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摘要 

    予體-受體交替共軛高分子被廣泛應用於各種光電元件，諸如高分子太陽能

電池、有機場效應電晶體、有機發光二極體。對於這些應用來說，予體-受體交

替共軛高分子的電荷遷移率與元件效率表現呈現高度正相關的關係。有兩個關鍵

因素影響著電荷遷移率，“奈米微結構的規整度”以及“高分子堆疊方向”。支鏈工

程被認為是一種非常有力的技術以創造高度規整奈米微結構的高分子以及調控

高分子的堆疊方向。此技術通常涵蓋以下三種參數:(1)支鏈長度(2)支鏈位向(3)

支鏈種類。雖然已有大量的支鏈效應的研究對於各種予體-受體交替共軛高分

子，但是這些個別的支鏈效應研究是由不同的研究團隊所執行而且難以進行比

較。因此，提供一個全面的支鏈效應研究包含上述的三種支鏈參數是非常必要

的。在本論文中，我們不僅提供了一個全面的支鏈效應研究還展示了兩種策略透

過合理的高分子結構設計利用支鏈工程得到高度規整奈米微結構的高分子以及

調控高分子的堆疊方向。 

    為了執行全面的支鏈效應研究以及創造擁有高度規整奈米微結構的高分

子，我們成功合成了八種寡聚噻吩-噻吩并吡咯二酮(3T-TPD)的共軛高分子伴隨

著不同的支鏈位向(朝外以及朝內)、支鏈種類(十二碳鏈以及四乙二醇(TEG))、支

鏈長度(八碳鏈、六碳鏈、四碳鏈)。這些高分子的光學性質、電化學性質、熱性

質以及自組裝行為被系統性地討論。對於這些 3T-TPD的共軛高分子來說，擁有

支鏈朝外的高分子展現較優異的 π-π堆疊相較於支鏈朝內的高分子，導致支鏈朝

外的高分子堆疊形成層板(LAM)結構。然而，支鏈朝內的高分子伴隨著差的主鏈

平面性堆疊出極為罕見的六角最密堆積(HEX)結構。對於支鏈種類效應來說，不

論是支鏈朝外的高分子以及支鏈朝內的高分子具備 TEG 支鏈展示出較長波長的

紫外-可見光吸收光譜以及更高度規整的奈米微結構相較於具備十二碳支鏈的高

分子。這些結果指出較為柔軟的 TEG 支鏈可以有效提升高分子的自組裝行為表

現。對於支鏈長度效應來說，越長的支鏈越能幫助支鏈朝外的高分子排列成越高

度規整的 LAM結構。相反地，越短的支鏈越適合支鏈朝內的高分子自組裝成越

高度規整的 HEX結構。 

    更進一步，為了深入研究寡聚醚(OEG)支鏈效應，我們成功合成一系列寡聚

噻吩-異靛藍素高分子，P3TI 以及 P4TI，具備不同數量以及位置的 OEG 支鏈。

這些高分子的光學性質、熱性質以及自組裝行為被系統性地討論。我們發現 PnTI

的高結晶性是源自於堆疊良好的寡聚噻吩單元。對於僅具備碳鏈支鏈的高分子而

言，P3T(R8)I(Rb-16) 以及 P4T(R8)I(Rb-16)，這些高分子展現出最高的結晶性但是

最大的 dπ-π相較於其他具備寡聚醚支鏈的高分子。這些高分子的 π-π 堆疊行為是

由寡聚噻吩單元所主導，因為在異靛藍素上體積龐大的碳鏈(Rb-16)阻礙了異靛藍

素的緊密堆疊。當這個異靛藍素上體積龐大的碳鏈(Rb-16)被柔軟且體積小的 OEG

支鏈取代後，例如 P3T(R8)I(E)、P3T(E)I(E)、P4T(R8)I(E)以及 P4T(E)I(E)，這些

高分子的 π-π 堆疊行為轉變成為異靛藍素單元主導，因為體積小的 OEG 可以使



	  

doi:10.6342/NTU201904150

iv 
 

得異靛藍素堆疊得比寡聚噻吩更緊密，最終犧牲了原本堆疊良好的寡聚噻吩單

元。因此，即使這些高分子展現出較小的 dπ-π，他們的結晶性也是相對的弱。除

此之外，我們發現了 OEG支鏈的重要功能-藉由調控高分子的結晶性進而調控高

分子的堆疊方向。舉列來說，OEG 支鏈成功使得 P3TI 高分子從輕微緣向排列

(edge-on oreintation)改變為完全面相排列(face-on oreintation)，此完全面向排列的

高分子非常適合應用於太陽能電池。 

    我們的研究不僅提供了策略以設計具備高度規整奈米微結構的予體-受體交

替共軛高分子亦提供了一個方針以調控高分子的堆疊方向，我們期望此研究能對

於發展高效能的高分子光電元件有所幫助。 

 

關鍵字: 予體-受體、奈米微結構、堆疊方向、支鏈工程、寡聚醚、自組裝、結

晶 
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Abstract 

  Donor-acceptor alternating conjugated polymers (D-A CPs) are widely used in 

optoelectronic devices, such as polymer solar cells (PSCs), organic field-effect 

transistors (OFETs), and organic light emitting diodes (OLEDs). For those 

applications, charge mobility of D-A CPs and device performance are in high-positive 

correlation. There are two critical factors influence the charge mobility, “regularity of 

nanostructure” and “polymer packing orientation”. Side chain engineering is a 

powerful technique to create polymers with highly ordered nanostructure and to 

control the polymer packing orientation. The technique usually involves three 

parameters: (1) side chain length, (2) side chain location and (3) side chain type. 

Although there are lots of side chain effect studies in D-A CPs, those studies are 

carried out from different research groups and each individual side chain effect study 

is difficult to do comparison. Therefore, to provide a comprehensive side chain effect 

study including three parameters is necessary. In this dissertation, we not only 

provided a comprehensive side chain effect study but also demonstrated two strategies 

to obtain the polymer with highly ordered nanostructure and to control the polymer 

packing orientation respectively through rational design of polymer using side chain 

engineering.  

  In order to do a comprehensive side chain effect study and to create polymers with 
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highly ordered nanostructure, we successfully synthesized eight 

oligothiophene-thienopyrroledione (3T-TPD) based CPs with different side chain 

location (outward and inward), type (dodecyl and tetraethylene glycol (TEG)), and 

length (octyl, hexyl, and butyl). Those polymer’s optical properties, electrochemical 

properties, thermal properties, and self-assembly behavior had been systematically 

studied. For 3T-TPD based CPs, outward series polymers show better π-π stacking 

than inward series polymers, leading to pack into lamellae (LAM) structure. However, 

inward series polymers with poor coplanarity of backbone pack into rarely found 

hexagonal (HEX) structure. For side chain type effect, both the outward series 

polymers and inward series polymers with TEG chains show longer wavelength of 

λmax of UV-Vis absorption and higher order of the nanostructure than the polymers 

with dodecyl chains. These results reveal that the more flexible TEG chain can 

enhance the self-assembly behavior of the polymers. For side chain length effect, the 

outward series polymers have higher order of LAM with longer side chain. On the 

contrary, shorter side chain is more suitable for inward series polymers to 

self-assemble into higher order of HEX.  

Furthermore, in order to investigate oligo(ethylene glycol) (OEG) side chain effect 

in depth, we successfully synthesized a series of oligothiophene-isoindigo based 

polymers, P3TI and P4TI, by varying amount and location of OEG side chain. Their 
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optical properties, thermal properties, and morphologies are systematically studied. 

High crystallization capability of PnTI polymers is mainly contributed from the stable 

stacking of oligothiophene unit. For the polymers with all alkyl side chains, 

P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16), they show the highest crystallinity but the largest 

dπ-π among each series polymers. Their π-π stacking behavior is dominated by 

oligothiophene unit because the bulky alkyl side chains (Rb-16) on isoindigo unit 

prohibit close packing of isoindigo unit. As the bulky Rb-16 side chains on isoindigo 

unit are replaced by linear and flexible OEG side chains, i.e. P3T(R8)I(E), P3T(E)I(E), 

P4T(R8)I(E), and P4T(E)I(E), their π-π stacking behavior is dominated by isoindigo 

unit because isoindigo unit with small size of OEG side chains can stack more closely 

than oligothiophene unit, resulting in a sacrifice for stable stacking of oligothiophene 

unit. Therefore, even though they show relatively short dπ-π, their crystallinity is 

relatively low. In addition, OEG side chains are capable of controlling the packing 

orientation of the polymers by adjusting the crystallinity of the polymers. For instance, 

OEG side chains change the packing orientation of P3TI polymers from slightly 

edge-on orientation of P3T(R8)I(Rb-16) to fully face-on orientation of P3T(R8)I(E) and 

P3T(E)I(E) which is suitable for polymer solar cell application. 

  Our studies not only provide a strategy to design a D-A CPs with highly ordered 

nanostructure but also provide a guide to control the polymer packing orientation for 
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potential application in high performance optoelectronic devices. 

 

Keywords: donor-acceptor, nanostructure, packing orientation, side chain engineering, 

oligo(ethylene glycol), self-assembly, crystallization 
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Chapter 1   Introduction 

1.1 Development of Donor-Acceptor Alternating Conjugated Polymer 

Donor-acceptor alternating conjugated polymers (D-A CPs) have been widely used 

in polymer solar cell (PSC)1-5, organic field-effect transistor (OFET)6-10, organic light 

emitting diode (OLED)11-14, gas sensor15-17, cancer thermo-chemotherapy18-19 and so 

on.  The D-A CPs are constructed from alternating copolymerization of electron-rich 

unit (donor) and electron-deficient unit (acceptor). According to the molecular orbital 

theory, as donor and acceptor are bonded together, a new highest occupied molecular 

orbital (HOMO) and a new lowest unoccupied molecular orbital (LUMO) will be 

generated to form low bandgap polymer. Figure 1.1 shows that the new HOMO of 

donor-acceptor is close to the original HOMO of donor, and the new LUMO of 

donor-acceptor is close to the original LUMO of acceptor. Therefore, the HOMO, the 

LUMO, and the bandgap of D-A CPs are tunable through selecting different donor 

and acceptor units. Hence, the D-A CPs can be rationally designed to absorb 

ultraviolet–visible (UV-Vis) light for the application of PSC and OLED. Besides, the 

difference between the strength of electron donating ability of the donor unit and the 

strength of electron accepting ability of the acceptor unit determine that D-A CPs are 

hole transporting (p-type) materials20-25, electron transporting (n-type) materials6, 26-29 

or ambipolar materials10, 30-33. For examples, strong  donor such as oligothiophene 
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(nT) and weak  acceptor such as isoindigo (I) can construct classic p-type material, 

PnTI (Figure 1.2)25, 34. In terms of gas sensor application, our lab reported recently 

that the PnTI can be fabricated into OFET, and we found that the mobility of PnTI 

varied as ammonia gas (NH3) attached to PnTI 15.  In cancer thermo-chemotherapy 

application, Yang et al. used isoindigo derivative-bithiophene based conjugated 

polymer, PBIBDF-BT, to fabricate a photothermal transducer (Figure 1.3)19. They 

mixed the PBIBDF-BT, the anti-cancer medicine (DOX), thermal sensitive polymer 

(mPEG-b-PHEP) to create special micelles. The core of the micelle contains 

PBIBDF-BT polymers and the shell of the micelle consists of thermal sensitive 

polymers. The anti-cancer medicines are trapped between the core and the shell. As 

the micelles are under near-infrared (NIR) light illumination, PBIBDF can absorb 

NIR, then convert the light to heat to induce the micelles to release the anti-cancer 

medicines.  
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Figure 1.1. Schematic diagram of molecular orbital theory 

 

 

Figure 1.2. Chemical structure of PnTI (n=3, 4, 5, and 6) 

 

 

Figure 1.3. Schematic diagram to illustrate cancer thermo-chemotherapy by using a 

donor-acceptor alternating conjugated polymer, PBIBDF-BT. 
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Figure 1.4 summarizes commonly used donors and acceptors and their energy 

levels. In general, donor units usually are constructed from thiophene, benzene, and 

fused thiophene-benzene rings, such as oligothiphene35-37, benzodithiophene38-40, 

cyclopentadithiophene (CPDT)41-43, selenophene44-46, carbazole47-49, and so on. On the 

other hand, acceptors are constructed from benzene, pyridine, and pyrrole, such as 

benzothiadiazole50-52, isoindigo25, 53-56, pyrrolo[3,4-c]pyrrole-1,4- dione (DPP)57-59, 

thieno[3,4-c]pyrrole-4,6-dione (TPD)60-64, triazole65-67. All donors and acceptors have 

their own merits. In this dissertation, we choose oligothiophene-TPD (P3TTPD series) 

and oligothiophene-isoindigo based (P3TI & P4TI series) conjugated polymers 

(Figure 1.5) as model polymers to study “side chain effect”. The oligothiophene is a 

common donor and has been widely employed for constructing high mobility 

polymers because of high crystallinity of oligothiophene. The TPD molecule is a 

common acceptor and it can be easily synthesized in large scale. The TPD-based 

conjugated polymers also show good device performance (OFET: μh ~1 cm2/(V. s); 

PSC: power conversion efficiency ~ 8%)68-70. On the other hand, isoindigo is also a 

common acceptor and it can be easily synthesized. In addition, the isoindigo is a 

nature dye and can be extracted from plants, such as Strobilanthes formosanus Moore 

(台灣馬藍) (Figure 1.6(a)). Two thousand years ago, a special blue-dye technique 

had been developed through using isoindigo dye in China (Figure 1.6(b)). 
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Interestingly, the isoindigo-based polymers also show good device performance 

(OFET: μh ~1 cm2/(V. s); PSC: power conversion efficiency ~ 8%)25, 53, 71.  

 

 

Figure 1.4. Chemical structures, HOMO, and LUMO of common donors and 

acceptors 

 

 

Figure 1.5. Chemical structure of oligothiophene-TPD based conjugated polymers 

(P3TTPD series), and oligothiophene-isoindigo based conjugated polymers (P3TI, 

and P4TI series). 
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Figure 1.6. Isoindigo dye, (a) from Strobilanthes formosanus Moore (台灣馬藍) and 

(b) products fabricated by blue-dye technique. 

 

1.2 Relationship between Morphology of Donor-acceptor Alternating 

Conjugated Polymer and Device Performance 

  In order to realize how the morphologies of D-A CPs influence the device 

performance, the chemical structure of D-A CPs must be understood. The chemical 

structure of D-A CPs can be divided into main chain and side chain (Figure 1.7). The 

main chain is made of stiff π-conjugated bond and the side chain is usually built on 

flexible non-conjugated bond. The main chain has the active functions of light 

absorption and charge transportation. On the other hand, the side chain enables the 

polymer to dissolve and disperse in organic solvent and enhance the organization and 

crystallization of polymer. Figure 1.8 shows a schematic diagram of self-assembly of 

D-A CPs. The process contains two stages.72 In stage I, as one polymer chain 
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approaches to another polymer chain, the main chain of each polymer will be stacked 

up (π-π stacking) through strong π-π interaction to form a 2D laminate. In stage II, 

lots of laminates self-assemble into 3D lamellae structure. Many studies show that the 

regularity of lamellae structure influence the efficiency of charge transportation, 

leading to affect the device performance73-75. In general, more ordered lamellae 

structure provides preferable three-dimension framework to facilitate the charge 

transportation (Figure 1.9(a)) to improve the device performance. Therefore 

“regularity of nanostructure” is one of critical factors for device performance.  

 

 

Figure 1.7. Polymer chain structure, (a) schematic diagram and (b) an example of 

P4TI 
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Figure 1.8. Schematic diagram to illustrate the self-assembly of D-A CPs. 

 

 

Figure 1.9. Schematic diagrams to illustrate the ease of charge transportation, (a) 

short pathway in ordered lamella and (b) long pathway in disordered structure.  
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Another critical factor is “packing orientation of polymer chains”. Figure 1.10 

reveals three charge transportation routes: (1) along the main chain of polymer (2) 

along the 2D laminate (3) along the 3D lamellae structure. The rate of charge 

transportation in route 1 (Rroute1) is fastest due to the continuous 1D π-conjugated 

bond without charge hopping. In route 2 and route 3, charges must hop from one main 

chain of polymer to another main chain of polymer. Hence the distance between main 

chains and the rate of charge transportation are in inverse proportion. So the rate of 

charge transportation in route 2 (Rroute2) is faster than the rate of charge transportation 

in route 3 (Rroute3) due to the closer π-π stacking. For every D-A CP containing 

continuous π-conjugated system, Rroute1 is similar that can be ignored, then Rroute2 

becomes the rate determination step. Therefore, the direction of route 2 (direction of 

π-π stacking) strongly influence the device performance. Researchers devoted their 

efforts to understanding the relationship between packing orientation of polymer 

chains and device performance, and a term of “packing orientation” was clearly 

defined in the literature.72 The organization of main chain and side chain of polymer 

can be defined as the “face” and the “edge” of the 2D laminate, respectively. For the 

face of 2D laminate lies on the substrate, leading to that the direction of π-π stacking 

is perpendicular to the substrate, the packing orientation is called “face-on 

orientation” (Figure 1.11(a)). For the edge of the 2D laminate stands on the substrate, 
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leading to that the direction of π-π stacking is parallel to the substrate, the packing 

orientation is called “edge-on orientation” (Figure 1.11(b)). In PSC and OLED, 

cathode and anode are located at top and bottom of the device, and the polymer is 

sandwiched in between two electrodes (Figure 1.12(a)). Therefore, the “face-on 

orientation” is favorable for PSC and OLED because the direction of π-π stacking is 

vertically in line with the electrodes. On the other hand, in OFETs, the electrodes of 

source and drain are located at left and right side of the devices, and the polymer is 

sandwiched in between two electrodes (Figure 1.12(b)). Therefore, the “edge-on 

orientation” is favorable for OFETs because the direction of π-π stacking is 

horizontally in line with electrodes.  

 

 

Figure 1.10. Schematic diagram of three charge transportation routes. 
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Figure 1.11. Schematic diagrams of 3D lamellae structure with different packing 

orientation of polymer chains, (a) face-on orientation and (b) edge-on orientation.  

 

 

Figure 1.12. Schematic diagrams of device structures, (a) PSC, OLED and (b) OFET 

 

The previous investigations show that the morphologies of D-A CPs are influenced 

by (1) processing solvent74, 76 (2) heat77-78 (3) molecular weight79-80 (4) side chain81-84 

(5) main chain curvature85-86 and so on. Among these parameters, the side chain effect 

is most significant. The term of “side chain engineering” is thus derived from that the 

technique can tune the morphologies of polymers to improve the device performance. 

The details of side chain engineering are discussed in the next section. 
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1.3  Side Chain Engineering  

In this section, we discuss side chain effect on not only D-A CPs but also other 

conjugated polymers, such as conjugated homopolymers, conjugated random 

copolymers, etc. As above section mentioned (Chapter 1.2), the “side chain 

engineering” is a technique to tune the chemical and physical properties and to 

improve the device performance of conjugated polymer. The technique usually 

involves three parameters: (1) side chain length87-89, (2) side chain location69, 90-91 and 

(3) side chain type92-94, and those parameters are discussed below.  

(1) Side chain length effect 

In 1986, the first organic field-effect transistor was fabricated based on 

polythiophene without any side chain prepared by electrochemical polymerization95. 

