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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 (Cgo) 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, Cgo was functionalized onto the grafting chain via atom
transfer radical addition (ATRA). In addition, Cg functionalized polystyrene (PSFu) and
Ceo functionalized dehydrochlorinated poly(vinyl chloride) (Cgo-g-DH-PVC) were prepared
by using the ATRA technique. The prepared products were characterized by using ‘H-
NMR, FTIR, UV/Vis, GPC, TGA, DSC and cyclic voltammetry.



From the results, it was found that by adding (20 pph) of PPX-g-PSFu, power conversion
efficiency (PCE) of the P3HT/Cg cells were increased from 0.07x10™% to 1.51x10™% 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/Cg 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 Cg functionalized DH-PVC as an electron acceptor in BHJ
cells was explored. From the result, it was found that by adding the PSFu and Cg
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 Cg 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
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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-



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.
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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.



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 Cgo. This has been observed, particularly, when the amount of Cg
used to fabricating the solar cells was in excess of a certain limit [24, 25]. In this regard,
chemical modification of Cg may improve the material solubility. For example, by using a
derivative form of Cgo, phenyl-Cg;-butyric acid methyl ester (PCBM), the solubility of the

material was improved and power conversion efficiency (PCE) of the related cells are



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 Cgo. In relation to this thesis work, we believed that a preparation of Cg
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 Cg
containing polymers. Collectively, the aforementioned properties of Cgo 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%



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 Cgo-containing block copolymer of P3HT (P3CgHT-b-P3HT) and
studied the effect of addition of the block copolymer on morphology and PCE of the cells
containing P3HT, Cg and P3CgHT-b-P3HT. They found that the interfacial tension
between P3HT and Cg, 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 Cg. 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



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 Cso 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 Cs 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 Cg 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 Cgo 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 Cg functionalized polystyrene

(PSFu) were not reported.

In addition, Tang et al. [34] and Martinez et al. [35] synthesized Cgo functionalized PVC
through a direct chemical reaction between PVC and Cgo, 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.



Alternatively, the functionalized of Cg, onto PVC molecules using controlled radical
reactions deserves consideration. With this technique, greater Cgo 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
Ceo 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 Cg, functionalized PVC can be
obtained by conjugating polyene segments along the PVVC 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 Coskun 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 Cgg is



possible and some interesting photo-electronic properties were observed. However, the
relationships between structure and properties of the Cgo 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/Cg 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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In addition, new electron acceptor materials based on Cg, functionalized polymers were
synthesized. These include Cg functionalized polystyrene (PSFu) (Figure 1.4) and Cg
functionalized DH-PVC copolymers (Figure 1.5). Noteworthy, in the case of Cg
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 Cgo onto the polymer chains was carried out via ATRA technique.
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Figure 1.4 Chemical structure of PSFu

A CH,—CH—CH=—=CH—CH,—CH—CH,—CH—CH,— CH"v

Figure 1.5 Chemical structure of Cg 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 Cg functionalized DH-PVC.

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

acceptor in BHJ cells.
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1.6 Scopes of work

16.1

1.6.2

1.6.3

1.6.4

1.6.5

1.6.6

1.6.7
1.6.8

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.
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.
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.
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+Cgo/Al

* Glass/ITO/TiO,/P3HT+copolymer+Cgy/Au
Two types of fullerene functionalized polymers were designed, prepared and
characterized in this study, i.e., PSFu and fullerene functionalized DH-PVC.
The fullerene functionalized polymers DH-PVC with a variety of Cg, contents, were
prepared via ATRA technique and their structure were controlled by adjusting the
amount of fullerene feed.
Morphology of the BHJ films was examined by AFM technique.
Feasibility for using the above fullerene functionalized DH-PVC as an electron
acceptor  material in  BHJ solar cells were explored, using

Glass/ITO/TiO,/P3HT+copolymer+Cgo/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 10° Q.cm), semiconductor
(resistivity 10°~10™ Q.cm) and conductor (resistivity higher than 10 Q.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).

Tnfilled Conduction
bands / band

*——ZEBand gap

\ WValence

Filled band
bands

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.

+ Energy of electrons

Conduction Band

Large anargy "
gap betwean
valance and
conducticn bands.

Fermi
Conduction Band / leval

....................... \ Conduction Band

e

a. Insulator b. Semiconductor ¢. Conductor

Figure 2.2 Band gap energy of insulator, sesmiconducting 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 (c-bond) and the double bonds composed
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of both sigma bond (c-bond) and pi bond (n-bond). In order to describe the ¢ bonds and =

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

Basically, there are many types of electron orbital, including s orbital and py, py and p,
orbitals. The valence electron of carbon atoms in s and p orbitals were combined to form
sp® hybridization orbital, which consist of 2 electrons in s orbital (2s) and 2 electrons in p
orbital (2px and 2py orbital). The sp® hybridized are symmetrical symmetry in a horizontal
plane and left the 2p, orbital. For organic molecules, a o-bond is a covalent bond, resulting
from the formation of molecular orbital by end-to-end overlapping of two sp? orbitals. The
n-bond is a covalent bond, resulting from the molecular orbital by side-to-side overlapping

of 2p, orbital.

N

p.-orbital

sp,-orbitals

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

molecular o-bonding and w-bonding [52]

2.3.2 HOMO/LUMO of semiconducting polymers

As a result of sp? 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 =-bonds resulted from p, orbital
hybridization (degenerated as n—=n*) 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 ) Band gap | Conductivity
) Chemical Structures
(discovered year) (eV) (S/cm)
Polyacetylene (1977) N 1.5 10° - 1.7x10°
n
Polypyrrole (1979) H 3.1 10° - 7.5x10°

Polythiophene s 2.0 10 - 10°
(1981) m

Poly(paraphenylene) ( ::: ) 3.0 10° - 10°
(1979) "

Poly(p-phenylene : <:> \: 2.5 3-5x103
vinylene) (1979) n

Polyaniline @N C :}@N C NH 3.2 30 - 200
(1980) " -

Figure 2.4 shows molecular orbitals of benzene oligomer and PPV. Both of benzene and
PPV are degenerated as n—m*, 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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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 (Epo). 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. Iy) 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.

a)E‘

NN

(R

HOMO M,

AN

y
>
v

: “—ﬁ T LUMO LUMO M,
H H.TD_}H 4 YO

X X

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 D,, (b) Formation of an intermediate
local charge transfer (CT) state [Ma"D,], (c) n-doping: Initial charge transfer
of an electron from n-dopant D, to a matrix molecule Ma, (d) Formation of

an intermediate local charge transfer (CT) state [MaDo'] [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° s [14]) and so the
electron-hole pair in the exciton tends to recombine rapidly.

Conduction Band

Valence Band

exciton

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 I, (p-
doping) was shown in Equation 2.1. The conductivity of the polymer increased from 10 to
10 Sem™ [12].

trans-(CH), +3/2,yl, —— [CH"Y(I3),]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(CyoHs) (Equation 2.2).

trans-(CH), + [Na*(C1oHg) **] ——— [(Na"),(CH)Y]x + CioHg (2.2)

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 1,. 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 1, [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 LiClO, in propylene

carbonate [55].

trans-(CH), + (xy)(Cl0,)” ——— [(CH™)(CIO,), I+ (Xy)e™ (y+<0.1) (2.3)

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.

Vi
trans-(CH), —— N = (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].
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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 Current density
(280 nm—) (mA cm?)
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.

LUMO >
B — T~
o E- E, E+
E- ————— — — — —
‘——___O "
h

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

potential in the homojunction (e represents electron, o 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].

Energy
A

ITO
Output Organic material

PV mode

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 (IPp).

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].
Sunlight

Sunlight

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.

a)
D A
LUMO Ca
T LUMO s
- - Al
- .
Ay —
= HOMO ——
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b) c) \
k_J Al

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;* or (2) NaOH, MeOH/H;0, G (d) 220 oC, vaccum,

_oxth Ser -HCI, 2h
+CI (b) HCI \
Si \ (c) dialysis (H,0) n n

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

ROTSs HCI, HCIO
_ = - -
DMF, K,CO3

HO

OR O OR OR
+
cl L) scr

S NaOH [ n
. Cl H,0 [ cr
cl 2 \ / S
RO RO Q RO Q
2-m 3-m 4-1,4-2
KOtBu
THF OR
[ ; J n R= (CHchzo)mCH3 m=1,2,3
RO
EO,,-PPV

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 Mt™/L, 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-M{™?/L,) and polymer radical (Re) 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)

NMREP 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].

TEMPO TIPNO

(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 (Pe) and nitroxide inert radicals.
Then, more monomers (M) reacted with the propagating chains and the polymerization

continued (Figure 2.22).

K = ky/k, M (monomer)
R k
/ 1 Kqg P /Rl
P—O—N ——= Pe  *+ «O—N
AN k N\
R2 ¢ R2
alkoxyamine active species nitroxide

(dormant species)

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].

RO

o)
400 mol% K,CO4 X O O O >L
2 mol% Pd(PPhs), n O0—N
H20/THF 1:4 RO o)
0,
70°C X ACZO
n 120°C

N
(0]
n Br Br+ n /B B +
O \o
@ @ @)
R Br

1-3h

OR
etelelNe
n m
RO
e

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

Short-circuit current (Js)

By definition, short-circuit current (Jsc) refers to the current which flows through the
external circuit in the absence of voltage (V=0). The Js 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 (Py,)
Maximum power point (Pn,) 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= Jmnp*xVmp) and the
actual power obtained from the cell testing (JscXVoc,). 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.

UmpVmp)

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/m? or 100 mW/cm?, when the solar simulations are used.

PCE = JscVocFFx100 2.7)

input power



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/Cg blend
cells were investigated.

(i)  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

Monomer

‘ Polymer precursor ‘

Macroiniferter
Monomer

VC
| ! ,
| PPX-g-P(S-g-CMS) | | PPX-g-P(BA-g-CMS) | | P(S-co-CMS) |

A 4 A

— PPX-g-PSFu PPX-g-PBAFu
! |
PPV—;-PSFU m \%S[‘Fl‘ ‘ Cy, functionalized DH-PVC ‘
! ! !

—>‘ Solar cells iabrication Fi ‘ Solar cells jfabrication ‘
‘ Characterization and Testing ‘ ‘ Characterization and Testing ‘
(@) (b)

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

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

Table 3.1 List of chemicals

Chemicals Grade Suppliers
a,o—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




Table 3.1 List of chemicals (cont.)

Chemicals Grade Suppliers
Fullerene (Ceo) 98% Sigma-Aldrich
Methanol Analytical grade Fisher Chemicals
Toluene Analytical grade Fisher Chemicals

Dichlorobenzene
Dichlorobenzene
Acetone

Nitrogen gas
Styrene

Chloromethylstyrene (CMS)
Poly(hexyl thiophene) (P3HT)

Poly(vinyl chloride) (PVC)

Pllatinum rod (Pt)
Ag/AgNO;

Glassy carbon electrode

Ammonium tetrafluoroborate
(BU4NBF4)

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

Butyl acrylate

N,N,N",N" ,N"pentamethyldiethylene
triamine (PMDETA)

2,2’-Azo-bisisobutyronitrile (AIBN)

Titanium (1V) isopropoxide
Isopropanol

Acetylacetone

Nitric acid (HNOg)

Analytical grade
Analytical grade
Commercial

99.99%
99%, GC grade

90%, GC grade
regio-random
regio-regular
k-value = 66,

DPn =1,025

BSTR10A

99% GC
99%

0.2 M in toluene

65%

Merck
Merck

Merck

Praxair (Thailand)
Fluka

Fluka

Sigma-Aldrich

Thai Plastic and
Chemicals

Auto Lab

Auto Lab

Auto Lab

Sigma-Aldrich

Baytron

Fluka
Sigma-Aldrich
Sigma-Aldrich

Fluka

Fluka
Merck
Lab scan




Table 3.2 List of equipments
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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/ICD
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 3ST
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

o, a-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 N, 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 CH,Cl, 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 ‘H-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 °C 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 °C

until reaching a constant weight.

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

Grafting yield (%) = (W1-W;)/ W5 x100% (3.1)
Grafting efficiency (%) = W1/ (W + W,) x100% (3.2)

Where;

Wi, W,, W3 and W, are the weights of graft copolymer, macro-iniferter, monomer and
homopolymer, respectively. The product was characterized by using *H-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 (Cgo) (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 °C 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 Cg from the product.
UV/Visible spectroscopy was used to examine the presence of an absorption peak of the
free Cgp 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 °C 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 Cg 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 (T4) 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/Cqg
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.

X
PPX-g-P(BACMS) PPX-g-PBAFu

Figure 3.5 Synthetic route of PPX-g-PBAFu copolymer

3.4 Synthesis of fullerene functionalized polystyrene (PSFu)

The aggregation of Cg in the BHJ solar cells is the important problem to decrease the
efficiency of the cells. So that, this research interested to decrease the Cgo aggregation in
BHJ cell, by functionalized Cgy 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, C¢y 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.

——CH —CH S
H,C H,C—— C,Hs | | /C2H5
+ AN
+ N—C—S—C——N
S| N
S 25
CH,CI L
Styrene Chloromethy! styrene l UV 4h.
%CHZ—CHHCHZ—CH%—
% X y
CH,CI
P(S-co-CMS)
full ATRA
ullerene l 80C. 3h.
A[CHZ—CHHCHZ—CH+
@ y
CH,
AN,
Y
/

PSFu

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 °C until reaching a
constant weight. The product was characterized by using ‘H-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 Cg (0.013 @), 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 (0.00869) 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 °C 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
Ceo from the product. UV/Visible spectroscopy was used to examine the presence of an
absorption peak (wavelength 335 nm) of the free Cgp 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 °C 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 Cg 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 Cgo by using two different techniques, i.e.; ATRA and normal fullerenation
techniques. Preparation of Cg functionalized PVC was also studied, for a comparison
proposes. Schematic draws illustrating the fullerenation of P\VC and DH-PVC are shown in

Figure 3.7.

Poly(vinyl chloride) Dehydrochlorinated poly(vinyl chloride)

#CHg~CH-CHyCH-CHy CH-CHy CH-CHy CH _NaOHIM (5 2-CHy~CH-CH=CH-CH=CH CHy CH-CHy CHa
c ¢ ca ¢ c Cl g &

j fullerenation ‘ fullerenation

#7CHy=CH-CHy-CH-CHyCH-CHy CH-CHy CHar + HCI - a2CHy~CH-CHECH-CH-CH-CH-CHy CH-CHpw + HCI

Cl o Cl § £y Cl
\ \
@ 9 3

3 %)
A%

Fullerene grafted poly(vinyl chloride) Fullerene grafted dehydrochlorinated poly(viny! chloride)

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 x

10™. 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 *H-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 Cg 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 °C 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 Cg from the product. UV/Visible spectroscopy was used to

examine the presence of a characteristic absorption peak of the free Cgo 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 °C 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
Ceo 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 °C 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™ and 4000 cm™.

3.6.2 Proton nuclear magnetic resonance (*H-NMR) spectroscopy

'H-NMR spectroscopy was used to characterize the chemical structures of various products.
Typically, the sample was dissolved in deuterated benzene (CsDg) 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/a (3.3)
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Where; h is the Planck constant, C is the speed of light, and A 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].

Sitwe = 10000 + 27700x (i-1) (dm*mol™ecm™) (3.4)
Where, € = absorbance coefficients, i = length of polyene

p = M 35

' gixcx d (35)

Where, P; = polyenes concentration,

A = absorbance,

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

c = polymer concentration (g/dm®),

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 pL 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 Cgg 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 x
300 mm? 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 °C and 600 °C under

nitrogen atmosphere, at a heating rate of 10 °C /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 °C /min over temperatures ranging between 25 and 200 °C.

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 Bus;NBF, as a
supporting electrolyte. Pt wire was used as a counter electrode, whereas Pt and Ag/AgNO;
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 (Enomo),
the lowest unoccupied molecular orbital (ELumo) and band gap energy of the

semiconducting materials were calculated using the following equations;
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Evomo (€V) = - (Eox +4.39) (3.6)
ELumo (V) = - (Erea+ 4.39) (3.7)
Band gap energy (€V) = - (Enomo - ELumo) (3.8)

01.01.2003

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

3.7 Morphological characterization

Morphology of the P3HT/Csy 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 Cgo 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 um filter and drop cast
onto (2.5x2.5) cm? 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 o (S.cm™) was calculated by the following equation:

1

O~ 153 xR~

(3.9)

Where o is the electrical conductivity (S.cm™), R is the resistance () and | 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.

Al
Photoactive '

PEDOT:PSS

ITO

Glass

Figure 3. 12 Structure of the conventional solar cells configuration

A patterned 1TO coated glass substrate (2.0x2.5 cm?) was prepared by etching with acid
solution containing H,SO4:H,0,:H,0 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 Cg (100/20 %w/w) and PPX-g-PSFu was spincoated onto
the substrate. A solution of the photoactive blend (20 mg/mL) inl,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* 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.

PSS

PEDOT

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.

Au
Photoactive '

TiO,

ITO
Glass

Figure 3 15 Structure of the inverted solar cells configuration

A patterned ITO coated glass substrates was coated with thin film of TiO, by using a sol-
gel dipping technique.

The titanium dioxide (TiOy) 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) (M,, 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
TiO, films (20 nm). Next, a photoactive layer was spin coated on the TiO; 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 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/cm?. Current density
voltage characteristics and PCE were measured via a computer controlled Keithley 6430
source unit (Figure 3.16). The short circuit current density (Js), open circuit voltage (V),
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.

