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Abstract 

    In this dissertation, a series of polythiophene copolymers have been 

synthesized to study to photovoltaic characteristics.  First of all, we have used 

Grignard metathesis polymerization to successfully synthesize a series of regioregular 

polythiophene copolymers that contain electron-withdrawing and conjugated 

phenanthrenyl-imidazole moieties as side chains.  The introduction of the 

phenanthrenyl-imidazole moieties onto the side chains of the regioregular 

polythiophenes increased their conjugation lengths and thermal stabilities and altered 

their band gap structures.  The band gap energies, determined from the onset of 

optical absorption, could be tuned from 1.89 eV to 1.77 eV by controlling the number 

of phenanthrenyl-imidazole moieties in the copolymers.  Moreover, the observed 

quenching in the photoluminescence of these copolymers increases with the number 

of phenanthrenyl-imidazole moieties in the copolymers, owing to the fast deactivation 

of the excited state by the electron-transfer reaction.  Both the lowered bandgap and 

fast charge transfer contribute to the much higher external quantum efficiency of the 

poly(3-octylthiophene)-side-chain-tethered phenanthrenyl-imidazole than that of pure 

poly(3-octylthiophene), leading to much higher short circuit current density.  In 

particular, the short circuit current densities of the device containing the copolymer 

having 80 mol % phenanthrenyl-imidazole, P82, improved to 14.2 mA/cm2 from 8.7 



 X

mA/cm2 for the device of pure poly(3-octylthiophene), P00, an increase of 62%.  In 

addition, the maximum power conversion efficiency improves to 2.80% for P82 from 

1.22% for P00 (pure P3OT).  Second, intramolecular donor–acceptor structures 

prepared by binding conjugated octylphenanthrenyl-imidazole moieties covalently 

onto the side chains of regioregular poly(3-hexylthiophene)s exhibit lowered 

bandgaps and enhanced electron transfer.  For instance, conjugating 90 mol% 

octylphenanthrenyl-imidazole moieties onto poly(3-hexylthiophene) chains reduced 

the optical bandgap from 1.91 to 1.80 eV, and the electron transfer probability was at 

least twice than that of pure poly(3-hexylthiophene) when blended with 

[6,6]-phenyl-C61-butyric acid methyl ester.  The lowered bandgap and the fast charge 

transfer both contribute to the much higher external quantum efficiencies—and, thus, 

much higher short-circuit current densities—for the copolymers presenting 

octylphenanthrenyl-imidazole moieties, relative to those of pure 

poly(3-hexylthiophene)s.  In particular, the short-circuit current density of a device 

containing the copolymer presenting 90 mol% octylphenanthrenyl-imidazole moieties 

improved to 13.7 mA/cm2 from 8.3 mA/cm2 for the device containing pure 

poly(3-hexylthiophene)—an increase of 65%.  In addition, the maximum power 

conversion efficiency was 3.45% for the copolymer presenting 90 mol% 

octylphenanthrenyl-imidazole moieties.  Finally, PHPIT, a new kind of 
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intramolecular D–A side-chain-tethered hexylphenanthrenyl-imidazole polythiophene 

has been synthesized.  The visible light absorption of the PHPIT/PCBM blend is 

enhanced by the presence of the electron-withdrawing hexylphenanthrenyl-imidazole.  

The EQE of the device was maximized when the PHPIT/PCBM blend experienced 

annealing at 120 °C for 30 min.  The more-balanced electron and hole mobilities and 

the enhanced visible and internal light absorptions in the devices consisting of 

annealed PHPIT/PCBM blends both contributed to a much higher short-circuit 

current density, which in turn led to a power conversion efficiency as high as 4.1%, 

despite the fact that PHPIT is only comprised of ca. 20 repeating units. 
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摘要 

    本論文乃研究探討利用 Grignard metathesis 來合成一系列聚噻吩高分子

來探討高分子本身之光電效應。而論文的第一部份，是以合成出一系

列聚 (辛基 -噻吩 )(P3OT)衍生物，而在其側鏈上導入一菲基 -1,3-二氮雜

茂 (phenanthrenyl-imidazole)，希望藉由導入此官能基之後可以增加高

分子本身主鏈的共軛長度，不但可以將高分子本身的能隙 (bandgap)

降低，且具有電子傳輸的效果，而且在光激發光方面，因為隨呃導入

菲基 -1,3-二氮雜茂比例增加，發光淬息 (quenching)現象就越來越明

顯，也因為如此促使了高分子的製作成元件之後，外部量子效率

(external quantum efficiencies)增加，相對的在含有比較高比例的菲基 -1,3-

二氮雜茂聚 (辛基 -噻吩 )高分子之光電流 (short-circuit current density)也提

升了 (由 8.7 mA/cm2 提升到 14.2 mA/cm2，提升了約 62%)，光電轉換

效率也增加了 (由 1.22%提升到 2.80%)。第二部份則是，利用 Grignard 

metathesis 來合成一系列聚(己基-噻吩 )(P3HT)高分子衍生物，然後將菲基

-1,3-二氮雜茂末端作了修飾導入了兩個辛基長碳鏈提升溶解度，相同

的，導入了辛基 -菲基 -1,3-二氮雜茂之後，高分子本身的能隙降低，

發光淬息 (quenching)現象就越來越明顯，而此系列之高分子開路光電

流也提升了 (由 8.3 mA/cm2 提升到 13.7 mA/cm2，提升了約 65%)，光

電轉換效率改善到 3.45%。第三部份，則是合成一高分子， PHPIT，



 XIII

在菲基 -1,3-二氮雜茂末端修飾導入了三個己基官能基到單體本身之

中，而此高分子與 [6,6]-苯基 -C6 1-丁酸甲酯  ([6,6]-phenyl-C6 1-butyric 

acid methyl ester) (PCBM)掺混之後，對於可見光之吸光能力增強，而

製作成元件之後發現，在迴火溫度為 120 oC，持續 30 分鐘的情況下，

其外部量子效率最高，而在此條件下，也因為較為平衡的電子電動流

動率也促使了較高的光電流密度，因此，此高分子在此條件下之光電

轉換效率約為 4.1%。  
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CChhaapptteerr  11::   Introduction 

1-1 Introduction of Polymer Solar Cell 

    The development of conjugated polymers that possess extended delocalized 

π-electrons for use in organic optoelectronic devices has been an area of extensive 

investigation, with some studies having focused on solar cell devices based on bulk 

heterojunctions using conjugated polymers.[1–7]  Recently, research into conjugated 

polymers containing electron donor–acceptor pairs has become quite active[8] because 

such materials exhibit specific optical, electrical, and electronic properties.  Polymer 

solar cells have attracted considerable attention in the past few years owing to their 

potential of providing environmentally safe, flexible, lightweight, inexpensive, 

efficient solar cells. Especially, bulk-heterojunction solar cells consisting of a mixture 

of a conjugated donor polymer with a methanofullerene acceptor are considered as a 

promising approach. Here a brief introduction and overview is given of the field of 

polymer solar cells.  In the more than 20 years since the seminal work of Tang,[2] 

organic solar cells have undergone a gradual evolution that has led to energy 

conversion efficiencies (η, see Figure 1)of about 5%.[3–8] Two main approaches have 

been explored in the effort to develop viable devices: the donor–acceptor bilayer,[8–10] 

commonly achieved by vacuum deposition of molecular components,[11] and the 

so-called bulk heterojunction (BHJ),[12, 13] which is represented in the ideal case as a 
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bicontinuous composite of donor and acceptor phases, thereby maximizing the 

all-important interfacial area between the donors and acceptors.   

1-2 The Basis Principle of Polymer Solar Cell 

    Efforts to optimize the performance of organic solar cells should find their basis 

in the fundamental mechanism of operation.  Scheme 1-1 illustrates the mechanism 

by which light energy is converted into electrical energy in the devices.  The energy 

conversion process has four fundamental steps in the commonly accepted 

mechanism:[14] 1) Absorption of light and generation of excitons, 2) diffusion of the 

excitons, 3) dissociation of the excitons with generation of charge, and 4) charge 

transport and charge collection. Figure 1-1 shows a schematic representation of a 

typical BHJ solar cell, illustrating the components involved in the mechanistic steps 

as well as a current–voltage curve defining the primary quantities used to validate the 

performance of a solar cell.  The elementary steps involved in the pathway from 

photoexcitation to the generation of free charges are shown in Scheme 1-2.[15, 16]  

The processes can also occur in an analogous fashion in the case of an excited 

acceptor, and the details of these mechanistic steps have been described extensively in 

the literature.[16]  The key point is that electron transfer is not as simple as depicted 

in Scheme 1-1.  The process must be energetically favorable to form the geminate 

pair in step 3 of Scheme 1-2 and an energetic driving force must exist to separate this 
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electron–hole pair.  The open circuit voltage (Voc) is also governed by the energetic 

relationship between the donor and the acceptor (Scheme 1-1) rather than the work 

functions of the cathode and anode, as would be expected from a simplistic view of 

these diode devices. Specifically, the energy difference between the HOMO of the 

donor and the LUMO of the acceptor is found to most closely correlate with the Voc 

value.[18, 19] 

 

 

Scheme 1-1. General mechanism for photoenergy conversion in excitonic solar cells. 
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Scheme 1-2. Elementary steps in the process of photoinduced charge separation for a 

donor (D) and an acceptor (A): 1) Photoexcitation of the donor; 2) diffusion of the 

exciton and formation of an encounter pair; 3) electron transfer within the encounter 

pair to form a geminate pair; 4) charge separation. 
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Figure 1-1. Schematic drawing of the working principle of an organic photovoltaic 

cell.  Illumination of donor (in red) through a transparent electrode (ITO) results in 

the photoexcited state of the donor, in which an electron is promoted from the highest 

occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 

(LUMO) of the donor.  The typical current–voltage characteristics for dark and light 

current in a solar cell illustrate the important parameters for such devices: Jsc is the 

short-circuit current density, Voc is the open circuit voltage, Jm and Vm are the current 

and voltage at the maximum power point, and FF is the fill factor. The efficiency (h) 

is defined, both simplistically as the ratio of power out (Pout) to power in (Pin), as well 

as in terms of the relevant parameters derived from the current–voltage relationship. 
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1-3 Literature Review of Polymer Solar Cell Materials 

    In combining electron donating (p-type) and electron accepting (n-type) 

materials in the active layer of a solar cell, care must be taken that excitons created in 

either material can diffuse to the interface, to enable charge separation. Due to their 

short lifetime and low mobility, the diffusion length of excitons in organic 

semiconductors is limited to about ~10 nm only.  While the best currently available 

devices are composed of P3HT/PCBM and MDMO-PPV/PCBM composites as 

shown in Figure 1-2, [20-22] much effort is being devoted to enhancing the efficiency of 

BHJ solar cells by developing a deeper understanding of the processes and 

interactions that dominate the performance of solar cells and developing new 

materials that are more effective for device operation. In the following sections, 

several key areas that have been examined in an attempt to improve solar energy 

conversion will be discussed along with key concepts that ought to be considered in 

the search for high efficiency.  The prototypical polymer solar cells based on 

MDMO-PPV/PCBM and P3HT/PCBM composites discussed above show the extent 

of optimization that is required to generate efficient polymer–fullerene solar cells.  

However, a variety of other approaches have been used in attempts to overcome some 

of the inherent limitations of these typical examples. These limitations can largely be 

gleaned directly by a consideration of the fundamental mechanism for 
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photoconversion in these excitonic solar cells (Scheme 1-1), which begins with light 

absorption. 

 

Figure 1-2. Donor and acceptor materials used in polymer-fullerene 

bulk-heterojunction solar cells.  Donors: MDMO-PPV = 

poly[2-methoxy-5-(3´,7´-dimethyloctyloxy)-p-phenylene vinylene]; P3HT= 

poly(3-hexylthiophene);  Acceptors: PCBM: [6,6]-phenyl-C61-butyric acid methyl 

ester. 

 

The photon flux reaching the surface of the earth from the sun occurs at a 

maximum of approximately 1.8 eV (700 nm); however, neither MDMOPPV (Eg=2.2 

eV) nor P3HT (Eg=1.9 eV) can effectively harvest photons from the solar spectrum.  

It is calculated that P3HT is only capable of absorbing about 46%of the available 

solar photons[23] and only in the wavelength range between 350 nm and 650 nm.  

The limitation in the absorption is primarily due to limited spectral breadth rather than 

the absorption coefficient, as conjugated polymers typically have extremely high 
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absorption coefficients on the order of 105 cm-1.[24] Developing a polymer that could 

capture all of the solar photons down to 1.1 eV would allow absorption of 77% of all 

the solar photons.[25]  Expanding the spectral breadth of absorption in 

polymer–fullerene composites has most commonly been pursued by extending (or 

shifting) the polymer absorption spectrum into the near-infrared region.  This is 

primarily achieved through the use of low-bandgap polymers, which has led to 

efficiencies as high as 3.5%[23] in polymer–fullerene composite solar cells.  While 

low-bandgap polymers have often been touted as the solution of this problem, merely 

having a lower energy onset for absorption is not sufficient to harvest more solar 

photons.  What is needed is to extend the overlap with the solar spectrum to gain 

broader coverage while also retaining high absorption coefficients at relevant 

wavelengths and suitable energy levels for interaction with PCBM. 

    The first approach towards these goals focused on broadening the absorption of 

known polymers through the UV and visible regions. An excellent example is 

afforded by poly(3-vinylthiophenes), such as 1.[26] The incorporation of chromophores 

that are conjugated to the backbone through the 3-vinyl linkage leads to a broadening 

of the wavelengths at which high photoconversion efficiencies can be achieved.  In a 

direct comparison with P3HT/PCBM devices, cells with polymer 1 afforded 3.2% 

efficiency versus 2.4% with P3HT under the same conditions.  The enhanced 
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performance of polymer 1 can be attributed to the increased photocurrent in the 

400–500 nm range. 

    The second approach to increase the spectral breadth of the absorbed photons is 

to synthesized the so-called low-bandgap polymers;[27] which is loosely defined as 

polymers with a bandgap less than 1.5 eV. Compounds 2–7[28-33] represent a few of the 

more successful polymers employed to-date. The most common synthetic technique 

used to achieve low-bandgap polymers is the donor–acceptor approach, in which 

alternating electron-rich and electron-poor units define the polymer backbone.[34]  

The best examples of this class reported thus far are based almost exclusively on 

benzothiadiazole (or analogues) as the acceptor in combination with several different 

donor groups.  In addition, the APFO polymers (such as 3) are reported to afford 

efficiencies as high as 2.8%[29] and EQE values greater then 50% in the 350–600 nm 

region in 1:3 or 1:4 blends with PCBM.[35]  
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   The third approach is to synthesize a variety of soluble C60 derivatives have been 

synthesized (8–10)[36-38] and employed in BHJ solar cells with varying success. The 

focus in this case was not to increase the absorption of visible light, but rather to 

improve miscibility, the mobility of the charge carriers, and other aspects of 

performance that are influenced by the structure of the soluble fullerene employed.  

A further motivation for testing new soluble C60 derivatives is the development of a 

fundamental structure–property relationship and a guiding design principle for 

improving the performance of the solar cells through the use of the optimized 
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fullerene acceptors.  For example, the simple benzoate derivative 10 gave the best 

performance with (un-optimized) efficiencies of 4.5% reported in P3HT solar 

cells at a polymer/fullerene ratio of 1:0.82, whereas P3HT/PCBM devices prepared in 

a parallel study showed 4.4% efficiency at an optimal ratio of 1:0.67. 

