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Abstract

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

energy.

This project reports the synthesis of three low band gap copolyP®rgR2) and

(P3) which have similar chemical structure to PCDTBT where thiophene repeat
units are replaced with hethylpyrrole repeat units. IR2, the carbazole repeat
units have been substituted with fluorine group in the positions 3 and 6 in order to
lower the band gagnergy due to flluorerehydrogen electrostatic interaction.
Also, the carbazole repeat units have been replaced with fluor&g: Tine results
indicate wider band gap energy compared to the thiophene analogous polymers.

This thesis also covers the dyesis of a series of low band gap-2a6d 2,7based
anthracene copolymer®&P12). These copolymers consist of 2@ 2,7 linked
anthracene and thiophene or selenophene as donor units, and benzothiadiazole used
as acceptor units. In addition, octyloxgubstituents were introduced to the
benzothiadiazole repeat units. The results indicate thatarlBacene based
copolymers have slightly higher conjugation properties compared {an#hacene
copolymers. Introduction of alkyloxy substituents on the b#nadiazole repeat

units improve the solubility but reduce the conjugation properties of the resulting

polymers.

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

illustrate promising results for use in bulk heterojunction devices.
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Poly(3-hexylselenophene)
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As the worl dés @ampha ktantardooh livingniraproges, sthe s
demands for energy rise$his is a major concern sineee currently depend upon a
finite amount oftraditional fossil fuel to meet mosf our energy needs, and this
source is dgleting rapidly as well as gettingard to extract from the earth. It is
expected thathe global oil production will decreaséthin the next10-20 years,
whilst, conversely, oil consumption is expected to increase within the same time
period. In 2008, globatonsumptiorwas approximately 15 T\, andif current
trends continue this is expectedo double by 2025 due to an increased demand
from emerging economs for example China and Indid Furthermoreglobal
consumptioris expected to more than doulfte about30-35 TW) by 2050 In
2012, the natural resources such as petnol@oal and natural gas pided 83% of
U.S energy consumptio The natural resources amexpensive andelatively
easily to access, but they present a crucial problem to the weodsil fuel
extraction and combustion processes produce vamg@asessuch as carbon dioxide,
carbon monoxide ansulphurdioxide, which causencreasd pollution and global
warming %°. Consequentlynew type of renewable and clean energguch as
biomasswind and solar, are becomirggsentialIn the last few yearssolar cels
have become one of the most promising renewable soweashing560MW in
2002 and t is expectedhat global energyproductionfrom solar cellswill reach
140GW in 2030°.

1.1. Background to conjugated polymers

Since the discovery othe conductivity ofsemiconducting organic materials in
1961 by Okamoto and eworkers, conjugated polymersave attracted rach
interest andshown a great promise. These researchegsrted that polyacetylene,
the simplest linar conjugated systenhasa conductivity of 10° S/cm”. In 1958,
polyacetylene was discovered by Natta but it was black, air sensitive angbiesol

materia) sofor a long timeit wasof little interest®. In 1977, Heeger Shirakawa
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MacDiarmd and ceworkers discovered thaemetallic conductivity of doped
conjugated polyacetylendt is reported that the conductivity of polyactylene
increasedy up to ten orders of magnitude upon espre to halogen vapts °. For
their invaluableresearch and discovery Heeger, Shirakaavel Macdiarmidvere
awarded the Nobel Prize ih€mistry in 2008,

L T S A
!

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

O\

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

Figure 1. The chemical sructure s of some conjugated polymers.

Nowadays, semiconducting polymers h&een developed for mamges. The first
generation of conjugated pwhers involved early work on polyacetylene,
polypyrrole, polythiophene and polyaniline. Whilsheé second generatioof
conjugated polymersvolved the work on soluble conjugated materialsuch as
poly(3-alkylthiopheng. The third @neration focusedon more complicatel
molecular structure with more ators in the repeat unit for exampt#onor i
acceptor copolymer systensuch aghe polycarbazole copolymer structure which
was reportedby Lelercand bithopheneacceptor copolymereported by Konarks
1 The conductiity of conjugated polymers means they haaious potential
applications such as Organic Photovoltaic (OPVJ, Organic Light Emitting
Diodes (OLED)*3 Organic Thin Film Transistors (OTFT* sensors®® and
batteries *°. Despite thefact that organic materials offer mwer level of
electrochemicaperformancevhen compared with inorganic materials, they have

many advantages over inorganic semiconductors. Inorganic materials demand a
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very high degree otrystallinity and purity increasingthe ®st of materials and
manufacturé’. On the other hand, organic matesiahn be fabricateito devices
using cheap technigsefor example spin coating techniqu& modetinkjet
printing technique®, screen printing techniqu&, roll-to-roll printing techniqué?,
spray coating techniqu& and even paint brush applicatidn Moreover, the
structure of organic materials can be modified to providentagerial properties
necessaryfor specific applications,while inorganic materials have intrinsic

properties™.

1.2. Chemical dructure of conjugated polymers

Conjugated polymers amarbonrbasednacromolecules which possess an extended
"-binding system with interchanging single and double bonds along the backbone

of the conjugated polymer chafi. In the saturatedplastic polymer the four

electrons arounthe carbon atom ari sp’ hybridized orbitalandeach offorms a

covalent bond (with an angle 109.5In this case, all four electrons are employed

to createithgbondd elchargeomowementHiees moeoccur and

a |l arge band gap exi st antbbndingweseltimg iti bond
insulating materials. On the other hanthe chemical structure of conjugated

polymer constructof three spand p orbitals. The single bond¢omprisesof only

t h ebond (strong chemical bondyhilstthed o ubl e bonhomrdnamd ns
bond.The treesffor b i t a | sboridavhich liea im thei plane with an angle

of 12C. In additionthepor bi t a | -bond doe tanutwal overlapping with a
neighbouring pand thisi s per pendi cul arbonrddhehé& pbade
are strong and form thehape of polymer backbone, whexes t hes are bond
loosely bound due to lessverlapping of the two jorbitals compared to the three

sp’. Thus, delocalization of electrsroccuralong the conjugation polymer system

and electrons belong to the whole chiastead of belonging to one atbth?

The chemical properties of conjugated polymers are provided by the localized
electrons in thel-bond. However, the electrochemicahd optical properties of

conjugated polymers are providedtmel ocal i zed e lbendstTmesens i n
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electrons can be moved easily along the chain.tWbe -bands in the conjugated
polymers are called molecular orbital$ie first one is called éhHighest Occupied
Molecular Orbital (HOMO)wh i ¢ h i s -bardewhilstithle keeathd one is
called the Lowest Occupied Mol ecu-l ar
band. Moreover, moving electrons from HOMO to LUMO provides optical and
electrical poperties. The chemical structure and electronic configuraésalt in

the conjugated polymer havingrious propertiesvhich can be utilized im wide

range of applications*?’

1.3. The properties of conjugated polymers

The uniquestrucure of conjugated polymers leads to them having bptital and
electronic properti€& In plastic polymes, such as polyethylenehe electron is
ex ci t e d-borfdedoimto (i {antibonded orbital, which leads tostructural
instability b e ¢ a tbend orhitals holdhe chain of the polymer togethavhich
makes these kind of materigdhotoresistarHowever, insemiconducting polyers,
excitation occurs withim " -band and it does ndead to bond brééng because the

structure is hie d b lyonds) which makes these material conducts

1.3.1. Conjugated polymeré conductivity

The electronic properties of semiconducting polymers arise from their unique
chemical structure and their number of the highest occupied moleutdaal
(HOMO) level andthe lowest unoccupied molecular orbitdlUMO) level. The
band theory illustrates &t the highest occupied bamehich result from thédOMO

of each monomer unitis caused by the valence bafd, whilst the lowest
unoccupied bandwhich results fromLUMO of each monomer units caused by

t he c ondu c)asshown ifigure®? ( -

Or
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Figure 2. Increase of conjugatiorieads to bands. N=number of conjugateddouble bonds.

The alternation of singland double bonds alortge polymer chain leads to there
beinga gap in the electron density s&tEa a single molecule, the difference in
enery between the HOMQ@ “apdLUMO (") is called the bad gap energy (Eg).
The electronigropertiesard theconductivity of polymes aredetermired by band
gap energy. e band gap can be managed by structure modificatiotheo
polymer. Furthermore, increasititge chain length leads more conjugation anah
increasdan the number of molecular orbitalas shavn in Figure 2 andincreasing
conjugation results in increasing the enelepel of the HOMO and decreasing the
energylevel ofthe LUMO. The large number df i | {b@nding orbitals thahave
energy closé¢o each otheand the large number of udél " -anti-bonding orbials
that haveenergy closdo each othecreatea valanceband anda conductingband
with a small energy band gap separating thetmch isthe band gapenergy.The
effect of conjugation length migbe reduced due to steric hindrameehe polymer
backbonewhich leads to twisting ahe bakbone of the polymer and reduction of
t he over | aopitalk® tTheeband gap energy JEof semiconducting
polymers is between 1 and 4 e®n the other handthe band gap energyf
conducting materials is 0 eV and the band gap energnsaflatingmaterials is
larger than &V. **
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1.3.2. Solubility of conjugated polymers

An aditional significant property of conjugated polymes their solubilityin
common organic solvesitwhen appropriate functional side groups are added. In
addition, the deposition of conjugated polymé&ims can be achieved usirgpin
coating and spray coatingechniques in air from solutionThe fabrication of
conjugated polymer based tHim devicesare becoming less difficult araheaper

when compared with devices produced by vacuum deposition techniques. The
formation and the morphology of the filmeaaffected by the interaction of the

solubilised polymer and substrate surfatéhe interface

R

! A

R R

Figure 3. Alkyl chains areattached to conjugated polymesin order to increase ther
solubility.

1.4. Synthesis of conjugated polymers

There are many ways to prepare conjugated polymers. First ofoaljugated
polymers can be prepared using electrochemical polymerizatestiner anodic
which is most commonly used, or catio In addition, conjugated polynmecan be
prepared usingnetal catalysed reactisuch as Kumada, Yamamoto, Suzakid
Stille crosscoupling®. In this project only Still crosscoupling and Suzukiross

coupling polymerizatiogwere used.
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1.4.1. Suzuki Cross Coupling

In 1979, Suzuki et akeported that carboncarbon bond can be formed between
organoboron compounds and vinyl and dglidecompound by usinga palladium
catalyst inthe presence of bas&. The idea of palladium catalysed coupling is that
two compound are foregathered on the palladidue to the formation ofetal
carbon bonds. In the next step, the two compounds are coupled to eac¢larmmdher
this leadsto the creation of a new carberarbon single bond". For his valuable
work in the field of carboncarbon bondormation using catalysecross coupling
reactiors, Akira Suzukiwas awarded the Nobel prize irh@nistry in 2010 He
sharedhis with Professor Richard F. Heck and-ighi Negishr®.

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

X=Br,| Ar, Ar' = Aryl group
Figure 4. Suzuki cross coupling.
The high stability and low toxicity of organoboron compounds has made this cross
coupling reaction very practical amd widespread interest due to its potential use
in various applications. The mobsommonly used catalyst BAPPh),. Some
reactions needh more specialised combination of catalyst and lkjasuch as
palladium acetate Pd@&2), and trio-tolyl phosphine the ligards are usg to

activate the catalyse.

1.4.1.Stille Coupling Reaction

In 1978 Stille and Milstein reported that carbdncarbon bond can be formed
betweenan organotin compound areh organohalide compounsinga palladium

catalyst®’

. Stille cross coupling has been widely used for the ¢ogpf aromatic
and vinyl compounsl Furthermore, organotin compounds have many advantages

as they tolerate a wide range of functional geampdare airandmoisture stablé®.
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In addition, conjugatedolymers can be prepared usingl& cross coupling with a
high yield.

R CN R

[ s :
Br/Q\BfJf(n-Bu)sSn (S Sn(n-Bu)s (PPh3)s gt S\ (rrsn(n-Bu)g

S >
n

CN
Figure 5. Stille cross oupling.

