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Abstract

Harvesting energy directly from sunlight is an environmentally friendly method of converting
energy from one type to another. Indeed, inorganic solar cells have been commonly used over
the last few decades and are now evidencing good power conversion efficiencies, but the cost
of this type of solar cells is high. The cheaper alternative to inorganic solar cells is organic
conjugated polymers. These are basic materials which take advantage of the single-double
bond alternation along the polymer’s backbone. Electronic transitions occur within the
electronic levels of the different species of the conjugated polymers, especially between the
HOMO (highest occupied molecular orbital) and the LUMO (lowest unoccupied molecular
orbital). These transitions represent the basic work of the conjugated polymer-based solar

cells.

In this project, we present our work on the preparation of furan based donor-acceptor (D-A)
conjugated polymers based on benzothiadiazole (BTD) with alkoxy substitution as an
acceptor with donor moieties of fluorene and carbazole using Suzuki cross coupling reaction
polymerisation. In addition, conjugated polymers based on benzothiadiazole (BTD) with
fluorine atoms substituents as an acceptor with donor moieties of fluorene and carbazole were
copolymerised via direct hetero arylation (DHA). Also in this project, we synthesised
acceptor-donor-acceptor (A-D-A) conjugated polymers based on (IDIC-C16) as an acceptor
with donor units of benzothiadiazole flanked by thiophenes, bithiophene and fullerene
through the Stille cross coupling reaction. Impressively, the results from UV-visible and
cyclic voltammetry both achieved low bandgap polymers regardless of the type of donor

units used in the conjugated polymers synthesised.

Chapter 2 in this thesis presents work synthesising three novel conjugated polymers P1, P2
and P3 based on 4, 7- bis (5-bromofuran-2-yl)-5, 6-bis (octyloxy)benzo[c][1,2,5] thiadiazole
(as an acceptor) with fluorene, fluorene flanked by furan, and carbazole respectively. The
optical studies presented bandgaps of P1 and P3 which were slightly above 2.01 eV and 2.04
eV. P2 had a lower bandgap than those of P1 and P3 (1.93 eV), which was attributed to the

extra furan in the backbone of the polymer.

In chapter 3, two novel polymers were synthesised and characterised (P4 and P5) based on
benzothiadiazole with fluorine atoms at the 5,6-positions flanked by furan as an acceptor,

with fluorene and carbazole as donors respectively. The optical properties displayed
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bandgaps of 1.91 and 1.92 eV for P4 and P5 respectively. The electrochemical bandgaps
were slightly higher due to barriers to oxidation and reduction between polymer films and

electrodes.

In the last chapter, three novel polymers (A-D-A) were prepared and characterised (P6, P7
and P8) based on (IDIC-C16) as an acceptor with donor units such as benzothiadiazole
flanked by thiophenes, bithiophene and fluorene through the Stille cross coupling reaction.
The optical properties showed bandgaps of 1.55, 1.54 and 1.65 eV for P6, P7 and P8
respectively. The electrochemical bandgaps were higher at 1.58, 1.78 and 1.82 eV for P6, P8

and P8 respectively.

All polymers were characterised by Proton Nuclear Magnetic Resonance (*H NMR) and Gel
Permeation Chromatography (GPC). The results showed each polymer had a different
molecular weight depending on factors such as the chemical structure of the repeat moiety,
the solubility in organic solvents, and the fraction in which the polymer was collected using
the Soxhlet extraction method. In addition, UV-visible absorption spectroscopy, Cyclic
Voltammetry (CV), Thermal Gravimetric Analysis (TGA) and powder X-Ray diffraction
were also used to analyse the properties of the polymers. The optical bandgaps were in the
range of 1.54 eV to 2.07 eV. Thermal Gravimetric Analysis revealed that all the polymers
possessed excellent thermal stability. Finally, powder X-Ray diffraction showed that all

polymers were, in general, amorphous.
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Chapter 1 - Introduction

1.1 Resolving energy demand issues

Global warming issues and high prices of traditional energy production systems which
convert coal, crude oil, natural gas and fossil fuel into electricity have led to a significant
increase in scientific studies that focus on renewable energy solutions'. In terms of the
former issue, greenhouse gas emissions are decreased by harnessing sources of clean energy,
such as wind, hydro and solar power, all of which are considered environmentally friendly
energy systems*®. Thus, the most important aspect of renewable energy systems is that the
materials used do not produce adverse environmental effects as a result of their working”®.
Yet despite their importance in alleviating the issues arising due to climate change, there are
problems which must be considered by engineers. The principle amongst these is that their
operation is based on climatic situations, which are currently not predictable nor constant.
This means that levels of efficiency (certainly of wind and solar power at least) are not stable
5911 The solution of this issue is the production of hybrid systems to improve the efficiency

of the systems and fulfil the total energy demand®?.

1.2 Solar power

In 1839, Becquerel discovered the operating principle of photovoltaic devices. He observed
that the illumination of silver bromide / silver chloride—coated platinum electrodes in acid
solutions can create photocurrent'®1°, This discovery has since led to great leaps forward in
our understanding of how to harness solar power, the most abundant energy source known at
3.86x 10%° Joules per second?®. One of the earliest developments came in 1954, when Chapin
et al. reported the creation of a novel solar cell with a silicon-based p-n junction. They found
that it had a power conversion efficiency (PCE) of 6%%’. By 2009, improvements to the PCE
of silicon-based solar cells had been increased to 25% by Martin®®. Indeed, the best feature of
the silicon-based solar cells is their superior power conversion efficiency; however, the main
reason to search for alternative materials is the high price of silicon-based solar cells*®. Thus,
scientists have recently shifted their attention to increasing the structural complexity of solar
cell models with the aim of allowing more efficient conversion of solar energy. In short,
organic photovoltaic material has become more commonly used than inorganic due to its
inexpensive fabrication and low thermal budget process, which leads to the materials’

flexibility and light weight®®-23,



1.3 Conjugated polymers

Conjugated polymers are macromolecules containing single and double bonds in an
alternating pattern. This leads to wide delocalisation of m-electrons with a network of bonding
and anti-bonding orbitals over the polymer’s main chain that are in control of their
semiconducting features?*. Natta et al. produced poly(acetylene) as a black and insoluble
powder in 1958. This was the earliest and simplest formula of a conjugated polymer®.
However, significant improvement was not attained until a thin film of poly(acetylene) was
produced by accident in 1974 by Ito and Shirakawa?®. Soon after, in 1976, Shirakawa et al.
discovered that the conductivity of poly(acetylene) could reach approximately 1 S cm™ when
doped oxidatively or reductively?’. Rather belatedly, in 2000, Shirakawa and his co-workers
gained the Nobel Prize recognition for this discovery. Unsurprisingly, since 1976 conjugated
polymers have received great scientific and commercial attention?’. This is because they
possess a unique combination of features of both plastics and metals. These features include

easy processing, flexibility, optical activity and conductivity?.
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dioxythiophene (PEDOT)

Figure 1.1: Molecular structures of some common conjugated polymers.

1.4 The semiconducting properties of conjugated polymers

Conjugated polymers are semiconducting materials that have low electronic conductivity.
However, the conductivity of these materials can be enhanced along the polymer chain upon
oxidation. Moreover, electronic delocalisation is affected depending on the structural make-
up of the conjugated polymer, and the creation of alternating carbon-carbon single bonds and



carbon-carbon double bonds along the conjugated polymer to form a system of w-bonds. This

can occur due to overlapping of the Pz-orbitals on adjacent carbons.

It is possible to start with the monomer ethylene, which has =m-orbitals. The electronic
structures of ethylene and the conjugated oligomers of polyacetylene are shown in figure
(1.2). The highest occupied molecule orbital (HOMO) corresponds to the m-bonding orbital
(valence band), and the lowest unoccupied molecule orbital (LUMO) corresponds to the m*-
antibonding orbital (conduction band). For example, in ethylene, a large energy gap separates
the HOMO and LUMO orbitals. However, if the length of the conjugated chain is increased,
meaning more n-bonds are added to the system, this leads to the creation of energy bands

rather than levels of energy, and the energy gap consequently falls®.

AE is the distance between the HOMO and LUMO, and the electronic and optical properties
of conjugated polymers are controlled by AE. Therefore, controlling the HOMO-LUMO gap
by structural adjustment is an important consideration when designing low band gap energy
polymers. There are two very important factors to consider; the bandgap (Eg) based on these
(AE) and the band width W (B), which symbolises a hybridisation function () of monomer
levels in the polymer. Polymers with low bandgap have to be designed to absorb
electromagnetic radiation in the visible light range as well as the long wavelength infrared

region as we know that Eg = 1240/ Amax".
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Figure 1.2: Bandgap forming during polymerisation method of m-conjugated polymers®.
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1.5 Conduction process

In terms of conductivity, materials can be divided into the following three major types:
insulators, semiconductors and conductors. One of the key criteria used to differentiate
between these material types is the energy difference between the HOMO and LUMO levels
in each; in other words, the band gap, which is equivalent to the energy required for an
electron to be freed from the outer shell to give a mobile charge carrier. Figure (1.3)
illustrates the bandgaps of materials depending on their conductivity. Due to the overlap
between the valance band and the conduction band, if the bandgap is equivalent to 0 eV, the
material is a conductor. Semiconductors have a bandgap smaller than 3.0 eV whereas the

bandgap of insulators is greater than 3.0 eV3!,

CB
CB

CB

Eg=0 Ezg<13 Eg=3

Figure 1.3: Diagram illustration of the three types of materials according to their bandgaps.

Doping methods, which can be divided into p doping and n doping, can be used in the
modification of conjugated polymers to reduce the bandgap and therefore increase power
conversion efficiency. Modification of the band structure of polymers is done by lowering
energy transition formation and the creation of charge carriers (e.g. polarons and bipolarons),
as presented in figure (1.4) below. Importantly, charge carriers control the conductivity in
polymers®2. A max characterises m-m* transitions in conjugated polymers; the transition m-*

in neutral polymers determines the bandgap of conjugated polymers?’.
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Figure 1.4: Possible neutral, polaron and bipolaron thiophene trimer transitions.

1.6 Conductivity in conjugated polymers

A conjugated polymer’s backbone does not have full delocalisation of electrons due to the
difference in the length of the o-bond and n-bond. As every carbon atom contains an electron
that is unpaired, this creates a delocalisation state. This fact is key to our ability to improve
the stability of conjugated systems3. Polymers can change between two main cases®, as
illustrated in figure (1.5). For example, these cases in polyacetylene can be degenerate,
whereby all single and double bonds are of the same length. This allows delocalisation of
electrons along the polymer’s backbone. In non-degenerate cases in conjugated aromatic

systems, there are two resonance forms for the ground state with non-degenerate energy*°.
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Figure 1.5: Two degenerate cases of trans-polyacetylene.

Narrowing the bandgap in conjugated polymers can be done by relaxing the length of bonds
between o-m bonds alternation through the inclusion of aromatic rings in the polymer chains.
This strategy also effectively increases delocalisation of electrons as a consequence of the n-
electron network extension, thus resisting the Peierls effect®. The supporting of charge
carriers and semiconducting properties in conjugated polymers arises from the delocalisation
of m-electrons. In recent studies, new conjugated polymers have been prepared to harvest

more energy from the solar spectrum — between 1.4 and 1.9 eV®'. In terms of band theory,



removing electrons from the valence band (VB) with an oxidising agent or donating electrons
with reducing agents to the empty conduction band (CB) is the reason that conductivity
increases®®*°, These two methods are examples of n-type doping and p-type doping, as shown
in figure (1.6): (n-type doping) is the excitation of electrons from the impurity level to the
conduction band whereas (p-type doping) involves excitation of electrons from the valance

band to the empty impurity level“.

Conduction
Band
| > _ _ —« Donor
Energy Gap Level A tor Level
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n-Type Doping P-Type Doping

Figure 1.6: Diagram showing the addition of electrons to the conduction band (n-type

doping) and removal of electrons from the valence band (p-type doping).

In these two types of doping, the free spin movement of the unpaired electrons is thought to
cause the conductivity of the polymer; the valence (oxidation) band and conduction
(reduction) band already have these free spins. In addition, n-type and p-type doping both

create occupied donor levels and cause a lowering of the conduction band.

Another important aspect to these processes is polarons, which are radical cations or anions
generated by reduction or oxidation methods in conjugated polymer doping. With the
reduction method, a negative polaron is created due to the existence of an unpaired electron



alongside paired electrons that are in the high-energy negative polaron state. The oxidation
method causes a single electron to jump to the newly created energy level in the gap between
the valence and conduction bands. In another case termed bipolaron, a dianion or dication is

created by the transfer of another electron®,

1.7 Engineering of the band gap

Due to their importance in establishing the limits of power conversion efficiency, band gaps
are a key consideration for any conjugated polymer used in photovoltaic applications.
Therefore, it is useful to establish the best strategies of design for controlling these band

gaps?14243

In terms of its structure, the definition of the skeleton of a conjugated polymer, for example
polyphenylene or polythiophene, can be cited as “a series of consecutive carbon-carbon
double bonds linked together by carbon-carbon single bonds™**. The energy of the ground
state of a non-degenerate case is likely to be one of two resonance structures, as shown in
figure (1.7): the aromatic form and the quinoid form. Firstly, the aromatic form is any unit of
benzene or thiophene upholding its aromaticity with restricted n-electrons. The quinoid form
IS a resonance structure that merges the delocalisation of electrons along the chain of a
conjugated polymer. This simultaneously changes double bonds into single bonds and vice
versa. It should be noted that the band gap of the quinoid form is smaller than the band gap of
the aromatic form. This is due to the destruction of the aromaticity that is needed before
adopting a quinoid, thus causing a loss of the energy of stabilisation. Geometric parameters,
such as bond length alternation (BLA), defined as “the average of the difference in length
between adjacent carbon-carbon bonds in a polyene chain™**, can be used to explain the
proportion of the aromatic to quinoid inhabitants in a polyaromatic conjugated structure. In
the ground state, as a result of the additional stability provided, the aromatic form dominates.

Due to this, it has been shown that a larger BLA value is achieved®.
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Figure 1.7: Aromatic and quinoid resonance forms of some polymers. The diameter of the

blue and red circles signify the proportional contribution of the mesomeric structures*.

As the amount of quinoid contribution is increased, the carbon-carbon single bonds between
two end-to-end rings foster more double bonds and the BLA begins to decline. Generally,
when the quinoid character increases, the value of BLA decreases and the band gap of
HOMO-LUMO declines linearly. It is important to note that the aromatic stabilisation
resonance energy of the aromatic unit affects the value of BLA. The quinoid form adopted by
the delocalisation of © electrons is due to the decreasing aromaticity of the aromatic units in
the conjugated main chain. Polyphenylene has a large band gap of around 3.2 eV and this is
due to the high level of aromaticity in the rings of benzene. That said, it is possible to reduce
the band gap of poly(phenylenevinylene) to around 2.4 eV. This can be achieved by
decreasing the aromaticity by introducing a double bond in order to reduce the influence of
the benzene rings. Moreover, the aromaticity of benzene is more than that of thiophene, but
the band gap of polythiophene is low at 2.0 eV, so the likelihood of it adopting a quinoid
form is increased. Polyisothianaphthene (PITN) explains the increasing effect of the quinoid
character of polythiophene in an inventive way*¢. Once more, this is due to the higher energy
of aromatic resonance for benzene compared to thiophene (1.56 vs 1.26 eV respectively).
Another point to note is that the quinoid form adopted by the main chain of PITN allows the
aromaticity of benzene to be retained. Thus, PITN represents the first time a conjugated

polymer has been discovered with a band gap as narrow as 1 eV*"“8, In terms of methods to
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achieve quinoidisation, aromatic exchange has been shown to be effective. Using this
method, poly(thieno[3,4-b]pyrazine) P14° and poly(thieno[3,4-b]-thiophene) P2%° have been
produced. These polymers have rings of primary thiophene attached with a different aromatic
pyrazine or thiophene ring at the [ —position. This is to encourage quinoid population and

reach conjugated polymers with low band gaps (see figure (1.8) below).
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Figure 1.8: The chemical structure of poly(thieno[3,4-b] pyrazine) P1 and poly(thieno[3,4-
b]thiophene) P24,

Moreover, the molecular structure can be modified so that steric or electronic effects are
forced onto the main chains of conjugated polymers. This provides a diverse method for
lowering the band gap. In order to broaden conjugation and encourage delocalisation, the
interactions of p-orbitals should be parallel. This is achieved by planarisation of adjacent
aromatic units, which allows the BLA to decrease and causes a reduction of the band gap.

Rotational disorder caused by steric hindrance was first demonstrated by Roncali et al.>%2,

Generally, there is a reduction in the energy difference between the HOMO and LUMO with
an increase in the conjugation length. However, there is a specific value of saturation of
effective conjugation length. After this value, if extra units of monomer are added, the band
gap is not significantly affected. Consequently, restricted decreasing of the band gap causes
unrestricted extension of the conjugation length. One of the most common methods of
decreasing the band gap is by incorporating electron-donating groups, such as the alkoxy
group, or electron-withdrawing groups, such as the nitro group, into the aromatic unit of the
main chain. In general, the raising of the HOMO energy is caused by electron-donating
groups while the decreasing of the LUMO energy is caused by electron-withdrawing groups.
For example, the band gap of poly[3, 4-(ethylenedioxy)thiophene] is 1.5 eV whereas the band
gap of the parent polythiophene is higher. This is due to the alkoxy group in poly[3, 4-
(ethylenedioxy)thiophene] being electron-donating®. Actually though, a more useful

approach when creating low band gap conjugated polymers is to have both a conjugated



electron-rich donor (D) unit and a conjugated electron-deficient acceptor (A) unit contained
in the backbone of the polymer®*. This creates push-pull driving forces, simplifying electron
delocalisation. It also allows the configuration of quinoid mesomeric structures (D-
A—D"=A") along the conjugated main chain. Using this approach, an impressive reduction of
the BLA can be achieved*.

Reduction of the optical band gap can be accounted for by photo-induced intramolecular
charge transfer (ICT) linked with the high-lying HOMO of the donor unit and the low-lying
LUMO of the acceptor unit. This can be simplified using the idea of hybridisation of the
molecular orbitals between the donor and acceptor in the D-A polymer®. As presented in
figure (1.9), according to the basics of perturbation view, there is interaction between the
HOMO of both the donor and acceptor. This produces two new HOMOs for the donor-
acceptor polymer. Likewise, there is interaction between the LUMO of both the donor and
acceptor that produces two new LUMOs for the donor-acceptor polymer. The reason for the
narrow optical band gap is due to the electrons moving from their initial orbitals that do not
interact with the new hybridised orbitals of the polymer. Commonly, when the polarity of a

solvent increases, there is a decrease in the energy needed for absorption*.

-
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Figure 1.9: lllustration of the interaction of orbitals for donor and acceptor units important

for a reduced band gap in a D-A conjugated polymer.
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1.8 Polymerisation methods of conjugated polymers

There are many methods of synthesis used to produce conjugated polymers. These methods
can be divided into the following types: metal-catalysed cross-coupling reactions, oxidative
polymerisations and condensation polymerisations. An explanation of these methods is

provided below.

1.8.1 Metal-catalysed cross-coupling polymerisation routes

The majority of conjugated polymers are easily synthesised using metal-catalysed methods
and this is commonly done with organic solvents. There are three polymerisation methods
using metal-catalysed cross-coupling: Suzuki cross-coupling, Stille cross-coupling and direct
(Hetero) arylation (DHA).

1.8.1.1 Suzuki cross-coupling reaction

This method of polymerisation is tolerant of functional groups on the monomer®®-*8, Due to
this feature, this reaction is widely used for the synthesis of a diversity of polymers. In terms
of the procedure, aryl halides and boronic acid derivatives® or aryl boronic esters are reacted
together in the presence of palladium Pd(0) as a catalyst and a mineral base %%, Figure

(1.10) shows the structures of monomers using via Suzuki cross-coupling reaction.

—10, Oo—t— o——
— — 7/
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HO, OH OH
B-Ar-B, X—Ar-B]

HO OH “OH

X—Ar-X X = Bl
Ar = Aryl group

Figure 1.10: Structures of monomers using the Suzuki cross-coupling reaction.

There are four steps in the catalytic cycle of the Suzuki cross-coupling reaction. Scheme (1.1)

below illustrates these.
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Scheme 1.1: The suggested catalytic cycle for Suzuki coupling.

As shown in the scheme, the initial phase involves the oxidative addition of the palladium
Pd(0) to the halide to produce an organopalladium species (2)°2. In general, the rate of the
catalytic cycle is determined by this step®. As a result of this process, Pd(0) changes to
Pd(I1). The organopalladium species created by the oxidative addition reacts with the base.
This is then followed by transmetallation to yield (3) 5. The Pd(ll) complex (4) is yielded by
transferring the ligands from the activated organobronic species that are produced during
transmetallation. The last stage involves reductive elimination whereby the product is
eliminated by Pd(11). At this point, the Pd(0) catalytic species (1) is created®?,

1.8.1.2 Stille cross-coupling

For this type of polymerisation, the monomers have to consist of organotin- and/or
halofunctionalities to react together. Palladium is used as a catalyst. This method has been
used widely for different polymers and copolymers because it can deal with a diversity of
different functional groups on the monomers, such as amine, esters, ethers and alcohols, and
possesses good stabilisation to air and humidity. The main disadvantage of this reaction is

that organotin reagents are highly toxic®3°,

There are four steps in the catalytic cycle of Stille cross-coupling, illustrated in scheme (1.2)
below. First, the oxidative addition occurs when the palladium catalyst (Pd(0)L2) forms an

organopalladium (1) complex through reaction with an aryl hydride. Second, transmetalation

12



occurs on the aryltin to create a biarylated palladium unit. Third, the created biarylated

palladium is trans/cis isomerised. Finally, reductive elimination of the product biaryl ( Ar-

Ar’) and the palladium (0) species occurs to close the catalytic cycle®®®.

Ar—X
Ar—Ar f
. LnPd° Oxidative
Reductive addition
addition
Ar
| !
Ar—Pd"'—L
f |d Ar—Pdl—-X
L
L
' L ArSnR'
trans/cis |
isomerisation Ar—1|3dH—Ar Transmetalation
L
XSnR'

Scheme 1.2: Process diagram of Stille cross-coupling reaction.

1.8.1.3 Direct (Hetero) arylation DHA.

A great number of polymer chemists use direct C-H heteroarylation in the synthesis of 7-
conjugated organic polymers. They prefer direct arylation than other methods, including
Stille and Suzuki cross-coupling reactions, due to it being non-toxic when creating a new C-C
bond, the reduced amount of harmful chemical by-products, and the fact that it eliminates the
need to use a large amount of toxic organometallic reagents®®°. Palladium can be used as a
catalyst, caesium carbonate (Cs.COz) or potassium carbonate (K-.COz) as a base, and pivalic

acid (trimethyl acetic acid) as a source of carboxylate®:707,

The proposed catalytic cycle of this type of polymerisation is illustrated in scheme (1.3). In
this mechanism, the palladium (0) complex is produced through the activation of a palladium
(1) complex. Then an oxidative addition forms Intermediate | and creates the palladium (1)
complex via incorporation of the aryl bromide (Ar-Br) into the palladium (0). After this,
Intermediate Il forms through the exchange of bromide ligand, which is caused by

interaction of the pivalate anion with the palladium intermediate. After this, deprotonation of

13



the aryl substrate (Ar-H) occurs, creating Intermediate 111 through a concerted metalation-
deprotonation (CMD) transition state. Lastly, pivalic acid separates from Intermediate 111
then enables the process of reductive elimination. This creates Aryl-Aryl products and
regenerates the catalyst’?"4,

Pd'ICl,(MeCN),
Ar-Ar +2L Ar—X )
-2C1 Oxidative

Reductive addition
Elimination L,Pd’(MeCN),

Ar
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—pgli—
L CSzCO3 CSHCO3 Ar Pd

O U @)
T/ —=

L
OH O Cs*
k CsX
Ar

L
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L—Pd"—Ar | I Intermediate I1
—Pd" =0
(0) OH
N\ |
) _ (0]
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Ar-H
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Scheme 1.3: Process diagram of direct arylation cross-coupling reaction.

1.9 Conjugated polymer solubility

There are six different causes of the solubility of conjugated polymers. These are; the length
of the side chain on the aliphatic group, the degree of polymerisation, the substituent polarity,

the rigidity of the backbone of the polymer, the forces of the interaction between species in
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the same polymer, and the polymer’s regioregularity**. The issue of insoluble conjugated
polymers due to rigidity can be solved through the introduction of functional side groups to

the structure of polymers such as alkyl or alkoxy groups’™.

Changing of soluble conjugated polymers into thin film can be achieved using different
techniques; roll-to-roll printing’®, spin-coating’” ", ink-jet printing’®% and the screen-printing
technique®?®. The modification of the bandgap of conjugated polymers can be achieved

through adjusting the molecular structure of the repeated moiety®8°,
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Figure 1.11: Soluble conjugated polymers in common organic solvents.

1.10 Applications of conjugated polymers

Semi-conducting properties of conjugated polymers have opened up broad prospects for this
research to be used in novel and varied applications. Indeed, conjugated polymers are used in
several areas due to ease of processing. Some common applications of conjugated polymers
are summarised in this section, including in polymer light-emitting diodes (PLED), organic

field-effect transistors (OFETSs) and organic solar cells (OSCs).

