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Abstract 

 

  This thesis is dedicated to developing conjugated polymer and small-molecule 

donor materials for solution-processable organic solar cells. 

  To begin with, a brief introduction of organic solar cells (OSCs) and an overview of 

donor materials development were presented in Chapter 1. 

In chapter 2, we used carbon-carbon triple bands as linkage of the TVT unit to 

develop a new building block, ATVTA. Small molecules S-03, S-04, and S-05 with 

ATVTA as building block showed broad absorption spectra and low-lying HOMO 

energy levels. S-01 with TVT unit and S-02 with AT2 as building block were also 

synthesized for clear comparison. OSCs devices based on S-01 and S-02 showed a Voc 

of 0.88 V and 0.89 V, respectively. The device based on S-03 exhibited a high Voc of 

0.96 V, leading to a PCE of 2.19%. The devices based on S-04 and S-05 afforded a 

notable Voc over 1.0 V. The results demonstrate that ATVTA unit is a promising 

building block for extending π conjugation of the molecules without pulling up their 

HOMO energy levels. 

Chapter 3 focused on the development of 2D-conjugated small-molecule donor 

materials. The 2D-conjugated small molecule S-06 possesses excellent solution 

processability, broad absorption feature, respectable hole mobility and good 

film-forming morphology. The conjugated thiophene side chain not only effectively 

extends the absorption spectrum, but also lowers the HOMO energy level, which is 
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desirable for obtaining high Voc. The BHJ OSCs based on S-06:PC70BM (1:0.5, w/w) 

afforded a high PCE of 4.0% and a notable FF of 0.63 without any special treatment 

needed. This preliminary work demonstrates that this kind of 2D-conjugated small 

molecules offer a good strategy to design new photovoltaic small molecule-based 

donor materials with high FF and Voc for high-efficiency OSCs. The consistently 

developed two 2D-conjugated small molecules S-07 and S-08 also possess low-lying 

HOMO energy levels. OSC device based on S-07:PC60BM (1:3, w/w) afforded a 

notable Voc of 0.96 V, with a PCE of 2.52%. BHJ devices based on S-08 will be 

fabricated and tested to investigate its photovoltaic properties in the near future. 

  We developed a series of oligothiophenes with platinum(Ⅱ) as the building block 

in Chapter 4. These small metallated conjugated small molecules exhibited broad 

spectra and relatively low-lying HOMO energy levels in the range of –5.27 eV to 

–5.40 eV. Introducing platinum(Ⅱ) arylene ethynylenes as building block can be 

considered as an approach to obtain small-molecule donors with satisfactory 

absorption features and HOMO energy levels. Nevertheless, due to the low FF, the 

PCEs of these donor materials based devices are lower than 2%. Fine tuning the film 

morphologies of this kind of metallated small-molecule donor materials should be 

carried out to improve their photovoltaic performance. 

We addressed an efficient approach to improve the photovoltaic properties by side 

chain engineering in 2D-conjugated polymers in Chapter 5. Considering the fact that 

the Voc of PBDTTT based devices is less than 0.8 V, we introduced alkylthio 

substituent on the conjugated thiophene side chains of the 2D-conjugated copolymer 
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to further improve the photovoltaic performance of the 2D-conjugated copolymers 

PBDTTTs. The weak electron-donating ability of the alkylthio side chains effectively 

down-shifted the HOMO energy level of PBDTT-S-TT by 0.11 eV in comparison to 

the corresponding polymer with alkyl substitution on the conjugated thiophene side 

chains. The PSC device based on PBDTT-S-TT showed an enhanced Voc of 0.84 V, 

which is among the highest one in the reported copolymers based on BDT and TT 

units, leading to an enhanced PCE of 8.42%. The results indicate that molecular 

modification by introducing alkylthio side chain will be a promising strategy to 

broaden the absorption, down-shift the HOMO energy level and increase the hole 

mobility of the low band gap 2D-conjugated polymers for further enhancing the 

photovoltaic performance of PSCs. PBDTT-O-TT-C and PBDTT-S-TT-C were 

developed to further study the conclusion. We found that OSC device based on 

PBDTT-S-TT-C with alkylthio side chain also demonstrated a high Voc of 0.89 V, 

with a PCE of 6.85% when processed with 3% DIO additive. 
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1 

Chapter 1 Introduction 

1.1 Introduction 

With the rapid development of our society, the energy crisis and pollution give rise to 

a series of environmental problems. The energy problem has become the bottleneck of 

human social development, and therefore the need to develop renewable energy 

sources has become urgent. Renewable energy sources include wind energy, biomass 

energy, nuclear energy, and solar energy etc. Harnessing solar energy is one of the 

most promising ways to tackle today’s energy issues.
[1]

 Although the present dominant 

photovoltaic technology is based on inorganic materials, high material and 

manufacturing costs limit its wide acceptance. Solar cells based on organic materials 

are regarded as the next generation photovoltaic technology to overcome those issues. 

Organic solar cells (OSCs) possess attractive features such as low-cost, light weight, 

easy fabrication and high mechanical flexibility, and they have been regarded as a 

promising cost-effective alternative to overcome the drawback of inorganic based 

solar cells.
[2]

 

 

1.2 The development of OSCs 

  Typically, OSCs are commonly composed of blend films (active layers) of electron 

donor materials (D) and electron acceptor materials (A) sandwiched between a 

Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate (PEDOT/PSS) modified ITO 

http://en.wikipedia.org/wiki/Poly(3,4-ethylenedioxythiophene)
http://en.wikipedia.org/wiki/Polystyrene_sulfonate
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positive electrode and a low work function metal negative electrode.
[2]

 The active 

layers are generally composed of a polymer donor material (or small-molecule donor 

material) and a fullerene derivative, [6,6]-phenyl-C60 (or C70)-butyric acid methyl 

ester (PC60BM, or PC70BM). According to the difference of the active layers of the 

devices, OSCs can be simply classified as single layer cells, bilayer cells, bulk 

heterojunction (BHJ) cells and tandem cells, as shown in Figure 1.1.  

  (a) Single layer OSCs. Before the mid-1980s, OSCs were fabricated by a single 

layer of single component organic materials which was sandwiched between two 

different electrodes with different work functions (ITO and Al) (Figure 1.1a).
[1]

 In this 

kind of cells, the built-in potential is derived from either the difference in work 

function of the electrodes or a Schottky-type potential barrier at one of the 

metal/organic contacts, and the photovoltaic performances are strongly dependent on 

the nature of the electrodes. Moreover, the excitons are restricted and almost unable to 

move freely. Therefore, these OSCs showed very poor performance with the power 

conversion efficiency (PCE) lower than 0.1%.
[2]
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Figure 1.1 Structure of the OSC device: (a) single-layer cell, (b) bilayer cell, (c) bulk 

heterojunction cell, and (d) tandem cell. 

 

(b) Bilayer OSCs (Figure 1.1b). To improve the efficiency of the separation of 

excitons, in 1986, Tang thermally evaporated (vacuum-processed) thin layers of 

p-type small molecule (copper phthalocyanine) as donor material and n-type molecule 

(perylene diimide derivative) as acceptor material, sandwiched between two 

electrodes (indium tin oxide and silver) to fabricate a bilayer solar cell.
 [3]

 The charge 

separation at the D-A interface was found to be very efficient and an impressive PCE 

~1% was achieved with a high fill factor (FF) of 0.65. Nevertheless, since the exciton 

dissociation process is confined to the D/A interfacial zone, only excitons produced at 

a distance shorter than their diffusion length have a good probability to reach the 

interfacial zone and generate free charge carriers. Due to the short exciton diffusion 

length in organic materials (typically 5-20 nm), this kind of OSCs showed a relatively 

poor PCE lower than 2%.
[4, 5]

  

  (c) Bulk heterojunction OSCs (Figure 1.1c). Although the PCEs of bilayer cells 

have been greatly improved, the separation efficiency of the excitons is still very low 
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because only the excitons near the D-A interface can undergo charge separation. In 

1992, Sariciftci et al.
[6]

 demonstrated that photo-excitation of a mixture of a 

conjugated polymer and fullerene (C60) resulted in an ultrafast, highly efficient 

photo-induced electron transfer. And then Yu and co-workers
[7]

 atilized films of 

poly(w-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) and 

fullerenes to fabricate the first BHJ OSC device. BHJ is the concept with a blend of 

bicontinuous and interpenetrating donor and acceptor components in a bulk volume. 

Such a bicontinuous D-A nano-scale network exhibits a D/A phase separation in a 

5-14 nm length scale, which is within the distance of the exciton diffusion length. 

Encouragingly, great efficiency improvement was achieved by using the BHJ 

structure.
[8]

 Since then, BHJ has become the standard device structure in OSC 

research. So far, the PCEs of BHJ OSCs have been brought above the 9% threshold.
[9, 

10]
  

  (d) Tandem OSCs (Figure 1.1d). Most of the photoactive materials used for OSCs 

suffer from the inherent disadvantages of either lacking a broad absorption range 

(bandgap [Eg] ≈ 1.6-2.0 eV), which limits the use of the full solar spectrum, or having 

a relatively low carrier mobility, which requires the use of thinner films or efficient 

charge extraction.
[11-14]

 To trap solar radiation more effectively, one efficient approach 

is to stack multiple photoactive layers in series with complementary absorption 

spectra to construct a tandem cell (Fig. 1.1d).
[15-18]

 So far, PCE of tandem solar cells 

has achieved over 10%.
[19]
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1.3 Mechanism of OSCs 

  The simplified working principle of an OSC device is comprised of four steps: (1) 

photon absorption and exciton generation (A), (2) exciton diffusion (ED), (3) charge 

separation (CS), and (4) charge collection (CC).
[20] 

As shown is Figure 1.2, when a 

light irradiates the photoactive layer through the ITO electrode, the active layer will 

absorb photons within its absorption band to create excitons (bound electron-hole 

pairs). And then excitons diffuse toward the D/A interface, where the electrons of the 

excitons will transfer from the LUMO (the lowest unoccupied molecular orbital) of 

the donor to the LUMO of the acceptor, so that the charge separation is realized. In 

the meantime, the holes of the excitons will transfer from the HOMO (the highest 

occupied molecular orbital) of the acceptor to the HOMO of the donor at the D/A 

interface to realize the charge separation. The separated electrons and hole will 

transport along acceptor and donor interpenetrating network toward the metal cathode 

and ITO anode, respectively. Finally, the electrons will be collected by cathode and 

the hole will be collected by anode to form photocurrent. 
 

 

Figure 1.2 The operating mechanism of an organic solar cell. 
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1.3.1 J-V curve of OSCs 

  Three important parameters determine the PCE of a solar cell: open-circuit voltage 

(Voc), short-circuit current density (Jsc), and fill factor (FF). Figure 1.3 shows the J-V 

curve of OSCs. 

 

Figure 1.3 Typical J-V curve of OSCs. 

 

1) Open-circuit voltage 

  For the bulk heterojunction OSCs, Voc is mainly proportional to the energy level 

difference between the LUMO of the acceptor and the HOMO of the donor (Figure 

1.4).
[21, 22]

 Besides, Voc also depends on the work function of the electrode,
 [23-25]

 ratio 

of donor/acceptor,
[26]

 interface between donor and acceptor,
[27]

 etc. 

2) Short-circuit current density  

  The Jsc is equal to the integral of the product between cell responsivity and incident 

solar spectral irradiance. The exciton diffusion and dissociation at the D/A interface, 

charge transportation in the active layer, and charge collection on the electrodes also 

affect the Jsc value.
[27]
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3) Fill factor 

  FF is related to the series and parallel resistances of the devices. Lower series 

resistance and higher parallel resistance result in higher FF values. 

4) Power conversion efficiency  

  The photovoltaic power conversion efficiency of the OSCs is proportional to Voc, 

Jsc and FF: 

PCE = Voc × Jsc × FF 

5) External quantum efficiency (EQE) 

  The EQE as a function of wavelength (λ) is the ratio between the collected 

photogenerated charges and the number of incident photons, ultimately being the 

product of four efficiencies (ƞ): EQE (λ) = ƞA (λ) × ƞED (λ) × ƞCS (λ) ×ƞCC (λ) (Figure 

1.2).
[28]

  

 

Figure 1.4 Schematic drawing of the donor and acceptor energy levels. 
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1.4 Factors affecting the performance of OSCs 

  Here, we will discuss the factors affecting the PCE of OSCs from the point of 

active layer materials.  

 

1.4.1 Absorption of photons to produce excitons 

  When sunlight irradiates on OSCs, photovoltaic materials will absorb photons with 

wavelength in their absorption band to produce excitons, forming bound electron-hole 

pair. The number of absorbing photon determines the utilization efficiency of sunlight. 

The energy spectrum of sunlight which reaches the Earth is almost the same as the 

spectral distribution of a blackbody at about 5700 K. In order to increase Jsc, active 

layer materials should have broad and strong absorption band in the visible and near 

infrared region to match the solar spectrum. Nevertheless, most of the materials used 

for OSCs barely match the solar spectrum. Figure 1.5 compares the solar spectrum to 

the EQE spectrum of the representative photoactive layer OSCs. The representative 

polymer donor material, namely poly(3-hexylthiophene) (P3HT), shows its maximum 

absorption peak only at 550 nm, and the absorption spectrum of P3HT:PC60BM (1:1 

w/w) blend only covers a part of the solar spectrum (Figure 1.5). The active layer 

materials suffer from the inherent disadvantages of lacking a broad absorption range 

that limits the energy harvesting for the full solar spectrum, which is one of the most 

important issues to hinder the PCE of OSCs. 
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Figure 1.5 Comparison of the solar spectrum and the absorption spectrum of 

P3HT/PC60BM (1:1 w/w) film. 

 

1.4.2 The diffusion of excitons and the charge separation 

  Only the excitons near the D-A interface can undergo the charge separation, and the 

excitons which recombine during the diffusion transfer process would not contribute 

to the PCE. So the efficiency of exciton diffusion and charge separation is also an 

important factor which determines the overall device performance. For an efficient 

charge generation in the D-A blend, certain energy to overcome the exciton binding 

energy is required.
[29]

 The offset of the HOMO and LUMO levels (△EHOMO, △ELUMO) 

(Figure 1.4) has been used to estimate the driving force requirement for the exciton 

splitting, and the exciton binding energy is generally 0.3 eV~0.5 eV for an efficient 

exciton dissociation.
[30] 
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1.4.3 The transfer of the excitons 

  After charge separation in the D-A interface, holes will transport to the positive 

electrode and the electrons will transport to the negative electrode through the donor 

and acceptor networks, respectively. Therefore, morphology of the active layer is a 

critical factor in bulk heterojunction OSCs. The preferred morphology of bulk 

heterojunctions is bicontinuous interpenetration network. Well-defined 

interpenetrating D/A networks are benefited for the transport of carriers. Moreover, 

the carriers are hopping in the molecular network, which will be easily trapped by 

impurities or structural defects of materials. Therefore, charge carrier mobility is 

another factor that affects the PCE of OSCs. 

   

1.5 Polymer donor materials for OSCs 

  Based on the discussion above, building efficient OSCs therefore requires a 

systematic consideration and understanding of three key issues: materials design, 

interface engineering, and device manipulation.
[28]

 There has been intense research on 

developing novel organic semiconducting materials, including polymers and small 

molecules, for BHJ devices during the last decade. Recent developments in donor 

materials have brought PCE above the 9% threshold. Some representative polymer 

donor materials featuring several important design rules will be reviewed as below. 
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1.5.1 Polythiophene derivatives 

  Polythiophenes, especially regioregular poly(3-alkylthiophene)s (P3ATs), are a 

classic kind of polymer donors in OSCs due to their excellent thermal and chemical 

stability as well as good charge-transporting property.
[31-33]

 Among P3ATs, 

regioregular P3HT has shown by far the most pronounced organizational capabilities, 

along with substantial charge-transport properties, thus providing a high PCE of ca. 

5% when blended with PC60BM,
[34-36]

 and a higher PCE of 7.4% when blended with 

indene-C70 bisadduct (IC70BA) by additive treatment.
[30, 37]

 Highly regioregular P3HT 

can be obtained by McCullough, Rieke or Grim methods.
[38-40]

 The alkyl chain 

substitutent at the 3-position strongly influence the photovoltaic properties of the 

P3ATs. In 2005, Sensfuss and coworkers investigated the optoelectronic properties of 

P3HT, poly(3-octylthiophene) (P3OT), and poly(3-dodecylthiophene) (P3DDT).
[41]

 

The energy levels of the P3ATs slightly depend on the length of the alkyl side chains, 

whereas the HOMO and the absorption coefficients of the three P3ATs are inversely 

proportional to the length. They fabricated the devices with P3HT, P3OT, or P3DDT 

as donor, PCBM as acceptor, and found that the Voc values increase a little bit, while 

the Jsc dramatically decrease with the alkyl chain length, leading to a poorer PCE 

performance. In 2009, Jenekhe and co-workers first reported the photovoltaic 

properties of regioregular poly(3-pentylthiophene) (P3PT) with an odd-numbered 

alkyl side chain.
[42]

 P3PT exhibited a higher melting transition temperature, smaller 

interlayer d100 and π-stacking d010 spacing than that of P3HT. BHJ solar cells based on 

P3PT:PC70BM blend films showed a PCE of 3.70%. Later on, Li et al. employed 
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IC70BA as acceptor to blend with P3PT, and a high Voc of 0.88 V was achieved, 

leading to a higher PCE of 5.43%.
[43]

  

  Due to the large band gap and the relatively high HOMO level of P3ATs, much 

attention was paid to improve their absorption features and the energy levels. Li et al. 

innovatively proposed a two-dimentional conjugated (2D-conjugated) concept by 

attaching a conjugated side chain on polythiophene derivatives (P1-P8, as shown in 

Figure 1.6) to broaden their absorption profiles.
[30, 32, 44-47]

 Among these polymers, 

PT8 with bi(thienylenevinylene) conjugated side chains exhibited a broader 

absorption spectrum in the visible region from 350 to 650.
[44]

 Moreover, the HOMO 

energy level of P8 decreased by ca. 0.2 eV in comparison to P3HT. The device based 

on P8:PC60BM (1:1, w/w) demonstrated a PCE of 3.18% with a higher Voc of 0.72 V, 

while the device based on P3HT exhibited a PCE of 2.55%, with Voc of 0.60 V under 

the same experimental conditions.
[44]
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Figure 1.6 Molecular structures of polythiophene derivatives. 

 

Table 1.1 Electronic properties and photovoltaic performance of polythiophene 

derivatives. 

Active layer 

Eg
opt

 

[eV] 

HOMO 

[eV] 

LUMO 

[eV] 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

 

PCE

[%] 

Ref. 

 P3HT:PC60M 1.92 –5.20 –3.53 0.600 6.61 0.39 1.54 

[41] P3OT:PC60BM 1.92 –5.25 –3.55 0.635 4.58 0.38 1.10 

P3DDT:PC60BM 1.93 –5.29 –3.55 0.650 2.53 0.36 0.59 

P3PT:PC60BM 1.9 – – 0.56 9.63 0.69 3.70 [42] 
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P3PT:IC70BA – –4.82 –2.61 0.88 9.22 0.67 5.43 [43] 

P3HT: PC60BM 1.80 –4.76 –2.74 0.66 7.11 0.36 1.71 

[44] 

P6: PC60BM 1.81 –4.96 –2.97 0.69 8.74 0.43 2.57 

P7: PC60BM 1.82 –4.94 –2.95 0.72 10.3 0.43 3.18 

P8: PC60BM 1.81 –4.93 –2.96 0.60 9.9 0.41 2.41 

 

1.5.2 Donor-acceptor copolymers 

  Donor-acceptor (D-A) copolymerization is regarded as one of the most important 

strategies to design donor materials with excellent photovoltaic performance.
[30, 48, 49]

 

Generally, the D-A copolymers possess an intramolecular charge transfer absorption 

band at longer wavelength direction. Moreover, the LUMO energy levels of the 

copolymers mainly depend on the acceptor moieties, and the HOMO energy levels are 

mainly related to the donor units. Therefore, the absorption and the electronic energy 

levels of the copolymers can be tuned by constructing the polymeric backbone using 

alternating electron-rich (donor) and electron-deficient (acceptor) units. Figure 1.7 

shows the representative donor units and acceptor units which are commonly used. 
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Figure 1.7 Molecular structures of donor and acceptor units. 

 

A selection of representative D-A copolymers are summarized and introduced here. 

Fluorene-based D-A copolymers 

  Fluorene is one of the most popular donor units used in D-A copolymers for OSCs 
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due to a few notable features of the fluorene based polymers, such as good thermal 

and chemical stability, high charge carrier mobility, and high absorption coefficient. In 

addition, the central fused five-membered ring structure of the fluorene eliminates the 

otherwise severe steric hindrance of adjacent benzene units. Furthermore, the alkyl 

chains are usually anchored on the 9-position of the fluorene, which prevent exending 

any additional steric hindrance.
[49]

 In 2003, Inganäs and co-workers reported a D-A 

copolymer (P1, Figure 1.8) containing a fluorene donor unit which demonstrated an 

impressive PCE of 2.2%.
[50]

 Later on, an alternating polyfluorene copolymer P2 

reported by Yang et al. with further improvement in the carrier mobility and Voc, 

exhibited a high PCE of 4.5%.
[51]

 By replacing the fluorene unit with dibenzosilole, 

P3 exhibited a higher PCE of 5.4%,
[52]

 attributed to its higher hole mobility and 

stronger light absorption, which are resulted from the better π–π stacking caused by 

longer C–Si bond thant induced less steric hindrance (by comparison with the C–C 

bond).
[52, 53]

  

 

Carbazole-based D-A copolymers 

  The 2,7-carbazole ring is fully aromatic which can provide a better chemical 

stability,
[54]

 and poly(2,7-carbazole)s possess low HOMO energy levels which lead to 

air-stable materials and high Voc.
[55]

 In 2007, Leclerc et al. reported a carbazole based 

copolymer P4 (Figure 1.8) with a PCE value of 3.6%.
[56]

 Later on, Heeger et al. 

improved the PCE of P4 up to 6.1% with EQE reaching nearly 100%, indicating that 

almost every photon absorbed in the active layer leads to a pair of charge carriers, 
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collected by their respective electrodes.
[57]

 In 2009, Bo et al. mounted two octyloxyl 

chains at the 5, 6-positons on benzothiadiazole (BT) core to synthesize a planar 

alternating copolymer, P5.
[58]

 P5 showed a larger band gap (1.95 eV) and up-shifted 

HOMO energy level (–5.21 eV) than P4
[56]

 (1.88 eV and –5.5 eV, respectively), but 

possessed a better molecular packing in the solid state. A quite balanced mobility (~1 

× 10
–4

 cm
2
 V

–1
 s

–1
 for holes and 3 × 10

–4
 cm

2
 V

–1
 s

–1
 for electrons) was confirmed by 

field effect transistor mobility measurements. BHJ OSC based on P5:PC70BM (1:2.5, 

w/w) demonstrated a high PCE of 5.4%, with a Voc of 0.81 V, a Jsc of 9.6 mA cm
–2

, 

and an impressive FF of 0.69.  

 

Figure 1.8 D-A copolymers with fluorene or carbazole as donor unit. 

 

Cyclopentadithiophene-based D-A copolymers 



19 

Cyclopentadithiophene-based polymers are known as the good candidate of a class 

of copolymers for OSCs.
[59-63]

 Mühlbacher and co-workers first reported a low band 

gap polymer (Figure 1.9, P6) based on cyclopentadithiophene unit in 2006.
[59]

 P6 

showed improved charge-transport properties as well as fitting electronic energy 

levels and good processability. The combination of these properties allowed its 

efficiency to climb up to 3.2%. In 2008, Yang and co-workers replaced the C atom on 

the bridge of cyclopentadithiophene by Si atom (known as DTS unit) to get a new 

polymer (Figure 1.9, P7), which demonstrated a high PCE of 5.1%.
[61]

 Tao et al. 

reported a DTS-based copolymer P8, and a high PCE of 7.3% was obtained on BHJ 

devices with an active area of 1.0 cm
2
.
[63]

  

Figure 1.9 D-A copolymers with cyclopentadithiophene derivatives as the donor unit. 

 

Benzodithiophene-based Copolymers 

Benzodithiophene (BDT) is one of the most employed fused-ring building blocks 

for the synthesis of highly efficient photovoltaic polymers.
[64]

 The fused BDT has a 

symmetric and planar conjugated structure, and hence tight and regular stacking can 

be expected for the BDT-based conjugated polymers. In 2008, Yang and Hou et al. 

first introduced BDT unit into D-A copolymer photovoltaic materials and studied the 
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effect of different copolymerization units on the photovoltaic properties.
[65]

 Since then, 

the BDT-based copolymers have attracted much attention in the field of polymer solar 

cells. Further structure modification on BDT unit is done by replacing alkoxyl groups 

by alkylthienyl substitutent (BDTT), or alkylphenyl substitutent (BDTP) to form 

2D-conjugated structures, which can enhance inter-molecular π-π interactions to 

improve the photovoltaic properties of the conjugated polymers. Figure 1.10 lists the 

molecular structures of some representative BDT-based copolymer with excellent 

photovoltaic performance. The photovoltaic properties of the polymers are listed in 

Table 1.2 for clear comparison. 

  Low band gap copolymers based on BDT and thieno[3,4-b]thiophene (TT), which 

was first reported by Yu et al. in 2009, are a kind of classic donor materials with 

promising photovoltaic properties.
[66]

 By introducing a fluorine atom into a 

2-ethylhexyl carboxylate substituted TT unit (PTB7),
[67a]

 or an n-heptylacyl group 

substituted TT unit (P16),
[67b]

 PCE of the devices reached up to 7.4% and 7.7%,  

Recently, Huo and Hou et al. attached conjugated thiophene side chains instead of 

alkoxy substituents on the BDT unit and synthesized 2-D conjugated polymers P18 

and P19.
[68]

 P19 and P21 exhibited better thermal stabilities, red-shifted absorption 

spectra, lower HOMO levels, significantly higher hole mobility, and greatly improved 

photovoltaic properties, in comparison to the two corresponding alkoxy substituted 

copolymers (P18 and P20, respectively). BHJ PSC based on P19 showed a remarkable 

PCE of 7.59%, with a high Jsc of 17.48 mA cm
–2

. 
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Figure 1.10 Molecular structures of the copolymers based on BDT unit. 
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Table 1.2 Electronic properties and photovoltaic performance of BDT-based 

copolymers. 

Polymer 

  HOMO 

[eV] 

LUMO 

[eV] 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

[%] 

PCE 

[%] 

Ref. 

P9 –5.4 – 0.85 11.5 68 6.6 [69] 

P10 –5.54 –3.33 0.91 12.91 61.2 7.20 [70] 

P11 –5.36 –3.05 0.79 12.45 72.2 7.10 [71] 

P12 –5.27 –3.16 0.86 10.4 64.4 5.7 [72] 

P13 –5.31 –3.44 0.92 10.70 57.5 5.66 [73] 

P14 –5.35 –3.34 0.880 12.94 70.9 8.07 [74] 

P15 –5.30 –3.63 0.74 13.5 65.1 6.5 [75] 

PTB1 –4.90 –3.20 0.56 15.0 63.3 5.30 [66a] 

PTB2 –4.94 –3.22 0.60 12.8 66.3 5.10 [66c] 

PTB3 –5.04 –3.29 0.72 13.9 58.5 5.85 [66c] 

PTB4 –5.12 –3.31 0.74 13.0 61.4 5.90 [66c] 

PTB5 –5.01 –3.24 0.66 10.7 58.0 4.10 [66c] 

PTB6 –5.01 –3.17 0.62 7.74 47.0 2.26 [66c] 

PTB7 –5.15 –3.31 0.74 14.5 68.9 7.40 [67a] 

P16 –5.22 –3.45 0.76 15.2 66.9 7.73 [67b] 

P17 –5.04 –3.57 0.69 16.35 66.3 7.48 [76] 

P18 –5.04 –3.19 0.66 11.53 54.7 4.16 [68] 
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P19 –5.09 –3.22 0.68 14.59 62.6 6.21 [68] 

P20 –5.07 –3.22 0.70 15.51 59.2 6.43 [68] 

P21 –5.11 –3.25 0.74 17.48 58.7 7.59 [68] 

 

1.6 Small-molecule donor materials 

Great progress has been developed recently for the polymer based BHJ devices, 

meanwhile, solution-processed small molecule-based solar cells are emerging as a 

competitive alternative to their polymer counterparts due to some promising 

advantages, such as well-defined molecular structure, definite molecular weight, high 

purity and good batch-to-batch reproducibility, and easier band structure control.
[77]

 

Recently, prominent efficiencies over 8% have been achieved for small molecule 

based devices, which is closing the performance gap between the best polymer based 

ones.
[78]

  

 

1.6.1 Thiophene-based linear oligomers 

  The D-A conjugated oligomeric systems have been proved as excellent donor 

materials used in OSCs due to their unique feature: the strong intermolecular 

interactions arising from the D-A moieties can favor the self-organization of the 

oligomers into ordered structures and close packing with increasing π-π orbital 

overlap.
[79]

 Table 1.3 summarizes the electronic properties as well as the photovoltaic 

properties for representative thiophene-based linear oligomers (Figure. 1.11). 
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  In 2009, Nguyen and co-workers reported a thiophene-based oligomer, S1, which 

exhibited a broad spectral coverage and a low-band gap of 1.7 eV.
[80]

 Low HOMO 

level of 5.2 eV for S1 was calculated according to the electrochemical results which is 

beneficial for high Voc. BHJ PSC based on S1 showed a high PCE up to 4.4%, with a 

high Voc of 0.9 V. 