The hole mobility of the device was very low as 10-5 cm2 V-1 s-1 attributed to the 

low-quality thin film. In order to improve the quality of thin film, solution processing 

must be applied to fabricate uniform film, so linear alkyl side chains need to be 

installed on the polythiophene to let the polymer dissolve in solvents. The first 

question researchers met was “How long the side chain should be chosen?”. In 

general, side chain is a double-edged sword. The longer side chain provides polymer 

with superior chain mobility to pack into more ordered nanostructure that is favorable 

for charge transporting, but the longer side chain reduced the charge transportation 
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rate at the same time due to its intrinsic insulated property. Therefore, researchers 

devoted their efforts to finding the optimized side chain length for conjugated 

polymers. In 2005, Jenekhe et al. had synthesized a series of poly(3-alkylthiophene) 

with different side chain length (butyl, hexyl, octyl, decyl, and dodecyl) and 

systematically studied side chain length effect on the device performance (Figure 

1.13.)96. They found that “hexyl” is optimized side chain length for polythiophene. 

For D-A CPs or other conjugated polymers with more rigid main chain than 

polythiophene, longer side chain than hexyl must be introduced. The most commonly 

used long and bulky side chain was branched alkyl side chain such as 2-ethylhexyl 

(-C2C6), 2-hexyldecyl (-C6C10), 2-octyldodecyl (-C8C12), and 2-decyltetradecyl 

(-C10C14). Numerous side chain length effects have been systematically studied in 

D-A CPs by introducing branched alkyl chain60, 87, 89.  

 

 

Figure 1.13. Poly(3-alkylthiophene) with different side chain length, (a) chemical 

structures and (b) the relationship between side chain length and device performance. 
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(2) Side chain location effect 

The side chain location effect was first found in poly(3-alkylthiophene) system. In 

the early stages of developing poly(3-alkylthiophene), the regioregularity of polymer 

is low due to the poor synthesis technique, implying that some alkyl side chains are on 

the opposite location on the thiophene as shown in Figure 1.14(a). Because those side 

chains on the opposite location produce steric hindrance, the main chain of polymer 

must be twisted to reduce the steric hindrance. Due to the twisted main chain, the 

polymer is difficult to self-assemble into ordered nanostructure, leading to poor 

device performance (hole mobility ~10-6 cm2 V-1 s-1)97. In 1992, regioregular 

poly(3-alkylthiophene) had been synthesized successfully by McCulloughh et al98. All 

alkyl side chains are on the same location on the thiophene without steric hindrance as 

shown in Figure 1.14(b), so the polymer main chain keeps good coplanarity, resulting 

in good device performance (~10-2 cm2 V-1 s-1)97. Therefore, researchers realized that 

side chain location strongly influence the main chain coplanarity to sway the device 

performance. Many side chain location effects have been systematically studied in 

D-A CPs by rational design of side chain location69, 90-91. For example, in 2015, Marks 

et al. systematically studied side chain location effect on the properties of 3T-TPD 

based conjugated polymers (the same oligothiophene-TPD based conjugated polymers 

we studied)69. The results show that the location of side chain can significantly 
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influence the coplanarity and the crystallinity of the polymers, leading to affect the 

performance of the devices. 

 

 

Figure 1.14. Chemical structures of poly(3-alkylthiophene) with (a) poor 

regioregularity and (b) good regioregularity. 

 

(3) Side chain type effect 

Multiple side chains, such as hybrid side chains99-100, ionic side chains101-102, 

oligoether side chains92-93, fluoroalkyl side chains103, and latent reactive side chains104, 

have been developed to replace alkyl side chains due to their interesting properties 

(Figure 1.15). For examples, hybrid side chains such as alkoxy (-OR), and 

alkylamino (-NHR) utilized intramolecular interactions (e.g., S(thienyl)—O(alkoxy) 

interaction or hydrogen bonding) to lock the main chain into a coplanar structure, 

resulting in good device performance. Like the hybrid side chains, either oligoether 

side chains or fluoroalkyl side chains can enhance the intramolecular interaction due 

to strong affinity between each side chains, leading to more ordered nanostructure. 

However, ionic side chains and latent reactive side chains cannot enhance 
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intramolecular interaction, but those functional side chain let conjugated polymers 

have some interesting application, such as to modify the work function of electrode102, 

and to become cross-linked conjugated polymers by post-treatment using UV light104. 

Among these side chains, oligoether side chains attracts our attention due to the 

following advantages: (1) the most flexible side chain (2) good solubility in non-toxic 

polar solvent (water, acetone, methanol, tetrahydrofurane, etc) (3) able to complex 

with metal. Therefore, in this dissertation, we used oligoether(oilgoethylene glycol) 

side chain to study side chain type effect on the properties of D-A CPs.  

 

 

Figure 1.15. Types of side chain. 
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1.4 Motivation and Objective 

  Although there are lots of side chain effect studies in D-A CPs, those studies are 

carried out from different research groups and each individual side chain effect study 

is difficult to do comparison. Thus we propose to do a systematic and comprehensive 

side chain effect study including location, length, and type of side chains. In addition, 

the oilgoethylene glycol (OEG) side chain effect on the properties of D-A CPs has not 

been extensive studied and sometimes the results are controversial. Some studies 

indicate that OEG shortens the distance of π-π stacking (dπ-π) of polymers, thus 

enhances the crystallinity of polymer and improves the device performance by 

replacing bulky alkyl side chain with OEG.93, 105-107 However, Mei and You et al. 

indicate that although OEG reduce the dπ-π of polymers, it deteriorates the crystallinity 

of polymers and device performance.108-109 These studies encouraged us to investigate 

an insight of OEG effect. Therefore, we used oligothiophene-TPD based polymers 

and oligothiophene-isoindigo based polymers to do a comprehensive side chain effect 

study and a complete OEG side chain effect study, respectively.  

(1) Comprehensive side chain effect study 

  We designed eight oligothiophene-TPD based conjugated polymers, P3TTPD, with 

two side chains on the 3T unit by varying their location (outward, and inward), types 

on the TPD unit (dodecyl and tetraethylene glycol (TEG)), and three different lengths 

on the 3T unit (octyl, hexyl, and butyl). The detailed chemical structure, synthesis, 
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characterization and self-assembly of the polymers are discussed in the following 

sections. 

(2) Complete OEG side chain effect study 

  We chose two oligothiophene-isoindigo based conjugated polymers (PnTI), P3TI 

and P4TI, as model polymers to systematically study the OEG side chain effect. For 

P3TI and P4TI model polymers, octyl side chains are installed on oligothiophene unit, 

and 2-hexyldecyl side chains are placed on isoindigo unit. We gradually replaced 

alkyl side chains with OEG side chains and systematically studied the changes of 

physical properties of the polymers. The 2-hexyldecyl side chains on isoindigo unit 

are replaced by OEG side chains at first. Then, the octyl side chains on oligothiophene 

unit are also replaced by the OEG side chains. The detailed chemical structure, 

synthesis, characterization and self-assembly of the polymers are discussed in the 

following sections. 
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Chapter 2   Results and Discussion 

  This chapter is divided into two parts. The results of oligothiophene-TPD based 

conjugated polymers are discussed in Chaper 2.1. The results of 

oligothiophene-isoindigo based conjugated polymers are discussed in Chapter 2.2.  

 

2.1 Oligothiophene-TPD based Conjugated Polymers 

  The names and chemical structure of polymers are shown in Figure 2.1. They are 

named P3T(Rin)TPD(R), P3T(Rin)TPD(E), P3T(Ron)TPD(R), and P3T(Ron)TPD(E), 

where “R” is alkyl side chain, “E” is oligoether side chain, “i” represents the two R 

located at 3,3” position of 3T (inward), “o” represents the two R located at 4,4” 

position of 3T (outward), and “n” is the length of R. The characterization and 

self-assembly of the polymers are discussed in the following sections. To avoid the 

molecular weight effect in this study, we synthesized the polymers with similar 

molecular weight in the range of 3KDa~7KDa (Table 5.4). Please to note that when 

we discuss the side chain location effect, we compare P3T(Ro8)TPD(R) and 

P3T(Ri8)TPD(R). Both polymers consist of octyl group on 3T unit and dodecyl on 

TPD unit. As we discuss the side chain type effect, we do two individual comparisons: 

(1) P3T(Ro8)TPD(R) vs P3T(Ro8)TPD(E), (2) P3T(Ri8)TPD(R) vs P3T(Ri8)TPD(E). 

For these polymers, the side chains on 3T unit are fixed as octyl. When we discuss the 
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side chain length effect, we do two individual comparisons: (1) P3T(Ro8)TPD(E) vs 

P3T(Ro6)TPD(E) vs P3T(Ro4)TPD(E), (2) P3T(Ri8)TPD(E) vs P3T(Ri8)TPD(E) vs 

P3T(Ri4)TPD(E). For these polymers, the side chains on TPD unit are fixed as TEG. 

 

 

Figure 2.1. Chemical structures of P3TTPD polymers 

 

2.1.1 Molecular Orbital Computation 

  The coplanarity of polymer backbone (main chain) is a critical factor for polymer 

packing (π-π stacking). In general, the polymer backbone with good coplanarity is 

favorable for π-π stacking. Molecular orbital computation is powerful tool to help us 

realizing the coplanarity of polymer backbone. The results of computation are shown 

in Figure 2.2. The torsion angles between aromatic rings are summarized in Table 2.1. 

In addition, the size of polymer also can be estimated. The width of polymer chain (W) 
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was calculated from the following formula: 

 

Where 4.6 Å  is the width of polymer backbone, l1 is chain length of octyl, hexyl, or 

butyl, l2 is chain length of TEG or dodecyl, θ1 is angle between the side chain (l1) and 

backbone plan, and θ2 is angle between the side chain (l2) and backbone plan, as 

shown in Figure 2.3. All parameters and the width of polymer chain are shown in 

Table 2.2.  
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Figure 2.2. Molecular simulation results, including front view of molecular plan, of 

outward and inward series of 3T-TPD based conjugated polymers. 
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Table 2.1. Summary of molecular simulation parameters of 3T-TPD based CPs 

 

 

 

 

 

 

 

Figure 2.3. Schematic diagram to explain how to calculate the width of polymer 

chain. 

 

 

 

 

Polymer α1 ( 
o 

) α2 ( 
o 

) α3 ( 
o 

) 

P3T(Ro8)TPD(R) 16 -10 2 

P3T(Ro8)TPD(E) -17 2 3 

P3T(Ro6)TPD(E) -17 2 0 

P3T(Ro4)TPD(E) -17 2 0 

P3T(Ri8)TPD(R) 41 -24 3 

P3T(Ri8)TPD(E) -42 -30 2 

P3T(Ri6)TPD(E) -41 -25 3 

P3T(Ri4)TPD(E) -41 -29 2 
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Table 2.2. Calculation parameters and width of polymer chain 

 

  The results of molecular orbital computation reveal that the outward series 

polymers have better coplanarity than the inward series polymers due to smaller 

torsion angles between aromatic rings. 

 

2.1.2 Optical Properties 

  Figure 2.4 shows the film absorption spectra of 3T-TPD based CPs. The λmax, 

λshoulder and bandgap of the films are summarized in Table 2.3. For side chain location 

effect, the polymer with outward side chains (P3T(Ro8)TPD(R)) shows a red-shift of 

λmax (529 nm vs 507 nm) and a higher absorption of λshoulder than the polymer with 

inward side chains (P3T(Ri8)TPD(R)). The results signify that P3T(Ro8)TPD(R) have 

better polymer packing than P3T(Ri8)TPD(R). For the side chain type effect (TEG vs. 

dodecyl), the polymer with oligoether side chain shows longer wavelength of λmax 

Polymer l1 ( ) θ1 (
o) l2 ( ) θ2 (

o) W ( ) 

P3T(Ro8)TPD(R) 10.3 2 15.3 39 26.8 

P3T(Ro8)TPD(E) 10.3 6 13.1 30 25.2 

P3T(Ro6)TPD(E) 7.7 1 13.1 8 25.3 

P3T(Ro4)TPD(E) 5.1 1 13.1 9 21.7 

P3T(Ri8)TPD(R) 10.3 20 15.3 39 26.1 

P3T(Ri8)TPD(E) 10.3 26 13.1 29 25.3 

P3T(Ri6)TPD(E) 7.7 21 13.1 29 23.3 

P3T(Ri4)TPD(E) 5.1 26 13.1 28 20.8 
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than the polymer with alkyl side chain. For outward series polymers, the 

P3T(Ro8)TPD(E) shows a longer wavelength of λmax (573nm vs 529nm, red-shift: 

44nm) as compared with P3T(Ro8)TPD(R). For inward series polymers, 

P3T(Ri8)TPD(E) also shows larger red-shift λmax (510nm vs 507nm, red-shift: 3nm) 

than P3T(Ri8)TPD(R). In comparison, the red-shifted amount of λmax is more 

significant in outward series polymers (44 nm) than in inward series polymers (3 nm). 

All above results indicate that the oligoether side chain is more effective on the 

packing of polymers than the alkyl side chain due to the presence of oxygen atom 

having more spatial space for self-assembly109. 

 

Figure 2.4. Optical absorption spectra of (a) outward series polymer 

(P3T(Ron)TPD(R,E)) films and (b) inward series polymer (P3T(Rin)TPD(R,E)) films 

spun-cast from 10 mg/ml chloroform solutions. 

  

 



	  

doi:10.6342/NTU201904150

26 
 

Table 2.3. Summary of optical property of 3T-TPD based CPs 

 

 

 

 

 

 

 

 

 

 

a UV-Vis absorption spectra of films were measured using spun-cast film from 10 

mg/ml chloroform solutions. b Optical bandgap of each film was calculated from its 

absorption edge (onset of the peak) of UV-Vis spectrum 

 

 The side chain length effect was investigated by reducing from octyl to hexyl and 

butyl side chains on 3T unit. For outward series polymers, the polymer with longest 

side chain (P3T(Ro8)TPD(E)) shows the longest wavelength of λmax (573 nm), 

indicates that the molecular packing and self-assembly of polymer is advanced with 

Polymer λmax (nm)a λshoulder (nm)a Eg
opt (eV)b 

P3T(Ro8)TPD(R) 529 618 1.86 

P3T(Ro8)TPD(E) 573 671 1.85 

P3T(Ro6)TPD(E) 567 671 1.85 

P3T(Ro4)TPD(E) 562 667 1.86 

P3T(Ri8)TPD(R) 507 - 1.72 

P3T(Ri8)TPD(E) 510 - 1.72 

P3T(Ri6)TPD(E) 513 - 1.71 

P3T(Ri4)TPD(E) 517 - 1.72 
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increasing side chain length. On the contrary, for the inward series polymers, the 

polymer with the shortest side chain (P3T(Ri4)TPD(E)) shows the longest wavelength 

of λmax (517 nm). That reveals the self-assembly behavior of polymer is improved 

with decreasing side chain length. The more detailed discussions on the structural 

formation mechanism using model will be present in the later section to explain the 

differences of self-assembly behaviors among the 3T-TPD based CPs. 

The optical bandgaps of the polymers are calculated by the following formula, 

1240/λonset, where λonset is the onset of absorption peak with longest wavelength. For 

the polymer with the outward side chains, the polymers have similar bandgap of 

1.85~1.86 eV (Table 2.3). In comparison, the inward series polymers have lower band 

gap of 1.71~1.72 eV than the outward series polymers. In addition, the type and 

length of side chain do not significantly influence the bandgap of the polymers. In 

general, the polymer with better packing, the bandgap of the polymer is smaller.25 

However, we observed that the inward series polymers, known to have poor packing, 

exhibit smaller bandgap than the outward series polymers. This interesting result may 

be related to the extended conjugating length of inward series polymers. The detailed 

discussions will be presented in the later section of morphology. 
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2.1.3 Electrochemical Properties 

  Figure 2.5 shows cyclic voltammetry spectra and schematic diagram of energy 

level of 3T-TPD based CPs. Every polymer shows clear oxidation peak at oxidation 

condition (0 V1.4 V0 V). However, no significant peak is observed for each 

polymer at reduction condition (0 V-1.4 V0 V). The results indicate every 

polymer is p-type. The HOMO and LUMO energy level of each polymer were 

calculated using the following formula: 

 

 

Where Eoxi and EFc/Fc
+, and Eg

opt are oxidation potential of the polymer, oxidation 

potential of the ferrocene as standard, and bandgap value is obtained from UV-Vis 

spectrum of the polymer, respectively. For side chain location effect, the outward 

series polymer, P3T(Ro8)TPD(R), shows higher energy level (HOMO: -5.48 eV vs. 

-5.56 eV, LUMO: -3.62 eV vs. -3.84 eV) than the polymers with inward side chains, 

P3T(Ri8)TPD(R). The results are due to better coplanarity of backbone of 

P3T(Ro8)TPD(R) than that of P3T(Ri8)TPD(R), which promoting electrons to be 

delocalized easily. By comparing TEG (E) chain with dodecyl (R) chain, for outward 

series polymers, P3T(Ro8)TPD(E) shows higher energy level (HOMO: -5.24 eV vs. 

-5.48 eV, LUMO: -3.39 eV vs. -3.62 eV) than that of P3T(Ro8)TPD(R). The same 
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trend is also found in inward series polymers. These results are attributed to the 

stronger electron donating ability of TEG chain than that of dodecyl chain. 

Furthermore, the side chain length (octyl vs. hexyl vs. butyl) on the 3T moeity 

marginally affects the energy level of the polymers as shown in Figure 2.5(b). The 

difference on the electron donating ability of different length of alkyl chains are not 

significant.88 

 

 

Figure 2.5. 3T-TPD based CPs’ (a) cyclic voltammetry spectra and (b) energy levels. 
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2.1.4 Thermal Properties 

  TGA profiles of 3T-TPD based CPs are shown in Figure 2.6. The TGA data are 

summarized in Table 2.4. The outward series polymer, P3T(Ro8)TPD(R) shows Td of 

416oC. The Td is decreased to 393oC by replacing dodecyl chain with TEG chain. The 

inward series polymers also show the same trend (436 oC  383 oC). These results are 

due to that reactive oxygen radicals induce the polymer to be dissociated easily. There 

is no significant trend by varying the side chain length from octyl to hexyl and butyl. 

Even though TEG chain reduces the thermal stability of the polymers, all 3T-TPD 

based CPs still show high Td over 350 oC. The DSC profiles of 3T-TPD based CPs are 

shown in Figure 2.7 and relevant data are summarized in Table 2.4. The outward 

series polymers show obvious melting peaks. However, no significant peak is 

observed in inward series polymers. These results indicate that outward series 

polymers have better π-π stacking than inward series polymers due to the higher 

degree of coplanarity. The outward series polymer, P3T(Ro8)TPD(R) shows 239oC of 

Tm. The Tm is increased to 296oC by replacing dodecyl chain with TEG chain. These 

results indicate that the more flexible TEG chain helps the outward series polymer to 

pack into highly ordered nanostructure. Furthermore, the Tm is decreased from 296oC 

to 266oC to 247oC by changing the octyl to hexyl to butyl. This result reveals that the 

outward series polymers pack into highly ordered nanostructure with increased side 
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chain length. The longer side chain provides more mobility than the shorter side chain 

during the self-assembly process. All results of DSC are in agreement with the results 

of UV-Vis spectra. 

 

 

Figure 2.6. TGA profiles of (a) outward series and (b) inward series of 3T-TPD based 

CPs. 
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Figure 2.7. DSC profiles of (a) outward series and (b) inward series of 3T-TPD based 

conjugated polymers. 

 

Table 2.4. Thermal properties of 3T-TPD based CPs 

Polymer Td (
oC) Tm (oC) 

P3T(Ro8)TPD(R) 416 239 

P3T(Ro8)TPD(E) 393 296 

P3T(Ro6)TPD(E) 388 266 

P3T(Ro4)TPD(E) 395 247 

P3T(Ri8)TPD(R) 436 - 

P3T(Ri8)TPD(E) 383 - 

P3T(Ri6)TPD(E) 405 - 

P3T(Ri4)TPD(E) 407 - 
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2.1.5 Morphology Study 

  Figure 2.8 shows 2D patterns of grazing-incidence wide angle x-ray scattering 

(GIWAXS) of the film of 3T-TPD based CPs. The outward series polymer, 

P3T(Ro8)TPD(R), shows random orientation. By replacing the dodecyl (R) chain with 

TEG (E) chain, P3T(Ro8)TPD(E) shows edge-on orientation. The orientation remains 

by varying the side chain length. However, inward series polymers show random 

orientation. In order to investigate the nanostructures of polymers, the line cut data of 

GIWAXS are shown in Figure 2.9. The relevant data are summarized in Table 2.5.  

