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Abstract

Polymer solar cells (PSCs) have received substantial consideratiaheasand
renewable energy sources due to their advantages ssoluisnprocessinglow cost,
lightweight andnechanicallyflexible deviceslin the last few yearshepower conversion
efficiency of bulk heterojunctiorsolar cells has increased dramatically reachipgo

10% recently.

This dissertation focuses on two types of conjugated polymers, thermocleavable polymers
and donotacceptor (BA) polymers.Three novel thermocleavable polyme3s, 36 and

37 were preparedia the Stille polymerisatior35 and36 consisting obithiophene and
tetrathiophenas thedonor unis and secondary phthalate ester as the acceptor 3inits
containsfluorene flanked by thienyl grous thedonor unis and secondary phthtga

ester as the acceptor unithe optical band gaps {Fof thepolymers are between 2.11

and 2.58 eV. After thermal treatment, the band gaps gbahanershave decreaskto
between 1.86 and 2.14 eV.

A series of DA copolymers includindbenzothiadiazole dicarboxylic imid&TDI) as
acceptor units with different donanits were synthesisetdwo different alkyl side chains
(3,7-dimethyloctylvs nroctyl) were anchored to tHgI'DI units in order to investigate the
effect of these alkyl substituents on the solubility, molecular weights, optoelectronic
properties, thermalnd structural properties of the polymers. Four copolyniér3,7, 78

and 79 based on 2;fluorene or 2,7dibenzosilole were synthesisediia Suzuki
polymerisation. Dibenzosilolbased polymers have slightly lowEg relative to their
fluorenebased analogues. Anothierur copolymers,104, 105 106 and 107 including
2,7-carbazole were also synthesisgalSuzuki polymerisationfwo fluorine atoms were
incorporated at the 3ositions of2,7-carbazole units to invesate the impact of
fluorine upon the optoelectronic properties, thermal and structural properties of the
polymers. The Eof fluorinated copolymers are slightly higher than 4flmorinated
counterparts.Two copolymers,109 and 110 containing 2,6-anthracene were also

prepared througBuzuki polymerisatiorBoth polymershave lowEg of 1.66 eV.

A series of copolymer434, 135 136and137containing cyclopentadithiophen€RDT)
were prepared.134 was prepared bySuzuki polymerisation, while the fwr three
copolymers were prepared by direct arylation polymerisailibaEg of the polymers are
between 1.32 and 1.43 eV.



The finaltwo alternating copolymers of dithienosilo®TS), 144and145 were prepared

via Stille polymerisation. Both polymersate lowEg around 1.4 eV. Copolymers based

on fluorene, dibenzosilole, carbazole and anthracene units have deep HOMO energy
levels aboui 5.5 eV. However, the HOMO energy levels of the copolymers containing
CPDT andDTS units are significantly shifted upward to arouii8.@ toi 5.2 eV). The

LUMO levels of the copolymers are betwéé&@ and 3.5 eV. All polymers exhibit good
thermal stability withdecomposition temperaturesirpassing 310C. Powder Xray

diffraction stulies 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 electronanfiguration of conjugated polymers, it is better to
compare the bond orientation and hybridisation of saturated polymers and conjugated
polymers. PolyethylenePE) and polyacetylenePA) are selected as examples of

saturated and conjugated polymers, eesipely.

In PE, each carbon atom in the main chain i$sygbridised and it is bonded with two

nei ghbouring carbon atoms and two hydr oc¢
Therefore, each carbon atom utilises all four valence electrons and these electrons are
strongly localised. As a resuRE is electricallyinsulating as there is no free electron in

its backbone, which is responsible for conducting electricity. Consequently, the optical
band gap (B of PE is large around 8.0 eV and it is outside the optical speétrum
However, inPA, each carbon atom is@pybridised and it is bonded to two neighbouring
carbon atoms and one hognds Tthgrenminiagtuohgbridised f o r
2p; orbital per carbon atom is perpendicular to the trigonal golah the polymer
backbone. Each unhybridised 2mpbital contains unpaired electron and overlap with
adjacent2por b i t al -bandand uttimately 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 polym&Ag-CH-).. If the carborcarbon bonds
inPAar e e qu al tonpitalscoutdfe halffilledeandit could possess metallic
behaviour. Peierls predicted that this structure is unstabA|rthe bakbone of the
polymer has in fact alternating slightly longer single and slightly shorter double®bonds
It has two isomeric forms which are trgpalyacetylenet(PA) and cispolyacetylened-

PA). Due to the Peierls theory each repeat unit-RA contains two carbon atoms (
CH=CH)..As a r eand int-PA i$ diveled into two suibands which are the

f il ibead d” an d-bamdnphe gifferericen energy between these bands is the
band gap (B and for the-PA the value is 1.5 et/



1.2. Dopng in conjugatedpolymers

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 conductivitpificantly increases by several
orders of magnitude For example, the conductivity 6PA is lower than 19 S cmtin

its undoped state. However, when it is doped with an oxidising %hentonductivity
reached a metallic regime ~*19 cm.

Charge carriers can be generateredo reactions. The doping in conjugated polymers
can beachievedin a number of different ways for example photo, dmade, charge

injection and redox doping.

t-PA is unique among the conjugated polymers because it has a degenerate ground state,
I.e., twopossible 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 borgsdescribed above, each carbon

atom int-PA contains an unpaired electron in yhhdised 2p orbital. Neutral soliton
(radical) is formed in pristinePA when each chain having an odd number of cafbons

The soliton is a domain wall between the two phases (A and B phases) alorione ¢

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

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 ¢fRAewith domain boundary

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

A new localised energy level at mishp appears for soliton with respéatthe valence
band (VB) and conduction band (CB) levels of . If the soliton is neutral, the mid
gap is haloccupied. In the case of partially oxidiseBA (p-type doping) a positively
charged soliton is formed and the rgdp is empty but when it is reduced partially (n
type doping) negatively charged soliton is created and thegyapaontains two electrons.
Soliton has chargspin relationships since neai soliton has a spin %2, however charged

solitons are spinles§igure 1.2)°.
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Figure 1.2: The schematic illustration of the chemical structures (upper), band structures, charges and

spins (lower) for a positive, neutral and negative solitons it-E¥

Unlike t-PA, the other conjugated polymefer instancec-PA, polypyrrole PPy) and
polythiophene PT) possess two distinct resonance faoramematic and quinoid geometry
which are not energetically equivalent. Quinoid resonance structurehigiseaenergy

than the aromatic resonance form. These types of polymers are called nondegenerate
ground state conjugated polym&tsn such polymers, radical cations (or radical anions)

in p-type (or ntype) doping are the main charged excitations. For examplefyipep
doping ofPPy one electron isemoved from the conjugated chain leads to the creation of

a positively charged polaron (radical cation), which is associated with a clikeid
segment spreading over about four pyrrole riffigure 1.3). Two new electronic states

in the gap are formeid polarons. For dopeBPy, these states are about 0.5 eV far from
the band edgés The lower state in a positive polaron contains an unpaired electron and
it has a spin of ¥:Second polaron is created by removingeaond electron from the
chain. The combination of two positive polarons causes the formation of energetically
favourable dication species which is called positive bipolafFagu¢e 1.3). In PPy, the
bipolaron also spreads over four pyrrole rings simiathe polaroft. 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 éPjbt. In
positive bipolaronsthose states are empty and are spinless. At higher doping level, the

bipolaron states can ovag 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 apdsitivebipolaron inPPy
1.3. Methods for preparation of conjugated polymers

Since the preparation of the first conjughp®lymer,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 -coagding and

condensation polymerisation methods.

1.3.1.The oxidative polymerisations

The oxidative polymerisations are subdivided into two categories; electrochemical
oxidativeand chemicabxidativepolymerisations.

1.3.1.1. Electrochemical oxidative polymerisations

This method is extensively used for the preparation of conjugated polymers & as

or PT from pyrrole or thiophene monomers respective§cheme 1.32 In the
electrochemicabxidative 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 metiodBor 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 ofingdtion to the surface area of the

electrode.

[ aneaw

n
X =8, NH PT, PPy

Schemel.l: Synthesis oPT or PPy by the electrochemical oxidative polymerisaton



The mechanism of the electrochemical oxidative polymerisation is not known exactly and
is a controversial subject but the generally agreed mechanidéedcsrochemical
Chemical Electrochemica] E(CE)] (Scheme 1.2 The first step involves the oxidation

of the monomer to generate a radical cdfiofhis intermediate has three resonance
forms (1, 2, and3), while 2 is clearly the most stabfe Then, two radical cations are
dimerised at}positionsvia radicatradical coupling to form a dihydrdication dimer

The next step is release of two protons to form dimer and the driving force of this step is
returning the aromaticitgf the dimer. This dimer is further oxidised to generate dimeric
radical cation and can attack anothadicalto form trimer after elimination of proton.

These reactions repeat until the polymer is forffied

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

PT, PPy

Schemel.2: The mechanism of electrochemical oxidative polymerisation for five membered heterocyclic

monomers such as thiophene or pyrrole
1.3.1.2. The chemical oxidative polymerisatian

Some conjugated polymers can be prepared by chemical oxidative polymesisation
as PPy, PT ard their derivatives such as, p@yalkylthiophene)s R3ATSs) using
oxidants such as anhydrous ferric chloride (BeGbr ammonium persulfate
[(NH4)2S:06]'’. FeCk has been widely used as an oxidizing agent in anhydrous
chloroform. Yoshino and cworkers for the first time employed this type of
polymerisation for the synthesis alé-membered heterocyclic conjugated polymers
such afPT and its analogueBPy and polyfuran RPFu) from the thiophene, pyrrole and
furan monomers respectivelg¢heme 1.3%.

. U FeCls M

X CHCI;4 X 4
X=S,NH, 0 PT, PPy, PFu

Schemel.3: The synthesis dPT, PPy andPFu by the chemical oxidative polymerisation
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PT is insoluble and it has a lack of processability for optoelectronic applications.
Introduction of flexible side chains into the backbond”®fdramatically increase the
solubility of the resulting polymsrP3ATs. P3ATswith straight alkyl side chain®utyl

or longer) are soluble and processable

Since 3substituted thiophene monomers are asymmetoupling in the 2and 5
positions of two aalkylthiophene units leads to three distinct regiochemical diads
(Figure 1.4). The first coupling is heatb-tail (HT), a second coupling is hetathead
(HH), and the last coupling is téib-tail (TT). Futhermore, when threed&kylthiophene
monomes are linked together resultfisur possible triad regioisomers which areiHT
HT, HTiHH, TTiHT and TT HH (Figure 1.4).

R
43
ail (T) SZSS ead (H)

R R R
S\ ST\ ST\
R R R
HT HH TT
R R R R R R R R
s\ /] s s\ /] s s\ /) s s\ J s
R R R R

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

Figure 1.4: Possible regioisomeric couplings folakylthiophenes

The incorporation of HHidd configurations leads to twisting of the conjugated polymer
chain,because ahe increased steriindrancebetween the solubilizing alkghainsand

the lone electron pia of adjacent Spsulfur atoms Figure 1.5). P3ATs with a random
mixture of HH linkagesTT 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 hetdtail (rr -P3ATs) (Figure 1.5. As a resultyi-P3ATs
have lower effective conjugation lengithand larger bandgaps when comparedrto
P3ATs'®.



HT-HT-HT HT-HT-HH

Figure 1.5: The schematic presentationrofP3ATs (left) andri-P3ATs (right)

In general, high molecular weight polymers and excellent yalkelachieved by chemical
oxidative polymerisation with Feglas compared to the polymers synthesised by
electrochemical oxidative polymerisation. Tipelymerization of Zalkylthiophenes
either by electrochemical orchemical oxidative method gives ri-P3ATs with
approximately 6080% HT-HT couplings®®. Anderssoret al reported that the chemical
oxidative polymerisation ofa sterically hindere®-(4-octyiphenyl)thiophene by slow
addition of Fed can provideregioregularpoly[3-(4-octylphenyl)thiophene(POPT)
with up to 94% HTHT couplings®.

1.3.2. Transition metal catalysed crossoupling polymerizations

Transition metal catalysed @®coupling polymerizations between organohalides{Ar
X) and organometallic compounds ¢AW) are powerful synthetic methods for Csp
Csp’ bond formatio?. Several conjugated polymersould be synthesised by these
reactionsThe four most commonly used metal catalysed cross coupling polymerisations
are the Kumadg&orriu, Negishi, Stille and Suzuki, in which different nucleophilic
reagents are usedrf example the aryl Grignard reagents, aryic reagentsaryl
stannaneand aryl boronic acids or esters respectiv8lgheme 1.3 In these reactions
palladium or nickel complexes are commonly used as catalgsgsldition, the metal
catalysts whictare used in these polymerisations are different, usually palladium based
catalysts are used in Stille and Suzuki. However, nickel based catalysts are used in
KumadaCorriu. The polymers synthesized by these types of polymerisations arerpowde
and in theimeutral states.

Af—X o+ Ar-M N Aaz 4 pex

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

Schemel.4: The transition metal catalysed cressupling reactions



1.3.2.1. KumadaCorriu crosscoupling reactions

In 1972, Corrivet al and Kumadaet al independently reported tlowupling between
Grignard reagents and aryl halidesng nickecomplexes as catalystS¢heme 1.5324,
They found thaNiCl>(dppp)is the most effective catalyst among all the nigitebsphine

complexe§*?>,

NiClx(dppp)

Ar'-X + Ar’MgX Ar'-Ar2  + MgX,

Ar', Ar? = aryl; X = Bror Cl
Schemel.5: KumadaCorriu crosscoupling reactions

The proposed catalytic cycle of the Kuma&darriu reaction is depicted in scheme 1.6.
First step is the reaction between dihalodiphosphinerfitkelomplex () with two
equivalents of the Grignard reagent to form nickel(0) com@gxwhich is the active
catalystin the catalytic cyc. The second step is an oxigat addition of the active
catalyst with an organohalide reagent to give halo(organo)nickel(ll) compleXHe
third step is the transmetalation betwé&anith the Grignard reagent to generate a new
diorgano nickel(ll) complex4). In the final step the latter complexundergoes the
reductive elimination to form the coupled prod{ft-Ar?) and concomitantly regenerate

the L2Ni(0) complexto complete the catalytic cyéfe

LoNi(INCl,
1
2 Ar’MgCl
.( 2 MgCl, + Ar?-Ar?
L,Ni(0)
1_p 2 2
Ar'-Ar 2 Arl-X
Reductive elimination Oxidative addition
1
1 Ni(ll)L Ar\N'(II)L
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

Schemel.6: The catalytic cycle of the Kumadzorriu reaction

In 1980, the synthesis BfT was published by two research groups using Kurataiu
coupling reaction. The first group was Yamamoto which syntheBi$dal treating 2,5

dibromothiophendl) with magnesium metal in THF using Ni(bipyYGs a catalyst
8



(Scheme 1.7?%’. The second group wasn andDudektreating same starting material that
was used by Yamamoti al in the presencef various transition metal acetylacetonate
complexesM(acac) (Scheme 1.8 ThePT prepared by these research groups had low
molecular weights and they were insoluble even in THF. Soon after, WValdfreprted
synthesis ofPT by reacting 2,5diiodothiopheng2) with magnesium metal in diethyl
ether to form Zodo-5-iodomagnesiothiophene, which is the Grignard reagent
intermediaté’. This intermediate was separated and treated with hot anisole then
Ni(dppp)Cb added as a cataly&cheme 1.Y.

The first chemical preparation of solul8ATs was synthesized by Elsenbaumer and
co-workers via KumadaCorriu coupling reactiofl. 3-Alkylsubstituted2,5-
diiodothiopheng(3) was treated with one equivalent of magnesium metal in THF (or
2MeTHF) as a solvent for the reaction to form Gegnard reagen(Scheme 1.
Ni(dppp)Br used as a catalyst and subsequently added to the resulting Grignard reagent
to form solubleP3ATs with low number average molecular weighs(= 30068000 g

molt). TheP3ATs prepared by this methambntain only50-80% HT-HT couplingsand

regioregularity cannot be controlled

Mg, THF /A
—_— >
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

Schemel.7: The synthesis dPT andP3ATs by KumadaCorriu coupling reaction

The first synthesis ofr -P3ATs was developed by McCullough and Lowe in 1992
(Scheme 1.52 This method starts with selective lithiation at thedSition of2-bromo
3-alkylthiophene 1) with lithium diisopropylamidgLDA) at cryogenic temperature to
generate organolithium intermedia®, (which is stable at this temgure with only 1

2% of metalhalogen exchang# This intermediate is changed to the organomagnesium

intermediate ) by the addition omagnesium bromide ethgtherate KigBr..OEb) and
9



subsequently polymerised situ using the Kumad&orriu crosscoupling reactionby
addingNi(dppp)Ct catalyst gaver -P3ATswith almost 100% oHTi 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

Schemel.8: The synthesis afr -P3ATs by McCullough method

Later on, McCullough and eworkers havepreparedrr-P3ATs via the Grignard
metathesis (GRIM) metho&¢heme 1.%°. Treatment oR,5-dibromo3-alkylthiophene

(1) with one equivalent of commercially available Grignard reagent resulted in a mixture
of two regiochemicalisomers 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)Glas a catalyst to the above mixture yielded®3ATs which
contained more than 99% FHAT 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 weigt8ATs canbe
prepared in kilogram sc&fe The reason provided for the regioregularity of the polymers
obtained is that intermediat&and 3 are each involved separately in the growth of

polymer chains which leks to selective formation of hedattail 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
Schemel.9: The synthesis afr -P3ATs by the GRIM route
1.3.2.2. Negishi crossoupling reactions

Negishi reported the first couplinzptween organozinc derivatives and organohalides by
using Ni or Pd as the cataly&dgheme 1.1§".

PdL, or NiL
n D Ar'-Ar2 + Znpxx

Ar'X +  Ar?znx
Ar'l, Ar? = aryl; X = |, Br,Cl or OTf; X' = |, Br or CI

Schemel.10: Negishi cross coupling reactions

Chen and Rieke reported the synthesig éP3ATs via Negishi crossoupling reaction
(Scheme 1.18. In this method2,5-dibromo3-alkylthiophene(1) was reactedwith

Rieke zinc Zn*) at cryogenic temperaturesuling in amixture of the two regioisomers
10



(2) asthe predominanintermediate and 3 in minor quantities. A regioselectivity was
achieved as high as @B% ati 78 °C for most cases. In additidhe ratio between these
isomersdepends less dhe length of the alkyl chaif These organozinc intermediates
in situundergo regioselective polymerization by adding catalytic amdui{dppe)Ck

to afford the 9798% headto-tail rr -P3ATs. Whereas, use of a Pd(PRhas a catalyst
under identical conditions yielded a totallyP3ATs.

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

Schemel.11l: Chen and Rieke method for synthesisraP3ATsandri-P3ATs
1.3.2.3. Stille crossoupling reactions

The coupling reaction of organic electrophiles such as aryl halides or triflatesydnd
stannanesatalysed by palladium walledthe Stillecouplingreaction and it is one of the
most selective and powerful synthetic approaches to form-Csgp bonds Scheme
1.12%041,

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

Ar', Ar? = aryl; R = methyl or butyl; X = |, Br or OTf
Schemel.12: The Stille cross couplingeactions

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, thewould toleratedifferent kindsof functional groups on both
partners including ester or other sensitive groups such as nitrile and alcohol without any
protection/deprotection strategtésHowever, it has some disadvantages; organotin
compounds and bgroducts are toxic materi4fs*.

A wide variety of different conjugated polymers with high molecular weights has been
synthesised by using palladiucatalysed Stille polycondensation between eleaticn
distanrare monomers and electraffeficient organodihalide monomersScheme
1.13%045,

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

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

Schemel.13: The Stille polycondensation
11



Iragi and Barker have synthesiseégioregular poly(3-hexylthiophene) (rr -P3HT)
through the Stille polycondensation usingiodo-3-hexyt5-n-butylstannylthiophene
monomer 2) (Scheme 1.1}°. This monomer was synthesized by cryogenic lithiation of
2-iodo-3-hexylthiophene ) at the 5position using LDA and subsequently treated with
tri-n-butyltin chloride. This monomer undergoes homopolymerizatismg variety

solventswhich resulted inr -P3HT with greater tha®6% HT-HT couplings.

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

Schemel.14: The synthesis aff -P3HT by Stille polycondensation

The generdly accepted catalytic cycle for the Stille reactignillustrated inscheme
1.15%. The reaction consists of four main steps. 1) Oxidative addition; 2)
transmetallation; 3) trans to cis isomerisation; and finally 4) reductive elimindien.
Pd? such as Pd(PRJy and Pd(dbay or Pd" for instance, Pd(OAg)and Pd(PPb).Cl.

are used as the catalysts. Th&Fd changedo Pd”L,which isactive catalyst byaryl
stanmre monomer and allowing access into tb&talytic cycle The first step isan
oxidative addition of an organic electrophile ¥&) to the P&L. 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-¢marfiguratiort’. The
mechanistic details of the transmetallation step was published by Espinet and Echavarren
who proposed cyclic and open pathwdysn the cyclic pathway trar&rPd" L,X
intermediate undergoes associativét-Ar? substitutionthroughtransition stateTS1)

in which the Sn and Pd metals are bridged by X ardd As a result, Tshaped cis
ArlAr?Pd" L complex is formed after elimination of XSgRrom which the organic
product(Ari-Ar?) is generated and it is the final step which is called reductive elimination
and the P@L, catalyst is regenerated ame-entes the catalytic cycl&. The open
pathway is favoured where no bridging ligands are available and in highly pletantso

and weakly coordinating anion (like triflate) which is readily substituted by the ligand or
solvent®. In this pathwayX is replaced by coordinating solvent (S) or ligand (L) to form
competitively cis and transPd" LoAr'Ar? complexes through transition stafeS@)®.

Finally, the coupled product is formed.

12



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
Ar' t
s Arz————F"d—L
Al XSnRq X:VC"C Ar' RySh-—--—-X
A—Pd-L <A Ar—Pd L<ﬁ)—|_ PdL TS1
RgSn Ar?SnR;
2o S v
Al Pd’---Ar?----SnR,
Ts2 L—Pd-L| X L
\ $ Y  Ts2
A’ o
L—Pd-L + Ar?—Pd-L ‘44 Y =SorX

Ar?SnRg

Ar2 L S =L or solvent

Schemel.15: The catalytic cycle of Stille crogupling reaction
1.3.2.4. The SuzukMiyaura reactions

The SuzukiMiyaura reaction has become one of the most important and general
methodologesfor the construction of carberarbon bond®. This reaction comprises of

the coupling between different kinds of organic electrophiles such as halides or triflates
and organoboronicacids or esters in the presence of base and palladium complexes
(Scheme 1.15°.

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

Ar', Ar? = aryl; X = Br, |, or OTf; R = H or alkyl
Schemel.16: The SuzukiMiyauracross coupling reaction

The SuzukiMiyaura reaction offers several advantages suatoasnercial availability

of the reagents and mild reaction conditions. In addition, organoboron compounds are
generally inert toward oxygen and water and thermally staboreover, theycould
toleratevarious typesof functional groups and bgroducts are notoxic and can be
easily handled and separatedTherefore, this reaction is not gnlsuitable for

laboratories but also appropriate for large scale synthesis.

The SuzukiMiyaura reaction has been used for prepaxiagous typesof conjugated
polymers for examplepoly(arylene)s and their analogues. The Suzuki polycondensation
(SPC) reaction is a step growth polymerisation between two different monomers in

13



(AA/BB approach) in which one of the aromatic monomer carrying two boronic acids (or
esters) and the second momner has two halogens (bromides or iodides) to form
alternatingcopolymers®. 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 a the other side to form homopolyme8cheme 1.1)5.

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 |

Schemel.17: The Suzuki polycondensation

Guillerez and Bidan reported the synthesis cégioregulapoly(3-octylthiophene)f -
P30T) through the SPC using -bdo-3-octyl-5-boronatothiophenanonomer 2)°”.
Similar to Stille reactionthis monomer was obtained fromidlo-3-octylthiophene 1)

by selective lithiation at4position ati 40 °C using LDA and subsequently treated with
organoboron reagent. The polymerisation was carried out by couplingifig Pd(OAc)

as a catalyst yielded -P3OT which contained 9®7% HT-HT couplings §cheme
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
Schemel.18 The synthesis af -P30T by the SPC

The catalytic cycle is similar to that of common crosesipling reactions and widely
accepted to occur in a sequence of three sig@msidative addition2) transmetalation,

and 3) reductive elimination §cheme 1.1¥* The oxidative addition of aryl halides
(ArX) to the PAL, complex is the first step of the catalytic cyélén this step, palladium
oxidises from oxidatio state of (0) to (+2) to forrarPd'XL2complex. This complex is
formed in a squarplarar cis-configuration and afterward it isomerises to a morelstab
transconfiguration, which is the first isomerisation in the catalytic &yclEhese results

were also confirmed theoretically by Braga anewawkers®. 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 trangon metal catalysed crosoupling reactions of organometallics.
Less is known about the transmetallation step and it is different from one catalytic cycle
to anotheftl. This step is highly dependent on the type of organometallic reagent used or
the reaction conditions for the couplii§srhe base such as sodium hydroxide is required
for the transmetalation step in the SuzMkyaura crosscoupling reactioff. Two
pathways are generally proposed for transmetalaBohdme 1.19 In path A, the bse

reacts with an organoboronic acid to quaternise the boron atom anc feegatively
charged boronatgAr?B(OH)s] which increases the nucleophilicity of the aryl group on
the boron atom, and it can undergo transmetalation with thRdBfL > complex”.
Alternatively, in path B, the halogen in Rd'XL, complex is replaatby a negatively
charged bas®©H or OR depentihg on the type bthe base used. Oxmalladium(Il)
complexegAr'Pd'OHL,) or (Ar'Pd'ORL,) are formed and subsequently they can react

with neutral organoboronic acf4$®.