IscVocFFX100

PCE = Light power (3.10)
ImpV
FF = ('}Z’ZV’:S (3.11)

(@) (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
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CHAPTER 4 SYNTHESIS, CHARACTERIZATION AND
PHOTOVOLTAIC PERFORAMANCE OF PPX-g-PSFu AND
PPX-g-PBAFuU

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.
(i) 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™, corresponding to the C-S (v) bonds was observed. In
addition, the absorption peak at 756 cm™, representing the vibration of C-Cl bonds
disappeared. Other relevance peaks such as those at 1619 cm™ (C=C, (v) of aromatic ring),
and 870 cm™ (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

(i) 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™and 1140 cm™. These could be ascribed to the
vibration of the C-N (v) and that of the C=S (v), respectively. Notably, the absorption peaks
at 1635 cm™ and 1676 cm™ 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 °C 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].
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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 'H-NMR spectrum of the modified polymer. The important peak
includes the peak at o4 1.25 (-CHgs), 1.65 (-CHy), 3.07 (Ph-C-CH,-), 3.6 (-O-CHj3), 4.75
(-CH-S-C=S) and at oy 5.2 (-CH-OCHg3). In addition, the peak atoy 4.0 and 3.7 ppm
belonging to methylene protons (-N-CH,) within the dithiocabamate groups can also be
seen. Of note, the peak at o4 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 'H-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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(iii) Grafting of monomer onto the macroiniferter backbone

Grafting of styrene and CMS

Figure 4.6 shows "H-NMR spectrum of the product obtained from a graft copolymerization
of styrene and CMS using the monomers molar ratio of 75/25 (% wi/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 atoy 3.6 ppm which could be attributed to
a signal of the methoxy proton adjacent to the oxygen atom (-OCHg). In addition, the peak
atoy 4.2 ppm, representing the benzyl chloride group (-CH,-CI) can also be noted. Beside,
there are two new peaks occurred atoy 7.2 ppm and 6.5-6.8 ppm. The NMR peak at o4 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 &y 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 &4 4.2 ppm in relation to the area at 64 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
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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.
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Figure 4.6 *H-NMR spectrum of the product obtained from graft copolymerization of

styrene and CMS with PPX macroiniferter
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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 °C and 81 °C. 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 (M,) and the weight average molecular weight (My,)
of the macroiniferter decreased rather than increased after the graft copolymerization. The
molecular weights (M,) 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.
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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 (%0)
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™ and 577 cm™,
which represent the characteristic of the Cgo-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 Cg 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 Cg. From a thermogram of the
polymer before reaction, three transitions can be observed. The first transition occurred at
120 °C 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 °C 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 °C 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 °C) of the product was 10% greater than that of the starting graft
copolymer before ATRA. The difference is attributed to the presence of the Cgo 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.
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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 Cg, 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-ClI
bonds in the P(CMS) repeating units, can be further functionalized by reacting it with the
Ceo 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 *H-NMR spectra of a product obtained from copolymerization of styrene
and CMS with TD iniferter. A chemical shift of the benzyl chloride protons (CH, of CMS
repeating units) at o4 4.2 ppm can be noted. The NMR peak at & 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 &4 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 o4 4.2 ppm and &, 6.5-6.8 ppm, using the
following Equation 5.1 [89].

P(CMS) composition
Where; A
B

(A/B)x100

integrated area of benzyl chloride proton

sum of integrated area of all ortho-aromatic proton (5.1)



78

cDCy

S SN

%CH:—CHHCH:—CH%
x v
o -

CH,C1

oX
o %
VS

_

T

8 ! 6 § ¢ 3 4 pps

Figure 4.12 *H 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 Cgy contents of various types of copolymers

synthesized by using a variety of monomer feed ratios

Monomer Mw

Copolymers feed ratio Copoly_mer (g/mole) Final Ceo
(styrene/CMS) compositions of the products contents
- - ** 0, *
P(S-co-CMS) by mole PS/P(CMS) copolymer (Wt.%0)
No.1 80/20 73127 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 Cgo via an ATRA technique. An FTIR spectrum of the product shows two
new weak transmission bands at 528 and 577 cm™, representing the characteristics of the
Ceo-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 Cgy groups, covalently bonding
with the copolymer molecules. The Cgy content in each PSFu polymer was calculated from

UV/Vis spectra and summarized in Table 4.2.
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Figure 4.15 shows overlaid TGA therrmograms of PSFu copolymers obtained by reacting
Ceo 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 °C. 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 °C and that could be related to the decomposition of P(CMS)
repeating units [90, 91]. Finally, the amount of residue left at 550 °C and the above
temperature represent the Cgo groups. The residue was thought not to be un-reacted Cg

given the fact that the synthesized polymer has been purified and free from the un-reacted
Ceo by washing with hexane.
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Figure 4.15 Overlaid TGA thermograms of PSFu prepared by using various type of
P(S-co-CMS) copolymers
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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 Cg, 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 Cgo contents. It seems that the band gap energy of PSFu tends to
decrease with increasing Cgo 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
Band Gap Ener eV
Samples EHOMO ELUMO xonset ?rom gy ( )
(eV) (eV) (nm) Ccv 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 (x0.03)
PSFu No.4 n/a n/a n/a falad nfa**

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 *H-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 *H-NMR peak at 3.6 ppm
B = Integration area of the ‘H-NMR peak at 5.2 ppm
C = Integration area of the *H-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.



84

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 Cso groups in the various PPX-g-PSFu molecules determined from TGA technigques was
also showed in Table 4.5. Of note, the Cg content increased when the
monomers/macroiniferter molar ratio increased. In terms of the effect of grafting number,
percentage Cgo 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 Cg, 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 Cg, 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 4.18 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 Cg. 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 Cgo and P3HT. Consequently, the energy level of P3HT, PPX-g-PSFu and Cg
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

Band Gap Energy (eV)

Samples Enomo ELumo Aonset from
(eV) (eV) (nm) CcVv 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
0
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Figure 4.19 Energy diagram of P3HT, PPX-g-PSFu copolymer and Cg
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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/Cgo 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/TiO,/active layer/Au. In this regard, a
greater PCE obtained from the latter cell configuration might be expected, due to the fact

that TiO; 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 (Vo) 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/Csy BHJ cells with different types of PPX-g-PSFu
copolymers fabricated by using the ITO/PEDOT:PSS/active layer/Al electrode

system
Graft Copolymers V. Jsc Fill Factor PCE (10™ %)
(V)  (x10°mA/cm?)
Control 0.212 0.171 0.21 0.07 (+0.01)
PPX-g-PSFuNo.l  0.0012 1.935 0.21 0.006 ( +0.002)
PPX-g-PSFuN0.2  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 x 10™% to 1.45 x 10™%. 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/TiO,/active layer/Au)

From the above results, it seems that PCE values of conversional cells are considerably low
(in the order of 10 %). 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 TiO, coated ITO, prepared by using sol-gel dipping
technique. It was found that thickness of TiO, was about 30 nm. This was consistent with

the thickness reported from literature (10-50 nm) [97].

TiO, layer (30 nm)
:"“"‘-ﬁ...-.. — -
100 nm
ITO layer (100 nm)

I ITO layer (100 nm)

— 188nm
MTEC 2BKY ¥188,888 & mm

— 18@nm

MTEC 20Ky KnoBe,a0a0 & mm

Figure 4.21 SEM images of nano-TiO; 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 Js. 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.

0.0
-0.2 4 ~
7/ /
/S
-0.4 + ;4‘/

Current density (mA/cm®)

—4—PPX-g-PSFu (4
-0.8
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,/ —o —PPX-g-PSFu (1)
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)

| ' | ! I '
0.00 0.05 0.10 0.15 0.20
Voltage (V)

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/Cg, BHJ cells containing different types of
PPX-g-PSFu copolymers, fabricated by using ITO/TiO,/active layer/Au

electrode system

Graft Copolymers Voc Jsc Fill Factor PCE (%)

(V) (mA/cm?)
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/Cs cell (without the
copolymer) increased for about 500 times, i.e., from 0.07 x 10™ % to 0.0033 % upon
changing from the conversional cell to the inverted cell. This effect can be ascribed to the
presence of nano-TiO; 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-TiO,
layer and Au electrode were not exist.

4.4.3 Morphology of the P3HT/Cg, 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/Cg, 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/Cgo blend film (without copolymer) are phase separated. The image shows large
domain (bright area), representing the Cg 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 Cg phase also
decreased. Similar aspect was observed for the blend film containing graft copolymer No.3.



94

The finer phase separated morphology implies more interfacial area between P3HT and
Ceo. Therefore, the excitons have more chances to dissociate and a greater power

conversion efficiency of the related BHJ polymer solar cells can be expected.

(a) Control P3HT/C; blend film

0 5.0 50.0 o 5.0 50.0

Topography mode Phase image mode

B) PPX-g-PSFu (1) (20 pph)

' "

[i] 25.0 50.0 0 ,25.0
Topography mode Phase image mode i

(¢) PPX-g-PSFu (2) (20 pph)

o 25.0 $0‘.0 0 5.0 50.0
Topography mode um Phase image mode um
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{d) PPX-g-PSFu (3) (20 pph)
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Figure 4.23 AFM micrographs of P3HT/Cg 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, Cgo
aggregation was suppressed and dispersion of Cg 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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Figure 4.24 AFM micrographs (phase image) of the P3HT/Cg, 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 °C 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 x 10™ % to 0.02 x 10™ %.
This result could be affected from the Cgo aggregation during thermal treatment process.
AFM micrograph (Figure 4.26) were supported this result, after thermal treatment the Cqg

phase was aggregated.
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PPV-g-PSFu

Figure 4.25 Chemical structure of PPV-g-PSFu copolymer

(a) (b)
Figure 4.26 AFM micrographs (phase image) of the P3HT/Cgo 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, Cs 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 *H-NMR spectrum of the PPX-g-P(BA-co-CMS) copolymer.
The spectrum shows aromatic proton signals at o4 7.2 and 6.6 ppm. The peaks at o4 3.6 and
3.8 ppm indicated the present of methylene (Ph-C-CH,-) and methyl (-O-CHs) protons of
the PPX molecule, respectively [100]. In addition, methyl (-CH3) and methylene protons
adjacent to oxygen atom (-O-CHj,-) of the butyl acrylate grafting chain exhibited signals at
S 0.9 and 4.0 ppm, respectively [101, 102]. *H-NMR signal at & 2.3 ppm is attributed to
the methine proton of poly(butyl acrylate) grafting chains (-CH-C=0).

In addition, the chemical shift of the methylene proton of the benzylchloride in CMS units
(-CH,-CI) appeared at o4 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 o4 0.9 ppm to that of at 64 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.
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Figure 4.27 *H-NMR spectrum of PPX-g-P(BA-co-CMS) copolymer
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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
'"H-NMR and DSC thermogram are sufficient to confirm that the PPX-g-P(BA-co-CMS)
has been successfully prepared. Noteworthy, the molecular weight (M,) 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.

Endo

PPX-g-P(BA-co-CMS)

Heat flow (J/sec)

Temperature (°C)

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

Monomer contents
(mL)
Butyl

Copolymer types Copolymer Grafting  Grafting

yield Efficiency

PPX-g-P(BA-co-CMS) CMS composition

acrylate (%) (%0)
No.1 1.7 24 44/56 57.3 63.7
No.2 5.23 7.21 41/59 57.5 82.1

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 Cgy copolymers No.1 and No.2 from TGA

technique. The obtained valued are 15.06% and 15.63%, respectively.
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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 Cgo (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 Cgo. 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].



103

100
I -
\
I \
80 \
I \
_ \
X \
~ \
2 60 - \
L=
< \
= \
D
= 40 - \
-
Voo
20 T e Fullerene ' T~ -
—— PPX-g-P(BA-cO-CMS)
- - - PPX-g-PBAFU
0 ||||||||||||||||||||||||||||||||||||||||||||||||

35 135 235 335 435 535 635 735 835 935
Temperature (°C)

Figure 4.31 Overlaid TGA thermograms of various PPX-g-P(BA-co-CMS) copolymers

before and after reacting with Cgo 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 Cg 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 Cgg

(Figure 4.32). This was not the case for the copolymer No.2 in which its LUMO energy
level is lower than that of Cgo (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 Enomo ELumo Aonset Band Gap Energy (eV)
(eV) (eV) (nm) CcVv 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
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Figure 4.32 Energy diagram BHJ cell containing P3HT, PPX-g-PBAFu No.1 and Cg
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Figure 4.33 Energy diagram of BHJ cell containing P3HT, PPX-g-PBAFu No.2 and Cg

4.6 Photovoltaic performance of BHJ cells containing PPX-g-PBAFu

4.6.1 Inverted cells (ITO/TiO,/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 V. 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/Cgo 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/Cgo BHJ cells containing different types of PPX-g-
PBAFu (20 pph) copolymers, fabricated by using inverted cell configuration
(ITO/TiO,/active layer/Au electrode)

J
BHJ cells Voo * 2 Fill Factor PCE (%)
(V) (mA/cm)
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/Cg, films containing PPX-g-PBAFu

Figure 4.35 shows AFM micrographs (phase image mode) of various P3HT/Cgy blended
films. AFM images of films comprise of a large domain (light), representing the Cg rich
phase being dispersed within the continuous dark matrix, which represents P3HT. Phase
sizes of the P3HT and the aggregated Cg 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 Cgo decreased about 10 times (from 300 nm to 30 nm). Aggregation of the Cgo phase
was also suppressed. It was believed that the use of copolymer leads to a reduction of an
interfacial energy between P3HT and Cg,. Consequently, interfacial area between P3HT
and Cgo 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/Cg 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 Cgo during thermal treatment process, as was supported by AFM micrograph
(Figure 4.37).

PPV-g-PBAFuU

Figure 4.36 Chemical structure of PPV-g-PBAFu copolymer
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Table 4.12 PCE values of P3HT/Cg, BHJ cells with different types of PPX-g-PBAFu

(20 pph) copolymers after thermal treatment

vV J
BHJ cells oc * 5 Fill Factor PCE (%)
(V) (mA/cm )
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

0.50

(d)

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 Ty 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/Cgy 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 Cg. Consideration of the literature review
revealed that some aggregation of the material occurred in many cases [106, 107] when the
amount of Cgo used in the BHJ cells is in excess of a certain limit. By using derivative
forms of the Cgp, such as phenyl-Cg;-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 Ce.

In this part, the studies of Cgo 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 Cgy onto the DH-
PVC chains, solubility of the Cgy based material can be improved and aggregation of the
material might be suppressed. In this regard, a feasibility of using the Cgo 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 Cg 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™ (assigned to 8 CH, of PVC), 1258 cm™ (assigned to & CH of PVC), and 965 cm™
(assigned to v CH, of PVC). The absorption peaks at 614 and 695 cm™ also represent the v
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™, 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™, 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 'H-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 (CIC-H) and 2.35 ppm (-CHy-). 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 *H-NMR
results are sufficient to confirm that DH-PVC has been efficiently prepared.
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Figure 5.2 *H-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 Cg.
After fullerenation, new absorption peaks at 528 and 577 cm™ were noted to have emerged
and these can be ascribed to the characteristic bands of Cgo [112]. Additionally, the above
spectra reveal the presence of peaks at 1730, and 3400 cm™. Of interest, similar peaks were
also observed by Rusen et al. [113], in FTIR spectra derived from PVC that had been
chemically modified with Cgo and the authors concluded that these may be ascribed to an
interaction between Cgo 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™ and 3400 cm™, 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 PVVC 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].
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Figure 5.3 Overlaid FTIR spectra of PVC and DH-PVC before and after reacting with

fullerene

Figure 5.4 shows overlaid *H-NMR spectra of the fullerene grafted PVC (PVC-N12, PVC-
Al12). 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 *H-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 CH, and CHs
protons, is decreased after grafting. A similar spectral change was observed for the CH-CI
proton (4.3-4.7 ppm). The above results suggest that grafting reaction between polymer

chains and Cgo atoms has been occurred.
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Figure 5.4 Overlaid "H-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 (M,) 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 M, value.
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Table 5.1 Averaged molecular weight (M,) and glass transition temperature (Tg) values of
PVC and DH-PVC samples both before and after fullerenation

Polymers M, (g/mol) PDI T,(°C)
PVC 67,824 1.90 78
DH-PVC 58,526 1.94 72
PVC-N12 59,051 1.85 82
PVC-Al12 82,776 2.38 86
DH-PVC-N12 78,242 6.40 78

When PVC was functionalized with Cg fullerene by ATRA (referred as PVC-A12 in Table
5.1), the M, value was noted to increase. This was not the case, however, for PVC that had
undergone AIBN based fullerenation (PVC-N12) where the M, values were noted to be
lower. In this regard, this discrepancy might be attributed to the different percentage of Cg
functionalized onto the PVC. Result from Table 5.2 reveal that the percentage weight of Cg
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 Cgo 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 M, 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 M, values of both PVC and DHPVC after fullerenation, is now considered
to be indirect evidence, supporting that grafting of Cg, onto the polymer molecules have

occurred.
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Table 5.2 Cg contents and solubility of various Cg functionalized PVC and DH-PVC

prepared via ATRA and normal fullerenation techniques

Sample Codes Reaction  Fullerene/PVC Solubility Fullerene
systems  feed ratio (w/w) THF content™* (wt.%)
PVC-N5 AIBN* 0.083 \ 0.26
PVC-N8 AIBN* 0.13 V 521
PVC-N12 AIBN* 0.2 \ 2.77
PVC-N15 AIBN* 0.25 V 0.4
PVC-A5 ATRA 0.083 \ 1.72
PVC-A8 ATRA 0.13 V 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-Al 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 T, values of PVC are seen to
decrease from 78 °C to 72 °C. This suggests that P\VC 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, Ty values
of PVC increased to above 80 °C. Ty 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 Cgo content of the former is greater (Table 5.2). In this
regard, a higher content of Cg groups in the polymer may lead to increased rigidity of the

PVC chains, due to a steric effect. This contributed to a greater T4 value of the material.
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Similarly, T4 value of DH-PVC increased after fullerenation and the result can be explained

in a similar fashion.
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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 Cgo 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 Cgo 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 PVVC 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 Cg grafted polymers
prepared via the ATRA and/or the normal fullerenation techniques

UV/Visible spectra

Additional experimental evidence supporting the presence of Cg in the chemically
modified PVC molecules can be seen from UV/Visible spectra (Figure 5.7). Cgo 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 Cg 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 Cgo 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 Cgo covalently bonded to
the PVC and DH-PVC chains [35].
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Figure 5.7 Overlaid UV/Visible spectra of PVC, DH-PVC, and the Cg functionalized

polymers

Collective data from these aforementioned characterization experiments are summarized in
Table 5.2. It can be noted that the Cgo content of fullerene functionalized PVC initially
increased with the amount of Cg feed to a maximum value before decreasing again with
further increases of Cgo feed. This implies that the fullerenation of PVC was limited and no
enhancement was gained with increased amount of Cgy, 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 Cg
feed it was also noted that the Cqo 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
Cso functionalized DH-PVC

Polymers Length of Polyene Polyene

-5

(i) concentration (* 10 )
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 Cg

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-Al
and DH-PVC-A5) were insoluble in many common solvents, including THF and
dichlorobenzene, which are efficient solvents for PVC and Cgo, respectively. Additionally,
control ATRA experiments for DH-PVC consisting of reactions been carried out in the
absence of Cg, 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 Cgo. 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
Ceo 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, Cg 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 Cg atoms at the
double bonds of DH-PVC chains. This data is further supported by the *H-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 CH, and
CHg; protons, is decreased after grafting. A similar spectral change was observed for the
CH-CI 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 Cgo 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 S/cm)
compared to PVC (0.004 x 10™ 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 x10® S/cm) is significantly higher than that of the undope DH-PVC (0.37 x 10”
S/icm).

