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Abstract 

 

Naphthonaphtho[2,1-b:3,4-b']dithiophene is a good electron-rich building block for 

p-type semiconducting materials and has been extensively studied in our group. Various 

donor-acceptor type copolymers based on naphtho[2,1-b:3,4-b']dithiophene were 

designed and synthesized for high-performance bulk heterojunction solar cell 

applications. The structure-property relationship of these copolymers with respect to 

the influence of alkyl side-chain position and chain length, fluorination substitution 

effect as well as acceptor group effect with different electron withdrawing ability were 

also investigated. 

The results of the PV device performance based on these copolymers indicated that 

the device efficiency was sensitive to the position of the alkyl side-chains attached, 

which could cause non-planarity of polymer backbone. The resulting 

naphthodithiophene-based copolymer with shorter side-chains afforded higher device 

efficiency. The incorporation of fluorine atoms into the copolymers leading to the poor 

solubility caused a decrease in the device performance compared to the non-fluorinated 

counterparts. The copolymer with thiadiazol[3,4-c]pyridine as an electron-deficient 

unit also showed promising device performance with efficiency up to 5.10%. 

Among all the copolymers designed and synthesized, three copolymers namely 

PNB-4, PNB-C2,6 and PNTP exhibited excellent preliminary device performance with 

a PCE more than 5.0% showing potential for further device optimization and 



 

iii 
 

development. And the molecular structure of all the copolymers synthesized are shown 

as follows: 
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CHAPTER ONE 

Organic Photovoltaic Cells: Introduction and Recent 

Development 

1.1 Introduction 

With the advancement of society, the needs for energy increase rapidly every year 

accompanied by more and more serious environmental pollution. Governments in the 

world put a lot of resources and efforts to develop new sources of energy such as 

hydroelectric power, nuclear power, wind power, solar cells, and so on. Compared with 

other energy, solar cells possess unique advantages. Sunlight is clean and free where 

the conversion of sunlight into electricity would not risk the environment. It is 

unaffected by climate and region as compared with hydroelectric power and wind 

power, especially as a power supply in rural areas. The availability of solar energy by 

far exceeds any potential future energy demands. In fact, the amount of sun energy that 

reaches earth per hour (1.4 × 1030 J) is much larger than that of the energy needed by 

mankind per year.1 Therefore, harvesting and conversion of sunlight into electricity 

offer a potential effective way to solve today’s energy crisis and environmental 

pollution problems. 

1.2 The brief history of solar cells 

The photovoltaic effect was first reported by Edmond Becquerel in 18392. When he 

conducted an experiment by putting silver chloride in an acid solution and illuminated 

while connected to platinum electrodes, the cell generated photo-voltage and 

photocurrent. Thus, the photovoltaic effect has also been known as “Becquerel effect” 

(Figure 1-1). After that, around 1880, the first solid-state photovoltaic device was 

fabricated by contacting selenium with two platinum contacts under light illumination, 

a photocurrent was generated. These early stage photovoltaic cells are thin film 
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Schottky barrier devices, which could be characterized by building a transparent 

asymmetric electronic junction, and the theory of this type of structure was developed 

by Walter Schottky and others.3 

 

Figure 1-1 Comparison of the photoelectric effect (left), electrons are freed once the 
energy exceeds the bond energy, and photovoltaic effect (right), asymmetry in a solar 
cell drives electrons that are freed by the incident light in the circuit. 

Although the early development of solar cells had built up some basic theories and 

explanations, it was not until 1950s, with the successful development of good quality 

silicon wafers, especially, the crystalline silicon wafer (Figure 1-2), the potential large 

area application of solar cells has not been realized. Part of the commercial success of 

the silicon solar cells can be attributed to the energy crisis, which promotes the world 

to develop new technologies for better solar cells and find new energy resources. As 

the high-efficiency crystalline silicon wafer is very costly, developing alternative low 

cost photovoltaic materials has attracted many interests. 

  

Figure 1-2 Silicon wafer 
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The discovery of metal-like electrical conductivity of polyacetylene in 1976 by 

Shirakawa, Heeger and MacDiarmid opened the door of research in polymeric 

semiconductors. One of the fastest growing fields in organic solar cell research is 

currently based on the use of semiconducting polymers such as poly(3-hexylthiophene-

2,5-diyl (P3HT) as photovoltaic materials. The inherent processing advantages of 

polymers leading to the development of a number of thin film fabrication technologies, 

the possibility of tailoring desired properties, lightweight and low-cost make polymer-

based solar cells very attractive in both academia and industry. 

There are three kinds of device structures that are commonly used to construct the 

organic solar cells, they are single layer, bilayer and bulk heterojunction (BHJ) device 

(Figure 1-3). The single layer device is the simplest structure; however, researches on 

this kind of device are very limited due to the inefficient electron-hole generation and 

conduction ability. An introduction of a n-type material, such as fullerene and its 

derivatives, the charge generation and transport ability have been improved but not 

efficient enough because of the limited interfacial areas. The bulk heterojunction device 

is similar to the bilayer device with respect to the donor and acceptor concept, but it 

exhibits a vastly increased interfacial area dispersed throughout the bulk 

interpenetrating networks of electron donors and acceptors that are potentially an ideal 

combination for charge photogeneration and transport. Because many organic 

heterojunctions are present throughout the entire active layer, nearly all absorbed 

photons result in charge photogeneration. The major challenge is to minimize carrier 

trapping and recombination so that devices have bipolar charge transport with minimal 

series resistance. In addition, the relative concentrations of the two materials can be 

adjusted so that both guests and hosts are above their percolation threshold. Meanwhile, 

the morphology of the blend is critical for the performance of bulk heterojunction 
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devices. In principle, a polymer blend should possess ideal properties for use in organic 

solar cells: (1) efficient charge photogeneration at interfaces between the two materials 

and (2) separate pathways for the transport of electrons and holes through phase-

segregated domains. A blend of materials with different electron affinities will form a 

bulk heterojunction throughout a device. Recently, this kind of solar cells have achieved 

efficiency up to 10.6% with a tandem structure.4 

 

Figure 1-3 A model and a schematic energy band diagram of three types of solar cells. 
(a) A single layer semiconducting polymer solar cell, in which indium tin oxide (ITO) 
serves as a transparent high work function electrode and Al serves as the low work 
function electrode. (b) Photoinduced electron transfer from an electron-donating 
polymer to an electron accepting polymer in a planar heterojunction cell. (c) In a bulk 
heterojunction solar cell (the interface extends throughout the film) based on two 
interpenetrating semiconducting polymers, there are more opportunities for photo-
induced electron transfer to occur. Adapted from ref 5. 

1.3 Basic concepts 

The power conversion efficiency (PCE), the most important factor in solar cell is 

defined as the ratio of the electrical output of a solar cell to the incident energy in the 

form of sunlight (Equation 1). Most of the time, the source of the incident energy is an  
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AM 1.5G-illumination device in the laboratory research. Figure 1-4 showed the typical 

J-V curve of the BHJ solar cell device including all three parameters to evaluate the 

property of solar cells. 

 

Figure 1-4 Current–voltage (J–V) characteristics of a typical solar cell. Adapted from 
ref 6. 

1.3.1 Open circuit voltage 

Open-circuit voltage (Voc) is the maximum voltage of a solar cell that can provide to 

an external circuit, which is derived from the splitting of hole and electron quasi-Fermi 

levels. When the organic solar cell is under sunlight, free carriers are generated and 

collected by the electrodes. If the solar cell is at the open-circuit state, the free carriers 

will accumulate at the two electrodes, and forming a potential difference, this state of 

solar cell is called quasi-equilibrium state, and the potential difference formed between 

the two electrodes is the open-circuit voltage (Voc).7 Recent reports showed that the 

value of Voc is correlated with the highest occupied molecular orbital (HOMO) energy 

level of donor polymers and the lowest unoccupied molecular orbital (LUMO) energy 

level of acceptor fullerene derivatives, and there is an empirical equation deduced from 

some reported literatures to describe this relationship, which was expressed in the 

following equation.8	
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��� 	� 	 �1 e� ��|������HOMO| −	 #�$%&'LUMO#� − 	0.3	V (2) 

Where e is the element charge, the value of 0.3 V in the equation is an empirical 

factor. So, from the above equation, if we want to obtain the polymers with higher Voc, 

one way we can do is to lower the HOMO energy level of the polymers, and as the 

development of polymeric materials, large numbers of copolymers with certain 

electron-withdrawing acceptor units showed very low HOMO energy levels. And the 

recent research results also showed that long and bulky side chains favor higher Voc due 

to the weaker intermolecular stacking of the conjugated polymers induced lower 

HOMO energy levels.9 Also, atomic substituents on the conjugated backbones such as 

fluorine atoms showed significant impact on the Voc values, by lowering the HOMO 

energy levels compared to their non-fluorinated counterparts.10 

1.3.2 Short circuit current 

Short circuit current, Jsc, is the current through the solar cell when the voltage across 

the solar cell is zero (i.e., when the solar cell is short circuited), often with a unit of mA 

cm-2 for convenient comparison of the characters of organic solar cells fabricated from 

different materials and can be derived from the external quantum efficiency (EQE) 

values. As the spectrum of incident light is standardized as an AM 1.5 spectrum, the 

value of Jsc mainly depends on the optical properties of materials, such as the optical 

energy band-gap, the packing direction of polymer backbone chains in polymer 

domains and the morphology of polymer-fullerene blends, recent research also showed 

that the packing direction at the interfaces between active layer and electrodes has 

significant influence on the values of short circuit current due to the transporting 

properties. Most of the time the domain size, purity and substituents on the conjugated 

backbone chains, such as liner or branched side chains, or fluorinated backbones, also 

have significant influences on the values of Jsc.4, 9a 
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1.3.3 Fill factor 

Fill factor is a very important parameter to estimate the quality of solar cells, defined 

as the ratio of the maximum power (Vmp×Jmp, where Vmp and Jmp are the maximum 

working voltage and current) from the solar cell to the product of Voc and Jsc, which is 

determined by charge carriers reaching the electrodes, when the built-in field is lowered 

toward the open circuit voltage.11 Recent research showed that this parameter also 

correlates to the backbone chain stacking, substituents on the backbones, the efficiency 

of charge separation at the polymer-fullerene interface, domain size and purity of 

separated phases in polymer-fullerene mixtures.12 



 �
�././

�0121
 (3) 

1.3.4 External quantum efficiency 

The quantum efficiency (QE) is the ratio of the number of charge carriers collected 

by the solar cell to the number of photons of a given energy incident on it, which can 

be described either as a function of wavelength or as energy. Quantum efficiency can 

be also viewed as the collection probability due to the generation property of a single 

wavelength, integrated over the device thickness and normalized to the incident number 

of photons. 

The quantum efficiency at a certain wavelength is unity if all photons of a certain 

wavelength are absorbed and the resulting minority carriers are collected, while the 

quantum efficiency is zero for photons with energy below the band gap energy. The 

quantum efficiency is enormously affected by recombination effects, which also affect 

the collection probability, in turn, the quantum efficiency. 

The external quantum efficiency (EQE) considers the effect of optical losses, such 

as transmission and reflection. While the internal quantum efficiency (IQE) neglect the 

transmission and reflection factors, by measuring the reflection and transmission of a 
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device, the external quantum efficiency curve can be corrected to obtain the internal 

quantum efficiency curve. And so the value of IQE is always larger than EQE. (From 

PVeducation.org). 

1.4 The mechanism of organic photovoltaic cells 

It is widely accepted that the fundamental processes in an organic solar cell are 

optical absorption, exciton formation, migration and dissociation, charge carrier 

transfer and charge collection at the electrodes.13 Compared to conventional inorganic 

solar cells where optical absorption directly results in the creation of free charge carriers 

(electrons and holes), a significant difference is the formation of the excitons because 

of strong electron-hole attraction in the organic molecules although there are narrow 

electronic bands in organic solids14 (Figure 1-5 and Figure 1-6). 

Typical structure of an organic photovoltaic (OPV) device (BHJ solar cell) is 

composed of five layers: (1) an indium tin oxide (ITO) anode, (2) a hole collecting layer 

such as PEDOT:PSS, (3) an active layer that typically consists of a blended film of a 

polymer donor material and a fullerene acceptor material, (4) a cathode interfacial layer 

such as LiF, and (5) an Al cathode (Figure 1-7).15 When light (photons) goes through 

the transparent glass, ITO anode and the hole collecting layer PEDOT:PSS, falling onto 

the semiconductor materials, photons with energy less than the band-gap energy 

interacted only weakly with the semiconductors, passing through it as if it were 

transparent. However, photons with energy greater than the band-gap energy can be 

absorbed by polymers and create electron-hole pairs (just considering the p-type 

polymers), which called excitons can then wander off independently, but only diffusion 

of the electron-hole pairs can’t generate current at all. The important next step is to 

separate the electron-hole pairs and prevent the recombination. As the force to keep 

electron-hole pairs together is the coulomb attraction (Figure 1-8), additional energy 
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Figure 1-5 The steps of photo-induced charge separation for donor (D) and acceptor 
(A): (1) excitation of donor; (2) diffusion of exciton and formation of electron-hole pair; 
(3) electron transfer in the electron-hole pair to form a geminate pair; (4) separation of 
charge. Adapted from ref 16. 
 

 

Figure 1-6 Potential energy diagram for photoinduced charge transfer. Adapted from 
ref 14. 

 

Figure 1-7 Bulk heterojunction configuration in organic solar cells. Adapted from ref 
11. 
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is required to overcome the coulomb attraction to separate the electron-hole pairs and 

let the electron free. According to the proposed mechanisms, after absorption of 

sunlight, electrons in the highest occupied molecular orbital (HOMO) of polymers are 

excited to the lowest unoccupied molecular orbital (LUMO) which locate in a higher 

energy level. Under the attraction of the coulombic force, electrons in the LUMO state 

have strong tendency to go back to the ground states (HOMO) of donor even they have 

flown to the LUMO level of acceptor. An ideal acceptor material, which is used to 

transport electrons with suitable electron affinity and owns a suitable LUMO energy to 

trap the electrons in the excited state of the polymers, can conduct these electrons to 

somewhere else (cathode). If the electron in the LUMO level of acceptor could not 

transfer to the cathode efficiently, due to the presence of coulomb attraction, it would 

go back to the ground state (Figure 1-8). 

Fullerenes are currently considered to be the ideal acceptors for organic solar cells 

for several reasons. First, they have energetically deep-lying LUMO, which endows the 

molecule with a very high electron affinity relative to the numerous potential organic 

donors. The triply degenerate LUMO of C60 also allows this molecule to be reversibly 

reduced with up to six electrons, thus illustrating its ability to stabilize negative charges. 

Importantly, a number of conjugated polymer-fullerene blends are known to exhibit 

ultrafast photo-induced charge transfer (ca. 45 fs), with a back transfer that is orders of 

magnitude slower. Furthermore, C60 has been shown to have a very high electron 

mobility of up to 1 cm2 V -1 s-1 in field-effect transistors (FETs). 

In order to efficiently separate the electron-hole pairs, it is estimated that a minimum 

energy difference between the LUMO of donor polymers and acceptor fullerenes is 0.3 

eV. Furthermore, it does not seem that the greater the difference the better result will 

be given, indeed a minimum energy difference results in wasted energy that doesn’t 
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contribute to the device performance. The ideal polymer would have a minimum energy 

difference between the LUMOs; in this way, the wasted energy upon exciton splitting 

would be avoided and the band gap of the polymer would be minimized so as to 

maximize the absorption of light. Thus, the LUMO of an ideal polymer would locate at 

approximately 3.9 eV, since the LUMO energy for PCBM, the most commonly and 

successfully employed soluble fullerene derivative, is 4.2 eV (Figure 1-9). If suitable 

donor polymers and acceptor fullerenes are found, the exciton dissociation can be 

realized. Once the coulomb attraction of electron-hole pairs are overcome, the electrons 

are free and transferred to the acceptor materials and the holes are left and transferred 

to the donor materials. In an ideal condition, the electrons and holes move to the cathode 

and anode independently and the current conducts in the device leading to a solar cell. 

In fact, in the absence of the mechanism to dissociate the exciton into free charge 

carriers, the exciton will undergo radiative and non-radiative decays with a typical 

exciton lifetime in the range from 100 ps to 1 ns. Charge carriers also have lifetimes, 

which are defined as an average time for recombination to occur after electron-hole 

generation. For silicon, the lifetime is typically 1 µs. Similarly, the carrier diffusion 

length is the average distance a carrier can move from the point of generation until it 

recombines. For silicon, the diffusion length is typically 100-300 µm. These two 

parameters give an indication of materials quality and suitability for solar cell 

applications. However, no power can be produced from a semiconductor without a 

means of giving directionality to the moving electrons. Therefore, functional solar cells 

are typically produced from semiconductor materials by the addition of a rectifying p-

n junctions (a term used widely in bi-layer devices). In the meantime, charge transfer 

should be continuous in donor polymers and accepter fullerenes, or they will meet each 

other and recombine, leading to energy loss, which is one factor to decrease the entire 
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device performance. 

 

Figure 1-8 Coulomb attraction between 
electron-hole pair before splitting of the 
pair and free charge transfer. Adapted 
from ref 13. 

 

Figure 1-9 Ideal HOMO and 
LUMO levels between donor 
and acceptor materials. Adapted  
from ref 13. 

1.5 Recent development of polymer organic solar cells 

Since 2000, when Heeger, MacDiarmid, and Shirakawa received the Nobel Prize in 

Chemistry for discovering and developing conductive polymers, the exploration of new 

molecular materials with novel electronic properties has become an increasingly 

exciting research area. The most typical polymer used for organic solar cells is poly(3-

hexylthiophene) (P3HT),17 and the highly regioregular P3HT is found to be useful for 

the application in organic solar cells. But there are two main problems of P3HT: the 

first one is the weak absorption in visible region and the second one is that it shows a 

high LUMO (-2.74 eV) and HOMO (-4.76 eV) energy levels. This means that it is not 

air stable and the match of energy level with the common acceptor fullerene derivatives 

is not very good. Thanks to the work of Li and coworkers18 on the synthesis of new 

fullerene derivatives, just recently, the efficiency of solar cells based on P3HT as donor 

material reached up to 7.4% was reported.19 In the device processing, additive was 
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added and ICBA was used as acceptor material to gain enhanced open circuit voltage, 

as ICBA has the higher LUMO energy level as compared with that of PCBM (Figure 

1-10). 

 
Figure 1-10 Structures of P3HT and common fullerene derivatives. 

Over the years, there are tremendous efforts on the development of alternating 

electron rich and electron deficient (D-A) type copolymers as donor materials for 

organic solar cells. With this D-A strategy (Figure 1-11 and Figure 1-12), the optical 

band gap can be finely tuned by incorporating different donor-acceptor units. Up to 

now, organic polymer solar cells with highest efficiency are fabricated from this type 

of copolymers. Some of the common electron-rich building blocks are 9,9-dialkyl-9H-

fluorene, 9-alkyl-9H-carbazole, 4,8-dialkylbenzo[1,2-b:4,5-b']dithiophene, 4,4-di-

alkyl-3,4-dihydro-2H-cyclopenta[1,2-b:5,4-b']-dithiophene, 4,4-dialkyl-4H-silolo[3,2-

b:4,5-b']dithiophene, 4,4-dimethyl-4H-germolo[3,2-b:4,5-b']dithiophene-3,6-dialkyl-

thieno[3,2-b]thiophene, 3,5-dialkyldithieno[3,2-b:2',3'-d]thiophene, 4,5-dialkylbenzo-

[1,2-b:6,5-b']dithiophene, 5,6-dialkylnaphtho[2,1-b:3,4-b']dithiophene. On the other  
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Figure 1-11 Structures of common donor building blocks. 

 

 
Figure 1-12 Structures of common acceptor building blocks. 

hand, the typical electron-deficient building blocks are benzo[c][1,2,5]thiadiazole unit, 

mono- or di-fluorinated benzo[c][1,2,5]thiadiazole, [1,2,5]thiadiazolo[3,4-c]pyridine, 

thieno[3,4-b]thiophene, thiazolo[5,4-d]thiazole, benzo[d][1,2,3]triazole, fluorinated 

benzo[d] [1,2,3]triazole, diketopyrrolopyrrole, quinoxaline and fluorinated quinoxaline, 

4,8-dibromobenzo[1,2-c:4,5-c']bis[1,2,5]thiadiazole, naphtho[1,2-c:5,6-c']bis([1,2,5]-

thiadiazole) and isoindoline-1,3-dione. Based on these electron-donating (D) and 

electron-accepting (A) building blocks, large number of copolymers were synthesized 

and characterized. Accompanying with the development of device technology, some of 
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these polymers showed outstanding photovoltaic (PV) performance and are potential 

for commercial products. 

1.5.1 Fluorene based copolymers 

Polyfluorene derivatives are one of the donor materials widely used in organic solar 

cells (Figure 1-13, Table 1-1). Andersson and coworkers20 reported P1-P4 with 

alternating fluorene and dithienylbenzothiadiazole units. Their results showed that short 

linear hexyl side chains favor the device efficiency. P1 showed the best device 

efficiency of 2.1% when mixed with PCBM. Although P5 which showed broad 

absorption spectrum from 350 to 900 nm in solar spectrum,21 the device fabricated from 

P5:PC61BM showed open circuit voltage of 0.54 V, FF of 0.32, Jsc of 1.76 mA cm-2 and 

efficiency of 0.3% under illumination of AM1.5 as solar simulator due to the poor 

charge transport property. The alkylation derivatives of P5, P6,22 also showed low 

device efficiency of 0.7%. Inganas and coworkers23 also reported another copolymer 

P7 showing broad absorption from 350 to 850 nm which only exhibited device 

efficiency of 0.9% despite the lower HOMO energy level and better charge transport in 

thin films. By introduction of two alkoxy side chains on the aryl group, polymer P824 

which showed much better solubility than P7 and with molecular weight as high as 40 

kDa (Mn). The resulting device reached efficiency of 2.2% fabricating from the blend 

of PC60BM and P8. Elisabeth and coworkers25 reported P9 without thienyl groups as 

spacers, which showed a blue shift in the absorption spectrum as compared to P7, and 

the resulting device efficiency was 0.51%. In addition, the side chain position on the 

aryl group has significant impact on the device performance, P10, reported by Inganas 

and coworkers26 gave an efficiency of 3.5%. Koetse and coworkers27 investigated 

P11,which is just different from P1 by the alkyl side chain length on fluorene group,  
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Figure 1-13 Structures of fluorene based copolymers. 
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with two decyl groups. The device efficiency of 4.2% was achieved for the device based 

on P11 and PC60BM in which the enhancement was mainly caused by the increase of 

current value induced by much larger molecular weight of P11 than P1-P4. Tsukamoto 

and coworkers reported a fluorene and quinoxaline based copolymer P12, with which 

BHJ solar cells based on P12 and PC71BM achieved device efficiency as high as 5.5%,28 

while Andersson and coworkers29 reported a similar polymer P13 with a PV device 

efficiency of 2.3%. 

Table 1-1 The optical, electrochemical, and OPV performance of P1-P13. 

Polymer 
Mn 

(kDa) 
PDI 

Eg
opt 

(eV) 
HOMO 

(eV) 
LUMO 

(eV) 
Jsc 

(mA cm-2) 
Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Acceptors Ref 

P1 3.5 2.43 1.92 -- -- 3.65 1.05 44 1.7 PC61BM 20 

P2 4.9 2.55 1.95 -- -- 3.74 1.02 36 1.4 PC61BM 20 

P3 4.9 2.41 1.90 -- -- 3.55 1.01 58 2.1 PC61BM 20 

P4 12.0 2.58 1.84 -- -- 2.40 0.98 60 1.4 PC61BM 20 

P5 3.6 1.72 1.20 -5.3 -4.1 0.53 0.54 47 0.17 PC61BM 21 

P6 -- -- 1.30 -5.3 -4.0 2.10 0.56 32 0.37 PC71BM 22 

P7 -- -- 1.45 -5.6 -3.6 2.95 0.78 38 0.9 PC61BM 23 

P8 40 2.38 1.30 -5.0 -3.4 8.88 0.59 42 2.20 PC61BM 24 

P9 13.1 4.02 1.76 -5.5 -3.2 3.60 0.56 25 0.51 PC61BM 25 

P10 19 2.16 1.94 -6.3 -3.6 6.0 1.0 63 3.5 PC61BM 26 

P11 9.7 3.60 -- -- -- 7.70 1.0 54 4.2 PC61BM 27 

P12 17 2.38 1.95 -5.37 -- 9.72 0.99 57 5.5 PC71BM 28 

P13 13 2.31 1.38 -5.7 -3.9 4.90 0.83 41 1.7 PC71BM 29 

1.5.2 Carbazole based copolymers 

Carbazole-based30 polymers are another series of materials used widely in organic 

solar cells (Figure 1-14, Table 1-2). Compared to fluorene, the lone pair electron in 

the nitrogen atom make the whole ring aromatic, which makes carbazole more stable 

than fluorene. There are two approaches to functionalize carbazole, the 3,6-carbazole 
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and 2,7-carbazole. As 2,7-carbazole based polymers showed more promising 

performance compared to that of 3,6-carbazole; as a result, it attracted a lot of attention 

in the area of material chemistry for solar cell applications. In the last decades, large 

amount of research on 2,7-carbazole based polymers for solar cells are reported. The 

first PV performance of poly(2,7-carbazole) was reported by Mullen and coworkers.31 

Such a device was fabricated from a blend of poly(2,7-carbazole) P14 and perylene 

tetracarboxydiimide (PDI) with a low device efficiency of 0.6%. Later, Leclerc and 

coworkers reported a series of low-band-gap copolymers by incorporation of 

oligothiophenevinylene moieties and vinylene linkers, P15-19,32 which were 

synthesized by Horner-Emmons reactions. The PV device fabricated from the blend of 

P19 and PC61BM afforded a device efficiency of 0.8%. In the later work, various 

moieties with different electron affinity were used to synthesize copolymers with 2,7-

carbazole. Leclerc and coworkers synthesized P2033 using diketopyrrolopyrrole (DPP) 

as an electron-accepting unit, which showed broad absorption between 500-750 nm in 

solar spectrum affording the PV device efficiency of 1.6% with hole mobility up to 0.02 

cm2·V-1·s-1. At the same time, Hashimoto and coworkers reported P2134 with different 

alkyl side chains relative to P20 with which P21 showed PV device efficiency of 2.26%, 

which was attributed to the higher molecular weight of P21 (Mn = 90 kDa, and P20 Mn 

= 30 kDa) as the branched side chains favor good solubility. In 2007, Leclerc and 

coworkers35 reported a series of carbazole based copolymers P22-27 with different 

electron-withdrawing units, such as benzothiadiazole, thiadiazolpyridine, 

benzoxadiazole, oxadiazolopyridine, quinoxaline, pyridopyrazine, thienopyrazine, 

diphenylthienopyrazine and thiadiazolquinoxaline. The resulting PV device 

performance of P22 and P24 are 3.6 and 2.4%, respectively, which are outstanding 
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among all the polymers and also indicated that benzothiadiazole unit is one of the 

excellent electron-withdrawing units for polymer organic solar cells. With the device 

 
Figure 1-14 Structures of carbazole based copolymers. 
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Table 1-2 The optical, electrochemical, and OPV performance of P14-P33. 

Polymer 
Mn 

(kDa) 
PDI 

Eg
opt 

(eV) 
HOMO 

(eV) 
LUMO 
(eV) 

Jsc 
(mA cm-2) 

Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Acceptors Ref 

P14 39.1 1.93 3.0 -5.6 -2.6 0.26 0.71 37 0.6 PDI 31 

P15 2.8 1.4 2.3 -5.61 -2.83 0.889 0.85 46 0.4 PC61BM 32 

P16 4.1 1.4 2.2 -5.52 -2.92 1.076 0.7 44 0.4 PC61BM 32 

P17 3.7 2.1 2.1 -5.49 -3.02 0.859 0.55 48 0.3 PC61BM 32 

P18 4.3 1.9 2.0 -5.40 -2.96 0.761 0.5 43 0.2 PC61BM 32 

P19 3.3 1.3 1.7 -5.50 -3.50 1.558 0.8 55 0.8 PC61BM 32 

P20 30 2.1 1.57 -5.44 -3.92 5.2 0.85 37 1.6 PC61BM 33 

P21 91.3 1.77 1.63 -5.35 -3.66 5.35 0.76 56 2.26 PC61BM 34 

P22 36 1.54 1.88 -5.45 -3.60 6.8 0.86 56 3.6 PC61BM 35 

P23 4.0 1.5 1.75 -5.53 -3.80 2.9 0.71 32 0.7 PC61BM 35 

P24 26 1.97 1.87 -5.47 -3.65 3.7 0.96 60 2.4 PC61BM 35 

P25 4.5 1.33 1.67 -5.55 -3.93 1.4 0.85 60 0.8 PC61BM 35 

P26 9.0 1.53 2.02 -5.46 -3.42 3.0 0.95 56 1.8 PC61BM 35 

P27 11 1.70 1.89 -5.52 -3.67 2.6 0.90 44 1.1 PC61BM 35 

P28 16.6 3.1 1.95 -5.21 -3.35 9.6 0.81 69 5.4 PC71BM 39 

P29 50.5 2.05 1.99 -5.60 -3.61 10.68 0.97 58 6.04 PC71BM 40 

P30 6 2.1 1.93 -5.34 -3.46 7.73 0.90 67 5.48 PC71BM 42 

P31 16.6 3.10 1.95 -5.21 -3.35 10.04 0.85 65 6.21 PC71BM 43 

P32 6.27 1.84 1.96 -5.35 -3.39 2.79 0.75 21 0.43 PC71BM 43 

P33 1.17 1.75 1.90 -5.24 -3.34 1.93 0.54 23 0.23 PC71BM 43 

optimization by Heeger and coworkers,36 the efficiency of P22 was boosted up to 6.5% 

by thermally evaporated MoOx films as an anode interfacial layer. The valence band 

maximum (VBM) of MoOx films is 7.07 ± 0.04 eV and the work function is 5.44 ± 0.02 

eV, which is close to the energy of the highest occupied molecular orbital (-5.5 eV) of 

P22. In addition, the use of MoOx can improve light absorption within the active layer 

and extend the interfacial areas between active layer and MoOx film helping efficient 

hole collection. As a result, Jsc and FF values were increased while Voc maintained 
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leading to the enhancement of device efficiency. Cao37 also reported an increased 

efficiency of 6.5% for P22 by using an ultrathin conjugated polyelectrolyte (CPE) layer 

between the active layer and the metal cathode. The role of CPE is that it can affect the 

work function of the adjacent electrode,38 helping to form an improved interfacial layer, 

and thus increasing the short circuit current which was confirmed by the increase of 

IPCE. In 2007, Zhang and coworkers39 reported P28 with device efficiency of 5.4% by 

incorporation of two alkoxy groups to the benzothiadiazole units. In 2009, Heeger and 

Coworkers40 reported phenyl end-capped P29 with device efficiency of 6.1%. Cao and 

coworkers41 did further work on P29 by device optimization with a new material 

namely PC-P (polycarbazole derivatives) as an interlayer. The device efficiency was 

enhanced to 6.04%, and they also worked on P3042, the phenyl end-capped P28, with 

device efficiency of 5.48%. Chang and coworkers synthesized P31-33, with different 

number of carbazole units as spacers in the repeating polymer unit. Their results showed 

that P31 with only one carbazole spacer gave device efficiency of 6.21%; however, 

when the number carbazole units increased from one to three, the molecular weight 

decreased from 17, 12 to 6.2 kDa concomitant with the decrease in Jsc values from 10, 

2.8 to 1.9 mA cm-2 s-1, respectively.43 

1.5.3 Benzodithiophene based copolymers 

Benzodithiophene based copolymers (Figure 1-15, Table 1-3) showed outstanding 

performance since Yu and coworkers first reported this class of polymers. P3444 was 

constructed by substituted thienothiophene and dialkoxybenzodithiophene units. The 

P34-based BHJ device efficiency reached to 5.6% when blended with PC71BM. Based 

on the structure of P34, six copolymers namely P35-P40 were synthesized.45 

Incorporation of fluorine atom in P37 can lower the HOMO energy level, promising 

higher Voc values. The device fabricated from the mixture of P37 and PC61BM in 
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dichlorobenzene with addition of 1,8-diiodooctane (DIO) showed the efficiency of 

6.10%. The role of DIO was to adjust the morphology of the active layer to form 

bicontinuous-interpenetrating architectures to maximize the interfacial areas which 

benefits charge separation and transport, empirically expressed by the enhancement of 

Jsc values.46 P4045b with three identical 2-ethylhexyl side chain groups and fluorine 

atom at the thienothiophene unit showed broad absorption and possessed lower HOMO 

energy level at -5.15 eV. The efficiency of 7.4% has been achieved from the blend of 

P40:PC71BM solar cell device. Different functional groups were used to tune the 

HOMO levels of the PTB-based copolymers and three new polymers namely P41, P42 

and P43 were synthesized and characterized47. Three copolymers showed similar UV-

Vis absorption properties. While P43 with the incorporation of fluorine atom at 

thienothiophene group, the HOMO energy is 0.21 eV lower than that of P41, promising 

a higher Voc of 0.76 V. The resulting device of P43 showed the best efficiency of 7.73% 

with Voc of 0.76 V, Jsc of 15.2 mA cm-2 and FF 66.9%. In addition, replacement of the 

alkoxy chain with alkyl chain tunes down the HOMO energy level due to reduced 

electron donating ability, as a result, P42 showed lower HOMO and LUMO energy 

levels than P41. These findings also revealed that Voc can be finely tuned by using 

different functional groups attached to the backbone chains. In order to explore the 

dipole moment effects in polymers for photovoltaic performance, copolymers P44 and 

P45 were synthesized with multi-fluorine atoms at the backbone chain.48 The large 

dipole moment of P44 caused by the two fluorine atoms leads to the fast recombination 

rate of the charge-separated species indicating that electrons and holes are more tightly 

bound. Expressed in the device performance, smaller Jsc value was obtained with device 

efficiency of 3.2%. For tri-fluorinated polymer P45, much smaller Jsc value with device 

efficiency of 2.8% was obtained due to the greatly enhanced dipole moment. With the 
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increase of substituted fluorine atoms from one, two to three, there is no obvious 

difference in Voc values (0.74, 0.68 and 0.75 V for P43, P44 and P45, respectively).The 

FF values also decreased accordingly from 0.689, 0.434 to 0.394, which indicates that 

over-fluorination will disfavor the device performance by the enhanced dipole moments. 

In the meantime, incorporation of fluorine atom(s) will decrease the solubility of 

copolymers leading to smaller molecular weight and poor processability. Other 

copolymers based on benzodithiophene unit with excellent performances were also 

reported, such as P46, P47 and P48 with device efficiency of 4.31, 3.85 and 7.2% 

respectively.49 It is obvious that the incorporation of fluorine atoms can potentially 

produce high performance solar cells. The PV device performance of P49 and P50 with 

efficiency of 4.36 and 7.10% are consistent with the former report on the influence of 

fluorine atoms on the solar cell efficiency.50 It is interesting that replacing one of the 

carbon atom in the benzothiadiazole ring with nitrogen atom also induced enhancement 

in the solar cell efficiency, such as P51 with device efficiency of 6.32%.51 Hou reported 

benzodithiophene based copolymers with outstanding performance, in which P52 

showed the device efficiency as high as 5.66%52
, and P5353 gave the device efficiency 

of 7.59%, while P5454 based device efficiency was up to 8.07% with the incorporation 

of aryl groups in the side chains. P55 and P5655 are also copolymers incorporated with 

aryl groups in the side chains showed device efficiency as high as 6.2 and 6.6%, 

respectively. P5756
, with fluorinated quinoxaline as an electron withdrawing building 

block, afforded the device efficiency as high as 8.0% when it was end-capped by phenyl 

groups. The side chain length also played a significant role in the device performance 

of this class of copolymers. For example, P5857 and P5958 with only one carbon number 

difference in the side chain length, the BHJ device efficiency are 5.5 and 8.5%. 
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Figure 1-15 Structures of benzodithiophene based copolymers. 
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Table 1-3 The optical, electrochemical, and OPV performance of P34-P59. 