1.10.1 Polymer Light-Emitting Diodes (PLEDS)

In 1963, Pope et al. discovered electroluminescence in organic materials®”, and in 1990
Burroughes et al. first discovered electroluminescence from conjugated polymers. In this
later research, polyphenylene vinylene (PPV) was used®®. All organic electronic devices, such
as PLEDs, OFETs and solar cells, have been investigated since electroluminescence in

conjugated polymers was discovered.

15



The principle behind the function of PLED is that first, a voltage is applied to the conjugated
polymer. Under this voltage, electrons and holes are inserted into the polymer from the
cathode and anode respectively. These negative and positive charges meet and recombine to
create a short-lived excited state known as an exciton. Thereafter, the excited state (exciton)
decays, leading to the emission of energy in the form of light or photons in a process named

photoluminescence (PL)%%,

PLED has two structures — a single and a multi-layer. The fundamental structure is a single
layer thin film of a conjugated polymer sandwiched between two electrodes. The anode is
typically constructed from ITO, due to it having a high work function. On the other hand, the
cathode has to be fashioned from a low-work-function material, for example Al, Ca or Mg®.
Electrons and holes are transported from their electrodes when the device is under the
influence of electricity. The valance band (HOMO) accepts holes that are transported from
the anode while the conductive band (LUMO) accepts electrons that are transported from the
cathode. This causes the formation of positive and negative polarons that carry the holes and
electrons along the conjugated polymer chains and between chains. When these polarons
meet and recombine, an exciton is formed and radiative decay can occur. It has been shown
that by avoiding decay of the exciton near the electrodes, which could lead to the flow of
current without emission, the efficiency of LEDs can be raised®%2. See figure (1.12) below

for an illustration of the basic structure of a PLED.

Cathode (aluminium)

Polymer

— Anode (ITO)

Substrate

Emitted Light

Figure 1.12: Basic structural diagram of a PLED.
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The organic layer can be used to avoid the exciton decay from the electrodes by sandwiching
the organic layer between two layers: electron transporting materials (ETL) alongside the
cathode and hole-transporting materials (HTL) alongside the anode. Examples of electron
transport materials include PBD, PDPyDP and Alg3. Hole-transporting materials include, for
example, PPV, TPD, PMPS, TPTE and PVK. The transport of charges can be improved using
these two layers and the energy barriers for electron or hole injection can be decreased®.

1.10.2 Organic Field-Effect Transistors (OFETS)

A common type of semiconductor device is the field-effect transistor, which can be defined
as a device that switches electrical signals. These transistors are integral components of
electronic circuits, for example in the chips of a computer. FETs are also used in other
electronic devices such as switches for controlling and in amplifiers®®. Lilienfeld suggested
the basic concept of the FET towards the beginning of 1930s%. Ever since, various FETS
have been manufactured using a silicon base; for example, the metal-oxide-semiconductor

and metal-insulator-semiconductor.

Now the focus has switched to the enormous potential of organic semiconductors for OFET.
There are some important advantages of OFETs over traditional FETs such as flexibility and
a decrease in the cost. Due to these advantages they have been significantly improved over
time. In 1986, the first OFET was fabricated from polythiophene, which is a conjugated
polymer. It was found that the mobility of this device was 10° cm?/Vs®®° Generally
speaking, an OFET consists of the following: a drain, source and gate, an organic
semiconducting layer and a dielectric layer, as illustrated in figure (1.13) 1. In terms of its
operating principle, current passes between the source (S) and the drain (D) electrodes. To
manage this flow, two independent influences are applied: one is (Vsp), which is placed
between the source and the drain, and the other is (Vsg), which is placed between the source
and the gate (G); (Vsc) controls the charge carriers on the FET. Subsequently, if the voltage
of Vsc is equal to zero, either the conductivity of the charge carrier density will be greatly
reduced or the current flow will be absent. In the latter case, the device is switched off. On
the other hand, if the Vsc is greater than zero, the density of charge carrier will be high,

which means the device is switched on0?,
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Figure 1.13: The simple structure of an OFET.

1.10.3 Organic solar cells (OSCs)

As noted at the beginning of this chapter, the first scientist to discover photocurrent in
inorganic materials was Becquerel. From that time, solar cells have been constructed using
these materials. Solar cells have traditionally used silicon, which is an inorganic
semiconductor with about 25% efficiency!®. Unfortunately, between 1980 to 1990, OSCs
were found to lack efficiency and possessed relatively short lifetimesi®. Over the last 20
years, however, there have obviously been clear improvements in the power conversion
efficiency, which recently exceeded 16%%1% In addition, OSCs have distinct
characteristics such as flexibility of substrate, high speed of processing, low cost and zero
emissions when activated. Researchers have specifically focused on polymers with a
wavelength of absorption higher than 600 nm for OSCs due to this range of wavelengths
allowing for the best absorption of light. In order to increase power conversion efficiency,
solar cells must be able to absorb a high proportion of the solar photon flux, as shown in
figure (1.14).
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Figure 1.14: Sunlight spectrum.

Polymers with low bandgap that have the ability to harvest long wavelength light are
necessary for increased PCE. Thus, numerous studies have been conducted to lengthen the
electronic conjugation in polymers and produce materials which have a low bandgap that
absorbs longer wavelengths of light. The energy bandgap can be controlled through
modifying the structure of the polymer, and these modifications can be controlled using
polymerisation to produce quinoid structures along the backbone of polymer. Low bandgaps

with more electronic conjugated systems are caused by the planarity of quinoid°71%8,

1.11 Architecture of polymer solar cells

There are two main properties that organic compounds must possess to be used in solar cells.
Firstly, they must have ability to produce charge carriers via absorption of sunlight. Secondly,
they must have the ability to transfer these charges to generate electrical current. Actually,
these properties are linked to the delocalisation system of the =-bonds in the
organic semiconductor. This link produces the semiconducting properties of the organic
material. In terms of variety, there are different structures in organic solar cells with the main

difference being the active layer. The following sections detail the different types.

1.11.1 Single layer device

Organic solar cells in their simplest form are single layer devices. These consist of two
electrodes and an organic semiconductor layer in which the organic semiconductor layer is

placed between the anode and cathode electrodes. The anode is usually formed from indium-
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tin-oxide(ITO)-coated glass or quartz substrate, and the cathode is formed from Al or Ca, as
illustrated in figure (1.15)}%11° The first use of single-layer devices was polyacetylene or
polythiophene sandwiched between two diverse direct connects in the 1980s'!!. However,
there are some drawbacks in the devices that use a single layer. First, power conversion
efficiencies are low, with the lowest efficiency being 0.1% due to a short exciton diffusion
length of between 1 and 10 nm. Secondly, there is a decrease in the generation of

photocurrent because the absorption of the light is not total'0%110112.113
O
(D Al Mg or Ca

Figure 1.15: Structural diagram of a single layer device polymer solar cell.

1.11.2 Bilayer devices

Figure (1.16) illustrates the construction of an example bilayer device in which there is an
organic active layer and acceptor layer arranged together and sandwiched between two
electrodes. In a bilayer device, the separation of charge happens at the interface of the donor
and acceptor layers!'#1, The dissociation of the exciton state at the interface between these
two active layers becomes easier using this design compared to a single layer device.
Therefore, the acceptor layer, which has larger electron affinity, accepts the electron; the

donor layer, which has lower ionisation potential, accepts the hole?!.

The distance of the excitons from the interface should be between 10 to 20 nm in this type of
device. This means that only a tiny portion of excitons can travel the entire distance to the
interface. As is widely known, quantum efficiencies decrease due to the separation of charge.
However, if photons are absorbed far from the interface they will not have the ability to
charge separately''®. The range of diffusion length of excitons is usually around 10 nm in
organic electronic materials. Therefore, to obtain highly efficient energy production, excitons

should be created at a distance not further than the diffusion length of the interface. The
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power conversion efficiency which has been achieved with bilayer devices is around

4.2%117118.

Figure 1.16: Structural diagram of the bilayer device polymer solar cell.

1.11.3 Bulk heterojunction devices

The invention of bulk heterojunction devices was achieved by Heeger et al. in the 1990s. In
this type of device, the polymer donor and fullerene acceptor are combined in one layer. This
means a large donor-acceptor interface is created. This interface is larger than that found in
bilayer devices, helping to solve the issue of the inefficient generation of charges in the
polymers. To attain this quality, the polymer donor and fullerene acceptor are mixed before
being applied to the anode. This creates a network of interpenetrating nanoscale donor and
acceptor regions!®12 Therefore, the distance travelled by excitons to reach the donor-
acceptor interface is short, at around 10 to 20 nm, and the separation of charge is more
efficient (see figure (1.17))'?2. The ratio between the donor and acceptor plays a major role in

the equilibrium between absorption of light and transport of electrons!?3,
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Figure 1.17: Structural diagram of the bulk heterojunction device polymer solar cell.

1.12 Principle of operation of photovoltaic cells

In polymer solar cells, there are four main steps to creating charge from incident photons!?*
(see figure (1.18) below). (1) When photons are absorbed by the organic active layer, an
exciton state is created by the promotion of electrons from the HOMO to the LUMO energy
level of the donor. This leaves holes in the HOMO?, (2) The excitons consequently diffuse
to the interface of the donor-acceptor??. (3) The electrons are then transferred from the
LUMO energy level of the donor to the LUMO energy level of the acceptor. The acceptor
phase contains the electrons and the donor phase contains the holes, and these are still linked
together as twin pairs'?. (4) Then, the twin pairs are separated and the free holes are moved
to the anode through donors. The free electrons are then moved to the cathode via the

acceptor where they are collected?’.

(1) (2) (3) (4)

Donor Donor

Acceptor Acceptor

Donor

Acceptor Acceptor

@ Electron
) Hole

Figure 1.18: Schematic illustration of the working principle of photovoltaic cells*.
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1.13 Conjugated polymers as donors with fullerenes as acceptors

Scientists have focused on two important points when synthesising conjugated polymers for
solar cells. First, the absorption of these materials has to be above 600 nm due to this range
being particularly suited to the absorption of sunlight. Second, it has to be able to transfer
these charges’’. These two points correspond to the delocalised system of m-bonds, which
consequently causes the semiconducting behaviour in conjugated polymers. The efficiency of
organic solar cell devices can be enhanced by merging conjugated polymer with fullerene
derivatives such as PC71BM%, Figure (1-19) displays two fullerene derivatives used in the

production of organic solar cell devices.

PC¢BM PC,,BM

Figure 1.19: Fullerene derivatives used in the manufacture of OPV devices.

Unfortunately, fullerene derivatives are low in solubility. To combat this issue, a solubilising
group can been added. The transfer of an electron from conjugated polymer (donor) to
fullerene derivative (acceptor) occurs very rapidly — a matter of femtoseconds (fs). Due to the
higher speed of electron transfer compared to the recombination process, the total PCE of
organic solar cells is decreased. In addition, the rate of recombination method is slow due to
the rapid movement of electrons from the fullerene molecules to the interfacial area'?®.
However, mixing of fullerene derivatives (acceptor) units with conjugated polymer (donor)
units has been shown to improve of the total PCE %2, |t has also been noted that blending
of the fullerene derivative acceptor with the conjugated polymer (donor) not only narrows the
bandgap of the conjugated polymer but also develops the charge carrier mobility by

decreasing the distance of -w interchain stacking?33-1%,
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1.14 Conjugated polymers as donors with non-fullerenes as acceptors

Recently, researchers have focused on non-fullerene acceptors due to their enormous
potential to achieve high PCE%*. For instance, bulk heterojunction (BHJ) organic
photovoltaics based on a blend of a p-type donor and n-type acceptor have been developed*?®.
The length of the wavelength of the absorption materials play a major role in the bandgap,
with most OPV materials absorbing light wavelengths shorter than 800 nm%, In the last 2-3
years, rapid improvement of low bandgap non-fullerene acceptors has afforded effective
methods to develop the performance of organic photovoltaics due to their tunable level of
energy and strong absorption in the near infrared region®3213¢-141 Appropriate non-fullerene
acceptors (NFAs) should have HOMO and LUMO energy levels appropriately located in
terms of the energy levels of the donor material used. For instance, Yuan et al. used PM6
(polymer) — as illustrated in figure (1.20) — as a donor with a HOMO energy level of -5.56 eV
and LUMO level of -3.50 eV. To maximise the short-circuit current density (Jsc) and the
open-circuit voltage (Voc), the HOMO levels of non-fullerene acceptors should be near to
those of the donor polymer. Suitable LUMO levels are also required to achieve the ideal
optical bandgap*®. In addition, Yuan et al. used Y6 as an acceptor — see figure (1.20) — to

achieve PCE above 15%%,
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Figure 1.20: Molecular structure of (PM6) and (Y®6).

1.15 Characteristics of organic solar cell devices

To establish the effectiveness of organic solar cells, we have to consider the power
conversion efficiency (PCE), which is calculated using the following three variables: open
circuit voltage (Voc), short current circuit (Jsc) and fill factor (FF)?142 In addition, J-V
characteristics, which explain the link between these parameters, must be fully known (see
Figure (1.21)). It should be noted that the test of devices is always run under two conditions:

illuminated and dark.

Power conversion efficiency (PCE) can be calculated easily after identification of the

parameters:
PCE= (Jsc x Voc x FF) / light

where Jsc is short current circuit, Voc is open circuit voltage, FF is fill factor and ljight is the

incident radiation intensity of solar light°?,
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1.15.1 Open circuit voltage (Voc)

Open circuit voltage is the highest device voltage reached when the current flow in the
organic solar cell devices is equal to zero'*®, Numerous studies have demonstrated Voc is
based on the energy gap between the (HOMO) level of the donor and the (LUMO) level of
the acceptor of the bulk heterojunction, establishing the basis for estimating the open circuit
voltage in these devices. Worthy of note is that Voc is affected by the morphology of an
active layer'*. In addition, it is decreased when the temperature is increased due to the

recombination methods and because the free charges are highly mobile!4414°,

1.15.2 Short current circuit (Jsc)

Short current circuit is the highest current that can be harvested in organic solar cell devices
when the voltage applied between the anode and cathode is equal to zero'*3. It is based on
the charge mobility of the blend used in organic solar cell device manufacture and is changed
when the morphology of an active layer is changed. Choosing a suitable solvent is the main

key in achieving desirable morphology of the active layer?.

1.15.3 Fill factor (FF)

Fill factor is the maximum gained power collected from the organic solar cell devices and

denotes the degree to which charge carriers can be extracted from the solar cell device.
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Another definition of (FF) is an oblongate area in the current-voltage J-V plot, which is at
right angles on Voc and Jsc in the plot!*®-14¢, There are many factors which affect the fill
factor such as the thickness of an active layer, the area of the organic solar cell devices, and

the efficiency of the electrode in its collection of free charges'41C,

1.16 Perovskite solar cell as a competing technology to bulk heterojunction

solar cells

The organometallic halide perovskite materials have gained considerable attention in the last
few years due to their excellent optical and electrical properties. These materials
demonstrated highly effective capability of converting light into electricity using cheap
solution-processable methods in fabricating photovoltaic (PV) devices. Power conversion
efficiency (PCE) of perovskite solar cells (PSCs) has remarkably jumped from 3.8% in 2009
to about 24% up to date with two types of typical PV device structures; i.e. based-on
mesoporous structure and planar heterojunction structures’>!. The mesoporous structure of
(PSCs) content of FTO/compact TiO2/meso-TiO2/ perovskite/spiro-OMeTAD/Ag while the
planar heterojunction structure of (PSCs) content of ITO/PEDOT:PSS/perovskite/PCBM/Ag.

The rapid increase in the performance of perovskite based solar cells is caused by their
distinctive features including a low energy direct bandgap (1.5 eV), high absorption
coefficient, balanced electron—hole mobility, long range charge diffusion length (100-1000

nm), high dielectric constant, high carrier mobility and small exciton binding energies*®?.

Although the excellent progression in the performance of (PSCs) there are various challenges
that request to be addressed before commercialization will be possible. Most importantly,
(PSCs) have not yet showed the long-term stability that is required to compete with Si based
solar cells. In addition, other main concerns related with potential environmental influences

since perovskite material contain Lead (Pb) which is toxic material®3,
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1.17 Aims of the thesis

Polymer solar cells (PSCs) as a renewable energy source have been studied in great detail due
to their excellent features, which include the flexibility of devices, their light weight and
solution processing abilities*>*. Fortunately, the power conversion efficiency (PCE) of bulk
heterojunction polymer solar cells, where the photoactive layer includes a blend of donor (D)
and acceptor (A) molecules, has increased significantly. In order to achieve such high PCE
with these devices, certain requirements must be met: a deep HOMO level in order to
increase Voc, a low energy bandgap to absorb the solar energy to lead to a higher Jsc, a high
absorption coefficient, and excellent hole mobility!>. Currently the best strategy to obtain
low-bandgap polymers is to use alternating donor-acceptor (D-A) or acceptor-donor-acceptor
(A-D-A) units along the backbone of conjugated polymers. Indeed, certain types of (D-A)
and (A-D-A) copolymers have provided devices with very good PCEs. Based on this
knowledge, the aims of this project are to synthesise and study the properties of novel D-A
and A-D-A copolymers using different donors — fluorene, fluorene flanked by furan rings,
carbazole, benzothiadiazole flanked by thiophene rings, and bithiophene — in order to achieve
excellent optical and electrochemical properties in the resulting materials. The main goal is to
narrow the bandgaps of the resulting polymers to achieve high power conversion efficiencies
(PCEs).

Benzothiadiazole (BTD) is one of the most common acceptor units that has been used in this
research area, with good efficiencies reported in bulk heterojunction solar cells. One of the
aims in this thesis is to synthesise novel D-A polymers based on BTD with alkoxy groups or
with fluorine atoms at the 5,6-positions flanked by furan rings as an acceptor with the
following different donors of fluorene, fluorene flanked with furan rings, and carbazole units
all copolymerised with an acceptor. In this research, the BTD was linked with alkoxy chains
in the 5,6-positions to enhance the solubility of the resulting polymers. The equivalent
thiophene polymers that have been described in the literature showed good PCE in solar cells.
We replaced the thiophenes with furans units because the furans have higher quantum yield
of fluorescence than thiophene units. It was thus hoped that this would increase the quantum
yield of fluorescence of the resulting materials. We will thus investigate and study the
thermal, optical and electrochemical properties of the new polymers and the effect of
replacing thiophene repeat units with furan repeat units in donor/acceptor conjugated
polymers for applications in solar cells by comparing our polymers with those synthesised

before. In addition, the effect of the addition of an extra furan ring in the backbone of the
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conjugated polymer is to be explored. Finally, we are also interested in investigating the
effect of the incorporation of fluorine atoms instead of alkoxy groups at the 5,6-positions of
BTD units in order to probe the variation in the electron accepting properties of BTD. The

target polymers are shown in figure 1.22.
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Figure 1.22: Polymer structure of P1, P2, P3, P4 and P5.

In the second part of this project, we are also interested in the preparation of very low band
gap polymers. Great attention is now placed on the synthesis of acceptor-donor-acceptor
conjugated polymers with decreased bandgaps in order to achieve high PCEs in bulk
heterojunction solar cells. The synthesis of novel A-D-A conjugated polymers that involve
IDIC, which is a low band gap molecule, reacting with three different monomers: 4,7-bis(5-
(trimethylstannyl)thien-2-yl)benzo[c][1,2,5]thiadiazole (M6); 5,5-bis(trimethylstannyl )-2,2'-
bithiophene (M7); and 2,7-bis(trimethyltin)-9,9-dioctylfluorene (M8) to obtain P6, P7 and
P8, respectively, is to be investigated in this work. In addition, the new A-D-A novel
conjugated polymers P6, P7 and P8 will be compared with an analogous polymer (PZI)
synthesised by Zhi-Guo et al. in 2017. Their research has shown good results, with the
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polymer having an optical bandgap of 1.55 eV and an excellent PCE of 9.19%. The structure
of these polymers and PZI are shown in figure 1.23.

Figure 1.23: Polymer structure of PZI, P6, P7 and P8.
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Chapter 2 - Design and synthesis of furan-based polymers for photovoltaic

applications

2.1 Introduction

In the last few decades, researchers have focused significant attention on polymer
photovoltaics — those which have an active layer of conjugated polymer. This is due to their
various features that have opened promising avenues for application. These include the fact
that they are lightweight, flexible and cheaper than the more commonly used inorganic
materials typically found in solar cells. In order to choose appropriate polymers to be applied
in the manufacture of solar cells, excellent electronic and physical properties must be found.
These include the extent of sunlight absorption and the HOMO and LUMO energy levels. In
solar cell devices that blend a polymer as donor and fullerene derivative as acceptor, close
attention must be paid to their morphology to attain the highest possible charge mobility and

effective exciton dissociation®,

One key consideration with such novel photovoltaics is the band gap of the components in
blends due to their role in enhancing power converstion efficiency (PCE%). To date,
researchers have enhanced organic solar cells and the engineering of their band gap so that
power conversion efficiency has exceeded 11%?*. It has also been discovered that there is an
inverse relationship between the band gap of polymers and their PCE%. In other words, when
the polymer has a low band gap, it absorbs more sunlight, leading to improvements in the
power conversion efficiency®®. To this end, the band gap of certain polymers can be adjusted
over the visible range if the structure allows it, as with D-A copolymers®, or by changing the
side-chains of polymers!®. Moreover, conjugated polymers with alternating donor-acceptor
monomers can be used to adjust the polymer’s bandgap by governing the intramolecular
charge transfer (ICT)*13, As has been previously noted, to achieve the best PCE%, the band

gap and the HOMO and LUMO energy levels of the polymer should be developed**°.

Researchers have attempted to prepare low-band-gap-conjugated polymers able to absorb a
broad range of the spectrum of light using a wide variety of methods. A significant number of
conjugated polymers contain benzothiadiazole (BTD) moiety due to the thiadiazole units.
These allow withdrawal of the electrons to the conjugated polymer’s backbone?®. Studies
have also shown that polymers possessing good features, such as low band gaps and excellent

charge transfer, can be created by linking the BTD unit as a strong electron acceptor with a
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suitable electron donor'’-%°, In fact, the majority of research has focused on thiophene-based
conjugated polymers to create high-performance devices with a much lesser amount focusing
on nonthiophene-based conjugated polymers?. Specific examples of the former include the
conjugated polymer PFDTBT-8, which has the structure of alternating fluorene units flanked
by thiophene units and benzothiadiazole units. Its band gap is 2.12 eV with a HOMO level of
-5.44 eV and LUMO level of -3.32 eV ?2. As a comparison, with alternating fluorene units
flanked by bithiophene units and benzothiadiazole units in PFDT2BT-8, a band gap of 1.99
eV with a HOMO level of -5.33 eV and LUMO level of -3.34 eV was noted. It should also be
noted that the addition of an extra thiophene ring along the polymer backbone caused the
bandgap value to reduce by compared with having only one thiophene ring?®. PCDTBT-8,
which has the same acceptor as the PFDTBT-8 but with carbazole instead of fluorene, has
shown a band gap of 2.13 eV with a HOMO level of -5.40 eV and LUMO level of -3.27 eV

24, See Figure 2.1 for diagrams of each of the polymer’s structures.

PCDTBT-8
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Figure 2.1: The structures of PFDTBT-8, PFDT2BT-8 and PCDTBT-82%%,

In other research, Woo et al. used furan instead of thiophene to create conjugated polymer
solar cells?. They found that polymers with furan displayed electronic and optical properties
that were similar to those of their thiophene analogous polymers®-?’. One of the key reasons
for the use of furan units to create such polymers is the electronegativety of oxygen atoms
being stonger than that of sulfur atoms. This leads to the probabilty that the HOMO level of
polymers can be decreased through the addition of furan units. In addition, furan derivatives
can be prepared from natural products. This translates into polymer synthesis being simpler,
cheaper and more sustainable than when using thiophene. Indeed, the functions and
properties of furans in conjugated polymers have encouraged researchers to synthesise more

furan-containing polymers, and this is an ongoing area of interest.

The synthesis and analysis of three novel polymers are reported in this chapter. These are
fluorene-alt- benzothiadiazole and carbazole-alt-benzothiadiazole D-A copolymers, poly[9,9-
dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di-2-furanyl-2,1,3-benzothiadiazole)-
55-diyl] (P1) , poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(2,2’-
bifuran-5-yl)benzo[c][1,2,5] thiadiazole)-5,5-diyl] (P2), and poly[9-(heptadecan-9-yl)-9H-
carbazole-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di-2-furanyl-2,1,3-benzothiadiazole)-5,5-diyl]

(P3). The solubility of these was enhanced by introducing octyloxy chains at the 5, 6-
positions of the BT moieties. This in turn increased the planarity of the polymers’ backbone,
as discovered in previous literature?®, The synthesised polymers P1, P2 and P3 were analysed
using GPC, UV-vis absorption, TGA, CV and XRD and the results of the various analyses
are compared with analogous polymers PFDTBT-8, PFDT2BT-8 and PCDTBT-8,

respectively, all of which contained thiophene units instead of furan units.
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2.2 Results and discussion

2.2.1 Synthesis of monomers

The methods of synthesising the acceptor and donors presented in this chapter are shown in
the scheme below.