After reacting DH-PVC with fullerene with AIBN, conductivity values of the doped
fullerene functionalized DH-PVC initially dropped to 1.24 x 10 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 Cgo 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 : 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-Al12 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 Cgo 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 Cg. 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.
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and DH-PVC with Cg 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 (Vo) of the cells containing P3HT and DH-PVC-NS5 is higher than that of the
P3HT/Cg 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 Cg. This was
due to the lowest band gap energy of the material.
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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 Vo, J, fill factor and
PCE, were determined and shown in Table 5.5. It was found that, the V., Jsc and PCE of
the cells were increased after adding Cgo 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 Cgo content (from TGA technique) in PSFu chain is higher than
that of the Cg functionalized DH-PVC chains (19.8% and 5.73% respectively).
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Figure 5.10 J-V curves of various P3HT/Cg BHJ solar cells with and without various

types of electron acceptor (ITO/TiOy/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/TiO,/active layer/Au)

J

BHJ cells oc * »  Fill Factor PCE

V) (mA/cm ) (%0)
P3HT 0.197 0.212 0.30 0.012 + (0.001)
P3HTIC,, 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/Cg 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/Cgy BHJ
solar cell system were then investigated. In addition, Cg 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 Cg, 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™ and
1140 cm™ were observed. These represents C-N (v) and C=S (v), respectively. *H-NMR
peak at oy 4.0, 4.75 and 5.2 ppm were also noted. This corresponding to -N-CH,, -CH-S-
C=S and -CH-OCHjs, respectively. These are confirmed that the macroiniferter was

successfully prepared.

2. Grafting of monomer onto macroiniferter were prepared and characterized by using *H-
NMR and DSC techniques.
« For PPX-g-P(S-c0-CMS) copolymer, the 'H-NMR peaks at & 3.6, 4.2 ppm

representing -OCHj3 and -CH,-CIl were noted. DSC thermogram of the material shows
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peak at 52 °C and 81°C, representing glass transition temperature (T4) of PPX and P(S-
co-CMS) copolymer, respectively.

« For PPX-g-P(BA-co-CMS) copolymer, the 'H-NMR peaks atéy 2.3, 4.0 ppm
representing -CH-C=0 and -O-CH,- were noted. DSC thermogram of the materials
shows peak at 13 and 52 °C, representing T4 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™ and 577 cm™, UV/Vis peak
at 335-340 nm suggested that Cgy has been covalently bonded to the polymer chains. TGA
thermograms also show the higher amount of residual weight above 500 °C.

Part I1: Synthesis and characterization of polystyrene functionalized fullerene (PSFu)
PSFu copolymers were also successfully prepared and characterized by using *H-NMR,
FTIR, UV/Vis and TGA techniques. *H-NMR peaks at & 4.2 and 7.2 ppm representing
CH; of CMS unit and metha and para-aromatic proton of PS and CMS were noted. The
FTIR peaks at 528, 577 cm™ and the UV/Vis peaks at 335 nm, representing the
characteristics of the Cgo-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 Cgo in the molecules.

Part I11: 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/TiOy/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 0.07x10™% to 1.51 x10%.
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 Cgo 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 Cg, 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, 'H-NMR, GPC, DSC, TGA, UV/Vis spectroscopy. The *H-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™*and UV/Vis peaks at 330 nm can also be ascribed to the characteristic of Cgo-
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 Ce.
DSC thermograms and TGA thermograms of the polymer showed the higher of Ty value
and the better thermal stability after grafting with Cg. The electrical conductivity values of

DH-PVC were also increased after Cgo functionalization.

Part V: PCE of the BHJ solar cells containing Cg, 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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ABSTRACT: Graft copolymers containing poly(pheny-
lene xylyene) (PP'X) backbone and polystyrene fullerene
(PSFu) grafting chains (PPX-g-PSFu) were prepared by
using a purposed synthetic route comprising a combination
of reaction mechanisms namely the modified Wessling
route, an iniferter polymerization, and an atom transfer rad-
ical addition (ATRA). The monomer was first prepared by
reacting dichloroxylene with tetrahydrothiophene. After
that the monomer was polymerized in a sodium hydroxide
solution to provide a polymer precursor. Subsequently, the
polymer precursor was modified by reacting it with a
dithiocarbamate (DTC) compound. The macroiniferter was
obtained and then copolymerized with styrene and chloro-
methylstyrene via an iniferter polymerization. Finally, the
graft copolymer was reacted with fullerene through an
ATRA technique to attach the C60 groups onto the graft
copolymer molecule. The products obtained from each of

the sleps were characterized by using various techniques
including Fourier transform infrared spectroscopy, proton
nuclear magnetic resonance spectroscopy, gel permeation
chromatography, differential scanning calorimetry, UV-
visible spectroscopy, and thermal gravimetric analysis. The
aforementioned results suggest that the graft copolymers
were prepared. The grafting yield and grafting efficiency
were found to increase with the monomers concentration
and the amount of DTC used. Some homopolymer contami-
nants also occurred but those could be minimized and sub-
sequently removed by extraction with selective solvents.
These graft copolymer products might be used for the de-
velopment of a bulk heterojunction polymer solar cell.
© 2009 Wiley Periodicals, Inc. ] Appl Polym Sci 116: 433440, 2010

Key words: fullerenes; polystyrene; living polymeriza-
tions; graft copolymer

INTRODUCTION

There has been a considerable interest in the devel-
opment of a plastic solar cell based on semiconduct-
ing polymers. This is attributed to some advantages
of the polymer solar cell including the flexibility of
the material, its relatively low cost and an easy fabri-
cation process, and the possibility of producing a
larger size solar cell by using an existing fabrication
process such as screen printing.

However, power conversion efficiency (PCE) of
the plastic solar cells has yet to be enhanced. Until
now, the highest PCE of a plastic solar cell based on
a P3HT and PCBM system reported by Heeger and
coworkers is 5%." This is still considerably low
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when compared with that of conventional inorganic
solar cells. In this regard, the poor PCE of plastic so-
lar cell could be attributed to many factors including
photon loss,” excitons loss,” ™ and carrier loss.” More
details concerning the attempts and strategies to
cope with the photon loss and carrier loss can be
found elsewhere.™ In this study, enhancing the
PCE of plastic solar cell by coping with the excitons
loss is of interest and is focused on.

Te minimize the exciton loss, it is recommended
that the electron donor material and the electron
acceptor material should be blended together to form
a bulk heterojunction (BHJ) polymer solar cell. As a
result, there will be more interfacial area for the exci-
tons to split into free electrons and holes. Further-
more, it would have been better if the donor and the
acceptor materials are combined in a form of block or
graft copolymer so that gross phase separation
between the donor and the acceptor will be restricted.
In this regard, the BHJ with a nanophase separated,
bicontinuous morphology might be expected.

To achieve the aforementioned challenging mor-
phology, the capability to synthesize donor and
acceptor materials with controlled molecular weight
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and molecular architectures by using some suitable
chemical reaction mechanisms is extremely impor-
tant. A study of the literature reveals that a donor
polymer such as poly(phenylene vinylene) (PPV)
and its derivative can be prepared by several mecha-
nisms including an organic xanthate route," and the
Wessling route.’*™* In addition, synthesis of donor—
acceptor block copolymer containing PPV and
fullerene derivatives via controlled radical pelymer-
izations have been reported.’***

In this study, we attempt to propose an alternative
synthetic route for preparing a graft copolymer
based on PPX (which can be further converted into
PPV by thermal treatment), and the fullerene grafted
polystyrene (PSFu) by using a combination of reac-
tion mechanisms including the modified Wesslin§
route,’® an iniferter polymerization technique,®*’"*
and the atom transfer radical addition (ATRA).
The aim of this research work is to explore the feasi-
bility of preparing the PPX-g-PSFu graft copolymer
via the aforementioned synthetic route (Fig. 1). The
effects of reaction parameters on the structure of the
synthesized polymer are also of interest.

319

EXPERIMENTAL
Materials

%,% -Dichloro-p-xylene (90%, GC grade), tetrahydro-
thiophene (THT; 97%, GC grade), tetracthyl tiuram
disulfide (TD; 98%, Assay), cupper, cupper bromide,
and bipyridine were supplied from Fluka (Stein-
heim, Germany). Sodium hydroxide (97%) and
cyclohexane (assay) were supplied from Carlo Erba
(Rodano, Italy). Fullerene (98%) was supplied from
Sigma-Aldrich (Steinheim, Cermany). Methanol and
toluene (analytical grade) were obtained from Fisher
Chemicals (Loughborough, UK). Dichlorobenzene
and acetone were supplied from Merck (Darmstadt,
Germany). Nitrogen gas (99.99%) was obtained from
Praxair (Thailand). All of the aforementioned chemi-
cals were used as received.

Styrene (99%, GC grade from Fluka, Steinheim,
Germany) was free from inhibitors by passing it
through an alumina column. Chloromethylstyrene
(CMS) (90%, GC grade from Fluka, Steinheim, Ger-
many) was purified by extracting with sodium
hydroxide solution, followed by washing with
deionized water and then dried with sodium sulfate
anhydrous.

Synthesis of the graft copolymer

Figure 1 shows the outline of the synthetic route
that was used for the synthesis of the PPX-g-PSFu
graft copolymer. In this study, we started with the
system related to the PPX (which can simply be con-

Journal of Applied Polymer Science DOI 10,1002 /app

verted to the PPV donor material by heat treatment).
In this regard, the bis-sulfonium salt monomer must
be first prepared from a reaction between dichlorox-
vlene and THT. It is noteworthy that an extension of
this synthetic route to the system containing
MEHPPV donor material is also an aspect of our
future work. In this latter case, the first step can be
eliminated since the monomer for the synthesis of
the MEHPPV backbone is commercially available
even though the price of the chemical is consider-
able. Once the monomer was obtained, it was poly-
merized into a polymer precursor via the Wessling
route. Subsequently, the precursor was further modi-
fied by reacting it with dithiocarbamate (DTC) com-
pound to obtain a macroiniferiter. Next, styrene
and CMS were graft copolymerized onto the macro-
iniferter chains by using an iniferter polymeriza-
tion technique. Finally, fullerene was attached onto
the poly(styrene-r-chloromethylstyrene) [P(SCMS)],
grafting chains via an ATRA technique. More details
concerning experimental procedures for each step
are described as follows:

Synthesis of bis-sulfonium salt monomer

Ten grams of rx,rf—dichluro—p—xylene in methanol so-
lution (6% w/v) was reacted with THT (15 mL) in a
reaction flask at 50°C for 12 h. After that, the prod-
uct was precipitated into acetone. The precipitated
product was then dried and characterized by using
a Fourier transform infrared (FTIR) spectroscopy
technique.

Polymerization of the monomer into
a polymer precursor

Three grams of the product obtained from the afore-
mentioned step was further reacted with a dried-
methanolic NaOH solution (0.98M) in an ice-cold
water bath, under N» purged atmosphere. The poly-
merization was allowed to proceed at 0°C for about
30 min. After that, the content in the reaction flask
was neutralized with hydrochloric acid (0.4M). The
neutralized solution was then purified by dialysis
using Spectra/Por® cellulose tubing (molecular
weight cut off: 12,000-14,000 Da) for 3 days. At this
stage, the product was considered 1o be a sulfonium
polymer precursor.

Modification of the polymer precursor
into a macroiniferter

A given amount of sodium diethyldithiocarbamate
(NaDTC) (ranging between 0.1 and 1.3 g) was added
into the reaction flask containing the aforementioned
polymer precursor. The solution in the flask was
kept stirring at —10°C for 1 h. After that, the
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Figure 1 The proposed synthetic route for preparing the PPX-¢-PSFu graft copolymer.

solution was gradually warmed to 5°C and the tem-
perature maintained for 1 h. Next, the solution was
allowed to warm to room temperature slowly. Of
note, the product obtained by treating the polymer
precursor with NaDTC is phase separated from the
top layer of the MeOH solution. On the other hand,
if the polymerization was carried out without the
use of NaDTC, the product tended to be more ho-
mogeneous and take a longer period of time to

phase separate into two layers.

Next, the product was washed with methanol by
stirring for 30 min and then redissolved in CHxCl,
before precipitating again in methanol. This process
was repeated four times to remove some low-molec-
ular 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.

Graft copolymerization

To a 250 mL reaction flask, 0.027 g of the macroi-
niferter was mixed with a solution of purified sty-
rene (0.045 mol) and chloromethyl styrene (0.0113
mol) in THF (7 mL). The solution was purged with
nitrogen for about 10 min and then vacuum-sealed
after freeze-pumping. The reaction flask was
exposed to UV radiation for 4 h. After that, the
content in the reaction flask was precipitated into a
large amount of methanol and then dried in a
vacuum oven at 60°C until reaching a constant
weight.

The product was further purified by extracting it
with some selective solvents to isolate graft copoly-
mer from some homopolymer contaminants. In this
regard, methanol and a cosolvents containing a

Journal of Applied Polymer Science DOI 10.1002/app
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mixture of xylene and isopropanol (1/1, v/v) were
used. The former was found to be a good solvent for
PPX but cannot dissolve P(SCMS), whereas the latter
was vice versa. After the extraction, the product was
dried in a vacuum oven at 60°C until reaching a
constant weight.

The grafting vield and grafting efficiency were
determined by using the following equations:

Grafting yield(%) = [(W) — W2)/W,| x 100% (1)
Grafting efficiency(%) = [Wy/{W; + W4)] x 100% (2)

where W,, W, W3, and Wy are the weighls of graft
copolymer, macreiniferter, monomer, and homo-
polymer, respectively.

Attachment of fullerene onto the graft
copolymer chains

A total of 0.1 g of the graft copolymer obtained from
the aforementioned step was mixed with fullerene
(0.013 g), bipyridine (0.03 g), and toluene (15 mL) in
a reaction flask. The solution was purged with nitro-
gen for 10 min, sealed with paraffin film, and kept
for a further ATRA reaction. To a 250 ml. three-
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 undergoing nitro-
gen purging and vacuum pumping for five cycles.
Then, the polymer solution prepared earlier was
introduced into the reaction flask by injection
through the rubber septum, using a syringe. The
mixture was then refluxed at 100°C in an oil bath
for 24 h. After cooling to room temperature, the
reaction was filtrated and precipitated into a large
amount of methanol. The crude precipitated product
was redissolved in THF, and then precipitated in
methanol again. Hexane, which is a selective solvent
for C60/PSFu system, was used to remove some re-
sidual fullerene (C60) from the product. UV-visible
spectroscopy was used to examine the presence of
an absorption peak of the free fullerene in the
leached solvent. The washing process was carried
out until the aforementioned UV-visible peak disap-
peared. Finally, the product was dried in a vacuum
oven at 60°C for 16 h.

Characterizations

FTIR spectroscopy was used to monitor some
changes in the chemical structure of various prod-
ucts after reactions. The FIIR spectrum was
recorded, using a Bruker FTIR (Equinox 55). The
sample was prepared in the form of a KBr pellet,
and the spectrum was scanned over the wavenum-
ber ranging between 600 cm ' and 4000 cm ™% In
addition, the chemical structures of some products
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were characterized using proton nuclear magnetic
resonance ('H-NMR) spectroscopy. Typically, a graft
copolymer sample was dissolved in deuterated ben-
zene (CgDg) and then the spectrum recorded in a
Bruker instrument (Advance DPX400), using TMS as
a reference.

The molecular weight of polymer was determined
by use of a gel permeation chromatography (GPC)
technique (Waters 600 instrument). Three connected
columns (Water Styragel) containing crosslinked sty-
rene-divinyl benzenecopolymer particles with a mo-
lecular weight resolving range of 100-500,000 were
used. The eluent rate of tetrahydrofuran (THF) was
1.0 mL/min and polystyrene standards were used to
establish a universal calibration curve.

The thermal stability of the product was examined
by use of a thermogravimetric analyzer (IGA,
NETZSCH STA 409 C/CD). About 20 mg of the
sample was used and the TGA experiment was
scanned over lemperatures ranging between 25°C
and 600°C under oxygen (air) atmosphere, al a heat-
ing rate of 10°C/min. In addition, the thermal
behaviors of the polymers were investigated by
using a differential scanning calorimetry (DSC) tech-
nique. The DSC experiment was carried out with a
Netzsch (Bavaria, Germany) DSC 240F1 instrument
under a nitrogen atmosphere alt a heating rate of
10°C/min over temperatures ranging between 25
and 200°C.

Finally, UV-visible absorption spectra of various
samples were recorded on a Shimadzu UV-3100 spec-
trophotometer, over wavelength ranging between
190 and 700 nm.

RESULTS AND DISCUSSION
Synthesis of the monomer and the PPX precursor

Figure 2 shows an overlaid FTIR spectrum of
dichloro-p-xylene and that of the product obtained
from the reaction between dichloro-p-xylene and
THT. A new peak at the wavenumber of 645 cm™
corresponding to the vibration of C—S (v) bonds was
observed in the spectra of the product. In addition,
the absorption peak at 756 cm™’, representing the
vibration of C—Cl bonds disappeared. Other rele-
vant peaks such as those at 1619 cm ™ [C=C, (V)] of
an aromatic ring, and 870 cm™" (out of plane bend-
ing of C—II ring) were also noted. Similar FTIR
results for the same compound were reported by
Damlin® and Bradley."

After carrying out a polymerization of the afore-
mentioned product by reacting it with sodium hy-
droxide solution, a viscous solution in the reaction
flask was obtained. This solution contains a polymer
precursor which was dialyzed prior to reacting with
NaDTC to obtain a macroinifeter.
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Figure 2 Overlaid FTIR spectra of dichloro-p-xylene and
bis-sulfonium salt monomer.

