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  Electronic energy level engineering of conjugated polymers including low- 

bandgap for harvesting a wide range of solar spectrum, deep highest occupied 

molecular orbital (HOMO) energy level for high open circuit voltage (VOC) 

and sufficient offset of lowest unoccupied molecular orbital (LUMO) energy 

levels between polymer donor and fullerene acceptor is a key strategy to 

achieve high performance polymer solar cells (PSCs) and several 

modification methods of chemical structure have been proposed to control 

energy levels of conjugated polymers. 

  Among these methods, introduction of fluorine atom has attracted much 

attention for the past few years because high power conversion efficiencies 

(PCEs) over 7% have been reported with fluorine substituted polymer-based 

solar cells. However, the effects of fluorination on optoelectrical and 

photovoltaic properties of polymers have not been revealed clearly and have 

been studied in only few polymer systems. For further investigation, more 

fluorinated monomers and polymers for PSCs should be designed and 
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synthesized. 

In this work, we synthesized difluoro-bithiophene as a new fluorinated 

building block in conjugated polymers for PSCs and various fluorinated 

copolymers based on difluoro-bithiophene are successfully designed and 

synthesized in order to clarify the effect of fluorination on the properties of 

polymers and its device performance of PSCs.  

  First, fluorinated poly(3,4-dialkylterthiophenes) (PDATs) composed of 

difluoro-bithiophene and 3,4-dialkylterthiophene are synthesized. Fluorination 

on polymer backbone changes its electronic structure, leading to deeper 

HOMO energy level and enhances molecular packing of the polymers as 

evidenced by strong vibronic shoulder in UVVis absorption spectrum and 

 stacking pattern in GIWAXS. When bulky side chain (ethylhexyl) are 

introduced as a solubilizing group, fluorinated polythiophenes develop finer 

fibril structure and exhibit a high PCE of 5.12% with a VOC of 0.87 V and a 

short circuit current density (JSC) of 9.82 mA/cm
2
.  

Fluorinated DA type polymer, copolymerized by diketopyrrolo[3,4-c]-

pyrrole (DPP) as an A unit and difluoro-bithiophene as a D unit, is also 

synthesized for investigating the fluorination effect on DA type polymer. 

After introduction of fluorine atoms on DPP-based polymer, deeper HOMO 

energy level of polymer is observed without significant change of optical 

properties. Although fluorination increases fibril size and lowers JSC of DPP-

based polymer, fluorinated DPP-based polymer exhibits higher PCE of 6.39% 

than non-fluorinated DPP-based polymer (PCE = 5.47%) due to large 

improvement of VOC. 

Furthermore, for investigating the effect of fluorination position on the 

properties of D−A type polymer, two types of fluorinated polymers are 

synthesized, HF with fluorination on D unit and FH with fluorination on A 

unit. Compared to non-fluorinated polymer, fluorinated polymers exhibit 
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deeper HOMO energy levels without change of bandgap and stronger vibronic 

shoulder in UV−Vis absorption spectra, indicating that fluorination enhances 

intermolecular interaction. HF exhibits a high PCE of 7.10%, which is higher 

than the PCE (6.41%) of FH, with well-developed fibril network, low 

bimolecular recombination and high hole mobility. 

  Finally, D−A polymers with different degree of fluorination are synthesized 

by using 2,1,3-benzothiadiazole (BT) unit substituted by different number of 

fluorine atoms. 3F with mono-fluorinated BT and 4F with di-fluorinated BT 

have deeper HOMO energy levels, stronger vibronic shoulder in UV-Vis 

absorption spectra, and narrower size of fibril in blend film with PCBM than 

2F with non-fluorinated BT. Among fluorinated polymers, 3F exhibits the 

highest PCE of 7.92% with low bimolecular recombination, high hole 

mobility and well-developed interconnected network with nanoscale fibril.  

From these results, it can be concluded that the optoelectrical and 

photovoltaic properties of conjugated polymer are significantly influenced by 

introduction of fluorine atoms and fluorinated conjugated polymers are 

promising materials for achieving high performance PSCs. 

 

Keywords: polymer solar cells, bulk-heterojunction, conjugated polymer, 

low-bandgap, fluorination, organic electronics 

Student Number: 2009-20640 
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Chapter 1. Introduction 

 

1.1 Polymer solar cells 

 

1.1.1 Background 

 

As fossil fuels are depleted, the development of inexpensive renewable 

energy has been stimulated to satisfy the global energy demand. Solar energy 

has attracted much attention as the most promising alternative due to clean 

and abundant energy source. The total amount of solar energy that reaches the 

earth is over 100,000 TW and although almost energy is reflected and 

absorbed by earth’s atmosphere and clouds, enormous energy highly exceeds 

the global energy needs (~17 TW).
1-4

 

The technology of converting light source to electrical energy using 

semiconductors is photovoltaics (PV). Recently, the most widely used 

material for PV is silicon (Si) and the power conversion efficiencies (PCEs) of 

PV cells based on crystalline Si have reached up to 25%.
5-8

 However, in spite 

of many efforts to develop Si-based PVs, manufacturing cost is still too 

expensive to alternate the conventional electricity such as thermal, 

hydroelectric or nuclear power generation. Hence, recently, other inorganic 

and organic materials have been proposed for collecting energy from sunlight, 

and among several candidates, organic PVs based on conjugated polymer 

have been considered as a promising alternative for renewable energy because 
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of low cost, light weight, solution processability and flexibility.
9-17

 

 

1.1.2 Operating principles and device structure 

 

Since exciton in conjugated polymer has large binding energy and limited 

diffusion length (1015 nm) due to low dielectric constant of polymer ( ~ 3), 

large interface area between p-type and n-type materials in active layer of 

polymer solar cells (PSCs) is necessary for effectively dissociating exciton 

into charge carriers.
18,19

 As one of the breakthrough, bulk heterojunction 

(BHJ) solar cells are have been proposed to develop p-n junction in PSCs, and 

an interpenetrating network structure with nanoscale domain size can be 

obtained in active layer of solar cells by simple mixing of p-type conjugated 

polymer as an electron donor and n-type fullerene derivative as an electron 

acceptor. Over the decades, BHJ PSCs have been significantly improved with 

the device optimization and development of new materials, and PCEs over 7% 

have been achieved under AM 1.5G (AM = air mass) illumination.
20-30

 

The fundamental operation mechanism of p-n junction in PSCs is briefly 

represented in Scheme 1.1. The energy conversion process has multiple steps 

in the commonly accepted mechanism; Step 1—Light absorption: The 

incident light are absorbed in the active layer of PSCs. The absorption spectra 

of the conjugated polymers should be well matched to the solar irradiation for 

maximizing light absorption.
31

 Step 2—Exciton formation and diffusion: After 

light are absorbed by the polymers, excitons (electron-hole pairs bound by 

electrostatic Coulomb force) are generated and diffuse in the polymer domain 
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Scheme 1.1. Operation mechanism of p-n junction in PSCs. 
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with a characteristic diffusion length typically of the order of 10–15 nm.
18,19

 

Step 3—Exciton dissociation or charge separation: During the diffusion, 

excitons reaching interface between p-type and n-type materials can be 

dissociated to form charge carrier before recombination through several decay 

mechanism.
32

 In this process, p-n junction with nanoscale domain size and 

large interface area are essential for efficient exciton dissociation. Step 4—

Charge transport: Because the dissociated hole and electrons should move 

through materials of active layer toward their corresponding electrodes, the 

charge carrier mobilities for both electron and hole play an important role in 

determining efficiency of solar cells. In PSCs, thickness of active layer is 

controlled below l m due to low charge carrier mobilities of polymers.
33,34

 

Step 5—Charge collection: Finally, at the electrode interfaces, the charge 

carriers are collected and passed through the circuit to generate photocurrent. 

A schematic device structure of a general BHJ PSCs is illustrated in Figure 

1.1 and the configuration of conventional PSC device is indium tin oxide 

(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT: 

PSS)/polymer:PCBM/Ca/Al. As a transparent anode, ITO is used due to high 

optical transparency and electrical conductivity.
35,36

 On the ITO-coated glass 

substrate, PEDOT:PSS is coated as a hole transport layer for lowering the 

contact resistance between anode and active layer, smoothing the ITO surface 

and promoting the efficient hole transport.
37-40

 And then, the polymer:PCBM 

blend film is coated from solution on top of the PEDOT:PSS layer. Finally, as 

a cathode, metal electrode was evaporated on the active layer of PSC. 

Generally, buffer layer such as Ca and LiF is also coated under Al layer to 
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Figure 1.1. Device structure of a general BHJ PSCs. 

 

 

 

 

 

 

 



 

 

 

6 

 

 

 

 

 

Figure 1.2. Currentvoltage curves of solar cell under illumination with the 

parameters. 
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lower work function of cathode, which improves electron injection/collecting 

ability of cathode by forming Ohmic contact with active layer.
41-45

 

The current-voltage curves of solar cell under illumination with the 

parameters are illustrated in Figure 1.2. The PCE of a solar cell is determined 

by the following formula: 

OC SC

in

V J
PCE FF

P


  ,                   (1.1) 

m m

SC OC

J V
FF

J V





,                          (1.2) 

where VOC is the open circuit voltage, JSC is the short circuit current density, 

FF is the fill factor, and Pin is the incident light power density. This light 

intensity is standardized at 100 mW/cm
2
 with a spectral intensity distribution 

matching the AM 1.5G condition. Jm and Vm are the current density and 

voltage at the maximum power point.
46

 

 

1.1.3 Active layer materials for polymer solar cells 

 

  Semiconducting polymers in active layers of PSCs must have solubilizing 

group for low-cost solution process andconjugated backbone for electrical 

charge transport and optical absorption.
47

 After the photoinduced electron 

transfer from conjugated polymers onto electron acceptor was reported,
48

 

several conjugated polymers have been designed and synthesized for PSCs. 

The important polymers are described in Figure 1.3. 

  In early studies about PSCs, the conjugated polymers for active layers 

mainly come from the materials of the organic light-emitting diodes such as 
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Figure 1.3. Chemical structures of p-type polymers used as electron donors in 

active layers of PSCs. 
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poly(2-methoxy-5-(-2-ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV) and 

poly(2-methyl-5-(3,7-dimethyloctyl-oxy)-1,4-phenylenevinylene) (MDMO-

PPV). However, the solar cell devices fabricated with PPV derivatives have 

shown low PCEs of 23 % because of wide bandgap and low hole mobility 

with amorphous nature.
49-52

 After then, researches of PSCs have focused on 

the regioregular poly(3-hexylthiophene) (P3HT), which has high crystallinity 

and excellent charge transport properties. When blended with PCBM, P3HT-

based PSCs have achieved promising PCEs of 4–5% after morphology 

optimization.
53-58

 Currently, alternating copolymers, such as PTB7 and 

PBDTTPD, synthesized with electron-donating (D) and electron-accepting 

(A) units have been proposed for developing low-bandgap, and the devices 

with DA type polymers have reached PCEs over 7%.
20-30

 

The chemical structures of n–type electron acceptors in active layers of 

PSCs are described in Figure 1.4. Generally, the buckminsterfullerene (C60), a 

symmetric fullerene stabilized by resonance structure, and its derivatives are 

used as a n-type electron acceptor in active layer of PSCs. C60 has been known 

to be highly resistant to oxidation and up to six electrons can be 

accommodated in the lowest unoccupied molecular orbital (LUMO).
59-60

 

However, since C60 has limited solubility in common organic solvents, 

electron acceptor for PSCs is replaced to [6,6]-phenyl-C61-butyric acid methyl 

ester (PC61BM) having high solubility in chlorobenzene and o-

dichlorobenzene with solubilizing substituent.
61

 Currently, in order to increase 

LUMO energy levels of electron acceptors for high VOC, C60-bisadducts such 

as bis-PCBM and ICBA have also been proposed.
62-65
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Figure 1.4. Chemical structures of n-type materials used as electron acceptors 

in active layers of PSCs. 
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1.2 Energy level control of conjugated polymer in active 

layer of PSC 

 

1.2.1 Energy levels of conjugated polymers 

 

In PSCs, energy levels influence optoelectrical properties of materials 

including charge extraction, light absorption, charge transport and exciton 

dissociation, and thus energy levels of each component in solar cells should 

be controlled cautiously for achieving high performance. Especially, energy 

levels of conjugated polymer donor in active layer of PSC have been known 

to be closely related to the parameters used to determine performances of 

solar cells such as JSC, VOC and FF. Over the years, many efforts to find 

relationships between energy levels of polymer and solar cell performance 

have been reported and there are some requirements of polymers for highly 

efficient PSCs.
66-68

 

First, polymers should have low-bandgap to harvest a wide range of solar 

spectrum for attaining high JSC.
13,69-74 

The maximum peak of photon flux 

reaching the earth from the sun is at approximately 1.8 eV. However, 

representative conjugated polymers such as MEH-PPV (Eg = 2.2 eV) or P3HT 

(Eg = 2.0 eV) cannot effectively harvest photons due to the mismatch between 

absorption range of polymers and solar spectrum. Concretely, the P3HT is 

capable of absorbing only 22.4% of the available photons giving a maximum 

theoretical JSC of 14.3 mA/cm
2
, but polymer with low-bandgap of 1.24 eV can 

harvest up to 53% of all the solar photons giving a maximum JSC of 33.9  



 

 

 

12 

 

 

 

 

 

 

Figure 1.5. Optical absorption spectra of electron donors for organic solar 

cells and AM 1.5G solar spectrum. (ref. 70) 
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Scheme 1.2. The optimum energy levels of polymer donor for high 

performance PSCs. 
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mA/cm
2
.
69

 Therefore, low-bandgap conjugated polymer which can absorb 

photons at longer wavelengths where much of the photon flux emitted from 

the sun is strongly required. 

Second, VOC of PSCs is proportional to the difference between the HOMO 

energy level of donor polymer and the LUMO energy level of acceptor and 

can be expressed as VOC = (│EHOMO
donor

││ELUMO
acceptor

│ 0.3 eV)/e, where 

e is the elementary charge, EHOMO
donor

 is the HOMO energy level of donor 

polymer, ELUMO
acceptor

 is the LUMO energy level of acceptor and 0.3 eV is an 

empirical value for efficient charge separation.
75-79

 Thus, deep HOMO energy 

level of polymer is needed for achieving high VOC in PSCs. 

Third, the offset of LUMO energy levels between donor and acceptor 

materials in active layer of PSCs should be at least higher than 0.3 eV for 

effective exciton dissociation.
80-82

 

The optimum energy levels of polymer donor are illustrated in Scheme 1.2 

and, when PCBM (LUMO energy level = 4.3 eV) is used as electron 

acceptor in PSCs, the energy levels of conjugated polymers should have 

HOMO energy levels between 5.2 and 5.7 eV and LUMO energy levels 

between 3.5 and 3.9 eV for obtaining the optimum values of both VOC and 

light harvesting.
83,84

 

 

1.2.2 Factors influencing energy levels of conjugated 

polymers. 

