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Abstract 
 

This research has been concerned a study on synthesis and analysis of semiconducting 

polymers for solar cells applications. This experimental work can be divided into two main 

parts, i.e. the synthesis of donor-acceptor graft copolymers for used as a compatibilzer and 

the synthesis of fullerene (C60) functionalized polymers for use as an electron acceptor in 

polymer solar cells. Type of grafted copolymers which were synthesized include 

poly(phenylene xylylene)-fullerene functionalized polystyrene (PPX-g-PSFu) and 

poly(phenylene xylylene)-fullerene functionalized poly(butyl acrylate) (PPX-g-PBAFu). 

These grafted copolymers were prepared via a multiple steps synthetic route. Firstly, 

polymer precursor was prepared by using Wessling route. Then the polymer precursor was 

modified with sodium dithiocarbamate to obtain a macroiniferter. After that, styrene and 

chloromethyl styrene were grafted onto the macroiniferter chain using an iniferter 

polymerization technique. Finally, C60 was functionalized onto the grafting chain via atom 

transfer radical addition (ATRA). In addition, C60 functionalized polystyrene (PSFu) and 

C60 functionalized dehydrochlorinated poly(vinyl chloride) (C60-g-DH-PVC) were prepared 

by using the ATRA technique. The prepared products were characterized by using 1H-

NMR, FTIR, UV/Vis, GPC, TGA, DSC and cyclic voltammetry. 
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From the results, it was found that by adding (20 pph) of PPX-g-PSFu, power conversion 

efficiency (PCE) of the P3HT/C60 cells were increased from 0.07×10-4% to 1.51×10-4% and 

0.0033% to 0.23% for a conventional and inverted cell configurations, respectively. 

Similarly, by adding (20 pph) of the PPX-g-PBAFu the PCE of an inverted P3HT/C60 cells 

increased from 0.0033% to 0.23%. However, after carrying out a thermal treatment to 

convert PPX-g-PSFu and PPX-g-PBAFu, to PPV-g-PSFu and PPV-g-PBAFu, PCE of the 

cells decreased.  

 

In addition, feasibility for using C60 functionalized DH-PVC as an electron acceptor in BHJ 

cells was explored. From the result, it was found that by adding the PSFu and C60 

functionalized DH-PVC, PCE of the cells increased from 0.015% to 0.15%, and 0.11%, 

respectively This result was discussed in light of HOMO, LUMO energy levels of the PSFu 

and C60 functionalized DH-PVC and the relative materials, implying the better transfer of 

electron and hole to the corresponding electrodes. 

 

Keywords: Grafted copolymer, Fullerene, Donor materials, Acceptor materials,  

 Power conversion efficiency 

 



iv 
 

หวัขอ้วทิยานิพนธ์ การสงัเคราะห์และวเิคราะห์พอลิเมอร์ก่ึงตวันาํสาํหรับนาํไปประยกุตใ์ชใ้นเซลล์

   แสงอาทิตย ์

หน่วยกิต  42 

ผูเ้ขียน   นางสาวนฤมล  สีพลไกร 

อาจารยท์ี่ปรึกษา  รศ. ดร.จตุพร  วฒิุกนกกาญจน ์

   ดร.ชญัชณา ธนชยานนท ์

หลกัสูตร  ปรัชญาดุษฎีบณัฑิต 

สาขาวชิา  เทคโนโลยวีสัดุ 

สายวชิา   เทคโนโลยวีสัดุ 

คณะ   พลงังานส่ิงแวดลอ้มและวสัดุ 

พ.ศ. 2555 

 

บทคดัย่อ 

 

งานวิจยัน้ีเก่ียวขอ้งกับการศึกษาปฏิกิริยาการสังเคราะห์และการวิเคราะห์พอลิเมอร์ก่ึงตวันําโดยแบ่ง

ออกเป็น 2 กลุ่มคือ กราฟตโ์คพอลิเมอร์ระหวา่งวสัดุตวัใหอิ้เล็กตรอนกบัวสัดุตวัรับอิเล็กตรอนเพื่อใชเ้ป็น

ตวัช่วยประสานในระบบเซลลแ์สงอาทิตยพ์อลิเมอร์และ ฟลูเลอรีนกราฟตพ์อลิเมอร์เพือ่ใชเ้ป็นวสัดุตวัรับ

อิเล็กตรอน โดยกราฟตโ์คพอลิเมอร์ท่ีทาํการสังเคราะห์ไดแ้ก่ พอลิฟีนิลลีนไซลิรีน กราฟตฟ์ลูเลอรีนพอ

ลิสไตรีน (PPX-g-PSFu) และ พอลิฟีนิลลีนไซลิรีน กราฟตฟ์ลูเลอรีนบิวทิลอะคริเลต (PPX-g-PBAFu) โค

พอลิเมอร์ ซ่ึงเตรียมโดยผ่านกระบวนการหลายขั้นตอนประกอบดว้ย การเตรียมพอลิเมอร์พรีเคอเซอร์ 

Wessling route จากนั้นทาํการดดัแปรโครงสร้างของพอลิเมอร์ดว้ยการเติมโซเดียมไดไธโอคาร์บาเมต

เพือ่ใหไ้ดแ้มคโครอินนิเฟอเตอร์ แลว้ทาํการกราฟตด์ว้ยมอนอเมอร์ไดแ้ก่ สไตรีนหรือบิวทิลอะคริเลตและ

คลอโรเมธิลสไตรีน จากนั้นจึงทาํการเติมหมู่ฟังกช์นัฟลูเลอรีนลงไปบนสายโซ่พอลิเมอร์โดยผา่นปฏิกิริยา

อะตอมทรานสเฟอเรดิคอลแอดดิชนั ในขณะท่ีฟลูเลอรีนกราฟตพ์อลิเมอร์ไดแ้ก่ ฟลูเลอรีนกราฟตพ์อ

ลิสไตรีน (PSFu) และฟลูเลอรีนกราฟตดี์ไฮโดรคลอริเนต พอลิไวนิลคลอไรด ์จะเตรียมไดจ้ากปฏิกิริยา

อะตอมทรานสเฟอแรดิคอลแอดดิชนั แลว้นาํผลิตภณัฑท่ี์ไดไ้ปวเิคราะห์ดว้ยเทคนิคต่างๆไดแ้ก่ 1H-NMR, 
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FTIR, UV/Vis, GPC, TGA, DSC เทคนิคและ cyclic voltammetry เพือ่หาค่าแถบพลงังานและชั้นพลงังาน 

HOMO, LUMO จากนั้นจึงนาํไปขึ้นรูปเป็นเซลลแ์สงอาทิตย ์

 

โดยจากผลการทดลองพบวา่เม่ือเติมกราฟตโ์คพอลิเมอร์ (20 ส่วนในร้อยส่วน) ชนิดพอลิฟีนิลลีนไซลีริน 

กราฟต์ฟลูเลอรีนพอลิสไตรีน (PPX-g-PSFu) ลงไปผสมกบัพอลิไธโอฟีน และฟลูเลอรีน (อตัราส่วน 

100/20 โดยนํ้ าหนกั) เพือ่ขึ้นรูปเป็นเซลลแ์สงอาทิตย ์ส่งผลใหป้ระสิทธิภาพของเซลล์อาทิตย ์เพิ่มขึ้น จาก 

0.07 × 10-4% เป็น 1.51 × 10-4% และ 0.0033% เป็น 0.23% สาํหรับเซลล์ระบบแบบปกติและเซลล์แบบ

ยอ้นกลับตามลาํดับ ในทาํนองเดียวกันเม่ือเติม PPX-g-PBAFu ลงไปพบว่าจะทาํให้ค่าประสิทธิภาพ 

เพิ่มขึ้นจาก 0.006% เป็น 0.03% (สาํหรับเซลล์แบบยอ้นกลบั) อยา่งไรก็ตามพบว่าเม่ือให้ความร้อนเพื่อ

เปล่ียนโครงสร้าง PPX-g-PSFu และ PPX-g-PBAFu ไปเป็น เป็น PPV-g-PSFu และ PPV-g-PBAFu 

ตามลาํดบั พบวา่ค่าประสิทธิภาพจะลดลง  

 

นอกจากนั้น จากการศึกษาผลของฟลูเลอรีนกราฟตส์ไตรีนและฟลูเลอรีนกราฟตดี์ไฮโดรคลอริเนตเตดพอ

ลิไวนิลคลอไรด์ในการทาํหน้าที่เป็นตัวรับอิเล็กตรอนในเซลล์แสงอาทิตย  ์(อัตราส่วน 100/20 โดย

นํ้ าหนัก) พบว่ามีผล ทาํให้ค่าประสิทธิภาพ ของเซลล์เพิ่มขึ้นจาก 0.015% เป็น 0.15% และ 0.11% 

ตามลาํดบั ซ่ึงสามารถอธิบายผลที่เกิดขึ้น ไดใ้นดา้นของค่าระดบัชั้นพลงังาน HOMO-LUMO ที่สัมพนัธ์

กบัค่าดงักล่าวของ P3HT และฟลูเลอรีน ซ่ึงช่วยใหเ้กิดการส่งผา่นอิเล็กตรอนและโฮลไปยงัขั้วอิเล็กโทรด

ไดดี้ขึ้น 

 

คาํสาํคญั: กราฟตโ์คพอลิเมอร์/ฟลูเลอรีน/วสัดุตวัใหอิ้เล็กตรอน/วสัดุตวัรับอิเล็กตรอน/ 

                ประสิทธิภาพการใหพ้ลงังาน 
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CHAPTER 1  INTRODUCTION 
 

 

1.1  Background 
A solar cell is a kind of an electronic device, capable of directly converting sunlight energy 

from photon into electricity by photovoltaic phenomenon. This phenomenon was 

discovered by Alexandre-Edmond in 1839 [1, 2]. Initially, the solar cells were produced 

from selenium and the power conversion efficiency (PCE) value of about 1% was obtained. 

After that, in 1950, Chapin, et. al, [2] developed solar cells from silicon by using p-n 

junction technology. In 1997, improvement in power conversion efficiency of the silicon 

based cells from 6% to 20% was achieved [2]. 

 

Silicon solar cells can be further classified into various types including single-crystal 

silicon, polycrystal silicon, and amorphous silicon thin film cells [3]. The single crystalline 

and polycrystalline silicon solar cells are relatively more rigid. On the other hand, the 

amorphous silicon films are slightly thinner. Typical thickness of the amorphous silicon 

films is about 0.5 micrometers. Power conversion efficiency (PCE) of the cells ranging 

between 5-10% have been reported [4]. Alternatively, semiconductor solar cells can also be 

made from other inorganic materials such as gallium arsenide (GaSe), cadmium telluride 

(CdTe), copper indium diselenide (CIGS) and indium phosphide, INP). In this regard, PCE 

of these solar cells ranging between 20-39% have been reported [5, 6], Even though, PCE 

of the above inorganic solar cells is considerably high, but difficulty and cost of the cell 

fabrication process are considered to be drawbacks of the technology, inhibiting a 

commercial use of the cells.  

 

In this regard, new generation solar cells such as organic photovoltaics (OPVs) and dye-

sensitized cells (DSSCs) deserve a consideration. OPVs were firstly developed in 1906 [7], 

using polymer and/or small molecules to absorb light and generate electron-hole pair 

(exciton). While DSSCs utilize organic dyes to absorb light and to generate electrons and 

holes. Examples of dyes are anthracene and natural substances such as chlorophyll. Until 

now, efficiency of OPVs and DSSCs are relative low as compared with that of based-
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silicon solar cells. In 2010, the highest report PCEs of 8.3% and 10.4% were claimed for 

OPVs and DSSCs, respectively (see also Figure 1.1) [7]. To further enhancing the power 

conversion PCE of these alternative solar cells, newer organic and hybrid semiconducting 

materials should be developed.  

 

 
Figure 1.1  The PCEs record of a variety of photovoltaic cells [8] 

 

OPVs are considered to be an economically viable source of renewable energy. Fabrication 

processes of the OPVs are relatively simple. This can be carried out, for example, by 

dissolving the semiconducting polymers in common solvents before coating on a substrate. 

The coating processes can be carried out by several techniques such as spin coating, dip 

coating and screen printing.  

 

Materials for OPVs include low molecular weight organic materials, and semiconducting 

polymers. Particularly, the semi-conducting polymers are the kind of conjugated molecules, 

containing alternating single bonds and double bonds in the backbone. Examples of the 

conjugated polymers include poly(acetylene), polypyrrole, polyaniline and polythiophene. 
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Polyacetylene was the first conjugated polymer discovered by Heeger, et al. in 1976 [9, 

10]. It has good electrical conductivity. However, the polymer is insoluble and so cannot be 

practically used in commercial. Other OPVs polymers such as poly(p-phenylene vinylene) 

(PPV), PPV derivative (i.e. MEH-PPV) and Poly(3-hexyl)thiophene (P3HT) are also of 

interested. These conjugated polymers have good photoluminescence (PL) and 

electroluminescence (EL) properties and are widely used as a chemical sensors [11], in 

light emitting diodes (LED) [12] and in solar cells [13].  

 

As mentioned above, until now, PCE of the polymer cells is still considerably low, as 

compared to those of the conventional inorganic solar cells. This could be attributed to 

many factors including photon loss [14] excitons loss [15-17] and carrier loss [18]. More 

details concerning some attempts and strategies for coping with the photon loss and carrier 

loss can be found elsewhere [6, 19, 20]. In this study, enhancing the PCE of polymer solar 

cells by coping with the exciton loss is of interest and is focused on.  

 

In this regard, one possible strategy for improving PCE of polymer solar cell is that by 

increasing interfacial between the donor and acceptor materials in the so called BHJ solar 

cells. Specifically, it was suggested that by inducing a formation of nanoscale phase 

separated morphology, an increase of exciton dissociation and improvement of cell 

efficiency can be expected [9, 21]. 

 

This could be achieved by adding block copolymer or graft copolymer, capable of acting as 

a dispersing agent, to the BHJ cells. It is known that confinement of block or graft 

copolymer joints at domain interface could reduce interfacial tension and suppresses 

coalescence, limiting domain sizes and improving morphological stability [21-23]. 

Beside, another important problem of BHJ cells is some aggregation of the electron 

acceptor material such as C60. This has been observed, particularly, when the amount of C60 

used to fabricating the solar cells was in excess of a certain limit [24, 25]. In this regard, 

chemical modification of C60 may improve the material solubility. For example, by using a 

derivative form of C60, phenyl-C61-butyric acid methyl ester (PCBM), the solubility of the 

material was improved and power conversion efficiency (PCE) of the related cells are 
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greatly enhanced. The material cost is, however, considerable. Nevertheless, it was believed 

that this improvement is attributed to a steric effect provided by the presence of alkyl side 

groups on the C60. In relation to this thesis work, we believed that a preparation of C60 

containing polymers for solar cell application is interesting and deserve an investigation. 

This is largely due to the fact that many polymeric materials are soluble in many common 

solvents (e.g. THF and toluene), making it an easy process for fabricating thin films of C60 

containing polymers. Collectively, the aforementioned properties of C60 combined with 

process-ability of polymer (via the synthesis of fullerenated polymers) can be readily 

exploited to make potentially advanced polymeric materials with enabling physic-chemical 

properties.  

 

Furthermore, the possibility exists to further improve on this process is by altering some 

features of the product by properly controlling the chemical structure and composition of 

the materials. To achieve the aforementioned challenging goals, the capability to synthesize 

fullerene grafted polymers and donor-acceptor copolymers with controlled molecular 

weight and molecular architectures and understanding on relationships between structure 

and properties of the materials are important. There are aspects of this thesis work. 

 

1.2  Literature reviews 

1.2.1  Synthesis of donor-acceptor copolymer and photovoltaic performance. 
Improvements in performance and PCE of some BHJ solar cells containing block 

copolymers have been reported. These include a work by Rajaram et al. [26] who studied 

the effects of adding a block copolymer on morphology and performance of solar cells 

based on P3HT/perylene diimide blend. It was found that PCE of the cells increased from 

0.37 % to 0.55 % after the addition of the copolymer. TEM images of the polymer blends 

also showed that phase separation was suppressed and smaller domain size was observed. It 

was also suggested that copolymer structure and processing conditions have yet to be 

optimized in order to further improve PCE. Tsuchiya et al. [27] also synthesized a diblock 

copolymer of poly(4-butyltripheneylamine)-b-polystyrene (PTPA-b-PS) and studied the 

effect of addition of the copolymer on morphology and PCE of the cells containing PTPA, 

PCBM and PTPA-b-PS. They found that PCE of the cell increased from 0.013% to 0.077% 
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after the addition of the copolymer. Similarly, Sivula et al. [28] studied effects of diblock 

copolymer on morphology and performance of P3HT/PCBM solar cells and found that 

long-term exposure to elevated temperatures drives the phase separation. It was also found 

that PCE of the BHJ cells decreased upon an increase of annealing time. However, by 

adding 17 wt.% of the diblock copolymer, morphology of the annealed cell was stabilized 

and its PCE was maintained.  

 

An alternative to diblock copolymers is donor-acceptor graft copolymer. Chan et al. [29] 

also synthesized the C60-containing block copolymer of P3HT (P3C60HT-b-P3HT) and 

studied the effect of addition of the block copolymer on morphology and PCE of the cells 

containing P3HT, C60 and P3C60HT-b-P3HT. They found that the interfacial tension 

between P3HT and C60 was reduced and PCE of the cell increased from 0.48% to 2.56% 

after the addition of the 20% of block copolymer. In addition, the triblock copolymer was 

also studied. Tsia et al. [30] synthesized the triblock copolymer of poly(4-

vinyltriphenylamine)-b-poly(3-hexylthiophene)-b-poly(4-vinyltriphenylamin) (PTPA-

P3HT-PTPA) and studied the effect of addition of the triblock copolymer as a surfactant on 

morphology and PCE of the cell containing PTPA, PCBM and a triblock copolymer. They 

found that, the sphere-like nanostructure was occurred after addition of the tiblock 

copolymer and led to the nanophase separation and increased the interfacial area for charge 

separation. The PCE of the cells was increased from 3.9 to 4.4% after the addition of the 

1.5% of the triblock copolymer. Chen et al. [31] prepared P3HT-g-PSFu copolymer using a 

multiple reaction mechanism, including a nitroxide mediated radical polymerization 

(NMRP) and atom transfer radical addition (ATRA) techniques. It was found that the 

presence of grafting chains did not affect the electronic state of the conducting polymer in 

solutions. The morphology of the graft copolymer precursor (P3HT-g-P(S-co-CSM) 

significantly changed from a bi-continuous morphology to a dispersed particle morphology 

after the reaction with C60. It was also suggested that relationships between the graft 

copolymer structure (graft length, graft density and morphology) and optoelectronic 

properties of the semiconducting copolymer should be explored. Unfortunately, 

photovoltaic performance of polymer solar cell containing the above graft copolymer has 

not been reported. Zhang el al. [22] synthesized the diblock copolymer from regioregular 
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poly(3-hexylthiophene) (rrP3HT) as the electron donor block and poly(perylene diimide 

acrylate) (PPDA) as the electron acceptor block (rrP3HT-block-PPDA) and fabricated the 

diblock copolymer to a solar cell. They found that, the diblock copolymer showed the 

efficient photoluminescence quenching in the solid state, indicating of charge separation, 

and were used to produce a solar cell with PCE of 0.49%. Gholamkhass el al. [32] 

synthesized a graft copolymer based on P3HT bearing side chains of poly(styrene-stat-

chloromethylstyrene), which a C60 or PCBM is covalently attached, and then studied on the 

photovoltaic properties and morphology of the graft copolymers. It was found that by 

increasing the grafting density the maximum absorption of P3HT was shifted toward 

shorter wavelength due to the high amount of C60 and PCBM. Moreover, morphology of 

the graft copolymer film showed the nanophase separation and bicontinuous phase feature 

size < 5 nm. Similarly, Marleen van der Veen et al. [33] synthesized DEH-PPV-b-PSFu 

copolymers using NMRP and ATRA techniques. In that study, the method used to 

introduce C60 into the polymer chains was improved by circumventing the formation of 

radicals through the utilization of azide intermediates. These results showed that the 

approach of rational design and controlled synthesis is a systematic method to explore the 

correlation between rod-coil diblock copolymers and the morphology of films. 

 

1.2.2  Synthesis of fullerene functionalized polymers  
Grafting of C60 onto polymer chains has been studied [33, 34]. For example, preparation of 

donor-acceptor copolymers containing the PSFu has been reported by, Marleen van der 

Veen et al. [33], Gholamkhass et al. [32] and Chen et al. [31]. However, from the above 

work, the optoelectronic properties and the optimization C60 functionalized polystyrene 

(PSFu) were not reported.  

