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Abstract

Polymer solar cells (PSCs) have received substantial consideration as clean and
renewable energy sources due to their advantages such as solution-processing, low cost,
lightweight and mechanically flexible devices. In the last few years, the power conversion
efficiency of bulk heterojunction solar cells has increased dramatically reaching up to

10% recently.

This dissertation focuses on two types of conjugated polymers, thermocleavable polymers
and donor-acceptor (D-A) polymers. Three novel thermocleavable polymers, 35, 36 and
37 were prepared via the Stille polymerisation. 35 and 36 consisting of bithiophene and
tetrathiophene as the donor units and secondary phthalate ester as the acceptor units. 37
contains fluorene flanked by thienyl groups as the donor units and secondary phthalate
ester as the acceptor units. The optical band gaps (Eg) of the polymers are between 2.11
and 2.58 eV. After thermal treatment, the band gaps of the polymers have decreased to
between 1.86 and 2.14 eV.

A series of D-A copolymers including benzothiadiazole dicarboxylic imide (BTDI) as
acceptor units with different donor units were synthesised. Two different alkyl side chains
(3,7-dimethyloctyl vs n-octyl) were anchored to the BTDI units in order to investigate the
effect of these alkyl substituents on the solubility, molecular weights, optoelectronic
properties, thermal and structural properties of the polymers. Four copolymers, 76, 77, 78
and 79 based on 2,7-fluorene or 2,7-dibenzosilole were synthesised via Suzuki
polymerisation. Dibenzosilole-based polymers have slightly lower Eg relative to their
fluorene-based analogues. Another four copolymers, 104, 105, 106 and 107 including
2,7-carbazole were also synthesised via Suzuki polymerisation. Two fluorine atoms were
incorporated at the 3,6-positions of 2,7-carbazole units to investigate the impact of
fluorine upon the optoelectronic properties, thermal and structural properties of the
polymers. The Eq4 of fluorinated copolymers are slightly higher than non-fluorinated
counterparts. Two copolymers, 109 and 110 containing 2,6-anthracene were also

prepared through Suzuki polymerisation. Both polymers have low Eg of 1.66 eV.

A series of copolymers, 134, 135, 136 and 137 containing cyclopentadithiophene (CPDT)
were prepared. 134 was prepared by Suzuki polymerisation, while the other three
copolymers were prepared by direct arylation polymerisation. The Eq of the polymers are
between 1.32 and 1.43 eV.



The final two alternating copolymers of dithienosilole (DTS), 144 and 145, were prepared
via Stille polymerisation. Both polymers have low Eg around 1.4 eV. Copolymers based
on fluorene, dibenzosilole, carbazole and anthracene units have deep HOMO energy
levels about —5.5 eV. However, the HOMO energy levels of the copolymers containing
CPDT and DTS units are significantly shifted upward to around (-5.1 to -5.2 eV). The
LUMO levels of the copolymers are between —3.4 and —3.5 eV. All polymers exhibit good
thermal stability with decomposition temperatures surpassing 310 °C. Powder X-ray

diffraction studies have shown that all polymers have an amorphous nature in solid state.
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Chapter 1 - Introduction

1.1. The electronic structure of conjugated polymers

In order to understand the electronic configuration of conjugated polymers, it is better to
compare the bond orientation and hybridisation of saturated polymers and conjugated
polymers. Polyethylene (PE) and polyacetylene (PA) are selected as examples of

saturated and conjugated polymers, respectively.

In PE, each carbon atom in the main chain is sp® hybridised and it is bonded with two
neighbouring carbon atoms and two hydrogen atoms to form four sigma (o) bonds.
Therefore, each carbon atom utilises all four valence electrons and these electrons are
strongly localised. As a result, PE is electrically insulating as there is no free electron in
its backbone, which is responsible for conducting electricity. Consequently, the optical
band gap (Eg) of PE is large around 8.0 eV and it is outside the optical spectrum?,
However, in PA, each carbon atom is sp? hybridised and it is bonded to two neighbouring
carbon atoms and one hydrogen atom to form three o-bonds. The remaining unhybridised
2p; orbital per carbon atom is perpendicular to the trigonal planar of the polymer
backbone. Each unhybridised 2p, orbital contains unpaired electron and overlap with
adjacent 2p; orbital to form n-bond and ultimately they are delocalised along the entire
polymer backbone. This electronic delocalisation provides the semiconducting properties

that permit the charge mobility along the conjugated polymer backbone?.

The archetypal example of conjugated polymer is PA (-CH-)x. If the carbon-carbon bonds
in PA are equally long, the n-orbitals could be half-filled and it could possess a metallic
behaviour. Peierls predicted that this structure is unstable. In PA, the backbone of the
polymer has in fact alternating slightly longer single and slightly shorter double bonds?®.
It has two isomeric forms which are trans-polyacetylene (t-PA) and cis-polyacetylene (c-
PA). Due to the Peierls theory each repeat unit in t-PA contains two carbon atoms (-
CH=CH-)n. As a result, the n-band in t-PA is divided into two sub-bands which are the
filled m-band and empty ©*-band. The difference in energy between these bands is the
band gap (Eg) and for the t-PA the value is 1.5 eV*.



1.2. Doping in conjugated polymers

Conjugated polymers in the pristine state are neutral and usually semiconductors or
insulator having low conductivities. Upon doping, charge carriers are created and move
along the polymer chain. As a result, the conductivity significantly increases by several
orders of magnitude®. For example, the conductivity of t-PA is lower than 10° S cm™in
its undoped state. However, when it is doped with an oxidising agent® the conductivity
reached a metallic regime ~ 10% S cm™™.

Charge carriers can be generated via redox reactions. The doping in conjugated polymers
can be achieved in a number of different ways for example photo, acid-base, charge

injection and redox doping.

t-PA is unique among the conjugated polymers because it has a degenerate ground state,
I.e., two possible configurations (A and B phases) corresponding exactly to the identical
total energy (Figure 1.1). The two phases are distinct from each other through
interchanging the positions of single and double bonds’. As described above, each carbon
atom in t-PA contains an unpaired electron in unhybridised 2p; orbital. Neutral soliton
(radical) is formed in pristine t-PA when each chain having an odd number of carbons®.
The soliton is a domain wall between the two phases (A and B phases) along one chain

in t-PA and is spreading over several carbon atoms (approximately seven) ( Figure 1.1)2.

N SN X = NN
Phase A Phase B

Phase A ' ' PhaseB
ase Neutral soliton ase

Figure 1.1: The schematic illustration of two degenerate ground state of the t-PA with domain boundary

(neutral soliton) separates the two phases (A and B phases)

A new localised energy level at mid-gap appears for soliton with respect to the valence
band (VB) and conduction band (CB) levels of the t-PA. If the soliton is neutral, the mid-
gap is half-occupied. In the case of partially oxidised t-PA (p-type doping) a positively
charged soliton is formed and the mid-gap is empty but when it is reduced partially (n-
type doping) negatively charged soliton is created and the mid-gap contains two electrons.
Soliton has charge-spin relationships since neutral soliton has a spin Y2, however charged

solitons are spinless (Figure 1.2)°.



P RN RN

CB — — —

VB — — —
Positive Soliton Neutral Soliton Negative Soliton

Charge /Spin q*/0 0/% q/o0

Figure 1.2: The schematic illustration of the chemical structures (upper), band structures, charges and

spins (lower) for a positive, neutral and negative solitons in the t-PA

Unlike t-PA, the other conjugated polymers, for instance, c-PA, polypyrrole (PPy) and
polythiophene (PT) possess two distinct resonance forms, aromatic and quinoid geometry
which are not energetically equivalent. Quinoid resonance structure has a higher energy
than the aromatic resonance form. These types of polymers are called nondegenerate
ground state conjugated polymers?®. In such polymers, radical cations (or radical anions)
in p-type (or n-type) doping are the main charged excitations. For example, in p-type
doping of PPy one electron is removed from the conjugated chain leads to the creation of
a positively charged polaron (radical cation), which is associated with a quinoid-like
segment spreading over about four pyrrole rings (Figure 1.3). Two new electronic states
in the gap are formed in polarons. For doped PPy, these states are about 0.5 eV far from
the band edges'!. The lower state in a positive polaron contains an unpaired electron and
it has a spin of %. Second polaron is created by removing a second electron from the
chain. The combination of two positive polarons causes the formation of energetically
favourable dication species which is called positive bipolaron (Figure 1.3). In PPy, the
bipolaron also spreads over four pyrrole rings similar to the polaron®!. In the bipolaron
the lower state is more upshifted from the VB and the higher state is more downshifted
from the CB with respect to the polaron states and it is around 0.75 eV for PPy!. In
positive bipolarons, those states are empty and are spinless. At higher doping level, the

bipolaron states can overlap to form bipolaron bands.
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Figure 1.3: The schematic illustration of the chemical structures (upper), band structures, charges and

spins (lower) for a positive polaron and positive bipolaron in PPy
1.3. Methods for preparation of conjugated polymers

Since the preparation of the first conjugated polymer, PA in 1977, numerous methods for
synthesis of conjugated polymers have been developed. Generally, they can be classified
into three main categories: The oxidative, metal catalysed cross-coupling and

condensation polymerisation methods.

1.3.1. The oxidative polymerisations

The oxidative polymerisations are subdivided into two categories; electrochemical

oxidative and chemical oxidative polymerisations.

1.3.1.1. Electrochemical oxidative polymerisations

This method is extensively used for the preparation of conjugated polymers such as PPy
or PT from pyrrole or thiophene monomers respectively (Scheme 1.1)!2. In the
electrochemical oxidative polymerisation, the doped polymer film is directly deposited
onto an electrode surface in a monomer solution which contains an electrolyte. The
polymer film can be analysed by electrochemical methods®. For this type of
polymerisation, an applied potential is required and it must be higher than the oxidation
potential of the corresponding monomers. The polymerisation cannot be applied in large
scale preparation of the polymers because of its limitation to the surface area of the

electrode.

/ \\ -2ne,-2nH" [\

X =8, NH PT, PPy

Scheme 1.1: Synthesis of PT or PPy by the electrochemical oxidative polymerisations



The mechanism of the electrochemical oxidative polymerisation is not known exactly and
is a controversial subject but the generally agreed mechanism is Electrochemical-
Chemical- Electrochemical [E(CE)n] (Scheme 1.2). The first step involves the oxidation
of the monomer to generate a radical cation**. This intermediate has three resonance
forms (1, 2, and 3), while 2 is clearly the most stable®. Then, two radical cations are
dimerised at a-positions via radical-radical coupling to form a dihydro dication dimer.
The next step is release of two protons to form dimer and the driving force of this step is
returning the aromaticity of the dimer. This dimer is further oxidised to generate dimeric
radical cation and can attack another radical to form trimer after elimination of proton.

These reactions repeat until the polymer is formed?®.

n=0,1,2, 3, etc.

PT, PPy

Scheme 1.2: The mechanism of electrochemical oxidative polymerisation for five membered heterocyclic
monomers such as thiophene or pyrrole

1.3.1.2. The chemical oxidative polymerisations

Some conjugated polymers can be prepared by chemical oxidative polymerisations such
as PPy, PT and their derivatives such as, poly(3-alkylthiophene)s (P3ATS) using
oxidants such as anhydrous ferric chloride (FeCls) or ammonium persulfate
[(NH4)2S208]*". FeCls has been widely used as an oxidizing agent in anhydrous
chloroform. Yoshino and co-workers for the first time employed this type of
polymerisation for the synthesis of five-membered heterocyclic conjugated polymers
such as PT and its analogues PPy and polyfuran (PFu) from the thiophene, pyrrole and
furan monomers respectively (Scheme 1.3)%,
. @ FeCls M
X CHCI;4 X 4
X=S,NH, 0 PT, PPy, PFu

Scheme 1.3: The synthesis of PT, PPy and PFu by the chemical oxidative polymerisations
)



PT is insoluble and it has a lack of processability for optoelectronic applications.
Introduction of flexible side chains into the backbone of PT dramatically increase the
solubility of the resulting polymers, P3ATs. P3ATSs with straight alkyl side chains (butyl

or longer) are soluble and processable!’.

Since 3-substituted thiophene monomers are asymmetric, coupling in the 2- and 5-
positions of two 3-alkylthiophene units leads to three distinct regiochemical diads
(Figure 1.4). The first coupling is head-to-tail (HT), a second coupling is head-to-head
(HH), and the last coupling is tail-to-tail (TT). Furthermore, when three 3-alkylthiophene
monomers are linked together result is four possible triad regioisomers which are HT—
HT, HT-HH, TT-HT and TT-HH (Figure 1.4).

R
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HT-HT HT-HH TT-HT TT-HH

Figure 1.4: Possible regioisomeric couplings for 3-alkylthiophenes

The incorporation of HH diad configurations leads to twisting of the conjugated polymer
chain, because of the increased steric hindrance between the solubilizing alkyl chains and
the lone electron pairs of adjacent sp? sulfur atoms (Figure 1.5). P3ATs with a random
mixture of HH linkages, TT linkages and HT linkages are referred to as regioirregular
(ri-P3ATs) (Figure 1.5). However, P3ATs that consist of only HT arrangements are
referred to as regioregular head-to-tail (rr-P3ATSs) (Figure 1.5). As a result, ri-P3ATs
have lower effective conjugation lengths and larger bandgaps when compared to rr-
P3ATs™Y.
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Figure 1.5: The schematic presentation of rr-P3ATs (left) and ri-P3ATS (right)

In general, high molecular weight polymers and excellent yields are achieved by chemical
oxidative polymerisation with FeCls as compared to the polymers synthesised by
electrochemical oxidative polymerisation. The polymerization of 3-alkylthiophenes
either by electrochemical or chemical oxidative method gives ri-P3ATs with
approximately 60-80% HT-HT couplings®’. Andersson et al. reported that the chemical
oxidative polymerisation of a sterically hindered 3-(4-octylphenyl)thiophene by slow
addition of FeCls can provide regioregular poly[3-(4-octylphenyl)thiophene] (POPT)
with up to 94% HT-HT couplings?.

1.3.2. Transition metal catalysed cross-coupling polymerizations

Transition metal catalysed cross-coupling polymerizations between organohalides (Ar!-
X) and organometallic compounds (Ar?>-M) are powerful synthetic methods for Csp>—
Csp? bond formation??. Several conjugated polymers could be synthesised by these
reactions. The four most commonly used metal catalysed cross coupling polymerisations
are the Kumada-Corriu, Negishi, Stille and Suzuki, in which different nucleophilic
reagents are used for example the aryl Grignard reagents, aryl zinc reagents, aryl
stannanes and aryl boronic acids or esters respectively (Scheme 1.4). In these reactions
palladium or nickel complexes are commonly used as catalysts. In addition, the metal
catalysts which are used in these polymerisations are different, usually palladium based
catalysts are used in Stille and Suzuki. However, nickel based catalysts are used in
Kumada-Corriu. The polymers synthesized by these types of polymerisations are powders
and in their neutral states.

Af—X o+ Ar-M N Aaz 4 pex

Ar', Ar? = aryl; X = Br, |, or OTf; M = Mg, Zn, Sn, B

Scheme 1.4: The transition metal catalysed cross-coupling reactions



1.3.2.1. Kumada-Corriu cross-coupling reactions

In 1972, Corriu et al. and Kumada et al. independently reported the coupling between
Grignard reagents and aryl halides using nickel complexes as catalysts (Scheme 1.5)%24,
They found that NiClz(dppp) is the most effective catalyst among all the nickel-phosphine

complexes?*%,

NiClx(dppp)

Ar'-X + Ar’MgX Ar'-Ar2  + MgX,

Ar', Ar? = aryl; X = Bror Cl
Scheme 1.5: Kumada-Corriu cross-coupling reactions

The proposed catalytic cycle of the Kumada-Corriu reaction is depicted in scheme 1.6.
First step is the reaction between dihalodiphosphinenickel(ll) complex (1) with two
equivalents of the Grignard reagent to form nickel(0) complex (2), which is the active
catalyst in the catalytic cycle?®. The second step is an oxidative addition of the active
catalyst with an organohalide reagent to give halo(organo)nickel(1l) complex (3). The
third step is the transmetalation between 3 with the Grignard reagent to generate a new
diorgano nickel(ll) complex (4). In the final step, the latter complex undergoes the
reductive elimination to form the coupled product (Ar*-Ar?) and concomitantly regenerate
the LoNi(0) complex to complete the catalytic cycle?.
L,oNi(I1)Cl,

1
2 Ar’MgCl

2 MgCl, + Ar?-Ar?

L,Ni(0)
1. pp2 2
Ar'-Ar 2 Arl-X
Reductive elimination Oxidative addition
1
1 Ni(ll)L Ar\N (m
i 2 I 2 1 2 _
~ ~ =
I X 3 Ar', Ar‘ = aryl

X =1, Br, Cl, or OTf
Lz = thP(CH2)3PPh2

{

MgX, Ar?MgX
Transmetalation

Scheme 1.6: The catalytic cycle of the Kumada-Corriu reaction

In 1980, the synthesis of PT was published by two research groups using Kumada-Corriu
coupling reaction. The first group was Yamamoto which synthesised PT by treating 2,5-

dibromothiophene (1) with magnesium metal in THF using Ni(bipy)Cl. as a catalyst
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(Scheme 1.7)?". The second group was Lin and Dudek treating same starting material that
was used by Yamamoto et al. in the presence of various transition metal acetylacetonate
complexes, M(acac), (Scheme 1.7)%. The PT prepared by these research groups had low
molecular weights and they were insoluble even in THF. Soon after, Wudl et al. reported
synthesis of PT by reacting 2,5-diiodothiophene (2) with magnesium metal in diethyl
ether to form 2-iodo-5-iodomagnesiothiophene, which is the Grignard reagent
intermediate?®. This intermediate was separated and treated with hot anisole then
Ni(dppp)Cl. added as a catalyst (Scheme 1.7).

The first chemical preparation of soluble P3ATs was synthesized by Elsenbaumer and
co-workers via Kumada-Corriu  coupling reaction®.  3-Alkylsubstituted-2,5-
diiodothiophene (3) was treated with one equivalent of magnesium metal in THF (or
2MeTHF) as a solvent for the reaction to form the Grignard reagent (Scheme 1.7)%!.
Ni(dppp)Br2 used as a catalyst and subsequently added to the resulting Grignard reagent
to form soluble P3ATs with low number average molecular weight (M, = 3000-8000 g
mol?). The P3ATSs prepared by this method contain only 50-80% HT-HT couplings and

regioregularity cannot be controlled.

Mg, THF 7\
—_—
Ni(bipy)Cl, s”

M(acac),, where S

M = Fe, Co, Pd, Ni

Br@Br
1
Br/Q\Br
1 PT
7\ 1) Mg, diethyl ether, reflux ]\
|/©\| o M
2
R
3

¢

2) anisole, Ni(dppp)Cls S /n

Mg, 2MeTHF M |M
Ni(dppp)Br, > s R = alkyl group

P3ATs

Scheme 1.7: The synthesis of PT and P3ATs by Kumada-Corriu coupling reaction

The first synthesis of rr-P3ATs was developed by McCullough and Lowe in 1992
(Scheme 1.8)%. This method starts with selective lithiation at the 5-position of 2-bromo-
3-alkylthiophene (1) with lithium diisopropylamide (LDA) at cryogenic temperature to
generate organolithium intermediate (2), which is stable at this temperature with only 1-
2% of metal-halogen exchange®. This intermediate is changed to the organomagnesium

intermediate (3) by the addition of magnesium bromide ethyl etherate (MgBr..OEt,) and
9



subsequently polymerised in situ using the Kumada-Corriu cross-coupling reaction by
adding Ni(dppp)Cl. catalyst gave rr-P3ATs with almost 100% of HT—HT couplings®*.

R R R R
@\ LDA, THF /@\ MgBr,.OEt, /U\ Ni(dppp)Cl, 7\ S
s Br Li s Br BrMg s Br S N\ / n
1 2 3 R
rr-P3AT

Scheme 1.8: The synthesis of rr-P3ATs by McCullough method

Later on, McCullough and co-workers have prepared rr-P3ATs via the Grignard
metathesis (GRIM) method (Scheme 1.9)®. Treatment of 2,5-dibromo-3-alkylthiophene
(1) with one equivalent of commercially available Grignard reagent resulted in a mixture
of two regiochemical isomers (2 and 3) in a ratio of 85:15. This ratio was found
independently of the type of the Grignard reagent, temperature and the reaction time used.
The addition of Ni(dppp)Cl2 as a catalyst to the above mixture yielded rr-P3ATs which
contained more than 99% HT-HT couplings. This method does not require cryogenic
temperature which is necessary in the McCullough method. Moreover, this method does
not require the use of highly reactive metals and high molecular weight rr-P3ATSs can be
prepared in kilogram scale*®. The reason provided for the regioregularity of the polymers
obtained is that intermediates 2 and 3 are each involved separately in the growth of

polymer chains which leads to selective formation of head-to-tail P3ATS.

R
R

_RMgX, THF _ Ni(dppp)CI /I \_ s

W f& f& ] [

S RT or reflux n

1
R = alkyl; R" = alkyl, or vinyl; X = CI, or Br

rr-P3AT
Scheme 1.9: The synthesis of rr-P3ATs by the GRIM route
1.3.2.2. Negishi cross-coupling reactions

Negishi reported the first coupling between organozinc derivatives and organohalides by
using Ni or Pd as the catalyst (Scheme 1.10)%".

PdL,, or NiL,,
Ar'X + ArZnX —————— Ar-Ar2 &+ ZnXX'

Ar'l, Ar? = aryl; X = |, Br,Cl or OTf; X' = |, Br or CI
Scheme 1.10: Negishi cross coupling reactions

Chen and Rieke reported the synthesis of rr-P3ATSs via Negishi cross-coupling reaction
(Scheme 1.11)%%. In this method, 2,5-dibromo-3-alkylthiophene (1) was reacted with

Rieke zinc (Zn*) at cryogenic temperature resulting in a mixture of the two regioisomers
10



(2) as the predominant intermediates and 3 in minor quantities. A regioselectivity was
achieved as high as 97-98% at —78 °C for most cases. In addition, the ratio between these
isomers depends less on the length of the alkyl chains®. These organozinc intermediates
in situ undergo regioselective polymerization by adding catalytic amount of Ni(dppe)Cl2
to afford the 97-98% head-to-tail rr-P3ATs. Whereas, use of a Pd(PPhs)s as a catalyst

under identical conditions yielded a totally ri-P3ATSs.

R R R Nildppe)Cl baats
— > -
Br S Br BrZn S Br Br S ZnBr Pd(PPh3)4
1 2 3 — > ri-P3ATs
R = alkyl

Scheme 1.11: Chen and Rieke method for synthesis of rr-P3ATs and ri-P3ATs
1.3.2.3. Stille cross-coupling reactions

The coupling reaction of organic electrophiles such as aryl halides or triflates and aryl
stannanes catalysed by palladium is called the Stille coupling reaction and it is one of the
most selective and powerful synthetic approaches to form Csp2-Csp? bonds (Scheme
1.12)40,41_

Af'X  +  AsnR;  Pd. Afla2 4 xsnR,

Ar', Ar? = aryl; R = methyl or butyl; X = |, Br or OTf
Scheme 1.12: The Stille cross coupling reactions

The advantages of the Stille reaction are that organotin reagents are readily prepared and
are stable toward air and moisture and also the reaction is accomplished under neutral
conditions. Moreover, they would tolerate different kinds of functional groups on both
partners including ester or other sensitive groups such as nitrile and alcohol without any
protection/deprotection strategies*?. However, it has some disadvantages; organotin

compounds and by-products are toxic materials*>4.

A wide variety of different conjugated polymers with high molecular weights has been
synthesised by using palladium catalysed Stille polycondensation between electron-rich
distannane monomers and electron-deficient organodihalide monomers (Scheme
1.13)4045,

nXAr'X 4+ nR;SnArSnR, Pd, +Ar1-Ar2—)-n +  2nXSnRj

Ar', Ar? = aryl; R = methyl or butyl; X = | or Br

Scheme 1.13: The Stille polycondensation
11



Iragi and Barker have synthesised regioregular poly(3-hexylthiophene) (rr-P3HT)
through the Stille polycondensation using 2-iodo-3-hexyl-5-n-butylstannylthiophene
monomer (2) (Scheme 1.14)*. This monomer was synthesized by cryogenic lithiation of
2-iodo-3-hexylthiophene (1) at the 5-position using LDA and subsequently treated with
tri-n-butyltin chloride. This monomer undergoes homopolymerization using variety

solvents which resulted in rr-P3HT with greater than 96% HT-HT couplings.

R R R
T A THE I s
i) BuzSnClI \ //’n
1 2 R
R = hexyl rr-P3HT

Scheme 1.14: The synthesis of rr-P3HT by Stille polycondensation

The generally accepted catalytic cycle for the Stille reaction is illustrated in scheme
1.15*. The reaction consists of four main steps. 1) Oxidative addition; 2)
transmetallation; 3) trans to cis isomerisation; and finally 4) reductive elimination. The
Pd© such as Pd(PPhs)s and Pdz(dba)s or Pd!" for instance, Pd(OAc). and Pd(PPhs).Cl;
are used as the catalysts. The Pd(!" is changed to Pd©L, which is active catalyst by aryl
stannane monomer and allowing access into the catalytic cycle. The first step is an
oxidative addition of an organic electrophile (ArtX) to the PdOL, to form ArtPd(VL,X
intermediate. Espinet and Casado found that this complex is formed in the cis-
configuration and after that it is isomerised to the more stable trans-configuration®’. The
mechanistic details of the transmetallation step was published by Espinet and Echavarren
who proposed cyclic and open pathways*. In the cyclic pathway trans-Ar:PdWL,X
intermediate undergoes associative L-for-Ar? substitution through transition state (TS1)
in which the Sn and Pd metals are bridged by X and Ar?. As a result, T-shaped cis-
ArtAr?PdL complex is formed after elimination of XSnRs, from which the organic
product (Arl-Ar?) is generated and it is the final step which is called reductive elimination
and the PdOL, catalyst is regenerated and re-enters the catalytic cycle*®. The open
pathway is favoured where no bridging ligands are available and in highly polar solvents
and weakly coordinating anion (like triflate) which is readily substituted by the ligand or
solvent®. In this pathway, X is replaced by coordinating solvent (S) or ligand (L) to form
competitively cis- and trans-PdL,Ar'Ar?> complexes through transition state (TS2).

Finally, the coupled product is formed.
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L
|
PdL,X, + 2 Ar’SnR; — » ArP—Pd-Ar? + 2 XSnRs

i\v Ar?- Ar?
Ar'-X
Ar'—Ar?
Pd, —X |

|
Ar'—Pd-L
X
A
Ar?----Pd—L
Al XSnRq X:VC"C Ar' RySh-—--—-X
A—Pd-L <A Ar—Pd L<ﬁ)—L PdL TS1
RgSn Ar?SnR;
Open - S\\ Ar1L £
Al Pd’---Ar?----SnR,
Ts2 L—Pd-L| X L
\ $ Y  Ts2
A A
L—Pd-L + Ar?—Pd-L ‘44 Y =SorX

Ar?SnRg

Ar2 L S =L or solvent

Scheme 1.15: The catalytic cycle of Stille cross-coupling reaction
1.3.2.4. The Suzuki-Miyaura reactions

The Suzuki-Miyaura reaction has become one of the most important and general
methodologies for the construction of carbon-carbon bonds®2. This reaction comprises of
the coupling between different kinds of organic electrophiles such as halides or triflates
and organoboronic acids or esters in the presence of base and palladium complexes
(Scheme 1.16)%,

Ar'—X + Ar’—B(OR), bﬂ> Ar'-Ar2 +  X-B(OR),
ase

Ar', Ar? = aryl; X = Br, |, or OTf; R = H or alkyl
Scheme 1.16: The Suzuki-Miyaura cross coupling reaction

The Suzuki-Miyaura reaction offers several advantages such as commercial availability
of the reagents and mild reaction conditions. In addition, organoboron compounds are
generally inert toward oxygen and water and thermally stable®*. Moreover, they could
tolerate various types of functional groups and by-products are non-toxic and can be
easily handled and separated®. Therefore, this reaction is not only suitable for

laboratories but also appropriate for large scale synthesis.

The Suzuki-Miyaura reaction has been used for preparing various types of conjugated
polymers, for example, poly(arylene)s and their analogues. The Suzuki polycondensation
(SPC) reaction is a step growth polymerisation between two different monomers in
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(AA/BB approach) in which one of the aromatic monomer carrying two boronic acids (or
esters) and the second monomer has two halogens (bromides or iodides) to form
alternating copolymers®®. The SPC could also use a bifunctional (AB) monomer in (AB
approach) in which a monomer carries boronic acid (or ester) on the one side and the

halogen on the other side to form homopolymers (Scheme 1.17)°.

AA/BB approach

1 2 Pd
n (RO),B-Ar'-B(OR), +  nX-Ars-X m +Ar1-Ar2—)E + 2n X-B(OR),
AB approach
n (RO),B-Ar-X _Pd, +{Ary-  + nX-B(OR),
base n

Ar, Ar', Ar? = aryl; R = H or alkyl; X = Broor |

Scheme 1.17: The Suzuki polycondensation

Guillerez and Bidan reported the synthesis of a regioregular poly(3-octylthiophene) (rr-
P30T) through the SPC using 2-iodo-3-octyl-5-boronatothiophene monomer (2)%'.
Similar to Stille reaction, this monomer was obtained from 2-iodo-3-octylthiophene (1)
by selective lithiation at 5-position at — 40 °C using LDA and subsequently treated with
organoboron reagent. The polymerisation was carried out by coupling (2) using Pd(OAC):
as a catalyst yielded rr-P30OT which contained 96-97% HT-HT couplings (Scheme
1.18).

R i) LDA, THF R R
U\ ii) B(OMe)s 0. ﬂ\ THF/EtOH I\ s
s - 7C B Ng” Tl s” Y
iii) HO OH ! Pd(OAc),, K;,CO3 n
/><\ 3 )

1 R
rr-P30T

R = octyl

Scheme 1.18: The synthesis of rr-P30OT by the SPC

The catalytic cycle is similar to that of common cross-coupling reactions and widely
accepted to occur in a sequence of three steps: 1) oxidative addition; 2) transmetalation,
and 3) reductive elimination (Scheme 1.19)**. The oxidative addition of aryl halides
(ArtX) to the Pd°L, complex is the first step of the catalytic cycle®®. In this step, palladium
oxidises from oxidation state of (0) to (+2) to form ArtPd"XL, complex. This complex is
formed in a square planar cis-configuration and afterward it isomerises to a more stable
trans-configuration, which is the first isomerisation in the catalytic cycle®®. These results
were also confirmed theoretically by Braga and co-workers®®. Although the oxidative
addition and reductive elimination steps have been studied extensively experimentally

and theoretically, the mechanism of these two steps is well understood and they are
14



common in all transition metal catalysed cross-coupling reactions of organometallics.
Less is known about the transmetallation step and it is different from one catalytic cycle
to another®?. This step is highly dependent on the type of organometallic reagent used or
the reaction conditions for the couplings®?. The base such as sodium hydroxide is required
for the transmetalation step in the Suzuki-Miyaura cross-coupling reaction®. Two
pathways are generally proposed for transmetalation (Scheme 1.19). In path A, the base
reacts with an organoboronic acid to quaternise the boron atom and form a negatively
charged boronate [Ar?B(OH)s7 which increases the nucleophilicity of the aryl group on
the boron atom, and it can undergo transmetalation with the ArPd"XL. complex®.
Alternatively, in path B, the halogen in Ar'Pd"XL, complex is replaced by a negatively
charged base OH™ or OR" depending on the type of the base used. Oxo-palladium(ll)
complexes (Ar'Pd"OHL.) or (Ar'Pd"ORL.) are formed and subsequently they can react

with neutral organoboronic acids®*.,

Ar'-Ar2

)/ PdL, \\2/\ Pd°L, \S Art-Ar

A2
ArPd'AL, L AFPAIXL, pathg Ar'Pd'ArL,

w.g\ Ar'Pd"OHL, /)/\B(OH)s
Ar?B(OH),

X-B(OH)3 ArzB(OH)3

e
OH

Ar?B(OH),
Scheme 1.19: The catalytic cycle of the Suzuki-Miyaura cross-coupling reaction

Hartwig et al. studied the kinetic of the transmetalation step in the Suzuki-Miyaura cross-
coupling reaction®. They found that the rate of the transmetalation between boronate
[Ar?B(OH)s] and ArtPd'" XL, complex to be around four orders of magnitude slower than
that between organoboronic acid and Ar'Pd"OHL,. However, Electrospray ionization
mass spectrometry (ESI-MS) was utilised by Aliprantis and Canary to detect the
intermediates in the Suzuki-Miyaura coupling reaction®. In their studies two
intermediates which are [Ar'Pd(PPhs),Br]* and Ar'PdAr?(PPhs), were consistently
occurring but oxo-palladium intermediates such as ArPdOH(PPhs); or
Ar'PdOCH;(PPhs), were not observed.
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The final step of the catalytic cycle is the reductive elimination and before this step the
second isomerisation must take place®’. ArtPd"'Ar?L; is formed in the trans-configuration
as a result of transmetalation process. Therefore, it isomerises to cis-configuration and
coupling product (Ar-Ar?) is obtained and the palladium catalyst is reduced from the

oxidation state of +2 to 0 and continues to the catalytic cycle.

1.3.2.5. Direct hetero (arylation) cross coupling reactions

The formation of carbon-carbon bonds between (hetero) aryl halides or pseudohalides
and unfunctionalised (hetero) arenes to form hetero-hetero or biaryl molecules via
palladium-catalysed direct hetero (arylation) has attracted significant attention (Scheme
1.20)%,

Pd, base
e

Arl'—H +  ArP—X Ar'—Ar? +  HX

Ar', Ar? = aryl, or hetroaryl; X = Br, |, or OTf
Scheme 1.20: The direct hetero (arylation) reaction

This novel reaction has recently emerged as an economically attractive and
environmentally friendly alternative to traditional cross-coupling reactions®®. These
reactions as the latest developments in organic and polymer synthesis have numerous
advantageous over conventional metal-catalysed cross-coupling reactions such as: 1) they
do not require organometallic monomers, which are in some cases difficult to purify; 2)
the byproduct is HX, which is less toxic than organotin compounds (MezSnX or BusSnX)
in the Stille reactions; 3) fewer synthetic steps; 4) lower cost and 5) in some cases higher

yields’.

P3AT was the first conjugated polymer synthesised by Lemaire and co-workers using
direct  heteroarylation  polymerisation (DHAP)’. The dehydrohalogenative
polycondensation of iodinated thiophene derivative (1) using Pd(OAc). as a catalyst,
K2COs base and stoichiometric amounts of tetra-n-butylammonium bromide (n-BusNBr)
gave rr-P3AT with low molecular weight (M, ~ 3000 g mol™) (Scheme 1.21).

R R

U\ Pd(OAGC),, DMF s
I > R= CH3, (CHz)ZCH(CH3)C2H5 or CBH17
K,CO3, n-BuyNBr S\ //n

rr-P3AT

Scheme 1.21: The synthesis of rr-P3AT via DHAP
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Ozawa and co-workers have synthesised higher molecular weight P3HT (M up to 30000
g mol™) with high regioregularity of 98% from 2-bromo-3-hexylthiophene (1) using
Herrmann's catalyst and P(CsHs-0-NMe2)s as a ligand (Scheme 1.22)72.

R R

@ Herrmann's catalyst _ 7\ S R =
s” "B |igand, Cs,CO;, THF s” "\ /'n e

R

1
rr-P3HT

Scheme 1.22: The synthesis of rr-P3HT via DHAP

The mechanism of the Pd-catalysed direct arylation reaction has been studied
experimentally and theoretically and several pathways have been proposed. Concerted
Metallation-Deprotonation (CMD) is a more recent mechanistic pathway that has
received much support747, The catalytic cycle for coupling of aryl halide (Ar*-X) and
arene (Ar2-H) using Pd-phosphine catalytic system, stoichiometric amounts of pivalic
acid as an additive and cesium carbonate base is depicted in scheme 1.237. The first step
in the catalytic cycle is the oxidative addition which is similar to that of Stille and Suzuki
coupling reactions. In the second step, a halogen atom and one phosphine ligand are
replaced by pivalate anion to form complex 1. The pivalate anion functions as a proton
shuttle in this complex which abstracts a proton from Ar?-H and concurrently Pd-C bond
is formed via transition state (TS-1)’’. This transition state is transformed to biaryl
palladium complex (2) and followed by exchange of the pivalic acid by phosphine ligand
to create biaryl palladium diphosphine complex (3). Finally, the coupled product (Ar?-
Ar?) is formed from the latter complex and the palladium catalyst is regenerated and re-

enters the catalytic cycle.
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Ar'-Ar?

Pd L

L X— PdL2
CSZCO3 CSHCO3

>J\\0H \/>§—<

- %
Ar’ Ar’

>0
, | I o=<
Ar —F|>d—L H---Ar?---Pd—L
[} 7z
HO O | & o7 )

T T wen

2 TS-1

Ar' Ar? = aryl; X = Br, |, or OTf; L = phosphine ligand
Scheme 1.23: The catalytic cycle of the DHAP

1.3.3. Yamamoto coupling reactions

A variety of conjugated polymers such as polyfluorenes, polyphenylenes, polycarbazoles
and polythiophenes have been prepared by Yamamoto coupling reactions’®. The reaction
is carried out through dehalogenation polycondensation of dihalide monomer in the
presence of zero-valent nickel complex such as Ni(COD); as a catalyst and COD as a
neutral ligand. Poly(N-alkyl-3,6-carbazole)s (2) were successfully synthesised by this
method from N-alkyl-3,6-dibromocarbazoles (1) as starting materials (Scheme 1.24)"°.

Br Br
. n
Cri)  fweomood . [ )7 nean
: :

2,2'-bipyridyl, DMF
1 2
Scheme 1.24: The synthesis of polycarbazoles by Yamamoto reaction

The polymers which are prepared by this method have high molecular weights. The main
drawbacks of the Yamamoto coupling reaction are that stoichiometric amounts of the
catalyst must be used and the instability of the catalysts which are used.
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1.3.4. Condensation polymerisation methods

These types of polymerisation are widely used for synthesising arylenevinylene polymers
and copolymers. Poly(p-phenylene vinylene) (PPV) and its derivatives, Poly[2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) and Poly[2-methoxy-5-(3",7"-
dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV), can be prepared by
condensation polymerisations. Wessling and Gilch are the two most common types for

condensation polymerisations.

1.3.4.1. Wessling route

This route will be described in the chapter two.

1.3.4.2. Gilch method

Up to date, the ultimate versatile route for the synthesis of dialkoxy-substituted PPV
derivatives is known as Gilch method. The most extensively studied PPV derivatives is
MEH-PPV which has been synthesised by this method®. 1,4-Dihalo-2,5-dialkoxy-p-
xylene (1) is polymerised with large excess of base such as potassium tert-butoxide (t-
BuOK) in THF (Scheme 1.25).

OR OR
X t-BUOK
\
X THF R = 2-ethylhexyl; X = Cl, or Br
H3CO H3CO n
1 MEH-PPV

Scheme 1.25: Gilch method for preparation of MEH-PPV
1.4. Applications of conjugated polymers

Organic semiconducting materials are a promising alternate to inorganic semiconducting
materials. The development of organic semiconductors has potential applications in
optoelectronic devices like light-emitting diodes (LEDs)®'%?, field effect transistors
(FETs)®#4 and photovoltaics (PVs)&>.

1.4.1. Organic light emitting diodes (OLEDS)

Electroluminescence was discovered for anthracene by Pope et al. in 1963%. In 1987,
Tang and VanSlyke demonstrated an effective electroluminescence in organic small
molecules in a bilayer device with 1% external quantum efficiency®. In 1990, Burroughes
et al. developed the first OLED using a semiconducting polymer, PPV which is called
Polymer Light-Emitting Diode (PLED)®. The typical OLED comprises of one or more
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organic layers sandwiched between two electrodes®. A schematic illustration of a typical

bilayer OLED is displayed in figure 1.6.

Cathode
ETL
HTL
Anode
I Substrate

Figure 1.6: A typical bilayer OLED

Indium tin oxide (ITO), which is a transparent conducting oxide (TCO), coated on glass
substrate or flexible polymer is frequently used as the anode and it has a high work
function. Low work function metals like calcium, magnesium or aluminum are commonly
utilised as the cathode®. One of the organic layers is a hole transport layer (HTL) and the
other one is an electron transport layer (ETL), one of the two layers must be emissive.
HTL has low ionisation potential (IP) but ETL has high electron affinity (EA). The
operation process of two layer OLED®! is illustrated in figure 1.7. When a forward voltage
is applied across the device, electrons and holes are injected from the cathode and anode
into the LUMO and HOMO of ETL and HTL, respectively. They are transported into the
HTL/ETL interface and recombine to form excitons. Subsequently, they may decay
radiatively to produce light emission®?.

e\
\ aG u“m \e\l

Figure 1.7: The Energy level diagram and the operation of two-layer OLED. @ and @4 are abbreviations
of the work functions of the cathode and anode electrodes, respectively. AEe and AEy are the electron and

the hole injection barriers, respectively.

A variety of conjugated polymers has been investigated for light emitting diode

applications such as poly(p-phenylene) (PPP)%, polythiophenes (PT)s*%,
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polycarbazoles (PCz)s* and polyfluorenes (PF)s®. The colour of emission depends upon
the band gap of the conjugated polymer light emitting materials, which emit light from

ultraviolet to near infrared.

1.4.2. Organic Field Effect Transistors (OFETS)

Typical OFETSs are composed of gate electrode, insulating layer, organic semiconducting
layer, the source and drain electrodes (Figure 1.8)%". When a sufficient gate-source
voltage (Ves) is applied between gate and source electrodes, charge carriers are formed
and accumulated at organic semiconducting/dielectric interface. As a result, a channel is
generated and by applying a source-drain voltage (Vsp), these charges are transported and
a current flows from source to drain electrode. This state of the OFET device is called on,
while Vgs = 0, OFET is termed off®,

vV Semiconductor
GS __
Dielectric

L Gate

I Substrate .

Figure 1.8: The OFET device configuration

The types of the charge carriers formed in OFETs depend on the sign of Vgs. When
negative potential (Vgs < 0) is applied, the holes are generated and the type of organic
semiconductor is called p-type. However, when positive voltage is biased (Vgs> 0) the
electrons are formed and the type of organic semiconductor is designated as n-type. In
addition, in a few cases organic semiconductors are able to transport both electrons and
holes, which are considered as ambipolar®.

Three kinds of m-conjugated materials have been used in OFETs such as small
molecules®, oligomers'® and polymers®®. They should have good stability, high charge
carrier mobility and low cost for production and device fabrication.

Polythiophenes are frequently utilised in OFET devices. Unsubstituted polythiophene
(PT) was used for the first time as semiconducting material in polymer field effect
transistor (PFET) in 1986 by Ando and co-workers®:, It showed a charge carrier mobility
of 10° cm? V1 s, rr-P3HT showed significantly higher hole mobility compared to ri-
P3HT (Figure 1.5)02:103.104,
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1.4.3. Organic photovoltaics (OPVs)

At present, most of the global energy consumption originates from fossil fuels®. Burning
fossil fuels releases greenhouse gases such as CO2 which has a harmful impact on the
environment, causes air pollution, global warming and climate change'. In addition, the
stock of these non-renewable energy sources is limited and cannot provide enough energy
when the world’s population will increase. To solve these problems, renewable energy
sources, for example hydropower, bioenergy, wind power, solar and geothermal energy
have been developed in the past few decades. Harvesting solar energy and converting into
electricity via photovoltaic (PV) technology is a promising solution to growing energy
demand®®’. The power of the sunlight that strikes the surface of the earth amounts to
165000 terawatt (TW) per day and the energy of one hour is enough to provide the global

energy consumption in an entire year:08109.110,

The first inorganic crystalline silicon solar cell with efficiency of 6% was reported in
1954 by Chapin and co-workers!!!, Currently, single junction crystalline silicon solar
cells dominate the photovoltaic technology and have reached efficiencies up to 25%2113,
The indirect band gap of silicon makes silicon-based solar cells necessitate relatively
thick active layers to absorb sufficient sunlight'*#. In addition, high purity silicon crystals
are required to avoid recombination losses during charge carriers transportation and
collection. Furthermore, the manufacturing process requires high energy and combined
with the high cost of silicon makes the silicon-based solar cell expensive. Therefore,

silicon-based photovoltaics provide small amount of the global energy production.

Thus, alternative semiconducting materials have emerged during the last couple of
decades in order to reduce the materials costs. Copper indium gallium diselenide (CIGS),
cadmium telluride (CdTe), amorphous and nanocrystalline silicon (a-Si and nc-Si) are
candidates for thin film photovoltaic devices. These inorganic materials are direct
absorbers and they can absorb more photons than crystalline silicon*!®. Amorphous and
nanocrystalline silicon delivered the power conversion efficiency (PCE) of 10.1%".
However, higher efficiencies of 16.5 and 21.5% have been reported for CdTe and CIGS,
respectively!*”118 Although, these kinds of solar cells have shown decent efficiencies,
the material availability, toxicity (Cd, Te) and difficulties in controlling large scale

uniform films are obstacles for widespread commercialisation.

Organic photovoltaic technology generally includes small molecules'*®?°, conjugated

polymers®?1122 and dye-sensitised'?>!?* based solar cells. In particular, polymer
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photovoltaics have received substantial interest because of a number of reasons such as
low cost, easy processability, mechanical flexibility, lightweight and large scale roll-to-
roll (R2R) production??>126.127 |n addition, the optoelectronic properties of the conjugated
polymers could be adjusted by molecular design'?®. Furthermore, they have high
absorption coefficients, therefore only 100-200 nm active layer thickness is required for
adequate absorption of sunlight'?®. Although, PSCs have advanced very rapidly, their

power conversion efficiencies and lifetime are still inferior compared to inorganic solar
cellsl3°*131

1.5. Architecture of polymer solar cells
1.5.1. Single layer

Single layer cells are the simplest device structure of organic photovoltaics containing
only one organic layer between two electrodes (Figure 1.10)**2. The anode is made of an
ITO. The cathode is composed of a metal, for example calcium, magnesium or
aluminium. The difference in the electrodes work function provides built-in electric field
that is not high enough to overcome the exciton binding energy which is larger than 0.5
eV in conjugated polymers®3, This energy is several orders of magnitude higher than that
thermal energy, kT (300 K) = 0.026 eV and therefore, in such devices the electric fields
are insufficient to separate the excitons into free electrons and holes'*®. PPV was used in
single layer photovoltaic cells and provided very low external quantum efficiency (EQE)
in the order of 1% and PCE lower than 0.1%"*.

1.5.2. Bilayer planar heterojunction

In a two layer planar heterojunction, acceptor and donor layers are sandwiched between
the electrodes (Figure 1.10). The first two layer planar photovoltaic cell was developed
by Tang, in which two different organic semiconductors, a donor (D) and an acceptor (A),
embedded between a transparent ITO and a semitransparent metal electrode®®. Tang's
device achieved the PCE of about 1% under simulated air mass 2 (AM2) conditions. The
overall improvement efficiency in bilayer devices is mainly due to the exciton
dissociation at the D/A junction which is much more efficient than polymer/electrode

junction in single layer devices!31¥7,

The performance of bilayer devices is greatly restricted by the exciton diffusion length®38,
For most conjugated polymers, the exciton diffusion length is 4-20 nm?139.140.141
Consequently, only the excitons that are produced near the D/A junction could be

dissociated. The majority of excitons created far from the interface are lost by
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recombination, this leads to the low quantum efficiency and diminished the solar cell

performancel®?.

One of the major breakthroughs in the field of solar cell technology was the replacement
of n-type material by Buckminsterfullerene (Ceo) and its derivatives such as [6,6]-phenyl-
Ce1-butyric acid methyl ester (PCs1BM) and [6,6]-phenyl-C71-butyric acid methyl ester
(PC71BM) in organic photovoltaic (OPV) devices (Figure 1.9).

Figure 1.9: The molecular structure of Cgo and its derivatives

Fullerenes have become standard acceptors for organic solar cells due to their various
advantages. First, they have deep-lying LUMO energy levels and therefore they possess
high electron affinities'*®. Second, the triply degenerate Ceo LUMO tends to reduce up to
six electrons and stabilise the negative charge'**. Third, ultrafast photoinduced electron
transfer from conjugated polymers to Ceo and its derivatives have been observed by
Sariciftci et al. and Yoshino and co-workers independently on a time scale of (ca. 50
femtoseconds), which is significantly faster than any other competing photophysical
methods that exist!*>4¢, Finally, Cgo derivatives also show wvery high electron

mobilities'?’.

The first bilayer heterojunction device based on conjugated polymer (MEH-PPV) and
Ceo reported by Sariciftci et al. in 1993 delivered only a PCE of 0.04% which was slightly
improved compared to pristine MEH-PPV single layer based solar cells**4°, In order to
overcome the exciton diffusion length limitation, a revolutionary development then came

in the nineties with the introduction of bulk heterojunction (BHJ) architecture.

1.5.3. Bulk Heterojunction

This architecture was invented by Yu and co-workers in 1995, where the conjugated
polymer and fullerene derivatives are blended together as the active layer of an OPV
device, thus the distance that excitons migrate is dramatically reduced and concomitantly
the D/A interfacial area significantly increased'®®5!, The photogenerated excitons are

able to dissociate to free holes and electrons more efficiently compared to the previous
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architecture and thereby the efficiency of charge separation is improved leading to
enhanced efficiency. Compared to the previous architecture where the A and D materials
are consecutively placed on top of each other and can contact the cathode and anode
electrodes selectively, the BHJ requires two channels for transporting electrons and holes
to the electrodes. Thus, the D and A domains should form bicontinuous network with
nanoscale morphology for efficient charge transport and collection after exciton
dissociation®®2, Therefore, the BHJ devices are strongly affected by the nanomorphology

of the photoactive layer (Section 1.9)1%3,

The BHJ PSC device structure consists of several components as illustrated in figure
1.10%*, A transparent positive electrode, typically 1TO, coated on a glass substrate is
commercially available. In addition, a buffer layer of poly(3,4-ethylenedioxythiophene)-
polystyrenesulfonate (PEDOT: PSS) is placed between the ITO electrode and the
photoactive layer'®®. This layer smoothens out the ITO surface and also facilitates the
hole extraction®®®. The active layer is comprised of a blend of polymer D and fullerene A
and coated on the top of the buffer layer. Finally, a negative electrode, such as Al, Mg or
Ca employed as a cathode and evaporated. An electron transport layer (ETL) such as LiF

is commonly inserted between the negative electrode and the photoactive layer’.

I— -+
I Al
T+ Al LiF
Al PCBM P3HT + PCB
P3HT P3HT PEDOT: PS
ITO ITO ITO
| Glass |
Single layer Bilayer heterojunction Bulk heterojunction

Figure 1.10: The polymer solar cell architectures
1.6. Principle work of polymer solar cells

Generally, four fundamental steps are involved in the process of charge generation from
incident photons in polymer solar cells™® (Figure 1.11): (a) upon the absorption of
photons, electrons in the donor are promoted from the HOMO to the LUMO energy level
and leaves holes in the HOMO, leading to the creation of excitons®®, (b) the excitons
subsequently diffuse to the D/A interface?®, (c) the electrons are transported from the
LUMO energy level of the D to the LUMO energy level of the A. The electrons and holes
are on acceptor and donor phases, respectively, they are still strongly joined by coulomb

attractions as a geminate pairs*®, and (d) dissociation of these geminate pairs into free
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holes and electrons and finally the holes and electrons migrate towards the anode and

cathode electrodes through donor and acceptor domains and they are collected,

respectively!®l,
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Figure 1.11: The schematic diagram for working principle of polymer solar cells

1.7. Characterisation of polymer solar cells

Typical current-voltage (J-V) characteristics for BHJ PSCs under illumination is shown

in figure 1.12.
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Figure 1.12: J-V curve for BHJ polymer photovoltaics
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The most important performance parameters for the PSCs are short circuit current density
(Jsc), open circuit voltage (Voc), fill factor (FF) and power conversion efficiency (PCE).
Jsc 1S the maximum current that a photovoltaic cell can generate under short circuit
conditions. It is determined by the intersection of the graph with ordinate of the J-V curve
at zero bias. Voc is the maximum voltage that a photovoltaic device can produce. It is
determined by the intersection of the graph in the abscissa of the J-V curve at which
current is equal to zero under open circuit conditions. FF is calculated by the ratio
between theoretically power outputs (Vimpee Jupp) at maximum power point to the absolute
power (Voc Jsc) (Equation 1.1).
Pitax Vvpp J mpp

FF = = — ----- (1.1)
VOC ']SC VOC JSC

The estimated PCE is the ratio of Pout to the Pin, where Poyt and Pin are the power out and

power of the incident light, respectively (Equation 1.2).

