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For high-performance polymer solar cells (PSCs), the molecular 

engineering of conjugated polymer is significantly important, because the 

chemical structure of the polymer directly influences on the optoelectronic 

properties including optical bandgap, extinction coefficient, frontier energy 

levels, molecular dipole moment, and charge carrier mobility. Optical 

properties such as bandgap and absorptivity are key factors in conversion 

process of solar energy to electrical energy. And electronical properties such 

as energy level, dipole moment, and mobility are related to generation and 

collection of the free charge carriers, which are separated to electrons or holes 

from photons. Moreover, physical properties such as crystallinity, solubility 

and miscibility with fullerene derivatives are conclusively determined by 
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chemical structure of the polymer. 

To achieve the suitable properties of conjugated polymers, the most 

efficient strategy is the design of “push-pull copolymer”, which is 

copolymerized with alternatively electron-rich monomer and electron-

deficient monomer. This method induces intramolecular charge transfer 

between two units in polymer backbone, resulting in redistribution of 

molecular orbitals (MO) of each unit. This hybridization of MOs generates 

new occupied and unoccupied MOs with a narrow bandgap of the polymer. 

Furthermore, the appropriate combination of electron-rich moiety and 

electron-deficient moiety can fine-tune other properties for achieving highly 

efficient PSCs. 

 In this thesis, we studied the conjugated polymers containing isoindigo dye 

as electron-deficient moiety in push-pull copolymer system. For high-

performance PSCs, we designed and synthesized three kinds of novel 

isoindigo-based copolymers by modifying bithiophene as electron-rich moiety 

and investigated the photovoltaic performance of the PSCs.  

 First, a conjugated polymer consisting of isoindigo and thieno[3,2-

b]thiophene (TT) was synthesized via the Stille coupling reaction in order to 

demonstrate the effect of molecular fusion from bithiophene to TT on the 

properties of polymers and those photovoltaic performance of PSCs. 

Incorporation of TT as electron-rich moiety on conjugated polymer 

manipulates its photophysical and electrochemical properties, including to 

lowered optical band gap (1.55 eV) in UV-visible absorption spectra and 

deeper HOMO energy level (5.44 eV) determined by cyclic voltammetry 

because of the larger resonance stabilization energy of the fused ring. 

Furthermore, the polymer with TT shows highly ordered crystallinity along 

 stacking direction, leading to high charge carrier mobility in photoactive 

layer. PiITT consisting of isoindigo and TT exhibits a power conversion 
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efficiency (PCE) of 6.96% with a short-circuit current density (JSC) of 12.42 

mA cm2, an open-circuit voltage (VOC) of 0.91 V and a fill factor (FF) of 0.67 

when the PSCs were fabricated from the blend of the polymer and PC71BM. 

  Secondly, highly -extended isoindigo-based copolymer consisting of 

isoindigo and thienylvinylene (TVT) was designed and synthesized for strong 

 interaction with large overlapping area between chain backbones due to 

rotational freedom between consecutive aromatic units. Although introduction 

of TVT in isoindigo-based polymer does not effect on optical band gap and 

electronic energy levels, the polymer PiITVT composed of isoindigo and TVT 

shows higher absorption coefficient and highly ordered crystallinity in 

photoactive layer. Moreover, in optimized condition for PSCs, PiITVT has 

preferential molecular orientation (face-on orientation) when it was 

demonstrated by grazing incident wide angle X-ray scattering measurement 

and the well-developed morphology with finer fibril of PiITVT when it was 

observed by transmission electron microscopy. PiITVT-based PSCs shows a 

high PCE of 7.09% with a JSC of 13.2 mA cm2, a VOC of 0.91 V and FF of 

0.59. It is higher than that of PiI2T containing bithiophene (5.55%), because 

of the better coplanar structure of the TVT unit than the bithiophene unit. 

Third, the fluorinated isoindigo-based polymer was designed and 

synthesized by combining isoindigo with bulkier alkyl side chain and 

fluorinated bithiophene for high-performance PSCs. And the polymer are 

soluble in non-halogenated solvent such as o-xylene. The use of non-

halogenated solvents such as o-xylene for fabrication of high performance 

PSCs has recently attracted much attention from academia and industry, 

because the halogenated solvents and additives cause serious environmental, 

health and safety problems. When the fluorinated polymer-based PSC is 

fabricated with o-xylene as processing solvent and diphenyl ether as additive, 

the cell exhibits a superior PCE of 8.80% with a VOC of 1.06 V, which are one 
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of the highest values among PSCs processed with non-halogenated solvents. 

Our work successfully demonstrates that the combination of introduction of 

bulky alkyl side chain and substitution of fluorine atom on the conjugated 

polymer backbone is a promising strategy for eco-friendly device fabrication 

and highly efficient PSCs with high VOC. 

We revealed that three kinds of modification methods which are introduced 

in this thesis are promising design strategies for high-performance isoindgo-

based PSCs and how each method achieves improved performance. 
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Chapter 1. Introduction 

 

1.1 Polymer solar cells 

 

1.1.1 Motivation of research 

 

The efficient solution to lessen our dependence on unsustainable fossil fuels 

is to develop technology converting solar energy into electricity, because solar 

energy is eco-friendly, permanent and abundant energy source. The modern 

energy trends based on fossil fuels give rise to environmental problems such 

as greenhouse effects from CO2 emission, acid rain and smog derived from 

vehicular emission and industrial fumes. As reported by the International 

Energy Agency in its 2014 Energy Technology Perspectives, it was predicted 

that as the recent tendency in electricity production extends from 2011 to 

2050, global energy demand grows by 70% and CO2 emissions grow by more 

than 60%.1 The Earth receives about 100,000 TW of solar power at its surface, 

which is enough energy every hour to supply humanity’s energy needs for a 

year.2 The global energy consumption rate is predicted to approximately 28 

TW in 2050 in accordance with reasonable assumptions of population growth 

and energy consumption pattern.3 To harvest 20 TW with solar panels that are 

10% of power conversion efficiency (PCE), it would be required to cover 

about 0.16% of Earth’s land surface with the solar panels.3 

As shown in Figure 1, the certified best PCEs for a variety of photovoltaic 

types are marked with championship PCE for inorganic multijunction cells 
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under solar concentration reaching 46.0%, and with single crystalline silicon 

solar cells exceeding 27%, respectively.4 While these high PCEs are important 

for estimating the potential value of solar energy conversion research, the 

fabrication cost and device weight are critical key factors for the large scale 

deployment of photovoltaic devices. In general, the inorganic photovoltaic 

technologies require high production cost because of vacuum process with 

high installation and maintenance cost, and inorganic-based devices are high 

mass density from intrinsic property of materials.5,6 

Recently, organic photovoltaics are rising as a prospective candidate due to 

the wide abundance of building-block materials, flexible substrates and low 

manufacturing costs, where this technology has the theoretical potential to 

provide electricity at a lower cost than 1st- and 2nd-generation solar 

technologies.7 Organic photovoltaics are categorized as small molecule solar 

cells and polymer solar cells (PSCs). PSCs are more attractive module type 

owing to a number of advantageous features, including their utilization of 

efficient solution processes, low specific weight, mechanical strength and 

flexibility. The solution process for fabrication of devices simplifies 

manufacturing facilities compared to vacuum process, and the light-weight 

and flexibility of organic materials will streamline module installation and 

reduce shipping costs. However, as compared with inorganic photovoltaics, 

low PCEs of PSCs below 12% act as drawback for commercialization.4 

Therefore, the establishment of strategies for improved PCEs must be 

required. 
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Figure 1.1. Certified best power conversion efficiencies over year for a variety of photovoltaic technologies, 

provided by National Renewable Energy Laboratory.4 
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1.1.2 Operating principles and device architectures 

 

The term “photovoltaic” comes from the Greek ϖς (phōs) meaning “light”, 

and from “volt”, the unit of electro-motive force, and the term has been used 

in English since 1849. The photovoltaic process for PSCs differs from the 

case in inorganic photovoltaics. One of the major differences between organic 

semiconductors and inorganic ones is the dielectric constant which is related 

to separation of electron-hole.8,9 While inorganic materials with high dielectric 

constant directly convert incident photons with energies higher than the band 

gap to free charge carriers (electrons and holes), organic materials with a 

much lower dielectric constant (r≈ 24) generate tightly bound excitons 

(electron-hole pairs) which have the binding energy of 0.31 eV.8,10,11 The 

high binding energy of excitons results in their limited diffusion length 

between 5 and 14 nm.12-14 If the exciton is not able to dissociate within the 

lifetime of the exciton, the exciton must decay back to its ground state, 

resulting in the loss of absorbed photons and quantum efficiency. In PSCs, 

exciton dissociation occurs at the interface between electron donor (p-type 

organic semiconductor) and electron acceptor (n-type organic semiconductor) 

that is similar to p-n junction in inorganic photovoltaics. However, when 

bilayer structure such as inorganic photovoltaics is applied to PSCs, the 

performance is seriously low due to short exciton diffusion length and 

lifetime.15 To overcome this difficulty, Heeger’s group introduced the concept 

of a bulk heterojunction (BHJ) which has an interpenetrating network with a 

small domain size of donor enough to reach excitons to donor-acceptor (n-
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type organic semiconductor) interface and a large donor-acceptor interfacial 

area by blending donor and acceptor materials simultaneously.16 The 

bicontinuous network with a few nanometers of each component leads to 

much improved quantum efficiency of charge separation and efficient charge 

collection from two well-developed channels to transport holes in the donor 

domain and electrons in the acceptor domain.17  

The conversion process of solar energy into electrical energy by PSCs is 

illustrated in Scheme 1.1. The energy conversion process has simply four 

fundamental steps in the commonly accepted mechanism;18-20 Step 1—

photoexcitation and exciton formation: Electrons are excited by incident 

photons from the highest occupied molecular orbital (HOMO) of donor to its 

lowest unoccupied molecular orbital (LUMO), forming the excitons with 

coulombic binding energy. Step 2—Exciton diffusion: Since the excitons are 

neutral species, their motion is not affected by any electric field and they 

diffuse via random motion. Some of randomly diffused excitons accidentally 

reach at the donor-acceptor interface where they can dissociate. Step 3—

Exciton dissociation: Excitons reaching the interface during the diffusion can 

be dissociated to form charge carrier, if an energetic driving force exist to 

separate these coulombically bound electron-hole pairs. Step 4—Charge 

transport and collection: Once the free charge carriers have formed, they can 

drift and diffuse towards the respective electrodes, depending on mobilities of 

the organic semiconductors. Finally, at the electrode interfaces, the charge 

carriers are collected and passed through the circuit to generate photocurrent. 
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Scheme 1.1. Operating mechanism for donor-acceptor heterojunction PSCs. 
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 In typical BHJ PSCs, the photoactive layer combining conjugated polymers 

and fullerene derivatives (phenyl-C61-butyric acid methyl ester (PC61BM) or 

phenyl-C71-butyric acid methyl ester (PC71BM)) is sandwiched between an 

anode and a cathode, as shown Figure 1.2.21 In solar cell system, holes are 

transported to the anode and electrons are transported to the cathode. The 

anode in normal device architecture consists of a substrate which is coated 

with a relatively high work function transparent conducting electrode, and 

modified with an interfacial hole transport layer between the electrode and the 

photoactive layer.22-28 In general, material used for the electrode is indium tin 

oxide (ITO) on glass substrate and the electrode is modified with a 

poly(ethylenedioxythiophene):poly(styrene sulfonic acid) (PEDOT:PSS) as 

hole transport layer. These materials are favorable due to their highly optical 

transparency and excellent charge transport properties. However, there exist 

several issues, including the brittleness of both glass and ITO not allowing for 

streamlined manufacturing process, the price of indium due to the rarity on 

Earth, and the acidity of PEDOT:PSS leading to degradation of device.29-31 

The cathode is typically comprised of a low work function metal with an 

electron transport layer between the photoactive layer and the cathode. The 

aluminum is attractive cathode material due to its low work function and high 

reflectivity. While the low work function is essential characteristic for 

electron collection, the feature brings stability problem because the electrode 

surface in contact with air reacts with any water or oxygen.32 

 The inverted BHJ architecture was developed to suppress device degradation 

through the use of different electrodes with high work function, resulting in 
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the reversal of the charge collecting direction.33-35 In the inverted architecture, 

ITO surface is modified with a low work function material, such as alkali 

compounds or conjugated polyelectrolyte, in order to reduce its work function 

and make it applicable as the cathode.36-38 The anode is fabricated with a 

stable metal, such as silver or gold. For better stability to oxidation, interfacial 

layer under anode is commonly functionalized with transition metal oxide, 

such as MoO3, V2O5 or WO3.
39-41 

 

 

Figure 1.2. Device architectures of a general bulk-heterojunction polymer 

solar cells. 
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1.1.3 Characterization of polymer solar cells 

 

Photovoltaics are photodiodes composed of p-type and n-type materials. 

When a forward bias is applied to a device under solar illumination, current 

flow exponentially increases, whereas with the application of a reverse bias, 

there is a saturation current that keeps until reaching threshold voltage. 

 The photovoltaic performance of a solar cell is estimated by the PCE 

obtained from the current densityvoltage (JV) curves under illumination. 

The PCE is determined by the following formula: 

m
SC OC

in

MP MP

SC OC

PCE= 100% = 

             = 

P
J V FF

P

J V
FF

J V

  




 

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

fill factor, JMP is the current density at the maximum power point (MP), and 

VMP is the voltage at MP. The PCE basically indicates the percentage of the 

incident solar power (Pin) shining on a device that is converted into the 

maximum electrical power (Pm), where the standard illumination condition for 

reflection of terrestrial nature is established to the solar spectrum (AM 1.5G) 

and an intensity on the order of 100 mW cm2 (AM denotes the air mass equal 

to 1/cos). The condition corresponds to the average intensity of solar source 

with an incident angle of 48º relative to the perpendicular to the Earth’s 

surface.42 The FF indicates how easy the photogenerated free charges can be 

extracted out of a solar cell.43 



 

 

 

10

 

 

Figure 1.3. Current densityvoltage (JV) curves of PSCs under dark (dashed 

line) and illumination (solid line) conditions. 

 

1.1.4 Determinant factors on efficiency of polymer solar cell 

 

Significant progress of PSC device efficiencies has been mainly achieved 

by the developments of the conjugated polymers, since the device 

performance is rely on the optical and electronic properties of the photo-

excited materials. The primary points of the developments have aimed to 

appropriate optical bandgap and frontier energy levels in order to maximize 

both the JSC and VOC. The limiting PCE of BHJ solar cells was predicted 

solely as a function of the bandgap and the LUMO level of the donor.44 Figure 

1.4 provides that the energy-conversion efficiency of a BHJ solar cell is  
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Figure 1.4. Contour plot showing the calculated energy-conversion efficiency 

versus the bandgap and the LUMO level of the donor. (This figure is extracted 

from ref. 44) 

 

correlated to the LUMO energy level and the bandgap of donor. Furthermore, 

good charge carrier mobilities for expeditious extraction of photo-induced 

free charge carriers is the important factor. 

In addition to optoelectronic properties, physical properties of the 

conjugated polymers is also important factors such as the regioregularity, 

molecular weight and dispersity of the polymers.45-56 The regioregularity of a 

polymer is defined as the ratio of monomers conducting head-to-tail coupling 

relative to those conducting head-to-head coupling in the polymer chain. The 

property for polymers results from asymmetrically monomers such as 3-
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hexylthiophene, thieno[3,4-b]thiophene or pyridyl[2,1,3]thiadiazole (PT), so 

the polymers synthesized with symmetric monomers do not be related to the 

regioregularity. Many reports have presented the merits of controlling 

regioregularity. For example, poly(3-hexylthiophene) with relatively higher 

regioregularity  (95.4%) showed increased ca. 6-fold PCE compared to the 

corresponding polymer with low regioregularity (90.3%).45 And the 

regioregular conjugated polymer which is composed of two different donor 

units (indacenodithiophene and cyclopentadithiophene) and PT in the 

backbone achieved higher structural order, charge carrier mobilities, and 

PCEs relative to the less structurally regioregular polymer.46 

The number average molecular weight (Mn) is defined as the total weight 

of all polymer molecules in a sample divided by the total number of polymer 

chains in that sample and is an important parameter that are not dependent on 

the size distribution of the polymers, while the weight average molecular 

weight (Mw) is calculated by considering size distribution. The parameter is a 

complicated concept because it is the molecular weight per unit weight of 

polymer. The polydispersity index (PDI) is an indicator of the distribution of 

molecular mass in a polymer sample and is calculated by the ratio of Mn and 

Mw. In typically, the PDI has a value greater than 1, but as the polymer chains 

have uniform chain length, the value approaches unity. The Mn, Mw and PDI 

are obtained by the following formulae: 
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Increasing molecular weight has been shown to improve device performance, 

which ultimately relates to charge transport ability and the morphology in 

blend films consisting of the polymer and fullerene derivatives. 