 

Until now, several polymers for active layers of PSCs have been designed 
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and synthesized for satisfying optimum energy levels. From many researches 

about molecular engineering, energy levels of conjugated polymers can be 

influenced by multiple factors including conjugation length, side chain, 

stabilization of quinoidal structure, internal charge transfer and substituents on 

polymer backbone.
69

 

Conjugation length is one of the critical factors determining the 

optoelectrical properties of conjugated polymers, and as the conjugation 

length increases, the bandgap of polymer is reduced due to extended 

delocalization of electrons in conjugated backbone. In general, for large 

orbital overlap and long conjugation length, the backbone of polymer 

should have planar structure and the planarity of backbone can be modified by 

the ways of reducing steric hindrance between two adjacent aromatic rings, 

such as insertion of vinylene group between rings
85

 and backbone 

rigidification by fusing aromatic rings.
86-88

 

The energy levels of polymers can be also changed by side chains owing 

to mesomeric and inductive effects. For examples, the HOMO energy levels 

of polythiophene were raised from 5.1 to 4.5 eV by changing the side chain 

from alkyl to alkoxy group,
89

 while polythiophene polymer with two ester 

side chains exhibits deeper HOMO energy level of 5.26 eV.
90

 

The stabilization of the quinoid form in the backbone is another factor 

influencing energy levels of conjugated polymers. Stabilization of the quinoid 

structure can be achieved by fusing an aromatic ring with another aromatic 

system having high resonance energy, and this quinoid form of polymer 

stabilized by delocalization of electrons in fused ring contributes to lower-
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lying LUMO energy level and low-bandgap of polymer.
71

 

 

1.2.3 Alternating polymer copolymerized with electron-

donating and electron-accepting units 

 

  Over the years, alternating copolymer polymerized with electron-donating 

(D) and electron-accepting (A) units have been considered to be the most 

promising way for developing low-bandgap polymers. These DA type 

polymers are based on internal charge transfer from D unit to A unit and the 

orbital hybridization of the DA structure leads to reduction of bandgap by 

raising the HOMO level and lowering the LUMO level of conjugated polymer, 

as shown in Scheme 1.3. One of the important advantages in DA strategy is 

that photophysical and optoelectronics properties of conjugated polymers can 

be tuned by a proper combination of D and A units. Especially, because the 

HOMO and LUMO levels of DA alternating copolymers are mainly 

governed by D and A units, respectively, the suitable energy levels of DA 

polymers for high performance PSCs can be achieved by modifying each of D 

and A building blocks separately.
71,91

 

The widely used D units in DA alternating copolymers include 

thiophene,
92

 thieno[3,2-b]thiophene,
93

 dithieno[3,2-b:2’,3’-d]thiophene,
94

 

benzene,
95

 naphthalene,
96

 cyclopenta[2,1-b:3,4-b’]dithiophene,
97,98

 

anthracene,
99

 benzo[1,2-b:4,5-b’]dithiophene,
100 -102

 fluorene,
103-105

 

carbazole
106,107

 and thiophene-phenylene-thiophene fused ring,
108,109

 described 

in Figure 1.6. Recently, D units with fused ring structure have been attracted 
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Scheme 1.3. Energy level diagram of the orbital hybridized HOMO and 

LUMO in DA alternating copolymers. 
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Figure 1.6. Chemical structures of D units widely used in DA alternating 

copolymers. 
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Figure 1.7. Chemical structures of A units widely used in DA alternating 

copolymers. 
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due to strong intermolecular interaction and high hole mobility. 

The widely used A units in alternating DA copolymers include 2,1,3-

benzothiadiazole (BT),
106,107,110-112

 diketopyrrolo[3,4-c]-pyrrole (DPP),
113-116

 

quinoxaline,
117

 thieno[3,4-c]pyrrole-4,6-dione (TPD),
118-120

 isoindigo (Ii),
121-123

 

and thieno[3,4-b]thiophene,
124-126

 described in Figure 1.7. These A units have 

different electron-withdrawing properties, determined by electron deficient 

group and stabilization of quinoidal structure, and should be controlled 

cautiously for low-bandgap and sufficient offset of LUMO energy levels 

between polymer and PCBM. 

 

1.2.4 Introduction of heteroatom in backbone 

 

  Introduction of heteroatoms on backbone is another powerful method to 

modify conjugated polymers for PSCs and the optoelectrical properties of 

conjugated polymers can be varied depending on the kind of heteroatom. 

These variations in properties of heteroatoms substituted polymers are based 

on unique characteristics of carbonheteroatom bonds, which are closely 

related to different electronegativity of heteroatoms, as shown in Figure 1.8. 

For example, when the bridging atom in cyclopenta[2,1-b:3,4-b’]dithiophene 

is replaced to Si or Ge atom,  stacking interactions and charge carrier 

mobilities of polymers are improved due to reduced steric hindrance with long 

length of carbonheteroatom bonds.
127-129

 And, since Se atom is more easily 

polarized than S atom, polymers with Se have exhibit stronger intermolecular 

interaction than polymers with thiophene.
130-132
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Figure 1.8. Electronegativity of heteroatoms and chemical structures of 

moieties modified by heteroatoms for conjugated polymers of PSCs. 
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  For optimization energy levels of polymers for PSCs, introduction of 

heteroatoms with high electronegativity such as N, O, F have been used to 

develop low-bandgaps and deep HOMO energy levels of polymers. For 

instance, one of BT derivatives, [1,2,5]thiadiazolo[3,4-c]pyridine (PT), has 

lower LUMO energy level than BT due to electron deficient pyridine 

moiety and the bandgaps of PT-based copolymers are narrower than BT-based 

polymers, which contribute to efficient light harvesting.
133,134

 
 

 

1.2.5 Fluorinated organic compounds 

 

  Fluorinated organic compounds are a new class of materials and their 

special features are closely related to the highest electronegativity of fluorine 

atom (electronegativity of F atoms ≈ 4). When CF bond is introduced 

instead of CH bond in organic compound, fluorinated compounds exhibit 

interesting properties including high thermal and oxidative stability, 

enhanced hydrophobicity and lipophobicity, inverted charge distribution and 

strong interaction involving CF bond. These positive effects of fluorination 

have contributed to the development of conjugated organic materials and 

fluorinated compounds have shown high performances in organic electronics 

such as organic light-emitting diodes, organic thin film transistors, organic 

photovoltaic and sensors.
135 

Currently, PSCs with fluorinated polymers have been reported by several 

research groups. Because fluorine atom is the smallest electron-withdrawing 

group (van der Waals radius, r = 1.35 Å ), fluorinated polymers exhibit lower 
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energy levels than non-fluorinated analogues without imposing steric 

hindrance between adjacent monomeric units.
136-138 

And, since fluorine atom 

has strong electron-withdrawing nature with the highest electronegativity, 

fluorinated conjugated polymers exhibit deeper HOMO energy levels without 

change of bandgap, and thus afford higher VOCs than non-fluorinated ones 

without sacrifice of JSCs.
21,137

 Furthermore, enhanced inter/intramolecular 

interaction of polymers due to strongly induced dipole in C−F bond leads to 

high charge carrier mobility and well-developed fibril structure in the active 

layer of PSCs, which contribute to both enhancement of JSC and FF.
136

 

 

1.3 Objectives of this study 

 

For developing high efficiency PSCs, understanding of the relation between 

chemical structure and photovoltaic property of semiconducting conjugated 

polymer is essential. It has been reported that the electronic properties of 

conjugated polymers can be tuned by modification of molecular structure such 

as atomic substitution,
106,133,127,139

 optimization of length and position of alkyl 

chain,
140-142

 introduction of bridge unit,
143-145

 and type of chain end-

group.
146,147

  

Among these methods, the atomic substitution, especially, the substitution 

of fluorine atom has attracted much attention for the past few years.
148

 It has 

recently been reported that fluorine substituted polymer-based solar cells 

exhibit high PCEs over 7%.
21,136-138

 However, improvement of photovoltaic 

performances by fluorination on conjugated polymers have been studied in 
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only few polymers owing to lack of fluorinated monomers and, for further 

investigation about effect of fluorination, more fluorinated monomers and 

polymers should be designed and synthesized. 

  In this work, we synthesized difluoro-bithiophene as a new fluorinated 

building block in conjugated polymers for PSCs and various fluorinated 

copolymers based on difluoro-bithiophene are successfully designed and 

synthesized. First of all, fluorinated poly(3,4-dialkylterthiophenes) (PDATs) 

composed of difluoro-bithiophene and 3,4-dialkylterthiophene were 

synthesized in order to clarify the effect of fluorination on the properties of 

polymers and its device performance of PSCs. Bao group previously reported 

that non-fluorinated PDATs exhibited a high hole mobility up to 0.12 

cm
2
·V

−1
·s
−1

 in organic field-effect transistors and a promising PCE of 4.2% in 

PSCs.
149,150 

  And then, for investigating the effect of fluorine atom substitution on the 

optoelectrical and photovoltaic properties of DA type polymer, we prepared 

a fluorinated DA type polymer copolymerized by DPP as an A unit and 

difluoro-bithiophene as a D unit. DA type polymers have been considered 

the most promising molecular structure for high performance PSCs, because 

energy levels of the copolymers can be effectively tuned with a proper 

combination of D and A units.
71,91

 

  In addition, two kinds of DA polymers with each being fluorinated on A 

and D unit, where quaterthiophene and BT are used as D and A unit, 

respectively, are synthesized. Until now, the effect of fluorination on D unit in 

D−A polymer on photovoltaic properties has scarcely been studied, while 
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most of studies have focused on the fluorination on A unit in the copolymers. 

By comparison between two DA polymers substituted by fluorine at 

different positions, it is investigated that DA polymer fluorinated on D unit 

can be applied for high performance PSCs. 

  Finally, DA polymers with different degree of fluorination are synthesized. 

Although fluorination on conjugated polymers has many benefits, high 

fluorine content can also lead to harmful effects such as low solubility of 

polymers in organic solvent, unsuitable energy levels for charge transfer and 

large aggregation of polymers in active layer.
151-153

 For highly efficient PSC 

with fluorinated conjugated polymer, the degree of fluorination should be 

controlled cautiously to optimize morphology of active layer and energy 

levels of polymer, and the degree of fluorination of DA polymer in this work 

is controlled by using BT unit substituted by different number of fluorine 

atoms. 
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Chapter 2. Experimental Section 

 

2.1 Synthesis and characterization 

 

2.1.1 Materials 

 

Tetrahydrofuran (THF) (Daejung Chemicals & Metals) was dried over 

sodium/benzophenone under nitrogen and freshly distilled before use. All 

reagents were purchased from Sigma-Aldrich, Alfa-Aesar, TCI chemicals, and 

Acros Organics unless specified and used as received. 

 

2.1.2 Synthesis of monomers and conjugated polymers 

 

2.1.2.1 Synthesis of 3,3’-difluoro-2,2’-bithiophene and poly(3,4-

dialkylterthiophene) polymers 

 

  5,5’-Bis(trimethylstannyl)-2,2’-bithiophene (1): To 5,5’-dibromo-2,2’-

bithiophene 2 (1 g, 3.09 mmol) in anhydrous THF (15 mL), 2.5 M of n‐BuLi 

in hexane (2.8 mL, 7.0 mmol) was added dropwise at 78 °C. After stirring 

for 30 min, the solution was further stirred for 30 min at room temperature. 

The solution was then cooled to 78 °C again before 1 M of trimethyltin 

chloride in hexane (7.7 mL, 7.7 mmol) was added. After warming up to 

room temperature and stirring overnight, the resulting mixture was poured 
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Scheme 2.1. Synthetic scheme of 3,3’-difluoro-2,2’-bithiophene monomer 

and poly(3,4-dialkylterthiophene) polymers. 

 

 

 



 

 

 

28 

into water and extracted with diethyl ether. The organic phase was collected 

and dried over MgSO4. Recrystallization from methanol yielded the 

compound 1 (0.97 g, 64%). 
1
H NMR (300 MHz, CDCl3): (ppm) 7.28 (d, 

2H), 7.09 (d, 2H), 0.38 (m, 18H). 

 

  5,5’-Bis(trimethylsilyl)-3,3’-dibromo-2,2’-bithiophene (2): To diiso-

propylamine (2.5 mL) in anhydrous THF (30 mL), 2.5 M of n‐BuLi in 

hexane (7.68 mL, 19.2 mmol) was added at 78 °C, and the resulting 

solution was stirred at 0 °C for 30 min. 3,3’-dibromo-2,2’-bithiophene (2.5 g, 

7.71 mmol) in anhydrous THF (20 mL) was added dropwise at 78 °C. After 

stirring for 30 min, the solution was further stirred for 30 min at room 

temperature. The solution was then cooled to 78 °C again before 

trimethylsilyl chloride (2.9 mL, 23.1 mmol) was added. After warming up to 

room temperature and stirring overnight, the resulting mixture was poured 

into water and extracted with diethyl ether. The organic phase was collected 

and dried over MgSO4. The product was purified by column chromatography 

on silica gel (hexane as eluent) and recrystallization from ethanol yielded the 

compound 2 as a white solid (2.5 g, 69%). 
1
H NMR (300 MHz, CDCl3): 

(ppm) 7.15 (s, 2H), 0.34 (s, 18H). 

 

  5,5’-Bis(trimethylsilyl)-3,3’-difluoro-2,2’-bithiophene (3): To 

compound 2 (2.5 g, 5.34 mmol) solution in anhydrous THF (25 mL), 2.5 M 

of n‐BuLi in hexane (4.7 mL, 11.8 mmol) was added dropwise at 78 °C. 
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After stirring for 30 min, the solution was further stirred for 30 min at room 

temperature. The solution was then cooled to 78 °C again before N-

fluorobenzenesulfonimide ((PhSO2)2NF) (4 g, 12.7 mmol) in THF (10 mL) 

was added. After warming up to room temperature and stirring overnight, the 

resulting mixture was poured into water and extracted with diethyl ether. The 

organic phase was collected and dried over MgSO4. The product was 

purified by column chromatography on silica gel (hexane as eluent) to yield 

the compound 3 as a white solid (1.65 g, 89%). 
1
H NMR (300 MHz, CDCl3): 

 (ppm) 6.95 (s, 2H), 0.32 (s, 18H). 
13

C NMR (300 MHz, CDCl3):  (ppm) 

155.47 (d), 136.23 (d), 124.49 (d), 127.28 (dd), 8.14. m/z (MS-EI) calcd: 

347, found: 346. 

 

  5,5’-Dibromo-3,3’-difluoro-2,2’-bithiophene (4): To a solution of 

compound 3 (2 g, 5.77 mmol) in chloroform/acetic acid (1/1, 20 mL), N-

bromosuccinimide (NBS) (2.36 g, 13.3 mmol) was added in the dark. After 

stirring overnight at 60 °C, the reaction mixture was poured into water, 

extracted with chloroform, and dried over MgSO4. Then the residue was 

purified by column chromatography on silica gel (hexane as eluent). 

Recrystallization from acetonitrile afforded the compound 4 (1.62 g, 78%). 