P out Fi Voc Jsc
- = —  aea-- 1.2
PCE P D (1.2)

1243

1.8. Designing conjugated polymers for photovoltaic applications

The first few polymers that were extensively studied for photovoltaic cells, are soluble
PPV derivatives, for example, MEH-PPV developed by Wudl et al.*®> MDMO-PPV and
rr-P3HT. The photovoltaic performance of MEH-PPV: PCes1:BM composite showed
about 1% efficiency, which was a major step of conjugated polymers for use in solar
energy conversion®, In 2001, BHJ photovoltaic cell based on MDMO-PPV: PCs1BM
blend achieved a benchmark PCE of 2.5%%*. Wienk et al. fabricated a BHJ photovoltaic
cell based on MDMO-PPV and PC71BM that resulted in a higher PCE of 3% under
AM1.51 PPV derivatives have deep HOMO energy levels of -5.4 eV and as a result
the BHJ devices can provide Vo as high as 0.82 V. Further improvement for these
polymers was limited because of relatively low hole mobility'®® and large band gap (ca.
2.0 eV) which restricted Jsc to 5-6 mA cm. Therefore, the highest PCE reported for this
system was 3.3% so far'®’. Benefitting from a lower Eq (ca. 1.9 eV) and good hole
mobilities!®21%8 P3ATSs especially rr-P3HT have become one of the most representative
organic photovoltaic polymer donors in the 2000s. In 2002, the BHJ solar cell based on
P3HT: PCs1BM was fabricated and exhibited the maximum Jsc of 8.7 mA cm which
corresponded to very high external quantum efficiency (EQE) above 75% at the
absorption peak. In addition, the internal quantum efficiency (IQE) close to 100% was
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reported for the same blend'®. Due to extensive efforts of several groups all over the
world, PCEs of around 4-5% have been reported with P3HT: PCs1BM blend!/0171.172173,

The large Eg of P3HT (~ 1.9 eV) which can harvest only in the narrow range of the solar
spectrum between 350-650 nm is one of the main factors that limits the OPV efficiency
of P3HT, since the peak of photon flux density from the solar terrestrial radiation is
positioned at ~ 1.77 eV (ca. 700 nm)"*17>  In addition, it has a relatively high HOMO
energy level that limits the Voc to ~ 0.6 V for P3HT: PCs1BM based BHJ solar cells
(Figure 1.13)176.177,

1.8.1. Optimisation of HOMO-LUMO energy levels and Optical Band Gaps

In order to efficiently absorb solar energy, the absorption spectrum of polymer D should
be optimally matched to the solar spectrum to maximise Jsc and hence the PCE/"178,
Therefore, it is necessary to synthesise narrow Eg polymers with high extinction
coefficients!’®. Two strategies can be used for reducing the E4 of the donor polymers.
Firstly, the HOMO energy level of the D would be raised but inevitably results in
decreases of Voc. Since, it is demonstrated that the Vo is proportional to the energy
difference between the LUMO of the A and the HOMO of the D (Figure 1.13)179180.181,
Alternatively, the LUMO level of the polymer would be lowered but the AELumo, Which
is difference between LUMO levels of polymer and fullerene, should be in the range of
0.3-0.5 eV that is higher than the exciton binding energy to provide efficient electron-
hole pair dissociation at the polymer/fullerene interface and to promote charge carrier
separation (Figure 1.13)'82183128 ‘However, this energy offset in P3HT: PCs1BM system

is too large and results in lost energy*’’.
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Figure 1.13: The band structures of P3HT and MDMO-PPV relative to PCBM

28



The LUMO energy level of an ideal polymer should be between —3.7 and —4.0 eV when
PCs1BM is used as the acceptor (LUMO ~ —4.3 eV)!84 In addition, the polymer must
have good air stability with low-lying HOMO level which would help to exhibit a higher
Voc and a higher PCE in the BHJ photovoltaic device. Therefore, the HOMO level of the
ideal polymer should be between —5.2 and -5.8 eV and the optimal band gap should be
between 1.2 and 1.9 eV*#, Furthermore, the ideal polymer should have a high hole
mobility in order to increase Jsc and FF%%185, Moreover, the ideal polymer should have
an appropriate solubility in organic solvents for solution processability with fullerene
acceptor in fabrication of the BHJ photovoltaic devices. Finally, the ideal polymer should
form an optimised morphology with fullerene acceptor in the active layer with a
bicontinuous network on a nanoscale to enhance the Jsc and FF of the polymer solar cell

devicel®,

1.8.2. Strategies for Band Gap Tuning

Tuning the Eg, the LUMO and HOMO levels of polymer and fullerene derivatives are one
of the significant parameters to achieve high efficiency organic photovoltaic cells. The Egq
of the conjugated polymer is described as the energy difference between the LUMO and
HOMO levels and influenced by several factors: bond length alternation energy (EB-*),
aromatic resonance energy (E™), torsional angle energy (E®), substituents energy (E**),

and intermolecular interactions energy (E™) (Equation 1.3)7188,

Eg _ EBLA + Eres 4 Ee + Esub + Eint ------ (13)

These parameters are outlined in figure 1.14.

Figure 1.14: The parameters that affect the band gap of the polymer
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EBLA represents the major contribution to the band gap and it is the difference between
single and double bond lengths!®. Minimizing the BLA can be achieved by increasing
the quinoid form along the conjugated polymer chain and consequently the Eg is reduced.

E"s is associated to the aromatic resonance energy of the conjugated polymers that
contain aromatic monomers and it can be explained as the difference between the =n-
energy of the aromatic conjugated polymer and a structure with localised single and

double bonds. Low E™ leads to a narrow band gap polymer82,

E® is related to the torsional angle (0) between adjacent aromatic units and one useful
strategy to minimise this angle is by increasing the planarity of the conjugated backbone.
Planarisation can be achieved by reducing the steric hinderance between adjacent units.
For example, rr-P3ATs adopt more planar structure and give a high delocalization of the
n-electrons and as a result they have a low band gap. However, in ri-P3ATS the alkyl side
chains twist the backbone and decrease the conjugation length and consequently increase
the band gap (Figure 1.5)*%,

Esu0 js the influence on the LUMO and HOMO levels of the polymer by substituents.
These levels of the polymers could be altered by introducing electron donating (ED) or
electron withdrawing (EW) substituents, respectively. ED substituents, such as alkyl or
alkoxy groups elevate the HOMO level. However, EW substituents such as CN or NO-
lower the LUMO level'”. Raising the HOMO and lowering the LUMO levels leads to
reducing the band gap of the polymer®®:,

E'nt is determined by intermolecular interactions between the polymer backbones. In the
solid phase the chains are more ordered than in solution and consequently reducing the

band gap*®2.

One of the most efficient strategies to narrow the band gap is stabilising the quinoid
structure of the conjugated polymer backbone. Polythiophene (PT) has a large band gap
(~ 2 eV) because it has a pronounced single bond character between the thiophene
repeating units and hence large EBL-A1%, One effective method to decrease the Eqof PT is
the fusion of thiophene moiety at the 3,4-positions with another aromatic unit that has
higher resonance energy (E"™). For example, polyisothionaphthene (PITN) is formed by
fusion of thiophene unit (E" = 1.26 eV) with benzene ring (E™ = 1.56 eV), the benzene
ring maintains the aromaticity and synchronously thiophene unit adopts a quinoid
structure (Figure 1.15)%18 Consequently, lower the Eq of the resulting PITN to 1.10
eV which is around 1.0 eV lower than the corresponding PT%, Other low band gap
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polymers such as Poly(thieno[3,4-b]pyrazine) (PTP) (Eg = 0.95 eV), and Poly(thieno[3,4-
b]thiophene) (PTT) (Eg = 0.8-0.9 eV) were similarly synthesised by fusing thiophene
with other heterocyclic rings such as pyrazine and thiophene, respectively (Figure

1.15)196,197,198_
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Figure 1.15: The structures of aromatic (left) and quinoid (right) forms a) PITN b) PTP and ¢) PTT

The most successful approach to reduce the E4 of the polymers is to design donor-acceptor
(D-A) copolymers which contain D and A monomers'®®200201 The strong push—pull
driving force facilitates electron delocalization through intramolecular charge transfer
(ICT) from D monomer to A monomer®2, Consequently, the double bond character is
increased between the donor and acceptor units and reduces the EBYA, leading to narrow

the band gap?®

. According to molecular orbital theory, the HOMO level of the D unit
hybridises with the HOMO level of the A unit to produce two new HOMO energy levels
in D-A copolymer?®, Similarly, the LUMO level of the D moiety mixes with the LUMO
level of the A moiety to generate two new LUMO energy levels in D-A copolymer. One
of the two new HOMOs and LUMOs is higher in energy than the two initial HOMOs and
LUMOs and the other one is lower than them. Hence, the higher HOMO of the D moiety

and lower LUMO of the A moiety leads to reduce the optical band gap (Figure 1.16)?%.
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Figure 1.16: The orbital mixing between the D and the A moieties in D-A copolymer

By using this D-A approach, numerous new D-A copolymers have been developed for
OPV applications with efficiencies near to or even higher than that of P3HT (Table 1.1
and Table 1.2).

Yang and co-workers reported the PBDTT-DTBT copolymer containing benzol[1,2-
b:4,5-b’]dithiophene (BDT) as a donor unit and dithienylbenzothiadiazole (DTBT) as an
acceptor unit (Table 1.1)?%. The PBDTT-DTBT has an Eq of 1.75 eV with a deep
HOMO level of -5.31 eV. The PBDTT-DTBT: PC71BM based devices exhibited a high
PCE of 5.66%2%,

Yang et al. reported a first D-A copolymer based on alternating BDT as a donor building
block and ester substituted thieno[3,4-b]thiophene (TT) as an acceptor moiety denoted as
PTB1 (Table 1.1)?%". This copolymer was synthesised via Stille polymerisation and it has
an Eq of 1.62 eV. The BHJ solar cells based on PTB1: PCs1BM showed a PCE of 4.76%.
The PCE increased to 5.6% when PC7:BM used as the acceptor?®’. Using the same
polymer backbone, the effects of substituents and chain lengths were further investigated.
Yu and co-workers synthesised a series of PTBs (Table 1.1). PTB3 was synthesised by
replacing the alkoxy side chains on BDT moiety with alkyl chains?®®. The HOMO energy
level of the resulting polymer lowered to —5.04 eV compared to —4.9 eV for PTB1. As a
result, the Vo for the polymer increased to 0.72 V and the blend of PTB3: PCs:BM
showed a PCE of 5.85%. By the introduction of fluorine atom at the 3-position of TT, the
new polymer (PTB4) synthesised with n-octyl side chain on the ester group and 2-
ethylhexyloxy on BDT moiety. The HOMO energy level of the resultant polymer further
lowered to —5.12 eV with respect to PTB3. Consequently, the Vo is slightly enhanced to
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0.74 V and the BHJ devices fabricated from PTB4: PCs1BM exhibited a higher PCE of
6.1%28,

Table 1.1: Structures and photovoltaic performance of PBDTT-DTBT, PTBs and PBDTTT-CF
copolymers in BHJ PSCs

Polymer Voc Jsc FF | PCE | Ref.
(V) | (mAcm?) | (%) | (%)
PBDTT-DTBT 0.92 10.70 575|566 | 2%

0.58 12.50 65.4 | 4.76 | 2

X = H, R1 = octyloxy, Rz = dodecyl

PTB3: X =H, Ry = octyl, Rz = 2- 0.72 13.90 58.5 | 5.85 | 208
ethylhexyl
PTB4: X =F, Ry = 2-ethylhexyloxy, Rz = | 0.74 13.00 614 | 6.1 | 2%
octyl
PTB7: X =F, R1, R2 = 2-ethylhexyl 0.74 14.50 68.9 | 7.4 | 209210
PBDTTT-CF 0.76 15.20 66.9 | 7.7 | 2%

R1 = 2-ethylhexyloxy, Rz = heptyl

33



Yu et al. further developed PTB7 using 2-ethylhexyl side chains on both BDT and TT
moieties?®. BHJ PSCs fabricated from PTB7: PC7:BM offered a very impressive PCE
of 7.4%%%21% A similar polymer in the same series (PBDTTT-CF) reported by Li and
co-workers in which the ester group on TT unit is replaced by a ketone group (Table
1.1)%%, The higher PCE of 7.7% was obtained in devices based on PBDTTT-CF:
PCnBM?2,

Following these outstanding results for the PBDTTT copolymers, BDT unit
copolymerised with another electron accepting unit, thieno[3,4-c]pyrrole-4,6-dione
(TPD) to form PBDTTPD copolymers (Table 1.2). The first PBDTTPD copolymer was
reported by Leclerc et al.?**. They used straight alkyl chain on the TPD unit and branched
alkoxy chains on BDT unit to enhance the solubility of the polymer, which was
synthesised through Stille polymerisation. The resulting polymer exhibited an Egof 1.80
eV, which is higher than that of PBDTTT copolymers. In addition, the PBDTTPD
copolymers have lower HOMO energy levels than PBDTTT copolymers and
consequently higher Vo values could be expected. PBDTTPD blended with PC71.BM
showed a PCE of 5.5%°23. Soon after, Jen?* and Frechet?'® groups have synthesised the
same polymer but with higher M, value of 33000 and 35000 g mol™, respectively than
the previously reported polymer which has M, value of 13000 g mol™. The polymer
fabricated with PC7:BM in Jen group delivered a PCE of 4.1%2'. Frechet group
enhanced the PCE to 6.8% when the polymer blended with PCs1BM?*°, Xie et al. reported
two PBDTTPD copolymers with two different alkoxy chains on BDT units and the same
alkyl chain on TPD unit. PBDTTPD1 and PBDTTPD2 were synthesised with high M
values of 43500 and 91100 g mol™, respectively and they have the same Eq of 1.84 eV
(Table 1.2)?%. BHJ solar cells of PBDTTPD1 and PBDTTPD2 with PC71.BM gave a
PCE of 3.42 and 4.79%, respectively with Vo values as high as 0.90 V28, Later on, a
series of PBDTTPD copolymers was reported by Beaujuge et al. and they found that
attaching 2-ethylhexyloxy chains on BDT unit and n-heptyl chain on TPD improved the
performance of the polymer?'’. A remarkable PCE of 8.5% was achieved for PBDTTPD:
PC71BM blend (Table 1.2)%7.
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Table 1.2: Structures and photovoltaic performance of PBDTTPD copolymers in BHJ PSCs

Polymer Voc Jsc FF PCE Ref.
(V) (mAcm?) | (%) (%)
PBDTTPD 0.85 9.81 66.0 5.5% 213
0L 2
N
R ol o084 9.80 495 | 41v |
S
/ / |
S 7 S
& n 0.85 11.50 68.0 6.8° 215
1

R1 = 2-ethylhexyloxy, R> =

octyl

PBDTTPD1 0.93 6.58 56.0 3.42¢ 216
Ri1 = dodecyloxy, R, = 2-
octyldodecyl

PBDTTPD2 0.91 10.34 51.0 4.79¢ 216
R1 = 2-ethylhexyloxy, R = 2-
octyldodecyl

PBDTTPD 0.97 12.60 70.0 8.5° 217

R1 = 2-ethylhexyloxy, R> =
heptyl

2 Leclerc et al., ® Jen group, ¢ Frechet group, ¢ Xie et al., ¢ Beaujuge et al.

1.9. Morphology

Even if the electron donor polymer has suitable optical and electronic properties, it must
be blended with fullerene-based electron acceptor such as PCBM to form the active layer
in BHJ structure. The overall efficiency of BHJ photovoltaic cells depends on the
nanomorphology of the photoactive layer.

The degree of phase separation between the polymer and fullerene A is of paramount
importance and ideal BHJ morphology has the domain sizes within the exciton diffusion
length, which is on the orders of tens of nanometers?:8. If the domain sizes between the
two components are too small, the transport of the free charge carrires will be strongly
hindered due to the poorly conductive pathways for charge collection. As a result, free
electrons and holes recombine before reaching their respective electrodes via bimolecular
recombination?'®. This type of morphology is unfavorable and the PCE of the device

could be low due to inefficient charge collection, which causes loss of Jsc and FF. In the
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case of large domains, few excitons are able to reach the polymer: fullerene interface and
subsequently separate to free charge carriers. The performance of this type of morphology
Is limited due to insufficient exciton dissociation, which causes loss of Jsc and FF
Therefore, to achieve the optimal nanomorphology of the photoactive layer controlling
the degree of phase separation and feature size is essential during the fabrication of BHJ

solar cells.

The nanomorphology of the photoactive layer can be affected by several processing
parameters such as the choice of solvent(s) for spin casting film, thermal and solvent
annealing, solvent additive and blend composition.

1.9.1. Choice of solvent(s)

The first important point is the choice of solvent(s) on the nanomorphology of polymer:
PCBM film and the performance of the device. Shaheen et al. showed the impact of
solvent on the morphology of the photoactive layer and device efficiency of the MDMO-
PPV: PCs1BM blend film!®, A PCE of only 0.9% was attained when toluene (TO) was
used for casting the film, whereas the efficiency was dramatically increased to 2.5% when
TO is replaced by chlorobenzene (CB). The size of the fullerene domains within the
resulting films changes enormously with the choice of solvent??°. For instance, Yang and
co-workers observed that the size of PCBM clusters is less than 100 nm in CB-cast films,
while in TO-cast films micrometre-sized PCBM-rich domains were observed??!, Indeed,
the solubility of PCBM in CB is higher than in TO. Liu and co-workers fabricated
photovoltaic cells from blends of MEH-PPV: Ceo with different solvents [CB, o-
dichlorobenzene (DCB), xylene (XY), tetrahydrofuran (THF) and chloroform (CF)]?%.
The authors claimed that the CB, DCB and XY solvents induce better contacts between
the polymer and Ceo molecules, resulted in larger Jsc and lower Vo than using THF and
CF solvents. Rispens et al. fabricated solar cells from MDMO-PPV: PCs1BM blends by
changing the solvents from XY through CB to DCB and they compared the surface
topology of the active layers??. They found that the phase separation was decreased from
XY through CB to DCB. The PCE of 3% was obtained for a device made from CB with
a significant improvement of Jc and FF. The PCE of 6.1% reported for PCDTBT
(Scheme 4.2) and PC71:BM photovoltaic cells prepared from DCB, which is higher than
those devices processed from CF or CB??*. This is probably due to DCB providing

optimal phase separation relative to CF and CB solvents.
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Some interesting results have been shown using mixed solvents. For example, a study on
a blend of PEDTBT (Scheme 3.3) with PCs1BM fabricated by incorporating a small
amount of CB in CF (CF: CB = 80: 1, v/v) showed a significantly enhanced Jsc compared
with devices prepared from neat CF. However, a reduction in Jsc was exhibited when
devices made from CF mixed with XY or TO??, Janssen and co-workers showed that the
effect of mixed solvents on the nanomorphology of the active layers and the efficiencies
of the photovoltaic devices containing low band gap polymer, pPBBTDPP2 (Scheme
1.26) blended with PCs1BM?%., The device processed from CF: DCB (4:1, v/v) delivered
the highest PCE of 3.2% than devices made from neat CF (1.1%) or DCB (2.9%). This is
due to the large difference in boiling points and vapour pressures of the solvents, the
evaporation rate of DCB is slow and allows the polymer to crystallise. In addition, the
devices prepared from DCB alone and DCB: CF show small features less than 100 nm
using atomic force microscopy (AFM) measurements of the blends, while devices
processed from CF alone display large domains of several hundreds of nm. Similarly, Liu
et al. used CF alone, DCB: CF (1:16 and 1: 4, v/v) for fabricating low band gap polymer,
pDPP (Scheme 1.26) mixed with PC71BM??’. A low PCE of 1.05% was achieved when
CF was used alone. The performance of the devices was significantly enhanced by
gradually increasing the DCB content. The PCE was increased to 4.16% in the case of
DCB: CF (1:16, v/v) and the highest PCE of 5.62% were obtained in DCB: CF (1:4, v/v).
The higher performance is the result of higher Jsc due to improved crystallinity and

morphology of pDPP: PC7:BM blends casting from mixed solvents.

pBBTDPP2 pDPP
R = 2-ethylhexyl R = 2-octyldodecyl

Scheme 1.26: Structures of pBBTDPP2 and pDPP
1.9.2. Thermal annealing

Thermal annealing has proven to play an important role to control the nanomorphology
of certain types of active layer materials. Dittmer and co-workers observed the effect of

thermal treatment on P3HT blended with organic small molecule dye, N,N’-bis(1-
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ethylpropyl)perylene-3,4:9,10-tetracarboxylic diimide (EP-PTC) (Scheme 1.27)?%. The
EQE was improved after annealing at 80 °C for one hour compared to non-annealed
device. This improvement has been related to enhancement of the crystallinity of P3HT

upon thermal annealing, which results in increased carrier mobility in the blend.

Ow. {

I

o) o)
EP-PTC

Scheme 1.27: Structure of EP-PTC

Camaioni and co-workers reported that the efficiency of P3HT: fulleropyrrolidine solar
cells could be increased by three to four folds under mild thermal treatment at 55 °C for
30 min?%, Padinger et al. reported a postproduction treatment (after deposition of the
cathode electrode) of P3HT: PCes1BM devices and the PCE of the device was improved
to 3.5%%°. Since then, extensive efforts have been devoted to optimising thermal
annealing via carefully controlling temperature and time in order to improve the
morphology of the photoactive layer and increase the efficiency of P3HT: PCs1BM
devices and the PCEs around 5% were reported*’>13, Chirvase et al. have studied the
influence of thermal treatment on the nanomorphology and PCE of P3HT: PCe1:BM
devices?*!. They concluded that the absorption of P3HT is red-shifted in the blend films
upon annealing the devices. Mihailetchi and co-workers also reported the similar
phenomena?2. The structural and optical properties of P3HT: PCs:BM composite have
been investigated using grazing-incidence X-ray diffraction (GIXRD) measurements
upon thermal annealing®®®. The P3HT backbone orientation became parallel to the
substrate; however, their side chains were oriented perpendicular to the substrate after
thermal annealing. In addition, upon thermal annealing fullerene molecules were
redistributed and diffused into larger domains. Consequently, the absorption of P3HT is
shifted to longer wavelengths due to increased crystallinity. A detailed investigation using
transmission electron microscopy (TEM) and electron diffraction confirmed that upon
thermal annealing of P3HT: PCs1BM blend films, the length of fibrillar crystals of P3HT
phase was increased®*. As a consequence, a large interfacial area was formed and the
efficiency of charge generation was enhanced due to the improvement of charge transport
for the blends upon annealing and yielding higher photovoltaic device efficiencies.
Besides P3HT: PCs1BM blends, several other systems such as PCPDTBT: PCs1.BM
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(Scheme 6.1) and PDTSBT: PC71BM (Scheme 7.1) have shown higher efficiencies after

thermal annealing®®2%,

1.9.3. Solvent annealing

Solvent annealing (or slow growth) is another effective technique to alter the
nanomorphology of the active layers. This is done by placing cast films in contact with
solvents or their vapours in a partially closed container such as covered glass Petri dish,
which slows the evaporation rate of the solvent?3"2%23 Solvent annealing of P3HT:
PCes1BM blends produce high degree of ordering of the P3HT chains, the crystallinity of
the P3HT was improved and the polymer chains became self-organised!’®. As a result,
the absorption of P3HT was shifted to lower energy region, and controlled phase
separation’®. Mihailetchi and co-workers reported that the hole mobility of P3HT was
improved by 33-fold in P3HT: PCes1BM blend upon solvent annealing®®. Li et al. have
investigated the rate of solvent evaporation and thermal treatment on the device efficiency
of P3HT: PCs:BM blends'’®. They found that the slow evaporation rate over 20 min
period of the DCB solvent during film formation gave a PCE of 3.5%. If the evaporation
time is reduced to 3 min this leads to a decrease in PCE to 2.80%. However, during fast
solvent removing by heating the blend at 50 and 70 °C, the PCE was further dropped to
2.10 and 1.36%, respectively. In addition to solvent annealing, the device annealed at 110
°C for 20 min and the PCE increased to 4.37%. The improved PCE is attributed to high
FF of 67.4% due to self-organisation of the P3HT chains, increased hole mobility and
better balanced electron and hole transport. The effects of solvent annealing and thermal
annealing on the polymer nanoscale crystallinity, absorption and the device performance
of P3HT: PC71BM blends have studied by Chu et al.?*1, Controlling the solvent-removal
rate increased the molecular ordering of the P3HT in the blend films, as confirmed by
GIXRD. The PCE of 3.80% was achieved for P3HT: PC71BM after thermal annealing at
110 °C for slow grown film. The high efficiency is attributed to improved Jsc and FF due
to enhanced absorption and higher charge carrier mobility, respectively. Shrotriya et al.
have investigated the impact of self-organisation by controlling solvent-removal rate on
the performance of P3HT: PCs:BM blends?*2. They found that the Jsc and FF were
improved for slow growth process of the active layer. This enhancement is attributed to
increased exciton generation and dissociation efficiency, enhanced carrier mobilities, and

highly balanced charge transport.
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1.9.4. Solvent additive

The utilisation of solvent additives is an alternative method to solvent and thermal
annealing for controlling the nanomorphology of the photoactive layer in organic
photovoltaic cells. Studies of the addition of additives to host solvent during film

processing of the blend were first reported by Bazan group?*®

. They demonstrated that the
photoconductivity, carrier mobility and lifetime in P3HT: PCs:BM BHJ films were
significantly increased by adding octanethiol (5% by volume) to the TO host solvent that
resulted from enhanced structural order?®. Peet et al. reported that after the addition of a
few volume percentage of 1,8-octanedithiol (ODT) (2.5% by volume) into the
PCPDTBT: PC71BM system (Scheme 6.1), the photovoltaic device efficiency was
almost doubled from 2.8 to 5.5%%*4. Soon after, Lee et al. showed a systematic study of
the addition of 1,8-di(X)octanes (X =CN, SH, I, Br, Cl and CO,CHz) to CB host solvent
for fabricating PCPDTBT: PC7:BM BHJ solar cells?®. They found that 1,8-diiodooctane
(DIO) was the best additive and the PCE of the solar cells was increased from 3.4 to 5.1%.
They also demonstrated that alkanedithiols selectively dissolve the fullerene in the CB
host solvent?®. Since alkanedithiols have higher boiling points than CB, allowing the
fullerene molecules to stay longer in the solution than the polymer during film
processing®®. Consequently, the morphology of thin films can be manipulated by
selection of various additives and their concentrations to control the phase separation

between donor and acceptor molecules?*®.

Upon addition of the ODT to the P3HT: PCs1BM blend, the crystallinity of P3HT chains
was increased?#®. In addition, higher hole mobility was achieved by adding octanethiol to
the P3HT: PCs1BM composite?*3, However, no increase in hole mobility was observed
using field effect transistor (FET) measurements for PCPDTBT: PC71BM active layer
by incorporating ODT?*. Moreover, X-ray diffraction (XRD) data indicated that the
PCPDTBT: PCnBM films were amorphous with or without ODT processing®*.
Therefore, the increased device performance must result from the improved
interpenetrating network, better percolation pathways for holes and electrons and also the

electron mobility was significantly improved in the films when processed with ODT?*/,

1.9.5. Blend composition

The blend composition of the polymer and fullerene compounds is an important
parameter that influence the morphology and device performance of the system critically.

In the case of PPV derivatives with PCBM, the best device performance was reported by
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taking a weight ratio of polymer: PCBM (1:4) to provide a suitable nanoscale phase
separation between the two components, an efficient charge transport and a reduced
recombination®4248.249 In contrast to the PPV-based devices, P3HT: PCBM composites
require significantly lower fullerene contents for optimum photovoltaic cell efficiencies.
Chirvase et al. have studied the influence of P3HT: PCBM weight ratio on the
nanomorphology and the solar cell performance of P3HT: PCBM blends?3L. They found
that the Jsc and EQE of the blends were significantly increased with decreasing the PCBM
loading and the maximum values were attained at 50 wt% of PCBM. The highest PCE
was achieved for device based on P3HT: PCBM blends (1:1, w/w). Ma et al. recorded a
PCE of about 5% using P3HT: PCBM (1:0.8, w/w) active layer'’3, Shrotriya et al. have
studied the impact of P3HT: PCBM weight ratio on the absorption spectra of films and
the photovoltaic performance of P3HT: PCBM BHJ solar cells®*. They confirmed that
the absorption spectra of the films were blue-shifted about 63 and 80 nm when the amount
of PCBM was 67 and 75 wt%, respectively. The maximum absorption wavelength for
the blend was achieved with 50 wt% PCBM. They also found that the Jsc values were
increased using lower amount of PCBM and the maximum value of 9.9 mA cm? was
attained with P3HT: PCBM (1:1, w/w). The efficiency of 3.85% was obtained due to
increased absorption in the low energy regions and better charge carrier transport in the
P3HT: PCBM (1:1) composite.

1.10. Novel Acceptor Materials

As mentioned earlier, AELumo would be lowered by upshifting the LUMO energy level
of the fullerene in order to maximise the Voc of P3HT based PSCs and hence increase the
PCE of the device (Figure 1.13). Koster et al. have calculated the ultimate PCE of P3HT:
PCs1BM BHI solar cell versus AELumo and band gap®. First, they studied the effect of
lowering the AELumo to 0.5 eV by raising the LUMO level of acceptor (i.e., the band gap
of the P3HT unchanged) and the efficiency of 8.6% was predicted. This efficiency
increase results from an increase of Vo value. Second, the authors showed that by
lowering the E4 of the P3HT to 1.5 eV by lowering its LUMO level (i.e., Vo value
unchanged) leading to an efficiency of 6.6%. This efficiency increase outcomes from
enhanced the Jsc value. Finally, Koster and co-workers calculated the energy conversion
efficiency of P3HT: PCs1BM BHJ solar cell to 10.8% for optimized AELumo, band gap,

layer thickness and high hole mobility*®.

Several novel fullerene derivatives have been developed and utilised as acceptors and

tested in BHJ PSCs such as lutetium based endohedral fullerenes (LusN@Cso), PCeoBM-
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bisadduct (bisPCeoBM), indene-Ceo bisadduct (ICeoBA) and indene-C7zo bisadduct
(1C70BA) (Figure 1.17)251,252:253254

LU3N@c80'PCBM

Figure 1.17: Structures of novel fullerene derivatives

In 2009, Ross et al. reported endohedral Cso-fullerene derivative (LusN@Cgo-PCBM)?,
A PCE of P3HT: LusN@Cso-PCBM BHJ solar cells reached 4.2% which is higher than
that of P3HT: PCs1BM system (3.4%). Both devices had the same Jsc and FF but the
former blend had a higher Vo relative to the latter cell benefitting from a higher LUMO
level of LusN@Cso-PCBM than PCs1BM. Bisadduct analogue of PCBM (bisPCsBM)
has a higher LUMO energy level about 0.1 eV compared to PCs1BM. P3HT: bisPCsoBM
based solar cell exhibited a higher PCE of 4.5% which is higher than that of P3HT:
PCs1BM based solar cell (PCE of 3.8%)%2. He et al. reported new bis-adduct fullerene
derivative (1Cs0BA) with stronger absorbance in the visible region compared to PCs1BM
and the LUMO level of 1CsBA upshifted to —3.74 eV, which is higher than PCs1BM?*,
The photovoltaic devices including P3HT: 1Cs0BA showed an excellent PCE of 5.44%
compared with P3HT: PCs1BM based polymer solar cells (PCE of 3.88%) under similar
conditions. After device optimisation by the same group, the PCE of 6.5% was achieved
for BHJ photovoltaic cells containing P3HT: 1CsBA?®. He and co-workers further
designed and synthesised new bis-adduct fullerene (IC70BA) which displays stronger
light absorption in the visible region than PCs1BM?%*. The LUMO level of IC7oBA is
higher than that of PCs1:BM and PC71:BM. Consequently, the Vo and the PCE of the
photovoltaic devices including P3HT: 1C7BA significantly improved (0.84 V, 5.64%)
compared to P3HT: PCs1BM (0.59 V, 3.55%) and P3HT: PC71BM (0.58 V, 3.96%)
respectively. Sun et al. further optimised the devices based on P3HT: IC70BA BHJ solar

cells and the PCE reached 6.69%2%%. More importantly, Guo and co-workers further
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optimised the photovoltaic devices based on P3HT: IC70BA blend and showed an
impressive PCE of 7.40%%",

1.11. Aims and Objectives

Polymer solar cells (PSCs) have received considerable attention as a renewable energy
source because of their benefits such as lightweight, flexible devices, and solution
processing®®. The PCE of BHJ PSCs, where the photoactive layer involves a blend of
donor and acceptor, has dramatically increased in the last few years. To achieve high
PCEs with these devices, the conjugated polymer should have a deep HOMO level to
increase Vo, a low energy band gap in order to efficiently absorb the solar energy
resulting in higher Js, a high absorption coefficient and a good hole mobility?>®. The most
efficient strategy to construct low band gap polymers relies on the use of alternating D
and A moieties along the backbone of conjugated polymers. Using this strategy, several
kinds of D-A copolymers have shown excellent PCEs.

One of the aims of this project is to prepare novel conjugated polymers based on
thermocleavable  materials.  Thermocleavable  polymers have  solubilising
thermocleavable side chains such as branched alkyl chains which are attached to the
conjugated polymer backbone through labile ester bonds. A thin film can be prepared
from them by solution processing methods and after thermal annealing the solubilising
groups are eliminated and the film becomes insoluble. Thermocleavable polymers have
several advantages; firstly, they have a higher chromophore density as the nonconjugated
side chains are removed after the thermal treatment. This makes these polymers possess
more rigid structures and provides them with a better stability in BHJ PSCs. Secondly,
the operational lifetime of the devices based on the films of these polymers for application
in PSCs could be longer than those from devices based on polymers which have
solubilising groups in the final film. Finally, low band gap polymers have been
synthesised using this approach by donor-acceptor approach which could harvest large

amounts of sunlight.

New phthalate-based thermocleavable polymers will be synthesised via the Stille
polymerisation. 35 and 36 are two thermocleavable copolymers containing bithiophene
or tetrathiophene as the donor units and secondary phthalate ester as the acceptor unit
(Scheme 1.28). 37 is a thermocleavable copolymer which has a fluorene flanked by
thienyl units as the donor building block and secondary phthalate ester as the acceptor

moiety (Scheme 1.28). The impact of extending thiophene units and different donors will
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be investigated on the optical properties and molecular weight of the polymers. Upon
thermal treatment, the soluble precursor polymers will be transformed into active phthalic
anhydride polymers, upon cleavage of the ester groups into carboxyl groups followed by
dehydration (Scheme 1.28). The resulting films will be completely insoluble. The
photophysical and thermal properties of the polymers will be compared with each other

as well as to the other thermocleavable polymers.
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Scheme 1.28: Structures of 35, 36 and 37 before and after thermal treatment

PFDTBT (Scheme 3.3) and PDBSDTBT (Scheme 3.4) are two fluorene/dibenzosilole-
alt-benzothiadiazole donor-acceptor copolymers, which showed promising results in BHJ
solar cells??>2, In order to prepare polymers with lower band gaps than these two
polymers, new alternative polymers using benzothiadiazole dicarboxylic imide units will

be targeted in this project.

The design and synthesis of fluorene/dibenzosilole-alt-benzothiadiazole dicarboxylic
imide (BTDI) donor-acceptor copolymers, 76, 77, 78 and 79 will be undertaken (Scheme
1.29). All polymers will be synthesised via Suzuki polymerisation. The impact of
attaching different substituents [3,7-dimethyloctyl (DMO) vs n-octyl] to the BTDI units
upon the solubility, molecular weights, optical and electrochemical properties, thermal
stability and structural properties of the resulting polymers will be studied. The
photophysical and electronic properties of the polymers will be compared with each other
and with those PFDTBT, PDBSDTBT and other analogues.
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CgH17CgH17

76: R=DMO 78: R=DMO
77: R = octyl 79: R = octyl

Scheme 1.29: Structures of 76, 77, 78 and 79

PCDTBT (Scheme 4.2) is one of the most successful alternating copolymers containing
2,7-carbazole as the electron-rich moieties and benzothiadiazole as the electron-deficient
moieties?®. PCDTBT and PC7:BM in BHJ photovoltaic cells showed impressive PCE
of 7.5%2%3, O-PDFCDTBT and HD-PDFCDTBT (Scheme 4.4) are two promising
alternating D-A copolymers containing 3,6-difluoro-2,7-carbazole units and dioctyloxy
substituted benzothiadiazole units?®+?%2, O-PDFCDTBT and HD-PDFCDTBT blended
with PC71BM delivered power conversion efficiencies of 4.8 and 7.39%,

respectively?61:262,

Inspired by these works, four new alternating copolymers, 104, 105, 106 and 107 will be
designed and synthesised via Suzuki polymerisation (Scheme 1.30). The first and second
copolymers contain 2,7-carbazole as the electron-rich moieties and BTDI as the electron-
deficient moieties. Two distinct solubilising chains (3,7-dimethyloctyl vs n-octyl)
attached to BTDI units to investigate the effects of these chains on molecular weights,
optical and electrochemical properties, structural and thermal properties of the polymers.
In addition, in the third and fourth copolymers two fluorine atoms are incorporated at 3,6-
positions of 2,7-carbazole repeat units to investigate the influence of fluorination on the
photophysical properties, the HOMO and LUMO energy levels, thermal properties and
molecular ordering of the resulting polymers. The photophysical and electronic properties
of the 104 and 105 will be compared with each other and with those PCDTBT and other
analogues. In addition, the optical and electronic properties as well as molecular ordering
of the 106 and 107 will be compared with each other and with those O-PDFCDTBT,
HD-PDFCDTBT and other counterparts.
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104: R = DMO 106: R = DMO
105: R = octyl 107: R = octyl

Scheme 1.30: Structures of 104, 105, 106 and 107

PPATBT-8 and PPAT2BT-8 (Scheme 5.1) are two promising alternating copolymers
comprising 9,10-phenylanthracene flanked with two thienyl or bithienyl as the D units
and dioctyloxy substituted benzothiadiazole as the A unit. These polymers were
synthesised in the Iragi group. PPATBT-8 and PPAT2BT-8 yielded the PCE of 3.92 and
4.17% in solar cell devices when mixed with PC71.BM as the acceptor, respectively?®4,
Recently, anthracene-based copolymers delivered a remarkable PCE up to 8% in BHJ

solar cells?®,

Inspired by these works, two new low band gap alternating copolymers, 109 and 110 will
be designed and synthesised in this project (Scheme 1.31). The copolymers will be based
on 2,6-linked anthracene as the electron-rich moieties and BTDI as the electron-deficient
moieties. Two different alkyl chains will be anchored to the BTDI moieties in order to
investigate the impact they have upon the molecular weights, optical and electrochemical
properties, thermal stability and molecular ordering of the resulting polymers. The
photophysical and electronic properties of the 109 and 110 will be compared with each
other and with those of PPATBT-8, PPAT2BT-8 and other counterparts.

OCyzHzs

109: R = DMO
110: R = octyl

Scheme 1.31: Structures of 109 and 110
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Cyclopentadithiophene (CPDT) and dithienosilole (DTS) have attracted considerable
attention as two promising donor building blocks for constructing low band gap D-A
copolymers. PCPDTBT is one of the most popular low Eg D-A copolymers including
CPDT as the strong D units and BT as the A units (Scheme 6.1). Photovoltaic devices
comprise of PCPDTBT: PC7:BM blend achieved a high PCE of 5.5%%*. CPDT-based

copolymer showed an impressive PCE of 6.41% in BHJ solar cells?®®,

Inspired by these works, a series of alternating copolymers comprising CPDT as the D
moieties and BTDI as the A units will be designed and synthesised by different palladium
catalysed cross coupling polymerisations. 134 will be synthesised by Suzuki
polymerisation, while 135, 136 and 137 will be synthesised by direct arylation
polymerisation (Scheme 1.32). Two distinct side chains [2-ethylhexyl (EH) and n-octyl]
will be anchored to the CPDT building blocks, whereas (3,7-dimethyloctyl and n-octyl)
will be attached to BTDI moieties. The effects of these solubilising chains upon the
solubility, molecular weights, optical properties, the HOMO and LUMO levels, thermal
and structural properties of the polymers will be investigated. The photophysical and
electronic properties of the polymers will be compared with each other as well as with

those PCPDTBT and other polymer analogues.

134: Ry = EH, R, = DMO
135: Ry = octyl, R, = DMO
136: R4, R, = octyl

137: Ry = EH, R, = octyl

Scheme 1.32: Structures of 134, 135, 136 and 137

PDTSBT (Scheme 7.1.) is a low band gap copolymer including dithienosilole (DTS) as
the strong D moiety and BT as the A unit. Photovoltaic devices based on PDTSBT:
PC71BM exhibited the high PCE of 5.1%%’. DTS-based copolymers showed the
remarkable PCE of 7.5% in BHJ solar cells%,

Inspired by these works, two low band gap copolymers, 144 and 145 containing DTS as
the D moieties and BTDI as the A units will be designed and synthesised via Stille

polymerisation (Scheme 1.33). Two distinct solubilising chains will be attached to the
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BTDI moieties in order to investigate the influences they have upon the solubility,
molecular weights, optical and electrochemical properties, thermal stability and
molecular ordering of the resulting polymers. The photophysical and electronic properties
of the polymers will be compared with each other as well as with those PDTSBT and

other polymer analogues.

144: R = DMO
145: R = octyl

Scheme 1.33: Structures of 144 and 145
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Chapter 2 - Novel thermocleavable polymers based on

phthalate esters

Abstract

Three novel phthalate-based thermocleavable copolymers, 35, 36 and 37 have been
designed and synthesised. 35 and 36 were prepared by copolymerising distannylated
bithiophene without or with flanked thienyl groups as the electron-donor units with
dibrominated secondary phthalate ester as the electron-acceptor units. 37 was prepared
by copolymerising distannylated fluorene flanked by thienyl groups as the electron-donor
moieties with dibrominated secondary phthalate ester as the electron-acceptor moieties.
All polymers were prepared via the Stille polymerisation. The impact of two different
electron-donor units on the solubility, molecular weights, and optical properties, thermal
and structural properties of the resulting polymers was investigated. 37 has the highest
number average molecular weight (Mn = 16400 g mol™). The polymers have Eq in the
range of 2.11-2.58 eV. After thermal treatment, the Eg of the polymers are reduced by
around 0.3-0.4 eV. TGA data show weight loss around 300 °C corresponding to the
elimination of the secondary ester groups. After annealing, the soluble precursor
polymers are transformed into active phthalic anhydride polymers and the resulting films
are completely insoluble in all solvents. Powder XRD studies have shown that all
polymers have an amorphous nature in the solid state.

2.1. Introduction
2.1.1. Wessling and Durham routes

A number of conjugated polymers were synthesised by a precursor route where thermal
processing was utilised to remove the solubilising side chains from soluble saturated
precursor intermediates to form the final conjugated polymer films. For example, poly(p-
phenylene vinylene) (PPV) was synthesised via Wessling route (Scheme 2.1a).
Treatment of the a,0'-dichloro-p-xylene (1) with tetrahydrothiophene in methanol affords
bis-sulfonium salt (2) which subsequently reacts with sodium hydroxide to produce a
quinodimethane intermediate (3). This intermediate undergoes polymerisation to form 4
which is a soluble precursor polymer. It could be cast on the substrate to form a thin film
and finally the film is heated under vacuum to produce a high-quality PPV films. Later
on, Gagnon et al. synthesised a PPV by the same method using dimethyl sulfide
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[(CH3)2S] instead of tetrahydrothiophene?. Polyacetylene (PA) was synthesised using
Durham route via ring opening metathesis polymerisation (ROMP) (Scheme 2.1b)3“.

or
)
< > S\CLQ_\@ F :®_\C? ~
CHiOH cl o
2 3

@
ci @
b
Fs;C CF3
WC|6 Me4Sn
H + —
ROMP

n

Scheme 2.1: a) The Wessling route for PPV; b) the Durham method for PA

2.1.2. Thermocleavable polymers

In the precursor route the conjugated polymer is formed after thermal treatment of a
nonconjugated polymer precursor>®. An alternative method to prepare polymers without
solubilising substituents, relies on attaching thermocleavable side chains that provide
solubility to the polymer and where an insoluble conjugated polymer is formed from the
conjugated polymer backbone where the solubilising side chains are removed upon
thermocleavage’%1°. The final films which are formed in both methods are insoluble in
all solvents and they have high chromophore density. The major difference between these
two approaches is that the thermocleavable polymers can be processed in devices before
the side chains are removed. In both routes a part of the material which forms the film is

removed.
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Unsubstituted conjugated polymers are rigid materials that are insoluble in common
organic solvents. Therefore, solution processing is an important aspect for conjugated
polymers to form films for optoelectronic applications. To make these materials soluble,
the incorporation of solubilising side chains is required®!. This is normally obtained by
attaching long alkyl or alkoxy groups onto the polymer backbone!?. For example,
unsubstituted polythiophene (PT) is an insoluble material and by attaching the alkyl
groups such as hexyl groups at the 3-positions of thiophene units it makes poly(3-
hexylthiophene) (P3HT) soluble in common organic solvents. However, these
solubilising groups are non-photoactive and therefore they do not participate in charge
generation. As a result, they decrease the density of chromophores of the conjugated
polymerstt. In addition, after film formation the solubilising side chains are no longer
required. Furthermore, they are responsible for softness of the material and are more
likely lead to morphological changes and the resulting film is more susceptible for
diffusing small molecules and constituents**41>1¢_ This is related to the instability of
polymer photovoltaic cells due to photochemical reactions'’. Therefore, more stable
polymer solar cells can be achieved by a more rigid system. From this point of view, it is
important to prepare bulk heterojunction organic photovoltaics via solution processing
where the final active layer does not have side chains. The principle of thermocleavable
materials realises this requirement. Thermocleavable materials have labile bonds between
solubilising groups and the conjugated backbone. The most common thermocleavable
materials contain carboxylic ester groups. These materials have solubilising groups such
as branched alkyl chains that are attached to the conjugated backbone through labile ester
bonds!8. After thermal processing, these bonds are broken and volatile alkenes are

eliminated and leaving the polymer material insoluble in organic solvents (Scheme 2.2)*°.

R R
IV VA o o
o o Ho—/< Ho—/<
--4 Soluble polymer ~200°C Insoluble polymer | --

| __ , __
- alkene
Yo Yo
o ﬁ—\ o
R

R = alkyl

Scheme 2.2: The side chain removal by thermal treatment in thermocleavable polymers

As a result, these polymers have high density of chromophores, they are much more rigid

and consequently they have more stable morphology. The glass transition temperature
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(Tg) of the resulting polymers would be increased and therefore improve the thermal

stability and photovoltaic properties of the devices?%2122,

BHJ photovoltaic cells containing poly(3-(2-methylhex-2-yl)-oxy-carbonyldithiophene
(P3MHOCT) as donor and Cgo as an acceptor show a very stable device with lifetime
more than 10000 hours after elimination of solubilising groups upon thermal treatment’-23,
This polymer is a soluble conjugated polymer which is transformed to a more rigid and
insoluble poly-3-carboxydithiophene (P3CT) after elimination of 2-methylhexene upon
heating the film around 200 °C?*. P3CT is further transformed to polythiophene (PT)
around 300 °C (Scheme 2.3), which was confirmed by *3C labelling and solid-state NMR
studies®. The chemical transformations can be seen visually during film annealing by
changing colour from red to orange (transformation of PAMHOCT to P3CT) and then
from orange to purple-red (transformation of P3CT to PT)?. The thermal properties for
P3MHOCT were investigated by thermogravimetric analysis (TGA). Two different
weight loss mechanisms can be seen from thermogravimetric data. The first weight loss
about 200 °C corresponding to ester bond cleavage and the second loss peak is around
300 °C which belongs to decarboxylation®®. BHJ devices based on PSMHOCT: PCs1:BM
(or PC71BM) gave PCE in the range of 0.7-0.9%. When P3MHOCT was converted to
P3CT, the device showed the poorest PCE in the range of 0.1-0.4%. Finally, the PCE was
dramatically increased when P3CT is converted to PT and PCE of 0.6% was observed in
the case of PCs1BM and up to 1.5% in the case of PC71BM?%,

W
%&m %W B

P3MHOCT P3CT
(soluble) (insoluble) (|nsoluble)

Scheme 2.3: The chemical changes of P3AMHOCT into P3CT and then to PT%

A series of low band gap thermocleavable polymers were synthesised by copolymerising
thienopyrazine as acceptor units and dialkoxy benzene (1), fluorene (2), thiophene (3)
and cyclopentadithiophene (4) flanked by thienyl units as donor moieties (Scheme 2.4)2%,
Different ester groups are attached to the diphenyl substituted thienopyrazine units. The
temperatures at which the ester groups eliminated were studied. The tertiary ester groups
were observed to cleave at the lowest temperatures in the range of 220-240 °C leaving
the carboxyl groups on the benzene rings of thienopyrazine (Scheme 2.4). However, the
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polymers which are bearing primary esters required the highest temperatures and lead to
the decomposition of the polymers?®. The BHJ devices fabricated from polymer:
PCeé1BM gave the best PCE of 1.21% for the copolymer containing 4 without
thermocleavage. After thermal treatment at 225 °C, the PCE dropped to 0.64%.

O (0] O O
RO OR HO OH
7\ A 7\
% - *Q/NUNVLT

s. I N\ _s_ p s. I N _s_ p
Ve W L s
Soluble polymer Insoluble polymer
Y _\%/7
S S e
OCgH,7 CgH17CgH17 /Q\ S s
1 2

Scheme 2.4: Low band gap thermocleavable polymers including thienopyrazine and cleavage of ester

groups upon thermal treatment

A new type of thermocleavable polymer including 2,1,3-benzothiadiazole (BT) and
thiophene units was prepared by Helgesen et al. (Scheme 2.5)%°. A photovoltaic
performance of the polymer: PCs1BM as active layer was measured without thermal
treatment and after annealing at 200 and 285 °C, respectively. Without annealing, the
device showed a PCE of only 0.21% and after thermal treatment at 200 °C the PCE
improved slightly to 0.24%. Finally, when the tertiary ester groups are thermocleaved
after thermal treatment at 285 °C the PCE improved to 0.42%.

Scheme 2.5: The thermocleavable polymer based on BT and thiophene units
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Helgesen and co-workers further developed and synthesised two new thermocleavable
polymers (T1 and T2) based on BT as acceptor units and cyclopentadithiophene (CPDT)
flanked by thienyl groups as donor units (Scheme 2.6)%. Branched alkyl side chains
attached to the 3-positions and 4-positions of thiophene units through labile ester bonds
in T1 and T2 respectively. The positions of the alkyl chains had a major effect on the
PCE of the resulting polymers. BHJ photovoltaic cells comprised of T2: PC71:BM
delivered the highest PCE of 1.92% without annealing. In addition, the same device gave
a PCE of 1.49% when the tertiary ester groups are thermocleaved after annealing at 265
°C. On the contrary, T1: PCs1BM gave a PCE of only 0.18%.

T1: R = 2-ethylhexyl (EH) T2: R=EH

Scheme 2.6: The structures of T1 and T2
2.1.3. Dithiocarbamate precursor route

Poly(thienylene vinylene) (PTV) and its derivatives could be prepared via
dithiocarbamate precursor route (Scheme 2.7)%233, In this route, dithiocarbamates are
labile bonds and after thermal processing around 160 °C, these bonds are broken and
yielded insoluble conjugated PTV. It was blended with PCe1BM and gave a PCE of

0.76% after thermocleavage®?.

]\ NaSC(S)NEt, ]\ LDA
S S
Cl Cl Et,N(S)CS SC(S)NEt,
/ \_ SC(S)NEt, A / \
S S \
n n

precursor polymer PTV

(Soluble) Insoluble polymer

Scheme 2.7: The synthesis of PTV by dithiocarbamate precursor route
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2.2. Synthesis of monomers
2.2.1. Synthesis of secondary phthalate ester monomers (6 and 8)

6 and 8 were synthesised through four and six steps starting from commercially available
phthalic anhydride (1), respectively (Scheme 2.8). The different steps and their

preparation are discussed below.

o) Br 0 Br O Br O
[ﬁ i) E?Q i) [ >[ :OH iv) [ i :OR v)
— — — —
@] @] OH + 5 OR
O Br O Br O Br O
i 2 3 6

O O O O
RO OR RO OR
Br
S ; S
B O v R O R= )\/\/\/\/\
s B~ S
7 8
(0] OH
4 5

Scheme 2.8: The synthetic steps of the 6and 8

Reagents and conditions: i) Brz, o, fuming H2SO4 (30% free SO3), 60 °C, 24h; ii) H20,
THF, reflux, 24h; iii) MeOH, NaBHs4, RT, 1h, HCI; iv) DCM, DMAP, Sc(OTf)s, DIC,
reflux, 24h; v) 2-(tributylstannyl)thiophene, toluene, PdCI>(PPhs),, 110 °C, 24h; vi) NBS,
CHCls: HOACc (1:1, v/v), RT, 24h

2.2.1.1. Synthesis of 3,6-dibromophthalic anhydride (2)

2 was prepared by bromination of phthalic anhydride (1) using bromine and fuming
sulfuric acid in the presence of small amount of iodine. It was obtained as white crystals
in 22% yield (Scheme 2.8)*.

The mechanism of the reaction is an electrophilic aromatic substitution (Scheme 2.9). In
the first step, bromine reacts with fuming sulfuric acid to form Br-Br*-H which functions
as an electrophile. In the second step, benzene functions as a nucleophile and attacks the
electrophile to form a carbocation intermediate, which is stabilised by three resonance
structures (9, 10 and 11). In the third step, the carbocation is deprotonated by HSO4 to
form 3-bromophthalic anhydride (12) which is subsequently brominated at the 6-position

to give 2 and sulfuric acid regenerated as the catalyst.
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Scheme 2.9: The mechanism of bromination of phthalic anhydride (1)

The structure and purity of 2 were verified by variety of analytical tools. The *H NMR
spectrum of 2 shows a singlet peak at 7.87 ppm with an integral of two protons. The mass
spectrum of 2 displays the main integer signals at 304, 306 and 308 in a 1:2:1 ratio due
to the existence of two isotopes of bromine ("Br and 8!Br).