 

 

Figure 2.8. 2D patterns of GIWAXS of (a) outward series polymers and of (b) inward 

series polymers  
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Figure 2.9. Line cut data of GIWAXS of (a) outward series polymers and of (b) 

inward series polymers  

 

Table 2.5. Summary of GIWAXS parameters of the polymer films 

Polymer d-spacing (A) dπ-π (A) peak ratio structure 

P3T(Ro8)TPD(R) 21.4 3.6 1:2:3 LAM 

P3T(Ro8)TPD(E) 19.0 3.6 1:2:3:4 LAM 

P3T(Ro6)TPD(E) 17.3 3.6 1:2:3 LAM 

P3T(Ro4)TPD(E) 16.4 3.6 1:2:3 LAM 

P3T(Ri8)TPD(R) 36.7 3.6  HEX 

P3T(Ri8)TPD(E) 36.7 3.6  HEX 

P3T(Ri6)TPD(E) 34.9 3.6  HEX 

P3T(Ri4)TPD(E) 33.4 3.6  HEX 
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In outward series polymers (Figure 2.9(a)), P3T(Ro8)TPD(R) shows multiple   

scattering peaks in the ratio of 1:2:3, typical scattering pattern for ordered lamellae 

(LAM) structure, and one peak in high q region (q> 1.5 Å -1) which presents π-π 

stacking. The d-spacing and dπ-π is 21.4 Å  and 3.6 Å , respectively. For the side chain 

type effect (TEG vs. dodecyl), P3T(Ro8)TPD(E) shows more scattering peaks in the 

ratio of 1:2:3:4 than P3T(Ro8)TPD(R). The result indicates that P3T(Ro8)TPD(E) can 

self-assemble into higher order LAM structure than P3T(Ro8)TPD(R) because E is 

more flexible than R. For P3T(Ro8)TPD(E), the d-spacing and dπ-π is 19.0 Å  and 3.6 Å , 

respectively. The d-spacing of the polymer decreased by 2.4 Å  as replacing alkyl 

chain with TEG chain, signifying that TEG chain occupies smaller spacing than alkyl 

chain even though the amount of atoms in the chain is similar (TEG: 11 atoms, alkyl 

chain: 12 atoms). These results suggest that the flexible TEG chain having larger 

spatial space in outward series polymers can dramatically improve the self-assembly 

behavior and change orientation from random to edge-on. Furthermore, by decreasing 

from octyl to hexyl to butyl, the d-spacing of the polymer becomes smaller from 19.0 

Å  to 17.3 Å  to 16.4 Å , but the regularity of its nanostructure is reduced. Therefore, in 

outward series polymers, P3T(Ro8)TPD(E), shows the highest order of LAM 

structure.  

In inward series polymers (Figure 2.9(b)), P3T(Ri8)TPD(R) shows multiple 
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scattering peaks in the ratio of , typical scattering pattern for ordered 

hexagonal (HEX) structure, and one peak in high q region. The d-spacing and dπ-π are 

36.7 Å  and 3.6 Å , respectively. This special HEX structure is rarely found in 

donor-acceptor alternating CPs. The formation mechanism will be discussed later 

using model. For the side chain type effect (TEG vs. dodecyl), in the inward polymers, 

both side chains show similar order of HEX structure, so the effect is not obvious. 

However, the effect of side chain length on the self-assembly behavior of inward 

polymers is quite large (octyl vs. hexyl vs. butyl), the regularity of HEX is 

dramatically enhanced with decreased side chain length. Hence, the shortest side 

chain inward polymer, P3T(Ri4)TPD(E) shows the highest order of HEX structure 

with scattering peaks in the ratio of .  

In general, the dπ-π (distance of backbone packing) of conducting polymer is 

influenced by the steric effect from the size of the side chain. It is interesting to note 

that, the dπ-π does not change at all among the synthesized polymers. This result 

indicates that the dπ-π. is determined by the large side chain on the “TPD” unit (TEG or 

dodecyl) rather than the small side chains on 3T unit (octyl, hexyl or butyl). Even 

though TEG occupied smaller space than dodecyl, the size difference in one atom 

between them does not provide enough steric effect to affect dπ-π. Therefore, all 

synthesized polymers with TEG or dodecyl on TPD acceptor show the same value of 
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dπ-π regardless the side chain length on 3T donor.  

In a short summary, the outward series polymers self-assemble into LAM, and 

inward series polymers having curvature structure, self-assemble into HEX. The 

polymers with TEG chain show higher order of nanostructure than the polymers with 

dodecyl chain because the TEG chain is more flexible than the alkyl chain. Thus, the 

TEG chain is more effective to assist the self-assembly of the outward series polymers 

than that of the inward series polymers. In outward series polymers, the highest order 

of LAM can be achieved with longest side chain. On the contrary, in inward series 

polymers, the polymer with shortest side chain shows the highest order of HEX. Both 

data of GIWAXS and UV-Vis provide the information of molecular packing and they 

are in good agreement. The contradict results of side chain length effect between 

inward series polymers and outward series polymer will be discussed later using 

model.  

  Two polymers: P3T(Ro8)TPD(E) and P3T(Ri4)TPD(E) exhibit highest order of 

LAM and HEX, respectively among 3T-TPD based CPs. Figure 2.10 shows their 

AFM images. According to the results of 2D-GIWAXS, P3T(Ro8)TPD(E) shows 

edge-on orientation, so the arrangement of lamellar layer is parallel to the substrate. 

Hence, the surface morphology of P3T(Ro8)TPD(E) is flat with less feature as shown 

in Figure 2.10(a). The AFM image of P3T(Ri4)TPD(E) exhibits alternating bright and 
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dark straps which indicate hard segments and soft segments respectively as shown in 

Figure 2.10(b). This pattern is a kind of HEX pattern. Furthermore, these straps are 

straight and their length is over 500 nm. The length of each polymer chain is about 

1nm estimated from its molecular weight. We speculated the strap is made from 

polymer bundles.  Every polymer bundle is resulted from self-assembled polymer 

backbone about 1 nm, estimated from its molecular weight. Such long and straight 

straps reveal that conjugated length of the polymer is extended by well attached 

polymer bundles as shown in Figure 2.11.  Thus, the extended conjugating length of 

inward series polymers exhibit smaller bandgap as compared with outward series 

polymers. Other AFM images of the films of synthesized polymers are shown in 

Figure 2.12.  

 

 

Figure 2.10. Two representative phase images of (a) P3T(Ro8)TPD(E) and of (b) 

P3T(Ri4)TPD(E) with the most ordered LAM and HEX respectively among 3T-TPD 

based CPs. 
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Figure 2.11. Schematic diagram to explain how the conjugated length of 

P3T(Ri4)TPD(E) is extended by well attached polymer bundles. 

 

 

Figure 2.12. AFM phase images of films of 3T-TPD based CPs. 
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2.1.6 Model for Self-assembly Behavior 

  We propose two models to explain the formation lamella structure (LAM) from 

P3T(Ro8)TPD(E) and hexagonal structure (HEX) from P3T(Ri4)TPD(E) respectively 

as shown in Figure 2.13. One usually expects the formation of lamella structure from 

conducting polymers due to their rigid rod characteristics.25 From above discussion, 

we can conclude that the outward series polymers have better coplanarity in the 

backbone and better π-π stacking as compared with inward series polymers. Many 

backbones of the polymers can pack into a long-range lamellar layer with side chains 

sticking out straight and further self-assemble into lamellar structure. Therefore, the 

longer side chains provide better chain mobility of polymer to form higher ordered 

laminates as compared with shorter side chains (Figure 2.13(a)). The far right sketch 

of Figure 2.13(a) is a proposed cross-sectional view of the LAM accordingly to this 

model. According to the molecular simulation of P3T(Ro8)TPD(E), the calculated 

width of single molecule is 25.2Å  (Table 2.2). Then the calculated d-spacing should be 

25.2Å  as well if all of the side chains are fully extended. The measured datum of 

19.0Å  from GIWAXS indicates that the side chains are interdigitated in the lamellae 

layer. The formation curvature HEX for conducting polymer is rather unusual. Then, 

why do we observe it in the inward series polymers? For inward series polymers with 

poor coplanarity in the backbone, so only few backbones of the polymers can pack 
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into a short-range lamellar layer. In addition, because of their twisted backbone, the 

hydrophilic TEG side chains and hydrophobic dodecyl side chains around the 

polymer backbones are segregated and self-assembled into cylinder and further into 

hexagonal structure (Figure 2.13(b)). The far right sketch of Figure 2.13(b) is a 

proposed cross-sectional view of according to this model. According to the molecular 

simulation of P3T(Ri4)TPD(E), the width of single molecule is 20.8Å . Then the 

calculated d-spacing is 36.0Å  which is within the range of measured datum of 33.4Å  

from GIWAXS.  Furthermore, all of side chains on the inward series polymers are 

compressed in the cylinders with little room for them to sticking out. Thus, the shorter 

alkyl side chains provide larger free volume to form highly ordered hexagonal 

structure as compared with longer alkyl side chain.  
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Figure 2.13. Structure formation mechanisms of self-assembly of P3TTPDs, (a) 

P3T(Ro8)TPD(E) and (b) P3T(Ri4)TPD(E) with lamellae structure and hexagonal 

structure respectively. Where blue line, yellow line, red box and blue box represent 

TEG chain, alkyl chain, imide group on TPD unit, and thiophene unit, respectively. 

The d-spacing is calculated from the width of polymer chain based on this model. 

 

2.1.7 Summary 

  We successfully synthesize eight 3T-TPD based CPs with different side chain 

location (outward and inward), type (dodecyl and TEG), and length (octyl, hexyl, and 

butyl). Their optical properties, electrochemical properties, thermal properties, and 

self-assembly behavior had been systematically studied. For side chain location effect, 

the outward series polymers show longer wavelength of λmax of UV-Vis absorption 
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and obvious melting behavior than the inward series polymers. These results indicate 

that the outward series polymers pack better than inward series polymers and display 

self-assembled LAM. However, interestingly, the inward series polymers 

self-assemble into high order of HEX which is rarely found in D-A CPs. For side 

chain type effect, both the outward series polymers and inward series polymers with 

TEG chains show longer wavelength of λmax of UV-Vis absorption and higher order of 

the nanostructure than the polymers with dodecyl chains. These results reveal that the 

more flexible TEG chain can enhance the self-assembly behavior of the polymers. For 

side chain length effect, the outward series polymers have higher order of LAM with 

longer side chain. On the contrary, shorter side chain is more suitable for inward 

series polymers to self-assemble into higher order of HEX.  Finally, we purposed 

two models to explain the formation mechanism of LAM and HEX respectively. This 

study provides a new strategy to design new D-A CPs with highly ordered 

nanostructure for potential application in optoelectronic devices or sensors. 
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2.2 Oligothiophene-isoindigo based Conjugated Polymers 

  The names and chemical structure of polymers are shown in Figure 2.14. They are 

named as P3T(R8)I(Rb-16), P3T(R8)I(E), P3T(E)I(E), P4T(R8)I(Rb-16), P4T(R8)I(E), 

and P4T(E)I(E), where R8, Rb-16, and E represent octyl, branched 2-hexyldecyl, and 

OEG, respectively. Note that the OEG introduced in this work, i.e. tetraethylene 

glycol (TEG), cannot attach on the oligothiophene unit directly and the use of 

thiophene-3-ylmethanol to react with TEG is necessary. Therefore, the OEG on 

oligothiophene unit has one OCH2 unit longer than the OEG on isoindigo unit. The 

methoxy-TEG is expected to have similar properties as TEG in terms of flexibility, 

hydrophobicity, and so on. To simplify the discussion, the OEG is used to represent 

either methoxy-TEG or TEG. The characterization and self-assembly of the polymers 

are discussed in the following sections. To avoid the molecular weight effect in this 

study, we synthesized the polymers with similar molecular weight in the range of 12 

KDa~20 KDa (Table 5.6).  
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Figure 2.14. Chemical structures of PnTI polymers. 

 

2.2.1 Optical Properties 

  Figure 2.15 displays the absorption spectra of annealed PnTI films. All of the 

polymers show broad dual band absorption between 300 ~ 850 nm. The λmax between 

600 ~ 700 nm and λshoulder between 700 ~ 800 nm are contributed from intramolecular 

charge transfer (ICT) and intermolecular π-π stacking, respectively. The intensity of 

λshoulder is related to the packing of polymer molecule and closely correlated to the 

crystallinity110. The values of λmax, λshoulder, and the calculated optical bandgap are 

listed in Table 2.6. For P3TI polymers, P3T(R8)I(Rb-16) shows a clear λshoulder, 

implying that P3T(R8)I(Rb-16) has a high extent of π-π stacking and high crystallinity. 

As Rb-16 was replaced by OEG on isoindigo unit, i.e. P3T(R8)I(E), the λmax red-shifts 

from 660 nm to 678 nm, but no clear λshoulder is observed. The results indicate that 

flexible and linear OEG on isoindigo unit may shorten the distance of π-π stacking of 
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the polymer to have a red-shift of λmax. However, the crystallinity of the polymer is 

decreased. Further replacing R8 on oligothiophene unit with OEG, i.e. P3T(E)I(E), the 

λshoulder disappears and the λmax is blue-shift from 678 nm to 639 nm. The results show 

OEG on oligothiophene unit further decreases the crystallinity of polymer. Similar 

results can also be found in P4TI polymers. The crystallinity of the polymer affected 

by the OEG side chains plays a critical role in the packing orientation of the polymer 

chains, which will be discussed later. 

 

 

Figure 2.15. UV-Vis absorption spectra of (a) P3TI and (b) P4TI thin films spun-cast 

from 10 mg/ml chloroform solutions then annealed at 200 oC for 1 h. 
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Table 2.6. Summary of optical property for oligothiophene-isoindigo based CPs 

Polymer λ1 (nm)a λmax (nm)a λshoulder (nm)a Eg
opt (eV)b 

P3T(R8)I(Rb-16) 430 660 710 1.54 

P3T(R8)I(E) 430 678 733 1.48 

P3T(E)I(E) 439 639 - 1.56 

P4T(R8)I(Rb-16) 448 644 705 1.61 

P4T(R8)I(E) 452 669 720 1.51 

P4T(E)I(E) 447 646 - 1.54 

a UV-Vis absorption spectra of films were measured using spun-cast film from 10 

mg/ml chloroform solutions. b Optical bandgap of each film was calculated from its 

absorption edge (onset of the peak) of UV-Vis spectrum 

 

2.2.2 Thermal Properties  

  Figure 2.16 shows the TGA and DSC profiles of PnTI polymers. The degradation 

temperature Td and the melting temperature Tm are summarized in Table 2.7. TGA 

profiles reveal that the polymers with all alkyl side chains, P3T(R8)I(Rb-16) and 

P4T(R8)I(Rb-16), exhibit the highest Td in their respective series of polymers. For the 

replacement of Rb-16 with OEG on isoindigo unit, the Td of P3T(R8)I(E) and 

P4T(R8)I(E) are slightly reduced by 5 ~ 9 oC. However, for the further replacement of 
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R8 with OEG on oligothiophene unit, the Td of P3T(E)I(E) and P4T(E)I(E) are greatly 

reduced by 101 ~ 115 oC as compared with their alkyl analogues. The large decrease 

in the thermal stability is because the oxygen atoms on OEG tend to form oxygen 

radicals at high temperature and promote radical chain decomposition reaction.  

The DSC profiles reveal the crystallization behavior of the polymers. For P3TI 

polymers, only P3T(R8)I(Rb-16) shows a sharp melting peak at 268 oC and no melting 

peak is observed for the polymers with OEG side chains before thermal degradation. 

For P4TI polymers, as compared P4TI(R8)I(Rb-16) with P4T(R8)I(E), P4T(R8)I(Rb-16) 

shows a sharper melting peak at higher temperature of 307 oC while the melting peak 

of P4T(R8)I(E) is broader and at lower temperature of 299 oC. The melting peak is 

absent for P4T(E)I(E) before degradation. These results indicate that the OEG side 

chains inhibit the crystallization of the PnTI polymers, consistent with the UV-Vis 

absorption spectra shown in Figure 2.15. In the case of the higher crystallinity 

polymers, P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16), considering that the bulky branched 

side chains (Rb-16) can prohibit the close packing of the isoindigo unit, the 

crystallization of the polymer should be dominantly driven by the oligothiophene unit 

with smaller side chains (R8). This can also be supported by the fact that the Tm of 

P4T(R8)I(Rb-16) with more thiophene units is higher than that of P3T(R8)I(Rb-16) even 

though they have the same isoindigo unit.111 The decrease in crystallinity upon 
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replacing the alkyl side chains on isoindigo with OEG is because the small size of 

linear OEG side chains allow the isoindigo unit to be more closely packed, which may 

slightly shift the relative positions of the polymer backbones and in turn sacrifice the 

original stable packing of the oligothiophene unit. This argument can be verified by 

the change of π-π d-spacing upon the incorporation of OEG chains as shown in the 

GIWAXS study which will be discussed below.  

 

 

Figure 2.16. (a) TGA profiles and (b) DSC profiles of PnTI polymers. 
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Table 2.7. Thermal properties of PnTI polymers 

 

 

 

 

 

 

 

 

2.2.3 Morphology Study 

  Figure 2.17 shows the 2D-GIWAXS patterns of the PnTI thin films. The polymer 

films were annealed at 200 oC for 1 h to ensure that the morphology of the polymer 

films are thermodynamically stable. All of the P4TI polymers show highly ordered 

lamellae structure with clear multiple scattering peaks at a q ratio of 1:2:3. The 

scattering peak contributed from π-π stacking can also be observed. In contrast, the 

P3TI polymers only show a clear first-order scattering peak from lamellae and a π-π 

stacking scattering. The results are attributed to the shape and coplanarity of polymer 

chains. The molecular conformation of D-A unit of polymer was simulated using 

Gaussian 9.0 software as shown in Figure 2.18 and Table 2.8. The linear and planar 

Polymer Td (
oC) Tm (oC) 

P3T(R8)I(Rb-16) 352 268 

P3T(R8)I(E) 347 - 

P3T(E)I(E) 251 - 

P4T(R8)I(Rb-16) 359 307 

P4T(R8)I(E) 350 299 

P4T(E)I(E) 244 - 
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backbones of P4TI polymers can stack into a more ordered lamellar structure. On the 

contrary, the S-shaped and twisted backbones of P3TI polymers are not suitable for 

lamellar stacking.  

 

Figure 2.17. 2D-GIWAXS patterns of annealed PnTI films which were drop-cast 

from 10 mg/ml chloroform solutions then annealed at 200 oC for 1 h. 
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Figure 2.18. Molecular simulation results, including front view of molecular plan, of 

PnTI polymers. 
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Table 2.8. Summary of molecular simulation of PnTI polymers 

Polymer α1 (
o) α2 (

o) α3 (
o) α4 (

o) αiso (
o) αtotal(

o) curvature 

P3T(R8)I(Rb-16) -33 -34 24 - -12 -55 S-shaped 

P3T(R8)I(E) 47 -25 21 - -12 31 S-shaped 

P3T(E)I(E) 32 31 -20 - -12 31 S-shaped 

P4T(R8)I(Rb-16) 44 -17 16 -21 -12 10 linear 

P4T(R8)I(E) 45 -15 26 -21 -12 23 linear 

P4T(E)I(E) -33 -11 25 17 -12 9 linear 

  Figure 2.19a and 2.19b show the line cut data along qz-axis and qxy-axis, from 

which the d-spacing of the lamellar stacking dL and the π-π stacking dπ-π can be 

estimated. The calculated dL and dπ-π are listed in Table 2.9. The dL of P3TI polymers 

(19.4 Å  ~ 20.9 Å ) are larger than those of P4TI polymers (16.2 Å  ~ 18.0 Å ), which is 

attributed to the radially wider S-shaped P3TI backbone. For both P3TI and P4TI 

polymers, the replacement of Rb-16 with OEG on isoindigo reduces dL, from 20.9 Å  to 

19.4 Å  and from 18.0 Å  to 16.2 Å  for P3TI and P4TI respectively. The OEG side 

chain with smaller volume may need to interdigitate between backbones to have close 

packing. Further replacing the R8 with OEG on oligothiophene increases dL to 20.3 Å  

and 18.0 Å  respectively, due to the longer length of the OEG chains compared to R8 
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chains. 