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

T o
OH
Ar?B(OH),

Schemel.19: The catalytic cycle of the SuzuMiyauracrosscoupling reaction

Hartwiget al studied the kinetic of the transmetalatsdepin the SuzukiMiyaura cross
coupling reactioff. They found thtaithe rate of the transmetalation between boronate
[Ar?B(OH)s] and AfPd'XL 2 complex to be around four orders of magnitude slower than
that between organoboronic acid andRPd'OHL.. However, Electrospray ionization
mass spectrometry (EMS) was utilised by Aliprantis and Canary to detect the
intermediates in the SuzuMiyaura coupling reactidi. In their stdies two
intermediates which are [APd(PPB).Br]* and ArPdAP(PPh), were consistently
occurring but oxepalladium intermediates such as RJOH(PPH:. or
Ar'PdOCH(PPh), were not observed.
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The final step of the catalytic cycle is the reductive elation and before this step the
second isomerisation must take pfdcar!Pd'Ar2L; is formed in the transonfiguration

as a result of transmetalation process. Therefore, it isomerisesdonisguration and
coupling product Art-Ar?) is obtained and the palladium catalyst is reduced from the

oxidation state of +2 to 0 andminues to the catalytic cycle.

1.3.2.5. Direct hetero (arylation) cross coupling reactian

The formation of carbowgarbonbonds between (hetero) aryl halides or pseudohalides
and unfunctionalised (hetero) arenes to form hetetero or biaryl moleculesia
palladiumcatalysed direct hetero (arylation) has attracted significant atteisahreine
1.20°%.

Pd, base
e

Arl'—H +  ArP—X Ar'—Ar? +  HX

Ar', Ar? = aryl, or hetroaryl; X = Br, |, or OTf
Schemel.20: The direct hetero (arylation) reaction

This novel reaction has recently emerged as an economically attractive and
environmentally friendly alternative to traditional crassipling reactiorfS. These
reactions as the latest developments in organic and polymer synthesis have numerous
advantageous over conventional metaalysed crossoupling reactions such as: 1) they

do not require organometallic monomers, which are in some cases diffiquitity; 2)

the byproduct is HX, which is less toxic than orgamoompounds (M&SnX or BuSnX)

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_egnaire and cavorkers using
direct heteroarylation polymerisation (DHAR) The dehydrohalogenative
polycondensation of iodinated thiophene derivatiVe sihg Pd(OAc) as a catalyst,
K2CQOs base and stoichiometric amounts of tetdautylammonium bromidén-BusNBr)
gaverr -P3AT with low molecular weightl, ~ 3000g mol?) (Scheme 1.2)L

R

/ \ Pd(OAc),, DMF - / \ S

s” ' Kk,cos, n-BusNBr S\ //n
1

R= CH3, (CHz)ZCH(CH3)C2H5 or CBH17

rr-P3AT

Schemel.21: The synthesis afr -P3AT via DHAP
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Ozawa and covorkers have synthesised higher molecular weRH T (Mn up to 3@00
g molt) with high regioregularity of 98% from-Bromo-3-hexylthiophene 1) using
Herrmani® catalyst ané®(CsHs-0-NMey)s as a ligand$cheme 1.2972

R

R
Herrmann's catalyst
/\ Y |\ s
<_§\Br R =CgH13

S Ligand, Cs,CO3, THF S \ //’n
1
R

rr-P3HT

Schemel.22: The synthesis afr -P3HT via DHAP

The mechanism of the Rudhtalysed direct arylation reaction has been studied
experimentally and theoretically and several pathways have been proposed. Concerted
MetallatiorDeprotonation (CMD) is a more recent mechanistic pathway that has
received much sygort’3747>, The catalytic cycle for coupling of aryl halide {&X) and

arene (Af-H) using Pdphosphine catalytic system, stoichiometric amounts of pivalic
acid as an additive and cesium carbonate base is depicted in schefhd heBrst step

in the catalytic cycle is the oxidative additionialnis similar tathat ofStille and Suzuki
coupling reactions. In the second step, a halogen atom and one phosphine ligand are
replaced by pivalate anion to form comptexThe pivalate anion functions as a proton
shuttle in this complex which abstractpraton from Af-H and concurrently RE€ bond

is formedvia transition state TS-1)’”. This transition state is transformed to biaryl
palladium complex3) and followed by exchange of the pivalic acid by piase ligand

to create biaryl palladium diphosphine compl8x Finally, the coupled producA(?-

Ar?) is formed from the latter complex and the adilm 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
Schemel.23: The catalytic cycle of the DHAP

1.3.3. Yamamoto coupling reactios

A variety of conjugated polymers such as polyfluorenes, polyphenylenes, polycarbazoles
and polythiophenes have been prepared by Yartmaowipling reactios®. The reaction

is carried out throughlehalogenation polycondensation of dihalide monomer in the
presence of zergalent nickel complex such &(COD). as a catalyst and COD as a
neutral ligand. Poly{-alkyl-3,6-carbazole)q2) were successfully synthesised by this
method fromN-alkyl-3,6-dibromocarbazolesl] as $arting material§Scheme 1.2°.

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

2,2'-bipyridyl, DMF
1 2
Schemel.24: The synthesis of polycarbazsley Yamamoto reaction

The polymers which are prepared by this method have high molecular weights. The main
drawbacks of the Yamamoto coupling reaction tha stoichiometric amounts of the
catalyst must be used and the instabilityh@ 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 copolymeroly(p-phenylene vinylene)RPV) ard its derivativesPoly[2-methoxy
5-(2-ethylhexyloxy}1,4-phenylenevinylene]MEH -PPV) andPoly[2-methoxy5-(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 ke described in the chapter two.

1.3.4.2. Gilch method

Up to date, the ultimate \&atile route for thesynthesisof dialkoxy-substitutedPPV

derivatives iknown asGilch method. The mosixtensively studie®PV derivatives is
MEH -PPV which has been synthesised by this methot],4Dihalo-2,5dialkoxy-p-

xylene @) is polymerisedwith large excess of base such as potassartrbutoxide {-

BuOK) in THF Scheme 1.2p

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

Schemel.25: Gilch method for preparation MEH -PPV
1.4. Applications of conjugated polymers

Organic semiconduictg materialsare a promising alternate to inorganic semicoridgct
materials.The development of organic semiconductors has potential applications in
opteelectronic devices like lighemitting diodes (LEDS}®? field effect transistors
(FETsF3# and photovoltaics (PV&)?®.

1.4.1. Organic light emitting diodes (OLEDS)

Electroluminescencevas discovered for anthracene by Pagteal in 19637, In 1987,

Tang and VanSlyke demonstrated an effective electroluminescence in organic small
molecules in dilayer device witl % external quantum efficien®yIn 1990, Burroughes

et al developed the first OLED using a semiconducting polyfBV which is called
PolymerLight-Emitting Diode(PLED)®2. The typical OLED comprises of one or more
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organic layers sandwiched between two electf§dasschematic 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 (TC&gated on glass
substrateor flexible polymeris frequently used as the anode and it has a high work
function. Low work functiommetals like calcium, magnesium or aluminum are commonly
utilised as the cathode One of the organiayersis 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 electafimity (EA). The
operation process of two layer OLEs illustrated in figure 1.7. When a forwardltage

is applied across the device, electrandholes are injected frohe cathodendanode

into theLUMO andHOMO of ETLandHTL, respectively. They are transported into the
HTL/ETL interface and recombine to forexcitons. Subsequently, thegay decay
radiatively to produce light emissitin

e\
N acuu‘“ ey’

Figure 1.7: The Energy level diagram and the operation oftwa y e r  ©d_rEdp aré abbreviations
of the work functions of the cadrmdidmpEhaaedroresando de e

the hole injection barriers, respectively.

A variety of conjugated polymers $fidbeen investigated for light emitting diode

applicaions such as polpiphenylene) RPP)2 polythiophenes RT)s*3%4
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polycarbazolesRCz)s>® and polyfluorenesRF)s®®. The cobur of emission depends upon
the band gap of the conjugated polymer light emitting materials, vemghlight fram

ultraviolet to near infrared.

1.4.2. Organic Field Effect Transistors (OFETS)

Typical OFETs are composed of gate electrode, insulkty®y, organic semiconducting
layer, the source and drain electrodEgyre 1.8°. When a sufficient gatsource
voltage (\&s) 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 soudrain voltage (¥p), these charges are transported and

a current flows from source to drain electrode. This state of the OFET devalked on,

while Ves= 0, OFET is termed dff.

vV Semiconductor
GS __
Dielectric

L Gate

I Substrate .

Figure 1.8: The OFET device configuration

The types of the charge carriggmedin OFETs depend on the sign oty When
negative potential s° O0) i s applied, the holes ar
semiconductor is called-fype. However, when positive voltage is biased{V0) the
electrons are formed and the type of organic semiconductor is designatégbas In
addition, inafew cases organic semiconductors are able to transport both electrons and

holes, which are considered as ambip8lar

Thr ee k i-corjugatedo haterials have been used in OFETs such as small
molecule®®, oligomerd® and polymer¥. 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 fotthe first time as semiconducting material in polymer field effect
transistor (PFET) in 1986 by Ando andworkers®, It showed a charge car mobility

of 10° cnm? V1 st rr-P3HT showed significantly highdrole mobility compared tai -

P3HT (Figure 1.5102103104
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1.4.3. Organicphotovoltaics (OPVs)

At present, most of the global energy consumption originates from fosstfuBlsrning

fossil fuelsreleass greenhouse gases such as;@@ich has a harmful impact on the
environment, causes air pollution, global warming and climate cH&nlgeaddition, the

stock of these nerenewable energy sources is limited and cannot provide enough energy
when t he wobon Widlidceeas@ @ polvé thee problems, renewable energy
sources, for exampleydropower, bioenergyind power, solaandgeothermal energy

have been developed in the past few decades. Harvesting solar energy and converting into
electricity via photovoltaic (PV) technologis 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 argetenergy of one hour is enough to provide the global

energy consumption in an entire y@&to9110,

The first inorganic crystalline silicon solar cell with efficiency of 6% was reported in
1954 by Chapin and eworkers!’, Currently, single junction crystalline silicon solar
cells dominate the photovoltaic technology and have reached efficiencies up't6'3%%

The indirect band gap of silicon makes silidmsed solar cells necessitate relatively
thick active layers to absorb sufficient sunlightin 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 thdicgin-based solar cell expensive. Therefore,

silicon-based photovoltaics providgenall amounbf theglobalenergyproduction

Thus, alternative semiconducting materials have emerged during the last couple of
decades in order to reduce the materials cGstgper indium gallium diselenid€IGS),
cadmium telluride €dTe), amorphous and nanocrystalline silicerSj andnc-Si) are
candidates for thin film photovoltaic devices. These inorganic materials are direct
absorbers and they can absorb more photuars ¢rystalline silicot®. Amorphous and
nanarystalline silicon deliveredhe power conversion efficiend?CB of 10.19416,
However, higher efficiencies of 16.5 and 21.5% have been report€dTi@andCl GS,
respectivelyt 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 obstaclkefor widespread commercialisation.

Organic photovoltaic technologyegerally includes small moleculé$'?’, conjugated

polymers?tt?2 and dyesensitisetf3'?* based solar cells. In particular, polymer
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photovoltaicshavereceived substantiahterestbecause of a number of reasons such as
low cost, easy processability, mechanical flexibilityhtigeight and large scale realb-

roll (R2R) productiot?>128127 |n addition, the@ptoelectroniproperties of the conjugated
polymers could be adjusted by molecular destéh Furthermore, they have high
absorption coefficients, therefore only 3200 nm active layer thickness is required for
adequate absorption of sunliglit Although, PSCs have advanced very rapidly, their
power conversion efficiencies and lifetime are still inferior compared to inorganic solar

cellsH0131

1.5. Architecture of polymer solar cells
1.5.1. Single layer

Single layer cells arthe simplest device structure of orgapiwotovoltaicscontaining

only oneorganic layebetween two electrodéBigure 1.10%2 The anode is made of an
ITO. The cathode is composed of naetal, for examplecalcium, magnesiunor
aluminium. The difference in the electrodesrk function provies builtin electric field

thatis not high enough to overcome the exciton binding energy which is larger than 0.5
eV in conjugated polymet¥. This energy is several orders of magnitude higher than that
thermal energykT (300 K) = 0.026 eV ahtherefore, in such devices the electietds

are insufficient to separate the excitons into free electrons and*AidkiaV was used in
single layer photovoltaic cells and provided very low external quantum efficiency (EQE)
in the order of 1% and PCE lower than 013

1.5.2. Bilayer planar heterojunction

In atwo layer planar heterojunction, acceptarddonor layers are sandwiched between
theelectrodesKigure 1.10. The firsttwo layer planaiphotovoltaic cell was developed
by Tang in which two dfferent organic semiconductosdonor (D) an@nacceptor (A)
embedded betweentensparent ITO and a semitransparent metal ele¢ffodang's
deviceachievedhe PCE of about 1%inder simulatedir mass 2AM2) conditions. The
overall improvement efficiency in bilayer devices is maimlye to the exciton
dissociation at the D/Aunction which is much more efficient than polymer/electrode

junction in single layer devic&¥1%’,

Theperformancef bilayerdevices is greatly restricted by the exciton diffusion let¥th
For most conjugated polymers, the exciton diffusion length -20 4nni39140141
Consequently, only the excitons that are produced near thejudion could be

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

performancé&?.

One of the major breakthroughs in the field of solar cell technology was the replacement
of n-type material byBuckminsterfullereneso) and its derivatives such g&6]-phenyt
Ce1-butyric acid methyl estdiPCs1BM) and|[6,6]-phenytCr1-butyric acid methyl ester
(PC71BM) in organic photovoltaic (OPV) deviceBigure 1.9).

Figure 1.9: The molecular structure ofseand its derivatives

Fullereneshave become standaegtceptors for organic solar cells due to their various
advantages. First, they have dégipg LUMO energy levels and therefore they possess
high electron affinitie¥ Second, the triply degenerateo CUMO tends to reduce up to
six electrons and stabilise the negative chidfg&hird, ultrafast photoinduced electron
transfer from conjugated polymers teo@nd its derivatives have been observed by
Sariciftci et al and Yoshino and eworkers independently on a time scale cd. (50
femtoseconds)which is significantly faster than anyther competingphotophysical
methods that exi¥'%. Finally, Gso derivatives also show very high electron

mobilitiest*”.

The first bilayer heterojunction device based on conjugated polyvteH (PPV) and
Ceoreported by Saricifteet al in 1993delivered only &2 CEof 0.04% which was slightly
improved compared to pristiddEH -PPV single layer based solar céffs®. In order to
overcomehe exciton diffusion lengthmitation, a revolutionary development then came

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

1.5.3. Bulk Heterojunction

This architecture was inventdry Yu and ceworkersin 1995, where the conjugated
polymer and fullerene derivatives are blended together as the active |lsgerGi?V
device, thushe distance that excitons migrate is dramatically reduced and concomitantly
the D/A interfacial area sigicantly increaset?®'®%, The photogenerated excitons are

able to dssociate to free holemdelectrons 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 girevious architectureherethe A and Dmaterials

are consecutivelplacedon top of each other and can contact the cathodeaaode
electrodes selectively, the BHJ requires two channels for transporting electrons and holes
to the electrodes. Thuthe D and Adomainsshouldform bicontinuous network h
nanoscale morphology for efficient charge transport and collection after exciton
dissociatiof*2 Therefore, the BHJ devices are stronaffgctedby thenananorphology

of thephotaactive layer Sedion 1.9)*%3

The BHJ PSC device structurensists of several components as illustrated in figure
1.10%*% A transparent positive electrode, typically ITO, coated on a glass substrate is
commercially available. In addition, a buffer layerpofy(3,4-ethylenedioxythiophene)
polystyrenesulfonatédPEDOT: PSS is placed between the ITO electrode and the
photaactive layet®. This layer smoothens out the ITO surface and also facilitates the
hole extractiofr®. The actie layer is comprigkof a blend of polymeb and fullerened

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 insged between the negative electr@ohelthe 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. Principlework of polymer solar cells

Generally, four fundamental steps are involved in the process of charge gerfesation
incident photondn polymer solar cell$® (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 HOM@ading to thecreation ofexcitors™, (b) the excitons
subsequently diffuse to the D/A interfate (c) the electrons are transported from the
LUMO energy levebf theD to the LUMOenergy levebf theA. The electrons and holes

are on acceptor and donor phases, respectively, they are still stronglyjgicediomb

attractions as a geminate p&ifsand (d) dissociation of these geminate pairs into free
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holesandelectrons and finally the holemd electrons migrate towards the ancel

cathode electrodeshrough donorand acceptordomains and they are collected,

respectivelyPL,
a) LUMO b) LUMO
LUMO a— LUMO
th '_>
[} \ o/
HOMO HOMO
HOMO HOMO
Donor Acceptor Donor Acceptor
c) LUMO d) LUMO
LUMO LUMO
4 o—>»
o} e m—)
HOMO HOMO
HOMO HOMO
Donor Acceptor Donor Acceptor
O = hole ® = glectron = Anode = Cathode

Figure 1.11: The schematic diagram for working principle of polymer solar cells

1.7. Characterisation of polymer solar cells

Typical currentvoltage (¢-V) characteristics for BHJ PSCs under illuminati®shown

in figure 1.12.

J (MA cm™)

A

%

Maximum
power point

Figure 1.12: J-V curve for BHJ polymer photovoltaics
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The most important performance parameters for the PSCs are shortceireiit density
(Jso), open circuit voltag€Voo), fill factor (FF) andpower conversion efficiency (PCE)
Jsc IS the maximum current that a photovoltaic cekn generate under short circuit
conditions. It is determined by the intersection of the graph with ordinate &Mlarve
at zero biasVocis the maximum voltage that a photovoltaic device can produce. It is
determined by the intersection of the grapttha abscissa of th&V curve at which
current is equal to zero under open circuit conditidffs.is calculated by the ratio
between theoretically power outputééer Jupre) at maximum power point to the absolute
power {ocJs (Equation 1.7).

Pitax Vvpp J mpp

FF = = — ----- (1.1)
VOC ']SC VOC JSC

The estimated PCIs the ratio ofPout to thePin, wherePout andPin arethe powerout and
powerof the incident lightrespectively{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 firstfew polymers that were extensively studied pdrotovoltaiccells, are soluble
PPV derivativesfor exampleMEH -PPV developedy Wudlet al'®> MDMO -PPV and
rr-P3HT. The photovoltaic performance MEH -PPV: PCs1BM composite showed
about 1% efficiency, which was a major step of conjugated polymenss®in solar
energyconversiof®3 In 2001, BHJ photovoltaic cell based MIDMO -PPV: PCs1BM
blend achieved benchmark PCE of 2.5%%. Wienket al. fabricateda BHJ photovoltaic
cell based orMDMO -PPV and PC7:.BM that resuted in a higher PCE of 3% under
AM1.5'%5, PPV derivativeshavedeepHOMO energy leved of 15.4 eV and as a result
the BHJ devices can providé. as high as 0.82 V. Further improvement for these
polymers was limited because of relatively low hole moBfiftgnd large band gapd
2.0 eV) which restrictedscto 56 mA cni?. Therefore, the highest PG&ported for this
system was 3.3% so f&f. Benefittingfrom a lowerEy (ca. 1.9 eV)and good hole
mobilitiest®>1%8 P3ATs especiallyrr -P3HT have become one of the most representative
organic photovoltaic polymeatonorsin the 2000sIn 2002, the BHJ solar cell based on
P3HT: PCs1BM was fabricated and exhibited the maximdgof 8.7 mA cn? which
corresponded tovery 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 samielend®®. Due toextensive effortof several groupsll over the
world, PCEsof around 45% have beereportedwith P3HT: PCs1BM blend 70172172173

The large of P3HT (~ 1.9 eV) which can harvest only in the narrow range of the solar
spectrum betweens58-650 nm is one of the main factors that limits @RV efficiency

of P3HT, since the peak of photon flux density from the solar terrestrial radigtion
positioned at ~ 1.77 e\Wd. 700 nm§’417>, In addition, it has a relatively high HOMO
energy level that limits th&o. to ~ 0.6 V forP3HT: PCs1BM based BHJ solar cells
(Figure 1.13176177,

1.8.1. Optimisation of HOMO-LUMO energy levels andOptical Band Gaps

In order to efficiently absorb solar energy, #i®sorption spectrum @olymerD should
be optimally matched to the solar spectrum to maximkisand hence the PCE*’8,
Therefore, it is necessary tsynthesise narrow gepolymers with high extinction
coefficient$’®. Two strategies can hesedfor reducing theEy of the donor polymers.
Firstly, the HOMOenergylevel of theD would be raised but inevitably results in
decreases oYoc. Since, it is demonstrated that thie. is proportionalto the energy
difference between theUMO of the A andthe HOMO of theD (Figure 1.13179180181
Alternatively, the LUMO level of the polymavouldb e | ower e divopnhith t h e
is difference between LUMO levels giolymerandfullerene,should be in the range of
0.3-:0.5 eV that is higher than the exciton binding energy to provide effielentron
hole pairdissociation at th@olymervfullereneinterface and to promote chargarrier
separationFigure 1.1382183128 However, this energy offset PBHT: PCs1BM system

is too large and results in lost enerdy

LUMO -3.2eV 32evV
430V I AE ymo
P3HT | | | IS S
MDMO-PPV
VOC
HOMO PCBM
52eV
5.4 eV

-6.0 eV

Figure 1.13 The band structures ®3HT andMDMO -PPV relative toPCBM
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The LUMO energy level of an ideal polymer should be betvi&n andi 4.0 eV when
PCs1BM is used as the acceptor (LUMOi 4.3 eV)®: In addition, the polymer must
have good air stability with lodying HOMO level which would help to exhibit a higher
Vocand a higher PCE in the BHJ photovoltaic device. Therefore, the HOMO level of the
ideal polymer should be betweéh.2 andi 5.8 eV and the optimal band gap should be
between 1.2 and 1.9 &% Furthermore, the idegdolymer should hae a high hole
mobility in order to increasés. and FF1%%18, Moreover, the ideal polymer should have
an appropriate solubility in organic solvents for solution proceldyabith fullerene
acceptor in fabrication of the BHJ photovoltaic devices. Finally, the ideal polymer should
form an optimised morphology witfullerene acceptor in the active layer with a
bicontinuous network on a nanoscale to enhancéstlamdFF of the polymer solar cell

devicéss,

1.8.2. Strategies for Band Gap Tuning

Tuning thekg, the LUMO and HOMO levelsf polymer and fullerene derivativase one
of the significant parameters to achieve hefficiencyorganic photovoltaicells. Thekg
of the conjugated polymer is descriles the energglifferencebetween the LUMGnd
HOMO levels andnfluenced by several factors: bond length alternagioergy(E®-*),
aromatic resonance energy<E torsional angle energ§®), substituentenergy(Es'),

and intermolecular interactioesiergy(E™) (Equation 1.3)18%188

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

These paramete are outlined in figure 1.14.

Figure 1.14: The parameters that afft 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 lengtfs Minimizing the BLA can be achieved by increasing

thequinoidform along the conjugated polymeinainand consequently tH&; is reduced.

E'™s is associated to the aromatic resonance energy of the conjugated polymers that
contain aromati monomers and it can be explaimeds t he di fference
energy of the aromatic conjugated polymer and a structure with localised single and

double bonds. Low Bleads to a narrow band gap polyffér

E'i s related to the torsional angle (d)
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 examplerr -P3ATsadopt more planar structure and give a high delocalization of the
“-electrons and as a result they have a low band gap. HowerieR3ATsthe dkyl side

chains twist the backbone and decrease the conjugation length and consequently increase
the band gapRigure 1.5%.

Est0is the influenceon the LUMO and HOMO levels ofthe polymer by substituents.
Theselevels of the polymersould be alteredby introducing electron donatin@D) or
electron withdrawing (EW3¥ubstituents, respectivelgD substituents, such as alkyl or
alkoxy groups elevatéhe HOMO level. HowevelEW swWstituents such as CN or NO
lower the LUMO level”™. Raising the HOMO and lowering the LUMO levels leads to
reducingthe band gap of the polyniét:

E" is determinedby intermolecular interactions between the polyiverkbonesin the
solid phase the chains are more ordered than in solution and consequently reducing the
band gap’

One of the most efficient strategies to narrow the band gap is stabilising the quinoid
structure of the conjugated polymer backbone. Polythiop(féhehas a large band gap
(~ 2 eV) because it has a pronounced single bond character between the thiophene
repeating units and hence lag"1%. One effectivanethodto decrease thg; of PT is
the fusion of thiophene moiety at the -pdsiions with another aromatic unit that has
higher resonance enerdy't®). For example, polyisothionaphthed®dTN) is formed by
fusion of thiophene unite** = 1.26 eV) with benzene rin§&® = 1.56 eV), the benzene
ring maintains the aromaticity and synchronously thiophene unit fi@ojuinoid
structure(Figure 1.15°4189 Consequently, lower thg; of the resultingPITN to 1.10
eV which is around 1.0 eV lower than the cependingPT®®, Other low band gap
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polymers such aBoly(thieno[3,4b]pyrazine) PTP) (Eg= 0.95 eV), andPoly(thieno[3,4
bJthiophene) PTT) (Eg = 0.8 0.9 eV) were similarly synthesised by fusing thiophene
with other heterocyclic rings such as pyrazine and thiophene, respectirglyre(

1. 15)196,197,198.
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Figure 1.15: The structures of aromatfteft) and quinoidright) forms a)PITN b) PTP and c)PTT

The mossuccessful approach to reduceByef the polymers is to desigionoracceptor
(D-A) copolymerswhich contain D and Amonomer$®%2%0201 The strongpusli pull
driving force facilitates electron delocalization through intramobacaharge transfer
(ICT) from D monomer toA monomef®2 Consequently, the double bond character is
increased between the donor and acceptor units and redué&$th&eading to narrow
the band ga3°. According tomolecular orbital theory, the HOMO level of tBeunit
hybridises with the HOMO level of th unit to produce two new HOMO energy levels
in D-A copolymef®. Similarly, the LUMO level of th® moiety mixes with the LUMO
level of theA moiety to geerate two new LUMO energy levels incopolymer. 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 Dfrtiweety
and lower LUMO of thed moietyleads to reduce the optical band gé&jigure 1.162%.
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Figure 1.16: The orbital mixingoetween the D and the A moieties irADcopolymer

By using this DA approach, numerous new® copolymers have been developed for
OPV applications with efficiencies near to or even higher than tHa8idfl (Table 1.1
andTable 1.2.