O,N  NO, CIHsN  NHsCI
Q- Qe e
HO OH CgH170 OCgH47 CgH4;,0 OCgH47 CgH470 OCgH17
(SM1) (2) 3) 4)

/S\ /S\
N N N N
\ \
(v)
—  Br Br
(5) (6)
0~ ~SnBus
(6]
(SM2) (7)
N N 7 ~N
\ N\ /N
vii Viii
@+ —2 [ 4y ==Ll a
O O Br O O Br
CgHi7O  OCgH47 CgH;O  OCgHq7
(8)
(M1)

(i) 1-Bromooctane, KoCOs, dry DMF, 100°C. (ii) Solution of acetic acid, DCM, 10°C, 65%
nitric acid, fuming nitric acid, r.t 40 h. (iii) Tin (II) chloride, conc.HCI, ethanol, 85°C
overnight. (iv) EtsN, SoCl,, DCM, reflux at 45°C overnight. (v) Brz, acetic acid, DCM, dark
r.t 48h.(vi) n-BuLi, Dry THF, -78°C for 2h, 40°C, BusSnCl, r.t overnight. (vii) Pd(OAc), tri-
o-tolyl)phosphine, dry Toluene, 115°C for 48h. (viii) NBS, dry CHCIs, glacial acetic acid,
dark at 60°C for 24h.

Scheme 2.1: Synthesis of M1 acceptor.
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1,2-Bis(octyloxy)benzene (2) was prepared using the modified procedure reported by Zhang
et al.?®. Using this method, synthesis starts with an alkylation reaction between catechol
(SML1) and 1-bromooctane, and the base potassium carbonate. The reaction mixture was left
at reflux at 100°C overnight. The subsequent purification procedure occurred via
recrystallising of the product in methanol to obtain product (2) in a good yield (66%) as white
needle-shaped crystals. The purity and the structure of the product (2) was confirmed by,'H
NMR,C NMR, elemental analysis and mass spectrometry. The elemental analysis

confirmed the structure of the product. The mass spectrum show the main integer mass at 334

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

OH CHs(CH,)7Br,K,CO3 ©:OC8H”
@[ OCgHy7

OH DMF

SM1 2

Scheme 2.2: Synthesis of 1,2-bis(octyloxy)benzene.

The mechanism of this reaction follows the bimolecular nucleophilic substitution (Sn2), as
shown in Scheme 2.3. below. Initially the hydroxyl group was deprotonated by the base
(K2CO:3) to generate the phenoxide ion nucleophile. This attacked 1-bromooctane to give the

desired product.
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cr
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Scheme 2.3: The mechanism of alkylation reaction via nucleophilic substitution.

This step was followed by nitration of compound (2) by reacting nitric acid in acetic acid to
yield compound (3). The product was then separated as yellow crystals after purification of
the mixture by recrystallising it in ethanol in yield (64%). The purity and the structure of the
product (3) was confirmed by,!H NMR,*3C NMR, elemental analysis and mass spectrometry.
The elemental analysis confirmed the structure of the product. The mass spectrum show the
main integer mass at 423 (M¥) which is in agreement with the proposed structure. The
proposed mechanism of this nitration reaction is represented in Scheme 2.4. below and can be
divided into two steps: firstly, production of the electrophile (nitronium ion) by reacting

acetic acid with nitric acid; and secondly, electrophilic aromatic substitution.

Step 1: Formation of the electrophile:
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Step 2: Electrophilic aromatic substitution

/\@OCSHW
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2)

C8H17O

OCgH17

Scheme 2.4: Mechanism of the nitration reaction
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In the third step, tin (II) chloride and hydrochloric acid was used to reduce the two nitro
groups in compound (3) to obtain 4,5-bis(octyloxy)benzene-1,2-diammonium chloride (4) as
hydrochloride salt in the form of a white powder. Water was used to wash the precipitate that
formed during the reaction. This removed any excess acid present in the reaction mixture.
The product was then washed using ethanol. As a result of its unstable nature, the resulting
product was obtained in a good vyield (85%) then immediately used rather than first being

purified.

Compound (4) was reacted with thionyl chloride and triethylamine to produce 5,6-
bis(octyloxy)benzo[c][1,2,5] thiadiazole (5) as a brown solid. The reaction was heated to
45°C overnight and then purified by recrystallising it in ethanol to yield it as a brown solid in
yield (70%). The purity and the structure of the product (5) was confirmed by,'"H NMR,**C
NMR, elemental analysis and mass spectrometry. The elemental analysis confirmed the
structure of the product. The mass spectrum show the main integer mass at 392 (M*) which is
in agreement with the proposed structure. The mechanism of the reaction proceeded in four
steps. Firstly, the base triethylamine was used to remove any hydrogen chloride present in
compound (4). Secondly, nucleophilic attack by the amine groups on the highly electrophilic
sulphur of thionyl chloride followed. Thirdly, a cyclisation reaction occurred to form the
benzothiadiazole ring. Finally, water was removed to obtain product (5). Scheme 2.5.

illustrates the mechanism of this reaction.

52



o © Con

S H. L/
P~ l+ of
C8H17O:©[NH30| NEt; CgH17O:©:NU Cl CgHy70 N/S\C?l
+ - oo - . H
- 2HCI :@:
CgH170 NH5Cl CgH170 NH, CaHirO NH,
(4) \
H I
H H \+_S—Cl
CgH170 N (G CgH470 N\C,O -HCl CgH470 N:)r\
jQE 8 o
+ O~ B
’ ("ClI N Cl
CgH170 H/N\H CgH470 NH, CgH170 NH,
H H ® H
CgH470 N _HC CgH170 N, - H CgH4,0 N, _[\,H
+ 907 N/ .o N, ®
CqH4-O /N\) C8H17o | C8H17O k'
gH17 H H™ 0 !
Cl l
H H\ H
| | |
CgH70 Ny ®  CgHi7O Ny CaH170 N,
CgH170 N CgH170 N CgH170 N
-H,O

CsHﬁOj@E’\D CgH170 _N
W g%
CeH170 %

CgH470

(5)
Scheme 2.5: The mechanism of ring closure reaction of synthesis (5).

Compound (6) was prepared by bromination of compound (5) at the 4,7-positions using Brz
in acetic acid and DCM. The electrophilicity of the bromine was increased using acetic acid
and the product was yielded as a white solid in a good yield (84%) after being purified by
recrystallisation using ethanol. The purity and the structure of the product (6) was confirmed

by,'H NMR,*C NMR, elemental analysis and mass spectrometry. The elemental analysis

53



confirmed the structure of the product. The mass spectrum show the main integer mass at 550

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

N N S
€ NN N
I ~ \ /) \N/ ® \
H,C-C—OH Bl By H 5 "
\/ ! Br
B Br
CgH,70 OCgH); CgH,70 OCgHyy CgH;;O  OCgH,,
/S\
N
\

- = Br Br
CgH,,0 OCgH,,

(6)
Scheme 2.6: The mechanism of bromination of (5) to synthesis (6).

Reaction of furan (SM2) with n-butyl lithium (2.5 M in hexane) in dry THF at -78 °C
occurred before tributyltin chloride was added to obtain tributyl(furan-2-yl)stannane (7) as a
yellow liquid in a good yield (93%). The reaction mechanism comprised two steps. Firstly,
the 5-position of furan was deprotonated using n-BuL.i to generate the anion. Secondly, the
anion carried out a nucleophilic substitution on BusSnCl by displacing chloride to obtain the
product. This is shown in Scheme 2.7. The purity and the structure of the product (7) was
confirmed by,'H NMR,*C NMR, elemental analysis and mass spectrometry. The elemental
analysis confirmed the structure of the product. The mass spectrum show the main integer

mass at 357.8 (M) which is in agreement with the proposed structure.

First:
f/ ~\/\ n-BuLi @ o Lcia
6] THF,-78°C o)
(SM2)
Second:

mSn—(C\I
@@ Li® ﬁ\3 = @\SnBug,



Scheme 2.7: The mechanism of synthesis of (7).

Product (8) was synthesised using the Stille coupling reaction®. This coupling formed a C-C
bond and occurred in the presence of a palladium catalyst between an arylstannanes and an
aryl halide. The Stille coupling catalytic cycle comprises four steps: an oxidative addition, a
transmetalation, a trans / cis isomerisation, and a reductive elimination, as shown in scheme
2.8. The ratio between compound (6) to compound (7) was 1:2.5. The compounds were
reacted in dry toluene at a temperature of 115°C for 48 hours. Pd (OAc). and tri-o-
tolylphosphine were used to catalyse the reaction and the ratio between them was 1:2
respectively. 5,6 Bis(octyloxy)-4,7-di(furan-2-yl)benzo[c][1,2,5]thiadiazole (8) in the form of
a dark brown liquid in an excellent yield (95%) was produced following purification by

column chromatography (petroleum ether / DCM, gradient 4/1) 3.

kY
%, 6\"\\0
%s/. Pd(OAc), |1] eob
N/S\N 9//‘6/) 2 P(0-tol);
\ N© N
E}Qm lol
K = l(o tol);P—Pd~-P(o- t01)3]
[vi] [ n]

P(o-tol)3 R R

Pd
R R 0
%; 4
[v] s, S
N\ /N SnBuj
N (o-toh)sPfif] .
Trans-Cis isomerisation D\pd Br Tansmetalati
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S, (o- t01)3R|||| )
N Br-Pd Br |l
|II| P(o-tol)3 (o-tol);P
Br \ /

R

R
[ IV] Br*Sn/\/\

P(O-t0|)3 = ©/\P\© R = CgH47

Scheme 2.8: The Stille coupling cycle to synthesise (8).
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The purity and the structure of the product (8) was confirmed by,'H NMR,*C NMR,
elemental analysis and mass spectrometry. The elemental analysis confirmed the structure of
the product. The mass spectrum show the main integer mass at 524 (M*) which is in

agreement with the proposed structure.

The final step included the bromination of compound (8) with N-bromosuccinimide (NBS) in
glacial acetic acid and CHCIs to produce 4, 7- bis (5-bromofuran-2-yl)-5, 6-bis (octyloxy)
benzo [c] [1,2,5] thiadiazole (M1) as an orange solid in a yield (60%) after purification
through column chromatography. The purity and the structure of (M1) was confirmed by,'H
NMR,®C NMR, elemental analysis and mass spectrometry. The elemental analysis
confirmed the structure of the product. The mass spectrum show the main integer mass at 682
(M*) which is in agreement with the proposed structure. The *H NMR gave two different
environments as expected in the aromatic region. In addition, *H NMR gave different peaks

as expected in aliphatic area as shown in Figure 2.2.

T T T T I I T T T Ll I I 1 T T
77 76 75 74 73 72 71 7.0 69 68 6.7 66 65 ppm

L U

T T T T T T T T T T T T T T T T T T T
9.5 8.0 8.5 3.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 ppm

Figure 2.2. *H-NMR spectrum of compound (M1) in CDCls.
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The suggested mechanism is shown in Scheme 2.9 below. In terms of its chemistry, the
oxygen atom of furan has a lone pair that donates electron density into the aromatic ring,
making it more reactive toward electrophilic substitution. The 5-position is associated with
the highest electron density, therefore making it more nucleophilic. In addition, the nitrogen
atom is more electronegative than bromine, causing the bromine to have a partial positive
charge in NBS, which is attacked by the furan ring. The proton on the furan ring is attracted
towards the succinimide anion to harvest the brominated ring. This same process is repeated
for another furan ring to form the desired product.

/S\
N N .e
N \ ,/_\@ O:
N\ - N
o) % Br
8H17O OC8H17 CgH170  OCgH47
Q o
Br—N
(@]
/S\
\
I\ / A\
Br 0] O Br

Scheme 2.9: The mechanism of synthesis of (M1).
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The donor moiety (M2) was synthesised by Stille coupling of fluorene derivative (SM3) with
tributyl(furan-2-yl) stannane (7) using palladium(ll) acetate and tri(o-tolyl)phosphine in dry
toluene at 115°C .

CgH1i7~ CgHyz CgHi7~ CgHyz

SM3 7 M2
(i) Palladium(l1) acetate and tri(o-tolyl)phosphine in dry toluene at 115°C.
Scheme 2.10: Synthesis of M2 donor.

The product (M2) was yielded as a dark yellow to green oil with yield (60%). The purity and
the structure of the product (M2) was confirmed by,'H NMR,3C NMR, elemental analysis
and mass spectrometry. The elemental analysis confirmed the structure of the product. The
mass spectrum show the main integer mass at 522 (M*) which is in agreement with the
proposed structure. The *H NMR gave six different environments as expected in the aromatic
region. In addition, *H NMR gave different peaks as expected in aliphatic area as shown in
Figure 2.3.
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Figure 2.3. *H-NMR spectrum of compound (M2) in CDCls.

2.2.2 Synthesis of polymers

The following three monomers were reacted with the final acceptor monomer M1: 9,9-
dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-fluorene (SM4), 2,7-
bis(furan-2-yl)-9,9-dioctyl-9H-fluorene  (M2), and 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole (SM11). P1 and P3 were prepared via
Suzuki cross-coupling polymerisation in the presence of Pd(OAc): as a catalyst and tri(o-
tolyl)phosphine as a ligand under argon, according to the procedure outlined in previous
research®. Dry THF and a saturated aqueous solution of NaHCOs; were used in the
polymerisations of P1 and P3. The polymerisation reaction was maintained for 2 hours and
40 minutes for P1 and 5 hours for P3. The timing was dependent on duration over which
precipitation formed in the flask. P2 was synthesised via direct arylation polymerisation
using PdCI2(MeCN): as a catalyst, P(O-MeOPh)3 as a ligand, caesium carbonate as the base,
and pivalic acid as the source of carboxylate, which is important in direct arylation reactions

3, Dry THF was used as a solvent in this polymerisation process in a sealed tube under an
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argon atmosphere and polymerisation occurred for 72 hours. P1, P2 and P3 were purified by
Soxhlet extraction using different solvents — methanol, acetone, hexane, toluene and
chloroform — after removal of the remaining catalysts by washing these with NHsOH
solution. The portions of toluene, chloroform and hexane were collected. The next step was
to precipitate the polymers through drop-wise addition into methanol. The solubility of these
polymers is excellent in common organic solvents. Proton Nuclear Magnetic Resonance (*H
NMR) was used to confirm the chemical structures of P1, P2 and P3 and gel permeation
chromatography (GPC) was used to identify the number average molecular weight and the
weight average molecular weight. The methods of synthesising polymers P1, P2, and P3 are

shown in Scheme 2.11.

M1+_ O‘O j:—» '\ 0.0

C H470 OCgH
CsH17 CeH17 s 8T CgHiy CaHis

P1

M1+ —— T\ ’O\ \/ O‘O

CgHi7~  CgHyz © CgH170  OCgH47 CgHi7 CeHiz
P2
e b
M1+ O
CgH
817 C8H17 CBH17 C8H17
P3

(i) PA(OAC)z, tri(o-tolyl)phosphine, (4ml) dry THF, saturated NaHCO3(1ml), 90°C.
(ii) Pd2(MeCN), P(0-MeOPph)s,CsCOs, pivalic acid, (1 ml) dry THF, 120°C.
(iii) Pd(OAC)., tri(o-tolyl)phosphine, (4ml) dry THF, saturated NaHCO3(1 ml), 90°C.

Scheme 2.11: Synthetic routes to P1, P2 and P3.
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2.2.3 Analysis of polymer properties

2.2.3.1 Gel permeation chromatography (GPC) analysis

GPC was performed using polystyrene standards and chloroform as the eluent at 40 °C.
Polymer P2, which had been collected in the hexane fraction, evidenced the highest
molecular weight and number-average molecular weight values of all three polymers.
Analysis of polymers P1 and P3 provided values of Mn and Mw that were almost identical in
both polymers. The increase of Mn and Mw in P2 can be attributed to the presence of bifuran
moiety flanked with the acceptor units, which led to a decrease in the steric hindrance
between the groups linked to the acceptor and donor units through the reaction. P1, P2 and
P3 showed lesser values of Mn and Mw than analogous polymers PFDTBT-8, PFDT2BT-8
and PCDTBT-8 that comprised thiophene units instead of furan units, as shown in Table 2.1.
This is believed to be due to the increase in the electronegativity of oxygen present in the
furan ring, which increased the m-n staking and led to the precipitation of the polymer to be

faster than with thiophene-based polymers and prevented the increase of Mn and Mw.

Table 2.1: GPC data for P1, P2, P3 and their analogous polymers.

Soxhlet
Polymers _ Mn(Da)® | Mw(Da)? | PDIP
fraction
P1 Toluene 11500 29700 2.57
PFDTBT-8% 77100 130500 1.69
P2 Hexane 16400 35500 2.16
PFDT2BT-8% 62300 91600 1.47
P3 Chloroform 10500 25800 2.44
PCDTBT-8* 14700 34800 2.36

2 denotes the detection using differential refractive index (DRI) of the toluene, hexane and

chloroform fractions of the polymer. ® is the polydispersity index.
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2.2.3.2 Optical properties of the polymers

UV-vis spectroscopy in dilute chloroform solutions are shown in Figure 2.4 (a) and those for
films in Figure 2.4 (b). They were used to investigate the optical properties of the synthesised
polymers. Absorption maxima values in both solutions and films, absorption maxima onset
values in films used in calculation of optical band gaps, and optical band gaps are all shown
in Table 2.2 below.

Table 2.2: The UV-visible data of P1, P2, P3 and their analogous polymers.

Polymer A max A max A max onset EQ opt
solution film film (eV)
(nm) (nm) (nm)
P1 498 512 616 2.01 (+/- 0.02)
PFDTBT-8% 530 550 616 2.01
P2 487 490 642 1.93 (+/- 0.04)
PFDT2BT-8% 420 550 655 1.89
P3 490 494 607 2.04 (+/- 0.05)
PCDTBT-8% 513 536 626 1.98

The absorption bands of the three polymers formed two distinct groupings for both solutions
and thin films. When the bands formed into shorter wavelengths, this shows the m-m*
transitions from the monomer repeat units. On the other hand, when the bands formed into
longer wavelengths, this is when intramolecular charge transfer (ICT) occurred between
fluorene or carbazole units flanked by furan or bifuran groups as the electron donor moieties,
and benzothiadiazole as the electron deficient units. The ICT bands of solutions of P1, P2
and P3 have maxima located at 498, 487 and 490 respectively. It can be clearly seen that the
absorption peak of P1 is slightly red-shifted compared to those of P2 and P3, and that the
absorption peak of P3 is slightly red-shifted compared to that of P2. Compared to the
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absorption spectra of their solutions, the UV-visible spectra of films are red-shifted in the
absorption band. This is a result of the aggregation of polymer chains when the polymers are
in their solid state34. The synthesised polymers P1, P2 and P3 have optical band gaps of 2.01
eV, 1.93 eV and 2.04 eV with errors from an average (+/- 0.02, +/- 0.04, +/- 0.05)
respectively. It should also be noted that P2 show a reduced optical band gap compared to P1
and P3 by approximately 0.08 and 0.11 eV respectively. This can be attributed to the higher
molecular weight caused by the introduction of an extra furan in the former, which then led to
more electronic delocalisation along the backbone of the polymer, increasing the conjugation,
and consequently increasing the ICT along the backbone of the polymer. Analogous
polymers PFDTBT-8, PFDT2BT-8 and PCDTBT-8 show evidence of red shift of the
absorption, indicating that the PFDTBT-8, PFDT2BT-8 and PCDTBT-8 polymer chains are
highly aggregated due to the larger heteroatoms of the thiophene units. Consequently, the
optical band gaps as estimated from the absorption onset of films are 2.01 eV, 1.89 eV and
1.98 eV. It is clear from the data in the above Table that the optical band gaps of P1 and
PFEDTBT-8 are similar. This implies that changing the thiophene units to furan units does not
cause any difference in the optical band gap. However, the optical band gap of P2 is slightly
higher than the optical band gaps of PFDT2BT-8 by 0.04 eV, and the optical band gap of P3
is slightly larger than the optical band gaps of PCDTBT-8 by 0.06 eV. Finally, the
corresponding polymers PFDTBT-8, PFDT2BT-8 and PCDTBT-8 with thiophene units

instead of the furan units have the same optical band gap or slightly higher.
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Figure 2.4: The UV-visible wavelengths of P1, P2 and P3 (a) in chloroform solutions and
(b) in thin films.

2.2.3.3 Electrochemical properties of the polymers

Determination of the HOMO and LUMO energy levels (vs vacuum) was done by cyclic
voltammetry using drop-cast polymer films in acetonitrile with tetrabutylammonium
perchlorate as the electrolyte. The HOMO levels of the prepared polymers were calculated
from the onsets of the oxidation potential whereas the onsets of the reduction potential were
used to calculate the LUMO levels in each polymer. As the data in Table 2.3 reveals, the
HOMO levels of all synthesised polymers P1, P2 and P3 are the same, at -5.31 eV, which
meant they all have the same ionisation potential. It can be noted that the donors are different
in all polymers; fluorene flanked by furan in P1, fluorene flanked by bifuran rings in P2, and

carbazole flanked by furan, which is more electron donating than fluorene in P3. We
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expected the HOMO level of P2 to be shallower than P1 due to the increase of intramolecular
charge transfer along the backbone of polymer as result of incorporating bifuran spacer-units.
In addition, P3 should have been shallower than P1 due to carbazole being more electron
donating than fluorene but this was not observed. The analogous polymers, however, are
different. To be more specific, the HOMO level of PFDT2BT-8 is equal to -5.33 eV, and is
shallower than PFDTBT-8 and PCDTBT-8. This could have been caused by the higher
electron donation of the bithiophene moieties®. It is clear that the HOMO levels of the
analogous polymers based on thiophene, PFDTBT-8, PFDT2BT-8 and PCDTBT-8 are
deeper than the corresponding furan based polymers, P1, P2 and P3, with differences never
higher than 0.13 eV. This is possibly due to the lesser electronegativity of sulphur in
thiophene compared to oxygen in furan, which increases the electron-donating tendency and
introduces more delocalisation, which then would have reduced the HOMO levels. Another
explanation is the big difference in the molecular weights, which are much higher than P1,
P2 and P3. The LUMO levels of P1, P2 and P3 are -3.39 eV, -3.12 eV and -3.07,
respectively: P3 is shallower than P1 and P2 due to the lower molecular weight of P3 or the
greater propensity of carbazole to donate, causing higher electronic conjugation. The LUMO
levels of analogous polymers PFDTBT-8, PFDT2BT-8 and PCDTBT-8 are generally
deeper than P1, P2 and P3 due to the increase in molecular weight. As reported in previous
literature, increasing the molecular weight leads to a decrease in the LUMO level of the

polymer3,

The comparison between electrochemical band gaps of the synthesised polymers in our work
and those in the work published by other groups is presented in Table 2.3. The Eg (eV) of
P1, P2 and P3 were estimated to be 1.92 eV, 2.19 eV and 2.24 eV with errors average (+/-
0.07, +/- 0.05, +/- 0.06 ) respectively, whereas PFDTBT-8, PFDT2BT-8 and PCDTBT-8
were estimated to be 2.12 eV, 1.99 eV and 2.13 eV respectively. Thus, the band gaps of
polymers with furan rings are bigger than those of the analogous polymers with thiophene
rings because the analogous polymers have deeper HOMO levels, leading to reduced

electrochemical band gaps such as those mentioned above that decreased the HOMO levels.
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Table 2.3: The HOMO and LUMO data of P1, P2, P3 and their analogous polymers.

Polymer HOMO (eV)? LUMO (eV)P Eg(eV)°
P1 531 -3.39 1.92 (+/- 0.07)
PFDTBT-8% -5.44 -3.32 2.12
P2 5.31 3.12 2.19 (+/- 0.05)
PFDT2BT-8% -5.33 -3.34 1.99
P3 5.31 -3.07 2.24 (+]- 0.06)
PCDTBT-8% -5.40 -3.27 2.13

aHOMO level of the polymer determined from the onset of the oxidation potential, ® LUMO
level of the polymer determined from the onset of the reduction potential, ©electrochemical

band gap.
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Figure 2.5: Cyclic voltammetry curves for P1, P2 and P3.
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2.2.3.4 Thermal gravimetric analysis (TGA) studies

The thermal stability of polymers was measured using thermogravimetric analysis. The
polymers prepared were exposed to temperatures ramped up from room temperature to 800
OC at a heating rate of 10 °C / min under a nitrogen atmosphere in order to ascertain the
temperature of the onset of decomposition (Td). The polymers P1, P2 and P3 presented,
respectively, a Td of 341 °C, 200 °C and 328 °C. P1 and P3 showed good thermal stability
above 300 °C whereas P2 decomposed at approximately 100 °C less, possibly due to the
fraction of the polymer collected in hexane or the addition of furan units attached with the
benzothiadiazide. All polymers, P1, P2 and P3, degraded until 45%, 42% and 45% of the
mass remained, respectively, which can be attributed to the fact that during decomposition, a
burnt residue of significant thickness is formed on the polymers, which insulates the polymer
from the heat flux because of its low conductivity. This method delays the thermal
decomposition of the polymer. The Td of analogous polymers PFDTBT-8, PFDT2BT-8 and
PCDTBT-8 are 310°C, 340°C and 328°C respectively?>2*,
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Figure 2.6: TGA curves for P1, P2 and P3.

2.2.3.5 Polymers’ X-ray diffraction (XRD) studies

The morphology of synthesised polymers P1, P2 and P3 was investigated using powder X-
ray diffraction. As shown in Figure 2.7, there is a wide-angle broad peak at 26 value at
20.40° for P1. This value is connected to m-m stacking of 4.34 A distance. In addition, P2 has
a wide angle broad peak at 260 value at 21.20° which corresponds to 4.18 A. This is due to

the addition of more furan units in the backbone of the polymer. P3 also has a wide peak at
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26 value of 20.26°, which coincides with 7-n stacking at a distance of 4.37 A. Expectedly,
P2 displays less stacking distance than P1 and P3, a result of the increased planar backbone
in the P2. The small angle region at 20 shows values of 3.87° and 4.66° for P2 and P3,
respectively, which are connected to stacking distances of 22.80 A and 18.94 A respectively.
These coincide with the distance of side-chains between lamella-packed polymer backbones.
In sum, the synthesised polymers P1, P2 and P3 all have broad peaks in XRD, a result

indicative of amorphous shapes®’.