 

In addition, Tang et al. [34] and Martinez et al. [35] synthesized C60 functionalized PVC 

through a direct chemical reaction between PVC and C60, using AIBN (2-2'-

Azoisobutyronitrile) as the initiator. In the latter case, some useful and enhanced properties 

of the modified PVC were observed. These included electron acceptor properties and 

thermal stability, as evidenced by cyclic voltammetry and thermal gravimetric analysis 

(TGA) techniques, respectively.  
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Alternatively, the functionalized of C60 onto PVC molecules using controlled radical 

reactions deserves consideration. With this technique, greater C60 content in the product can 

be expected, due to the fact that the reaction is essentially catalyzed by a transition metal 

complex. This reaction is also referred to as an ATRA technique. While the preparation of 

C60 functionalized PVC using ATRA has not been reported, the functionalized of different 

polymeric chains onto PVC molecules via atom transfer radical polymerization (ATRP) 

technique have been demonstrated. For example, Bicak et al. [36] prepared poly(butyl 

acrylate) and poly(ethyl hexylacrylate) grafted PVC’s by using ATRP. After carrying out 

the polymerization for 7.5 h, the reported grafting yields were 162 % and 52 %, 

respectively. Lui et al. [37] investigated the kinetics of ATRP used for preparing surface 

grafted PVC particles with hydroxyl acrylate monomers and found that the rate of graft 

copolymerization was of first order with respect to the reaction time. A grafting yield of 

190 % was also claimed after a 10 h reaction time. The grafting of styrene and acrylamide 

onto PVC chains via ATRP have also been demonstrated by Paik et al. [38] and Lui et al. 

[39] respectively. In the latter case, a first order rate of reaction was also reported.  

 

Further enhancement of the electron conductivity of the C60 functionalized PVC can be 

obtained by conjugating polyene segments along the PVC molecules prior to fullerenation. 

This can be achieved by carrying out dehydrochlorination to obtain partial 

dehydrochlorinated PVC (DH-PVC). Maruthamuthu et al. [40] reported that the electrical 

conductivity of a PVC derivative, modified via dehydrochlorination is notably greater than 

that of normal PVC. Ghaemy et al. [41] prepared DH-PVC using sodium buthoxide and/or 

piperidine as catalysts. The degree of dehydrochlorination obtained was 50 % and 20 %, 

respectively. After, styrene was grafted onto the DH-PVC chains using benzoyl peroxide 

and/or AIBN initiators. The grafting of poly(butyl methacrylate) onto DH-PVC molecules 

using ATRP has also been reported by Coşkun et al. [42]. 

 

From the above literature, it can be seen that PCE of the BHJ solar cells could be improved 

by adding the block or graft copolymer as a dispersing agent. As a result, the interfacial 

area increased. Furthermore, chemical modification of polymers by grafting with C60 is 
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possible and some interesting photo-electronic properties were observed. However, the 

relationships between structure and properties of the C60 functionalized polymers and the 

donor-acceptor copolymers have to be further studied. 

 

1.3  Research problems 
Although polymer solar cells have several advantages including flexibility, cheap 

processing techniques and light weight, but PCE of the polymer solar cells are still low and 

have to be further improved. Low PCE of the BHJ cells attributed to many factors including 

photon loss, an exciton loss, and a carrier loss. In this research, the reduction of exciton 

recombination was focused. This would be achieved by using a donor-acceptor graft 

copolymer as a dispersing agent. However, the relationship between chemical structure of 

the copolymer and compatibilizing efficacy of the material is still unclear and deserve a 

further investigation. 

 

In addition, the reduction of fullerene aggregation has to be improved. By attachment of 

fullerene onto polymer chain, reducing of fullerene aggregation can be expected. However, 

the optimum content and suitable structure of the polymer are still ambiguous and have yet 

to be clarified. These are the aspects of this work. 

 

1.4  The concept of this thesis work 
From the above problems, this research attempts to synthesize two different type of graft 

copolymers, which are poly(phenylene xylylene)-fullerene grafted polystyrene copolymer 

(PPX-g-PSFu) (Figure 1.2 a) and poly(phenylene xylylene) fullerene grafted poly(butyl 

acrylate) copolymer (PPX-g-PBAFu) (Figure 1.2 b), using a proposed multiple steps 

synthetic route (Figure 1.3). After that, feasibility of using the above synthesized 

copolymers as dispersing agents for BHJ cells based on P3HT/C60 was explored. 
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Figure 1.2  Chemical structure of (a) PPX-g-PSFu and (b) PPX-g-PBAFu copolymers 
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Figure 1.3  Synthetic route for preparing the PPX-g-PSFu copolymer 
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In addition, new electron acceptor materials based on C60 functionalized polymers were 

synthesized. These include C60 functionalized polystyrene (PSFu) (Figure 1.4) and C60 

functionalized DH-PVC copolymers (Figure 1.5). Noteworthy, in the case of C60 

functionalized DH-PVC, the conjugated polyene in DH-PVC chains exist and improvement 

of the electron conductivity and relevant solar cell efficiency might be expected. In this 

case, grafting of C60 onto the polymer chains was carried out via ATRA technique. 

 

CH2 CH CH2 CH

H2C

x y

 
 

Figure 1.4  Chemical structure of PSFu 
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Cl Cl

 
 

Figure 1.5  Chemical structure of C60  functionalized DH-PVC 

 

1.5  Objectives 
1.5.1 To synthesize of PPX-g-PSFu and PPX-g-PBAFu copolymer. 

1.5.2  To characterize and study the relationships between chemical structure and 

 dispersing agent efficacy of the above copolymers. 

1.5.3  To synthesize C60 functionalized DH-PVC. 

1.5.4  To explore a feasibility of using the C60 functionalized polymers as an electron 

 acceptor in BHJ cells. 
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1.6  Scopes of work 
1.6.1  Poly(phenylene vinylene)-fullerene functionalized polystyrene (PPV-g-PSFu) 

copolymers were prepared via a thermal treatment of PPX-g-PSFu precursor. This 

precursor was, in turn, prepared via a multiple synthetic route as was described in 

Chapter 3. 

1.6.2  The above copolymers with a variety of architecture (grafting chain length and 

composition) were prepared by varying styrene to chloromethyl styrene (CMS) ratio 

and monomer to macroiniferter weight ratio. 

1.6.3  Poly(phenylene vinylene)-fullerene functionalized poly(butyl acrylate) (PPV-g-

PBAFu) copolymer was also prepared via the similar mechanisms, excepting that 

butyl acrylate was used as a replacement of styrene monomer. 

1.6.4  Feasibility for using the above copolymers as a dispersing agent in BHJ were 

explored, using two different cell systems, i.e., 

  • Glass/ITO/PEDOT:PSS/P3HT+copolymer+C60/Al 

  • Glass/ITO/TiO2/P3HT+copolymer+C60/Au 

1.6.5  Two types of fullerene functionalized polymers were designed, prepared and 

 characterized in this study, i.e., PSFu and fullerene functionalized DH-PVC. 

1.6.6  The fullerene functionalized polymers DH-PVC with a variety of C60 contents, were 

prepared via ATRA technique and their structure were controlled by adjusting the 

amount of fullerene feed. 

1.6.7  Morphology of the BHJ films was examined by AFM technique. 

1.6.8 Feasibility for using the above fullerene functionalized DH-PVC as an electron 

 acceptor material in BHJ solar cells were explored, using 

 Glass/ITO/TiO2/P3HT+copolymer+C60/Au cell configuration. 

 

 



 
 

CHAPTER 2  THEORITICAL BACKGROUND 
 

 

2.1  Introduction to polymer solar cells 
The finding of the literature reviews [43-46] reveal that energy demand will be increased up 

to 70% during A.D. 2000 to 2030, while fossil fuel, the main energy source are expensive 

and running out. It is expected that fossil fuel will be running out in 40 years from now on, 

while coal and natural gas will be running out in 200 and 60 years ahead respectively [43]. 

Furthermore, the use of fossil fuel also contributes to an increase of the carbon dioxide in 

the atmosphere, which is the main factor contributing to global warming [43, 44]. Hence, 

developments of renewable energy and environmentally friendly are required. One of the 

most interesting renewable energy is photovoltaic (PV) cell, which is capable of directly 

converting sunlight into electricity. Currently, silicon is used to make solar cells and the 

PCE of 25% has been claimed [44], However, the silicon solar cell is of high production 

cost. Alternative materials for solar cells are organic materials including conjugated 

polymers. Basically, an organic solar cell consists of electron donor (p-type) and electron 

acceptor (n-type) sandwiched between two electrodes. These two electrodes should have 

different work function and one of which should be transparent. Electron-hole pairs 

(excitons) are generated due to the absorption of light from the electron donor. The exciton 

is transferred to an interface between donor-acceptor phases and splited into free electrons 

and holes. Then, the free charges transfer to the electrode and generate electricity. 

 

Advantages of organic solar cells include its inexpensive fabrication cost, flexibility of the 

materials, good mechanical properties and capability of controlling properties by tailoring 

made of the chemical structure through synthesis. Current PCE of organic solar cells 

around 4-8% has been reported [7, 44-48]. However, further developments of organic solar 

cells toward a greater efficiency and stability are still required. 
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2.2  Physics of organic semiconductors 
The energy band of conductor, semiconductor and insulator 

In general, materials can be classified into 3 types on the basis of their electrical 

conductivity. These include an insulator (resistivity higher than 106 Ω.cm), semiconductor 

(resistivity 106–10-4 Ω.cm) and conductor (resistivity higher than 10-4 Ω.cm) [49]. The 

conductivity of the material depends on the number of charge carrier and the mobility of 

the carrier, which influenced by an electric field. Particularly, under the electric field, 

conductivity of the material depends on the number rather than mobility of the carriers.  
Electrical conductivity of the materials can be related to band gap energy (Eg), which is the 

difference in energy levels of the valence band and the conduction band (Figure 2.1). In 

other words, band gap energy (Eg) is the minimum energy required to excite the electron 

from valence band (VB) to the conduction band (CB).  

 

 
 

Figure 2.1  Semiconducting band structure [50] 

 

Normally, insulating materials are of very high band gap energy. Consequently, external 

energy from either thermal energy or photo energy is insufficiently high to excite the 

electron from VB to the CB. However, many semiconducting polymers have band gap 

energy values lower than those of the insulating materials (about 10 times). Therefore, 

electron can possibly be excited from the VB to the CB. In case of conducting materials, 

there is no band gap energy because of an overlapping between the VB and the CB. 
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Consequently, electron can be easily transferred from VB to CB. The energy band gap of 

insulator, semiconducting and conducting materials is showed in Figure 2.2. 

. 

 

 

Figure 2.2  Band gap energy of insulator, semiconducting and conducting materials [51] 

 

Once the electron has been transferred to the CB, free hole at VB exist and electron can 

move to replace the existing hole. In other words, the carrier is composed of electrons and 

holes and the number of electrons in CB is equal to that of holes in the VB. 

 

2.3  Conjugated polymers 
As mention above, many conjugated polymers can be classified to semiconducting 

polymer, with the conductivity lie between those of the insulator and conductor. In this 

regard, conductivity of the semiconducting polymer depends on bond and orbitals, HOMO, 

LUMO energy level and charge carrier transport in organic solid.  

 

2.3.1  Bonds and orbitals in the conjugated polymers 
By definition, polymers are large molecules that composed of the long chain of repeating 

unit made from polymerization of monomers. The monomer is mainly composed of carbon 

and hydrogen atoms, some of which may also contain hetero atoms (oxygen, sulfur or 

nitrogen). Conjugated polymer structure contains alternating single and double carbon-

carbon bonds. The single bonds are sigma bonds (σ-bond) and the double bonds composed 
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of both sigma bond (σ-bond) and pi bond (π-bond). In order to describe the σ bonds and π 

bonds, hybridization of two carbon atoms deserves a consideration (Figure 2.3).  

 

Basically, there are many types of electron orbital, including s orbital and px, py and pz 

orbitals. The valence electron of carbon atoms in s and p orbitals were combined to form 

sp2 hybridization orbital, which consist of 2 electrons in s orbital (2s) and 2 electrons in p 

orbital (2px and 2py orbital). The sp2 hybridized are symmetrical symmetry in a horizontal 

plane and left the 2pz orbital. For organic molecules, a σ-bond is a covalent bond, resulting 

from the formation of molecular orbital by end-to-end overlapping of two sp2 orbitals. The 

π-bond is a covalent bond, resulting from the molecular orbital by side-to-side overlapping 

of 2pz orbital.  

 

 
Figure 2.3  sp2 hybridization and the valence electron of two carbon atoms, leading to 

 molecular σ-bonding and π-bonding [52] 

 

2.3.2  HOMO/LUMO of semiconducting polymers 
As a result of sp2 hybridization, the carbon atom resulted in a larger energy difference 

between the highest occupied molecular orbitals (HOMO) and lowest unoccupied 

molecular orbitals (LUMO) exist. However, the π-bonds resulted from pz orbital 

hybridization (degenerated as π−π*) contributes to a smaller energy gap between the 

HOMO and LUMO. These two factors lead to semiconductor properties of the materials. 

Organic semiconductors can be either oligomers such as anthracene, rubrene and pentacene 
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or long chain polymers such as poly(p-phenylene vinylene) (PPV) and poly(3-

hexylthiophene) (P3HT). Examples of common conjugated polymers were shown in  

Table 2.1 the conjugation structure of single and double bonds provides intrinsic 

conductivity of the materials. However, conductivity of the conjugated polymers is lower 

than those of metals because of some disorder of the polymer structure.  

 

Table 2.1  Examples of conjugated conducting polymers [53] 

 

Polymer 

 (discovered year) 
Chemical Structures 

Band gap 

(eV) 

Conductivity 

(S/cm) 

Polyacetylene (1977) 
n

 

1.5 103 - 1.7x105 

Polypyrrole (1979) 
N
H

n  

3.1 102 - 7.5x103 

Polythiophene 

(1981) 

S

n  

2.0 10 - 103 

Poly(paraphenylene) 

(1979) n  

3.0 102 - 103 

Poly(p-phenylene 

vinylene) (1979) n  

2.5 3 - 5×103 

Polyaniline 

(1980) 
N N N

H

N

H

x 1-x

 

3.2 30 - 200 

 

 

Figure 2.4 shows molecular orbitals of benzene oligomer and PPV. Both of benzene and 

PPV are degenerated as  π−π∗, the PPV has a larger of valence band and conduction bands 

than that of benzene oligomer. This is resulted from the continuous overlapping of p orbital 

in the conjugated polymer, and leading to the more electron delocalization along to the 

polymer chain. 
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.  ..  

                                   (a)                                                                       (b) 

 

Figure 2.4  Molecular orbitals of (a) benzene oligomer and (b) PPV conjugated polymer [50] 

 

2.3.3  Charge transport in organic solids 
The weakly overlapping of molecular orbital in organic semiconductor results in a slight 

increase of the bands formation with a width (W) (Figure 2.5 a). If the LUMO of the 

molecule is occupied by an electron, the electron interacts strongly with the adjacent 

electronic, then the system could relax energetically by polarization energy (Epol). An 

overlapping of molecular orbital could be localized or polaronic states and the formation of 

a polaron band might occur (Figure 2.5 b). The influences of the holes, occupying of 

HOMO of the molecule can be described similarly. 
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Figure 2.5 The overlapping of molecular orbitals (a) the band formation and (b) the 

 localized charge carrier due to the polarization lead to polaron formation [52] 

 

2.4  Doping 
Electron conductivity of conjugated polymers can be improved by various doping 

techniques such as chemical doping, electrochemical doping, photo doping and charge 

injection doping [49]. By varying the charge carriers in the electric filed, electrons in 

valence band and the conduction band charged. Doping process in polymer materials is 

different from that of inorganic materials. Polymer doping normally occurs via oxidation 

and reduction processes. The increase of charge carriers by partial oxidation with electron 

acceptor (e.g. I2) is called p-doping, whereas the partial reduction with electron donor (e.g. 

Na, K) is called n-doping. Through the doping process, charge defects (e.g. exciton, 

polaron, bipolaron and soliton) are introduced. This is increase charge carriers mobility.  

 

Doping process could be carried out by either taking the electron from the valence band or 

adding the electron to the conduction band. By adding the electron to the conduction band, 

the electron will be partially filled and a radical anion is created. This is called negative 

polaron (n-doping). Removal of the electron from the top of the valence band creates cation 

and this is called positive polaron (p-doping). A polaron carries both spin and charge. The 

addition or removal of a second electron on a chain, results in the formation of a bipolaron 
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(spinless). The dimerizations of two polaron are lower than the total energy. Mechanisms of 

p and n doping were shown in Figure 2.6.  

 

 
Figure 2.6 The mechanism of p and n type doping, (a) p-doping: Initial transfer of an 

 electron from a matrix MA to a p-dopant Do, (b) Formation of an intermediate 

 local charge transfer (CT) state [MA
+Do

-], (c) n-doping: Initial charge transfer 

 of an electron from n-dopant Do to a matrix molecule MA, (d) Formation of 

 an intermediate local charge transfer (CT) state [MA
-Do

+] [52] 

. 

Figure 2.7 shows a formation of negative polaron and bipolaron of trans-polyacetylene. 

Next, energy of the bipolarons can be further reduced by dissociating into two spinless 

solitons at one-half of the gap energy. The amount of polarons, bipolarons, and/or solitons 

increased with the doping level. At the high doping levels, the polarons and bipolarons or 

solitons are localized near the dopant ions and are overlapping. Then, the new energy band 

was created.  
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Figure 2.7 Schematic description of the formation of polaron, bipolaron, and soliton pair

 on a trans-polyacetylene chain by doping [53] 

 

Another charge defect is exciton. It is an electron-hole pair which is attracted to each other 

by the electrostatic coulomb force. An exciton can be obtained by photon absorption. 

(Figure 2.8). The energy of the exciton is between the HOMO and LUMO energy levels. 

Besides, half-life of the exciton is considerably short (about 10-10 s [14]) and so the 

electron-hole pair in the exciton tends to recombine rapidly.  

 

 

Figure 2.8  The formation of exciton in semiconducting polymer [54] 
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2.4.1  Chemical doping 
Most conjugated polymers can be doped by chemical dopants. This can be carried out by 

either oxidation or reduction, using electron acceptor and electron donor, respectively. 

Example of chemical doping of trans-polyacetylene with an oxidizing agent such as I2 (p-

doping) was shown in Equation 2.1. The conductivity of the polymer increased from 10-5 to 

102 Scm-1 [12].  

                  trans-(CH)x +3/2xyI2 [CH+Y(I3)y
-]x (2.1)

 

 

In addition, trans-polyacetylene can also be doped with an electron donor via a reduction 

process (n-type doping) using a reducing agent such as Na(C10H8) (Equation 2.2). 

 

trans-(CH)x + [Na+(C10H8)-     ] [(Na+)y(CH)-y]x (2.2)+  C10H8  
 

However, in some cases, the use of p and n-type dopants could be compensated as shown in 

Figure 2.9. The electrical conductivity of a Na-doped polyacetylene film was decreased 

upon further doping with I2. This is attributed to the presence of remaining Na+ ions in 

polymer film. Until the p-n dopant was fully compensated, then the conductivity will be 

increased again. Notably, the minimum conductivity of the doped film was higher than that 

of the pristine polyacetylene film due to compensation process. This compensation process 

demonstrates the feasibility of reversibly changing electrical properties of conjugated 

polymers.  
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Figure 2.9 Electrical conductivity ratio of an Na-doped polyacetylene as a function of 

 time for exposure to I2 [53] 

 

2.4.2  Electrochemical doping 

Electrochemical doping can acts as an electron source or an electron sink. It other words, 

the doping may proceeds via either p-doping or n-doping. Experimentally, the doping 

reaction (Equation 2.3) was commenced by applying a DC power source to electrodes. The 

polymer film was then immersed into an electrolyte solution, such as LiClO4 in propylene 

carbonate [55]. 

trans-(CH)x + (xy)(ClO4)- [(CH+y)(ClO4)y
-]x (2.3)+  (xy)e- (y    0.1)  

 

By comparing with the chemical doping, the electrochemical doping has several advantages 

such as a precise control of the doping level, a highly reversible of doping-undoping 

without a removal of chemical product. Lastly, both of p and n doping could be obtained 

from the dopant species. However, some disadvantages also exist, i.e., the incorporation of 

counter ions may cause distortion structure which affect conductivity. In order to avoid the 

use of counter ions, photo doping and charge injection doping method might be considered. 
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2.4.3  Photo doping 
Similarly to other doping processes, when conjugated polymers absorb photon, electron 

from the valence band can be excited into the conduction band. Appropriate potential 

during the irradiation could separate the electron and hole, resulted in the photoconductivity 

as shown in Equation 2.4. 

trans-(CH)x
h

(2.4)  
 

2.4.4  Charge injection doping 
Charge injection doping is carried out by applying an appropriate potential to the 

conjugated polymer. In similar to photo doping, charge injection doping does not generate 

counter ions. Distortion of the material structure was also minimized [54]. In addition, other 

doping processes such as non-redox doping and secondary doping were developed. The 

non-redox doping rearranges the energy levels of the polymer whereas the secondary 

doping changes the conformation of the polymer from a compact coil to an expanded coil. 
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2.5  Fundamental of polymer solar cells 
Polymer solar cells consist of two main components i.e., photoactive layers and electrode. 