 

 

Figure 2.19. (a) Line cut data of z-axis, (b) line cut data of xy-axis, and (c) pole 

figures of the primary peak (100) extracted from the 2D-GIWAXS patterns.  

 

Table 2.9. Summary of the GIWAXS parameters of annealed PnTI films 

Polymer Peak ratio dL (Å ) dπ-π (Å ) Orientation 

P3T(R8)I(Rb-16) 1 20.9 3.92 slightly edge-on 

P3T(R8)I(E) 1 19.4 3.57 face-on 

P3T(E)I(E) 1 20.3 3.57 face-on 

P4T(R8)I(Rb-16) 1:2:3:4 18.0 3.92 edge-on 

P4T(R8)I(E) 1:2:3 16.2 3.61 edge-on 

P4T(E)I(E) 1:2:3 18.0 3.61 mixed 
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  The effect of OEG on dπ-π is similar for both P3TI and P4TI polymers, and the 

change is intriguing. We have shown that the crystallinity of both P3TI and P4TI 

polymers decreases when more OEG chains are incorporated into PnTIs by DSC 

study (Figure 2.16b), but surprisingly, the scattering peaks of the π-π stacking 

become sharper and dπ-π decreases when OEG chains are attached on the isoindigo 

unit (Figure 2.19a and 2.19b). For P3TI polymers, dπ-π is reduced from 3.92 Å  of 

P3T(R8)I(Rb-16) to 3.57 Å  of P3T(R8)I(E) and P3T(E)I(E). For P4TI polymers, dπ-π is 

reduced from 3.92 Å  to 3.61 Å . As mentioned earlier, in the case of P3T(R8)I(Rb-16) 

and P4T(R8)I(Rb-16), isoindigo unit cannot closely pack due to the large steric 

hindrance of the bulky branched Rb-16. The packing of P3T(R8)I(Rb-16) and 

P4T(R8)I(Rb-16) chains is therefore dominated by oligothiophene unit and the spacing 

dπ-π of 3.92 Å  happens to be close to the dπ-π of 3.87 Å  of poly(3-alkylthiophene)112. 

Once the isoindigo unit are grafted with linear OEG, the packing of the isoindigo unit 

becomes dominant regardless of the type of side chains on the oligothiophenes, which 

thus gives a dπ-π of 3.57 ~ 3.61 Å  close to the dπ-π of 3.65 Å  of isoindigo oligomers113. 

Note that although the isoindigo unit with linear OEG chains can control the packing 

of PnTI polymers, they are unable to cause the crystallization of the polymer chains. 

Instead, their close packing deteriorates the crystallization of oligothiophene unit, as 

shown by the DSC profiles in Figure 2.16b. In other words, the crystallization of 
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PnTI is driven by the oligothiophene unit, not the isoindigo unit. 

  The orientation of the PnTI packing can be determined from the 2D-GIWAXS as 

shown in Figure 2.17. Figure 2.19 illustrates line cut data and the pole figures based 

on the intensity of the first-order (100) scattering as a function of the azimuthal angle. 

A stronger (100) peak on qz-axis than on qxy-axis in Figure 2.19a and 2.19b and a 

stronger (100) intensity around 90o in the pole figures of Figure 2.19c indicate a 

preference for edge-on orientation, which can also be determined from a stronger π-π 

stacking peak on qxy-axis than on qz-axis. The opposite results indicate a preference 

for face-on orientation. For P3TI polymers, the replacement of alkyl side chains with 

OEG dramatically transforms the slightly edge-on orientation of P3T(R8)I(Rb-16) to 

the highly face-on orientation of P3T(R8)I(E) and P3T(E)I(E) where a clear scattering 

of π-π stacking appears in the qz direction. For P4TI polymers, the effect of OEG side 

chain is not as pronounced as in P3TI polymers. The orientation is from the highly 

ordered edge-on arrangement of P4T(R8)I(Rb-16) and P4T(R8)I(E) changed to a mixed 

arrangement of P4T(E)I(E) where some face-on structure appears. The orientations of 

the films are summarized in Table 2.9. 

  In thin films, the conjugated polymers with strong intermolecular interactions, 

especially the backbone π-π interactions, generally show high crystallinity and tend to 

arrange in the edge-on fashion to extend the range of ordered packing in the in-plane 
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direction.114  Another critical factor influences the packing orientation of polymer is 

the backbone conformation. It has been shown that in order to closely contact the 

substrate, the polymers with S-shape backbones prefer to pack with the face-on 

orientation while the polymers with linear backbones favor the edge-on orientation.114 

By combining these two factors, we can explain the orientation of P3TI and P4TI thin 

films as follows. The backbones of P3TI polymers are S-shaped and the face-on 

orientation is naturally favorable. However, the high crystallinity of P3T(R8)I(Rb-16) 

implies a significant intermolecular interactions that may dominate the packing, and 

thus edge-on orientation is slightly preferred in this case. For P3T(R8)I(E) and 

P3T(E)I(E), the introduction of OEG side chain decreases the crystallinity and 

therefore the S-shaped backbones cause the polymers to adopt the face-on orientation. 

The backbones of P4TI polymers are linear so that the edge-on orientation is 

inherently favorable. Along with the high crystallinity, P4T(R8)I(Rb-16) and 

P4T(R8)I(E) thin films are as expectedly highly edge-on oriented while the lower 

crystallinity allows P4T(E)I(E) to reveal some face-on feature. These results indicate 

that OEG side chains are capable of controlling the packing orientation of PnTI 

polymers in thin films by altering the intermolecular interactions. 
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2.2.4 Summary 

  We successfully synthesized a series of P3TI and P4TI polymers by varying 

amount and location of oligo(ethylene glycol) (OEG) side chain. Their optical 

properties, thermal properties, and morphologies are systematically studied. High 

crystallization capability of PnTI polymers is mainly contributed from the stable 

stacking of oligothiophene unit. For the polymers with all alkyl side chains, 

P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16), they show the highest crystallinity but the largest 

dπ-π among each series polymers. Their π-π stacking behavior is dominated by 

oligothiophene unit because the bulky alkyl side chains (Rb-16) on isoindigo unit 

prohibit close packing of isoindigo unit. As the bulky Rb-16 side chains on isoindigo 

unit are replaced by linear and flexible OEG side chains, i.e. P3T(R8)I(E), P3T(E)I(E), 

P4T(R8)I(E), and P4T(E)I(E), their π-π stacking behavior is dominated by isoindigo 

unit because isoindigo unit with small size of OEG side chains can stack more closely 

than oligothiophene unit, resulting in a sacrifice for stable stacking of oligothiophene 

unit. Therefore, even though they show relatively short dπ-π, their crystallinity is 

relatively low. In our opinions, OEG side chains can alter the π-π stacking behavior of 

the polymer chains to influence the crystallinity of the polymers, especially for 

donor-acceptor conjugated polymers. In addition, OEG side chains are capable of 

controlling the packing orientation of the polymers by adjusting the crystallinity of the 
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polymers. For instance, OEG side chains change the packing orientation of P3TI 

polymers from slightly edge-on orientation of P3T(R8)I(Rb-16) to fully face-on 

orientation of P3T(R8)I(E) and P3T(E)I(E) which is suitable for polymer solar cell 

application. 
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Chapter 3   Conclusions 

  In order to do a comprehensive side chain effect study, we successfully synthesize 

eight 3T-TPD based CPs with different side chain location (outward and inward), type 

(dodecyl and TEG), and length (octyl, hexyl, and butyl). Those polymer’s optical 

properties, electrochemical properties, thermal properties, and self-assembly behavior 

had been systematically studied. For 3T-TPD based CPs, outward series polymers 

show better π-π stacking than inward series polymers, leading to pack into LAM 

structure. However, inward series polymers with poor coplanarity of backbone pack 

into rarely found HEX structure. For side chain type effect, both the outward series 

polymers and inward series polymers with TEG chains show longer wavelength of 

λmax of UV-Vis absorption and higher order of the nanostructure than the polymers 

with dodecyl chains. These results reveal that the more flexible TEG chain can 

enhance the self-assembly behavior of the polymers. For side chain length effect, the 

outward series polymers have higher order of LAM with longer side chain. On the 

contrary, shorter side chain is more suitable for inward series polymers to 

self-assemble into higher order of HEX.  

To investigate oligo(ethylene glycol) (OEG) side chain effect in depth, we 

successfully synthesized a series of P3TI and P4TI polymers by varying amount and 

location of OEG side chain. Their optical properties, thermal properties, and 
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morphologies are systematically studied. High crystallization capability of PnTI 

polymers is mainly contributed from the stable stacking of oligothiophene unit. For 

the polymers with all alkyl side chains, P3T(R8)I(Rb-16) and P4T(R8)I(Rb-16), they 

show the highest crystallinity but the largest dπ-π among each series polymers. Their 

π-π stacking behavior is dominated by oligothiophene unit because the bulky alkyl 

side chains (Rb-16) on isoindigo unit prohibit close packing of isoindigo unit. As the 

bulky Rb-16 side chains on isoindigo unit are replaced by linear and flexible OEG side 

chains, i.e. P3T(R8)I(E), P3T(E)I(E), P4T(R8)I(E), and P4T(E)I(E), their π-π stacking 

behavior is dominated by isoindigo unit because isoindigo unit with small size of 

OEG side chains can stack more closely than oligothiophene unit, resulting in a 

sacrifice for stable stacking of oligothiophene unit. Therefore, even though they show 

relatively short dπ-π, their crystallinity is relatively low. In addition, OEG side chains 

are capable of controlling the packing orientation of the polymers by adjusting the 

crystallinity of the polymers. For instance, OEG side chains change the packing 

orientation of P3TI polymers from slightly edge-on orientation of P3T(R8)I(Rb-16) to 

fully face-on orientation of P3T(R8)I(E) and P3T(E)I(E) which is suitable for polymer 

solar cell application.  

  Our studies not only provide a strategy to design a D-A conjugated polymer with 

highly ordered nanostructure but also give a guide to control the polymer packing 
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orientation for potential application in optoelectronic devices or sensors. 
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Chapter 4   Recommendations 

(1) Introduce fluoroalkyl side chain into the polymers with OEG side chains 

Our studies have proved that OEG can improve the self-assembly behavior and 

control the packing orientation of polymers. However, the polymers with OEG 

side chains show relative low thermal stability. Besides, OEG side chains are 

hydrophilic, which let the polymers absorb lots of moisture. Considering that 

optoelectronic devices should be used under tough condition, high temperature 

and high humidity, the devices of the polymers with OEG side chains cannot be 

used for a long time. In order to enhance the thermal stability and hydrophobicity 

of the polymers with OEG side chains, we can introduce fluoroalkyl side chains 

into the polymers. Therefore, we designed a series of oligothiophene-TPD based 

polymers and oligothiophene-isoindigo based polymers containing fluoroalkyl 

side chains and OEG side chains as shown in Figure 4.1 and Figure 4.2.  The 

synthesis and characterization of these new series polymers should be carried out 

to observe the effect of fluoroalkyl side chain on the physical properties and 

morphologies of polymers.  
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Figure 4.1. Chemical structure of oligothiophene-TPD based polymers 

 

 

Figure 4.2. Chemical structure of oligothiophene-isoindigo based polymers 

 

(2) Add salt into the polymers with OEG side chains 

Hayward et al. had successfully synthesized a kind of diblock copolymer, 

P3HT-b-P3TEGT, as shown in Figure 4.3115. This polymer contains nonpolar 
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(hexyl) and polar (TEG) side chains. After adding salt, potassium iodide, into the 

polymer, the polymer and the salt self-assemble into superhelical structure via 

strong interaction between OEG and potassium ion as shown in Figure 4.3. This 

wonderful work inspired us to study the variation of morphologies of D-A CPs 

containing OEG side chains after adding salt.  

 

 

Figure 4.3. Schematic diagram to illustrate how the P3HT-b-P3TEGT and salt (KI) 

self-assemble into superhelical structure.  

 

(3) Fabricate highly-aligned hexagonal-cylinder array of P3T(Rin)TPD(R,E) 

 It is interesting to find that P3T(Rin)TPD(R,E) polymers pack into special 

hexagonal-cylinder nanostrure, but these cylinders are in anisotropic alignment. 

Therefore, we would like to fabricate higly-aligned hexagonal-cylinder array. Yager et 

al. had susccefully used Soft-Shear Laser Zone Annealing (SS-LZA) technique to 

fabricate highly-aligned hexagonal array of block copolymer as shown in Figure 
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4.4116. Therefore, we could use similar pathway-engineering to fabricate 

highly-aligned hexagonal of P3T(Rin)TPD(R,E) polymers. Hence, this kind of study 

will be very valuable, because highly-aligned hexagonal array of D-A CPs can be a 

nanopattern with an interval of <5nm between two cylinders and may have 

outstanding device performance due to highly-aligned cylinders.  

 

 

Figure 4.4 Schematic diagram to illustrate how to fabricate highly-aligned 

hexagonal-cylinder array of block copolymers 

 

(4) Fabricate optoelectronic devices 

 We can use two series polymers, P3TTPDs and PnTIs, to fabricate optoelectronic 

devices and systematically study the relationship between their physical properties 

and device performance. Then we can prove that OEG improves device performance.  
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Chapter 5   Experimental Section 

5.1 Chemical and Instrument 

Table 5.1 lists the chemicals that were used in this dissertation. They were used 

as received without further purifications. Table 5.2 lists the instruments in this 

dissertation. 

 

Table 5.1. List of chemicals 

Chemicals Purity Supplier 

acetic acid >99%  

acetic anhydride 99%  

acetone >99.5% 
 

acetonitrile 99%  

anhydrous magnesium sulfate 97%  

[1,3-Bis(diphenylphosphino)propane]dichloronickel(II) 99%  

2,5-bis(trimethylstannyl)thiophene 97%  

2,2'-bithiophene 97%  

1-bromo-2,5-pyrrolidinedione 99%  

1-bromobutane 99%  

1-bromododecane 98%  
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Chemicals Purity Supplier 

1-bromohexane 99%  

6-bromoisatin 97%  

1-bromooctane 99%  

6-bromooxindole 97%  

3-bromothiophene 97%  

celite -  

chloroform 99.5% 
 

D-acetone >99%  

D-chloroform 99.8% 
 

D-dimethyl sulfoxide >99%  

dichloromethane 99.5% 
 

dimethylformamide 99.8%  

ether >99% 
 

2-(2-(2-ethoxyethoxy)ethoxy)ethanol 95%  

ethyl acetate >99.5% 
 

ferrocene 98%  

hexane 99% 
 

2-hexyl-1-decanol 97%  
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Chemicals Purity Supplier 

hydrazine hydrate (64 wt% in water) -  

hydrochloric acid - 
 

hydrogen bromide (48 wt% in water) -  

magnesium 99.9%  

methanol >99.5% 
 

n-butyllithium(2.5M in hexane) -  

phosphorus tribromide 99%  

potassium 1,3-dioxoisoindolin-2-ide 99%  

potassium hydroxide >87%  

silica gel -  

sodium 99%  

sodium bicarbonate > 99%  

sodium hydride (60 wt% in mineral oil) -  

sulfuric acid -  

tetrabromomethane 99%  

tetrabutylammonium perchlorate 99%  

tetrahydrofuran >99.5% 
 

thiophene >99%  
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Chemicals Purity Supplier 

thiophene-3,4-dicarboxylic acid 98%  

thiophene-3-ylmethanol 97%  

trifluoroacetic acid 99%  

trimethyltin chloride (1M in tetrahydrofuran) -  

triphenylphosphine 99%  

tris(dibenzylideneacetone)dipalladium(0) 97%  

tris(o-tolyl)phosphine 99%  

 

Preparation of anhydrous solvents 

Dichloromethane and dimethylformamide are dried over 4A molecular sieve 

overnight. 

Ether and tetrahydrofurane are refluxed over sodium in the presence of benzophenone 

until the purple color appears from the formation of sodium-benzo complex. 
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Table 5.2. List of instruments 

Instruments (abbreviations) Producer Model Location 

atomic force microscopy 

(AFM)  

AS-12VLR NTUPhy1 R300 

cyclic voltammetry (CV) 

 

CHI611E NTUCB2 R503 

differential scanning 

calorimetry (DSC)  

Q200 NTUCE3 R3 

gel permeation 

chromatography (GPC) 

 GPCMax/ 

TDA305 

NTUCB R503 

glass oven (annealer) 

 

B-585 NTUCB R503 

grazing incident wide-angle 

x-ray scattering ( GIWAXS ) 

-- Mar 345 

Imaging Plate 

Area Detector 

NSRRC4 17A1 

microwave reactor 

 

Benchmate NTUCB R502 

nuclear magnetic resonance 

(NMR)  

DPX-400 NTUChem5 A525 

spin coater 

 

WS-400A NTUPhy R215 

thermogravimetric analysis 

(TGA)  

Q50 NTUCB R503 

ultraviolet-visible absorption 

spectroscopy ( UV-vis )  

Lambda 35 NTUPhy R215 

 

1 Building No. 2, Department of Physics, National Taiwan University (NTU) 

2 Center of Biotechnology, NTU 

3 College of Engineering Building, NTU 

4 National Synchrotron Radiation Research Center 

5 Integrated Chemistry Building, Department of Chemistry, NTU 
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5.2 Material Preparation 

This section includes the synthesis schemes, procedures of intermediates, 

monomers, and polymers. 1H NMR profiles for all intermediates and monomers.  