Yang and ceworkers eported thePBDTT-DTBT copolymer containing benfh2-
b:4,5bddithiophene BDT) as a donor unit andithienylbenzothiadiazoldXTBT) as an
acceptor unit(Table 1.1)2° The PBDTT-DTBT has an Eof 1.75 eV with adeep
HOMO levelof15.31 eV. The®PBDTT-DTBT: PC71BM based devices exhibited a high
PCEof 5.66%6%,

Yanget al reported a first PA copolymer based on alternatiB@T as a donor building
block andester substituted thieno[3b}thiophene TT) as an acceptonoietydenoted as
PTB1 (Table 1.2)?%". This copolymer was synthesiséd Stille polymerisation and it has
an i of 1.62 eV. The BHJ solar cells based”iB1: PCs1BM showed a PCE of 4.76%.
The PCE increased to 5.6% whBE€7:BM used as the acceptdt Using the same
polymer backbone, the effects of substitsamd chain lengths were further investigated.
Yu and ceworkers synthesised a seriesRIfBs (Table 1.1). PTB3 was synthesised by
replacing the alkoxy side chains BBT moiety with alkyl chain€®. The HOMO energy
level of the resulting polymer loweredit6.04 eV compared 4.9 eV forPTB1. As a
result, theVoc for the polymer increased to 0.72 V and the blendP®B3: PCs:BM
showed a PCE of 5.85%. By the introduction of fluorine atom at-fheesBion of TT, the
new polymer PTB4) synthesised witm-octyl side chain on the ester group and 2
ethylhexyloxy orBDT moiety. The HOMO energy level of the resultant polymer further
lowered tai 5.12 eV with respect tBTB3. Consequently, theyc is slightly enhanced to
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0.74 V and the BHJ devices fabricated frBifiB4: PCs1BM exhibiteda higher PCE of
6.196%

Table 1.1: Structures and photovoltaic performancé8DTT-DTBT, PTBsandPBDTTT-CF
copolymers in BHJ PSCs

Polymer Voc Jsc FF | PCE| Ref.
(V) | (mAcm?) | (%) | (%)
PBDTT-DTBT 0.92 10.70 57.5| 5.66| 20

0.58 12.9 65.4 | 4.76 | 297

X = H, Ry = octyloxy, R = dodecyl

PTB3: X =H, Ri=octyl, R = 2- 0.72 13.90 58.5|5.85| 208
ethylhexyl
PTB4: X = F, R, = 2-ethylhexyloxy, R= | 0.74| 13.0 61.4| 6.1 | 208
octyl
PTB7: X = F, R, Re= 2-ethylhexyl | 0.74| 14.50 68.9 | 7.4 | 209210
PBDTTT-CF 0.76 15.20 66.9| 7.7 | 22

R1 = 2-ethylhexyloxy, R = heptyl
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Yu et al further develope®TB7 using 2ethylhexyl side chains on boBDT andTT
moietieg®®. BHJ PSCs fabricated froRiTB7: PC71BM offered avery impressivePCE
of 7.49¢°°%1% A similar polymer in the same serid®DTTT-CF) reported by Li and
co-workers in which the ester group @i unit is replaced by a ketone gro(ipable
1.2, The higher PCE of .7% was obtained in devices based RBDTTT-CF:
PC11BM?2%2

Following these outstanding results for tHRBDTTT copolymers, BDT unit
copolymerised with another eleotr accepting unit, thieno[3:@pyrrole-4,6-dione
(TPD) to formPBDTTPD copolymergTable 1.2. The firstPBDTTPD copolymer was
reported byt eclercet al?*3. They used straight alkyl chain on fiéD unit and branched
alkoxy chains onBDT unit to enhance the solubility of the polymer, which was
synthesised through Stille polymerisation. The resupiolgmer exhibited an §of 1.80
eV, which is higher than that &#BDTTT copolymers. In addition, theBDTTPD
copolymers have lower HOMO energy levelsthan PBDTTT copolymers and
consequently highev,. valuescould be expectedBDTTPD blended withPC71:BM
showeda PCE of 5.5%°. Soon after, Jéi* andFrechet® groupshavesynthesised the
same polymer but with highé, value of 33000 and 8®0g mol!, respectivelythan
the previously reprted polymer which has, value of 1800 g mof!. The polymer
fabricatedwith PC7:BM in Jen groupdelivered a PCE of 4.19%. Frechet group
enhanced the PCE to 6.8% when the polymer blended@itBM2%°. Xie etal. reported
two PBDTTPD copolymers with two different alkoxy chains BDT units and the same
alkyl chain onTPD unit. PBDTTPD1 andPBDTTPD2 weresynthesised with higMn
values of 43500 and 9009 mol?, respectivelyand they havéhe same fof 1.84 eV
(Table 1.2%'% BHJ solar cells oPBDTTPD1 andPBDTTPD2 with PC71BM gave a
PCE of 3.42 and 4.79%, respectively with: valuesas high as 0.90 &%, Later on, a
series ofPBDTTPD copolymers was reported [Beaujugeet al and they found that
attaching 2ethylhexyloxy chains oBDT unit andn-heptyl chain oiTPD improved the
performance of the polyntéf. A remarkable PCE of 8.5% was achieved®BDTTPD:
PC71BM blend(Table 1.22%".
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Table 1.2: Structures and photovoltaic performancé&DTTPD copolymers in BHJ PSCs

Polymer Voc Jsc FF PCE Ref.
V) (mMAcm?) | (%) (%)
PBDTTPD 0.85 9.81 66.0 5.5 213
R
R O-N
! o 0.84 9.80 495 4.1° 214
S
/ /|
S 7 S
it 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 10.34 510 | 4.7¢ 216
R1 = 2-ethylhexyloxy, R = 2-
octyldodecyl

PBDTTPD 0.97 12.60 70.0 8.5 217

R:1 = 2-ethylhexyloxy, R =

heptyl

3Leclercet al, ® Jen group® Frechet groud Xie et al, © Beaujugeet all.

1.9. Morphology

Even if the electron dongolymer has suitable optical and electronic properties, it must
be blended with fullerenbased electron acceptor such as PGBKbrm the active layer

in BHJ structure. The overa#fficiency of BHJ photovoltaic cells dependsn the
nananorphology of thehotactive layer.

The degree of phase separation betweerpttgmerandfullerene Ais of paramount
importance and ideal BHJ morphology has the domain sizes within the exciton diffusion
length, which is on the orders of tens of nanométeré the domain sizes between the
two components are too small, the transport of the free changeesavill be strongly
hindered due to the poorly conductive pathways for charge collection. As a result, free
electrons and holes recombine before reaching their respective elewvteduiemlecular
recombinatioA®. This type of morphology is unfavorable and the PCE of the device

could be low due to inefficient charge collection, which causes loksafidFF. 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 dissociatiowhich causes los of Jsc and FF
Therefore, to achieve the optimananorphology of thegphotaactive layer controlling
thedegree of phase separation and feature size is essential during the fabrication of BHJ

solar cells.

The nanamorphology of thephotaactive layer can & 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) onrtheanorphology of polymer:
PCBM film and the performance of the device. Shaheteal. showed the impact of
solvent on the morphology of the photoactive layer and device efficiency RIRMO -
PPV: PCes1BM blend film'®% A PCE of only 0.9% was attained when toluene (TO) was
used for casting the film, wherethe efficiency was dramatically increased to 2.5% when
TO is replaced byghlorobenzenedB). The size of thdullerenedomains within the
resulting films changeenormously with the choice of solvétit Forinstance Yangand
co-workersobserved that the size of PCBM clusters is less than 100 nm-aag§iBilms,
while in TO-cast films micrometrsized PCBMrich domains were observé&d Indeed,

the solubility of PCBM in CB is higher thaim TO. Liu and ceworkers fabricated
photovoltaic cells from blends d¥IEH-PPV: Ceso with different solvents [CBo-
dichlorobenzeneCB), xylene (XY), tetrahydrofuran (THF) and chloroform (C#j]
The authors claimed that the CIBCB and XY solventsinduce better contacts between
the polymer and € molecules, resulted in largds and lowerVo. than usingTHF and
CFsolvents. Rispenst al.fabricated solar cells fromDMO -PPV: PCs1BM blends by
changing the solvents from XY through CB to DCB and they compared the surface
topology of the active layet®. They found that the phase separation was decreased from
XY through CB to DCBThe PCE of 3% was obtained for a device made from CB with
a significant improvement adsc and FF. The PCE 0f6.1% reportedfor PCDTBT
(Scheme 4.2andPC71BM photovoltaic cells prepared from DCB, which is higher than
those devices processed from CF or?€BThis is probably due to DCB providing
optimal phase separatioelative to CF and CB solvents.
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Some interesting results have been shown using mixed solvents. For examolg oa stu

a blend ofPFDTBT (Scheme3.3) with PCs1BM fabricated by incorporating a small
amount of CB in CF (CF: CB = 80: 1, v/v) showed a significantly enhahkgedmpared

with devices prepared from neat CF. However, a reductialicimas exhibited when
devices made from CF mixed with XY or ¥ Janssen and esorkers showethat the

effect of mixed solvents on th@nanorphology of the active layers and #féiciencies

of the photovoltaic devices containing low band gap polymBBTDPP2 (Scheme

1.26) blended withPCs1BM 225, 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%)B(D®0). This is

due to the large difference in boiling points and vapour pressdirthe 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 feaese than 100 nm
using atomic force microscopyAFM) 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 1.8) mixed withPC7:BM?2’. 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% vedrtained in DCB: CF (1:4, v/v).

The higher performance is the result of higlerdue to improved crystallinity and

morphology ofpDPP: PC;1BM blends casting from mixed solvents.

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

Schemel.26: Structures opBBTDPP2 andpDPP
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. Dittraed ceworkersobserved the effect of

thermal treatmenton P3HT blended with organic small molecule ¢yd,N éis(1-
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ethylpropyl)perylenes,4:9,16tetracarboxylic diimide (EfPTC) Schemel.27)??8 The
EQE was improved after annealing at 80 °C dae hourcompared to nc@annealed
device. This improvement has been related to enhancement of the crystallPBiy Df

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

Ow. {

I

o) o)
EP-PTC

Schemel.27: Structure ofEP-PTC

Camaioniand ceworkersreported that the efficiency &3HT: fulleropyrrolidine solar
cellscouldbe increased by three to four folds under mild thermal treatment at 55 °C for
30 mirt?®. Padingeret al reporteda postproduction treatment (after deposition of the
cathode electrode) ¢f3HT: PCs1BM devicesand he PCE of thelevicewas improved

to 3.59%°. Since then, extensive efforts have been devoted to optimising thermal
annealingvia carefully controlling temperature and time in order to improve the
morphology of thephotaactive layer and increase tledficiency of P3HT: PCes1BM
devices and the PGEround 5% were report&€d!’3 Chirvaseet al have studied the
influence of thermatreatmenton thenananorphology andPCE of P3HT: PCs1BM
device$®.. They concluded that the absorptiorP&HT is redshifted in the blend films
upon annealing the devices. Mihailetchi andwawkers also reported the similar
phenomen? The structurabndoptical properties oP3HT: PCs:BM composite have
beeninvestigated usingyrazingincidence Xray diffraction GIXRD) measurements
upon thermal annealid$f. The P3HT backbone orientation became parallel to the
substrate; howevetheir side chains were oriented perpendicular to the substrate after
thermal annealing. In addition, upon thermal annealing fullerene molecules were
redistributed and diffused into larger domai@snsequentlythe absorption oP3HT is
shifted to longewavelengths due to increased crystallinity. A detailed investigation using
transmission electron microscofyEM) and electron diffraction confirmed that upon
thermal annealing d*3HT: PCs1BM blend films, the length of fibrillar crystals BBHT

phase wasncrease®#’. As a consequenca, 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.
BesidesP3HT: PCsiBM blends, several other systems suctP&@PDTBT: PCs1BM
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(Scheme 6.1andPDTSBT: PC71BM (Scheme 7.1have shown higher efficiencies after

thermal annealirig>23,

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 sol#&f£82%%, Solvent annealing dP3HT:
PCs1BM blends produce high degree of ordering ofRB&IT chains, the crystallinity of

the P3HT was improved and the polymer chains becamesghinised’®. As a result,

the dsorption of PBHT was shifted to lower energy region, and controlled phase
separatio’®. Mihailetchi and ceworkers reported that the hole mobility BBHT was
improved by 33old in P3HT: PCs:BM blend upon solvent annealfi§ Li et al have
investigated the rate of solvent evaporation and thdarestinenon the devicefficiency

of P3HT: PCs1BM 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 héiag 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 deviealect 110

°C for 20 min and the PCE increased to 4.37%. The improved PCE is attributed to high
FF of 67.4% dued selforganisation of thé3HT 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 Cktial?*%. Controlling the solveatemoval

rate increased the molecular ordering of H8HT in the blend films, as confirmed by
GIXRD. The PCE of 3.80% was achieved RHT: PC7:BM after thermal annealing at

110 °C for slow grown film. The high efficiency is attributed to improdedndFF due

to enhanced absorption and higher charge carrier mobility, respectively. Shebtaiya

have investigated the impact of setganisation by controlling solvenémoval rate on

the performance oP3HT: PCs:1BM blend€* They found that thdsc and FF were
improved for slow growth process of the active layer. This enhancement is atttibuted
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 catmolling the nananorphology ofthe photactive layer inorganic
photovoltaic cells Studies of the addition of additives to host solvent during film
processing of the blend were first reported by Bazan gfduhey demonstrated that the
photoconductivity, carrier nimlity and lifetime in P3HT: PCsiBM BHJ films were
significantly increased by adding octanethiol (5% by volume) to the TO host solvent that
resulted from enhanced structural ofd&Peetet al reported that after the addition of a
few volume percentage of X@®tanedithiol (ODT) (2.5% by volume) into the
PCPDTBT: PC71BM system(Scheme6.1), the photovoltaic device efficiency was
almost doubled from 2.8 to 5.5% Soon after, Leet al. showed a systematic study of

the addition of 1,8li(X)octanes (X = CN SH, I, Br, Cland CQCHs) to CB host solvent

for fabricatingPCPDTBT: PC71BM BHJ solar cell§®. They found that 1;8iiodooctane
(DIO) was the best additive and the PCE of the solar cells was increased ftors.2%.

They also demonstrated that alkanedithiols selectively dissolve the fullerene in the CB
host solverf®®. Since alkanedithiols have higher boiling points than CB, allowing the
fullerene mdecules 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 concantns to control the phase separation

between donor angcceptomolecules®.

Upon addition of the ODT to tHe3HT: PCs1BM blend, the crystallinity oP3HT chains

was increased®. In addition, higher hole mobility was achieved by adding octanethiol to
the P3HT: PCs1BM composité*. However, no inaase in hole mobility was observed
usingfield effect transistorRET) measuremestfor PCPDTBT: PC71BM active layer

by incorporating OD#*. Moreover,X-ray diffraction RD) data indicated that the
PCPDTBT: PC7BM films were amorphous with or without ODprocessiné“.
Therefore, the increased device performance must result from the improved
interpenetrating network, better percolation pathways for lasldslectrons and also the

electron mobility was significantly improved in the films when processed with®3DT

1.9.5. Blend composition

The blend composition of theolymer and fullerene compoundsis an important
parameter that influencbe morphology and device performamé¢he systenaritically.
In the @ase ofPPV derivativeswith PCBM, the best device performance was reported by
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taking a weight ratio of polymer. PCBNL:4) to provide a suitable nanoscale phase
separation between the two components, an efficient charge transport and a reduced
recombinatiof4248249 |n contrast to the PRWased device®3HT: PCBM composites
require significantly lower fullerene contents for optimum photovoltaic cell efficiencies.
Chirvaseet al have studied the influence &3HT: PCBM weight ratio on the
nanonorphology and the sat cell performance d?3HT: PCBM blend$®.. They found

that theJscand EQE of the blends were significanticreased with decreasing the PCBM
loading and the maximum values were attained at 50 wtPC&M. The highest PCE

was achieved for device basedRBHT: PCBM blends (1:1, w/w). M&t al recorded a

PCE of about 5% using3HT: PCBM (1:0.8, w/w) activdayer’®. Shrotriyaet al have
studied the impact d®3HT: PCBM weight ratio on the absorption spectra of films and

the photovoltaic performance BBHT: PCBM BHJ solar cell®°. They confirmed that

the absorption spectra of the films were bdifted about 63 and 80 nm when the amount

of PCBM was 67 and 75 wt%, respectively. The maximaipsorption wavelength for

the blend was achieved with 50 wi€BM. They also found that thi&.values were
increased using lower amount of PCBM and the maximum value of 9.9 mtAvas
attained withP3HT: PCBM (1:1, w/w). Theefficiency 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 ment i on euwoweuwdbdlaweredby ugpliiftingthe LUMO energy level

of thefullerenein order to maximise the,cof P3HT based PSCs and hence increase the
PCE of the deviceHigure 1.13. Kosteret al have calculated thdtimate PCE oP3HT:
PCeBMBHJ sol ar ousoland bane g’ tFisst, thel studied the effect of
lowern n g tumceto OpEV 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\@t value Second, the authors showed that by
lowering theEg of the P3HT to 1.5 eV by lowering its LUMO level (i.eVoc value
unchanged) leading to an efficiency of 6.6%. This efficiency increase outcomes from
enhanced thésc value Finally, Koster and cavorkers calculated the energy conversion
efficiency of P3BHT: PCeBMBHJ sol ar cel | t owwmb,Mandgap,f or
layer thickness and high hole mobitit§

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

tested in BHJ PSCs suchlatetium based endohedral fulleren&si §N@ Cso), PCso0BM-
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bisadduct (bisPCsoBM), indeneCso bisadduct (ICe0BA) and indeneCro bisadduct
(IC70BA) (Figure 1.17)?51252253254

LU3N@c80'PCBM

Figure 1.17: Structures of novel fullerene derivatives

In 2009, Rosst al. reportedendohedral g-fullerene derivativel(usN@ Cso-PCBM)?,

A PCE ofP3HT: LusN@Cso-PCBM BHJ solar cells reached 4.2% which is higher than
that of P3HT: PCes1BM system (3.4%). Both devices had the sag@ndFF but the
formerblend had a higherqc relative tothe latter cell benefitting from a higher LUMO
level of LusN@Cso-PCBM thanPCs1BM. Bisadduct analogue of PCBNbisPCsoBM)
has a higher LUMO energy level about 0.1 eV compareCtBM . P3HT: bisPCsoBM
based solar cell exhibited agher PCE of 4.5%which is higher than thadf P3HT:
PCs1BM based solar cell (PCE 6t8%9%°2 He et al. reported new biadduct fullerene
derivaive (ICs0BA) with stronger absorbance in thisible regioncompared t&?Cs:BM
and the LUMO level ofCs0BA upshifted td 3.74 eV, which is higher thaPCs1BM 23
The photovoltaic deviceascluding P3HT: ICsBA showedan excellent PCE of 5.44%
compared witiP3HT: PCs1BM based polymer solar cells (PCE of 3.88%er similar
conditions After device optimisation by the same grothe PCE of 6.5% was achieved
for BHJ photovoltaic cells containing®3HT: ICs0BAZ>°. He and ceworkers further
designed and synthesised new-&asluct fullerengIC7z0BA) which displays stronger
light absorption in the visible region th&Cs1BM2%% The LUMO level of IC70BA is
higher than that oPCsiBM and PC71BM. Consequentlythe Voc andthe PCE of the
photovoltaic devicemcluding P3HT: IC70BA significantly improved (0.84 V, 5.64%)
compared tdP3HT: PCsiBM (0.59 V, 3.55%) andP3HT: PC71BM (0.58 V, 3.96%)
respectively. Suet al further optimised the devices basedR3HT: IC70BA BHJ solar

cells and the PCE reached 6.69%More importantly, Guo and ewmorkers further
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optimised the photovoltaic devices based R3HT: IC70BA blend and showed an
impressive PCE of 7.46%°".

1.11. Aims and Objectives

Polymer solar cells (PSCs) haxexeivedconsiderable attention as a renewable energy
sourcebecause otheir benefits such akghtweight, flexible devices, and solution
processing®. The PCE of BHJ PSCs, where thieotaactive layer involves a blend of
donor and acceptor, has dramatically incredretthe last few yearsTo achieve high

PCEs with these devices, the conjugated polymer should have a deep HOMO level to
increaseVq,, a low energy band gap in order éfficiently absorb the solar energy
resulting in highedse, a high absorption coefficient and a good hole moBifityrhe most
efficient strategy to construct low band gamymers relies on the use of alternatiDg

andA moietiesalong the backbone of conjugated polymers. Using this strategy, several
kinds of DA copolymers havehown excellent PCEs.

One of the aims of this project is to prepare novel conjugated polymesd bas
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 bysolution 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 higieomophorelensity as the nonconjugated

side chams 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 applicatio

in PSCscould be longer than those from devices based on polymers which have
solubilising groups in the final filmFinally, low band gap polymers have been
synthesised using this approach by demareptor approach which could harvest large

amounts of gnlight.

New phthalatdbased thermocleavable polymers will be synthesigedthe Stille
polymerisation.35 and 36 are twothermocleavable copolymers containing bithiophene

or tetrathiophene as the donor units and secondary phthalate ester as the acceptor unit
(Schemel.28). 37 is athermocleavableopolymerwhich has a fluorene flanked by
thienyl units as the donor buildinddock and secondary phthalate ester as the acceptor

moiety(Schemel.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 polyupens.
thermal treatment, the solublegpursor polymers will be transformed into active phthalic
anhydride polymers, upon cleavage of teeegroups into carboxgroups followed by
dehydration $cheme 1.8). The resulting films will be completely insoluble. The
photophysical and thermal properties of the polymers will be comparecagthother

as well as to the other thermocleavable polymers.

O O o)
/1 RO OR a o o
S S A, S S M
\/ n \/ n +

Soluble precursor 37 Active 37
R = /IVVW\

Schemel.28; Structures 085, 36 and37 before and after thermal treatment

PFDTBT (Scheme3.3) andPDBSDTBT (Scheme3.4) are two fluorene/dibenzosilcle
alt-benzothiadiazole don@cceptor copolymers, which showed promising results in BHJ
solar cell$®%°, In order to prepare polymers with lower band gaps than these two
polymers, new alternative polymersing benzothiadiazole dicarboxylic imide units will

be targeted in this project.

The design and synthesis of fluorene/dibenzosdtidenzothiadiazole dicarboxylic
imide BTDI) donoracceptor copolymergg, 77, 78 and79will be undertakengcheme
1.29. All polymers will be synthesisestia Suzuki polymerisation. The impact of
attaching different substituent3, 7-dimethyloctyl(DMO) vsn-octyl] to theBTDI units
upon the solubility, molecular weights, opti@ald electrochemical properties, thermal
stability and structural properties of the resulting polymers will be studigte
photophysical and electronic properties ofplogymers will be compared wittach other
andwith thosePFDTBT, PDBSDTBT and othelanalogues.
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CgH17CgH17

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

Schemel.29: Structures o¥6, 77, 78 and79

PCDTBT (Scheme 4.is one of the most successéllernatingcopolymerscontaining
2,7-carbazole as thelectronrich moietiesand enzothiadiazole as tledectrondeficient
moietieg®®. PCDTBT andPC7:BM in BHJ photovoltaic cellshowed impressive PCE
of 7.59¢% O-PDFCDTBT and HD-PDFCDTBT (Scheme4.4) are two promising
alternating DA copolymers containing 3;@ifluoro-2,7-carbazole units and dioctyloxy
substituted benzothiadiazole 183#%%2 O-PDFCDTBT andHD-PDFCDTBT blended
with  PC71BM delivered power conversion efficiencies of 4.8 afd39%,

respectivel§f262

Inspired by these works, four new alternating copolynigr4 105 106 and107 will be
designed and synthesised Suzuki polymerisation§chemel.30). The first and second
copolymers contain 2;Zarbazole as theectronrich moietiesandBTDI as theelectron
deficient moieties. Two distinct solubilising chains (3Jimethyloctyl vs n-octyl)
attached tBTDI units to investigate the effects of thed®irs on molecular weights,
optical andelectrochemical propertiestructuraland thermal properties of the polymers.
In addition, in the third and fourth copolyméng fluorine atoms are incorporated at-3,6

positions of2,7-carbazole repeat units tavestigatethe influence of fluorination on the

photghysical properties, the HOMO and LUMO energy levels, thermal properties and

molecular orderingf the resulting polymer3.he photophysical and electronic properties
of the104and105will be compared wh each other andith thosePCDTBT and other
analaues. In addition, the opticahd electronic properties well agnolecular ordering

of the 106 and 107 will be compared witleach other and with those-PDFCDTBT,
HD-PDFCDTBT and othercounterparts.
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CgHi7~ "CgHqz
104: R = DMO 106: R = DMO
105: R = octyl 107: R = octyl

Schemel.30: Structures 004, 105, 106and107

PPATBT-8 and PPAT2BT-8 (Schemeb5.1) are two promising alternating copolymers
comprising 9,16phenylanthracene flanked with two thienyl or bithienyl asDhenits

and dioctyloxy substituted benzothiadiazole as #eunit. These polymers were
synthesised in the Iragi groupPATBT-8 andPPAT2BT-8 yieldedthe PCE of 3.92 and
4.17% in solar cell devices when mixed WRIE71BM asthe acceptor, respectivelf.
Recently, anthracerAeased copolymers delivered a remarkable PCE up to 8% in BHJ

solar cell$%>.