  Recently, Chen and co-workers reported a series of oligothiophenes with A-D-A 

linear structure end-capped with electron-withdrawing groups.
[81, 82]

 This family of 

small molecules exhibited high mobility and broad absorption spectra with high 

coefficients, owing to the efficient conjugation in the backbone structure and 

intramolecular charge transfer between the terminal acceptor units and the central 

donor building blocks. High PCEs with notable FF have been achieved by employing 

them as the donors in OSC devices. Especially, BHJ device based on S8 demonstrated 

a high Voc of 0.93 V, a Jsc of 13.17 mA cm
–2

, and a FF of 0.663, leading to an excellent 

PCE of 8.12%, which is the highest PCE for the small-molecule based OSCs so far.  
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Figure 1.11 Chemical structures of oligothiophenes-based linear oligomer donors. 
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Table 1.3 Electronic properties and photovoltaic performance of oligothiophene-based 

linear oligomer donors. 

Donors 

HOMO 

[eV] 

LUMO 

[eV] 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

 

PCE  

[%] 

Ref. 

S1 –5.2 –3.4 0.92 10 0.48 4.4 [80] 

S2 –5.28 –3.43 0.78 14.4 0.59 6.70 [82] 

S3 –5.13 –3.29 0.86 10.74 0.55 5.08 [81a] 

S4 –5.11 –3.54 0.93 9.77 0.60 5.44 [81b] 

S5 –4.95 –3.26 0.80 11.51 0.64 5.84 [81c] 

S6 –5.02 –3.27 0.93 12.21 0.65 7.38 [81d] 

S7 –5.06 –3.29 0.96 11.92 0.594 6.79 [78b] 

S8 –5.02 –3.27 0.93 13.17 0.663 8.12 [78b] 

S9 –5.07 –3.29 0.92 12.09 0.721 8.02 [78b] 

 

1.6.2 Three-dimensional conjugated systems based on triphenylamine 

Triphenylamine (TPA) has been regarded as a promising donor unit for organic 

semiconductor materials due to its good hole-transporting and electron-donating 

capabilities.
[77, 83]

 TPA-based star-shaped small molecules have been widely 

developed for application as donor materials in OSCs, and they have exhibited 

promising photovoltaic performance. Table 1.4 shows the photovoltaic data of the 

TPA based small molecules in Figure 1.12. In 2010, Li et al. reported a star-shaped 
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small molecule, S10, with TPA as the core, vinylene as the bridge between TPA and 

bithiophene units.
[84]

 BHJ device based on S10 exhibited a high PCE of 3.0%, with a 

Voc of 0.88 V, a Jsc of 7.76 mA cm
–2

, and a FF of 0.439.
[84]

 In 2011, Zhan and 

co-workers reported a new star-shaped small molecule, S11, with TPA as the core, BT 

as the bridge and terthiophene as the arms.
[85]

 The BHJ devices based on S11 

exhibited a Jsc of 9.51 mA cm
–2

, a Voc of 0.87 V, a FF of 0.52, and a PCE of 4.3% 

without any post-treatment. The PCE value of 4.3% is among the highest reported for 

solution processed BHJ OSCs based on TPA-containing small molecules. Later on, 

they designed and synthesized a star-shaped oligothiophene based on TPA as the core, 

S12, which exhibited a strong absorption profile and high hole mobility of 1.5 × 10
–3

 

cm
2
 V

–1
 s

–1
, measured by the space charge limited current (SCLC) method. The BHJ 

devices based on S12 showed a PCE of 3.60%.
[86]

  

 

Table 1.4 Electronic properties and photovoltaic performance of TPA-based 

star-shaped donors. 

Donors 

HOMO 

[eV] 

LUMO 

[eV] 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

 

PCE  

[%] 

Ref. 

S10 –5.03 –3.42 0.88 7.76 0.439 3.0 [84] 

S11 –5.28 –3.11 0.87 9.51 0.52 4.3 [85] 

S12 –5.28 –3.43 0.88 7.30 0.56 3.60 [86] 
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Figure 1.12 Chemical structures of TPA-based star-shaped donors. 

 

1.7 Topics of the Thesis 

Considering the fact that the PCEs are still relativly low in modules, the major 

focus of the synthetic efforts for OSCs still remained on the development of donor 

materials. Overall, in order to design high efficiency donor materials for OSCs, the 
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following requirements should be kept in mind: (1) Photovoltaic materials should 

have broad and strong absorption features in the visible and near infrared region to 

match the solar spectrum to increase Jsc; (2) Suitable LUMO energy level to guarantee 

the drive force requirement for the exciton splitting and efficient exciton dissociation; 

meanwhile, suitable HOMO energy level to maximize Voc value; (3) High charge 

carrier mobility to increase Jsc and FF values; (4) Excellent solubility for solution 

processing in the fabrication of the OSCs devices; (5) Optimal morphology and 

nanoscale phase separation of the interpenetrating network of the D/A blend active 

layer to achieve high Jsc, Voc and FF.  

In this thesis, we focus on developing conjugated polymer and small-molecule 

donor materials for OSCs. In small molecule donor materials, we developed a series 

of small molecules based on the new building block ATVAT which possess low-lying 

HOMO energy levels. A new 2D-conjugated small molecule was designed to 

investigate the photovoltaic performance of this kind of 2D-conjugated small 

molecules. A family of metallated conjugated small molecules were developed as 

donor materials for OSCs. In polymer donor materials, we further improved the 

photovoltaic properties of 2D-conjugated copolymer PBDTTTs by side chain 

engineering in a 2D-conjugated polymer. 
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Chapter 2 Oligothiophene Derivatives Based on Bithiophene 

with Unsaturated Bonds as Building Block for Organic Solar 

Cells 

2.1 Introduction 

It is well known that the π-conjugated backbone is the most important component in 

determining most of the OSC-related physicochemical properties of the conjugated 

donors. Thiophenes are considered as promising π-conjugated building blocks for 

extending π-conjugated backbone due to their remarkable electronic and redox 

properties as well as prominent supramolecular behavior on the solid surface or in the 

bulk.
[1]

 In addition, thiophenes can be selectively modified by incorporation of the 

thiophene units into oligomers which render an efficient conjugation along the main 

backone.
[2-4]

 Oligothiophenes possess extensive π-electron delocalization along the 

molecular backbone with well-known excellent charge transporting properties, high 

polarizability, and tunable optical and electrochemical properties.
[4, 5]

 Dipolar 

push-pull chromophores with a highly polarizable π-electron systems involving a 

donor group and an acceptor group constitutions can serve as excellent donor material 

in OSCs. They possess unique features such as the well-defined structures which 

make them synthetically reproducible, widen the light absorbing regions to cover the 

low-energy spectrum, and favor the self-organization of the oligomers into ordered 

structures and close packing with increasing π-π orbital overlap due to the strong 

intermolecular interactions.
[6-10]

 Enlargement of the π systems is regarded as an 
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efficient way to broaden the absorption spectra of donor materials to narrow their 

optical bandgaps, which is desirable for enhancing the Jsc value.
[11-16]

 For example, the 

essential structural feature of polymeric semiconductors in OSC applications is a 

π-conjugated backbone composed of linked unsaturated units, resulting in extended π 

orbitals along the polymer chain, and thus enabling proper charge transport and 

optical absorption.
[17-20]

 1,2-Di-(2-thienyl)-ethene (TVT) is a promising building 

block to extend π orbitals of the semiconducting materials.
[20 21]

 Nevertheless, due to 

its electron rich property, the HOMO energy levels of the resulting donor materials 

probably would be pulled up at the same time by introducing the TVT unit into the 

backbone, which will decrease the Voc value. To tackle this issue, we develop here a 

new building block ATVTA which employed stiff carbon-carbon triple bonds as the 

linkage on TVT unit (as shown in Scheme 2.1). Introducing alkyne as linkage is more 

accommodating than the alkene because of its reduced steric and conformational 

constraints.
[22, 23]

 We employed ATVTA as a building block of oligothiophene to 

synthesize S-03. For clear comparison of the effect of the three building blocks, the 

corresponding oligothiophenes S-01 with TVT unit and S-02 with AT2 unit were also 

synthesized. Molecular structures of the compounds are shown in Scheme 2.1. The 

three small molecules showed excellent solution processability, thermal stability and 

broad and strong absorption bands in the visible and near-infrared regions. Due to the 

better π-conjugated extension of TVT unit, S-01 exhibited the most red-shifted 

absorption profile among the three molecules, and S-03 showed slightly red-shifted 

absorption spectrum relative to that of S-02. On the other hand, S-02 possesses the 
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deepest HOMO energy level among the three molecules. While the HOMO energy 

level of S-03 was down-shifted by 0.02 eV as compared to that of S-01, this indicates 

that the alkyne linkages are important in down-shifting the HOMO energy level of the 

resulting molecule. Using the simple solution spin-coating fabrication process to 

fabricate BHJ OSCs, S-01:PC70BM (1:1, w/w) and S-02:PC70BM (1:1, w/w) based 

OSCs exhibited a Voc of 0.88 V and 0.89 V, respectively. While the S-03:PC60BM (1:1, 

w/w) based BHJ device afforded the highest Voc value of 0.96 V, leading to a high 

PCE of 2.19%, with Jsc = 4.57 mA cm
–2

 and FF = 50%, under the illumination of AM 

1.5 G at 100 mW cm
–2

. A PCE of 1.1% was achieved from the device based on 

S-01:PC70BM (1:1, w/w), with a Jsc of 2.87 mA cm
–2

, and a FF of 0.433. Due to the 

poor Jsc value of 1.87 mA cm
–2

, BHJ device based on S-02 showed a low PCE of 

0.74%. We replaced the terminal unit of S-03 by the strong electron-withdrawing 

groups to synthesize S-04 and S-05 to further examine the effect of ATVTA building 

block. S-04 and S-05 exhibited broader absorption profiles and lower HOMO energy 

levels than that of S-03, which can be attributed to the stronger terminal acceptor units 

of S-04 and S-05. The OSC based on S-04:PC70BM (1:3, w/w) demonstrated a high 

Voc value of 1.02 V, with a PCE of 1.74%. A high Voc value of 1.00 V was also 

achieved when S-05:PC70BM (1:3, w/w) was employed as the active layer, leading to 

a PCE of 1.83%. The results indicate that ATVTA unit is a promising building block 

for extending π-conjugated backbone without pulling up HOMO energy levels, which 

guarantee the high Voc value. 
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Scheme 2.1 Chemical structures of S-01, S-02, S-03, S-04 and S-05. 

 

2.2 Results and Discussion 

The general synthetic routes toward all of the new compounds are outlined in 

Scheme 2.1. The key intermediate compound 4 was synthesized from Stille coupling 

between compound 2 and tributyl(4-hexylthiophen-2-yl)stannane, followed by 

bromination. This compound then underwent palladium-catalyzed Sonogashira 

coupling reaction with trimethylsilylacetylene (TMSA) and the terminal alkyne was 
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obtained by proto-desilylation approach using basic methanol solution to give the 

ethynyl precursor 6. Bis-stannylated compound 9 was prepared in quantitative yields 

by forming dilithiated species followed by quenching with tributyltin chloride. 

Critical aldehydes 11, 12 and 13 were then synthesized by Stille or Sonogashira 

coupling between compounds 4 and 9, compounds 6 and 10, compounds 6 and 8, 

respectively. The target molecules S-01, S-02 and S-03 were prepared by 

Knoevenagel condensation of aldehydes with octyl cyanoacetate in good yields. S-04 

and S-05 were obtained by Knoevenagel condensation between an 

aldehyde-containing compound 13 and malononitrile and 1,3-diethyl-2-thiobarbituric 

acid, respectively. 

 All the small molecules exhibited excellent solubility in common organic solvents 

such as chloroform, toluene, dichloromethane and chlorobenzene. Their structures 

were unequivocally characterized by the techniques such as mass spectrometry, 
1
H 

NMR and 
13

C NMR spectroscopies. The 
1
H NMR spectra of S-01 to S-05 are shown 

in Figure 2.1, and the 
1
H NMR data are consistent with the proposed structures. The 

thermal stabilities of S-01 to S-05 were investigated by thermogravimetric analysis 

(TGA) and the temperatures with 5% weight-loss (Td) are 355 
o
C, 327 

o
C, 322 

o
C, 405 

o
C, and 373 

o
C, respectively. The stabilities of the three compounds are adequate for 

applications in OSCs and other optoelectronic devices. Figure 2.2 depicts the 

thermograms of S-01 to S-05. 
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Scheme 2.2 Synthetic routes for S-01, S-02, S-03, S-04 and S-05. 
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Figure 2.1 
1
H NMR spectra of S-01 to S-05 in CDCl3. 
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Figure 2.2 TGA plots of S-01to S-05 with a heating rate of 20 
o
C min

–1
 under nitrogen 

atmosphere. 
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2.2.1 Optical and Electrochemical Properties 

Optical and redox properties of the compounds are important parameters for their 

application in OSCs. Figure 2.3 shows the ultraviolet-visible (UV-vis) absorption 

spectra of S-01, S-02, S-03, S-04 and S-05 in CH2Cl2. All of them exhibited strong 

absorption in the visible region. S-01 solution displayed considerably broad and 

strong absorption profile in the range of 350–640 nm with the absorption maximum at 

510 nm. S-03 displayed absorption spectrum in the wavelength range of 350–580 nm 

with the absorption maximum at 490 nm. Similar absorption coverage was detected 

for S-02 with the absorption maximum at 484 nm. The corresponding absorption 

coefficients of S-01, S-02 and S-03 are 1.1 × 10
5
, 8.0 × 10

4
 and 6.3 × 10

4
 M

–1
 cm

–1
, 

respectively. In comparing S-01 with S-03, the introduction of two carbon-carbon 

triple bonds into the system (S-03) makes its absorption edge more blue-shifted (a 

blue-shift of 34 nm) than that of S-01. The absorption edge of S-02 is also 

blue-shifted as compared with S-01. It seems that the carbon-carbon double bond acts 

as a better linker than the carbon-carbon triple-bond for conjugation extension.   

Due to the strong electron acceptance ability of the terminal unit, S-04 and S-05 

showed red-shifted absorption spectra than S-03, and S-05 has the most red-shifted 

absorption band edge at ca. 637 nm with the corresponding band gap of 1.94 eV. The 

optical data of the compounds are summarized in Table 2.1 for clear comparison. 
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Figure 2.3 Absorption spectra of S-01 to S-05 in CH2Cl2. 

 

Figure 2.4 shows the cyclic voltammograms of S-01, S-02 and S-03 films on glassy 

carbon electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution. The onset reduction 

potentials (Ered) of S-01, S-02 and S-03 are –1.17 V, –1.23 V, and –1.16 V vs. Ag/Ag
+
, 

and the onset oxidation potentials (Eox) are 0.54 V, 0.64 V and 0.46 V vs. Ag/Ag
+
, 

respectively. Due to the stronger acceptance ability of their terminal groups, S-04 and 

S-05 (Figure 2.5) showed higher oxidation (0.67 and 0.68 V) potential than S-03. The 

HOMO and LUMO levels are calculated from the onset potentials of oxidation and 

reduction and by assuming the energy level of ferrocene/ferrocenium (Fc/Fc
+
) to be 

–4.8 eV below the vacuum level.
[25]

 The formal potential of Fc/Fc
+ 

was measured as 

0.07 V against Ag/Ag
+
. The HOMO and LUMO energy levels of S-01 to S-05 were 

calculated according to the following equations: 

HOMO = –e(Eox + 4.73) (eV) 
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LUMO = –e(Ered + 4.73) (eV) 

where the units of Eox and Ered are V vs. Ag/Ag
+
. 

The HOMO energy levels of S-01, S-02 and S-03 are –5.27, –5.37 and –5.29 eV, 

respectively. Among S-01, S-02 and S-03, S-02 showed the lowest HOMO energy 

level, while S-03 showed a slightly lower HOMO energy level than S-01. Their 

calculated LUMO energy levels are –3.54, –3.55 and –3.58 eV, respectively. The 

LUMO energy levels of S-04 and S-05 are –3.69 and –3.44 eV, and the HOMO 

energy levels are relatively low at –5.40 and –5.41 eV, respectively. 
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Figure 2.4 Cyclic voltammograms of the films for S-01, S-02, and S-03 on glassy 

carbon electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution at a scan rate of 100 

mV s
–1

. 



52 

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

 

 

 

Potential (V vs. Ag/Ag
+
)

S-04

S-05

 

Figure 2.5 Cyclic voltammograms of the films for S-04 and S-05 on glassy carbon 

electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution at a scan rate of 100 mV s
–1

.
 

 

Table 2.1 Optical and electrochemical properties of S-01, S-02, S-03, S-04 and S-05. 

 λsolution [nm] ε [M
–1

 cm
–1

] Eg
opt

 [eV]
a 

HOMO
b
 [eV] LUMO

b
 [eV] 

S-01 612 1.1 × 10
5 

2.02 –5.27 –3.56 

S-02 568 8.0 × 10
4 

2.18 –5.37 –3.55 

S-03 578 6.3 × 10
4
 2.14 –5.29 –3.57 

S-04 589 5.9 × 10
4
 2.10 –5.40 –3.69 

S-05 637 4.6 × 10
4
 1.94 –5.41 –3.44 

a
Eg

opt
, estimated from the optical absorption band edge of the solution, Eg

opt 
= 1240/λ.   

b
HOMO = –e(Eox + 4.73) (eV); LUMO = –e(Ered + 4.73) (eV). 
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2.2.2 Theoretical Calculations 

To provide further insight into the fundamental aspects of molecular architecture, 

density functional theory (DFT) calculations for S-01 to S-05 were carried out. The 

molecular geometries, surface plots and HOMO and LUMO energy levels are 

displayed in Figure 2.6, and the results are shown in Table 2.2. It can be seen that 

although discrepancies exist between the calculation and experimental results, the 

trends of variation in the HOMO and LUMO energy levels are similar. From the 

results, we can observe that the HOMO and LUMO are evenly distributed on the 

whole π-conjugated systems of the molecules.  

  The estimated bandgaps of S-01, S-02 and S-03 obtained from DFT calculations 

were found to be 2.04 eV, 2.19 eV, and 2.09 eV, respectively. According to the 

calculation results, the introduction of carbon-carbon triple bonds as linkage increases 

the HOMO-LUMO gaps. In other words, carbon-carbon triple bond is not as a good 

linkage as the carbon-carbon double bond for extending π-conjugation. S-04 and S-05 

showed lower estimated bandgaps at 2.02 eV and 1.96 eV, respectively. 

 

Figure 2.6 HOMO and LUMO energy levels and the frontier molecular orbitals 

obtained from DFT calculations on S-01 to S-05. 
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Table 2.2 TDDFT calculation results of S-01 to S-05. 

Compound 

The largest coefficient in 

the CI expansion of the T1 

state
a
 (S0T1 excitation 

energy) 

The largest coefficient in 

the CI expansion of the S1 

state
a
 (S0→S1 excitation 

energy) 

The oscillator strength 

(f) of the S0→S1 

transition 

S-01 HL: 0.71 (1133.0 nm) HL: 0.65 (681.1 nm) 2.8506 

S-02 HL: 0.66 (986.2 nm) HL: 0.66 (637.5 nm) 2.9374 

S-03 HL: 0.67 (1080.0 nm) HL: 0.66 (667.7 nm) 3.2557 

S-04 HL: 0.67 (1109.4 nm) HL: 0.66 (685.7 nm) 2.6983 

S-05 HL: 0.59 (1089.3 nm) HL: 0.66 (716.2 nm) 2.9291 

a
HL represents the HOMO to LUMO transition. CI stands for configuration interaction. 

 

2.2.3 Photovoltaic Properties 

Device Fabrication and Characterization of OSCs  

OSCs were fabricated with ITO glass as a positive electrode, Ca/Al as a negative 

electrode and the blend films of the S-01 to S-05/PC60BM (or PC70BM) between them 

as a photosensitive layer. The ITO glass was pre-cleaned and modified by a thin layer 

of PEDOT:PSS which was spin-cast from a PEDOT:PSS aqueous solution on the ITO 

substrate, and the thickness of the PEDOT:PSS layer is about 30 nm. The 

photosensitive layer, consisting of the donor material and fullerene derivative, was 

obtained by dissolving the mixture in the chloroform solvent and spin-coated on the 

ITO/PEDOT:PSS electrode. Finally, the Ca/Al cathode was deposited on the active 
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layer by vacuum evaporation under 1 × 10
–4

 Pa. The effective area of the device is 4 

mm
2
. The characterization of the current density-voltage (J-V) curve was done under 

an inert nitrogen atmosphere and the EQEs of the devices without encapsulation were 

measured in air. 

Photovoltaic performance characteristics of the OSCs are summarized in Table 2.3. 

Figure 2.7 shows the J-V curves of the OSCs based on S-01:PC70BM (1:1, w/w), 

S-02:PC70BM (1:1, w/w), S-03:PC60BM (1:1, w/w), S-04:PC70BM (1:3, w/w) and 

S-05:PC70BM (1:3, w/w) under the illumination of AM 1.5 G at 100 mW cm
–2

. All the 

devices showed high Voc, which agree with the low HOMO energy levels of the three 

compounds, and high Voc is a major hurdle in achieving high-efficiency solar cells.
[6]

 

The PCE of the OSC based on S-01:PC70BM (1:1, w/w) is 1.1%, with Voc = 0.88 V, Jsc 

= 2.87 mA cm
–2

 and FF = 43.3%. Although slightly higher Voc (0.89 V) and FF 

(44.7%) were measured from S-02:PC70BM (1:1, w/w) based OSC, the Jsc is much 

lower than that from S-01 based device, leading to an overall decrease of PCE to 

0.74%. In many cases, extending π-conjugation along the backbone would up-shifted 

their HOMO energy levels which result in low Voc. By using ATVTA as the building 

block for π-conjugation extension in S-03, an elevated Voc value of 0.96 V was 

achieved from S-03:PC60BM (1:1, w/w) based device, with a higher PCE of 2.19%, a 

Jsc of 4.57 mA cm
–2

 and a FF of 50% under the illumination of AM 1.5 G at 100 mW 

cm
–2

. A higher Voc of 0.99 V was obtained from the S-03:PC60BM (1:0.5, w/w) blend 

film based device. This Voc value is comparable to other highly efficient OSCs 

reported in the literature.
[14]

 We note that the performance is generally lower when 
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other ratios of S-03:PC60BM were used. As expected, the high donor:acceptor 

concentration ratio in S-03:PC60BM (1:0.5, w/w) based device absorbs solar light 

more efficiently and gives more balanced charge carrier transport for donor and 

acceptor, which would improve FF from 50% to 52.5% for S-03:PC60BM (1:1, w/w) 

based device. However, lower Jsc was detected in S-03:PC60BM (1:0.5, w/w) based 

device and result in a lower PCE in this device. A much lower PCE (1.06%) was 

measured for S-03:PC60BM (1:2, w/w) based device.  

Satisfactory Voc values were also achieved from the S-04, or S-05 based OSCs 

devices. BHJ device based on S-04:PC70BM (1:3, w/w) exhibited a PCE of 1.74%, 

with a high Voc of 1.02 V. The device based on S-05:PC70BM (1:3, w/w) has a high 

Voc of 1.00 V, with a slightly enhanced Jsc of 5.92 mA cm
–2

, leading to a PCE of 

1.83%. The results indicate that the new unit ATVTA is a promising building block to 

guarantee the low-lying energy levels when extending π-conjugation of the molecules. 

 

Table 2.3 The photovoltaic performance of the OSCs based on S-01, S-02, S-03, S-04 

or S-05 as donor, PC60BM or PC70BM as acceptor, under the illumination of AM 1.5 

G at 100 mW cm
–2

. 

Active layer Voc [V] Jsc [mA cm
–2

] FF [%] PCE [%] 

S-01:PC70BM (1:1)
 0.88 2.87 43.3 1.1 

S-02:PC70BM (1:1) 0.89 1.87 44.7 0.74 

 S-03:PC60BM (1:0.5)  0.99 3.48 52.5 1.81 

S-03:PC60BM (1:1) 0.96 4.57 50.0 2.19 
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S-03:PC60BM (1:2) 0.89 2.69 44.3 1.06 

S-04:PC60BM (1:3) 0.89 1.06 20.8 0.25 

S-04:PC70BM (1:3) 1.02 5.53 30.8 1.74 

S-05:PC60BM (1:3) 0.99 4.48 27.6 1.22 

S-05:PC70BM (1:3) 1.00 5.92 30.9 1.83 
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Figure 2.7 The J-V curve of the OSCs based on S-01:PC70BM (1:1, w/w), 

S-02:PC70BM (1:1, w/w), S-03:PC60BM (1:1, w/w), S-04:PC70BM (1:3, w/w) and 

S-05:PC70BM (1:3, w/w) under the illumination of AM 1.5 G at 100 mW cm
–2

. 

 

The morphologies of the donor/PC60BM (or PC70BM) blend films were examined 

by atomic force microscopy (AFM) in the tapping mode. Figure 2.8 shows surface 

topography (left) and phase images (right) of the blend films. The root-mean-square 

(RMS) roughness of S-01 to S-05 is 0.20, 0.57, 0.59, 0.13 and 0.10 nm, respectively. 
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The phase images of S-01 to S-03 based blend films exhibited better well-defined 

interpenetrating donor/acceptor networks than that of S-04 and S-05 based blend films, 

which agree with the higher FF of S-01 to S-03 based device. 
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Figure 2.8. The topography (left) and the corresponding phase (right) images of blend 

films based on S-01:PC70BM (1:1, w/w), S-02:PC70BM (1:1, w/w), S-03:PC60BM 

(1:1, w/w), S-04:PC70BM (1:3, w/w) and S-05:PC70BM (1:3, w/w), respectively. 

 

The external quantum efficiency (EQE) of the OSCs based on S-03:PC60BM (1:1, 

1:2, and 1:0.5, w/w), S-04:PC70BM (1:3, w/w) and S-05:PC70BM (1:3, w/w) are 

shown in Figure 2.9. It can be seen that the response wavelength range of S-03 based 

devices agrees with the absorption spectra of S-03. The maximum EQE value of the 

OSC based on S-03:PC60BM (1:1, w/w) reached 35% at 543 nm. The higher EQE of 

the device based on S-03:PC60BM (1:1, w/w) than that based on S-03:PC60BM (1:2, 

and 1:0.5, w/w) is consistent with the higher Jsc of the former. The devices based on 
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S-04:PC70BM (1:3, w/w) and S-05:PC70BM (1:3, w/w) exhibited similar EQE curves, 

as responding to their almost the same Jsc values. The maximum EQE value of the 

OSC based on S-04:PC70BM (1:3, w/w) reached 37% at 485 nm, and the device based 

on S-05:PC70BM (1:3, w/w) showed the maximum EQE value of 36% at 464 nm. 
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Figure 2.9 The EQE of the OSCs based on (a) S-03:PC60BM (1:1, 1:2, and 1:0.5, 
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w/w), (b) S-04:PC70BM (1:3, w/w) and S-05:PC70BM (1:3, w/w). 