The yield in Suzuki crossoupling and 8lle crosscoupling are comparable. Some
highly sensitive compounds do not tolerate the basic conditddna Suzuki
reaction. Nevertheless, the higher cost and toxicity of organotin compmaikes

Suzuki crossouplingthe preferred choic¥.
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1.5. Introduction to Solar Cells

Solar celk or photovoltaic devices areolid or nonsolid state devices which
conwert the energy of the solar radiatigphoton) directly into electrical charges
usingphotovoltaic effectd’. Solar energy has atti@el much attention of latdt is
reported that eart h8«Ws 6a if&@lé & ofrthe eath v e d
was covered with solar cslvith a power conversion efficiency of 10%hen all
electricityneeds could be mét Due tothehigh cost of ultrahigh crystalline silicon
solar cels, a numberof solar cell technologies havemerged in an attempt to
reduce the cost of the technology, and these have shown prdlosadays, there
are many typesf solar cell such as thin film inorganic technologidsr instance
amorphous silicon, copper indium gallium selenium (IGS) andnaad telluride
(CdTe). In addition, emerging photovoltaic technologmsch as Dyesensitised
cells and organic solar cells have shown promising laboratory sestibined

with low manufacturing costs.

1.5.1. Brief History of Organic Solar Cells

Since the discovery of conjugated polynseby Heeger, Shirakawa, and
MacDiamid,they have been the subjectrofich academic researobgarding their
potential plication. In 1979, the first organic solar dedised on two laysrdonor
acceptor and it was creted from copper phthalocyaninend a perylene
tetracarboxyt derivative. In addition, the study Byang was not published until
1986 when he reported 1% efficien®y | n 1991, O6Budtgrem and
solid state solar cell which is calledlye sensitized solar céfl. Power conversion
efficiency of 11.4%has been recordassing theseells.** However, the nossolid
state ceB have disadvantages and need to be encapsulatpcevent the liquid
electrolyte fromleaking anddrying up*® The technical difficultiemssociated with
this type of solar cell render it smitable for practical usén 1993,Heeger builthe
first polymer /Gy heerojunction solar cellfrom a soluble derivative of
poly(phenylenevinyleng as the donor and buckmsterfullerene g as the

acceptorput a low power conversion efficiency was repoffe@ihen in 1994, Yu

]
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built the first bulk polymer / & heterojunabn using poly(3-octyl thiophene),
poly[2-methoxy5-( 2ethykhexyloxy)1,4-phenylene vinylene] and ¢& *’. The
bulk polymer / polymer heterojunction solar cell viaen built by Yu etal. and
Halls et al. in 1995. They prepared devices using padg($l thiophene) ashe
acceptor and polyfnethoxy5-( 2ethykhexyloxy)14-phenylene vinylene] as the
donor, and a spincoatingtechnique was used to bletide two polymers®. The
power conversion efficiency of organic solar cdlld beervery low, and it was
difficult to pass the 1% efficiency barrier. @hfundamental nature of charge
photogeneration and transport in conjugated polymers letdteiow efficiency of
organic solar cell devices. Imnorganic materiallight absorption generates free
electon and hole charges directly due itttergap transition, but in organic
materials light absorption results inthe production of bound electremole pairs

called excitons®

. In 2007 Heeger et al. built a new type of organic solar aell
tandan solar celland power conversion efficiency of mdten 6% were reported.
In tandan solar cell two solar ceb with various absorption characteristics are
connectedn order that a wideange of the solar spectruoan be hanaed >°.
Finally, the hghest power conversion efficiency for orgasolar cellhas been

recorded so fais 10%**.

1.5.2 Operating Mechanism for Organic Solar Cells
The conversion of photarinto electricity by organic solar celdepends on three
main processes:

1- Absorption of photon (light) and creation of excgon
2- Diffusion and dissociation of exciteimnd hols and electroacreation.

3- Charge transport to the electrodés

1.5.21. Operating MechanismFor Homojunction Devices

The first sep is generationfoexcitons. he acive layer of organic photovoltaic

cellsabsorbdancidentl light, which leads to the promotion ah electron fronthe

10
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HOMO energy levelto the LUMO energy level creating an excitanThe second
stepinvolvesdiffusion and dissociation dhe exciton at the interface betwedre
active layer andhe cathode. The last step is charge transport and collection by
electrodes meaning theelectron is moved to the photocathode dhe hole is

moved to the photoanogdas shown irFigure6°2

(2

Anode  Polymer Cathode Anode  Polymer Cathode Anode  Polymer Cathode

Anode  Polymer Cathode Anode  Polvmer Cathode Anode  Polymer Cathode

Figure 6. Operating Mechanism for homojunction organic solar ells.

1.5.22. Operating MechanismFor Heterojunction Devices

The conversion of sunlight into electricahergy process in organic heterojunction
photovoltaic cells is more complicated than monojunctiophotovoltaics as

explained below

The first step is generation efkcitons. he active layer of organic photovoltaic
cells absorbs incideat light, which leads tan electron fronthe HOMO energy
level being promotedo the LUMO energy level Thus,electrorhole pairs forma
tightly bound state which is calleh exciton *3. When the excitons are created,
they can diffuse randomly in the active layeheTaverage diffusion length of an
excitonin a conjugated pymeris in the order 06-20 nm >*. Formost conjugated

polymers used ilorganic solar ced| thelife time of excitors is approximately 300

11
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picosecond’. When the excitons reathe donoracceptor heterojunction inface,
the eledtic field facilitates the dissociation of the excitonand free charges (hole
and electron) are generatddhas been illustrated that usirtggo electrodes with
different work functios leads to a built up electric fieldin the device which is

crucial for exciton dissociation and charge generation at the inteffaséter the

dissociation bexcitors andthe generation of free charge carsggthe hole stays in
the HOMO ofthe donor, whilethe electron is transferred tthe LUMO of the

acceptor. Thiss thelast stepn charge transport and collection hlye cathode and
53,57
el

theanod

IF

Anode Donor Acceptor Cathode

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

Figure 7. Operating Mechanism for heterojunction organic solar ells.

1.5.3. Inorganic and Organic Solar Cells

The main difference between inorganic solar cells arghnic solar cells is in
relation to charge generation. In the case of inorganic solar cells, absorption of
photons leads to the formation of free electron hal&. For organic solar cells,
photon absorption leads to the generation of excitons withaleeamd the electron
being bound to each oth&f®® Moreover, it has been reported that the hole
mobility in conjugated polymers is in the range of 16 10’ cm?/(Vs) and the
mobility of electrons in conjugated polymers is in the range 8t1@° cm?/(Vs).

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

order to provide the material with specific properfies.

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

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

1.54. The Concept ofHeterojunction

The ideaof a heterojunction is to use two semiconducting materials with various
electron affinitiesand ionisation potentials thatipport exciton dissociation. Using

a donoracceptor interface makes exciton dissociation easier, the interface allows
the eleatons to go through to the materials with tiigh electron affinity and so
holes stay in the materials with the lower ionisation potential. Thus, the bound of
electron and holpairs are separated ybarrier®®**® Theact of thephotoexcited
electron hopping from donating material to the accepting matée=titon
dissociation process)is called photoinduced charge transfer (CTJhe
photoinduced CTrom conjugated polymer to the fulle(Csg) takes place isub

picoseconds (< 1Y s). This ultrafastprocessvas discovered by Heeger et al. and

13
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Yoshina et al. in 1992°*®% The photoinduced CT followed bya chargebeing

transferred to the electrodendbile carrer sweep out by internal voltade

1.5.5. Organic Solar Cell Device Structure

Organic solacell devices are manufacturedansandwich structureonsisting of
four layersas show irFigure 9 The first layer is dransparenglass the purpose of
which isto protect the deviceOther materialssich as polyethylene terephthalate
(PET), can beused instead of glass to make the device more flexilhle.second
layeris a conductive anodmade from Indium Tin Oxide (ITO), whichasa large
optical band gap (3.7eV) that does not allow wavelelayterthan approximately
350 nmto be absorbedThe first and second layers are readf transparent
materials that allowight to go through to the third layewhich isa photo active
layer. Thiscan be made from single orteeojunction materials. The finddyer is
aluminium which acts as cathode. The cathode and anode are made from materials
with different work functions; the anode beingade from a high work function
materia] such as ITQ and the cathode beingade froma low function work
materials,such as Al. This structure provides built in potentiahich leads tahe
generationof an electric fiedl to facilitate CT®®. In addtion, the|TO surface is
fabricated with a thin layer ofpoly(ethylenedioxythiophene) doped with a
poly(styrene sulfonat€PEDOT:PS$¥coated from solution. The PEDOT:PSS layer
acts asan electronblock layer which improve hole injection intothe anodeby
improvingthe electrical contact between the active layertaedTOand adjushg
energy levels betweeghe HOMO energy level othe donorin theactive layer and
the work function othe ITO ®. Moreover, Marks et al. investigated whether NiO
can perfornthe same role of PEDOT:PSS in order to improve hole injectidineto
electrode leading tothe power conversion efficiency dhe organic solar cell
improving ®°. Graphene has been used asanode instead ahe ITO. However,
lower power conversion efficiency was reportpdssiblyas a result ofjraphene
beingsemitransparentf®. Finally, it is reportecthat LiF or Cacan be usedt the

interface of theactive layer and cathode in orderfacilitate the electron injection

14
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into cathode byadjusting the energy level betwettre LUMO of acceptoin the

active layer and the work function of cathdde

s 200000000000
Active Layer

Substrate

Figure 9. Structure of organic solar cll.

The structure obrganic solar celvaries depending on the nature of the active

layer. The four types amescribed in the nesection:

1.55.1. SingleL ayer Devices

A single layer deice is the simplesbrganic solar celstructurally It consists of a
singleconjugated polymer saniched between two electrodes wdtiferent work
functiors. The thickness of the active layer ietween 4€200nm. The powe
conversion efficiency is limitednd scheterojundbn donor / acceptor devices have

been buil°¢63068

1.55.2. Bilayer Heterojunction Devices

In a bilayer heterojunction, the active layer consists of two layers stacked together
with a planer interface. One lay acts as a donor, while téher layer acts as an
acceptor and they are sequentially savidhed between two electrodes with
different work functios, as shown irFigure 10 The donor is made frora p-type
organic materialwhile the acceptor is made froam n-type organic materiallThe

15
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first conjugated polymer bilayer diee was built by Sariciftici eal. by evaporating

Cso On the top of a spitcast MEHPPV layer>%*%%%2

S

Substrate

Figure 10. The structure of bilayer heterojunction devices.

1.55.3. Bulk heterojunction devices

In bulk heterojunction devices, the active layer consistsdanor andan acceptor
which are blended together in one layer between twarettes withdifferent work
function, as shown inFigure 11 The interfacial areaf the bulk heterojunction
devices is significantly larger than that of bilayer structure, and ithsoves
exciton dissociation efficiency. In bulk hedgmction devicesthere is nospecific
direction for electron and hqgland so selecting different electrodes as cathode and

anode is very criticalith regard tacharge carrier harvestinigf 6358

Substrate

Figure 11. The structure of bulk heterojunction devices.
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1.55.4. Ordered bulk heterojunction devices

In orderedbulk heterojunction devices, the active layer is in between the bilayer
and bulk heterojunction devise This structure hamany advantages over bulk
heterojunction devicedor instancein bulk heterojunction devices, there are dead
endsand the waypathto the electrodes might be interruptedich preventholes

and electros from reachingthe cathode or anode. On the otlfend there is no
dead end in ordered devicage to optimizinghe structure However despite their
advantagesdt is more difficult to make order bulk heterojunction devitenbulk

heterojunction device¥®.

S

‘ Donor
Active Layer Acceptor

Substrate

Figure 12. The structure of ordered bulk heterojunction devices.

1.56. Donor1 acceptor system

In order b increase the power conversion efficiency of organic solas, eglfious
conjugatedpolymeis with differencesn the constitution of the repeanits (such as
homaopolymers, donoracceptor system quinoid polymes and double cable
polymes) have been investigatedA high power conversion efficiency was
recordedwith these systes)butadonor acceptor system is the most commsed

due to itsadvantages and the versatility of itesign’®.

Donoracceptor system ia polymer with alternating electron rich argdectron
deficient monomex Thus, the molecular orbital dhe donorinteracs with the
molecular orbital of the acceptor to obtaipolymer molecular orbital in whicthe
HOMO energy levebf thepolymer is close to the HOMO energy levelloé donor
and the LUMO energy level ahe polymer is close to the LUMO energy level of

17
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the acceptqras shown irFigure 13 In a donoracceptor systenmgrbital mixing of
the donor and the acceptor resultsr@gducedband gap energwnd increased

conjugation’.

Donor Polymer Acceptor

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

The HOMO and LUMO energy levels difie polymer can be controlled bine

donor andthe acceptor respectively Adding electrondonating groups such as

amines and alkoxyldo the donor decreaseheionization potential and increase

the HOMO energy level while adding electron withdrawing groypsuch as

ketones anahitro grouys, to the acceptor increaselectron affinity and lower the

LUMO energy levelas shown ifrigure 14 The HOMO ofthedonor is responsible

for the energy | evel of t he pthdagcepwr 6 s HC
isresponsible forthener gy | evel of “t he polymeroés L
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Figure 14. Example of donor and acceir units.