Morphology control is critical in BHJ PSCs, which is one of the most 

fundamental issues in PSC processing except for development of materials. 

The ideal active layer morphology should have an interpenetrating network of 

donor and acceptor materials, with domain sizes on the order of the exciton 

diffusion length. Since the beginnings of the PSC field, substantial efforts 

have been implemented for understanding how to manipulate the morphology, 

including the solvent control,57-61 the weight ratio of donor and acceptor,62-66 

thermal annealing,67-71 solvent annealing72-76 and additives.77-83 Since solvent 

influences the resulting morphology, selection of processing solvent is 

determined by the vapor pressure, boiling point, viscosity, polarity, solubility, 

and wettability of the solvent. Furthermore, both thermal and solvent 

annealing have been shown to be effective methods for control of the active 

layer morphology. Thermal annealing indicates that heat to temperature higher 

than the glass transition temperature of the polymer applies to spin-cast 

substrates, allowing the polymer to reorganize to favorable conformations. 

Solvent annealing is an annealing approach that introduces solvent through 

soaking the substrates or solvent vapor into the active layer, providing the 

additional molecular movements. Recently, the use of solvent additives has 

become one of the most important methods for controlling morphology. There 

are two general guidelines for adopting solvent additives: (1) the additive 

must have a considerably higher boiling point than the main solvent in order 
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to extend the interaction time of the additive and the components of the active 

layer during film formation, and (2) one of both components in active layer 

should have a better solubility in the additive than the another one. 

 

 

1.2 Design principles of the conjugated polymers 

 

1.2.1 Band gap engineering 
 

A band gap (Eg) is defined as the difference between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) energy levels in the polymer. Molecular engineering to fine-tune 

the band gap is critical in field of organic photovoltaics, because effective 

way for achieving high JSC is to narrow the band gap for a broad coverage of 

the solar spectrum. The origin of the band gap in conjugated polymers 

derives from a series of consecutive carbon-carbon double bonds linked 

together by a carbon-carbon single bond. 

The band gap of a polymer can be described by the following sum of five 

factors:84,85 

g BLA res sub intE E E E E E      

  As pointed out in many theoretical works, bond length alternation 

(BLA) in the conjugated system contributes major portion to the band gap.86-

88 The BLA contribution to band gap is related to two resonance structures 

for the ground state with nondegenerate energy. The aromatic form which is 
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energetically more stable resonance structure maintains its aromaticity with 

confined -electrons. Delocalization of the flowing -electrons along the 

conjugated chain converts double bonds into single bonds and synchronously 

transforms single bonds into double bonds, leading to a resonance structure 

referred to as the quinoid form, as shown Figure 1.5a. In this procedure, the 

energy gap is generated by the Peierls instability, because the lengths of 

single bonds and double bonds are not identical. Compared to the aromatic 

form, the quinoid form is energetically unstable and hence has a smaller 

band gap. Unlike polyenes, aromatic systems like polythiophene have a non-

degenerate ground state. Thus, contrary to polyenic systems, the two limiting 

mesomeric forms obtained by the flip of the double bonds are not 

energetically equivalent. 

 When a conjugated polymer switches from the aromatic form to quinoid 

form directly, the aromatic stabilization resonance energy (Eres) of the 

materials is required. Another parameter of band gap in polyaromatic 

systems concerns the rotational disorder around interannular single bonds. A 

mean dihedral angle between consecutive units restricts the extent of 

delocalization of -electrons along the conjugated backbone and hence to 

increase band gap by a quantity E. The incorporation of electron-

withdrawing or electron-donating substituents is the most direct method to 

modulate the HOMO and LUMO energy levels. Contribution of the 

substituents to band gap is represented by a term Esub. While the four 

structural factors are inherent from the isolated chemical structure, as shown 

in Figure 1.5b, the Eint is determined by intermolecular interactions when 



 

 

 

16

assembling individual conjugated molecules. 

Based on the theoretical band gap origins, methods for designing low 

band gap polymers include copolymerizing an alternating electron rich unit-

electron deficient unit structure, stabilizing the quinoid form, controlling the 

polymer chain planarity, and tuning the effective conjugation length.8 

Designing an alternating copolymer is most valuable approach, where the 

push-pull driving forces between electron-rich unit and electron-deficient 

unit facilitates electron delocalization and the formation of quinoid 

mesomeric structures over the polymer backbone.89 According to molecular 

orbital perturbation theory, electron delocalization leads to the hybridization  

 

 

Figure 1.5. (a) Mesomeric forms of polyenes and polythiophene; (b) 

structural factors determining the band gap of materials (This illustration is 

reproduced from ref. 84). 
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of molecular orbitals, resulting in electron redistribution throughout the 

interacting orbitals.90 This creates new hybridized orbitals which are a higher 

HOMO energy level and a lower LUMO energy level, resulting in a lower 

band gap. 

 

1.2.2 Tuning of frontier energy levels 

 

Alignment of the frontier energy levels in PSCs is significantly important to 

achieve high VOC and an efficient charge separation between a donor and an 

acceptor. Schematic energy level diagrams of an organic semiconductor and 

BHJ with donor and acceptor are shown in Scheme 1.2. In thin film solar cells 

of the classical geometry, metalinsulatormetal sandwich structure, VOC is 

principally equal to the work function difference of the two metal electrodes. 

However, for BHJ organic photovoltaics, this electronic principle cannot be 

applied, and an alternative explanation for the origin of VOC needs to be given. 

Scharber et al.44 induced the correlation between the HOMO energy level and 

the VOC through the investigation of 26 different PSCs, which is used to 

estimate the maximum efficiency. In Figure 1.6, the VOC of different BHJ solar 

cells is plotted versus the oxidation potential of the conjugated polymers used 

in these PSC devices. Figure 1.6 shows that for a total of the 26 different solar 

cells, a linear relation between VOC and the oxidation potential of conjugated 

polymer is found. The relation can be estimated by following equation: 

donor PCBM
OC HOMO LUMO

1
( ) 0.3VV E E

e
    

Where e is the elementary charge and using 4.3 eV for the LUMO energy of 
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PCBM. The value of 0.3 V in the equation is an empirical factor. Therefore, 

the donor with the lower HOMO energy level can achieve theoretically higher 

VOC, whereas low-lying HOMO energy level is directly connected with 

broadening band gap, indicating that there is a correlation between JSC and 

VOC from HOMO energy level control. 

 

 

 

 

Scheme 1.2. Energy level diagrams of (a) an organic semiconductor and (b) 

of a heterojunction solar cell. 
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Figure 1.6. VOC of different bulk-heterojunction solar cells plotted versus the 

oxidation potential/HOMO position of the donor polymer used in each 

individual device. (The straight line represents a linear fit with a slope of unity. 

This figure is extracted from ref. 90.) 

 

The LUMO energy levels of donor materials should be at least 0.3 eV 

higher than that level of PCBM to guarantee the driving force for the 

energetically favorable exciton dissociation.91 In other words, when the 

difference of LUMO energy levels between conjugated polymer and PCBM 

overcomes the binding energy of exciton, the free charge carriers to electrons 

and holes can be generated in the interface between donor and acceptor. 

Lowering the LUMO level of a conjugated polymer to achieve a narrow band 
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gap may lead to hampering the charge separation due to insufficient driving 

force. Therefore, a compromise is needed to balance the trade-off between the 

band gap of the donor and the relationship of the HOMO-LUMO energy 

levels between the donor and acceptor. As a result, the effort to find suitable 

p-type conjugated polymers for PSCs is not solely directed to pursuing low 

band gaps but also to modulating the HOMO-LUMO energy levels to optimal 

values. 

 

1.2.3 Polymer backbone coplanarity  

 

In organic semiconductors, since charge transport occurs between -orbitals 

of conjugated materials, the -orbital overlap significantly influences charge 

carrier mobility. Intramolecular -orbital overlap correlated to the dihedral 

angles between adjacent molecules, and high backbone coplanarity results in 

increased -orbital overlap.92 Therefore, the minimal steric hindrance between 

covalent bound molecules and nonbonding interactions such as hydrogen 

bonding or oxygen-sulfur interaction are influential factors for high charge 

carrier mobility.93,94  

Although the intramolecular charge transport is mainly related to molecular 

coplanarity, the intermolecular charge transport is affected by the molecular 

packing which is certainly driven by the intermolecular interactions. In 

addition to the  and CH… interactions which are commonly found in 

acene and thiophene analogues, there are other types of weak intermolecular 

interactions that can be used to tune the solid-state molecular arrangements.94  
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For examples, the 2-(anthracen-9-ylmethylene)malonitrile was reported to 

crystallize in a cofacial  stacking assisted by the hydrogen bonding 

interactions between the cynovinyl groups.95 In addition, the partial 

fluorination in conjugated materials has been proved to induce to accelate 

crystallization due to the F…F and F…S interactions.96 Another type of 

molecular interaction widely employed in crystal engineering is the S…S 

interaction, which favors  stacking and can provide enhancement of the 

electronic dimensionality. Furthermore, Takimiya and collaborators have 

substituted the sulfur atoms in thiophene-comprising semiconductors with 

heavy chalcogen atoms such as selenium and tellurium.97 These atoms are 

more polarizable and thus show enhanced overlap. It was disclosed that the 

selenium homologue exhibited a mobility 1 order of magnitude higher than 

that of the sulfur one. However, the tellurium analogue had a lower 

performance, which was attributed to the lower aromatic nature of 

tellurophene rings causing less charge delocalization. 

 

1.2.4 Alternative push-pull copolymers  

 

In early investigations for PSCs, homopolymers such as poly(2-methoxyl-

5-((2’-ethylhexyl)oxy)-1,4-phenylenevinylene), poly(2-methoxyl-5-((3’,7’-

dimethyloctyl)oxy)-1,4-phenylenevinylene) (MDMO-PPV), and poly(3-

hexylthiophene) (P3HT) were usually applied as donor materials in BHJ 

PSCs.22,45,67,68,72-74,98-106 However, the PSCs using these homopolymers usually 

obtained relatively low PCEs of solar cells based on these polymers which are 
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attributed to their limited absorption spectra and non-ideal frontier energy 

levels. Therefore, the development of novel photovoltaic materials with low 

optical band gap and suitable HOMO and LUMO energy levels is crucial to 

further enhance the PCEs of PSCs. Push-pull conjugated polymers, or the so-

called donor (electron-rich unit)-acceptor (electron-deficient unit) (D-A) 

alternating conjugated polymers have been extensively developed since their 

intrinsic optical and electronic properties can be tuned readily by controlling 

the intramolecular charge transfer (ICT) from electron-rich unit to electron-

deficient unit.98,107-114 The principle of band gap and energy level manipulation 

by ICT interaction in push-pull conjugated polymers can be easily understood 

by molecular orbital theory. As shown in Figure.1.8, the HOMO energy level 

of electron-rich unit will interact with that of the electron-deficient unit to 

generate two new occupied molecular orbitals after covalent bond connection. 

One of the occupied molecular orbitals is higher and the other one is lower 

than the two initial HOMO energy levels before molecular orbital 

hybridization. Two new unoccupied molecular orbitals are also generated in a 

similar manner via molecular orbital hybridization. As a result, the overall 

effect of this redistribution of frontier molecular orbitals is the formation of a 

HOMO energy level and a LUMO energy level in the whole conjugated 

polymer backbone, and this leads to narrowing of band gap and controlling of 

frontier energy levels of the conjugated polymer. The unique characterization 

of the D-A copolymers is that the HOMO and LUMO energy levels are 

largely localized on the electron-rich and electron-deficient moiety, 

respectively. The rational selection of building blocks, including both 
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electron-rich units and electron-deficient units is important to the ideal 

conjugated polymers to meet the requirements for highly efficient PSCs. 

Furthermore, the fine tailoring of the structure is also critical for obtaining 

high performing polymers such as incorporation of functional groups onto the 

backbone, the selection of alkyl side chains, end capping and so on. 

  To concurrently lower the HOMO energy level and the band gap for high 

VOC and JSC, Wei You group suggested to modify the D-A type conjugated 

copolymer strategy by constructing alternating copolymers incorporating a 

“weak donor” and a “strong acceptor”.107 It is well known that the “weak 

donor” contribute to maintaining a low-lying HOMO energy level, and the 

“strong acceptor” reduce the band gap via ICT.115 The “weak donor” can be 

obtained by fusing different aromatics into polycyclic aromatics with 

extended conjugation. Thiophene and benzene are the main fundamental 

aromatic units for electron-rich moieties. As the chemical properties of the 

two molecules are compared, benzene is weaker donor than thiophene based 

on higher aromaticity of benzene. Therefore, when a fused aromatic molecule 

is composed of higher content of benzene compared to thiophene, the cyclic 

molecule is empirically predicted to lower electron donating ability, as 

illustrated in Figure 1.9.116 

 

 

 

 

 



 

 

 

24

 

 

Scheme 1.3. Orbital interactions of electron-rich and electron-deficient units, 

resulting in a narrowing of the band gap in push-pull conjugated copolymers. 

 

 

Figure 1.7. An empirical chart showing the relative electron-donating ability 

of various units. (This illustration is extracted from ref. 95) 
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1.3 Isoindigo 

 

1.3.1 Characterizations of isoindigo 

 

Isoindigo (iI) is a structural isomer of the famous pigment indigo, as shown 

in Scheme 1.4. This material is a naturally occurring indigoid pigment, which 

is elaborated by plants such as Isatis tinctoria.117 It has previously been 

studied as a therapeutic agent.118 Although the synthesis of iI was reported as 

early as 1988119 and some iI-containing polymers and small molecules were 

patented in 2009.120 it was not recognized as a building block for making 

conjugated materials for solar cells until Reynolds group reported two small 

molecules with iI as a promising electron-deficient unit in 2010, containing 

the simple synthetic methods.121 6,6’-dibromoisoindigo can be easily prepared 

by coupling of commercially available 6-bromooxindole with 6-bromoisatin 

in refluxing acetic acid adding a small quantity of hydrochloric acid as 

catalyst. The iI core is almost insoluble in common organic solvents due to 

strong  stacking and intermolecular hydrogen bonding interactions arising 

from the hydrogen atoms on the lactam nitrogens. The introduction of long 

alkyl chains by substituting the hydrogens on the lactam nitrogen atoms can 

guarantee the solubility of the resulting materials in common solvents. The 

total synthesis procedure is presented in Scheme 1.4. The single crystal X-ray 

diffraction investigations on unsubstituted iI and N,N’-dibuyl-iI showed that 

the central carbon-carbon double bond had an E configuration and was 

conjugated with two oxindoles to form planar -conjugated structures.122,123  
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Scheme 1.4. Chemical structure of isoindigo and synthetic route of N,N’-

dialkyl-6,6’-dibromoisoindigo. 

 

However, a similar study on N,N’-dimethyl-iI showed that the molecule in the 

crystal had a twisted configuration.124 Two oxindole rings rotated at an angle 

of 22.3◦ along the central double bond plane. The significant deviation from 

planar structure was rationalized in terms of intermolecular interactions in the 

crystals. The geometry optimization of N,N’-dimethyl-iI as the B3LYP/6-
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31G(d) level provided meaningful information that the molecule was 

completely planar, while the chemical structure exhibited slight twist about 

15◦ between the two oxindole rings along the central double bond. Regardless 

of the extent of twist angle, iI showed favorable electronic balance between 

the phenyl and the ketopyrrole carbonyl -electrons.125 

Isoindigos can be substituted at 6,6’-positions or at 5,5’-positions. The 

electronic effects of the substitution pattern have been studied in molecular 

compounds.125 The investigation was performed by a combined theoretical 

and experimental approach to gain insight into the electronic structure of iI 

and how it is affected upon positions of substituents of varied electronic 

nature. The frontier orbitals of iI can be modeled from stilbene and a 

Pechmann dye (bipyrrolidenedione) as its structural constituents. The 5,5’-

derivatives are of interest given their broad absorption compared to 6,6’-

variants in spite of their inferior molar absorptivities in the visible region of 

the solar spectrum because 5,5’-derivatives display smaller oscillator 

strengths for the optical transitions compared to those of 6,6’-analogues. 

Moreover, the 6,6’-substituted iI derivatives have more extended conjugation 

than the 5,5-analogues because of the large contribution of the electronic 

transition dipole moment in the axis aligned with the 6,6’-carbons. 

 

1.3.2 Isoindigo-based polymers for polymer field-effect 
transistors 

 

iI-containing conjugated polymers have been reported with excellent hole 
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mobility as high as 5.8 cm2 V1 s1 for polymer field-effect transistors 

(PFETs).126 The ketopyrrole moiety of isoindigo has a strong dipole moment, 

which promotes intermolecular associations. It is believed that the synergistic 

intramolecular D-A interactions and dipole-promoted intermolecular 

associations, as well as strong  interactions, lead to excellent charge 

transport properties. The relatively low-lying HOMO energy levels of iI-based 

polymers facilitate the ambient stable PFETs. 