1
H NMR (300 MHz, CDCl3):  (ppm) 6.87 (s, 2H). 

13
C NMR (300 MHz, 

CDCl3):  (ppm) 152.01 (d), 120.12 (d), 112.37 (dd), 111.59 (d). m/z (MS-

EI) calcd: 360, found: 360. 
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  5,5’-Bis(trimethylstannyl)-3,3’-difluoro-2,2’-bithiophene (5): To the 

compound 4 (1.2 g, 3.33 mmol) in anhydrous THF (15 mL), 2.5 M of 

n‐BuLi in hexane (3 mL, 7.5 mmol) was added dropwise at 78 °C. After 

stirring for 30 min, the solution was further stirred for 30 min at room 

temperature. The solution was then cooled to 78 °C again before 1 M of 

trimethyltin chloride in hexane (8.3 mL, 8.3 mmol) was added. After 

warming up to room temperature and stirring overnight, the resulting 

mixture was poured into water and extracted with diethyl ether. The organic 

phase was collected and dried over MgSO4. Recrystallization from methanol 

yielded the compound 5 (1 g, 57%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 

6.89 (t, 2H), 0.39 (m, 18H). 
13

C NMR (300 MHz, CDCl3):  (ppm) 155.20 

(d), 138.19 (d), 123.31 (d), 116.75 (dd), 0.38. m/z (MS-EI) calcd: 528, 

found: 528. 

 

  3,4-Didodecylthiophene (6): 3,4-Dibromo-thiophene (1 g, 4.13 mmol) 

was added to a mixture of 1 M of dodecyl magnesium bromide in diethyl 

ether (20 mL, 20 mmol) and catalytic amount of Ni(dppp)Cl2. After stirring 

at room temperature for 2 days, the solution was cooled to 0 °C and 30 mL 

of 1 M HCl was added. Then, the organic phase was extracted with hexane 

and dried over MgSO4. The product was purified by column chromatography 

on silica gel (hexane as eluent) to yield the compound 6 (0.63 g, 36%). 
1
H 

NMR (300 MHz, CDCl3):  (ppm) 6.89 (s, 2H), 2.50 (t, 4H), 1.35-0.82 (m, 

46H).  
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  3,4-Bis-(2-ethylhexyl)-thiophene (7): 3,4-Dibromo-thiophene (1 g, 4.13 

mmol) was added to a mixture of 1 M of (2-ethylhexyl)magnesium bromide 

in diethyl ether (20 mL, 20 mmol) and catalytic amount of Ni(dppp)Cl2. 

After stirring at room temperature for 2 days, the solution was cooled to 0 °C 

and 30 mL of 1 M HCl was added. Then, the organic phase was extracted 

with hexane and dried over MgSO4. The product was purified by column 

chromatography on silica gel (hexane as eluent) to yield the compound 7 

(0.55 g, 43%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 6.85 (s, 2H), 2.43 (d, 

4H), 1.65-0.82 (m, 30H). 
13

C NMR (300 MHz, CDCl3):  (ppm) 141.21, 

120.74, 39.42, 33.28, 32.68, 28.93, 25.75, 23.11, 14.17, 10.85. m/z (MS-EI) 

calcd: 309, found: 308. 

 

  2,5-Dibromo-3,4-didodecylthiophene (8): To a solution of compound 6 

(0.5 g, 1.19 mmol) in chloroform/acetic acid (1/1, 10 mL), NBS (0.53 g, 2.98 

mmol) was added in the dark and stirred overnight at 60 °C. After pouring 

into water, the product was extracted with chloroform, washed with saturated 

NaHCO3, and dried over MgSO4. The product was purified by column 

chromatography on silica gel (hexane as eluent) to yield the compound 8 

(0.56 g, 82%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 2.51 (t, 4H), 1.35-0.82 

(m, 46H).  

 

  2,5-Dibromo-3,4-bis-(2-ethylhexyl)-thiophene (9): To a solution of 

compound 7 (0.5 g, 1.62 mmol) in chloroform/acetic acid (1/1, 10 mL), NBS 
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(0.72 g, 4.04 mmol) was added in the dark and stirred overnight at 60 °C. 

After pouring into water, the product was extracted with chloroform, washed 

with saturated NaHCO3, and dried over MgSO4. The product was purified by 

column chromatography on silica gel (hexane as eluent) to yield the 

compound 9 (0.65 g, 86%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 2.47 (d, 

4H), 1.65-0.82 (m, 30H). 
13

C NMR (300 MHz, CDCl3):  (ppm) 141.02, 

108.58, 39.64, 33.42, 32.53, 28.89, 25.75, 23.12, 14.15, 11.11. m/z (MS-EI) 

calcd: 466, found: 466. 

 

  Polymer H12: The compound 1 (150 mg, 0.30 mmol) and 8 (174 mg, 0.30 

mmol) were dissolved in a mixture of toluene (10 mL) and DMF (1 mL) 

solution. After the solution was flushed with N2 for 20 min, 20 mg of 

Pd(PPh3)4 was added. The reaction mixture was stirred for 4 h at 150°C in a 

microwave reactor, followed by end‐capping using 2‐bromothiophene and 

2‐tributyltinthiophene. After being cooled to room temperature, the mixture 

was poured into methanol. The crude product was filtered through a Soxhlet 

thimble, and then subjected to Soxhlet extraction with methanol, ethyl acetate, 

hexane and chloroform. The polymer was recovered from chloroform fraction, 

and the fraction was precipitated into methanol to afford the product as a dark 

red solid (54 mg, 31%).  

 

  Polymer HEH: HEH was synthesized by following the same procedure as 

used in the synthesis of H12. The compound 1 (157 mg, 0.32 mmol) and 9 

(150 mg, 0.32 mmol) were used as monomers, and a dark purple solid was 
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obtained as a product (41 mg, 28%). 

  

  Polymer F12: The compound 5 (288 mg, 0.55 mmol) and 8 (316 mg, 0.55 

mmol) were dissolved in a mixture of toluene (15 mL) and DMF (1 mL) 

solution. After the solution was flushed with N2 for 20 min, 20 mg of 

Pd(PPh3)4 was added. The reaction mixture was refluxed for 3 days, followed 

by end‐capping using 2‐bromothiophene and 2‐tributyltinthiophene. After 

being cooled to room temperature, the mixture was poured into methanol. The 

crude product was filtered through a Soxhlet thimble, and then subjected to 

Soxhlet extraction with methanol, ethyl acetate, hexane and chloroform. The 

polymer was recovered from chloroform fraction, and the fraction was 

precipitated into methanol to afford the product as a dark purple solid (93 mg, 

27%).  

 

  Polymer FEH: FEH was synthesized by following the same procedure as 

used in the synthesis of F12. The compound 5 (310 mg, 0.59 mmol) and 9 

(280 mg, 0.59 mmol) were used as monomers, and a dark purple solid was 

obtained as a product (110 mg, 37%). 

 

2.1.2.2 Synthesis of polymer composed of 3,3’-difluoro-2,2’-

bithiophene and diketopyrrolopyrrole 

 

  3,6-Di(thien-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (10): To t-

amyl alcohol (250 mL), sodium metal pieces (2.56 g, 108 mmol) were slowly 
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Scheme 2.2. Synthetic scheme of alternating copolymer composed of 3,3’-

difluoro-2,2’-bithiophene and diketopyrrolopyrrole. 
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added to the reaction mixture over a 1.5 h and the temperature of solution was 

increased to 120 °C. After all the sodium metal pieces were dissolved, 

thiophene-2-carbonitrile (11.9 g, 108 mmol) and dimethyl succinate (5.29 g, 

36.2 mmol) was added to the solution. The reaction mixture was stirred 

overnight at 120 °C and then poured into acidic MeOH (400 mL MeOH and 

20 mL conc. HCl). Filtration of the suspension yielded the product as a dark 

red solid. This product was used in next reactions without further purification 

(6 g, 47%). 

 

  3,6-Bis-(thiophen-2-yl)-N,N’-bis(2-decyltetradecyl)-1,4-dioxo-pyrrolo 

[3,4-c]pyrrole (11): To the compound 10 (5.0 g, 16.6 mmol) in DMF (150 

mL), anhydrous K2CO3 (6.43 g, 49.9 mmol) were added and stirred at 120 °C 

for 1 h. And then the 2-decyltetradecyl bromide (20.1 g, 49.9 mmol) was 

added dropwise, and the reaction mixture was further stirred overnight at 

130 °C. After being cooled to room temperature, the solution was poured into 

water, and stirred for 30 min. The product was extracted with chloroform, 

then washed with water, and dried over MgSO4. The product was purified by 

column chromatography on silica gel (hexane/methylene chloride as eluent) to 

yield the compound 11 (1.7 g, 11%). 
1
H NMR (300 MHz, CDCl3): δ (ppm) 

8.88 (d, 2H), 7.62 (d, 2H), 7.27 (d, 2H), 4.03 (d, 4H), 1.85-0.87 (m, 94H). 

 

  3,6-Bis-(5-bromo-thiophen-2-yl)-N,N’-bis(2-decyltetradecyl)-1,4-dioxo-

pyrrolo[3,4-c]pyrrole (12): To the compound 11 (1 g, 1.03 mmol) in CHCl3 

(30 mL), NBS (0.38 g, 2.11 mmol) was added slowly in the dark and stirred 
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overnight at room temperature. After pouring into water, the product was 

extracted with CHCl3 and dried over MgSO4. The solvent was evaporated 

under reduced pressure and the product was purified by column 

chromatography on silica gel (hexane/ methylene chloride as eluent) and 

recrystallization from acetone yield the compound 12 (0.94 g, 81%). 
1
H NMR 

(300 MHz, CDCl3): δ (ppm) 8.63 (d, 2H), 7.22 (d, 2H), 7.52 (d, 2H), 3.98 (d, 

4H), 1.85-0.87 (m, 94H). 

 

  Polymer PDPP-0F: The compound 1 (65 mg, 0.13 mmol) and 12 (150 mg, 

0.13 mmol) were dissolved in toluene (10 mL). After the solution was flushed 

with N2 for 20 min, 4 mg of Pd2(dba)3 and 8mg of P(o-toyl)3 was added. The 

reaction mixture was stirred for 4 h at 150°C in a microwave reactor. After 

being cooled to room temperature, the mixture was poured into methanol. The 

crude product was filtered through a Soxhlet thimble, and then subjected to 

Soxhlet extraction with methanol, ethyl acetate, hexane and chloroform. The 

polymer was recovered from chloroform fraction, and the fraction was 

precipitated into methanol to afford the product as a dark green solid (120 mg, 

81%).  

 

  Polymer PDPP-2F: PDPP-2F was synthesized by following the same 

procedure as used in the synthesis of PDPP-0F. The compound 5 (70 mg, 0.13 

mmol) and 12 (150 mg, 0.13 mmol) were used as monomers, and a dark green 

solid was obtained as a product (118 mg, 78%). 
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2.1.2.3 Synthesis of fluorinated or non-fluorinated alternating 

copolymers composed of 2,2’-bithiophene and 2,1,3-

benzothiadiazole 

 

  3-(2-Octyldodecyl)-thiophene (13): To a solution of magnesium (0.9 g) 

in THF (50 mL), a catalytic amount of 1,2-dibromoethane and 2-

octyldodecyl bromide (9 mL) was slowly added. After being refluxed for 1.5 

h, the solution was added to a mixture of catalytic amount of Ni(dppp)Cl2 

and 3-bromothiophene (3 g, 18.4 mmol) in THF (10 mL). The reaction 

mixture was stirred at 50 °C for 1 day and then poured into 30 mL of 1 M 

HCl. The organic phase was extracted with hexane and dried over MgSO4. 

The solvent was evaporated under reduced pressure and the product was 

purified by column chromatography on silica gel (hexane as eluent) to yield 

the compound 13 (2.1 g, 32%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 7.23 

(dd, 1H), 6.90 (d, 1H), 6.88 (d, 1H), 2.55 (d, 2H), 1.59-0.82 (m, 38H). 

 

  5-Trimethylstannyl-3-(2-octyldodecyl)-thiophene (14): To diisopropyl-

amine (1.3 mL) in anhydrous THF (30 mL), 2.5 M of n‐BuLi in hexane (4.0 

mL, 9.88 mmol) was added at 78 °C, and the resulting solution was stirred 

at 0 °C for 30 min. 3-(2-Octyldodecyl)-thiophene (3 g, 8.23 mmol) in 

anhydrous THF (10 mL) was added dropwise at 78 °C. After stirring for 30 

min, the solution was further stirred for 30 min at room temperature. The 

solution was then cooled to 78 °C again before 1 M of trimethylstannyl 

chloride in hexane (10.7 mL, 10.7 mmol) was added. After stirring overnight, 
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Scheme 2.3. Synthetic scheme of fluorinated or non-fluorinated alternating 

copolymers composed of 2,2’-bithiophene and 2,1,3-benzothiadiazole. 
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the resulting mixture was poured into water and extracted with diethyl ether. 

The organic phase was collected and dried over MgSO4. The solvent was 

evaporated under reduced pressure and the resultant liquid product was 

directly used in the next step without further purification (3.7 g, 85%). 

 

  4,7-Bis(4-(2-octyldodecyl)-thiophen-2-yl)benzo[c]-[1,2,5]thiadiazole 

(15): The 4,7-dibromobenzo[c][1,2,5]thiadiazole (0.5 g, 1.7 mmol) and 14 

(2.7 g, 5.1 mmol) were dissolved in toluene (10 mL). After the solution was 

flushed with N2 for 20 min, 40 mg of Pd(PPh3)4 was added. The reaction 

mixture was stirred for 5 h at 150°C in a microwave reactor. After being 

cooled to room temperature, the resulting mixture was poured into water, 

extracted with CHCl3 and dried over MgSO4. The solvent was evaporated 

under reduced pressure and the product was purified by column 

chromatography on silica gel (hexane/CHCl3 as eluent) to yield the 

compound 15 (0.92 g, 63%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 7.95 (d, 

2H), 7.83 (s, 2H), 7.01 (s, 2H), 2.64 (d, 4H), 1.65-0.82 (m, 78H). 

 

  5,6-Difluoro-4,7-bis(4-(2-octyldodecyl)-thiophen-2-yl)benzo[c]-[1,2,5] 

thiadiazole (16): Compound 16 was synthesized by following the same 

procedure as used in the synthesis of compound 15. The 5,6-difluoro-4,7-

dibromobenzo[c][1,2,5]thiadiazole (0.5 g, 1.52 mmol) and 14 (2.41g, 4.56 

mmol) were used, and an orange solid was obtained as a product (0.58 g, 

43%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 8.07 (s, 2H), 7.83 (s, 2H), 2.64 (d, 

4H), 1.65-0.82 (m, 78H).  
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  4,7-Bis(5-bromo-4-(2-octyldodecyl)-thiophen-2-yl)benzo[c]-[1,2,5] 

thiadiazole (17): To a solution of compound 15 (0.5 g, 0.58 mmol) in 

chloroform/acetic acid (1/1, 10 mL), NBS (0.22 g, 1.25 mmol) was added in 

the dark and stirred overnight at room temperature. After pouring into water, 

the product was extracted with chloroform, washed with saturated NaHCO3, 

and dried over MgSO4. The product was purified by column chromatography 

on silica gel (hexane/CHCl3 as eluent) and recrystallization from methanol 

yield the compound 17 (0.54 g, 92%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 

7.75 (s, 2H), 7.74 (s, 2H), 2.58 (d, 4H) 1.65-0.82 (m, 78H). 

 

  5,6-Difluoro-4,7-bis(5-bromo-4-(2-octyldodecyl)-thiophen-2-yl)benzo 

[c]-[1,2,5] thiadiazole (18): Compound 18 was synthesized by following the 

same procedure as used in the synthesis of compound 17. The compound 16 

(0.5 g, 0.56 mmol) and NBS (0.21 g, 1.2 mmol) were used, and an orange 

solid was obtained as a product (0.56 g, 95%). 
1
H NMR (300 MHz, CDCl3):  

(ppm) 7.93 (s, 2H), 2.58 (d, 4H), 1.65-0.82 (m, 78H). 