XRD
25
— P1
20 — P2
> — P3
= 154
C
8
£ 10+
5_
O 1 1 1 1
0 10 20 30 40
20 scale

Figure 2.7: Powder X-Ray diffraction curves for P1, P2 and P3.

2.3 Conclusion

In this study, we have presented the method of synthesis of donor-acceptor low-energy-band-
gap polymers using Suzuki coupling and direct arylation procedures. A 2,7-linked fluorene
unit as a donor copolymerised with benzothiadiazole, with alkoxy substituents flanked by
furan rings as acceptor repeat moieties was used to afford P1 by Suzuki coupling. Direct
arylation was used to afford P2 by copolymerisation of benzothiadiazole units with alkoxy
substituents flanked by furan rings as acceptor repeat units with fluorene flanked by furan
rings as donor moieties. Synthesis of P3 was conducted using the same method as with P1
apart from the use of carbazole instead of fluorene as a donor. All polymers have shown good
solubility in common organic solvents. This feature can be explained by the alkoxy

substituents in their benzothiadiazole repeat moieties?.
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The characterisations of the polymers were studied using GPC, UV-vis absorption, cyclic
voltammetry, TGA and XRD. GPC determined the molecular weight (Mn) of P1, P2 and P3
as 11500 Da, 16400 Da and 10500 Da, respectively, and showed that P2 has the highest
molecular weight of all three polymers due to the incorporation of bifuran units, which
increased the planarity of its backbone. The fact that the optical band gap of P2 (1.93 eV) is
narrower than P1 (2.01 eV) and P3 (2.04 eV) is possibly due to the extension of conjugation
of the backbone of the polymer with additional of furan units. The thermal gravimetric
analysis (TGA) shows that P1 and P3 have good thermal stability above 300°C whereas P2
only maintains stability at 200 °C and degrades when exposed to higher temperature. Finally,
P1, P2 and P3 have shown broad peaks in XRD, which is indicative of amorphous shapes. In
comparison with P1, P2 and P3, the analogous polymers PFDTBT-8, PFDT2BT-8 and
PCDTBT-8 have a higher molecular weight. Moreover, the optical band gap of PFDTBT-8
is the same as that of P1 whereas PFDT2BT-8 and PCDTBT-8 have narrower gaps than P2
and P3 respectively. The Td of analogous polymers PFDTBT-8, PFDT2BT-8 and
PCDTBT-8 determined by TGA are 310 °C, 340 °C and 328 °C, respectively, evidencing
very good thermal stability.

In general, it can be concluded that exchanging of thiophene units by furan units flanked with
benzothiadiazole with alkoxy substituents units does not allow the narrowing of the band gap.
At best, these conjugated polymers have a band gap which is the same or slightly wider that
that of polymers with thiophene units. The results obtained in this work are consistent with
the information published by Woo et al. ® in terms of the effect of replacing thiophene by
furan on the optical properties: polymers containing furan displayed similar electronic and

optical properties relative to their thiophene analogous polymers?®.
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Chapter 3 - Design and synthesis of furan-based polymers with alternating

fluorinated benzothiadiazole units for photovoltaic applications.

3.1 Introduction

Of the many sources of clean energy on earth, the largest carbon-neutral energy source is
solar energy produced by the sun, at a rate of 3.86 x 10%® J per second® . In order to harness
this abundent energy, Bell laboratories first manufactured commercial crystalline silicon p-n
junction solar cells in 1954. Since that time, the conversion efficiency of these devices has
steadily increased, and we have recently reached a point where researchers have been able to
manufacture single junction crystalline silicon solar cells that are wafer-sized with an
efficiency of approximately 25%722. This means that the harvesting of the solar energy in the
inorganic monocrystalline photovoltaic devices which presently exist is a viable energy
generation method. However, there are many disadvantages with such devices: they are
breakable, perform poorly in low light intensities and at extremes of temperature, and require
manufacturing systems that are energy intensive. The third generation of PV devices (organic
photovoltaic devices) have been developed as a result of research to find appropriate
alternative devices to output solar energy. This newest generation has a number of advantages
over its inorganic parallel: decreased embodied energy, increased flexibility, the abundance
of materials for their manufacture, and their comparatively increased performance at lower
light intensity®4.

In terms of the structure of the newest type of PV devices, a bulk heterojunction (BHJ) is
usually used to mount the active layer of polymer solar cells. The active layer of BHJ cells is
formed by blending a conjugated polymer as an electron donor and a fullerene derivative as
an electron acceptor. The advantages of using conjugated polymers is that they can be
designed with narrow band gaps, enlarged absorption in the visible and infrared area, high
absorption coefficients, high molecular weights and high carrier mobilities to allow good
energy conversion efficiencies in polymer solar cells. The solubility of the conjugated
polymer in common organic solvents is affected by the length and flexibility of side chains

that are attached to the backbone of the rigid polymer.

Past studies have shown that the best way to achieve the aforementioned benefits of
conjugated polymers is to prepare them so that they are composed of alternating donor-

acceptor repeat units along the chains of the polymer®”’. Moreover, it has been illustrated that
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the band gap of a polymer can be controled via the internal charge transfer between the donor
and acceptor units®. In terms of adjusting the HOMO and LUMO levels of D-A polymers in
order to decrease the band gap then improve the power conversion efficiency, different
approaches have been suggested. For example, when a more electron-rich donor monomer is
polymerised with a more electron-deficient acceptor monomer, this produces a small band
gap®. Further tuning of the HOMO and LUMO levels can be attained by introducing electron

withdrawing or electron donating substituents and attaching solubilising side chains’%11,

Significant scholarly attention has been placed on the addition of substituents and their
consequences to the studied polymer systems®. Arguably, fluorine is a very interesting
substituent because it is the smallest electron withdrawing group with an electronegativity of
4.0°. To be more specific, Li et al. designed and prepared a polymer with a fluorine-
functionalised benzothiadiazole-acceptor unit that was used with an electron rich alternate
benzodithiophene moiety'® . A parallel polymer with no fluorine substituent was also
prepared to demonstrate the impact of fluorine substitution. Results reveal that the
photovoltaic performance dramatically increased in the fluorinated polymer due to the deeper
HOMO level and decreasing of the band gap of the resulting polymer. A number of other
studies have also confirmed that the use of fluorinated-acceptors causes similar increases in
performance!>17, However, there is contradictory evidence from other research which has
found that, by incorporating the fluorinated benzothiadiazole moity, this does not necessarily

enhance photovoltaic performance!®*,

In this chapter, the process of incorporating fluorine substituent into the benzothiadizole
acceptor is described. This acceptor, flanked by two furan repeat units, was polymerised with
two important electron rich monomers, 2,7-dibromo-9,9-dioctyl-9H-fluorene (SM3) and 2,7-
dibromo-9-(heptadecan-9-yl)-9H-carbazole (SM10), to yield two polymers. The structure of
fluorene is analogous to that of carbazole. However, an electron-donating nitrogen atom
exists in the central fused pyrrole ring, which provides carbazole completely with
aromaticity. This is dissimilar to fluorene!®. Copolymerisation of the acceptor was then done
with first the fluorene monomer to yield poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-
difluoro-4,7-di-2-furanyl-2,1,3-benzothiadiazole)-5,5-diyl] (P4) and with the carbazole
monomer to afford poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-difluoro-4,7-di-
2-furanyl-2,1,3-benzothiadiazole)-5,5-diyl] (P5). P4 and P5 were analysed using GPC, UV-
vis absorption, TGA, CV and XRD and compared with their analogous polymers PFO-
DFFBT? and PCDTBT-FY, as reported in previous literature. These contain thiophene
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instead of furan respectively. The chapter concludes with a comparison of these results with

those of P1 and P3 presented in the previous chapter.
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Figure 3.1: The structure of PFO-DFFBT and PCDTBT-F.
3.2 Results and discussion

3.2.1 Synthesis of monomers

The method of synthesising monomer M4 is presented in scheme 3.1. below.
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SM12 9 M4

(i) lodine, fuming H2SOs, stirred at 60°C for 24 hours. (ii) Tributyl-2-furanyl-stannane,
Pd(OAC)., tri-o-tolyl phosphine, dry THF, refluxed at 70°C overnight.

Scheme 3.1: Synthesis of M4 acceptor.

The first step was iodination of 5,6-difluorobenzo[c][1,2,5]thiadiazole (SM12) with iodine
and fuming sulphuric acid to afford 5,6-difluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (9) in
yield (70%) as a cream-yellow solid after it had been stirred at 60°C for 24 hours and

extracted using water and chloroform. The main reason for good iodination of SM12 is that
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the oxidation reaction of iodine by SOs group in fuming sulphuric acid awarded an active
iodine electrophile 1,*. The oxidation reaction of |2 is shown in equation 3.1. The purity and
the structure of the product (9) was confirmed by,'H NMR,3C NMR, elemental analysis and
mass spectrometry. The elemental analysis confirmed the structure of the product. The mass
spectrum show the main integer mass at 423 (M*) which is in agreement with the proposed

structure.

I, + H,SO, + 2SO,

2I*, + 2HSO, + SO,
Equation 3.1: Oxidation reaction of I,

The second step in the process to afford 5,6-difluoro-4,7-di(furan-2-yl)benzo[c][1, 2, 5]
thiadiazole (M4) was to react 5,6-difluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (9) with
tributyl-2-furanyl-stannane (7) in the presence of Pd(OAc). and tri-o-tolyl phosphine as
catalysts, which were dissolved in dry THF and refluxed at 70 °C overnight. The ratio
between (9) and (7) was 1:4 respectively. The Stille coupling reaction was the mechanism
which enabled this process to occur, as described previously for compound (8) in Scheme
2.8. The product obtained in yield (93%). The purity and the structure of the (M4) was
confirmed by,'H NMR,**C NMR, elemental analysis and mass spectrometry. The elemental
analysis confirmed the structure of the product. The mass spectrum show the main integer
mass at 304 (M*) which is in agreement with the proposed structure. The *H NMR gave three
different environments as expected in the aromatic region whereas in compound (9) there was

not any proton which mean the compound of (M4) was done as shown in Figure 3.2.
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Figure 3.2. *H-NMR spectrum of compound (M4) in CDCls.

3.2.2 Synthesis of polymers

The final acceptor monomer M4 was reacted with two different donors: 2,7-dibromo-9,9-
dioctyl-9H-fluorene (SM3) and 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (SM10) by
direct hetero arylation (DHA)?! polymerisation in the presence of Pd(dba)s as a catalyst ,
P(0o-MeOPh)z as a ligand, Cs,COs, and pivalic acid, to synthesise P4 and P5. Polymerisation
occurred in a sealed tube under an argon atmosphere, as recommended in the literature?t. 1
ml of dry toluene was used in these polymerisation processes as a solvent. The length of
polymerisation time varied between polymers: P4 was 24 hours and P5 72 hours according to
the formation of precipitates of polymer at the bottom of the polymerisation tube. Extraction
of both polymers was done with a Soxhlet apparatus using different solvents — methanol,
acetone, hexane, toluene and chloroform — after removal of the remaining catalysts by
washing these with NH4OH solution. The portions of chloroform were collected for the
subsequent steps. The next step was to precipitate the polymers to yield them as solids
through the addition of fractions of polymer solution in a drop-wise into methanol. The
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solubility of both polymers was excellent in common organic solvents. *H NMR was then
used to confirm the chemical structures of P4 and P5, and GPC was used to identified the
number and weight average molecular weight. The methods used to synthesise polymers P4

and P5 are shown in Scheme 3.2.

CgHi7~ CgHyz
/S\
N
\ /
(i) I \ / \ O
Br Br + M4 B ——————— (0] (@] n
N F F N
CSH17)\C8H17 CgHqi7~  CgHy7

(PS)
(i) and (ii) Pd2(dba)s, P(0-MeOPh)s, Cs2COs, pivalic acid, 1ml dry toluene, 110°C.

Scheme 3.2: Methods of synthesis of P4 and P5.

3.2.3 Analysis of polymers’ properties

GPC analysis was conducted using polystyrene standard and chloroform as the eluent at 40
°C. Both P4 and P5 were collected in chloroform fractions and these were measured at
slightly different molecular weight values and number-average molecular weight values:
those for P5 were found to be slightly higher than for P4, as shown in Table 3.1. A
comparison of the fluorine-substituted polymers P4 and P5 with P1 and P3, which had
alkoxy side-chains, showed that the number average molecular weight (Mn) and weight
average molecular weight (Mw) of P4 and P5 was estimated at 2800 Da and 6400 Da and
2900 Da and 6500 Da, respectively, as shown in Table 3.1. As a comparison, (Mn) and (Mw)
in P1 and P3 were estimated to be 11500 Da and 29700 Da, 10500 Da and 25800 Da
respectively. This significant difference in the values of Mn and Mw in P4 and P5 compared
with those of P1 and P3 can be attributed to the rigidity of the polymers and to the fluorine

atoms incorporated on the benzothiadiazide unit, causing strong m-m stacking and the
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aggregation of polymer chains. Therefore, the precipitation of the polymer occurred quickly
and limited the molecular weight of the product. Incorporation of alkoxy side-chains in
benzothiadiazide, such as those in P1 and P3, disturbed the n-n staking and controlled the
aggregation resulting in a higher molecular weight®. Analogous polymers PFO-DFFBT and
PCDTBT-F with thiophene rings instead of furan rings flanked with fluorinated
benzothiadiazide were analysed as having higher values of Mn and Mw than P4 and P5. The
reason for this is possibly due to the decrease of electronegativity of sulfur in the thiophene
ring compared to the oxygen in the furan ring leading to a decrease in the n-n staking of the
compounds of thiophene. This then would have caused the precipitation of the polymer to

take more time to occur, increasing the molecular weight compared to the polymers with

furan rings.

Table 3.1: GPC data for P4, P5, PFO-DFFBT and PCDTBT-F.

Polymers Soxhlet Mn(Da)? Mw(Da)? PDIP
fraction

P4 Chloroform 2800 6400 2.29
PFO-DFFBT? Toluene 6800 9600 141
P5 Chloroform 2900 6500 2.24

PCDTBT-FY 4000 6000 1.5

4 Detected by differential refractive index (DRI) of the toluene and chloroform fractions of

the polymer.  is the polydispersity index.

3.2.3.1 Optical properties of the polymers

UV-vis spectroscopy in dilute chloroform solutions [see Figure 3.3 (a)] and film states [see
Figure 3.3 (b)] was used to investigate the optical properties of the synthesised polymers. The
absorption maxima values in both solutions and films, and the absorption maxima onset
values in films that were used in calculating the optical band gaps are shown in table 3.2.

below.
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Table 3.2: The UV-visible data of P4, P5, PFO-DFFBT and PCDTBT-F.

Polymer A max A max A max onset EQ opt
solution film film (eV)
(nm) (nm) (nm)
P4 515 524 648 1.91 (+/- 0.05)
PFO-DFFBT? 518 549 649 1.91
P5 513 502 646 1.92 (+/- 0.03)
PCDTBT-FY 500 519 633 1.96

The absorption bands of the two polymers form two distinct groupings for both solutions and
thin films. When the bands are formed into shorter wavelengths, this shows the m-m*
transitions from the monomer repeat units. On the other hand, when the bands form into
longer wavelengths, this is when intramolecular charge transfer (ICT) occurs between
fluorene or carbazole units as the electron donor moieties, and 5,6-difluorobenzothiadiazide
flanked by furan groups as the electron deficient units. The ICT bands for solutions of P4 and
P5 are located at 515 and 513, respectively. This difference of 2 nm is negligible, but P4 is
very slightly red-shifted. The optical band gaps of P4 and P5 are 1.91 eV and 1.92 eV with
errors average (+/- 0.05 and +/- 0.03)respectively, and thus it can be concluded that there are
no notable differences between these polymers when changing fluorene or carbazole units. It
was noticed that in the majority of polymers, the UV-visible spectra of films are red-shifted
in the absorption band compared to the absorption spectra of their solutions. This can be
hypothesised as having occurred due to the polymer chains’ aggregation in their solid state.
Analogous polymers PFO-DFFBT and PCDTBT-F show optical band gaps of 1.91 eV and
1.96 eV respectively. Therefore, the optical band gaps of P4 and PFO-DFFBT are similar,
and so changing thiophene units with furan units does not cause any difference in the optical
band gap. However, the optical band gap of P5 is slightly lower than the optical band gaps of
PCDTBT-F by 0.04 eV, which can be attributed to the increasing of conjugation along the
backbone of P5 compared with PCDTBT-F. The optical band gaps of P4 and P5 were
measured as 1.91 eV and 1.92 eV, respectively, while those of the analogous polymers P1
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and P3 with alkoxy chains attached to benzothiadiazide units were measured as 2.01 eV and
2.04 eV respectively. It is clear then that the band gaps of P4 and P5 are lower than those of
P1and P3 by 0.1 eV and 0.08 eV, respectively, due to the two fluorine atoms attached at the
5,6-positions of the benzothiadiazide units providing stronger electron accepting properties

and higher ICT on the backbone of the resulting polymers.
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Figure 3.3: The UV-visible wavelengths of P4 and P5 (a) in chloroform solutions (b) in thin

films.
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3.2.3.2 Electrochemical properties of the polymers

Analysis using cyclic voltammetry (CV) was conducted by drop-casting polymeric films onto
platinum electrodes from chloroform solutions. Acetonitrile was used as a solvent and
tetrabutylammonium perchlorate as an electrolyte. The oxidation potential onsets were used
to determine the HOMO levels of the prepared polymers, and the onsets of the reduction
potential were used to calculate the LUMO levels. The data shown in Table 3.3 represent a
comparison of HOMO and LUMO levels for polymers P4 and P5 with fluorinated
benzothiadiazole flanked by furan units as acceptors, with analogous polymers PFO-DFFBT
and PCDTBT-F with thiophene instead of furan. The HOMO/ LUMO levels of P4 and P5
are -5.34/-3.30 eV and -5.35/-3.33 eV respectively. It should be noted that the HOMO levels
of P4 and P5 are similar, whereas the LUMO level of P4 is shallower than P5, probably due
to the slight decrease in the molecular weight of P4. The HOMO levels of analogous
polymers PFO-DFFBT and PCDTBT-F at -5.38 eV and -5.54 eV, respectively, are deeper
than those of P4 and P5 due to the thiophene being more electron donating than furan. This
caused more delocalisation, which led to a reduction in the HOMO level, as discussed in the
last chapter. Furthermore, the LUMO levels of P4 and P5 are also shallower than analogous
polymers PFO-DFFBT and PCDTBT-F due to the low molecular weights of P4 and P5.

The electrochemical band gaps for P4 and P5 are 2.04 eV and 2.02 eV with errors average
(+/- 0.07 and +/- 0.09) respectively: the band gap for P4 was measured to be the same as that
of the analogous polymer PFO-DFFBT with a band gap of 2.05 eV. However, the
electrochemical band gap for P5 was found to be slightly wider than that of the analogous
polymer PCDTBT-F at 1.96 eV. Thus, a slight difference between the electrochemical and
optical band gaps was caused by the interfacial energy barrier created during the
reduction/oxidation reactions between the electrode and polymeric thin film. The HOMO
levels of P1 and P3 were estimated to be -5.31 eV and the HOMO levels of P4 and P5 deeper
due to the influence of the fluorinated benzothiadiazole rather than alkoxy group in which
fluorine atoms cause benzothiadiazole to have more electron accepting properties. The
electrochemical band gaps of P1 and P3 were estimated to be 1.92 eV and 2.24 eV whereas
P4 and P5 were 2.04 eV and 2.02 eV respectively.
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Table 3.3: Cyclic voltammetry for P4, P5, PFO-DFFBT and PCDTBT-F.

Polymer HOMO (eV)? LUMO (eV)° Eg (eV)©
P4 -5.34 -3.30 2.04 (+/- 0.07)
PFO-DFFBT? -5.38 -3.49 2.05
P5 -5.35 -3.33 2.02 (+/- 0.09)
PCDTBT-F -5.54 -3.58 1.96

4 HOMO level of the polymer calculated from the oxidation potential onset, ® LUMO level of

the polymer calculated from the reduction potential onset, ¢ electrochemical band gap.

Ccv

— P4
— P5

Current mA

L B LR R L L LR R A
-2 -1 0 1
Potential (v) vs Ag/Ag+

Figure 3.4: Cyclic voltammetry curves for P4 and P5.

85



3.2.3.3 Thermal Gravimetric Analysis (TGA)

TGA was employed to analyse the thermal stability of synthesised polymers P4 and P5. The
polymers P4 and P5 presented degradation points at 429 °C and 412 °C, respectively,
evidencing good thermal stability at temperatures in excess of 400 °C. A slight difference in
the Td was recorded between P4 and P5, which can be attributed to the structures of the
polymers and their Mw. The onset decomposition Td of analogous polymers PFO-DFFBT
and PCDTBT-F was measured as 417 °C and 409 °C, and so the Td for P4 is higher than the
Td of PFO-DFFBT by 12 °C, and the Td of P5 is higher than the Td of PCDTBT-F by 3 °C.
In other words, there is only a slight difference between the thermal stability when the
thiophene units flanking the benzothiadiazole are exchanged with furan units. The Td of P1
and P3 was measured as 340 °C and 328 °C respectively. This is a significantly lower
temperature tolerance prior to decomposition than P4 and P5: 89 °C and 84 °C respectively.
It is clear then that the alkoxy side chains are key determinants of thermal stability — the
polymers with alkoxy side chains started to decompose before analogous polymers without
alkoxy side-chains P1 and P32, A final conclusion which can be reached on the basis of this
data is that the introduction of fluorine instead of alkoxy side chains in the backbone of the

polymer slightly increases the degree of stability towards thermal degradation and Td!*%,
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Figure 3.5: TGA curves for P4 and P5.
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3.2.3.4 Powder X-ray diffraction (XRD) analysis

Powder X-ray diffraction (XRD) analysis was conducted on P4 and P5. The data from this
analysis (see figure 3.5) reveals that both polymers display peaks at 26 values of 6 and 6.25
respectively. This corresponds to distances of ~14.7 A° for P4 and ~14.1 A° for P5. Previous
studies have found that the 26 value is connected to the distance between the main chains of
the polymer, where the alkyl chains on the fluorene unit are interdigiatively self-
organised?®. There is a wide angle broad peak at 26 values at 20 and 20.13 for P4 and P5,
respectively, which corresponds to a m-m stacking of 4.43 A° and 4.40 A° distance?®.
Analogous polymers PFO-DFFBT and PCDTBT-F display peaks at 26 values of 25.32 and
23.33, respectively, which corresponds a m-m stacking of 3.51 A° and 3.80 A° distance,

smaller than the distances for P4 and P51820,
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Figure 3.6: Powder X-Ray diffraction curves for P4 and P5.

3.3 Conclusion

In summary, benzothiadiazole with fluorine atoms at the 5,6-positions flanked by furan as an
acceptor were synthesised and copolymerised with two donors: firstly with fluorene to afford
poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-difluoro-4,7-di-2-furanyl-2,1,3-
benzothiadiazole)-5,5-diyl] (P4); and secondly with carbazole to afford poly[9-(heptadecan-
9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-difluoro-4,7-di-2-furanyl-2,1,3-benzothiadiazole)-5,5-
diyl] (P5) via direct hetero arylation (DHA). Analysis was conducted to measure the
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molecular weight, optical properties, electrochemical band gap, HOMO and LUMU levels,
thermal stability and X-ray diffraction curves using GPC, UV, CV, TGA and the XRD. It was
found that the molecular weights of P4 and P5 were nearly the same and very low — (2800
Da) and (2900 Da) respectively. This can be explained by the fluorine atoms that were
incorporated into the benzothiadiazide unit, leading to strong n-m staking and the polymer
chains’ aggregation. Therefore, the precipitation of the polymer occurred quickly and limited
the molecular weight of the polymers. The optical band gaps of P4 and P5 were similar at
1.91 eV and 1.92 eV, perhaps due to the similarity in their molecular weight. P4 had an
estimated electrochemical band gap 2.04 eV, slightly higher than P5 at 2.02 eVV. The HOMO
level of P5 at -5.35 eV was slightly deeper than HOMO level of P4 at -5.34 eV, a difference
of 0.01 eV, which is very small, whereas The LUMO level of P4 at -3.30 eV was slightly
shallower than LUMO level of P5 at -3.33 eV, a difference of 0.03 eV, possibly due to the
slight lowering in the molecular weight of P4. In addition, thermal gravimetric analysis
(TGA) showed that P4 and P5 have good thermal stability above 400°C, and even when

exposed to high temperatures above 800°C.

Comparing these findings with those for analogous polymers PFO-DFFBT and PCDTBT-F,
their molecular weight was larger than that of P4 and P5 due to the decrease of
electronegativity of sulfur in the thiophene ring compared to oxygen in the furan ring that led
to a decrease of the m-m staking of the compounds with thiophene. This caused the
precipitation of the polymer to take more time to occur, affording polymers with higher
molecular weight than the compounds with furan, as mentioned above in the GPC analysis.
The optical band gap of PFO-DFFBT (1.91 eV) was the same as the optical band gap of P4
(1.91 eV), and the optical band gap of PCDTBT-F (1.96 eV) was slightly larger than the
optical band gap of P5 by 0.04 eV, possibly due to the increase of intramolecular charge
transfer along the backbone of P5. On the other hand, the estimated electrochemical band gap
of PFO-DFFBT (2.05 eV) was similar to the electrochemical band gap of P4 (2.04 eV)
whereas the electrochemical band gap of P5 was larger than that of analogous polymer
PCDTBT-F (1.96 eV) by about 0.06 eV. The HOMO levels of P4 and P5 were -5.34 eV and
-5.35 eV, respectively, shallower than those for PFO-DFFBT and PCDTBT-F, which were
estimated at -5.38 eV and -5.54 eV respectively. This is due to the increase of donating in the
thiophene, which increased the delocalisation that led to a reduction in the HOMO level. The

LUMO levels of P4 and P5 were estimated at -3.30 eV and -3.33 eV, respectively, shallower
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than those of analogous polymers PFO-DFFBT and PCDTBT-F, which were estimated at -

3.49 eV and -3.58 eV, respectively, due to their lower molecular weight.