Pei and colleagues first reported the two alternating copolymers of 

iI/thiophene (IIDT) and iI/bithiophene (IIDDT), incorporating octyldodecyl 

alkyl group to guarantee good solubility. 127 When PFETs were fabricated to 

bottom-gate/top-contact structure, IIDT-based devices showed hole mobility 

of 0.019 cm2 V-1 s-1 after annealing at 150℃ for 20 min. Meanwhile, IIDDT 

exhibited mobility of 0.79 cm2 V-1 s-1 under same annealing condition for 

IIDT ones. These devices also showed high on/off ratios in the range of 

106107 and good ambient stability. The high performance of IIDDT-based 

PFETs resulted from a strong edge-on lamellar packing of the polymer in the 

thin film and a high degree of crystallinity. After this report, the engineering 

of alkyl chains with same polymer backbone (iI and bithophene) have 

achieved improved hole mobility.128,129 Bao group introduced siloxane-

terminated solubilizing side chains in IIDT polymer backbone.128 The polymer  

PII2T-Si obtained a maximum mobility of 2.48 cm2 V-1 s-1 from bottom-

gate/top-contact PFETs. The polymer with a siloxane-terminated solubilizing 

group exhibited a  stacking distance of 3.58 Å, while the reference 

polymer with 2-octyldodecyl group showed a distance of 3.76 Å, indicating 
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that crystallites with smaller  distances are related to higher hole mobility.  

And Pei group investigated how moving the branching point further from the 

backbone influences the hole mobilities.129 The polymer with branched alkyl 

side chains at third carbon from backbone obtained an exceptionally high 

mobility of 3.62 cm2 V-1 s-1. 

Lei et al. studied the influence of polymer symmetry and backbone 

curvature on PFETs from a series of iI-based polymers.130 These polymers 

were categorized to two groups according to the electron-rich unit symmetries. 

It is found that polymers with different symmetry and backbone curvature 

exhibited different lamellar packing and crystallinity as revealed by atomic 

force microscopy (AFM) and grazing incidence X-ray diffraction (GIXD) 

analyses, and further suggested the “molecular docking” strategy. The concept 

was demonstrated by comparing with two iI-based copolymers containing 

methylated bithiophene or nonalkylated bithiophene as electron-rich unit. The 

reduced steric hindrance from nonalkylated units allowed them to “dock into” 

the cavities formed by large aromatic cores. And the polymers with 

centrosymmetric electron-rich units showed out-of-plane diffractions and the 

intensity of the peaks increased upon annealing, while other polymers 

containing axisymmetric electron-rich units showed little or no out-of-plane 

diffractions, indicating the absence of lamellar packing in these polymer thin 

films. According to the out-of-plane data, d-spacing of polymers with 

centrosymmetric electron-rich units are significantly smaller than those of the 

polymers with axisymmetric ones. The PFET performance correlates with the 

proposed molecular docking strategy. The hole mobilities of centrosymmetric 
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polymers is typically orders of magnitude higher than that of axisymmetric iI-

based polymers. 

Ambipolar transport behaviors in iI-based conjugated polymers were 

reported by Pei group.131 The polymer composed of fluorinated iI and 

bithiophene showed lowered both of the bandgaps and the HOMO/LUMO 

energy levels. The PFETs based the fluorinated iI-based polymer showed the 

electron moblilty of 0.43 cm2 V-1 s-1 and hole mobility of 1.85 cm2 V-1 s-1. 

AFM and GIXD analysis indicated that the introduction of fluorine atoms in 

isoindigo lead to strong intermolecular interactions and high crystallinity in 

the thin film. Chlorinated iI-based conjugated polymers also exhibited 

balanced ambipolar transport behavior with the electron moblilty of 0.72 cm2 

V-1 s-1 and hole mobility of 1.05 cm2 V-1 s-1 in ambient conditions.132 

 

1.3.3 Isoindigo-based polymers for polymer solar cells 

 

Reynolds group first presented the potential of iI molecule for solar cell 

applications by reporting a series of iI-based smallmolecules.121 The 

smallmolecules are strong absorbing ability through most of the visible 

region and have low-lying HOMO energy levels. Wang and Andersson 

groups simply synthesized a thiophene and isoindigo copolymer (PTI-1) via 

Stille coupling polycondensation. The PSCs fabricated from PTI-1 and 

PC61BM showed PCE of 4.5% through various optimization processes.133 

The PCEs of devices based on PTI-1 and PC61BM is 50% higher than those 
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of devices based on the polymer and PC71BM, resulting from better 

morphology of the PTI-1:PC61BM active layer due to better miscibility of 

two materials. 

Although PTI-1 showed a low bandgap of 1.6 eV, it exhibited relatively 

low absorption intensity in the high energy band from 300 to 500 nm 

wavelength. To enhance the absorption intensity in the high energy band, 

terthiophene was introduced as electron-rich units for polymer P3TI.134 As a 

result, the polymer displayed a slightly low bandgap compared with PTI-1. 

The P3TI have a broad absorption spectrum in the solid state due to 

aggregation or orderly  stacking. This properties led to enhanced 

performance in PSCs, showing a PCE of 6.3%, a VOC of 0.70 V, a JSC of 13.1 

mA cm2 and a FF of 0.69. 

Bao group investigated photovoltaic characteristics of PII2T (identical to 

IIDDT).135 Through optimization procedures such as addition of DIO into 

the spin-casting solution, control of molecular weight and solution 

temperature, the PII2T-based PSC device has achieved a high PCE of 6.5% 

with a high VOC of 0.94 V, a JSC of 11.5 mA cm2 and a FF of 0.60. The same 

group also synthesized PII2T-PSx by partially replacing branched alkyl 

group side group of PII2T with atactic polystyrene (Mn = 1300 g mol1). The 

incorporation of short polystyrene chain into the copolymer resulted in better 

solubility of PII2T-PS10 in organic solvent compared to PII2T. As a 

consequence, the PSC device from PII2T-PS10:PC61BM achieved a high 

PCE of 7.0% with a very high VOC of 0.96 V, a JSC of 11.6 mA cm2 and a FF 
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of 0.63. 

Ma et al.136 and Ho et al.137 reported independently a series of DA 

polymers (PnTI) composed of oligothiophene (nT) and iI. When the charge 

transport property, interfacial energy level offset and morphology of PnTI (n 

= 3, 4, 5, 6) were measured to investigate the effect of oligothiophene block 

length on photovoltaic properties, it revealed that P3TI exhibited the highest 

PCE of 6.90%. However, it has independently been reported by Ho et al. that 

the device from P6TI:PC71BM exhibits an enhanced PCE of 7.25% as 

compared to P3TI-based device. They measured and compared grazing 

incidence wide angle X-ray scattering (GIWAXS) patterns and the space 

charge limited current (SCLC) mobilities of the two polymers to investigate 

the reason for better performance of P6TI. Comparison of GIWAXS patterns 

of the two polymers reveals that P6TI has higher crystallinity than P3TI, and 

the SCLC hole mobility of P6TI (8.93 × 10−5 cm2 V−1 s−1) is also higher than 

that of P3TI (3.68 × 10−5 cm2 V−1 s−1). As a consequence, the JSC of P6TI-

based PSC is higher than that of P3TI. 

Various low bandgap copolymers composed of isoindigo and BDT 

derivatives have been investigated.138 PBDT-TIT was synthesized by 

copolymerizing thiophene-flanked isoindigo with alkoxy-substituted BDT, 

where thiophene acts as a spacer group.139 The PBDT-TIT:PC61BM-based 

device exhibited a decent PCE of 4.22% with a VOC of 0.79 V, a JSC of 7.87 

mA cm2 and a FF of 0.68. Later, Ma et al. reported another isoindigo-BDT 

copolymer PBDT-BTI by increasing the number of spacer (thiophene) 

unit.140 The PBDT-BTI -based device yielded high current density and FF, 
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leading to an improved PCE of 7.31% when the PBDT-BTI:PC71BM device 

was processed with 1,2,4-trichlorobenzene (TCB). Yang et al. synthesized 

two copolymers (PBDTT-ID and PBDTT-FID) composed of thienyl BDT 

and fluorinated or non-fluorinated isoindigo with thiophene spacer between 

isoindigo and BDT.141 The HOMO energy levels of PBDTT-ID and PBDTT-

FID were 5.52 eV and 5.64 eV, respectively, indicating that fluorination of 

isoindigo can effectively lower the HOMO energy level for achieving high 

VOC in PSCs. Conventional PSCs fabricated from PBDTT-ID and PBDTT-

FID with PC71BM showed PCEs of 4.76% and 5.52%, respectively. 

Furthermore, the inverted device with a configuration of ITO/ZnO/poly[(9,9-

bis(3′-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctyl-

fluorene)] dibromide (PFN-Br)/ PBDTT-FID:PC71BM(1:2)/MoO3/Ag 

recorded a PCE of 7.04% with a VOC of 0.92 V, a JSC of 11.30 mA cm2 and a 

FF of 0.68. 

Deng et al. synthesized three conjugated copolymers (P(IIDnF-DTC)) 

consisting of dithieno[3,2-b;6,7-b]carbazole and three iIs substituted with 0, 

1, and 2 fluorine atoms, respectively.142 They reported that the PSC devices 

from P(IID-DTC), P(IID1F-DTC) and P(IID2F-DTC) showed 7.2%, 7.1%, 

and 7.2%, respectively. Furthermore, the inverted PSC devices fabricated 

from the three polymers exhibited better performance than the conventional 

counterparts, i.e., 8.2% for P(IID-DTC), 7.9% for P(IID1F-DTC) and 7.6% 

for P(IID2F-DTC). 

In summary, the photovoltaic performances of iI-based PSCs have 

remarkably been enhanced for relatively short periods of time because of 
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simple and easy synthesis, low-lying HOMO energy level and high 

crystallinity of iI. For further enhancement of PSC performance, followings 

may be considered: fine tuning (raising) of LUMO energy level so as to 

provide enough driving force for efficient charge separation of excitons by a 

proper choice of side chains, the solubility in organic solvents, and the 

miscibility with PCBM for desirable morphology. 

 

Figure 1.8. The representative isoindigo-based conjugated polymers for 

polymer solar cells. 
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1.4 Objectives of this study 

 

The concept of the BHJ was introduced to overcome the limited exciton 

diffusion in PSCs. In a BHJ structure, electron donor and acceptor materials 

are mixed together to form a bicontinuous interpenetrating network with 

large interfacial areas for efficient exciton dissociation. Heeger and co-

workers introduced the BHJ structure for polymer:fullerene derivatives 

blends.16 Later, it was realized that domain sizes of electron donor and 

acceptor can be further optimized with additives or thermal-, solvent-

annealing. Since then, he BHJ structure has become the standard architecture 

for organic solar cells. 

Selection of the conjugated polymers as donor materials is very important 

for PSC performance. To achieve high-performance for PSCs, the polymers 

should have intense and broad absorption ability, proper frontier energy 

levels and high charge carrier mobility. Much efforts for PSC investigation 

have been devoted to improving the absorption features of PSCs by fine 

tuning absorption characteristics. With a low band gap and a broad 

absorption band, a polymer can absorb more photons, which can increase the 

JSC. However, a suitable optical band gap alone does not ensure high-

performance. It is also necessary to design conjugated polymers with 

balanced energy levels that match well with those of the electron acceptor 

materials, so that the resulting BHJ solar cells will exhibit favored charge-

separation. The LUMO energy level of the donor polymer should be at least 
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0.3 eV higher than the LUMO energy levels of the acceptor materials to 

provide enough driving force to dissociate the exciton binding energy. The 

low-lying HOMO energy levels of polymer lead to high VOC, which is 

correlated with the difference between the HOMO of donor materials and 

LUMO of acceptor materials. Moreover, to transport efficiently free charge 

carriers to each electrode, the donor polymer should have high hole mobility.  

Most effective model for designing photoactive conjugated polymers has 

been known as “push-pull copolymer”, which lead to highly efficient BHJ 

PSCs. The optoelectronical properties of the polymers can be tuned via 

molecular engineering. Unlike homopolymer, push-pull copolymers 

incorporate alternately electron-rich moiety and electron-deficient moiety. It 

has been demonstrated that these polymers shows the quinodal effect, 

resulting in a reduction of the BLA and proper energy levels and band gaps 

of the corresponding polymers. Intrinsic feature of these polymers is that 

their HOMO and LUMO energy levels are mainly determined by the HOMO 

energy level of the electron-rich moiety and the LUMO energy level of the 

electron-deficient moiety, respectively. 

Among various electron-deficient moiety, iI is one of the promising 

candidates for highly efficient push-pull copolymers. The molecule is a 

symmetrical and planar structure consisting of two indolin-2-one units. The 

iI-based materials has shown high absorption coefficient, narrow optical 

band gap, low-lying HOMO energy levels, high hole mobility, and high 

crystallinity. 
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In this study, for highly efficient PSCs, iI-based polymers are successfully 

designed and synthesized by modifying 2,2’-bithiophene (2T) as basic 

electron-rich moiety according to following strategies. 

The first strategy is the fusion of the two thiophene molecules in the 

polymer consisting of iI and 2T. Thieno[3,2-b]thiophene (TT) which is the 

fused molecule has been widely utilized as a comonomer in a variety of 

high-performing polymers, where it has been shown to promote intrachain 

packing and improve charge carrier mobility. In addition, the incorporation 

of TT has been reported to lower the HOMO energy levels of the resultant 

polymers, which result in an increase in VOC for PSCs. 

The second strategy is the -conjugated extension of 2T through inserting 

a vinylene unit between adjacent thiophene rings. It has been known that the 

incorporation of a vinylene bridge unit in the polymer backbone induces 

coplanarity of polymer chains and thus affords strong  interaction with a 

large overlapping area between chain backbones due to the rotational 

freedom between consecutive aromatic units. The polymers with 

thienylenevinylene (TVT) have exhibited a high crystallinity and hole 

mobility. 

The third strategy is the introduction of fluorine atoms in the reference 

polymer. Fluorination has been known to cause multiple effects on 

photophysical properties of the polymers, and improve solar cell 

performance. Since the fluorine element has a strong electron-withdrawing 

nature, the substitution of fluorine on backbone of conjugated polymer can 



 

 

 

38

lower the HOMO energy level. The highest electronegativity of fluorine 

induces stronger dipole moment, resulting in a strong inter/intramolecular 

interaction in polymer backbone which influences the morphology of the 

active layer. Furthermore, the induced dipole can promote exciton 

dissociation and increase the lifetime of charge carrier. 

In summary, molecular design of electron-rich units in iI-based polymer 

are investigated by three strategies for high-performance PSCs. It is expected 

that the strategies achieve the promising optical, electrochemical, and charge 

transport properties, resulting in the enhanced performance for PSCs. 

 

 

Scheme 1.5. Overall schematic outline of the research in this thesis. 
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Chapter 2. Experimental Section 

 

2.1 Synthesis and characterization 

 

2.1.1 Materials 

 

All reagents were obtained from Sigma Aldrich, Alfa Aesar, TCI 

chemicals and Acros Organics unless specified and used as received. 

Tetrahydrofuran (THF) (Samchun Pure Chemicals) was dried over 

sodium/benzophenone and freshly distilled before use. Other solvent 

including n-hexane, acetone, methanol, ethyl acetate, dichloromethane, and 

chloroform etc. (Samchun Pure Chemicals) were used without further 

purification. 

 

2.1.2 Synthesis of monomers and conjugated polymers 

 

2.1.2.1 Synthesis of PiI2T-OD and PiITT 
 

1-Bromo-2-octyldodecane (1): 2-octyl-1-dodecanol (25 g, 83.7 mmol, 1 

equiv.) and triphenyl phosphine (PPh3) (30.8 g, 117.3 mmol, 1.4 equiv.) were 

dissolved in dichloromethane (100 ml) and cooled to 0℃. N-

bromosuccinimide (NBS) (20.9 g, 117.3 mmol, 1.4 equiv.) was added 

dropwise to the mixture. Then, the solution was stirred at room temperature 
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for 24 hours. After evaporation of solvents in vacuo, the resultant were 

dissolved in n-hexane. Purification by silica yielded 1-bromo-2-

octyldodecane as a colorless oil. Yield 27.3 g (75.4 mmol, 90.1%) 1H NMR 

(300 MHz, CDCl3)  (ppm) 3.44 (d, 2H), 1.58 (m, 1H), 1.27 (m, 32H), 0.88 

(t, 6H). 

 

6,6’-Dibromoisoindigo (2): To a suspension of 6-bromooxindole (558 mg, 

2.63 mmol, 1 equiv.) and 6-bromoisatin (595 mg, 2.63 mmol, 1 equiv.) in 

acetic acid (AcOH) (30 ml), hydrochloric acid (HCl) (1 ml) was added and 

refluxed for 24 hours. The mixture was allowed to cool and filtered. The 

solid material was washed with water, ethanol and ethyl acetate. After drying 

under vacuum, 6,6-dibromoisoindigo was yielded as a red-brown powder. 