Inspired by these works, two néew band gaglternating copolymerd09and110will
be designed and synthesised in this prdf@cheme 131). Thecopolymers will be based
on 2,6-linked anthracenas theelectronrich moietiesandBTDI as theelectrondeficient
moieties Two different alkyl chains will be anchored to tB&€DI moieties in order to
investigate the impact they have upon the molecular weights, cgmidelectrochemical
properties, thermal stability ancholecular orderingof the resulting polymersThe
photophysical and electronic properties of 10® and 110 will be comparedwvith each
other and witlthose ofPPATBT-8, PPAT2BT-8 and other counterparts.

OCyzHzs

109: R = DMO
110: R = octyl

Schemel.31; Structures ofl09and110
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CyclopentadithiopheneCPDT) and dithienosilole ITS) have attracted considerable
attention as two promising donor building blocks for constructing low band gap D
copolymersPCPDTBT is one of the most popular loiy D-A copolymes including
CPDT as thestrong D units an@T as theA units (Scheme6.1). Photovoltaic devices
comprise oPCPDTBT: PC7:BM blendachieved a high PCE of 5.5% CPDT-based

copolymer showed an impressive PCE of 6.44®HJ solar cel&®.

Inspired by these works, a series of alternating copolymers comp@gibJ as theD
moietiesandBTDI as theA units will be designed and synthesised by different palladium
catalysed cross coupling polymerisations34 will be synthesised by Suzuki
polymeisation, while 135 136 and 137 will be synthesised by direct arylation
polymerisation $cheme 1.3). Two distinct side chain®-ethylhexyl(EH) andn-octyl]

will be anchored to th€PDT building blockswhereas (3,-dimethyloctyl andh-octyl)

will be attached tdBTDI moieties. The effects of these solubilising chains upon the
solubility, molecular weights, optical properties, the HOMO and LUMO levtbErmal

and structuralproperties of the polymers will be investigatddhe photophysical and
electronic properties of the polymesdll be compared witreach other as well as with

thosePCPDTBT and other polymer analogues.

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

137: Ry = EH, R, = octyl

Schemel.32: Structures ofl34, 135, 136and137

PDTSBT (Scheme7.1) is a low band gap copolymer including dithienosildd §) as
the strong Dmoiety and BT as theA unit. Photovoltaic devices based BDTSBT:
PC7:BM exhibited the high PCE of 5.1%’. DTSbased copolymers showettie
remarkable PCE of 7.5% in BHJ solar c&fis

Inspired by thee works, two low band gap copolymetd4and145containingDTS as
the D moietiesand BTDI as theA units will be designed and synthesisad Stille

polymerisation $chemel.33. Two distinct solubilising chains will be attached to the
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BTDI moieties in order to investigate the influences they have tpersolubility,
molecular weights, optical anelectrochemical properties, thermal stability and
molecular orderingf the resulting polymer3.he photophysical and electronic properties
of the polymerswill be compared witreach other as well as withosePDTSBT and

other polymer analogues.

CgH17CgH17
Si

144: R = DMO
145: R = octyl

Schemel.33; Structures ol44and145

48



References

1. W. R. Salaneck, R. H. Friend and J. L. Bréd®sysics Reportsl999,319, 231

251.

A. J. HeegerAngewandte Chemie International Editj@001,40, 25912611.

A. Moliton and R. C. HiornsRolymer Internationgl2004,53, 13971412.

A. Pron and P. RannoRyogress inPolymerScience 2002,27, 135190.

A. G. MacDiarmid,Angewandte Chemie International Editjd2001,40, 2581

2590.

6. C. K. Chiang, C. Fincher Jr, Y. W. Park, A. J. Heeger, H. Shirakawa, E. J. Louis,
S. C. Gau and AG. MacDiarmid,Physical Review Letterd 977,39, 1098.

7. W. P. Su, J. Schrieffer and A. J. Heedttysical Review Letterd979,42, 1698.

8. J. Bredas, B. Themans, J. Andre, R. Chance and R. S#ipethetidMetals 1984,
9, 265274.

9. A. J. Heeger, S. Kivelson, J. Schrieffer andRVSuReviews of Modern Physijcs
1988,60, 781.

10. C. J. Brabec, V. Dyakonov, J. Parisi and N. S. Sarici@oganic Photovoltaics:

o bk~ 0N

Concepts andRealization Springer Science & Business Media, 2013.

11. J.L. Bredas and G. B. Streét¢ccounts of Chemical Reseayd985,18, 309315.

12. W. Feast, J. Tsibouklis, K. Pouwer, L. Groenendaal and E. MBijp&ymer 1996,
37, 50175047.

13. Y. Wei, C. C. Chan, J. Tian, G. W. Jang and K. F. HsGélemistry of Marials,
1991,3, 888897.

14. J. Heinze, B. A. Frontardribe and S. LudwigsChemical Reviews010,110,
47244771.

15. R. Waltman and J. Bargo@anadian Journal of Chemistr§986,64, 76-95.

16. T.Hayakawa, K. I. Fukukawa, M. Morishima, K. Takeudhi,Asai, S. Ando and
M. UedaJournal of Polymer Science Part A: Polymer Chemjg601,39, 2287
2295.

17. K. Yoshino, S. Nakajima and . Sugimoto, JapaneseJournal of Applied
Physics 1987,26, L1038.

18. K. Yoshino, S. Hayashi and fR.Sugimoto Japanese Journal of Applied Physics
1984,23, L899.

19. Y.-J. Cheng, SH. Yang and GS. Hsu,ChemicalReviews 2009,109 5868
5923.

49



20.
21.

22.

23.

24,
25.

26.

27.

28.

29.

30.
31.

32.

33.
34.

35.

36.

37.
38.

39.

H. Mao, B. Xu and S. Holdcrofiacromolecules1993,26, 11631169.
M. R. Andersson, D. Selse, M. Berggren, H. Jarvinen, T. Hjertberg, O. Inganas,
O. Wennerstrom and-E. OsterholmMacromolecules1994,27, 65036506.

Y.-J. Cheng and TY. Luh, Journal of OrganometallicChemistry 2004,689,
41374148.

K. Tamao,K. Sumitani and M. KumadaJournal of the American Chemical
Society 1972,94, 43744376.

M. Kumada,Pure and Applied Chemistr$980,52, 669679.

K. Tamao, S. Kodama, |I. Nakajima, M. Kumada, A. Minato and K. Suzuki,
Tetrahedron 1982,38, 33473354.

R. Jana, T. P. Pathak and M. S. Sign@hemicalReviews 2011,111, 1417
1492.

T. Yamamoto, K. Sanechika and A. Yamamalournal of Polymer Science:
Polymer Letters Edition1980,18, 9-12.

J. W. P. Lin and L. P. Dudelpurnal of PolymeiScience: Polymer Chemistry
Edition, 1980,18, 28692873.

M. Kobayashi, J. Chen, C. Chung, F. Moraes, A. Heeger and F. W6Gghthetic
Metals 19849, 77-86.

R. Elsenbaumer, K. Y. Jen and R. Obo&jinthetic Metals1986,15, 163174.

R. Bsenbaumer, K. Jen, G. Miller and L. Shackle®gnthetic Metals1987,18,
277-282.

R. D. McCullough and R. D. Lowdpurnal of theChemcal Sogety, Chenrcal
Communication1992, 7672.

R. D. McCulloughAdvanced Materials1998,10, 93116.

R. D. McCullough, R. D. Lowe, M. Jayaraman and D. L. Ander$bae, Journal

of Organic Chemistry1993,58, 904912.

R. S. Loewe, S. M. Khersonsky and R. D. McCullougbdyancedMaterials
1999,11, 250-253.

R. S. Loewe, P. C. Ewbank, J. Liu, L. Zhai and R. D. McCullough,
Macromolecules2001,34, 43244333.

E. Negishi, Accounts of Chemical Researd®82,15, 340348.

T. A. Chen and R. D. Riekdpurnal of the American Chemical Socjet@92,
114, 10087%10088.

T.-A. Chen, X. Wu and R. D. Rieképurnal of the American Chemical Socjety

1995,117, 233244.
50



40.

41.

42.

43.

44,
45.

46.
47.

48.

49.

50.

51.

52.
53.
4.
55.
56.

S57.
58.
59.
60.
61.

B. Carsten, F. He, H. J. Son, T. Xu and L. YAhemicalReviews 2011,111,
14931528.

J. K. Stille,Angewandte Chemie Internationadiion in English 1986,25, 508
524.

V. Farina and B. Krishnadpurnal of the American Chemical Socjet991,113
95859595.

J. Hassan, M. Sevignon, C. Gozzi, E. Schulz and M. LenGlremical Reviews
2002,102, 13591470.

S. P. StanforthTetrahedron 1998,54, 263303.

Z. Bao, W. K. Chan and L. YJpurnal of the American Chemical Socjet995,
117, 1242612435.

G. Barker Journal of Materials Chemistry1998,8, 25-29.

A. L. Casado and P. Espindpurnal of the American @&mical Society1998,
120, 89788985.

P. Espinet and A. M. EchavarreAngewandte Chemie International Editjon
2004,43, 47044734.

A. L. Casado, P. Espinet, A. M. Gallego and J. M. Martilezluya, Chemical
Communications2001, 339340.

A. Nova, G. Ujaque, F. Maseras, A. Lledos and P. Espifmirnal of the
American Chemical Societ006,128 1457114578.

A. L. Casado, P. Espinet and A. M. Gallegournal of the American Chemical
Society 2000,122, 1177111782.

A. Suzuki,Journal of Organometallic Chemistyy1999,576, 147168.

A. Suzuki,Angewandte Chemie International Editj@011,50, 67226737.

N. Miyaura,Journal ofOrganometallicChemistry 2002,653 54-57.

N. Miyaura and A. SuzukiChemicalReviews 1995,95, 24572483.

A. Schliter,Journal of Polymer Science Part A: Polymer Chemjs2§01,39,
15331556.

S. Guillerez and G. BidaigynthetidMetals 1998,93, 123126.

C. Amatore and A. Jutanflccounts oChemicalResearch2000,33, 314321.
A. L. Casado and P. Espin@rganometallics1998,17, 954959.

A. A. Braga, G. Ujaque and F. Maser@ganometallics2006,25, 36473658.
A. A. Braga, N. H. Morgon, G. Ujaque and F. Masedasirnal of the American
Chemical Society2005,127, 92989307.

51



62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

A. A. Braga, N. H. Morgon, G. Ujaque, A. Lledos and F. Maselasrnal of
OrganometallicChemistry 2006,691, 44534466.

K. Matos and J. A. Soderquidthe Journal oDrganic Chemistry 1998,63, 461
470.

B. P. Carrow and J. F. Hartwigournal of the American Chemical Socje2911,
133 21162119.

R. Martin and S. L. Buchwaldccounts ofChemicalResearch2008,41, 1461
1473.

A. O. Aliprantis and J. W. Canarypurnal of the American Chemical Gety;
1994,116, 69856986.

L. Xue and Z. LinChemical Society Revienz010,39, 16921705.

P-O. Morin, T. Bura, B. Sun, S. I. Gorelsky, Y. Li and M. Leclex€S Macro
Letters 2014,4, 21-24.

A. Facchetti, L. Vaccaro and A. Marrocciingewandte Chemie International
Edition, 2012,51, 35203523.

S-Y. Liu, M.-M. Shi, J:C. Huang, ZN. Jin, X:-L. Hu, J:-Y. Pan, H:Y. Li, A.
K.-Y. Jen and HZ. ChenJournal of Materials Chemistry,2013,1, 27952805.
M. Se, J. Papillon, E. Schubnd M. Lemaire,TetrahedronLetters 1999, 40,
58735876.

Q. Wang, R. Takita, Y. Kikuzaki and F. Ozawdgurnal of the American
Chemical Society2010,132, 1142011421.

S. I. Gorelsky, D. Lapointe and K. Fagnawurnal of the American Chemical
Society, 2008,130, 1084810849.

D. Lapointe and K. FagnoGhemistry Letters2010,39, 11181126.

L. AckermannChemicalReviews 2011,111, 13151345.

L. G. Mercier and M. Leclerd\ccounts ofChemicalResearch 2013,46, 1597
1605.

M. Lafrance and K. Fagnoupurnal of the American Chemical Socie)06,
128 1649616497.

T. Yamamoto, A. Morita, T. Maruyama, Z. Zhou, T. Kanbara and K. Sanechika,

Polyner Journal, 1990,22, 187190.

Z.-B. Zhang, M. Fujiki, HZ. Tang, M. Motoaga and K. Torimitsu,
Macromolecules2002,35, 19881990.

L. Akcelrud,Progress in Polymer Scienc2003,28, 875962.

52



81.

82.

83.

84.
85.

86.

87.

88.
89.

90.

91.

92.

93.

94.

95.
96.

97.

98.
99.

A. Kraft, A. C. Grimsdale and A. B. HolmeAngewandte Chemie International
Edition in English 1998,37, 402428.

J. Burraughes, D. Bradley, A. Brown, R. Marks, K. Mackay, R. Friend, P. Burns
and A. HolmesNature, 1990,347, 539541.

S. Allard, M. Forster, B. Souharce, H. Thiem and U. ScRerewandte Chemie
International Edition 2008,47, 407G4098.

H. Klauk, Chamical Society Review2010,39, 26432666.

C. J. Brabec, S. Gowrisanker, J. J. Halls, D. Laird, S. Jia and S. P. Williams,
Advanced Materials2010,22, 38393856.

L. Lu, T. Zheng, Q. Wu, A. M. Schneider, D. Zhao and L. €bhemical Reviews
2015,115 1266612731.

M. Pope, H. Kallmann and P. Magnantége Journal of Chemical Physjc963,

38, 20422043.

C. W. Tang and S. A. VanSlykappliedPhysicsLetters 1987,51, 913915.

A. Brown, D. Bradley, J. Burroughes, R. Friend, N. Greenham, P. Burn, A.
Holmes and A. KraftAppliedPhysicsLetters 1992,61, 27932795.

R. Friend, R. Gymer, A. Holmes, J. Burroughes, R. Marks, C. Taliani, D. Bradley,
D. Dos Santos, J. Bredas and IMgdlund,Nature 1999,397, 121-128.

L. Hung and C. CherMaterials Science and Engineering: R: Reppo2302,39,
143222.

G. Grem, G. Leditzky, B. Ullrich and G. Leisingdvanced Materials1992,4,
36-37.

M. R. Andersson, M. Berggren, Qnganas, G. Gustafsson, J. Gustafsson
Carlberg, D. Selse, T. Hjertberg and O. WennerstMatromolecules1995,28,
75257529.

I. F. Perepichka, D. F. Perepichka, H. Meng and F. WAdNanced Materials
2005,17, 22812305.

J-F. Morin and M. Leclerdviacromolecules2002,35, 84138417.

A. Grice, D. Bradley, M. Bernius, M. Inbasekaran, W. Wu and E. \MppJied
Physics Letters1998,73, 629631.

C. D. Dimitrakopoulos and P. R. MalenfaAilvanced Materials2002,14, 99
117.

A. FacchettiMaterials Today2007,10, 28-37.

C. Wang, H. Dong, W. Hu, Y. Liu and D. ZhGhemical Review2011,112

22082267.
53



100. G. Horowitz,Advanced Materials1998,10, 365377.

101. A. Tsumura, H. Koezuka and T. AndéppliedPhysics Letters1986,49, 12106
1212.

102. Z. Bao, A. Dodabalapur and A. J. Lovingé@pplied Physics Letterd996,69,
41084110.

103. A. Assadi, C. Svensson, M. Willander and O. Ingaigglied Physics Letters
1988,53, 195197.

104. H. Sirringhaus, PBrown, R. Friend, M. M. Nielsen, K. Bechgaard, B. Langeveld
Voss, A. Spiering, R. A. Janssen, E. Meijer and P. HerWagure 1999,401,
685-688.

105. N. S. Lewis and D. G. NocerBroceedings of the National Academy of Sciences
2006,103 1572915735.

106. S. Solomon, GK. Plattner, R. Knutti and P. Friedlingstefroceedings of the
National Academy ofciences 2009, pnas. 0812721106.

107. N. S. Lewis and G. CrabtreBasic Research Needs for Solar Energy Utilization:
Report of the Basic Energy Sniges Workshop on Solar Energy Utilization, 2005, 1
276.

108. R. E. SmalleyMrs Bulletin 2005,30, 412417.

109. N. S. Lewis,Science 2007,315 798801.

110. O. Morton,Nature 2006,443 19-22.

111. D. M. Chapin, C. Fuller and G. Pearsdournal of Aplied Physics1954,25,
676677.

112. T. Ameri, G. Dennler, C. Lungenschmied and C. J. Bralg&mergy &
Environmental Scien¢@009,2, 347-363.

113. M. A. Green, K. Emery, Y. Hishikawa, W. Warta and E. D. Dunfmgress in
Photovoltaics:Research and\pplications 2015,23, 1-9.

114. A. Shah, J. Meier, E. VallgBauvain, C. Droz, U. Kroll, N. Wyrsch, J. Guillet and
U. Graf,Thin Solid Films$2002,403 179187.

115. B. Kippelen and JL. Brédas,Energy & Environmental Scienc2009,2, 251
261.

116. M. A. Green, K. Emery, Y. Hishikawa and W. Warapgress in Photovoltaics:
Research and Application2010,18, 346:352.

117. X. Wu, SolarEnergy, 2004,77, 803814.

54



118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.
133.

134.

135.
136.

J. Ward, K. Ramanathan, F. Hasoon, T. Coutts, J. Keane, M. Contreras, T.
Moriarty and R. Noufi, Progress in Photovoltaics: Research and Applications
2002,10, 41-46.

Y. Chen, X. Wan and G. Longccounts oChemicalResearch2013,46, 2645
2655.

Y. Sun, G. C. Welch, W. L. Leong, C. J. Takacs, G. C. Bazan and A. J. Heeger,
Nature Materials, 2012,11, 44-48.

J. C. Bijleveld, A. P. Zoombelt, S. G. Mathijssen, M. M. Wienk, M. Turbiez, D.
M. de Leeuw and R. A. Janssdournal of the American Chemical Socje2909,

131, 1661616617.

L. Cartwright, A. Iraqi, Y. Zhang, TWang and D. G. LidzeyRSC Advances
2015,5, 4638646394.

M. Grétzel,Nature 2001,414, 338344.

Y. Bai, Y. Cao, J. Zhang, M. Wang, R. Li, P. Wang, S. M. Zakeeruddin and M.
Gratzel NatureMaterials, 2008,7, 626630.

F. C. KrebsSolarEnergyMaterials andSolar Cells, 2009,93, 394412.

F. C. KrebsSolar Energy Materials and Solar Cel&009,93, 465475.

F. C. KrebsSolar Energy Materials and Solar Cel2009,93, 16361641.

M. C. Scharber, D. Muhlbacher, M. Koppe,Benk, C. Waldauf, A. J. Heeger
and C. J. Brabe&dvanced Materials2006,18, 783794.

J-L. Brédas, J. E. Norton, J. Cornil and V. Coropceaugounts ofChemical
Research2009,42, 169%11699.

M. Jargensen, K. Norrman and F. C. KreBelar Energy Materials and Solar
Cells 2008,92, 686714.

M. Jargensen, K. Norrman, S. A. Gevorgyan, T. Tromholt, B. Andreasen and F.
C. Krebs ,AdvancedMaterials, 2012,24, 580612.

J. NelsonCurrent Opinion in Solid State and Materials Scier@&®, 6, 87-95.

C. J. Brabec, N. S. Sariciftci and J. C. Hummel&wlvancedFunctional
Materials 2001,11, 15-26.

R. Marks, J. Halls, D. Bradley, R. Friend and A. Holm#&syrnal of Physics:
Condensed Matte1994,6, 1379.

C. W. TangAppliedPhysics Letters1986,48, 183185.

P. W. Blom, V. D. Mihailetchi, L. J. A. Koster and D. E. Marké\vanced
Materials, 2007,19, 15511566.

55



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

H. Spanggaard and F. C. Krel8nlar Energy Materials and Solar Cel8004,

83, 125146.

K. M. Coakley and M. D. McGehe& hemistry ofMaterials, 2004,16, 4533

4542.

J. Halls, K. Pichler, R. Friend, S. Moratti and A. Holm&splied Physics Letters
1996,68, 31203122.
T. J. Savenije, J. M. Warman and A. Goossé&isemical Physics Letteré998,

287, 148153.

D. E. Markov, E. Amsterdam, P. W. Blom, A. B. Sieval and J. C. Humme€&han,
Journal of Physical Chemistry, 005,109, 52665274.
S. Gunes, H. Neugebauer and N. S. Saricifitiemical Reviews 2007, 107,

13241338.

P. Allemand, A. Koch, F. Wudl, Y. Rubin, F. Diederich, M. Alvarez, S. Anz and
R. WhettenJournal of the American Chemical Socjet991,113 10561051.
N. Martin, L. Sanchez, B. lllescas and |. Pé@zemicaReviews 1998 98, 2527

2548.

N. Sariciftci, L. Smilowitz, A. J. Heeger and F. Wu@cience1992,258 1474

1476.

S. Morita, A. A. Zakhidov and K. Yoshin&olid Sate Communications1992,

82, 249252.
T. B.

105110.

Singh,

N .
Andreev, H. Sitter, R. Schwddiauer and S. Ba@eganic Electronics2005,6,

Marijanovil,

G.

Mat t

N. Sariciftci, L. Smilowitz, A. Heeger and F. WudynthetidMetals 1993,59,

333352.

N. Sariciftci, D. Braun, C. Zhang, V. Srdanov, A. Heeger, G. Stucky and F. Wudl,

AppliedPhysicsLetters 1993,62, 585587.
G. Yu, J. Gao, J. C. Hummelen, F. Wudl and A. J. He&®mence 1995,270,

1789.

H. Hoppe and N. S. Sariciftclournal of Materials Researci2004,19, 1924

1945.

G. Dennler, M. C. Scharber and C. J. Brab&dyanced Materials2009,21,

13231338.

R. Po, M. Maggini and N. Camaiofihe Journal of Physical Chemistry 2009,

114, 695706.

56



154. H. J. Son, B. Caten, I. H. Jung and L. YlEnergy & Environmental Science
2012,5, 81588170.

155. L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik and J. R. ReyAdsnced
Materials 2000,12, 481494,

156. S. Kirchmeyer and K. Reutedpurnal of Materials Chemiigy, 2005,15, 2077
2088.

157. T. L. Benanti and D. VenkataramdPhotosynthesiResearch2006,87, 73-81.

158. W. Cai, X. Gong and Y. Ca&olar Energy Materials and Solar Cel2010,94,
114127.

159. H.J. Son, F. He, B. Carsten and L. Yaurnal ofMaterials Chemistry2011,21,
1893418945.

160. B. C. Thompson and J. M. FrechAngewandteChemielnternational Edition,
2008,47, 58 77.

161. N. Yeh and P. YelRenewable and Sustainable Energy Revi@@3$3,21, 421
431.

162. Woudl, F.; Srdanov, G. IS Patent 5189136 (1990) Chefbstr, 1993; 255575

163. V. Shrotriya, E. HE. Wu, G. Li, Y. Yao and Y. YandApplied Physics Letters
2006,88, 064104.

164. S. E. Shaheen, C. J. Brabec, N. S. Sariciftci, F. Padinger, T. Fromherz and J. C.
Hummelen Applied Physics Letter2001,78, 841-843.

165. M. M. Wienk, J. M. Kroon, W. J. Verhees, J. Knol, J. C. Hummelen, P. A. van
Hal and R. A. JansseAngewandte Chemi€003,115 34933497.

166. C. Melzer, E. J. Koop, V. D. Mihailetchi and P. W. BloAdvanced-unctional
Materials 2004,14, 865870.

167. C. J. Brabec, S. E. Shaheen, C. Winder, N. S. Sariciftci and P. Bppked
Physics Letters2002,80, 12881290.

168. H. Sirringhaus, N. Tessler and R. H. FrieBdience1998,280, 17411744.

169. P. Schiinsky, C. Waldauf and C. J. Brabegpplied Physics Letter2002,81,
38853887.

170. G.Li, V. Shrotriya, J. Huang, Y. Yao, T. Moriarty, K. Emery and Y. Y aafure
Materials, 2005,4, 864868.

171. M. ReyesReyes, K. Kim and D. L. CarrolAppliedPhysics Letters2005,87.

172. M. D. Irwin, D. B. Buchholz, A. W. Hains, R. P. Chang and T. J. Marks,
Proceedings of the National Academy of Scien2@88,105 27832787.

57



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

W. Ma, C. Yang, X. Gong, K. Lee and A. J. Heeglkdvanced Functional
Materials, 2005,15, 16171622.

L. Dou, J. You, Z. Hong, Z. Xu, G. Li, R. A. Street and Y. YaAgyvanced
Materials 2013,25, 66426671.

B. C. Thompson, ¥G. Kim, T. D. McCarley and J. R. Reynoldsurnal of the
American Chemical Societ006,128 1271412725.

J. Hou, Z. a. Tan, Y. Yan, Y. He, C. Yang and Y. Jlournal of the American
Chemical Society2006,128 49114916.

Y. Li, Accounts of Chemical Reseay@®v12,45, 723733.

G. Li, R. Zhu and Y. Yand\ature Photonics2012,6, 153-161.

C. J. Brabec, A. Cravino, D. Meissner, N. S. Sariciftci, T. Fromherz, M. T.
Rispens, L. Sanchez and J. C. Hummedatvanced Functional Material2001,
11, 374380.

F. B. Kooistra, J. Knol, F. Kastenberg, L. M. Popescu, W. J. VerhddsKioon
and J. C. Hummele®@rganic Letters2007,9, 551-554.

A. Gadisa, M. Svensson, M. R. Andersson and O. Ingalgglied Physics
Letters 2004,84, 16091611.

R. Kroon, M. Lenes, J. C. Hummelen, P. W. Blom and B. De Beelymer
Reviews2008,48, 531-582.

L. J. A. Koster, V. D. Mihailetchi and P. W. M. Blompplied Physics Letters
2006,88, 093511.

N. Blouin, A. Michaud, D. Gendron, S. Wakim, E. Blair, R. Ne&jesu, M.
Belletete, G. Durocher, Y. Tao and M. Leclelaurnalof the American Chemical
Society 2008,130, 732742.