 
 

1-4 Motivation 

    The bandgap of polyaromatic linear conjugated systems is determined by five 

contributions i.e. the energy related to bond length alternation, Eδr the mean deviation 

from planarity Eθ, the aromatic resonance energy of the cycle ERes, the inductive or 

mesomeric electronic effects of eventual substitution ESub, and the intermolecular or 
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interchain coupling in the solid state Eint.(as shown in Scheme 1-3) 

 

Eg = Eδr + Eθ + ERes + ESub + Eint 

 

Probably the most important feature of this equation is that it makes clear the various 

structural variables that have to be mastered in order to control the gap of linear 

conjugated systems.  Consequently, the main synthetic strategies adopted for the 

design of small bandgap linear conjugated systems will be focused on the reduction of 

the energetic contribution of one or more of these parameters.[39] 

 

Scheme 1-3. The schematic draw of the five contributions of the bandgap of 

polyaromatic linear conjugated systems. 
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   The side-chain effect and the regioregularity affect the absorption wavelength of 

the conjugation polymers.  The side-chain effect has been studied for a period of 

time but they just used a spacer such as alkyl chain to link the bulky side chain to the 

polymer main chain, leading to photoluminescene quenching.[40]  Therefore, to 

introduce an electron withdrawing group such as phenanthrenyl-imidazole as the side 

chain and to conjugated to the polymeric main chain would be a curios case for the 

synthesis of the conjugated polymers (donors) which can maintain the 

photoluminescene quenching effect and tune the bandgap of the pokymers.  For bulk 

heterojunction solar cell, the power conversion efficiency can be tuned by the 

differences of the regioregularity of alkyl polythiophene such as 

poly(3-hexylthiophene).  This would destroy the crystalinity of the polymeric main 

chain resulting in the decrease of short-circuit current density.  Therefore, to 

introduce a bulky coplanar moiety such as phenanthrenyl-imidazole as the side chain 

which is directly conjugated to the polymeric main chain might increase the 

intramolecular donor-acceptor effect between the polymeric main chain and side 

chain and the Grinard Metathesis was used to maintain the regioregularity. 
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CChhaapptteerr  22  ::  Soluble Phenanthrenyl-Imidazole-Presenting 

Regioregular Poly(3-octylthiophene) Copolymers having Tunable 

Bandgaps for Solar Cell Applications 

 

    A new family of regioregular copoly(3-octylthiophene) side chain tethered 

phenanthrenyl-imidazol that possess lowered bandgap and enhanced electron transfer 

property were synthesized for heterojunction polymer/PCBM solar cell applications. 

The short circuit current density and the power conversion efficiency of the 

copolymer having 80 mole% phenanthrenyl-imidazole group device improved to 14.2 

mA/cm2 and 2.8%, respectively, from 8.7 mA/cm2 and 1.22% for pure 

poly(3-octylthiophene).
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2-1. Introduction 

The development of conjugated polymers that possess extended delocalized 

π-electrons for use in organic optoelectronic devices has advanced dramatically in 

recent years.  In particular, there have been extensive studies into solar cell devices 

based on bulk heterojunctions formed using conjugated polymers.[41–48]  The 

structures of bulk heterojunction polymer solar cells have been prepared from a thin 

film of the electron-donating conjugated polymer and an electron-accepting species, 

which has been either another polymer or a set of nanoparticles.  Polythiophene 

derivatives are recognized as being among the most promising materials for solar cell 

applications because of their excellent light absorption and electronic conductivity.  

Polymer solar cells containing blends of poly(3-hexylthiophene) and the 

buckminsterfullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) 

have been studied in depth; recent reports[43] have indicated that power conversion 

efficiencies of around 1% ~ 2% under standard solar conditions (AM 1.5G, 100 

mW/cm2, 25 °C ).  There are a number of ways to proceed toward improving the 

power conversion efficiencies of these polymer solar cells.  For example, varying the 

annealing temperature and time—to lower the electrical resistance of the 

devices—and introducing a lower-work-function electrode have been reported.[49–53]  

Alternatively, copolymerization with different conjugated monomers has also been 
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investigated, but with limited success in improving the power conversion 

efficiency.[50] 

Semiconducting conjugated polymers that are used presently in light emitting 

diodes typically absorb in the range between 300 and 500 nm, which is only a small 

portion of the spectrum of sunlight.  Thus, another approach toward 

higher-efficiency polymer solar cells is the use of conjugated polymers that absorb 

light more effectively.  There are two main ways to tackle this problem.  The first 

involves introducing chromophores that have different energy bandgaps into the 

conjugated polymers, thereby increasing the bandwidth of absorption.  This method 

usually leads to some synthetic difficulties resulting from the typical bulkiness and 

low reactivity of functionalized chromophores or dyes.  The second way is to 

incorporate electron-withdrawing moieties into side chains that are in conjugation 

with the main polymer chains.  In this way, not only the electron transfer efficiency 

of the excitons of the side-chain-tethered phenanthrenyl-imidazole polymers can be 

improved but also their bandgaps can be lowered for matching the wavelength of the 

maximum photon flux of sunlight (700 nm), which is ca. 1.77 eV.[54]  The extent of 

the reduction in the bandgap of the side-chain-tethered phenanthrenyl-imidazole 

polymers will depend on the effective conjugation length of the system, which are 

sometimes reduced by steric hindrance.  Previously, oxadiazo-, triazole-, 
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quinoxaline-, imidazole-, and triazine-containing moieties are used in semiconducting 

polymers for other applications.[55]  In this present study, we designed an extended 

conjugated molecular structure in which phenanthrenyl-imidazole moieties were 

attached covalently to the side chain of thiophene units to form regioregular 

copolymers that had lowered bandgaps—which were tunable depending on the 

content of phenanthrenyl-imidazole moieties—and enhanced electron transferring 

abilities.  Because of the poor solubility of the phenanthrenyl-imidazole moiety, we 

used a thiophene monomer (3-octylthiophene) presenting a long alkyl chain to form 

copolymers exhibiting improved solubility.  Scheme 1 displays our synthetic 

approaches toward the 2,5-dibromo-3-octylthiophene and the planar 

phenanthrenyl-imidazole moiety monomer.  We expected that the presence of 

phenanthrenyl-imidazole moieties conjugated to the thiophene units would enhance 

the electron transfer of polythiophene and alter the energy levels of the highest 

occupied molecular orbitals (HOMOs) and lowest unoccupied molecular orbitals 

(LUMOs) of our polymers, thereby decreasing the bandgap and enhancing their 

photovoltaic properties.  Scheme 2-2 displays the copolymerization of the 

2,5-dibromo-3-octylthiophene M1 and 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole monomer 

M2, performed using a Grignard metathesis method. 
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Scheme 2-1. The synthetic scheme of M1 and M2; NBS: N-bromosuccinimide. 
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Scheme 2-2. The Grignard Metathesis polymerization of M1 and M2; THF: 
tetrahydrofuran. 
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2-2. Experimental 

   Materials. Chemicals were purchased from Aldrich, TCI, or Lancaster. 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM) was perchased from Nano-C.  

Polyethylenedioxythiophene/polystyrenesulphonate (PEDOT/PSS) was perchased 

from Baytron (P VP A1 4083). 

Preparation of Monomers: Scheme 2-1 illustrates the synthetic route used for the 

preparation of the monomers 2,5-dibromo-3-octylthiophene (M1) and 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2). 

1-Phenyl-2-(3-thienyl)-1H-phenanthro[9,10-d]imidazole (2), which was prepared 

from the reaction of 3-thiophenecarboxaldehyde, phenanthrenequinone, aniline, 

ammonium acetate, and acetic acid, was isolated in 92% yield.  The structure of 

compound 2 was verified using 1H and 13C NMR spectroscopy and mass spectrometry.  

M2 was prepared from the reaction of compound 2 with NBS; it was isolated in 93% 

yield.[56]  Detailed synthetic procedures and characterization data are provided 

below. 

3-Octylthiophene (1): 3-Octylthiophene was synthesized as described previously 

in the literature.[57a] 

2,5-Dibromo-3-octylthiophene (M1): 2,5-Dibromo-3-octylthiophene was 

synthesized as described previously in the literature.[58] 
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1-Phenyl-2-(3-thioenyl)-1H-phenanthro[9,10-d]imidazole (2): A mixture of 

aniline (7.95 g, 85.5 mmol), phenanthrenequinone (3.75 g, 17.1 mmol), 

3-thiophenecarboxaldehyde (1.92 g, 17.1 mmol), ammonium acetate (5.28 g, 68.57 

mmol), and acetic acid (100 mL) was heated under nitrogen in an oil bath to a bath 

temperature of 123 °C, maintained at this temperature for 2 h, and then cooled and 

filtered.  The solid product was washed with an acetic acid/water mixture (1:1, 150 

mL), washed with water, and then dried (5.94 g, 92% yield).  1H NMR (300 MHz, 

CDCl3, ppm): 8.84–8.87 (m, 1H), 8.75 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H), 

7.45–7.78 (m, 9H), 7.22–7.27 (m, 2H), 7.14 (m, 1H), 7.08 (m, 1H).  13C NMR (75 

MHz, CDCl3): 147.0, 138.7, 137.2, 131.5, 130.4, 130.2, 129.1, 1290, 128.3, 128.2, 

127.7, 127.2, 127.1, 126.2, 125.5, 124.8, 124.8, 124.7, 124.0, 123.0, 122.9, 122.7, 

120.6.  HRMS-EI (m/z): [M+] calcd. for C25H16SN2, 376.1034; found, 376.1035. 

2-(2,5-Dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2). 

1-Phenyl-2-(3-thioenyl)-1H-phenanthro[9,10-d]imidazole (3, 4.14 g, 11.0 mmol) was 

dissolved in a mixture of THF (66 mL) and acetic acid (66 mL).  NBS (4.73g, 26.0 

mmol) was added portionwise and then the mixture was stirred for 20 min.  The 

solution was washed with water (2 × 200 mL), saturated NaHCO3 (1 × 200 mL), and 

then again with water (1 × 200mL).  Follow by using ethyl acetate to extract.  The 

organic layer was dried (MgSO4) and concentrated to recover M2 (5.5g, 93% yield).  
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1H NMR (300 MHz, CDCl3, ppm): 8.77–8.74 (m, 1H), 8.69 (d, J = 8.4 Hz, 1H), 8.62 

(d, J = 8.1 Hz, 1H), 7.78–7.38 (m, 8H), 7.24–7.13 (m, 2H), 6.73 (m, 1H).  13C NMR 

(75 MHz, CDCl3): 146.1, 145.7, 137.4, 137.2, 131.5, 130.4, 130.2, 129.1, 1290, 128.3, 

128.2, 127.7, 127.2, 127.1, 126.2, 125.5, 124.8, 124.8, 124.7, 124.0, 123.0, 122.9, 

122.7, 120.6.  HRMS-EI (m/z): [M+] calcd. for C25H16Br2SN2, 531.9244; found, 

531.9250. 

Preparation of Polythiophene Derivatives:  All polymers were synthesized 

through Grignard metathesis polymerization in THF according to procedures similar 

to those described in the literature.[57]  The Grignard metathesis polymerizations of 

2,5-dibromo-3-octylthiophene (M1) and 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2) are 

illustrated in Scheme 2. 

Preparation of Polythiophene Derivatives:  All polymers were synthesized 

through Grignard metathesis polymerizations in THF, according to procedures similar 

to those described in the literature.[57b,57c]  The Grignard metathesis polymerizations 

of 2,5-dibromo-3-octylthiophene (M1) and 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2) are 

illustrated in Scheme 2-2.  Detailed synthetic procedures and characterization data 

are provided below. 
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Poly(3-octylthiophene) (P00): CH3MgBr (1.5mL, 4.5 mmol) was added via syringe 

to a stirred solution of 2,5-dibromo-3-octylthiophene (1.60g, 4.5 mmol) and freshly 

distilled THF (80 mL) in a three-necked 100-mL round-bottom flask. The solution 

was heated under reflux for 2 h and then Ni(dppp)Cl2 (12 mg, 0.02 mmol) was added.  

The mixture was stirred for 1 h before the reaction was quenched through the addition 

of methanol.  The solid polymer was washed with methanol within a Soxhlet 

extractor.  The polymer then was dissolved through Soxhlet extraction with 

chloroform; the solvent was evaporated and the residue dried under vacuum to yield 

poly(3-octylthiophene) (0.54 g, 61%; 99% coupled head-to-tail).  1H NMR (300 

MHz, CDCl3): 6.98 (s, 1H), 2.78 (s, 2H), 0.86, 1.27, 1.68 (m, 15H). 13C NMR (75 

MHz, CDCl3): 139.9, 133.7, 130.5, 128.6, 31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  

Anal. Calcd for C12H18S: H, 9.34; C, 74.17; S, 16.50.  Found: H, 11.14; C, 73.58; S, 

15.28. 

P19: CH3MgBr (1.5mL, 4.5 mmol) was added via syringe to a stirred solution of 

2,5-dibromo-3-octylthiophene (1.44 g, 4.05 mmol), 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (0.24 g, 

0.45 mmol), and freshly distilled THF (80 mL) in a three-necked 100-mL 

round-bottom flask. The solution was heated under reflux for 2 h and then 

Ni(dppp)Cl2 (12 mg, 0.02 mmol) was added.  The mixture was stirred for 1 h and 
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then the reaction was quenched through the addition of methanol.  The solid polymer 

was washed with methanol within a Soxhlet extractor.  The polymer then was 

dissolved through Soxhlet extraction with chloroform; the chloroform was evaporated 

and the residue dried under vacuum to yield P19 (0.54 g, 61%; 99% coupled 

head-to-tail).  1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 3H), 7.3–7.9 (br, 13H), 6.98 

(s, 1H), 2.75 (s, 3H), 0.85, 1.26, 1.64 (m, 14H).  13C NMR (75 MHz, CDCl3): 146.2, 

145.7, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C13.3H17.8SN0.2: C, 74.73; H, 

8.83; N, 0.74; S, 15.72.  Found: C, 72.78; H, 8.66; N, 0.77; S, 14.90. 

Other polymer samples were synthesized using the method described for the 

preparation of P19, but with different amounts of 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2). 

P28: 1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 3H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 3H), 0.85, 1.26, 1.64 (m, 14H).  13C NMR (75 MHz, CDCl3): 146.2, 

145.7, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C13.6H17.6SN0.4: C, 75.29; H, 

8.33; N, 1.49; S, 14.92.  Found: C, 74.78; H, 7.66; N, 1.39; S, 14.80. 
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P37: 1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 3H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 3H), 0.85, 1.26, 1.64 (m, 14H).  13C NMR (75 MHz, CDCl3): 146.2, 

145.7, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C15.9H17.4SN0.6: C, 75.85; H, 

7.82; N, 2.23; S, 14.12.  Found: C, 74.30; H, 7.20; N, 2.41; S, 13.9. 

P55: 1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 3H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 3H), 0.85, 1.26, 1.64 (m, 14H).  13C NMR (75 MHz, CDCl3): 146.2, 

145.7, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C18.5H17SN: C, 76.97; H, 

6.81; N, 3.72; S, 12.52.  Found: C, 74.22; H, 6.72; N, 3.93; S, 11.83. 

P73: 1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 3H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 3H), 0.85, 1.26, 1.64 (m, 14H).  13C NMR (75 MHz, CDCl3): 146.2, 

145.7, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C20.1H16.6SN1.4: C, 78.08; H, 

5.80; N, 5.21; S, 10.92.  Found: C, 77.22; H, 5.72; N, 4.93; S, 10.51. 

P82: 1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 3H), 7.3–7.9 (br, 13H), 6.98 (s, 
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1H), 2.75 (s, 3H), 0.85, 1.26, 1.64 (m, 14H).  13C NMR (75 MHz, CDCl3): 146.2, 

145.7, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C22.4H16.4SN1.6: C, 78.64; H, 

5.29; N, 5.95; S, 10.12.  Found: C, 77.22; H, 5.20; N, 5.03; S, 10.21. 

1H and 13C NMR spectra were recorded on a Varian Unity-300 NMR spectrometer.  

Infrared spectra were recorded from KBr disks on a Nicolet Protégé-460 FTIR 

spectrophotometer.  Elemental analyses (EA) of our polymers were performed using 

a Heraeus CHN-OS Rapid instrument.  Thermal gravimetric analyses of the 

polythiophene derivatives were performed using a Du Pont TGA 2950 instrument 

operated at a heating rate of 10 °C/min under a nitrogen purge.  Differential scanning 

calorimetry (DSC) was performed on a Du Pont DSC 2010 instrument operated at a 

heating rate of 10 °C/min under a nitrogen purge.  Samples were heated from 30 to 

200 °C, cooled to 20 °C, and then heated again from 30 to 200 °C; the glass transition 

temperatures (Tg) were determined from the second heating scans.  The redox 

behavior of each polymer was investigated through cyclic voltammetry using an 

electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) in 

acetonitrile.  Cyclic voltammetry was performed using a BAS 100 electrochemical 

analyzer operated at a potential scan rate of 40 mV/s.  In each case, a glassy disk 
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carbon electrode coated with a thin layer of the polymer was used as the working 

electrode.  A platinum wire was used as the counter electrode and a silver wire was 

used as the quasi-reference electrode.  All of the potentials quoted herein are 

referenced to the Ag wire as the quasi-reference electrode; the electrochemical 

potential of Ag is –0.02 V vs SCE.  EHOMO
 = –Eox – 4.4 eV and ELUMO = –Ered – 4.4 

eV, where Eox and Ered are the onset potentials of the oxidation and reduction peaks 

(vs saturated calomel electrode, SCE), respectively, and the value of 4.4 eV relates the 

SCE reference to a vacuum.[59]  UV–Vis spectra were measured using an HP 8453 

diode array spectrophotometer.  PL spectra were recorded using a Hitachi F-4500 

luminescence spectrometer.  The molecular weights of the polythiophene derivatives 

were measured through gel permeation chromatography (GPC) using a Waters 

chromatography unit interfaced to a Waters 2414 differential refractometer.  Three 

5-μm Waters styragel columns were connected in series in decreasing order of pore 

size (104, 103, and 102 Å); THF was the eluent and standard polystyrene samples were 

used for calibration. 

