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Abstract

Abstract
Conjugated polymers have attracted much attention and academic research as a
result of their potential use in the area of organic photovoltaic. In this project, series
of copolymers have been synthesised successfully via Suzuki cross-coupling.
Furthermore, these copolymers are designed according to the concept weak donor
and strong acceptor system to have high open circuit voltage and low band gap

energy.

This project reports the synthesis of three low band gap copolymers (P1), (P2) and
(P3) which have similar chemical structure to PCDTBT where thiophene repeat
units are replaced with N-methylpyrrole repeat units. In P2, the carbazole repeat
units have been substituted with fluorine group in the positions 3 and 6 in order to
lower the band gap energy due to flluorene- hydrogen electrostatic interaction.
Also, the carbazole repeat units have been replaced with fluorene in P3. The results
indicate wider band gap energy compared to the thiophene analogous polymers.

This thesis also covers the synthesis of a series of low band gap 2,6- and 2,7-based
anthracene copolymers (P6-P12). These copolymers consist of 2,6- or 2,7- linked
anthracene and thiophene or selenophene as donor units, and benzothiadiazole used
as acceptor units. In addition, octyloxy substituents were introduced to the
benzothiadiazole repeat units. The results indicate that 2,6-anthracene based
copolymers have slightly higher conjugation properties compared to 2,7-anthacene
copolymers. Introduction of alkyloxy substituents on the benzothiadiazole repeat
units improve the solubility but reduce the conjugation properties of the resulting

polymers.

DPP-based donor/acceptor low band gap copolymers (P16-P20) are also reported in
this project. These copolymers show very low optical band gap energy in the range
(1.72-1.36 eV) as a result of the strong accepting ability of DPP with its low
LUMO level. The physical and electrochemical properties of these copolymers

illustrate promising results for use in bulk heterojunction devices.
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As the world’s population increases and the standard of living improves, the
demands for energy rises. This is a major concern since we currently depend upon a
finite amount of traditional fossil fuel to meet most of our energy needs, and this
source is depleting rapidly as well as getting hard to extract from the earth. It is
expected that the global oil production will decrease within the next 10-20 years®,
whilst, conversely, oil consumption is expected to increase within the same time
period. In 2008, global consumption was approximately 15 TW 2, and if current
trends continue, this is expected to double by 2025 due to an increased demand
from emerging economies, for example China and India 3. Furthermore, global
consumption is expected to more than double (to about 30-35 TW) by 2050 *. In
2012, the natural resources such as petroleum, coal and natural gas provided 83% of
U.S energy consumption. The natural resources are inexpensive and relatively
easily to access, but they present a crucial problem to the world. Fossil fuel
extraction and combustion processes produce various gases, such as carbon dioxide,
carbon monoxide and sulphur dioxide, which cause increased pollution and global
warming 2°. Consequently, new types of renewable and clean energy, such as
biomass, wind and solar, are becoming essential. In the last few years, solar cells
have become one of the most promising renewable sources reaching 560MW in
2002, and it is expected that global energy production from solar cells will reach
140 GW in 2030 °.

1.1. Background to conjugated polymers

Since the discovery of the conductivity of semiconducting organic materials in
1961 by Okamoto and co-workers, conjugated polymers have attracted much
interest and shown a great promise. These researchers reported that polyacetylene,
the simplest linear conjugated system, has a conductivity of 10 S/cm . In 1958,
polyacetylene was discovered by Natta but it was black, air sensitive and insoluble

material, so for a long time it was of little interest . In 1977, Heeger, Shirakawa




Chapter One: Introduction

MacDiarmid and co-workers discovered the metallic conductivity of doped
conjugated polyacetylene. It is reported that the conductivity of polyactylene
increased by up to ten orders of magnitude upon exposure to halogen vapours °. For
their invaluable research and discovery Heeger, Shirakawa, and Macdiarmid were
awarded the Nobel Prize in Chemistry in 2000™.

L T S A
!

Polyactylene (PA) Polythiophene (PT) Polypyrrole (PPy)

O\

Poly(p-phenylenevinylene) (PPV) Poly(2,7-carbazole)

Figure 1. The chemical structures of some conjugated polymers.

Nowadays, semiconducting polymers have been developed for many uses. The first
generation of conjugated polymers involved early work on polyacetylene,
polypyrrole, polythiophene and polyaniline. Whilst the second generation of
conjugated polymers involved the work on soluble conjugated materials, such as
poly(3-alkylthiophene). The third generation focused on more complicated
molecular structures with more atoms in the repeat unit for example donor —
acceptor copolymer systems, such as the polycarbazole copolymer structure which
was reported by Lelerc and bithiophene-acceptor copolymer reported by Konarks
1 The conductivity of conjugated polymers means they have various potential
applications, such as Organic Photovoltaic (OPV) *?, Organic Light Emitting
Diodes (OLED) 3, Organic Thin Film Transistors (OTFT) ** sensors ** and

batteries *°

. Despite the fact that organic materials offer a lower level of
electrochemical performance when compared with inorganic materials, they have

many advantages over inorganic semiconductors. Inorganic materials demand a
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very high degree of crystallinity and purity, increasing the cost of materials and
manufacture *’. On the other hand, organic materials can be fabricated into devices

18

using cheap techniques, for example spin coating technique ™, model-inkjet

printing technique *°, screen printing technique ?°, roll-to-roll printing technique #,

22 and even paint brush application %*. Moreover, the

spray coating technique
structure of organic materials can be modified to provide the material properties
necessary for specific applications, while inorganic materials have intrinsic

properties 24,

1.2. Chemical structure of conjugated polymers

Conjugated polymers are carbon-based macromolecules which possess an extended
n-binding system with interchanging single and double bonds along the backbone

of the conjugated polymer chain 2.

In the saturated plastic polymer, the four
electrons around the carbon atom are in sp* hybridized orbitals and each of forms a
covalent bond (with an angle 109.5°). In this case, all four electrons are employed
to create o bonds lacking 7 electrons. Hence, charge movement does not occur and
a large band gap exists between ¢ bonding and o anti-bonding, resulting in
insulating materials. On the other hand, the chemical structure of conjugated
polymer constructs of three sp® and p, orbitals. The single bond comprises of only
the o-bond (strong chemical bond), whilst the double bond contains 6-bond and 7-
bond. The three sp® orbitals form an o-bond, which lies in the plane with an angle
of 120°. In addition, the p, orbitals form a w-bond due to mutual overlapping with a
neighbouring p,, and this is perpendicular to the plane of the o-bond. The ¢ bond
are strong and form the shape of polymer backbone, whereas the n bonds are
loosely bound due to less overlapping of the two p, orbitals compared to the three
sp?. Thus, delocalization of electrons occur along the conjugation polymer system,

and electrons belong to the whole chain instead of belonging to one atom*%.

The chemical properties of conjugated polymers are provided by the localized
electrons in the o-bond. However, the electrochemical and optical properties of

conjugated polymers are provided by the localized electrons in the n-bonds. These
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electrons can be moved easily along the chain. The two =-bands in the conjugated
polymers are called molecular orbitals. The first one is called the Highest Occupied
Molecular Orbital (HOMO), which is the filled n-band, whilst the second one is
called the Lowest Occupied Molecular Orbital (LUMO), which is the empty -
band. Moreover, moving electrons from HOMO to LUMO provides optical and
electrical properties. The chemical structure and electronic configuration result in
the conjugated polymer having various properties, which can be utilized in a wide

range of applications 2’

1.3. The properties of conjugated polymers

The unique structure of conjugated polymers leads to them having both optical and
electronic properties?®. In plastic polymers, such as polyethylene, the electron is
excited from o-bonded into o -antibonded orbital, which leads to structural
instability because o-bond orbitals hold the chain of the polymer together, which
makes these kind of materials photoresistor. However, in semiconducting polymers,
excitation occurs within a n-band and it does not lead to bond breaking because the

structure is held by o — bonds, which makes these material conductors 2.

1.3.1. Conjugated polymer’s conductivity

The electronic properties of semiconducting polymers arise from their unique
chemical structure and their number of the highest occupied molecular orbital
(HOMO) level and the lowest unoccupied molecular orbital (LUMO) level. The
band theory illustrates that the highest occupied band, which result from the HOMO
of each monomer unit, is caused by the valence band (m), whilst the lowest
unoccupied band, which results from LUMO of each monomer unit, is caused by

the conducting band () as shown in Figure 2 .%




Chapter One: Introduction

a Energy
2
3
g
n* g
=
S
{Ee

=i |

==
== i
~+- 5 E
T S = :
- 5 == | =
== =

== |
N= 1 2 4 n

=

Conjugation

Figure 2. Increase of conjugation leads to bands. N =number of conjugated double bonds.

The alternation of single and double bonds along the polymer chain leads to there
being a gap in the electron density states. For a single molecule, the difference in
energy between the HOMO (x) and LUMO () is called the band gap energy (Eg).
The electronic properties and the conductivity of polymers are determined by band
gap energy. The band gap can be managed by structure modification of the
polymer. Furthermore, increasing the chain length leads to more conjugation and an
increase in the number of molecular orbitals, as shown in Figure 2, and increasing
conjugation results in increasing the energy level of the HOMO and decreasing the
energy level of the LUMO. The large number of filled n-bonding orbitals that have
energy close to each other and the large number of unfilled r-anti-bonding orbitals
that have energy close to each other create a valance band and a conducting band
with a small energy band gap separating them, which is the band gap energy. The
effect of conjugation length might be reduced due to steric hindrance in the polymer
backbone, which leads to twisting of the backbone of the polymer and reduction of
the overlap between m-orbitals % The band gap energy (Eg) of semiconducting
polymers is between 1 and 4 eV. On the other hand, the band gap energy of
conducting materials is 0 eV and the band gap energy of insulating materials is
larger than 4 eV. **
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1.3.2. Solubility of conjugated polymers

An additional significant property of conjugated polymers is their solubility in
common organic solvents when appropriate functional side groups are added. In
addition, the deposition of conjugated polymer films can be achieved using spin-
coating and spray coating techniques in air from solution. The fabrication of
conjugated polymer based thin film devices are becoming less difficult and cheaper
when compared with devices produced by vacuum deposition techniques. The
formation and the morphology of the film are affected by the interaction of the

solubilised polymer and substrate surface at the interface.

R

! A

R R

Figure 3. Alkyl chains are attached to conjugated polymers in order to increase their
solubility.

1.4. Synthesis of conjugated polymers

There are many ways to prepare conjugated polymers. First of all, conjugated
polymers can be prepared using electrochemical polymerization, either anodic,
which is most commonly used, or cathodic. In addition, conjugated polymers can be
prepared using metal catalysed reaction such as Kumada, Yamamoto, Suzuki and
Stille cross coupling 2. In this project, only Still cross coupling and Suzuki cross

coupling polymerizations were used.




Chapter One: Introduction

1.4.1. Suzuki Cross Coupling

In 1979, Suzuki et al. reported that a carbon-carbon bond can be formed between
organoboron compounds and vinyl and aryl halide compounds by using a palladium
catalyst in the presence of base *. The idea of palladium catalysed coupling is that
two compounds are foregathered on the palladium due to the formation of metal-
carbon bonds. In the next step, the two compounds are coupled to each other, and
this leads to the creation of a new carbon-carbon single bond **. For his valuable
work in the field of carbon-carbon bond formation using catalysed cross coupling
reactions, Akira Suzuki was awarded the Nobel prize in Chemistry in 2010. He
shared this with Professor Richard F. Heck and Ei-ichi Negishi®.

,O Pd-catalyst ,O
ArB + Ar'—X E—— Ar—Ar' + RO-B
\O Base \O

X=Br,| Ar, Ar' = Aryl group
Figure 4. Suzuki cross coupling.
The high stability and low toxicity of organoboron compounds has made this cross
coupling reaction very practical and of widespread interest due to its potential use
in various applications. The most commonly used catalyst is Pd(PPhs)s. Some
reactions need a more specialised combination of catalyst and ligand, such as
palladium acetate Pd(OAc), and tri-o-tolyl phosphine; the ligands are used to

activate the catalyst *°.

1.4.1. Stille Coupling Reaction

In 1978, Stille and Milstein reported that carbon — carbon bonds can be formed
between an organotin compound and an organohalide compound using a palladium
catalyst *. Stille cross coupling has been widely used for the coupling of aromatic
and vinyl compounds. Furthermore, organotin compounds have many advantages,

as they tolerate a wide range of functional groups and are air and moisture stable *.
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In addition, conjugated polymers can be prepared using Stille cross coupling with a
high yield.

R CN R

S
BF/US\\Br + (n-Bu), Sn/w\Sn(n-Bu)s, Pd(PPhj), Br / \ Sn(n-Bu)s

S — S \ /|

CN

Figure 5. Stille cross coupling.

The yield in Suzuki cross-coupling and Stille cross-coupling are comparable. Some
highly sensitive compounds do not tolerate the basic conditions of a Suzuki
reaction. Nevertheless, the higher cost and toxicity of organotin compounds makes
Suzuki cross-coupling the preferred choice *.
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1.5. Introduction to Solar Cells

Solar cells or photovoltaic devices are solid or non-solid state devices which
convert the energy of the solar radiation (photon) directly into electrical charges
using photovoltaic effects “°. Solar energy has attracted much attention of late. It is
reported that earth’s surface received 1.78 x 10** KWh. So, if 0.16 % of the earth
was covered with solar cells with a power conversion efficiency of 10%, then all
electricity needs could be met **. Due to the high cost of ultrahigh crystalline silicon
solar cells, a number of solar cell technologies have emerged in an attempt to
reduce the cost of the technology, and these have shown promise. Nowadays, there
are many types of solar cell, such as thin film inorganic technologies, for instance
amorphous silicon, copper indium gallium selenium (IGS) and cadmium telluride
(CdTe). In addition, emerging photovoltaic technologies, such as Dye-sensitised
cells and organic solar cells have shown promising laboratory results combined

with low manufacturing costs.

1.5.1. Brief History of Organic Solar Cells

Since the discovery of conjugated polymers by Heeger, Shirakawa, and
MacDiamid, they have been the subject of much academic research regarding their
potential application. In 1979, the first organic solar cell based on two layers donor
acceptor, and it was created from copper phthalocyanine and a perylene
tetracarboxylic derivative. In addition, the study by Tang was not published until
1986, when he reported 1% efficiency 2. In 1991, O’Regan and Gratzel built a non-
solid state solar cell which is called a dye sensitized solar cell **. Power conversion
efficiency of 11.4% has been recorded using these cells.** However, the non-solid
state cells have disadvantages and need to be encapsulated to prevent the liquid
electrolyte from leaking and drying up.*® The technical difficulties associated with
this type of solar cell render it unsuitable for practical use. In 1993, Heeger built the
first polymer /Cg heterojunction solar cell from a soluble derivative of
poly(phenylene-vinylene) as the donor and buckminsterfullerene Cgy as the

acceptor, but a low power conversion efficiency was reported.*® Then in 1994, Yu




Chapter One: Introduction

built the first bulk polymer / Cg, heterojunction using poly(3-octyl thiophene),
poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene] and Cg *. The
bulk polymer / polymer heterojunction solar cell was then built by Yu et al. and
Halls et al. in 1995. They prepared devices using poly(3-octyl thiophene) as the
acceptor and poly[2-methoxy-5-(2’-ethyl-hexyloxy)-1,4-phenylene vinylene] as the
donor, and a spincoating technique was used to blend the two polymers “®. The
power conversion efficiency of organic solar cells had been very low, and it was
difficult to pass the 1% efficiency barrier. The fundamental nature of charge
photogeneration and transport in conjugated polymers lead to the low efficiency of
organic solar cell devices. In inorganic material, light absorption generates free
electron and hole charges directly due to intergap transition, but in organic
materials, light absorption results in the production of bound electron-hole pairs
called excitons *. In 2007 Heeger et al. built a new type of organic solar cell, a
tandam solar cell, and power conversion efficiency of more than 6% were reported.
In tandam solar cell, two solar cells with various absorption characteristics are
connected in order that a wide range of the solar spectrum can be harvested .
Finally, the highest power conversion efficiency for organic solar cell has been
recorded so far is 10% *.

1.5.2. Operating Mechanism for Organic Solar Cells
The conversion of photons into electricity by organic solar cells depends on three
main processes:

1- Absorption of photon (light) and creation of excitons.
2- Diffusion and dissociation of excitons and holes and electrons creation.

3- Charge transport to the electrodes **.

1.5.2.1. Operating Mechanism For Homojunction Devices

The first step is generation of excitons. The active layer of organic photovoltaic

cells absorbs incidental light, which leads to the promotion of an electron from the

10
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HOMO energy level to the LUMO energy level, creating an exciton. The second
step involves diffusion and dissociation of the exciton at the interface between the
active layer and the cathode. The last step is charge transport and collection by
electrodes, meaning the electron is moved to the photocathode and the hole is

moved to the photoanode, as shown in Figure 6°,

(2

Anode  Polymer Cathode Anode  Polymer Cathode Anode  Polymer Cathode

Anode  Polymer Cathode Anode  Polvmer Cathode Anode  Polymer Cathode

Figure 6. Operating Mechanism for homojunction organic solar cells.

1.5.2.2. Operating Mechanism For Heterojunction Devices

The conversion of sunlight into electrical energy process in organic heterojunction
photovoltaic cells is more complicated than monojunction photovoltaics, as

explained below.

The first step is generation of excitons. The active layer of organic photovoltaic
cells absorbs incidental light, which leads to an electron from the HOMO energy
level being promoted to the LUMO energy level. Thus, electron-hole pairs form a
tightly bound state which is called an exciton. *. When the excitons are created,
they can diffuse randomly in the active layer. The average diffusion length of an
exciton in a conjugated polymer is in the order of 5-20 nm >*. For most conjugated

polymers used in organic solar cells, the life time of excitons is approximately 300

11
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picosecond >°. When the excitons reach the donor-acceptor heterojunction interface,
the electric field facilitates the dissociation of the excitons, and free charges (hole
and electron) are generated. It has been illustrated that using two electrodes with
different work functions leads to a built up electric field in the device, which is
crucial for exciton dissociation and charge generation at the interface *°. After the
dissociation of excitons and the generation of free charge carriers, the hole stays in
the HOMO of the donor, while the electron is transferred to the LUMO of the

acceptor. This is the last step in charge transport and collection by the cathode and
53,57

the anode

IF

Anode Donor Acceptor Cathode

Anode Donor Acceptor Cathode Anode Donor Acceptor Cathode Anode Donor Acceptor Cathode

Figure 7. Operating Mechanism for heterojunction organic solar cells.

1.5.3. Inorganic and Organic Solar Cells

The main difference between inorganic solar cells and organic solar cells is in
relation to charge generation. In the case of inorganic solar cells, absorption of
photons leads to the formation of free electron and hole. For organic solar cells,
photon absorption leads to the generation of excitons with the hole and the electron
being bound to each other ", Moreover, it has been reported that the hole
mobility in conjugated polymers is in the range of 10™ to 107 cm?/(Vs) and the

mobility of electrons in conjugated polymers is in the range of 10-10° cm?/(Vs).

12
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However, the mobility of holes and electrons in crystalline silicon are 475 and 1500
cm?/(Vs) respectively *. On the other hand, the organic active layer in organic solar
cells can be chemically modified by incorporating different functional groups in

order to provide the material with specific properties.?*

Inorganic solar cells Organic solar cells
electrons holes
Cathode Anode ;
A | |
Donor
@‘[ n-type S
' 1 @ <P
S pype S
Acceptor
Anode | Cathode |
—> —>
holes electrons

Figure 8. The difference between organic and inorganic solar cells.

1.5.4. The Concept of Heterojunction

The idea of a heterojunction is to use two semiconducting materials with various
electron affinities and ionisation potentials that support exciton dissociation. Using
a donor-acceptor interface makes exciton dissociation easier, the interface allows
the electrons to go through to the materials with the high electron affinity, and so
holes stay in the materials with the lower ionisation potential. Thus, the bound of
electron and hole pairs are separated by a barrier ***. The act of the photo-excited
electron hopping from donating material to the accepting material (exciton
dissociation process) is called photoinduced charge transfer (CT). The
photoinduced CT from conjugated polymer to the fullerene (Ceo) takes place in sub-

picoseconds (< 10™*% s). This ultrafast process was discovered by Heeger et al. and

13
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Yoshina et al. in 1992 ***®*, The photoinduced CT is followed by a charge being

transferred to the electrodes (mobile carrier sweep out by internal voltage)®.

1.5.5. Organic Solar Cell Device Structure

Organic solar cell devices are manufactured in a sandwich structure, consisting of
four layers, as show in Figure 9. The first layer is a transparent glass, the purpose of
which is to protect the device. Other materials, such as polyethylene terephthalate
(PET), can be used instead of glass to make the device more flexible. The second
layer is a conductive anode made from Indium Tin Oxide (ITO), which has a large
optical band gap (3.7eV) that does not allow wavelength longer than approximately
350 nm to be absorbed. The first and second layers are made of transparent
materials that allow light to go through to the third layer, which is a photo active
layer. This can be made from single or heterojunction materials. The final layer is
aluminium, which acts as cathode. The cathode and anode are made from materials
with different work functions; the anode being made from a high work function
material, such as ITO, and the cathode being made from a low function work
materials, such as Al. This structure provides built in potential, which leads to the
generation of an electric field to facilitate CT ®. In addition, the ITO surface is
fabricated with a thin layer of poly(ethylenedioxythiophene) doped with a
poly(styrene sulfonate) (PEDOT:PSS) coated from solution. The PEDOT:PSS layer
acts as an electron-block layer, which improves hole injection into the anode by
improving the electrical contact between the active layer and the ITO and adjusting
energy levels between the HOMO energy level of the donor in the active layer and
the work function of the ITO ®. Moreover, Marks et al. investigated whether NiO
can perform the same role of PEDOT:PSS in order to improve hole injection to the
electrode, leading to the power conversion efficiency of the organic solar cell
improving ®. Graphene has been used as an anode instead of the ITO. However,
lower power conversion efficiency was reported, possibly as a result of graphene
being semi-transparentl ®®. Finally, it is reported that LiF or Ca can be used at the

interface of the active layer and cathode in order to facilitate the electron injection

14
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into cathode by adjusting the energy level between the LUMO of acceptor in the

active layer and the work function of cathode °.

L eatiiode |
Active Layer

Substrate

Figure 9. Structure of organic solar cell.

The structure of organic solar cell varies, depending on the nature of the active

layer. The four types are described in the next section:

1.5.5.1. Single Layer Devices

A single layer device is the simplest organic solar cell structurally. It consists of a
single conjugated polymer sandwiched between two electrodes with different work
functions. The thickness of the active layer is between 40-200nm. The power
conversion efficiency is limited and so heterojunction donor / acceptor devices have

been built 5663068,

1.5.5.2. Bilayer Heterojunction Devices

In a bilayer heterojunction, the active layer consists of two layers stacked together
with a planer interface. One layer acts as a donor, while the other layer acts as an
acceptor, and they are sequentially sandwiched between two electrodes with
different work functions, as shown in Figure 10. The donor is made from a p-type
organic material, while the acceptor is made from an n-type organic material. The

15
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first conjugated polymer bilayer device was built by Sariciftici et al. by evaporating

Ceo on the top of a spin-cast MEH-PPV layer >%¢3>68,

S

Substrate

Figure 10. The structure of bilayer heterojunction devices.

1.5.5.3. Bulk heterojunction devices

In bulk heterojunction devices, the active layer consists of a donor and an acceptor,
which are blended together in one layer between two electrodes with different work
function, as shown in Figure 11. The interfacial area of the bulk heterojunction
devices is significantly larger than that of bilayer structure, and this improves

exciton dissociation efficiency. In bulk heterojunction devices, there is no specific

direction for electron and hole, and so selecting different electrodes as cathode and
59¢,63b,68

anode is very critical with regard to charge carrier harvesting

Substrate

Figure 11. The structure of bulk heterojunction devices.

16
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1.5.5.4. Ordered bulk heterojunction devices

In ordered bulk heterojunction devices, the active layer is in between the bilayer
and bulk heterojunction devices. This structure has many advantages over bulk
heterojunction devices, for instance in bulk heterojunction devices, there are dead
ends and the way path to the electrodes might be interrupted, which prevent holes
and electrons from reaching the cathode or anode. On the other hand, there is no
dead end in ordered devices due to optimizing the structure. However, despite their
advantages, it is more difficult to make order bulk heterojunction devices than bulk

heterojunction devices ®.

S

‘ Donor
Active Layer Acceptor

Substrate

Figure 12. The structure of ordered bulk heterojunction devices.

1.5.6. Donor — acceptor system

In order to increase the power conversion efficiency of organic solar cells, various
conjugated polymers with differences in the constitution of the repeat units (such as
homo-polymers, donor-acceptor systems, quinoid polymers and double cable
polymers) have been investigated. A high power conversion efficiency was
recorded with these systems, but a donor acceptor system is the most common used

due to its advantages and the versatility of its design .

Donor-acceptor system is a polymer with alternating electron rich and electron
deficient monomers. Thus, the molecular orbital of the donor interacts with the
molecular orbital of the acceptor to obtain a polymer molecular orbital in which the
HOMO energy level of the polymer is close to the HOMO energy level of the donor
and the LUMO energy level of the polymer is close to the LUMO energy level of

17
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the acceptor, as shown in Figure 13. In a donor-acceptor system, orbital mixing of
the donor and the acceptor results in reduced band gap energy and increased

conjugation ™.

Donor Polymer Acceptor

Figure 13. Molecular orbital diagram for donor-acceptor polymers.

The HOMO and LUMO energy levels of the polymer can be controlled by the
donor and the acceptor, respectively. Adding electron donating groups such as
amines and alkoxyls, to the donor decreases the ionization potential and increases
the HOMO energy level, while adding electron withdrawing groups, such as
ketones and nitro groups, to the acceptor increases electron affinity and lowers the
LUMO energy level, as shown in Figure 14. The HOMO of the donor is responsible
for the energy level of the polymer’s HOMO while the LUMO level of the acceptor
is responsible for the energy level of the polymer’s LUMO 2.

18
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1.5.7. General requirements for the active layer in organic solar cell

As mentioned before, over the past twenty years, a large number of structures,
blends and materials have been studied in order to obtain the ideal organic solar cell
with high power conversion efficiency. It is easier to prepare devices using
inorganic solar cells because free charge migration is very fast and the collection is
easier. On the other hand, the generation of electricity is three to five times more
expensive using high crystalline inorganic solar cells than fossil fuel °. However,
the efficiency of organic solar cells has improved over the last ten years. Power
conversion efficiency over 10% and ten years lifetime are required >*. According to
the literature, the theoretical power conversion efficiency for a bulk heterojunction
organic solar cell is 23% ™. To prepare an ideal polymer for use in an organic solar
cell with high power conversion efficiency, the following requirements need to be

met.
1.5.7.1. Short Circuit Current

Short circuit current (lsc) is related to the number of excitons generated in solar
illumination. The active layer should have a broad absorption in the solar spectrum
in order to maximize exciton generation. The solar spectrum range is from 280nm
to more than 3200nm. On the other hand, conjugated polymers can efficiently
absorb photons with energy equivalent to their band gap energy. Due to the very

low photon absorption of PCBM in visible and near IR region, the conjugated
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polymer donor must act as the main photon absorber. As mentioned before,
lowering the band gap energy leads to increased photon absorption, where the ideal

polymer should have a band gap in the range of 1.4-1.5 eV %7,

1.5.7.2. The Open Circuit Voltage

Open circuit voltage is related to the energy difference between the HOMO energy
level of the polymer and the LUMO energy level of the acceptor. In theory,
lowering the HOMO energy level of the polymer donor would increase the open
circuit voltage. On the other hand, this would increase the band gap energy and so
decrease short circuit current. In addition, the LUMO energy level of the polymer
donor cannot be low because it is necessary to have at least 0.3 eV energy
difference between the LUMO energy level of the polymer donor and the LUMO
energy level of the acceptor in order to facilitate the charge dissociation process and
avoid recombination. Also, the LUMO energy level of the acceptor and the HOMO
energy level of the donor need to be with respect to the work function of cathode

and anode in order to facilitate charge collection, as shown in Figure 15.

LUMO
T 12E LUMO
EQ
VOC
HOMO
HOMO
Anode Donor Acceptor Cathode

Figure 15. The energy levels for donor-acceptor system.

In order to increase the power conversion efficiency, an electron rich donor unit is
polymerized with an electron deficient acceptor unit. Also, the HOMO and LUMO
energy levels of the polymer can be controlled by the HOMO energy level of the
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donor and the LUMO energy level of the acceptor, respectively. Thus, in order to
achieve high open circuit voltage and low band gap energy, a weak donor —strong
acceptor theory has been suggested """

Thus, in the preparation of the polymer, a donor and acceptor repeated units with
the appropriate HOMO and LUMO energy levels as well as suitable electrodes
need to be used. A compromise has to be reached in order to make the ideal device.
According to the literature, the HOMO energy level should be in the range 5.2 — 5.8
eV while the LUMO energy level should in the range 3.7 — 4.0 eV when the
polymer blended with phenyl-Cs;-butyric acid methyl ester PCBM in order to

obtain low band gap energy and high open circuit voltage .
1.5.7.3. Film morphology

Identifying the ideal HOMO and LUMO energy levels for the donor and the
acceptor is not the only issue when making ideal devices. The active layer needs to
have uniform film forming properties in order to have good film morphology . In
addition, the active layer requires high hole mobility for the polymer donor and
high electron mobility for the acceptor®. Finally, the active layer should be highly
stable both thermally and electrochemically with a long term lifetime. Three year
lifetime stability was reported by Knoarka in their organic solar cells . In theory,
when a polymer donor with a band gap energy of 1.5 eV, a HOMO energy level of
approximately -5.4 eV and a LUMO energy level of -3.9 eV is blended with
PC¢BM, with a fill factor of 0.65, external quantum efficiency of 65 % and
optimised morphology, 10% power conversion efficiency would be obtained ™.

1.5.8. Organic Solar Cell Materials

Recently, organic solar cells have attracted much research attention due to their
advantages over inorganic solar cell. As a consequence, understanding the
mechanism, challenges and requirements of these devices has improved, which has
lead to the power conversion efficiency increasing dramatically, reaching almost
10%. In this section, the organic materials that have been studied the most for use in

organic solar cells are discussed.
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1.5.8.1. Fluorene-based Conjugated Polymers.

Polyfluorene derivatives are a very important class of polycyclic hydrocarbon
system; they have been of much research interest due to their attractive properties.
They promise to be useful as active materials in electric devices, such as light

emitting diodes, organic thin film transistors and organic solar cells ®.

Figure 16. The chemical structure of fluorene.

The chemical structure of fluorene is shown in Figure 16. Fluorene consists of two
phenyl rings, which are joined by a methylene bridge and a carbon-carbon bond.
The methylene bridge provides the structure with more planarity and so rise the
orbital overlap and the conjugation in the conjugated system. In addition, the
methylene bridge in 9-postion can be easily functionalised to improve both the
solubility and processability of polymer %,

Polyfluorene derivatives have a wide band gap energy due to the low energy level
of the HOMO, which is in the range of -5.5 to - 5.8 eV, providing these derivatives
with high thermal and chemical stability. In addition, these derivatives have high
good hole and electron mobility, good processbility and great forming film
morphology, which lead to them being widely investigated in electronic devices,
especially organic light emitting diodes (OLED).

The high charge mobility and open circuit voltage of these derivatives makes them
suitable for organic solar cells. However, the wide band gap energy and low
HOMO energy level of these derivatives means they harvest less photons from
sunlight. Nevertheless, due to the moderately electron rich nature of fluorene
derivatives they are suitable as donor in the donor- acceptor system, which leads to
narrowing of the band gap energy and harvesting more photons from sun light 82,

Sweelssen et al. blended poly[ 9,9’-didecanefluorene-alt-(bis-thiophene)
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benzothiadiazole] (PF10TBT) with PCBM, and 4.2% power conversion efficiency

was obtained, as shown in Figure 175,

PF,oTBT , PCE=4.2%
Figure 17. The chemical structure of PF10TBT.

1.5.8.2. Carbazole-based Conjugated Polymers.

For more than three decades, carbazole, which is a cyclic aromatic hydrocarbon
system, has been investigated extensively. The chemical structure of carbazole is
similar to that of fluorene. It is a two phenyl group connected by a carbon — carbon
bond. However, instead of the methylene bridge in fluorene, a nitrogen atom links
the phenyl groups in carbazole. The unique structure of carbazole gives it many
advantages, such as aromaticity, which provides high chemical and environmental
stability. In addition, the nitrogen atom can be substituted with a different
functional group to increase solubility and processbility. Furthermore, a different
functional groups can be introduced to the carbazole ring. Carbazole derivatives
have high hole migrating properties due to their high electron nature provided by
the carbazole ring. Finally, carbazole is of interest since it can be prepared from

cheap basic materials ®.

9
1 N 8
H

Figure 18. The chemical structure of carbazole.
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Due to there being many carbazole derivatives, they have become very strong
candidates for use in organic solar cells, organic light emitting diodes and organic
thin film transistors. There are two common carbazole structures: 3,6- linked
carbazole and 2,7-linked carbazole . The poly (3,6-carbazole)s have been widely
studied in relation to their use in OLED and electrochromic devices ®. They can be
prepared directly by using Yamamoto cross coupling in the presence of a Ni
catalyst. However, they show a large amount of twisting &*®.

In 2001, Morin and Leclerc synthesised the first 2,7 carbazole based polymer
Many subsequent years of research on the use of poly(2,7-carbazole)s in OLED and
OFET applications have revealed a great potential for their use in bulk
heterojunction solar cell devices because 2,7-carbazole derivatives exhibit a low
HOMO energy level which leads to them having good air stability and high open
circuit voltage (Voc). In addition, the HOMO and LUMO energy levels of
carbazole polymers can be modified easily by changing the side chain. The HOMO
energy level (the ionisation potential) of carbazole derivatives is lower than that of
fluorene derivatives because a nitrogen lone pair in carbazole participates in the

aromatic system, which leads to an increase in delocalised electrons 8856,

=
| |
R
Poly (3,6-carbazole)

e =

Poly (2,7-carbazole)

Figure 19. The chemical structure of poly(3,6-carbazole) and poly( 2,7-carbazole) and

the starting materials for their preparation.

The 2,7-carbazole homopolymer has been widely used as a donor in bulk
heterojunction devices. The first poly(2,7-carbazole) based device was studied by

Mullen et al. They blended poly(2,7-carbazole), as the donor, with
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tetracarboydiimide, as the acceptor. However, they obtained low power conversion
efficiency (PCE=0.6%)°. The highest power conversion efficiency that has been
recorded for poly(2,7-carbazole) is 6.1%, as reported by Heeger et al., as shown in
Error! Reference source not found.. They blended poly[N-9°’-hepta-decanyl-2,7-
arbazole-alt-5,5-(4°,7’-di-2-thienyl-2°,1°,3’-benzothiadiazole)] (PCDTBT), as the
donor, with the fullerene derivatives [6,6]-phenyl C7o- butyric acid methyl ester

(PC70BM) , as the acceptor, in a bulk heterojnction device .

1.5.8.3. Benzothiazole Derivatives-based Conjugated Polymers.

Benzothiazole derivatives have been widely used as acceptors in donor-acceptor
systems in electronic devices due to the high electron deficiency of these materials.
Low band gap energy can be obtained when these derivatives are polymerized with
electron rich materials, such as carbazole and thiophene. There has been a great
deal of research into the application of these derivatives polymerized with carbazole
in solar cells such as PCDTPT, as shown in Error! Reference source not found.2®°.
he highest power conversion efficiency recorded for 2,1,3-benzothiadiazole
copolymer is 7.2%. This was achieved by blending PBDTDTfBT as shown Figure
20 with PCBM *%92_|n addition, Iragi et al. and Zhang et al. demonstrated that
adding alkoxy group to the PCDTBT on the 5- and 6- postions of benzothiadiazole
increases the solubility of polymer but lowers power conversion efficiency, as

shown in Figure 20 %,
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Reported by Zhang et all®®] Reported by Iraqi et all®®
PCE=5.4% PCE=4.3%

C2oHs

C3H7

PBDTDTffBT
PCE=7.2%

Figure 20. Some benzothiazole polymers for use in bulk heterojunction solar cells.

1.5.8.4. Thiophene, selenophene and pyrrole based conjugated polymers

Thiophene is the most important and popular heterocyclic conjugated polymer used
in electronic devices. Polythiophene derivatives, such as poly(3-hexylthiophene)
(P3HT), poly(3-octylthiophene) (P30T) and poly(3-dodecylthiophene) (P3DPT),
have been widely used as the donor material in bulk heterojunction solar cells .
The discovery by McCullough et al. of the direct polymerization of 2-bromo-5-
bromomagnesio-3-alkylthiophene, which is polymerised by Kumada cross coupling
to obtain poly(3-alkylthiophene), makes these derivatives a popular choice in
electronic devices ®. In 1984, the first organic solar cells based on polythiophene
and poly(3-methylthiophene) film were reported by Glenis et al., but poor power
conversion efficiency was reported (PCE= 0.007 %) ®. Much research has
subsequently been performed in the area of polythiophene derivatives, revealing
that poly(3-hexylthiophene) has higher and better photovoltaic performance when
compared to the other thiophene derivatives. In 2005, Heeger and co-workers
blended poly(3-hexylthiophene) with PCBM, resulting in 5.2% power conversion
efficiency and 1.9 eV band gap energy °’. In contrast to the band gap energy of
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poly(3-hexylthiophene), poly(3-hexylselenophene) (P3HS) has a lower band gap
energy of 1.6 eV. P3HT and P3HS have the same HOMO level, which means they
would have comparable open circuit voltage, but P3HS has a lower LUMO energy
level. Thus, P3HS has a large red shifted absorption maximum of 630nm, while
P3HT has blue shifted absorption maximum at 550nm for thin film. In addition,
P3HT has high power conversion efficiency of 5.2%, but P3SH has a power
conversion efficiency of only 2.7% due to the internal quantum efficiency in P3SH
being lower than P3TH, which results in a high probability of geminate
recombination and low charge photo-generation vyield. The poly(3-
hexylselenophene) was investigated by Heeney et al., who reported that having low
band gap is not enough to achieve high power conversion efficiency. Many criteria
need to be fulfilled, as discussed previously, to obtain high power conversion
efficiency %, Recently, Zhang et al. blended thiophene-BDT polymer (thiophene
acts as the donor and benzodithiophene acts as the acceptor) with PCBM and 7.7%

power conversion efficiency was obtained, as shown in Figure 21%.

CeH13 CgH13
/ \ / \
S n Se /,
[99] P3HT P3ST
Reported by Zhang et al PCE= 5.29% PCE=2.7%

PCE=7.7%
R= 2-ethylhexyl

Figure 21. Some thiophene and selenophene derivatives.

Pyrrole has not received as much attention as thiophene despite it having many
beneficial properties, such as an aromatic structure, which provides high stability.
In addition, the nitrogen atom can be substituted with various functional groups to
increase solubility and processibility. Zhang et al. have reported a low band gap
polymer pyrrole- fluorene based copolymer, as shown in Figure 22. An absorption
band maximum of 504nm was reported for the pyrrole based copolymer'®.
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Figure 22. Low band gap polymer containing N-substituted pyrrole.

1.5.8.5. Diketopyrrolopyrrole based conjugated polymers.

In 1979, Farnum et al. discovered diketopyrrolopyrrole. They aimed to prepare
azetidinones via a Reformatsky — type reaction, but they obtained a red crystal,
which has been widely used in various applications *°*. Some diketopyrrolopyrrole
derivatives have been used in paints and plastic ink due to their high thermal and
environmental stability *°2. Recently, very important progress has been made using
DPP containing polymers for organic solar cells and organic field transistors. The
high conjugation structure of DDP derivatives, which is due to high n-x interaction,
makes them suitable for use in electronic devices. In addition, the lactam parts,
shown in Figure 23, gives the DPP derivatives a very high electron withdrawing
effect, which leads to have high electron affinity. The two nitrogen atoms can be
substituted with an alkyl group to increase the solubility of the polymer. Moreover,
the process for preparing DPP derivatives is straightforward, involving only three
steps 942,101,103

A number of DPP derivatives have been reported in the literature and power
conversion efficiency in the range 4 - 6% has been obtained. Figure 23shows some

DPP derivatives with their recorded power conversion efficiencies.®,
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CsH13
H CeH13
N
| @]
Reported by Woo etal.l'%% | | |I Reported by McCulloch et al.[104b]
PCE=5.0% N PCE=47%
I
H
CgHa7 DPP CeH13
CgH17 CeH13

CeH13
CgHy7 CeHi3
Reported by Bronstein et al.[104c] Reported by Janssen et al.l'%4c]
PCE=54% PCE=55%

Figure 23. The chemical structure of diketopyrrolopyrrole (DPP) and some of DPP

containing polymers and recorded power conversion efficiencies.

1.5.8.6. Anthracene based conjugated polymers.

Anthracene is a cyclic aromatic hydrocarbon system, consisting of three fused
benzene rings. The chemical structure of anthracene leads to many advantages, such
as aromaticity, which provides a high chemical and environmental stability. In
addition, anthracene ring can be substituted with different functional groups in
various positions to increase solubility and processbility. Anthracene has been used
as a donor for dye-sensitized solar cells, and power conversion efficiency of 7% has
been recorded. Furthermore, it has been used in small molecule organic solar cell,

and power conversion efficiency of 4.84% has been obtained *®.
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Figure 24. The chemical structure of anthracene.

1.5.8.7. Fullerene and Non fullerene Acceptor Materials

Fullerene derivatives are the best candidates for organic solar cell acceptor
materials. The original fullerene chemical structure suffers from poor solubility,
and so fullerene derivatives with solubilizing groups are widely used. Introducing
solubilizing groups enhances the miscibility of fullerene derivatives with the donor
material, but this does have a small effect on the electronic properties of the
fullerene derivatives '°°. N-type non-fullerene polymer materials have been used as
acceptors for organic solar cells. The power conversion efficiency recorded so far

for these polymer acceptors is low compared to that of the fullerene derivatives .

Figure 25. Molecular structure of some fullerene derivatives.

Furthermore, N-type inorganic semiconductor materials, such as Cds and ZnO
nanocrystals, have been used as acceptors in bulk heterojunction solar cells >*.