The photoactive layers generate exciton. To promote the exciton dissociation, the use of 

two electrodes with different work function was recommended.  

 

2.5.1  Principle processes in organic solar cells 
The principle for polymer solar cells operation Include, firstly, the donor polymer absorbs 

photon and generates exciton. After that, then the excitons have to diffuse into electrodes 

before splitting into electron and hole. Finally, the free charges are corrected at the 

corresponding electrodes.  

Mechanism of photovoltaic solar cells for generation electrical energy can be divided into 4 

steps, include [14, 56]; 

2.5.1.1 Photon absorption and exciton generation 

2.5.1.2 Exciton diffusion  

2.5.1.3 Exciton dissociation 

2.5.1.4 Carriers collection 

 

2.5.1.1  Photon absorption and exciton generation 

To maximize the conversion of solar light into electrical energy, the active layer should be 

capable of absorbing the photon with a suitable emission spectrum range. In general, the 

solar spectra have the highest photon flux at the wavelength of about 600-1000 nm (Figure 

2.10) [57, 58].This corresponds to the energy ranging between 1.5 and 2.0 eV. Good 

materials for photovoltaic cells should also be capable of absorbing the sunlight in the 

visible range (400-700 nm) as much as possible, [20]. In general, most semiconducting 

polymers are capable of partially absorbing some of the photon energy. This is due to the 

large band gap energy values of the materials (more than 2 eV, or 600 nm). Examples of 

band gap energy values for PPV, MEH-PPV and P3HT are 2.3 eV, 2.2 eV, and 1.9 eV, 

respectively [56]. These corresponded to the photon absorption efficiency about 30%, 

which is less than that of the inorganic materials such as Si (1.1 eV). The loss of capability 

for harvesting photon of the semiconducting polymer is called “photon loss”. Relationships 

between photon harvested and current density and photon wavelength were shown in Table 
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2.2. To improve the photon harvest, thickness of semiconductor should be increased. 

However, this would also affect the charge transport. To minimize the photon loss, many 

low band gap polymers have been developed such as poly(2,5-thienylene vinylene) 

(PTV),poly(2,5-dioctyloxy-1,4-phenylene-vinylene)-(DOO-PPV) [20, 37-38]. 

 

 
 

Figure 2.10  (a) Photon flux and (b) integrated current density from the sun [20] 
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Table 2.2 The maximum photon harvested and current density voltage at the various 

 wavelength [20] 

 

Wavelength Max. % harvested 

(280 nm→) 

Current density 

(mA cm-2) 

500 8.0 5.1 

600 17.3 11.1 

650 22.4 14.3 

700 27.6 17.6 

750 35.6 20.8 

800 37.3 23.8 

900 46.7 29.8 

1000 53.0 33.9 

1250 68.7 43.9 

1500 75.0 47.9 

 

2.5.1.2  Exciton diffusion  

After the exciton was generated, it has to be  transferred to electrode During this, however, 

the short life time of the exciton (300-500 ps) [59] mays lead to an exciton recombination. 

This phenomenon is known as the exciton loss. The exciton life time is also related to the 

diffusion length, which is a distance that the exciton can diffuse before a recombination 

occurs. For semiconducting polymers, the diffusion length of exciton is about 10 nm [60]. 

This is generally shorter than the recommended active layer (100 nm) [21]. In order to 

decrease the exciton loss, the diffusion length should be decreased. This can be achieved by 

introducing an electron acceptor phase into the active layer. 

 

2.5.1.3  Exciton dissociation 

After circuit connection, the dissociation of exciton could occur. In this regard, choices of 

the electrodes are very important. Firstly, the two electrodes should have different work 

function, in order to create a built-in potential from the current junction to outward. Figure 

2.11 shows the work function of electrodes before and after applying a built-in potential. 
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After electrode connection (right), the band bending occurred and the electron was 

transferred to the low work function (E+), whereas hole was transferred to the high work 

function (E-). If the difference in work function of the two electrodes was sufficiently high, 

the open circuit voltage of the polymer solar cells could be increased. 

 

 
 

Figure 2.11 Work function of different electrodes before and after creating a built-in 

 potential in the homojunction (• represents electron, ο represent hole ) [61] 

 

Materials for use in the positive electrode should be capable of accepting hole and have a 

high work function (E-). These include Au and ITO. On the other hand, the materials to be 

used as the negative electrode should have low work function (E+) such as Al, Ca. 

 

2.5.1.4  Carriers diffusion and collection 

After exciton dissociation, charge carrier (electron and hole) will be transferred to their 

corresponding electrodes. The movement of charge carrier in electric field is drifted, then 

the charge carrier will diffused to the corresponding electrodes. During this process, some 

carriers were trapped by the defects in the active layer. This phenomenon is called “carrier 

loss”. To minimize the carrier loss, morphology of the active layer had to be controlled. 

This brought about the concept of BHJ junction cell which was (described in section 2.5.3). 
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2.5.2  Junction structures 
Difference structures of the polymer solar cells have been developed. These include 

homojunction, heterojunction and BHJ structures. 

 

Homojunction 

The homojuction consists of two electrodes with different work function, connected to 

external circuit (Figure 2.12). A limitation of the homojunction is that the mobility of hole 

is better than that of the electron.  This leads to the carrier loss, due to a recombination of 

exciton [9]. 

 

Figure 2.12  Homojunction of single layer of organic solar cells [9] 

 

Heterojunction 

Heterojunction solar cell was developed to enhance the exciton dissociation. This is 

obtained by using both the electron donor and electron acceptor layers. In this regard, it is 

important to ensure that electron affinity of the electron acceptor (EAA) is higher than the 

ionization potential of the electron donor (IPD). 

 

After the exciton was created, it would be diffused to the donor/acceptor interface before 

dissociated to electron and hole. The electron at the LUMO of the donor, was transferred to 

LUMO of acceptor and to the negative electrode (Figure 2.13), eventually. 
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Figure 2.13  Heterojuction of the layer of organic solar cells [62] 

 

2.5.3  Bulk heterojunction cells 
Due to the short lifetime, low mobility and diffusion length of the exciton are limits (about 

10 nm). However in the case of bilayer solar cells (Figure 2.14 a), on the other hand, the 

high absorption coefficient and maximum light absorption required minimum thickness of 

100 nm [21]. In this regard, charge separation could be further improved by blending 

electron donor and electron acceptor together. This is called bulk heterojunction (BHJ) 

morphology (Figure 2.14 b). As a result, an interpenetrating network is formed. This 

consists of donor and acceptor rich domains with high interfacial area for promoting 

exciton dissociation and facilitating charge transport to the electrodes [63, 64].  

 
 

Figure 2.14  (a) Bilayer heterojunction and (b) bulk heterojunction [62] 
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In case of the heterojunction, the Femi energy levels of the two electrodes before contact 

with an active layer are different. This is due to the built-in potential of the electrode. After 

circuit connection, the band bending occurs. Consequently, the Fermi energy level and the 

work function of the electrodes are equal. Figure 2.15 shows the energy band diagrams of 

donor/acceptor devices with the different electrode before and after contact. It can be seen 

that the Fermi levels (dashed lines) and work function are equalized and band bending 

occurs.  

 

 
 

                   
 

Figure 2.15  Energy band diagrams of D/A devices with the electrode interfaces (a) before 

 contact, (b) after contact with ITO and Al electrode and (c) after contact 

 with Au and Ca electrode [61] 

 

2.6  Synthesis of conjugated polymers for solar cells applications 
From literature reviews, it seems that the suitable conjugated polymers for solar cells 

applications include poly(p-phenylene vinylene) (PPV), polythiophene, and their derivative 

[12]. In relation to this thesis work, types of donor-acceptor copolymers to be synthesized 

and explored should also contain the above repeating units as a donor block. In this section, 
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important mechanisms for preparing donor-acceptor copolymer were highlighted. These 

include the Wessling route, atom transfer radical polymerization (ATRP) and nitroxide 

mediated polymerization mechanisms. 

 

2.6.1  Wessling route  
Poly(p-phenylene vinylene) is a kind of conjugated polymers exhibiting photoluminescence 

and electroluminescence. The polymer can be prepared by several synthetic routes 

including the step growth polymerization [12], Wessling route [12] and Glich route [28]. 

The step growth polymerization yields an insoluble and a low molecular weight PPV. 

Synthesis of PPV via the Wessling route involves a polymerization of monomer with 

sodium hydroxide catalyst, followed by a thermal treatment step to obtain the PPV (Figure 

2.16). Although a final product from Wessling route is insoluble but an introduction of side 

groups onto the phenyl ring can lead to a formation of soluble polymer such as MEH-PPV. 

 

S

S
Cl

Cl (a) NaOH, MeOH/H2O, 
      0 oC, 1h

(b) HCl
(c) dialysis (H2O)

S Cl
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      -HCl, 2h

nn

 

Figure 2.16  Preparation of Poly(p-phenylene vinylene) (PPV) by Wessling method [53] 

 

Another method for preparing PPV is the Gilch route [65]. This was carried out by 

polymerization of dichloro-p-xylene with potassium tert-butoxide in an organic solvent 

(Figure 2.17). The Gilch route has also been used to synthesize soluble PPV derivative such 

MEH-PPV (Figure 2.18). By comparing with Wessling route, the Gilch route is easier and a 

wider range of substituted PPV derivative could be prepared. 

 



33 
 

OH

HO

ROTs
DMF, K2CO3

OH

HO

HCl, HClO

OR

RO

Cl

Cl

S

OR

RO

S

S
Cl

Cl
OR

RO

S
Cl

NaOH
H2O n

1-m

2-m 3-m 4-1, 4-2

OR

RO
EOm-PPV

KOtBu

THF

R = (CH2CH2O)mCH3   m = 1, 2, 3n

 

Figure 2.17  Preparation of Poly(p-phenylene vinylene) (PPV) by Gilch route method [65] 
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Figure 2.18  Preparation of MEH-PPV by Gilch route method [57] 
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2.6.2  Block and graft copolymerizations 
In general, block or graft copolymerization resulted in a polymer with phase separated 

morphology. The two (or more) phases usually exhibit different properties such as 

hydrophobic/hydrophilic, soft/hard, semiconducting/insulator [58]. Phase separation of the 

block and/or graft copolymer are generally finer than that of the corresponding polymer 

blends, owing to the presence of a covalent bond connecting the two blocks together. One 

important factor driving the phase separation is an aggregation of rigid segments, leading to 

crystalline domains. In fact, this factor is considered to be the basis for development of 

many thermoplastic elastomers [59]. In this regard, the separation process and properties of 

the copolymer depends on composition and chain length of the polymer. 

 

In relation to the synthesis of block and graft copolymers, the so called control radical 

polymerization is worth utilizing. This is due to the fact that the synthetic method is simple 

and a well define polymer structure can be obtained. Examples of control radical 

polymerization include atom transfer radical polymerization (ATRP) and nitroxide-

mediated radical polymerization (NMRP). 

 

Atom transfer radical polymerization (ATRP) 

ATRP method is a kind of control radical polymerization, involving the use of transition 

metal to react with vinyl monomers. The reaction is controlled via atom transfer 

equilibrium (Figure 2.19). The metal complex Mtm/Ln cleaves R-X bond in an initiator 

molecule, where X represent halogen atoms (such as Br, Cl). The above bond cleavage is, 

however, reversible. After that, the halogen atom in R-X will be transferred to the metal 

complex (X-Mt
m+1/Ln) and polymer radical (R•) was formed. Then, more monomer (M) 

reacted with the growing chains and the polymerization continue. Concurrently, a 

deactivation process also occurs, giving raise to the formation of R-X species. Notably, one 

disadvantage of the ATRP method is the presence of metal catalyst residue in the product 

and that has to be removed. Example of block copolymers which were synthesized via the 

ATRP mechanism include poly(3-alkylthiophenes) polystyrene copolymer (PAT-b-PS) and 

poly(3-alkylthiophenes) polymethyl methacrylate (PAT-b-PMMA) (Figure 2.20). 
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Figure 2.19  Atom transfer radical polymerization (ATRP) mechanism [66] 
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Figure 2.20  Synthesis of PAT-b-PMMA and PAT-b-PS block copolymer via ATRP [66] 
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Nitroxide-mediated radical polymerization (NMRP) 

NMRP is another kind of controlled radical polymerization, utilizing nitroxide inert radicals 

as a capping agent. Types of the capping agents include tetremetylpiperidinoxyl (TEMPO) 

(Figure 2.21 a) and 2, 2, 5-trimethyl-4-phenyl-3-azahexane-3-nitroxide (TIPNO) (Figure 

2.21 b) [66]. 

 

N
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(a)                                   (b) 

 

Figure 2.21  Chemical structures of (a) TEMPO and (b) TIPNO [67] 

 

Fundamentally, NMRP was initiated via the interaction of bicomponent including thermal 

initiator such as 2,2-azobisisobutyronitrile (AIBN) or benzoyl peroxide (BPO) and a stable 

nitroxide based free radical such as TEMPO. After that, dormant specie (alkoxyamine) 

reversibly dissociated and into polymer radical chains (P•) and nitroxide inert radicals. 

Then, more monomers (M) reacted with the propagating chains and the polymerization 

continued (Figure 2.22). 
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Figure 2.22  Nitroxide-mediated radical polymerization (NMRP) mechanism [68] 
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Example of block copolymers prepared by using TIPNO was shown in Figure 2.23. In this 

case, the macroinitiator (EPPP-TIPNO) was firstly prepared and then styrene monomer was 

added to obtain EPPP-b-PS copolymer [69]. 
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Figure 2.23  Synthesis of EPPP-b-PS copolymer by using TIPNO [69] 
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2.7  Photovoltaic characterization 
In general, PCE of a solar cell can be evaluated by considering a typical J-V curve (Figure 

2.24). As from this, important parameters are obtained, including a short circuit current 

density (Jsc), an open circuit voltage (Voc), and a fill factor. From these parameters, PCE of 

the solar cell can be determined, using an equation 2.7. 

 

 
 

Figure 2.24  J-V characteristics of an ideal diode solar cell in the dark and illuminated  

 

Short-circuit current (Jsc) 

By definition, short-circuit current (Jsc) refers to the current which flows through the 

external circuit in the absence of voltage (V=0). The Jsc value depends on the photon 

absorption of the active layer and represents the maximum photocurrent that could be 

obtained from a solar cell.  

 

Maximum power point (Pm)  

Maximum power point (Pm) represents the product obtained from the maximum current 

density (Jmp) multiplied by the maximum voltage (Vmp) as illustrated in the Figure 2.24.  
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Fill factor (FF) 

Fill factor (FF) is defined as the ratio between the maximum power (P= Jmp×Vmp) and the 

actual power obtained from the cell testing (Jsc×Voc,). The FF can be calculated from the 

equation 2.6. Normally, the FF value is no greater than 1. The higher the FF value 

(approaching 1), is the greater the cell efficiency.  

 

                                                              𝐹𝐹 =  (𝐽𝑚𝑝𝑉𝑚𝑝)
 (𝐽𝑠𝑐𝑉𝑜𝑐)

                                                    (2.6) 

 
 

Power conversion efficiency (PCE) 

PCE is defined as the ratio between the power output obtained from the solar cell testing 

and the power input from the sun. PCE can be calculated from an equation 2.7. The input 

power is usually measured under AM 1.5 conditions and at a temperature of 25 °C. This 

equivalent to 1kW/m2 or 100 mW/cm2, when the solar simulations are used. 

 

                                                         PCE = 𝐽𝑠𝑐𝑉𝑜𝑐FF×100
input power

                                            (2.7) 

 
 

 

 

 

 

 

 



 
 

CHAPTER 3  MATERIALS AND METHODS 

 

 

In this study, the experimental work can be divided into 2 parts: 

(i)  Synthesis and characterizations of poly(phenylene xylyene)-fullerene functionalized 

polystyrene copolymer (PPX-g-PSFu) and poly(phenylene xylylene)-fullerene 

functionalized poly(butyl acrylate) copolymer (PPX-g-PBAFu). After that, effects of graft 

copolymers on morphology and power conversion efficiency (PCE) of the P3HT/C60 blend 

cells were investigated.  

(ii)  Synthesis and characterizations of fullerene functionalized dehydrochlorinated 

PVC, followed by a study on a feasibility of using the modified DH-PVC as an electron 

acceptor in BHJ solar cell. 

The schematic diagrams of the synthesis were shown in Figure 3.1 

 

 
                                  (a)                                                                (b) 

Figure 3.1 Schematic diagrams of synthesis (a) graft copolymers and (b) fullerene 

 functionalized polymers 



41 
 

3.1  Materials 
List of chemicals and equipment are shown in Table 3.1and Table 3.2, respectively. 
 

Table 3.1  List of chemicals 

 

Chemicals Grade Suppliers 
α,α−Dichlori-p-xylene 90%, GC grade Fluka 

Tetrahydrothiophene 97%, GC grade Fluka 

Tetraethyl thiuram disulfide 98%, Assay Fluka 

Copper (Cu) Assay Fluka 

Copper bromide (CuBr) Assay Fluka 

Bipyridine Assay Fluka 

Sodium hydroxide (NaOH) 97% Carlo Erba 

Cyclohexane assay Carlo Erba 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

Table 3.1  List of chemicals (cont.) 

 

Chemicals Grade Suppliers 
Fullerene (C60) 98% Sigma-Aldrich 

Methanol Analytical grade Fisher Chemicals 
Toluene Analytical grade Fisher Chemicals 

Dichlorobenzene Analytical grade Merck 

Dichlorobenzene Analytical grade Merck 

Acetone Commercial Merck 
Nitrogen gas 99.99% Praxair (Thailand) 
Styrene 99%, GC grade Fluka 

Chloromethylstyrene (CMS) 90%, GC grade Fluka 

Poly(hexyl thiophene) (P3HT) regio-random Sigma-Aldrich 

 regio-regular  
Poly(vinyl chloride) (PVC) k-value = 66, Thai Plastic and 

Chemicals 

 DPn = 1,025 Auto Lab 
P1latinum rod (Pt)   
Ag/AgNO3  Auto Lab 

Glassy carbon electrode BSTR10A Auto Lab 

Ammonium tetrafluoroborate 
(Bu4NBF4)  Sigma-Aldrich 

Poly(3,4-ethylenedioxythiophene: 
polystyrenesulfonic acid) 
(PEDOT:PSS)  Baytron 

Butyl acrylate 99% GC Fluka 

N,N,N′,N′′,N′′pentamethyldiethylene 
triamine (PMDETA) 99% Sigma-Aldrich 

2,2’-Azo-bisisobutyronitrile (AIBN) 0.2 M in toluene Sigma-Aldrich 

Titanium (IV) isopropoxide  Fluka 

Isopropanol  Fluka 
Acetylacetone  Merck 
Nitric acid (HNO3) 65% Lab scan 
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Table 3.2  List of equipments 

 

Analytical techniques Equipments Codes 

Fourier Transform Infrared Spectrometer (FTIR) Bruker  Equinox 55 

Nuclear Magnetic Resonance spectroscopy (NMR)  Bruker  Advance 
DPX400 

Gel permeation Chromatograph (GPC) Water E2695 Viscotek 
model 3580 

Thermogravimetric Analyzer (TGA) NETZSCH  STA 409 
C/CD 

Differential Scanning Calorimeter (DSC) Netzsch  DSC 240F1 

Atomic Force Microscope (AFM) Digital microscope   
Potentiostat machine Auto Lab 302N 

Scanning electron microscope (SEM) JEOL  6301F 
UV/Visible spectrophotometer  Shimadzu  UV-3100  
Thickness analyzer Dektak  3 ST 

Keithley Keithley 6430 
Spin coater     

 

 

3.2  Synthesis of PPX-g-PSFu copolymer 
Figure 1.3 shows a multiple-step synthetic route for preparation of PPX-g-PSFu. In brief, 

bis-sulfonium salt monomer was firstly prepared from a reaction between dichloro-p-xylene 

and tetrahydrothiophene (THT). The monomer was polymerized via the Wessling route 

[70] to obtain a precursor. Subsequently, the polymer precursor was modified by reacting 

with a dithiocarbamate (DTC) compound to obtain the macroiniferter. Next, styrene and 

chloromethystyrene (CMS) were grafted onto the macroiniferter chains by using an 

iniferter polymerization. Finally, fullerene was attached onto the copolymers via atom 

transfer radical addition (ATRA) technique, to obtain PPX-g-PSFu. More detail concerning 

the of synthesis procedures for each steps were described as a following; 
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3.2.1  Synthesis of bis-sulfonium salt monomer 

α,α-dichloro-p-xylene (10 g) was suspended in methanol (150 mL) in a two necked round 

bottom flask. Then 15 mL of THT was added, a reaction flask was keep at 50°C for 12 h. 

After that, the product was precipitated into an ice bath containing acetone. The 

precipitated product (white powder) was filtered and dried in a vacuum oven at room 

temperature overnight. The product was characterized by using a FTIR spectroscopy 

technique. 