Modification of the polymer precursor
into macroiniferter

Figure 3 shows overlaid FTIR spectra of the sulfo-
nium polymer precursor before and after modifica-
tion with 0.2 g of NaDTC. An FTIR spectrum of the
modified polymer shows two new peaks at 1206
cm'and 1140 cm™". These could be ascribed to the
vibration of the C—N (v) and that of the C=5 (v),
respectively. Notably, the absorption peaks at 1635
em™' and 1676 cm™' were also present. This might
be ascribed to vibraton of the C=C bonds that
could be attributed to some side reactions such as
the elimination of the sulfonium groups, partly
occurring during the polymerization. This is consist-
ent with our observation noting that color of the
product is green which could be attributed to a very
short conjugated sequence arising from an unavoid-
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Figure 3 Owerlaid FTIR spectra of the sulfonium polymer
precursor before and after modification with NaDTC.

ably limited amount of elimination.?' However, from
our research experience, we found that this side
reaction can be minimized by maintaining a constant
reaction temperature and gradually adding of the
NaOH solution during the polymerization. Of note,
we have carried out a heat treatment for this poly-
mer at 200°C in a vacuum oven for 2 h and observed
that color of the material changed from green to yel-
low. This suggests that more of the unsaturated PPV
repeating units have been formed in the molecules.™

Figure 4 shows a "H-NMR spectrum of the modi-
fied polymer. The strong peak at 7.0 ppm represents
a signal from the proton in an aromatic ring of the
PPX backbone. Another strong peak at 4.15 ppm
could be asaibed to the methine proton adjacent to
the methoxy groups (—HC—OCH3), whereas the
peak at 3.19 ppm can be related to a signal from the
protons in methoxy groups (OCH5). The NMR peak
at 3.7 ppm could be attributed to a proton adjacent

ACHy

m—

1 ] L]

Figure 4 "H-NMR spectrum of the sulfonium polymer precursor modified with NaDTC. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]
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TABLE 1
The Grafting Yields and Grafting Efficiency of the
Products Obtained from Various Graft Copolymerization

Conditions
PPX-DTC Monomers (mL) Grafting Grafting
ratio yield efficiency
(by weight)  Styrene  CMS (%) (%)
1:01 261 0.83 490 4418
1:02 10.40 3.20 56l 6345
1:03 10.40 3.20 2065 8509
1:05 10.40 3.20 21.11 9445
1:07 261 0.83 10.16 7355
1:07 10.40 320 3858 9477
to the (DTC) group [—CH—S(C=S5)]. In addition,

there is a small peak at 535 ppm which could be
due to the presence of some olefinic proton
(—CH=C) in the molecule. The aforementioned
results from FTIR and NMR spectroscopy suggested
that the macroiniferter was prepared. In addition,
results from GPC technique reveal that number av-
erage molecular weight (M) and polydispersity
index of the aforementioned macroiniferter are

~ 280,000 g/mol and 1.5, respectively.
Graft copolymerization

After carrying out graft copolymerization of the
macroiniferter with a varied amount of styrene and
CMS, the product was extracted with selective sol-
vents and the product vield was determined via gra-
vimetry. Noteworthy, some control experiments in
which styrene and CMS solution was exposed to the
UV irradiation in an absence of any initiator or
iniferter were also carried out. Using this method,
some product yields were obtained after a precipita-

CiDs
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s g
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tion of the content in the reaction flask. This could
be attributed to the self-polymerized styrene and
CMS. However, these product yields are much less
than those of the solution containing the macroi-
niferter. Furthermore, the self-polymerized product
was completely soluble and removed after extraction
with selective solvents. This was not the case for the
products polymerized with the use of a macro-
initerter. The aforementioned results suggest that the
product obtained was a graft copolymer and not a
mixture of the related homopolymers.

Table I shows the grafting yields and grafting effi-
dency obtained from various graft copolymerization
conditions. It can be seen that by increasing the
amount of monomers (at a fixed macroiniferter
weight), the grafting yield and grafting efficiency
increased. In addition, by increasing the weight ratio
between the DTC and the polymer precursor during
the modification step, both parameters (yield and
effidency) increased. This is due to the fact that the
greater the ratio, the more the capping agents on the
macroiniferter molecules. Consequently, the mono-
mers had more chances to experience the graft
copolymerization. In this study, it seems that the op-
timum condition leading to the maximum grafting
effidency and yield is that obtain by using 1/0.7 by
weight of the precursor to the DTC and a high

monomer feed volume (10.4 and 3.2 mL of styrene
and CMS, respectively).

Figure 5 shows the "H-NMR spectrum of the
product obtained from a graft copolymerization of
styrene and CMS using the monomers mole ratio of
75/25 (%). It can be seen that, after the reaction,
the NMR peaks corresponding to those of the DTC
group disappeared. This is due to the fact that
the polymer chains have been grafted with the

1T T/ T &Trq oo

! i :

‘ 3 ! e

Figure 5 TH-NMR spectrum of the product obtained from graft copolymerization of styrene and chloromethylstyrene

(CMS) with PPX macroiniferter.
www interscience.wiley.com.]

[Color
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figure can be viewed in the online issue, which is available at
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Figure 6 DSC thermogram of the product obtained from
graft copolymerization of styrene and chloromethylstyrene
(CMS) with PPX macroiniferter.

aforementioned monomers through a decomposition
of this group, which is considered to be a capping
agent. In addition, the spectrum shows a peak at 4.2
ppm which could be attributed to a signal of the
methine proton adjacent to the methoxy groups

[-HC—OCH;] being overlapped with that of the

methylene proton from the benzyl chloride group
(—CH->—CI). There are also some new peaks occur-
ring at about 7.2 ppm and 6.6 ppm. The former is
ascribable to the protons in aromatic rings of poly-
styrene overlaps with that associated with the PPX
backbone, whereas the latter peak represents the sig-
nal from protons in the aromatic ring of PCMS
repeating units. No further attempts were made to
determine the copolymer composition in the
P(SCMS) grafting chains, since the broad peak at
about 7.1-7.2 ppm are overlapping.

Other indirect evidence supporting the formation
of graft copolymer can be seen from a DSC thermo-
gram of the product (Fig. 6). There are two endo-
thermic transitions occurring at the onset tempera-
tures of 52°C and 81°C. These can be ascribed to the
glass transition temperatures of the polyphenylene
xylylene (PPX) backbone and the P(SCMS), grafting
chains, respectively. The aforementioned results sug-
gest the product is not a random copolymer. In
addition, it is worth remembering that this product
has already been purified by using selective solvents
and thus it is unlikely that the product is a mixtre
or blend of PPX and P(SCMS) polymers.

Atom transfer radical addition with fullerene

Finally, attempts were made to attach fullerene
to the graft copolymer molecules via the chlorine
atoms of the PCMS repeating units, using an ATRA
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Figure 7 FTIR spectra of the PPX-g-P(SCMS) graft
copolymer before and after reacting with the fullerene via
an ATRA.

technique. Figure 7 shows FTIR spectra of the graft
copolymer before and after reacting it with the full-
erene. The spectrum shows two new weak transmis-
sion bands at 528 cm ™! and 577 em™!, which repre-
sent the characteristic of the fullerene-bonded
polymers."® In addition, UV-vis absorption spectra

of the product from ATRA (Fig. 8) shows a strong
absorption peak at 340 nm which is attributed to the
fullerene covalently bonded to the P(SCMS) grafting
chain.

Figure 9 shows overlaid TGA thermograms of the
PPX-g-P(SCMS) graft copolymer both before and af-
ter carrying out an ATRA with the fullerene. From a
thermogram of the polymer before reaction, three
transitions can be observed. The first transition

PR PP ()
PPX-g P{SCHE) (k]

341 nn Gy sbaoption prak

L)

.

Figure 8 UV-visible absorption spectra of the PPX-g-
P(SCMS) graft copolymer before and after reacting with
fullerene via an ATRA.
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Figure 9 (werlaid TGA thermograms of the PPX-g-
P(SCMS) graft copolymer before and after reacting with
fullerene via an ATRA.

occurred at 120°C involving the loss of about 8% by
weight of the sample. This could be related to a
decomposition of the DTC fragment present at the
end of the grafting chains.'® Next, there was a sec-
ond weight loss (12%) at 300°C which can be attrib-
uted to a decomposition of the PPX chain.'”'® Third,
there was ~ 70% weight loss occurred at 42(0°C
which might be due to a decomposition of the PS

and PCMS repeating units. Beyond this temperature,
the sample weight tends to reach a plateau and the
remaining weight could be ascribed to the residual
solid.

Similarly, TGA thermogram of the PPX-g-PSku,
which is a product obtained from the ATRA, shows
three weight loss transitions. However, it is notewor-
thy that the residual weight of the product was 10%
greater than that of the starting graft copolymer
before ATRA. The difference is attributed to the
presence of the fullerene groups, chemically bonded
to the grafting chain.?!%?? The aforementioned result
implies that the C60 content in the donor-acceptor

graft copolymer is ~ 10% by weight.

CONCLUSION

In this study, it can be concluded on the basis of the
results from FTIR, 'H-NMR, DSC, and TGA that the

Journal of Applied Polymer Science DOT 10.1002 /app

preparation of PPX-g-PSFu graft copolymer using
the suggested synthetic route is possible. This route
comprise three main reaction mechanisms namely
the modified Wessling route, an iniferter polymer-
ization and the ATRA, which are practical and do
not involve any severe or stringent reaction condi-
tions. It was also found that, in the graft copolymer-
ization step, yield and grafting efficiency of the
product increased with the monomers concentration
and the amount of DTC used.
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ABSTRACT: The research presented details chemical modifications of poly(vinyl chloride) (PVC) and its derivative, dehydrochlorinated
PVC (DH-PVC) through the use of two grafiing techniques, namely a normal fullerenation, using AIBN (2,2-Azoisobutyronitrile),
and the atom transfer radical addition (ATRA). The products were characterized and the presence of new FTIR peaks at 528 and 577
m~ ! along with new "H-NMR signal at 3.9 ppm, suggested that fullerenes has been grafied o the polymer molecules. Percentage of
Cao in the fullerene grated products determined by UV/Visible spectroscopy initially increased with the amount of fullerene used to a
maximum value (~5.66 % wt) before decreasing again. It was also determined that the Cgy content of the fullerene grafied PVC
product prepared by using ATRA, was notably greater than that obtained using the normal fullerenation approach, regardless of the
amount of Cgy wsed. When the debydrochlorinated PVC was used as the starting polymer for fullerenation, the fullerene grafted DH-
PVC wsing ATRA, was markedly insoluble in many common solvents (THF and dichlorobenzene). This was not the cases for the full-
erene grafted DHPVC prepared via an AIBN based fullerenation. Furthermore, the electrical conductivity values of the modified PVC
products determined by using a four-point probe method were found to increase linearly with the amount of Cgy present. Overall
our data suggest that the suitable and efficient techniques for grafting Cgy onto PVC and DHPVC chains are ATRA and AIBN-based
fullerenation, respectively. @ 2013 Wiley Periodicals, Inc. . Appl. Polym. Sd. 000: D00-000, 2013
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improved at the expense of the material cost. This improvement
is likely attributed to a steric effect provided by the presence of

INTRODUCTION

Fullerene (Cgq) first discovered in 1985, are a unique class of
molecules composed entirely of carbon and by taking the form
of hollow spheres, ellipsoid, or tubes, exhibit a wide variety of
and electronic properties that have the

alkyl side groups on the Cgy. Nonetheless, preparation of Cgy
containing polymers is an important step for use in solar cells

remarkable magnetic’ and this is largely due to the fact that many polymeric materials

potential to be ExplDitEd.j_j Consequently, Cep are widely used are soluble in many common solvents (e.g., THF and toluene),

in many applications incuding among many, organic solar
cells.® In this case, however, aggregation of the material has
been observed particularly when the amount of Cgy used to fab-
ricate the solar cells was in excess of a certain limit.”* In this
regard, a modification of the chemical structure of Cgy may
facilitate solubility and enhance its use in solar cells. For exam-
ple, by using a derivative form of Cg,, phenyl-C;,-butyric acid
methyl ester (PCBM), the solubility of the materdal and power
conversion efficiency (PCE) of the related cells can be greatly

© 2013 Wiley Periodicals, Inc.
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making it an easy process for fabricating thin films of Cgy con-
taining polymers. Collectively, the aforementioned properties of
Cgq combined with processability of polymer (via the synthesis
of fullerenated polymers) can be readily exploited to make
potentially advanced polymeric materials with enabling physi-
cal-chemical properties. Furthermore, the possibility exists to
further improve on this process by altering some features of the
product by properly controlling the chemical structure and
compasition of the materials.

4 APFL FOLYM. SCL 2013, DOL 10.1002/AFF.30443
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In this study, the attachment of Cgy onto poly{vinyl chloride)
(PVC) molecules is of particular interest. This is due to the fact
that PVC is thermoplastic and highly amenable of being fabri-
cated into a thin film via solution casting and/or spin coating.
Furthermore, the resin cost is also less expensive compared to
that of the Cg, and its derivative. More importantly, PVC can
be chemically modified by several methods including dehydro-
chlorination, nucleophilic substitution, alkylation, and grafting.”
For dehydrochlorination, the tertiary chlorine atoms in PVC are
considered to be potential reactive sites, which can be carried
out via either ionic'™"' or free radical techniques."*™"* In this
regard, attachment of Cg, onto PVC molecules is now routinely
carmried out by the free radical approach, and by using chemical
initiators. In this context, Tang et al."® and Martinez et al.'®
synthesized Cgy functionalized PVC through a direct chemical
reaction between PVC and Cg, using AIBN (2,2 -azoisobutyro-
nitrile) 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 cydic voltammetry and therma gravimetric
analysis (TGA) techniques, respectively.

Alternatively, the grafting of Cgq onto PVC molecules using con-
trolled radical reactions deserves consideration. With this tech-
nique, greater Cgy content in the product can be expected, due
to the fact that the reaction is essentially catalyzed by a transi-
tion metal complex. This reaction is also referred to as an atom
transfer radical addition (ATRA). While the preparation of Cg
functionalized PVC using ATRA has not been reported, the
grafting of different polymeric chains onto PVC molecules via
atom transfer radical polymerization (ATRP) techniques have

been demonstrated. For example, Black et al.'” prepared poly
{butyl acrylate) and poly(ethyl hexylacrylate) grafted PVC's by
using ATRP. After carrving out the polymerization for 7.5 h, the
reported grafting yields were 162 and 52%, respectively. Lui
et al.'"® investigated the kinetics of ATRP used for preparing sur-
face 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 vield of 190% was
also claimed after a 10 h reaction time. The grafting of styrene
and acrylamide onto PVC chains via ATRP have dso been dem-
onstrated by Park et al.'® and Lui et al,™ respectively. In the
latter case, a first order rate of reaction was also reported.

Further enhancement of the electron conductivity of the Cig
grafted PVC can be abtained 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™
reported that the electrical conductivity of a PVC dervative, modi-
fied via dehydrochlorination is notably greater than that of normal
PVC. Ghaemy et al.'* prepared DH-PVC using sodium butoxide
andfor 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 ini-
tiators. The grafting of poly(butyl methacrdate) onto DH-PVC
molecules using ATRP has also been reported by Mehmet et al.™

From the above reports, it can be determined that PVC can be
chemically modified via dehydrochlorination and ATRP, resulting

[ AFFL FOLYM. SCL 2013, DO: 10.1002/APP 384 43
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in the formations of DH-PVC and PVC grafted copolymers,
respectively. In this regard, there is excellent potential of the above
chemically modified PVC as semiconducting polymers for applica-
tion in energy related devices. For example fullerene grafted PVC
and/for the fullerene grafted DH-PVC may have use as a promis-
ing electron acceptor material for fabricating polymer solar cells.
However, the grafting of Cyy onto PVC and DH-PVC by the
ATRA technique has not been previously explored or reported.
Thus, the aim of this study is to investigate the effect of Cy, con-
tent on chemical structure, thermal properties, and electrical con-
ductivity of the chemically modified PVC and its derivative (DH-
PVC). Comparison between the products obtained by using ABIN
and the ATRA techniques were aso considered and discussed.

EXPERIMENTAL

Chemicals

PVC resin (k-value = 66, DP, = 1025) was from Thai Plastic
and Chemicals Co. Sodium hydroxide (99%) and methanol
(GC grade) were from Merck Co. (Darmstadt, Germany). Tetra-
hydrofuran (THF; AR grade) was from Fsher Scientific (Lough-
borough, UK). Dichlorobenzene (AR grade) was from Carlo
Erba (Rodano, Italy). Fullerene (99.5%), CuBr, 2,2"-azo-bisiso-
butyronitrile (AIBN, 02M in toluene) and NNN'N"N"-
pentamethyldiethylenetriamine (PMDETA) 99% were from Sigma-
Aldrich Co. (Steinheim, Germany). Cu (98.0%) was from Fuka
Co. (Steinheim, Germany). Nitrogen gas (99.99% ) was from Prax-
air Co. (Thailand). THF and dichlorobenzene were purified prior
to use by distillation and kept under dry conditions, using a mo-
lecular sieve. Unless specifically indicated, all of the above chemi-
cals were used as received

Dehydrochlorination of PVC

The dehydrochlornation of the PVC was carried out in solution
under nitrogen gas atmosphere, using sodium hydroxide as the
catalyst (Figure 1). Experimentally, 10 g of PVC resin was dis-
solved in 100 mL of THF in a two-necked round bottom flask
while stirring with a magnetic bar. Next, 50 mL of sodium hy-
droxide aqueous solution (3 mol/L) was added to the reaction
flask. The above formulation generated a mixture of PV(sodium
hydmoxide, with molar ratio of 667 % 107* The reaction was
allowed to proceed at 707 C. Noteworthy, the content in the reac-
tion flask changed color from coloress to vellow, and eventually
to orange as the reaction proceeded. After carrying out the dehy-
drochlorination for 15 h, the reacdon was terminated by the
addition of 100 mL of methanol to the mixture, followed by pre-
cipitation in excess (~500 mL) methanol. The precipitated poly-
mer was then filtered, re-dissolved in THF and predpitated in
methanol again. Finally, the filtered product was oven-dried at
60°C for 12 h, until a constant weight was obtained.

Synthesis of Fullerene Grafted PVC

Cgq grafted PVC with a variety of fullerene content was pre-
pared by ATRA, under different Cuy/PVC feed ratios (Table I).
Normal fullerenation of PVC was also prepared via direct reac-
tion between Cg and PVC, using AIBN as an initiator, and
used consequently for comparison purposes.

Atom transfer radical addition (ATRA). To a three-necked
flask, 50 mg of Cgz was mixed with PMDETA (27 pl), in
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Figure 1. A schematic draw illustrating the fullerenation of FVC and DH-PVC.

dichlorobenzene (14 mL) and after 0.6 g of PVC andfor DH-
FVC in THF (& mL) was added to the mix. The solution was
purged with nitrogen gas for 15 min and then sealed with par-
affin film and kept until used for ATRA reaction. To a 250 mL
three-necked round bottom flask, Cu (68 mg) and CuBr (42
mg) were added. The flask was closed with a rubber septum
and sealed before undergoing nitrogen and vacuum purges for
five cycles. Then, the above prepared polymer solution was
introduced into the reaction flask containing Cu and CuBr by
injection with a syringe through the rubber septum. The mix-
ture was then refluxed at 80°C in an oil bath for 24 h. Next, af-
ter cooling to room temperature, the reaction was filtrated and
precipitated in excess methanol. The crude precipitated product
was re-dissolved in THF, and then predpitated in methanol
again. Hexane, which is a non-solvent for the polymer, was
used to remove any residual Cgy from the product. UVivisible

spectroscopy were used to examine the presence of a character-
istic absorption peak of the free Cg in the leached solvent
{wavelength 330 nm). The washing process was carried out until
the above UV/Visible peak disappeared. Finally, the purified
product was dred in a vacuum oven at 60°C until reaching a
constant weight (16 h).