Device Fabrication:  The current density–voltage (J–V) measurements of our 

polymers were performed using devices having a sandwich structure 

(ITO/PEDOT:PSS/polymer:PCBM (1:2, w/w)/Ca/Al).  An ITO-coated glass 

substrate was pre-cleaned and treated with oxygen plasma prior to use.  The 



 28

polymer/PCBM layer was spin-coated at 1500 rpm from the corresponding 

dichlorobenzene solution (15 mg/mL).  The nominal thickness of the 

polymer/PCBM layer was ca. 80 nm.  Using a base pressure below 1× 10–6 torr, a 

layer of Ca (30 nm) was vacuum-deposited as the cathode and then a thick layer of Al 

(100 nm) was deposited as the protecting layer and the effective area of one cell is 

0.04 cm2.  Testing of the devices was performed under simulated AM1.5 irradiation 

(100 mW/cm2) using a xenon lamp-based Newport 66902 150W solar simulator.   A 

Xenon lamp with AM1.5 filter was used as the white light source, and the optical 

power at the sample was 100 mW/cm2 detected by OPHIR thermopie 71964.  The 

J–V characteristics were measured using a Keithley 236 electrometer.  The spectrum 

of our solar simulator had a mismatch of less than 25 %.  Reported efficiencies are 

the averages obtained from four devices prepared on each substrate.  The external 

quantum efficiency (EQE) was measured using a Keithley 236 coupled with Oriel 

Cornerstone 130 monochromator. The light intensity at each wavelength was 

calibrated with OPHIR 71580 (diode). 
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2-3. Results and Discussion 

Figure 2-1 presents the 1H NMR spectra of M2 and some of the synthesized 

polymers.  The regioregularity of the polymers can be determined from the ratio of 

the area under the peak at 6.98 ppm to the area under all of the peaks ranging from 

6.98 to 7.04 ppm.  Because only a signal at 6.98 ppm is present in the spectrum of 

P00, with no other peaks nearby, we believe that this polymer possesses an almost 

complete head-to-tail configuration (i.e., the regioregularity close to 100%).[57a]  In 

the spectrum of P37, the peak at 6.73 ppm (CH proton of the thiophene ring) is absent, 

and the broad peaks in the ranges 8.2–9.2 (CH protons of the phenathrenyl group), 

7.2–8.2 (CH protons on the phenyl group), and 0.8–3.0 ppm (octyl chain protons) 

confirm that the copolymers of M1 and M2 had formed. 
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Figure 2-1. The 1H NMR spectra of M2, P00, P37, P55, and P82. 
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   Figure 2-2 displays the FTIR spectra of M2 and the synthesized polymers.  In the 

spectrum of M2, we observe distinct and sharp absorption bands at 3067 and 3127 

cm–1 that correspond to the stretching of the β-CH units on the thiophene ring.  We 

assign the band at 820 cm–1 to the C–H out-of-plane deformation of the thiophene ring.  

The absence of any signals at 783 cm–1 (for bending of α-CH units on the thiophene 

ring) in the spectra of P00 and P37 indicates that the polymerization occurred through 

reactions of the thiophene ring.  The CH3 and CH2 stretching vibrations appear as the 

band at 2800–3000 cm–1 in the spectra of P00 and P37.  The peak at 727 cm–1 is due 

to C–S–C ring deformations.  Similar features have been reported for other 

polythiophenes and their derivatives.[59,60]

Figure 2-2.  FTIR spectra of M2, P00, and P37. 
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     Table 2-1. displays the molecular weight, the degradation temperature and the 

glass transition temperatures of synthesized copolymers, P00 to P82.  The number 

molecular weight (Mn) of our polymers range from 7.2 kg/mole to 11.6 kg/mole and 

the polydispersity index (PDI) shows at the range of 1.28 and 1.61.   The thermal 

degradation temperatures of these copolymers increased upon increasing the content 

of phenanthrenyl-imidazole moieties.  For instance, the degradation temperature of 

P82 improved to 432.2℃ from 370.1℃ for P00, an increase of 62℃.  Whereas, the 

glass transition temperature of P82 was not detectable as compared to 40℃ for P00.  

The residual parts at 600 ℃ increased from 31% to 80% with the relative amount of 

phenanthrenyl-imidazole moieties.  This is also evidence that the copolymerization 

had occurred. (See Figure 2-3.) 
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Table 2-1.  Molecular weights and thermal properties of synthesized polymers. 
 

 
 
 
 
 
 
 
 
 
 

a:The temperature at which 5% weight loss occurred based on the initial 
weight. 

*:The glass transition temperature can not be observed. 

 

 

 

 

 

 

 

   

 Mn(x103) Mw(x103) PDI Td
a(℃) Tg (℃) 

P00 11.6 15.6 1.34 370.1 40.0 

P55 11.2 17.8 1.61 404.5 * 

P73 7.2 12.2 1.58 430.2 * 

P82 7.7 9.9 1.28 432.2 * 

Figure 2-3.  The thermal degradation temperature of synthesized polymers 
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Figure 2-4 displays UV–Vis spectra of the polymers both in solution.  The π–π* 

transitions are responsible for the maximum absorptions (λmax) that occur at ca. 439 

and 478 nm for the solutions of P00 and P82, respectively.  These data indicate that 

the bandgap of the copolymer is lower than that of pure P3OT.[58] 

Figure 2-4.  UV–Vis spectra of P00 and P82 recorded in THF solution. 
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Figure 2-5 displays UV–Vis spectra of the polymers in the solid state.  The 

small peak at 270 nm is caused by the presence of conjugated 

phenanthrenyl-imidazole moieties that are not fully coplanar to the polythiophene 

chain owing to steric hindrance.  The π–π* transitions are responsible for the 

maximum absorptions (λmax) that occur at ca. 520 nm for P00 and 556 nm for P82 

thin films.[55]  These data indicate that the optical bandgap of the P82 copolymer is 

lower than that of pure P3OT.  Table 2-2. lists the absorption maxima, and the 

optical bandgaps of the synthesized polymers.  Optimally, conjugating 80 mol% of 

phenanthrenyl-imidazole moieties to the polythiophene chains led to the optical 

bandgap being reduced from 1.89 to 1.77 eV, confirming that the presence of the 

phenanthrenyl-imidazole moieties increases the effective conjugation length of the 

polythiophene main chain to some extent.[55]  The cyclic voltammogram data also 

shows the same trend, despite absolute values being different ( see Table 2-3). 
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Table 2-2. UV-Visible absorption peaks and optical bandgaps of synthesized 

polymers. 

 

 

 

 

 
 

 

Absorption λmax Optical bandgapPolymer 
Solution (nm) Film (nm) (eV) 

P00 439 520(549, 603) 1.89 
P55 470 540(628) 1.82 
P73 476 548(631) 1.81 
P82 478 556(638) 1.77 

Polymer Oxidation onset 
potential (eV) 

Reduction onset 
potential (eV)

HOMO 
(eV) 

LUMO 
(eV) Eg(eV) 

P00 1.00 –0.85 –5.4 –3.55 1.85 

P19 0.95 –0.83 –5.35 –3.57 1.78 

P28 0.90 –0.80 –5.30 –3.60 1.70 

P37 0.85 –0.76 –5.25 –3.64 1.61 

P55 0.81 –0.74 –5.21 –3.66 1.55 

P73 0.80 –0.70 –5.20 –3.70 1.50 

P82 0.75 –0.65 –5.15 –3.75 1.40 

Figure 2-5. The UV–Vis spectra of P00 and P82 recorded in the solid state. 
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Table 2-3. Redox data, HOMO, LUMO energy levels, and band gap energies of our 

synthesized polymers. 
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   Figure 2-6 displays PL spectra of polymer solutions and films recorded at 

excitation wavelengths of 400 and 450 nm, respectively.  The PL of the 

phenanthrenyl-imidazole-containing copolymers solutions was quenched relative to 

that of pure P3OT, with the degree of quenching increasing upon increasing the 

content of phenanthrenyl-imidazole units in the copolymer. 
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Figure 2-6.  Photoluminescence (PL) spectra, normalized to the number of 
absorbed photons, of all seven polymers in solution state. 
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     Figure 2-7 displays photoluminescence (PL) spectra of polymer films recorded 

at excitation wavelengths of 450 nm, respectively.  The PL of the 

phenanthrenyl-imidazole-containing copolymers films was dramatically quenched 

relative to that of pure P3OT, with the degree of quenching increasing upon 

increasing the content of phenanthrenyl-imidazole units in the copolymer.  This 

finding suggests that photoinduced charge transfer occurred from the photoexcited 

polythiophene backbone to the electron-withdrawing phenanthrenyl-imidazole side 

chains, and that this charge transfer was sufficiently rapid to compete with radiative 

recombination of the excitons.[61] 
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Figure 2-7.  Photoluminescence (PL) spectra, normalized to the number of absorbed 
photons, of synthesized polymers in the solid state. 
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    Figure 2-8 displays the photocurrents of diodes having the structure 

ITO/PEDOT:PSS/polymer: [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) (1:2, 

w/w)/Ca/Al that were illuminated at AM 1.5 G and 100 mW/cm2.    In Figure 8, the 

short circuit current density (Jsc) increased upon increasing the content of the 

phenanthrenyl-imidazole moieties, probably as a consequence of enhanced light 

absorption at longer wavelength due to the extended conjugation and the fast charge 

transfer of the copolymers.[62]  For all efficiency values reported in this paper we 

used a spectral mismatch factor of 0.8 to account for deviations in the spectral output 

of the solar simulator with respect to the standard AM 1.5 spectrum and deviations in 

the spectral response of the device with respect to that of the reference cell.  Table 

2-4. lists the detailed photovoltaic properties of these polymer solar cells.  In 

particular, the short circuit current densities of the device containing the copolymer 

having 80 mol % phenanthrenyl-imidazole, P82, improved to 14.2 mA/cm2 from 8.7 

mA/cm2 for the device of pure poly(3-octylthiophene), P00, an increase of 62%.  

Because of the increased degree of the short circuit current density that occurred when 

the phenanthrenyl-imidazole content increased, the current density–voltage 

characteristics of our solar cell devices suggest that charge transfer occurred from the 

photoexcited polythiophene backbone through the phenanthrenyl-imidazole moieties 

and PCBM to the electrode.  The open circuit voltages (Voc) of the P82 
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heterojunction device increased to 0.69 V from 0.59 V for the P00 device.  The open 

circuit voltages of polymer heterojunction cell is usually proportional to the difference 

between the lowest unoccupied molecular orbital (LUMO) of the electron acceptor 

and the highest occupied molecular orbital (HOMO) of the electron donor[63] but are 

influenced by many other factors, for example, solvent effects.[64]  In the P82 device 

case, it appears that the fact that the copolymers became less soluble and less miscible 

with PCBM at higher phenanthrenyl-imidazole moieties contents[64] dominates over 

the decrease between the LUMO of the electron acceptor and the HOMO of the 

electron donor, resulting in a slightly higher Voc than that of the P00 device.  

Nevertheless, the filled factors remained low as a result of the devices maintaining 

large series resistances and low shunt resistances.[65]  Even with the disadvantage of 

low filled factors, the power conversion efficiency increased dramatically to 2.8% for 

P82 from 1.22% for P00, presumably due to the lowered bandgap and the enhanced 

electron transfer for the former polymer.   
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Figure 2-8.  Current density–voltage characteristics of illuminated (AM 1.5G, 100 
mW/cm2) polymer solar cells incorporating P00, P55, P73, and P82 and PCBM. 

 

Table 2-4. Photovoltaic properties of the polymer solar cells. 
 

 

 

Weight ratio of 
polymer to PCBM Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

P00:PCBM = 1:2 0.59 8.7 23.6 1.22 
P55:PCBM = 1:2 0.64 9.4 30.2 1.68 
P73:PCBM = 1:2 0.62 12.4 28.0 2.15 
P82:PCBM = 1:2 0.69 14.2 31.1 2.80 
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    The photophysics of the devices using the synthesized copolymers can be 

manifested by examining their external quantum efficiency and light absorption data.  

Figure 2-9(a) and (b) show the external quantum efficiency (EQE) of the 

polythiophene side-chain-tethered phenanthrenyl-imidazole/PCBM devices and the 

UV-Vis absorption of the copolymer/PCBM blends experienced the same annealing 

condition as that of the device, respectively.  The EQE values of P82 device is at 

least 19% larger than that of the P00 device at wavelength from 400 to 600 nm.  In a 

detailed comparison, the EQE value of the P82 device improved to 50% from 29% for 

the P00 device at 450 nm incident light, almost 100% increase.  The maximum EQE 

value of the P82 and P00 devices reaches 69% and 29%, respectively, at 480 nm, with 

a 1.5 times increase.  Even at a much longer wavelength of 600 nm, the EQE of P82 

device improved to 33% from 11% for P00 device, a two-fold increase.  The relative 

light absorption intensity of P82/PCBM blend is about 20% higher than that of 

P00/PCBM blend at 400 nm and 600 nm, respectively.  The similarity between the 

shape of the EQE curves of these copolymers and their corresponding UV-Vis 

absorption spectra indicated that the enhanced photocurrent current densities, Jsc, are 

mainly generated by the rapid electron transfer of the dissociated excitons in 

polythiophene backbone to the conjugated phenanthrenyl-imidazole side chain and 

lowered bandgap of the copolymers.  The large increase in the short-circuit current 
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density of the polythiophene-side-chain tethered phenanthrenyl-imidazole device in 

turn accounts for the large increase in the power conversion efficiency of P82 device 

as compared to that of P00 device.  These results demonstrate that the introduction 

of electron-withdrawing and conjugated phenanthrenyl-imidazole onto polythiophene 

side chains can quite effectively improve the photon conversion efficiency of 

poly(3-octylthiophene). 
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Figure 2-9.  (a) The external quantum efficiency of P00, P73 and P82/PCBM solar 
cells 
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Figure 2-9.  (b) The UV-Vis absorption of the copolymer/PCBM blends experience 
the same annealing condition as that of the device. 
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2-4. Conclusions 

In summary, we have prepared a new family of regioregular thiophene 

copolymers presenting phenanthrenyl-imidazole side chains in conjugation with the 

main polymeric chain, leading to lowered bandgaps.  The reduction in the bandgap 

energy in conjunction with the observed photoluminecsence quenching indicates that 

rapid charge transfer occurred from the photoexcited polythiophene backbone through 

the phenanthrenyl-imidazole moieties to PCBM in the device.  The much higher 

external quantum efficiency of the polythiophene-side-chain-tethered 

phenanthrenyl-imidazole device than that of pure poly(3-octylthiophene) device 

results in much higher short circuit current density.  Due to the high short circuit 

current density obtained in the phenanthrenyl-imidazole presenting regioregular 

poly(3-octylthiophene), the power conversion efficiency improved dramatically to 

2.80% for the copolymer containing 80 mol % phenanthrenyl-imidazole from 1.22% 

for pure poly(3-octylthiophene).   

 

 



 46

CChhaapptteerr  33::   Intramolecular Donor–Acceptor Regioregular 

Poly(3-hexylthiophene)s Presenting Octylphenanthrenyl-Imidazole 

Moieties Exhibit Enhanced Charge Transfer for Heterojunction Solar 

Cell Applications 

 
     

    A new family of regioregular copolymers of poly(3-hexylthiophene) side 

chain-tethered with octylphenanthrenyl-imidazole moieties possess lowered bandgaps 

and enhanced charge transfer properties that make them suited for use in 

heterojunction polymer/PCBM solar cell applications. The short circuit current 

density and the power conversion efficiency of the copolymer having 90 mole% 

octylphenanthrenyl-imidazole group device improved to 13.7 mA/cm2 and 3.45%, 

respectively. 
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3-1. Introduction 

The development of conjugated polymers that possess extended delocalized 

π-electrons for use in organic optoelectronic devices has been an area of extensive 

investigation, with some studies having focused on solar cell devices based on bulk 

heterojunctions using conjugated polymers.[66–72]  Recently, research into conjugated 

polymers containing electron donor–acceptor pairs has become quite active[73] 

because such materials exhibit unusual optical, electrical, and electronic properties.  

