indicate 

that the successful application of F atoms to any conjugated polymer for BHJ solar cells can only be 

realized only with a truly optimized morphology that varies from one polymer/fullerene system to the 

other. Though investigations to further understand the impact of the F atoms on the morphology, self-

assembly behavior, and exciton-related dynamics are currently underway, it is still believed that the 

triumph morphology remains on the top of research priorities for highly efficient BHJ systems. 
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Chapter 4 

Synthesis and Characterization of Dithieno[2,3-d;2′,3′-d′]benzo 

[1,2-b;4,5-b′]dithiophene (DTBDT)-Based Polymers 

 

 In this chapter, the synthesis of dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-b′]dithiophene (DTBDT)-

based homo- and copolymers are presented. The DTBDT small molecule is known as a novel π-

extended heteroacene with high ambient stability, crystallinity and excellent hole mobility (1.7 cm
2
V

-

1
s

-1
). However, so far its related studies and further structural modification have not yet emerged due 

to the limited synthetic pathway. In this work, β-alkylated DTBDT unit is obtained via efficiently 

adopted molecular design towards α-position availability of DTBDT, enabling various structural and 

electronic property modifications. The resulting homopolymer and donor-acceptor copolymers are 

used as p-type active semiconductors for solution-processed thin film transistors. All polymers based 

on DTBDT unit exhibit low-lying HOMO level, indicating good environmental stability.    

 
Chapter 4 is reproduced in part with permission of “β-Alkyl substituted dithieno[2,3-d;2′,3′-

d′]benzo[1,2-b;4,5-b′]dithiophene semiconducting materials and their application to solution-

processed organic transistors” from J. Kim et al., Chem. Mater., 2012, 24, 3464. Copyright 2012 

American Chemical Society. 
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4.1 β-Alkyl Substituted DTBDT Semiconducting Materials and Their Application to Solution-

Processed Organic Transistors 

4.1.1 Research Background 

Organic field-effect transistors (OFETs) based on π-conjugated organic semiconductors have been 

intensively investigated as key elements for realizing low-cost, flexible, large-area electronic 

displays.
1−13

 Owing to the excellent solution processability, film uniformity, and thermal stability, π-

conjugated polymeric materials are a promising choice to commercialize OFETs.
14−23

 Among a 

number of molecular classes reported so far, linearly fused higher oligoacenes, exemplified by 

pentacene consisting of five fused benzenes, exhibit mobility of up to 3.0 cm
2
 V

−1
 s

−1
 because of their 

strong intermolecular π−π interaction in the crystalline state.
24−26

 Spurred by these promising results, 

Bao et al. reported solution-soluble pentacene-containing conjugated polymers with slightly improved 

air-stability compared to pentacene itself.
27

 However, those polymers exhibited very low mobilities of 

∼8 × 10
−7

 cm
2
 V

−1
 s

−1
 in a nitrogen environment and no field-effect behavior in ambient conditions 

because of their intrinsically insufficient air-stability (the highest occupied molecular orbitals (HOMO 

= −5.08 eV)).
28

 As an alternative to the benzene-based acenes, structurally related π-extended cores 

based on thiophene ring with much better stability have been focused either on thieno[n]acenes
29−32 

or 

thiophene-benzene annulated acenes
32,33 

for the development of molecular organic semiconductors 

(see Figure 4.1.1). Moreover, in S-containing fused heteroacenes, the nonbonding sulfur−sulfur 

interaction of neighboring molecules can play an important role in facilitating charge transport in 

OFETs.
30−34

 Together with consideration of the ability to ink formulations with tuned rheological 

properties, thereafter, these units as π-cores have also been integrated into conjugated polymers for 

good OFET characteristics with environmental stability (Figure 4.1.1).
29

 Nonetheless, none of the 

chemistries are readily applicable to the synthesis of large heteroacene molecules.  ecently,   llen et 

al. have successfully developed dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-b′]dithiophene (DTBDT) 

derivatives as a five-ring-fused pentacene analogue by using a simple intramolecular electrophilic 

coupling reaction (see Figure 4.1.1).
35−37

 The desirable chemical, electronic, and morphological 

structures of DTBDT yielded a high hole mobility of up to 1.7 cm
2
 V

−1
 s

−1
 in solution-processed 

OFETs.
37

 Besides, the comparison of the relatively low HOMO levels and larger band gaps of 

DTBDT derivatives to other fused heteroacenes suggested DTBDT motif as one of the most stable 

oligoacene semiconductors. Although further development of the materials based on DTBDTs would 

be expected to afford superior printable organic semiconductors, their related materials formed by 

introducing DTBDT moieties into molecules have not been reported so far. This is a result of 

incorporating the solubilizing substituents at the terminal α-positions of the DTBDT unit, which 

makes further chemical modification no longer possible. 
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Figure 4.1.1. Chemical structures of linear acenes, thieno[n]acenes, thiophene-benzene acenes, and 

their semiconducting polymers. 

 

Replacement of the α-substituents in DTBDT with β-solubilizing groups is a promising strategy to 

increase the diversity of the modification of the molecular and electronic structures, which can lead to 

the development of superior organic semiconductors. In this work, we design and effectively 

synthesize a β-alkyl substituted DTBDT by employing   llen’s previously explained synthetic 

methodology. The α-positions availability of the resulting DTBDT allows us to prepare various 

DTBDT-containing polymers. Here, we not only report on a new polymer semiconductor based on 

DTBDT but also several commonly used conjugated building blocks such as 2,1,3-benzothiadiazole 

(BT), 4,7-dithienyl-2,1,3-benzothiadiazole (DTBT), and 3,6-dithiophen-2-yl-pyrrolo[3,4-c]pyrrole-

1,4-dione (DTDPP) copolymerized with DTBDT units to investigate the relationships between their 

structures and properties. A series of conjugated polymers, that is, PDTBDT, PDTBDT-BT, 

PDTBDT-DTBT, and PDTBDT-DTDPP are shown in Figure 4.1.2. It should be pointed out that, to 

the best of our knowledge, β-substituted DTBDT as a building block and its derivatives are so far the 

first examples synthesized and used for the fabrication of OFET devices. 
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Figure 4.1.2. β-alkyl substituted DTBDT and DTBDT-containing polymers. 

 

4.1.2 Synthesis and Characterization 

The synthetic routes to the β-alkyl substituted DTBDT monomer and DTBDT-based polymers 

(PDTBDT, PDTBDT-BT, PDTBDT-DTBT, and PDTBDT-DTDPP) are depicted in Scheme 4.1. 

Compounds 1, 2, and 3 were easily prepared in moderate to good isolated yields according to the 

established methods.
38

 The keyintermediate 1,4-dibromo-2,5-bis(methylsulfinyl)benzene 3 effectively 

cross-coupled with 5-tributylstannyl-3-dodecylthiophene to afford the precursor 4 in a yield of 70%. 

Dodecyl was chosen as the long side chain of the precursor to ensure good solubility of the target 

semiconducting molecules in organic solvents and solution processability. In our initial synthetic 

attempt, the trifluoromethanesulfonic acid induced intramolecular ring-closing reaction of the 

dimethylsulfinyl benzene with the adjacent thiophene rings was attempted and followed by a reflux in 

pyridine, but no desired product was observed. A likely rationale for this result is the occurrence of 

the intermolecular cross-linking reaction. Thus, the intramolecular ring closure was performed with 

Eaton’s reagent (7.7 wt% P2O5 in CH3SO3H) as a relatively mild Lewis acid at a low concentration, 

successfully resulting in the regioisomer-free β-dodecyl-substituted DTBDT (5) as an off-white solid 

in 40% yield.  
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Figure 4.1.3. 
1
H NMR spectrum of β-dodecyl substituted DTBDT (CDCl3, 600 MHz, 300K). 

 

 

Scheme 4.1. Synthetic Routes of β-dodecyl Substituted DTBDT and DTBDT-Containing Polymers 

(PDTBDT, PDTBDT-BT, PDTBDT-DTBT, and PDTBDT-DTDPP). 
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As shown in Figure 4.1.3, the 
1
H NMR spectrum provides unambiguous evidence for no isomers 

since all the typical singlets can be assigned to the corresponding aromatic protons in the molecule. 

Finally, the organotin DTBDT monomer 6 was synthesized by deprotonation with n-BuLi followed 

by quenching with trimethyltin chloride, which is capable of functionalization either asymmetrically 

or symmetrically with various π-cores at both terminal positions of DTBDT as well as incorporation 

into versatile oligomers and polymers through metal-mediated cross-coupling reactions. For solution-

processable polymeric semiconductors, the DTBDT-based polymer PDTBDT was first synthesized 

by oxidative coupling of DTBDT using FeCl3 in anhydrous chloroform. A combination of an 

electron-rich and an electron-deficient unit in a copolymer main chain is a well-known synthetic 

strategy to yield low band gap with relatively high charge carrier mobilities due to the intramolecular 

charge transfer (ICT). Thus, such desirable properties afford the necessary motivation for further work 

toward the preparation of novel donor−acceptor copolymers based on DTBDT. Therefore, a series of 

donor−acceptor polymers, PDTBDT-BT, PDTBDT-DTBT, and PDTBDT-DTDPP were prepared 

by copolymerizing a newly conceived soluble DTBDT donor moiety with various acceptor moieties, 

namely, 2,1,3-benzothiadiazole (BT), 4,7-dithienyl-2,1,3-benzothiadiazole (DTBT), and 3,6-

dithiophen-2-ylpyrrolo[3,4-c]pyrrole-1,4-dione (DTDPP), respectively. All the polymers were 

purified by sequential Soxhlet extraction processes with methanol, acetone, and hexane to remove the 

fractions of small molecules. After purification, the molecular weights of the resulting solids from 

either chloroform or chlorobenzene fraction were investigated by gel permeation chromatography 

(GPC) against PS standard. The difference of the molecular weights may result from either the 

reactivity of the acceptor segments or the different solubility of the resulting polymers. Attempts are 

underway to attach longer branched alkyl groups to β-positions of DTBDT than dodecyl groups, 

which would presumably make the polymers more soluble during polymerization and thus allow the 

synthesis of high molecular weight polymers. Also, the DTBDT-based polymers have good thermal 

stability which was examined by thermogravimetric analysis (TGA) techniques, and these polymers 

showed a decomposition temperature of about 400 °C under nitrogen atmosphere. 

 

4.1.3 Optical and Electrochemical Properties 

The UV−vis spectra for four polymers PDTBDT, PDTBDT-BT, PDTBDT-DTBT, and PDTBDT-

DTDPP in o-dichlorobenzene (o-DCB) solution and as spin-coated films on glass are shown in 

Figure 4.1.4a-b and the absorption maxima (λmax) are summarized in Table 7. Compared with 

DTBDT as a small molecule, all polymer solutions show large red-shifts which demonstrates that all 

the polymers have extended their conjugation through polymer chain formation. In solution, the 

parent polymer PDTBDT shows a strong absorption π−π* transition band at λmax = 396 nm, which is 

mostly identical to that of the as-spun thin film. This suggests that PDTBDT has a highly ordered 

backbone structure and strong π−π interaction in the solution because of the flat skeleton.
39

 On the 
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other hand, the absorption spectra of the DTBDT-cored donor−acceptor copolymers (PDTBDT-

DTBT and PDTBDT-DTDPP) in the solutions are characterized with two bands, one near 334−394 

nm and the other centered at 532−636 nm. The former bands can be assigned to π−π* transitions 

whereas the lowest energy bands are due to ICT between the donor and the acceptor moieties. 

Relative to the solution absorption, the absorption spectrum of PDTBDT-DTBT film is slightly 

broadened and exhibits a red shift (∼40 nm), indicating the presence of stronger interactions between 

molecules (packing effect) in the solid state. However, the absorption of PDTBDT-DTDPP remains 

almost unchanged from the solution to the film as the similar feature observed from PDTBDT. This 

implies that there are aggregations of the polymer chains formed in solution that can be accounted for 

by π−π stacking of fused ring moieties (DTBDT and DPP). Most surprising is that the optical features 

of PDTBDT-BT in both solution and films reveal remarkable similarity to those of PDTBDT even 

though PDTBDT-BT has an alternating donor−acceptor bichromophore system. This means that 

DTBDT is a weak donor unit like other fused aromatic compounds such as naphtho[2,1-b:3,4-

b′]dithiophene (NDT), dithieno[3,2-f:2′,3′-h]quinoxaline (QDT), and benzo[1,2-b:4,5-b′]dithiophene 

(BnDT).  

The electronic states and ionization potential/electron affinity (HOMO/LUMO levels) of the 

DTBDT-based polymer films on a Pt electrode were investigated by cyclic voltammetry (CV) (Figure 

4.1.4c) and the electrochemical data are also listed in Table 7. All polymers exhibit quasi-reversible or 

reversible p-doping/dedoping (oxidation/rereduction) processes in the positive potential range, while 

irreversible n-doping/dedoping (reduction/reoxidation) behaviors in the negative potential range are 

observed. Note that like the other p-type fused heteroacene frameworks,
33

 as the reduction potentials 

of PDTBDT are out of our scan range, the lowest unoccupied molecular orbital (LUMO) energy level 

is calculated from the HOMO energy level and the optical band gap. The reversibility of CV in the 

oxidation processes can be interpreted as a good sign of the stability of the radical cation of DTBDT. 

Furthermore, in terms of electrochemical properties, the HOMO level of PDTBDT is empirically 

estimated to be −5.59 eV, which is lower than those of pentacene and most oligothiophenes. The low-

lying HOMO and relatively large band gap afford environmental stability. Compared with PDTBDT, 

the HOMO level of PDTBDT-BT (−5.55 eV) is almost unchanged but its LUMO level (−3.34 eV) 

shows a significant decrease of 0.38 eV, most likely being rationalized by considering the electron-

deficient BT species in the polymers. In both cases of PDTBDT-DTBT and PDTBDT-DTDPP, the 

noticeably higher HOMO levels are ascribed to the two unsubstituted thiophene units in the π-system 

because these thiophene rings render the resulting conjugated polymer backbone more electron-rich. 

From these results, we conclude that the insertion of unsubstituted thiophene segments allows a 

moderate modulation of the band gap and energy level of the resulting polymers. This finding will 

assist the future design of semiconductive polymers with tunable electronic properties. 
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Figure 4.1.4. UV−vis absorption spectra of DTBDT-based polymers in o-DCB solution (a) and as 

thin solid films (b). Cyclic voltammograms of DTBDT-based polymer thin films (c). Energy level 

diagrams for DTBDT-based polymers (d). 