Normal Fullerenation. A typical reaction was conducted as fol-
lows; 0.6 g of polymer (PVC andfor DH-PVC) was dissolved in
& mL of THF in a conical flask at room temperature. Once the
PVC was completely dissolved, 27 pL of AIBN and 50 mg of
Cgp In dichlorobenzene (14 mlL) were added. Oxygen was
removed by purging with 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 con-
nected with a condenser and a nitrogen line. After that, the flask
was immersed in an oil bath at 80°C, and the reaction was
allowed to proceed for 24 h. After, the content of the reaction
flask was precipitated in excess methanol and purified by repeat-
edly (two times) dissolving in THF and precipitating in metha-
nol. The precipitated product was than filtered and dried in a
vacuum oven at 60°C until reaching a constant weight (16 h).

Characterizations

Spectroscopic analysis. Changes in the chemical structure of
the PVC after chemical modifications were examined by using
Fourier transform infrared spectroscopy (FTIR), proton nuclear
magnetic resonance spectroscopy ('H-NMR), and UV/Visible

Mnh&:l—:ﬂb WWW MATERIALSVIEWS COM
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spectroscopy techniques. The FTIR experiments were carried
out in transmission mode, using a Perkin Elmer instrument
(Spectrum One). The samples were prepared by the KBr
method and then scanned over wavenumbers ranging between
400 and 4000 cm™'. The samples for the 'H-NMR experiments
were prepared by dissolving 3 mg of the polymer in 5 mL of deu-
terated chloroform CDCl; solvent. The NMR experiments were
performed using a Bruker instrument (ADVANCE 300 model) at
20°C and using tetramethylsilane (TMS) as a reference.

UV/Visible absorption spectra of various samples were recorded
on a Shimadzu UV-3100 spectrophotometer over wavelengths
ranging between 190 and 800 nm. The samples were prepared
by dissolving in THF and the experiments carried out at room
temperature. In order to determined conjugation length and
concentration of polyene in the DHPVC molecules, the follow-
ing equations were used. In addition, conjugation length and

concentration of polyenes in the DH-PVC molecules were calcu-
2324,

lated using eg. ((1)) and ({2)), respectively—";

ar-l-nu:ﬁl{)ﬂ{)ﬂ+2??{l0><(f—1:l(dmsmnl Tem ™) (1)
where, &£ = absorbance coefficients, i = length of polyene
AXM
= (2)

L

Where, P; = polyenes concentration, 4; = absorbance, M =
formula weight of vinyl chloride monomer (63.5), ¢ = polymer

concentration (g.fdmj), = optical path length (cm).

Molecular Weight Analysis. The averaged molecular weight val-
ues and polydispersity indexes (PDI) of the products were

Table L Averaged Molecular Weght (A,) and Glass Transition Tempera-
ture (T} Values of PVC and DH-PVC Samples Both Before and Afier
Fullermati on

Palymers M., lafmol FDI T, onset (*C)
PVC 67,824 190 78
DH-FWC 58,526 1.94 72
PVC-N12 59,051 1.85 82
PVC-A12 82,776 2.38 a6
DH-PVC-N12 78,242 6.40 78

1 AFPL POLYM. SCL 2013, DOl 10 1002/APP. 38443
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determined by Gel Permeation Chromatography (GPC) tech-
nique, using a Waters instrument (Model 2414} equipped with
Styragel HRSE 7.8 % 300 mm® column (molecular weight
resolving range = 2000-4,000,000) and a refractive index (RI)
detector. Polystyrene standards were used for constructing nar-
row 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.

Thermal Analysis. The weight composition and thermal stabil-
ity of the modified PVC were determined by thermal gravimet-
ric analysis (TGA). The TGA experiments were carried out with
a Mettler Toledo instrument (TGA/DSCIHT/1600/673/13558
model). Approximately 5 mg of each sample was used and the
TGA experiment was scanned over temperatures ranging
between 25 and 800°C under nitrogen gas and a heating rate of
1P Cimin.

In addition, thermal behaviors of the polymers were investigated
by using a differential scanning calorimetry (DSC) technique.
The DSC experiment was carried out with a Mettler Toledo
DSC 1 instrument under a nitrogen atmosphere at a heating
rate of 10°C /min over temperatures ranging between 25 and
2000 C.

Electrical Conductivity Test. Electrical conductivity of the
modified polymers was measured at ambient conditions by a
four-point probe method using a DC power supply and Keith-
ley 2410 digital multimeter. The polymer solution (2% wiv in
THF) was prepared and filtered through PTFE a 0.45 pm filter
before casting onto a clean microscopic glass slide (2.5 % 2.5

cm?) and covered with a glass dish to prevent rapid evaporation
of the solvent. Then obtained polymer films, with an average
thickness of 15 pm, were then oxidized (doping) by exposure to
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iodine vapors for 4 h prior to testing. Electrical conductivity
(&) was then calculated by using the following equation **:

7T TEIRRAT ©)
where ¢ = conductivity (S cm '), R = resistance (£2), and | =
film thickness {cm).

RESULTS AND DISCUSSION

Figure 2 shows overlaid FTIR spectra of polymerc PVC and
DH-PVC material. Several characteristic peaks representing PVC
molecules can be observed. These include peaks at 1428 cm™'
{assigned to 8 CH, of PVC), 1258 cm ™! {assigned to 4 CH of
PVC), and 965 am™ ' (assigned to v CHa of PVC). The absorp-
tion peaks at 614 and 695 ! also represent the v C-Cl
bonds of syndiotactic and isotactic structures of PVC, respec-
tively. After dehydrochlorination, some additional absorption
peaks can be noted. These include peaks at 1660, 1638, and 803
cm™ ', corresponding to the vibration of the conjugated C=C-
C=C, C=C~ and CH bonds, respectively. This indicates the for-
mation of polyene segments on the modified PVC molecules.
The presence of a polyene chromophore is aligned with our ob-
servation noting the change in color of PVC from colorless to
orange, after dehydrochlorination (to obtained DH-PVC). Nota-
bly, a broad peak at 3400 cm™ ', 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
etal™®

Figure 3 shows a '"H-NMR spectrum of PVC that had under-
gone dehydrochlorination (DH-PVC). Characteristic peaks rep-
resenting protons of the pristine PVC molecules can be seen.

Transmittance
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Figure 2. Overhid FTIR spedra of PVC and DH-PVC,
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Figure 3. H-NMER spectra of PVC (above) and DH-PVC [bnttnrn}.

These include peaks at around 4.3-4.7 ppm (C1C-H) and 2.35
ppm (~CHx-). 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.Y The above FTIR

and "H-NMR results are sufficient to confirm that DH-PVC has
been efficiently prepared.

Grafting of Cgy Fullerene onto PVC and DH-PVC

Figure 4 shows FTIR spectra of PVC and DH-PVC before and
after reacting with Cgy After fullerenation, new absorption
peaks at 528 and 577 cm ' were noted to have emerged and
these can be ascribed to the characteristic bands of Cgp.*® Addi-
tionally, the above spectra reveal the presence of peaks at 1730
and 3400 cm™'. Of interest, similar peaks were also observed by
Rusen et al.™, in a FTIR spectra derived from PVC that had
been chemically modified with Cgg and the authors concluded
that these may be ascribed to an interaction between Cg, 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 and 3400 cm™',
are very likely due to vibrations of C=0 (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 context, it is pos-
sible that some residual oxygenated species contained within the
chemicals (solvent, initiator) can be capable of reacting with the
dehydrochlorinated PVC during the fullerention, which inciden-
tally was carried out at a relatively high temperature (80°C)
compared to a lower value (70°C) used by Martinez et al.
(60°C).'®
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Figure 5 shows overlaid 'H-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.'® Similar peak was noted from

the NMR spectrum of DH-PVC (DH-PVC-N12). In this latter
case, the relative integrated area of the peak from olefinic pro-
ton (5.7-5.8 ppm), when compared to those of the signals from
CH. and CH; 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 Cg atoms has been occurred.

Table I shows the molecular weights of the PVC products deter-
mined by using the GPC technique. After dehydrochlorination,
the averaged molecular weight (M) value of the modified PVC
was largely found to decrease. A possible canse of this may be
due to the hydrodynamic volume of the dehydrochlorinated
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 M, value.

When PVC was grafted with Cgy fullerene by ATRA (referred as
PVC-A12 in Table 1), the M, value was noted to increase. This
was not the case, however, for PVC that had undergone AIBN
based fullerenation (PVC-N12) where the M, values were noted
to be lower. In this regard, this discrepancy might be attributed
to the different percentage of Cgy grafted onto the PVC. Results
from Table II reveal that the percentage weight of Cg, in PVC-
Al12 and PVC-N12, are 5.66 and 2.77%, respectively. In the

1 APPL POLYM. SCL 2013, DOL 10.1002/APP.38443
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Figure 4. Overlaid FTIR spectra of PVC and DH-PVC before and after reacting with Cg,.

former case, it is likely possible that the amount of Cgy in the
fullerene grafted PVC molecules is sufficiently high so that an

interaction occurring between the polymer and THF changed
the hydrodynamic volume of the polymer in the chromatogra-
phy column and made the random coil of the polymer exit the
GPC column at a relatively shorter time. This contributed to
the higher M, value of PVC-A12. Similar results were observed
for DH-PVC products chemically modified via AIBN based full-
erenation (DHPVC-N12). The results can be likely explained in
a similar fashion, taking into account that the percentage fuller-
ene in DHPFVC-N12 (4.65%) and PVC-A12 (5.66%) are compa-
rable. Noteworthy, the above changes in the M, values of both
PVC and DHPVC after fullerenation, is now considered to be
indirect evidence of grafting of Cg having occurred onto the
polymer molecules.

Thermal Properties

Figure 6 shows DSC thermograms of PVC and DH-PVC both
before and after fullerenation and the glass transition tempera-
ture ( T,) values of the various samples are summarized in Table
1. After dehydrochlorination, the T, 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
tullerenation, T, values of PVC increased to above 80°C. T,
value of the fullerene grafted PVC, prepared via ATRA (sample
PV(C-A12; 86°C) is marginally higher than that of correspond-
ing products undergone AIBN based fullerenation (sample

4 AFFL POLYM SCI. 2013, DO: 10.1002/APP.30443

WILEYONLINELIBRARY COM/AFP

PVC-N12; 82°C). This discrepancy could be ascribed to the fact
that Cyy content of the former is greater (Table II). In this

regard, a higher content of Cg groups in the polymer may lead
to increased rigidity of the PVC chains, due to a steric effect.
This contributed to a greater T, value of the material. Similarly,
T, value of DH-PVC increased after fullerenation and the result
can be explained in a similar fashion.

Figure 7 shows overlaid TGA thermograms of PVC and DH-
PVC. Two transitions can be readily observed from the thermo-
gram 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 dehy-
drochlorination process of PVC, which leads to the formation
of polvene 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 molecu-
lar weight aromatic hydrocarbons such as benzene, toluene, and
styrene.™ Above 530°C, solid residual (char), weighing approxi-
mately 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 shows differences. The first tran-
sition, 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 s more polar than normal PVC. Next, further
dehydrochlornation of the DH-PVC occurs over temperatures

HWILEY Tl ONLINE LIBRARY
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Table IL Cgy Contents and Solubility of Variows Cgy Grafted PVC and DH-PVC Prepared via ATRA and Normal Fullerenation Techniques

Reaction Fullerene/PVC Solubility Fullerene

Sample codes systems feed ratio (wiw) in THF content” (wt %)
PYC-N5 AlBN= 0.083 4 0.26
PWC-NS AlBN® 013 J 521
PYC-N12 AlBN® 020 4 277
PYC-N15 AlBN= 025 ¥ 0.40
PVC-AS ATRA 0083 J 172
PWVC-AB ATRA 013 ¥ 532
PVC-Al12 ATRA 020 J 566
PYC-A15 ATRA 025 ¥ 481
DH-PVC-N1 AlBN= 0017 4 0.33
DH-PYC-MN5 AlBN= 0.083 ¥ 118
DH-PVC-N8 AlBN® 013 4 360
DH-PYC-N12 AlBN® 020 ¥ 465
DH-PVC-N15 AlBN® 025 4 165
DH-PVC-A1 ATRA 0017 Insoluble nfa
DH-PVC-AS ATRA 0.083 Insoluble nfa

*Refers to AIBN based fullerenation.
= Determined by UV/Wisible spectroscopy.

M‘tqf‘) WWW. MATERIALEVIEWS.COM WILEY OMLINELIERARY COM/AFF L AFFL. POLYM. SCI. 2013, DOI: 10,1002/ AFF. 39443
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Table ITI. Conjugation Length and Concentration of Polyene in DH-PVC
and the Variows C,y Grafted DH-PVC

Length of Polyene
Polymers polyene (i} concentration (= 1075)
DH-PVC 3-8 1.06-0.17
DH-PYVC-NL 3-6 1.06-0.41
DH-PVC-NS 3-6 1.06-0.41
DH-PVC-NE 3-6 1.06-0.41
DH-PVC-N12 3-6 1.06-0.41
DH-PYVC-N15 3-5 1.06-0.82

ranging between 230 and 330°C. This cormsponds to approx-
mately 45% of weight loss of the mitial DH-PVC. The extent of
dehydrochlorination during the TGA experiment of DH-FVC
was lower than that of the normal PVC (65% weight), owing to
the fact that DH-PVC has been partially dehydrochlorinated.
Finally, 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 chlo-
rine atoms, and formula weight of PVC are not the same as
those of DH-PVC.

From the TGA thermogram of fullerene grafted PVC, the per-
centage weight observed over temperatures of 530°C, is greater
than that of the normal PVC. This difference reflects the pres-
ence of the Cgy groups that have been chemially bonded to the
grafting chain®' Noteworthy, the onset of temperature involving

dehydrochlorination shifted lower (from 280 to 220°C) after
fullerenation via ATRA (sample PVC-AS). This indicates that
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the thermal stability of PVC molecules bearing Csp groups has
decreased. This was not the case for the AIBN based fullerene
grafted 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'® In our opinion, the discrep-
ancy between thermal stability of ATRA based- and AIBN based
fullerene grafted PVC might be attributed to the different con-
tent and distribution of fullerene on the polymer chains. This is
an aspect deserving further investigation and clarification.

UV-Visible Spectra

Additional experimental evidence supporting the presence of
Csp In the chemically modified PVC molecules can be seen
from UV/Visible spectra (Figure 8). Cgy 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 Cg in the polymer an
additional absorption band at 330 nm appears as a result of a
characteristic absorption pattern of monofunctionalized organo-
fullerene® (as seen for PVC-A12, PVC-N12, and DH-PVC-N12,
respectively). However, it is worth pointing out that residual
free Cgy atoms were removed from the chemically modified
polymeric products by washing with hexane before the charac-
terization studies and in this regard, the above additional peak
at 330 nm is highly lkely attributed to the Cg covalently
bonded to the PVC and DH-PVC chains.'®

Collective data from these aforementioned characterization
experiments are summarized in Table II. It can be noted that
the Cgy content of fullerene grafted PVC initially increased with

the amount of C.. feed to a maximum value before decreasing

again with further increases of Cgy feed. This implies that the
fullerenation of PYC was limited and no enhancement was
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PVC-Al2
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Figure 6. DSC thermograms of PVC and DH-PVC both before and after fullerenation.
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gained with increased amount of Cgp, 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 characteriza-
tion studies. Interestingly, with the same amounts of Cg, feed it
was also noted that the Csp content of PYVC modiffied via the
ATRA technique was much greater than the corresponding
product modified by AIBN. This is likely attributed to the
ATRA system catalyzed by the transiion metal complex { CuBr/
Ligand), robust and extremdy efficient. Consequently, the for-
mation 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 full-
erene, using equations the equations detailed above and the
method as described by Szaka'cs et al. ™ As observed from the
data (Table 111}, 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 full-
erene groups grafted onte 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 and, the fullerene content (Table 1) is non-lin-
early. This is likely due to the fact that fullerene can be grafted
onto either saturated or unsaturated segments of the DH-PVC
chains.

Solubility of the Fullerene Grafted Polymeric Products

From the results detailed in Table I, it is interesting to note that
the solubility of Cgy grafted DH-PVC products differ depending
on the reaction techniques used. Essentially, the products
obtained by fullerenation via the ATRA technique (DH-PVC-AL
and DH-PVC-A5) were insoluble in many common solvents,
including THF and dichlorobenzene, which are efficient solvents
for PVC and Cgp, respectively. Additionally, control ATRA
experiments for DH-PVC consisting of reactions been carried
out in the absence of Cg,, also showed similar results. This sug-
gests 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 sol-
vents, irrespective of the percentage Csp. 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.
Owr results indicate that the insolubility of ATRA fullerene
grafted DH-FVC 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 likdy two com-
peting chemical reactions occurring during the fullerenation
process of DH-PVC, ie, grafting of Cs onto the polymeric
chains and a concurrent cross-linking of the DH-PVC mole-
cules. 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,
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Table IV, Conjugation Length and Concentration of Polyene in DH-PVC
and the Various C60 Grafted DH-PVC

Electrical conductivity

(= 1075 em™Y
Polymers undoped doped
e 0.0002 0.004
DH-PVC 0.37 1.81
PVC-N1Z2 0.61 1.18
PVC-A12 0.68 1.73
DH-PVC-N12 0.32 1.38

resulting in the formation of free radical chains. In this regard,
Csp atoms get readily grafted onto the polymer molecule by
replacing the chlorine atoms of the repeating units. The remain-
ing double bonds along the DH-PVC chains might also be dis-
sociated into radicals facilitating the cross-linking process. The
above phenomenon may not be the ase for AIBN based normal
fullerenation. In this case, radical species are induced by the dis-
sociation of AIBN which then facilitate the grafting of Cg
atoms at the double bonds of DH-PVC chains. This data is fur-
ther supported by the "H-NMR analysis of the fullerene grafted
DH-PVC (Figure 5). As observed, the relative integrated area of
the peak from olefinic proton (5.7-5.8 ppm), when compared
to those of the signals from CH, and CH; protons, is decreased
after grafting. A similar spectral change was observed for the

CH-C1 pml[m (4.3-4.7 p;-:m). It was believed that the above-
mentioned  cross-linking reaction was suppressed by grafting
reaction between polymer chains and Cg;, atoms.

Electrical Conductivity

Last but not least, electrical conductivity of the various fullerene
grafted polymers deserves a mention as this has a direct rele-
vance for their use in solar cell technology. First, it is worth
noting from Table IV that conductivity of DH-PVC is signifi-
cantly higher (1.81 X 1077 Sfem) compared to PVC (0.004 X
1077 Sfcm). 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 com-
pared to that of the doped samples. For example, conductivity
of the doped DHPVC (1.81 % 107> S/cm) is significantly higher
than that of the undoped DHPVC (0.37 X 1077 S/cm).