5.2.1 Oligothiophene-TPD based Conjugated Polymers 

 

Figure 5.1. Synthetic scheme of compound 1~compound 10 
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Figure 5.2. Synthetic scheme of compound 11~compound 14 and P3TTPD polymers 
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Synthesis of compound 1 

1, 1-bromo-2-(2-(2-ethoxyethoxy)ethoxy)ethane 

2-(2-(2-ethoxyethoxy)ethoxy)ethanol (10.00 g, 56.11 mmole) and tetrabromomethane 

(24.19 g, 72.94 mmole) were placed in a 500 ml round bottom flask (flask A) and 

triphenylphosphine (17.66 g, 67.33 mmole) was placed in a 250 ml round bottom 

flask (flask B). The two flasks were evacuated by vacuum for few minutes and 

refilled them with nitrogen. Then 100 ml and 200 ml of anhydrous dichloromethane 

were added into the flask A and B, respectively. The flask A was put in a 0 oC ice bath 

and the flask B solution was transferred to flask A slowly. The mixture was stirred at 

room temperature for 20 hours and then the dichloromethane was removed by rotary 

evaporator. Then 300 ml of ether was added into the flask and the solution was 

filtered by filter paper. The filtrate was collected and the ether was removed by rotary 

evaporator. Finally, the condensed mixture was further purified by distillation under 

reduced pressure (100 oC, 0.08 torr) to obtain colorless oil, compound 1 (11.36 g, 

84%). 1H NMR (400 MHz, CDCl3) δ 3.81 (t, J = 6.4 Hz, 2H), 3.70 – 3.63 (m, 6H), 

3.59 (m, 2H), 3.52 (q, J = 7.0 Hz, 2H), 3.47 (t, J = 6.4 Hz, 2H), 1.21 (t, J = 7.0 Hz, 

3H). 
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Figure 5.3. 1H NMR of compound 1 

 

Synthesis of compound 2a  

2-dodecylisoindoline-1,3-dione 

Potassium 1,3-dioxoisoindolin-2-ide (8.17 g, 44.13 mmole) was placed in a 500 ml 

round bottom flask (flask A) and 1-bromododecane (10.00 g, 40.12 mmole) was 

placed in a 250 ml round bottom flask (flask B). The two flasks were evacuated by 

vacuum for few minutes and refilled them with nitrogen. Then, 200 ml of 

dimethylformamide was added into the flask B and the solution was transferred into 

the flask A slowly. The solution was heated to 90 oC through oil bath and stirred for 

20 hours. The mixture was extracted by using dichloromethane and distilled water and 
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then the organic layer was collected, dried by anhydrous magnesium sulfate, and 

filtered by filter paper. The filtrate was collected and the dichloromethane was 

removed by rotary evaporator. The condensed mixture was further purified by column 

chromatography (dichloromethane as eluent, silica gel) to obtain white solid, 

compound 2a (10.00 g, 79%). 1H NMR (400 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.0 Hz, 

2H), 7.70 (dd, J = 5.4, 3.0 Hz, 2H), 3.67 (t, J = 7.2 Hz, 2H), 1.70 – 1.62 (quintet, J = 

5.4, 2H), 1.36 – 1.19 (m, 18H), 0.87 (t, J = 6.9 Hz, 3H). 

 

 

Figure 5.4. 1H NMR of compound 2a 
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Synthesis of compound 2b 

2-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)isoindoline-1,3-dione  

Potassium 1,3-dioxoisoindolin-2-ide (8.45 g, 45.62 mmole ) was placed in a 500 ml 

round bottom flask (flask A) and compound 1 (10.00 g, 41.47 mmole) was placed in a 

250 ml round bottom flask (flask B). Following the same synthetic procedure of 

compound 2a, one obtained pale yellow oil, compound 2b (10.07 g, 79%). 1H NMR 

(400 MHz, CDCl3) δ 7.83 (dd, J = 5.4, 3.1 Hz, 2H), 7.70 (dd, J = 5.4, 3.1 Hz, 2H), 

3.89 (t, J = 5.8 Hz, 2H), 3.73 (t, J = 5.8 Hz, 2H), 3.66 – 3.55 (m, 6H), 3.53 – 3.44 (m, 

4H), 1.17 (t, J = 7.0 Hz, 3H). 

 

 

Figure 5.5. 1H NMR of compound 2b 
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Synthesis of compound 3a  

dodecan-1-amine  

Compound 2a (10 g, 31.70 mmole) and 400 ml methanol was placed in a 500 ml 

round bottom flask and then hydrazine hydrate (64 wt% in distilled water, 3.08 ml, 

87.84 mmole) was added into the flask through syringe. The mixture was heated to 95 

oC through oil bath and stirred for 6 hours. The methanol was removed by rotary 

evaporator and the condensed mixture was extracted by using dichloromethane and 10 

wt% potassium hydroxide aqueous solution. The organic layer was collected, dried 

over anhydrous magnesium sulfate, and filtered by filter paper. The filtrate was 

collected and the dichloromethane was removed by rotary evaporator to obtain pale 

yellow oil, compound 3a (4.82 g, 82%) without further purification. 1H NMR (400 

MHz, CDCl3) δ 2.67 (t, J = 7.0 Hz, 2H), 1.48 – 1.38 (m, 4H), 1.33 – 1.20 (m, 18H), 

0.87 (t, J = 6.8 Hz, 3H). 
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Figure 5.6. 1H NMR of compound 3a 

 

Synthesis of compound 3b  

2-(2-(2-ethoxyethoxy)ethoxy)ethanamine  

Compound 2b (9.74 g, 31.70 mmole) and 400 ml methanol was placed in a 500 ml 

round bottom flask and then hydrazine hydrate (64 wt% in distilled water, 3.08 ml, 

87.84 mmole) was added into the flask through syringe. Following the synthetic 

procedure of compound 3a, one obtained pale yellow oil, compound 3b (4.79 g, 83%). 

1H NMR (400 MHz, CDCl3) δ 3.69 – 3.46 (m, 12H), 2.86 (t, J = 5.2 Hz, 2H), 1.29 (s, 

2H), 1.21 (t, J = 7.0 Hz, 3H). 
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Figure 5.7. 1H NMR of compound 3b 

 

Synthesis of compound 4 

Thieno[3,4-c]furan-1,3-dione  

Thiophene-3,4-dicarboxylic acid (10.00 g, 58.10 mmole) and acetic anhydride (40 ml) 

were placed in a 250 ml round bottom flask, heated to 100 oC, and the mixture were 

stirred for 2 hours. Then, the acetic anhydride was removed by distillation under 

reduced pressure (60 oC, 0.08 torr). The mixture was recrystallized by using 

tetrahydrofuran (THF) and hexane (THF: hexane=1: 10) three times to obtain brown 

needle solid, compound 4 (4.79 g, 94%). 1H NMR (400 MHz, CDCl3) δ 8.09 (s, 2H). 
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Figure 5.8. 1H NMR of compound 4 

 

Synthesis of compound 5a  

5-dodecyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 4 (1.00 g, 5.81 mmole) and compound 3a (1.08g, 5.81 mmole) were 

placed in a 10ml microwave vessel then the vessel was put in the microwave reactor 

(CEM Benchmate), and parameters for the reaction were set at 150 oC, 80 W, and 5 

min. Then, the mixture was purified through column chromatography (ether as eluent, 

silica gel) to obtain pale yellow oil, compound 5a (0.60 g, 29%). 1H NMR (400 MHz, 

CDCl3) δ 7.80 (s, 2H), 3.60 (t, J = 7.4 Hz, 2H), 1.61 (quintet, J = 7.2 Hz, 2H), 1.35 – 

1.20 (m, 18H), 0.87 (t, J = 6.8 Hz, 3H). 
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Figure 5.9. 1H NMR of compound 5a 

 

Synthesis of compound 5b 

5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H-thieno[3,4-c]pyrrole-4,6(5H)- dione  

Compound 4 (1.00 g, 5.81 mmole) and compound 3b (1.03g, 5.81 mmole) were 

placed in a 10ml microwave vessel then the vessel was put in the microwave reactor 

(CEM Benchmate), and parameters for the reaction were set at 150 oC, 80 W, and 5 

min. Then, the mixture was purified through column chromatography (ether as eluent, 

silica gel) to obtain pale yellow oil, compound 5b (1.02 g, 50%). 1H NMR (400 MHz, 

CDCl3) δ 7.81 (s, 2H), 3.83 (t, J = 5.8 Hz, 2H), 3.71 (t, J = 5.8 Hz, 2H), 3.66 – 3.63 

(m, 2H), 3.62 – 3.58 (m, 4H), 3.55 – 3.46 (m, 4H), 1.19 (t, J = 7.0 Hz, 3H). 
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Figure 5.10. 1H NMR of compound 5b 

 

Synthesis of compound 6a 

1,3-dibromo-5-dodecyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 5a (1.00 g, 3.11 mmole), 15 ml trifluoroacetic acid, 5 ml concentrated 

sulfuric acid were placed in a 50 ml round bottom flask, and then 

1-bromo-2,5-pyrrolidinedione (1.38 g, 7.78 mmole) was added into the flask slowly in 

2 hours. The mixture was stirred at room temperature for 12 hours and then extracted 

by ether and distilled water. The organic layer was collected, dried over anhydrous 

magnesium sulfate, and filtered by filter paper. The filtrate was collected and the ether 

was removed by rotary evaporator. The condensed mixture was further purified by 
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column chromatography (ether as eluent, silica gel) to obtain white solid, compound 

5a (1.34 g, 90%). 1H NMR (400 MHz, CDCl3) δ 3.59 (t, J = 7.2 Hz, 2H), 1.63 (quintet, 

J = 7.2 Hz, 2H), 1.34 – 1.20 (m , 18H), 0.88 (t, J = 6.9 Hz, 3H). 

 

 

Figure 5.11. 1H NMR of compound 6a 

 

Synthesis of compound 6b 

1,3-dibromo-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H-thieno[3,4-c]pyrrole-4,6(5

H)-dione  

Compound 5b (1.00 g, 3.19 mmole), 15 ml trifluoroacetic acid, and 5 ml concentrated 

sulfuric acid were placed in 50 ml round bottom flask, and then 
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1-bromo-2,5-pyrrolidinedione (1.42 g, 7.98 mmole) was added into the flask slowly in 

2 hours. Following the synthetic procedure of compound 6a, one obtained white solid, 

compound 6b (1.50 g, 86%). 1H NMR (400 MHz, CDCl3) δ 3.81 (t, J = 5.6 Hz, 2H), 

3.70 (t, J = 5.7 Hz, 2H), 3.66 – 3.59 (m, 6H), 3.57 – 3.47 (m, 4H), 1.20 (t, J = 7.0 Hz, 

3H). 

 

 

Figure 5.12. 1H NMR of compound 6b 
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Synthesis of compound 7a 

3-octylthiophene  

A 500 ml round bottom flask (flask A) and a 1000 ml round bottom flask (flask B) 

were evacuated by vacuum system and refilled the nitrogen to remove the moisture in 

the flask. Then, magnesium (8.95 g, 0.37 mole) and 300 ml anhydrous ether were 

placed in the flask A, and 3-bromothiophene (30.00 g, 0.18 mole), 

[1,3-Bis(diphenylphosphino)propane]dichloronickel(II)  (200.00 mg, 0.37 mmole), 

and 300 ml anhydrous ether were placed in the flask B. Then the flask A was put in 0 

oC ice bath and 1-bromooctane (53.30 g, 0.28 mole) was added into the flask A 

through syringe slowly in 2 hours. After complete adding 1-bromooctane, the mixture 

was stirred under room temperature for 2 hours. Then, the solution in the flask A was 

transferred in the flask B. After that, the mixture was stirred under room temperature 

for 10 hours. Then, 200 ml 1M hydrochloric acid was added into the flask B to 

terminate the reaction and the solution was extracted by using ether and distilled 

water. The organic layer was collected, dried over anhydrous magnesium sulfate, and 

filtered by filter paper. The filtrate was collected and the ether was removed by rotary 

evaporator. Finally, the condensed mixture can be further purified by distillation 

under reduced pressure (60 oC, 0.08 torr) to obtain colorless oil, compound 7a (28.54 

g, 79%). 1H NMR (400 MHz, CDCl3) δ 7.23 (dd, J = 4.9, 2.9 Hz, 1H), 6.93 (dd, J = 
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6.6, 3.9 Hz, 2H), 2.62 (t, J = 7.8 Hz, 2H), 1.68 – 1.57 (m, 2H), 1.35 – 1.22 (m, 10H), 

0.88 (t, J = 6.8 Hz, 3H). 

 

 Figure 5.13. 1H NMR of compound 7a 

 

Synthesis of compound 7b  

3-hexylthiophene  

Magnesium (8.95 g, 0.37 mole), 3-bromothiophene (30.00 g, 0.18 mole), 

[1,3-Bis(diphenylphosphino)propane]dichloronickel(II) (200 mg, 0.37 mmole), and 

1-bromohexane (45.55 g, 0.28 mole) were used to do the reaction. Following the 

synthetic procedure of compound 7a, one obtained colorless oil, compound 7b (29.42 
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g, 95%). 1H NMR (400 MHz, CDCl3) δ 7.23 (dd, J = 4.9, 2.9 Hz, 1H), 6.93 (dd, J = 

6.6, 3.9 Hz, 2H), 2.62 (t, J = 7.8 Hz, 2H), 1.68 – 1.57 (m, 2H), 1.35 – 1.22 (m, 6H), 

0.88 (t, J = 6.8 Hz, 3H). 

 

 

Figure 5.14. 1H NMR of compound 7b 

 

Synthesis of compound 7c  

3-butylthiophene  

Magnesium (8.95 g, 0.37 mole), 3-bromothiophene (30.00 g, 0.18 mole), 

[1,3-Bis(diphenylphosphino)propane]dichloronickel(II) (200 mg, 0.37 mmole), and 

1-bromobutane (37.82 g, 0.28 mole) were used to do the reaction. Following the 
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synthetic procedure of compound 7a, one obtained colorless oil, compound 7c (21.68 

g, 84%). 1H NMR (400 MHz, CDCl3) δ 7.23 (dd, J = 4.9, 2.9 Hz, 1H), 6.93 (dd, J = 

6.6, 3.9 Hz, 2H), 2.62 (t, J = 7.8 Hz, 2H), 1.68 – 1.57 (m, 2H), 1.35 – 1.22 (m, 2H), 

0.88 (t, J = 6.8 Hz, 3H). 

 

Figure 5.15. 1H NMR of compound 7c 

 

Synthesis of compound 8a  

trimethyl(4-octylthiophene-2-yl)stannane  

A 150 ml round bottom flask was evacuated by vacuum system and refilled the 

nitrogen to remove the moisture in the flask. Next, compound 7a (4.91 g, 25 mmole) 

and 50 ml anhydrous tetrahydrofuran were placed in the flask. After that, the flask 
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was put in -78oC dry ice bath. Then, 10 ml 2.5M n-butyllithium in hexane solution (25 

mmole) was added into the flask and the solution was stirred for 2 hours. The -78oC 

dry ice bath was removed and the solution was stirred at room temperature for 1 hour. 

Then the flask was put in -78oC dry ice bath again and 25 ml 1M trimethyltin chloride 

in tetrahydrofuran solution (25 mmole) was added into the flask. After complete 

adding the trimethyltin chloride solution, the -78oC dry ice bath was removed and the 

solution was stirred at room temperature for 12 hours. The mixture was extracted by 

hexane and distilled water. The organic layer was collected, dried over anhydrous 

magnesium sulfate, and filtered by filter paper. The filtrate was collected and the 

hexane was removed by rotary evaporator. Finally, the condensed mixture can be 

further purified by column chromatography (hexane as eluent, celite gel) to obtain 

pale yellow oil, compound 8a (7.03 g, 78%). 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J 

= 0.8 Hz, 1H), 7.01 (s, 1H), 2.65 (t, J = 7.8 Hz, 2H), 1.63 (quintet, J = 7.5 Hz, 2H), 

1.29 (d, J = 21.8 Hz, 10H), 0.88 (t, J = 6.8 Hz, 3H), 0.35 (s, 9H). 
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Figure 5.16. 1H NMR of compound 8a 

 

Synthesis of compound 8b  

(4-hexylthiophene-2-yl)trimethylstannane  

Compound 7b (4.21 g, 25 mmole), 10 ml 2.5M n-butyllithium in hexane solution (25 

mmole), and 25 ml 1M trimethyltin chloride in tetrahydrofuran solution (25 mmole) 

were used to do the reaction. Following the synthetic procedure of compound 8a, one 

obtained pale yellow oil, compound 8b (6.64 g, 80%). 1H NMR (400 MHz, CDCl3) δ 

7.19 (d, J = 0.8 Hz, 1H), 7.01 (s, 1H), 2.65 (t, J = 7.8 Hz, 2H), 1.63 (quintet, J = 7.5 

Hz, 2H), 1.29 (d, J = 21.8 Hz, 6H), 0.88 (t, J = 6.8 Hz, 3H), 0.35 (s, 9H). 
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Figure 5.17. 1H NMR of compound 8b 

 

Synthesis of compound 8c  

(4-butylthiophene-2-yl)trimethylstannane  

Compound 7c (3.51 g, 25 mmole), 10 ml 2.5M n-butyllithium in hexane solution (25 

mmole), and 25 ml 1M trimethyltin chloride in tetrahydrofuran solution (25 mmole) 

were used to do the reaction. Following the synthetic procedure of compound 8a, one 

obtained pale yellow oil, compound 8c (5.78 g, 76%). 
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Figure 5.18. 1H NMR of compound 8c 

 

Synthesis of compound 9a  

2-bromo-3-octylthiophene  

Compound 7a (10.00 g, 0.51 mole), 135 ml chloroform, and 135 ml acetic acid were 

placed in a 500 ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (9.06 g, 

0.51 mole) was added into the flask slowly in 2 hours. The mixture was stirred at 

room temperature for 12 hours and then extracted by chloroform and 10 wt% 

potassium hydroxide aqueous solution. The organic layer was collected, dried by 

anhydrous magnesium sulfate, and filtered by filter paper. The filtrate was collected 

and the chloroform was removed by rotary evaporator. The condensed mixture was 
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further purified by distillation under reduced pressure (120 oC, 0.08 torr) to obtain 

colorless oil, compound 9a (13.88 g, 99%). 1H NMR (400 MHz, CDCl3) δ 7.18 (d, J = 

5.6 Hz, 1H), 6.79 (d, J = 5.6 Hz, 1H), 2.58 – 2.53 (m, 2H), 1.60 – 1.52 (m, 2H), 1.28 

(d, J = 18.7 Hz, 10H), 0.88 (t, J = 6.8 Hz, 3H). 

 

 

Figure 5.19. 1H NMR of compound 9a 

 

Synthesis of compound 9b  

2-bromo-3-hexylthiophene  

Compound 7b (8.58 g, 0.51 mole), 135 ml chloroform,135 ml acetic acid, and 

1-bromo-2,5-pyrrolidinedione (9.06 g, 0.51 mole) were used to do the reaction. 
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Following the synthetic procedure of compound 9a, the condensed mixture was 

further purified by distillation under reduced pressure (90 oC, 0.08 torr) to obtain 

colorless oil, compound 9b (12.34 g, 98%). 1H NMR (400 MHz, CDCl3) δ 7.18 (d, J = 

5.6 Hz, 1H), 6.79 (d, J = 5.6 Hz, 1H), 2.58 – 2.53 (m, 2H), 1.60 – 1.52 (m, 2H), 1.28 

(d, J = 18.7 Hz, 6H), 0.88 (t, J = 6.8 Hz, 3H). 

 

 

Figure 5.20. 1H NMR of compound 9b 
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Synthesis of compound 9c  

2-bromo-3-butylthiophene  

Compound 7c (7.15 g, 0.51 mole), 135 ml chloroform,135 ml acetic acid, and 

1-bromo-2,5-pyrrolidinedione (9.06 g, 0.51 mole) were used to do the reaction. 

Following the synthetic procedure of compound 9a, the condensed mixture was 

further purified by distillation under reduced pressure (60 oC, 0.08 torr) to obtain 

colorless oil, compound 9c (8.93 g, 80%). 1H NMR (400 MHz, CDCl3) δ 7.18 (d, J = 

5.6 Hz, 1H), 6.79 (d, J = 5.6 Hz, 1H), 2.58 – 2.53 (m, 2H), 1.60 – 1.52 (m, 2H), 1.28 

(d, J = 18.7 Hz, 2H), 0.88 (t, J = 6.8 Hz, 3H). 

 

 

Figure 5.21. 1H NMR of compound 9c 
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Synthesis of compound 10a  

trimethyl(3-octylthiophene-2-yl)stannane  

A 150 ml round bottom flask was evacuated by vacuum system and refilled the 

nitrogen to remove the moisture in the flask. Then, compound 9a (6.89 g, 25 mmole) 

and 50 ml anhydrous tetrahydrofuran were placed in the flask. The flask was put in 

-78 oC dry ice bath. Then, 10 ml 2.5M n-butyllithium in hexane solution (25 mmole) 

was added into the flask and the solution was stirred for 2 hours. Next, the -78 oC dry 

ice bath was removed and the solution was stirred at room temperature for 1 hour. 