Polymer 
Mn 

(kDa) 
PDI 

Eg
opt 

(eV) 
HOMO 

(eV) 
LUMO 

(eV) 
Jsc 

(mA cm-2) 
Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Acceptors Ref 

P34 18.3 1.25 1.62 -4.90 -3.20 15.0 0.56 63.3 5.30 PC71BM 44 

P35 23.2 1.38 1.59 -4.94 -3.22 12.8 0.60 66.3 5.10 PC61BM 45 

P36 23.7 1.49 1.60 -5.04 -3.29 13.9 0.72 58.5 5.85 PC61BM 45 

P37 19.3 1.32 1.63 -5.12 -3.31 13.0 0.74 61.4 5.90 PC61BM 45 

P38 22.7 1.41 1.62 -5.01 -3.24 10.7 0.66 58.0 4.1 PC61BM 45 

P39 25.0 1.50 1.61 -5.01 -3.17 7.74 0.62 47.0 2.26 PC61BM 45 

P40 46.4 2.1 1.6 -5.15 -3.31 14.50 0.74 68.97 7.40 PC61BM 45b 

P41 --- -- 1.61 -5.01 -3.24 13.2 0.62 63 5.15 PC71BM 47 

P42 -- -- 1.61 -5.12 -3.35 14.7 0.7 64.1 6.58 PC71BM 47 

P43 -- -- 1.61 -5.22 -3.45 15.2 0.76 66.9 7.73 PC71BM 47 

P44 11.2 2.38 1.75 -5.41 -3.60 11.1 0.68 42.2 3.20 PC71BM 48a 

P45 30.0 2.61 1.75 -5.48 -3.59 9.1 0.75 39.4 2.8 PC71BM 48b 

P46 21.9 4.14 1.70 -5.26 -2.96 9.70 0.81 54.83 4.31 PC61BM 49a 

P47 56 -- 1.70 -5.33 -3.17 7.79 0.83 59.56 3.85 PC61BM 49a 

P48 33.8 2.6 1.70 -5.54 -3.33 12.91 0.91 61.2 7.2 PC61BM 49b 

P49 47.6 2.57 1.98 -5.29 -2.87 11.14 0.70 55.2 4.36 PC61BM 50 

P50 42.2 2.36 2.0 -5.36 -3.05 11.83 0.79 72.9 7.10 PC61BM 50 

P51 28.7 3.64 1.51 -5.47 -3.44 12.78 0.85 58.2 6.32 PC61BM 51 

P52 27.4 1.8 1.78 -5.31 -3.44 10.7 0.92 57.5 5.66 PC61BM 52 

P53 20 3.2 1.58 -5.11 -3.25 17.48 0.74 58.7 7.59 PC71BM 53 

P54 32.2 2.0 1.70 -5.35 -3.34 12.94 0.88 70.9 8.07 PC71BM 54 

P55 36.3 1.9 1.46 -5.35 -3.56 13.6 0.76 60 6.2 PC71BM 55 

P56 40.7 2.1 1.46 -5.30 -3.63 13.7 0.73 65 6.5 PC71BM 55 

P57 71 1.54 1.73 -5.52 -3.30 18.2 0.76 58.1 8.0 PC71BM 56 

P58 13 2.62 1.8 -5.56 -3.75 9.8 0.85 66 5.5 PC71BM 56 

P59 32 2.0 -- -- -- 12.6 0.97 70 8.5 PC71BM 58 
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1.5.4 Other copolymers developed with high performance 

As the fast development of p-type polymeric materials and further understanding of 

organic semiconductors, recently, the incorporation of silicon, oxygen, germanium or 

selenium atoms into the π-conjugated cyclopentadithiophene backbone has boosted up 

the efficiency of polymeric solar cells over 7% (Figure 1-16, Table 1-4). A new 

alternating copolymer based on dithienosilole and thienopyrrolodione (P60) was 

reported by Tao and coworkers59 in which the HOMO energy level is as low as -5.57 

eV and the onset of the optical absorption of the thin film is ∼717 nm corresponding to 

the optical band gap energy of 1.73 eV. At the optimized fabrication condition, the 

device fabricated from CB solution of P60:PCB71M (1:2 w/w) with addition of 3% DIO 

afforded Voc of 0.88 V, Jsc of 12.2 mA cm-2, FF of 0.68 and efficiency of 7.3% in a 

conventional device structure. Almost at the same time, Reynolds and coworkers60 

reported dithienosilole (P60) and dithienogermole (P61) based copolymers and the 

efficiency of P60 and P61-based devices are 6.6 and 7.3% in the inverted device 

structure. These results suggested that the incorporation of silicon and germonium 

atoms into cyclopentadithiophene is a promising strategy to obtain polymers with high 

device performance. By rational functionalization of naphthodithiophene and 

naphthobisthiadiazole based copolymers, Takimiya and coworkers61 synthesized two 

polymers namely P62 and P63 with only the change of side chain bulkiness attached 

on naphthobisthiadiazole core. P62-based device afforded efficiency of 8.2% while 

P63-based device gave efficiency of 4.1%, although both of them showed similar 

molecular weight, optical and electronic properties. Nevertheless, both the devices 

showed similar Voc (0.82 and 0.86 V) and FF (0.64 and 0.65) but more than two times 

difference in Jsc values (15.6 and 7.3 mA cm-2). The significant difference in EQE 

values and the hole mobility of 0.1 and 0.01 cm2 V-1 s-1 for P62 and P63 based on the 
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field effect transistors which are consistent with the current values of the two polymers 

in the PV devices. The face-on ordering structure of polymer:fullerene films was 

determined by two-dimensional grazing incidence X-ray diffraction (2D-GIXD) which 

can further explain the difference in the current values. 5H-dithienopyran, the derivative 

of cyclopentadithiophene was developed by Yang and coworkers as electron-rich 

building block4,62 in which one of the copolymers synthesized from 5H-dithienopyran 

and difluorobenzothiadiazole namely P64, showed a low band gap energy of 1.38 eV, 

the HOMO and LUMO levels of -5.26 and -3.61 eV, respectively. While P65, without 

the oxygen atom, has an optical band gap of 1.51 eV, and the HOMO and LUMO 

energy levels located at -5.34 and -3.52 eV, respectively. Such HOMO levels 

corresponded to the Voc of 0.68 and 0.85 V for P64 and P65, respectively. P64-based 

PV device showed enhanced Jsc up to 17.8 mA cm-2 with FF of 0.65, P65-based PV 

device showed lower Jsc of 12.6 mA cm-2 with FF of 0.52. As a result, the efficiency of 

P64 and P65-based devices are 7.9 and 5.6%, respectively. The main reason for the 

enhancement in Jsc of P64 based device was explained by the morphology characterized 

by energy-filtered transmission electron microscopy (EFTEM) and transport properties 

by space- charge-limited-current (SCLC) method. Although nanoscale fibril surface 

property were observed for both polymer based active layers, indicating excellent phase 

separation of polymer and fullerene, the domain sizes of P65:fullerene film are around 

200 nm, which are not good enough for charge separation and transport. While that of 

P64: fullerene film showed perfect domain size about 20-30 nm, which are the expected 

morphology for organic polymer: fullerene solar cells,40,45b and so the enhanced current 

value. Also, the transport properties of pure P64 and P65 are estimated to be 3.2 × 10-

3 and 4.8 × 10-4 cm2 V -1 s-1, respectively. As the carrier mobility cannot be affected in 

morphology of pure polymers, the carrier of mobility of polymer:fullerene are 
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determined to be 6.7 × 10-4 and 7.4 × 10-5 cm2 V -1 s-1 for P64 and P65 by photo-induced 

charge carrier extraction in a linearly increasing voltages (Photo-CELIV) 

measurements. The mobility results derived from pure polymer and polymer:fullerene 

showed the same tendency, which are consistent with the device performance of 

polymer solar cells. 

 
Figure 1-16 Structures of copolymers with high performance. 

Table 1-4 The optical, electrochemical, and OPV performance of P60-P65. 

Polymer 
Mn 

(kDa) 
PDI 

Eg
opt 

(eV) 
HOMO 

(eV) 
LUMO 

(eV) 
Jsc 

(mA/cm2) 
Voc 
(V) 

FF 
(%) 

PCE 
(%) 

Acceptors Ref 

P60 28 1.6 1.73 -5.57 -3.88 12.2 0.88 68 7.3 PC71BM 61 

P61 48 1.7 1.69 -5.60 -3.50 12.6 0.85 68 7.3 PC71BM 61 

P62 36.0 2.5 1.68 -5.22 -- 15.6 0.82 64 8.2 PC71BM 62 

P63 46.1 3.0 1.69 -5.22 -- 7.3 0.86 65 4.1 PC71BM 62 

P64 20 2.5 1.38 -5.26 -3.61 17.8 0.68 65 7.9 PC71BM 63 

P65 20 2.5 1.51 -5.34 -3.52 12.6 0.85 52 5.6 PC71BM 63 
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1.6 Rational design of copolymers for high performance BHJ solar cells 

According to the polymers used for BHJ solar cells, a rational design of copolymers 

for BHJ solar cell is made here as a general guideline, which was followed for the 

design and synthesis of copolymers for high performance BHJ solar cells in this thesis. 

Our focus is mainly on the polymer structure modification to find out structure-

performance relationships. For further reading of rational design of copolymers, readers 

can refer to the related literatures.63 

1.6.1 Short circuit current 

It is well known that the efficiency is determined by three factors Jsc, Voc and FF. 

Theoretically, the upper limit of Jsc is based on the number of excitons generated under 

solar irradiation; therefore, the maximum compatible absorption of polymer with solar 

irradiation is important to the maximum generation of excitons. Since around 70% of 

solar energy is located at the wavelength from 380 to 900 nm (Figure 1-17) and 

acceptor materials showed poor absorption in visible and near infrared region, so 

polymer should be designed to absorb strongly and broadly in this region corresponding 

to the optical band gap of 1.4~1.5 eV.64 
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Figure 1-17 Reference solar spectral irradiance: ASTM G-173. Adapted from 
NREL.GOV, http://www.nrel.gov/rredc/. 
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Such a feature leads to the development of multi-junction solar cells to absorb as 

much solar irradiation as possible. Practically, the enhancement of Jsc can be realized 

by increasing molecular weight, by which the film morphology can be finely tuned with 

increase of charge mobility. A polyfluorene derivative, poly [2,7-(9,9-dioctylfluorene)-

alt-5,5-(4,7-di-2-thienyl -2,1,3-benzothiadiazole)] (abbreviated as APFO-3, PFDTBT 

or F8TBT) was investigated with different molecular weight from 2 to 38 kDa obtained 

from 14 different batches. (Table 1-5)65 

Table 1-5 Molecular weight of F8TBT batches 1-14. 

F8TBT batch Mn (kDa) Mw (kDa) PDI d.p.a 

1 2 3 1.5 3 

2 4 6 1.5 6 

3 5 8 1.6 7 

4 5 12 2.4 7 

5 6 14 2.3 9 

6 7 12 1.7 10 

7 7 13 1.9 10 

8 7 14 2.0 10 

9 8 14 1.8 12 

10 15 24 1.6 22 

11 18 32 1.8 26 

12 30 45 1.5 44 

13 36 65 2.8 52 

14 38 69 1.8 55 

a d.p. = Mn/M0 is F8TBT repeat unit number. 

The UV-Vis spectrum showed that as the increase of molecular weight the 

absorbance bands showed significantly red shift but saturated when molecular weight 

increased to around 10 kDa for F8TBT. In addition, the studies showed that the surface 
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properties of F8TBT became more and more ordered as the molecular weight increased 

and liquid-crystalline textures in thin films were observed. The devices fabricated from 

the blend of F8TBT and PC61BM  at the same conditions showed that the Voc values 

decreased slightly with increasing the molecular weight but Jsc values showed a fast 

increase. The slight decrease of Voc values was attributed to the reduction of the optical 

band gap as the molecular weight increased. And the enhancement of Jsc values can 

also be attributed to the red shift of absorption spectrum with which more photons are 

absorbed (Figure 1-18). 

 
Figure 1-18 J-V curves of selective devices (left) and paragraph of blending mobility-
Mn relationships (right). Adapted from ref 65. 

Tao and coworkers66 also studied the molecular weight effect of poly(N-9′-

heptadecanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,3′-benzothiadiazole)) (PC-

DTBT ) on the photovoltaic properties which showed similar conclusions. They found 

that the Voc values increased slightly with increasing the molecular weight. In addition, 

the hole mobility derived from OFETs devices for PCDTBT are 7 × 10−6 to 1 × 10−4 

and 3.7 × 10−4 cm 2 V −1 s −1 with molecular weight increasing from 10 to 18 and 31 

kDa, respectively, which was partially attributed to the enhancement of Jsc values 

(Figure 1-19). Atomic force microscopy (AFM) study on the surface property of 

blending films disclosed that the nanoscale morphology was improved with increasing 

polymer molecular weight. The active layer films fabricated from lower molecular 

weight showed clear phase-separated morphology with finer, fibrous nanoscale 
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domains. On the other hand, when the molecular weight increased, the polymers 

became less soluble and tended to form aggregates with domain size getting larger in 

~20 nm in width which was comparable to the exciton diffusion length. In the meantime, 

less discontinuous phase separation was observed. Jen and coworkers drew the same 

conclusions on the effects of molecular weight for the short circuit current values.67 On 

the other hand, recent studies showed that incorporation of fluorine atoms and short 

side chains can also enhance the short circuit current.9b, 45a, 61, 68 

 
 
Figure 1-19 J-V and EQE curves of PCDTBT based devices with different molecular 
weights. Adapted from ref 66. 

1.6.2 Open circuit voltage 

Open circuit voltage (Voc) is another important factor that governs the efficiency of 

organic solar cells. Recent studies indicate that maximum Voc value correlates to the 

HOMO energy of donor polymers and the LUMO level of acceptor fullerene 

derivatives (∆EDA). Usually, the HOMO level of polymer is determined by cyclic 

voltammetry (CV) or photoemission spectroscopy (PES). The reports showed that 

incorporation of fluorine atoms to the conjugated backbone is an efficient way to lower 

the HOMO levels, for example fluorinated PCPDT-DFBT relative to PCPDT-BT, 

there is a reduction of the HOMO level up to 0.16 eV corresponding to an increase in 

Voc of 0.23 V.3 In addition, substituents such as alkyl or alkoxy side chains,9b, 47, 62 and 

hetero atoms10c can also reduce HOMO levels of copolymers. On the other hand, Bao 
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and coworkers69 reported a way to increase open circuit voltage by controlling π-

conjugated backbone twisting by incorporation of thiophene spacers. Without 

controlling the structure of polymers, the use of different fullerene derivatives with 

higher LUMO levels is another way to improve Voc values.70 Ito and coworkers71 

studied the PV performance of P3HT with different fullerene derivatives including 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM), [6,6]-diphenyl-C62-bis(butyric 

acid methyl ester) (bis-PCBM),72 [6,6]-phenyl-C85-butyric acid methyl ester 

(PC84BM),73 [6,6]-1-thienyl-C61-butyric acid methyl ester (ThCBM),74 and [6,6]-

bis(1,3-indano)-C60 (Indene-C60-bisadduct, ICBA),70b C60 and C70. The results are 

summarized in Table 1-6. It is obvious that with the increasing of ∆EDA, the Voc values 

Table 1-6 The HOMO-LUMO energy gap ∆EDA, device parameters and hole mobility 
µh of each P3HT: fullerene derivatives blend. 

Fullerenes ∆EDA/eV Jsc/mA cm-2 Voc/V FF PCE/% µh/cm2 V -1 s-1 a 

PC84BM 0.58 3.09 0.16 0.40 0.19 5.0 × 10-5 

C70 0.84 6.60 0.37 0.52 1.26 3.0 × 10-5 

C60 0.86 6.60 0.42 0.49 1.36 5.0 × 10-5 

PCBM 0.94 7.70 0.59 0.53 2.41 3.0 × 10-5 

ThCBM 0.93 9.01 0.60 0.60 3.22 2.3 × 10-5 

Bis-PCBM 1.02 7.89 0.70 0.53 2.95 6.0 × 10-5 

ICBA 1.09 9.48 0.81 0.50 3.83 3.0 × 10-5 

a Hole mobility of P3HT:fullerenes blend. 

 

increased gradually; however, other parameters including Jsc and FF varied differently. 

By using different fullerene derivatives as acceptor materials, the efficiency of P3HT 

was boosted to 7.4%.75 In addition, Inganäs, Jen and Cao showed that by using modified 

cathode, the Voc can be also enhanced.41, 76 
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1.6.3 Fill factor 

The fill factor (FF) is also an important factor that determines the power conversion 

efficiency of organic solar cells. Even though most of excellent polymeric materials can 

achieve good device efficiency, they often exhibit a lower fill factor than inorganic ones 

(0.6-0.7 versus ~0.85).77 As the factors affecting the FF always interact with each other 

intricately, it is hard to get a deep understanding of FF. In order to explain the limited 

FF of organic solar cells, many mechanisms have been proposed including charge 

collection losses, field-dependent charge generation and diffusion limited transport, but 

there is no general consensus on this issue.78 Recent research done by Durrant78 and 

Inganas79 showed that the limited FF is fundamentally attributed to the significant 

geminate and non-geminate recombination losses, which can be solved by an 

incorporation of interfacial layer such as poly[(9,9-bis(3´-(N,N-dimethylamino)-

propyl)-2,7-fluorene)-alt-2,7-(9,9–dioctylfluorene)] (PFN) as cathode modifier to 

reduce recombination loss due to the increase in built-in field and charge carrier 

mobility.80 The incorporation of fluorine atom(s) to the conjugated backbone of 

polymer is another way to increase FF.9a Marks and coworkers showed that (1) ordered 

p-face-on-electrode oriented microstructures with close π-π interplanar spacings for 

high carrier mobility; (2) ordered bicontinuous networks for reduced charge trapping; 

and (3) vertical donor/acceptor phase gradation for suppressed carrier recombination 

are simultaneously important parameters for fill factor enhancement.81 

It is generally understood that besides high PCE, solution processability (offered by 

side chains) and long lifetime (related with both materials and encapsulation) are of 

paramount importance for future practical application and commercialization. In short, 

the properties desired for a high performance PV polymer are (1) good solubility, (2) 
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high molecular weight, (3) HOMO level around -5.4 eV, (4) LUMO level around -3.9 

eV, (5) high hole mobility, (6) optimal morphology, and (7) long-term stability.63a 
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CHAPTER TWO 

Effect of Side Chain Position on Naphthodithiophene-

Benzothiadiazole Based Copolymers for Bulk Heterojunction 

Solar Cells 

2.1 Introduction 

The organic solar cells, benefiting from the advantages of low cost, versatility of 

functionalization, thin film flexibility, and ease of processing, have attracted 

widespread attention from both academia and industry. With the development of new 

materials, optimized device structures and deep understanding of the photon-electricity 

conversion mechanism from experiments and theory, most recently, the PCE of organic 

solar cells based on solution-processable polymers has achieved a PCE up to 10.6% in 

a tandem device.1 

It is well known that the absorption of light is the first step in the photon-electricity 

conversion procedure; therefore, how to develop materials that can absorb light as much 

as possible is very critical. In the past decades, the research showed that polymers with 

low energy bandgap (1.4-1.9 eV) would efficiently harvest sunlight in broad ranges. 

Alternating electron rich and deficient units in polymer backbone was also shown to be 

an efficient way to design low bandgap polymers due to the internal charge transfer.2 

Besides the optical band gap, the choice of an electron-rich moiety provides a way to 

properly control the position of the highest occupied molecular orbital (HOMO) energy 

level of a donor material, which is indispensable to achieving high open-circuit voltage 

(Voc) of a BHJ solar cell. It is also directly related to the hole mobility and photostability 

of the resulting polymers. On the other hand, the choice of an electron-deficient unit 

allows tuning of the lowest unoccupied molecular orbital (LUMO) energy level to 
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facilitate effective exciton dissociation at the heterojunction. Various highly planar 

fused aromatic electron-rich units such as 2,7-carbazole,3 dithienosilole,4 

cyclopentadithiophene5 and benzodithiophene6 and electron deficient units such as 

2,1,3-benzothiadiazole,7 thieno[3,4-c]pyrrole-4,6-dione,8 fluoro-substituted benzo[d]-

[1,2,3]triazole,9 ketone- or ester-substituted thieno[3,4-b]-thiophene4a, 10 have been 

developed and found promising as building blocks of donor materials for high 

performance PV cells (Figure 2-1). 

 
Figure 2-1 Structures of common electron rich and deficient units. 

Naphthodithiophene derivatives have been shown to promote highly ordered π-

stacking structures resulting in a high hole carrier mobility for organic field effect 

transistors (OFETs) applications and 5,6-dialkylnaphthodithiophene-based donor–

acceptor polymer has been demonstrated to exhibit improved performance in organic 

polymer solar cells.11 However, dialkyloxynaphthodithiophene unit has not been 

explored as an electron-rich unit for low band gap polymers. As one of the main 

research directions in our group, two polymers, namely PNB-1 and PNB-2 (Figure 2-

2) based on dialkyloxynaphthodithiophene were prepared and characterized, both 

polymers can efficiently harvest sunlight in broad range, and with optical band gap ~1.6 

eV. But due to the poor solubility, the resulting devices could not be optimized and the 

device performance was rather poor. 
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In order to improve the solubility of the polymers, and finally get enhanced PCE, the 

linear alkoxy side chains of the donor unit are replaced by the branched ones. Two new 

polymeric analogous namely PNB-3 and PNB-4 were designed and synthesized. In 

addition, polymer PNB-5 and PNB-6 were prepared to study the effects of side chain 

position as well as the molecular weight effect of PNB-4 on device performance 

(Figure 2-2). 

 
Figure 2-2 Structures of PNB-n, where n = 1, 2, 3, 4, 5 and 6. 
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2.2 Synthesis 

2.2.1 Synthesis of donor units 

According to the reported procedures,12 catechol was alkylated with 2-ethylhexyl 

bromide in basic medium affording 1,2-bis(2-ethylhexyloxy)benzene, 2-1 in high yield 

(84%). Brominating of 2-1 using NBS in AcOH and CHCl3 afforded 1,2-dibromo-4,5-

bis(2-ethylhexyloxy)benzene, 2-2 in 88% yield. Palladium catalyzed Suzuki cross-

coupling of 2-2 and 3-thiopheneboronic acid afforded 4,5-bis(2-ethylhexyloxy)-1,2-

di(3-thienyl)benzene, 2-3 in 84% yield. Iron (III) chloride oxidative cyclization of 2-3 

in the presence of nitromethane gave 5,6-bis(2-ethylhexyloxy)naphthodithiophene, 2-

4, 78% yield. The key intermediate, 5,6-bis(2-ethylhexyloxy)-2,9-bis(tri -n-

butylstannyl)naphthodithiophene, 2-513 was obtained in an excellent yield (94%) by 

means of deprotonation of 2-4 using n-BuLi and then followed by reaction with 

Bu3SnCl (Scheme 2-1). 

Adopting the same synthetic strategy, another key intermediate, 5,6-bis(decyloxy)-

2,9-bis(tri -n-butylstannyl)naphthodithiophene, 2-10 was prepared (Scheme 2-1). 

 
Reagents and conditions: a) DMSO, KOH, RBr, 84%; b) NBS, CHCl3/AcOH, 88%; c) 
3-thiopheneboronic acid, Pd(PPh3)4, 2 M K2CO3, THF, 84%; d) FeCl3, MeNO2, DCM, 
78%; e) n-BuLi, Bu3SnCl, 94%. 

Scheme 2-1 Synthesis of 2-alkoxy-substituted naphthodithiophene based donor units. 
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2.2.2 Synthesis of acceptor units 

Reaction of 1,2-diaminobenzene with thionyl chloride in the presence of 

triethylamine in anhydrous DCM afforded 2,1,3-benzothiadiazole, 2-11. Subsequent 

treating 2-11 with bromine in 48% HBr under reflux gave 2-12 in 95% yield. On the 

other hand, 3-bromothiophene was treated with various freshly prepared 

alkylmagnesium bromide in the presence of Ni(dppp)Cl2 as a catalyst affording 3-

alkylthiophenes 2-13. Deprotonation of 2-13 with n-BuLi at -78 °C followed by 

quenching with B(OMe)3 afforded the corresponding boronic acids 2-14, which was 

used directly in the next step without further purification. On the other hand, mono-

bromination of 2-13 by NBS afforded 2-15 in 86% yield. 2-15 was treated with n-BuLi 

at -78 oC, and then B(OMe)3 to give the corresponding boronic acid 2-16, which was 

also used directly in the next step without further purification. Palladium-catalyzed 

Suzuki cross-coupling of 4,7-dibromo-2,1,3-benzothiadiazole, 2-12 with the 

corresponding boronic acid 2-14 and 2-16 afforded dithiophene-substituted 

benzothiadiazoles 2-17 and 2-18, respectively, subsequent NBS-bromination gave the 

two corresponding electron-deficient units, 2-19 and 2-20, respectively (Scheme 2-2). 

In a similar fashion, compound 2-22 was prepared as shown in Scheme 2-3. 
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Reagents and conditions: a) SOCl2, Et3N, DCM, 76%; b) Br2, HBr, 95%; c) (i) Mg, 
C10H21Br, (ii) Ni(dppp)Cl2, 88%; d) n-BuLi, B(OMe)3, 70%-80%; e) NBS, 
CHCl3/AcOH, 86%-90%.; f) Pd(PPh3)4, 2 M K2CO3, 2-14 or 2-16, THF, reflux 
overnight, 75%-82%. 

Scheme 2-2 Synthesis of benzothiadiazole based acceptor units. 

 
Reagents and conditions: a) Pd(PPh3)4, (4-(2-ethylhexyl)thiophen-2-yl)boronic acid, 2 
M K2CO3, THF, reflux overnight, 88%; b) NBS, CHCl3/AcOH, 90%. 

Scheme 2-3 Synthesis of benzothiadiazole based acceptor unit. 
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2.2.3 Synthesis of polymers 

All the four polymers were synthesized by Stille polycondensation reaction, the 

synthetic routes are outlined in Scheme 2-4. The corresponding electron-rich and -

deficient units were exactly weighted in a molar ratio of 1:1 with 10% Pd(PPh3)4 as a 

catalyst and DMF as solvent except for the synthesis of PNB-3, toluene was used as 

solvent. The mixture was heated at 120 oC under nitrogen atmosphere for 48 h. The raw 

polymers were purified by Soxhlet extraction, using methanol, n-hexane, to remove 

oligomers, and chloroform as eluent to obtain the large molecular weight fraction, 

which were precipitated in methanol, filtered and dried in vacuum, to obtain the 

polymers as dark blue solid with moderate yield. All the four polymers showed good 

solubility in common organic solvents such as chlorobenzene, THF and chloroform. 

The molecular weight of these copolymers are determined by gel permeation 

chromatography (GPC) using polystyrene as standard and THF as eluent. Thermal 

gravimetric analysis (TGA) measurement showed that all the four polymers exhibited 

high thermal stability with decomposition temperature in the range of 352-400 °C with 

5% weight loss. The molecular weights and thermal stability properties of synthesized 

polymers are summarized in Table 2-1, and the TGA plots of polymers are shown in 

Figure 2-3. 



 

50 
 

 
Scheme 2-4 Synthesis of PNB-n, where n = 3, 4, 5 and 6. 

Table 2-1 Molecular weights and thermal stability properties of PNB-n, where n = 3, 
4, 5 and 6. 

Polymer Mn
a (kDa) Mw (kDa) PDIb Td

c 

PNB-3 14 25 1.79 352 

PNB-4 33 53 1.62 400 

PNB-5 21 53 2.51 384 

PNB-6 49             129 2.63 367 
a The molecular weight of polymers are determined by gel permeation chromatography 
(GPC) using polystyrene as standard and THF as eluent. b Polydispersity index, the ratio of 
Mw / Mn. c Decomposition temperature with 5% weight loss. 
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Figure 2-3 TGA plots of PNB-n, where n = 3, 4, 5 and 6. 

2.3 Results and discussions 

2.3.1 Physical and electrochemical properties 

The UV-Vis absorption spectra of PNB-3, PNB-4, PNB-5, and PNB-6 in THF and 

thin films are shown in Figure 2-4. In solution, the maximum absorption peak of PNB-

3, PNB-4, PNB-5, and PNB-6 located at 564, 615, 509 and 602 nm, respectively, while 

that in solid states are at 579, 625, 558 and 625 nm. Thus, PNB-5 exhibited the largest 

red shift in thin film absorption relative to that in THF among the four polymers. It is 

likely due to the side chain induced increase in dihedral angles between thienyl and 

benzothiadiazole units of PNB-5 in solution. 

It is worth mentioning that there are substantial overlap of two absorption bands for 

PNB-5 in THF, but in solid state, with the enhanced planarity, the two distinct 

absorption bands were separated and peaked at 439 and 558 nm. The spectra of PNB-

3 and PNB-4 showed two distinct absorption bands with the max absorption peaks 
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Figure 2-4 UV-Vis absorption spectra of PNB-n, where n = 3, 4, 5 and 6 in solution 
(up) and thin films (down). 
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at 580 and 620 nm in thin films, respectively, in which the weak absorption peak at 

around 430 nm is corresponding to π-π* transitions while the strong and broad 

absorption peak around 610 nm is corresponding to intramolecular charge transfer (ICT) 

between the donor and acceptor moieties,11 with an optical band gap of ~1.64 eV. PNB-

4 showed a red shift in the absorption spectrum when compared with that of PNB-3 in 

solid state, which is due to the extended conjugation length contributed by the two 

additional thienyl rings and the higher molecular weight. There is a slight red shift in 

absorption spectra for both polymers in thin films relative to those in THF, due to the 

improved π-π stacking in solid state, and the pronounced shoulder peak in thin film 

absorption peak also indicating the enhanced self-aggregation in solid state. For PNB-

5, due to the twist of the backbone chain, the major absorption band is around 558 nm 

with a blue shift compared with that of PNB-4, corresponding to an optical band gap 

of 1.72 eV. While PNB-6 showed similar absorption property compared to PNB-4. 

Cyclic voltammetry (CV) was used to determine the HOMO and LUMO energy 

levels of the copolymers in thin films (Figure 2-5). The HOMO levels of PNB-3, PNB-

4, PNB-5 and PNB-6 are estimated to be -5.22, -5.13, -5.31 and -5.08 eV, respectively, 

based on the onset oxidation potentials using ferrocene as an external standard, 

Ag/AgCl for PNB-3 and PNB-4 (Ag/AgNO3 for PNB-5 and PNB-6) as reference 

electrode, platinum disc as counter electrode and platinum-carbon electrode as working 

electrode, and the HOMO levels were calculated by HOMO = - (4.36 eV + Eox
onset) eV 

for PNB-3 and PNB-4; while HOMO = - (4.71 eV + Eox
onset) eV for PNB-5 and PNB-

6. These results are consistent with the fact that the monomeric unit of PNB-4 has a 

longer conjugation length compared with that of PNB-3. The LUMO levels are 

estimated to be -3.59, -3.50, -3.59 and -3.44 eV for PNB-3, PNB-4, PNB 5, and PNB 
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6, respectively, which were calculated by LUMO = HOMO + Eg
opt eV. The data are 

summarized in Table 2-2. 
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Figure 2-5 CV curves of PNB-n, where n = 3, 4, 5 and 6. 

Table 2-2 Optical and electrochemical data of PNB-n, where n = 3, 4, 5, and 6. 

Polymer Eg
opt (eV)a Eonset

ox (V)b Eonset
red (V)b HOMO (eV)b LUMO (eV)c 

PNB-3 1.63 0.86 -0.92 -5.22 -3.59 

PNB-4 1.64 0.78 -0.82 -5.14 -3.50 

PNB-5 1.72 0.60 -1.15 -5.31 -3.59 

PNB-6 1.64 0.37 -1.30 -5.08 -3.44 
a Calculated from the intersection of the tangent on the low energy edge of the absorption 
spectrum with the baseline. b Determined by CV. HOMO = - (4.36 + �4567849 ) eV for PNB-
3,4; HOMO = - (4.71 + �4567849 ) eV for PNB-5,6. c LUMO = (HOMO + �:

4;8) eV. 

2.3.2 Photovoltaic properties 

The photovoltaic performance of PNB-3, PNB-4 and PNB-5 based devices were 

probed by fabricating BHJ solar cells with the configuration of ITO/PEDOT (30 
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nm)/PNB-n:PC71BM (100 nm) (1:2)/BCP (5 nm)/LiF (1 nm)/Al, where bathocuproine 

(BCP) acts as an exciton blocking layer. First, a poly(3,4-ethylenedioxythiophene)-

poly(styrene sulfonate) (PEDOT:PSS) thin film (30 nm) was spin-coated and then 

baked at 140 °C for 15 min. Secondly, an active layer was spin-coated on top of the 

PEDOT:PSS from the hot solutions of 8 mg/ mL in chlorobenzene of the 

polymer:PC71BM blends with (1:2) weight ratios. Finally, 5 nm of BCP, 1 nm of LiF 

and Al were deposited on the top of the active layer in a vacuum of 2 × 10-7 torr to 

complete the PV device fabrication. The PV responses of these devices were measured 

under AM 1.5 simulated solar illumination at an irradiation intensity of 100 mW cm-2, 

and tested in air without encapsulation, the thickness of the active layer was optimized 

to the best overall device performance with an active area of 0.7 × 0.7 cm2. As PNB-6, 

The BHJ solar cell device with a conventional device structure of ITO/PEDOT:PSS (30 

nm)/PNB-6:PC71BM (100 nm) (1:2)/ZnO/Ag was fabricated by spin-coating of a 

PEDOT:PSS layer and then the PNB-6:PC71BM layer from chlorobenzene (with 3% 

DIO) followed by vacuum deposition of ZnO as interlayer and Al as the cathode, the 

concentration of PNB-6:PC71BM (1:2, w/w) blend solution for spin coating was 6 

mg/mL (polymer/chlorobenzene), and the thickness of the active layer is ~ 100 nm with 

an active cell area of 9 mm2. The results of the device performance are summarized in 

Table 2-3. Figure 2-6 and Figure 2-7 showed the current density-voltage (J-V) 

characteristics of PNB-3 and PNB-4 based devices. The optimized PNB-4 based device 

generally showed the best device performance with Voc = 0.72 V, fill factor (FF) = 0.56, 

Jsc = 4.30 mA cm-2 and PCE = 1.73% as compared with those of the PNB-3 based 

device (Voc = 0.68 V, FF = 0.32, Jsc = 2.74 mA cm-2 and PCE = 0.61%), and the PNB-

5 based device (Voc = 0.78 V, FF = 0.35, Jsc = 5.69 mA cm-2 and PCE = 1.5%). The 

larger Voc was favored by the lower HOMO level of PNB-5 as compared to those of the 
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other two copolymers. The largest FF of PNB-4 obtained was attributed to the better 

solubility over PNB-3 and PNB-5, which gave a good morphology of thin film leading 

to efficient exciton dissociation and collection. Additionally, the external quantum 

efficiency (EQE) curves also showed that the PNB-4 based device exhibited higher 

photo-conversion efficiency than that of PNB-3, which is mainly due to the stronger 

absorption between 300 to 750 nm (Figure 2-6 and Figure 2-7). It is well known that 

a solvent additive can have tremendous impact on the morphology of the blend film 

and hence affect the device performance. Indeed, the PNB-4 based device showed a 

dramatic enhancement in the photovoltaic performance in which the PCE reached to 

5.3% with Voc = 0.64 V, short circuit current (Jsc) = 13.5 mA cm-2 and FF = 0.62. Such 

a device exhibited a broad and strong photoresponse with EQE over 50% in the spectra 

ranging from 350 nm to 640 nm and a maximum of EQE (EQEmax) reaching to 67% at 

457 nm. The wavelength integration of the product of the EQE curve and the standard 

AM 1.5 G solar spectrum afforded a calibrated Jsc of 12.66 mA cm-2, which is 6% 

smaller than that measured from J-V measurement due to a spectral mismatch. In 

contrast, there is no apparent improvement in device performance for the PNB-3 and 

PNB-5 based PV cells fabricated from chlorobenzene with DIO additive. For PNB-5 

based device, there was a reduction of the efficiency caused by the decrease in Jsc value. 

PNB-6 based device was directly characterized with an addition of 3% DIO to modify 

the morphology. This device showed a Voc of 0.56 V, short circuit current (Jsc) of 8.63 

mA cm-2 and FF of 0.48 and resulted in a PCE of 2.32%. Such a side chain position 

interchange leads to the distinct difference in device performance. 

The tapping mode Atomic Force Microscopy (AFM) was used to investigate the 

effect of additive on thin-film morphology (Figure 2-8 to Figure 2-12). PNB-3 and 

PNB-5 showed good miscibility with PCBM, and there is no phase separation observed 
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in the surface of active layers. This leads to the low Jsc values caused by the inefficient 

exciton dissociation and charge transport. On the other hand, AFM images showed 

large domains around 300 nm in size formed in the PNB-4 blended film without the 

addition of DIO due to the poor miscibility of PNB-4 and PCBM. This leads to the 

inefficient charge separation and transport, resulting in the low Jsc value in device. Upon 

the addition of DIO, the large domains in the PNB-4 blended film disappeared and a 

more homogeneous phase separation appeared with much smaller domain size. The bi-

continuous architecture was formed which favored exciton dissociation and transport, 

leading to larger Jsc and FF, finally affording an enhanced PCE, which is also consistent 

with the variation of EQE values before and after addition of DIO. 

Table 2-3 Summary of the photovoltaic characteristics of devices based on PNB-n, 
where n = 3, 4, 5 and 6. 

Polymer w/DIO Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-3 No 2.74 (2.36)a 0.68 32 0.61 (0.52)a 

PNB-3 Yes 2.76 (2.87)a 0.66 34 0.62 (0.64)a 

 PNB-4 No 4.30 (4.47)a 0.72 56 1.73 (1.80)a 

PNB-4 Yes 13.50 (12.66)a 0.64 62 5.27 (5.00)a 

PNB-5 No 5.69 (-----)a 0.78 35 1.50 (-----)a 

PNB-5 Yes 2.55 (-----)a 0.76 38 0.70 (-----)a 

PNB-6 Yes 8.63 (-----)a 0.56 48 2.32 (-----)a 

a EQE calibrated value 

 
Figure 2-6 J-V (left) and EQE (right) curves of PNB-3 based PV devices. 
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Figure 2-7 J-V (left) and EQE (right) curves of PNB-4 based PV devices. 
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Figure 2-8 AFM images of PNB-3:PC71BM blend films without DIO additive. 
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Figure 2-9 AFM images of PNB-3:PC71BM blend films with DIO additive. 
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Figure 2-10 AFM images of PNB-4:PC71BM blend films without DIO additive. 
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Figure 2-11 AFM images of PNB-4:PC71BM blend films with DIO additive. 
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Figure 2-12 AFM images of PNB-5:PC71BM blend films without DIO additive. 
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In the procedure of device fabrication, chlorobenzene and dichlorobenzene are often 

used to dissolve the polymers. The problem is that most polymers showed good 

solubility in these solvent but not PCBM, and hence the device fabricated from the 

mixture always formed heterogeneous films which disfavored the collection and 

dissociation of excitons leading to inefficient EQE, Jsc, and finally poor PCE. On the 

other hand, DIO selectively dissolves the PCBM but polymers which are often not 

soluble in DIO. As the fullerenes are selectively dissolved in DIO only, three separate 

phases are formed during the process of liquid-liquid phase separation and drying: a 

fullerene-DIO phase, a polymer aggregate phase, and a polymer-fullerene phase. In 

addition, the DIO has a higher boiling point than that of chlorobenzene, the PCBM 

tends to remain in solution (during drying) longer than the polymers, thereby enabling 

control of the phase separation and the resulting morphology of the BHJ materials 

(Figure 2-13).14 

 
 

Fig. 2.13 Schematic depiction of the role of the processing additive in the self-assembly 
of bulk heterojunction blend materials.14 

2.3.3 ICBA as an acceptor material for photovoltaic device 

Recent research showed that polymers with high molecular weight would lead to the 

enhancement in the device performance by affecting active layer morphology,15 high 

molecular weight of PNB-4 up to 80 kDa with PDI of 2.11 was obtained by careful 

extraction with methanol, hexane, DCM, toluene to remove catalyst, oligomer and 

Polymer/PCBM 

Polymer 

PCBM 

Additive 

Polymer/PCBM/Additive 
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small molecular weight fraction, the high molecular weight polymer was extracted by 

chloroform, which was precipitated in methanol and filtered to give black solid, after 

drying in vacuum overnight, the sample was characterized by the physical and optical 

properties which are the same as that with molecular weight of 33 kDa. 

In order to obtain higher Voc, IC60BA was used as an acceptor material to replace 

PC71BM because of the ~ 0.16 eV higher LUMO energy level.16 The higher Voc of 0.84 

V was indeed realized which is 0.2 V higher than that with PC71BM, consistent with 

the LUMO energy level difference in fullerene derivatives. Besides, the enhancement 

of Voc, there is an enormous increase in Jsc (19.32 mA cm-2), which is one of the largest 

current values obtained in solar cell device. However, only a moderate FF of 43.1% 

was obtained leading to the overall efficiency up to 7.0%. Figure 2-14 showed the J-V 

curves for high molecular weight PNB-4 based device with IC60BA as an acceptor 

material. And Figure 2-15 showed UV-Vis absorption spectra of the blend films of 

high molecular weight PNB-4 with IC60BA, PC71BM and P3HT. 

The tapping mode AFM images of high molecular weight PNB-4 blending with 

IC60BA and PC71BM were characterized and outlined in Figure 2-16 and Figure 2-17 

at the scale of 40 µm × 40 µm and 10 µm × 10 µm (or 50 µm × 50 µm) to study the 

active layer surface morphology. It is obvious that both the blends of PNB-4 with 

IC60BA and PC71BM showed smooth and good phase separation properties. The bi-

continuous fabric-like morphology was formed in both films but the domain size of 

PNB-4 and IC60BA blend was much smaller than PNB-4 and PC71BM blend, possibly 

due to the different solubility of IC60BA and PC71BM in host processing solution, which 

is good for efficient charge separation and transport, in turn the tremendous 

enhancement of Jsc.17 
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Figure 2-14 J-V curves of high molecular weight PNB-4 based PV devices with 
IC60BA as an acceptor material. 