After reacting DH-PVC with fullerene with AIBN, conductivity
values of the doped fullerene grafted DH-PVC initially dropped
to 1.24 ¥ 107° Sfcm {Figure 9). 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 Cgy content was further increased the con-
ductivity correspondingly increased. This is likely due to the
fact that fullerene, which have robust electrical conductive,
became dommant and contribute to the overall conductivity of
the polymer. It follows that with the above conductivity values,
DH-PVC and fullerene grafted DH-PVC can be classified as
potential semi-conductor material ***
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Similarly, conductivity values of the fullerene grafted PVC line-
arly increases with the Cg content, regardless of the reaction
mechanism used. However, conductivity values of AIBN grafted
PVC were relatively lower compared to those of grafted DH-
PVC, experiencing the same fullerenation mechanism. Again,
this may be attributed to the fact that the PVC backbone ladk
conjugated double bonds in the molecule. Finally, the conduc-
tivity values of fullerene grafted PVC by ATRA, are higher than
those of the polymers modified by AIBN irrespective of a simi-
lar Cgp. It 15 Iikely that the above discrepancy could be attrib-
uted to factors such as different distribution of fullerene groups
in the grafted PVC molecules, which might affect conjugation
length and planarity of the polymer molecules.

CONCLUSION

The grafting of Csp onto PVC and DH-PVC was carried out
using two different techniques, ie, AIBN based fullerenation
and ATRA techniques. Results from FTIR, 'H-NMR, and UV/
Visible spectroscopy suggest that the fullerene grafted polymers
were readily and efficiently prepared. Grafting of fullerene onto
PVC wvia the ATRA technique was more effective than that
carried out via AIBN based fullerenation with the same amount
of Cg provided as feed for the reactions. On the other hand,
the fullerene grafted DH-PVC, prepared via ATRA mechanism,
the resulting products are all essentially insoluble. After grafting
with fullerene, electrical conductivity values of PVC and its de-
rivative (DH-PVC) linearly increased with the fullerene content.
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Fullerene functionalized polystyrene (PSFu) with a vanety of fullerene (Cg) contents was synthesized and characterized. The
best PSFu was selected on the basis of solubility and band gap energy for application studies. Feasibility for using PSFu as a
replacement of Cg 1n bulk heterojunction (BHI) polymer solar cells was explored. Performance of the BHIJ cells containing PSFu
was comparable to that of the cells containing neat Cgy, irrespective of the acceptor /donor weight ratios, even the actual amount of
Cgo in PSFu molecules was (about 5 times) lower than that of the neat Cgq.

Keywords: Acceptor, band gap, donor, fullerene, performance

1. Introduction

Photovoltaic (PV) devices based on semiconducting
polymers have gained immense interests over the past few
years [1-7], partly stimulated by the fact that the production
process of the polymer-based PV cells is relatively simple,
inexpensive and less polluting. In addition, by tailor-making
some chemical structures of the polymeric materials, the
flexibility and photoelectric properties of the materials can
be tuned [8,9]. Furthermore, it 1s also possible to enlarge
the scale of production by adapting some existing industrial
processes, such as inkjet printing, doctor-blade coating, or
screen printing.

Among various types of semiconducting polymers, poly
(3-hexylthiophene) (P3HT) has been widely studied and
developed, because of its good solubility, chemical stability,
and excellent electronic properties. Of note, the previous poly-
mer is normally available in two different types, depending
on its regioregularity structure. The first one is a regiorandom
P3HT (rra-P3HT), which contains a relatively low content
of head-to-tail inkage. Another type is a regioregular P3HT
(rr-P3HT), which contains more than 94% head-to-tail

Address correspondence to: Jatuphormm Wootthikanokkhan,
Division of Materials Technology, School of Energy,
Environment and Materials, King Mongkut's University of
Technology, Thonburi, Bangkok 10140, Thailand. E-mail:
Jatuphom woof@kmutt.ac.th

linkages [10-13]. The latter type is also referred as an
electronic grade polymer and is widely used mn solar cell
applications due to its lower band gap energy.

Upon exposure of the semiconducting polymer to sun-
light, the polymer will be photo-doped and some tightly
bound electron-hole pairs (also known as excitons) will be
created. The excitons may recombine again unless they can
diffuse into an interfacial area between the polymer and the
electrode, where some differences In work function exist.
To mimmize exciton recombination and to enhance the
power conversion efficiency (PCE) of the polymer solar cells,
it is common to blend the semiconducting polymer with some
electron acceptor materials, such as Cgp and its denvatives.
As a result, an interface between the donor material (the
polymer) and the acceptor material will be created. Across
this donor-acceptor interface, a large HOMO-LUMO energy
level offset will produce a large enough internal electric field
gradient, capable of splitting the excitons into free electrons
and holes. This kind of PV cell containing a blend of donor-
acceptor materials 1s known as a BHJ polymer solar cell.

It should be noted that one of the main problems inhibit-
ing the development of BHJ cells toward a higher PCE
includes the limited solubility of the Cg. Some aggregation
of the matenal has been observed in many cases [14,15] when
the amount of Cgp used in the BHI cells is in excess of a
certain limit. By using derivative forms of the Cgy, such as
phenyl-Cg;-butyric acid methyl ester (PCBM), the solubility
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of the material and PCE of the fabricated cell are improved
at the expense of the material cost. This improvement is
ascribed in relation to a steric effect provided by the presence
of an alkyl side group on the Cg. In this study, attempts
were made to attach the Cg onto polymeric molecules
(i.e., polystyrene). In this regard, the Cgp groups would be
distributed along the polymer chain and thus some aggre-
gation of the acceptor material is reduced and/or delayed.
It 1s necessary to synthesize the Cg grafted polystyrene
(PSFu) with a variety of molecular architecture. This can
be achieved by firstly carrying out a co-polymerization of
styrene and chloromethylstyrene. The obtained copolymer
which contain C-Cl bonds in the poly(chloromethylstyrene)
repeating units can be further functionalized by reacting it
with the Cgy, via an atom transfer radical (ATRA) technigue.
A survey of the literature reveals that synthesis of the
above PSFu has not been directly reported, however, some
work on the preparation of donor-acceptor copolymers con-
taining the PSFu has been found. For examples, Chen et al.
[16] prepared P3HT-graft-PSFu copolymer using a multiple
reaction mechanism, including a nitroxide mediated radical
polymerization (NMRP) and ATRA technique. 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-grafi-
P(SCSM)) significantly changed from a bicontinuous mor-

phology to a dispersed particle morphology after the reaction
with Cgp. It was also suggested that relationships between the
graft copolymer structure (graft length, graft density, and
morphology) and optoelectronic properties of the semicon-
ducting copolymer should be explored. Similarly, van der
Veen et al. [17] synthesized DEH-PPV-block-PSFu copoly-
mers using NMRP and ATRA techniques. In that study,
the method used to introduce Cgp into the polymer chains
was improved by circumventing the formation of radicals
through the utilzation of azide intermediates. From those
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Fig. 1. Synthesis of poly(styrene-co-chloromethylstyrene)
(P(SCMS)), and Cg, grafted polystyrene (PSFu).
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researches, we found that the optoelectronic properties and
the optimization of Cgp grafted polystyrene (PSFu) have
not been reported. In our study, synthesis of PSFu, with a
variety of Cgp contents by using iniferter polymerization
and ATRA (Figure 1), were investigated. Polymer solar cells
were fabncated with the uses of rra-P3HT and PSFu as an
electron donor and an electron acceptor, respectively. The
effect of PSFu on the PV properties of the obtained BHJ
polymer solar cells was carried out. Preliminary results of
polymer solar cells made of PSFu as an electron acceptor
compared with those made of Cyy were also investigated.

2. Experimental
2.1 Materials

Copper, copper bromide and bipyridine were supplied from
Fluka Co. Ltd. (Steinheim, Germany). Fullerene (98%)
was supplied from Sigma-Aldnch Co. Ltd. (Steinheim,
Germany). Methanol and toluene (analytical grade) were
obtained from Fisher Chemicals Co. Ltd. (Loughborough,
England). Nitrogen gas (99.99%) was obtained from Praxair
Co. Ltd. (Thailand). All of the above chemicals were used
as received. Tetraethylthiuram disulfide (TD) was supplied
from Fluka (Steinheim, Germany) and was purified by
re-crystallization prior to use.

Styrene (99%, GC grade from Fluka) was free from inhibi-
tor by passing through an alumina column. Chloromethyl-
stylene (CMS; 90%, GC grade from Fluka) was purified by
extraction with sodium hydroxide solution, followed by
washing with delonized water, and then dred with sodium
sulfate anhydrous.

P3HT (both regiorandom and regioregular) were
purchased from Sigma-Aldrich Co. Ltd. An indium tin oxide
(ITO)-coated glass electrode, supplied from PCO Co. Ltd.
(Germany), was use as a substrate for solar cell fabrication.

In cyclic voltammetry experiment, a platinum (Pt) rod used
as a counter electrode, Ag/AgNO; used as a reference
electrode, and a glassy carbon electrode (BSTR10A) used as a
working electrode were obtained from Auto Lab (England).
Ammonium tetrafluoroborate (BusNBF;) used as an electro-
Iyte was supplied from Aldnch Co. Ltd. Poly(3,4-ethylene-
dioxytiophene:polystyrenesulfonic acid) (PEDOT:PSS) was
purchased from Baytron (England).

2.2 Symhesis of P(SCMS)

Poly(styrene-r-chloromethylstyrene) copolymer (P(SCMS))
was first synthesized via a controlled free radical polymeriza-
tion technique, using TD as an iniferter. More details
concerning the mechanism of the iniferter polymerization
can be found elsewhere [18]. Experimentally, 0.016 g of TD
(0.75 mmol) was added into a solution of purified styrene
(0.0d45mol in 7mL of toluene) and chloromethylstyrene
(0.0113mol). The monomer solution was purged with nitro-
gen and sealed. The reaction flask was then exposed to UV
radiation for 4h. After a given time, the content in the reac-
tion flask was precpitated in a large amount of methanol
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and then dried in a vacuum oven at 60°C until reaching a
constant weight.

2.3 Preparation of Gy Functionalized Polystyrene (P5Fu)
The P(SCMS) was reacted with Cg; via an ARTA reaction in

order to obtain PSFu. This was commenced by mixing Cgg
(0.013 g), bipyridine (0.03g), toluene (I15mL), and 0.1g of
P(SCMS) in a flask. The solution was purged with nitrogen
for 10mun and then sealed with paraffin film and kept for a
further ATRA reaction.

Cu (0.013 g) and CuBr (0.0086 g) were added to a 250mL
three-necked round bottom flask. The flask was closed with
a rubber septum and sealed before undergoing nitrogen
purging and vacuum pumping for five cycles. Then, the
previously prepared polymer solution was introduced into
the reaction flask by imjection through the rubber septum,
using a syringe. The mixture was then refluxed at 100°C in
an oil bath for 24h. After cooling to room temperature,
the reaction was filtered and precipitated in a large amount
of methanol. The crude precipitated product was redissolved
in THF, and then precipitated in methanol again. Hexane,
which is a non-solvent for the polymer, was used to remove
some residual Cgp from the product. UV/Vis spectroscopy
was used to examine the presence of an absorption peak
(wavelength 335num) of the free Cg, in the leached solvent.
The washing process was carried out until the above UV/Vis
peak disappeared. Finally, the purified product was dried
in a vacuum oven at 60°C untl reaching a constant
weight (16 h).

2.4 Characterizations

24.1 Spectroscopy Analysis of Obtained PSFu
Fourier transform infrared spectroscopy (FTIR) technigue
was used to monitor changes in chemical structures of
various products after chemical modification. The FTIR
spectrum was recorded using a Bruker FTIR (Equmox 55).
The sample was prepared in the form of a KBr pellet, and
the spectrum was scanned over wavenumbers ranging
between 500cm™" and 4000cm™". In addition, the chemical
structures of some products were characterized using
'H-NMR spectroscopy. Typically, copolymer sample was
dissolved in deuterated benzene (CgDg) and then the
spectrum was recorded by a Bruker mstrument (Advance
DPX400), using tetramethylsilane (TMS) as a reference.
UV-Visible absorption spectra of various samples were
recorded on a Shimadzu UV-3100 spectrophotometer, over
wavelengths ranging between 190 and 800 nm. The sample
was prepared by dissolving in THF and the expenment
was carried out at room temperature. To determine optical
energy band gap of some samples, the following equation
was used:

E(eV) = he/l (1)

where h =Planck constant, C =speed of light, and 1=onset
of the UV /Vis absorption peak.
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242 Molecular Weight Analysis of Obtained PSFu

The molecular weight of the product was 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
100pL of the sample solution (2mg/mL in THF) was
prepared and filtered with a nylon 66 membrane before
injection. GPC was operated at a flow rate of 1.0mL /min.
The obtained GPC chromatogram was then translated into
a molecular weight distribution (MWD) curve via the use
of a polystyrene namrow molecular weight calibration curve.
Finally, the average molecular weight and polydispersity
indexes were determined using standard equations.

243 Thermal Characterization of Obtained PS Fu

The thermal stability of the polymers was investigated using
a thermogravimetric analysis (TGA) technique. The TGA
experiment was carried out with a Netzsch (STA 409 C/CD)
mstrument. About 10 mg of the sample were used and the
TGA experiment was scanned over temperatures ranging
between 25°C and 600°C under nitrogen atmosphere, at a
heating rate of 10°C/min.

244 Cyelic Voltanunetry Investigation of PSFu

Cyclic voltammetry was performed with a Potentiostat
(Auto Lab 302N, Eco-Chemie, the Netherlands) machine,
using acetonitrile solution with 0.1 M Buy,NBF, as a sup-
porting electrolyte. Pt wire was used as a counter electrode,
whereas Pt and Ag/AgNO; were used as working and
referent electrodes, respectively. The polymers were coated
onto the platinum working electrodes. The solution was dea-

From the cyclic voltammograms, the onset oxidation
potential and the onset reduction potential were determined.
Subsequently, the highest occupied molecular orbital
(Epomo), the lowest unoccupied molecular orbital (Ep o)
and band gap energy of the semiconducting materials were
calculated using the following equations [19]:

Enomo(eV) = —(Eox +4.39) (2)
Erumo(eV) = —(Erq +4.39) (3)
Band gap energy(eV) = —(Enomo — ELumo)  (4)

2.5 Fabrication of the BHJ Polymer Solar Cells

PV devices were made on patterned ITO coated glass sub-
strates. Initially, a layer of PEDOT:PSS was spin-coated onto
the cleaned substrate in a glove box at 3,000 rpm for 30 min,
followed by heating the coated substrate at 80°C for 30 min.
A solution was prepared in cosolvents (60/40 v% of toluene/
THF) of the P3HT/PSFu blend (10 mg/mL). A photoactive
layer contaiming blends of electron donor matenial (rra-
P3HT) and electron acceptor materials (PSFu or Cg) with
a variety of acceptor to donor weight ratios (ranging from
0.2 to 1) was spincoated onto the substrate. A blend film
with a thickness of 100 nm was obtained using the optimum
spin-coating conditions (1,000rpm for 60s). It should be
noted that, in some experiments, rr-P3HT was used to form
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Fig. 2. Schematic of the device structure of bulk-heterojunction
polymer solar cell. (Figure is provided in color online.)

the blends and fabricate the BHJ cells. In this regard,
o-dichloribenzene was used as a solvent and the solution
(20mg/mL) was spin-coated onto the substrate at 1,000 rpm,
in order to obtain a 100 nm thick active layer film.

Finally, the substrates were place in a thermal evaporator,
where 100 nm of Al was deposited at an evaporation rate of
Inm,s, providing an active area of 0.12cm” The thickness
of the film was measured by use of a Dektak profilometer
(Dektak 3 ST, Sloan Tech, Veeco Co. Inc., Santa Barbara,
CA, USA). Figure 2 illustrates the structure of the fabricated
BHIJ cells in this study.

2.6 Morphology Observation of BHJ Solar Cells

The morphology of the blends containing the P3HT and
acceptor materials was examined using an atomic force micro-
scope (AFM; digital microscope instrument). Samples were
prepared by spin coating on a silicon (S1) substrate. An AFM
image was obtained using phase image and tapping modes.

2.7 Cuwrrent Density- Voltage Measurement of BHI Polymer
Solar Cells

Current density-voltage (J- V) measurements were carried out
under ambient conditions, using a Xe lamp (from Osram,
Thailand), which provided one-sun illumination (AM
1.5G) at 100 m\V,’cmz_ Current density-voltage characteris-
tics and PCEs were measured via a computer-controlled
Keithley 4630 source unit. The short-circuit current density
(J..), open-circuit voltage (V,J), fill factor, maximum power
point and PCE were determined [20].

3. Results and Discussion
3.1 Preparation of the P(SCMS) Copolymer

Figure 3 shows "H-NMR spectra of a product obtained from
copolymerization of styrene and chloromethylstyrene (CMS)
with TD iniferter. From the spectrum, a chemical shift of the
benzyl chloride protons (CH, of CMS repeating units) occurs
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Fig. 3. 'H NMR spectrum of the P(SCMS) copolymer.
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at 6y 4.2 ppm. The NMR peak at d,; 7.2 ppm can be ascribed
to the merha- and para-aromatic protons of both polystyrene
(PS) and P(CMS) repeating units whereas the peak over the
chemical shift ranged between dy 6.5 and 6.8 ppm 1s attribu-
ted to the ortho-protons in the aromatic rings. The P(CMS)
composition was evaluated from the integration of benzyl
chlonde protons (at dy 4.2ppm) and comparison with the
sum of the integral for all ertho-aromatic protons (dy
6.5-6.8 ppm). The previous calculation has also been used
by Stanick et al. in another report [21].

From Table 1, it can be seen that composition of the copo-
Iymers are different from those of the monomer feed ratios.
For an example, the PS/P(CMS) ratios in copolymer No.l
and copolymer No.2 are 3.0 and 1.38, respectively, whereas
the corresponding monomer feed ratios (styrene/CMS) are
4.0 and 1.5, respectively. This trend is in a good agreement
with the results obtained by Chen et al. [16] in a study on a
P3HT-g-PSFu system. In that case, the discrepancies were dis-
cussed in the light of different monomer reactivity ratios. In
addition, Table 1 also shows that the degree of difference
was also dependent on the monomer feed ratios. In details,
by increasmg the CMS content (copolymer No. 4), P(CMS)
composition in the obtained copolymer was much lower than
the cormresponding monomer feed ratio. In this regard, by using
Fineman and Ross’s equation [22], 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 the CMS monomer had more chances
to undergo cross-propagation than the styrene does. Neverthe-

less, the above reactivity ratio values are useful to confirm that
the previous product 1s a kind of statistic (random) copoly-
miers, and not an altemating or a block copolymer.