198 and graphene base ° systems have been studied as

Moreover, carbon-nanotube
acceptor materials, but so far only results using fullerene derivatives have been

reported.
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Chapter Two: Aims and Objectives
In recent years, there has been an enormous amount of interest in the development
of new sources of renewable energy. Organic solar cells have a bright future as a
result of their advantages which makes this field very promising. The aim of this
work is to develop and prepare new donor — acceptor organic materials for use as
active layers in the bulk heterojunction organic solar cells. As mentioned before,
there are many requirements that need to be fulfilled in order to have efficient
materials. The target copolymers are analysed and blended with fullurene

derivatives in order to study their physical properties in solar cells.

2.1. Carbazole and fluorene — Pyrrole based copolymers (P1, P2, P3)

Thiophene based copolymers are the most common materials investigated as
electron donating units in bulk heterojunction organic solar cells such as poly[N-9'-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-  benzothiadiazole)]
PCDTBT which is a donor acceptor system as a result of alternation of donor and
acceptor repeat units along its polymer backbone. Previous studies in the
Department of Chemistry of the University of Sheffield have shown that a
copolymer comprising 2,7- linked 3,6-difluoro-9-alkyl-carbazole and 4,7-
dithiophen-2-yl-benzo[1,2,3]thiadiazole gave promising results in solar cell
devices. There was some evidence of the presence of hydrogen-fluorine or fluorine-
sulfur interactions between the fluorine substituents at the 3- and 6-positions of
carbazole repeat units and hydrogens or sulfur atoms on the adjacent thiophene
rings along the polymer chains. Also, polyfluorene based copolymers have been
widely studied in the literature and they have shown promise for use in organic
solar cell applications. The aim of this work is to investigate analogous polymers
where the thiophene repeat units are replaced with N-methylpyrrole repeat units in
order to investigate the influence of replacing thiophene with N-methylpyrrole on
the electronic and photophysical properties of the resulting materials. In addition,

this work investigates analogous polymers where the thiophene repeat units are
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replaced with N-methylpyrrole units in order to investigate if similar hydrogen-
fluorine interactions are evident. As shown in Figure 26, the carbazole does not
have substituents in the positions 3- and 6- in the first polymer P1 poly [9-
(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(4’,7’-bis(1-methyl-1H-pyrrol-2°-yl)-
2°,1°,3’-bezothiadiazole)-5,5-diyl] whereas these positions are protected with
fluorine substituents in P2 poly[3,6-difluoro-9-(heptadecan-9-yl)-9H-carbazole-2,7-
diyl-alt-(4°,7°-bis(1-methyl-1H-pyrrol-2’-yl)-2°,1°,3’-bezothiadiazole)-5,5-diyl]
which provide more conjugation and stability to the polymer backbone. In the third
copolymer, fluorene and methyl-pyrrole repeat units are going to act as donors and
benzothiadiazole repeat units as acceptors in P3 poly [9,6-dioctyl-9H-fluornene-
2,7-diyl-alt-(2°,7°-bis(1-methyl-1H-pyrrol-2-yl)-2°,1°,3’-bezothiadiazole)-5,5-diyl].
The photophysical and electrochemical properties of these copolymers will be
investigated and the physical properties of these copolymers and their blends with

fullerene derivatives will be studied.

Figure 26. The chemical structures of P1, P2 and P3.

2.2. Carbazole and fluorene - Pyrrole and bisoctyloxy substituted

benzothiadiazole based copolymers (P4, P5, P6)

Analogues to copolymers P1, P2 and P3 which have octyloxy substituents on

benzothiadiazole repeat units are also to be made in order to provide materials with
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higher molecular weights and processabilities. Recent work in the lraqgi group
indicates that the solubility of these types of copolymers can be improved by
attaching of solubilising groups on the benzothiadiazole repeat units without
affecting the linerarity of the copolymers. So, the aim is to prepare the three novel
copolymers P4, P5 and P6. In addition, the influence of adding alkyloxy
substituents to the benzothiadiazole in poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-
diyl-alt-(5,6-bis(octyloxy)-4,7-di(1-methyl-1H-pyrrol-2-yl
)benzol[c][1,2,5]thiadiazole)-5,5-diyl] P4, poly[3,6-difluoro-9-(heptadecan-9-yl)-
9H-carbazole-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(1-methyl-1H-pyrrol-2-
yl)benzo[c][1,2,5] thiadiazole)-5,5-diyl] P5 and poly[9,9-dioctyl-9H-yl)-9H-
fluorene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(1-methyl-1H-pyrrol-2-yl
)benzol[c][1,2,5]thiadiazole)-5,5-diyl] P6 will be studied and compared to the
previous copolymers P1, P2 and P3. Again, the photophysical and electrochemical
properties for these copolymers will be investigated and their physical properties

along with their blends with fullerene derivatives will be studied.

Figure 27. The chemical structures of P4, P5 and P6.

2.3. 2,6 - Linked anthracene based copolymers (P7 — P9)

In recent years, conjugated polymers have received much effort in order to develop
new donor — acceptor systems to be used as efficient electron donor materials to

fullerene derivatives in organic solar cells. The electron rich repeat units are
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required to maintain the HOMO energy level and provide a good intermolecular
interaction between units which can be obtained using anthracene. The aim here is
to prepare three novel copolymers where anthracene, thiophene and
benzothiadiazole systems are used to prepare low band gap polymers. A first
copolymer poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(4,7-
dithiophen-2-yl)-2°,1°,3’-benzothiadiazole-5,5-diyl] P7 will be prepared. In
addition, octyloxy subsitituents are to be attached to the benzothiadiazole repeat
units in order to improve the solubility and processability in poly(9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(5,6-bis(octyloxy)-4,7-di(thiophen-2-

yl)benzol[c][1,2,5]thiadiazole-5,5-diyl] P8. In the third polymer thiophene repeat
units are to be replaced with selenophene repeat unit which should provide
materials with better intermolecular Se—Se interactions and facilitate intermolecular
charge transfer between polymer chains in poly(9,10-bis(4-(dodecyloxy)phenyl)-
anthracene-2,6-diyl-alt-(5,6-bis(octyloxy)-4,7-di(selenophen-2-yl)benzo[c][1,2,5]

thiadiazole-5,5-diyl] P9 in films. Again, the photophysical and electrochemical

properties for these copolymers will be investigated and the physical properties

along with their blends with fullerene derivatives will be studied.

Figure 28. The chemical structures of P7, P8 and P9.
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2.3. 2,7 - Linked anthracene based copolymers (P10 — P12)

The planarity of the chemical structure of a conjugated polymer has very important
impact on its electronic and photophysical properties. Some conjugated polymers
suffer from steric hindrance along the polymer backbone which leads to chain
twisting and reduction of their electronic conjugation. So, the aim here is to prepare
a new version of anthracene copolymers similar to the previous copolymers (P7, P8
and P9) where the anthracene repeat units are linked through the 2- and 7- positions
instead of 2- and 6- positions. Figure 29 shows the chemical structure of the new
target copolymers poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-
(4,7-dithiophen-2-yl)-2°,1°,3’-benzothiadiazole-5,5-diyl] P10, poly(9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(thiophen-2-

yl)benzo[c][1,2,5]thiadiazole-5,5-diyl] P11 and poly(9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(selenophen-

2-yl)benzo[c][1,2,5]thiadiazole-5,5-diyl] P12 are to be prepared. Their
photophysical and electrochemical properties will be investigated and compared to
those of the analogus copolymers P7, P8 and P9. The physical properties of these

copolymers and their blends with fullerene derivatives will be also studied.

OC12H25

C12H250

Figure 29. The chemical structures of P10, P11 and 12.
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2.4. Anthracene based homopolymers (P13, P14, P15)

The effect of varying the linkage positions of anthracene repeat units from 2,6- to
2,7- positions will also be investigated in this project in order to provide further
support to the findings from the two series of donor acceptor copolymers P7, P8,
P9, P10, P11 and P12. The target here is to prepare three novel polymers, in order
to support the comparison of the previous versions of anthracene copolymers.
Figure 30 shows the chemical structure of the target polymers poly[9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,6-diyl] P13, poly[9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,7-diyl] P14 and poly[9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-9,10-bis(4-(dodecyloxy)phenyl)-

anthracene-2,7-diyl] P15. The properties of these polymers will be investigated and
studied on order to find out the best structure option for electronic devices which

has higher extended conjugation along polymer backbone.

OC12H25 OC12H25

OC12H25 OC12H25

P13 P14 P15

Figure 30. The chemical structures of P13, P14, P15.

2.5. Diketopyrrolopyrrole (DPP) based copolymers (P16, P17, P18, P19, P20)

The ideal donor — acceptor copolymer for use in organic solar cells requires strong
accepting units in order to lower the energy level of its LUMO and a weak electron

donating unit in order to maintain its HOMO energy level around -5.4 eV.
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Diketopyrrolopyrrole (DPP) units have been suggested due to their strong accepting
properties and high electron affinity. In addition, the solubilising group can be
attached to improve the solubility and processability of the resulting copolymer.
Thus, the target in this part of the project is to prepare the low band gap
copolymers; poly [9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-3,6-bis(thiophen-
5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5,5’-diyl] P16, poly
[3,6-difluoro-9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-3,6-bis(thiophen-5-yl)-
2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5-diyl] P17, poly [9,6-
dioctyl-9H-fluornene-2,7-diyl-alt-3,6-bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-

pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] P18, poly [9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-3,6-bis(thiophen-5-yl)-2,5-di(2-

ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] P19 and poly [9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-3,6-bis(thiophen-5-yl)-2,5-di(2-

ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] P20 as show in Figure 31.
The photophysical and electrochemical properties for these copolymers will be
investigated and the physical properties of these copolymers and their blends with

fullerene derivatives will be studied.

37



Chapter Two: Aims and Objectives

P16 P17

P1

Figure 31. The chemical structures of P16, P17, P18, P19 and P20.
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Chapter Three: Experimental

3.1. Materials

All chemicals were purchased from commercial suppliers (Sigma Aldrich, Fisher
Scientific, Alfa Aesa and Acros Organic) and were used directly without any
treatment. Dry solvents such as hexane, DMF, chloroform, THF, toluene and
acetonitrile were used for reaction unless mentioned and they obtained from the
Grubbs solvent purification system. Solvents used for purifications and extractions,
were obtained commercial supplier. Other chemicals such as acids, bases and
reagents were also obtained comerically. All the reactions and polymerizations

were performed under an inert atmosphere of argon or nitrogen.

3,6-Difluoro-9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (35) was prepared by A. Alghamdi and S. Alfifi of the Iraqgi group
using the same preparation route for monomer (7). 4,7-Bis(5-bromothiophen-2-yl)-
5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (37) was prepared by S. Alfifi of the
Iragi group using the same preparation route for monomer (18). 4,7-Bis(5-
bromoselenophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole ~ (38)  was
prepared by A. Alghamdi and Dr. Hunnan Yi of the Iragi group using the same
preparation route for monomer (18). 9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-

propanediol) ester (36) was bought from Sigma Aldrich.

3.2. Measurements

3.2.1. Melting Point
Melting points were determined using Gallenkamp Melting Point Apparatus with a

mercury thermometer.
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3.2.2. Mass Spectrometry

Mass spectroscopy analysis was performed on Perkin Elmer Turbomass Mass
Scpectrometer equipped with autosystem XL GC and autosampler. Mass
spectroscopy was recorded via chemical ionisation (CI) or electron impact (EI)

methods.

3.2.3. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopy was performed on Bruker Avance 250 (250 MHz) and Avance
400 (400 MHz) NMR spectrometer at 22 °C in chloroform-d; or DMSO-dg for
monomers and intermediate products. The NMR spectroscopy of the copolymers
where reported on Bruker 500 (500 MHz) NMR spectrometer at 80 °C and 100 °C
in 1,1,2,2-tetrachloroethane-d,. Chemical shifts are recorded in part per million
(ppm) and the coupling constant are measured in Hertz (Hz). The NMR
multiplicities are characterised using the following abbreviations: singlet (s), broad
singlet (bs), doublet (d), doublet-doublet (dd), triplet (t) and multiplet (m).
Spectrums were investigated using TopSpin 3.0 and MestReC programs.

3.2.4. Infra Red Absorption Spectra (IR)
IR absorption spectra were recorded on the PerkinElmer Spectrum 100 FT-IR

Spectrometer.

3.2.5. Gel Permeation Chromatography analysis (GPC)

The molecular weight of the polymers were measured using a GPC system which
consists of Viscotek GPC max Model, Water 410 differential Refractometer
detector and two polymer labs PLgel 5 um Mixed-C (300 mm x 7.5 mm) column
and a guard (50 mm x 7.5 mm). 1,2,4-Trichlorobenzene has been used as eluent and
the flow rate is of 1 cm®/min were used. The measurements were carried at 140 °C
and the polymers samples were prepared as solution in 1,2,4-trichlorobenzene (5
mg in 2 cm™®). The GPC was calibrated with a series of polystyrene narrow
standards. The separation of polymer molecules depends on the hydrodynamic

volume that small polymer molecules entre the pore of the polystyrene (stationary
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phase) and increasing the retention time while bigger polymer molecule travel
faster in the pores and lower retention time obtained. However, the target polymers
in this project have a rigid structure which makes the GPC measurements
inaccurate. According to the literature, molecular weight of this type of polymers
might be three times higher than reported molecular weight because the rigid
structure of this type of polymers would increase their retention time.

3.2.6. UV-visible absorption spectroscopy

UV-visible absorption spectra were performed using Specord S 600 UV-Vis diode
array spectrometer. The absorbance of copolymers were carried out in chloroform
solution at ambient temperature via rectangular quartz cuvettes (light path length =
10 mm). In addition, thin films of copolymers for UV-visible absorption spectra
analysis were performed by dip coating quartz plates in to around 1 mg cm™

solution of chloroform. They were then left to dry in the air at ambient temperature.

3.2.7. Cyclic Voltammetry (CV)

Cyclic voltammograms were measured via a Princton Applied Research Model
263A Potentiostat/Galvanostat. The measurements were performed under an inert
argon atmosphere at about 25+ 2 °C. Approximately 10 ml of tetrabutylammonium
perchlorate in dry acetonitrile solution (0.1 M) was employed as electrolyte
solution. The system comprises of three electrodes, the first one is Ag/Ag”
reference electrode which is a silver wire immersed in solution of silver nitrate in
the electrolyte (0.01 mol L™). The second electode is a platinum working electrode
which has 2 mm smooth platinum diameter and 3.14 x 10 cm?. The last electrode
is a platinum wire counter electrode. Polymer solid thin film were formed by drop
casting around 1.0 mm?® of polymer solution of chloroform, then they were left to
dry in the air at ambient temperature. According to the [UPAC’s recommendation,

Ferrocene was used as reference redox system **°.
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3.2.8. Thermo-gravimetric analysis
TGA curves were collected by Perkin ElImer TGA-7 Thermogravimetric Analyser
at a scan rate of 10 °C per minuts under an inert nitrogen atmosphere. The sample

weights were in the range 8 — 10 mg.

3.2.9. Elemental analysis

Elemental analyses of CHN were performed by using the Perkin EImer 2400 CHN
elemental analyser while elemental analyses of anion such as sulphur and halides
were carried out by using the Schoniger oxygen flask combustion method. All
intermediates products, monomers and polymers were analysed by elemental
analysis. Although the elemental analysis of the target polymers indicates that there
are difference between calculated values and found values because sample is not
fully broken down to simple components when it is burnt in an excess of oxygen

that is some of sample is converted into char.
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3.3. Synthesis of Monomers

3.3.1. 4,4’-Dibromo-2,2'-dinitrobiphenyl (1)
NO,

) )
O,N

4,4'-Dibromo-2,2'-dinitrobiphenyl (1) was synthesized according to the procedure

by Yamato et al ' .

A mixture of 1,4-dibromo-2-nitrobenzene (100 g, 356.2 mmol) and copper powder
(49.8 g, 783.6 mmol) in dry DMF 600 ml was heated at 120 °C for three hours. The
reaction mixture was cooled to room temperature and toluene (750 ml) was added
then the reaction mixture was stirred for a futher 1 hour. The un-reacted copper
powder and insoluble materials were filtered off and the filtrate was washed with a
saturated NaCl solution (3 x 300 ml) then water (3 x 300 ml). The organic layer
was dried over MgSO, and the solvent was removed in vacuo. The crude product
was crystallized from ethanol and dried under high vacuum to obtain 4,4-dibromo-
2,2-dinitrobiphenyl as yellow crystals (68.21g , 95% vyield). The product gave a
single spot on TLC (Rs= 0.61) (silica-gel plates - ethyl acetate/hexane (1/1) (v/v)).
M.p. 146-148 °C (literature**? m.p. 148 °C). Mass (El); (m/z): 400, 402, 404 (M™).
'HNMR (400 MHz, CDCl3) 8/ppm: 8.40 (d, J = 1.99 Hz, 2H), 7.85 (dd, J = 8.16,
2.01 Hz, 2H), 7.19 (d, J = 8.18 Hz, 2H). **CNMR (400 MHz, CDCls); &c/ppm:
147.3; 136.6; 132.0; 132.0; 128.0; 122.9. FT-IT (ATR): (cm™) 3100, 1977, 1526,
1336, 1274, 1154 1097, 1002, 897, 867, 833, 776, 764, 728, 703. Elemental
Analysis (%) calculated for C1,HgBr,N,O4: C, 35.85; H, 1.50; N, 6.97; Br, 39.75.
Found: C, 34.23; H, 1.33; N, 6.35; Br, 42.23.
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3.3.2. 4,4-Dibromobiphenyl-2,2'-diamine (2)
NH,

o~ )
HoN

The 4,4'-dibromobiphenyl-2,2'-diamine (2) was synthesised according to a modified

procedure by Yamoto et al*** .

4.4’-Dibromo-2,2’-dinitrobiphenyl (1) (68.21 g, 169.7 mmol) , ethanol (HPLC
grade) (850 ml), 35% wt% hydrochloric acid (338 ml) and tin powder (-100 mesh)
(80.6 g, 678.8 mmol) were added in flask. The reaction mixture was refluxed for
90 minutes. Then, a further portion of tin powder (-100 mesh) (80.6 g, 678.8 mmol)
was added and the reaction mixture was refluxed for a further period of 1 hour. The
reaction mixture was cooled to the room temperature and un-reacted tin powder
was filtered off. The filtrate was added into a large amount of ice and 10% wt
NaOH aqueous solution (1600 ml). The product was extracted by using diethyl
ether (800 ml x 3) then dried over MgSQO,. The solvent was removed in vacuo then
recrystalization from ethanol was carried out to obtain 4,4’-dibromobiphenyl-2,2’-
diamine as yellow powder (53 g, 89.6 % yield).The product gave a single spot on
TLC (Rs= 0.17) (silica-gel plates - ethyl acetate/hexane (1/1) (v/v)). M.p. 192-194
C (literature™? m.p. 192 °C). Mass (El); (m/z): 340, 342, 345 (M™). *HNMR (400
MHz, CDCls) du/ppm: 6.95 (s, 6H), 3.76 (s, 4H). *CNMR (400 MHz, CDCls);
Sclppm: 145.4; 132.2; 122.7; 122.0; 121.7, 118.1. FT-IT (ATR): (cm™) 3419, 3390,
3282, 3173, 1629, 1576, 1551, 1529, 1494, 1475, 1407, 1340, 1276, 1254, 1136,
1079, 998, 938, 891, 859, 816, 797765, 744. Elemental Analysis (%) calculated for
Ci2H10BroNg: C, 42.14; H, 2.95; N, 8.19; Br, 46.72. Found: C, 42.13; H, 2.90; N,
7.94; Br, 46.85.
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3.3.3. 2,7-Dibromo-9H-carbazole (3)

N
|

H
The 2,7-dibromo-9H-carbazole (3) was synthesised according to a modified
procedure by Sonntag et al.**®

To 4,4-dibromobiphenyl-2,2-diamine (2) (52 g, 152 mmol) was added concentrated
phosphoric acid (85%) (1145 ml) and the mixture heated at 190 °C for 24 hours.
The product was filtered and washed with water. The crude product was then
solubilised in toluene and the solution filtered through a silica gel plug and dried
over MgSQ,. The solvent was removed using vacuum. Recrystalization was carried
out from toluene / hexane (10 / 1) and dried under high vacuum. The product was
obtained as white crystal (29.6 g, 60 % yield). The product gave a single spot on
TLC (Ry= 0.43) (silica-gel plates - toluene / hexane (1/1) (v/v)). M.p. 229-230 C
(literature™* m.p. 230-232 °C). Mass (E); (m/z): 323, 325, 327 (M™). 'HNMR (250
MHz, CDCl3) dn/ppm 8.06 (bs, 1H(N-H)), 7.89 (d, J = 8.29 Hz, 2H), 7.58 (d, J =
1.62 Hz, 2H), 7.38 (dd, J = 8.34, 1.67 Hz, 2H). *CNMR (400 MHz, CDCls);
Sclppm: 140.2; 123.2; 121.7; 121.4; 119.7; 113.8. FT-IT (ATR): (cm™) 3396.12,
1977, 1619, 1596, 1475, 1457, 1441, 1421, 1324, 1311, 1254, 1239, 1203, 1134,
1050, 997, 942, 87, 856, 802, 754, 727. Elemental Analysis (%) calculated for
CioH7BN: C, 44.35; H, 2.17; N, 4.31; Br, 49.17. Found: C, 44.57; H, 2.10; N,
4.20; Br, 49.28.

3.3.4. Heptadecan-9-ol (4)

OH
CgHqi7~  CgHiz
The heptadecan-9-ol (4) was synthesised according to a modified procedure by
Leclerc et al.*®
Octylmagnesium bromide was firstly prepared by the drop-wise addition of 1-
bromooctane (96.57 g, 0.50 mol) in THF (155 ml) to a suspension of Mg (13.37 g,

0.55 mol) in THF (260 ml). Ethyl formate (12.35 g, 166.7 mmol) was dissolved in
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THF (278 cm®) and cooled to -78 °C. Octylmagnesium bromide (0.3 mol, 500 cm®
of a 1 M solution in THF) was then added dropwise to the ethyl formate in THF
solution and stirred overnight at room temperature. Methanol and then a saturated
NH,4CI solution was added to quench the reaction, then extracted with diethyl ether
(3 x 300 cm®) and washed with a saturated NaCl solution. The organic layer was
dried over MgSO, and solvent removed in vacuo to give the product as colourless
oil which turns into solid at room temperature (58.1 g, 90.6 % vyield). The product
gave a single spot on TLC (Rf = 0.51), 10:1 40-60 petroleum ether/ethyl acetate.
M.p: 29-30 °C (literature™® m.p. 28-31 °C). Mass (El); (m/z): 256 (M"+). *"HNMR
(400 MHz, CDCl3) én/ppm: 3.59 (m, 1H); 1.40 (m, 29H); 0.90 (t, J= 6.87 Hz, 6H).
BCNMR (400 MHz, CDCly); 8c/ppm : 72.0; 37.4; 31.9; 29.6; 29.6; 29.3; 25.6;
22.6; 14.1. FT-IT (ATR): (cm™) 3315, 2996, 2916, 2872, 2848, 2502, 2159, 2030,
1977, 1465, 1375, 1352, 1241, 1135, 1124, 1089, 1065, 1054, 1026, 1008, 986,
894, 846, 796, 720. Elemental Analysis (%) calculated for C;7H350: C, 79.61; H,
14.15; Found: C, 79.73; H, 14.88.

3.3.5. Heptadecan-9-yl 4-methylbenzenesulfonate (5)

The Heptadecan-9-yl 4-methylbenzenesulfonate (5) was synthesised according to a
modified procedure by Leclerc et al. **°

p-Toluenesulfonyl chloride (74.4 g, 0.39 mol) in DCM (270 ml) was added to
heptadecan-9-ol (4) (55 g, 0.214 mol), EtsN (91.6 cm3, 0.66 mol) and MesN.HCI
(11.7 g, 0.26 mol) in DCM (270 ml) at 0 °C. The solution was stirred for 90 mins
after which H,O was added and the product extracted with DCM (3 x 300 cm®).
The organic phase was then washed with H,O and brine and then dried over MgSQO,
the solvent was removed in vacuo to give the product as a melting white solid. The

product was purified via silica gel column chromatography, eluting with (89 %
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petrolum ether (40:60), 9 % ethyl acetate, 2 % Et;N) to obtain the target product as
a white solid (58.5 g, 66.5 % yield). The product gave a single spot on TLC (R =
0.52), silica-gel plates 9:1 petrolum ether (40:60)/ethyl acetate. M.p.: 32 °C
(literature™® m.p. 31-32 °C). Mass (EI); (m/z): 410 (M++). *HNMR (250 MHz,
CDCl3) 8/ppm: 7.80 (d, J = 8.31 Hz, 2H), 7.33 (d, J = 8.04 Hz, 2H), 4.55 (m, 1H),
2.45 (s, 1H), 1.57 (m, 4H), 1.24 (m, 24H), 0.89 (t, J = 6.74 Hz, 6H). *CNMR (400
MHz, CDCly); dc/ppm: 144.2; 134.8; 129.6; 127.7; 84.6; 34.1; 31.8; 29.7; 29.6;
29.1; 24.6; 22.6; 21.5, 14.0. FT-IT (ATR): (cm™) 2954, 2921, 2852, 1597, 1495,
1466, 1354, 1305, 1294, 1185, 1172, 1150, 1096, 1063, 1020, 946, 895, 881, 841,
816, 766, 741, 720, 707. Elemental Analysis (%) calculated for Cy4H4203S: C,
70.19; H, 10.31; S, 7.81. Found: C, 70.39; H, 11.05; S, 7.94.

3.3.6. 2,7-Dibromo-9-(heptadecan-9-yl)-9H-carbazole (6)

CgHq7~ CgHyz

The 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (6) was synthesised according
to a modified procedure by Leclerc et al. **°

2,7-Dibromo-9H-carbazole (3) (13 g, 40 mmol) and KOH (11.28 g, 200 mol) were
dissolved in dried DMSO (110 cm®). 9-Heptadecane p-toluenesulfonate (5) (29.57
g, 72 mmol) dissolved in dried DMSO (62 cm®) was added dropwise over 2 hours
at room temperature and the reaction was allowed to stir for 6 hours. After which
the reaction was poured onto distilled H,O (300 cm®), and the product extracted
with hexane (3 x 300 cm®). The combined organic fractions were dried over MgSO,
and the solvent removed in vacuo. The product was purified via silica gel column
chromatography pre-absorbed onto silica gel dissolved in DCM and eluted with
petrolum ether (40:60) to give the product as a white crystal (13.01 g, 57.7 %
yield). The product gave a single spot on TLC (Rs= 0.50), silica-gel plates -
petrolum ether (40:60). M.p. 59-60 °C (literature'® m.p. 59-61 °C). Mass (El);
(m/z): 563, 565, 567 (M*). *HNMR (250 MHz, CDCls) 8u/ppm: 7.92 (t, J = 7.27
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Hz, 2H), 7.71 (s, 1H), 7.56 (s, 1H), 7.35 (d, J = 8.05 Hz, 2H), 4.43 (m, 1H), 2.22
(m, 2H), 1.93 (m, 2H), 1.21 (m, 22H), 0.92 (m, 2H), 0.85 (t, J = 6.74 Hz, 6H).
B3CNMR (400 MHz, CDCls); dc/ppm: 141.1; 138.0; 122.3; 121.7; 121.2; 114.5;
112.1; 57.9; 33.4; 31.7; 29.2; 29.2; 29.1; 26.7; 22.6; 14.0. FT-IT (ATR): (cm™)
2951, 2918, 2850, 2160, 2030, 1977, 1622, 1585, 1479, 1465, 1450, 1421, 1376,
1331, 1271, 1236, 1218, 1130, 1088, 1058, 999, 943, 922, 844, 833, 790, 752, 721.
Elemental Analysis (%) calculated for Co9H41BroN: C, 61.82; H, 7.33; N, 2.49; Br,
28.36. Found: C, 61.63; H, 7.26; N, 2.44; Br, 28.31.

3.3.7. 9-(Heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-  carbazole (7)

i’;a{?ﬁ

a0
CgHq7~ CgHyz

The 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole (7) was synthesised according to a modified procedure by Jo et al. ***

2,7-Dibromo-9-(heptadecan-9-yl)-9H-carbazole (6) (5 g, 891 mmol),
bis(pinacolato)diboron (7.92 g, 31.2 mmol), potassium acetate (5.3 g, 53.46 mmol)
and Pd(dppf)Cl, (0.5 g, 0.53 mmol) in DMF (107 cm®) was heated to 100 °C for 36
hours. The reaction mixture was cooled to room temperature, then poured into H,O
(100 cm®) and extracted with diethyl ether (3 x 100 cm®). The organic phases were
combined, then washed with H,O (3x 100 cm®) and dried over MgSO,. The crude
product was purified via recrystallisation, the crude product was dissolved in the
minimum amount of acetone and then precipitated in hot methanol which had been
ran through a basic alumina column. The product was a white solid (3.51 g, 60 %
yield). M.p. 127-128 °C (literature’™® m.p. 128-130 °C). Mass (El); (m/z):
657.5(M*). *HNMR (400 MHz, CDCls) 8x/ppm: 8.15 (bs, J = 9.05 Hz, 2H), 8.05
(bs, 1H), 7.91 (bs, 1H), 7.69 (d, J = 5.24 Hz, 2H), 4.72 (m, 1H), 2.36 (m, 2H), 1.97
(m, 2H), 1.42 (s, 24H), 1.22 (m, 24H), 0.84 (t, J = 6.93 Hz, 6H). *CNMR (400
MHz, CDCly); éc/ppm: 143.0; 139.5; 126.9; 124.9; 120.9; 119.9; 118.3; 115.6;
83.7; 56.3; 33.8; 31.7; 29.4; 26.7; 24.9; 22.5; 14.0. FT-IT (ATR): (cm™) 2923,
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2852, 2160, 2030, 1975, 1559, 1480, 1451, 1430, 1379, 1347, 1335, 1263, 1211,
1141, 1078, 999, 967, 865, 824, 799, 735, 705. Elemental Analysis (%) calculated
for C41HesB2NO,: C, 74.89; H, 9.96; N, 2.13. Found: C, 75.29; H, 9.85; N, 1.39.

3.3.8. 4,7-Dibromobenzo[c][1,2,5]thiadiazole (8)

7N

N N

\
Br4<:>78r

4,7-Dibromobenzol[c][1,2,5]thiadiazole (8) was synthesised according to a modified
procedure by Zoombelt et al.*®

1,2,5-Benzothiadiazole (20 g, 147 mmol) in HBr (48%, 60 ml, 1.49 g/ml) was
refluxed (110 °C) with stirring. Bromine (22.6 cm®, 440cm?®) was added slowly over
1.5 hour. HBr (48%, 40ml, 1.49 g/ml) was added to the reaction to facilitate stirring
towards the end of the reaction, and then the reaction mixture was refluxed for 2
hours. The reaction mixture was filtered while hot and the solid washed well with
H,0. The solid was dissolved in chloroform and the washed with Na,S,03 (200 ml
x 4) NaHCO3 (200 ml x 4) and water (200 ml x 4). The solution was dried using
MgSO, then it was evaporated. Recrstallization was carried out from (1:1
THF:CH3OH) to obtain 4,7-dibromo-1,2,5-benzothiadiazole (35.3 g, 81.4 % yield)
as white needles. M.p. 189-191 °C (literature'’ m.p. 189-190 °C). Mass (EI); (m/z):
292, 294, 296 (M*). 'HNMR (250 MHz, CDCl3) dn/ppm: 7.73 (s, 2H). **CNMR
(400 MHz, CDCls); 8c/ppm: 152.9, 132.3, 113.9. FT-IR (ATR): (cm™) 2161, 2033,
1979, 1475, 1309, 1183, 935, 873, 842, 823. Elemental Analysis (%) calculated for
CeH2BrN,S: C, 24.51; H, 0.69; Br, 54.36; N, 9.53. Found: C, 24.90; H, 0.42; Br,
54.36; N, 8.72.
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3.3.9. 1-Methyl-2-(tributylstannyl)-1H-pyrrole (9)

Q\Sn
I

\/\/

1-Methyl-2-(tributylstannyl)-1H-pyrrole (9) was synthesised according to a
modified procedure by Torum et al.**®

t-Butyl lithium (112.67 mmol , 66.3 ml) was added dropwise to N-methyl-pyrrole
(112.67 mmol , 10 ml ) in THF (184 ml) at -78 °C. The reaction mixture was stirred
for 30 min, and a yellow solution formed. The reaction mixture was stored at -15 °C
for 16 hours. BuzSnCl (112.67 mmol, 30.4 ml) was then added via syringe and the
resulting solution was stirred at room temperature for two hours. Diethyl ether (150
ml) was added and the solution was washed with brine (4 x 100 ml). The organic
layer was dried over MgSO, and filtered. The solvent was removed in vacuo to
obtain the product as yellow oil (37.3 g, 89.4% yield). Mass (El); (m/z): 371 (M").
'"HNMR (250 MHz, CDCls) 81/ppm: 6.88 (dd, J = 2.13, 1.65 Hz, 1H), 6.30 (dd, J =
3.34, 1.47 Hz, 1H), 6.26 (t, J = 3.26, 2.46 Hz, 1H), 3.71 (s, 1H), 1.61-1.50 (m, 1H),
1.48-1.26 (m, 1H), 1.19-1.02 (m, 1H), 0.93 (t, J = 7.27 Hz, 1H). *CNMR (250
MHz, CDCly); dc/ppm: 132.5, 125.5, 119.3, 108.8, 108.5, 38.0, 29.3, 26.8, 17.5,.
FT-IT (ATR): (cm™) 2955, 2923, 2870, 2851, 2155, 2031, 1512, 1463, 1405, 1376,
1339, 1289, 1180, 1072, 1001, 960, 873, 775, 711, 505. Elemental Analysis (%)
calculated for C17H33NSn: C, 55.16; H, 8.99; N, 3.78. Found: C, 54.24; H, 9.49; N,

2.81.

3.3.10. 4,7-Bis(1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (10)

7N

N" °N
\ 7

/\ N
ril \
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4,7-Bis(1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (10) was synthesised

according to a modified procedure by Kim et al. **°

4,7-Dibromo-1,2,5-benzothiadiazole (8) (10 g, 34.02 mmol) and 2-(tri-n-
butylstannyl) 1-methyl -1H-pyrrole (9) (31.5 g, 85.04 mmol) were added to 250 ml
of THF. PdCI,(PPh3), (485 mg, 0.70 mmol) was added. The mixture was refluxed
(85 °C) under argon atmosphere for 24 hours. Then, the residue was purified by
column chromatography on silica gel (petrolum ether (40:60): ethyl acetate (9:1) ).
Recrystalization was carried out from ethanol, which gave the target product as red
crystal (7.5g, 74.9% vyield). The product gave a single spot on TLC (R¢=0.6), silica-
gel plates - petrolum ether (40:60): ethyl acetate (9:1). M.p. 110-112 °C. Mass (EI);
(m/z): 294. (M"). 'HNMR (250 MHz, CDCl3) du/ppm: 7.62 (s, 2H), 6.91 (t, 2H),
6.61 (dd, J = 3.64, 1.79 Hz, 2H), 6.37 (dd, J = 3.59, 2.76 Hz, 2H), 3.75 (s, 6H).
BCNMR (250 MHz, CDCls); dc/ppm: 154.3, 130.1, 128.7, 125.3, 125.0, 111.95,
108.4, 35.7. FT-IT (ATR): (cm™) 2161, 2031, 1975, 1582, 1525, 1480, 1464, 1424,
1409, 1317, 1292, 1252, 1227, 1097, 1063, 914, 891, 875, 858, 844, 797, 741, 720.
Elemental Analysis (%) calculated for C¢H,N,S: C, 65.28; H, 4.79; N, 19.03.
Found: C, 64.89; H, 4.59; N, 19.74.

3.3.11. 4,7-Bis(5-bromo-1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole
11)

4,7-Bis(5-bromo-1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole  (11) was

synthesised according to a modified procedure by Zhang et al.*?°

4,7-Bis(1-methyl-1H-pyrrole)-1,2,5-benzothiadiazole (10) (2.0 g, 6.79 mmol) in
chlorobenzene (80 ml) was placed in a 250 ml flask. The reaction mixture was
heated to 50 °C and N-bromosuccinimide (NBS) (2.357 g, 13.248 mmol) was added
in two portions (the second portion was added after one hour) for three hours. The

reaction mixture was allowed to cool to room temperature. The solvent was
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removed by rotary evaporator. The residue was purified by column chromatography
on silica gel (petrolum ether (40:60): ethyl acetate (5:1)) to obtain the target product
as an orange powder (0.8 g 26.6% yield). The product gave a single spot on TLC
(Re= 0.3), silica-gel plates - petrolum ether (40:60): ethyl acetate (5:1). M.p. 165-
167 °C. Mass (EI); (m/z) 450, 452, 454 (M*). tHNMR (250 MHz, CDCl3) 8n/ppm:
7.58 (s, 2H), 6.88 (d, J = 1.90 Hz, 2H), 6.56 (d, J = 1.89 Hz, 2H), 3.67 (s, 6H).
BBCNMR (250 MHz, CDCls); 8c/ppm: 153.8, 130.5, 129.1, 124.7, 124.3, 113.9,
95.7. FT-IT (ATR): (cm™) 3125, 2943, 2524, 2160, 2029, 1974, 1584, 1496, 1468,
1420, 1408, 1355, 1339, 1304, 1266, 1242, 1186, 1082, 1058, 940, 922, 883, 850,
801, 792, 779, 759, 727, 716. Elemental Analysis (%) calculated for C¢H,N4S: C,
42.50; H, 2.67; N, 12.39; Br, 35.34. Found: C, 42.36; H, 2.26; N, 12.00; Br, 35.69.

3.3.12. 1,2-Bis(octyloxy)benzene (12)
10
CgH470O
1,2-Bis(octyloxy)benzene (12) was synthesised according to a modified procedure

by Janssen et al.*?

To a solution of catechol (20 g, 0.1816 mol) in dry DMF (100 ml) was added 1-
bromoctane (0.4168 mol, 80.5 g, 72 mL) and K,CO3 (76 g, 0.55 mol). The mixture
was stirred at 100 °C under a nitrogen atmosphere for 40 hours. After cooling the
mixture to room temperature, 200 ml of water was added. The organic layer was
separated and the aqueous layer was extracted with DCM. The combined organic
phase was dried over MgSO,. After filtration, the solvent was removed under
vacuum. The product was recrystallized twice from ethanol to obtain the target
product as needle like crystals (54.11 g, 89.1% vyield). The product gave a single
spot on TLC (R¢= 0.54) (silica-gel plates - DCM / hexane (1 / 1)). M.p. 25- 26 °C
(literature’® m.p. 24-25 °C). Mass (El); (m/z): 334 (M*). 'HNMR (250 MHz,
CDCls) 8n/ppm: 6.92 (s, 4H), 4.02 (t, J = 6.65 Hz, 4H), 1.91-1.78 (m, 4H), 1.61-
1.22 (m, 20H), 0.92 (t, 6H). *CNMR (250 MHz, CDCl3) dc/ppm: 149.3, 121.0,
114.2, 69.3, 31.8, 29.4, 29.3, 26.0, 22.6, 14.10. FT-IT (ATR): (cm™) 2922, 2853,
2059, 1592, 1501, 1468, 1453, 1386, 1329, 1252, 1221, 1123, 1043, 902, 737.
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Elemental Analysis (%) calculated for C;,H3s0,: C, 78.99; H, 11.45. Found: C,
78.65; H, 11.49.

3.3.13. 1,2-Dinitro-4,5-bis(octyloxy)benzene (13)

CSH17O:©:N02

CgH470 NO,
1,2-Dinitro-4,5-bis(octyloxy)benzene (13) was synthesised according to a modified

procedure by Janssen et al.*?!

To a two neck round-bottom flask containing dichloromethane (560 ml), acetic acid
(560 ml), and 1,2-bis(octyloxy)benzene (12) (30 g, 89.7 mmol) cooled to 0 °C was
added dropwise 65% nitric acid (80 ml). The reaction was allowed to warm to room
temperature and stirred for 1 hour. The mixture was again cooled to 0 °C and 100%
nitric acid (200 ml) was added dropwise. The mixture was allowed to warm to room
temperature and the mixture was stirred for 40 hours. After completion of the
reaction, the reaction mixture was poured into ice-water and the dichloromethane
layer separated. The water phase was extracted with dichloromethane. The
combined organic phase was washed with water, NaHCOj3 (aq) and brine then dried
over MgSO4. The solvent was removed in vacuo. The crude product was
recrystallized from ethanol. The product was obtained as a yellow powder (35.31 g,
93% yield). M.p. 88-90 °C (literature®® m.p. 87-87.5 °C). Mass (El); (m/z) 424
(M*). *HNMR (250 MHz, CDCls) du/ppm: 7.31 (s, 2H), 4.12 (t, J = 6.51 Hz, 4H),
1.96-1.82 (m, 4H), 1.56-1.22 (m, 20H), 0.90 (t, 6H). **CNMR (250 MHz, CDCls)
Sc/ppm: 151.8, 136.4, 107.9, 70.2, 31.7, 29.1, 28.7, 25.8, 22.6, 14.0. FT-IT (ATR):
(cm™) 3071, 2956, 2921, 2853, 2438, 2160, 2023, 1586, 1527, 1464, 1371, 1354,
1334, 1287, 1224, 1035, 992, 954, 909, 872, 827, 810, 750,720. Elemental Analysis
(%) calculated for C,H330,: C, 62.24; H, 8.55; N, 6.60. Found: C, 62.35; H, 8.64;
N, 6.61.
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3.3.14. 4,5-Bis(ocyloxy)benzene-1,2-diamonium chloride (14)
CgH47O NH;'CI-

CgH47O NH;CI-
4,5-Bis(ocyloxy)benzene-1,2-diamonium chloride (14) was synthesised according

to a modified procedure by Janssen et al.***

A mixture of 1,2-dinitro-4,5-bis-(octyloxy)-benzene (13) (5 g, 11.8 mmol) and
Sn(INCI, (94.4 mmol, 17.87 g) in ethanol (175 ml) and conc. HCI (70 ml) was
heated to 85 °C overnight. After cooling to room temperature the product was
filtered and washed with water and methanol. Finally it was dried at RT under a
steam of nitrogen and used directly (unstable). The product was obtained as an off-
white solid (4.9 g, 95 % vyield). M.p. 114-115 °C. Mass (El); (m/z) 365 (M").
'HNMR (250 MHz, DMSO) &p/ppm: 7.93 (s, 4H), 6.66 (s, 2H), 3.82 (t, J = 6.32
Hz, 4H), 1.76-1.59 (m, 4H), 1.48-1.15 (m, 20H), 0.86 (t, J = 6.83 Hz, 6H).
BCNMR (250 MHz, CDCls) 8c/ppm: 108.1, 69.62, 39.97, 39.76, 39.55, 39.34,
31.72, 29.45, 29.29, 29.22, 26.05, 22.58, 14.40. FT-IT (ATR): (cm™) 3381, 3313,
2953, 2917, 2850, 2591, 2160, 2024, 1633, 1610, 1598, 1580, 1530, 1486, 1467,
1439, 1398, 1379, 1296, 1241, 1314, 1137, 1070, 1058, 1014, 998, 958, 920, 902,
859, 838, 793, 760, 723. Elemental Analysis (%) calculated for C;,H4,0,N,0;: C,
60.40; H, 9.68; N, 66.40; CI, 16.21. Found: C, 64.18; H, 10.82; N, 6.84; Cl, 9.23.