Then the flask was put in -78 oC dry ice bath again and 25 ml 1M trimethyltin 

chloride in tetrahydrofuran solution (25 mmole) was added into the flask. After 

complete adding the trimethyltin chloride solution, the -78 oC dry ice bath was 

removed and the solution was stirred at room temperature for 12 hours. Then, the 

mixture was extracted by hexane and distilled water. The organic layer was collected, 

dried by anhydrous magnesium sulfate, and filtered by filter paper. The filtrate was 

collected and the hexane was removed by rotary evaporator. Finally, the condensed 

mixture can be further purified by column chromatography (hexane as eluent, celite 

gel) to obtain pale yellow oil, compound 10a (6.94 g, 77%). 1H NMR (400 MHz, 

CDCl3) δ 7.53 (d, J = 4.7 Hz, 1H), 7.09 (d, J = 4.6 Hz, 1H), 2.64 – 2.59 (m, 2H), 

1.62 – 1.51 (m, 2H), 1.28 (d, J = 18.8 Hz, 10H), 0.88 (t, J = 6.3 Hz, 3H), 0.37 (s, 9H). 
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Figure 5.22. 1H NMR of compound 10a 

 

Synthesis of compound 10b  

(3-hexylthiophene-2-yl)trimethylstannane  

Compound 9b (6.18 g, 25 mmole), 10 ml 2.5M n-butyllithium in hexane solution (25 

mmole), and 25 ml 1M trimethyltin chloride in tetrahydrofuran solution (25 mmole) 

were used to do the reaction. Following the synthetic procedure of compound 10a, 

one obtained pale yellow oil, compound 10b (6.72 g, 81%). 1H NMR (400 MHz, 

CDCl3) δ 7.53 (d, J = 4.7 Hz, 1H), 7.09 (d, J = 4.6 Hz, 1H), 2.64 – 2.59 (m, 2H), 

1.62 – 1.51 (m, 2H), 1.28 (d, J = 18.8 Hz, 6H), 0.88 (t, J = 6.3 Hz, 3H), 0.37 (s, 9H). 
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Figure 5.23. 1H NMR of compound 10b 

 

Synthesis of compound 10c  

(3-butylthiophene-2-yl)trimethylstannane  

Compound 9c (5.48 g, 25 mmole), 10 ml 2.5M n-butyllithium in hexane solution (25 

mmole), and 25 ml 1M trimethyltin chloride in tetrahydrofuran solution (25 mmole) 

were used to do the reaction. Following the synthetic procedure of compound 10a, 

one obtained pale yellow oil, compound 10c (5.86 g, 77%). 1H NMR (400 MHz, 

CDCl3) δ 7.53 (d, J = 4.7 Hz, 1H), 7.09 (d, J = 4.6 Hz, 1H), 2.64 – 2.59 (m, 2H), 

1.62 – 1.51 (m, 2H), 1.28 (d, J = 18.8 Hz, 2H), 0.88 (t, J = 6.3 Hz, 3H), 0.37 (s, 9H). 
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Figure 5.24. 1H NMR of compound 10c 

 

Synthesis of compound 11a 

5-dodecyl-1,3-bis(4-octylthiophene-2-yl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 6a (1.00 g, 2.09 mmole), compound 8a (2.25 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. The 

mixture was purified through column chromatography (dichloromethane/hexane=2/3 

as eluent, silica gel) to obtain yellow solid, compound 11a (1.22 g, 82%). 1H NMR 
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(400 MHz, CDCl3) δ 7.87 (s, 2H), 7.02 (s, 2H), 3.65 (t, J = 7.4 Hz, 4H), 2.62 (t, J = 

7.6 Hz, 4H), 1.71 – 1.60 (m, 6H), 1.38 – 1.22 (m, 38H), 0.91 – 0.84 (m, 9H). 

 

 

Figure 5.25. 1H NMR of compound 11a 

 

Synthesis of compound 11b 

5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-1,3-bis(4-octylthiophene-2-yl)-4H-thieno[3,

4-c]pyrrole-4,6(5H)-dione  

Compound 6b (0.98 g, 2.09 mmole), compound 8a (2.25 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 
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were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography (ether/hexane=1/3 as 

eluent, silica gel) to obtain yellow oil, compound 11b (1.19 g, 80%). 1H NMR (400 

MHz, CDCl3) δ 7.85 (s, 2H), 7.02 (s, 2H), 3.88 (t, J = 6.0 Hz, 2H), 3.75 (t, J = 5.9 Hz, 

2H), 3.69 – 3.58 (m, 6H), 3.53 – 3.42 (m, 4H), 2.63 (t, J = 7.8 Hz, 4H), 1.65 (quintet, 

J = 7.3 Hz, 4H), 1.39 – 1.21 (m, 20H), 1.16 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.8 Hz, 

6H). 

 

 

Figure 5.26. 1H NMR of compound 11b 
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Synthesis of compound 11c  

5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-1,3-bis(4-hexylthiophene-2-yl)-4H-thieno[3

,4-c]pyrrole-4,6(5H)-dione  

Compound 6b (0.98 g, 2.09 mmole), compound 8b (2.08 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography (ether/hexane=1/3 as 

eluent, silica gel) to obtain yellow oil, compound 11c (1.11 g, 81%). 1H NMR (400 

MHz, CDCl3) δ 7.85 (s, 2H), 7.02 (s, 2H), 3.88 (t, J = 6.0 Hz, 2H), 3.75 (t, J = 5.9 Hz, 

2H), 3.69 – 3.58 (m, 6H), 3.53 – 3.42 (m, 4H), 2.63 (t, J = 7.8 Hz, 4H), 1.65 (quintet, 

J = 7.3 Hz, 4H), 1.39 – 1.21 (m, 12H), 1.16 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.8 Hz, 

6H). 

 

 

 

 

 



	  

doi:10.6342/NTU201904150

104 
 

 

Figure 5.27. 1H NMR of compound 11c 

 

Synthesis of compound 11d  

1,3-bis(4-butylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H-thieno[3

,4-c]pyrrole-4,6(5H)-dione  

Compound 6b (0.98 g, 2.09 mmole), compound 8c (1.91 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography (ether/hexane=1/3 as 
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eluent, silica gel) to obtain yellow oil, compound 11d (0.99 g, 79%). 1H NMR (400 

MHz, CDCl3) δ 7.85 (s, 2H), 7.02 (s, 2H), 3.88 (t, J = 6.0 Hz, 2H), 3.75 (t, J = 5.9 Hz, 

2H), 3.69 – 3.58 (m, 6H), 3.53 – 3.42 (m, 4H), 2.63 (t, J = 7.8 Hz, 4H), 1.65 (quintet, 

J = 7.3 Hz, 4H), 1.39 – 1.21 (m, 4H), 1.16 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.8 Hz, 6H). 

 

 

Figure 5.28. 1H NMR of compound 11d 
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Synthesis of compound 12a 

1,3-bis(5-bromo-4-octylthiophene-2-yl)-5-dodecyl-4H-thieno[3,4-c]pyrrole-4,6(5H

)-dione  

Compound 11a (1 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 150ml 

round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg , 2.96 mmole) 

was added into the flask. The mixture was stirred at room temperature for 12 hours. 

After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 12a (1.14 g, 93%). 1H NMR (400 MHz, CDCl3) δ 

7.62 (s, 2H), 3.64 (t, J = 7.4Hz, 2H), 2.58 (t, J = 7.8Hz, 4H), 1.70 – 1.59 (m, 6H), 

1.39 – 1.20 (m, 38H), 0.88 (s, 9H).  
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Figure 5.29. 1H NMR of compound 12a 

 

Synthesis of compound 12b 

1,3-bis(5-bromo-4-octylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H

-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 11b (0.99 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg, 2.96 

mmole) was added into the flask. The mixture was stirred at room temperature for 12 

hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 12b (1.14 g, 93%). 1H NMR (400 MHz, CDCl3) δ 
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7.62 (s, 2H), 3.87 (t, J = 5.9 Hz, 2H), 3.74 (t, J = 5.8 Hz, 2H), 3.68 – 3.58 (m, 6H), 

3.53 – 3.43 (m, 4H), 2.58 (t, J = 6.9 Hz, 4H), 1.66 – 1.58 (m, 4H), 1.38 – 1.22 (m, 

20H), 1.17 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.9 Hz, 6H). 

 

 

Figure 5.30. 1H NMR of compound 12b 

 

Synthesis of compound 12c 

1,3-bis(5-bromo-4-hexylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4

H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 11c (0.91 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg , 2.96 
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mmole) was added into the flask. The mixture was stirred at room temperature for 12 

hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 12c (1.17 g, 94%). 1H NMR (400 MHz, CDCl3) δ 

7.62 (s, 2H), 3.87 (t, J = 5.9 Hz, 2H), 3.74 (t, J = 5.8 Hz, 2H), 3.68 – 3.58 (m, 6H), 

3.53 – 3.43 (m, 4H), 2.58 (t, J = 6.9 Hz, 4H), 1.66 – 1.58 (m, 4H), 1.38 – 1.22 (m, 

12H), 1.17 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.9 Hz, 6H). 

 

 

Figure 5.31. 1H NMR of compound 12c 
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Synthesis of compound 12d 

1,3-bis(5-bromo-4-butylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H

-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 11d (0.83 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg , 2.96 

mmole) was added into the flask. The mixture was stirred at room temperature for 12 

hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 12d (1.17 g, 92%). 1H NMR (400 MHz, CDCl3) δ 

7.62 (s, 2H), 3.87 (t, J = 5.9 Hz, 2H), 3.74 (t, J = 5.8 Hz, 2H), 3.68 – 3.58 (m, 6H), 

3.53 – 3.43 (m, 4H), 2.58 (t, J = 6.9 Hz, 4H), 1.66 – 1.58 (m, 4H), 1.38 – 1.22 (m, 4H), 

1.17 (t, J = 7.0 Hz, 3H), 0.88 (t, J = 6.9 Hz, 6H). 

 



	  

doi:10.6342/NTU201904150

111 
 

 

Figure 5.32. 1H NMR of compound 12d 

 

Synthesis of compound 13a 

5-dodecyl-1,3-bis(3-octylthiophene-2-yl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 6a (1.00 g, 2.09 mmole), compound 10a (2.25 g, 6.27 mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography 

(dichloromethane/hexane=2/3 as eluent, silica gel) to obtain yellow oil, compound 
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13a (1.25 g, 83%). 1H NMR (400 MHz, CDCl3) δ 7.41 (d, J = 5.2 Hz, 2H), 7.01 (d, J 

= 5.2 Hz, 2H), 3.63 – 3.58 (m, 2H), 2.82 – 2.76 (m, 4H), 1.68 – 1.60 (m, 6H), 1.37 – 

1.19 (m, 38H), 0.86 (q, J = 6.9 Hz, 9H). 

 

 

Figure 5.33. 1H NMR of compound 13a 
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Synthesis of compound 13b 

5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-1-(3-hexylthiophene-2-yl)-3-(3-octylthioph

ene-2-yl)-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 6b (0.98 g, 2.09 mmole), compound 10a (2.25 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography (ether/hexane=1/3 as 

eluent, silica gel) to obtain yellow oil, compound 13b (1.18 g, 79%). 1H NMR (400 

MHz, CDCl3) δ 7.41 (d, J = 5.2 Hz, 2H), 7.01 (d, J = 5.2 Hz, 2H), 3.83 (t, J = 6.0 Hz, 

2H), 3.71 (t, J = 5.9 Hz, 2H), 3.53 (ddd, J = 26.1, 21.0, 9.8 Hz, 10H), 2.82 – 2.77 (m, 

4H), 1.68 – 1.60 (m, 4H), 1.25 (d, J = 3.9 Hz, 20H), 1.18 (t, J = 7.0 Hz, 3H), 0.86 (t, J 

= 6.9 Hz, 6H). 
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Figure 5.34. 1H NMR of compound 13b 

 

Synthesis of compound 13c 

5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-1,3-bis(3-hexylthiophene-2-yl)-4H-thieno[3

,4-c]pyrrole-4,6(5H)-dione  

Compound 6b (0.98 g, 2.09 mmole), compound 10b (2.08 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography (ether/hexane=1/3 as 
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eluent, silica gel) to obtain yellow oil, compound 13c (1.10 g, 80%). 1H NMR (400 

MHz, CDCl3) δ 7.41 (d, J = 5.2 Hz, 2H), 7.01 (d, J = 5.2 Hz, 2H), 3.83 (t, J = 6.0 Hz, 

2H), 3.71 (t, J = 5.9 Hz, 2H), 3.53 (ddd, J = 26.1, 21.0, 9.8 Hz, 10H), 2.82 – 2.77 (m, 

4H), 1.68 – 1.60 (m, 4H), 1.25 (d, J = 3.9 Hz, 12H), 1.18 (t, J = 7.0 Hz, 3H), 0.86 (t, J 

= 6.9 Hz, 6H). 

 

 

Figure 5.35. 1H NMR of compound 13c 
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Synthesis of compound 13d 

1,3-bis(3-butylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H-thieno[3

,4-c]pyrrole-4,6(5H)-dione  

Compound 6b (0.98 g, 2.09 mmole), compound 10c (1.91 g, 6.27mmole), 

tris(dibenzylideneacetone)dipalladium(0) (91.6 mg, 0.10 mmole), 

tris(o-tolyl)phosphine (60.9 mg, 0.20 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 15 min. After 

that, the mixture was purified through column chromatography (ether/hexane=1/3 as 

eluent, silica gel) to obtain yellow oil, compound 13d (0.99 g, 79%). 1H NMR (400 

MHz, CDCl3) δ 7.41 (d, J = 5.2 Hz, 2H), 7.01 (d, J = 5.2 Hz, 2H), 3.83 (t, J = 6.0 Hz, 

2H), 3.71 (t, J = 5.9 Hz, 2H), 3.53 (ddd, J = 26.1, 21.0, 9.8 Hz, 10H), 2.82 – 2.77 (m, 

4H), 1.68 – 1.60 (m, 4H), 1.25 (d, J = 3.9 Hz, 4H), 1.18 (t, J = 7.0 Hz, 3H), 0.86 (t, J = 

6.9 Hz, 6H). 
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Figure 5.36. 1H NMR of compound 13d 

 

Synthesis of compound 14a 

1,3-bis(5-bromo-3-octylthiophene-2-yl)-5-dodecyl-4H-thieno[3,4-c]pyrrole-4,6(5H

)-dione  

Compound 13a (1.00 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg , 2.96 

mmole) was added into the flask. The mixture was stirred at room temperature for 12 

hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 14a (1.15 g, 94%). 1H NMR (400 MHz, CDCl3) δ 
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6.97 (s, 2H), 3.60 (t, J = 7.3 Hz, 2H), 2.76 – 2.69 (m, 4H), 1.62 (dd, J = 14.5, 7.4 Hz, 

6H), 1.37 – 1.16 (m, 38H), 0.87 (td, J = 6.7, 3.7 Hz, 9H). 

 

 

Figure 5.37. 1H NMR of compound 14a 

 

Synthesis of compound 14b 

1,3-bis(5-bromo-3-octylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H

-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 13b (0.99 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg, 2.96 

mmole) was added into the flask. The mixture was stirred at room temperature for 12 
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hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 14b (1.13 g, 92%). 1H NMR(400 MHz, CDCl3) δ 

6.97 (s, 2H), 3.83 (t, J = 5.8 Hz, 2H), 3.71 (t, J = 5.8 Hz, 2H), 3.67 – 3.46 (m, 10H), 

2.76 – 2.69 (m, 4H), 1.66 – 1.57 (m, 4H), 1.25 (s, 20H), 1.18 (t, J = 7.0 Hz, 3H), 0.86 

(t, J = 6.9 Hz, 6H). 

 

 

Figure 5.38. 1H NMR of compound 14b 
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Synthesis of compound 14c 

1,3-bis(5-bromo-3-hexylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4

H-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 13c (0.91 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-Bromo-2,5-pyrrolidinedione (527 mg, 2.96 

mmole) was added into the flask. The mixture was stirred at room temperature for 12 

hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and the 

condensed mixture was further purified by column chromatography (ether as eluent) 

to obtain yellow solid, compound 14c (1.16 g, 93%). 1H NMR(400 MHz, CDCl3) δ 

6.97 (s, 2H), 3.83 (t, J = 5.8 Hz, 2H), 3.71 (t, J = 5.8 Hz, 2H), 3.67 – 3.46 (m, 10H), 

2.76 – 2.69 (m, 4H), 1.66 – 1.57 (m, 4H), 1.25 (s, 12H), 1.18 (t, J = 7.0 Hz, 3H), 0.86 

(t, J = 6.9 Hz, 6H). 
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Figure 5.39. 1H NMR of compound 14c 

 

Synthesis of compound 14d 

1,3-bis(5-bromo-3-butylthiophene-2-yl)-5-(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-4H

-thieno[3,4-c]pyrrole-4,6(5H)-dione  

Compound 13d (0.83 g, 1.41 mmole), and 50 ml tetrahydrofuran were placed in 

150ml round bottom flask and then 1-bromo-2,5-pyrrolidinedione (527 mg, 2.96 

mmole) was added into the flask. The mixture was stirred under room temperature for 

12 hours. After reaction, the tetrahydrofuran was removed by rotary evaporator and 

the condensed mixture was further purified by column chromatography (ether as 

eluent) to obtain yellow solid, compound 14d (1.15 g, 91%). 1H NMR(400 MHz, 
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CDCl3) δ 6.97 (s, 2H), 3.83 (t, J = 5.8 Hz, 2H), 3.71 (t, J = 5.8 Hz, 2H), 3.67 – 3.46 

(m, 10H), 2.76 – 2.69 (m, 4H), 1.66 – 1.57 (m, 4H), 1.25 (s, 4H), 1.18 (t, J = 7.0 Hz, 

3H), 0.86 (t, J = 6.9 Hz, 6H). 

 

 

Figure 5.40. 1H NMR of compound 14d 
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General procedure for polymerization of oligothiophene-TPD based CPs.  

The two monomers (0.2 mmole each), tris(dibenzylideneacetone)dipalladium(0) (10 

mg, 0.01 mmole), tris(o-tolyl)phosphine (15 mg, 0.05 mmole) and 4 ml degassed 

tetrahydrofuran were placed in a 10ml microwave vessel to do the Still coupling 

polymerization by microwave reactor. The parameters for the reaction were set at 100 

oC, 100 W, and 15 min. After polymerization, the polymers were precipitated in 

methanol then subjected to purification via Soxhlet extractions using a specific 

solvent sequence, methanolacetonehexanetetrahydrofuranchloroform. Then 

we collected the chloroform solutions, removed the chloroform by rotary evaporator, 

and finally acquired pure polymers. The information of the monomers used in 

polymerization and the yield is shown in Table 5.3. The molecular weights of these 

polymers are measured by gel permeation chromatography (GPC) vs. polystyrene 

standards using chloroform as eluent. The molecular weight information of all 

synthesized TPD-based CPs is shown in Table 5.4. 
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Table 5.3. Monomers used in polymerization and polymer yield 

Polymers Monomer 1 Monomer 2 Yield 

P3T(Ro8)TPD(R) 14a 

 

 

33% 

P3T(Ro8)TPD(E) 14b 39% 

P3T(Ro6)TPD(E) 14c 26% 

P3T(Ro4)TPD(E) 14d 29% 

P3T(Ri8)TPD(R) 12a 71% 

P3T(Ri8)TPD(E) 12b 80% 

P3T(Ri6)TPD(E) 12c 76% 

P3T(Ri4)TPD(E) 12d 68% 
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Table 5.4.  Summary of molecular weight of 3T-TPD based CPs 

Polymers Mn(KDa) Mw(KDa) PDI 

P3T(Ro8)TPD(R) 3.65 5.73 1.57 

P3T(Ro8)TPD(E) 7.06 14.82 2.10 

P3T(Ro6)TPD(E) 4.69 9.56 2.04 

P3T(Ro4)TPD(E) 4.23 7.69 1.82 

P3T(Ri8)TPD(R) 4.07 4.69 1.15 

P3T(Ri8)TPD(E) 6.09 6.87 1.13 

P3T(Ri6)TPD(E) 4.08 4.79 1.17 

P3T(Ri4)TPD(E) 3.11 3.74 1.20 
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5.2.2 Oligothiophene-isoindigo based Conjugated Polymers 

 

Figure 5.41. Synthetic scheme of compound 15~ compound 26 
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Figure 5.42. Synthetic scheme of compound 27 ~ compound 31 and PnTI polymers 
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Synthesis of compound 15 

3-octylthiophene  

A 500 ml round bottom flask (flask A) and a 1000 ml round bottom flask (flask B) 

were evacuated by vacuum system and refilled the nitrogen to remove the moisture in 

the flask. Then, magnesium (8.95 g, 0.37 mole) and 300 ml anhydrous ether were 

placed in the flask A, and 3-bromothiophene (30.00 g, 0.18 mole), 

[1,3-Bis(diphenylphosphino)propane]dichloronickel(II) (200 mg, 0.37 mmole), and 

300 ml anhydrous ether were placed in the flask B. Then the flask A was put in 0 oC 

ice bath and 1-bromooctane (53.30 g, 0.28 mole) was added into the flask A through 

syringe slowly in 2 hours. After complete adding 1-bromooctane, the mixture was 

stirred under room temperature for 2 hours. Then, the solution in the flask A was 

transferred in the flask B. After that, the mixture was stirred under room temperature 

for 10 hours. Then, 200 ml 1M hydrochloric acid was added into the flask B to 

terminate the reaction and the solution was extracted by using ether and distilled water. 