 

Table 7. Optical and electrochemical properties of DTBDT-based polymers. 

Polymer λmax
abs  

(o-DCB, 

nm) 

λonset
abs

  

(film, nm) 

Eg
opt

  

(film, 

eV)
a
 

HOMO 

   (eV)
b
 

LUMO  

  (eV)
c
 

Eg
elec

  

(eV)
d
 

PDTBDT 396 411 2.63 -5.59 -2.96
e 

- 

PDTBDT-BT 393 412 2.28 -5.55 -3.34 2.21 

PDTBDT-DTBT 394, 532 431, 572 1.91 -5.29 -3.38 1.90 

PDTBDT-DTDPP 334, 636 335, 636 1.51 -5.21 -3.57 1.64 
a
Calculated from onset wavelength in absorption spectra; 

b
HOMO = - (Eonset

ox
 – E1/2

ferrocene
 + 4.8 ) eV; 

c
LUMO = - (Eonset

red
 - E1/2

ferrocene
 + 4.8 ) eV; 

d
Eg

elec
 (eV) = Eonset

ox 
- Eonset

red
; 

e
LUMO = Eg

opt
 + HOMO. 

 

4.1.4 DFT Frontier Molecular Energy Calculation 

To provide an insight into the molecular architecture of the polymers, molecular simulation was 

carried out for the DTBDT-based polymers with a chain length of n=1 using density functional theory 

(DFT) at the B3LYP/6-31G
*
 with Gaussian 03 package. To simplify the calculation, the β-dodecyl 

chains in the molecular backbone of DTBDT and two 2-ethylhexyl substituents on the DPP are 

replaced by hydrogen and methyl groups, respectively. As expected from the fused-acene structure of 

DTBDT unit, its geometry is entirely planar. In addition, good coplanarity also exists in the DTBDT-

containing polymers (PDTBDT, PDTBDT-DTBT and PDTBDT-DTDPP) (Figure 4.1.5). Thus, we 
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propose that they will favor efficient π-π stacking order between facing backbones and enhance the 

charge carrier transport in the π-π direction. However, in the case of PDTBDT-BT, steric interactions 

between directly neighboring BT and DTDPP moieties induce a 21° twist in the ground state of the 

isolated molecule (Figure 4.1.5b). PDTBDT shows a similar density of states distribution for both 

the HOMO and LUMO wave functions, implying the weak donor nature of DTDPP. On the other 

hand, the HOMOs of the donor-acceptor copolymers (PDTBDT-BT, PDTBDT-DTBT, PDTBDT-

DTDPP) are well-distributed along the conjugated chains; their LUMOs are centralized on each 

acceptor unit such as BT, DTBT, and DTDPP, being proposed effective p-type organic semiconductors. 

Theoretical calculations also show that the HOMO-LUMO gaps decrease with the electron-

withdrawing abilities of the acceptors groups on the molecules, supporting the notion that DPP 

possesses the enhanced electron-accepting ability relative to BT. Those speculations well agree with 

the optical and electrochemical results above (Table 7). Considering the packing motif and the 

enhanced ICT effect, we predicted that PDTBDT-DTDPP would give the best performance in OFETs 

(vide infra). 

 

Eg = 3.861 eV

Eg = 2.646 eV

21o

Eg = 2.268 eV

Eg = 2.241 eV

Side viewLUMO HOMO

(a)

(b)

(c)

(d)

 

 

Figure 4.1.5. DFT-optimized geometries and charge-density isosurfaces for the HOMO and LUMO 

levels and the side views of (a) PDTBDT, (b) PDTBDT-BT, (c) PDTBDT-DTBT, and (d) PDTBDT-

DTDPP. 

 

4.1.5 Morphology and X-ray Diffraction (XRD) Analyses of Thin Films 

 The morphologies of the DTBDT-based polymer thin films were investigated with atomic force 

microscopy (AFM). The granular domain sizes in the as-cast polymer thin films became larger upon 

thermal treatment at 150 
o
C (Figure 4.1.6). For instance, the as-cast PDTBDT-DTDPP thin film 

showed randomly-entangled and nanofibrillar clusters, whereas the annealed thin film exhibited 

significantly larger grains, implying enhanced intermolecular interactions and potentially facilitated 
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charge transport (Figure 4.1.6). To further elucidate the crystalline nature and molecular orientation in 

the polymer thin films, out-of-plane X-ray diffraction (XRD) analysis was carried out on the DTBDT-

based polymer thin films. DTBDT-based polymer thin films display relatively well-defined XRD 

peaks (Figure 4.1.7). The out-of-plane d(001)-spacing of polymer thin film was decreased (by up to ~ 

7 Å ) after thermal treatment, indicating the formation of a denser molecular packing. The annealed 

PDTBDT thin film exhibited the first, second, and third order diffraction peaks at 2 = 4.38
o
, 8.72

o
, 

12.92
o
, respectively, revealing that the film has a relatively long-rage order. PDTBDT-BT and 

PDTBDT-DTBT thin films showed the primary diffraction peak at 2 = 4.44
o
 and 4.32

o 
after 

annealing, corresponding to the d(001)-spacing of 19.89 Å  and 20.43 Å , respectively (Figure 4.1.7a). 

Despite the relatively large dihedral angle (21°) between BT and DTBDT moieties, the crystalline 

ordering was observed in the thin film. On the other hand, the annealed PDTBDT-DTDPP thin films 

displayed two primary (001) diffraction peaks at 2 = 3.24
o
 and 3.94

o
, corresponding to d(001)-

spacing values of 27.24 Å  and 22.40 Å , respectively. This reflects the existence of crystalline 

polymorphs in the polymer thin film. Additional higher order diffraction peaks were also observed at 

larger 2, indicating that PDTBDT-DTDPP thin film has the largest long-range order among the 

DTBDT-based polymer thin films. 

 

 

Figure 4.1.6. AFM height images of the PDTBDT-DTDPP thin films (a) as-cast, (b) annealed at 

150 °C on OTS-treated SiO2/Si substrates. 
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Figure 4.1.7. XRD patterns obtained from (a) PDTBDT-BT, (b) PDTBDT-DTDPP thin films as-cast 

(black) and annealed at 150 °C (red). Symbol * for PDTBDT-DTDPP thin film denotes the secondary 

phase of crystalline polymorphs in the polymer thin film. 

 

4.1.6 OFET Characteristics 

To investigate how the acceptor units copolymerized with DTBDT affect charge transport, we 

fabricated bottom-gate/top-contact OFETs. The polymer thin films were drop-cast from a chloroform 

solution onto n-octadecyltrimethoxysilane (OTS)-treated SiO2/Si substrates. The films were annealed 

on a hot plate at 150 °C for 30 min in N2 atmosphere. Further details on the surface treatment and 

OFET fabrication are included in Experimental section. The OFET performance of the annealed thin 

films of DTBDT-based polymers is listed in Table 8. All the DTBDT-based polymers exhibited hole-

transporting (p-channel) characteristics. The typical transfer and output characteristics are illustrated 

in Figure 4.1.8 and Figure 4.1.9, respectively. The annealed thin films of DTBDT-based polymers 

showed significantly enhanced mobilities, compared with the as-cast polymer thin films. The average 

hole mobility of the annealed polymer thin films was found to be an order of 10
-2 

~ 10
-3

 cm
2
V

-1
s

-1
 

except for PDTBDT-BT (~ 10
-4

 cm
2
V

-1
s

-1
). This is presumably due to the influence of the torsional 

hindrance by BT unit in PDTBDT-BT, which is in line with the results of DFT calculation. PDTBDT 

as a homopolymer exhibits a high threshold voltage (VT) of -55.8 V, probably due to the larger charge 

injection barrier given by the low-lying HOMO (-5.59 eV).
40

 PDTBDT-DTBT showed a relatively 

higher mobility than PDTBDT-BT. This can be attributed to the fact that two unsubstituted thiophene 

units adjacent to the BT unit truly reduce the influence of torsional hindrance and enhance coplanarity 

of the polymer backbone. Among the DTBDT-based polymers, PDTBDT-DTDPP exhibited the best 

OFET performance with a hole mobility as high as 1.70  10
-2

 cm
2
V

-1
s

-1 
and a reasonably small VT of 

-7.1 V. PDTBDT-DTDPP has a relatively smaller charge injection barrier for hole from the gold 

electrodes due to the well-matching HOMO level. In addition, introduction of DPP segment to the 

copolymer backbone allows a long range molecular ordering in the polymer thin films, as shown by 
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XRD analysis. These electrochemical and molecular packing characteristics of PDTBDT-DTDPP 

thin films are found to facilitate charge transport. 

 

Table 8. OFET performance of DTBDT-based polymer thin films annealed at 150 °C. 

Polymer 
µmax 

[cm
2
V

-1
s

-1
] 

µavg 

[cm
2
V

-1
s

-1
] 

Ion/Ioff 
VT 

[V] 

PDTBDT 3.40  10
-3

 1.94  10
-3

 6.40  10
4
 -55.8 

PDTBDT-BT 4.53  10
-4

 3.18  10
-4

 4.27  10
5
 -24.7 

PDTBDT-DTBT 1.13  10
-2

 9.24  10
-3

 1.42  10
4
 -22.5 

PDTBDT-DTDPP 1.70  10
-2

 1.54  10
-2

 4.98  10
4
 -7.1 

 

 

 

 

Figure 4.1.8. Transfer characteristics of OFET devices of DTBDT-based polymers annealed at 150 
o
C 

(VDS= -100V); (a) PDTBDT, (b) PDTBDT-BT, (c) PDTBDT-DTBT, and (d) PDTBDT-DTDPP.  
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Figure 4.1.9 Output characteristics of OFET devices of DTBDT-based polymers annealed at 150 °C; 

(a) PDTBDT, (b) PDTBDT-BT, (c) PDTBDT-DTBT, and (d) PDTBDT-DTDPP. 

 

4.1.7 Conclusion 

In summary, a soluble weak donor, -dodecyl substituted DTBDT, which is a highly -extended 

heteroacene with four symmetrically fused thiophene-ring units, has been synthesized via 

intramolecular electrophilic coupling reaction. The -positions availability of the DTBDT enable to 

obtain the parent polymer as well as to create ‘weak donor-acceptor’ copolymers by incorporating 

various electron-deficient comonomers. Despite their highly extended aromatic features, four 

DTBDT-based polymers (PDTBDT, PDTBDT-BT, PDTBDT-DTBT, and PDTBDT-DTDPP) 

exhibit noticeably low-lying HOMO energy levels (-5.21 ~ -5.59 eV), implying fairly good 

environmental stability. The XRD patterns and AFM images for the surface morphology show that 

thermally treated DTBDT-based polymer thin films have enhanced intermolecular interactions, 

thereby facilitating charge transport in the thin-film transistor setting. The solution-processed OFETs 

using DTBDT-based polymers as an active layer exhibit p-channel characteristics and the PDTBDT-

DTDPP exhibits the best electrical performance with a hole mobility of 1.70  10
-2

 cm
2
V

-1
s

-1 
and a 

small VT of -7.1 V due to the small charge injection barrier from the electrodes and excellent 

coplanarity of the polymer backbone. High hole mobility, air stability, and ease of structural 
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modification make the DTBDT an excellent candidate as a new class of p-type semiconductors.  
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Chapter 5 

Future Works 

 

5.1 Ketopyrrole-Core-Based Polymers Incorporated with Vinyl- and Ethynyl-Linked 

Bisbenzothiadiazoles for Solution-Processed Ambipolar Organic Transistors 

5.1.1 Research Background 

Polymeric semiconductors are promising for practical usages in printable display electronics due to 

many advantages such as low cost, thermal stability, transparency, mechanical flexibility, and solution 

processability.
1
 Amongst prominent candidates, a family of π-conjugated molecular frameworks 

containing centro-symmetric ketopyrrole cores, diketopyrrolopyrrole (DPP)
2
 and isoindigo (IID)

1g, 3
 

(see Figure 5.1.1a), has received much attention owing to recent impressive progress in enhancing 

mobilities and modulating electrical properties of organic field-effect transistors (OFETs). Basically, 

DPP and IID backbones facilitate planar, fused heteroaromatic rings and π-conjugated cyclic amide 

structures, leading to highly ordered π-π interactions and strong electron-withdrawing effects. 

Furthermore, the ease of various alkylations at the N-position of both lactam structures allows 

resulting ketopyrrole-based polymers to possess desired solution processability for device 

applications.
3c, 4

 To date, DPP- and IID-based polymers have been utilized as efficient single 

component ambipolar active materials in OFETs for potential applications in complementary metal 

oxide semiconductor (CMOS)-like integrated circuits and organic light-emitting transistors.
1e, 1h, 5

 

2,1,3-Benzothiadiazole (BT) has been widely utilized so far and has proven to be one of promising 

electron accepting units for electronic applications.
6
 Recently, its updated analogues such as 

benzobisthiadiazole,
7
 bisbenzothiadiazole,

8
 and naphthobisthiadiazole

9
 have been developed towards 

stronger electron-withdrawing units for achieving lower energy band gap. Despite their attractive 

motif, only a few articles have been reported to adopt these units due to synthetic difficulties. Among 

them, unlike other stronger accepting units based on BT backbone, incorporation of 

bisbenzothiadiazole (BisBT, see Figure 5.1.1b) has exhibited decreased packing and poor charge 

transport in the resulting materials due to a large twist hindrance between the adjacent BT units.
2b, 8

   

To enlarge the planarity, extend π-conjugation, enhance charge carrier mobility and tune electrical 

polarity, generally vinyl and ethynyl groups have been introduced in the molecular backbone. For 

example, introduction of (E)-2-(2-thiophen-2-yl)vinyl)thiophene (TVT)
10

 with a vinyl bond as a π-

extended electron donor unit in the polymer main chain with lactam centers has contributed on major 

enhancement of p-channel transporting properties as a key component to promote polymer coplanarity 

and intermolecular π-π stacking. While, incorporation of ethynyl spacer,
11

 less explored yet, into 

several promising polymer backbones with diimide groups has provided so far further improvement of 
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mainly n-channel field-effect performances due to electron-withdrawing character
12

 of the ethynyl 

bond. 