As a general conclusion, it can be said that no difference was witnessed in the optical or
electrical band gaps of the polymers when exchanging thiophene units by furan units flanked
with benzothiadiazole with fluorine atoms substituents. On the other hand, by comparing P4
and P5 with P1 and P3 in the last chapter, we found that the molecular weight of P4 and P5
was smaller than P1 and P3 by about 4 and 3.6 times respectively. As we mentioned above,
the strong n-m stacking and the aggregation of polymer chains was due to incorporation of
fluorine atoms. Therefore, the precipitation of the polymer occurred quickly and limited the
molecular weight of the products. The bandgaps of these polymers were smaller than
analogous polymers in the last chapter due to increased conjugation, which led to increased
intramolecular charge transfer along the backbone of the polymer chains and a decreased
band gap. Moreover, the stability of these polymers was higher than the analogous polymers
in the last chapter, which could be due to changing the alkyl chains with fluorine atoms,
because the alkoxy group easily breaks, leading to degradation by loss of alkoxy side chains

compared to fluorine substitutions, which provide more stable materials.
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Chapter 4 - Design and synthesis of A-D_A polymers with narrow

bandgaps for photovoltaic applications.

4.1 Introduction

Processable solutions of conjugated polymers have attracted significant scientific attention
due to their potential application in the next generation of cheap, flexible and printed
electronics™2. One such application of these is in polymer solar cells (PSCs), a vital area of
investigation in organic electronics. In PSCs, irradiation from the sun generates the electricity
on a blend of an n-type polymer donor and p-type polymer acceptor that are sandwiched
between two electrodes®®. Of all the polymers which have previously been studied for this
application, fullerene (or n-type organic semiconductors, n-OSs) devices are most capable of
offering special stable morphology to thermal and mechanical stress for practical applications
in flexible devices’1%. Model polymer acceptors of this type have also been shown to harvest
strong light, provide suitable energy levels, and have high affinity and mobility of
electrons'?L, Further improvement of polymer solar cells (PSCs) requires a new design
approach, such as acceptor-donor-acceptor, to improve the polymer acceptors and their

desirable properties?.

In this chapter, we report the manufacture and analysis of three novel polymers P6, P7 and
P8 of acceptor-donor-acceptor (A-D-A) type consisting of IDIC-C16 as the key building
block. The linking units in P6, P7 and P8 were benzothiadiazole flanked by thiophene (M6),
bithiophene (M7) and fluorene (M8) respectively. Zhan et al. were the first to report IDIC
with a fused aromatic ring (ID) as the donor and dicyanovinylindan-1-one (IC) as the
acceptor group to synthesise their polymer (PZ1)%. (PZ1) has highly planar structure, high
electron affinity and increased absorbtion of light, caused by its good intermolecular charge
transfer. These characteristics render it a promising n-OS acceptor. The molecular backbones
of IDIC-C16 and IDIC are similar, but IDIC-C16 (shown in Scheme 4.1) has long alkyl
chains in order to improve the solubility of the afforded polymer. Incorporation of IDIC-C16
as a construction block is likely to maintain the features of the n-OS acceptor?*2® and to
illustrate the extra advantages of conjugated polymers. These include good film forming
properties for processing solution over a large area, further electron-transporting channels
through a long range m electron delocalisation to decrease carrier recombination?’, and

adjustment of the photophysical properties conferred by the linked building blocks.
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The synthesised polymers P6, P7 and P8 were analysed using GPC, NMR and UV-vis
absorption spectroscopy, TGA, CV and XRD and compared with polymer PZ1.

(IDIC-C16) R=H
(IDIC-C16-Br) R=Br

NC
(IC), R=H
(IC-Br), R=Br

Figure 4.1: The structures of IDIC-C16, IDIC-Br, PZ1 and IC, IC-Br.
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4.2 Results and discussion

4.2.1 Synthesis of monomers

The methods of synthesising the acceptors and donors presented in this chapter are shown in
the schemes below.

COOC,Hg COOC;H; COOH
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{ix)

(15} + {(17) —=

(M5}
(1)2-(Tributylstannyl) thiophene (SM6), Pd(PPhs)2Clz, dry THF, 85°C for 15h. (ii) Ethanol
and a solution of sodium hydroxide, reflux for 15 h, HCI. (iii) dry DCM, oxalyl chloride, dry

DMF, r.t overnight, dry DCM, AICIs at 0 °C, r.t overnight. (iv) Hydrazine monohydrate,
KOH, diethylene glycol at 180 °C for 24 h, HCI. (v) Sodium tert-butoxide, anhydrous
DMSO, 80°C for 90 mins,1- bromohexadecane , 90 °C overnight. (vi) dry DMF, 1,2-
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dichloroethane, 0 °C, POCIsdropwise, 150 °C overnight. (vii) acetic anhydride, EtsN, ethyl
acetoacetate,r.t for 24 h. (viii) malononitrile, ethanol, anhydrous sodium acetate, 50 °C for 1

h. (ix) dry chloroform, pyridine, 65 °C overnight.

Scheme 4.1: Synthesis of M5.

.S.
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Br 0.0 Br L Me3Sn 0.0 SnMej
C8H17 C8H17 C8H17 CSH17
(sm3) ( ms)

(i) hydrobromic acid, Brz, hydrobromic acid, reflux for 3 h. (ii) tributyl-2-thienyl-stannane,
Palladium (Il) acetate, tri-o-tolyl-phosphine, dry THF, 75 °C for 24 h. (iii) 2, 2, 6, 6-
Tetramethylpiperdine, dry THF, -78 °C and n-BuLi, MesSnCl, r.t overnight. (iv) dry THF, -
78 °C and n-BuL.i dropwise for 1 h, r.t for 2 h, -78 °C and Me3SnCl,r.t overnight. (v) dry
THF, — 78 °C n-Buli, 40 °C for 2 h, MesSnCl, r.t for 2h.

Scheme 4.2: Synthesis of M6, M7 and M8.

The method used to synthesise product (10) was the Stille-coupling reaction between (SM5)
with 2-(tributylstannyl) thiophene in the presence of Pd(PPhs).Cl.in dry THF at 85 °C under

argon for 15 hours. This process afforded a white solid after washing with methanol in yield
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(83%). The proposed mechanism of this reaction is the same as that shown in Scheme 2.8 in
Chapter (2)?8. The purity and the structure of the product (10) was confirmed by,*H NMR,*3C
NMR, elemental analysis and mass spectrometry. The elemental analysis confirmed the
structure of the product. The mass spectrum show the main integer mass at 386 (M*) which is

in agreement with the proposed structure.

Compound (11) was found as an off-white solid in a high yield (99%) after hydrolysis of
ester (10) using ethanol as a solvent in the presence of a solution of sodium hydroxide
following the proposed mechanism shown below. The purity and the structure of the product
(11) was confirmed by,'H NMR,**C NMR, elemental analysis and mass spectrometry. The
elemental analysis confirmed the structure of the product. The mass spectrum show the main

integer mass at 330 (M™) which is in agreement with the proposed structure.
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Scheme 4.3: Mechanism for the hydrolysis of ester for compound (11).

The diketone precursor (12) was obtained as a blue solid in a high yield (91%) by Friedel-
Crafts reactions. This was done through the reacting of compound (11) with oxalyl chloride
and dry DMF dissolved in dry DCM and stirred overnight. The solid, the diacid dichloride,
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was then dissolved in dry DCM with AIClI3 at 0 °C and stirred at r.t overnight. The purity and
the structure of the product (12) was confirmed by,'H NMR,*C NMR, elemental analysis
and mass spectrometry. The elemental analysis confirmed the structure of the product. The
mass spectrum show the main integer mass at 294 (M¥) which is in agreement with the

proposed structure.

By reduction of compound (12) using hydrazine monohydrate in diethylene glycol with
potassium hydroxide base, afforded compound (13) as a black solid in yield (86%). The mass
spectrum show the main integer mass at 266 (M*) which is in agreement with the proposed

structure.

There are a few steps in the mechanism of this reaction, as shown in Scheme 4.3. In the first
stage, the carbonyl group of (12) was attacked by the hydrazine monohydrate molecule,
which acted as a nucleophile to produce an intermediate compound. This intermediate
compound was protonated two times. A water molecule was then lost to produce a hydrazone
intermediate. After that, hydroxide ion deprotonated the hydrazine intermediate to form a
resonance-stabilised intermediate that was protonated and deprotonated before forming a
diimide anion intermediate. The leftover of nitrogen gas formed a carbanion intermediate,

which was protonated to afford compound (13).
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Scheme 4.4: The mechanism of reduction reaction of compound (12) to afford (13).

The next step to synthesise the target monomer was alkylation of compound (13) using
sodium tert-butoxide, which is a strong base, in anhydrous DMSO followed by reaction with
1- bromohexadecane. Through this process, compound (14) was afforded as a white to yellow
solid in yield (28%). The mechanism of the reaction to afford compound (14) followed the
bimolecular nucleophilic substitution (Sn2), as shown in Scheme 4.5. below. Initially, the
protons in the rings attached between benzene and thiophenes were deprotonated by the base
((CH3)3CONa) to generate the carbanion ion nucleophile, which attacked 1-
bromohexadecane to give the desired product (14). The purity and the structure of the product
(14) was confirmed by,'H NMR,**C NMR, elemental analysis and mass spectrometry. The
elemental analysis confirmed the structure of the product. The mass spectrum show the main

integer mass at 1163 (M¥) which is in agreement with the proposed structure.
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Scheme 4.5: The mechanism of alkylation reaction via nucleophilic substitution to afford

compound (14).

The method used to synthesise product (15) was the Vilsmeier—Haack reaction®. In this
reaction, Vilsmeier reagent was obtained by reacting DMF with phosphorous oxychloride
(POCI3). The iminium ion was attacked by the aromatic ring, which was electron rich with
loss of aromaticity. The aromaticity was restored via a deprotonation stage, and the chlorine
ion released to form additional iminium intermediate. The final product (15) was afforded by
aqueous work-up as a brown solid in yield (85%). The mass spectrum show the main integer

mass at 1221 (M*) which is in agreement with the proposed structure.
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5-Bromo-1,3-indanedione (16) was yielded as a brown solid in yield (85%) through the

reaction of 4-bromophthalic anhydride (SM7) with acetic anhydride, triethylamine and ethyl

acetoacetate at r.t for 24 h. Following this, compound (16) and malononitrile were dissolved

in ethanol and anhydrous sodium acetate was added. The temperature was raised to 50 °C for

one hour then water added, acetified, and recrystalised using a combination of acetic acid and

methanol at a 1 to 1 ratio to yield product (17) as a black solid in yield (80%). The purity and
the structure of these products (16 and 17) was confirmed by,*H NMR,**C NMR, elemental

analysis and mass spectrometry. The elemental analysis confirmed the structures of the

products. The mass spectrum show the main integer mass at 224 (M*) for compound (16) and

272 for compound (17) which are in agreement with the proposed structures.
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(M5) was obtained as a blue soils in a high yield (90%) by reacted of compounds (15) and
(17) in dry chloroform in presence of pyridine. The purity and the structure of (M5) was
confirmed by,'H NMR,*C NMR, elemental analysis and mass spectrometry. The elemental
analysis confirmed the structure of the product. The mass spectrum show the main integer
mass at 1729 (M*) which is in agreement with the proposed structure. The *H NMR gave
different environments as expected in the aromatic region also the peak in the aldehyde
region disappeared which mean the product of (M5) obtained. In addition, *H NMR gave

different peaks as expected in aliphatic area as shown in Figure 4.2.
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Figure 4.2. *H-NMR spectrum of compound (M5) in CDCls.

To synthesise (M6), brominating of benzo[c][1,2,5]thiadiazole SM8 at the 4, 7 positions
occurred using bromine in the presence of hydrobromic acid with reflux to obtain 4,7-
dibromobenzo[c][1,2,5]thiadiazole (18) as white needles in yield (70%). This occurred after it
had been washed with water and chloroform had been used to recrystallise it. See Scheme 2.6

for a representation of the reaction mechanism.

Stille coupling reaction of compound (18) with tributyl-2-thienyl-stannane followed using
palladium (1) acetate and tri-o-tolyl-phosphine as catalyst in dry THF kept at 75 °C for 24
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hours. This formed 4,7-di (thiophene-2-yl)benzo[c] thiadiazole (19) as orange needles after
precipitation using methanol in yield (93%). See Scheme 2.8 for a representation of the Stille

coupling mechanism.

The final step to afford (M6) was to react 2, 2, 6, 6-tetramethylpiperdine with n-BuLi to yield
lithium 2,2,6,6- tetramethylpiperdine. This was used to deprotonate compound (19) at thionyl
— positions. 4,7-Bis(5-(trimethylstannyl) thiophene -2-yl)benzo[c][1, 2, 5] thiadiazole. (M6)
was produced as an organic solid in yield (66%) by metalation of compound (19) using
trimethyltin chloride (MesSnCl). The product (M6) was synthesised via a nucleophilic
aromatic substitution (SN2), as shown in scheme 4.7. below. The purity and the structure of
all products were confirmed by,'H NMR,®C NMR, elemental analysis and mass
spectrometry. The elemental analysis confirmed the structures of the products. The mass
spectrum show the main integers” mass which they are in agreement with the proposed

structures.
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Scheme 4.7: The mechanism of synthesis of (M6).

Reaction of bithiophene (SM9) with n-butyl lithium(2.5 M in hexane) in dry THF at (-78 °C),
followed by addition of tributyltin chloride was done to obtain 5,5' —bis (trimethyl stannyl )-
2,2' — bithiophene (M7) as a white solid in yield (62%) after it had been washed with
methanol. See scheme 2.7 for the reaction mechanism. In addition, 2,7-bis(trimethyltin)-9,9-
dioctylfluorene (M8) was obtained via the reaction of 2,7-dibromo-9,9-dioctyl-9H-fluorene
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(SM3) with n-butyl lithium (2.5 M in hexane) in dry THF at (-78 °C) followed by the
addition of tributyltin chloride, the product obtained as a white solid in yield (67%) and
following the mechanism shown in scheme 2.7. The purity and the structures of the products
(M7 and M8) was confirmed by,H NMR,*C NMR, elemental analysis and mass
spectrometry. The elemental analysis confirmed the structures of the products. The mass
spectrum show the main integers’ mass at 492 and 716 (M*) for M7 and M8, which are in

agreement with the proposed structures.

4.2.2 Synthesis of polymers

Three monomers were reacted with IDIC-C16-Br (MS5): 4,7-bis(5-(trimethylstannyl)
thiophene -2-yl)benzo[c][1, 2, 5] thiadiazole (M6); 5,5' —bis (trimethyl stannyl )-2,2' —
bithiophene (M7); and 2,7-bis(trimethyltin)-9,9-dioctylfluorene (M8). These reactions
yielded P6, P7 and P8, respectively, through Stille cross coupling reactions in the presence of
tris(dibenzylideneacetone)dipalladium(0) as a catalyst and tri-o-tolyl phosphine as a ligand in
a sealed tube under argon, as suggested in the literature®®. Dry toluene was used in these
polymerisations as a solvent. The polymerisation reactions occurred for 72, 6 and 24 hours
for P6, P7 and P8, respectively, measured from the beginning of the reaction until
precipitation formed in the sealed tubes. Soxhlet was then used to extract the polymers from
different solvents: methanol, acetone, hexane, toluene and chloroform, after removal of the
remaining catalysts by washing these with NH4OH solution. Chloroform was collected and

reduced in volume to approximately 10 ml for the subsequent steps.

The next stage involved precipitation of the polymers to yield them as powders through the
addition of the polymer solutions drop-wise into methanol. When the polymers were in
common organic solvents, their solubility was very high. Following this, the polymers’
chemical structures were confirmed using *H NMR, and identification of the number average
molecular weight and the weight average molecular weight was done using GPC. Scheme
4.8. illustrates the method of synthesis of P6, P7 and P8.
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(MS5) + (M6)

oS+ D

(iii)
(M5) + (M8)

(1), (i) and (iii) Tris(dibenzylideneacetone)dipalladium(0), tri-o-tolyl phosphine, 6 ml of dry
toluene, refluxed at 120 °C for 72, 6,24 h .

Scheme 4.8: Synthetic routes to P6, P7 and P8.
4.2.3 Analysis of polymers’ properties

4.2.3.1 GPC analysis

It is helpful to note that the backbone of all polymers have the ICID-C16 alternate repeat
units, which themselves are composed of alternating acceptor—donor—acceptor units. In P6,
the IDIC-C16 units alternate with different donor-acceptor-donor units where the donors are
thiophene rings and the acceptor is benzothiadiazole. As a result, P6 is composed of different
alternating donor and acceptor units. In P7, the IDIC-C16 units alternate with bithiophene
donor units, while in P8, they alternate with fluorene donor units. Gel permeation
chromatography (GPC) was conducted using polystyrene standards and chloroform as the
eluent at 40 °C. According to the data presented in the table below, P8 was measured as
having the highest values of Mn and Mw compared to P6 and P7: approximately three times
higher than P6 in terms of Mw. This is attributed to the large alkyl chains in the 9- positions
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on fluorene repeat units, which increase the solubility of the polymer, retarding the
precipitation of the polymer. This caused an increase of the Mn and Mw of the polymer. It
can be said that P7 has almost the same Mn and Mw as P8. On the other hand, P6 has the
lowest values of Mn and Mw compared to all polymers. This was potentially caused by the
existence of benzothiadiazole and thiophene units. These have no substituents that could help
increase the solubility of the final polymer. As a result, the polymer precipitated more rapidly
during the polymerisation reaction, which limited the values of Mn and Mw. A comparative
analysis of the Mn and Mw in PZ1 (see figure 4.1), a similar polymer which was synthesised

by Zhang et al., shows values larger than those obtained for P6, P7 and P8.

Table 4.1: GPC data for P6, P7, P8 and their analogous polymer PZI.

Polymer Soxhlet Mn(Da)? Mw/(Da)? PDIP
fraction

P6 Chloroform 7400 12300 1.66

P7 Chloroform 12400 35400 2.85

P8 Chloroform 13000 38700 2.97

PZz12? 33700 73900 2.19

2 Detected by differential refractive index (DRI) of the toluene, hexane and chloroform

fractions of the polymer. ® is the polydispersity index.

4.2.3.2 Optical properties of the polymers

Chloroform was used as a solvent to study the absorption behaviour of polymers in both
solution and thin film. Table 4.2. illustrates the absorption maxima values of solution, film
and absorption maxima onset values of thin film for the prepared polymers. The absorption

maxima onset of the polymers’ thin films were used to calculate their optical band gaps.
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Table 4.2: UV-visible data for P6, P7 and P8.

Polymer A max A max A max onset EQ opt
solution film film (eV)
(hm) (nm) (nm)
P6 700 710 800 1.55 (+/- 0.03)
P7 703 716 805 1.54 (+/- 0.04)
P8 685 685 750 1.65 (+/- 0.06)
pPz1% 700 700 800 1.55

Table 4.2. and Figure 4.3. (a), (b) show that the solution and thin films of P6 and P7 have
minimally varying absorption maxima peaks at 700, 710 nm and 703, 716 nm respectively. In
addition, the absorption peaks of P7 are red-shifted by only 3 and 6 nm compared to P6. P8
shows absorption maxima peaks of 685 nm, blue-shifted by about 15, 25 nm and 18, 31 nm,
respectively, compared to P6 and P7. It can be concluded that the addition of thiophene units
into the backbone of P6 and P7 increases the planarity and the rigidity, causing absorption
maxima of P6 and P7 to be more red-shifted than P8. This may be due to the incorporation of
bithiophene units, which enhances the electronic delocalisation along the backbone of

polymer. This increases the conjugation and consequently raises the rate of the intramolecular

charge transfer along the polymer backbone.
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Figure 4.3: The UV-visible of P6, P7 and P8 (a) in chloroform solutions (b) in thin films.

The absorption bands of all polymers form two distinct groupings for both solutions and thin
films. When the bands are formed into shorter wavelengths, this shows the n-n* transitions
from the monomer repeat units. On the other hand, when the bands form into longer
wavelengths, this is when intramolecular charge transfer (ICT) occurs. The synthesised
polymers P6, P7 and P8 were found to have optical band gaps of 1.55 eV, 1.54 eV and 1.65
eV with errors average (+/- 0.03, +/- 0.04, +/- 0.06), respectively, while the analogous
polymer PZ1 that has thiophene as the linking unit presents a band gap of 1.55 eV?2. The
band gaps of P6 and P7 are lower than that of P8 by 0.1 eV and 0.11 eV, respectively,
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possibly increasing the delocalisation property caused by thiophene flanking
benzothiadiazole in P6 and bithiophene in P7, which increased the ICT and reduced the
optical band gap. Clearly the band gaps of P6 and P7 are the same as that of PZ1, possible
due to the thiophene rings and the acceptor being benzothiadiazole linked to IDIC-C16 in
P6, the bithiophene units linked to IDIC-C16 in P7, and thiophene units linked to IDIC-C16
in PZ1 that have quite similar absorption spectra. The band gap of P8 is wider than those of
P6, P7 and PZI because the fluorene which is linked to IDIC-C16 in P8, is not as good an
electron donor as the thiophene and bithiophene, and also causes steric hindrance, which does
not lead to as planar polymers as when thiophene or bithiophene are present as repeat units.
In addition, one of the reasons for the increase in the optical bandgap is the twisting of the
polymer backbone when we have fluorene repeat units. These units twist the backbone of
polymers out of conjugation more than thiophene units because fluorene has six member

rings whereas thiophene has only a five-member ring.

4.2.3.3 Electrochemical properties of the polymers

Cyclic voltammetry was used to measure HOMO and LUMO energy levels (vs vacuum) of
the polymers. This was done with drop-cast polymer films that had tetrabutylammonium
perchlorate as the electrolyte material and were in acetonitrile. The HOMO levels of the
prepared polymers were determined from the onsets of the oxidation potential whereas the
onsets of the reduction potential were applied to calculate the LUMO levels in each polymer.
The data presented in table 4.3. below indicate the results of HOMO levels and LUMO levels
for synthesised polymers P6, P7, P8 and the analogous polymer PZ1. The HOMO levels of
P6, P7 and P8 are identical at -5.36 eV. The HOMO level for analogous polymer PZ1 is
equal to -5.74 eV, deeper than those of P6, P7 and P8. This could be attributed to an increase
of intramolecular charge transfer along the polymer backbone in these polymers.
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Table 4.3: Cyclic voltammetry results for P6, P7, P8 and PZI.

Polymer HOMO (eV)2 | LUMO (eV)° Eg(eV)°

P6 -5.36 -3.78 1.58 (+/- 0.07)
P7 -5.36 -3.58 1.78 (+/- 0.09)
P8 -5.36 354 1.82 (+/- 0.10)
pz1%? -5.74 -3.86 1.88

aHOMO level of the polymer determined from the onset of the oxidation potential, ® LUMO
level of the polymer determined from the onset of the reduction potential, € electrochemical

band gap.

The LUMO levels of P6, P7 and P8 were also compared to those of their analogous polymer
PZ1 with -3.78, -3.58, -3.54 and -3.86 eV respectively. The LUMO level of P7 and P8 are
similar to each other. However, the LUMO level of P6 is deeper than P7 and P8 due to the
strong acceptor, benzothiadiazole, which is on the backbone of the polymer. It is also clear
that the LUMO levels of synthesised polymers P6, P7 and P8 are shallower than the LUMO
level of PZ1 due to the higher molecular weight of PZI. In addition, both the HOMO and
LUMO levels of PZ1 are deeper than those we synthesised in this work. The electrochemical
band gaps for P6, P7, P8 and PZ1 are 1.58, 1.78, 1.82 eV with errors average (+/- 0.07, +/-
0.09, +/- 0.10) respectively, and 1.88 eV for PZ1. The electrochemical band gap of P6 is
smaller than those of P7 and P8 by 0.2 eV and 0.24 eV respectively. The electrochemical
band gaps of the synthesised polymers are wider than that of PZ1 as with their optical band
gaps. This is likely due to the interfacial energy barrier between the electrodes used in this

system and the polymeric thin film through the reactions of reduction/oxidation.
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Figure 4.4: Cyclic voltammetry curves for P6, P7 and P8.

4.2.3.4 Thermal Gravimetric Analysis (TGA)

Thermogravimetric analysis was used to measure the thermal stability of the polymers. In
order to determine the temperature of the onset of decomposition (Td), the polymers prepared
were exposed to temperatures ramped up from room temperature to 800 °C at a heating rate
of 10 °C / min under a nitrogen atmosphere. P6 evidenced two decomposition phases. The
first one occurred at 182 °C as a result of loss of alkyl chains attached to the donor unit in the
polymer. The second decomposition phase indicated further polymer degradation at 408 °C.
P7 and P8 showed one decomposition phase each, at 407 °C and 403 °C respectively. All
polymers P6, P7 and P8 degraded until 43%, 46% and 43% of the mass remained
respectively. It is hypothesised that during decomposition a burnt layer of significant
thickness was created on the polymer, which insulated the polymer against the heat flux
because of its minimal conductivity. This method would thus delay the polymer from
thermally decomposing. In general, these polymers possess very good thermal stability for
requirements of organic solar cells, which are above 400 °C. In comparison, the Td of PZ1%2
was 386 °C, which also evidences very good thermal stability but is lower than the polymers
synthesised in this work due to the decreased rigidity of PZI.
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Figure 4.5: TGA curves for P6, P7 and P8.