X. Zhan and D. ZhuRolymer Chemistry2010,1, 409419.

M. T. Dang, L. Hirsch, G. Wantz and J. D. Wu&3temicalReviews 2013,113
37343765.

C. Winder and N. S. Sariciftclournal of Materials Chemistry2004,14, 1077
1086.

J. RoncaliMacromolecular Rapid Communicatiqriz007,28, 17611775.

J. RoncaliChemicalReviews 1997,97, 173206.

I. Osaka and R. D. McCullougAgccounts oChemicalResearch2008,41, 1202
1214.

E. Bundgaard and F. C. Krel&plar Energy Materials and Solar Cel&007,91,

954-985.
58



192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.
203.

204.

205.

206.

207.

208.

2009.

210.
211.

S. Ko, E. T. Hoke, L. Pandey, S. Hong, R. Mondal, C. Risko, Y. Yi, R. Noriega,
M. D. McGehee and <L. Brédas,Journal of the American Chemical Socjety
2012,134, 52225232.

H. Van Mullekom, J. Vekemans, E. Havinga and E. Meljaerials Science
and Engineering: R: Report2001,32, 1-40.

F. Wudl, M. Kobayashi and A. Heegdhe Journal of Organic Chemisi{ry984,
49, 33823384.

N. Colaneri, M. Kobayashi, A. Heeger and F. WusynthetioVetals 1986,14,
45-52.

M. Pomerantz, B. Chalon&sill, L. O. Harding, J. J. Tseng and W. J. Pomerantz,
Journal ofthe Chenical Sogety, Chenical Commuircations 1992, 16721673.

S. Y. Hong and D. S. Marynicklacromolecules1992,25, 46524657.

G. A. Sotzing and K. Lee&vlacromolecules2002,35, 72817286.

H. Zhou, L. Yang and W. Youwlacromolecules2012,45, 607-632.

A. AjayaghoshChemical Society Revienw&003,32, 181-191.

E. Havinga, W. Ten Hoeve and H. WynbeRplymer Bulletin 1992,29, 119
126.

Y.-W. Su, S:C. Lan and K-H. Wei, Materials Today2012,15, 554562.

Q. T. Zhang and J. M. Toudpurnal of the American Chemical Socjetp97,
119, 50655066.

C. L. Chochos and S. A. ChoulBrogress in Polymer Sciencg011,36, 1326
1414.

C. Duan, F. Huang and Y. Camurnal of Materials Chemistr2012,22, 10416
10434.

L. Huo, J. Hou, S. Zhang, H. Y. Chen and Y. Yahggewandte Chemie
International Edition 2010,49, 15061503.

Y. Liang, Y. Wu, D. Feng, ST. Tsai, H:J. Son, G. Li and L. YuJournal of the
American Chemical Societ008,131, 56-57.

Y. Liang, D. Feng, Y. Wu, ST. Tsai, G. Li, C. Ray and LYu, Journal of the
American Chemical Societ009,131, 77927799.

Y. Liang, Z. Xu, J. Xia, S. T. Tsai, Y. Wu, G. Li, C. Ray and L. Yaglvanced
Materials, 2010,22.

Y. Liang and L. YuAccounts oChemicalResearch2010,43, 12271236.

J. Hou, H:Y. Chen, S. Zhang, R. I. Chen, Y. Yang, Y. Wu and GJauyrnal of

the American Chemical SocieB009,131, 1558615587.
59



212.

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.
223.

224.

225.

226.

227.

H.-Y. Chen, J. Hou, S. Zhang, Y. Liang, G. Yang, Y. Yang, L. Yu, Y. Wu and G.
Li, NaturePhotonics 2009,3, 6493653.

Y. Zou, A. Najari, P. Berrouard, S. Be
Journal of the American Chemical Socje2910,132, 53305331.

Y. Zhang, S. K. Hau, HL. Yip, Y. Sun, O. Acton and A. KY. Jen,Chemistry of
Materials, 2010,22, 26962698.

C. Piliego, T. W. Holcombe, J. D. Douglas, C. H. Woo, P. M. Beaujuge and J. M.
FréchetJournal of the American Chemical Socje€2910,132, 75957597.

G. Zhang, Y. Fu, Q. Zhang and Z. Xiéhemical Communication2010,46,
4997-4999.

C. Cabanetos, A. E I Labban, J. A. Bar
Fr ®c het , M. D. Mc G eJownal ofahe AmeRcan QWlemicél e a u |
Society 2013,135 46564659.

J. Peet, A. J. Heeger and G. C. Bazsstounts of Cheiral Research2009,42,
17001708.

C. J. Brabec, M. Heeney, |. McCulloch and J. Nel&hemical Society Reviews
2011,40, 11851199.

H. Hoppe, M. Niggemann, C. Winder, J. Kraut, R. Hiesgen, A. Hinsch, D.
Meissner and N. S. Sariciftohdvancedrunctional Materials 2004,14, 1005

1011.

X. Yang, J. K. van Duren, R. A. Janssen, M. A. Michels and J. Loos,
Macromolecules2004,37, 215%:2158.

J. Liu, Y. Shiand Y. Yandidvanced Functional Materigl2001,11, 420.

M. T. Rispens, AMeetsma, R. Rittberger, C. J. Brabec, N. S. Sariciftci and J. C.
HummelenChemical Communication2003, 21162118.

S. H. Park, A. Roy, S. Beaupre, S. Cho, N. Coates, J. S. Moon, D. Moses, M.
Leclerc, K. Lee and A. J. Heeg@&tature Photonics 2009,3, 297302.

F. Zhang, K. G. Jespersen, C. Bjoerstroem, M. Svensson, M. R. Andersson, V.
Sundstrém, K. Magnusson, E. Moons, A. Yartsev and O. Ingadisnced
Functional Materials 2006,16, 667-674.

M. M. Wienk, M. Turbiez, J. Gilot and R. A. Janss@dyanced Materials2008,

20, 25562560.

F. Liu, Y. Gu, C. Wang, W. Zhao, D. Chen, A. L. Briseno and T. P. Russell,
Advanced Materials2012,24, 39473951.

60



228. J. J. Dittmer, E. A. Marseglia and R. Friend,Advanced Materials2000,12,
12701274.

229. N. Camaioni, G. Ridolfi, G. Casalbaiceli, G. Possamai and M. Maggini,
Advanced Materials2002,14, 17351738.

230. F. Padinger, R. S. Rittberger and N. S. Saricikdvanced Functional Matels,
2003,13, 8588.

231. D. Chirvase, J. Parisi, J. C. Hummelen and V. DyakoNawnotechnology2004,
15, 1317.

232. V. D. Mihailetchi, H. Xie, B. de Boer, L. A. Koster and P. W. Blodvanced
Functional Materials 2006,16, 699708.

233. T. Erb, U. hokhavets, G. Gobsch, S. Raleva, B. Stihn, P. Schilinsky, C. Waldauf
and C. J. Brabe&dvanced Functional Materigl2005,15, 11931196.

234. X.Yang, J. Loos, S. C. Veenstra, W. J. Verhees, M. M. Wienk, J. M. Kroon, M.
A. Michels and R. A. JanssedanoLetters 2005,5, 579583.

235. |. W. Hwang, C. Soci, D. Moses, Z. Zhu, D. Waller, R. Gaudiana, C. J. Brabec
and A. J. HeegeAdvanced Materials2007,19, 23072312.

236. J. K. Park, J. Jo, J. H. Seo, J. S. Moon, Y. D. Park, K. Lee, A. J. Heeger@nd G.
Bazan Advanced Materials2011,23, 24302435.

237. Y. Zhao, Z. Xie, Y. Qu, Y. Geng and L. Wamgpplied Physics Letter2007,90,
043504.

238. S. Miller, G. Fanchini, Y-Y. Lin, C. Li, C-W. Chen, W-F. Su and M. Chhowalla,
Journal ofMaterials Chemstry, 2008,18, 306312.

239. G.Li,Y.Yao, H. Yang, V. Shrotriya, G. Yang and Y. YaAgyvanced Functional
Materials, 2007,17, 16361644.

240. V. D. Mihailetchi, H. Xie, B. de Boer, L. M. Popescu, J. C. Hummelen, P. W,
Blom and L. J. A. KosteAppliedPhysicsLetters 2006,89, 1210712107.

241. C.-W. Chu, H. Yang, WAJ. Hou, J. Huang, G. Li and Y. Yangpplied Physics
Letters 2008,92, 103306.

242. V. Shrotriya, Y. Yao, G. Li and Y. Yandg\pplied PhysicsLetters 2006, 89,
063505.

243. J. Peet, C. Soci, R. Coffin, T. Nguyen, A. Mikhailovsky, D. Moses and G. C.
Bazan AppliedPhysicsLetters 2006,89, 252105.

244. J. Peet, J. Y. Kim, N. E. Coates, W. L. Ma, D. Moses, A. J. Heeger and G. C.
Bazan NatureMaterials 2007,6, 497500.

61



245.

246.

247.

248.

249.

250.

251.

252.

253.

2%4.

255.
256.

257.

258.
259.

260.

J. K. Lee, W. L. Ma, C. J. Brabec, J. Yuen, J. S. Moon, J. Y. Kim, K. Lee, G. C.
Bazan and A. J. Heegelpurnal of the American Chemical Socje2p08,130,
36193623.

Y. Yao, J. Hou, Z. Xu, G. Liand Y. Yangdvanced Functional Material2008,
18,17831789.

[.-W. Hwang, S. Cho, J. Y. Kim, K. Lee, N. E. Coates, D. Moses and A. J. Heeger,
Journal of Applied Physic2008,104, 033706.

T. Martens, J. D6Haen, T. Munter s,
D6OI i esl aeger, D .Schéppen ahé R.ZAadnedsefynthétic D e
Metals 2003,138 243247.

J. K. van Duren, X. Yang, J. Loos, C. W. Bdleeuwma, A. B. Sieval, J. C.
Hummelen and R. A. Janssekgvanced Functional Material2004,14, 425

434,

V. Shrotriya, J. Ouyang, .RJ. Tseng, G. Li and Y. Yan@hemical Physics
Letters 2005,411, 138143.

R. B. Ross, C. M. Cardona, D. M. Guldi, S. G. Sankaranarayanan, M. O. Reese,
N. Kopidakis, J. Peet, B. Walker, G. C. Bazan and E. Van KeWlNatyre
Materials, 2009,8, 208-212.

M. Lenes, G. J. A. Wetzelaer, F. B. Kooistra, S. C. Veenstra, J. C. Hummelen and
P. W. Blom,Advanced Materials2008,20, 21162119.

Y. He, H-Y. Chen, J. Hou and Y. Lilournal of the American Chemical Socjety
2010,132 137%1382.

Y. He, G. Zhao, B. Peng and Y. lAdvanced Functional Material2010,20,
33833389.

G. Zhao, Y. He and Y. LiAdvanced Materials2010,22, 43554358.

Y. Sun, C. Cui, H. Wang and Y. LAdvanced Energy Materigl2011,1, 1058

1061.

X. Guo, C. Cui, M. Zhang, L. Huo, Y. Huang, J. Hou and Y. HEnergy &
Environmental Scien¢@012,5, 79437949.

Z. G. Zhang and J. Wangournal of Materials Chemistry012,22, 41784187.

E. Wang, L. Wang, L. Lan, C. Luo, W. Zhuang, J. Peng an@ao, Applied
Physics Letter,s2008,92, 3330%33307.

S. Beaupré and M. Leclerdpurnal of Materials Chemistry,&2013,1, 11097
11105.

62



261.

262.

263.

264.
265.

266.

267.

268.

C. Du, W. Li, Y. Duan, C. Li, H. Dong, J. Zhu, W. Hu and Z. Balymer
Chemistry 20134, 27732782.

H. Wei, Y. H. Chao, C. Kang, C. Li, H. Lu, X. Gong, H. Dong, W. Hu, C. S. Hsu
and Z. BoMacromolecularRapid Communications2015,36, 84-89.

D. H. Wang, J. K. Kim, J. H. Seo, I. Park, B. H. Hong, J. H. Park and A. J. Heeger,
Angewandte Chemiaternational Edition 2013,52, 28742880.

A. Abdulaziz,Chemical Communication2013,49, 22522254.

J. W. Jung, F. Liu, T. P. Russell and W. H.Adyanced Energy Materigl2015,

5.

Z. Li, S. W. Tsang, X. Du, L. Scoles, G. RobertsonZiang, F. Toll, Y. Tao, J.

Lu and J. DingAdvanced Functional Materigl2011,21, 3331:3336.

J. Hou, HY. Chen, S. Zhang, G. Li and Y. Yandournal of the American
Chemical Society2008,130, 1614416145.

T. Y. Chu, J. Lu, S. Beaupré, Y. ahg, J. R. Pouliot, J. Zhou, A. Najari, M.
Leclerc and Y. TacAdvanced Functional Materigl2012,22, 23452351.

63



Chapter 2 - Novel thermocleavable polymers based on

phthalate esters

Abstract

Three novel phthalateased thermocleavable copolymeBs, 36 and 37 have been
designed and synthesise®b and 36 were preparedby copolymerising distannylated
bithiophenewithout or with flanked thienyl groups as the electrdonor units with
dibrominatedsecondary phthalate ester as the eleeticmeptor units37 was prepared

by copolymerising distannylated fluorene flanked by thienyl groups as the elecinon
moieies with dibrominatedsecondary phthalate ester as the eleehamreptomoieies

All polymers were prepareda the Stille polymerisation. The impaot two different
electrondonor units on the solubility, molecular weights, and optical properties, thermal
and structural properties of the resulting polymers was investigatdths the highest
number average molecular weigiMin(= 16400 g mot). The polymers havegg in the
range of 2.142.58 eV. After thermal treatment, tlig of the polymersare reduced by
around 0.30.4 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 thegeBlrits

are completely insoluble in all solvenBBowder XD studies have shown that all
polymers have an amdrpus nature in the solid state.

2.1. Introduction
2.1.1.Wessling and Durham routes

A number of conjugated polymers were synthesised by ans@cwute where thermal
processing was utilised to remove the solubilising side chains from soluble saturated
precursor intermediates to form the final conjugated polymer films. For exgmoptéo-
phenylene vinylene) RPV) was synthesisedvia Wessling rate Scheme 2.1f.
Tr eat me n t-dichldro-pixytere (Uit ketrahydrothiophene in methanol affords
bis-sulfonium salt 2) which subsequently reacts with sodium hydroxideraduce a
quinodimethane intermediat8)( This intermediate undergoes polymerisation to fdrm
which is asoluble precursqgoolymer. It could be cast on the substrateotanfa thin film
and finally the film is heated under vacuum to produce a-tigtiity PPV films. Later
on, Gagnonet al synthesised &PV by the same method using dimethyl sulfide
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[(CHs)2S] instead of tetrahydrothiophehePolyacetyleneRA) was synthesised using

Durham routevia ring opening metathesis polymerisati®®QMP) (Scheme 2.1p*.

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

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

n

Scheme2.1: a) The Wessling route f&PV; b) the Durham method f&tA

2.1.2.Thermocleavable polymers

In the precursor route the conjugated polymer is formed after thermal treatment of a
nonconjugated polymer precursbrAn 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 doinme the
conjugated polymer backbone where the solubilising side chains are removed upon
thermocleavagé®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 insdluldommon
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 requite@his is normally obtained by
attaching long alkyl or alkoxy groups onto the polymer backborfeor example,
unsubstituted polythiophendT) is an insoluble material and by attaching the alkyl
groups such as hexyl groups at th@d3itions of thiophene units it makesly{8-
hexylthiophene) R3HT) soluble in common organic solvents. However, these
solubilising groups are nephotoactive and therefore they do not participate in charge
generation. As a result, they decrease the density of chromophores of the conjugated
polymerg?. 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 morpological changes and the resulting film is more susceptible for
diffusing small molecules and constituéfté>®. This is related to the instability of
polymer photovoltaic cells due to photochemical reactforiBherefore, 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 photovolta@solution procesag

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 thewvabbde
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
bondg® After thermal processing, these bonds are broken and volatile alkenes are

eliminated and leaving the polymer material insolublerganic solents Scheme 2.7°.

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

Scheme2.2: 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 increasedl therefore improve the thermal

stability and photovoltaic properties of the devi€és?2

BHJ photovoltaic cells containing poly(2-methylhex2-yl)-oxy-carbonyldithiophene
(P3BMHOCT) as donor and & as an acceptwhow a very stable device with lifetime
more than 10000 hours after elimination of solubilising groups upon thermal treztinent
This polymer is a soluble conjugated polymer which is transformed to a more rigid and
insoluble poly3-carboxydithiopheneR3CT) after elimination of 2nethylhexene upon
heatirg the film around 200C?%. P3CT is further transformed to polythiophen@T)

around 300C (Scheme 2.3 which was confirmed by?C labelling and soligstate NMR
studie$®. The chemial transformations can be seen visually during film annealing by
changing colour from red to orange (transformatio®MHOCT to P3CT) and then

from orange to purpteed (transformation dP3CT to PT)?%. The thermal propertidsr
P3MHOCT were investigated by thermogravimetric analysi$A). 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 decarboxylatidnBHJ devices based ®#MHOCT: PCs1BM

(or PC71BM) gave PCE in the range of 00/R%. WhenP3MHOCT was converted to
P3CT, the device showed the poorest AGEe range of 0-D.4%. Finally, the PCE was
dramatically increased whéBCT is converted t&T and PCE of 0.6% was observed in

the case oPCs1BM and up to 1.5% in the caseRE€71BM %,

W
%&m %W B

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

Scheme2.3: The chemical changes BBMHOCT into P3CT and then tdPT?’

A series of low band gap thermocleavable polymers were synthesised byncegpsing
thienopyrazine as acceptor units afidlkoxy benzenelf), fluorene g), thiophene J)
and cyclopentadithiophend)(flanked by thienyl units as donor moieti€shieme 2.5,
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 obseved to cleave at the lowest temperatures in the range e2420C leaving

the carboxyl groups on the benzene rings of thienopyra3icieefne 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 polymefs The BHJ devices fabricated fromolymer:

PCs1BM gave the best PCE of 1.21% for the copolymer contaifingithout
thermocleavage. After thermal treatment at 225the PCE drgped to 0.64%.

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

D D
Ve W L s
Soluble polymer Insoluble polymer
Y _\%/7
S S e
OCgHy7 CgH17CgH17 /Q\ s s
1 2

Scheme2.4: Low band gap thermocleavable polymers including thienopyrazine and cleavage of ester

groups upon thermal treatment

A new type of thermocleavable polymarcluding 2,1,3benzothiadiazoleBT) and
thiophene units was prepared by Helgesgnal (Scheme 2.5° A photovoltaic
performanceof the polymer: PCs1BM as active layer was measured without thermal
treatment and after annealing at 200 and ZB5respectively. Without annealing, the
device showed a PCE of only 0.21% and after thermal treatment &C20% PCE
improved slightly to 0.24%. Finally, when the tertiary ester groups are thermocleaved
after thermal treatment at 286 the PCE improvetb 0.42%.

Scheme2.5: The thermocleavable polymer basedBihand thiophene units
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Helgesen and eworkers further developed and synthesised two ti@smoceavable
polymers T1 andT2) based oBT as acceptor units and cyclopentadithioph& )

flanked by thienyl groupas donor unit{Scheme 2.5’ Branched alkyl side chains
attached to the-Bositions and 4ositions 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. BHhgiovoltaic cells comprised of2: PC7z1BM
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 contraryl'l: PCe1BM gave aPCE of only 0.18%.

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

Scheme2.6: The structures of1 andT2
2.1.3.Dithiocarbamate precursor route

Poly(thienylene vinylene) (PTV) and its derivatives could be prepareda
dithiocarbamate precursor routcheme 2.¥233, In this route, dithiocarbamates are
labile bonds and after thermal processing around 160 °C, these bonds are broken and
yielded insoluble conjugatedTV. It was blended witiPCs1BM and gave a PCE of
0.76% after thermocleavatje

]\ 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

Scheme2.7: The synthesis dPTV by dithiocarbamate precursor route
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2.2. §nthesisof monomers
2.2.1.Synthesis ofsecondary phthalate ester monomers (énd 8)

6 and8 were synthesised through four and six steps starting from commercially available
phthalic anhydride 1), respectively $cheme 2.8 The different steps and their

preparation are discussed below.

o) Br 0 Br O Br O
[ﬁ i) E?d 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

Scheme2.8: The synthetic steps of titand8

Reagents and conditionst) Brz, Iz, fuming BRSOy (30% free SG), 60°C, 24h; ii) O,
THF, reflux, 24h; iii) MeOH, NaBk&l RT, 1h, HCI; iv) DCM, DMAP, Sc(OT§) DIC,
reflux, 24h; v)2-(tributylstannyl)thiophendoluene PdCb(PPh)2, 110°C, 24h; vi) NBS,
CHCIz: HOACc (1:1, v/v), RT, 24h

2.2.1.1.Synthesis of3,6-dibromophthalic anhydride (2)

2 was prepared by bromination of phthalic anhydridle using bromine and fuming
sulfuric acid in the presence of small amount of iodine. It was obtained as white crystals
in 22% yield (Scheme 2.5,

Themechanism of the reactiasman electrophilic aromatic substituti®cheme 2.9 In

the first stepbromine reacts with fuming sulfuric acid to form-Br*-H which functions

as an electrophile. In the second step, benzene functions as a nucleophile asthattack
electrophileto form a carbocation intermediate, which is stabilised by three resonance
structures 9, 10 and11). In the third step, the carbocation is deprotonated by H80
form 3-bromophthalic anhydridel ) which is subsequently brominated at thedsition

to give2 and sulfuric acid regenerated as the catalyst.
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Schene 2.9: The mechanism of bromination of phthalic anhydiite

The structure and purity & were verified byvariety of analytical toolsThe *H NMR
spectrum oR shows a singlet peak at 7.87 ppm with an integral of two protons. The mass
spectrum oR displays the main integer signals at 304, 306 and 308 in a 1:2:1 ratio due

to the existence of two isotopes of bromifi8( and®'Br).

2.2.1.2.Synthesis of3,6-dibromophthalic acid (3)

2 washydrolysedn THF/water under reflux to yield as a white solid in a yield of 94%
(Scheme 2.§°.

Themechanism of hydrolysis &is a type of additiorelimination process and consists
of three core stepS¢heme 2.1 In the first step, water functions as a nucleophile and
attacks a carbonyl group ®to form an intermediatel 6). In the second step, the carbonyl
group is regenerated when the leaving group is expelled to form an interméd)ate (
This leaving groupn the cyclic anhydride is an internal carboxylate anion. Finally, the

latter intermediate is protonated to form the dicarboxylic acid pro8uct (
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Scheme2.10: The mechanism of hydrolysis af

From thelH NMR spectrum of3, it is obvious that the hydrolysis was successful as a
singlet peak at 8.06 ppm hchanges to 7.69 ppm 8in DMSO-ds, which is integrated

to two protons. In addition, a singlet peak atpbn appears corresponding to the two
protons of the carboxyl groups. The structurg efas further confirmed by the HR
spectroscopy. The FIR spectrum of3 shows a broad peak around 23%ED0 cmt,

which is representative of thel@stretching vibration of carboxyl group. THE NMR
spectroscopy, mass spectrometry and elemental analysis are in agreement with the

structure of3.

2.2.1.3.Synthesis of2-undecanol 6)

The commercially available-@ndecanone4) was reduced using sodium borohydride
(NaBHs) as a reducing agent in methanol and daesa colourless oil in an excellent
yield of 94% Scheme 2.F°.

The mechanism of the reaction comprises of two st8pkgme 2.1 In the first step,
sodium borohydride delivers a hydride ion to the carbonyl gro@punidecanone) to
form a negatively charged tetrahedral intermedidi8).(In the second step, this
intermediate is protonated to form a secondary alcohol pro8uct (

H
L@
(‘\ HCO\H ’

o s B
) - -
H H
ol 4 18

Scheme2.11; The mechanism of formation &6f

The'H NMR spectrum ob showed a multiplet peak in the range of 3386 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 1.2 ppm, respectively for the methylene and methyl protons. The
structure and purity of th@further confirmed by thé&’C NMR andFT-IR spectroscopy.
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TheX*C NMR spectrum ob displays eleven peaks for eleven environmentally different
carbon atoms. ThET-IR spectrum o6 shows a broad band in the range of 33600
cmt for the GH stretchingvibration.

2.2.1.4.Synthesis 0f3,6-dibromo-bis(2-undecanyl) phthalate ©)

6 waspreparedy a Steglich esterification reaction between dicarboxylic acid compound
(3) and a secondary alcohol substarge The reaction was performed in the presence of
N, Niisppropylcarbodiimide RIC), 4-(dimethylamingpyridine OMAP) and a
catalytic amount of scandium triflaf8c(OTf)] in anhydrous dichloromethane and gave

6 as acolorless oily material in 34 yield (Scheme 2.5

The mechanism of the Steglich esterification is illustrated in scheme RIC2is a
coupling reagent which functions as a nucleophilecamdeprotonate the carboxyl group

of 3to form a carboxylate anion intermediat®) This intermediate acts as a nucleophile
and attacks to the protonated DIC to generate -acylisourea intermediat@(@). This
intermediate is protonated by alcohb) {o form a new intermediat®1). DMAP is a

base which functions as a catalyst and acyl transfer reagent. It attacks the carbonyl group
of 21to form an intermediate2@). The carbonyl group is reformed to form intermediate
(23) and subsequently diisopropyea DIPU) is isolated as a bgroduct of the reaction.

The alkoxide ion attacks to the carbonyl group of the latter intermediate to generate
negatively charged tetrahedral intermedid&4).(Finally, 6 is produced andMAP is
regenerated as a catalyst.
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Scheme2.12: Mechanism of the synthesis &f

Scandium triflate functions as a catalyst andrdinatesvith the oxygen of the carbonyl

group of the intermediat&38) in the mechanism tiorm a highly reactive intermediate

(25) (Scheme 2.18°%.