In this research, we designed and synthesized a family of copolymers, poly{[2,5-N,N′-bis(2-

octyldodecyl)-3,6-di(thiophen-2-yl)pyrrole[3,4-c]pyrrole-1,4-dione-5′,5′′-diyl]-alt-[4,4′-(2-ethen-1-

diyl)bis(2,1,3-benzothiadiazole)-7′,7′′-diyl]} (PDTDPP-VBBT), poly{[N,N′-di(2-octyldodecyl) 

isoindigo-6′,6′′-diyl]-alt-[4,4′-(2-ethen-1-diyl)bis(2,1,3-benzothiadiazole)-7′,7′′-diyl]} (PIID-VBBT), 

poly{[2,5-N,N′-bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)pyrrole[3,4-c]pyrrole-1,4-dione-5′,5′′-diyl]-

alt-[4,4′-(2-ethyn-1-diyl)bis(2,1,3-benzothiadiazole)-7′,7′′-diyl]} (PDTDPP-EBBT), and poly{[N,N′-

di(2-octyldodecyl)isoindigo-6′,6′′-diyl]-alt-[4,4′-(2-ethyn-1-diyl)bis(2,1,3-benzothiadiazole)-7′,7′′-

diyl]} (PIID-EBBT) (see Figure 5.1.2) to investigate correlation between polymers incorporated 

BisBT with vinyl and ethynyl linkers and ambipolar OFET characteristics as well as to analyze 

molecular packing trends in thin films based on the new polymers. The synthesized ketopyrrole-core-

based copolymers exhibited expectedly ambipolar behaviors on the bottom-gate top-contact OFET 

devices. Relative to the IID-based polymers, DPP-based polymers exhibited better field-effect 

mobilities. We confirmed that inclusion of BisBT with a vinyl linkage gives slightly increased p-

channel dominant characteristic in the mainly DPP-based polymer PDTDPP-VBBT. However, 

significant influence of the introduced ethynyl-bridged BisBT towards n-channel dominant electrical 

polarity is observed in only IID-based polymer PIID-EBBT. 

 

 

Figure 5.1.1. Chemical structures of ketopyrrole-core pigments (a) and BT-based electron-deficient 

blocks (b). 

 



 

130 

 

 

Figure 5.1.2. Chemical structures of ketopyrrole-core-based copolymers studied in this work 

 

5.1.2 Synthesis and Characterization 

The ketopyrrole-core-based copolymers were synthesized by combining (E)-4,4′-(2-ethen-1-

diyl)bis(7-bromo-2,1,3-benzothiadiazole) (1) and 4,4′-(2-ethyn-1-diyl)bis(7-bromo-2,1,3-benzothia 

diazole) (2) with 3,6-di(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-yl)-N,N′-di(2-

octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4-dione (3) and (E)-6,6′-di(4,4,5,5-tetramethyl-1,3,2-dioxa 

borolan-2-yl)-N,N′-di(2-octyldodecyl)isoindigo (4), repectively, as outlined in scheme 5.1. In fact, 

synthesis of dibromo vinyl- or ethynyl-bridged BisBT (1 or 2) is not so easy task due to synthetic 

limitations to modify BT unit and the related synthesis has been rarely reported so far. According to a 

literature, 1 can be prepared by multi-step synthetic routes with tedious reaction processes.
13

 Besides, 

no report to obtain 2 has been yet observed.  

To reduce synthetic efforts and procedures, we applied a useful microwave-assisted Stille coupling 

method to prepare 1 and 2 (in both 40 % yield) through the one-step reaction by coupling dibromo BT 

with commercially available trans-1,2-bis(tri-n-butylstannyl)ethylene and bis(tributylstannyl) 

acetylene compounds, respectively. The diboronic ester compounds (3 and 4) as comonomers were 

synthesized by following previously reported procedures.
2b, 3a

 Suzuki polymerization resulted in four 

polymers (PDTDPP-VBBT, PIID-VBBT, PDTDPP-EBBT and PIID-EBBT, respectively; see the 

detail reaction conditions in Experimental section). Despite the rigid backbones, the resulting 

polymers show good solubility in common organic solvent, which makes those solution-processable. 

For chloroform fraction of each polymer after Soxhlet extraction, gel-permeation chromatography 

(GPC) analysis against polystyrene standard exhibits a number-averaged molecular mass (Mn) of 

20650, 30250, 11000 and 23700 gmol
-1 

and polydispersity indices (PDI) of 4.99, 3.46, 1.81 and 4.09 

for PDTDPP-VBBT, PIID-VBBT, PDTDPP-EBBT and PIID-EBBT, respectively. The thermal 

stability was quantified using thermogravimetric analysis (TGA) at a scan rate of 10 °C min
-1

 in 

nitrogen atmosphere. The decomposition temperature (Td) with 5 % weight loss was measured to be 
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332, 395, 383 and 360 °C for PDTDPP-VBBT, PIID-VBBT, PDTDPP-EBBT and PIID-EBBT, 

respectively.  

 

 

 

Scheme 5.1. Synthetic route for key monomers and copolymers based on ketopyrrole cores (DPP and 

IID). Reagent and conditions: (i) toluene, Pd(pph3)4 (10 mol%), 120 °C, 20 min, µW, 40%; (ii, iii, iv, 

v) toluene, Pd2dba3 (5 mol%), P(o-tolyl)3 (20 mol%), aqueous K3PO4 (5 equiv.), 120 °C, 48h. 

 

5.1.3 Optical Properties 

The photophysical properties were investigated by ultraviolet-visible (UV-Vis) absorption spectra of 

the polymers in chloroform solution and as thin films, as displayed in Figure 5.1.3. The obtained data 

from optical properties are summarized in Table 9. According to Figure 5.1.3a, the maximum 

absorption wavelengths (λmax) of PDTDPP-VBBT and PDTDPP-EBBT in solution were observed at 

644 and 817 nm, respectively. Compared to the previously reported PDTDPP-BBT (λmax = 780 nm),
2b

 

PDTDPP-VBBT shows significant blue-shift absorption characteristics despite the more extended π-

conjugation. It indicates that the vinyl bridge in between BTs probably suppress efficient 

intramolecular charge transfer (ICT) in the diketopyrrolopyrrole-based polymer. On the other hand, 

PDTDPP-EBBT exhibits more red-shift optical property (by ~37 nm) relative to the PDTDPP-BBT. 

As a result, it can be said that the ethynyl bond within BBT in PDTDPP-EBBT leads to effective ICT 

and extension of absorption range. Interestingly, this trend is not matched with the optical properties 

obtained from isoindigo-based copolymers as depicted in Figure 5.1.3b. PIID-VBBT exhibits more 
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bathochromic-shifted λmax rather than that in PIID-EBBT, indicating that the vinyl linkage in between 

BTs enables better ICT than ethynyl bond in the isoindigo-based polymer. However, both PIID-

VBBT and PIID-EBBT show nearly similar absorption onset value. 

As shown in Figure 5.1.3c,d, optical properties of all ketopyrrole-based copolymers in thin films are 

observed to be almost identical to those in solution. DPP-based polymers’ films show considerably 

red-shift λmax (~20 nm) compared to the solution state, while IID-contained polymers do not show 

significant difference in the absorbance for both solution and film. The estimated optical energy 

bandgaps (Eg
opt

) of PDTDPP-VBBT, PDTDPP-EBBT, PIID-VBBT and PIID-EBBT are 1.35, 1.22, 

1.75 and 1.68 eV, respectively.      
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Figure 5.1.3. UV-Vis absorption spectra of ketopyrrolo-core-based copolymers in {(a),(b)} 

chloroform solution and as {(c),(d)} thin films.  

 

5.1.4 Electrochemical Properties 

Cyclic voltammograms (CV) of the ketopyrrole-core-based polymers in thin films were examined to 

study electrochemical properties as shown in Figure 5.1.4 and CV data are summarized in Table 9. 

The observed redox potentials of the polymers were referenced to the ferrocene/ferrocenium redox 

couple (Fc/Fc
+
). It was assumed that the redox potential of Fc/Fc

+
 is an absolute energy level of -4.8 

eV to vacuum. The CV curves of the polymers cast films reveal quasi-reversible oxidation and 
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reversible reduction behaviors. The highest occupied molecular orbital (HOMO) energy levels of 

PDTDPP-VBBT and PDTDPP-EBBT were calculated to be low-lying and similar values (-5.34 and 

-5.31 eV, respectively), whereas the lowest unoccupied molecular orbital (LUMO) energy level of 

PDTDPP-EBBT was lower by 0.1 eV than that of PDTDPP-VBBT. Meanwhile, PIID-VBBT and 

PIID-EBBT show significantly deep HOMO energy levels (-5.72 and -5.68 eV, respectively). 

However, their LUMO energy levels do not show remarkable differences compared to DPP-based 

polymers. The electrochemical bandgaps (Eg
elec

) of PDTDPP-VBBT, PDTDPP-EBBT, PIID-VBBT 

and PIID-EBBT were estimated to be 1.91, 1.78, 2.21 and 2.19 eV, respectively. Overall, it seems 

that inclusion of vinyl- and ethynyl-linked BisBT into ketopyrrole-based polymers lead to deep 

HOMO energy levels of the resulting copolymers, indicating ambient stability of the polymers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1.4. Cyclic voltammogram of ketopyrrole-based polymers as thin films on the Pt electrode in 

0.1 M n-Bu4NPF6/acetonitrile solution at a scan rate of 50 mVs
-1

. 

 

Table 9. Optical and electrochemical properties of ketopyrrole-core-based copolymers 

Polymer 
max

soln.
 

(nm) 

max
film

 

(nm) 

Eg
opt

  

(eV)
a
 

HOMO 

(eV)
b
 

LUMO 

 (eV)
b
 

Eg
elec

  

(eV)
c
 

PDTDPP-VBBT 644     664 1.35 -5.34  -3.43 1.91 

PDTDPP-EBBT 817     836 1.22 -5.31 -3.53 1.78 

PIID-VBBT 603     597 1.75 -5.72 -3.51 2.21 

PIID-EBBT 454     454 1.68 -5.68 -3.49 2.19 

a
Eg

opt 
(eV) = 1240/onset

film
 (eV); 

b
HOMO (or LUMO) (eV) = -[Vonset

ox (or red)
 – Fc/Fc

+
(1/2) +4.8] (eV); 

c
Eg

elec
 (eV) = | HOMO-LUMO | (eV) 

 

5.1.5 Density functional theory (DFT) structure calculation 

As simulated in Figure 5.1.5, the energetically stable conformations and molecular orbital 

distributions were computed using density functional theory (DFT) calculation method at B3LYP/6-
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31G level in order to obtain insight into the effect of vinyl and ethynyl substitutions on the polymer 

backbones. The long-branched alkyl chain on the model system was replaced by a methyl group for 

simplicity. 

The model trimmers for DPP-based polymers, PDTDPP-VBBT and PDTDPP-EBBT, show 

completely planar molecular geometries due to the rigid backbone of DPP unit and incorporated vinyl 

and ethynyl linkages on BisBT unit, while the calculated trimmers based on IID polymers, PIID-

VBBT and PIID-EBBT, display dihedral angle torsion (28° ~ 30°) between IID and neighboring BT 

units (see side views in Figure 5.1.5). The molecular orbital distributions of HOMO and LUMO 

isosurfaces for each model trimmer were also simulated. HOMOs for all models are well-delocalized 

over the whole conjugated backbone, while LUMOs are mainly distributed on the BisBT blocks with 

vinyl and ethynyl bridges. 

 

 
 
Figure 5.1.5. DFT-optimized geometries, side views, charge-density isosurfaces for the HOMO and 

LUMO levels of model trimmers for PDTDPP-VBBT (a), PIID-VBBT (b), PDTDPP-EBBT (c) and 

PIID-EBBT (d). 
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Chapter 6 

Experimental Section 

6.1 General 

6.1.1 DSSCs Experiment 

Materials and Instruments. All reagents were used as received from commercial resources without 

further purification. The compound 1, 2, and 3 were synthesized by following the literature.
 1
H and 

13
C NMR spectra were recorded on a Varian VNMRS 600 (600 MHz) with chloroform-d or 

dimethylsulfoxide-d and TMS as internal standard. MALDI-TOF spectra were measured with a 

Bruker Ultraflex III and UV-Vis absorption measurements were performed on a Varian Carry 5000 

spectrophotometer. 

DSSCs fabrication and characterization. Nano-crystalline TiO2 colloids were synthesized from a sol-

gel hydrolysis method. The TiO2 paste mixing nano-crystalline colloids solution with α-terpineol and 

ethylcellulose for 10h at 80 
o
C was coated on F-doped SnO2 conducting glass (TEC Glass-TEC 8, 

Pilkington) with 100 μm thickness. Through annealing process at 500 
o
C for 30 min in a muffle 

furnace, the thickness of TiO2 layer was reduced to 15 μm and the active area of the TiO2 electrode 

was 0.25 cm
2
. The Nano-porous TiO2 coated electrode was immersed in 0.3 mM absolute ethanol at 

room temperature for 1 day. And then, transparent counter electrode was prepared by adding a few 

drops of 10 mM hydrogen hexachloroplatinate (IV) hydrate (99.9%, Aldrich) into 2-propanol on 

drilled FTO glass. After annealing it at 450 
o
C for 2h, the counter electrode was assembled with the 

dye adsorbed TiO2 photo anode. The two electrodes were separated with 25 µm Surlyn (Dupont) and 

sealed with coverglass by heating at 95 
o
C with pressure 100 Kgf/cm

2  
for 10s. The internal space was 

filled with the liquid electrolyte. 1-Hexyl-2,3-dimethyl-imidazolium iodide (0.6M), lithium iodide 

(0.1M), iodine (0.05M), and 4-tert-butylpyridine (0.5M) in acetonitrile, was mixed for the holes. 

 

6.1.2 OPVs Experiment  

PCZ-BBT, PCZV-BBTV and PDTCZ-BBT 

Chemicals and measurements: All chemicals were purchased from Aldrich and used without 

further purification. Anhydrous solvents were used for the syntheses. THF was purified and freshly 

distilled over sodium and benzophenone. To characterize the new materials, 
1
H and 

13
C NMR spectra 

were recorded on a Varian VNMRS 600 (600 MHz) spectrometer using tetramethylsilane (TMS) as 

an internal standard. MALDI-TOF spectra were measured with a Bruker Ultraflex III, and elemental 

analyses of carbon, hydrogen, sulfur, and nitrogen were carried out with a Flash 2000 elemental 

analyser. To analyze the synthetic polymers, GPC was investigated by using an Agilent 1200 series 

and mini-DAWN TREOS against polysytrene (PS) as a standard. Absorption spectra were recorded in 

chlorobenzene solution on a Varian Carry 5000 spectrophotometer at room temperature. The 
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electrochemical data were obtained from a Solartron SI 1287 potentiostat analyzer. 