 

 

Figure 2-15 UV-Vis absorption spectra of the blend films of high molecular weight 
PNB-4 with IC60BA, PC71BM and P3HT. 
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Figure 2-16 AFM images of PNB-4:IC60BA blend films. 
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Figure 2-17 AFM images of PNB-4:PC71BM blend films. 
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2.3.4 Field effect transistors properties 

Bottom-gate bottom-contact (BGBC) OFETs with Au source/drain electrodes was 

fabricated to determine the charge carrier mobility of PNB-4 (Mn = 33 kDa). The active 

layer was fabricated from the polymer in chlorobenzene with concentration of 15 

mg/mL by spin-coating at 1500 rpm for 60s, with constant channel width of 1400 µm. 

Different channel length (10, 20, 30, 40 and 50 µm) and annealing temperature (25, 90, 

120, 150 and 180 oC) were used to optimize the device conditions, Figure 2-18 and 

Figure 2-19 showed the output and transfer curves of PNB-4 based OFETs devices 

with channel length of 10 and 50 µm at 150 oC, while Table 2-4 summarized the 

conditions used to optimize OFETs devices performance. The best performance of 

PNB-4 based OFETs device was obtained with the device channel length of 10 µm and 

with annealing at 150 oC affording mobility of 8.80 × 10-3 cm2 V-1 s-1. It is clearly shown 

that as the channel length increased, the charge mobility decreased and the annealing 

temperature increased from room temperature to 150 oC, the charge mobility increased 

gradually. But once the annealing temperature increased over 150 oC, the charge 

mobility decreased. 
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Figure 2-18 Transfer (left) and output (right) characteristics of OFETs devices based 
on PNB-4 (channel length = 10 µm, 150 oC). 
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Figure 2-19 Transfer (left) and output (right) characteristics of OFETs devices based 
on PNB-4 (channel length = 50 µm, 150 oC). 

Table 2-4 Optimized conditions for OFETs devices fabricated from PNB-4. 

Channel Length 
(width=1400 µm) 

Annealing Temperature (℃) 

RT 90 120 150 180 

10 
µm 

µ/cm2 V-1 s-1 6.50 × 10-4 2.30 × 10-3 5.80 × 10-3 8.80 × 10-3 6.10 × 10-3 

lg(Ion/Ioff) 3 3 4 4 3-4 

Vthreshold/V 18 17 17 15 9 

20 
µm 

µ/cm2 V-1 s-1 5.50 × 10-4 2.30 × 10-3 6.90 × 10-3 8.30 × 10-3 5.40 × 10-3 

lg(Ion/Ioff) 3 3 4-5 4 3-4 

Vthreshold/V 17 17 16 16 9 

30 
µm 

µ/cm2 V-1 s-1 5.70 × 10-4 2.20 × 10-3 5.40 × 10-3 7.60 × 10-3 4.90 × 10-3 

lg(Ion/Ioff) 3 3 5 4 3-4 

Vthreshold/V 17 17 13 15 8 

40 
µm 

µ/cm2 V-1 s-1 3.60 × 10-4 1.40 × 10-3 3.10 × 10-3 4.70 × 10-3 3.10 × 10-3 

lg(Ion/Ioff) 3 3 4 4-5 3-4 

Vthreshold/V 18 17 12 12 10 

50 
µm 

µ/cm2 V-1 s-1 5.80 × 10-4 2.10 × 10-3 4.30 × 10-3 5.50 × 10-3 4.80 × 10-3 

lg(Ion/Ioff) 3 3 4 4-5 3-4 

Vthreshold/V 15 18 9 7 9 
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2.4 Conclusions 

In conclusion, four new polymers PNB-3, PNB-4, PNB-5 and PNB-6 were 

synthesized and characterized. These alternating copolymers have been characterized 

by GPC, TGA, UV-Vis and CV techniques which exhibited good thermal stability, 

strong adsorption in visible and near IR region in thin films. The bulk heterojunction 

solar cells fabricated from the blend of PNB-4 and PC71BM using 1,8-diiodooctane as 

a solvent additive afforded a power conversion efficiency of 5.3% with an external 

quantum efficiency over 60% in a broad spectral range. When higher molecular weight 

of 80 kDa was obtained for PNB-4, which was blended with IC60BA as an active layer 

affording excellent device efficiency as high as 7%. The OFETs device based on pure 

PNB-4 film gave a hole mobility of 8.8 × 10-3 cm2 V-1 s-1. As a result, PNB-4 shows 

promising potential for further development and device optimization for practical 

applications. Our results also suggest that 5, 6-dialkyloxynaphtho-dithiophene is a 

useful electron-rich building unit of a donor material for efficient solar cells. 

2.5 Experimental section 

Materials and method 

All reagents and starting materials were purchased from commercial sources and 

used as received, unless otherwise noted. All the solvents were dried by the standard 

methods wherever needed. 1H NMR spectra were recorded using a Bruker-400 NMR 

spectrometer and referenced to the residual CHCl3 7.26 ppm or DMSO-d6 2.5 ppm. 13C 

NMR spectra were recorded using a Bruker-100 NMR spectrometer and referenced to 

the CDCl3 77 ppm or DMSO-d6 39.5 ppm. Thermal stabilities were determined by 

thermal gravimetric analyzer (PE-TGA 6) with a heating rate of 10 oC /min under N2. 

All absorption measurements were performed with Varian Cary 100-UV-Vis 

spectrophotometer. Cyclic voltammograms (CV) were recorded on a CH Instrument 
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630C using platinum wires as working electrode and counter-electrode at a scan rate of 

100 mV/s. The reference electrode was Ag/AgCl or Ag/AgNO3 and the electrolyte was 

a solution of 0.1 M hexafluorophosphate (Bu4NPF6) in dry acetonitrile. Under these 

conditions, the half wave potential of oxidation of ferrocene was 0.44 V versus 

Ag/AgCl or 0.07 V versus Ag/AgNO3. The HOMO and LUMO energy levels were 

determined from the oxidation and reduction onsets from the cyclic voltammograms 

assuming that the half wave potential of oxidation of Fc/Fc+ is -4.36 eV or 4.73 eV 

below vacuum. The molecular weight and polydispersity index (PDI) of the polymer 

were determined by gel permeation chromatography (GPC) using Agilent 1050 HPLC 

system with VWD and waters 515 HPLC pump. THF was used as eluent and 

commercial polystyrenes were used as standards. 

Solar cell device fabrication method 

The photovoltaic devices based on PNB-3, PNB-4 and PNB-5 were fabricated and 

characterized by the group of Dr. Ye Tao in the Institute for Microstructural Sciences, 

National Research Council of Canada. The PNB-6 based photovoltaic devices were 

fabricated and characterized by the group of Prof. Furong Zhu in the Department of 

Physics, Hong Kong Baptist University. The high molecular weight PNB-4 based 

photovoltaic devices were fabricated and characterized by the group of Dr. Zhou Hang 

at Peking University Shenzhen Graduate School, China. For PNB-3, PNB-4 and PNB-

5, the BHJ solar cells were prepared on commercial glass slides coated with patterned 

ITO. The active area of each solar cell device was 0.7 × 0.7 cm2. The substrates were 

sonicated sequentially in detergent, DI water, acetone, and isopropanol. Immediately 

prior to device fabrication, the substrates were treated in a UV-ozone oven for 15 min. 

First, a poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) thin 

film (30 nm) was spin-coated and then baked at 140 °C for 15 min. Secondly, an active 
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layer was spin-coated on top of the PEDOT:PSS from the hot solutions of 8 mg/ mL in 

chlorobenzene of the polymer:PC71BM blends with (1:2) weight ratios. Finally, 5 nm 

of BCP, 1 nm of LiF and Al were deposited on the top of the active layer in a vacuum 

of 2 × 10-7 torr to complete the PV device fabrication. The solar cells were then tested 

in air under AM 1.5G illumination of 100 mW cm-2 (Science Tech Inc., SS 500W solar 

simulator), which was calibrated with a KG5 filter covered silicon photovoltaic solar 

cell traceable to the National Renewable Energy Laboratory (NREL). Current-voltage 

(I-V) characteristics were recorded using a computer-controlled Keithley 2400 source 

meter. The external quantum efficiency (EQE) was performed using a Jobin-Yvon 

Triax spectrometer, a Jobin-Yvon xenon light source, a Merlin lock-in amplifier, a 

calibrated Si UV detector, and an SR570 low noise current amplifier. 

For PNB-6, the conventional BHJ PV cell with a device structure of ITO/PEDOT: 

PSS (30 nm)/Polymer:PC71BM (100 nm) (1:2)/ZnO/Ag was fabricated by spin-coating 

of a PEDOT:PSS layer and then the active layer, finally, deposition of ZnO layer in 

vacuum as cathode. The concentration of the polymer/PC71BM blend solution for spin 

coating was 6 mg/mL (polymer/chlorobenzene), and the thickness of the active layer is 

~ 100 nm. The performance of PV cells was measured under AM 1.5 simulated solar 

illumination at an irradiation intensity of 100 mW/cm2. The devices were tested under 

glove-box (filled with nitrogen) environment and the device active area is 3 mm × 3 

mm. 

OFET device fabrication method 

The PNB-4 based OFETs were fabricated and characterized by the group of Prof. 

Gui Yu in the Institute of Chemistry, Chinese Academy of Science, China. The OFET 

devices were fabricated in a bottom-gate bottom-contact (BGBC) configuration (gold 

electrode on Si/SiO2 substrates). Before the deposition of organic semiconductors, 
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octadecyltrichlorosilane (OTS) treatment was performed on the gate dielectrics which 

were placed in a vacuum oven with OTS at a temperature of 120 oC for 3 hours to form 

an OTS self-assembled monolayer. Then the polymer thin films were spin-coated on 

the OTS modified SiO2/Si substrates from the solutions (In chlorobenzene, 10mg/mL, 

spin-coated at 1500 rpm, 60 s). The polymer OFETs devices were annealed 

successively at 80, 120, 160, 200, 240 and 280 oC for 6 min in air. The polymer FET 

devices were measured at room temperature in air by using a Keithley 4200 

Semiconductor Characterization System. In contrast, the characteristics of as-prepared 

devices were also measured. The mobility of the devices was calculated in the 

saturation regime. The equation is listed as follows: 

IDS = (W / 2L) Ci µ (VGS-Vth)2 

Where W/L is the channel width / length, Ci is the insulator capacitance per unit area, 

and VGS and Vth are the gate voltage and threshold voltage, respectively. 

Synthetic procedure 

1,2-bis(2-ethylhexyloxy)benzene (2-1):12 The mixture of catechol (3.3 g, 30 mmol), 

KOH (6.7 g, 120 mmol) and 3-(bromomethyl)heptane (15.44 g, 80 mmol) in DMSO 

(60 mL) was refluxed overnight under N2. The mixture was cooled to room temperature, 

then poured to water, hexane was added and separated, the organic phase was washed 

with water, brine, and dried over anhydrous Na2SO4, purified by silica gel column 

chromatography using petroleum ether as eluent affording the desired product as a 

colorless oil (8.9 g, 88 %). 1H NMR (400 MHz, CDCl3) δ 6.88 (s, 4H), 3.87-3.85 (m, 

4H), 1.77-1.73 (m, 2H), 1.56-1.30 (m, 16H), 0.95-0.88 (m, 12H). 13C NMR (100 MHz, 

CDCl3) δ 149.6, 120.8, 113.8, 71.6, 39.6, 30.7, 29.1, 23.9, 23.1, 14.1, 11.2. HRMS 

(MALDI-TOF) m/z C22H38O2 Calcd for 334.2866 found 334.2850 [M+H]+. 
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1,2-dibromo-4,5-bis(2-ethylhexyloxy)benzene (2-2):12 To a stirred solution of 

compound 2-1 (7.0 g, 21 mmol) in AcOH/CHCl3 (25 mL/25 mL) at room temperature, 

NBS (8.9 g, 50 mmol) was added in portions. After complete addition, the mixture was 

stirred for another 10 h, and poured into water. Hexane was added, the organic phase 

was separated and washed with brine, dried over anhydrous Na2SO4, purified by silica 

gel column chromatography using petroleum ether as eluent affording the desired 

product as a colorless oil (9.7 g, 88 %). 1H NMR (400 MHz, CDCl3) δ 7.05 (s, 2H), 

3.82-3.80 (m, 4H), 1.77-1.71 (m, 2H), 1.52-1.25 (m, 16H), 0.94-0.88 (m, 12H). 13C 

NMR (100 MHz, CDCl3) δ 149.4, 117.6, 114.4, 71.8, 39.4, 30.5, 29.1, 23.9, 23.1, 14.1, 

11.2. HRMS (MALDI-TOF) m/z Calcd for C22H36Br2O2 492.1062 found 492.1058 

[M+H] +. 

1,2-Bis(2'-ethylhexyloxy)-4,5-bis(3-thienyl)benzene (2-3):12 To a 100 mL two-neck 

round-bottom flask was added 3-thiophenebonoric acid (3.8 g, 30 mmol), 1,2-dibromo-

4,5-bis(2-ethylhexyloxy)benzene (4.9 g, 10 mmol), Pd(PPh3)4 (100 mg), THF (100 mL) 

and 2 M K2CO3 (30 mL). The solution mixture was heated to 80 oC overnight under N2. 

After cooling to room temperature, the mixture was poured into water and extracted 

with dichloromethane (3 × 50 mL). The combined organic phase was dried over 

anhydrous Na2SO4 and evaporated to dryness. The crude product was purified by silica 

gel column chromatography eluting with petroleum ether/dichloromethane affording 

the desired product (3.5 g, 84%). 1H NMR (400 MHz, CDCl3) δ 7.17 (dd, J = 3.0, 4.96 

Hz, 2H), 7.02 (dd, J = 1.28, 3.0 Hz, 2H), 6.78 (dd, J = 1.24, 4.96 Hz, 2H), 3.93-3.91 

(m, 4H), 1.81-1.78 (m, 2H), 1.56-1.33 (m, 16H), 0.97-0.92 (m, 12H). 13C NMR (100 

MHz, CDCl3) δ 148.7, 142.2, 129.2, 127.8, 124.5, 122.3, 71.7, 39.6, 30.6, 29.1, 23.9, 

23.1, 14.1, 11.2. HRMS (MALDI-TOF) m/z Calcd for C30H42O2S2 498.2626 found 

498.2658 [M+H]+. 
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5,6-Bis(2'-ethylhexyloxy)naphtho[2,1-b:3,4-b']dithiophene (2-4):18 A solution of 

iron(III) chloride (953 mg, 5.88 mmol) in nitromethane (20 mL) was added dropwise 

to a solution of 1,2-bis(2'-ethylhexyloxy)-4,5-bis(3-thienyl)benzene (1.0 g, 2 mmol) in 

DCM (50 mL) under N2. After 30 min, methanol (10 mL) was added and the reaction 

was stirred for 30 min. The solvent was removed, and the residue was purified by silica 

gel column chromatography to give the desired product (940 mg, 93%). 1H NMR (400 

MHz, CDCl3) δ 7.89 (d, J = 5.4 Hz, 2H), 7.68 (s, 2H), 7.47 (d, J = 5.4 Hz, 2H), 4.08(d, 

J = 3.6 Hz, 4H), 1.90-1.87 (m, 2H), 1.52-1.36 (m, 16H), 1.02-0.91 (m, 12H). 13C NMR 

(100 MHz, CDCl3) δ 149.3, 133.9, 130.3, 123.4, 122.7, 122.7, 106.4, 71.5, 39.6, 30.7, 

29.2, 24.1, 23.1, 14.1, 11.3. HRMS (MALDI-TOF) m/z Calcd for C30H42O2S2 498.2470 

found 498.2635 [M+H]+. (Note: when we increased the amount of starting material to 

2.0 g, the yield decreased to 78%). 

5,6-bis(2'-ethylhexyloxy)-2,5-bis(tri-n-butylstannyl)-naphtho-[2,1-b:3,4-b']dithio-

phene (2-5): To a 100 mL two-neck round bottom flask was added 5,6-Bis(2'-

ethylhexyloxy)naphtho[2,1-b:3,4-b']dithiophene (400 mg, 0.8 mmol) and dry THF (10 

mL). After deoxygenated with nitrogen three times, the solution was cooled to -78 oC 

and 1.6 M of n-BuLi (1.3 mL, 2.0 mmol) was added dropwise. The resulting white 

suspension was stirred at -78 oC for 1 h and tri-n-butyltin chloride (651 mg, 2.0 mmol) 

was added in one portion. Upon complete addition, the mixture was stirred at -78 oC 

for 10 min, and then warmed to room temperature and stirred for 3 h. The reaction 

mixture was poured into ethyl acetate (100 mL), washed with H2O (2 × 30 mL), brine 

(2 × 30 mL), and dried over anhydrous Na2SO4. After removal of solvent, the residue 

was added 5 mL of triethylamine and stirred at room temperature for 2 h. After 

triethylamine was removed, the residue was purified by silica gel column 

chromatography using hexane as the eluent affording the desired product as a colorless 
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liquid (810 mg, 94%). 1H NMR (400 MHz, CDCl3) δ 7.95 (s, 2H), 7.81 (s, 2H), 4.22-

4.15 (m, 4H), 1.99-1.93(m, 2H), 1.8-1.26 (m, 52H), 0.96-0.88 (m, 30H). 13C NMR (100 

MHz, CDCl3) δ 148.9, 135.9, 135.4, 134.7, 130.5, 122.4, 106.8, 71.6, 39.7, 30.8, 29.3, 

29.1, 27.4, 24.1 (d), 23.2, 14.2, 13.8 (d), 11.4, 11.0. HRMS (MALDI-TOF) m/z Calcd 

for C54H92O2S2Sn2 1074.4588 found 1074.4618 [M+H]+. 

1, 2-bis(decyloxy)benzene (2-6):18 The mixture of catechol (3.3 g, 30 mmol), KOH 

(6.7 g, 120 mmol) and 1-bromodecane (17.6 g, 80 mmol) in DMSO (60 mL) was 

refluxed overnight under N2. The mixture was cooled to room temperature, then poured 

into to water, hexane was added and separated, the organic phase was washed with 

water, brine, and dried over anhydrous Na2SO4, purified by silica gel column 

chromatography using petroleum ether as eluent affording the desired product as a 

colorless oil (9.9 g, 85 %). 1H NMR (400 MHz, CDCl3) δ 7.06 (s, 2H), 3.96 (t, J = 6.6 

Hz, 4H), 1.84-1.77 (m, 4H), 1.49-1.41 (m, 24H), 0.90 (t, J = 7.0 Hz, 6H). 13C NMR 

(100 MHz, CDCl3) δ 143.5, 119.9, 114.8. HRMS (MALDI-TOF) m/z Calcd for 

C26H46O2 390.3492 found 390.3499 [M+H]+. 

1,2-dibromo-4,5-bis(decyloxy)benzene (2-7):18 To a stirred solution of 1,2-bis-

(decyloxy)benzene (8.2 g, 21 mmol) in AcOH/CHCl3 (25 mL/25 mL) at room 

temperature, NBS (8.9 g, 50 mmol) was added in small portions. After the complete 

addition, the mixture was stirred for another 10 h, and poured into water. Hexane was 

added, the organic phase was separated and washed with brine, dried over anhydrous 

Na2SO4, purified by silica gel column chromatography using petroleum ether as eluent 

affording the desired product as a colorless oil (9.7 g, 88 %). 1H NMR (400 MHz, 

CDCl3) δ 7.06 (s, 2H), 3.96 (t, J = 6.6 Hz, 4H), 1.84-1.77 (m, 4H), 1.49-1.41 (m, 24H), 

0.90 (t, J = 7.0 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 143.5, 119.9, 114.8. HRMS 

(MALDI-TOF) m/z Calcd for C26H44Br2O2 548.1688 found 548.1705 [M+H]+. 
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3,3'-(4,5-bis(decyloxy)-1,2-phenylene)dithiophene (2-8):18 To a mixture of 3-thio-

phenebonoric acid, (2.56 g, 9.6 mmol), 1,2-dibromo-4,5-bis(decyloxy)benzene (2.0 g, 

4.0 mmol), THF (60 mL) and 2 M K2CO3 (32 mL), Pd(PPh3)4 (100 mg, 0.08 mmol) 

was added under nitrogen. The solution mixture was heated to 80 oC overnight under 

nitrogen atmosphere. Cooling down the mixture to room temperature, and the mixture 

was extracted with dichloromethane. The combined organic phase was washed by brine, 

dried over anhydrous Na2SO4 and evaporated to dryness. The crude product was 

purified by silica gel column chromatography eluting with petroleum 

ether/dichloromethane affording the desired product as a yellow solid (2.2 g, 84%). 1H 

NMR (400 MHz, CDCl3 ) δ 7.17-7.15 (m, 2H), 7.01-7.00 (m, 2H), 6.95 (s, 2H), 6.78-

6.76 (m, 2H), 4.03 (t, J = 6.6 Hz, 4H), 1.87-1.80 (m, 4H), 1.49-1.27 (m, 28H), 0.88 (t, 

J = 6.7 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 129.1, 127.9, 124.5, 122.3, 115.7, 69.5, 

31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 26.1, 22.7, 12.2. HRMS (MALDI-TOF) m/z Calcd 

for C34H50O2S2 554.3246 found 554.3238 [M+H]+. 

5,6-bis(decyloxy)naphtho[2,1-b:3,4-b']dithiophene (2-9):18 A solution of iron(III) 

chloride (953 mg, 5.88 mmol) in nitromethane (20 mL) was added dropwise to a 

solution of 4,5-bis(decyloxy)-1,2-di(3-thienyl)benzene (1.0 g, 1.35 mmol) in DCM (50 

mL). After 30 min, methanol (300 mL) was added and the reaction was stirred for 30 

min. The product was collected by filtration and rinsed with methanol. Recrystallization 

from 1:1 dichloroethane/acetonitrile afforded as a yellow crystalline solid (503 mg, 

74.6%). 1H NMR (400 MHz, CDCl3) δ 7.80 (s, 2H), 7.49 (s, 2H), 4.17 (t, J = 6.6 Hz, 

4H), 1.97-1.90 (m, 4H), 1.59-1.27 (m, 28H), 0.88 (t, J = 6.7 Hz, 6H). 13C NMR (100 

MHz, CDCl3) δ 149.3, 133.7, 130.2, 125.5, 121.7, 106.1, 69.2, 31.9, 29.7, 29.6, 29.5, 

29.4, 29.2, 26.1, 22.7, 14.1. HRMS (MALDI-TOF) m/z Calcd for C34H48O2S2 552.3090 

found 552.3047 [M+H]+. 
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(5,6-bis(decyloxy)naphtho[2,1-b:3,4-b']dithiophene-2,9-diyl)bis(tributylstannane) 

(2-10): To a 100 mL two-neck round bottom flask was added 8,9-bis(decyloxy)-

naphtho[2,1-b:3,4-b']dithiophene (298 mg, 1.0 mmol) and dry THF (10 mL). After 

deoxygenated with nitrogen three times, the solution was cooled to -78 oC and 1.6 M 

of n-BuLi (1.3 mL, 2.0 mmol) was added dropwise. The resulting white suspension was 

stirred at -78 oC for 1 h and tri-n-butyltin chloride (651 mg, 2.0 mmol) was added in 

one portion. Upon complete addition, the mixture was stirred at -78 oC for 10 min, and 

then warmed to room temperature and stirred for 3 h. The reaction mixture was poured 

into ethyl acetate (100 mL), washed with water (2 × 30 mL), brine (2 × 30 mL), and 

dried over anhydrous Na2SO4. After removal of solvent, the residue was added 5 mL of 

triethylamine and stirred at room temperature for 2 h. After triethylamine was removed, 

the residue was purified by silica gel column chromatography using hexane as the 

eluent affording the desired product as a colorless liquid (537 mg, 75%). 1H NMR (400 

MHz, CDCl3) δ 7.87 (s, 2H), 7.77 (s, 2H), 4.25 (t, J = 6.6 Hz, 4H), 1.99-1.92 (m, 4H), 

1.69-1.61 (m, 12H), 1.45-1.21 (m, 52H), 0.96-0.88 (m, 24H). 13C NMR (100 MHz, 

CDCl3) δ 148.5, 136.2, 135.4, 134.7, 130.3, 122.6, 107.3, 69.4, 31.9, 29.8, 29.6, 29.5 

(d), 29.1, 27.3, 26.3, 22.7, 14.2, 13.7, 10.9. 

2,1,3-Benzothiadiazole (2-11):19 A 1000 mL flask were added commercial o-

phenylenediamine (10.0 g, 92.5 mmol), CH2Cl2 (300 mL), and triethylamine (37.4 g, 

370 mmol). The solution was stirred until total dissolution of diamine was observed. 

Thionyl chloride (13.6 mL, 184.9 mmol) was added dropwise very slowly, and the 

mixture was heated at reflux for 5 h. The solvent was removed under reduced pressure, 

and water (700 mL) was added. Concentrated HCl was added to achieve a final pH of 

1. Water was added to the reaction mixture, and the desired compound was purified by 

direct steam distillation. The steam distilled mixture was extracted with CH2Cl2 (5 × 
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200 mL), dried with MgSO4, and filtered. The solvent was removed to afford pure 

product (19.6 g, 76%). 1H NMR (400 MHz, CDCl3) δ 7.99 (dd, J = 3.2 Hz, 5.7 Hz, 2 

H), 7.57 (dd, J = 3.2 Hz, 5.7 Hz, 2 H). 13C NMR (100 MHz, CDCl3) δ 154.8, 129.3, 

121.6. 

4,7-Dibromo-2,1,3-benzothiadiazole (2-12):19 To a 500 mL two-necked round-

bottomed flask were added 2,1,3-benzothiadiazole (10.0 g, 73.4 mmol) and 48% HBr 

(150 mL). A solution containing Br2 (35.2 g, 220.3 mmol) in 48% HBr (100 mL) was 

added dropwise very slowly. If necessary, an additional 100 mL of 48% HBr can be 

added to the solution. After the total addition of Br2, the solution was heated at reflux 

for 6 h. Precipitation of a dark orange solid was noted. The mixture was cooled to room 

temperature, and a sufficient amount of a saturated solution of NaHSO3 was added to 

completely consume any excess Br2. The mixture was filtered under vacuum and 

washed exhaustively with water. The solid was then washed once with cold Et2O and 

dried under vacuum for 20 h to afford dibrominated product in 95% yield (20.5 g, 69.8 

mmol). 1H NMR (400 MHz, DMSO-d6) δ 7.72 (s, 2 H). 13C NMR (100 MHz, DMSO-

d6) δ 152.3, 132.8, 113.1. 

3-Decylthiophene (2-13):20 To magnesium turnings (7.68 g, 320 mmol) in diethyl ether 

(100 mL) was added 1-bromodecane dropwise (31.8 mL, 160 mmol). After complete 

addition, the mixture was refluxed for 3 h and then transferred to a solution of 3-

bromothiophene (13.0 g, 80 mmol) and Ni(dppp)Cl2 (150 mg) at 0 ºC. The solution 

mixture was refluxed overnight under N2. The reaction mixture was poured into ice-

water and extracted with diethyl ether. The combined organic extract was washed with 

brine, water and then dried over anhydrous Na2SO4. The solvent was removed by rotary 

evaporation and the residue was purified by silica gel column chromatography using 

petroleum ether as eluent affording the desired product as colorless liquid (15.8 g, 88%). 
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1H NMR (400 MHz, CDCl3) δ 7.23-7.21 (m, 1H), 6.93-6.90 (m, 2H), 2.63 (t, J = 5.7 

Hz, 2H), 1.65-1.57 (m, 2H), 1.30-1.26 (m, 14H), 0.89 (t, J = 5.1 Hz, 3H). 13C NMR 

(100 MHz, CDCl3) δ 143.3, 128.3, 125.0, 119.8, 31.9, 30.6, 30.3, 29.7, 29.6 (d), 29.5, 

29.4, 22.7. 14.2 

3-Decylthiophene-5-boronic acid (2-14):21 To a dry 100 mL two-neck flask 

containing diisopropylamine (3.32 g, 32.8 mmol) and dry THF (40 mL) was added 1.6 

M of n-butyl lithium (20.6 mL, 32.9 mmol) dropwise under N2 at 0 oC. The mixture 

was stirred for 0.5 h at 0 oC and then cooled to -78 oC. To the mixture was added a 

solution of 3-decylthiophene (6.7 g, 29.8 mmol) in dry THF (20 mL). The resulting 

mixture was stirred for 1 h at -78 oC and allowed to warm to room temperature for 1 h. 

After cooling to -78 oC, trimethyl borate (7 mL, 61 mmol) was added in one portion 

and the reaction mixture was allowed to warm up to room temperature for 2 h. Water 

and 3 M HCl were in turn added. The reaction mixture was poured into water and then 

extracted with ethyl acetate (3 × 50 mL). The combined organic phase was dried with 

anhydrous Na2SO4, filtered and evaporated to dryness under 35 oC. The crude product 

was then loaded on silica gel column and eluted with petroleum ether/dichloromethane 

and petroleum ether/ethyl acetate affording the desired product as a yellow viscous 

liquid (6.6 g, 82%). The material was carried forward without further purification. 

2-bromo-3-decylthiophene (2-15):22 To a stirred solution of 3-decylthiophene (5.0 g, 

22 mmol) in 40 mL AcOH/CHCl3 (1:1) at room temperature, NBS (4.0g, 22 mmol) was 

added in small portions, after the complete addition, the mixture stirred for another 30 

min, then poured into cold water, the mixture was extracted with DCM, the organic 

phase was washed by Na2SO3 solution, water, brine, and dried by MgSO4. After 

filtration, the solvent was removed by evaporation to afford brown oil, which was 

purified by column chromatography over silica gel with hexane as eluent to afford 
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colorless oil as the product (7.62 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.18 (d, J = 

5.6 Hz, 2H), 6.78 (d, J = 5.6 Hz, 2H), 2.55 (t, J = 7.6 Hz, 2H), 1.56 (m, 2H), 1.31-1.25 

(m, 14H), 0.88 (t, J = 6.6 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 142.0, 128.3, 125.1, 

108.8, 31.9, 29.7 (d), 29.6 (d), 29.5, 29.3, 29.2, 22.7, 14.1. 

(3-decylthiophen-2-yl)boronic acid (2-16):21 To a solution of 2-bromo-3-decylthio-

phene (5.78 g, 17.43 mmol) in THF (70 mL) at -78 oC was added (7.32 mL, 18.30 mmol) 

of n-butyllithium (2.5 M in hexane) by syringe. The mixture was stirred at -78 oC for 2 

h. B(OMe)3 (2.4 mL, 20 mmol) was added to the solution, and the resulting mixture 

was stirred at -78 oC for 1 h, warmed to room temperature, and stirred for a further 12 

h. The mixture was poured into water, extracted with ether, and dried over anhydrous 

MgSO4. The solvent was removed via rotary evaporation, and the residue was used in 

the next step without further purification. 

4,7-Bis(3'-decylthiophen-2-yl)-2,1,3-benzothiadiazole (2-17):23 To a 100 mL two 

neck round bottom flask was added 3-decylthiophene-5-boronic acid (3.86 g, 14.4 

mmol), 4,7-dibromo-2,1,3-benzothiadiazole (1.76 g, 6 mmol), Pd(PPh3)4 (100 mg), 

THF (60 mL) and 2 M K2CO3 (30 mL). The mixture was heated to 80 oC overnight 

under N2. After cooling to room temperature, the reaction mixture was poured into 

water and extracted with dichloromethane (3 × 60 mL). The combined organic phase 

was dried with anhydrous sodium sulfate, and evaporated to dryness. The crude product 

was then loaded on silica gel column and eluted with petroleum ether/dichloromethane 

affording the desired product as a red solid (2.9 g, 82%). 1H NMR (400 MHz, CDCl3) 

δ 7.95 (d, J = 1.2 Hz, 2H), 7.76 (s, 2H), 7.01 (d, J = 1.2 Hz, 2H), 2.69 (t, J = 7.6 Hz, 

4H), 1.73-1.65 (m, 4H), 1.38-1.26 (m, 28H), 0.89 (t, J = 6.8 Hz, 6H). 13C NMR (100 

MHz, CDCl3) δ 152.6, 144.4, 139.0, 129.0, 126.0, 125.5, 121.5, 31.9, 30.7, 30.6, 29.7, 
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29.5, 29.4 (d), 22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for C34H48N2S3 580.2974 

found 580.3003 [M+H]+. 

4,7-bis(3′-decylthiophen-2′-yl)benzo[c][1,2,5]thiadiazole (2-18):23 To a 100 mL two 

neck round bottom flask was added 3-decylthiophene-2-boronic acid (3.86 g, 1.44 

mmol), 4,7-dibromo-2,1,3-benzothiadiazole (1.76 g, 1 mmol), Pd(PPh3)4 (100 mg), 

THF (60 mL) and 2 M K2CO3 (30 mL). The mixture was heated to 80 oC overnight 

under N2. After cooling to room temperature, the reaction mixture was poured into 

water and extracted with dichloromethane (3 × 60 mL). The combined organic phase 

was dried with anhydrous sodium sulfate, and evaporated to dryness. The crude product 

was then loaded on silica gel column and eluted with petroleum ether/dichloromethane 

affording the desired product as a red solid (2.9 g, 82%). 1H NMR (400 MHz, CDCl3) 

δ 7.68 (s, 2H), 7.47 (d, J = 5.2 Hz, 2H), 7.14 (d, J = 5.2 Hz, 2H), 2.70 (t, J = 7.6 Hz, 

4H), 1.73-1.65 (m, 4H), 1.38-1.26 (m, 28H), 0.90 (t, J = 6.8 Hz, 6H). 13C NMR (100 

MHz, CDCl3) δ 154.3, 141.7, 132.2, 129.9, 129.2, 127.5, 125.9, 31.9, 30.8, 29.6 (d), 

29.5, 29.4, 29.3 (d), 22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for C34H48N2S3 

580.2974 found 580.2971 [M+H]+. 

4,7-bis(5′-bromo-4′-decylthiophen-2′-yl)benzo[c][1,2,5]thiadiazole (2-19):23 To a 

solution of 4,7-bis(3′-decylthiophen-2-yl)-2,1,3-benzothiadiazole (2.32 g, 40 mmol), 

AcOH (30 mL) and CHCl3 (60 mL) was added N-bromosuccinimide (15.7 g, 88 mmol) 

in portions at 0 oC. After stirring for 24 h, the reaction mixture was poured to H2O (150 

mL) and then extracted with dichloromethane (3 × 80 mL). The combined organic 

extract was washed with brine, water and dried over anhydrous Na2SO4. After removal 

of the solvent, the residue was purified by silica gel column chromatography using 

petroleum ether/dichloromethane as eluent affording the desired product as a red solid 

(2.54, 86%). 1H NMR (400 MHz, CDCl3) δ 7.75 (s, 2H), 7.71 (d, J = 0.8 Hz, 2H), 2.64 
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(t, J = 7.8 Hz, 4H), 1.70-1.62 (m, 4H), 1.39-1.26 (m, 28H), 0.89 (t, J = 6.8 Hz, 6H). 13C 

NMR (100 MHz, CDCl3) δ 152.3, 143.1, 138.5, 128.1, 125.3, 124.9, 111.6, 31.9, 29.8, 

29.7 (d), 29. 6, 29.5, 29.4, 29.3, 22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for 

C34H46Br2N2S3 738.1165 found 738.1180 [M+H]+. 

4,7-bis(5′-bromo-3′-decylthiophen-2′-yl)benzo[c][1,2,5]thiadiazole (2-20):23 To a 

solution of 4,7-bis(4′-decylthiophen-2-yl)-2,1,3-benzothiadiazole (2.32 g, 40 mmol), 

AcOH (30 mL) and CHCl3 (60 mL) was added N-bromosuccinimide (15.7 g, 88 mmol) 

in small portions at 0 oC. After stirring for 24 h, the reaction mixture was poured to H2O 

(150 mL) and then extracted with dichloromethane (3 × 80 mL). The combined organic 

extract was washed with brine, water and dried over anhydrous Na2SO4. After removal 

of the solvent, the residue was purified by silica gel column chromatography using 

petroleum ether/dichloromethane as eluent affording the desired product as a red solid 

(2.54 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.62 (s, 2H), 7.08 (s, 2H), 2.63 (t, J = 7.6 

Hz, 4H), 1.64-1.58 (m, 4H), 1.32-1.21 (m, 28H), 0.89 (t, J = 6.8 Hz, 6H). 13C NMR 

(100 MHz, CDCl3) δ 153.9, 142.4, 133.5, 132.0, 129.7, 126.6, 113.2, 31.9, 30.5, 29.6, 

29.5, 29.4 (d), 29.3, 22.7, 14.1. HRMS (MALDI-TOF) m/z Calcd for C34H46Br2N2S3 

738.1165 found 738.1191 [M+H]+. 

4,7-Bis(4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2-21): To a 

mixture of (4-(2-ethylhexyl)thiophen-2-yl)boronic acid (2.40 g, 10 mmol), 4,7-

dibromo-2,1,3-benzothiadiazole (0.88 g, 3 mmol), potassium carbonate (4.14 g, 30 

mmol) in THF (15 mL) and water (15 mL) under N2 was added Pd(PPh3)4 (30 mg, 

0.025mmol). The mixture was heated at reflux overnight with vigorous stirring. After 

cooling down to room temperature, the reaction mixture was quenched with water (50 

mL) and extracted with DCM and dried over anhydrous Mg2SO4. The crude product 

was purified by silica gel column chromatography to give orange solid (1.38 g, 88% 
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yield). 1H NMR (CDCl3, 400 MHz) δ 7.94 (s, 2H), 7.82 (s, 2H), 7.02 (s, 2H), 2.63 (d, 

J = 6.8 Hz, 2H), 1.65-1.57 (m, 2H), 1.38-1.25 (m, 16H), 0.93-0.90 (m, 12H). 13C NMR 

(100 MHz, CDCl3) δ 152.6, 143.1, 138.8, 129.5, 126.0, 125.5, 122.5, 40.3, 34.7, 32.5, 

28.9, 25.6, 23.1, 14.2, 10.9. HRMS (MALDI-TOF) m/z Calcd for C30H40N2S3 524.2348 

found 524.2302 [M+H]+. 

4,7-Bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2-22): 

To a solution of 4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2.63 

g, 5 mmol) (2-21) in CHCl3/AcOH (10 mL/10 mL) at 0 oC was added NBS (2.7 g, 15 

mmol) in small portions. The mixture was stirred at room temperature overnight. The 

reaction was quenched with a solution of 2 M Na2SO3. The product was extracted with 

DCM and dried with anhydrous MgSO4. The crude product was purified by silica gel 

column chromatography affording the desired product as a solid (3.1 g, 90% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.79 (s, 2H), 7.77 (s, 2H), 2.60 (d, J = 7.2 Hz, 4H), 1.77-

1.72 (m, 2H), 1.44-1.28 (m, 16H), 0.97-0.91 (m, J = 12H). 13C NMR (100 MHz, CDCl3, 

ppm) δ 152.2, 142.2, 138.3, 128.6, 125.3, 124.8, 112.3, 40.0, 33.9, 32.5, 28.8, 25.7, 

23.1, 14.2, 10.9. HRMS (MALDI-TOF) m/z Calcd for C30H38Br2N2S3 682.0539 found 

682.0551 [M+H]+. 