1.57. General requirements for the active layer in organic solar cell

As mentiored before, over the pagdtventy yearsa large number of structures,
blends and materialsakie been studied in order to obtain itieal organic solar cell
with high power conversion efficiencyit is easier toprepare devicesising
inorganic solar cedlbecausdree charge migration is very fast and the collection is
easier. On the other hantthe generation of electricity is three to five times more
expensive usingpigh crystalline inorganic solar celleanfossil fuel . However,
the efficiency oforganic solar cedl has improved ovehe last ten yearsPower
conversion efficiencpver 10% anden years liféme are required. According to
the literature the theoretal power conversion efficiency for a bulk heterojunction
organic solar cell is 23%'. To prepareanideal polymer for use ianorganic solar
cell with high power conversion efficiency, the followingguirements need to be

met
1.5.7.1. Short Circuit Current

Short circuit curren{lsy is related to the number of exciwgenergéed in sdar
illumination. The active layer should hawabroad absorption ithe solar spectrum

in order to maximize exciton generation. The solar spectrum range is from 280nm
to more than 3200nmOn the other hand, conjugated polymers eéiiciently
absorb photamwith energy equivalent to their band gapergy Due to thevery

low photon absorption of PCBM in visible and near IR region, the conjugated
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polymer donor must act as the main photon absorAsr.mentiored before,
lowering the band gap emprleads to increasd photon absorption, where the ideal

polymer should have a band gap in the range el B&V™°*"
1.57.2. The Open Circuit Voltage

Open circuit voltage is related to the energy difference betwe=HOMO energy
level of the polymer andthe LUMO energy level of the acceptor. In theory,
lowering the HOMO energy level dhe polymer donor would increase the open
circuit voltage. On the other hantthjs would increase the band gap energy amd s
decrease short circuit curremih addition, the UMO energy level of the polymer
donor cannot be lovwbecauseit is necessary to havat least 0.3 eV energy
difference betweethe LUMO energy level othe polymer donor andhe LUMO
energy level ofthe acceptoin order to facilitate th charge dissociatioprocess rad
avoid recombination. Also, the LUMO energy leveltioé acceptorandthe HOMO
energy level othe donorneedto bewith respect to the work fiction of cathde

and anodén order tofacilitate charge collectigras shown irFigure15®,

LUMO
T !2E LUMO
EQ
VOC
HOMO
HOMO

Anode Donor Acceptor Cathode

Figure 15. The energy levels for donoacceptor system.
In order to increase the power conversion efficieaoyelectron rich donounit is

polymerized withan electron deficient acceptanit. Also, tre HOMO and LUMO

energylevels of thepolymer can be controlled ihhe HOMO energy level othe
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donor andthe LUMO energy level othe acceptoyrespectively. Thus, in order to
achieve high open circuit voltage and low band gap energgeak donofi strong
acceptotheoryhas bee suggested ",

Thus,in the preparation of thpolymer, a donor and acceptaepeated unitsvith
the appropriateHOMO and LUMO energy levels as well asitable electrodes
need to be used compromise has to be reachadrder to makeéheideal device.
According to thditerature, the HOMO energy level should be in the rangé 5.8
eV while the LUMO energy leveshould in the range 3.v 4.0 eV when the
polymer blended withphenytCgi-butyric acid methyl estePCBM in order to
obtain low band gap energy and high open circuit voltige

1.5.7.3. Film morphology

Identifying the deal HOMO and LUMO energy lewelfor the donor and the
acceptor isot the onlyissue whemmakingideal devicesThe active layer needs to
haveuniform film forming propertiesn order to haveyood film morphology®. In
addition, the active layer requires high hole nligbifor the polymer donor and
high electron mobility for the accepf8rFinally, the active layer should teghly
stable boththermaly and electrochemically with a long term lifetime. Three year
lifetime stablity was reported by Knoarka itheir organic solar cedl®. In theory,
when a polymer donor with a bandpgenergyof 1.5 eV, aHOMO energylevel of
approximately-5.4 eV and a LUMO energy level of3.9 eV is blended with
PGs:1BM, with a fill factor of 0.65, external quantum efficiency of 65 % and
optimised morphology, 10% power conversion efficiency would be obtafhed

1.58. Organic Solar Cell M aterials

Recently organic solar cedl haveattracted much researdttentiondue to their
advantages overnorganic solar cell. As a consequenasderstanding the
mechanism, challenges and requirements of tdeseeshas improved, which has
lead to the power conversion efficiency increasing dramatically, reaching almost
10% In this sectionthe organic materialthat have been studied the mfwstuse in

organic solar cedlare discussed.
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1.5.8.1. Fluorene-basedConjugated Polymers.

Polyfluorene derivatives ara very important class of polycyclic hydrocarbon
system;they have been ahuchresearch interest due tioeir attractive properties.
They promise to be usefas active materialin electric devicessuch as light

emitting diods, organic thin film transistsrand organic solar celf".

Figure 16. The chemical structure of fluorene.

The chemical structure of fluoreieshown inFigure 16 Fluoreneconsists of two
phenyl ring, which are joinedy a methylene bridge armcarborncarbon bond
The methylene bridge providdéke structure withmore planarity and so rise the
orbital overlap and the conjugation in the gmated systemln addition, the
methylene bridge in “postion can be easily functionalised to improve bdih t
solubility and processability of polymét.

Polyfluorene derivatives have a wide bagap energy due to thew energy level

of theHOMO, which isin the rangeof -5.5t0 - 5.8 eV, providingthese derivatives
with high thermal and chemical stabilitin addition, these derivatives have high
good hole and electron mobility, good processbility agikat forming film
morphology which lead to them beingidely investigated in electronic deviges
especially organitight emitting diods (OLED).

The high charge mobili and open circuit voltage dfiese derivativemakes them
suitable for organic sotacells However, the wide band gap energy and low
HOMO energy leveof these derivatives means they harvest less photons from
sunlight. Neverthelessdue tothe moderatelyelectron richnature of fluorene
derivatives they are suitabéesdonor inthe dona- acceptor systenwhich leads to
narrowing of the band gap energy and harvesting more photons from suitIfght
Sweelssen etal. bl ended pdadecgnefluoréhaltqbés-thiophene)
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benzothiadiazole] (PF10TBT) with PCBM, and 4.2% power conversion efficiency

was obtainegdas shown irFigure17%*,

PF,,TBT , PCE=4.2%

Figure 17. The chemical structure of PF10TBT.

1.58.2. Carbazolé basedConjugated Polymers.

For more than three decalecarbazolewhich is a cyclic aromatic hydrocarbon
system,has been investigated extensively. The chemical steictticarbazole is
similar to that offluorene. It is a two phenyl group connectgdacarboni carbon
bond However,instead ofthe methylene bridge in florene,a nitrogen atom links
the phenyl graps in carbazole. The unique structure adrbazole giveit many
advantagessuch asaromaticity which provides highchemical and environmental
stability. In addition, the nitrogen atom can be substituted withlifferent
functional group to increase solubility and processhilRyrthermore, alifferent
functional group can be itroduced to the carbazole rinGarbazole derivatives
have highhole migrating properties due to th&igh electron nature provided/b
the carbazole ringFinally, carbazolas of interest since itanbe prepared from

cheap basimaterials™.

9
1 N 8
H

Figure 18. The chemical structure of carbazole.
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Due to there being mangarbazole derivatives, theyave becomevery strong
candidats for use inorganic solar cedl organic light emitting diodeand organic
thin film transistos. There are two common carbaza&uctures:3,6- linked
carbazole and 2-linked carbazol&®. The poly (36-cartezole)s have been widely
studiedin relation to their use in OLED and electrochiomevices’’. They can be
prepared directly by using Yamamoto cross couplimghe presence ofa Ni
catalyst. However, they show a large amount of twistiAg

In 2001, Morin and Leclerc synthesisetktfirst 2,7 carbazole based polynf&r
Manysubsequent yegaof research on the use pdly(2,7-carbazée)s in OLED and
OFET applications have revealed great potentialfor their use in bulk
heterojunction solar cell devices becausecafbazole derivatives exhibit a low
HOMO energy level which leads tbem havinggood air stability and high open
circuit voltage (\&¢). In addition, the HOMO and LUMO ergyr levels of
carbazole polymercan be modified easily by changing the side chain. The HOMO
energy level (the ionisation potential) of carbazole derivatives is lowerthbaiof
fluorene derivativedecausea nitrogen lme pair in carbazolgarticipate in the

aromatic systenwhich leads t@nincreasen delocalised electrorfg? &8¢

-

d

Poly (3,6- carbazole)

:

Poly (2,7-carbazole)

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

the starting materials for their preparation.

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

Mullen et al. They blended poly(2,7-carbazole) as the donor, with
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tetracarboglimide, as the acceptor. However, they obtailoed power conversion
efficiency (PCE=0.6%§. The highest power conversion efficienthyat has been
recordedfor poly(2,7carbazole) is 6.1%as reported by Heeger et,as shown in
Error! Reference source not found.They blended poly-9 éhéptadecanyi2,7-
arbazolealt-5,5( 4 &dj-Ztliienyl2 6 , dbénzothiddiazole)] (PCDTBT)as the
donor, with the fullerene derivatives [6/4Jhenyl Go- butyric acid methyl ester

(PGoBM) , as the acceptpin abulk heterojnction devicé.

1.58.3. BenzothiazoleDerivatives-basal Conjugated Polymers.

Benzothiazolederivativeshave been widely useas acceptos in donoracceptor
systens in electronic devices due the high electrordeficiency of these materials.
Low band gap energy can be obtained when these derivatives are polymerized with
electron rith materials,such as carbazole and thiophefmber has beera great
deal of research into the application of thésavativespolymerizedwith carbazole
in solar celé such as PCDTPTas shown irError! Reference source not fourd:®%
he highest powerconversion efficiency recorded foR,1,3benzothiadiazole
copolymer is 7.2%This was achieveldy blendingPBDTDT{fBT asshownFigure
20 with PCBM %1292 |n addition, Iraqi et al. and Zhang et demonstrated that
adding alkoxy group to the PCDTBT on theahd 6 postions of benzothiadiazole
increass the solubility of polymer but lowsrpower conversion efficiengyas

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

C2oHs

C3H7

PBDTDTffBT
PCE=7.2%

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

1.5.8.4. Thiophene, seéngphene and yrrole based conjugated polymers

Thiophene is the most important and popular heterocgolgugated polymer used
in electronicdevices. Polythiophene derivativesuch as poly(@exylthiophene)
(P3HT), polyB-octylthiophene)(P30OT) and poly(’lodecylthiophene) (P3DPT)
have been widely used #se donor material iulk heterojunction solar celf“.
The discoveryby McCullough et al.of the direct polymerization of -bromo5-
bromomagnesi@-alkylthiophenewhich is polymerisedby Kumada cross coupling
to obtain poly(3alkylthiophene), makes thesderivatives a popular choide
electronic device®®, In 1984, the first organic solar cebbased on polythiophene
and poly(3methylthiophenefilm were reported by Glenis &l., but poor power
conversion efficiency was reported (PCE= 0.007 %) Much research has
subsequenthbeenperformed in the area of polythiophederivatives revealing
that poly(3hexylthiophene) has higher and better photovoltaic performahea
compared to the other thiophene derivatives. In 2005, Heeger andrkers
blended poly(shexylthiophene) with PCBMresulting in5.2% power conversion
efficiency and 1.%V band gap energy. In contrast to the band gap energy of
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poly(3-hexylthiophene), polyexylselenphene) (P3HS) haa lower band gap
energy of 1.6 eVP3HT and P3HSave the same HOMO levelhich means they
would have comparablepen circuit voltagebut P3HS has lower LUMO energy
level. Thus, P3HShasa large ed shifted absorption maximum 680nm while
P3HT hasblue shifted absorption maximum at 550nm faint film. In addition,
P3HT has highpower conversion efficiencyf 5.2% but P3SH hasa power
conversion efficiency of only 2.7%ue totheinternal quantum efficiency in P3SH
being lower than P3TH, which resuls in a high probability of geminate
recombination and low charge phegeneration yield. The poly(3
hexylselenophene) was investigatedHBeney et al.who reported that havirlgw
band gap is not enough to achidigh power conversiogfficiency. Mary criteria
need to be fulfilled, as discussgaeviously to obtain Igh power conversion
efficiency®*®?® Recently, Zhang el. blended thiopherBDT polymer (thiophene
acts aghe donor and benzodithiophene actsfasacceptor) with PCBM and 7.7%

power conversion efficiency was obtained shown irFigure21%°.