3.3.15. 5,6-Bis(octyloxy)benzo[c][1,2,5]thiadiazole (15)

7N\

N N
N/

CgH470 OCgH47
5,6-Bis(octyloxy)benzo[c][1,2,5]thiadiazole (15) was synthesised according to a

modified procedure by Janssen et al.**

To a mixture of 4,5-bis(octyloxy)-benzene-1,2-diaminium chloride (14) (4.9 g, 11.2
mmol) and triethylamine (16 ml, 25.1 mmol) in 180 ml dichloromethane was

slowly added a solution of thionyl chloride (22.8 mmol, 2.7 g) in 22.4 ml
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dichloromethane. After addition the mixture was heated to reflux for 6 hours. The
reaction mixture was added to 300 ml water and 300 ml DCM was added. The
organic layer was washed with water (300 ml x 3) then dried over MgSQO,. The
solvent was removed using vacuum. The crude product was recrystallized from
ethanol. The product was obtained as off white powder (5 g, 92% vyield). M.p. 97-
99 °C (literature'® m.p. 96-98 °C). Mass (El); (m/z) 392 (M*). *HNMR (250 MHz,
CDCl3) du/ppm: 7.14 (s, 2H), 4.10 (t, J = 6.55 Hz, 4H), 1.99-1.86 (m, 4H), 1.60-
1.26 (m, 20H), 0.90 (t, 6H). *CNMR (250 MHz, CDCls) 8c/ppm: 154.1, 151.4,
98.4,69.1, 31.7, 29.3, 29.2, 28.7, 26.0, 22.6, 14.0. FT-IT (ATR): (cm™) 3081, 3053,
2955, 2917, 2872, 2848, 2510, 2160, 2023, 1977, 1614, 1528, 1497, 1460, 1404,
1378, 1307, 1258, 1213, 1194, 1179, 1063, 1013, 998, 958, 937, 909, 851, 823,
753, 723. Elemental Analysis (%) calculated for C,,H3sN,0,S: C, 67.30; H, 9.24;
N, 7.14 Found: C, 67.34; H, 9.59; N, 7.17.

3.3.16. 4,7-Dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (16)

\
Br Br

CgH¢7O OCgH47
4,7-Dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (16) was synthesised
according to a modified procedure by Janssen et al.**

To a solution of 5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (15) (8.00 g, 14.3
mmol) in a mixture of dichloromethane (400 ml) and acetic acid (175 ml) was
added bromine (5.3 ml, 103.11 mmol), and the resulting mixture was stirred in the
dark for ca. 48 h at room temperature. The mixture was then poured in water (500
ml), extracted with dichloromethane, sequentially washed with water, saturated
NaHCOs (ag), Na,SOs3 (aq) and the solvents are evaporated under reduced pressure.
The crude product was purified on a silica gel column chromatography eluting with
petroleum ether. Recrystalization was carried out from ethanol to give the target
product as white needles (8.2 g, 73 % yield). M.p. 44- 46 °C (literature'?? 44.5-45.6
°C). Mass (EI); (m/z) 558, 550, 552 (M"). *HNMR (250 MHz, CDCls) du/ppm: 4.17
(t, J = 6.64 Hz, 4H), 1.97-1.83 (m, 4H), 1.62-1.23 (m, 20H), 0.91 (t, 6H). *CNMR
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(250 MHz, CDCl3) dc/ppm: 154.5, 106.2, 75.1, 31.8, 30.2, 29.9, 29.2, 25.9, 22.6,
14.0. FT-IT (ATR): (cm™) 2954, 2922, 2872, 2848, 2542, 2160, 2021, 1976, 1590,
1468, 1431, 1385, 1283, 1267, 1169, 1142, 1125, 1078, 1057, 1027, 1008, 992,
942, 908, 891, 882, 847, 840, 802, 772, 738, 710. Elemental Analysis (%)
calculated for C,,H34N,O,SBr,: C, 48.01; H, 6.23; Br, 29.04; N, 5.09; O, 5.81; S,
5.83 Found: C, 47.72; H, 6.32; Br, 29.32; N, 5.04; O, 5.61; S, 5.81.

3.3.17. Atempted synthesis of 4,7-bis(1-methyl-1H-pyrrol-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5] thiadiazole (17)

VRS

| CgH470 OCgH47

To a solution of 1-methyl-2-(tributylstannyl)-1H-pyrrole (9) (2.01 g, 5.45 mmol)
and 4,7-dibromo-5,6 bis(octyloxy)benzo[c][1,2,5]oxadiazole (16) (1 g, 1.82 mmol)
in dry toluene (20 ml). A mixture of palladium acetate (57.1 mg, 0.254 mmol) and
tri-o-tolylphosphine (232.22 mg, 0.763 mmol) was added under argon. The reaction
mixture was degassed and heated under reflux for 72 h. The solvent was removed in
vaccuo and the residue was purified by column chromatography on silica gel
(petrolum ether (40:60): ethyl acetate (9:1)), the *HNMR and mass spectroscopy
showed impure material so purification was undertaken using preparative HPLC
eluted (H,O : THF (30:70 %)) however the product could not be purified.

3.3.18. 2,6-Dibromoanthracene-9,10-dione (19)
O

s
Br

@)

The preparation of 2,6-dibromoanthracene-9,10-dione (19) was carried out

according to a modified method by Vila et al.*?®
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2,6-Diaminoanthraquinone (9.6 g, 40 mmol), t-Bu ONO (10.4 g, 100 mmol), CuBr;
(22.2 g, 100 mmol), and CH3CN (170 mL) were added to a one-neck flask, and the
mixture was heated at 65 °C for 2 h. The reaction was quenched by adding 35%
HCI (aqg) solution to the product mixture. The solution was filtered, washed with
CH3CN, and the product was recrystallized from 1,4-dioxane. The product was
obtained as a yellow powder (9.8 g, 67% yield). The product gave a single spot on
TLC (Rs== 0.61) (silica-gel plates - ethyl acetate/ petroleum ether (1/10) (v/v)).
M.p. 284-285 °C (literature®®* m.p. 285-287 °C). Mass (El); (m/z): 364, 366, 368
(M*). 'THNMR (400 MHz, CDCls) 8p/ppm: 8.46 (d, J = 1.99 Hz, 2H), 8.20 (d, J =
8.31 Hz, 2H), 7.97 (dd, J = 8.31, 2.02 Hz, 2H). *CNMR (400 MHz, CDCls)
Sc/ppm: 137.4, 130.3, 129.1. FT-IT (ATR): (cm™) 3080, 2447, 2160, 2022, 1963,
1708, 1674, 1570, 1386, 1338, 1307, 1283, 1245, 1161, 1106, 1067, 959, 910, 856,
847, 819, 730, 706. Elemental Analysis (%) calculated for C14HgO,Br: C, 45.94;
H, 1.65; Br, 43.66. Found: C, 45.87; H, 1.45; Br, 43.65.

3.3.19. 1-Bromo-4-(dodecyloxy)benzene (20)
OC2H2s5

Br

The preparation of 1-bromo-4-(dodecyloxy)benzene (20) was carried out according
to a modified method by Nucklolls et al.*®

4-Bromophenol (28.80 g, 170 mmol), NaOH (8.66 g, 220 mmol) and 1-
bromododecane (40.00 g, 170 mmol) were added to DMSO (133 ml) in one neck
round bottom flask. The mixture was stirred at 100 °C overnight, cooled and then
400 ml H,O was added. The product was extracted with diethyl ether (3 x 300ml)
and dried over MgSQ,. The solvent was evaporated and recrystalised from ethanol.
The product was obtained as white crystals (43.54 g, 76.6% yield). The product
gave a single spot on TLC (Rs= 0.78) (silica-gel plates - ethyl acetate/ petroleum
ether (1/10) (v/v)). M.p. 37-38 °C (literature'®® m.p. 38 °C). Mass (El); (m/z): 340,
342 (M"). *HNMR (250 MHz, CDCl3) &n/ppm: 7.38 (d, J = 9.03 Hz, 2H), 6.79 (d, J
= 9.02 Hz, 2H), 3.93 (t, J = 6.55 Hz, 2H), 1.85-1.72 (m, 2H), 1.49-1.24 (m, 18H),
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0.90 (t, J = 6.57 Hz, 6H). *CNMR (250 MHz, CDCls) &c/ppm: 158.2, 132.1,
116.3, 112.5, 68.3, 31.9, 29.6, 29.5, 29.5, 29.3, 29.1 26.0, 22.6, 14.1. FT-IT (ATR):
(cm'l) 2915, 2848, 2526, 2160, 2022, 1976, 1590, 1576, 1489, 1468, 1393, 1281,
1236, 1171, 1113, 1070, 1046, 1036, 1002, 977, 982, 819, 802, 792, 772, 719.
Elemental Analysis (%) calculated for CigH»OBr: C, 63.34; H, 8.56; Br, 23.41.
Found: C, 63.35; H, 8.33; Br, 23.46.

3.3.20. 2,6-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-dihydroanthracene-
9,10-diol (21)
OCq2H2s

HO

900

OH

OCq2H2s

Br

The preparation of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (21) was carried out according to a modified method
by Wang et al.**’

To a solution of 1-bromo-4-(dodecyloxy)benzene (20) (2.8 g, 8.2 mmol) in THF
(50 mL) was added t-BuL.i ( 3.8 mL, 5.56 mmol, 1.6 M in pentane) at -78 °C. After
3 hours, 2,6-dibromoanthracene-9,10-dione (19) (1 g, 2.73 mmol) was added. The
resulting mixture was allowed to warm to room temperature slowly. The mixture
was poured into water, extracted with diethyl ether. The organic layer was washed
with brine, dried over MgSO,. The solvent was removed under high vacuum. The
product was purified using column chromatography eluted ethyl acetate/ petroleum
ether (1/10) (v/v) to obtain the target product as a yellow solid (5.2 g, 76.2% yield).
The product gave a single spot on TLC (Rf= 0.39) (silica-gel plates - ethyl acetate/
petroleum ether (1/10) (v/v)). M.p. 101-102 °C. Mass (El); (m/z): 888.2, 890.2,
892.2 (M*). 'HNMR (400 MHz , CDCl3) & ppm 8.03 (s, 2H), 7.77 (d, J = 8.27 Hz,
2H), 7.58 (dd, J = 8.30, 1.58 Hz, 2H), 6.42 (bs, 4H), 6.18 (bs, 4H), 3.69 (t, 4H),
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1.67 (m, 4H), 1.50-1.14 (m, 36H) , 0.90 (t, J = 6.78 Hz, 6H). *CNMR (400 MHz,
CDCls) dc/ppm: 142.9, 139.7, 130.8, 129.1, 128.3, 128.0, 122.1, 113.4, 74.4, 68.0,
31.9, 29.6, 29.6, 29.6, 29.4, 29.3, 29.2, 26.0, 22.7, 14.1. FT-IT (ATR): (cm™) 3402,
2917, 2850, 1646, 1584, 1508, 1466, 1297, 1245, 1180, 1162, 1082, 1013, 825,
719. Elemental Analysis (%) calculated for CsoH6¢04Br2: C, 67.41; H, 7.47; Br,
17.94. Found: C, 67.05; H, 7.65; Br, 17.89.

3.3.21. 2,6-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (22)
OC12H2s

00

OCq2H2s

Br

The preparation of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (22)

was carried out according to a modified method by Wang et al.**’

A mixture of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (21) (13.5 g, 15.20 mmol), KI (21.8 g, 131.48 mmol),
NaH,PO,.xH,0 (15.4g, 175.4 mmol) and acetic acid (152 ml) was heated at reflux
for 40 min. The precipitate was collected and dissolved in dichloromethane (DCM).
The organic solution was washed with brine, dried over anhydrous MgSQO,. After
solvent removal, the residue was purified by column chromatography on silica gel
with petroleum ether:DCM (4:1) and then recrystallization from hexane to afford
the target product (8.3 g, 63.4 % yield) as light yellow crystals. The product gave a
single spot on TLC (Rs= 0.45) (silica-gel plates - petroleum ether:DCM (4:1) (v/v)).
M.p. 113-115 °C. Mass (El); (m/z): 854.2, 856.3, 857.2 (M"). 'HNMR (250 MHz ,
CDCl3) 6 ppm 7.89 (d, J = 1.85 Hz, 2H), 7.61 (d, J = 9.32 Hz, 2H), 7.37 (m, 6H),
7.15 (d, J = 8.63 Hz, 4H), 4.13 (t, J = 6.50 Hz, 4H), 1.92 (m, 4H), 1.46 (m, 36H),
0.91 (t, J = 6.52 Hz, 6H). *CNMR (400 MHz, CDCls) &c/ppm: 158.9, 136.5,
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132.2,131.2,129.4, 129.1, 129.0, 128., 128.8, 120.0, 120.0, 114.6, 68.1, 31.9, 29.7,
29.6, 29.5, 29.4, 29.4, 26.2, 22.7, 14.1. FT-IT (ATR): (cm™) 2913, 2846, 2526,
2160, 2023, 1977, 1607, 1573, 1513, 1463, 1435, 1392, 1377, 1285, 1243, 1171,
1109, 1078, 1067, 1034, 1013, 995, 946, 915, 875, 824, 813, 805, 771, 754, 742,
721. Elemental Analysis (%) calculated for CsoHgsO2Brp: C, 70.09; H, 7.53; Br,
18.65. Found: C, 70.26; H, 7.68; Br, 18.66.

3.3.22. 2,2'-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,6-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (23)
OC12H25

OC12Hzs
The preparation of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,6-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (23) was carried out according to

a modified method by Jo et al.**®

2,6-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-dihydroanthracene-9,10-diol

(22) (3 g, 3.49 mmol), bis(pinacolato)diboron (4.33 g, 12.2 mmol), potassium
acetate ( 2.06 g, 20.96 mmol) and Pd(dppf)Cl, (0.17 g, 0.022 mmol) in DMF (42
cm®) was heated to 100 °C for 36 hours. The reaction mixture was cooled to room
temperature, then poured into H,O (100 cm®) and extracted with diethyl ether (3 x
100 cm®). The organic phases were combined, then washed with H,O (5 x 100 cm®)
and dried over MgSQO,. The crude product was purified via recrystallisation, the
crude product was dissolved in the minimum amount of diethyl ether and then
precipitated in hot methanol which had been ran through a basic column. The
product was obtained as light yellow crystals (2.3 g, 69.1 % yield). M.p. 109-110
°C. Mass (El); (m/z): 950.5(M"). *HNMR (400 MHz , CDCl3) & ppm: 8.32 (s, 2H),
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7.70 (d, J =7.00 Hz, 2H), 7.66 (d, J = 7.00 Hz, 2H), 7.40 (d, J = 8.54 Hz, 4H), 7.17
(d, J = 8.59 Hz, 4H), 4.17 (t, J = 6.59 Hz, 4H), 1.99-1.88 (m, 4H), 1.66-1.55 (m,
6H), 1.50-1.26 (m, 54H), 0.92 (t, J = 6.78 Hz, 6H). ®*CNMR (400 MHz, CDCl3)
dc/ppm: 158.4, 137.7, 135.6, 132.5, 131.4, 130.7, 130.2, 128.8, 126.2, 114.4, 83.7,
68.2, 31.9, 29.7, 29.6, 29.5, 29.5, 29.3, 26.2, 24.8 , 22.7, 14.1. FT-IT (ATR): (cm™)
2918, 2851, 2518, 2160, 2941, 1977, 1621, 1606, 1572, 1512, 1473, 1370, 1340,
1309, 1267, 1240, 1173, 1148, 1137, 1108, 1076, 1026, 1004, 970, 909, 859, 838,
826, 770, 748, 723, 710. Elemental Analysis (%) calculated for CgHgsOgB2: C,
78.30; H, 9.33. Found: C, 77.77; H, 9.58.

3.3.23. 4,7-Di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24)

/S\

NN

\
I\ < > (Sy
S \ /)

The preparation of 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24) was carried

out according to a modified method by palama et al.'?®

4,7-Dibromo-1,2,5-benzothiadiazole (8) (3 g, 10.2 mmol) and tributyl(thiophen-2-
yl)stannane (13.3 g, 35.7 mmol) were added to toluene (50 ml). Pd(PPhs), (145.5
mg, 0.126 mmol) was added. The mixture was refluxed (120 °C) under argon
atmosphere for 24 hours. Then, the residue was purified by column chromatography
on silica gel (petrolum ether (40:60): toluene (2:1). Recrystalization was carried out
from ethanol, which gave the target product as orange crystals (2.6g, 75% yield).
The product gave a single spot on TLC (Rs= 0.52), silica-gel plates - petrolum ether
(40:60): Tolene (2:1). M.p. 122-124 °C (literature®® m.p. 123-125 °C). Mass (EI);
(m/z):. 300 (M*). *HNMR (400 MHz, CDCls) 8p/ppm: 8.11 (dd, J = 3.71, 1.10 Hz,
2H), 7.84 (s, 2H), 7.47 (dd, J = 5.10, 1.10 Hz, 2H), 7.23 (dd, J = 5.10, 3.71 Hz,
2H). ®*CNMR (400 MHz, CDCls); &c/ppm: 152.5, 139.3, 128.0, 127.5, 126.8,
125.9, 125.7. FT-IT (ATR): (cm™) 3070, 2160, 2010, 1818, 1577, 1539, 1511,
1476, 1429, 1419, 1377, 1352, 1270, 1213, 1105, 1070, 1045, 918, 885, 874, 855,
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842, 823, 808, 747, 702. Elemental Analysis (%) calculated for C;4HgN,Ss: C,
55.97; H, 2.68; N, 9.32; S, 32.02. Found: C, 56.05; H, 2.49; N, 9.21; S, 32.06.

3.3.24. 4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25)
/S\
N° N

= \ s

4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25) was synthesised

according to a modified procedure by Zhang et al.*?°

4,7-Di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24) (1 g, 3.33 mmol) was added to
chlorobenzene (40 ml) in a 100 ml flask. The reaction mixture was heated to 50 °C
and N-bromosuccinimide (NBS) (1.06 g, 5.99 mmol) was added in two portions
(the second portion was added after one hour) for three hours. The reaction mixture
was heated to 135 °C then cooled to room temperature. The product was filtered
and washed with water and methanol. The target product was obtained as red
crystals (1.2 g 80 % vyield). M.p. 255-258 °C (literature™ m.p. 256-258 °C). Mass
(El); (m/z) 456, 458, 460 (M*). 'HNMR (400 MHz, CDCls) dn/ppm: 7.84 (d, J =
3.97 Hz, 1H), 7.82 (s, 1H), 7.19 (d, J = 3.98 Hz, 1H). FT-IT (ATR): (cm™) 3090,
2160, 2007, 1746, 1528, 1480, 1415, 1368, 1308, 1273, 1211, 1097, 1071, 969,
884, 871, 845, 830, 781, 738. Elemental Analysis (%) calculated for C14HN2Br,Ss:
C, 36.70; H, 1.32; N, 6.11; Br, 34.88; S, 20.99. Found: C, 37.04; H, 0.83; N, 6.11;
Br, 34.88; S, 20.99.

3.3.25. 2,7-Dinitro-9,10-anthraquinone (26)
O

O,N ! l ! NO,

O
The preparation of 2,7-dinitro-9,10-anthraquinone (26) was carried out according to
a modified method by Yang et al.**!
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Anthrone (20 g, 104 mmol) was added slowly with stirring to fuming nitric acid
(160 mL) at 0 °C. Subsequently, acetic acid (400 ml) was added slowly to the
reaction mixture with cooling. The resulting solution was allowed to stand at room
temperature for 1 week. At the end of the period, the yellow precipitate was
collected by filtration, washed with acetic acid (100 ml) and hexane (100 ml), and
dried under vacuum. The crude product was recrystallized twice from acetic acid
then recrystalised from nitrobenzene/ acetic acid (1:1 v/v) to obtain the target
product as yellow crystals (9.2 g, 23% vyield). M.p. 289-291 °C (literature** m.p.
290-291 °C). Mass (El); (m/z) 299 (M*). *HNMR (400 MHz, DMSO-dg) & ppm:
8.84 (d, J = 1.99 Hz, 1H), 8.72 (dd, J = 8.36, 1.95 Hz, 1H), 8.49 (d, J = 8.51 Hz,
1H). FT-IT (ATR): (cm™) 3091, 3073, 3040, 2448, 2160, 2024, 1975, 1673, 1604,
1587, 1539, 1523, 1435, 1352, 1326, 1299, 1274, 1249, 1164, 1121, 1084, 995,
948, 928, 902, 886, 864, 838, 815, 789, 868, 707. Elemental Analysis (%)
calculated for C14HgN2Os: C, 56.39; H, 2.03; N, 9.39. Found: C, 56.44; H, 1.77; N,
9.61.

3.3.26. 2,7-Diaminoanthracene-9,10-dione (27)
O

H,N ! l l NH,

O

The preparation of 2,7-diaminoanthracene-9,10-dione (27) was carried out
according to a modified method by Yang et al.**

2,7-Dinitroanthracene-9,10-dione (26) (8 g, 26.65 mmol) in ethanol (290 ml) was
added to a solution of sodium sulfide nonahydrate (28.8 g, 120 mmol) and sodium
hydroxide (11.4 g, 285.12 mmol) in water (500 ml). The mixture was heated at
reflux for 6 h and left to stand overnight. The ethanol was removed in vacuum and
the residue cooled to 0-5 °C. The resulting precipitate was collected by filtration,
repeatedly washed with water, and dried. Recrystallization from ethanol afforded
the target product as an orange/red solid (5.7g, 90% yield). Mass (El); (m/z): 238
(M"). Mp 335-337 °C (literature'® m.p. 337-339 °C). *HNMR (400 MHz, DMSO-

de) & ppm: 7.84 (d, J = 8.47 Hz, 2H), 7.23 (d, J = 2.40 Hz, 2H), 6.89 (dd, J = 8.50,
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2.43 Hz, 2H), 6.42 (s ,N-H, 4H). > CNMR (400 MHz, DMSO-dg); 8c/ppm: 184.7,
179.7, 155.1, 152.3, 135.0, 129.3. FT-IT (ATR): (cm™) 3344, 3223, 2502, 2160,
2022, 1976, 1671, 1623, 1581, 1553, 1499, 1458, 1338, 1312, 1245, 1206, 1191,
1130, 1088, 1001, 930, 889, 853, 772, 745, 715. Elemental Analysis (%) calculated
for C14H10N202: C, 70.58; H, 4.23; N, 11.76. Found: C, 70.28; H, 3.82; N, 11.57.

3.3.27. 2,7-Dibromoanthracene-9,10-dione (28)
O

ROGOH

O

The preparation of 2,7-dibromoanthracene-9,10-dione (28) was carried out
according to a modified method by Vila et al.**®

2,7-Diaminoanthraquinone (27) (3 g, 12.6 mmol), t-Bu ONO (3.2 g, 31.5 mmol),
CuBr; (7.03 g, 31.5 mmol), and CH3CN (54 ml) were placed in a one-neck flask,
and the mixture was heated at 65 °C for 2 h. The reaction was quenched by adding
35% HCI (aq) solution to the product mixture. The solution was filtered, washed
with CH3CN, and the product was recrystallized from 1,4-dioxane. The product was
obtained as a yellow powder (3.4 g, 75% yield). The product gave a single spot on
TLC (Rf = 0.46) (silica-gel plates - ethyl acetate/ petroleum ether (1/10) (v/v)).
M.p. 249-250 °C (literature™' m.p. 248-250 °C). Mass (EIl); (m/z): 364, 366, 367
(M*). *HNMR (400 MHz, CDCls) 8p/ppm: 8.45 (d, J = 1.98 Hz, 2H), 8.20 (d, J =
8.31 Hz, 2H), 7.97 (dd, J = 8.31, 2.03 Hz, 2H). *CNMR (400 MHz, CDCl3)
Sc/ppm: 137.5, 134.1, 131.8, 130.3, 130.0, 129.1. FT-IT (ATR): (cm™) 3083, 2445,
2160, 2034, 1977, 1670, 1574, 1415, 1309, 1287, 1267, 1249, 1204, 1171, 1105,
1068, 924, 910, 865, 821, 772, 730, 713, 705. Elemental Analysis (%) calculated
for C14HgO,BI: C, 45.94: H, 1.65; Br, 43.66. Found: C, 46.44; H, 1.44; Br, 41.92.
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3.3.28. 2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-dihydroanthracene-
9,10-diol (29)
OC12H2s

HO

ROGSS

OH

OC12Has

The preparation of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (29) was carried out according to a modified method
by Wang et al.**’

To a solution of 1-bromo-4-(dodecyloxy)benzene (20) ( 11.95 g, 32.8 mmol) in
THF (250 ml) was added t-BuLi ( 16.1 ml, 27.3 mmol, 1.6 M in pentane) at -78 °C.
After 3 hours, 2,7-dibromoanthracene-9,10-dione (28) (4 g, 10.93 mmol) was
added. The resulting mixture was allowed to warm to room temperature slowly.
After stirring overnight, the mixture was poured into water and extracted with
diethyl ether. The organic layer was washed with brine and dried over MgSQ,. The
solvent was removed under high vacuum. The product was purified using column
chromatography eluted ethyl acetate/ petroleum ether (1/10) (v/v) to obtain the
target product as yellow solid (6.3 g, 65 % yield). The product gave a single spot on
TLC (R¢= 0.31) (silica-gel plates - ethyl acetate/ petroleum ether (1/10) (v/v)). M.p.
105-106 °C. Mass (El); (m/z): 888, 890, 890, 892 (M*). 'HNMR (250 MHz ,
CDCl3) & ppm: 8.03 (s, 2H), 7.75 (d, J = 8.34 Hz, 2H), 7.57 (dd, J = 8.33, 1.84 Hz,
2H), 6.40 (bs, 4H), 6.18 (bs,4H), 3.68 (s, 4H), 1.75-1.54 (m, 4H), 1.46-1.15 (m,
36H), 0.89 (t, J = 6.56 Hz, 6H). **CNMR (250 MHz, CDCl3) &c/ppm: 157.7,
142.8, 139.8, 130.8, 129.1, 128.3, 128.0, 122.0, 113.5, 113.4, 76.9, 76.4, 74.5, 74.3,
68.1, 68.0, 31.9, 29.6, 29.4, 29.3, 29.2, 26.0, 22.6, 14.0. FT-IT (ATR): (cm™) 3306,
2918, 2851, 2535, 2160, 2023, 1609, 1584, 1507, 1460, 1415, 1390, 1299, 1245,
1182, 1164, 1139, 1119, 1104, 1081, 1018, 957, 919, 877, 823, 810, 771, 748, 719.
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Elemental Analysis (%) calculated for C14HsO2Br,: C, 67.41; H, 7.47; Br , 17.94.
Found: C, 67.37; H, 7.44; Br, 18.07.

3.3.29. 2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (30)
OC12H2s

ROGSS

OCq2H2s

The preparation of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (30)
was carried out according to a modified method by Wang et al.**’

A mixture of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol. (29) (7.1 g, 8.01 mmol), KI (11.50 g, 69.23 mmol),
NaH,PO,. xH,0 (8.12g, 92.3 mmol) and acetic acid (80 ml) was heated at reflux
for 40 min. The precipitate was collected and dissolved in dichloromethane (DCM).
The organic solution was washed with brine, dried over anhydrous MgSQO,. After
solvent removal, the residue was purified by column chromatography on silica gel
with petroleum ether : DCM (4:1) and then recrystallization from hexane to afford
the target product (5.5 g, 80 % vyield) as light yellow crystals. The product gave a
single spot on TLC (R=0.46) (silica-gel plates - petroleum ether: DCM (4:1) (v/v)).
M.p. 110-111 °C. Mass (EI); (m/z): 854.6, 856.5, 857.6 (M"). *HNMR (250 MHz ,
CDCl3) & ppm: 7.88 (d, J = 1.78 Hz, 2H), 7.61 (d, J = 9.32 Hz, 2H), 7.41 (d, J =
1.99 Hz, 2H), 7.36 (dd, J = 4.52, 1.93 Hz, 2H), 7.32 (d, J = 1.90 Hz, 2H), 7.15 (dd,
J =8.61, 5.84 Hz,4H), 4.13 (q, J = 6.65 Hz, 4H), 2.02-1.80 (m, 4H), 1.68-1.17 (m,
36H), 0.91 (t, J = 6.57 Hz, 6H). **CNMR (400 MHz, CDCl3) &c/ppm: 159.0,
158.9, 137.7, 135.3, 132.2, 132.1, 131.7, 129.6, 129.3, 129.1, 128.7, 128.7, 120.3,
114.7, 114.5, 68.2, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 26.2, 26.1, 22.7, 14.1. FT-IT
(ATR): (cm™) 3070, 2955, 2933, 2913, 2871, 2849, 2525, 2160, 2025, 1977, 1607,
1570, 1513, 1471, 1434, 1411, 1396, 1374, 1319, 1304, 1279, 1239, 1106, 1063,
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1048, 1035, 1003, 959, 945, 925, 877, 823, 811, 774, 758, 741, 716. Elemental
Analysis (%) calculated for C14HsO,Br,: C, 70.09; H, 7.53; Br, 18.65. Found: C,
70.03; H, 7.62; Br, 18.82.

3.3.30. 2,2'-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (31)
OC12Hazs

OC12H2s
The preparation of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,7-

diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (31) was carried out according to
a modified method by Jo et al.**®

2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-dihydroanthracene-9,10-diol

(30) (3 g, 3.49 mmol), bis(pinacolato)diboron (4.33 g, 12.2 mmol), potassium
acetate (2.06 g, 20.96 mmol) and Pd(dppf)Cl, (0.17 g, 0.022 mmol) in DMF (42
cm®) was heated to 100 °C for 36 hours. The reaction mixture was cooled to room
temperature, then poured into H,O (100 cm®) and extracted with diethyl ether (3 x
100 cm®). The organic phases were combined, then washed with H,O (5 x 100 cm®)
and dried over MgSQO,. The crude product was purified via recrystallisation, the
crude product was dissolved in the minimum amount of diethyl ether and then
precipitated in hot methanol which had been ran through a basic column. The
product was obtained as light yellow crystals. (2.0 g, 60.6 % yield). M.p. 110-112
°C. Mass (EI); (m/z): 950.9 (M*). tHNMR (400 MHz , CDCl3) § ppm: 8.32 (s, 2H),
7.72 —7.68 (dd, 4H), 7.44 (d, J = 8.58 Hz, 2H), 7.37 (d, J = 8.59 Hz, 2H), 7.20 (d,
J = 8.63 Hz, 2H), 7.15 (d, J = 8.63 Hz, 2H), 4.20 (t, J = 6.65 Hz, 2H), 4.14 (t, J =
6.54 Hz, 2H), 2.04-1.83 (m, 2H), 1.66-1.52 (m, 2H), 1.52-1.25 (m, 60H), 0.92 (t, J
= 6.73 Hz, 6H). *CNMR (400 MHz, CDCl3) 8c/ppm: 159.2, 159.1, 136.1, 132.7,
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132.4, 132.0, 130.5, 129.6, 129.3, 125.9, 114.4, 114.3, 83.7, 77.0, 76.7, 68.2, 68.1,
31.9, 29.7, 29.6, 29.5, 29.5, 29.4, 26.2, 24.8, 22.7, 14.1. FT-IT (ATR): (cm™) 2918,
2851, 2161, 2021, 1607, 1513, 1493, 1472, 1371, 1349, 1322, 1276, 1241, 1175,
1143, 1127, 1107, 1078, 1031, 1003, 985, 951, 917, 891, 857, 834, 824, 802, 719,
710. Elemental Analysis (%) calculated for C14HsO,Br,: C, 78.30; H, 9.33. Found:
C,77.81; H,9.41.

3.3.31. 3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (32)

The preparation of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

(32) was carried out according to a modified method by Chen et al.**

A mixture of Na (0.98 g, 42.6 mmol) and FeCl3 (0.1 g, 0.616 mmol) was dissolved
in tert-amyl alcohol (20 ml) by heating at 90 °C for 2 h. After cooling to 50 °C,
thiophene- 2-carbonitrile (2.344, 21.2 mmol) was added and then the mixture was
again heated at 90 °C. A solution of dimethyl succinate (2.23 g, 0.105 mmol) in
tert-amyl alcohol (10 ml) was added dropwise over 2 h and then the mixture was
maintained at 90 °C for 20 h. After cooling to 50 °C, glacial AcOH was added and
then the mixture was heated under reflux for 10 min before being filtered. The
residue was washed several times with hot MeOH and water, and then the solid was
dried under vacuum to obtain the target product as a red solid (5.76 g, 90% yield).
This compound was used directly in the next step without purification. M.p. 204-
207 °C. Mass (E1); (m/z) 300 (M"). *HNMR (250 MHz, DMSO) &x/ppm: 11.25 (bs,
2H), 8.20 (bs, 2H), 7.96 (bs, 2H), 7.30 (bs, 2H). *CNMR (250 MHz, CDCls);
Sc/ppm: 162.1, 136.6, 133.1, 131.7, 131.2, 129.2. FT-IT (ATR): (cm™) 3275, 3125,
2989, 2160, 2024, 1704, 1679, 1640, 1594, 1498, 1439, 1415, 1361, 1313, 1289,
1229, 1181, 1127, 1099, 1056, 998, 940, 877, 857, 836, 789, 777, 747, 725.
Elemental Analysis (%) calculated for C;4HgN2S30,: C, 55.98; H, 2.68; N, 9.33; S,
21.35. Found: C, 48.59; H, 3.76; N, 6.37; S, 15.04.
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3.3.32. 2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (33)

The preparation of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

(33) was carried out according to a modified method by Chen et al.**®

A solution of 2-ethylhexyl bromide (4.89 ml, 27.5 mmol) in DMF (30 ml) was
added dropwise to a mixture of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (32) (2.50 g, 8.33 mmol), K,CO3 (3.83 g, 27.8 mmol),and 18-
crown-6 (0.25 g, 0.95 mmol) in DMF (50 ml) at 120 °C and then the mixture was
maintained at 120 °C overnight. After cooling to room temperature, the product was
dissolved in CHCI3 washed with water (3 x 300 ml), and then dried (MgSQ,). The
solvent was evaporated under reduced pressure and precipitated in methanol. The
crude product was purified through chromatography using chloroform to obtain the
target product as a red solid (1.4 g, 32 % yield). The product gave a single spot on
TLC (R= 0.64), silica-gel plates eluted with chloroform. M.p. 125-127 °C
(literature™* m.p. 125 °C). Mass (El); (m/z) 524 (M"). 'HNMR (400 MHz, CDCls)
dn/ppm: 8.92 (dd, J = 3.87, 0.98 Hz, 2H), 7.65 (dd, J = 5.00, 0.96 Hz, 2H), 7.29
(dd, J = 4.93, 3.98 Hz, 2H), 4.11-3.98 (m, 4H), 1.94-1.83 (m, 2H), 1.43-1.19 (m,
16H), 0.94-0.83 (m, 12H). *CNMR (400 MHz, CDCls); 8c/ppm: 161.7, 140.4,
135.2, 130.5, 129.8, 128.4, 107.9, 45.8, 39.0, 30.2, 28.3, 23.5, 23.0, 14.0, 10.4. FT-
IT (ATR): (cm™) 3096, 3081, 2954, 2926, 2857, 2466, 2161, 2024, 1976, 1663,
1566, 1503, 1449, 1417, 1401, 1359, 1321, 1273, 1229, 1169, 1155, 1096, 1064,
1027, 958, 918, 894, 847, 804, 774, 751, 734, 710. Elemental Analysis (%)
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calculated for C3oH40N>0O,S,: C, 68.66; H, 7.68; N, 5.34; S, 12.22. Found: C, 67.94;
H, 7.96; N, 5.15; S, 12.52.

3.3.33. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (34)

The preparation of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (34) was carried out according to a modified method
by Chen et al.!*®

NBS (0.45 g, 2.53 mmol) was added to a solution of 3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (33) (0.70 g, 1.33 mmol) in CHCI3 (40
ml) in a one neck round-bottom flask. After stirring at room temperature for 48 h
and in the dark, the reaction mixture was poured into water (300 ml) and extracted
with CHCI3 (3 x100 ml). The organic layer was dried (MgSO,) and the solvent was
evaporated under reduced pressure. The crude product was purified through
chromatography using chloroform to obtain the target product as a red solid (0.74 g,
82 % vyield). The product gave a single spot on TLC (R¢= 0.64), silica-gel plates
eluted with chloroform. M.p. 155-158 °C. Mass (El); (m/z) 680, 682, 684 (M™).
'HNMR (400 MHz, CDCls) 8n/ppm: 8.67 (d, J = 4.18 Hz, 2H), 7.24 (d, J = 4.18
Hz, 2H), 4.01-3.89 (m, 4H), 1.91-1.79 (m, 2H), 1.43-1.20 (m, 16H), 0.95-0.83 (m,
12H). ®*CNMR (250 MHz, CDCls); 8c/ppm: 161.4, 139.4, 135.4, 131.4, 131.1,
119.0, 107.9, 45.9, 39.0, 30.14, 28.3, 23.5, 23.0, 14.0, 10.4. FT-IT (ATR): (cm™)
3085, 2958, 2926, 2858, 2541, 3160, 2026, 1926, 1653, 1555, 1504, 1448, 1411,
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1398, 1378, 1356, 1336, 1310, 1259, 1235, 1169, 1156, 1101, 1081, 1067, 1026,
969, 924, 896, 833, 801, 774, 730, 711. Elemental Analysis (%) calculated for
CaoH3sN20,S,Br, : C, 52.79; H, 5.61; N, 4.10; S, 9.40; Br, 23.41. Found: C, 52.50;
H, 5.75; N, 4.05; S, 9.04; Br, 25.20.
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3.4. Synthesis of Polymers

3.4.1. Poly [9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(4°,7°-bis(1-methyl-
1H-pyrrol-2’-yl)-2°,1°,3’-benzothiadiazole)-5,5-diyl] (P1)

)\CBHW n
Pl

CgH17
Method 1: Polymerisation in toluene using tetraethylammonium hydroxide as
a base

A solution of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (7) (0.4 g, 0.608 mmol) and 4,7-bis(5-bromo-1-methyl-1H-
pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11) (0.275 g, 0.608 mmol) in dry toluene
(10 ml) in a 100 ml one-necked round bottom flask and under argon was degassed.
To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (2.1 ml) and the reaction mixture was degassed. To
the reaction mixture, Pd(OAc), (7 mg, 0.031 mmol) and tri-o-tolyphosphine (19
mg, 0.055 mmol) were added and degassed then heated to 90 °C for 24 hours. After
cooling the reaction mixture to room temperature, the polymer was end-capped
with the addition of 1-bromobenzene (0.1 ml, 0.74 mmol) and degassed then heated
to 90 °C for 1 hour. Again, the reaction mixture was cooled to room temperature
and the polymer was end-caped with phenyl boronic acid (0.15 g, 0.1 mmol) and
degassed, then the mixture was heated to 90 °C for 3 hours. The reaction mixture
was cooled to room temperature, then dissolved in CHCI3 (300 ml) and to this
solution was added an ammonium hydroxide solution (28 % in H,O, 50 ml),
followed by stirring overnight. Then, the organic layer was separated and washed
with distilled water. The organic layer was concentrated to about 50 ml and poured
into methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml) and toluene (250 ml). The toluene fraction was concentrated to about 50 ml and
then poured into degassed methanol (300 ml). The resulting mixture was stirred

overnight and the solid collected by filtration through a membrane filter to afford
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polymer P1 as a red powder ( 117 mg , 27 % yield). GPC (1,2,4-trichlorobenzene at
140 °C): M,, = 8100, M,, = 2600, PD = 3.1. Elemental Analysis (%) calculated for
CasHssN,S: C, 77.66; H, 7.68; N, 10.06; S, 4.90. Found: C, 76.27; H, 7.29 ; N, 8.97
;' S, 3.18.