 

  Polymer HH: The compounds 17 (120 mg, 0.12 mmol) and 1 (60 mg, 0.12 

mmol) were dissolved in a mixture of toluene (10 mL) and DMF (1 mL). 

After the solution was flushed with N2 for 20 min, 20 mg of Pd(PPh3)4 was 

added. The reaction mixture was then refluxed for 3 days. After being cooled 

to room temperature, the mixture was poured into methanol. The crude 

product was filtered through a Soxhlet thimble and then subjected to Soxhlet 

extraction successively with methanol, ethyl acetate, hexane and chloroform. 
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The chloroform fraction was precipitated into methanol to afford the product 

as a dark green solid (39 mg, 32%).  

 

  Polymer HF: HF was synthesized by following the same procedure as used 

in the synthesis of HH. The compound 17 (120 mg, 0.12 mmol) and 5 (64 mg, 

0.12 mmol) were used as monomers, and a dark green solid was obtained as a 

product (85 mg, 67%). 

 

  Polymer FH: FH was synthesized by following the same procedure as used 

in the synthesis of HH. The compound 18 (139 mg, 0.13 mmol) and 1 (65 mg, 

0.13 mmol) were used as monomers, and a dark green solid was obtained as a 

product (100 mg, 72%). 

  

2.1.2.4 Synthesis of alternating copolymers composed of 3,3’-

difluoro-2,2’-bithiophene and fluorinated 2,1,3-benzothiadiazole 

 

  3-(2-decyltetradecyl)-thiophene (19): To a solution of magnesium (0.3 

g) in THF (50 mL), a catalytic amount of 1,2-dibromoethane and 2-

decyltetradecyl bromide (3 mL) was slowly added. After being refluxed for 

1.5 h, the solution was added to a mixture of catalytic amount of 

Ni(dppp)Cl2 and 3-bromothiophene (1 g, 6.13 mmol) in THF (10 mL). The 

reaction mixture was stirred at 50 °C for 1 day and then poured into 30 mL 

of 1 M HCl. The organic phase was extracted with hexane and dried over 

MgSO4. The solvent was evaporated under reduced pressure and the product 
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Scheme 2.4. Synthetic scheme of alternating copolymers composed of 3,3’-

difluoro-2,2’-bithiophene and fluorinated 2,1,3-benzothiadiazole. 
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was purified by column chromatography on silica gel (hexane as eluent) to 

yield the compound 19 (0.3 g, 12%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 

7.23 (dd, 1H), 6.90 (d, 1H), 6.88 (d, 1H), 2.56 (d, 2H), 1.59-0.82 (m, 47H). 

 

  5-Trimethylstannyl-3-(2-decyltetradecyl)-thiophene (20): To diiso-

propylamine (0.8 mL) in anhydrous THF (20 mL), 2.5 M of n‐BuLi in 

hexane (2.28 mL, 5.7 mmol) was added at 78 °C, and the resulting solution 

was stirred at 0 °C for 30 min. compound 19 (2 g, 4.75 mmol) in anhydrous 

THF (10 mL) was added dropwise at 78 °C. After stirring for 30 min, the 

solution was further stirred for 30 min at room temperature. The solution 

was then cooled to 78 °C again before 1 M of trimethylstannyl chloride in 

hexane (6.2 mL, 6.18 mmol) was added. After stirring overnight, the 

resulting mixture was poured into water and extracted with diethyl ether. The 

organic phase was collected and dried over MgSO4. The solvent was 

evaporated under reduced pressure and the resultant liquid product was 

directly used in the next step without further purification (2.3 g, 82%). 

 

  4,7-Bis(4-(2-decyltetradecyl)-thiophen-2-yl)benzo[c]-[1,2,5]thiadiazole 

(21): The 4,7-dibromobenzo[c][1,2,5]thiadiazole (250 mg, 0.85 mmol) and 

20 (1.49 g, 2.55 mmol) were dissolved in toluene (10 mL). After the solution 

was flushed with N2 for 20 min, 40 mg of Pd(PPh3)4 was added. The reaction 

mixture was stirred for 5 h at 150°C in a microwave reactor. After being 

cooled to room temperature, the resulting mixture was poured into water, 
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extracted with CHCl3 and dried over MgSO4. The product was purified by 

column chromatography on silica gel (hexane/CHCl3 as eluent) to yield the 

compound 21 (310 mg, 37%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 7.95 (d, 

2H), 7.83 (s, 2H), 7.01 (s, 2H), 2.64 (d, 4H), 1.65-0.82 (m, 94H). 

 

  5-fluoro-4,7-bis(4-(2-decyltetradecyl)-thiophen-2-yl)benzo[c]-[1,2,5] 

thiadiazole (22): Compound 22 was synthesized by following the same 

procedure as used in the synthesis of compound 21. The 5-difluoro-4,7-

dibromobenzo[c][1,2,5]thiadiazole (250 mg, 0.8 mmol) and 20 (1.4 g, 2.4 

mmol) were used, and an orange solid was obtained as a product (220 mg, 

28%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 8.07 (s, 1H), 7.95 (d, 1H), 7.73 

(d, 1H), 7.12 (s, 1H), 7.06 (1, 1H) 2.64 (d, 4H), 1.65-0.82 (m, 94H).  

 

  5,6-Difluoro-4,7-bis(4-(2-decyltetradecyl)-thiophen-2-yl)benzo[c]-[1,2, 

5]thiadiazole (23): Compound 23 was synthesized by following the same 

procedure as used in the synthesis of compound 21. The 5,6-difluoro-4,7-

dibromobenzo[c][1,2,5]thiadiazole (250 mg, 0.76 mmol) and 20 (1.33 g, 2.28 

mmol) were used, and an orange solid was obtained as a product (210 mg, 

27%). 
1
H NMR (300 MHz, CDCl3):  (ppm) 8.07 (s, 2H), 7.83 (s, 2H), 2.64 (d, 

4H), 1.65-0.82 (m, 94H). 

 

  4,7-bis(5-bromo-4-(2-decyltetradecyl)-thiophen-2-yl)benzo[c]-[1,2,5] 

thiadiazole (24): To a solution of compound 21 (310 mg, 0.31 mmol) in 

chloroform/acetic acid (1/1, 10 mL), NBS (119 mg, 0.67 mmol) was added 
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in the dark and stirred overnight at room temperature. After pouring into 

water, the product was extracted with chloroform, washed with saturated 

NaHCO3, and dried over MgSO4. The product was purified by column 

chromatography on silica gel (hexane/CHCl3 as eluent) and recrystallization 

from methanol yield the compound 24 (294 mg, 84%). 
1
H NMR (300 MHz, 

CDCl3):  (ppm) 7.75 (s, 4H), 2.57 (d, 4H) 1.65-0.82 (m, 94H). 

 

  5-Difluoro-4,7-bis(5-bromo-4-(2-decyltetradecyl)-thiophen-2-yl)benzo 

[c]-[1,2,5]thiadiazole (25): Compound 25 was synthesized by following the 

same procedure as used in the synthesis of compound 24. The compound 22 

(220 mg, 0.22 mmol) and NBS (86 mg, 0.48 mmol) were used, and an orange 

solid was obtained as a product (206 mg, 80%). 
1
H NMR (300 MHz, CDCl3): 

 (ppm) 7.93 (s, 1H), 7.73 (s, 1H), 7.65 (d, 1H), 2.58 (d, 4H), 1.65-0.82 (m, 

94H). 

 

  5,6-Difluoro-4,7-bis(5-bromo-4-(2-decyltetradecyl)-thiophen-2-yl)benzo 

[c]-[1,2,5]thiadiazole (26): Compound 26 was synthesized by following the 

same procedure as used in the synthesis of compound 24. The compound 23 

(210 mg, 0.21 mmol) and NBS (80 mg, 0.45 mmol) were used, and an orange 

solid was obtained as a product (211 mg, 86%). 
1
H NMR (300 MHz, CDCl3): 

 (ppm) 7.94 (s, 2H), 2.59 (d, 4H), 1.65-0.82 (m, 94H). 

 

  Polymer 2F: The compounds 24 (150 mg, 0.13 mmol) and 5 (70 mg, 0.13 

mmol) were dissolved in a mixture of toluene (10 mL) and DMF (1 mL). 
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After the solution was flushed with N2 for 20 min, 10 mg of Pd(PPh3)4 was 

added. The reaction mixture was stirred for 5 h at 150°C in a microwave 

reactor. After being cooled to room temperature, the mixture was poured into 

methanol. The crude product was filtered through a Soxhlet thimble and then 

subjected to Soxhlet extraction successively with methanol, ethyl acetate, 

hexane and chloroform. The chloroform fraction was precipitated into 

methanol to afford the product as a dark green solid (82 mg, 54%).  

 

  Polymer 3F: 3F was synthesized by following the same procedure as used 

in the synthesis of 2F. The compound 25 (150 mg, 0.13 mmol) and 5 (69 mg, 

0.13 mmol) were used as monomers, and a dark green solid was obtained as a 

product (112 mg, 72%). 

 

  Polymer 4F: 4F was synthesized by following the same procedure as used 

in the synthesis of 2F. The compound 26 (150 mg, 0.13 mmol) and 5 (68 mg, 

0.13 mmol) were used as monomers, and a dark green solid was obtained as a 

product (120 mg, 76%). 

 

2.1.3 Characterization methods 

 

  The chemical structures of compounds were identified by 
1
H NMR and 

13
C 

NMR (Avance DPX-300). Molar masses of compounds were measured on a 

mass spectrometer (HP 5890) in electron-impact mode. Molecular weight and 

its distribution of polymers were measured by GPC (Polymer Labs GPC 220 
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and Waters) with a refractive index detector. 1,2,4-Trichlorobenzene (high 

temperature GPC at 135 °C) and chloroform (room temperature GPC) was 

used as an eluent, and the molecular weight of polymers were calibrated by 

polystyrene standards. 

  The optical absorption spectra were obtained by a UVVis 

spectrophotometer (Shimadzu UV-3600 and Lambda 25, Perkin Elmer). 

Cyclic voltammetry was conducted on a potentiostat/galvanostat (VMP 3, 

Biologic) in an electrolyte solution of 0.1 M tetrabutylammonium 

hexafluorophosphate acetonitrile. Pt wires (Bioanalytical System Inc.) were 

used as both counter and working electrodes, and silver/silver ion (Ag in 0.1 

M AgNO3 solution, Bioanalytical System Inc.) was used as a reference 

electrode. The HOMO energy levels of polymers were calculated by using the 

flowing relation: HOMO (eV) = [Eox  E1/2(ferrocene) + 4.8], where Eox is 

the onset oxidation potential of the polymer and E1/2(ferrocene) is the onset 

oxidation potential of ferrocene vs. Ag/Ag
+
. Density functional theory (DFT) 

calculations were carried out at the B3LYP/6-31G(d,p) level on Gaussian 03 

and 09. Dipole moments in ground and excited states were calculated with 

time-dependent DFT. Thermogravimetric analysis (TGA) was carried out at a 

heating rate of 10 °C min
1

 under nitrogen atmosphere using a 

thermogravimetric analyzer (TA 2050, TA Instruments). Melting and 

crystallization temperatures were measured by heating and cooling the sample 

from 20 to 350 °C at a scan rate of 10 °C min
1

 using a differential scanning 

calorimeter (DSC) (TA Instruments, 2920 Modulated DSC). 
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2.2 Device fabrication and measurements 

 

2.2.1 Materials 

 

ITO-patterned glass was used as an anode in PSC device. The sheet 

resistance of the ITO was less than 20 Ω/square. Poly(3,4-ethylenedioxy-

thiophene):poly(styrenesulfonate) (PEDOT:PSS) (CleviosP VP AI 4083) was 

purchased from H. C. Stark and passed through a 0.45 m PVDF syringe 

filter before spin-coating. [6,6]-Phenyl-C71-butyric acid methyl ester 

(PC71BM) was obtained from American Dye Source or Nano-C. All reagents 

were purchased from Sigma-Aldrich unless specified and used as received. 

 

2.2.2 Solar cell device fabrication 

 

The polymer solar cells were fabricated with a standard device 

configuration of ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. PEDOT:PSS was 

spin-coated with 40 nm thickness on the ITO-coated glass and annealed at 150 

ºC for 30 min. The blend solution in o-dichlorobenzene was spin-coated on 

the top of the PEDOT:PSS layer at 800–1000 rpm for 40–60 s. The film 

thickness of the active layer was measured by atomic force microscopy (Nano 

Xpert II, EM4SYS). Calcium (20 nm) and aluminum (100 nm) was thermally 

evaporated on the top of the active layer under vacuum (<10
6

 Torr). The 

effective area of the cell was 0.1 cm
2
.  
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2.2.3 Solar cell performance measurements 

 

  The J–V characteristics were measured with a Keithley 4200 source-meter 

under AM 1.5G (100 mW/cm
2
) simulated by a Newport-Oriel solar simulator. 

The light intensity was calibrated using a NREL-certified photodiode prior to 

each measurement. The external quantum efficiencie (EQE) was measured 

using a lock-in amplifier with a current preamplifier (K3100, Mac Science 

Co.) under short circuit current state with illumination of monochromatic light. 

The morphologies of polymer/PC71BM blend films were observed by 

transmission electron microscopy (TEM) (JEM-1010, JEOL). The space 

charge limited current (SCLC) J–V curves were obtained in the dark using 

hole-only devices (ITO/PEDOT:PSS/polymer:PC71BM/Au), and hole 

mobilities were calculated using the Mott-Gurney square law, J = 

(9/8)ε0εrμ(V
2
/L

3
), where ε0 is vacuum permittivity, εr is the dielectric constant 

of polymer, μ is the charge carrier mobility, V is the effective applied voltage, 

and L is the thickness of the film. Grazing incidence wide angle X–ray 

scattering (GIWAXS) scans were obtained at the Advanced Light Source at 

the Lawrence Berkeley National Laboratory. The wavelength of X-ray used 

was 1.240 Å , and the scattered intensity was detected by PILATUS 1M 

detector. Transmission resonant soft X-ray scattering (R-SoXS) spectra were 

obtained using the transmission geometry with a beam energy of 284.2 eV. 
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Chapter 3. Results and Discussion 

 

3.1 Fluorination of polythiophene derivatives for high 

performance organic photovoltaics 

 

3.1.1 Synthesis and characterization 

 

  Although fluorination has been known to cause multiple effects on 

photophysical properties of conjugated polymers, the relationship between 

improved photovoltaic performance and modified properties by introducing 

fluorine on polymer has not been revealed clearly. In this work, we 

synthesized, difluoro-bithiophene, was prepared as a new building block for 

conjugated polymers and polymerized with 3,4-dialkylterthiophene to afford 

fluorinated PDAT in order to clarify the effect of fluorine atom substitution 

on the properties of polymers and its device performance of PSCs.  