Scheme2.13; Formation of the intermediab

The'H NMR spectrunof 6 shows a singlet peak at 7.49 ppm corresponding forthiens
on the benzene ringA sextet can be seen in the range of XD 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 alipatic region.
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2.2.1.5. Synthesis d3,6-bis(2-thienyl)-bis(2-undecanyl)phthalate {7)

6 can undergo thestille coupling reaction with2-(tributylstannyl)thiopheneusing
PdPPh).Cl> as acatalystin toluene to yield7 aswhite crystalsn 74% yield(Scheme
2.9)%*. The mechanism of the reaction is similar to that of the Stille readéiseribed in

the introduction chapter.

From thetH NMR spectrum of7, the peaks corresponding to thiophene protons can be
visualised ashree doublets of doubletd 7.06 7.12and7.37 ppmand a singlet peak at
7.52ppmfor the two protons on the benzene ring. It a&plays the expected number

of protons in the aliphatic region

2.2.1.6.Synthesis of5,5-dibromo-3,6-bis(2-thienyl)-bis(2-undecanyl)phthalate @)

7 was brominated using two equivalents of NBS in a um&tof chloroform/acetic acid
in the dark to obtai8 as white crystals in B% yield (Scheme 2.B'°. The mechanism of

thereaction is similar téhat for thesynthesis of as shown in schen&9.

The H NMR spectroscopyvas uilised to characterise th8. *H NMR spectrum o8
shows a singlet and two doublets .46, 7.02and6.86ppm, respectivelin the aromatic
region It also displays the expected number of protons in the aliphatic redgitwe.
structure and purity of th@ were verified by thé3C NMR spectroscopy, the elemental
analysis and mass spectrometry, whichigreemenivith the proposed structure.

2.2.2.Synthesis ofdistannylated fluorene (29)

29was synthesisettirough three steps starting from commercialigilable fluorene26)

(Scheme 2.1) The different steps in its preparation are discussed below.

O 2 oL -

26 27

ii)
LU 0.0 s

/

28

29
Scheme2.14: The synthetic steps of tia9

Reagents and conditionsi) Br2, CHCEk, RT, 24h; ii) KOH, KI, DMSO, CHiI, RT, 24h;
iii) n-BuLi, Et.0,-78°C, TMEDA, (CHs)3SnCl, RT, overnight
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2.2.2.1.Synthesis of2,7-dibromofluorene (27)

Fluorene 26) was brominated using bromine in chloroform to g&7eas white crystals
in good yield of 7% (Scheme 2.1#. The bromination was accomplished in the dark in
order to prevent bromination of the methylene protdhs. mechanism of the reaction is

similar to that for the synthesis ®fas shown in scheme 2.9.

The *H NMR spectrum for27 shows asinglet peak a8.89 ppmcorrespondingo the
protons at the @osition of the fluorendt also displays the expected number of protons

in the aromatic regian

2.2.22. Synthesis 0f9,9-dimethyl-2,7-dibromofluorene (28)

27 was alkylated at the-position using iodomethae and small catalytic amount of
potassium iodide under basic conditions in DMSO to y2&8as pale yellow crystals in
97% yield (Scheme 2.1}2.

Themechanisnof thereactionis a bimoleculamucleophilic substitutioiSy2) (Scheme
2.15. Two protonsat G9 of 27 are acidic, which are deprotonated by a hydroxide ion to
generatethe carbanion intermediate3Q). This intermediate functions asnacleophile
and attackshe methy groupof iodomethaneia Sv2 mechanisnto give theintermediate

(32) and iodide ion as a leaving group. The second methylati8h gdive28.

00 .,o -

HyC w

Scheme2.15: The mechanism of the alkylation &7

The!H NMR studies or28 showsthe disappearance of teanglet peak a8.89 ppmior
the twoprotors at the 9position of the27 and the appearance afsinglet peak &t.48
ppm for the sixprotons of themethyl groupslt alsodisplays a multiplet and a doublet of
doublet at 7.5&.61 and 7.48 ppm corresponding to six aromatotons The structure
and purity oR28were further confirmed by tHéC NMR spectoscopymass spectrometry

and elemental analysis, which are in agreement with the proposed structure.

76



2.2.2.3.Synthesis 0f9,9-dimethyl-2,7-bis(trimethylstannyl) fluorene (29)

28 was lithiated selectively at 2positions using two equivalents efbutyllithium (n-
BuLi) and etramethylethylenediamin@ MEDA) in anhydrous diethyl ether &78 °C,
which was subsequently treated witimiethyltin chloride(MesSnC)) to yield29 aswhite
crystalsin 62% yield (Scheme 2.1%°. TMEDA is a bidentatdigand which forms a
complex withn-BuLi ati 78 °C and enhance the reactivitymBuLi (Scheme 2.15*.

Scheme2.16: The complex formation betweerBuLi andTMEDA

The mechanism of the reactioansists of two step$S¢heme 2.1Y. In the first step28
was lithiated selectively at the 2pbsitions to form dilithiated intermediatdd). In the
second step, this intermediate is reacted with trimethyltin chloride to afford the

distannylated produc®).

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

Scheme2.17: Mechanism of the stannylation 28

From the'H NMR spectum of 29, a singlet peak is observedt 0.35 ppm, with an
integration ofeighteen protonswhich indicated thathe stannylation reaction was
successfulFurther evidencef the presence of theamethylstannylgroups wasgiven on
analysis of thé*C NMR spectrunof 29. It showsa peak ai 7.5 ppmwhich belongsto
the methyl carbor for the trimethylstannylgroup The mass spectrum @B displays
multi main integer masses 291, 503 505 507, 509and511 as anticipated due to the
presence ofhree mostbundantin isotopeg*'°sn,1*8Snand*?°sn). Moreover, it shows

a peak am/z=520,corresponding to the mass of tihelecular ionfM] * of 29.
77



2.2.3.Synthesis of5,5-bis(trimethylstannyl) -2,2 -bithiophene (34)

Commercially available 2'-bithiophene(33) was lithiated selectively at 5;positions
using two equivalents of-BuLi in anhydrous THF &it78 °C, which was subsequently
treated with imethyltin chloride(MesSnCl)to obtain34 aspale green crystais 71%
yield (Scheme 2.18°. The mechanism dhereaction is similar tahat for thesynthesis

of 29 as shown irthe previous scheme

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

Scheme2.18 The synthesis 34

The'H NMR spectrum o84 shows a singlet peak @#40ppm, which relates to eighteen
protons of the methyl groups. In the aromatic regiaw, doublets can be seen at(@.1

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 plymers

In this section, the synthesis of three novel thermocleavable copoly&e3s,and37is
described.35 and 36 were preparedia the Stille coupling polymerisation between
distannylated bithiophene34) with dibrominated compound$ @nd 8), respectively
(Scheme 2.19 37 was preparedvia the Stille coupling polymerisation between
distannylated fluorene2@) and dibrominated monomes8)(under the same experimental
conditions Scheme 2.19 The polymerisations were performed using Pd(Q/R)-

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 ofed precipitates formed foB6 as the reactions
proceeded. The polymers were then dissolved in chloroform aadharoniasolution

added and the mixture stirred overnight to remove the Pd metal catalyst residues by
forming Pd(NH)4(OH). soluble complexed.he polymers were obtained byepipitation

from methanol followed by filtration. The polymers purifieid Soxhlet extraction with
methanol, acetone, hexane and finally toluene. The methanol and acetone fractions
removed the small molecules, oligomers and impurities in the ca3® afl 37. The

hexandractions of35and37 were subsequently collected and concentratedcuq re-
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precipitated in methanol followed by filtration to yield the purified polymers. However,

36 wascollected inthetoluene fraction.

00
do Br O /7 RO OR
n .
N\ s| - OR i) s |s
- s N\ OR Y n
Br O
6

Soluble precursor 35

0O 0
RO OR
Br
S i
34 4+ | A\ Q | _).
Br S
8

! Soluble precursor 37
Scheme2.19: Synthesis of soluble precurgoolymers,35, 36 and37 via the Stille polymerisation
Reagents and conditionsi) anhydrous toluene, Pd(OA¢P (0-tol)s, 100°C, 48h

Upon thermal treatment arouB@0 °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 dehydratioBcheme 2.20 The resulting polymer

films were completely insoluble.
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Scheme2.20: The chemical transformations of the polymers after anneatimgnd300 °C for 1h
2.4.Molecular weightsand yield of the polymers

Molecular weights of the polymers were measurgdyel permeation chromatography
(GPQ using chloroform at 40C relative to polystyrene standar@@ble 2.1). 35 was
extracted in the hexane fraction, whl@ was extracted in the toluene fraction and they
have comparabl#l, 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 38 for tetrathiophene unit ir86 has a
substantial influencerothe solubility and yields of the polymers, while it has a negligible
impact on theM, values of the polymers. This may arise from the fact 3bdtastwo

extra thiophene units in the backbone of the polymer which make the polymer more
conjugated and merrigid relative to35. The third copolymer37 was synthesised in a
moderate yield which was higher than thaBbbut lower than that d86. Even though,

it was extracted in the hexane fraction, it has the higllestalue among all polymers
prepared. e results indicate that substituting bithiophene ur6ifor fluorene unit in

37 has a negative effect on the solubility and yield of the polymer, howevé,thedue

of the resulting polymer is significantly increased. This could be due to more aggregation

in 36 with more intermolecular interactions relative3io
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Table 2.1: The percentage yield, numbkemdweight average molecular weights with polydispersity

indexes of35, 36 and37

Hexanefraction

Toluenefraction

Mn Mw PDI Mn Mw PDI
Polymer| % yield | (g mofY) | (g mol?) (g motY) | (g mor?)
35 39 9600 13500 1.3
36 87 9500 14300 1.5
37 64 16400 30300 1.8

2.5.0ptical properties of the polymers

The absorption spectra of tip@lymersin chloroform solutios and in thirfilms are

exhibited in figure 2.1a and figure 2.1bhe optical properties of the polymers are

summarised in table 2.2. In solutiorthe absorption of35 and 37 display similar
absorptiormaxima at 397 and 398 nm, respectively. However atbsorptiormaxima of
36 is redshifted by more than 65 nm in sahui relative to thos&5 and37 analogues
This could be related to the extended four thiophene segmeB6&which makes the
polymer backbone more rigid and with a more planar structure relat®seated37. This
is consistent with the solubility of thpolymers. Compared t@7, 36 contains a
tetrathiophene as a donor building block which has a stronger elelcinaing ability
by -eleatran

t han

delocalisation along the polymer main chdmthin films, theabsorption spectra of the

a f|I

uor ene

uni t

fl

anked

t hi o

polymersshow redshiftedabsorption maxima by 10 to 28 nm relative to their absorption

in solutions This could be attributed to stronger interchaimn
coplanar structures in the solid statheoptical band gap(E,) of 35, 36and37 are 2.19,

2.11 and 2.5&V, respectivelyThe absorption spectra of tipelymers upon thermal
treatment of the films are illustrated in figure 2.2. Uploarmal treatment of the films,

s t aandk momneg

theabsorptiormaxima of 35, 36 and37 are shifted to longer wavelengths at 498, 491 and

411 nm, respectively385 show quite strong bathochromic shift absorption maxima by

more than 70 nm relative to its thitm before thermocleavag@he E;of 35, 36 and37

are reduced th.86, 1.89 and 2.14 eYespectively. Upon annealing, the soluble precursor

polymers are transformed into active phthalic anhydride polymers, upon cleavage of the

ester groups into carboxyl groups followed by dehydrat8ahéme 2.2) Reducing the

band gas 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
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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 theoE the polymers. The molar
absor pt i v B&isysigrifichntly igher thdd6 and37 (Table 2.9. This could

be attributed t®B6 having the highest absorption maxima of about 464 nm in solution
which is redshifted by more than 65 nm compare®%and37 (Table 2.2.
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Figure 2.1: Normalised U\vis absorption spectra 856, 36 and37in a) chloroform solutions; and b)

thin films
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Figure 2.2: Normalised U\vis absorption spectra 86, 36 and37 after thermal treatmemtround300

°C for 1h

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

(]

U Solution Film Film after thermal
(M1cm?) treatment around 30
Polymer BMmax Bmax | dbnset| Eg Smax | Sonset =
(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 elextoaotor than the
phthalate ester monome8dgheme 238 The band gaps of the reported polymdrs (
andT?2) are 2.03 and..66 eV, respectively which alewer than those a35, 36 and37
because th€PDT units on those polymers has stronger eleettomating ability than
fluorene or bithiophene units as well as BiE unit is a stronger electron acceptor than
the phthalate ster monomerScheme 2.F%. Therefore, the overlap of the orbitals
betweenCPDT andBT units inT1 andT2 are stronger than the fluorene or bithiophene
units with phthalate ester moieties 8b, 36 and 37. As a result,the “-electron
delocalisatio along the conjugated polymer backbone§inandT2 is increagd and

lead to lower band gaps. After thermal treatma/®00 °C for 10 minutesthe g of T1

is significantly reduced to 1.73 eV, whilehas a negligible impact on the band gap of
T2. The band gaps @7l andT2 are also lower thaB5, 36 and37 after thermal treatment.

2.6. Thermal properties of the polymers

The thermapropertiesof the polymes werestudied byTGA (Figure 2.3). TGA for the
polymersindicateswo different weight loss peak®he first weight loss peaks are around
300 °C corresponding to thermocleavagiethe secondary phthalate ester groups into
carboxyl groups followed by dehydration and conversion of the soluble precursor
polymers into active phthalic anhydride polyme8slfeme 2.2p) The secondary esters

are cleaved significantly at higher temperaguthan tertiary esters@ported in previous
literaturé®. The second weight loss peaks are about BDCcorresponding to the

decomposition of the conjugated polymer backbone.

1004 — 35
— 36
- 37

M ass remaining (%)
(%))
o
L

T T L]
0 200 400 600 800

Temperature (°C)

Figure 2.3: TGA of 35, 36 and37
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2.7. PowderX-ray diffraction (XRD) of the polymers

The structural properties of the polymers weiedied by powdeXRD in the solid state
(Figure 2.4). The XRD of the 35, 36 and 37 show diffraction peaks at 2020.3 and
185 correspondi nsgt atcancerdie4dl 4.36tand 4.29 respectively.

The results show that all polymers have an amorphous nature.

1500
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Figure 2.4: The powdeiXRD of 35, 36 and37

2.8.Conclusiors

In summary, three novel phthaldiased thermocleavable copolymers were synthesised
by the Stille polymerisatior85 and 36 are twothermocleavableopolymers including
bithiophene or tetrathiophene as the donor units and secondary phthalate esters as the
acceptor units37 copolymer has #uorene flanked by thienyl units as a donor moiety
and secondary phthalate ester as the acceptor building Bleekmpact of the different
donor units was investigated on the solubility, molecular weights, opticataradural
properties of the resulting polymer36 was synthesised in 87% vyield which was
significantly higher tha®5 (39% yield).37 was synthesised in 64% yieBband35have
comparablevi, values around 9500 g mbldespite the fact that the former polymer was
extracted in toluene fraction, while the latter polymer was extracted in hexane fraction.
37 has the highedl, value among all polymers preparédh& 16400 g mot), however,

it was extracted in the hexamradtion.In solutions, the absorption spectrunBéfshows
red-shifted absorption maximmore than 65 nm relative 85 and 37 which display
similar absorptionmaxima (397 vs 398 nm) This is probably due t®6 having
tetrathiophene segments as the daepeatunits which makes the polymer backbone
adopt more coplanar structure relative8&and37. In thin films, theabsorption spectra

of the polymersshow redshifted absorption maxima relative to their absorption in
solutions 35 and 36 have comparableptical band gap of around2.1 eV which is

significantly lower thar87(2.58 eV). Uporthermal treatment of the filmtheabsorption

84



maxima of the polymers are shifted to longer waveleng8%,show quite strong
bathochromic shift absoliph maxima more than 70 nm relative to its thim before
thermocleavagdJpon thermocleavage, thg & the polymer are reduced aroundl.8

eV for 35 and 36 and 2.14 eV for37. TGA analysis confirmed that the solubilising
secondary ester groups on soluble precursor polymers are changprthdryl groups
followed by dehydration into active phthalic anhydride polymers around®@0The
powderXRD of the polymers show diffraction pemaaround 20for 35and36and18.5
for37correspondi nsgt atcok itnhge di st ance of about

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

applications

Abstract

Four donoracceptor copolymer§g, 77, 78 and79 based on alternating 2flluorene or
2,7-dibenzosilole flanked by thienyl units as electdomor moieties and
benzothiadiazole dicarboxylic imideBTDI) as electroraccepting units have been
designed and synthesised for photovoltaic applications. All polymers were synthesised in
good yieldsvia Suzuki polymerisation. The impact of attaching two different alkyl chains
(3,7-dimethyloctylvs n-octyl) to theBTDI units upon the solubility, molecular weights,
optical and electrochemical properties, thermal and structural properties of the resulting
polymers was investigated7 has the highest number average molecular welht=(

24900 g mot) among alpolymers prepared. Dibenzosilddased polymers have slightly
lower optical band gaps relative to their fluordresed analogues. All polymers
displayed deegying HOMO levels. Their HOMO energy levels are unaffected by the
nature of either the alkyl sulttsients or the donor moieties. Similarly, the LUMO levels
are almost identical for all polymers. All polymers exhibit excellent thermal stability with
Tq exceeding 35CC. Powder XRD studies have shown that all polymers have an

amorphous nature in the sbktate.

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 fabricafiéd*. The most successful method to build the
active layer of PSCs is based on the bulk heterojunction (BHJ) architéctiitee
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 alyong HOMO level to obtain high
open circuit voltage\oc) value, a low optical band gap to ensure high short circuit current
density (s) value, a high absorption coefficient and a good hole mofilitfhe most
efficient strategy to construct narrow band gap polymers relies ors¢hefalternating
donor (D) and acceptor (A) moieties along the backbone of conjugated polymers. Using
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this strategy, several kinds of®copolymers have shown excellent PCEs and reaching
up to 10% recentfy A range of electrolonating monomers have been successfully
developed for use in this area such as fluorene, carbazole, dibenzoBIE®}, (
anthracene, cyclopentaditiphene CPDT), dithienosilole DTS), and benzodithiophene
(BDT). Meanwhile, many types of electratcepting building blocks such as
benzothiadiazole HT), diketopyrrolopyrrole DPP), quinoxaline Q) and
thienopyrrolelione TPD) have been used in-B copolymers.

3.1.1. @njugated polymers basewn 2,1,3benzothiadiazoleand their derivatives

One of themost stuted electronaccepting (A) heterocycle ithe benzothiadiazole
moiety!?. Two types otomonomeréave beedevelogd for photovoltaic material$he

first oneis the use oR,1,3benzothiadiazoléBT) which can be copolymerised with a
variety of electrordonating (D) moieties to construct pushll narrow band gap
conjugated polymers for BHJ photovoltaic cellSciieme 3.}%'2 The second
comonomer is thd,7-di-2-thienyl-2,1,3benzothiadiazol¢DTBT) where there are tw
flanking thienyl units between th&T moiety and the electrodonating unit $cheme
3.1)131415 The advantages ofhese two thiophenspacers are to reduce the steric
hindrance so thathe resulting BA copolymers adopt more planar structdfesn
addition, these polymers possess higher charge carrier (usually hole) mobility and low
band gap¥. However, the copolymers based DABT units have poor solubilities,
consequently, low molecular weights. The donor units must contain solubilising groups
of sufficient bulk toenable processability of the polym&rsTo address this issue, 5,6
positionsof theBT unit can be used for anchoring either electreleasing or electren
accepting substituents in order to increase solubility, molecular weights and tuning the
HOMO and LUMO levels of the resulting copolym®&r8. By attaching alkoxy chairen

these positions, two weaker electacceptig units called 5@lialkoxy-2,1,3
benzothiadiazole(OR)2BT and 4,%di-2-thienyl-5,6-dialkoxy-2,1,3benzothiadiazole
[DT(OR)2BT] emerged $cheme3.1)?L. Polymers containing these new acceptor repeat
units have higher solubilities than polymers containing unsubsti@ifedHowever, by
adding two electronvithdrawing substituents such as fluorine atoms, another new
acceptor unit of 4-di-2-thieny}t5,6-difluoro-2,1,3benzothiadiazoleTffBT) emerged
(Scheme3.1)??. This fluorinated3T monomeiis stronger electroacceptor unit thaBT

with deeper HOMO and LUMO energy levels which lead to highewalue compared

to DTBT analogue. Several copolymers with high PCEs were reported based on
DTffBT?2 Recently, a new acceptor moiety-li72-thienyl-2,1,3benzothiadiazok®,6-

90



N-alkyl-dicarboxylic imide DTBTDI) which consists of the dicarboxylic imide group
fused to theBT unit has been develope®c¢heme3.1)2°2324 This acceptor has been

shown as a stronger electrdeficient unit compared to botBTBT and DTfBT

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

Scheme3.1: Structures of benzothiadiazole atheir derivatives

In 2013, Wanget al. synthesised two novel copolymers based WABTDI and
benzodithiophene units which were used for solar cell applicaButgee 3.73. These
polymerswere prepared by the Stille polymerisation between dibromimaf&irDI and
distannylated benzodithiophen®nomersBothPDI-BDTT andPDI-BDTO polymers

have the same side chain on the acceptor unit and different side chains attached-to the 4,8
positions & benzodithiophene units. Thé, values ofPDI-BDTO andPDI-BDTT are
44000and 29009 mol?, respectivelyln solutions, théPDI-BDTT isreds hi f dae d ( &
=670 nm) compared #8DI-BDTO ( == 632 nm), which can be attributed to the two
dimensional conjugated thienyl groups in the former polymér thin-films, both

pol ymers displ ay mdk-a92mho oRDI-BDTIT a n shh=86b4tnm  ( &
for PDI-BDTO respectively) relative to their absorption in solutions. The optical band
gap (k&) 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 ai 5.51 eVfor PDI-BDTT andi5.44 eV for PDI-BDTO. The deegying

HOMO energy level and reshifted absorpon spectra foPDI-BDTT are beneficial to
achieve high/ocand highJscvalues for BHJ PSCs. The solar cell based BOBBDTT:

PC71BM delivered an impressive PCE of 5.19%. In contrast, under the same experimental
conditions,PDI-BDTO: PC7:BM showed dower PCE of 2.10%.
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More recently, Liet al.synthesised two other polymers based on the same acceptor, with
benzodithiophene and dithienyl fluoren@TF) as donors unitsScheme 3.4 The
polymersP(BTI-B) andP(BTI-F) were synthesised by the Stille polymerisation between
dibrominatedTBTDI and distannylkedBDT andDTF units. In solutionsP(BTI-B) is
red-shiftedby 50 nm compared tB(BTI-F). P(BTI-B) has an Eof 1.68 eV, which is
smaller tharP(BTI-F), since theBDT unit has stronger donating ability than fluorene
unit. The HOMO energy level &?(BTI-F) is deeper than that &f(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 fR{BTI-B): PCs:BM

and P(BTI-F): PCeiBM offered a PCEof 3.42 and 1.61%, respectively. The deep
positioned HOMO energy level f&(BTI-F) is advantageous for achieving a higf of

1.11 eV. However, Thés.for P(BTI-B) is more than twice relative to that B{BTI-F)
(9.8vs4.0 mA cn¥) due to a smallgsand gap and a higher hole mobility.

R, 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)

Scheme3.2: The D-A copolymers based dTDI as the acceptor units with different donor building
blocks
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Lately, Nielsen and cworkers prepared twonovel copolymers based on the same
acceptor and benzotrithiophenBT(T) as donor unit §cheme3.2?°. The polymers,
BBTI-1 and BBTI-2, were prepared by microwave Stille coupling polymerisation
between dibrominateDTBTDI with distannylatedTT. TheMnvalues for théBBTI -1
andBBTI -2 are 64000 and 750apmol?, respectively. In solution®BTI-1 is slightly
red-shifted relative toBBTI-2 ( max 705 vs 700 nm). In films, both polymers display
bathochromic shifts compared to their absorption in solut®B3l-1 andBBTI-2 have
the HOMO levels of 5.2 and 5.3 eV, respectively. The BHJ photovoltaic cells including
BBTI-1: PC71BM gave a remarkable PCE of 8.3%. HowevBBTI-2: PC71BM

delivered a lower PCE of 6%.

3.1.2.Fluorene based conjugated polymers

Polyfluorene PF) andtheir derivatives belong to the class of materials with fused ring
aromatic systems, which are rigid and provide coplanar backb®Rederivatives
generally possess low HOMO energy levels aradn8 eV, which makes them thermally
and chemically stable. u2 to their good solubility and high photoluminescence
efficiency,conjugated polymersontaining fluorene unitsave been widely investigated

as blue emissive materials for OLED applications.

Fluorene unit is one of the promising donor building blockssfdar cell applications
because of the low HOMO energy levels and acceptable hole mobiliésdafrivatives

which provide highVoc values and moderat&. valuesin organic photovoltaic (OPV)
devices. HoweverPFs have large band gaps (238 eV)which are not suitable for
efficient OPVs. This problem can be addressed by incorporating acceptor units into
polymer backbones to generate alternating Popolymers, which lower the band gaps

to efficiently harvest sunlight.