Method 2: ploymerisation in THF using NaHCOg3 as base

A solution of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (7) (0.35 g, 0.532 mmol) and 4,7-bis(5-bromo-1-methyl-1H-
pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11) (0.24 g, 0.532 mmol) in dry THF (10
ml) in a 100 ml one-necked round bottom flask and under argon was degassed. To
the reaction mixture was added a saturated solution of NaHCO; (2 ml) and the
reaction mixture was degassed. To the reaction mixture, Pd(OAc), (8.3 mg, 0.036
mmol) and tri-o-tolyphosphine (22.5 mg, 0.066 mmol) were added and degassed
then heated to 90 °C for 24 hours. After cooling the reaction mixture to room
temperature, the polymer was end-capped with the addition of 1-bromobenzene (0.1
ml, 0.74 mmol) and degassed then heated to 90 °C for 1 hour. Again, the reaction
mixture was cooled to room temperature and the polymer was end-caped with
phenyl boronic acid (0.15 g, 0.1 mmol) and degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHCI; (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in H,O, 50 ml), followed by stirring overnight. Then, the
organic layer was separated and washed with distilled water. The organic layer was
concentrated to about 50 ml and poured into methanol:water (10:1, 300 ml). The
resulting mixture was stirred overnight and filtered through a membrane filter. The
collected solid was cleaned using soxhlet extraction with solvents in order methanol
(250 ml), acetone (250 ml), hexane (250 ml) and toluene (250 ml). The toluene
fraction was concentrated to about 50 ml and then poured into degassed methanol
(300 ml). The resulting mixture was stirred overnight and the solid collected by
filtration through a membrane filter to afford polymer P1 as a red powder (189 mg ,
42 % vyield). GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 15300, M, = 14100, PD
= 1.08. Elemental Analysis (%) calculated for CssHs3NsS: C, 77.66; H, 7.68; N,
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10.6; S, 4.90. Found: C, 60.00; H, 7.76: N, 4.50 ; S, 2.64. *HNMR (500 MHz,
C2D,Cls 80 °C) 8yy/ppm: 8.00 (d, J = 7.98 Hz, H), 7.74-7.54 (m, 4H), 7.42 (d, J =
7.91 Hz, 2H), 7.24 (d, 2H), 6.94 (s, 2H), 4.64-4.55 (bs, 1H), 3.75 (s, 6H), 2.42-2.26
(m, 2H), 2.07-1.91 (m, 2H), 1.67-1.50 (m, 2H), 1.37-0.99 (m, 20H), 0.77 (t, J =
6.68 Hz, 6H)

3.4.2. Poly[3,6-difluoro-9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(4°,7’-
bis(1-methyl-1H-pyrrol-2°-yl)-2°,1°,3’-benzothiadiazole)-5,5-diyl]

CaHg\CSHW P2 "

A solution of 3,6-difluoro-9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (35) (0.3 g, 0.432 mmol) and 4,7-bis(5-bromo-1-
methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11) (0.1956 g, 0.432 mmol) in
dry THF (9 ml) in a 100 ml one-necked round bottom flask and under argon was
degassed. To the reaction mixture was added a saturated solution of NaHCO3 (2 ml)
and the reaction mixture was degassed. To the reaction mixture, Pd(OAc), (6.86
mg, 0.03 mmol) and tri-o-tolyphosphine (22.5 mg, 0.066 mmol) were added and
degassed then heated to 90 °C for 24 hours. After cooling the reaction mixture to
room temperature, the polymer was end-capped with the addition of 1-
bromobenzene (0.1 ml, 0.74 mmol) and degassed then heated to 90 °C for 1 hour.
Again, the reaction mixture was cooled to room temperature and the polymer was
end-caped with phenyl boronic acid (0.15 g, 0.1 mmol) and degassed, then the
mixture was heated to 90 °C for 3 hours. The reaction mixture was cooled to room
temperature, then dissolved in CHCI3 (300 ml) and to this solution was added an
ammonium hydroxide solution (28 % in H,O, 50 ml), followed by stirring
overnight. Then, the organic layer was separated and washed with distilled water.
The organic layer was concentrated to about 50 ml and poured into methanol:water
(20:1, 300 ml). The resulting mixture was stirred overnight and filtered through a

membrane filter. The collected solid was cleaned using soxhlet extraction with
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solvents in order methanol (250 ml), acetone (250 ml), hexane (250 ml) and toluene
(250 ml). The toluene fraction was concentrated to about 50 ml and then poured
into degassed methanol (300 ml). The result mixture was stirred overnight and the
solid collected by filtration through a membrane filter. Polymer P2 was obtained as
a red powder (163 mg, 43.6 % vyield). GPC (1,2,4-trichlorobenzene at 140 °C): My,
= 8400, M,, = 3500, PD = 2.4. Elemental Analysis (%) calculated for C4sHs1NsSF»:
C, 73.84; H, 7.02; N, 9.57; S, 4.38. Found: C, 72.66; H, 6.53; N, 9.23; S, 4.07.
HNMR (500 MHz, C,D,Cl4, 80 °C) dn/ppm: 7.78-7.49 (m, 4H), 7.40 (d, J = 16.30
Hz, 2H), 7.23 (s, 2H), 6.98 (d, J = 10.78 Hz, 2H), 4.55-4.45 (bs, 1H), 3.75 (s, 6H),
2.33-2.17 (m, 2H), 2.00-1.85 (m, 2H), 1.31-0.96 (m, 22H), 0.76 (t, 6H).

3.4.3. Poly [9,6-dioctyl-9H-fluornene-2,7-diyl-alt-(2°,7°-bis(1-methyl-1H-

pyrrol-2-yl)-2°,1°,3’-benzothiadiazole)-5,5-diyl]

N—S
\

P3 n

A solution of 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (36)
(0.247 g, 0.4423 mmol) and 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-
yl)benzo[c][1,2,5]thiadiazole (11) (0.2 g, 0.4424 mmol) in dry THF (9 ml) in a 100
ml one-necked round bottom flask and under argon was degassed. To the reaction
mixture was added a saturated solution of NaHCO3 (2 ml) and the reaction mixture
was degassed. To the reaction mixture, Pd(OAc), (7 mg, 0.031 mmol) and tri-o-
tolyphosphine (19 mg, 0.062 mmol) were added and degassed then heated to 90 °C
for 24 hours. After cooling the reaction mixture to room temperature, the polymer
was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.74 mmol) and
degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was cooled to
room temperature and the polymer was end-caped with phenyl boronic acid (0.15 g,
0.1 mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature, then dissolved in CHCI; (300ml)
and to this solution was added an ammonium hydroxide solution (28 % in H,0O, 50

ml), followed by stirring overnight. Then, the organic layer was separated and
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washed with distilled water. The organic layer was concentrated to about 50 ml and
poured into methanol:water (10:1, 300 ml). The resulting mixture was stirred
overnight and filtered through a membrane filter. The collected solid was cleaned
using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml) and toluene (250 ml). The toluene fraction was concentrated
to about 50 ml and then poured into degassed methanol (300 ml). The resulting
mixture was stirred overnight and the solid collected by filtration through a
membrane filter. Polymer P3 was obtained as a red powder (196 mg, 61.8 % vyield).
GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 6300, M, = 3300, PD = 1.9
Elemental Analysis (%) calculated for C4sHs,N4S: C, 79.37; H, 7.70; N, 8.23; S,
4.71. Found: C, 74.90; H, 7.38 ; N, 6.63 : S, 3.86. '"HNMR (500 MHz, C,D,Cl, 80
°C) dn/ppm: 7.79-7.41 (m, 6H), 7.27-7.16 (m, 4H), 6.91 (bs, 2H), 3.72 (s, 6H),
2.14-1.85 (m, 2H), 1.74-1.49 (m, 2H), 1.32-0.90 (m, 24H), 0.77 (t, 6H).

3.4.4. Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(4,7-
dithiophen-2-yl)- 2°,1°,3’-benzothiadiazole-5,5-diyl]

C12H250 P7

A solution of 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) (0.35 g, 0.367 mmol) and 4,7-bis(5-
bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25) (0.1683 g, 0.367 mmol) in dry
toluene (9 ml) in a 100 ml one-necked round bottom flask and under argon was
degassed. To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (2.1 ml, 2.85 mmol) and the reaction mixture was

degassed. To the reaction mixture, Pd(OAc), (6.3 mg, 0.028 mmol) and tri-o-
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tolyphosphine (17.2 mg, 0.0565 mmol) were added and degassed then heated to 90
°C for 24 hours. After cooling the reaction mixture to room temperature, the
polymer was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol)
and degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was
cooled to room temperature was end-caped with phenyl boronic acid (0.15 g, 1.23
mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature, then dissolved in CHCI3 (300
ml)and to this solution was added an ammonium hydroxide solution (28 % in H,O,
50 ml), followed by stirring overnight. Then, the organic layer was separated and
washed with distilled water. The organic layer was concentrated to about 50 ml and
poured into methanol:water (10:1, 300 ml). The resulting mixture was stirred
overnight and filtered through a membrane filter. The collected solid was cleaned
using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml), toluene (250 ml), chloroform (250 ml) and chlorobenzene
(250 ml). The toluene, chloroform and chlorobenzene fractions were concentrated
to about 50 ml and then poured into degassed methanol (300 ml). The resulting
mixtures were stirred overnight and the solids collected by filtration through a
membrane filter. The different fractions of polymer P7 were obtained as purple
powder. Toluene fraction (128 mg, 35%), GPC (1,2,4-trichlorobenzene at 140 °C):
M,, = 3800, M, = 3000, PD = 1.2. Chloroform fraction (162 mg, 44.2%), GPC
(1,2,4-trichlorobenzene at 140 °C): M,, = 4900, M, = 3500, PD = 1.4.
Chlorobenzene fraction (45 mg, 12%). GPC (1,2,4-trichlorobenzene at 140 °C): My,
= 9100, M, = 7800, PD = 1.1. Elemental Analysis (%) calculated for
CesH70N2S30,: C, 77.22; H, 7.09; N, 2.81; S, 9.66. Found: C, 60.33; H, 6.02 ; N,
2.75; S, 10.27. *HNMR (500 MHz, C,D,Cl, 100 °C) 81/ppm: 8.07 (d, J = 3.86 Hz,
2H), 7.84 (s, 2H), 7.66 (d, J = 7.29 Hz, 4H), 7.44 (d, J = 6.37 Hz, 2H), 7.37 (d, J =
5.87, 1.62 Hz, 2H), 7.29 (d, J = 7.34 Hz, 4H), 7.19 (d, J = 7.81 Hz, 4H), 4.15 (t, J
=5.92 Hz, 4H), 1.94-1.84 (m, 4H), 1.60-1.18 (m, 36H), 0.85 (t, J = 6.51 Hz, 6H).
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3.4.5. Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl]

P8

C12H250

A solution of 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) (0.35 g, 0.367 mmol) and 4,7-bis(5-
bromothiophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (37) (0.2625 g,
0.367 mmol) in dry toluene (9 ml) in a 100 ml one-necked round bottom flask and
under argon was degassed. To the reaction mixture was added a 20 % w/w aqueous
solution of tetraethylammonium hydroxide (2.1 ml, 2.85 mmol) and the reaction
mixture was degassed. To the reaction mixture, Pd(OAc), (6.3 mg, 0.028 mmol)
and tri-o-tolyphosphine (17.2 mg, 0.0565 mmol) were added and degassed then
heated to 90 °C for 24 hours. After cooling the reaction mixture to room
temperature, the polymer was end-capped with the addition of 1-bromobenzene (0.1
ml, 0.94 mmol) and degassed then heated to 90 °C for 1 hour. Again, the reaction
mixture was cooled to room temperature and the polymer was end-caped with
phenyl boronic acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHCI; (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in H,O, 50 ml), followed by stirring overnight. Then, the
organic layer was separated and washed with distilled water. The organic layer was
concentrated to about 50 ml and poured into methanol:water (10:1, 300 ml). The
resulting mixture was stirred overnight and filtered through a membrane filter. The
collected solid was cleaned using soxhlet extraction with solvents in order methanol
(250 ml), acetone (250 ml), hexane (250 ml), toluene (250 ml), chloroform (250

ml). The toluene and chloroform fractions were concentrated to about 50 ml and
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then poured into degassed methanol (300 ml). The resulting mixtures were stirred
overnight and the solids collected by filtration through a membrane filter. The
different fractions of P8 were obtained as purple powder. Toluene fraction (136 mg,
29.5%), GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 12600, M, = 9100, PD =
1.38. Chloroform fraction (250 mg, 54 %), GPC (1,2,4-trichlorobenzene at 140 °C):
My, = 33900, M, = 25000, PD = 1.35. Elemental Analysis (%) calculated for
CgoH102N2S304: C, 76.75; H, 8.21; N, 2.24; S, 7.68. Found: C, 73.35; H, 8.28 ; N,
1.28; S, 5.60. 'HNMR (500 MHz, C;D,Cl,, 100 °C) d1/ppm: 8.38 (d, J = 21.74 Hz,
4H), 8.09 (s, 2H), 7.80 (d, J = 7.50 Hz, 2H), 7.67 (d, J = 5.82 Hz, 2H), 7.56-7.33
(m, 4H), 7.25-7.10 (m, 4H), 4.19-4.06 (bs, 8H), 1.96-1.80 (bs, 8H), 1.61-1.17 (m,
56H), 0.91-0.78 (m, 12H).

3.4.6. Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(5,6-
bis(octyloxy)-4,7-di(selenophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl]

C12H250 P9

A solution of 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) (0.177 g, 0.1855 mmol) and 4,7-bis(5-
bromoselenophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (38) (0.15 g,
0.1855 mmol) in dry toluene (5 ml) in a 100 ml one-necked round bottom flask and
under argon was degassed. To the reaction mixture was added a 20 % w/w agueous
solution of tetraethylammonium hydroxide (1 ml, 1.35 mmol) and the reaction
mixture was degassed. To the reaction mixture, Pd(OAc), (3.2 mg, 0.015 mmol)
and tri-o-tolyphosphine (8.6 mg, 0.028 mmol) were added and degassed then heated

to 90 °C for 24 hours. After cooling the reaction mixture to room temperature, the
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polymer was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol)
and degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was
cooled to room temperature and the polymer was end-caped with phenyl boronic
acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature, then dissolved in
CHCI3 (300 ml) and to this solution was added an ammonium hydroxide solution
(28 % in H,0, 50 ml), followed by stirring overnight. Then, the organic layer was
separated and washed with distilled water. The organic layer was concentrated to
about 50 ml and poured into methanol:water (10:1, 300 ml). The resulting mixture
was stirred overnight and filtered through a membrane filter. The collected solid
was cleaned using soxhlet extraction with solvents in order methanol (250 ml),
acetone (250 ml), hexane (250 ml), toluene (250 ml), chloroform (250 ml). The
chloroform fraction was concentrated to about 50 ml and then poured into degassed
methanol (300 ml). The resulting mixture was stirred overnight and the solid
collected by filtration through a membrane filter to afford polymer P9 as a purple
powder. Chloroform fraction (231 mg, 92 %), GPC (1,2,4-trichlorobenzene at 140
°C): M,, = 101400, M, = 48700, PD = 2.08. Elemental Analysis (%) calculated for
CsoH102N204SSe;: C, 71.40; H, 7.64; N, 2.08; S, 2.38. Found: C, 70.35; H, 7.53; N,
1.92; S, 3.24. 'THNMR (500 MHz, C;D,Cl, 100 °C) 8n/ppm: ) 8.77 (s, 2H), 8.03 (bs,
2H), 7.76 (bs, 2H), 7.58 (dd, J = 36.16, 4.31 Hz, 4H), 7.45 (d, J = 7.95 Hz, 4H),
7.18 (d, J = 7.95 Hz, 4H), 4.14 (bs, 8H), 2.05-1.82 (m, 8H), 1.61-1.13 (m, 56H),
0.94-0.76 (m, 12H).

3.4.7. Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(4,7-
dithiophen-2-yl)- 2°,1°,3’-benzothiadiazole-5,5-diyl]
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A solution of 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) (0.3 g, 0.315 mmol) and 4,7-bis(5-
bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25) (0.144 g, 0.315 mmol) in dry
toluene (8 ml) in a 100 ml one-necked round bottom flask and under argon was
degassed. To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.7 ml, 2.3 mmol) and the reaction mixture was
degassed. To the reaction mixture, Pd(OAc), (5.4 mg, 0.024 mmol) and tri-o-
tolyphosphine (15 mg, 0.044 mmol) were added and degassed then heated to 90 °C
for 24 hours. After cooling the reaction mixture to room temperature, the polymer
was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol) and
degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was cooled to
room temperature and the polymer was end-caped with phenyl boronic acid (0.15 g,
1.23 mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature, then dissolved in CHCI3 (300 ml)
and to this solution was added an ammonium hydroxide solution (28 % in H,0, 50
ml), followed by refluxing for three hours. The mixture was cooled to room
temperature and the organic layer was separated, 400 mg of disodium
ethylenediaminetetraacetate were added and the mixture was stirred overnight.
Then the suspension was extracted three times with 500 ml of distilled water. The
organic layer was concentrated to about 50 ml and poured into methanol:water
(10:1, 300 ml). The resulting mixture was stirred overnight and filtered through a
membrane filter. The collected solid was cleaned using soxhlet extraction with
solvents in order methanol (250 ml), acetone (250 ml), hexane (250 ml), toluene
(250 ml) and chloroform (250 ml). The toluene and chloroform fractions were
concentrated to about 50 ml and then poured into degassed methanol (300 ml). The
resulting mixtures were stirred overnight and the solids collected by filtration
through membrane filters. The different fractions of polymer P10 were collected as
a purple powder.Toluene fraction (152 mg, 48.5%), GPC (1,2,4-trichlorobenzene at
140 °C): My, = 6400, M, = 4700, PD = 1.36. Chloroform fraction (55 mg, 17.5%),
GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 20100, M, = 13700, PD = 1.46.
Elemental Analysis (%) calculated for CesH7oN2S30,: C, 77.22; H, 7.09; N, 2.81; S,
9.66. Found: C, 61.12; H, 7.12 ; N, 2.64 ; S, 7.83. *HNMR (500 MHz, C,D,Cl, 100
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°C) Su/ppm: ppm 8.08 (bs, 4H), 7.85-7.75 (m, 4H), 7.63 (d, J = 7.87 Hz, 2H), 7.50
(d, J = 7.29 Hz, 2H), 7.41 (d, J = 7.27 Hz, 2H), 7.34 (d, J = 7.29 Hz, 2H), 7.23 (d,
J = 6.96 Hz, 2H), 7.15 (d, J = 6.99 Hz, 2H), 4.17 (m, 4H), 1.97-1.83 (m, 4H),
1.63-1.49 (m, 4H), 1.49-1.18 (m, 32H), 0.93-0.77 (m, 6H).

3.4.8. Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl]
OC12H2s

C12H250 P11

A solution of 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) (0.3 g, 0.314 mmol) and 4,7-bis(5-
bromothiophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (37) (0.225 g,
0.314 mmol) in dry toluene (8 ml) in a 100 ml one-necked round bottom flask and
under argon was degassed. To the reaction mixture was added a 20 % w/w aqueous
solution of tetraethylammonium hydroxide (1.7 ml, 2.3 mmol) and the reaction
mixture was degassed. To the reaction mixture, Pd(OAc), (5.4 mg, 0.024 mmol)
and tri-o-tolyphosphine (17.2 mg, 0.043 mmol) were added and degassed then
heated to 90 °C for 24 hours. After cooling the reaction mixture to room
temperature, the polymer was end-capped with the addition of 1-bromobenzene (0.1
ml, 0.94 mmol) and degassed then heated to 90 °C for 1 hour. Again, the reaction
mixture was cooling to room temperature and the polymer was end-caped with
phenyl boronic acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHCI; (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in H,0O, 50 ml), followed by refluxing for three hours.
The mixture was cooled to room temperature and the organic layer was separated,

82



Chapter Three: Experimental

400 mg of disodium ethylenediaminetetraacetate were added and the mixture was
stirred overnight. Then the suspension was extracted three times with 500 mL of
distilled water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml), toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated to about 50 ml and then poured in to degassed methanol (300 ml). The
resulting mixture stirred overnight and the solid collected by filtration through a
membrane filter. Polymer P11 was obtained as a purple powder. Chloroform
fraction (311 mg, 78.9 %), GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 35400,
M, = 21700, PD = 1.63. Elemental Analysis (%) calculated for CgoH102N2S304: C,
76.75; H, 8.21; N, 2.24; S, 7.68. Found: C, 74.19; H, 8.35 ; N, 2.06 ; S, 6.81.
'HNMR (500 MHz, C,D,Cl4, 100 °C) &n/ppm: 8.40 (s, 2H), 8.11 (s, 2H), 7.79 (d, J
= 8.59 Hz, 2H), 7.67 (d, J = 8.49 Hz, 2H), 7.51 (d, J = 7.58 Hz, 2H), 7.42 (d, J =
7.09 Hz, 2H), 7.37 (d, J = 7.08 Hz, 2H), 7.21 (d, J = 6.62 Hz, 2H), 7.16 (d, J =
6.64 Hz, 2H), 4.15 (m, 8H), 1.97-1.82 (m, 8H), 1.61-1.17 (m, 56H), 0.91-0.77 (m,
12H).

3.4.9. Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(5,6-
bis(octyloxy)-4,7-di(selenophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl]

C12H250 P12

A solution of 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) (0.235 g, 0.247 mmol) and 4,7-bis(5-
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bromoselenophen-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (38) (0.20 g,
0.247 mmol) in dry toluene (6 ml) in a 100 ml one-necked round bottom flask and
under argon was degassed. To the reaction mixture was added a 20 % w/w aqueous
solution of tetraethylammonium hydroxide (1.3 ml, 1.76 mmol) and the reaction
mixture was degassed. To the reaction mixture, Pd(OAc), (4.2 mg, 0.018 mmol)
and tri-o-tolyphosphine (11.56 mg, 0.033 mmol) were added and degassed then
heated to 90 °C for 24 hours. After cooling the reaction mixture to room
temperature, the polymer was was end-capped with the addition of 1-bromobenzene
(0.1 ml, 0.94 mmol) and degassed then heated to 90 °C for 1 hour. Again, the
reaction mixture was cooled to room temperature and the polymer was end-caped
with phenyl boronic acid (0.15 g, 1.23 mmol) and degassed, then the mixture was
heated to 90 °C for 3 hours. The reaction mixture was cooled to room temperature,
then dissolved in CHCI3 (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in H,O, 50 ml), followed by refluxing for three hours.
The mixture was cooled to room temperature and the organic layer was separated,
400 mg of disodium ethylenediaminetetraacetate were added and the mixture was
stirred overnight. Then the suspension was extracted three times with 500 mL of
distilled water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml), toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated to about 50 ml and then poured into degassed methanol (300 ml). The
resulting mixture was stirred overnight and the solid collected by filtration through
a membrane filter. Polymer P12 was obtained as a purple powder. Chloroform
fraction (285 mg, 85.6 %), GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 52200,
M, = 33300, PD = 1.56. Elemental Analysis (%) calculated for CgoH10,N,04SSe;:
C, 71.40; H, 7.64; N, 2.08; S, 2.38. Found: C, 56.50; H, 7.94 ; N, 1.21 ; S, 1.78.
'HNMR (500 MHz, C,D,Cl,, 100 °C) du/ppm: ) 8.73 (d, J = 20.28 Hz, 4H), 8.06
(bs, 2H), 7.76 (d, J = 8.19 Hz, 2H), 7.62 (s, 2H), 7.48 (d, J = 7.93 Hz, 2H), 7.41 (d,
J =7.89 Hz, 2H), 7.21 (d, J = 7.30 Hz, 2H), 7.15 (d, J = 7.32 Hz, 2H), 4.16 (m,
8H), 2.04-1.80 (m, 8H), 1.61-1.17 (m, 56H), 0.91-0.78 (m, 12H).
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3.4.10. Poly[9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl]
OC12Has

OC12H2s
P13

A solution of 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) (0.20 g, 0.210 mmol) and 2,6-dibromo-9,10-
bis(4-(dodecyloxy)phenyl)anthracene. (22) (0.18 g, 0.210 mmol) in dry toluene (5.2
ml) in a 100 ml one-necked round bottom flask and under argon was degassed. To
the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.1 ml, 1.49 mmol) and the reaction mixture was
degassed. To the reaction mixture, Pd(OAc), (3.6 mg, 0.016 mmol) and tri-o-
tolyphosphine (12.6 mg, 0.029 mmol) were added and degassed then heated to 90
°C for 24 hours. After cooling the reaction mixture to room temperature, the
polymer was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol)
and degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was
cooled to room temperature and the polymer was end-caped with phenyl boronic
acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature, then dissolved in
CHCI3 (300 ml) and to this solution was added an ammonium hydroxide solution
(28 % in H,O, 50 ml), followed by refluxing for three hours. The mixture was
cooled to room temperature and the organic layer was separated, 400 mg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL of distilled
water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet

extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
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ml), toluene (250 ml) and chloroform (250 ml). The toluene and chloroform
fractions were concentrated to about 50 ml and then poured into degassed methanol
(300 ml). The resulting mixtures were stirred overnight and the solids collected by
filtration through a membrane filter. The different fractions of P13 were obtained
yellow powders. Toluene fraction (136 mg, 46.5 %), GPC (1,2,4-trichlorobenzene
at 140 °C): M,, = 35300, M, = 21600, PD = 1.6. Chloroform fraction (145 mg,
49.6 %), GPC (1,2,4-trichlorobenzene at 140 °C): M,,= 74900, M, =50800, PD =
1.47. Elemental Analysis (%) calculated for CsoHgsO2: C, 86.15; H, 9.25. Found: C,
80.53; H, 9.15. *HNMR (500 MHz, C,D,CL,4 100 °C) 8n/ppm: 7.96 (s, 2H), 7.76 (d,
J=17.21 Hz, 2H), 7.55 (d, J = 7.97 Hz, 2H), 7.35 (d, J = 7.85 Hz, 4H), 7.11 (d, J =
7.41 Hz, 4H), 4.14 (t, 4H), 1.94-1.83 (m, 4H), 1.61-1.50 (m, 4H), 1.48-1.20 (m,
32H), 0.86 (t, J = 5.95 Hz, 6H).

3.4.11. Poly[9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl]
OC12H2s5

OC12H2s5
P14

A solution of 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) (0.30 g, 0.314 mmol) and 2,7-dibromo-9,10-
bis(4-(dodecyloxy)phenyl)anthracene. (30) (0.269 g, 0.314 mmol) in dry toluene
(7.7 ml) in a 100 ml one-necked round bottom flask and under argon was degassed.
To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.1 ml, 2.30 mmol) and the reaction mixture was
degassed. To the reaction mixture, Pd(OAc), (5.4 mg, 0.024 mmol) and tri-o-
tolyphosphine (14.7 mg, 0.043 mmol) were added and degassed then heated to 90

°C for 24 hours. After cooling the reaction mixture to room temperature, the
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polymer was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol)
and degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was
cooled to room temperature and the polymer was end-caped with phenyl boronic
acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature, then dissolved in
CHCI3 (300 ml) and to this solution was added an ammonium hydroxide solution
(28 % in H,0O, 50 ml), followed by refluxing for three hours. The mixture was
cooled to room temperature and the organic layer was separated, 400 mg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL of distilled
water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml) and toluene (250 ml). The toluene fraction was concentrated to about 50 ml and
then poured into degassed methanol (300 ml). The resulting mixture was stirred
overnight and the solid collected by filtration through a membrane filter. Polymer
P14 was obtained as a yellow powder. Toluene fraction (404 mg, 92 %), GPC
(1,2,4-trichlorobenzene at 140 °C): M,, = 40700, M, = 24900, PD = 1.63.
Elemental Analysis (%) calculated for CsoHgsO,: C, 86.15; H, 9.25. Found: C,
82.98: H, 9.46. 'HNMR (500 MHz, C,D,Cl, 100 °C) 8i/ppm: 7.96 (s, 2H), 7.75 (d,
J =8.71 Hz, 2H), 7.53 (d, J = 8.12 Hz, 2H), 7.35 (m, 4H), 7.11 (m, 4H), 4.11 (t,
4H), 1.92-1.82 (m, 4H), 1.60-1.47 (m, 4H), 1.47-1.16 (m, 32H), 0.91-0.78 (m, 6H).
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3.4.12. Poly [9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,7-diyl]
OCq2H2s

OC12H>5

OCiHys P15

A solution of 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) (0.20 g, 0.210 mmol) and 2,6-dibromo-9,10-
bis(4-(dodecyloxy)phenyl)anthracene. (22) (0.180 g, 0.210 mmol) in dry toluene
(5.2 ml) in a 100 ml one-necked round bottom flask and under argon was degassed.
To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.1 ml, 2.30 mmol) and the reaction mixture was
degassed. To the reaction mixture, Pd(OAc), (3.6 mg, 0.016 mmol) and tri-o-
tolyphosphine (14.7 mg, 0.029 mmol) were added and degassed then heated to 90
°C for 24 hours. After cooling the reaction mixture to room temperature, the
polymer was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol)
and degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was
cooled to room temperature and the polymer was end-caped with phenyl boronic
acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature, then dissolved in
CHCI3 (300 ml) and to this solution was added an ammonium hydroxide solution
(28 % in H,0O, 50 ml), followed by refluxing for three hours. The mixture was
cooled to room temperature and the organic layer was separated, 400 mg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL of distilled
water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
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filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml) and toluene (250 ml). The toluene fraction was concentrated to about 50 ml and
then poured into degassed methanol (300 ml). The resulting mixture was stirred
overnight and the solid collected by filtration through a membrane filter. Polymer
P15 was obtained as a yellow powder. Toluene fraction (155 mg, 39 %), GPC
(1,2,4-trichlorobenzene at 140 °C): M, = 46300, M, = 29000, PD = 1.63. Elemental
Analysis (%) calculated for Cy00H12804: C, 86.15; H, 9.25. Found: C, 83.62; H,
9.57. 'HNMR (500 MHz, C,D,Cl, 100 °C) 8y/ppm: 7.94 (bs, 4H), 7.74 (d, J = 8.70
Hz, 4H), 7.54 (d, J = 4.77 Hz, 4H), 7.35 (d, J = 8.84 Hz, 8H), 7.11 (bs, 8H), 4.12
(m, 8H), 1.95-1.82 (m, 8H), 1.61-1.48 (m, 8H), 1.47-1.14 (m, 64H), 0.91-0.78 (m,
12H).

3.4.13. Poly [9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-3,6-bis(thiophen-5-
yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl]

P16

A solution of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)-9H-carbazole (7) (0.1926 g, 0.293 mmol) and 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34) (0.20 g, 0.293
mmol) in dry toluene (7 ml) in a 100 ml one-necked round bottom flask and under
argon was degassed. To the reaction mixture was added a 20 % w/w aqueous
solution of tetraethylammonium hydroxide (1.55 ml, 2.1 mmol) and the reaction
mixture was degassed. To the reaction mixture, Pd(OAc), (4.65 mg, 0.021 mmol)
and tri-o-tolyphosphine (12.6 mg, 0.037 mmol) were added and degassed then
heated to 90 °C for 24 hours. After cooling the reaction mixture to room
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temperature, the polymer was end-capped with the addition of 1-bromobenzene (0.1
ml, 0.94 mmol) and degassed then heated to 90 °C for 1 hour. Again, the reaction
mixture was cooled to room temperature and the polymer was end-caped with
phenyl boronic acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHCI; (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in H,O, 50 ml), followed by refluxing for three hours.
The mixture was cooled to room temperature and the organic layer was separated,
400 mg of disodium ethylenediaminetetraacetate were added and the mixture was
stirred overnight. Then the suspension was extracted three times with 500 mL of
distilled water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulting mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml),toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated to about 50 ml and then poured into degassed methanol (300 ml). The
resulting mixture was stirred overnight and the solid collected by filtration through
a membrane filter. Polymer P16 was obtained as a green powder. Chloroform
fraction (182 mg, 67.1 %), GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 78800,
M, = 39600, PD = 1.99. Elemental Analysis (%) calculated for CsgH7gN30,S;: C,
76.40; H, 8.60; N, 4.54; S, 6.92. Found: C, 73.70; H, 8.49; N, 4.27; S, 7.07.
'HNMR (500 MHz, C,D,Cl,, 100 °C) dn/ppm: 8.91 (s, 2H), 8.09 (d, J = 8.09 Hz,
2H), 7.77 (bs, 2H), 7.55 (s, 4H), 4.61 (d, 1H), 4.10 (bs, 4H), 2.32 (bs, 2H), 2.02 (s,
4H), 1.52-1.06 (m, 40H), 0.97 (t, J = 6.77 Hz, 6H), 0.88 (t, J = 6.22 Hz, 6H), 0.78
(t, J =6.66 Hz, 6H).
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3.4.14. Poly [3,6-difluoro-9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-3,6-
bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5°-
diyl]

P17

A solution of 3,6-difluoro-9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (35) (0.203 g, 0.293 mmol) and 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(34) (0.20 g, 0.293 mmol) in dry toluene (7 ml) in a 100 ml one-necked round
bottom flask and under argon was degassed. To the reaction mixture was added a

20 % wi/w aqueous solution of tetraethylammonium hydroxide (1.55 ml, 2.1 mmol)
and the reaction mixture was degassed. To the reaction mixture, Pd(OAc), (4.65
mg, 0.021 mmol) and tri-o-tolyphosphine (12.6 mg, 0.037 mmol) were added and
degassed then heated to 90 °C for 24 hours. After cooling the reaction mixture to
room temperature, the polymer was end-capped with the addition of 1-
bromobenzene (0.1 ml, 0.94 mmol) and degassed then heated to 90 °C for 1 hour.
Again, the reaction mixture was cooled to room temperature and the polymer was
end-caped with phenyl boronic acid (0.15 g, 1.23 mmol) and degassed, then the
mixture was heated to 90 °C for 3 hours. The reaction mixture was cooled to room
temperature, then dissolved in CHCI3 (300 ml) and to this solution was added an
ammonium hydroxide solution (28 % in H,O, 50 ml), followed by refluxing for
three hours. The mixture was cooled to room temperature and the organic layer was
separated, 400 mg of disodium ethylenediaminetetraacetate were added and the
mixture was stirred overnight. Then the suspension was extracted three times with
500 mL of distilled water. The organic layer was concentrated to about 50 ml and
poured into methanol:water (10:1, 300 ml). The resulting mixture was stirred

overnight and filtered through a membrane filter. The collected solid was cleaned
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using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml) and toluene (250 ml). The toluene fraction was concentrated
to about 50 ml and then poured into degassed methanol (300 ml). The resulting
mixture was stirred overnight and the solid collected by filtration through a
membrane filter. Polymer P17 was obtained as a green powder. Toluene fraction
(35 mg, 12.4 %), GPC (1,2,4-trichlorobenzene at 140 °C): M, = 17100, M, =
12200, PD = 1.4. Elemental Analysis (%) calculated for CsgH77N30,S,F2: C, 76.63;
H, 8.06; N, 3.95; S, 6.66. Found: C, 73.61; H, 8.81; N, 4.16; S, 6.39. *HNMR (500
MHz, C,D,Cl,, 100 °C) 8/ppm: 9.07 (d, J = 7.45 Hz, 2H), 8.95 (d, J = 7.38 Hz,
2H), 7.94-7.73 (m, 2H), 7.53 (s, 2H), 4.62 (m, 1H), 4.16 (d, 4H), 2.35 (bs, 1H),
2.17-1.97 (m, 4H), 1.72-1.12 (m, 40H), 1.10-0.84 (m, 18H).

3.4.15. Poly [9,6-dioctyl-9H-fluornene-2,7-diyl-alt-3,6-bis(thiophen-5-yl)-2,5-
di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5-diyl]

CgH17 CgHq7 (@)

P18
A solution of 9,9-dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (36)
(0.163 g, 0.293 mmol) and 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34) (0.20 g, 0.293 mmol) in
dry toluene (7 ml) in a 100 ml one-necked round bottom flask and under argon was
degassed. To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.55 ml, 2.1 mmol) and the reaction mixture was
degassed. To the reaction mixture, Pd(OAc), (4.65 mg, 0.021 mmol) and tri-o-
tolyphosphine (12.6 mg, 0.037 mmol) were added and degassed then heated to 90
°C for 24 hours. After cooling the reaction mixture to room temperature, the

polymer was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94 mmol)
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and degassed then heated to 90 °C for 1 hour. Again, the reaction mixture was
cooled to room temperature and the poymer was end-caped with phenyl boronic
acid (0.15 g, 1.23 mmol) and degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature then dissolved in
CHCI3 (300 ml) and to this solution was added an ammonium hydroxide solution
(28 % in H,0O, 50 ml), followed by refluxing for three hours. The mixture was
cooled to room temperature and the organic layer was separated, 400 mg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL of distilled
water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resulted mixture was stirred overnight and
filtered through a membrane filter. The collected solid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml), toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated to about 50 ml and then poured into degassed methanol (300 ml). The
resulting mixture was stirred overnight and the solid collected by filtration through
a membrane filter. Polymer P18 was obtained as a green powder. Chloroform
fraction (90 mg, 33.7 %), GPC (1,2,4-trichlorobenzene at 140 °C): M,, = 40100,
M, = 25400, PD = 1.57. Elemental Analysis (%) calculated for CsgH7gN20,S;: C,
77.75; H, 8.63; N, 3.07; S, 7.04. Found: C, 75.05; H, 8.91; N, 2.83; S, 6.69.
'HNMR (500 MHz, C,D,Cl4, 100 °C) &n/ppm: 8.96 (s, 2H), 7.84 (s, 2H), 7.75 (d, J
= 18.04 Hz, 4H), 7.61 (s, 2H), 4.18 (d, 4H), 2.11 (d, J = 37.70 Hz, 6H), 1.61-1.10
(m, 40H), 1.04 (m, 6H), 0.97 (m, 6H), 0.89 (m, 6H).
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3.4.16. Poly [9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-3,6-
bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5°-
diyl]

P19
A solution of 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) (0.279 g, 0.293 mmol) and 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(34) (0.20 g, 0.293 mmol) in dry toluene (7 ml) in a 100 ml one-necked round
bottom flask and under argon was degassed. To the reaction mixture was added a

20 % wi/w aqueous solution of tetraethylammonium hydroxide (1.55 ml, 2.1 mmol)
and the reaction mixture was degassed. To the reaction mixture, Pd(OAc), (4.65
mg, 0.021 mmol) and tri-o-tolyphosphine (12.6 mg, 0.037 mmol) were added and
degassed then heated to 90 °C for 24 hours. After cooling the reaction mixture to
room temperature, the polymer was end-capped with the addition of 1-
bromobenzene (0.1 ml, 0.94 mmol) and degassed then heated to 90 °C for 1 hour.
Again, the reaction mixture was cooled to room temperature and the polymer was
end-caped with phenyl boronic acid (0.15 g, 1.23 mmol) and degassed, then the
mixture was heated to 90 °C for 3 hours. The reaction mixture was cooled to room
temperature, then dissolved in CHCI3 (300 ml) and to this solution was added an
ammonium hydroxide solution (28 % in H,O, 50 ml), followed by refluxing for
three hours. The mixture was cooled to room temperature and the organic layer was
separated, 400 mg of disodium ethylenediaminetetraacetate were added and the
mixture was stirred overnight. Then the suspension was extracted three times with

500 mL of distilled water. The organic layer was concentrated to about 50 ml and
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poured into methanol:water (10:1, 300 ml). The resulting mixture was stirred
overnight and filtered through a membrane filter. The collected solid was cleaned
using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml), toluene (250 ml) and chloroform (250 ml). The chloroform
fraction was concentrated to about 50 ml and then poured into degassed methanol
(300 ml). The resulting mixture was stirred overnight and the solid collected by
filtration through a membrane filter. Polymer P19 was obtained as a green powder.
Chloroform fraction (208 mg, 58.2 %), GPC (1,2,4-trichlorobenzene at 140 °C): My,
= 12600, M, = 9100, PD = 1.4. Elemental Analysis (%) calculated for
CsoH102N204S,: C, 78.77; H, 8.43; N, 2.30; S, 5.26. Found: C, 76.27; H, 8.52; N,
2.16; S, 4.98. 'HNMR (500 MHz, C;D,Cls, 100 °C) dn/ppm: 8.88 (s, 2H), 8.09 (s,
2H), 7.82 (d, J = 8.94 Hz, 2H), 7.60 (d, J = 9.06 Hz, 2H), 7.41 b(s, 6H), 7.16 (d, J
= 7.59 Hz, 4H), 4.13 (m, 4H), 3.98 (m, 4H), 1.90 (bs, 6H), 1.62-1.12 (m, 52H),
0.95-0.73 (m, 18H).

3.4.17. Poly [9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-3,6-
bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5°-
diyl]

P20
A solution of 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) (0.20 g, 0.210 mmol) and 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(34) (0.143 g, 0.210 mmol) in dry toluene (5 ml) in 100ml one-necked round

bottom flask and under argon was degassed. To the reaction mixture was added a
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20 % wi/w aqueous solution of tetraethylammonium hydroxide (1.55 ml, 1.49
mmol) and degassed. To the reaction mixture mixture, Pd(OAc), (3.4 mg, 0.015
mmol) and tri-o-tolyphosphine (9.3 mg, 0.027 mmol) were added and degassed
then heated to 90 °C for 24 hours. After cooling the reaction mixture to the room
temperature was end-capped with the addition of 1-bromobenzene (0.1 ml, 0.94
mmol) and degassed then heated 90 C for 1 hour. Again, the reaction mixture was
cooling to room temperature was end-caped with phenyl boronic acid (0.15 g, 1.23
mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature then dissolved in CHCI; (300 ml)
and to this solution was added an ammonium hydroxide solution (28 % in H,0, 50
ml), followed by refluxing for three hours. The mixture was cooled to room
temperature and the organic layer was separated, 400 mg of disodium
ethylenediaminetetraacetate were added and the mixture was stirred overnight.
Then the suspension was extracted three times with 500 mL of distilled water. The
organic layer was concentrated to about 50 ml and poured into methanol:water
(10:1, 300 ml). The result mixture was stirred overnight and filtered through a
membrane filter. The collection solid was cleaned using a soxhlet extraction with
solvents in order methanol (250 ml), acetone (250 ml), hexane (250 ml), toluene
(250 ml) and chloroform (250 ml). The chloroform fraction was concentrated to
about 50 ml and then poured in to degassed methanol (300 ml). The result mixture
stirred overnight and the solid collected by filtration through membrane filter. The
fraction was green powders. Chloroform fraction (0.196 mg, 76.5 %), GPC (1,2,4-
trichlorobenzene at 140 °C): M,, = 12700, n = 9100, PD = 1.4. Elemental
Analysis (%) calculated for CgoH102N204S,: C, 78.77; H, 8.43; N, 2.30; S, 5.26.
Found: C, 74.77; H, 8.50; N, 2.07; S, 4.57. *HNMR (500 MHz, C,D,CL4 100 °C)
dn/ppm: 8.98 (d, J = 8.94 Hz, 2H), 8.20 (d, J = 10.85 Hz, 2H), 7.89 (d, J = 8.51
Hz, 2H), 7.68 (d, J = 8.64 Hz, 2H), 7.49 (m, 6H), 7.24 (m, 4H), 4.22 (m, 4H), 4.08
(m, 4H), 1.99 (bs, 6H), 1.74-1.22 (m, 52H), 1.06-0.84 (m, 18H).
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Chapter Four: Results and Discussion — Monomers

4.1. Synthesis of monomers for polymers P1, P2 and P3

In order to prepare polymers P1, P2 and P3, monomers (7) and (11) as shown in
Figure 32 were prepared successfully. In addition, monomer (35) was prepared by
A. Alghamdi of the Iraqi group using the same preparation route to monomer (7).

Moreover, monomer (36) was bought from Sigma Aldrich.

C8H17 CgH47

i“i@’*ﬁ

C8H17 C8H17
(33) (36)

Figure 32. Monomers required for the preparation of polymers P1, P2 and P3.

A series intermediates were prepared successfully in order to prepare (7) and (11),
and their’s structure and purity were confirmed by TLC, HNMR, “*CNMR,

elemental analysis, mass spectrometry, melting point, and FT-IR.