3.2 Preparation of the PSFu

Figure 4 shows overlaid FTIR spectra of P(SCMS) copoly-
mers both before and after the reaction with fullerene via
an ATRA technigue (to obtained PSFu). An FTIR spectrum
of the product shows two new weak transmussion bands at
528 and 577cm™", which represent the characteristics of the
Cyo-bonded polymers. Figure 5 shows UV-visible absorption
spectra of P(SCMS) copolymer No. 4 and the corresponding
PSFu. The spectrum of the copolymer shows a small absorp-
tion peak at a wavelength of about 320 nm, which is attribu-
ted to the thiocarbamate group. In addition, the spectrum of
the PSFu shows a strong absorption peak at about 335 nm,
which 1s related to the Cyy groups covalently bonding with
the copolymer molecules.

Figure 6 shows overlaid TGA thermograms of PSFu
copolymers obtained by reacting Cgy with various types of
the previous P(SCMS) copolymers. The TGA thermogram
of PSFu No.3, for an example, indicates almost 20% weight
loss over temperatures ranging between 240 and 400°C. This
weilght loss could be due to the decomposition of the PS§
repeating umts. There 15 a second transition (40% weight loss)
occurring over temperatures ranging between 400 and 600°C
and that could be related to the decomposition of P(CMS)
repeating units. Finally, the amount of residue left at 600°C
and the previous temperature represent the weight percentage
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Table 1. Copolymer compositions and Cgq contents of various type of copolymers synthesized by using a variety of monomer feed

ratios

Monomer feeed ratio Copolymer composition Mw (g/mol) of Final Ciq content from
Copolymer (styrene /CMS) by mole PS/P(CMS) the P(SCMS) product TGA (wthh)
P(SCMS) No.l 80,20 73/27 39,080 PSFu No.l 1.6
P(SCMS) No.2 60 /40 46 /54 33,794 PSFu No.2 15.5
P{SCMS) No.3 40 /60 32/68 31,422 PSFu No.3 19.8
P(SCMS) No.4 20/80 16,/84 20,622 PSFu No4 32.1

of Cgy attached to the polymer chains. The residue was
thought not to be unreacted Cgp given the fact that the
synthesized polymer has been purified and freed from the
unreacted Cegg by washing with hexane. Similarly TGA analy-
ses of other types of PSFu were also carned out and the Cgy
content in each PSFu polymer is summarized i Table 1.
At this stage, it is worth mentioning that different grades
of the prepared PSFu exhlibit different solubility. For an
example, the PSFuNo.4 prepared using P(SCMS) copolymer
No.4 is not completely soluble in many common solvents.
However, the PSFu copolymers prepared using P(SCMS)
copolymers Nos.1-3 were found to be well soluble in THF/
Toluene mixture (60/40v%), which is used as the cosolvent
for fabricating the polymer solar cells in this study. The
previous phenomena may be related to the fact that each
PSFu contains different P(CMS) compositions and different
percentages of the Cg, group. In this regard, it could be poss-
1ble that the higher the Cg content, the greater the aggre-
gation of the Cgy groups. In addition, it is conceivable that

the pendant Cgp groups act as a cross-linker, attaching two
polymer chains together. Therefore, the greater the P{CMS)
composition, the greater the crosslink density of the copoly-
mer product. Similar behaviors were observed by Chen etal.,
[16] in a study on P3HT-grafi-PSFu copolymers. In this
study, no further attempts were made to fabricate and test
this insoluble polymer product (PSFu No.4).

3.3 HOMO-LUM©O Energy Levels and Band Gap Energy
of PSFu

The HOMO and LUMO energy levels can be calculated using
Egs. 2-3 from cyclic voltammogram. The band gap energy
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Fig. 4. FTIR spectra of the P(SCMS) before and after reacting
with Cg (to obtained PSFu).

level was determined from the UV-Visible spectrum of the
materials (Figure 5) in combination with an equation relating
the wavelength to the energy [19,23]. Table 2 summarizes the
HOMO-LUMO energy levels and energy band gaps of vari-
ous PSFu polymers and related materials. It can be seen that
HOMO and LUMO energy levels of all 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 Cg deter-
mined using the same technique. The previous results indicate
thatitis possible to explore the use of these PSFumaterials as
an electron acceptor phase in a BHJ cells. Note that, the band
gap energy of these PSFu polymers ranges between 2.81 and
2.95eV, depending on the copolymer composition and the
actual Cg contents. Tt seems that the band gap energy of
PSFu tends to decrease with increasing Cg, content. In this
regard, PSFu No.3, which has the lowest band gap energy,
was selected for further study.

34 -V Measurements of BHI Polymer Solar Cells

Figure 7 shows the typical J-J" curves of the BHJ polymer
solar cells containing vardous amounts of PSFu No.3
(various ratios of electron acceptor/donor). From these
curves, various parameters, including fill factor and PCE,
were determined. Figure 8 shows the PCE of various cells.
The efficiency of the solar cell containing rra-P3HT, and vari-
ous amounts of PSFu acceptor material ranges between
102 1074 and 1.9 % 107*%, some of which is higher than
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Fig. 5. UV-Visible spectra of P(SCMS) before and after reacting
with Cg (to obtained PSFu).
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Fig. 6. Overlaid TGA thermograms of PSFu prepared by using
various type of P(SCMS) copolymers.

that of the cell containing the rra-P3HT alone (1.14 x 107%%).
This can be ascribed to the presence of interfaces between the
electron donor (rra-P3HT) and the acceptor (PSFu) matenals,
which promotes more chances for the excitons to dissociate
into free electrons and holes (2 reduction of exciton loss). By
mcreasing the weight ratio of PSFu to rra-P3HT toward 0.4,
the percentage PCE of the BHJ solar cells increased continu-
ously. Further increase of the PSFu content beyond this level,
however, resulted in a gradual decrease of PCE. This effect
nught be attnbuted to many factors, including more aggre-
gation of the Cgy phase morphology of the blends.
Noteworthy, the PCE value of the BHJ cell containing rra-
P3HT /PSFu blend is close to that of the cell containing the
P3HT /Cép blend, providing the same blending ratios. This
1s an interesting aspect since the actual Cgy content in the for-
mer type of BHJ cell 1s about 5 times lower than that of the

latter cell, taking into account the above result from the
TGA thermogram of PSFuNo.3. In this regard, it seems that
the efficacy of the Cgp can be maximized by attaching the Cgq
along the polymer backbone without consuming a greater
amount of the Cg. In our opinion, the above effect might
be ascribed to a better dispersion of the Cg, groups along
the backbone of PSFu chains. Consequently, some aggre-
gation of the Cg might be minimized and/or delayed.

The above statement was supported by companng AFM
micrographs (phase image mode) of blends containing
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Fig. 7. Typical J-V curves of various BHIJ solar cells based on
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Fig. 8. Power conversion efficiency (PCE) values of various BHJ
cells based on rra-P3HT blended with different type and weight
ratios of the acceptor/donor materials.

different types and amounts of acceptor materials. In the
case of the blend containing various ratios of Cg to rra-
P3HT, the larger size of Cgy (brighter phase) can be clearly
seen (Figures 9a—c). By increasing the ratio of Cgp/P3HT,
more than 0.4, the Cg was aggregation and the size was
mncreased (Figure 9¢).

On the other hand, AFM images of the blend containing
PSFu shows a smaller particle size with a better distribution
of the bnghter phase, which represents the PSFu

Table 2. HOMO-LUMO energy levels and band gap energy of various materials

Band gap energy (eV)

Aonset Enomo Erumo

Polymer (nm) From UV-Vis From CV (eW) eV)
P(SCMS) No.l1 420 2.95 (£0.04) * —5.69 —2.74
P(SCMS) No.2 430 288 (£0.02) * —5.59 —3.01
P(SCMS) No.3 505 281 (£0.03) * —5.78 =297
P(SCMS) No.4 n/a n/a** " n/a n/a
rra-P3HT 500 245 (+0.02) 2.85 (£0.03) =513 228
Fullerene (Cgq) 390 3.18 (£0.01) 3.20 (£0.11) =57 =25

*The band gap energy cannot be calculated because the CV curve of the polymer was incomplete.
*HOMO, LUMO, and band gap energy of the PSFu copolymer No.4 (containing 32wt% Ceg) cannot be detemmined

due to an insolubility of the polymer.
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Fig. 9. AFM micrographs (phase image mode) of Cg blended with rra-P3HT (a, b, ¢) and PSFu blended with rra-P3HT (d, ¢, f) at
0.2, 0.4, and 0.8 acceptor/donor weight ratios, respectively. (Figure is provided in color online.)
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Fig. 10. AFM micrographs (phase image mode) of PSFu blended with rre-P3HT (a) and PSFu blended with »»P3HT (b) at 0.2
acceptor/donor weight ratios, respectively. (Figure is provided in color online.)

(Figures 9d-f). As a result, some exciton recombination may
be suppressed and better efficiency of the cells can be expected.
However, by increase the PSFu ratio more than 0.4, the
PSFu phase size was lager and decrease the PCE of the cells.
Last, by blending of PSFu and rr-P3HT (the good electron
donor) at 0.2 and 0.4 electron acceptor/donor weight ratios
(using o-dichloribenzene as a solvent). The result supported
that the PCE of the cells was higher than that of the cells con-
taining rra-P3HT and PSFu (PCE of cells made of PSFu and
r-P3HT at 0.2 and 0.4 electron acceptor/donor weight
ratios=2.9 x 107*% and 2.8 x 107", respectively). The pre-
vious results were confirmed by AFM images. Figures 10a
and 10b show AFM images of PSFu/rra-P3HT and PSFu/
rr-P3HT blends at the electron acceptor/donor weight ratio
of 0.2, the brighter phase of PSFu (Figure 10b) was smaller
and better distribution than that of the PSFu in rra-P3HT.

4. Conclusions

Attempts have been made to prepare Cg, functionalized
polymer, PSFu, and to explore the use of the obtained
material as a replacement for normal Cgy in BHT polymer

solar cells application. Results from FIIR, 'H-NMR,
UV-visible, GPC, and TGA confirmed that the PSFu, with
a variety of composition and Cg, contents, were successfully
synthesized. PCE of the rra-P3HT /PSFu cells was compara-
ble to that of the cells containing normal Cg while the
content of Cgp in PSFu molecules was less than the content
of normal Cg, (about 5 times) in conventional BHI cells.
Furthermore, morphology and PCE of the PSFu blended
with m-P3HT indicate that PSFu blended with rr-P3HT
was better distribution and higher PCE than that of the
PSFu blended with rra-P3HT.
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ABSTRACT
Polyi{p-xylyvlene)-graft-poly(butylacrylate-g-follerene) or PPX-g-PBAFu was synthesized by
using Wessling route and atom transfer radical addition (ATRA) technmigques. The graft
copolymers were used as a compatibilizer in the bulk hetercjunction (BHT) polyvmer seolar
cells of poly(3-hexylthiophene) (P3HT) and fullerene (Cw). The results from AFM

mucrographs showed that the phase size of P3HT and the aggregated Cg in the blended

URL: http:fimc.manuscriptcentral.com/gpom Email: munmaya@gmail.com
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system was decreased from 300 nm to 30 nm after adding the copolymer (20 pph).
Furthermore, the efficiencies of the BHI cells from J-17 curve were remarkably mereased 5

titnes after adding the above copolymer.

Key words: graft copolymer; compatibilizer; morphology; efficiency

INTRODUCTION

Bulk heterojunction (BHT) polymer solar cell is a kind of solar cells comprising blends of
electron donor and electron acceptor materials. Examples of the electron donor maternials
mchide varions conjugated polymers such as polyaniline, poly(3-hexylthiophene) (P3HT),
poly(p-vinylene) (PPV) and its derivative (MEH-PPV), whereas those of the election
acceptor material include graphene. fullerene (Csp) and its derivative such as phenyl-Ca-
butyric acid methyl ester (PCBM) [1-22]. Motaung ef al[23] reported that, the efficiency of
the BHJ cells containing P3HT and follerene mcreased from 0.009 to 0.029% after thermal
annealing. It is also of noteworthy that PCE values of the cells in this case are considerably
low. This is due to the faet that Cgy was vsed as an acceptor material and that tended to

aggregate. Higher PCE can be expected. however, by using PCEM as a replacement of Cgy

[2.10,24]. BHT devices wtilizing blends of P3HT and PCBM have been developed and PCE of
the cells ranging between 4-6.5 % have been reported [24-27]. Das ef al. [16] reviewed the
use of graphenes as electron acceptors in polymer sclar cells with reasonable efficiency.
Conducting pelymer/carbon nanctube composites [17] and NiS/MnS core-shell embedded
conducting polyaniline composite [18] were reported. Conducting polymers were synthesized
by new processes of new monomers and new characterization techniques were reported [19-
21). These reported conducting polymers and composites may be used as active layers in
polymer solar cells. We previously reported the fabrication of fullerene functionalized
polystyrene (PSFu) and the nse of PSFu as a replacement of Cgg in polymer solar cells [22].

2
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Performance of BHT cells containing PSFu was comparable to that of the cells containing
neat Csp, even the actoal amount of Csp in PSFu molecules was lower than that of the neat
Csn.

To implement the actual vtilization of polyvmer solar cells in the commercial scale,
efficiency and stability of the cells have yet to be further improved. In this regard, one
possible approach for enhancing PCE of the BHT polymer solar cell is that by inducing a
formation of nanoscale phase separated morphelogy in order to promote more dissociation of
exciton [28-30]. This could be achieved by adding block or graft copolymers capable of
acting as a compatibilizer, for the blended system. It is known that confinement of block
copolymer joints at domain interface could reduce imterfacial tension and suppresses
coalescence, limiting domain sizes and improving morphological stability [28.31,32].

Improvements in performance and PCE of some BHIY solar cells contaming donor-
acceptor block copolymers have been reported. These include a work by Rajaram et al [33]
who stodied the effects of adding block copelymer on morphology and performance of solar
cells based on P3HT /perylene diimide blend. It was found that efficiency of the cells

mcreased from 0.37 % to 0.55 % after the addition of the copolymer. TEM images of the

pelymer 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
et to be optitmized in order to further improve PCE. Tsuchiva ef al [34] also syathesized the
diblock copolvmer of poly(4-butyltriphenevlamine )-b-polystyrene (PTPA-B-PS) and smdied
the effect of addition of the copolymer on morphology and PCE of the cell containing PTPA,
PCBM and PTPA-b-PS. They found that PCE of the cell increased from 0.013% to 0.077%
after the addition of the copobymer. Simdlarly, Sivwla ef al[35] studied effects of diblock
copolymer on morphology and performance of PSHT/PCBM solar cells and found that long-

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

URL: http:fimc.manuscriptcentral.com/gpom Email: munmaya@gmail.com



PCE of the BHT cells decreased upon an increase of annealing time. However, by adding 17
wi%e of the diblock copolymer, morphology of the annealed cell was stabilized and its
efficiency was maintained.

An alternative to diblock copolymers is donor-acceptor graft copolymer. Chen eof
al[38] successfully synthesized P3HT-g-polv(styrene-g-fullerene) copolymers by using the
Suauld cross-coupling, a nitroxide mediated controlled radical polymerization (NMEF), and
an atom transfer radical addition (ATEA) techmique respectively. Unfortunately,
photovoltaic performance of polymer solar cell containing the above graft copolymer has not
been reported.

In this present work instead of the wse of complicatedly synthesized block or graft
copolymers of donor-acceptor matenials as the active matenals, we report the syothesis and
use of new graft copolymers as a compatibilizer for comventional domor-acceptor active
materials in BHT solar cells. Effects of addition of the graft copolymers on morphology and
PCE of the polymer solar cells are of mterest PPX-g-PBAFu copolymers (Fig. 1) with
different molecular architectures were synthesized by using a mmltiple-step synthetic rounte
(Fig. 2). After that. the copolymers were used as a compatibilizer in BHI cells, containing

P3HT and Cso as a donor and an acceptor material respectively.

EXPERIMENTAL DETAILS
MMaterials

Copper, copper bromude and bipyridine were supplied from Fluka Co. Ltd. (Steinheim
Germany). Methanel and toluene (analytical grade) were obtained from Fisher Chemicals Co.
Ltd. (Looghborough, UK). Nitrogen gas (99.99%) was obtained from Praxair Co. Lid.
{Thailand). All of the above chemicals were nsed as received.

Butyl acrylate (99%, GC grade from Flulm Co. Ltd. Steinheim Germany) was free
from inhibitors by passing it through an alumina colunm. Chloromethylstyrene (CMS) (90%,

4
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GC grade from Fluka Co. Ltd., Steinheim_ Germany) was purified by extracting with sedivm
hydroxide solotion (0.1 molL), followed by washing with de-ionized water and then dried
with sodinm snlfate anhydrons.

Poly(hexyl thicphene) (P3HT) (regio-regular electronic grade) and fullerene (98%)
were purchased from Sigma Aldrich Co. Ltd. (Steinheim Germany). An indmm-doped tin
oxide (ITO) ceated glass electrode supplied from PCO Co. Lid. (Germany) was uvsed as a

substrate for cell fabrication.

Synthesis of macroiniferter

The macroiniferter was synthesized by using a mmltiple-step synthetic route. Firstly, bis-
sulfoninm salt monomer was prepared from a reaction between dichloro-p-xylens and
tetrahydrothiophene (THT). The menomer was polymerized to be a precursor via the
Wessling route. Subsequently. the polymer precurser was modified by using a
dithiocarbamate compound to yield the macroiniferter. More details concerning the synthesis

methods and characterizations of the macromiferter can be found in cur earlier report [37].

Graft copolymerization

The prepared macroiniferter (0.0314 g) was mixed with a solution of purified butyl acrylate
(0.0226 mol) and chloromethyl styrene (0.0339 mol) in tetrahydroforan (THE) (7 mL) in a
reaction flaske The reaction mixmre was pwged with nitrogen for 10 min and then vacuom-
sealed after freeze-pumping. The reaction flask was exposed to UV radiation for 2 h and the
reaction mixhure was precipitated by adding a large amount of methanolwater (1/1, v} to
obtained the viscous graft copolymer. The product was further purified by extracting with
isopropyl alcohol in order fo remove some poly(butylacrylate-r-chloromethy styrene)

(P{BACMS)) that might be self-polymerized during U7V irradiation The product was dried in
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a vacunm oven until reaching to a constant weight to obtain poly(p-xylylene)-graft-
poly(butylacrylate-r-chloromethy  styrene), PPE-g-P(BACMS).  Noteworthy, the
polymerization was carried out by using two different mole ratios of macroiniferter to
monomers (Lable I). In this regard, the graft copolymers with different grafting chain lengths
can be expectad.