The DA copolymers based oitubrene aghe donor unis with various acceptor units
such asDTBT?8 quinoxaline (Q)?, thiengyrazine (TP)?® and pyrazinajuinoxaline
(PQ)?’ have been reportedScheme 3.3). The poly[2,7(9-(2-ethylhexyl}9-hexyk
fluorene}alt-5,5-(4', 7-di-2-thienyl-2',1',3-benzothiadiazole)| KFDTBT) was the first
D-A copolymer synthesised by Suzuki polymerisation published by Andegssbmvith

an optical band gap-1.9 eV) and a number average molecular weilyh) ©f 4800 g
mol?! with poor solubility Scheme 3.3, The photovoltaic performance of the resulting
polymer was 2.2% when blended wils1BM astheelectron acceptor. THeFDTBT -
based polymers show significaviéc around 1.0 V, benefiting from lodlying HOMO
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level aroundi 5.5 eV. A similar polymerPF8DTBT 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(Say@me3.3)%8,
Slooff et al.reported the same polymer backbone with wetecyl chains on the fluorene
moiety, PFIODTBT (Scheme3.3)'®. The PCE of 4.2% was obtained ®8F10DTBT:
PCs1BM basedphotovoltaic cell. Later on, linear alkyl chains substituted with 3,7
dimethyloctyl side chainsDMO) to generate a new polymeBisDMO-PFDTBT
(Scheme3.3)'*. TheBisDMO-PFDTBT was ugd in photovoltaic cell wittPC71BM as
theacceptor, showed higher PCE of 4.5%

Iragi et al designed and synthesised four copolymers based diu@réne andBT with

or without octyloxy substituert$ In addition, two flanked thiophene or selenophene
units are incorporated between donor and acceptor mojgtbeme3.3). All polymers

were prepared by Suzuki polymerisation. RfeDSeBl andPFDTBT have g of 1.86

eV. However, the gof PFDSeBT-8 andPFDTBT-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 wotttyloxy chains are higher by
about 0.15 eV than those without octyloxy chains. This is attributed {@®ReBT unit

is a weaker electron acceptor than BiE unit. The polymers were fabricated with
PC7:BM in BHJ devices gave PCE between 3.45 and 5.4BRTBT: PC71.BM gave

the highest PCE of 5.41%.

Iragi and ceworkers further reported a novel copolynt&¥DT2BT-8 based on 2;7
fluorene with (OR)2BT=C. In addition, two bithiophene units as spacers are inserted
between donor andcceptor moietie$Scheme3.3). PFDT2BT-8 was synthesised by
Suzuki polymerisation and it possesses qofE..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: PC71BM gave arimpressive PCE of 6.20%.

Recently, PFDTTBT -8 was developed and synthesised by Iragial. using two
thieno[3,2b]thiophene TT) units as spacers between -fubrene and(OR)2BT
(Scheme3.3*L. The E of PFDTTBT-8 is 1.94 eV, which is slightly higher than
PFDT2BT-8 analogue. The HOMO energy level BFDTTBT -8 is comparable to its
PFDT2BT-8 counterpart, while it has higher LUMO energy levBIFDTTBT -8:
PC7:BM 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

Scheme3.3: Alternating copolymers containing fluorene units and various acceptor units

Gadisa and cwvorkers reported an alternating -B copolymer poly[2,7-(9,9
dioctylfluorenejalt-5,5{5",8-di-2-thieny}2',3-bis-(3"-octyloxyphenyl)}quinoxaline]
(APFO-15) based on fluome as a donor unit and tllienylquinoxaline(TQT) as
acceptor uni(Scheme3.3?. It has deefpositioned HOMO energy level ©6.3 eV. The

Egy of APFO-15 is slightly higher relative tdFDTBT counterpart, since the quinoid
character irBT is higher than thguinoxalinemoiety’2. The BHJ PSCs based ARFO-

15. PCs1BM showed a PCE of 3.7%. Kitazaved al. repated the same polymer
backbone, poly[2,7-(9,9-dioctylfluorenejalt-5,5(5',8-di-2-thienyl-2',3-
diphenylquinoxaline)]PFTQT) but without octyloxy groups on the phenyl rings of the
quinoxaline unit(Scheme3.3)%3. They found that using chloroform/chlorobenzene in a
ratio (2/3, v/v) a a cesolvent for fabricating the active layer has a strong influence on
the morphology of the BHJ material. As a resid¢significantly increased but boWy.
andFF remain almost constant. TRETQT: PC71BM gavea higher PCE of 5.5%.
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By replacing théoenzothiadiazole and quinoxalibg thienopyrazineTP) unit a new D

A copolymer, APFO-Greens reported by Zhang and -aeorkers(Scheme3.3)%. It has

a high molecular weight» = 40000 g mot) and possessesnauch lower Gof 1.5 eV
compared to PA copolymers containing benzothiadiazole and quinoxalimés, since
theTP increase thé-electron delocalisation along the conjugated polymer backbone due
to it adopts the quinoid structure by maintaining the atimiha of pyrazine unit®.
APFO-Greenb devicesfabricated withPCes1BM delivered a moderate PCE of 2.2%.

To further lower the band gapP unit was replaced by pyrazigoinoxaline(PQ) unit
and yieldedAPFO-Green9which hasan g of 1.4 eV(Scheme3.3)?’. The PSCs based
on APFO-Green9: PC7:BM achieved a PCE of 2.3%.

3.1.3. Dibenzosiloldased conjugated polymers

Uponintroduction of a silicon atom instead of a methylene bridge in fluorene, another
promising donor unit dibenzosiloldBS) hasemerged. Lecleret al. were the first
research group to prepare aADcopolymer, poly[9,9dioctyl-2,7-dibenzosilolealt-5,5
(4',7'-di-2-thienyt2',1',3-benzothiadiazole)]RDBSDTBT) based orDBS and DTBT

for photovoltaic applications Scheme 3.4)%* It was synthesised byhe Suzuki
polymerisation with an gof 1.85 eV and av, of 15000 g mol. The photovoltaic
performance of this polymer withCs1BM astheacceptor delivered a PCE of 1.6%. Soon
after, Cacet al.independently reported a higher PCE of 5.4% for the sanyepolusing

4-fold higherMn (79000 g moH)®®. The improved performance BDBSDTBT compared

to PFDTBT analogue was due to higher hole mobility measured by FET and broader
absorption spectrum. In addition, theSCbond inDBS unit is longer than € bond in
fluorene unit. ConsequentlyDBS units create less steric hindrance compared to their
fluorenec ount er parts and tshtearcekfiorge bae tbweetetnerp

expecteé’.

PDBSDTBT

Scheme3.4: The structure oPDBSDTBT
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3.2.Synthesis of monomers:
3.2.1. Synthesis obenzothiadiazole diarboxylic imide (BTDI) monomers

49and50areBTDI monomerdor the preparation of the target polymers in this chapter.
49 and50 were synthesised through several steps starting from commercially available

thiophene 88) (Scheme3.5). The different steps in their preparation are discussed below.
> H

N NO, O,N NO, HoN NH>

/m i s 4N s. ™M s J N\ s
s B \ ) sT T\ \ ) sT T\
40 41 42

o
38 39

s HsCO,C  CO,CHj HO,C  CO,H
. S "
v) // S I\ vi) 7 vii) /
— \ / s~ — | Y/ | — | Y, s |
I\ 7\
N.N N...N N
S S s’
43 44 45
§ 3
0O~ _0 o=N_o o=N_o
Br.
S ; S S
viii) | J | ix) | i | X) | 7 |
/ S / S / S
N I I Br
N._.N N, N N_ _N
S S S
46 47: R =DMO 49: R = DMO
48: R = octyl 50: R = octyl
0
11
xi) xii) C, xiii)
ROH —> RBr —> N-R —> RNH, R=3,7-dimethyloctyl (DMO)
51 52 Qb 54

53

Scheme3.5: Synthetic steps of thBRTDI monomers

Reagents and conditionsi) NBS, DMF,i 15°C, RT, overnight; ii) fuming k5Qs (20%
free SQ@Q), conc. HxSQi, conc. HNQ@, 20 °C, 2030 °C, 3h; ii) 2-
(tributylstannyl)thiopheneanhydrous toluen®dChk(PPh)2, 115°C, 24h; iv) anhydrous
SnCb, HCI (35%), ethanol, 30C, 24h, NaOH (25%); v) PhNSO, TMSCI, anhydrous
pyridine, 3h, RTHCI (1.0 N); vi) dimethyl acetylenedicarboxylate, anhydrous xylene,
reflux 24h; vii) aqueous NaOH, ethanol, reflux 24h, HCI (35%); viii) anhydrou®©Ac
anhydrous xylene, 13TC, 6h; ix) HOAc (100%), 100C overnight, AgO, 100°C, 6h;

X) NBS, THF, RT, ovenight; xi) DCM, PPh, NBS, RT, 90 min xii) potassium
phthalimide anhydrous DMF, 9C0°C, 17h, KOH; xiii) hydrazine hydrate(51%),
methanol, reflux, HC(5.0 M), reflux, 1h
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3.2.1.1. Synhesis of2,5dibromothiophene (39)

Thiophene 88) was selectively brominated at Zybsitions using two equivalents Nf
bromosuccinimideNBS) in DMF in the dark gav89 as ayellow oily productin 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.B In the first step, the thiophen8&8] functions as a
nucleophile and attacks the electrophilic bromine of NBS to form a carbocation
intermediate, which is stabilised by three resonance structoe8q and57). In the
second step, the carbocation is deprotonated by succinimide anion to2form

bromothiophene intermediat&8) which was then brominated at8o give39.

(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

o] 58 39

Scheme3.6: The mechanism of bromination of thiophgB8) by NBS

The structure and purity 89 were approved by thi#i NMR spectroscopy. Thié! NMR

spectrum of89 shows a singlet peak at 6.87 ppm equivalent to the two protons.

3.21.2. Synthesis oR,5-dibromo-3,4-dinitrothiophene (40)

40was readily prepared through the nitration reactioBBafith concentrated nitric acid,
concentrated sulfuric acid and fuming sulfuric acgdt{eme 3.5%. The first nitration

takes place at -Bosition of 2,5dibromothiophene 39) to form 2,5dibromo3-
nitrothiophene §0). A nitro group functions as an electron withdrawing group and
deactivates thé0 towards the second nitration. Therefore, the second nitration at the 4
position of the50 needs vigorous conditions. Fuming sulfuricdaisi required to forrd0

in a high yield. Furthermore, extending the reaction time for three hours is necessary at
201 30 °C to accomplishthe reaction. Otherwise, a mixture of merend dinitre

compounds is formég
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The method and order of addition of the acids in the nitrati@® c&n 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 &9, concentrated sulfuric acid and fuming sulfuric
acid (204 free S@)*8. On the other handjtrationgave only 50% vyield by addir@g to

the mixture of fuming sulfuric acid, concentrated sulfuric acid and fuming nitrié*4id

The mechanism of the nitration reaction comprises of three distinct Stefpen(e3.7)*..

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 iop"j@ctrophile.

In the second ste@9 functions as a nucleophile, attacks the,N® form an arenium

ion intermediate9). Then, in the third step, HGQ@leprotonate59to form intermediate

60 and BSQy is regenerated as a catalyst. Fina}) is formed from the latter

intermediate by theame mechanism.

®
—H é O=N=0

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
Scheme3.7: The mechanism of nitration 8@

40does not contain a hydrogen atom; therefot@ NMR spectroscopy is a fundamental
method for initial characterisation. TH% NMR spectrum of thé0 shows two signals
at 113.4 and 140.7 ppm for the two chemically diffeemtironments of carbon atoms
The FTIR spectrum of th&0 exhibits two peakst 1345 and 1535 ctrfor symmetric

and asymmetric stretching vibrations of the nitro groups respectively.
3.2.1.3.Synthesis 0f3',4'-dinitro -2,2:5',2" -terthiophene (41)

41 was synthesised using the Stille coupling reaction betwee#0 and 2
(tributylstannyl)thiophene in the presence of P@Ph). as a catalyst in anhydrous
toluene at 118C (Scheme3.5*. 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 aslItN&/IR spectroscopyandmass
spectrometry. ThéH NMR spectrum o#t1 shows three doubletf doublet at 7.62, 7.56
and 7.19 ppm for six protons on the thiophene rings. In additi@ssspectrum o#1l

showsa peak aB838corresponihg to the mass ahe molecular ion [M] of 41.
3.2.1.4. Synthesis of 34'-diamino-2,2:5,2" -terthiophene @2)

42 wasobtainedby a reduction reaction @fl using excess anhydrous tin (ll) chloride
(SnCb) as a common reducing agent in the presence of a mixture of HCI in ethanol to
ensure the reaction was accomplish@dheme3.5*. 42 wasachievedasa brownsolid

in an excellent yield of 9.

The mechanism of the reduction of the nitro group by tin(ll) chloride is performed by
single electron transfer (SET$¢heme3.8). In thefirst step oneelectronis transfered

from the tin(ll) chlorideto the oxygen aton of the nitro group and eadical anionis
formed and therprotonated. After the protonation takelace, a second electron is
transfeed to the nitrogn. Then, a secomutotonis added, followed by loss of watire
nitroso intermediate6(l) is formed. he second intermediate which igdnoxylamine

(62) is formed by the same sequenEmally, the NO bondis broken by adding another

two electonsto give anions of the pducts which are protonatéal give42.

H
1@
(0]

P o R [S)] i S
SON-00 —= TR Oy A TgoH —- Ti-OH 2 TN92
Ar/® Ar/® A Ar/® Af Al H

41
H,O I o, H H,O .

2 Lo, © o\'/\‘ HO ¥ & HO o &2 g HO\/\‘
L» CN — N- lT' — N- — UH/ “H —L> NH RHC)

/ / / /
Ar/ Ar H’O\H Ar Ar Ar H’O\H
61 62
oH
H2O / Hzo O Hzo
H_Q) @r\ N 4
2. NH 2> NH & —>= NH & —»> NH N 2 . NH
AY Ar/ Ar/ Ar/ f(l)éa Ar/
HH 42

Scheme3.8: The mechanism of reduction of nitro groups by tin(ll) chlotmérm42

Tin is oxidised from oxidation state of + Il to + IV by loss of two electrons and in the
same time nitrogen is reduced from the oxidation state\bfto i 11l by gaining eight
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electrons. Therefore, four equivalentstioé tin(ll) chloride are required to reduce each

nitro group.

The'H NMR spectrum o2 shows a doublet and a multiplet at 7.30 and-7.09 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. Fie FT
spectrum o#2 shows two paks at 3298 and 3371 @rfor symmetric and asymmetric

N-H stretching vibrations for the amino groups. Moreovek Mending is observed at
1615 cm'. The mass spectrum 4R exhibits a peak atvz = 278 corresponding to the
mass of the molecular ion [Mpf 42.

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

43 was synthesisely reaction o#2 with N-thionyl aniline PhNSQ and trimethylsilyl
chloride TMSCI) in anhydrous pyridine to afford blue crystals in an excellesityof
93% (Scheme 3.5

TheH NMR spectrum of thé3 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 48 was further confirmed byhe FT-IR spectroscopy. The
FT-IR spectrum o#3indicated thathe two peaks at 3298 and 3371 cfar symmetric

and asymmetric NH stretching vibrations for the amine groups disappear.

3.2.1.6. Synthesis o, 7-di(thien-2-yl)-2,1,3benzothiadiazole5,6-dimethyl ester @4)

44 was obtained using the Diefdder reaction between43 and dimethyl
acetylenedicarboxylat® anhydrous xylene at reflék It was obtained in an excellent

yield of 94% as yellow crystalsSchemes.5).

The DielsAl der reaction is one type of per.i
cycloaddition because t heystensafar tnstamad3is n v o |
an electrorrich  heterocyclic  conjugated diene, whereas thdimethyl
acetylenedicarbg/latefunctions as an electresteficient dienophile because it bears two

electronwithdrawing ester groups conjugated to the acetylene unit.

The mechanism of the reaction involves the formation of bridged bicyclic intermediate
(63) (Scheme3.9). 44is formed from this intermediate by heating through loss of sulfur
atom to construct heterocyclic sme mber ed ri ng benkoonds bre adi

101

C

a



broken indimethyl acetylenedicarboxylaéed43. Si mul t an e chorsdéapnd t wc
t wo nrbends afe fornekin 44.

X

NN S, s,
O—0 N NN
N I\ s N ) .5 N s
\ N\ | \ = | \ ] R=CH,
S/ 43 S A S
CO,R RO,C  CO,R RO,C  CO,R
| o s
CO,R

Scheme3.9: The mechanism of the formation £4 using the DielsAlder reaction

The structure and purity of4 were assessed by thed NMR, ¥*C NMR and FFIR
spectroscopyTheH NMR spectrunof 44 displaysfour different proton environments,

three in the aromatic region and one in the aliphatic redicows three doublets of
doublets at 7.62, 7.44 and 7.22 ppm corresponding to six protons on the thiophene rings.
The singlet pak at 3.78 ppm integrating ®x protonsdenoteshe presence of methyl
protonsand hey aremoredeshieldedin comparison to standard mettprotons(~ 0.9

ppm). The'3C NMR spectrum o#44 displays ninedifferent carbon environmentseven

of which are n the aromatic region and a peak at 168.1 ppm with a high chemical shift
belong tothe estegroups Moreover,the peak ab3.1 ppm can be assigned for methyl
carbons. The FIR spectrum o#4 shows a peak at 1730 croorresponding to the ester

groups.

3.2.1.7. Synthesis o#,7-di(thien-2-yl)-2,1,3benzothiadiazole5,6-dicarboxylic acid
(49

45 was synthesisedpon hydrolysis oft4 under basic conditions in ethanol under reflux
followed by acidification $cheme 3.%¥°. It was obtained as a yellow solid in a yield of
85%.

The mechanismof an ester hydrgkis under basic conditions is an example of
nucleophilic acyl substitution and follows four stefstfeme3.10). In the first step, the
hydroxide ion acts as a nucleophile and attacks the carbonyl gra4ptofgenerate a
negatively charged tetrahedral intermedi&.(In the second step, the carbonyl group

is reformed by leaving the methoxide anion ¢OHl and the carboxylic acid intermediate
(65) is formed. A carboxylate anio®§) and methanol are genegzd by deprotonating

the carboxylic acid by the methoxide anion in the third step. The final step is an

acidification of the carboxylate anio6) to form45.
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Scheme3.10: The mechanism of the hydrolysis4f under basic conditions

The 'H NMR spectrunof 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 ppnfor methyl protonsin the *H NMR spectrumof 44 disappears, which is a
good indication for the success of the reaction. The structutg fofther confirmed by

the FTIR spectroscopy. The FIR spectrum o#5 shows the broad peak in the range of
26003300 cm? corresponding to stretching vibration of OH of carboxyl group and

meanwhile the peak at 1730 ¢ulisappeas for the ester group.

3.2.1.8. Synthesis of 4,7-di(thien-2-yl)-2,1,3benzothiadiazole5,6-dicarboxylic
anhydride (46)

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

(Scheme3.5*. The mechanism of a dehydration reactiod®is shown in scheme 3.11.
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Scheme3.11: The mechanism of the dehydration reactiod®f

TheH NMR spectrunof 46 displays three doublets of doublets at 8.11, 7.82 and 7.33
ppm corresponding to six protons on the thiophene rings. The structBevakfurther
confirmed by the FAIR spectroscopy. The FIR spectrum o#6 shows two peaks at
1765 and 1808 crcorrespnding to symmetrical and asymmetrical stretching vibrations

for theanhydride functionagroup.

3.2.1.9. Synthesis of 4,7-di(thien-2-yl)-2,1,3benzothiadiazole5,6-N-(3,7-
dimethyloctyl)dicarboxylic imide (47) and 4,7-di(thien-2-yl)-2,1,3benzothiadiazole
5,6-N-octyl-dicarboxylic imide (48)

46 was reacted witB,7-dimethyt1-octanaming54) and1-octanaminen the presence of
acetic acid an@cetic anhydride to yield imide functionalised monoméisand48) as

orange solids in 84 and 93% yield, respectivElgheme 3.5°. The mechanism of the

formation of47 and48is outlined in scheme 3.12.
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54: R = 3,7-dimethyloctyl (DMO)
1-Octanamine: R = octyl

R=NH,
RH
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R
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B | 47: R = DMO
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Scheme3.12: The mechanism of the formatiai 47 and48

47 and48were characterised by thd NMR spectroscopylheH NMR specta 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 mipbations

of the alkyl chains in the aliphatic region. The structures and purities of both monomers
further confirmed by the®*C NMR spectroscopy. Thé&’C NMR spectra for both
monomers show seven peaks for seven carbons in the aromatic region andkdpe pea
carbon for imide functional group at 165.7 ppm and ten peaks for ten carbdiisafut

eight peaks for eight carbons 48 in the aliphatic regionrespectively.The FFIR

spectra show two peaks at 1751 and 1802 fon47, 1754 and 1808 cihfor 48, which

are representative of symmetric and asymmetric stretching vibrations for imide functional

group.
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3.2.1.10.Synthesis of4,7-di(5-bromo-thien-2-yl)-2,1,3benzothiadiazole5,6-N-(3,7-
dimethyloctyl)dicarboxylic imide (490 and 4,7-di(5-bromo-thien-2-yl)-2,1,3
benzothiadiazole5,6-N-octyl-dicarboxylic imide (50)

47 and48 were selectively brominated at 5fositions using NBS in THF and gaxé
and50as red solids in excellent yields of 98 and 96%, respectigelygme 3.5°.

In order to selectively brominate the thiophene units atStBepostions 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 o#47 and48 five equivalents of NBS were aded. This situation
might be due to the strong electratithdrawing character of thBTDI unit, which
reduces the reactivity of the thiophene units towards the electrophilic attack. Fortunately,
according to all characterisations there was no indicatiotrif and tetrabrominated by
products. The mechanism of the reaction is similar to the bromination of thio@@&ne (

as illustrated in scheme 3.6.

The structures and purities dfoth monomerswere approvel by the *H NMR
spectroscopyTheH NMR specta 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. Synthesisf 3,7-dimethyloctyl bromide (52)

The commecially available 3,7-dimethyll-octanol 61) was reacted with
triphenylphosphine (RR) and NBS in dichloromethane to yié@das a colourless oil in
73% yield Scheme3.5%. The mechanism of the reaction is presented in scheme 3.13
and proceedsgia a bimolecular nucleophilic substitutioBy2) reaction.
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2o N S
Br H-O-R —= H-Br + —> R-O- PPh3 + N
51

0]

®
’/‘\ —» H- Ni; : R- O PPh; —» R-Br + PhsP=O R=DMO

H~Br 52
Scheme3.13; The mechanism of bromination 61

52was characterised by thd NMR and'3C NMR spectroscopy. Th&l NMR spectrum
of 52 shows expected number of protons. @ NMR spectrum 062 shows ten peaks

for ten different carbon environments.

3.2.1.12 Synthesis ofN-(3,7-dimethyloctyl)phthalimide (53)

52 was reacted witpotassium phthalimiden anhydroudDMF to give 53 as colourless
oil in an excellenyield of 9% (Scheme 3.5"". The mechanism of the reaction proceeds
via aSy2 as outlined in scheme 3.14.

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

@) KBr 53 @)

52
Potassium phthalimide

Scheme3.14: The mechanism of formation 68

The structure and purity &3 were confirmed by the!H NMR spectroscopy. ThéH

NMR spectrumof 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 of3,7-dimethyl-1-octanamine (54)

54 wasobtained fronb3 usinghydrazine hydraté@NH>NH>) in methanol as brown oil in
86% yield byGabriel synthesisScheme 3.5®. The mechanism of the reaction is

depictedn scheme 3.15.
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Scheme3.15: The mechanism of thiermation of54 by Gabriel synthesis usingydrazine hydrate

The structure 054 wasapprovedoy the'H NMR and*3C NMR spectroscopy. The two
doublets of doublets at 7.85 and 7.72 ppm, which were attributed to four prote8s of
disappear in théH NMR spectrum of54, it is good evidence that the reaction was
successful. Moreover, it shows the expected number of protéms aliphatic region for

the 3,Zdimethyloctyl chain. Thé3C NMR spectrum of54 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 ganf8idisappear.
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3.2.2.Synthesis ofdiboronic ester ofdibenzosilole (DBS) monome(72)

72is aDBS monomerfor the preparation of the target polymers in this chapteva#
synthesised through five steps starting from the commercially availdle
dibromonitrobenzend67) (Scheme3.16). The different steps in its preparation are

discussed below.

O.N Br HoN Br
NO, NH,

r— . . —Br —> i i
CsH17C8H17

CSH17C8H17
71

Scheme3.16: Synthetic steps of thBBS monomen(72)

Reagents and conditionst) Cu, DMF, 125°C, 3h; ii) Sn, HCI (32%), ethanol, 3h, reflux,
NaOH (20%); iii) HCI (32%), acetonitrile, NaN$QO0 °C, 15 to710°C, Kl, 0°C, 110 to
15 °C, RT, 80°C, 2(h, NaS0s; iv) anhydrous THF,i78 °C, n-BuLi, 3h,
dichlorodioctylsilane, RT, overght; v) bis(pinacolato)diboronPdChb(dppf), KOAc,
anhydroudDMF, 100 °C, 48h

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

68 was prepared by the Ullmann coupling reaction usB¥yand copper powder in
anhydrous DMF and it was obtained as yellow crystals in an excellent yield of 90%
(Scheme3.16)%.

Themechanism of th&llimann coupling reaction comprises of two stepshemes.17).
In the first step, copper acts as a nucleophile and attacks teBh&dhd which is ortho
to the nitro group to form an intermedia#3). The second step is couplingttveen73

and a second molecule of the starting material to obtaié&he
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Scheme3.17: The mechanism of tHermation of68 usingUlimann coupling reaction

The'H NMR spectrum o068 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 FFIR spectrum o068 exhibits two peaks at 1332 and 1556 dior symmetric

and asymmetric stretchingprations of the nitro groups.

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

68 wasreduced using tin metal in ethanol under acidic medium to obfaas brown
crystals in a yield of 70%6Scheme3.16)°°.

The reductiorof nitro groups consists of two stef@cheme 318). In the first stepp8

was reacted with Sn and HCI to generate protonated amine intermedtdr( 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

Scheme3.18: The reduction 068

The structuref 69 wasassessebly the'H NMR, 13C NMR and FFIR spectroscopy. The

H NMR spectrum 069 shows a new broad singlet peak at 3.59 ppm corresponding to
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four protons of the amino groups. THE NMR spectrum oB9displays six peaks for six
different carbons. The FIR spectrum 069 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 ‘tor symmetric andasymmetric

stretching vibrations for the nitro groupsG# disappear.
3.2.2.3. Synthesis of,4-dibromo-2,2 -diiodobipheny! (70)

69 was reacted with a mixture of aqueous sodium nitrite and HCI in acetonitrile which
was subsequently treated with aqueous potassium iodide t@d@wia the Sandmeyer
type reactioras white crystals in a yield of 51%¢heme3.16)°".