Synthesis of PNB-3 

To a 50 mL round-bottom flask containing 4,7-dibromo-2,1,3-benzo-thiadiazole (58 

mg, 0.20 mmol), 5,6-bis(2'-ethylhexyloxy)-2,5-bis(tri-n-butylstannyl)-naphtho-[2,1-

b:3,4-b']- dithiophene (215 mg, 0.20 mmol) were added Pd(PPh3)4 (10 mg). After three 

successive deoxygenation-refilling with N2 cycles, anhydrous toluene (64 mL) were 

added via a syringe. The polymerization was carried out at refluxing for 48 h under N2. 

The polymer was precipitated in MeOH and collected by filtration. Low-molecular-

weight oligomers were removed by Soxhlet extraction with MeOH and hexane, 
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respectively. The remaining high-molecular-weight solid was extracted with 

chloroform. The desired polymer was precipitated from methanol, collected and dried 

in vacuum for 12 h affording the product as a black solid (108 mg, 86%). GPC: Mn 

(14.8 kDa), PDI (1.79). 

Synthesis of PNB-4 

The synthetic procedure of PNB-3 was followed using 4,7-bis(5'-bromo-3'-(2-

decylthiophen-2-yl)-2,1,3-benzothiadiazole (74 mg, 0.10 mmol), 5,6-bis(2'-ethylhexyl-

oxy)-2,5-bis(tri-n-butylstannyl)-naphtho-[2,1-b:3,4-b']dithiophene (107 mg, 0.10 

mmol), Pd(PPh3)4 (10 mg), in DMF (30 mL) refluxing for 48 h. The polymer was 

precipitated in MeOH and collected by filtration. Low-molecular-weight oligomers 

were removed by Soxhlet extraction with MeOH and hexane, respectively. The 

remaining high-molecular-weight solid was extracted with toluene. The desired 

polymer was precipitated from methanol, collected and dried in vacuum for 12 h 

affording the desired polymer product as a black solid (69 mg, 64%). GPC: Mn (33.4 

kDa), PDI (1.62). 

Synthesis of PNB-5 

The synthetic procedure of PNB-3 was followed using 4,7-bis(5'-bromo-4'-(2-

decylthiophen-2-yl)-2,1,3-benzothiadiazole (74 mg, 0.10 mmol), 5,6-bis(2'-ethylhexyl-

oxy)-2,5-bis(tri-n-butylstannyl)-naphtho-[2,1-b:3,4-b']dithiophene (107 mg, 0.10 

mmol), Pd(PPh3)4 (10 mg), in DMF (30 mL) refluxing for 48 h. The polymer was 

precipitated in MeOH and collected by filtration. Low-molecular-weight oligomers 

were removed by Soxhlet extraction with MeOH and hexane, respectively. The 

remaining high-molecular-weight solid was extracted with toluene. The desired 

polymer was precipitated from methanol, collected and dried in vacuum for 12 h 
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affording the desired polymer product as a black solid (83mg, 77%). GPC: Mn (21 kDa), 

PDI (2.51). 

Synthesis of PNB-6 

The synthetic procedure of PNB-3 was followed using 4,7-bis(5'-bromo-4'-(2-

ethylhexylthiophen-2-yl)-2,1,3-benzothiadiazole (74 mg, 0.10 mmol), 5,6-bis(2'-octyl-

oxy)-2,5-bis(tri-n-butylstannyl)-naphtho-[2,1-b:3,4-b']dithiophene (107 mg, 0.10 

mmol), Pd(PPh3)4 (10 mg), in DMF (30 mL) refluxing for 48 h. The polymer was 

precipitated in MeOH and collected by filtration. Low-molecular-weight oligomers 

were removed by Soxhlet extraction with MeOH and hexane, respectively. The 

remaining high-molecular-weight solid was extracted with toluene. The desired 

polymer was precipitated from methanol, collected and dried in vacuum for 12 h 

affording the desired polymer product as a black solid (41mg, 38%). GPC: Mn (49 kDa), 

PDI (2.63). 
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CHAPTER THREE 

Impact of Alkyl Side Chain Length on the Photovoltaic and 

Charge Mobility Properties of Naphthodithiophene-

Benzothiadiazole Based Copolymers 

3.1 Introduction 

Recently, there are great efforts on investigating the influence of side chains on the 

functional and optoelectronic properties of conjugated polymers. You and coworkers1 

have demonstrated that the length and shape of the alkyl side chains attached onto the 

main chain of naphtha[2,1-b:3,4-b]dithiophene-4,7-di(thiophen-2-yl)benzothiadiazole 

(PNDT-DTB) copolymer could strongly influence not only the optical absorption and 

the morphology of the thin films but also the open-circuit voltage (Voc) and short circuit 

current (Jsc) of the resulting BHJ solar cells. The studies of poly (3-alkylthiophene) 

(P3AT) showed that the nature, size, and length of the alkyl side chains could be used 

to enhance the molecular properties and photovoltaic device performance of the 

corresponding BHJ solar cells.2 The influence of side chains was also found in other 

donor-acceptor polymeric systems in which the material properties, the charge mobility 

and the photovoltaic device performance varied strongly with different side chains.3  

As a result, in addition to the choice of the electron-rich and electron-deficient 

moieties, the lateral substituent(s) that attached onto the donor-acceptor polymer 

backbone, depending on the nature, location, length and bulkiness could exert 

significant effects on the optical, electronic properties and morphology of the polymeric 

thin-films.4 Thus, this can provide an alternative way to tune the functional properties 

of the polymers in the solid state. Besides, the proper solubilizing lateral substituent(s) 

can improve the solubility and processability of the highly π-conjugated and high 
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molecular-weight donor-acceptor polymers. 

We have previously shown that 5,6-bis(2'-ethylhexyloxy)naphtho[2,1-b:3,4-b']-

dithiophene and 4,7-bis(3'-decylthiophen-2-yl)-2,1,3-benzo[c][1,2,5]-thiadia-zole 

alternating low bandgap copolymer showed a broad absorption range and promising 

device performance in the BHJ solar cell.5 To further investigate and optimize the alkyl 

side chains on various functional, charge mobility and photovoltaic properties for this 

copolymeric system, a series of 5,6-bis(2'-ethylhexyloxy)naphtho[2,1-b:3,4-b']-

dithiophene and 4,7-bis(3'-alkylthiophen-2-yl)-2,1,3-benzo[c][1,2,5]thiadiazole alter-

nating copolymers, PNB-Cn with different alkyl side chains, varying from 2-ethylhexyl 

(C8) to hexadecyl (C16) attached onto 3-position of thienyl groups were designed and 

synthesized. The molecular structures of the copolymers, PNB-Cn, where n = 2,6, 10, 

12, 14 and 16 are shown in Figure 3-1. 

 
Figure 3-1 Structures of PNB-Cn with different alkyl side chains where n = 2,6, 10, 
12, 14, and 16. 

3.2 Synthesis 

3.2.1 Synthesis of acceptor units 

The detailed synthetic procedures of electron-rich moieties were described in chapter 

two and the synthetic routes of electron-deficient moieties 4,7-bis(3'-alkylthiophen-2-

yl)-2,1,3-benzothiadiazole are outlined in Scheme 3-1. Starting from 4,7-dibromo-
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2,1,3-benzothiadiazole, using palladium-catalyzed Suzuki cross-coupling of 4,7-

dibromo-2,1,3-benzothiadiazole and the corresponding alkyl-substituted thiophene-

boronic acid afforded the corresponding dithienyl-substituted benzothiadiazoles 3-1 to 

3-5, respectively. Subsequent bromination of 3-1 to 3-5 with NBS afforded the electron 

deficient intermediates 3-6 to 3-10 in excellent yields, respectively. 

Reagents and conditions: a) alkyl-substituted thiopheneboronic acid, 2 M K2CO3, 
Pd(PPh3)4, THF, reflux, 80-85%; b) NBS, THF, 83-90%. 

Scheme 3-1 Synthesis of benzothiadiazole based acceptor units. 

3.2.2 Synthesis of polymers 

The alternating copolymers were synthesized (Scheme 3-2) by the Stille 

polycondensation reaction of 5,6-bis(2'-ethylhexyloxy)-2,9-bis(tri -n-butylstannyl)- 

naphthodithiophene with 4,7-bis(5-bromo-3-alkylthiophen-2-yl)-2,1,3-benzothiadiaole 

in DMF at 120 °C for 48 h under N2 using Pd(PPh3)4 as catalyst. 

 
 

Reagents and conditions: a) 5,6-bis((2-ethylhexyloxy)naphtho[2,1-b:3,4-b']dithio-
phene-2,9-diyl)bis(tributylstannane), Pd(PPh3)4, DMF, 120 oC, 48h. 

Scheme 3-2 Synthesis of PNB-Cn where n = 2,6, 10, 12, 14 and 16. 
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3.3 Results and discussions 

3.3.1 Physical and electrochemical properties 

The number average molecular weight (Mn) of the copolymers, determined by gel 

permeation chromatography (GPC) using polystyrene as standard and THF as eluent, 

were in the range of 44-47 kDa for PNB-Cn, where n = 10, 12, 14, and 16 and 72 kDa 

for PNB-C2,6 with a polydispersity index (PDI) of 1.6-2.1. All the copolymers showed 

high thermal stability with onset decomposition temperatures in the range of 353-

389 °C with 5% weight loss (Td) as determined by thermal gravimetric analysis (TGA) 

Figure 3-2. There was no glass transition state observed for all the copolymers as 

revealed by differential scanning calorimetry (DSC) analysis. The physical and thermal 

stability data of the copolymers are summarized in Table 3-1. 
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Figure 3-2 TGA plots of PNB-Cn, where n = 2,6, 10, 12, 14 and 16. 
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Table 3-1 Molecular weights and thermal stability properties of PNB-Cn, where n = 
2,6, 10, 12, 14 and 16. 

Polymer Mn
a (kDa) Mw

a (kDa) PDIa Td
b(°C) 

PNB-C2,6 72 151 2.1 389 

PNB-C10 45 86 1.9 368 

PNB-C12 47 85 1.8 385 

PNB-C14 44 70 1.6 353 

PNB-C16 47 85 1.8 373 
a Molecular weights were determined by gel permeation chromatography (GPC) in THF 
using polystyrene as standards. b Onset decomposition temperature (5% weight loss) 
measured by TGA. 

The absorption spectra of the copolymers measured in THF and thin films are shown 

in Figure 3-3. Both the spectra of copolymers exhibited two major absorption bands, 

in which the weak absorption at around 430 nm corresponding to the π-π* transitions, 

while the strong and broad absorption around 610 nm corresponding to the 

intramolecular charge transfer (ICT) between the donor and acceptor moieties.6 

Increasing the size of alkyl substituents attached on the two thienyl rings, from the 2-

ethylhexyl to hexadecyl groups, does not alter the absorption characteristics in THF 

because of the good solubility of the copolymers with the identical π-conjugated 

backbone.7 There is a slight red shift in the absorption spectra in the thin films as 

compared to those in solution due to the improved π-π stacking in the solid state films. 

The absorption edges of these copolymer films reached to ~750 nm which corresponds 

to an optical bandgap energy of ~1.68 eV. 

To study the redox potentials of these copolymers, cyclic voltammetry 

measurements were performed in anhydrous CH3CN (with 0.1 M (n-Bu)4NPF6) using 

Ag/AgNO3 as a reference electrode, the CV curves of the polymers are outlined in 

Figure 3-4. These optical and electrochemical data are summarized in Table 3-2. The 

PNB-Cn copolymers showed very similar redox behavior with one irreversible  
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Figure 3-3. UV-Vis absorption spectra of PNB-Cn in THF (up) and thin films (down), 
where n = 2,6, 10, 12, 14 and 16. 
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Figure 3-4 CV curves of PNB-Cn, where n = 2,6, 12, 14 and 16. 

Table 3-2 Optical and electrochemical data of PNB-Cn, where n = 2,6, 10, 12, 14 and 
16. 

Polymer Eg
opt (eV)a Eonset

ox (V)b Eonset
red (V)b HOMO (eV)b LUMO (eV)c 

PNB-C2,6 1.72 0.46 -1.26 -5.19 -3.47 

PNB-C10 1.64 0.41 -1.23 -5.14 -3.50 

PNB-C12 1.69 0.43 -1.32 -5.16 -3.47 

PNB-C14 1.70 0.47 -1.28 -5.20 -3.50 

PNB-C16 1.66 0.53 -1.33 -5.26 -3.60 
a Calculated from the intersection of the tangent on the low energy edge of the absorption 
spectrum with the baseline. b Determined by CV. HOMO = - (4.73 + �4567849 ) eV. c LUMO = 
(HOMO + �:

4;8) eV. 

oxidation couple with onset oxidation potentials (Eox
onset) in the range of 0.41 - 0.51 V 

and one irreversible reduction wave with onset reduction potentials (Eonset
red) in the 

range of -1.23 to -1.33 V. The HOMO energy levels of the copolymers were determined 

by calculating from the onset oxidation potentials with ferrocene as an external standard. 
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The LUMO energy level was determined from the measured HOMO energy level and 

the optical bandgap energy. The HOMO energy levels of these copolymers are 

estimated to be around -5.20 eV and the LUMO energy levels are estimated to be around 

at -3.53 eV. These results indicated that these copolymers are relatively air-stable, 

which is a prerequisite for the application in OFETs and organic solar cells. 

3.3.2 Photovoltaic properties 

The BHJ solar cell devices were fabricated using PNB-Cn copolymers as the 

electron donor and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) as the electron 

acceptor with a conventional device structure of ITO/PEDOT:PSS (30 

nm)/polymer:PC71BM (100 nm) (1:2)/Al (100 nm) and an active cell area of 9 mm2. 

The device performance measured under AM 1.5 simulated solar illumination at an 

irradiation intensity of 100 mW cm-2, is greatly affected by the fabrication parameters 

such as the use of solvent additives and with or without thermal annealing process. The 

OPV device performance under different fabrication conditions including different 

ratio of solvent additive, 1, 8-diiodooctane (DIO) and with/without thermal annealing 

process (80 oC) were investigated. It is interesting to find that increasing the ratio of 

DIO from 0, 1 to 3% v/v, the FF and Jsc of devices fabricated from all the copolymers 

and PC71BM blends consistently increased.8 Meanwhile, the post-deposition thermal 

annealing also show dramatic effect on the device performance with which the FF, Jsc 

and Voc of the devices can be further enhanced.9 

The solar cell devices were typically fabricated from a solution of polymer:PC71BM 

in chlorobenzene with a weight ratio of 1:2 and the resulting device performance are 

summarized in Table 3-3. It is clearly shown that with increasing the side chain length 

from eight to sixteen aliphatic carbons, there is a decreasing tendency in Jsc values while 

all the polymers showed similar Voc values around 0.57 V. In addition, the copolymers 
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with longer side chain length would give a higher FF in these devices. As a result, PNB-

C2,6 based device showed a Jsc of 5.7 mA cm-2, Voc of 0.59 V and FF of 40.4%, and 

thus a PEC of 1.37%. Other devices exhibited efficiencies of 1.22, 0.81, 0.7 and 0.68% 

for PNB-C10, 12, 14, and 16, exhibiting a decreasing tendency with extending side 

chain length.  

In order to further optimize the device performance, the post thermal annealing 

treatment was explored. The role of post-annealing in device fabrication is to obtain 

more ordered molecular packing, phase separation and the preferential interactions 

between the active and electrode layers. The device results with post-annealing were 

summarized in Table 3-4. Figure 3-5 showed the J-V curves before and after the post-

annealing. All three device parameters, Jsc, Voc, and FF were improved for all the 

devices, suggesting improved morphology and interlayer interactions, but the improved 

efficiency of 2.31 and 1.82% for PNB-C2,6 and PNB-C10 is only moderate compared 

to our early achieved results. In order to further improve the efficiency, DIO was added 

as an additive to adjust active layer morphology, the influence of DIO and post-

annealing on device performance were studied separately. 

Table 3-3 Summary of the photovoltaic characteristics of devices based on PNB-Cn 
without DIO and post-annealing, where n = 2,6, 10, 12, 14 and 16. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-C2,6 5.7 (5.99)a 0.59 40.4 1.37 (1.44)a 

PNB-C10 4.2 (4.41)a 0.57 50.4 1.22 (1.28)a 

PNB-C12 2.9 (3.05)a 0.56 48.8 0.81 (0.85)a 

PNB-C14 2.4 (2.52)a 0.57 56.1 0.77 (0.81)a 

PNB-C16 2.3 (2.42)a 0.55 57.3 0.68 (0.71)a 

a IPCE calibrated value. 

It is a common strategy to optimize active layer morphology by an addition of DIO, 

initially 1% DIO (v/v) was used to study the effect on device performance, and the 
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results are summarized in Table 3-5. As compared to that without an addition of DIO, 

there is an tremendous enhancement in Jsc for PNB-C2,6, PNB-C10 and PNB-C12 

based devices from 5.7, 4.2 and 2.9 mA cm-2 to 10.28, 9.97 and 7.38 mA cm-2, 

respectively. In short, the efficiency of PNB-C2,6, PNB-C10 and PNB-C12 based 

devices were enhanced to 2.40, 3.16 and 1.97%. After the post-annealing, the efficiency 

of PNB-C2,6, PNB-C10, PNB-C12, PNB-C14 and PNB-C16 based devices were 

boosted to 4.2, 4.27, 2.84, 1.45 and 1.12%, respectively. The device results are 

summarized in Table 3-6. Figure 3-6 showed the J-V curves before and after post-

annealing with 1% DIO. 

Table 3-4 Summary of the photovoltaic characteristics of devices based on PNB-Cn 
without DIO but with post-annealing, where n = 2,6, 10, 12, 14 and 16. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-C2,6 6.45 (6.78)a 0.74 46.0 2.2 (2.31)a 

PNB-C10 4.40 (4.62)a 0.67 56.3 1.73 (1.82)a 

PNB-C12 3.02 (3.17)a 0.69 53.5 1.12 (1.18)a 

PNB-C14 2.64 (2.77)a 0.70 60.5 1.11 (1.17)a 

PNB-C16 2.37 (2.49)a 0.67 60.5 0.92 (0.97)a 

a IPCE calibrated value. 
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Figure 3-5 J-V curves of PNB-Cn based PV devices without (left) and with (right) 
post-annealing, where n = 2,6, 10, 12, 14 and 16. 
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Table 3-5 Summary of the photovoltaic characteristics of devices based on PNB-Cn 
with 1% DIO but without post-annealing, where n = 2,6, 10, 12, 14 and 16. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-C2,6 10.28 (10.80)a 0.54 43.3 2.40 (2.52)a 

PNB-C10 9.97 (10.47)a 0.58 54.8 3.16 (3.32)a 

PNB-C12 7.38 (7.75)a 0.57 46.47 1.97 (2.07)a 

PNB-C14 3.67 (3.85)a 0.48 45.9 0.82 (0.86)a 

PNB-C16 3.61 (3.79)a 0.47 41.3 0.71 (0.75)a 

a IPCE calibrated value. 

Table 3-6 Summary of the photovoltaic characteristics of devices based on PNB-Cn 
with 1% DIO and post-annealing, where n = 2,6, 10, 12, 14 and 16. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-C2,6 10.6 (11.13)a 0.68 58.4 4.2 (4.45)a 

PNB-C10 9.85 (10.34)a 0.67 64.7 4.27 (4.48)a 

PNB-C12 7.4 (7.77)a 0.68 56.3 2.84 (2.98)a 

PNB-C14 4.12 (4.33)a 0.68 51.5 1.45 (1.52)a 

PNB-C16 3.79 (3.98)a 0.65 41.3 1.12 (1.18)a 

a IPCE calibrated value. 
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Figure 3-6 J-V curves of PNB-Cn based PV devices with 1% DIO before (left) and 
after (right) annealing, where n = 2,6, 10, 12, 14 and 16. 

To further optimize the device performance, more DIO (3% v/v) was used. The 

resulting device data are summarized in Table 3-7. Figure 3-7 showed the 
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corresponding J-V curves of these devices. The Jsc, Voc and FF for PNB-C2,6, PNB-

C10 and PNB-C12 based devices were very similar compared to those with 1% DIO. 

On the other hand, there is about 0.14 V enhancement in the Voc for PNB-C14 and 

PNB-C16 based devices, and the Jsc is almost 1.7-times higher than those with 1% DIO. 

The PNB-C14 and PNB-C16 based devices also showed 20% increase in FF. As a 

result, the efficiency of PNB-C14 and PNB-C16 were increased from 0.82 and 0.71% 

to 2.4 and 2.1%, respectively. 

Table 3-7 Summary of the photovoltaic characteristics of devices based on PNB-Cn 
with 3% DIO but without post-annealing, where n = 2,6, 10, 12, 14 and 16. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-C2,6 10.33 (10.95)a 0.54 47.3 2.64 (2.8)a 

PNB-C10 9.5 (10.7)a 0.59 51.7 2.92 (3.1)a 

PNB-C12 8.06 (8.54)a 0.58 51.33 2.41 (2.55)a 

PNB-C14 6.72 (7.12)a 0.613 54.8 2.26 (2.4)a 

PNB-C16 6.1 (6.47)a 0.62 51.8 1.96 (2.1)a 

a IPCE calibrated value. 
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Figure 3-7 J-V curves of PNB-Cn based PV devices with 3% DIO before annealing, 
where n = 2,6, 10, 12, 14 and 16. 

In addition, the post-annealing was conducted on these devices. The optimized 

device performance was obtained using 6 mg/mL of polymer in chlorobenzene 

containing 3 vol% of DIO for spin-coating with a copolymer:PC71BM ratio of 1:2 (w/w) 



 

99 
 

with film thickness of 100 nm after post-annealing at 80 °C for 10 min. The results of 

device performance were summarized in Table 3-8. While Figure 3-8 showed J-V 

curves and the incident photon to current efficiency (IPCE) of the optimized devices. It 

is worth mentioning that all these devices fabricated from PNB-Cn copolymers showed 

a high FF value in the range of 0.58-0.63 despite bearing different alkyl side chains 

suggesting good charge-transport properties of π-conjugated backbone of PNB-Cn. 

They also exhibited similar Voc in the range of 0.67-0.73 V, which are in good 

agreement with the measured HOMO energy levels. Nevertheless, there is a dramatic 

difference in the Jsc among these BHJ solar devices leading to a variation of the device 

efficiency. There is an increasing tendency of Jsc value as alkyl side chains get smaller 

in size, and in turn the increasing tendency in the device efficiency. As a result, PNB-

C2,6, with the shortest branched side chains gave the best device performance with Voc 

of 0.70 V, a Jsc of 11.13 mA cm-2 and FF of 0.61, a PCE of 4.8%. Although these 

copolymers exhibited almost identical absorption behavior, the IPCE curves 

consistently showed that the PNB-C2,6 based device exhibited a broad and strong 

photoresponse with the highest efficient photoconversion efficiency than the other 

homologous in the spectral range between 300 to 750 nm. 

Table 3-8. Summary of the photovoltaic characteristics of devices based on PNB-Cn 
with 3% DIO and post-annealing, where n = 2,6, 10, 12, 14 and 16. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNB-C2,6 10.5 (11.13)a 0.70 61 4.5 (4.8)a 

PNB-C10 9.36 (9.92)a 0.68 63 3.93 (4.2)a 

PNB-C12 7.85 (8.32)a 0.68 58 3.3 (3.5)a 

PNB-C14 7.35 (7.79)a 0.73 59 3.2 (3.4)a 

PNB-C16 6.64 (7.04)a 0.67 63 2.8 (3.0)a 

a IPCE calibrated value. 
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Figure 3-8 J-V curves (left) and IPCE curves (right) of optimized PNB-Cn based PV 
devices, where n = 2,6, 10, 12, 14 and 16. 

The film morphologies of PNB-Cn:PC71BM blends with and without DIO additive 

of PNB-C2,6 and PNB-C16 were investigated using atomic force microscopy (AFM) 

as shown in Figure 3-9 and Figure 3-10 (1 µm × 1 µm). As seen in AFM height images 

chlorobenzene without using solvent additive. These domains are far larger than the 

typical exciton diffusion lengths (~10 nm), and thus hinder efficient exciton that 

isolated and large domains are formed from both of the blend films fabricated from 

dissociation and charge transport resulting in low current density. On the contrary, with 

DIO as solvent additive from 1% to 3%, the blend films afforded significantly more 

homogeneous morphologies in which the nanoscale phase separation and bicontinuous 

interpenetrating networks provide more efficient charge separation and transport. Thus, 

these result in an enhancement in Jsc from 6.45 to 10.5 mA cm-2 and 2.37 to 6.64 mA 

cm-2 for PNB-C2,6 and PNB-C16. 
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0% DIO 1% DIO 3% DIO 

   

Figure 3-9. AFM height images of PNB-C2,6: PC71BM blend films with different ratio 
of DIO. 
 

0% DIO 1% DIO 3% DIO 

   

   
 

Figure 3-10. AFM height images of PNB-C16:PC71BM blend films with different ratio 
of DIO. 

3.3.3 Field effect transistor properties 

To investigate the charge transport properties of PNB-Cn thin films, the field-effect 

transistors were fabricated using a bottom-gate bottom-contact configuration (BGBC) 

with Au as drain and source electrodes. The active layer was spin-cast onto the 

octadecyltrichlorosilane (OTS)-modified SiO2/Si substrates at 1500 rpm for 60 s from 
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a chlorobenzene solution with a concentration of 10 mg/mL using constant channel 

width of 1400 µm. Their OFETs device performance were optimized with channel 

length and thermal annealing process. The summary of the OFETs device 

characteristics of PNB-Cn is shown in Table 3-9. All the transistors based on polymers 

exhibited typical p-type OFETs characteristic and the hole mobility in the range of 1.8 

× 10-3 - 5.0 × 10-3 cm2 V-1 s-1 with the optimized channel length of 8 µm. Upon 

increasing the annealing temperatures of these polymeric thin films, there is a 

progressive enhancement in the hole mobility reaching up to 0.015 - 0.034 cm2 V-1 s-1 

with a current on/off ratio up to 106 at the annealing temperature of 200 to 240 °C. The 

increase in the hole mobility of the OFETs devices upon thermal annealing suggested 

that the crystallinity of the polymer films and ordered lamellar structures were 

significantly improved at higher temperatures. It is interesting to find that there is a 

progressive increase in the hole mobility for the copolymers when the length of linear 

alkyl side chains increased from decyl to hexadecyl. The high molecular weight of 

PNB-C2,6 can also afford the high hole mobility of 0.029 cm2 V-1 s-1. 

Table 3-9 Summary of the optimum field effect characteristics of PNB-Cn based 
devices at different annealing temperatures, where n = 2,6, 10, 12, 14 and 16. 

Polymer Annealing T (oC) µ (cm2 V-1 s-1)a Ion/Ioff
b Vth(V)c 

PNB-C2,6 240 0.029 105-6 1 

PNB-C10 240 0.015 103 7 

PNB-C12 240 0.023 102-3
 6 

PNB-C14 240 0.026 106-7 -14 

PNB-C16 200 0.034 106
 -10 

a The max values, b Ion/Ioff refers to the corresponding on-to-off ratio, c refers to the threshold 
voltage. 

The AFM images of polymeric thin films were investigated at various annealing 

temperatures as shown in Figure 3-11 to Figure 3-15 (5 µm × 5 µm). The transfer and 

output curves are shown in Figure 3-16 to Figure 3-20. The optimized conditions were 
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summarized in Table 3-10 to Table 3-14. 

 

Figure 3-11 AFM height images of OFETs devices based on PNB-C2,6 at different 
annealing temperatures. 
 

 

Figure 3-12 AFM height images of OFETs devices based on PNB-C10 at different 
annealing temperatures. 
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Figure 3-13 AFM height images of OFETs devices based on PNB-C12 at different 
annealing temperatures. 
 

 

Figure 3-14 AFM height images of OFETs devices based on PNB-C14 at different 
annealing temperatures. 
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Figure 3-15 AFM height images of OFETs devices based on PNB-C16 at different 
annealing temperatures. 
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Figure 3-16 Transfer (left) and output (right) characteristics of the OFETs devices 
based on PNB-C2,6 (channel length = 48 µm, 240 ℃). 
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Figure 3-17 Transfer (left) and output (right) characteristics of the OFETs devices 
based on PNB-C10 (channel length = 48 µm, 240 ℃). 
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Figure 3-18 Transfer (left) and output (right) characteristics of the OFETs devices 
based on PNB-C12 (channel length = 48 µm, 240 ℃). 
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Figure 3-19 Transfer (left) and output (right) characteristics of the OFETs devices 
based on PNB-C14 (channel length = 48 µm, 240 ℃). 
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Figure 3-20 Transfer (left) and output (right) characteristics of the OFETs devices 
based on PNB-C16 (channel length = 48 µm, 240 ℃). 
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Table 3-10 Optimized conditions for OFETs devices based on PNB-C2,6. 

Channel Length 
(width=1400 µm) 

Annealing Temperature (℃) 

RT 80 120 160 200 240 280 

8 
µm 

µ/cm2 V-1 s-1 5.0 × 10-3 8.5 × 10-3 7.9 × 10-3 1.6 × 10-2 1.9 × 10-2 2.9 × 10-2 1.3 × 10-3 

lg(Ion/Ioff) 5-6 5 6 5-6 3 5-6 3-4 

Vthreshold/V 13 8 -4 -3 20 1 -18 

18 
µm 

µ/cm2 V-1 s-1 2.5 × 10-3 4.4 × 10-3 4.8 × 10-3 9.1 × 10-3 1.2 × 10-2 1.7 × 10-2 9.5 × 10-4 

lg(Ion/Ioff) 5 5 6 5-6 3 5-6 3-4 

Vthreshold/V 4 3 -3 3 18 -6 -21 

28 
µm 

µ/cm2 V-1 s-1 1.6 × 10-3 3.0 × 10-3 4.6 × 10-3 7.1 × 10-3 1.2 × 10-2 1.5 × 10-2 8.6 × 10-4 

lg(Ion/Ioff) 4 4 5 4-5 2-3 4-5 3-4 

Vthreshold/V 14 3 -4 -2 30 -4 -20 

38 
µm 

µ/cm2 V-1 s-1 1.8 × 10-3 3.1 × 10-3 4.4 × 10-3 6.6 × 10-3 1.0 × 10-2 1.5 × 10-2 7.7 × 10-4 

lg(Ion/Ioff) 4-5 4 5-6 5-6 3 5 3-4 

Vthreshold/V 6 8 -7 -4 25 -5 -21 

48 
µm 

µ/cm2 V-1 s-1 1.6 × 10-3 2.9 × 10-3 4.2 × 10-3 7.0 × 10-3 1.1 × 10-2 1.6 × 10-2 7.0 × 10-4 

lg(Ion/Ioff) 4-5 4 5-6 5 3 5 3-4 

Vthreshold/V 2 8 -2 -4 25 -8 -24 

 

Table 3-11 Optimized conditions for OFETs devices based on PNB-C10. 

Channel Length 
(width=1400 µm) 

Annealing Temperature (℃) 

RT 80 120 160 200 240 280 

8 
µm 

µ/cm2 V-1 s-1 1.9 × 10-3 4.2 × 10-3 5.7 × 10-3 6.8 × 10-3 1.3 × 10-2 1.5 × 10-2 1.8 × 10-5 

lg(Ion/Ioff) 3-4 2-3 3 3-4 2 3 2-3 

Vthreshold/V 8 16 10 11 22 7 -31 

18 
µm 

µ/cm2 V-1 s-1 1.7 × 10-3 3.5 × 10-3 4.0 × 10-3 8.0 × 10-3 1.0 × 10-2 1.1 × 10-2 9.5 × 10-6 

lg(Ion/Ioff) 3-4 2-3 3-4 4 2 3-4 2 

Vthreshold/V 12 17 12 9 32 8 -31 

28 
µm µ/cm2 V-1 s-1 1.3 × 10-3 2.6 × 10-3 3.2 × 10-3 6.5 × 10-3 9.1 × 10-3 8.7 × 10-3 6.6 × 10-6 
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lg(Ion/Ioff) 3-4 3 3-4 4 2 3-4 2-3 

Vthreshold/V 9 13 11 6 32 4 -27 

38 
µm 

µ/cm2 V-1 s-1 1.3 × 10-3 4.1 × 10-3 3.1 × 10-3 6.9 × 10-3 1.0 × 10-2 9.2 × 10-2 5.5 × 10-5 

lg(Ion/Ioff) 3-4 3 3-4 4-5 2 3-4 2-3 

Vthreshold/V 8 13 13 6 33 8 -26 

48 
µm 

µ/cm2 V-1 s-1 1.1 × 10-3 3.0 × 10-3 3.3 × 10-3 6.6 × 10-3 9.7 × 10-3 8.3 × 10-3 8.3 × 10-6 

lg(Ion/Ioff) 3-4 3 3-4 4 2 4 2 

Vthreshold/V 6 14 11 5 31 5 -30 

 

Table 3-12 Optimized conditions for OFETs devices based on PNB-C12. 

Channel Length 
(width=1400 µm) 

Annealing Temperature (℃) 

RT 80 120 160 200 240 280 

8 
µm 

µ/cm2 V-1 s-1 3.1 × 10-3 8.3 × 10-3 1.2 × 10-2 2.3 × 10-2 2.3 × 10-2 2.2 × 10-2 4.7 × 10-5 

lg(Ion/Ioff) 3 2-3 3 2-3 2 2-3 2-3 

Vthreshold/V 3 11 4 5 16 6 -31 

18 
µm 

µ/cm2 V-1 s-1 1.7 × 10-3 5.0 × 10-3 7.3 × 10-3 1.3 × 10-2 1.4 × 10-2 1.6 × 10-2 3.6 × 10-4 

lg(Ion/Ioff) 2-3 2-3 3 2-3 2 2-3 2-3 

Vthreshold/V 4 14 7 10 26 6 -31 

28 
µm 

µ/cm2 V-1 s-1 1.6 × 10-3 5.1 × 10-3 5.9 × 10-3 1.2 × 10-2 1.2 × 10-2 1.4 × 10-2 5.4 × 10-5 

lg(Ion/Ioff) 3 2-3 3 3 2 3 2-3 

Vthreshold/V 5 11 7 7 27 6 -27 

38 
µm 

µ/cm2 V-1 s-1 1.6 × 10-3 4.7 × 10-3 6.9 × 10-3 1.4 × 10-2 1.3 × 10-2 1.4 × 10-2 8.8 × 10-5 

lg(Ion/Ioff) 3 2-3 3 3 2 3 2-3 

Vthreshold/V 6 12 6 3 26 6 -29 

48 
µm 

µ/cm2 V-1 s-1 1.7 × 10-3 3.9 × 10-3 6.6 × 10-3 1.3 × 10-2 1.2 × 10-2 1.3 × 10-2 5.2 × 10-5 

lg(Ion/Ioff) 3 2-3 3 3-4 2 3 2-3 

Vthreshold/V 5 13 5 4 26 8 -28 
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Table 3-13 Optimized conditions for OFETs devices based on PNB-C14. 

Channel Length 
(width=1400 µm) 

Annealing Temperature (℃) 

RT 80 120 160 200 240 280 

8 
µm 

µ/cm2 V-1 s-1 1.8 × 10-3 6.6 × 10-3 1.4 × 10-2 1.9 × 10-2 2.4 × 10-2 2.6 × 10-2 4.2 × 10-6 

lg(Ion/Ioff) 3-4 3 3-4 3 2-3 6-7 2-3 

Vthreshold/V 2 10 11 15 18 -14 -34 

18 
µm 

µ/cm2 V-1 s-1 1.5 × 10-3 4.8 × 10-3 1.0 × 10-2 1.3 × 10-2 1.9 × 10-2 2.0 × 10-2 4.9 × 10-6 

lg(Ion/Ioff) 3-4 3-4 4 3 2-3 5-6 2-3 

Vthreshold/V -3 9 11 13 25 -19 -36 

28 
µm 

µ/cm2 V-1 s-1 6.6 × 10-4 2.8 × 10-3 5.1 × 10-3 7.4 × 10-3 1.1 × 10-2 1.1 × 10-2 1.7 × 10-6 

lg(Ion/Ioff) 3-4 3-4 4 3-4 2-3 5-6 2-3 

Vthreshold/V -5 7 10 15 24 -20 -25 

38 
µm 

µ/cm2 V-1 s-1 8.9 × 10-4 3.6 × 10-3 5.3 × 10-3 8.4 × 10-3 1.4 × 10-2 1.4 × 10-2 2.0 × 10-6 

lg(Ion/Ioff) 3-4 3-4 4-5 3-4 2-3 5-6 2-3 

Vthreshold/V -3 7 8 15 24 -15 -25 

48 
µm 

µ/cm2 V-1 s-1 1.3 × 10-3 5.2 × 10-3 7.9 × 10-3 1.2 × 10-2 1.7 × 10-2 2.1 × 10-2 3.7 × 10-6 

lg(Ion/Ioff) 3-4 3-4 4-5 3-4 2-3 6 2-3 

Vthreshold/V -2 7 11 15 24 -15 -26 

 

Table 3-14 Optimized conditions for OFETs devices based on PNB-C16. 

Channel Length 
(width=1400 µm) 

Annealing Temperature (℃) 

RT 80 120 160 200 240 280 

8 
µm 

µ/cm2 V-1 s-1 3.7 × 10-3 1.0 × 10-2 1.7 × 10-2 2.3 × 10-2 3.4 × 10-2 1.9 × 10-2 1.5 × 10-5 

lg(Ion/Ioff) 3-4 3 3 2-3 6 4-5 2-3 

Vthreshold/V -10 9 9 10 -10 -14 -34 

18 
µm 

µ/cm2 V-1 s-1 2.2 × 10-3 8.3 × 10-3 1.5 × 10-2 1.9 × 10-2 2.5 × 10-2 1.6 × 10-2 1.1 × 10-5 

lg(Ion/Ioff) 4 3-4 3-4 3 5-6 5 2-3 

Vthreshold/V -17 8 6 11 -11 -15 -32 
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28 
µm 

µ/cm2 V-1 s-1 1.9 × 10-3 8.1 × 10-3 1.4 × 10-2 1.8 × 10-2 2.6 × 10-2 1.7 × 10-2 1.5 × 10-5 

lg(Ion/Ioff) 3-4 3-4 3-4 2-3 5-6 4-5 2-3 

Vthreshold/V -18 9 7 12 -14 -15 -31 

38 
µm 

µ/cm2 V-1 s-1 2.0 × 10-3 8.4 × 10-3 1.3 × 10-2 1.8 × 10-2 2.2 × 10-2 1.5 × 10-2 7.7 × 10-6 

lg(Ion/Ioff) 3-4 3 3-4 2-3 5-6 4-5 2-3 

Vthreshold/V -13 7 7 12 -17 -18 -28 

48 
µm 

µ/cm2 V-1 s-1 1.7 × 10-3 1.0 × 10-2 1.3 × 10-2 1.7 × 10-2 2.4 × 10-2 1.4 × 10-2 5.8× 10-6 

lg(Ion/Ioff) 3-4 4-5 3-4 3 5-6 4-5 2-3 

Vthreshold/V -7 -4 7 12 -14 -18 -31 

3.4 Conclusions 

A series of 5,6-bis(2'-ethylhexyloxy)naphtho[2,1-b:3,4-b']dithiophene and 4,7-

bis(3'-alkylthiophen-2-yl)-2,1,3-benzo[c][1,2,5]thiadiazole alternating copolymers, 

PNB-Cn with different alkyl side chains attached onto thienyl groups were designed, 

synthesized and characterized. These copolymers exhibited strong and broad absorption 

spectra, high thermal stability and appropriate energy levels as p-type materials for 

organic electronics. The resulting BHJ solar cells fabricated from these copolymers 

with different alkyl side chains exhibited similar Voc (0.67-0.73 V) and FF (0.58-0.63) 

but dramatic difference in Jsc values. The shorter the alkyl side chains of the thienyl 

groups, the higher the Jsc of the resulting BHJ device, which leads to a PCE of 4.8% 

from a device fabricated from the blend of PNB-C2,6 and PC71BM. In contrast, the 

hole mobility is enhanced with an increase in length of the linear alkyl side chains. The 

solution-processed OFET devices fabricated from PNB-C16 exhibited a high hole 

mobility up to 0.034 cm2 V-1 s-1 with a current on/off ratio of 106. Our results 

demonstrated that PNB based-polymer is a promising candidate for further exploration 

in various organic electronic devices. 
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3.5 Experimental section 

Materials and method 

All reagents and starting materials were purchased from commercial sources and 

used as received, unless otherwise noted, The Pd(PPh3)4 was purchased from Sigma-

Aldrich. The key intermediates are prepared according to reported procedures with 

modification. All the solvents were dried by the standard methods wherever needed. 1H 

NMR spectra were recorded using a Bruker-400 NMR spectrometer and referenced to 

the residual CHCl3 7.26 ppm. 13C NMR spectra were recorded using a Bruker-400 

NMR spectrometer and referenced to the CDCl3 77 ppm. Thermal stabilities were 

determined by thermal gravimetric analyzer (PE-TGA6) with a heating rate of 10 oC 

/min under N2. All absorption measurements were performed with Varian Cary 100-

UV-vis spectrophotometer. Cyclic voltammetry (CV) were carried out on a CH 

Instrument 630C using platinum wires as working electrode and counter-electrode at a 

scan rate of 100 mV/s. The reference electrode was Ag/AgNO3 and the electrolyte was 

a solution of 0.1 M hexafluorophosphate (Bu4NPF6) in dry acetonitrile. Under these 

conditions, the half wave potential of oxidation of ferrocene was 0.07 V versus Ag/Ag+. 