2.2.1.2. Synthesis of 3,6-dibromophthalic acid (3)

2 was hydrolysed in THF/water under reflux to yield 3 as a white solid in a yield of 94%
(Scheme 2.8)%.

The mechanism of hydrolysis of 2 is a type of addition-elimination process and consists
of three core steps (Scheme 2.10). In the first step, water functions as a nucleophile and
attacks a carbonyl group of 2 to form an intermediate (16). In the second step, the carbonyl
group is regenerated when the leaving group is expelled to form an intermediate (17).
This leaving group in the cyclic anhydride is an internal carboxylate anion. Finally, the

latter intermediate is protonated to form the dicarboxylic acid product (3).
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Scheme 2.10: The mechanism of hydrolysis of 2

From the *H NMR spectrum of 3, it is obvious that the hydrolysis was successful as a
singlet peak at 8.06 ppm in 2 changes to 7.69 ppm in 3 in DMSO-ds, which is integrated
to two protons. In addition, a singlet peak at 14 ppm appears corresponding to the two
protons of the carboxyl groups. The structure of 3 was further confirmed by the FT-IR
spectroscopy. The FT-IR spectrum of 3 shows a broad peak around 2300-3500 cm™,
which is representative of the O-H stretching vibration of carboxyl group. The 3C NMR
spectroscopy, mass spectrometry and elemental analysis are in agreement with the

structure of 3.

2.2.1.3. Synthesis of 2-undecanol (5)

The commercially available 2-undecanone (4) was reduced using sodium borohydride
(NaBHg4) as a reducing agent in methanol and gave 5 as a colourless oil in an excellent
yield of 94% (Scheme 2.8)%.

The mechanism of the reaction comprises of two steps (Scheme 2.11). In the first step,
sodium borohydride delivers a hydride ion to the carbonyl group of 2-undecanone (4) to
form a negatively charged tetrahedral intermediate (18). In the second step, this

intermediate is protonated to form a secondary alcohol product (5).
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Scheme 2.11: The mechanism of formation of 5
The *H NMR spectrum of 5 showed a multiplet peak in the range of 3.75-3.86 ppm for
one proton on the C2 and it exhibits a triplet peak at 0.90 ppm for three protons of the
terminal methyl group. Furthermore, it shows another multiplet and doublet in the range

of 1.24-1.54 and 1.20 ppm, respectively for the methylene and methyl protons. The
structure and purity of the 5 further confirmed by the 3C NMR and FT-IR spectroscopy.
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The 3C NMR spectrum of 5 displays eleven peaks for eleven environmentally different
carbon atoms. The FT-IR spectrum of 5 shows a broad band in the range of 3200-3500
cm for the O-H stretching vibration.

2.2.1.4. Synthesis of 3,6-dibromo-bis(2-undecanyl) phthalate (6)

6 was prepared by a Steglich esterification reaction between dicarboxylic acid compound
(3) and a secondary alcohol substance (5). The reaction was performed in the presence of
N,N'-diisopropylcarbodiimide (DIC), 4-(dimethylamino)pyridine (DMAP) and a
catalytic amount of scandium triflate [Sc(OTf)s] in anhydrous dichloromethane and gave
6 as a colorless oily material in 31% yield (Scheme 2.8)*".

The mechanism of the Steglich esterification is illustrated in scheme 2.12. DIC is a
coupling reagent which functions as a nucleophile and can deprotonate the carboxyl group
of 3 to form a carboxylate anion intermediate (19). This intermediate acts as a nucleophile
and attacks to the protonated DIC to generate an O-acylisourea intermediate (20). This
intermediate is protonated by alcohol (5) to form a new intermediate (21). DMAP is a
base which functions as a catalyst and acyl transfer reagent. It attacks the carbonyl group
of 21 to form an intermediate (22). The carbonyl group is reformed to form intermediate
(23) and subsequently diisopropylurea (DIPU) is isolated as a by-product of the reaction.
The alkoxide ion attacks to the carbonyl group of the latter intermediate to generate
negatively charged tetrahedral intermediate (24). Finally, 6 is produced and DMAP is
regenerated as a catalyst.
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Scheme 2.12: Mechanism of the synthesis of 6

Scandium triflate functions as a catalyst and coordinates with the oxygen of the carbonyl

group of the intermediate (23) in the mechanism to form a highly reactive intermediate

(25) (Scheme 2.13)%,

Scheme 2.13: Formation of the intermediate 25

The *H NMR spectrum of 6 shows a singlet peak at 7.49 ppm corresponding to the protons
on the benzene ring. A sextet can be seen in the range of 5.10-5.20 ppm, which is
indicative of the protons neighbouring to the ester functional groups. These protons are
more deshielded because of the ester groups. It also displays the expected number of

protons in the aliphatic region.
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2.2.1.5. Synthesis of 3,6-bis(2-thienyl)-bis(2-undecanyl)phthalate (7)

6 can undergo the Stille coupling reaction with 2-(tributylstannyl)thiophene using
Pd(PPh3).Cl, as a catalyst in toluene to yield 7 as white crystals in 74% yield (Scheme
2.8)%. The mechanism of the reaction is similar to that of the Stille reaction described in

the introduction chapter.

From the *H NMR spectrum of 7, the peaks corresponding to thiophene protons can be
visualised as three doublets of doublets at 7.06, 7.12 and 7.37 ppm and a singlet peak at
7.52 ppm for the two protons on the benzene ring. It also displays the expected number
of protons in the aliphatic region.

2.2.1.6. Synthesis of 5,5"-dibromo-3,6-bis(2-thienyl)-bis(2-undecanyl)phthalate (8)

7 was brominated using two equivalents of NBS in a mixture of chloroform/acetic acid
in the dark to obtain 8 as white crystals in 77% yield (Scheme 2.8)*. The mechanism of

the reaction is similar to that for the synthesis of 2 as shown in scheme 2.9.

The 'H NMR spectroscopy was utilised to characterise the 8. 'H NMR spectrum of 8
shows a singlet and two doublets at 7.46, 7.02 and 6.86 ppm, respectively in the aromatic
region. It also displays the expected number of protons in the aliphatic region. The
structure and purity of the 8 were verified by the *C NMR spectroscopy, the elemental
analysis and mass spectrometry, which are in agreement with the proposed structure.

2.2.2. Synthesis of distannylated fluorene (29)

29 was synthesised through three steps starting from commercially available fluorene (26)

(Scheme 2.14). The different steps in its preparation are discussed below.

Q0 2 L8 2 AL

26 27

ii)
LU 0.0 s

/

28

29
Scheme 2.14: The synthetic steps of the 29

Reagents and conditions: i) Br, CHCIs, RT, 24h; ii) KOH, KI, DMSO, CHsl, RT, 24h;
iii) n-BuLi, Et20, -78 °C, TMEDA, (CH3)3SnCl, RT, overnight
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2.2.2.1. Synthesis of 2,7-dibromofluorene (27)

Fluorene (26) was brominated using bromine in chloroform to give 27 as white crystals
in good yield of 77% (Scheme 2.14)*!. The bromination was accomplished in the dark in
order to prevent bromination of the methylene protons. The mechanism of the reaction is

similar to that for the synthesis of 2 as shown in scheme 2.9.

The *H NMR spectrum for 27 shows a singlet peak at 3.89 ppm corresponding to the
protons at the 9-position of the fluorene. It also displays the expected number of protons

in the aromatic region.

2.2.2.2. Synthesis of 9,9-dimethyl-2,7-dibromofluorene (28)

27 was alkylated at the 9-position using iodomethane and small catalytic amount of
potassium iodide under basic conditions in DMSO to yield 28 as pale yellow crystals in
97% yield (Scheme 2.14)*,

The mechanism of the reaction is a bimolecular nucleophilic substitution (Sn2) (Scheme
2.15). Two protons at C-9 of 27 are acidic, which are deprotonated by a hydroxide ion to
generate the carbanion intermediate (30). This intermediate functions as a nucleophile
and attacks the methyl group of iodomethane via Sn2 mechanism to give the intermediate

(31) and iodide ion as a leaving group. The second methylation of 31 gave 28.

00 m -

HyC w

Scheme 2.15: The mechanism of the alkylation of 27

The H NMR studies on 28 shows the disappearance of the singlet peak at 3.89 ppm for
the two protons at the 9-position of the 27 and the appearance of a singlet peak at 1.48
ppm for the six protons of the methyl groups. It also displays a multiplet and a doublet of
doublet at 7.53-7.61 and 7.48 ppm corresponding to six aromatic protons. The structure
and purity of 28 were further confirmed by the **C NMR spectroscopy, mass spectrometry

and elemental analysis, which are in agreement with the proposed structure.
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2.2.2.3. Synthesis of 9,9-dimethyl-2,7-bis(trimethylstannyl)fluorene (29)

28 was lithiated selectively at 2,7-positions using two equivalents of n-butyllithium (n-
BuLi) and tetramethylethylenediamine (TMEDA) in anhydrous diethyl ether at —78 °C,
which was subsequently treated with trimethyltin chloride (MesSnCl) to yield 29 as white
crystals in 62% yield (Scheme 2.14)*®. TMEDA is a bidentate ligand which forms a
complex with n-BuLi at —78 °C and enhance the reactivity of n-BuLi (Scheme 2.16)%.

Scheme 2.16: The complex formation between n-BuLi and TMEDA

The mechanism of the reaction consists of two steps (Scheme 2.17). In the first step, 28
was lithiated selectively at the 2,7-positions to form dilithiated intermediate (32). In the
second step, this intermediate is reacted with trimethyltin chloride to afford the

distannylated product (29).

Br OO Br j\/\/Br Li Li
\/V(“J &'L\W o Sn_

Scheme 2.17: Mechanism of the stannylation of 28

From the *H NMR spectrum of 29, a singlet peak is observed at 0.35 ppm, with an
integration of eighteen protons, which indicated that the stannylation reaction was
successful. Further evidence of the presence of the trimethylstannyl groups was given on
analysis of the 3C NMR spectrum of 29. It shows a peak at —7.5 ppm which belongs to
the methyl carbons for the trimethylstannyl group. The mass spectrum of 29 displays
multi main integer masses at 501, 503, 505, 507, 509 and 511 as anticipated due to the
presence of three most abundant tin isotopes (**6Sn,'8Sn and *2°Sn). Moreover, it shows

a peak at m/z = 520, corresponding to the mass of the molecular ion [M]* of 29.
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2.2.3. Synthesis of 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (34)

Commercially available 2,2'-bithiophene (33) was lithiated selectively at 5,5'-positions
using two equivalents of n-BuLi in anhydrous THF at —78 °C, which was subsequently
treated with trimethyltin chloride (MesSnCl) to obtain 34 as pale green crystals in 71%
yield (Scheme 2.18)*. The mechanism of the reaction is similar to that for the synthesis

of 29 as shown in the previous scheme.

s. )\ 1) n-BuLi, THF, -78 °C \ s N,
L) s - AR VAR
2) Me3SnCl, -78 °C
33 34

Scheme 2.18: The synthesis of 34

The *H NMR spectrum of 34 shows a singlet peak at 0.40 ppm, which relates to eighteen
protons of the methyl groups. In the aromatic region, two doublets can be seen at 7.10
and 7.29 ppm, which relate to four protons of the thiophene rings. Furthermore, two small
peaks, which are satellite signals, also appear in the aromatic region due to the three
isotopes of tin.

2.3. Preparation of the polymers

In this section, the synthesis of three novel thermocleavable copolymers, 35, 36 and 37 is
described. 35 and 36 were prepared via the Stille coupling polymerisation between
distannylated bithiophene (34) with dibrominated compounds (6 and 8), respectively
(Scheme 2.19). 37 was prepared via the Stille coupling polymerisation between
distannylated fluorene (29) and dibrominated monomer (8) under the same experimental
conditions (Scheme 2.19). The polymerisations were performed using Pd(OAc)./P(o-
tol)s catalyst in anhydrous toluene. All polymerisations were left for 48 hours. The
solutions became viscous and turned green without formation of polymer precipitates for
35 and 37, while large amounts of red precipitates formed for 36 as the reactions
proceeded. The polymers were then dissolved in chloroform and an ammonia solution
added and the mixture stirred overnight to remove the Pd metal catalyst residues by
forming Pd(NHz3)4(OH)2 soluble complexes. The polymers were obtained by precipitation
from methanol followed by filtration. The polymers purified via Soxhlet extraction with
methanol, acetone, hexane and finally toluene. The methanol and acetone fractions
removed the small molecules, oligomers and impurities in the case of 35 and 37. The

hexane fractions of 35 and 37 were subsequently collected and concentrated in vacuo, re-
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precipitated in methanol followed by filtration to yield the purified polymers. However,

36 was collected in the toluene fraction.
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Scheme 2.19: Synthesis of soluble precursor polymers, 35, 36 and 37 via the Stille polymerisation

Reagents and conditions: i) anhydrous toluene, Pd(OAc)2, P(o-tol)s, 100 °C, 48h

Upon thermal treatment around 300 °C for 1 hour, the soluble precursor polymers were
transformed into active phthalic anhydride polymers upon cleavage of the ester groups
into carboxyl groups followed by dehydration (Scheme 2.20). The resulting polymer

films were completely insoluble.
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Scheme 2.20: The chemical transformations of the polymers after annealing around 300 °C for 1h
2.4. Molecular weights and yield of the polymers

Molecular weights of the polymers were measured by gel permeation chromatography
(GPC) using chloroform at 40 °C relative to polystyrene standards (Table 2.1). 35 was
extracted in the hexane fraction, while 36 was extracted in the toluene fraction and they
have comparable M, values. The latter polymer was prepared in 87% yield which was
more than twice the yield obtained for the former polymer. The results indicate that
altering bithiophene unit as a donor unit in 35 for tetrathiophene unit in 36 has a
substantial influence on the solubility and yields of the polymers, while it has a negligible
impact on the M, values of the polymers. This may arise from the fact that 36 has two
extra thiophene units in the backbone of the polymer which make the polymer more
conjugated and more rigid relative to 35. The third copolymer, 37 was synthesised in a
moderate yield which was higher than that of 35 but lower than that of 36. Even though,
it was extracted in the hexane fraction, it has the highest M, value among all polymers
prepared. The results indicate that substituting bithiophene unit in 36 for fluorene unit in
37 has a negative effect on the solubility and yield of the polymer, however, the M, value
of the resulting polymer is significantly increased. This could be due to more aggregation

in 36 with more intermolecular interactions relative to 37.
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Table 2.1: The percentage yield, number and weight average molecular weights with polydispersity
indexes of 35, 36 and 37

Hexane fraction Toluene fraction
Mn Mw PDI Mn Mw PDI
Polymer | % vyield | (g mol) | (g mol?) (gmol®) | (g mol?)
35 39 9600 13500 1.3
36 87 9500 14300 15
37 64 16400 30300 1.8

2.5. Optical properties of the polymers

The absorption spectra of the polymers in chloroform solutions and in thin-films are
exhibited in figure 2.1a and figure 2.1b. The optical properties of the polymers are
summarised in table 2.2. In solutions, the absorption of 35 and 37 display similar
absorption maxima at 397 and 398 nm, respectively. However, the absorption maxima of
36 is red-shifted by more than 65 nm in solution relative to those 35 and 37 analogues.
This could be related to the extended four thiophene segments in 36 which makes the
polymer backbone more rigid and with a more planar structure relative to 35 and 37. This
is consistent with the solubility of the polymers. Compared to 37, 36 contains a
tetrathiophene as a donor building block which has a stronger electron-donating ability
than a fluorene unit flanked by two thiophenes and thereby improving the m-electron
delocalisation along the polymer main chain. In thin films, the absorption spectra of the
polymers show red-shifted absorption maxima by 10 to 28 nm relative to their absorption
in solutions. This could be attributed to stronger interchain n-n stacking and more
coplanar structures in the solid state. The optical band gaps (Eg) of 35, 36 and 37 are 2.19,
2.11 and 2.58 eV, respectively. The absorption spectra of the polymers upon thermal
treatment of the films are illustrated in figure 2.2. Upon thermal treatment of the films,
the absorption maxima of 35, 36 and 37 are shifted to longer wavelengths at 498, 491 and
411 nm, respectively. 35 show quite strong bathochromic shift absorption maxima by
more than 70 nm relative to its thin-film before thermocleavage. The Egof 35, 36 and 37
are reduced to 1.86, 1.89 and 2.14 eV, respectively. Upon annealing, the soluble precursor
polymers are transformed into active phthalic anhydride polymers, upon cleavage of the
ester groups into carboxyl groups followed by dehydration (Scheme 2.20). Reducing the
band gaps of the polymers could be explained by the fact that the polymer backbones are

changed into more rigid and more coplanar structures after annealing. Furthermore, the

81



anhydride unit formed after annealing is a stronger electron acceptor than the original

diester functional unit which leads to stronger intramolecular charge transfer along the

polymer backbones and consequently lower the Eg of the polymers. The molar
absorptivity (¢) of the 36 is significantly higher than 35 and 37 (Table 2.2). This could

be attributed to 36 having the highest absorption maxima of about 464 nm in solution
which is red-shifted by more than 65 nm compared to 35 and 37 (Table 2.2).
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Figure 2.1: Normalised UV-vis absorption spectra of 35, 36 and 37 in a) chloroform solutions; and b)
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Figure 2.2: Normalised UV-vis absorption spectra of 35, 36 and 37 after thermal treatment around 300

°C for 1h

Table 2.2: UV-vis data and optical band gaps of the polymers

€ Solution Film Film after thermal
(Mtcm) treatment around 300 °C
Polymer Amax Amax | Aonset | Eg | Amax | Aonset Eq
(nm) (nm) | (nm) | (eV) | (nm) | (hm) (eV)
35 16800 397 425 | 564 | 2.19 | 498 666 1.86
36 59900 464 475 | 585 | 2.11 | 491 656 1.89
37 37500 398 408 | 480 | 2.58 | 411 579 2.14
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The Eq of 37 is much higher than a thermocleavable polymer reported in the literature
based on a fluorene unit flanked by thienyl units as donor unit and thienopyrazine as an
acceptor unit due to the thienopyrazine being a stronger electron-acceptor than the
phthalate ester monomer (Scheme 2.4)%8. The band gaps of the reported polymers (T1
and T2) are 2.03 and 1.66 eV, respectively which are lower than those of 35, 36 and 37
because the CPDT units on those polymers has stronger electron-donating ability than
fluorene or bithiophene units as well as the BT unit is a stronger electron acceptor than
the phthalate ester monomer (Scheme 2.6)%. Therefore, the overlap of the orbitals
between CPDT and BT units in T1 and T2 are stronger than the fluorene or bithiophene
units with phthalate ester moieties in 35, 36 and 37. As a result, the m-electron
delocalisation along the conjugated polymer backbones in T1 and T2 is increased and
lead to lower band gaps. After thermal treatment at 300 °C for 10 minutes, the Eg of T1
is significantly reduced to 1.73 eV, while it has a negligible impact on the band gap of
T2. The band gaps of T1 and T2 are also lower than 35, 36 and 37 after thermal treatment.

2.6. Thermal properties of the polymers

The thermal properties of the polymers were studied by TGA (Figure 2.3). TGA for the
polymers indicates two different weight loss peaks. The first weight loss peaks are around
300 °C corresponding to thermocleavage of the secondary phthalate ester groups into
carboxyl groups followed by dehydration and conversion of the soluble precursor
polymers into active phthalic anhydride polymers (Scheme 2.20). The secondary esters
are cleaved significantly at higher temperatures than tertiary esters as reported in previous
literature?®. The second weight loss peaks are about 500 °C corresponding to the

decomposition of the conjugated polymer backbone.
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Figure 2.3: TGA of 35, 36 and 37
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2.7. Powder X-ray diffraction (XRD) of the polymers

The structural properties of the polymers were studied by powder XRD in the solid state
(Figure 2.4). The XRD of the 35, 36 and 37 show diffraction peaks at 20°, 20.3° and
18.5° corresponding to the n-m stacking distance of 4.43, 4.36 and 4.79 A, respectively.

The results show that all polymers have an amorphous nature.
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Figure 2.4: The powder XRD of 35, 36 and 37

2.8. Conclusions

In summary, three novel phthalate-based thermocleavable copolymers were synthesised
by the Stille polymerisation. 35 and 36 are two thermocleavable copolymers including
bithiophene or tetrathiophene as the donor units and secondary phthalate esters as the
acceptor units. 37 copolymer has a fluorene flanked by thienyl units as a donor moiety
and secondary phthalate ester as the acceptor building block. The impact of the different
donor units was investigated on the solubility, molecular weights, optical and structural
properties of the resulting polymers. 36 was synthesised in 87% yield which was
significantly higher than 35 (39% yield). 37 was synthesised in 64% yield. 36 and 35 have
comparable M, values around 9500 g mol™, despite the fact that the former polymer was
extracted in toluene fraction, while the latter polymer was extracted in hexane fraction.
37 has the highest M, value among all polymers prepared (Mn= 16400 g mol™), however,
it was extracted in the hexane fraction. In solutions, the absorption spectrum of 36 shows
red-shifted absorption maxima more than 65 nm relative to 35 and 37 which display
similar absorption maxima (397 vs 398 nm). This is probably due to 36 having
tetrathiophene segments as the donor repeat units which makes the polymer backbone
adopt more coplanar structure relative to 35 and 37. In thin films, the absorption spectra
of the polymers show red-shifted absorption maxima relative to their absorption in
solutions. 35 and 36 have comparable optical band gaps of around 2.1 eV which is

significantly lower than 37 (2.58 eV). Upon thermal treatment of the films, the absorption
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maxima of the polymers are shifted to longer wavelengths, 35 show quite strong
bathochromic shift absorption maxima more than 70 nm relative to its thin-film before
thermocleavage. Upon thermocleavage, the E4 of the polymer are reduced to around 1.8
eV for 35 and 36 and 2.14 eV for 37. TGA analysis confirmed that the solubilising
secondary ester groups on soluble precursor polymers are changed to carboxyl groups
followed by dehydration into active phthalic anhydride polymers around 300 °C. The
powder XRD of the polymers show diffraction peaks around 20° for 35 and 36 and 18.5°
for 37 corresponding to the m-m stacking distance of about 4.0 A. All polymers have an

amorphous nature.
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Chapter 3 - Fluorene/dibenzosilole-benzothiadiazole
dicarboxylic imide alternating copolymers for photovoltaic

applications

Abstract

Four donor-acceptor copolymers, 76, 77, 78 and 79 based on alternating 2,7-fluorene or
2,7-dibenzosilole flanked by thienyl wunits as electron-donor moieties and
benzothiadiazole dicarboxylic imide (BTDI) as electron-accepting units have been
designed and synthesised for photovoltaic applications. All polymers were synthesised in
good yields via Suzuki polymerisation. The impact of attaching two different alkyl chains
(3,7-dimethyloctyl vs n-octyl) to the BTDI units upon the solubility, molecular weights,
optical and electrochemical properties, thermal and structural properties of the resulting
polymers was investigated. 77 has the highest number average molecular weight (M, =
24900 g mol™) among all polymers prepared. Dibenzosilole-based polymers have slightly
lower optical band gaps relative to their fluorene-based analogues. All polymers
displayed deep-lying HOMO levels. Their HOMO energy levels are unaffected by the
nature of either the alkyl substituents or the donor moieties. Similarly, the LUMO levels
are almost identical for all polymers. All polymers exhibit excellent thermal stability with
Ta exceeding 350 °C. Powder XRD studies have shown that all polymers have an

amorphous nature in the solid state.

3.1. Introduction

Solution processable polymer solar cells (PSCs) have received substantial consideration
as a renewable energy source due to their benefits for example, flexible devices, light
weight, low costs and easy fabrication'?3#, The most successful method to build the
active layer of PSCs is based on the bulk heterojunction (BHJ) architecture®®. The
photoactive layer is comprised of a phase separated blend of a polymer donor and a
fullerene acceptor. To achieve high power conversion efficiencies (PCEs) with these
devices, the conjugated polymer should have a low-lying HOMO level to obtain high
open circuit voltage (Voc) value, a low optical band gap to ensure high short circuit current
density (Jsc) value, a high absorption coefficient and a good hole mobility”®. The most
efficient strategy to construct narrow band gap polymers relies on the use of alternating
donor (D) and acceptor (A) moieties along the backbone of conjugated polymers. Using
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this strategy, several kinds of D-A copolymers have shown excellent PCEs and reaching
up to 10% recently®. A range of electron-donating monomers have been successfully
developed for use in this area such as fluorene, carbazole, dibenzosilole (DBS),
anthracene, cyclopentadithiophene (CPDT), dithienosilole (DTS), and benzodithiophene
(BDT). Meanwhile, many types of electron-accepting building blocks such as
benzothiadiazole (BT), diketopyrrolopyrrole (DPP), quinoxaline (Q) and
thienopyrroledione (TPD) have been used in D-A copolymers.

3.1.1. Conjugated polymers based on 2,1,3-benzothiadiazole and their derivatives

One of the most studied electron-accepting (A) heterocycle is the benzothiadiazole
moiety'®. Two types of comonomers have been developed for photovoltaic materials. The
first one is the use of 2,1,3-benzothiadiazole (BT) which can be copolymerised with a
variety of electron-donating (D) moieties to construct push-pull narrow band gap
conjugated polymers for BHJ photovoltaic cells (Scheme 3.1)!12, The second
comonomer is the 4,7-di-2-thienyl-2,1,3-benzothiadiazole (DTBT) where there are two
flanking thienyl units between the BT moiety and the electron-donating unit (Scheme
3.1)13415 The advantages of these two thiophene spacers are to reduce the steric
hindrance so that the resulting D-A copolymers adopt more planar structures?®. In
addition, these polymers possess higher charge carrier (usually hole) mobility and low
band gaps'’. However, the copolymers based on DTBT units have poor solubilities,
consequently, low molecular weights. The donor units must contain solubilising groups
of sufficient bulk to enable processability of the polymers®. To address this issue, 5,6-
positions of the BT unit can be used for anchoring either electron-releasing or electron-
accepting substituents in order to increase solubility, molecular weights and tuning the
HOMO and LUMO levels of the resulting copolymers!®?. By attaching alkoxy chains on
these positions, two weaker electron-accepting units called 5,6-dialkoxy-2,1,3-
benzothiadiazole (OR):BT and 4,7-di-2-thienyl-5,6-dialkoxy-2,1,3-benzothiadiazole
[DT(OR)2BT] emerged (Scheme 3.1)?%. Polymers containing these new acceptor repeat
units have higher solubilities than polymers containing unsubstituted BT. However, by
adding two electron-withdrawing substituents such as fluorine atoms, another new
acceptor unit of 4,7-di-2-thienyl-5,6-difluoro-2,1,3-benzothiadiazole (DTffBT) emerged
(Scheme 3.1)?2. This fluorinated BT monomer is stronger electron-acceptor unit than BT
with deeper HOMO and LUMO energy levels which lead to higher Vo value compared
to DTBT analogue. Several copolymers with high PCEs were reported based on
DTffBT?. Recently, a new acceptor moiety 4,7-di-2-thienyl-2,1,3-benzothiadiazole-5,6-
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N-alkyl-dicarboxylic imide (DTBTDI) which consists of the dicarboxylic imide group
fused to the BT unit has been developed (Scheme 3.1)%%%24 This acceptor has been

shown as a stronger electron-deficient unit compared to both DTBT and DTffBT

analogues.
/S\ /S\ /S\
N\ / N\ /N \ /N
A\ S
| Q
S
BT DTBT RO OR
(OR),BT
E>_§\:/%_O i\ /i ;\ /;
DT(OR),BT DTffBT
DTBTDI

Scheme 3.1: Structures of benzothiadiazole and their derivatives

In 2013, Wang et al. synthesised two novel copolymers based on DTBTDI and
benzodithiophene units which were used for solar cell applications (Scheme 3.2)?%. These
polymers were prepared by the Stille polymerisation between dibrominated DTBTDI and
distannylated benzodithiophene monomers. Both PDI-BDTT and PDI-BDTO polymers
have the same side chain on the acceptor unit and different side chains attached to the 4,8-
positions of benzodithiophene units. The My values of PDI-BDTO and PDI-BDTT are
44000 and 29000 g mol™?, respectively. In solutions, the PDI-BDTT is red-shifted (Amax
=670 nm) compared to PDI-BDTO (Amax = 632 nm), which can be attributed to the two
dimensional conjugated thienyl groups in the former polymer. In thin-films, both
polymers display bathochromic shifts (Amax = 692 nm for PDI-BDTT and Amax = 654 nm
for PDI-BDTO respectively) relative to their absorption in solutions. The optical band
gap (Eg) of the PDI-BDTT and PDI-BDTO are 1.55 and 1.54 eV respectively. The
HOMO levels determined from the onset of oxidation by cyclic voltammetry are
estimated at -5.51 eV for PDI-BDTT and -5.44 eV for PDI-BDTO. The deep-lying
HOMO energy level and red-shifted absorption spectra for PDI-BDTT are beneficial to
achieve high Vocand high Jsc values for BHJ PSCs. The solar cell based on a PDI-BDTT:
PC71BM delivered an impressive PCE of 5.19%. In contrast, under the same experimental
conditions, PDI-BDTO: PC7:BM showed a lower PCE of 2.10%%.
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More recently, Li et al. synthesised two other polymers based on the same acceptor, with
benzodithiophene and dithienyl fluorene (DTF) as donors units (Scheme 3.2)%*. The
polymers P(BTI-B) and P(BTI-F) were synthesised by the Stille polymerisation between
dibrominated DTBTDI and distannylated BDT and DTF units. In solutions, P(BTI-B) is
red-shifted by 50 nm compared to P(BTI-F). P(BTI-B) has an Eq of 1.68 eV, which is
smaller than P(BTI-F), since the BDT unit has stronger donating ability than fluorene
unit. The HOMO energy level of P(BTI-F) is deeper than that of P(BTI-B), which can
be attributed to the weaker donating ability of fluorene. However, both polymers have
similar LUMO energy levels. BHJ photovoltaic cells fabricated from P(BTI-B): PCs1:BM
and P(BTI-F): PCe&1BM offered a PCE of 3.42 and 1.61%, respectively. The deep-
positioned HOMO energy level for P(BTI-F) is advantageous for achieving a high Vo of
1.11 eV. However, The Js for P(BTI-B) is more than twice relative to that of P(BTI-F)
(9.8 vs 4.0 mA cm?) due to a smaller band gap and a higher hole mobility.

R, = 2-butyloctyl PDI-BDTO
R, = 2-ethylhexyl

BBTI-1: R, = hexadecyl, R, = 2-decyltetradecyl
BBTI-2: R, = 1-nonyldecyl, R, = 2-decyltetradecyl

1
C1oHas

P(BTI-F)

Scheme 3.2: The D-A copolymers based on BTDI as the acceptor units with different donor building
blocks
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Lately, Nielsen and co-workers prepared two novel copolymers based on the same
acceptor and benzotrithiophene (BTT) as donor unit (Scheme 3.2)%°. The polymers,
BBTI-1 and BBTI-2, were prepared by microwave Stille coupling polymerisation
between dibrominated DTBTDI with distannylated BTT. The M, values for the BBTI-1
and BBTI-2 are 64000 and 75000 g mol™, respectively. In solutions, BBTI-1 is slightly
red-shifted relative to BBTI-2 (Amax 705 vs 700 nm). In films, both polymers display
bathochromic shifts compared to their absorption in solutions. BBTI-1 and BBTI-2 have
the HOMO levels of -5.2 and —5.3 eV, respectively. The BHJ photovoltaic cells including
BBTI-1: PCn1BM gave a remarkable PCE of 8.3%. However, BBTI-2: PC71BM
delivered a lower PCE of 6%.

3.1.2. Fluorene based conjugated polymers

Polyfluorene (PF) and their derivatives belong to the class of materials with fused ring
aromatic systems, which are rigid and provide coplanar backbone. PF derivatives
generally possess low HOMO energy levels around —5.5 eV, which makes them thermally
and chemically stable. Due to their good solubility and high photoluminescence
efficiency, conjugated polymers containing fluorene units have been widely investigated

as blue emissive materials for OLED applications.

Fluorene unit is one of the promising donor building blocks for solar cell applications
because of the low HOMO energy levels and acceptable hole mobilities of PF derivatives
which provide high Vo values and moderate Jsc values in organic photovoltaic (OPV)
devices. However, PFs have large band gaps (2.8-3.0 eV) which are not suitable for
efficient OPVs. This problem can be addressed by incorporating acceptor units into
polymer backbones to generate alternating D-A copolymers, which lower the band gaps
to efficiently harvest sunlight.

The D-A copolymers based on fluorene as the donor units with various acceptor units
such as DTBT®, quinoxaline (Q)®, thienopyrazine (TP)?® and pyrazinoquinoxaline
(PQ)?" have been reported (Scheme 3.3). The poly[2,7-(9-(2'-ethylhexyl)-9-hexyl-
fluorene)-alt-5,5'-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PFDTBT) was the first
D-A copolymer synthesised by Suzuki polymerisation published by Andersson et al. with
an optical band gap (~1.9 eV) and a number average molecular weight (M,) of 4800 g
mol ! with poor solubility (Scheme 3.3)8. The photovoltaic performance of the resulting
polymer was 2.2% when blended with PCs1BM as the electron acceptor. The PFDTBT-
based polymers show significant Voc around 1.0 V, benefiting from low-lying HOMO
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level around —5.5 eV. A similar polymer PF8DTBT with two n-octyl chains in the 9-
position of fluorene units exhibited a slightly higher PCE of 2.84% by using
chloroform/chlorobenzene as a mixed solvent for casting the active layer (Scheme 3.3)%,
Slooff et al. reported the same polymer backbone with two n-decyl chains on the fluorene
moiety, PFIODTBT (Scheme 3.3)'°. The PCE of 4.2% was obtained for PFI0DTBT:
PCes1BM based photovoltaic cell. Later on, linear alkyl chains substituted with 3,7-
dimethyloctyl side chains (DMO) to generate a new polymer, BisDMO-PFDTBT
(Scheme 3.3)*. The BisDMO-PFDTBT was used in photovoltaic cell with PC71BM as
the acceptor, showed higher PCE of 4.5%.

Iraqi et al. designed and synthesised four copolymers based on 2,7-fluorene and BT with
or without octyloxy substituents?. In addition, two flanked thiophene or selenophene
units are incorporated between donor and acceptor moieties (Scheme 3.3). All polymers
were prepared by Suzuki polymerisation. The PFDSeBT and PFDTBT have Eg of 1.86
eV. However, the Eq of PFDSeBT-8 and PFDTBT-8 are 1.87 and 1.98 eV, respectively.
They have comparable HOMO energy levels, while the LUMO levels of the polymers
with selenophene spacers are higher about 0.2 eV than those with thiophene spacers. In
addition, the LUMO energy levels of the polymers with octyloxy chains are higher by
about 0.15 eV than those without octyloxy chains. This is attributed to the (OR)2BT unit
is a weaker electron acceptor than the BT unit. The polymers were fabricated with
PC71BM in BHJ devices gave PCE between 3.45 and 5.41%. PFDTBT: PC71BM gave
the highest PCE of 5.41%.

Iragi and co-workers further reported a novel copolymer PFDT2BT-8 based on 2,7-
fluorene with (OR)2BT®. In addition, two bithiophene units as spacers are inserted
between donor and acceptor moieties (Scheme 3.3). PFDT2BT-8 was synthesised by
Suzuki polymerisation and it possesses an Eg of 1.86 eV. It exhibited high hole mobility
measured by FET and also remarkable EQE of 74% at 510 nm. BHJ devices based on
PFDT2BT-8: PC7:BM gave an impressive PCE of 6.20%.

Recently, PFDTTBT-8 was developed and synthesised by Iragi et al. using two
thieno[3,2-b]thiophene (TT) units as spacers between 2,7-fluorene and (OR)2BT
(Scheme 3.3)*L. The Eq of PFDTTBT-8 is 1.94 eV, which is slightly higher than
PFDT2BT-8 analogue. The HOMO energy level of PFDTTBT-8 is comparable to its
PFDT2BT-8 counterpart, while it has higher LUMO energy level. PFDTTBT-8:
PC71BM gave a PCE of 4.43%.
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CgH17CgH17

PFDTBT: R, = 2-ethylhexyl, R, = hexyl PFDSeBT: X=Se, R=H
PF8DTBT: R4, R, = octyl PFDSeBT-8: X = Se, R = octyloxy
PF10DTBT: R,, R, = decyl PFDTBT: X=S,R=H
BisDMO-PFDTBT: R, R, = 3,7-dimethyloctyl PFDTBT-8: X = S, R = octyloxy
.S,
N\ "N
OO oy
SVaw Ve
CgH470
C3H17C8H17 g OC8H17
PFDT2BT-8

APFO-15: R = octyloxy
PFTQT: R = H

CgH47CgH47

APFO-Green9

APFO-Green5: R = 2-ethylhexyloxy

Scheme 3.3: Alternating copolymers containing fluorene units and various acceptor units

Gadisa and co-workers reported an alternating D-A copolymer, poly[2,7-(9,9-
dioctylfluorene)-alt-5,5-{5',8'-di-2-thienyl-2',3'-bis-(3"-octyloxyphenyl) }-quinoxaline]
(APFO-15) based on fluorene as a donor unit and dithienylquinoxaline (TQT) as
acceptor unit (Scheme 3.3)%. It has deep-positioned HOMO energy level of 6.3 eV. The
Eg of APFO-15 is slightly higher relative to PFDTBT counterpart, since the quinoid
character in BT is higher than the quinoxaline moiety®?. The BHJ PSCs based on APFO-
15: PCs1BM showed a PCE of 3.7%. Kitazawa et al. reported the same polymer
backbone, poly[2,7-(9,9-dioctylfluorene)-alt-5,5-(5',8"-di-2-thienyl-2',3'-
diphenylquinoxaline)] (PFTQT) but without octyloxy groups on the phenyl rings of the
quinoxaline unit (Scheme 3.3)%. They found that using chloroform/chlorobenzene in a
ratio (2/3, v/v) as a co-solvent for fabricating the active layer has a strong influence on
the morphology of the BHJ material. As a result, Jsc significantly increased but both Voc
and FF remain almost constant. The PFTQT: PC7:BM gave a higher PCE of 5.5%.
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By replacing the benzothiadiazole and quinoxaline by thienopyrazine (TP) unit a new D-
A copolymer, APFO-Green5 reported by Zhang and co-workers (Scheme 3.3)%. It has
a high molecular weight (M» = 40000 g mol™) and possesses a much lower Eqof 1.5 eV
compared to D-A copolymers containing benzothiadiazole and quinoxaline units, since
the TP increase the m-electron delocalisation along the conjugated polymer backbone due
to it adopts the quinoid structure by maintaining the aromaticity of pyrazine units®.
APFO-Green5 devices fabricated with PCs1BM delivered a moderate PCE of 2.2%.

To further lower the band gap, TP unit was replaced by pyrazinoquinoxaline (PQ) unit
and yielded APFO-Green9 which has an Eq of 1.4 eV (Scheme 3.3)?”. The PSCs based
on APFO-Green9: PC7:BM achieved a PCE of 2.3%.

3.1.3. Dibenzosilole based conjugated polymers

Upon introduction of a silicon atom instead of a methylene bridge in fluorene, another
promising donor unit dibenzosilole (DBS) has emerged. Leclerc et al. were the first
research group to prepare a D-A copolymer, poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-
(4',7-di-2-thienyl-2',1',3'-benzothiadiazole)] (PDBSDTBT) based on DBS and DTBT
for photovoltaic applications (Scheme 3.4)%. It was synthesised by the Suzuki
polymerisation with an Eq of 1.85 eV and a My of 15000 g mol™. The photovoltaic
performance of this polymer with PCs1BM as the acceptor delivered a PCE of 1.6%. Soon
after, Cao et al. independently reported a higher PCE of 5.4% for the same polymer using
4-fold higher Mn (79000 g mol™)®. The improved performance of PDBSDTBT compared
to PFDTBT analogue was due to higher hole mobility measured by FET and broader
absorption spectrum. In addition, the C-Si bond in DBS unit is longer than C-C bond in
fluorene unit. Consequently, DBS units create less steric hindrance compared to their
fluorene counterparts and therefore a better n-n stacking between polymer chains is

expected?®,

PDBSDTBT

Scheme 3.4: The structure of PDBSDTBT
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3.2. Synthesis of monomers:
3.2.1. Synthesis of benzothiadiazole dicarboxylic imide (BTDI) monomers

49 and 50 are BTDI monomers for the preparation of the target polymers in this chapter.
49 and 50 were synthesised through several steps starting from commercially available

thiophene (38) (Scheme 3.5). The different steps in their preparation are discussed below.

O,N NO, O,N NO, H,N NH,
Iy, I3y, BMB i s TN s. . s [V s
r r r r
S s S \ /S A\ \ / S \_/
38 39 40 41 42
s HyCO,C  CO,CH, HO,C  CO.H
v U s AN i vii)
— ) sT =Ly 7] p a
T\ T\ S
Ne N N__N o
S s s
43 44 45
R R
0=O_0 o=N_o o=N_o
Br.
S : S S
viii) ix) X)
—= ) /S ] — [ ) /S ] == | ) /S |
7\ 7\ I Br
NN N_ N N___N
S s S
46 47:R = DMO 49: R = DMO
48: R = octyl 50: R = octyl
o)
11
xi) xii) C xiii)
ROH —>= RBr —> N-R —> RNH, R = 37-dimethyloctyl (DMO)
51 52 S 54
o]

53

Scheme 3.5: Synthetic steps of the BTDI monomers

Reagents and conditions: i) NBS, DMF, —-15 °C, RT, overnight; ii) fuming H2SO4 (20%
free SOs3), conc. H2SOs conc. HNOs3, 20 °C, 20-30 °C, 3h; iii) 2-
(tributylstannyl)thiophene, anhydrous toluene, PdCI>(PPhs)., 115 °C, 24h; iv) anhydrous
SnCl,, HCI (35%), ethanol, 30 °C, 24h, NaOH (25%); v) PhNSO, TMSCI, anhydrous
pyridine, 3h, RT, HCI (1.0 N); vi) dimethyl acetylenedicarboxylate, anhydrous xylene,
reflux 24h; vii) aqueous NaOH, ethanol, reflux 24h, HCI (35%); viii) anhydrous Acz0,
anhydrous xylene, 130 °C, 6h; ix) HOAc (100%), 100 °C overnight, Ac20, 100 °C, 6h;
X) NBS, THF, RT, overnight; xi) DCM, PPhz, NBS, RT, 90 min; xii) potassium
phthalimide, anhydrous DMF, 90 °C, 17h, KOH; xiii) hydrazine hydrate (51%),
methanol, reflux, HCI (5.0 M), reflux, 1h
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3.2.1.1. Synthesis of 2,5-dibromothiophene (39)

Thiophene (38) was selectively brominated at 2,5-positions using two equivalents of N-
bromosuccinimide (NBS) in DMF in the dark gave 39 as a yellow oily product in a high
yield of 82% (Scheme 3.5)%.

The mechanism of the reaction is an electrophilic aromatic substitution and consists of
two main steps (Scheme 3.6). In the first step, the thiophene (38) functions as a
nucleophile and attacks the electrophilic bromine of NBS to form a carbocation
intermediate, which is stabilised by three resonance structures (55, 56 and 57). In the
second step, the carbocation is deprotonated by succinimide anion to form 2-

bromothiophene intermediate (58) which was then brominated at C-5 to give 39.

(0] ® (@]
(o~ — = 7 o
/ \ BFEN —_— @ H <« @ H <« H + N
(/S (S Br S Br S Br
38 O 55 56 57 O
NBS

HN
L
@Hf—\: N;:j - Q\Br — Br/@\Br

S Br
57

e} 58 39
Scheme 3.6: The mechanism of bromination of thiophene (38) by NBS

The structure and purity of 39 were approved by the *H NMR spectroscopy. The *H NMR

spectrum of 39 shows a singlet peak at 6.87 ppm equivalent to the two protons.

3.2.1.2. Synthesis of 2,5-dibromo-3,4-dinitrothiophene (40)

40 was readily prepared through the nitration reaction of 39 with concentrated nitric acid,
concentrated sulfuric acid and fuming sulfuric acid (Scheme 3.5)%. The first nitration
takes place at 3-position of 2,5-dibromothiophene (39) to form 2,5-dibromo-3-
nitrothiophene (60). A nitro group functions as an electron withdrawing group and
deactivates the 60 towards the second nitration. Therefore, the second nitration at the 4-
position of the 60 needs vigorous conditions. Fuming sulfuric acid is required to form 40
in a high yield. Furthermore, extending the reaction time for three hours is necessary at
20-30 °C to accomplish the reaction. Otherwise, a mixture of mono- and dinitro-

compounds is formed®.
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The method and order of addition of the acids in the nitration of 39 can play a crucial role.
In our work, 40 was synthesised in an excellent yield of 91% by adding concentrated
nitric acid dropwise to a mixture of 39, concentrated sulfuric acid and fuming sulfuric
acid (20% free SO3)%. On the other hand, nitration gave only 50% yield by adding 39 to

the mixture of fuming sulfuric acid, concentrated sulfuric acid and fuming nitric acid®4°.

The mechanism of the nitration reaction comprises of three distinct steps (Scheme 3.7)*.
In the first step, the hydroxyl group of nitric acid is protonated by the sulfuric acid;
subsequently a molecule of water is expelled to form a nitronium ion (NO2") electrophile.
In the second step, 39 functions as a nucleophile, attacks the NO>" to form an arenium
ion intermediate (59). Then, in the third step, HSO4 deprotonates 59 to form intermediate
60 and H>SOs4 is regenerated as a catalyst. Finally, 40 is formed from the latter

intermediate by the same mechanism.

®
—H é O=N=0

H Nitronium ion

o) @o 06
H 0O

@N (0]
7N N=0 sto4
Y e 8
Br Br OZNiO Br s® Br Br _. Br

39 59
Scheme 3.7: The mechanism of nitration of 39

40 does not contain a hydrogen atom; therefore, 3C NMR spectroscopy is a fundamental
method for initial characterisation. The *3C NMR spectrum of the 40 shows two signals
at 113.4 and 140.7 ppm for the two chemically different environments of carbon atoms.
The FT-IR spectrum of the 40 exhibits two peaks at 1345 and 1535 cm™ for symmetric

and asymmetric stretching vibrations of the nitro groups respectively.
3.2.1.3. Synthesis of 3",4'-dinitro-2,2":5',2"'-terthiophene (41)

41 was synthesised using the Stille coupling reaction between 40 and 2-
(tributylstannyl)thiophene in the presence of PdCI,(PPhs), as a catalyst in anhydrous
toluene at 115 °C (Scheme 3.5)*. It was obtained as orange crystals in an excellent yield
of 90%. The mechanism of the reaction is similar to that of the Stille reaction described

in the introduction chapter.
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41 was characterised by several techniques such as the *H NMR spectroscopy and mass
spectrometry. The *H NMR spectrum of 41 shows three doublet of doublet at 7.62, 7.56
and 7.19 ppm for six protons on the thiophene rings. In addition, mass spectrum of 41

shows a peak at 338 corresponding to the mass of the molecular ion [M]" of 41.
3.2.1.4. Synthesis of 3",4'-diamino-2,2':5,2"'-terthiophene (42)

42 was obtained by a reduction reaction of 41 using excess anhydrous tin (I1) chloride
(SnCl,) as a common reducing agent in the presence of a mixture of HCI in ethanol to
ensure the reaction was accomplished (Scheme 3.5)*3. 42 was achieved as a brown solid
in an excellent yield of 97%.

The mechanism of the reduction of the nitro group by tin(ll) chloride is performed by
single electron transfer (SET) (Scheme 3.8). In the first step one electron is transferred
from the tin(I1) chloride to the oxygen atom of the nitro group and a radical anion is
formed and then protonated. After the protonation takes place, a second electron is
transfered to the nitrogen. Then, a second proton is added, followed by loss of water the
nitroso intermediate (61) is formed. The second intermediate which is hydroxylamine
(62) is formed by the same sequence. Finally, the N-O bond is broken by adding another

two electrons to give anions of the products which are protonated to give 42.
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Scheme 3.8: The mechanism of reduction of nitro groups by tin(ll) chloride to form 42

Tin is oxidised from oxidation state of + 1l to + IV by loss of two electrons and in the
same time nitrogen is reduced from the oxidation state of + V to — Il by gaining eight
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electrons. Therefore, four equivalents of the tin(Il) chloride are required to reduce each

nitro group.

The *H NMR spectrum of 42 shows a doublet and a multiplet at 7.30 and 7.09-7.14 ppm
respectively for six protons on the thiophene rings. In addition, it also displays a broad
singlet at 3.76 ppm corresponding to four protons of the amino groups. The FT-IR
spectrum of 42 shows two peaks at 3298 and 3371 cm™ for symmetric and asymmetric
N-H stretching vibrations for the amino groups. Moreover, N-H bending is observed at
1615 cm™. The mass spectrum of 42 exhibits a peak at m/z = 278 corresponding to the
mass of the molecular ion [M]" of 42.

3.2.1.5. Synthesis of 4,6-bis(2-thienyl)-thieno[3,4-c][1,2,5]-thiadiazole (43)

43 was synthesised by reaction of 42 with N-thionyl aniline (PhNSO) and trimethylsilyl
chloride (TMSCI) in anhydrous pyridine to afford blue crystals in an excellent yield of
93% (Scheme 3.5)

The *H NMR spectrum of the 43 shows three doublet of doublet at 7.59, 7.34 and 7.12
ppm for six protons on the thiophene rings. Furthermore, a broad band at 3.76 ppm for
amino protons disappears which is good evidence that the cyclisation reaction was
successful. The structure of 43 was further confirmed by the FT-IR spectroscopy. The
FT-IR spectrum of 43 indicated that the two peaks at 3298 and 3371 cm! for symmetric
and asymmetric N-H stretching vibrations for the amine groups disappear.

3.2.1.6. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dimethyl ester (44)

44 was obtained using the Diels-Alder reaction between 43 and dimethyl
acetylenedicarboxylate in anhydrous xylene at reflux?. It was obtained in an excellent

yield of 94% as yellow crystals (Scheme 3.5).

The Diels-Alder reaction is one type of pericyclic reactions named as a [4n + 27]
cycloaddition because the reaction involves two different n-systems, for instance, 43 is
an electron-rich  heterocyclic  conjugated diene, whereas the dimethyl
acetylenedicarboxylate functions as an electron-deficient dienophile because it bears two

electron-withdrawing ester groups conjugated to the acetylene unit.

The mechanism of the reaction involves the formation of bridged bicyclic intermediate
(63) (Scheme 3.9). 44 is formed from this intermediate by heating through loss of sulfur

atom to construct heterocyclic six-membered ring benzothiadiazole. Four n-bonds are
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broken in dimethyl acetylenedicarboxylate and 43. Simultaneously, two new c-bonds and

two new m-bonds are formed in 44.
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Scheme 3.9: The mechanism of the formation of 44 using the Diels-Alder reaction

The structure and purity of 44 were assessed by the 'H NMR, *C NMR and FT-IR
spectroscopy. The *H NMR spectrum of 44 displays four different proton environments,
three in the aromatic region and one in the aliphatic region. It shows three doublets of
doublets at 7.62, 7.44 and 7.22 ppm corresponding to six protons on the thiophene rings.
The singlet peak at 3.78 ppm integrating to six protons denotes the presence of methyl
protons and they are more deshielded in comparison to standard methyl protons (~ 0.9
ppm). The *C NMR spectrum of 44 displays nine different carbon environments, seven
of which are in the aromatic region and a peak at 168.1 ppm with a high chemical shift
belong to the ester groups. Moreover, the peak at 53.1 ppm can be assigned for methyl
carbons. The FT-IR spectrum of 44 shows a peak at 1730 cm™ corresponding to the ester

groups.

3.2.1.7. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic acid
(45)

45 was synthesised upon hydrolysis of 44 under basic conditions in ethanol under reflux
followed by acidification (Scheme 3.5)%. It was obtained as a yellow solid in a yield of
85%.

The mechanism of an ester hydrolysis under basic conditions is an example of
nucleophilic acyl substitution and follows four steps (Scheme 3.10). In the first step, the
hydroxide ion acts as a nucleophile and attacks the carbonyl group of 44 to generate a
negatively charged tetrahedral intermediate (64). In the second step, the carbonyl group
is reformed by leaving the methoxide anion (CH3O") and the carboxylic acid intermediate
(65) is formed. A carboxylate anion (66) and methanol are generated by deprotonating
the carboxylic acid by the methoxide anion in the third step. The final step is an

acidification of the carboxylate anion (66) to form 45.
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Scheme 3.10: The mechanism of the hydrolysis of 44 under basic conditions

The *H NMR spectrum of 45 displays three doublets of doublets at 7.86, 7.47 and 7.25
ppm corresponding to six protons on the thiophene rings. Furthermore, the singlet peak
at 3.78 ppm for methyl protons in the *H NMR spectrum of 44 disappears, which is a
good indication for the success of the reaction. The structure of 45 further confirmed by
the FT-IR spectroscopy. The FT-IR spectrum of 45 shows the broad peak in the range of
2600-3300 cm™ corresponding to stretching vibration of OH of carboxyl group and

meanwhile the peak at 1730 cm™ disappears for the ester group.