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

PCE=7.7%
R= 2-ethylhexyl

Figure 21. Some hiophene and selenghene derivatives.

Pyrrole has not receive@s much attentioms thiophenealespite it having many
beneficial propertiessuch asan aromatic structurewhich provides high stability.
In addition, the nitrogen atom can be substituted with various functional gi@up
increase solubty and processibility. Zhang et al. hakeported a low band gap
polymer pyrrole fluorene basg copolymer as shown irfFigure 22 An absorption
bandmaximum of 504nm was reportéat thepyrrole based copolymtP.
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Figure 22. Low band gap polymer containing Nsubstituted pyrrole.

1.58.5. Diketopyrrolopyrrole based conjugated polymes.

In 1979, Farnum et al. discoveredketopyrrolopyrrole. Theyaimed to prepare
azetidinones via &eformatskyi type reaction but they obtaineé red crystal

which hasbeen widely used imarious applications®’. Some dketopyrrolopyrrole

derivatives have been used in paints and plastic ink dtleeiohigh thermal and
environmental stability®2. Recenly, very important progress has been masiag

DPP containing polymers for organic solar selhd organic field transistarThe

high conjugatiorstructure of DDP derivativesvhichisduetdii g-h i nt er act i ¢
makes them suitable for use in electronic devitesaddition, the lactam parts

shown inFigure 23 givesthe DPPderivativesa very high electron withdrawing

effect which leads to have high electron affinity. The two nitrogen atoms can be
substituted wittanalkyl group to increasthe solubility of the polymer. Moeover,

the process for preparindPP derivativess straightforwardjnvolving only three
StepS94a,101b,10_3

A number of DPP derivatives have been reported in the literature and power
conversion dfciency in the range 4 6% has beepbtained Figure23shows some

DPP derivatives witltheir recorded power conversion efficiencies’.
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CeH1a

CEH13

H
I
N
| @]
o |I Reported by McCulloch et al.[104b]
PCE=5.0% N PCE=47%

Reported by Woo et al.['04al

CgHi7 CeHia

C8H17 C5H13

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

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

containing polymers and recaded power conversion efficiencies

1.58.6. Anthracene based conjugategolymers.

Anthracene is a cyclic aromatic hydrocarbon systeamsistingof three fused
benzene rings. The chemical structure of anthraleamks tanany advantagesuch

as aromaticity which provides a high chemical and environmental stability. In
addiion, anthracene ring can be substituted with different functional grup
various positionso increase solubility and processbility. Anthracene has been used
asadonor for dyesensitized solar calland power conversion efficiency ¥ has
beenrecorded. Furthermoyé has been used in small molecule organic solay cell

andpower conversion efficiency @f 84%has beembtained®.
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4 10 5

999

2 7
1 9 8

Figure 24. The chemical structure of anthracene.

1.58.7. Fullereneand Non fullerene Acceptor M aterials

Fullerene derivaves are the best candidates for organic solar @aetleptor
materials. The original fullerene chemical structure ssffesm poor solubility
and so fullerene derivatives witolublizing groups are widely used. Introducing
solubilizing groups enhances the miscibility of fullerene derivatives with the donor
materia] but this doeshave a small effect on the electronic propertiesthaf
fullerene derivatived®. N-type nonfullerene polymer materials have been used as
acceptors for organisolar cells.The power conversion efficiency recorded so far

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

Figure 25. Molecular structure of some fullerenederivatives.

Furthermore, Nype inorganic semiconductor materials, such as &l ZnO
nanocrysta, have been used as acceptor bulk heterojunction solar celP®°

Moreover, carbomanotube® andgraphendas *°° systemshave been stlied as
acceptor materialout so faronly results usindgullerene derivativehave been

reported
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Chapter Two: Aims and Objectives

In recent years, there has bearenormous amount ofterest in the development
of new sources of renewable energy. Organic solas balvea bright future as a
reailt of their advantages which ks this field very promising. The aim of this
work is to develop and prepare new dohacceptor organic materials for use as
active layes in the bulk heterojunction organic solar selAs mentiomd before,
there are many requiremeritsat need tobe fulfilled in order to havesfficient
materials. The target copolymers aranalysed and blended with fullurene

derivatives in order to study their physical properiiesolar cells

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

Thiophene based copolymers are the most commeterials investigated as
electron donating units bulk heterojunction organic solar celuch agoly[N-9*-
heptadecany®,7-carbazolealt-5,5-(4',7-di-2-thieny}2',1',3* benzothiadiazole)]
PCDTBT which isa donor acceptor system as a result of alternatiodonor and
accepor repeatunits along its polymer backbone. Previous studies in the
Department ofChemistry of the University of Sheffield have shown that a
copolymer comprising 2;7 linked 3,6difluoro-9-alkyl-carbazole and 4,7
dithiophen2-yl-benzo[1,2,3]thiadiazole gav promising results in solar cell
devices. There was some evidence of the presence of hydiogene or fluorine
sulfur interactions between the fluorine substituents at than8 6positions of
carbazole repeat units and hydrogens or sulfur atom$@radjacent thiophene
rings along the polymer chains. Also, polyfluorene based copolymers have been
widely studied in the literature and thégve shown promisefor use in organic
solar cell applicatios The aim of this work is to investigate analogouypers
where the thiophene repeat units are replaced withekhylpyrrolerepeatunits in
order to investigate the influence @placingthiophene with Nmethylpyrrole on
the electronic and photophysical properidgshe resulting materialdn addition,

this work investigatesanalogous polymers where the thiophene repeat units are
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replaced with Nmethylpyrrole units in order to investigate if similar hydrogen
fluorine interactions are evident. As shownHigure 26 the carbazole does not
have substitugs in the positions -3and 6 in the first polymerP1 poly [9-
(heptadeca®-yl)-9H-carbazole2,7-diyl-alt-( 4 Gbis@-thethyt1H-pyrrol-2 §l)-

2 0, bézotlHadiazolep,5diyl] whereas these positions are protected with
fluorine substituents iR2 poly[3,6-difluoro-9-(heptadecai®-yl)-9H-carbazole2, 7-
diyl-alt-( 4 6bjs@-amethyt1H-pyrrol-2 -§1)-2 6 , dbézottdadiazoled,5diyl]

which provide more conjugation and stability to the polymer baakbionthe third
copolymer, flusene and methylpyrrole repeat units are going to act as dsrend
benzothiadiazoleepeatunits as acceptarin P3 poly [9,6-dioctyl-9H-fluornene
2,7-diyl-alt-( 2 6bjs(@-methyt1H-pyrrol-2-yl)-2 6 , IbézotiHadiazolep,5diyl].
The photophysical and electrochemicabgeries of these copolymers will be
investigated andhe physical properties of these copolymers and their blends with

fullerene derivatives will be studied.

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

2.2. Carbazole and fluorene i Pyrrole and bisoctyloxy substituted

benzothiadiazolebased copolymers (P4, P5, P6)

Analogues to gpolymersPl1, P2 and P3 which have octyloxy substituents on
benzothiadiazole repeat units are also to be made in order to provide materials with
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higher molecular weights and processabilitiBgecent work inthe Iraqi group
indicates that the solubility of these tgpef copolymes can be improve by
attaching of solubilising groupsn the benzothiadiazole repeahits without
affectingthe linerarity of thecopolymers. So, the aiis to preparehe three novel
copolymers P4, P5 and P6. In addition, the influence of adding alkylpx
substituents to the benzothiadiazolepoly[9-(heptadeca®-yl)-9H-carbazole2,7-
diyl-alt-(5,6-bis(octyloxy}4,7-di(1-methyt1H-pyrrol-2-yl
)benzo[c][1,2,5]thiadiazole},5diyl] P4, poly[3,6-difluoro-9-(heptadeca®-yl)-
9H-carbazole2,7-diyl-alt-(5,6-bis(octyloxy)-4,7-di(1-methyt1H-pyrrol-2-
yhbenzo[c][1,2,5] thiadiazole,5diyl] P5 and poly[9,9-dioctyl-9H-yl)-9H-
fluorene2,7-diyl-alt-(5,6-bis(octyloxy}4,7-di(1-methyt 1H-pyrrol-2-yl
)benzo[c][1,2,5]thiadiazole},5diyl] P6 will be studied and compead to the
previous copolymer®l, P2 andP3. Again, the photophysical and electrochemical

properties for these copolymers will be investigated #esl physical poperties

along withtheir blends with fullerene derivatives will be studied.

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

2.3. 2,6- Linked anthracene based copolymers (Pi7 P9)

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

fullerene derivatives in organic solaells. The electron rich repeatnits are
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required to maintain the HOMO energy level and provide a good intermolecular

interaction between units which can be obtainedguanthracene. The aim hdase
to prepare three novel copolymers where anthracene, thiopherwe
benzothiadiazole systems are used to prepase band gap polymers. Airst
copolymer poly(9,10-bis(4(dodecyloxy)phenybanthracene,6-diyl-alt-(4,7-
dithiophen2-yl)-2 6 , Ibénzothiddiazokd,5diyl] P7 will be prepared. In
addition, octyloxy subsitituents arto be attachedto the benzothiadiate repeat
units in order to improve the solubility and processabilitypoly(9,10bis(4
(dodecyloxy)phenyhanthracene,6-diyl-alt-(5,6-bis(octyloxy)}4, 7-di(thiophen2-
yl)benzo[c][1,2,5]thiadiazol®,5-diyl] P8. In the third polymer thiopheneepeat
units are to bereplaced with selenophenepeat unitwhich should provide
materials with betteintermoleculariSé Se interactions anfécilitate intermoécular
charge transfer between polymer chainspoly(9,10bis(4-(dodecyloxy)phenyh
anthracea-2,6-diyl-alt-(5,6-bis(octyloxy}4, 7-di(selenophet2-yl)benzo[c][1,2,5]
thiadiazole5,5-diyl] P9 in films. Again, the photophysical and electrochemical

properties for these copolymers will be investigated tned physical pwperties

along withtheir blends with fullerene derivatives will be studied.

Figure 28. The chemical structures of P7, P8 and P9.
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2.3. 2,7- Linked anthracene based copolymers (P1i0P12)

The planarity of the chemical structureaoéonjugated polynrehas very important
impact on itselectronic and photophysical properti€me conjugated polymers
suffer from steric hindrancealong the polymer backbonghich leads to chain
twisting and redction of their electronic conjugation. So, the aim hete prepare

a new versin of anthraceneopolymers similar to the previous copolyméd?3, (P8
andP9) where the anthracemepeat units arknked through the2- and 7 positions
instead of2- and6- positions Figure 29 shows the chemical structure of the new
target copolymers poly(9,10bis(4-(dodecyloxy)phenybanthracene,7-diyl-alt-
(4,7-dithiophen2-yl)-2 6 , dbénzothiddiazokd,5diyl] P10  poly(9,10bis(4
(dodecyloxy)phenyhanthracene, 7-diyl-alt-(5,6-bis(octyloxy)}4, 7-di(thiophen2-
yh)benzo[c][1,2,5]thiadiazol®,5-diyl] P11 and poly(9,10-bis(4
(dodecyloxy)phenyhanthracene, 7-diyl-alt-(5,6-bis(octyloxy}4, 7-di(selenophen
2-yl)benzo[c][1,2,5]thiadiazoles,5diyl] P12 are to be prepared Ther
photophysical and electrochemical properties will be investigated and compared to
those of the analogus copolymétg, P8 andP9. The physical properties of these

copolymers and their blends wifilllerene derivatives will balsostudied.

OC12H25

C12H250

Figure 29. The chemical structures of P10, P11 and 12.

35



Chapter Two: Aims and Objectives

2.4.Anthracene based homopolymers (P13, P14, P15)

The effect of varying the linkage positions of anthracene repeat units frertn2,6
2,7- positions will also be investigated in this project in order to provide further
support to the findings from the two series of donor acceptor copolyP7eiR8,

P9, P10, P11andP12 The targehereis to prepare three novel polymers, in order
to support the comparison of the previous versions of anthracene copolymers.
Figure 30 shows the chemical structure of the target polynpeig[9,10-bis(4
(dodecyloxy)phenyhantiracene2,6-diyl] P13 poly[9,10-bis(4
(dodecyloxy)phenyhanthracene, 7-diyl] P14 and poly[9,10-bis(4
(dodecyloxy)phenyhanthracene,6-diyl-alt-9,10-bis(4-(dodecyloxy)pheny})
anthracen&,7-diyl] P15 The properties of these polymers will ineestigated and
studied on order to find out the best structure option for electronic devices which

has higher extended conjugatioloag polymer backbone.