4.2.3.5 Polymers’ XRD

The morphology of the synthesised polymers P6, P7 and P8 was investigated using powder
X-ray diffraction. As shown in figure 4.5., a wide-angle broad peak can be seen at 26 value
at 19.88° for P6. This value is linked to a n-n stacking of 4.46 A distance. In addition, P7 has
a wide-angle broad peak at 26 value at 20.27°, which corresponds to 4.38 A. P8 also has a
wide peak at 26 value of 20.53, which coincides to n-m a stacking distance of 4.32 A.
Generally, the synthesised polymers in this work show an amorphous structure in the solid
state because of the steric hindrance that results from the long alkyl chains’ introduction to

the backbone of the polymers, which has a major role in disturbing the n-r staking in the
solid state.
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Figure 4.6: Powder X-Ray diffraction curves for P6, P7 and P8.

4.3 Conclusion

In this study, we have synthesised three novel polymers P6, P7 and P8 comprised of acceptor
—donor-acceptor (A-D-A) low-energy band gap units through a Stille cross coupling reaction
procedure. Three monomers were used to react with IDIC-C16-Br (M5): 4,7-bis(5-
(trimethylstannyl)thien-2-yl)benzo[c][1,2,5] thiadiazole (M6); 5,5" —bis (trimethyl stannyl )-
2,2' — bithiophene (M7); and 2,7-bis(trimethyltin)-9,9-dioctylfluorene (M8) to obtain P6, P7

and P8 respectively.

The characterisations of the polymers were analysed via GPC, UV-vis absorption, cyclic
voltammetry, TGA and XRD. GPC determined the molecular weight of P6, P7 and P8 as
Mn= 7400Da, 12400 Da and 13000 Da, and Mw= 12300 Da, 35400 Da and 38700 Da
respectively. The GPC revealed that the weight- and number-average molecular weights
(Mw, Mn) of P6 with benzothiadizole flanked by thiophene (D-A-D) as a monomer was
lower than Mw and Mn of P7 with bithiophene as a monomer and P8 with fluorene as
monomer. This can be attributed to the presence of benzothiadiazole units without any
substituents between thiophene rings. This could have limited the solubility of the polymer
and caused precipitation to occur more quickly, as well as limiting the values of Mn and Mw.
On the other hand, Mw and Mn of P8 was the highest of all polymers we synthesised. This
can be attributed to the large alkyl chains in the 9- position in fluorene repeat units, which

increased the polymer’s solubility and caused an increase of the Mn and Mw of this polymer.
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In terms of optical band gaps, those of P6 and P7 were less than that of P8 by 0.1 eV and
0.11 eV, respectively, indicating a higher electronic delocalisation caused by the presence of
thiophene flanking benzothiadiazole units in P6 and bithiophene in P7, which increased the
ICT and reduced the optical band gap. In addition, the band gap of P8 was wider than those
of P6, P7 and PZI, because the fluorene which is linked to IDIC-C16 in P8, is not as good
an electron donor as the thiophene and bithiophene, and also because of the steric hindrance,
which does not lead to planar polymers, as is the case for thiophene or bithiophene repeat
units. In addition, one of the reasons for increasing the optical bandgap is the twisting of the
polymer backbone when we have fluorene repeat units, which twist the polymer chains out of

conjugation.

The electrochemical band gaps for P6, P7, P8 and PZ1 were 1.58, 1.78, 1.82 and 1.88 eV
respectively. The band gap of P6 was smaller than that of P7 and P8 as well as the analogous
polymer PZ1. The electrochemical band gaps of the synthesised polymers and PZ1 were
found to be as high as their optical band gaps. This was caused by interfacial energy barriers
between the electrodes used and the polymeric thin film through the reactions of

reduction/oxidation.

The Td of P6, P7 and P8 were determined by TGA and were 408°C, 407°C and 403°C,
respectively. These results evidence very good thermal stability. The Td of PZ1 was lower at

386 °C (still showing good thermal stability) due to its comparatively lesser rigidity.
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Chapter 5 - Conclusions and future work.

5.1 Conclusions

In this thesis, a number of new conjugated polymers were synthesised and characterised. In
the second and third chapters we have presented our synthesis and analysis of donor-acceptor
conjugated polymers. The fourth chapter presented the synthesis and analysis of acceptor-
donor-acceptor conjugated polymers. Three novel D-A polymers were synthesised in the
second chapter. The structure of polymer P1 consisted of alternating fluorene units flanked
by furan units and benzothiadiazole units, with octyloxy chains at their 5,6- positions.
Polymer P2 consisted of alternating fluorene units flanked by bifuran units and
benzothiadiazole units, with octyloxy chains at their 5,6- positions: P1 and P3 have the same
acceptor units as P3 but contained carbazole instead of fluorene. The properties of the new
polymers were compared with analogous polymers with thiophene rings (see figure 2.1).
Furan moieties were added to the benzothiadiazole monomers in order to extend m-
delocalisation of the electronic structures in P2. Two new D-A polymers were synthesised in
the third chapter. Their structures consisted of alternating fluorene units flanked by furan
units and benzothiadiazole units, with fluorine substituents at the 5,6- positions of the
benzothiadiazole units. P4 and P5 have the same acceptor as polymer P4 but carbazole was
used instead of fluorene. These were compared with P1 and P3 also with analogous polymers
(see figure 3.1). In the fourth chapter, P6, P7 and P8 were prepared and analysed as novel
polymers of acceptor-donor-acceptor (A-D-A) consisting of IDIC-C16 as the key building
block. The linking units in P6, P7 and P8 were benzothiadiazole flanked by thiophene (M6),
bithiophene (M7) and fluorene (M8) respectively. These were then compared with the

prepared polymer PZI introduced by Zhan et al. (see figure 4.1).

In summary, this thesis has presented the following key innovations: extending the
conjugated system by flanking extra furan units next to acceptor and donor moieties; adding
fluorine atoms to benzothiadiazole units; and incorporating alkoxy chains to the backbone of
the polymers to increase the solubility of common organic solvents for easy characterisation.
The synthesised compounds were characterised and their structures analysed using *H NMR,
13C NMR, mass spectroscopy and elemental analysis. To be more specific, in chapter 2, three
novel (D-A) conjugated polymers were synthesised — P1, P2 and P3 — via Suzuki coupling,

direct arylation and Suzuki coupling respectively. Polymer P1 was synthesised through
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copolymerisation of benzothiadiazole with alkoxy substituents flanked by furan ring M1 as
an acceptor, the same acceptor used for all polymers described in this chapter, and fluorene as
a donor via the Suzuki coupling procedure. Polymer P2 was afforded via direct arylation
between the acceptor M1 and fluorene flanked by furan as a donor. Polymer P3 was
synthesised in the same manner as P1 except that the donor was carbazole instead of
fluorene. In terms of the findings, GPC determined the molecular weight (Mn) of P1, P2 and
P3 as 11500 Da, 16400 Da and 10500 Da respectively. According to the results of GPC, P2
revealed the highest Mn value among these prepared polymers due to the incorporation of an
extra furan unit flanked with the acceptor units, which led to a decrease in the steric

hindrance between the groups linked to the acceptor and donor units through the reaction.

The optical properties of these polymers were investigated in two states: as solutions and as
films. The results show the onset of absorbance maxima values (616 nm, 642 nm and 607
nm) for P1, P2 and P3 respectively. The optical band gaps calculated from the onset of
absorbance maxima for P1, P2 and P3 were 2.01 eV, 1.93 eV and 2.04 eV respectively. It is
clear from the band gap of P2 that the extension of the backbone of the polymer with the
additional furan narrowed the optical band gap compared to P1 and P3. This can be attributed
to the higher molecular weight caused by the introduction of an extra furan in the former,
which then led to an increase in the electronic delocalisation along the backbone of polymer,
increasing the conjugation, and consequently increasing the ICT along the polymer backbone.
Further to this, thermal gravimetric analysis (TGA) showed that P1 and P3 possessed good
thermal stability above 300°C whereas P2 only maintained stability at 200°C; less than P1
and P3 but still good. Powder XRD studies of P1, P2 and P3 showed broad peaks, which is
indicative of amorphous shapes that could have been caused by the steric hindrance resulting
from the alkoxy chains attached to the backbone of the polymers. A comparison between P1,
P2 and P3 with analogous polymers PFDTBT-8, PFDT2BT-8 and PCDTBT-8 with
thiophene units instead of furan units showed that the optical properties and electrical
properties of P1, P2 and P3 had a similar or slightly wider bandgap than analogous polymers.
Moreover, the Mn and Mw of PFDTBT-8, PFDT2BT-8 and PCDTBT-8 were higher than
those of P1, P2 and P3. This is believed to be due to the increase in the electronegativity of
oxygen present in the furan ring, which increased the n-n staking and led to the precipitation
of the polymer being more rapid than with thiophene-based polymers, preventing the increase
of Mn and Mw.
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In chapter 3, two new (D-A) conjugated polymers P4 and P5 were designed and synthesised
via direct arylation. The acceptor was benzothiadiazole with fluorine atoms at the 5,6-
positions flanked by furan M4 for both polymers. The donors were fluorene and carbzole for
P4 and P5 respectively. The molecular weights (Mn) of P4 and P5 were very low — (2800
Da) and (2900 Da) respectively — compared to P1 and P3. This can be attributed to the
presence of fluorine atoms instead of alkoxy side chains in the benzothiadiazole unit, leading
to strong n-m staking and the aggregation of polymer chains. Therefore, the precipitation of
the polymer occurred quickly and limited the molecular weight of the product. The optical
band gaps of P4 and P5 were similar at 1.91 eV and 1.92 eV, respectively, perhaps due to the
similarity in their molecular weight. The cyclic voltammetry showed that the bandgaps of P4
and P5 were 2.04 eV and 2.02 eV respectively. Finally, TGA showed that P4 and P5 had
good thermal stability above 400°C.

In addition, a comparison of P4 and P5 with analogous polymers PFO-DFFBT and
PCDTBT-F and P1 and P3 with an alkoxy group instead of fluorine atoms showed that the
molecular weights of analogous polymers PFO-DFFBT and PCDTBT-F were larger than
those of P4 and P5. The reason for this is possibly due to the decrease of electronegativity of
sulfur in the thiophene ring compared to the oxygen in the furan ring, which led to a decrease
in the m-n staking of the compounds of thiophene. This then would have caused the
precipitation of the polymer to take more time to occur, increasing the molecular weight
compared to the polymers with furan rings. Moreover, the molecular weights Mn of P4 and
P5 were smaller than those of P1 and P3 due to the exchange of the alkoxy group with
fluorine substituents on their benzothiadiazole repeat units. This exchange disturbed the n-nt
stacking and controlled the aggregation, resulting in a higher molecular weight. Another
finding is that the optical and electrical bandgaps of P4 and P5 were narrower than those for
P1 and P3 due to the two fluorine atoms attached at the 5,6-positions of the benzothiadiazide
units, providing stronger electron accepting properties and higher ICT on the backbone of the
resulting polymers. In addition, the stability of these polymers was higher than the analogous
polymers in the last chapter, which could be due to the changing the alkyl chains by fluorine
atoms, because the alkoxy groups on the benzothiadiazole units could easily break, leading to

degradation and loss of alkoxy side chains compared to fluorine substitutions.

In chapter 4, three novel polymers (P6, P7 and P8) that have alternating acceptor-donor-
acceptor units (A-D-A) with low-energy band gaps were prepared via a Stille cross coupling

reaction procedure. The monomer IDIC-C16-Br (M5) was reacted with three different
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monomers: benzothiadiazole flanked by thiophene, bithiophene and fluorene respectively.
The molecular weights Mn of P6, P7 and P8 were 7400 Da, 12400 Da and 13000 Da
respectively. It is clear that P8 had the highest molecular weight due to the large alkyl chains
linked in the 9-positions of the fluorene units, which increased the solubility and prevented
precipitation from occurring during the polymerisation reaction. This then led to a high
molecular weight — P6 had the lowest molecular weight value among this family of polymers.
The optical bandgaps of P6, P7 and P8 were 1.55 eV, 1.54 eV and 1.65 eV, respectively, and
that of the analogous polymer PZI was 1.55 eV. The electrochemical bandgaps of P6, P7 and
P8 were 1.58 eV, 1.78eV and 1.82 eV, respectively, and that of PZI was 1.88 eV. These
polymers all showed good thermal stability above 400°C.

To conclude, the synthesised polymers based on alkoxy functionalised benzothiadiazole units
flanked with furan groups, fluorinated benzothiadiazole flanked with furan units as an
acceptor, and fluorene flanked by furan and carbazole in (D-A) polymers showed good
optical and electrochemical properties, good thermal stability and showed amorphous
structures. Exchange of thiophene units by furan units in acceptors or donors did not allow
the narrowing of the band gap. Furthermore, polymers containing furan displayed similar
electronic and optical properties relative to their thiophene analogoes. It should be mentioned
that conjugated polymers (D-A-D) possessed significantly reduced band gaps than the (D-A)

polymers prepared in this work.

5.2 Future work

In this thesis, a number of furan—based D-A conjugated polymers were synthesised with low
energy bandgaps. Further polymers with much reduced band gaps were also prepared and
presented good optical and electrochemical properties that should enable them to act as good
electron donors when blended with PC7:BM, as well as other non-fullerene acceptors, for
application in BHJ solar cells. We anticipate that the furan-based polymers should have better
performance than their thienyl analogues described in the literature, in view of their higher
fluorescence efficiency. Future work should hence include the investigation of the
photovoltaic properties of the polymers prepared in this thesis using both fullerenes and non-
fullerene acceptors with adequate HOMO and LUMO energy levels. We also propose to
prepare other polymers using monomer (M1) as an acceptor with different donors, such as
pyrene and bithiophene, to obtain novel polymers with low band gaps. It might also be

worthwhile extending the conjugation system of the benzothiadiazole-based acceptor to
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achieve better results in terms of bandgap narrowing. Figure 5.1 below shows suggested

polymers.

Figure 5.1: Chemical structure of suggested conjugated polymers.

We noticed that the fluorinated benzothiadiazole acceptor narrowed the bandgaps of
polymers P4 and P5, we have presented in this work, but this has also decreased the
molecular weights of the resulting polymers in view of increased n-m stacking between
polymer chains, which caused their aggregation. Therefore, the precipitation of the polymer
occurred quickly and limited the molecular weights of the products prepared. In the future,
we will incorporate alkyl-solubilising chains in the 3-positions of the furan moieties in
monomer (M4) and copolymerise this with fluorene or carbazole to increase the solubility
and increase the molecular weight of the resulting polymers. The molecular structures of

these suggested polymers are shown in figure 5.2.

Figure 5.2: Chemical structure of suggested conjugated polymers.

Finally, we synthesised excellent A-D-A conjugated polymers with narrow bandgaps
between 1.54 to 1.65 eV, which will be ideal electron acceptors to other electron donating
polymers, such as PBDB-T !, in BHJ solar cells. Future should include an investigation of the
photovoltaic properties of polymers P6, P7 and P8 as electron acceptors to PBDB-T, as well
as to other electron dononating polymers in BHJ solar cells. Further work could also include

the preparation of analogous polymers to P6, P7 and P8 with different donors that will use
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furan units instead of thiophene units and carbazole instead of fluorene units. The properties
of these materials will then be compared to their thienyl analogues. The molecular structures

of these suggested polymers are shown in figure 5.3.

Figure 5.3: Chemical structure of suggested conjugated polymers.
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Chapter 6 - Experimental.

6.1 Materials

The chemicals applied in this research were bought from Sigma—Aldrich, Fisher Scientific
and Alfa Aesar and were used without purification unless otherwise stated. The internal
chemical store at the University of Sheffield sold us the common solvents used in the
experiments. Dry solvents (chloroform, dichloromethane, toluene, THF and DMF) were

purchased from Grubbs services and were used without modification.

The following were bought and used without purifying them: Catechol (SM1), furan (SM2),
2,7-dibromo-9,9-dioctyl-9H-fluorene (SM3), 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-fluorene (SM4), diethyl 2,5-dibromoterephthalate (SM5), 2-
(tributylstannyl) thiophene (SM6), 4-bromophthalic anhydride (SM7),
benzo[c][1,2,5]thiadiazole (SM8), 2,2'-bithiophene (SM9) and 2,7-dibromo-9-(heptadecan-9-
yl)-9H-carbazole (SM10).

SO e v ifi

SM1 SM2 CgH,,CsHy7
SM3
C,H500C 0 s,
. 0
SnBuy O !
Br
COOC2H5 SM6 0
SM7 SM8
[ > N
SM9 CgHy7 CgHy;
SM10

Figure 6.1: Commercially purchased materials.

9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole
(SM11), 5,6-difluorobenzo[c][1,2,5]thiadiazole (SM12) shown below were prepared by the

Iragi group.
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Figure 6.2: Materials synthesised by the Iraqi group.

6.2 Synthesis of monomers and polymers for chapter 2

6.2.1 1, 2-Bis (octyloxy) benzene (2) !
CL
OCgH 7
Dry DMF (25ml) was added to a mixture of 1-bromooctane (16.41 mL, 18.35 g, 95.01
mmol), potassium carbonate (19.00 g, 137.45 mmol) and catechol (5.00 g, 45.41 mmol). The
mixture was then stirred under argon overnight at 100 °C. The organic layer was separated by
adding water (200 mL). Then, the organic layer was extracted with DCM (3x 100 mL) and
washed with water (5200 mL) to remove excess DMF. The sample was dried with MgSO4
and the solvent was eliminated under reduced pressure. The crude product was purified by

recrystallisation from methanol to obtain 1,2-bis(octyloxy)benzene (2) as white needle
crystals (9.92g, 66% yield).

'H NMR (400 MHz, CDCls): (8H/ppm) 6.90 (s, 4H); 4.00 (t, J= 7.0 Hz, 4H); 1.87 — 1.31 (m,
24H); 0.91 (t, J= 7.0 Hz, 6H). 3C NMR (CDCls): (5C/ppm) 149.3, 121.0, 114.1, 69.3, 31.9,
29.4, 29.4, 29.3, 26.1, 22.7, 14.1. EI-MS (m/z) [M]" calculated for C22H3s02, 334.29; found
334. Elemental analysis calculated for C22HssO2; C, 78.99; H, 11.45 % found C, 78.90; H,
11.03%.

M.P. 24 — 26 °C in close agreement with reported value in the literature (25 — 26 °C ).
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6.2.2 1,2-Dinitro-4,5-bis(octyloxy)benzene (3)?
OzND:()CgH17
O,N OC¢H,4

A solution containing acetic acid (160 mL), DCM (160 mL) and 1,2-bis(octyloxy)benzene (2)
(10.00 g, 29.9 mmol) was cooled to 10 °C, before the dropwise addition of 65% nitric acid
(20 mL). Cooling of the mixture to 10 °C occurred again after it had been stirred at room
temperature for an hour. Then, fuming nitric acid (50 mL, 100%) was added dropwise. The
reaction mixture was stirred at room temperature for 40 hours, before being poured over ice-
water. The organic layer was extracted using DCM (3x300 mL) and washed with water
(3%400 mL), saturated NaHCO3 (2%300 mL) and saturated NaCl solutions (2x300 mL). The
organic layer was dried over MgSO4 and reduced pressure was used to remove the solvent.
Purification of the crude product was achieved via recrystallisation from ethanol to obtain
1,2-dinitro-4,5-bis(octyloxy)benzene (3) as yellow crystals (8.17 g, 64% yield).

'H NMR (CDCls): (8H/ppm) 7.31 (s, 2H); 4.12 (t, J= 6.5 Hz, 4H); 1.94 — 1.82 (m, 4H); 1.54
—1.20 (m, 20H); 0.91(t, J= 7.0 Hz, 6H). 13C NMR (CDCls): (C/ppm) 151.8, 136.4, 107.9,
70.2, 31.8,29.2, 28.7, 25.8, 22.7, 14.1. EI-MS (m/z) [M]" calculated for C22H3sN20s, 424.26;
found 424.3. Elemental analysis calculated for C22H3sN20s; C, 62.24; H, 8.55; N, 6.60 %
found C, 62.31; H, 8.43; N, 6.56 %.

M.P. 87 — 89 °C in close agreement with reported value in the literature (87 — 87.5 °C ).

6.2.3 4,5-Bis(octyloxy)benzene-1,2-diammonium chloride (4)°
ClH}NIjOCSH17
CIH;N OCgH ;

4,5-Bis(octyloxy)benzene-1,2-diammonium chloride (4) was prepared using the procedure

specified in Helgesen et al.’s work®.

A solution containing 1,2-dinitro-4,5-bis(octyloxy)benzene (3) (4.00 g, 9.42 mmol), tin (1)
chloride, Sn(I1)Cl> (14.30 g, 75.42 mmol), conc. HCI (40 mL) and ethanol (100 mL) was
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heated to 85 °C overnight. When this mixture was then left to cool to room temperature, it
was observed that a white precipitate had formed. The precipitate was collected via filtration
and washed with both water and ethanol. Lastly, the precipitate was dried under N, and this
yielded a white powder (3.31g, 85% vyield) that was used without modification in the next

reaction.

No further characterisation was conducted due to the instability of the product.

6.2.4 5,6-Bis(octyloxy)benzo[c][1,2,5] thiadiazole (5)*

/S\
N N
\

CgH ;0 OCgH,,

A solution was prepared that contained triethylamine (18.5 mL, 13.43 g, 132.73 mmol) and
4,5-bis(octyloxy)benzene-1,2-diammonium chloride (4) (8.33 g, 19.040 mmol) in dry DCM
(217 mL). Then a second solution containing thionyl chloride (2.6 mL, 4.26 g, 35.84 mmol)
in dry DCM (53.7 mL) was added dropwise to the first solution. After the addition was
complete, the combined solutions were heated to reflux overnight. The aqueous phase was
washed using water and then extracted with DCM (3x150 mL). Combination and drying of
the organic phases with MgSO4 occurred and then the solvent was removed under lower
pressure. Finally, the crude product was purified by recrystallisation from ethanol to obtain 5,
6-bis(octyloxy)benzo[c][1, 2,5]thiadiazole (5) as a brown solid (5.20 g, 70% vyield).

'H NMR (CDCls): (3H/ppm) 7.15 (s, 2H); 4.11 (t, J = 7.0 Hz, 4H); 1.98 -1.87 (m, 4H); 1.59 -
1.27 (m, 20H); 0.91 (t, J = 7.0 Hz, 6H). *C NMR (CDCls): (6C/ppm) 154.2, 151.4, 98.4,
69.1, 31.2, 29.7, 29.3, 28.7, 26.0, 22.7, 14.1. EI-MS (m/z) [M]" calculated for C22H3zsN20-S,
392.25; found 392. Elemental analysis calculated for C22H3sN202S + (0.05 H20); C, 67.15;
H, 9.25; N, 7.12; S, 8.15 % found C, 66.62; H, 8.64; N, 7.13; S, 8.78 %.

M.P. 96 — 98 °C in close agreement with reported value in the literature (97.1 — 97.5 °C )*.
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6.2.5 4,7-Dibromo-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (6)*
N
N
\ /
Br Br

CgH,70 OCgH,4

Bromine (4.58 mL, 14.34 g, 88.84 mmol) was added to a solution of 5,6
bis(octyloxy)benzo[c][1,2,5]thiadiazole (5) (5.00 g, 12.7mmol), acetic acid (100 mL) and
DCM (250 mL) . This mixture was then stirred in the dark at room temperature for 48h. Once
the reaction had completed, the mixture was poured over water (400 mL). The organic phase
was extracted with DCM (3 x 200 mL) and washed with water, (3x200 mL) saturated
NaHCO3 (3%x200 mL) and 1M NazS20s. The organic phase was then dried over MgSO. and
the solvent was eliminated under reduced pressure. Finally, purification of the product was
done via recrystallisation from ethanol to obtain 4,7-dibromo-5,6-bis(octyloxy)benzo
[c][1,2,5]thiadiazole (5.88 g, 84 % vyield).

'H NMR (CDCls): (8H/ppm) 4.18 (t, J = 7.0 Hz, 4H); 1.95 —1.86 (m, 4H); 1.58 - 1.31 (m,
20H); 0.92 (t, J = 7.0 Hz, 6H).13C NMR (CDCls): (5C/ppm) 154.5, 150.4, 106.3, 75.2, 31.8,
30.3, 29.4, 29.3, 26.0, 22.7, 14.1. EI-MS (m/z) [M]" calculated for C22H3sN202S, 550.07;
found 550. Elemental analysis calculated for C22H34BrN20-S; C, 48.01; H, 6.23; N, 5.09; Br,
29.04; S, 5.82 % found C, 48.02; H, 6.21; N, 5.03; Br, 29.19; S, 6.21 %.