In addition. grafting vield and grafting efficiency of the synthesized copolymers can

be determined by using the following equations:

Grafting yield (%) = [(W1-W1)/ W3] x 100% (1

Grafting efficiency (%) = [W1/ (W1 + Wa)] x 100% )

where W, Wi, Ws and Wy are weights of graft copolymer, macroiniferter. monomer and the
hemopolymer, respectively. The grafting yields and grafting efficiencies of PPX-g-

B(BACMS) in this study were concluded in Table L

Artachment of fullerene onto the graft copolymer chains (synthesis of PPX-g-PBAFu)

Fullerene groups were attached cnto the polymer melecules by using an ATRA technique. 0.1
g of the PPX-g-P(BACMS) was mixed with the fullerene (0.013 g), bipyridine (0.03 g). and
dichlorcbenzene (15 mlL) in a reaction flask The solution was purged with nitrogen for 10
min sealed with paraffin film and kept for the ATRA reaction. Next, Cu (0.013 g) and CuBr
(0.0085 g) were added to a 100 mL three necked round bottom flask. The flask was closed
with a rubber septum and sealed before undergoing mitrogen purging and vacunm pumping
for five cycles. Then, the prepared polymer soletion was introduced into the reaction flask by
injection through the rubber septum. vsing a syringe. The mixture was then refluxed at 80 °C

in an oil bath for 3 b After cocling to room temperature, the mixture was passed through an
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alumina column to remove the copper catalyst and then precipitated into a large amount of
methanol. The crude precipitated product was redissolved in THE, and precipitated in
methanol again. Hexane, which is a selective solvent for fullerene, was nsed to remove some
residual Cgy from the product. UV—Visible spectroscopy was used to examine the presence of
an absorption peak of the free fullerene in the leached solvent. The washing process was
carried out until the aforementioned UV-Visible peak (wavelength 333 nm) disappeared.

Finally. the product was dried in a vacuum for 16 h.

Characterizations
'HMMR spectroscopy was used to characterize chemical structure of the graft copolymer.
Typically. 3 mg of the copolymer sample was dissolved in deuwterated chleroform (CDCLs)
and then the spectrom was recorded in a Bruker instrument (Advance DPXS500), using
tetramethylsilane (TMS) as a reference, at 20 °C.

The thermal behaviers of the copolymers were investigated using a differential
scanning calonmetry (DSC) technigque. The DSC experiment was carried out with a Netzsch
(Bavaria. Germany) DSC 240F1 instrument under nitrogen atmosphere, at a heating rate of 10

°C /min over temperatures ranging between -70 and 150 *C.
The molecular weight of the products was determuned by gel permeation

chromatography (GPC) technique, nsing a Water E2695 instrument equipped with BT detector
(Viscotek model 3580). THF was used as an eluent and 100 pl. of the sample sohition (2
mg'ml in THF) was prepared and filtered with a nylon 66 membrane before injection GPC
was cperated at a flow mate of 1.0 mL/min The obtained GPC clromatogram was then
translated into a molecular weight distribution (MWDY) curve via the use of a polystyrene
narrow molecular weight calibration curve. The average melecular weight and polydispersity

indexes were determined using standard equations.
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The thermal stability of the product was examined by using a thermogravimetric
analyzer (TGA, NETZ5CH STA 409 C/CD). The sample (20 mg) was vsed and the TGA
experiment was scanned over temperatures ranging between 25 °C and 700 °C under nitrogen
atmosphere, at a heating rate of 10 “C/min

UV-Visible absorption spectra of various samples were recorded on a Shimaden TUV-
3100 spectrophotometer, over wavelengths ranging between 190 and 700 nm.

Merphology of the blended films containing the P3HT, Cy and praft copolymer was
examined by using an Atomic Force Microscope (AFM) (Digital microscope mstrument). A
solution (14 mg/ml) was spin coated onto silicon (51) substrate, at reom temperature. Solvent
was evaporated and removed by dryving at 80 °C for 12 h AFM images were examined by
using a phase image tapping mode.

Fabrication and investigations of the polviner solar cells

Photoveltaic devices were made on patterned ITO coated glass substrates. Firstly, thin film of
TiO; was coated omto ITO substrate, using a sol-gel dipping technicue [35.39] and calcined at
450 °C for 4 h. resulting in smooth and transparent TiO7 films (20 nm). Then a photoactive
laver containing blends of P3HT and fullerene (100/20 wi%:) and PPX-g-PBAFu (20 mg) was
dissolved in 1.2-dichlorobenzene. The photoactive solution (14 mg/ml) was spin coated on
the TiOh layer (1,000 rpm for 60 sec) to obtain 100 nm thicknesses. After that, the coating
film was heated at 80 °C for 12 h Finally, gold (Au) (100 nm) was depostted onto the
photoactive films by using a thermal vacuum deposition at 107 Torr. Cusrent density-voltage
(J-T) measurements were carried out under ambient conditions, using an Xe lamp (from
Osram) which provided one sun dlwmination (AM 1.5G) at 100 mW/em®. Current density

voltage characteristics and PCE were measwed via a computer controlled Eeithley 6430
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source uait. The short circwit current density (Ji), open circuit voltage (). fill factor,

maxinmm power point and PCE were determined using standard definitions and method.

EESULTS AND DISCUSSION

Synthesis and characterizations of PPX-g-P(BACMS) copolyvimer

Figure 3 shows a typical 'HNMER spectrum of the PPX-g-P(BACMS) zraft copolymer. The
spectrum shows aromatic proton signals at & 7.2 and 6.6 ppm. The peaks at & 3.6 and 3.8
ppm indicated the present of methylene (Ph-C-CH32-) and methyl (-O-CHs) protons of the
PPX melecule, respectively [37]. In addition. methyl (-CH;) and methylene protons adjacent
to oxygen atom (-O-CH;-) of the butyl acrylate grafting chain exhibited signals at & 0.9 and
4.0 ppm, respectively [40.42] 'H.NMR. signal at &g 2.3 ppm is attributed to the methine
proton of poly(butyl acrvlate) grafting chamns (-CH-C=0). In addition, the chemical shift of
the methylene proton of the benzylchloride in CMS units (-CH>-Cl) appeared at & 4.5 ppm
[37.40.43]. Moreover, the melar compositions of PBA and P{CMS) in the copolymer were
determuned from the ratio of integration area under the peaks at 55 0.9 ppm to that of at Sz 4.5
ppm. The ecaleulated wvalpes are illustrated in Table I This result showed that PPX-g-
P{(BACMS) copolymer was successfully polymerized.

Meore experimental evidences supporting the formation of graft copelymer can be seen from a
DSC thermogram of the product (Fig. 4). The DSC thermogram shows two endothermic
transitions occuring at the onset temperatures of 13 and 52 °C. The first transition at 13°C
can be aseribed to the glass transition temperature of the P(BACMS) grafting chain [44.45].
While the second transition at 52°C can be ascribed to the glass transition temperature of
poly(p-xylylene) (PPX) backbone [37]. The above results from 'HNME. and DSC
thermogram are sufficient to confirm that the PPX-g-P(BACMS) has been successfully

prepared.
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The molecular weight (Mp) and the polydispersity index of the PPX backbone from
GPC technique was 212,000 g/mol and 1.46, respectively. However, after grafting reaction,
both of grafting products were not completely soluble in THE and could not determine the
molecular weight.

Apgain, Table I shows the grafting vields and grafting efficiencies of the PPX-g-
B(BACMS) products. It is worth reminding that the copolymer No. 1 refers to the product
obtained by using a low monomer to macromniferter mole ratio. On the other hand, the
copolymer No. 2 represents the product obtained by vsing the relatively high mole ratio. In
this latter case. a longer grafting chain length can be expected. Results in Table I indicate that
the grafting vields 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.

Characterizations of the PPX-g PBAFu

Figure 5 shows UV-Vis absorption spectra of PPX-g-P(BACMSE) before and after reacting
with fullerene (to produce PPX-g-PBAFu) The abscrption band at 335-340 om
corresponding to follerene covalently bonded to the PIBACMS) graft chain, can be observed.
Figure 6 shows overlaid TGA thermograms of the PPX-g-P(BACMS) graft copolymer before
and after reacting with fullerene. From the thermograms, two transitiens 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 °C is due to the decompeosition of the PPX and
P(CMS) chains [46.47]. The amount of the fullerene bonded to the grafting chain was
calcplated from the different residual weight above 600 °C between the two samples [48.49].

In this regard, fullerene content of the copolymers No.l and No. 2 are 15.06% and 15.13%,

respectively.
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Effect of copolyvmer on morphoelegy of P3HT/ Ca blended films

Figure 7 shows AFM micrographs (phase image mode) of varions P3HT/Csp blended films.
ATM images of films comprise of a large domain (light) phase, representing the Cg rich
phase being dispersed within the continuous dark matrix, which represents P3HT. Phase size
of P3HT and the aggregated Cgp of the normal blended film (without copolymer) (Fig. 7(a)) is
about 230-300 nm By addition of the graft copolymers (Figs. 7(b) and 7{c)). the finer phases
separated morphelogy can be observed. The phase size of P3HT and Cgy decreased for about
10 times from about 300 nm to about 30 nm. Aggregation of the Cg phase was also
decreased. It was believed that the use of copolymer leads to a reduction of an interfacial
energy between P3HT and Csy. Consequently, interfacial area between P3HT and Cso phase
increased. It 15 also of noteworthy that dispersion and distribution of the blended film
containing copolymer Mo, 1 (Fig. 7Tb) are better than that of the blended film containing
copolymer Ne. 2 (Fig. Tc). This could be attributed to the difference i the grafting chain
length of the copolymers. In the case of copolymer No. 2, diffision of the copolymer to the

mterphase might be more difficult, due to the fact that it comtains a longer grafting chain

length.

Effect of copolymer on photoveltaic characteristics of PAHT/ Csy BHT solar cells

PCE wvalues of various fabricated cells were exapuned. Figure 8 shows typical J-T curves of
the BHY cells with and without the graft copolymers. After addition of the copolymer No. 1,
Jic and Tac of the cells increased. Consequently, PCE of the cells also increased (Table II).
This could be related to the above morpholegical changes (Figs. 7(a) and 7(b)), i.e., phase
size decreased and more interfacial area were created. As a result. excitons had more chances
to dissociate to electron and hole, so a greater PCE of the BHT polvmer solar cells could be

generated. However, the above evidence was not in the case for the cell containing copolymer
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No. 2. In this case, a longer grafting chain length of the molecules might contribute to a
greater insulating property of the material, leading a higher recombination sites and a lower
efficiency [34.50].

Lastly, Table I shows summanzed cell performances of BHT sclar cells made of
wvarious compatibilizers [34,33 50 31]. Tsuchiva et al [34] reported that PCE of the cells was
improved from 0.013 to 0.077% after addition of PTTA-B-PS as a compatibilizer. In addition,
reports from Sivula et al[35] and Tsai et al [50] also confirmed that efficiencies of the cells
were increased after addition of different compatibilizers. PCE values of the reported cells
were different, which depend on variows condifions, such as donor-acceptor materials,
structure of the cells. type of electrodes, efc. The significant difference between this work and
other reports 13 the type of copolymers nsed as the compatibilizers. The graft copolymers in
this work showed a guite simple route for synthesis and application in BHT solar cells.
Moreover, PCE of this work were remarkably increased about 5 times after the addition of the
graft copolymer without any optimization Therefore, the optimization of the cells structore

and variety of new compatibilizer is of interest for further study.

CONCLUSIONS

The PPH-g-PBEAFu copolymers were successful synthesized by using Wesslink route,
miferter polymerization and ATPA techniques. The graft copolymers were used as a
compatibilizer in BHI polymer solar cells based on P3HT and Cg. Morphelogical studies
from AFM revealed that by addition of the graft copolymer could decrease the aggregation of
the Cgy., and phase size of P3HT and Cgp. decreazed from 300 nm to 30 nm. J, and Ty were
mereased with addition of the copolymers. PCE values of the BHT cells from J-T" curve were

remarkably increased 3 times (from 0.006% to 0.03%) after adding the copolymers.

12
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Figure 5 UV—Visible abscrption spectra of PPX-g-P(BACMS) copolymer before and after
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Figure 6 Overlaid TGA thermograms of various PPX-g-P{BACMS) copolymers before and
after reacting with fullerene via ATEA technigque

Figure 7 AFM micrographs (phase image mode) of various P3HT/Csp blend films; (a) the
normal blend film (without copolymer); and (b) and (c) the blend films containing 20
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Figure 1 Depicted molecular architectures of various graft copolymers.
227x179mm (200 = 200 DPT)



204

L)

o~y o v ] e [srene{p-on—s ]
THT

Dichlang - p-sylen e Bicrullonium sl

a 0.5 pg HalH g—\j

Dﬂ;—cug—@cnz_s:: ] MEH! 0 | é:b Jer
n

{30 i)
Bissulfanium sak sulfanium polymer pracursor

L,

Q HaDTC, MeQH OMs
KOE e O o
.10 € ta room temp., g'—l'@—(_]_
n
=

gullomiur palymear pracursor Macrainifarier

L

stg
=
» Yo
bulyl azrylain
M & CH
CMS SN
e = Oide
s"l‘\"s I D 0
]
K x
Wacioindener PPYX.g-P(BACMS)

L]

5"'*‘5 %
c r,
@ Obda 0~ LtH,
TEL
ATHA
PPH-gPBACME) PR . PEAFY

Figure 2 Synthetic route for preparation of the PPX-g-PBAFU copolymer.,
S9x57mm (200 x 200 DPI)



E
WDV%CH?
— Lt
. iH,CI

o] o

b
- | ™ ||

Heat Mow

Endo

tf—

||r||| A i; OCH e |I II ”
_/I IU"I |III ph.culalj J‘I‘v[:ph{_r_"!. i+ / ||Iul
Yy Y Yy

Figure 3 'H-NMR spectrum of PP¥-g-P{BACMS) copolymer.
253x188mm (300 x 300 DPI)

PFX-g-PIEACMS)

=50 =30 =10 10 30 50 0 S0 110

Temperature (°C)

Figure 4 DSC thermogram of PPX-g-P{BACMS) copolymer.
222%x183mm (200 x 300 DPT)

205



206

2.5
— Capolymer No. 2
===Lopalymer No.|
3 - e PPE-g-PBACME)
w I 1
£
£
2
&
< g
IR
30D A S0y &0 TO0 200

Wavelength (nm)

Figure 5 Uv-Visible absorption spectra of PPX-g-P{BACMS) copolymer before and after addition of fullerens
{after addition = PP¥-g-PEAFuU).
231x189mm (300 x 300 DPT)

Weight (%)
Y

“":' 4
— —PPX-g-PBAFu No, 1 o, o
30
— PPX-g-PBAFu No. 2 S,
01 - PPX-p-PBACMS) No. 1
o e PPX-g-PBACMS) No. 2
0 . .
] (1] 200 300 40M) S0 ] T

Temperature (°C)

Figure & Owverlaid TGA thermeograms of various PPX-g-P(BACMS) copolymers before and after reacting with
fullerene via ATRA technigus.
223x188mm (200 x 300 DPT)



pm

Figurs 7 APM micrographs (phase imags mods) of various P3HT/Cr blend films; (=) the normsl blend film
{without copalymer): and (b} and (<) the blend films containing 20 peh of copalvmers Ne. 1 and Ne. 2,

espectively.
48x45mm (300 x 300 DPI)

0
1.00

um

Fiqure 7 AFM microaraphs (phase image mode) of various P3HT/Cra blend films; () the normal blend film
(without copalymer); and (b) and (c) the blend films containing 20 pph of copolymers No. 1 and No. 2,

respectively.
48x49mm (300 x 300 DPI}

0 0.25 0.30 0.75 1.00
pm

Figure 7 AFM micrographs (phase image mode) of various P3HT/Ca blend films; (a) the normal blend film
(without copolvmer); and (b) and (c) the blend films containing 20 poh of copolvmers No. 1 and Ne. 2,
r ivel

e
48x49mm (300 x 300 DPI)

207



010
; :'.; "’
& .
0.05 4 o - 4
o .- ‘1‘
P "" -
E 0.00 har i ,|.'=
E’-‘ ,.,.p'l*""+ ".l-‘
:'l-"‘". Ly
£ 05 '_“...w""‘ "y
) wr aat
] i
= ak
S D04
g _.a“‘”‘r‘
g 0151 aanastt
=
E #M
_E 4.0 _u‘mnl"‘ — —PSHT'EM with copalvener Na. 2
o
= & — PIHT/C with copolymer Na. |
33
-0.25 4
— ¥ — P3HTIC
o
030 T i e T 7 S T —
010 -005 000 005 0W 0415 020 025 030 035 040 045 050

Valtage (V)

Figure 8 J-V Curves of various PIHT/Cs BH] polymer solar cells.

234x183mm (300 x 300 DPI)

Copolymers Mo,

Types

Monomer contents imL) Copolymer  Ciralting Cirafting

Buthyl aerviate CMS  composition yield (%) efficiency (%)

Copolymer Mo, (1) 'I'X g PBATu

Copolymer Mo, (2) PPX-g-PBAFu

1.7
5.23

14

7.2

450

41454

573

575

6x7
B0

Table I Grafting vields and grafting efficiencies of various PPX-g-P{BACMS) copolymer obtained from

different graft copolvmerization conditions.
253x54mm (200 x 300 DPT)

BHIJ cells ‘l.-'.k (V) Jq imA/cm?) FF PCE (%)
P3HT/C 0078 0046 L6046 0.006
PIHT/C  with copolymer No. | 430 0183 0,604 003
PIHT/C_ with copolvimer Na. 2 0.148 0042 (682 0.008
Lt
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PCE of the BH] cells based on PZHT and fullerene with different bypes of PPX-g-PBAFu (20 pph) copolymers
74x16mm (200 x 300 DPI)
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Cells Donor Acceptor Stmcture Compatibilizer PCE (%) Fef.

I P3HT PCEM ITOPEDOTPESPIHTPCBM AL = 09 Sivula et ar. [12]
ITHPEDOT PSS PAHT FCBAM companbilizer’ polv(P3HT)-6- 17
Al polv(PCBA

2 PIHT PCEM ITOPEDOTPSSPIHTPCBRM/AL = 39 Tsai et ad. [27]
ITGPEDOTPESPIHT PCBM companbilizer’ PTPA-PIHT- 44
Al PTPA

3 PTPA PCBM ITOFEDOTEPSSPTPAPCEM/AI - 0013 Tsochiya et al. [11]
ITOPEDOTPSSPTPA PCBM compatibilizer’ FTFA-0-PS 0.077
Al

1 PWT o ITOPEDOTPELPINT O /AL - 0 104 Matanng or. ol []

5 PHT C ITOTiO P3HT-C A0 : 0,006 This work
ITO 'TJOz-'P 3HT-C - eraft copolviner Au FPX-g-PBAFn  0.03 This work

Table III Summarized cell performances of BH] solar cells made of various compatibilizer in opened
literatures.
89x46mm (300 x 300 DPI)
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APPENDIX
TGA THERMOGRAMS
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