 

3.2.2  Polymerization of  monomer into polymer precursor 
bis-sulfonium salt (3 g) was dissolved in dried methanol (22 mL). Then 9.6 mL of dried 

methanolic NaOH solution (0.98M, freshly prepared) was added in an ice-cold water bath, 

under N2 purged atmosphere (Figure 3.2 a). The polymerization was allowed to proceed at 

0°C for about 30 min. After that, the content in the reaction flask was neutralized with 

hydrochloric acid (0.4 M). The neutralized solution was then purified by dialysis using a 

Spectra/PorVR cellulose tube (molecular weight cut off: 12,000–14,000 Da) for 3 days 

(Figure 3.2 b). The obtained product is considered to be a sulfonium polymer precursor. 

 

  

 

                                     (a)                                                           (b)                                

Figure 3.2  Images of (a) polymer precursor and (b) polymer during dialysis 
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3.2.3  Modification of the polymer precursor into a macroiniferter 
A given amount of sodium diethyldithiocarbamate (NaDTC) (0.1 and 1.3 g) was added into 

the reaction flask containing the sulfonium polymer precursor. The solution was vigorously 

stirred for 2 min and then the solution was at -10°C for 1 h. After that, the solution was 

gradually warmed to 5°C and the temperature was maintained for 1 h. Next, the solution 

was increased to room temperature slowly. Notably, the product obtained from the above 

step is phase separated from the top layer of the MeOH solution (Figure 3.3 a). On the other 

hand, this was not the case if the polymerization was carried out without the use of NaDTC. 

In the latter case, the product tended to be more homogeneous and take a longer period of 

time to separate its phase into two layers. Next, the product was washed with methanol by 

stirring for 30 min and then redissolved in CH2Cl2 before precipitating again in methanol. 

This process was repeated for 4 times to remove some low-molecular weight impurities. 

Finally, the product was dried in a vacuum oven at 65°C for 1 h, followed by further drying 

at room temperature for 12 h. The final product (Figure 3.3 b) appears as white power. 

Chemical structure of the product was characterized by using 1H-NMR and FTIR techniques. 

Molecular weight of the product was also determined by using GPC techniques (section 

3.6). 

 

 
     (a)                                                       (b) 

Figure 3.3  Image of (a) sulfonium polymer precursors, and (b) obtained macroiniferter 
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3.2.4  Grafting of styrene and chloromethylstyrene onto macroiniferter  
The macroiniferter (0.027 g) was mixed with a solution of purified styrene (0.045 mol) and 

chloromethyl styrene (0.0113 mol) in THF (7 ml). The solution was purged with nitrogen 

gas (99.99%) for about 10 min and then vacuum-sealed after freeze-pumping. The reaction 

flask was exposed to UV radiation for 4 h. After a given time, the content in the reaction 

flask was precipitated into a large amount of methanol and then dried in a vacuum oven at 

60 ºC until reaching a constant weight.  

 

The product was further purified by extracting with some selective solvents to isolate graft 

copolymer from some homopolymer contaminants. In this regard, methanol and a mixture 

of xylene and isopropanol (1/1, v%) were used. The former is a good solvent for PPX but 

cannot dissolve P(S-co-CMS) whereas the latter is a good solvent for P(S-co-CMS) but 

cannot dissolve PPX. After the extraction, the product was dried in a vacuum oven at 60 ºC 

until reaching a constant weight. 

 

Grafting yield and grafting efficiency were determined by using the following equations;  

 

         Grafting yield (%) = (W1-W2)/ W3 x100%                               (3.1) 

Grafting efficiency (%) = W1/ (W1 + W4) x100%                             (3.2) 

 

Where;  

W1, W2, W3 and W4 are the weights of graft copolymer, macro-iniferter, monomer and 

homopolymer, respectively. The product was characterized by using 1H-NMR, FTIR, TGA 

and DSC techniques. Molecular weight of the product was also determined by using GPC 

techniques (section 3.6). 

 

3.2.5  Attachment of fullerene onto graft copolymer chains  
PPX-g-P(S-co-CMS) (0.1 g) was mixed with fullerene (C60) (0.013 g), bipyridine (0.03 g), 

and dichlorobenzene (15 ml) in a reaction flask. The solution was closed with a rubber 

septum and sealed. Then the solution was purged with nitrogen gas (99.99%) for 15 min, 

and kept for a further atom transfer radical addition (ATRA) reaction. To a 250 ml three-
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necked round bottom flask, Cu (0.013 g) and CuBr (0.0086 g) were added. The flask was 

closed with a rubber septum and sealed before undergo nitrogen purging and vacuum 

pumping for 5 cycles. Then, the above prepared polymer solution was introduced into the 

reaction flask by injection through the rubber septum, using a syringe. The mixture was 

then refluxed at 80 ºC in an oil bath for 3 h. After cooling to room temperature, the reaction 

was filtrated and precipitated into large amount of methanol. The crude precipitated product 

was re-dissolved in THF, and then precipitated in methanol again. Hexane, which is a 

selective solvent for this system, was used to remove some residual C60 from the product. 

UV/Visible spectroscopy was used to examine the presence of an absorption peak of the 

free C60 in the leached solvent. The washing process was carried out until the UV/Visible 

peak (at 335 nm) disappeared. Finally, the product was dried in a vacuum oven at 60 ºC for 

16 h. The product was characterized by using FTIR, TGA and UV/Visible spectroscopy 

techniques. Figure 3.4 shows the products after copolymerization and C60 addition, (a) 

macroiniferter product and (b) PPX-g-PSFu product. It was found that, the product was 

changed from green to black color  

 

 
(a)                                                  (b) 

Figure 3.4  Products after copolymerization and fullerene addition; (a) macroiniferter and 

 (b) PPX-g-PSFu  
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3.3  Synthesis PPX-g-PBAFu copolymer 
In this part, syntheses of PPX-g-PBAFu copolymers are interested. This was because of the 

differences in glass transition temperature (Tg) between poly(butyl acrylate) (-49 °C) and 

polystyrene (106 °C). It was believed that the greater flexibility of PBAFu grafting chain 

might affect compatibilizing efficacy of the copolymer and morphology of the P3HT/C60 

blend.  

By using butyl acrylate as a replacement of styrene, the similar synthetic procedures were 

used for preparing PPX-g-PBAFu. The synthetic route can be illustrated in Figure 3.5. 

 

 
 

Figure 3.5  Synthetic route of PPX-g-PBAFu copolymer 

 

3.4  Synthesis of fullerene functionalized polystyrene (PSFu)  
The aggregation of C60 in the BHJ solar cells is the important problem to decrease the 

efficiency of the cells. So that, this research interested to decrease the C60 aggregation in 

BHJ cell, by functionalized C60 onto polystyrene chains (PSFu) via ATRA technique. The 

obtained products were used as an electron acceptor. 
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Figure 3.6 shows a multiple-step route of synthesis PSFu. Firstly, the poly(styrene-r-

chloromethyl styrene) (P(S-co-CMS)) copolymer were synthesized via a controlled free 

radical polymerization technique. After that, C60 was attached onto the P(S-co-CMS) 

copolymer via ATRA technique to obtain the PSFu copolymer. More details concerning the 

synthesis procedures were described in section 3.4.1 and 3.4.2, respectively. The synthesis 

route was illustrated in Figure 3.6. 

 

 
Figure 3.6  Synthesis route of PSFu copolymer 

 

3.4.1  Synthesis of P(S-co-CMS) 
In this experimental part, P(S-co-CMS) was firstly synthesized via a controlled free radical 

polymerization technique using tetraethylthiuram disulfide (TD) as an iniferter. 

Experimentally, 0.016 g of TD (0.75 mmol) was added into a solution of purified styrene 

(0.045 mol in 7 mL of toluene) and chloromethylstyrene (0.0113 mol). The monomer 
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solution was purged with nitrogen and sealed. After that, the reaction flask was exposed to 

UV radiation for 4 h. After a given time, the content in the reaction flask was precipitated 

in a large amount of methanol and then dried in a vacuum oven at 60 ºC until reaching a 

constant weight. The product was characterized by using 1H-NMR, FTIR and DSC. The 

molecular weight of obtained polymer was determined by using GPC techniques (section 

3.6). 

3.4.2  Preparation of PSFu 
P(S-co-CMS) (0.1g) was mixing with C60 (0.013 g), bipyridine (0.03 g), and toluene (15 

mL) in a flask. The solution was purged with nitrogen for 10 min and then sealed with 

paraffin film and kept for further ATRA reaction.  

 

Cu (0.013g) and CuBr (0.0086g) were added to a 250 mL three-necked round bottom flask. 

The flask was closed with a rubber septum and sealed before undergoing nitrogen purging 

and vacuum pumping for 5 cycles. Then, the above prepared polymer solution was 

introduced into the reaction flask by injection through the rubber septum, using a syringe. 

The mixture was then refluxed at 100 ºC in an oil bath for 24 h. After cooling to room 

temperature, the reaction was filtered and precipitated in a large amount of methanol. The 

crude precipitated product was re-dissolved in THF, and then precipitated in methanol 

again. Hexane, which is a non-solvent for the polymer, was used to remove some residual 

C60 from the product. UV/Visible spectroscopy was used to examine the presence of an 

absorption peak (wavelength 335 nm) of the free C60 in the leached solvent. The washing 

process was carried out until the above UV/Visible peak disappeared. Finally, the purified 

product was dried in a vacuum oven at 60 ºC until reaching a constant weight (16 h). The 

product was characterized by using FTIR, TGA, UV/Visible spectroscopy and cyclic 

voltammetry techniques (section 3.6).  
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3.5  Synthesis of fullerene functionalized DH-PVC 
In addition, this research work also interested in a preparation of C60 functionalized DH-

PVC chains and explores a feasibility of using the products as an electron acceptor in BHJ 

cells. The PVC and DH-PVC as prepared via a dehydrochlorination and then functionalized 

with C60 by using two different techniques, i.e.; ATRA and normal fullerenation 

techniques. Preparation of C60 functionalized PVC was also studied, for a comparison 

proposes. Schematic draws illustrating the fullerenation of PVC and DH-PVC are shown in 

Figure 3.7. 

 

 
Figure 3.7  Schematic draws illustrating the fullerenation of PVC and DH-PVC 

 

3.5.1  Synthesis of DH-PVC 
DH-PVC was firstly prepared by dissolving of 10 g of PVC resin in 100 mL of THF in a 

two-necked round bottom flask while stirring with a magnetic bar. Next, 50 mL of sodium 

hydroxide aqueous solution (3 mol/L) was added to the reaction flask. The above 

formulation generates a mixture of PVC/sodium hydroxide with a molar ratio of 6.67 ×  

10-4. The reaction was allowed to proceed at 70 °C. Noteworthy; the product in the reaction 

flask changed from colorless to yellow (Figure 3.8), and orange eventually as the reaction 

proceeded. After carrying out the dehydrochlorination for a given time (15 h), the reaction 

was terminated by the addition of 100 mL of methanol to the mixture, followed by a 

precipitation in 500 mL of methanol. The precipitated polymer was then filtered,  
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re-dissolved in THF and precipitated in methanol again. Finally, the filtered product was 

dried in an oven at 60 °C for 12 h, until a constant weight. The product was characterized 

by using 1H-NMR and FTIR techniques (section 3.6). 

 

 
 

(a)                                                      (b) 

Figure 3.8  Images of (a) PVC resin and (b) DHPVC 

 

3.5.2  Synthesis of fullerene functionalized PVC and DH-PVC 

3.5.2.1  ATRA technique 

To a three-necked flask, 0.05 g of C60 was mixed with PMDETA (0.027 g), in 

dichlorobenzene (8 mL), and then mixed with 0.6 g of PVC and/or DH-PVC in THF (22 

mL). The solution was purged with nitrogen for 15 min and then sealed with paraffin film 

and kept for a further ATRA reaction. To a 250 mL three-necked round bottom flask, Cu 

(0.068 g) and CuBr (0.042 g) were added. The flask was closed with a rubber septum and 

sealed before undergoing nitrogen purging and vacuum pumping for 5 cycles. Then, the 

prepared polymer solution was introduced into the reaction flask by injection through the 

rubber septum, using a syringe. The mixture was then refluxed at 80 ºC in an oil bath for 24 

h. After cooling to room temperature, the reaction was filtrated and precipitated in a large 

amount of methanol. The crude precipitated product was re-dissolved in THF, and then 

precipitated in methanol again. Hexane, which is a non-solvent for the polymer, was used 

to remove some residual C60 from the product. UV/Visible spectroscopy was used to 

examine the presence of a characteristic absorption peak of the free C60 in the leached 
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solvent (wavelength 330 nm). The washing process was carried out until the above 

UV/Visible peak disappeared. Finally, the purified product was dried in a vacuum oven at 

60 ºC until reaching a constant weight (16 h).  

 

3.5.2.2  Normal fullerenation technique 

Polymer (PVC and/or DH-PVC) (0.6 g) was dissolved in 22 mL of THF in a conical flask 

at room temperature. Once the PVC was completely dissolved, 0.1 g of AIBN and 0.05 g of 

C60 in dichlorobenzene (8 mL) were added. Oxygen was removed by purging with a 

nitrogen gas. The solution was then injected into a three-necked round bottom flask (closed 

with a rubber septum) using a syringe. The reaction flask was also connected with a 

condenser and nitrogen line. After that, the flask was immersed in an oil bath at 80 °C. The 

reaction was allowed to proceed for 24 h. Once the reaction was finished, the contents of 

the reaction flask were precipitated in a large amount of methanol (500 mL). The product 

was purified by repeatedly dissolving in THF and precipitating in methanol. The 

precipitated product was filtered and then dried in a vacuum oven at 60 ºC until reaching a 

constant weight (16 h). The product was characterized by using TGA, UV/Visible 

spectroscopy and cyclic voltammetry techniques.  

 

3.6  Characterization techniques 

3.6.1  Fourier transforms infrared (FTIR) spectroscopy technique  
FTIR was used to monitor some changes in chemical structure of various products after 

reactions. The FTIR spectrum was recorded by using a Bruker FTIR (Equinox 55). The 

sample was prepared in the form of KBr pellet, and the spectrum was scanned over the 

wavenumber ranging between 600 cm-1 and 4000 cm-1.  

 

3.6.2  Proton nuclear magnetic resonance (1H-NMR) spectroscopy  
1H-NMR spectroscopy was used to characterize the chemical structures of various products. 

Typically, the sample was dissolved in deuterated benzene (C6D6) and /or CDCl3 and then 

the spectrum was recorded in a Bruker instrument (Advance DPX400) (Figure 3.9), using 

TMS as a reference. 
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Figure 3.9  NMR spectrometer (Bruker instrument Advance DPX400) 

 

3.6.3  UV/Visible spectrometer 
UV/Visible absorption spectra of various samples were recorded on a Shimadzu UV-3100 
spectrophotometer, over the wavelengths ranging between 190 and 800 nm. Samples were 

prepared by dissolving it in THF or dichlorobenzene (5 mg/mL) and the experiment was 

carried out at room temperature. In addition determine optical energy band gap by using the 

following equation; 

 

                                                      E (eV)  =   hc/λ                                                            (3.3) 
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Where; h is the Planck constant, C is the speed of light, and λ onset of the UV/Visible 

absorption peak. 

 

Beside, conjugation length and concentration of polyenes in the DH-PVC molecules were 

calculated using Equations (3.4) and (3.5), respectively [71, 72].  

 

  εi,THF  =  10000 + 27700× (i-1) (dm3mol-1cm-1)                            (3.4) 

 Where,  ε  =  absorbance coefficients, i = length of polyene 

 Pi  =   Ai×M
 εi×c× d

                                                                         (3.5) 

 

 Where,  Pi  =  polyenes concentration,  

  Ai  =  absorbance,  

  M  =  molecular weight of poly(vinyl chloride) monomer (63.5),  

  c  =  polymer concentration (g/dm3),  

  d  =  optical path length (cm) 

 

3.6.4  Molecular weight analysis 
The molecular weight of fullerene functionalized polystyrene and the graft copolymer 

products were determined using a gel permeation chromatography (GPC) technique, using 

a Water E2695 instrument equipped with RI detector (Viscotek model 3580). THF was 

used as an eluent and 100 µL of the sample solution (2 mg/mL in THF) was prepared and 

filtered with a nylon 66 membrane before injection. GPC was operated at a flow rate of 1.0 

mL/min. The obtained GPC chromatogram was then translated into a molecular weight 

distribution (MWD) curve via the use of a polystyrene narrow molecular weight calibration 

curve. Finally, the average molecular weight and polydispersity indexes were determined 

using the standard equations. 

 

For the synthesis of C60 functionalized PVC and DH-PVC, the averaged molecular weight 

values and polydispersity indexes (PDI) of the products were determined by GPC 
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technique, using a Waters instrument (Model 2414) equipped with Styragel HR5E 7.8 × 

300 mm2 column (molecular weight resolving range =2,000-4,000,000) and a refractive 

Index (RI) Detector. Polystyrene standards were used for constructing narrow molecular 

weight calibration curves. The GPC experiments were performed by using tetrahydrofuran 

(THF) as an eluent, with a flow rate of 1.0 mL/min at 40 °C.  

 

3.6.5  Thermal analysis 
Thermogravimetric analysis (TGA) 

Thermal stability of the product was examined by using a thermo gravimetric analyzer 

(TGA, NETZSCH STA 409 C/CD). About 20 mg of the sample was used and the TGA 

experiment was scanned over the temperatures ranging between 25 ºC and 600 ºC under 

nitrogen atmosphere, at a heating rate of 10 ºC /min.  

 

Differential scanning calorimetry (DSC) 

Thermal behaviors of the polymers were investigated by using a differential scanning 

calorimetry (DSC) technique. The DSC experiment was carried out with a Netzsch 

(Bavaria, Germany) DSC 240F1 instrument under a nitrogen atmosphere at a heating rate 

of 10 ºC /min over temperatures ranging between 25 and 200 ºC.  

 

3.6.6  Cyclic voltammetry (CV) 
Cyclic voltammetry was performed with a Potentiostat (Auto Lab 302N, Eco-Chemie, 

Netherland) machine (Figure 3.10), using acetonitrile solution with 0.1 M Bu4NBF4 as a 

supporting electrolyte. Pt wire was used as a counter electrode, whereas Pt and Ag/AgNO3 

were used as working and reference electrodes, respectively. The polymers were coated 

onto the platinum working electrodes. The solution was de-aerated by bubbling with 

nitrogen gas prior to carrying out the experiment. 

 

From the cyclic voltammograms, the onset oxidation potential and the onset reduction 

potential were determined. Subsequently, the highest occupied molecular orbital (EHOMO), 

the lowest unoccupied molecular orbital (ELUMO) and band gap energy of the 

semiconducting materials were calculated using the following equations; 
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                                       EHOMO  (eV)    =    - (Eox + 4.39)                                             (3.6) 

 

                                        ELUMO  (eV)   =    - (Ered + 4.39)                                             (3.7) 

 

                      Band gap energy (eV)     =   - (EHOMO - ELUMO)                                       (3.8) 

 

 

 
 

Figure 3.10  The potentiostat machine (Auto Lab 302N, Eco-Chemie) 

 

3.7  Morphological characterization 
Morphology of the P3HT/C60 blended films was examined by using an atomic force 

microscope (AFM) (Digital microscope instrument). A solution (14 mg/mL) was spin 

coated onto silicon (Si) substrate (1,000 rpm for 60 sec), at room temperature. Solvent was 

evaporated and removed by drying at 80 °C for 12 h. AFM images were examined by using 

a phase image tapping mode. 
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3.8  Electrical conductivity measurements 
Electrical conductivity of the prepared C60 functionalized DH-PVC films was measured 

using four-point probe method at ambient conditions. DC power supply and Keithley 2410 

digital multimeter were used for the measurement (Figure 3.11). Experimentally, the 

polymer solution in THF (2%wt) were filtered through PTFE 0.45 µm filter and drop cast 

onto (2.5×2.5) cm2 glass slips and covered with a glass dish to prevent rapid evaporation of 

the solvent. Then polymer films were doped by exposure to iodine vapors for 2 h. Electrical 

conductivity σ (S.cm-1) was calculated by the following equation: 

 

                                               σ = 1
4.53 ×R ×l

                                                           (3.9) 

 

Where σ is the electrical conductivity (S.cm-1), R is the resistance (Ω) and l is the film 

thickness (cm). 

  

 
Figure 3.11  Keithley 2410 digital multimeter (left) and 4-point probe (right) 

 

3.9  Fabrication of the polymer solar cells 
The fabrications of the polymer solar cells were carried out by using two different cells, i.e. 

conventional cells and inverted cells. More details concerning the fabrication methods were 

described as follows. 
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3.9.1  Fabrication of conventional cells 
In this system, the polymer solar cells were fabricated with the indium tin oxide (ITO) 

anode, and aluminum (Al) cathode. The example of normal cells structure was show in 

Figure 3. 12. 

 

 
Figure 3. 12  Structure of the conventional solar cells configuration 

 

A patterned ITO coated glass substrate (2.0×2.5 cm2) was prepared by etching with acid 

solution containing H2SO4:H2O2:H2O with the weight ratio of 4:2:1, for 30 seconds. Then 

the coated glass was washed with DI water and sonicated with isopropanol for 20 min. 