  The synthetic routes for monomers and polymers are illustrated in Scheme 

2.1. Dodecyl or 2-ethylhexyl side chains were introduced to enhance the 

solubility of synthesized polymer in organic solvents. When shorter linear 

alkyl chains (hexyl or octyl) were introduced, fluorinated polymers exhibited 

poor solubility in organic solvents. Fluorinated bithiophene 3 was 

synthesized from 3,3′-dibromo-2,2′-bithiophene, electrophilic 

fluorination agent (PhSO2)2NF, and trimethylsilane protecting group. 

Trimethylsilane groups in 3 were replaced by bromine to afford the 
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Figure 3.1. 
1
H NMR spectrum of compound 1 in Scheme 2.1. 
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Figure 3.2. 
1
H NMR spectrum of compound 2 in Scheme 2.1. 
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Figure 3.3. 
1
H NMR spectrum of compound 3 in Scheme 2.1. 
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Figure 3.4. 
1
H NMR spectrum of compound 4 in Scheme 2.1. 
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Figure 3.5. 
1
H NMR spectrum of compound 5 in Scheme 2.1. 
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Figure 3.6. 
1
H NMR spectrum of compound 6 in Scheme 2.1. 
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Figure 3.7. 
1
H NMR spectrum of compound 7 in Scheme 2.1. 
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Figure 3.8. 
1
H NMR spectrum of compound 8 in Scheme 2.1. 
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Figure 3.9. 
1
H NMR spectrum of compound 9 in Scheme 2.1. 
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compound 4 and then the monomer 5 was synthesized through lithiation of 

the compound 4 with n-BuLi and subsequent quenching with trimethyltin 

chloride. Polymerization was carried out via the Stille coupling reaction in 

toluene/DMF with Pd(PPh3)4 as a catalyst. The molecular weights and 

polydispersity indexes (PDI) of polymers were measured by high 

temperature GPC and listed in Table 3.1. 

 

3.1.2 Optical and electrochemical properties 

 

The UV–Vis absorption spectra of four polymers in chloroform solution 

and film state are shown in Figure 3.10. In film state, fluorinated polymers 

(F12 and FEH) show stronger vibronic shoulder at 598 nm than non-

fluorinated polymers (H12 and HEH), indicating that the fluorine substitution 

enhances interchain interaction between polymers. Another interesting feature 

to note is that F12 exhibits a strong vibronic shoulder at 598 nm in solution 

while FEH does not show the vibronic absorption, indicating that FEH is 

soluble in chloroform while F12 is not completely dissolved in the solvent. 

Therefore, bulky side chain (ethylhexyl) is more effective to dissolve the 

fluorinated polymers. The optical bandgaps of all PDATs are nearly identical 

(~1.95 eV) except FEH with slightly lower bandgap.  

When electrochemical properties are measured by cyclic voltammetry, as 

shown in Figure 3.11, the HOMO energy levels of fluorinated polymers (F12 

and FEH) were around 5.41 eV while those of non-fluorinated polymers 

(H12 and HEH) are around 5.28 eV, as listed in Table 3.1. Hence, higher  
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Figure 3.10. UV−Vis absorption spectra of PDATs in (a) CHCl3 solution and 

(b) film state. 
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Figure 3.11. Cyclic voltammograms of PDATs. 
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Table 3.1. Characteristics of PDATs. 

PDAT 
Mn

a
 

(kg/mol) 

PDI 
Eg,opt

b
 

(eV) 

HOMO 

(eV) 

LUMO
c
 

(eV) 

H12 14 1.38 1.95 5.28 3.33 

HEH 12 1.73 1.96 5.27 3.31 

F12 16 1.45 1.95 5.40 3.45 

FEH 14 2.34 1.91 5.42 3.51 

a
 Measured from 1,2,4-trichlorobenzene GPC at 135 °C. 

b
 Determined from the onset of UVVis absorption spectra. 

c
 Eg,opt  HOMO. 
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VOC are expected in the devices fabricated from F12 and FEH. When the 

LUMO energy levels of polymers were estimated by adding the optical 

bandgap to the HOMO energy level, the LUMO energy levels of four 

polymers are in the range of 3.31 to 3.51 eV, which provides sufficient 

LUMO level offset between polymers and PCBM (4.3 eV) for effective 

exciton dissociation at the interface between donor and acceptor.
154

 

 

3.1.3 Computational simulation 

 

  To further understand the effect of fluorination on polymer properties, 

torsional angles, dipole moments, orbital distribution of terthiophenes as 

model compounds were calculated using the DFT (Figure 3.12, 3.13 and 

3.14). Fluorinated terthiophene exhibits more planar structure than non-

fluorinated one, because the torsional angle at the minimum energy state of 

fluorinated terthiophene is 0 while the angle of non-fluorinated one is 17, 

as shown in Figure 3.12. The high planarity of fluorinated polymer might 

come from increase of conjugation,
152

 and the planar structure of conjugated 

backbone can improve intermolecular interaction of polymers with extended 

conjugation.
47

 

  The fluorinated terthiophene has higher dipole moment (1.73 D) than non-

fluorinated terthiophene (1.37 D) (Figure 3.13), and thus fluorinated PDAT 

is expected to exhibit more closed packed structure because high dipole 

moment enhances molecular ordering. 
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Figure 3.12. Torsion angle at the minimum energy state of non-fluorinated 

and fluorinated terthiophene (R = 2-ethylhexyl) calculated using DFT with a 

basis set of B3LYP/6-31G(d,p). 
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Figure 3.13. Dipole moments of non-fluorinated and fluorinated terthiophene 

(R = 2-ethylhexyl) calculated using DFT with a basis set of B3LYP/6-

31G(d,p). 

 

 

 

 

 



 

 

 

67 

 

 

 

 

 

 

 

 

 

Figure 3.14. Calculated HOMO and LUMO of terthiophenes at the B3LYP/6-

31G(d,p) level. 
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3.1.4 Photovoltaic properties 

 

  The photovoltaic properties were measured with the standard device 

configuration of ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al (Figure 3.15a) and 

listed in Table 3.2. Since deeper HOMO energy level of donor polymer 

affords higher VOC, the VOCs of fluorinated polymers are higher than those of 

the corresponding non-fluorinated polymers. Particularly, FEH shows a 

remarkably high VOC over 0.87 V. As a result, the FEH-based device exhibits a 

promising PCE of 5.2% at the optimized film thickness of 140 nm, which is 

3.5 times larger than HEH-based device. Considering that the devices 

fabricated from the most commonly used polythiophene derivative in OPVs, 

P3HT, exhibit a VOC of around 0.6 V,
155

 the high VOC of FEH-based device 

indicates that the photovoltaic properties of conjugated polymers can be 

effectively controlled by fluorine substitution.  

  The EQEs of solar cell devices were measured under monochromatic light 

(Figure 3.15b). Since the polymers have limited optical absorption with a 

bandgap of 1.95 eV, the EQEs over 650 nm arise from PC71BM.
156

 FEH 

exhibits EQE over 60% yielding in higher JSC, while polymers with dodecyl 

side chain (H12 and F12) show EQEs below 40% in the wavelength range of 

400−650 nm. 

  When hole mobilities are estimated from dark JV curve by using the 

SCLC model, as shown in Figure 3.16, the SCLC hole mobility of 

FEH/PC71BM device is one order magnitude higher than those of the others 

(Table 3.2), indicating that FEH/PC71BM blend provides more effective 



 

 

 

69 

 

 

 

Figure 3.15. (a) J−V curves and (b) EQE spectra of PDAT/PC71BM solar cells. 
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Figure 3.16. Dark J−V characteristics of PDAT/PC71BM blends with hole-

only device, where the solid lines represent the best linear fit of the data 

points. 
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Table 3.2. Photovoltaic properties of devices with PDATs under standard AM 1.5G illumination. 

PDAT 
Polymer:PC71BM 

(w/w) 

Thickness 

(nm) 

μh SCLC 

(cm
2
/V·s) 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF 

(%) 

PCEmax (aver) 

(%) 

H12 1:0.8 75 3.5 × 10
5
 0.77 6.09 53 2.49 (2.24) 

HEH 1:0.8 70 2.2 × 10
5

 0.80 4.04 43 1.39 (1.18) 

F12 1:1 80 6.3 × 10
5

 0.84 5.93 61 3.04 (2.86) 

FEH 1:0.8 90  0.88 8.79 63 4.87 (4.64) 

FEH 1:0.8 140 3.0 × 10
4

 0.87 9.82 61 5.20 (4.94) 
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charge pathway in out-of-plane direction. 

 

3.1.5 Molecular orientation 

 

The preferential orientation of polymers was investigated by GIWAXS. All 

pristine polymer films show only (h00) reflections in the out-of-plane (qz) 

direction, as shown in Figure 3.18, indicating that most of polymer chains 

take edge-on orientation on the substrate. The (100) peaks of H12, HEH, F12 

and FEH are observed at qz = 0.24, 0.34, 0.31 and 0.44 Å
1

, respectively, 

corresponding to the interchain distance of 26.2, 18.5, 20.3 and 14.3 Å . The 

polymers with shorter side chain (ethylhexyl) exhibit shorter interchain 

distance than those with longer side chain (dodecyl). It has also been observed 

that the interchain distances of fluorinated polymers are shorter than those of 

the corresponding non-fluorinated polymers, indicating that fluorinated 

polymers are more closely packed in ordered crystalline domain.  

Another important feature is that F12 and FEH clearly show the (010) 

reflection at qxy = 1.7 Å
1

 corresponding to the  stacking distance of 3.7 Å , 

as shown in Figure 3.18b, while non-fluorinated polymers do not exhibit 

discernibly the (010) reflection as also observed in previous report.
149,150

 This 

leads us to conclude that fluorination significantly enhances polymer chain 

packing in the direction.  

It has also been observed that the FEH/PC71BM blend exhibits weak (010) 

diffraction peak in the out-of-plane direction along with stronger (100) 

diffraction in the in-plane direction of GIWAXS as compared with the other 
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Figure 3.17. GIWAXS pattern images of (a) PDATs and (b) PDAT/PC71BM 

blend films. 
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Figure 3.18. (a) qz and (b) qxy scans of GIWAXS from thin films of PDATs; 

(c) qz and (d) qxy scans of GIWAXS from blend films of PDAT/PC71BM. 
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blends, as shown in Figure 3.18d, indicating a part of FEH crystals take the 

face-on orientation after blending with PC71BM, which may contribute to 

effective charge transport. It should be noted here that the (100) d-spacings of 

all polymer/PC71BM blends are the same as those of corresponding pristine 

polymers, implying that PC71BM molecules do not intercalate in between side 

chains of polymers.
157

 

 

3.1.5 Morphologies of active layers 

 

  Morphologies of active layers were observed by TEM, as shown in Figure 

3.19. The active layer of H12/PC71BM shows a large phase separation 

between polymer and PCBM while that of HEH/PC71BM exhibits a 

homogenously mixed morphology. The large domain sizes of H12/PCBM 

over 100 nm are not effective for charge generation because of limited 

exciton diffusion length (~10 nm) in OPVs.
158

 However, the active layer of 

fluorinated polymer/PC71BM shows well-developed fibril structure, which 

indicates improved polymer ordering by fluorination and is beneficial for 

charge transport. Particularly, FEH with bulky side chain exhibits finer 

fibrils than F12 with linear side chain, as shown in Figure 3.19c and 3.19d, 

leading to higher JSC due to larger interface area between polymer and 

PCBM domains. 

The transmission R-SoXS were measured at the carbon K absorption edge 

to determine the average domain size of polymer/PCBM blend. The R-SoXS 

scattering profiles of four blends at the photon energy of 248.2 eV, 
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Figure 3.19. TEM images of PDAT/PC71BM blend films: (a) H12, (b) HEH, 

(c) F12, and (d) FEH. 
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Figure 3.20. R-SoXS profiles of PDAT/PC71BM blend films. 
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where the contrast between PC71BM and PDATs is the maximum, are shown 

in Figure 3.20. The domain sizes of H12, HEH, F12 and FEH as determined 

from the peak of the profile are 310, 16, 190, 31 nm, respectively, which are 

very consistent with the sizes estimated from TEM images in Figure 3.19. It is 

also realized that polymers with bulky side chain have smaller domain sizes 

than those with linear side chains. In short, fluorination increases planarity of 

chains and thus enhances chain packing which contributes to the increase of 

JSC, and also lowers the HOMO energy level which increases the VOC as 

compared to non-fluorinated one. 

 

3.1.7 Summary 

 

We designed and synthesized polythiophene derivatives difluoro-

bithiophene. Fluorination on polymer backbone changes its electronic 

structure, leading to deeper HOMO energy level and enhances molecular 

packing of the polymers as evidenced by strong vibronic shoulder in UVVis 

absorption spectrum and  stacking pattern in GIWAXS. When bulky side 

chain (ethylhexyl) are introduced as a solubilizing group, fluorinated 

polythiophenes develop finer fibril structure and exhibit a promising PCE of 

5.12% with a VOC of 0.87 V and a JSC of 9.82 mA/cm
2
. Our results suggest 

that the photophysical properties and device performances of conjugated 

polymers can be easily tuned by substitution of fluorine atom on polymer 

chain. 
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3.2 Effect of fluorination in DA type polymer based on 

diketopyrrolopyrrole for high performance solar cells 

 

3.2.1 Synthesis and characterization 

 

In past decade, DA type copolymers have been considered to be most 

promising candidate for developing low-bandgap polymers because internal 

charge transfer between D and A unit can reduce the bandgap of polymers and 

the electronic properties of polymers can be manipulated by a proper 

combination of D and A units.
71,91

 

Among several moieties for DA type polymers, DPP have attracted 

extensive interest as an A unit due to their advantages including strong 

electron deficiency with amide group, efficient charge transport with well 

conjugated and highly planar structure, high self–assembly ability, and ease to 

attach solubilizing side groups. And also various DPP-based DA type 

polymers have been reported for PSCs and high PCEs over 6% have been 

achieved with DPP-based polymers.
159

 However, compared with other DA 

type polymers such as TPD-based, BT-based and Ii-based polymers, DPP-

based polymers have exhibited relatively low VOC below 0.75 V, which is a 

limiting factor for high efficiency PSCs.
160

 

Recently, Janssen group reported DPP-based polymers substituted by 

fluorine atoms for lowering HOMO energy levels of polymers. The 

incorporation of fluorinated biphenyl units into DPP-based polymer provided 

deep HOMO energy level of 5.48 eV and a PCE of 4.1% with a high VOC of 
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Figure 3.21. 
1
H NMR spectrum of compound 10 in Scheme 2.2. 
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Figure 3.22. 
1
H NMR spectrum of compound 11 in Scheme 2.2. 
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Figure 3.23. 
1
H NMR spectrum of compound 12 in Scheme 2.2. 
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0.93 V.
161

 

  In this work, we prepared a fluorinated DA type polymer copolymerized 

by DPP as an A unit and difluoro-bithiophene as a D unit in order to obtain 

DPP-based polymer with deep HOMO energy level and clarify the effect of 

fluorine atom substitution on the properties of DA type polymers. 

  A non-fluorinated polymer (denoted as PDPP-0F) and a fluorinated DA 

type polymers (denoted as PDPP-2F) were synthesized via the Stille coupling 

reaction in toluene with Pd2(dba)3/P(o-toyl)3 as a catalyst, as shown in 

Scheme 2.2. When the number average molecular weights and PDI of 

polymers were measured by GPC, as listed in Table 3.3, it reveals that all 

polymers have sufficient molecular weight (>100 kg/mol) not as to 

significantly affect their photovoltaic performances. Long and branched alkyl 

chains (2-decyltetradecyl) were introduced to enhance the solubility of 

polymers in organic solvents and the synthesized polymers are highly soluble 

in common organic solvents such as chloroform, chlorobenzene and 

dichlorobenzene. 