 

2.2.4 OFET Performance 

Organic thin-film transistor (OTFT) devices with a bottom-gate top contact 

configuration were fabricated using the three small molecules mentioned above as the 

semiconductors. The S-01 exhibited p-type OFET response, while S-02 and S-03 

exhibited no field effect. The transfer characteristics of S-01 are shown in Figure 2.10. 

The saturation region field-effect mobility was calculated from the transfer 

characteristics of the OFET by plotting ID
1/2

 against VG.
[24]

 The resulting average hole 

mobility from measurements on 6 different devices of S-01 is 1.47 × 10
–4

 cm
2
 V

–1
 s

–1
 

and the on/off ratio is 10
4
. 
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Figure 2.10 Transfer characteristics of OFETs fabricated using S-01 as the 

semiconductor. 



62 

2.3 Conclusion  

In this chapter, a new building block ATVTA was developed. We designed and 

synthesized three small molecules S-01, S-02 and S-03 with TVT, AT2 and ATVTA as 

the building block, respectively, to investigate their physicochemical and photovoltaic 

properties. S-01, S-02 and S-03 showed good solubility in common organic solvents, 

broad visible absorption at 350–650 nm and low-lying HOMO energy levels at –5.27 

eV, –5.37 eV and –5.29 eV, respectively. The OSCs based on S-01:PC70BM (1:1, w/w) 

and S-02:PC70BM (1:1, w/w) exhibited a high Voc of 0.88 V and 0.89 V, respectively. 

Especially, device based on S-03 with ATVTA building block showed a high Voc of 

0.96 V, which is comparable to the highest value reported in the literature, with a PCE 

of 2.19%. The result indicates that ATVTA unit is a promising building block for 

extending π conjugation of the molecules without pulling up their HOMO energy 

levels. We changed the terminal unit of S-03 by the strong electron-withdrawing 

groups to give S-04 and S-05. The devices based on S-04 and S-05 exhibited a high 

Voc of over 1.00 V, further demonstrating that the ATVTA unit is a promising building 

block to design small-molecule donors with high Voc value.  
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Chapter 3 Synthesis and Characterization of 2D-Conjugated 

Small Molecules for Organic Solar Cells 

3.1 Introduction 

Much progress of solution-processed OSCs based on small-molecule organic donors 

and fullerene acceptors has brought PCE above the 8% threshold.
[1-4]

 In most cases, 

however, the relatively low FF (FF < 50%) and Jsc due to the poorer film quality and 

unbalanced charge transport result in low PCE. In recent years, small molecular 

organic materials with promising performance such as star- or X-shaped molecular 

frameworks,
[5-11]

 linear analogues with D-A-D or A-D-A structure (D = donor, A = 

acceptor) have been developed to tackle this issue.
[1-4, 12-16]

 Zhan and co-workers 

reported a three-dimensional, star-shaped small molecule, S(TPA-BT-HTT), with 

relatively high mobility.
[11]

 The S(TPA-BT-HTT):PC70BM blend film exhibited 

nanoscale aggregated domains, which are beneficial to charge separation and 

efficiency enhancement of the OSCs. A high PCE of 4.3% based on S(TPA-BT-HTT) 

was achieved. Bazan et al. synthesized a core A-D-A framework with end-capping 

donor units in a small molecule, DTS(PTTh2)2, which exhibited broad optical 

absorption in both solution and in thin film.
[13]

 A hole mobility value of 0.12 cm
2
 V

–1
 

s
–1

 for DTS(PTTh2)2 was obtained by top-contact organic field-effect transistors, 

which is the highest reported for solution-processed small molecule donors. OSCs 

based on DTS(PTTh2)2 demonstrating a PCE as high as 6.7%. Recently, a milestone 
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PCE of 8.12% for small-molecule based solar cells was reported by Chen et al., 

demonstrates that better solar cell performance for small molecules can indeed be 

achieved through careful molecular design and device optimization.
[2] 

Unlike three-dimensional and linear small molecules, only a very limited number of 

high efficiency 2D-conjugated small-molecule OSCs are known, even though some 

interesting results have been achieved for the 2D-conjugated polymers. Li and 

co-workers have developed a new family of conjugated polymers with conjugated 

side chains.
[17-20]

 It is well known that π-extension of the conjugation is one effective 

way to intensify and broaden the absorption spectra of conjugated molecules. This 

type of polymers features high hole mobility and broad absorption profile, thanks to 

the overlapping of the side chain interactions derived from both conjugated main 

chain and side chains. The OSC based on PT5TPA as donor and indene-C60 bisadduct 

(ICBA) as acceptor gave nicely a PCE of 3.6%.
[19] 

 

In the past few years, much attention has been paid to bandgap and molecular 

control of benzo[1,2-b:4,5-b′]dithiophene (BDT) based polymers.
[21]

 BDT has a 

symmetric and planar conjugated structure, and most importantly, it exhibits an 

excellent hole mobility. Therefore, in view of the advantages due to the 

two-dimensional conjugated polymer structure and BDT functionalities, we designed 

a new two-dimensional push-pull small molecule, S-06, with electron-donating 

central BDT donor, electron-withdrawing alkyl cyanoacetate end-capped groups and 

oligothiophene as the arm carrying 2-(2-ethylhexyl)thiophene conjugated side chains 

(as shown in Scheme 3.1). S-06 showed excellent solution processability and thermal 
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stability, broad and strong absorption band in the visible and near-infrared regions. 

The conjugated thiophene side chain effectively lowers the HOMO energy level, 

which is desirable for obtaining high Voc. S-06:PC70BM (1:0.5 w/w) exhibited a hole 

mobility of 6.09  10
–4

 cm
2
 V

–1
 s

–1
. Solution-processed BHJ OSCs based on 

S-06:PCB70M (1:0.5, w/w) without the need of any post-treatment exhibited PCE as 

high as 4.0% with relatively high FF up to 0.63 and high Voc of 0.92 V. 

 

Scheme 3.1 Chemical structure of S-06. 

 

3.2 Results and Discussion 

The general synthetic routes toward S-06 are outlined in Scheme 3.2. The 

intermediate 18 was synthesized through Still coupling reaction between 

(E)-5''-bromo-4''-(2-(5-(2-ethylhexyl)thiophen-2-yl)vinyl)-3,3'-dihexyl-[2,2':5',2''-terth

iophene]-5-carbaldehyde (17) and 

(4,8-bis((2-ethylhexyl)oxy)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(tributylstanna

ne)
[22]

 (19) using Pd(PPh3)4 as the catalyst for 24 h. S-06 was obtained by the 
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Knovenagel condensation of 18 with octyl cyanoacetate (Scheme 3.2), which 

possesses good solubility in common organic solvents, such as dichloromethane and 

chloroform. The 
1
H and 

13
C NMR spectra of S-06 are shown in Figure 3.1, and the 

NMR data are consistent with the proposed structures. Thermogravimetric analysis 

(TGA) reveals that the onset decomposition temperature with 5% weight-loss (Td) of 

S-06 is 337 
o
C, which is adequately suitable for OSC fabrication and evaluation. 
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 Scheme 3.2 Synthetic route for S-06. 
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Figure 3.1 
1
H and 

13
C NMR spectra of S-06 in CDCl3. 
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3.2.1 Optical Properties 

300 400 500 600 700 800

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o
rm

a
li

ze
d

 a
b

so
rb

a
n

ce
 (

a
.u

.)

Wavelength (nm)

 Solution

 Film

 

Figure 3.2 Absorption spectra of S-06 in chlorobenzene and thin film. 

 

Figure 3.2 shows the absorption spectra of S-06 in dilute chlorobenzene solution 

(10
–5

 M) and in solid thin film, in which it exhibited strong absorption in the visible 

region (300–700 nm) in both cases. In solution, the absorption peak at around 352 nm 

corresponds to the π–π* transition of the conjugated backbone,
[23]

 whereas the lower 

energy absorption band peaking at 484 nm with the extinction coefficient of 5.33 × 

10
4
 M

–1
 cm

–1 
is ascribed as the intermolecular charge transfer (ICT) transition. In 

comparison to their absorption in solution, the absorption band of S-06 as film was 

red-shifted, extending the absorption edge from 590 nm in solution to 676 nm in the 

solid state, corresponding to the bandgap (Eg) of 1.83 eV. The absorption peak of S-06 

as thin film (557 nm) is bathochromically shifted by 73 nm relative to that in solution 
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(484 nm), thus indicating a better packing due to the strong interchain π-π interaction 

of the molecule in the bulk.
[25]

 

 

3.2.2 Electrochemical Properties 
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Figure 3.3 Cyclic voltammogram of the S-06 film on glassy carbon electrode in 0.1 

mol L
–1

 Bu4NPF6 acetonitrile at a scan rate of 100 mV s
–1

. 

 

Since the HOMO and LUMO energy levels of photovoltaic donor materials are 

crucial parameters for their application in OSCs, cyclic voltammetry (CV) was 

employed to study the electrochemistry of the drop-cast film and the energy levels 

were calculated from the onset oxidation and reduction potentials by assuming the 

energy level of ferrocene/ferrocenium (Fc/Fc
+
) to be –4.8 eV below the vacuum 

level.
[24]

 (The formal potential of Fc/Fc
+ 

was measured as 0.07 V against Ag/Ag
+
). 
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Figure 3.3 displays the cyclic voltammogram of the S-06 film on glassy carbon 

electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile at a scan rate of 100 mV s
–1

. The onset 

oxidation and reduction potential is 0.60 and –1.29 V, respectively vs. Ag/Ag
+
. The 

corresponding HOMO and LUMO energies were estimated to be –5.33 eV and –3.44 

eV, respectively. Encouragingly, S-06 presented a fairly low-lying HOMO level, 

which guaranteed high Voc of the OSCs when blended with PC70BM, because the Voc 

is proportional to the energy difference between the LUMO of the acceptor and the 

HOMO of the donor.
[25b]

  

 

3.2.3 DFT Calculations 

To provide further insight into the fundamental aspects of the molecular 

architecture of S-06, molecular simulation using density functional theory (DFT) was 

carried out. As depicted in Figure 3.4, the electron density distributions at LUMO are 

highly localized near the electron-withdrawing group, while the electron density 

distributions at HOMO are highly localized on the electron-donating group as well as 

the adjacent thiophene rings.  

 

 

 

 

Figure 3.4 HOMO (right) and LUMO (left) contour plots of S-06 obtained from DFT 

calculations. 
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The geometries of the compounds were optimized using DFT with B3LYP 

functional and 6-31G(d) basis set. Time-dependent DFT (TDDFT) was used for the 

calculation of the electronic spectra of the compounds. The steady state UV-vis 

absorption of the organic dyes was calculated with the optimized S0 state geometry. 

All these calculations were performed with Gaussian 09W.
[27]

 TDDFT calculation 

results are listed in Table 3.1. 

Table 3.1 TDDFT calculation results. 

Compound  

Electronic 

transition 

TDDFT//B3LYP/6-31G(d) 

Energy
b
 f 

c
 Composition 

d
 CI 

e
 

S-06 

Singlet 

(UV-vis) 

S0S1 

1.91 eV 

648 nm 

1.5625 

HOMOLUMO 0.6838 

HOMOLUMO+1 0.1299 

S0S5 

2.47 eV 

501 nm 

1.2069 

HOMOLUMO+2 0.6067 

HOMO-3LUMO 0.2683 

S-06 

(CH2Cl2) 

Singlet 

(UV-vis) 

 

S0S1 

2.00 eV 

667 nm 

1.9972 

HOMOLUMO 0.6885 

HOMO-1LUMO+1 0.1236 

S0S5 

2.42 eV 

512 nm 

1.3404 

HOMOLUMO+2 0.5925 

HOMO-2LUMO 0.2673 

a
Calculated by TDDFT//B3LYP/6-31G(d), based on the DFT//B3LYP/6-31G(d) 

optimized ground state geometries. 
b
Only the low-lying excited states and some 

allowed transitions were presented. 
c
Oscillator strength. 

d
Only the main 

configurations are presented. 
e
CI coefficients are in absolute values. 
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3.2.4 Hole Mobility Measurements 

Single carrier devices were fabricated and the dark current-voltage characteristics 

measured and analyzed in the space charge limited (SCL) regime following the 

procedure as described in the reference.
[26]

 The structure of hole only devices was 

glass/ITO/PEDOT:PSS/active layer/PEDOT:PSS/Ag (100 nm). The reported mobility 

data are average values over the two cells (with each cell containing six separate 

devices) of each sample at a given film composition, as shown in Figure 3.5. 

A decent hole mobility of 6.09 × 10
–4

 cm
2
 V

–1
 s

–1
 was obtained from the pristine 

S-06:PC70BM (1:0.5, w/w) film, which is essential for highly efficient OSCs, and this 

value has the same order of magnitude as the hole mobilities found for some donor 

materials in highly efficient OSCs.
[2, 16]
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Figure 3.5 Field dependence of the current density for the hole-only device. 
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3.2.5 Photovoltaic Properties 

Device Fabrication and Characterization of OSCs  

Photovoltaic devices were fabricated by doctor-blading on indium-tin oxide 

(ITO)-covered glass substrates (from Osram). These substrates were cleaned in 

toluene, water, acetone and isopropyl alcohol. After drying, the substrates were bladed 

with 50 nm PEDOT:PSS (HC Starck, PEDOT PH-4083). Photovoltaic layers, 

consisting of S-06 and PC70BM in different weight ratios, were dissolved at the 

concentration of 2% (20 mg/mL) in chlorobenzene (CB) and bladed on top of the 

PEDOT:PSS layer. Finally, a calcium/silver top electrode of 15/80 nm in thickness 

was evaporated. The typical active area of the investigated devices was 10.4 mm
2
. 

The current-voltage characteristics of the solar cells were measured under AM 1.5 G 

irradiation on an OrielSol 1A Solar simulator (100 mW cm
–2

). The external quantum 

efficiencies (EQE) were detected with Cary 500 Scan UV-Vis-NIR spectrophotometer 

under monochromatic illumination, which was calibrated with a mono-crystalline 

silicon diode. The characterization of the current density-voltage (J-V) curve was 

done in an inert nitrogen atmosphere and the EQEs of the devices without 

encapsulation were measured in air. 

The key device parameters are listed in Table 3.2. To optimize the device condition, 

devices with different donor:acceptor weight ratios were examined.  
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Table 3.2 The photovoltaic performance of the OSCs based on S-06:PC70BM blended 

with different weight ratios, under the illumination of AM 1.5 G at 100 m W cm
–2

. 

Active layer 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

PCE 

[%] 

Rshunt 

[kΩ cm
2
] 

Rs 

[Ω cm
2
] 

S-06:PC70BM (1:0.5) 0.92 6.89 0.63 4.0 837.91 3.18 

S-06:PC70BM (1:0.75) 0.92 6.63 0.45 2.74 329.84 4.36 

S-06:PC70BM (1:1) 0.92 4.69 0.41 1.75 151.93 6.79 

S-06:PC70BM (1:2) 0.88 1.82 0.33 0.52 30.02 10.53 

 

All the devices yielded relatively high Voc (0.88–0.92 V) which are consistent with 

the deeper low-lying HOMO and relatively insensitive to the donor:acceptor ratio. It 

was shown that the OSC with the donor:acceptor weight ratio of 1:0.5 showed the 

best PCE of 4.0% under the illumination of AM 1.5 G at 100 mW cm
–2

. The FF of 

0.63 is a relatively high value for small-molecule OSC. The device with the weight 

ratio of 1:0.75 and 1:1 gave a lower PCE at 2.74% and 1.75%, respectively, together 

with the significantly lower FF. The PCE of the OSCs decreased drastically to 0.52% 

due to a significantly lower Jsc and FF at the ratio of 1:2. It is known that the existence 

of charge recombination in the active layer and contact resistance at the interface are 

the major reasons that give rise to the drop in shunt resistance (Rshunt) and the increase 

in series resistance (Rs), respectively.
[28, 29]

 The Rshunt and Rs of the S-06-based OSCs 

was independently calculated from the inverse slope of the dark J-V curves of the 

devices (Figure 3.6).
[29]

 The lower performance of 1:0.75, 1:1 and 1:2 combination as 
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compared to 1:0.5 could be explained as follows: As shown in Table 3.2, when the 

concentration of PC70BM was increased from 0.5 to 2 relative to the S-06, the Rshunt 

decreased from 837.91 KΩ cm
2
 to 30.02 KΩ cm

2
, and the Rs increased from 3.18 Ω 

cm
2
 to 10.53 Ω cm

2
, suggesting that the high concentration of PC70BM can generate a 

large amount of leakage current in the active layer. As a result, the increased Rs and 

decreased Rshunt resulted in lower performance of the OSCs by reducing the FF and 

Jsc. 
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Figure 3.6 J-V curves of the OSCs in the dark and under the illumination of AM 1.5 G 

at 100 mW cm
–2

. 

 

Figure 3.7 shows a typical current density-voltage (J-V) curve of the OSC based on 

S-06:PC70BM (1:0.5, w/w) and the external quantum efficiency (EQE) plot of the 

OSC. The EQE curve of the device covered a broad wavelength range of 300–670 nm 
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with a maximum EQE value of 48% at 510 nm, which indicates that the absorption of 

the S-06 donor and the PC70BM acceptor all contribute to the photo-electronic 

conversion. From the EQE spectrum, the calculated photocurrent density is 6.81 mA 

cm
–2

, which is consistent with the Jsc value (6.89 mA cm
–2

), if we consider a little 

degradation of the device performance during the EQE measurement in air. 
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Figure 3.7 (a) The J-V curve of the OSC based on S-06:PC70BM (1:0.5, w/w) under 

the illumination of AM 1.5 G at 100 mW cm
–2

; (b) The EQE curve of the OSC based 

on S-06:PC70BM (1:0.5, w/w). 
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Nanoscale phase separation in the morphology of the active layer is required for 

high performance OSCs, which enables a large interfacial area for exciton 

dissociation and a continuous percolating path for hole and electron transport to the 

corresponding electrodes.
[25]

 The active layer morphology was examined by atomic 

force microscopy (AFM) in the tapping mode. From the AFM phase image of the 

blend film of S-06:PC70BM (see Figure 3.8), the film with the ratio of 1:0.5 exhibited 

a better interpenetrating network. This nanoscale interpenetrating network is 

beneficial to the exciton dissociation, charge transport and thus enhanced efficiency of 

the OSCs. 

   

 

Figure 3.8 AFM phase image of the S-06:PC70BM blend with the ratios of: (a) 1:0.5 

w/w, root-mean-square (RMS) roughness is 0.85 nm, (b) 1:1 w/w, RMS roughness is 

0.61 nm, and (c) 1:2 w/w, RMS roughness is 2.81 nm. 

(a) (b) 

(c) 
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3.3 Conclusions and Development 

In conclusion, a new 2D-conjugated small molecule, S-06, with A-D-A framework 

in the main chain and 2-(2-ethylhexyl)thiophene conjugated side chain was 

synthesized. S-06 has excellent solution processability and thermal stability, broad 

and strong absorption feature, appropriate energy levels that are in good match with 

PC70BM, respectable hole mobility and good film-forming morphology. The BHJ 

OSCs based on S-06:PC70BM (1:0.5, w/w) afforded a high PCE of 4.0% and a notable 

FF of 0.63 without any special treatment needed. This preliminary work demonstrates 

that this kind of 2D-conjugated small molecules offer a good strategy to design new 

photovoltaic small molecule-based donor materials with high FF and Voc for 

high-efficiency OSCs. We envisage that further optimization of the morphology on an 

active layer would improve the performance of devices. 

 

3.3.1 Synthetic routes of S-07 and S-08 

Based on the molecular design strategy of the 2D-conjugated small molecule S-06, 

we consistently synthesized two 2D-conjugated small molecules (Scheme 3.3, S-07 

and S-08) with conjugated side chains attaching to the main chain. 
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Scheme 3.3 Chemical structures of S-07 and S-08. 

 

The general synthetic routes of S-07 and S-08 are outlined in Scheme 3.4. 

Compound 27 was synthesized according to the literature method.
[16]

 The 

intermediates 26 and 28 were synthesized through Stille coupling reaction which is 

similar to compound that of 18. S-07 and S-08 were obtained by the Knovenagel 

condensation of compounds 26 and 28 with octyl cyanoacetate, respectively. These 

two small smolecules exhibited good solubility in common organic solvents, such as 

dichloromethane and chloroform.
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 Scheme 3.4 Synthetic routes for S-07 and S-08. 



84 

 

 

 

Figure 3.9 
1
H NMR spectra of S-07 and S-08 in CDCl3. 
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3.3.2 Optical and Electrochemical Properties 

As shown in Figure 3.10, S-07 and S-08 exhibited very similar and broad 

absorption spectra in dilute CH2Cl2, indicating that the position of the attaching 

conjugated thiophene side chain shows little effect on their absorption feature. They 

exhibited a maximum absorption peak at ca. 492 nm, which is slightly red-shifted 

than that of S-06. 

Figure 3.11 displays the cyclic voltammogram of the S-07 and S-08 films on glassy 

carbon electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution at a scan rate of 100 

mV s
–1

. The formal potential of Fc/Fc
+ 

was measured as 0.07 V against Ag/Ag
+
. The 

onset oxidation potential of S-07 and S-08 is 0.50 and 0.54 V vs. Ag/Ag
+
, 

corresponding to the HOMO energy level of –5.23 and –5.23 eV obtained by the 

calculations, respectively. The onset reduction potential is –1.26 and –1.22 V, and the 

LUMO energy level was calculated to be –3.47 and –3.51 eV, respectively. 

Encouragingly, S-07 and S-08 present fairly low-lying HOMO energy levels, 

suggesting that this kind of 2D-conjugated small molecules could be employed as 

promising small-molecule donor materials to afford high Voc value of the OSC 

devices. 
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Figure 3.10 Absorption spectra of S-07 and S-08 in CH2Cl2. 
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Figure 3.11 Cyclic voltammograms of the S-07 and S-08 films on glassy carbon 

electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile at a scan rate of 100 mV s
–1

. 

 

3.3.3 Photovoltaic Properties 

Device Fabrication and Characterization of OSCs  

OSCs were fabricated with ITO glass as a positive electrode, Ca/Al as a negative 

electrode and the blend film of the S-07:PC60BM (or PC70BM) between them as a 

photosensitive layer. The ITO glass was pre-cleaned and modified by a thin layer of 

PEDOT:PSS which was spin-cast from a PEDOT:PSS aqueous solution on the ITO 

substrate, and the thickness of the PEDOT:PSS layer is about 30 nm. The 

photosensitive layer, consisted of donor materials and fullerene derivative, which 

were dissolved at the chloroform solvent and spin-coated on the ITO/PEDOT:PSS 
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electrode. Finally, the Ca/Al cathode was deposited on the active layer by vacuum 

evaporation under 1 × 10
–4

 Pa. The effective area of the device is 4 mm
2
. The 

characterization of the J-V curve was done under an inert nitrogen atmosphere and the 

EQEs of the devices without encapsulation were measured in air. 

  Photovoltaic performance characteristics of the S-07 based OSCs are summarized 

in Table 3.3. The J-V curve of the OSC based on S-07:PC60BM (1:0.5, w/w), 

S-07:PC60BM (1:1, w/w), S-07:PC60BM (1:2, w/w), S-07:PC60BM (1:3, w/w) and 

S-07:PC70BM (1:1, w/w) are shown in Figure 3.12. 

BHJ OSC based on S-07:PC60BM (1:0.5, w/w) showed a PCE of 2.45%, with a Voc 

of 0.87 V, a Jsc of 5.39 mA cm
–2

, and a FF of 0.521 under the illumination of AM 1.5 

G at 100 mW cm
–2

. When the D/A ratio was changed to 1:1 (w/w), the values of Voc, 

Jsc, and FF were decreased, with an overall low PCE of 1.51%. Lower PCE of 1.09% 

was obtained from the S-07:PC60BM (1:2, w/w) blend films based device, but with a 

high Voc of 0.91 V. The device based on S-07:PC60BM (1:3, w/w) afforded the highest 

Voc of 0.96 V, with a PCE of 2.52%. A higher PCE of 2.72% was achieved from the 

device based on S-07:PC70BM (1:1, w/w) blend film, with a Voc of 0.94 V, a Jsc of 

5.39 mA cm
–2

 and a FF of 0.535. 
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Table 3.3 The photovoltaic performance of the OSCs based on S-07 under the 

illumination of AM 1.5 G at 100 m W cm
–2

. 

Active layer 
Voc 

[V] 

Jsc 

[mA cm
–2

] 
FF 

PCE 

[%] 

S-07:PC60BM (1:0.5) 0.87 5.39 0.521 2.45 

S-07:PC60BM (1:1) 0.76 4.46 0.445 1.51 

S-07:PC60BM (1:2) 0.91 3.71 0.379 1.09 

S-07:PC60BM (1:3) 0.96 4.66 0.562 2.52 

S-07:PC70BM (1:1) 0.94 5.39 0.535 2.72 
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Figure 3.12. The J-V curve of the OSCs based on S-07:PC60BM (1:0.5, w/w), 

S-07:PC60BM (1:1, w/w), S-07:PC60BM (1:2, w/w), S-07:PC60BM (1:3, w/w) and 

S-07:PC70BM (1:1, w/w) under the illumination of AM 1.5 G at 100 mW cm
–2

. 
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The EQE of the OSCs based on S-07:PC60BM (1:0.5, w/w) and S-07:PC70BM (1:1, 

w/w) under the illumination of AM 1.5G at 100 mW cm
–2

 are shown in Figure 3.13. 

These two devices showed very similar EQE curves, which are consistent with the Jsc 

values. The maximum EQE value of the OSC based on S-07:PC60BM (1:0.5, w/w) 

reached 38% at 484 nm, and the device based on S-07:PC70BM (1:1, w/w) showed the 

maximum EQE value of 37.5% at 549 nm.  

BHJ devices based on S-08 will be fabricated and tested in the near future. 
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Figure 3.13 The EQE of the OSCs based on S-07:PC60BM (1:0.5, w/w) and 

S-07:PC70BM (1:1, w/w) under the illumination of AM 1.5 G at 100 mW cm
–2

. 
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Chapter 4 Metallated Conjugated Small-Molecule Donor 

Materials for Organic Solar Cells 

4.1 Introduction  

Nowadays, although most of the highly efficient OSCs are based on organic materials, 

some interesting results have been achieved by employing the metal-containing 

derivatives as donors, which represent another versatile class of polymer donor 

materials for OSCs. There are several advantages to incorporate metal atoms into 

conjugated polymeric systems:
[1, 2]

 firstly, the metal atoms could provide additional 

paramagnetic and redox-active centers for charge transportation and may greatly 

change the optical and electronic properties of the resulting polymers; secondly, the 

HOMO and LUMO energy levels can be fine-tuned through the interaction of the 

metal d-orbitals with the ligand orbitals; thirdly, the metal ions may act as 

architectural templates in the assembly of the organic subunits. platinum(Ⅱ) arylene 

ethynylenes has been demonstrated as suitable building block to design promising 

photovoltaic donor materials.
[3, 4]

 In 1968, Weller first demonstrated that photoinduced 

electron transfer is a key mechanism for fluorescence quenching in donor/acceptor 

systems.
[5, 6]

 In 1998, Chawdhury and co-workers reported some platinum-containing 

poly-ynes with aromatic and heteroaromatic rings to investigate their optical and 

electronic properties.
[7]

 They suggested that the materials might also be applied in 

light-emitting diodes and polymer lasers. In 2006, Schanze et al. employed 

platinum-acetylide polymer P22 (Scheme 4.1) as donor and PC60BM as acceptor to 
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fabricate OSCs, and a PCE value of 0.27% was achieved,
[8]

 which demonstrated that 

blend films consisting of a blue-violet absorbing platinum-acetylide polymer with a 

fullerene derivative can serve as the photoactive materials in photovoltaic devices. 

This was the first report of a polymer-based photovoltaic device in which a triplet 

excited state was involved in the process of photo-induced charge separation. Later on, 

Wong et al. innovatively developed a series of metallated conjugated copolymers with 

tunable band-gaps and energy levels for OSC applications.
[9-11]

 The copolymer P23 

(Scheme 4.1) they reported exhibited good light-harvesting ability and suitable energy 

levels with relatively low band gap of 1.85 eV and low HOMO level of –5.37 eV. The 

OSCs fabricated with P23 and PCBM as the active layer delivered an impressively 

high Jsc of 15.43 mA cm
–2

, a Voc of 0.82 V, and a FF of 0.39, leading to a remarkable 

PCE value of 4.93%.
[9]

 In 2008, Jen and co-workers reported a similar polymer (P24) 

using thieno[3,2-b]thiophene instead of thiophene as the flanking spacers and ethyl 

instead of butyl as the solubilizing side chains (Scheme 4.1).
[12]

 P24 exhibited a high 

field-effect mobility of 1 × 10
–2

 cm
2
 V

–1
 s

–1
 despite its amorphous nature. 