There are two kinds of donor–acceptor systems: intermolecular donor–acceptor 

systems, which are usually encountered in such devices as bulk heterojunction solar 

cells, and intramolecular donor–acceptor systems, which enhance the rate of charge 

transfer within molecules or polymers.[73,74]  With intermolecular donor–acceptor 

systems, bulk heterojunction polymer solar cells have been prepared using a thin film 

of an electron-donating conjugated polymer and an electron-accepting species that has 

been either another polymer or a set of nanoparticles.[73]  The intramolecular 

donor–acceptor systems typically consist of electron donating groups (such as 

conjugated polymers or small conjugated molecules), a bridge (such as another 

conjugated group or a long alkyl chain), and electron acceptors.[74]  The 

photochemical and photophysical properties of molecules or polymers depend upon 

the kinetics of excited-state processes that occur after the absorption of a photon.  
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After being photoexcited, the generated excitons can be stabilized for further 

separation because of the extended conjugation length, and the electrons then can be 

transferred from donors to acceptors rapidly.[73]  Understanding how excited states 

behave as a function of time is a critical challenge toward designing new molecules 

for solar cell applications.  Typically, femtosecond time-resolved photoluminescence 

spectroscopy is used to obtain such information.[74]  Two models of the 

intramolecular charge transfer process have been proposed: the twisted intramolecular 

charge transfer model and the planar intramolecular charge transfer model.  Because 

the charge transfer rate is higher for planar intramolecular charge transfer than it is for 

twisted intramolecular charge transfer,[73a] the charge separation process after 

photoexcitation will be more efficient after the introduction of electron-acceptor 

groups onto the polymer side chains in a coplanar manner.  Moreover, the 

introduction of an electron-acceptor unit, which is usually a conjugated species that 

can absorb a different wavelength of sunlight, onto the side chain of a conjugated 

polymer can increase the breadth of wavelengths of light absorbed.  Therefore, 

conjugated polymers that contain side chain-tethered conjugated acceptor moieties not 

only absorb light more effectively (multiple absorption) but also exhibit enhanced 

charge transfer ability—two desirable properties for photovoltaics applications.[75]  

There are three methods for introducing electron acceptors onto polymers.  The first 
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method is the introduction of C60 pendent groups onto the polymers as side chains that 

enhance charge transfer; unfortunately, such C60 groups absorb very little light and 

tend to destroy the crystalline ability of the polymeric chain, leading lower power 

conversion efficiency.[76]  The second method involves synthesizing panchromatic 

conjugated polymers containing alternating donor–acceptor units in the main 

chains;[76] with this approach, the preparation of the monomers becomes a critical 

issue because it is very difficult to purify them.  The third method is the 

incorporation of electron-withdrawing moieties as side chains that exist in conjugation 

with and coplanar to the polymeric main chains, which are the electron donors.  This 

method has the additional advantages of allowing charge separation through 

sequential transfer of electrons from the main chains to the side chains and then to 

[6,6]-phenyl-C61-butyric acid methyl ester (PCBM). 

Polythiophene derivatives are among the most promising materials for solar cell 

applications because of their excellent light absorption and electronic conductivity 

properties.  Polymer solar cells containing blends of poly(3-hexylthiophene) and 

PCBM have been studied in depth; recent reports have described power conversion 

efficiencies of ca. 4% under standard solar conditions (AM 1.5G, 100 mW/cm2, 25 

°C).[78–83]  To further improve the power conversion efficiencies of these 

heterojunction polymer solar cells, we designed a conjugated donor–acceptor polymer 
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comprising poly(3-hexylthiophene) (P3HT) as the donor and side chain-tethered 

octylphenanthrenyl-imidazole groups as acceptors.  In such systems, the charge 

transfer rate of the side chain-tethered octylphenanthrenyl-imidazole polymers can be 

improved and their bandgaps can be lowered as a result of the increase in the effective 

conjugation length.  The extent of the reduction in the bandgap of these polymers, 

however, will depend on the effective conjugation length of the system, which is 

sometimes reduced through steric hindrance.[74c, 74d]  Previously, we synthesized 

poly(3-octylthiophene)s (P3OT) containing phenanthrenyl-imidazole moieties that 

did not exhibit good solubility because of their rigid chemical structures.[84]  In this 

present study, we chose P3HT because the power conversion efficiency of a device 

incorporating P3HT and PCBM was higher than that of a device containing P3OT 

and PCBM.  The two octyl chains onto the phenanthrenyl-imidazole moiety were 

introduced to improve the solubility of the polymers.  Scheme 3-1 displays our 

synthetic approaches toward 2,5-dibromo-3-hexylthiophene and the planar 

phenanthrenyl-imidazole moiety-tethered thiophene monomer.  We expected that the 

presence of the octylphenanthrenyl-imidazole moieties conjugated to the thiophene 

units would enhance the charge transfer rate of the polythiophene, with the octyl 

substituents improving the solubility of the polymer derivatives.   
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Scheme 3-1. Synthesis of M1 and M2; NBS: N-bromosuccinimide. 
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Scheme 3-2 illustrates the copolymerization of 2,5-dibromo-3-hexylthiophene 

M1 and 

2-(2,5-dibromothiophen-3-yl)-6,9-dioctyl-1-phenyl-1H-phenanthro[9,10-d]imida 

-zole monomer M2, performed using a Grignard metathesis approach.  We also used 

a Grignard metathesis method to prepare P3HT for control experiments on comparing 

the device performance by P3HT with that of our synthesized copolymers. 
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Scheme 3-2.  Grignard metathesis polymerization of M1 and M2; THF: 
tetrahydrofuran. 

 

Polymer molar ratio P3HT P46 P64 P82 P91

Molar fraction of M1 100% 60% 40% 20% 10%

Molar fraction of M2 0 40% 60% 80% 90%



 53

3-2. Experimental 

   Materials. Chemicals were purchased from Aldrich, TCI, or Lancaster. 

[6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from Nano-C.  

Polyethylenedioxythiophene/polystyrenesulphonate (PEDOT/PSS) was purchased 

from Baytron (P VP A1 4083). 

Preparation of Monomers. Scheme 3-1 illustrates the synthetic route followed for 

the preparation of the monomers 2,5-dibromo-3-hexylthiophene (M1) and 

2-(2,5-dibromothiophen-3-yl)-6,9-dioctyl-1-phenyl-1H-phenanthro[9,10-d]imidazole 

(M2).  6,9-Dibromo-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (3) 

was isolated in 92% yield after the reaction of 3-thiophenecarboxaldehyde, 

phenanthrenequinone, aniline, ammonium acetate, and acetic acid.  

6,9-Dioctyl-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (4) was 

isolated in 80% yield from the reaction of compound 3 with octyl magnesium 

bromide and Ni(dppp)Cl2 under reflux.  

2-(2,5-Dibromothiophen-3-yl)-6,9-dioctyl-1-phenyl-1H-phenanthro[9,10-d]imidazole 

(M2) was isolated in 93% yield from the reaction between compound 2 and NBS.[84]  

Detailed synthetic procedures and characterization data are provided bwlow. 

3,6-Dibromo-9,10-dihydrophenanthrene (1).  NBS (9.88 g, 55.48 mmol) was 

added portionwise to a solution of 9,10-dihydrophenanthrene (5.0 g, 27.74 mmol) in 
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THF (66 mL) and acetic acid (66 mL) and then the mixture was stirred for 20 min.  

The solution was washed with water (2 × 200 mL), saturated NaHCO3 (1 × 200 mL), 

and then again with water (1 × 200mL).  Follow extraction with ethyl acetate, the 

organic layer was dried (MgSO4) and concentrated to yield 1 (8.0 g, 85%).  1H NMR 

(300 MHz, CDCl3, ppm): 7.60 (s, 2H), 7.34 (d, J = 8.1 Hz, 2H), 7.08 (s, 2H), 2.88 (s, 

2H).  13C NMR (75 MHz, CDCl3): 136.3, 134.0, 132.5, 131.5, 130.2, 120.4, 29.7.  

HRMS-EI (m/z): [M+] calcd. for C14H10Br2, 335.9149; found, 335.9147. 

3,6-Dibromophenanthrene-9,10-dione (2).  

3,6-Dibromo-9,10-dihydrophenanthrene (7.0 g, 20.7 mmol)  and chromic trioxide 

(4.84 g, 46.6 mmol) were dissolved in acetic anhydride (100 mL) and reacted for 3 h 

at room temperature.  The solution was poured into 1 N HCl solution (300 mL) and 

extracted with ethyl acetate.  The organic layer was dried (MgSO4) and concentrated 

to yield 2 (6.8 g, 89%).  1H NMR (300 MHz, CDCl3, ppm): 7.88 (s, 2H), 7.74 (d, J = 

8.4 Hz, 2H), 7.51 (s, 2H).  13C NMR (75 MHz, CDCl3): 180.2, 136.3, 134.0, 132.5, 

131.5, 130.2, 129.4.  HRMS-EI (m/z): [M+] calcd. for C14H6Br2O2, 363.8734; found, 

363.8732. 

6,9-Dibromo-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole  (3). 

A mixture of aniline (7.95 g, 85.5 mmol), 3,6-dibromophenanthrene-9,10-dione (2, 

6.63 g, 17.1 mmol), 3-thiophenecarboxaldehyde (1.92 g, 17.1 mmol), ammonium 
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acetate (5.28 g, 68.57 mmol), and acetic acid (100 mL) was heated for 2 h under 

nitrogen in an oil bath maintained at a bath temperature of 120 °C.  After cooling 

and filtering, the solid product was washed sequentially with an acetic acid/water 

mixture (1:1, 150 mL) and water, and then dried to yield 3 (8.22 g, 90%).  1H NMR 

(300 MHz, CDCl3, ppm): 8.84–8.87 (m, 1H), 8.75 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 

Hz, 1H), 7.45–7.78 (m, 7H), 7.22–7.27 (m, 2H), 7.14 (m, 1H), 7.08 (m, 1H).  13C 

NMR (75 MHz, CDCl3): 149.2, 137.3, 134.0, 132.5, 131.5, 130.2, 128.4, 126.4, 125.7, 

120.4.  HRMS-EI (m/z): [M+] calcd. for C25H14Br2SN2, 531.9244; found, 531.9250. 

6,9-Dioctyl-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (4).  A 

100-mL round-bottom three-neck flask equipped with a stirrer bar, condenser, 

addition funnel, and N2 inlet/outlet was charged with Mg (0.79 g, 32.7 mmol) and dry 

ether (10 mL).  Bromooctane (2.89 g, 14.8 mmol) in dry ether (20 mL) was added 

dropwise to maintain a mild reflux.  The mixture was heated under reflux for an 

additional 2.5 h.  The Grignard reagent solution was then added dropwise to an 

ice-cooled 250-mL three-neck round-bottom flask containing 

6,9-dibromo-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (3, 4.00 g, 

7.4 mmol), Ni(dppp)Cl2 (0.04 g, 0.08 mmol), and dry ether (30 mL).  The solution 

was then heated under reflux overnight.  The cooled reaction mixture was quenched 

carefully with HCl (5%, 75 mL); the ether layer was separated, washed with H2O (2 × 
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75 mL), and dried (MgSO4).  The crude product was purified by column 

chromatography (silica gel, 8% EtOAc/hexane) to yield 4 (4.0 g, 88%).  1H NMR 

(300 MHz, CDCl3, ppm): 8.84–8.87 (m, 1H), 8.75 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 

Hz, 1H), 7.45–7.78 (m, 7H), 7.22–7.27 (m, 2H), 7.14 (m, 1H), 7.08 (m, 1H). 

1.00–1.80 (m, 30H), 2.66 (t, J = 7.2 Hz, 4H).  13C NMR (75 MHz, CDCl3): 149.2, 

137.3, 134.0, 132.5, 131.5, 130.2, 128.4, 126.4, 125.7, 124.7, 31.9, 30.6, 29.6, 29.4, 

29.3, 22.7, 14.1.  HRMS-EI (m/z): [M+] calcd. for C41H48SN2, 600.3538; found, 

600.3533. 

2-(2,5-Dibromothiophen-3-yl)-6,9-dioctyl-1-phenyl-1H-phenanthro[9,10-d]imidaz

-ole (M2).  NBS (2.07 g, 11.6 mmol) was added portionwise to a solution of 

6,9-dioctyl-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (4, 3.5 g, 

5.82 mmol) in THF (33 mL) and acetic acid (33 mL) and then the mixture was stirred 

for 20 min.  The solution was washed with water (2 × 200 mL), saturated NaHCO3 

(1 × 200 mL), and then again with water (1 × 200mL).  Following extraction with 

ethyl acetate, the organic layer was dried (MgSO4) and concentrated to yield M2 (4.0 

g, 90%).  1H NMR (300 MHz, CDCl3, ppm): 8.84–8.87 (m, 1H), 8.75 (d, J = 8.4 Hz, 

1H), 8.69 (d, J = 8.4 Hz, 1H), 7.45–7.78 (m, 7H), 7.22–7.27 (m, 1H), 6.73 (s, 1H) 

1.00–1.80 (m, 30H), 2.66 (t, J = 7.5 Hz, 4H).  13C NMR (75 MHz, CDCl3): 149.2, 

137.3, 134.0, 132.5, 131.5, 130.2, 128.4, 126.4, 125.7, 124.7, 117.3, 99.2, 31.9, 30.6, 
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29.6, 29.4, 29.3, 22.7, 14.1.  HRMS-FAB (m/z): [M+ - H] calcd. for C41H47SN2Br2, 

757.1826; found, 757.1817. 

Preparation of Polythiophene Derivatives.  All polymers were synthesized 

through Grignard metathesis polymerizations in THF, according to procedures similar 

to those described in the literature.[85]  The Grignard metathesis polymerizations of 

2,5-dibromo-3-hexylthiophene (M1) and 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2) are 

illustrated in Scheme 3-2.  Detailed synthetic procedures and characterization data 

are provided below. 

Poly(3-hexylthiophene) (P3HT).  CH3MgBr (1.5 mL, 4.5 mmol) was added via 

syringe to a stirred solution of 2,5-dibromo-3-hexylthiophene (1.60 g, 4.5 mmol) and 

freshly distilled THF (80 mL) in a three-necked 100-mL round-bottom flask.  The 

solution was heated under reflux for 2 h and then Ni(dppp)Cl2 (12 mg, 0.02 mmol) 

was added.  The mixture was stirred for 1 h before the reaction was quenched 

through the addition of methanol.  The solid polymer was washed with methanol 

within a Soxhlet extractor.  The polymer then was dissolved through Soxhlet 

extraction with chloroform; the solvent was evaporated and the residue dried under 

vacuum to yield poly(3-octylthiophene) (0.54 g, 61%; 99% coupled head-to-tail).  1H 

NMR (300 MHz, CDCl3): 6.98 (s, 1H), 2.78 (s, 2H); 0.86, 1.27, and 1.68 (m, 15H).  
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13C NMR (75 MHz, CDCl3): 139.9, 133.7, 130.5, 128.6, 31.9, 30.6, 29.6, 29.4, 22.7, 

14.1.  Anal. Calcd for C10H14S: H, 8.49; C, 72.27; S, 19.28.  Found: H, 8.28; C, 

72.58; S, 19.0. 

P28.  CH3MgBr (1.5 mL, 4.5 mmol) was added via syringe to a stirred solution 

of 2,5-dibromo-3-octylthiophene (1.44 g, 4.05 mmol), 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (0.24 g, 

0.45 mmol), and freshly distilled THF (80 mL) in a three-necked 100-mL 

round-bottom flask.  The solution was heated under reflux for 2 h and then 

Ni(dppp)Cl2 (12 mg, 0.02 mmol) was added.  The mixture was stirred for 1 h and 

then the reaction was quenched through the addition of methanol.  The solid polymer 

was washed with methanol within a Soxhlet extractor.  The polymer then was 

dissolved through Soxhlet extraction with chloroform; the chloroform was evaporated 

and the residue dried under vacuum to yield P28 (0.51 g, 60%; 99% coupled 

head-to-tail).  1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 2H), 7.3–7.9 (br, 13H), 6.98 

(s, 1H), 2.75 (s, 9H); 0.85, 1.26, and 1.64 (m, 38H).  13C NMR (75 MHz, CDCl3): 

149.2, 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 

31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C16.2H21SN0.4: C, 74.1; H, 

8.4; N, 0.93; S, 16.57.  Found: C, 72.78; H, 8.66; N, 0.87; S, 15.90. 
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Other polymer samples were synthesized using the method described for the 

preparation of P28, but with different amounts of 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]imidazole (M2). 