Photovoltaic cells fabrication and testing: Polymer solar cell devices were fabricated according to the 

following procedure: First, the ITO-coated glass substrate was cleaned with detergent, then 

ultrasonicated in distilled water, acetone, and isopropyl alcohol, and then dried overnight in an oven at 

100 
o
C. Poly(3,4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) (Baytron PH) was 

spin-cast at 4000 rpm for 40s. The substrate was then dried for 10 min at 140 
o
C in air. Subsequently, 

it was moved into a glove box for spin-coating the active layer. A mixed solution of PCZ-BBT: 

PC71BM, PCZV-BBTV: PC71BM or PDTCZ-BBT:PC71BM in o-dichlorobenzene (DCB) was then 

spin coated at 1000 rpm for 60 s on top of the PEDOT:PSS layer to obtain a BHJ film. Those samples 

were transferred into a vacuum system (about 10
-7

 Torr), and an Al electrode (100 nm) was deposited 

on top of the BHJ layer. Typical devices were thermally annealed in a petri dish. Thermal annealing 

was carried out by directly placing the completed devices on a digitally controlled hot plate at various 

temperatures, in a glove-box filled with nitrogen gas, and, after annealing, the devices were put on a 

metal plate and cooled to room temperature. Measurements were carried out with the solar cells inside 

the glove box by using a high quality optical fiber to guide the light from the solar simulator equipped 

with a Keithley 2635 A source. The solar cell devices were illuminated at an intensity of 100 mWcm
-2

. 

For more accurate information the IPCE measurements were carried out with QEX7. 

OFET device preparation and measurement: All p-type OFETs were fabricated on heavily doped n-

type silicon (Si) wafers each covered with a thermally grown silicon dioxide (SiO2) layer with a 

thickness of 200 nm. The doped Si wafer acts as a gate electrode, and the SiO2 layer functions as the 

gate insulator. The active layer was deposited by spin-coating at 2500 rpm. All solutions were 

prepared at a concentration of 0.5 wt% in chlorobenzene. The thickness of the deposited films was 

about 60 nm. Prior to vapor deposition of the source–drain electrodes, the films were dried on a hot 

plate stabilized at 80
 o
C for 30 min. All fabrication processes were carried out in a glove box filled 

with N2. Source and drain electrodes using Au were deposited by thermal evaporation using a shadow 

mask. The thickness of the source and drain electrodes was 50 nm. The channel length (L) and 

channel width (W) were 50 μm and 1.5 mm, respectively. Electrical characterization was performed 

by using a Keithley semiconductor parametric analyzer (Keithley 4200) under an N2 atmosphere. The 

electron mobility (μ) was determined by using Equation (1) in the saturation regime;  

                           Ids = (WCi/2L) × μ × (Vgs – VT)
2
                    (1) 

where Ci is the capacitance per unit area of the SiO2 dielectric (Ci = 15 nFcm
-2

) and VT is the threshold 

voltage. 

 

PCDTNT 

Materials: Tetrakis(triphenylphosphine)palladium(0) and 2,3-diaminonaphthalene (1) were 

purchased from Strem chemical incorporation and Alfa Aesar, respectively. All other chemicals and 
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solvents were received from Aldrich and Acros chemical companies and used as received without 

further purification. 2,7-Bis(4′,4′,5′,5′-tetramethyl-1′,3′,2′-dioxaborolan-2′-yl)-N-9′′-heptadecanyl 

carbazole (6) was prepared according to previously reported procedures. 

Instruments for characterization: 
1
H and 

13
C NMR were recorded on a Varian VNRS 600 MHz 

spectrophotometer using the deuterated chloroform (CDCl3) with TMS as an internal standard. 

Elemental analyses of carbon, hydrogen and sulfur were carried out with a Flesh 2000 elemental 

analyzer and mass spectra were measured with a Varian 450-GC & 320-MS. Thermogravimetric 

analysis (TGA) was performed using a Q200 from thermal analysis (TA) instruments at a heating rate 

of 10 
o
C min

-1
 in a N2 atmosphere. To investigate molecular weight and polydispersity index (PDI) of 

the new polymer, gel permeation chromatography (GPC) was carried out with Agilent 1200 series and 

miniDAWN TREOS using tetrahydrofuran (THF) as a solvent against PS as a standard. UV-vis 

absorption spectrum was recorded on a Varian Carry 5000 spectrophotometer at room temperature. 

The electrochemical data were obtained from a VersaSTAT3 Princeton Applied Research Potentiostat 

in a three-electrode cell system using 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) in 

acetonitrile as the electrolyte. Atomic force microscopy (AFM) measurements were performed using a 

Digital Instruments dimension AFM controlled by a nanoscope scanning probe microscope controller. 

Photovoltaic device fabrication: Polymer solar cell devices were fabricated according to the 

following procedure. First, the indium tin oxide (ITO) coated glass substrate was cleaned with 

detergent, then ultrasonicated in distilled water, acetone and isopropyl alcohol, and then dried 

overnight in an oven at 100 
o
C. Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) 

(PEDOT:PSS) (Baytron PH) was spin-cast at 4000 rpm for 40s. The substrate was then dried for 10 

min at 140 
o
C in air. Subsequently, it is moved into a glove box for spin-coating the active layer. A 

mixed solution of PCDTNT:PC71BM (1:3 w/w) with and without 1,8-octanedithiol (ODT) as an 

additive in o-dichlorobenzene (DCB) was then spin coated at 1000 rpm for 60s on top of the 

PEDOT:PSS layer to obtain a BHJ film. The BHJ devices for various ratios have been scanned from 

1:1 to 1:4 of PCDTNT:PC71BM blends for optimization, but the 1:3 ratio of PCDTNT:PC71BM gave 

the best performance. These samples were brought into a vacuum system (about 10
-7

 Torr), and an Al 

electrode (100 nm) was deposited on top of the BHJ layer. Typical devices were thermal annealed for 

5 min at 150 
o
C. 

Organic field-effect transistors (OFETs) fabrication: Heavily doped n-type silicon (Si) wafers were 

used as substrates, and a layer of 200 nm of silicon dioxide (SiO2: grown by thermal oxidation) was 

used as the gate dielectric layer. Au (60 nm) was successively evaporated with a shadow mask to 

obtain source and drain electrodes. The interdigitated structure of the source–drain contacts 

determined a channel length of 50 μm and a channel width of 2950 μm. Substrates were cleaned by 

acetone and isopropanol and dried at 100 
o
C in an oven for 20 min, and treated with 

octadecyltrichlorosilane (OTS) at room temperature 
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for over 12 h to treat the surface. Organic semiconductor layers (60 nm) were deposited by spin-

coating at 2000 rpm. All fabrication processes were carried out in a glove box filled with N2. 

Electrical characterization was performed using a Keithley semiconductor parametric analyzer 

(Keithley 4200-SCS) under a N2 atmosphere. The charge carrier mobility (μ) was determined using 

the following equation in the saturation regime:  

Ids = (WCi/2L) × μ × (Vgs – VT)
2
                     

where Ci is the capacitance per unit area of the SiO2 dielectric (Ci = 15 nFcm
-2

) and VT is the threshold 

voltage. 

 

PCDTFBT and PCDT2FBT 

Materials and general characterization methods: All chemicals and solvents were purchased from 

Aldrich and Acros chemical companies and used as received without further purification. THF was 

distilled over sodium/benzophenone. 4-Fluoro-1,2-phenyldiamine and 4,5-difluoro-1,2-phenyldiamine 

were purchased from Alfa Aesar and TCI chemical incorporation, respectively. 2,7-bis(4′,4′,5′,5′-

tetramethyl-1′,3′,2′-dioxaborolan-2′-yl)-N-9″-heptadecanylcarbazole (5) was prepared according to 

reported procedures. 
1
H, 

13
C and 

19
F NMR were recorded on Varian VNRS 600 MHz 

spectrophotometer using the deuterated chloroform (CDCl3) or tetrachloroethane (CDCl2CDCl2) with 

TMS as an internal standard. Elemental analyses of carbon, hydrogen and sulfur were carried out with 

Flesh 2000 elemental analyzer and mass spectra were measured with a Varian 450-GC & 320-MS. 

Thermogravimetric analysis (TGA) was performed using Q200 from TA instrument on heating rate of 

10 °C min
-1

 in N2 atmosphere. To investigate molecular weight and polydispersity index (PDI) of the 

new polymers, gel permeation chromatography (GPC) was carried out with Agilent 1200 series and 

miniDAWN TREOS using THF as solvent against PS as a standard. UV-Vis absorption spectra were 

recorded on a Varian Carry 5000 spectrophotometer at room temperature. The electrochemical data 

was obtained from VersaSTAT3 Princeton Applied Research Potentiostat in a three-electrode cell 

system using 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) in acetonitrile as the 

electrolyte. AFM measurements were performed using a Digital Instruments dimension atomic force 

microscope controlled by a Nanoscope scanning probe microscope controller. XRD analysis for all of 

the films was performed with a Bruker D8 Advance high resolution X-ray diffractometer. 

Fabrication of field-effect transistors: Highly doped n
+
-Si wafers were used as substrates, and a 

layer of 200 nm of silicon dioxide (SiO2: grown by thermal oxidation) was used as the gate dielectric 

layer. Au (60 nm) was successively evaporated with shadow mask to obtain source and drain 

electrodes. The interdigitated sturcture of the source–drain contacts determined a channel length of 50 

μm and a channel width of 2950 μm. Substrates were cleaned by acetone, isopropanol and dried at 

100 °C oven for 20 min, and treated with octadecyltrichlorosilane (OTS) at room temperature for over 

12 hrs to treat the surface. Organic semiconductor layers (60 nm) were deposited by spin-coating at 
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2000 rpm. All fabrication processes were carried out in a glove box filled with N2. Electrical 

characterization was performed using a Keithley semiconductor parametric analyzer (Keithley 4200-

SCS) under N2 atmosphere. The electron mobility (μ) was determined using the following equation in 

the saturation regime; Ids = (WCi/2L)×μ×(Vgs−VT)
2
, where Ci is the capacitance per unit area of the 

SiO2 dielectric (Ci = 15 nF/cm
2
), VT is the threshold voltage. 

Fabrication of bulk heterojunction solar cells: Polymer solar cell devices were fabricated according 

to the following procedure. First, the ITO coated glass substrate was cleaned with detergent, then 

ultrasonicated in distilled water, acetone and isopropyl alcohol, and then dried overnight in an oven at 

100 °C. Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) was spin-cast at 

4000 rpm for 40 s. The substrate was then dried for 10 min at 140 °C in air. Subsequently, it was 

moved into a glove box for spin-coating the active layer. The mixed solution of PCDTFBT:PC71BM 

(from 1:1 to 1:4 w/w) and PCDT2FBT:PC71BM (from 1:1 to 1:4 w/w) in chlorobenzene (CB) were 

then spin-coated at 1500 rpm for 60 s on top of the PEDOT:PSS layer to obtain a BHJ film, 

respectively. Those samples were brought into a vacuum system (~ 10
-7

 Torr), and an Al electrode 

(100 nm) was deposited on top of the each BHJ layer. Typical devices were thermally annealed for 10 

min at 120, 140 and 150 °C, gradually. In addition, the device structures of the hole and electron only 

devices are ITO/PEDOT:PSS/(PCDTFBT or PCDT2FBT):PC71BM/Au and FTO/(PCDTFBT or 

PCDT2FBT):PC71BM/Al, respectively. Typical devices were thermally annealed. The samples were 

not exposed to ambient air after being loaded into the glove box. The solar cell devices were 

illuminated at an intensity of 100 mWcm
-2

. For more accurate information, the IPCE measurements 

were carried out with QEX7. The space-charge-limited current (SCLC) mobilities were estimated the 

Mott-Gurney square law JSCLC = 9/8×εrε0×μ(V
2
/L

3
), where εr is the dielectric constant of the material, 

ε0 is the permittivity of free space, L is the distance between the cathode and anode, which is 

equivalent to the film thickness, and V is the applied voltage. 

 

6.1.3 OFETs Experiment 

OFET Device Preparation and Measurement: Highly n-doped (100) Si wafers (<0.004 Ω·cm) with 

a thermally grown SiO2 (300 nm, Ci = 10 nF cm
−2

) were cleaned with piranha solution and UV-ozone 

plasma. The surface of SiO2/Si wafer was modified with octadecyltrimethoxysilane (OTS) as 

previously reported. 3 mM of OTS solution, prepared by using trichloroethylene (TCE) as the solvent, 

was placed to cover the entire surface of SiO2/Si substrate on a spin coater. After waiting for at least 

10 s, spin coating was performed at 3000 rpm for 30 s. The wafer was then placed into a larger 

desiccator in which a vial filled with NH4OH (1−2 mL) was put together. House vacuum was applied 

to the desiccator for 5 min, and the whole system was set aside in ambient conditions for 12 h. The 

samples were removed, and washed sequentially with toluene, acetone, isopropyl alcohol, and then 

dried using a nitrogen gun. DTBDT-based polymers were dissolved in chloroform (5 mg mL
−1

) and 
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stirred at 50 °C for 24 h. The prepared polymer solution was drop-cast onto the hydrophobic 

OTS-treated SiO2/Si, and placed in a vacuum oven at 50 °C for 12 h. Then, the polymer film (∼ 35 

nm) was annealed on a hot plate at 150 °C for 30 min under N2 atmosphere. Au (40 nm) was 

deposited to form source and drain electrodes with a channel length (L) of 50 μm and a channel width 

(W) of 1000 μm. The OFET characteristics were measured in a N2-filled glovebox by using a 

Keithley 4200 semiconductor parametric analyzer. The field-effect mobility was calculated in the 

saturation regime using the following equation: 

IDS = 1/2(W/L)μCi(VG-VT)
2
 

where IDS is the drain-to-source current, μ is the mobility, and VG and VT are the gate voltage and 

threshold voltage, respectively. 