The HOMO energy level was determined from the oxidation onset from the cyclic 

voltammograms and reported values were calculated with reference to ferrocene (4.8 

eV vs vacuum), the LUMO energy level was determined by LUMO = (HOMO + �:
4;8) 

eV. The molecular weight and polydispersity index (PDI) of the polymer were 

determined by gel permeation chromatography (GPC) using Agilent 1050 HPLC 

system with VWD and waters 515 HPLC pump. THF was used as eluent and 

commercial polystyrenes were used as standards. 

Solar cell device fabrication method 
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The photovoltaic devices based on the five copolymers were fabricated and 

characterized by the group of Prof. Furong Zhu in the Department of Physics, Hong 

Kong Baptist University. The conventional BHJ PV cells with a device structure of 

ITO/PEDOT:PSS (30 nm)/Polymer:PC71BM (100 nm)(1:2)/Al (100 nm) were 

fabricated by spin-coating of a PEDOT:PSS layer and then a blend of the 

polymer:PC71BM layer in chlorobenzene (with 0%, 1% or 3% DIO) followed by 

vacuum deposition of Al as the cathode, after post annealing at 80 oC for 10 min, the 

device was completed. The concentration of the polymer/PC71BM blend solution for 

spin coating was 6 mg/mL (polymer/chloro-benzene), and the thickness of the active 

layer is ~ 100 nm. The performance of PV cells was measured under AM 1.5 simulated 

solar illumination at an irradiation intensity of 100 mW/cm2. The devices were tested 

under glove-box (filled with nitrogen) environment and the device active area is 3 mm 

× 3 mm. 

OFET device fabrication method 

The OFET devices of these copolymers were fabricated and characterized by the 

group of Prof. Gui Yu in Institute of Chemistry, Chinese Academy of Science, China. 

The OFETs devices were fabricated in a bottom-gate bottom-contact (BGBC) 

configuration (gold electrode on Si/SiO2 substrates). Before the deposition of organic 

semiconductors, octadecyltrichlorosilane (OTS) treatment was performed on the gate 

dielectrics, which were placed in a vacuum oven with OTS at a temperature of 120 oC 

for 3 hours to form an OTS self-assembled monolayer. Then the polymer thin films 

were spin-coated on the OTS modified SiO2/Si substrates from the solutions (In 

chlorobenzene, 10 mg/mL, spin-coated at 1500 rpm, for 60 s). The OFETs devices were 

annealed successively different temperature for 6 min in air. The OFETs devices were 

measured at room temperature in air by using a Keithley 4200 SCS semiconductor 
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parameter analyzer. As contrast, the characteristics of as-prepared devices were also 

measured. The mobility of the devices was calculated in the saturation regime. The 

equation is listed as follows: 

IDS = (W / 2L) Ci µ (VGS-Vth)2 

Where W/L is the channel width / length, Ci is the insulator capacitance per unit area, 

and VGS and Vth are the gate voltage and threshold voltage, respectively. 

Synthetic procedure 

4,7-Bis(4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-1): To a mixture 

of (4-(2-ethylhexyl)thiophen-2-yl)boronic acid (2.40 g, 10 mmol), 4,7-dibromo-2,1,3-

benzothiadiazole (0.88 g, 3 mmol), potassium carbonate (4.14 g, 30 mmol) in THF (15 

mL) and water (15 mL) under N2 was added Pd(PPh3)4 (30 mg, 0.025mmol). The 

mixture was heated at reflux overnight with vigorous stirring. After cooling to room 

temperature, the reaction mixture was quenched with water (50 mL) and extracted with 

DCM and dried over anhydrous Mg2SO4. The crude product was purified by silica gel 

column chromatography to give orange solid (1.38 g, 88% yield). 1H NMR (CDCl3, 

400 MHz) δ 7.94 (s, 2H), 7.82 (s, 2H), 7.02 (s, 2H), 2.63 (d, J = 6.8 Hz, 2H), 1.65-1.57 

(m, 2H), 1.38-1.25 (m, 16H), 0.93-0.90 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 152.6, 

143.1, 138.8, 129.5, 126.0, 125.5, 122.5, 40.3, 34.7, 32.5, 28.9, 25.6, 23.1, 14.2, 10.9. 

HRMS (MALDI-TOF) m/z Calcd for C30H40N2S3 524.2348 found 524.2302 [M+H]+. 

4,7-Bis(4-decylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-2): This material was 

synthesized following the same procedure as for 3-1. After purification by column 

chromatography, the product was obtained as a solid (1.61 g, 92% yield). 1H NMR (400 

MHz, CDCl3) δ: 7.95 (d, J = 1.2 Hz, 2H), 7.76 (s, 2H), 7.01 (d, J = 1.2 Hz, 2H), 2.69 

(t, J = 7.6 Hz, 4H), 1.73-1.65 (m, 4H), 1.38-1.26 (m, 28H), 0.89 (t, J = 6.8 Hz, 6H). 13C 

NMR (100 MHz, CDCl3) δ 152.5, 144.4, 139.0, 128.9, 125.9, 125.5, 121.4, 31.9, 30.6, 
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30.5, 29.7, 29.6, 29.4 (d), 29.3, 22.8, 14.1. HRMS (MALDI-TOF) m/z Calcd for 

C34H48N2S3 580.2974 found 580.3003 [M+H]+. 

4,7-Bis(4-dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-3): This material was 

synthesized following the same procedure as for 3-1. After purification by column 

chromatography, the product was obtained as a solid (1.51 g, 79% yield). 1H NMR (400 

MHz, CDCl3) δ 7.91 (s, 2H), 7.81 (s, 2H), 7.03 (s, 2H), 2.69 (t, J = 7.6 Hz, 4H), 1.74-

1.66 (m, 4H), 1.39-1.26 (m, 38H), 0.88 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) 

δ 152.7, 144.4, 139.0, 129.0, 126.0, 125.5, 121.5, 31.9, 30.7, 30.5, 29.7 (d), 29.6, 29.5, 

29.4 (d), 22.7, 14.1. HRMS (MALDI-TOF) m/z C38H56N2S3 Calcd for 637.3678 found 

637.3698 [M+H]+. 

4,7-Bis(4-tetradecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-4): This material 

was synthesized following the same procedure as for 3-1. After purification by column 

chromatography, the product was obtained as a solid (1.51 g, 79% yield). 1H NMR (400 

MHz, CDCl3) δ 7.97 (s, 2H), 7.82 (s, 2H), 7.03 (s, 2H), 2.68 (t, J = 7.6 Hz, 4H), 1.73-

1.65 (m, 4H), 1.39-1.35 (m, 44H), 0.87 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) 

δ 152.7, 144.4, 139.0, 129.0, 126.0, 125.6, 121.5, 31.9, 30.7, 30.5, 29.7 (d), 29.6, 29.5, 

29.4, 22.7, 14.1. HRMS (MALDI-TOF) m/z C42H64N2S3 Calcd for 693.4304 found 

693.4255 [M+H]+. 

4,7-Bis(4-hexadecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-5): This material 

was synthesized following the same procedure as for 3-1. After purification by column 

chromatography, the product was obtained as a solid (1.85 g, 82% yield). 1H NMR (400 

MHz, CDCl3) δ 8.01 (s, 2H), 7.86 (s, 2H), 7.07 (s, 2H), 2.72 (t, J = 7.6 Hz, 4H), 1.77-

1.70 (m, 4H), 1.44-1.39 (m, 52H), 0.91 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) 

δ 152.7, 144.4, 139.0, 129.0, 126.1, 125.5, 121.5, 31.9, 30.7, 30.5, 29.7, 29.6, 29.5, 29.4, 

22.7, 14.1. HRMS (MALDI-TOF) m/z Calcd for C46H72N2S3 749.4930 found 749.4987 
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[M+H] +. 

4,7-Bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-6): 

To a solution of 4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]thiadiazole (2.63 

g, 5 mmol) (3-1) in CHCl3/AcOH (10 mL/10 mL) at 0 oC was added NBS (2.7 g, 15 

mmol) in small portions. The mixture was stirred at room temperature overnight. The 

reaction was quenched with a solution of 2 M Na2SO3. The product was extracted with 

DCM and dried with anhydrous MgSO4. The crude product was purified by silica gel 

column chromatography affording the desired product as a solid (3.1 g, 90% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.79 (s, 2H), 7.77 (s, 2H), 2.60 (d, J = 7.2 Hz, 4H), 1.77-

1.72 (m, 2H), 1.44-1.28 (m, 16H), 0.97-0.91 (m, J = 12H). 13C NMR (100 MHz, CDCl3) 

δ 152.2, 142.2, 138.3, 128.6, 125.3, 124.8, 112.3, 40.0, 33.9, 32.5, 28.8, 25.7, 23.1, 14.2, 

10.9. HRMS (MALDI-TOF) m/z Calcd for C30H38Br2N2S3 682.0539 found 682.0551 

[M+H] +. 

4,7-Bis(5-bromo-4-decylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-7): This 

material was synthesized following the same procedure as for 3-6. After purification by 

column chromatography, the product was obtained as a solid (1.61 g, 92% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.95 (d, J = 1.2 Hz, 2H), 7.76 (s, 2H), 7.01 (d, J = 1.2 Hz, 

2H), 2.69 (t, J = 7.6 Hz, 4H), 1.73-1.65 (m, 4H), 1.38-1.26 (m, 28H), 0.89 (t, J = 6.8 

Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 152.6, 144.4, 138.9, 128.9, 126.0, 125.4, 121.5, 

31.9, 30.7, 30.6, 29.6, 29.5, 29.4 (d), 22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for 

C34H46Br2N2S3 738.1165 found 738.1180 [M+H]+. 

4,7-Bis(5-bromo-4-dodecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-8): This 

material was synthesized following the same procedure as for 3-6. After purification by 

column chromatography, the product was obtained as a solid (3.5 g, 87% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.75 (s, 2H), 7.71 (d, J = 6.8 Hz, 2H), 2.63 (t, J = 7.6 Hz, 
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4H), 1.68-1.63 (m, 4H), 1.36-1.26 (m, 36H), 0.88 (t, J = 6.4 Hz, 6H). 13C NMR (100 

MHz, CDCl3) δ 152.2, 143.1, 138.5, 128.1, 125.3, 124.8, 111.6, 32.0, 29.8, 29.7, 29.6, 

29.5, 29.4, 29.3, 22.7, 14.1. HRMS (MALDI-TOF) m/z Calcd for C38H54Br2N2S3 

794.1792 found 794.1776 [M+H]+. 

4,7-Bis(5-bromo-4-tetradecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-9): This 

material was synthesized following the same procedure as for 3-6. After purification by 

column chromatography, the product was obtained as a solid (3.65 g, 86% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.76 (s, 2H), 7.73 (d, 2H), 2.63 (t, J = 7.2 Hz, 4H), 1.70-

1.63 (m, 4H), 1.37-1.25 (m, 44H), 0.88 (t, J = 6.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) 

δ 152.3, 143.1, 138.5, 128.1, 125.3, 124.9, 111.6, 31.9, 29.8, 29.7 (d), 29.6, 29.4 (d), 

29.3, 22.7, 14.1. HRMS (MALDI-TOF) m/z Calcd for C42H62Br2N2S3 850.2419 found 

850.2523 [M+H]+. 

4,7-Bis(5-bromo-4-hexadecylthiophen-2-yl)benzo[c][1,2,5]thiadiazole (3-10): This 

material was synthesized following the same procedure as for 3-6. After purification by 

column chromatography, the product was obtained as a solid (4.02 g, 89% yield). 1H 

NMR (400 MHz, CDCl3) δ 7.77 (s, 2H), 7.75 (d, 2H), 2.64 (t, J = 7.6 Hz, 4H), 1.68-

1.63 (m, 4H), 1.37-1.25 (m, 56H), 0.87 (t, J = 6.8 Hz, 6H). 13C NMR (100 MHz, CDCl3) 

δ 152.2, 143.1, 138.5, 128.1, 125.3, 124.9, 111.6, 31.9, 29.8, 29.7 (d), 29.6, 29.4 (d), 

29.3, 22.7, 14.1. HRMS (MALDI-TOF) m/z Calcd for C46H70Br2N2S3 906.3045 found 

906.3011 [M+H]+. 

Synthesis of PNB-C2,6 

To a 50 mL round-bottom flask containing 4,7-Bis(5-bromo-4-(2-ethylhexyl)thiophen-

2-yl)benzo[c][1,2,5]thiadiazole (69 mg, 0.10 mmol) and 5,6-bis(2'-ethylhexyloxy)-2,5-

bis(tri-n-butylstannyl)naphtha[2,1-b:3,4-b']-dithiophene (108 mg, 0.10 mmol) were 

added Pd(PPh3)4 (10 mg). After three successive deoxygenation-refilling with N2 cycles, 
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DMF (30 mL) were added via a syringe. The polymerization was carried out at 120 oC 

for 48 h under N2. The polymer was precipitated in MeOH and collected by filtration. 

Low-molecular-weight oligomers were removed by Soxhlet extraction with MeOH, 

hexane and DCM, respectively. Left insoluble black solid which was collected directly, 

the remaining high molecular-weight solid was extracted with chloroform. The desired 

polymer was precipitated from methanol, collected and dried in vacuum for 12 h 

affording the product as a black solid (60 mg, 59%), Mn = 72 kDa, PDI = 2.1. 

Synthesis of PNB-C10 

This polymer was synthesized following the same procedure as for PNB-C2,6. After 

purification by Soxhlet extraction affording the polymer as a black solid (69 mg, 64%). 

GPC: Mn (45 kDa), PDI (1.9). 

Synthesis of PNB-C12 

This polymer was synthesized following the same procedure as for PNB-C2,6. After 

purification by Soxhlet extraction affording the polymer as a black solid (70 mg, 62%). 

GPC: Mn (47 kDa), PDI (1.8). 

Synthesis of PNB-C14 

This polymer was synthesized following the same procedure as for PNB-C2,6. After 

purification by Soxhlet extraction affording the polymer as a black solid (66 mg, 55%). 

GPC: Mn (44 kDa), PDI (1.6). 

Synthesis of PNB-C16 

This polymer was synthesized following the same procedure as for PNB-C2,6. After 

purification by Soxhlet extraction affording the polymer as a black solid (80 mg, 65%). 

GPC: Mn (47 kDa), PDI (1.8). 
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CHAPTER FOUR 

Fluorination Effect on Photovoltaic Performance of 

Naphthodithiophene-Benzothiadiazole Based Copolymers 

4.1 Introduction 

Incorporation of fluorine atoms onto the electron-deficient unit has received 

enormous attentions for their wonderful performance in organic solar cells.1 The size 

of fluorine atom is similar with hydrogen, but with stronger electron-withdrawing 

ability and without steric effects.2 Therefore, the physical and electronic properties of 

p-type materials can be finely tuned by the incorporation of fluorine atoms onto suitable 

site on polymer backbone chain.3 Some of the polymer-based solar cells with efficiency 

over 7% containing fluorinated moieties such as thienothiophene, benzotriazole and 

benzothiadiazole are summarized in Table 4-1. Their non-fluorinated counterparts are 

also listed for comparison. In each case, all the Jsc, Voc and FF values are increased with 

the incorporation of the fluorine atom(s) which in turn enhanced the device efficiency. 

Fluorination induced performance enhancement is not only by lowering the HOMO 

level but also improving morphology.4 Transmission electron microscopy (TEM) 

images of PTB-75 and PTB-96 based active layers exhibited similar morphology 

(Figure 4-1), consistent with the Jsc values obtained from device characterization 

(14.50 and 14.40 mA cm-2 for PTB-7 and PTB-9, respectively). There is only minor 

difference in fill factors; however, the improvement of Voc value from 0.60 to 0.74 V 

contributed the ultimate enhancement of device efficiency which benefited from the 

lower HOMO level of PTB-7 caused by strong electron-withdrawing ability of fluorine 

atom. In the case of PBnDT-HTAZ  and PBnDT-FTA ,2 the UV-Vis absorption cut-off 

of the two polymers in solid states are almost same although PBnDT-FTA  has a 

slightly higher absorption coefficient. Both polymers display similar electronic 
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properties. The difference in the HOMO level is just 0.07 eV, which is consistent with 

the 0.09 V increase in the open circuit voltage. The increase of 6% in Jsc value and the 

enhancement of FF from 55.2 to 72.9% lead to an overall increase in the device 

efficiency from 4.36 to 7.1%. It is clearly shown that all factors with respect to device 

efficiency including Jsc, Voc and FF are enhanced with the incorporation of fluorine 

atom. The larger d-spacing (18.6 and 17.9 Å) and much higher hole mobility (1.03 × 

10-3 and 2.94 × 10-4 mA cm-2) of PBnDT-FTA  relative to PBnDT-HTA  can explain 

the origin of the enhancement. In addition, the fluorinated benzothiadiazole-based 

copolymers have recently attracted a lot of attention due to the impressive device  

Table 4-1 Photovoltaic properties of high-performing fluorinated copolymers and their 
non-fluorinated counterparts.  

Polymer Structure name X 
Voc 
V 

Jsc 
mA cm-2 

FF 
% 

η 
% 

 

PTB-9 H 0.60 14.40 66.00 5.54 

PTB-7 F 0.74 14.50 68.97 7.4 

 

PBnDT-
HTAZ 

H 0.70 11.14 55.2 4.36 

PBnDT-
FTAZ 

F 0.79 11.83 72.9 7.1 

 

PBnDT-
DTBT 

H 0.87 10.03 57.3 5.0 

PBnDT-
DTffBT 

F 0.91 12.91 61.2 7.2 
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performance. For example, PBnDT-DTffBT  was one of the polymers with the device 

efficiency up to 7.2%,7 relative to the non-fluorinated counterparts, PBnDT-DTBT . 

Figure 4-2 showed the AFM phase images of PBnDT-DTBT : PC61BM and PBnDT-

DTffBT : PC61BM blend films, a better phase separation and bicontinuous morphology 

was formed for PBnDT-HTA  based blend films with domain size around 50 nm which 

is perfect for exciton diffusion, dissociation, as well as separated charge transport. 

            

Figure 4-1 TEM images of PTB-7:PC71BM (left) and PTB-9:PC71BM (right) blend 
films. Adapted from ref 5 and ref 6. 

 

 

Figure 4-2 AFM phase images of PBnDT-DTBT : PC61BM (left) and PBnDT-
DTffBT :PC61BM (right) blend films. Adapted from ref 7. 

Our previous work showed that PNB-4 is a potential candidate for high performance 

solar cell device.8 In order to develop polymers with further enhanced performance, 

four fluorinated copolymers, namely PNfTB-C2,6;C10, PNfTB-C2,6;C2,6, PNffTB-

C2,6;C10 and PNffTB-C2,6;C2,6 were synthesized. To enhance the solubility, two 
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more polymers PNfTB-C10,14 and PNffTB-C10,14 were synthesized while two 

corresponding non-fluorinated copolymers were also synthesized for comparison, the 

structures of the copolymers are shown in Figure 4-3. 

 

 

 

 

 

Figure 4-3 Structures of new fluorinated and non-fluorinated copolymers. 

4.2 Synthesis 

4.2.1 Synthesis of donor units 

The same protocol as described in the previous chapter was followed and the 

synthetic routes of compound 4-5 are outlined in Scheme 4-1.9 
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Reagents and conditions: a) DMSO, KOH, C24H49Br, 51%; b) NBS, CHCl3/AcOH, 
75%; c) 3-thiopheneboronic acid, Pd(PPh3)4, 2 M K2CO3, THF, 79%; d) FeCl3, MeNO2, 
DCM, 83%; e) n-BuLi, Bu3SnCl, over 100%. 

Scheme 4-1 Synthesis of 2-decylteradecyloxy-substituted naphthodithiophene based 
donor unit. 

4.2.2 Synthesis of acceptor units 

The synthetic routes for the mono-fluorinated acceptor units, 4-11, 4-12 and 4-13 are 

outlined in Scheme 4-2.7, 10 The same protocol as described in chapter two for the 

preparation of 4,7-bis(5-bromo-4-(alkyl)thiophen-2-yl)benzothiadiazole was followed 

except using 4-fluorobenzene-1,2-diamine as the starting material. 

 

Reagents and conditions: a) SOCl2, Et3N, Toluene, 43%; b) Br2, 48% HBr, 33%; c) (4-
alkylthiophen-2-yl)boronic acid, 2 M K2CO3, THF, 70-80%; d) NBS, THF, 85-90%. 

Scheme 4-2 Synthesis of mono-fluorinated benzothiadiazole based acceptor units. 
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In a similar fashion, the synthetic routes of the di-fluorinated acceptor units, 4-17, 4-

18 and 4-19 are outlined in Scheme 4-3.7, 10 The commercial available 4,7-dibromo-

5,6-difluorobenzo[c][1,2,5]thiadiazole was used as a starting substrate which were 

treated with the corresponding boronic acid under Suzuki coupling conditions affording 

compound 4-14, 4-15 and 4-16, respectively in good yield of 80-90%. Subsequent 

NBS-bromination gave the corresponding acceptor units, 4-17, 4-18 and 4-19 in good 

yield. 

 

Reagents and conditions: a) (4-alkylthiophen-2-yl)boronic acid, 2 M K2CO3, THF, 80-
90%; b) NBS, THF, 85-90%. 

Scheme 4-3 Synthesis of di-fluorinated benzothiadiazole based acceptor units. 

The synthetic routes of the other acceptor units, 4-22 and 4-23 are outlined in 

Scheme 4-4.11 Palladium catalyzed Suzuki cross-coupling of 4,7-

dibromobenzo[c][1,2,5]thiadiazole and the corresponding boronic acid yielded 

compound 4-20 and 4-21 in good yield of 80-85% and subsequent NBS-bromination 

afforded the desired acceptor units, 4-22 and 4-23 in good yield. 

 

Reagents and conditions: a) corresponding boronic acid, 2 M K2CO3, THF, 80-85%; b) 
NBS, THF, 85-90%. 

Scheme 4-4 Synthesis of benzothiadiazole based acceptor units. 
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4.2.3 Synthesis of polymers 

All the eight polymers are synthesized by classical Stille polycondensation reaction 

(Scheme 4-5). The donor and acceptor units were exactly weighted in a molar ratio of 

1:1 with 10% Pd(PPh3)4 as the catalyst and DMF as the solvent. The solution mixture 

was heated at 120 oC under nitrogen atmosphere for 48 h. After purified by Soxhlet 

extraction, using methanol, n-hexane, DCM and chloroform as eluents, the polymers 

were obtained as dark blue solids. 

The molecular weight of the copolymers were determined by gel permeation 

chromatography (GPC) using polystyrene as standard and THF as eluent. Thermal 

gravimetric analysis (TGA) measurements showed that all the polymers exhibited high 

thermal stability with decomposition temperature in the range of 310-420 °C. All the 

physical data are summarized in Table 4-2. Differential scanning calorimetry (DSC) 

results showed that there was no glass transition state for all the polymers in the range 

of 50 to 300 oC. 
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Reagents and conditions: DMF, Pd(PPh3)4, 120 oC for 48 h, the yield varying from 53 
to 80%. 

Scheme 4-5 Synthesis of fluorinated and non-fluorinated copolymers. 
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Table 4-2 Molecular weights and thermal stability properties of new fluorinated and 
non-fluorinated copolymers. 

Polymer Mn
a (kDa) Mw (kDa) PDI b Td 

c 

PNfTB-C2,6;C10 51 141 2.77 376 

PNfTB-C2,6;C2,6 78 154 1.97 384 

PNffTB-C2,6;C10 12 12 1.04 417 

PNffTB-C2,6;C2,6 46 95 2.07 396 

PNTB-C10,14 102 198 1.94 341 

PNSeB-C10,14 40 54 1.34 347 

PNfTB-C10,14 108 184 1.70 315 

PNffTB-C10,14 107 241 2.25 373 
a The molecular weight of polymers are determined by gel permeation chromatography (GPC) 
using polystyrene as standard and THF as eluent. b Polydispersity index, the ratio of Mw/Mn. c 
Decomposition temperature determined by TGA at heating rate of 10 oC/min. 

4.3 Results and discussions 

4.3.1 Physical and electrochemical properties 

The UV-Vis absorption spectra of PNfTB-C2,6;C10, PNfTB-C2,6;C2,6, PNffTB-

C2,6;C10 and PNffTB-C2,6;C2,6 in solution and films are shown in Figure 4-4. All 

the four polymers showed two distinct absorption bands at around 430 and 615 nm, 

with a pronounced overlap of absorptions at the long wavelength region, the absorption 

peak at 430 and 615 nm are corresponding to π-π* transitions and intramolecular charge 

transfer (ICT) between the donor and acceptor moieties, respectively.12 The absorption 

spectra of all the four polymers in solid thin films showed a minor red shift compared 

to those in solution, and all the polymers showed almost the same absorption 

characteristics in solid states irrespective to the difference in the molecular weights 

(PNffTB-C2,6;C10 has Mn of 12 kDa, vs other three polymers have Mn as high as 46 

to 78 kDa). One possible reason is that the incorporation of the two fluorine atoms in 

the backbone chains caused the UV-Vis absorption saturated even polymers with small 

molecular weight, as all the polymers have the same backbone chain.13 As a result, the 
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Figure 4-4 UV-Vis absorption spectra of PNfTB-C2,6;C10, PNfTB-C2,6;C2,6, 
PNffTB-C2,6;C10 and PNffTB-C2,6;C2,6 in THF (up) and thin films (down). 
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optical bandgap of all the four polymers deduced from the onset of the absorption in 

solid state was ~1.69 eV. And the optical properties of these four polymers are 

summarized in Table 4-3.  

The UV-Vis absorption properties of PNfTB-C10,14, PNffTB-C10,14, PNTB-

C10,14 and PNSeB-C10,14 in solution and thin films are characterized and the spectra 

are shown in Figure 4-5. The incorporation of the bulky side chain, 2-decyltetradecyl 

groups makes the new four polymers more soluble than those of 2-ethylhexyl groups. 

In solution, the absorption maximum of PNfTB-C10,14 showed a red shift of ~20 nm 

compared to that of PNffTB-C10,14, and PNffTB-C10,14 showed the similar 

maximum absorption peak compared to that of PNTB-C10,14. For PNSeB-C10,14, 

with the substitution of thiophene by selenophene units, showed the largest absorption 

maximum peak at 631 nm among the polymers. In the solid state, there is no obvious 

red shift in the absorption spectra for PNTB-C10,14, PNfTB-C10,14 and PNffTB-

C10,14, but a pronounced overlap of the two absorption bands for PNTB-C10,14, 

PNfTB-C10,14 and PNffTB-C10,14.14 On the other hand, PNSeB-C10,14 exhibited a 

red shift of ~22 nm compared to that in solution due to the enhanced π-π stacking in 

solid state. As a result, the optical band gap energy deduced from the onset of the 

absorption in solid state of the polymers located at 1.64, 1.67, 1.72 and 1.56 eV for 

PNTB-C10,14, PNfTB-C10,14, PNffTB-C10,14 and PNSeB-C10,14, respectively. 

The optical properties of these four polymers are summarized in Table 4-3.  
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Figure 4-5 UV-Vis absorption spectra of PNTB-C10,14, PNSeB-C10,14, PNfTB-
C10,14 and PNffTB-C10,14 in THF (up) and thin films (down). 
 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

 PNTB-C10,14
 PNSeB-C10,14
 PNfTB-C10,14
 PNffTB-C10,14

N
or

m
al

iz
ed

 a
bs

or
pt

io
n 

(a
.u

)

Wavelength (nm)

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

 a
bs

or
pt

io
n 

(a
.u

)

Wavelength (nm)

 PNTB-C10,14
 PNSeB-C10,14
 PNfTB-C10,14
 PNffTB-C10,14



 

131 
 

Cyclic voltammetry (CV) was used to determine the HOMO and LUMO levels of 

the copolymer in thin films based on the onset oxidation potentials using ferrocene as 

an external standard, Ag/AgNO3 as reference electrode, platinum disc as counter 

electrode and platinum-carbon electrode as working electrode using 

tetrabutylammonium hexafluorophosphate acetonitrile solution as electrolyte and were 

calculated by HOMO = - (4.73 eV + Eox
onset) eV (Table 4-3, Figure 4-6). The HOMO 

level of PNfTB-C2,6;C10, PNfTB-C2,6;C2,6, PNffTB-C2,6;C10 and PNffTB-

C2,6;C2,6 located at -5.18, -5.16, -5.22 and -5.17 eV. It is surprising that the 

incorporation of the two fluorine atoms has limited effect on lowering the HOMO 

energy levels, the HOMO energy difference between PNfTB-C2,6;C10 and PNffTB-

C2,6;C10 is only 0.04 eV and that between PNfTB-C2,6;C2,6 and PNffTB-C2,6;C2,6 

is only 0.01 eV. This is in contrast to the fluorination effect for other polymers.15 But 

the fluorination effect on the HOMO level is obvious among PNTB- C10,14, PNfTB-

C10,14 and PNffTB-C10,14, with incorporation of fluorine atoms from one to two, 

Table 4-3 Optical and electrochemical data of new fluorinated and non-fluorinated 
copolymers. 

Polymer 
Eg

opt 
(eV) a 

Eonset
ox 

(V) b 
Eonset

red 
(V) b 

HOMO 
(eV) b 

LUMO 
(eV) c 

PNfTB-C2,6;C10 1.69 0.45 -1.22 -5.18 -3.49 

PNfTB-C2,6;C2,6 1.69 0.43 -1.20 -5.16 -3.47 

PNffTB-C2,6;C10 1.68 0.49 -1,28 -5.22 -3.54 

PNffTB-C2,6;C2,6 1.71 0.44 -1.27 -5.17 -3.46 

PNTB-C10,14 1.64 0.50 -1.21 -5.23 -3.59 

PNSeB-C10,14 1.56 0.48 -1.22 -5.21 -3.65 

PNfTB-C10,14 1.67 0.65 -1.29 -5.38 -3.71 

PNffTB-C10,14 1.72 0.67 -1.22 -5.40 -3.68 
a Calculated from the intersection of the tangent on the low energy edge of the absorption 
spectrum with the baseline. b Determined by CV. HOMO = - (4.73 + �4567849 ) eV. c LUMO = 
(HOMO + �:

4;8) eV. 
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Figure 4-6 CV curves of new fluorinated and non-fluorinated copolymers. 
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the HOMO level decreased from -5.23, to -5.38 and -5.40 eV. When two thiophene 

units of PNTB-C10,14 are replaced by the selenophenes, a slight higher HOMO energy 

level of -5.21 eV was obtained for PNSeB-C10,14. 

4.3.2 Photovoltaic properties 

The photovoltaic performance of PNfTB-C2,6;C10, PNfTB-C2,6;C2,6 and 

PNffTB-C2,6;C10 except PNffTB-C2,6;C2,6 due to the poor solubility were probed 

by fabricating BHJ solar cells with the configuration of ITO/PEDOT (30 

nm)/Polymer:PC71BM (100 nm) (1:2)/BCP (5 nm)/LiF (1 nm)/Al, where bathocuproine 

(BCP) acts as the exciton blocking layer. The devices were fabricated by the spin-

casting of a PEDOT:PSS layer and then a blend of the Polymer:PC71BM layer in hot 

chlorobenzene with 3% DIO followed by vacuum deposition of BCP, LiF and Al as the 

cathode respectively. The PV responses of these devices were measured under AM 1.5 

simulated solar illumination at an irradiation intensity of 100 mW cm-2, which were 

tested in air without encapsulation, and the thickness of the active layer was optimized 

to the best overall device performance. The results of the device performance are 

summarized in Table 4-4. Figure 4-7 to Figure 4-9 showed the corresponding J-V and 

EQE curves. PNfTB-C2,6;C10 based device showed Jsc of 7.37 mA cm-2, Voc of 0.59 

V and FF of 0.52, leading to the device efficiency of 2.3%, while PNffTB-C2,6;C10 

based device showed a slight higher Jsc (8.9 mA cm-2), Voc (0.63 V), and FF (0.54) 

which led to a higher device efficiency of 3.0%. On the other hand, PNfTB-C2,6;C2,6 

based device showed much smaller Jsc of 2.93 mA cm-2, but larger Voc (0.71 V) and FF 

(0.61) compared to those of PNffTB-C2,6;C10 and the device efficiency was 1.3% due 

to the poor Jsc value. Compared to the PV performance of non-fluorinated counterparts, 

PNB-C2,6;C10 and PNB-C2,6;C2,6, there is an abrupt drop in the device performance 

mainly due to the small Jsc values. It is well known that the germinated and non-
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germinated recombination of separate charges, domain separation, size and continuity, 

as well as the roughness of the active layer induced inefficient layer interaction are the 

main reasons for poor charge generation and transport, and all these would lead to the 

lower Voc and FF, especially the Jsc values which are more sensitive to the factors 

referred above. The EQE values between 300 to 700 nm are 30 - 40% and 15 - 20% for 

PNfTB-C2,6;C10 and PNffTB-C2,6;C12, respectively which is consistent with the Jsc 

values obtained. The AFM image of PNfTB-C2,6;C10 further confirmed that even 

with addition of DIO, the domain size of PNfTB-C2,6;C10 is around 200 nm, which 

is much larger than the theoretically ideal 10 nm domain size.16 In addition, polymer 

and PC71BM phase separation is not clear but with good continuity. One of the possible 

ways to adjust the morphology is to prepare a relatively low molecular weight polymer 

to improve processability or to spin-cast blend film with much lower concentration 

solution. The active layer fabricated from PNfTB-C2,6;C2,6:PC71BM blend showed 

even rougher morphology in AFM images (Figure 4-10 and Figure 4-11). Large 

molecular weight caused the poor solubility and processability of the polymers lead to 

the isolated sand like surface morphology, which could further explain the poor Jsc 

value. 

The photovoltaic performances of PNTB-C10,14, PNSeB-C10,14, PNfTB-C10,14 

and PNffTB-C10,14 were investigated by fabricating BHJ solar cells with the 

configuration of ITO/PEDOT:PSS/Polymer:PC71BM (1:2)/ZnO/Ag. The active layer 

was fabricated from the polymer blend in hot chlorobenzene with 3% DIO followed by 

vacuum deposition of ZnO and Ag as an interlayer and cathode, respectively. The 

results of the device performance are summarized in Table 4-4, Figure 4-12 showed 

the J-V curves of devices based on the four copolymer:PC71BM. The device based on 

PNTB-C10,14:PC71BM showed a Jsc of 6.67 mA cm-2, Voc of 0.68 V and FF 57.63%, 
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and thus a PCE of 2.63%. PNSeB-C10,14 based device showed a Jsc of 0.12 mA cm-2, 

Voc of 0.47 V and FF 25.19%; as a result, only a PCE of 0.01% was achieved. This 

inferior performance was likely caused by the poor interaction of the active layer with 

substrate, which was observed during active layer fabrication. PNfTB-C10,14 based 

device showed a Voc of 0.67 V, which is almost the same as that of PNTB-C10,14, with 

the Jsc of 4.79 mA cm-2 and FF 52.88%, and thus the device efficiency of 1.69%. For 

PNffTB-C10,14, the BHJ device exhibited a Jsc of 5.90 mA cm-2, Voc of 0.79 V and FF 

47.98%, and thus the device efficiency of 2.25%. Such a high Voc is consistent with the 

HOMO energy level of -5.40 eV. 

Table 4-4 Summary of the photovoltaic characteristics of devices based on new 
fluorinated and non-fluorinated copolymers. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNfTB-C2,6;C10 7.37 (7.63)a 0.59 52 2.3 (2.3)a 

PNfTB-C2,6;C2,6 2.93 (3.19)a 0.71 61 1.3 (1.4)a 

PNffTB-C2,6;C10 7.92 (8.9)a 0.63 54 2.7 (3.0)a 

PNTB-C10,14 6.67 (--)a 0.68 57.63 2.63 (--)a 

PNSeB-C10,14 0.12 (--)a 0.47 25.19 0.01 (--)a 

PNfTB-C10,14 4.79 (--)a 0.67 52.88 1.69 (--)a 

PNffTB-C10,14 5.90 (--)a 0.79 47.98 2.25 (--)a 

a EQE calibrated value. 

 

Figure 4-7 J-V and EQE curves for PNfTB-C2,6;C10 based PV devices. 
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Figure 4-8 J-V and EQE curves for PNfTB-C2,6;C2,6 based PV devices. 

   

Figure 4-9 J-V and EQE curves for PNffTB-C2,6;C10 based PV devices. 
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Figure 4-10 AFM images of PNfTB-C2,6;C10:PC71BM blend films. 
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Figure 4-11 AFM images of PNfTB-C2,6;C2,6 :PC71BM blend films. 

 
Figure 4-12 J-V curves for PNTB-C10,14, PNSeB-C10,14, PNfTB-C10,14 and 
PNffTB-C10,14 based PV devices. 
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atoms showed no obvious effects on HOMO and LUMO levels but caused the decrease 

in the solubility of polymers which in turn led to the poor processability. PNfTB-

C2,6;C10, PNfTB-C2,6;C2,6 and PNffTB-C2,6;C10 based devices yielded the 

efficiency of 2.3, 1.3, and 2.7%, respectively. In this case, the device performance of 

PNfTB-C2,6;C2,6 is relatively poor than that of PNfTB-C2,6;C10. But the results 

showed that the di-fluorinated materials can gain better performance, which could be a 

useful guideline in future material design. 