Encouragingly, the best performance of the OSCs based on P24 demonstrated a Voc of 

0.79 V, a Jsc of 10.12 mA cm
–2

 and FF of 0.51, leading to a PCE of 4.13%.
[12]
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Scheme 4.1 The chemical structure of the metallated conjugated copolymers 

P22–P24. 

   

  In spite of the impressive progress achieved in platinum(Ⅱ) containing polymeric 

system, these polymers prepared by the Hagahara coupling reaction
[13]

 intrinsically 

give wide molecular weight distribution (poly-dispersity of ~2) and undefined 

end-groups.
[14]

 To tackle this issue, in this chapter, we introduced platinum(Ⅱ) unit as 

the building block into oligothiophenes with different kinds of acceptor units as the 

terminal group to develop a series of metallated conjugated small molecules (as 

shown in Scheme 4.2). These small molecules possess excellent solubility in common 

solvent such as dichloromethane, chloroform, chlorobenze, which benefit from the 

butyl chains in platinum(Ⅱ). They show broad and strong absorption spectra in 

visible region and deep HOMO energy levels at ca. –5.30 eV. The low-lying HOMO 

energy levels of the molecules should be beneficial to obtain high Voc value. Due to 

the poor film quality when blending with PC70BM, S-09 and S-10 based BHJ devices 

showed low Voc and Jsc, with a poor PCE lower than 0.2%. BHJ device based on 
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S-11:PC70BM (1:4, w/w) exhibited a high Voc of 0.91 V, with a PCE value of 0.88%. 

S-12 which has two more thiophene π-bridges relative to S-11 exhibited broader 

absorption spectrum than that of S-11, which should be beneficial to get higher Jsc 

value. The optimized device based on S-12:PC70BM (3:7, w/w) exhibits a higher PCE 

value of 1.59% with a higher Jsc value of 5.89 mA cm
–2

 as expected. The PCE of the 

OSCs based on S-13:PC70BM (1:4, w/w) is only 0.17% due to the poor Voc and Jsc 

values, while the device based on S-14: PC70BM (1:4, w/w) showed a much higher 

PCE value of 1.56% with higher Voc and Jsc value under illumination of AM 1.5 G at 

100 mW cm
–2

.  

Scheme 4.2 Chemical structures of S-09 to S-14. 

 

4.2 Result and Discussion 

   The general synthetic routes for all compounds are outlined in Scheme 4.3. The 

key intermediate compounds 29 and 34 were synthesized by compounds 6 and 35, 
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compounds 33 and 35, respectively. The target molecules S-09 to S-14 were prepared 

by Knoevenagel condensation of aldehydes with octyl cyanoacetate in good yields. 

All these small molecules exhibited excellent solubility in common organic 

solvents such as chloroform, toluene, dichloromethane and chlorobenzene. Their 

structures were unequivocally characterized by a bunch of techniques including mass 

spectrometry, 
1
H NMR and 

13
C NMR spectroscopies. Figure 4.1 displays the 

1
H NMR 

spectra of the six small molecules, and the NMR data are consistent with the proposed 

structures. The thermal stabilities of S-09 to S-14 were investigated by 

thermogravimetric analysis (TGA). As shown in Figure 4.2, the temperatures with 5% 

weight-loss (Td) of S-09, S-10, S-11, S-12, S-13, and S-14 are 184
 o
C, 237

 o
C, 310 

o
C, 

296 
o
C, 315 

o
C, and 367 

o
C, respectively. The stabilities of these small molecules are 

enough for applications in OSCs and other optoelectronic devices.  
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Scheme 4.3 Synthetic routes for Synthetic routes for S-09 to S-14. 
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Figure 4.1 
1
H NMR spectra of the small molecules in CDCl3. 
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Figure 4.2. TGA plots of S-09 to S-14 with a heating rate of 20 
o
C min

–1
 under a 

nitrogen atmosphere. 

 

4.2.1 Optical and Electrochemical Properties 

Optical and redox properties of the donor materials are important parameters for 

their application in OSCs. Figure 4.3 shows the ultraviolet-visible (UV-vis) absorption 

spectra of S-09 to S-14 in CH2Cl2. All the molecules exhibited strong absorption in 

the visible region. The absorption of S-09 to S-14 is each dominated by an intense 

band peaking at 504–621 nm. Due to the presence of a more extended π-electron 

delocalized system through the rigid chain and the alternating terminal acceptor, the 

bandgaps of S-09 to S-14 vary from 2.03 to 1.77 eV. S-09 showed a maximum 

absorption peak at 537 nm with the absorption edge at 596 nm, while S-10 has a 
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blue-shifted maximum absorption peak at 506 nm relative to S-10, but with a 

red-shifted edge at 611 nm. S-11 solution displayed considerably broad and 

unstructured absorption spectra in the range of 300–673 nm with the absorption 

maximum at 661 nm. In comparison to S-11, introducing two more thiophene rings 

into the structure makes S-12 display broader absorption spectra in the wavelength 

range of 300–700 nm with the absorption maximum at 576 nm. The absorption 

coverage was detected for S-13 in the range of 300–614 nm with absorption peak at 

553 nm, while S-12 exhibited a broader absorption spectrum with the wavelength 

range of 300–630 nm than that of S-06, while is attributed to the two additional 

thiophene units for better π-conjugation. The corresponding absorption coefficients of 

S-09 to S-14 are 3.7 × 10
5
, 3.3 × 10

5
, 6.2 × 10

5
, 5.9 × 10

5
, 4.2 × 10

5
 and 4.0 × 10

5
 M

–1
 

cm
–1

, respectively. The absorption edges of S-09 to S-14 are 596, 611, 673, 700, 614 

and 630 nm, corresponding to the bandgaps (Eg) of 2.08, 2.03, 1.84, 1.77, 2.01 and 

1.97 eV, respectively. The optical data of the compounds are summarized in Table 3.1 

for comparison. 
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Figure 4.3 Absorption spectra of S-04, S-05, S-06 and S-07 in CH2Cl2. 

 

Figure 4.4 shows the cyclic voltammograms of S-09 to S-14 films on glassy carbon 

electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution. The onset reduction potentials 

(Ered) of S-09 to S-14 are –1.07, –1.20, –1.23, –1.24, –1.17, and –1.16 V vs. Ag/Ag
+
, 

respectively. And the onset oxidation potentials (Eox) are 0.66, 0.60, 0.67, 0.64, 0.66 

and 0.54 V vs. Ag/Ag
+
, respectively. The HOMO and LUMO levels are calculated 

from the onset potentials of oxidation and reduction by assuming the energy level of 

ferrocene/ferrocenium (Fc/Fc
+
) to be –4.8 eV below the vacuum level.

[15]
 The formal 

potential of Fc/Fc
+ 

was measured as 0.07 V against Ag/Ag
+
. The HOMO and LUMO 

energy levels of the compounds were calculated according to the following equations: 

HOMO = –e(Eox + 4.73) (eV) 

LUMO = –e(Ered + 4.73) (eV) 

where the units of Eox and Ered are V vs. Ag/Ag
+
. 

The HOMO energy levels of S-09 to S-14 are –5.39, –5.33, –5.40, –5.37, –5.39, 
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and –5.27 eV respectively, and their calculated LUMO energy levels are –3.66, –3.53, 

–3.50, –3.49, –3.56 and –3.57 eV, respectively.  
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Figure 4.4 Cyclic voltammograms of the compounds as films on glassy carbon 

electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution at a scan rate of 100 mV s
–1

. 
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Table 4.1 Optical and electrochemical properties of S-09 to S-14. 

 λ 

[nm] 

ε [M
–1

 cm
–1

] 

Eg
opt

 

 [eV]
a 

HOMO
b
 

[eV] 

LUMO
b
 

[eV] 

S-09 595 3.7 × 10
5
 2.08 –5.39 –3.66 

S-10 611 3.3 × 10
5
 2.03 –5.33 –3.53 

S-11 673 6.2 × 10
5 

1.84 –5.40 –3.50 

S-12 700 5.9 × 10
5
 1.77 –5.37 –3.49 

S-13 614 4.2 × 10
5 

2.01 –5.39 –3.56 

S-14 630 4.0 × 10
5
 1.97 –5.27 –3.57 

a
Eg

opt
, estimated from the optical absorption band edge of the molecules in solution, 

Eg
opt

 = 1240/λ.  
b
HOMO = –e(Eox + 4.73) (eV)  LUMO = –e(Ered + 4.73) (eV). 

 

4.2.2 Photovoltaic Properties 

Device Fabrication and Characterization of OSCs  

The ITO glass was pre-cleaned and modified by a thin layer of PEDOT:PSS which 

was spin-cast from a PEDOT:PSS aqueous solution on the ITO substrate, and the 

thickness of the PEDOT:PSS layer is about 30 nm. The photosensitive layer was 

prepared by spin-coating a blend solution of S-09 to S-14 and PC70BM in 

chlorobenzene on the ITO/PEDOT:PSS electrode. Then the Ca/Al cathode was 

deposited on the active layer by vacuum evaporation under 3 × 10
–4

 Pa. The effective 

area of one cell is 10.4 mm
2
. The current density-voltage (J-V) measurement of the 
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devices was conducted on a computer-controlled Keithley 236 Source Measure Unit 

in drybox under an inert atmosphere. A xenon lamp with AM 1.5 G filter was used as 

the white light source, and the optical power at the sample was 100 mW cm
–2

. The 

light intensity at each wavelength was calibrated with a standard single-crystal Si 

photovoltaic cell. All the measurements were performed under ambient atmosphere at 

room temperature. 

  Bulk heterojunction OSCs were fabricated using the six small molecules S-09 to 

S-14 as the photosensitive donor materials and PC70BM as acceptor with a general 

device structure of ITO/PEDOT:PSS/donor:acceptor/Ca/Al. Photovoltaic performance 

characteristics of the OSCs are summarized in Table 4.2. These metallated conjugated 

small molecules showed optimized HOMO energy levels which match with the 

LUMO of PC70BM. S-09 and S-10 exhibited poor film quality when bended with 

PC70BM, leading to the poor photovoltaic performance. BHJ OSC based on 

S-11:PC70BM (1:4, w/w) exhibited a PCE of 0.88% with Voc = 0.91 V, Jsc = 3.61 mA 

cm
–2

 and FF = 27.8%. The PCE slightly decreased by changing the ratio of 

S-11:PC70BM from 1:4 to 1:9 or 3:7 (w/w), with lower Jsc and Voc values. S-12 which 

possesses longer π-conjugation backbone than S-11 exhibited higher Voc (0.92 V) and 

Jsc (5.89 mA cm
–2

) when bended with PC70BM at the ratio of 3:7 (w/w), leading to an 

overall increase of PCE of 1.59%. When the ratio of S-12:PC70BM used was 1:4 

(w/w), the PCE value decreased to 1.06%, resulting from a lower Jsc of 4.08 mA cm
–2

. 

The other ratios of S-12:PC70BM based devices also gave much poorer performance. 

OSC devices based on S-13 showed much poor performance with a PCE of 0.17%, 
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attributed to the low Jsc (1.22 mA cm
–2

) and Voc (0.6 V) values. It appears that a chang 

of S-13:PC70BM blend ratio did not help in improving the PCE. While adding two 

thiophene rings to get S-14 for better π-conjugation, OSCs based on S-14:PC70BM 

(1:4, w/w) exhibit a much higher PCE value of 1.56% and a higher Voc (0.92 V), with 

a higher Jsc of 4.88 mA cm
–2

 as expected. We note that when the ratio of 

S-14:PC70BM 3:7 (w/w) was used, the PCE value decreased to 1.42%, which is due to 

a slightly lower Voc of 0.88 mA cm
–2

. The other ratios of S-14:PC70BM leaded to 

much poorer performance. Figure 4.5 shows the J-V curves of the OSCs based on 

these small molecules. 

 

Table 4.2 The photovoltaic performance of the OSCs based on the related small 

molecule as donor, and PC70BM as acceptor, under the illumination of AM 1.5 G at 

100 mW cm
–2

. 

Active layer Voc [V] Jsc [mA cm
–2

] FF [%] PCE [%] 

S-09:PC70BM (1:3) 0.50 1.15 33 0.19 

S-10:PC70BM (1:3) 0.38 1.16 39 0.17 

S-11:PC70BM (1:9)
 0.850±0.05 2.94±0.20 28.10±1.82 0.68±0.06 

S-11:PC70BM (1:4) 0.913±0.02 3.61±0.03 27.85±2.17 0.88±0.04 

S-11:PC70BM (3:7) 0.875±0.01 2.89±0.10 24.29±2.24 0.55±0.04 

S-12:PC70BM (1:4) 0.908±0.02 4.08±0.21 27.91±2.17 1.06±0.05 

S-12:PC70BM (3:7) 0.925±0.00 5.89±0.10 29.09±0.11 1.59±0.03 

S-12:PC70BM (1:1) 0.906±0.00 3.70±0.01 28.97±0.73 0.97±0.02 
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S-13:PC70BM (1:4) 0.60±0.20 1.22±0.21 34.2±1.76 0.173±0.03 

S-14:PC70BM (1:9) 0.867±0.03 3.88±0.02 30.66±0.15 1.03±0.03 

S-14:PC70BM (1:4) 0.917±0.17 4.88±0.21 33.47±0.22 1.56±0.20 

S-14:PC70BM (3:7) 0.878±0.01 4.82±0.10 33.31±0.38 1.42±0.11 
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Figure 4.5 The J-V curves of the OSCs based on S-09, S-10, S-11, S-12 and S-14 

under the illumination of AM 1.5 G at 100 mW cm
–2

. 
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4.3 Conclusion  

Six metallated conjugated oligothiophenes, S-09, S-10, S-11, S-13 and S-14, with 

platinum(Ⅱ) arylene ethynylenes as electron-rich building block were synthesized to 

investigate their physicochemical and photovoltaic properties. These small molecules 

exhibited good solubility in common organic solvents, broad absorption spectra in the 

visible region and low-lying HOMO energy levels which match with the LUMO 

energy level of PC70BM. Using the simple solution spin-coating fabrication process, 

S-11:PC70BM (1:4, w/w) based OSCs exhibited a high Voc of 0.91 V, with a PCE 

value of 0.88%. While the OSC device based on S-12:PC70BM (3:7, w/w) displayed a 

higher PCE of 1.59% with a higher Jsc value of 5.89 mA cm
–2

, the PCE of 

S-14:PC70BM (1:4, w/w) based device showed a much higher PCE value of 1.56%. 

The result indicates that the platinum(Ⅱ) arylene ethynylenes could be used as a good 

building block to design small-molecule donor materials with low-lying HOMO 

energy levels for solution-processed organic solar cells. 
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Chapter 5 Improvement of Open-Circuit Voltage and 

Photovoltaic Properties by Side Chain Engineering in 

2D-Conjugated Polymers 

5.1 Introduction 

Low bandgap copolymers based on benzo[1,2-b:4,5-b']dithiophene (BDT) and 

thieno[3,4-b]thiophene (TT) units have aroused great research interests since the first 

report by Yu et al. in 2009,
[1,

 
2]

 because of their broad absorption, higher hole mobility 

and attractive photovoltaic properties.
[1-8]

 By further structural modifications to tune 

the energy levels, such as by introducing fluorine atom into a 2-ethylhexyl 

carboxylate substituted TT unit (designated as PTB7)
[4]

 or an n-heptylacyl group 

substituted TT unit (designated as PBDTTT-CF)
[5]

, PCE of the OSCs based on the 

polymer donor reached up to 7.4~7.7%. In 2011, Huo and Hou et al. attached 

conjugated thiophene side chains instead of alkoxy substituents on BDT unit (BDTT) 

and synthesized 2-dimensional (2D)-conjugated polymers PBDTTT-E-T and 

PBDTTT-C-T.
[6]

 The 2D-conjugated copolymers PBDTTTs based on BDTT and TT 

units show red-shifted absorption, lower-lying HOMO energy level, greatly enhanced 

hole mobility and improved photovoltaic properties.
[9, 10] 

Nevertheless, the HOMO 

energy levels of this kind of copolymers are relatively high in the range of –4.90 to 

–5.22 eV, which limit Voc of the devices to less than 0.8 V.  

Side chains in conjugated polymers play an important role in tuning solubility, 

absorption spectra and electronic energy levels of the conjugated polymers.
[11-14]
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Electron-donating side chains can donate some electron density to the conjugated 

polymer backbones through connecting moieties such as alkoxy and alkylthio groups. 

It is well known that the electron-donating ability of sulfur is weaker than oxygen. 

Moreover, sulfur atom has some π-acceptor capability due to the formation of 

pπ(C)-dπ(S) orbital overlap where divalent sulfur accepts π-electron from the p-orbital 

of carbon-carbon double bond into its empty 3d-orbitals.
[15]

 This causes the polymers 

containing alkylthio side chain to exhibit unique optoelectronic properties. In 2006, 

Hou and Li et al.
[16]

 introduced alkylthio side chain in poly(p-phenylenevinylene) 

(PPV) for tuning the optoelectronic properties of PPV derivatives, and found that the 

PPV derivatives with the alkylthio side chain possess down-shifted HOMO energy 

level than that of the PPV derivatives with alkoxy side chain such as MEH-PPV. The 

HOMO energy levels of the PPV derivatives with an alkylthio side chain and with an 

alkylthio and an alkoxy side chain were –5.37 eV (onset oxidation potential is 0.66 V 

vs. Ag/Ag
+
)

[16]
 and –5.17 eV (onset oxidation potential is 0.46 V vs. Ag/Ag

+
),

[16]
 

respectively, while the HOMO energy level of MEH-PPV with two alkoxy side chains 

is –5.07 eV.
[17]

 Later on, Huo and Li et al.
[18]

 studied the effect of the alkylthio side 

chain on the optoelectronic properties of polythiophene derivatives in comparison to 

the alkyl and alkoxy side chains. The alkylthio side chain made polythiophene 

absorption slightly red-shifted and HOMO energy level down-shifted by ca. 0.1 eV 

than that of the alkyl substituted polythiophene.
[18]

 Recently, Lee and Ferraris et al.
[19, 

20]
 attached the alkylthio side chains on benzodithiophene (BDT) unit in the 

conjugated polymers based on BDT unit, and the HOMO energy levels of the 
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conjugated polymers based on BDT unit were also effectively down-shifted, so that 

high open-circuit voltage of the OSCs with the polymer as the donor was achieved.  

For further improving the photovoltaic performance of the 2D-conjugated 

copolymers PBDTTTs, in this work, we introduced alkylthio substituent on the 

conjugated thiophene side chains of the 2D-conjugated copolymer and synthesized a 

new 2D-conjugated polymer PBDTT-S-TT with alkylthio substituent. For 

comparison, the corresponding polymers PBDTT-O-TT with alkoxy substituent and 

PBDTT-TT with alkyl substituent on the thiophene side chains were also synthesized. 

Molecular structures of the polymers are shown in Scheme 5.1. The absorption edge 

of PBDTT-S-TT film was red-shifted by ca. 5 nm and the HOMO energy level of 

PBDTT-S-TT was down-shifted by 0.11 eV than that of PBDTT-TT. As a result, 

OSCs based on PBDTT-S-TT as donor and PC70BM as acceptor demonstrated a high 

Voc of 0.84 V, leading to a higher PCE of 8.42% under the illumination of AM 1.5 G at 

100 mW cm
–2

. The Voc and PCE of the devices under the optimized device fabrication 

conditions are 0.77 V and 7.42% for PBDTT-TT, respectively.  

 

5.2. Results and Discussion 

5.2.1. Synthesis and Characterization of the Polymers  

2-Ethylhexyl-4,6-dibromo-3-fluorothieno[3,4-b]thiophene-2-carboxylate (TT)
[4] 

and 

2,6-bis(trimethyltin)-4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiop

hene (M1)
[7]

 were synthesized by the literature methods. The detailed synthetic 
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procedures of 

(4,8-bis(5-((2-ethylhexyl)oxy)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl) 

bis(trimethylstannane) (M2) and (4,8-bis(5-((2-ethylhexyl)thio)thiophen-2-yl) 

benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)bis(trimethylstannane) (M3) were described 

in Chapter 7. The NMR and MALDI-TOF spectra of the monomers are shown in 

Figure 5.1. The polymers PBDTT-TT, PBDTT-O-TT and PBDTT-S-TT were 

synthesized by the Stille coupling reaction, as shown in Scheme 5.1. The 

polymerization was carried out with Pd(PPh3)4 as catalyst and refluxed for 16 h under 

argon protection. The polymers were purified by extraction with methanol, hexane 

and chloroform. The polymers possess good solubility in chloroform, chlorobenzene 

and o-dichlorobenzene. Molecular weights of the polymers were estimated by 

gel-permeation chromatography (GPC) using tetrahydrofuran as the eluent. The 

number-average molecular weight (Mn) of PBDTT-TT, PBDTT-O-TT and 

PBDTT-S-TT was 95 kDa, 78 kDa and 118 kDa, with polydispersity (PDI) of 1.39, 

1.52 and 1.46, respectively.  
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Scheme 5.1 Synthetic routes and chemical structures of the polymers. 
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Figure 5.1 
1
H NMR and MALDI-TOF spectra of the monomers. 

 

Thermogravimetric analysis (TGA) measurements were carried out to evaluate the 

thermal stability of the polymers, and the TGA plots of the three polymers are shown 

in Figure 5.2. The TGA profile reveals that the decomposition temperatures (Td) at 5% 

weight loss of PBDTT-O-TT and PBDTT-S-TT are approximately 308 °C and 
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291 °C, respectively, which are lower than that of PBDTT-TT (383 °C), indicating 

that the alkoxy and alkylthio hybrid electron-donating side chains decrease the 

thermal stability of the polymers slightly in comparison to the normal alkyl chain in 

PBDTT-TT. Nevertheless, the thermal stability of PBDTT-O-TT and PBDTT-S-TT 

is still good enough for their application in OSCs. 
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Figure 5.2 TGA plots of PBDTT-TT, PBDTT-O-TT and PBDTT-S-TT with a 

heating rate of 10 
o
C min

–1
 under an inert atmosphere. 

 

5.2.2 Absorption Spectra 

Figure 5.3 shows the absorption spectra of PBDTT-TT, PBDTT-O-TT and 

PBDTT-S-TT in dilute o-dichlorobenzene and thin solid film. The three polymers 

showed broad and strong absorption in the wavelength region from 450 nm to ca. 800 

nm. The well-defined absorption peaks with vibronic shoulder at the long wavelength 

range (700~800 nm) implies the existence of ordered aggregation and strong π-π 
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stacking. The main absorption bands of PBDTT-O-TT and PBDTT-S-TT are 

red-shifted by 25 nm and 5 nm, respectively, and broadened to some extent, in 

comparison with that of PBDTT-TT, which should result from introduction of the 

alkoxy or alkylthio hybrid electron-donating side chains onto the polymers. The 

absorption edge of PBDTT-O-TT film is ~20 nm more red-shifted than that of the 

PBDTT-S-TT film, which is attributed to the stronger electron-donating ability of the 

alkoxy group than that of alkylthio group.
[16, 21, 22] 

300 400 500 600 700 800 900

0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o
rm

a
li

ze
d

 a
b

so
rb

a
n

ce
 (

a
.u

.)

Wavelength (nm)

 PBDTT-TT

 PBDTT-O-TT

 PBDTT-S-TT

(a)

 

400 500 600 700 800 900
0.0

0.2

0.4

0.6

0.8

1.0

 

 

N
o
rm

a
li

ze
d

 a
b

so
rb

a
n

ce
 (

a
.u

.)

Wavelength (nm)

 PBDTT-TT

 PBDTT-O-TT

 PBDTT-S-TT

(b)

 

Figure 5.3 Normalized absorption spectra of PBDTT-TT, PBDTT-O-TT and 

PBDTT-S-TT in (a) o-dichlorobenzene solution and (b) thin films on quartz. 
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5.2.3. Electronic Energy Levels  

Cyclic voltammetry was employed to measure the electronic energy levels of the 

conjugated polymers,
[17, 23]

 and the HOMO and LUMO energy levels were calculated 

from the onset oxidation and reduction potentials by assuming the energy level of 

ferrocene/ferrocenium (Fc/Fc
+
) to be –4.8 eV below the vacuum level.

[24]
 Figure 5.4 

displays the cyclic voltammograms of ferrocene and the three polymer films on a 

glassy carbon electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile solution at a scan rate of 

100 mV s
-1

. The onset reduction potentials (Ered) of PBDTT-TT, PBDTT-O-TT and 

PBDTT-S-TT are –1.16, –1.18 and –1.06 V vs. Ag/AgCl, respectively, while the 

onset oxidation potentials (Eox) are 0.97, 0.85 and 1.08 V vs. Ag/AgCl, respectively. 

The formal potential of Fc/Fc
+
 was 0.47 V vs. Ag/AgCl measured in this work, so the 

HOMO and LUMO levels of the polymers were calculated according to the equations, 

HOMO = –e(Eox + 4.33) (eV); LUMO = –e(Ered + 4.33) (eV). The HOMO and 

LUMO energy level values of the polymers are –5.30 and –3.17 eV for PBDTT-TT, 

–5.18 and –3.15 eV for PBDTT-O-TT, –5.41 and –3.27 eV for PBDTT-S-TT, 

respectively, as listed in Table 5.1. PBDTT-O-TT showed a higher HOMO energy 

level due to the strong electron-donating ability of alkoxy substituent. Interestingly, 

the HOMO level of PBDTT-S-TT with alkylthio side chain was decreased by 0.11 eV 

as compared to PBDTT-TT, indicating that the thiophene side chains in the 

2D-conjugated copolymers are in conjugation with the polymer main chain and the 

substituents on the thiophene conjugated side chains influence the electronic 

properties of the 2D-conjugated polymers significantly. Obviously, the red-shifted 



127 

absorption and down-shifted HOMO energy level of PBDTT-S-TT are desirable for 

its application as the donor material in OSCs.  
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Figure 5.4 (a) Cyclic voltammograms and (b) HOMO and LUMO energy levels of 

PBDTT-TT, PBDTT-O-TT and PBDTT-S-TT. 
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5.2.4. Theoretical Calculations 

Molecular simulation with the density functional theory (DFT) approach was 

carried out to understand the structure-property relationship of the three polymers. 

The geometries of the compounds were optimized using DFT method with B3LYP 

functional and 6-31G (d, p) basis set. In particular, the HOMO and LUMO levels and 

related electron distributions were calculated. The alkyl chains were replaced by 

methyl groups to save the computational time within a reasonable simplification. The 

frontier molecular orbitals and the corresponding LUMO and HOMO energy levels 

are shown in Figure 5.5 and Table 5.1, respectively. The trend of variation for 

molecular orbital energy levels is consistent with the results obtained from the CV 

measurements. As depicted in Figure 5.5, the electron density distributions at the 

LUMO of the three polymers are mainly localized on the TT unit while their HOMO 

surfaces are delocalized along the whole π-conjugated backbones. 
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Figure 5.5 HOMO and LUMO levels for the polymer repeat unit. Calculations were 

carried out by DFT/B3LYP/6-31G (d, p) level on the polymers with a chain length of 

2. Methyl groups were used to replace alkyl substituents here to simplify the 

calculations. 

 

Table 5.1 Absorption spectral properties and energy level data of the polymers. 

Polymer 

λmax (nm)  Eg
opt

 

(eV) 

HOMO
[a]

 

(eV) 

LUMO
[a]

 

(eV) 

Eg
cv

 

(eV) 

HOMO
[b] 

LUMO
[b] 

Solution      Film (eV) (eV) 

PBDTT-TT 640 708 643 705 1.58 –5.30 –3.17 2.13 –5.04 –2.66 

PBDTT-O-TT 650 698 670 726 1.53 –5.18 –3.15 2.03 –4.97 –2.62 
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PBDTT-S-TT 644 709 657 716 1.57 –5.41 –3.27 2.14 –5.22 –2.77 

[a] 
Calculated from the cyclic voltammograms. 