 

6.2 DSSCs Material Synthesis 

 

Synthesis of diindenothiophene carbaldehyde 6. 4,9-Dihydro-4,4,9,9-tetrakis(4-methylphenyl)-s-

indaceno[1,2-b:5,6-b']dithiophene (3) (0.7 g, 1.12 mmol) was dissolved in chloroform (100 mL) under 

argon. N-Bromosuccinimide (0.22 g, 1.23 mmol) was added and kept under dark overnight. The 

reaction was monitored by TLC and precipitated into water/methanol and filtered. The solid was 

subsequently washed with methanol and water. The mono-bromide compound 4 (0.73 g, 1.10 mmol) 

was obtained and used without further purification. N,N-Dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)aniline (0.35 g, 1.40 mmol) was dissolved in THF (20 mL) under argon. Aqueous 

2M K2CO3 was added and purged with argon for 10 minutes. 

Tetrakis(triphenylphosphine)palladium(0) (0.069 g, 0.06 mmol) was added to the mixture and 

refluxed at 95 
o
C overnight. The mixture was cooled and extracted with dichloromethane and water 

and dried over MgSO4. The crude product was purified by column chromatography (silica, 

hexane/dichloromethane = 1/1) to give a dark green powder. This solid compound (0.1 g, 0.13 mmol) 

in dry dichloromethane was added to Vilsmeier reagent in which POCl3 (0.39 g, 2.6 mmol) and dry 

DMF (0.186 g, 2.42 mmol) at 0 
o
C was mixed. The reaction mixture was stirred and refluxed 

overnight. When the mixture turned red, 1 M sodium acetate solution was added and then it was 

refluxed under again until its color became yellow. The yellow suspension was extracted with 

dichloromethane and water. The crude product was purified by column chromatography (silica, 

dichloromethane) to give red sticky product (0.1 g, 96 %). 
1
H NMR (600 MHz, CDCl3) δ (ppm) 9.79 

(s, 1H), 7.61 (s, 1H), 7.52 (s, 1H), 7.44 (m, 2H), 7.39 (s, 1H), 7.19-7.08 (m, 16H), 6.69 (d, 2H, J = 9 
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Hz), 2.98 (s, 6H), 2.32 (s, 12H). 
13

C NMR (150 MHz, CDCl3) δ (ppm) 182.70, 157.98, 155.69, 154.92, 

153.44, 151.83, 150.14, 149.88, 145.09, 141.50, 140.98, 138.52, 137.51, 136.85, 136.57, 132.71, 

131.96, 130.88, 128.80, 127.74, 126.45, 123.10, 118.69, 116.72, 112.44, 68.16, 62.82, 40.43, 40.39, 

31.92, 29.69, 23.75, 22.98, 22.50, 21.01, 14.05, 10.96, 1.02. MALDI-TOF (m/z) calcd: 773.2 [M+H]
+
; 

found: 774.2 . 

 

 

Synthesis of thiophene-fused coplanar sensitizer 7. Cyanoacetic acid (20 mg, 0.26 mmol) was added 

to the mixture of acetonitrile (25 ml) and the carbaldehyde compound 6 (100 mg, 0.13 mmol) in the 

presence of piperidine (0.5 ml). The solution was refluxed for 12 h. The mixture was extracted with 

dichloromethane and brine and dried over MgSO4. The crude product was purified by column 

chromatography (silica, methanol/dichloromethane = 1/5) to give dark red solid product (50 mg, 

46 %). 
1
H NMR (600 MHz, DMSO-d6) δ (ppm) 7.91 (s, 1H), 7.86 (s, 1H), 7.60 (s, 1H), 7.52 (d, 2H, J 

= 9 Hz), 7.38 (s, 1H), 7.17-7.09 (m, 16H), 6.74 (d, 2H, J = 9 Hz), 2.95 (s, 6H), 2.27 (s, 12H). 
13

C 

NMR (150 MHz, DMSO-d6) δ (ppm) 167.46, 158.47, 155.95, 154.82, 153.38, 150.55, 149.92, 141.62, 

141.59, 141.11, 141.06, 137.73, 136.77, 136.44, 132.72, 129.65, 128.06, 127.87, 126.68, 122.19, 

117.25, 112.78, 112.45, 72.90, 72.66, 62.98, 62.63, 60.68, 53.33, 31.71, 29.42, 23.68, 22.82, 22.60, 

22.52, 20.96, 14.38, 11.24. MALDI-TOF (m/z) calcd: 840.2 [M+H]
+
; found: 840.18. 

 

6.3 OPVs Material Synthesis 

 

N-(2-Decyltetradecyl)-2,7-bis-(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-2-yl)carbazole 2: n-BuLi 

(1.6m, 3.1 mL, 4.99 mmol) was added dropwise at -78
 o

C to 2,7-dibromo-N-(2-

decyltetradecyl)carbazole (1.5 g, 2.27 mmol) in dry THF (50 mL) under an argon atmosphere. After 

the mixture had been stirred for an hour, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1 g, 

5.67 mmol) was added slowly at -78
 o
C. The reaction mixture was warmed to room temperature and 

stirred overnight. The reaction was quenched with water, and then the mixture was extracted with 

dichloromethane and brine. It was dried over MgSO4, filtered, and concentrated in vacuum. The crude 

product was purified by column chromatography on silica gel (hexane/dichloromethane=1/1) to give 2 

as a sticky colorless oil (0.85 g, 50%). 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.11 (d, J=7.2 Hz, 2 H), 
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7.88 (s, 2 H), 7.66 (d, J=7.2 Hz, 2H), 4.25 (d, 2H), 2.18 (m,1H), 1.39 (s, 24 H), 1.36–1.21 (m, 40 H), 

0.88 (t, 6H); 
13

C NMR (150 MHz, CDCl3): δ (ppm) 140.98, 125.11, 124.85, 119.96, 115.75, 83.74, 

47.40, 37.74, 32.01, 31.74, 29.74, 26.46, 24.98, 22.77, 14.20; MALDI-TOF:m/z: calcd: 755.62 [M]+; 

found: 755.62; elemental analysis calcd (%) for C47H77B2NO4 : C 76.11, H 10.46, B 2.92, N 1.89, O 

8.63; found: C 76.33, H 10.41, N 1.99. 

 

 

Poly[N-(2-decyltetradecyl)-2,7-carbazole-co-7,7′-{4,4′-bis-(2,1,3-benzothiadiazole)}] (PCZ-BBT): 

Compound 2 (250 mg, 0.33 mmol) and 7,7′-dibromo-4,4′-bis-(2,1,3-benzothiadiazole) (140 mg, 0.33 

mmol) were dissolved in toluene (20 mL). 2mK2CO3 was added and then one drop of Aliquat 336 

was added. After bubbling the mixture with argon for 10 min, 

tetrakis(triphenylphosphine)palladium(0) (19 mg, 0.016 mmol) was added. The mixture was stirred 

and refluxed at 95 
o
C for two days and then the dark red mixture was cooled down. It was precipitated 

in dilute HCl/methanol and filtered. The polymer was purified by soxhlet extraction using methanol 

and acetone for 24 h each. Finally, the polymer was redissolved in chlorobenzene and re-precipitated 

in methanol to give a red-colored polymer (150 mg). GPC analysis Mn=8,000 gmol
-1

, Mw=22,700 

gmol
-1

, and PDI=2.83 (against PS standard). 
1
H NMR (600 MHz, CDCl3) : δ (ppm) 8.56–8.54 (br, m, 

1H), 8.46–8.44 (br, m, 1H), 8.39–8.37 (br, m, 1 H), 8.34–8.30 (br, m, 1H), 8.24–8.18 (br, m, 1H), 

8.14–8.04 (br, m, 2H), 7.91–7.83 (br, m, 2H), 7.52–7.49 (br, m, 1 H), 4.42–4.31(br, m, 2 H), 2.38–

2.28 (br, m, 1 H), 1.41–1.12 (br, m, 40H), 0.91–0.78 (br, m, 6H). 

 

 

Poly[N-(2-decyltetradecyl)-2,7-carbazolevinylene-co-7,7′-{4,4′-bis-(2,1,3-benzothiadiazole 

vinylene)}] (PCZV-BBTV): Tetrakis(triphenylphosphine)palladium(0) (13 mg) was added to a 

mixture of 2,7-dibromo-N-(2-decyltetradecyl)carbazole (150 mg, 0.23 mmol), 7,7′-dibromo-4,4′-bis-

(2,1,3-benzothiadiazole) (97 mg, 0.23 mmol), and trans-1,2-bis-(tri-n-butyllstannyl)ethylene (275 mg, 

0.45 mmol) in toluene (7 mL)/DMF (1 mL). The reaction mixture was stirred and refluxed overnight. 

After two days, the cooled mixture was precipitated in HCl/methanol and then filtered. The polymer 

was purified by soxhlet extraction successively with methanol and acetone for 24 h each. The soluble 

part obtained in chlorobenzene was re-precipitated from methanol, to give a red polymer (62 mg). 

GPC analysis Mn=6,500 gmol
-1

, Mw=17,500 gmol
-1

, and PDI=2.69 (against PS standard). 
1
H NMR 

(600 MHz, CDCl3): δ (ppm) 8.58–8.47 (br, m, 1H), 8.30–8.19 (br, m, 1 H), 8.06–7.94 (br, m, 3H), 
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7,58–7.31 (br, m, 3H), 7.50–7.12 (br, m, 2H), 5.54–5.28 (br, m, 2H), 4.36–3.96 (br, m, 2 H), 2.28–

1.96 (br, m, 1H), 1.52–0.93 (br, m, 40H), 0.91–0.73 (br, m, 6 H). 

 

 

N-(2-Decyltetradecyl)-2,7-di(thiophen-2-yl)carbazole (3): 2,7-Dibromo-N-(2-decyltetradecyl) 

carbazole (2 g, 3.02 mmol) and 2-(tributylstannyl)thiophene (2.47 g, 6.64 mmol) were dissolved in 

dry toluene (16 mL) and DMF (4 mL) under argon. Tetrakis(triphenylphosphine)palladium(0) (0.173 

g, 0.15 mmol) was added and then the mixture was heated up to 100 
o
C. The mixture was refluxed 

overnight with stirring. After evaporating the mixture, DMF, dichloromethane, and water were added 

and the mixture was washed with dilute HCl, saturated NaHCO3, and brine. The organic phase was 

dried over MgSO4, filtered, and concentrated in vacuo. The crude mixture was purified by column 

chromatography (silica, 0–10% ethyl acetate in hexane) to give 3 as a green powder (1.4 g, 70%). 
1
H 

NMR (600 MHz, CDCl3): δ (ppm) 8.02 (d, J=8.4 Hz, 2H), 7.58 (s, 2H), 7.49 (d, J=7.8 Hz, 2 H), 7.39 

(d, J=3.6 Hz, 2H), 7.29 (d, J=5.4 Hz, 2H), 7.12 (t, J=4.2 Hz, 2 H), 4.19 (d, J=7.2 Hz, 2 H), 2.17 (t, 

J=6 Hz, 1H), 1.42–1.20 (m, 40 H), 0.87 (m, 6H). 
13

C NMR (150 MHz, CDCl3): δ (ppm) 145.68, 

141.94, 132.11, 128.06, 124.54, 122.95, 122.15, 120.59, 117.76, 106.33, 47.55, 37.88, 31.96, 31.93, 

31.91, 29.97, 29.68, 29.66, 29.64, 29.63, 29.37, 29.34, 26.64, 22.70, 22.69, 14.13; MALDI-TOF: m/z: 

calcd: 668.1 [M]+; found: 667.3; elemental analysis calcd (%) for C44H61NS2: C 79.10, H 9.10, S 9.60, 

N 2.10; found: C 79.21, H 8.93, N 1.97, S 9.52. 

 

 

2,7-Bis-(5-bromothiophen-2-yl)-N-(2-decyltetradecyl)carbazole (4): Compound 3 (0.9 g, 1.3 mmol) 

was dissolved in dry chloroform (40 mL) under agron. N-Bromosuccinimide (0.51 g, 2.86 mmol) was 

added and then stirred overnight in the dark. Water was added and the mixture was extracted with 

sodium bisulfate solution and brine. After drying the mixture over MgSO4, it was filtered and 

concentrated in a rotary evaporator. The crude product was purified by column chromatography 

(silica, 20% dichloromethane in hexane) to give a green solid (0.8 g, 72%). 
1
H NMR (600 MHz, 

CDCl3): δ (ppm) 8.02 (d, J=7.8 Hz, 2 H), 7.46 (s, 2H), 7.39 (dd, J=8.4 Hz, 1.8 Hz, 2H), 7.13 (d, J=3.6 

Hz, 2 H), 7.06 (d, J=3.6 Hz, 2H), 4.16 (d, J=7.8 Hz, 2H), 2.14 (t, J=6 Hz, 1 H), 1.42–1.21 (m, 40H), 

0.87 (m, 6H); 
13

C NMR (150 MHz, CDCl3): δ (ppm) 147.05, 141.91, 131.45, 130.90, 123.12, 122.35, 

120.81, 117.39, 111.09, 106.08, 47.57, 37.81, 31.94, 31.93, 31.91, 30.93, 29.96, 29.69, 29.67, 29.65, 
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29.37, 29.34, 26.59, 22.71, 22.70, 14.13 ppm; MALDI-TOF: m/z: calcd: 825.9 [M]+; found: 825.2; 

elemental analysis calcd (%) for C44H59Br2NS2 : C 63.99, H 7.20, B 19.35, N 1.70, S 7.77; found: C 

64.12, H 7.08, N 1.73, S 7.88. 