M.P. 44 — 46 °C in close agreement with reported value in the literature (44.5 — 45.6°C ),

6.2.6 Tributyl(furan-2-yl)stannane (7)°

@\SHBU:),

O

n-BuLi (2.5M in hexane) (2.68 9,16.76 mL, 41.9 mmol) was added dropwise to a solution of
furan (3.00 g, 3.21 mL, 41.9 mmol) in dry THF (20 mL) at —78 °C under an inert argon
atmosphere and then stirred for 2 hours. Following this, the temperature of the solution was
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increased to 40 °C and BusSnCl (13.64 g, 11.37 mL, 41.9 mmol) was added dropwise to the
reaction mixture before being stirred for 2 hours under argon. Then the solution was warmed
to room temperature and stirred overnight. Ethyl acetate (50 mL x3) and saturated NaCl (50
mL x3) were added to the solution to extract the product from the organic phase, which was
then dried with MgSO4. The solvent was then eliminated under lower pressure, with the final

product being a yellow liquid (13.87 g, 93%).

'H NMR (CDCls): (8H/ppm) 7.75 (d, J = 1.0 Hz, 1H); 6.58 (d, J = 3.0 Hz, 1H); 6.44 (dd, J=
2.0 and 3.0 Hz, 1H); 1.67 (m, 6H); 1.40 (m, 6H); 1.16 (m, 6H); 0.96 (m, 9H). 1*C NMR
(CDCls): (6C/ppm) 160.8, 146.9, 121.1, 109.0, 29.3, 29.1, 29.0, 28.9, 27.9, 27.5, 27.4, 27.2,
13.7, 13.7, 10.2, 10.0. EI-MS (m/z) [M]* calculated for CisH30OSn, 358.13; found 357.8.
Elemental analysis calculated for C16H300Sn + (5 CsHgO2); C, 54.21; H, 8.85% found C,
55.08; H, 9.22%.

6.2.7 5,6 Bis(octyloxy)-4,7-di(furan-2-yl)benzo [c][1,2,5]thiadiazole. (8)°

CgH1,0  OCgHy;

A solution was prepared that contained 4,7-dibromo-5,6-bis(octyloxy)benzo
[c][1,2,5]thiadiazole (6) (1.00 g, 1.816 mmol) and tributyl(furan-2-yl) stannane (7) (2.60 g,
2.3 mL, 7.267 mmol). A second catalytic solution was also prepared that contained Pd(OAC)
(28.50 mg, 0.13 mmol) and tri(o-tolyl)phosphine (77.00 mg, 0.25 mmol) in 10 mL dry
toluene. The catalytic solution was then added to the first solution, after which the reaction
mixture was degassed and then heated at 115°C for 48 hours whilst being stirred. Purification
of the crude product was done using column chromatography (eluent with petroleum ether /
DCM, gradient 4/1). The product was obtained as a dark brown liquid (0.90 g, 95%).

IH NMR (CDCls): (8H/ppm) 7.72 (d, J= 1.0 Hz, 2H); 7.43 (d, J= 3.5 Hz, 2H); 6.67 (dd, J=
1.5 and 3.0 Hz, 2H); 4.12 (m, 4H); 1.92-1.83 (m, 4H); 1.40-1.25 (m, 20H); 0.94-0.87 (m,
6H). 3C NMR (CDCls): (5C/ppm) 152.6, 150.1, 147.6, 142.9, 115.0, 114.5, 113.8, 74.9,
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31.8, 30.4, 29.5, 29.3, 26.1, 22.7, 14.1. EI-MS (m/z) [M]" calculated for C3oHaoN204S,
524.27; found 524. Elemental analysis calculated for CaoHsoN20sS + (0.03 CHCly); C,
66.15; H, 7.44; N, 5.09; S, 5.83 % found C, 66.84; H, 6.87; N, 5.17; S, 5.55 %.

6.2.8 4, 7- Bis (5-bromofuran-2-yl)-5, 6-bis (octyloxy)benzo[c][1,2,5] thiadiazole. (M1)®
/S\
\ 0 Br

8

CgH,,0 OCgH,;

|\
Br Y

A solution was prepared that contained 5,6-bis(octyloxy)-4,7-di (furan-2-yl) benzo[c] [1, 2,
5] thiadiazole (8) (0.85 g, 1.62 mmol), dry chloroform (41.6 mL) and glacial acetic acid
(41.6 mL) and (NBS) (0.58 g, 3.2 mmol). Stirring of the reaction mixture occurred in the dark
at 60 °C for 24 hours, and then the crude product was washed with water (3x300 mL) for
removal of the acetic acid. At this point, the organic solvent was concentrated to precipitate

the product using cold methanol. The product was obtained as an orange solid (0.63 g, 60%).

!H NMR (CDCls): (§H/ppm) 7.50 (d, J= 3.0 Hz, 2H); 6.58 (d, J= 3.0 Hz, 2H); 4.15(t, J= 7.0
Hz, 4H); 1.98 -1.91 (m, 4H); 1.40 -1.26 (m, 20H); 0.92 -0.89 (t, J= 7.0 Hz, 6H).
BCNMR(CDCls) :(5C/ppm)152.7, 149.6, 149.6, 122.9, 116.5, 113.7, 113.5, 75.2, 31.9, 31.3,
29.7,29.3, 26.1, 22.7, 14.1. EI-MS (m/z) [M]" calculated for C3oH3sBr2N204S, 682.09; found
682. Elemental analysis calculated for CzoHzsBraN20s4S; C, 52.79; H, 5.61; N, 4.10; Br,23.41;
S, 4.70 % found C, 54.65; H, 6.18; N, 3.71; Br, 23.14; S, 3.71 %.

M.P.90-93 °C.
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6.2.9 2,7-Bis(furan-2-yl)-9,9-dioctyl-9H-fluorene (M2)’

C8H17 8H17

2,7-Dibromo-9,9-dioctyl-9H-fluorene (1.00 g, 1.82 mmol) ( SM3 ), Palladium(Il) acetate
(28.00 mg, 0.13 mmol, 7% equiv) and tri(o-tolyl)phosphine( 77.00 mg, 0.25 mmol, 14%
eqiuv) were degassed under argon and dissolved with 50 mL of dry toluene. Tributyl(furan-2-
yl) stannane (7) (1.95 g, 5.47 mmol, 1.7mL) was added to the solution, then the reaction
mixture was degassed under argon and heated to reflux at 115 °C whilst being stirred for 24
hours. Cooling of the mixture then occurred and 100mL each of water and chloroform were
added to extract it. The organic layer was separated, washed with water (3x 100 mL), dried
with MgSOs4, and the solvent then evaporated. The crude was purified using coloumn
chromatography with eluent petroleum ether / DCM (9:1) to produce a dark yellow to green
oil (0.57g, 60%).

'H NMR (CDCls): (3H/ppm) 7.71(m, J= 0.7, 2H); 7.68 (d, J= 1.0 Hz, 2H); 7.66(s, 2H); 7.53
(d, J=1.0 Hz, 2H); 6.73 (d, J= 3.5 Hz, 2H); 6.53 (m,2H); 2.00 (m, 4H); 1.30-1.00 (m, 24H);
0.80 (t, J= 7.0 Hz, 6H). 3C NMR (CDCls): (5C/ppm) 154.7, 151.6, 141.8, 140.3, 129.8,
123.0, 119.9, 118.1, 111.9, 105.0, 55.3, 40.5, 31.8, 30.0, 29.2, 23.8, 22.6, 14.1. EI-MS (m/z)
[M]* calculated for Ca7Ha602, 522.35; found 522. Elemental analysis calculated for Cz7Hs60:
+ (0.5 DCM) ; C, 79.69; H, 8.38 % found C, 79.83; H, 7.95 %.

6.2.10 Poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di-2-furanyl-2,1,3-
benzothiadiazole)-5,5-diyl] (P1)

4,7-Bis (5-bromofuran-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (100.00 mg, 0.15
mmol, 1 equiv) (M1) and 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
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9H-fluorene (90.00 mg, 0.14 mmol, 1 equiv) (SM4) were dissolved in dry THF (4 mL). A
saturated solution of NaHCOs (1 mL) was degassed then added to the reaction mixture. Tri-o-
tolylphosphine (11.50 mg, 0.4 mmol, 0.1 equiv.) and Pd(OAc)2 (8.60 mg, 0.038 mmol, 0.14
equiv.) were then added. After this, the reaction mixture was degassed and heated to 90 °C
under reflux and the mixture was stirred and became viscous. It was then left to stir at this
temperature for 2 hours and 40 minutes. Cooling of the mixture to room temperature then
occurred and bromobenzene (150.00 mg, 0.1 mL, 0.9 mmol) was added. The mixture was
degassed and stirred whilst being heated to 90 °C under reflux for 1 hour. The mixture was
then cooled to room temperature and phenyl boronic acid (50.00 mg, 0.4 mmol) was added.
The mixture was then degassed and stirred whilst being heated to 90 °C under reflux for a
further 1 hour. Cooling of the mixture to room temperature was then done and 250 mL of
chloroform was added. This was then transferred to 500 mL flask. Then 50 mL of ammonium
hydroxide solution was added to the mixture and the solution was stirred vigorously for 3
hours. The organic layer and aqueous layer were then separated. The organic layer was
washed with deionised water (20 mL x 3). The amount of solvent CHCls in the organic layer
was reduced to approximately 40 mL and then the organic layer was added to 200 mL of
stirred methanol dropwise and left stirring overnight to form a precipitate, which was then
filtrated. The crude product was then purified using the Soxhelt extraction method with
different solvents; methanol, acetone, hexane, toluene and chloroform. The toluene, hexane
and chloroform fractions were then concentrated and precipitated in methanol and the
precipitates (polymer) were filtered. The polymer was obtained as a dark red solid (103.80
mg, 77 %).

GPC (toluene fraction): Mw = 29700 g mol™?, Mn = 11500 g mol, PDI = 2.57;

'H NMR (CDCls): (§H/ppm) 8.25 — 7.48 (m, 2H), 7.08 (s, 2H), 4.26 (br,4H), 2.28 — 1.77 (br,
8H), 1.41 —1.22 (br, 16H), 1.20 — 0.98 (br, 24H), 0.95 — 0.68 (br, 16H). Calculated elemental
analysis (%): C, 77.59; H, 8.83; N, 3.07; S, 3.51. Found: C, 73.51; H, 8.06; N, 2.67; S, 3.19.
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6.2.11 Poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(2,2’-bifuran-5-
ylbenzol[c][1,2,5] thiadiazole)-5,5-diyl] (P2)

2,7-Bis(furan-2-yl)-9,9-dioctyl-9H-fluorene ( 80.00 mg, 0.146 mmol) (M2) was added to 4,7-
bis(5-bromofuran-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5] thiadiazole (100.00 mg, 0.146
mmol) (M1) in a polymerisation tube. Then PdClz(MeCN)2 (2.70 mg , 0.104 mmol), P(o-
OMePh)s (3.60 mg, 0.102 mmol), Cs,CO3(142.70 mg, 0.438 mmol) and pivalic acid (14.91
mg, 0.146 mmol) were added to the polymerisation tube and degassed under argon. To this
mixture was added 1 mL of dry THF, and the mixture was then degassed and stirred under
argon at 120°C in an oil bath. After 45 minutes, the mixture changed from orange to dark
brown and after one day changed to red. After 72 hours, cooling of the mixture to room
temperature occurred and the polymer was dissolved in 250 mL of chloroform, then 50 mL of
ammonium hydroxide was added. It was then stirred for 24 hours and extracted with water to
separate the organic layer. The solvent was reduced in volume to approximately 20 mL and
then precipitated in 200 mL of cold methanol and the mixture stirred for 3 hours. The
polymer was filtered through a membrane and the solids extracted using the Soxhelt method,
starting with methanol and followed by acetone, hexane and toluene. The fraction of hexane
was concentrated then precipitated using methanol, and the precipitate that formed was
filtered using a membrane. The fraction of toluene after precipitation afforded the polymer as
a red powder (125.11 mg, 82 %).

GPC (hexane fraction): Mw = 35500 g mol?, Mn = 16400 g mol?, PDI = 2.16;
H NMR (CDCls): (8H/ppm) 8.17 — 7.37 (m, 10H), 6.98 (m, 2H), 6.6 (d, J=3.44 Hz, 2H),
4.20 (br, 4H), 2.28 — 1.77 (br, 8H), 1.41 — 1.22 (br, 16H), 1.20 — 0.98 (br, 24H), 0.95 — 0.68
(br, 16H). Calculated elemental analysis (%): C, 76.97; H, 8.10; N, 2.68; S, 3.07. Found: C,
76.38; H, 7.33; N, 2.65; S, 3.17.
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6.2.12 Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di-2-
furanyl-2,1,3-benzothiadiazole)-5,5-diyl] (P3)

4,7-Bis(5-bromofuran-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (100.00 mg, 0.15
mmol, 1 equiv) (M1) and 9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-9H-carbazole (96.00 mg, 0.15 mmol,lequiv.) (SM11) were dissolved in
dry THF (4 mL). A saturated solution of NaHCO3 (1 mL) was then degassed and added to the
reaction mixture. Tri-o-totylphosphine (6.00 mg, 0.02 mmol) and Pd(OAc)2 (2.00 mg, 0.01
mmol) were added and then the reaction mixture was degassed and heated to 90 °C under
reflux. The mixture was stirred until it became viscous, and it was left under heating and
stirring for 5 hours. Cooling of the mixture occurred and bromobenzene (150.00 mg, 0.1 mL,
0.9 mmol) was added, then the mixture was degassed and stirred whilst being heated to 90 °C
under reflux for 1 hour. Cooling of the mixture occurred and phenyl bronic acid (47.00 mg,
0.4 mmol) was added. Then the mixture was degassed and stirred whilst being heated to 90
°C under reflux for 1 hour. After this, the mixture was cooled to room temperature and
dissolved in 250 mL of chloroform. It was then transferred to a 500mL flask. Then 50 mL of
ammonium hydroxide solution was added to the mixture and the solution was stirred
vigorously for 3 hours. The organic layer and aqueous layer were separated. The organic
layer was then washed with deionised water (20 mL x 3). The volume of the organic layer
was reduced to approximately 20 mL and then added dropwise to 200 mL of methanol under
stirring and left overnight to form a precipitate. The precipitate was then filtered using a
membrane. The crude product was purified using the Soxhelt extraction method with
different fractions: methanol, acetone, hexane, toluene and chloroform. The chloroform
fractions were concentrated and precipitated in methanol then the precipitates were filtered.
The polymer from the chloroform fraction was obtained as a dark red powder (77.40 mg, 56
%).
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GPC (chloroform fraction): Mw = 25800 g mol™?, Mn = 10500 g mol*?, PDI = 2.44;
'H NMR (CDCls): (8H/ppm) 8.43 — 7.37 (br, 8H), 7.12 — 6.98 (br, 2H), 4.93 — 4.57 (br, 1H)
4.45 — 3.94 (br, 4H), 2.64 — 2.26 (br, 2H), 2.19 — 1.80 (br, 5H), 1.75 — 1.53 (br, 4H), 1.38 —
1.00 (br, 40H), 0.92 — 0.70 (d, J=0.10 Hz, 13H). Calculated elemental analysis (%): C, 67.33;
H, 8.79; N, 4.53; S, 3.45. Found: C, 68.72; H, 7.82; N, 4.18; S, 3.01.

6.3 Synthesis of monomers and polymers for chapter 3

6.3.1 5,6-Difluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (9).2

N N
\

5,6-Difluorobenzolc][1,2,5]thiadiazole (SM12) (2.67 g, 15 mmol), 1> (15.00 g, 60 mmol) and
fuming H2SO4 were reacted together in one flask and stirred at 60 °C for 24 hours. Cooling of
the mixture then occurred and after this it was poured into a crushed ice. CHCIs was added
and then washed with deionised water (3 x 250 mL) using a separation funnel. Treatment of
the mixture with both 1.0 M NaOH solution and saturated solution of NaHCO3s was done in
order to force the removal of any excess iodine. Separation and drying of the organic layer
was done over MgSOas, and then the solvent was evaporated in vacuo. Cream- yellow

coloured crystals were yielded (4.46 g, 100.5 mmol, 70%).

F NMR (CDCl3) & (ppm): -105. *C NMR (CDCls): (8C/ppm) 155.7, 153.1, 150.3, 142.0,
128.1, 116.9. EI-MS (m/z) [M]" calculated for CsF212N2S, 423.78; found 423. Elemental
analysis calculated for CeF212N2S; C, 17.00; N, 6.61; 1, 59.87; S, 7.56 % found C, 17.00; N,
6.63; 1,59.77; S, 7.72 %.

M.P. 202 — 206 °C.
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6.3.2 5,6-Difluoro-4,7-di(furan-2-yl)benzo[c][1, 2, 5] thiadiazole(M4)°.

A mixture of 5,6-difluoro-4,7-diiodobenzo[c][1,2,5]thiadiazole (9) ( 2.00 g, 4.7 mmol),
tributyl(furan-2-yl)stannane (7) (6.74 g, 5.94 mL, 0.01887 mol), Pd(OAc). (0.07 g, 0.329
mmol) and tri-o-tolyl phosphine (0.15 g, 0.658 mmol) was degassed under argon then
dissolved using dry THF (40 mL). The reaction mixture was heated to reflux at 70 °C
overnight under argon. The solvent was evaporated and then the crude was washed using
methanol and filtrated to yield an orange solid (1.34 g, 93 %).

H NMR (CDCls): 7.75 (d, J= 2.0 Hz, 2H), 7.58 (d, J= 3.5 Hz, 2H), 6.69 (dd, J= 2.0 and 4.0
Hz, 2H). ¥C NMR (CDCls): (8C/ppm) 150.7, 150.5, 147.7, 145.5, 144.2, 115.2, 112.1. El-
MS (m/z) [M]* calculated for CisHeF2N20.S, 304.1; found 304. Elemental analysis
calculated for C14HsF2N20.S + (0.1 CH3OH and 0.45 H20); C, 53.66; H, 2.33; N, 8.88; S,
10.54 % found C, 53.79; H, 2.21; N, 8.73; S, 9.86 %.

M.P. 180 — 183 °C.

6.3.3 Poly[9,9-dioctyl-9H-fluorene-2,7-diyl-alt-(5,6-difluoro-4,7-di-2-furanyl-2,1,3-
benzothiadiazole)-5,5-diyl] (P4)

(P4)

5,6-Difluoro-4,7-di(furan-2-yl)benzol[c][1, 2, 5] thiadiazole (M4) (100.00 mg, 0.33 mmol, 1
equiv), 2,7-dibromo-9,9-dioctyl-9H-fluorene (SM3) (160.00 mg, 0.30 mmol, 1 equiv),
tris(dibenzylideneacetone)dipalladium(0) (19.23 mg, 0.02 mmol), tris(2-methoxyphenyl)
phosphine (14.80 mg, 0.04 mmol), caesium carbonate (293.00 mg, 0.9 mmol, 3 equiv) and

pivalic acid (30.00 mg, 0.3 mmol) were degassed under argon then dissolved using 1 mL of
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dry toluene and heated to reflux at 120 °C for 24 hours. The colour of the reaction mixture
changed to orange then dark red. The mixture was then cooled to room temperature and
dissolved in 250 mL of chloroform. This was then transferred to a 500 mL round flask and 50
mL of ammonium hydroxide was added before being stirred overnight. Following this, the
organic layer was separated and the volume reduced to approximately 20 mL. This was then
precipitated in 200 mL of methanol and the precipitate was filtered to obtainthe crude
polymer as a dark red solid. The crude was transferred to a thimble and then extracted using
the Soxhelt method with methanol, acetone, hexane then chloroform. The solvent in the
chloroform fraction was reduced to 20 mL then precipitated using 200 mL of methanol and

filtered using a membrane to obtain the polymer as a dark red powder (160.40 mg, 77 %).

GPC (chloroform fraction): Mw = 6400 g mol?, Mn = 2800 g mol?, PDI = 2.29;
IH NMR (CDCls): (5H/ppm) 8.11 — 7.52 (m, 8H), 7.05 (s, 2H), 2.16 (s, 4H), 1.38 — 0.96 (br,
20H), 0.93 — 0.69 (s, 10H). Calculated elemental analysis (%): C, 74.54; H, 6.69; N, 4.04; S,
4.63. found: C, 71.95; H, 6.27; N, 3.73; S, 4.32.

6.3.4 Poly[9-(heptadecan-9-yl)-9H-carbazole-2,7-diyl-alt-(5,6-difluoro-4,7-di-2-
furanyl-2,1,3-benzothiadiazole)-5,5-diyl] (P5)

N/S\N
\

> -
F F

N

CgHi7~ CgHy7
(P5)

5,6-Difluoro-4,7-di(furan-2-yl)benzo[c][1,2,5] thiadiazole (M4) (100 mg, 0.33 mmol, 1
equiv), 2,7-dibromo-9-(heptadecan-9-yl)-9H-carbazole (SM10) (160 mg, 0.3 mmol, 1 equiv),
tris(dibenzylideneacetone)dipalladium(0) (19.23 mg, 0.02 mmol), tris(2-methoxyphenyl)
phosphine (14.80 mg, 0.04 mmol), caesium carbonate (293.00 mg, 0.9 mmol, 3 equiv) and
pivalic acid (30.00 mg, 0.3 mmol) were degassed under argon then dissolved using 1 mL of
dry toluene. This was then heated to reflux for 3 days. After 30 min the colour of the mixture
changed to orange, then purple. The polymer was then dissolved in 250 mL of chloroform

and then transferred to a 500 mL round flask. 50 mL of ammonium hydroxide was added and
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it was stirred overnight. After this, the organic layer was separated and the volume reduced to
approximately 20 mL. This was then precipitated in 200 mL of methanol and a membrane
was used to filter it to obtain the crude polymer as a purple solid. The crude was transferred
to a thimble then extracted using the Soxhelt method with different solvents: methanol,
acetone, hexane then chloroform. The solvent in the chloroform fraction was reduced to 20
mL then precipitated into 200 mL of methanol. This was then filtered using a membrane to

obtain the polymer as a purple powder (161.70 mg, 76 %).

GPC (chloroform fraction): Mw = 6500 g mol, Mn = 2900 g mol, PDI = 2.24;

'H NMR (CDCls): (§H/ppm) 8.30 — 7.7.40 (m, 8H), 7.08 (s, 2H), 4.77 (s, 1H), 2.13 (s, 4H),
1.40 — 0.94 (br, 20H), 0.90 — 0.69 (s, 10H). Calculated elemental analysis (%): C, 72.96; H,
6.69; N, 5.94; S, 4.53. Found: C, 71.56; H, 6.42; N, 5.48; S, 4.01.

6.4 Synthesis of monomers and polymers for chapter 4

6.4.1 2,5- Dithien-2-yl terephthalic acid diethyl ester (10)*°

COOC,H;
\ S
| S
S
C,H;00C

Diethyl 2,5-dibromoterephthalate (SM5) (8.60 g, 22.6 mmol) and Pd (PPhs)2 Cl»(0.79 g, 1.13
mmol) were dissolved in dry THF (30 mL). 2-(tributylstannyl)thiophene (SM6) (21.6 mL,
25.38 g, 67.8 mmol) was then added before the reaction mixture was degassed and stirred at
85 °C under argon for 15 hours. Cooling of the mixture to room temperature occurred and
then potassium fluoride aqueous solution (10 wt%, 100 mL) was treated with it for 2 hours.
Extraction of the product with DCMwas done threetimes  (3x100
mL). The combined organic phase was also  washed with water three times and then dried
over MgSOas. Following the filtering process, removal of the solvent under lower pressure
was done. The product was finally washed using methanol to obtain a white solid (7.19g,
83%).
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'H NMR (CDCls): (H/ppm) 7.83 (s, 2H), 7.40 (dd, J= 1.5 and 5.0 Hz, 2H), 7.10 (m, 4H),
4.24 (g, J= 8.0 Hz, 4H), 1.15 (t, J= 7.0 Hz, 6H). *C NMR (CDCls): ( C/ppm) 167.7, 140.6,
134.3, 1335, 131.9, 127.6, 127.0, 126.5, 61.9, 14.1. EI-MS (m/z) [M]* calculated for
C20H1804S2, 386.06; found 386. Elemental analysis calculated for C20H1804S2; C, 62.16; H,
4.69; S, 16.59 % found C, 62.06; H, 4.73; S, 16.50 %.

M.P. 110 - 113 °C.

6.4.2 2,5-Di(thien-2-yl)terephthalic acid (11)!

COOH
A S
| N
S
HOOC

2,5- Dithien-2-yl terephthalic acid diethyl ester (10) (5.00 g,12.9 mol) was dissolved in 300
mL of ethanol and then a solution of sodium hydroxide (7.05 g NaOH in 50 mL water) was
added. The mixture was heated at reflux for 15 h then evaporated it under lower pressure. To
the remainder of the water, concentrated hydrochloric acid was added. The precipitate formed
was filtrated, washed using water, and then dried in vacuo to afford a product as an off-white
solid (4.20 g, 99%).

'H NMR (DMSO-d6): (§H/ppm) 13.48 (s, 2 H, COOH), 7.71 (s, 2H, Ar-H), 7.70 (dd, 2H, J=
1.0 and 5.0 Hz, Ar-H) 7.26 (dd, 2H, J= 1.0 and 4.0 Hz, Ar-H) 7.17 (m, 2H, Ar-H). 3C NMR
(CDCls ): ( 8C/ppm) 169.3, 140.4, 135.3, 131.9, 130.8, 128.6, 128.1, 127.6. EI-MS (m/z)
[M]* calculated for CieH1004S., 330.37; found 330. Elemental analysis calculated for
C16H1004S2 + (H20); C, 54.74; H, 3.53; S, 18.26 % found C, 54.39; H, 3.20; S, 17.99 %.

M.P. 320 — 324 °C.