3.2.1.8. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic
anhydride (46)

45 underwent intramolecular ring closure in the presence of acetic anhydride and
anhydrous xylene at 130 °C to afford 46 as a red solid in an excellent yield of 97%

(Scheme 3.5)*. The mechanism of a dehydration reaction of 45 is shown in scheme 3.11.
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Scheme 3.11: The mechanism of the dehydration reaction of 45

The *H NMR spectrum of 46 displays three doublets of doublets at 8.11, 7.82 and 7.33
ppm corresponding to six protons on the thiophene rings. The structure of 46 was further
confirmed by the FT-IR spectroscopy. The FT-IR spectrum of 46 shows two peaks at
1765 and 1808 cm™ corresponding to symmetrical and asymmetrical stretching vibrations

for the anhydride functional group.

3.2.1.9. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-
dimethyloctyl)dicarboxylic imide (47) and 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-
5,6-N-octyl-dicarboxylic imide (48)

46 was reacted with 3,7-dimethyl-1-octanamine (54) and 1-octanamine in the presence of
acetic acid and acetic anhydride to yield imide functionalised monomers (47 and 48) as

orange solids in 84 and 93% yield, respectively (Scheme 3.5)*. The mechanism of the
formation of 47 and 48 is outlined in scheme 3.12.
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Scheme 3.12: The mechanism of the formation of 47 and 48

47 and 48 were characterised by the *H NMR spectroscopy. The *H NMR spectra for both
monomers show three doublets of doublets at 7.91, 7.73 and 7.30 ppm corresponding to
six protons on the thiophene rings. Moreover, they exhibit the expected number of protons
of the alkyl chains in the aliphatic region. The structures and purities of both monomers
further confirmed by the 3C NMR spectroscopy. The *C NMR spectra for both
monomers show seven peaks for seven carbons in the aromatic region and one peak for
carbon for imide functional group at 165.7 ppm and ten peaks for ten carbons for 47 and
eight peaks for eight carbons for 48 in the aliphatic region, respectively. The FT-IR
spectra show two peaks at 1751 and 1804 cm™ for 47, 1754 and 1808 cm™ for 48, which

are representative of symmetric and asymmetric stretching vibrations for imide functional

group.
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3.2.1.10. Synthesis of 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-
dimethyloctyl)dicarboxylic imide (49) and 4,7-di(5-bromo-thien-2-yl)-2,1,3-
benzothiadiazole-5,6-N-octyl-dicarboxylic imide (50)

47 and 48 were selectively brominated at 5,5'-positions using NBS in THF and gave 49

and 50 as red solids in excellent yields of 98 and 96%, respectively (Scheme 3.5)%.

In order to selectively brominate the thiophene units at the 5,5-positions for similar
monomers, the reactions are usually performed using two equivalents of NBS to avoid
multi-brominations, which often afford mixtures that are difficult to separate. However,
for the bromination of 47 and 48 five equivalents of NBS were needed. This situation
might be due to the strong electron-withdrawing character of the BTDI unit, which
reduces the reactivity of the thiophene units towards the electrophilic attack. Fortunately,
according to all characterisations there was no indication for tri- and tetrabrominated by-
products. The mechanism of the reaction is similar to the bromination of thiophene (38)

as illustrated in scheme 3.6.

The structures and purities of both monomers were approved by the H NMR
spectroscopy. The *H NMR spectra for both monomers exhibit two doublets at 7.80 and
7.24 ppm corresponding to four protons on the thiophene rings and expected number of

protons of the alkyl chains in the aliphatic regions.

3.2.1.11. Synthesis of 3,7-dimethyloctyl bromide (52)

The commercially available 3,7-dimethyl-1-octanol (51) was reacted with
triphenylphosphine (PhsP) and NBS in dichloromethane to yield 52 as a colourless oil in
73% vyield (Scheme 3.5)*. The mechanism of the reaction is presented in scheme 3.13

and proceeds via a bimolecular nucleophilic substitution (Sn2) reaction.
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Scheme 3.13: The mechanism of bromination of 51

52 was characterised by the *H NMR and **C NMR spectroscopy. The *H NMR spectrum
of 52 shows expected number of protons. The *3C NMR spectrum of 52 shows ten peaks

for ten different carbon environments.

3.2.1.12. Synthesis of N-(3,7-dimethyloctyl)phthalimide (53)

52 was reacted with potassium phthalimide in anhydrous DMF to give 53 as colourless
oil in an excellent yield of 91% (Scheme 3.5)*’. The mechanism of the reaction proceeds
via a SN2 as outlined in scheme 3.14.

O/—\ O
N: K® N—-R R = DMO
©<<<O REr 3 @Q

@) KBr 53 @)

52
Potassium phthalimide

Scheme 3.14: The mechanism of formation of 53

The structure and purity of 53 were confirmed by the *H NMR spectroscopy. The 'H
NMR spectrum of 53 exhibits two doublets of doublets at 7.85 and 7.72 ppm
corresponding to the protons on the benzene ring. Meanwhile, it shows a series of
multiplet and doublets in the aliphatic region, which are attributed to the protons of the
3,7-dimethyloctyl chain.

3.2.1.13. Synthesis of 3,7-dimethyl-1-octanamine (54)

54 was obtained from 53 using hydrazine hydrate (NH2NH) in methanol as brown oil in
86% yield by Gabriel synthesis (Scheme 3.5)*. The mechanism of the reaction is
depicted in scheme 3.15.
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Scheme 3.15: The mechanism of the formation of 54 by Gabriel synthesis using hydrazine hydrate

The structure of 54 was approved by the *H NMR and *C NMR spectroscopy. The two
doublets of doublets at 7.85 and 7.72 ppm, which were attributed to four protons of 53
disappear in the *H NMR spectrum of 54, it is good evidence that the reaction was
successful. Moreover, it shows the expected number of protons in the aliphatic region for
the 3,7-dimethyloctyl chain. The **C NMR spectrum of 54 shows ten peaks for ten
different carbons in the aliphatic region and meanwhile three peaks for three different

carbons in the aromatic region and carbon of the imide group for 53 disappear.
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3.2.2. Synthesis of diboronic ester of dibenzosilole (DBS) monomer (72)

72 is a DBS monomer for the preparation of the target polymers in this chapter. It was
synthesised through five steps starting from the commercially available 2,5-
dibromonitrobenzene (67) (Scheme 3.16). The different steps in its preparation are

discussed below.

O.N Br HoN Br
NO, NH,

r— . . —Br —> i i
CsH17C8H17

CSH17C8H17
71

Scheme 3.16: Synthetic steps of the DBS monomer (72)

Reagents and conditions: i) Cu, DMF, 125 °C, 3h; ii) Sn, HCI (32%), ethanol, 3h, reflux,
NaOH (20%); iii) HCI (32%), acetonitrile, NaNO2, 0 °C, -5 to —10 °C, KI, 0 °C, -10 to
-15 °C, RT, 80 °C, 20h, NazS:0s; iv) anhydrous THF, -78 °C, n-BuLi, 3h,
dichlorodioctylsilane, RT, overnight; v) bis(pinacolato)diboron, PdClz(dppf), KOAc,
anhydrous DMF, 100 °C, 48h

3.2.2.1. Synthesis of 4,4'-dibromo-2,2*-dinitrobiphenyl (68)

68 was prepared by the Ullmann coupling reaction using 67 and copper powder in
anhydrous DMF and it was obtained as yellow crystals in an excellent yield of 90%
(Scheme 3.16)*.

The mechanism of the Ullmann coupling reaction comprises of two steps (Scheme 3.17).
In the first step, copper acts as a nucleophile and attacks to the C-Br bond which is ortho
to the nitro group to form an intermediate (73). The second step is coupling between 73

and a second molecule of the starting material to obtain the 68.
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Scheme 3.17: The mechanism of the formation of 68 using Ullmann coupling reaction

The *H NMR spectrum of 68 shows a doublet, a doublet of doublet and another doublet
at 8.40, 7.85 and 7.18 ppm, respectively corresponding to six protons on the biphenyl
ring. The FT-IR spectrum of 68 exhibits two peaks at 1332 and 1556 cm* for symmetric

and asymmetric stretching vibrations of the nitro groups.

3.2.2.2. Synthesis of 4,4'-dibromobiphenyl-2,2'-diamine (69)

68 was reduced using tin metal in ethanol under acidic medium to obtain 69 as brown
crystals in a yield of 70% (Scheme 3.16)%.

The reduction of nitro groups consists of two steps (Scheme 3.18). In the first step, 68
was reacted with Sn and HCI to generate protonated amine intermediate (74). In the
second step, this intermediate was treated with sodium hydroxide to release the free amine
(69).

02N ! Br
O + 3Sn +18HCI —>
Br N02

68

SnClgZ + 2H,SnClg 4+ 4 H,0

+ 38n0, H,0 + 18 NaCl + 13 H,0

Scheme 3.18: The reduction of 68

The structure of 69 was assessed by the *H NMR, **C NMR and FT-IR spectroscopy. The

'H NMR spectrum of 69 shows a new broad singlet peak at 3.59 ppm corresponding to
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four protons of the amino groups. The **C NMR spectrum of 69 displays six peaks for six
different carbons. The FT-IR spectrum of 69 shows two new peaks at 3280 and 3393 cm’
! for the symmetric and asymmetric stretching vibrations for the amino groups.
Meanwhile, the two peaks at 1332 and 1556 cm™ for symmetric and asymmetric

stretching vibrations for the nitro groups of 68 disappear.

3.2.2.3. Synthesis of 4,4'-dibromo-2,2'-diiodobiphenyl (70)

69 was reacted with a mixture of aqueous sodium nitrite and HCI in acetonitrile which
was subsequently treated with aqueous potassium iodide to give 70 via the Sandmeyer
type reaction as white crystals in a yield of 51% (Scheme 3.16)°.

The mechanism of the reaction proceeded through formation of the diazonium ion
intermediate from the primary amine (69) and subsequently treating with aqueous
potassium iodide to generate 70 (Scheme 3.19).
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Scheme 3.19: The mechanism of formation of 70

The structure of 70 was assessed by the *H NMR and FT-IR spectroscopy. The *H NMR
spectrum of 70 shows a doublet, a doublet of doublet and another doublet at 8.11, 7.57

and 7.05 ppm, respectively corresponding to six protons on the biphenyl ring.
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Furthermore, a broad singlet peak at 3.59 ppm of 69 disappears, which is a good evidence
for success of the reaction. The FT-IR spectrum of 70 shows that the two peaks at 3280
and 3393 cm for the symmetric and asymmetric stretching vibrations for the amino
groups of 69 disappear.

3.2.2.4. Synthesis of 2,7-dibromo-9,9-dioctyldibenzosilole (71)

70 was reacted with n-BuLi in anhydrous THF and subsequently treated with
dichlorodioctylsilane [(CgH17)2SiCl] to obtain 71 as colourless oil in 90% yield (Scheme
3.16)*2

The mechanism of the reaction is outlined in scheme 3.20. 70 was selectively lithiated at
2,2'-positions using two equivalents of n-BuLi and then reacted with two equivalents of

dichlorodioctylsilane to form 71.

Li | Br Li Br
‘\/ 2 n-Bul O LiCl
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'/—\ O
Br | Li” >N Br Li
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Cl
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Br O O Br
Si
CgH17CgH47
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Scheme 3.20: The mechanism of formation of 71

The *H NMR spectrum of 71 shows two doublets and a doublet of doublet at 7.70, 7.65
and 7.55 ppm respectively corresponding to six protons on the benzene rings. In addition,
it displays a multiplet and triplet in the aliphatic region for the octyl chain protons. The
structure of 71 was further confirmed by the *C NMR spectroscopy. The ¥C NMR
spectrum of 71 exhibits six peaks for six different carbons in the aromatic region and

eight peaks for eight carbons of the n-octyl chains in the aliphatic region.

3.2.2.5. Synthesis of 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
dibenzosilole (72)

71 was reacted with excess of bis(pinacolato)diboron, potassium acetate base and

PdClx(dppf) catalyst in anhydrous DMF which yielded 72 as brown crystals in 53% yield
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(Scheme 3.16). The mechanism of the reaction is similar to that of the Suzuki reaction

described in the introduction chapter.

The structure of 72 was approved by the *H NMR spectroscopy and mass spectrometry.
The 'H NMR spectrum of 72 shows a singlet peak at 1.39 ppm, which belongs to twenty
four protons of methyl groups of boronic ester. It also displays an expected number of
protons in the aromatic and aliphatic regions. The mass spectrum of 72 shows a peak at

658.5 corresponding to the mass of the molecular ion [M]" of 72.
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3.3. Polymers synthesis

In this chapter, the synthesis of four alternating D-A copolymers, 76, 77, 78 and 79 is
described. The polymers were prepared by the Suzuki polymerisation between bis-
boronate esters (75 and 72) with dibromides (49 and 50), respectively (Scheme 3.21).
The polymerisations were performed using Pd(OAc)./P(o-tol)s catalyst, NaHCOz base in
anhydrous THF. All polymerisations were left for 21-30 hours with large amounts of
purple precipitates forming as the reactions proceeded. The polymers were obtained and
purified as described in chapter 2. The structures of the 76, 77, 78 and 79 were verified
by the *H NMR spectroscopy, FT-IR spectroscopy and elemental analysis.
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Scheme 3.21: The synthesis of 76, 77, 78 and 79 via Suzuki polymerisation

Reagents and conditions: i) anhydrous THF, NaHCOs3, Pd(OACc)2, P(o-tol)s, 90 °C, 21-
30h

3.4. Molecular weights and yield of the polymers

Molecular weights of the polymers were measured by GPC using chloroform at 40 °C
relative to polystyrene standards (Table 3.1). Substituting 3,7-dimethyloctyl chains in 76
for octyl chains in 77 on the BTDI building blocks results in a polymer with lower My
values for the toluene fractions of the polymers. However, 77 afforded another fraction

in chloroform of a higher Mn value that was not soluble in toluene while 76 did not provide
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chloroform fraction. The results indicate that a higher solubility of the polymer with 3,7-
dimethyloctyl chains as a result of the branching of its substituents. The toluene fractions
of the dibenzosilole-based polymers (78 and 79) have similar M, values. However, 79 has
a lower Mp value to that of 78 for the chloroform fractions. This could be attributed to the
effect of the branched chains in 78 which provides it with a greater solubility and allows
it to provide higher molecular weight fractions. Polymers with n-octyl chains provided
lower yields compared to those with branched chains. Moreover, the yield of fluorene-
based polymers is higher relative to dibenzosilole-based polymers (Table 3.1). This could
be due to more aggregation in dibenzosilole-based polymers with more intermolecular

interactions relative to fluorene-based polymers.

Table 3.1: The percentage yield, weight and number average molecular weights with polydispersity
indexes of 76, 77, 78 and 79

Toluene fraction Chloroform fraction
Mn Mw PDI Mn Mw PDI
Polymer | % yield | (g mol’) | (g mol™) (g mol®) | (g mol?)
76 85 16000 33000 2.0
77 78 11200 29100 2.5 24900 74400 2.9
78 68 9400 19400 2.0 20000 44900 2.2
79 59 10000 26200 2.6 16100 38700 24

3.5. Optical properties of the polymers

The normalised UV-vis absorption spectra of all polymers in chloroform solutions and in
thin-films are shown in figure 3.1. The optical properties of these polymers are
summarised in table 3.2. All polymers show two absorption bands at short and long
wavelengths. The peak at shorter wavelengths could be related to m-m* transition.
However, the other band at lower energy is related to the intramolecular charge transfer
(ICT) between donor (D) and acceptor (A) units. The band gap (Eg) of the polymers are
assessed from the absorption onsets in thin-films. In solutions, all polymers display
comparable absorption maxima. In thin-films, the absorption spectra of the polymers
show red-shifted absorption maxima by 22-34 nm relative to their absorption in solutions.
This could be explained by stronger intermolecular n-n interaction and a more planar
structure in the solid state. Compared with fluorene-based polymers, dibenzosilole-based
polymers have broader absorption bands and therefore lower Eg values. A change of alkyl

chains on BTDI units from 3,7-dimethyloctyl chains to n-octyl chains has a negligible
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impact on the Eg4 of the resulting polymers. 77 is red-shifted relative to its 76 analogue;
this may arise from the fact that the former polymer has a higher molecular weight than
the latter polymer.
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Figure 3.1: Normalised UV-vis absorption spectra of 76, 77, 78 and 79 in a) chloroform solutions; and b)
thin films

Table 3.2: The UV-vis data and optical band gaps of the polymers

€ solution Film
Polymer | (M*tcem™) | Amax(nm) Amax (NM) Aonset (NM) Eq (eV)
76 26200 550 572 685 181
77 22900 551 585 696 1.78
78 35500 550 576 700 1.77
79 34900 550 578 697 1.77

76 and 77 have lower Egq relative to P(BTI-F) (Scheme 3.2) which has two extra
thiophene spacers between fluorene and DTBTDI units. The latter polymer is blue-
shifted around 10-25 nm relative to the former polymers. As expected, 76 and 77 have
lower Eg values around 0.1 eV compared with that of PFDTBT (Scheme 3.3) due to the
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stronger electron-accepting strength of the BTDI building blocks than BT unitt®,
Similarly, 78 and 79 have lower Eq relative to PDBSDTBT analogue (Scheme 3.4)%.
The absorption coefficients (g) of the dibenzosilole-based polymers are higher than
fluorene-based polymers (Table 3.2). This indicates that all things been equal, the

dibenzosilole polymers should lead to more efficient OPV devices.

3.6. Electrochemical properties of the polymers

Cyclic voltammetry was used to study the electrochemical properties of the polymers.
The LUMO and HOMO levels of all polymers calculated from the onsets of reduction
and oxidation potentials, respectively (Figure 3.2 and Table 3.3). The onsets were
determined from cyclic voltammograms on drop cast polymer films on Pt electrode as
working electrode in BusNCIO4#/CH3CN (0.1 M) vs Ag/Ag™ reference electrode. All
polymers show the same HOMO energy levels. The results indicate that switching from
fluorene to DBS moiety does not alter the HOMO levels of the resulting polymers. The
HOMO level is dominated by the nature of the donor unit and that both fluorene and DBS
units are weak electron donors of comparable strength. All polymers display low-lying
HOMO energy levels which are beneficial for the chemical stability of polymers in
oxygen and should lead to higher Vo values of the fabricated OPV devices including these
polymers as donor materials. All polymers have nearly identical LUMO energy levels, as
all polymers have the same BTDI acceptor units which control the LUMO levels in these
materials. Furthermore, anchoring different alkyl chains on BTDI units has little impact

on the LUMO levels of the resulting polymers.
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Figure 3.2: Cyclic voltammograms of a) 76 and 77; b) 78 and 79 on Pt electrode in BusNCIO4/CH3CN at
100 mV/s
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Table 3.3: Thermal and electrochemical properties of the polymers

Polymer T Eox? HOMO Ered LUMO Eg (ele0)
(°C) V) (eV) V) (eV) (eV)
76 409 0.87 -5.59 1.27 -3.44 2.15
77 367 0.87 -5.59 1.27 -3.44 2.15
78 438 0.87 -5.59 1.25 -3.46 2.12
79 359 0.87 -5.59 1.29 -3.42 2.16

All polymers have comparable HOMO levels relative to P(BTI-F) (Scheme 3.2), which
has a HOMO level of —5.60 eV?*. This indicates that the incorporation of two extra
thiophene spacers between fluorene and DTBTDI units has negligible effect on the
HOMO levels of the resulting polymers. However, all polymers have deeper HOMO
levels compared to those of PDI-BDTT, PDI-BDTO, BBTI-1 and BBTI-2 (Scheme
3.2). This could be attributed to fluorene and DBS units being weaker electron donors
than BDT and BTT units?®?. The LUMO levels of the polymers are higher than those of
PFDTBT and PDBSDTBT (Scheme 3.3 and Scheme 3.4) (3.8 eV), which are related
to the stronger electron accepting ability of BTDI moiety than BT unit!®3°,

3.7. Thermal properties of the polymers

The thermal properties of the polymers were studied by TGA (Figure 3.3 and Table 3.3).
All polymers show high thermal stability with Tq up to 350 °C. The thermal stability of
the polymers with n-octyl chains on BTDI moiety is significantly lower than those with
3,7-dimethyloctyl chains. The results show that the thermal properties of the polymers
are mostly affected by the size of the alkyl chains anchored to the BTDI units as well as
by the type of the donor building blocks.

1004
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0 T T T
0 200 400 600 800
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Figure 3.3: TGA of 76, 77, 78 and 79
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3.8. Powder X-ray diffraction (XRD) of the polymers

The structural properties of the polymers were investigated by powder XRD in solid state
(Figure 3.4). The XRD of the 76, 77, 78 and 79 show diffraction peaks at 20.0, 20.5, 19.7
and 20.3° corresponding to the m-m stacking distance of 4.43, 4.32, 4.5 and 4.36 A,
respectively. The results show that all polymers have an amorphous nature. It is also
worth noting that the peaks for the polymers containing n-octyl chains are more
pronounced which indicates more aggregation than those polymers including 3,7-

dimethyloctyl chains as also indicated by their lower solubility.

1500 1500

— 76 - 78

]
(=2

— 77 — 79

[N
o
o
o

10004

(&
o
o

500

Intensity (cps)
Intensity (cps)

0 T T T T T 1 0 T T T T T 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30

20 (°) 20 ()
Figure 3.4: Powder XRD of a) 76 and 77; b) 78 and 79

3.9. Conclusions

In summary, four fluorene and dibenzosilole-based copolymers were prepared by
copolymerising 2,7-fluorene and 2,7-dibenzosilole (DBS) with both 49 and 50 and
yielded 76, 77, 78 and 79, respectively. All polymers exhibit good solubility in common
organic solvents. Changing the alkyl chains on BTDI moieties has a substantial influence
on the solubility of the polymers. The use of 3,7-dimethyloctyl side groups on BTDI units
in the fluorene-based polymers afforded 76 in high yield, however, the polymer was
extracted in the toluene fraction due to its high solubility. The use of n-octyl side groups
on BTDI units yielded 77 which has a lower solubility. In addition to the toluene fraction,
another fraction from chloroform which has a higher molecular weight was obtained.
However, in the case of dibenzosilole-based copolymers, linear octyl side chains have a
negative impact on the molecular weight and the solubility of the resulting polymer. In
solutions, all polymers show similar absorption maxima. In thin-films, the absorption
spectra of the polymers display bathochromic shift absorption maxima relative to their
absorption in solutions. The optical band gaps of the fluorene-based copolymers are
slightly higher than those of dibenzosilole-based copolymers. The band gaps of the
fluorene-based polymers are slightly changed by substituting 3,7-dimethyloctyl chains
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with n-octyl chains on BTDI units, while the band gaps of dibenzosilole-based polymers
are the same. Upon varying fluorene to DBS unit, the HOMO levels of the resulting
polymers do not change. This is due to the HOMO energy levels are controlled by the
nature of the donor units, both fluorene and DBS units are weak electron-donors of similar
strength. All polymers show deep-lying HOMO energy levels of -5.59 eV, which are
advantageous for the chemical stability, and this would lead to higher Vqc values using
these polymers as electron-donating materials in the BHJ devices. All polymers have
almost the same LUMO levels and have the same BTDI acceptor units which dominate
the LUMO levels in these materials. Moreover, attaching different alkyl chains on BTDI
units has small impact on the LUMO energy levels of the resulting polymers. All
polymers illustrate excellent thermal stability with T4 exceeding 350 °C. The polymers
based on branched 3,7-dimethyloctyl chains have higher thermal stability than those
polymers based on n-octyl chains. The thermal stability of the polymers is dependent
upon the type of the alkyl substituents attached to the acceptor moieties. The powder X-
ray diffraction studies of the polymers show diffraction peaks around 20.0° corresponding
to the m-m stacking distance of about 4.0 A. All polymers have the amorphous nature. The
photovoltaic properties of these materials are currently under investigation in BHJ solar

cells with fullerene derivatives.
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Chapter 4 - Influence of fluorine substitution upon the
photovoltaic  properties of carbazole-benzothiadiazole

dicarboxylic imide alternate copolymers

Abstract

Four novel donor-acceptor copolymers, 104, 105, 106 and 107, were designed and
synthesised via Suzuki polymerisation. The first two copolymers including 2,7-carbazole
flanked by thienyl moieties as the electron donor unit and benzothiadiazole dicarboxylic
imide (BTDI) as electron acceptor units. In the last two copolymers, two fluorine atoms
were incorporated at 3,6-positions of 2,7-carbazole to investigate the impact of fluorine
upon the optoelectronic properties, structural and thermal properties of the resulting
polymers. 107 possesses the highest number average molecular weight (Mn = 24200 g
mol ™) among all polymers synthesised. 104, 105 show identical optical band gaps of 1.76
eV. However, the optical band gaps of fluorinated copolymers are slightly higher than
non-fluorinated counterparts. All polymers have deep-lying HOMO levels. Changing the
alkyl chain substituents on BTDI moieties from linear n-octyl to branched 3,7-
dimethyloctyl groups as well as substituting the two hydrogen atoms at 3,6-positions of
carbazole unit by fluorine atoms has negligible impact on the HOMO levels of the
polymers. Similarly, the LUMO energy levels are almost comparable for all polymers.
Thermogravimetric analysis (TGA) have shown that all polymers have good thermal
stability and also confirmed that the fluorinated copolymers have higher thermal stability
relative to those non-fluorinated analogues. Powder XRD studies proved that all polymers

have an amorphous nature in the solid state.

4.1. Introduction

Carbazole is a fused-ring aromatic system, in which two benzene rings are fused in the
center by a pyrrole ring (Figure 4.1). It is one of the most extensively utilised donor
repeat units for optoelectronic applications, for example OLEDs?, OFETs?® and solar
cells®. It is structurally analogous to fluorene, but the carbon at 9-position of fluorene is
substituted by nitrogen atom. Relative to fluorene, carbazole is a more electron rich unit
due to its lone-pair of electrons on the nitrogen atom, which is involved in the aromatic
system. In addition, carbazole derivatives have fully aromatic properties and they are able
to form stable radical cations®. Furthermore, they have relatively high charge carrier
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mobilities and they show good photochemical and thermal stabilities®. Moreover, the
nitrogen atom in the carbazole unit is easily functionalised with different alkyl chains for
enhancing solubility of the resulting polymers®. Fluorene easily undergoes oxidation at
the 9-position to ketone, while the nitrogen atom at the 9-position of carbazole prevents

oxidation under electrochemical conditions’.

Carbazole moiety can be linked through the 3,6-positions or 2,7-positions (Figure 4.1).
Coupling of carbazole units through the 3,6-positions limits the w-conjugation of the
resulting materials because a large amount of twisting along the polymer backbone.
However, connecting carbazole units via the 2,7-positions provides a greater degree of
conjugation because the repeat units adopt a more planar structure®®. However, cyclic
voltammetry studies revealed that these types of polymers undergo irreversible oxidation
and therefore they are less stable under electrolytic conditions. This is due to the nitrogen
atom activating the 3,6-positions of carbazole!®. As a result, side reactions can easily
occur and cross-linked polymers are formed. The mechanism of the reaction has been

proposed by Zotti et al. (Scheme 4.1),

Figure 4.1: The structure of carbazole unit

s
s

N

R
Scheme 4.1: The cross-linking of polymers at 3,6-positions of 2,7-linked carbazole
Iraqi et al. protected the 3,6-positions of 2,7-linked carbazole polymers by substituting
hydrogen atoms with either methyl groups or fluorine atoms®?, They found that the
resulting polymers have higher electrolytic stability relative to those non-substituted

analogues.

125



4.1.1. Conjugated polymers based on 2,7-carbazole

Similar to fluorene, carbazole-based homopolymers usually have large band gaps
therefore they are not suitable candidate for BHJ photovoltaic cells*. The band gap of
polycarbazoles can be lowered by copolymerising 2,7-carbazole moieties with a variety
of acceptor units through alternating donor-acceptor (D-A) strategy. Based on this
strategy, a variety of high photovoltaic performance carbazole copolymers has been
developed. The most successful D-A copolymer is poly[N-9'-heptadecanyl-2,7-
carbazole-alt-5,5-(4',7'-di-2-thienyl-2',1',3'-benzothiadiazole)] (PCDTBT) based on 2,7-
carbazole flanked by thienyl units as electron-rich moiety and BT as an acceptor unit
which was developed by Leclerc group (Scheme 4.2)1. The PCDTBT was synthesised
via Suzuki polymerisation. The photovoltaic devices based on PCDTBT: PCs1BM
showed a PCE of 3.6%*2. Leclerc and co-workers further optimised the devices based on
PCDTBT and the photovoltaic performance up to 5.7% was recorded'**°. Later on, many
research groups improved the efficiency of PCDTBT up to 6.79% by inserting different
layers such as a titanium oxide (TiOx), conjugated polyelectrolyte, and alcohol/water
soluble conjugated polymer between the active layer and top aluminium electrode
(A)!61718 Recently, PCE of 7.5% was reported for PCDTBT: PC71BM?*°. Zhou et al.
reported the same polymer backbone PCDTBT based on 2,7-carbazole with bulkier side
chain delivered a PCE of 3.05%%.

Leclerc et al. reported a new copolymers including 2,7-carbazole and a 2,1,3-
benzooxadiazole (BO) by substituting sulfur atom in BT unit by oxygen atom (Scheme
4.2)?*, PCDTBO: PCs:BM BHJ solar cell delivered a moderate PCE of 2.4%.

C8H17 C8H17

PCDTBT: X=S
PCDTBO: X=0
PCDTTAZ: X = N-R, R = dodecyl

Scheme 4.2: The structures of copolymers containing 2,7-carbazole flanked by thienyl units and different

acceptor units

Cao and co-workers synthesised another D-A copolymer, PCDTTAZ based on 2,7-

carbazole and 2-alkyl-2',1',3'-benzotriazole (TAZ) as acceptor moiety (Scheme 4.2)%2.
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The BHJ solar cells fabricated from PCDTTAZ: PCes1BM as active layer delivered a
PCE of 2.75%.

Zhang et al. reported HXS-1 copolymer including 2,7-carbazole and 5,6-dialkoxy-2,1,3-
benzothiadiazole [(OR)2BT] as an acceptor (Scheme 4.3)%., HXS-1 blended with
PC71BM exhibited a PCE of 5.4%. Iraqi et al. designed and synthesised three copolymers,
PCDTBT-8 and PCDT2BT-8 and PCDTBT based on 2,7-carbazole flanked by thienyl
or bithienyl units as donor units and BT or (OR)2BT as acceptor moieties (Scheme 4.3)%.
PCDTBT blended with PC7:BM delivered the highest PCE of 4.30%. Iraqi and co-
workers synthesised four copolymers based on 2,7-carbazole flanked by thienyl or
selenophenyl units as donor units and BT or (OR)2BT as acceptor moieties (Scheme
4.3)%, PCDTBT fabricated with PC7:BM in BHJ devices gave the highest PCE of 5.10%.
Recently, PCDT2BT-8 and PCDTTBT-8 were synthesised by Iragi et al. using
bithiophene and thieno[3,2-b]thiophene (TT) units as spacers between 2,7-carbazole and
(OR)2BT (Scheme 4.3)%. The BHJ solar cell based on PCDT2BT-8: PC71BM as active
layer gave a PCE of 4.12%. However, PCDTTBT-8: PC7:BM gave a higher PCE of
4.5%.

N’S\N
M )\

OCgH17
CgHq7~ "CgHy7 CgHy7~ "CgHy7

PCDT2BT-8 PCDSeBT: X =Se, R=H
PCDSeBT-8: X = Se, R = octyloxy
PCDTBT: X=S,R=H
S, PCDTBT-8: X = S, R = octyloxy

CgH47

CgH47

PCDTTBT-8

Scheme 4.3: The structures of alternating copolymers including 2,7-carbazole units, benzothiadiazole and

dialkoxy benzothiadiazole moieties
4.1.2. The impact of fluorination on the efficiency of organic photovoltaics

Although the physical and electronic properties of conjugated polymers are dominated by
the selection of D and A units in the main chain of D-A copolymers, substituents such as
fluorine atom can be used for fine tuning these properties. Fluorine is the most

electronegative atom in the periodic table and it has small size. Incorporating fluorine
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atoms onto the polymer backbone could be lower the HOMO energy level without
introducing much steric effects?’. The low-lying HOMO energy levels of fluorinated
polymers can provide high Voc values in PSCs?. You and co-workers have designed and
synthesised a new acceptor unit, 4,7-di-2-thienyl-5,6-difluoro-2,1,3-benzothiadiazole
(DTFBT) (Scheme 3.1)?°. It was copolymerised with benzodithiophene (BDT) to build
a PBDT-DTffBT copolymer (Scheme 4.4). To study the influence of fluorine atoms on
the efficiency of PSCs, they prepared PBDT-DTBT without fluorine atoms. PBDT-
DTFfBT has Eg of 1.7 eV, which is similar to that of PBDT-DTBT. However, the LUMO
and HOMO levels of PBDT-DTffBT are lower relative to those of its non-fluorinated
analogue. The PBDT-DTffBT was fabricated into solar cell devices with PCs1BM
offered an impressive PCE of 7.2%. In contrast, the non-fluorinated counterpart only
exhibited a PCE of 5.0%.

You et al. further developed another new acceptor unit based on TAZ by replacing two
hydrogen atoms at 5,6-positions of TAZ with two fluorine atoms to build a FTAZ?'. It
was copolymerised with a BDT to generate a novel PBDT-FTAZ copolymer (Scheme
4.4). Moreover, they prepared PBDT-HTAZ copolymer without fluorine atoms to
investigate the impact of fluorine atoms on the performance of the devices. BHJ
photovoltaic devices composed of PBDT-FTAZ and PCes1BM as active layer delivered
a remarkable PCE of 7.1%. On the other hand, PBDT-HTAZ showed only a PCE of
4.36%.

In 2013, Wang et al. reported three copolymers based on BDT and DTffBT with different
solubilising chains, PBDTten-DTHffBT, PBDTten-DTenffBT and PBDTHpo-
DTHffBT (Scheme 4.4)*°. PBDT1en-DTHFfBT and PBDTren-DTenffBT blended with
PC71BM delivered the PCE of 4.46 and 6.20%, respectively. On the other hand,
PBDTrpo-DTHffBT offered an unprecedentedly high PCE of 8.30%.

Peng et al. developed a new acceptor moiety based on DTBT by substituting one
hydrogen atom at 5-position of BT with fluorine atom to construct DTfBTSL. It was
copolymerised with alkylthienyl substituted BDT to form PBDT-DTfBT (Scheme 4.4).
The BHJ solar cell based on PBDT-DTfBT: PC71:BM showed a high PCE of 6.21%.

Jen and co-workers reported a PCPDTFBT copolymer including cyclopentadithiophene
(CPDT) and partially fluorinated BT (FBT) (Scheme 4.4)%2. In parallel, they synthesised
non-fluorinated PCPDTBT counterpart to examine the effect of fluorine on the
photovoltaic efficiency of the device. The PCPDTFBT: PC7:BM delivered much higher

128



PCE than PCPDTBT (5.51 vs 2.75%). Nehr et al. independently reported the same
copolymers PCPDTFBT and PCPDTBT. PCPDTFBT and PCPDTBT fabricated with
PC71BM delivered a PCE of 6.16 and 3.59% respectively*3,

For all of the highly efficient copolymers mentioned above fluorine was incorporated on
the acceptor units. Bo and co-workers inserted fluorine atoms on the donor unit®*. They
reported a novel copolymer, O-PDFCDTBT based on 3,6-difluoro-2,7-carbazole flanked
by thienyl units and (OR)2BT (Scheme 4.4). The copolymer had a low molecular weight
(Mn = 9100 g mol™?) due to its limited solubility. The BHJ solar cell based on O-
PDFCDTBT: PC71BM as active layer showed a PCE of 4.8%. They replaced the n-octyl
side chains on carbazole units by 2-hexyldecyl side chains (HD) so as to increase the
solubility and molecular weight of the resulting polymer (Scheme 4.4)%*. The new
copolymer, HD-PDFCDTBT was synthesised with a M, as high as 38000 g mol™. The
HD-PDFCDTBT showed much higher hole mobility than O-PDFCDTBT probably due
to higher molecular weight of the former polymer. HD-PDFCDTBT blended with
PC71BM delivered a high PCE of 7.39%.
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PBDT-DTBT: X = H, Ry = 3-butylnonyl, R, = 2-ethylhexyl PCPDTBT: X = H, R = 2-ethylhexyl
PBDT-DTFfBT: X = F, R, = 3-butylnonyl, R, = 2-ethylhexyl PCPDTFBT: X = F, R = 2-ethylhexyl
PBDT,po-DTHffBT: X = F, Ry = 2-hexyldecyloxy, R, = hexyl

PBDT-HTAZ: X = H, Ry = 3-butylnonyl, R, = 2-butyloctyl O-PDFCDTBT: R = octyl
PBDT-FTAZ: X = F, R, = 3-butylnonyl, R, = 2-butyloctyl HD-PDFCDTBT: R = 2-hexyldecyl

CgHq7~ "CgHy7
PCffDTBT

PBDT-DTfBT: X =H, Y = F, Ry = dodecyl, R, = octyl
PBDTey-DTeuffBT: X, Y = F, Ry, R, = 2-ethylhexyl
PBDTgy-DTHffBT: X, Y = F, Ry = 2-ethylhexyl, R, = hexyl

Scheme 4.4: The structures of fluorinated copolymers and their analogues
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4.2. Synthesis of 3,6-difluoro-substituted-2,7-carbazole monomer (89)

89 is a key monomer for the preparation of the target polymers in this chapter. It was
synthesised through eight steps starting from commercially available 1,4-dibromo-2-

fluorobenzene (80) (Scheme 4.5). The different steps in its preparation are discussed

below.
F Br O,N Br HoN Br
i i iv
BrOBr_)- F‘QN% e :‘\/\‘: Qi) e O . v)_
Br NO, NH,
VII) vm)
Br * 87 — Br
N
C8H17 CgHi7 CsH17 CgHi7
84 88 89
CgH17
v) vi) Q) CeHi
C8H17Br e R —— S-0
C8H17 CgH17 3
85 86 TsCI 87

Scheme 4.5: The synthetic steps of the 89

Reagents and conditions: i) TFA, TFAA, NH4NOs, DCM, 0 °C; ii) Cu powder, DMF,
120 °C, 3h; iii) Sn, HCI, EtOH, reflux, 3h; iv) HsPO4, 190 °C, 24h; v) Mg, THF, ethyl
formate; vi) EtsN, MesN.HCI, DCM; vii) KOH, DMSO, THF, 45 °C, overnight; viii)
bis(pinacolato)diboron, KOAc, anhydrous DMF, Pd(dppf)Cl2, 100 °C, 48h

4.2.1. Synthesis of 1,4-dibromo-2-fluoro-5-nitrobenzene (81)

81 was synthesised by nitration of 80%. The reaction was performed between 80 and
ammonium nitrate as a nitrating agent in the presence of trifluoroacetic acid (TFA) and
trifluoroacetic anhydride (TFAA) in dichloromethane and yielded 81 as yellow crystals
in an excellent yield of 85% (Scheme 4.5).

The mechanism of the reaction is an electrophilic aromatic substitution and comprises of
three steps (Scheme 4.6). In the first step, nitrate ion (NO3) reacts with TFAA to form
nitronium ion (NOz"), which is an electrophile. In the second step, 80 functions as a
nucleophile and attacks to the NO,* to form a sigma complex, which is stabilised by three
resonance structures (90, 91 and 92). In the third step, the aromaticity of the benzene ring

is restored by deprotonation of the sigma complex to form the 81.
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Scheme 4.6: The mechanism of nitration reaction to form 81

The structure of 81 was verified by the *H NMR and '°F NMR spectroscopy. The *H
NMR spectrum of 81 shows two doublets at 8.20 and 7.55 ppm corresponding to the
aromatic protons. The °F NMR spectrum of 81 exhibits a triplet at —97.2 ppm for a

fluorine atom.

4.2.2. Synthesis of 4,4'-dibromo-5,5'-difluoro-2,2'-dinitrobiphenyl (82)

82 was prepared by the Ullmann coupling reaction of 81 using copper powder in
anhydrous DMF and obtained as yellow crystals in 76% yield (Scheme 4.5)%. The
mechanism of the reaction is similar to that for the synthesis of 68 as shown in scheme
3.17.

The structure of 82 was approved by the *H NMR, and **F NMR spectroscopy. The *H
NMR spectrum of 82 displays two doublets at 8.57 and 7.09 ppm, which belong to
aromatic protons. The °F NMR spectrum of 82 exhibits a triplet at —95.9 ppm for two

chemically equivalent fluorine atoms.
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4.2.3. Synthesis of 4,4'-dibromo-5,5'-difluorobiphenyl-2,2'-diamine (83)

82 was reduced using tin powder under acidic conditions in ethanol to obtain 83 as a
brown solid in a yield of 81% (Scheme 4.5)%. The mechanism of reaction is similar to

that for the synthesis of 69 as shown in scheme 3.18.

The structure of 83 was assessed by the *H NMR, and °F NMR spectroscopy. The *H
NMR spectrum of 83 shows two doublets at 6.99 and 6.90 ppm, which belong to the
aromatic protons. It also displays a broad singlet peak at 3.74 ppm corresponding to
protons of amino groups. The °F NMR spectrum of 83 exhibits a triplet at ~121.2 ppm

for two chemically equivalent fluorine atoms.

4.2.4. Synthesis of 3,6-difluoro-2,7-dibromo-9H-carbazole (84)

84 was prepared in 79% yield by reacting 83 with concentrated phosphoric acid (Scheme
4.5)%,

The mechanism of the reaction involves three steps (Scheme 4.7). In the first step, one of
the amino groups of 83 is protonated by phosphoric acid, followed by the leaving of an
ammonia molecule following intramolecular attack of the second amino group on the
carbon bearing it; leading to ring closure to form protonated intermediate (93). Finally,
this intermediate is deprotonated by H2PO4" to yield 84 and regenerates the phosphoric

acid as a catalyst.
A f 0 ®
e} S

Br NH, H-O-F 5-b_oy  Br NH,
O P OH O F
i 4O0H ~
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F. F F. F
BrBr N BrBr
N H4PO, N
(H H H
93
84
o: 9
O—?—OH
OH

Scheme 4.7: The mechanism of formation of 84

The structure of 84 was verified by the *H NMR spectroscopy. The *H NMR spectrum of

84 in acetone-de displays two doublets at 8.09 and 7.85 ppm, which belong to aromatic

protons. It also displays a new broad singlet peak at 10.67 ppm, which attributes to a
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proton on nitrogen atom of carbazole. Meanwhile, a broad singlet peak at 3.74 ppm for

protons of amino groups in the *H NMR spectrum of 83 disappears.

4.2.5. Synthesis of heptadecan-9-ol (86)

86 was synthesised through two steps starting from commercially available 1-
bromooctane (85)%. In the first step, 85 was reacted with magnesium metal in anhydrous
THF to form n-octylmagnesium bromide (94), which is the Grignard reagent. In the next
step, the Grignard reagent was treated with ethyl formate (95) to obtain 86 as white solid

in an excellent yield of 99% (Scheme 4.5).

The mechanism of the reaction consists of four steps (Scheme 4.8). In the first step, the
Grignard reagent (94) acts as a nucleophile and attacks the carbonyl group of 95 to yield
a negatively charged tetrahedral intermediate (96). In the second step, the carbonyl group
is reformed upon the leaving of the ethoxide anion to form an aldehyde intermediate (97).
In the third step, the second molecule of the Grignard reagent attacks the carbonyl group
of 97 to generate a new alkoxide intermediate (98). Finally, the latter intermediate is

protonated by an acid to give 86, which is a secondary alcohol.
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H

o /g

O: HO H OH
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H,O
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Scheme 4.8: The mechanism of formation of 86

The structure of 86 was approved by the 'H NMR and *C NMR spectroscopy. The *H
NMR spectrum of 86 shows the expected number of protons. The *C NMR spectrum of

86 displays nine peaks for nine environmentally different carbon atoms.
4.2.6. Synthesis of 9-heptadecane-p-toluenesulfonate (87)

Tosylation reaction between 86 and p-toluenesulfonyl chloride (TsCI) in the presence of
trimethylammonium monohydrochloride and triethyl amine in dichloromethane yielded
87 as white crystals in 89% yield (Scheme 4.5)*.
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The mechanism of the reaction is suggested by Yoshida and co-workers (Scheme 4.9)*.
In the beginning, triethylamine was reacted with trimethylammonium
monohydrochloride to generate trimethylamine because trimethylamine is less basic than
triethylamine (pKy: 9.81 vs 11.01), respectively. The trimethyl amine functions as a
nucleophile and attacks the sulfur atom of TsCl to form an intermediate (99), which is a
strong tosylating reagent. This intermediate subsequently reacted with 86 to generate
tosylate compound (87).

e
/ 07 o W CaHyy
Tscl Cl Qe !e3 Q @)—CgHiz
EtzN ‘NMe; 4> S \NMe; e
99 . :NMe
*OH ® 3
Et;N.HCI Me3N.HCI Me;NH ‘1
CgHi7~ "CgHyz
86 CgHy7
O )—CgHy7
%-O
@]
87

Scheme 4.9: The mechanism of the formation of 87

The structure of 87 was approved by the *H NMR and FT-IR spectroscopy. The *H NMR
spectrum of 87 shows two doublet of doublets at 7.81 and 7.34 ppm which belong to the
protons of tosylate ring. It also displays a singlet at 2.47 ppm corresponding to the methyl
protons. In addition, it shows expected number of protons of alkyl chains. The FT-IR
spectrum of 87 shows a new peak at 1354 cm™ which belongs to S-O stretching vibration.

Meanwhile, the broad peak for O-H stretching vibration of 86 disappears.

4.2.7. Synthesis of 3,6-difluoro-N-9'-heptadecanyl-2,7-dibromocarbazole (88)

The alkylation reaction between 84 and 87 under basic conditions in anhydrous
DMSO/THF as a co-solvent yielded 88 as white crystals in 76% yield (Scheme 4.5)*.

The mechanism of the reaction includes two steps (Scheme 4.10). In the first step, 84 is
deprotonated by the hydroxide ion to form a negative charge on the nitrogen atom, which
functions as a nucleophile. In the second step, the nucleophile attacks 87 to generate 88
through a bimolecular nucleophilic substitution (Sn2) mechanism. The p-
toluenesulfonate is a very good leaving group as it is stabilised through three resonance
structures (100, 101 and 102).
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Scheme 4.10: The mechanism of the formation of 88

The structure of 88 was verified by the *H NMR spectroscopy and mass spectrometry.
The *H NMR spectrum of 88 shows a broad multiplet and doublet at 7.83-7.69 and 7.58
ppm respectively corresponding to the aromatic protons. It also displays a series of
multiples and triplet in the aliphatic region for alkyl chain protons. The mass spectrum of
88 shows a main integer peak at 599.1 corresponding to the mass of the molecular ion
[M]" of 88.

4.2.8. Synthesis of 3,6-difluoro-N-9'-heptadecanyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)carbazole (89)

88 reacted with excess of bis(pinacolato)diboron, potassium acetate base and PdCl.(dppf)
catalyst in anhydrous DMF to afford 89 as brown crystals in 69% yield (Scheme 4.5)*.
The mechanism of the reaction is similar to that of the Suzuki coupling reaction described

in the introduction chapter.

The structure of 89 was approved by the *H NMR spectroscopy and mass spectrometry.
The *H NMR spectrum of 89 shows a singlet peak at 1.43 ppm, which belongs to twenty
four protons of methyl groups of boronic ester. Furthermore, it displays expected number
of protons in the aromatic and aliphatic regions. The mass spectrum of 89 exhibits a peak

at 693.5 corresponding to the mass of the molecular ion [M]* of 89.
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4.3. Polymers synthesis

The synthesis of the four target alternating D-A copolymers, 104, 105, 106 and 107 is
described in this section. The polymers were prepared by the Suzuki polymerisation
between bis-boronate esters (103 and 89) with dibromides (49 and 50), respectively
(Scheme 4.11). The polymerisations were performed using Pd(OAc)2/P(o-tol)s catalyst,
NaHCO3 base in anhydrous THF. All polymerisations were left running between 24 and
48 hours with large amounts of purple precipitates forming as the reactions proceeded.
The polymers were obtained and purified as described in chapter 2. The structures of 104,
105, 106 and 107 were confirmed by the *H NMR spectroscopy, FT-IR spectroscopy and

elemental analysis.

O, pe 49 i)
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7\ Br
\S/

Scheme 4.11: The synthesis of 104, 105, 106 and 107 via Suzuki polymerisation

Reagents and conditions: i) anhydrous THF, NaHCO3, Pd(OAc)2, P(o-tol)s, 90 °C, 24-
48h

4.4. Molecular weights and yield of the polymers

Molecular weights of the polymers were estimated by GPC using chloroform at 40 °C
using polystyrene as calibration standard (Table 4.1). Substituting 3,7-dimethyloctyl
chains in 104 by linear n-octyl chains on the BTDI unit yielded 105. This polymer

afforded a chloroform fraction which has a higher M, value relative to 104. Changing 3,7-
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dimethyloctyl chains in fluorinated copolymer 106 with n-octyl chains in 107 on the
BTDI moieties results in a polymer with lower M, values for the toluene fractions of the
polymers. However, 107 afforded another fraction in chloroform of a higher M, value
that was not soluble in toluene while 106 did not provide chloroform fraction. The results
indicate that a higher solubility of the polymers with 3,7-dimethyloctyl chains as a result
of the branching of its substituents. Fluorinated copolymers have lower molecular weights
than those non-fluorinated analogues in toluene fraction. In contrary, 107 has the highest
M value in chloroform fraction among all polymers prepared. All polymers synthesised

in good yield in the range of 68-98%.

Table 4.1: The percentage yield, weight and number average molecular weights with polydispersity
indexes of 104, 105, 106 and 107

Toluene fraction Chloroform fraction
Mn Mw PDI Mn Mw PDI
Polymer | % yield | (g mol) | (g mol™) (g mol?) | (g mol?)
104 73 12200 30400 2.4
105 86 20500 65300 3.1
106 98 8700 16300 1.8
107 68 8200 18400 2.2 24200 46300 1.9

4.5. Optical properties of the polymers

The normalised UV-vis absorption spectra of all polymers were investigated in
chloroform solutions and in thin-films (Figure 4.2 and Table 4.2). In solutions, the
absorption of the polymers is not affected by the nature of substituents on BTDI units and
both polymers with n-octyl and 3,7-dimethyloctyl substituents display similar absorption
maxima (557 nm for 104 vs 561 nm for 105 and also the same absorption maxima of 536
nm for both 106 and 107). This indicates that these substituents have a minimal effect on
the conformation of polymer chains in solutions. In both solutions and films the
fluorinated polymers are blue-shifted relative to those non-fluorinated analogues. This
increase in the band gap of the fluorinated polymers could be explained by the fact that
there is a decrease in the intramolecular charge transfer along polymer backbones upon
substitution of the carbazole repeat units with electron withdrawing substituents. In thin-
films, the absorption spectra of the polymers show a red-shift of absorption bands by 27-
32 nm relative to their absorption in solutions. This could be attributed to stronger

interchain nt-w stacking and more coplanar structures in the solid state. The band gap (Eg)
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of the polymers are estimated from the absorption onsets in thin-films. The Eq4 of the 104
and 105 are comparable. However, the Eg of the 106 and 107 are 1.78 and 1.81 eV,
respectively which are slightly higher than non-fluorinated counterparts. The results
indicate that a change of alkyl chains on BTDI units from 3,7-dimethyloctyl chains to n-
octyl chains does not have any impact on the Eg of the 104 and 105, while it has a little

impact on the Eg of the fluorinated polymers.
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Figure 4.2: Normalised UV-vis absorption spectra of 104, 105, 106 and 107 in a) chloroform solutions;
and b) thin-films

Table 4.2: Uv-vis data and optical band gaps of the polymers

€ solution Film
Polymer | (Mtcm™) | Amax (nm) Amax (NM) Aonset (NM) Eq (eV)
104 31900 557 583 701 1.76
105 29100 561 588 702 1.76
106 31400 536 568 693 1.78
107 21800 536 561 684 181
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As anticipated, the 104 and 105 have lower E4 values around 0.1 eV relative to those
PCDTBT analogue (Scheme 4.2) because of the BTDI moiety is a stronger acceptor than
BT unit®, PCAfDTBT synthesised in Iragi group has an Eq of 1.82 eV (Scheme 4.4)
which is slightly higher than 106 and 107%*. The Eq of O-PDFCDTBT is 1.75 eV
(Scheme 4.4) which is slightly lower than 106 and 107. The absorption coefficient (€) of
the 104 is comparable with fluorinated analogue. On the other hand, 107 has lower
absorption coefficient than non-fluorinated counterpart which may arise from larger Egq
(Table 4.2).