 

 

N-(2-Decyltetradecyl)-2,7-bis-(5-(trimethylstannyl)thiophen-2-yl)carbazole (5): The dibromo 

compound 4 (0.75 g, 0.9 mmol) was dissolved in dry THF (30 mL) under argon. n-BuLi(1.6m, 1.25 

mL, 1.98 mmol) was added dropwise at -78
 o

C. After the mixture had been stirred for an hour, 

trimethyltin chloride in dry THF was added dropwise at the same temperature. The mixture was 

stirred overnight at room temperature. After adding water to the mixture, it was extracted with 

dichloromethane and then filtered dried, and concentrated in vacuo. The crude product was purified 

by using a triethylamine-treated alumina column to give a dark orange powder (0.8 g, 88%). 
1
H NMR 

(600 MHz, CDCl3): δ (ppm) 8.02 (d, J=7.8 Hz, 2H), 7.59 (s, 2H), 7.51 (m, 4H), 7.21 (q, J=1.8 Hz, 2 

H), 4.20 (d, J=7.2 Hz, 2H), 1.39 (t, J=6 Hz, 1 H), 1.38–1.21 (m, 40H), 0.87 (m, 6H); 
13

C NMR (150 

MHz, CDCl3): δ (ppm) 145.68, 141.95, 132.12, 128.07, 124.55, 122.97, 122.15, 120.59, 117.77, 

106.34, 47.57, 37.88, 31.97, 31.94, 31.92, 30.93, 29.97, 29.68, 29.66, 29.64, 29.63, 29.37, 29.34, 

26.64, 22.69, 14.13; MALDI-TOF: m/z: calcd: 993.7 [M]+; found: 993.3; elemental analysis calcd 

(%) for C50H77NS2Sn2 : C 60.43, H 7.81, N 1.41, S 6.45, Sn 23.89; found: C 60.38, H 7.97, N 1.43, S 

6.51. 

 

 

Poly[N-(2-decyltetradecyl)-2,7-(di-2-thienyl)carbazole-co-7,7′-{4,4′-bis-(2,1,3-benzothia diazole)}] 

(PDTCZ-BBT): Compound 5 (250 mg, 0.25 mmol) and 7,7′-dibromo-4,4′-bis-(2,1,3-

benzothiadiazole) (107 mg, 0.25 mmol) were dissolved in dry toluene (6 mL) under argon. The 

catalyst, tetrakis(triphneylphosphine)palladium(0) (14 mg, 0.0125 mmol), was added and then the 

mixture was refluxed overnight with stirring. After two days, bromobenzene (1 mL) and 2-

(tributylstannyl)thiophene (1 mL) were added to this mixture. The mixture was cooled down and 

precipitated in water/methanol. The filtered polymer was purified by soxhlet extraction using 

methanol, acetone, and hexane successively for 24 h each. 

The residual polymer was extracted by chlorobenzene and precipitated in water/methanol. The final 

dark blue polymer was dried in vacuum. GPC analysis Mn=3200 gmol
-1

, Mw=3700 gmol
-1

, and 

PDI=1.15 (against PS standard). 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.53–8.44 (br, m, 1 H), 8.40–
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8.33 (br, m, 1H), 8.30–8.15 (br, m, 2H), 8.13–7.89 (br, m, 3 H), 7.73–7.34 

(br, m, 4H), 7.34–7.28 (br, m, 1 H), 7.24–7.15 (br, m, 1 H), 7.14–7.07 (br, m, 1H), 4.29–3.99 (br, m, 

2H), 2.23–2.09 (br, m, 1H), 1.50–0.94 (br, m, 40H), 0.91–0.76 (br, m, 6 H). 

 

 

Synthesis of 1,4-dibromo-2,3-diaminonaphthalene (2). A mixture of 3.45 mL of bromine (20.7 g, 

85.5 mmol) and 90 mL of glacial acetic acid was added dropwise into a solution of 2,3-

diaminonaphthalene (5.0 g, 31.6 mmol) in 140 mL of glacial acetic acid, with vigorous stirring at 

room temperature. After 8 h, water was added into the solution. The precipitate was filtered off and 

washed subsequently with glacial acetic acid and water. After drying, a brown powder (8.4 g, 84%) 

was obtained. 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.00–8.02 (2H, m), 7.26–7.40 (2H, m), 3.79 (4H, 

s). 
13

C NMR (150 MHz, CDCl3): δ (ppm) 134.49, 127.78, 125.63, 124.99, 106.47. Elemental analysis 

calcd for C10H8Br2N2: C, 38.01; H, 2.55; Br, 50.57; N, 8.87; found: C, 38.43; H, 2.29; N, 8.10. GC-

MS (m/z) calcd: 315.99; found: 316. 

 

 

Synthesis of 4,9-dibromo-2,1,3-naphthothiadiazole (3). A solution of 2 (8.1 g, 25.6 mmol) in 280 

mL of chloroform was added dropwise into the mixture of thionyl chloride (12.7 mL, 20.8 g, 174.8 

mmol), 80 mL of chloroform, and 31 mL of pyridine, with vigorous stirring in an ice-water bath. 

After the dropwise addition, the solution was stirred for 2 h at room temperature, and refluxed 

overnight. Evaporation of the solvent and purification by column chromatography on silica gel with 

toluene–hexane (1 : 1) as the eluent were performed, and an orange-color product (3.0 g, 33%) was 

obtained. 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.44 (2H, dd, J = 6.9 Hz, 3 Hz), 7.61 (2H, dd, J = 6.9 

Hz, 3 Hz). 
13

C NMR (150 MHz, CDCl3): δ (ppm) 150.42, 133.17, 128.64, 127.81, 112.59. Elemental 

analysis calcd for C10H4Br2N2S: C, 34.91; H, 1.17; Br, 46.45; N, 8.14; S, 9.32; found: C, 34.78; 

H,1.17; N, 7.81; S, 9.25. GC-MS (m/z) calcd: 344.03; found: 344. 

 

 

Synthesis of 4,9-di-20-thienyl-2,1,3-naphthothiadiazole (4). A mixture of 3 (1.7 g, 5.23 mmol), 2-
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(tributylstannyl)thiophene (4.29 g, 11.5 mmol) and Pd(pph3)4 (0.30 g, 0.26 mmol) in anhydrous 40 

mL of toluene and 10 mL of N,N-dimethylformamide (DMF) was heated and refluxed under argon 

overnight. After cooling to room temperature, the reaction mixture was extracted with 

dichloromethane and water. The organic phase was dried over MgSO4 and purified with column 

chromatography on silica gel using dichloromethane, and a dark purple powder (1.22 g, 70%) was 

obtained. 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.30 (2H, dd, J =6.9 Hz, 3.0 Hz), 7.68 (2H, dd, J = 

5.4 Hz, 1.2 Hz), 7.47 (2H, dd, J = 3.6 Hz, 1.2 Hz), 7.43 (2H, dd, J = 6.9 Hz, 3.0 Hz), 7.34 (2H, dd, J = 

5.1 Hz, 3.3 Hz). 
13

C NMR (150 MHz, CDCl3): δ (ppm) 151.69, 136.38, 132.94, 130.35, 127.92, 

127.26, 126.97, 126.95, 123.54. Elemental analysis calcd for C18H10N2S3: C, 61.68; H, 2.88; N, 7.99; 

S, 27.45; found: C, 61.72; H, 3.05; N, 7.44; S, 27.67. GC-MS (m/z) calcd: 350.48; found: 350. 

 

 

Synthesis of 4,9-di(2′-bromothienyl-5′-yl)-2,1,3-naphthothiadiazole (5). N-bromosuccinimide 

(NBS) (0.55 g, 3.12 mmol) was added into a solution of 4 (0.5 g, 1.42 mmol) in 40 mL of chloroform. 

The mixture was stirred at room temperature under an argon atmosphere overnight. Water was added 

to the mixture and it was extracted with dichloromethane three times. After drying over MgSO4, the 

organic phase was purified by column chromatography on silica gel with hexane–dichloromethane 

(1 : 1) to afford a dark red power (0.7 g, 97%). 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.31 (2H, dd, J 

= 6.9 Hz, 3.0 Hz), 7.46 (2H, dd, J = 6.9 Hz, 3.0 Hz), 7.28 (2H, d, J = 3.6 Hz), 7.22 (2H, d, J = 3.6 Hz). 

13
C NMR (150 MHz, CDCl3): δ (ppm) 151.32, 137.83, 132.81, 130.78, 130.16, 127.38, 126.69, 

122.77, 115.05. Elemental analysis calcd for C18H8Br2N2S3: C, 42.53; H, 1.59; Br, 31.44; N, 5.51; S, 

18.93; found: C, 42.72; H, 1.54; N, 5.40; S, 20.20. DIP-MS (m/z) calcd: 508.27; found: 508. 

 

 

Synthesis of poly[N-9′′-hepta-decanyl-2,7-carbazole-alt-5,5-(4,9-di-2′-thienyl-2,1,3-

naphthothiadiazole)] (PCDTNT). A tubetype Schlenk flask charged with a mixture of 5 (239 mg, 

0.46 mmol), 6 (300 mg, 0.46 mmol), Pd2(dba)3 (6.32 mg), P(o-tolyl)3 (6.30 mg) and K3PO4 (488 mg, 

2.30 mmol) in 8 mL of toluene and 2 mL of distilled water was purged with argon bubbling for 10 

min and then refluxed for 48 h. For end-capping, bromobenzene (4.8 mL, 0.046 mmol) was added, 

heated for 3 h, then phenylboronic acid (5.6 mg, 0.046 mmol) in 0.2 mL of distilled water was added 

and refluxed again for an additional 6 h. After cooling to room temperature, the mixture was poured 
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into MeOH in an ammonia water bath and stirred for 3 h. The precipitate was sequentially purified by 

Soxhlet extraction with MeOH, acetone, and hexane for 1 day each. The chloroform fraction was 

poured into MeOH. The precipitate was collected by suction filtration and dried in a vacuum to afford 

a deep purple-color powder (150 mg, 43%). GPC analysis, Mn= 12 800 g mol
-1

, Mw=21 500 g mol
-1

, 

and PDI = 1.67 (against PSstandard). 
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.53 (2H, br), 8.13 (2H, 

br), 7.93 (1H, br), 7.75 (1H, br), 7.70 (4H, br), 7.55–7.48 (4H, br), 4.68 (1H, br), 2.39 (2H, br), 2.02 

(2H, br), 1.71 (2H, br), 1.35–1.16 (22H, br), 0.89–0.77 (6H, br). 

 

 

Synthesis of 5-fluoro-2,1,3-benzothiadiazole (1a). 4-fluoro-1,2-phenylamine (5 g, 39.6 mmol) was 

dissolved in 50 ml of dry dichloromethane (DCM). Then, triethylamine (23 mL, 163 mmol) was 

added. The reaction mixture was cooled to 0 °C. Thionyl chloride (SOCl2) (6.0 ml, 82 mmol) was 

added dropwise. Then, reaction mixture was allowed to reflux for 5 hrs. After cooling down to room 

temperature, the mixture was poured into ice-water and extracted with DCM. The organic layer was 

dried with MgSO4 and the solvent was evaporated in vacuo. The product was purified by column 

chromatography on silica gel using hexane/DCM (10/2) as eluent. The isolated yield = 75 %. 
1
H 

NMR (600 MHz, CDCl3): δ (ppm) 7.98 (dd, 1H, J = 9.6, 5.4 Hz), 7.60 (dd, 1H, J = 9, 3 Hz), 7.43 (td, 

1H, J = 9, 2.4 Hz). 
13

C NMR (150 MHz, CDCl3): δ (ppm) 164.33, 162.65, 154.93, 151.98, 122.53, 

121.40, 104.85, 104.69. Anal. calcd. for C6H3FN2S: C, 46.74; H, 1.96; F, 12.32; N, 18.17; S, 20.80; 

Found C, 46.53; H, 1.92; N, 17.92; S, 21.08. 

 

 

Synthesis of 5,6-difluoro-2,1,3-benzothiadiazole (1b). 1b was synthesized by following similar 

procedure to 1a, the isolated yield = 62 %. 
1
H NMR (600 MHz, CDCl3): δ (ppm) 7.74 (t, 2H, J = 9.0 

Hz); 
13

C NMR (150 MHz, CDCl3): δ (ppm) 154.67, 154.53, 153.07, 152.81, 150.78, 106.15, 

105.04.105.01. Anal. cald. for C6H2F2N2S: C, 41.86; H, 1.17; F, 22.07; N, 16.27; S, 18.63; Found: C, 

42.03; H, 1.09; N, 15.99; S, 18.47.  
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Synthesis of 4,7-Dibromo-5-fluoro-2,1,3-benzothiadiazole (2a). 1a (1.84 g, 11.9 mmol) and HBr 

(30 ml) were taken in a round bottom flask. 5.5 mL of bromine was added slowly. The reaction 

mixture was refluxed at 120 °C for two days. Then, it was cooled down to room temperature. The 

excess of bromine was quenched with saturated NaHSO3 solution. The precipitate formed was filtered 

off and washed several times with water. The product was recrystallized two times from ethanol (the 

isolated yield = 67 %). 
1
H NMR (600 MHz, CDCl3): δ (ppm) 7.78 (d, 1H, J = 7.8 Hz); 

13
C NMR (150 

MHz, CDCl3): δ (ppm) 160.91, 159.22, 152.73, 150.26, 123.93, 113.99, 98.25. Anal. calcd. for 

C6HBr2FN2S: C, 23.10; H, 0.32; Br, 51.23; F, 6.09; N, 8.98; S, 10.28; Found: C, 22.95; H, 0.29; N, 

8.8; S, 10.05. MS (EI) calcd: 311.8; Found: 312. 

 

 

Synthesis of 4,7-Dibromo-5,6-fluoro-2,1,3-benzothiadiazole (2b). 2b was synthesized by following 

similar procedure to 2a, the isolated yield = 66 %.
 13

C NMR (150 MHz, CDCl3): δ (ppm) 152.69, 

152.55, 150.96, 150.82, 148.81, 148.79, 148.78, 99.40, 99.35, 99.29, 99.24. Anal. cald. for 

C6Br2F2N2S: C, 21.84; Br, 48.43; F, 11.52; N, 8.49; S, 9.72; Found: C, 21.60; N, 8.26; S, 9.53. MS 

(EI) calcd: 329.8; Found: 330. 