Then the coated glass was dried by blowing with nitrogen gas. After that, PEDOT:PSS 

layer was spincoated onto the cleaned ITO substrate in a glove box at 3,000 rpm for 30min, 

followed by heating the coated substrate at 80°C for 30 min. Next, a photoactive layer 

containing blends of P3HT and C60 (100/20 %w/w) and PPX-g-PSFu was spincoated onto 

the substrate. A solution of the photoactive blend (20 mg/mL) in1,2 dichlorobenzene was 

used and a blend film with a thickness of 100nm was obtained using an optimum spin 

coating conditions (1,000 rpm for 60 sec).After that, the coating film was heated at 80°C 

for 60 min. Finally, aluminum (Al) (100 nm) was deposited onto the photoactive films by 

using a thermal vacuum deposition at 10-4 Torr. Figure 3.13 shows the example of 

fabricated BHJ cells. 
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Figure 3.13  The fabricated BHJ cells 

 

3.9.1.1  Intermediate layers 

The intermediate layer between the active layer material and electrodes are either hole-

conducting or electron conducting materials. The most commonly used in the hole-

conducting layer was poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PEDOT:PSS) (Figure 3.14) [73]. The purpose of using PEDOT:PSS is to serve as a hole 

transporting layer. 
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Figure 3.14  Chemical structure of PEDOT:PSS [73] 
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3.9.2  Fabrication of inverted cells  
The polymer solar cells were fabricated by uses of ITO glass as the cathode and a metal 

with a work function greater than ITO (usually silver (Ag) or gold (Au)) as the anode. The 

example of the structure of inverted cells was shown in Figure 3 15. 

 

 
Figure 3 15  Structure of the inverted solar cells configuration 

 

A patterned ITO coated glass substrates was coated with thin film of TiO2 by using a sol-

gel dipping technique.  

 

The titanium dioxide (TiO2) sol gel was prepared by mixing of titanium (IV) isopropoxide 

(TTIP) (10 mL) with 15 mL of isopropanol (IPA) in a 150 mL of round bottom flask. After 

obtaining a homogenous solution (15min), acetylacetone (15 mL) was added to stabilize the 

solution. Next, the titanium alkoxide was hydrolyzed by using 1mL of nitric acid solution 

(0.1 M in isopropanol, freshly prepared). The solution was stirred for 3 h to obtain the 

homogenous solution. Finally, 0.3 g of poly(ethylene glycol) (Mw 4,000) was added and 

heating the solution at 80 °C for a few minute to obtain the homogeneous titania sol gel.  

 

Then the coated glass was calcined at 450 °C for 4 h, resulting in smooth and transparent 

TiO2 films (20 nm). Next, a photoactive layer was spin coated on the TiO2 layer (1,000 rpm 

for 60 sec) to obtain 100 nm thick films. After that, the coating film was heated at 80°C for 

12 h. Finally, Au (100 nm) was deposited onto the photoactive films by using a thermal 

vacuum deposition at 10-4 Torr.  
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3.10  Current density voltage (J-V) measurement 
J-V measurements were carried out under ambient conditions, using a Xe lamp (from 

Osram) which provided one sun illumination (AM 1.5G) at 100 mW/cm2. Current density 

voltage characteristics and PCE were measured via a computer controlled Keithley 6430 

source unit (Figure 3.16). The short circuit current density (Jsc), open circuit voltage (Voc), 

power conversion efficiency (PCE) and fill factor (FF) were determined and calculated by 

using standard definitions and methods using the Equation 3.10 and 3.11. An example of a 

typical J-V curve is showed in Figure 3.17. 

 

                                                   PCE = 𝐼𝑠𝑐𝑉𝑜𝑐FF×100
Light power                                             (3.10) 

                                                       FF = I𝑚𝑝V𝑚𝑝
 (𝐼𝑠𝑐𝑉𝑜𝑐)

                                                (3.11) 

 

 
(a)                                                             (b) 

 

Figure 3.16 Images of (a) J-V measurement and (b) Keithley 6430 digital multimeter  
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Figure 3.17  Typical J-V curve obtained for a testing of a solar cell 



 
 

CHAPTER 4  SYNTHESIS, CHARACTERIZATION AND 

PHOTOVOLTAIC PERFORAMANCE OF PPX-g-PSFu AND 

 PPX-g-PBAFu 
 

 

In this part, the result from the synthesis and characterizations of two type of graft 

copolymers namely poly(phenylene xylyene)-fullerene grafted polystyrene (PPX-g-PSFu) 

and poly(phenylene xylylene)-fullerene grafted poly(butylacrylate) (PPX-g-PBAFu) 

copolymer were described. Specifically, photovoltaic performance and compatibilizing 

efficacy of the two graft copolymers which different glass transition temperature, grafting 

chain length were discussed in light of morphology and energy levels. 

 

4.1  Synthesis and characterization of PPX-g-PSFu 
PPX-g-PSFu was synthesized for use as a dispersing agent in BHJ cells based on P3HT and 

fullerene. Synthesis of the graft copolymer can be divided into 4 steps, i.e., 

(i) Synthesis of monomer and polymer precursor. 

(ii) Modification of the polymer precursor into macroiniferter.  

(iii) Grafting of monomers onto the macroiniferter backbone. 

(iv) Attachment of fullerene onto the graft copolymer.  

More details concerning characterizations and photovoltaic performances of the 

synthesized products were described below. 

 

(i)  Synthesis of monomer and polymer precursor 
Figure 4.1 shows overlaid FTIR spectra of dichloro-p-xylene and that of a product obtained 

from the reaction between dichloro-p-xylene and tetrahydrothiophene (THT). A new peak 

at the wavenumber of 645 cm-1, corresponding to the C-S (ν) bonds was observed. In 

addition, the absorption peak at 756 cm-1, representing the vibration of C-Cl bonds 

disappeared. Other relevance peaks such as those at 1619 cm-1 (C=C, (ν) of aromatic ring), 

and 870 cm-1 (out of plane bending of C-H ring) were also noted. The similar FTIR results 

for the same compound were reported by Damlin et al. [74] and Bradley et al. [75]. 
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Figure 4.1  Overlaid FTIR spectra of dichloro-p-xylene and bis-sulfonium salt monomer 

 

Noteworthy, after carrying out a polymerization of the above product by reacting it with 

sodium hydroxide solution, a viscous solution (see Figure 3.1 a) in the reaction flask was 

obtained. This solution contains a polymer precursor which was then dialyzed before 

further reacting it with sodium diethyldithiocarbamate (NaDTC) to form a macroiniferter  

 

(ii)  Modification of the polymer precursor into macroiniferter 
Figure 4.2 shows overlaid FTIR spectra of the sulfonium polymer precursor before and 

after modification by reacting with 0.2 g of NaDTC. FTIR spectrum of the modified 

polymer shows two new peaks at 1206 cm-1and 1140 cm-1. These could be ascribed to the 

vibration of the C-N (ν) and that of the C=S (ν), respectively. Notably, the absorption peaks 

at 1635 cm-1 and 1676 cm-1 were also present. This might be ascribed to vibration of the 

C=C bonds which could be attributed to some side reaction, partly occurred during the 

polymerization, such as an elimination of the sulfonium groups. This is consistence with 
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our observation noting that the color of the product is green which could be attributed to 

very short conjugated sequence, arising from an unavoidable limited amount of elimination 

[76]. However, from our experience, we found that this side reaction can be minimized by 

ensuring a constant reaction temperature and gradually adding of the NaOH solution. After 

that, by carrying out a heat treatment of this product at 200 ºC in a vacuum oven for 2 h, we 

found that color of the polymer changed from green to yellow (Figure 4.3). This suggests 

that poly(phenylene vinylene) (PPV) repeating units containing conjugated double bonds, 

have been formed [77]. 

 

 
Figure 4.2 Overlaid FTIR spectra of the sulfonium polymer precursor before and after 

 modification with NaDTC 
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Figure 4.3  PPV (right) product after elimination of the sulfonium group (left) 

 

Figure 4.4 show a 1H-NMR spectrum of the modified polymer. The important peak 

includes the peak at δH 1.25 (-CH3), 1.65 (-CH2), 3.07 (Ph-C-CH2-), 3.6 (-O-CH3), 4.75     

(-CH-S-C=S) and at δH 5.2 (-CH-OCH3). In addition, the peak atδH 4.0 and 3.7 ppm 

belonging to methylene protons (-N-CH2) within the dithiocabamate groups can also be 

seen. Of note, the peak at δH 5.2 ppm representing olefinic protons (-HC=CH-) was also 

observed. This peak is attributed to some elimination of sulfonium group during the 

polymerization [78, 79]. The similar 1H-NMR spectra were observed for the 

macroiniferters prepared by using the different weight ratio. . In addition, the result from 

2D-NMR spectrum (COSY) of the macroiniferter was supported the correlation of the 

polymer structure. Figure 4.5 Cosy spectrum of macroiniferter. The protons spectrum of the 

two equivalent methyl groups (1) correlate with the methoxy (3) and methylene groups (4) 

and the methylene group (2) correlate with the methine proton (5).  The proton in aromatic 

ring (6) does not show off-diagonal peaks, because the protons in aromatic ring are not 

couple to other protons in the molecule. The above results from FTIR and NMR 

spectroscopy suggested that the macroiniferter has been prepared. 
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Figure 4.4  1H-NMR spectrum of the sulfonium polymer precursor modified with NaDTC 

 

.  

 

Figure 4.5  2D-NMR (cosy) spectrum of macroiniferter 
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(iii)  Grafting of monomer onto the macroiniferter backbone 
Grafting of styrene and CMS 

Figure 4.6 shows 1H-NMR spectrum of the product obtained from a graft copolymerization 

of styrene and CMS using the monomers molar ratio of 75/25 (% w/w). It can be seen that, 

after the reaction, the NMR peaks corresponding to that of the dithiocarbamate group 

disappeared. This is due to the fact that the polymer chains have been grafted with the 

above monomers through a decomposition of this group, which is considered to be a 

capping agent. The spectrum shows a small peak atδH 3.6 ppm which could be attributed to 

a signal of the methoxy proton adjacent to the oxygen atom (-OCH3). In addition, the peak 

atδH 4.2 ppm, representing the benzyl chloride group (-CH2-Cl) can also be noted. Beside, 

there are two new peaks occurred atδH 7.2 ppm and 6.5-6.8 ppm. The NMR peak at δH 7.2 

ppm can be ascribed to the metha- and para-aromatic protons of both polystyrene (PS) and 

P(CMS) repeating units, whereas the peak over the chemical shift ranged between δH 6.5 

and 6.8 ppm is attributed to the ortho-protons in the aromatic rings. To determine the 

composition of P(CMS) repeating unit in the P(S-co-CMS) grafting chains, integrated areas 

at δH 4.2 ppm in relation to the area at δH 6.5-6.8 ppm were used for a calculation. In this 

case, it was found that the P(CMS) content in the random copolymer grafting chain is 

approximately 30%. This value is slightly different as compared to the feed ratio of 

CMS/styrene used, which was 25/75 (% by mole). This implies the self-propagation rate of 

the P(CMS) propagating chain is slightly higher than its cross propagation rate.  

 

It is worth mentioning that, after carrying out graft copolymerization, the product was 

extracted with selective solvents before product analyses. Furthermore, some control 

experiments in which the solution containing styrene and CMS was exposed to the UV 

irradiation in an absence of the macroiniferter, were also carried out. It was found that there 

are some product yields obtained after a precipitation of the content in the reaction flask. 

This could be attributed to the self-polymerized styrene and CMS. These product yields are, 

however, much less than that of the system containing the macroiniferter. Furthermore, the 

self-polymerized product was completely soluble in the selective solvents. This was not the 

case for the products polymerized by using a macroiniferter, where some amount of product 



70 
 

yield still remain after the extraction. The above results suggest that the product obtained 

was a graft copolymer and not a mixture of the related homopolymers.  

 

 

 
Figure 4.6 1H-NMR spectrum of the product obtained from graft copolymerization of 

 styrene and CMS with PPX macroiniferter 

 

Other indirect evidence supporting the formation of graft copolymer can be seen from DSC 

thermogram of the product (Figure 4.7). There are two endothermic transition occurred at 

the onset temperatures of 52 ºC and 81 ºC. These can be ascribed to the glass transition 

temperatures of the PPX and the P(S-co-CMS), respectively. The above results suggest the 

product is definitely not a random copolymer of PPX and P(S-co-CMS).  
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Figure 4.7  DSC thermogram of the product obtained from graft copolymerization of 

 styrene and CMS with PPX macroiniferter 

 

Figure 4.8 shows overlaid GPC chromatograms of the macroiniferter before and after 

carrying out graft copolymerization with styrene and CMS. The results show that, after 

grafting reaction the retention time were shifted from 15 min to 18 min. This implies that 

molecular weight of graft copolymer was lower than the macrotiniferter. The values of 

average molecular weights and polydispersity indexes were also determined. Interstingly, 

the number average molecular weight (Mn) and the weight average molecular weight (Mw) 

of the macroiniferter decreased rather than increased after the graft copolymerization. The 

molecular weights (Mn) and polydispersity index (PDI) of macroiniferter and graft 

copolymer are 279934 and 57474 g/mol, 1.51 and 3.04, respectively. The above unusual 

effect, however, has been reported in literatures for some graft copolymerization systems, 

including an amphiphilic copolymer based on poly(styrene-co-maleic anhydride) with 

oligo(oxyethylene) side chains [80]  an amphiphilic comb polymer prepared through the 
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grafting of PEG onto (meth)acrylic copolymers [81], amphiphilic PS-g-PEO graft 

copolymer [82],  amphiphilic PMMA-g-PEO graft copolymer [83] and a graft copolymer of 

dextran and polyacrylamide [84]. From the above literature, the results were discussed in 

the light of a conformational effect resulting from the different in polarity of backbone 

polymer and the graft chain, leading to a smaller hydrodynamic volume and the radius of 

gyration in solution. In relation to this work, the results might be explained in a similar 

fashion, taking into account the fact that the PPX backbone and the P(S-co-CMS) grafting 

chain are differ in terms of chemical structure and polarity. 

 

 
Figure 4.8 GPC  chromatogram of macroiniferter and graft copolymer 

 

Table 4.1 shows the grafting yields and grafting efficiency obtained from various graft 

copolymerization conditions. It can be seen that by increasing the amount of monomers (at 

a fixed macroiniferter weight) grafting yield and grafting efficiency increased. In addition, 

by increasing the weight ratio between the dithiocarbamate (DTC) and the polymer 
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precursor during the modification step, both parameters (yield and efficiency) were also 

increased. This is due to the fact that the greater the ratio, the more the capping agents on 

the macroiniferter molecules. Consequently, the monomers had more chances to experience 

the graft copolymerization. In this study, it seems that the optimum condition leading to the 

maximum grafting efficiency and yield is that obtained by using 1/0.7 by weight of the 

precursor to the DTC and a high monomers feed volume (10.4 and 3.2 ml of styrene and 

CMS, respectively). 

 

Table 4.1 Grafting yields and grafting efficiency of the products obtained from various 

 graft copolymerization conditions 

 

PPX-DTC Ratio Monomer (mL) Yield (%) Grafting  

(by weight) Styrene CMS 
 

efficiency (%) 

1:0.1 2.61 0.83 4.9 44.18 

1.0.2 10.4 3.2 5.61 63.45 

1:0.3 10.4 3.2 20.65 85.09 

1:0.5 10.4 3.2 21.11 94.45 

1:0.7 2.61 0.83 10.16 73.55 

1:0.7 10.4 3.2 38.58 94.77 
 

 

(iv)  Attachment of fullerene onto the graft copolymer  
Figure 4.9 shows FTIR spectra of the graft copolymer before and after reacting it with 

fullerene. The spectrum shows two new weak transmission bands at 528 cm-1 and 577 cm-1, 

which represent the characteristic of the C60-bonded polymers [85]. In addition, UV/Visible 

absorption spectra of the products from ATRA (Figure 4.10) shows a strong absorption 

peak at 340 nm which is attributed to the C60 covalently bonded to the grafting P(S-co-

CMS) chain. 
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Figure 4.9 FTIR spectra of the PPX-g-P(S-co-CMS) copolymer before and after reacting 

 with the fullerene 
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Figure 4.10 UV/Visible absorption spectra of the PPX-g-P(S-co-CMS) copolymer before 

 and after reacting with fullerene 

 

 

Figure 4.11 shows overlaid TGA thermograms of the PPX-g-P(S-co-CMS) copolymers 

both before and after carrying out an ATRA with the C60. From a thermogram of the 

polymer before reaction, three transitions can be observed. The first transition occurred at 

120 ºC involving the loss of about 8% by weight of the sample. This could be related to a 

decomposition of the DTC fragment [85]. Next, there was a second weight loss (12%) 

above 300 ºC which can be attributed to a decomposition of the PPX and PS chain [85, 86]. 

Thirdly, there was a strong weight loss approximately 70% occurred at 420 ºC which might 

be due to a decomposition of the PPX, PS and P(CMS) repeating units. Beyond this 
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temperature, the sample weight tends to reach a plateau and the remaining weight could be 

ascribed to the residual solid. 

Similarly, TGA thermograms of the PPX-g-PSFu, which is a product obtained from the 

ATRA, shows three weight loss transitions. However, it is of noteworthy that the residual 

weight (above 550 ºC) of the product was 10% greater than that of the starting graft 

copolymer before ATRA. The difference is attributed to the presence of the C60 groups, 

chemically bonded to the grafting chain [15, 87, 88]. The above results suggested that a 

preparation of PPX-g-PSFu graft copolymer has been succeeded.  

 

 
 

Figure 4.11 Overlaid TGA thermograms of the PPX-g-P(S-co-CMS) copolymer before 

 and after reacting with fullerene via an ATRA 
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4.2  Synthesis of fullerene functionalized polystyrene (PSFu) 
In this study, attempts were also made to practice the preparation of C60 functionalized 

polystyrene via an ATRA mechanism. This can be commenced carrying out a co-

polymerization of styrene and CMS. After that, The obtained copolymer, containing C-Cl 

bonds in the P(CMS) repeating units, can be further functionalized by reacting it with the 

C60 via an ATRA technique. More details concerning the synthesis of PSFu have already 

been described in Chapter 3. 

 

Synthesis of poly(styrene-co-chloromethyl styrene) (P(S-co-CMS)) copolymer 

Figure 4.12 shows 1H-NMR spectra of a product obtained from copolymerization of styrene 

and CMS with TD iniferter. A chemical shift of the benzyl chloride protons (CH2 of CMS 

repeating units) at δH 4.2 ppm can be noted. The NMR peak at δH 7.2 ppm can be ascribed 

to the metha- and para-aromatic protons of both polystyrene (PS) and P(CMS) repeating 

units, whereas the peak over the chemical shift ranged between δH 6.5 and 6.8 ppm is 

attributed to the ortho-protons in the aromatic rings. The P(CMS) composition was 

evaluated from the integrated area of the peak at δH 4.2 ppm and δH 6.5-6.8 ppm, using the 

following Equation 5.1 [89]. 