The mechanism of the reaction proceeded through formation of the diazonium ion
intermediate from the primary amin€9) and subsequently treating with aqueous
potassium iodide to geneeatO (Scheme3.19).

H H
SN o
H™H H O H
(' H,O (' H,O H,O ®
0-N=0 <= HO-N=0 <L~ H-Dn=o L= | N=0: == N=O
) @i ®
Nitrosonium ion
5 5
H H,O ¢ H
@ -0 3 H .0 2 . OH 3
. 0 H
H & H
69 ‘\ [ {O\ ‘\_lT'
ge H H ‘0
H H”
OH H,0 Co-n H20 ® 5 N2
(g@ Diazonium ion 70
H  H

Scheme3.19: The mechanism of formation @D

The structure o70wasassessed by thel NMR and FFIR spectroscopy. ThiH NMR
spectrum of7/0 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 pp69alisappears, which is a good evidence
for success offte reactionThe FTIR spectrum of7/0 shows that the two peaks at 3280
and 3393 cm for the symmetric and asymmetric stretching vibrations for the amino

groups of69 disappear.

3.2.2.4.Synthesis of2,7-dibromo-9,9-dioctyldibenzosilole(71)

70 was reacted withn-BuLi in anhydrous THF and subsequently treated with
dichlorodioctylsilang(CgH17)2SiCl] to obtain71as colourless oil in 90% yiel&¢heme
3.16)*2

Themechanism of the reaction is outlined in sch&x€ 70was selectively lithiated at
2,2-positions using two equivalents ofBuLi and then reacted with two equivalents of

dichlorodioctylsilaneto form71.

Li | Br Li Br
‘\/ 2 n-Bul O LiCl
A o A o
'/—\ O
Br | Li” >N Br Li
70 CgH17
CgH17_S||_\lC|
Cl
LiCl
Br O O Br
Si
CgH17CgH47
71

Scheme3.20: The mechanism of formation @fl.

The'H NMR spectrum of71 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 of71 was further confirmed by thé*C NMR spectroscopy. Th&C NMR
spectrum of71 exhibits six peaks for six different carbons in the aromatic region and

eight peaks for eight carbons of th@ctyl chains in the aliphatic region.

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

dibenzosilole 72)

71 was reacted with excess bis(pinacolato)diboronpotassium acetate base and

PdCh(dppf) catalyst in anhydrous DMF which yield&@ as brown crystals in 53% yield
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(Scheme3.16)°3. The mechanism of the reaction is similar to that of the Suzuki reaction

described in the introduction chapter.

The structure of2 was approved by th# NMR spectroscopy and mass spectrometry.
The!H NMR spectrum o772 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. Tess spectruraf 72 showsa peak at

658.5corresponing to the mass ahe molecular ion [M] of 72,
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3.3. Polymers synthesis

In this chapter, the synthesis of four alternating\ Bopolymers,76, 77, 78 and 79 is
described. The polymerwere prepared by the Suzuki polymerisation between bis
boronate esters$ and72) with dibromides 49 and50), respectively $cheme3.21).

The polymerisations were performed using Pd(Q/&g)-tol)s catalyst, NaHC®@base in
anhydrous THF. All polymerisations were left for-2Q hours with large amounts of
purple precipitates forming as the reactions proceeded. The polymers were obtained and
purified as described in chapterThe structures of thé6, 77, 78 and 79 were verified

by the!H NMR spectroscopy, FIR spectroscopy and elemental analysis.

CplLgogy -2

CgH17CgH47 CgH17CgH47
75 76: R = DMO
77: R = octyl

jo Qf ”
—
/N
C8H17CSH17 CgH17CgH17
78: R=DMO
R 79: R = octyl
I
o=N_o
Br. S
| 74 | 49: R = 3,7-dimethyloctyl (DMO)
/ S 50: R = octyl
T\ Br
<N
S

Scheme3.21: The synthesis 016, 77, 78 and79 via Suzuki polymerisation

Reagents and conditionsi) anhydrous THF, NaHC§Pd(OAc), P(-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°@t 40
relative to polystyrene standardsaple 3.1). Substituting 3,tlimethyloctyl chains 76

for octyl chains in77 on theBTDI building blocks results in a polymer with lowkh,
values for the toluene fractions of the polymers. Howeriggfforded another fraction

in chloroform of a highe, value that was not soluble in toluene wi7iGdid 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 thedibenzosilolebased polymers@and79) have similaM, values. wever,79has

a lowerMnvalue to that o78for the chloroform fractionsThis could be attributed to the
effect of the branched chains78 which provides it with a greater solubility and allows

it to provide higher molecular weight fractior®¥lymers withn-octyl chains provided

lower yields compared to those with branched chains. Moreover, the yigltbene

based polymers is higher rilee todibenzosilolebased polymersi@ble 3.1). This could

be due to more aggregation in dibenzostlmdsed polymers with more intermolecular

interactions relative to fluoreAgased polymers.

Table 3.1: The percentage yield, weigahdnumber average molecular weights with polydispersity
indexes of76, 77, 78and79

Toluene fraction Chloroform fraction
Mn Mw PDI Mn Mw PDI
Polymer | % yield | (g mofY) | (g mol?) (g mott) | (g mor?)
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

Thenormalised UWis absorption spectra of all polymers in chloroform solutions and in
thin-flms 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
wavelengt hs. The peak at shor-tert wavei t
However, tle other band at lower energy is related to the intramolecular charge transfer
(ICT) between donor (D) and acceptor (A) units. The band ggpo{Ehe polymers are
assessed from the absorption onsets in-fimrs. In solutions, all polymers display
compaable absorption maxima. In thfiims, the absorption spectra of the polymers
show redshifted absorption maxima by-32 nm relative to their absorption in solutions.

Thi s be

structure in the solid state. Compared witlorenebased polymerslibenzosilolebased

coul d explained bptetaonhigen amde

polymers have broader absorption bands and therefore Igwalugs. A change of alkyl

chains onBTDI units from3,7-dimethyloctyl chains tam-octyl chainshas a negligible
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impact on the Eof the resulting polymers.7 is redshifted relative to it§6 analogue
this may arise from the fact that the former polymer has a higher molecular weight than
the latter polymer.

Q

1.01
77
78

Normalised A bsorbance

0.0 T T T
300 400 500 600 700 800

W avelength (nm)

o

76
77
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79

1.0

0.51

Normalised A bsorbance

0.0 T T T T
300 400 500 600 700 800

W avelength (nm)

Figure 3.1: Normalised UVvis absorption spectra @6, 77, 78 and79in a) chloroform solutions; and b)

thin films

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

(<]

U solution Film
Polymer | (Mtcm?) | amax(nm) Bmax(NmM) Bonset(NM) Eq (eV)
76 26200 550 572 685 1.81
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 K relative to P(BTI-F) (Scheme3.2) which has two extra
thiophene spacers betwelnoreneand DTBTDI units. The latter polymer is blue
shifted around 125 nm relative to the former polymers. As expeci#land77 have

lower Eyvaluesaround 0.1 eV compared with thatRPFDTBT (Scheme3.3) due to the
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stronger electro@ccepting strength of th8TDI building blocks than BT unit!8,
Similarly, 78 and 79 have lower E relative toPDBSDTBT analogue $cheme3.4)%°,

The absorption coef fi chasa poymers @re highdr thanh e
fluorenebased polymergTable 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 palyme
The LUMO and HOMO levels of all polymers calculated from the onsets of reduction
and oxidation potentials, respectivelyiqure 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 BINCIOJ/CH:CN (0.1 M) vs Ag/Ag™ reference electrode. All
polymers show the same HOMO energy levels. The results indicate that switching from
fluoreneto DBS moiety does not alter the HOMO levels of the resulting polymers. The
HOMO lewel is dominated by the nature of the donor unit and thatfhatteneandDBS

units are weak electron donors of comparable strength. All polymers displdyihgw
HOMO energy levels which are beneficial for the chemical stability of polymers in
oxygen and should lead to high&evalues of the fabricated OPV devices including¢hes
polymers as donor materials. All polymers have nearly identical LUMO energy levels, as
all polymers have the sarBd DI acceptor units which control the LUMO levels in these
materials. Furthermore, anchoring different alkyl chain8®B1 units has littleampact

on the LUMO levels of the resulting polymers.

a — 76 b | — 78
—_ 77 — 79

Current (a.u.)
Current (a.u.)

-2 -1 0 1 -2 -1 0 1

Potential (mV ) vs Ag/Ag+ Potential (mV) vs Ag/Ag+

Figure 3.2: Cyclic voltammograms of 8j6 and77; b) 78 and79 on Pt electrode in BMNCIO4/CHsCN at
100 mV/s
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Table 3.3: Thermal and electrochemical properties of the polymers

Polymer| T4 Eox? HOMO Ered® LUMO Eg (ele)
(°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 -5.50 1.25 -3.46 2.12
79 359 0.87 -5.50 1.29 -3.42 2.16

All polymers have comparable HOMO levels relativé’{@TI-F) (Scheme 3.2 which

has a HOMO level of 5.60 eV* This indicates that the incorporation of two extra
thiophene spacers betwe#inorene and DTBTDI units has negligible effet on the
HOMO levels of the resulting polymers. However, all polymers have deeper HOMO
levels compared to those BDI-BDTT, PDI-BDTO, BBTI-1 and BBTI-2 (Scheme

3.2). This could be attributed titluoreneand DBS units being weaker electron donors
thanBDT andBTT units®?%.The LUMO levels of the polymers are higher than those of
PFDTBT andPDBSDTBT (Scheme3.3andScheme3.4) (i 3.8 eV), which are related

to the stronger electron accepting abilityB3fDI moiety tharBT unit'83,

3.7. Thermal properties of the polymers

The thermal properties of the polymers were studied by TREgue 3.3andTable 3.3).

All polymers show high thermal stabilityith Tq up to 350°C. The thermal stability of

the polymers witm-octyl chains orBTDI 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 ®Tibé¢ units as well as

by the type of the donor buildyblocks.

1004

501

M ass remaining (%)

0 T T T
0 200 400 600 800

Temperature (OC)

Figure 3.3: TGA of 76, 77, 78 and79
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3.8 Powder X-ray diffraction (XRD) of the polymers

The structural properties of the polymers wiakestigated by powder XRD in solid state
(Figure 3.4). The XRD of ther6, 77, 78 and79 showdiffraction peaks at 20, 20.5, 19.7
and 203correspondingt aokitrhngg di stance of 4 .
respectively The results show that all polymers have an amorphous néttusealso
worth noting that the peaks for the polymers contaimrgctyl 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
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]
(=2
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10004 10004
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Intensity (cps)

5001 500

0 T T T T T 1 0 T T T T T 1
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2q (%) 2q ()
Figure 3.4: Powder XRD of ay6and77; b) 78and79

3.9. Conclusions

In summary, fourfluorene and dibenzosiloleased copolymers were prepared by
copolymerising 2,fluorene and 2;dibenzosilole PBS) with both 49 and 50 and
yielded76, 77, 78 and79, respectively. All polymers exhibit good solubility in common
organic solvents. Changing the alkyl chain®dm| moieties has a substantial influence
on the solubility of the polymers. The use of-8jihethyloctyl side groups dBTDI units

in the fluorem-based polymers affordedb in high yield, however, the polymer was
extracted in the toluene fraction due to its high solubilitye use of-octyl side groups
onBTDI units yielded77which has a lower solubility. In addition to the toluene fraction,
amother fraction from chloroform which has a higher molecular weight was obtained.
However, in the case dfibenzosilolebased copolymerdinear 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-fimms, the absorption
spectra of the polymers display bathochromic shift absorption maxima relative to their
absorption in solutions. The optical band gaps of the fluebased copolymers ar
slightly higher than those alibenzosilolebased copolymersThe band gaps of the
fluorenebased polymersre slightly changed by substitutidg7-dimethyloctyl chains
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with n-octyl chains orBTDI units, while the band gaps of dibenzosHbksed polymers

are the same. Upon varyirilyoreneto 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, bdtuoreneandDBS units are weak electremionors of similar
strength. All polymers show dedying HOMO energy levels of5.59 eV, whichare
advantageous for the chemical stability, and this would lead to highealues using
these polymers aslectrondonating materials in the BHJ devices. All polymerseha
almost the same LUMO levetad have the sani&TDI acceptor units whicdominate

the LUMO levels in these materials. Moreover, attaching different alkyl chaiB3Dh

units has small impaadbn the LUMO energy levels of the resulting polymers. All
polymers illustrate excellent thermal stability with exceeding 350C. The polymers
based on branched 3¢dimethyloctyl chains have higher thermal stability than those
polymers based on-octyl chains. The thermal stability of the polymers is dependent
upon the type of the alkyl substituents attached t@aticeptomoieties. The powder-X

ray diffraction studies of the polymers show diffraction peaks arou®fl @rresponding

t o t hasking 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 carbazolebenzothiadiazole

dicarboxylic imide alternate copolymers

Abstract

Four novel donoeacceptor copolymersl04, 105 106 and 107, were designed and
synthesisedia Suzuki polymerisation. The first two copolymers including@avbazole
flanked by thienyl moieties as the electron donor unitl@enzothiadiazoldicarboxylic
imide BTDI) aselectronacceptor units. In the last two copolymers, two fluorine atoms
were incorporated at 3jfositions of2,7-carbazole to investigate the impact of fluorine
upon the optoelectronic properties, structural and thermal preperf the resulting
polymers.107 possesses the highest number average molecular wilght 24200 g
mol?1) among all polymers synthesisd@4, 105show identical optical band gaps of 1.76
eV. However, the optical band gaps of fluorinated copolymers are slightly higher than
nonfluorinated counterparts. All polymers have dégpg HOMO levels.Changing the
alkyl chain substituents oBTDI moieties fom linear n-octyl to branched 3;7
dimethyloctyl groups as well as substituting the two hydrogen atoms-poSifons of
carbazole unit by fluorine atoms has negligible impact onHEMO levels of the
polymers Similarly, the LUMO energy levels are alma®omparable for all polymers.
Thermogravimetric analysis (TGA) have shown thHtpolymers have good thermal
stability and als@onfirmed that the fluorinated copolymers have higher thermal stability
relative to those noefluorinated analogues. Powder RRtudies proved that all polymers

have an amorphous nature in the solid state.

4.1.Introduction

Carbazole is a fusedng aromatic system, in which two benzene rings are fused in the

center by a pyrrole ring{gure 4.1). It is one of the most extenslyeutilised donor

repeat units for optoelectronic applications, for example OEEDFET$? and solar

cell$. It is structurally analogous to fluorene, but the carbonpo$tion of fluorene is

substituted by nitrogen atom. Relative to fluorene, carbazole is a more electron rich unit

due to its longoair of electrons on the nitrogen atom, which is involved in the atiom

system. In addition, carbazole derivatives have fully aromatic properties and they are able

to form stable radical catiohsFurthermore, they have relatively high charge carrier
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mobilities and they show good photochemical and thermal stalSilitiésreover, the
nitrogen atom in the carbazole unit is easily functionalised with differkyit@lains for
enhancing solubility of the resulting polym&rgluorene easily undergoes oxidation at
the 9position to ketone, while the nitrogen atom at thgo8ition of carbazole prevents

oxidation under electahemical condition's

Carbazole moiety can be linked through the@38itions or 2,7positions Figure 4.1).
Coupling of carbazole units through the-3,® s i t i 0 n s -cohjugationt of thet h e
resulting materials because a large amount of twisting along the polymer backbone.
However, connecting carbazole unia the 2,7positions provides a greater degree of
conjugation because the repeat units adopt a more planar sftéictioaever, cyclic
voltammetry studies revealed that these types of polymers undergo irreversible oxidation
and therefore thegre less stable under electrolytic conditions. This is due to the nitrogen
atom activating the 3;positions of carbazole As a result, side reactions can easily
occur and crosBnked polymers are formed. The mechanism of the reaction has been
proposed by Zottet al.(Scheme4.1)!,

Figure 4.1: The structure of carbazole unit

s
s

N
|

R

Scheme4.1: The crosdinking of polymers at 3fasitions of 2,7linked carbazole

Iraqi et al protected the 3;positions of 2,7linked carbazolgolymers by substituting
hydrogen atoms with either methyl groupsfluorine atom¥*2, They found that the
resulting polymers have higher elmlytic stability relative to those nesubstituted

analogues.
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4.1.1 Conjugated polymers basedn 2,7-carbazole

Similar to fluorene, carbazoleased homopolymers usually have large bands gap
therefore they are not suitable candidate for BHJ photogatls’. The band gap of
polycarbazoles can Hewered by copolymerising 2@arbazole moieties with a variety
of acceptor units through alternating dowaceptor (DA) strategy. Based on this
strategy, a variety of high photovoltaic performance carbazole copolymegiseba
developed. The most susstul DA copolymer is polyN-9-heptadecany?,7-
carbazolealt-5,5(4',7-di-2-thieny}l-2',1',3-benzothiadiazolg (PCDTBT) based on 2;7
carbazole flanked by thienyl units as electrmin moiety andBT as an acceptor unit
which was developed by Leclegtoup Gcheme4.2)'3. ThePCDTBT wassynthesised
via Suzuki polymerisation. The photovoltaic devices basedPG@DTBT: PCs1BM
showed & CE of 3.6%°. Leclerc and cavorkers further optimised the devices based on
PCDTBT and the photovoltaic performance up to 5.7% wasroeet*1°, Later on, many
research groups improved the efficiencyP@DTBT up to 6.79%by inserting different
layers such as a titanium oxide (k)Oconjugated polyelectrolyte, and alcohol/water
soluble conjugated polymer between the aclayger and top aluminium electrode
(Al) 161718 Recently, PCE of 7.5% was reported REDTBT: PC7:BM*°. Zhouet al.
reported the same polymer backb&@DTBT based on 2;tarbazole with bulkier side
chain delivered a PCE of 3.05%

Leclerc et al reported a new copolyens including 2,farbazole and a 2,%,3
benzooxadiazoleBO) by substituting sulfur atom iBT unit by oxygen atomScheme
4.2)**. PCDTBO: PCs1BM BHJ solar cell delivered a moderate PCE of 2.4%.

C8H17 C8H17

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

Schemed.2: The structures of copolymers containing-2afbazole flanked by thienyl units and different

acceptor units

Cao andco-workers synthesised anotherADcopolymer PCDTTAZ based on 2;7

carbazole and-alkyl-2',1',3-benzotriazole TAZ) as acceptor moietyStheme 4.F2
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The BHJ solar cedlfabricated fromPCDTTAZ: PCsiBM as active layer delivered a
PCE of 2.75%.

Zhanget al.reportedHXS-1 copolymer including 2/tarbazole an8,6-dialkoxy-2,1,3
benzothiadiazolg(OR)2BT] as an acceptorScheme 4.3)2%. HXS-1 blended with
PC71BM exhibited a PCE of 5.4%. Iragt al.designed and synthesised three copolymers,
PCDTBT-8 andPCDT2BT-8 andPCDTBT based on 2;tarbazole flanked by thienyl
or bithienyl units as donor units aBT or (OR)2BT as acceptor moietieS¢hemes.3)%,
PCDTBT blended withPC71BM delivered the highest PCE of 4.30%. Iraqi and co
workers synthesised four copolymers based onc&fdazole flanked by thienyl or
selenophenyl units as donor units @il or (OR)2BT as acceptor moietigsScheme
4.3)%°, PCDTBT fabricated wittPC7:BM in BHJ devicegiave the highest PCE of 5.10%.
Recently, PCDT2BT-8 and PCDTTBT -8 were synthesised by Iragt al. using
bithiophene and thieno[3@thiophene TT) units as spacers between-2aftbazole and
(OR)2BT (Scheme4.3)6. The BHJ solar cell based ®DT2BT-8: PC71BM as active
layer gave a PCE of 4.12%. HoweveCDTTBT -8 PC71BM 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

CgHi7~ "CgHy7

PCDTTBT-8

Schemed.3: The structures of alternating copolymers including@ibazole units, benzothiadiazole and

dialkoxy benzothiadiazole moieties
4.1.2. The impactof 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 eABopolymers, substituents such as
fluorine atom can & 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 eft¢s’’. The lowlying HOMO energy levels of fluorinated
polymers can provide hig¥, values in PSC&. You and ceworkers have designed and
synthesised a new acceptor urdt/-di-2-thienyk5,6-difluoro-2,1 3-benzothiadiazole
(DTffBT) (Scheme3.1)%°. It was copolymerised with benzodithiopheB®() to build
aPBDT-DTffBT copolymer Echeme4.4). To study the influence of fluorine atoms on
the efficiency of PSCs, they preparB8@DT-DTBT without fluorine atomsPBDT-
DTffBT has Eof 1.7 eV, which is similar to that #88DT-DTBT . However, the LUMO
and HOMO levels oPBDT-DTffBT are lower relative to those of its néinorinated
analogue. ThePBDT-DTffBT was fabricated into solar cell devices wiCs1BM
offered an impressiv@CE of 7.2%. In contrast, the nélnorinated counterpart only
exhibited a PCE of 5.0%.

You et al. further developed another new acceptor unit basetAah by replacing two
hydrogen atoms at 58ositions ofTAZ with two fluorine atoms to build ETAZ %7, It

was copolymerised with BDT to generate a nov&éiBDT-FTAZ copolymer §cheme

4.4). Moreover, they prepareBBDT-HTAZ copolymer without fluorine atoms to
investigate the impact of fluorine atoms on the performance of the devices. BHJ
photovoltaic devicesamnposed oPBDT-FTAZ andPCesi1BM as active layer delivered

a remarkable PCE of 7.1%. On the other h&®BIDT-HTAZ showed only a PCE of
4.36%.

In 2013, Wangpt al.reported three copolymers based®il andDTffBT with different
solubilising chains, PBDT1en-DTHffBT, PBDTren-DTenffBT and PBDThpo-
DTHffBT (Scheme4.4)*°. PBDTten-DTHfBT andPBDTren-DTenffBT blendedwith
PC71BM delivered the PCE of 4.46 and 6.20%, respectively. On the other hand,
PBDTHpoo-DTHfBT offered arunprecedentdy high PCE of 8.30%.

Penget al. developed a new acceptor moiety basedDdBT by substituting one
hydrogen atom at-position of BT with fluorine atom to construddTfBT3L It was
copolymerised with alkylthienyl substitut&DT to form PBDT-DTfBT (Scheme4.4).
The BHJ solar cell based &BDT-DTfBT: PC71BM showed a high PCE of 6.21%.

Jen and cavorkers reported RCPDTFBT copolymer including cyclopentadithiophene
(CPDT) and partially fluorinate®T (FBT) (Scheme4.4)%. In parallel, they synthesised
nonfluorinated PCPDTBT counterpart to examine the effect of fluorine on the
photovoltaic efficiency of the device. TREPDTFBT: PC71BM delivered much higher
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PCE thanPCPDTBT (5.51vs 2.75%). Nehret al. independently reported the same
copolymersPCPDTFBT andPCPDTBT. PCPDTFBT andPCPDTBT fabricated with
PC71BM delivered a PCE of 6.16 and 3.59% respectiiely

For allof the highly efficient copolymers mentionatlovefluorine wasincorporated on
the acceptor unit8o andco-workersinserted fluorine atoms on the donor &hiThey
reporteda novel copolymeilO-PDFCDTBT based on 3;@lifluoro-2,7-carbazoldlanked
by thienyl unitsand(OR)2BT (Scheme 4.3 The copolymehad a low molecular weight
(Mn = 9100 g mol) due toits limited solubility. The BHJ solar cell based @r
PDFCDTBT: PC71BM as active layer showed a PCE of 4.8%ey replaced the-octyl
side chains on carbazole units byn&xyldecyl side chainsHD) so as to increase the
solubility and moleculamweight of the resulting polymerStheme4.4*. The new
copolymer,HD-PDFCDTBT was synthesised withM, as high as 38000 g mblThe
HD-PDFCDTBT showed much higher hole mobility theaPDFCDTBT probably due
to higher molecular weight of the former polymé&tD-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

Schemed.4: The structures of fluorinated copolymers and their analogues
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4.2.Synthesis of3,6-difluoro -substituted-2, 7-carbazolemonomer (89)

89is a key monomer for the preparation of the target polymers in this chapter. It was
synthesised through eight steps starting from commercially availafdibromo2-
fluorobenzeng(80) (Scheme4.5). The different steps in its preparation are discussed
below.

Schemed.5: The synthetic steps of ti8®

Reagents and conditionsi) TFA, TFAA, NHsNOz, DCM, 0°C; ii) Cu powder, DMF,
120°C, 3h; iii) Sn, HCI, EtOH, reflux, 3h; iv) #PQy, 190°C, 24h; v) Mg, THF, ethyl
formate; vi) EtN, MesN.HCI, DCM,; vii) KOH, DMSO, THF, 45°C, overnight; viii)
bis(pinacolato)diboron, KOA@nhydroudDMF, Pd(dppf)Ci, 100°C, 48h

4.2.1. Synthesis ot,4-dibromo-2-fluoro-5-nitrobenzene 81)

81 was synthesisedy nitration of80*. The reaction was performed betwe8a and
ammonium nitrate as a nitrating agent in the presence of trifluoroacetic acid (TFA) and
trifluoroacetic anhydride (TFAA) in dichloromethane and yiel8&ds yellow crystals

in an excéent yield of 85% Scheme4.5).

The mechanism of the reaction is an electrophilic aromatic substitution and comprises of
three stepsgcheme4.6). In the first step, nitrate ion (NQ reacts with TFAA to form
nitronium ion (NQ"), which is an electrophile. In the second s@pfunctions as a
nucleophileandattacks to the Ngto forma sigma complex, which is stabilised by three
resonance structure8Q, 91and92). In the third step, the aromaticity of the benzene ring

is restored by deprotonation of the sigma compeborm the81.
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