 

 

Synthesis of 4,7-Di(2′-thiophenyl)-5-fluoro-2,1,3-benzothiadiazole (3a). 2a (1 g, 3.2 mmol), 

trimethyl(thiophen-2-yl)stannane (2.69 g, 7.2 mmol), Pd(PPh3)4 (0.150 g, 0.129 mmol) were taken in 

a 30 mL microwave vial. 20 mL of anhydrous toluene was injected. The mixture was then purged 

with nitrogen gas for 10 min. The vial was then sealed with a snap cap and subjected to the following 

reaction conditions in a microwave reactor (Anton Paar Monowave 300, 140 °C for 3 hrs). The 

reaction mixture was then cooled to room temperature. The solvent was evaporated and the product 

was purified by column chromatography (silica gel) using dichloromethane:hexane = 1:10 as the 

eluent (the isolated yield = 78 %).
1
H NMR (600 MHz, CDCl3): δ (ppm) 8.26 (d, 1H, J = 3.6 Hz), 8.12 

(d, 1H, J = 3.6 Hz), 7.77 (d, 1H, J = 13.2 Hz), 7.56 (d, 1H, J = 4.8 Hz), 7.50 (d, 1H, J = 5.5 Hz), 7.24 

(t, 1H, J = 4.2 Hz), 7.21 (t, 1H, J = 4.2 Hz). 
13

C NMR (150 MHz, CDCl3): δ (ppm) 159.71, 158.02, 
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153.50, 149.76, 137.95, 132.44, 130.12, 128.39, 128.12, 127.93, 127.22, 125.97, 117.10, 111.27. Anal. 

cald. for C14H7FN2S3: C, 52.81; H, 2.22; F, 5.97; N, 8.80; S, 30.21; Found: C, 52.66; H, 2.17; N, 8.54; 

S, 29.95. MS (EI) calcd: 317.9; Found: 318. 

 

 

Synthesis of 4,7-Di(2′-thiophenyl)-5,6-fluoro-2,1,3-benzothiadiazole (3b). 3b was synthesized by 

following similar procedure to 3a, the isolated yield = 84 %. 
1
H NMR (600 MHz, CDCl3): δ (ppm) 

8.30 (d, 2H, J = 3.3 Hz), 7.62 (dd, 2H, J = 5.1, 0.9 Hz), 7.27 (t, 2H, J = 4.5 Hz). Anal. cald. for 

C14H6F2N2S3 C, 49.98; H, 1.80; F, 11.30; N, 8.33; S, 28.60; Found: C, 49.69; H, 1.77; N, 8.12; S, 

28.34. MS (EI) calcd: 335.9; Found: 336. 

 

 

Synthesis of 4,7-Bis(5′-bromo-2′-thiophenyl)-5-fluoro-2,1,3-benzothiadiazole (4a). 3a (0.3 g, 0.94 

mmol) was dissolved in 40 mL of THF. N-bromosuccinimide (NBS) (0.402 g, 2.2 mmol) was added 

to the solution portion wise. The reaction mixture was stirred at room temperature for 12 hrs and 

water was added. Then the red-orange solid was filtered and washed several times with water and 

ethanol, and then dried under vacuum (the isolated yield = 86 %). 
1
H NMR (600 MHz, CDCl3): δ 

(ppm) 8.01 (d, 1H, J = 4.2 Hz), 7.80 (d, 1H, J = 4.2 Hz), 7.69 (d, 1H, J = 12.6 Hz), 7.18 (d, 1H, J = 

3.6 Hz), 7.17 (d, 1H, J = 4.2 Hz).
 
Anal. cald. for C14H5Br2FN2S3: C, 35.31; H, 1.06; Br, 33.56; F, 3.99; 

N, 5.88; S, 20.20; Found: C, 35.66; H, 1.06; N, 5.7; S, 20.04. MS (EI) calcd: 475.8; Found: 476. 

 

 

Synthesis of 4,7-Bis(5′-bromo-2′-thiophenyl)-5,6-fluoro-2,1,3-benzothiadiazole (4b). 4b was 

synthesized by following similar procedure to 3b, the isolated yield = 80 %. 
1
H NMR (600 MHz, 

CDCl3): δ (ppm) 8.04 (d, 2H, J = 4.2 Hz), 7.22 (d, 2H, J = 4.2 Hz). Anal. cald. for C14H4Br2F2N2S3: C, 

34.03; H, 0.82; Br, 32.34; F, 7.69; N, 5.67; S, 19.46; Found: C, 34.10; H, 0.79; N, 5.72; S, 19.19. MS 

(EI) calcd: 493.8; Found: 494.  
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Synthesis of Poly[N-9′′-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2′-thienyl-5-fluoro-2,1,3-

benzothiadiazole)] (PCDTFBT). 4a (145 mg, 0.30 mmol) and 5 (200 mg, 0.30 mmol) were dissolved 

in anhydrous toluene (10 ml) and argon-bubbled for 10 min in a tube-type schlenk flask. Pd2(dba)3 

(4.2 mg, 3 mol%, 4.5 μmol), P(o-tolyl)3 (8.2 mg, 27 μmol), K3PO4 (254 mg, 1.2 mmol), distilled water 

(3 ml) and Aliquat
®
 336 (1 drop) were sequentially added into the flask. The reaction mixture was 

stirred and refluxed for 48 hrs before end-capping with phenylboronic acid and bromobenzene (0.03 

mmol each). After cooling down, the mixture was poured into MeOH. The precipitate was collected 

and then purified by soxhlet extraction with acetone, methanol, hexane, and chloroform in sequence. 

The chloroform fraction was concentrated to small volume, which was followed by re-precipitation in 

MeOH. Finally, the precipitate was collected by suction filtration and completely dried in vacuum 

oven to afford deep purple polymer powder (120 mg, 55 %). GPC analysis, Mn = 11,000 g mol
-1

, Mw = 

15,290 g mol
-1

, and PDI = 1.39 (against PS standard). 
1
H NMR (600 MHz, CDCl2CDCl2, 300 K): δ 

(ppm) 8.34 (br, 1H), 8.21 (br, 1H), 8.12 (br, 2H), 7.84 (br, 2H), 7.73 (br, 1H), 7.56 (br, 4H), 4.69 (br, 

1H), 2.40 (br, 2H), 2.08 (br, 2H), 1.30-1.16 (br, 24H), 0.88-0.80 (br, 6H). 
19

F NMR (564 MHz, 

CDCl3): δ (ppm) -108.20.   

 

 

Synthesis of Poly[N-9′′-heptadecanyl-2,7-carbazole-alt-5,5-(4,7-di-2′-thienyl-5,6-fluoro-2,1,3-

benzothiadiazole)] (PCDT2FBT) was carried out in the same manner as PCDTFBT. 4b (150 mg, 

0.30 mmol), 5 (200 mg, 0.30 mmol), anhydrous toluene (10 ml), Pd2(dba)3 (4.2 mg, 3 mol%, 4.5 

μmol), P(o-tolyl)3 (8.2 mg, 27 μmol), K3PO4 (254 mg, 1.2 mmol), distilled water (3 ml) and Aliquat
®
 

336 (1 drop). PCDT2FBT (100 mg, 44 %). GPC analysis, Mn = 31,500 g mol
-1

, Mw = 64,500 g mol
-1

, 

and PDI = 2.05 (against PS standard). 
1
H NMR (600 MHz, CDCl2CDCl2, 300 K): δ (ppm) 8.35 (br, 

1H), 8.06 (br, 1H), 7.89 (br, 1H), 7.70 (br, 1H), 7.55 (br, 4H), 7.22 (br, 2H), 4.64 (br, 1H), 2.38 (br, 

2H), 2.04 (br, 2H), 1.33-1.17 (br, 24H), 0.90-0.81 (br, 6H). 
19

F NMR (564 MHz, CDCl3): δ (ppm) -

128.12. 

 

6.4 OFETs Material Synthesis 
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Synthesis of 5,5'-(2,5-Bis(methylsulfinyl)-1,4-phenylene)bis(3-dodecylthiophene) (4). A dry 250 ml 

three-neck flask was flushed with argon and charged with the compound 3 (5.0 g, 13.88 mmol) and 5-

tributylstannyl-3-dodecylthiophene (15.8 g, 29.14 mmol) in anhydrous solvent of toluene (60 ml) and 

DMF (15 ml). Pd(pph3)4 (0.8 g, 0.69 mmol) was added and then the mixture was refluxed overnight. 

Reaction progress was monitored by TLC. The reaction was quenched with water, which was 

followed by washing with dichloromethane several times. After drying it over MgSO4 and 

concentrated in vacuo, the crude was purified by column chromatography (silca gel, dichloromethane) 

to afford white solid product (6.9 g, 70%). 
1
H NMR (CDCl3, 600  Hz): δ ppm 8.16 (s, 2H), 7.13 (s, 

2H), 7.05 (s, 2H), 2.63 (t, J = 7.8 Hz, 4H), 2.54 (s, 6H), 1.63 (t, J = 7.2 Hz, 4H), 1.33-1.26 (m, 36H), 

0.87 (t, J = 7.2 Hz, 6H). 
13

C NMR (CDCl3, 150  Hz): δ ppm 147.07, 144.52, 136.94, 132.54, 129.68, 

125.94, 122.77, 41.68, 31.90, 30.46, 30.39, 29.65, 29.63, 29.60, 29.43, 29.33, 29.24, 22.67, 14.10. 

MALDI-TOF (m/z) calcd: 703.2; found: 703.23. Elemental analysis calcd for C40H62O2S4: C, 68.32; H, 

8.89; O, 4.55; S, 18.24 Found: C, 68.02; H, 8.60; S, 17.98. 

 

 

Synthesis of 3,8-Didodecyldithieno[2,3-d;2',3'-d']benzo[1,2-b;4,5-b']dithiophene (5). The compound 

4 (3.0 g, 4.26 mmol) was stirred with Eaton’s reagent (25 ml) at room temperature under dark for 3 

days. The mixture was poured into ice-water and dark brown solid collected by suction-filtration was 

dried in vacuum oven. A dry 250 ml three-neck flask was flushed with argon and charged with the 

brown sulfonium salt, which was followed to be re-dissolved in pyridine (100 ml) and then the 

mixture was refluxed overnight. When the reaction mixture turned red, it was cooled down. After 

extracting with a large volume of dichloromethane, the separated organic phase was dried over 

MgSO4 and solvent was removed in vacuo. The crude was purified by column chromatography on 

silica gel using dichloromethane as an eluent. Finally, recrystallization from hexane gave off-white 

powder (1.10 g, 40%). 
1
H NMR (CDCl3, 600  Hz): δ ppm 8.26 (s, 2H), 7.11 (s, 2H), 2.76 (t, J = 7.2 

Hz, 4H), 1.79 (t, J = 7.2 Hz, 4H), 1.42-1.25 (m, 36H), 0.87 (t, J = 7.2 Hz, 6H). 
13

C NMR (CDCl3, 150 

 Hz): δ ppm 139.98, 138.92, 136.10, 133.17, 130.58, 122.28, 115.39, 31.83, 29.76, 29.57, 29.54, 

29.46, 29.30, 29.26, 29.24, 28.77, 22.57, 13.92. MALDI-TOF (m/z) calcd: 639.1; found: 639.23. 

Elemental analysis calcd for C38H54S4: C, 71.41; H, 8.52; S, 20.07 Found: C, 71.71; H, 8.56; S, 19.87.  
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Synthesis of 2,7-Bis(trimethylstannyl)-3,6-didodecyldithieno[2,3-b;2',3-b']benzo[1,2-b;4,5-

b']dithiophene (6). The compound 5 (0.83 g, 1.29 mmol) flushed with argon in a 250 ml Schlenk flask 

was dissolved with freshly distilled THF (100 ml). n-BuLi (1.6 M, 2.43 ml, 3.87 mmol) was added 

dropwise to the mixture at -78 
o
C. After stirring for an hour, trimethyltin chloride (1.03 g, 5.16 mmol) 

was added in one portion at -78 
o
C. The reaction mixture was allowed to warm to room temperature 

and stirred overnight. The reaction was quenched with water and the organic phase was separated 

after washing with dichloromethane several times. After drying over MgSO4, solvent was removed in 

vacuo. The caramel-like phase (1.0 g, 80%) was obtained as product and this was used for 

polymerization without any further purification. 
1
H NMR (CDCl3, 600  Hz): δ ppm 8.21 (s, 2H), 

2.76 (t, J = 7.8 Hz, 4H), 1.75 (t, J = 7.8 Hz, 4H), 1.42-1.26 (m, 36H), 0.88 (t, J = 7.2 Hz, 6H), 0.46 (s, 

18H). 
13

C NMR (CDCl3, 150  Hz): δ ppm 142.64, 140.40, 140.00, 138.91, 136.30, 130.02, 115.70, 

32.20, 31.93, 30.16, 29.73, 29.68, 29.65, 29.54, 29.49, 29.36, 22.69, 14.12, -7.72. MALDI-TOF (m/z) 

calcd: 964.7; found: 964.09. Elemental analysis calcd for C44H70S4Sn2: C, 54.78; H, 7.31; S, 13.30; Sn, 

24.61. Found: C, 54.90; H, 7.29; S, 13.21.  

 

 

 Synthesis of Poly[3,8-didodecyldithieno[2,3-b;2',3-b']benzo[1,2-b;4,5-b']dithiophen-2,7-diyl]  

(PDTBDT). FeCl3 (200 mg, 1.23 mmol) was placed in a 100 ml Schlenk flask. The compound 5 (200 

mg, 0.31 mmol) in 30 ml of anhydrous chloroform was added with stirring under argon. The dark 

mixture was stirred at room temperature for 2 days. The reaction mixture was poured into 

MeOH/NH4OH (4:1). After stirring for 24 hours, brown powder was collected by filtration. The 

powder was purified by Soxhlet extraction with MeOH, acetone and hexane in sequence. Aqueous 

EDTA solution was treated for the chloroform faction. The separated phase was concentrated and 

poured into MeOH. Finally, the light brown polymer (130 mg, 65%) was collected by filtration and 

vacuum-dry. GPC analysis: Mn = 17,000 g/mol, Mw = 52,000 g/mol, and Mw/Mn = 3.05 (for only THF-

soluble fraction, against PS standard). 
1
H NMR (CDCl3, 600 MHz):  ppm 8.26 (br, 2H), 2.88-2.78 

(br, 4H), 2.16-2.0 (br, 4H), 1.45-1.08 (br, 36H), 0.87-0.84 (br, 6H).  
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Synthesis of Poly[3,8-didodecyldithieno[2,3-b;2',3-b']benzo[1,2-b;4,5-b']dithiophen-2,7-diyl-alt-

2,1,3-benzothiadiazol-4,7-diyl] (PDTBDT-BT). The compound 6 (200 mg, 0.20 mmol) and 4,7-

dibromo-2,1,3-benzothiadiazole (58.8 mg, 0.20 mmol) in a tube-type Schlenk flask were dissolved 

with anhydrous mixture of toluene(8 ml)/DMF(2 ml). After bubbling with argon for 10 minutes, 

Pd(pph3)4 (11.55 mg, 0.01 mmol) was added and then the mixture was refluxed for 2 days. The 

reaction mixture was poured into MeOH to precipitate into red powder, which was followed by 

filtration. The collected powder was purified by soxhlet extraction with MeOH, acetone and hexane in 

sequence. The fraction from chloroform was washed with aqueous DETA solution for 10 hours. 