9-(Heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole (7) was prepared in seven steps as shown in Scheme 1 starting from 1,4-

dibromo-2-nitrobenzene.
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NO, NO, NH,
oo ——= 2O —— o —

ON HoN

) 2)

(1

57
N
e} @] o) )
817 B—B\
CgH
BrBr g7 ) BrBr
: ¥
H
CgHi7~ CgHyz
(3)
(6)
o, 0
I .'B B\
o] )N\ @]
CgHy77 CgHyr
(7)
H
I O CeHy
CgHq7Br —_— CgHi7~ CgHyz - = 4©;?|’-0_<
o] CgHy7
(4) (5)

Scheme 1. The preparation route for 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole (7).

On the other hand, 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]
thiadiazole (11) was prepared in four steps as shown in Scheme 2, starting from N-

methyl-pyrrole and benzo[c][1,2,5]thiadiazole.
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Scheme 2. The preparation route for 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-
yl)benzo[c][1,2,5]thiadiazole (11).

4.1.1. 4,4'-Dibromo-2,2'-dinitrobiphenyl (1)

The preparation of 4,4'-dibromo-2,2'-dinitrobiphenyl (1) was carried out according
to a modified method by Yamoto et al ***. The reaction was performed by heating a
mixture of 1,4-dibromo-2-nitrobenzene and copper powder in DMF at 120 °C for
three hours as shown in Scheme 3. In addition, the purification was carried out
using recrystalization from ethanol to obtain the target product (1) as yellow

crystals. The TLC gave a single spot and the yield was 95%.

NO,
Cu / DMF
Br Br Br
120 C
(1)

Scheme 3. Synthesis of 4,4'-dibromo-2,2'-dinitrobiphenyl (1).
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The reaction was performed using the Ullman coupling which is a coupling reaction
between aryl halides using copper **°. The reaction goes through two steps. The
first step is a nucleophilic attack of copper to the C-Br bond on the phenyl ring
which is activated by the nitro group in the ortho position which leads to the
creation of copper bromide complex in the ring. The second step is a nucleophilic
substitution due to the effect of copper bromide. The complex which results from
the first step attacks C-Br bond in the position 1 in the second molecule (1,4-

dibromo-2-nitrobenzene).

Step 1. )
RS %2
oN~ @N
o T\ )OB
Br Br + Cu —>» Br )
Cu
)
N\ _O
—_— Br CuBr
Step 2 ) O 8) O
P O\ pre) A _O
oN oN

D) )
Br Br —> Br Br + BrCu@—
NO,
. O O ”

CuBr,

(1)
Scheme 4. The mechanism of preparation of 4,4'-dibromo-2,2'-dinitrobiphenyl (1).

The structure and purity of the target product (1) were confirmed by TLC, *H
NMR, *C NMR, elemental analysis, mass spectrometry, melting point and FT-IR.
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The TLC gave a single spot and the melting point (146-148 °C) is in agreement
with literature value 148 °C *2. The elemental analysis for CHNBr confirmed the
structure of the target product. The mass spectra illustrates the main integer masses
of (1), which are obtained at 400, 402, 404 (M") in 1:2:1 intensites because of the
bromine isotopes (**Br and "°Br).

The *HNMR spectrum shows the aromatic peaks, doublet at 8.40 ppm, doublet of
doublet at 8.85 ppm and doublet at 7.19 ppm. The *CNMR spectra illustrated six
peaks in the aromatic region from 147.3 to 122.9. The FT-IR of the target product
illustrates the stretching vibration bands for the aromatic nitro group at 1977 cm™
and 1336 cm™. The stretch vibration at 3100 cm™ is correlated to aromatic C — H
bond. The C-Br stretching vibration is displayed at 1097 cm™.

4.1.2. 4,4'-dibromobiphenyl-2,2'-diamine (2)

The preparation of 4,4'-dibromobiphenyl-2,2'-diamine (2) was carried out according
to a modified method by Yamoto et al **. The reaction was performed by refluxing
a mixture of 4,4'-dibromo-2,2'-dinitrobiphenyl (1) and tin powder in a mixture
solution of ethanol and HCI for 150 minutes as shown in Scheme 5. The starting
material (4,4'-dibromo-2,2'-dinitrobiphenyl (1)) has a low solubility in the mixture
of HCI and ethanol while the product is soluble. Thus, tin powder was added within
two portions because after 90 minutes, there was still heterogeneous mixture which
indicates that the starting material had not been consumed. In addition, the
purification was carried out using recrystalization from ethanol to obtain the target

product (2) as a yellow powder. The TLC gave single spot and the yield was 89.6%.

NO, NH,
Sn
Br O O Br > Br O O Br
HCI / C,H50H
NO, NH,
(1) (2)

Scheme 5. Preparation of 4,4'-dibromobiphenyl-2,2'-diamine (2).
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The mechanism of this reaction is proposed by Morrison and Bayd *. The
reduction of nitro groups to the amino groups takes place within two steps as shown
in Scheme 6. The first step is the creation of protonated amine under acidic
condition followed by reduction reaction. The second step is a basification reaction

by treatment with base which leads to the generation of the amine.

@
NO, 3 Sn + 18 HCI NH,
G e Do —
OZN Hsléi)
(1)
+ 2H,SnClg + 4H,0
18 NaOH

NH,

A,_, BrBr + 3Sn0,.H,0 +18NaCl + 13H,0
HoN
2)

Scheme 6. The mechanism of preparation of 4,4'-dibromobiphenyl-2,2'-diamine (2).

The structure and purity of the target product (2) were confirmed by TLC, *H
NMR, *C NMR, elemental analysis, mass spectrometry, melting point and FT-IR.
The TLC gave a single spot and the melting point (191-193 °C) is in agreement
with literature value 192°C '*2. The elemental analysis for CHNBr confirmed the
structure of the target product. The mass spectra illustrates the main integer masses
of (2), which are obtained at 340, 342 and 344 (M") in 1:2:1 intensites because of

the bromine isotopes (3*Br and "°Br).

The 'HNMR spectrum shows a singlet peak at 6.95 ppm for the aromatic protons.
In addition, the spectrum show a broad singlet peak at 3.76 ppm which corresponds
to the N — H protons. The *CNMR spectrum illustrated six peaks in the aromatic
region from 145.4 ppm to 118.1 ppm which correspond very well with the structure

of the target product.
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4.1.3. 2,7-Dibromo-9H-carbazole (3)

The preparation of 2,7-dibromo-9H-carbazole (3) was carried out according to a
modified method by Sonntaq et al **%. The reaction was performed by heating 4,4"-
dibromobiphenyl-2,2'-diamine (2) in concentrated phosphoric acid at 190 °C
overnight as shown in Scheme 7. In addition, the purification was carried out using
recrystalization from a mixture of toluene and hexane (10:1) to obtain the target

product (3) as white crystals. The TLC gave a single spot and the yield was 60%.

NH,
H;PO
9SSRI s O
N
HoN

|
H

(2) (3)
Scheme 7. The preparation of 2,7-dibromo-9H-carbazole (3).

2,7-Dibromo-9H-carbazole was formed via a cyclisation reaction. The mechanism
of its preparation is not fully understood. The proposed mechanism might consist
of two steps as shown in Scheme 8. The first step of the mechanism is the
protonation of the —NH, under acidic conditions to form NHs;" on one of the
biphenyl rings. The second step is elimination of NH;" (a good leaving group)

which requires very high temperature then cyclisation takes place.

H3N)
er L. O ~ b

(2)

®)
Scheme 8. The mechanism of preparation of 2,7-dibromo-9H-carbazole (3).

The structure and purity of the target product (3) were confirmed by TLC, *HNMR,

BCNMR, elemental analysis, mass spectrometry, melting point and FT-IR. The
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TLC gave a single spot and the melting point (229-230 °C) is in agreement with the
literature value (230-232 °C) *.The elemental analysis for CHNBr confirmed the
structure of the target product. The mass spectrum illustrate the main integer masses
of (3) which are obtained at 323, 325, 327 (M") in 1:2:1 intensites because of the
bromine isotopes (**Br and "°Br).

The *HNMR spectrum shows aromatic peaks; doublet peaks at 7.89, 7.58 and
doublet of doublet at 7.38 ppm. The spectrum shows a broad singlet peak at 8.06
ppm ppm which is related to the N — H proton. The **CNMR spectrum illustrates
six peaks in the aromatic region from 140.2 ppm to 113.8 ppm which correspond
very well with the structure of the target product. The FT-IR of the target product
illustrates the stretching vibration bands for (N - H) group at 3315 cm™, the
stretching vibration bands for (C — N) group appears at 1241 cm™. The C-H
stretching vibration is displayed at 2596, 2916, 2872 and 2848 cm™.

4.1.4. Heptadecan-9-ol (4)

The preparation of heptadecan-9-ol (4) was performed according to the method by

Leclerc et al.*®

using a reaction of octylmagnesium bromide first prepared by a
adding solution of bromoctane in THF to magnesium in THF. The reaction mixture
was added drop wise to a solution of ethyl formate in THF at -78 °C as shown in
Scheme 9. The reaction was quenched by adding a mixture solution of methanol
and NH4ClI. The product did not require purification and it was used directly in the

next step as a colourless oil, the yield is 90.6%.

1. Mg / THF OH
CSH17BI‘
2. HCOOC,Hs/ THF ~ CsHi7 CeHiz

(4)
Scheme 9. The preparation of heptadecan-9-ol (4).

The preparation of heptadecan-9-ol (4) goes through two steps. The first step is

formation of Grignard reagent (RMgX). The second step involves a nuclophilic
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attack of the first Grignard reagent on the carbonyl group in the ethyl formate form
an aldehyde. The carbonyl group in aldehyde is more reactive than before (the
carbonyl in the ethyl formate), as a result, the second nucleophilic attack by
Grignard reagent takes place, then a hydrolysis reaction results in formation of the

target product (4).

)OE QO MgBr
H O/\ + R—MgBr . H%O/\ —

CAC)
H R + R—MgBr ——> R)\R —H> R R
R= CaHry 4)

Scheme 10. The mechanism of preparation of heptadecan-9-ol (4).

The structure of the target product (4) was confirmed by TLC, *HNMR, *CNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The TLC gave a
single spot and the melting point (29-30 °C) is in agreement with the literature
value (28-31 °C) M°.The elemental analysis for CH confirmed the structure of the
target product. The mass spectrum illustrates the main integer mass of (4) at 256

(M) which is in agreement with the proposed structure.

The *HNMR spectrum shows the assumed peaks, a broad peak at 3.59 ppm can be
assigned to the (O — H) proton, a multiplet at 1.40 ppm corresponds to the alkyl
chain and a triplet at 0.90 ppm is related to the (CHs) protons at the end of the alkyl
chains. The **CNMR spectrum shows nine peaks from 72.0 ppm to 14.12 ppm. The
FT-IR of the target product illustrates the stretching vibration bands for the
hydroxyl group (O - H) at 3315 cm™, the stretching vibration bands for (C — O)
group appears at 1241 cm™. The C-H stretching vibration bands are displayed at
2996, 2916, 2872 and 2848 cm™, the bending vibration at 1465 and 1375 are related
to CH, and CHj3 bends respectively.

105



Chapter Four: Results and discussion-Monomers

4.1.5. Heptadecan-9-yl 4-methylbenzenesulfonate (5)

The preparation of heptadecan-9-yl 4-methylbenzenesulfonate (5) was carried out
according to a modified method by Leclerc et al **. The reaction was performed by
adding a solution of p — toluene sulfonyl chloride in DCM to a mixture of
heptadecn-9-ol, triethylamine and MesN.HCI in DCM at 0 °C as shown in Scheme
11. In addition, the purification was carried out using silica gel column
chromatography in 89:9:2 petroleum ether (40:60) / ethyl acetate / triethyl amine to
obtain the target product (5) as a white solid, triethylamine was added to the column
chromatography to avoid the product degradation due to silica gel acidity. The TLC
gave a single spot and the yield was 75%.
OH

Q CgH
Et;N / MesN.HCI i 8h17
gH17 817 DCM g CeHyy

(4) ®)

O=w=0

Scheme 11. The preparation of heptadecan-9-yl 4-methylbenzenesulfonate (5).

This is a tosylation reaction in which the trimethylamine hydrochloride salt acts as a
catalyst in presence of the base (triethylamine). Thus, Mes.N.HCI reacts with EtsN
forming MesN which reacts with TsCl and generates the tosylate reagent
(TsN*MesClI). Then, the tosylate reagent reacts with heptadecan-9-ol (4) to obtain
the target product and Me3.N.HCI which starts new cycle as shown in Scheme 12.

ROTs Me3N.HCI EtN

ROH TsN*MesCI Me;N Et;N*HCI

TsCl
Scheme 12. The mechanism of preparation of heptadecan-9-yl 4-

methylbenzenesulfonate (5).
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The structure of the target product (5) were confirmed by TLC, *HNMR, “CNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The TLC gave a
single spot and the melting point (32 °C) is in agreement with the literature value
(31-32 °C) ®. The elemental analysis for CH confirmed the structure of the target
product. The mass spectrum illustrate the main integer mass of (5) at 410 (M")
which is in agreement with the proposed structure.

The *"HNMR spectrum confirms the proposed structure with a multiplet peak at 3.59
ppm which corresponds to the (O - C — H) proton and a triplet peak at 0.90 ppm
which can be assigned to CHs protons at the end of alkyl chains. The *CNMR
spectrum illustrate fourteen peaks from 144.2 ppm to 14.0 ppm, which corresponds
very well with the structure of target product. The FT-IR of the target product
shows that the stretching vibration bands for the hydroxyl group (O - H) at 3315
cm™* for Heptadecan-9-ol (4) disappeared, a stretch vibration band at 2954 cm™ for
aromatic C — H is observed. The C — H bend is displayed at 881, 766, and 741 cm™.

4.1.6. 2,7-Dibromo-9-(heptadecan-9-yl)-9H-carbazole (6)

2,7-Dibromo-9-(heptadecan-9-yl)-9H-carbazole (6) was synthesised according to a
modified procedure by Leclerc et al **®. The reaction was performed by adding a
solution of heptadecan-9-yl 4-methylbenzenesulfonate (5) in dry DMSO dropwise
to a mixture of 2,7-dibromocarbazole and KOH in DMSO as shown in Scheme 13.
The purification was carried out using silica gel column chromatography with the
crude product pre-absorbed onto silica gel and eluted with petroleum ether (40-
60%) to obtain the target product as white crystals. The TLC gave a single spot and
the yield was 57.7%.

Brsr QS g . BrBr

=0

o) CgHi7 DMSO N
CeHy7 CgHi7

3) (5) (6)
Scheme 13. The preparation of 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (6)
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The reaction involved a deprotonation of the —-NH group with the base (KOH)
which gives the anion on the nitrogen. The next step is nuclophilic attack on the
carbon attached to the toyslate group (which is a good leaving group) to give the

target product (6) as shown in Scheme 14.

OO

CgH17 CgH17
(6)

Scheme 14. The mechanism for the preparation of 2,7-dibromo-9-(heptadecan-9-yl)-
9H-carbazole (6).

The structure of the target product (6) was confirmed by TLC, *HNMR, CNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The TLC gave a
single spot and the melting point (59-60 °C) is in agreement with literature value
(59-61 °C) '**. The elemental analysis for CHNBr confirmed the structure of the
target product. The mass spectrum illustrates the main integer mass of (6) at 563,
565, 567 (M*) in 1:2:1 intensities because of the bromine isotopes (¢'Br and "°Br).

The *HNMR spectrum illustrated the aromatic peaks; a triplet peak at 7.92 ppm,
singlet peaks at 7.71 and 7.56 ppm, a doublet peak at 7.35 ppm which are related to
the carbazole protons. In addition, the spectrum shows a multiplet peak at 4.43 ppm
which is related to (N — C - H) proton and the triplet peak at 0.85 ppm which can be
assigned to the CHj3 groups at the end of the alkyl chain. The broadening of the
peaks in the *CNMR is due to a phenomenon known as atropisomerism **’, which
leads to multiple peaks. This phenomenon was first reported by Christie in 1922,

atropisomerism arises when rotation around a single bond is restricted **°. The FT-
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IR of the target product illustrates that the stretching vibration bands for (N - H)
group displays at 3315 cm™ in 2, 7-dibromo-9H-carbazole (3) disappeared.

4.1.7. 9-(Heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-carbazole (7)

The  preparation of  9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (7) was carried out using a modified procedure by
Jo et al M. The reaction was performed by heating mixture of 2,7-dibromo-9-
(heptadecan-9-yl)-9H-carbazole (6), bis(pinacolato) diboron , potassium acetate and
the [1,1’-bis(diphenylphosphino)ferrocene] dichloropalladium (1) (Pd(dppf)Cly) in
DMF at 100 °C for 36 hours as shown in Scheme 15. An excess of bis(pinacolato)
diboron was used to prevent the creation of oligomers. The colour of the reactive
micture changed to black during the reaction. Recrystallization was carried out
using diethyl ether and methanol. Firstly, methanol was passed through basic
alumina column to remove any acidic trace because the boronic ester is very
sensitive to acids. The product was dissolved in the mininum amount of diethyl
ether and added to the hot methanol so diethyl ether was evaporated and the target
product precipitated and the impurities were dissolved in methanol. The target
product was obtained with 60% yield as white crystals.

0 0o Pd(dppf)Cl
”\Br + o—g (dppf) aldpp™
d o KOAc / DMF
CsH17 CgHi7 CsH17 CgHy7

(6) (7)

Scheme 15. The preparation of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (7).

The mechanism of this reaction is similar to the Suzuki cross coupling mechanism
and it consists of five steps as shown in Scheme 16. The first step is reduction of
Pd(dppf)Cl, from Pd (I1) to Pd (0). The second step is oxidative addition reaction
that couples the Pd(dppf) to the 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (6)
which forms a palladium(11) complex. The third step is activation of this complex
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by using potassium acetate and the bromide group is substituted with an acetate
group. The fourth step is transmetalation that bis(pinacolate) diboron is reacted
with the palladium complex which generates the boron palladium complex. The last
step is reductive elimination to obtain the target product and regeneration the
Pd(dppf) again which starts a new catalytic cycle.

Pd"(dppf)Cl,

o

Pd©)(dppf)
Oxidative
addition
reaction

Reductive
elemination

Pd(dppf)
Br/

KOcA
Subsitution
step

O\
B—OAc
0 Transmetallation

_Pd"(dppf)
AcO

% F PdC,
CgH17 ¢ !
R= OAc = )J\o Pdidppf)Cly = 7

L 2—p.

CgH17 '

Scheme 16. The mechanism of preparation of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (7).

The structure of the target product (7) was confirmed by *HNMR, “CNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The melting point
(127-128 °C) is in agreement with literature value (128-130 °C) ***. The elemental

analysis for CHN confirmed the structure of the target product. The mass spectrum
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illustrates the main integer mass of (7) at 657.5 (M") which is in agreement with the
proposed structure. The *HNMR spectrum confirms the structure of 9-(heptadecan-
9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole  (7) as
shown in Figure 33. The spectrum shows broad peaks at 8.15, 8.05 and 7.91 ppm
which are related to the carbazole protons in the positions (a) and (b). It is
interesting to note that the carbazole protons in the position (a) are displayed in two
different environments as as result of restricted rotation at the C-N bond. The
doublet peak at 7.69 ppm can be assigned to the carbazole protons in the position
(c). The multiplet peak at 4.72 ppm can be assigned to the (R,CHN) proton in the
position (d). The multiplet peaks at 2.36, 1.97 and 1.22 ppm correspond to the
alkyl chain protons that are attached to the carbazole in the positions ((e) to (k)).
The triplet peak at 0.84 ppm is related the six protons on the CH3 groups at the end
of the alkyl chains that are attached to the carbazole. The singlet peak observed at
1.42 ppm can be assigned to the methyl group of the boronic ester protons in the

positions (m). The *CNMR also confirms the structure of (7).

N

m b C_ b m
m B B\ m
/
m (@] a a (@] m
m € m
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f-k

85 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 ppm

Figure 33. The "HNMR spectrum of 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole (7).
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4.1.8. 4,7-Dibromobenzolc][1,2,5]thiadiazole (8)

The preparation of 4,7-dibromobenzo[c][1,2,5]thiadiazole (8) was carried out
according to a modified procedure by Zoombelt et al ™°. The reaction was
performed by heating 1,2,5-benzothiadiazole in hydrogen bromide at 110 °C and
bromine was added dropwise within 90 minutes. Also, further hydrogen bromide
was added to the reaction mixture in order to facilitate stirring toward the end of
reaction as shown in Scheme 17. The purification was carried out by In
recrystallization from a mixture of THF : methanol (1:1) to obtain the target product

as white needles with 81.4% yield.

/S\ /S\
N N N N
N/ \N/
Br,
e Br Br
HBr
(8)

Scheme 17. The preparation of 4,7-dibromobenzo[c][1,2,5]thiadiazole (8).

The reaction was performed by electrophilic substitution to the 4- and 7- positions
which are activated by nitrogen atoms. However, when the substitution in the
positions 4- and 7- occur, the 5- and 6- positions are activated by the neighbouring
bromine substituents and so a small amount of tris- and tetrakis- bromine
substituented products might be formed which can be removed easily by

recrystallization.

Br

HBr —— HT  +

H* + B, ——~——— HBr  +  Br

S

N N/S\N N/S\N e
N N N N
\ /) \ \_/ \ /)
O ' O == -
r
VBr —_— " —_— —_ r r
]

Scheme 18. The mechanism of the preparation of 4,7-dibromobenzo[c][1,2,5]
thiadiazole (8).
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The structure of the target product (8) was confirmed by *HNMR, “*CNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The TLC gave a
single spot and the melting point (189-191 °C) is in agreement with literature value
117 The elemental analysis for CHNBr confirmed the structure of the target product.
The mass spectrum illustrates the main integer masses of (8) at 292, 294, 296 (M")
in 1:2:1 intensities because of the bromine isotopes (®'Br and °Br).

4.1.9. 1-Methyl-2-(tributylstannyl)-1H-pyrrole (9)

The preparation of 1-methyl-2-(tributylstannyl)-1H-pyrrole (9) was carried out
according to a modified procedure by Torum et al *®. The reaction was performed
by adding tert-butyl lithium drop wise to a solution of N-methyl pyrrole in THF at -
78 °C. The reaction mixture was stored for 16 hours at — 15 °C and then BusSnCl
was added as shown in Scheme 19. The product was obtained as a yellow oil with
84% vyield.

'Tl Bu,SnCl

/ \ tert-BulLi / THF‘
L) - Q

\/\/

9)
Scheme 19. The preparation of 1-methyl-2-(tributylstannyl)-1H-pyrrole (9).

The mechanism of the reaction involves deprotonation of the 2-position of methyl-
pyrrole followed by nucleophilic substitution of chlorine in tributyl tin chloride as

illustrated in the Scheme 20.
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@® 0O
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9)
Scheme 20. The mechanism of preparation of 1-methyl-2-(tributylstannyl)-1H-

pyrrole (9).
The structure and purity of the target product (9) were confirmed by *HNMR,
3CNMR, elemental analysis, mass spectrometry and FT-IR. The elemental analysis
for CHN confirmed the structure of the target product. The mass spectrum
illustrates the main integer masses of (9) at 371 (M") which is in agreement with the

proposed structure.

4.1.10. 4,7-Bis(1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (10)

4,7-Bis(1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (10) was synthesised
according to a modified procedure by Kim et al **°. The reaction was performed by
heating a mixture of 4,7-dibromobenzo[c][1,2,5]thiadiazole (8) and 1-methyl-2-
(tributylstannyl)-1H-pyrrole (9) in THF at 75 °C in the presence of an amount of
catalyst PdCI,(PPh3), overnight. The purification was carried out using silica gel
column chromatography eluted with petroleum ether (40:60) : ethyl acetate (9:1)
then recrystalization from ethanol was carried out. The TLC gave a single spot and
the yield was 74.9%.

NN
W //// N7 |
N NG PACI,(PPHa), N \_/

8) 9) (10)

Scheme 21. The preparation of 4,7-bis(1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]
thiadiazole (10).
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There are two suggested mechanisms, the first one suggested by Stille*. The
second was suggested by Espinet which is discussed in more detail.™*® Stille
suggested that the mechanism consists of four steps (Scheme 22). The first step is
oxidative addition that couples the palladium (0) catalyst to 2,7-
dibromobenzo[c][1,2,5]thiadiazole (8) which leads to oxidation of the palladium to
Pd (I1). The second step is a transmetalation reaction that involves 1-methyl-2-
(tributylstannyl)-1H-pyrrole (9) which reacts with the palladium halide complex
which generates a palladium complex with methyl-pyrrole and benzothiadiazole
groups. The third step is trans-cis isomerisation and the last step is elemination

which regenerates the palladium (0) which starts again in the catalyic cycle 3%,

Pd()(PPhs),Cl,
N’S‘N
N;S;N I “ L Reduction v\
i N Br Br
I'l\l \ /) PdO(PPH,),
S )
8y, AR
@/”?),,')Oce‘ri,@ of §°
ﬁ?{,b
]
N N
NN NN
L PPh L4 PPhy
Br Pd!—PPh, Br pd)—Br
A PPh,
M K//
s, % Sn
NN s, N NN
\ | pph, | e, |
I “)3 N a‘@;-
Br P! n
I'l‘Ph3_U /
Br~
Sn
P © N
PA(PPhy),Cl, = %?j@

Scheme 22. The mechanism of preparation of 4,7-bis(1-methyl-1H-pyrrol-2
yl)benzo[c][1,2,5]thiadiazole according to stille (10).

The structure and purity of the target product (10) were confirmed by TLC,
'HNMR, ®*CNMR, elemental analysis, mass spectrometry and FT-IR. The TLC

gave a single spot. The elemental analysis for CHN confirmed the structure of the
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target product. The mass spectrum illustrate the main integer mass of (10) at
294(M").

4.1.11. 4,7-Bis(5-bromo-1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11)

4,7-Bis(5-bromo-1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole ~ (11) was
synthesised according to a modified procedure by Zhang et al **°. The reaction was
performed by heating 4,7-bis(1-methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole
(10) in chlorobenzene at 55 °C, NBS was added in two portions as shown in
Scheme 23. The purification was carried out using silica gel column
chromatography eluted with petroleum ether (60:40) : ethyl acetate (5:1). The TLC
gave a single spot and the product was obtained as orange powder with 26.6%

yield.

/S\ /S\

N~ N N~ N

\ | \ |
T Chlorobenzene T

(10) (11)

Scheme 23. The preparation of 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-
yl)benzo[c][1,2,5] thiadiazole (11).

The reaction proceeds through an electrophilic substitution on the 5-position of the
methyl-pyrrole units which is activated by the nitrogen atom. The reaction is very
sensitive to light and so was carried out in the dark. In addition, the amount of NBS
is crucial in this reaction, thus 1.95 equivalents of NBS were used to avoid forming
tri- and tetra brominated products which can be difficult to separate by column

chromatography from the desired product.
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Scheme 24. The mechanism of the formation of 4,7-bis(5-bromo-1-methyl-1H-pyrrol-
2-yl)benzo[c][1,2,5]thiadiazole (11).

The structure and purity of the target product (11) were confirmed by TLC,
'HNMR, ®CNMR, elemental analysis, mass spectrometry and FT-IR. The TLC
gave a single spot and the elemental analysis for CHNBr confirmed the structure of
the target product. The mass spectrum illustrate the main integer masses of (11),
which are obtained at 450, 452, 454 (M") in 1:2:1 ratio because of the bromine

isotopes (3'Br and "°Br).

The 'HNMR spectrum confirms the chemical structure of 4,7-bis(5-bromo-1-
methyl-1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11) as show on in Figure 34. It
can be seen that the singlet peak at 7.58 ppm is related to the benzothiadiazole
protons in the position (a) and doublet peaks at 6.88 and 6.56 ppm can be assigned
to the methyl-pyrrole protons in positions (b) and (c). The singlet peak at 3.67 ppm
can be assigned to the methyl group protons on position (d). The **CNMR spectrum
illustrate seven peaks in the aromatic region from 153.8 to 95.7 which corresponds
very well with the structure of the target product. The FT-IR of the target product

illustrates the stretching vibration bands for the aromatic C-Br at 1082 cm™.
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Figure 34. The '"HNMR spectrum for 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-
yl)benzo[c][1,2,5] thiadiazole (11).
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4.2. Synthesis of monomers of polymers (P4, P5 and P6)

In order to prepare P4, P5 and P6, monomers (7), (18), (35) and (36) (Figure 35)
were needed. Monomer (35) was prepared by S. Alfifi of the Iraqi group and

monomer (36) was bought from Sigma Aldrich.

08H17 CaFz CSH17O OCgHy7
(7) (18)

OO Qo0

CgH1CgH17
CSH17 CgH17
(35) (36)
Figure 35. Monomers required for preparing P4, P5 and P6.

The preparation route of  4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole (18) consists of eight steps starting from
starting from catechol as shown in Scheme 25.

CgHy70. CgH;70 NO, CgH470. NHg*  ClI
CgHy70 CgHy,0 CgHy70 3

NO, NHz* Cl

(13) (14)

NN NN Sn(Bu)s L

N
\ N N
—_— —_— Br Br —_— \ / \ /

CgHi7O  OCgHy7 CeHi70  OCgHy7 CgHiy O OCgHy;
(15) (16) (17)

=\
~_/
=\
=~_/

Scheme 25. The preparation route of 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole.

119



Chapter Four: Results and discussion-Monomers

4.2.1. 1,2-Bis(octyloxy)benzene (12)

1,2-Bis(octyloxy)benzene (12) was synthesised according to a modified procedure
by Janssen et al *?. The reaction was performed by heating a mixture of catechol,
1-bromooctane and K,COj3 in DMF at 100 °C for 40 hours as shown in Scheme 26.
The crude product was recrystalised twice from ethanol to obtain the target product
as needle like crystals. The TLC gave a single spot and the yield was 89.1%.

HO K.CO C¢H,,0
+  CgH;Br —2 3 o
HO DMF

CgH;5,0
(12)

Scheme 26. The preparation of 1,2-bis(octyloxy)benzene (12).

The mechanism of the reaction proceeds via a nucleophilic substitution (Sn2). The
first step is deprotonation of the hydroxyl group with the K,COj base then
nucleophilic attack on the alkyl bromide to afford the target product as illustrated in
Scheme 27.

OH 06K®/\>\/\/\/\
Q- e — QL
OH OH

BU
OCgH17 OCgH17
©E @i
_— T»
2 KBr + H2CO3
(12)

Scheme 27. The mechanism of the preparation of 1,2-bis(octyloxy)benzene (12).

The structure of the target product (12) was confirmed by TLC, *HNMR, *CNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The melting point
(25- 26 °C) is in agreement with literature value **. The elemental analysis for CH
confirmed the structure of the target product. The mass spectrum illustrate the main

integer mass of (12) at 334 (M") and it is in agreement with proposed structure.
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The *"HNMR spectrum shows a singlet aromatic peak at 6.92 ppm related to the four
protons on the phenyl ring and triplet peaks at 4.02 and 0.92 ppm corresponding to
the (OCHy,) and (CHj3) protons on the alkyl chains respectively. The FT-IR of the
target product illustrates the stretching vibration bands at 2922 and 2853 cm™ for
CHjs group, the stretching vibration bands for (C — O) group appears at 1252 cm™.
The bending vibration at 1468 and 1386 cm™ are related to CH, and CHs bends
respectively. The spectrum do not show any absorption band in the range 3100 —

3700 cm™ which belong to the stretching vibration bands for (OH) group.

4.2.2. 1,2-Dinitro-4,5-bis(octyloxy)benzene (13)

1,2-Dinitro-4,5-bis(octyloxy)benzene (13) was synthesised according to a modified
procedure by Janssen et al *°. The reaction was performed by adding nitric acid
(65%) dropwise to a mixture of 1,2-bis(octyloxy)benzene (12) and acetic acid in
DCM at 0 °C. The reaction mixture was allowed to warm to the room temperature
then cooled to 0 °C and nitric acid (100%) was added dropwise. In addition, the
purification was carried out using recrystallization from ethanol to obtain the target

product as a yellow powder with 93% vyield.
:@ HNO, / AcOH I:[
C8H17O DCM C8Hl7o N02

(12) (13)

Scheme 28. The preparation of 1,2-dinitro-4,5-bis(octyloxy)benzene (13).

The mechanism of the reaction proceeds through two steps. The first step is
generation of nitronium cation (NO,") by reacting nitric acid with acetic acid. The
second step is electrophilic attack of nitronium cation on the aromatic ring at the 4-
and 5- positions which are activated by the octyloxy groups as shown in Scheme
29.
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Step 1:
O
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O OCH H\N/ OC.H
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O,N OCgH,, O,N OCgH,,
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OCgH,, O,N OCgH,;
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Scheme 29. The mechanism of the preparation of 1,2-dinitro-4,5-bis(octyloxy)benzene (13)

The structure and purity of the target product (13) were confirmed by 'HNMR,
3CNMR, elemental analysis, mass spectrometry, melting point and FT-IR. The
melting point (88-90 °C) is in agreement with literature *%2. The elemental analysis
for CHN confirmed the structure of the target product. The mass spectrum
illustrates the main integer mass of (13) at 424 (M"), which is in agreement with
proposed structure. The *HNMR spectrum showed a singlet aromatic peak at 7.31
ppm as expected along with signals from the octyloxy groups. The FT-IR of the
target product illustrates the stretching vibration bands for the aromatic nitro group
at 2023 cm™ and 1354 cm™. The stretch vibration band at 3071 cm™ is correlated to
aromatic C — H bond. The bending vibration of CH, and CHz are displayed at 1464
and 1371 cm™ respectively.

122



Chapter Four: Results and discussion-Monomers

4.2.3. 4,5-Bis(ocyloxy)benzene-1,2-diaminium chloride (14)

4,5-Bis(ocyloxy)benzene-1,2-diaminium chloride (14) was synthesised according to
a modified procedure by Janssen et al ?°. The reaction was performed by heating a
mixture of 1,2-dinitro-4,5-bis(octyloxy)benzene (13), SnCl,, ethanol and HCI at 85
°C overnight. The product is unstable and so it was dried under a stream of nitrogen
and used directly in the next step without purification, the yield was 95 %.

ON OC.H Cl-"H:yN OC.H
2 j@[ 17 Hel /7 sacl, 3 :@: sH7
O,N OC¢H,, Ethanol Cl "H3;N OC¢H,,
(13) (14)

Scheme 30. The preparation of 4,5-bis(tetradecyloxy)benzene-1,2-diaminium
chloride (14).

The structure of the target product (14) was confirmed by 'HNMR, “*CNMR,
elemental analysis, mass spectrometry and FT-IR. The mass spectrum illustrate the
main integer mass of (14) at 365 (M"), while the molecular weight for the proposed
structure (14) is 437 g/mol due to 2 x HCI were not detected by Mass (EI*)
analysis. The "HNMR spectrum showed the assumed a singlet aromatic peak at
6.66 ppm for ring protons and a broad singlet peak at 7.93 ppm for (N - H) protons

and the signals of octyloxy groups were observed as expected.

4.2.4. 5,6-Bis(octyloxy)benzo[c][1,2,5]thiadiazole (15)

5,6-Bis(octyloxy)benzo[c][1,2,5]thiadiazole (15) was synthesised according to a
modified procedure by Janssen et al *?°. The reaction was performed by adding a
solution of thionyl chloride in DCM to a mixture of 4,5-bis(octyloxy)-benzene-1,2-
diaminium chloride (14) and triethylamine in DCM. Then the reaction mixture was
heated to reflux for 6 hours. The crude product was purified by recrystalization
from ethanol and the pure product was obtained as an off white powder with 92 %

yield.
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CI *H3N OCgH N
3 @[ 8717 S0CI, / Et;N
CI *H3N OCgH,, DCM
CgHi7O  OCgH47
(14) (15)

Scheme 31. The preparation of 5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (15).

The mechanism involves two steps as shown in Scheme 32. In the first step, (14)
reacts with triethyl amine which generates the diamine. The second step involves
nucleophilic attack of the diamine on the sulphur of the thionyl chloride generate

2 x HCI and H,0, and then the cyclisation occur.

CgH,,0 NH," CI CgH;;0 NH, 6 o
I BN, LTI+ wfue
NH,* CI CeH,,0 NH,

CgH;;,0
H
CeH,,0 (111‘\ 9 H,-0 (e i
<Hi- “q CgHy5 j Cl CgH;,0 N, /8
\/ ﬁ’ — @IS\"CW1
CgH,,0 CgH,,O NH, C8H17O /N? A)
H H
& HC1

H H H

|
CsH;7,0 N}\ CgH,70 Il\1\® CgH,,0 N m
STOH =~ :@E S—OH =—— :@E =0
CgH,70 N CgH,;0 33 CgH,;,O N)
H,0 %

CsH,,0 N CgH,;,0 N CsH,,0 _N
\\ NS \
S —> N ,E) _— S
CgH,,0 N CgH,,0 N CgH,,0 N

(15)

Scheme 32. The mechanism for the preparation of (15).

The structure and purity of the target product (15) were confirmed by *HNMR,
BCNMR, elemental analysis, mass spectroscopy, melting point and FT-IR. The
melting point (97-99 °C) is in agreement with literature value '?2. The elemental
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analysis for CHN confirmed the structure of the target product. The mass spectrum
illustrate the main integer mass of (15), at 392 (M™), whichis in agreement with

proposed structure.

4.2.5. 4,7-Dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (16)

4,7-Dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (16) was synthesised
according to a modified procedure by Janssen et al *°. The reaction was performed
by adding bromine to a solution of 5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (15)
in a mixture of dichloromethane and acetic acid. The reaction mixture was stirred in
the dark for 48 h at room temperature as shown in Scheme 33. The crude product
was purified using column chromatography eluted with petroleum ether (40:60)
then recrystalliztion was carried out from ethanol. The pure product (16) was

obtained as white needles with 73%.

Br
CgH,-0 CgqH,-O
~ 7/ - ~ 7/
CeH,,0 N DCM CH,,0 N
Br
(15) (16)

Scheme 33. The preparation of 4,7-dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]
thiadiazole (16).

The structure and purity of the target product (16) were confirmed by TLC,
'HNMR, CNMR, elemental analysis, mass spectrometry, melting point, and FT-
IR. The melting point (44- 46 °C) is in agreement with literature value *?. The
elemental analysis for CHNBrOS confirmed the structure of the target product. The
mass spectrum illustrates the main integer masses of (16), which are obtained at
558, 550, 552 (M*) in 1:2:1 intensities because of the bromine isotopes ('Br and
Br).
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4.2.6. 4,7-Bis(1-methyl-1H-pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]
thiadiazole (17)

4,7-Bis(1-methyl-1H-pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (17)
was synthesised according to a modified procedure by Jiang et al *°. The reaction
was carried out using Stille cross coupling by adding a mixture of palladium acetate
and tri-o-tolylphosphine to a solution of 1-methyl-2-(tributylstannyl)-1H-pyrrole (9)
and 4,7-dibromo-5,6 bis(octyloxy)benzo[c] [1,2,5]oxadiazole (16) in dry toluene.
The reaction mixture was degassed then heated under reflux for 72 h under argon.

S

7N

.S,
NN \ |
[\ Tri(o-tolyl)phosphine / \ N
Br Br + <_>\Sn Palladium(ll) acetate \
CgH17O OCgH17 T \/\/ Toluene T:
gH170 OCgH17
(16) 9) (17)

0]
)J\ O@

Where: Tri(o-tolyl)phosphine = P Palladium(ll) acetate Pd?*
X0 :
Scheme 34. The preparation of 4,7-bis(1-methyl-1H-pyrrol-2-yl)-5,6-bis(octyloxy)
benzolc] [1,2,5]thiadiazole (17).

The residue was purified by column chromatography on silica gel (petrolum ether
(40:60): ethyl acetate (9:1). The *HNMR and mass spectrometry show impure
material so purification using HPLC eluting with H,O: THF (30:70 %) was carried
out, but the product could not be purified. Pure product is crucial at this step
because it is followed by a bromination step which requires accurate calculation in
order to avoid over bromination which could result in mixture that is very difficult
to purify and S0 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole (18) , P4, P5and P6  could not be
prepared and this section of project was then abandoned.

126



Chapter Four: Results and discussion-Monomers

4.3. Synthesis of monomers for copolymers (P7, P8 and P9)

In order to prepare P7, P8 and P9, monomers (23) and (25) (Figure 36) were
prepared successfully. In addition, (37) and (38) were prepared by S. Alfifi and A.
Alghamdi of the Iragi group respectively, using the same preparation route that
used for  4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c]
[1,2,5]thiadiazole (18) as shown in Figure 36.

OC5Hzs
& oJ%
/
Oy
O‘B N\ /N
(/) Br /N S B
s e
(25)
OC5Hzs
(23)
/S\ 7 ~
\ \ <
{ \ </ ? CS: ]\ e
B B
Br S \ / Br r sa \ / r
CgH470 OCgH47 CgH470 OCgH47
(37) (38)

Figure 36. Monomers required for preparing P7, P8 and P9.

A series of intermediates were prepared successfully in order to prepare 2,2'-(9,10-
bis(4-(dodecyloxy)phenyl)anthracene-2,6-diyl)bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolane) (23) and 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5] thiadiazole
(25), and their structure and purity were confirmed by by TLC, *HNMR, *CNMR,

elemental analysis, mass spectrometry, melting point, and FT-IR.

Monomer (23) was prepared in five steps as shown in Scheme 35 starting from 2,6-

diaminoanthraquinone.
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Scheme 35. The preparation route of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-
2,6-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (23).

Monomer (25) was prepared in two steps as shown in Scheme 36 starting from 4,7-
dibromobenzol[c][1,2,5]thiadiazole and tributyl(thiophen-2-yl)stannane.
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Scheme 36. The preparation route of 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]
thiadiazole (25).

The preparations of the various intermediates toward (23) and (25) are discussed

below.
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4.3.1. 2,6-Dibromoanthracene-9,10-dione (19)

The preparation of 2,6-dibromoanthracene-9,10-dione (19) was carried out
according to a modified method by Vila et al *?*. The reaction was performed by
heating a mixture of 2,6-diaminoanthraquinone, t-Bu ONO, CuBr; in acetonitrile
for two hours as shown in Scheme 37. In addition, the purification was carried out
using recrystalization from 1,4-dioxane to obtain the target product (18) as yellow
crystals. The TLC gave a single spot and the yield was 85%.

O O
NH B
OO =mmen. OO
H,N CH4CN ar
O O

(19)
Scheme 37. The preparation of 2,6-dibromoanthracene-9,10-dione (19).