Yield 1.05 g (2.50 mmol, 95%) 1H NMR (300 MHz, DMSO)  (ppm) 11.08 

(br, 2H), 9.00 (d, 2H), 7.19 (d, 2H), 7.00 (s, 2H). 

 

6,6’-Dibromo-N,N’-(2-octyldodecyl)-isoindigo (3): To a solution of 6,6’-

dibromoisoindigo (1.0 g, 2.38 mmol, 1 equiv.), potassium carbonate (K2CO3) 

(1.65 g, 11.9 mmol, 5 equiv.) in dimethylformamide (DMF) (50 ml). 1-

Bromo-2-octyldodecane (2.15 g, 5.95 mmol, 2.5 equiv.) was added. The 

mixture was stirred for 24 hours at 110℃ and then the solvent was removed 

under vacuum. The residues were purified by silica gel chromatography with 

eluting (n-hexane:dichloromethane = 5:1) to give 6,6’-dibromo-N,N’-(2-

octyldodecayl)-isoindigo as a dark red solid. Yield 1.52 g (1.55 mmol, 

65.0%) 1H NMR (300 MHz, CDCl3)  (ppm) 9.07 (d, 2H), 7.16 (dd, 2H), 
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6.90 (s, 2H), 3.62 (d, 4H), 1.88 (m, 2H), 1.24 (m, 64H), 0.85 (m, 12H). 

 

5,5’-Dibromo-2,2’-bithiophene (4): A mixture of 2,2’-bithiophene (2 g, 

12.03 mmol, 1 equiv.) and NBS (4.28 g, 24.06 mmol, 2 equiv.) in a 

chloroform/acetic acid (200 ml, 1:1 v/v). The organic phase was isolated and 

the aqueous phase extracted with dichloromethane. The organic phases were 

collected, dried with MgSO4, filtered and evaporated to give a pale yellow 

crystal that was then washed with acetone to give 5,5’-dibromo-2,2’-

bithiophene Yield 3.51 g (10.84 mmol, 90.1% yield) 1H NMR (300 MHz, 

CDCl3)  (ppm) 

 

5,5’-Bis(trimethylstannyl)-2,2’-bithiophene (5): To a solution of 5,5’-

dibromo-2,2’-bithiophene (1 g, 3.09 mmol) in anhydrous THF (100 ml), 2.5 

M of n-butyl lithium (n-BuLi) solution in n-hexane (2.7 ml, 6.8 mmol, 2.2 

equiv.)was added dropwise at 78℃. After stirring for 1 hour, the solution 

was cooled to 78℃ again before 1 M of trimethyltin chloride (Me3SnCl) 

solution in THF (7.42 ml, 7.42 mmol, 2.4 equiv.) was added. After warming 

up to room temperature and stirring 12 hours, 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 5,5’-bis(trimethylstannyl)-2,2’-bithiophene. Yield 686 mg (1.39 mmol 

45.2%) 1H NMR (300 MHz, CDCl3)  (ppm) 7.27 (d, 2H), 7.08 (d, 2H), 0.38 

(t, 18H). 
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2,5-Bis(trimethylstannyl)-thieno[3,2-b]thiophene (6): A solution of 

thieno[3,2-b]thiophene (620 mg, 4.42 mmol, 1 equiv.) was dissolved in 

anhydrous THF (40 ml) and cooled to 78℃ under argon. A 2.5 M of n-

BuLi solution in hexane (3.9 ml, 9.73 mmol, 2.2 equiv.) was added dropwise, 

and the resulting solution was allowed to warm to room temperature. After 

stirring for 1 hour, the solution was cooled to 78℃ again before 1 M of 

Me3SnCl solution in THF (11.05 ml, 11.05 mmol, 2.5 equiv.) was added. 

After warming up to room temperature and stirring 12 hours, the resulting 

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

phase was collected and dried over MgSO4. Recrystallization from 

acetonitrile yielded the 2,5-bis(trimethylstannyl)-thieno[3,2-b]thiophene. 

Yield 657 mg (1.41 mmol 31.9%) 1H NMR (300 MHz, CDCl3)  (ppm) 7.26 

(s, 2H), 0.39 (t, 18H). 

 

PiI2T-OD: 6,6’-Dibromo-N,N’-(2-octyldodecyl)-isoindigo (3) (150 mg, 

0.153 mmol, 1 equiv.), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (5) (75.2 

mg, 0.153 mmol, 1 equiv.) and tri(o-tolyl)phosphine (P(o-tolyl)3) (3.7 mg, 

0.012 mmol, 0.08 equiv.) in anhydrous toluene (10 ml) were placed in a vial, 

and the vial was purged with argon gas for 20 min. After 

tris(dibenzylideneacetone) dipalladium (0) (Pd2(dba)3) (1.4 mg, 0.002 mmol, 

0.01 equiv.) was added into the reaction vial, the mixture was stirred for 4 h 

at 120℃ in a microwave reactor. The reaction mixture was precipitated in 

methanol with a small amount of HCl, and then soxhlet-extracted 

successively with methanol, hexane, ethyl acetate and chloroform. The 
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chloroform fraction was concentrated and precipitated into methanol to 

afford the PiI2T-OD. Yield 139 mg (92.4%). %). Elemental Anal. Calcd: for 

(C64H94N2O2S2)n: C, 77.84; H, 9.59; N, 2.84; O, 3.24; S, 6.49. Found: C, 

78.27; H, 8.09; N, 3.31; O, 3.56; S, 6.77. 

 

PiITT: PiITT was synthesized by following the same procedure as used in 

the synthesis of PiI2T-OD. 6,6’-Dibromo-N,N’-(2-octyldodecyl)-isoindigo 

(3) (150 mg, 0.153 mmol, 1 equiv.) and 2,5-bis(trimethylstannyl)-thieno[3,2-

b]thiophene (6) (71.2 mg, 0.153 mmol, 1 equiv.) were used as monomers. 

Yield 128 mg (87.4%). Elemental Anal. Calcd: for (C62H92N2O2S2)n: C, 

77.45; H, 9.64; N, 2.91; O, 3.33; S, 6.67. Found: C, 77.78; H, 8.13; N, 3.22; 

O, 3.79; S, 6.91. 
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Scheme 2.1. Synthesis scheme of PiI2T-OD and PiITT.. 
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2.1.2.2 Synthesis of PiITVT 

 

1-Bromo-2-decyltetradecane (7): 2-decyl-1-tetradecanol (25 g, 70.5 

mmol, 1 equiv.) and triphenyl phosphine (PPh3) (37.0 g, 141.0 mmol, 2 

equiv.) were dissolved in dichloromethane (100 ml) and cooled to 0℃. N-

bromosuccinimide (NBS) (20.1 g, 112.8 mmol, 1.6 equiv.) was added 

dropwise to the mixture. Then, the solution was stirred at room temperature 

for 24 hours. After evaporation of solvents in vacuo, the resultant were 

dissolved in n-hexane. Purification by silica yielded 1-bromo-2-

decyltetradecane as a colorless oil. Yield 23.9 g (57.3 mmol, 81.2%) 1H 

NMR (300 MHz, CDCl3)  (ppm) 3.44 (d, 2H), 1.58 (m, 1H), 1.27 (m, 40H), 

0.88 (t, 6H). 

 

6,6’-Dibromo-N,N’-(2-decyltetradecyl)-isoindigo (8): To a solution of 

6,6’-dibromoisoindigo (1.0 g, 2.38 mmol, 1 equiv.), potassium carbonate 

(K2CO3) (1.65 g, 11.9 mmol, 5 equiv.) in dimethylformamide (DMF) (50 ml). 

1-Bromo-2-octyldodecane (2.49 g, 5.95 mmol, 2.5 equiv.) was added. The 

mixture was stirred for 24 hours at 110℃ and then the solvent was removed 

under vacuum. The residues were purified by silica gel chromatography with 

eluting (n-hexane:dichloromethane = 8:1) to give 6,6’-dibromo-N,N’-(2-

decyltetradecyl)-isoindigo as a dark red solid. Yield 1.54 g (1.41 mmol, 

59.4%) 1H NMR (300 MHz, CDCl3)  (ppm) 9.07 (d, 2H), 7.16 (dd, 2H), 

6.90 (s, 2H), 3.62 (d, 4H), 1.88 (m, 2H), 1.24 (m, 80H), 0.87 (m, 12H). 
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(E)-1,2-Di-2-thienylethylene (9): Titanium(Ⅳ) chloride (TiCl4) (2.82 ml, 

25.70 mmol, 1.2 equiv.) was added dropwise to a stirred suspension of zinc 

powder (3.36 g, 51.40 mmol, 2.4 equiv.) in anhydrous THF (100 ml) at 

78℃ under argon. The resulting mixture was heated under reflux for 1 

hour. The suspension was cooled to room temperature and 2-

thiophenecarbaldehyde (2 g, 21.40 mmol, 1 equiv.) was added slowly. The 

mixture was heated again under reflux for 4 hours. The resulting mixture 

was poured into 10% aqueous potassium carbonate solution and the aqueous 

layer was extracted with ethyl ether. The combined organic extracts were 

dried over MgSO4 and evaporated to give a yellow powder. Yield 1.43 g 

(7.45 mmol, 41.8%) 1H NMR (300 MHz, CDCl3)  (ppm) 7.18 (d, 2H), 7.05 

(s, 2H), 7.04 (d, 2H), 6.99 (dd, 2H). 

 

(E)-1,2-Bis(5’-trimethylstannanyl-2’-C-thienyl)ethane (10): To a 

solution of (E)-1,2-di-2-thienylethylene (9) (1 g, 5.20 mmol, 1 equiv.) in 

anhydrous THF (50 ml), tetramethylethylenediamine (TMEDA) (1.79 ml, 

11.96 mmol, 2.3 equiv.) was added at 50℃ and maintained for 10 minutes, 

and then a 1.6 M of n-BuLi solution in hexane (7.80 ml, 12.48 mmol, 2.4 

equiv.) was added dropwise at 78℃. . After stirring for 1 hour, the solution 

was cooled to 78℃ again before an 1 M of Me3SnCl solution in THF 

(12.48 ml, 12.48 mmol, 2.4 equiv.) was added. After warming up to room 

temperature and stirring 12 hours, 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 product. 
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Yield 2.02 g (3.90 mmol 75.0%) 1H NMR (300 MHz, CDCl3)  (ppm) 7.11 

(d, 2H), 7.08 (s, 2H), 7.07 (d, 2H), 0.37 (t, 18H). 

 

PiITVT: 6,6'-Dibromo-N,N'-(2-decyltetradexyl)-isoindigo (8) (200 mg, 

0.183 mmol, 1 equiv.), (E)-1,2-bis(5'-trimethylstannanyl-2'-C-

thienyl)ethylene (94.7 mg, 0.183 mmol, 1 equiv.), and P(o-tolyl)3 (4.5 mg, 

0.015 mmol, 0.08 equiv.) in toluene (10 ml) were placed in a vial, and the 

vial was purged with argon gas for 20 min. After Pd2dba3 (1.7 mg, 0.002 

mmol, 0.01 equiv.) was added into the reaction vial, the mixture was stirred 

for 3 h at 130°C in a microwave reactor. The reaction mixture was 

precipitated in methanol with a small amount of hydrochloric acid, and then 

soxhlet-extracted successively with methanol, ethyl acetate and chloroform. 

The chloroform fraction was concentrated and precipitated into methanol to 

afford the polymer. Yield 184 mg (89.3%) Elemental Anal. Calcd: for 

(C74H112N2O2S2)n: C, 78.95; H, 10.03; N, 2.49; O, 2.84; S, 5.70. Found: C, 

77.86; H, 9.88; N, 2.39; O, 3.82; S, 5.94. 
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Scheme 2.2. Synthesis scheme of PiITVT. 
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2.1.2.3 Synthesis of PiI2T-DT and PiI2fT 
 

5,5’-Bis(trimethylsilyl)-3,3’-dibromo-2,2’-bithiophene (11): To diiso-

propylamine (2.91 ml, 20.74 mmol, 2.4 equiv.) in anhydrous THF (50 ml), 

2.5 M of n‐BuLi solution in hexane (8.29 ml, 20.74 mmol, 2.4 equiv.) was 

added at 78 °C, and the resulting solution was stirred at 0 °C for 30 min. 

3,3’-Dibromo-2,2’-bithiophene (2.8 g, 8.64 mmol, 1 equiv.) 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 (Me3SiCl) 

(3.18 ml, 25.06 mmol, 2.9 equiv.) 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 5,5’-

bis(trimethylsilyl)-3,3’-dibromo-2,2’-bithiophene as a white solid Yield 2.18 

g (4.65 mmol, 53.9%). 1H NMR (300 MHz, CDCl3)  (ppm) 7.15 (s, 2H), 

0.34 (s, 18H). 

 

5,5’-Bis(trimethylsilyl)-3,3’-difluoro-2,2’-bithiophene (12): To 5,5’-

bis(trimethylsilyl)-3,3’-dibromo-2,2’-bithiophene (2.18 g, 4.65 mmol) 

solution in anhydrous THF (25 mL), 2.5 M of n‐BuLi solution in hexane 

(4.10 mL, 10.24 mmol) was added dropwise at 78 °C. After stirring for 30 

min, the solution was further stirred for 30 min at room temperature. The 
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solution was then cooled to 78 °C again before N-

fluorobenzenesulfonimide ((PhSO2)2NF) (3.52 g, 11.17 mmol, 2.4 equiv.) in 

THF (20 mL) was added. After warming up to room temperature and stirring 

for 12 hours, 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 5,5’-bis(trimethylsilyl)-3,3’-difluoro-2,2’-bithiophene as a 

white solid. Yield 1.20 g (3.45 mmol, 74.2%). 1H NMR (300 MHz, CDCl3)  

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

 

  5,5’-Dibromo-3,3’-difluoro-2,2’-bithiophene (13): To a solution of 5,5’-

bis(trimethylsilyl)-3,3’-difluoro-2,2’-bithiophene (1.20 g, 3.46 mmol, 1 

equiv.) in chloroform/acetic acid (1/1, 20 ml), NBS (1.35 g, 7.61 mmol, 2.2 

equiv.) 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 methanol afforded 5,5’-

dibromo-3,3’-difluoro-2,2’-bithiophene. Yield 783 mg (2.17 mmol, 62.8%). 

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

 

5,5’-Bis(trimethylstannyl)-3,3’-difluoro-2,2’-bithiophene (14): To a 

solution of 5,5’-dibromo-3,3’-difluoro-2,2’-bithiophene (584 mg, 1.62 mmol, 

1 equiv.) in anhydrous THF (20 ml), 2.5 M of n‐BuLi solution in hexane 
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(1.46 ml, 3.65 mmol, 2.25 equiv.) 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 

Me3SnCl solution in THF (4.06 ml, 4.06 mmol, 2.5 equiv.) was added. After 

warming up to room temperature and stirring for 12 hours, 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 5,5’-bis(trimethylstannyl)-3,3’-difluoro-2,2’-bithiophene. Yield 351 

mg (0.67 mmol, 41.0%). 1H NMR (300 MHz, CDCl3):  (ppm) 6.89 (t, 2H), 

0.39 (t, 18H). 

 

PiI2T-DT: 6,6’-Dibromo-N,N’-(2-decyltetradecyl)-isoindigo (8) (150 mg, 

0.137 mmol, 1 equiv.), 5,5’-bis(trimethylstannyl)-2,2’-bithiophene (5) (67.5 

mg, 0.137 mmol, 1 equiv.) and P(o-tolyl)3 (3.3 mg, 0.011 mmol, 0.08 equiv.) 

in anhydrous toluene (10 ml) were placed in a vial, and the vial was purged 

with argon gas for 20 min. After Pd2(dba)3 (1.3 mg, 0.001 mmol, 0.01 equiv.) 

was added into the reaction vial, the mixture was stirred for 4 h at 120℃ in 

a microwave reactor. The reaction mixture was precipitated in methanol with 

a small amount of HCl, and then soxhlet-extracted successively with 

methanol, hexane, ethyl acetate and chloroform. The chloroform fraction 

was concentrated and precipitated into methanol to afford the PiI2T-DT. 

Yield 136 mg (90.5%). %). Elemental Anal. Calcd: for (C72H110N2O2S2)n: C, 

78.63; H, 10.08; N, 2.55; O, 2.91; S, 5.83. Found: C, 78.10; H, 9.88; N, 2.71; 

O, 3.28; S, 6.03. 
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PiI2fT: PiI2fT was synthesized by following the same procedure as used 

in the synthesis of PiI2T-DT. 6,6’-Dibromo-N,N’-(2-decyltetradecyl)-

isoindigo (8) (150 mg, 0.137 mmol, 1 equiv.) and 5,5’-bis(trimethylstannyl)-

3,3’-difluoro-2,2’-bithiophene (14) (72.4 mg, 0.137 mmol, 1 equiv.) were 

used as monomers. Yield 135 mg (86.7%). Elemental Anal. Calcd: for 

(C72H108F2N2O2S2)n: C, 76.14; H, 9.58; F, 3.35; N, 2.47; O, 2.82; S, 5.65. 