 

3.2.2 Optical and electrochemical properties 

 

  The UV–Vis absorption spectra of polymers in chloroform solution and 

film state are shown in Figure 3.24. An identical onset of absorption spectrum 

is observed at 880 nm for both polymers, corresponding to a bandgap of 1.41 

eV. Moreover, both polymers show almost same absorption spectra in whole 

range of wavelengths, indicating fluorination do not significantly affect 
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Figure 3.24. UV−Vis absorption spectra of DPP-based polymers in (a) CHCl3 

solution and (b) film state. 

 

 



 

 

 

85 

 

 

 

 

 

 

Figure 3.25. Cyclic voltammograms of DPP-based polymers. 
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Table 3.3. Characteristics of DPP-based polymers. 

Polymer 
Mn

a
 

(kg/mol) 

PDI 
Eg,opt

b
 

(eV) 

HOMO 

(eV) 

LUMO
c
 

(eV) 

PDPP-0F 110 1.31 1.41 5.16 3.75 

PDPP-2F 140 1.34 1.41 5.27 3.86 

a
 Measured from CHCl3 GPC. 

b
 Determined from the onset of UVVis absorption spectra. 

c
 Eg,opt  HOMO. 
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optical properties of DPP-based polymer. The red shift by ~10 nm in film 

state compared to the absorption maximum of chloroform solution indicates 

an increased  stacking of polymer backbone in solid film. 

  When electrochemical properties are measured by cyclic voltammetry, as 

shown in Figure 3.25, the HOMO energy levels of PDPP-2F were around 

5.27 eV while those of PDPP-0F are around 5.16 eV, as listed in Table 3.3. 

Since VOC is proportional to the difference the HOMO energy level of donor 

polymer and the LUMO energy level of acceptor, higher VOC are expected in 

the devices fabricated from PDPP-2F.  

 

3.2.3 Computational simulation 

 

  To further understand the effect of fluorination on properties of DA type 

polymers, torsional angles and orbital distribution were calculated using the 

DFT (Figure 3.26), and the calculated data are summarized in Table 3.4. 

Nearly planar structures of both polymers imply that introduction of fluorine 

atoms, which are the smallest electro-withdrawing group (van der Waals 

radius, r = 1.35 Å ), cannot significantly induce steric hindrance on the 

conjugated backbone of polymer. Furthermore, the orbital distributions of 

HOMO and LUMO in both polymers are almost same, indicating that 

fluorination do not have noticeable effects on orbital distributions in DA 

alternating polymers. 

  Recently, it has been reported that a large dipole change from ground to 

excited state (ge) facilitates exciton dissociation and generation of charge- 
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Figure 3.26. Chemical structure of repeating units for simulation, and HOMO 

and LUMO orbital distributions as calculated at the B3LYP/6-31G(d,p) level. 
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Table 3.4. Torsion angles and energy levels of DPP-based repeating units 

calculated by DFT. 

Polymer 
1 

(Deg) 

2 

(Deg) 

3 

(Deg) 

HOMO 

(eV) 

LUMO 

(eV) 

PDPP-0F 0.02 0.22 0.53 4.70 2.82 

PDPP-2F 0 0.01 0.01 4.74 2.88 
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Table 3.5. Dipole moments of DPP-based repeating units calculated by 

time-dependent DFT. 

Polymer g (D) ex (D) ge
a
 (D) 

PDPP-0F 1.26 1.05 1.18 

PDPP-2F 0.26 2.90 1.85 

a ge = [(gxex

(gyey


 (gzez


]

1/2 
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separated state.
162,163

 When dipole moments were calculated for repeating 

units of the DPP-based polymers, as listed in Table 3.5, fluorinated polymer, 

PDPP-2F (1.85 D) have a lager ge than, non-fluorinated polymer, PDPP-0F 

(1.18 D) and higher JSC values in the PSC devices fabricated with fluorinated 

polymers are expected. 

 

3.2.4 Photovoltaic properties 

 

  The PSCs were fabricated with the conventional device configuration of 

glass/ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. J–V characteristics under 

AM 1.5G illumination are shown in Figure 3.27a and relevant photovoltaic 

properties are summarized in Table 3.6. When the blend ratio of polymer to 

PC71BM was varied, the optimized ratio was 1:1.5 and CHCl3:DCB (4:1, v/v) 

was used as a casting solvent to optimize the morphologies of active layers. 

Although fluorinated polymer has higher ge than non-fluorinated polymer, 

PDPP-0F exhibits higher JSC values than PDPP-2F. However, after 

fluorination, the VOC of DPP-based polymer is highly improved due to deeper 

HOMO energy level induced by electro-withdrawing fluorine atoms. 

Consequently, PDPP-2F exhibits a higher PCE of 6.39% with a VOC of 0.77 V, 

a JSC of 14.3 mA/cm
2
 and a FF of 0.58 than PDPP-0F, indicating that 

introduction of fluorination on backbone of DA type polymer is a promising 

method for achieving high performance PSC. 

When EQEs of solar cell devices were measured under monochromatic 

light, as shown in Figure 3.27b, both DPP-based polymers exhibit similar 
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Figure 3.27. (a) J−V curves and (b) EQE spectra of DPP-based 

polymer/PC71BM solar cells. 
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Figure 3.28. Dark J−V characteristics of DPP-based polymer/PC71BM blends 

with hole-only device, where the solid lines represent the best linear fit of the 

data points. 
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Table 3.6. Photovoltaic properties of devices under standard AM 1.5G 

illumination. 

Polymer 
Thickness 

(nm) 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF 

(%) 

PCE  

(%) 

PDPP-0F 200 0.62 15.2 58 5.47 

PDPP-2F 160 0.77 14.3 58 6.39 
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EQEs in the whole range of wavelengths due to similar optical properties of 

both polymers. However, PDPP-0F shows slightly higher EQE values, 

consistent with higher JSC of the device with PDPP-0F than the device with 

PDPP-2F. 

  When hole mobilities were measured from dark JV curve of hole-only 

device by using the SCLC model, as shown in Figure 3.28, high hole 

mobilities are observed in both PDPP-0F/PC71BM (1.03×10
3

 cm
2
/V·s) and 

PDPP-2F/PC71BM (2.41×10
3 

cm
2
/V·s) blend films, which contribute to 

efficient charge transport in the polymer of active layers. 

 

3.2.5 Molecular ordering 

 

The molecular ordering of PDPP-0F and PDPP-2F was studied by X-ray 

diffraction (XRD) (Figure 3.29). Both polymers exhibit an intense (100) peak 

with discernible (200) and (300) reflection peaks, indicating high crystallinity 

of both DPP-based polymers. The interchain distance of fluorinated polymer 

is larger than the non-fluorinated polymer because the (100) peaks of PDPP-

0F and PDPP-2F are observed at q = 0.29 and 0.28 Å
1

, corresponding to the 

interchain distance of 21.8 and 22.8 Å , respectively. 

 

3.2.6 Morphologies of active layers 

 

  Morphologies of active layers were observed by TEM, as shown in Figure 

3.30. The active layers of both polymers show well-developed interconnected 
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Figure 3.29. XRD patterns of PDPP-0F and PDPP-2F films. 
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Figure 3.30. TEM images of DPP-based polymer/PC71BM blend films: (a) 

PDPP-0F and (d) PDPP-2F. The scale bar denotes 200 nm. 
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network with nanoscale fibril structure, which is beneficial for charge carriers 

generation and charge transport. Recently, Weiwei et al.
164,165

 have 

demonstrated that wider fibrils of DPP-based polymer in active layer of PSC 

result in lower EQEs. Since fluorination on the backbone enhances 

aggregation of polymers and facilitates phase separation between polymer and 

PCBM, the fibril size of PDPP-2F is larger than that of PDPP-0F, resulting in 

lower EQE values of the device with PDPP-2F than the device with PDPP-0F. 

 

3.2.7 Summary 

 

We synthesize fluorinated DA type polymer consisting of DPP and 

difluoro-bithiophene. Introduction of fluorine atoms on conjugated backbone 

leads to deeper HOMO energy level of polymer without significant change of 

optical properties. Although the fluorinated DPP-based polymer exhibits 

lower JSC, PDPP-2F exhibits higher PCE of 6.39% than PDPP-0F (PCE = 

5.47%) due to large improvement of VOC. Therefore, the introduction of 

fluorination on backbone of DA type polymer is a promising strategy for 

achieving high performance PSC. 
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3.3 Comparison of two DA type polymers with each 

being fluorinated on D and A unit for high performance 

solar cells 

 

3.3.1 Synthesis and characterization 

 

BT has widely been used as an A unit in DA type polymers for organic 

electronics including PSC and organic field-effect transistor. Although BT has 

low solubility and relatively high-lying LUMO energy level, BT-based 

polymers have been considered promising candidates for high performance 

PSCs owing to many efforts to improve electro-optical properties of BT-based 

polymer by modifying their chemical structures. Recently, as one of the 

modification methods for BT-based polymers, introduction of fluorine atoms 

on polymer backbone have been proposed and fluorinated BT-based polymers 

have achieved PCEs above 7%.
136-138

 However, the effect of fluorination on D 

unit in BT-based DA polymer on photovoltaic properties has scarcely been 

studied, while most of studies have focused on the fluorination on A unit in 

the copolymers. 

In this work, we synthesized two kinds of DA polymers with each being 

fluorinated on A and D unit, where quaterthiophene and BT are used as D and 

A unit, respectively, in order to investigate the effect of fluorination position 

on photophysical properties of polymers and their device performances of 

PSCs. 

A non-fluorinated DA polymer (denoted as HH) and two different 
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Scheme 3.1. Structure of fluorinated and non-fluorinated BT-based polymers. 
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Figure 3.31. 
1
H NMR spectrum of compound 13 in Scheme 2.3. 
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Figure 3.32. 
1
H NMR spectrum of compound 15 in Scheme 2.3. 
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Figure 3.33. 
1
H NMR spectrum of compound 16 in Scheme 2.3. 
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Figure 3.34. 
1
H NMR spectrum of compound 17 in Scheme 2.3. 
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Figure 3.35. 
1
H NMR spectrum of compound 18 in Scheme 2.1. 
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fluorinated DA polymers (denoted as HF and FH for the copolymer with 

fluorinated D unit and the copolymer with fluorinated A unit, respectively) 

were synthesized via the Stille coupling reaction in toluene/DMF with 

Pd(PPh3)4 as a catalyst, as shown in Scheme 2.3. When the number average 

molecular weights and PDI of polymers were measured by high temperature 

GPC, as listed in Table 3.7, it reveals that all polymers have sufficient 

molecular weight (>40 kg/mol) not as to significantly affect their photovoltaic 

performances. Synthesized polymers are highly soluble in common organic 

solvents such as chloroform, chlorobenzene and dichlorobenzene at room 

temperature.  

  All polymers are thermally stable up to 400 
o
C (see Figure 3.36). When the 

melting and crystallization temperatures are measured by a differential 

scanning calorimetry, the melting and crystallization temperatures of 

fluorinated polymers (HF and FH) are higher than non-fluorinated one (HH) 

(see Figure 3.37). 

 

3.3.2 Optical and electrochemical properties 

 

When UV–Vis absorption spectra of the DA polymers in chloroform 

solution and film state are compared, as shown in Figure 3.38, an identical 

onset of absorption spectrum is observed at 785 nm for all polymers, 

corresponding to a bandgap of 1.58 eV. While the absorption spectrum of HH 

in film state is red-shifted as compared to that in solution, the absorption 

spectra of HF and FH in solution are similar to those of film state, respectively, 
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Figure 3.36. TGA curves of HH, HF and FH polymers. 
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Figure 3.37. DSC thermograms of HH, HF and FH polymers. 
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Figure 3.38. (a) UVVis absorption spectra of HH, HF and FH polymers in 

(a) CHCl3 solution and (b) film state. 
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Figure 3.39. Cyclic voltammograms of HH, HF and FH polymers. 
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Table 3.7. Characteristics of HH, HF and FH polymers. 

Polymer 
Mn

a
 

(kg/mol) 

PDI 
Eg,opt

b
 

(eV) 

HOMO 

(eV) 

LUMO
c
 

(eV) 

HH 42 1.45 1.58 5.31 3.73 

HF 58 1.92 1.58 5.42 3.84 

FH 54 1.69 1.58 5.38 3.80 

a
 Measured from 1,2,4-trichlorobenzene GPC at 135 °C. 

b
 Determined from the onset of UVVis absorption spectra. 

c
 Eg,opt  HOMO. 
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indicating that fluorinated polymers already aggregate in solution due to 

strong intermolecular interaction. Furthermore, the two fluorinated polymers 

(HF and FH) exhibit stronger vibronic shoulder around 690 nm and higher 

absorptivity than HH, because the substitution of fluorine atom enhances 

interaction between polymer chains. Hence, well-developed crystallites of the 

fluorinated polymers due to strong interchain interaction are expected to 

afford higher photocurrents.  

When electrochemical properties of polymer films are measured by cyclic 

voltammetry, as shown in Figure 3.39, HH, HF and FH have the HOMO 

energy levels of 5.31,5.42 and 5.38 eV, respectively, indicating that the 

fluorine atom substitution can effectively lower the HOMO energy level of 

polymer, particularly more effective when the D unit is fluorinated. Therefore, 

the device fabricated from HF is expected to exhibit the highest VOC, because 

VOC is proportional to the difference between the HOMO energy level of 

donor polymer and the LUMO energy level of fullerene acceptor. 

 

3.3.3 Computational simulation 

 

  The torsion angle and orbital distribution of fluorinated polymers simulated 

by the DFT are shown in Figure 3.40, and the calculated data are summarized 

in Table 3.8. Since fluorine atom has small size (van der Waals radius, r = 

1.35 Å ) and thus may not significantly induce steric hindrance, all polymers 

exhibit nearly planar structure, leading to improved intermolecular interaction 

between polymer chains with extended -conjugation. 
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Figure 3.40. Chemical structure of repeating units for simulation, and HOMO 

and LUMO orbital distributions as calculated at the B3LYP/6-31G(d,p) level. 



 

 

 

114 

 

 

 

 

 

 

 

 

Table 3.8. Torsion angles and energy levels of BT-based repeating units 

calculated by DFT. 

Polymer 
1 

(Deg) 

2 

(Deg) 

3 

(Deg) 

HOMO 

(eV) 

LUMO 

(eV) 

HH 3.93 12.4 0.86 4.79 2.57 

HF 2.08 8.99 0.48 4.85 2.63 

FH 0.21 14.88 2.70 4.88 2.68 
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Table 3.9. Dipole moments of BT-based repeating units calculated by 

time-dependent DFT. 

Polymer g (D) ex (D) ge
a
 (D) 

HH 3.26 22.5 19.7 

HF 2.97 22.5 24.3 

FH 2.82 23.5 26.3 

a ge = [(gxex

(gyey


 (gzez


]

1/2 
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  The HOMO and LUMO energy levels of both fluorinated polymers are 

well localized on the D and A unit, respectively, and also exhibit similar 

orbital distribution and energy levels, indicating that intramolecular charge 

transfer takes place upon excitation regardless of the fluorination position in 

DA type polymers.  