The reaction proceeds through a Sandmeyer reaction which is used to prepare aryl
halide from aryl diazonium salts ***. The reaction involves two steps. The first step
is reaction between amine in 2,6-diaminoanthraquinone and nitrite which forms an
aryl diazonium salt. In second step, the result complex from the first step reacts
with copper bromide to obtain the target product.
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Scheme 38. The mechanism of the preparation of 2,6-dibromoanthracene-9,10-dione.
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The structure and purity of the target product (19) were confirmed by TLC,
'HNMR, CNMR, elemental analysis, mass spectrometry, melting point and FT-
IR. The TLC gave a single spot and the melting point (284-285 °C) is in agreement
with literature value *?*. The elemental analysis for CHBr confirmed the structure of
the target product. The mass spectrum illustrates the main integer masses of (19) at
364, 366, 368 (M) in 1:2:1 intensities because of the bromine isotopes (*'Br and
Br).

The *HNMR spectrum confirm the structure of the target product (19). It shows
doublet signals at 8.46 and 8.20 ppm as well as a doublet of doublet at 7.97 ppm in
the aromatic region. The FT-IR of the target product shows the stretching vibration
bands for the (C-Br) bond at 1067 cm™.

4.3.2. 1-Bromo-4-(dodecyloxy)benzene (20)

The preparation of 1-bromo-4-(dodecyloxy)benzene (20) was carried out according
to a modified method by Nucklolls et al **°. The reaction was performed by heating
a mixture of 4-bromophenol, NaOH and 1-bromododecane in DMSO overnight
(Scheme 39). The purification was carried out using recrystalization from ethanol to
obtain the target product (19) as white crystals. The TLC gave a single spot and the
yield was 76.6%.

OH OCoH55
NaOH/DMSO
1-Bromododecane
Br Br
(20)

Scheme 39. The preparation of 1-bromo-4-(dodecyloxy)benzene (20).

The reaction proceeds through two steps. The first step is deprotonation of the
phenol with the base then nucleophilic attack on the alkyl bromide which leads to

the formation of the target product.
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Scheme 40. The mechanism of the preparation of 1-bromo-4-(dodecyloxy)benzene.
The structure and purity of the target product (20) were confirmed by TLC,
'HNMR, CNMR, elemental analysis, mass spectrometry, melting point and FT-
IR. The TLC gave a single spot and the melting point (37-38 °C) is in agreement
with literature value *%. The mass spectrum illustrate the main integer masses of

(19), at 340, 342 (M"), which is in agreement with proposed structure.

4.3.3. 2,6-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-dihydroanthracene
9,10-diol (21)

The preparation of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (21) was performed according to a modified method
by Wang et al ", that by adding t-BuLi to a solution of (20) in THF at — 78 °C
then (19) was added to the mixture. In addition, the purification was carried out

using column chromatography with ethyl acetate/ petroleum ether (1/10) (v/v).

OC42oH2s5

OC2Hzs

Q HO
Br . Br
O‘O . tert-butyllithium O‘O
Br THF /-78 C Br o
O Br
(19) (20) O

OC2H2s
(21)

Scheme 41. The preparation of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (21).
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The reaction proceeds through two steps. The first step is a lithation reaction and
the second step is nucleophilic attack of dodecyloxy phenyl on the postions 9- and

10- in 2,6-dibromoanthracene-9,10-dione.

OC12Hss OCi2Has
+ L +
@ Br
©
Br UO)
(20)

OCy2Hazs
(21)

Scheme 42. The mechanism of the preparation of 2,6-dibromo-9,10-bis(4-
(dodecyloxy)phenyl)-9,10-dihydroanthracene-9,10-diol (21).

The structure and purity of the target product (21) were confirmed by TLC,
'HNMR, ®CNMR, elemental analysis, mass spectrometry and FT-IR. The TLC
gave a single spot and the elemental analysis for CHBr confirmed the structure of
the target product. The mass spectrum illustrate the main integer masses of (21) at
888.2, 890.2, 892.2 (M") in 1:2:1 intensities because of the bromine isotopes (*'Br
and "°Br).

4.3.4. 2,6-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (22)

The preparation of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (22)
was carried out according to a modified method by Wang et al *?”. The reaction
was performed by heating a mixture of 2,6-dibromo-9,10-bis(4-
(dodecyloxy)phenyl)-9,10-dihydroanthracene-9,10-diol (19), KI, NaH,PO,-H,0 in
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acetic acid for 40 minutes as shown in Scheme 43. The purification was carried out
using column chromatography eluting with DCM/ petroleum ether (1/4) (v/v) then
recrystallisation from hexane to obtain the target product as a yellow solid. The

TLC gave single spot and the yield was 63.4 %.

OC4oHzs OCqoHos

HO Br Br
L™ e, 000
Acetic Acid -

Br OH Br

OC12H25 OC12H25

(21) (22)

Scheme 43. The preparation of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)
anthracene (22).

The structure and purity of the target product (22) were confirmed by TLC,
'HNMR, ¥*CNMR, elemental analysis, mass spectrometry, and FT-IR. The TLC
gave a single spot and the elemental analysis for CHBr confirmed the structure of
the target product. The mass spectrum illustrate the main integer masses of (22) at
854.2, 856.3, 857.2 (M") ¥) in 1:2:1 intensities because of the bromine isotopes
(¢'Br and "Br). The 'HNMR, *CNMR and FT-IR correspond very well with the
structure of target product. The FT-IR around (O - H) group at 3402 cm™ and the

aromatic (C - O) stretch vibration at 1180 cm™ disappeared.

4.3.5. 2,2'-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,6-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (23)

The preparation of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,6-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (23) was carried out according to
a modified method by Jo et al **°. The reaction was performed by heating a mixture

of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (22), bis(pinacolate)
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diboron, potassium acetate and Pd(dppf)Cl, in DMF at 100 °C for 36 hours as
shown in Scheme 44. An excess of bis(pinacolato) diboron was used to prevent the
creation of oligomers. The colour change to a dark black solution was noticed
during the reaction. The purification was carried out using recrystalization from
diethyl ether and methanol. Firstly, methanol was passed through a basic alamina
column to remove any acidic traces in the solvent as boronic esters are very
sensitive to acids (lead to degradation). The product was dissolved in the lowest
amount of diethyl ether and added to the hot methanol so diethyl ether was
evaporated and the target product precipitate and the impurities were dissolved in
methanol. The target product was obtained as yellow powder with 69.1 % yield.

OC12H25 OC12H25

9J§<
OOO ! "
o, 0 Pd(dppf)Cl OOO
Br + i /B_B :@ &» o‘ B

3 o KOAc / DMF a/ 3
OC12H25 OC12H25
(22) (23)

Scheme 44. The preparation of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,6-
diyl)bis (4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (23).

The structure and purity of the target product (23) were confirmed by *HNMR,
BCNMR, elemental analysis, mass spectrometry and FT-IR. The elemental analysis
for CH confirmed the structure of the target product. The mass spectrum illustrates
the main integer masses of (23) at 950.5 (M*). The 'HNMR spectrum confirms the
chemical structure of the target monomer. The spectrum shows a singlet peak at
8.32 ppm which corresponds to the protons on position (a) in the anthracene. Also,
the spectrum reveal two doublet peaks at 7.70 and 7.66 ppm which are related to the
anthracene protons in the positions (b) and (c) respectively. It can be seen that the
doublet peaks at 7.40, 7.17 ppm can be assigned to the attached phenyl group
protons on positions (d) and (e) respectively. The broad singlet peak at 4.17 ppm
corresponds to the protons on the carbon which is bonded directly to the oxygen

atom of the phenyl in the position (f). The triplet peak at 0.92 ppm can be assigned
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to the six protons on the CH3 group at the end of the alkyl chain. In addition, the
spectrum shows a singlet absorption at 1.32 ppm for methyl protons of the boronic
ester group as shown in Figure 37. The FT-IR of the target product illustrates the
stretching vibration bands for the (B - O) at 1370 and 1340 cm™ and the stretch

vibration at 1076 cm™ which is correlated to the C-B bond.

T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 1.0 ppm

Figure 37. The '"HNMR spectrum of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-
2,6-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (23)

4.3.6. 4,7-Di(thiophen-2-yl)benzo|[c][1,2,5]thiadiazole (24)

The preparation of 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24) was
performed according to a modified method by Palama et al %, The reaction was
carried out by heating a mixture of 4,7-dibromobenzo[c][1,2,5]thiadiazole (8) and
and tributyl(thiophen-2-yl)stannane in toluene at 120 °C in the presence of
Pd(PPh3), catalyst for 24 hours. The purification was carried out using silica gel
column chromatography eluting with petroleum ether (40:60) : toluene (2:1) then

recrystalization from ethanol. The TLC gave a single spot and the yield was 75%.
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Scheme 45. The preparation of 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24).

The structure and purity of the target product (24) were confirmed by TLC,
'HNMR, *CNMR, elemental analysis, mass spectroscopy and FT-IR. The TLC
gave a single spot and the melting point (122-124 °C) is in a good agreement with
the literature value '?°. The elemental analysis for CHN confirmed the structure of
the target product. The mass spectrum shows the main integer mass of (24) at 300

(M) and it corresponds very well with the proposed structure.

4.3.7. 4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25)

4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25) was synthesised
according to a modified procedure by Zhang et al *?°. The reaction was performed
by heating 4,7-di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24) in chlorobenzene at
55 °C, N-bromosuccinimide (NBS) was added in two portions. The crude product
was purified via recrystalization from chlorobenzene. The product was obtained as
red crystals with an 80% yield.

/ \ S NBS / \ S
S \/ > Br S \/ Br

Chlorobenzene
(24) (25)

Scheme 46. The preparation of 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]
thiadiazole (25).

The structure and purity of the target product (25) were confirmed by *HNMR,
3CNMR, elemental analysis, mass spectrometry and FT-IR. The elemental analysis

for CHNBr confirmed the structure of the target product and the melting point (255-
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258 °C) is in a good agreement with the literature value **°. The mass spectrum
illustrate that the main integer masses of (25) at 456, 458, 460 (M") in 1:2:1
intensities because of the bromine isotopes (3'Br and °Br). The *HNMR spectrum
shows (Figure 38) a singlet peak at 7.82 ppm which corresponds to the
benzothiadiazole protons. The doublet peaks at 7.84 and 7.19 ppm are related to

thiophene protons in the positions (a) and (c) respectively.

1
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Figure 38. The "HNMR spectrum for 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]
thiadiazole (25).
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4.4. Synthesis of monomers for copolymers (P10, P11 and P12)

In order to prepare P10, P11 and P12, monomer (31) (Figure 39) was required. In
addition, monomers (37) and (38) were prepared by S. Alfifi and Dr. Y. Hunan of

the Iragi group respectively, using the same preparation route that used for (18).
OC12H25

]\ S
B B
O SIS \
OC1oHos (25)
(31)
/S\ /S\N
NT N N
\ \
I\ S ]\ Se
B B B B
TN \ /[ Y. \ /[
(37) (38)

Figure 39. Monomers required for preparing P10, P11 and P12.

A series of intermediates for the monomers were prepared successfully in order to
prepare 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (31), and their structure and purity were
confirmed by by TLC, *HNMR, *CNMR, elemental analysis, mass spectroscopy,
melting point, and FT-IR.

Monomer (31) was prepared in six steps as shown in Scheme 47, starting from

anthrone.
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Scheme 47. The preparation route of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,7-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (31).

4.4.1. 2,7-Dinitro-9,10-anthraquinone (26)

The preparation of 2,7-dinitro-9,10-anthraquinone (26) was carried out according to
a modified method by Yang et al **!. The reaction was performed by adding
anthrone to fuming nitric acid at 0 — 5 °C then acetic acid was added slowly to the
reaction mixture with cooling as shown in Scheme 48. In addition, the crude
product was recrystallised from acetic acid and then from a mixture of nitrobenzene

/ acetic acid (1/1) to obtain the target product as a yellow solid in a yield of 23%.

(0] (0]
O,N NO,
HNO4
—»
AcOH
(0]
(26)

Scheme 48. The preparation of 2,7-dinitro-9,10-anthraquinone (26).
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The structure and purity of the target product (26) were confirmed by *HNMR,
elemental analysis, mass spectrometry, melting point and FT-IR. The melting point
(289-291 °C) is in agreement with literature value **? and the elemental analysis for
CHN confirmed the structure of the target product. The mass spectrum illustrate the
main integer mass of (26) are obtained at 299 (M") which is in agreement with the

proposed structure.

4.4.2. 2,7-Diaminoanthracene-9,10-dione (27)

The preparation of 2,7-diaminoanthracene-9,10-dione (27) was carried out
according to a modified method by Yang et al ***. The reaction was performed by
adding 2,7-dinitroanthracene-9,10-dione (26) in ethanol to a mixture solution of
sodium sulfide nonahydrate and sodium hydroxide in water. The mixture was
heated at reflux for 6 h and left to stir overnight. The purification was carried out
through recrystalization from ethanol to obtain the target product as an orange/red
solid with 90% yield.

o o)
O,N NO, H,N NH,
O‘O Nay S.9H,0 / NaOH / H,0 O‘O
CH3CH,OH
o o)
(26) (27)

Scheme 49. The preparation of 2,7-diaminoanthracene-9,10-dione (27).

The structure and purity of the target product (27) were confirmed by *HNMR,
BCNMR, elemental analysis, mass spectrometry, melting point and FT-IR. The

132 the elemental

melting point (335-337 °C) is in agreement with literature value
analysis for CHN confirmed the structure of the target product. The mass spectrum
illustrate the main integer masses of (27) at 238 (M™) which corresponds very well

with proposed structure.

The *HNMR spectrum illustrated the assumed aromatic peaks, doublet peaks at
7.84 and 7.23 ppm and a doublet of doublets peak at 6.89 ppm. In addition, the
spectrum shows a singlet peak at 6.42 ppm which is related to the N — H proton.

The FT-IR of the target product illustrates the stretching vibration bands for (N - H)
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group at 3344 and 1623 cm™, the stretching vibration bands for (C — N) group
appears at 1338 cm™. The C-H stretching vibration is displayed at 3223cm™, the
stretch vibration at 1581, 1553 and 1499 cm™ are related to C = C stretch.

4.4.3. 2,7-Dibromoanthracene-9,10-dione (28)

The preparation of 2,7-dibromoanthracene-9,10-dione (28) was carried out
according to a modified method by Vila et al *?*. The reaction was performed by
heating a mixture of 2,6-diaminoanthraquinone, t-BuONO, CuBr, in acetonitrile for
two hours as shown in Scheme 50. In addition, the purification was carried out
using recrystalization from 1,4-dioxane to obtain the target product (18) as yellow

crystals. The TLC gave a single spot and the yield was 85%.

O O
H,N NH, Br Br
t-BuONO / CuBr,
SOCE -l 000
) @)
(27) (28)

Scheme 50. The preparation of 2,7-dibromoanthracene-9,10-dione (28).

The structure and purity of the target product (28) were confirmed by 'HNMR,
BCNMR, elemental analysis, mass spectrometry, melting point and FT-IR. The

melting point (249-250 °C) is in agreement with literature value ***

, the elemental
analysis for CHBr confirmed the structure of the target product. The mass spectrum
illustrate the main integer masses of (28) which are obtained at 364, 366, 367 (M")

in 1:2:1 intensities because of the bromine isotopes (®'Br and "°Br).

The *HNMR spectrum illustrated the assumed aromatic peaks, doublet peaks at
8.45 and 8.20 ppm, a doublet of doublet peak at 7.97 ppm which corresponds very
well the proposed structure. The FT-IR of the target product illustrates the
stretching vibration bands for (C - Br) bond at 1105 cm™. While, the stretching
vibration bands at 3344, 1623 cm™ for (N - H) bond and 1338 cm™ for (C — N)
bond disappear.
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4.4.4. 2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-dihydroanthracene-
9,10-diol (29)

The preparation of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (29) was carried out according to a modified method
by Wang et al *”. The reaction was performed by adding t-BuLi to a solution of 1-
bromo-4-(dodecyloxy)benzene (20) in THF at -78 °C then 2,7-dibromoanthracene-
9,10-dione (28) was added to the mixture. The purification was carried out using
column chromatography eluted ethyl acetate/ petroleum ether (1/10) (v/v) to obtain
target product as a yellow solid in 65% yield.
OC12H2s5

OC12H>s5

O
HO
OO LTG0l
THF on
O Br ‘
(28) (20)

OC42Hy5
(29)

Scheme 51. The preparation of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)-9,10-
dihydroanthracene-9,10-diol (29).

The structure and purity of the target product (29) were confirmed by TLC,
'HNMR, ¥CNMR, elemental analysis, mass spectrometry and FT-IR. The TLC
gave a single spot and the elemental analysis for CHBr confirmed the structure of
the target product. The mass spectrum illustrate the main integer masses of (28) at
888, 890, 892 (M) in 1:2:1 intensities because of the bromine isotopes (®'Br and
Br).

The *HNMR spectrum confirm the structure of the target product. It shows three
aromatic peaks at 8.03, 7.75 and 7.57 ppm which are related to the anthracene
protons. Also, it shows two broad peaks at 6.40, 6.18 which can be assigned to the

attached phenyl group protons. The alkyl chain protons are observed at 3.68 (S)
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1.75-1.54 and 1.46-1.15 ppm. Finally, the triplet peak at 0.89 is related to the CH3
group protons at the end of alkyl chains. The FT-IR of the target product illustrates
the stretching vibration bands for (O - H) group at 3306 cm™ and the stretching
vibration bands for (C — O) bond appears at 1164 cm™. While, the stretching
vibration bands at 1673 cm™ for (C = O) bond disappear.

4.4.5. 2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (30)

The preparation of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (30)
was carried out according to a modified method by Wang et al *?”. The reaction
was performed by heating a mixture of 2,7-dibromo-9,10-bis(4-
(dodecyloxy)phenyl)-9,10-dihydroanthracene-9,10-diol (28), KI, NaH,PO,-H,0 in
acetic acid for 40 minutes as shown in Scheme 52. In addition, the purification was
performed via column chromatography eluting with DCM/ petroleum ether (1/4)
(v/v) then recrystalisation from hexane to obtain the target product as a yellow

solid. The TLC gave a single spot and the yield was 80 %.

OCoHys OCy5Hzs5

Br HO Br Br Br
QLT tarneatpos a0 YN )
Acetic Acid
OH O

OC12H25 OC12H25
(29) (30)

Scheme 52. The preparation of 2,7-dibromo-9,10-bis(4-(dodecyloxy)phenyl)

anthracene (30).

The structure and purity of the target product (30) were confirmed by TLC,
'HNMR, ®CNMR, elemental analysis, mass spectrometry and FT-IR. The TLC
gave a single spot elemental analysis for CHBr confirmed the structure of the target

product. The mass spectrum illustrate the main integer masses of (29) which are
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obtained at 854.6, 856.5, 857.6 (M") in 1:2:1 intensities because of the bromine
isotopes (3'Br and "°Br). The *HNMR and **CNMR spectrums correspond very well

with the structure of target product.

4.4.6. 2,2'-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene-2,7-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (31)

The preparation of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,6-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (31) was carried out according to
a modified method by Jo et al **°. The reaction was performed by heating a mixture
of 2,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene (30), bis(pinacolato)
diboron, potassium acetate and Pd(dppf)Cl, in DMF at 100 °C for 36 hours as
shown in Scheme 53. In addition, an excess of bis(pinacolato) diboron was used to
prevent the creation of oligomers. The colour change to a dark black solution was
noticed during the reaction. The purification was carried out using recrystalization
from using diethyl ether and methanol. The target product was obtained as a yellow
powder with 60.6 % yield.

OCy5Has OCyzHs
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OOO o 0 Pd(dppf)Cl OOO
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Scheme 53. The preparation of 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-2,7-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (31).

The structure and purity of the target product (31) were confirmed by *HNMR,
3CNMR, elemental analysis, mass spectrometry and FT-IR. The elemental analysis
for CH confirmed the structure of the target product. The mass spectrum illustrate

the main integer mass of (31) which are obtained at 950.5 (M"). The structure of
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(31) was confirmed using *HNMR as shown in Figure 40. The singlet peak at 8.32
ppm is related to the anthracene protons in the position (a). The four anthracene
protons in the positions (b) and (c) are observed at 7.72 — 7.68 ppm. The structure
of this anthracene version is not symmetrical; the attached phenyl group protons are
displayed at different chemical environments. So, the spectrum shows two doublet
peaks at 7.44 and 7.37 ppm which are related to the four protons in the attached
phenyl group in the positions (d”) and (d) respectively. Also, the two doublet peaks
at 7.20 and 7.15 ppm are related to the phenyl group protons in the positions (e”)
and (e) respectively. The singlet peak at 1.34 ppm is related the CH3 protons in the
position (q). The remaining peaks at 4.20, 4.14, 2.04-1.83, 1.66-1.52, 1.52-1.25 and
0.92 ppm are related to the aliphatic protons of the alkyl chain attached to the
phenyl group.The FT-IR of the target product illustrates the stretching vibration
bands for the (B - O) at 1371 and 1349 cm™ and the stretch vibration at 1078 cm™
which correlated to the C-B bond.

i-p(i-p) g

T T T T T T T T T T T T T T T T T
8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 ppm

Figure 40. The "HNMR spectrum for 2,2'-(9,10-bis(4-(dodecyloxy)phenyl)anthracene-
2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (31).
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4.5. Synthesis of monomers for polymers (P16, P17, P18, P19 and P20)

In order to prepare P16, P17, P18, P19 and P20, monomers (7), (23), (31) and (34)
(Figure 41) were required. In addition, monomer (35) was prepared by S. Alfifi of
the Iragi group using the same preparation route for monomer (7) and monomer

(36) was bought from Sigma Aldrich.

0
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7 O O
o O O C8H17 C5H17
(36)
OCy,Has OCy2Hzs
(23) (31)

Figure 41. Monomers required for preparing P16, P17 ,P18, P19 and P20.

A series of intermediates were prepared successfully in order to prepare 3,6-bis(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione

(33), and their structure and purity were confirmed by by TLC, *HNMR, *CNMR,
elemental analysis, mass spectrometry, melting point, and FT-IR. It was prepared in
three steps as shown in Scheme 54 starting from thiophene-2-carbonitrile and

dimethyl succinate.
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(33)

(34)

Scheme 54. Preparation route to 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34)

4.5.1. 3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (32)

The preparation of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(32) was carried out according to a modified method by Chen et al **, The reaction
was performed by mixing Na and a catalytic amount of FeCls in tert-amyl alcohol at
90 °C for 2 hours, then the reaction mixture was cooled to 50 °C and thiophene- 2-
carbonitrile was added to the mixture which was then again heated at 90 °C. A
solution of dimethyl succinate in tert-amyl alcohol was added dropwise for two
hours and then the mixture was maintained at 90 °C overnight. Again the reaction
mixture was cooled to 50 °C and glacial AcOH was added, then the mixture was
heated under reflux for 10 min before being filtered. The product did not require
any purification and it was obtained as a red solid in 90% vyield.
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Scheme 55. The preparation of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (32).

The mechanism of the reaction is very complicated and not fully understood. It was
proposed by Lenz and Wallquist %. The DPP are prepared by reacting two
equivalent of aromatic nitrile with one equivalent of a succinic ester under strong
basic media. In addition, a branched alcohol such as tert-amyl alcohol is used as a
solvent and base to make the formation of the DPP easier. The first step of the
mechanism involves formation of the amino cinnamic acid by condensation of the
thiophene- 2-carbonitrile with dimethyl succinate. There are two possible routes
which might take place after this step. The first route involves condensation of the
amino cinnamic acid with dimethyl succinate which leads to formation of a side
product which has a major yield and it was confirmed experimentally by Lenz and
Wallquist. The second route is cyclisation of the amino cinnamic acid and lactam
formation. The second step involves another condensation of thiophene- 2-
carbonitrile with the intermediate resulted from the previous step and then followed

102

by cyclisation which offords the target DPP product™* as shown in Scheme 56.

The structure and purity of the target product (31) were confirmed by *HNMR,
BCNMR, mass spectroscopy and FT-IR. The mass spectrum illustrate the main
integer mass of (31) which are obtained at 300 (M*). The *HNMR and “*CNMR
spectrums are in agreement with the literature **2. The FT-IR of the target product
illustrates the stretching vibration bands for (N - H) group at 3275 cm™, the
stretching vibration bands for (C — N) group appears at 1127 cm™. The C = O
stretching vibration is displayed at 1704 cm™.
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Scheme 56. Proposed mechanism for the preparation of 3,6-di(thiophen-2-yl)pyrrolo
[3,4-c]pyrrole-1,4(2H,5H)-dione (32) (adapted from Wallquist et al %)

4.5.2. 2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4
(2H,5H)-dione (33)

The  preparation of  2,5-bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4 (2H,5H)-dione (33) was carried out according to a modified method
by Chen et al **. The reaction was performed by adding a solution of 2-ethylhexyl
bromide in DMF dropwise to a mixture of (32), K,CO3 and 18-crown-6 in DMF at
120 °C. The purification was carried out by precipitating the crude product in
methanol then via column chromatography eluting with chloroform. The pure target

product was obtained as red solid with 32 %.

DMF

(32) (33)

Scheme 57. The preparation of 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (33).
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The reaction proceeds in two steps. 18 — Crown — 6 is a phase transfer catalyst and
used to help in the displacement step. So, 18 — Crown — 6 chelates the potassium
and form a carbonate anion. In the second step, the DPP is deprotonated by the
bicarbonate anion which gives the ion on the nitrogen, then nucleophilic attack to

ethyl hexyl.

(33)

Scheme 58. The mechanism of the preparation of 3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (33).

The structure and purity of the target product (33) were confirmed by TLC,
'HNMR, CNMR, elemental analysis, mass spectrometry, melting point and FT-
IR. The TLC gave a single spot and the melting point (125 - 127 °C) is in
agreement with literature value (125 °C) ***.The elemental analysis for CHN
confirmed the structure of the target product. The mass spectrum illustrate the main

integer masses of (33) which are obtained at 524 (M").
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4.5.3. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (34)

The preparation of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (34) was carried out according to a modified method
by Chen et al **. The reaction was performed by adding NBS to a solution of 3,6-
di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione  (32) in CHCIs The
reaction mixture was stirred for two days in the dark. The purification was carried
out by column chromatography eluted with chloroform. The pure target product

was obtained as a red solid with 82 % vyield.

(33) (34)

Scheme 59. The preparation of 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34).

The structure and purity of the target product (34) were confirmed by TLC,
'HNMR, ¥CNMR, elemental analysis, mass spectrometry and FT-IR. The TLC
gave a single spot and elemental analysis for CHNSBr confirmed the structure of
the target product. The mass spectrum illustrate the main integer masses of (34)
which are obtained at 680, 682, 684 (M") in 1:2:1 intensities that because of the
bromine isotopes (3'Br and °Br). The 'HNMR spectrum confirms the chemical
structure of (34) as shown in Figure 42. The doublet peaks at 8.67 and 7.24 ppm are
related to the thiophene protons in the positions (a) and (b). The rest of peaks

correspond to the alky chain protons.
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Figure 42. The 'HNMR spectrum for 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl) pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34).
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Chapter Five: Results and Discussion — Polymers

5.1. Carbazole — Pyrrole based copolymers (P1, P2, P3)

A range of 2,7-carbazole — pyrrole based copolymers were designed as alternating
donor — acceptor systems in order to have low band gaps and so harvest more
photons from sunlight. P1, P2 and P3 (Figure 43) were synthesised successfully
using Suzuki cross coupling and analysed by *HNMR, elemental analysis and GPC.
The thermal stability was studied using TGA and the physical and electrical
properties of these polymers were studied using UV-Vis spectroscopy and cyclic

voltammetry.

Figure 43. The chemical structure of P1, P2, P3.

5.1.1. Preparation of P1, P2, P3

P1, P2 and P3 were prepared using Suzuki cross coupling polymerization reactions.
The mechanism of Suzuki cross coupling consists of four steps, as shown in Figure
44. The first step is an oxidative addition reaction that couples the palladium (0)
catalyst to the aryl halide which forms palladium (1) halide complex (RPdXLy).

The complex forms in cis-conformation. The second step is activation the alkyl
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palladium halide complex or organoboron compound for transmetalation using
nucleophilic base. The third step is transmetalation when the organoborn compound
reacts with palladium (1) complex and generates a boron complex and a palladium
(1) complex (two organic groups are attached to palladium by palladium carbon
bonds). The last step is reductive elemenation when the two organic groups are
coupled with each other which generates the desired product and regenerates the

palladium (0) which starts again in the catalyst cycle .

Ar—Ar' PdO
Ar-X
Reductive
eleminatio Oxidative
addition
reaction
A L YOH = base as NaHCO4
Pd ArPdX
ArY L Ar , Ar' = Aryl group
o\
/B—OH
0]

YOH

Activation
step

Transmetallation
ArPdOH

O\
JB—Ar YX
o)

Figure 44. The mechanism of Suzuki Cross Coupling.

P1 was prepared twice with different conditions, the first polymerization was
carried out using toluene as solvent and tetraethylammonium hydroxide as a base,
while the second polymerization was carried out in THF as solvent and NaHCO3 as
a base. The polymerization of P2 and P3 was carried out in THF as solvent and
NaHCOj3 as a base. All of the polymerizations were carried out under argon. When
the polymerization mixtures became viscous and the polymers dropped out of
solutions, the polymers were end-capped with bromobenzene and phenyl boronic
acid to increase the stability of the polymers in device operation. Then, the

polymers were dissolved in chloroform and stirred with ammonium hydroxide
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solution (28 % in H,O) overnight, in order to remove palladium catalyst impurities.
It is reported that contamination of polymers with palladium particles leads to a
break in voltage and circuit current. In addition, the palladium particles have
negative effects on charge carrier mobility and lifetime . After washing the
polymers with ammonia solutions, the polymer solutions were washed with
distilled water to remove the ammonia and concentrated to about 50 ml and then
precipitated in a mixture of methanol: water (10:1). The solid crude polymers were
collected through filtration with micropore membranes and transferred to a fiber
glass thimble and washed with various solvents, in order methanol, acetone, hexane
and toluene, using a soxhlet apparatus. The reason for washing with methanol,
acetone and hexane is to remove monomers and the low molecular weight
oligomers. The toluene fraction was concentrated and precipitated in methanol and

collected through micropore membranes.

Poly  [9-(1-octyl-nonyl)-9H-carbazole-2,7-diyl-alt-(4’,7’-bis(1-methyl-1H-pyrrol-
2’-yl)-2°,1°,3’-benzothiadiazole)-5,5-diyl] (P1) was prepared by reacting 9-
(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-
carbazole @) with 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-
yl)benzol[c][1,2,5]thiadiazole (11) as shown in Scheme 60.

B g \ | o I N
fﬁd " qﬁm\ & LY QOQ
)\ | N |
)~CeHyy 47n
(11) " P1

CgH17~ "CgHy7

CgH
) ¢

Scheme 60. Preparation of P1. (i) Pd(AcO), , tri-o-tolylphosphine, Toluene,
tetraethylammonium hydroxide; (ii) Pd(AcO), , tri-o-tolylphosphine, THF, NaHCO..

Poly[3,6-difluoro-9-(1-octyl-nonyl)-9H-carbazole-2,7-diyl-alt-(4’,7’-bis(1-methyl-

1H-pyrrol-2’-yl)-2°,1°,3’-bezothiadiazole)-5,5-diyl] (P2) was prepared by reacting
3,6-difluoro-9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)-9H-carbazole (35) with 4,7-bis(5-bromo-1-methyl-1H-pyrrol-2-
yl)benzol[c][1,2,5]thiadiazole (11) as shown in Scheme 61.
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Scheme 61. Preparation of P2. (i) Pd(AcO);, tri-o-tolylphosphine, THF, NaHCO3.

Poly  [9,6-dioctyl-9H-fluornene-2,7-diyl-alt-(2’,7’-bis(1-methyl-1H-pyrrol-2-yl)-
2°,1°,3’-bezothiadiazole)-5,5-diyl] (P3) were prepared by reacting 9,9-
dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (36) with 4,7-bis(5-
bromo-1-methyl-1H-pyrrol-2-yl)benzo[c] [1,2,5]thiadiazole (11) as shown in
Scheme 62.

Sl -0 % 'O

CgH17CgHq7 CgH17
(36)

Scheme 62. Preparation of P3. (i) Pd(AcO), , tri-o-tolylphosphine, THF, NaHCOs..

5.1.2. Characterization of P1, P2, P3

5.1.2.1. Gel Permeation Chromatography studies of P1, P2 and P3
All the GPC results are illustrated in Table 1, with the polydispersity (PD) and the
degree of polymerization (DP).
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Table 1. Yields and GPC results for P1, P2 and P3.

Solvent
Polymer  Yield % Fraction M Muw PD DP
P1(1) 27 Toluene 2600 8100 3.08 4
P1(2) 42 Toluene 14100 15300 1.08 20
P2 43.6 Toluene 3500 8400 24 5
P3 61.8 Toluene 3300 6300 1.9 5

5.1.2.2. 'HNMR analysis of P1, P2 and P3

The "HNMR analysis of polymers P1, P2 and P3 were carried out in C;D,Cl at 80
°C in order to avoid broad signal especially in the downfield region around (6 — 9

ppm) as a result of the phenomenon of atropisomerism and polymer aggregation*.

Figure 45 shows the 'HNMR of P1 and it reveals six signals in the aromatic region
for the carbazole, methylpyrrole and benzothiadiazole. The protons of the carbazole
hydrogen with doublet peak at 8.00 ppm for the two protons on positions (a). The
multiplet peaks around 7.74-7.54 ppm are related to the four protons on the
positions (b) and (c) on the carbazole and the overlapping peaks are assigned to the
end capping groups (phenyl protons) of the polymer. The doublet peaks at 7.42 and
7.24 ppm can be assigned to the four protons of the methyl pyrrole on the positions
(d) and (e) respectively. The singlet peak around 6.94 ppm can be assigned to the
benzothiadiazole hydrogens in the position (f). The broad singlet peak at 4.64-4.55
ppm is related to protons on the carbon which is bonded directly to the nitrogen
atom of the carbazole (position f). It can be seen that this broad peak was observed
in monomer (7) as a result of the atropisomerism phenomenon and it is still
observed even at high temperature. The six protons of the methyl group of the
methylpyrrole are displayed at 3.75 ppm which is a singlet peak. It is clear that the

broad peaks noticed on the spectrum of monomer (7) are observed on this polymer
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which result from restricted rotation at the C-N, these broad peaks are displayed at
2.42-2.26 and 2.07-1.91 corresponding to protons on the position (h and h”) on the
alkyl chain. The multiplet peaks at, 1.67-1.50 and 1.37-0.99 ppm correspond to the
alkyl chain protons that are attached to the carbazole. The triplet peak at 0.77 ppm
is related to the six protons on the CH; group at the end of the alkyl chains attached
to the carbazole.

8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm
Figure 45. 'HNMR spectrum of P1 in C,D,Cl, at 80 °C

Figure 46 reveals the *HNMR of P2 and it can be seen that the protons for the
carbazole hydrogen with multiplet peaks at 7.78-7.49 ppm attributed to the four
protons on the positions (a) and (b) and the overlapping peaks possibly related to
the end capping groups (phenyl protons) of the polymer. The doublet peak at 7.40
ppm is related to the two protons at positions (c) on the methyl pyrrole, while the
doublet peak at 6.98 ppm are assigned to the other two protons on positions (d) on
the methylpyrrole. The singlet peak around 7.23 ppm can be assigned to the
benzothiadiazole hydrogens in the positions (e). The broad singlet peak at 4.55-
4.45 ppm is related to protons on the carbon which is bonded directly to the

nitrogen atom of the carbazole (position f). The six protons on the methyl group of
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the methylpyrrole are displayed at 3.75 ppm which is a singlet peak. The broad
peaks at 2.33-2.17 and 2.00-1.85 corresponding to protons on the position (h and
h’) on the alkyl chain. The peaks at 1.31-0.96 and 0.76 ppm correspond to the rest

of the alkyl chain protons that are attached to the carbazole.

T
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 ppm

Figure 46. '"HNMR spectrum of P2 in C,D,Cl, at 80 °C.

The *HNMR spectrum of P3 is shown in Figure 47. It shows four chemical
environments in the aromatic region for the fluorene, methylpyrrole and
benzothiadiazole protons. The broad singlet peak at 7.90 ppm is related the protons
in positions (a) of the fluorene. The multiplet-peak at 7.79-7.41 ppm is related to
the six protons on positions (b), (c) and (d) of the fluorene and methyl pyrrole. The
singlet peak centred at 7.27 ppm is related to the two protons on the position (f) of
the benzothiadiazole. The doublet peak at 6.91 ppm is related to the other two
protons on position (e) of the methylpyrrole. The six protons on the methyl group
of the methyl pyrrole are displayed at 3.72 ppm which is a singlet peak. The
multiplet peaks at 2.14-1.85, 1.74-1.49 and 1.32-0.90 ppm are corresponded to the
alkyl chain protons that attached to the fluorene. The triplet peak at 0.77 ppm is
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related the six protons on the CHj; group at the end of the alkyl chain that attached

to the fluorene.

aLuJJ
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8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 0.5 ppm

Figure 47. '"HNMR spectrum of P3 in C,D,Cl, at 80 °C.

5.1.2.3. UV-visible absorption spectroscopy analysis of P1, P2 and P3

The UV-Visible absorption spectra of P1, P2 and P3 were performed in chloroform
solutions and thin films at room temperature. Figure 48 shows the spectra of P1(2),
P2 and P3 in chloroform solutions. It can be seen that all polymers show two
absorption bands with the first bands between 345 and 364 nm while the second
bands are between 459 and 486 nm (Figure 48). A comparison of the absorption
bands of P1(2) and P2 indicates that they have comparable absorption bands
maximas. The fluorene pyrrole based copolymer P3 shows lower absorption
maxima compared to other copolymers P1(2) and P2 which is expected due to the

weaker electron donating properties of fluorene compared to that of carbazole.
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Figure 48. Absorption spectra of P1(2), P2 and P3 in chloroform solutions.

Figure 49 shows the spectra of P1(2), P2 and P3 as thin films. All polymers show
two absoption bands, the shorter wavelength between 346 and 364 nm while the
longer wavelength between 486 and 505 nm (Figure 49). The results indicate that
there is a very small shift in the Anax Values between solutions and solid state thin
films which are assumed to be due to aggregation as in thin films polymers have
more planar structure than in solution. The freedom of movement of polymer chains
in solution leads to polymer chain twisting and so lead to lower conjugation. From
the absorption onset of P1(2) (610 nm), the optical band gap energy is 2.03 eV. P2
has an optical band gap energy of 2.05 eV (absorption onset at 604 nm) which is
comparable to that of P1(2) even though P1(2) has a high molecular weight of
(Table 1). This could be due to electrostatic interactions between fluorine
substituents on the carbazole and hydrogens at the 4-position on the pyrrole units as
shown in Figure 50. This interaction increases the planarity of the polymer structure
and so increases the conjugation which results in a lower optical band gap energy.
This phenomenon was reported by Hursthouse et al.**® P3 shows the larger optical
band gap energy compared to that of the other two polymers (2.03 eV for P1(2),
2.05 eV for P2 vs 2.15 eV for P3) which is expected due to fluorene being a weaker

electron donor compared to carbazole.

161



Chapter Five: Results and Discussion-Polymers

=
N
J

—P1 (2)
— P2
/ P3

02 | ~—

300 400 500 600 700
Wavelength (nm)

[Eny
1

o
(o]
1

Normalised Abs. (a.u.)
o o
» o)

Figure 49. Absorption spectra of P1(2), P2 and P3 as a thin films.

Figure 50. The H-F electrostatic interaction of P2.

A comparison of the absorption spectra of P1(2) with its analogous thiophene
polymer PCDTBT which was reported by Leclerc et al. ' (the same structure but
with methylpyrrole replaced with thiophene (Figure 51) indicates that the
absorption bands for PCDTBT are at Amax 390 and 545 nm for thin films, while the
absorption bands for P1(2) are at Amax 364 and 505 which indicates that P1(2) has a
higher optical band gap than PCDTBT (P1(2) (2.03 eV for P1(2) vs 1.88 eV for
PCDTBT). In addition, a comparison of P2 with its analogous polythiophene
polymer PFCDTBT*’ (same chemical structure but methylpyrrole is replaced with
thiophene (Figure 51) indicates a lower band gap for PFCDTBT (2.05 eV for P2 vs
1.73 eV for PFCDTBT). In addition, the PFCDTBT gave absorption bands at Amax
416 and 595 nm which means PFCDTBT is red shifted compared to P2. Moreover,

a comparison of P3 with its equivalent polythiophene polymer APFO 3 which was
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reported by Admassie et al. ** (the same chemical structure but methyl pyrrole is
replaced with thiophene (Figure 51) indicates that APFO 3 has lower band gap
energy with 1.80 eV. In addition, the absorption band at Anax for APFO 3 is red
shifted compared to P3 (Amax: 386 and 554 nm for APFO 3 vs 345 and 486 for P3).
It can be seen, the electronic delocalisation is clearly less pronounced on P1(2), P2
and P3 compared to that of their thiophene analogous polymers. Such finding could
be due to more twisting of the backbone of P1(2) out of the planarity when
compared to that in thiophene analogue polymers possibly as a result of steric
hindrance induced by the methyl groups on the nitrogen of pyrrole units on P1(2),
P2 and P3 and reducing the intramolecular charge transfer along the polymer

backbone.

APFO 3
Figure 51. The chemical structure of PCDTBT, PFCDTBT and APFO 3.

5.1.2.4. Cyclic Voltammetry (CV) analysis of P1, P2 and P3

In order to study the electrochemical properties of the polymers, Cyclic
Voltammetry was carried out on drop-cast polymer films in acetonitrile and
tetrabutylammonium perchlorate as electrolyte. The onset of oxidation and
reduction can be obtained from cyclic voltammetry curve and used to assess the
energy level of HOMO and LUMO (ferrocene has an ionisation potential of - 4.8

eV under vacuum level *° and the oxidation takes place at 0.083 eV against the

163



Chapter Five: Results and Discussion-Polymers

Ag/Ag" reference couple). In addition, the electrochemical band gap energy can be
calculated from the energy difference between the HOMO and LUMO levels.