P46.  1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 2H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 9H); 0.85, 1.26, and 1.64 (m, 38H).  13C NMR (75 MHz, CDCl3): 149.2, 

139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 127.5, 

127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 31.9, 30.6, 

29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C22.4H28SN0.8: C, 76.1; H, 8.38; N, 1.86; 

S, 13.66.  Found: C, 74.78; H, 7.66; N, 1.69; S, 14.80. 

P64.  1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 2H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 9H); 0.85, 1.26, and 1.64 (m, 38H).  13C NMR (75 MHz, CDCl3): 149.2, 

139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 127.5, 

127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 31.9, 30.6, 

29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C28.6H35SN1.2: C, 77.98; H, 8.32; N, 

2.79; S, 10.91.  Found: C, 74.78; H, 7.66; N, 2.59; S, 10.80. 

P82.  1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 2H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 9H); 0.85, 1.26, and 1.64 (m, 38H).  13C NMR (75 MHz, CDCl3): 

149.2, , 139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 

127.5, 127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 
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31.9, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C33.2H42SN1.6: C, 79.9; H, 

8.27; N, 3.72; S, 8.11.  Found: C, 78.22; H, 8.72; N, 3.93; S, 7.83. 

P91.  1H NMR (300 MHz, CDCl3): 8.4–8.9 (br, 2H), 7.3–7.9 (br, 13H), 6.98 (s, 

1H), 2.75 (s, 9H); 0.85, 1.26, and 1.64 (m, 38H).  13C NMR (75 MHz, CDCl3): 149.2, 

139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 127.5, 

127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 31.9, 30.6, 

29.6, 29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C37.9H45.5SN1.8: C, 80.85; H, 8.24; N, 

4.12; S, 6.79.  Found: C, 81.22; H, 7.72; N, 3.93; S, 6.51. 

 

Characterization: 1H and 13C NMR spectra were recorded on a Varian Unity-300 

NMR spectrometer.  Elemental analyses (EA) of our polymers were performed using 

a Heraeus CHN-OS Rapid instrument.  Thermal gravimetric analyses of the 

polythiophene derivatives were performed using a Du Pont TGA 2950 instrument 

operated at a heating rate of 10 °C/min under a nitrogen purge.  Differential scanning 

calorimetry (DSC) was performed on a Du Pont DSC 2010 instrument operated at a 

heating rate of 10 °C/min under a nitrogen purge.  Samples were heated from 30 to 

200 °C, cooled to 20 °C, and then heated again from 30 to 200 °C; the glass transition 

temperatures (Tg) were determined from the second heating scans.  UV–Vis spectra 

were measured using an HP 8453 diode array spectrophotometer.  PL spectra were 
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recorded using a Hitachi F-4500 luminescence spectrometer.  The molecular weights 

of the polythiophene derivatives were measured through gel permeation 

chromatography (GPC) using a Waters chromatography unit interfaced to a Waters 

2414 differential refractometer.  Three 5-μm Waters styragel columns were 

connected in series in decreasing order of pore size (104, 103, and 102 Å); THF was 

the eluent and standard polystyrene samples were used for calibration.  The redox 

behavior of each polymer was investigated by cyclic voltammetry using an electrolyte 

of 0.1 M tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) in acetonitrile.  

Cyclic voltammetry measurements on our synthesized polymers were performed 

using a BAS 100 electrochemical analyzer, operated at a potential scan rate of 40 

mV/s.  In each case, a glassy disk carbon electrode coated with a thin layer of a 

polymer was used as the working electrode; a platinum wire was used as the counter 

electrode, and a silver wire was used as the quasi-reference electrode.  All of the 

potentials quoted herein used Ag wire as the quasi-reference electrode; the 

electrochemical potential of Ag is –0.02 V vs. saturated calomel electrode (SCE).  

EHOMO
 = –Eox – 4.4 eV and ELUMO = –Ered – 4.4 eV, where Eox and Ered are the onset 

potentials of the oxidation and reduction peaks (vs. SCE), respectively, and the value 

of 4.4 eV relates the SCE reference to a vacuum.  The topography of P3HT/PCBM 

and P91/PCBM films was obtained by using atomic force microscope (AFM) with a 
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Digital Instruments Nanoscope IIIa, analyzed at a scan rate 1.0 Hz with the tapping 

mode.  The AFM samples were prepared by spin-coating the solutions of polymer 

and PCBM blends in dichlorobenzene on silica wafer substrates, followed by 

annealing them at 120℃ for two hours in an oven. 

Time-Resolved Photoluminescence Spectra.  The relaxation dynamics of the 

thin-film samples were studied using the femtosecond fluorescence up-conversion 

technique; the experimental details are available elsewhere.[86]  In brief, a 

fluorescence optically gated system (FOG100, CDP) was used in conjunction with a 

mode-locked Ti-sapphire laser (Mira900D, Coherent) pumped with a 10-W Nd:YVO4 

laser (Verdi-V10, Coherent) where femtosecond pulses were produced having a pulse 

width of 160 fs, a wavelength centered at 880 nm, and a repetition rate of 76 MHz.  

The frequency of the laser pulse was doubled using a non-linear crystal to obtain a 

pulse of 440 nm, which was used as an excitation pulse, while the residual 

fundamental pulse was used as an optical gate.  A dichroic beam splitter separated 

the excitation and gate beams.  The intensity of the excitation beam was attenuated 

appropriately using various neutral density filters and the plane of polarization was 

altered to maintain the magic angle conditions at 54.7°.  The excitation beam was 

then focused onto a 1-mm rotating cell containing the solid thin-film samples.  The 

emission was directed toward another non-linear crystal with the aid of a pair of 
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parabolic mirrors.  The gated pulse and the emission were focused on the BBO 

crystal to obtain maximum spatial overlap when the sum-frequency was generated.  

This sum-frequency signal was passed through an iris and band-pass filter to eliminate 

stray light, focused on a double-monochromator (DH10, Jobin Yvon) with a lens, and 

then detected with a photomultiplier (R1527P, Hamamatsu) connected to a 

computer-controlled photon-counting system. A temporal profile could be obtained by 

varying the delay between the gate and the excitation pulses via a stepping-motor 

translational stage. 

Device Fabrication.  The current density–voltage (J–V) measurements of our 

polymers were performed using devices having a sandwich structure 

[ITO/PEDOT:PSS/polymer:PCBM (1:1, w/w)/Ca/Al].  The ITO-coated glass 

substrate was pre-cleaned and treated with oxygen plasma prior to use.  The 

polymer/PCBM layer was spin-coated at 1500 rpm from the corresponding 

dichlorobenzene solution (20 mg/mL).  Dichlorobenzene is the best solvent to 

dissolve our polymers, after having tried several other solvents such as toluene, 

chloroform, and tetrahydrofuran.  The nominal thickness of the polymer/PCBM 

layer was ca. 80 nm.  The active layers of our devices were thermal annealed at 

120  for 30 minutes prior to electrode depositions.  ℃ Different thermal treatment 

conditions for the samples were performed- samples were subject to thermal 
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annealing at 110 °C, 120 °C and 150 °C for 30 minutes, respectively.  The thermal 

treatment of 120 °C for 30 minutes on the samples is the one that was found to give 

the optimal power conversion efficiency for the eventual devices.  Using a base 

pressure below 1 × 10–6 torr, a layer of Ca (30 nm) was vacuum-deposited as the 

cathode and then a thick layer of Al (100 nm) was deposited as the protecting layer; 

the effective area of one cell is 0.04 cm2.  Testing of the devices was performed 

under simulated AM 1.5G irradiation (100 mW/cm2) using a xenon lamp-based 

Newport 66902 150W solar simulator.  A xenon lamp with an AM1.5 filter was used 

as the white light source; the optical power at the sample was 100 mW/cm2, detected 

by an OPHIR thermopie 71964.  The J–V characteristics were measured using a 

Keithley 236 electrometer.  The spectrum of our solar simulator had a mismatch of 

less than 25%.  The spectrum of the solar simulator was calibrated by a 

PV-measurement (PVM-154) mono-Si solar cell (NREL calibrated), and Si photo 

diode (Hamamatsu S1133) was used to check the uniformity of the exposed area.  

AM 1.5G (ASTM G173)[87] light intensity was calibrated by thermopie and 

PV-measurement.  The mismatch factor (M) was 1.34, which was obtained by taking 

the PVM-154 as the reference cell and devices of P3HT/PCBM and P91/PCBM as 

the test cells and calculating the spectrum from 300 nm to 900 nm with interval of 10 

nm (see Eq. (1)).  The PVM-154 combined with KG-5 filter (350 nm~ 700 nm 
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passed, Newport) was to simulate a reference solar cell with spectral responsivity 

from 350 nm to 700 nm.  Reported efficiencies are the averages obtained from four 

devices prepared on each substrate.  The external quantum efficiency (EQE) was 

measured using a Keithley 236 coupled with Oriel Cornerstone 130 monochromator. 

The light intensity at each wavelength was calibrated using an OPHIR 71580 diode.  
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3-3. Results and Discussion 

    The regioregularity of the polymers was determined from 1H NMR spectra, 

analyzing the ratio of the area under the peak at 6.98 ppm to the area under all of the 

peaks ranging from 6.98 to 7.04 ppm.  Because only a signal at 6.98 ppm is present 

in the spectra of P3HT and P91, with no other peaks nearby, we believe that these 

polymers possess an almost complete head-to-tail configuration (i.e., regioregularity 

close to 100%).[85]  Due to the bulky octylphenanthrenyl-imidazole on the side of 

thiophene monomers, the selectivity of these monomers during their grinard reaction 

becomes very high—the reaction first took place on the bromide on the 5-position 

then on the bromide on the 2-position of the thiophene monomers.  Hence, the 

regioregularity of P91 obtained was very high after polymerization.  In the NMR 

spectra of P91, the peak at 6.73 ppm (CH proton of the thiophene ring) is absent; the 

broad peaks in the ranges 8.4–8.9 (CH protons of the phenathrenyl group), 7.2–8.2 

(CH protons on the phenyl group), and 0.8–3.0 ppm (octyl and hexyl chain protons) 

confirm that the copolymers of M1 and M2 had formed.  The details of the 1H NMR 

spectra of the synthesized polymers are presented in Figure 3-1. 
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Figure 3-1.  The 1H NMR spectra of M2, P3HT, P46, P82, and P91. 
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    Table 3-1 displays the molecular weights, the degradation temperatures, and the 

glass transition temperatures of copolymers synthesized from P3HT to P91.  The 

number molecular weights (Mn) of our polymers range from 8.9 to 13.5 kg/mol, with 

polydispersity index (PDI) in the range from 1.20 to 1.56.  The thermal degradation 

temperatures of these copolymers decreased upon increasing the content of 

octylphenanthrenyl-imidazole moieties because of the introduction of the octyl chains.  

The glass transition temperature of P91 was not detectable, whereas it was 54.8 °C for 

P3HT. 

 
Table 3-1.  Molecular Weights and Thermal Properties of Synthesized Polymers. 
 

 Mn (× 104) Mw (× 104) PDI Tg ( )℃ Td ( )℃ a

P3HT 1.35 1.57 1.20 54.8 387.9 
P46 1.05 1.44 1.47 ** 367.1 
P64 0.98 1.46 1.48 ** 332.4 
P82 0.90 1.39 1.54 ** 321.2 
P91 0.89 1.38 1.56 ** 313.3 

 
a Temperature at which 5% weight loss occurred, based on the initial weight. 
** Glass transition temperature could not be observed. 
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    Figure 3-2 displays UV–Vis spectra of the polymers in the solid state.  The 

dihedral angel between the plane of octyl-phenanthrenyl-imidazole and that of 

thipohene determined by molecular modeling (Chem. 3D) was 82.13o (see Figure 

3-3.).  Therefore, the small peak at 270 nm is caused by the presence of conjugated 

phenanthrenyl-imidazole moieties that are not fully coplanar to the polythiophene 

chain owing to steric hindrance.  The π–π* transitions are responsible for the 

maximum absorptions (λmax) that occur at ca. 510 nm for P3HT and 550 nm for the 

P91 thin films.[88]  These data indicate that the optical bandgap of the P91 copolymer 

is lower than that of pure P3HT.  Table 3-2 lists the absorption maxima and optical 

bandgaps of the synthesized polymers.  Optimally, conjugating 90 mol% of 

octylphenanthrenyl-imidazole moieties to the polythiophene chains led to the optical 

bandgap being reduced from 1.91 to 1.80 eV, confirming that the presence of the 

octylphenanthrenyl-imidazole moieties increased the effective conjugation length of 

the polythiophene main chain to some extent.[89]  The cyclic voltammogram data of 

these polymers also indicates the same phenomenon that the bandgap of the 

copolymer reduced with the increasing mole fraction of octylphenanthrenyl-imidazole 

moieties, despite absolute values being different ( see Table 3-3). 
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Figure 3-2.  UV–Vis spectra of P3HT and P91 in the solid state. 

 

 

Figure 3-3.  The chemical structure diagram of HT and octylphenanthrenyl-imidazole 
moiety. 
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Table 3-2. UV–Vis Absorption Peaks and Optical Bandgaps of Synthesized Polymers. 

 
 
 
 
 
 
 
 

 
 
 

 

 

Absorption λmax Optical bandgapPolymer 
Solution (nm) Film (nm) (eV) 

P3HT 439 510 (544, 595) 1.91 
P46 451 530 (611) 1.86 
P64 460 538 (628) 1.85 
P82 466 546 (630) 183 
P91 470 550 (634) 1.80 

 
Reduction Onset 

Potential (eV) 
Oxidation Onset

Potential(eV) 
HOMO

(eV) 
LUMO

(eV) 
Bandgap 

(eV) 
P3HT –1.75 0.35 –4.75 –2.75 2.0 
P46 –1.63 0.30 –4.70 –2.87 1.83 
P64 –1.55 0.25 –4.65 –2.95 1.70 
P82 –1.48 0.25 –4.65 –3.02 1.63 
P91 –1.35 0.25 –4.65 –3.05 1.60 

Table 3-3. Redox data, HOMO, LUMO energy levels, and band gap energies of our 
synthesized polymers. 
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    Figure 3-4 displays photoluminescence (PL) spectra of the polymer films, 

recorded at an excitation wavelength of 440 nm.  The PL of the 

octylphenanthrenyl-imidazole-containing copolymers films was quenched 

dramatically relative to that of pure P3HT, with the degree of quenching increasing 

upon increasing the content of phenanthrenyl-imidazole units in the copolymer.  This 

finding suggests that photoinduced charge transfer occurred when the polymers were 

photoexcited.  The charge transfer from the photoexcited polythiophene backbone to 

the electron-withdrawing phenanthrenyl-imidazole side chains was sufficiently rapid 

to compete with radiative recombination of the excitons.[90] 
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Figure 3-4.  Photoluminescence (PL) spectra, normalized to the number of absorbed 
photons, of the synthesized polymers in the solid state. 

 

    The transients of the pure polymers and the blends with PCBM were found to be 
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comprised of two time constants.  For the sake of easy comparison, an 

amplitude-averaged rate constant of each transient was calculated.  The averaged 

rate constants were calculated using the following equation:[91] 

 

a
1

a
n

i i
i

τ τ
=

=∑     (3) 

 

where ai are the fractional amplitudes where 
n

1
a 1i

i=
=∑  and τi are the individual rate 

constants, which are the reciprocals of the time constants. 