[b]
 Obtained by DFT calculations. 

 

5.2.5. Hole Mobility 

Hole mobility is an important parameter for the photovoltaic donor materials. Hole 

mobilities of the three polymers were measured by using the space-charge-limited 

current (SCLC) method with the device structure of ITO/PEDOT:PSS/polymer/Au. 

For the hole-only devices, SCLC is described by
[25-27]

 

2 3

0 0 0(9 / 8) exp(0.89 / ) /J V V E L L        (1) 

where ε is the dielectric constant of the polymers, ε0 is the permittivity of the vacuum, 

μ0 is the zero-field mobility, E0 is the characteristic field, J is the current density and L 

is the thickness of the film. Figure 5.6 shows the ln(JL
3
/V

2
) vs. (V/L)

0.5
 plots of the 

polymers as measured by the SCLC method. The hole mobility values of the 

PBDTT-TT, PBDTT-O-TT and PBDTT-S-TT films are 2.83 × 10
–3

, 1.50 × 10
–3

 and 

4.08 × 10
–3

 cm
2
 V

–1
 s

–1
, respectively. The results indicate that substitution with 

alkylthio side chains in PBDTT-S-TT increased the hole mobility of the polymer. 
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Figure 5.6 Plot of ln(JL
3
/V

2
) vs. (V/L)

0.5
 of the polymers for the measurement of hole 

mobility by the SCLC method with the device structure of 

ITO/PEDOT:PSS/polymer/Au. 

 

5.2.6. Photovoltaic Performance 

The device structure of the OSCs for characterizing photovoltaic properties of the 

polymers is ITO/PEDOT:PSS/polymer:PC70BM/Ca/Al. The ITO glass was 

pre-cleaned and modified by a thin layer of PEDOT:PSS which was spin-cast from a 

PEDOT:PSS aqueous solution on the ITO substrate, and the thickness of the 

PEDOT:PSS layer is about 30 nm. The photosensitive layer consisted of 

polymer:PC70BM (1:1.5, w/w) blend, which was made by dissolving the mixture in 

o-dichlorobenzene solvent and spin-coated on the ITO/PEDOT:PSS electrode. Finally, 

the Ca/Al cathode was deposited on the active layer by vacuum evaporation under 1 × 
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10
–4

 Pa. The typical active area of the investigated devices was 4 mm
2
. The current 

density-voltage (J-V) curves are shown in Figure 5.7 and the key device parameters 

are summarized in Table 5.2.  

 

Table 5.2 Photovoltaic performance of the OSCs with the device structure of 

ITO/PEDOT:PSS/the polymers/PC70BM (1:1.5, w/w)/Ca/Al under the illumination of 

AM 1.5 G at 100 mW cm
–2

. 

Polymer 

DIO 

[%] 

Thickness 

[nm] 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

[%] 

PCE
[a] 

[%] 

PBDTT-TT 0 95 0.78 15.41 61.25 7.38 [7.29] 

PBDTT-TT 3 90 0.77 14.99 63.92 7.42 [7.35] 

PBDTT-O-TT 0 92 0.74 14.67 61.50 6.68 [6.56] 

PBDTT-O-TT 3 93 0.73 15.17 64.44 7.10 [7.01] 

PBDTT-S-TT 0 95 0.84 15.32 65.49 8.42 [8.35] 

PBDTT-S-TT 3 90 0.83 15.49 59.01 7.58 [7.46] 

[a]
 The values in square bracket are the average PCE obtained from 20 devices.  
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Figure 5.7 J-V curves of the OSCs with the device structure of ITO/PEDOT:PSS/the 

polymers:PC70BM (1:1.5, w/w)/Ca/Al (a) without DIO and (b) with 3% DIO additive 

under illumination of AM 1.5 G at 100 mW cm
–2

. 

 

The device based on PBDTT-TT exhibited a PCE of 7.38% with Voc = 0.78 V, Jsc = 

15.41 mA cm
–2

 and FF = 61.25%. The treatment of 3% 1,8-diiodooctane (DIO) 

additive improved the PCE of the OSC only a little to 7.42%. For the OSC based on 
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PBDTT-O-TT, the Voc was decreased to 0.74 V due to the higher HOMO energy 

level of PBDTT-O-TT, resulting in a lower PCE of 6.68%. By the treatment of 3% 

DIO additive, PCE of the OSC based on PBDTT-O-TT was improved to 7.10%, but 

it is still lower than that of the OSC based on PBDTT-TT. Very importantly, PCE of 

the OSC based on PBDTT-S-TT without DIO additive treatment demonstrated a high 

Voc of 0.84 V and a high PCE of 8.42%. The Voc of the OSC based on PBDTT-S-TT 

is 0.07 V higher than that of the OSC based on PBDTT-TT, which is benefitted from 

the lower HOMO energy level of PBDTT-S-TT. To our best knowledge, the Voc of 

0.84 V is the highest Voc value among all the copolymers based on BDT and TT units 

in the literature. In addition, FF value of the OSC based on PBDTT-S-TT was also 

improved to 65.49%, which could be attributed to the higher hole mobility of 

PBDTT-S-TT. It is noteworthy that the excellent photovoltaic performance of the 

OSC based on PBDTT-S-TT was obtained without any processing additive or post 

treatments, which should be a great advantage for future large-scale production and 

commercial application of OSCs.  

The morphologies of the polymer/PC70BM blend films were examined by atomic 

force microscopy (AFM) in the tapping mode. Figure 5.8 shows surface topography 

(left) and phase images (right) of the blend films. Surface roughness values from the 

topography images were 0.92, 1.36 and 1.03 nm for the blend films based on 

PBDTT-TT (A2), PBDTT-O-TT (B2) and PBDTT-S-TT (C2) respectively. The 

phase images of the three blend films exhibits clear well-defined interpenetrating 

donor/acceptor networks, which agrees with the relatively high FF. 
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Figure 5.8 The topography (left) and the corresponding phase (right) images of blend 

films based on the polymers:PC70BM with the weight ratio of 1:1.5 (w/w). 

 

For a better understanding of the effect of DIO additive on the active layers, X-ray 

diffraction (XRD) analysis and AFM morphology of PBDTT-S-TT:PC70BM (1:1.5, 
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w/w) blend films processed without or with DIO additive were studied. As shown in 

Figure 5.9, DIO additive influences the crystalline property of PBDTT-S-TT:PC70BM 

(1:1.5, w/w) blend film a little. When processed with 3% DIO additive, the XRD 

pattern of the blend film exhibits stronger (100) and (010) diffraction peaks than those 

of the blend film processed without DIO additive. Figure 5.10 shows surface 

topography (left) and phase images (right) of the PBDTT-S-TT:PC70BM (1:1.5, w/w) 

blend films processed without or with DIO additive. The topography and phase 

images of the two blend films exhibited clear well-defined interpenetrating 

donor/acceptor networks, but the blend film with DIO additive showed a larger 

domain size, which could result in the decreased photovoltaic performance of the 

devices with DIO additive. 
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Figure 5.9 X-ray diffraction pattern of PBDTT-S-TT:PC70BM (1:1.5, w/w) blend 

films processed without or with DIO additive. 
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Figure 5.10 The topography (left) and the corresponding phase (right) images (3 × 3 

μm) of PBDTT-S-TT:PC70BM (1:1.5, w/w) blend films processed without or with 

DIO additive. 

 

The external quantum efficiency (EQE) of the devices was measured to further 

confirm the accuracy of the measurements. The EQE curves are shown in Figure 5.11. 

All the devices exhibited rather efficient photo-conversion efficiency in the 

wavelength range of 400–700 nm, with EQE values of 60~70%. The Jsc values of all 

the devices integrated from the EQE curves are rather consistent (less than 5% error) 
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with the values obtained by J-V measurements. 
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Figure 5.11 EQE curves of the corresponding OSCs (a) without DIO and (b) with 3% 

DIO additive treatment under the illumination of AM 1.5 G at 100 mW cm
–2

. 

 

5.3. Conclusion and Next Stage of Development 

In conclusion, a new 2D-conjugated polymer based on the BDTT and TT units with 
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alkylthio substitution on thiophene side chains of BDT unit, PBDTT-S-TT, was 

designed and synthesized for further improving the photovoltaic performance of the 

2D-conjugated polymers. It was found that the alkylthio side chains down-shifted the 

HOMO energy level by 0.11 eV and slightly red-shifted the absorption of the 

2D-conjugated polymers in comparison to the corresponding polymer with alkyl 

substitution on the conjugated thiophene side chains. The HOMO energy level of 

PBDTT-O-TT with alkoxy side chain is up-shifted from that of PBDTT-TT, which is 

expected from the effect of substitution of electron-donating side chains. The OSC 

device based on PBDTT-S-TT showed an enhanced Voc of 0.84 V, which is among 

the highest one in the reported copolymers based on BDT and TT units, leading to an 

enhanced PCE of 8.42%. The results indicate that molecular modification by 

introducing alkylthio side chain will be a promising strategy to broaden the absorption, 

down-shift the HOMO energy level and increase the hole mobility of the low band 

gap 2D-conjugated polymers for further enhancing the photovoltaic performance of 

OSCs. 

 

5.3.1 Synthetic routes of PBDTT-O-TT-C and PBDTT-S-TT-C 

In order to further examine the electron-donating effect on 2D-conjugated polymers, 

we replace the carboxylate-substituted TT unit of the PBDTT-O-TT and 

PBDTT-S-TT by alkylcarbonyl-substituted TT (TT-C) to synthesize two 

2D-conjugated polymers, PBDTT-O-TT-C and PBDTT-S-TT-C (Scheme 5.2). The 
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monomer TT-C was synthesized according to the literature method,
[5]

 The polymers 

PBDTT-O-TT-C and PBDTT-S-TT-C were synthesized by the Stille coupling 

reaction, as shown in Scheme 5.2. The polymerization was carried out with Pd(PPh3)4 

as catalyst and refluxed for 16 h under argon protection. The polymers were purified 

by extraction with methanol, hexane and chloroform. The polymers possess good 

solubility in chloroform, chlorobenzene and o-dichlorobenzene. Molecular weights of 

the polymers were estimated by GPC using tetrahydrofuran as the eluent. The Mn of 

PBDTT-O-TT-C and PBDTT-S-TT-C was 61 kDa and 71 kDa, with PDI of 1.91 and 

2.37, respectively. 

 

Scheme 5.2 Synthetic routes and chemical structures of the polymers. 
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5.3.2 Optical and Electrochemical Properties 

Figure 5.12 shows the absorption spectra of PBDTT-O-TT-C and PBDTT-S-TT-C 

in dilute o-dichlorobenzene and thin solid film. The two polymers also showed broad 

and strong absorption in the wavelength region from 450 nm to ca. 800 nm. The 

well-defined absorption peaks with vibronic shoulder at the long wavelength range 

(700~800 nm) implies the existence of ordered aggregation and strong π-π stacking, 

which is similar to the three TT based polymers above. Due to the stronger 

electron-donating ability of the alkoxy group than that of alkylthio group, the 

absorption edge of PBDTT-O-TT-C film (816 nm) is ~25 nm more red-shifted than 

that of the PBDTT-S-TT-C film (791 nm), corresponding to the optical bandgap of 

1.52 eV and 1.57 eV, respectively. 
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Figure 5.12 Normalized absorption spectra of PBDTT-O-TT-C and PBDTT-S-TT-C 

in o-dichlorobenzene solution and thin film on quartz. 
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Figure 5.13 displays the cyclic voltammograms of PBDTT-O-TT-C and 

PBDTT-S-TT-C films on glassy carbon electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile 

solution at a scan rate of 100 mV s
–1

. The formal potential of Fc/Fc
+
 was 0.47 V vs. 

Ag/AgCl measured in this work, so the HOMO and LUMO levels of the polymers 

were calculated according to the equations, HOMO = –e(Eox + 4.33) (eV); LUMO = 

–e(Ered + 4.33) (eV). The onset reduction potentials (Ered) of PBDTT-O-TT-C and 

PBDTT-S-TT-C are –1.05 and –1.06 V vs. Ag/AgCl, corresponding to the LUMO 

energy levels of –3.28 eV and –3.27 eV, respectively. The onset oxidation potentials 

(Eox) are 1.01 and 1.13 V vs. Ag/AgCl, corresponding to the HOMO energy levels of 

–5.34 eV and –5.46 eV, respectively. The HOMO energy levels of PBDTT-O-TT-C 

and PBDTT-S-TT-C are relatively low-lying, which should be beneficial to high Voc 

values when blended with PC70BM. 
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Figure 5.13 Cyclic voltammograms of PBDTT-O-TT-C and PBDTT-S-TT-C films 

on glassy carbon electrode in 0.1 mol L
–1

 Bu4NPF6 acetonitrile at a scan rate of 100 

mV s
–1

. 
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Table 5.3 Absorption spectral properties and energy level data of PBDTT-O-TT-C 

and PBDTT-S-TT-C. 

Polymer 

λmax (nm)  Eg
opt

 

[eV] 

HOMO 

[eV] 

LUMO 

[eV] 

Eg
cv

 

[eV] Solution      Film 

PBDTT-O-TT-C 660 710 676 721 1.53 –5.34 –3.28 2.06 

PBDTT-S-TT-C 653 699 660 705 1.57 –5.46 –3.27 2.19 

 

5.3.3 Photovoltaic Properties 

Device Fabrication and Characterization of OSCs 

The device structure of the OSCs for characterizing photovoltaic properties of the 

polymers is ITO/PEDOT:PSS/polymer:PC70BM/Ca/Al. The ITO glass was 

pre-cleaned and modified by a thin layer of PEDOT:PSS which was spin-cast from a 

PEDOT:PSS aqueous solution on the ITO substrate, and the thickness of the 

PEDOT:PSS layer is about 30 nm. The photosensitive layer consisted of 

polymer:PC70BM (1:1.5, w/w) blend, which was made by dissolving the mixture in 

o-dichlorobenzene solvent and spin-coated on the ITO/PEDOT:PSS electrode. Finally, 

the Ca/Al cathode was deposited on the active layer by vacuum evaporation under 1 × 

10
–4

 Pa. The effective area of the device is 4 mm
2
. The J-V curves are shown in Figure 

5.14 and the key device parameters are summarized in Table 5.4.  

The device based on PBDTT-O-TT-C exhibited a PCE of 6.23% with Voc = 0.85 V, 

Jsc = 12.84 mA cm
–2

 and FF = 57.07%. The treatment of 3% DIO additive improved 

the PCE of the OSC only a little to 6.36%, with an improved FF of 62.03% but a 
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decrease Voc of 0.79 V. Due to the higher HOMO energy level of PBDTT-S-TT-C, the 

OSC based on PBDTT-S-TT-C exhibited a slightly higher Voc of 0.87 V, with PCE = 

5.66%, Jsc = 14.86 mA cm
–2

 and FF = 43.75%. The treatment of 3% DIO additive 

greatly improved the FF of the OSC to 53.03%, leading to a high PCE of 6.85%. 

 

Table 5.4 Photovoltaic performance of the OSCs with the device structure of 

ITO/PEDOT:PSS/the polymers/PC70BM (1:1.5, w/w)/Ca/Al under the illumination of 

AM 1.5 G at 100 mW cm
–2

. 

Polymer 

DIO 

[%] 

Voc 

[V] 

Jsc 

[mA cm
–2

] 

FF 

[%] 

PCE
 

[%] 

PBDTT-O-TT-C 0 0.85 12.84 57.07 6.23 

PBDTT-O-TT-C 3 0.79 12.98 62.03 6.36 

PBDTT-S-TT-C 0 0.87 14.86 43.75 5.66 

PBDTT-S-TT-C 3 0.89 14.50 53.03 6.85 

 



145 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2

-15

-12

-9

-6

-3

0

3

6

 

 

C
u

rr
en

t 
d

en
si

ty
 (

m
A

 c
m

-2
)

Voltage (V)

 PBDTT-S-TT-C

 PBDTT-S-TT-C 3% DIO

 PBDTT-O-TT-C

 PBDTT-O-TT-C 3% DIO

 

Figure 5.14 J-V curves of the OSCs with the device structure of ITO/PEDOT:PSS/the 

polymers:PC70BM (1:1.5, w/w)/Ca/Al without DIO or processed with 3% DIO 

additive under illumination of AM 1.5 G at 100 mW cm
–2

. 

 

The EQE of the devices was measured to further confirm the accuracy of the 

measurements. The EQE curves are shown in Figure 5.15. All the devices exhibited 

rather efficient photo-conversion efficiency in the wavelength range of 400–700 nm, 

with EQE values of 50~60%. The Jsc values of all the devices integrated from the 

EQE curves are rather consistent (less than 5% error) with the values obtained by J-V 

measurements. 
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Figure 5.15 EQE curves of the corresponding OSCs processed with or without 3% 

DIO additive treatment under the illumination of AM 1.5 G at 100 mW cm
–2

. 
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Chapter 6 Summary and Future Prospects 

Materials innovation is one of the major forces currently driving the development of 

OSCs. Intense research interest has been placed, and remains, on developing 

high-efficiency donor materials. Recent developments in materials have brought PCE 

above the 9% threshold, but still relatively low efficiencies were found in module. A 

critical challenge for OSCs lies in surpassing the efficiency over 10%. In order for 

OSCs to have fully wide spread commercialization, further development of new 

materials is essential. To address this issue, here are some topics that draw our 

attention: (1) Systematically tuning the optical density and energy levels of 

π-conjugated materials to show broad absorption spectra with a high extinction 

coefficient and exhibit a low-lying HOMO energy levels. (2) Constructing 

2D-conjugated small molecules. Many studies have suggested that 2D-conjugated 

polymer systems have emerged as a promising candidate for donor materials. Like 

2D-conjugated polymers, 2D-conjugated small molecules should also show promising 

properties. Nevertheless, up to date, there are few efforts directed towards 

2D-conjugated small molecules, and their potential in OSCs should be exploited 

further. (3) In-depth understanding of the side chain effect to facilitate the design of 

new materials. More and more studies have demonstrated that side chains play 

considerable effect not only in improving the solubility of materials for 

solution-processed device fabrication, but also in molecular packing, electron affinity 

etc, and thus affect the OSC device performance.  
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  The development of solution-processable conjugated polymer and small-molecule 

donor materials for organic solar cells has been the focus in this thesis. 

  In chapter 2, we used carbon-carbon triple bond as the linkage of the TVT unit to 

develop a new building block, ATVTA. Small organic molecules S-03, S-04 and S-05 

with ATVTA as building block showed broad absorption spectra and low-lying 

HOMO energy levels. S-01 with TVT unit and S-02 with AT2 as building block were 

also synthesized for clear comparison (as shown in Scheme 6.1). BHJ devices based 

on S-01 and S-02 showed a Voc of 0.88 V and 0.89 V, respectively. The device based 

on S-03 exhibited a high Voc of 0.96 V, leading to a PCE of 2.19%. The OSC devices 

based on S-04 and S-05 afforded a notable Voc of over 1.0 V. The results demonstrate 

that ATVTA unit is a promising building block for extending π-conjugation of the 

molecules without pulling up their HOMO energy levels. 

Chapter 3 focused on the development of 2D-conjugated small-molecule donor 

materials (as shown in Scheme 6.2). The 2D-conjugated small molecule S-06 

possesses excellent solution processability, broad absorption feature, respectable hole 

mobility and good film-forming morphology. The conjugated thiophene side chain not 

only effectively extends the absorption spectrum, but also lowers the HOMO energy 

level, which is desirable for obtaining high Voc. The BHJ OSCs based on 

S-06:PC70BM (1:0.5, w/w) afforded a high PCE of 4.0% and a notable FF of 0.63 

without any special treatment needed. This preliminary work demonstrates that this 

kind of 2D-conjugated small molecules offer a good strategy to design new 

photovoltaic small molecule-based donor materials with high FF and Voc for 
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high-efficiency OSCs. The consistently developed two 2D-conjugated small 

molecules S-07 and S-08 also possess low-lying HOMO energy levels. OSC device 

based on S-07:PC60BM (1:3, w/w) afforded a notable Voc of 0.96 V, with a PCE of 

2.52%. BHJ devices based on S-08 will be fabricated and tested to investigate its 

photovoltaic properties in the near future. 

  We developed a series of oligothiophenes with platinum(Ⅱ) chromophore as the 

building block in Chapter 4 (Scheme 7.3). These small metallated conjugated small 

molecules exhibited broad spectra and relatively low-lying HOMO energy levels in 

the scope of –5.27 eV to –5.40 eV. Introducing platinum(Ⅱ) arylene ethynylenes as 

the building block can be considered as an approach to obtain small-molecule donors 

with attractive absorption features and HOMO energy levels. Nevertheless, due to the 

low FF, the PCEs of those devices based on these donor materials are lower than 2%. 

Fine tuning the film morphologies of this kind of metallated small-molecule donor 

materials should be carried out to improve their photovoltaic performance in the 

upcoming future. 

We addressed an efficient approach to improve the photovoltaic properties by side 

chain engineering in 2D-conjugated polymers in Chapter 5. Considering the fact that 

the Voc values of PBDTTTs based devices are less than 0.8 V, we introduced alkylthio 

substituent on the conjugated thiophene side chains of the 2D-conjugated copolymer 

to further improve the photovoltaic performance of the 2D-conjugated copolymers 

PBDTTTs (Scheme 6.4). The weak electron-donating ability of the alkylthio side 

chains effectively down-shifted the HOMO energy level of PBDTT-S-TT by 0.11 eV 
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in comparison to the corresponding polymer with alkyl substitution on the conjugated 

thiophene side chains. The PSC device based on PBDTT-S-TT showed an enhanced 

Voc of 0.84 V, which is among the highest one in the reported copolymers based on 

BDT and TT units, leading to an enhanced PCE of 8.42%. The results indicate that 

molecular modification by introducing alkylthio side chain will be a promising 

strategy to broaden the absorption, down-shift the HOMO energy level and increase 

the hole mobility of the low band gap 2D-conjugated polymers for further enhancing 

the photovoltaic performance of PSCs. PBDTT-O-TT-C and PBDTT-S-TT-C were 

developed to further examine the topic. We found that OSC device based on 

PBDTT-S-TT-C with alkylthio side chain also demonstrated a high Voc of 0.89 V, 

with a PCE of 6.85% when processed with 3% DIO additive. 

Clearly, the design of state-of-the-art donor materials for OSCs requires a good 

balance and comprehensive understanding of all the processes of the BHJ devices. On 

the other hand, stability issue must be tackled before OSCs become fully mature from 

research and development stage into cost effective products. Brabec et al. claimed that 

a module efficiency of 7% and a lifetime of seven years is the threshold for roll-to-roll 

processed OSCs.
[1]

 Many studies have demonstrated that inverted OSCs have a longer 

lifetime than traditional devices. In industry, Konarka company has produced the first- 

generation flexible organic solar cell panel which has a three year lifetime.
[2]

 Rapid 

progress in the development of OSCs in recent years brings a bright future for this 

promising technology. 
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Scheme 6.1 Chemical structures of small-molecule donor materials in Chapter 2. 
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Scheme 6.2 Chemical structures of small-molecule donor materials in Chapter 3. 
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Scheme 6.3 Chemical structures of small-molecule donor materials in Chapter 4. 
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Scheme 6.4 Chemical structures of polymer donor materials in Chapter 5. 
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Chapter 7 Experimental Details 

7.1 General 

7.1.1 Measurements and Instruments 

Solvents were dried and distilled from appropriate drying agents prior to use. 

Commercially available reagents were used without further purification. NMR spectra 

were measured in CDCl3 on Bruker AV 400 MHz FT-NMR spectrometer and 

chemical shifts are quoted relative to tetramethylsilane for 
1
H and 

13
C nuclei. 

Molecular weight for the polymers was measured by gel permeation chromatography 

(GPC) with polystyrene as a standard. Thermogravimetric analysis (TGA) was 

performed on a Perkin-Elmer TGA-7. The positive-ion fast atom bombardment (FAB) 

mass spectra were recorded in m-nitrobenzyl alcohol matrices on a Finngin-MAT 

SSQ710 mass spectrometer and high resolution (HR) MALDI-TOF (matrix-assisted 

laser desorption ionization/time-of-flight) spectra were obtained by a Autoflex Bruker 

MALDI-TOF mass spectrometer. UV-vis absorption spectra were obtained on a 

Hitachi U-3010 spectrometer. Cyclic voltammetry was performed on a Zahner IM6e 

electrochemical workstation with a three-electrode system in a solution of 0.1 M 

Bu4NPF6 acetonitrile solution at a scan rate of 100 mV s
-1

. Glassy carbon coated with 

the compound a thin film was used as the working electrode. A Pt wire was used as 

the counter electrode and Ag/Ag
+
 (or Ag/AgCl) was used as the reference electrode. 

The atomic force microscopy (AFM) measurement of the surface morphology of 

samples was conducted on a Nanoscope III (DI, USA) in contacting mode with a 1 
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mm scanner. The geometries of the compounds were optimized using density 

functional theory (DFT) with B3LYP functional and 6-31G (d, p) basis set. In 

particular, the HOMO and LUMO energy levels and related electron distributions 

were calculated. The alkyl chains were replaced by methyl groups to save the 

computational time within a reasonable simplification. The molecular weight of the 

polymers was estimated by gel-permeation chromatography (GPC) using 

tetrahydrofuran as the eluent. 

 

7.1.2 Device Fabrication and Characterization 

OSCs were fabricated with ITO glass as a positive electrode, Ca/Al (or Ca/Ag) as a 

negative electrode and the blend film of the polymer/PC60BM (or PC70BM) between 

them as a photosensitive layer. The ITO glass was pre-cleaned and modified by a thin 

layer of PEDOT:PSS which was spin-cast (or doctor-bladed) from a PEDOT:PSS 

aqueous solution (Clevious P VP AI 4083 H. C. Stark, Germany) on the ITO substrate, 

and the thickness of the PEDOT:PSS layer is about 30 nm. The photosensitive layer, 

consisting of donor materials and fullerene derivative, was made by dissolving the 

mixture in a certain solvent and spin-coated (or doctor bladed) on the 

ITO/PEDOT:PSS electrode. Finally, the Ca/Al (or Ca/Ag) cathode was deposited on 

the active layer by vacuum evaporation under 1 × 10
–4

 Pa. The current density-voltage 

(J-V) measurement of the devices was conducted on a computer-controlled Keithley 

236 Source Measure Unit in a dry box under an inert atmosphere. A xenon lamp with 
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AM 1.5 filter was used as the white light source, and the optical power at the sample 

was 100 mW cm
–2

. The external quantum efficiency (EQE) was measured using a 

Stanford Research Systems model SR830 DSP lock-in amplifier coupled with a 

WDG3 monochromator and 500 W xenon lamps. The light intensity at each 

wavelength was calibrated with a standard single-crystal Si photovoltaic cell. All the 

measurements were performed under ambient atmosphere at room temperature. 

 

7.2 Materials 

7.2.1 Synthetic procedure of the compounds in chapter 2 

2-Bromo-3-hexylthiophene (1) 

A solution of 3-hexylthiophene (5 g) in chloroform and acetic acid (100 mL, 1:1, v/v) 

was stirred at 0 
o
C, and N-bromosuccinimide (5.56 g) was added in small portions. 

After being stirred for half an hour at room temperature, the reaction mixture was 

poured into water and extracted with CH2Cl2. The organic layer was washed with 

water three times and dried over Na2SO4. After the removal of solvent, the crude 

product was purified by column chromatography on silica gel using hexane as eluent 

to afford compound 1 (7 g, yield: 95%) as a colorless oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.18−7.17 (d, J = 4 Hz, 1H, Ar), 6.80−6.78 (d, 

J = 8 Hz, 1H, Ar), 2.58−2.54 (t, J = 16 Hz, 2H, alkyl), 1.59−1.54 (m, 2H, alkyl), 

1.35−1.27 (m, 6H, alkyl), 0.90−0.87 (m, 3H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ 

(ppm): 141.99, 128.25, 128.13, 108.82 (Ar), 31.66, 29.74, 29.43, 28.93, 22.63, 14.11 
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(alkyl). MALDI-TOF m/z 246.1 [M−1]
+
. 