The other four polymers with larger bulky side chains were synthesized to improve 

the solubility and processability. In one case, selenophene unit was introduced to study 

the heteroatom substituted effect on device performance. High molecular weight of 

~105 kDa was obtained for PNTB-C10,14, PNfTB-C10,14 and PNffTB-C10,14 

except PNSeB-C10,14 (Mn = 40 kDa). All the materials showed good solubility in 

common solvent such as chloroform, THF and chlorobenzene at room temperature. The 

devices fabricated from PNTB-C10,14 showed the best efficiency of 2.63% and those 

for PNfTB-C10,14, PNffTB-C10,14 and PNSeB-C10,14 are 1.69, 2.25, and 0.01%, 

respectively. These results also showed that the di-fluorinated materials can give a 

better device performance than that of mono-fluorinated ones. 

4.5 Experimental section 

Materials and method 

All reagents and starting materials were purchased from commercial sources and 

used as received, unless otherwise noted, The Pd(PPh3)4 was purchased from Sigma-

Aldrich. The key intermediates are prepared according to reported procedures with 

modification. All the solvents were dried by the standard methods wherever needed. 1H 

NMR spectra were recorded using a Bruker-400 NMR spectrometer and referenced to 

the residual CHCl3 7.26 ppm. 13C NMR spectra were recorded using a Bruker-400 
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NMR spectrometer and referenced to the CDCl3 77 ppm. Thermal stabilities were 

determined by thermal gravimetric analyzer (PE-TGA6) with a heating rate of 10 oC 

/min under N2. All absorption measurements were performed with Varian Cary 100-

UV-vis spectrophotometer. Cyclic voltammetry (CV) were carried out on a CH 

Instrument 630C using platinum wires as working electrode and counter-electrode at a 

scan rate of 100 mV/s. The reference electrode was Ag/AgNO3 and the electrolyte was 

a solution of 0.1 M hexafluorophosphate (Bu4NPF6) in dry acetonitrile. Under these 

conditions, the half wave potential of oxidation of ferrocene was 0.07 V versus Ag/Ag+. 

The HOMO energy level was determined from the oxidation onset from the cyclic 

voltammograms and reported values were calculated with reference to ferrocene (4.8 

eV vs vacuum), the LUMO energy level was determined by LUMO = (HOMO + �:
4;8) 

eV. The molecular weight and polydispersity index (PDI) of the polymer were 

determined by gel permeation chromatography (GPC) using Agilent 1050 HPLC 

system with VWD and waters 515 HPLC pump. THF was used as eluent and 

commercial polystyrenes were used as standards. 

Solar cell device fabrication method 

The photovoltaic devices based on PNfTB-C2,6;C10, PNfTB-C2,6;C2,6, and 

PNffTB-C2,6;C10 were fabricated and characterized by the group of Dr. Ye Tao in the 

Institute for Microstructural Sciences, National Research Council of Canada. The 

photovoltaic devices based on PNffTB-C2,6;C2,6, PNfTB-C10,14, PNffTB-C10,14 

PNTB-C10,14 and PNSeB-C10,14 were fabricated and characterized by the group of 

Prof. Furong Zhu in the Department of Physics, Hong Kong Baptist University. 

For PNfTB-C2,6;C10, PNfTB-C2,6;C2,6 and PNffTB-C2,6;C10, the 

conventional BHJ PV cells with a device structure of ITO/PEDOT/Polymer:PC71BM/ 
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BCP/Al. The active area of each solar cell device was 1 × 1 cm2. The substrates were 

sonicated sequentially in detergent, DI water, acetone, and isopropanol. Immediately 

prior to device fabrication, the substrates were treated in a UV-ozone oven for 15 min. 

First, a poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) thin 

film (30 nm) was spin-coated and then baked at 140 °C for 15 min. Secondly, an active 

layer was spin-coated on top of the PEDOT:PSS from the hot solutions of 8mg/mL in 

chlorobenzene of the polymer:PC71BM blends with (1:2) weight ratios. Finally, 5 nm 

of BCP, 1 nm of LiF and Al were deposited on the top of the active layer in a vacuum 

of 2 × 10-7 torr to complete the PV device fabrication. The performance of PV cells was 

measured under AM 1.5 simulated solar illumination at an irradiation intensity of 100 

mW cm-2
. 

For PNTB-C10,14, PNfTB-C10,14, PNffTB-C10,14 and PNSeB-C10,14, The 

conventional BHJ PV cells with a device structure of ITO/PEDOT:PSS (30 

nm)/Polymer:PC71BM (100 nm)(1:2)/Al (100nm) were fabricated by spin-coating of a 

PEDOT:PSS layer and then a blend of the polymer:PC71BM layer in chlorobenzene 

(with 0, 1 or 3% DIO) followed by vacuum deposition of Al as the cathode, after post 

annealing at 80 oC for 10 min, the device was completed. The concentration of the 

polymer/PC71BM (1:2 w/w) blend solution for spin coating was 6 mg/mL in hot 

chlorobenzene, and the thickness of the active layer is ~ 100 nm. The performance of 

PV cells was measured under AM 1.5 simulated solar illumination at an irradiation 

intensity of 100 mW cm-2. The devices were tested under glove-box (filled with 

Nitrogen) environment and the device active area is 3 × 3 mm2. 

Synthetic procedure 

1,2-bis((2-decyltetradecyl)oxy)benzene (4-1): The mixture of catechol (3.3 g, 30 

mmol), KOH (6.7 g, 120 mmol) and 11-(bromomethyl)tricosane (13 g, 90 mmol) in 
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DMSO (60 mL) was refluxed overnight under N2. The mixture was cooled to room 

temperature, then poured to water, hexane was added and separated, the organic phase 

was washed with water, brine, and dried over anhydrous Na2SO4, purified by silica gel 

column chromatography using petroleum ether as eluent affording the desired product 

as a colorless oil (12 g, 51 %). 1H NMR (400 MHz, CDCl3) δ 6.88 (s, 4H), 3.86-3.85 

(dd, J = 6.08 Hz, 4H), 1.79 (m, 2H), 1.52-1.46 (m, 36H), 1.49-1.41 (m, 44H), 0.88 (m, 

12H). 13C NMR (100 MHz, CDCl3) δ 149.8, 120.8, 114.4, 77.4, 72.3, 38.5, 32.0, 29.9, 

27.2, 23.9, 23.4, 14.2. HRMS (MALDI-TOF) m/z Calcd for C54H102O2 782.7874 found 

782.7872 [M+H]+. 

1,2-dibromo-4,5-bis((2-decyltetradecyl)oxy)benzene (4-2): To a stirred solution of 

compound 4-1 (4.0 g, 4.8 mmol) in AcOH/CHCl3 (25 mL/25 mL) at room temperature, 

NBS (1.78 g, 10 mmol) was added in portions. After the complete addition, the mixture 

was stirred for another 10 h, and poured into water. Hexane was added, the organic 

phase was separated and washed with brine, dried over anhydrous Na2SO4, purified by 

silica gel column chromatography using petroleum ether as eluent affording the desired 

product as a colorless oil (3.4 g, 75 %). 1H NMR (400 MHz, CDCl3) δ 7.04 (s, 2H), 

3.79-3.80 (dd, J = 7.50 Hz, 4H), 1.78 (m, 2H), 1.82-1.76 (m, 36H), 1.43-1.37 (m, 44H), 

0.88 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 149.4, 117.7, 114.5, 77.1, 38.5, 32.4, 

29.9, 27.3, 23.8, 23.1, 14.2. HRMS (MALDI-TOF) m/z Calcd for C54H100Br2O2 

963.5969 found 963.5951 [M+Na]+. 

3,3'-(4,5-bis((2-decyltetradecyl)oxy)-1,2-phenylene)dithiophene (4-3): To a 100 mL 

two-neck round-bottom flask was added 3-thiophenebonoric acid, (768 mg, 6 mmol), 

4-2 (1.88 g, 2 mmol), Pd(PPh3)4 (0.017 mmol, 20 mg), THF (20 mL) and 2 M K2CO3 

(20 mL). The solution mixture was heated to 80 oC overnight under N2. After cooling 

to room temperature, the mixture was poured into water and extracted with 
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dichloromethane (3 × 50 mL). The combined organic phase was dried over anhydrous 

Na2SO4 and evaporated to dryness. The crude product was purified by silica gel column 

chromatography eluting with petroleum ether/dichloromethane affording the desired 

product (1.5 g, 79%). 1H NMR (400 MHz, CDCl3) δ 7.17 (s, 2H), 6.93 (dd, J = 2.96 

Hz, 2H), 6.87 (s, 2H), 6.70 (dd, 2H, J = 5.12 Hz), 3.84-3.80 (m, 4H), 1.97 (m, 2H), 

1.79-1.71 (m, 36H), 1.47-1.39 (m, 44H), 0.82-0.78 (m, 12H). 13C NMR (100 MHz, 

CDCl3) δ 148.9, 142.2, 129.2, 127.9, 124.5, 122.3, 115.6, 77.5, 72.3, 38.5, 32.4, 29.7, 

27.0, 22.8, 14.5. HRMS (MALDI-TOF) m/z Calcd for C62H106O2S2 946.7629 found 

946.7653 [M+H]+. 

5,6-bis((2-decyltetradecyl)oxy)naphtho[2,1-b:3,4-b']dithiophene (4-4): A solution 

of iron(III) chloride (476 mg, 3 mmol) in nitromethane (20 mL) was added dropwise to 

a solution of 4-3 (1.3 g, 1.4 mmol) in DCM (200 mL) under N2. After 30 min, methanol 

(10 mL) was added and the reaction was stirred for 30 min. The solvent was removed, 

and the residue was purified by silica gel column chromatography to give the desired 

product (1.1 g, 83%). 1H NMR (400 MHz, CDCl3) δ 7.92-7.91 (dd, 2H, J = 5.40 Hz), 

7.69 (s, 2H), 7.50-7.49 (dd, J = 5.36 Hz, 2H), 7.29 (s, 2H), 4.10-3.08 (m, 4H), 1.92 (m, 

2H), 1.63-1.58 (m, 36H), 1.52-1.48 (m, 44H), 0.91-0.88 (m, 12H). 13C NMR (100 MHz, 

CDCl3) δ 149.3, 133.9, 130.4, 123.5, 122.7, 106.4, 77.2, 71.9, 38.2, 31.8, 29.8, 27.1, 

22.5, 14.2. HRMS (MALDI-TOF) m/z Calcd for C62H104O2S2 944.7472 found 944.7420 

[M+H] +. 

(5,6-bis((2-decyltetradecyl)oxy)naphtho[2,1-b:3,4-b']dithiophene-2,9-diyl)bis(tri-

butyl-stannane) (4-5): To a 100 mL two-neck round bottom flask was added 4-4 (946 

mg, 1 mmol) and dry THF (10 mL). After deoxygenated with nitrogen three times, the 

solution was cooled to -78 oC and 2.5 M of n-BuLi (2 mL, 4.0 mmol) was added 

dropwise. The resulting white suspension was stirred at -78 oC for 1 h and tri-n-butyltin 
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chloride (1.33 g, 4.1 mmol) was added in one portion. Upon complete addition, the 

mixture was stirred at -78 oC for 10 min, and then warmed to room temperature and 

stirred for 3 h. The reaction mixture was poured into ethyl acetate (100 mL), washed 

with H2O (2 × 30 mL), brine (2 × 30 mL), and dried over anhydrous Na2SO4. After 

removal of solvent, the residue was added 5 mL of triethylamine and stirred at room 

temperature for 2 h. After removal of triethylamine, the residue was purified by silica 

gel column chromatography using hexane as the eluent affording the desired product as 

a colorless liquid (1.5 g, over 100%). 1H NMR (400 MHz, CDCl3) δ 7.53 (s, 2H), 7.26 

(s, 2H), 3.09 (m, 4H), 1.89 (m, 2H), 1.65-1.59 (m, 36H), 1.51-1.47 (m, 44H), 0.92-0.87 

(m, 12H). 13C NMR (100 MHz, CDCl3) δ 149.1, 135.9, 135.4, 134.7, 130.4, 122.4, 

106.9, 71.9, 38.4, 32.0, 31.7, 31.6, 30.2, 29.8 (d), 29.4, 29.2, 29.1, 28.0, 27.7, 27.5, 27.4, 

27.2, 26.9, 25.1, 22.8, 14.2, 13.8, 13.7, 13.6, 11.0. 

5-fluorobenzo[c][1,2,5]thiadiazole (4-6): To a 250 mL round bottom flask containing  

4-fluoro-1,2-phenylamine (10.0 g, 79.28 mmol) , 100 mL toluene and triethylamine (46 

mL, 327.6 mmol) were added. This reaction mixture was cooled down with 

acetone/liquid nitrogen. After that thionyl chloride (12 mL, 163.9 mmol) was slowly 

added. The reaction mixture was allowed to reflux for one hour. After cooling down to 

room temperature the mixture was given to ice water, diluted with toluene. The solid 

was filtered of and the filtrate was washed several times with water and dried with 

MgSO4. After filtration the toluene was evaporated and the remaining product was 

further purified by column chromatography on silica gel with hexane/ ethyl acetate 10:1 

as mobile phase affording the desired product as a white solid (5.25 g, 43%). 1H NMR 

(400 MHz, CDCl3) δ 7.96 dd, (J = 9.6, 5.1 Hz, 1H), 7.60 (dd, J = 8.4, 2.4 Hz, 1H), 7.40 

(td, J = 8.7, 2.4 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 164.8, 162.3, 155.0 154.8, 
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152.0, 129.3, 122.6, 122.5, 121.5, 121.2, 104.9, 104.7. 19F NMR (376 MHz, CDCl3) δ 

-109.34 ppm. 

4,7-dibromo-5-fluorobenzo[c][1,2,5]thiadiazole (4-7): 5-Fluoro-2,1,3-benzothiadia-

zol (10.40g, 67.5 mmol) and 45.8 mL HBr were added in a 100 mL round bottom flask. 

After that bromine (11.1 mL, 190 mmol) was added dropwise. The reaction mixture 

was stirred for two days at 95°C, additionally two days at room temperature. The 

reaction mixture was put in water and the solid was filtered off, washed several times 

with water to be neutral and dried. The product was then recrystallized from methanol 

and 5% toluene. Affording the desired product as a white solid (5.97 g, 33%). 1H NMR 

(400 MHz, CDCl3) δ 7.78 (d, J = 8.28 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 161.4, 

158.9, 152.8, 152.7, 150.3, 132.4, 124.0, 123.7, 114.1, 113.9, 98.3, 98.1. 19F NMR (376 

MHz, CDCl3) δ -102.27 ppm. 

4,7-bis(4-decylthiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazole (4-8): To a 100 

mL two neck round bottom flask was added 3-decylthiophene-5-boronic acid (3.86 g, 

14.4 mmol), 4-7 (1.85 g, 6 mmol), Pd(PPh3)4 (100 mg), THF (60 mL) and 2 M K2CO3 

(30 mL). The mixture was heated to 80 oC overnight under N2. After cooling to room 

temperature, the reaction mixture was poured into water and extracted with 

dichloromethane (3 × 60 mL). The combined organic phase was dried with anhydrous 

sodium sulfate, and evaporated to dryness. The crude product was then loaded on silica 

gel column and eluted with petroleum ether/dichloromethane affording the desired 

product as a red solid (2.39 g, 67%). 1H NMR (400 MHz, CDCl3) δ 7.94 (s, 2H), 7.74 

(s, 2H), 7.64 (d, J = 13.2 Hz, 2H), 2.67-2.61 (m, 4H), 1.68-1.62 (m, 4H), 1.36-1.31 (m, 

28 H), 0.89-0.86 (m, 6H). 13C NMR (100 MHz, CDCl3) δ 157.6, 153.0, 152,9, 149.4, 

143.2, 142.4, 137.1, 137.0, 132.2, 132.1, 131.1, 131.0, 128.8, 125.1, 125.0, 116.2, 115.8, 

113.3, 113.2, 113.1, 110.8, 110.6, 31.9, 29.8, 29.7, 29.6 (d), 29.4 (d), 22.7, 14.1. 19F 
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NMR (376 MHz, CDCl3) δ -108.19 ppm. HRMS (MALDI-TOF) m/z Calcd for 

C34H47FN2S3 598.2880 found 598.2883 [M+H]+. 

4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazole (4-9): 

The synthetic procedure of 4-8 was followed to prepare 4-9, yield 72%. 1H NMR (400 

MHz, CDCl3) δ 8.07 (s, 1H), 7.96 (s, 1H), 7.74 (d, J = 13 Hz, 1H), 7.13 (s, 1H), 7.07 

(s, 1H). 2.67-2.63 (m, 4H), 1.67-1.64 (m, 2H), 1.36-1.27 (m, 16H), 0.94-0.87 (m, 12H). 

13C NMR (100 MHz, CDCl3) δ 159.9, 157.4, 153.2, 153.1, 149.5, 143.0, 141.9, 137.4 

(d), 132.1, 132.1, 132.0, 131.9, 130.2, 125.4, 123.8, 123.8, 123.5, 116.4, 116.1, 111.1, 

111.0, 40.4 (d), 34.7, 34.6, 32.6, 31.7, 29.0, 25.8, 25.7, 23.2, 22.8, 14.3, 14.2, 11.0. 19F 

NMR (376 MHz, CDCl3) δ -108.19 ppm. HRMS (MALDI-TOF) m/z Calcd 

C30H39FN2S3 for 542.2253 found 542.2268 [M+H]+. 

5-fluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4-10): The synthetic 

procedure of 4-8 was followed to prepare 4-10, yield 83%. 1H NMR (400 MHz, CDCl3) 

δ 8.27 (d, J = 3.8 Hz, 1H), 8.13 (dd, J = 1.0 Hz, 2.7 Hz, 1H), 7.78 (d, J = 12.8 Hz, 1H), 

7.56 (dd, J = 1.1 Hz, 5.16 Hz, 1H), 7.51 (dd, J = 1.0 Hz, 5.0 Hz, 1H), 7.26-7.21 (m, 

2H). 13C NMR (100 MHz, CDCl3) δ 160.1, 157.6, 153.5, 153.4, 149.8, 138.0, 132.5, 

132.4, 130.1, 130.0, 128.4, 128.1, 127.9 (d), 127.2, 126.0, 126.0, 117.2, 116.9, 111.3, 

111.2. 19F NMR (376 MHz, CDCl3) δ -108.43 ppm. HRMS (MALDI-TOF) m/z Calcd 

for C14H7FN2S3 317.9749 found 317.9750 [M+H]+. 

4,7-bis(5-bromo-4-decylthiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazole (4-11): 

To a solution of 4-8 (598 mg, 1 mmol), AcOH (10 mL) and CHCl3 (10 mL) was added 

N-bromosuccinimide (446 mg, 2.5 mmol) in portions at 0 oC. After stirring for 24 h, 

the reaction mixture was poured to H2O (150 mL) and then extracted with 

dichloromethane (3 × 80 mL). The combined organic extract was washed with brine, 

water and dried over anhydrous Na2SO4. After removal of the solvent, the residue was 
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purified by silica gel column chromatography using petroleum ether/dichloromethane 

as eluent affording the desired product as a red solid (650mg, 86%). 1H NMR (400 

MHz, CDCl3) δ 7.94 (s, 2H), 7.74 (s, 1H), 7.63 (d, J = 13.2 Hz, 1H), 2.67-2.61 (m, 4H), 

1.68-1.62 (m, 4H), 1.36-1.27 (m, 18H), 0.89-0.86 (m, 6H). 13C NMR (100 MHz, CDCl3) 

δ 160.1, 157.6, 153.0, 152.9, 149.4, 143.2, 142.4, 137.1, 137.0, 132.2, 132.1, 131.1, 

131.0, 128.8, 125.1, 125.0, 116.2, 115.8, 113.3, 113.2, 113.1, 110.8, 110.6, 31.9, 29.8, 

29.7, 29.6 (d) 29.4 (d), 29.3, 22.7, 14.1. 19F NMR (376 MHz, CDCl3) δ -108.18 ppm. 

HRMS (MALDI-TOF) m/z Calcd for C34H45Br2FN2S3 756.1071 found 756.1085 

[M+H] +. 

4,7-bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazo-

le (4-12): The synthetic procedure of 4-11 was followed to prepare 4-12, yield 88%. 1H 

NMR (400 MHz, CDCl3) δ 8.07 (s, 1H), 7.95 (s, 1H), 7.74 (d, J = 13.2 Hz, 1H), 7.13(s, 

1H), 7.07 (s, 1H). 13C NMR (100 MHz, CDCl3) δ 160.1, 157.6, 153.0, 152.9, 149.4, 

142.4, 141.5, 136.9 (d), 132.0 (d), 131.6, 131.5, 129.3, 125.0, 124.9, 116.2, 115.8, 113.9 

(d), 113.8, 110.8, 110.6, 40.0 (d), 33.9, 33.8, 32.5, 28.8 (d), 25.7, 23.1, 14.2, 10.9 (d). 

19F NMR (376 MHz, CDCl3) δ -108.31 ppm. HRMS (MALDI-TOF) m/z Calcd for 

C30H37Br2FN2S3 700.0478 found 700.0445 [M+H]+. 

4,7-bis(5-bromothiophen-2-yl)-5-fluorobenzo[c][1,2,5]thiadiazole (4-13): The 

synthetic procedure of 4-11 was followed to prepare 4-13, yield 87%. 1H NMR (400 

MHz, CDCl3) δ 8.01 (d, J = 4.0 Hz, 1H), 7.80 (d, J = 4.0 Hz, 1H), 7.69 (d, J = 12.8 Hz, 

1H), 7.20-7.17 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 160.1, 157.6, 152.9, 149.4, 

139.1, 134.2, 134.1, 130.9, 130.5, 130.4, 130.2, 128.2, 125.2, 125.1, 116.5, 116.2, 116.1, 

110.9, 110.7. 19F NMR (376 MHz, CDCl3) δ -108.04 ppm. HRMS (MALDI-TOF) m/z 

C14H5Br2FN2S3 Calcd for 476.8017 found 476.8033 [M+H]+. 
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4,7-bis(4-decylthiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (4-14): The 

synthetic procedure of 4-8 was followed to prepare 4-14, yield 90%. 1H NMR (400 

MHz, CDCl3) δ 8.11 (d, J = 1.2 Hz, 2H), 7.20 (d, J = 1.2 Hz, 2H), 2.71 (t, J = 7.6 Hz, 

4H), 1.70-1.68 (m, 4 H), 1.39-1.27 (m, 28H), 0.88 (t, J = 6.8 Hz, 6H). 13C NMR (100 

MHz, CDCl3) δ 151.2, 150.9, 149.0, 148.9, 148.6, 148.4, 143.7, 132.3 (d), 132.2, 131.2, 

123.9, 111.8, 111.7, 111.6, 31.9, 30.6, 30.5, 29.6, 29.5, 29.4, 22.7, 14.1. 19F NMR (376 

MHz, CDCl3) δ -128.20 ppm. HRMS (MALDI-TOF) m/z Calcd for C34H46F2N2S3 

616.2785 found 616.2817 [M+H]+. 

4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (4-

15): The synthetic procedure of 4-8 was followed to prepare 4-15, yield 86%. 1H NMR 

(400 MHz, CDCl3) δ 8.08 (s, 2H), 7.18 (s, 2H), 2.65 (d, J = 6.8 Hz, 4H), 1.68-1.63 (m, 

2H), 1.37-1.28 (m, 16 H), 0.94-0.90 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 151.2, 

151.0, 149.0 (d), 148.6, 148.4, 142.4, 132.8 (d), 132.7, 131.0, 128.8 (d), 127.3, 127.2, 

124.9, 111.8, 111.7 (d), 111.6, 40.4, 34.5, 32.5, 28.9, 25.7, 23.1, 14.2, 10.9. 19F NMR 

(376 MHz, CDCl3) δ -128.24 ppm. HRMS (MALDI-TOF) m/z Calcd for C30H38F2N2S3 

560.2159 found 560.2170 [M+H]+. 

5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4-16): The synthetic 

procedure of 4-8 was followed to prepare 4-16, yield 81%. 1H NMR (400 MHz, CDCl3) 

δ 8.30 (dd, J = 1.2 Hz, 4 Hz, 2H), 7.62 (dd, J = 1.2 Hz, 4.8 Hz, 2H), 8.28-7.27 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 151.2, 151.0, 148.9 (d), 148.8, 148.6, 148.4, 131.5, 

131.0, 130.9 (d), 130.8, 128.9 (d), 128.8, 127.9, 111.8, 111.7 (d), 111.6. 19F NMR (376 

MHz, CDCl3) δ -127.98 ppm. HRMS (MALDI-TOF) m/z Calcd for C14H6F2N2S3 

335.9655 found 335.9652 [M+H]+. 

4,7-bis(5-bromo-4-decylthiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (4-

17): The synthetic procedure of 4-11 was followed to prepare 4-17, yield 85%. 1H NMR 
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(400 MHz, CDCl3) δ 7.97 (s, 2H), 2.66 (t, J = 7.6 Hz, 4H), 1.68-1.65 (m, 4H), 1.36-

1.27 (m, 28H), 0.88 (t, J = 6.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 151.0, 150.8, 

148.4, 148.3 (d), 148.2, 142.6, 131.8, 131.7 (d), 131.2, 114.5, 114.4 (d), 111.0 (d), 110.9, 

110.8, 31.9, 29.8, 29.6 (d), 29.5, 29.4, 29.3, 29.2, 22.7, 14.1. 19F NMR (376 MHz, 

CDCl3) δ -128.09 ppm. HRMS (MALDI-TOF) m/z Calcd for C34H44Br2F2N2S3 

774.0977 found 774.0977 [M+H]+. 

4,7-bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thia-

diazole (4-18): The synthetic procedure of 4-11 was followed to prepare 4-18, yield 

88%. 1H NMR (400 MHz, CDCl3) δ 7.92 (s, 2H), 2.59 (d, J = 7.2 Hz, 4h), 1.72-1.69 

(m, 2H), 1.37-1.32 (m, 16H), 0.93-0.90 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 151.0, 

150.8, 148.4 (d), 148.3, 141.8, 132.3 (d), 132.2, 131.0, 115.0, 111.1, 111.0, 39.8, 33.7, 

32.4, 28.8, 25.7, 23.1 14.2, 10.9. 19F NMR (376 MHz, CDCl3) δ -128.13 ppm. HRMS 

(MALDI-TOF) m/z Calcd for C30H36Br2F2N2S3 718.0355 found 718.0321 [M+H]+. 

4,7-bis(5-bromothiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole (4-19): The 

synthetic procedure of 4-11 was followed to prepare 4-19, yield 86%. 1H NMR (400 

MHz, CDCl3) δ 8.03 (d, J = 4.0 Hz, 2H), 7.22 (d, J = 4.0 Hz, 2H). 13C NMR (100 MHz, 

CDCl3) δ 151.1, 148.5, 148.4, 148.3, 133.1, 131.3, 131.2 (d), 130.4, 117.3. 19F NMR 

(376 MHz, CDCl3) δ -127.82 ppm. HRMS (MALDI-TOF) m/z Calcd for 

C14H4Br2F2N2S3 493.7845 found 493.7830 [M+H]+. 

4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (4-20): The synthetic procedure of 4-

8 was followed to prepare 4-20, yield 82%. 1H NMR (400 MHz, CDCl3) δ 8.12 (dd, J 

= 1.2 Hz, 3.6 Hz, 2H), 7.88 (s, 2H), 7.46 (dd, J = 1.2 Hz, 5.2 Hz, 2H), 7.21 (m, 2H). 

13C NMR (100 MHz, CDCl3) δ 152.7, 139.4, 128.0, 127.5, 126.8, 126.0, 125.8. 

4,7-di(selenophen-2-yl)benzo[c][1,2,5]thiadiazole (4-21): The synthetic procedure of 

4-8 was followed to prepare 4-21, yield 83%. 1H NMR (400 MHz, CDCl3) δ 8.21-8.17 
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(m, 4H), 7.92 (s, 2H), 7.46 (dd, J = 4 Hz, 5.6 Hz, 2H). 13C NMR (100 MHz, CDCl3) δ 

152.5, 144.1, 133.6, 130.2, 128.3, 127.7, 125.2. 

4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (4-22): The synthetic 

procedure of 4-11 was followed to prepare 4-22, yield 83%. 1H NMR (400 MHz, CDCl3) 

δ 7.81 (d, J = 4.2 Hz, 2H), 7.78 (s, 2H), 7.15 (d, J = 4.2 Hz, 2H). HRMS (MALDI-TOF) 

m/z Calcd for C14H6Br2N2S3 457.8033 found 457.8020 [M+H]+. 

4,7-bis(5-bromoselenophen-2-yl)benzo[c][1,2,5]thiadiazole (4-23): The synthetic 

procedure of 4-11 was followed to prepare 4-23, yield 85%. 1H NMR (400 MHz, CDCl3) 

δ 1H NMR (400 MHz, CDCl3) δ: 7.88 (s, 2H), 7.79 (d, J = 4.0 Hz, 2H), 7.37 (d, J = 4.0 

Hz, 2H). HRMS (MALDI-TOF) m/z Calcd for C14H6Br2N2SSe2 551.6936 found 

551.6941 [M+H]+. 

Synthesis of PNfTB-C2,6;C10 

To a 50 mL round-bottom flask containing 4,7-dibromo-2,1,3-benzothiadiazole (75 mg, 

0.10 mmol), 5,6-bis(2'-ethylhexyloxy)-2,5-bis(tri-n-butylstannyl)-naphtho-[2,1-b:3,4-

b']-dithiophene (107 mg, 0.10 mmol) were added Pd(PPh3)4 (10 mg). After three 

successive deoxygenation-refilling with N2 cycles, DMF (30 mL) were added via a 

syringe. The polymerization was carried out at refluxing for 48 h under N2. The polymer 

was precipitated in MeOH and collected by filtration. Low-molecular-weight oligomers 

were removed by Soxhlet extraction with MeOH, hexane and DCM respectively. The 

remaining high molecular-weight solid was collected directly and dried in vacuum for 

12 h affording the product as a black solid (76 mg, 70%). GPC: Mn (51 kDa), PDI 

(2.77). 

Synthesis of PNfTB-C2,6;C2,6 

This polymer was synthesized following the same procedure as for PNfTB-C2,6;C10. 

After purification by Soxhlet extraction, the desired polymer was precipitated as a black 
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solid (58 mg, 56%). GPC: Mn (78 kDa), PDI (1.97). 

Synthesis of PNffTB-C2,6;C10 

This polymer was synthesized following the same procedure as for PNfTB-C2,6;C10. 

After purification by Soxhlet extraction, the desired polymer was precipitated as a black 

solid (75 mg, 68%). GPC: Mn (12 kDa), PDI (1.04). 

Synthesis of PNTB-C10,14 

This polymer was synthesized following the same procedure as for PNfTB-C2,6;C10. 

After purification by Soxhlet extraction, the desired polymer was precipitated as a black 

solid (47 mg, 32%). GPC: Mn (102 kDa), PDI (1.94). 

Synthesis of PNSeB-C10,14 

This polymer was synthesized following the same procedure as for PNfTB-C2,6;C10. 

After purification by Soxhlet extraction, the desired polymer was precipitated as a black 

solid (110 mg, 75%). GPC: Mn (30 kDa), PDI (1.34). 

Synthesis of PNfTB-C10,14 

This polymer was synthesized following the same procedure as for PNfTB-C2,6;C10. 

After purification by Soxhlet extraction, the desired polymer was precipitated as a black 

solid (35 mg, 24%). GPC: Mn (108 kDa), PDI (1.70). 

Synthesis of PNffTB-C10,14 

This polymer was synthesized following the same procedure as for PNfTB-C2,6;C10. 

After purification by Soxhlet extraction, the desired polymer was precipitated as a black 

solid (70 mg, 48%). GPC: Mn (107 kDa), PDI (2.25). 
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CHAPTER FIVE 

Naphthodithiophene-2-Decyl-2H-benzo[d]-[1,2,3]triazole 

Copolymers for Bulk Heterojunction Solar Cells 

5.1 Introduction 

The development of new materials, fabrication protocols, and optimized device 

structures are of paramount importance to obtain high power conversion efficiency 

solar cells.1 The factors including molecular weight, purity, the HOMO and LUMO 

energy levels, planarity of the backbone, and solubility are all crucial in designing new 

materials.2 The higher the molecular weight of polymer, the longer the π-conjugation 

length would be which leads to the smaller energy band gap and then the stronger the 

ability to harvest sunlight.3 In addition, a planar backbone is needed for efficient charge 

transfer because charge transfer in polymer semiconductors is along the π-conjugation 

p-orbitals. Once twist of the backbone occurs, the transfer will be disrupted and even 

lost the ability of conduction because of the inefficient overlap between p-orbitals. And 

the solubility of polymer mainly refers to the conditions of the mixture of donor 

polymer and acceptor fullerene derivatives which influence the dissociation and 

diffusion of excitons and charge transport in the active layer.4 

With these guidelines in mind and the previous research work in our group,5 several 

new D-A type copolymers were synthesized based on our novel donor unit and a 

selected acceptor unit that satisfies the requirements for high molecular weight, good 

solubility, and low band gap energy. The benzo[d]-[1,2,3]triazole unit is one of the 

widely used electron deficient units for OPV polymers that showed good performance 

in BHJ applications.6 On the other hand, other groups also used the benzo[d]-

[1,2,3]triazole unit as an acceptor unit for OPV polymers with which the photovoltaic 

performances are not so impressive. It might be due to a relatively smaller molecular 
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weight (Mn < 10 kDa) of the polymers such as PBDTBTz, PBDTDTBTz, PDTS-

DTBTA  and PDTS-BTA as shown in Figure 5-1 with efficiency less than 4%.7 

 
Figure 5-1 Structures of copolymers with benzotriazole unit as electron deficient 
moiety. 

With the synthetic protocols established on monomers and polymers in our group, 

three copolymers based on benzotriazole as the electron-deficient unit and 

naphthodithiophene as the electron-rich unit, namely PNBTA-1, PNBTA-2 and 

PNBTA-3 (Figure 5-2) have been designed and synthesized for PV applications. 
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Figure 5-2 Structures of naphthodithiophene-benzotriazole copolymers. 

5.2 Synthesis 

5.2.1 Synthesis of donor units 

In order to probe the effect of the side chain of the resulting polymers on the device 

performance, decyl substituents were also used by incorporating into the 

naphthodithiophene unit, in addition to the usual decoxy substituents. Tributyltin 

intermediate 5-5 were synthesized according to the reported procedures as shown in 

Scheme 5-1.8 Kumada coupling of 1,2-dichlorobenzene with freshly prepared Grignard 

reagent of decylmagnesium bromide catalyzed by Ni(dppp)Cl2 afforded compound 5-

1. Brominating of compound 5-1 in a solution of AcOH/CHCl3 with NBS gave 

compound 5-2. Treatment of compound 5-2 with 3-thiopheneboronic acid under Suzuki 

cross-coupling conditions in THF and water yielded compound 5-3, which was 

oxidized by FeCl3 under nitrogen atmosphere at room temperature affording compound 

5-4. Reaction of compound 5-4 with n-BuLi at -78 oC and then followed by treating 

with n-Bu3SnCl to give the desired donor intermediate 5-5. 
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Reagents and conditions: a) C10H21Br, Mg, then Ni(dppp)Cl2, 84%; b) Fe, I2, Br2, AcOH, 
87%; c) 3-thienylboronic acid, 2 M K2CO3, Pd(PPh3)4, THF, reflux, 83%; d) FeCl3, 
DCM, 92%; e) n-BuLi, then n-Bu3SnCl, 92%. 

Scheme 5-1 Synthesis of decyl-substituted naphthodithiophene donor unit. 

5.2.2 Synthesis of acceptor units 

According to reported procedures,9 dibromobenzotriazole 5-8 was synthesized as 

shown in Scheme 5-2. 1,2-diaminobenzene was treated with NaNO2 in AcOH/H2O to 

give compound 5-6 in 82% yield. The mixture of compound 5-6, decyl bromide and 

K2CO3 in methanol was refluxed for 36 h to give compound 5-7 in 16% yield. The 

compound 5-7 was treated with NBS to afford compound 5-8 in 68% yield. Compound 

5-8 and the corresponding boronic acid was treated under the conditions of 

Pd(PPh3)2Cl2/K2CO3/n-Bu4NBr/(Tol:H2O) to give compound 5-9, which was treated 

with NBS (2.0 eq) using chloroform as solvent in the absence of light, to give compound 

5-10. It is worth mentioning that the amount of NBS must be strictly controlled and the 

 
Reagents and conditions: a) NaNO2, AcOH/H2O, 82%; b) C10H21Br, KOH, MeOH, 
reflux, 16%; c) NBS, AcOH, reflux, 68%. 

Scheme 5-2 Synthesis of benzotriazole based acceptor unit. 
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addition must be very slowly otherwise over-bromination would occur on the other 

positions of the thiophene rings due to the electron rich property (Scheme 5-3). 

 
Reagents and conditions: a) Pd(PPh3)2Cl2/K2CO3/n-Bu4NBr/Tol:water, corresponding 
boronic acid, reflux, 68%; b) NBS, CHCl3/AcOH, 83%. 

Scheme 5-3 Synthesis of dithienylbenzotriazole based acceptor unit. 

5.2.3 Synthesis of polymers  

The copolymers were synthesized by Stille polycondensation reactions (Scheme 5-

4) using Pd(PPh3)4 as the catalyst and DMF as the solvent at 120 oC under nitrogen 

atmosphere for 48 h. After purification, PNBTA-1, 2 and 3 were obtained. The 

molecular weight of these copolymers were determined by gel permeation 

chromatography (GPC) using polystyrene as a standard and THF as eluent. Thermal 

gravimetric analysis (TGA) measurements showed that all the three polymers exhibited 

high thermal stability with decomposition temperatures in the range of 369-443 °C. All 

these data are tabulated in Table 5-1 and TGA plots are shown in Figure 5-3. 
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Reagents and conditions: compound 5-10, corresponding donor building blocks, 
Pd(PPh3)4, DMF, 120 oC for 48 h. 

Scheme 5-4 Synthesis of PNBTA-n, where n = 1, 2 and 3. 

Table 5-1 Molecular weights and thermal stability properties of PNBTA-n where n = 
1, 2 and 3. 

Polymer Mn 
a (kDa) Mw (kDa) PDI b Td 

c 

PNBTA-1 22 48 2.16 443 

PNBTA-2 26 69 2.67 369 

PNBTA-3 26 55 2.11 385 

a The molecular weight of polymers are determined by gel permeation chromatography 
(GPC) using polystyrene as standard and THF as eluent. b Polydensity index, the ratio of Mw 
/ Mn. c Decomposition temperature determined by TGA at heating rate of 10	℃	/ min. 
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Figure 5-3 TGA plots of PNBTA-n, where n = 1, 2 and 3. 

5.3 Results and discussions 

5.3.1 Physical and electrochemical properties 

The UV-Vis absorption spectra of PNBTA-1, PNBTA-2, and PNBTA-3 in solution 

and thin films are shown in Figure 5-4. The three copolymers showed no obvious 

differences in the maximum absorption both in THF and thin films. The optical band 

gap of these polymers calculated from the onset value of absorption cutoff in thin films 

are 1.90, 1.92 and 1.95 eV for PNBTA-1, PNBTA-2 and PNBTA-3, respectively. For 

PNBTA-2 and PNBTA-3, the structural difference is the size of the side chain: one is 

linear and the other is branched. The copolymer with the branched side chain shows a 

blue shift possibly due to the increasing dihedral angle between the aromatic units 

induced by the increased bulkiness which is a common phenomenon in reported 

literatures.10 There is no obvious change in the shape of the absorption curve for  
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Figure 5-4 UV-Vis absorption spectra of PNBTA-n in solution and thin films, where 
n = 1, 2 and 3. 
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PNBTA-3 when comparing the absorption spectra measured in solution and thin film. 