4.6. Electrochemical properties of the polymers

Cyclic voltammetry was used to study the electrochemical properties of the polymers. All
polymers display one oxidation wave and two reduction waves at similar potentials. The
LUMO and HOMO levels of all polymers calculated from the onsets of reduction and
oxidation potentials, respectively (Figure 4.3 and Table 4.3). The onsets were
determined from cyclic voltammograms on drop cast polymer films on Pt electrode as
working electrode in BusNCIO4/CHsCN (0.1 M) vs Ag/Ag™ reference electrode. The
HOMO energy levels of all polymers are comparable. The results indicate that the
fluorine substituents at the 3,6-positions of 2,7-carbazole units as well as changing the
alkyl chains on BTDI units have no impact on the HOMO levels of the resulting
polymers. This phenomenon was also observed on other polymers described by Bo and
co-workers®*. However, it is well known that the fluorine substitution can lower the
HOMO level of the polymer as reported in previous literature reports?®3245, All polymers
display deep-lying HOMO levels which are advantageous for the chemical stability of
polymers in oxygen and higher Vo values could be expected of the fabricated OPV
devices based on these polymers as donor materials. The LUMO energy levels of all
polymers are comparable because the LUMO energy levels of these materials are
dominated by the same BTDI acceptor building blocks. In addition, further anchoring
different alkyl chains on BTDI units has little effect on the LUMO energy levels of the

polymers.
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Figure 4.3: Cyclic voltammograms of a) 104 and 105; b) 106 and 107 on Pt electrode in
BusNCIO4/CH3CN at 100 mV/s

Table 4.3: Thermal and electrochemical properties of the polymers

Ta Eox° HOMO Erea® LUMO | Egelec
Polymer (°C) V) (eV) V) (eV) (eV)
104 381 0.84 —5.56 1.23 -3.48 2.08
105 359 0.83 —5.55 1.30 -3.41 2.14
106 392 0.84 —5.56 1.23 -3.48 2.08
107 371 0.86 —5.56 1.26 —3.45 2.12

All polymers have deeper HOMO levels relative to those O-PDFCDTBT, HD-
PDFCDTBT and PCffDTBT analogues (Scheme 4.4)33544 The HOMO levels of all
polymers are comparable to the HOMO level of PCDTBT prepared in Leclerc group (ca.
-5.5 eV) (Scheme 4.2)'3, while deeper than the one synthesised in Iragi group (-5.35
eV)?*. The LUMO levels of all polymers are comparable to the LUMO energy level of
PCDTBT prepared in Iragi group (-3.42 eV)?*, whereas they are higher than LUMO
energy level of PCDTBT synthesised in Leclerc group (ca. —3.6 eV)*.

4.7. Thermal properties of the polymers

The thermal properties of the polymers were studied by TGA (Figure 4.4 and Table 4.3).
All polymers show high thermal stability with Tq up to 350 °C. The thermal stability of
both fluorinated and non-fluorinated polymers with branched 3,7-dimethyloctyl side
chain on BTDI moiety is higher than those with linear n-octyl side chain analogues. It
can be seen that fluorinated polymers possess higher thermal stability than those non-
fluorinated counterparts. This is consistent with previous literatures that exhibit the
fluorination at the 3,6-positions of carbazole units increases the thermal stability of the
resulting polymers3+35,
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Figure 4.4: TGA of 104, 105, 106 and 107
4.8. Powder X-ray diffraction

The structural properties of the polymers were studied by powder X-ray diffraction
(XRD) in the solid state (Figure 4.5). The XRD of 104, 105, 106 and 107 show diffraction
peaks at 20.2, 19.7, 19.9 and 20.8° corresponding to the n-n stacking distance of 4.39,
4.50, 4.45 and 4.26 A, respectively. The results show that all polymers have an amorphous
nature. The powder XRD of 106 and 107 are comparable to PCffDTBT prepared in Iraqi
group (Scheme 4.4)*. The results indicate that adding fluorine atoms on the 3,6-positions
of carbazole units do not have substantial influence on the crystallinity of the resulting
polymers. However, O-PDFCDTBT showed a sharp peak at 5.36° corresponding to
distance of 16.5 A between conjugated polymer backbones separated by solubilising alkyl
chains (Scheme 4.4)%. In O-PDFCDTBT, the less bulky linear n-octyl chains on the
carbazole units adopt more coplanar structure than 106 and 107, with bulky branched
chains (C17).
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Figure 4.5: Powder XRD of a) 104 and 105; b) 106 and 107
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4.9. Conclusions

In summary, four novel alternating copolymers including 2,7-linked carbazole units or
3,6-difluoro-2,7-linked carbazole moieties flanked by thienyl units as electron donor units
and benzothiadiazole dicarboxylic imide (BTDI) as electron acceptor units, were
synthesised via Suzuki polymerisation and yielded the polymers, 104, 105, 106 and 107.
All polymers were prepared in good yields and possess excellent solubility in common
organic solvents. Two distinct side chains (linear n-octyl vs branched 3,7-dimethyloctyl)
were attached to the BTDI units to investigate the effect of these substituents on the
solubility, molecular weights, optical and electrochemical properties, thermal and
structural properties of the resulting polymers. Two distinct classes of materials were also
prepared amongst this series of polymers to investigate the influence of fluorine
substitution on the solubility, molecular weight, optoelectronic, thermal and structural
properties of the resulting polymers. The first class had hydrogen atoms at the 3,6-
positions of their 2,7-linked carbazole repeat units while the second class had fluorine
atoms at the 3,6-positions of their 2,7-linked carbazole repeat units. Changing the alkyl
chains on BTDI units had an important effect on the solubility of the resulting polymers.
The use of branched 3,7-dimethyloctyl chains on BTDI units in the carbazole-based
polymers afforded 104 in 73% yield, however, the polymer was extracted in the toluene
fraction due to its high solubility. The use of linear n-octyl chains on BTDI units yielded
105 which has a lower solubility. As a result, the polymer was extracted in chloroform
fraction and has a higher M, value relative to 104. However, in the case of fluorinated
copolymers, linear octyl chains had a negative impact on the molecular weight for the
toluene fractions of the polymers. Although, 107 afforded another fraction in chloroform
which has the highest M, value among all polymers prepared. The Eg of the fluorinated
polymers are slightly changed by replacing 3,7-dimethyloctyl chains with n-octyl chains
on BTDI units, while the band gaps of the non-fluorinated polymers are comparable. The
band gaps of the fluorinated polymers are slightly higher relative to those non-fluorinated
analogues. The HOMO levels of all polymers are similar. Anchoring different alkyl
chains on BTDI units as well as substituting two hydrogen atoms at the 3,6-positions of
the carbazole repeat units by two fluorine atoms have no impact on the HOMO levels of
the polymers. All polymers show low-lying HOMO energy levels which are beneficial
for the chemical stability of polymers in oxygen and high Vo values could be anticipated
for the BHJ photovoltaic cells including these polymers as donor materials and fullerene

as acceptor materials. The LUMO levels of the polymers are comparable due to the fact
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that the LUMO levels of these materials are controlled by the same BTDI acceptor
moieties. In addition, attaching different alkyl substituents on BTDI units has little
influence on the LUMO energy levels of the polymers. All polymers demonstrate good
thermal stability with decomposition temperatures exceeding 350 °C. The thermal
stability of the polymers with linear n-octyl side chains is lower than those counterparts
with branched 3,7-dimethyloctyl side chains on BTDI moieties. In addition, the
fluorinated polymers have higher thermal stability than those non-fluorinated analogues.
The powder XRD of the polymers show diffraction peaks around 20.0° corresponding to
the n-n stacking distance of about 4.0 A. All polymers have the amorphous nature. The
photovoltaic properties of these materials are currently under investigation in BHJ solar

cells with fullerene derivatives.
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Chapter 5 - Low band gap copolymers containing
anthracene-benzothiadiazole  dicarboxylic imide  for

photovoltaic applications

Abstract

Two novel low band gap D-A copolymers, 109 and 110 were synthesised by
copolymerising bis-boronate ester of 9,10-phenylsubstituted anthracene flanked by
thienyl groups as electron-donor units with benzothiadiazole dicarboxylic imide (BTDI)
as electron-accepting units. Both polymers were synthesised in excellent yields via
Suzuki polymerisation. Two different solubilising alkyl chains were anchored to the
BTDI units in order to investigate the impact they have upon the solubility, molecular
weights, optical and electrochemical properties, structural properties and thermal stability
of the resulting polymers. Both polymers have comparable molecular weights and have
low Eg4 of 1.66 eV. Both polymers have low-lying HOMO levels about -5.5 eV as well as
similar LUMO energy levels of —3.56 eV. 109 and 110 show good thermal stability with
decomposition temperatures at 354 and 313 °C, respectively. Powder X-ray diffraction
studies have shown that both polymers have an amorphous nature in the solid state.

5.1. Introduction

Anthracene is one of the interesting building blocks as an electron donor unit.
Anthracene-based polymers have strong intermolecular interactions because of the planar
and rigid structure of the anthracene unit!. Anthracene has been used as the donor unit to
construct medium band gap donor-acceptor (D-A) copolymers for photovoltaic
applications?. Anthracene has a weak electron-donating ability, therefore anthracene-
based D-A copolymers should have low-lying HOMO levels, which are beneficial to
obtain high Vo values in BHJ PSCs®. In addition, anthracene would be incorporated into
the conjugated polymer chains through its 2,6-positions or 9,10-positions*>!,
Polymerising anthracene through its 2,6-positions provides the 9,10-positions for
attaching different solubilising side chains for better processability of the resulting
polymers?. Anthracene and its derivatives have been widely applied in PLEDs® and

FETs’, while few reports have been published for anthracene in PSCs®.
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Sonar et al. synthesised a D-A copolymer, PDPP-FAF by copolymerising
diketopyrrolopyrrole (DPP) with 2,6-linked anthracene and two furan units as spacers
between donor and acceptor units (Scheme 5.1)°. BHJ PSCs based on PDPP-FAF:
PC71BM gave a PCE of 2.5%.

Iragi and co-workers developed three alternating copolymers, PPATBT, PPATBT-8 and
PPAT2BT-8, comprising 9,10-phenylanthracene as donor wunits and various
benzothiadiazole (BT) as acceptor units (Scheme 5.1)*. PPATBT, PPATBT-8, and
PPAT2BT-8 have Eq of 1.84, 1.96 and 1.86 eV, respectively. The photovoltaic
performance of PPATBT was less than 2% because of its poor solubility. However,
PPATBT-8 and PPAT2BT-8 yielded the PCE of 3.92 and 4.17% when mixed with

PC71BM as the acceptor, respectively.

Iraqi et al. reported three new copolymers, PTATTfBT, PTATBT-8 and PTAT2BT-8.
The copolymers were synthesised by Suzuki polymerisation between 2,6-linked
anthracene and various benzothiadiazole acceptor units (Scheme 5.1)'°. Anthracene was
functionalised with triisopropylsilylacetylene (TIPS) at its 9,10-positions. The Eq4 of the
polymers are in the range of 1.81-1.92 eV. The PTATffBT has the deep-lying HOMO
but high-lying LUMO energy levels compared to its PTATBT-8 and PTAT2BT-8
analogues. BHJ solar cell based on PTATBT-8: PC71.BM gave a PCE of 2.36%. On the
contrary, PTAT2BT-8 fabricated with PC71:BM yielded a higher PCE of 3.15%.

Anthracene functionalised at 9,10-positions with dodecyloxy, dodecylthienyl and
dodecylphenyl side chains were copolymerised through 2,6-positions with BT bearing
dodecyloxy and octyloxy substituents vyielded POA120TBT, PTA120TBT,
PBA120TBT, POASOTBT, PTA8OTBT and PBABOTBT, respectively (Scheme
5.1)8. The Eq of the two dimensional (2D) conjugated polymers with thienyl and phenyl
chains on anthracene unit are comparable (ca. 1.85 eV), which are much lower than those
copolymers with dodecyloxy chains on the anthracene unit (ca. 2.13 eV). The 2D-
conjugated polymers have deeper HOMO energy levels relative to those with dodecyloxy
chains. Therefore, the Vo values of the former polymers are higher than the latter
polymers. The hole mobilities of POA120TBT and POASOTBT are lower than the
polymers with aromatic side group analogues. As a result, Jsc values of the latter polymers
are higher than the former polymers. POA8OTBT and POA120TBT fabricated with
PC71BM delivered a PCE of 1.82 and 2.26%, respectively. However, 2D-conjugated
polymers gave PCE higher than 3% under the same experimental conditions.

PBABOTBT yielded the highest PCE of 4.34%.
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Recently, Jo et al. reported four alternating copolymers, PTADTBT, PTADTFBT,
PTADTDFBT and PTADTBTO (Scheme 5.1)2. The copolymers were synthesised by
Stille polymerisation between 9,10-thienylanthracene (TA) and BT with different
substituents at 5,6-positions. The Eg of the polymers is in the range of 1.8-2.1 eV and
PTADTBTO has the highest Eq among all polymers prepared. The polymers have
HOMO levels between —5.38 and —5.55 eV, while the PTADTDFBT has the deepest
HOMO energy level. The LUMO energy levels of PTADTBT, PTADTFBT and
PTADTDFBT are comparable around —3.6 eV but PTADTBTO has the highest LUMO
level of —3.28 eV. PTADTBTO blended with PC7:BM gave PCE of 4.64%. However,
PTADTBT and PTADTFBT blended with PC7:BM delivered the PCE of 6.92 and
7.27%, respectively. PTADTDFBT delivered the highest PCE up to 8%.

Very recently, Jo and co-workers further developed two novel D-A copolymers,
PTATDPP and PTAFDPP based on 9,10-thienyl substituted anthracene and DPP,
respectively (Scheme 5.1)'. PTATDPP and PTAFDPP have the same Egqof 1.61 eV.
They have high degree of crystallinity as confirmed by X-ray diffraction (XRD) studies.
As a consequence, PTATDPP and PTAFDPP have high hole mobilities measured by
FETs. PTAFDPP fabricated with PC7:BM gave a PCE of 5.22%. On the other hand,
PTATDPP: PC7:BM delivered much higher PCE up to 7% under the same experimental

conditions.
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|| PPATBT:x=1,R=H
PPATBT-8: x = 1, R = octyloxy
PPAT2BT-8: x = 2, R = octyloxy

PTATffBT:x=1,R=F
PTATBT-8: x = 1, R = octyloxy
PTAT2BT-8: x = 2, R = octyloxy POA120TBT: R,, R, = dodecyloxy

PTA120TBT: R, = dodecylthienyl, R, = dodecyloxy
PBA120TBT: R, = dodecylphenyl, R, = dodecyloxy
POABOTBT: R, = dodecyloxy, R, = octyloxy
PTA8OTBT: R, = dodecylthienyl, R, = octyloxy
PBA8OTBT: R, = dodecylphenyl, R, = octyloxy

C4Hg

PTADTBT: X,Y =H
PTADTFBT: X=F,Y=H
PTADTDFBT: X,Y =F
PTADTBTO: X, Y = octyloxy

PTATDPP: X =S
PTAFDPP: X =0

Scheme 5.1: The D-A copolymers based on anthracene with different acceptor units.
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5.2. Polymers synthesis

In this chapter, the preparation and characterisation of two alternating copolymers, 109
and 110 is presented. The polymers were synthesised via the Suzuki polymerisation
between the diboronic ester of 2,6-linked anthracene (108) and dibrominated BTDI
monomers (49 and 50), respectively (Scheme 5.2). The polymerisations were performed
with Pd(OAc)2/P(o-tol)s catalyst, NaHCOz3 base in anhydrous THF. Both polymerisations
were left for 23-24 hours with large amounts of purple precipitates forming as the
reactions proceeded. The polymers were obtained and purified as described in chapter 2.
The structures of 109 and 110 were confirmed by the *H NMR spectroscopy, FT-IR

spectroscopy and elemental analysis.

OCq2Hzs

OC12H2s

108 109: R = DMO
110: R = octyl

R

oN_o
S Br
| AN | 49: R = 3,7-dimethyloctyl (DMO)
S N\ 50: R = octyl
Br 7\
\S/

Scheme 5.2: The Synthesis of 109 and 110 via Suzuki polymerisation

Reagents and conditions: i) anhydrous THF, NaHCOs3, Pd(OACc)2, P(o-tol)s, 90 °C, 23-
24h

5.3. Molecular weights and yield of the polymers

Molecular weights of the polymers were measured by GPC in chloroform solution at 40
°C relative to polystyrene standards (Table 5.1). Both polymers were synthesised in
excellent yields and the number average molecular weight (M) of toluene and chloroform
fractions are comparable. The M, for the toluene fractions of the polymers are relatively
low. However, the M, for the chloroform fractions of the polymers are almost twice than

those of the toluene fractions. The results indicate that anchoring different chains (n-octyl
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vs 3,7-dimethyloctyl) on the imide functionality of the BTDI building blocks provides
polymers with similar processability and has a negligible impact on the M, values of the

resulting polymers.

Table 5.1: The percentage yield, number and weight average molecular weights with polydispersity
indexes of 109 and 110

Toluene fraction Chloroform fraction
Mn Mw PDI Mn Mw PDI
Polymer | % yield | (g mol) | (g mol™) (g mol®) | (g mol?)
109 97 6700 12600 1.8 12700 22400 1.7
110 97 6000 11000 1.8 12500 27400 2.1

5.4. Optical properties of the polymers

The normalised UV-vis absorption spectra of the polymers in chloroform solutions and
in thin-films are shown in figure 5.1. The optical properties of these polymers are
summarised in table 5.2. 109 and 110 display absorption maxima at 540 and 535 nm in
solutions with shoulder absorption bands at 632 and 635 nm, respectively. The shoulder
absorption bands may arise from n-m intermolecular interactions between the polymer
chains and their aggregation in solutions. As compared to chloroform solutions, the
absorption maxima in film states are slightly red shifted (5-11 nm) with stronger shoulder
absorption bands at 660 nm for both 109 and 110. This result indicates that both polymers
show more pronounced aggregation in the solid state with formation of more coplanar
structures in thin films. The Eg of the polymers are assessed from the absorption onsets
in thin-films. Both polymers have comparable Eg4 value of 1.66 eV. The UV-Vis
absorption spectra revealed that attaching different chains on the imide functionality of

the BTDI units has not substantial influence on the optical properties of the polymers.
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Figure 5.1: Normalised UV-vis absorption spectra of 109 and 110 in a) chloroform solutions; and b) thin

films

Table 5.2: The UV-vis data and optical band gaps of the polymers

€ solution Film
Polymer | (Mtcm™) | Amax(nm) Amax (NM) Aonset (NM) Eq (eV)
109 24300 540 545 744 1.66
110 34000 535 546 744 1.66

The absorption maxima and Eg of 109 and 110 are comparable with PTATDPP and
PTAFDPP analogues (Scheme 5.1)!. The Egof 109 and 110 are significantly lower than
those PPATBT, PPATBT-8 and PPAT2BT-8 counterparts (Scheme 5.1)*. This may
arise from the stronger electron withdrawing capability of BTDI units than BT and
(OR)2BT moieties, consequently lowering the LUMO energy levels of BTDI-based
polymers. The Eg of 109 and 110 are significantly lower than that of fluorene-,
dibenzosilole- and carbazole-based polymers, which are mentioned in chapters 3 and 4 of
this thesis. This is probably due to anthracene-based two dimensional conjugated
polymers have stronger and broader absorption bands!2. The absorption coefficient () of
the 110 is significantly higher than 109 despite the fact that they have comparable My

values and band gaps.

5.5. Electrochemical properties of the polymers

Cyclic voltammetry was used to study the electrochemical properties of the polymers.
The LUMO and HOMO levels of the polymers calculated from the onsets of reduction
and oxidation potentials, respectively (Figure 5.2 and Table 5.3). The onsets were
determined from cyclic voltammograms on drop cast polymer films on Pt electrode as
working electrode in BusNCIO4#/CH3sCN (0.1 M) vs Ag/Ag* reference electrode. 109

shows a reversible oxidation peak, while 110 displays an irreversible oxidation peak. Both
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polymers show one reversible reduction peak at higher potential and one irreversible
reduction peak at the lower potential. The HOMO levels of both polymers are
comparable. The HOMO energy level is dominated by the nature of the donor unit and as
both polymers have the same anthracene donor unit. Both polymers show deep-lying
HOMO energy levels which are beneficial for the chemical stability of the polymers in
oxygen and should lead to higher Vqc values when fabricated in BHJ solar cells as donor
materials to fullerene derivatives as acceptor materials. The LUMO levels of both
polymers are similar, as both polymers have the same BTDI acceptor units which control
the LUMO energy levels in these materials. Substituting 3,7-dimethyloctyl chain with n-
octyl chain on the imide functionality of the BTDI units does not have a major effect on
the electrochemical properties of the polymers.

- 109
- 110

Current (a.u.)

L} T T
-2 -1 0 1
Potential (mV) vs Ag/Ag+

Figure 5.2: Cyclic voltammograms of 109 and 110 on Pt electrode in BusNCIO4/CH3sCN at 100 mV/s

Table 5.3: Thermal and electrochemical properties of the polymers

Ta Eox° HOMO Erea® LUMO | Egelec)
Polymer (°C) V) (eV) V) (eV) (eV)
109 354 0.79 551 1.15 -3.56 1.95
110 313 0.81 —5.53 1.15 -3.56 1.97

The HOMO energy levels of 109 and 110 are slightly lower than those of PPATBT and
PPATBT-8, whereas they are significantly deeper than PPAT2BT-8 analogues (Scheme
5.1)*% The shallower HOMO energy level of PPAT2BT-8 is mainly due to flanking
bithiophene units between anthracene unit and (OR)2BT unit which increase the
intramolecular charge transfer along its polymer backbone. 109 and 110 have very low-
lying LUMO energy levels relative to those PPATBT, PPATBT-8 and PPAT2BT-8
counterparts*®. This could be explained by the stronger electron-withdrawing ability of
BTDI unit than BT and (OR)2BT moieties. The HOMO energy levels of 109 and 110 are
similar to the fluorene-, dibenzosilole- and carbazole-based polymers, while the LUMO
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energy levels are slightly lower than those counterparts as mentioned in chapters 3 and 4.
These results are highly promising as to the photovoltaic properties of these two polymers
in BHJ solar cells with fullerene derivatives.

5.6. Thermal properties of the polymers

The thermal properties of the polymers were studied by TGA. 109 and 110 exhibit
excellent thermal stability with Tq4 at 354 and 313 °C, respectively (Figure 5.3 and Table
5.3). The thermal stability of 110 is significantly lower than that of 109. It is worth noting
that the thermal properties of the polymers essentially depend on the type of the alkyl
chains anchored to the imide functionality on the BTDI units.

1004

50

- 109

Mass remaining (%)

- 110

0 T T T
0 200 400 600 800

Temperature (OC)

Figure 5.3: TGA of 109 and 110

The thermal stability of the polymers is significantly lower than that of fluorene-,
dibenzosilole- and carbazole-based polymers as described in chapters 3 and 4. However,
both polymers have thermal stability windows that are well within those used in solar cell
applications and should be stable for such use.

5.7. Powder X-ray diffraction (XRD) of the polymers

The structural properties of the polymers were studied by powder XRD in the solid state
(Figure 5.4). 109 and 110 exhibit a similar diffraction patent with a broad diffraction
peak at an angle of 20.0°, corresponding to the m-7 stacking distances between polymer
chains of 4.43 A. This result shows that both polymers have an amorphous nature which
are similar to analogous anthracene-based polymers, PTATPD(O), PTATPD(DMO)
and PTATPD(BP) (Scheme 5.3)%.
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PTATPD(O): R = n-octyl
PTATPD(DMO): R = 3,7-dimethyloctyl (DMO)
PTATPD(BP): R = 4-butylphenyl (BP)

Scheme 5.3: Structures of PTATPD copolymers
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Figure 5.4: Powder XRD of 109 and 110

5.8. Conclusions

In summary, two low band gap alternating copolymers comprising of 2,6-linked
anthracene moieties flanked by thienyl units as electron donor units and benzothiadiazole
dicarboxylic imide (BTDI) as electron acceptor units were synthesised through Suzuki
polymerisation, and yielded 109 and 110. Both polymers were prepared in excellent
yields and show good solubility in common organic solvents. Both polymers have
comparable My values for both toluene and chloroform fractions. The M of the toluene
fractions of the polymers are about 6000 g mol™ which are relatively low. However, the
M, of the chloroform fractions of the polymers are higher than 12000 g mol™. Both
polymers show absorption maxima around 540 nm in chloroform solutions with shoulder
absorption bands about 635 nm. The shoulder absorption peak could be attributed to
intermolecular interactions between the polymer chains and a certain degree of their
aggregation in solutions. In thin-films, the absorption spectra of the polymers show

slightly bathochromic shift absorption maxima with stronger shoulder at 660 nm relative
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to their absorption in solutions. This is related to those polymers adopting a more planar
structure in thin-films. The band gap of the polymers are low (Eg = 1.66 eV) which are
beneficial to obtain high Jsc values in BHJ solar cells. The HOMO levels of both polymers
are comparable because the HOMO energy level is controlled by the nature of the donor
unit and both polymers have the same anthracene donor units. Both polymers show low-
lying HOMO energy levels of about —5.5 eV which are useful for the chemical stability
of the polymers in oxygen, and should lead to high Vo values when fabricated in BHJ
solar cells as donor materials to fullerene derivatives as acceptor materials. The LUMO
energy levels of both polymers are similar, as both polymers have the same BTDI
acceptor units which dominate the LUMO levels in these materials. Both polymers show
good thermal stability with degradation temperature surpass 310 °C. Attaching different
solubilising chains (3,7-dimethyloctyl vs n-octyl) on BTDI moieties has a significant
impact on the thermal properties of the polymers, for example, the 110 has lower thermal
stability than 109. However, they have little impact on the molecular weights and
optoelectronic properties of the polymers. The powder XRD of the polymers show
diffraction peaks at 20.0° corresponding to the m-m stacking distance of 4.43 A. Both
polymers have the amorphous nature in the solid state. The photovoltaic properties of
these materials are currently under investigation in BHJ solar cells with fullerene

derivatives.

158



References

1.

10.

11.
12.
13.

X. Gong, C. Li, Z. Lu, G. Li, Q. Mei, T. Fang and Z. Bo, Macromolecular Rapid
Communications, 2013, 34, 1163-1168.

J.W. Jung, F. Liu, T. P. Russell and W. H. Jo, Advanced Energy Materials, 2015,
5.

H. Zhou, L. Yang, S. Stoneking and W. You, ACS Applied Materials & Interfaces,
2010, 2, 1377-1383.

A. Abdulaziz, Chemical Communications, 2013, 49, 2252-2254.

D. SungaChung, D. HoonalLee, N. SungdCho and C. EonaPark, Chemical
Communications, 2010, 46, 1863-1865.

H.-Y. Chen, C.-T. Chen and C.-T. Chen, Macromolecules, 2010, 43, 3613-3623.
J.Y.Back, T. K. An, Y. R. Cheon, H. Cha, J. Jang, Y. Kim, Y. Baek, D. S. Chung,
S.-K. Kwon and C. E. Park, ACS Applied Materials & Interfaces, 2015, 7, 351-
358.

C. Liu, W. Cai, X. Guan, C. Duan, Q. Xue, L. Ying, F. Huang and Y. Cao, Polymer
Chemistry, 2013, 4, 3949-3958.

P. Sonar, S. P. Singh, E. L. Williams, Y. Li, M. S. Soh and A. Dodabalapur,
Journal of Materials Chemistry, 2012, 22, 4425-4435.

L. Cartwright, L. J. Taylor, H. Yi, A. Iraqi, Y. Zhang, N. W. Scarratt, T. Wang
and D. G. Lidzey, RSC Advances, 2015, 5, 101607-101615.

J. W. Jung and W. H. Jo, Polymer Chemistry, 2015, 6, 4013-4019.

Y. Liand Y. Zou, Advanced Materials, 2008, 20, 2952-2958.

L. Cartwright, T. J. Neal, N. J. Rutland and A. Iraqi, Polymers for Advanced
Technologies, 2016, 27, 525-531.

159



Chapter 6 - Low band gap alternating copolymers based
on cyclopentadithiophene-benzothiadiazole dicarboxylic imide

for solar cell applications

Abstract

A series of alternating copolymers containing cyclopentadithiophene (CPDT) flanked by
thienyl moieties as electron-donor units and benzothiadiazole dicarboxylic imide (BTDI)
as electron-acceptor units were designed and synthesised for solar cell applications.
Different solubilising side chains, including 2-ethylhexyl chains and n-octyl chains were
attached to CPDT units, whereas 3,7-dimethyloctyl chains and n-octyl chains were
anchored to the BTDI moieties. The impact of these substituents on the solubility,
molecular weights, optical and electrochemical properties, thermal and structural
properties of the resulting polymers was investigated. 134 was synthesised via Suzuki
polymerisation, whereas 135, 136 and 137 were prepared through direct arylation
polymerisation. 135 has the highest number average molecular weight (M, = 17400 g
mol ™) among all polymers prepared. The 135 and 136 which have n-octyl substituents on
their CPDT units have comparable optical band gaps (Eq ~ 1.3 eV) which are around 0.1
eV lower than 134 and 137 analogues which have 2-ethylhexyl substituents on their
CPDT units. The polymers have their HOMO levels between —5.10 and —5.22 eV with
134 having the deepest HOMO energy level. The LUMO levels of the polymers are
between -3.4 and -3.5 eV. All polymers exhibit good thermal stability with
decomposition temperatures surpassing 350 °C. Powder XRD studies have shown that all

polymers have the amorphous nature in solid state.

6.1. Introduction

Cyclopenta[2,1-b:3,4-b"]dithiophene (CPDT) derivatives are analogous materials to
fluorene derivatives, where two thiophenes rather than two phenyl groups are bridged by
a carbon atom. These materials have attracted considerable attention. The CPDT unit has
a much stronger electron-donating ability than fluorene and hence has stronger orbital
mixing with electron-deficient moieties. In addition, donor-acceptor (D-A) copolymers
based on the CPDT have higher planarity, lower optical band gaps, which offer enhanced
conjugation and stronger intermolecular interactions resulting in high charge carrier
mobilities. One of the most promising D-A low band gap (Eg) copolymers containing the
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CPDT unit is poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b"]dithiophene)-
alt-2,1,3-benzothiadiazole] (PCPDTBT) (Scheme 6.1)!. PCPDTBT is an alternating
copolymer comprising of the CPDT as the donor moiety and 2,1,3-benzothiadiazole (BT)
as an acceptor unit which was first synthesised using Stille polymerisation by Brabec et
al. and used in photovoltaic cells. It has an Eq around 1.4 eV with a broad absorption up
to 850 nm?3, PCPDTBT fabricated with PC71BM achieved a PCE of 3.5%?2. Bazan and
Heeger groups further optimised devices based on PCPDTBT: PCn1BM and the
photovoltaic performance up to 5.5% was recorded*®. Brabec et al. reported a high hole
mobility for PCPDTBT of 0.02 cm? V! s1® Zhang and co-workers synthesised
PCPDTBT with n-hexyldecyl chains on the CPDT unit and FET devices based on this
polymer showed a higher hole mobility of 0.17 cm? V1 s due to enhanced solubility and
increased packing order’. Recently, a hole mobility as high as 3.3 cm? V! s based on the
same polymer have been achieved by Tsao et al.8. A series of D-A copolymers were
synthesised based on the CPDT as the donor building blocks and different acceptor
moieties instead of BT. For instance, Janssen group synthesised a new low band gap
copolymers, PCPDTBO by copolymerising CPDT unit with 2,1,3-benzoxadiazole (BO)
as an electron acceptor unit (Scheme 6.1)°. PCPDTBO: PCs1:BM BHJ solar cell gave a
PCE of 2.5%. PCPDTDTBT synthesised by copolymerising CPDT flanked by thienyl
units as the donor unit with BT as the acceptor unit (Scheme 6.1)'°. BHJ solar cells based
on PCPDTDTBT: PCs1BM showed the PCE of 2.1%.

Li et al. synthesised a new copolymer, PCPDTDTBTz by copolymerising CPDT flanked
by thienyl units as the electron donor unit with 2,2'-bithiazole (BTz) as an electron
acceptor unit (Scheme 6.1)!. PCPDTDTBTz: PCes:BM BHJ photovoltaic cells
delivered a PCE of 3%. Li and co-workers further synthesised two copolymers,
PCPDTHDTHTZz and PCPDTHDTeHTz based on CPDT flanked by thienyl units as the
donor units and 1,2,4,5-tetrazine (Tz) as an acceptor unit (Scheme 6.1)1213
PCPDTuDTHTz has a molecular weight almost twice than its PCPDTHDTEenTZ
analogue due to less steric hindrance from the linear side chains. PCPDTHDTHTZ
fabricated with PC71BM in BHJ solar cell gave a high PCE of 5.53%. However,
PCPDTHDTEenTZ delivered lower PCE of 3.89%.

Alternating copolymers including CPDT as the strong donor units and thieno[3,4-
c]pyrrole-4,6-dione (TPD) as the acceptor units have been reported by several
groups#>18, PCPDTocTPDod Was synthesised by Guo et al. via Stille polymerisation
(Scheme 6.1)}. PCPDTocTPDpd: PC71BM exhibited the PCE higher than 3%. Soon
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after, Li et al. reported PCPDTHTPDoc with n-hexyl chains on CPDT units and n-octyl
chains on the TPD units (Scheme 6.1)!%. PCPDTHTPDoc blended with PC71BM in BHJ
photovoltaic cell gave an impressive PCE of 6.41%.

R R S~N

PCPDTBT: X = S, R = 2-ethylhexyl (EH) PCPDTDTBT: R = EH

PCPDTBO: X = O, R = EH
R; Ry
R; R Ro

PCPDTDTBTz: R = EH, R, = hexyl

PCPDT,DTyTz Ry, R, = hexyl
PCPDT,DTg,Tz: R, = hexyl, R, = EH

Ry Ry

PCPDTOCTPDDd: R1 = OCtyl, R2 . dodeCyl
PCPDT,TPD,.: R, = hexyl, R, = octyl

Scheme 6.1: The D-A copolymers based on CPDT units with different acceptor units
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6.2. Synthesis of cyclopentadithiophene (CPDT) monomers

120, 121 and 122 are CPDT monomers for the preparation of the target polymers in this
chapter. 120 and 121 were synthesised through seven steps, while 122 was prepared via
eight steps starting from commercially available 3-bromothiophene (111) and thiophene-
3-carboxaldehyde (112) (Scheme 6.2). The different steps in their preparation are

discussed below.

R R R R
(i]; (i]; w_o Oy BYa)
—
S S Br S S Br

118: R = 2-ethylhexyl (EH) 120: R = EH

R R 119: R = octyl 121: R = octyl
viii) o // \; JZ \\ o
M46 \IB s s B\/
(0] (@)

122: R=EH

Scheme 6.2: The synthetic steps of the CPDT monomers

Reagents and conditions: i) n-BuLi, anhydrous Et.O, —78 °C; ii) n-BuLi, anhydrous
Et,0O, =78 °C, ly; iii) PCC, CH.Cly, RT, 24h; iv) Cu, anhydrous DMF, reflux, 150 °C,
22h; v) triethylene glycol, KOH, hydrazine hydrate, 180 °C, 17h; vi) KOH, KI, anhydrous
DMSO, R-Br, RT, 24h; vii) NBS, DMF, RT, 24h; viii) bis(pinacolato)diboron,
PdCl(dppf), KOAc, anhydrous DMF, 80 °C, 48h

6.2.1. Synthesis of bis(3-thienyl)methanol (113)

111 was lithiated selectively at the 3-position at —78 °C and subsequently treated with
112 to obtain 113 as a yellow oil in 85% yield (Scheme 6.2)*".

The mechanism of the reaction consists of three steps (Scheme 6.3). In the first step, 111
was reacted with n-BuL.i to generate organolithium intermediate (123) through halogen-
metal exchange. This intermediate functions as a nucleophile which attacks the carbonyl
group of 112 to form alkoxide intermediate (124). Finally, the alkoxide ion is protonated

using aqueous ammonium chloride to form 113, which is a secondary alcohol.

163



N & b@HC@ ©
Br |- N Li H H H=N-H Cl
A \j /A H
I\ I\ S /A
S S S
123 12 124

S v
111 Br N
O-H
H
A\
v S S
NH; + LiCl 113

Scheme 6.3: The mechanism for synthesis of 113

The structure and purity of 113 were verified by the 'H NMR, 3C NMR and FT-IR
spectroscopy. The *H NMR spectrum of 113 shows a doublet of doublet, a multiplet and
another doublet of doublet at 7.32, 7.25-7.23 and 7.07 ppm respectively corresponding to
thiophene protons. It also shows two doublets at 5.99 and 2.22 ppm, which belong to
proton of hydroxyl group and a proton attached to the carbon that bears the hydroxyl
group, respectively. The *C NMR spectrum of 113 is in accordance with literature and
shows four carbon atoms in the aromatic region for thiophene rings and one carbon atom
in the aliphatic region at 73.0 ppm for the carbon that bears the hydroxyl group. The FT-
IR spectrum of 113 shows a broad peak at 3131-3507 cm, which is representative of O-
H stretching vibration.

6.2.2. Synthesis of bis(2-iodo-3-thienyl)methanol (114)

113 was lithiated selectively at 2,2'-positions and subsequently reacted with iodine to

yield 114 as cream coloured crystals in 79% yield (Scheme 6.2)*8.

The mechanism of the iodination reaction suggested by Brzezinski and Reynolds includes
three steps (Scheme 6.4)%°. First, 113 was reacted with three equivalents of n-BuLi to
lithiate regioselectively the 2,2'-positions of thiophene rings and also hydroxyl group to
yield the trilithiated intermediate (125). This intermediate subsequently reacts with three
equivalents of iodine to generate a hypoiodite intermediate (126). Finally, 114 is obtained
by hydrolysis of the latter intermediate by aqueous sodium thiosulfate.
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Scheme 6.4: The mechanism of iodination reaction of 113

114 was characterised by several analytical tools. From the *H NMR spectrum of 114, the
peaks corresponding to thiophene protons can be visualised as a doublet of doublet and a
doublet at 7.46 and 6.96 ppm, respectively. It also shows two doublets in the aliphatic
region. The mass spectrum of 114 shows a peak at 447.8 indicating the mass of the
molecular ion [M]* for 114. The structure and purity of 114 was further confirmed by the
13C NMR and FT-IR spectroscopy.

6.2.3. Synthesis of bis(2-iodo-3-thienyl)ketone (115)

114 was oxidised by pyridinium chlorochromate (PCC) as an oxidising agent in
dichloromethane at room temperature to obtain 115 as yellow crystals in 97% yield
(Scheme 6.2)%.

The mechanism of the oxidation reaction is depicted in scheme 6.5. The oxygen atom of
114 acts as a nucleophile and attacks the chromium (6+) in PCC, followed by proton
transfer and subsequent removal of chloride ion to give a chromate ester intermediate
(127). This intermediate undergoes a bimolecular elimination (E2) reaction by removing

proton to form 115 and chromium (4+).
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Scheme 6.5: The mechanism of oxidation reaction of 114

The 'H NMR, 3C NMR and FT-IR spectroscopy were used to characterise 115. From the
'H NMR spectrum of 115, it is confirmed that the oxidation reaction was successful as
the two doublets at 5.80 and 2.26 ppm in the *H NMR spectrum of 114 are no longer
present. It also shows two doublets at 7.49 and 7.08 ppm for thiophene protons,
respectively. The 3C NMR spectrum of 115 displays fours peaks in the aromatic region
for thiophene carbons and also a peak at 185.5 ppm for a carbon of ketone group.
Meanwhile, a peak at 72.0 ppm for alcohol carbon in the *C NMR spectrum of 114
disappears. The FT-IR spectrum of 115 shows a new peak at 1648 cm™ corresponding to
carbonyl stretching vibration. Meanwhile, the broad peak for O-H stretching vibration of
114 also disappears.

6.2.4. Synthesis of 4H-cyclopenta[2,1-b:3,4-b"]dithiophen-4-one (116)

116 was prepared by the Ullmann coupling reaction between 115 with copper powder in
anhydrous DMF and it was obtained as purple crystals in 98% yield (Scheme 6.2)?*. The
mechanism of the reaction is performed through intramolecular ring closure, which is

similar to that for the synthesis of 68 as shown in scheme 3.17.

The 'H NMR spectroscopy and mass spectrometry were implemented to characterise the
structure of 116. The *H NMR spectrum of 116 displays two doublets at 7.06 and 7.01
ppm corresponding to thiophene protons. The mass spectrum of 116 displays a peak at

192 indicating the mass of the molecular ion [M]" of 116.
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6.2.5. Synthesis of 4H-cyclopenta[2,1-b:3,4-b"]dithiophene (117)

116 was reduced to 117 using hydrazine hydrate (NH2NHy) in triethylene glycol under
basic conditions and it was obtained as white crystals in 80% yield by Wolff-Kishner

reduction (Scheme 6.2)%2.

The mechanism of the reaction contains a number of steps (Scheme 6.6). In the beginning,
a hydrazine hydrate molecule functions as a nucleophile and attacks the carbonyl group
of 116 to form an intermediate (128). This intermediate is protonated twice and followed
by loss of water molecule to form a hydrazone intermediate (129). In the next step, the
hydrazone intermediate is deprotonated by hydroxide ion to form a resonance stabilised
intermediates (130 and 131) which is protonated and then deprotonated to form a diimide
anion intermediate (132). Carbanion intermediate (133) is generated by leaving nitrogen

gas from 132. Finally, 133 is protonated to give the 117.
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Scheme 6.6: The mechanism of reduction reaction of 116

The 'H NMR and ¥C NMR spectroscopy used to characterise 117. From the *H NMR
spectrum of 117, it is obvious that the reduction reaction was successful as a new singlet
peak at 3.56 ppm appears integrating for two protons, which is indicative of methylene
protons. It also displays two doublets at 7.20 and 7.11 ppm for thiophene protons,
respectively. The 3C NMR spectrum of 117 displays a new peak at 32.0 ppm
corresponding to the methylene carbon. Meanwhile, a peak at 183.0 ppm, which belongs

to the carbon of the ketone group of 116 disappears in the spectrum of 117.
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6.2.6. Synthesis of 4,4-bis(2-ethylhexyl)cyclopenta[2,1-b:3,4-b']dithiophene (118)
and 4,4-dioctylcyclopenta[2,1-b:3,4-b"]dithiophene (119)

117 was alkylated under basic conditions with 2-ethylhexyl bromide or 1-bromooctane
(85) using small catalytic amount of potassium iodide in anhydrous DMSO and gave 118
and 119 as yellow oil in 89 and 91% yield, respectively (Scheme 6.2)%. The mechanism

of the reaction is similar to that for the synthesis of 28 as shown in scheme 2.15.

The *H NMR and *C NMR spectroscopy were implemented to characterise the structure
of 118 and 119. From the *H NMR spectra of both monomers, it is clear that the alkylation
reactions were successful as a singlet peak at 3.56 ppm for methylene protons of 117
disappear. They also show the expected protons in the aromatic and aliphatic regions. A
new peak at 53.0 ppm can be seen in the *C NMR spectra for 118 and 119. Meanwhile,
a peak at 32.0 ppm for 117 is no longer present in the 3C NMR spectra of both monomers.

6.2.7.  Synthesis  of  4,4-bis(2-ethylhexyl)-2,6-dibromocyclopenta[2,1-b:3,4-
b']dithiophene (120) and 4,4-dioctyl-2,6-dibromocyclopenta[2,1-b:3,4-
b']dithiophene (121)

118 and 119 were brominated regioselectively at the 2,6-positions with two equivalents
of NBS in DMF and yielded 120 and 121 as yellow oil in 88 and 87% yield, respectively
(Scheme 6.2)?*. The mechanism of reaction is similar to that for the synthesis of 39 as

shown in scheme 3.6.

120 and 121 were characterised by several analytical tools. From the *H NMR spectra for
120 and 121, the peak corresponding to thiophene protons can be visualised as triplet and
singlet at 6.95 and 6.94 ppm, respectively. In addition, they show a series of multiplet and
triplets for methylene and methyl protons. The *3C NMR spectra for both monomers are
in agreement with literature®*. The mass spectra for both monomers display peaks at
560.1, which are indicative of the masses of the molecular ions [M]" of both monomers.

6.2.8. Synthesis of 4,4-bis(2-ethylhexyl)-2,6-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaboralan-2-yl)cyclopenta[2,1-b:3,4-b"]dithiophene (122)

120 was reacted with excess of bis(pinacolato)diboron, potassium acetate as a base and
PdClIx(dppf) as a catalyst in anhydrous DMF to yield 122 as a red sticky oil in 57% yield
(Scheme 6.2)%. The mechanism of the reaction is similar to that of the Suzuki coupling
reaction described in the introduction chapter.
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122 was sticky oily material and it was used for the Suzuki polymerisation without further
purification. The purification for 122 was problematic by column chromatography
because the diboronic ester degrades upon attempted chromatographic purification and
transforms to 118. Attempts at recrystallising 122 from methanol after passing methanol
through a basic alumina column to remove acidic protons were also unsuccessful.
According to the *H NMR and $3C NMR spectroscopy, 122 is not pure and contains traces
of monoboronic ester and traces of unreacted starting material (120).

6.3. Polymers synthesis

In this part, the preparations of four low band gap copolymers either through Suzuki or
direct arylation polymerisations are discussed. 134 was synthesised via Suzuki
polymerisation between diboronic ester of CPDT monomer (122) and dibrominated
BTDI monomer (49) (Scheme 6.7). A direct arylation polymerisation as a new synthetic
method was used to prepare the other three copolymers based on CPDT units. One of the
advantages of the direct arylation polymerisation is that it requires less synthetic steps
compared to Suzuki and Stille polymerisations?®. It eliminates the need to prepare boronic
ester and stannylated monomeric compounds, which are sometimes challenging to purify
from their by-products as in the case for 122. It also avoids the use of toxic compounds
especially tin compounds?’. 135, 136 and 137 were synthesised successfully through
direct arylation polymerisation using Pdz(dba)z.CHCIs/P(0-MeOPh)z catalyst, caesium
carbonate base and pivalic acid in anhydrous toluene: DMF as a co-solvent (Scheme 6.7).
121 was copolymerised with both 47 and 48 to form 135 and 136, respectively. 137 was
obtained by copolymerising 120 with 48. All polymerisations were left running between
17 and 96 hours with large amounts of dark green precipitates forming as the reactions
proceeded. The polymers were obtained and purified as described in chapter 2. The
structures of the 134, 135, 136 and 137 were confirmed by the *H NMR spectroscopy,
FT-IR spectroscopy and elemental analysis.
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Scheme 6.7: The synthesis of 134, 135, 136 and 137

Reagents and conditions: i) anhydrous THF, NaHCOs3, Pd(OACc)., P(0-tol)s, 90 °C, 48h;
i) Pd2(dba)s.CHCIs, P(0-MeOPh)3, PivOH, Cs2COs, anhydrous toluene: anhydrous DMF
(10:1, v/v), 115 °C, 17-96h

6.4. Molecular weights and yield of the polymers

Molecular weights of the polymers were measured by GPC in chloroform solution at 40
°C relative to polystyrene standards (Table 6.1). Although, the polymerisation of 134 was
performed for 48 hours, it was synthesised in very low yield (< 10%) and with a low
number average molecular weight (Mn ~ 5000 g mol™?). There are several factors that
would lead to the low My value and low yield of this polymer. One of the main reasons is
probably due to severe steric hindrance between two branched alkyl chains (2-ethylhexyl
and 3,7-dimethyloctyl) on CPDT and BTDI repeat units respectively. The second reason
is that the bis-boronic ester monomer (122) contains some impurities such as unreacted
staring material and monoboronic ester, since 122 was used for polymerisation without
further purification. Since the monomer was unstable, it was difficult to purify by column
chromatography. Finally, the polymer contains too much solubilising side chains. It is
well known that both steric hindrance and impurities disrupt the effective conjugation
length (ECL) and lead to low molecular weight polymers. 135 and 136 were synthesised
twice under the same experimental conditions but with different reaction times.
Substituting 3,7-dimethyloctyl chains in 135 for n-octyl chains in 136 on the BTDI units
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which leads to lower M, values for the toluene fractions of the polymers in the first
polymerisation. However, in the second polymerisation, by extending the reaction time,
the Mn value of the former polymer increased slightly, while My value of the latter polymer
increased significantly for the toluene fractions. In addition, 135 afforded another fraction
in chloroform of a higher M, value. The higher molecular weight polymers could be
obtained by prolonging the polymerisation times as well as by substituting n-octyl chains
to 3,7-dimethyloctyl chains on the BTDI building blocks. Furthermore, replacing n-octyl
chains in 136 by 2-ethylhexyl chains in 137 on the CPDT moieties results in a polymer
with the higher M, value for toluene fractions. Moreover, 137 has the highest Mn value
for toluene fractions among all polymers prepared. This could be attributed to the effect
of the branched chains in both 135 and 137 which provide greater solubilities and higher
molecular weight fractions. The yields of the direct arylation polymerisation were high
between 72 and 95% and 135 has the highest yield.

Table 6.1: The percentage yield, reaction time, weight and number average molecular weights with
polydispersity indexes of 134, 135, 136, and 137

Toluene fraction
Polymer % yield Time (h) Mn (g mol) | Mw (g mol™?) PDI
134 8 48 5200 10100 1.9
135 95 17 7800 18100 2.3
135* 86 72 10000 30900 3.0
136 72 51 4900 20800 4.2
136 76 96 9100 18300 2.0
137 72 96 15900 29700 1.8

*Chloroform fraction: M= 17400 g mol, Mw = 61400 g mol™* and PDI = 3.5

6.5. Optical properties of the polymers

The UV-vis absorption spectra of all polymers were investigated in chloroform solutions
and in thin-films (Figure 6.1 and Table 6.2). In solutions, 135, 136 and 137 display
comparable absorption maxima which are red-shifted around 40 nm relative to those of
134 analogue probably as a result of the low molecular weight of the latter polymer. In

thin-films, the absorption spectra of the polymers show quite strong bathochromic shift
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absorption maxima between 29 and 86 nm relative to their absorption in solutions. This
could be explained by stronger intermolecular n-r interaction and more planar structures
in the solid state. The Eg of the polymers are estimated from the absorption onsets in thin-
films. 135 and 136 have comparable E4 (ca. 1.3 eV) which are around 0.1 eV lower than
those of 134 and 137 analogues. The results indicate that substituting 2-ethylhexyl chains
by n-octyl chains on CPDT units would lead to lower Eg4 of the polymers, while changing
3,7-dimethyloctyl chains by n-octyl chains on BTDI moieties has a minimal effect on the
Egy of the polymers. These polymers are good candidates as donor materials fabricated
with fullerene derivatives as top BHJ cell in tandem solar cells due to their low optical

band gaps?®.
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Figure 6.1: Normalised UV-vis absorption spectra of 134, 135, 136 and 137 in a) chloroform solutions;
and b) thin films
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Table 6.2: The Uv-vis data and optical band gaps of the polymers

€ solution Film
Polymer (Miem?) | Amax (nm) Amax (NM) Aonset (NM) Eq (eV)
134 28200 635 686 865 1.43
135 37500 673 759 936 1.32
136 27500 672 724 922 1.34
137 28400 675 704 873 1.42

The Eq values of 134 and 137 are comparable to PCPDTBT analogue (Scheme 6.1)*.
However, 135 and 136 have lower Eg values around 0.1 eV relative to PCPDTBT
counterpart. The Eg of the polymers are significantly lower than those thienopyrroledione-
, bithiazole- and tetrazine-based polymers because the BTDI unit is stronger acceptor
than those units (Scheme 6.1)'41>16.111213 Compared to the polymers based on fluorene,
dibenzosilole, carbazole and anthracene, which mentioned in chapters 3, 4 and 5, the
polymers have lower Eq. This may arise from the fact that CPDT units have stronger
electron-donating abilities than those donor moieties, therefore adopt more planar
structure with stronger interchain interactions along the polymer backbone. 134 and 137
have comparable absorption coefficients (¢) and their coefficients are slightly higher than
136. 135 has the highest absorption coefficient among all polymers prepared. This could
be attributed to the 135 having the highest absorption maxima of about 759 nm in solid
state and it is red-shifted by more than 80 nm compared to solution among all polymers
(Table 6.2).

6.6. Electrochemical properties of the polymers

Cyclic voltammetry was used to study the electrochemical properties of the polymers.
The LUMO and HOMO levels of the polymers calculated from the onsets of reduction
and oxidation potentials, respectively (Figure 6.2 and Table 6.3). The onsets were
determined from cyclic voltammograms on drop cast polymer films on Pt electrode as
working electrode in BusNCIO4/CHsCN (0.1 M) vs Ag/Ag* reference electrode. The
HOMO levels of 135 and 137 are —5.20 and -5.22 eV, respectively which are deeper than
134 and 136. The LUMO energy levels of 135 and 136 are higher than 134 and 137. The
HOMO and LUMO levels of the polymers are not significantly affected by different
substituents attached to the CPDT and BTDI units.
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Figure 6.2: Cyclic voltammograms of 134, 135, 136 and 137 on Pt electrode in BusNCIO4/CH3CN at 100
mV/s

Table 6.3: Thermal and electrochemical properties of the polymers

Td Eox’ HOMO Ered° LUMO Eg (elec)
Polymer (°C) V) (eV) V) (eV) (eV)
134 378 0.44 -5.15 1.19 -3.52 1.63
135 419 0.49 -5.20 1.24 -3.47 1.73
136 402 0.39 -5.10 1.27 -3.44 1.66
137 377 0.51 -5.22 1.17 -3.54 1.68

The HOMO levels of the polymers are higher around 0.1 to 0.2 eV, while the LUMO
energy levels are almost identical relative to its PCPDTBT analogue (Scheme 6.1)2. The
HOMO levels of the polymers are shallower than the HOMO level of PCPDTTPD (-
5.43 eV), while their LUMO energy levels are lower than the LUMO energy level of
PCPDTTPD (-3.25 eV) (Scheme 6.1)°. The HOMO levels of the polymers are
significantly shifted upward compared to the fluorene-, dibenzosilole-, carbazole- and
anthracene-based polymers, which were mentioned in chapters 3, 4 and 5. This could be
attributed to the CPDT unit being a stronger donor compared to those donor units.
However, their LUMO energy levels are comparable to those polymers because the
LUMO level is dominated by the BTDI acceptor unit.