The organic layer was collected, dried over anhydrous magnesium sulfate, and filtered 

by filter paper. The filtrate was collected and the ether was removed by rotary 

evaporator. Finally, the condensed mixture can be further purified by distillation under 

reduced pressure (60 oC, 0.08 torr) to obtain colorless oil, compound 15 (28.54 g, 

79%). 1H NMR (400 MHz, CDCl3) δ 7.23 (dd, J = 4.9, 2.9 Hz, 1H), 6.93 (dd, J = 6.6, 
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3.9 Hz, 2H), 2.62 (t, J = 7.8 Hz, 2H), 1.68 – 1.57 (m, 2H), 1.35 – 1.22 (m, 10H), 0.88 

(t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3, δ): 143.63, 128.64, 125.36, 120.10, 

32.24, 30.92, 30.65, 30.06, 29.71, 23.02, 14.45. 

 

 

Figure 5.43. 1H NMR of compound 15 

 

Synthesis of compound 16 

trimethyl(4-octylthiophene-2-yl)stannane  

A 150 ml round bottom flask was evacuated by vacuum system and refilled the 

nitrogen to remove the moisture in the flask. Next, compound 15 (4.91 g, 25 mmole) 

and 50 ml anhydrous tetrahydrofuran were placed in the flask. After that, the flask 
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was put in -78oC dry ice bath. Then, 10 ml 2.5M n-butyllithium in hexane solution (25 

mmole) was added into the flask and the solution was stirred for 2 hours. The -78oC 

dry ice bath was removed and the solution was stirred at room temperature for 1 hour. 

Then the flask was put in -78oC dry ice bath again and 25 ml 1M trimethyltin chloride 

in tetrahydrofuran solution (25 mmole) was added into the flask. After complete 

adding the trimethyltin chloride solution, the -78oC dry ice bath was removed and the 

solution was stirred at room temperature for 12 hours. The mixture was extracted by 

hexane and distilled water. The organic layer was collected, dried over anhydrous 

magnesium sulfate, and filtered by filter paper. The filtrate was collected and the 

hexane was removed by rotary evaporator. Finally, the condensed mixture can be 

further purified by column chromatography (hexane as eluent, celite gel) to obtain 

pale yellow oil, compound 16 (7.03 g, 78%). 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J 

= 0.8 Hz, 1H), 7.01 (s, 1H), 2.65 (t, J = 7.8 Hz, 2H), 1.63 (quintet, J = 7.5 Hz, 2H), 

1.29 (d, J = 21.8 Hz, 10H), 0.88 (t, J = 6.8 Hz, 3H), 0.35 (s, 9H). 13C NMR (100 MHz, 

CDCl3, δ): 144.97,137.00, 125.99, 33.25, 31.11, 30.34, 30.06, 29.86, 29.90, 29.62, 

23.03, 14.46, -7.94. 
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Figure 5.44. 1H NMR of compound 16 

 

Synthesis of compound 17  

(E)-6,6'-dibromo-[3,3'-biindolinylidene]-2,2'-dione  

6-bromooxindole (23.45g, 0.11mole), 6-bromoisatin (25.00g, 0.11mole), 750 ml 

acetic acid, and 5 ml hydrochloric acid were placed in a 1000 ml flask. The mixture 

was heated to reflux for 24 hours. Then the mixture was filtered by filter paper and 

washed by methanol several times until the filtrate was neutral. Finally, the solid was 

collected and dried to obtain dark red solid, compound 17 (45.53g, 98%). 1H NMR 

(400MHz, D6-DMSO) δ 11.11(s, 2H), 9.03(d, J=8.6Hz, 2H), 7.22(d, J=8.7Hz, 2H), 

7.03(s, 2H). 13C NMR (100 MHz, CDCl3, δ): 168.14, 146.22, 132.46, 131.02, 126.53, 
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125.12, 120.23, 111.54. 

 

 

Figure 5.45. 1H NMR of compound 17 

 

Synthesis of compound 18 

1-bromo-2-(2-(2-ethoxyethoxy)ethoxy)ethane  

2-(2-(2-ethoxyethoxy)ethoxy)ethanol (10.00 g, 56.11 mmole) and tetrabromomethane 

(24.19 g, 72.94 mmole) were dissolved in 100 ml of anhydrous dichloromethane and 

then the solution was cooled to 0℃ in ice bath. A solution of triphenylphosphine 

(17.66 g, 67.33 mmole) in 100 ml of anhydrous dichloromethane was slowly 

transferred into the aforementioned low temperature solution. After the transfer was 
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finished, ice bath was removed and the solution was reacted at ambient temperature 

under stirring for 20 hours. Then, the dichloromethane was removed by rotary 

evaporator. The sticky yellow solid was obtained and it was washed several times by 

ether. The combined ether solution was concentrated, and then distilled under vacuum 

(100 oC, 0.08 torr) to obtain colorless oil, compound 18 (11.21 g, 83 %). 1H NMR 

(400 MHz, CDCl3) δ 3.81 (t, J = 6.4 Hz, 2H), 3.70 – 3.63 (m, 6H), 3.59 (m, 2H), 3.52 

(q, J = 7.0 Hz, 2H), 3.47 (t, J = 6.4 Hz, 2H), 1.21 (t, J = 7.0 Hz, 3H). 13C NMR (100 

MHz, CDCl3, δ): 71.24, 70.25, 66.21, 41.00, 15.25. 

 

 

Figure 5.46. 1H NMR of compound 18 
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Synthesis of compound 19 

7-(bromomethyl)pentadecane  

2-hexyl-1-decanol (40.00 g, 0.17 mole) and 48wt% hydrogen bromide aqueous 

solution (100.00 g, 0.49 mole) were placed in a 250 ml flask. The mixture was heated 

to reflux for 10 hours. The mixture was extracted by hexane and distilled water. The 

organic layer was collected, dried over anhydrous magnesium sulfate, and filtered by 

filter paper. The filtrate was collected and the hexane was removed by rotary 

evaporator. The condensed mixture was further purified by column chromatography 

(toluene as eluent) to obtain colorless oil, compound 19 (47.86g, 95%). 1H NMR 

(400MHz, CDCl3) δ 3.45(d, J=4.8Hz, 2H), 1.63-1.55(m, 1H), 1.45-1.17(m, 24H), 

0.93-0.81(m, 6H). 13C NMR (100 MHz, CDCl3, δ): 40.07, 39.88, 32.93, 32.24, 32.16, 

30.14, 29.90, 29.81, 29.65, 26.89, 23.03, 14.45. 
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Figure 5.47. 1H NMR of compound 19 

 

Synthesis of compound 20a 

(E)-6,6'-dibromo-1,1'-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-[3,3'-biindolinylide

ne]-2,2'-dione  

Compound 17 (5.00 g, 11.90 mmole), compound 18 (6.76 g, 29.76 mmole) and 

anhydrous potassium carbonate (8.22 g, 59.5 mmole) were placed in a round bottom 

flask. 100 ml of anhydrous dimethylformamide was added and the mixture was 

reacted at 90 oC for 12 hours under stirring. After the solution was cooled to ambient 

temperature, the mixture was extracted with ether and distilled water several times. 

The combined organic layers were dried over anhydrous magnesium sulfate and the 
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solution was filtered. Ether was removed by rotary evaporator, and the solid product 

was purified by silica gel column chromatography with ether as eluent. After removal 

of ether, the product was recrystallized from cold hexane. The red solid was collected 

by filtration, compound 20a (8.28 g, 94%). 1H NMR (400 MHz, acetone) δ 9.14 (d, J 

= 8.6 Hz, 2H), 7.33 (d, J = 1.9 Hz, 2H), 7.19 (dd, J = 8.6, 1.9 Hz, 2H), 4.02 (t, J = 5.4 

Hz, 4H), 3.78 (t, J = 5.4 Hz, 4H), 3.61 – 3.36 (m, 20H), 1.08 (t, J = 7.0 Hz, 6H). 13C 

NMR (100 MHz, (CD3)2CO, δ): 168.49, 147.67, 133.22, 131.89, 127.13, 125.41, 

121.29, 113.49, 71.46, 70.68, 66.84, 41.22, 15.65. 

 

 

Figure 5.48. 1H NMR of compound 20a 
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Synthesis of compound 20b 

(E)-6,6'-dibromo-1,1'-bis(2-hexyldecyl)-[3,3'-biindolinylidene]-2,2'-dione  

Compound 17 (5.00 g, 11.90 mmole), compound 19 (9.08 g, 29.76 mmole) and 

anhydrous potassium carbonate (8.22 g, 59.5 mmole) were used to do the reaction. 

Following the synthetic procedure of compound 20a, (5.86 g, 77%), and the solid 

product was purified by silica gel column chromatography with solvent mixture 

hexane: dichloromethane = 2: 1 (v/v) as eluent. After removal of the solvents, the 

product was recrystallized from methanol. The reddish solid was collected by 

filtration, compound 20b (9.82 g, 95%). 1H NMR (400 MHz, CDCl3) δ 9.06 (d, J = 

8.6 Hz, 2H), 7.15 (dd, J = 8.6, 1.8 Hz, 2H), 6.88 (d, J = 1.7 Hz, 2H), 3.61 (d, J = 7.5 

Hz, 4H), 1.91-1.83 (m, 2H), 1.39 – 1.20 (m, 24H), 0.86 (m, J = 6.8 Hz, 6H). 13C NMR 

(100 MHz, CDCl3, δ): 168.34, 146.49, 132.78, 131.41, 126.97, 125.36, 120.69, 111.78, 

44.98, 36.42, 32.21, 32.15, 31.94, 31.85, 30.32, 29.99, 29.89, 29.64, 26.71, 23.00, 

14.40. 
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Figure 5.49. 1H NMR of compound 20b 

 

Synthesis of compound 21a 

(E)-1,1'-bis(2-(2-(2-ethoxyethoxy)ethoxy)ethyl)-6,6'-bis(4-octylthiophene-2-yl)-[3,

3'-biindolinylidene]-2,2'-dione  

Compound 20a (1.50 g, 2.03 mmole), compound 16 (2.19 g, 6.09 mmole), 

tris(dibenzylideneacetone)dipalladium(0) (92.7 mg, 0.10 mmole), and 

tri(o-tolyl)phosphine (61.8 mg , 0.20 mmole) were added to a 10 ml microwave tube. 

After being capped with Teflon septum, the tube was vacuumed and refilled with 

nitrogen three times. Anhydrous tetrahydrofurane (3 ml) was added to the tube via 

syringe. The parameter of microwave was set to be 90 oC, 100 W and 15 minutes 
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under standard mode. After the tube was cooled down, the mixture was concentrated 

and then purified by silica gel column chromatography with ether as eluent. Ether was 

then removed under reduced pressure, and the residual sticky product was 

recrystallized in cold hexane to obtain dark red solid, compound 21a (1.79 g, 91 %). 

1H NMR (400 MHz, CDCl3) δ 9.13 (d, J = 8.4 Hz, 2H), 7.28 (dd, J = 4.2, 1.5 Hz, 3H), 

7.25 (d, J = 1.9 Hz, 1H), 7.16 (d, J = 1.7 Hz, 2H), 6.94 (d, J = 1.1 Hz, 2H), 4.05 (t, J = 

5.8 Hz, 4H), 3.79 (t, J = 5.7 Hz, 4H), 3.67 – 3.63 (m, 4H), 3.62 – 3.59 (m, 4H), 3.56 – 

3.52 (m, 4H), 3.48 – 3.42 (m, 8H), 2.65 – 2.61 (m, 4H), 1.67 (quintet, J = 7.5 Hz,4H), 

1.42 – 1.24 (m, 6H), 1.16 (t, J = 7.0 Hz, 6H), 0.89 (t, J = 6.9 Hz, 6H). 13C NMR (100 

MHz, CDCl3, δ): 168.49, 147.67, 145.04, 144.06, 138.31, 133.22, 131.89, 127.13, 

125.41, 121.29, 113.49, 71.46, 70.68, 66.84, 41.22, 32.24, 30.83, 30.02, 29.75, 15.65. 
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Figure 5.50. 1H NMR of compound 21a 

 

Synthesis of compound 21b 

(E)-1,1'-bis(2-hexyldecyl)-6,6'-bis(4-octylthiophene-2-yl)-[3,3'-biindolinylidene]-2

,2'-dione  

Compound 20b (1.50 g, 1.73 mmole), compound 16 (1.86 g, 5.18 mmole), 

tris(dibenzylideneacetone)dipalladium(0) (79.0 mg, 0.08 mmole), and 

tri(o-tolyl)phosphine (52.5 mg, 0.17 mmole) were added to a 10ml microwave tube. 

After being capped with Teflon septum, the tube was vacuumed and refilled with 

nitrogen three times. Anhydrous tetrahydrofurane (3.5ml) was added to the tube via 

syringe. The parameter of microwave was set to be 90 oC, 100 W and 15 minutes 
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under standard mode. After the tube was cooled down, the mixture was concentrated 

and purified by silica gel column chromatography with solvent mixture hexane: 

dichloromethane = 2: 1 (v/v) as eluent. Solvents were then removed under reduced 

pressure, and the residue sticky product was recrystallized in methanol to obtain dark 

red solid, compound 21b (1.78 g, 94 %). 1H NMR (400 MHz, CDCl3) δ 9.15 (d, J = 

8.4 Hz, 2H), 7.29 – 7.23 (m, 4H), 7.24 (s, 2H), 6.98 – 6.93 (m, 4H), 3.70 (d, J = 7.2 

Hz, 4H), 2.63 (t, J = 7.7 Hz, 4H), 1.97 – 1.88 (m, 2H), 1.66 (quintet, J = 7.3 Hz, 4H), 

1.44 – 1.18 (m, 68H), 0.91 – 0.82 (m, 18H). 13C NMR (100 MHz, CDCl3, δ): 169.00, 

146.11, 145.04, 144.06, 138.31, 132.23, 130.47, 125.88, 121.28, 121.18, 119.37, 

105.21, 44.77, 36.75, 32.24, 32.14, 30.83, 30.36, 30.02, 29.96, 29.81, 29.75, 29.65, 

27.00, 23.02, 14.45.  
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Figure 5.51. 1H NMR of compound 21b 

 

Synthesis of compound 22a 

(E)-6,6'-bis(5-bromo-4-octylthiophene-2-yl)-1,1'-bis(2-(2-(2-ethoxyethoxy)ethoxy)

ethyl)-[3,3'-biindolinylidene]-2,2'-dione  

Compound 21a (3.00 g, 3.09 mmole) was dissolved in tetrahydrofurane (100ml), and 

the round bottom flask containing reaction mixture was wrapped by a layer of 

alumina foil to prevent light. 1-bromo-2,5-pyrrolidinedione (1.12 g, 6.33 mmole) was 

divided into 4 portions and each portion was added to the solution at an interval of 15 

minutes. After being stirred in the dark for 12 hours to carry out the reaction, the 

solution was concentrated and then was purified by a flash column chromatography of 
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silica gel with ether as eluent. Ether was then evaporated under reduced pressure, and 

the sticky residue was recrystallized in methanol. The dark purple solid, compound 

22a (3.0 g, 88%) was obtained after filtration and dried in vacuum oven overnight. 1H 

NMR (400 MHz, CDCl3) δ 9.13 (d, J = 8.4 Hz, 2H), 7.17 (dd, J = 8.4, 1.8 Hz, 2H), 

7.13 (s, 2H), 7.08 (d, J = 1.6 Hz, 2H), 4.03 (t, J = 5.6 Hz, 4H), 3.78 (t, J = 5.6 Hz, 4H), 

3.66 – 3.62 (m, 4H), 3.62 – 3.58 (m, 4H), 3.56 – 3.52 (m, 4H), 3.49 – 3.42 (m, 8H), 

2.58 (t, J = 7.8 Hz, 3H), 1.64 (quintet, J = 7.3Hz, 2H), 1.41 – 1.25 (m, 20H), 1.16 (t, J 

= 7.0 Hz, 6H), 0.89 (t, J = 6.9 Hz, 6H). 13C NMR (100 MHz, CDCl3, δ): 168.89, 

147.81, 145.25, 144.06, 138.71, 133.62, 131.89, 127.13, 125.41, 121.37, 113.49, 

71.46, 70.68, 66.84, 41.22, 32.24, 30.83, 30.02, 29.75, 15.65. 
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Figure 5.52. 1H NMR of compound 22a 

 

Synthesis of compound 22b 

(E)-6,6'-bis(5-bromo-4-octylthiophene-2-yl)-1,1'-bis(2-hexyldecyl)-[3,3'-biindolin

ylidene]-2,2'-dione  

Compound 21b (3.00 g, 2.38 mmole) was dissolved in tetrahydrofurane (150ml), and 

the round bottom flask was wrapped by a layer of alumina foil to prevent light. 