Found: C, 76.01; H, 9.11; F, 3.56; N, 2.53; O, 3.02; S, 5.77. 

 

 

 

Scheme 2.3. Synthesis scheme of PiI2T-DT and PiI2fT. 
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2.1.3 Characterization methods 

 

The chemical structures of compounds were identified by 1H NMR (Avance 

DPX-300) using d-chloroform (CDCl3) as solvent and tetramethylsilane as 

internal reference. Elemental analysis was performed on EA1110 (CE 

Instrument) elemental analyzer.. Molecular weight and its distribution of 

polymers were measured by GPC (Polymer Labs GPC 220 and Waters) with 

Knauer K-501 pump with a K-2301 refractive index detector. Chlorobenzene 

(high temperature GPC at 70℃) 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). 

Photoluminescence (PL) spectra were measured using a Shimadzu RF-

5301PC spectrofluorophotometer. 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 
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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 

min1 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 min1 using a differential scanning calorimeter (DSC) (TA 

Instruments, 2920 Modulated DSC). 

The morphology of the active layer film was observed by transmission 

electron microscopy (TEM) (JEM-1010, JEOL) with an accelerating voltage 

of 80 kV. Grazing indicent wide angle X-ray scattering (GIWAXS) 

measurements were conducted at PLS-II 9A U-SAXS beamline of Pohang 

Accelerator Laboratory (PAL) in Korea. The X-rays coming from the in-

vacuum undulator (IVU) are monochromated using Si(111) double crystals 

and focused at the detector position using K-B type mirrors. GIWAXS 

patterns were recorded with a 2D CCD detector (Rayonix SX165) and X-ray 

irradiation time was 5 ~ 20 seconds dependent on the saturation level of 

detector. Diffraction angles were calibrated by a pre-calibrated sucrose 

(Monoclinic, P21, a= 10.8631 Å, b= 8.7044 Å, c= 7.7624 Å, β = 102.938o) 

and the sample-to-detector distance was about 224 mm. 
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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-C61-butyric acid methyl ester 

(PC61BM) and [6,6]-Phenyl-C71-butyric acid methyl ester (PC71BM) was 

obtained from American Dye Source or Nano-C. Anhydrous chloroform, 

anhydrous 1,2-dichlorobenzene, anhydrous toluene and calcium were 

purchased from Sigma-Aldrich. 1,8-Diiodooctane was purchased from TCI 

chemicals. 1-chloronaphthalene was purchased from Acros. Aluminium and 

gold were purchased from Taewon Science. Other reagents were purchased 

from Sigma-Aldrich unless specified and used as received. 

 

2.2.2 Solar cell device fabrication 

 

Indium tin oxide (ITO)-coated glass (15  sq−1) was cleaned with acetone 

and isopropyl alcohol, and then dried at 120℃ for 2 hours. After complete 

drying, the ITO-coated glass was treated with UV ozone for 15 min. 

PEDOT:PSS was spin coated onto the ITO with 40 nm in thickness, and the 

PEDOT:PSS film was annealed at 150℃ for 10 min in a N2-filled glove box. 
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Polymers and PCBM were dissolved in solvent and then the solution was 

stirred for 8 h at room temperature. After the solutions were placed on a hot 

plate at 70 °C for a while, the solutions were spin-coated on the top of 

PEDOT:PSS layer. Ca (20 nm in thickness) was thermally evaporated on the 

top of the active layer, and then Al (100 nm) was thermally deposited on the 

Ca layer under high vacuum (106 Torr). For measurement of the space 

charge limited current (SCLC) hole mobility, hole-only devices were 

fabricated with ITO/PEDOT:PSS/active layer/Au configuration.  

The inverted solar cells were fabricated with a device configuration of 

ITO/ZnO/polymer:PCBM/MoO3/Ag. ZnO layer with 30 nm thickness was 

spin-coated onto the ITO-coated glass from a ZnO precursor solution (zinc 

acetate dihydrate in 2-methoxyethanol and ethanolamine) and was annealed at 

200℃ for 1 h. Polymers and PCBM were dissolved in solvent and then the 

solutions were stirred at 50℃ for 8 h. The active layers were spin-coated onto 

the ZnO layer. MoO3 (8 nm) and Ag (150 nm) were thermally evaporated on 

the top of the active layer under vacuum (106 Torr). 

 

2.2.3 Solar cell performance measurements 

 

The photovoltaic performance was measured under nitrogen atmosphere 

inside the glove box. The current-voltage (J-V) curves of the device were 

obtained on a computer-controlled Keithley 4200 source measurement unit 

under AM 1.5G (100 mW/cm2) simulated by an Oriel solar simulator (Oriel 

91160A). The light intensity was calibrated using a NREL-certified 
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photodiode prior to each measurement. The external quantum efficiency 

(EQE) was measured using Polaronix K3100 IPCE measurement system 

(McScience). The light intensity at each wavelength was calibrated with a 

standard single-crystal Si cell. The SCLC J–V curves were obtained in the 

dark using hole-only devices (ITO/PEDOT:PSS/polymer:PCBM/Au), and 

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

(9/8)ε0εrμ(V2/L3), 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. 
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Chapter 3. Results and Discussion 

 

3.1 1H nuclear magnetic resonance spectra of the 

monomers 
 

Nuclear magnetic resonance (NMR) is a physical phenomenon which 

nuclei in a magnetic field absorb and re-emit electromagnetic radiation. The 

energy is at a specific resonance frequency which depends on the strength of 

the magnetic field and the magnetic characteristics of the isotope of the 

atoms. The structures of chemical compounds can be determined by 

investigating the peaks of NMR spectra where the chemical shift of the peak 

indicates the specific atom in certain environment, and the integral value of 

the peak means the relative numbers of the atom. Among many isotopes of 

chemical elements used for NMR analysis, protium (1H) which consists of 

only a single proton is the most commonly used spin 1/2 nucleus in NMR 

investigation. 1H NMR measurement generates distinct chemical shift with 

sharp signal. 

 In this thesis, all of the synthesized monomers of target polymers which 

are illustrated in Scheme 2.1, 2.2, and 2.3 were confirmed by 1H NMR 

measurements. As shown in Figure 3.1-14, the specific proton atoms of the 

synthesized compounds are marked in the 1H NMR spectra. Since the 

marked peaks are clear and accurate, it is definitely confirmed that all 

monomers were successfully synthesized. 
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Figure 3.1. 1H NMR spectrum of compound 1 in Scheme 2.1. 

 

Figure 3.2. 1H NMR spectrum of compound 2 in Scheme 2.1. 
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Figure 3.3. 1H NMR spectrum of compound 3 in Scheme 2.1. 

 

Figure 3.4. 1H NMR spectrum of compound 4 in Scheme 2.1. 
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Figure 3.5. 1H NMR spectrum of compound 5 in Scheme 2.1. 

 

Figure 3.6. 1H NMR spectrum of compound 6 in Scheme 2.1. 
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Figure 3.7. 1H NMR spectrum of compound 7 in Scheme 2.2. 

 

Figure 3.8. 1H NMR spectrum of compound 8 in Scheme 2.2. 
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Figure 3.9. 1H NMR spectrum of compound 9 in Scheme 2.2. 

 

Figure 3.10. 1H NMR spectrum of compound 10 in Scheme 2.2. 
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Figure 3.11. 1H NMR spectrum of compound 11 in Scheme 2.3. 

 

Figure 3.12. 1H NMR spectrum of compound 12 in Scheme 2.3. 
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Figure 3.13. 1H NMR spectrum of compound 13 in Scheme 2.3. 

 

Figure 3.14. 1H NMR spectrum of compound 14 in Scheme 2.3. 
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3.2 The polymer composed of thieno[3,2-b]thiophene and 

isoindigo for high-performance polymer solar cells 

 

3.2.1 Background 

 

Although alternating electron-rich and electron-deficient units in the 

polymer backbone is able to fine-tune the optical bandgap and frontier energy 

levels to extend the coverage of optical absorption from the solar spectrum 

and achieve high VOC of PSCs, the design of conjugated polymers with high 

charge carrier mobility is more complicated to control. For high performance 

PSCs, the charge carrier mobility is also important to transport and collect the 

free charge carriers which are dissociated from excitons. In typical, enhanced 

crystallinity of conjugated polymers from incorporation of fused -conjugated 

segments leads to more -stacking between the polymer chains and improved 

interchain charge transfer, which is beneficial for achieving high charge 

carrier mobility. 

Among known fused ring structures, thieno[3,2-b]thiophene (TT) which is 

the fused aromatic ring of 2,2’-bithiophene have been demonstrated as a good 

building block for high charge carrier mobility in PFET devices.143-149 

McCulloch et al.143 reported a poly[2,5-bis(3-tetradecylthiophen-2-yl)-

thieno[3,2-b]thiophene] semiconductor (PBTTT) that was designed to 

assemble into large crystalline domains on crystallization form a liquid crystal 

phase, and to possess an extended and planar -conjugated system that allows 

short intermolecular  distances, which afford high charge carrier mobility. 
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The TT-based polymer exhibited higher hole mobility up to 0.6 cm2 V1 s1 

compared with hole mobility of P3HT (0.2 cm2 V1 s1). Himmelberger et 

al.144 achieved PBTTT-based PFET devices with excellent hole mobility of 

6.6 cm2 V1 s1 through control of film thickness and optimization of thermal 

annealing. Fei et al.145 reported alkyl-position modified three polythiophene 

isomers which insert vinylene unit in PBTTT polymer backbone between 

bithophene. Among of three polymers, the polymer with the largest effective 

conjugation length exhibited high hole mobility of 4.6 cm2 V1 s1. Bronstein 

et al.146 presented the conjugated polymer copolymerized with TT-flanked 

diketopyrrolopyrrole and thiophene, having molecular weight (Mn) of 14 kg 

mol1 with PDI of 5.4. A top-gate bottom-contact PFET device of the polymer 

exhibited a hole mobility of 1.95 cm2 V1 s1. 

Based on high charge carrier mobility of TT-contained copolymers, the 

polymers have achieved the excellent performance in PSC devices.150-157 Li et 

al.150 demonstrated the conjugated polymer composed of diketopyrrolopyrrole 

with 2-decyltetradecane as side chain and TT, having a high molecular weight 

(Mn) of 447 kg mol1, which is beneficial to develop a fine phase separation 

and proper morphology of active layer. The PSC device, fabricated the 

polymer and PC71BM, showed a PCE of 6.9% with a JSC of 14.8 mA cm2, a 

VOC of 0.66 V and a FF of 0.70. Zhang et al.151 studied the thermally stable 

conjugated polymer consisting of TT-flanked diketopyrrolopyrrole and 

benzodithiophene substituted with two thien-2-yl units. The polymer which 

have an extension of conjugation in two dimensions exhibited a PCE of 

6.18% with JSC of 16.25 mA cm2 as fabricated with PC71BM as acceptor. 
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Meager et al.152 studied the effect of alkyl-chain branching point manipulation 

on performance of PSCs fabricated with the polymer consisting of TT-flanked 

diketopyrrolopyrrole and thiophene. The study revealed that the location of 

the branching point can influence the orientation of the conjugated backbone 

plane and that the improvement in PSC upon moving the branching point 

further from the backbone is most likely a result of improved crystallinity of 

the polymer in the neat and blend films. As a result, the polymer with 

optimized branch point of alkyl side chain showed a PCE of 7.3% with JSC of 

18.6 mA cm2, VOC of 0.60 V and a FF of 0.64. 

Hsu et al.158 investigated poly(3,6-dialkylthieno[3,2-b]thiophene-co-

bithiophene) as hole-transporting polymer for light-emitting field-effect 

transistors, which combine the merits of light-emitting diodes and field-effect 

transistors. The polymer films enhanced the hole transport on the gate 

dielectric and the hole injuction. The highest transistor mobility of around 1 

cm2 V1 s1 was obtained with a controlled polymer concentration, resulting in 

terrace-like morphology. 

Lim et al.159 performed that some aromatic building blocks such as 

benzo[1,2,5]thiadiazole, benzodithiophene, benzoxadiazole, fluorine, thiazole, 

etc. were copolymerized with TT unit for organic light-emitting diode 

(OLED) device. Among of the polymers, poly(9,9’-dioctylfluorene-alt-

thieno[3,2-b]thiophene showed a green light emission with a low turn-on 

voltage of 3.3 V when the polymer-based OLED device was fabricated as 

ITO/PEDOT:PSS/the polymer/LiF/Al. 

Although TT-based conjugated polymers has been widely researched for 
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organic electronics, the effects of fused aromatic molecules from bithiophene 

to TT on photovoltaic performance has not been investigated yet. In this work, 

we synthesized the two iI-based polymers which are PiI2T composed of 

isoindigo and bithiophene and PiITT composed of isoindigo and TT in order 

to clarify the effect of molecular fusion of electron-rich moiety in iI-based 

conjugated polymer on the properties of the polymer and the photovoltaic 

performance. 

The synthetic routes for monomers and polymers are illustrated in Scheme 

2.1. 2-Octyldodecane as solubilizing side chain was introduced to ensure good 

solubility in isoindigo molecule of the two polymers. Actually, when shorter 

side chain such as 2-hexyldecane was introduced in same polymer backbones, 

polymer PiI2T and PiITT were insoluble in any solvent. For polymerization, 

two electron deficient monomers which are compound 5 and 6 were 

synthesized through lithiation of the 2,2’-bithiophene and TT with n-BuLi and 

subsequent quenching with Me3SnCl. Polymerization was carried out via 

Stille coupling reaction using microwave reactor. 

 

3.2.2 Optical and electrochemical properties 

 

The UV-visible absorption spectra of PiI2T and PiITT in chloroform 

solution and solid state are shown in Figure 3.15. In solution, the absorption 

edge of PiITT is slightly shifted to high light wavelength compared to that of 

PiI2T and the absorption peaks of PiITT in low energy range are also moved 

while the maximum absorption coefficient of PiITT (3.99×104 M1cm1) is 
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slightly lower than that of PiI2T (4.10×104 M1cm1). In solid state, the 

absorption edge of PiITT is more shifted to high light wavelength compared 

as solution. Although the difference between the maximum absorption 

coefficients of two polymers is rarely changed, in high energy band from 

350 nm to 650 nm, the absorption coefficient of PiITT is higher than that of 

PiI2T. 

  The cyclic voltammograms of PiI2T and PiITT are displayed in Figure 

3.16 for verification of electrochemical properties of the polymers. The 

HOMO energy level of PiITT is 5.44 eV while those of PiI2T is 5.41 eV, 

as listed in Table 3.1. TT moiety induces that the delocalization of electrons 

from this fused aromatic unit into the backbone is less favorable, due to the 

larger resonance stabilization energy of the fused ring. This reduced 

delocalization along the polymer backbone results in a lowering of HOMO 

energy level of the polymer. When the LUMO energy levels of polymers are 

estimated by adding the optical bandgap to the corresponding HOMO energy 

levels, the LUMO energy levels of PiI2T and PiITT are 3.78 eV and 3.89 

eV, respectively. 
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Figure 3.15. UV-visible absorption spectra of PiI2T and PiITT in (a) CHCl3 

solution and (b) solid state. 
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Figure 3.16. Cyclic voltammograms of PiI2T and PiITT. 

 

 

3.2.3 The optimized chemical geometry and crystallinity 

 

To understand the effect of molecular locking by introducing fused 

aromatic ring on chemical geometry and crystallinity, the torsional angles of 

dimers of the PiI2T and PiITT repeating unit were calculated using the 

density functional theory (DFT), as shown in Figure 3.17 and X-ray 

diffraction (XRD) spectra of the polymers were obtained (Figure 3.18). 

The optimized chemical structure of PiITT exhibits more planar structure 

than that of PiI2T, because the torsional angle at the minimum energy state 
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of bithiophene in PiI2T backbone is 17.22◦ while TT has inherently no 

torsional angle. In addition, the calculated torsional angles between iI 

molecules and 2T molecule are higher than those between iI molecules and 

TT molecule, as listed in Table 3.2. The higher planarity of PiITT can induce 

a higher effective conjugation length and improve intermolecular interaction 

of polymer with extended conjugation. 

While the XRD spectrum of PiI2T shows (100), (200), (300) and (400) 

diffractions by lamellar packing in film, the XRD spectrum of PiITT exhibits 

only two (100) and (200) diffractions by lamellar packing and (010) 

diffraction by  stacking. The (010) peak indicates that PiITT would have 

higher charge transport properties than PiI2T.  