 

5-Bromo-4-hexylthiophene-2-carbaldehyde (2) 

Dry DMF (3 mL) was added dropwise to POCl3 (4 mL) which was stirred at 0 
o
C 

under argon. After stirring at 0 
o
C for half an hour, 4 g of 2-bromo-3-hexylthiophene 

(1) (16.2 mmol) in 1,2-dichloroethane (30 mL) was added to the mixture which was 

stirred at 90 
o
C for 12 h. Then the mixture was poured into ice water (200 mL), 

neutralized with NaHCO3 and then extracted with CH2Cl2. The organic layer was 

washed with water three times and dried over Na2SO4. After the removal of solvent, it 

was chromatographed on silica gel using a mixture of hexane and dichloromethane 

(5:1) as eluent to afford the target product as a light yellow oil (3 g, yield: 67%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.75 (s, 1H, CHO), 7.46 (s, 1H, Ar), 2.61–2.57 

(t, J = 16 Hz, 2H, alkyl), 1.62–1.56 (m, 2H, alkyl), 1.36–1.29 (m, 6H, alkyl), 

0.90–0.87 (m, 3H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 181.85 (CHO), 

143.99, 142.90, 136.81, 108.82 (Ar), 31.66, 29.74, 29.43, 28.93, 22.63, 14.11 (alkyl). 

MALDI-TOF: m/z 276.0 [M+1]
+
. 

 

3,4'-Dihexyl-(2,2'-bithiophene)-5-carbaldehyde (3) 

5-Bromo-4-hexylthiophene-2-carbaldehyde (2) (3 g, 10.8 mmol) and 

2-(tributylstannyl)-4-octylthiophene (5.7 g, 13 mmol) were charged into a flask with 

50 mL toluene, the solution was flushed with nitrogen for 10 min, and 100 mg of 

Pd(PPh3)4 was added. The solution was flushed again for 10 min. After being stirred 
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at 110 
o
C for 24 h under nitrogen protection, the reaction mixture was poured into 

water (100 mL) and extracted with CH2Cl2. The organic layer was washed with water 

and dried over Na2SO4. After the removal of solvent, the crude product was purified 

by column chromatography on silica gel using a mixture of hexane and 

dichloromethane (5:1) as eluent to afford compound 3 (3.4 g, yield: 85%) as a light 

yellow oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.82 (s, 1H, CHO), 7.57 (s, 1H, Ar), 6.96 (s, 

1H, Ar), 2.76–2.72 (t, 2H, alkyl), 2.59–2.55 (t, 2H, alkyl), 1.69–1.56 (m, 4H, alkyl), 

1.42–1.26 (m, 12H, alkyl), 0.91–0.87 (m, 6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ 

(ppm): 182.49 (CHO), 144.11, 141.74, 140.11, 138.97, 134.61, 128.82, 122.17 (Ar), 

31.68, 31.62, 30.38, 30.29, 29.30, 29.16, 29.04, 28.89, 22.69, 22.63, 14.14, 14.10 

(alkyl). MALDI-TOF: m/z 362.2 [M]
+
. 

 

5'-Bromo-3,4'-dihexyl-(2,2'-bithiophene)-5-carbaldehyde (4) 

A solution of 3,4'-dihexyl-(2,2'-bithiophene)-5-carbaldehyde (3) (3.4 g 9.4 mmol) in 

chloroform and acetic acid (100 mL, 1:1, v/v) was stirred at 0 
o
C, 

N-bromosuccinimide (1.84 g, 10.3 mmol) was added in small portions. After being 

stirred for 12 h at room temperature, the reaction mixture was poured into water and 

extracted with CH2Cl2. The organic layer was washed with water three times and 

dried over Na2SO4. After the removal of solvent, the crude product was purified by 

column chromatography on silica gel using hexane as eluent to afford compound 4 

(3.7 g, yield: 90%) as a yellow oil.  
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1
H NMR (400 MHz, CDCl3), δ (ppm): 9.82 (s, 1H, CHO), 7.57 (s, 1H, Ar), 6.96 (s, 

1H, Ar), 2.76–2.72 (t, 2H, alkyl), 2.59–2.55 (t, 2H, alkyl), 1.69–1.56 (m, 4H, alkyl), 

1.42–1.26 (m, 12H, alkyl), 0.91–0.87 (m, 6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ 

(ppm): 182.52 (CHO), 142.97, 140.52, 140.49, 140.43, 138.82, 134.35, 128.27, 

111.22 (Ar), 31.61, 31.52, 30.31, 29.28, 29.12, 28.90, 22.69, 22.62, 14.16, 14.12 

(alkyl). MALDI-TOF: m/z 442.0 [M+1]
+
. 

 

3,4'-Dihexyl-5'-((trimethylsilyl)ethynyl)-(2,2'-bithiophene)-5-carbaldehyde (5) 

To a solution of compound 4 (2 g, 4.5 mmol) in 50 mL NEt3 and CH2Cl2 (1:1, v/v) 

was added a catalytic amount of CuI and Pd(PPh3)4 (0.2 g) under nitrogen. After 

stirring for 30 min at room temperature, trimethylsilylacetylene (1.76 g, 18 mmol) 

was added and then stirred overnight at 60 
o
C. The reaction mixture was dried and the 

crude product was purified by column chromatography on silica gel using hexane and 

dichloromethane (1:1, v/v) as eluent to give compound 5 (1.5 g, yield: 78%) as a 

yellow oil. 
1
H NMR (400 MHz, CDCl3), δ (ppm): 9.81 (s, 1H, CHO), 7.56 (s, 1H, Ar), 

7.01 (s, 1H, Ar), 2.79–2.75 (t, J = 16 Hz, 2H, alkyl), 2.70–2.66 (m, 4H, alkyl), 

1.42–1.26 (m, 12H, alkyl), 0.91–0.86 (m, 6H, alkyl), 0. 26 (s, 9H, alkyl). 
13

C NMR 

(100 MHz, CDCl3), δ (ppm): 182.48 (H, alkyl), CHO), 149.65, 140.89, 140.53, 

140.44, 138.88, 134.96, 128.17, 119.01 (Ar), 85.38, 76.07 (C≡C), 31.60, 30.26, 30.09, 

29.46, 29.43, 29.15, 28.93, 22.69, 22.61, 14.15, 14.11, 14.08, 3.40 (alkyl). 

MALDI-TOF: m/z 458.2 [M]
+
. 

5'-Ethynyl-3,4'-dihexyl-(2,2'-bithiophene)-5-carbaldehyde (6) 
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Compound 5 (1.5 g, 3.4 mmol) and K2CO3 (0.5 g, 3.7 mmol) were dissolved in 

MeOH and CH2Cl2 (1:1, v/v) solvent mixture. The mixture was stirred for 6 h at room 

temperature. The reaction mixture was poured into water and extracted with CH2Cl2. 

The organic layer was washed with water three times and then dried over Na2SO4. 

After the removal of solvent, the crude product was purified by column 

chromatography on silica gel using hexane and dichloromethane (1:1, v/v) as eluent to 

afford compound 6 (0.78 g, yield: 60%) as a yellow oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.82 (s, 1H, CHO), 7.57 (s, 1H, Ar), 7.03 (s, 

1H, Ar), 3.56 (s, 1H, C≡CH), 2.79–2.75 (t, J = 16 Hz, 2H, alkyl), 2.72–2.68 (t, J = 16 

Hz, 2H, alkyl), 1.69–1.60 (m, 4H, alkyl), 1.42–1.26 (m, 12H, alkyl), 0.91–0.86 (m, 

6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.48 (CHO), 149.65, 140.89, 

140.53, 140.44, 138.88, 134.96, 128.17, 119.01 (Ar), 85.38, 76.07 (C≡C). 31.71, 

31.55, 30.21, 29.48, 29.13, 28.70, 22.67, 22.62, 14.16, 14.12 (alkyl), MALDI-TOF: 

m/z 386.1 [M]
+
. 

 

(E)-1,2-Bis(2-thienyl)ethylene (7)
 

TiCl4 (2.26 mL, 15 mmol) was added dropwise to a stirred suspension of zinc powder 

(1.96 g, 30 mmol) in dry THF (100 mL) at –10 
o
C under the protection of nitrogen. 

The resulting dark mixture was heated under reflux for 1 h. The suspension was 

cooled to room temperature and 2-formylthiophene (1.76 g, 15.6 mmol) was added 

slowly. Reflux was continued for 4 h under nitrogen. The resulting mixture was 

poured into 10% aqueous K2CO3 solution (200 mL) and the aqueous layer was 
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extracted with Et2O. The organic layer was washed with water three times and then 

dried over Na2SO4. After the removal of solvent, the crude product was purified by 

column chromatography on silica gel using hexane as eluent to afford compound 7 

(1.2 g, yield: 80%) as a yellow powder.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.19–7.17 (m, 2H, Ar), 7.05–7.03 (m, 4H, Ar), 

7.00–6.98 (m, 2H, CH=CH). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 141.81 (Ar), 

136.40 (C=C), 130.53, 129.18, 128.43 (Ar). MALDI-TOF: m/z 192.0 [M]
+
. 

 

(E)-1,2-Bis(5-iodothiophen-2-yl)ethylene (8) 

A solution of compound 7 (0.5 g, 2.6 mmol) in chloroform and acetic acid (100 mL, 

1:1, v/v) was stirred at 0 
o
C, and N-iodosuccinimide (1.28 g, 5.7 mmol) was added in 

small portions. After being stirred for 2 h at room temperature, the reaction mixture 

was poured into water and extracted with CH2Cl2. The organic layer was washed with 

water three times and dried over Na2SO4. After the removal of solvent, the crude 

product was purified by column chromatography on silica gel using hexane as eluent 

to afford compound 8 (1 g, yield: 85%) as a yellow powder.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.14–7.13 (d, J = 4 Hz, 2H, Ar), 6.87–6.86 (d, 

J = 4 Hz, 2H, Ar), 6.70–6.69 (d, J = 4 Hz, 2H, CH=CH). 
13

C NMR (100 MHz, 

CDCl3), δ (ppm): 147.93, 137.66 (Ar), 127.78 (C=C), 121.21, 72.75 (Ar). 

MALDI-TOF: m/z 443.8 [M]
+
. 

 

(E)-1,2-Bis(5-(tributylstannyl)thiophen-2-yl)ethylene (9) 
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Compound 8 (1 g, 5.2 mmol) and 60 mL of dry THF were added into a flask under 

nitrogen protection. The solution was cooled to –78 
o
C and 4.6 mL n-butyllithium (11 

mmol, 2.4 M in n-hexane) was added dropwisely. After the reaction mixture was 

stirred at –78 
o
C for 2 h, tributyltin chloride (13 mmol, 3.6 mL) was added in one 

portion. Then the mixture was stirred at ambient temperature for 24 h. The reaction 

mixture was poured into water and extracted with CH2Cl2. The organic layer was 

washed with water three times and then dried over Na2SO4. After the removal of 

solvent, the crude product was used for next step without any purification. 

 

5,5'-Diiodo-2,2'-bithiophene (10) 

Compound 10 was synthesized similarly as described above for compound 8 except 

that 2,2'-bithiophene was used instead of compound 7. (1.1 g yield: 86%, white solid). 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.15–7.14 (d, J = 4 Hz, 2H, Ar), 6.79–6.78 (d, 

J = 4 Hz, 2H, Ar). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 142.07, 137.69, 125.54, 

72.60 (Ar). MALDI-TOF: m/z 417.8 [M]
+
. 

 

(E)-5'',5'''''-(Ethene-1,2-diyl)bis(3,4'-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde) 

(11) 

Compounds 4 (0.5 g, 1.1 mmol) and 9 (0.41 g, 0.5 mmol) were put into a flask with 

50 mL toluene, and the solution was flushed with nitrogen for 10 min. Then, 28 mg of 

Pd(PPh3)4 (0.024 mmol) was added. The solution was flushed again for 10 min. After 

being stirred at 110 
o
C for 24 h under nitrogen, the reaction mixture was poured into 
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water (100 mL) and extracted with CH2Cl2. The organic layer was further washed 

with water and dried over Na2SO4. After the removal of solvent, the crude product 

was purified by column chromatography on silica gel using a mixture of hexane and 

dichloromethane (5:1, v/v) as eluent to afford compound 11 (0.37 g, yield: 78%) as a 

red solid.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.83 (s, 2H, CHO), 7.59 (s, 2H, Ar), 7.13 (s, 

2H, Ar), 7.09–7.08 (d, J = 4 Hz, 2H, CH=CH), 7.03–7.02 (d, J = 4 Hz, 4H, Ar), 

2.85–2.79 (m, 8H, alkyl), 1.73–1.66 (m, 8H, alkyl), 1.42–1.25 (m, 24H, alkyl), 

0.92–0.88 (m, 12H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.42 (CHO), 

148.32, 143.68, 141.63, 139.17, 138.62, 138.18, 138.03, 137.56, 137.11 (Ar), 136.45 

(C=C), 132.56, 130.18, 126.32 (Ar), 32.29, 32.27, 31.87, 31.83, 28.97, 28.94, 28.60, 

28.32, 22.78, 22.76, 14.17, 14.16 (alkyl). MALDI-TOF: m/z 912.32 [M-1]
+
. 

 

Synthesis of S-01 

Compound 11 (130 mg, 0.14 mmol) was dissolved in a solution of dry CHCl3 (50 mL) 

and three drops of triethylamine followed by octyl cyanoacetate (0.6 ml, 2.8 mmol) 

were added and the resulting solution was stirred for 40 h under nitrogen at room 

temperature. The reaction mixture was then extracted with CH2Cl2, washed with 

water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as the eluent to afford S-01 as a brown solid (147 mg, yield: 83%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.20 (s, 2H, C=CH), 7.56 (s, 2H, Ar), 7.19 (s, 
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2H, Ar), 7.09–7.08 (d, J = 4 Hz, 2H, CH=CH), 7.04–7.03 (d, J = 4 Hz, 4H, Ar), 

4.31–4.27 (t, J = 16 Hz, 4H, alkyl), 2.85–2.79 (m, 8H, alkyl), 1.79–1.65 (m, 12H, 

alkyl), 1.42–1.29 (m, 44H, alkyl), 0.93–0.87 (m, 18H, alkyl). 
13

C NMR (100 MHz, 

CHCl3): δ 163.14 (O–C=O), 146.01 (C=C), 142.67, 141.81, 141.05, 140.50, 140.38, 

134.35, 133.52, 132.73 (Ar), 132.32 (C=C), 130.94, 127.06, 126.71, 121.32 (Ar), 

116.05 (–C≡N), 97.47 (C=C), 66.54, 31.77, 31.64, 31.60, 30.43, 30.11, 29.47, 29.32, 

29.28, 29.17, 28.55, 25.79, 22.64, 22.61, 14.12, 14.10 (Ar). MALDI-TOF: m/z 

1270.57 [M]
+
. 

 

5',5'''-([2,2'-Bithiophene]-5,5'-diylbis(ethyne-2,1-diyl))bis(3,4'-dihexyl-[2,2'-bithiophe

ne]-5-carbaldehyde) (12) 

Compounds 6 (0.21 g, 0.54 mmol) and 10 (0.1 g, 0.25 mmol) were put into a flask 

with 40 mL of THF/NEt3 (1:1, v/v), and the solution was flushed with nitrogen for 10 

min. Then, 15 mg of Pd(PPh3)4 (0.013 mmol) and 2 mg CuI (0.01 mmol) were added. 

The solution was flushed again for 10 min. After being stirred at 50 
o
C for 24 h under 

nitrogen, the reaction mixture was poured into water (100 mL) and extracted with 

CH2Cl2. The organic layer was washed with water and dried over Na2SO4. After the 

removal of solvent, the crude product was purified by column chromatography on 

silica gel using a mixture of hexane and dichloromethane (1:2) as eluent to afford 

compound 12 as a red solid (145 mg, yield: 65%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.83 (s, 2H, CHO), 7.59 (s, 2H, Ar), 7.20–7.19 

(d, J = 4 Hz, 2H, Ar), 7.12–7.11 (d, J = 4 Hz, 2H, Ar), 7.09 (s, 2H, Ar), 2.83–2.72 (m, 



169 

8H, alkyl), 1.72–1.64 (m, 8H, alkyl), 1.41–1.26 (m, 24H, alkyl), 0.92–0.88 (m, 12H, 

alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.50 (CHO), 149.00, 140.84, 140.62, 

140.43, 138.99, 138.43, 135.45, 132.98, 128.47, 124.21, 122.25, 119.76 (Ar), 90.38, 

87.18 (C≡C), 31.64, 31.62, 30.25, 30.14, 29.66, 29.54, 29.20, 28.93, 22.65, 22.64, 

14.16, 14.12 (alkyl). MALDI-TOF: m/z 934.32 [M]
+
. 

 

Synthesis of S-02 

S-02 was synthesized similarly as described above for S-01 except that compound 12 

(145 mg, 0.15 mmol) was used instead of compound 11 (160 mg, yield: 80%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.21 (s, 2H, C=CH), 7.56 (s, 2H, Ar), 

7.20–7.19 (d, J = 4 Hz, 2H, Ar), 7.15 (s, 2H, Ar), 7.12–7.11 (d, J = 4 Hz, 2H, Ar), 

4.31–4.27 (t, J = 16 Hz, 4H, alkyl), 2.85–2.72 (m, 8H, alkyl), 1.75–1.65 (m, 12H, 

alkyl), 1.39–1.29 (m, 44H, alkyl), 0.92–0.87 (m, 18H, alkyl). 
13

C NMR (100 MHz, 

CHCl3): δ 163.05 (O–C=O), 149.13 (C=C), 145.97, 141.28, 140.95, 140.91, 138.49, 

135.02, 133.15, 133.04, 128.88, 124.25, 122.23, 120.21 (Ar), 115.96 (–C≡N), 98.02 

(C=C), 90.73, 87.22 (C≡C), 66.62, 31.77, 31.58, 30.15, 29.63, 29.38, 29.18, 29.16, 

28.94, 28.55, 25.80, 22.65, 22.61, 14.13, 14.10. 14.08 (alkyl). MALDI-TOF: m/z 

1292.59 [M]
+
. 

 

(E)-5',5'''-((5,5'-(Ethene-1,2-diyl)bis(thiophene-5,2-diyl))bis(ethyne-2,1-diyl))bis(3,4'-

dihexyl-[2,2'-bithiophene]-5-carbaldehyde) (13) 

Compound 13 was synthesized similarly as described above for compound 12 except 
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that compound 8 (0.1 g, 0.22 mmol) was used instead of compound 10 (126 mg, yield: 

58%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.83 (s, 2H, CHO), 7.59 (s, 2H, Ar), 7.17–7.16 

(d, J = 4 Hz, 2H, Ar), 7.09 (s, 2H, CH=CH), 6.98–6.97 (t, J = 4 Hz, 4H, Ar), 

2.83–2.72 (m, 8H, alkyl), 1.72–1.64 (m, 8H, alkyl), 1.41–1.26 (m, 24H, alkyl), 

0.92–0.87 (m, 12H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.50 (CHO), 

148.91, 144.06, 140.81, 140.67, 140.40, 139.00, 135.36, 132.88, 128.47 (Ar), 126.92 

(C=C), 121.83, 119.89, 119.02 (Ar), 91.01, 87.18 (C≡C), 31.62, 30.25, 30.14, 29.66, 

29.54, 29.20, 28.94, 28.91, 22.65, 22.64, 14.16, 14.12 (alkyl). MALDI-TOF: m/z 

960.32 [M]
+
. 

 

Synthesis of S-03 

S-03 was synthesized similarly as described above for S-01 except that compound 13 

(126 mg, 0.13 mmol) was used instead of compound 11 (147 mg, yield: 85%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.21 (s, 2H, C=CH), 7.56 (s, 2H, Ar), 

7.17–7.15 (t, J = 8 Hz, 4H, Ar), 6.99–6.97 (m, 4H, Ar, CH=CH), 4.31–4.27 (t, J = 16 

Hz, 4H, alkyl), 2.83–2.72 (m, 8H, alkyl), 1.77–1.65 (m, 12H, alkyl), 1.39–1.29 (m, 

44H, alkyl), 0.92–0.87 (m, 18H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 163.06 

(O–C=O), 149.05 (C=C), 145.99, 144.13, 141.34, 140.91, 134.94, 133.12 (Ar), 

132.94 (C=C), 128.89, 128.72, 126.97, 121.87, 121.79, 120.34 (Ar), 113.03 (–C≡N), 

97.98 (C=C), 91.37, 87.23 (C≡C), 67.19, 66.63, 31.80, 31.76, 31.61, 30.18, 30.16, 

29.65, 29.41, 29.21, 29.19, 29.14, 28.98, 28.58, 28.35, 25.83, 25.72, 24.78, 22.68, 
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22.65, 22.64,14.17, 14.14, 14.12 (alkyl). MALDI-TOF: m/z 1318.57 [M]
+
. 

 

Synthesis of S-04 

Compound 13 (180 mg, 0.187 mmol) was dissolved in a solution of dry CHCl3 (50 

mL) and three drops of pyridine followed by malononitrile (0.123 g, 1.87 mmol) were 

added and the resulting solution was stirred for 12 h under nitrogen at room 

temperature. The reaction mixture was then extracted with CH2Cl2, washed with 

water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as the eluent to afford S-04 as a brown solid (121 mg, yield: 61%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.69 (s, 2H, C=CH), 7.52 (s, 2H, Ar), 

7.18–7.17 (m, 4H, Ar), 6.99–6.98 (d, J = 4 Hz, 4H, C=CH), 2.83–2.72 (m, 8H, alkyl), 

1.70–1.32 (m, 32H, alkyl), 1.92–0.89 (m, 12H, alkyl). 
13

C NMR (100 MHz, CHCl3), 

δ(ppm): 149.87 (C=C), 149.15 (C=C), 143.32 (C=C), 141.71 (C=C), 140.45, 138.97, 

135.39, 134.27, 132.89, 132.37, 129.44, 128.50, 126.99, 128.50, 126.99, 122.00 (Ar), 

121.92(C≡C), 114.29 (C≡C), 113.39 (C≡CN), 31.61, 31.59, 31.56, 30.23, 30.20, 30.14, 

20.11, 30.02, 29.76, 29.63, 29.61, 29.51, 29.35, 29.14, 28.94, 28.90, 22.61, 22.58, 

14.11, 14.06 (alkyl). MALDI-TOF: m/z 1056.35 [M]
+
. 

 

Synthesis of S-05 

Compound 13 (180 mg, 0.187 mmol) was dissolved in a solution of dry CHCl3 (50 

mL) and three drops of triethylamine followed by 1,3-diethyl-2-thiobarbituric acid 
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(0.748 mg, 3.74 mmol) were added and the resulting solution was stirred for 12 h 

under nitrogen at room temperature. The reaction mixture was then extracted with 

CH2Cl2, washed with water and dried over Na2SO4. After the removal of solvent, the 

residue was purified on silica gel column using a mixture of dichloromethane and 

petroleum ether (1:1, v/v) as eluent to afford S-05 as a brown solid (142 mg, yield: 

54%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.58 (s, 2H, C=CH), 7.69 (s, 2H, Ar), 7.35 (s, 

2H, Ar), 7.18–7.17 (d, J = 4 Hz, 2H, C=CH), 6.99–6.98 (d, J = 4 Hz, 2H, C=CH), 

4.62–4.56 (m, 8H, alkyl), 2.87–2.74 (m, 8H, alkyl), 1.72–1.32 (m, 32H, alkyl), 

0.93–0.89 (m, 24H, alkyl). 
13

C NMR (100 MHz, CHCl3), δ(ppm): 178.66 (C=S), 

161.03 (C=O), 159.93, 149.19 (C=C), 148.94, 141.15 (C=C), 134.82, 133.02, 129.52, 

126.99 (Ar), 121.93 (C≡C), 110.22 (C≡C), 43.98, 43.15, 31.60, 30.19, 29.95, 29.64, 

29.33, 29.17, 28.96, 22.61, 14.12, 14.07, 12.53, 12.39 (alkyl). MALDI-TOF: m/z 

1406.41 [M]
+
. 

 

7.2.2 Synthetic procedure of the compounds in chapter 3 

(E)-2-(2-Ethylhexyl)-5-(2-(thiophen-3-yl)vinyl)thiophene (14) 

3-Bromomethylthiophene (1.77 g, 10 mmol) and phosphorus acid triethyl ester (1.66 

g 10 mmol) were charged in a flask and heated up to 160 
o
C for 2 h. After cooling 

down to room temperature, this product was dissolved in 20 mL dry DMF. Under an 

ice-water bath, NaOCH3 (0.6 g in 10 mL DMF) was added into the solution. Then 
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5-(2-ethylhexyl)thiophene-2-carbaldehyde (1) was added dropwise. After 0.5 h, the 

solution was poured into cold water and extracted with ether. The organic layer was 

washed with water and then dried over Na2SO4. After the removal of solvent, 

purification was carried out by silica gel column chromatography using hexane as the 

eluent and compound 14 (2.1 g, yield: 70%) was obtained as a yellow oil. 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.32–7.27 (m, 2H), 7.18 (s, 1H, Ar), 7.02–6.98 

(d, J = 4 Hz, 1H, Ar), 6.84–6.80 (m, 2H, CH=CH), 6.65–6.64 (d, J = 4 Hz, 1H, Ar), 

2.63–2.38 (m, 2H, alkyl), 1.86–1.71 (m, 1H, alkyl), 1.55–1.25 (m, 8H, alkyl), 

0.91–0.86 (m, 6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 145.18 (Ar), 140.52, 

140.02 (C=C), 126.19, 125.97, 124.89, 124.70, 122.43, 121.78, 121.55 (Ar), 43.80, 

35.60, 33.24, 30.69, 29.56, 25.46, 14.65, 11.45 (alkyl). FAB-MS: m/z 304.1 [M]
+
. 

 

(E)-Tributyl(4-(2-(5-(2-ethylhexyl)thiophen-2-yl)vinyl)thiophen-2-yl)stannane (15) 

Compound 14 (2.1 g, 6.9 mmol) and 60 mL of dry THF were added into a flask under 

the nitrogen protection. The solution was cooled to –78 
o
C and 3 mL of n-butyllithium 

(7.2 mmol, 2.4 M in n-hexane) was added dropwise. After stirring at –78 
o
C for 1 h, 

the reaction mixture was then warmed to room temperature for another 1 h. 

Tributyltin chloride (7.6 mmol, 2 mL) was added in one portion at –78 
o
C and the 

mixture was stirred at ambient temperature for 24 h. After that, the reaction mixture 

was poured into water and extracted with ether. The organic layer was washed with 

water three times and then dried over Na2SO4. After the removal of solvent, the crude 

product was used for next step without any purification. 
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(E)-4''-(2-(5-(2-Ethylhexyl)thiophen-2-yl)vinyl)-3,3'-dihexyl-[2,2':5',2''-terthiophene]-

5-carbaldehyde (16) 

5'-Bromo-3,4'-dihexyl-[2,2'-bithiophene]-5-carbaldehyde (4) (3 g, 6.7 mmol) and 

(E)-tributyl(4-(2-(5-(2-ethylhexyl)thiophen-2-yl)vinyl)thiophen-2-yl)stannane (15) (4 

g, 6.7 mmol) were charged into a flask with 50 mL toluene, and the solution was 

flushed with nitrogen for 10 min, and then 380 mg of Pd(PPh3)4 was added. The 

solution was flushed again for another 10 min and stirred at 110 
o
C for 24 h under 

nitrogen. Then, the reaction mixture was poured into water (100 mL) and extracted 

with ether. The organic layer was washed with water and dried over Na2SO4. After the 

removal of solvent, the crude product was purified by column chromatography on 

silica gel using a mixture of hexane and dichloromethane (5:1, v/v) as eluent to afford 

compound 16 (2.6 g, yield: 60%) as a red oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.84 (s, 1H, CHO), 7.60 (s, 1H, Ar), 7.35 (s, 

1H, Ar), 7.21 (s, 1H, Ar), 7.11–7.06 (d, J = 4 Hz, 1H, Ar), 7.02–7.01 (d, J = 4 Hz, 1H, 

Ar), 6.84–6.67 (m, 2H, CH=CH), 6.62 (s, 1H, Ar), 2.86–2.53 (m, 6H, alkyl), 

1.71–1.52 (m, 1H, alkyl), 1.43–1.20 (m, 24H, alkyl), 0.90–0.80 (m, 12H, alkyl). 
13

C 

NMR (100 MHz, CDCl3), δ (ppm): 182.40 (CHO), 148.11, 147.92, 143.70, 140.12, 

139.57, 138.67, 138.12, 138.03, 137.51, 137.21 (Ar), 136.40 (C=C), 135.60, 135.03 

(Ar), 133.34 (C=C), 126.32, 124.85, 122.13. 119.74 (Ar), 41.78, 35.38, 32.65, 32.08, 

31.87, 29.03, 28.95, 25.60, 23.14, 22.78, 14.21, 11.90 (alkyl). FAB-MS: m/z 664.3 

[M]
+
. 