6.7. Thermal properties of the polymers

Thermal properties of the polymers were studied by TGA (Figure 6.3 and Table 6.3). All
polymers show high thermal stability with decomposition temperatures up to 370 °C. It
is interesting to note that the thermal stability of the polymers with linear n-octyl chains
on CPDT repeat units is higher than those polymers with branched 2-ethylhexyl chains.
In addition, the thermal stability of the 134 and 137 is not affected by the nature of
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substituents on BTDI units, while changing the 3,7-dimethyloctyl chains in 135 to n-octyl
chains in 136 on the acceptor moieties has a negative impact on the thermal stability of
the polymers. It was tentatively hypothesized that the polymers with n-octyl chains are
more planar than those with 2-ethylhexyl chains; therefore they might need higher
temperature to decompose. Moreover, the differences in thermal stability of the polymers

Is probably due to different molecular weight of the polymers.
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Figure 6.3: TGA of 134, 135, 136 and 137
6.8. Powder X-ray diffraction of the polymers

The structural properties of the 135, 136 and 137 were investigated by powder X-ray
diffraction (XRD) in solid state (Figure 6.4). However, 134 was not studied by powder
XRD because the amount obtained from the polymerisation was not enough to undertake
measurements. The XRD of 135, 136 and 137 show diffraction peaks at 24.7, 24.5 and
24.4° corresponding to the m-n stacking distance of 3.60, 3.62 and 3.64 A, respectively.
The results show that all polymers have an amorphous nature. Similarly, PCPDTBT did

not show crystallinity as studied by XRD as reported in previous literature report?.

1500
- 135
- 136

- 137
10004

500

Intensity (cps)

20 (°)

Figure 6.4: Powder XRD of 135, 136 and 137
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6.9. Conclusions

In summary, four novel low band gap alternating copolymers including
cyclopentadithiophene (CPDT) flanked by thienyl units as electron donor moieties and
benzothiadiazole dicarboxylic imide (BTDI) as electron acceptor units were synthesised
via two different palladium catalysed cross coupling polymerisations. 134 was prepared
by copolymerising the diboronic ester of CPDT (122) with dibrominated BTDI (49) via
Suzuki polymerisation. The yield of the polymerisation was too low (< 10%) and the
polymer has a low M, value around 5000 g mol™. To circumvent these problems, direct
arylation polymerisation as a new alternative preparation method was utilised to prepare
the 135, 136 and 137. All polymers were synthesised in good yields and they have
excellent solubility in common organic solvents. Two distinct side chains (n-octyl vs 2-
ethylhexyl) were attached to the CPDT units as well as two different side chains (n-octyl
vs 3,7-dimethyloctyl) were anchored to the BTDI units to investigate the effect of these
substituents on the solubility, molecular weights, optical and electrochemical properties,
thermal and structural properties of the resulting polymers. Changing 3,7-dimethyloctyl
chains on the BTDI units in 135 for n-octyl chains in 136 as well as prolonging the
polymerisation times had a significant effect on the solubility and also on the M, values
of the resulting polymers. 135 provided a toluene fraction which has a My value of 10000
g mol™. In addition to the toluene fraction, another fraction from chloroform was obtained
which has a higher Mn value of 17400 g mol™. However, 136 was extracted in the toluene
fraction which has the M, value of 9100 g mol. Moreover, substituting n-octyl chains in
136 for 2-ethylhexyl chains in 137 on the CPDT units leads to a polymer with higher M,
value of 15900 g mol™ for the toluene fraction. The polymers with one branched chains
on either CPDT or BTDI units can provide greater solubilities and higher molecular
weight fractions. In solutions, the polymers which were synthesised by direct arylation
polymerisation show comparable absorption maxima and display bathochromic shift
around 40 nm relative to 134. In thin-films, the absorption spectra of the polymers show
red-shifted absorption maxima by 29-86 nm relative to their absorption in solutions. The
optical band gaps of the polymers with n-octyl chains on the CPDT units are about 1.3
eV which are about 0.1 eV lower than those analogues with 2-ethylhexyl chains.
However, substituting 3,7-dimethyloctyl chains by n-octyl chains on BTDI units has little
influence on the Eq of the polymers. The low band gap of these polymers is beneficial to
achieve high Jsc values in BHJ solar cells. These polymers could also be used along with

higher band gap conjugated polymers as top cells in tandem solar cells. The HOMO
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energy levels of the polymers are between —5.10 and -5.22 eV. The LUMO energy levels
of the polymers are between —3.44 and —3.54 eV. Both the LUMO and HOMO levels of
the polymers are affected around 0.1 eV by attaching different substituents on both CPDT
and BTDI repeat units as well as changing the types of polymerisations. All polymers
display good thermal stability with Tq exceeding 370 °C. The polymers based on n-octyl
chains on CPDT units have higher thermal stability than those polymers with 2-
ethylhexyl chains on CPDT units. The powder XRD of the polymers show diffraction
peaks around 24.0° corresponding to the m-m stacking distance of about 3.60 A. All
polymers have an amorphous nature. The photovoltaic properties of these materials are
currently under investigation both in traditional BHJ solar cells as well as in tandem solar
cells.
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Chapter 7 - Low band gap copolymers based on
dithienosilole-benzothiadiazole  dicarboxylic  imide for

photovoltaic applications

Abstract

Two alternating copolymers of dithienosilole (DTS) flanked by thienyl units as electron-
donor moieties and benzothiadiazole dicarboxylic imide (BTDI) as electron-acceptor
units were designed and synthesised for photovoltaic applications. Two distinct
solubilising side chains including 3,7-dimethyloctyl chains and n-octyl chains were
anchored to the BTDI moieties. The impact of these substituents on the solubility,
molecular weights, optical and electrochemical properties, thermal and structural
properties of the resulting polymers was investigated. 144 and 145 were synthesised via
Stille polymerisation. The number average molecular weight of 144 and 145 are 14600
and 5700 g mol™, respectively. Both polymers have comparable optical band gaps around
1.4 eV. The HOMO levels of the polymers are comparable around —5.2 eV. 145 and 145
have lowest unoccupied molecular orbital (LUMO) levels at —3.56 and —3.45 eV,
respectively. They exhibit good thermal stability with decomposition temperatures
surpassing 350 °C. Powder XRD studies have shown that both polymers have an

amorphous nature in the solid state.

7.1. Introduction

Dithieno[3,2-b:2',3'-d]silole (DTS) is a promising donor unit for constructing low band
gap D-A conjugated polymers. Replacing the bridging carbon atom in the
cyclopentadithiophene (CPDT) unit with a silicon atom, a new donor moiety, DTS, has
been developed. The C-Si bond in the DTS unit is longer than the C-C bond in the CPDT
unit which could reduce the steric hindrance between the solubilising side chains and the
conjugated polymer backbone. As a result, this leads to stronger n-m stacking between
polymer chains and thereby improved crystallinity and charge carrier mobility of the
DTS-based polymerst. Yang and co-workers reported the first alternating copolymer,
PDTSBT based on DTS as a donor unit and BT as an acceptor unit (Scheme 7.1)2. It has
3-fold higher hole mobility than that for PCPDTBT analogue. Photovoltaic devices based
on PDTSBT: PC71BM delivered a high PCE of 5.1%?2. Bazan et al. reported a similar
copolymer, PDTSBT12 with n-dodecyl chains on the silicon atom (Scheme 7.1)3. It was
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synthesised by microwave-assisted Stille polymerisation with high number average
molecular weight (M, = 34000 g mol™). PDTSBT12 fabricated with PC7:BM achieved
higher PCE of 5.9%. Yang et al. further reported three copolymers, PDTSHDTBT,
PDTSenDTBT and PDTS12DTBT using DTBT as an acceptor unit (Scheme 7.1)*. The
first polymer showed limited solubility in common organic solvents and could not be
fabricated in BHJ solar cell. PDTSenDTBT blended with PC71BM in BHJ solar cell gave
the PCE of 2.95%, while, PDTS12DTBT delivered a higher PCE of 3.43% with higher
Jscand FF values. This is probably due to less steric hindrance for n-dodecyl chains than
2-ethylhexyl chains. These polymers have higher performance compared to
PCPDTDTBT analogue®.

Tao et al. designed and synthesised a new copolymer, PDTSTPD using thieno[3,4-
c]pyrrole-4,6-dione (TPD) as the acceptor unit (Scheme 7.1)%. PDTSTPD fabricated
with PC71BM exhibited a very impressive PCE of 7.3%. Soon after, they reported a PCE
of 7.5% for higher molecular weight polymer (M, = 31000 g mol™)”. The higher PCE
could be attributed to higher hole mobility, lower series resistance and larger FF for
higher molecular weight polymers. PDTSTPD has higher PCE relative to its
PCPDTTPD analogue®”®.

Li and co-workers developed a new copolymer, PDTSDTBTz using 2,2'-bithiazole
(BTz) as an acceptor with two flanking thiophene units between BTz and DTS units
(Scheme 7.1)!°, PDTSDTBTz blended with PC7:BM gave a PCE of 2.86%. Li et al.
further developed another two copolymers, PDTSDTTTz-3 and PDTSDTTTz-4 using
more rigid and more coplanar geometry thiazolo[5,4-d]thiazole (TTz) acceptor unit
(Scheme 7.1)'%. The positions of the solubilising side chains on the flanking thiophene
units between TTz and DTS were changed. PDTSDTTTz-3 has higher hole mobility
relative to its PDTSDTBTz analogue due to increased backbone planarity and stronger
intermolecular interactions. PDTSDTTTz-3 blended with PC71:BM delivered the PCE of
5.59%. PDTSDTTTz-4 has a higher hole mobility compared to its PDTSDTTTz-3
analogue due to it adopts a more planar structure. PDTSDTTTz-4: PC71BM showed a
higher PCE of 5.88% with a remarkable FF of 71.6%.

The DTS was copolymerised with naphtho(2,3-c)thiophene-4,9-dione (NTDO) acceptor
to form a new copolymer, PDTSNTDO (Scheme 7.1)*2. PDTSNTDO: PC71BM gave
the PCE of 5.21%.
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PDTSDTTAZ and PDTSTAZ were synthesised via Stille polymerisation between DTS
and 2-alkyl-2,1,3-benzotriazole (TAZ) acceptor unit with and without thiophene spacers,
respectively (Scheme 7.1)®. Flanking two thiophene units between donor and acceptor
units decrease the steric hindrance and thereby improve the planarity of the polymer
backbone. PDTSDTTAZ fabricated with PC71:BM in BHJ solar cell exhibited a higher
PCE compared to its PDTSTAZ analogue (3.80 vs 1.64%), respectively.

PDTS,DTBT: R = hexyl
PDTSgyDTBT: R = EH
PDTS,,DTBT: R = dodecyl

PDTSBT: R = 2-ethylhexyl (EH)
PDTSBT12: R = dodecyl

PDTSNTDO: R, = EH, R, = hexyl

PDTSTPD: R, = EH, R, = octyl

R, R
R1,R1 Y@(\ 1Si1 R2 N
si S
N R I NN\ s J W
BYSUNE 3 W
S S \S/ /}N Ro S S\ S)\ﬁ /R S /n
Ry Ry ’

PDTSDTBTz: R, = EH, R, = hexyl

PDTSDTTTz-3: R, = EH, R, = hexyl, R; = H
PDTSDTTTz-4: R, = EH, R, = H, R3 = hexyl

PDTSTAZ: R, = EH, R, = octyl PDTSDTTAZ: R, = EH, R, = octyl

Scheme 7.1: The D-A copolymers based on DTS units with different acceptor units
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7.2. Synthesis of distannylated DTS (142)

142 is a key monomer for the preparation of the target polymers in this chapter. It was
synthesised through five steps starting from commercially available 2,2'-bithiophene (33)

(Scheme 7.2). The different steps in its preparation are discussed below.

CgH47CgH
Br Br 8 137; s
I\ s i) I\ s g iy N _s_ iy [ ;\ /Z \
s\ ) T BTsT Y — "\ ) — s s
33 Br Br 140
138 139 iv))/ \\v)
CgH17CgH17 CgH17CgH17

Si Si
B YE ~ NN
Br S S Br /S/n S S S{]\
141 142
Scheme 7.2: The synthetic steps of 142

Reagents and conditions: i) Br,, CHCl3, HOAc, 0 °C, 3h, 70 °C, 24h ; ii) Zn powder,
ethanol, H20, HOAc, HCI (3.0 M), reflux, 2h; iii) n-BuLi, anhydrous (EtoO/THF), —78
°C, 3h, (CgH17)2SiCl,, anhydrous THF, —78 °C, 5h, RT, overnight; iv) NBS, DMF, RT,
10 min; v) n-BuLli, anhydrous n-hexane, TMEDA, 0 °C, 3h, (CH3)sSnCl, 0 °C, 3h, RT,
overnight

7.2.1. Synthesis of 3,3",5,5'-tetrabromo-2,2'-bithiophene (138)

33 was brominated regioselectively at 3,3',5,5-positions using bromine in
chloroform/acetic acid as a co-solvent and gave 138 as green crystals in 75% vyield
(Scheme 7.2)*. The mechanism of the reaction is similar to that for the synthesis of 39

as illustrated in scheme 3.6.

138 was characterised by several analytical tools. From the *H NMR spectrum of 138, the
peak corresponding to thiophene protons can be seen as a singlet at 7.07 ppm. The *C
NMR spectrum of 138 shows four peaks for four chemically different environments of
carbons of thiophenes. The mass spectrum of 138 displays a peak at 481.6, which is
indicative of the mass of the molecular ion [M]" of 138. The structure and purity of 138

was further confirmed by the FT-IR spectroscopy and elemental analysis.

7.2.2. Synthesis of 3,3'-dibromo-2,2'-bithiophene (139)

138 was dehalogenated selectively at 5,5'-positions using zinc powder in ethanol and a

mixture of water and HCI to obtain 139 as white crystals in 69% yield (Scheme 7.2)*°.
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The reaction proceeds through two steps as outlined in scheme 7.3. In the first step, two
equivalents of zinc metal are reacted with two bromines at 5,5'-positions of 138 to
generate organozinc intermediate (143). This intermediate is highly polarised like a
Grignard reagent, carbon atoms at 5,5-positions have partially negative charges and

function as nucleophiles which abstract two protons from water molecules to form 139.

Br Br Br
7\ s B 27Zn

/I \_ s / \
Br s \ / r BrZn s \ ZnBr Y S
- H‘) \,HL‘O 2 ZnBrOH
O~ Br H

s
\ /

Br Br
138 H 143 139

Scheme 7.3: The mechanism of dehalogenation of 138

'H NMR and *C NMR spectroscopy were implemented to characterise the structure of
139. From the *H NMR spectrum of 139, it is obvious that the reduction reaction was
successful as two doublets at 7.43 and 7.10 ppm can be seen, integrating for four protons
on the thiophene rings. Meanwhile, the singlet peak disappears for 138. The *C NMR

spectrum of 139 is in agreement with the literature?®.
7.2.3. Synthesis of 4,4-dioctyl-dithieno[3,2-b:2",3"-d]silole (140)

139 was lithiated selectively at 3,3'-positions using two equivalents of n-BuLi in
anhydrous diethyl ether/THF co-solvent at —78 °C which was subsequently reacted with
dioctyldichlorosilane to yield 140 as a yellow oil in 60% yield (Scheme 7.2)!. The
mechanism of the reaction is similar to that for the synthesis of 71 as illustrated in scheme
3.20.

'H NMR spectrum of 140 displays two doublets at 7.21 and 7.07 ppm corresponding to
four protons on the thiophene rings. It also displays three multiplets at 1.47-1.35, 1.34-
1.17 and 0.98-0.84 ppm integrating for thirty four protons of the n-octyl chains. The *C
NMR spectrum of 140 exhibits four peaks for carbons of thiophene rings and eight peaks
for carbons of n-octyl chains. The FT-IR spectrum of 140 shows three new peaks at 2854,
2918, and 2953 cm™ for C-H stretching vibrations of the alkyl chains.

7.2.4. Synthesis of 4,4-dioctyl-2,6-dibromo-dithieno[3,2-b:2",3'-d]silole (141)

140 was brominated selectively at 2,6-positions using two equivalents of NBS in DMF
and gave 141 as yellow oil in 56% yield (Scheme 7.2)8. 141 was used in direct arylation

polymerisation with 47 and 48 to prepare the target polymers but unfortunately the
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polymerisations were not successful. The mechanism of the reaction is similar to that for

the synthesis of 39 as shown in scheme 3.6.

'H NMR and *C NMR spectroscopy were implemented to characterise the structure of
141. From the *H NMR spectrum of 141, it is clear that the bromination reaction was
successful as a singlet peak at 7.01 ppm can be seen, integrating for two protons of

thiophenes. The *C NMR spectrum of 141 is in agreement with the literature®®.

7.2.5. Synthesis of 4,4-dioctyl-2,6-bis(trimethylstannyl)-dithieno[3,2-b:2’,3"-d]silole
(142)

140 was lithiated selectively at 2,6-positions using two equivalents of n-BuLi and
TMEDA at 0 °C in anhydrous n-hexane which was subsequently reacted with two
equivalents of trimethyltin chloride and gave distannylated monomer (142) as green
sticky oil in 81% yield (Scheme 7.2)%. The mechanism of the reaction is similar to that

for the synthesis of 29 as shown in scheme 2.17.

The structure and purity of 142 were assessed using *H NMR spectroscopy. A singlet
peak can be seen at 0.40 ppm, integrating for eighteen protons, which indicates that the
stannylation reaction was successful. In addition, it shows a singlet peak at 7.10 ppm for
protons of thiophenes. Moreover, it displays the expected number of protons in the
aliphatic region. Further evidence of the presence of the trimethylstannyl groups was
given on analysis of the ¥C NMR spectrum of 142; there is a peak at —8.0 ppm

corresponding to the methyl carbons for the trimethylstannyl group.

7.3. Polymers synthesis

In this chapter, the synthesis of two alternating copolymers, 144 and 145 is described.
Both polymers were prepared by Stille coupling polymerisation between distannylated
DTS monomer (142) with dibrominated BTDI monomers (49 and 50), respectively using
Pd(OAC)./P(o-tol)s catalyst in anhydrous toluene (Scheme 7.4). Both polymerisations
were left running for 72 hours with large amounts of dark blue precipitates forming as the
reactions proceeded. The polymers were obtained and cleaned as described in chapter 2.
The structures of the 144 and 145 were confirmed by the *H NMR spectroscopy, FT-IR

spectroscopy and elemental analysis.
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144: R = DMO
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Scheme 7.4: The synthesis of 144 and 145 via Stille polymerisation

Reagents and conditions: i) Pd(OAc)., P(o-tol)s, anhydrous toluene, 110 °C, 72h

7.4. Molecular weights and yield of the polymers

Molecular weights of the polymers were measured by GPC in chloroform solution at 40
°C relative to polystyrene standards (Table 7.1). Both polymers were synthesised under
the same experimental conditions. Substituting 3,7-dimethyloctyl chains in 144 for n-
octyl chains in 145 on the BTDI units which leads to a polymer with slightly lower My
values for the toluene fractions of the polymers. In addition, 144 afforded another fraction
in chloroform of a higher M, value. The results indicate that the 145 has limited solubility
because n-octyl chains were attached on both DTS and BTDI units, therefore providing
a relatively low molecular weight polymer. 144 was prepared in excellent yield and it has
significantly higher molecular weights than 145, especially its chloroform fraction. This
could be explained by the higher solubility of the 144, which allows the polymerisation
reaction to proceed further before precipitation of the growing polymer out of solution.

Table 7.1: The percentage yield, weight and number average molecular weights with polydispersity
indexes of 144 and 145

Toluene fraction Chloroform fraction
Mn Mw PDI Mn Mw PDI
Polymer | %yield | (g mol?) | (g mol?) (g mol™Y) | (g mol?)
144 92 6200 20600 3.2 14600 79900 5.4
145 57 5700 14000 2.4
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7.5. Optical properties of the polymers

The normalised UV-vis absorption spectra of the polymers in chloroform solutions and
in thin films are shown in figure 7.1. The optical properties of the polymers are
summarised in table 7.2. In both solutions and thin films, the absorption maxima of 144
are red-shifted compared to 145. This may arise from the fact that the former polymer
having higher molecular weight than the latter polymer. In thin films, absorption peaks
for both 144 and 145 show bathochromic shift compared to their absorption in solutions
with absorption maxima of 689 and 670 nm, respectively. This could be attributed to the
more aggregated configurations and a more planar structure in solid state. The Eq of the
polymers are assessed from the absorption onsets in thin-films. The Eg of both polymers
are comparable about 1.4 eV. A change of alkyl chains on BTDI units from 3,7-
dimethyloctyl chains to n-octyl chains has a negligible impact on the Eq4 of the resulting

polymers.
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Figure 7.1: Normalised UV-vis absorption spectra of 144 and 145 in a) chloroform solutions; and b) thin

films
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Table 7.2: The Uv-vis data and optical band gaps of the polymers

€ solution Film
Polymer | (Mtcm?) | Amax(nm) Amax (NM) Aonset (NM) Eq (eV)
144 32300 627 689 873 1.42
145 23400 613 670 863 1.43

The Eg of both polymers are slightly lower than PDTSBT which is 1.45 eV (Scheme
7.1)% As expected, the Eq of both polymers are lower than those PDTSenDTBT and
PDTS12DTBT counterparts which are 1.53 and 1.51 eV, respectively (Scheme 7.1)*. This
can be explained by the stronger electron-accepting strength of the BTDI unit than BT
unit. The Eg of both polymers are significantly lower than those PDTSDTBTz,
PDTSDTTTz-3, PDTSDTTTz-4 and PDTSTPD analogues which are 1.85, 1.81, 1.76
and 1.73 eV, respectively (Scheme 7.1)}%18 Similarly, The Eq of both polymers are
significantly lower than those PDTSDTTAZ, PDTSTAZ and PDTSNTDO which are
1.81, 1.78 and 1.65 eV, respectively (Scheme 7.1)**12, This is due to the BTDI moiety is
a stronger electron acceptor than bithiazole, thiazolothiazole, thienopyrroledione,
benzotriazole and napthothiophenedione units. Compared to the polymers based on
fluorene, dibenzosilole, carbazole and anthracene, which were mentioned in chapters 3,
4 and 5, the polymers have lower Eg. This may arise from the fact that the DTS unit has
stronger electron-donating ability than those donor moieties. Therefore, this new class of
polymers adopt more planar structures with stronger intrachain charge transfer along the
polymer backbone. 144 and 145 have comparable Eg4 values to the 134 and 137, while
their Eq values are around 0.1 eV higher than 135 and 136 mentioned in chapter 6
(Scheme 6.7 and Table 6.2). This could be due to the fact that both DTS and CPDT units
are strong electron donors with comparable strength. The absorption coefficient (¢) of 144
is significantly higher than 145. This is probably due to the higher molecular weight and
red-shifted absorption maxima of the former polymer.

7.6. Electrochemical properties of the polymers

Cyclic voltammetry was used to study the electrochemical properties of the polymers.
The LUMO and HOMO levels of the polymers calculated from the onsets of reduction
and oxidation potentials, respectively (Figure 7.2 and Table 7.3). The onsets were
determined from cyclic voltammograms on drop cast polymer films on Pt electrode as
working electrode in BusNCIO4/CH3CN (0.1 M) vs Ag/Ag* reference electrode. The

HOMO levels of 144 and 145 are comparable, while the LUMO energy level of the
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former polymer is lower than the latter polymer. The results indicate that attaching
different side chains on BTDI units has negligible impact on the HOMO levels of the
polymers but the LUMO levels of the polymers are affected by about 0.1 eV. The HOMO
energy level is dominated by the nature of the donor unit and both polymers have the

same DTS donor unit.

_— 144
- 145

Current (a.u.)

T T T T
-2 -1 0 1
Potential (mV) vs Ag/Ag+

Figure 7.2: Cyclic voltammograms of 144 and 145 on Pt electrode in BusNCIO4/CH3sCN at 100 mV/s

Table 7.3: Thermal and electrochemical properties of the polymers

Td Eox’ HOMO Ered” LUMO Eq (elec)
Polymer (°C) V) (eV) V) (eV) (eV)
144 357 0.50 -5.21 1.15 —-3.56 1.65
145 394 0.52 -5.23 1.26 -3.45 1.78

The HOMO levels of the polymers are slightly deeper than PDTSDTBTz which is -5.18
eV10. The HOMO energy levels of both polymers are deeper relative to those PDTSBT,
PDTSesDTBT, PDTS12DTBT and PDTSDTTTz-4 analogues which are —5.05, —4.99,
—5.02 and -5.04 eV, respectively>*!, Their LUMO energy levels are lower compared to
those PDTSBT, PDTSenDTBT, PDTS12DTBT and PDTSDTTTz-4 analogues which
are =3.27, -3.17, -3.19 and —3.41 eV, respectively>***. Furthermore, the LUMO levels
of the polymers are considerably lower than PDTSTAZ and PDTSDTTAZ which are —
2.76 and —2.81 eV, respectively'®. This could be ascribed by the stronger electron-
accepting ability of BTDI unit than benzothiadiazole, dithienylbenzothiadiazole,
thiazolothiazole, benzotriazole and dithienylbenzotriazole units. However, they have
shallower HOMO and LUMO energy levels compared to PDTSTPD counterpart®. The
HOMO levels of the polymers are significantly shifted upward compared to the fluorene-
, dibenzosilole-, carbazole- and anthracene-based polymers, which were mentioned in

chapters 3,4 and 5. This could be attributed to stronger electron-donating ability of DTS
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unit compared to those donor units. However, the LUMO energy levels are comparable
because the LUMO level is controlled by the BTDI acceptor moiety. The HOMO and
LUMO levels of both polymers are comparable to 135 and 137, while their HOMO and
LUMO levels are deeper than 134 and 136, mentioned in chapter 6 (Scheme 6.7 and
Table 6.3).

7.7. Thermal properties of the polymers

Thermal properties of the polymers were studied by TGA (Figure 7.3 and Table 7.3).
The decomposition temperatures of the 144 and 145 are at 357 and 394 °C, respectively.
The TGA results revealed that the thermal stability of the polymers is significantly
affected by the nature of the substituents on the BTDI moieties. Thermal properties of
144 and 145 are significantly higher than PDTSDTTTz-4 and PDTSNTDO with
decomposition temperatures at 317 and 321 °C, respectively!}!2, 145 has higher thermal
stability than PDTSDTBTz and PDTSTAZ with decomposition temperatures at 368 and
388 °C, respectively, while 144 has less stability than those polymers®3. Both polymers
have less thermal stability than PDTSDTTAZ with decomposition temperatures at 415
°C®3, The difference in thermal stabilities of the polymers could be related to different

side chains on DTS units and different acceptor units.

1004

501

— 144

M ass remaining (%)

= 145

T T T
0 200 400 600 800

Temperature (°C)
Figure 7.3: TGA of 144 and 145
7.8. Powder X-ray diffraction of the polymers

The structural properties of the 144 and 145 were investigated by powder X-ray
diffraction (XRD) in the solid state (Figure 7.4). The XRD of 144 and 145 show
diffraction peaks at 24.6 and 24.9° corresponding to the n-x stacking distance of 3.61 and
3.57 A, respectively. The results show that both polymers have an amorphous nature. The
powder XRD of the polymers are comparable to PDTSDTBTz%. However, the PDTSBT
showed crystallinity as reported in previous literature report:,
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Figure 7.4: Powder XRD of 144 and 145

7.9 Conclusions

In summary, two novel low band gap alternating copolymers including dithienosilole
(DTS) flanked by thienyl units as electron donor moieties and benzothiadiazole
dicarboxylic imide (BTDI) as electron acceptor segments were synthesised by Stille
polymerisation. Distannylated DTS monomer (142) was copolymerised with
dibrominated BTDI monomers (49 and 50) to prepare 144 and 145, in 92 and 57% vyield
respectively. Two distinct side chains (n-octyl vs 3,7-dimethyloctyl) were attached to the
BTDI units to investigate the effect of these substituents on the solubility, molecular
weights, optical and electrochemical properties, thermal and structural properties of the
resulting polymers. Replacing 3,7-dimethyloctyl chains in 144 for n-octyl chains in 145
on the BTDI units has a negative impact on the solubility and molecular weights of the
polymers. 145 was separated using Soxhlet extraction and its toluene fraction has a low
M, value (5700 g mol™?) due to its limited solubility. Soxhlet extraction of 144 provided
two fractions; a toluene fraction which has a slightly higher M, value to that of 145, in
addition to another fraction from chloroform with a M, value more than twice higher. In
both solution and thin-film, absorption maxima of 145 are blue-shifted relative to those
of 144. In thin-films, the absorption spectra of both polymers display bathochromic shift
absorption maxima relative to their absorption in solutions. Both polymers have
comparable optical band gaps around 1.4 eV. The HOMO levels of the polymers are
comparable. The LUMO levels of the 144 and 145 are —3.56 and —3.45 eV, respectively.
Anchoring different alkyl chains on BTDI units has little impact on the band gaps and
the HOMO levels of the polymers, while the LUMO energy levels are affected by about
0.1 eV. 144 and 145 have good thermal stability with decomposition temperatures at 357
and 394 °C, respectively. The thermal properties of the polymers are significantly affected

by changing substituents on imide functionality of BTDI units. The powder XRD studies
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of the polymers show diffraction peaks around 24.0° corresponding to the n-w stacking
distance of about 3.6 A. Both polymers have an amorphous nature. The photovoltaic
properties of these materials are currently under investigation both in regular bulk
heterojunction solar cells and in tandem solar cells.
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Chapter 8 - Conclusions and Future Work

8.1. Conclusions

A series of donor-acceptor (D-A) thermocleavable conjugated polymers was successfully
synthesised. Three thermocleavable polymers, 35, 36 and 37 consisting of electron-rich
bithiophene or fluorene as the donor units and electron-deficient secondary phthalate
esters as the acceptor units were synthesised via the Stille coupling polymerisation
(Scheme 8.1). The secondary solubilising phthalate ester groups are thermocleavable
about 300 °C through elimination of volatile alkenes and change to carboxyl groups
followed by dehydration to lead to rigid polymers with phthalic anhydride repeating units
(Scheme 8.1). The optical band gaps of 35 and 36 are 2.19 and 2.11 eV, respectively and
their band gaps are significantly lower than that of 37 (2.58 eV). The optical band gaps
of 35, 36 and 37 are lowered to 1.86, 1.89 and 2.14 eV, respectively upon their thermal
treatment in the solid state. While the thermocleavage process takes place at relatively
high temperature, these polymers show promise for use in bulk heterojunction

photovoltaic cells as well as in FET applications.

/1 RO OR a © ©
| " — | -
35 35

Scheme 8.1: Structures of thermocleavable polymers, 35, 36 and 37 before and after thermal treatment
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A series of D-A polymers based on benzothiadiazole dicarboxylic imide (BTDI) as the
electron acceptor units alternating with various donor segments were synthesised. Two
different alkyl solubilising groups including 3,7-dimethyloctyl chains (DMO) and n-octyl
chains were attached to the BTDI units to investigate the effect of these substituents on
the solubility, molecular weights, optoelectronic properties, thermal and structural

properties of the resulting polymers.

Fluorene and dibenzosilole flanked by thienyl units as the electron-donating moieties
were copolymerised with BTDI units via Suzuki polymerisation and vyielded the
polymers, 76, 77, 78 and 79 respectively (Scheme 8.2). The optical band gaps of 76, 77,
78 and 79 are 1.81, 1.78 and 1.77 eV respectively. The optical and electrochemical
properties of these polymers show promise for application in bulk heterojunction solar

cells.

CgH17CgH17
76: R=DMO 78: R=DMO
77: R = octyl 79: R = octyl

Scheme 8.2: Structures of polymers, 76, 77, 78 and 79

Four novel alternating copolymers, 104, 105, 106 and 107 were prepared via Suzuki
polymerisation (Scheme 8.3). The polymers are based on 2,7-linked carbazole units or
3,6-difluoro-2,7-linked carbazole moieties flanked by thienyl units as donor units
alternating with BTDI moieties along the polymer backbones. Two fluorine atoms were
anchored to the 3,6-positions of the 2,7-linked carbazole repeat units to investigate the
effect of fluorination on the solubility, molecular weight, optoelectronic properties,
thermal and structural properties of the resulting polymers. The optical band gaps of 106
and 107 are 1.78 and 1.81 eV, respectively which are slightly higher relative to those non-
fluorinated analogues (1.76 eV). The optical and electrochemical properties of these

polymers show promise for application in bulk heterojunction solar cells.
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CgHi7~ "CgHqz
104: R = DMO 106: R = DMO
105: R = octyl 107: R = octyl

Scheme 8.3: Structures of polymers, 104,105,106 and 107

The copolymers including fluorene, dibenzosilole and carbazole units have optical band
gaps around 1.7-1.8 eV. To further reduce the band gap of the polymers, 9,10-
phenylsubstituted-2,6-linked anthracene units flanked by thienyl groups as electron donor
units were copolymerised with BTDI units through Suzuki polymerisation yielded 109
and 110 (Scheme 8.4). Both polymers have low optical band gaps of 1.66 eV. They have
a good overlap between their absorption spectrum and that of the solar spectrum which
should be beneficial to obtain high Jsc values and hence could provide BHJ solar cell
devices with enhanced photovoltaic performance.

OCyzHs

109: R = DMO
110: R = octyl

Scheme 8.4: Structures of polymers, 109 and 110

A series of novel low band gap copolymers consisting of electron-rich
cyclopentadithiophene (CPDT) flanked by thienyl units as donor segments and BTDI
units were synthesised via two different palladium catalysed cross coupling
polymerisations. 134 was prepared by Suzuki polymerisation (Scheme 8.5). However,
135, 136 and 137 were synthesised through direct arylation polymerisation as a new
alternative preparation method (Scheme 8.5). Two different solubilising side chains [n-
octyl vs 2-ethylhexyl (EH)] were attached to the CPDT units to investigate the effect of
these substituents on the solubility, molecular weights, optical and electrochemical
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properties, thermal and structural properties of the resulting polymers. The optical band
gaps of 135, 136 are around 1.3 eV which around 0.1 eV lower than those 134 and 137

analogues.

134: R, = EH, R, = DMO
135: R, = octyl, R, = DMO
136: R4, R, = octyl

137: R; = EH, R, = octyl

Scheme 8.5: Structures of polymers, 134, 135,136 and 137

Alternatively, two novel low band gap copolymers, 144 and 145, which contain
dithienosilole (DTS) rather than cyclopentadithiophene (CPDT) flanked by thienyl units
as electron-donating units and BTDI units were also synthesised via Stille coupling
polymerisation (Scheme 8.6). Both polymers have comparable optical band gaps around
1.4 eV. The narrow band gaps of the polymers including CPDT and DTS are beneficial
to achieve high Jsc values in BHJ solar cells. These polymers could be used either on their
own in traditional BHJ solar cells. They could also be used along with higher band gap

conjugated polymers as top cells in tandem solar cells.

144: R = DMO
145: R = octyl

Scheme 8.6: Structures of polymers, 144 and 145

The copolymers based on fluorene, dibenzosilole, carbazole and anthracene as the donor
units and BTDI as the acceptor units have low-lying HOMO energy levels about -5.5 eV.
They have advantageous for the chemical stability in air and high Vo values could be
anticipated when these polymers will be fabricated in BHJ solar cells as donor materials

to fullerene derivatives as acceptor materials. However, the HOMO energy levels of the
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polymers containing CPDT and DTS as the donor units and BTDI as the acceptor units
are significantly shifted upward between —5.10 and —5.23 eV. This is due to the CPDT
and DTS are stronger donor units compared to fluorene, dibenzosilole, carbazole and
anthracene donor units. The LUMO levels of all polymers are between —3.41 and —3.56
eV. This is due to the fact that all polymers have the same BTDI acceptor units which
can dominate the LUMO energy levels in these materials. Anchoring different alkyl
chains on BTDI units has little impact on the band gaps and the HOMO levels of the
polymers, while the LUMO levels are affected about 0.1 eV.

All polymers have good thermal stability with Tq exceeding 310 °C. The good thermal

stability of all polymers is desirable for the fabrication of polymer solar cell applications.

The powder XRD of the polymers show diffraction peaks between 18.5 and 24.7°
corresponding to the m-m stacking distance in the range of 4.79 and 3.6 A. All polymers

have an amorphous nature in the solid state.

8.2. Future Work

Conjugated polymers with fluorene, dibenzosilole, carbazole and anthracene donor units
have been synthesised in this work for application in photovoltaic cells. These polymers
are promising candidates as new materials for application in this area because of several
reasons. First, they have Eg between 1.6 and 1.8 eV which optimally match the solar
spectrum, since the peak of photon flux density from the solar terrestrial radiation is
positioned about 1.77 eV. As a result, the materials developed should provide solar cells
with high Jsc values and hence potentially high power conversion efficiencies. Second,
they have deep HOMO energy levels which are useful properties for stability of the
polymers in air and also a prerequisite to provide solar cells with high Vo values when
these polymers are used as donor materials in blends with PCBM derivatives as acceptor
materials in bulk heterojunction photovoltaic cells. Third, the LUMO energy levels of the
polymers are compatible with those of fullerene derivatives to provide efficient electron
transfer in bulk heterojunction photovoltaic cells. Fourth, all polymers possess relatively
high molecular weights that would provide good hole mobilities when they will be tested
in field effect transistor devices. Finally, all polymers show good thermal properties
which can be used as stable polymers for photovoltaic applications. These polymers will
be investigated in bulk heterojunction solar cells as electron donor materials with
fullerene derivatives. The photovoltaic properties of these devices will be investigated in

collaboration with the Department of Physics and Astronomy in University of Sheffield.
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Cyclopentadithiophene and dithienosilole-based polymers are good candidates for solar
cell applications due to their narrow optical band gaps which cover most of the solar cell
spectrum. This is advantageous to achieve high Jsc value in BHJ solar cells. These
polymers could also be used along with higher band gap conjugated polymers as top cells
in tandem solar cells. Future investigations should include careful investigations on the
use of these materials in these applications in collaboration with the Department of
Physics and Astronomy in University of Sheffield.

Alternative classes of donor-acceptor conjugated polymers based on the BTDI units as
the acceptor units should also be targeted. New conjugated polymers with several donor
moieties such as 3,3'-bis(alkoxy)-2,2'-bithiophene, 3,3'-bis(alkyl)-2,2'-bithiophene and
3,6-bis(alkyl)thieno[3,2-b]thiophene (Scheme 8.7) are expected to provide low energy
band gap materials in view of the electron rich properties of bithiophene and
thienothiophene repeat units. A judicious choice of substituents attached to the electron
donor moieties should also provide the opportunity to address the morphology of blends
between these materials and fullerene derivatives in BHJ solar cells which is a crucial

element in the efficiency of devices.
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PBTDTBTDI-8,DMO: R, = octyl, R, = 3,7-dimethyloctyl (DMO)
PBTDTBTDI-EH,8: R = 2-ethylhexyl (EH), R, = octyl

PBTODTBTDI-8,DMO: R, = octyl, R, = DMO
PBTODTBTDI-EH,8: R, = EH, R, = octyl

PTTDTBTDI-8,DMO: R, = octyl, R, = DMO
PTTDTBTDI-EH,8: R; = EH, R, = octyl

Scheme 8.7: Alternating copolymers based on BTDI and different donor units

201



Chapter 9 - Experimental

9.1. General Procedures
9.1.1. Reagents and Solvents

All chemicals and reagents obtained from suppliers. Most of the reactions were carried
out under argon. Anhydrous solvents used for the reactions obtained from Grubbs solvent

purification system within the University of Sheffield Chemistry Department.

9.1.2. Instrumentation
9.1.2.1. Nuclear magnetic resonance (NMR) spectroscopy

All 'H NMR and 3C NMR spectra for the monomers measured either with a Bruker
Avance AV 3HD 400 (400 MHz) spectrometer in deuterated chloroform (CDCls),
deuterated acetone (CD3sCOCD3) or deuterated dimethyl sulfoxide (CDsSOCD3) as the
solvents at room temperature. The *H NMR spectra for the polymers were measured with
Bruker AV 3HD 500 (500 MHz) in deuterated 1,1,2,2-tetrachloroethane (C2D2Cl.) as the
solvent at 100 °C. The chemical shifts were measured in parts per million (ppm). The
NMR splitting patterns are described using the following abbreviations: s = singlet, d =
doublet, dd = doublet of doublet, t = triplet, gt = quartet, m = multiplet, bs = broad singlet,
bd = broad doublet, bm = broad multiplet and the coupling constants (J) are calculated in
Hertz (Hz). The *H NMR and 3C NMR spectra were analysed using Bruker TopSpin 3.2

software.

9.1.2.2. Elemental Analysis (EA)

Elemental analysis (CHN) was performed by either the Perkin Elmer 2400 CHNS/O
Series Il Elemental Analyser or Vario MICRO Cube CHN/S Elemental Analyser for CHN
analysis. Anion analysis (Br, | and S) was performed by the Schéniger oxygen flask

combustion method.

9.1.2.3. Mass Spectrometry

Mass spectra for the monomers were recorded on Agilent 7200 accurate mass Q-TOF
GC-MS spectrometer. Helium is used as a carrier gas in rate of (1.2 mL min™), the
injection volume is (1.0 puL) and the concentration of measured sample is (5 mg mL™) in
CHCl; solvent. The temperature program is between 60 to 320 °C at 10 °C min™. Mass

spectra for the monomers were obtained by the electron ionization method (EI).
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9.1.2.4. Analytical Gel permeation chromatography (GPC)

GPC measurements accomplished by Viscotek GPC Max, a waters 410 instrument with
a differential refractive index detector, two Polymer Labs PLgel 5u Mixed C (7.5 x 300
mm) columns and a guard (7.5 x 50 mm). Molecular weights for the polymers were
determined by preparing polymer solutions (2.5 mg mL™) using HPLC grade CHCls. The
columns were thermostated at 40 °C using CHCls.

9.1.2.5. UV-visible (UV-vis) absorption spectroscopy

UV-vis absorption spectra were measured by SPECORD S600 UVlvisible
Spectrophotometer at room temperature. The absorbance of the polymers was measured
in CHCIs solution using quartz cuvettes (light path length = 10 mm) and blank quartz
cuvettes including CHCIs was used as a reference. The polymers were coated on quartz
substrates from CHClIs solutions (1 mg mL™) and blank quartz substrate was used as a

reference.

9.1.2.6. Thermogravimetric analysis (TGA)

TGA measurements were recorded by Perkin Elmer (Pyris 1) thermogravimetric
Analyser. Platinum pans was used as sample holder and the weight of the measured

samples was about (3 mg).

9.1.2.7. Cyclic Voltammetry (CV)

Cyclic voltammograms were measured using a Model 263A Potentiostat/Galvanostat-
Princeton Applied Research. A standard three electrode system was used based on a Pt
disk working electrode, a silver wire reference electrode (Ag/Ag®) inserted in (0.01 M)
AgNO:3 solution in acetonitrile and put it in the electrolyte solution and a Pt wire counter
electrode was purged with argon atmosphere during all measurements at room
temperature. Tetrabutylammonium perchlorate in acetonitrile (BusNCIO4/CH3CN) (0.1
M) was used as the electrolyte. Polymer thin films were drop cast onto the Pt disk from
polymer solutions in CHsCI (1 mg mL™?) and dried under nitrogen prior to measurement.
Ferrocene (Fc/Fc*) was used as a reference redox system

9.1.2.8. Powder X-ray diffraction (XRD)

Powder XRD for the polymers was measured by Bruker D8 ADVANCE X-ray powder
diffractometer.
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9.1.2.9. Infrared Absorption Spectroscopy (IR)

Infrared absorption spectra recorded on ATR Perkin EImer Rx/FT-IR system and Nicolet
Model 205 FT-IR spectrometer.
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9.2. Synthetic procedures for the monomers

9.2.1. Synthesis of 3,6-dibromophthalic anhydride (2)

Br o)
@]
Br 0

Phthalic anhydride (1) (80.00 g, 540.10 mmol), oleum (125 mL, 30% free SO3), bromine
(104.00 g, 650.78 mmol) and iodine (0.51 g, 2.00 mmol) added into a flask and stirred at
60 °C for 24h. The mixture cooled to RT, DCM added and the whole mixture was
carefully diluted with deionised water. Subsequently, the mixture was filtered and
extracted with DCM. The organic phase dried over MgSO4 and the solvent concentrated
to yield a product which recrystallised from acetic acid (100%) to afford 2 as white
crystals (36.00 g, 118 mmol, 22% yield)®.

'H NMR (CDCls, §): 7.87 (s, 2H). *C NMR (CDCls, 8): 158.9, 141.3, 131.1, 119.9. FT-
IR (cm™): 3580, 3092, 2699, 2575, 2159, 2056, 1928, 1804, 1845, 1585, 1450, 1380,
1214, 1130, 1093. EI-MS (m/z): 306 [M]*. EA (%) calculated for CgH2Br.03: C, 31.41;
H, 0.66; Br, 52.24. Found: C, 31.58; H, 0.64; Br, 50.10.

9.2.2. Synthesis of 3,6-dibromophthalic acid (3)

Br O

OH
OH

Br O

2 (20.00 g, 65.37 mmol) dissolved in THF (200 mL) in a flask, to this mixture deionised
water (40 mL) added and refluxed for 24h. After cooling the reaction flask to RT, THF
removed and deionised water added to the mixture and extracted with Et,O. The organic
phase dried over MgSOs, and filtered. The solvent concentrated to yield 3 as a white
powder (20.00 g, 62 mmol, 94% yield)?.

IH NMR (CDsSOCDs3, 3): 7.69 (s, 2H), 14.00 (s, 2H). 3C NMR (CDsSOCDs3, 8): 166.8,
136.5, 135.6, 118.4. FT-IR (cm™): broad (3500-2300), 2160, 2056, 1929, 1771, 1760,
1551, 1451, 1358, 1216, 1131, 1093. EI-MS (m/2): 324 [M]*. EA (%) calculated for
CsHaBr204: C, 29.66: H, 1.24; Br, 49.34. Found: C, 29.87; H, 1.19; Br, 49.07.
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9.2.3. Synthesis of 2-undecanol (5)

OH

)\/\/\/\/\

2-Undecanone (4) (44.93 g, 263.83 mmol) dissolved in methanol (300 mL) in a flask and
the mixture cooled to 0 °C for 10 minutes. To this mixture, Sodium borohydride (10.00
g, 264.34 mmol) added slowly. The contents stirred at RT for 1h. Subsequently, HCI
added dropwise to quench the reaction. A white precipitate was formed and filtrated.
Deionised water added to the filtrate and extracted with ethyl acetate. The organic phase
dried over MgSO4 and filtered. The solvent concentrated to yield the product which
purified by column chromatography (70:30, petroleum ether: ethyl acetate) to afford 5 as
colourless oil (42.84 g, 249 mmol, 94% yield)®.

'H NMR (CDCls, §): 3.75-3.86 (m, 1H), 1.24-1.54 (m, 17H), 1.20 (d, 3H, J = 6.0 Hz),
0.90 (t, 3H, J = 7.0 Hz). *3C NMR (CDCls, §): 68.2, 39.3, 31.9, 29.6, 29.6, 29.5, 29.3,
25.7,23.4, 22.7, 14.1. FT-IR (cm™): broad (3200-3500), 2922, 2853, 2958, 1465, 1395,
1085. EI-MS (m/z): 157.3 [M-CHzs]". EA (%) calculated for C11H240: C, 76.68; H, 14.04.
Found: C, 75.29; H, 13.69.

9.2.4. Synthesis of 3,6-dibromo-bis(2-undecanyl) phthalate (6)

Br O

OR R= )\/\/\/\/\
OR -

*

Br O

3 (10.00 g, 30.87 mmol), 4-(dimethylamino)pyridine (8.29 g, 67.85 mmol), scandium
triflate (1.51 g, 3.06 mmol) and 5 (11.69 g, 67.89 mmol) added to a flask. The reaction
flask was purged with three vacuum/argon cycles followed by adding anhydrous DCM
(250 mL), and the mixture stirred at RT for 30 min. N,N'-diisopropylcarbodiimide (8.56
g, 67.89 mmol) added dropwise to the mixture and the contents stirred and refluxed for
24h. After cooling the flask to RT, the reaction contents filtered and washed with DCM.
The filtrate was combined and the solvent concentrated to yield the product which
purified by chromatography (80:20, petroleum ether: ethyl acetate) to afford 6 as
colourless oil (6.00 g, 9.5 mmol, 31% yield)*.

IH NMR (CDCls, 8): 7.49 (s, 2H), 5.10-5.20 (sextet, 2H), 1.68-1.83 (m, 4H), 1.54-1.65
(m, 4H), 1.38 (d, 6H, J = 6.00 Hz), 1.20-1.35 (m, 24H), 0.89 (t, 6H, J = 7.00 Hz). 13C

NMR (CDCls, 3): 164.9, 135.8, 135.2, 118.9, 74.3, 35.7, 31.9, 29.6, 29.5, 29.3, 25.4, 25.3,
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25.3, 22.7, 19.5, 14.1. FT-IR (cm™): 3340, 2960, 2926, 2854, 2114, 1727, 1617, 1568,
1462, 1378, 1268, 1170, 1079. EI-MS (m/z): 633 [M]*. EA (%) calculated for
CaoHagBr204: C, 56.97; H, 7.65; Br, 25.27. Found: C, 58.45; H, 7.59; Br, 25.17.

9.2.5. Synthesis of 3,6-bis(2-thienyl)-bis(2-undecanyl)phthalate (7)

OIN®)
RO OR

S
B | R:)\/\/\/\/\
S \ *

6 (2.00 g, 3.16 mmol), 2-(tributylstannyl)thiophene (2.94 g, 7.87 mmol) and PdCI>(PPhs).
(0.05 g, 0.07 mmol) added to a flask and degassed under argon. Dry toluene (20 mL)
added, the flask degassed and heated at 110 °C for 24h. After cooling the flask to RT, the
volatiles concentrated to obtain the product which purified by column chromatography
via gradient (petroleum ether, 0-30% DCM) to afford a yellow solid product. The product
further purified by recrystallisation from EtOH to obtain 7 as white crystals (1.50 g, 2.3
mmol, 74% yield)°.

'H NMR (CDCls, 8): 7.52 (s, 2H), 7.37 (dd, 2H, J = 1.00 Hz , 5.00 Hz), 7.12 (dd, 2H, J
= 1.00 Hz, 3.50 Hz), 7.06 (dd, 2H, J = 3.50 Hz, 5.00 Hz), 4.86-4.95 (sextet, 2H), 1.40-
1.53 (m, 4H), 1.23-1.38 (m, 24H), 1.22 (d, 6H, J = 6.00 Hz), 1.11 (dd, 4H, J = 6.00 Hz,
6.50 Hz), 0.90 (t, 6H, J = 7.00 Hz). 3C NMR (CDCls, §): 167.7, 140.4, 133.0, 132.3,
131.6, 127.5, 127.2, 126.4, 73.5, 35.5, 32.0, 29.6, 29.6, 29.5, 29.4, 24.9, 22.7, 19.1, 14.1.
FT-IR (cm™): 2914, 2850, 1720, 1556, 1467, 1380, 1284, 1147, 1124, 1099, 1076. El-
MS (m/z): 638.4 [M]*. EA (%) calculated for CssHs404S2: C, 71.43; H, 8.52; S, 10.03.
Found: C, 71.23; H, 8.72; S, 9.94.

9.2.6. Synthesis of 5,5’-dibromo-3,6-bis(2-thienyl)-bis(2-undecanyl)phthalate (8)

O O
RO OR

Br
B \S | R= W
Br S ’
7 (0.68 g, 1.06 mmol) dissolved in CHCI3z (15 mL) and glacial acetic acid (15 mL) in a
flask. To this mixture, NBS (0.37 g, 2.12 mmol) added and stirred at RT for 24h. The
solvent evaporated to obtain the product which purified by chromatography using CHCI3
to afford the 8 as a yellow solid material. The yellow material further purified by
recrystallisation from EtOH to obtain 8 as white crystals (0.65 g, 0.8 mmol, 77% yield)®.
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'H NMR (CDCls, §): 7.46 (s, 2H), 7.02 (d, 2H, J = 4.00 Hz), 6.86 (d, 2H, J = 4.00 Hz),
4.82-5.02 (sextet, 2H), 1.42-1.54 (m, 4H), 1.23-1.38 (m, 24H), 1.22 (d, 6H, J = 6.00 Hz),
1.16 (dd, 4H, J = 6.00 Hz, 12.00 Hz), 0.90 (t, 6H, J = 7.00 Hz). 3C NMR (CDCls, §):
167.2,141.7, 133.1, 131.7, 131.5, 130.3, 127.6, 113.2, 73.9, 35.5, 32.0, 29.6, 29.6, 29.5,
29.3, 25.0, 22.7, 19.2, 14.1. FT-IR (cm): 2921, 2850, 1715, 1556, 1467, 1375, 1279,
1116, 1056. EI-MS (m/z): 796.2 [M]*. EA (%) calculated for CssHs2Br204S;: C, 57.28;
H, 6.58; Br, 20.06; S, 8.05. Found: C, 58.19; H, 6.92; Br, 20.17; S, 7.83.

9.2.7. Synthesis of 2,7-dibromofluorene (27)

NesoN

Fluorene (26) (10.00 g, 60.16 mmol) dissolved in CHCI3z (32 mL) in a flask. To this
mixture, bromine (22.27 g, 139.41 mmol) in CHCI3z (8 mL) added dropwise and the
mixture was covered by aluminium foil to avoid light and stirred at RT for 24h. The brown
precipitate filtered and subsequently washed with CHCIs to yield the product which
recrystallised from EtOH to give 27 as white crystals (15.00 g, 46.3 mmol, 77% vyield)’.