In summary, the rotational invariance of the linearly symmetrical TT in 

the backbone facilitates the adoption of the low-energy backbone 

conformation and highly coplanar polymer backbone, promoting 

intermolecular  stacking of the resulting polymer. 

 

Table 3.1. Characteristics of the PiI2T and PiITT. 

Polymer 
Mn 

(kg/mol) 
PDI 

HOMOb 

(eV) 

LUMOc 

(eV) 
Eg

opt (eV) 

PiI2Ta 78.2 3.76 5.41 3.78 1.63 

PiITT 57.8 2.35 5.44 3.89 1.55 

a) The polymer with 2-octyldodecane as side alkyl chain; b) Determined by 

cyclic voltammetry; c) LUMO= HOMO+Eg
opt. 
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Figure 3.17. Optimized chemical structures of dimers of PiI2T and PiITT at 

the minimum energy state calculated using DFT with a basis set of 

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

 

Table 3.2. Calculated dihedral angles of the PiI2T and PiITT. 

Polymer a (deg.) a (deg.)  a (deg.) 

PiI2T 15.46 17.22 14.04 

PiITT 13.28  12.76 

a) Dihedral angles calculated by density functional theory. 
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Figure 3.18. X-ray diffraction spectra of PiI2T and PiITT thin films. 

 

3.2.4 Photovoltaic properties 

 

The photovoltaic properties were characterized with the normal device 

architecture of ITO/PEDOT:PSS/polymer:PC71BM/Ca/Al (Figure 1.2) under 

AM1.5G illumination and listed in Table 3.3. Through the various 

optimization process, it was revealed that two polymer showed best 

photovoltaic performance as fabricated with 1:1 (w/w) blend ratio of polymer 

to PC71BM in chloroform containing 3 vol% DIO. To further optimize 

performance of PiITT-based PSCs, thickness control of the active layer was 

performed by alternation of spin-coating rate. (Figure 3.19) As the thickness 

of the active layer increases, JSC is expected to increase due to enhanced light 

absorption, while FF is decreased because of an increase of charge drift length 
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in the thick active layer and thereby the increase of probability of charge 

recombination. As expected, relatively thicker active layers of PiITT:PC71BM 

led to higher JSC and lower FF. (Figure 3.20) When the thickness is 89 nm, 

the performance of PSCs is optimized.  

The optimized PiI2T-based PSCs exhibited a PCE of 5.55% with a JSC of 

10.70 mA cm2, a VOC of 0.91 V and a FF of 0.57. As compared with 

performance of PiI2T-based PSCs, the optimized PiITT-based PSCs showed a 

higher PCE of 6.96% with a JSC of 11.42 mA cm2, a VOC of 0.91 V and a FF 

of 0.67. Low-lying HOMO energy levels of two polymers led to high VOC 

over 0.9 V. And the more broad absorption range and highly ordered 

crystallinity along  stacking direction of PiITT resulted in a higher 

photocurrent compared to that of PiI2T.  

 

 

Figure 3.19. JV curves from the variation of the active layer thickness of 

PiITT:PC71BM PSC devices. 
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Figure 3.20. Dependence of JSC, FF, VOC, and PCE on the active layer 

thickness of PiITT:PC71BM PSC devices. 
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Figure 3.21. (a) JV curves and (b) external quantum efficiency spectra of 

optimized polymers:PC71BM PSC devices. 
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Figure 3.22. Dark JV characteristics of polymers:PC71BM blends with 

hole-only device, where the solid line represent the best linear fit of the data 

points. 

 

 

Table 3.3. Photovoltaic properties and SCLC hole mobilities of devices with 

the polymers:PC71BM blends under optimized conditions. 

Polymer d (nm) 
VOC 

(V) 

JSC  

(mA cm2) 
FF 

PCE 

(%) 

h  

(cm2 V1 s1) 

PiI2T 110 0.91 10.70 0.57 5.55 1.06×103 

PiITT 89 0.91 11.42 0.67 6.96 3.77×103 

Fabricated from polymer:PC71BM (1:1 w/w) 
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The EQE spectra of PSCs were measured under the optimized conditions 

(Figure 3.21b). Due to narrow optical bandgap of PiITT (1.55 eV), the EQE 

spectrum of PiITT-based PSCs is expanded around 800 nm, while the 

difference of intensity for EQE spectra are not significant. As a result, the 

higher JSC of PiITT-based PSCs is derived from lower optical bandgap of 

PiITT compared to that of PiI2T. 

When the hole mobilities of polymers in PSCs are estimated from dark JV 

curves by using the SCLC model, as shown in Figure 3.22, the SCLC hole 

mobility of PiITT:PC71BM device is about three times higher than that of 

PiI2T:PC71BM device (Table 3.3), indicating that PiITT:PC71BM blend 

provides more effective charge pathway. 

 

3.2.5 Summary 

 

We designed and synthesized the polymers composed of isoindigo and 2,2’-

bithiophene/thieno[3,2-b]thiophene to investigate the effects of fused aromatic 

molecules on the performance of isoindigo-based PSCs. The polymer 

incorporating thieno[3,2-b]thiophene shows deeper HOMO energy level, 

narrower optical bandgap, and enhanced crystallinity along  packing 

direction. The optimized PiITT-based PSCs showed a higher PCE of 6.96% 

with a JSC of 11.42 mA cm2, a VOC of 0.91 V and a FF of 0.67. 

These results suggest that the molecular fusion from 2,2’-bithiophene to the 

linearly symmetrical thieno[3,2-b]thiophene with rotational invariance in the 

backbone is promising strategy for higher photovoltaic performance. 
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3.3 The polymer composed of thienylvinylene and 

isoindigo for high-performance polymer solar cells 

 

3.3.1 Background 

 

The needs to develop high performance PSCs as renewable and eco-

friendly energy resources have caused significant progress in the PCE of 

PSCs for the past decade. The most promising architecture of PSCs is the 

donor–acceptor BHJ structure, typically consisting of a photoactive 

conjugated polymer and fullerene derivative. The advance in PSC 

performance has been contributed mainly by the evolution of new donor 

polymers which have low optical bandgap for harvesting a broad solar 

spectrum while they have the proper LUMO energy level to secure exciton 

dissociation at the donor–acceptor interface and a deep HOMO energy level 

to afford high VOC, and high hole mobility for balanced charge collection at 

both electrodes. One of the best strategies to achieve the desired properties is 

to synthesize alternating copolymers, as electron donor material in BHJ, 

consisting of electron-rich and electron-deficient monomers. 

Thienylenevinylene (TVT) has not been fully studied as an electron-rich 

moiety of low bandgap conjugated polymers for organic photovoltaic 

application, although it has been used for high performance PFETs.160-171 It 

has been known that the incorporation of a vinylene bridge unit in the 

polymer backbone induces coplanarity of polymer chains and thus affords 

strong  interaction with a large overlapping area between chain backbones 
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due to the rotational freedom between consecutive aromatic units. Hence, 

conjugated polymers containing TVT units are expected to have superior 

charge transport properties compared to polymers without a vinyl linkage. 

Chen et al.160 reported highly -extended copolymers with 

diketopyrrolopyrrole and TVT for PFETs. Incorporation of TVT units 

between two thiophene rings adjacent to the diketopyrrolopyrrole units in the 

main chain can extend the polymer coplanarity and promote intermolecular 

 stacking. The polymer-based PFETs showed superb hole mobility of 8.2 

cm2 V1 s1 with a current on/off ratio of 105107. 

In this part, we report the synthesis and photovoltaic properties of a highly 

-extended conjugated low bandgap polymer composed of iI and TVT, 

poly[((E)-1,1’-di(2-decyltetradecyl)-[3,3’]biindolyl-2,2’-dione)-6,6’-diyl-alt-

((E)-2-(2-(thiophene-2’-yl) vinyl)thiophene)-5,5’-diyl] (PiITVT) and compare 

the properties of PiITVT with those of PiI2T, which is an isoindigo-based 

polymer without a vinyl linkage,127,128,131,135,172 in order to examine the effect 

of the vinylene linkage on the photovoltaic properties of isoindigo-based 

polymers. The polymers were synthesized from iI and TVT (or 2T) via 

microwave-assisted Stille coupling polycondensation. The number average 

molecular weight of PiITVT is 106.4 kDa with a polydispersity index of 3.47 

while PiI2T has the number average molecular weight of 78.2 kDa with a 

polydispersity index of 3.76, as measured by GPC. Both polymers have 

sufficient molecular weights so as not to affect the power conversion 

efficiency. Thermogravimetric analysis shows that PiITVT starts to 

decompose at 390℃ under nitrogen atmosphere, as shown in Figure 3.23. 
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Figure 3.23. Thermogravimetric analysis of PiI2T and PiITVT under N2 

atmosphere. 

 

 

Figure 3.24. GPC trace of PiI2T and PiITVT eluted with chloroform at room 

temperature. 
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3.3.2 Optical and electrochemical properties 

 

When the optical properties of PiITVT were characterized by UV-Vis 

absorption spectroscopy, as shown in Figure 3.25, PiITVT in the solid state 

exhibits a low optical band gap of 1.61 eV as determined by the onset of the 

absorption spectrum. The absorption spectrum of PiITVT shows the most 

intense 0–0 transition peak at 710 nm, the less intense 0–1 transition peak at 

644 nm and a weak peak at 452 nm arising from a * transition. In the low 

energy (long wavelength) region, the absorption wavelengths of two transition 

peaks of PiITVT are identical to those of PiI2T which is an alternating 

copolymer consisting of iI and bithiophene (2T) (i.e. PiI2T is a polymer 

without a vinylene linkage in PiITVT). However, the intensity of the 0–1 peak 

of PiITVT is relatively stronger than that of PiI2T, indicating that PiITVT 

chains are more strongly aggregated (Htype aggregation).173,174 The 

aggregation of PiITVT is further identified by observing the intensity change 

of the 0–1 peak with variation of solution concentration: the more 

concentrated solution shows the stronger 0–1 peak (Figure 3.26). In the high 

energy (short wavelength) region, the peak of PiITVT shows a slightly 

bathochromic shift compared to that of PiI2T. Furthermore, PiITVT in the 

solid state shows much stronger absorption below 620 nm. All of these optical 

properties lead us to conclude that PiITVT chains with a vinylene linkage are 

more readily aggregated in the solid state and thus exhibit a more ordered 

structure than PiI2T. The absorptivity of PiITVT is higher than that of PiI2T 

over the entire wavelength range. 
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Figure 3.25. Absorption spectra of PiI2T and PiITVT in (a) chloroform 

solution and (b) solid state. 
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Figure 3.26. Effect of PiITVT concentration in chloroform on the absorption 

spectra. 

 

Figure 3.27. UV-visible absorption spectra of PiI2T:PC71BM and 

PiITVT:PC61BM blend films under optimized condition. 
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Figure 3.28. Cyclic voltammograms of PiI2T and PiITVT, where the 

oxidative current is magnified by an order of magnitude. 

 

When the frontier orbital energy levels of PiITVT were determined by the 

cyclic voltammetry (CV), as shown in Figure 3.28, the LUMO and HOMO 

energy levels were −3.61 eV and −5.64 eV, respectively. Since PiITVT has a 

deep HOMO energy level due to the strong electron deficient isoindigo unit 

in the alternating copolymer, it is expected that the PSC device from PiITVT 

exhibits high VOC. It should be noted here that the energy levels of PiITVT 

are similar to those of PiI2T, indicating that vinylene linkage does not affect 

the frontier orbital energy levels. 
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3.3.3 Photovoltaic properties 

 

To investigate the effect of vinylene linkage in PiITVT on the photovoltaic 

properties, the current densityvoltage (JV) curves of devices fabricated 

from PiI2T and PiITVT were measured with a conventional configuration of 

glass/ITO/PEDOT:PSS/active layer/Ca/Al under the AM1.5G illumination. 

When the device performance of both polymers was optimized by changing 

the acceptor type (PC61BM vs. PC71BM), the blend ratio of polymer to 

PCBM, the type of solvent with or without additive, and the active layer 

thickness, the PCE of PiITVT-based devices was higher than that of PiI2T-

based devices. It should be noted here that the best performance of PiTVT-

based device was observed when PC61BM was used as acceptor while PiI2T-

based device exhibits the maximum PCE when PC71BM was used. In 

previous report, it was demonstrated that PC61BM as acceptor shows higher 

PCE than PC71BM in iI-based polymer solar cells.175,176 PiI2T-based device 

showed the maximum PCE of 5.55% when the device was prepared from 

PiT2T:PC71BM solution in chloroform and DIO mixture 

(chloroform:DIO=96:4), which is very consistent with the maximum value 

of previous report.172 For PiITVT-based devices, the best performance was 

obtained when the device was fabricated from PiITVT:PC61BM solution in 

chloroform and DCB mixture solvent (chloroform:DCB=9:1). The detailed 

optimization processes are represented in Figure 3.29 and Figure 3.30. 

Figure 3.31 shows the JV curves for the optimized devices fabricated from 

PiI2T:PC71BM and PiITVT:PC61BM. The JSC of the optimized device 
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fabricated from PiITVT is higher than that of optimized PiI2T-based device 

(13.2 mA cm−2 vs. 10.7 mA cm−2) while the VOC and FF of both devices are 

almost the same (see also Table 3.5). EQE spectra (Figure 3.31b) also 

identify that PiITVT has higher JSC than PiI2T. Furthermore, under 

optimized conditions, the SCLC hole mobility of PiITVT:PC61BM blend 

(5.14 × 10−3 cm2 V−1s−1) is higher than that of PiI2T:PC71BM (1.06 × 10−3 

cm2 V−1s−1), as shown in Figure 3.32. This is probably because PiITVT has 

more favorable molecular and packing structure to transport free charge 

carriers. 

 

 

Figure 3.29. Effect of the mixing solvent on JV curves of PiITVT:PC61BM 

(1:1.5 w/w) PSCs. 
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Figure 3.30. Comparison of (a) PC61BM and (b) PC71BM as acceptor in 

PiITVT-based PSCs. 

 

 

Table 3.4. Summary of photovoltaic properties of PiITVT:PC61BM (or 

PC71BM) with different blend ratio. 

p:n (acceptor) VOC (V) JSC (mA cm2) FF PCE (%) 

1:1 (PC61BM) 0.92 10.6 0.54 5.27 

1:1.5 (PC61BM) 0.92 12.4 0.58 6.61 

1:2 (PC61BM) 0.92 11.6 0.58 6.19 

     

1:1 (PC71BM) 0.90 12.4 0.54 6.03 

1:1.5 (PC71BM) 0.91 10.8 0.57 5.60 

1:2 (PC71BM) 0.88 12.3 0.56 6.06 

Solvent: chloroform:DCB (4:1 v/v) 
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Figure 3.31. (a) JV curves and (b) EQE spectra of PiI2T:PC61BM and 

PiITVT:PC61BM (1:1.5 w/w) PSCs. 
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Figure 3.32. Dark current density-effective voltage characterisitics of hole 

single carriers (SCLC mobilities) in the optimized conditions of PSCs, 

respectively. 

Table 3.5. Photovoltaic properties of polymer solar cells fabricated from 

PiI2T:PC71BM and PiITVT:PC61BM blend films. 

Polymer acceptor Solvent 
VOC 

(V) 

JSC  

(mA cm2) 
FF 

PCE 

(%) 

PiI2T PC61BMa CF:DCBc 0.88 9.1 0.57 4.56 

 PC61BMa CF:DIOd 0.86 10.3 0.55 4.87 

 PC71BMb CF:DIOd 0.91 10.7 0.57 5.55 

PiITVT PC61BMa CF:DCBc 0.91 13.2 0.59 7.09 

 PC61BMa CF:DIOd 0.94 10.3 0.61 5.91 

 PC71BMb CF:DIOd 0.89 10.9 0.56 5.43 

a) The blend ratio (w/w)=1:1.5. b) 1:1. c) The mixing ratio of solvent (v/v)= 

9:1. d) 96:4. 
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3.3.4 Crystallinity and molecular orientation 
 

To demonstrate the structural effect by incorporation of vinylene 

group between two thiophenes in PiITVT, geometry optimization of 

TVT and bithiophene was performed using the DFT method, and the 

molecular ordering of PiI2T and PiITVT was studied by XRD (Figure 

3.33). When the optimized structure of TVT is compared with that of 

bithiophene unit, the dihedral angle in TVT is 0° while the angle of 

bithiophene is of 16.5°, indicating that TVT has better coplanar 

structure than bithiophene. When the XRD patterns of PiI2T and 

PiITVT films are compared, as shown in Figure 3.33c, the XRD 

pattern of PiITVT exhibits the (010) peak corresponding to the  

stacking with a distance of 3.73 Å while PiI2T does not show a 

discernible (010) peak, although both polymers exhibit clearly lamellar 

texture with strong (h00) peaks. This indicates that PiITVT chains with 

better coplanar TVT unit, as also evidenced by the DFT calculation, 

are more readily ordered in the  stacking direction than PiI2T. 