 

      P(CMS) composition  =  (A/B)×100 

 Where;  A  =  integrated area of benzyl chloride proton 

 B =  sum of integrated area of all ortho-aromatic proton (5.1) 
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Figure 4.12  1H NMR spectrum of the P(S-co-CMS) copolymer 

 

Table 4.2 shows composition and molecular weight the P(S-co-CMS) copolymers 

synthesized by using various monomer feed ratios. It can be seen that composition of the 

copolymers are different from the monomer feed ratios. For example, the PS/P(CMS) ratios 

of copolymers No.1 and No.2 are 3.0 and 1.38, respectively, whereas the corresponding 

monomer feed ratios (styrene/CMS) were 4.0 and 1.5, respectively. The above trend is in a 

good agreement with the results obtained by Chen et al. [31] in a study on a P3HT-g-PSFu 

system. In that case, the discrepancies were discussed in the light of different monomer 

reactivity ratios. In this regard, by using Fineman and Ross’s equation, the monomer 

reactivity ratios can be determined. It was found that the reactivity ratio of CMS was 0.11 

whereas that of the styrene was 0.51. This result suggested that CMS monomer had more 

chances to undergo cross-propagation than the styrene does. In addition, Table 4.2 also 

shows that the degree of difference was also dependent on the monomer feed ratios. By 

increasing the CMS content (copolymer No. 4), P(CMS) composition in the obtained 

copolymer was much lower than the corresponding monomer feed ratio. Nevertheless, the 

above results are useful to confirm that the above product is a kind of statistic (random) 

copolymers, and not an alternating or a block copolymer. 
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Table 4.2 Copolymer compositions and C60 contents of various types of copolymers

 synthesized by using a variety of monomer feed ratios 

 

Copolymers 
 

P(S-co-CMS) 

Monomer  
feed ratio 

(styrene/CMS) 
by mole 

Copolymer 
compositions 
PS/P(CMS) 

Mw 
(g/mole)  

of the 
copolymer 

Final 
products 

** 

C60 
contents 
 (wt.%)* 

No.1 80/20 73/27 39,080 PSFu No.1 11.6 
No.2 60/40 46/54 33,794 PSFu No.2 15.5 
No.3 40/60 32/68 31,422 PSFu No.3 19.8 
No.4 20/80 16/84 20,622 PSFu No.4 32.1 

*   From TGA thermograms 
** PSFu No.1-No.4 are the products obtained from attachment of fullerene onto P(S-co-

CMS) copolymer 

 

Attachment of fullerene onto P(SCMS) copolymer chains 

Figure 4.13 shows overlaid FTIR spectra of P(S-co-CMS) copolymers both before and after 

reacting with C60 via an ATRA technique. An FTIR spectrum of the product shows two 

new weak transmission bands at 528 and 577 cm-1, representing the characteristics of the 

C60-bonded polymers. Figure 4.14 shows UV/Visible absorption spectra of P(S-co-CMS) 

copolymer No.3 and the corresponding product (PSFu No.3). The spectrum of the 

copolymer shows a small absorption peak at a wavelength of about 320 nm, which is 

attributed to the thiocarbamate group. In addition, the spectrum of the PSFu shows a strong 

absorption peak at about 335 nm, which is related to the C60 groups, covalently bonding 

with the copolymer molecules. The C60 content in each PSFu polymer was calculated from 

UV/Vis spectra and summarized in Table 4.2. 
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Figure 4.13  FTIR spectra of P(S-co-CMS) and PSFu 

 

 
Figure 4.14 UV/Visible spectra of P(S-co-CMS) and PSFu  
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Figure 4.15 shows overlaid TGA therrmograms of PSFu copolymers obtained by reacting 

C60 with various P(S-co-CMS) copolymers. The TGA thermogram of PSFu No. 3, for 

example, indicates almost 20% weight loss over the temperatures ranging between 240 and 

400 ºC. This weight loss could be due to the decomposition of the PS repeating units [90, 

91]. Next, there is a second transition (40% weight loss) occurring over temperatures 

ranging between 400 and 600 ºC and that could be related to the decomposition of P(CMS) 

repeating units [90, 91]. Finally, the amount of residue left at 550 ºC and the above 

temperature represent the C60 groups. The residue was thought not to be un-reacted C60 

given the fact that the synthesized polymer has been purified and free from the un-reacted 

C60 by washing with hexane.  

 
 

Figure 4.15 Overlaid TGA thermograms of PSFu prepared by using various type of 

 P(S-co-CMS) copolymers 

 

 

0

20

40

60

80

100

35 135 235 335 435 535 635 735 835 935

W
ei

gt
h 

lo
ss

 (%
) 

Temperature (°C) 

Fullerene

PS-co-CMS

PSFu



82 
 

HOMO-LUMO energy levels and band gap energy of PSFu 

Table 4.3 summarizes the HOMO-LUMO energy levels and band gaps energy level of 

various PSFu polymers and related materials. It can be seen that HOMO and LUMO energy 

levels of PSFu are lower than those of P3HT. It was also found that the band gap energy of 

these polymers was comparable to that of the pure C60 determined using the same 

technique. The above results indicate that it is possible to explore the use of these PSFu 

materials as an electron acceptor phase in a BHJ cells. Note that, the band gap energy of 

these PSFu polymers ranges between 2.51 and 2.95 eV, depending on the copolymer 

composition and the actual C60 contents. It seems that the band gap energy of PSFu tends to 

decrease with increasing C60 content. In this regard, PSFu No. 3, which has the lowest band 

gap energy, was selected for a further study.  

 

Table 4.3  HOMO-LUMO energy levels and band gap energy value of various PSFu 

  materials 

 

Samples EHOMO ELUMO λonset 
Band Gap Energy (eV) 

from 

 (eV) (eV) (nm) CV UV/Vis 

PSFu No.1 -5.69 -2.74 420 * 2.95 (±0.04) 

PSFu No.2 -5.59 -3.01 430 * 2.88 (±0.02) 

PSFu No.3 -5.78 -3.27 494 * 2.51 (±0.03) 

PSFu No.4 n/a n/a n/a ** n/a** 

 
Note   * The band gap energy cannot be calculated because the CV curve of the polymer  

was in completed [92-94]. 
          ** HOMO, LUMO and band gap energy of the PSFu copolymer No.4 cannot be 

determined due to an insolubility of the polymer.  
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4.3  Synthesis and characterization of various PPX-g-PSFu copolymer  
In this part, the PPX-g-PSFu copolymers with a variety of grafting structures were prepared 

by varying two parameters, which is bissulfonium salt/dithiocarbamate (DTC) ratios and 

macroiniferter/monomers mole ratio. These results are showed in Table 4.4.  

 

Table 4.4 Parameters (bissulfonium salt monomer/DTC ratios and macroiniferter/ 

  monomers mole ratio) used for the synthesis of PPX-g-PSFu copolymers  

 

Samples Bissulfonium salt monomer/DTC Monomers/macroiniferter 

 
Mole ratios Weight ratios (mole ratio) 

PPX-g-PSFu No.1 0.12/1 1/0.1 120/1 

PPX-g-PSFu No.2 0.12/1 1/0.1 360/1 

PPX-g-PSFu No.3 0.36/1 1/0.3 120/1 

PPX-g-PSFu No.4 0.36/1 1/0.3 360/1 
 

From the 1H-NMR spectra, degree of substitution (DS) of DTC group on PPX backbone 

molecules of the various macroiniferter was determined, using an Equation 4.1.  

 

  DS = ([C-[2A/3]/2]) / ([A/3] + [B-[A/3]/2] + [C-[2A/3]/2])     (Equation 4.1) 

 

  Where; A = Integration area of the 1H-NMR peak at 3.6 ppm 

               B = Integration area of the 1H-NMR peak at 5.2 ppm 

   C = Integration area of the 1H-NMR peak at 3.07 ppm  

 

Noteworthy, the results of NMR, it was found that the DS values of macroiniferter prepared 

by using monomer to DTC weight ratio of 1/0.3 was 0.39. The value is greater than that of 

the other macroiniferter prepared by using the higher weight ratio (1:0.1) as expected. In 

this latter case, the DS value was 0.27. Based on the above results, it can be concluded that 

by PPX macroiniferters with a different degree of substitution or different number of 

thiocarbamate groups (capping agents) were obtained.  
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Table 4.5 shows percentage grafting yield and percentage grafting efficiency of the various 

synthesized copolymers. Percentage grating yield of the copolymers No. 1 and 2 are lower 

than that of the copolymer No. 3 and 4 as expected. In addition, grafting efficiency of the 

copolymers No.1, 2, 3 and 4 increased, respectively. The above effects could be related to 

the different structures of the graft copolymers (Figure 4.16). The actual weight percentage 

of C60 groups in the various PPX-g-PSFu molecules determined from TGA techniques was 

also showed in Table 4.5. Of note, the C60 content increased when the 

monomers/macroiniferter molar ratio increased. In terms of the effect of grafting number, 

percentage C60 content significantly increased when comparing to those of copolymers No. 

1 and copolymer No. 3. This was not the case when comparing with those of the 

copolymers No. 2 and No. 4, both of which contain a relatively long grafting chain length. 

It is apparently that the effect of grafting number on the C60 content was predominated 

when the grafting chain length was high. The illustration of different structure of graft 

copolymer was shown in Figure 4.16. 

 

Table 4.5 Percentage of grafting yield, grafting efficiency, and C60 content of the various 

PPX-g-PSFu copolymers 

 

Graft copolymers Grafting yield 
 (%) 

Grafting efficiency 
 (%) 

Fullerene content 
 (wt.%) 

PPX-g-PSFu No.1 34.7 37.3 3.4 

PPX-g-PSFu No.2 34.8 46.6 13.8 

PPX-g-PSFu No.3 40.3 53.9 8.8 
PPX-g-PSFu No.4 45.2 60.2 12.8 
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Figure 4.16  Depicted molecular structure of various prepared PPX-g-PSFu copolymer 

 

HOMO-LUMO energy levels and band gap energy of PPX-g-PSFu 

Figure 4.17  shows typical cyclic voltammogram of the PPX-g-PSFu copolymer (No. 3). A 

complete loop of the CV voltammogram and UV/Visible spectra were observed, indicating 

that the material is a semi-conducting material. The HOMO and LUMO energy levels can 

be calculated using Equations 3.6-3.8 (see Chapter 3). In addition, band gap energy level 

was also determined from the UV/Visible spectra of the materials (Figure 4.18) in 

combination with an equation relating the wavelength to the energy (Equations 3.3). As 

from the results, calculated HOMO-LUMO and band gap energy values of the various 

copolymers are summarized in Table 4.6. 
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Figure 4.17  Cyclic voltammogram of PPX-g-PSFu No. 3 
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Figure 4.18 Overlaid UV/Visible spectra of various PPX-g-PSFu, fullerene and  

 PPX-g-P(S-co-CMS) copolymer 

 

Table 4.6 shows the HOMO, LUMO and band gap energy values of various graft 

copolymers. Band gap energy of the synthesized copolymer ranged between 2.21 and 2.30 

eV. The lowest band gap was obtained from the copolymer No.3. Figure 4.19 shows the 

energy diagram of P3HT, PPX-g-PSFu copolymer and C60. It was found that the LUMO 

energy value of graft copolymer is lower than P3HT and the HOMO energy value is higher 

than those of C60 and P3HT. Consequently, the energy level of P3HT, PPX-g-PSFu and C60 

are relation. It is apparently that transfers of electron and hole to the corresponding 

electrodes are facilitated with the presence of the copolymer. 
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Table 4.6  HOMO-LUMO and band gap energy of various PPX-g-PSFu copolymers 

 

Samples EHOMO ELUMO λonset 
Band Gap Energy (eV) 

from 

 (eV) (eV) (nm) CV UV/Vis 

PPX-g-PSFu No.1 -5.35 -3.12 521 2.23 2.38 

PPX-g-PSFu No.2 -5.37 -3.07 510 2.3 2.43 

PPX-g-PSFu No.3 -5.37 -3.16 549 2.21 2.26 

PPX-g-PSFu No.4 -5.28 -3.14 530 2.24 2.34 

P3HT -5.1 -3.1 590 2.0 2.1 

Fullerene -6.5 -3.3 371 3.2 3.34 
 

 

 
Figure 4.19  Energy diagram of P3HT, PPX-g-PSFu copolymer and C60 
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4.4  Photovoltaic performance of BHJ cells containing PPX-g-PSFu 
In this part, a feasibility of using the prepared graft copolymers as a dispersing agent for 

P3HT/C60 BHJ cells was explored. For a comparison purpose, the BHJ cells were 

fabricated by using 2 different systems i.e., the conventional cells (Figure 3.11) and an 

inverted cell (Figure 3.14). The conversional cell consists of ITO/PEDOT:PSS/active 

layer/Al , whereas the inverted cells consists of ITO/TiO2/active layer/Au. In this regard, a 

greater PCE obtained from the latter cell configuration might be expected, due to the fact 

that TiO2 is an efficient electron transporter [44, 45].  

 

4.4.1  Conventional cells (ITO/PEDOT:PSS/active layer/Al) 
Figure 4.20 shows typical J-V curves of the normal conventional BHJ cell (without any 

graft copolymer) and those of the cells containing PPV-g-PSFu copolymers No. 3 and 4. 

Short circuit current (Jsc) and open circuit voltage (Voc) of the latter cells increased after 

adding 20 pph of the copolymers. Consequently, power conversion efficiency (PCE) of the 

solar cells increased dramatically (about 20 times) (Table 4.7). This was not the case for the 

cells containing copolymers No.1 and 2. The different effects could be ascribed to the 

different structure of the graft copolymers (Figure 4.16). The above results also suggested 

that compatibilizing efficacy of the graft copolymer is dominated by number, rather than 

length of the copolymer grafting chain 
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Figure 4.20  J-V curves of the conversional BHJ cells (without any graft copolymer) and 

those of the cells containing PPV-g-PSFu copolymers 

 

Table 4.7 PCE values of P3HT/C60 BHJ cells with different types of PPX-g-PSFu 

copolymers fabricated by using the ITO/PEDOT:PSS/active layer/Al electrode 

system 

 

Graft Copolymers Voc 
(V) 

Jsc 
(×10-3 mA/cm2) 

Fill Factor 
 

PCE (10-4 %) 

Control 0.212 0.171 0.21 0.07 ( + 0.01) 

PPX-g-PSFu No.1 0.0012 1.935 0.21 0.006 ( +0.002) 

PPX-g-PSFu No.2 0.0014 6.341 0.25 0.028 ( +0.003) 

PPX-g-PSFu No.3 0.759 1.840 0.14 1.51 ( + 0.07) 

PPX-g-PSFu No.4 0.654 1.537 0.14 1.45 ( + 0.05) 
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Noteworthy, by increasing the amount of graft copolymer No. 4 from 10, 20 and 40 pph, 

PCE of the cells slightly increased 1.15 × 10-4% to 1.45 × 10-4%. However, by further 

increasing the copolymer content to 40 pph, it was found PCE of the cells cannot be 

determined. This was due to the fact that, the copolymer is of highly insulator, and so 

transportation of electrons was inhibited. From the above results it can be concluded that 

the suitable amount of copolymer was 20 pph. 

 

4.4.2  Inverted cells (ITO/TiO2/active layer/Au) 
From the above results, it seems that PCE values of conversional cells are considerably low 

(in the order of 10-4 %). Therefore, attempt was made to fabricate the BHJ cell using an 

inverted cell configuration. In this case, a greater PCE of the cell can be expected [95, 96]. 

Figure 4.21 shows SEM images of TiO2 coated ITO, prepared by using sol-gel dipping 

technique. It was found that thickness of TiO2 was about 30 nm. This was consistent with 

the thickness reported from literature (10-50 nm) [97].  

 

 
 

Figure 4.21 SEM images of nano-TiO2 coated on ITO by using sol-gel dip technique at 

 different magnifications; x50,000 (left) and x100,000 (right) 
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Figure 4.22 shows J-V curves of the inverted BHJ cell with and without graft copolymer. 

Form the above J-V curves, various photovoltaic parameters were determined and reported 

in Table 4.8. It can be seen that the use of graft copolymers No. 1 and 2 has only a little 

effect on efficiency of the cell whereas the use of graft copolymers No.3 and/or copolymer 

No.4 are more effective. Again, the above results can be discussed in the light of structures 

of the copolymers which are different in term of the number of grafting chains. 

Noteworthy, the Jsc of inverted BHJ cells were remarkably increased more than 10 times, 

after adding the copolymers No. 3. This result implies that, dissociation of exciton could be 

promoted after adding graft copolymers. 
 

 
 

Figure 4.22 J-V curves of the normal BHJ cells (without any graft copolymer) and those of 

 the cells containing PPX-g-PSFu copolymers 
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Table 4.8  PCE values of the P3HT/C60 BHJ cells containing different types of 

 PPX-g-PSFu copolymers, fabricated by using ITO/TiO2/active layer/Au

 electrode system 

 

Graft Copolymers Voc 
(V) 

Jsc 
(mA/cm2) 

Fill Factor 
 

PCE (%) 

Control cell 0.217 0.055 0.30 0.0033 (+ 0.0005) 

PPX-g-PSFu No.1 0.095 0.288 0.24 0.0058 (+ 0.0008) 

PPX-g-PSFu No.2 0.052 0.622 0.25 0.0078 (+ 0.0005) 

PPX-g-PSFu No.3 0.166 0.652 0.24 0.023 (+ 0.003) 

PPX-g-PSFu No.4 0.113 0.726 0.27 0.022 (+ 0.001) 
 

Of note, dramatic improvement in percentage PCE of the BHJ was seen after changing the 

electrode types. For example, efficiency of the normal P3HT/C60 cell (without the 

copolymer) increased for about 500 times, i.e., from 0.07 × 10-4 % to 0.0033 % upon 

changing from the conversional cell to the inverted cell. This effect can be ascribed to the 

presence of nano-TiO2 layer, capable of acting as an electron transporter and promoting 

more charge separation between free electron and hole [98], [99]. This was not the case for 

the conventional cells with ITO/PEDOT:PSS/active layer/Al cells, where the nano-TiO2 

layer and Au electrode were not exist. 

 

4.4.3  Morphology of the P3HT/C60 films containing PPX-g-PSFu 
Effects of the above copolymer on PCE of BHJ cells can be related to some changes in 

morphology of the P3HT/C60 blend films. Figure 4.23 (a-e) shows AFM micrographs 

topography mode (left) and phase image mode (right) of the blends films containing 

different types of PPX-g-PSFu copolymers. It can be seen that morphology of the normal 

P3HT/C60 blend film (without copolymer) are phase separated. The image shows large 

domain (bright area), representing the C60 rich phase, being dispersed within the continuous 

matrix (dark area), which represent P3HT. By adding the PPX-g-PSFu No.2, for example, 

the finer phase separated morphology was obtained. Aggregation of the C60 phase also 

decreased. Similar aspect was observed for the blend film containing graft copolymer No.3. 
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The finer phase separated morphology implies more interfacial area between P3HT and 

C60. Therefore, the excitons have more chances to dissociate and a greater power 

conversion efficiency of the related BHJ polymer solar cells can be expected. 
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Figure 4.23 AFM micrographs of P3HT/C60 blend films with and without various 

 PPX-g-PSFu (a)-(e) (20 pph), topography mode (left) and phase image mode 

 (right) 

 

In addition, morphology of the BHJ cells containing different amount of PPX-g-PSFu No.4 

were examined (Figure 4.24). Again, it can be seen that by adding the copolymer, C60 

aggregation was suppressed and dispersion of C60 in P3HT matrix was improved. This 

AFM results were supported the PCE values of the both BHJ cells, conventional and 

inverted cells. From PCE values it was found that, the suitable amount of adding graft 

copolymer is 20 pph. 
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(a) Control P3HT/C60 blend film       (b) with 10 pph of the copolymer 

 
(c) With 20 pph of the copolymer    (d) with 40 pph of the copolymer 

 

Figure 4.24 AFM micrographs (phase image) of the P3HT/C60 blend film with and 

 without various amount of PPX-g-PSFu No.4  

 

4.4.4  Effect of thermal treatment 
In this experimental part, the fabricated conventional BHJ cell containing copolymer No.3 

were annealed at 200 ºC for 2 h in order to convert the backbone, from PPX-g-PSFu to 

PPV-g-PSFu (Figure 4.25). The results show that, after thermal treatment the PCE of the 

cells containing PPV-g-PSFu No.3 (10 pph) decreased from 0.07 × 10-4 % to 0.02 × 10-4 %. 

This result could be affected from the C60 aggregation during thermal treatment process. 

AFM micrograph (Figure 4.26) were supported this result, after thermal treatment the C60 

phase was aggregated. 
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Figure 4.25  Chemical structure of PPV-g-PSFu copolymer 

 

 
(a)                                             (b) 

Figure 4.26 AFM micrographs (phase image) of the P3HT/C60 blend film with and without 

 10 pph of PPX-g-PSFu (3) copolymer, (a) before and (b) after thermal treatment 

 

4.5  Synthesis, characterization and of PPX-g-PBAFu 
In similar to the case of PPX-g-PSFu, PPX-g-PBAFu copolymers were also synthesized by 

grafting the macroiniferter with butyl acrylate and CMS. Next, C60 was attached to the 

copolymer chains via an ATRA technique. The results from synthesis and characterizations 

of the products are described in the section. 
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Graft copolymerization butyl acrylate and CMS onto macroiniferter  

Figure 4.27 shows a typical 1H-NMR spectrum of the PPX-g-P(BA-co-CMS) copolymer. 

The spectrum shows aromatic proton signals at δH 7.2 and 6.6 ppm. The peaks at δH 3.6 and 

3.8 ppm indicated the present of methylene (Ph-C-CH2-) and methyl (-O-CH3) protons of 

the PPX molecule, respectively [100]. In addition, methyl (-CH3) and methylene protons 

adjacent to oxygen atom (-O-CH2-) of the butyl acrylate grafting chain exhibited signals at 

δH 0.9 and 4.0 ppm, respectively [101, 102]. 1H-NMR signal at δH 2.3 ppm is attributed to 

the methine proton of poly(butyl acrylate) grafting chains (-CH-C=O). 

 

In addition, the chemical shift of the methylene proton of the benzylchloride in CMS units 

(-CH2-Cl) appeared at δH 4.5 ppm [100, 101, 103]. Moreover, the molar compositions of 

PBA and P(CMS) in the copolymer were determined from the ratio of integration area 

under the peaks at δH 0.9 ppm to that of at δH 4.5 ppm. The calculated value was shown in 

Table 4.9. This result showed that PPX-g-P(BA-co-CMS) copolymer was successfully 

polymerized. 