Figure 52 shows the redox behaviour of P1(2), P2 and P3. As a result of having the
same acceptor repeat units, they (P1, P2, P3) have comparable LUMO energy
levels which is in the range (3.07-3.11 eV). In addition, P3 has lower HOMO
energy level compared to that of P1(2) and P2 (-5.71 eV for P1(2), -5.71 eV for P2,
-5.81 eV for P3), this is because fluorene alternate repeat units are weaker electron
donating groups than carbazole repeat units. A comparison of the electrochemical
band gap energy indicates that P3 has the widest band gap energy while P1(2) and
P2 have comparable electrochemical band gap energies (2.60 eV for P1(2), 2.61 eV
for P2, 2.75 eV for P3) despite the big diffenece in molecular weight (Table 1)
which means the electrostatic interaction between fluorine substituents on the
carbazole repeat units and hydrogens at the 4-position on the methylpyrrole repeat
units (Figure 50) does exist in P2. It can be seen that there are differences between
the optical and electrochemical band gap around (0.5 eV) as expected due to
exciton binding energy which is in the range of (0.40 — 1.00 eV) *.
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Figure 52. Cyclic voltammetry curves of P1(2), P2 and P3 .

A comparison of the redox behaviour of P1(2) with its analogous thiophene
copolymer PCDTBT reported by Leclerc et al. ™ (Figure 51) indicates that
PCDTBT has lower electrochemical band gap energy (Eeec= 1.90 eV for
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PCDTBT, Ege= 2.60 eV for P1(2)). In addition, a comparison of electronic
properties of P2 with its analogous thiophene copolymer PFCDTBT reported by

. ¥ (Figure 51) indicates that P2 has higher electrochemical band gap

Iragi et a
energy (Eeiect= 1.80 eV for PFCDTBT, Egeci= 2.64 €V for P2). Also, P3 has wider
electrochemical band gap energy compared to that of analogous thiophene
copolymer APF03 reported by Admassie et al. *® (Figure 51) indicating that P3 has
higher electrochemical band gap energy (Eeject= 2.00 eV for APF03, Egject= 2.75 eV
for P3). It is interesting to note that the reduction of electronic delocalisation along
the polymer backbone of these version of polymers as a result of steric hindrance

induced by the methyl groups on the nitrogen of pyrrole units on P1(2), P2 and P3.

Table 2. Summary of photo-physical and electrochemical properties of P1, P2 and P3.

P0|ymer ;vmax ;vmax (Thin Eop HOMO LUMO Ee|ect
(solution) Film) (eV) (eV) (eV)  (eV)

P1(2) 364,486 364, 505 2.03 -5.71 -3.11 2.60
P2 352,486 355, 490 1.85 -5.71 -3.09 2.62
P3 345,459 346, 386 2.15 -5.81 -3.07 2.75

5.1.3. Thermal analysis of P1, P2, P3

The thermal stability of P1, P2 and P3 were studied using TGA as shown in Figure
53. It can be seen that all three polymers exhibit a high thermal stability up to 400
°C which is high enough for the requirements of solar cell applications. The
degradation onset of P1 occurred at 431 °C with a total weight loss percentage of
50.3% at 800 °C. In addition, the degradation onset of P2 occurred at 434 °C with a
total weight loss percentage of 48.36% at 800 °C. Finally, the degradation onset of
P3 occurred at 430 °C and the total weight loss percentage was 55.29% at 800 °C. It
is clear, they all have similar degradation onset which indicates that the degradation

can be assigned to the alkyl chain attached to the carbazole or fluorene units.
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Figure 53. TGA curves of P1, P2 and P3.
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5.2. 2,6- Linked anthracene based copolymer (P7, P8, P9)

A range of 2,6- linked anthracene based copolymers designed to be low band gap
copolymers due to alternation of donor — acceptor groups along the polymer
backbone were prepared. These copolymers should be able to harvest more photons
from sunlight (Figure 54). The P7, P8 and P9 were synthesised successfully using
Suzuki cross coupling and analysed by *HNMR, elemental analysis and GPC. The
thermal stability was studied using TGA and the physical and electrical properties

of these polymers were studied using UV-Vis spectroscopy and cyclic voltammetry.

OC12H2s

Figure 54. The chemical structure of P7, P8, P9.

5.2.1. Preparation of P7, P8, P9
Preparation of P7, P8 and P9 were carried out using Suzuki cross coupling
polymerization reactions. The mechanism of the reaction is illustrated in Figure 44.

Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(4,7-dithiophen-2-yl)-
2’,1°,3’-benzothiadiazole-5,5-diyl] (P7) was prepared by reacting 2,6-bis-(4,4,5,5-
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tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-(dodecyloxy)phenyl)  anthracene
(23) with 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25), as shown

in Scheme 63.

OC12H25

(25)
OC1zHps
(23)

C12H250

P7

Scheme 63. Preparation of P7. (i) Pd(AcO), , tri-o-tolylphosphine, toluene,

tetraethylammonium hydroxide.

Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(5,6-bis(octyloxy)-
4,7-di  (thiophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl] (P8) was prepared by
reacting 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) with  4,7-bis(5-bromothiophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole (37) as shown in Scheme 64.
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OCy2Has
(23)

Scheme 64. Preparation of P8. (i) Pd(AcO), , tri-o-tolylphosphine, toluene,

C12Hp50 P8

tetraethylammonium hydroxide.

Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-(5,6-bis(octyloxy)-
4,7-di(selenophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl] (P9) was prepared by
reacting 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (23) with 4,7-bis(5-bromoselenophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole (38) as shown in Scheme 65.
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OCy2Has
(23)

Scheme 65. Preparation of P9. (i) Pd(AcO), , tri-o-tolylphosphine, toluene,

P9

C12H250

tetraethylammonium hydroxide.

5.2.2. Characterization of P7 , P8, P9

5.2.2.1. Gel Permeation Chromatography studies of P7, P8 and P9
All the GPC results are illustrated in Table 3, with the polydispersity (PD) and the
degree of polymerization (DP).

Table 3. Yields and GPC results for P7 , P8 and P9.

Solvent
Polymer  Yield % Fraction M, My PD DP
35 Toluene 3000 3800 1.2 3
ol 442  Chloroform 3500 4900 14 4
12 Chorobenzene 7800 9100 1.1 8
29.5 Toluene 9100 12600 1.38 7
P8 54 Chloroform 25000 34000 1.35 20
P9 92 Chloroform 48700 101400 2.08 36

5.2.2.2. 'HNMR analysis of P7, P8 and P9

The *HNMR analysis of polymers P7, P8 and P9 were carried out in C,D,Cl, at 80
°C in order to avoid broad signal especially in the down field region around (6 — 9

ppm) as a result of polymer aggregation.
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The spectrum of P7 illustrate in the aromatic region the protons of the anthracene
hydrogens with a doublet peak at 8.07 ppm related to the two protons in the
positions (a) (Figure 55). In addition, the doublet peaks which are observed at 7.66
ppm are related to the four protons on the positions (c) and (d) on the anthracene.
The singlet peak at 7.84 ppm can be assigned to the benzothiazole aromatic protons
(position (b)). The doublet peaks at 7.44 and 7.37 ppm are assigned to the thiophene
protons on the positions (e) and (f) respectively. The spectrum also shows doublet
peaks at 7.29 and 7.19 ppm which are related to the attached phenyl group on
positions (g) and (h) respectively. The triplet peak at 4.15 ppm corresponds to the
protons on the carbon which is bonded directly to the oxygen atom of the phenyl
(position (i)). The multiplet peaks at, 1.94-1.84 and 1.60-1.18 ppm correspond to
the alkyl chain protons (positions (j-s)). The triplet peak at 0.85 ppm can be
assigned to the six protons on the CHj; group at the end of the alkyl chain (position

(1))

cd . I-s

g,h

B JL

l T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 0.5 ppm

Figure 55. 'HNMR spectrum of P7 in C,D,Cl, at 80 °C.

The spectrum of the P8 reveals six aromatic signals which are related to the

anthracene and thiophene hydrogens as shown in Figure 56. The doublet peak at
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8.38 ppm can be assigned to the four protons on the positions (a) and (b) on the
anthracene. The singlet peak at 8.09 ppm is related to the two protons on the
position (c) on the anthracene. The doublet peaks at 7.80 and 7.67 ppm correspond
to the thiophene protons on the positions (d) and (e) respectively. The spectrum
shows multiplet peaks at 7.56-7.33 and 7.25-7.10 ppm which correspond to the
attached phenyl group protons on positions (f) and (g) respectively. The broad peak
at 4.19-4.06 ppm is related to the protons on the carbon bonded directly to the
oxygen atom of the phenyl groups attached to the anthracene (position (h)) and the
protons on the carbon which is bonded to the oxygen on the benzothiadiazole
(positions (i) and (i’)). The multiplet peaks at 1.96-1.80 and 1.61-1.17 ppm
correspond to the alkyl chain protons attached to the anthracene and
benzothiadiazole (position (i) to (w)). The multiplet peak at 0.91-0.78 ppm is
related the twelve protons on the CHj groups at the end of the alkyl chain on

anthracene and benzothiadiazole (positions (y) and (y’)).

vy

8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 ppm

Figure 56. "HNMR spectrum of P8 in C,D,Cl, at 80 °C.
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The 'HNMR spectrum of P9 shows seven aromatic signals in the aromatic region
(Figure 57). The broad singlet peak at 8.77 ppm can be assigned the two protons on
the positions (a) on the anthracene. The broad singlet peaks at 8.03 and 7.76 ppm
are related to the four protons on the position (b) and (c) on the anthracene. The
doublet peak at 7.58 ppm corresponds to the selenophene protons on the positions
(d) and (e) respectively. The spectrum shows multiplet peaks at 7.45 and 7.18 ppm
which are related to the attached phenyl group on positions (f) and (g) respectively.
Similarly to P8, the broad peak at 4.14 ppm corresponds to the protons on the
carbon which is bonded directly to the oxygen atom of the phenyl group which
attached to the anthracene and the protons on the carbon which is bonded to the
oxygen on the benzothiadiazole (positions (h) and (h’)). The multiplet peaks at
2.05-1.82 and 1.61-1.13 ppm correspond to the alkyl chain protons that attached to
the anthracene and benzothiadiazole (positions (i), (i’) and (k-w)). The multiplet
peak at 0.94-0.76 ppm related the twelve protons on the CH3 group at the end of the

alkyl chain on anthracene and benzothiadiazole (position (y) and (y’)).

9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 ppm

Figure 57. 'HNMR spectrum of P9 in C,D,Cl, at 80 °C.
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5.2.2.3. The UV-visible absorption spectroscopy analysis of P7, P8 and P9

The UV-Visible absorption spectra of P7 (chloroform fraction), P8 (chloroform
fraction) and P9 were performed in chloroform solution and on thin films at room

temperature.

Figure 58 shows the absorption spectra of P7, P8 and P9 in chloroform solutions. It
is clear that they have different absorption band maxima (An.x) because they have
different donor or acceptor repeat units along their polymer backbones. It can be
seen that all polymers show two absorption bands, the first bands are between 352
and 375 nm while the second bands are between 507 and 555 nm. A comparison of
the absorption bands at maxima of P7 and P8 indicates that P7 is red shifted
compared to that of P8 as a result of the effect of octyloxy groups attached to the
benzothiazole repeated units in P8. The spetrum indicate that P9 is red shifted
compared to that of P7 and P8 (360 and 532 nm for P7 vs 352 and 507 nm for P8
vs 375 and 555 nm for P9).
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Figure 58. Absorption spectra of P7, P8 and P9 in chloroform solutions.

Figure 59 shows UV-Vis spectra for P7, P8 and P9 as solid thin films. Again, the thin
film absorption spectra are red shifted compared to those of solutions due to aggregation
and planarity of polymer chains. It is interesting to note the effect of octyloxy groups

attached to the benzothiazole repeat units in polymer P8 on the conjugation and
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electronic properties. It can be seen that P7 has higher absorption at Ayax COmpared
to that of P8 (368 and 563 nm for P7 vs 365 and 523 nm for P8). Also, the optical
band gap energy for P7 as measured from the onset of its absorption in film also
emphasises a narrower gap than that of P8 (1.84 eV for P7 vs 1.96 eV for P8)
which indicates that octyloxy groups have a negative impact on the conjugation
properties of P8. The donating properties of the octyloxy substituent attached to
the benzothiadiazole repeat units decrease their electron accepting properties and
intramolecular charge transfer along the polymer backbone.  Also, these
substituents possibly affect the planarity of the polymer backbone due to steric
hindrance and so lead to lowering the absorption maxima but they increase polymer
solubility and so processability. In addition, a comparison of the absorption maxima
of P9 with that of P8 indicates a red shift (379 and 569 nm for P9 vs 365 and 523
nm for P8) and the optical band gap energy for P9 is lower than P8 (1.85 eV for P9
vs 1.96 eV for P8). It is clear that replacing thiophene with selenophene leads to
increasing the electron donating properties and the intramolecular charge transfer
along the polymer backbone as a result of the intermolecular Se-Se interactions

which could facilitate intramolecular charge transfer™"

. A comparison the optical
band gap energy of P7 and P9 indicate that they have comparable optical band gap
energy (1.85 eV for P9 vs 1.84 eV for P7) but P9 has higher absorption bands at
Amax (379 and 569 nm for P9 vs 368 and 563 nm for P7). It can be seen that
replacing thiophene with selenophene would increase the extended conjugated
along the polymer backbone even with the negative impact of the dioctyloxy

substituents.
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Figure 59. Absorption spectra of P7, P8 and P9 as thin films.

A comparison of P7 with its carbazole analogous (PCDTBT) reported by Leclerc
et al M (Figure 60) indicates that P7 has slightly lower optical band gap energy
(1.84 eV for P7 vs 1.88 eV for PCDTBT) and higher absorption band at Amax (563
nm for P7 vs 545 nm for PCDTBT). In addition, a comparison of P8 (chloroform
fraction) with its polycarbazole equivalent reported by Iragi et al. *** (PCDTOBT)
(Figure 60) indicates that they have the same optical band gap energy (1.98 eV for
P8 vs 1.98 eV for PCDTOBT) but the absorption band at Anax Of P8 is blue shifted
compared to that of PCDTOBT (365 and 523 nm for P8 vs 391 and 536 nm for
PCDTOBT). Moreover, a comparison of P9 with its equivalent carbazole polymer
reported by Iragi et al **> (PCDSeOBT) (Figure 60) which gave absorption band at
Amax 558 nm, indicates that P9 absorption spectra is red shifted when compared with
PCDSeOBT result. Also, P9 has lower band gap energy compared to that of
PCDSeOBT (1.85 eV for P9 vs 1.94 eV for PCDSeOBT). These value emphasis
that anthracene repeat units has higher higher electron donating properties
compared to that of carbazole repeat units as a consequence to a strong
intramolecular charge transfer along polymer backbone.
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PCDSeOBT
Figure 60. The chemical structure of PCDTBT, PCDTOBT and PCDSeOBT.

5.2.2.4. Cyclic Voltammetry (CV) analysis of P7, P8 and P9

In order to study the electrochemical properties of the polymers, Cyclic
Voltammetry was carried out on drop-cast polymer films in acetonitrile and
tetrabutylammonium perchlorate as electrolyte. The onset of oxidation and
reduction can be obtained from cyclic voltammetry curves and used to assess the
energy level of HOMO and LUMO (ferrocene has an ionisation potential of - 4.8
eV) under vacuum level **° and the oxidation takes place at 0.083 eV against the
Ag/Ag’ reference couple). In addition, the electrochemical band gap energy can be
calculated from the energy difference between HOMO and LUMO.

The cyclic voltammetry curves of P7, P8 and P9 are shown in Figure 61. A
comparison of P7 and P8 indicates that they have very close HOMO energy levels
(-5.44 eV for P7 vs -5.48 eV for P8) because they have the same donor repeat units.
On the other hand, P8 has higher negative potential to that of P7 due to the
reduction of the extended conjugation along polymer backbone. The deeper LUMO
energy level of P7 compared to that of P8 is possibly due to a reduction of the
electron accepting ability of benzothiadiazole repeat units by attaching donating
octyloxy substituents to them. The table shows that unlike the optical band gap
energy, P8 and P9 have the same electrochemical band gap energy as a result of

having comparable HOMO and LUMO energy levels. It can be seen that replacing
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thiophene with selenophene has no clear effect on the HOMO and LUMO energy
levels of P8 and P9. It can be seen that P7 has the lowest electrochemical band gap
energy compared to that of P8 and P9 (2.20 eV for P7 vs 2.34 eV for P8 vs 2.33 eV
for P9). Again, the optical band gap energies of these polymers (1.84-196 eV) are
lower than their electrochemical band gap energy (2.30-2.34 eV) due to exciton
binding energy which is in the range of (0.40 — 1.00 eV) **°.
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Figure 61. Cyclic voltammetry curves of P7, P8 and P9.

A comparison of P7 redox potential results to that of PCDTBT reported by Leclerc
et al. ™' (Figure 60) indicates that PCDTBT has lower electrochemical band gap
energy (1.90 eV for PCDTBT, 2.20 eV for P7) but P7 has lower optical band gap
energy (Eqp= 1.84 eV for P7, Eo,= 1.88 eV for PCDTBT). Also, P7 has higher
HOMO energy level compared to that of PCDTBT which has HOMO energy level
at (-5.44 eV for P7 vs -5.5 eV for PCDTBT) while PCDTBT has deeper LUMO
energy level compared to that of P7 (-3. 24 eV for P7 vs -3.6 eV for PCDTBT). In
addition, a comparison of P8 with PCDTOBT reported by Iraqi et al. ** (Figure
60) indicates that PCDTOBT has lower electrochemical band gap energy (2.13 eV
for PCDTBT, 2.34 eV for P8). In addition, they have comparable HOMO energy
level (-5.40 eV for PCDTOBT vs -5.48 eV for P8) but P8 displays higher LUMO
level compared to that of PCDTOBT (-3.27 eV for PCDTOBT vs -3.14 eV for
P8). Moreover, a comparison of P9 with PCDSeOBT reported by Iragi et al.*
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(Figure 60) indicates that they have comparable electrochemical band gap energy
(2.36 eV for PCDSeOBT vs 2.33 eV for P9). In addition, they have the same
HOMO (-5.46 eV for PCDSeOBT vs -5.47 eV for P9) and LUMO energy levels (-
3.10 eV for PCDTOBT vs -3.14 eV for P9). According to the HOMO and LUMO
energy levels, it is clear that anathracene based polymers have higher open circuit
voltage than carbazole analogous polymer which would harvest more photons from
sunlight. The cyclic voltammetry result is affected by the thickness of the film, the

film morphology and the exciton binding energies.

Table 4. Summary of the photophysical and the electrochemical properties of P7, P8

and P9.
(solution) Film) (eV) (eV) (V) (V)
P7 360,532 368, 563 1.84 -5.44 -3.21 2.20
P8 355,507 365, 523 1.96 -5.48 -3.14 2.34
P9 375,555 379, 569 1.85 -5.47 -3.14 2.33

5.2.3. Thermal analysis of P7, P8, P9

The thermal stability of P7, P8 and P9 were studied using TGA as shown in Figure
62. It can be seen that P7 exhibits a high thermal stability up to 400 °C which is
similar to the result obtained for P1, P2 and P3. The degradation onset of P7
occurred at 438 °C and then at 563 °C the degradation slightly falls, the total weight
loss percentage of 75.2% at 800 °C. For P8, there are two main degradation onsets,
the first one occurs at 340 °C and the second one takes place at 415 °C, the total
weight loss percentage of 69 % at 800 °C. Finally, the degradation onset of P9
occurs at 310 °C which is earlier than P7 and P8, then at 360 °C the weight
percentage starts to decrease gradually, the total weight loss percentage of 72.9 % at
800 °C. It is clear that the degradation of P8 and P9 start earlier than P7 due to the
loss of alkoxy groups which attached to the benzothiadiazole units. Thus, the

alkyloxy group provides higher solubility but lower thermal stability.
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Figure 62. TGA curves of P7, P8 and P9.
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5.3. 2,7- Linked anthracene based copolymers (P10, P11, P12)

2,6-Linked anthracene based polymers have been studied and the polymers
displayed promising results for solar cell applications have. 2,7-Linked anthracene
polymers have been suggested in order to study which anthracene structure
provides more conjugation for solar cell application. The alternation of donor —
acceptor repeat units along the polymer backbone should lead them to have a low
band gap in order to harvest more photons from sunlight as shown in Figure 63.
P10, P11 and P12 were synthesised successfully using Suzuki cross coupling and
analysed by 'HNMR, elemental analysis and GPC. The thermal stability was
studied using TGA and the physical and electrical properties of these polymers
were studied using UV-Vis spectroscopy and cyclic voltammetry. In addition, a
comparison of physical and electrochemical properties of 2,7-linked anthracene

based polymers to that of 2,6-linked anthracene based polymers will be studied.

OC12H2s

P10 OCi2Has P11

C12H250

Figure 63. Chemical structures of P10, P11 and P12.
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5.3.1. Preparation of P10, P11, P12

The preparation of P10, P11 and P12 were carried out using Suzuki cross coupling

polymerization reactions. The mechanism of the reaction is illustrated in Figure 44.

For P10, P11 and P12, palladium was removed in different ways in order to make
sure there is not palladium impurities left in the polymers. Firstly, the crude
polymers were dissolved in chloroform and ammonium hydroxide solution (28 %
in H,0) was added. The mixtures were heated to reflux for three hours then cooled
to room temperature. The organic layer was separated and disodium
ethylenediaminetetraacetate was added and stirred for overnight. The mixture was
washed with water several times then concentrated. It is reported that using this
method reduces the amount of palladium residues to less than 9 ppm. As mentioned
before removing palladium residues leads to higher charge mobility, avoidance of
space charge charier effect, reduces recombination (results from impurities) and

improves the behaviour of polymers in devices **,

Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(4,7-dithiophen-2-yl)-
2°,1°,3’-benzothiadiazole-5,5-diyl]  (P10) was prepared by reacting 2,7-bis-
(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-(dodecyloxy)phenyl)

anthracene (31) with 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (25),

as shown in Scheme 66.
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Scheme 66. Preparation of P10. (i) Pd(AcO), , tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.

Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(5,6-bis(octyloxy)-
4,7-di (thiophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl] (P11) was prepared by
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reacting 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31)  with 4,7-bis(5-bromothiophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole (37) as shown in Scheme 67.

OCizHas

>?L<e > 9J§< NS
o,B B\o \_/

I\ Q &
OOO TN \ /

‘ CgH17O  OCgHy7

(37)
OCy2Has Cy2Hz50

(31) P11
Scheme 67. Preparation of P11. (i) Pd(AcO)s, tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.

Poly(9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-(5,6-bis(octyloxy)-
4,7-di(selenophen-2-yl)benzo[1,2,5]thiadiazole-5,5-diyl] (P12) was prepared by
reacting 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (22) with 4,7-bis(5-bromoselenophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole (37) as shown in Scheme 68.
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Scheme 68. Preparation of P12. (i) Pd(AcO),, tri-o-tolylphosphine, Toluene,

P12

tetraethylammonium hydroxide.

5.3.2. Characterization of P10, P11, P12

5.3.2.1. Gel Permeation Chromatography studies of P10, P11 and P12
All the GPC results are illustrated in Table 5, with the polydispersity (PD) and the

degree of polymerization (DP).
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Table 5. Yields and GPC results for P10, P11 and P12.

Solvent
Polymer  Yield % Fraction Y/ My PD DP
P10 48.5 Toluene 4700 6400 1.36 5

175 Chloroform 13700 20100 1.46 11

P11 78.9 Chloroform 21700 35400 1.63 17

P12 85.6 Chloroform 33300 52200 1.56 25

5.3.2.2. 'HNMR analysis of P10, P11 and P12

The 'HNMR analysis of polymers P10, P11 and P12 were carried out in C,D,Cl, at
100 °C in order to avoid broad signals especially in the downfield region around (6

— 9 ppm) as a result of polymer aggregation.

The HNMR spectrum of P10 show eight peaks in the aromatic region for
anthracene, thiophene and benzothiadiazole protons (Figure 64). The broad singlet
peak at 8.08 ppm corresponds to the four protons on position (a) on the anthracene
and position (b) on the benzothiadiazole. Also, the rest of anthracene protons on
position (c) and (d) are observed at 7.85-7.75 ppm which give multiplet peaks. The
doublet peaks at 7.63 and 7.50 ppm are related to the thiophene protons on
positions (e) and (f) respectively. It is clear that the 2,7-linked anthracene units do
not show a symmetrical structure as the 2,6-linked anthracene units, so the
attached phenyl groups have different chemical environments. The doublet peaks
at 7.41 and 7.34 ppm are related to the phenyl group protons on the positions (g”)
and (g) repectively, while the doublet peaks at 7.23 and 7.15 ppm can be assigned
to the other phenyl group protons in the other phenyl group in the positions (h’) and
(h) respectively. The singlet peaks at 4.20 and 4.14 ppm corresponds to the protons
on the carbon which is bonded directly to the oxygen atom of the phenyl group

which attached to the anthracene on the positions (k’) and (k) respectively. The
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multiplet peaks at, 1.97-1.83, 1.63-1.49 and 1.49-1.18 ppm correspond to the alkyl
chain protons attached to the anthracene (I-u) and (I’-u’). The multiplet peak at
0.93-0.77 ppm can be assigned to the CH3 group protons at the end of the alkyl

chains.

n-u (n'-u’)

T
8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 35 3.0 25 20 15 1.0 0.5 ppm

Figure 64. 'HNMR spetrum of P10 in C,D,Cl, at 100 °C

The structure of P11 was confirmed using *HNMR as shown in Figure 65. It is
clear that the singlet peak which is displayed at 8.40 ppm is related to the
anthracene protons in the positions (a). The four anthracene protons in the positions
(b) and (c) are observed at 8.11 and 7.79 ppm. Also, the spectrum shows two
doublet peaks at 7.67 and 7.51 ppm which are related to the thiophene protons in
the positions (d) and (e) respectively. The structure of this polymer is not
symmetrical and so the attached phenyl groups protons are displayed at different
chemical environments. Thus, the spectrum shows doublet peaks at 7.42 and 7.37
ppm which are related to the phenyl group protons in the positions (f) and (f)
respectively while the other phenyl group protons in the position (g’) and (g) are
observed as doublet peaks at 7.21 and 7.16 ppm respectively. The broad singlet
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peak at 4.15 ppm corresponds to the protons on the carbon which is bonded directly
to the oxygen atom of the phenyl group attached to the anthracene units and to the
protons on the carbons which are bonded to the oxygen atom attached to the
benzothiadiazole on the positions (h), (h’) and (h’’). The multiplet peaks 1.97-1.82
and 1.61-1.17 ppm corresponds to the alkyl chain protons that attached to the
anthracene (I-u) and (I’-u’). The multiplet peak at 0.91-0.77 ppm can be assigned to
the CHj3 group protons at the end of the alkyl chains that attached to the phenyl
group in the positions (y) and (y’) and the benzothiadiazole position (y’’).

J-w('-r)

T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 2.5 2.0 15 1.0 ppm

Figure 65. 'HNMR spectrum of P11 in C,D,Cl, at 100 °C.

The *HNMR spectrum of P12 (Figure 66) reveal the protons of the anthracene
hydrogen in the aromatic region with doublet peak at 8.73 ppm appointed to the
four protons on the positions (a) and (b). The broad singlet peak at 8.06 ppm is
related to the anthracene protons in the position (c). The signals at 7.76 and 7.62
ppm can be assigned to the selenophene protons in the positions (d) and (e)
respecctively. Again, 2,7-anthracene based copolymers do not show a symmetrical

structure and so two chemical environments were observed for attached phenyl
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groups. Thus, the spectrum shows doublet peaks at 7.48 and 7.41 ppm which are
related to the phenyl group protons in the positions (f*) and (f) respectively while
the other phenyl group protons in the position (g’) and (g) are observed as doublet
peaks at 7.21 and 7.15 ppm respectively. The broad singlet peak centre around 4.16
ppm corresponds to the protons on the carbons which are bonded directly to the
oxygen atoms of the phenyl group and to the protons on the carbons which are
bonded to the oxygen atoms attached to the benzothiadiazole units on the positions
(h, ) and (h’’). The multiplet peaks 2.04-1.80 and 1.61-1.17 ppm corresponds to
the alkyl chain protons that attached to the anthracene (I-u) and (I’-u’). The
multiplet peak at 0.91-0.78 ppm can be assigned to the CH3 group protons at the
end of the alkyl chain that attached to the phenyl group in the positions (y,y’) and

the benzothiadiazole position (y’’).

f %
€y
a,b d

\

T T T T T T T T T T T T T T T T T
8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.0 ppm

Figure 66. The '"HNMR for the P12 in C,D,Cl, at 100 °C.

186



Chapter Five: Results and Discussion-Polymers

5.3.2.3. UV-visible absorption spectroscopy analysis of P10, P11 and P12

UV-Visible absorption studies on P10 (chloroform fraction), P11 and P9 were

performed in chloroform solutions and on thin films at room temperature.

Figure 67 shows the UV spectra of P10, P11 and P12 in chloroform solutions. All
three polymers show two absoption bands, the first bands are between 377 and 383
nm while the second bands are between 517 and 533 nm. It is interesting to note
that P12 absorption maxima are red shifted compared to those of P10 and P11 as a
result of Se-Se interaction®®’. In addition, P10 and P11 have comparable absorption
maxima (501 nm for P10 vs 505 nm for P11 vs 513 nm for P12) even with the
negative impact of dioctyloxy groups on the accepting properties of the
benzothiadiazole.
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Figure 67. Absorption spectra of P10, P11 and P12 in Chloroform solution.

Figure 68 shows UV-Vis spectra for P10, P11 and P12 as solid thin film. The
polymers show different absorption maxima as a result from having different
acceptor units. P10 and P11 have benzothiadiazole repeat units but P11 has
octyloxy groups attached to the benzothiazole repeat units in order to increase
solubility of the polymer (acceptor unit). It can be seen that P10 has higher
absorption maxima compared to P11 (377 and 525 nm for P10 vs 381 and 517 nm

for P11). Also, from the onset of absorption of the polymers in films, the optical
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band gap energy for P10 is narrower than that of P11 (1.82 eV for P10 vs 2.02 eV
for P11) which means that the octyloxy substituents attached to the
benzothiadiazole repeat units reduce the electron accepting properties of the repeat
unit and as a result provide P11 with a wider optical band gap energy than P10. A
comparison of P11 and P12 absorption spectra shows the effect of replacing
thiophene with selenophene on their conjugation. P12 has higher absorption
maxima than P11 (381 and 517 nm for P11 vs 383 and 533 nm for P12). The
optical band gap energy for P12 is lower than P11 (1.82 eV for P10 vs 2.02 eV for
P11 vs 1.98 eV for P12). Thus, replacing thiophene repeat units with selenophene
repeat units leads to increasing the intramolecular charge transfer along the polymer
backbone as a result of Se-Se interaction along the polymer backbone™!. A
comparison the optical band gap energy of P10 and P12 indicates that P12 has a
wider optical band gap energy than P10 (1.82 eV for P10 vs 1.98 eV for P12) but
the absorption maxima of P12 is red shifted compared to that of P10 (377 and 525
nm for P10 vs 383 and 533 nm for P12).
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Figure 68. Absorption spectra of P10, P11 and P12 as thin films.
Figure 69 shows a comparison of P7 with P10 as a thin film. The spectra indicates
that P10 is blue shifted compared to that of P7 (368, 563 nm for P7 vs 377, 525 nm
for P10). On the other hand, they have comparable optical band gap energies (1.85
eV for P7 vs 1.83 eV for P10). In addition, the molar absorptivity measurements
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illustrated that P7 has higher molar absorptivity than polymer P10 (35200 L.mol
! em™ for P7 vs 31300 L.mol™*.cm™ for P10).
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Figure 69. Absorption spectra of P7 and P10 as thin films.

Figure 70 shows a comparison of P8 with P11 as thin films. It is clear that P8 is
blue shifted in the first absorption band at Amax compared to that of P11 (365 nm for
P8 vs 376 nm for P11) while P8 is red shifted in the second absorption Amax
compared to P11 (523 nm for P8 vs 517 nm for P11). It is interesting to note that
the optical band gap energy of P11 as measured from the onset of its absorption in
films also indicates a wider value than that of P8 (1.98 eV for P8 vs 2.02 eV for
P11). In addition, the molar absorptivity measurements illustrated that P8 has a
higher molar absorptivity compared to polymer P11 (40000 L.mol™.cm™ for P8 vs
36600 L.molt.cm™ for P11). The results indicate that 2,6-linked anthracene
polymers have slightly higher electronic conjugation and intramolecular charge
transfer along polymer backbones compared to those of 2,7-linked anthracene
polymers. The chemical structure of 2,7-linked anthracene polymers might show a
slight amount of chain twisting due to steric hindrance which leads to reduce

electron delocalisatoin along the polymer backbone.
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Figure 70. Absorption spectra of P8 and P11 as thin films.

A comparison of P12 with its analogous 2,6-linked anthracene (P9) shows that P9
has higher conjugation compared to that of P12 as shown in Figure 71. The optical
band gap energy difference between P11 with its analogous 2,6-linked anthracene
(P8) is 0.06 eV. On the other hand, the optical band gap energy difference between
P12 with its analogous 2,6-linked anthracene (P9) is 0.13 eV (1.85 eV for P9 vs
1.98 eV for P12). This is resulting from the high molecular weights of P9 compared
to those of P12 (M,= 48700, M,,= 101400 for P9 vs M,= 33300, M,,= 52200 for
P12). It is clear that P9 is blue shifted in the first absorption band at Aynax COMpared
to that of P12 (379 nm for P9 vs 383 nm for P12) while P9 is red shifted in the
second absorption Amax cOmpared to that of P12 (569 nm for P9 vs 533 nm for P12)
which is in agreement with the comparison result of P8 and P11. In addition, the
molar absorptivity shows a big difference between them. P9 has a much higher
molar absorptivity compared to that of P12 (42000 L.mol™.cm™ for P9 vs 23500
L.molt.cm™ for P12). Again, the result indicates that 2,6-linked anthracene
polymers have higher extended conjugation along polymer backbone compared to
that of 2,7-linked anthracene polymers. The chemical structure of 2,7-linked
anthracene possibly suffers from a slight amount of chain twisting due to steric
hindrance which leads to a reduction in the electron dlocalisation along the polymer
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backbone. Also, the big molecular weight difference has a very important impact on

their conjugation properties.
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Figure 71. Absorption spectra of P9 and P12 as thin films.

5.3.2.4. Cyclic Voltammetry (CV) analysis of P10, P11 and P12

In order to study the electrochemical properties of the polymers, Cyclic
Voltammetry was carried out on drop-cast polymer films in acetonitrile and
tetrabutylammonium perchlorate as electrolyte. The onset of oxidation and
reduction can be obtained from cyclic voltammetry curves and assess the energy
level of HOMO and LUMO (ferrocene has an ionisation potential of - 4.8 eV '*
and the oxidation takes place at 0.083 eV against the Ag/Ag" reference couple). In
addition, the electrochemical band gap energy can be calculated from the energy
difference between HOMO and LUMO.

Figure 72 shows the cyclic voltammetry curves of P10, P11 and P12. It can be seen
that P10 has the lowest electrochemical band gap energy compared to P8 and P9
(2.28 eV for P10 vs 2.46 eV for P11 vs 2.44 eV for P12). A comparison of HOMO
energy levels of polymers P10 and P11 indicates that they have comparable levels
(-5.54 eV for P10 vs -5.57 eV for P11) because they have the same donor unit. On
the other hand, polymer P10 shows deeper LUMO energy level to that of polymer
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P11 as a result of the effect of octyloxy substituents attached to the
benzothiadiazole repeat units on P11 (-3.26 eV for P10 vs -3.14 eV for P11). It can
be seen that the octyloxy substituent groups attached to the benzothiadiazole has a
negative impact to the electronic delocalisation along polymer backbone and
reducing the electron accepting ability of the benzothiadiazole on P11. A
comparison of P11 and P12 indicates that they have the same electrochemical band
gap energy as a result of having comparable HOMO and LUMO energy levels. It
can be seen that replacing thiophene with selenophene has no clear effect on the
HOMO and LUMO energy levels of P11 and P12.
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Figure 72. Cyclic voltammetry curves of P10, P11 and P12.

Comparison of P10 electrochemical results with its analogous 2,6-linked
anthracene copolymer (P7) indicates that P7 has lower electrochemical band gap
energy (Eeect= 2.20 eV for P7 vs Ege= 2.32 eV for P10). In addition, it can be
seen that both of P7 and P10 have the same LUMO energy levels (-3.24 eV for P7
vs -3.22 eV for P10) because they have the same benzothiadiazole acceptor
repeated units. The HOMO energy level of P10 is slightly deeper than P7 (-5.44 eV
for P7 vs -5.54 eV for P10). A comparison of P11 electrochemical results with its
analogous 2,6-anthracene copolymer P8 indicates that P8 has lower
electrochemical band gap energy (Eelect= 2.34 €V for P8 vs Egeci= 2.46 eV for P11).
They have almost the same LUMO energy level but P8 has higher HOMO energy
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level (- 5.48 eV for P8 vs — 5.57 eV for P11). Moreover, a comparison of P12 with
its analogous 2,6-anthracene copolymer P9 indicates that P12 has higher
electrochemical band gap energy (Eeject= 2.44 eV for P12 vs Egjeci= 2.33 eV for P9).
The same as P8 vs P11 P9 and P12 have the same LUMO energy levels but P12
has a deeper HOMO energy level energy (- 5.47 eV for P12 vs — 5.56 eV for P9).
The higher oxidation potential of 2,7-linked anthracene polymers and its deeper
HOMO energy level compared to that of 2,6-linked anthracene analogous polymers
is possibly due to steric hindrance which reduce the electron delocalisation and the

intramolecular charge transfer along the polymer backbone.

Table 6. The UV-Vis and CV results of P6 — P12,

P0|ymer )\.max )\.max Eop Molar HOMO LUMO Ee|ect
(Solution) __(Thin Film) Abs. (eV) eV

P7 360, 368, 563 1.84 35200 -5.44 -3.24 2.20
532

P8 352, 365, 523 1.96 40000 -5.48 -3.14 234
507

P9 375, 379, 569 1.85 43000 -5.47 -3.14 233
555

P10 360, 377,525 1.82 31300 -5.54 -3.22 232
501

P11 376, 381, 516 2.02 36600 -5.57 -3.11 246
505

P12 376, 383, 533 1.98 23500 -5.56 -3.12 244
513

5.3.3. Thermal analysis of P10, P11, P12

The thermal stability of P10, P11 and P12 were studied using TGA as shown in
Figure 73. It can be seen that P10 exhibits a high thermal stability up to 400 °C
which is similar to the its analogous 2,6-linked anthracene (P7). The degradation
onset of P10 occurs at 445 °C which is very close to the degradation onset of P7

193



Chapter Five: Results and Discussion-Polymers

(438 °C), the total weight loss percentage is 75.2% at 800 °C for P10. The TGA
curve for P11 shows two main degradation onsets, the first one occurs at 313 °C
and the second one takes place at 453 °C, the total weight loss percentage is 60 % at
800 °C. There are two degradation onsets for P12, the first one occurs at 312 °C
which is similar to the its analogous 2,6-anthracene (310 °C for P9), the second
degradation onset takes place at 409 °C, the total weight loss percentage is 53.5 %
at 800 °C.

100 - —P10
80 - P12
® 60 -
()]
=
40 -
20 T T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature (0C)

Figure 73. TGA curves of P10, P11 and P12.

It can be seen that the degradation of P11 and P12 start earlier than for P10 due to
the effect of alkyoxy groups attached to the benzothiadiazole repeat units. Thus, the
alkyloxy groups provide higher solubility but lower thermal stability to the

poymers.
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5.4. Anthracene based polymers (P13, P14, P15)

In this project a series of 2,6- and 2,7-linked anthracene based polymers were
prepared successfully. The investigation has indicated that 2,6- linked anthracene
copolymers have higher extended conjugation along polymer backbone than 2,7-
linked anthracene copolymers. In order to support this study P13, P14 and P15
were suggested. They are homopolymer systems as shown in Figure 74. P13, P14
and P15 were synthesised successfully using Suzuki cross coupling and analysed
by 'HNMR, elemental analysis and GPC. The thermal stability, the physical and
electronic properties were studied using TGA, UV-Vis spectroscopy and CV.

OC12Hzs5

OC,H,s5 OC12H25

J <

OC12H25 OC12H25
P13 P14 P15

Figure 74.The chemical structure of P13, P14, P15.

5.4.1. Preparation of P13, P14 , P15

The preparation of P13, P14 and P15 were carried out using Suzuki cross coupling
polymerization reactions. The mechanism of the reaction is illustrated in Figure 44.
The Poly[9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl] (P13) was prepared
by reacting  2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy) phenyl)anthracene (23) with 2,6-dibromo-9,10-bis(4-
(dodecyloxy)phenyl)anthracene. (22), as shown in Scheme 69.
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OC15Hzs OC12H25 OC12H25
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P13

Scheme 69. Preparation of P13. (i) Pd(AcO), , tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.

Poly[9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl] (P14) was prepared by
reacting 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-
(dodecyloxy)phenyl)anthracene (31) with 2,7-dibromo-9,10-bis(4-(dodecyloxy)

phenyl)anthracene (30), as shown in Scheme 70.

OC15Hs5 C)(312"'25 OC12H25

%’ Br
OC12H25 OC12H25 OC12H25

Scheme 70. Preparation of P14. (i) Pd(ACO)z, tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.

Poly[9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-9,10-bis(4-
(dodecyloxy)phenyl)-anthracene-2,7-diyl] (P15) was prepared by reacting 2,7-bis-
(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-bis(4-(dodecyloxy)phenyl)
anthracene (31) with ,6-dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthracene. (22)
as shown in Scheme 71.
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Scheme 71. Preparation of P15. (i) Pd(AcO)s, tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.

5.4.2. Characterization of P13, P14, P15

5.4.2.1. Gel Permeation Chromatography studies of P13, P14 and P15.

All the GPC result are illustrated in Table 7, with the polydispersity (PD) and the
degree of polymerization (DP).

Table 7. Yields and GPC results for P13 , P14 and P15.