IH NMR (CDCls, 8): 7.69 (s, 2H), 7.62 (d, 2H, J = 8.00 Hz), 7.52 (d, 2H, J = 8.00 Hz),
3.89 (s, 2H). 13C NMR (CDCls, §): 144.8, 139.7, 130.2, 128.3, 121.2, 121.0, 36.6. FT-IR
(cm™): 3046, 2918, 2900, 1563, 1453, 1396, 1159, 1049. EI-MS (m/z): 323.9 [M]*. EA
(%) calculated for C13HgBr2: C, 48.19; H, 2.49; Br, 49.32. Found: C, 48.04; H, 2.45; Br,
49.24.

9.2.8. Synthesis of 9,9-dimethyl-2,7-dibromofluorene (28)
Br 0.0 Br

27 (15.00 g, 46.29 mmol), potassium hydroxide (10.30 g, 183.58 mmol) and potassium
iodide (0.77 g, 4.63 mmol) combined in a flask. Before adding anhydrous DMSO (100
mL), the system degassed under argon. To this mixture, iodomethane (16.40 g, 115.54
mmol) added dropwise during 45 minutes and the reaction stirred at RT for 24h.
Deionised water added and subsequently extracted with DCM. The organic phase dried
over MgSOs and filtered. The solvent evaporated to obtain the product which purified by
chromatography with DCM to afford 28 as pale yellow crystals (15.90 g, 45 mmol, 97%
yield)®.
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'H NMR (CDCls, 8): 7.53-7.61 (m, 4H), 7.48 (dd, 2H, J = 1.50 Hz, 8.00 Hz), 1.48 (s,
6H). 3C NMR (CDCls, 8): 155.3, 137.2, 130.3, 126.2, 121.5, 121.5, 47.3, 26.9. FT-IR
(cm™): 2960, 2921, 2858, 1864, 1726, 1595, 1446, 1258, 1123, 1081. EI-MS (m/z): 351.9
[M]*. EA (%) calculated for C1sH12Br2: C, 51.17; H, 3.44; Br, 45.39. Found: C, 50.91; H,
3.27; Br, 44.56.

9.2.9. Synthesis of 9,9-dimethyl-2,7-bis(trimethylstannyl)fluorene (29)
\ /
Sl S st
N

28 (3.25 g, 9.23 mmol) dissolved in anhydrous Et>O (100 mL) in a flask. The flask cooled
to —78 °C and N,N,N',N'-tetramethylethylenediamine (2.63 g, 22.66 mmol) added. The
system degassed under argon and n-BuL.i (13.85 mL, 22.16 mmol) added to the mixture
dropwise during 45 minutes. The reaction contents stirred at —78 °C for 1h and then at
RT for 2h. The flask cooled to —78 °C and trimethyltin chloride (4.78 g, 23.98 mmol)
which dissolved in anhydrous EtO (10 mL) added dropwise. The flask stirred overnight
at RT. The mixture put into deionised H>O and extracted with Et,O. The organic layer
separated and dried over anhydrous MgSQOs. The solvent concentrated to obtain the
product. It purified by recrystallization from Et20O to yield the 29 as white crystals (3.00
g, 5.8 mmol, 62% vyield)°.

'H NMR (CDCls, 8): 7.73 (d, 2H, J = 7.50 Hz), 7.56 (s, 2H), 7.48 (d, 2H, J = 7.50 Hz),
1.53 (s, 6H), 0.35 (s, 18H). *°C NMR (CDCls, §): 153.0, 141.4, 139.5, 134.2, 129.8, 119.6,
46.9, 27.3, -7.5. FT-IR (cm™): 2971, 2914, 1457, 1393, 1254, 1191, 1070. EI-MS (m/z):
520 [M]". EA (%) calculated for C21H30Sn2: C, 48.52; H, 5.82. Found: C, 48.98; H, 5.79.

9.2.10. Synthesis of 5,5'-bis(trimethylstannyl)-2,2'-bithiophene (34)

s
2,2'-Bithiophene (33) (2.00 g, 12.02 mmol) dissolved in dry THF (50 mL) in a flask and
degassed under argon. The flask cooled to —78 °C and n-BuL.i (12.00 mL, 30 mmol) added
dropwise. The reaction contents stirred for 1h at —78 °C and 2h at RT. The flask cooled
to —78 °C and trimethyltin chloride (30 mL, 30.00 mmol) added dropwise. The reaction
contents stirred overnight at RT. The mixture quenched with deionised H.O and
subsequently extracted with n-hexane and the organic layer washed with NH4ClI solution
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and deionised water. The organic layer separated and dried over MgSOas. The solvent
concentrated to obtain a product which recrystallised from (80:20, n-hexane: EtOH) to
afford 34 as pale green crystals (4.20 g, 8.5 mmol, 71% yield)®°.

IH NMR (CDCls, 8): 7.29 (d, 2H, J = 3.5 Hz), 7.10 (d, 2H, J = 3.5 Hz), 0.40 (s, 18H). 13C
NMR (CDCls, 5): 143.1, 137.1, 135.8, 124.9, -8.2. FT-IR (cm™%): 3051, 2979, 2907, 1754,
1606, 1488, 1257, 1192, 1063. EI-MS (m/z): 492 [M]*. EA (%) calculated for
C14H22S:Sns: C, 34.19; H, 4.51; S, 13.04. Found: C, 34.78; H, 4.34; S, 12.95.

9.2.11. Synthesis of 2,5-dibromothiophene (39)

Br/@\Br

S

Thiophene (38) (25.00 g, 297.12 mmol) in DMF (250 mL) added to a flask and cooled to
—15°C. To this solution, NBS (110.00 g, 618.04 mmol) in DMF (300 mL) added dropwise
in the dark and the reaction stirred overnight at RT. The reaction contents put into ice and
DCM and subsequently extracted with DCM and the organic phase washed with
deionised H2O to a neutral pH. The organic layer collected and dried over MgSQO4 and the
solvent concentrated to afford the product which purified by vacuum distillation and gave
39 as a yellow oil (59.30 g, 245 mmol, 82% yield)®*.

'H NMR (CDCls, 8): 6.87 (s, 2H). *C NMR (CDCls, §): 130.4, 111.6. FT-IR (cm™):
3096, 1726, 1516, 1410, 1200. EI-MS (m/z): 242 [M]". EA (%) calculated for CsH2Br.S:
C, 19.86; H, 0.83; Br, 66.06, S, 13.25. Found: C, 20.01; H, 0.85; Br, 65.02, S, 11.96.

9.2.12. Synthesis of 2,5-dibromo-3,4-dinitrothiophene (40)

O,N  NO,

S

Concentrated H2SO4 (150 mL) and fuming H2SO4 (150 mL, 20% free SOs) combined in
a flask. This flask cooled to 0 °C and 39 (26.00 g, 107.46 mmol) was added dropwise.
Concentrated nitric acid (125 mL) added dropwise and the reaction contents kept under
20 °C. During addition of nitric acid yellow precipitate formed quickly. The mixture
stirred for 3h at 20-30 °C. Then, the mixture poured into ice and upon melting of the ice
a yellow precipitate filtrated and washed thoroughly with deionised H2O. The product
recrystallised from methanol to afford 40 as yellow crystals (32.50 g, 98 mmol, 91%
yield)®2,
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13C NMR (CDCls, §): 140.7, 113.4. FT-IR (cm™): 2886, 2851, 2813, 1535, 1497, 1345,
1081. EI-MS (m/z): 332 [M]*. EA (%) calculated for C4BroN204S: C, 14.47; N, 8.44; S,
9.66; Br, 48.15. Found: C, 14.51; N, 7.91; S, 9.19; Br, 46.57.

9.2.13. Synthesis of 3’,4’-dinitro-2,2":5',2"'-terthiophene (41)

O,N  NO,

s. / N\ s
\ /S \

In a flask, 40 (9.90 g, 29.82 mmol), 2-(tributylstannyl)thiophene (27.82 g, 74.54 mmol)
and PdCI2(PPhs). (0.45 g, 0.64 mmol) added. The system degassed under argon and
anhydrous toluene (100 mL) added and heated at 115 °C for 24h. The flask cooled to RT
and the volatiles removed to obtain the product which purified by column
chromatography with gradient (petroleum ether, 0-50% DCM) to obtain an orange solid
and the product further purified by recrystallisation from methanol to afford 41 as orange
crystals (9.10 g, 27 mmol, 90% yield)®2,

'H NMR (CDCls, 8): 7.62 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.56 (dd, 2H, J = 1.0 Hz, 4.0 Hz),
7.19 (dd, 2H, J=4.0 Hz, 5.0 Hz). 3C NMR (CDCls, §): 135.9, 133.9, 131.3, 131.2, 128 .4,
128.0. FT-IR (cm™): 3076, 1821, 1528, 1379, 1348, 1299, 1223, 1066. EI-MS (m/z): 338
[M]*. EA (%) calculated for C12HeN204S3: C, 42.60; H, 1.79; N, 8.28; S, 28.42. Found:
C,42.49; H, 1.66; N, 8.13; S, 28.16.

9.2.14. Synthesis of 3',4'-diamino-2,2':5,2"-terthiophene (42)

H,N  NH,

s. J/ N\ s
\ /S \

EtOH (31 mL) and HCI (62 mL, 35%) added to 41 (3.00 g, 8.86 mmol) in a flask. To this
mixture, anhydrous tin(11) chloride (31.00 g, 163.50 mmol) in ethanol (62 mL) added and
stirred at 30 °C for 24h. The mixture cooled to RT and put into cold NaOH. To this
mixture, toluene added and then stirred vigorously and filtered through celite. The product
extracted with toluene and the organic phases washed with NaCl and subsequently dried
over MgSOa. The solvent concentrated to obtain the 42 as a brown solid (2.40 g, 9 mmol,
97% yield).

IH NMR (CDCls, 8): 7.30 (d, 2H, J = 2.0 Hz), 7.27 (s, 2H), 7.09-7.14 (m, 2H), 3.76 (bs,
4H). 3C NMR (CDCls, 3): 136.0, 133.6, 127.8, 124.0, 124.0, 110.1. FT-IR (cm™): 3371,
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3208, 3224, 3182, 3096, 1631, 1615, 1573, 1528, 1509, 1441, 1336, 1294, 1070. EI-MS
(m/z): 278 [M]*. EA (%) calculated for C12H10N2S3: C, 51.77; H, 3.62; N, 10.06; S, 34.55.
Found: C, 51.69: H, 3.54; N, 9.97; S, 34.78.

9.2.15. Synthesis of 4,6-bis(2-thienyl)-thieno[3,4-c][1,2,5]-thiadiazole (43)

S
7 s.
7 s
N. N
S

42 (1.67 g, 5.99 mmol) dissolved in dry pyridine (30 mL) in a flask and degassed under
argon. To this mixture, N-thionylaniline (1.60 g, 11.49 mmol) added dropwise and
chlorotrimethylsilane (4.50 g, 41.42 mmol) then added dropwise, resulting in a dark blue
colour. The reaction contents stirred for 3h at RT and then put into DCM. The solution
washed with HCI and with deionised water and extracted with DCM. The organic phase
dried over anhydrous MgSO4 and subsequently filtered. The solvent evaporated to afford
the product which purified via chromatography with DCM to afford 43 as blue crystals
(1.72 g, 6 mmol, 93% yield)™.

IH NMR (CDCls, 8): 7.59 (dd, 2H, J = 1.0 Hz, 3.5 Hz), 7.34 (dd, 2H, J = 1.0 Hz, 5.0 Hz),
7.12 (dd, 2H, J = 3.5 Hz, 5.0 Hz). *C NMR (CDCls, §): 156.3, 135.0, 128.2, 125.4, 124.3,
112.4. FT-IR (cmY): 3102, 3073, 1797, 1525, 1483, 1365, 1223, 1137, 1047. EI-MS
(m/z): 306 [M]*. EA (%) calculated for C12HeNS4: C, 47.04; H, 1.97; N, 9.14; S, 41.85.
Found: C, 47.25; H, 2.18; N, 8.83; S, 39.16.

9.2.16. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dimethyl ester (44)

HsCO,C  CO,CHj

S
® 7]

43 (1.86 g, 6.06 mmol) and dimethyl acetylenedicarboxylate (1.73 g, 12.17 mmol)
combined in a flask. The system evacuated and refilled with argon for three cycles before
anhydrous xylene (40 mL) added. The reaction contents refluxed for 24h. The flask
cooled to RT and the solvent removed to afford the product which purified by column
chromatography with gradient (petroleum ether, 0-50% DCM) to afford 44 as yellow
crystals (2.37 g, 6 mmol, 94% yield)®®,
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'H NMR (CDCls, 8): 7.62 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.44 (dd, 2H, J = 1.0 Hz, 3.5 Hz),
7.22 (dd, 2H, J = 3.5 Hz, 5.0 Hz), 3.78 (s, 6H). *°C NMR (CDCls, §): 168.1, 153.6, 135.1,
132.0, 129.7, 129.0, 127.3, 126.2, 53.1. FT-IR (cm™): 3109, 2975, 2932, 2900, 2865,
2159, 2031, 1971, 1730, 1513, 1460, 1318, 1283, 1198. EI-MS (m/z): 416 [M]". EA (%)
calculated for C1gH12N204S3: C, 51.91; H, 2.90; N, 6.73; S, 23.09. Found: C, 51.86; H,
2.94; N, 6.61; S, 22.97.

9.2.17. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic acid
(45)

HO,C  CO,H

| S} 7]
S

.

Sodium hydroxide (4.00 g, 100.00 mmol) dissolved in deionised water (30 mL) and added
to a flask. To this solution, ethanol (200 mL) and 44 (2.27 g, 5.45 mmol) added and the
reaction contents refluxed for 24h. The flask cooled to RT and deionised H>O added. This
mixture cooled to 0 °C and neutralised by HCI to precipitate the product. The precipitate
filtered and subsequently washed with deionised H20. The precipitate dried under high

vacuum to afford 45 as yellow solid (1.80 g, 5 mmol, 85% yield)'’.

'H NMR (CD3SOCDs3, 8): 7.86 (dd, 2H, J = 1.0 Hz, 5.0 Hz), 7.47 (dd, 2H, J = 1.0 Hz, 3.5
Hz), 7.25 (dd, 2H, J = 3.5 Hz, 5.0 Hz). 3C NMR (CD3SOCDs, 8): 168.4, 152.5, 134.8,
133.0, 129.7, 129.3, 127.2, 123.8. FT-IR (cm™): 3106, broad (3300-2600), 2162, 2024,
1971, 1815, 1765, 1705, 1552, 1453, 1386, 1261, 1152, 1020. EI-MS (m/z): 387 [M-H]".
EA (%) calculated for C16HsN204Ss: C, 49.48; H, 2.08; N, 7.21; S, 24.76. Found: C,
45.33; H, 2.70; N, 6.47; S, 21.35.

9.2.18. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-dicarboxylic
anhydride (46)

45 (1.15 g, 2.96 mmol) and anhydrous acetic anhydride (10.00 g, 97.95 mmol) combined
in a flask. The system evacuated and refilled with argon for three cycles before anhydrous
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xylene (30 mL) added. The mixture heated at 130 °C for 6h. The mixture cooled to RT,
the solvent evaporated to obtain 46 as red solid (1.06 g, 3 mmol, 97% yield)*8,

IH NMR (CDCls, 3): 8.11 (dd, 2H, J = 1.0 Hz, 4.0 Hz), 7.82 (dd, 2H, J = 1.0 Hz, 5.0 Hz),
7.33 (dd, 2H, J = 4.0 Hz, 5.0 Hz). 3C NMR (CD3SOCD3, 5): 162.0, 156.0, 134.3, 132.6,
131.4, 127.8, 127.6, 125.5. FT-IR (cm™): 3131, 3109, 3081, 1808, 1765, 1552, 1453,
1393, 1247, 1152, 1088. EI-MS (m/z): 370 [M]*. EA (%) calculated for C15HsN20sSs: C,
51.88; H, 1.63; N, 7.56; S, 25.97. Found: C, 52.11; H, 2.00; N, 7.20; S, 24.55.

9.2.19. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-
dimethyloctyl)dicarboxylic imide (47)

zZ-2

| a R = 3,7-dimethyloctyl (DMO)

46 (1.00 g, 2.69 mmol), acetic acid (50 mL, 100%) and 54 (0.88 g, 5.59 mmol) combined
in a flask. The system evacuated and refilled with argon for three cycles and heated at
110 °C overnight. The mixture cooled to RT, acetic anhydride (20 mL) added and heated
at 110 °C for 6h. The mixture cooled to RT and the solvent concentrated to yield the
product which purified by chromatography with (60:10, petroleum ether: ethyl acetate)
to afford 47 as an orange solid (1.15 g, 2.3 mmol, 84% yield)®®,

'H NMR (CDCls, 8): 7.91 (dd, 2H, J = 1.0 Hz, 3.5 Hz), 7.73 (dd, 2H, J = 1.0 Hz, 5.0 Hz),
7.30 (dd, 2H, J = 3.5 Hz, 5.0 Hz), 3.84-3.70 (m, 2H), 1.78-1.65 (m, 1H), 1.55-1.43 (m,
3H), 1.39-1.22 (m, 3H), 1.20-1.08 (m, 3H), 0.97 (d, 3H, J = 6.0 Hz), 0.86 (d, 6H, J = 6.0
Hz). *C NMR (CDCls, §): 165.7, 156.5, 133.1, 131.5, 130.2, 127.0, 126.9, 126.7, 39.2,
37.2,37.0,35.2,31.0,27.9, 24.6, 22.7, 22.6, 19.4. FT-IR (cm™): 3439, 3102, 3074, 2953,
2925, 2865, 1804, 1751, 1694, 1549, 1453, 1364, 1226, 1162, 1056. EI-MS (m/z): 510.1
[MH]*. EA (%) calculated for C26H27N30,S3: C, 61.27; H, 5.34; N, 8.24; S, 18.87. Found:
C, 61.59; H, 5.56; N, 7.94; S, 16.79.
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9.2.20. Synthesis of 4,7-di(thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-
dicarboxylic imide (48)

CgH17
o=N_0
S
» 7]
S
.

48 was prepared followed by the same procedure for synthesis of 47 except N-octylamine
(1.20 g, 9.28 mmol) was used. 48 was obtained as an orange solid (1.20 g, 2.5 mmol, 93%
yield)®8,

'H NMR (CDCls, §): 7.91 (dd, 2H , J = 1.0 Hz, 3.5 Hz), 7.73 (dd, 2H, J = 1.0 Hz, 5.0
Hz), 7.30 (dd, 2H, J = 3.5 Hz, 5.0 Hz), 3.74 (t, 2H, J = 7.5 Hz), 1.65-1.76 (m, 2H), 1.23—
1.41 (m, 10H), 0.88 (t, 3H, J = 7.0 Hz). *C NMR (CDCls, §): 165.8, 156.5, 133.1, 131.5,
130.2, 127.1, 126.9, 126.7, 39.0, 31.8, 29.1, 28.2, 27.0, 22.7, 14.0. FT-IR (cm™): 3443,
3102, 3070, 2918, 2854, 1808, 1754, 1694, 1556, 1457, 1364, 1226, 1169, 1098. EI-MS
(m/z): 481.1 [M]". EA (%) calculated for C24H23N302S3: C, 59.85; H, 4.81; N, 8.72; S,
19.97. Found: C, 59.91; H, 4.93; N, 8.70; S, 20.72.

9.2.21. Synthesis of 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-(3,7-
dimethyloctyl)dicarboxylic imide (49)

Zz-X

W 7] R = DMO

47 (1.00 g, 1.96 mmol) and THF (100 mL) combined in a flask. To this mixture, NBS
(1.74 g, 9.77 mmol) added and stirred at RT overnight in the dark. The solvent evaporated
to obtain the product as red solid, subsequently washed with cold CH3sOH, filtered and
dried. The product purified via chromatography with DCM to yield 49 as red solid (1.28
g, 2 mmol, 98% yield)*'.

'H NMR (CDCls, §): 7.80 (d, 2H, J = 4.0 Hz), 7.24 (d, 2H, J = 4.0 Hz), 3.70-3.84 (m,
2H), 1.78-1.66 (m, 1H), 1.54-1.44 (m, 3H), 1.41-1.22 (m, 3H), 1.20-1.11 (m, 3H), 0.98
(d, 3H, J = 6.0 Hz), 0.87 (d, 6H, J = 6.5 Hz). *°C NMR (CDCl3, §): 165.6, 155.9, 134.1,

215



133.0,129.8, 126.4, 125.8, 118.7, 39.2, 37.3, 37.0, 35.2, 31.0, 27.9, 24.6, 22.7, 22.6, 19.4.
FT-IR (cm™): 3429, 3120, 2957, 2918, 2865, 1747, 1691, 1563, 1460, 1364, 1283, 1073.
EI-MS (m/z): 666.9 [M]". EA (%) calculated for C26H2sBr.N30.Ss: C, 46.78; H, 3.78; Br,
23.94; N, 6.30; S, 14.41. Found: C, 46.61; H, 3.61; Br, 23.95; N, 6.29; S, 14.64.

9.2.22. Synthesis of 4,7-di(5-bromo-thien-2-yl)-2,1,3-benzothiadiazole-5,6-N-octyl-
dicarboxylic imide (50)

CeHi7
0N _0
Br. s
P 7]
T\ S Br
e

50 was prepared followed by the same procedure for synthesis of 49.

48 (1.00 g, 2.07 mmol), THF (100 mL) and NBS (1.84 g, 10.33 mmol). 50 was obtained
as red solid (1.27 g, 2 mmol, 96% yield)'’.

'H NMR (CDCls, 8): 7.80 (d, 2H, J = 4.0 Hz), 7.24 (d, 2H, J = 4.0 Hz), 3.75 (t, 2H, J =
7.0 Hz,), 1.66-1.75 (m, 2H), 1.23-1.40 (m, 10H), 0.88 (t, 3H, J = 6.5 Hz,). *C NMR
(CDCls, 0): 165.7,156.0, 134.1, 133.0, 129.8, 126.4, 125.9, 118.7, 39.0, 31.8, 29.1, 28.3,
27.0, 22.6, 14.1. FT-IR (cm™): 3421, 3120, 2953, 2911, 2850, 1744, 1687, 1556, 1446,
1375, 1244, 1176. EI-MS (m/z): 638.9 [M]". EA (%) calculated for C24H21BroN30-Ss: C,
45.08; H, 3.31; N, 6.57; S, 15.04; Br, 24.99. Found: C, 44.79; H, 3.41; N, 6.47; S, 15.74;
Br, 28.80.

9.2.23. Synthesis of 3,7-dimethyloctyl bromide (52)

oA

Triphenylphosphine (21.10 g, 80.44 mmol) added to a mixture of 3,7-dimethyloctyl
alcohol (51) (12.61 g, 79.69 mmol) and dichloromethane (250 mL) and stirred in a flask.
To this mixture, NBS (14.26 g, 80.14 mmol) added portionwise and stirred at RT for 90
min. The mixture washed with NaHCO3 solution, dried over MgSOs, filtered and the
solvent evaporated. The substance stirred in petroleum ether for 1h at RT, filtered and the
filtrate evaporated. The product purified by chromatography with petroleum ether to yield
52 as colourless oil (23.00 g, 59 mmol, 73% yield)®®.
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'H NMR (CDCls, 8): 3.55-3.37 (m, 2H), 1.96-1.83 (m, 1H), 1.77-1.61 (m, 2H), 1.60-1.49
(m, 1H), 1.41-1.24 (m, 3H), 1.22-1.11 (m, 3H), 0.82-0.94 (m, 9H). $3C NMR (CDCls, §):
40.1, 39.2, 36.7, 32.3, 31.7, 28.0, 24.6, 22.7, 22.6, 19.0. FT-IR (cm™): 2953, 2925, 2868,
1464, 1382, 1261, 1173. EI-MS (m/z): 222.1 [M]*. EA (%) calculated for C1oH21Br: C,
54.30; H, 9.57; Br, 36.13. Found: C, 55.04; H, 9.53; Br, 34.23.

9.2.24. Synthesis of N-(3,7-dimethyloctyl)phthalimide (53)

52 (4.07 g, 18.40 mmol) and anhydrous DMF (20 mL) added into a flask. To this mixture,
potassium phthalimide (3.75 g, 20.27 mmol) added and the reaction contents heated to 90
°C for 17h. The mixture cooled to RT and put in deionised H2O and the product
subsequently extracted with DCM. The organic extracts combined, washed with KOH
and deionised water. The organic phase dried over MgSOa4 and the solvent evaporated to
obtain the product which purified via chromatography with dichloromethane to yield 53

as colourless oil (5.29 g, 18 mmol, 91% yield)%.

'H NMR (CDCls, 8): 7.85 (dd, 2H, J = 3.0 Hz, 5.5 Hz), 7.72 (dd, 2H, J = 3.0 Hz, 5.5 Hz),
3.80-3.66 (m, 2H), 1.77-1.66 (m, 1H), 1.53-1.43 (m, 3H), 1.41-1.25 (m, 3H), 1.20-1.11
(m, 3H), 0.98 (d, 3H, J = 6.5 Hz), 0.87 (d, 6H, J = 7.0 Hz). 3C NMR (CDCls, &): 168.4,
133.8,132.2, 123.1, 39.2, 37.0, 36.3, 35.5, 30.7, 27.9, 24.5, 22.7, 22.6, 19.4. FT-IR (cm"
Y. 2953, 2925, 2868, 1772, 1706, 1616, 1469, 1398, 1267, 1189, 1055. EI-MS (m/z):
288.2 [MH]". EA (%) calculated for C1sH2sNO2: C, 75.22; H, 8.77; N, 4.87. Found: C,
72.17; H, 8.62; N, 4.43.

9.2.25. Synthesis of 3,7-dimethyl-1-octanamine (54)

HzN/\)\/\)\

53 (6.03 g, 20.98 mmol), hydrazine hydrate (4.0 mL, 65.0 mmol, 51%) and methanol (100

ml) combined in a flask. The reaction contents refluxed until the starting material

disappeared. Upon completion, excess HCI added and the mixture refluxed for 1h and

then cooled to RT. The precipitate filtered and washed with water. The methanol

concentrated and the residue diluted with dichloromethane. The organic layer washed

with KOH and the product extracted with dichloromethane. The organic phase washed
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with NaCl, dried over MgSO4 and the solvent concentrated to yield 54 as a brown oil
(2.85 g, 18 mmol, 86% yield)?*.

'H NMR (CDCls, 8): 2.82-2.62 (m, 2H), 1.60-1.43 (m, 3H), 1.35-1.22 (m, 4H), 1.20-1.06
(m, 3H), 0.88 (dd, 9H, J = 2.0 Hz, 6.5 Hz). 13C NMR (CDCls, §): 41.1, 40.1, 39.3, 37.3,
30.5, 28.0, 24.7, 22.7, 22.6, 19.6. FT-IR (cm™): 3521, 3375, 3219, 3021, 2953, 2925,
2868, 2155, 2028, 1978, 1598, 1464, 1382, 1166, 1063. EI-MS (m/z): 157.2 [M]*. EA
(%) calculated for C1oH23N: C, 76.36; H, 14.74; N, 8.90. Found: C, 71.74; H, 13.51; N,
7.71.

9.2.26. Synthesis of 4,4'-dibromo-2,2*-dinitrobiphenyl (68)

02N E Br
Br N02

2,5-Dibromonitrobenzene (67) (50.00 g, 179.30 mmol) and Cu powder (25.00 g, 393.39
mmol) combined in a flask. The mixture evacuated and refilled with argon for three cycles
before anhydrous DMF (230 mL) added and heated at 125 °C for 3h. The reaction
contents cooled to RT and dissolved in toluene and filtered. NaHCO3 solution added to
the filtrate and the mixture extracted with toluene and the organic phases combined and
washed with deionised H-O several times until became neutral. The organic phase dried
over anhydrous MgSQyg, filtered and the solvent evaporated to afford the product which
recrystallised from isopropanol to yield 68 as yellow crystals (32.61 g, 162 mmol, 90%
yield)?,

IH NMR (CDCls, 8): 8.40 (d, 2H, J = 2.0 Hz), 7.85 (dd, 2H, J = 2.0 Hz, 8.0 Hz), 7.18 (d,
2H, J = 8.0 Hz). *C NMR (CDCls, §): 147.4, 136.6, 132.0, 132.0, 128.1, 123.0. FT-IR
(cm™): 3085, 2847, 1598, 1332, 1276, 1152, 1098. EI-MS (m/z): 403 [M]*. EA (%)
calculated for C12HeBrN204: C, 35.85; N, 6.97; Br, 39.75; H, 1.50. Found: C, 35.55; N,
6.77; Br, 39.74; H, 1.59.

9.2.27. Synthesis of 4,4'-dibromobiphenyl-2,2'-diamine (69)
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68 (6.00 g, 14.92 mmol), ethanol (74 mL) and HCI (43 mL, 32%) added to a flask. To
this mixture, Sn (7.00 g, 58.96 mmol) added over 10 minutes and refluxed for 90 min.
The reaction contents cooled to RT and another portion of Sn (7.00 g, 58.96 mmol) added
and refluxed for 90 min. The flask cooled to RT and the mixture filtered and deionised
water added to the filtrate. NaOH solution was added dropwise until pH became
approximately 9. The mixture extracted with Et,O and organic phase washed with NaCl,
dried over MgSO4 and then filtered. The solvent concentrated in obtain the 69 as brown
crystals (3.58 g, 10.5 mmol, 70% yield).

'H NMR (CDCls, §): 6.99-6.93 (m, 6H), 3.59 (bs, 4H). 3C NMR (CDCls, §): 145.4,
132.3, 122.7, 122.1, 121.7, 118.2. FT-IR (cm™): 3393, 3280, 3187, 1630, 1557, 1496,
1396, 1272, 1137, 1081. EI-MS (m/z): 341.9 [M]". EA (%) calculated for C12H10Br2Na:
C,42.14; N, 8.19; Br, 46.72; H, 2.95. Found: C, 41.74; N, 7.95; Br, 46.71; H, 2.93.

9.2.28. Synthesis of 4,4'-dibromo-2,2'-diiodobiphenyl (70)

Br

69 (5.00 g, 14.61 mmol), HCI (50 mL, 32 %), H>.O (200 mL) and acetonitrile (200 mL)
combined in a flask and cooled to 0 °C. To this mixture, NaNO2 (4.59 g, 66.53 mmol)
dissolved in deionised H20 (25 mL) added dropwise and stirred for 1h between -5 and —
10 °C. Kl (22.28 g, 134.21 mmol) dissolved in deionised H20 (50 mL) and cooled to 0
°C and added dropwise whilst the reaction temperature maintained at —10 to —15 °C. After
addition completed, the temperature raised to RT and then heated to 80 °C for 20h and
cooled to RT. The mixture extracted with DCM, the collected organic layers washed with
Na>S203 solution, deionised water and NaCl solution. The collected organic layers dried
over MgSOs, filtered and the solvent concentrated to afford the product which purified
via chromatography with petroleum ether. It further purified by recrystallisation from n-

hexane to yield 70 as white crystals (4.23 g, 7.5 mmol, 51% yield)?*.

'H NMR (CDCls, 8): 8.11 (d, 2H, J = 2.0 Hz), 7.57 (dd, 2H, J = 2.0 Hz, 8.0 Hz), 7.05 (d,
2H, J = 8.0 Hz). C NMR (CDCls, 5): 146.8, 141.0, 131.4, 130.7, 122.5, 99.9. FT-IR
(cm™): 3400, 3393, 3294, 3191, 1634, 1581, 1449, 1364, 1084. EI-MS (m/z): 563.7 [M]".
EA (%) calculated for C12HeBr2l2: C, 25.56; H, 1.07; Br, 28.34; 1, 45.02. Found: C, 25.47;
H, 1.21; Br, 28.14; 1, 45.23.
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9.2.29. Synthesis of 2,7-dibromo-9,9-dioctyldibenzosilole (71)

St
CgH17CgH17

70 (4.20 g, 7.44 mmol) was added to a flask. Anhydrous THF (84 mL) added and the
mixture cooled to —78 °C and then the system degassed under argon. To this mixture, n-
BuLi (12.00 mL, 30.0 mmol) added dropwise over 2h. The reaction contents stirred for
1h Dichlorodioctylsilane (4.86 g, 14.95 mmol) added dropwise over 5 min and the
temperature raised to RT and mixture stirred overnight. Deionised water added and the
product extracted with Et2O and organic layers collected and washed with brine. The
organic layer dried over MgSOsg, filtered and the solvent concentrated to yield a product
which purified using chromatography with PE to yield 71 as a colourless oil (3.80 g, 7
mmol, 90% yield)?®.

IH NMR (CDCls, 8): 7.70 (d, 2H, J = 2.0 Hz), 7.65 (d, 2H, J = 8.0 Hz), 7.55 (dd, 2H, J =
2.0 Hz, 8.0 Hz), 1.08-1.47 (m, 28H), 0.90 (t, 6H, J = 2.0 Hz). 13C NMR (CDCls, §): 146.0,
140.5, 135.8, 133.1, 122.5, 122.2, 33.2, 31.8, 29.1, 29.0, 23.7, 22.6, 14.1, 11.99. FT-IR
(cm™): 2957, 2921, 2858, 1552, 1446, 1382, 1237, 1141, 1070. EI-MS (m/z): 564.1 [M]".
EA (%) calculated for C2sHaoBr2Si: C, 59.57; H, 7.14; Br, 28.31. Found: C, 60.29; H,
7.60; Br, 24.72%.

9.2.30. Synthesis of 9,9-dioctyl-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

dibenzosilole (72)
j CSH17C8H17 i

71 (1.51 g, 2.65 mmol), potassium acetate (1.56 g, 15.89 mmol), bis(pinacolato)diboron
(2.36 g, 9.29 mmol) and PdClI.(dppf) (0.12 g, 0.14 mmol, 5.54 mol%) combined in a flask
and then the system degassed under argon. To this mixture, anhydrous DMF (30 mL)
added and heated at 100 °C for 48h. The flask cooled to RT and the product extracted
with Et20 and organic phases washed with deionised H>O. The organic layers separated
and dried over MgSOs, filtered and the solvent evaporated to obtain a product which
recrystallised from methanol which passed through the basic alumina to remove the acidic

protons to obtain 72 as brown crystals (0.92 g, 1.4 mmol, 53% yield)?.
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'H NMR (CDCls, §): 8.07 (s, 2H), 7.92-7.85 (m, 4H), 1.39 (s, 24H), 1.15-1.34 (m, 24H),
0.92-0.99 (m, 4H), 0.86 (t, 6H, J = 7.0 Hz). 3C NMR (CDCls, §): 151.0, 139.7, 137.5,
136.8,120.5, 83.7, 33.4, 31.8, 29.2, 29.0, 24.9, 23.8, 22.6, 14.1, 12.3. FT-IR (cm™): 2975,
2921, 2854, 1595, 1460, 1343, 1272, 1137, 1091. EI-MS (m/z): 658.5 [M]*. EA (%)
calculated for C40He4B204Si: C, 72.94; H, 9.79. Found: C, 72.30; H, 9.42.

9.2.31. Synthesis of 1,4-dibromo-2-fluoro-5-nitrobenzene (81)

Br

F4<;§—No2

Br

1,4-Dibromo-2-fluorobenzene (80) (25.00 g, 98.46 mmol) dissolved in DCM (75 mL),
trifluoroacetic acid (75 mL) and trifluoroacetic anhydride (37.5 mL) in a flask and then
cooled to 0 °C. To this mixture, ammonium nitrate (9.70 g, 121.17 mmol) added slowly
and the mixture stirred overnight at RT. The reaction contents put into ice, deionised
water added and the product extracted with DCM. The organic layer separated, dried over
MgSOs, filtered and the solvent evaporated to obtain the product. It purified by
recrystallisation from EtOH to yield the 81 as yellow crystals (25.00 g, 84 mmol, 85%
yield)?’.

'H NMR (CDCls, §): 8.20 (d, 1H, J = 6.5 Hz), 7.55 (d, 1H, J = 7.5 Hz). 3C NMR (CDCls,
3):161.9,159.3,130.9 (d, J=2.0 Hz), 122.9 (d, J = 27.0 Hz), 114.9 (d, J = 9.0 Hz), 108.9
(d, J = 23.0 Hz). °F NMR (CDCls, 8): —97.2 (t, J = 7.0 Hz). FT-IR (cm™): 3092, 3017,
2865, 1762, 1584, 1464, 1286, 1222, 1070. EI-MS (m/z): 298.8 [M]*. EA (%) calculated
for CeH202FNBr2: C, 24.11; N, 4.69; Br, 53.47; H, 0.67. Found: C, 24.13; N, 4.72; Br,
52.99; H, 1.06.

9.2.32. Synthesis of 4,4'-dibromo-5,5'-difluoro-2,2'-dinitrobiphenyl (82)

02N Br
o
SO
Br N02

82 prepared followed by the same procedure for synthesis of 68.

81 (19.00 g, 63.56 mmol), Cu powder (5.32 g, 83.71 mmol) and anhydrous DMF (95
mL). 82 was obtained as yellow crystals (10.63 g, 48.5 mmol, 76% yield)?.
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'H NMR (CDCls, §): 8.57 (d, 2H, J = 6.0 Hz), 7.09 (d, 2H, J = 8.0 Hz). *C NMR (CDCls,
3): 161.7 (d, J = 258.0 Hz), 142.9, 134.1 (d, J = 8.5 Hz), 131.2 (d, J = 2.0 Hz), 118.3 (d,
J = 25.5 Hz), 110.4 (d, J = 23.0 Hz). 1°F NMR (CDCls, 8): -95.9 (t, J = 6.5 Hz). FT-IR
(cm™): 3109, 3056, 2861, 1790, 1613, 1563, 1488, 1464, 1396, 1293, 1233, 1191, 1066.
EI-MS (m/z): 400.1 [M-2F]*. EA (%) calculated for C12H404F2N2Br2: C, 32.91; N, 6.40;
Br, 36.49; H, 0.92. Found: C, 32.91; N, 6.44; Br, 36.16; H, 1.25.

9.2.33. Synthesis of 4,4'-dibromo-5,5'-difluorobiphenyl-2,2'-diamine (83)

83 was prepared followed by the same procedure for synthesis of 69.

82 (10.50 g, 23.97 mmol), ethanol (145 mL), HCI (45 mL, 35%) and Sn powder (22.76
g, 191.72 mmol). 83 was obtained as a brown solid (7.34 g, 19 mmol, 81% yield)?.

'H NMR (CDCls, 8): 6.99 (d, 2H, J = 6.0 Hz), 6.90 (d, 2H, J = 8.5 Hz), 3.74 (bs, 4H).
13C NMR (CDCls, 8): 152.5 (d, J = 237.5 Hz), 141.0 (d, J = 2.0 Hz), 112.8 (d, J = 5.5
Hz), 119.7, 118.0 (d, J = 23.0 Hz), 109.4 (d, J = 22.0 Hz). **F NMR (CDCls, 5): -121.2
(t, J=7.0 Hz). FT-IR (cm™): 3436, 3411, 3304, 3194, 1620, 1481, 1293, 1194, 1056. El-
MS (m/z): 377.9 [M]". EA (%) calculated for C12HgBr2F2N2: C, 38.13; N, 7.41; Br, 42.28;
H, 2.13. Found: C, 37.90; N, 7.09; Br, 45.95; H, 2.37.

9.2.34. Synthesis of 3,6-difluoro-2,7-dibromo-9H-carbazole (84)
F F
BrBr
b
H

83 (6.60 g, 17.45 mmol) and H3PO4 (150 mL, 85%) combined in a flask and the mixture
heated at 190 °C for 24h. The flask cooled to RT, filtered and washed with deionised
H20. Subsequently, the precipitate dissolved in toluene, passed through flash column
chromatography and washed with toluene. The solvent concentrated to afford the product
which purified via recrystallisation from (10:1, toluene: hexane) to afford 84 as ivory
crystals (5.00 g, 14 mmol, 79% yield)¥.
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'H NMR (CD3sCOCD3, 8): 10.67 (bs, 1H); 8.09 (d, 2H, J = 9.0 Hz); 7.85 (d, 2H, J = 6.0
Hz). ¥C NMR (CD3COCDs, §): 152.9 (d, J = 235.0 Hz), 137.8, 122.2 (dd, J = 4.0 Hz,
8.5 Hz), 115.5, 107.2 (d, J = 5.5 Hz), 107.0 (d, J = 4.0 Hz). F NMR (CD3COCDs3, §): —
120.3 (dd, J = 5.5 Hz, 8.5 Hz). FT-IR (cm™): 3450, 3046, 1694, 1613, 1574, 1474, 1347,
1283, 1205, 1176, 1038. EI-MS (m/z): 360.9 [M]*. EA (%) calculated for C12HsBr2F2N:
C, 39.93; N, 3.88; Br, 44.27; H, 1.40. Found: C, 40.81; N, 3.87; Br, 43.59; H, 1.83.

9.2.35. Synthesis of heptadecan-9-ol (86)

OH

CgHi7” CgHy7

In a flask, Mg (6.68 g, 274.84 mmol) added and heated under high vacuum at 150 °C for
1h. The flask cooled to RT, degassed under argon before anhydrous THF (130 mL) and
few crystals of iodine added and the mixture stirred until the colour of mixture changed
from brown to colourless. The flask cooled to 0 °C before 1-bromooctane (85) (47.92 g,
248.18 mmol) in anhydrous THF (75 mL) added dropwise. After the addition completed,
the colour of the solution became grey and the mixture refluxed for 2h at 60 °C to form
n-octylmagnesium bromide. To this Grignard reagent, ethyl formate (95) (6.13 g, 82.81
mmol) in anhydrous THF (140 mL) added dropwise at —78 °C during 2h. The reaction
contents stirred at RT overnight. Methanol and saturated NH4Cl solution added, the
product extracted with diethyl ether, the organic layer separated and washed with brine
solution. The organic layer separated, dried over MgSOQa, filtered and the solvent
evaporated to afford the 86 as a white solid (21.20 g, 82 mmol, 99% yield)3".

'H NMR (CDCls, 8): 3.64-3.56 (m, 1H), 1.54-1.25 (m, 28H), 0.90 (t, 6H, J = 7.0 Hz). °C
NMR (CDCls, §): 72.0,37.5, 31.9, 29.7, 29.6, 29.3, 25.7, 22.7, 14.1. FT-IR (cm™): 3507-
3021 (broad), 2953, 2918, 2854, 1467, 1379, 1130, 1088. EI-MS (m/z): 256.3 [M]*. EA
(%) calculated for C17H360: C, 79.61; H, 14.15. Found: C, 79.94; H, 13.63.

9.2.36. Synthesis of 9-heptadecane-p-toluenesulfonate (87)

CgH17

O >7C8H17
ﬁ—o

O

86 (20.00 g, 77.98 mmol), triethyl amine (27.1 mL, 194.29 mmol), trimethylammonium
monohydrochloride (7.43 g, 77.74 mmol) and DCM (100 mL) combined in a flask and
cooled to 0 °C. To this mixture, p-toluenesulfonyl chloride (22.26 g, 116.75 mmol) in
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DCM (100 mL) added dropwise during 1h and then the mixture stirred for 3h. Deionised
water added and the product extracted with DCM, organic layer was separated, washed
with deionised H2O and then with brine. The organic layer dried over MgSQOyg, filtered
and the solvent evaporated to afford the product. It purified via column chromatography
using (90:10, petroleum ether: ethyl acetate) to obtain 87 as a colourless oil which was

changed to white crystals within time (28.43 g, 69 mmol, 89% yield)®.

'H NMR (CDCls, 8): 7.81 (dd, 2H, J = 1.5 Hz, 6.5 Hz); 7.34 (dd, 2H, J = 0.5 Hz, 8.5 Hz);
4.62-4.51 (qt, 1H, J = 6.0 Hz); 2.47 (s, 3H); 1.69-1.51 (m, 4H); 1.38-1.11 (m, 24H); 0.89
(t, 6H, J = 7.0 Hz). 13C NMR (CDCls, §): 144.3, 134.8, 129.6, 127.7, 84.6, 34.1, 31.8,
29.7,29.3 (d, J = 7.5 Hz), 29.2, 24.7, 22.7, 21.6, 14.1. FT-IR (cm): 2953, 2925, 2854,
1602, 1467, 1354, 1169. EI-MS (m/z): 433 [MNa]*. EA (%) calculated for C24H1203S: C,
70.20; S, 7.81; H, 10.31. Found: C, 70.35; S, 7.44; H, 10.03.

9.2.37. Synthesis of 3,6-difluoro-N-9'-heptadecanyl-2,7-dibromocarbazole (88)

CgH47~  CgHy7

84 (2.00 g, 5.54 mmol) and KOH (1.76 g, 31.37 mmol) combined in a flask and then
degassed under argon before anhydrous DMSO (40 mL) added. To this mixture, 87 (3.72
g, 9.05 mmol) was dissolved in anhydrous THF (40 mL) added dropwise and the resulting
mixture heated at 45 °C overnight. The mixture cooled to RT and deionised water added.
The product extracted with n-hexane and washed with saturated solution of brine. The
organic phase separated, dried over MgSO4 and filtered. The solvent evaporated to afford
the product which purified via column chromatography using petroleum ether to obtain
88 as white crystals (2.51 g, 4 mmol, 76% yield)®,

'H NMR (CDCls, 8): 7.83-7.69 (bm, 2H); 7.58 (d, 2H, J = 4.0 Hz), 4.45-4.34 (m, 1H),
2.57-2.11 (bm, 2H), 1.97-1.84 (m, 2H), 1.39-1.07 (m, 20H), 1.04-0.91 (m, 4H), 0.85 (t,
6H, J = 7.0 Hz). 3C NMR (CDCls, §): 153.1, 139.5, 135.8, 122.7, 121.2, 115.6, 113.4,
107.6, 106.7, 57.3, 33.5, 31.7, 29.3, 29.1, 26.7, 22.6, 14.1. °F NMR (CDCl3, §): —118.8
(d, J=196.5 Hz). FT-IR (cm™): 2957, 2918, 2850, 1701, 1598, 1467, 1336, 1244, 1191,
1038. EI-MS (m/z): 599.1 [M]*. EA (%) calculated for C29H39Br2F2N: C, 58.11; Br, 26.66;
N, 2.34; H, 6.56. Found: C, 58.33; Br, 26.01; N, 2.29; H, 6.66.
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9.2.38. Synthesis of 3,6-difluoro-N-9'-heptadecanyl-2,7-bis(4,4,5,5-tetramethyl-
1,3,2- dioxaborolan-2-yl)carbazole (89)

Pt

89 prepared followed by the same procedure for synthesis of 72.

88 (1.00 g, 1.66 mmol), bis(pinacolato)diboron (1.48 g, 5.82 mmol), potassium acetate
(0.98 g, 9.98 mmol), Pd(dppf)Cl2> (0.08 g, 0.10 mmol) and anhydrous DMF (20 mL). 89
was obtained as brown crystals (0.79 g, 1 mmol, 69% yield)3*.

'H NMR (CDCls, &): 7.89 (bs, 1H); 7.75 (bs, 1H): 7.66 (bd, 2H, J = 7.0 Hz), 4.71-4.56
(m, 1H), 2.38-2.23 (m, 2H), 2.02-1.87 (m, 2H), 1.43 (s, 24H), 1.33-1.08 (m, 20H), 1.04-
0.90 (m, 4H), 0.84 (t, 6H, J = 7.0 Hz). 3C NMR (CDCls, §): 160.8, 139.6, 136.0, 126.4,
124.9,119.0,116.5,114.8, 106.1, 83.9, 56.6, 33.8, 31.7, 29.4, 29.3, 29.2, 26.6, 24.9, 22.6,
14.0. F NMR (CDCls, 8): —116.28 (d, J = 163.0 Hz). FT-IR (cm™): 2978, 2925, 2854,
1609, 1566, 1442, 1332, 1293, 1141, 1066. EI-MS (m/z): 693.5 [M]". EA (%): calculated
for C41He3B2NOsF2: C, 71.00; N, 2.02; H, 9.16. Found: C, 70.94; N, 2.05; H, 8.90.

9.2.39. Synthesis of bis(3-thienyl)methanol (113)

OH

In a flask, 3-bromothiophene (111) (19.56 g, 119.97 mmol) added and then degassed
under argon before anhydrous Et>O (150 mL) added. The flask cooled to —78 °C and n-
BuLi (48.00 mL, 120.00 mmol) added dropwise and stirred for 4h. To this mixture,
thiophene-3-carboxaldehyde (112) (13.44 g, 119.83 mmol) added dropwise. The reaction
contents stirred at —78 °C for 3h and the temperature raised to RT and stirred overnight.
NH4Cl solution added and the product extracted with CHCI3. The organic layer separated
and washed with NaCl solution. The combined organic layers dried over MgSOyg, filtered
and the solvent evaporated to yield the product. It purified via column chromatography
using (80:20, petroleum ether: ethyl acetate) to obtain 113 as yellow oil (20.00 g, 102
mmol, 85% yield)®.
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'H NMR (CDCls, §): 7.32 (dd, 2H, J = 3.0 Hz, 5.0 Hz), 7.25-7.23 (m, 2H), 7.07 (dd, 2H,
J=1.0 Hz, J = 5.0 Hz), 5.99 (d, 1H, J = 4.5 Hz), 2.22 (d, 1H, J = 4.5 Hz). 3C NMR
(CDCls, 8): 143.0, 126.8, 126.0, 122.4, 73.0. FT-IR (cm™): 3507-3131 (broad), 3099,
3081, 2900, 2865, 2109, 1410, 1304, 1283, 1137, 1077. EI-MS (m/z): 196.0 [M]*. EA
(%) calculated for CgHgOS,: C, 55.07; H, 4.11; S, 32.67. Found: C, 56.68; H, 3.64; S,
34.12.

9.2.40. Synthesis of bis(2-iodo-3-thienyl)methanol (114)

OH

In a flask, 113 (10.00 g, 50.94 mmol) added and then degassed under argon before
anhydrous Et2O (50 mL) added. The flask cooled to —78 °C and n-BuLi (62.5 mL, 156.25
mmol) added dropwise at this temperature during 2h and stirred for 2h. The reaction
contents stirred at RT for 2h. The mixture cooled to —78 °C and subsequently iodine
(42.70 g, 168.24 mmol) dissolved in anhydrous Et,O (250 mL) added dropwise. The
reaction stirred at RT overnight. Sodium thiosulfate solution added and the product
extracted with Et2O. The organic layers separated and dried over MgSO4 then filtered.
The solvent concentrated to afford the product. It purified via chromatography using
(70:30, petroleum ether: DCM) to afford 114 as cream-colored crystals (18.00 g, 40
mmol, 79% yield)®®,

'H NMR (CDCls, §): 7.46 (dd, 2H, J = 0.5 Hz, 5.5 Hz), 6.96 (d, 2H, J = 5.5 Hz), 5.80 (d,
1H, J=3.5Hz), 2.26 (d, 1H, J = 3.5 Hz). 3C NMR (CDCls, 8): 146.7, 131.5, 126.9, 75.3,
71.8. FT-IR (cm™): 3507-3131 (broad), 3095, 3085, 2911, 1772, 1747, 1609, 1517, 1400,
1219, 1091. EI-MS (m/z): 447.8 [M]". EA (%) calculated for CoH¢l.0S>: C, 24.13; H,
1.35; S, 14.31; |, 56.64. Found: C, 24.94; H, 1.28; S, 13.82; I, 57.17.

9.2.41. Synthesis of bis(2-iodo-3-thienyl)ketone (115)

114 (6.64 g, 14.81 mmol), and DCM (150 mL) combined in a flask. To this mixture,
pyridinium chlorochromate (4.79 g, 22.22 mmol) added and stirred at RT for 24h. The
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whole mixture passed through flash chromatography using DCM to afford the 115 as
yellow crystals (6.40 g, 14 mmol, 97% yield)*’.

IH NMR (CDCls, §): 7.49 (d, 2H, J = 5.5 Hz), 7.08 (d, 2H, J = 5.5 Hz). 3C NMR (CDCls,
8): 185.6, 143.2, 131.7, 129.8, 81.3. FT-IR (cm™): 3102, 3077, 1648, 1503, 1396, 1233,
1194, 1063. EI-MS (m/z): 445.8 [M]*. EA (%) calculated for CoHal,0S: C, 24.23: H,
0.90; S, 14.37; 1, 56.90. Found: C, 24.30; H, 0.75; S, 14.57, 1, 57.09.

9.2.42. Synthesis of 4H-cyclopenta[2,1-b:3,4-b']dithiophen-4-one (116)

oty

S S
116 prepared followed by the same procedure for synthesis of 68.

115 (3.50 g, 7.84 mmol), Cu powder (1.49 g, 23.44 mmol) and anhydrous DMF (25 mL).
116 was obtained as purple crystals (1.47 g, 8 mmol, 98% yield)®,

'H NMR (CDCls, §): 7.06 (d, 2H, J = 5.0 Hz), 7.01 (d, 2H, J = 5.0 Hz). 13C NMR (CDCls,
8): 182.7,149.2, 142.5, 127.2, 121.8. FT-IR (cm™): 3386, 3102, 3085, 1705, 1354, 1233,
1081. EI-MS (m/z): 192.0 [M]*. EA (%) calculated for CoH4OS>: C, 56.23; H, 2.10; S,
33.35. Found: C, 55.94; H, 2.05; S, 33.13.

9.2.43. Synthesis of 4H-cyclopenta[2,1-b:3,4-b"]dithiophene (117)

B!