 
Figure 4.27  1H-NMR spectrum of PPX-g-P(BA-co-CMS) copolymer 



99 
 

 

More experimental evidences supporting the formation of graft copolymer can be seen from 

a DSC thermogram of the product (Figure 4.28). The DSC thermogram shows two 

endothermic transitions occurring at the onset temperatures of 13 and 52 °C. The first 

transition at 13°C can be ascribed to the glass transition temperature of the P(BA-co-CMS) 

grafting chain [104, 105]. While the second transition at 52°C can be ascribed to the glass 

transition temperature of poly(p-xylylene) (PPX) backbone [100]. The above results from 
1H-NMR and DSC thermogram are sufficient to confirm that the PPX-g-P(BA-co-CMS) 

has been successfully prepared. Noteworthy, the molecular weight (Mn) and the 

polydispersity index of the PPX backbone from GPC technique was 212,000 g/mol and 

1.46, respectively. After grafting reaction, unfortunately, it was found that the product was 

not completely soluble in THF and the molecular weight analysis cannot be carried out. 

 

 
Figure 4.28  DSC thermogram of PPX-g-P(BA-co-CMS) copolymer 
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Table 4.9 shows the grafting yields and grafting efficiencies of the PPX-g-P(BA-co-CMS) 

products. It is worth reminding that the copolymer No. 1 refers to the product obtained by 

using a lower monomer to macroiniferter mole ratio. On the other hand, the copolymer No. 

2 represents the product obtained by using the relatively higher mole ratio. In this latter 

case, a longer grafting chain length can be expected. Results in Table 4.9 indicate that the 

grafting yields and grafting efficiency increased with the mole ratio. This is due to the fact 

that the greater the monomer concentration, the more chances for the graft 

copolymerization. 

 

Table 4.9 Grafting yields and grafting efficiencies of various PPX-g-P(BA-co-CMS) 

 copolymer obtained from different graft copolymerization conditions 

 

 

After graft copolymerization, the PPX-g-P(BA-co-CMS) copolymer was obtained. Then, 

the fullerene was added to the copolymer via an ATRA technique (to obtain PPX-g-

PBAFu), by varying the mole ratio of macroiniferter/monomers. The illustration of 

different structure of graft copolymer was shown in Figure 4.29. The copolymer was 

characterized and calculated the amount of C60 copolymers No.1 and No.2 from TGA 

technique. The obtained valued are 15.06% and 15.63%, respectively. 

Copolymer types Monomer contents 
(mL) Copolymer Grafting Grafting 

PPX-g-P(BA-co-CMS) Butyl 
acrylate CMS composition yield 

(%) 
Efficiency 

(%) 

No.1 1.7 2.4 44/56 57.3 63.7 

No.2 5.23 7.21 41/59 57.5 82.1 
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Figure 4.29  Depicted molecular architectures of various graft copolymers 

 

Figure 4.30 shows UV/Visible absorption spectra of PPX-g-P(BA-co-CMS) before and 

after reacting with C60 (to produce PPX-g-PBAFu). The absorption band at 335-340 nm, 

corresponding to fullerene covalently bonded to the P(BA-co-CMS) graft chain, can be 

observed. The maximum absorption values of copolymer No. 1 is less than the copolymer 

No. 2.  
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Figure 4.30 UV/Visible absorption spectra of PPX-g-P(BA-co-CMS) copolymer before 

 and after reacting with fullerene 

 

Figure 4.31 shows overlaid TGA thermograms of the PPX-g-P(BA-co-CMS) copolymer 

before and after reacting with C60. From the thermograms, two transitions can be observed. 

The first transition occurred at 260 °C and that is related to a decomposition of the 

poly(butyl acrylate) chain. The second weight loss at 380 and 420 °C are due to the 

decomposition of the PPX and P(CMS) chains, respectively [85-88]. 
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Figure 4.31 Overlaid TGA thermograms of various PPX-g-P(BA-co-CMS) copolymers 

 before and after reacting with C60 via ATRA technique 

 

HOMO-LUMO energy levels and band gap energy of PPX-g-PBAFu 

Table 4.10 shows The HOMO-LUMO energy levels and band gap energy of the PPX-g-

PBAFu copolymers. Band gap energy values of the graft copolymers ranged between 2.2 

and 2.40 eV. From the above results, the energy diagram of solar cell system containing 

P3HT, PPX-g-PBAFu and C60 can be drawn and shown Figure 4.32 The results show that 

the HOMO, LUMO levels of PPX-g-PBAFu No.1 laid between those of P3HT and C60 

(Figure 4.32). This was not the case for the copolymer No.2 in which its LUMO energy 

level is lower than that of C60 (Figure 4.33).  
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Table 4.10  HOMO-LUMO energy levels and band gap energy values of various   

  PPX-g-PBAFu copolymers 

 

Samples EHOMO ELUMO λonset Band Gap Energy (eV) 

 (eV) (eV) (nm) CV UV/Vis 

PPX-g-PBAFu No.1 -5.39 -3.19 500 2.20 2.48 

PPX-g-PBAFu No.2 -5.79 -3.39 480 2.40 2.58 

 

 

 
 

Figure 4.32  Energy diagram BHJ cell containing P3HT, PPX-g-PBAFu No.1 and C60 
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Figure 4.33  Energy diagram of BHJ cell containing P3HT, PPX-g-PBAFu No.2 and C60 

 

4.6  Photovoltaic performance of BHJ cells containing PPX-g-PBAFu 

4.6.1  Inverted cells (ITO/TiO2/active layer/Au) 
Figure 4.34 shows typical J-V curves of the BHJ cells with and without the graft 

copolymers No.1 and No.2. After addition of the copolymer No. 1, Jsc and Voc of the cells 

increased. Consequently, PCE values of the cells were also increased (Table 4.11).  
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Figure 4.34  J-V curves of P3HT/C60 BHJ solar cells with and without various copolymers 

 

It was found that, PCE values of the BHJ cells were remarkably increased 5 times (from 

0.006% to 0.03%) after adding the copolymers after adding the copolymer, PCE of the cells 

were increased (Table 4.11). The highest PCE values were obtained from BHJ cells with 

copolymer No. 1 (0.03%). This implies that, by adding the copolymer No. 1, exciton 

dissociation could be promoted. However, by using the copolymer No.2, PCE of the cell 

only slightly increased from 0.006% to 0.008%. This might be related to the longer grafting 

chain length of the material (copolymer No.2), contributing to a greater insulator behavior 

which in turn inhibited the electron transportation. 
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Table 4.11  PCE values of the P3HT/C60 BHJ cells containing different types of PPX-g-

 PBAFu (20 pph) copolymers, fabricated by using inverted cell configuration 

 (ITO/TiO2/active layer/Au electrode)  

 

BHJ cells 
V

oc
 

(V) 

J
sc 

(mA/cm
2

) 
Fill Factor  PCE (%) 

control 0.078 0.046 0.61 0.006 
PPX-g-PBAFu No. 1 0.436 0.183 0.60 0.03 
PPX-g-PBAFu No. 2 0.148 0.042 0.68 0.008 

 

 

4.6.2  Morphology of the P3HT/C60 films containing PPX-g-PBAFu 
Figure 4.35 shows AFM micrographs (phase image mode) of various P3HT/C60 blended 

films. AFM images of films comprise of a large domain (light), representing the C60 rich 

phase being dispersed within the continuous dark matrix, which represents P3HT. Phase 

sizes of the P3HT and the aggregated C60 in the normal blend film (without copolymer) 

(Figure 4.35 a) range between 230-300 nm. After adding the graft copolymers (Figure 4.35 

b and c), the finer phases separated morphology was observed. The phase sizes of P3HT 

and C60 decreased about 10 times (from 300 nm to 30 nm). Aggregation of the C60 phase 

was also suppressed. It was believed that the use of copolymer leads to a reduction of an 

interfacial energy between P3HT and C60. Consequently, interfacial area between P3HT 

and C60 phase increased. It is also of noteworthy that distribution of the blended film 

containing PPX-g-PBAFu copolymer No. 1 (Figure 4.35 b) is more uniform than that of the 

blended film containing PPX-g-PBAFu copolymer No. 2 (Figure 4.35 c). This could be 

attributed to the difference in the grafting chain length of the copolymers. In the case of the 

copolymer No. 2, diffusion of the copolymer to the interphase might be more difficult, due 

to the fact that it contains a longer grafting chain length.  
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Figure 4.35 AFM micrographs (phase image mode) of various P3HT/C60 blend films; (a) 

 the normal blend film (without copolymer); and (b) and (c) the blend films 

 containing 20 pph of copolymers No. 1 and No. 2, respectively 

 

4.6.3  Effect of thermal treatment 
After carrying out thermal treatment, change in chemical structure of PPX-g-PBAFu can be 

expected. In this regard, the backbone should contains double bonds the product is called 

PPV-g-PBAFu was obtained (Figure 4.36). In addition, the efficiency of the BHJ cell 

containing PPV-g-PBAFu was investigated (Table 4.12). The results show that, after 

thermal treatment, the PCE of the cells decreased. This result could be attributed to more 

aggregation of C60 during thermal treatment process, as was supported by AFM micrograph 

(Figure 4.37).  
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Figure 4.36  Chemical structure of PPV-g-PBAFu copolymer 
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Table 4.12 PCE values of P3HT/C60  BHJ cells with different types of PPX-g-PBAFu 

 (20 pph) copolymers after thermal treatment 

 

BHJ cells 
V

oc
 

(V) 

J
sc 

(mA/cm
2

) 
Fill Factor  PCE (%) 

control 0.146 0.021 0.30 0.001 
PPV-g-PBAFu No. 1 0.117 0.018 0.33 0.0007 
PPV-g-PBAFu No. 2 0.032 0.024 0.29 0.0002 

 

 
 

Figure 4.37 AFM micrographs of the BHJ films contain PPX-g-PBAFu No.1, before 

 (a) and after heat treatment (b) and PPX-g-PBAFu No.2 before (c) and after

 heat treatment (d) 

 

PCE values of the cells containing PPX-g-PBAFu was slightly higher than the cells 

containing PPX-g-PSFu, due to the lower of Tg in the copolymer chain, resulting in the 

higher flexibility. Consequently, a better phase separation in the blend film might be 

induced during the cell fabrication process. 



 
 

CHAPTER 5 SYNTHESIS AND CHARACTERIZATIONS OF 

FULLERENE FUNCTIONALIZED DEHYDROCHLORINATED 

POLY(VINYL CHLORIDE) 
 

 

5.1  Synthesis and characterizations of fullerene functionalized DH-PVC 

Apart from the above attempts to cope with the exciton loss by synthesis and applying 

donor-acceptor copolymer as a dispersing agent for P3HT/C60 BHJ cell (as was described 

in the Chapter 4), another problem inhibiting the development of BHJ cells toward a higher 

PCE includes the limited solubility of the C60. Consideration of the literature review 

revealed that some aggregation of the material occurred in many cases [106, 107] when the 

amount of C60 used in the BHJ cells is in excess of a certain limit. By using derivative 

forms of the C60, such as phenyl-C61-butyric acid methyl ester (PCBM), the solubility of the 

material and PCE of the fabricated cells were improved at the expense of the material cost. 

This improvement can be ascribed in relation to a steric effect provided by the presence of 

an alkyl side group on the C60.  

 

In this part, the studies of C60 functionalized onto DH-PVC chain is of interest. This is due 

to the fact that the DH-PVC contains conjugated polyene and some improvement in 

electrical conductivity of the modified polymer can be expected [112-114]. Furthermore, 

the PVC is the thermoplastic and highly amenable of being fabricated into a thin film via 

solution casting and/or spin coating [41, 108, 109]. Therefore, by grafted C60 onto the DH-

PVC chains, solubility of the C60 based material can be improved and aggregation of the 

material might be suppressed. In this regard, a feasibility of using the C60 functionalized 

DH-PVC as an electron acceptor in the BHJ solar cells is worth exploring. This is also an 

aspect of our thesis work and the preliminary results were described in this Chapter. Lastly, 

it is worth mentioning that two different reactions mechanisms, namely the ATRA and the 

AIBN based fullerenation, were used for attaching C60 onto the DH-PVC chains. This was a 

comparison purpose. Again, more details concerning the experimental results were 

described and discussed as following. 
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Preparation of the DH-PVC  

Figure 5.1 shows overlaid FTIR spectra of PVC and DH-PVC materials. Several 

characteristic peaks representing PVC molecules can be observed. These include peaks at 

1428 cm-1 (assigned to δ CH2 of PVC), 1258 cm-1 (assigned to δ CH of PVC), and 965 cm-1 

(assigned to υ CH2 of PVC). The absorption peaks at 614 and 695 cm-1 also represent the υ 

C-Cl bonds of syndiotactic and isotactic structures of PVC, respectively. After 

dehydrochlorination, some additional absorption peaks can be noted. These include peaks 

at 1660, 1638 and 803 cm-1, corresponding to the vibration of the conjugated C=C-C=C, 

C=C- and CH bonds, respectively. This indicates the formation of polyene segments on the 

modified PVC molecules. The presence of a polyene chromophore is aligned with our 

observation noting the change in color of PVC from colorless to orange, after 

dehydrochlorination (to obtain DH-PVC). Notably, a broad peak at 3400 cm-1, representing 

the OH bond can also be observed. It is believed that this may be attributed to the 

substitution of OH group from NaOH base catalyst onto PVC molecules. Similar results 

have been observed by Yoshioka et al. [110].  
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Figure 5.1  Overlaid FTIR spectra of PVC and the DH-PVC 

 

Figure 5.2 shows a 1H-NMR spectrum of PVC experienced dehydrochlorination. 

Characteristic peaks representing protons of the pristine PVC molecules can be seen. These 

include peaks at around 4.3-4.7 ppm (ClC-H) and 2.35 ppm (-CH2-). Furthermore, 

additional peaks at 5.7 and 5.8 ppm were also noted. These peaks represent the olefinic 

protons from the polyene segment of the DH-PVC [111]. The above FTIR and 1H-NMR 

results are sufficient to confirm that DH-PVC has been efficiently prepared. 
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Figure 5.2  1H-NMR spectrum of the PVC (above) and DH-PVC (bottom) 

 

Grafting of fullerene onto PVC and DH-PVC 

Figure 5.3 shows FTIR spectra of PVC and DH-PVC before and after reacting with C60. 

After fullerenation, new absorption peaks at 528 and 577 cm-1 were noted to have emerged 

and these can be ascribed to the characteristic bands of C60 [112]. Additionally, the above 

spectra reveal the presence of peaks at 1730, and 3400 cm-1. Of interest, similar peaks were 

also observed by Rusen et al. [113], in FTIR spectra derived from PVC that had been 

chemically modified with C60 and the authors concluded that these may be ascribed to an 

interaction between C60 and the azido-substituted PVC. In this study, however, the above 

interaction was not thought to occur largely due to the fact that different reaction 

mechanisms and chemical reagents were used for fullerenation. Instead, the signals at 1730 

cm-1 and 3400 cm-1, are very likely due to vibrations of C=O (stretching) bond and 

absorbed moisture on the sample surface and/or the OH groups in the molecules, 

respectively. This implies a reaction between PVC and oxygen during fullerenation. In this 
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context, it is possible that some residual oxygenated species contained within the chemicals 

(solvent, initiator) can be capable of reacting with the DH-PVC during the fullerention, 

which incidentally was carried out at a relatively high temperature (80 °C) compared to a 

lower value (70 °C) used by Martinez et.al. (60 °C) [35]. 

 

 
Figure 5.3 Overlaid FTIR spectra of PVC and DH-PVC before and after reacting with 

 fullerene 

 

Figure 5.4 shows overlaid 1H-NMR spectra of the fullerene grafted PVC (PVC-N12, PVC-

A12). An additional small signal at around 3.9 ppm can be observed in all cases. This can 

be ascribed to the fulleryl protons [35]. Similar peak was noted from the 1H-NMR spectrum 

of DH-PVC (DH-PVC-N12). In this latter case, the relative integrated area of the peak from 

olefinic proton (5.7-5.8 ppm), when compared to those of the signals from CH2 and CH3 

protons, is decreased after grafting. A similar spectral change was observed for the CH-Cl 

proton (4.3-4.7 ppm). The above results suggest that grafting reaction between polymer 

chains and C60 atoms has been occurred. 



115 
 

 

 
 

Figure 5.4 Overlaid 1H-NMR spectra of the fullerene functionalized PVC (PVC-N12,

 PVC-A12)  

 

Table 5.1 shows the molecular weights of the PVC products determined by using the GPC 

technique. After dehydrochlorination, the averaged molecular weight (Mn) value of the 

modified PVC was largely found to decrease. A possible cause of this may be due to the 

hydrodynamic volume of the DH-PVC in THF (during the GPC experiment) is smaller than 

that of the normal PVC due to the differences in chemical structure and polarity. 

Consequently, the random coil of DH-PVC exits the GPC column at a relatively longer 

retention time, leading to a lower Mn value.  
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Table 5.1 Averaged molecular weight (Mn) and glass transition temperature (Tg) values of 

 PVC and DH-PVC samples both before and after fullerenation  

 

Polymers Mn (g/mol) PDI T
g 
( °C) 

PVC 67,824 1.90 78 
DH-PVC 58,526 1.94 72 
PVC-N12 59,051 1.85 82 
PVC-A12 82,776 2.38 86 
DH-PVC-N12 78,242 6.40 78 

 

 

When PVC was functionalized with C60 fullerene by ATRA (referred as PVC-A12 in Table 

5.1), the Mn value was noted to increase. This was not the case, however, for PVC that had 

undergone AIBN based fullerenation (PVC-N12) where the Mn values were noted to be 

lower. In this regard, this discrepancy might be attributed to the different percentage of C60 

functionalized onto the PVC. Result from Table 5.2 reveal that the percentage weight of C60 

in PVC-A12 and PVC-N12, are 5.66% and 2.77%, respectively. In the former case, it is 

likely possible that the amount of C60 in the fullerene functionalized PVC molecules is 

sufficiently high so that an interaction occurring between the polymer and THF changed the 

hydrodynamic volume of the polymer in the chromatography column and made the random 

coil of the polymer exit the GPC column at a relatively shorter time. This contributed to the 

higher Mn value of PVC-A12. Similar results were observed for DH-PVC products 

chemically modified via AIBN based fullerenation (DHPVC-N12). The results can be 

likely explained in a similar fashion, taking into account that the percentage fullerene in 

DHPVC-N12 (4.65 %) and PVC-A12 (5.66 %) are comparable. Noteworthy, the above 

changes in the Mn values of both PVC and DHPVC after fullerenation, is now considered 

to be indirect evidence, supporting that grafting of C60 onto the polymer molecules have 

occurred. 
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Table 5.2 C60 contents and solubility of various C60 functionalized PVC and DH-PVC 

 prepared via ATRA and normal fullerenation techniques 

 

Sample Codes Reaction 
systems 

Fullerene/PVC  Solubility Fullerene 
content** (wt.%)  feed ratio (w/w) THF  

PVC-N5 AIBN* 0.083 √ 0.26 
PVC-N8 AIBN* 0.13 √ 5.21 
PVC-N12 AIBN* 0.2 √ 2.77 
PVC-N15 AIBN* 0.25 √ 0.4 
PVC-A5 ATRA 0.083 √ 1.72 
PVC-A8 ATRA 0.13 √ 5.32 
PVC-A12 ATRA 0.2 √ 5.66 
PVC-A15 ATRA 0.25 √ 4.81 
DH-PVC-N1 AIBN* 0.017 √ 0.33 
DH-PVC-N5 AIBN* 0.083 √ 1.18 
DH-PVC-N8 AIBN* 0.13 √ 3.6 
DH-PVC-N12 AIBN* 0.2 √ 4.65 
DH-PVC-N15 AIBN* 0.25 √ 1.65 
DH-PVC-A1 ATRA 0.017 insoluble n/a 
DH-PVC-A5 ATRA 0.083 insoluble n/a 

* Refer to the normal fullerention via the use of azo-bis-isobutyronitrile (AIBN) 

** From UV/Visible spectrophotometer 

 

Thermal properties 

Figure 5.5 shows DSC thermograms of PVC and DH-PVC both before and after 

fullerenation and the glass transition temperature (Tg) values of the various samples are 

summarized in Table 5.1. After dehydrochlorination, the Tg values of PVC are seen to 

decrease from 78 °C to 72 °C. This suggests that PVC chains became more flexible after 

dehydrochlorination. This effect can be attributed to a decrease in polar interaction between 

the polymer chains, due to lower chlorine atoms in DH-PVC. After fullerenation, Tg values 

of PVC increased to above 80 °C. Tg value of the fullerene functionalized PVC, prepared 

via ATRA (sample PVC-A12; 86 °C) is marginally higher than that of corresponding 

products undergone AIBN based fullerenation (sample PVC-N12; 82 °C). This discrepancy 

could be ascribed to the fact that C60 content of the former is greater (Table 5.2). In this 

regard, a higher content of C60 groups in the polymer may lead to increased rigidity of the 

PVC chains, due to a steric effect. This contributed to a greater Tg value of the material. 
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Similarly, Tg value of DH-PVC increased after fullerenation and the result can be explained 

in a similar fashion. 