1-bromo-2,5-pyrrolidinedione (0.87 g, 4.89 mmole) was divided into 4 portions and 

each portion was added to the solution at an interval of 15 minutes. After being stirred 

in the dark for 12 hours to carry out the reaction, the solution was concentrated and 

then it was purified by a flash column chromatography of silica gel with solvent 
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mixture hexane: dichloromethane = 2: 1 (v/v) as eluent. Solvents were then 

evaporated under reduced pressure, and the sticky residue was recrystallized in 

methanol. The dark purple solid, compound 22b (3.0 g, 88%) was obtained after 

filtration and dried in vacuum oven overnight. 1H NMR (400 MHz, CDCl3) δ 9.15 (d, 

J = 8.4 Hz, 2H), 7.18 (dd, J = 8.4, 1.7 Hz, 2H), 7.08 (s, 2H), 6.85 (d, J = 1.6 Hz, 2H), 

3.68 (d, J = 7.3 Hz, 4H), 2.58 (t, J = 7.6 Hz, 4H), 1.95 – 1.85 (m, 2H), 1.63 (quintet, J 

= 7.4 Hz, 4H), 1.45 – 1.16 (m, 68H), 0.91 – 0.84 (m, 18H). 13C NMR (100 MHz, 

CDCl3, δ): 168.79, 146.02, 143.93, 143.61, 137.28, 132.16, 130.66, 125.23, 121.50, 

118.85, 110.24, 104.70, 44.73, 36.74, 32.24, 30.03, 29.75, 29.68, 29.63, 27.01, 23.02, 

14.45. 
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Figure 5.53. 1H NMR of compound 22b 

 

 

Synthesis of compound 23 

2,5-bis(trimethylstannyl)thiophene  

To the solution of thiophene (4.21 g, 0.05 mole) dissolved in anhydrous 

tetrahydrofurane (100ml), n-butyllithium (40 ml, 0.10 mole) was added dropwise via 

syringe. The mixture was reacted at -40℃ in dry ice/acetonitrile bath. Trimethyltin 

chloride (100 ml, 0.10 mol) was add to the solution, and the coolant was removed 

when the transfer finished. The solution was reacted at ambient temperature under 

stirring for 12 hours. The solution was concentrated and then extracted with hexane 
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and distilled water several times. The combined organic layers were dried over 

anhydrous magnesium sulfate. After filtration, the solution was concentrated by rotary 

evaporator. The crude oil was recrystallized from cold methanol to obtain white solid, 

compound 23 (17.62 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.37 (s, 2H), 0.37 (s, 

18H). 13C NMR (100 MHz, CDCl3, δ): 143.36, 136.16, -7.84 

 

 

Figure 5.54. 1H NMR of compound 23 
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Synthesis of compound 24 

5,5'-bis(trimethylstannyl)-2,2'-bithiophene  

To a solution of 2,2'-bithiophene (8.31 g, 0.05 mole) in anhydrous tetrahydrofurane, 

n-butyllithium (40 ml, 0.10 mole) was added dropwise via syringe and the solution 

was cooled down by dry ice / acetonitrile bath. After the solution was reacted at -40℃ 

under stirring for 2 hours, trimethyltin chloride (100 ml, 0.10 mol) was added to the 

solution. Coolant was removed when the transfer finished, and the mixture was 

reacted at ambient temperature under stirring overnight. The solution was 

concentrated and extracted with hexane and distilled water several times. The 

combined organic layers were dried over anhydrous magnesium sulfate. Hexane was 

evaporated under reduced pressure. The yellow residue was recrystallized in methanol 

to obtain white solid, compound 24 (22.87 g, 93%). 1H NMR (400 MHz, CDCl3) δ 

7.28 (d, J = 3.3 Hz, 2H), 7.09 (d, J = 3.3 Hz, 2H), 0.39 (s, 18H). 13C NMR (100 MHz, 

CDCl3, δ): 142.94, 136.97, 135.76, 124.76, -8.32.  
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Figure 5.55. 1H NMR of compound 24 

 

Synthesis of compound 25 

3-(bromomethyl)thiophene  

A 250 ml round bottom flask was evacuated by vacuum system and refilled the 

nitrogen to remove the moisture in the flask. Next, thiophene-3-ylmethanol (5 g, 43.8 

mmole) and 100 ml dry dichloromethane were placed into the flask. The flask was 

placed in an ice bath. Then phosphorus tribromide (4.14 ml, 44.0 mmole) was added 

into the flask over a 15 min period. The mixture was stirred under room temperature 

for 5 hours, then quenched with sodium bicarbonate solution. Then the mixture was 

extracted by hexane and distilled water. The organic layer was collected, dried by 
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anhydrous magnesium sulfate, and filtered by filter paper. The filtrate was collected 

and the hexane was removed by rotary evaporator. After that, the condensed mixture 

passed through a plug of celite using dichloromethane as eluent. Finally, the mixture 

was purified by a plug of silica gel using hexane as eluent to obtain pale yellow oil, 

compound 25 (5.2 g, 65%). 1H NMR (400 MHz, CDCl3) δ 7.31 (m, 2H), 7.13 (dd, J = 

4.9, 1.4 Hz, 1H), 4.53 (s, 2H). 13C NMR (100 MHz, CDCl3, δ): 137.51, 128.12, 

126.15, 121.33, 28.54.  

 

 

Figure 5.56. 1H NMR of compound 25 
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Synthesis of compound 26 

1-(thiophene-3-yl)-2,5,8,11-tetraoxatridecane  

A 250 ml round bottom flask was evacuated by vacuum system and refilled the 

nitrogen to remove the moisture in the flask. Next, 

2-(2-(2-ethoxyethoxy)ethoxy)ethanol (5.00 g, 28.10 mmole) and 125 ml anhydrous 

tetrahydrofurane were placed in the flask. Then sodium hydride (0.80 g, 33 mmole) 

was added into the flask. After hydrogen gas evolution had ceased, compound 25 

(4.80 g, 27.10 mmole) was added into the flask. The mixture was stirred under room 

temperature for 5 hours. The mixture was extracted by ethyl acetate and distilled 

water. The organic layer was collected, the ethyl acetate was removed by rotary 

evaporator. The condensed mixture was purified through column chromatography 

(ethyl acetate as eluent, silica gel) to obtain pale yellow oil, compound 26 (4.10 g, 

55%). 1H NMR (400 MHz, CDCl3) δ 7.28 (dd, J = 4.9, 3.0 Hz, 1H), 7.21 (m, 1H), 

4.57 (s, 2H), 3.56-3.70 (m, 12H), 3.50(q, J = 7.0 Hz, 2H), 1.2 (t, J = 7.0 Hz, 3H). 13C 

NMR (100 MHz, CDCl3, δ): 137.54, 128.14, 126.17, 121.35, 71.46, 70.68, 66.84, 

15.25.  
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Figure 5.57. 1H NMR of compound 26 

 

Synthesis of compound 27 

1-(2-bromothiophene-3-yl)-2,5,8,11-tetraoxatridecane  

Compound 26 (3.00 g, 10.93 mmole) and 100 ml tetrahydrofuran was placed in a 250 

ml round bottom flask, and the flask was put into ice bath. Next, 

1-bromo-2,5-pyrrolidinedione (1.95 g, 10.93 mmole) was added into the flask. The 

mixture was stirred under 0 oC for 2 hours. After the reaction, the tetrahydrofuran was 

removed by rotary evaporator. The condensed mixture was purified through column 

chromatography (ethyl acetate as eluent, silica gel) to obtain yellow oil, compound 27 

(3.28 g, 85%). 1H NMR (400 MHz, CDCl3) δ 7.23 (d, J = 5.6 Hz, 1H), 7.00 (d, J = 5.6 
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Hz, 1H), 4.50 (s, 2H), 3.56-3.70 (m, 12H), 3.52(q, J = 7.0 Hz, 2H), 1.2 (t, J = 7.0 Hz, 

3H). 13C NMR (100 MHz, CDCl3, δ): 147.10, 128.14, 126.17, 110.85, 71.46, 70.68, 

66.84, 15.25.  

 

 

Figure 5.58. 1H NMR of compound 27 

 

Synthesis of compound 28 

3,3''-di(2,5,8,11-tetraoxatridecyl)-2,2':5',2''-terthiophene  

Compound 27 (1.00 g, 2.83 mmole), compound 23 (0.58 g, 1.42 mmole), 

tris(dibenzylideneacetone)dipalladium(0) (64.89 mg, 0.07 mmole), and 

tri(o-tolyl)phosphine (43.26 mg , 0.14 mmole), and 4 ml degassed tetrahydrofuran 
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were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 45 min. The 

mixture was purified through column chromatography (ethyl acetate as eluent, silica 

gel) to obtain yellow oil, compound 28 (714 mg, 80%). 1H NMR (400 MHz, CDCl3) δ 

7.21 (d, J = 5.2 Hz, 2H), 7.16 (s, 2H), 7.14 (d, J = 5.1 Hz, 2H), 4.63 (s, 4H), 3.56-3.70 

(m, 24H), 3.51(q, J = 7.0 Hz, 4H), 1.19 (t, J = 7.0 Hz, 6H). 13C NMR (100 MHz, 

CDCl3, δ):135.76, 135.36, 133.90, 130.25, 127.21, 124.16, 70.65, 69.81, 69.46, 66.87, 

66.62, 15.15.  

 

 

Figure 5.59. 1H NMR of compound 28 
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Synthesis of compound 29 

3,3'''-di(2,5,8,11-tetraoxatridecyl)-2,2':5',2'':5'',2'''-quaterthiophene  

Compound 27 (1.00 g, 2.83 mmole), compound 24 (0.70 g, 1.42 mmole), 

tris(dibenzylideneacetone)dipalladium(0) (64.89 mg, 0.07 mmole), and 

tri(o-tolyl)phosphine (43.26 mg , 0.14 mmole), and 4 ml degassed tetrahydrofuran 

were placed in a 10ml microwave vessel then the vessel was put in the microwave 

reactor, and parameters for the reaction were set at 100 oC, 100 W, and 45 min. The 

mixture was purified through column chromatography (ethyl acetate as eluent, silica 

gel) to obtain orange oil, compound 29 (828 mg, 82%). 1H NMR (400 MHz, CDCl3) δ 

7.21 (d, J = 5.2 Hz, 2H), 7.14 (m, 6H), 4.64 (s, 4H), 3.56-3.70 (m, 24H), 3.51 (q, J = 

7.0 Hz, 4H), 1.20 (t, J = 7.0 Hz, 6H). 13C NMR (100 MHz, CDCl3, δ):135.76, 135.36, 

133.90, 130.25, 127.21, 124.16, 70.65, 69.81, 69.46, 66.87, 66.62, 15.15, -8.32.  
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Figure 5.60. 1H NMR of compound 29 

 

Synthesis of compound 30 

(3,3''-di(2,5,8,11-tetraoxatridecyl)-[2,2':5',2''-terthiophene]-5,5''-diyl)bis(trimeth

ylstannane)  

A 150 ml round bottom flask was evacuated by vacuum system and refilled the 

nitrogen to remove the moisture in the flask. Next, compound 28 (500 mg, 0.80 

mmole) and 50 ml anhydrous tetrahydrofuran were placed in the flask. After that, the 

flask was put in -78oC dry ice bath. Then, 0.64 ml 2.5M n-butyllithium in hexane 

solution (1.60 mmole) was added into the flask and the solution was stirred for 2 

hours. The -78oC dry ice bath was removed and the solution was stirred at room 
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temperature for 1 hour. Then the flask was put in -78oC dry ice bath again and 1.60 ml 

1M trimethyltin chloride in tetrahydrofuran solution (1.60 mmole) was added into the 

flask. After complete adding the trimethyltin chloride solution, the -78oC dry ice bath 

was removed and the solution was stirred at room temperature for 12 hours. The 

mixture was extracted by ethyl acetate and distilled water. The organic layer was 

collected, dried over anhydrous magnesium sulfate, and filtered by filter paper. The 

filtrate was collected and the ethyl acetate was removed by rotary evaporator. Finally, 

the condensed mixture can be further purified by column chromatography (ethyl 

acetate as eluent, celite gel) to obtain yellow oil, compound 30 (611 mg, 75%).  1H 

NMR (400 MHz, CDCl3) δ 7.19 (s, 2H), 7.14 (s, 2H), 4.64 (s, 4H), 3.56-3.70 (m, 

24H), 3.51 (q, J = 7.0 Hz, 4H), 1.20 (t, J = 7.0 Hz, 6H), 0.38 (s, 18H). 13C NMR (100 

MHz, CDCl3, δ):137.28, 135.25, 133.97, 130.25, 127.30, 124.29, 70.56, 69.72, 69.34, 

66.75, 66.55, 15.05.  
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Figure 5.61. 1H NMR of compound 30 

 

Synthesis of compound 31 

(3,3'''-di(2,5,8,11-tetraoxatridecyl)-[2,2':5',2'':5'',2'''-quaterthiophene]-5,5'''-diyl)

bis(trimethylstannane)  

Compound 29 (500 mg, 0.70 mmole), 0.56 ml 2.5M n-butyllithium in hexane solution 

(1.40 mmole), and 1.40 ml 1M trimethyltin chloride in tetrahydrofuran solution (1.40 

mmole) were used to do the reaction. Following the synthetic procedure of compound 

30, one obtained orange oil, compound 31 (508 mg, 70%). 1H NMR (400 MHz, 

CDCl3) δ 7.18 (s, 2H), 7.12 (dd, J = 8.8, 3.8 Hz, 4H), 4.64 (s, 4H), 3.56-3.70 (m, 24H), 

3.51 (q, J = 7.0 Hz, 4H), 1.20 (t, J = 7.0 Hz, 6H), 0.38 (s, 18H). 13C NMR (100 MHz, 
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CDCl3, δ):137.28, 135.25, 133.97, 130.25, 127.30, 124.29, 70.56, 69.72, 69.34, 66.75, 

66.55, 15.05, -8.44. 

 

 

Figure 5.62. 1H NMR of compound 31 

 

General procedure for polymerization of oligothiophene-isoindigo based CPs.  

The two monomers (0.2 mmole each), tris(dibenzylideneacetone)dipalladium(0) (10 

mg, 0.01 mmole), tris(o-tolyl)phosphine (15 mg, 0.05 mmole) and 4 ml degassed 

tetrahydrofuran were placed in a 10ml microwave vessel to do the Still coupling 

polymerization by microwave reactor. The parameters for the reaction were set at 100 

oC, 100 W, and 15 min. After polymerization, the polymers were precipitated in 
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methanol then subjected to purification via Soxhlet extractions using a specific 

solvent sequence. For P3T(R8)I(Rb-16) and P3T(R8)I(E), the solvent sequence is 

methanolhexanechloroform. For P4T(R8)I(Rb-16) and P4T(R8)I(E), the solvent 

sequence is methanolhexanetetrahydrofuranechloroform. For P3T(E)I(E), the 

solvent sequence is hexanemethanolchloroform. For P4T(E)I(E), the solvent 

sequence is hexanemethanolethyl acetatechloroform. Then we collected the 

chloroform solutions, removed the chloroform by rotary evaporator, and finally 

acquired pure polymers. The information of the monomers used in polymerization and 

the yield is shown in Table 5.5. The molecular weights of these polymers are 

measured by gel permeation chromatography (GPC) vs. polystyrene standards using 

chloroform as eluent. The molecular weight information of all synthesized 

isoindigo-based conjugated polymers is shown in Table 5.6. 
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Table 5.5. Monomers used in polymerization and polymer yield 

Polymers Monomer 1 Monomer 2 Yield 

P3T(R8)I(Rb-16) 22b 23 85% 

P3T(R8)I(E) 22a 23 82% 

P3T(E)I(E) 30 20a 54% 

P4T(R8)I(Rb-16) 22b 24 65% 

P4T(R8)I(E) 22a 24 62% 

P4T(E)I(E) 31 20a 50% 

 

Table 5.6. Summary of molecular weight of oligothiophene-isoindigo based CPs 

Polymers Mn(KDa) Mw(KDa) PDI 

P3T(R8)I(Rb-16) 12.7 28.4 2.24 

P3T(R8)I(E) 19.7 42.5 2.16 

P3T(E)I(E) 13.3 27.2 2.05 

P4T(R8)I(Rb-16) 18.9 44.2 2.34 

P4T(R8)I(E) 12.2 30.9 2.54 

P4T(E)I(E) 14.9 30.2 2.03 
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5.3 Sample Preparation and Characterization 

Gel permeation chromatography (GPC) The molecular weights of all synthesized 

polymers were measured by Waters GPC (Viscotek GPCMax) using chloroform as an 

eluent at 40°C. The instrument was equipped with two Waters Styragel columns (HR3 

and HR4E), a refractive index detector (Waters 2414), and a dual-wavelength 

absorbance detector (Waters 2487). The wavelengths were set at 254 and 465 nm.  

 

UV-Vis absorption spectra (UV-Vis) The UV-Vis spectra of all synthesized 

polymers were measured by Perkin Elmer UV-Vis instrument (Lambda 35). Scan 

range: 1000nm~300nm. Polymer solution for UV-Vis analysis: chloroform as solvent, 

concentration of 0.025 mg/ml. Polymer film for UV-Vis analysis: drawing 70 μl from 

1 ml polymer solution (solvent: chloroform, concentration: 10 mg/ml) and dropping 

on the glass substrate (size: 1.25 cm*1.25 cm). After that, the glass substrate was spun 

(spin rate: 1000 rpm) by spin coater (Laurell Tec., WS-400A) to obtain the polymer 

film (thickness: ~100 nm). Annealed polymer film for UV-Vis analysis: spin-coated 

films were annealed at 200 oC for 1 hour. 

 

Cyclic voltammetry spectra (CV) The CV spectra of all synthesized polymers were 

measured by CHI CV instrument (CHI611E). For analysis of redox potential of 
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ferrocene: Electrolyte solution: 1M tetrabutylammonium perchlorate (TBAP) in 

acetonitrile. Working electrode: Platinum. Reference electrode: Ag/Ag+. Auxiliary 

electrode: Platinum. Scan range: 0V~0.8V. For analysis of redox potential of the 

polymers: All setting is the same as the setting for analysis of ferrocene, except that 

the platinum is replaced with the polymer film as working electrode. Scan range: 

0~1.4V (oxidation process), and 0~-1.4V (reduction process). Polymer film for CV 

analysis: drawing 100 μl from 1 ml polymer solution (solvent: chloroform, 

concentration: 10 mg/ml) and dropping on the ITO glass substrate (size: 1 cm*2 cm, 

Luminescence Technology Corp. 10Ω). After that, the ITO glass substrate was spun 

(spin rate: 1000 rpm) by spin coater to obtain the polymer film (thickness: ~100 nm). 

 

Grazing-incidence wide-angle X-ray scattering (GIWAXS) The GIWAXS profile 

of all synthesized polymers were measured by GIWAXS instrument provided from 

Beam Line 13A and 17A in National Synchrotron Radiation Research Center 

(NSRRC). Incident angle: 0.2o Annealed polymer film for GIWAXS analysis: drawing 

60 μl from 1 ml polymer solution (solvent: chloroform, concentration: 10 mg/ml) and 

dropping on the silicon wafer (size: 1 cm*1 cm, Summit Tech corp., (100)±0.5∘, 

P/boron). After that, the polymer film was annealed at 200 oC for 1 hour in nitrogen. 
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Atomic force microscopy(AFM) The AFM images of all synthesized polymers were 

taken by Bruker AFM instrument (AS-12VLR). Annealed polymer film for AFM 

analysis is the same as for GIWAXS analysis. 

 

Molecular orbital computation Molecular simulation was performed on Gaussian 

09W package. B3LYP/6-31G** method was employed for all calculations. Due to 

limited computational resource, only one repeat unit was calculated. 

 

Thermalgravimetric analysis (TGA). TGA experiment was performed by TA 

instrument (Q50).  Sample weight loss was measured by heating the sample at a rate 

of 10 oC/min from 25 oC to 600 oC. 

 

Differential scanning calorimetry (DSC). DSC experiment was performed by TA 

instrument (Q200). For oligothiophene-TPD based polymers, the following 

procedure was set: (1) equilibrate at 0 oC (2) isothermal for 5 min (3) heat from 0 oC~ 

300 oC with heating rate of 10 oC/min (4) isothermal for 5 min (5) cool from 300 

oC~0 oC with cooling rate of 10 oC/min (6) isothermal for 5 min (7) heat from 0 oC~ 

300 oC with heating rate of 10 oC/min. Only second heating round (step 7) profile was 

used to analyze the thermal property of the polymers. For oligothiophene-isoindigo 
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based poymers, the following procedure was set: (1) equilibrate at 200 oC (2) 

isothermal for 1 hour (3) equilibrate at 0 oC (4) isothermal for 5 min (5) heat from 0 

oC ~ 320 oC with heating rate of 10 oC/min for P3T(R8)I(Rb-16), P3T(R8)I(E), 

P4T(R8)I(Rb-16), and P4T(R8)I(E); heat from 0 oC~ 220 oC with heating rate of 10 

oC/min for P3T(E)I(E), and P4T(E)I(E). Only heating round (step 5) profiles were 

used to analyze the thermal properties of the polymers. 
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