Figure 3-5 displays the normalized fluorescence up-conversion transients of PCBM, 

the polymers, and blends of the polymers with PCBM, with excitation (λex) at 440 nm 

and emission (λem) at 600 nm.  The transient of PCBM alone exhibits only the 

background signal, whereas the transients of the polymer alone feature a biphasic 

relaxation feature.  The excited-state relaxation of the polymer is due mainly to 

de-excitation of the quasi-thermal self-trapping exciton (STE).[92]  The fluorescence 

decay of pure P91 was slower than that of pure P3HT, possibly due to less 

aggregation of P91 molecules than that of P3HT molecules in the film, as a result of 

the steric effect of the bulky and conjugated octylphenanthrenyl-imidazole side 

groups.  The fluorescence decay of the blend of the polymers with PCBM was faster 

than that of individual polymers in both cases.  When the polymers were blended 
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with PCBM, the transients were quenched substantially, but the biphasic feature was 

retained.  These phenomena can be observed in the case of MEHPPV and PCBM;[93] 

the shortening of the lifetime is rationalized in terms of a rapid electron transfer 

resulting from the dissociation of the S1 exciton of the polymer when there is a PCBM 

molecule in the vicinity of the polymer exciton.  The fluorescence transients were 

thus fitted with two decay components according to a parallel kinetic model.[86]  In 

Figures 3-6–3-8, we provide the fluorescence decay data and kinetic fits of both 

polymers and their blends with PCBM at values of λem of 600, 620, and 660 nm (λex 

= 440 nm).  Each transient was deconvoluted into two components with time 

constants in the femtosecond and picosecond domains. 

In the study of the fluorescence decay of the polymer, the only mode responsible 

for de-excitation was quenching; in the case of the blends of polymers with PCBM, 

there was an additional de-excitation pathway due to electron transfer between the 

donor (polymer) and an acceptor (PCBM).  Thus, the averaged rate constant of the 

pure polymer can be considered to be kq (the quenching rate constant), while that of 

the blend of polymers with PCBM was the total rate constant, kT, which includes both 

the quenching rate and electron transfer rate constants.  Therefore, it is feasible to 

evaluate the rate constant of the electron transfer process from the averaged rate 

constants of the polymer and the blend of the polymers with PCBM (kET = kT – kq).  
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Table 3-4 lists the averaged rate constants of the polymers (kq) and the blends of 

polymers and PCBM (kT), and the net electron transfer rate constants (kET = kT – kq).  

The ratio of kET to kq provides a comparison between the two different pathways of 

de-excitation: electron transfer vs. quenching.  The kET/kq ratios at 600 nm were 1.45 

and 3.46 for P3HT/PCBM and P91/PCBM, respectively; i.e., a relatively higher 

electron transfer probability existed for the case of P91 than that for the case of P3HT, 

when blended with PCBM.  Even at the emission wavelengths of 620 and 660 nm, 

the electron transfer was still much more favored for P91 than for P3HT (ratios of 

(1.67 vs. 0.31 and 1.04 vs. 0.31, respectively). 
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Figure 3-5.  Normalized fluorescence transients of (A) P3HT and (B) P91 coated on 

quartz, recorded at values of λex and λem at 440 and 600 nm, respectively.  The blue 

curves represent the normalized transients of the polymer; the red and the black 

curves correspond to those of the blend of polymer and PCBM and PCBM, 

respectively.  The insets display the same transients at a shorter time range. 
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Figure 3-6.  Time-resolved transients of (A) P3HT, (B) the blend of P3HT and 

PCBM, (C) P91, and (D) the blend of P91 and PCBM coated on quartz at values of 

λex and λem of 440 and 600 nm, respectively. 
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Figure 3-7.  Time-resolved transients of (A) P3HT, (B) the blend of P3HT and 

PCBM, (C) P91, and (D) the blend of P91 and PCBM coated on quartz at values of 

λex and λem of 440 and 620 nm, respectively. 

 

Figure 3-8.  Time-resolved transients of (A) P3HT, (B) the blend of P3HT and 

PCBM, (C) P91, and (D) the blend of P91 and PCBM coated on quartz at values of 

λex and λem of 440 and 660 nm, respectively. 
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Table 3-4. Rate Constants for the Polymer, its Blend with PCBM, and Electron 

Transfer for P3HT and P91 at Different Wavelengths. 

 
P3HT      Species 

λ/nm kq/s–1 kT/s–1 kET/s–1 kET/kq 

600 1.1 × 1012 2.7 × 1012 1.6 × 1012 1.45 

620 7.6 × 1011 1.0 × 1012 2.4 × 1011 0.31 

660 4.7 × 1011 6.2 × 1011 1.5 × 1011 0.31 

P91     Species  
λ/nm kq/s–1 kT/s–1 kET/s–1 kET/kq 

600 5.2 × 1011 2.3 × 1012 1.8 × 1012 3.46 

620 4.5 × 1011 1.2 × 1012 7.5 × 1011 1.67 

660 2.3 × 1011 4.7 × 1011 2.4 × 1011 1.04 

 

 

The photophysics of the devices incorporating the synthesized copolymers can 

be determined by examining their external quantum efficiencies.  Figure 3-9 displays 

the external quantum efficiencies (EQE) of the polythiophene side chain-tethered 

octylphenanthrenyl-imidazole/PCBM devices.  The EQE values of the devices these 

active layers had been calibrated by using a reference cell and were divided by a 

mismatch factor of 1.34.  The absolute EQE values of P91 were at least about 20% 

higher than that of self-made P3HT (Mn≅13,500) at wavelengths from 400 to 650 nm.  

In a detailed comparison, the EQE value of the P91 device at an incident wavelength 

of 460 nm improved to 73% from 52% for the P3HT device—an increase of over 
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40%.  The maximum EQE values of the P91 and P3HT devices at 400 nm reached 

83% and 56%, respectively—a 48% increase for the former over the latter.  Even at a 

much longer wavelength of 640 nm, the EQE of the P91-containing device improved 

to 47% from 14% for the P3HT-based device—a twofold increase.  This result 

indicates that introduction of octylphenanthrenyl-imidazole moieties onto a 

polythiophene backbone can improve the light absorption of the heterojunction 

copolymer/PCBM devices. 
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Figure 3-9.  External quantum efficiencies of the copolymer/PCBM solar cells. 
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Figure 3-10 displays photocurrents of the diodes having the structure 

ITO/PEDOT:PSS/polymer:PCBM (1:1, w/w)/Ca/Al that were illuminated at AM 

1.5G and 100 mW/cm2 as well as the dark current of self-made P3HT/PCBM and 

P91/PCBM blends.  In Figure 3-10, the short-circuit current density (Jsc) increased 

upon increasing the content of the octylphenanthrenyl-imidazole moieties, probably as 

a consequence of enhanced light absorption at longer wavelength due to the extended 

conjugation and fast rate of charge transfer of the copolymers.[94]  Table 3-5 lists the 

detailed short-circuit current density, open-circuit voltage and power conversion 

efficiencies of these heterojunction polymer solar cells, where the short-circuit current 

density values was obtained after dividing the measured Jsc by a mismatch factor of 

1.34.  In particular, the short-circuit current densities of the device containing the 

copolymer having 90 mol% octylphenanthrenyl-imidazole, P91, improved to 13.7 

mA/cm2 from 8.3 mA/cm2 for the device containing pure poly(3-hexylthiophene)—an 

increase of 65%.  The calibrated short-circuit current density for P91 device, 13.7 

mA/cm2, is reasonably close to its empirical value of 13.4 mA/cm2 that was obtained 

by integrating the current density-wavelength curves (see Figure 3-11).   

Equation (1) is used to calculate the mismatch factor of our light source illumating at 

a standard AM 1.5G global spectrum (ASTM G173). 
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where ERef(λ) is the reference spectral irradiance, ES(λ) is the source spectral 

irradiance, SR(λ) is the spectral responsivity of the reference cell, and ST(λ) is the 

spectral responsivity of the test cell, each as a function of wavelength (λ). The limits 

of integration λ1 and λ2 in the above equation should encompass the range of the 

reference cell and the test-device spectral responses, and the simulator and reference 

spectra should encompass λ1 and λ2 to avoid errors. 

Figure 3-11 presents the current density at the wavelength from 400 nm to 720 nm 

converted from the output signal of the external quantum efficiencies.  The 

calibrated current densities were calculated using the following equation:   

 

IT,R =
IR,R IT,S

IR,S M  

where IR,R is the calibrated short-circuit current of the reference cell under the 

reference spectrum and total irradiance, IT,S is the short-circuit current of a test cell 

measured under the source spectrum, and IR,S is the short-circuit current of the 

reference cell under the source spectrum.[95, 96]  The current densities of our 

polymers/PCBM devices calculated from the integration of the area from 400 nm to 

720 nm are 8.1, 11.4, 12.7 and 13.4 mA/cm2, respectively.   

 

(1) 

(2) 
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Therefore, the reported short-circuit current density value of our devices are 

quite reasonable.  We performed two control experiments for device comparison: 

self-made P3HT having similar molecular weight (Mn≅13,500) to that of P91 

(Mn≅8,900) [97] and commercially available high molecular weight P3HT 

(Mn≅33,000) for making devices that were subjected to the same processing 

conditions as that of P91.  When experienced the same thermal treatment, the power 

conversion efficiency of the device by self-made low molecular weight P3HT and 

PCBM was 2.26% , similar to that reported in the literature,[97a] and the power 

conversion efficiency of the device by commercially available P3HT and PCBM was 

2.9%, which is lower than the nominal value ~ 4%, as shown in Figure 3-10.  The 

device performance of self-made P3HT/PCBM, commercial P3HT/PCBM and 

P91/PCBM experienced the same thermal treatment condition were compared.  The 

thermal treatment at 120°C for 30 minutes is the optimal one for P91 blend but is not 

the case for self-made P3HT and commercial P3HT blend.  Consequently, the 

P91/PCBM device has higher power conversion efficiency than that of self-made 

P3HT/PCBM or commercial P3HT/PCBM devices under this particular thermal 

treatment, but this comparison result will not hold for other thermal treatment 

conditions.  The main point in this comparison is that despite the much lower 

molecular weight of polythiophene-imidazole copolymers than that of the 
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commercial P3HT, the power conversion efficiency of the P91/PCBM device is close 

to that (~4%) of an optimal commercial P3HT/PCBM device, indicating the 

advantages of using this particular molecular architecture.   
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Figure 3-10.  Current density–voltage characteristics of illuminated (AM 1.5G, 100 
mW/cm2) polymer solar cells incorporating self-made P3HT, P64, P82, and P91 and 
PCBM. 
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Figure 3-11.  The current density vs. wavelength diagram of self-made 
P3HT/PCBM, P64/PCBM, P82/PCBM, and P91/PCBM devices. 
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Table 3-5. Photovoltaic Properties of the Polymer Solar Cells. 

* : The short-circuit current density values had been divided by a mismatch factor of 
1.34. 

 
short-circuit 

current density, 
Jsc (mA/cm2)* 

open-circuit 
voltage, 
Voc (V) 

fill factor, 
FF (%) 

power conversion 
efficiency,  
PCE (%) 

Self-made 
P3HT 

8.3 0.6 42.0 2.26 

P46 10.1 0.64 37.4 2.42 

P64 11.7 0.66 34.2 2.63 

P82 13. 0 0.67 33.1 2.85 

P91 13.7 0.68 37.2 3.45 

Commercial 
P3HT 

7.6 0.58 65.9 2.90 
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    Because of the increased short-circuit current density that occurred when the 

octylphenanthrenyl-imidazole content increased, the current density–voltage 

characteristics of our solar cell devices suggest that charge transport occurred from 

the photoexcited polythiophene backbone, through the octylphenanthrenyl-imidazole 

moieties and PCBM, to the electrode.[78, 99]  The evidence that charge transfer from 

the photoexcited polythiophene backbone to the electron-withdrawing 

phenanthrenyl-imidazole was provided from the photoluminescence quenching data in 

Figure 3-4.  While the conclusion from the data in Table 3-4 by the fluorescence 

decay study indicates that when blended with PCBM, electron transfer from P91 to 

PCBM occurs.  By analyzing the sequence of the above two events, it is quite 

possible that the stepwise electron transfer from the polythiophene main chain to the 

imidazole and then to PCBM occurs.  The possible mechanism of charge transport 

can be explained by the following sequential event—that initially the electrons can be 

withdrawn to the octylphenanthrenyl-imidazole moieties from photoexcited 

polythiophene backbone while the holes are being retained on polythiophene.  Then, 

these electrons were transferred to the nearby PCBM, followed by transferring to 

another PCBM by tunneling through P91, and eventually reached the Ca/Al electrode.  

The holes can be transported along the photoexcited polythiophene backbone and then 

reached another P91 molecules by tunneling through PCBM.  Eventually, these 
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holes pass through the PEDOT to reach the ITO electrode.  The open circuit voltage 

(Voc) of the P91/PCBM heterojunction device increased to 0.68 V from 0.60 V for the 

P3HT/PCBM device.  The open circuit voltage of a polymer heterojunction cell is 

usually proportional to the difference between the lowest unoccupied molecular 

orbital (LUMO) of the electron acceptor and the highest occupied molecular orbital 

(HOMO) of the electron donor,[100] but it is also influenced by many other 

factors—e.g., solvent effects.[101]  From the cyclic voltammogram data (see Table 

3-6), the HOMO of P91, –4.65 eV, is slightly higher than that of P3HT (–4.75 eV), a 

difference of 0.1 eV.  The solubility of P91, however, is still much less than that of 

P3HT in dichlorobenzene despite the fact that two octyl chains were added to the 

phenanthrenyl-imidazole for improving its solubility.[102]   In the case of the 

P91/PCBM device, it appears that the fact that the effect of the copolymers becoming 

less miscible with PCBM at high content of octylphenanthrenyl-imidazole 

moieties[101] dominated over the effect of the decrease , 0.1 eV, between the LUMO of 

the electron acceptor (PCBM) and the HOMO of the electron donor (P91), resulting 

in a slightly higher value of Voc than that of the P3HT/PCBM device.  This is 

because the octylphenanthrenyl-imidazole moiety can form π–π stacking among 

themselves and therefore is not quite miscible with PCBM.  The two octyl chains on 

imidazole groups also increase the spatial distance between the 
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octylphenanthrenyl-imidazole moiety and PCBM.  Hence, the Voc of P91/PCBM 

device was higher than that of the P3HT/PCBM device.  Nevertheless, the fill 

factors remained low as a result of the devices maintaining large series resistances and 

low shunt resistances.[103]  Compared with our findings of a previous study, however, 

the fill factors were improved when the dioctyl groups were incorporated onto the 

phenanthrenyl-imidazole moieties because of the improved solubility.   

 

Table 3-6. Redox data, HOMO, LUMO energy levels, and band gap energies of our 
synthesized polymers. 

 

 
Reduction Onset 

Potential (eV) 
Oxidation Onset

Potential(eV) 
HOMO

(eV) 
LUMO

(eV) 
Bandgap 

(eV) 
P3HT –1.75 0.35 –4.75 –2.75 2.0 
P46 –1.63 0.30 –4.70 –2.87 1.83 
P64 –1.55 0.25 –4.65 –2.95 1.70 
P82 –1.48 0.25 –4.65 –3.02 1.63 
P91 –1.35 0.25 –4.65 –3.05 1.60 
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Figure 3-12 displays the atomic force microscopy images of self-made P3HT/PCBM 

and P91/PCBM (1:1, w/w) films.  The root-mean-square roughness of the 

P91/PCBM film, 2.26 nm, was twice of that, 1.13 nm, of P3HT/PCBM film, and the 

structure of P91/PCBM appears better organized than that of P3HT/PCBM.  Hence, 

we suspected that the rough surface may effectively reduce the charge-transport 

distance while providing nanoscaled texture that further enhances internal light 

absorption.[81b, 103]  Consequently, the power conversion efficiency for P91 increased 

dramatically to 3.45% for P91, presumably as a result of the lowered bandgap and 

enhanced electron transfer as well as more organized structures in the active layer of 

the device. 

 

 
Figure 3-12.  The atomic force microscopy images of a) self-made P3HT/PCBM 

and b) P91/PCBM films. 
 

a) b) 
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3-4. Conclusions 

    We have prepared a new family of regioregular poly(3-hexyl-thiophene) 

copolymers—presenting octylphenanthrenyl-imidazole side chains in conjugation 

with the main polymeric chain—that exhibit lowered bandgaps.  The reduction in the 

bandgap energy in conjunction with photoluminescence quenching indicates that 

rapid charge transfer occurred in the device from the photoexcited polythiophene 

backbone, through the octylphenanthrenyl-imidazole moieties, to the PCBM units.  