Finally, the concentrate phase was poured into MeOH to afford red polymer (120 mg, 80%). GPC 

analysis: Mn = 16,500 g/mol, Mw = 35,500 g/mol, and Mw/Mn = 2.15 (for only THF-soluble fraction, 

against PS standard). 
1
H NMR (CDCl3, 600 MHz):  ppm 8.28-12 (br, 2H), 7.94-7.88 (br, 2H), 2.81 

(br, 4H), 1.94-1.79 (br, 4H), 1.25 (br, 36H), 0.85 (br, 6H).  

 

 

Synthesis of Poly[3,8-didodecyldithieno[2,3-b;2',3-b']benzo[1,2-b;4,5-b']dithiophen-2,7-diyl-alt-4,7-

dithienyl-2,1,3-benzothiadiazol-2′,5′-diyl] (PDTBDT-DTBT). The compound 6 (200 mg, 0.20 mmol) 

and 4,7-di(2′-bromothien-5′-yl)-2,1,3-benzothiadiazole (96.2 mg, 0.21 mmol) in a tube-type Schlenk 

flask were dissolved with anhydrous toluene(6 ml) and DMF(1.5 ml) under argon. After addition of 

Pd(pph3)4 (12.13 mg, 0.01 mmol), the reaction mixture was refluxed for 2 days. The mixture was 

poured into MeOH to precipitate dark red powder. After filtration, the powder was washed in 

sequence with MeOH for 1 day and acetone for 1 day by Soxhlet extraction. EDTA aqueous solution 

was treated for chloroform and chlorobenzene fraction. Final precipitation in MeOH gave dark red 

polymer (20 mg for chloroform fraction and 80 mg for chlorobenzene fraction, 50%). GPC analysis: 

Mn = 9,000 g/mol, Mw = 16,500 g/mol, and Mw/Mn = 1.83 (for only THF-soluble fraction, against PS 

standard). 
1
H NMR (CDCl3, 600 MHz):  ppm 8.27-8.14 (br, 2H), 7.98-7.71 (br, 2H), 7.52-7.32 (br, 

4H), 3.04-2.53 (br, 4H), 2.06-1.62 (br, 36H), 0.88-0.83 (br, 6H).  
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Synthesis of Poly[3,8-didodecyldithieno[2,3-b;2',3-b']benzo[1,2-b;4,5-b']dithiophen-2,7-diyl-alt-2,5-

diethylhexyl-3,6-dithiophen-2-yl-pyrrolo[3,4-c]pyrrole-1,4-dione-5',5''-diyl] (PDTBDT-DTDPP). 

The compound 6 (200 mg, 0.20 mmol) and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-

ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4-dione (136 mg, 0.20 mmol) were placed in a tube-type Schlenk 

flask connected with argon. The mixture was dissolved with anhydrous toluene (6.5 ml) and DMF 

(1.5 ml). Pd(pph3)4 (11.55 mg, 0.01 mmol) as a catalyst was added into the mixture and then the 

reaction mixture was heated up with stirring to reflux for 2 days. The mixture was poured into 

MeOH/NH4OH (4:1) to precipitate green powder. Soxhlet extraction was performed in sequence with 

MeOH and acetone for 1 day each to remove small molecules and collect the chloroform fraction. 

From final precipitation in MeOH gave green polymer powder (200 mg, 83%). GPC analysis: Mn = 

16,500 g/mol, Mw = 59,000 g/mol, and Mw/Mn = 3.57 (for only THF-soluble fraction, against PS 

standard). 
1
H NMR (CDCl3, 600 MHz):  ppm 9.09 (br, 2H), 8.30-8.10 (br, 2H), 7.14-7.08 (br, 2H), 

3.75-3.73 (br, 4H), 3.01-2.75 (br, 4H), 2.03-1.99 (br, 1H), 1.82-1.77 (br, 4H), 1.40-1.08 (br, 52H), 

0.96-0.83 (br, 18H).  
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Chapter 7 

 

Summary and Outlook 

 

To date, the π-conjugated organic molecules have received much attention due to its many advantages 

such as low cost, light weight, ease of structural modification, flexibility, and solution-processability 

in organic electronic applications such as organic light emitting diodes (OLEDs), organic field-effect 

transistors (OFETs), organic photovoltaics (OPVs) and dye-sensitized solar cells (DSSCs). Amongst 

various classes of organic molecules, so far fused heteroacene architectures have been extensively 

studied as high-performance semiconductors due to its planar and well-defined structure. In this 

research, monomers and polymers based on ladder-type π-conjugated heteroacene, 2,7-carbazole-

contained push-pull architectures, and dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-b′]dithiophene have 

been synthesized and characterized to introduce in DSSCs, OPVs, and OFETs applications. The thesis 

provides deep analyses of optical, physical, and electrochemical properties, film morphology using 

atomic force microscopy (AFM) and X-ray diffraction (XRD), field-effect characteristics, solar 

energy-to-electricity conversion efficiency and so on for each resulting compound. The following 

sections describe the detail summary of each chapter in this thesis.  

The present thesis entitled “Synthesis and Characterization of Organic Semiconductors Based on 

Fused Heteroacenes for Optoelectronic Applications” consists of following parts:  

In Chapter 1, the concept of organic semiconductor and its electronic applications are explained 

briefly. The principle of organic electronic devices such as DSSCs, OPVs, OLEDs and OFETs is also 

introduced. Then, reviews of literatures related to syntheses and properties of π-conjugated organic 

semiconductors and the recent advances are given to further emphasize the importance of fused-

aromatic structures towards the enhanced electronic properties. In addition, device performance of 

various heteroacenes and the synthesis are also reviewed. Finally, the motivation, detail scope, and 

outline of the thesis are included. 

Chapter 2 aims at the development of a dye-sensitizer as a photoactive material, which is consisting 

of a thiophene-fused coplanar acene. The major efforts in this section are establishing the effective 

synthetic pathways to reach the target molecule for further applications. The DSSC based on this dye 

showed PCE of 2.31% and notably the absorption of the sensitizer is bathochromically shifted with 

significantly higher molar extinction coefficient as compared to the ladder-type pentaphenylene-based 

dyes. This is due to the introduction of thiophenes as heteroaromatic electron-rich building segments 

instead of phenylene groups in the dye. It is believed that this work opens up a new strategy to design 

heteroaromatic fused photosensitizers.  
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In Chapter 3, the main focus is the synthesis and characterization of conjugated copolymers based on 

2,7-carbazole and heterocyclic accepting units. The carbazole moiety can be considered as a biphenyl 

block fused by pyrrole ring and this is known as an efficient electron rich unit towards donor – 

acceptor (D-A) type copolymer with deep HOMO level. In this work, by introducing 

bisbenzothiadiazole and naphthothiadiazole as stronger accepting units than benzothiadiazole, the 

development of new classes of PCDTBT analogues was achieved for organic photovoltaic 

applications. As expected, optical and electrochemical analyses revealed that the resulting copolymers 

show medium band gap and low HOMO level to be properly applicable in OPV device. Additionally, 

fluorinated benzothiadiazole acceptors were introduced in PCDTBT polymer backbone to reveal the 

fluorine effect and structure-property relationship via OPV and measurement.  

Chapter 4  

Among a number of molecular classes reported so far, linearly fused higher oligoacenes, exemplified 

by pentacene consisting of five fused benzenes, exhibit mobility of up to 3 cm
2
V

-1
s

-1
 because of their 

strong intermolecular π-π
*
 interaction in the crystalline state. However, it turns out that pentacene-

based materials shows intrinsically insufficient air-stability due to its high-lying HOMO level (-5.08 

eV). To date, thiopehe-benzene annulated acene, dithieno[2,3-d;2′,3′-d′]benzo[1,2-b;4,5-

b′]dithiophene (DTBDT) showed high hole mobility of 1.7 cm
2
V

-1
s

-1
 and good crystallinity because of 

planar skeleton as well as environmental stability due to low-lying HOMO level. However, further 

extension related work has not yet carried out due to α-position alkylated backbone. In this study, β-

alkylated DTBDT was synthesized via strategic synthetic routes to achieve tuning the property 

through various modifications by (co)polymerization. Indeed, homopolymer and D-A copolymers 

based on DTBDT were obtained. Varied absorption behaviors have been observed as selected 

different accepting units. These were utilized as solution-processed active materials on OFET devices.     

In chapter 5, several future works are simply suggested and the initial works are presented towards 

promising ideas for organic electronics. 

Chapter 6 provides an entire conclusion of this thesis. 

Chapter 7 gives summary and outlook and Chapter 8 shows acknowledgements. 
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감사의 글 

 

졸업을 앞두고 있는 지금, 무엇보다도 먼저 저의 지도 교수님이시자 인생의 

조언자로서 존경하는 양창덕 교수님께 머리 숙여 깊은 감사를 드립니다. 단순한 지식 

전달 뿐만이 아니라 지난 학위 기간동안 연구하면서 혹은 학교 생활하면서 겪을 수 있는 

수많은 난관들을 헤쳐나갈수 있는 길을 제시해주셨고 정신적으로도 기댈수 있는 커다란 

울타리가 되어 주셨습니다.  

신생 과학 특성화 대학교인 유니스트와 당시 생소했던 유기 전자에 대해 처음 접했을 

때 앞으로의 잠재력에 대해서는 공감했지만, 물리학을 공부했던 저로서는 새로운 분야에 

대한 도전에 대한 두려움이 없지 않았습니다. 그러나 최첨단 연구 시설과 지도 교수님의 

폭넓은 화학적 지식과 경험, 세계적 수준의 유기 합성 기술 등을 차근차근 배우고 

습득하게 되면서 연구에 대한 재미와 열정을 갖게 된 것 같습니다. 시대적인 흐름과 

함께 맞물려 유기 전자 연구 분야는 현재 매우 각광받는 연구 분야로 급부상했으며 

유니스트는 그 중심에서 큰 비중을 차지하고 있다고 생각합니다. 특히, 학문적 융합을 

통해 다양한 배경 지식을 습득할 수 있었던 점이 가장 큰 장점이 아닐까 생각합니다.  

제가 박사 학위를 성공적으로 마칠수 있도록 저를 지도해 주신 양창덕 교수님과 저의 

옆에서 항상 함께 동고동락해온 실험실 후배님 들에게 깊은 감사를 드립니다. 적지 않은 

나이에 학위를 시작해 누구보다도 열정적으로 후배들을 이끌고 있는 랩장 규철이, 

바쁘신 와중에도 항상 하루도 빠짐없이 늦은 밤까지 실험하시며 모범을 보이시는 김이호 

차장님, 한동안 몸이 좋지않아 고생하다가 다시 건강과 활기를 찾아 열심인 정훈이, 항상 

형들 뒤치닥거리하느라 늘 고생 많이했던 착한 경식이, 중국에서 먼곳까지 공부하러 

와서 안쓰럽지만 늘 웃음을 잃지 않는 Chen, 얼마전까지 랩에서 대단한 성과를 

보여주고 떠난 한국형 인도 엘리트 Gitish 박사님, 이제는 점점 랩의 주춧돌로 없어서는 

안될 멋진 후배 동생들 도혁, 효진, 미진, 정호, 상면이. 이 밖에도 열의를 갖고 랩일을 

마다하지 않는 학부생 병규, 소희, 유진이에게 모두 감사의 마음을 전합니다. 처음으로 

우리 랩에서 석사학위를 마치고 회사 생활 하면서 곧 결혼 앞두고 있는 보람이에게도 

감사하다는 말을 전하고 싶습니다.  

 또한, 항상 차분히 충고와 격려를 아끼지 않으셨던 김진영 교수님, 연구적으로 늘 

좋은 말씀 많이 해주신 오준학 교수님, 박사학위 심사 하시면서 좋은 조언과 지도해주신 

박수진 교수님, 먼곳까지 심사하러 와주시고 축하해주신 부경대 박성흠 교수님께도 깊은 

감사를 드립니다. 그리고 오며 가며 볼때마다 항상 따뜻하게 맞아주시던 송명훈 교수님, 

안부인사 물어보며 관심가져 주시던 백종범 교수님, 김병수 교수님께도 감사의 말씀 

전합니다.  

유니스트 초창기부터 함께해온 김진영 교수님 실험실 NGEL 학생들, 특히 분위기 
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메이커 랩장이던 기환이, 얼마전 박사가 된 똑똑한 효성이, 항상 열심히 하는 서진이와 

태효, 미국에 교환학생으로 가있는 명희, 아기 엄마가 되서 돌아온 혜림이, 톡톡튀는 

참신한 모습에 세영이, 숫기가 없지만 착한 학범이, 최근에 만난 송이 등에게도 감사의 

인사를 드립니다. 또한, 전용석 교수님과 solarino 실험실 학생들에게도 감사의 마음을 

전합니다.  

이 밖에도 함께 일했던 오준학 교수님 실험실에 한아름, 송명훈 교수님 실험실에 

이보람에게도 감사의 마음을 전합니다. 때때로 함께 즐겁게 운동도하고 술잔도 기울이던 

백종범 교수님 실험실 인엽이, 늘 웃는 모습이 예쁜 서윤이, 결혼을 앞둔 현정이 

등에게도 감사의 인사를 보냅니다.           

마지막으로 사랑하는 저의 아버지, 할머니를 비롯한 가족 및 친척들과 장인, 장모님 및 

처가댁 식구들에게도 감사의 마음을 전합니다. 특히, 사랑하는 저의 임신중인 아내 

민주에게 머리 숙여 감사를 전합니다. 아내는 학생이던 저를 남편으로 선택해 주었고 

경제적, 정신적으로 힘들었던 지난 기간 동안에도 꿋꿋히 잘 참아주고 소박한 기쁨에도 

만족해주며 어려울 때 마다 용기를 북돋아 준 배려심이 깊고 가슴이 따뜻한 

사람이었습니다. 최근 임신으로 힘든 몸을 이끌고도 궂은 일을 마다하지 않을 정도로 

헌신적인 저의 사랑하는 아내와 행운과 함께 찾아온 곧 태어날 아기에게도 다시 한번 

감사의 마음을 전합니다.  
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