 
Figure 5.5  DSC thermograms of PVC and DH-PVC both before and after fullerenation 

 

Figure 5.6 shows overlaid TGA thermograms of PVC and DH-PVC. Two transitions can be 

readily observed from the thermogram of normal PVC. The first transition is seen at the 

onset of temperature of 240 °C and accounting for 65% of the weight loss of the PVC 

sample. This can be essentially ascribed to dehydrochlorination process of PVC, which 

leads to the formation of polyene intermediates. Next, the second transition occurs at the 

onset temperature of about 400 °C. This involves several chemical reaction processes 

including cracking, cyclization and cross-linking of the polyene intermediates. Major by-

products generated from the above decompositions include low molecular weight aromatic 

hydrocarbons such as benzene, toluene, and styrene [114]. Above 530 °C, solid residual 

(char), weighing approximately 8% weight of the initial PVC was obtained and this can be 

attributed to some cross-linked polymeric molecules. The TGA thermogram of DH-PVC 
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shows differences. The first transition, accounting for 15% of the weight loss, starts at the 

onset temperature of 135 °C. This can be ascribed to an evaporation of some absorbed 

moisture on the sample surface. This implies that DH-PVC is more polar than normal PVC. 

Next, further dehydrochlorination of the DH-PVC occurs over temperatures ranging 

between 230 and 330 °C. This corresponds to approximately 45% of weight loss of the 

initial DH-PVC. The extent of dehydrochlorination during the TGA experiment of DH-

PVC was lower than that of the normal PVC (65% weight), owing to the fact that DH-PVC 

has been partially dehydrochlorinated. Lastly, the remaining weight of about 6% can be 

attributed to solid residual (char). This value is lower than that observed from the TGA 

thermogram of the normal PVC. This is due to the fact that the chemical structures, the 

actual percentage chlorine atoms, and formula weight of PVC are not the same as those of 

DH-PVC.  

 

From the TGA thermogram of fullerene functionalized PVC, the percentage weight 

observed over temperatures of 530 °C, is greater than that of the normal PVC. This 

difference reflects the presence of the C60 groups that have been chemically bonded to the 

grafting chain [115]. Noteworthy, the onset of temperature involving dehydrochlorination 

shifted lower (from 280 to 220 °C) after fullerenation via ATRA (sample PVC-A5). This 

indicates that the thermal stability of PVC molecules bearing C60 groups has decreased. 

This was not the case for the AIBN based fullerene functionalized PVC (PVC-N5) where 

the thermal stability was improved as compared to that of the neat PVC sample. The similar 

effect was reported by Martinez et al. [35]. In our opinion, the discrepancy between thermal 

stability of ATRA based and AIBN based fullerene functionalized PVC might be attributed 

to the different content and distribution of fullerene on the polymer chains. This is an aspect 

deserving further investigation and clarification.  
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Figure 5.6 Overlaid TGA thermograms of PVC, DH-PVC and the C60 grafted polymers

 prepared via the ATRA and/or the normal fullerenation techniques 

 

UV/Visible spectra 

Additional experimental evidence supporting the presence of C60 in the chemically 

modified PVC molecules can be seen from UV/Visible spectra (Figure 5.7). C60 spectra 

exhibits well defined and characteristic absorption peaks at 280 and 330 nm. Notably, 

pristine PVCs are essentially transparent at wavelengths above 320 nm but with the 

presence of C60 in the polymer an additional absorption band at 330 nm appears as a result 

of a characteristic absorption pattern of monofunctionalized organofullerene [116] (as seen 

for PVC-A12, PVC-N12 and DH-PVC-N12 respectively). However, it is worth pointing 

out that residual free C60 atoms were removed from the chemically modified polymeric 

products by washing with hexane before the characterization studies and in this regard, the 
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above additional peak at 330 nm is highly likely attributed to the C60 covalently bonded to 

the PVC and DH-PVC chains [35]. 

 
Figure 5.7 Overlaid UV/Visible spectra of PVC, DH-PVC, and the C60 functionalized 

 polymers  

 

Collective data from these aforementioned characterization experiments are summarized in 

Table 5.2. It can be noted that the C60 content of fullerene functionalized PVC initially 

increased with the amount of C60 feed to a maximum value before decreasing again with 

further increases of C60 feed. This implies that the fullerenation of PVC was limited and no 

enhancement was gained with increased amount of C60, and this may be likely due to 

aggregation of the fullerene. The unreacted fullerene’s are almost all removed from the 

product prior to the characterization studies. Interestingly, with the same amounts of C60 

feed it was also noted that the C60 content of PVC modified via the ATRA technique was 

much greater than the corresponding product modified by AIBN. This is likely attributed to 
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the ATRA system catalyzed by the transition metal complex (CuBr/Ligand), robust and 

extremely efficient. Consequently, the formation of polymer radicals and grafting is more 

effective and productive. 

 

In addition, from the above UV/Visible spectra, attempts were made to determine the 

length and concentration of polyene in the DH-PVC molecules, both before and after 

reacting with fullerene, using equations the equations detailed above and the method as 

described by Szaka’cs et al. [71]. As observed from the data (Table 5.3), polyene 

concentration increases at the expense of the conjugation length after reacting DH-PVC 

with fullerene using the AIBN method. The likely rational for this is that fullerene groups 

functionalized onto DH-PVC chains at the unsaturated carbon-carbon double bonds, results 

in the disruption of the conjugation length with a corresponding increase in polyene 

concentration. However, this relationship concentration and length of polyene (Table 5.3) 

and, the fullerene content (Table 5.2) is non-linearly. This is likely due to the fact that 

fullerene can be functionalized onto either saturated or unsaturated segments of the DH-

PVC chains. 

 

Table 5.3 Conjugation length and concentration of polyene in DH-PVC and the various

 C60 functionalized DH-PVC  

 

Polymers Length of Polyene Polyene 
  (i)  concentration  (* 10

-5
) 

DH-PVC 3-8 0.996-0.17 
DH-PVC-N1 3-6 0.996-0.41 
DH-PVC-N5 3-6 0.996-0.41 
DH-PVC-N8 3-6 0.996-0.41 
DH-PVC-N12 3-6 0.996-0.41 
DH-PVC-N15 3-5 0.996-0.82 

 

Solubility of the fullerene functionalized polymeric products 

From the results detailed in Table 5.2, it is interesting to note that the solubility of C60 

functionalized DH-PVC products differ depending on the reaction techniques used. 
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Essentially, the products obtained by fullerenation via the ATRA technique (DH-PVC-A1 

and DH-PVC-A5) were insoluble in many common solvents, including THF and 

dichlorobenzene, which are efficient solvents for PVC and C60, respectively. Additionally, 

control ATRA experiments for DH-PVC consisting of reactions been carried out in the 

absence of C60, also showed similar results. This suggests that the insolubility observed is 

likely related to the PVC molecules and not attributed to aggregation or crosslinking of 

fullerene. Conversely, all the DH-PVC products obtained through normal fullerenation by 

the AIBN method (DH-PVC-N5 and DH-PVC-N15) were found to be soluble in these 

solvents, irrespective of the percentage C60. Moreover, it is worth mentioning that when 

neat PVC was used as a starting chemical for fullerenation, the resulting products were also 

soluble in the common solvents, regardless of the reaction mechanisms used.  

 

Our results indicate that the insolubility of ATRA fullerene functionalized DH-PVC 

products is likely related to the nature of the chemical reaction and structural changes at the 

double bonds of the DH-PVC molecules. In this regard, there are likely two competing 

chemical reactions occurring during the fullerenation process of DH-PVC, i.e. grafting of 

C60 onto the polymeric chains and a concurrent cross-linking of the DH-PVC molecules. 

The likely scenario when fullerenation occurs via the ATRA mechanism is that chlorine 

atoms are “transferred” from DH-PVC molecules into the transition metal catalyst 

complex, resulting in the formation of free radical chains. In this regard, C60 atoms get 

readily functionalized onto the polymer molecule by replacing the chlorine atoms of the 

repeating units. The remaining double bonds along the DH-PVC chains might also be 

dissociated into radicals facilitating the cross-linking process. The above phenomenon may 

not be the case for AIBN based normal fullerenation. In this case, radical species are 

induced by the dissociation of AIBN which then facilitate the grafting of C60 atoms at the 

double bonds of DH-PVC chains. This data is further supported by the 1H-NMR analysis of 

the fullerene functionalized DH-PVC (Figure 5.4). The relative integrated area of the peak 

from olefinic proton (5.7-5.8 ppm), when compared to those of the signals from CH2 and 

CH3 protons, is decreased after grafting. A similar spectral change was observed for the 

CH-Cl proton (4.3-4.7 ppm). It was believed that the above-mentioned cross-linking 

reaction was suppressed by grafting reaction between polymer chains and C60 atoms. 
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5.2  Electrical conductivity 
Electrical conductivity of the various fullerene functionalized polymers deserves a mention 

as this has a direct relevance for their use in solar cell technology. Firstly, it is worth noting 

from Table 5.4 that conductivity of DH-PVC is significantly higher (1.81 x 10-5 S/cm) 

compared to PVC (0.004 x 10-5 S/cm). This was probably due to the fact that PVC consists 

of saturated molecules and generally lacks conjugated double bonds. It was also found that 

when samples were tested without doping, the conductivity of the material is relatively low 

compared to that of the doped samples. For example, conductivity of the doped DHPVC 

(1.81 ×10-5 S/cm) is significantly higher than that of the undope DH-PVC (0.37 x 10-5 

S/cm). 

 

After reacting DH-PVC with fullerene with AIBN, conductivity values of the doped 

fullerene functionalized DH-PVC initially dropped to 1.24 x 10-5 S/cm (Figure 5.8). This 

effect can be ascribed to disruption of conjugation length of the polymer molecules due to 

the substitutions of fullerene atoms on the double bonds. However, when the C60 content 

was further increased the conductivity correspondingly increased. This is likely due to the 

fact that fullerene, which have robust electrical conductive, became dominant and 

contribute to the overall conductivity of the polymer. It follows that with the above 

conductivity values, DH-PVC and fullerene functionalized DH-PVC can be classified as 

potential semi-conductor material [117, 118]. 

 

Table 5.4 Electrical conductivity values of PVC, DH-PVC and some of the fullerene 

 functionalized polymers, before and after doping 

 

Polymers Electrical conductivity (* 10
-5

 S.cm
-1

) 
  Undope samples Doped samples 

PVC 0.0002 0.004 
DH-PVC 0.37 1.81 
PVC-N12 0.61 1.18 
PVC-A12 0.69 1.73 
DH-PVC-N12 0.32 1.38 
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Similarly, conductivity values of the fullerene functionalized PVC linearly increases with 

the C60 content, regardless of the reaction mechanism used. However, conductivity values 

of AIBN functionalized PVC were relatively low as compared to those of functionalized 

DH-PVC, experienced the same fullerenation mechanism. Again, this may be attributed to 

the fact that the PVC backbone lack conjugated double bonds in the molecule. The 

conductivity values of fullerene functionalized PVC by ATRA, are higher than those of the 

polymers modified by AIBN irrespective of a similar C60. It is likely that the above 

discrepancy could be attributed to factors such as different distribution of fullerene groups 

in the functionalized PVC molecules, which might affect conjugation length and planarity 

of the polymer molecules. 

 

 
Figure 5.8 Changes in electrical conductivity values of the various C60 functionalized PVC 

 and DH-PVC with C60 contents (after doping) 
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5.3  Preliminary study on photovoltaic performance of BHJ cells containing 

  the fullerene functionalized DHPVC 
In this part, a feasibility for using the fullerene functionalized polymers as an electron 

acceptor in BHJ cells was explored. In this regard, the DH-PVC-N5 was selected for 

fabrication and testing. This was due to the good solubility and lowest band gap energy of 

the polymer. Figure 5.9 shows band diagram of the BHJ cells containing P3HT and various 

types of electron acceptor. From the band diagram, it was found that the HOMO, LUMO 

energy level of DH-PVC-N5 was lower than that of P3HT. Furthermore, the open-circuit 

voltage (Voc) of the cells containing P3HT and DH-PVC-N5 is higher than that of the 

P3HT/C60 cell. This result implies that performance of the BHJ cell containing DH-PVC 

might also be better. In addition, by comparing with the PSFu No. 3, it was found that the 

Jsc of the cell containing PSFu No.3 is better than that of the DH-PVC-N5 and C60.This was 

due to the lowest band gap energy of the material. 

 
 

Figure 5.9  Energy diagram of P3HT and various types of electron acceptor materials 
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Figure 5.10 shows J-V curves of BHJ solar cells containing P3HT and various types of 

electron acceptor. From these curves, various parameters, including Voc, Jsc, fill factor and 

PCE, were determined and shown in Table 5.5. It was found that, the Voc, Jsc and PCE of 

the cells were increased after adding C60 functionalized DH-PVC (N5) (from 0.015% to 

0.110%). Furthermore, the efficiency of the cell containing PSFu No.3 is higher than that of 

the cell containing DH-PVC-N5. This might be ascribed to the fact that, the PSFu No.3 is 

low band gap energy and C60 content (from TGA technique) in PSFu chain is higher than 

that of the C60 functionalized DH-PVC chains (19.8% and 5.73% respectively).  

 

 
Figure 5.10 J-V curves of various P3HT/C60 BHJ solar cells with and without various 

 types of electron acceptor (ITO/TiO2/active layer/Au) 
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Table 5.5 PCE values of the BHJ cells containing P3HT and various types of electron

 acceptor, fabricated by using an inverted cell configuration  

 (ITO/TiO2/active layer/Au) 

 

BHJ cells 
V

oc
 

(V) 

J
sc

 

(mA/cm
2
) 

Fill Factor  PCE 
(%) 

P3HT 0.197 0.212 0.30 0.012 + (0.001) 
P3HT/C

60
 0.445 0.093 0.40 0.015 + (0.001) 

P3HT/DH-PVC-N5 0.538 0.661 0.33 0.110 + (0.008) 
P3HT/PSFu No.3 0.448 1.114 0.32 0.152 + (0.005) 

 

 

When comparison between the various BHJ cells, it was found that the fullerene content in 

the cells containing graft copolymers (PPX-g-PSFu,  PPX-g-PBAFu) are higher than the 

cells containing PSFu and DH-PVC-N5. However, the PCE values of the cells containing 

PSFu and DH-PVC-N5 were higher than the cells containing graft copolymers (0.15, 0.11, 

0.023 and 0.03, respectively). This is probably due to the better dispersion of fullerene in 

polymer chain as compared to those of the fullerene in the cells containing graft copolymer 

in the P3HT/C60 blend cells.



 
 

CHAPTER 6  CONCLUSIONS  
 

 

In overall, this thesis work has concerned the attempts to synthesize a kind of donor-

acceptor graft copolymers, namely poly(phenylene xylyene)-fullerene functionalized 

polystyrene (PPX-g-PSFu) and poly(phenylene xylylene)-fullerene functionalized 

poly(butyl acrylate) (PPX-g-PBAFu) copolymers. The copolymers were prepared via a 

purposed multiple steps synthetic route. The relationships between reaction variable, 

chemical structures, and dispersing agent efficacy of the copolymers in P3HT/C60 BHJ 

solar cell system were then investigated. In addition, C60 grafted DH-PVC were also 

prepared and a feasibility for using the above polymer as an electron acceptor in BHJ solar 

cells were investigated. The main findings obtained from this study are summarized as 

follows.  

 

Part I:  Synthesis and characterization of PPX-g-PSFu and PPX-g-PBAFu copolymers 

The PPX-g-PSFu and PPX-g-PBAFu copolymers were synthesized by using multiple steps. 

These consist of a synthesis of monomer and polymer precursor, then a macroiniferter was 

prepared by using a modified Wessling route. Next, monomers were functionalized onto the 

macroiniferter backbone and finally C60 was attached onto the graft copolymer. The 

product from each step were then characterized and confirmed.  

 

1. The prepared macroiniferter was characterized by FTIR. The peaks at 1206 cm-1 and 

1140 cm-1 were observed. These represents C-N (ν) and C=S (ν), respectively. 1H-NMR 

peak at δH 4.0, 4.75 and 5.2 ppm were also noted. This corresponding to -N-CH2, -CH-S-

C=S and -CH-OCH3, respectively. These are confirmed that the macroiniferter was 

successfully prepared. 

 

2. Grafting of monomer onto macroiniferter were prepared and characterized by using 1H-

NMR and DSC techniques.  

 • For PPX-g-P(S-co-CMS) copolymer, the 1H-NMR peaks at δH 3.6, 4.2 ppm 

representing -OCH3 and -CH2-Cl were noted. DSC thermogram of the material shows 
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peak at 52 ºC and 81ºC, representing glass transition temperature (Tg) of PPX and P(S-

co-CMS) copolymer, respectively.  

 • For PPX-g-P(BA-co-CMS) copolymer, the 1H-NMR peaks atδH 2.3, 4.0 ppm 

representing -CH-C=O and -O-CH2- were noted. DSC thermogram of the materials 

shows peak at 13 and 52 °C, representing Tg of poly(butyl acrylate) and PPX polymer, 

respectively.  

 

3. Fullerene functionalized graft copolymers were characterized by using FTIR, UV/Vis 

and TGA techniques. The presence of FTIR peaks at 528 cm-1 and 577 cm-1, UV/Vis peak 

at 335-340 nm suggested that C60 has been covalently bonded to the polymer chains. TGA 

thermograms also show the higher amount of residual weight above 500 °C. 

 

Part II:  Synthesis and characterization of polystyrene functionalized fullerene (PSFu) 

PSFu copolymers were also successfully prepared and characterized by using 1H-NMR, 

FTIR, UV/Vis and TGA techniques. 1H-NMR peaks at δH 4.2 and 7.2 ppm representing 

CH2 of CMS unit and metha and para-aromatic proton of PS and CMS were noted. The 

FTIR peaks at 528, 577 cm-1 and the UV/Vis peaks at 335 nm, representing the 

characteristics of the C60-bonded polymer were observed. In addition, TGA thermograms 

show the higher amount of residual weight above 500 °C, and that was related to the 

presence of C60 in the molecules. 

 

Part III:  PCE of the BHJ solar cells containing the graft copolymer as a dispersing  

 agent 

The BHJ cells were fabricated by using two different cells, including conventional cells 

(ITO/PEDOT:PSS/active layer/Al) and inverted cells (ITO/TiO2/active layer/Au). The 

results from J-V curves and PCE values showed that, by adding 20 pph of PPX-g-PSFu 

(No.3) as the dispersing agent, PCE of the cells increased from 0.07×10-4% to 1.51 ×10-4%. 

Similarly, PCE of the inverted cells increase from 0.003% to 0.023% after adding the 

copolymer. AFM images also confirmed that the phase size of P3HT and C60 decreased 

after adding the copolymer.  
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Similarly, the results from J-V curves and PCE values of the inverted cells containing  

PPX-g-PBAFu show that, efficiency of the BHJ cells increased after adding 20 pph of the 

PPX-g-PBAFu copolymer No.1 from 0.003% to 0.03%. AFM images also confirmed that 

the phase size of P3HT and C60 decreased after adding the copolymer (from 300 nm to 30 

nm). 

 

Part IV:  Synthesis and characterization of fullerene functionalized  DH-PVC 

The fullerene functionalized DH-PVC, were successfully prepared and characterized by 

FTIR, 1H-NMR, GPC, DSC, TGA, UV/Vis spectroscopy. The 1H-NMR peak at 3.9 ppm 

was noted and that can be ascribed to the fulleryl protons. The presence of FTIR peaks at 

528, 577 cm-1
 and UV/Vis peaks at 330 nm can also be ascribed to the characteristic of C60-

bonded polymer. The GPC chromatogram showed an increase in averaged molecular 

weight value of the polymer from 67,824 g/mol to 82,776 g/mol, after grafting with C60. 

DSC thermograms and TGA thermograms of the polymer showed the higher of Tg value 

and the better thermal stability after grafting with C60. The electrical conductivity values of 

DH-PVC were also increased after C60 functionalization. 

 
Part V:  PCE of the BHJ solar cells containing C60 functionalized DH-PVC as an 

 electron acceptor 

The BHJ cell containing PSFu No.3 was fabricated into inverted cells. The results from J-V 

curves show that PCE of the BHJ cell increased from 0.015% to 0.15% after 20 pph of the 

PSFu No.3 was added as electron acceptor.  

 

Similarly, the BHJ cell containing DH-PVC-N5 was fabricated into inverted cells. The 

results from J-V curves show that, PCE of the BHJ cell increased from 0.015% to 0.11% 

after 20 pph of the DH-PVC-N5 was added.  
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Recommends and Future works 

1. Investigation structural change of fullerene after grafting with polymer, using the X-
ray photon spectrophotometry (XPS) technique.  

 

2. Study on the optical properties of the materials, such as photoluminescence by using 
the luminescence spectrophotometer. 
 

3. Comparative study on the PCE various solar cell systems containing different type 
of electron acceptor developed from this work, including P3HT/PPX-g-PSFu, 
P3HT/PPX-g-PBAFu, P3HT/PSFu and P3HT/DHPVC-N5. 

 

4. Investigation of morphology of the above various active layer systems. 
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(a) TGA thermograms of various PSFu and PS-co-CMS 
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