S S

116 (2.47 g, 12.84 mmol), potassium hydroxide (2.47 g, 44.02 mmol) and hydrazine
hydrate (15 mL, 64%) combined in a flask. The system evacuated and refilled with argon
for three cycles before triethylene glycol (247 mL) added and heated at 180 °C for 17h.
The flask cooled to RT and deionised H-O added and the product extracted with diethyl
ether. The organic layer washed with NH4Cl solution. The organic layer dried over
MgSQq, filtered and the solvent concentrated to obtain the product. It purified via
chromatography with petroleum ether to afford 117 as white crystals (1.83 g, 10 mmol,
80% yield)®.

IH NMR (CDCls, 8): 7.20 (d, 2H, J = 5.0 Hz), 7.11 (d, 2H, J = 5.0 Hz), 3.56 (s, 2H). 3C
NMR (CDCls, §): 149.7,138.7, 124.5, 123.0, 31.8. FT-IR (cm™%): 3095, 3077, 2897, 2765,
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1481, 1389, 1251, 1159, 1088. EI-MS (m/z): 178.0 [M]*. EA (%) calculated for CoHsSz:
C, 60.64; H, 3.39; S, 35.97. Found: C, 60.46; H, 3.39; S, 35.95.

9.2.44. Synthesis of 4,4-bis(2-ethylhexyl)cyclopenta[2,1-b:3,4-b"]dithiophene (118)

R R

1/ Q S\> R = 2-ethylhexyl (EH)

S

117 (0.25 g, 1.40 mmol), 2-ethylhexyl bromide (0.65 g, 3.36 mmol) and Nal (0.02 g, 0.13
mmol) combined in a flask. The system purged with three vacuum/argon cycles before
anhydrous DMSO (8.5 mL) added and cooled to 0 °C. To this mixture, potassium
hydroxide (0.31 g, 5.61 mmol) added and stirred for 17h at RT. Deionised H>O added to
the mixture and extracted with n-hexane. The organic phase separated, dried over
anhydrous MgSOs and filtered. The solvent evaporated to obtain the product. It purified
using chromatography with petroleum ether to afford 118 as yellow oil (0.50 g, 1 mmol,
89% yield)*°.

'H NMR (CDCls, §): 7.13 (d, 2H, J = 5.0 Hz), 6.96-6.92 (m, 2H), 1.96-1.82 (m, 4H),
1.10-0.83 (m, 18H), 0.77 (t, 6H, J = 7.0 Hz), 0.60 (t, 6H, J = 7.0 Hz). 3C NMR (CDCls,
d): 157.6 (t, J = 4.0 Hz), 136.8, 124.0, 122.3 (t, 6H, J = 4.0 Hz), 53.2, 43.2, 35.0, 34.1,
28.6, 27.3, 22.7, 14.1, 10.6. FT-IR (cm™): 2953, 2921, 2858, 1460, 1379, 1081. EI-MS
(m/z): 402.2 [M]". EA (%) calculated for C2sHsgS2: C, 74.57; H, 9.51; S, 15.92. Found:
C, 74.20; H, 9.14; S, 15.38.

9.2.45. Synthesis of 4,4-dioctylcyclopenta[2,1-b:3,4-b"]dithiophene (119)
CgH17CgH17

/ \
S S

119 prepared followed by the same procedure for synthesis of 118.

117 (0.65 g, 3.64 mmol), 1-bromooctane (85) (1.25 mL, 8.22 mmol), potassium iodide
(0.06 g, 0.38 mmol), anhydrous DMSO (20 mL) and potassium hydroxide (0.81 g, 14.43
mmol). 119 was obtained as a yellow oil (1.33 g, 3 mmol, 91% yield)*.

IH NMR (CDCls, 5): 7.16 (d, 2H, J = 5.0 Hz,); 6.95 (d, 2H, J = 5.0 Hz,), 1.93-1.80 (m,
4H), 1.37-1.09 (m, 20H), 1.04-0.91 (m, 4H), 0.87 (t, 6H, J = 7.0 Hz,).1*C NMR (CDCls,
§): 158.1, 136.5, 124.4, 121.7, 53.3, 37.7, 31.8, 30.0, 29.4, 29.3, 24.5, 22.6, 14.1. FT-IR
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(cm™): 2957, 2921, 2850, 1457, 1379, 1081. EI-MS (m/z): 402.2 [M]*. EA (%) calculated
for CasH3sSo: C, 74.57; H, 9.51; S, 15.92. Found: C, 72.96; H, 9.20; S, 14.56.

9.2.46. Synthesis of  4,4-bis(2-ethylhexyl)-2,6-dibromocyclopenta[2,1-b:3,4-
b']dithiophene (120)

118 (1.07 g, 2.65 mmol) dissolved in DMF (25 mL) in a flask. To this mixture, NBS (0.94
g, 5.28 mmol) added and stirred at RT for 18h in the dark. Deionised water added to the
mixture and extracted with Et2O. The organic phase washed with deionised H20 until the
mixture became neutral. The organic layer separated, dried over MgSO4 and filtered. The
solvent concentrated to obtain the product. It purified using chromatography with

petroleum ether to afford 120 as yellow oil (1.30 g, 2 mmol, 88% yield)*.

'H NMR (CDCls, §): 6.95 (t, 2H, J = 3.5 Hz), 1.92-1.75 (m, 4H), 1.13-0.84 (m, 18H),
0.80 (t, 6H, J = 7.0 Hz), 0.64 (t, 6H, J = 7.5 Hz). 3C NMR (CDCls, §): 155.5 (t,J = 6.5
Hz), 136.6 (t, J = 3.5 Hz), 125.2 (t, J = 10.5 Hz), 110.7 (t, J = 5.0 Hz), 55.0, 43.0, 35.1,
34.0, 28.5, 27.4, 22.8, 14.1, 10.7. FT-IR (cm™): 2952, 2921, 2853, 1455, 1366, 1174. El-
MS (m/z): 560.1 [M]*. EA (%) calculated for C2sH36Br2S,: C, 53.57; H, 6.47; S, 11.44;
Br, 28.51. Found: C, 53.44; H, 6.27; S, 11.50; Br, 28.41.

9.2.47. Synthesis of 4,4-dioctyl-2,6-dibromocyclopenta[2,1-b:3,4-b*]dithiophene
(121)

121 prepared followed by the same procedure for synthesis of 120.

119 (1.23 g, 3.05 mmol), DMF (30 mL) and NBS (1.08 g, 6.06 mmol). 121 was obtained
as a green oil (1.48 g, 3 mmol, 87% yield)*.

IH NMR (CDCls, 8): 6.94 (s, 2H), 1.82-1.71 (m, 4H), 1.36-1.10 (m, 20H), 0.97-0.89 (m,
4H), 0.87 (t, 6H, J = 7.0 Hz). 3C NMR (CDCls, 3): 156.0, 136.3, 124.6, 111.1, 55.0, 37.5,
31.8, 30.0, 29.3, 29.3, 24.4, 22.6, 14.1. FT-IR (cm™): 2926, 2855, 1457, 1368. EI-MS
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(m/z): 560 [M]*. EA (%) calculated for C2sHssBr2S2: C, 53.57; H, 6.47; S, 11.44; Br,
28.51. Found: C, 54.00; H, 6.42; S, 11.19; Br, 26.83.

9.2.48. Synthesis of 4,4-bis(2-ethylhexyl)-2,6-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaboralan-2-yl)cyclopenta[2,1-b:3,4-b"]dithiophene (122)

122 was prepared followed by the same procedure for synthesis of 72.

120 (0.38 g, 0.67 mmol), potassium acetate (0.39 g, 3.97 mmol), bis(pinacolato)diboron
(0.51 g, 2.00 mmol), Pd(dppf)Cl. and anhydrous DMF (10 mL). 122 was obtained as red
sticky oil (0.25 g, 0.4 mmol, 57% yield)*.

'H NMR (CDCls, 8): 7.46 (t,2H, J = 6.5 Hz), 1.96-1.78 (m, 4H), 1.36 (s, 24H), 1.10-0.81
(m, 18H), 0.79-0.71 (m, 6H), 0.69-0.55 (m, 6H). *C NMR (CDCls, §): 161.0, 144.1,
131.9, 84.2, 52.7, 43.4, 35.1, 34.1, 31.8, 28.5, 27.3, 25.0, 24.8, 22.8, 14.1, 10.6. FT-IR
(cm™): 2962, 2923, 2862, 1375, 1264, 1139, 1121. EI-MS (m/z): 654.4 [M]*. EA (%)
calculated for Cs7HesoB204S: C, 67.89; H, 9.24; S, 9.79. Found: C, 66.36; H, 8.92; S,
7.78.

9.2.49. Synthesis of 3,3',5,5'-tetrabromo-2,2'-bithiophene (138)

Br

. /S\ \s/ Br

Br

2,2’-Bithiophene (33) (1.81 g, 10.88 mmol) dissolved in glacial acetic acid (36 mL) and
chloroform (27 mL) in a flask and cooled to 0 °C. To this mixture, bromine (1.20 mL,
23.27 mmol) in chloroform (22 mL) added dropwise during 1.5h. Second portion of
bromine (1.20 mL, 23.27 mmol) in chloroform (22 mL) was added at RT over 1h. The
mixture stirred overnight and refluxed for 24h. The reaction contents cooled to RT and
the solvent removed to obtain the product which purified using recrystallisation from
EtOH to afford 138 as green crystals (3.95 g, 8 mmol, 75% yield)*.

'H NMR (CDCls, 8): 7.07 (s, 2H). *C NMR (CDCls, 8): 133.0, 129.6, 114.8, 112.1. FT-
IR (cm™): 3088, 1481, 1389, 1290, 1130. EI-MS (m/z): 481.6 [M]*. EA (%) calculated
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for CsH2BrsS: C, 19.94; H, 0.42; S, 13.31; Br, 66.33. Found: C, 19.91; H, 0.53; S, 13.27;
Br, 66.43.

9.2.50. Synthesis of 3,3'-dibromo-2,2'-bithiophene (139)

Br

7\ s
ST\

Br

138 (3.75 g, 7.78 mmol) added to the refluxing mixture of zinc powder (1.96 g, 29.97
mmol) in ethanol (39 mL), deionised water (3.9 mL), glacial acetic acid (9.3 mL) and
HCI (0.8 mL, 3.0 M) in a flask during 30 minutes. The reaction contents refluxed for 2h.
The flask cooled to RT and filtered and the excess of zinc washed three times with
ethanol. Deionised water added to the filtrate and extracted with diethyl ether. The organic
phase washed with deionised H20, dried over MgSO4 and the solvent evaporated to obtain
the product. It purified via recrystallisation from n-hexane to afford 139 as white crystals
(1.73 g, 5 mmol, 69% yield)*.

'H NMR (CDCls, §): 7.43 (d, 2H, J = 5.5 Hz), 7.10 (d, 2H, J = 5.5 Hz). 3C NMR (CDCls,
5): 130.8, 128.9, 127.5, 112.7. FT-IR (cm™): 3102, 3081, 1747, 1552, 1485, 1332, 1130,
1073. EI-MS (m/z): 323.8 [M]". EA (%) calculated for CsH4Br.S;: C, 29.65; H, 1.24; S,
19.79; Br, 49.32. Found: C, 29.70; H, 1.34; S, 19.89; Br, 48.37.

9.2.51. Synthesis of 4,4-dioctyl-dithieno[3,2-b:2",3"-d]silole (140)

CgH17CgH17
Si

30

S S

A flask purged with three vacuum/argon cycles. n-BuLi (9.76 mL, 24.4 mmol) added to
anhydrous Et,0 (120 mL) and the mixture cooled to —78 °C. To this solution, 139 (3.97
g, 12.25 mmol) was dissolve in anhydrous THF (40 mL) added dropwise over 30 minutes
with vigorous stirring and the mixture stirred at —78 °C for 3h. To this mixture, di-n-
octyldichlorosilane (4.24 mL, 12.19 mmol) dissolved in anhydrous THF (80 mL) and
added dropwise at —78 °C and stirred for 5h. Subsequently, the reaction contents stirred
at RT overnight. NH4ClI solution added to the reaction mixture, extracted with Et,O. The
organic phase washed with deionised H>,O and NaCl solution. The organic phase dried

over MgSO;4 and the solvent was evaporated to obtain the product. It purified via
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chromatography with petroleum ether to afford 140 as yellow oil (3.10 g, 7 mmol, 60%
yield)®.

IH NMR (CDCls, 8): 7.21 (d, 2H, J = 4.5 Hz), 7.07 (d, 2H, J = 4.5 Hz), 1.47-1.35 (m,
4H), 1.34-1.17 (m, 20H), 0.98-0.84 (m, 10H). 3C NMR (CDCls, 5): 149.2, 141.6, 129.6,
124.9,33.1,31.9, 29.2, 29.2, 24.2, 22.6, 14.1, 11.9. FT-IR (cm%): 3063, 2953, 2918, 2854,
1460, 1375, 1251, 1173, 1084. EI-MS (m/z): 418.2 [M]*. EA (%) calculated for
Ca4H28S2Si: C, 68.84; H, 9.15; S, 15.31. Found: C, 69.08; H, 8.96; S, 14.11.

9.2.52. Synthesis of 4,4-dioctyl-2,6-dibromo-dithieno[3,2-b:2',3"'-d]silole (141)

CgH17CgH17
Si

BrmBr

S S

140 (0.84 g, 2.00 mmol) dissolved in DMF (20 mL) in a flask. To this mixture, NBS (0.87
g, 4.88 mmol) added and stirred at RT for 10 minutes in the dark. Deionised water added,
extracted with CHCI3 and the organic phase washed with deionised H2O. The collected
organic layers dried over MgSOsa, filtered and the solvent concentrated to obtain the
product. It purified using chromatography with petroleum ether to afford 141 as yellow
oil (0.65 g, 1 mmol, 56% yield)“*®.

'H NMR (CDCls, §): 7.01 (s, 2H), 1.40-1.19 (m, 24H), 0.92-0.84 (m, 10H). *3C NMR
(CDCls, 6): 148.9, 141.0, 132.2, 111.4, 33.1, 31.8, 29.2, 29.1, 24.0, 22.7, 14.1, 11.6. FT-
IR (cm™): 3081, 2957, 2914, 2843, 1684, 1460, 1375, 1247, 1166, 1006. EI-MS (m/2):
576.0 [M]". EA (%) calculated for C24H36Br2SSi: C, 50.00; H, 6.29; S, 11.12, Br, 27.72.
Found: C, 50.05; H, 6.37; S, 11.87; Br, 28.80.

9.2.53. Synthesis of 4,4-dioctyl-2,6-bis(trimethylstannyl)-dithieno[3,2-b:2",3'-
d]silole (142)

CgH17CgH47
Si
Ny YA
/?n S S 8{1\

In a flask, 140 (0.25 g, 0.59 mmol) added and the system degassed under argon.
Anhydrous n-hexane (7 mL) and tetramethylethylenediamine (0.26 mL, 1.73 mmol)
added and cooled to —78 °C. To this solution, n-BuLi (0.59 mL, 1.49 mmol) added
dropwise during 5 minutes and stirred for 3h. Trimethyltin chloride (0.31 g, 1.55 mmol)
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added quickly. The reaction stirred for 3h and then stirred at RT overnight. The mixture
put into deionised H2O and extracted with Et.O. The combined organic phase washed
with brine solution and organic phase dried over MgSOs, filtered and the solvent
evaporated to obtain the 142 as green sticky oil (0.36 g, 0. 5 mmol, 81% yield)*'.

'H NMR (CDCls, §): 7.10 (s, 2H), 1.38-1.48 (m, 4H), 1.20-1.37 (m, 20H), 0.84-0.96 (m,
10H), 0.40 (s, 18H). 3C NMR (CDCls, 8): 155.0, 143.1, 137.7, 125.0, 33.2, 31.9, 29.3,
29.2,24.3,22.7,14.1,12.0,-8.0. FT-IR (cm™): 2957, 2921, 2854, 1457, 1379, 1254, 1176,
1077. EI-MS (m/z): 744.2 [M]". EA (%) calculated for C3oHs4SSiSny: C, 48.41; H, 7.31;
S, 8.61. Found: C, 52.44; H, 7.89; S, 9.70.
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9.3. Other Monomers Used

9.3.1. 9,9-Dioctylfluorene-2,7-diboronic acid bis(1,3-propanediol) ester (75)
o @)
oA -
o} o}
CgH17CgH17

75 purchased from supplier.

9.3.2. 9-(Heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)carbazole (103)
N o)
A

8
0
C8H17 C8H17
103 prepared by H. Yi in Iragi group®..

9.3.3. 9,10-Bis(4-(dodecyloxy)phenyl)-2,6-bis(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)anthracene (108)

OC12H2s5

L ‘?J%
(XU
O\IB
T

OC12H2s

108 prepared by M. Almeataq in Iragi group®.
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9.4. Synthetic procedures for the polymers

9.4.1. Synthesis of poly[2,2'-bithiophene-alt-(3',6'-bis(2-undecanyl)phthalate)] (35)

0 0
7/ 1 RO OR
S S
|/ n R= )\/\/\/\/\

6 (400 mg, 0.60 mmol), 34 (290 mg, 0.60 mmol), Pd2(dba)s (27.47 mg, 0.02 mmol) and
P(o-tol)s (54.78 mg, 0.18 mmol) added to a flask and degassed under argon. Anhydrous
toluene (10 mL) added and the system degassed again and heated at 100 °C for 48h. The
reaction contents cooled to RT and dissolved in chloroform (300 mL). NH4+OH solution
(50 mL, 35% in H20) added and the mixture stirred overnight. The organic phase
separated and washed with deionised H2O. The organic phase reduced to around (50 mL)
and put into methanol (300 mL) and stirred overnight. The mixture filtered and the
polymer was cleaned using Soxhlet extraction with methanol (300 mL), acetone (300 mL)
and hexane (300 mL). The hexane fraction concentrated to around (50 mL) and then put
into methanol (300 mL). The mixture stirred overnight and the pure polymer recovered

by filtration to obtain 35 as green powder (150 mg, 0.23 mmol, 39% yield)*.

GPC: hexane fraction, M, = 9600 g mol*, My, = 13500 g mol, PDI = 1.3 and Dp = 15.
'H NMR (hexane fraction) (CDCls, &): 7.55 (s, 2H), 7.13 (t, 2H, J = 4.0 Hz), 7.05 (d, 2H,
J=3.5Hz),5.11-4.90 (m, 2H), 1.70-1.47 (m, 4H), 1.45-1.34 (m, 2H), 1.32-1.08 (m, 32H),
0.96-0.82 (m, 6H). FT-IR (cm™): 3065, 2920, 2851, 1715, 1463, 1379, 1246, 1116, 1062.
EA (%) calculated for C3gHs204S2: C, 71.66; H, 8.23; S, 10.07. Found: C, 68.28; H, 7.39;
S, 12.90.

9.4.2. Synthesis of  poly[2,2'-bithiophene-alt-5,5-(3",6'-bis(2-thienyl)-bis(2-
undecanyl)phthalate)] (36)

36 was prepared followed by the same procedure for synthesis of 35.
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8 (180 mg, 0.225 mmol), 34 (110 mg, 0.225 mmol), Pd(OAc). (3.7 mg, 0.016 mmol),
P(o-tol)s (10 mg, 0.032 mmol) and anhydrous toluene (10 mL). 36 was obtained as red
powders (154 mg, 0.19 mmol, 87% yield)*.

GPC: toluene fraction, My = 9500 g mol?, My = 14300 g mol, PDI = 1.5 and Dp = 12.
'H NMR (toluene fraction) (C2D2Clg, §): 7.48 (s, 2H), 7.13-7.01 (bm, 6H), 6.99-6.91 (bm,
2H), 4.94-4.78 (bm, 2H), 1.47- 1.36 (m, 4H), 1.34-1.26 (bm, 4H), 1.22-0.98 (bm, 26H),
0.82-0.70 (bm, 6H). FT-IR (cm™): 3063, 2918, 2850, 1715, 1464, 1375, 1240, 1120, 1063.
EA (%) calculated for C4sHs604S4: C, 68.96; H, 7.05; S, 16.01. Found: C, 67.76; H, 6.86;
S, 15.45.

9.4.3. Synthesis of poly[9,9-dimethyl-2,7-fluorene-alt-5,5-(3",6'-bis(2-thienyl)-bis(2-
undecanyl)phthalate)] (37)

37 was prepared followed by the same procedure for synthesis of 35.

8 (180 mg, 0.225 mmol), 29 (116 mg, 0.225 mmol), Pd(OAc). (3.7 mg, 0.016 mmol),
P(o-tol)3 (10.22 mg, 0.03 mmol) and anhydrous toluene (6 mL). 37 was obtained as green
powders (134 mg, 0.14 mmol, 64% yield)*.

GPC: hexane fraction, Mn = 16400 g mol, My = 30300 g mol, PDI = 1.8 and Dp = 20.
'H NMR (hexane fraction) (CDCls, 8): 7.76-7.61 (bm, 6H), 7.36 (bs, 2H), 7.15 (bs, 2H),
5.07-4.94 (bm, 2H), 1.70-1.48 (bm, 12H), 1.47-1.06 (bm, 34H), 0.93-0.79 (bm, 6H). FT-
IR (cm™): 2921, 2854, 1719, 1460, 1375, 1293, 1116, 1063. EA (%) calculated for
Cs3Hes04S2: C, 76.77; H, 7.78; S, 7.73. Found: C, 76.40; H, 7.65; S, 7.61.
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9.4.4. Synthesis of poly[9,9-dioctyl-2,7-fluorene-alt-5,5-(4",7'-bis(2-thienyl)-2*,1",3'-
benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic imide)] (76)

R=DMO

75 (125.4 mg, 0.224 mmol) and 49 (150 mg, 0.224 mmol) added to a flask and degassed
under argon. Anhydrous THF (10 mL) followed by sodium hydrogen carbonate solution
(2.5 mL, 5% wt, degassed) added and the system degassed again. To this mixture,
Pd(OAC)2 (3.7 mg, 0.0168 mmol) and P(o-tol)s (10.2 mg, 0.0336 mmol) added, degassed
and heated at 90 °C for 30 h. The flask cooled to RT, the polymer dissolved in CHCI3
(200 mL) and an NH4OH solution (50 mL, 35% in H.O) added and the mixture stirred
overnight. The organic phase separated and washed with deionised H2O. The organic
phase concentrated to around (50 mL) and put into methanol (300 mL) and stirred
overnight. The mixture filtered and the polymer cleaned using Soxhlet extraction with
methanol (300 mL), acetone (300 mL), hexane (300 mL) and then toluene (300 mL). The
toluene fraction concentrated to around (50 mL) and then put into methanol (300 mL).
The mixture stirred overnight and the pure polymer recovered by filtration to afford 76

as purple powders (170 mg, 0.18 mmol, 85% yield)®°.

GPC: toluene fraction, Mn= 16000 g mol?, My = 33000 g mol?, PDI = 2.0 and Dp = 18.
'H NMR (toluene fraction) (C2D2Cls, 8): 8.02 (d, 2H, J = 3.5 Hz), 7.81-7.68 (bm, 6H),
7.52 (d, 2H, J = 3.5 Hz), 3.90-3.68 (bm, 2H), 2.20-1.99 (bm, 4H), 1.83-1.68 (bm, 1H),
1.61-1.47 (bm, 3H), 1.42-1.34 (bs, 6H), 1.23-1.04 (bm, 24H), 0.99 (d, 3H, J = 6.0 Hz),
0.86 (d, 6H, J = 6.5 Hz), 0.78 (t, 6H, J = 7.0 Hz). FT-IR (cm™): 2921, 2854, 1754, 1698,
1549, 1364, 1173, 1070. EA (%) calculated for CssHesN302Ss: C, 73.70; H, 7.31; N, 4.69;
S, 10.73. Found: C, 72.52; H, 7.02; N, 4.60; S, 9.38.
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9.4.5. Synthesis of poly[9,9-dioctyl-2,7-fluorene-alt-5,5-(4",7'-bis(2-thienyl)-2*,1",3'-
benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (77)

77 was prepared followed by the same procedure for synthesis of 76.

75 (125.4 mg, 0.224 mmol) and 50 (143.2 mg, 0.224 mmol) were copolymerised for 24
h to afford 77 as purple powders. Toluene fraction (36 mg, 0.04 mmol, 18% vyield),
chloroform fraction (120 mg, 0.13 mmol, 60% yield) with total yield 78%°.

GPC: toluene fraction Mn= 11200 g mol™, My = 29100 g mol™, PDI = 2.5 and Dp = 13;
chloroform fraction, Mn = 24900 g mol, Mw = 74400 g mol, PDI = 2.9 and Dp = 29. 'H
NMR (toluene fraction) (C2D2Cls, 0): 8.02 (d, 2H, J = 3.5 Hz), 7.81-7.68 (bm, 6H), 7.52
(d, 2H, J = 3.5 Hz), 3.90-3.68 (bm, 2H), 2.20-1.99 (bm, 4H), 1.81-1.71 (bm, 2H), 1.44-
1.24 (bm, 10H), 1.23-1.04 (bm, 24H), 0.88 (t, 3H, J = 7.0 Hz), 0.82-0.77 (bm, 6H). FT-
IR (cm™): 2921, 2850, 1754, 1701, 1552, 1400, 1361, 1254, 1166, 1098. EA (%)
calculated for Cs3Hs1N302S3: C, 73.32; H, 7.08; N, 4.84; S, 11.08. Found: C, 72.70; H,
7.02; N, 4.77; S, 10.51.

9.4.6. Synthesis of poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-(4",7'-bis(2-thienyl)-
2',1',3'-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic imide)] (78)

R=DMO

/N
CgH17CgH17

78 was prepared followed by the same procedure for synthesis of 76.

72 (147.5 mg, 0.224 mmol) and 49 (150 mg, 0.224 mmol) were copolymerised for 21 h
to afford 78 as purple powders. Toluene fraction (50 mg, 0.05 mmol, 22% vyield),
chloroform fraction (95 mg, 0.10 mmol, 46% yield) with total yield 68%.
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GPC: toluene fraction, Mn = 9400 g mol, Mw = 19400 g mol?, PDI = 2.0 and Dp = 10;
chloroform fraction, Mn= 20000 g mol™?, My, = 44900 g mol?, PDI = 2.2 and Dp = 22. 'H
NMR (toluene fraction) (C2D2Cls, 6): 8.02 (d, 2H, J = 3.5 Hz), 7.96 (s, 2H), 7.87 (d, 2H,
J=11.0 Hz), 7.80 (d, 2H, J = 8.0 Hz), 7.50 (d, 2H, J = 3.0 Hz), 3.90-3.68 (bm, 2H), 1.89-
1.67 (bm, 1H), 1.62-1.29 (bm, 9H), 1.28-1.12 (bm, 24H), 1.12-1.03 (bm, 4H), 1.03-0.95
(bm, 3H), 0.86 (d, 6H, J = 6.5 Hz), 0.84-0.79 (bm, 6H). FT-IR (cm-%): 2953, 2918, 2850,
1754, 1698, 1556, 1432, 1364, 1254, 1173, 1063. EA (%) calculated for CssHesN302S3Si:
C,71.09; H, 7.18; N, 4.61; S, 10.54. Found: C, 69.43; H, 7.00; N, 4.36; S, 10.08.

9.4.7. Synthesis of poly[9,9-dioctyl-2,7-dibenzosilole-alt-5,5-(4",7'-bis(2-thienyl)-
2',1',3'-benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (79)

79 was prepared followed by the same procedure for synthesis of 76.

72 (147.5 mg, 0.224 mmol) and 50 (143.2 mg, 0.224 mmol) were copolymerised for 22
h to afford 79 as purple powders. Toluene fraction (66 mg, 0.07 mmol, 33% vyield),
chloroform fraction (52 mg, 0.05 mmol, 26% yield) with total yield 59%°°.

GPC: toluene fraction, Mn= 10000 g mol?, My = 26200 g mol?, PDI = 2.6 and Dp = 11;
chloroform fraction, Mn= 16100 g mol™?, My, = 38700 g mol?, PDI = 2.4 and Dp = 18. 'H
NMR (toluene fraction) (C2D2Cls, 6): 8.02 (d, 2H, J = 3.5 Hz), 7.96 (s, 2H), 7.87 (d, 2H,
J=11.0 Hz), 7.80 (d, 2H, J = 8.0 Hz), 7.50 (d, 2H, J = 3.0 Hz), 3.90-3.68 (bm, 2H), 1.81-
1.69 (bm, 2H), 1.53-1.15 (bm, 34H), 1.12-1.03 (bm, 4H), 0.88 (t, 3H, J = 6.5 Hz), 0.85-
0.80 (bm, 6H). FT-IR (cm™): 2950, 2921, 2854, 1758, 1701, 1556, 1428, 1364, 1254,
1166, 1003. EA (%) calculated for Cs2Hs1N302SsSi: C, 70.63; H, 6.95; N, 4.75; S, 10.88.
Found: C, 69.92; H, 6.85; N, 4.60; S, 10.22.
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9.4.8. Synthesis of poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4",7"-bis(2-
thienyl)-2',1",3'-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)-dicarboxylic ~ imide)]
(104)

R =DMO

CgHi7~ "CgHy7

104 was prepared followed by the same procedure for synthesis of 76.

103 (147 mg, 0.224 mmol) and 49 (150 mg, 0.224 mmol) were copolymerised for 30h to
afford 104 as purple powders (150 mg, 0.16 mmol, 73% yield)®°.

GPC: toluene fraction, Mn = 12200 g mol, My = 30400 g mol™, PDI = 2.4 and Dp = 13.
'H NMR (toluene fraction) (C2D.Cla, §): 8.12 (d, 2H, J = 8.0 Hz), 8.08 (s, 2H), 7.89-7.79
(bm, 2H), 7.63 (d, 2H, J = 8.0 Hz), 7.56 (s, 2H), 4.78-4.61 (bm, 1H), 3.90-3.72 (bm, 2H),
2.48-2.30 (bm, 2H), 2.16-2.00 (bm, 2H), 1.85-1.72 (bm, 1H), 1.66-1.48 (bm, 3H), 1.42-
1.27 (bm, 6H), 1.24-1.13 (bm, 24H), 1.02 (d, 3H, J = 6.0 Hz), 0.88 (d, 6H, J = 6.0 Hz),
0.80 (t, 6H, J = 6.0 Hz). FT-IR (cm™): 2950, 2925, 2854, 1754, 1701, 1598, 1425, 1336,
1219, 1176, 1066. EA (%) calculated for CssHesN4O2S3: C, 72.49; H, 7.30; N, 6.15; S,
10.55. Found: C, 70.83; H, 6.98; N, 5.92; S, 10.38.

9.4.9. Synthesis of poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4",7"-bis(2-
thienyl)-2',1",3"-benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (105)

CgHi7~ "CgHy7

105 was prepared followed by the same procedure for synthesis of 76.

103 (147 mg, 0.224 mmol) and 50 (143.2 mg, 0.224 mmol) were copolymerised for 24h
to afford 105 as purple powders (170 mg, 0.19 mmol, 86% yield).>
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GPC: chloroform fraction, M, = 20500 g mol™, My = 65300 g mol*, PDI = 3.1 and Dp =
23. 'H NMR (chloroform fraction) (C2D.Cla, 8): 8.12 (d, 2H, J = 8.0 Hz), 8.08 (s, 2H),
7.89-7.79 (bm, 2H,), 7.63 (d, 2H, J = 8.0 Hz), 7.56 (d, 2H, J = 3.5 Hz), 4.78-4.61 (bm,
1H), 3.90-3.72 (bm, 2H), 2.48-2.30 (bm, 2H), 2.16-2.00 (bm, 2H), 1.82-1.68 (bm, 2H),
1.45-1.25 (bm, 10H), 1.24-1.11 (bm, 24H), 0.88 (t, 3H, J = 7.0 Hz), 0.80 (t, 6H, J = 7.0
Hz). FT-IR (cm™): 2921, 2854, 1758, 1701, 1598, 1428, 1336, 1219, 1166, 1095. EA (%)
calculated for Cs3Hs2N4O2S3: C, 72.07; H, 7.08; N, 6.34; S, 10.89. Found: C, 70.92; H,
6.96; N, 6.15; S, 10.11.

9.4.10. Synthesis of poly[N-9'-heptadecanyl-3,6-difluoro-2,7-carbazole-alt-5,5-(4",7'-
bis(2-thienyl)-2',1',3'-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)dicarboxylic
imide)] (106)

R =DMO

CgHi7~ CgHy7

106 was prepared followed by the same procedure for synthesis of 76.

89 (155.8 mg, 0.224 mmol) and 49 (150 mg, 0.224 mmol) were copolymerised for 48h to
yield 106 as purple powders (214 mg, 0.22 mmol, 98% yield)®°.

GPC: toluene fraction, M, = 8700 g mol*?, My = 16300 g mol*, PDI = 1.8 and Dp = 9. 'H
NMR (toluene fraction) (C2D2Cla, 3): 8.06 (d, 2H, J = 3.5 Hz), 7.86-7.74 (bm, 4H), 7.67
(d, 2H, J = 3.5 Hz), 4.63-4.50 (bm, 1H), 3.86-3.70 (bm, 2H), 2.38-2.25 (bm, 2H), 2.09-
1.93 (bm, 2H), 1.83-1.69 (bm, 1H), 1.62-1.48 (bm, 3H), 1.45-1.23 (bm, 6H), 1.22-1.12
(bm, 24H), 0.99 (d, 3H, J = 6.0 Hz), 0.85 (d, 6H, J = 6.0 Hz), 0.78 (t, 6H, J = 6.0 Hz).
FT-IR (cm™): 2953, 2921, 2854, 1754, 1701, 1556, 1453, 1336, 1176, 1066. EA (%)
calculated for CssHeaF2N4O2S3: C, 70.19; H, 7.03; N, 5.74; S, 9.86. Found: C, 69.20; H,
6.72; N, 5.79; S, 9.97.
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9.4.11. Synthesis of poly[N-9'-heptadecanyl-3,6-difluoro-2,7-carbazole-alt-5,5-(4",7'-
bis(2-thienyl)-2',1',3'-benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (107)

CBH17 C8H17

107 was prepared followed by the same procedure for synthesis of 76.

89 (155.8 mg, 0.224 mmol) and 50 (143.2 mg, 0.224 mmol) were copolymerised for 24h
to yield 107 as purple powders. Toluene fraction (90 mg, 0.10 mmol, 44% yield),
chloroform fraction (50 mg, 0.05 mmol, 24% vyield) with total yield 68%.°

GPC: toluene fraction, Mn = 8200 g mol?, My = 18400 g mol?, PDI = 2.2 and Dp = 9;
chloroform fraction, Mn = 24200 g mol, Mw = 46300 g mol, PDI = 1.9 and Dp = 26. 'H
NMR (toluene fraction) (C2D2Cls, 3): 8.06 (d, 2H, J = 3.5 Hz), 7.86-7.74 (bm, 4H), 7.67
(d, 2H, J = 3.5 Hz), 4.78-4.61 (bm, 1H), 3.90-3.72 (bm, 2H), 2.48-2.30 (bm, 2H), 2.16-
2.00 (bm, 2H), 1.82-1.68 (bm, 2H), 1.45-1.25 (bm, 10H), 1.24-1.11 (bm, 24H), 0.88 (t,
3H, J = 7.0 Hz), 0.83-0.75 (m, 6H). FT-IR (cm™): 2921, 2854, 1758, 1698, 1566, 1449,
1166, 1045. EA (%) calculated for CssHeoF2N4O2S3: C, 69.25; H, 6.58; N, 6.09; S, 10.46.
Found: C, 68.15; H, 6.45; N, 5.85; S, 9.98.

9.4.12. Synthesis of poly[9,10-bis(4-(dodecyloxy)phenyl)-2,6-anthracene-alt-5,5-
(4',7'-bis(2-thienyl)-2',1",3'-benzothiadiazole-N-5,6-(3,7-dimethyloctyl)dicarboxylic
imide)] (109)

OCy3H2s

109 was prepared followed by the same procedure for synthesis of 76.
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108 (213.6 mg, 0.224 mmol) and 49 (150 mg, 0.224 mmol) were copolymerised for 23h
to afford 109 as purple powders. Toluene fraction (82 mg, 0.07 mmol, 30% vyield),
chloroform fraction (180 mg, 0.15 mmol, 67% yield) with total yield 97%.°

GPC: toluene fraction, M, = 6700 g mol*, My = 12600 g mol, PDI = 1.8 and Dp = 6;
chloroform fraction, Ma = 12700 g mol™, My = 22400 g mol, PDI = 1.7 and Dp = 11. 'H
NMR (toluene fraction) (C2D2Cls, 8): 7.96-7.87 (bm, 2H), 7.71-7.61 (bm, 2H), 7.57-7.50
(bm, 4H), 7.30-7.05 (bm, 10H), 4.18-4.01 (bm, 4H), 3.81-3.61 (bm, 2H), 1.91-1.79 (bm,
4H), 1.78-1.64 (bm, 1H), 1.60-1.46 (bm, 8H), 1.43-1.21 (bm, 34H), 1.20-1.09 (bm, 3H),
1.00-0.90 (bm, 3H), 0.89-0.78 (bm, 12H). FT-IR (cm™): 2918, 2850, 1754, 1701, 1606,
1570, 1428, 1361, 1240, 1176, 1066. EA (%) calculated for C76HggN304S3: C, 75.77; H,
7.45; N, 3.49; S, 7.98. Found: C, 73.30; H, 7.15; N, 3.27; S, 7.79.

9.4.13. Synthesis of poly[9,10-bis(4-(dodecyloxy)phenyl)-2,6-anthracene-alt-5,5-
(4',7'-bis(2-thienyl)-2',1",3'-benzothiadiazole-5,6-N-octyl-dicarboxylic imide)] (110)

OC1zHos

110 was prepared followed by the same procedure for synthesis of 76.

108 (213.6 mg, 0.224 mmol) and 50 (143.2 mg, 0.224 mmol) were copolymerised for 24h
to afford 110 as purple powders. Toluene fraction (65 mg, 0.05 mmol, 25% yield),
chloroform fraction (190 mg, 0.16 mmol, 72% yield) with total yield 97%C.

GPC: toluene fraction, Mn = 6000 g mol™?, My = 11100 g mol?, PDI = 1.8 and Dp = 5;
chloroform fraction, Ma = 12500 g mol, My, = 27400 g mol*, PDI=2.1and Dp = 11. 'H
NMR (toluene fraction) (C2D2Cls, 9): 7.96-7.87 (bm, 2H), 7.71-7.61 (bm, 2H), 7.57-7.50
(bm, 4H), 7.30-7.05 (bm, 10H), 4.18-4.01 (bm, 4H), 3.81-3.61 (bm, 2H), 1.91-1.79 (bm,
4H), 1.79-1.63 (bm, 2H), 1.60-1.48 (bm, 4H), 1.46-1.20 (bm, 42H), 0.92-0.79 (bm, 9H).
FT-IR (cm™): 2921, 2850, 1751, 1701, 1606, 1574, 1432, 1364, 1244, 1173, 1031. EA
(%) calculated for C74HgsN304Ss: C, 75.54; H, 7.28; N, 3.57; S, 8.17. Found: C, 72.97;

H, 7.05; N, 3.38; S, 7.58.
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9.4.14. Synthesis of poly[4,4-bis(2-ethylhexyl)-2,6-cyclopenta[2,1-b:3,4-
b']dithiophene-alt-5,5-(4",7'-bis(2-thienyl)-2',1',3'-benzothiadiazole-5,6-N-(3,7-
dimethyloctyl) dicarboxylic imide)] (134)

R; = EH, R, = DMO

134 was prepared followed by the same procedure for synthesis of 76.

122 (147.1 mg, 0.224 mmol) and 49 (150 mg, 0.224 mmol) were copolymerised for 48h
to afford 134 as dark green powders (16 mg, 0.02 mmol, 8% yield)®°.

GPC: toluene fraction, M, = 5200 g mol, My = 10100 g mol, PDI = 1.9 and Dp = 6. H
NMR (toluene fraction) (C2D2Cls, 8): 8.08 (d, 2H, J = 9.0 Hz), 7.52-7.16 (bm, 4H), 3.85-
3.66 (bm, 2H), 2.01-1.83 (bm, 4H), 1.81-1.68 (bm, 1H), 1.61-1.48 (bm, 3H), 1.47-1.22
(bm, 12H), 1.20-0.92 (bm, 12H), 0.90-0.82 (bm, 9H), 0.81-0.72 (bm, 6H), 0.69 (t, 6H, J
= 7.5 Hz). FT-IR (cm™): 3127, 3074, 2953, 2921, 2850, 1751, 1698, 1513, 1432, 1361,
1169, 1063.

9.4.14. Synthesis of poly[4,4-dioctyl-2,6-cyclopenta[2,1-b:3,4-b"]dithiophene-alt-5,5-
(4',7'-bis(2-thienyl)-2',1",3'-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)-
dicarboxylic imide)] (135)

R4 = octyl, R, = DMO

15t polymerisation

121 (109.9 mg, 0.196 mmol), 47 (100 mg, 0.196 mmol), Pd2(dba)s.CHCI3 (6.2 mg, 0.005
mmol), P(0-MeOPh)3 (8.4 mg, 0.023 mmol), PivOH (20 mg, 0.196 mmol) and Cs.COs
(191.7 mg, 0.588 mmol) added to a top sealing tube and degassed under argon. Dry
(toluene: DMF, 2 mL: 0.2 mL) added and the system degassed again and heated at 115
°C for 17h. The reaction contents cooled to RT, the polymer dissolved in CHCIz (300
mL) and an NH4OH solution (50 mL, 35% in H>O) added and stirred overnight. The
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organic phase separated and washed with deionised H20. The organic phase concentrated
to around (50 mL) and put into methanol (300 mL). The mixture stirred overnight and
filtered. The polymer purified by Soxhlet extraction with methanol (300 mL), acetone
(300 mL), and hexane (300 mL) and finally toluene (300 mL). The toluene fraction
concentrated to around (50 mL) and put into methanol (300 mL). The solution stirred
overnight and the pure polymer recovered by filtration to yield 135 as dark green powders
(170 mg, 0.19 mmol, 95% yield)>L.

GPC: toluene fraction, M, = 7800 g mol, My = 18100 g mol, PDI = 2.3 and Dp = 9. 'H
NMR (toluene fraction) (C2D2Cls, 3): 8.04 (bm, 2H), 7.35-7.06 (bm, 4H), 3.83-3.69 (bm,
2H), 1.98-1.84 (bm, 4H), 1.80-1.67 (bm, 1H), 1.62-1.47 (bm, 3H), 1.45-1.13 (bm, 23H),
1.12-1.03 (bm, 3H), 1.01-0.93 (bm, 3H), 0.88-0.77 (bm, 16H). FT-IR (cm™): 3131, 3067,
2921, 2847, 1744, 1694, 1503, 1432, 1396, 1173, 1105, 1066. EA (%) calculated for
Cs1He1N302Ss: C, 67.44; H, 6.77; N, 4.63; S, 17.65. Found: C, 61.10; H, 7.02; N, 3.98;
S, 15.38.

2" polymerisation

135 was prepared for the second time by the same procedure except the polymerisation
was left for 72h. Toluene fraction (110 mg, 0.12 mmol, 62% yield), chloroform fraction
(42 mg, 0.05 mmol, 24% yield) with total yield 86%°L.

GPC: toluene fraction, Mn = 10000 g mol, My = 30900 g mol~, PDI = 3.0 and Dp = 11;
chloroform fraction, M, = 17400 g mol, My, = 61400 g mol, PDI = 3.5 and Dp = 19.

9.4.16. Synthesis of poly[4,4-dioctyl-2,6-cyclopenta[2,1-b:3,4-b"]dithiophene-alt-5,5-
(4',7'-bis(2-thienyl)-2',1",3'-benzothiadiazole-5,6-N-octyl-dicarboxylic imide) (136)

R4, Ry = octyl

15t polymerisation

136 was prepared followed by the same procedure for synthesis of 135.

121 (101.2 mg, 0.180 mmol) and 48 (86.9 mg, 0.180 mmol) were copolymerised in the
presence of Pdx(dba)s.CHCI3z (5.5 mg, 0.0053 mmol), P(0-MeOPh)s (7.6 mg, 0.0216

mmol), PivOH (18.4 mg, 0.180 mmol), Cs.CO3 (176.4 mg, 0.54 mmol) and anhydrous
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(toluene: DMF, 2 mL: 0.2 mL) for 51h to afford 136 as dark green powders (114 mg, 0.13
mmol, 72% yield)>L.

GPC: toluene fraction, M, = 4900 g mol, My = 20800 g mol, PDI = 4.2 and Dp = 6. ‘H
NMR (toluene fraction) (C2D2Cls, 8): 8.07 (bm, 2H), 7.35-7.18 (bm, 4H), 3.83-3.66 (bm,
2H), 1.98-1.83 (bm, 4H), 1.81-1.66 (bm, 2H), 1.48-1.04 (bm, 30H), 0.90-0.78 (bm, 13H).
FT-IR (cm™): 3127, 3067, 2918, 2850, 1747, 1698, 1510, 1432, 1393, 1166, 1010. EA
(%) calculated for C49Hs7N3O2Ss: C, 66.86; H, 6.53; N, 4.77; S, 18.21. Found: C, 67.23;
H, 6.60; N, 4.41; S, 17.45.

2" polymerisation

136 was prepared for the second time by the same procedure except the polymerisation
was left for 96h. Toluene fraction (120 mg, 0.14 mmol, 76% yield)®L.

GPC: toluene fraction, Mn= 9100 g mol*, My, = 18300 g mol, PDI = 2.0 and Dp = 10.

9.4.17. Synthesis of poly[4,4-bis(2-ethylhexyl)-2,6-cyclopenta[2,1-b:3,4-
b']dithiophene-alt-5,5-(4",7'-bis(2-thienyl)-2,1',3'-benzothiadiazole-5,6-N-octyl-
dicarboxylic imide) (137)

R4 =EH, R, = octyl

137 was prepared followed by the same procedure for synthesis of 135.

120 (104 mg, 0.185 mmol) and 48 (89.3 mg, 0.185 mmol) were copolymerised in the
presence of Pdx(dba)s.CHCIsz (5.8 mg, 0.0056 mmol), P(0-MeOPh)z (7.8 mg, 0.022
mmol), PivOH (18 mg, 0.185 mmol), Cs,CO3z (180 mg, 0.55 mmol) and anhydrous
(toluene: DMF, 2 mL: 0.2 mL) for 96h to afford 137 as dark green powders (118 mg, 0.13
mmol, 72% yield)®*.

GPC: toluene fraction, Mn = 15900 g molt, My = 29700 g mol™, PDI = 1.8 and Dp = 18.
'H NMR (toluene fraction) (C2D2Cls, §): 8.15-8.02 (bm, 2H), 7.35-7.20 (bm, 4H), 3.83-
3.66 (bm, 2H), 2.07-1.89 (bm, 4H), 1.81-1.70 (bm, 2H), 1.48-1.22 (bm, 18H), 1.17-0.97
(bm, 10H), 0.94-0.84 (bm, 3H), 0.83-0.76 (bm, 6H), 0.75-0.69 (bm, 6H). FT-IR (cm™):
3131, 3070, 2921, 2854, 1751, 1698, 1527, 1432, 1396, 1166, 1098. EA (%) calculated
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for C49Hs7N30,Ss: C, 66.86; H, 6.53; N, 4.77; S, 18.21. Found: C, 67.09; H, 6.41; N, 4.57;
S, 17.65.

9.4.18. Synthesis of poly[4,4-dioctyl-2,6-dithieno[3,2-b:2",3'-d]silole-alt-5,5-(4",7'-
bis(2-thienyl)-2',1',3'-benzothiadiazole-5,6-N-(3,7-dimethyloctyl)-dicarboxylic
imide) (144)

144 was prepared followed by the same procedure for synthesis of 35.

142 (100 mg, 0.134 mmol) and 49 (89 mg, 0.134 mmol) were copolymerised using
Pd(OAc)2 (2.2 mg, 0.0097 mmol) and P(o-tol)s (6.1 mg, 0.020 mmol) in anhydrous
toluene (5 mL) at 110 °C for 72h. 144 was obtained as dark blue powders. Toluene
fraction (42 mg, 0.05 mmol, 34% yield), chloroform fraction (72 mg, 0.08 mmol, 58%
yield) with total yield 92%°2.

GPC: Toluene fraction, M, = 6200 g mol™, My = 20600 g mol, PDI = 3.2 and Dp = 7;
chloroform fraction, Mn= 14600 g mol, My = 79900 g mol, PDI =5.4 and Dp = 16. 'H
NMR (toluene fraction) (C2D2Cls, 8): 8.16-8.01 (bm, 2H), 7.54-7.17 (bm, 4H), 3.87-3.65
(bm, 2H), 1.81-1.67 (bm, 1H), 1.60-1.50 (bm, 3H), 1.48-1.07 (bm, 33H), 1.05-0.94 (bm,
6H), 0.89-0.78 (bm, 10H). FT-IR (cmY): 3129, 3062, 2955, 2923, 2848, 1753, 1696,
1546, 1425, 1350, 1168, 1068. EA (%) calculated for CsoHs1N302SsSi: C, 64.96; H, 6.65;
N, 4.55; S, 17.34. Found: C, 63.29; H, 6.49; N, 4.74; S, 17.10.

9.4.19. Synthesis of poly[4,4-dioctyl-2,6-dithieno[3,2-b:2",3"-d]silole-alt-5,5-(4",7'-
bis(2-thienyl)-2",1",3"-benzothiadiazole-5,6-N-octyl-dicarboxylic imide) (145)

145 was prepared followed by the same procedure for synthesis of 35.
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142 (107 mg, 0.143 mmol) and 50 (91 mg, 0.143 mmol) were copolymerised using
Pd(OAc)2 (2.3 mg, 0.01 mmol) and P(o-tol)s3 (6.5 mg, 0.021mmol) in anhydrous toluene
(5 mL) at 110 °C for 72h. 145 was obtained as blue powders (73 mg, 0.08 mmol, 57%
yield)®2.

GPC: toluene fraction, M, = 5700 g mol, My = 14000 g mol, PDI = 2.4 and Dp = 6. 1H
NMR (toluene fraction) (C2D2Cls, 8): 8.19-8.01 (bm, 2H), 7.55-7.20 (bm, 4H), 3.87-3.66
(bm, 2H), 1.841.64 (bm, 2H), 1.61-1.07 (bm, 34H), 1.06-0.92 (bm, 3H), 0.89-0.78 (bm,
10H). FT-IR (cm™): 3129, 3062, 2951, 2919, 2851, 1749, 1689, 1549, 1425, 1350, 1161,
1007. EA (%) calculated for C4gHs7N30,SsSi: C, 64.32; H, 6.41; N, 4.69; S, 17.88. Found:
C,63.09; H, 6.19; N, 5.11; S, 17.63.
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Chapter 10 -  Supporting Information
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Figure 10.1: *H NMR spectrum of 6 in CDCls
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Figure 10.2: *H NMR spectrum of 8 in CDCls
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Figure 10.3: *H NMR spectrum of 29 in CDCls
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Figure 10.4: *H NMR spectrum of 34 in CDCls
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Figure 10.5: *H NMR spectrum of 47 in CDCls
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Figure 10.6: *H NMR spectrum of 48 in CDCls
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Figure 10.7: *H NMR spectrum of 49 in CDCls
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Figure 10.8: *H NMR spectrum of 50 in CDCls
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Figure 10.9: *H NMR spectrum of 72 in CDCls
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Figure 10.10: *H NMR spectrum of 89 in CDCls
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Figure 10.11: *H NMR spectrum of 120 in CDCls
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Figure 10.13: *H NMR spectrum of 122 in CDCls
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Figure 10.14: *H NMR spectrum of 142 in CDCls
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Figure 10.15: *H NMR spectrum of 35 in CDCls
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Figure 10.16: *H NMR spectrum of 36 in C2D,Cl4 at 100 °C
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Figure 10.17: *H NMR spectrum of 37 in CDCls
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Figure 10.18: *H NMR spectrum of 76 in C2D,Cl4 at 100 °C
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Figure 10.19: *H NMR spectrum of 77 in C2D,Cl4 at 100 °C
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Figure 10.20: *H NMR spectrum of 78 in C2D,Cl4 at 100 °C
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Figure 10.21: *H NMR spectrum of 79 in C2D,Cl4 at 100 °C
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Figure 10.22: *H NMR spectrum of 104 in C2D,Cl4 at 100 °C

274



T T T T T T T T 1
82 81 80 79 78 77 176 ppm

___/w ' Ll A N ]

T
8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0 0.5 ppm

Figure 10.23: *H NMR spectrum of 105 in C2D,Cl4 at 100 °C
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Figure 10.24: *'H NMR spectrum of 106 in C2D2Cl4 at 100 °C
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Figure 10.25: *H NMR spectrum of 107 in C2D2Cl4 at 100 °C
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Figure 10.26: *H NMR spectrum of 109 in C2D,Cl4 at 100 °C
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Figure 10.27: *H NMR spectrum of 110 in C2D2Cl4 at 100 °C
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Figure 10.28: *H NMR spectrum of 134 in C2D,Cl4 at 100 °C
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Figure 10.29: *H NMR spectrum of 135 in C2D2Cl4 at 100 °C
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Figure 10.30: *H NMR spectrum of 136 in C2D2Cl4 at 100 °C
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Figure 10.31: *H NMR spectrum of 137 in C2D2Cl4 at 100 °C
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Figure 10.32: *'H NMR spectrum of 144 in C,D,Cl4 at 100 °C
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Figure 10.33: *H NMR spectrum of 145 in C,D,Cl4 at 100 °C
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