  It has recently been demonstrated that a large dipole change from ground to 

excited state (ge) facilitates exciton dissociation and generation of charge-

separated state.
162,163

 When dipole moments were calculated for repeating 

units of the three polymers, as listed in Table 3.9, FH (26.3 D) and HF (24.3 

D) have a lager ge than HH (19.7 D), predicting that the solar cell devices 

with fluorinated polymers exhibit higher JSC values. 

 

3.3.4 Photovoltaic properties 

 

The polymer solar cells were fabricated with the conventional device 

configuration of glass/ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. J–V 

characteristics under AM 1.5G illumination are shown in Figure 3.41a and 

relevant photovoltaic properties are summarized in Table 3.10. When the 

blend ratio of polymer to PC71BM was varied, the optimized ratio was 1:1. It 

is expected that both fluorinated polymers (HF and FH) exhibit larger JSC and 

higher FF than non-fluorinated one (HH) due to higher absorption coefficient, 

enhanced interchain interaction and higher ge of fluorinated polymers while 

HF exhibits higher VOCs than the other two polymers becuase of the deepest 

HOMO energy level. Consequently, HF and FH exhibit high PCEs of 7.10% 
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Figure 3.41. (a) JV curves and (b) EQE spectra of polymer/PC71BM solar 

cells. 
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Table 3.10. Photovoltaic properties of devices with HH, HF and FH under 

standard AM 1.5G illumination. 

Polymer 
Thickness 

(nm) 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF 

(%) 

PCEmax (aver) 

(%) 

HH 90 0.73 4.15 54 1.64 (1.45) 

HF 100 0.78 14.0 65 7.10 (6.70) 

FH 90 0.72 14.6 61 6.41 (6.15) 
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Table 3.11. Photovoltaic properties of devices using polymer:PC71BM 

blend (1:1 wt%) with additive under standard AM 1.5G illumination. 

Polymer additive
a
 

amount 

(vol%) 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

HH DIO 1 0.67 4.06 48 1.34 

 DIO 3 0.67 1.97 49 0.65 

 CN 1 0.65 4.88 39 1.23 

 CN 3 0.50 1.05 20 0.10 

       

HF DIO 1 0.74 13.5 64 6.44 

 DIO 3 0.68 13.0 53 4.72 

 CN 1 0.75 13.9 63 6.59 

 CN 3 0.64 8.98 59 3.39 

       
FH DIO 1 0.71 12.9 69 6.17 

 DIO 3 0.69 9.86 57 3.90 

 CN 1 0.72 13.3 56 5.33 

 CN 3 0.68 9.22 63 3.93 

a
 DIO: 1,8-diiodooctane, CN: 1-chloronaphthalene. 
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and 6.41%, respectively, while HH exhibits a low PCE of 1.64%, indicating 

that the fluorination on D unit in DA polymer is a competitive strategy for 

developing high performance polymer solar cells as compared to the 

fluorination on A unit. It should be noted here that addition of additives does 

not enhance the photovoltaic performance (see Table 3.11).    

When EQEs of devices were measured under monochromatic light, as 

shown in Figure 3.41b, both fluorinated polymers exhibit higher EQEs (about 

60%) than that of HH in the range of 450720 nm, consistent with higher JSC 

of solar cells with fluorinated polymers than the solar cell with non-

fluorinated one. 

Intensity-dependent photocurrent (Jph) were measured between 0.4 and 2.5 

sun and the relative Jph at V = 0 V are plotted against light intensity (Plight) in 

Figure 3.42a. The relationship between Jph and Plight can be represented by a 

power law equation: Jph  (Plight)

, where  is recombination parameter.

166,167
 

Since =1 corresponds to the absence of photocurrent loss due to bimolecular 

recombination, higher  values for HF (0.97) and FH (0.96) than the value for 

HH (0.93) indicate that bimolecular recombination is more suppressed in 

active layers with fluorinated polymers than the active layer with non-

fluorinated polymer while the fluorinated position does not affect the 

recombination.  

  When hole mobilities were measured from dark JV curve of hole-only 

device by using the SCLC model, as shown in Figure 3.42b, HF/PC71BM 

(1.26×10
3

 cm
2
/V·s) and FH/PC71BM (1.16×10

3 
cm

2
/V·s) exhibit higher 

mobilities than HH/PC71BM (5.24×10
4 

cm
2
/V·s), implying that the charge 
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Figure 3.42. (a) a plot of relative Jph vs. light intensity as measured at V = 0 

V; (b) dark JV characteristics of polymer/PC71BM blends with hole-only 

device, where the solid lines represent the best linear fit of the data points. 
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pathway are well formed in the active layers of fluorinated polymers. 

 

3.3.5 Molecular orientation 

 

The crystal structure and its orientation of fluorinated polymers were 

investigated by GIWAXS. All blend films of polymer and PC71BM show only 

(h00) reflections in the out-of-plane (qz) direction, as shown in Figure 3.44, 

indicating that polymers have preferentially edge-on orientation on the 

substrate. Since the (100) peaks of HH, HF and FH are observed at qz = 0.36, 

0.33 and 0.33 Å
1

, corresponding to the interchain distance of 17.5, 19.0 and 

19.0 Å , respectively, the inter-chain distances of fluorinated polymers are 

larger than the non-fluorinated one. Another feature to be noted from 

GIWAXS is that the two fluorinated polymers exhibit the (010) reflection at 

qxy = 1.7 Å
1

 corresponding to the  stacking distance of 3.70 Å , while HH 

does not show discernibly the (010) peak, indicating that fluorinated polymer 

chains are better packed in  direction. 

 

3.3.6 Morphologies of active layers 

 

  The morphologies of polymer/PC71BM blend films as observed by TEM 

reveal that both the blend films of HF:PC71BM and FH:PC71BM exhibit well-

developed interconnected network with nanoscale fibril structure, as shown in 

Figure 3.45. In a previous report, DA polymers with fluorinated D unit 

showed poor miscibility with PCBM and thus large phase separation between 
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Figure 3.43. GIWAXS pattern images of polymer/PC71BM blend films. 
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Figure 3.44. (a) qz and (b) qxy scans of GIWAXS from blend films of 

polymer/PC71BM. 
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Figure 3.45. TEM images of (a) HH/PC71BM, (b)HF/PC71BM, and (c) 

FH/PC71BM blend films. The scale bar denotes 200 nm. 

 

 

 

 

 

 

 

 



 

 

 

126 

polymer and PCBM, which is not beneficial for generation of charge 

carriers.
152

 But, this is contradictory to our system, because HF with 

fluorinated D unit in our system shows well-developed interconnected 

network structure with nanoscale phase separation. 

 

3.3.7 Summary 

 

We designed and synthesized two types of fluorinated DA polymers with 

each being fluorinated on D and A unit, where QT and BT used as D and A 

units, respectively. Compared to non-fluorinated polymer, both fluorinated 

polymers have deeper HOMO energy levels without change of optical 

bandgap and exhibit stronger vibronic shoulder in optical spectrum. The HF 

polymer with fluorinated D unit exhibits higher PCE of 7.10% than FH with 

fluorinated A unit (PCE = 6.41%). Since the HF polymer exhibits low 

bimolecular recombination, high hole mobility and well-developed fibril 

network, it is conclusive that the fluorination on D unit in DA polymer could 

be a promising method for achieving high performance polymer solar cells. 
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3.4 Influence of the degree of fluorination on DA type 

polymers for organic solar cells 

 

3.4.1 Synthesis and characterization 

 

  Over the years, understanding about the relationship between chemical 

structure and optoelectrical properties of polymers significantly contribute to 

developing high performance PSCs and high PCEs of PSCs have been 

achieved by modifying the chemical structures of conjugated polymers such 

as atomic substitution, fusion of aromatic rings, optimization of length and 

position of alkyl chains, and end-group modification. 

  Among several modification strategies, the introduction of fluorine atoms 

on conjugated backbone in polymer has attracted much attention for the past 

few years due to unique advantages including small size of fluorine atom (van 

der Waals radius, r = 1.35 Å ), energy level lowering without sacrifice of 

bandgap and improvement of molecular ordering by induced dipole along 

CF bond.
136-138,148

 However, although fluorination on conjugated polymers 

has many benefits, fluorination can also lead to harmful effects on polymer 

such as low solubility in organic solvent, unsuitable energy levels for charge 

transfer and large aggregation of polymers in active layer.
 151-153

 For highly 

efficient PSC with fluorinated conjugated polymer, the degree of fluorination 

should be controlled cautiously to optimize morphology of active layer and 

energy levels of polymer. 

  In this work, we synthesized three kinds of fluorinated DA polymers, 



 

 

 

128 

 

 

 

 

Scheme 3.2. Structure of DA polymers with different degree of fluorination. 

 

 

 

 



 

 

 

129 

 

 

 

 

 

 

Figure 3.46. 
1
H NMR spectrum of compound 19 in Scheme 2.4. 
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Figure 3.47. 
1
H NMR spectrum of compound 21 in Scheme 2.4. 
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Figure 3.48. 
1
H NMR spectrum of compound 22 in Scheme 2.4. 
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Figure 3.49. 
1
H NMR spectrum of compound 23 in Scheme 2.4. 
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Figure 3.50. 
1
H NMR spectrum of compound 24 in Scheme 2.4. 
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Figure 3.51. 
1
H NMR spectrum of compound 25 in Scheme 2.4. 
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Figure 3.52. 
1
H NMR spectrum of compound 26 in Scheme 2.4. 
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where quaterthiophene and BT are used as D and A unit, respectively, and the 

degree of fluorination is controlled by using BT unit substituted by different 

number of fluorine atoms, as shown in Scheme 3.2. 

  Three fluorinated polymers, denoted as 2F, 3F and 4F, were synthesized via 

microwave-assisted Stille coupling reaction in toluene/DMF with Pd(PPh3)4 

as a catalyst, as shown in Scheme 2.4. The molecular weights of polymers 

were measured by GPC and listed in Table 3.12. The number average 

molecular weights of 2F, 3F and 4F are 30, 33 and 40 kg/mol with PDI of 

1.31, 2.07 and 1.76, respectively, and all polymers have sufficient molecular 

weight not as to significantly affect their photovoltaic properties. Long and 

branched alkyl chains (2-decyltetradecyl) were introduced on conjugated 

backbone to improve the solubility of fluorinated polymers in organic solvents. 

 

3.4.2 Optical and electrochemical properties 

 

  The UV–Vis absorption spectra of polymers in chloroform solution and 

film state are shown in Figure 3.53. All polymers showed two absorption 

peaks, a common feature of D−A polymers, where the absorption peak at 

shorter wavelength is attributed to 
*
 transition of the backbone while the 

absorption peak at longer wavelength corresponds to the intramolecular 

charge transfer from D to A units in the alternating copolymer.
104

 When 

optical bandgaps of polymers are determined from the onset of UVVis 

absorption spectra in film state, the bandgaps of 2F and 3F are nearly identical 

(1.59 eV), but 4F has slightly wider bandgap of 1.57 eV. Interestingly, 3F and 
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Figure 3.53. (a) UVVis absorption spectra of 2F, 3F and 4F polymers in (a) 

CHCl3 solution and (b) film state. 
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Figure 3.54. Cyclic voltammograms of 2F, 3F and 4F polymers. 
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Table 3.12. Characteristics of 2F, 3F and 4F polymers. 

Polymer 
Mn

a
 

(kg/mol) 

PDI 
Eg,opt

b
 

(eV) 

HOMO 

(eV) 

LUMO
c
 

(eV) 

2F 30 1.31 1.57 5.33 3.76 

3F 33 2.07 1.57 5.37 3.80 

4F 40 1.76 1.59 5.46 3.87 

a
 Measured from CHCl3 GPC. 

b
 Determined from the onset of UVVis absorption spectra. 

c
 Eg,opt  HOMO. 
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4F polymers show stronger vibronic shoulder at around 705 nm than 2F 

polymers, indicating that the introduction of fluorine atoms enhances 

interchain interaction between polymers. 

  Electrochemical properties of polymer films are measured by cyclic 

voltammetry, as shown in Figure 3.54, and are summarized in Table 3.12. 

Since strong electron-withdrawing ability of fluorine atoms lowers energy 

levels of polymers, 3F (5.37 eV) and 4F (5.46 eV) polymers have deeper 

HOMO energy levels than 2F (5.33 eV). When the LUMO energy levels of 

polymers were estimated by adding the optical bandgap to the HOMO energy 

level, 2F, 3F and 4F polymers have LUMO energy levels of 3.76, 3.80 and 

3.87 eV, respectively, which provides sufficient LUMO level offset between 

polymers and PCBM (4.3 eV) for effective exciton dissociation at the 

interface between donor and acceptor.
154

 

 

3.4.3 Computational simulation 

 

  The torsion angle and orbital distribution of fluorinated polymers simulated 

by the DFT are shown in Figure 3.55, and the calculated data are summarized 

in Table 3.8. All fluorinated polymers exhibit nearly planar structure because 

the small size of fluorine atom does not significantly induce steric hindrance, 

and these planar structures of conjugated backbone  can improve 

intermolecular interaction between polymers with extended conjugation. 

The HOMO and LUMO in all fluorinated polymers are well localized on the 

D and A unit, respectively, indicating that intramolecular charge transfer from 
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Figure 3.55. Chemical structure of repeating units for simulation, and HOMO 

and LUMO orbital distributions as calculated at the B3LYP/6-31G(d,p) level. 



 

 

 

142 

 

 

 

 

 

 

 

 

Table 3.13. Torsion angles and energy levels of 2F-, 3F- and 4F-repeating 

units calculated by DFT. 

Polymer 
1 

(Deg) 

2 

(Deg) 

3 

(Deg) 

4 

(Deg) 

5 

(Deg) 

HOMO 

(eV) 

LUMO 

(eV) 

2F 2.08 8.99 0.48   4.85 2.63 

3F 1.36 8.81 0.41   4.89 2.71 

4F 0.21 11.01    4.94 2.75 
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D to A unit takes place regardless of the degree of fluorination. The HOMO 

and LUMO of polymers have deeper energy levels as the amounts of fluorine 

atoms on conjugated backbone are increased. 

 

3.4.4 Photovoltaic properties 

 

The polymer solar cells were fabricated with the conventional device 

configuration of glass/ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al. J–V 

characteristics under AM 1.5G illumination are shown in Figure 3.56 and 

relevant photovoltaic properties are summarized in Table 3.14. When the 

blend ratio of polymer to PC71BM was varied, the optimized ratio was 1:1.5. 2 

vol% of 1-chloronaphthalene (CN) was used as an additive for optimization of 

morphologies of active layer and improving performances of PSCs.
168

 Since 

VOC of PSCs is proportional to the difference the HOMO energy level of 

donor polymer and the LUMO energy level of fullerene acceptor, as the 

number of fluorine atoms in backbone increases the VOC of the polymers 

increase from 0.77 to 0.80 and 0.82 V for 2F, 3F and 4F, respectively. Among 

fluorinated polymers, 3F exhibited significantly higher JSC values than the 

other polymers and after device optimization with CN additive, the JSC of 3F 

reached 15.0 mA/cm
2
. As a result, the solar cell device of 3F processed from a 

mixed solvent of DCB and 2 vol% CN exhibits a promising PCE of 7.92% 

with a high JSC of 15.0 mA/cm
2
, VOC of 0.80 V and FF of 66%. 