For further verification of enhanced JSC by introduction of vinylene group, 

GIWAXS experiments were performed to provide the structural information 

in blend film of BHJ PSCs such as interchain distance, crystal size and 

crystallite orientation (Figure 3.34). Figure 3.34c and d clearly show that the 

(100) and (200) peaks of PiITVT:PC61BM blend are sharper and more 

distinct than those of PiI2T:PC71BM blend, indicating that lamellar stacking 

of PiITVT chains in the blend was better developed. Furthermore, the  
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stacking peak (Q=1.65 Å1) was observed only from the out-of-plane 

GIWAXS profile of PiITVT:PC61BM blend film, indicating that PiITVT 

crystallites take the face-on orientation on the substrate, which is beneficial 

for charge transport in organic solar cells.58,177-183 When the crystal size of 

polymer and PCBM in blend film was calculated using the Scherrer formula, 

the crystal size of PiITVT was larger than that of PiI2T regardless of 

crystallite orientation while the PCBM crystal size in PiITVT:PC61BM blend 

(ca. 1.4 nm) is nearly the same as the size of PiI2T in PiI2T:PC71BM blend 

film (ca. 1.3 nm). Although the lamellar stacking distance (d100) of PiITVT in 

blend film is longer than that of PiI2T due to bulkier solubilizing group, the 

average number of chains in a PiITVT crystallite is larger than that in a 

PiI2T crystallite. These structural results explain clearly that PiITVT has 

much higher crystallinity and more desirable orientation for charge transport 

in blend film as compared to PiI2T. 

 

3.3.5 Morphology of active layers 

 

When the TEM image of PiITVT:PC61BM blend was compared with that 

of PiI2T:PC71BM blend (Figure 3.35), it reveals that the PiI2T:PC71BM 

blend shows inter-connected fibrillar polymer domains with larger PC71BM 

clusters (ca. 100 nm in diameter), while the PiITVT:PC61BM blend exhibits 

finer fibrillar polymer network with smaller fullerene domains, indicating 

that the morphology of PiITVT: PC61BM blend is more effective for charge 

carrier transport than that of PiI2T:PC71BM blend. 
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Figure 3.33. Optimized geometry of (a) bithiophene unit and (b) TVT unit 

which were determined by DFT calculation at B3LYP/6-31G(d) level; (c) 

XRD patterns of PiI2T and PiITVT thin films. 
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Figure 3.34. GIWAXS patterns of blend thin films of (a) PiI2T:PC71BM. 

Fabricated from chloroform:DIO (96:4 v/v) and (b) PiITVT:PC61BM 

fabricated from chloroform:DCB (9:1 v/v); (c) out-of-plane and (d) in-plane 

cuts of the corresponding GIWAXS patterns. 
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Table 3.6. Summary of intermolecular distance (d), coherence length (LC) 

and the average number of chains in a crystallite (LC/d) determined from 

GIWAXS data. 

Blend film Direction 
Reflection 

plane 
d (Å) LC (Å) LC/d 

PiI2T:PC71BM Out-of-plane (100) 19.0 58.8 3.09 

 In-plane (100) 20.4 128.0 6.27 

  PCBM 4.4 12.8 2.91 

PiITVT:PC61BM Out-of-plane (100) 20.6 67.2 3.26 

 In-plane (100) 22.3 151.3 6.78 

  PCBM 4.5 14.4 3.20 

 

 

Figure 3.35. TEM images of blend films of (a) PiI2T:PC71BM (1:1 w/w) 

fabricated from chloroform:DIO (96:4 v/v) and (b) PiITVT:PC61BM (1:1.5 

w/w) fabricated from chloroform:DCB (9:1 v/v). 
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Figure 3.36. TEM images of PiITVT:PC61BM (1:1.5 w/w) blend cast from 

(a) pure chloroform (CF), (b) CF:DCB (95:5 v/v), (c) CF:DCB (8:2), (d) 

CF:DCB (7:3) and (e) CF:DCB (6:4) (all scale bars indicate 500 nm). 

 

 

3.3.6 Summary 
 

We have demonstrated that a highly -extended isoindigo-based low 

bandgap polymer (PiITVT), which is an alternating copolymer consisting of 

isoindigo and thienylvinylene, can be used as a promising donor material for 

high performance PSCs. The polymer has planar structure, a low optical 

band gap of 1.61 eV and a deep HOMO energy level of −5.64 eV, which are 

beneficial for achieving high photovoltaic performance. The PSCs based on 

PiITVT:PC61BM showed a PCE of 7.09% with a JSC of 13.2 mA cm−2, a VOC 
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of 0.91 V and FF of 59%. This performance is higher than that of PiI2T-

based PSCs with a JSC of 10.7 mA cm−2, a VOC of 0.91 V and FF of 57%. The 

improved performance of PiITVT-based devices was mainly derived from 

enhanced JSC. The higher JSC of PiITVT-based solar cell may be attributed to 

two facts: PiITVT absorbs more photons in high energy region than PiI2T; 

PiITVT has better coplanar structure and thus more ordered structure in the 

 stacking direction as compared to PiI2T, which is more beneficial for 

charge carrier transport. In short, this work clearly shows that the -extended 

thienylvinylene unit is a promising building block for constructing 

conjugated polymer to achieve high performance PSCs. 

 

 

 

 

Figure 3.37. Representative figure of comparison with PiI2T and PiITVT.  
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3.4 The polymer composed of 3,3’-difluoro-2,2’-

bithiophene and isoindigo for high-performance polymer 

solar cells 

 

3.4.1 Background 
 

High-efficiency PSCs, fabricated from blends of conjugated polymers and 

fullerene derivatives in organic solvents, have intensively been developed for the 

last two decades owing to low specific weight, low cost, mechanical flexibility, and 

large area device fabrication. For fabrication of PSCs with these advantages, a large 

amount of organic solvent has been used and evaporated mostly into the atmosphere. 

To date, most of PSCs exhibiting high PCE have been fabricated by using 

halogenated solvents such as chloroform, chlorobenzene and dichlorobenzene along 

with halogenated additives such as 1,8-diiodooctane and 1-

chloronaphthalene.82,83,184-191 Unfortunately, it has been demonstrated that the 

halogenated solvents have serious environmental, health and safety hazards while 

non-halogenated solvents such as o-xylene and toluene are less problematic.192 

Therefore, it is essential to research the conjugated polymers which are soluble in 

environmentally non-halogenated solvents and exhibit high-performance PSCs.192-196 

Recent efforts to replace halogenated solvents with non-halogenated ones have 

revealed that synthesis of new conjugated polymer soluble in non-halogenated 

solvents through rational molecular design is a key factor.193,194,197,198 Hence, side 

chain engineering (e.g., introduction of bulkier side chain on conjugated polymer 

backbone) is considered to be an effective and simple strategy to enhance the 
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solubility of conjugated polymer in non-halogenated solvents.197,198 However, 

although the incorporation of bulkier side chain enhances effectively the solubility 

of conjugated polymer, it may affect adversely the photovoltaic performance of the 

resulting polymer because most of side chains introduced in conjugated polymers 

possess insulating property. 

Among several strategies to compensate for the negative effect of bulky side 

chains on photovoltaic properties and thus to achieve high-efficiency PSCs, the 

introduction of fluorine atom in conjugated polymer has been one of most effective 

methods, because the fluorine introduction in conjugated polymers affords deeper 

frontier energy levels without change of optical bandgap by strong electron-

withdrawing nature with the highest electronegativity, high absorption coefficient, 

enhanced inter/intra molecular interaction of polymers by induced dipole along the 

CF bond, and reduction of recombination loss in bulk heterojunction systems.96,199-

201 Recently, we reported the syntheses of fluorinated conjugated polymers based on 

3,3’-difluoro-2,2’-bithiophene (2fT) as promising polymer for achieving high-

efficiency PSCs.202-207 

A polythiophene derivative consisting of 2fT and 3,4-dialkylthiophene exhibited 

a promising PCE of 5.2%.202 We also reported photovoltaic properties of two kinds 

of push-pull type copolymers with each being fluorinated on electron-rich and 

electron-deficient units, where quraterthiophene and 2,1,3-benzothiadiazole are 

used, in order to investigate the effect of the fluorination position on photophysical 

and photovoltaic properties of the polymers. Although the fluorination on either 

electron-rich or electron-deficient unit effectively enhances the intermolecular 

interaction and lowers both LUMO and HOMO energy levels retaining a low 
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bandgap of 1.58 eV, the polymer with a fluorinated electron-rich unit shows a high 

PCE of 7.10% while the polymer with a fluorinated electron-deficient unit exhibits a 

PCE of 6.75%, demonstrating that the fluorination on the electron-rich unit in the 

push-pull polymer is very promising and comparable to or even more effective than 

the fluorination on the electron-deficient unit for achieving high performance 

PSCs.203 In addition, we reported the photovoltaic properties of three fluorinated 

push-pull polymers consisting of 2fT and 2,1,3-benzothiadiazole, where the fluorine 

content in the polymer is controlled by fluorination on the 2,1,3-benzothiadiazole 

unit. It was observed that the introduction of fluorine atoms causes multiple effects 

on the properties of conjugated polymers including a stronger vibronic shoulder in 

the UV-visible absorption spectrum and lowering frontier energy levels. In 

Particular, the crystal properties of fluorinated polymers are strongly dependent 

upon the total number of fluorine substitution in the polymer: the  stacking 

distance decreases as the number of fluorine substitution on 2,1,3-benzothiadiazole 

increases, affording the polymer with di-fluorination on 2,1,3-benzothiadiazole the 

highest FET hole mobility, whereas the polymer with mono-fluorination on 2,1,3-

benzothiadiazole exhibits a better photovoltaic performance than the polymers with 

non- and di-fluorination on 2,1,3-benzothiadiazole, because the polymer with mono-

fluorination on 2,1,3-benzothiadiazole has a stronger tendency to take face-on 

orientation than other polymers when blended with PC71BM, exhibiting the highest 

PCE of 9.14%. These results demonstrated that the optoelectrical and photovoltaic 

properties of fluorinated conjugated polymers can be controlled by varying the 

amount of fluorine substituted on the conjugated polymer backbone, and therefore 

the optimum amount of fluorine substitution should be considered for achieving 
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high performance PSCs.204 

In this work, we synthesized two isoindigo-based conjugated polymers composed 

of isoindigo with 2-decyltetradecane (DT) and bithiophene with/without fluorination 

for high performance PSCs. Two polymers (PiI2T and PiI2fT) were synthesized via 

microwave-assisted Stille coupling polycondensation in toluene with Pd2(dba)3 and 

P(o-tol)3,. The number average molecular weights (Mn) of PiI2T and PiI2fT, as 

measured by gel permeation chromatography at 70 ℃ with chlorobenzene as eluent, 

are 79.2 and 91.6 kg/mol with polydispersity index of 4.65 and 2.25, respectively. 

When the PiI2fT-based PSCs were processed with halogenated solvent, the PCE of 

the PSCs showed a PCE of 7.92% with a VOC of 1.02 V, a JSC of 11.25 mA cm2, a 

FF of 0.69 in normal device architecture, while the PiI2T-based PSCs showed a PCE 

of 5.09% with a VOC of 0.93 V, a JSC of 8.82 mA cm2, a FF of 0.62.  And in 

inverted device architecture, the PiI2fT-based PSCs exhibited a PCE of 8.75% with 

a VOC of 1.05 V, a JSC of 12.08 mA cm2, a FF of 0.69. Although it is well-known 

that the fluorination of polymer decreases the solubility of polymer,208 PiI2fT with 

DT as side chain is soluble in o-xylene, while PiI2fT with 2-octyldodecane is not 

soluble, indicating that the introduction of bulky alkyl side chain affords the 

solubility in common solvents to the polymer.  
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3.4.2 Optical and electrochemical properties 
 

When UV-visible absorption spectra of the two polymers in o-xylene 

solution and solid film state are compared, as shown in Figure 3.38, an 

identical onset of absorption is observed for both polymers at 753 nm, 

corresponding to an Eg
opt of 1.65 eV. The maximum molar absorption 

coefficient of PiI2fT in o-xylene solution is 4.26 × 104 M1 cm1, which is 

higher than that of PiI2T (3.29 × 104 M1 cm1 at 702 nm), indicating that 

PiI2fT-based PSC may exhibit higher photocurrent than PiI2T-based one. 

The HOMO energy levels of PiI2T and PiI2fT were determined by CV 

(Figure 3.39a), ultraviolet photoelectron spectroscopy (UPS) measurement 

(Figure 3.39b) and DFT calculation (Figure 3.40), and the data are 

summarized in Table 3.7. The HOMO energy level of PiI2fT as determined 

from the oxidation potential of CV is 5.48 eV, which is 0.1 eV lower than 

that of PiI2T (5.38 eV). UPS measurement and DFT calculation of HOMO 

energy levels also show the same trend although the absolute values are 

different from each other, indicating that the incorporation of fluorine atom 

in polymer chain can effectively lower the HOMO energy level. 

Consequently, PiI2fT-based PSCs are expected to exhibit higher VOC than 

PiI2T-based PSCs, because VOC is proportional to the difference between the 

HOMO energy level of donor material and the LUMO energy level of 

acceptor.209 When the LUMO energy levels of polymers are determined by 

adding the optical bandgap to the HOMO energy level from CV 

measurement, the LUMO energy levels of PiI2T and PiI2fT are 3.73 eV 
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and 3.83 eV, respectively, indicating that the LUMO energy level offsets 

between donor polymer and acceptor for effective exciton dissociation are 

marginal. To examine exciton dissociation at the interface between polymer 

donor and PC71BM, we measured the steady-state photoluminescence (PL) 

in polymer:PC71BM blends (Figure 3.41). Since both PiI2T:PC71BM and 

PiI2fT:PC71BM blends show high PL quenching efficiencies, we conclude 

that the LUMO offsets between polymers and PC71BM are sufficient for 

exciton dissociation. When we also calculated the dipole moment changes 

from ground to excited state (ge) for repeating units of two polymers in 

order to evaluate the exciton dissociation and charge generation, as listed in 

Table 3.7, it reveals that PiI2fT has largerge than PiI2T, indicating that 

PiI2fT exhibits higher photovoltaic performance, because it has been 

reported that large ge facilitates exciton dissociation and charge 

generation.200,210 

Table 3.7. Characteristics of the PiI2T-DT and PiI2fT. 

polymer 
Mn 

(kDa) 
PDI 

Eg
opt 

(eV) 

HOMO (eV) LUMOe 

(eV) 

ge
f 

(D) CVb UPSc DFTd 

PiI2Ta 79.2 4.65 1.65 5.38 5.06 5.07 3.73 2.76 

PiI2fT 91.6 2.25 1.65 5.48 5.23 5.26 3.83 8.39 

a) The polymer with 2-decyltetradecane as side alkyl chain; b) Determined by 

cyclic voltammetry; c) Determined by ultraviolet photoelectron spectra; d) 

calculated by the density functional theory at the B3LYP/6-31g(d,p) level; e) 

LUMO= HOMOCV+Eg
opt; f) ge= [(exgx)

2 + (eygy)
2 + (ezgz)

2]1/2 
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Figure 3.38. UV-visible absorption spectra of PiI2T and PiI2fT in (a) o-

xylene solution and (b) solid films. 
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Figure 3.39. (a) Cyclic votammograms and (b) ultraviolet photoemission 

spectra of polymers. 

 

 

 
 

Figure 3.40. Optimized chemical structure of two repeating units (n=2) of 

polymers, and the HOMO and LUMO orbital distributions as calculated at 

the B3LYP/6-31G(d,p) level. 
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Figure 3.41. Steady-state photoluminescence quenching spectra of (a) PiI2T 

and its blend with PC71BM and (b) PiI2fT and its blend with PC71BM. 
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3.4.3 Photovoltaic properties 

 

To measure photovoltaic performance of polymers, we fabricated the PSC 

devices with an inverted configuration (ITO/ZnO/polymer:PC71BM/MoO3 

/Ag). The JV curves of PSCs under AM 1.5G illumination are shown in 

Figure 3.42a and relevant photovoltaic properties are summarized in Table 

3.8. The optimum blend ratio of polymer to PC71BM was 1:1.5 (w/w) for the 

two polymers. For optimization of active layer morphology for high efficient 

photovoltaic performance, we added 3 vol% of DPE as an additive in o-

xylene. When the PSCs are fabricated using o-xylene with 3 vol% DPE, the 

PiI2fT-based PSC exhibits a PCE of 8.80% with a VOC of 1.06 V, a JSC of 

12.58 mA/cm2 and a FF of 0.66, while the PiI2T-based one shows lower 

PCE of 4.92% with a VOC of 0.89 V, a JSC of 9.21 mA/cm2 and a FF of 0.60. 