Solvent
Polymer  Yield % Fraction M, My PD DP
P13 46.5 Toluene 21600 35300 1.60 31

49.6 Chloroform 50800 74900 1.47 73

P14 78.9 Toluene 21700 35400 1.63 36

P15 85.6 Toluene 33300 52200 1.56 21

5.4.2.2. 'HNMR analysis of P13, P14 and P15
The 'HNMR analysis of polymers P13, P14 and P15 were carried out in C,D,Cl, at
100 °C in order to avoid broad signal especially in the down field region around (6

— 9 ppm) as a result of polymer aggregation.
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As shown in Figure 75, the 'HNMR spectrum of P13 are similar to the spectrum of
(23). They show a singlet peak at 7.96 ppm corresponds to the protons on position
(@) in the anthracene. Also, the spectrum reveals two doublet peaks at 7.76 and 7.55
ppm which are related to the anthracene protons in the positions (b) and (c)
respectively. It can be seen that the doublet peaks at 7.35 and 7.11 ppm can be
assigned to the attached phenyl group protons on positions (d) and (e) respectively.
The broad singlet peak at 4.14 ppm corresponds to the protons on the carbon which
is bonded directly to the oxygen atom of the phenyl group in the position (f). The
multiplet peaks at 1.94-1.83, 1.61-1.50 and 1.48-1.20 ppm correspond to the alkyl
chain protons. The triplet peak at 0.86 ppm can be assigned to the six protons on the

CHgs group at the end of the alkyl chain.
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Figure 75. 'HNMR spectrum of P13 in C,D,Cl, at 100 °C

The structure of P14 was confirmed using "HNMR as shown in Figure 76. The
spectrum is comparable to the *HNMR of (30). It is clear that the singlet peak at
7.96 ppm is related to the anthracene protons in the position (a). The four

anthracene protons in the positions (b) and (c) are observed at 7.75 and 7.53 ppm.
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The structure of this polymer is not symmetrical; the attached phenyl group protons
are displayed at different chemical environments. So, the spectrum shows multiplet
peak at 7.35 ppm which is related to the four protons in the attached phenyl groups
in the positions (d) and (d’). Also, the multiplet peak at 7.11 ppm is related to the

phenyl group protons in the positions (e) and (¢’). The remaining peaks at 4.11,
1.92-1.82, 1.60-1.47, 1.47-1.16 and 0.91-0.78 are related to the aliphatic protons of

the alkyl chain attached to the phenyl group.
OC12Hzs
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Figure 76. 'HNMR spectrum of P14 was carried out in C,D,Cl, at 100 °C.

Figure 77 shows the "HNMR spectrum of P15. The anthracene protons in position
(a) are assigned as a broad singlet peak at 7.94 ppm. It can be seen that the doublet
peaks at 7.74 and 7.54 are related to the anthracene protons in the positions (b) and
(c). The doublet peak at 7.35 ppm is related to the phenyl group protons in the
position (d), while the broad singlet peak at 7.11 ppm corresponds to the other
protons in the phenyl group positions (d). The rest of the peaks 4.12, 1.95-1.82,
1.61-1.48, 1.47-1.14 and 0.91-0.78 can be assigned the aliphatic chain hydrogens
attached to the phenyl groups.

199



Chapter Five: Results and Discussion-Polymers

Figure 77. *HNMR spectrum of P15 in C,D,Cl, at 100 °C.

5.4.2.3. UV-visible absorption spectroscopy analysis of P13, P14 and P15

UV-Visible absorption studies of P13 (toluene fraction), P14 and P15 were

performed in chloroform solutions and on thin films at room temperature.

The absorption spectra of P13, P14 and P15 in chloroform solutions are shown in
Figure 78. All of these polymers are wide band gap polymers as expected. They
show two broad absorption bands, the first bands with maxima between 317 and
325 nm and the second bands between 361 and 465 nm. It is interesting to note that
they has strong and clear absorption at low wavelength absorption as a result of the

delocalisation = — 7 transition in the polymer chains ***.
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Figure 78. Absorption spectra of P13, P14 and P15 in chloroform solutions.

Figure 79 shows a comparison of the UV-Vis spectra for P13, P14 and P15 as thin
filmS. Again, the slight red shift between thin film and solution absorptions are
observed due to aggregation thin film allows more planer structures to the polymer
backbone than in solution. The freedom of movement of polymers in solution leads
to increase polymer chain twisting and reduced electronic conjugation and so leads
to lower absorption maxima. A comparison of P13 and P14 indicates that P13 has
higher absorption maxima compared to P14 (326 and 468 nm for P13 vs 320 and
375 nm for P14). In addition, P14 has a wider optical band gap energy compared to
that of P13 (2.7 eV for P14 vs 2.5 eV for P13). It can be seen that, P15 has higher
absorption maxima than P14 but lower than P13 (326 and 468 nm for P13 vs 320
and 375 nm for P14 vs 320, 364 and 444 nm for P13). The optical band gap energy
of P15 is 2.6 eV which higher than P13 and lower than P14. It is interesting to note
that the structure of 2,6-anthracene polymer (P13) provides higher electron
delocalisation along the polymer backbone compared to the structure of 2,7-
anthracene polymer (P14) which affects its electron delocalisation due to of

increase the steric hindrance effects.
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Figure 79. Absorption spectra of P13, P14and P15 as a thin films.

5.4.2.4. Cyclic Voltammetry (CV) analysis of P13, P14 and P15

In order to study the electrochemical properties of the polymers, Cyclic
Voltammetry was carried out by drop-cast polymer films in acetonitrile and
tetrabutylammonium perchlorate as electrolyte. The onset of oxidation and
reduction can be obtained from cyclic voltammetry curves and used to assess the
energy level of the HOMO and LUMO levels (ferrocene has an ionisation potential

of - 4.8 eV vs vacuum level *°

and the oxidation takes place at 0.083 eV against the
Ag/Ag’ reference couple). In addition, the electrochemical band gap energy can be

calculated from the energy difference between HOMO and LUMO.

As shown in Figure 80, the redox behaviour of P13, P14 and P15 indicates that
they have the same LUMO energy level at (-2.97 eV for P13 vs -2.96 eV for P14 vs
-2.96 eV for P15). On the other hand, P14 has the deepest HOMO energy level
compared to P13 and P15 (-5.81 eV for P13 vs -5.87 eV for P14 vs -5.84 eV for
P15). It can be seen that P13 has the lowest electrochemical band gap energy
compared to that of P14 and P15 (2.84 eV for P13 vs 2.91 eV for P14 vs 2.88 eV
for P15). The electrochemical band gap energies (2.84-2.91 eV) are higher than the
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optical band gap energies (2.5-2.7 eV) due to exciton binding energy which is in the
range (0.4-1.00 eV)™.
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Figure 80. Cyclic voltammetry curves of P13, P14 and P15.
Table 8. Summary of the UV-Vis and CV results of P13-P15
(Solution) (Thin Film) (eV) eV

P13 325,465 326, 468 2.5 -5.81 -2.97 2.84

P14 317,372 320, 375 2.7 -5.87 -2.96 2.91

P15 319,361 320, 363 2.6 -5.84 -2.96 2.88

5.4.3. Thermal analysis of P13, P14, P15

The thermal degradation of polymers P13, P14 and P15 were investigated using
TGA as shown in Figure 81. It can be seen that all of three polymers shows high
degree of thermal stability (up to 400 °C). The degradation onset of P13 occurred at
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419 °C and the total weight loss percentage is 21.3 % at 800 °C. In addition, the
degradation onset of P14 occurred at 429 °C and the total weight loss percentage is
23.4 % at 800 °C. Finally, the degradation onset of P15 occurred at 410 °C and the
total weight loss percentage is 27 % at 800 °C. It is clear, they have degradation
onsets in the range (429 — 410 °C) which indicates that the degradation can be
assigned to the alkyl chain attached to the phenyl groups which are attached to the

anthracene repeat units.
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Figure 81. TGA curves of P13, P14 and P15.
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5.5. Diketopyrrolopyrrole (DPP) based copolymers (P16, P17, P18, P19, P20)

Diketopyrrolopyrrole (DPP) based copolymers are designed according to the
concept of weak donor and strong acceptor systems as a result of alternation of
donor and acceptor groups along the polymer chain should lead to low band gap
copolymers (harvest more photons from the sunlight) with high open circuit
voltages. P16, P17, P18, P19 and P20 (Figure 82) were synthesised successfully
using Suzuki cross coupling and analysed by *HNMR, elemental analysis and GPC.
The thermal stability was studied using TGA and the physical and electrical

properties of these polymers were studied using UV-Vis and CV.

Figure 82. The chemical structures of P16, P17, P18, P19 and P20.
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5.5.1. Preparation of P16, P17, P18, P19, P20
The preparation of P16 - P20 was undertaken using Suzuki cross coupling

polymerization reactions. The mechanism of the reaction is illustrated in Figure 44.

Poly [9-(1-octyl-nonyl)-9H-carbazole-2,7-diyl-alt-3,6-bis(thiophen-5-yl)-2,5-di(2-
ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] (P16) was prepared by
reacting 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
9H-carbazole @) with 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34) (Scheme 72).

I\ N N B
0. 0 0 s
U {0 o o ISy s
0 N o} . \_ s g — N N
PN O"™>N" Y

(@]
CgHy7” “CgHyz ?) oan/kcaHﬂ ////é
(7) (34) P16

Scheme 72. Preparation of P16. (i) Pd(AcO),, tri-o-tolylphosphine, Toluene,
tetraethylammonium hydroxide.

Poly [3,6-difluoro-9-(1-octyl-nonyl)-9H-carbazole-2,7-diyl-alt-3,6-bis(thiophen-5-
yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] ~ (P17) was
prepared by reacting 3,6-difluoro-9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9H-carbazole (35) with 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34) (Scheme 73).

F F \ K(i F F %/OJ N\
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Scheme 73. Preparation of P17. (i) Pd(AcO), , tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.
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Poly[9,6-dioctyl-9H-fluornene-2,7-diyl-alt-3,6-bis(thiophen-5-yl)-2,5-di(2-
ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] (P18) was prepared by
reacting 9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (36) with
3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-

1,4(2H,5H)-dione (34) (Scheme 74).
!
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Scheme 74. Preparation of P18. (i) Pd(AcO),, tri-o-tolylphosphine, Toluene,
tetraethylammonium hydroxide.

Poly [9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,6-diyl-alt-3,6-bis(thiophen-5-
yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5°,5’-diyl] ~ (P19) was
prepared by reacting 2,6-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-
bis(4-(dodecyloxy)phenyl) anthracene (23) with 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (34) (Scheme 75).

OC12Hzs

(23)

Scheme 75. Preparation of P19. (i) Pd(AcO),, tri-o-tolylphosphine, Toluene,
tetraethylammonium hydroxide.
Poly[9,10-bis(4-(dodecyloxy)phenyl)-anthracene-2,7-diyl-alt-3,6-bis(thiophen-5-yl)
-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5",5’-diyl] (P20) was
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prepared by reacting 2,7-bis-(4,4,5,5-tetramethyl-[1,3,2]dioxaborolan-2-yl)-9,10-
bis(4-(dodecyloxy)phenyl) anthracene (31) with 3,6-bis(5-bromothiophen-2-yl)-
2,5-bis(2-ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione  (34) (Scheme 76).

OCy5Hzs
oy ¢ oX
\ /
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(31) (34)

Scheme 76. Preparation of P20. (i) Pd(AcO),, tri-o-tolylphosphine, Toluene,

tetraethylammonium hydroxide.

5.5.2. Characterization of P16, P17, P18, P19, P20

5.5.2.1. Gel Permeation Chromatography studies of P16, P17, P18, P19 and
P20

All the GPC results are illustrated in Table 9, with the polydispersity (PD) and the
degree of polymerization (DP) of polymers P16 — P20.

Table 9. Yields and GPC results for P16, P17, P18, P19 and P20.

Solvent
Polymer  Yield % Fraction M, My PD DP
P16 67.1 Chloroform 39600 78800 1.99 43
P17 12.4 Toluene 12200 17100 14 13
P18 SR Chloroform 25400 40100 1.57 28
P19 58.2 Chloroform 9100 12600 14 8
P20 76.5 Chloroform 9100 12600 1.4 8
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5.5.2.2. 'HNMR analysis of P16, P17, P18, P19 and P20

'HNMR analysis of polymers P16, P17, P18, P19 and P20 were carried out in
C,D,Cl, at 100 °C in order to avoid broad signals especially in the down field

region around (6 — 9 ppm) as a result of polymer aggregation.

Figure 83 shows the THNMR spectrum of P16, the singlet and doublet peaks at 8.91
and 8.09 ppm correspond to the thiophene protons on positions (a) and (b)
respectively. It is clear that the thiophene protons (positions (a) and (b)) are shifted
to the left due to the effect of the lactam part of the DPP repeat units which exhibits
a high electron withdrawing effect. The broad singlet peak at 7.77 ppm is related to
the carbazole protons in position (c), the broad peak is obtained due to the
atropisomerism phenomenon which result from the restricted rotation around a
singlet bond at the nitrogen-carbon bond. It can be seen that the singlet peak at 7.55
ppm is assigned to the other carbazole protons on positions (d) and (e). The broad
peaks at 4.61 and 4.10 ppm are related to the (N — C - H) protons on the carbazole
(position (f)) and the DDP (position (g)).

9.0 85 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 ppm

Figure 83. 'HNMR spectrum of P16 in C,D,Cl, at 100 °C.
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Figure 84 shows the "HNMR spectrum of P17, the singlet and doublet peaks at 9.07
and 8.09 ppm correspond to the thiophene protons on positions (a) and (b)
respectively. The multiplet peak at 7.94-7.73 ppm is related to the carbazole protons
in the positions (c) while the other carbazole protons in the position (d) are assigned
at 7.53 ppm as a singlet peak. The broad peaks at 4.62 and 4.16 ppm are related to
the (N — C - H) protons on the carbazole (position (e)) and the DDP (positions (f))

respectively.

9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 ppm

Figure 84. '"HNMR spectrum of P17 in C,D,Cl, at 100 °C.

The 'HNMR spectrum of P18 (Figure 85) shows four chemical environments for
aromatic protons on the fluorene and DPP units. The fluorene protons in positions
(c), (d) and (e) are noticed at 7.75 and 7.61 ppm. The DPP aromatic protons at
positions (a) and (b) are observed at 8.96 and 7.84 ppm respectively. In addition,
the spectrum shows a broad peak at 4.18 ppm which is related to the (N — C - H)
protons of the DDP (position (f)).

210



Chapter Five: Results and Discussion-Polymers

L L B

T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 15 1.0 ppm

Figure 85. 'HNMR of P18 in C,D,Cl, at 100 °C.

The spectrum of P19 (Figure 86) shows six peaks in the aromatic region which are
assigned to the anthracene and DPP protons in the positions (a) to (g). The singlet
peaks at 8.88 and 8.09 ppm are related to the thiophene protons in the positions (a)
and (b) respectively. The anthracene protons at positions (c) and (d) are observed at
7.82 and 7.60 ppm while the anthracene protons in positions () combined with the
attached phenyl groups protons (position (f)) at 7.41 ppm. The doublet peak at 7.16
ppm is related to the protons in position (g) in the attached phenyl groups. The
broad peaks at 4.13 and 3.98 ppm are related to the (O-C-H) and the (N — C - H)
protons on the anthracene (position (h)) and the DDP (position (i)). The rest of
peaks at 3.98, 1.90, 1.62-1.12 and 0.95-0.73 ppm are assigned to the alkyl chain
protons of the anthracene and DDP units.
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Figure 86. '"HNMR spetrum of P19 in C,D,Cl, at 100 °C.

The spectrum of P20 (Figure 87) shows doublet peaks at 8.98 and 8.20 ppm which
are related to the thiophene protons in positions (a) and (b) respectively. The
anthracene protons in the positions (c) and (d) are observed at 7.82 and 7.60 ppm as
doublet peaks. The broad peak at 7.49 ppm is assigned to the protons in the
positions (e) and (f,f*). The broad singlet peak at 7.24 ppm is related to the protons
in the position (g) in the attached phenyl groups. The broad peaks at 4.22 and 4.08
ppm are related to the (O-C-H) and the (N — C - H) protons on the anthracene
(position (h)) and the DDP (position (i)). The rest of peaks at 1.99, 1.74-1.22 and
1.06-0.84 ppm are assigned to the alkyl chain protons of the anthracene and DDP

units.
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Figure 87. 'HNMR spectrum of P20 in C,D,Cl, at 100 °C.

5.5.2.3. UV-visible absorption spectroscopy analysis of P16, P17, P18, P19 and
P20
UV-Visible absorption studies on P16, P17, P18, P19 and P20 were performed in

chloroform solutions and on thin films at room temperature.

Figure 88 shows the UV spectra of P16, P17 and P18 in chloroform solutions. It
can be seen that all polymers show two absorption bands with the first band
between 359 and 373 nm while the second band is between 653 and 724 nm. The
spectra indicate that P16 has higher absorption maxima than P18 as a result of the
carbazole repeat units having stonger donating ability compared to fluorene repeat
units while P17 is red shifted compared to both P16 and P18 due to the electrostatic
interaction between fluorine substituents on the carbazole repeat units and hydrogen
atoms on the 4-position on the thiophene rings as shown in Figure 91. This
interaction leads to an increase in the planarity of the polymer structure and so
increase the conjugation which results in having lower optical band gap energy.

similar phenomenon was reported by Hursthouse el al**.
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Figure 88. Absorption spectra of P16, P17 and P18 in Chloroform solutions.

Figure 89 shows the UV-Vis spectra of P19 and P20 in chloroform solutions. It

indicates that P19 has a red shifted absorption maximum compared to that of P20
(342, 666 nm for P19 vs 352, 645 nm for P20) which is in agreement with the
previous finding, with the 2,6-linked anthracene polymers having higher extended

conjugation along the polymer backbone compared to their 2,7-linked anthracene
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Figure 89. . Absorption spectra of P19 and P20 in Chloroform solutions.
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Figure 90 shows the UV-Vis spectra of P16, P17 and P18 as solid thin films. It is
clear that they have different absorption maxima because they have different donor
repeat units. It is interesting to note that they have broad and strong absorption
within the visible and infrared regions. It can be seen that P17 has higher absorption
maxima compared to that of P16 and P18 (380 and 676 nm for P16 vs 408 and 776
nm for P17 vs 373 and 655 nm for P18) due to the electrostatic interaction between
fluorene substituents on the carbazole and hydrogens in the 4-position on the
thiophene as shown in Figure 91. This interaction leads to increased planarity of the
polymer structure and so increased the conjugation which results in the polymer
having lower optical band gap energy. A similar phenomenon was reported by
Hursthouse et al**®. A comparison of P16 and P18 indicates that P16 has higher
absorption bands values at Ay than P18 which is expected due to fluorene being a
weak donor compared to carbazole due to the lone pair on the nitrogen atom on the
carbazole which participates on the electron delocatization and so increase the

conjugation in the carbazole.
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Figure 90. Absorption spectra of P16, P17 and P18 as thin films.

In addition, P17 has the lowest optical band gap energy compared to P16 and P18
due to electrostatic interaction in P17 (1.67 eV for P16 vs 1.36 eV for P17 vs 1.75
eV for P18). On the other hand, the optical band gap energy of P17 is very low
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which might lead to the polymer having a low open circuit voltage in devices and

so low power conversion efficiency.

R= 2-ethyl hexyl n
Figure 91. The H-F electrostatic interaction of P17.

Figure 92 shows the UV-Vis spectra of P19 and P20 as solid thin films. It can be
seen that P19 has higher absorption maxima than P20 (357, 657 and 702 nm for
P19 vs 361, 624 and 681 nm for P20). In addition, P19 has lower optical band gap
energy compared to that of P20 (1.61 eV for P19 vs 1.70 eV for P20) which
possibly results from steric hindrance effects in the P20 structure which reduce the
donating ability of the repeat units as a result to offord a polymer that has a higher

band gap energy and lower absorption maximathan P19.
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Figure 92. Absorption spectra of P19 and P20 as thin films.
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A comparison of P16 and P19 indicates that P19 has a lower optical band gap (1.67
eV for P16 vs 1.61 eV for P19) as a result of anthracene repeat providing more
planar polymers compared to carbazole repeat units. It is also interesting to note
that P18 has the highest molar absorptivity compared to that of P16 and P17
(76800 L.mol™.cm™ for P16 vs 16500 L.mol™.cm™ for P17 vs 81500 L.mol™.cm™
for P18). Again, a comparison of the molar absorptivity of P19 with P20 indicates
that 2,6-anthracene based polymer shows higher molar absorptivity than 2,7-
anthracene based polymer (64600 L.mol™*.cm™ for P19 vs 50200 L.mol™*.cm™ for
P20) which is in agreement with previous result on anthracene polymers (P7 vs
P10, P8 vs P11, P9 vs P12). It can be seen that polycarbazole based polymer P16
and polyflourene based polymer P18 reveal higher molar absorptivitivity compared

to that of anthracene based polymer P19 and P20.

A comarison of the UV-Vis absorption spectra of P16 with polybenzothiadiazole
equivalent (PCDTBT) ' (Figure 60) indicates that P16 has broader and stronger
absorption in the visible and near infrared than PCDTBT (Amax 380 and 676 nm for
P16 VS Amax 390 and 545nm for PCDTBT). In addition, P16 has a lower optical
band gap energy (1.67 eV) compared to that of PCDTBT (1.88 eV). In addition, a
comparison of P17 with polybenzothiadiazole equivalent reported by Iragi et. al. **’
(PFCDTBT) (Figure 60) indicates a lower band gap for P17 (1.36 eV for P17 vs
1.73 eV for PFCDTBT). In addition, the PFCDTBT revealed absorption bands at
Amax 416 and 595 nm which means PFCDTBT is blue shifted compared to that of
P17. Moreover, a comparison of P18 with polybenzothiadiazole equivalent (APFO
3) which was reported by Admassie et al. **® (Figure 60) indicates that APFO 3 has
larger optical band gap energy (1.80 eV for APFO vs 1.75 eV for P18). On the
other hand, they have comparable absorption maxima (386 and 554 nm for APFO 3
vs 373 and 655 for P18). It can be seen that DDP repeat units are stronger electron
acceptors compared to benzothiadiazole repeat units due to the lactam part makes
them exhibit a high electron withdrawing effect and hence it has a high electron
affinity which increases their accepting properties and the intramolecular charge

transfer along polymer backbones.
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A comparison of P19 with its equivalent benzothiadiazole polymer P7 indicates
that P19 absorption spectra are red shifted compared to those of P7 (368 and 563
nm for P7 vs 357, 657 and 702 for P19) as shown in Figure 93. Also, P19 has lower
band gap energy compared to that of P7 (1.84 eV for P7 vs 1.61 eV for P19) which
indicates that DPP has higher intramolecular charge transfer along polymer
backbone compared to benzothiadiazole. In addition, the molar absorptivity shows
a big difference between them P19 has much higher molar absorptiviy compared to
that of P7 (64600 L.mol™.cm™ for P19 vs 35200 L.mol™.cm™ for P7). Again, it can
be seen that DDP repeat units are stronger acceptors compared to benzothiadiazole
repeat units due to lactam part in the DPP which makes them exhibit a high electron
withdrawing effect, and hence it has high electron affinity and so P19 has higher

extended electronic conjugation along the polymer backbone.
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Figure 93. Absorption spectra of P7 and P19 as thin films.

A comparison of P20 with its equivalent benzothiadiazole polymer (P10) shows
that P20 has broader and stronger absorption as a result of a high extended
conjugation along polymer backbone as shown in Figure 94. It can be seen that, the
spectra indicates that P20 is blue shifted compared to P10 (377 and 525 nm for P10
vs 361, 624 and 681 for P20). Also, P20 has lower band gap energy compared to
P10 (1.82 eV for P10 vs 1.70 eV for P20). In addition, molar absorptivity

measurements show a big difference between them as P20 has a much higher molar

218



Chapter Five: Results and Discussion-Polymers

absorptivity compared to P10 (50200 L.mol™.cm™ for P20 vs 31300 L.mol™.cm™
for P10). This confirms again that DDP repeat units are stronger acceptor compared

to benzothiadiazole repeat units.
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Figure 94. Absorption spectra of P10 and P20 as thin films.

5.5.2.4. Cyclic Voltammetry (CV) analysis of P16, P17, P18, P19 and P20

In order to study the electrochemical properties of the polymers, Cyclic
Voltammetry was carried out on drop-cast polymer films in acetonitrile and
tetrabutylammonium perchlorate as electrolyte. The onset of oxidation and
reduction can be obtained from cyclic voltammetry curves and used to assess the
energy levels of HOMO and LUMO (ferrocene has an ionisation potential of - 4.8
eV vs vacuum level ** and the oxidation takes place at 0.083 eV against the
Ag/Ag” reference couple). In addition, the electrochemical band gap energy can be
calculated from the energy difference between the HOMO and LUMO levels.

The cyclic voltammetry curves of P16, P17 and P18 are shown in Figure 95. They
indicate that P17 has the lowest elecrical band gap energy due to the electrostatic
interaction between fluorine substituents on the carbazole and hydrogens at the 4-
position on the thiophene (Figure 91). P16 has lower electrochemical band gap

energy than P18 as a result of the carbazole being a stronger donor compared to
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flourene (1.75 eV for P16 vs 1.65 eV for P17 vs 1.80 eV for P18). It is clear that
they have comparable LUMO energy levels (-3.55 eV for P16 vs -3.56 eV for P17
vs -3.51 eV for P18) as a result of all the polymers having the same acceptor unit.
On the other hand, P16 and P18 have deeper HOMO energy levels than P17 due to
the high planarity of its structure which results from electrostatic interaction (Figure
91) (-5.29 eV for P16 vs -5.21 eV for P17 vs -5.31 eV for P18).
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Figure 95. Cyclic voltammetry curves of P16, P17 and P18.

As shown in Figure 96, P19 has a lower electrochemical band gap energy than P20
(1.69 eV for P19 vs 1.72 eV for P20) due to steric hindrance effects in the structure
of P20. They (P19 and P20) have comparable HOMO energy levels (-5.23 eV for
P19 vs -5.24 eV for P20) and LUMO energy level (-3.53 eV for P19 vs -3.51 eV
for P20). A comparison of P16 and P19 indicates that P19 has lower
electrochemical band gap (1.75 eV for P16 vs 1.69 eV for P19) as a result of
providing more planar polymer chain compared to the carbazole homopolymers. It
can be seen that these polymers show promising result for heterojnunction devices
for solar cell applications.
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Figure 96. Cyclic voltammetry curves of P19 and P20.
Table 10. UV-Vis and the CV results for P16 — P20.
(solution) __(Thin Film) Abs. (eV) (eV) &V

P16 379,660 380,676  1.67 76800 -5.29 -355 175

P17 359,724 408,776  1.36 16500 -5.19 -3.53  1.66

P18 373,753 373,655 1.75 81500 -5.31 -351 1.80

P19 342, 666 357, 1.61 64600 -5.23 -3.53  1.69
657, 702

P20 376, 505 361, 1.70 50200 -5.24 -351 1.73
624, 681

A comparison of the electrochemical results of P16 with its benzothiadiazole
equivalent copolymer PCDTBT reported by Leclerc et al. *® (Figure 51) indicates
that PCDTBT has deeper HOMO energy level than P16 (-5.29 eV for P16 vs -5.5
eV for PCDTBT). In addition, P16 LUMO energy level is higher than the LUMO
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energy level of PCDTBT (-3.55 for P16 vs -3.6 for PCDTBT). It is clear from the
HOMO and LUMO energy levels that P16 should have a lower open circuit voltage
than PCDTBT but it does have lower electrochemical band gap energy than
PCDTBT which should enable it to harvest more photons from sunlight (1.75 for
P16 vs -1.88 for PCDTBT). A comparison of the electrochemical results of P17
with its equivalent benzothiadiazole copolymer PFCDTBT reported by Iraqi et al.
47 (Figure 51) indicates that P17 has a lower electrochemical band gap energy
(Eelec= 1.36 eV for P17 vs 1.80 eV for PFCDTBT). In addition, a comparison of
the HOMO and LUMO energy levels shows that they have comparable LUMO
energy levels (-3.56 for P17 vs -3.54 for PCDTBT) while P17 has a higher HOMO
energy level than PFCDTBT (-5.22 for P17 vs -5.34 for PFCDTBT). It is clear
that from HOMO and LUMO energy levels that P17 should have have a lower open
circuit voltage than PFCDTBT but it does have lower electrochemical band gap
energy than PFCDTBT which should enable it harvest more photons from sunlight.
A comparison of P18 electrochemical results with its equivalent benzothiadiazole
copolymer APFO03 reported by Admassie et al. **® (Figure 51) indicates that P18
has a lower electrochemical band gap energy (Eciect= 1.80 eV for P18 vs Egjeci= 2.00
eV for APF03). In addition, P18 shows a deeper LUMO energy level than APF03
(-3.51 eV for P18 vs -3.3 eV for APF03) but they have the same HOMO energy
levels (-5.31 eV for P18 vs -5.3 eV for APFO03). Thus, they should theoretically
have the same open circuit voltage while P18 has lower electrochemical band gap
energy. In addition, a comparison of P19 electrochemical results with its
benzothiadiazole polymer equivelant P7 indicates that P19 has lower
electrochemical band gap energy (Eeiect= 1.69 eV for P19 vs Egei= 2.20 eV for P7).
In addition, P19 has a deeper LUMO energy level compared to that of P7 (-3.53 eV
for P19 vs -3.21 eV for P7) while P7 has a lower HOMO energy level than P19 (-
523 eV for P19 vs -544 eV for P7). Moreover, a comparison of P20
electrochemical results with its benzothiadiazole polymer equivelant P10 indicates
that P20 has lower electrochemical band gap energy (Eeec= 1.72 €V for P20 vs
Eeecr= 2.44 eV for P10). In addition, P20 has a deeper LUMO energy level
compared to that of P10 (-3.51 eV for P20 vs -3.26 eV for P10) while P10 has a
deeper HOMO energy level than P20 (-5.24 eV for P20 vs -5.54 eV for P10). It is
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clear that DDP based polymers have a high electronic conjugation due to enhanced

intramolecular electronic charge transfer along their polymer backbones.

5.5.3. Thermal analysis of P16, P17, P18, P19 and P20

The thermal stability of P16, P17 and P18 were studied using TGA as shown in
Figure 97. It can be seen that all three polymers exhibit a high thermal stability up
to 400 °C which is high enough for the requirements of solar cell applications. The
degradation onset of P16 occurred at 405 °C and the total weight loss percentage is
45.8% at 800 °C. In addition, the degradation onset of P17 occurred at 431 °C and
the total weight loss percentage is 49.2 % at 800 °C. Finally, the degradation onset
of P18 occurred at 405 °C and the total weight loss percentage is 35.7 % at 800 °C.
It is clear, P16 and P18 have similar degradation onset which indicates that the
degradation can be assigned to the alkyl chains attached to the carbazole and

fluorene and DPP.
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Figure 97. TGA curves of P16, P17 and P18.

P19 and P20 have shown a high thermal stability up to 400 °C which is similar to
the previous anthracene copolymers as shown in Figure 98. The degradation onset
of P19 occurs at 414 °C which is lower than that for the degradation onset of

benzothiadiazole analogous P7 (438 °C). In addition, P7 and P19 have very close
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total weight loss percentage at 800 °C (75% for P9 vs 77.8% for P19). The
degradation onset of P20 occurs at 426 °C which is higher than its 2,6-anthracene
analogous P19 (414 °C) but it is lower than its benzothiadiazole polymer equivalent
P10 (445 °C). It can be seen benzothiadiazole polymers exhibit higher thermal
stability than DPP polymers.
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Figure 98. TGA curves of P19 and P20.
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5.6.1. Photovoltaic studies

Photovoltaic properties of the polymers were studied by the Lidzey group from the
department of Physics and Astronomy at The University of Sheffield. All the
polymers were blended with Phenyl-Cro-butyric acid methyl ester (PC,BM) as
electron acceptor in heterojunction photovoltaic devices with different ratio in order
to optimise their performance in devices. The photovoltaic properties of P7, P8,
P10, P11, P12, P16, P18, P19 and P20 are summarised in Table 11, the rest of the
polymers studied are still under investigation.

Table 11. Photovoltaic properties of polymers.

Polymer:PCBM Isc Voc FF PCE
Polymer  Weight Ratio (mMAcm™®) (V) (%) (%)
P7 1:4 -7.60 0.59 43.43 1.93
P8 1:4 -9.70 0.84 48.20 3.92
P10 1:2 -4.50 0.56 59.47 1.50
P11 1:2 -7.80 0.75 49.09 2.87
P12 1:4 -8.16 0.85 47.66 3.31
P16 1:3 -8.05 0.79 50.2 3.19
P18 1:3 -3.62 0.85 56.4 1.73
P19 1:3 -6.67 0.65 45.5 2.00
P20 1:3 -4.69 0.70 475 1.53
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The structure of the devices of P7 and P8 is (ITO/PEDOT:PSS/Active layer/Ca/Al),
while P10, P11 and P12 were fabricated with a (ITO/MoO,/Active layer/Ca/Al)
structure. P16, P18, P19 and P20 were fabricated in a (ITO/PEDOT:PSS/Active
layer/Ca/Al) structure. Organic solar cell devices were fabricated on pre-psttering
indium tin oxide (ITO) glass substrate that bought from Ossila Limited. The
substrate was placed in a solution of sodium hydroxide (10%) for five minutes the 1
20 — 30 nm layer of PEDOT:PSS was spin-coated on the top of the ITO. The result
coated substrate was annealed at 125 °C for five minutes in order to remove any
trace of moisture. Then, the active layer was spin-coated on the top of the coated
substrate using solvents that would not dissolve the PEDOT:PSS layer. A different
solvents were used to dissolve a mixture of polymer with PCBM such as
dichlorobenzene, chlorobenzene and chloroform. Also, a different concentration
ratio of polymer:PCBM (55-75 nm) in the range 1:2 to 1:4 (mass/mass) were used.
A layer of Ca (10 nm) was vapour deposited directly on the top of the polymer
layer then aluminium layer (100 nm) was vapour deposited on the top of the Ca

layer and the device was encapsulated.

From Table 11, it can be seen that anthracene based polymers show power
conversion efficiency ranging from 3.93-1.50 %. A cpmparison of the photovoltaic
properties of these different polymers indicates that 2,6-linked anthracene based
polymers show better performance in bulk heterojunction devices than 2,7-linked
anthracene analogous. As an example, 2,6-linked anthracene based polymer (P7)
has a power conversion efficiency (PCE) of 1.93 % while 2,7-linked anthracene
based polymer (P10) has a power conversion efficiency of 1.50 %. Similarly, 2,6-
linked anthracene based polymer (P8) has a power conversion efficieny of 3.92 %
while 2,7- linked anthracene based polymer (P11) has a power conversion efficieny
of 2.87 %. In addition, 2,6-linked anthracene based polymers show higher short
circult current (lsc) and open circult voltage compared to of 2,7-linked anthracene
based polymers. On the other hand, 2,7-linked anthracene based polymers show
higher fill factor (FF) compared to 2,6-linked anthracene based polymers. It is
interesting to note the dioctyloxy groups that are attached to the benzothiadiazole

repeat units in P8 and P11 improve the performance of the devices compared to
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those made with P7 and P10 due to the poor solubility of P7 and P10. Also,
replacing thiophene with selenophene improves the performance of polymers in
devices with 3.31 % power conversion efficiency recorded for selenophene based
polymer (P12), while a power conversion efficiency of 2.87% was recorded for

thiophene based polymer (P11).

Power conversion efficiencies between 3.19-1.53 % were obtained for DDP based
polymers and P16 shows the highest power conversion efficiency (3.19 %) amongst
this class of polymers. Again, 2,6-linked anthracene polymers show better
performance in devices than 2,7-linked anthracene polymers that P19 have higher
power conversion efficeny (PCE) and short circult current (ls;) than P20. However,
they (P19 and P20) show comparable fill factor (FF) and open circult voltage (V).
Finally, it can be seen that a series of polymers for used in organic photovoltaic
devices were prepared successfully and their performance in photovoltaic devices
were studied. They show promising result for use in organic solar cell devices
especially P8. Also, further photovoltaic studies and optimisation will be carried
out such as changing PCBM:polymer concentration ratio and using new device
structure especially the electron and hole transport layers between electrodes and

active layer such as MoOy and PFN.

227



Chapter Six: Conclusion and Futture Work

Chapter Six: Conclusion and Future Work

A series of low band gap copolymers for use in bulk heterojunction organic solar
cell were prepared successfully using Suzuki cross coupling reaction. The
carbazole, fluorene—pyrrole based copolymers (P1, P2, P3) results indicate that
they have wider band gap energy compared to those from thiophene analogous
copolymers reported in the literature due to the fact that N-methyl pyrrole providing
more steric hindrance along polymer chains than thiophene repeat units and as a
result leading to less intramolecular charge transfer along copolymer backbones. In
addition, P1 has been prepared twice with two different molecular weights
obtained. The result indicates the importance of having a high molecular weight on
the photo-physical and electrical properties of conjugated polymers as P1(2) has
more extended electronic conjugation along its polymer chains compared to P1(1).
The photophysical and the electrochemical properties of P1(1), P2 and P3
copolymers (similar molecular weights) illustrate that P2 has the narrowest optical
and electrochemical band gap energy as a result of electrostatic interaction between
the hydrogen at the 4-position on the N-methylpyrrole repeat units and the fluorine
substituent on the carbazole repeat units which increases the planarity of the
copolymer. Also, the results show that P3 has the widest optical and
electrochemical band gap energy as a result of the fluorene having a lower electron
donating ability compared to that of carbazole and so it has lower donor/acceptor

intramolecular charge transfer along polymer chains.

The molecular weights of copolymers P1, P2 and P3 were low because they
preipitate out of solution in the early stages of polymerization as a result of the poor
solubility of these copolymers. Due to the short chain length of polymers P1, P2
and P3 and the link between the extent of electronic delocalisation and chain
length, it is necessary to explore a new version of this series of copolymers with
higher solubilities. So, attachment of solubilising groups on the benzothiadiazole
repeat units was hence pursued in this work. Unfortunately, 4,7-bis(1-methyl-1H-
pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (17) could not be purified

via column chromatography and HPLC. Pure products are crucial at this step
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because it is followed by a bromination step which requires accurate stoichiometry
of brominating reagents in order to avoid over bromination which could provide
monomers that are extremely difficult to purify and so 4,7-bis(5-bromo-1-methyl-
1H-pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (18) , P4, P5 and P6

could not be prepared and this section of project was then abandoned.

A series of new donor-acceptor 2,6-anthracene based copolymers were prepared
successfully. They show very promising results for use in solar cell applications.
They (P7, P8 and P9) show low optical band gap energies in the range (1.84 — 1.96
eV) which is lower than their analogous carbazole copolymers. P7 has the
narrowest optical and electrochemical band gap energy while P8 has the widest.
The results indicate that the alkoxy groups attached to the benzothiadiazole units
improve the solubility and molecular weight of the polymers obtained. However,
these substituents have a negative effect on the conjugation properties of P8. The
donating properties of the octyloxy substituents attached to the benzothiadiazole
repeat units decrease their electron accepting properties and intramolecular charge
transfer along the polymer backbone. Also, they possibly affect the planarity of the
polymer backbone due to steric hindrance and so lead to wider band gap polymers.
In addition, the results show that replacing thiophene with selenophene leads to an
increase in the electron donating properties of the donor repeat units as a result of
the Se — Se interactions which leads to higher intramolecular charge transfer along
the polymer backbone in P9. The alkoxy chain substituents reduce the thermal
stablility of these copolymers when compared to that of P7 which does not have
these substituents on P8 and P9 while P7 has an onset of degradation at ~ 400 °C,
P8 and P9 have a lower degradation oset (~ 300 °C).

A new version of anthracene copolymers were prepared successfully and fully
characterised. They are similar to the previous 2,6-anthracene copolymers but are
linked in different positions (2,7-linkage). The effect of octyloxy substituents
attached to the benzothiadiazole units and replacement of thiophene with
selenophene has been studied in these anthracene polymers. The results indicate
that 2,6-linked anthracene copolymers have slightly higher conjugation compared

to that of 2,7-linked anthracene copolymers. The chemical structure of 2,7-linked
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anthracene polymers might lead to a slight amount of chain twisting due to steric
hindrance which leads to reducing the electron delocalisatoin along the copolymer
backbones. In addition, 2,7-linked anthracene copolymers have slightly lower molar
absorptivities compared to those of the 2,6-linked anthracene analogous
copolymers. These results were confirmed by preparing 2,6- and 2,7- linked homo-
polymer (P13 and P14) and 2,6 and 2,7 linked copolymer (P15). Again, the results
these polymers (P13, P14 and P15) confirm the previous result that 2,6-linked
anthracene polymers have slightly higher extended electronic conjugation along

polymer backbones compared to that of 2,7-linked polymers.

A series of diketopyrrolopyrrole (DPP) based copolymers were prepared
successfully. They show low optical and electrochemical band gap energies as a
result of the strong electron accepting ability of DPP. P17 has the lowest optical
and electrochemical band gap energies with 1.36 and 1.65 eV respectively as a
result of electrostatic interaction between the hydrogen at the 4-position on the
thiophene repeat units and the fluorine substituents on the carbazole repeat units
which increases the planarity of the copolymer while P18 shows the highest optical
and electrochemical band gap energies in the series of polymers with 1.72 and 1.80
eV. Again, the results indicate that 2,6-linked anthracene copolymer P19 has
slightly higher extended conjugation along its polymer backbone compared to the
2,7-linked copolymer P20. P19 has lower optical and electrochemical band gap
energies with 1.61 and 1.69 eV respectively than P20 (1.70 and 1.72 eV). In
addition, 2,7- linked anthracene copolymer P19 shows higher extended conjugation
along polymer backbone than the homopolymers carbazole based copolymer P16
which gives a clear indication that anthracene based polymers provide more planar
polymers than carbazole based polymers. All of these polymers show HOMO
energy levels in the range (-5.21 to -5.31 eV) which are in the range required for
PV aplications while the LUMO energy levels are in the range (-3.51 to -3.55 eV)
which is slightly higher than the optimal polymers required in this area. Also, all of
this series of copolymers exhibit high thermal stabilities up to 400 °C which is high

enough for the requirements of solar cell applications.
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Future work should include studies on the physical properties of the blends of these
copolymers with fullerene derivatives. The anthracene copolymers show promising
results for use in organic solar cell devices. Thus, it is worth to investigate new
version of anthracene derivatives in order to improve their photophysical and
electrochemical properties by using various alkyl chain substituents in the 9- and
10- positions which would influence their efficiency when used in bulk
heterojunction photovoltaic devices. Furthermore, studies the photophysical and
electrochemical properties of these derivatives with other electron acceptor
monomers such as dioxypyrrolothiophene (DOPT) derivatives should also lead to
important new classes of donor-acceptor conjugated polymers with a great potential

for application in solar cells.
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