When EQEs of devices were measured under monochromatic light, as 

shown in Figure 3.57a, 3F polymer exhibits higher EQEs than 2F and 4F 
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Figure 3.56. JV curves of polymer/PC71BM (1:1.5 w/w) solar cells prepared 

from (a) DCB and (b) DCB containing 2 vol% of CN. 
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Table 3.14. Photovoltaic properties of devices with 2F, 3F and 4F under 

standard AM 1.5G illumination. 

Polymer 
Thickness 

(nm) 

VOC 

(V) 

JSC 

(mA/cm
2
) 

FF 

(%) 

PCE 

(%) 

2F 110 0.77 10.1 57 4.43 

2F
a
 110 0.76 11.5 64 5.59 

3F 120 0.80 13.9 60 6.67 

3F
a
 120 0.80 15.0 66 7.92 

4F 120 0.82 10.9 56 5.01 

4F
a
 120 0.84 11.8 63 6.24 

a
 Processed from DCB containing 2 vol% of CN. 
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Figure 3.57. (a) EQE spectra of polymer/PC71BM solar cells and (b) dark JV 

characteristics of polymer/PC71BM blends with hole-only device, where the 

solid lines represent the best linear fit of the data points. 
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Figure 3.58. A plot of Jph vs. light intensity as measured at V = 0 V in 2F-, 3F- 

and 4F- based solar cells. 
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polymers in the whole range of wavelengths, consistent with higher JSC of 

solar cells with 3F. 

  Hole mobilities were measured from dark JV curve of hole-only device by 

using the SCLC model, as shown in Figure 3.28. The 3F/PC71BM (5.74×10
4

 

cm
2
/V·s) exhibits higher hole mobility than 2F/PC71BM (4.41×10

 
cm

2
/V·s) 

and 4F/PC71BM (2.75×10
4 

cm
2
/V·s), implying that the charge pathway are 

well developed in the active layers of solar cells fabricated with 3F polymers. 

  Intensity-dependent photocurrent (Jph) were measured between 0.4 and 2.5 

sun and the Jph at V = 0 V are plotted against light intensity (Plight) in Figure 

3.58. The relationship between Jph and Plight can be represented by a power law 

equation: Jph  (Plight)

, where  is recombination parameter and =1 

corresponds to the absence of photocurrent loss due to bimolecular 

recombination.
166,167

 Since higher  value represents lower bimolecular 

recombination, higher  value for 3F (0.98) than the values for 2F (0.97) and 

4F (0.95) indicates that bimolecular recombination is more suppressed in 

active layers with 3F polymers and it may be related to high SCLC hole 

mobility of 3F polymer. 

 

3.4.5 Molecular ordering 

 

When the molecular ordering of fluorinated polymers was studied by X-ray 

diffraction (XRD), as shown in Figure 3.59, all polymers exhibit an intense 

(100) peak with discernible (200) and (300) reflection peaks. The interchain 

distances of fluorinated polymers are identical because the (100) peaks of all 
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Figure 3.59. XRD patterns of 2F, 3F and 4F films. 
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polymers are observed at q = 0.27 Å
1

, corresponding to the interchain 

distance of 23.6 Å . 

 

3.4.6 Morphologies of active layers 

 

  Morphologies of active layers in 2F-, 3F- and 4F-based PSCs were 

observed by TEM, as shown in Figure 3.60. Recently, Weiwei et al.
164,165

 have 

demonstrated that the fiber width is correlated with the solubility of the 

polymers and narrower fibers can be obtained by decreasing the solubility of 

polymers. Liu et al.
170

 have also shown that size of phase separation in 

polymer/PCBM blend film decreases with increasing fluorine content on 

conjugated backbone of polymer. Although interconnected network with 

nanoscale fibril structure are well-developed in the blend films of all polymers, 

3F and 4F polymers show narrower fibril size, which is beneficial for exciton 

dissociation and charge generation, than 2F polymer because introducing 

more fluorine atoms on conjugated backbone leads to enhanced aggregation 

and reduced solubility of polymers. 

  Photoinduced charge transfer from polymer to PCBM can be observed by 

Photoluminescence (PL).
171

 As shown in Figure 3.61, PLs of 3F and 4F 

polymers are almost quenched after blending with PC71BM (>95% PL 

quenching efficiency), while 2F/PC71BM shows a relatively low PL 

quenching efficiency of 84%. Since PL is more effectively quenched in 

polymer/PCBM blend films with smaller domain size of polymer, this lower 

PL quenching efficiency of 2F indicates that 2F has larger domain size of 
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Figure 3.60. TEM images of (a, b) 2F/PC71BM, (c, d) 3F/PC71BM, and (e, f) 

4F/PC71BM blend films processed (a, c, e) without and (b, d, f) with CN 

additive. The scale bar denotes 500 nm. 
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Figure 3.61. Photoluminescence spectra (excitation wavelength: 650 nm) 

measured from polymer and blend films of (a) 2F, (b) 3F and (c) 4F. 



 

 

 

153 

polymer than 3F and 4F in blend films with PCBM and it is consistent with 

wider fibril size of 2F polymer in TEM images of blend film (Figure 3.60). 

 

3.4.7 Summary 

 

  We synthesized three kinds of fluorinated DA polymers, where 

quaterthiophene and BT are used as D and A unit, respectively, and the degree 

of fluorination is controlled by using BT unit substituted by different number 

of fluorine atoms. 3F with mono-fluorinated BT and 4F with di-fluorinated 

BT have deeper HOMO energy levels, stronger vibronic shoulder in UV-Vis 

absorption spectra, and narrower size of fibril in blend film with PCBM than 

2F with non-fluorinated BT. Among fluorinated polymers, 3F exhibits the 

highest PCE of 7.92% with low bimolecular recombination, high hole 

mobility and well-developed interconnected network with nanoscale fibril. 

Therefore, it can be concluded that the optoelectrical and photovoltaic 

properties of conjugated polymer are influenced by the degree of fluorination 

and the amount of fluorine substituent on conjugated backbone should be 

controlled cautiously. 
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Chapter 4. Conclusions 

 

  In this work, we synthesized difluoro-bithiophene as a new fluorinated 

building block in conjugated polymers for PSCs and various fluorinated 

copolymers based on difluoro-bithiophene are successfully designed and 

synthesized.  

  First, fluorinated poly(3,4-dialkylterthiophenes) (PDATs) composed of 

difluoro-bithiophene and 3,4-dialkylterthiophene were synthesized in order to 

clarify the effect of fluorination on the properties of polymers and its device 

performance of PSCs. Fluorination on polymer backbone changes its 

electronic structure, leading to deeper HOMO energy level and enhances 

molecular packing of the polymers as evidenced by strong vibronic shoulder 

in UVVis absorption spectrum and  stacking pattern in GIWAXS. When 

bulky side chain (ethylhexyl) are introduced as a solubilizing group, 

fluorinated polythiophenes develop finer fibril structure and exhibit a 

promising PCE of 5.12% with a VOC of 0.87 V and a JSC of 9.82 mA/cm
2
. This 

work clearly demonstrated that the photophysical properties and device 

performances of conjugated polymers can be easily tuned by substitution of 

fluorine atom on polymer chain. 

  Secondly, for investigating the effect of fluorine atom substitution on the 

optoelectrical and photovoltaic properties of DA type polymer, we prepared 

a fluorinated DA type polymer copolymerized by diketopyrrolo[3,4-c]-

pyrrole (DPP) as an A unit and difluoro-bithiophene as a D unit. DA type 

polymers have been considered the most promising molecular structure for 
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high performance PSCs, because energy levels of the copolymers can be 

effectively tuned with a proper combination of D and A units. After 

introduction of fluorine atoms on conjugated backbone of DPP-based polymer, 

deeper HOMO energy level of polymer is observed without significant change 

of optical properties. However, enhanced aggregation behavior by introducing 

fluorine atoms increases the fibril size of fluorinated polymer, leading lower 

JSC values in devices by reducing the efficiencies of exciton dissociation and 

charge generation. Although the fluorinated DPP-based polymer lower JSC, 

PDPP-2F exhibits higher PCE of 6.39% than PDPP-0F (PCE = 5.47%) due to 

large improvement of VOC. Therefore, it can be demonstrated that the 

introduction of fluorination on backbone of DA type polymer is a promising 

strategy for achieving high performance PSC. 

  Thirdly, two kinds of DA polymers with each being fluorinated on A and 

D unit, where quaterthiophene and BT are used as D and A unit, respectively, 

are synthesized to compare photovoltaic properties between two DA 

polymers substituted by fluorine at different positions. Compared to non-

fluorinated polymer, both fluorinated polymers have deeper HOMO energy 

levels without change of optical bandgap and exhibit stronger vibronic 

shoulder in optical spectrum. The HF polymer with fluorinated D unit exhibits 

high PCE of 7.10%, which is higher than FH with fluorinated A unit (PCE = 

6.41%), with low bimolecular recombination, high hole mobility and well-

developed fibril network. From this study, it can be also demonstrated that the 

fluorination on D unit in DA polymer could be a promising method for 

achieving high performance polymer solar cells. 
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  Finally, three kinds of fluorinated DA polymers, where quaterthiophene 

and BT are used as D and A unit, respectively, are synthesized and the degree 

of fluorination is controlled by using BT unit substituted by different number 

of fluorine atoms. 3F with mono-fluorinated BT and 4F with di-fluorinated 

BT have deeper HOMO energy levels, stronger vibronic shoulder in UV-Vis 

absorption spectra, and narrower size of fibril in blend film with PCBM than 

2F with non-fluorinated BT. Among fluorinated polymers, 3F exhibits the 

highest PCE of 7.92% with low bimolecular recombination, high hole 

mobility and well-developed interconnected network with nanoscale fibril. 

This work clearly showed that the optoelectrical and photovoltaic properties 

of conjugated polymer are influenced by the degree of fluorination and the 

amount of fluorine substituent on backbone should be controlled cautiously. 

  In conclusion, optoelectrical and photovoltaic properties of conjugated 

polymer are significantly influenced by introduction of fluorine atoms. 

Especially, fluorination on conjugated backbone changes the electronic 

structures of polymers, and thus affords lower-lying energy levels of polymer 

without change of bandgap, resulting in higher VOC of PSCs fabricated with 

fluorinated polymer. Furthermore, strong interaction involving CF bond 

highly improves morphology of active layers and charge mobility of polymer 

due to enhanced intermolecular interaction between polymers, which 

contribute to the increases of JSC and FF in solar devices. Therefore, 

introduction of fluorine atom could be a promising method for achieving high 

performance polymer solar cells. 
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초    록 

 

  높은 성능의 고분자 태양전지를 위해서는 공액고분자의 전기적 

에너지준위는 넓은 영역의 빛을 흡수하기 위한 낮은 밴드갭, 높은 

개방전압을 위한 낮은 HOMO 에너지준위, 고분자 전자주개와 

플러렌 전자받개 간의 충분한 LUMO 에너지준위 차를 갖도록 

조절되어야 하며, 이를 위한 다양한 화학구조의 개선방법들이 

보고되고 있다. 최근 몇 년간 여러 방법 중 불소화가 주목을 받고 

있으며 불소화 고분자를 이용한 태양전지들이 7% 이상의 높은 

전력변환효율을 기록하고 있다. 하지만 아직까지 불소화가 고분자의 

광전기적과 광전지적 특성에 미치는 영향이 분명하게 규명되지 

않았으며 제한적 고분자시스템 내에서만 연구가 되어왔다. 따라서 

추가적인 연구를 위한 불소화 단량체와 고분자의 개발이 필요하다.   

  본 연구에서는 불소화가 고분자와 태양전지에 미치는 영향을 

명확하게 조사하기 위하여 새로운 불소화 단량체인 difluoro-

bithiophene를 합성하였고 이를 이용하여 다양한 구조의 불소화 

고분자를 중합하였다. 

  우선 difluoro-bithiophene과 3,4-dialkylterthiophene 구성된 불소화 

poly(3,4-dialkylterthiophenes) (PDATs)를 합성하였다. 불소화는 

고분자의 전기적 구조를 변형시켜 HOMO 에너지준위가 낮아지는 

결과를 만들었다. 그리고 불소화는 고분자의 적층도 향상시켰으며 

이는 UVVis 흡수스펙트럼에서의 강한 vibronic shoulder와 GIWAXS 

에서의 적층 패턴을 통해 확인하였다. 곁사슬로 ethylhexyl를 
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도입하였을 때, 불소화 PDAT는 미세한 피브릴 구조를 보였으며 

비불소화 고분자 대비 3.5배 향상된 5.12%의 높은 효율을 보였다. 

  다음으로 불소화가 DA 고분자에 미치는 영향을 살펴보기 위하여 

difluoro-bithiophene과 diketopyrrolo[3,4-c]-pyrrole (DPP)을 각각 D와 A 

유닛으로 하여 고분자를 합성하였다. 불소화 후, DPP 기반의 

고분자는 광학적 특성의 변화가 거의 없이 낮은 HOMO 

에너지준위를 나타내었나 고분자의 집합성이 증가하여 광활성층 

내에서 넓은 사이즈의 피브릴을 보였다. 비록 불소화 DPP 고분자는 

낮은 단락전류를 보였으나 큰 개방전압의 향상으로 인해 비불소화 

고분자(5.47%)에 비해 높은 효율(6.39%)을 나타내었다.  

  나아가 불소화의 위치에 따른 DA 고분자의 특성변화를 살펴보기 

위하여, 불소가 D에 도입된 HF와 불소가 A에 도입된 FH 고분자를 

합성하였다. 비불소화 고분자에 비해 불소화 고분자들은 밴드갭의 

변화 없이 낮은 HOMO을 보였으며 분자간의 향상된 상호작용을 

나타내었다. HF 고분자는 잘 발달된 피브릴 네트워크, 적은 이분자 

재결합, 높은 정공수송도를 보이며 FH 고분자(6.41%)보다 높은 

효율인 7.10%를 기록하였다. 

  마지막으로 다른 개수의 불소를 갖는 2,1,3-benzothiadiazole (BT)를 

이용하여 불소화 정도에 따른 세가지 고분자를 합성하였다. 불소가 

하나 치환된 BT로 중합한 3F와 불소가 둘 치환된 BT로 중합한 

4F는 비불소화 BT로 중합된 2F에 비해 낮은 HOMO 에너지 준위, 

UVVis 흡수스펙트럼에서의 강한 vibronic shoulder, 좁은 사이즈의 

피브릴을 보였다. 불소화 고분자 중 3F는 높은 정공수송도와 적은 

이분자 재결합으로 인해 높은 효율인 7.92%를 보였다.  
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  이러한 결과들을 통해, 고분자의 광전기적과 광전지적 특성이 

불소 원자에 의해 크게 영향을 받는 다는 점을 알 수 있었으며 

고효율 태양전지용 물질로써 불소화 고분자의 높은 가능성을 

확인하였다. 

  

주요어: 고분자 태양전지, 벌크 이종접합, 공액고분자, 낮은 밴드갭, 

불소화, 유기 전자공학 
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