On the other hand, both PNBTA-1 and PNBTA-2 showed a distinctive difference in 

the absorption spectra in solution and thin films. The enhanced absorption shoulder in 

the solid state generally indicates a strong intermolecular packing caused by their planar 

and rigid backbones.11 Compared with that of PNB-4, the absorption spectrum of 

PNBTA-3 shows a clear blue shift which is mainly due to the weaker electron 

withdrawing ability of the benzotriazole acceptor unit. 

Cyclic voltammetry (CV) was used to determine the HOMO and LUMO levels of 

the copolymer in thin films (Figure 5-5). The HOMO levels of PNBTA-1, PNBTA-2 

and PNBTA-3 are estimated to be at -5.22, -5.18 and -5.17 eV, respectively, based on 

the onset oxidation potentials using ferrocene as an external standard, Ag/AgNO3 as 

reference electrode, platinum disc as counter electrode and platinum-carbon electrode 

as working electrode. They were calculated by HOMO = - (4.71 eV + Eox
onset) eV, and 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Voltage (V)

PNBTA-1

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

Potential (V)

PNBTA-2

 

-1.5 -1.0 -0.5 0.0 0.5 1.0

Potential (V)

PNBTA-3

 
 

Figure 5-5 CV curves for PNBTA-n, where n = 1, 2 and 3. 
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the LUMO levels are estimated to be -3.32, -3.26 and -3.22 eV for PNBTA-1, PNBTA-

2 and PNBTA-3, which were calculated by LUMO = HOMO + Eg
opt eV. The optical 

and electrochemical properties are summarized in Table 5-2. 

Table 5-2. Optical and electrochemical data of PNBTA-n, where n = 1, 2 and 3. 

Polymer Eg
opt (eV) a Eonset

ox (V) b Eonset
red (V) b HOMO (eV) b LUMO (eV) c 

PNBTA-1 1.90 0.51 -1.27 -5.22 -3.32 

PNBTA-2 1.92 0.47 -1.20 -5.18 -3.26 

PNBTA-3 1.95 0.46 -1.25 -5.17 -3.22 
a Calculated from the intersection of the tangent on the low energy edge of the absorption 
spectrum with the baseline. b Determined by CV. HOMO = - (4.71 + �4567849 ) eV. c LUMO = 
(HOMO + �:

4;8) eV. 

5.3.2 Photovoltaic properties 

The active layer of BHJ solar cells based on polymer:PC71BM blend ratio of 1:2 

(w/w) were fabricated from the solution of chlorobenzene. The typical device structure 

ITO/PEDOT:PSS/polymer:PC71BM/BCP/Al was used in this study, where 

bathocuproine (BCP) acts as an exciton blocking layer. The PV responses of these 

devices were measured under AM 1.5 simulated solar illumination at an irradiation 

intensity of 100 mW cm-2. The test was carried out in air without encapsulation with an 

active area of 1 × 1 cm2. The optimized results of device performance are outlined in 

Table 5-3, Figure 5-6 to Figure 5-11 showed the J-V curves under the optimized 

conditions. The OPV device performance based on PNBTA-1 and PNBTA-2 are 0.96 

and 0.45%, respectively. The fill factors of PNBTA-1 and PNBTA-2 based device are 

0.52 and 0.43, respectively, indicating moderate charge transport properties. The main 

difference in Jsc values determined the final efficiency of the devices based on these 

two polymers. The Jsc of PNBTA-1 based device is almost twice as large as that of 

PNBTA-2. PNBTA-3 based device showed the largest Voc value of 0.61 V which is 

mainly due to its lowest HOMO energy level among the three polymers, with fill factor 
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of 0.44 and Jsc of 3.0 mA cm-2 leading to the device efficiency of 0.87%. The lowest 

efficiency of PNBTA-2 based device is likely due to the smallest short circuit current 

value. The results indicated that an incorporation of oxygen atom in the side chains 

would lead to the decrease in the FF values while the increased bulkiness of side chain 

had no obvious effect on the FF property. In order to modify the morphology, 3% (v/v) 

Table 5-3 Summary of the photovoltaic characteristics of devices based on PNBTA-n, 
where n = 1, 2 and 3. 

Polymer w/DIO Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNBTA-1 
No 3.2 (3.5)a 0.53 52 0.88 (0.96)a 

Yes 4.2 (4.8)a 0.36 45 0.68 (0.78)a 

PNBTA-2 
No 1.7 (2.0)a 0.52 43 0.38 (0.45)a 

Yes 3.2 (3.5)a 0.46 44 0.65 (0.71)a 

PNBTA-3 
No 3.0 (3.1)a 0.61 46 0.84 (0.87)a 

Yes 3.1 (3.4)a 0.58 46 0.74 (0.81)a 

a EQE calibrated value. 

DIO was added as the solvent additive. But the addition of DIO showed no obvious 

effects on the blend morphology. Thus, there is no distinct increase in Jsc values (from 

3.2 to 4.2 mA cm-2, 1.7 to 3.2 mA cm-2, 3.0 to 3.1 mA cm-2 for PNBTA-1, PNBTA-2 

and PNBTA-3 based BHJ devices). With the addition of DIO, there is a reduction in 

Voc values because of contact loss although the fill factors are maintained. As a result, 

the addition of DIO showed no obvious effect on the device performance. The possible 

reason for the failure of DIO to modify the film morphology is that the three polymers 

showed similar solubility as PC71BM in solution and the phase separation is hard to 

achieve during the film formation, which is detrimental to charge separation and 

transport. 
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Figure 5-6 J-V and EQE curves of PNBTA-1 based PV devices without DIO. 
 

        
 

Figure 5-7 J-V and EQE curves of PNBTA-1 based PV devices with 3% DIO. 

        
 

Figure 5-8 J-V and EQE curves of PNBTA-2 based PV devices without DIO. 
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Figure 5-9 J-V and EQE curves of PNBTA-2 based PV devices with 3% DIO. 
 

        
 

Figure 5-10 J-V and EQE curves of PNBTA-3 based PV devices without DIO 
 

        
 

Figure 5-11 J-V and EQE curves of PNBTA-3 based PV devices with 3% DIO. 
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5.3.3 Field effect transistors properties 

To investigate the charge transport properties of the polymeric films, the bottom-

gate bottom-contact configuration (BGBC) OFETs with Au drain and source contacts 

were fabricated. The active layer was spin-cast onto the octadecyltrichlorosilane (OTS)-

modified SiO2/Si substrates at 1500 rpm for 60 s from chlorobenzene solution with 

concentration of 10 mg/mL using constant channel width of 1400 µm. The performance 

of OFETs was optimized with channel length and thermal annealing process. The 

results of the hole mobility of OFETs based on the polymers are outlined in Table 5-4. 

The hole mobility are 5.8 × 10-4, 3.3 × 10-3, and 6.7 × 10-3 cm2 V-1 s-1 for PNBTA-1, 

PNBTA-2 and PNBTA-3, respectively. They are almost at the same magnitude, which 

is consistent with the current values of the BHJ solar cell devices. The poor charge 

transport property leads to small Jsc values. It is well known that thermal annealing can 

improve the hole mobility by enhancing the degree of order in solid state. But in this 

case, the increase induced by thermal annealing is very small, the mobility stays at the 

same order of magnitude even after thermal annealing. The conditions were used to 

optimize the polymer based OFETs devices are outlined in Table 5-5, Table 5-6 and 

Table 5-7. The transfer and output curves of PNBTA-1, PNBTA-2 and PNBTA-3 

based OFETs devices are outlined in Figure 5-12, Figure 5-13 and Figure 5-14. 

Table 5-4 Summary of the optimum field effect characteristics of devices based on 
PNBTA-n at the annealing temperature of 120 oC, where n = 1, 2 and 3. 

Polymer Annealing T (oC) µ (cm2 V-1 s-1) Ion/Ioff 
a Vth 

b 

PNBTA-1 120 5.8 × 10-4 1-2 15 

PNBTA-2 120 3.3 × 10-4 2-3 9 

PNBTA-3 120 6.7 × 10-4 3 4 

a Ion/Ioff refers to the corresponding on-to-off ration, b refers to the threshold voltage. 
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Table 5-5 Optimized conditions for OFETs devices based on PNBTA-1. 

Channel Length 
(width = 1400 µm) 

Annealing Temperature (℃) 

RT 90 120 150 180 

40 
µm 

µ/cm2 V-1 s-1 --- --- 5.50 × 10-4 3.80 × 10-4 2.40 × 10-4 

lg(Ion/Ioff) --- --- 1-2 1-2 1-2 

Vthreshold/V --- --- 17 18 5 

50 
µm 

µ/cm2 V-1 s-1 --- --- 5.80 × 10-4 4.40 × 10-4 2.80 × 10-4 

lg(Ion/Ioff) --- --- 1-2 1-2 1-2 

Vthreshold/V --- --- 15 13 2 

 

Table 5-6 Optimized conditions for OFETs devices based on PNBTA-2. 

Channel Length 
(width = 1400 µm) 

Annealing Temperature (℃) 

RT 90 120 150 180 

10 
µm 

µ/cm2 V-1 s-1 6.20 × 10-4 2.70 × 10-3 3.30 × 10-3 2.80 × 10-3 1.90 × 10-3 

lg(Ion/Ioff) 1-2 2-3 2-3 1-2 2-3 

Vthreshold/V 17 10 9 33 25 

20 
µm 

µ/cm2 V-1 s-1 3.60 × 10-4 1.60 × 10-3 1.70 × 10-3 1.90 × 10-3 1.10 × 10-3 

lg(Ion/Ioff) 1-2 2-3 2-3 1-2 2-3 

Vthreshold/V 16 12 5 18 25 

30 
µm 

µ/cm2 V-1 s-1 3.2 × 10-4 1.30 × 10-3 1.40 × 10-3 1.70 × 10-3 1.10 × 10-3 

lg(Ion/Ioff) 1-2 2-3 2-3 1-2 2-3 

Vthreshold/V 24 8 10 22 19 

40 
µm 

µ/cm2 V-1 s-1 3.60 × 10-4 1.50 × 10-3 1.60 × 10-3 1.60 × 10-3 1.00 × 10-3 

lg(Ion/Ioff) 1-2 2-3 2-3 1-2 2-3 

Vthreshold/V 17 4 7 19 22 

50 
µm 

µ/cm2 V-1 s-1 3.00 × 10-4 1.30 × 10-3 1.50 × 10-3 1.40 × 10-3 1.00 × 10-3 

lg(Ion/Ioff) 1-2 2-3 2-3 1-2 2-3 

Vthreshold/V 22 12 7 19 20 
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Table 5-7 Optimized conditions for OFETs devices based on PNBTA-3. 

Channel Length 
(width = 1400 µm) 

Annealing Temperature (℃) 

RT 90 120 150 180 

10 
µm 

µ/cm2 V-1 s-1 2.30 × 10-3 6.10 × 10-3 6.70 × 10-3 3.70 × 10-3 1.50 × 10-3 

lg(Ion/Ioff) 3-4 3-4 3 2 2 

Vthreshold/V 0 -1 4 35 26 

20 
µm 

µ/cm2 V-1 s-1 1.50 × 10-3 3.60 × 10-3 4.00 × 10-3 2.60 × 10-3 1.00 × 10-3 

lg(Ion/Ioff) 3-4 3-4 3 2-3 2 

Vthreshold/V 1 3 11 17 18 

30 
µm 

µ/cm2 V-1 s-1 1.40 × 10-3 3.20 × 10-3 3.40 × 10-3 3.20 × 10-3 8.60 × 10-3 

lg(Ion/Ioff) 3-4 3-4 3 2 2 

Vthreshold/V 0 2 11 32 23 

40 
µm 

µ/cm2 V-1 s-1 1.3 × 10-3 3.20 × 10-3 3.00 × 10-3 3.10 × 10-3 1.00 × 10-3 

lg(Ion/Ioff) 3-4 3-4 3 2 2 

Vthreshold/V 1 4 8 32 16 

50 
µm 

µ/cm2 V-1 s-1 1.40 × 10-3 3.30 × 10-3 3.90 × 10-3 3.30 × 10-3 9.70 × 10-3 

lg(Ion/Ioff) 3-4 3-4 3 2-3 2 

Vthreshold/V -1 5 8 32 16 

             
 
Figure 5-12 Transfer (left) and output (right) characteristics of OFETs devices based 
on PNBTA-1 (channel length = 50 µm). 
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Figure 5-13 Transfer (left) and output (right) characteristics of OFETs devices based 
on PNBTA-2 (channel length = 10 µm). 

            
 

Figure 5-14 Transfer (left) and output (right) characteristics of OFETs devices based 
on PNBTA-3 (channel length = 10 µm). 

5.4 Conclusions 

In conclusion, three new polymers PNBTA-1, PNBTA-2 and PNBTA-3 are 

synthesized and characterized. These alternating copolymers have been characterized 

by GPC, TGA, UV-Vis and CV techniques. The polymers exhibited good solubility 

and thermal stability. The BHJ solar cells based on the polymers exhibited PCE from 

0.3 to 0.9%. The hole mobility of OFETs devices based on the polymers are at the level 

of 10-3 to 10-4 cm2 V-1 s-1. 

5.5 Experimental section 

Materials and method 

All reagents and starting materials were purchased from commercial sources and 

used as received, unless otherwise noted. All the solvents were dried by the standard 

methods wherever needed. 1H NMR spectra were recorded using a Bruker-400 NMR 
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spectrometer and referenced to the residual CHCl3 7.26 ppm or DMSO-d6 2.5 ppm. 13C 

NMR spectra were recorded using a Bruker-100 NMR spectrometer and referenced to 

the CDCl3 77 ppm or DMSO-d6 39.5 ppm. Thermal stabilities were determined by 

thermal gravimetric analyzer (PE-TGA6) with a heating rate of 10 oC /min under N2. 

All absorption measurements were performed with Varian Cary 100-UV-Vis 

spectrophotometer. Cyclic voltammograms (CV) were recorded on a CH Instrument 

630C using platinum wires as working electrode and counter-electrode at a scan rate of 

100 mV/s. The reference electrode was Ag/AgCl and the electrolyte was a solution of 

0.1 M hexafluorophosphate (Bu4NPF6) in dry acetonitrile. Under these conditions, the 

half wave potential of oxidation of ferrocene was 0.1 V versus Ag/AgCl. The HOMO 

and LUMO energy levels were determined from the oxidation and reduction onsets 

from the cyclic voltammograms assuming that the half wave potential of oxidation of 

Fc/Fc+ is -4.71 eV below vacuum. The molecular weight and polydispersity index (PDI) 

of the polymer were determined by gel permeation chromatography (GPC) using 

Agilent 1050 HPLC system with VWD and waters 515 HPLC pump. THF was used as 

eluent and commercial polystyrenes were used as standards. 

Solar cell device fabrication method 

The BHJ devices based on the newly synthesized copolymers were fabricated and 

characterized by the group of Dr. Ye Tao in the Institute for Microstructural Sciences, 

National Research Council of Canada. The BHJ solar cells were prepared on 

commercial glass slides coated with patterned ITO. The active area of each solar cell 

device was 0.7 × 0.7 cm2. The substrates were sonicated sequentially in detergent, DI 

water, acetone, and isopropanol. Immediately prior to device fabrication, the substrates 

were treated in a UV-ozone oven for 15 min. First, a poly(3,4-ethylenedioxythiophene)-

poly(styrene sulfonate) (PEDOT:PSS) thin film (30 nm) was spin-coated and then 
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baked at 140 °C for 15 min. Secondly, an active layer was spin-coated on top of the 

PEDOT:PSS from the hot solutions of 8mg/ mL in chlorobenzene of the 

polymer:PC71BM blends with (1:2) weight ratios. Finally, 5 nm of BCP, 1 nm of LiF 

and Al were deposited on the top of the active layer in a vacuum of 2 ×10-7 torr to 

complete the PV device fabrication. The solar cells were then tested in air under AM 

1.5G illumination of 100 mW cm-2 (Science Tech Inc., SS 500W solar simulator), 

which was calibrated with a KG5 filter covered silicon photovoltaic solar cell traceable 

to the National Renewable Energy Laboratory (NREL). Current-voltage (I-V) 

characteristics were recorded using a computer-controlled Keithley 2400 source meter. 

The external quantum efficiency (EQE) was performed using a Jobin-Yvon Triax 

spectrometer, a Jobin-Yvon xenon light source, a Merlin lock-in amplifier, a calibrated 

Si UV detector, and an SR570 low noise current amplifier. 

OFETs device fabrication method 

The OFET based on the new copolymers were fabricated and characterized by the 

group of Prof. Gui Yu in the Institute of Chemistry, Chinese Academy of Science, 

China. OFET devices were fabricated in a bottom-gate bottom-contact (BGBC) 

configuration (gold electrode on Si/SiO2 substrates). Before the deposition of organic 

semiconductors, octadecyltrichlorosilane (OTS) treatment was performed on the gate 

dielectrics which were placed in a vacuum oven with OTS at a temperature of 120 oC 

for 3 hours to form an OTS self-assembled monolayer. Then the polymer thin films 

were spin-coated on the OTS modified SiO2/Si substrates from the solutions (in 

chlorobenzene, 10 mg/mL, spin-coated at 1500 rpm, 60 s). The polymer OFETs devices 

were annealed successively at 80 oC, 120 oC, 160 oC, 200 oC, 240 oC, 280 oC for 6 min 

in air. The polymer FET devices were measured at room temperature in air by using a 

Keithley 4200 Semiconductor Characterization System. As contrast, the characteristics 
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of as-prepared devices were also measured. The mobility of the devices was calculated 

in the saturation regime. The equation is listed as follows: 

IDS = (W / 2L) Ci µ (VGS-Vth)2 

Where W/L is the channel width / length, Ci is the insulator capacitance per unit area, 

and VGS and Vth are the gate voltage and threshold voltage, respectively. 

Synthetic procedure 

1,2-didecylbenzene (5-1):12 1-Bromodecane (6.6 g, 30 mmol) was added dropwise to 

a stirred mixture of magnesium turning (10.8 g, 45 mmol) in anhydrous ether (150 mL) 

at room temperature with a reflux condenser, after complete addition, the mixture 

refluxed for 2 hours, after cool down to room temperature, the mixture was transferred 

to the mixture of 1,2-dichlorobenzene (2.9 g, 20 mmol) and Ni(dppp)Cl2 (27 mg, 0.05 

mmol) carefully at 0 oC, and the mixture was stirred at room temperature overnight. 

The mixture was poured to 100 mL 2 M HCl, hexane was used to extract the product, 

after purified by silica gel column chromatography, 5.1 g target compound was 

obtained (yield 84%). 1H NMR (400MHz, CDCl3) δ 7.14-7.13 (m, 4H); 2.60 (t, J = 

7.6Hz, 4H), 1.62-1.15 (m, 4H), 1.42-1.31 (m, 28H), 0.90 (t, J = 6.4 Hz, 6H). 13C NMR 

(100 MHz, CDCl3) δ 140.6, 129.1, 125.7, 32.7, 31.9, 31.4, 29.8 (d), 29.7 (d), 29.5, 22.8, 

14.1. 

1,2-dibromo-4,5-didecylbenzene (5-2):13 Bromine (6.32 g, 40 mmol) was added 

dropwise to a stirred solution of 1,2-didecylbenzene (3.58 g, 10 mmol) and catalyst 

amount of iron powder (28 mg, 0.5 mmol) and iodine (25 mg, 0.1 mmol) in DCM (20 

mL) at 0 oC, after stirred at room temperature overnight, the mixture was poured into 

100 mL Na2SO3 solution, the mixture was extracted with hexane, after purified by silica 

gel column chromatography, 4.5 g target compound was obtained (yield 87 %). 1H 

NMR (400MHz, CDCl3) δ 7.41 (s, 2H), 2.53 (t, J = 8.0 Hz, 4H), 1.60-1.50 (m, 4H), 
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1.40-1.28 (m, 28H),0.91 (t, J = 6.4 Hz, 6 H). 13C NMR (100 MHz, CDCl3) δ 141.8, 

133.9, 121.3, 32.1, 32.0, 30.9, 29.7, 29.6, 29.5, 29.4, 22.7 (d), 14.1. 

3,3'-(4,5-didecyl-1,2-phenylene)dithiophene (5-3):8a The mixture of 1,2-dibromo-

4,5-didecylbenzene (2.57 g, 5 mmol), 3-thiopheneboronic acid (1.92 g, 15 mmol), 

Pd(PPh3)4 (10 mg, 0.01mmol), K2CO3 (4.1 g, 30 mmol) in THF (20 mL) and water (10 

mL) stirred at 80 oC under nitrogen atmosphere overnight. After cooled down to room 

temperature, the mixture was extracted with hexane, purified by silica gel column 

chromatography, 2.3 g target compound was obtained (83% yield). 1H NMR (400MHz, 

CDCl3) δ 7.32 (s, 2H), 7.22-7.20 (m, 2H), 7.10-7.09 (m, 2H), 6.86-6.84 (m, 2H), 2.53 

(t, J = 8.0 Hz, 4H), 1.70-1.67(m, 4H), 0.94 (t, J = 6.3, 6H). 13C NMR (100 MHz, CDCl3) 

δ 142.3, 140.1, 132.8, 131.0, 129.2, 124.4, 122.4, 32.5, 32.0, 31.4, 29.9, 29.7, 29.6, 29.4, 

22.8, 14.2. HRMS (MALDI-TOF) m/z Calcd for C34H50S2 522.3358 found 522.3743 

[M+H] +. 

5,6-didecylnaphtho[2,1-b:3,4-b']dithiophene (5-4):8a A solution of FeCl3 (800 mg, 5 

mmol) in nitromethane (25 mL) was added dropwise to a stirred solution of 3,3'-(4,5-

didecyl-1,2-phenylene)dithiophene (1.04 g, 2 mmol) in DCM (200 mL) at room 

temperature under nitrogen atmosphere, after the complete addition, the mixture stirred 

for another 1 hour, methanol was added to quench the reaction, purified by silica gel 

column chromatography, 0.96 g target compound was obtained (92% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.29 (s, 2H), 7.20 (d, J = 4.8 Hz, 2H), 6.86 (d, J = 4.8 Hz, 2H), 

2.70 (t, J = 8.0 Hz, 4H), 1.71-1.67 (m, 4H), 1.48-1.34 (m, 28H), 0.94 (t, J = 6.4 Hz, 6 

H). 13C NMR (100 MHz, CDCl3) δ 139.3, 134,2, 131.3, 126.2, 124.1, 123.4, 122.8, 33.2, 

32.0, 31.6, 29.9, 29.7 (d), 29.4, 22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for 

C34H48S2 520.3192 found 520.3200 [M+H]+. 
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(5,6-didecylnaphtho[2,1-b:3,4-b']dithiophene-2,9-diyl)bis(tributylstannane) (5-5): 

n-BuLi (3.2 mL, 8 mmol) was added to a stirred solution of 5,6-didecylnaphtho[2,1-

b:3,4-b']dithiophene (1.04 g, 2 mmol) in freshly distilled THF (20 mL) at -78 oC under 

nitrogen atmosphere, after the complete addition, the mixture was stirred at -78 oC for 

another 2 hours, n-Bu3SnCl (3.25 g, 10 mmol) was added in one portion, the 

temperature gradually increased to room temperature, and stirred overnight. A solution 

of 2 M K2CO3 was added to quench the reaction, the mixture was extracted by EA and 

purified by silica gel column chromatography, 1.5 g target compound was obtained 

(yield > 100%). 1H NMR (400 MHz, CDCl3) δ 8.14 (s, 2H), 7.96 (s, 2H), 2.85 (t, J = 

7.8 Hz, 4H), 1.72-0.85 (m, 92H). 13C NMR (100 MHz, CDCl3) δ 143.3, 138.7, 136.3, 

136.0, 134.8, 130.6, 126.0, 124.3, 33.3, 32.0, 31.9, 29.9, 29.7, 29.6, 29.4, 29.1, 27.9, 

27.4, 27.2, 27.0, 22.8, 13.8. 

Benzotriazole (5-6):14 To a 500 mL beaker were added o-phenylenediamine (10.8 g, 

0.1 mole), glacial acetic acid (11.5 mL, 0.2 mole), and 30 mL of water. By warming 

the mixture slightly a clear solution is obtained. The beaker is placed in ice water, and 

the contents are cooled to 5 °C. As soon as this temperature is reached, a cold solution 

of 7.5 g. 0.11 mole of sodium nitrite in 12 mL of water is added all at once, the mixture 

being stirred with a glass rod. The reaction mixture turns dark green, and the 

temperature rises rapidly to 70-80 °C. The color of the solution changes to a clear 

orange-red. The beaker is now removed from the cooling bath, and the contents are 

allowed to stand for 1 hour; as the solution cools, the benzotriazole separates as oil. The 

beaker is then packed in ice, and the mixture is stirred until it sets to a solid mass. After 

being kept cold for 3 hours, the solid is collected on a Buchner funnel, washed with 20 

mL of ice water, and sucked as dry as possible under a rubber dam. The tan-colored 

product, after drying at 45-50 °C overnight, weights 11g (82%). 
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2-decyl-2H-benzo[d][1,2,3]triazole (5-7):15 To a 250 mL round bottom flask with a 

magnetic stirring bar, 2H-benzo[d][1,2,3]triazole (42 mmol, 5.0 g), KOH (100 mmol, 

5.6 g), decylbromide (49 mmol, 10.8 g), and MeOH (50 mL) were added under nitrogen 

atmosphere. The mixture was stirred under refluxing for 5 days, cooled down to room 

temperature. The solvent was removed under reduced pressure, water was added, and 

the mixture was extracted by DCM. Combining all the organic phase, and washed by 

brine, dried over anhydrous Na2SO4. The solvent was removed under reduced pressure; 

the residue was purified by silica gel column chromatography to give 1.7 g product as 

colorless oil (16% yield). 1H NMR (400 MHz, CDCl3) δ 7.90-7.86 (m, 2H), 7.42-7.38 

(m, 2H), 4.74 (t, J = 7.2 Hz, 2H), 2.15-2.08 (m, 2H), 1.37-1.20 (m, 14H), 0.87 (t, J = 

6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 144.2, 126.3, 118.0, 56.7, 31.9, 30.2, 29.6, 

29.5, 29.3, 29.1, 26.6, 22.7, 14.2. 

4,7-dibromo-2-decyl-2H-benzo[d][1,2,3]triazole (5-8):16 To a 100 mL round bottom 

flask, 2-decyl-2H-benzo[d][1,2,3]triazole (2.93 g, 11 mmol), NBS (7.8 g, 44 mmol), 

AcOH (35 mL) was added under nitrogen atmosphere. The mixture stirred at 80 oC for 

10 h, cool down to room temperature. Water was added, and the mixture was extracted 

by DCM, the separated organic phase was washed by brined, dried by anhydrous 

Na2SO4, filtered and the solvent was removed under reduced pressure, the residue was 

purified by silica gel column chromatography to give 3.1g (68% yield) product as 

colorless oil. 1H NMR (400 MHz, CDCl3) δ 7.45 (s, 2H), 4.78 (t, J = 7.5 Hz, 2H), 2.18-

2.09 (m, 2H), 1.40-1.21 (m, 14H), 0.87 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, CDCl3) 

δ 143.8, 129.5, 111.0, 57.5, 31.9, 30.3, 29.4 (d), 29.2, 29.1, 26.5, 22.7, 14.2. HRMS 

(MALDI-TOF) m/z Calcd for C16H23Br2N3 418.0311 found 418.0306 [M+H]+. 

2-decyl-4,7-bis(4-decylthiophen-2-yl)-2H-benzo[d][1,2,3]triazole (5-9):9b To a 100 

mL round bottom flask, 4,7-dibromo-2-decyl-2H-benzo[d][1,2,3]triazole (1 mmol, 417 
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mg), 2-(4-decylthiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.8 g, 5 mmol), 

K2CO3 (1.7 g, 12 mmol), Bu4NBr (32 mg, 0.1 mmol), toluene (3 mL), DIO (3 mL), 

Pd(PPh3)2Cl2 (10 mg, 0.01 mmol) were added under N2. The mixture stirred at 120 oC 

for 18 h under N2, then cooled down to room temperature, the residue was extracted by 

DCM, the organic extraction was washed by water, brine, dried by MgSO4. The solvent 

was removed via rotary evaporation, and the residue was purified by column 

chromatography on silica gel to give 570 mg target compound red solid (68 % yield). 

1H NMR (400 MHz, CDCl3) δ 7.91 (s, 2H), 7.58 (s, 2H), 6.96 (s, 2H), 4.82 (t, J = 7.2 

Hz, 2H), 2.68 (t, J = 7.8 Hz, 2H), 2.24-2.16 (m, 2H), 1.73-1.66 (m, 4H),1.47-1.26 (m, 

42H), 0.89-0.85 (m, 9H). 13C NMR (100 MHz, CDCl3) δ 144.4, 142.1, 139.7, 128.3, 

123.6, 122.5, 120.3, 56.8, 31.9, 30.7, 30.6, 30.1, 29.8, 29.6, 29.5 (d), 29.4, 29.1, 26.7, 

22.8, 14.2. HRMS (MALDI-TOF) m/z Calcd for C44H69N3S2 703.4927 found 703.4896 

[M+H] +. 

4,7-bis(5-bromo-4-decylthiophen-2-yl)-2-decyl-2H-benzo[d][1,2,3]triazole (5-

10):17 To a 100 mL round bottom flask, 2-decyl-4,7-bis(4-decylthiophen-2-yl)-2H-

benzo[d][1,2,3]triazole (512 mg, 0.7 mmol) and CHCl3 (50 mL) was added, then NBS 

(262 mg, 1.5 mmol) was added in small portions under stirring, the reaction was 

monitored by TLC (ten minutes after the complete addition of NBS). Na2SO3 (30 mg, 

1.15 mmol) was added to the mixture and stirred for 30 min to consume the excess NBS. 

Water was added, and the mixture was extracted by DCM, the organic phase was 

washed by brine, dried by anhydrous Na2SO4, filtered, and the solvent was removed 

under reduced pressure, the residue was purified by silica gel chromatography to give 

(500 mg, 83%) product as solid. 1H NMR (400 MHz, CDCl3) δ 7.71 (s, 2H), 7.49 (s, 

2H), 4.81 (t, J = 7.2 Hz, 2H), 2.63 (t, J = 7.6 Hz, 2H), 2.22-2.15 (m, 2H), 1.70-1.62 (m, 

4H), 1.45-1.26 (m, 42H), 0.89-0.85 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 143.1, 
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141.8, 139.2, 127.5, 123.1, 123.0, 110.1, 56.8, 31.9 (d), 30.1, 29.9, 29.7, 29.6, 29.5, 

29.4 (d), 29.1, 26.7, 22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for C44H67Br2N3S2 

861.3123 found 861.4210 [M+H]+. 

Synthesis of PNBTA-1 

The mixture of compound (5,6-didecylnaphtho[2,1-b:3,4-b']dithiophene-2,9-diyl)bis- 

(tributylstannane) (110 mg, 0.10 mmol), 4,7-bis(5-bromo-4-decylthiophen-2-yl)-2-

decyl-2H-benzo[d][1,2,3]triazole (86 mg, 0.10 mmol), Pd(PPh3)4 (10 mg), in DMF (30 

mL) was refluxed for 42 h. The polymer was precipitated in MeOH and collected by 

filtration. Low-molecular-weight oligomers were removed by Soxhlet extraction with 

MeOH and hexane, respectively. The remaining high-molecular-weight solid was 

extracted with toluene. The desired polymer was precipitated from methanol, collected 

and dried in vacuum for 12 h affording the desired polymer product as a black solid (74 

mg, 69%). GPC: Mn (22 kDa), PDI (2.16). 

Synthesis of PNBTA-2 

The synthetic procedure of PNBTA-1 was followed using (5,6-bis(decyloxy)naphtho 

[2,1-b:3,4-b']dithiophene-2,9-diyl)bis(tributylstannane) (113 mg, 0.10 mmol), 4,7-

bis(5-bromo-4-decylthiophen-2-yl)-2-decyl-2H-benzo[d][1,2,3]triazole (86 mg, 0.10 

mmol), Pd(PPh3)4 (10 mg), in DMF (30 mL) refluxing for 42 h. The polymer was 

precipitated in MeOH and collected by filtration. Low-molecular-weight oligomers 

were removed by Soxhlet extraction with MeOH and hexane, respectively. The 

remaining high-molecular-weight solid was extracted with toluene. The desired 

polymer was precipitated from methanol, collected and dried in vacuum for 12 h 

affording the desired polymer product as a black solid (88 mg, 82%). GPC: Mn (26 kDa), 

PDI (2.67). 

Synthesis of PNBTA-3 
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The synthetic procedure of PNBTA-1 was followed using (5,6-bis((2-ethylhexyl)-

oxy)naphtho[2,1-b:3,4-b']dithiophene-2,9-diyl)bis(tributylstannane) (108 mg, 0.10 

mmol), 4,7-bis(5-bromo-4-decylthiophen-2-yl)-2-decyl-2H-benzo[d][1,2,3]triazole 

(86 mg, 0.10 mmol), Pd(PPh3)4 (10 mg), in DMF (30 mL) refluxing for 42 h. The 

polymer was precipitated in MeOH and collected by filtration. Low-molecular-weight 

oligomers were removed by Soxhlet extraction with MeOH and hexane, respectively. 

The remaining high-molecular-weight solid was extracted with toluene. The desired 

polymer was precipitated from methanol, collected and dried in vacuum for 12 h 

affording the desired polymer product as a black solid (70 mg, 65%). GPC: Mn (26 

kDa), PDI (2.11). 
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CHAPTER SIX 

Synthesis and Characterization of Near IR Absorbing Polymers 

for Bulk Heterojunction Solar Cells 

6.1 Introduction 

The preparation of conjugated polymers with broad absorption is a useful strategy to 

obtain high efficiency PSCs as the maximum Jsc is related to the number of excitons 

generated. Polymers with high efficiency such as thieno[3,4-b]thiophene/benzodithio-

phene copolymer PBDTBO (PTB-7) showing excellent PCE up to 9.2%, exhibited 

broad absorption in solar spectrum corresponding to an optical band gap of 1.67 eV, 

yielding Jsc up to 17.46 mA cm-2.1 Practically, the donor-acceptor approach is an 

efficient way to build alternating polymers of electron-rich and electron-deficient units 

with low optical band gap.2 To obtain polymers with lower optical band gap, acceptor 

units with stronger electron-withdrawing ability are needed. 

Compared to benzothiadiazole as an electron deficient unit, benzo[c][1,2,5]oxa-

diazole, thiadiazolo[3,4-c]pyridine and pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione exhibit 

stronger electron-withdrawing ability (Figure 6-1). By combining these electron 

withdrawing units with one of the typical electron rich units, copolymers with broad 

absorption and high efficiency would be obtained (Figure 6-2). For example, 4,8-

di(ethylhexyloxy)-benzo[1,2-b:4,5b]dithiophene-1,4-bis(5-bromothien-2-yl)-5,6-bis-

octyloxybenzo[c][1,2,5]oxadiazole copolymer (PBDTBO) yielded a PCE of 5.7% with 

Voc of 0.86 V, FF of 64.4%.3 In another example, 4,8-bis(2-

ethylhexylthiophene)benzo[1,2-b;3,4-b]dithiophene-4,8-bis(2-ethylhexylthiophene) 

benzo[1,2-b;3,4-b]dithiophene (PBDTTDTBO ) showed a PCE of 5.9% with Voc of 

0.84 V and FF of 61.3% which is superior to the benzothiadiazole counterparts (with 

device efficiency of 4.94% and Voc of 0.75 V).4 In addition, the 
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benzo[c][1,2,5]oxadiazole incorporated random copolymers PBDTT-BO-DPP 

exhibited a device efficiency as high as 6.8% when blending with PC71BM.5 

 
 

Figure 6-1 Acceptor building blocks with different electron-withdrawing ability. 

 
Figure 6-2 Structures of benzooxadiazole based copolymers. 

Thiadiazolo[3,4-c]pyridine based polymers such as PNDT-DTPyT, PQDT-DTPyT, 

and PBnDT-DTPyT reported by You and coworkers showed that thiadiazolo[3,4-

c]pyridine is a stronger electron withdrawing unit than that of benzothiadiazole because 

pyridine is also π-electron deficient moiety (Figure 6-3). The three polymers showed 

impressive PCE of 6.20, 5.57 and 6.32%, respectively.6 But there is a concern for this 

class of thiadiazol[3,4-c]pyridine-based polymers as the molecular structure is not 
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symmetric, so polymers based on this unit are actually random copolymers, and it may 

be the reason for the broad absorption in near IR region for this class of polymers. 

 

Figure 6-3 Structures of thiadiazolopyridine based copolymers. 

Pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione based copolymers are widely used in 

organic field effect transistors (OFETs) because of the excellent charge transport 

property. Recent reports showed that the proper combination of pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione with an electron-rich unit to form polymers with near IR absorption 

property is a good strategy to obtain high performance photovoltaic materials. Yang 

and coworkers reported three polymers based on pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione/benzo[1,2-b;3,4-b]dithiophene with different spacers, namely PBDTT-FDPP, 

PBDTT-DPP and PBDTT-SeDPP which yielded the device efficiency of 4.7, 6.5, and 

7.2%, respectively (Figure 6-4). It has been showed that the use of selenophene as a 

conjugated spacer unit in constructing high-performance donor-acceptor polymer for 

BHJ solar cells is superior to the thiophene unit.7 McCulloch and coworkers reported 

pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione/thieno[3,2-b]thiophene (DPPTT-T) polymer 

with which the PCE of the resulting OPV device was up to 7.3%.8 All these polymers 

containing pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione units showed strong and broad 
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absorption in near IR region and thus polymers could harvest more photons. This is 

consistent with the high Jsc obtained for PBDTT-SeDPP (16.8 mA cm-2) and DPPTT-

T (18.6 mA cm-2) based devices. 

 
Figure 6-4 Structures of diketopyrrolopyrrole based copolymers. 

Based on the D/A strategy, using benzo[c][1,2,5]oxadiazole, thiadiazolo[3,4-

c]pyridine or pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione as electron deficient units, four 

new polymers with absorption in near IR region were synthesized and characterized 

(Figure 6-5). 
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Figure 6-5 Structures of PNTP, PNBO, PNDPP-1 and PNDPP-2. 

6.2 Synthesis 

6.2.1 Synthesis of donor units 

The detailed synthetic procedures for the preparation of donor units are the same as 

that described in chapter two. 

6.2.2 Synthesis of acceptor units 

According to the reported procedures with modification, acceptor intermediate 6-3 

was synthesized starting from benzo[c][1,2,5]oxadiazole (Scheme 6-1), which was 

brominated by bromine using iron as the catalyst at 90 oC without solvent to afford 6-1 

in 75% yield.9 Palladium-catalyzed Suzuki cross coupling of 6-1 and (4-(2-

ethylhexyl)thiophen-2-yl)boronic acid afforded 6-2.10 Subsequent NBS-bromination 

gave the desired acceptor unit 6-3 in a moderate yield.10 
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Reagents and conditions: a) Iron powder, Br2, 90 oC, 75%; b) (4-(2-ethylhexyl)thio-
phen-2-yl)boronic acid, 2 M K2CO3, Pd(PPh3)4, THF, reflux, 80%; c) NBS, THF, 80%. 