OC12H25 OC12H25

OC12H25 OC12H25

P13 P14 P15

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

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

The ideal donor acceptor copolymer for use in organic solarscedfjuires strong
accepting units in order to lower the energy levatoEUMO andaweakelectron

donating unit in order to maintain its HOM®@nergy levelaround -5.4 eV.
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Diketopyrolopyrrole (DPP) units haveeen suggested duetteir strong accepting
properties and high electron affinity. In addition, the solubilising group can be
attached tamprove the solubility angrocessabilityof the resultingcopolymer.
Thus, the target irthis part of theproject is to preparehe low band gap
copolymers;poly [9-(heptadeca®-yl)-9H-carbazole?,7-diyl-alt-3,6-bis(thiophenr
5-yl)-2,5-di(2-ethylhexyl}pyrrolo[3,4c]pyrrole-1,4-dione5 6 ;digl]6 P16 poly
[3,6-difluoro-9-(heptadeca®-yl)-9H-carbazole2, 7-diyl-alt-3,6-bis(thiopheR5-yl)-
2,5-di(2-ethylhexyl}pyrrolo[3,4c]pyrrole-1,4-dione5 6 ;digl]d P17, poly [9,6-
dioctyl-9H-fluornene2,7-diyl-alt-3,6-bis(thiopher5-yl)-2,5-di(2-ethylhexyl}
pyrrolo[3,4c]pyrrole-1,4-dione5 6 ;di§l]06 P18 poly [9,10-bis(4
(dodecyloxy)phenyhanthracene,6-diyl-alt-3,6-bis(thiopher5-yl)-2,5-di(2-
ethylhexyl}-pyrrolo[3,4-c]pyrrole-1,4-dione5 6 ;di$lJ6 P19 and poly [9,10-bis(4
(dodecyloxy)phenyhanthracene, 7-diyl-alt-3,6-bis(thiopher5-yl)-2,5-di(2-
ethylhexyl}pyrrolo[3,4c]pyrrole-1,4-dione5 0 ;di$lJoP20 as show inFigure 31

The photophysical and electrochemical properties for these copolymers will be
investigated andhe physical properties of these copolymers and their blends with

fullerene derivatives will be studied.
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P16 P17

P1

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

3.1. Materials

All chemica$ were purchased from commercial sup@iégigma Aldrich, Fisher
Scientific, Alfa Aesa and Acros Organic) and wewnsed directly without any
treatment. Drysolvents such as hexane, DMF, chloroform, TH&udne and
acetonitrile were used for reaction unless mentioned and they obtainedhizom
Grubbs solvent pfication system. Solventgsed for purifications and extractions,
were obtained commerciaupplier. @her chemica such as acids, bases and
reagents werealso obtained comericallyAll the reactions and polymerizations

were performed urat an inert atmosphere of argon or nitrogen.

3,6-Difluoro-9-(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolanr2-
yl)-9H-carbazolg35) was prepared by A. Alghamdi and S. Alfifi of the Iraqgi group
using the same preparation route for mono(#gr4, 7-Bis(5-bromothiopher2-yl) -
5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazolé87) was prepared by S. Alfifi of the
Iragi group using the same preparation route for mono(h&y. 4,7Bis(5
bromoselenopheg-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazole (38) was
prepared by A. Alghamdi and Dr. Hunnan Yi of the Iragi group using the same
preparation route for monomgk8). 9,9-Dioctylfluorene2,7-diboronic acid bis(1;3

propanediol) estg86) was bought from Sigma Aldrich.

3.2. Measurements

3.2.1.Melting Point
Melting poins were determinedsing Gallenkamp Melting Point Apparatus with a

mercury thermometer.
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3.2.2. Mass Spectnmetry

Mass spectroscopy analysis was performed on Perkin Elmer Turbomass Mass
Scpectrometer equipped with autosystem XLC Gand autosampler. Mass
spectroscopy was recorded via chemical ionisation (Cl) or electron impact (El)

methods.

3.2.3. Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectroscopy wagerformedon Bruker Avance 250 (250 MHz) and Avance
400 (400 MHz) NMR spectrometer at 22 in chloroformd; or DMSO-dg for
monomers and intermediate products. The RIBpectroscopy of the copolymers
wherereported on Bruker 500 (500 MHz) NMR spectrometer at@@nd 100°C

in 1,1,2,2tetrachloroethand,. Chemical shifts are recorded in part per million
(ppm) and the coupling constant are measured in Hertz (Hz). The NMR
multiplicities are characterised using the following abbreviations: singlet (s), broad
singlet ps), doublet (d), doubletoublet (dd), triple (t) and multiplet (m).
Spectrumsvere investigated using TopSpin 3.0 and MestResfgrams

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

Spectrometer.

3.2.5. Gel Permeation Chromatography analysis (GPC)

The molecular weight of the polymers were measured using a GPC system which
consists of Viscotek GPC max Model, Water 410 differential Refractometer
detector and two pMegCn@Q10 minx B.5 mnb cotuen 5 ¢
and a guard (50 mm x 7.5 mm). 1;ZAchlorobenzene has been used as eluent and

the flow rate is of 1 cfiimin were used. The measurements were carried 140

and the polymers samples were prepared as solutidrRjdtrichlorobenzene (5

mg in 2 cnt). The GPC was calibrated with a series of polystyrene narrow
standards. The separation of polymer molecules depends on the hydrodynamic

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

3.2.6. UMvisible absorption spectroscopy

UV-visible absorption spectra were performed using Specord S 60gisJdiode

array spectrometer. The absorbance of copolymers were carried out in chloroform
solution at ambient temperature via rectangular quastettes (light path length =

10 mm). In addtion, thin films of copolymes for UV-visible absorption spectra
analysis were performed by dip coating quartz plates in to around 1 nig cm

solution of chloroform. Tiey werethenleft to dry in the air at ambient temperature.

3.2.7. Cyclic Voltammetry CV)

Cyclic voltammograms were measurgi a Princton Applied Research Model
263A Potentiostat/Galvanostat. The measurements were performed under an inert
argon atmosphere at about 25%2 Approximately 10 ml of tetrabutylammonium
perchlorate in dry acenitrile solution (0.1 M) was employed as electrolyte
solution. The system comprises of three electrodes, the first one is Ag/Ag
reference electrode which is a silver wire immersed in solution of silver nitrate in
the electrolyte (0.01 molt). The secod electode is a platinum working electrode
which has 2 mm smooth platinum diameter and 3.14%ch#. The last electrode

is a platinumwire counter electrodd?olymer solid thin film were formed by drop
casting around 1.0 nhof polymer solution of chl@form, then they were left to
dry in the air at ambient temperature.

Ferrocene was used as reference redox sysfem
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3.2.8. Thermoagravimetric analysis
TGA curves were collected by Perkin Elmer TGAThermogravimetric Analyser
at a scan rate of 1T per minuts under an inert nitrogen atmosphere. Th@lsam

weights were in the rangei 8.0 mg.

3.2.9.Elemental analysis

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

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

3.3.1. 44'-Dibromo-2,2'-dinitrobiphenyl (1)
NO,

) )
O,N

4,4 Dibromo-2,2-dinitrobiphenyl (1) was synthesized accordinto the procedure
by Yamato eal ***.

A mixture of 1,4dibromao2-nitrobenzen€100 g, 356.2mmol) and copper powder
(49.8 g, 783.6 mmdlin dry DMF 600ml was heatd at 12GC for three hours. The
reaction mixture was cooled tmom temperature and toluene (750 was added
then the reaction mixture was stirred for a futher 1 hour. Theeacted copper
powder and insoluble materials were filtered off and the filtrate was washed with a
saturated NaCl solution (8 300 ml) then water (3x 300 ml). The organic lagr

was dried over MgSgand the solvent was removed in vacuo. The crude product
was crystallized from ethanol and dried under high vacuum to ofbgitibrono-
2,2-dinitrobiphenyl as yellow crystals (68.21g , 95% vyield). The product gave a
single spot onmLC (R= 0.61) (slica-gel plates ethyl acetatdélexane (1/1) (v/v)).
M.p. 146148°C (literaturé™*? m.p. 148°C). Mass (EI); (m/z): 400, 402, 404 ().
'HNMR (400 MHz,CDCls) w/pm: 8.40 (dJ = 1.99 Hz, 2H), 7.85 (dd] = 8.186,

2.01 Hz, 2H), 7.19 (dJ = 8.18 Hz, 2H) **CNMR (400 MHz, CDCL) ; c/ppin
147.3; 136.6; 132.0; 132.0; 128.0; 1229-IT (ATR): (cm™) 3100, 1977, 1526,
1336, 1274, 1154 1097, 1002, 897, 867, 833, 776, 764, 728, El6éRental
Analysis (%) calculated for HgBroN»O4: C, 35.85; H, 1.50; N, 6.97; Br, 39.75.
Found: C, 34.23; H, 1.33; N, 6.35; Br, 42.23.
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3.3.2. 4,4-Dibromobiphenyl-2,2'-diamine (2)
NH,

o~ )
HoN

The4,4-dibromobipheny2,2-diamine(2) was synthesised according to a modified

procedure by Yamoto et'at .

4 . -Bildromo-2 , -@irdtrobiphenyl (1) (68.21 g, 169.7 mmol) , ethanol (HPLC
grade) (850ml), 35% wt% hydrochloric aci338 ml) and tin powder-000 mesh)
(80.6 g , 678.8 mmol) were added in flask. The reaanotture wasrefluxed for

90 minutes. Then, a further portiontaf powder (100 mesh) (80.6,8578.8 mmol)

was added and the reaction mixture was refluxed forthduperiod of 1 hour. The
reaction mixture was cooled to the room temperature ancacted tin powder
was filtered off. The filtrate was added into a large amount of ice and 10% wt
NaOH aqueous solution (160€l). The product was extracted by usingtlay
ether (800ml x 3) then dried over MgSOThe solvent was removed in vacuo then
recrystalization from ethanol was carried out to obtain-dibdomobiphenyl2 , -2 6
diamine as yellow powdeb8 g 89.6 % yield).The product gave a single spot on
TLC (R= 0.17) (silicagel plates ethyl acetathexane (1/1) (v/v))M.p. 192194

C (literaturé*® m.p. 192°C). Mass (EI); (m/z): 340, 342, 345 (fj. '"HNMR (400

MHz, CDCl) w/fpm: 6.95 (s, 6H), 3.76 (s, 4H*CNMR (400 MHz, CDCL);
Uc/ppm 145.4; 132.2; 122.7; 122.0; 121.718.1.FT-IT (ATR): (cm*) 3419, 3390,
3282, 3173, 1629, 1576, 1551, 1529, 1494, 14497, 1340, 1276, 1254, 1136,
1079, 998, 938, 891, 859, 816, 797765, 744. Elemental Analysis (%) calculated for
CioH10BroN2: C, 42.14; H, 2.95; N, 8.19; Br, 46.72. Found: C, 42.13; H, 2.90; N,
7.94; Br, 46.85.
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3.3.3. 2,7-Dibromo-9H-carbazole (3)

N
|

H
The 2,7-dibromo9H-carbazole (3) was synthesised according to a modified
procedure by Sonntag et’af

To 4,4dibromobiphenyl2,2-diamine(2) (52 g , 152 mmolyvas added concentrated
phosphoric acid (85%) (1145 ml) and the mixture heated at’@9%@r 24 hours.

The product was filtered and washed with water. The crude product was then
solubilised in toluene and the solution filtered through a silica gel plugiaed

over MgSQ. The solvent was removed using vacuum. Recrystalization was carried
out from toluene / hexane (10 / 1) and dried under high vacuum. The product was
obtained as white crystal (29.6 g, 60 % vyield). The product gave a single spot on
TLC (R= 0.43) (silicagel plates- toluene / hexane (1/1) (v/v)M.p. 229230 C
(literaturé* m.p. 230232°C). Mass (EI); (m/z): 323, 325, 327 (K. ‘HNMR (250

MHz, CDCl3) w/mpm 8.06 (bs, 1H(M)), 7.89 (d,J = 8.29 Hz, 2H), 7.58 (d) =

1.62 Hz, 2H), 7.38 (ddJ = 8.34, 1.67 Hz, 2H)**CNMR (400 MHz, CDCl);
Uc/ppmt 140.2; 123.2; 121.7; 121.4; 119.713.8.FT-IT (ATR): (cm™) 3396.12,

1977, 1619, 1596, 1475, 1457, 1441, 1421, 1324, 1311, 1254, 1239, 1203, 1134,
1050, 997, 942, 87, 85@02, 754, 727Elemental Analysis (%) calculated for
Ci2H7BroN: C, 44.35; H, 2.17; N, 4.31; Br, 49.17. Found: C, 44.57; H, 2.10; N,
4.20; Br, 49.28.