(E)-5''-Bromo-4''-(2-(5-(2-ethylhexyl)thiophen-2-yl)vinyl)-3,3'-dihexyl-[2,2':5',2''-tert
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hiophene]-5-carbaldehyde (17) 

A solution of compound 16 (2.6 g, 3.9 mmol) in THF was stirred at 0 
o
C, and 

N-bromosuccinimide (0.76 g, 4.3 mmol) was added in small portions. After being 

stirred for 12 h at room temperature, the reaction mixture was poured into water and 

extracted with ether. The organic layer was washed with water three times and dried 

over Na2SO4. After the removal of solvent, the crude product was purified by column 

chromatography on silica gel using hexane as the eluent to afford compound 17 (2.4 g, 

yield: 83%) as a dark red oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.84 (s, 1H, CHO), 7.59 (s, 1H, Ar), 7.21–7.17 

(d, J = 4 Hz, 1H, Ar), 7.11–7.08 (d, J = 4 Hz, 1H, Ar), 7.06–7.02 (d, J = 4 Hz, 1H, Ar), 

6.91 (s, 1H, Ar), 6.84–6.61 (m, 2H, CH=CH), 2.87–2.63 (m, 6H, alkyl), 1.71–1.51 (m, 

1H, alkyl), 1.46–1.21 (m, 24H, alkyl), 0.90–0.81 (m, 12H, alkyl). 
13

C NMR (100 

MHz, CDCl3), δ (ppm): 182.41 (CHO), 148.17, 147.95, 143.73, 141.32, 140.22, 

139.67, 138.67, 138.22, 138.08, 137.61 (Ar), 136.40 (C=C), 135.60, 135.03 (Ar), 

133.54 (C=C), 126.35, 124.85, 122.23, 109.74 (Ar), 41.77, 35.34, 32.65, 32.10, 31.89, 

29.03, 28.96, 25.60, 23.14, 22.79, 14.21, 11.90 (alkyl). FAB-MS: m/z 744.2 [M]
+
. 

 

Synthesis of 18 

Compounds 17 (1 g, 1.3 mmol) and 19 (0.64 g, 0.6 mmol) were charged into a flask 

containing 50 mL toluene. The solution was flushed with nitrogen for 10 min, and 

then 75 mg of Pd(PPh3)4 was added. The solution was flushed again for another 10 

min. After being stirred at 110 
o
C for 24 h under nitrogen, the reaction mixture was 
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poured into water (100 mL) and extracted with ether. The organic layer was washed 

with water and dried over Na2SO4. After the removal of solvent, the crude product 

was purified by column chromatography on silica gel using a mixture of hexane and 

dichloromethane (1:1, v/v) as eluent to afford compound 18 (0.72 g, yield: 68%) as a 

red solid.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.84 (s, 2H, CHO), 7.61 (s, 2H, Ar), 7.56 (s, 

2H, Ar), 7.38 (s, 2H, Ar), 7.23–7.15 (m, 4H, Ar), 6.93–6.92 (d, J = 4 Hz, 2H, Ar), 

6.68–6.67 (d, J = 4 Hz, 4H, CH=CH), 2.87–2.83 (m, 4H, alkyl), 2.73–2.71 (m, 12H, 

alkyl), 1.72–1.58 (m, 20H, alkyl), 1.46–1.19 (m, 48H, alkyl), 0.90–0.80 (m, 36H, 

alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.52 (CHO), 147.21, 145.04, 144.26, 

141.02, 140.97, 140.48, 140.39, 140.22, 139.05, 138.12, 137.20 (Ar), 136.41 (C=C), 

135.12, 134.96, 133.41 (Ar), 133.22 (C=C), 132.14, 130.46, 126.65, 125.83, 125.01, 

119.71. 119.54 (Ar), 41.40, 40.76, 34.58, 32.39, 31.69, 31.66, 30.56, 30.28, 29.49, 

29.44, 29.27, 29.23, 29.19, 28.85, 25.48, 23.97, 23.13, 23.06, 22.66, 22.64, 14.19, 

14.15, 11.46, 10.77 (alkyl). FAB-MS: m/z 1771.8 [M]
+
. Anal. calcd. for C104H138O4S10: 

C, 70.46; H, 7.85; N; found: C, 70.67; H, 7.98. 

 

Synthesis of S-06 

Compound 18 (0.2 g, 0.11 mmol) was dissolved in a solution of dry CHCl3 (50 mL) 

and three drops of triethylamine and octyl cyanoacetate (0.5 ml, 2.2 mmol) were 

added subsequently and the resulting solution was stirred for 40 h under nitrogen at 

room temperature. The reaction mixture was then extracted with CH2Cl2, washed with 
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water and dried over Na2SO4. After the removal of solvent, the mixture was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as eluent to afford S-06 as a dark solid (200 mg, yield: 85%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.22 (s, 2H, C=CH), 7.58–7.56 (d, J = 4 Hz, 

4H, Ar), 7.39 (s, 2H, Ar), 7.23–7.20 (m, 4H, Ar), 6.94–6.93 (d, J = 4 Hz, 4H, 

CH=CH), 6.94–6.93 (d, J = 4 Hz, 2H, CH=CH), 4.43–4.27 (m, 8H, alkyl), 2.88–2.71 

(m, 12H, alkyl), 1.76–1.55 (m, 12H, alkyl), 1.42–1.29 (m, 80H, alkyl), 1.02–0.87 (m, 

42H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 163.12 (O–C=O), 146.01 (C=C), 145.06, 

144.31, 143.32, 142.67, 141.22, 141.05, 140.83, 140.64, 140.40 (Ar), 137.28 (C=C), 

135.12, 134.97 (Ar), 133.00 (C=C), 132.90, 132.64, 132.39, 132.16, 130.83, 130.26, 

126.63, 125.82, 125.13, 119.61 (Ar), 115.98 (C≡N), 97.87 (C=C), 66.57, 41.41, 40.78, 

34.59, 32.42, 31.77, 31.63, 31.61, 30.56, 30.14, 29.45, 29.34, 29.26, 29.17, 29.14, 

28.85, 14.11, 14.07, 11.41, 10.76 (alkyl). MALDI-TOF: m/z 2130.05 [M]
+
. Anal. 

calcd. for C126H172N2O6S10: C, 71.01; H, 8.13; N, 1.31; found: C, 71.32; H, 8.43; N, 

1.55. 

 

5-Hexyl-2,3'-bithiophene (20) 

3-Bromothiophene (2.5 g, 15 mmol) and (5-hexylthiophen-2-yl)boronic acid (4.8 g, 

23 mmol) were charged into a flask with 50 mL THF and 15 mL K2CO3 (2 M) 

solution. The system was flushed with nitrogen for 10 min, and 500 mg of Pd(PPh3)4 

was added. The solution was flushed again for 10 min. After being stirred at 80 
o
C for 

24 h under nitrogen, the reaction mixture was poured into water (100 mL) and 
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extracted with ethyl acetate. The organic layer was washed with water and dried over 

Na2SO4. After the removal of solvent, the crude product was purified by column 

chromatography on silica gel using a mixture of hexane and dichloromethane (10:1) 

as the eluent to afford compound 30 (1.6 g, yield: 43%) as a colorless oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.33–7.31 (m, 1H, Ar), 7.29–7.27 (m, 2H, Ar), 

7.00–6.99 (d, J = 4 Hz, 1H, Ar), 6.70–6.69 (d, J = 4 Hz, 1H, Ar), 2.81–2.78 (t, 2H, 

alkyl), 1.70–1.65 (m, 2H, alkyl), 1.40–1.29 (m, 6H, alkyl), 0.91–0.88 (m, 3H, alkyl). 

13
C NMR (100 MHz, CDCl3), δ (ppm): 144.77, 136.68, 136.12, 126.14, 125.99, 

124.66, 122.82, 118.69 (Ar), 31.76, 30.30, 28.94, 22.76, 14.27 (alkyl). MALDI-TOF: 

m/z 250.08 [M]
+
. 

 

(5-Hexyl-[2,3'-bithiophen]-5'-yl)boronic acid (21) 

Compound 20 (1.6 g, 6.4 mmol) and 60 mL of dry THF were added into a flask under 

nitrogen protection. The solution was cooled to –78 
o
C and 3 mL n-butyllithium (7.1 

mmol, 2.4 M in n-hexane) was added dropwisely. After the reaction mixture was 

stirred at –78 
o
C for 2 h, trimethyl borate (13 mmol, 1.5 mL) was added in one portion. 

Then the mixture was stirred at ambient temperature for 12 h. After the reaction was 

complete, several drops of HCl (2 M) solution was added to the system. Then the 

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

was washed with water three times and then dried over Na2SO4. After the removal of 

solvent, the crude product was purified by column chromatography on silica gel using 

a mixture of hexane and ether (1:5) as eluent to afford compound 21 (0.75 g, yield: 
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40%) as a white solid.  

1
H NMR (400 MHz, DMSO), δ (ppm): 8.42 (s, 2H, OH), 7.66 (s, 1H, Ar), 7.42–7.41 

(d, J = 4 Hz, 1H, Ar), 7.29 (s, 1H, Ar), 6.70–6.69 (d, J = 4 Hz, 1H, Ar), 2.81–2.78 (t, 

2H, alkyl), 1.70–1.31 (m, 8H, alkyl), 0.91–0.88 (m, 3H, alkyl). 
13

C NMR (100 MHz, 

CDCl3), δ (ppm): 143.17, 136.86, 135.45, 128.16, 126.87, 125.65, 124.91, 122.82 

(Ar), 33.66, 32.12, 27.56, 21.46, 14.27 (alkyl). MALDI-TOF: m/z 294.09 [M]
+
. 

 

5-Bromo-2,2'-bithiophene (22) 

A solution of 2,2'-bithiophene (2 g 12 mmol) in CHCl3 and acetic acid (100 mL, 1:1, 

v/v) was stirred at 0 
o
C, N-bromosuccinimide (2.24 g, 12.6 mmol) was added in small 

portions. After being stirred for 12 h at room temperature, the reaction mixture was 

poured into water and extracted with CH2Cl2. The organic layer was washed with 

water three times and dried over Na2SO4. After the removal of solvent, the crude 

product was purified by column chromatography on silica gel using hexane as the 

eluent to afford compound 22 (2.3 g, yield: 78%) as a colorless oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.24–7.22 (d, J = 8 Hz, 1H, Ar), 7.12–7.10 (d, 

J = 8 Hz, 1H, Ar), 7.02–7.00 (m, 1H, Ar), 6.97–6.96 (d, J = 4 Hz, 1H, Ar), 6.92–6.91 

(d, J = 4 Hz, 1H, Ar). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 130.69, 130.61, 127.89, 

127.80, 124.84, 124.83, 124.07, 123.87 (Ar). MALDI-TOF: m/z 245.90 [M+1]
+
. 

 

5'-Bromo-(2,2'-bithiophene)-5-carbaldehyde (23) 

Dry DMF (1.5 mL) was added dropwise to POCl3 (2 mL) which was stirred at 0 
o
C 
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under argon. After stirring at 0 
o
C for half an hour, 2 g of 2-bromo-3-hexylthiophene 

(1) (8.1 mmol) in 1,2-dichloroethane (30 mL) was added to the mixture which was 

stirred at 90 
o
C for 12 h. Then the mixture was poured into ice water (200 mL), 

neutralized with NaHCO3 and then extracted with CH2Cl2. The organic layer was 

washed with water three times and dried over Na2SO4. After the removal of solvent, it 

was chromatographed on silica gel using a mixture of hexane and dichloromethane 

(5:1) as the eluent to afford the target product as a light yellow oil (1.6 g, yield: 71%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.87 (s, 1H, CHO), 7.67–7.66 (d, J = 4 Hz, 1H, 

Ar), 7.19–7.18 (d, J = 4 Hz, 1H, Ar), 7.11–7.10 (d, J = 4 Hz, 1H, Ar), 7.05–7.04 (d, J 

= 4 Hz, 1H, Ar). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.49 (CHO), 145.81, 

142.02, 137.43, 137.17, 126.20, 124.37, 114.17 (Ar). MALDI-TOF: m/z 273.89 [M]
+
. 

 

5'''-Hexyl-[2,2':5',2'':4'',2'''-quaterthiophene]-5-carbaldehyde (24) 

Compounds 21 (3 g, 10.2 mmol) and 23 (1.9 g, 6.4 mmol) were charged into a flask 

with 50 mL THF and 7 mL K2CO3 (2 M) solution. The system was flushed with 

nitrogen for 10 min, and 200 mg of Pd(PPh3)4 was added. The solution was flushed 

again for 10 min. After being stirred at 80 
o
C for 24 h under nitrogen, the reaction 

mixture was poured into water (100 mL) and extracted with ethyl acetate. The organic 

layer was washed with water and dried over Na2SO4. After the removal of solvent, the 

crude product was purified by column chromatography on silica gel using a mixture 

of hexane and dichloromethane (10:1) as the eluent to afford compound 30 (0.14 g, 

yield: 46%) as a yellow solid.  
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1
H NMR (400 MHz, CDCl3), δ (ppm): 9.86 (s, 1H, CHO), 7.68–7.67 (d, J = 4 Hz, 1H, 

Ar), 7.36 (s, 1H, Ar), 7.28–7.27 (d, J = 4 Hz, 1H, Ar), 7.25–7.24 (d, J = 4 Hz, 1H, Ar), 

7.21–7.20 (d, J = 4 Hz, 1H, Ar), 7.15–7.14 (d, J = 4 Hz, 1H, Ar), 7.03–7.02 (d, J = 4 

Hz, 1H, Ar), 6.72–6.71 (d, J = 4 Hz, 1H, Ar), 2.82–2.79 (t, J = 12 Hz, 2H, alkyl), 

1.71–1.65 (m, 2H, alkyl), 1.40–1.30 (m, 6H, alkyl), 0.91–0.88 (m, 6H, alkyl). 
13

C 

NMR (100 MHz, CDCl3), δ (ppm): 182.42 (CHO), 146.71, 145.34, 141.69, 138.77, 

137.36, 136.89, 135.79, 134.78, 127.10, 126.89, 124.89, 124.68, 124.14, 123.19, 

123.02, 118.33 (Ar), 31.63, 31.60, 30.20, 28.78, 22.61, 14.11 (alkyl). MALDI-TOF: 

m/z 442.06 [M]
+
. 

 

5''-Bromo-5'''-hexyl-[2,2':5',2'':4'',2'''-quaterthiophene]-5-carbaldehyde (25) 

A solution of compound 24 (0.14 g 0.32 mmol) in CHCl3 and acetic acid (100 mL, 1:1, 

v/v) was stirred at 0 
o
C, N-bromosuccinimide (0.06 g, 0.33 mmol) was added in small 

portions. After being stirred for 12 h at room temperature, the reaction mixture was 

poured into water and extracted with CH2Cl2. The organic layer was washed with 

water three times and dried over Na2SO4. After the removal of solvent, the crude 

product was purified by column chromatography on silica gel using hexane as the 

eluent to afford compound 25 (132 mg, yield: 79%) as a colorless oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.80 (s, 1H, CHO), 7.59–7.58 (d, J = 4 Hz, 1H, 

Ar), 7.24 (s, 1H, Ar), 7.16–7.14 (d, J = 4 Hz, 1H, Ar), 7.09 (s, 1H, Ar), 6.97–6.96 (d, J 

= 4 Hz, 1H, Ar), 6.74–6.73 (d, J = 4 Hz, 1H, Ar), 2.81–2.78 (t, J = 12 Hz, 2H, alkyl), 

1.71–1.65 (m, 2H, alkyl), 1.42–1.25 (m, 6H, alkyl), 0.91–0.86 (m, 3H, alkyl). 
13

C 
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NMR (100 MHz, CDCl3), δ (ppm): 182.30 (CHO), 146.54, 146.30, 141.81, 137.50, 

137.30, 136.27, 135.14, 133.33, 128.37, 126.80, 126.20, 125.00, 124.44, 124.33, 

124.24, 106.30 (Ar), 31.65, 31.62, 30.17, 28.92, 22.73, 14.22 (alkyl). MALDI-TOF: 

m/z 521.96 [M]
+
. 

 

Synthesis of 26 

Compounds 19 (116 mg, 0.11 mmol) and 25 (132 mg, 0.25 mmol) were charged into a 

flask with 50 mL toluene, the solution was flushed with nitrogen for 10 min, and 7 mg 

of Pd(PPh3)4 was added. The solution was flushed again for 10 min. After being 

stirred at 110 
o
C for 24 h under nitrogen, the reaction mixture was poured into water 

(100 mL) and extracted with CH2Cl2. The organic layer was washed with water and 

dried over Na2SO4. After the removal of solvent, the crude product was purified by 

column chromatography on silica gel using a mixture of hexane and dichloromethane 

(5:1, v/v) as the eluent to afford compound 26 (102 mg, yield: 70%) as a red solid. 
1
H 

NMR (400 MHz, CDCl3), δ (ppm): 9.85 (s, 2H, CHO), 7.67–7.66 (d, J = 4 Hz, 2H, 

Ar), 7.47 (s, 1H, Ar), 7.29–7.28 (d, J = 4 Hz, 2H, Ar), 7.24–7.23 (d, J = 4 Hz, 2H, Ar), 

7.16–7.15 (d, J = 4 Hz, 2H, Ar), 7.00–6.99 (d, J = 4 Hz, 2H, Ar), 6.71–6.70 (d, J = 4 

Hz, 2H, Ar), 2.76–2.72 (t, J = 16 Hz, 2H, alkyl), 2.59–2.55 (t, J = 16 Hz, 2H, alkyl), 

4.14–4.06 (m, 8H, alkyl), 2.81–2.77 (m, 6H, alkyl) 1.74–1.23 (m, 28H, alkyl), 

0.96–0.86 (m, 18H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.33 (CHO), 

147.14, 146.50, 144.09, 141.72, 138.03, 137.33, 135.26, 135.10, 134.66, 133.43, 

131.76, 130.08, 127.40, 126.96, 125.05, 124.22, 124.19, 120.09, (Ar), 40.34, 31.72, 
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31.62, 31.54, 30.44, 30.26, 29.26, 28.96, 23.82, 23.19, 22.63, 14.29, 14.14, 11.39 

(alkyl). MALDI-TOF: m/z 1326.31 [M]
+
. 

 

Synthesis of S-07 

Compound 26 (102 mg, 0.08 mmol) was dissolved in a solution of dry CHCl3 (50 mL) 

and three drops of triethylamine followed by octyl cyanoacetate (0.4 ml, 1.6 mmol) 

were added and the resulting solution was stirred for 40 h under nitrogen at room 

temperature. The reaction mixture was then extracted with CH2Cl2, washed with 

water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1) as 

the eluent to afford S-07 as a brown solid (115 mg, yield: 85%). 

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.26 (s, 2H, C=CH), 7.69–7.68 (d, J = 4 Hz, 

2H, Ar), 7.49 (s, 2H, Ar), 7.35–7.34 (d, J = 4 Hz, 2H, Ar), 7.20–7.19 (d, J = 4 Hz, 2H, 

CH=CH), 7.00–6.99 (d, J = 4 Hz, 2H, Ar), 6.71–6.70 (d, J = 4 Hz, 2H, Ar), 4.22–4.19 

(t, J = 12 Hz, 4H, alkyl), 1.70–1.66 (m, 8H, alkyl), 1.35–1.27 (m, 30H, alkyl), 

0.93–0.87 (m, 18H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 162.97 (O–C=O), 147.17 

(C=C), 146.77, 145.98, 144.10, 139.07, 138.41, 135.22, 134.82, 134.62, 134.40, 

133.96, 133.36, 131.76 (C=C), 131.36, 130.10, 127.66, 127.32, 125.22, 124.40, 

124.20, 120.21 (Ar), 115.99 (–C≡N), 97.85 (C=C), 66.62, 53.42, 40.58, 31.77, 31.57, 

29.18, 29.15, 28.55, 25.79, 22.64, 22.58, 14.22, 14.10, 11.32 (alkyl). MALDI-TOF: 

m/z 1685.58 [M]
+
. 

Synthesis of 28 
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Compounds 27 (184 mg, 0.32 mmol) and M3 (140 mg, 0.15 mmol) were charged into 

a flask with 50 mL toluene, the solution was flushed with nitrogen for 10 min, and 9 

mg of Pd(PPh3)4 was added. The solution was flushed again for 10 min. After being 

stirred at 110 
o
C for 24 h under nitrogen, the reaction mixture was poured into water 

(100 mL) and extracted with CH2Cl2. The organic layer was washed with water and 

dried over Na2SO4. After the removal of solvent, the crude product was purified by 

column chromatography on silica gel using a mixture of hexane and dichloromethane 

(5:1, v/v) as the eluent to afford compound 28 (180 mg, yield: 73%) as a red solid.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.79 (s, 2H, CHO), 7.56 (s, 12H, Ar), 7.49 (s, 

2H, Ar), 7.32–7.31 (d, J = 4 Hz, 2H, Ar), 7.25 (s, 2H, Ar), 7.20–7.19 (d, J = 4 Hz, 2H, 

Ar), 7.06–7.05 (d, J = 4 Hz, 2H, Ar), 7.03 (s, 2H, Ar), 3.01–3.00 (d, J = 4 Hz, 4H, 

alkyl), 2.81–2.68 (m, 8H, alkyl), 1.72–1.28 (m, 4H, alkyl), 1.42–1.26 (m, 62H, alkyl), 

0.98–0.86 (m, 24H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.46 (CHO), 

1414.60, 141.00, 140.93, 140.27, 140.15, 139.09, 138.54, 137.99, 137.81, 137.73, 

137.21, 135.23, 134.74, 132.42, (Ar), 76.74, 43.50, 39.35, 32.18, 31.94, 31.91, 30.47, 

30.27, 29.76, 29.57, 29.51, 29.48, 29.35, 29.30, 28.81, 25.46, 23.02, 22.73, 22.71, 

14.20, 14.16, 10.98 (alkyl). MALDI-TOF: m/z 1639.58 [M+1]
+
. 

 

Synthesis of S-08 

Compound 28 (180 mg, 0.11 mmol) was dissolved in a solution of dry CHCl3 (50 mL) 

and three drops of triethylamine followed by octyl cyanoacetate (0.6 ml, 2.2 mmol) 

were added and the resulting solution was stirred for 40 h under nitrogen at room 
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temperature. The reaction mixture was then extracted with CH2Cl2, washed with 

water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as the eluent to afford S-08 as a brown solid (171 mg, yield: 78%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.22 (s, 2H, C=CH), 7.62–7.61 (d, J = 4 Hz, 

4H, Ar), 7.38–7.37 (d, J = 4 Hz, 2H, Ar), 7.33–7.32 (d, J = 4 Hz, 2H, CH=CH), 7.28 

(s, 2H, Ar), 7.16–7.15 (t, J = 4 Hz, 4H, Ar), 4.33–4.30 (t, J = 12 Hz, 4H, alkyl), 

3.03–3.02 (d, J = 4 Hz, 4H, alkyl), 2.88–2.78 (m, 8H, alkyl), 1.80–1.70 (m, 12H, 

alkyl), 1.53–1.31 (m, 70H, alkyl), 1.01–0.89 (m, 30H, alkyl). 
13

C NMR (100 MHz, 

CHCl3): δ 163.11 (O–C=O), 145.87 (C=C), 141.54, 141.29, 140.68, 140.60, 138.72, 

138.25, 138.07, 137.90, 137.36, 135.47, 133.04 (Ar), 132.47 (C=C), 130.59, 128.60, 

128.49, 128.26, 126.39, 122.89, 118.76 (Ar), 115.98 (–C≡N), 97.86 (C=C), 66.58, 

43.51, 32.16, 31.90, 31.87, 31.79, 30.45, 30.22, 29.72, 29.65, 29.46, 29.41, 29.28, 

29.25, 29.19, 29.16, 28.79, 28.58, 25.81, 25.45, 22.98, 22.68, 22.69, 22.65, 14.15, 

14.11, 10.94 (alkyl). MALDI-TOF: m/z 1997.84 [M+1]
+
. 

 

7.2.3 Synthetic procedure of the compounds in chapter 4 

Synthesis of 29 

Compounds 6 (0.84g, 0.22 mmol) and 35 (0.067g, 0.1 mmol) were put into a flask 

with 40 mL of THF/NEt3 (1:1, v/v), and the solution was flushed with nitrogen for 10 

min. Then, 5.77 mg of Pd(PPh3)4 (0.005 mmol) and 0.8 mg CuI (0.01 mmol) were 
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added. The solution was flushed again for 10 min. After being stirred at room 

temperature for 24 h under nitrogen, the reaction mixture was poured into water (100 

mL) and extracted with CH2Cl2. The organic layer was washed with water and dried 

over Na2SO4. After the removal of solvent, the crude product was purified by column 

chromatography on silica gel using a mixture of hexane and dichloromethane (1:2, v/v) 

as the eluent to afford compound 29 as a red solid (79 mg, yield: 58%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.78 (s, 2H, CHO), 7.54 (s, 2H, Ar), 7.02 (s, 

2H, Ar), 2.80–2.76 (t, J = 16 Hz, 4H, alkyl), 2.67–2.63 (t, J = 16 Hz, 4H, alkyl), 

1.68–1.25 (m, 68H, alkyl), 0.96–0.86 (m, 30H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 

(ppm): 182.76 (–C=O), 150.32 (C≡C), 144.65, 139.75, 135.34, 131.21, 130.94, 

123.45, 121.56 (Ar), 114.78 (C≡C), 75.49 (C≡C), 31.84, 31.68, 30.53, 30.13, 29.43, 

29.32, 29.31, 28.16, 26.40, 24.71, 24.52, 24.37, 24.24, 22.63, 22.45, 14.42, 14.09, 

13.89 (alkyl). 
31

P (161.9 MHz, CDCl3), δ (ppm): 3.54 (JP-Pt = 2315 Hz). MALDI-TOF: 

m/z 1370.67 [M]
+
. 

 

3,4'-Dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde (30) 

Compound 4 (2.5 g, 5.7 mmol) and thiophen-2-ylboronic acid (1.1g, 8.6 mmol) were 

charged into a flask with 50 mL THF and 6 mL K2CO3 (2 M) solution. The system 

was flushed with nitrogen for 10 min, and 200 mg of Pd(PPh3)4 was added. The 

solution was flushed again for 10 min. After being stirred at 80 
o
C for 24 h under 

nitrogen, the reaction mixture was poured into water (100 mL) and extracted with 

ethyl acetate. The organic layer was washed with water and dried over Na2SO4. After 
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the removal of solvent, the crude product was purified by column chromatography on 

silica gel using a mixture of hexane and dichloromethane (10:1) as the eluent to afford 

compound 30 (1.7g, yield: 68%) as a yellow oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.82 (s, 1H, CHO), 7.59 (s, 1H, Ar), 7.36–7.35 

(d, J = 4 Hz, 1H, Ar), 7.18–7.16 (d, J = 8 Hz, 1H, Ar), 7.12 (s, 1H, Ar), 7.10–7.08 (d, 

1H, J = 8 Hz, Ar), 2.84–2.74 (m, 4H, alkyl), 1.68–1.66 (m, 4H, alkyl), 1.41–1.26 (m, 

12H, alkyl), 0.91–0.87 (m, 6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.58 

(CHO), 144.28, 140.28, 140.26, 139.11, 135.25, 132.93, 132.68, 130.31, 127.58, 

126.39, 126.01 (Ar), 31.64, 31.62, 30.55, 30.28, 29.42, 20.20, 29.16, 22.68, 22.62, 

22.61, 14.15, 14.09 (alkyl). MALDI-TOF: m/z 444.16 [M]
+
. 