Scheme 6-1 Synthesis of benzooxadiazole based acceptor unit. 

Adopting the reported protocols, pyridine-3,4-diamine was brominated by bromine 

in 48% hydrobromic acid under reflux overnight to afford 6-4 in 37% yield (Scheme 

6-2).11 Reaction of 6-4 with thionyl chloride in pyridine solution at room temperature  

 
Reagents and conditions: a) Br2, 48% HBr, reflux, 37%; b) SOCl2, pyridine, 56%; c) 
(4-(2-ethylhexyl)thiophen-2-yl)boronic acid, 2 M K2CO3, Pd(PPh3)4, THF, reflux, 80%; 
d) NBS, THF, 80%. 

Scheme 6-2 Synthesis of thiadiazolopyridine based acceptor unit. 

afforded 6-5 in 56% yield.12 Palladium-catalyzed Suzuki cross coupling of 6-5 and (4-

(2-ethylhexyl)thiophen-2-yl)boronic acid yielded 6-6 which was subsequently carried 

out NBS-bromination giving the desired thiadiazol[3,4-c]pyridine-based acceptor unit 

6-7 in 80% yield.6 

Following the reported procedures with modification, Thiophene-2-carbonitrile was 

treated with dimethyl succinate in the presence of potassium tert-butylate in tamyl 

alcohol under nitrogen to afford 6-8 in 85% yield (Scheme 6-3).13 Alkylation of 6-8 by 

11-(bromomethyl)tricosane gave 6-9 in moderate yield.14 Bromination of 6-9 with NBS 
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in chloroform afford pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione-based acceptor unit 6-10 

in good yield.15 

 
Reagents and conditions: a) t-BuOK, dimethyl succinate, tamyl alcohol, 85%; b) 2-
decyltetradecyl bromide, K2CO3, DMF, 145 oC, 72%; c) NBS, chloroform, 76%. 

Scheme 6-3 Synthesis of pyrrolopyrroledione based acceptor unit. 

6.2.3 Synthesis of polymers 

The alternating copolymers were synthesized by the classical Stille 

polycondensation reaction of 5,6-bis(2'-alkyloxy)-2,9-bis(tri -n-butylstannyl)naphtho-

dithiophene with the corresponding acceptor units, using Pd(PPh3)4 as the catalyst in 

DMF at 120 °C for 48 h under N2 (Scheme 6-4). After purification by Soxhlet 

extraction, using methanol, n-hexane to remove small molecular weight oligomers, the 

large molecular weight fraction was extracted with chloroform. After that, the 

chloroform solvent was removed under reduced pressure to around 10 mL and the 

concentrated solution was added dropwise to 100 mL of methanol under stirring. The 

solid precipitate was collected by filtration. After drying under vacuum for 12 h, the 

copolymer was obtained as a black solid. All the copolymers showed good solubility in 

chloroform, THF and chlorobenzene at room temperature. 
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Reagents and conditions: Donor units and acceptor units, Pd(PPh3)4, DMF, 120 oC, 
48h. 

Scheme 6-4 Synthesis of PNTP, PNBO, PNDPP-1 and PNDPP-2. 

6.3 Results and discussions 

6.3.1 Physical and electrochemical properties 

The molecular weight of these copolymers were determined by gel permeation 

chromatography (GPC) using polystyrene as standard and THF as eluent. Thermal 

gravimetric analysis (TGA) measurements showed that all the polymers showed high 
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thermal stability with decomposition temperature in the range of 351-404 °C (Figure 

6-6). All these results are summarized in Table 6-1. 
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Figure 6-6 TGA plots of PNTP, PNBO, PNDPP-1 and PNDPP-2. 

Table 6-1 Molecular weights and thermal stability properties of PNTP, PNBO, 
PNDPP-1 and PNDPP-2. 

Polymer Mn 
a (kDa) Mw (kDa) PDI b Td 

c 

PNTP 53 107 2.01 404 

PNBO 71 177 2.49 359 

PNDPP-1 13 37 2.81 402 

PNDPP-2 18 40 2.22 351 
a The molecular weight of polymers determined by gel permeation chromatography (GPC) 
using polystyrene as standard and THF as eluent. b Polydispersity index, the ratio of Mw / Mn. 
c Decomposition temperature determined by TGA at a heating rate of 10	℃	/ min. 

The UV-Vis absorption spectra of PNTP and PNBO in THF and thin films are 

shown in Figure 6-7. Both copolymers showed two major absorption bands at ~415 

and 630 nm for PNBO while 415 and 646 nm for PNTP in THF. The peak at low 

wavelength corresponds to the π-π* transitions while the strong and broad absorption 

band at long wavelength corresponds to the intramolecular charge transfer (ICT) 
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between the donor and acceptor moieties.16 The maximum absorption peaks in solid 

state are 648 and 680 nm for PNBO and PNTP, respectively.17 The absorption edges 

of PNTP and PNBO in solid films reached to 783 and 754 nm, respectively which 

correspond to the optical band gap of 1.58 and 1.64 eV. The absorption characteristics 

of the polymers are summarized in Table 6-2. 

The UV-Vis absorption spectra of PNDPP-1 and PNDPP-2 in THF and thin films 

are shown in Figure 6-8. Both the copolymers showed broad and overlapped absorption 

bands from 550 to 850 nm in solution and solid thin films because of the strong electron-

withdrawing ability of diketopyrrolopyrrole (DPP) units. The maximum absorption 

peaks of PNDPP-1 and PNDPP-2 located at 744 nm in solution and 755 nm in solid 

state with a red shift of 11 nm. It is clearly shown that there is a pronounced shoulder 

peak for PNDPP-1 and PNDPP-2 at the shorter wavelength. It is a common 

phenomenon for most of the reported diketopyrrolopyrrole (DPP) based copolymers. It 

is still unclear for the emergency of the shoulder peak, whether it is the result of 

oligomers with low molecular weight present in the sample or a shoulder arising from 

polymer aggregation in solution or merely the nature of polymer absorption property.18 

The absorption edges of PNDPP-1 and PNDPP-2 in solid films reached to 841 and 823 

nm which correspond to the optical bandgap of 1.47 and 1.51 eV. The data are 

summarized in Table 6-2. 
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Figure 6-7 UV-Vis absorption spectra of PNTP and PNBO in THF and thin films. 
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Figure 6-8 UV-Vis absorption spectra of PNDPP-1 and PNDPP-2 in THF and thin 
films. 
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To investigate the redox potentials of the copolymers, cyclic voltammetry 

measurements were performed in anhydrous CH3CN (with 0.1 M (n-Bu)4NPF6) using 

Ag/AgNO3 as a reference electrode (Figure 6-9). PNTP and PNBO showed very 

similar redox behavior with one irreversible oxidation couple with onset oxidation 

potentials (Eox
onset) at 0.40 and 0.43 V and one irreversible reduction wave with onset 

reduction potentials (Ered
onset) at -1.27 and -1.28 V. The HOMO energy levels of the 

copolymers were determined by calculating from the onset oxidation potentials with 

ferrocene as an external standard. The LUMO energy levels were determined from the 

measured HOMO energy levels and the optical bandgap energy (Table 6-2). Thus, the 

HOMO energy levels of the polymers are estimated to be around -5.13 and -5.16 eV 

and the LUMO energy levels are estimated to be around at -3.55 and -3.52 eV for PNTP 

and PNBO, respectively. In addition, the PNDPP-1 and PNDPP-2 copolymers showed 

redox behavior with onset oxidation potentials (Eox
onset) at 0.43 and 0.50 V and onset 

reduction potentials (Ered
onset) at -0.99 and -1.19 V, corresponding to the HOMO levels 

of -5.16 and -5.23 eV and the LUMO energy levels of -3.69 and -3.72 eV. Replacing 

the branched side chain with a linear one induced a lower HOMO and LUMO energy 

level of 0.07 and 0.03 eV. These results indicated that the copolymers are relatively air-

stable, which is a prerequisite for the applications in solar cells. 

Table 6-2 Optical and electrochemical data of PNTP, PNBO, PNDPP-1 and PNDPP-
2. 

Polymer �:
4;8 (eV)a �4567849  (V)b �45678<7=  (V)b HOMO (eV)b LUMO (eV)c 

PNTP 1.58 0.40 -1.27 -5.13 -3.55 

PNBO 1.64 0.43 -1.28 -5.16 -3.52 

PNDPP-1 1.47 0.43 -0.99 -5.16 -3.69 

PNDPP-2 1.51 0.50 -1.19 -5.23 -3.72 
a Calculated from the intersection of the tangent on the low energy edge of the absorption 
spectrum with the baseline. b Determined by CV. HOMO = - (4.73 + �4567849 ) eV. c LUMO = 
(HOMO + �:

4;8) eV. 
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Figure 6-9 CV curves of PNTP, PNBO, PNDPP-1 and PNDPP-2. 

6.3.2 Photovoltaic properties 

The BHJ solar cell devices were fabricated using PNTP and PNBO copolymers as 

donor material and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM) as acceptor 

material using a conventional device structure of ITO/PEDOT:PSS (30 

nm)/polymer:PC71BM (100 nm) (1:2)/Al (100 nm) with an active cell area of 9 mm2. 

The device performance was measured under AM 1.5 simulated solar illumination at 

an irradiation intensity of 100 mW cm-2 which was greatly affected by the fabrication 

parameters such as sample dissolving temperatures and spin coating temperatures. The 

PV responses of these devices were measured in air without encapsulation and the 

thickness of the active layer was optimized to the best overall device performance. The 

results of the device performance are summarized in Table 6-3. Initially, the device 

active layer was fabricated from a solution of polymer:PC71BM in chlorobenzene which 

was prepared by stirring at 60 oC for 1 h and then stirring at room temperature, and the 
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coating speed was 700 rmp. The PNTP based device showed the Voc of 0.69 V, Jsc of 

10.14 mA cm-2 and FF of 45.18% leading to a PCE of 3.17% and the PNBO based 

device fabricated at same condition showed the Voc of 0.76 V, Jsc of 6.97 mA cm-2 and 

FF of 51.20%, which in turn gave a device efficiency of 2.71%. The higher Voc of PNBO 

based device relative to that of PNTP is consistent with the lower HOMO energy level 

of PNBO than that of PNTP. The Jsc value of PNTP is almost 1.5 times larger than that 

of PNBO which is attributed to the lower optical bandgap enabling PNTP harvest more 

photons. The higher FF of PNBO is likely due to the more efficient diffusion and 

dissociation of excitons, as well as the charge transport. The J-V curves are shown in 

Figure 6-10. 

Table 6-3 Summary of the photovoltaic characteristics of devices based on PNTP, 
PNBO. 

Polymer Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

PNTP a 10.14 0.69 45.18 3.17 d (3.25) e 

PNTP b 9.36 0.71 64.28 4.27 d (4.36) e 

PNTP c 12.22 0.70 58.74 5.04 d (5.10) e 

PNBO a 6.97 0.76 51.20 2.71 d (2.80) e 
a Spin at room temperature; b Spin at 110 oC; c Inverted device structure and spin at 110 oC; 
d Average; e Maximum. 
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Figure 6-10 J-V curves of PNTP and PNBO based PV devices. 

PNTP based device was further optimized by heating the polymer and PC71BM blend 

in chlorobenzene with 3% DIO (v/v) at 110 oC for three hours to adequately dissolve 
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polymer and obtain more homogeneous solution under nitrogen atmosphere in glove-

box. The active layer was coated at 110 oC with coating speed of 700 rmp. It is worth 

mentioning that such minor change in processing condition boosts the device efficiency 

up to 4.27%. The increase in FF from 45.18 to 64.28% contributes mainly to the 

enhancement in device efficiency. In the meantime, there is an increase in Voc from 0.69 

to 0.71 V, but there is a small decrease in Jsc value from 10.14 to 9.36 mA cm-2. In order 

to further enhance the device efficiency, PNTP based device was fabricated with the 

inverted structure of ITO/ZnO/PNTP:PC71BM (1:1, 6 mg/mL)/MoO3/Ag, and the 

active layer was also fabricated from a hot solution of PNTP:PC71BM at 110 oC. As a 

result, the best device efficiency was boosted to 5.04% with Jsc of 12.22 mA cm-2, Voc 

of 0.70 V and FF of 58.74. Further investigations on the morphology of the active layers 

by AFM and the charge mobility by OFET are needed to explain the change on device 

performance. 

6.3.3 Field effect transistors properties 

The characterization of photovoltaic performance of PNDPP-1 and PNDPP-2 are 

still in progress; nevertheless, the charge transport property of PNDPP-2 films was 

characterized on bottom-gate bottom-contact configuration (BGBC) OFETs with Au 

drain and source contacts. The active layer was spin-cast onto the 

octadecyltrichlorosilane (OTS)-modified SiO2/Si substrates at 1500 rpm for 60 s from 

chlorobenzene solution with concentration of 10 mg/mL using constant channel width 

of 1400 µm. The performance of OFETs was optimized with channel length and 

thermal annealing process. The best performance of PNDPP-2 based OFETs device 

was obtained with device channel length of 8 µm after annealing at 240 oC with mobility 

of 2.60 × 10-2 cm2 V-1 s-1 with on/off ratio of 105 and threshold voltage of 4 V. It was 

found that increasing the channel length, the charge mobility decreased on the other 



 

197 
 

hand increasing the annealing temperature from room temperature to 240 oC, the charge 

mobility increased.  

AFM images of PNDPP-2 thin films (Figure 6-11) were investigated at various 

annealing temperatures (from room temperature to 280 oC with gradient of 40 oC) with 

scale of 5 µm × 5 µm. Pristine films showed discontinued surface structure; on the other 

hand, with film annealing treatment, a fibril-like, well-ordered and bi-continuous 

morphology was formed, which favours the charge carrier transport and leads to an 

increase in the hole mobility, but annealing at higher temperature at 280 oC, more rough 

surface was observed and separated sand-like morphology was formed which lead to 

the decrease of mobility. Detailed OFETs device optimized conditions, transfer and 

output curves are outlined in Figure 6-12 and Table 6-4. Further work on photovoltaic 

and OFETs performance based on PNDPP-1 and PNDPP-2 are still under investigation. 

 

Figure 6-11 AFM height images of OFETs devices based on PNDPP-2 at different 
annealing temperatures (5 µm × 5 µm). 
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Figure 6-12 Transfer (left) and output (right) characteristics of the OFETs devices 
based on PNDPP-2 (channel length = 28 µm, 240 ℃). 

Table 6.4. Optimized conditions for OFETs devices based on PNDPP-2. 

Channel Length 
(width = 1400 µm) 

Annealing Temperature (℃) 

RT 80 120 160 200 240 280 

8 
µm 

µ/cm2 V-1 s-1 1.0 × 10-2 1.1 × 10-2 1.2 × 10-2 1.3 × 10-2 2.5 × 10-2 2.6 × 10-2 4.6 × 10-4 

lg(Ion/Ioff) 4-5 4-5 3-4 3-4 5 5 4-5 

Vthreshold/V 14 14 15 15 3 4 -10 

18 
µm 

µ/cm2 V-1 s-1 1.1 × 10-2 1.1 × 10-2 1.1 × 10-2 1.1E-02 1.9 × 10-2 6.8 × 10-3 3.6 × 10-4 

lg(Ion/Ioff) 5 4-5 4 4 5 5 4-5 

Vthreshold/V 18 19 18 17 7 5 -6 

28 
µm 

µ/cm2 V-1 s-1 9.8 × 10-2 1.1 × 10-2 1.0 × 10-2 1.0 × 10-2 1.9 × 10-2 2.3 × 10-2 8.6 × 10-4 

lg(Ion/Ioff) 5 4-5 4-5 4 5-6 6 4-5 

Vthreshold/V 18 19 17 17 7 8 -8 

38 
µm 

µ/cm2 V-1 s-1 8.0 × 10-3 7.7 × 10-3 8.4 × 10-3 9.6 × 10-3 1.5 × 10-2 1.7 × 10-2 6.6 × 10-4 

lg(Ion/Ioff) 5-6 5 5 4-5 5-6 6 4-5 

Vthreshold/V 17 17 12 8 2 0 -9 

48 
µm 

µ/cm2 V-1 s-1 3.0 × 10-3 4.2 × 10-3 3.9 × 10-3 3.9 × 10-3 2.5 × 10-3 2.3 × 10-3 1.7 × 10-4 

lg(Ion/Ioff) 5-6 5 5 4-5 5-6 5-6 3-4 

Vthreshold/V 0 -8 1 -4 -10 -9 -13 
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6.4 Conclusions 

Four copolymers were synthesized and characterized. All the polymers showed near 

IR region absorption property with optical bandgap from 1.47 to 1.64 eV, proper 

HOMO and LUMO energy levels, as well as high thermal stability up to 351 oC which 

make these polymers suitable for organic solar cell and OFETs applications. Under 

optimized conditions PNTP based BHJ solar cell achieved an efficiency of 5.04% with 

Jsc of 12.22 mA cm-2, Voc of 0.70 V and FF of 58.74. And the OFETs devices fabricated 

from PNDPP-2 gave an moderate hole mobility of 2.60 × 10-2 cm2 V-1 s-1 with on/off 

ratio of 105 and threshold voltage of 4 V with number average molecular weight of 18 

kDa. The results showed that these polymers are potential candidates for further 

development of photovoltaic and OFETs applications. 

6.5 Experimental section 

Materials and method 

All reagents and starting materials were purchased from commercial sources and 

used as received, unless otherwise noted, The Pd(PPh3)4 was purchased from Sigma-

Aldrich. The key intermediates are prepared according to reported procedures with 

modification. All the solvents were dried by the standard methods wherever needed. 1H 

NMR spectra were recorded using a Bruker-400 NMR spectrometer and referenced to 

the residual CHCl3 7.26 ppm. 13C NMR spectra were recorded using a Bruker-400 

NMR spectrometer and referenced to the CDCl3 77 ppm. Thermal stabilities were 

determined by thermal gravimetric analyzer (PE-TGA6) with a heating rate of 10 oC 

/min under N2. All absorption measurements were performed with Varian Cary 100-

UV-vis spectrophotometer. Cyclic voltammetry (CV) were carried out on a CH 

Instrument 630C using platinum wires as working electrode and counter-electrode at a 

scan rate of 100 mV/s. The reference electrode was Ag/AgNO3 and the electrolyte was 
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a solution of 0.1 M hexafluorophosphate (Bu4NPF6) in dry acetonitrile. Under these 

conditions, the half wave potential of oxidation of ferrocene was 0.07 V versus Ag/Ag+. 

The HOMO energy level was determined from the oxidation onset from the cyclic 

voltammograms and reported values were calculated with reference to ferrocene (4.8 

eV vs vacuum), the LUMO energy level was determined by LUMO = (HOMO + �:
4;8) 

eV. The molecular weight and polydispersity index (PDI) of the polymer were 

determined by gel permeation chromatography (GPC) using Agilent 1050 HPLC 

system with VWD and waters 515 HPLC pump. THF was used as eluent and 

commercial polystyrenes were used as standards. 

Solar cell device fabrication method 

The photovoltaic devices based on these copolymers were fabricated and 

characterized by the group of Prof. Furong Zhu in Department of Physics, Hong Kong 

Baptist University. The conventional BHJ PV cells with a device structure of 

ITO/PEDOT:PSS (30 nm)/Polymer:PC71BM (100 nm)(1:2)/Al (100nm) were 

fabricated by spin-coating of a PEDOT:PSS layer and then a blend of the 

polymer:PC71BM layer in chlorobenzene (with 3% DIO) at room temperature or 110 

oC followed by vacuum deposition of Al as the cathode. The concentration of the 

polymer:PC71BM blend solution for spin coating was 6 mg/mL 

(polymer/chlorobenzene), and the thickness of the active layer is ~ 100 nm. The 

performance of PV cells was measured under AM 1.5 simulated solar illumination at 

an irradiation intensity of 100 mw cm-2. The devices were tested under glove-box (filled 

with Nitrogen) environment and the device active area is 3 mm × 3 mm. 

The inverted BHJ PV cells with a device structure of ITO/ZnO/PNTP:PC71BM (1:2, 

6 mg/mL)/MoO3/Ag were fabricated by spin-coating of a ZnO layer and then a blend 

of the polymer:PC71BM layer in hot chlorobenzene (with 3% DIO) at 110 oC followed 
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by vacuum deposition of MoO3 and Al layer. The performance of PV cells was 

measured under AM 1.5 simulated solar illumination at an irradiation intensity of 100 

mw cm-2. The devices were tested under glove-box (filled with nitrogen) environment 

and the device active area is 3 mm × 3 mm. 

OFETs device fabrication method 

The OFET of the copolymers were fabricated and characterized by the group of Prof. 

Gui Yu in Institute of Chemistry, Chinese Academy of Science, China. The OFET 

devices were fabricated in a bottom-gate bottom-contact (BGBC) configuration (gold 

electrode on Si/SiO2 substrates). Before the deposition of organic semiconductors, 

octadecyltrichlorosilane (OTS) treatment was performed on the gate dielectrics which 

were placed in a vacuum oven with OTS at a temperature of 120 oC for 3 hours to form 

an OTS self-assembled monolayer. Then the polymer thin films were spin-coated on 

the OTS modified SiO2/Si substrates from the solutions (In chlorobenzene, 10mg/mL, 

spin-coated at 1500rpm, 60s).  The polymer OFETs devices were annealed successively 

at 80 oC, 120 oC, 160 oC, 200 oC, 240 oC, 280 oC for 6 min in air. The polymer FET 

devices were measured at room temperature in air by using a Keithley 4200 

Semiconductor Characterization System. As contrast, the characteristics of as-prepared 

devices were also measured. The mobility of the devices was calculated in the 

saturation regime. The equation is listed as follows: 

IDS = (W / 2L) Ci µ (VGS-Vth)2 

Where W/L is the channel width / length, Ci is the insulator capacitance per unit area, 

and VGS and Vth are the gate voltage and threshold voltage, respectively. 

Synthetic procedure 

4,7-dibromobenzo[c][1,2,5]oxadiazole (6-1): To a 100 mL round bottom flask, 

benzo[c][1,2,5]oxadiazole (4.8 g, 40 mmol) and iron dust (93 mg, 1.6 mmol) were 
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added, the mixture was heated to 90 oC, bromine (15.2 g, 95 mmol) was added dropwise 

to the hot system. After stirring 2 h at 90 oC the mixture was poured out in water. A 

solution of sodium bisulfite was added until no gas evolution was observed. The solid 

was filtered off and impregnated on silica. This was subjected to column 

chromatography (silica, eluent heptane). The resulting yellow solid was recrystallized 

in ethanol to yield 8.4 g (75%) as yellow crystals.1H NMR (400 MHz, CDCl3) δ 7.51 

(s, 2H).13C NMR (100 MHz, CDCl3) δ 149.4, 134.2, 108.7. 

4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]oxadiazole (6-2): To a 250 mL 

two-necked round-bottom flask with a condenser, (4-(2-ethylhexyl)thiophen-2-

yl)boronic acid (10.08 g, 42 mmol), 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine 

(2.94 g, 10 mmol), nitrogen-saturated 2 M K2CO3 solution 50 mL and THF 50 mL were 

added. The mixture was then purged with nitrogen for 15 min. Then Pd(PPh3)4 (30 mg, 

0.01 mmol) was added and the reaction mixture was heated to reflux overnight. The 

reaction mixture was then cooled to room temperature and the solvent was evaporated. 

The crude red product was re-dissolved in THF and filtered through a short silica gel 

column. The solvent was evaporated and the solid was recrystallized from ethanol to 

give pure product. Yield: 4.06 g (80 %). 1H NMR (400 MHz, CDCl3) δ 7.93 (d, J = 1.2 

Hz, 2H), 7.55 (s, 2H), 6.99 (d, J = 1.2 Hz, 2H), 2.61 (d, J = 6.8 Hz, 4H), 1.66-1.63 (m, 

4H), 1.39-1.34 (m, 16H), 0.93-0.88 (m, 12H).13C NMR (100 MHz, CDCl3) δ 147.9, 

143.8, 137.4, 130.6, 126.1, 122.5, 122.1, 40.3, 34.7, 32.5, 28.9, 25.6, 23.1, 14.2, 10.9. 

HRMS (MALDI-TOF) m/z Calcd for C30H40N2OS2 508.2577 found 508.2590 [M+H]+. 

4,7-bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]oxadiazole (6-3): To 

a stirring solution of 4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)benzo[c][1,2,5]oxadiazole 

(1.01 g, 2 mmol) in THF (30 mL) at 0 oC, N-bromosuccinimide (0.396 g, 2.2 mmol) 

were added in small portions. The reaction mixture was stirred at room temperature for 
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6 h, then the reaction was quenched by saturated sodium sulfite solution. The raw 

product was extracted by DCM, the organic phase was collected, washed with brine 

and dried over anhydrous sodium sulfate. The solvent was removed at a reduced 

pressure to give the product as a red solid. Needle-like crystal was obtained by 

recrystallizing from ethanol. Yield: 0.9 g (68%). 1H NMR (400 MHz, CDCl3) δ 7.77 (s, 

2H), 7.43 (s, 2H), 2.55 (d, J = 7.2 Hz, 4H), 1.72-1.69 (m, 2H), 1.38-1.30 (m, 16 H), 

0.94-0.88 (m, 12 H). 13C NMR (100 MHz, CDCl3) δ 147.5, 143.2, 137.0, 130.3, 125.8, 

121.5, 112.2, 40.0, 33.9, 32.5, 28.8, 25.7, 23.1, 14.2, 10.9. HRMS (MALDI-TOF) m/z 

Calcd for C30H38Br2N2OS2 666.0768 found 666.0746 [M+H]+. 

2,5-dibromopyridine-3,4-diamine (6-4): To a solution of 3,4-diaminopyridine (3.93 

g, 36 mmol) in 50 mL 48% aqueous hydrobromic acid was added slowly bromine (6 

mL, 116 mmol) and the mixture subsequently was allowed to reflux overnight. The 

mixture was cooled down to room temperature and then filtered. The resultant 

precipitation was washed sequentially with aq. Na2CO3, aq. Na2S2O3 and water. The 

crude product was further refluxed in a 10% solution of Na2CO3 for 1 h and then 

obtained by filtration. Purification by silica gel chromatography (eluent: 

dichloromethane/ethyl acetate = 10/1) gave product as a yellow solid. Yield: 3.5 g 

(37%). 1H NMR (400 MHz, Acetone-d6) δ 8.05 (s, 1H), 5.96 (brs, 2H), 5.07 (brs, 2H). 

13C NMR (100 MHz, Acetone-d6) δ 140.7, 140.4, 129.8, 128.3, 106.2. HRMS (MALDI-

TOF) m/z Calcd for C5H5Br2N3 267.8834 found 267.8816 [M+H]+. 

4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine (6-5): To a stirred, cooled solution of 

3,4-diamino-2,5-dibromopyridine (1 g, 3.78 mmol) in pyridine (12 mL) at 0 oC was 

added dropwise SOCl2 (4 mmol, 0.4 mL). Stirring was continued for an additional 2 h 

and then the mixture was poured into water. The crude product was collected by 

filtration and washed with water. Further purification by silica column chromatography 
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(eluent: hexane/dichloromethane = 4/1) afforded product as a pale yellow solid. Yield: 

0.62 g (56%). 1H NMR (400 MHz, CDCl3) δ 8.54 (s, 1H). 13C NMR (100 MHz, CDCl3) 

δ 155.2, 150.3, 145.3, 136.7, 111.7. MS (MALDI-TOF) m/z 295.8109 [M+H]+. 

4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine (6-6): To a 

50 mL 2-neck round-bottom flask with a condenser, (4-(2-ethylhexyl)thiophen-2-

yl)boronic acid (1.08 g, 4.2 mmol), 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine 

(0.294 g, 1 mmol), nitrogen-saturated 2 M K2CO3 solution 10 mL and THF 10 mL were 

added. The mixture was then purged with nitrogen for 15 min. Then Pd(PPh3)4 (10 mg) 

was added and the reaction mixture was heated to reflux overnight. The reaction 

mixture was then cooled to room temperature and the solvent was evaporated. The 

crude red product was re-dissolved in THF and filtered through a short silica gel. The 

solvent was evaporated and the product was recrystallized from ethanol. Yield: 0.42 g 

(80 %). 1H NMR (400 MHz, CDCl3) δ 8.80 (s, 1H), 8.49 (d, J = 1.2 Hz, 1H), 7.93 (d, J 

= 1.2 Hz, 1H), 7.17-7.15 (m, 1H), 7.05-7.03 (m, 1H), 2.64-2.61 (m, 4H), 1.67-1.65 (m, 

2H), 1.21-1.42 (m, 16H), 0.95-0.90 (m, 12H). 13C NMR (100 MHz, CDCl3) δ 154.9, 

148.1, 146.4, 144.0, 143.2, 141.2, 140.7, 136.4, 133.6, 129.8, 126.6, 122.9, 120.5, 40.4, 

40.3, 34.7, 34.6, 32.5, 28.9, 25.7, 24.8, 23.1, 14.2, 10.9. HRMS (MALDI-TOF) m/z 

Calcd for C29H39N3S3 525.2300 found 525.2305 [M+H]+. 

4,7-bis(5-bromo-4-(2-ethylhexyl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine 

(6-7): To a stirred solution of 4,7-bis(4-(2-ethylhexyl)thiophen-2-yl)-[1,2,5]-thia-

diazolo[3,4-c]pyridine (0.24 g, 0.456 mmol) in THF (10 mL), NBS (0.178 g, 0.1 mmol) 

was added in small portions. The reaction mixture was stirred at room temperature for 

6 h, then the reaction mixture washed with washed with brine and dried over anhydrous 

sodium sulfate. The solvent was removed at a reduced pressure to give the product as a 

red solid. Needle-like crystal was obtained by recrystallizing from ethanol. Yield: 0.249 
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g (80%). 1H NMR (400 MHz, CDCl3) δ 8.70 (s, 1H), 8.33 (s, 1H), 7.75 (s, 1H), 2.60-

2.57 (m, 4H), 1.56-1.36 (m, 2H), 1.20-1.40 (m, 16H), 0.91-0.89 (m, 12H). 13C NMR 

(400 MHz, CDCl3) δ 154.6, 145.7, 145.4, 143.5, 142.5, 140.8, 140.1, 135.7, 133.1, 

129.0, 119.8, 117.1, 112.6, 40.0 (d), 34.0, 33.8, 32.5, 28.5, 25.7 (d), 23.1, 14.2, 10.9. 

HRMS (MALDI-TOF) m/z Calcd for C29H37Br2N3S3 683.0491 found 683.0444 

[M+H] +. 

3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (6-8): To a 500 mL 

two necked round bottom flask with magnetic stir bar, potassium tert-butylate (4 g, 35.7 

mmol) was added under nitrogen protection. Then a solution of tamyl alcohol (25 mL) 

and 2-thiophenecarbonitrile (3.27 g, 30 mmol) was injected by a syringe in one portion 

under stirring. The mixture was warmed up to 100-110 oC, and a solution of dimethyl 

succinate (1.46 g, 10 mmol) in tamyl alcohol (8 mL) was added drop-wise in 1 h. When 

the addition was completed, the reaction was kept at the same temperature for about 1 

h, and then the methanol was distilled off and the reaction was kept for 2 h. Then the 

mixture was cooled to 65 oC, diluted with 50 mL of methanol, neutralized with acetic 

acid and reflux for another 10 min. Then the suspension is filtered, and the black filter 

cake is washed by hot methanol and water twice each and dried in vacuum to get coarse 

product and could be used directly in next step without further purification. Yield: 2.55 

g (85%). 1H NMR (CDCl3, 400 MHz) δ 11.27 (br, 2H), 8.22 (dd, J = 0.8 Hz, 3.6 Hz, 

2H), 7.95 (dd, J = 0.8 Hz, 4.8 Hz, 2H), 7.29-7.27 (m, 2H). 

2,5-bis(2-decyltetradecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-

dione (6-9): To a stirred solution of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-

(2H,5H)-dione (1.30 g, 4.33 mmol) and anhydrous potassium carbonate (24 g, 173 

mmol) in N,N-dimethyl formamide (250 mL) in a two-neck round flask at 145 oC under 

nitrogen protection, 11-(bromomethyl)tricosane (8.32 g, 20 mmol) was injected in one 
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portion by syringe. After the reaction was stirred for 15 h at 145 oC, the solution was 

cooled to room temperature, poured into 500 mL of ice water, and then filtered. The 

filter cake was washed by water and methanol several times. After drying in vacuum 

overnight, the crude product was purified by silica gel chromatography using 

dichloromethane as eluent to obtain a purple-black solid powder. Yield: 1.45 g (54%). 

1H NMR (CDCl3, 400 MHz) δ 8.78 (dd, J = 1.2 Hz, 4.0 Hz, 2H), 7.51 (dd, J = 1.2 Hz, 

5.2 Hz, 2H), 7.17-7.15 (m, 2H), 3.91 (d, J = 7.6 Hz, 4H), 1.81-1.80 (m, 2H), 1.24-1.11 

(m, 80 H), 0.79-0.75 (m, 12H). 13C NMR (400 MHz, CDCl3) δ 161.7, 140.4, 135.2, 

130.4, 129.8, 128.4, 107.9, 46.2, 37.8, 32.0 (d), 31.2, 30.0, 29.7 (d), 29.6, 29.4 (d), 26.2, 

22.7, 14.2. HRMS (MALDI-TOF) m/z Calcd for C62H104N2O2S2 972.7534 found 

972.7523 [M+H]+. 

3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-decyltetradecyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (6-10): To a stirred solution of 2,5-bis(2-decyltetradecyl)-3,6-

di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4-(2H,5H)-dione (1.45 g, 2.33 mmol) in 

chloroform (200 mL) under nitrogen protection, and the solution was protected from 

light, NBS (0.83 g, 4.66 mmol) was added in small portions. After 40 h, the mixture 

was poured into 200 mL of methanol and then filtered. The filter cake was washed by 

hot methanol twice. After drying in vacuum overnight, the pure product was obtained 

as a purple-black solid, Yield 1.21 g (67%). 1H NMR (CDCl3, 400 MHz) δ 8.61 (d, J = 

4.0 Hz, 2H), 7.20 (d, J = 4.0 Hz, 2H), 3.90 (d, J = 7.6 Hz, 4H), 1.88-1.86 (m, 2H), 1.28-

1.21 (m, 80H), 0.89-0.85 (m, 12H). 13C NMR (400 MHz, CDCl3) δ 161.4, 139.4, 135.3, 

131.4, 131.2. 119.0, 108.0, 46.4, 37.8, 32.0, 31.2, 30.0, 29.7 (d), 29.6, 29.4, 26.2, 22.7, 

14.1. HRMS (MALDI-TOF) m/z Calcd for C62H102Br2N2O2S2 1130.5732 found 

1130.5764 [M+H]+. 

Synthesis of PNTP 
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To a 50 mL round-bottom flask containing 4,7-bis(5-bromo-4-(2-ethylhexyl)thiophen-

2-yl)-[1,2,5]thiadiazolo[3,4-c]pyridine (68 mg, 0.1 mmol) and 5,6-bis(2'-ethylhexyl-

oxy)-2,5-bis(tri-n-butylstannyl)naphtha[2,1-b:3,4-b']-dithiophene (108 mg, 0.10 mmol) 

were added Pd(PPh3)4 (10 mg). After three successive deoxygenation-refilling with N2 

cycles, DMF (30 mL) were added via a syringe. The polymerization was carried out at 

120 oC for 48 h under N2. The polymer was precipitated in MeOH and collected by 

filtration. Low-molecular-weight oligomers were removed by Soxhlet extraction with 

MeOH, hexane and DCM, respectively. Left insoluble black solid which was collected 

directly, the remaining high molecular-weight solid was extracted with chloroform. The 

desired polymer was precipitated from methanol, collected and dried in vacuum for 12 

h affording the product as a black solid (73 mg, 72%), Mn (53 kDa), PDI (2.01). 

Synthesis of PNBO 

This polymer was synthesized following the same procedure as for PNTP. After 

purification by Soxhlet extraction affording the polymer as a black solid (43 mg, 40%). 

GPC: Mn (71 kDa), PDI (2.49). 

Synthesis of PNDPP-1 

This polymer was synthesized following the same procedure as for PNTP. After 

purification by Soxhlet extraction affording the polymer as a black solid (53 mg, 36%). 

GPC: Mn (13 kDa), PDI (2.81). 

Synthesis of PNDPP-2 

This polymer was synthesized following the same procedure as for PNTP. After 

purification by Soxhlet extraction affording the polymer as a black solid (73 mg, 47%). 

GPC: Mn (18 kDa), PDI (2.22). 
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CHAPTER SEVEN 

Concluding Remarks 

A series of novel copolymers based on naphtho[2,1-b:3,4-b’]dithiophene as 

electron-rich moiety including PNB-3, PNB-4, PNB-5, PNB-6, PNB-C2,6;C2,6, 

PNB-C2,6;12, PNB-C2,6;14, PNB-C2,6;16, PNfTB-C2,6;C10, PNfTB-C2,6;C2,6, 

PNffTB-C2,6;C10, PNffTB-C2,6;C2,6, PNfTB-C10,14, PNffTB-C10,14, PNTB-

C10,14, PNSeB-C10,14, PNBTA-1, PNBTA-2, PNBTA-3, PNTP, PNBO, PNDPP-

1 and PNDPP-2 have been designed and synthesized, All the newly synthesized key 

intermediates and copolymers were fully characterized with 1H NMR, 13C NMR and 

high resolution mass spectrometry analysis (HRMS) and found to be in good agreement 

with expected structures. 

The physical and electrochemical properties of these copolymers were characterized 

by differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), UV-

Vis spectroscopy, cyclic voltammetric method (CV), and gel permeating 

chromatography (GPC), respectively. All the polymers showed high decomposition 

temperatures with Td ≥ 300 oC but no glass transition state. These polymers also 

exhibited strong and broad absorption with optical band gap ranging from 1.47 eV to 

1.95 eV with desirable HOMO and LUMO energy levels. The number average 

molecular weight of these copolymers varied from 14 kDa to 108 kDa with reasonable 

PDI values. 

The photovoltaic properties of these copolymers blended with different fullerene 

derivatives using different device structures as well as fabrication conditions were 

investigated. The best PV device efficiency was obtained from PNB-4:IC60BA blend 

with Jsc of 19.32 mA cm-2, Voc of 0.84 V and FF of 43.1%, which in turn gave the device 

efficiency of 7.0%. In addition, PNB-C2,6;C2,6 and PNTP based devices also showed 
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promising device performance with PCE of 4.8% and 5.1%, respectively indicating 

potential for further device optimization. On the other hand, the hole mobility of these 

copolymers were also investigated using bottom-gate bottom-contact (BGBC) 

configuration of OFET. Among all the OFETs fabricated, PNB-C2,6;16 derived device 

showed the best hole mobility of 0.034 cm2 V-1 s-1 with Ion/Ioff ratio of 106. 
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Appendix I 1H NMR Spectra of Selected Intermediates 
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Appendix ⅡⅡⅡⅡ 13C NMR Spectra of Selected Intermediates 
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