3.3.4. Heptadecard-ol (4)

OH
CgHqi7~  CgHiz
The heptadecag-ol (4) was synthesised according to a modified procedure by
Leclerc et a™®
Octylmagnesium bromide was firstly prepared by the dvige addition of 1
bromooctae (96.57 g, 0.50 mol) in THF (158l) to a suspension of Mg 3137 g,

0.55 mol) in THF (260 ml Ethyl formate (12.35 g, 166.7 mmol) was dissolved in
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THF (278 cni) and cooled ta78 °C. Octylmagnesium bromide (0.3 mol, 500°cm

of a 1 M soluibn in THF) was then added dragpse to the ethyl formate in THF
solution and stirred overnight at room temperature. Methanol and then a saturated
NH4CI solution was added to quench the reaction, then extracted with diethyl ether
(3 x 300 cm) and washed with a satuedt NaCl solution. The organic layer was
dried over MgS@and solvent removed in vacuo to give the product as colourless
oil which turns into solid at room temperat§e8.1 g, 90.6 % vyield). The product
gave a single spot on TLC (R 0.51), 10:1 460 petoleum ether/ethyl acetate.
M.p: 29-30 °C (literaturé® m.p. 2831 °C). Mass (EI); (m/z): 256 (¥). *HNMR

(400 MHz,CDClz) w/mpm: 3.59 (m, 1H)1.40 (m, 29H); 0.90 (t, J= 6.87 Hz, 6H).
¥CNMR (400 MHz, CDCly) ; o/ppiin : 72.0; 37.4 31.9; 29.6; 29.6; 29.3; 25.6;
22.6; 14.1FT-IT (ATR): (cm') 3315, 296, 2916, 2872, 2848, 2502, 2159, 2030,
1977, 1465, 1375, 1352, 1241, 1135, 1124, 1089, 1065, 1024, 1008, 986,

894, 846, 796, 72(Elemental Analysis (%) calculated for#£l30: C, 79.61; H,
14.15; Found: C, 79.73; HA.88.

3.3.5. Heptadecard-yl 4-methylbenzenesulfonate (5)

The Heptadeca#-yl 4-methylbenzenesulfona(®) was synthesised according to a
modified procedure by Leclerc et &°

p-Toluenesulfonyl chloride (74.4 g, 0.39 mol) in DCM (2i#0) was added to
heptadean-9-ol (4) (55 g, 0.214 mol), BN (91.6 cm3, 0.66 mol) and MN&.HCI
(11.7 g, 0.26 mol) in DCM (276nl) at O °C. The solution was stirred for 90 mins
after which HO was adde and the product extracted with DCM (3 x 300°cm
The organic phase was then washed wi® ldnd brine and then dried over MgSO
the solvent was removed in vacuo to give the productnaslieng white solid. The

product was purified via silica gel colunmohromatographyeluting with (89 %
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petrolum ether (40®), 9 %ethyl acetate,2 % EtN) to obtain the target product as
awhite solid (58.5 g, 66.5 % yield). The product gave a single spot on TLE (R
0.52), silica-gel plates9:1 petrolum ethen(40:60)/ethyl acetateM.p.: 32 °C
(literaturé® m.p. 3332°C). Mass ( El ) ; ( ntANMR:(2504MH2, ( MA +)
CDCl;) w/@pm: 7.80 (dJ = 8.31 Hz, 2H), 7.33 (d] = 8.04 Hz, 2H), 4.55 (nH),

2.45 (s, 1H), 1.57 (m, 4H), 1.24 (m, 24H), 0.8 (& 6.74 Hz, 6H)*CNMR (400

MHz, CDCl) ;c/ppim 144.2; 134.8; 129.6; 127.7; 84.6; 34.1; 31.8; 29.7;;29.6
29.1; 24.6; 22.6; 21.5, 14.6T-IT (ATR): (cm*) 2954, 2921, 2852, 1597, 1495,
1466, 1354, 1305, 1294, 1185, 1172, 1150, 1096, 1063, 1020, 946, 895, 881, 841,
816, 766, 741, 720, 70Elemental Analysis (%) calculated for,#8,03S: C,

70.19; H, 10.31; S, 7.81. Found: 1.39; H,11.05; S,7.94.

3.3.6. 2,7-Dibromo-9-(heptadecan9-yl)-9H-carbazole (6)

CgHq7~ CgHyz

The 2,7#dibromo9-(heptadeca®-yl)-9H-carbazole(6) was synthesised according
to a modified procedure by Leclerc et’aP

2,7-Dibromo-9H-carbazolg3) (13 g, 40 mmol) and KOH (11.28 g, 200 mol) were
dissolved in dried DMSO (110 cin 9-Heptadecane-fluenesulfonatés) (29.57

g, 72 mmol) dissolved idried DMSO (62 cr) was added dropwise over 2 hours

at room temperature and the reaction was allowed to stir for 6 hours. After which
the reaction was poured onto distilled@H (300 cni), and the product extracted
with hexane (3 x 300 cih The combined granic fractions were dried over Mg$O
and the solvent removed in vacuo. The product was purified via silica gel column
chromatography prabsorbed onto silica gel dissolved in DCM and eluted with
petrolum ether (40:6000 give the product as a white crystd3.01 g, 57.7 %
yield). The product gave a single spot on TLC-€R0.50), silicagel plates-
petrolum ether (40:60)M.p. 5960 °C (literaturd™® m.p. 59-61 °C). Mass (El);
(m/z): 563, 565, 567 (). '"HNMR (250 MHz,CDCl;) w/@pm: 7.92 (tJ = 7.27
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Hz, 2H), 7.71 (s, 1H), 7.56 (s, 1H), 7.35 Jd= 8.05 Hz, 2H), 4.43 (m, 1H), 2.22

(m, 2H), 1.93 (m, 2H), 1.21 (m, 22H), 0.92 (m, 2H), 0.85J(t 6.74 Hz, 6H).
¥CNMR (400 MHz,CDCly) ;c/ppim  141.1; 138.0; 122.3; 121.7; 121.2; 114.5;
112.1; 57.9; 33.4; 31.7; 29.2; 29.2; 29.1; 26.7; 22.6;.180IT (ATR): (cm?)

2951, 2918, 2850, 2160, 2030, 1977, 1622, 1585, 1479, 1465, 1450, 1421, 1376,
1331,1271, 1236, 1218, 1130, 1088, 1058, 999, 943, 922, 844, 833, 790, 752, 721.
Elemental Analysis (%) calculated fopdH41BroN: C, 61.82; H, 7.33N, 2.49; Br,

28.36. Found: C, 61.63; H, 7.26; N, 2.44; Br, 28.31.

3.3.7.9-(Heptadecan9-yl)-2,7-bis(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)-
9H-  carbazole (7)

i’(;,sa\’?f

a0
CgHq7~ CgHyz

The 9-(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)-9H-
carbazolg7) was synthesised according to a modified procedure by Jo'&t al.
2,7-Dibromo-9-(heptadecas®-yl)-9H-carbazole (6) (5 g, 8.91 ~mmol),
bis(pinacolato)diboron (7.92 g, 31.2 mmol), potassium acetate (5.3 g, 53.46 mmol)
and Pd(dppf)Gl (0.5 g, 0.53 mmol) in DMF (107 cinwas heated to 100 °C for 36
hours. The reaction mixture was cooled to room temperature, then poured@to H
(100 cnf) and extracted with diethyl ether (3 x 100%nThe organic phases were
combined, then washed with,® (3% 100 cr) and dried over MgS© The crude
product was purifiedvia recrystallisation, the crude product was dissolved in the
minimum amount of acetone and then precipitated in hot methanol which had been
ran through a basic alumina column. The product was a white solid (3.51 g, 60 %
yield). M.p. 127128 °C (literaturé™ m.p. 128130 °C). Mass (El); (m/z):
657.5(M"). "HNMR (400 MHz,CDCl;) n/ppm: 8.15 (bs) = 9.05 Hz, 2H), 8.05

(bs, 1H), 7.91 (bs, 1H), 7.69 @= 5.24 Hz, 2H), 4.72 (m, 1H), 2.36 (m, 2H), 1.97
(m, 2H), 1.42 (s, 24H), 1.22 (m, 24H), 0.84 Jt= 6.93 Hz, 6H) **CNMR (400

MHz, CDCl;) ; o/ppit 143.0; 139.5; 126.9; 124.9; 120.9; 119.9; 118.3; 115.6;
83.7; 56.3; 33.8; 31.7; 29.£6.7; 24.9; 22.5; 14.0FT-IT (ATR): (cm) 2923,
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2852, 2160, 2030, 1975, 1559, 1480, 1451, 1430, 1379, 1347, 1335, 1263, 1211,
1141, 1078, 999, 967, 865, 824, 799, 735, Hémental Analysis (%) calculated
for C41HesB2NOy: C, 74.89H, 9.%; N, 2.13. Found: C75.29 H,9.85 N, 1.39

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

7N

N N

\
Br4<:>78r

4,7-Dibromobenzo[c][1,2,5]thiadiazol8) was synthesised according to a modified
procedure by Zoombelt et Hf

1,2,5Benzothiadiazie (20 g, 147 mmol) in HBr (48%60 m| 1.49 g/ml) was
refluxed (110°C) with stirring. Bromine (22.6 cf440cni) was added slowly over
1.5 hour. HBr (48%40ml 1.49 g/m) was added to the reaction to facilitate stirring
towards the end of the reactjaand thenthe reaction mixture was refluxed for 2
hours. The reaction mixture was filtered while hot #me solidwashed well with
H,O. Thesolid was dissolved in chlorofar andthe washed with Nz5,03 (200 ml

x 4) NaHCQ (200 mIx 4) and water (200 md 4). The solution was driedsing
MgSO, then it was evaporated. Recrstallization was carried out from (1:1
THF:CH;OH) to obtain 4,7#dibromo-1,2,5benzothiadcazole (35.3 g81.4 % yield)
aswhite needle. M.p. 189191 °C (literaturé*’ m.p.189-190°C). Mass (El); (m/z):
292, 294, 296 (M. *HNMR (250 MHz,CDCly) w/@pm: 7.73 (s2H). “*CNMR
(400 MHz,CDCly) ;c/ppin 152.9, 132.3, 113.%T-IR (ATR): (cm') 2161, 2033,
1979, 1475, 1309, 118935, 873, 842, 82FElemental Analysis (%) calculated for
CeH2BroN.S: C, 24.51H, 0.69;Br, 54.36; N, 9.53. Found: @4.9Q H, 0.42 Br,
54.36 N, 8.72.
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3.3.9. 1-Methyl-2-(tributylstannyl) -1H-pyrrole (9)

Q\Sn
I

\/\/

1-Methyt2-(tributylstannyl}1H-pyrrole (9) was synthesised according to a
modified procedure by Torum et'df

t-Butyl lithium (112.67 mmol , 66.3 ml) was @éed dropwise to Nnethylpyrrole
(112.67 mmol , 10 ml ) iTHF (184 ml)at-78 °C. The reaction mixture was stirred
for 30 min, and a yellow solution formed. The reaction mixture was storé8 A&

for 16 hours. BgSnCl (112.67 mmel30.4 ml wasthenadded via syringe and the
resulting solution was stirred at room temperatfor two hours. Diethyl ether (150
ml) was added and the solution was washed with brire X@0 ml). The organic
layer was dried over MgSQand filtered. The solvent was removiedvacuo to
obtain the product agellow oil (37.3 g, 89.4% yield)Mass El); (m/z): 371 (M).
'HNMR (250 MHz,CDCls) w/iipm: 6.88 (ddJ = 2.13, 1.65 Hz, 1H), 6.30 (dd,=
3.34, 1.47 Hz, 1H), 6.26 (#,= 3.26, 2.46 Hz, 1H), 3.71 (s, 1H), 18150 (m, 1H),
1.481.26 (m, 1H), 1.19.02 (m, 1H), 0.93 (tJ = 7.27 Hz, 1H).**CNMR (250
MHz, CDCl;) ;c/ppim 132.5 1255, 119.3, 108.8, 108.5, 38.0, 2928.8, 17.5,.
FT-IT (ATR): (cm™) 2955, 2923, 2870, 2851, 2155, 2031, 1512, 1463, 1405, 1376,
1339, 1289, 1180, 1072, 1001, 960, 873, 775, 711, B@#nental Analysis (%)
calculated for GH33NSn: C, 55.16; H, 8.99N, 3.78. Found: C54.24 H, 9.49 N,
2.81

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

7N

N" °N
\ 7

/\ N
ril \
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4,7-Bis(1-methyt1H-pyrrol-2-yl)benzolc][1,2,5]thiadiazole(10) was synthesised

according to a modified procedure by Kim et'al.