6.4.3 4, 9-Dihydro-s-indaceno [1, 2-b: 5, 6-b']-dithiophene-4, 9-dione (12)*?
0
S
] OO ®
s~ =l
0
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2,5-Di(thien-2-yl)terephthalic acid (11) (4.00 g, 12.1 mmol) was suspended in dry DCM (200
mL), followed by the addition of oxalyl chloride (5.50 g, 3.67 mL, 43.56 mmol). To this
mixture dry DMF (1.8 mL) was added dropwise at room temperature. This mixture was
stirred overnight. The solvent was eliminated under lower pressure to yield crude acid
dichloride (yellow solid). This solid was dissolved in dry DCM (150 mL) and added to a
mixture of AICIs3 (7.5 g, 56.25 mmol) with dry DCM 225 mL at 0 °C. The entire reaction
mixture was then left for approximately one hour in ice at 0 °C. Following this, it was stirred
at room temperature overnight. The mixture was added to ice-cold hydrochloric acid (50 mL)
and water (300 mL), which formed blue precipitate. The precipitate was collected using
filtration and washed with 2M HCI solution and water then dried in an oven. The product was
yielded as a blue solid (3.23g, 91%).

EI-MS (m/z) [M]" calculated for CisHeO2S2, 294.31; found 294. Elemental analysis
calculated for C16HsO2S2 + (2H20); C, 58.33; H, 3.03; S, 19.46 % found C, 57.73; H, 2.43; S,
19.49 %.

6.4.4 4,9-Dihydro-s-indaceno[1,2-b:5,6-b']-dithiophene (13):
S
/ 'O \
s~ =)

4, 9-Dihydro-s-indaceno [1, 2-b: 5, 6-b']-dithiophene-4, 9-dione (12) (2.50 g, 8.49 mmol),
hydrazine monohydrate (8.01 g, 7.77 ml, 160 mmol) and potassium hydroxide (8.98 g, 160
mmol) were dissolved in 67 mL of diethylene glycol and heated to reflux at 180 °C for 24
hours before being poured into ice containing HCI. The precipitate collected and washed
with water. It then dried at reduced pressure to yield 4,9-dihydro-s-indaceno[1,2-b:5,6-b]-
dithiophene (12) as a black solid (1.84 g, 86%).

'H NMR (CDCls): (8H/ppm) 7.72 (s, 2H, Ar-H); 7.55 (d, 2H, J= 5.0 Hz, Ar-H); 7.22 (d, 2H,
J= 5.0 Hz, Ar-H); 3.77 (s, 4H, CH). C NMR (CDCls): (8C/ppm) 147,8, 145.7, 142.7,
135.9, 128.0, 123.7, 116.3, 33.7,. EI-MS (m/z) [M]" calculated for C1sH10S2, 266.02; found
266. Elemental analysis calculated for C1s6H10S2 + (1.8 diethylene glycol and 0.05 H20); C,
62.12; H, 5.56; S, 16.92 % found C, 61.39; H, 3.79; S, 15.16 %.
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6.4.5 4,9-Dihydro-4,4,9,9-tetrahexadecyl-s-indaceno[1,2-b:5,6-b']-dithiophene (14)*

Sodium tert-butoxide (3.60 g, 37.5 mmol) was added to a suspension of 4,9-dihydro-s-
indacenol[1,2-b:5,6-b]-dithiophene (13) (0.40 g, 1.5 mmol) in anhydrous DMSO (15 mL)
then degassed and heated at 80 °C for 90 minutes under argon. 1- Bromohexadecane (11.45
mL, 11.44 g, 37.5 mmol) was added dropwise slowly (one drop every 5 minutes) then it was
degassed and the temperature increased to 90 °C overnight before being poured into ice-
water. The precipitate was collected using filtration and washed with water and methanol to
give crude as a black solid. This was then purified using column chromatography and eluted

with petroleum ether to yield a white to yellow solid (0.48 g, 28%).

IH NMR (CDCls): (8H/ppm) 7.29 (s, 2H), 7.27 (d, J= 5.0 Hz, 2H), 6.97 (d, J= 5.0 Hz, 2H),
1.81-2.04 (m, 4H), 1.81-1.92 (m, 4H), 1.02 (m, 104H), 0.75-0.98 (m, 20H).2*C NMR
(CDClz): (6C/ppm) 155.1, 153.2, 141.7, 135.6, 126.1, 121.7, 113.1, 53.7, 39.1, 32.0, 30.0,
29.7, 29.7, 29.6, 29.6, 29.5, 29.4, 24.2, 22.7, 14.1. EI-MS (m/z) [M]* calculated for
CsoH138S2, 1163.02; found 1163. Elemental analysis calculated for CgoH13sS2 + ( 1.3 H20); C,
80.90; H, 11.95; S, 5.40 % found C, 81.52; H, 11.29; S, 4.81 %.

M.P. 80 —83 °C.

6.4.6 4,49,9-Tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’] dithiophene-2,7-
dicarbaldehyde (15) 14

4,9-Dihydro-4,4,9,9-tetrahexadecyl-s-indaceno[1,2-b:5,6-b"]-dithiophene (14) (0.50 g, 0.4
mmol) was dissolved in dry DMF (40 mL) and 1,2-dichloroethane (50 mL, 62.50 g, 631.57

mmol) was added then degassed under argon. The solution was cooled to 0 °C and stirred
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while phosphorus oxychloride (POCIs) (1.2 mL, 1.97 g, 12.85 mmol) was added dropwise.
We stirred the reaction mixture for one hour at room temperature and overnight at 105 °C.
Then we cooled the mixture to room temperature and poured it into ice-water. The solution of
NaOH 1M was added and extracted with DCM (150 mL x 3). The solvent was reduced then
the product was precipitated using methanol, and finally filtered to yield a brown solid (0.45
g, 85%).

'H NMR (DMSO-ds): 9.93(s, 2H, CHO), 7.66(s, 2H, Ar-H), 7.47 (s, 2H, Ar-H), 2.08-2.01
(m, 4H, CHy), 1.86-1.94 (m, 4H, CH>), 1.10-1.31 (m, 104H, CH>), 0.78-0.89 (m, 20H, CH>
and CHs). 3C NMR (CDCls): (8C/ppm) 183.0, 156.1, 155.2, 151.4, 136.5, 130.4, 115.0,
54.3, 38.9, 31.9, 29.9, 29.7, 29.7, 29.6, 29.5, 29.4, 29.3, 24.3, 22.7, 14.1. EI-MS (m/z) [M]*
calculated for CgoHi13802S», 1219.01; found 1221. Elemental analysis calculated for
Cs2H1380,S2; C, 80.72; H, 11.40; S, 5.26 % found C, 80.28; H, 11.37; S, 4.79 %.

M.P. 89 —93 °C.

6.4.7 5-Bromo-1,3-indanedione (16)*°

0]

O

0]

4-Bromophthalic anhydride (SM7) (3.00 g, 13.23 mmol) was added to a solution of acetic
anhydride (7.2 mL, 7.78 g, 76.21 mmol) and triethylamine (3.9 mL, 2.83 g, 27.97 mmol)
forming an orange suspension. To this reaction mixture, ethyl acetoacetate (1.9 mL, 1.94 g,
14.91 mmol) was added rapidly and the mixture stirred at room temperature for 24 hours.
Ice (5.10 g) and conc. HCI (4.8 mL) were added followed by 5 M HCI (21 mL).The reaction
mixture was stirred at 85 °C for 20 minutes then cooled it to room temperature. After that, the
crude of the reaction was extracted using DCM (150 mL x 3).The extract was washed using
brine and dried using sodium sulphate. The organic solvent was eliminated until the product

was finally obtained as a brown solid (2.52 g, 85 %).

IH NMR (CDCls): (5H/ppm) 8.14 (d, J= 2.0 Hz, 1H) 7.98 (dd, J= 2.0 and 2.0 Hz, 1H) 7.86
(s, 1H) 3.28 (s, 2H). 13C NMR (CDCls): ( 5C/ppm) 196.2, 195.9, 144.5, 141.8, 138.8, 131.3,
126.4, 124.6, 45.0. EI-MS (m/z) [M]" calculated for CoHsBrO2, 223.95; found 224. Elemental
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analysis calculated for CoHsBrO, + (0.1 DCM and 0.1 H20); C, 46.44; H, 2.31; Br, 33.95 %
found C, 49.50; H, 2.82; Br, 30.90 %.

M.P. 142 — 144 °C.

6.4.8 2-(6-Bromo-2,3-dihydro-3-oxo-1-inden-1-ylidene)-propanedinitrile (17)°

0)

Br \

NC CN

A mixture of 5-bromo-1,3-indanedione (16) (0.50 g, 2.22 mmol) and malononitrile (0.29 g,
4.44 mmol) was dissolved in absolute ethanol (30 mL). Anhydrous sodium acetate (0.24 g,
2.9 mmol) was added while being stirred. The temperature was increased to 50 °C for an hour
and then cooled to room temperature. The mixture was poured into water (130 mL) and
acidified with the addition of hydrochloric acid. The precipitate was filtered and
recrystallised using a mixture of acetic acid and methanol in a 1:1 ratio. The yield was a black
solid (0.48 g, 80%).

H NMR (CDCls): (§H/ppm) 8.79 (d, J= 1.0 Hz, 1H), 8.13 (d, J= 2.0 Hz, 1H), 7.99 (m, 2H),
7.86 (d, J= 8.0, 1H).13C NMR (CDCls): ( 8C/ppm) 193.7, 193.4, 143.7, 141.7, 131.8, 131.6,
128.9, 128.0, 127.1, 125.8, 112.1, 111.7. EI-MS (m/z) [M]" calculated for C12HsBrN-O,
271.96; found 272. Elemental analysis calculated for C12HsBrN2O; C, 52.78; H, 1.85; N,
10.26; Br, 29.26 % found C, 50.21; H, 2.17; N, 8.2; Br, 32.15 %.

M.P. 180 - 182 °C.

6.4.9 2-Bis[(6-bromo-2,3-dihydro-3-oxo-1-inden-1-ylidene)-propanedinitrile]- 4,4,9,9-
tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’] dithiophene-2,7-diethylene.
IDIC-C16-Br (M5)/




4,4,9,9-Tetrahexadecyl-4,9-dihydro-s-indaceno[1,2-b:5,6-b’]-dithiophene-2,7-dicarbaldehyde
(15) (0.10 g, 0.08 mmol) and 2-(6-bromo-2,3-dihydro-3-0xo-1-inden-1-ylidene)-
propanedinitrile (17) (0.16 g, 0.57 mmol) were dissolved in 10 mL of dry chloroform. (0.1
mL, 0.10 g, 1.26 mmol) of pyridine was added under argon, degassed and stirred at 65 °C to
reflux overnight. After this, poured the reaction mixture into 20 mL of methanol and the blue

precipitate was filtered. The yield was a blue solid (0.12 g, 90 %).

IH NMR (CDCls): (8H/ppm) 9.02 (m, 2H), 8.87 (m, 1H), 7.78- 8.57 (m, 5H), 7.76 (s, 1H),
7.63 (m, 2H), 2.16-1.91 (m, 10H), 1.33-1.08 (br,125H). 3C NMR (CDCls ): ( C/ppm )
178.7, 187.3, 160.4, 158.2, 156.9, 144.0, 141.6, 141.1, 140.3, 139.8, 138.3, 137.9, 136.6,
131.7, 127.5, 126.1, 124.7, 123.0, 122.5, 121.8, 119.9, 116.3, 114.6, 54.8, 39.0, 33.50, 31.9,
30.1, 29.7, 29.6, 29.4, 29.3, 23.0, 14.0. EI-MS (m/z) [M]* calculated for C10sH152Br2N4O2S2,
1726.91; found 1729. Elemental analysis calculated for CiosH152BraN4O2S»; C, 73.58; H,
8.39; N, 3.24; Br, 9.24; S, 3.71 % found C, 72.28; H, 7.64; N, 3.58; Br, 10.92; S, 3.15 %.

M.P. 130 - 133 °C.

6.4.10 4,7-Dibromobenzo[c][1,2,5]thiadiazol (18)8

PN

N N
\
BrAO*Br

Benzol[c][1,2,5]thiadiazole SM8 (5.10 g, 37.5 mmol) was dissolved with hydrobromic acid
(8 mL, 45 %) and heated to reflux. Then bromine (18.00 g, 5.8 mL ,112.5 mmol) was added
dropwise to the mixture. After completing bromine addition, we added an additional amount
of hydrobromic acid (8 mL, 45 %) and then heated the mixture under reflux for 3 more hours.
Following this, we filtered the mixture, washed it with water and recrystallised it from

chloroform to obtain white needles as a final product (7.72 g, 70%).

'H NMR (CDCls): (8H/ppm) 7.74 (s,2H). 13C NMR (CDCls): ( 8C/ppm ) 153.0, 132.4, 113.9.
EI-MS (m/z) [M]* calculated for CeH2BroN.S, 291.83; found 293. Elemental analysis
calculated for CeH2Br2N2S; C, 24.52; H, 0.69; N, 9.35; Br, 54.36; S, 10.91 % found C, 24.62;
H, 0.67; N, 9.47; Br, 49.81; S, 11.21 %.

M.P. 185 - 187 °C.
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6.4.11 4,7-Di (thiophene-2-yl)benzo[c] thiadiazole (19)*°
NN
\ S
|\%<\ H |
S \

4,7-Dibromobenzol[c][1,2,5]thiadiazole (18) (2.00 g, 6.8 mmol), 2-tributylstannyl thiophene
(5.59 g, 4.9 mL, 14.97 mmol), Palladium (1I) acetate (0.11 g, 0.476 mmol) and tri-o-tolyl-
phosphine (0.21 g, 0.69 mmol) were added together in a 2-neck round flask, degassed and
then dissolved using dry THF (40 mL). We heated the reaction mixture to reflux for a day
under argon. After this, we cooled the mixture to room temperature and removed the solvent.
The crude was precipitated using methanol then filtered to yield orange solid needles (1.90 g,
93%).

'H NMR (CDCls): (§H/ppm) 8.14 (d, J= 3.5 Hz, 2H), 7.90 (s, 2H), 7.48 (d, J= 5.0 Hz, 2H),
7.24 (dd, J= 4.0 and 5.0 Hz, 2H). *3C NMR (CDCls): (5C/ppm) 153.5, 139.3, 128.1, 127.6,
126.8, 126.0, 125.6. EI-MS (m/z) [M]* calculated for CisHgN.S3, 299.98; found 299.
Elemental analysis calculated for C14HsN2Ss; C, 55.97; H, 2.68; N, 9.33; S, 32.02 % found C,
55.86; H, 2.81; N, 9.28; S, 32.35 %.

M.P. 122 - 124 °C

6.4.12 4,7-bis(5-(trimethylstannyl)thien-2-yl)benzo[c][1,2,5] thiadiazole (M6)%°

/S\
N N
N \ S SnMe,
| >—<\ />—< |
S \

Me3Sn

2, 2, 6, 6-Tetramethylpiperidine (0.29 mL, 0.24 g, 1.73 mmol, 2.6 eq) was mixed with dry
THF (4 mL) under argon. We cooled the solution to —78 °C and n-BuLi (0.69 mL, 2.5 M
solution in hexane, 1.73 mmol, and 2.6 eq) was quickly added to the mixture before it was
stirred at -78 °C for 30 min. We then warmed the solution to room temperature, after which
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we stirred it for 10 min to produce lithium 2, 2, 6, 6-tetramethylpiperidide (LTMP). After that
we cooled the solution to -78 °C and 4, 7-di (thiophene-2-yl) benzo[c] [1, 2, 5] thiadiazole
(19) (0.20 g, 0.67 mmol) in 3 mL of dry THF was added dropwise. At this time, the colour of
solution changed to purple. The solution was then stirred at -78 °C for 45 min. Trimethyltin
chloride (1.66 mL, 1.0 M solution in THF, 1.66 mmol, 2.5eq) was then added dropwise and
the colour of the reaction mixture changed from purple to orange. After this we warmed the
solution to room temperature and it was stirred overnight. After an addition of 20 mL brine to
the solution, the solution was extracted into DCM (30 mL x 3). The organic phases were
combined and washed with brine (60 mL x3) and dried by magnesium sulphate. MgSO4 was
filtered using filter paper and the solvent was eliminated in vacuo. We then recrystallised the

crude product from ethanol to yield the pure product as an orange solid (0.28g, 66%).

'H NMR (CDCls): (H/ppm) 8.20 (d, J= 3.0 Hz, 2H), 7.89 (s, 2H), 7.32 (d, J= 4.0 Hz, 2H),
0.46 (s, 18H). °C NMR (CDCls): (8C/ppm) 152.8, 145.2, 140.6, 136.4, 128.6, 126.3, -8.0.
EI-MS (m/z) [M]* calculated for C20H24N2SsSn2, 627.91; found 625. Elemental analysis
calculated for C20H24N2S3Sny; C, 38.37; H, 3.86; N, 4.47; S, 15.36 % found C, 38.95; H, 3.86;
N, 4.78; S, 17.16 %.

M.P. 158 — 160 °C.

6.4.13 5,5' —Bis (trimethyl stannyl )-2,2' — bithiophene.(M7)®

Me3Sr1 S S SnMe3
P

2,2'-Bithiophene (SM9) (0.50 g, 3.00 mmol) was dissolved in 15 mL of dry THF and
degassed under argon before being cooled to -78 °C. n-BuLi (2.5 M in hexane) ( 0.69 mL ,
0.48 g, 7.5 mmol) was then added dropwise whilst being stirred for 1 h at -78 °C. We
increased the temperature of the reaction to room temperature and stirred it for 2 h.
Trimethyltin chloride (1.51 mL, 1.49 g 7.5 mmol) was added dropwise after the reaction
mixture was cooled to -78 °C again. Finally, we stirred the mixture under argon at room
temperature overnight. The solvent was reduced in pressure and the solid was washed using

methanol and finally filtered to yield a white solid product (0.09 g, 62%).
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'H NMR (CDCls): (8H/ppm) 7.29 (d, J= 3.0 Hz, 2H), 7.10 (d, J= 3.0 Hz, 2H), 0.40 (s, 18H).
13C NMR (CDCls): (8C/ppm) 143.0, 137.1, 135.9, 124.89, 1.0. EI-MS (m/z) [M]" calculated
for C14H22S2Sn2, 493.29; found 492. Elemental analysis calculated for C14H22S2Sny; C, 34.19;
H, 4.51; S, 13.04 % found C, 34.08; H, 4.61; S, 12.76 %.

M.P.90-93 °C.

6.4.14 2,7-Bis(trimethyltin)-9,9-dioctylfluorene (M8)°

CgH,7  CsHi

Dry THF 15 mL was added to degassed 2,7-dibromo-9,9-dioctyl-9H-fluorene (SM3) (0.20 g,
0.36 mmol) and cooled to — 78 °C. After that, we added n-Buli (2.5 M in hexane, 0.09 mL,
0.06 g, 1.00 mmol) to the reaction mixture in a dropwise fashion and left it to warm to -40 °C
whilst it was stirred for 2 hours. Trimethyltin chloride (1 M in THF, 0.20 mL, 0.20 g, 1.0
mmol) was then added rapidly. We removed the cooling bath to allow the reaction mixture to
reach room temperature, after which we stirred the reaction for 2 hours. We then poured the
reaction into brine and extracted it using diethyl ether (5x70 mL). We washed the extracted
layer with water and dried it using MgSO4 before removing the solvent. The thick crude was
then washed with methanol through basic alumina, which afforded a white solid (0.17 g,
67%).

'H NMR (CDCls): (8H/ppm) 7.68 (d, J= 7.0 Hz, 2H), 7.45 (d, J= 7.0 Hz, 2H), 7.39 (s, 2H),
1.96 (m, 4H), 1.22 — 0.82 (m, 24 H), 0.85 (m, 6H), 0.34 (s, 18 H). *C NMR (CDCls): (
3C/ppm ) 150.1, 141.3, 140.8, 134.1, 130.2, 119.2, 54.9, 40.0, 31.8, 29.9, 29.2, 29.1, 23.7,
22.6, 14.1, 1.0. EI-MS (m/z) [M]* calculated for CssHsgSn2, 718.26; found 716. Elemental
analysis calculated for CssHsgSny; C, 58.69; H, 8.16 % found C, 59.36; H, 8.11 %.

M.P. 45— 47 °C.
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6.4.15 Polymer 6 (P6)

Pé6

IDIC-C16-Br (M5) (120.00 mg, 0.069 mmol), 4,7-bis(5-(trimethylstannyl)thien-2-
yl)benzol[c][1,2,5] thiadiazole (40.00 mg, 0.069 mmol) (M6), tris(dibenzylideneacetone)
dipalladium(0) (3.60 mg, 0.004 mmol) and tri-o-tolyl phosphine (4.80 mg, 0.016 mmol) were
added in a two-neck flask and this was then degassed under argon. We added dry toluene (6
mL) to the mixture then the solution was degassed and stirred under heating to reflux at
110°C for 72 hours. We then cooled the reaction and chloroform (250 mL) added. Then 50
mL of ammonium hydroxide was added and we stirred the mixture overnight at room
temperature. The two layers were then separated and the volume of the organic phase was
concentrated to approximately 20 mL, then precipitated into 200 mL of methanol. The
precipitate was filtered and a Soxhlet extraction with different solvents (methanol, acetone,
hexane and chloroform) was undertaken. The solvent in the chloroform fraction was reduced
to 20 mL then precipitated into 200 mL of methanol. Then the polymer was filtered and
yielded as a blue powder (96.2 mg, 76 %).

GPC (chloroform fraction): Mw = 12300 g mol?, Mn = 7400 g mol?, PDI = 1.66;
IH NMR (CDCls): (§H/ppm) 9.26 — 8.49 (br, 3H), 8.34 — 7.34 (br, 13H), 5.54 — 5.09 (m, 2H),
2.46 — 0.46 (m, 132H). Calculated elemental analysis (%): C, 77.04; H, 8.19; N, 4.49; S, 8.57.
found: C, 76.79; H, 8.06; N, 4.24; S, 7.73.
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6.4.16 Polymer 7 (P7)

P7

IDIC-C16-Br (M5) (120.00 mg, 0.06941 mmol), 5,5"-bis(trimethyl stannyl )-2,2'- bithiophene
(M7) (34.00 mg, 0.06941 mmol), tris (dibenzylideneacetone) dipalladium(0) (3.60 mg, 0.004
mmol) and tri-o-tolyl phosphine (4.80 mg, 0.016 mmol) were mixed in a two-neck round-
bottom flask and then degassed under argon. We added dry toluene (6 mL) to the mixture and
the system was degassed again under argon then heated at 110°C to reflux for 6 hours. We
then cooled the reaction to room temperature and dissolved it in chloroform (250 mL). Then
50 mL of ammonium hydroxide was added and we stirred it overnight at room temperature.
We separated the two layers using a separation funnel and the volume of the organic phase
was reduced to approximately (20 mL) then precipitated into 200 mL of methanol. The
precipitate was filtered, then subjected to a Soxhlet extraction with different organic solvents
(methanol, acetone, hexane and chloroform). The chloroform fraction was reduced to 20 mL
volume, then precipitated into 200 mL of methanol. The polymer was filtered using a

membrane to afford the product as a purple powder (97.90 mg, 83 %).

GPC (chloroform fraction): Mw = 35400 g mol?, Mn = 12400 g mol?, PDI = 2.85;
IH NMR (CDCls): (5H/ppm) 9.15 — 8.50 (d, J= 0.29 Hz, 4H), 8.19 — 7.33 (m, 10H), 2.35 —
0.55 (m, 132H). Calculated elemental analysis (%): C, 78.84; H, 8.71; N, 3.23; S, 7.38.
found: C, 78.10; H, 8.48; N, 3.19; S, 6.77.
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6.4.17 Polymer 8 (P8)

IDIC-C16-Br (M5) (120 mg, 0.06941 mmol), 2,7-bis(trimethyltin)-9,9-dioctylfluorene (M8)
(50 mg, 0.06941 mmol), tris(dibenzylideneacetone) dipalladium(0) (3.60 mg, 0.004 mmol)
and tri-o-tolyl phosphine (4.80 mg, 0.016 mmol) were mixed together in two-neck flask and
degassed under argon. We then added dry toluene (6 mL) and the mixture was degassed then
heated to reflux for 24 hours. The reaction mixture was cooled to room temperature and
chloroform (250 mL) added. 50 mL of ammonium hydroxide was then added and we stirred
the mixture overnight at room temperature. The two layers were separated and the organic
phase was reduced to approximately (20 mL) then precipitated into 200 mL of methanol. The
precipitate was filtered and subjected to a Soxhlet extraction with different organic solvents
(methanol, acetone, hexane and chloroform in succession). The chloroform fraction was
concentrated then precipitated into methanol and finally filtered using a membrane to yield

the polymer as a green solid (57.23, 43 %).

GPC (chloroform fraction): Mw = 38700 g mol, Mn = 13000 g mol, PDI = 2.97;

'H NMR (CDCls): (§H/ppm) 9.07 (d, J= 0.1 Hz, 2H), 8.84 (s, 1H), 8.28 (s, 1H), 8.19-8.02
(m, 2H), 7.98-7.58 (m, 10H), 5.32 (s, 1H), 2.19-1.97 (br, 6H), 1.68-1.53 (br, 12H), 1.34-1.53
(br, 122H), 0.94-0.75 (m,26H). Calculated elemental analysis (%): C, 82.68; H, 9.56; N, 2.86;
S, 3.27. Found: C, 80.35; H, 8.99; N, 2.83; S, 3.15.
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