 

5''-Bromo-3,4'-dihexyl-[2,2':5',2''-terthiophene]-5-carbaldehyde (31) 

A solution of compound 30 (1.7 g 3.8 mmol) in CH2Cl2 and acetic acid (100 mL, 1:1, 

v/v) was stirred at 0 
o
C, N-bromosuccinimide (7.3 g, 4.1 mmol) was added in small 

portions. After being stirred for 12 h at room temperature, the reaction mixture was 

poured into water and extracted with CH2Cl2. The organic layer was washed with 

water three times and dried over Na2SO4. After the removal of solvent, the crude 

product was purified by column chromatography on silica gel using hexane as the 

eluent to afford compound 4 (1.7 g, yield: 84%) as a yellow oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.82 (s, 1H, CHO), 7.58 (s, 1H, Ar), 7.10 (s, 

1H, Ar), 7.05–7.04 (d, J = 4 Hz, 2H, Ar), 6.91–6.90 (d, J = 4 Hz, 2H, Ar), 2.82–2.70 

(m, 4H, alkyl), 1.68–1.26 (m, 16H, alkyl), 0.91–0.87 (m, 6H, alkyl). 
13

C NMR (100 
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MHz, CDCl3), δ (ppm): 182.53 (CHO), 140.73, 140.46, 140.25, 139.05, 136.75, 

133.19, 133.00, 131.80, 130.39, 130.19, 126.54, 112,63 (Ar), 31.64, 30.55, 30.42, 

30.30, 30.27, 29.44, 29.18, 22.70, 22.64, 22.61, 14.18, 14.12 (alkyl). MALDI-TOF: 

m/z 524.07 [M+1]
+
. 

 

3,4'-Dihexyl-5''-((trimethylsilyl)ethynyl)-(2,2':5',2''-terthiophene)-5-carbaldehyde (32) 

To a solution of compound 31 (2.3 g, 4.5 mmol) in 50 mL NEt3 and CH2Cl2 (1:1, v/v) 

was added a catalytic amount of CuI and Pd(PPh3)4 (0.2 g) under nitrogen. After 

stirring for 30 min at room temperature, trimethylsilylacetylene (1.76g, 18 mmol) was 

added and then stirred overnight at 60 
o
C. The reaction mixture was dried and the 

crude product was purified by column chromatography on silica gel using hexane and 

dichloromethane (1:1, v/v) as the eluent to give compound 32 (1.6 g, yield: 67%) as a 

yellow oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.82 (s, 1H, CHO), 7.58 (s, 1H, Ar), 7.19 (s, 

1H, Ar), 7.19–7.18 (d, J = 4 Hz, 1H, Ar), 7.11 (s, 1H, Ar), 7.01–7.00 (d, J = 4 Hz, 1H, 

Ar), 2.82–2.74 (m, 4H, alkyl), 1.70–1.52 (m, 4H, alkyl), 1.42–1.26 (m, 12H, alkyl), 

0.91–0.86 (m, 6H, alkyl), 0.26 (s, 9H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 

182.78 (CHO), 149.15, 144.57, 141.29, 140.43, 140.11, 139.18, 134.96, 128.17, 

127.12, 124.43, 121.12, 119.01 (Ar), 85.38, 76.07 (C≡C), 31.60, 30.26, 30.09, 29.47, 

29.43, 29.15, 28.93, 22.79, 22.63, 14.15, 14.11, 14.04, 3.40 (alkyl). MALDI-TOF: m/z 

540.20 [M]
+
. 

5''-Ethynyl-3,4'-dihexyl-(2,2':5',2''-terthiophene)-5-carbaldehyde (33) 
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Compound 32 (1.6 g, 3 mmol) and K2CO3 (0.44 g, 3.3 mmol) were dissolved in 

MeOH and CH2Cl2 (1:1, v/v) solvent mixture. The mixture was stirred for 6 h at room 

temperature. The reaction mixture was poured into water and extracted with CH2Cl2. 

The organic layer was washed with water three times and then dried over Na2SO4. 

After the removal of solvent, the crude product was purified by column 

chromatography on silica gel using hexane and dichloromethane (1:1, v/v) as eluent to 

afford compound 33 (0.8 g, yield: 57%) as an orange oil.  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.83 (s, 1H, CHO), 7.59 (s,1H, Ar), 7.25–7.24 

(d, J = 4 Hz, 1H, Ar), 7.11 (s, 1H, Ar), 7.03–7.02 (d, J = 4 Hz, 1H, Ar), 3.44 (s, 1H, 

C≡CH), 2.81–2.76 (m, 4H, alkyl), 1.68–1.26 (m, 16H, alkyl), 0.91–0.87 (m, 6H, 

alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 182.28 (CHO), 149.65, 146.12, 142.31, 

140.89, 140.53, 140.44, 138.88, 134.96, 130.12, 128.17, 124.56, 119.12 (Ar), 85.38, 

76.07 (C≡C). 31.81, 31.45, 30.11, 29.38, 29.13, 28.71, 22.67, 22.52, 14.26, 14.22 

(alkyl), MALDI-TOF: m/z 468.16 [M]
+
. 

 

Synthesis of 34 

Compounds 33 (0.94 g, 0.22 mmol) and 26 (0.067 g, 0.1 mmol) were put into a flask 

with 40 mL of THF/NEt3 (1:1, v/v), and the solution was flushed with nitrogen for 10 

min. Then, 5.77 mg of Pd(PPh3)4 (0.005 mmol) and 0.8 mg CuI (0.01 mmol) were 

added. The solution was flushed again for 10 min. After being stirred at room 

temperature for 24 h under nitrogen, the reaction mixture was poured into water (100 

mL) and extracted with CH2Cl2. The organic layer was washed with water and dried 
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over Na2SO4. After the removal of solvent, the crude product was purified by column 

chromatography on silica gel using a mixture of hexane and dichloromethane (1:2, v/v) 

as the eluent to afford compound 34 as a red solid (155 mg, yield: 47%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 9.81 (s, 2H, CHO), 7.57 (s, 2H, Ar), 7.09 (s, 

2H, Ar), 6.96–6.95 (d, J = 4 Hz, 2H, Ar), 6.80–6.79 (d, J = 4 Hz, 2H, Ar), 2.83–2.74 

(m, 8H, alkyl), 2.14–2.09 (m, 12H, alkyl), 1.68–1.24 (m, 66H, alkyl), 0.97–0.86 (m, 

30H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ (ppm): 182.41 (–C=O), 149.84 (C≡C), 

144.40, 139.84, 135.45, 131.75, 131.57, 130.94, 130.86, 127.80, 123.45, 121.56, 

114.56 (Ar), 113.62 (C≡C), 75.43 (C≡C), 31.67, 31.58, 30.51, 30.13, 29.42, 29.32, 

29.30, 28.16, 26.40, 24.71, 24.54, 24.37, 24.14, 22.63, 22.45, 14.42, 14.09, 13.89 

(alkyl). 
31

P NMR (161.9 MHz, CDCl3), δ (ppm): 3.15 (JP-Pt = 2334 Hz). MALDI-TOF: 

m/z 1505.61 [M]
+
. 

 

Synthesis of S-09 

Compound 29 (96 mg, 0.07 mmol) was dissolved in a solution of dry CHCl3 (50 mL) 

and three drops of triethylamine followed by octyl cyanoacetate (0.3 ml, 1.4 mmol) 

were added and the resulting solution was stirred for 40 h under nitrogen at room 

temperature. The reaction mixture was then extracted with CH2Cl2, washed with 

water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as the eluent to afford S-09 as a red solid (70 mg, yield: 85%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.17 (s, 2H, C=CH), 7.51 (s, 2H, Ar), 7.10 (s, 
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2H, Ar), 4.28–4.26 (t, J = 8 Hz, 4H, alkyl), 2.80–2.62 (t, J = 72 Hz, 8H, alkyl), 

2.13–2.11 (m, 12H, alkyl), 1.48–1.25 (m, 80H, alkyl), 0.94–0.87 (m, 36H, alkyl). 
13

C 

NMR (100 MHz, CHCl3): δ 164.23 (O–C=O), 146.59 (C=C), 141.23, 139.42, 134.42, 

132.51(C=C), 131.78, 131.33, 130.41, 128.64 (Ar), 116.16 (–C≡N), 97.18 (C=C), 

66.52, 31.39, 31.43, 31.20, 30.34, 30.15, 29.41, 29.37, 29.32, 29.30, 29.17, 28.48, 

26.32, 25.82, 24.50, 24.43, 24.37, 24.19, 24.02, 23.85, 22.64, 22.62, 14.12, 14.11, 

13.98 (alkyl). 
31

P NMR (161.9 MHz, CDCl3), δ (ppm): 3.45 (JP-Pt = 2342 Hz). 

MALDI-TOF: m/z 1170.97 [M]
+
. 

 

Synthesis of S-10 

Compound 34 (105 mg, 0.07 mmol) was dissolved in a solution of dry CHCl3 (50 mL) 

and three drops of triethylamine followed by octyl cyanoacetate (0.3 ml, 1.4 mmol) 

were added and the resulting solution was stirred for 40 h under nitrogen at room 

temperature. The reaction mixture was then extracted with CH2Cl2, washed with 

water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as the eluent to afford S-10 as a brown solid (104 mg, yield: 77%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.19 (s, 2H, C=CH), 7.55 (s, 2H, Ar), 7.16 (s, 

2H, Ar), 6.97–6.96 (d, J = 4 Hz, 2H, Ar), 6.81–6.80 (d, J = 4 Hz, 2H, Ar), 4.30–4.27 (t, 

J = 12 Hz, 4H, alkyl), 2.83–2.74 (t, 8H, alkyl), 2.15–2.11 (m, 12H, alkyl), 1.77–1.29 

(m, 80H, alkyl), 0.97–0.87 (m, 36H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 163.28 

(O–C=O), 146.09 (C=C), 142.34, 141.17, 140.17, 139.67, 134.42, 132.51(C=C), 
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131.88, 131.48, 130.95, 130.62, 127.74, 125.88 (Ar), 116.16 (–C≡N), 97.18 (C=C), 

66.53, 31.79, 31.68, 31.60, 30.54, 30.13, 29.42, 29.34, 29.31, 29.20, 29.18, 28.58, 

26.38, 25.82, 24.50, 24.43, 24.37, 24.19, 24.02, 23.85, 22.66, 22.62, 14.12, 14.10, 

13.88 (alkyl). 
31

P NMR (161.9 MHz, CDCl3), δ (ppm): 3.33 (JP-Pt = 2347 Hz). 

MALDI-TOF: m/z 1935.96 [M]
+
. 

 

Synthesis of S-11 

Compound 29 (120 mg, 0.088 mmol) was dissolved in a solution of dry CHCl3 (50 

mL) and three drops of triethylamine followed by 1,3-diethyl-2-thiobarbituric acid 

(0.368 mg, 1.79 mmol) were added and the resulting solution was stirred for 12 h 

under nitrogen at room temperature. The reaction mixture was then extracted with 

CH2Cl2, washed with water and dried over Na2SO4. After the removal of solvent, the 

residue was purified on silica gel column using a mixture of dichloromethane and 

petroleum ether (1:1, v/v) as the eluent to afford S-11 as a brown solid (80 mg, yield: 

51%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.54 (s, 2H, C=CH), 7.65 (s, 2H, Ar), 7.35 (s, 

2H, Ar), 4.62–4.57 (t, 8H, alkyl), 2.83–2.64 (m, 8H, alkyl), 2.13–2.11 (m, 12H, alkyl), 

1.69–1.25 (m, 44H, alkyl), 0.96–0.85 (m, 42H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 

178.84 (C≡C), 161.36 (C=S), 159.67 (C=O), 150.29, 149.27 (C=C), 140.45 (C≡C), 

139.92, 134.35, 131.38, 131.78, 130.87 (C=C), 117.59, 109.62, 101.49 (Ar), 44.02, 

43.51, 31.88, 31.79, 30.45, 29.92, 29.71, 29.58, 29.44, 29.33, 26.40, 24.72, 24.45, 

24.38, 24.22, 24.05, 23.88, 22.68, 22.64, 14.13, 14.11, 13.90, 12.57, 12.21 (alkyl). 
31

P 
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NMR (161.9 MHz, CDCl3), δ (ppm): 3.35 (JP-Pt = 2328 Hz). MALDI-TOF: m/z 

1777.83 [M]
+
. 

 

Synthesis of S-12 

S-12 was synthesized similarly as described above for S-11 except that compound 34 

(126 mg, 0.084 mmol) was used instead of compound 20 (93 mg, yield: 57%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 8.57 (s, 2H, C=CH), 7.68 (s, 2H, Ar), 7.36 (s, 

2H, Ar), 7.02–7.01 (d, J = 4 Hz, 2H, Ar), 6.82–6.81 (d, J = 4 Hz, 2H, Ar), 4.65–4.56 

(m, 8H, alkyl), 2.87–2.76 (m, 8H, alkyl), 2.14–2.11 (m, 12H, alkyl), 1.71–1.30 (m, 

44H, alkyl), 0.98–0.88 (m, 42H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 178.64 (C≡C), 

161.15 (C=S), 159.97 (C=O), 150.38, 149.28, 148.87 (C=C), 140.54 (C≡C), 139.90, 

135.72, 134.25, 131.84, 131.78, 130.87, 127.83, 126.08 (C=C), 117.59, 109.43, 

101.40 (Ar), 75.34 (C≡C), 43.96, 43.11, 31.70, 31.64, 30.55, 29.90, 29.73, 29.48, 

29.34, 29.20, 26.40, 24.52, 24.45, 24.38, 24.22, 24.05, 23.88, 22.68, 22.64, 14.13, 

14.11, 13.90, 12.57, 12.42 (alkyl). 
31

P NMR (161.9 MHz, CDCl3), δ (ppm): 3.42 (JP-Pt 

= 2337 Hz. MALDI-TOF: m/z 1941.81 [M]
+
. 

 

Synthesis of S-13 

Compound 29 (118 mg, 0.086 mmol) was dissolved in a solution of dry CHCl3 (50 

mL) and three drops of pyridine followed by malononitrile (57 mg, 0.86 mmol) were 

added and the resulting solution was stirred for 12 h under nitrogen at room 

temperature. The reaction mixture was then extracted with CH2Cl2, washed with 
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water and dried over Na2SO4. After the removal of solvent, the residue was purified 

on silica gel column using a mixture of dichloromethane and petroleum ether (1:1, v/v) 

as the eluent to afford S-13 as a brown solid (68 mg, yield: 52%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.63 (s, 2H, C=CH), 7.46 (s, 2H, Ar), 7.13 (s, 

2H, Ar), 2.79–2.76 (t, J = 12 Hz, 4H, alkyl), 2.66–2.62 (t, J = 16 Hz, 4H, alkyl), 

2.14–2.10 (m, 12H, alkyl), 1.65–1.25 (m, 56H, alkyl), 0.96–0.88 (m, 30H, alkyl). 
1
H 

NMR (400 MHz, CDCl3), δ (ppm): 7.67 (s, 2H, C=CH), 7.50 (s, 2H, Ar), 7.19 (s, 2H, 

Ar), 6.99–6.98 (d, 2H, Ar), 6.81–6.80 (d, 2H, Ar), 2.84–2.74 (m, 8H, alkyl), 2.14–2.10 

(mt, 12H, alkyl), 1.67–1.32 (m, 56H, alkyl), 0.97–0.88 (m, 30H, alkyl). 
13

C NMR 

(100 MHz, CHCl3): δ 149.74, 145.42, 142.75 (C=C), 139.78, 131.75, 131.34, 130.65 

(Ar), 130.21, 114.35(Ar), 113.17 (C≡CN), 75.12 (C≡C), 32.62, 31.12, 30.87, 30.02, 

29.42, 29.24, 29.12, 28.96, 26.40, 24.51, 24.44, 24.37, 24.04, 22.76, 22.61, 14.12, 

14.09, 13.77 (alkyl). 
31

P NMR (161.9 MHz, CDCl3), δ (ppm): 3.41 (JP-Pt = 2321 Hz). 

MALDI-TOF: m/z 1509.75 [M]
+
. 

 

Synthesis of S-14 

S-14 was synthesized similarly as described above for S-13 except that compound 34 

(131 mg, 0.087 mmol) was used instead of compound 20 (71 mg, yield: 49%).  

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.67 (s, 2H, C=CH), 7.50 (s, 2H, Ar), 7.19 (s, 

2H, Ar), 6.99–6.98 (d, J = 4 Hz, 2H, Ar), 6.81–6.80 (d, J = 4 Hz, 2H, Ar), 2.84–2.74 

(m, 8H, alkyl), 2.14–2.10 (m, 12H, alkyl), 1.67–1.32 (m, 56H, alkyl), 0.97–0.88 (m, 

30H, alkyl). 
13

C NMR (100 MHz, CHCl3): δ 149.84, 144.40, 141.98 (C=C), 140.40 
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(C≡C), 139.84, 135.45, 131.75, 131.57, 130.94, 130.86, 127.80, 126.14 (C≡CN), 

114.56 (Ar), 113.62 (C=C), 75.35 (C≡C), 31.67, 31.58, 30.51, 30.02, 29.42, 29.32, 

29.30, 29.16, 26.40, 24.51, 24.44, 24.37, 24.04, 22.66, 22.61, 14.12, 14.09, 13.89 

(alkyl). 
31

P NMR (161.9 MHz, CDCl3), δ (ppm): 3.42 (JP-Pt = 2324 Hz). MALDI-TOF: 

m/z 1673.72 [M]
+
. 

 

7.2.4 Synthetic procedure of the compounds in chapter 5 

2-((2-Ethylhexyl)oxy)thiophene (36)   

Sodium (2.3 g, 0.1 mol) was added to iso-octyl alcohol (39 g, 0.3 mol) and the 

mixture was stirred at room temperature until the sodium disappeared completely. The 

paste solution was distilled under vacuum to afford a pale powder. Dry 

N,N-dimethylformamide (60 mL) was added into the powder under argon protection, 

and then 2-bromothiophene (9.8 g, 0.06 mol) was injected into the reaction mixture. 

After 5 min, cuprous bromide (1.44 g, 10 mmol) was added to the reaction mixture 

which was then stirred for 12 h at 100 °C. When the reaction temperature was cooled 

to room temperature, hexane (100 mL) was added and the mixture was filtered under 

suction. After the removal of solvent, purification was carried out by silica gel column 

chromatography using hexane as the eluent. Compound 36 (6.6 g, yield: 52%) was 

obtained as a colorless oil. 

1
H NMR (400 MHz, CDCl3), δ (ppm): 6.70−6.67 (m, 1H, Ar), 6.50−6.48 (m, 1H, Ar), 

6.18−6.16 (m, 1H, Ar), 3.91−3.89 (d, J = 8 Hz, 2H, alkyl), 1.72−1.50 (m, 1H, alkyl), 
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1.48−1.30 (m, 8H, alkyl), 0.94−0.88 (m, 6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ 

(ppm): 166.24, 124.68, 111.55, 104.39 (Ar), 76.54, 39.51, 30.43, 29.08, 23.79, 23.07, 

14.10, 11.09 (alkyl). GC-MS: m/z = 212. 

 

4,8-Bis(5-((2-ethylhexyl)oxy)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene (38) 

Compound 36 (6.6 g, 31 mmol) and 60 mL dry THF were added into a flask under 

argon protection. The solution was cooled to 0 °C and 14.2 mL of n-butyllithium 

(0.034 mol, 2.4 M in hexane) was added dropwise. The mixture was then warmed to 

room temperature and stirred for 1 hour. Subsequently, compound 37 (1.7 g, 7.8 mmol) 

was added to the reaction mixture, and then stirred for 1 h at 50 °C. After cooling to 

ambient temperature, a mixture of SnCl2·2H2O (13.6 g, 60.7 mmol) in 10% HCl (30 

mL) was added and the mixture was stirred for additional 1.5 h. After that, the 

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

was washed with water three times and then dried over MgSO4. After the removal of 

solvent, the crude product was purified by column chromatography on silica gel using 

hexane as the eluent to afford 38 (2.4 g, yield 51%) as a yellow powder. 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.66 (s, 2H, Ar), 7.44−7.43 (d, J = 4 Hz, 2H, 

Ar), 7.10−7.09 (d, J = 4 Hz, 2H, Ar), 6.32−6.31 (d, J = 4 Hz, 2H, Ar), 4.03−4.01 (d, J 

= 8 Hz, 4H, alkyl), 1.78−1.76 (m, 2H, alkyl), 1.56−1.27 (m, 16H, alkyl), 0.95−0.94 (d, 

J = 4 Hz, 12H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 166.74, 139.24, 136.70, 

127.41, 125.88, 125.35, 123.83, 123.40 (Ar), 104.57, 76.47, 39.56, 30.42, 29.07, 

23.79, 23.03, 14.08, 11.12 (alkyl). MALDI-TOF MS: calcd for C34H42O2S4 m/z = 
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610.9; found 610.2. 

 

(4,8-Bis(5-((2-ethylhexyl)oxy)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)b

is(trimethylstannane) (M2)   

Compound 38 (2.4 g, 3.9 mmol) and 50 mL dry THF were mixed under -78 °C with 

argon protection, 4.1 mL of n-butyllithium (9.8 mmol, 2.4 M in hexane) was added 

dropwise. The reaction mixture was then stirred at -78 °C for 1 h. Subsequently, 

chlorotrimethylstannane (1.0 M in hexane, 11.7 mL) was added in several portions 

and the mixture was stirred for 2 h at ambient temperature. Then, the mixture was 

extracted by diethyl ether, and the combined organic phase was washed with water 

three times, dried over MgSO4. After the removal of solvent, the crude product was 

purified by recrystallization using ethanol to obtain the target compound as a 

light-yellow solid (2.7 g, yield: 75%). 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.69 (s, 2H, Ar), 7.11−7.10 (d, J=4 Hz, 2H, Ar), 

6.34−6.33 (d, J = 4 Hz, 2H, Ar), 4.05−4.03 (d, J = 8 Hz, 4H, alkyl), 1.80−1.77 (m, 2H, 

alkyl), 1.56−1.26 (m, 16H, alkyl), 0.99−0.97 (d, J = 8 Hz, 12H, alkyl), 0.49−0.35 (t, J 

= 56 Hz, 18H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 166.53, 143.55, 142.28, 

137.53, 131.14, 126.16, 125.68, 122.18, 104.44 (Ar), 76.36, 39.60, 30.44, 29.10, 

23.81, 23.04, 14.10, 11.15, -8.31 (alkyl). MALDI-TOF MS: calcd for C40H58O2S4Sn2 

m/z = 936.6; found 936.2. 

 

2-((2-Ethylhexyl)thio)thiophene (39)   
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20.8 mL of n-butyllithium (50 mmol, 2.4 M in hexane) was added dropwise into 

thiophene (4.2 g, 50 mmol) and 100 mL of dry THF at 0 °C under argon protection. 

After the mixture was stirred at 0 °C for 1.5 h, sulfur powder (1.6 g, 50 mmol) was 

added in one portion, and then the resulting suspension was stirred at 0 °C for 2 h. 

Subsequently, 2-ethylhexylbromide (9.7 g, 50 mmol) was added dropwise. The 

reaction mixture was stirred overnight at room temperature. Then, ice-water 

containing NH4Cl was added to the reaction, and the mixture was extracted with 

diethyl ether, washed with water, and dried over MgSO4. After the removal of solvent, 

purification was carried out by silica gel column chromatography using hexane as the 

eluent and compound 39 (10.5 g, yield 92%) was obtained as a colorless oil. 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.55−7.51 (m, 1H, Ar), 7.13−7.10 (m, 1H, Ar), 

7.02−6.99 (m, 1H, Ar), 3.05−2.77 (m, 2H, alkyl), 1.72−1.70 (m, 1H, alkyl), 1.55−1.30 

(m, 8H, alkyl), 0.94−0.88 (m, 6H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 

137.24, 131.62, 128.35, 127.39 (Ar), 42.74, 39.61, 34.34, 28.18, 27.79, 23.12, 14.10, 

11.29 (alkyl). GC-MS: m/z = 228. 

 

4,8-Bis(5-((2-ethylhexyl)thio)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene (40)  

Compound 40 was synthesized similarly as described above for compound 38 except 

that compound 39 (7 g, 31 mmol) was used instead of compound 36 (2.8 g, yield 56%, 

light yellow powder). 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.63−7.62 (d, J = 4 Hz, 2H, Ar), 7.48−7.47 (d, 

J = 4 Hz, 2H, Ar), 7.33−7.32 (d, J = 4 Hz, 2H, Ar), 7.23−7.22 (d, J = 4 Hz, 2H, Ar), 
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2.97−2.95 (d, J = 8 Hz, 4H, alkyl), 1.68−1.65 (m, 2H, alkyl), 1.55−1.33 (m, 16H, 

alkyl), 0.95−0.92 (t, J = 12 Hz, 12H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 

142.17, 139.03, 137.65, 136.54, 132.53, 128.40, 127.92, 123.66, 123.15 (Ar), 43.56, 

39.30, 32.19, 28.85, 25.42, 23.00, 14.19, 10.86 (alkyl). MALDI-TOF MS: calcd for 

C34H42S6 m/z = 643.1; found 642.1. 

 

(4,8-Bis(5-((2-ethylhexyl)thio)thiophen-2-yl)benzo[1,2-b:4,5-b']dithiophene-2,6-diyl)

bis(trimethylstannane) (M3)   

M3 was synthesized similarly as described above for M2 except that compound 40 

(2.8 g, 4.4 mmol) was used instead of compound 38 (3.5 g, yield 82%). 

1
H NMR (400 MHz, CDCl3), δ (ppm): 7.64 (s, 2H, Ar), 7.34−7.33 (d, J = 4 Hz, 2H, 

Ar), 7.23−7.22 (d, J = 4 Hz, 2H, Ar), 2.95−2.93 (d, J = 8 Hz, 4H, alkyl), 1.67−1.64 (m, 

2H, alkyl), 1.54−1.27 (m, 16H, alkyl), 0.93−0.90 (m, 12H, alkyl), 0.48−0.41 (t, J = 28 

Hz, 18H, alkyl). 
13

C NMR (100 MHz, CDCl3), δ (ppm): 143.09, 142.85, 142.81, 

137.12, 136.83, 132.38, 130.53, 128.02, 121.73 (Ar), 43.35, 39.07, 31.93, 28.57, 

25.17, 22.74, 13.91, 10.63, -8.53 (alkyl). MALDI-TOF MS: calcd for C40H58S6Sn2 

m/z = 968.7; found 968.2. 

 

Synthesis of the Copolymers  

General procedure for the synthesis of PBDTT-TT, PBDTT-O-TT and 

PBDTT-S-TT by the Stille coupling is shown in Scheme 1. In a 25 mL flask, M1 (or 

M2, M3) (0.3 mmol) and M4 (0.3 mmol) were dissolved in 10 mL of toluene and 2 
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mL of DMF. After flushed with argon for 10 min, [Pd(PPh3)4] (23 mg) was added as 

the catalyst, and the mixture was then purged with argon for 20 min. The solution was 

heated to reflux and stirred for 16 h under argon protection. Then, the reactant was 

cooled to room temperature, and the polymer was precipitated by addition of 100 mL 

of methanol, filtered through a Soxhlet thimble. The precipitate was then subjected to 

Soxhlet extraction with methanol, hexane and chloroform. The polymer was 

precipitated from methanol as a solid, and the solid was dried under vacuum. The 

yield and elemental analytical results of the polymers are as follows. 

PBDTT-TT. Yield: 43%. Elemental analysis calcd (%) for C49H57FO2S6: C 66.14, H 

6.41; found: C 65.95, H 6.49. Mn = 95,000, PDI = 1.39. Td = 383 °C.  

PBDTT-O-TT. Yield: 39%. Elemental analysis calcd (%) for C49H57FO4S6: C 63.84, 

H 6.19; found: C 63.98, H 6.14. Mn = 78,000, PDI = 1.52. Td = 308 °C. 

PBDTT-S-TT. Yield: 51%. Elemental analysis calcd (%) for C49H57FO2S8: C 61.70, 

H 5.98; found: C 61.89, H 5.95. Mn = 118,000, PDI = 1.46. Td = 291 °C. 

PBDTT-O-TT-C. Yield: 42%. Elemental analysis calcd (%) for C49H57FO3S6: C 

65.04, H 6.05; found: C 64.09, H 6.20. Mn = 61,000, PDI = 1.91. 

PBDTT-S-TT-C. Yield: 48%. Elemental analysis calcd (%) for C49H57FOS8: C 62.82, 

H 6.09; found: C 62.24, H 5.95. Mn = 71,000, PDI = 2.37. 
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