4,7-Dibromo-1,2,5benzothiadiazole (8) (10 g 34.02 mmol and 2(tri-n-
butylstannyl) 2methyl-1H-pyrrole (9) (31.5 g, 85.04 mmol) were added to 250 ml
of THF. PdC}(PPh), (485 mg , 0.70 mmol) waadded. The mixture was refluxed
(85 °C) underargon atmosphere for 24 hours. Then, the residue was purified by
column chromatography on silica gelefrolum ether (40:60ethyl acetate (9:1) ).
Recrystalization was carried out from ethanol, which ghegarget product as red
crystal (7.9, 74.9% yield). The product gave a single spot on TLGH®R6), silica

gel plates petrolum ether (40:60): ethyl acetate (9Ml)p. 116112°C. Mass (El);
(m/z): 294. (M). *HNMR (250 MHz,CDCls) w/fpm: 7.62 (s, 2H), 6.91 (t, 2H),
6.61 (dd,J = 3.64, 1.79 Hz, 2H), 6.37 (dd, = 3.59, 2.76 Hz, 2H), 3.75 (s, 6H).
¥CNMR (250 MHz,CDCly) ; o/ppint 154.3, 130.1, 128.7, 125.3, 125.0, 111.95
108.4, 35.7FT-IT (ATR): (cm™) 2161, 2031, 1975, 1582, 1528180, 1464, 1424,
1409, 1317, 1292, 1252, 1227, 1097, 1063, 914, 891, 875, 858, 844, 797, 741, 720.
Elemental Analysis (%) calculated forgfzN4S: C, 65.28; H, 4.79N, 19.03.
Found: C64.89 H,4.59 N, 19.74

3.3.11.4,7-Bis(5-bromo-1-methyl-1H-pyrrol -2-yl)benzo|c][1,2,5]thiadiazole
(11)

4,7-Bis(5-bromo1-methyt1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11) was

synthesised according to a modified procedure by Zhand 2t al.

4,7-Bis(1-methyt1H-pyrrole)1,2,5benzothiadiazolg10) (2.0 g 6.79 mmol) in
chlorobenzene (8tnl) was placedin a 250 ml flask. The reaction mixture was
heated to 56C and Nbromosuccinimide (NBS) (2.357 g, 13.248 mingasadded

in two portiors (the second portion was added after one hour) for three hours. The

reaction mixture was allowed to cool to room temperature. The solvent was
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removed by rotary evaporatdrhe residue was purified by column chromatography
on silica gel(petrolum ether (40:60¥thyl acetate5(1)) to obtain the target product
asan orange powde(0.8 g 26.6% vyield)The product gave a single spot on TLC
(Re= 0.3, silicagel plates- petrolum ether (40:60): ethyl acetate (5)p. 165

167 °C. Mass (El); (m/z) 450, 452, 454 (Y tHNMR (250 MHz,CDCl;) w/gpm:

7.58 (s, 2H), 6.88 (d] = 1.90 Hz, 2H), 6.56 (d) = 1.89 Hz, 2H), 3.67 (s, 6H).
¥CNMR (250 MHz, CDCL) ; o/ppin 153.8, 130.5, 129.1, 124.7, 124.3, 113.9,
95.7.FT-IT (ATR): (cm™) 3125, 2943, 2524, 2160, 2029, 1974, 1584, 1496, 1468,
1420, 1408, 1355, 1339, 1304, 1266, 1242, 1186, 1082, 1058, 940, 922, 883, 850,
801, 792, 779, 759, 727, 716. Elemental Analysis (%) calculatedsFyNGS: C,
42.50; H,2.67; N,12.39; Br, 35.34. Found_, 42.36; H,2.26; N,12.00; Br, 35.69.

3.3.12. 1,2Bis(octyloxy)benzene (12)
10
CgH470O
1,2-Bis(octyloxy)benzendél2) was synthesised according to a modified procedure

by Janssen et af*

To a solution of catechol (20 g, 0.1816 mol) in dry DMF (100 ml) was added 1
bromoctane (0.4168 mol, 80.5 g, 72 mL) aneCRx; (76 g, 0.55 mol). The mixture
was stirred at 100 °C under a nitrogen atmosphere for 40 hours. After cooling the
mixture to room émperature, 200 ml of water wadded. The organic layer was
separated and the aqueous layer was extracted with DCM. Thenaairdriganic
phase was dried over Mg%OAfter filtration, the solvent was removeshder
vacuum. The product was recrystallized twice from ethanol to obtain the target
product as needle like crystals (54.11 g, 89.1% yididg product gave a single
spot onTLC (R= 0.54) (silicagel platess DCM / hexane (1 / 1)M.p. 25 26 °C
(literaturé?® m.p. 24-25 °C). Mass (El); (m/z): 334 (M). *HNMR (250 MHz,
CDCly) w/ipm: 6.92 (s, 4H), 4.02 (8 = 6.65 Hz, 4H), 1.911.78 (m, 4H), 1.61

1.22 (m, 20H), 0.92 (t, 6H)*CNMR (250 MHz, CDCl) Uc/ppm 149.3, 121.0,
114.2, 69.3, 31.8, 29.4, 29.3, 26.0, 22.6, 14HBIT (ATR): (cm?) 2922, 2853,
2059, 1592, 1501, 1468, 1453, 1386, 1329, 1252, 1221, 1123, 1043, 902, 737
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Elemental Analysis (%) calculated forH350,: C, 78.99; H,11.45. Found: C,
78.65 H, 11.49

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

CSH17O:©:N02

CgH470 NO,
1,2-Dinitro-4,5-bis(octyloxy)benzen€l3) was synthesised according to a modified

procedure by Janssen et4.

To a two neck roundhottom flask cataining dichloromethane (560 ml), acetic acid
(560 m), and 1,2bis(octyloxy)benzen€l?2) (30 g, 89.7 mmol) cooled to 0 °C was
addeddropwise 65% nitric acid (80 mIThe reaction was allowed to warmrtmm
temperature and stirred for 1 hour. The mixture was again cooleti@fd 100%

nitric acid (200 ml was added dropwise. The mixture was allowed to warm to room
temperature and the mixture was stirred for 40 hours. After completion of the
reaction,the reaction mixture was poured into-izater and the dichloromethane
layer separated. The water phase was extracted with dichloromethane. The
combined organic phase was washed with water, NaH&4) and brine then dried

over MgSQ. The solvent was remed in vacuo The crude product was
recrystallized from ethanol. The product was obtainealyadlow powder (3.31 g

93% vyield) M.p. 8890 °C (literaturé®® m.p. 8%87.5 °C). Mass (EI); (m/z) 424
(M*). 'THNMR (250 MHz,CDCl;) w/pm: 7.31 (s, 2H), 4.12 (8, = 6.51 Hz, 4H),
1.961.82 (m, 4H), 1.56..22 (m, 20H), 0.90 (t, 6H}*CNMR (250 MHz, CDCl)
Uc/ppm 151.8, 136.4, 107.9, 70.2, 3120.1, 28.7, 25.8, 22.6, 14 BT-IT (ATR):

(cmt) 3071, 2956, 2921, 2853, 2438, 2160, 2023, 1586, 1527, 1464, 1371, 1354,
1334, 1287, 1224, 1035, 992, 954, 909, 872, 827, 810, 75E&¥20ental Analysis

(%) calculated for gHss0,: C,62.24 H, 8.55; N, 6.60Found: C62.35 H, 8.64;

N, 6.61

53



Chapter Three: Experimental

3.3.14. 4,5Bis(ocyloxy)benzenel,2-diamonium chloride (14)
CgH47O NH;'CI-

CgH47O NH;CI-
4,5 Bis(ocyloxy)benzenel ,2-diamaium chloride(14) was synthesised according

to a modified procedure klanssen et af!

A mixture of 1,2dinitro-4,5-bis-(octyloxy)benzene(13) (5 g, 11.8 mmol) and
Sn(INCl;, (94.4 mmol, 17.87 g) in ethanol (175 ml) and conc. HCI (70 ml) was
heated to 85C ovemight. After cooling to room temperature the product was
filtered and washed with water and methanol. Finally it was dried at RT ander
steamof nitrogen and used directly (unstable). The product was obtaireu @
white solid (4.9g, 95 % vyield).M.p. 114115 °C. Mass (El); (m/z) 365 (M.
'HNMR (250 MHz,DMSQ /ibm: 7.93 (s, 4H), 6.66 (s, 2H), 3.82 Jt= 6.32

Hz, 4H), 1.761.59 (m, 4B, 1.481.15 (m, 20H), 0.86 (tJ = 6.83 Hz, 6H).
¥CNMR (250 MHz, CDCls) Uc/ppm 108.1, 69.62, 39.97, 39.76, 39.55, 39.34,
31.72, 29.45, 29.29, 29.22, 26.05, 22.58, 14HBIT (ATR): (cm™) 3381, 3313,
2953, 2917, 2850, 2591, 2160, 2024, 1633, 16508, 1580, 1530, 1486, 1467,
1439, 1398, 1379, 1296, 1241, 1314, 1137, 1070, 1058, 1014, 998, 958, 920, 902,
859, 838, 793, 760, 723. Elemental Analysis (%) calculated fg,680,N,0,: C,
60.40; H,9.68; N, 66.40Cl, 16.21. Found: (34.18 H, 10.82; N, 6.84; Cl, 9.23.

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

7N\

N N
N/

CgH470 OCgH47
5,6-Bis(octyloxy)benzo|c][1,2,5]thiadiazol€l5) was synthesised according to a

modified procedure by Janssen et?al.

To a mixture of 4,%is(octyloxy}benzenel,2-diaminium chloridg14) (4.9 g, 11.2
mmol) and triethylamine (16 M 25.1 mmo) in 180 ml dichloromethane was

slowly added a solution of thionyl chloride (22.8 mmol, 2.7 g) in 22.4 ml
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dichloromethane. After addition the mixture was heated to reflux for 6 hours. The
reaction mixture was added to 300 ml water and 300 m\IDas added. The
organic layer was washed with water (300 x 3) then dried over MgSQ@ The
solvent was removed using vacuum. The crude product was recrystallized from
ethanol. The product was obtainedodiswhite powder (5 g92% yield) M.p. 97

99 °C (literaturd®* m.p. 9698 °C). Mass (El); (m/z) 392 (M. *HNMR (250 MHz,
CDCl3) w/@pm: 7.14 (s, 2H), 4.10 (8 = 6.55 Hz, 4H), 1.94.86 (m, 4H), 1.60

1.26 (m, 20H), 0.90 (t, 6H):*CNMR (250 MHz, CDCl) Uc/ppm 154.1, 151.4,
98.4, 69.1, 31.7, 29.3, 29.2, 28.7, 26.0, 22.6, FIAT (ATR): (cm™) 3081, 3053,
2955, 2917, 2872, 2848, 2510, 2160, 2023, 1977, 1614, 15®7, 1460, 1404,
1378, 1307, 1258, 1213, 1194, 1179, 1063, 1013, 998, 958, 937, 909, 851, 823,
753, 723.Elemental Analysis (%) calculated forH3sN.0.S: C, 67.30; H, 9.24;

N, 7.14 Found: C, 67.34; H, 9.59; N, 7.17.

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

\
Br Br

CgH¢7O OCgH47
4,7-Dibromo-5,6-bis(octyloxy)benzolc][1,2,5]thiadiazole(16) was synthesised
according to a modified procedure by Janssen 8t al.