The ratios of the net electron transfer rate constant to the quenching rate constant at 

different wavelengths were much higher for the copolymer incorporating 90 mol% 

octylphenanthrenyl-imidazole moieties/PCBM than for P3HT/PCBM, indicating that 

electron transfer probability in the former case was greatly favored over that of the 

latter.  The high external quantum efficiency of the device that incorporates the 

polythiophene-side-chain-tethered octylphenanthrenyl-imidazole results in its high 

short-circuit current density.  Because of the high short-circuit current density as 

well as more organized active layer structures obtained for the 

octylphenanthrenyl-imidazole presenting regioregular poly(3-hexylthiophene), the 

power conversion efficiency improved dramatically to 3.45% for the copolymer 

containing 90 mol% octylphenanthrenyl-imidazole. 
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CChhaapptteerr  44: Intramolecular Donor–Acceptor Regioregular 

Poly(hexylphenanthrenyl-imidazole thiophene) Exhibits Enhanced 

Hole Mobility for Heterojunction Solar Cell Applications 

 
We have synthesized PHPIT, a new kind of intramolecular D–A 

side-chain-tethered hexylphenanthrenyl-imidazole polythiophene.  The 

more-balanced electron and hole mobilities and the enhanced visible and internal light 

absorptions in the devices consisting of annealed PHPIT/PCBM blends both 

contributed to a much higher short-circuit current density, which in turn led to a 

power conversion efficiency as high as 4.1%, despite the fact that PHPIT is only 

comprised of ca. 20 repeating units. 

 

MeO

O

S
S

N
N

N
N

C6H13

C6H13

C6H13

C6H13

C6H13

C6H13

n
 e– 

e–

h+

e- 

MeO

O

MeO

O

MeO

O

MeO

O
MeO

O

MeO

O

MeO

OMeO

O

MeO

O

MeO

O

MeO

O

MeO

O

e- h+ 

e- 

h+ 

h+ h+ 

e- 



 92

4-1. Introduction 

Conjugated polymers possessing extended arrays of delocalized π electrons are 

being investigated intensively for their potential use in organic optoelectronic devices, 

with some studies focused on solar cell devices incorporating bulk heterojunctions 

using conjugated polymers.[104–110]  Polythiophene derivatives are at present among 

the most promising materials for solar cell applications because of their high light 

absorption and electronic conductivity.  For example, polymer solar cells containing 

blends of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-C61-butyric acid methyl 

ester (PCBM) have recently reached power conversion efficiencies of ca. 4–5% under 

standard solar conditions (AM 1.5G, 100 mW/cm2, 25 °C).[111–116]  If the power 

conversion efficiency of these devices is to be improved further, the light absorption 

of the active polymer must be improved because P3HT absorbed only ca. 20% of 

sunlight, i.e., the bandgap of P3HT must be reduced to meet the maximum photon 

flux of sunlight.  Research into conjugated polymers containing electron 

donor–acceptor (D–A) pairs in the polymeric main chain has become quite active 

recently[117] because such materials exhibit narrow bandgaps.  Alternatively, the 

introduction of an electron-acceptor unit—usually a conjugated species that can 

absorb a different wavelength of sunlight—onto the side chain of a conjugated 

polymer can increase the breadth of wavelengths of light absorbed and also can lower 

the bandgap to some extent.[118]  Additionally, the generated excitons can be readily 
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dissociated into electrons and holes in this type of conjugated polymer because of the 

internal field produced by the dipole moment built on its D–A molecular structure and 

subsequent charge transfer to nearby n-type nanoparticles (e.g., PCBM).  Therefore, 

conjugated polymers that contain side chain-tethered conjugated acceptor moieties not 

only absorb light more effectively (multiple absorption) but also exhibit enhanced 

charge transfer ability—two desirable properties for photovoltaics applications.[119]  

In a heterojunction polymer solar cell, however, the photocurrent depends not only on 

the rate of photogeneration of free electrons and holes but also on the transport 

properties of the electrons and holes in the acceptor and donor, respectively.  In fact, 

the overall performance of bulk heterojunction solar cells is directly limited by the 

ambipolar carrier transport.[120,121]  In the P3HT/PCBM system, the slower rate of 

hole transport governs the recombination process;[122] increasing the carrier mobilities 

results in both increased extraction of the charge carriers and increased bimolecular 

recombination.[123]  Therefore, the incorporation of electron-withdrawing moieties as 

side chains that are conjugated with the polymeric main chains should also alleviate 

the recombination problem, because such a molecular architecture has the advantage 

in a heterojunction device of allowing charge separation through sequential transfer of 

electrons from the main chains to the side chains and then to PCBM.  Hence, in this 

present study, we synthesized a new kind of intramolecular D–A thiophene-type 
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homopolymer presenting phenanthrenyl-imidazole moieties.  Scheme 1 displays our 

synthetic approach toward the planar phenanthrenyl-imidazole moiety-tethered 

thiophene monomer and its polymerization.  We expected that the presence of the 

hexylphenanthrenyl-imidazole moieties conjugated to the thiophene units would 

reduce the bandgap of the polythiophene and that the hexyl substituents would 

improve the solubility of the polymer.  The extent of reduction of the bandgap of our 

synthesized polymer would, however, depend on the effective conjugation length of 

the system, which is sometimes reduced by steric hindrance.[124]  We polymerized 

the 

2-(2,5-dibromothiophen-3-yl)-6,9-dihexyl-1-(4-hexylphenyl)-1H-phenanthro-[9,10-d]

-imidazole (HPIT) monomer using a Grignard metathesis approach.  The presence 

of the bulky hexylphenanthrenyl-imidazole unit appended to the thiophene monomer 

led to very high selectivity during the Grignard reaction, resulting a highly 

regioregular poly(hexylphenanthrenyl-imidazole thiophene) (PHPIT).  The number 

molecular weight (Mn) of PHPIT was 15.3 kg/mol and the polydispersity index (PDI) 

was 1.35, indicating that PHPIT possessed ca. 20 repeating units.  The 5% thermal 

degradation temperature of this polymer was 355 °C. 
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Scheme 4-1. Synthesis of the monomer and polymer; NBS: N-bromosuccinimide; 
THF: tetrahydrofuran; dppp: 1,3-bis(diphenylphosphino)propane. 
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4-2. Experimental 

 Materials. Chemicals were purchased from Aldrich, TCI, or Lancaster. 

[6,6]-Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from Nano-C. 

Preparation of Monomers. Scheme 4-1 illustrates the synthetic route followed for 

the preparation of the monomer 

2-(2,5-dibromothiophen-3-yl)-6,9-dihexyl-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]-

imidazole. (HPIT).  

6,9-Dihexyl-1-(4-hexylphenyl)-3a,11b-dihydro-2-(thiophen-3-yl)-1H-phenanthro[9,10

-d]imidazole (2) was isolated in 80% yield from the reaction of compound (1) with 

hexylmagnesium bromide and Ni(dppp)Cl2 under reflux.  

2-(2,5-Dibromothiophen-3-yl)-6,9-dihexyl-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]

-imidazole (HPIT) was isolated in 93% yield from the reaction between 2 and NBS.  

Detailed synthetic procedures and characterization data are provided below. 

Preparation of Polythiophene Derivatives.[125]  The Grignard metathesis 

polymerization of 

2-(2,5-dibromothiophen-3-yl)-1-phenyl-1H-phenanthro[9,10-d]-imidazole is 

illustrated in Scheme 4-1.  Detailed synthetic procedures and characterization data 

are provided below. 
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6,9-Dibromo-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (1). 

A mixture of 3-hexylaniline (15.7 g, 85.5 mmol), 

3,6-dibromophenanthrene-9,10-dione (6.63 g, 17.1 mmol), 

3-thiophenecarboxaldehyde (1.92 g, 17.1 mmol), ammonium acetate (5.28 g, 68.6 

mmol), and acetic acid (100 mL) was heated for 2 h under nitrogen in an oil bath 

maintained at 123 °C.  After cooling and filtering, the solid product was washed 

sequentially with an acetic acid/water mixture (1:1, 150 mL) and water and then dried 

to yield 1 (9.52 g, 90%).  1H NMR (300 MHz, CDCl3, ppm): 8.84–8.87 (m, 1H), 

8.75 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 Hz, 1H), 7.45–7.78 (m, 2H), 7.22–7.27 (m, 

2H), 7.14–7.18 (m, 1H), 6.90–7.08 (m, 3H), 6.40 (d, J = 8.4 Hz, 2H), 2.66 (t, J = 7.2 

Hz, 2H), 1.00–1.80 (m, 8H), 0.97 (t, J = 7.2 Hz, 3H).  13C NMR (75 MHz, CDCl3): 

149.2, 137.3, 134.0, 132.5, 131.5, 130.2, 128.4, 126.4, 125.7, 120.4, 31.9, 30.6, 29.4, 

29.3, 22.7, 14.1.  HRMS-EI (m/z): [M+] calcd. for C31H26Br2SN2, 616.0183; found, 

616.0179. 

6,9-Dihexyl-1-(4-hexylphenyl)-3a,11b-dihydro-2-(thiophen-3-yl)-1H-phenanth

ro[9,10-d]imidazole. (2).  A 250-mL round-bottom three-neck flask equipped with a 

stirrer bar, condenser, addition funnel, and N2 inlet/outlet was charged with Mg (1.43 

g, 63.4 mmol) and dry ether (30 mL).  Bromooctane (9.62 g, 58.4 mmol) in dry ether 

(20 mL) was added dropwise to maintain a mild reflux.  The mixture was heated 



 98

under reflux for an additional 2.5 h.  This solution of Grignard reagent was then 

added dropwise to an ice-cooled 250-mL three-neck round-bottom flask containing 

6,9-dibromo-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole (1, 18.0 g, 

29.2 mmol), Ni(dppp)Cl2 (0.16 g, 0.30 mmol), and dry ether (80 mL).  The solution 

was then heated under reflux overnight.  The cooled reaction mixture was quenched 

carefully with HCl (5%, 75 mL); the ether layer was separated, washed with H2O (2 × 

75 mL), and dried (MgSO4).  The crude product was purified through column 

chromatography (SiO2; 8% EtOAc/hexane) to yield 2 (16.2 g, 88%).  1H NMR (300 

MHz, CDCl3, ppm): 8.84–8.87 (m, 1H), 8.75 (d, J = 8.4 Hz, 1H), 8.69 (d, J = 8.4 Hz, 

1H), 7.45–7.78 (m, 2H), 7.22–7.27 (m, 2H), 7.14–7.18 (m, 1H), 6.90–7.08 (m, 3H), 

6.40 (d, J = 8.4 Hz, 2H), 2.50–2.66 (m, 6H) 1.00–1.80 (m, 24H), 0.97 (t, J = 7.2 Hz, 

9H).  13C NMR (75 MHz, CDCl3): 148.2, 137.3, 134.0, 132.5, 131.5, 130.2, 128.4, 

126.4, 125.7, 124.7, 31.9, 30.6, 29.4, 29.3, 22.7, 14.1.  HRMS-EI (m/z): [M+] calcd. 

for C43H52SN2, 628.3812; found, 628.3810. 

2-(2,5-Dibromothiophen-3-yl)-6,9-dihexyl-1-(4-hexylphenyl)-1H-phenanthro[

9,10-d]-imidazole (HPIT).  NBS (6.21 g, 34.1 mmol) was added portionwise to a 

solution of 6,9-dioctyl-1-phenyl-2-(thiophen-3-yl)-1H-phenanthro[9,10-d]imidazole 

(2, 10.0 g, 15.9 mmol) in THF (66 mL) and acetic acid (66 mL) and then the mixture 

was stirred for 20 min.  The solution was washed with water (2 × 200 mL), saturated 
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NaHCO3 (1 × 200 mL), and then again with water (1 × 200 mL).  Following 

extraction with ethyl acetate, the organic layer was dried (MgSO4) and concentrated 

to yield the monomer (11.3 g, 90%).  1H NMR (300 MHz, CDCl3, ppm): 8.75 (s, 

2H), 8.07 (d, J = 8.4 Hz, 2H), 7.45–7.78 (m, 2H), 7.12–7.27 (m, 4H), 6.73 (s, 1H), 

2.55–2.66 (m, 6H), 1.00–1.80 (m, 24H), 0.97 (t, J = 7.2 Hz, 9H).  13C NMR (75 

MHz, CDCl3): 149.2, 137.0, 134.0, 132.5, 131.5, 130.2, 128.4, 126.4, 125.7, 124.7, 

117.3, 99.2, 30.6, 29.6, 29.4, 29.3, 22.7, 14.1.  HRMS-FAB (m/z): [M – H]+ calcd. 

for C43H50SN2Br2, 784.2061; found, 783.2059. 

Preparation of Polythiophene Derivatives.[125]  CH3MgBr (1.5 mL, 4.5 mmol) 

was added via syringe to a stirred solution of 

2-(2,5-dibromothiophen-3-yl)-6,9-dihexyl-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]-

imidazole (2.07 g, 2.03 mmol), and freshly distilled THF (80 mL) in a three-necked 

100-mL round-bottom flask.  The solution was heated under reflux for 2 h and then 

Ni(dppp)Cl2 (12 mg, 0.02 mmol) was added.  The mixture was stirred for 1 h and 

then the reaction was quenched through the addition of methanol.  The solid polymer 

was washed with methanol within a Soxhlet extractor.  The polymer then was 

dissolved through Soxhlet extraction with chloroform; the chloroform was evaporated 

and the residue dried under vacuum to yield PHPIT (0.51 g, 20%; 99% coupled 

head-to-tail).  1H NMR (300 MHz, CDCl3): 8.40–8.90 (br, 2H), 7.30–7.90 (br, 8H), 
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6.98 (s, 1H), 2.75 (s, 6H), 0.85–1.64 (m, 33H).  13C NMR (75 MHz, CDCl3): 149.2, 

139.9, 137.4, 137.1, 133.2, 131.1, 130.4, 130.1, 129.6, 129.0, 128.4, 128.2, 127.5, 

127.0, 126.5, 126.2, 125.5, 124.6, 123.4, 122.6, 122.0, 121.1, 120.0, 119.7, 31.9, 30.6, 

29.4, 29.3, 22.7, 14.1.  Anal. Calcd for C43H50SN2: C, 82.38; H, 8.04; N, 4.47; S, 

5.10.  Found: C, 82.78; H, 7.66; N, 4.37; S, 5.19. 

Characterization.  1H and 13C NMR spectra were recorded on a Varian 

Unity-300 NMR spectrometer.  Elemental analyses (EA) of the polymers were 

performed using a Heraeus CHN-OS Rapid instrument.  Thermal gravimetric 

analyses of the polythiophene derivatives were performed using a Du Pont TGA 2950 

instrument operated at a heating rate of 10 °C/min under a nitrogen purge.  

Differential scanning calorimetry (DSC) was performed using a DuPont DSC 2010 

instrument operated at a heating rate of 10 °C/min under a nitrogen purge.  Samples 

were heated from 30 to 200 °C, cooled to 20 °C, and then heated again from 30 to 200 

°C; the glass transition temperatures (Tg) were determined from the second heating 

scans.  The redox behavior of each polymer was investigated through cyclic 

voltammetry using a BAS 100 electrochemical analyzer operated at a potential scan 

rate of 40 mV/s and an electrolyte of 0.1 M tetrabutylammonium hexafluorophosphate 

(n-Bu4NPF6) in acetonitrile.  In each case, a glassy disk carbon electrode coated with 

a thin layer of the polymer was used as the working electrode; a platinum wire was 
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used as the counter electrode; a silver wire was used as the quasi-reference electrode.  

All of the potentials quoted herein are referenced to the Ag wire as the quasi-reference 

electrode; the electrochemical potential of Ag is –0.02 V vs SCE.  The HOMO and 

LUMO energy levels were determined using the equations EHOMO = –Eox – 4.4 eV and 

ELUMO = –Ered – 4.4 eV, where Eox and Ered are the onset potentials of the oxidation 

and reduction peaks [vs saturated calomel electrode (SCE)], respectively, and the 

value of 4.4 eV relates the SCE reference to a vacuum.[118a,122a]  UV–Vis spectra 

were measured using an HP 8453 diode array spectrophotometer.  The molecular 

weights of the polythiophene derivatives were measured through gel permeation 

chromatography (GPC) using a Waters chromatography unit interfaced to a Waters 

2414 differential refractometer.  Three 5-μm Waters styragel columns were 

connected in series in decreasing order of pore size (104, 103, and 102 Å); THF was 

the eluent and standard polystyrene samples were used for calibration.  The AFM 

samples were prepared by spin-coating solutions of polymer/PCBM blends in 

dichlorobenzene onto ITO glass substrates, followed by annealing in an oven at 120 

°C for 20, 30, or 45 min. 