As expected from lower HOMO energy level of PiI2fT, the PiI2fT-based 

PSC shows higher VOC than PiI2T-based one. To identify another origin of 

higher VOC of PiI2fT-based PSC, the photon energy loss (Eloss), defined as 

(Eg
opt

eVOC) was also estimated.211-214 The PiI2fT-based device exhibits a 

Eloss of 0.59 eV while the Eloss of PiI2T-based one is 0.76 eV. Since it has 

been reported that the low Eloss affords high VOC,214 it is concluded that the 

introduction of fluorine in conjugated polymer leads to lower Eloss in the 

polymer:PCBM blend and thereby to higher VOC. The EQE spectra of PSCs 

also show that the PiI2fT-based PSC exhibits intenser photoresponse than the 

PiI2T-based one over entire spectrum (Figure 3.42b). 

To further understand better photovoltaic performance of PiI2fT than 
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PiI2T, we estimated the bimolecular charge recombination in active layer by 

measuring the dependence of JSC on the light intensity (Plight). Since the 

correlation between JSC and Plight is described by JSC∝(Plight)
, where  

(recombination parameter) becomes unity when the photocurrent loss due to 

recombination is negligible,215-220 the plot of JSC against Plight provides the 

information for bimolecular recombination of free charge carriers that can 

limit photocurrent. When the JSCs of two devices are plotted against Plight, as 

shown in Figure 3.43, the PiI2fT-based device (=0.98) show higher  value 

than PiI2T-based device (=0.93), indicating that the bimolecular 

recombination in the active layer of PiI2fT:PC71BM is more effectively 

suppressed than in the active layer of PiI2T:PC71BM. 

 

 

Table 3.8. Photovoltaic properties of inverted polymer solar cells fabricated 

from PiI2T-DT:PC71BM and PiI2fT:PC71BM blend films. 

Polymer 
VOC 

(V) 

JSC  

(mA 

cm2) 

FF 
PCEmax(ave)a 

(%) 
b 

Eloss 

(eV) 

PiI2T 0.89 9.21 0.60 4.92 (4.77) 0.93 0.76 

PiI2fT 1.06 12.58 0.66 8.80 (8.64) 0.98 0.59 

a) The average values obtained from four devices; b) recombination 

parameters; o-xylene was used as a processing solvent containing 3 vol% 

DPE. 
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Figure 3.42. (a) JV curves and (b) EQE spectra of polymer:PC71BM (1:1.5 

w/w) solar cells fabricated with o-xylene containing 3 vol% DPE. 
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Figure 3.43. Plot of short-circuit current density vs. light intensity of 

polymer:PC71BM (1:1.5 w/w) solar cells fabricated with o-xylene containing 

3 vol% DPE. 

 

3.4.4 Morphology of active layers 

 

While the TEM images of two blends show interconnected and fibrillar 

structures, the fibrils of PiI2fT in the active layer is more distinct and 

narrower than those of PiI2T (Figure 3.44), indicating that the morphology 

of PiI2fT blend is more beneficial to exciton dissociation and free charge 

transport than that of PiI2T. Since it has been reported that the solubility of 

polymer decreases and the fibril width in the active layer becomes narrower 

as the fluorine content of polymer increases,208 it is concluded that the finer 

fibrils of PiI2fT in the active layer arise from relatively lower solubility than 

PiI2T. 
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Figure 3.44. TEM images of (a) PiI2T:PC71BM, (b) PiI2fT:PC71BM blends 

as processed with o-xylene containing 3 vol% DPE. 

 

3.4.5 Crystallinity and molecular orientation 

 

Since the crystallinity and the molecular orientation of polymer in blends 

are also important parameters for high-performance PSCs, the crystallinity 

was investigated by XRD measurement. Figure 3.45a compares XRD 

patterns of neat PiI2T and PiI2fT films. Although both polymers show 

distinctive Bragg diffractions at (h00) reflections from lamellar stacking and 

(010) reflection from  stacking, the diffraction peaks of PiI2fT are 

stronger and sharper than those of PiI2T films, and the stacking distance 

of PiI2fT (3.56 Å) is shorter than that of PiI2T (3.67 Å), indicating that 

PiI2fT has higher crystallinity than PiI2T. To investigate the orientation of 

polymer crystal in the blend with PC71BM, we performed the GIWAXS  
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Figure 3.45. (a) The X-ray diffraction patterns of neat PiI2T and PiI2fT thin 

films; 2-D GIWAXS: (b) out-of-plane and (c) in-plane line cuts of 

polymers:PC71BM blends processed with o-xylene containing 3 vol% DPE. 
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experiment with an incident angle of 0.13◦. Figures 3.39b and c show that the 

crystals of both polymers adopt the mixed orientation of face-on and edge-on 

orientation. Although both polymer crystals exhibit similar crystal 

orientation, higher crystallinity of PiI2fT in blend contributes significantly to 

higher JSC of PiI2fT. 

 

3.4.6 Summary 

 

We report the synthesis and photovoltaic properties of two isoindigo-based 

copolymers, which are soluble in both halogenated solvents and non-

halogenated solvents. The introduction of fluorine atom in conjugated 

polymer affords positive effects on photophysical properties of the  

conjugated polymer: intense light absorption in UVvisible region (increase 

of JSC), lowering of the HOMO energy level (increase of VOC) and increase 

of dipole moment (reduction of charge recombination), while the fluorine 

substitution has negative effect on solubility of the polymer. On the other 

hand, the introduction of bulk alkyl chain in the polymer may enhance the 

solubility in organic solvents. Hence, the combination of introduction of 

bulky alkyl side chain and substitution of fluorine atom on the conjugated 

polymer backbone enables us to fabricate high performance PSCs as 

processed with non-halogenated solvent. When the PiI2fT-based PSC is 

fabricated with o-xylene as processing solvent and DPE as additive, the cell 

exhibits a superior PCE of 8.80% with a VOC of 1.06 V, which are higher 

than the values of the PiI2T-based PSC. To the best of our knowledge, the 
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PCE of 8.80% and the VOC of 1.06 V are one of the highest values among 

PSCs processed with non-halogenated solvents. In short, the combination of 

introduction of bulky alkyl side chain and substitution of fluorine atom on 

the conjugated polymer backbone is a promising strategy for eco-friendly 

device fabrication and highly efficient PSCs with high VOC. 

 

 

 

Figure 3.46. Representative figure of comparison with PiI2T and PiI2fT. 
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Chapter 4. Conclusion 

 

In this study, we designed and synthesized three kinds of novel push-pull 

type isoindigo-based copolymers for high-performance PSCs by modifying 

bithiophene as electron-rich moiety and investigated the photovoltaic 

performance of the PSCs. 

First, a conjugated polymer consisting of isoindigo (iI) and thieno[3,2-

b]thiophene (TT) was synthesized via the Stille coupling reaction in order to 

demonstrate the effect of molecular fusion from bithiophene to TT on the 

properties of polymers and those photovoltaic performance of PSCs. 

Incorporation of TT as electron-rich moiety on conjugated polymer 

manipulates its photophysical and electrochemical properties, including to 

lowered optical band gap (1.55 eV) in UV-visible absorption spectra and 

deeper HOMO energy level (5.44 eV) determined by cyclic voltammetry 

because of the larger resonance stabilization energy of the fused ring. 

Furthermore, the polymer with TT shows highly ordered crystallinity along 

 stacking direction, leading to high charge carrier mobility in photoactive 

layer. PiITT consisting of iI and TT exhibits a PCE of 6.96% with a JSC of 

12.42 mA cm2, a VOC of 0.91 V and a FF of 0.67 when the PSCs were 

fabricated from the blend of the polymer and PC71BM. 

  Secondly, highly -extended iI-based copolymer consisting of iI and 

thienylvinylene (TVT) was designed and synthesized for strong  

interaction with large overlapping area between chain backbones due to 

rotational freedom between consecutive aromatic units. Although 
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introduction of TVT in iI-based polymer does not effect on optical band gap 

and electronic energy levels, the polymer PiITVT composed of iI and TVT 

shows higher absorption coefficient and highly ordered crystallinity in 

photoactive layer. Moreover, in optimized condition for PSCs, PiITVT has 

preferential molecular orientation (face-on orientation) when it was 

demonstrated by GIWAXS measurement and the well-developed 

morphology with finer fibril of PiITVT when it was observed by TEM. 

PiITVT-based PSCs shows a high PCE of 7.09% with a JSC of 13.2 mA cm2, 

a VOC of 0.91 V and FF of 0.59. It is higher than that of PiI2T containing 

bithiophene (5.55%), because of the better coplanar structure of the TVT 

unit than the bithiophene unit. 

Finally, the fluorinated iI-based polymer was designed and synthesized by 

combining iI with bulkier alkyl side chain and fluorinated bithiophene for 

high-performance PSCs. And the polymer are soluble in non-halogenated 

solvent such as o-xylene. The use of non-halogenated solvents such as o-

xylene for fabrication of high performance PSCs has recently attracted much 

attention from academia and industry, because the halogenated solvents and 

additives cause serious environmental, health and safety problems. When the 

fluorinated polymer-based PSC is fabricated with o-xylene as processing 

solvent and diphenyl ether as additive, the cell exhibits a superior PCE of 

8.80% with a VOC of 1.06 V, which are one of the highest values among 

PSCs processed with non-halogenated solvents to the best of our knowledge. 

Our work successfully demonstrates that the combination of introduction of 

bulky alkyl side chain and substitution of fluorine atom on the conjugated 
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polymer backbone is a promising strategy for eco-friendly device fabrication 

and highly efficient PSCs with high VOC.  

In conclusion, optical, electrochemical, crystallographic and photovoltaic 

properties of iI-based conjugated polymers are significantly influenced by 

modification of electron-rich moiety. All of the three modification methods 

achieved higher performance for PSCs with different characteristics, 

respectively. Molecular fusion of bithophene led to a higher FF, resulting 

from highly ordered  stacking. And -conjugated extension by inserting 

a vinylene group between aromatic rings of bithiophene accomplished a 

higher JSC due to higher absorption coefficient and more preferential 

molecular orientation in blend thin film. Last, fluorination on bithiophene 

improved the entire factor (JSC, VOC, and FF) for PCE, resulting from higher 

absorption coefficient, higher dipole moment change from stable state to 

excited state, deeper HOMO energy level, and higher crystallinity. We 

revealed that three kinds of modification methods which are introduced in 

this thesis are promising design strategies for high-performance iI-based 

PSCs and how each method achieves improved performance. 
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초    록 

전도성 고분자의 화학 구조는 광학 밴드갭, 광흡수도, 에너지 레

벨, 쌍극자 모멘트 그리고 전하 이동도에 직접적으로 영향을 미치

므로 고성능 고분자 태양 전지를 위해 전도성 고분자의 분자 공학

은 매우 중요하다. 밴드갭과 광흡수도 같은 광학적 특성은 태양 에

너지를 전기 에너지로 변환하는 과정에서 중요한 요소이다. 또한 

에너지 레벨, 쌍극자 모멘트, 그리고 전도도와 같은 전기적 특성은 

광자로부터 전자 혹은 정공으로 분리된 자유 전하 입자를 생산하고 

저장하는데 있어 밀접한 관계를 가지고 있다. 더욱이, 결정성, 용해

도, 그리고 풀러렌 유도체와의 혼화성과 같은 물리적 특성은 고분

자의 화학 구조에 의해 결정적으로 영향을 받는다. 

전도성 고분자의 적절한 특성을 얻기 위해서 가장 효과적인 전

략은 전자주개 단량체와 전자받개 단량체의 공중합으로 만들어진 

“주개-받개 공중합체”의 설계이다. 이 방법은 고분자 내부의 두 

단위체 사이에서 분자내부 전하 이송을 유도한다. 이는 각 단위체

의 분자 오비탈 재분배가 일어나게 하고 고분자의 밴드갭을 낮추는 

결과를 가져온다. 전자주개 단량체와 전자받개 단량체의 적절한 조

합은 고성능 고분자 태양 전지를 얻기 위해 고분자의 특성을 세밀

하게 조절할 수 있게 한다. 

본 박사 학위 논문에서는 유기 태양 전지의 성능 향상을 위해 

전자받개로 indigo 계열의 염료 중, 이성질체인 isoindigo와 

bithiophene을 세 가지 전략으로 변형한 전자주개 물질들을 각각 
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고분자로 합성하여 태양 전지의 성능을 향상시키고 다양한 분석 방

법으로 원인을 규명하였다. isoindigo 기반의 물질은 일반적으로 낮

은 광학 밴드갭과 높은 광흡수도, 높은 이온 포텐셜 그리고 높은 

결정화도를 바탕으로 고성능 유기 태양 전지에 적용하기 매우 유리

한 특성을 가지고 있다. 

첫 번째 isoindigo (iI) 기반의 전도성 고분자는 bithiophene의 

fused 방향성 분자인 thieno[3,2-b]thiophene (TT)을 전자 주개 

단량체로 합성하였다. TT와 iI를 Stille coupling polycondensation

을 통해 합성한 고분자 (PiITT)는 bithiophene을 전자주개로 합성

한 고분자 (PiI2T)에 비해 낮은 광학 밴드갭을 갖고 높은 이온 포

텐션을 나타냈다. PiITT와 PC71BM을 혼합하여 만든 bulk 

heterojunction 고분자 태양 전지는 PiI2T를 이용한 태양 전지에 

비해 단란 회로 전류와 개방 회로 전압이 크게 상승하지는 않았지

만 채우기 인자 (fill factor)의 상승으로 인해 상대적으로 7%대의 

높은 효율을 나타냈다.  

두 번째 isoindigo 기반의 전도성 고분자는 bithiophene의 두 

방향성 분자 사이에 vinyl group을 도입한 thienylvinylene 

(TVT)을 전자주개 단량체로 합성하였다. TVT는 bithiophene이 

두 분자 사이에 존재하는 반발력에 의해 완벽한 평면성을 갖지 못

하는 단점을 vinylene을 도입하여 2면각 (dihedral angle)이 0도

에 수렴하게 설계된 단량체이다. 이 단량체를 isoindigo 기반의 전

도성 고분자에 전자주개로 이용한 고분자 (PiITVT)는 PiI2T에 비

해 높은 결정성을 보이며 PC71BM과 혼합한 광활성층 내에서 결정
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의 배향이 고분자 태양 전지에 유리한 face-on을 형성하는 것을 

확인하였다. 그로 인해, PiITVT 기반의 고분자 태양 전지는 PiI2T 

기반의 태양 전지에 비해 단락 회로 전류가 향상되었고 7%대의 효

율을 얻었다. 

세 번째 isoindigo 기반의 전도성 고분자는 bithiophene에 불소 

원자를 도입하여 고분자 태양 전지의 성능에 유리한 에너지 준위를 

유도하고 광흡수도와 결정성을 상승시켜 단락 회로 전류 향상을 목

적으로 설계되었다. bithiophene에 불소를 도입한 3,3’-difluoro-

2,2’-bithiophene (2FT)는 높은 효율의 고분자 태양 전지를 얻기 

위해 촉망받는 전자주개 물질이다. 2FT를 도입한 전도성 고분자 

(PiI2FT)는 PiI2T에 비해 높은 광흡수도와 결정성을 바탕으로 향

상된 단락 회로 전류, 높은 이온 포텐셜을 바탕으로 1.06V의 높은 

개방 회로 전압, 그리고 낮아진 용해도로 인해 증가한 채우기 인자

를 얻을 수 있었다. PiI2FT 기반의 고분자 태양 전지의 향상된 효

율은 전자 투과 현미경으로 모폴로지를 관찰하였을 때, PiI2T에 비

해 더욱 세밀하고 고른 고분자와 PC71BM의 분포를 확인하였고 2

차원 X-ray로 광활성층 내의 고분자 결정 배향을 조사했을 때, 고

분자의 결정이 더욱 높은 비율로 face-on으로 형성되어 있는 것을 

확인하였다. 이러한 결과는 PiI2FT 기반의 고분자 태양 전지는 에

너지 변환 효율의 세 가지 요소인 단락 회로 전류, 개방 회로 전압 

그리고 채우기 인자가 모두 향상된 결과를 얻었고 결과적으로 8%

후반의 효율을 얻게 되었다. 

최종적으로 bithiophene을 세 가지 전략으로 변형한 전자주개들
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을 isoindigo 기반의 전도성 고분자에 도입하여 각 단량체의 특성 

별로 고분자 태양 전지의 향상된 에너지 변환 효율을 얻을 수 있었

다. 본 학위 논문에서 설립한 전략은 다양한 전자받개 물질에도 적

용할 수 있을 것으로 기대하며 PiI2FT 기반의 고분자 태양 전지의 

높은 개방 회로 전압은 탠덤 유기 태양 전지에 활용하여 보다 높은 

효율의 태양 전지 소자를 구현할 수 있을 것으로 보인다. 

  

주요어: 광전 변환 공학, 고분자 태양전지, 벌크 이종접합, 

공액고분자, 아이소인디고 
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