Device Fabrication.  The current density–voltage (J–V) characteristics of the 

polymers were measured using devices having a sandwich structure 

[ITO/PEDOT:PSS/polymer:PCBM (1:1, w/w)/Ca/Al].  The ITO-coated glass 



 102

substrate was pre-cleaned and treated with oxygen plasma prior to use.  The 

polymer/PCBM layer was spin-coated at 700 rpm from a dichlorobenzene solution 

(20 mg/mL).  Dichlorobenzene was a better solvent for these polymers than were 

toluene, chloroform, and tetrahydrofuran.  The thickness of the polymer/PCBM 

layer was ca. 100 nm.  The active layers of our devices were thermally annealed at 

120 °C for 30 min prior to electrode deposition.  Using a base pressure below 1 × 

10–6 torr, a layer of Ca (30 nm) was vacuum-deposited as the cathode and then a thick 

layer of Al (100 nm) was deposited as the protecting layer; the effective area of one 

cell was 0.04 cm2.  Testing of the devices was performed under simulated AM 1.5G 

irradiation (100 mW/cm2) using a xenon lamp-based Newport 66902 150W solar 

simulator.  A xenon lamp equipped with an AM1.5 filter was used as the white light 

source; the optical power at the sample was 100 mW/cm2, detected by an OPHIR 

thermopile 71964.  The J–V characteristics were measured using a Keithley 236 

electrometer.  The spectrum of the solar simulator had a mismatch of less than 25%; 

it was calibrated using a PV-measurement (PVM-154) mono-Si solar cell (NREL 

calibrated), and Si photo diode (Hamamatsu S1133) was employed to check the 

uniformity of the exposed area.  AM 1.5G (ASTM G173)[126] light intensity was 

calibrated through thermopile and PV-measurement.  The mismatch factor (M) of 

1.34 was obtained by taking the PVM-154 as the reference cell.  The PVM-154 
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combined with KG-5 filter (350–700 nm passed, Newport) was used to simulate a 

reference solar cell exhibiting spectral responsivity from 350 to 700 nm.  Reported 

efficiencies are the averages obtained from four devices prepared on each substrate.  

The external quantum efficiency (EQE) was measured using a Keithley 236 

electrometer coupled with an Oriel Cornerstone 130 monochromator.  The light 

intensity at each wavelength was calibrated using an OPHIR 71580 diode. Hole-only 

devices, used to investigate the hole transport in polymer/PCBM, were fabricated 

following the same procedure presented above, except that the top electrode was 

replaced with gold (Au; 100 nm).  Electron-only devices were fabricated by 

spin-coating the active layer on top of glass/Ag (100 nm) followed by evaporation of 

the Al (100 nm) top electrode.  The J–V curve was measured using a Keithley 236 

electrometer under inert condition. 

 



 104

4-3. Results and Discussion 

Figure 4-1 displays the UV–Vis spectra of PHPIT/PCBM (1:1, w/w) and the 

P3HT/PCBM (1:1, w/w) solid film obtained after annealing at 120 °C for 30 min, as 

well as cyclic voltammogram (CV) bandgap data for PHPIT, PEDOT, PCBM, Al, 

and ITO.  The peak at 305 nm was caused by the presence of conjugated 

phenanthrenyl-imidazole moieties that were not fully coplanar with the polythiophene 

chain because of steric hindrance.  The maximum absorption (λmax) at ca. 512 nm for 

the P3HT/PCBM thin film resulted from π–π* transitions.  The annealed 

PHPIT/PCBM film exhibits a red-shifted π–π* transition peak at 552 nm and two 

additional absorption peaks at 596 and 641 nm, indicating that a phase separated 

structure developed after annealing at 120 °C.  The area under the spectrum in the 

visible absorption range (400–750 nm) for PHPIT/PCBM after annealing at 120 °C 

for 30 min was 11% higher than that of the annealed P3HT/PCBM.  The optical 

bandgap of PHPIT was ca. 1.85 eV, which is close to the cyclic voltammogram (CV) 

bandgap (1.80 eV), with the highest occupied molecular orbital at ca. 4.70 eV and the 

lowest unoccupied molecular orbital at ca. 2.90 eV.  We detected no 

photoluminescence from the PHPIT film, suggesting that charge transfer from the 

photoexcited polythiophene backbone to the electron-withdrawing 

phenanthrenyl-imidazole side chains was sufficiently rapid to compete with radiative 
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recombination of the excitons.[118, 127] 
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Figure 4-1. a) UV–Vis spectra of P3HT/PCBM as cast and PHPIT/PCBM annealed 

at 120 °C in the solid state, and the solar spectrum. b) CV bandgap data for 

PHPIT, PEDOT, PCBM, Al, and ITO. 
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    Figure 4-2 displays the photocurrents of diodes having the structure 

ITO/PEDOT:PSS/polymer:PCBM (1:1, w/w)/Ca/Al that were illuminated at 100 

mW/cm2 under AM 1.5G, as well as their dark currents.  Table 4-1 lists the 

short-circuit current densities (Jsc), open-circuit voltages, and power conversion 

efficiencies of these heterojunction polymer solar cells.  The value of Jsc for the 

device incorporating the PHPIT/PCBM blend improved to 11.3 mA/cm2 from 8.3 

mA/cm2 after the annealing time at 120 °C was increased from 20 to 30 min, probably 

because of improved ordering of the blend structure.  The value of Jsc of the device 

decreased to 7.8 mA/cm2, however, when the blend underwent thermal treatment at 

120 °C for 45 min, probably because of decomposition of the polymer structure.   
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Figure 4-2. Current–voltage characteristics of illuminated (AM 1.5G, 100 mW/cm2) 

polymer/PCBM (1:1, w/w) solar cells. 

 

Table 4-1. Photovoltaic properties of polymer solar cells annealed at 120 °C for 

various lengths of time and of P3HT/PCBM annealed at 120 °C for 30 min. 

 

Blend annealing at 120 °C Voc (V) Jsc (mA/cm2) Fill Factor (%) PCE (%) 
PHPIT/PCBM (1:1, w/w) 

for 20 min 0.6 8.3 62 3.1 

PHPIT/PCBM (1:1, w/w) 
for 30 min 0.61 11.3 60 4.1 

PHPIT/PCBM (1:1, w/w) 
for 45 min 0.61 7.8 58 2.7 

P3HT/PCBM (1:1, w/w) for 
30 min 0.58 7.6 66 2.9 
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Figure 4-3 presents the device characteristics of the blends that we subjected to 

annealing at temperatures of 130 and 150 °C.  The short-circuit current density (Jsc) 

increased upon decreasing the annealing time, probably as a consequence of polymer 

decomposition.[128]  Compared with our findings in a previous study, however, the 

fill factors were greater, because of improved solubility, when the trihexyl groups 

were present on the phenanthrenyl-imidazole moieties.  The power conversion 

efficiencies were 2.6 and 2.1% for the devices incorporating samples annealed at 130 

°C for 30 min and at 150 °C for 30 min, respectively; among all of the systems we 

studied, the PHPIT/PCBM blend thermally treated at 120 °C for 30 min exhibited 

the highest power conversion efficiency.   

-0.2 0.0 0.2 0.4 0.6 0.8
-15.0

-12.5

-10.0

-7.5

-5.0

-2.5

0.0

2.5

PHPIT:PCBM=1:1

 

 

C
ur

re
nt

 D
en

si
ty

 (m
A

/c
m

2 )

Voltage (V)

 130oC (30 mins)
 150oC (30 mins)

 
Figure 4-3.  Photocurrents of diodes having the structure 

ITO/PEDOT:PSS/PHPIT:PCBM (1:1, w/w)/Ca/Al that were illuminated at AM 1.5G 

and 100 mW/cm2 after annealing at various temperatures for 30 min. 
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From atomic force microscopy images (See Figure 4-4), we found that the 

root-mean-square roughness of the PHPIT/PCBM film (2.27 nm) annealed at 120 °C 

for 30 min was larger than those (1.94 and 1.76 nm) of the PHPIT/PCBM films 

annealed at 120 °C for 20 and 45 min.  Hence, we suspect that the rough surface 

effectively reduced the charge-transport distance while providing a nanoscaled texture 

that further enhanced internal light absorption.[114b,129, 130b]  The power conversion 

efficiency of the device incorporating PHPIT/PCBM increased dramatically to 4.1% 

from 3.1% when the annealed time at 120 °C was increased from 30 to 20 min, but it 

decreased to 2.7% when annealed for 45 min, presumably because of decomposition 

of the polymer.[115c, 130]  We performed a control experiment in which we subjected 

commercially available high-molecular-weight P3HT (Mn = ca. 33,000 about 200 

repeating units) to the same annealing conditions as those experienced by PHPIT.  

The power conversion efficiency of the device incorporating commercially available 

P3HT and PCBM was 2.9% (Figure 4-2).  Thus, although thermal treatment at 120 

°C for 30 min is optimal for PHPIT/PCBM, it is not necessarily the case for 

commercial P3HT/PCBM. 
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Figure 4-4.  Atomic force microscopy (AFM) images of PHPIT/PCBM films a) as 

cast and annealed at 120 °C for b) 20, c) 30, and d) 45 min.

a) b) 

c) d) 
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    We investigated the photophysics of the devices incorporating the synthesized 

copolymers by determining their external quantum efficiencies (EQEs).  Figure 4-5 

displays the EQEs of the PHPIT/PCBM devices in which the blends were annealed 

at 120 °C for various annealing times.  At wavelengths from 400 to 650 nm, the 

absolute EQEs of the device prepared from PHPIT/PCBM annealed at 120 °C for 30 

min were ca. 20% higher than those of the corresponding blends annealed for 20 and 

45 min.  For example, the EQE at an incident wavelength of 400 nm for the device 

incorporating PHPIT/PCBM annealed at 120 °C for 30 min improved to 79% from 

53% for the corresponding device annealed for 20 min device—an increase of 50%.  

The maximum EQEs at 460 nm for the devices containing PHPIT annealed at 120℃ 

for 30 and 20 min device were 80 and 52%, respectively—a 53% increase for the 

former over the latter; at a much longer wavelength of 620 nm, the corresponding 

values were 48 and 30%, respectively—almost a 60% increase. 
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Figure 4-5. EQEs of devices containing polythiophene side-chain-tethered 

hexylphenanthrenyl-imidazole/PCBM blends (1:1, w/w) annealed at 120 °C for 

various times. 
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Figure 4-6 displays the dark J–V curves for electron- and hole-dominated carrier 

devices.  The electron and hole mobilities were determined by fitting the dark J–V 

curves into the space-charge-limited current (SCLC) model for electron- and 

hole-dominated carrier devices based upon the equation 

J = 9εoεrμh(e)V2/8L3 (1) 

where εo is the permittivity of free space, εr is the dielectric constant of the polymer, 

μh(e) is the hole (electron) mobility, V is the voltage drop across the device, and L is 

the polymer thickness.[131]  Table 4-2 lists the hole mobilities, electron mobilities, and 

the ratio of hole and electron mobilities that are determined from Figure 4-6 and 

equation (1).  We obtained hole mobilities for the PHPIT/PCBM system (from 6.5 × 

10–6 to 1.9 × 10–5 cm2 V–1 s–1) that were ca. three to 10 times greater than that of the 

P3HT/PCBM system (1.8 × 10–6 cm2 V–1 s–1) when both blends experienced the same 

thermal treatment.  The device containing the PHPIT/PCBM blend annealed at 120 

°C for 30 min exhibited the highest mobility, indicating that more-ordered 

PHPIT/PCBM films facilitate hole transport.  Thus, the lowest electron-to-hole 

mobility ratio for the PHPIT/PCBM blend results in a highest photocurrent.[113b] 
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Figure 4-6. Dark J–V curves for a) electron- and b) hole-dominated carrier devices 

incorporating PHPIT/PCBM (1:1, w/w) annealed at 120 °C for various 

times. 

b) 
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Table 4-2. Hole mobilities, electron mobilities, and hole-to-electron-mobility ratios of 

P3HT/PCBM annealed at 120 °C for 30 min and PHPIT/PCBM annealed at 120 °C 

for various lengths of time. 

 

Blend annealing at 120 °C Hole mobility 
(μh, cm2/Vs) 

Electron mobility 
(μe, cm2/Vs) μe/μh 

P3HT/PCBM (1:1, w/w) for 
30 min 1.8 ± 0.1 × 10–6 1.8 ± 0.1 × 10–5 10 

PHPIT/PCBM (1:1, w/w) 
for 20 min 9.0 ± 0.3 × 10–6 2.6 ± 0.1 × 10–5 2.9 

PHPIT/PCBM (1:1, w/w) 
for 30 min 1.9 ± 0.1 × 10–5 4.2 ± 0.1 × 10–5 2.2 

PHPIT/PCBM (1:1, w/w) 
for 45 min 6.5 ± 0.1 × 10–6 2.1 ± 0.1 × 10–5 3.2 
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4-4. Conclusions 

In summary, we have synthesized PHPIT, a new kind of intramolecular D–A 

side-chain-tethered hexylphenanthrenyl-imidazole polythiophene.  The visible light 

absorption of the PHPIT/PCBM blend is enhanced by the presence of the 

electron-withdrawing hexylphenanthrenyl-imidazole.  The EQE of the device was 

maximized when the PHPIT/PCBM blend experienced annealing at 120 °C for 30 

min.  The more-balanced electron and hole mobilities and the enhanced visible and 

internal light absorptions in the devices consisting of annealed PHPIT/PCBM blends 

both contributed to a much higher short-circuit current density, which in turn led to a 

power conversion efficiency as high as 4.1%, despite the fact that PHPIT is only 

comprised of ca. 20 repeating units. 
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Chapter 5. Conclusions 
 

    In this dissertation, we synthesized a series of polythiophene derivatives to 

study to photovoltaic characteristics.  First of all, we have used Grignard metathesis 

polymerization to successfully synthesize a series of regioregular polythiophene 

copolymers that contain electron-withdrawing and conjugated 

phenanthrenyl-imidazole moieties as side chains.  The reduction in the bandgap 

energy in conjunction with the observed photoluminecsence quenching indicates that 

rapid charge transfer occurred from the photoexcited polythiophene backbone through 

the phenanthrenyl-imidazole moieties to PCBM in the device.  The much higher 

external quantum efficiency of the polythiophene-side-chain-tethered 

phenanthrenyl-imidazole device than that of pure poly(3-octylthiophene) device 

results in much higher short circuit current density.  Due to the high short circuit 

current density obtained in the phenanthrenyl-imidazole presenting regioregular 

poly(3-octylthiophene), the power conversion efficiency improved dramatically to 

2.80% for the copolymer containing 80 mol % phenanthrenyl-imidazole from 1.22% 

for pure poly(3-octylthiophene).  Second, intramolecular donor–acceptor structures 

prepared by binding conjugated octylphenanthrenyl-imidazole moieties covalently 

onto the side chains of regioregular poly(3-hexylthiophene)s exhibit lowered 

bandgaps and enhanced electron transfer.  The reduction in the bandgap energy in 
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conjunction with photoluminescence quenching indicates that rapid charge transfer 

occurred in the device from the photoexcited polythiophene backbone, through the 

octylphenanthrenyl-imidazole moieties, to the PCBM units.  The ratios of the net 

electron transfer rate constant to the quenching rate constant at different wavelengths 

were much higher for the copolymer incorporating 90 mol% 

octylphenanthrenyl-imidazole moieties/PCBM than for P3HT/PCBM, indicating that 

electron transfer probability in the former case was greatly favored over that of the 

latter.  The high external quantum efficiency of the device that incorporates the 

polythiophene-side-chain-tethered octylphenanthrenyl-imidazole results in its high 

short-circuit current density.  Because of the high short-circuit current density as 

well as more organized active layer structures obtained for the 

octylphenanthrenyl-imidazole presenting regioregular poly(3-hexylthiophene), the 

power conversion efficiency improved dramatically to 3.45% for the copolymer 

containing 90 mol% octylphenanthrenyl-imidazole.  Finally, we have synthesized 

PHPIT, a new kind of intramolecular D–A side-chain-tethered 

hexylphenanthrenyl-imidazole polythiophene.  The visible light absorption of the 

PHPIT/PCBM blend is enhanced by the presence of the electron-withdrawing 

hexylphenanthrenyl-imidazole.  The EQE of the device was maximized when the 

PHPIT/PCBM blend experienced annealing at 120 °C for 30 min.  The 
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more-balanced electron and hole mobilities and the enhanced visible and internal light 

absorptions in the devices consisting of annealed PHPIT/PCBM blends both 

contributed to a much higher short-circuit current density, which in turn led to a 

power conversion efficiency as high as 4.1%, despite the fact that PHPIT is only 

comprised of ca. 20 repeating units. 
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