To a solution of 5#is(octyloxy)benzo|c][1,2,5]thiadiazol€l5) (8.00 g, 14.3
mmol) in a mkture of dichloromethane (400 ml) amdetic acid (175 ml) was
added bromine (5.3 mlL03.11 mmol), and the resulting mixture was stirred in the
dark for ca. 48 h at room temperature. The mixtwas then poured in water (500
ml), extracted with dichloromethane, sequentially washed with wasturated
NaHCQ; (aqg), NaSGO; (ag) and the solvents are evaporated under reduced pressure.
The crude product was purified on a silica gel column chromatography eluting with
petroleum etherRecrystalization was carried out from ethanol to give the target
product as white need¢8.2 g 73 % yield) M.p. 44 46 °C (literaturé?? 44.545.6

°C). Mass El); (m/z) 558, 550, 55ZM*). 'HNMR (250 MHz,CDCl) w/ppm: 4.17

(t, J = 6.64 Hz, 4H), 1.971.83 (m, 4H), 1.62..23 (m, 20H), 0.91 (t, 6H}*CNMR
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(250 MHz, CDCl;) Uc/ppm 154.5, 106.2, 75.1, 31.8, 30.2, 29.9, 29.2, 25.9, 22.6,
14.Q FT-IT (ATR): (cmit) 2954, 2922, 2872, 2848, 2542, 2160, 2021, 1976, 1590,
1468, 1431, 1385, 1283, 1267, 1169, 1142, 1125, 1078, 1057, 1027, 1008, 992,
942, 908, 891, 882, 847, 840, 802, 772, 738, M@mental Analysis (%)
calculated for @H34N,O,SBr: C, 48.01; H, 6.23; Br29.04; N, 5.090, 5.81; S,
5.83Found: C, 47.Z; H, 6.32; Br, 29.32; N, 5.04; O, 5,63, 5.81.

3.3.17 Atempted synthesis o#,7-bis(1-methyl-1H-pyrrol -2-yl)-5,6-
bis(octyloxy)benzo|c][1,2,5}hiadiazole (17)

VRS

| CgH470 OCgH47

To a solution of dmethyl2-(tributylstannyl}1H-pyrrole (9) (2.01 g, 5.45 mmol)
and 4,7#dibroma5,6 bis(octyloxy)benzo[c][1,2,5]oxadiazo(#6) (1 g, 1.82 mmol)

in dry toluene(20 ml). A mixture of palladium acetat&7.1 mg, 0.254 mmol) and
tri-o-tolylphosphine (232.22 mg, 0.768mol) was addednder argon. The reaction
mixture wasdegassed anlteated under reflux for 72 h. Thelvent was removed in
vaccuo and theesidue was purified by column chromatography on silica gel
(petrolum ether (40:60)ethyl acetate (9:3) the 'HNMR and mass spectroscopy
showed impure material so purificatiowas undertakemsing preparativeHPLC
eluted (HO : THF (30:70 %)) howevehe product could not be purified.

3.3.18. 26-Dibromoanthracene-9,10-dione (19)
0]

s
Br

@)

The preparation of 2;8ibromoanthracen8,10dione (19) was carried out

according to a modified method by Vila et'&l.
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2,6-Diaminaanthraquinone (9.6 g, 40 mmohBtu ONO (10.4 g, 100 mmol), CuBr
(22.2 g, 100 mmol), and GBN (170 mL) were added to a eneck flask, and the
mixture was heated at 6& for 2 h. The reaction was quenched by adding 35%
HCI (aq) solution to the produchixture. The solution was filtered, washed with
CHsCN, and the product was recrystallized from-digxane. The product was
obtained as yellow powder (9.8 g 67% yield).The product gave a single spot on
TLC (R== 0.61) (silicagel plates- ethyl acetate/ petroleum ether (1/10) (v/v)).
M.p. 284-285 °C (literaturé®* m.p. 285287 °C). Mass (El); (m/z): 364, 366, 368
(M*). '"HNMR (400 MHz,CDCls) w/fipm: 8.46 (dJ = 1.99 Hz, 2H), 8.20 (d] =
8.31 Hz, 2H), 7.97 (dd) = 8.31, 2.02 Hz, 2H)*CNMR (400 MHz, CDCl)
Uc/ppmt 137.4, 130.3, 129.FT-IT (ATR): (cm™) 3080, 2447, 2160, 2022, 1963,
1708, 1674, 1570, 1386, 1338307, 1283, 1245, 1161, 1106, 1067, 959, 910, 856,
847, 819, 730, 70&lemental Analysis (%) calculated for£sO.Br,: C, 45.94;

H, 1.65; Br 43.66. Found: C}5.87; H,1.45; Br,43.65.

3.3.19. 1Bromo-4-(dodecyloxy)benzen&20)
OCy2H25

Br
The preparation of-bromo-4-(dodecyloxy)benzeng@0) was carried out according
to a modified method by Nucklolls et &P
4-Bromophenol (28.80 g, 170 mmpINaOH (8.66 g 220 mmol) and 41
bromododecane (40.00 470 mmol) were added to DMSO (133 ml) in one neck
round bottom flask. The mixture was stirred at £Q0overnight, cooled and then
400 ml HO was added. The product was extracted with diethyl ether3(Bml)
and dried over MgS® The solvent was evapied and recrystalised from ethanol.
The product was obtained as white crys{@3.54 g 76.6% vyield).The product
gave a single spot on TLC £R0.78) (silicagel plates ethyl acetate/ petroleum
ether (1/10) (v/v))M.p. 37-38 °C (literaturé?® m.p. 38 °C). Mass (EI); (m/z): 340
342(M™). '"HNMR (250 MHz,CDCls) n/ppm: 7.38 (d,) = 9.03 Hz, 2H), 6.79 (dJ
= 9.02 Hz, 2H), 3.93 () = 6.55 Hz, 2H), 1.88..72 (m, 2H), 1.49.24 (m, 18H),
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0.90 (t,J = 6.57 Hz, 6H).*CNMR (250 MHz, CDCly) Uc/ppm 158.2 132.1,
116.3, 12.5, 68.3, 31.9, 29.6, 29.5, 29.5, 29.3, 29.1 26.0,, 22.8. .FT-IT (ATR):

(cm'l) 2915, 2848, 2526, 2160, 2022, 1971690, 1576, 1489, 1468, 1393, 1281,
1236, 1171, 1113, 1070, 1046, 1036, 1002, 977, 982, 819, 802, 792, 772, 719.
Elemental Analysis (%) calculated ford8,00Br: C, 63.34; H,8.56; Br,23.41.
Found: C63.35; H,8.33; Br,23.46.

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

HO

900

OH

OCq2H2s

Br

The preparation of  2,6-dibroma9,10bis(4(dodecyloxy)phenyhp,10
dihydroanthracen®,10-diol (21) was carried out according to a modified method
by Wang etal *?’

To a solution of Ibromao4-(dodecyloxy)benzené20) (2.8 g, 8.2 mmol) in THF

(50 mL) was addetiBuLi ( 3.8 mL, 5.56 mmol, 1.6 M in pentane)-@8 °C. After

3 hours, 2,&libromoanthracen®,10-dione(19) (1 g, 2.73 mmol) was added. The
resulting mixture was allowed to warm to room temperature slofg. mixture

was poured into water, extracted hviiethyl ether. The organic layer was washed
with brine, dried over MgS®© The solvent was removed under high vacuum. The
product was purified using column chromatographited ethylacetate/ petroleum
ether (1/10) (v/v) to obtaithetarget product aa yellow lid (5.2 g 76.2% vyield.

The product gave a single spot on TLG £F0.39 (silica-gel plates ethyl acetate/
petroleum ether (1/10) (viv)M.p. 10%102 °C. Mass (El); (m/z): 888.2, 890.2,
892.2(M").'"HNMR (400 MHz ,CDC}) U ppm 8. 03 J£&27HZH) ,
2H), 7.58 (ddJ = 8.30, 1.58 Hz, 2H), 6.42 (bs, 4H), 6.18 (bs, 4H), 3.69 (t, 4H),
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1.67 (m, 4H), 1.5@.14 (m, 36H) , 0.90 (4 = 6.78 Hz, 6H)*CNMR (400 MHz,
CDCl3) c/ppm: 142.9, 139.7, 130.8, 129.1, 128.28.0, 122.1, 113.4, 74.4, 68.0,
31.9, 29.6, 29.6, 29.6, 29.4, 29.3, 29.2, 26.0, 22.7, EZ:AT (ATR): (Cm'l) 3402,

2917, 2850, 1646, 1584, 1508, 1466, 1297, 1245, 1180, 1162, 1082, 1013, 825,
719. Elemental Analysis (%) calculated forsdE6604Br2: C, 67.41; H,7.47; By,

17.94. Found: 057.05; H,7.65; Br,17.89.

3.3.21. 2,6-:Dibromo-9,10bis(4-(dodecyloxy)phenyl)anthracene (2P
OCq2H2s

00

OCq2H2s

Br

The preparation of2,6-dibromo9,10-bis(4(dodecyloxy)phenyl)anthracené2?)

was carried out according to a modified method by Waad*at

A mixture of 2,6dibromo9,10-bis(4(dodecyloxy)phenykp,10-
dihydroanthracen®8,10-diol (21) (13.5 g, 15.20 mmol), KI (21.8 g, 131.48 mmaol),
NaH,PO,.xH,0 (15.4g, 175 mmol) and acetic acid (152 nwas heated at reflux
for 40 min. The precipitate was collected and dissolved in dichloromethane (DCM).
The orgart solution was washed with brine, dried over anhydrous Mg3@er
solvent removal, the residue was purified by column chromatograpbiica gel
with petroleum etheRCM (4:1) and then recrystallization from hexane to afford
the target produc(8.3 g,63.4 % yield) as light yellow crys&lThe product gave a
single spot on TLC (R 0.45) (silicagel plates petroleum etheRCM (4:1) (v/v)).
M.p. 113115°C. Mass (El); (m/z): 854.2, 856.3, 8572 "). *HNMR (250 MHz ,
CDCl;) U pp md=71.88Hz, 2H) 7.61 (d) = 9.32 Hz, 2H), 7.37 (m, 6H),
7.15 (d,J = 8.63 Hz, 4H), 4.13 (1) = 6.50 Hz, 4H), 1.92 (m, 4H), 1.46 (m, 36H),
0.91 (t,J = 6.52 Hz, 6H).**CNMR (400 MHz, CDCl) Uc/ppm 158.9, 136.5,
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132.2,131.2,129.4, 129.1, 129.0, 128., 128.8, 120.0, 120.0, 114.6, 68.1, 31.9, 29.7,
29.6, 29.5, 29.4, 29.4, 26.2, 22.7, 1&T-IT (ATR): (cm?) 2913, 2846, 2526,
2160, 2023, 1977, 1607, 1573, 1513, 1463, 1435, 1392, 1377, 1285, 1243, 1171,
1109, 10781067, 1034, 1013, 995, 946, 915, 875, 824, 813, 805, 771, 754, 742,
721. Elemental Analysis (%) calculated fogdds40.Br,: C, 70.09; H,7.53; Br,

18.65. Found: C70.26; H,7.68; Br,18.66.

3.3.22. 2,2'-(9,10Bis(4-(dodecyloxy)phenyl)anthracene2,6-diyl)bis(4,4,5,5
tetramethyl-1,3,2dioxaborolane) (23
OCq2H2s

OC12Hzs
The preparation of 2:29,10-bis(4-(dodecyloxy)phenyl)anthracer&6-
diyl)bis(4,4,5,5tetramethyll,3,2dioxaborolane)23) was carried out according to
a modified method by Jo et 4

2,6-Dibromo-9,10-bis(4(dodecyloxy)phenytp,10-dihydroanthracen8,10-diol

(22) (3 g, 3.49 mmol), bis(pinacolato)diboron (4.33 g, 12.2 mmpbtassium
acetate ( 2.06 g, 20.96 mmol) and Pd(dppf(0I17 g, 0.022 mmol) in DMF (42
cm’®) was heated to 100 °C for 36 hours. The reaction mixture was cooled to room
temperature, then poured inte®1 (100 cni) and extracted with diethyl ether (3 x
100cm®). The organic phases were combined, then washed w@h(5x 100 cr)

and dried over MgS® The crude product was purifieda recrystallisation, the
crude product was dissolved in the minimum amount of diethyl ether and then
precipitated in hot me#imol which had been ran through a basic column. The
product was obtained dight yellow crysta$ (2.3 g, 69.1 % yield)M.p. 109110

°C. Mass (El); (m/z)950.§M™). '"HNMR (400 MHz ,CDC}) U p p m: 8. 32
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7.70 (d, J = 7.00 Hz, 2H), 7.66 (d, J = 7H) 2H), 7.40 (dJ = 8.54 Hz, 4H), 7.17

(d,J = 8.59 Hz, 4H), 4.17 (t) = 6.59 Hz, 4H), 1.99.88 (m, 4H), 1.66..55 (m,

6H), 1.501.26 (m, 54H), 0.92 (t) = 6.78 Hz, 6H)."*CNMR (400 MHz CDCh)
Uc/ppm: 158.4, 137.7, 135.6, 132.5, 131.4, 130.7, 13028.8, 126.2, 114.4, 83.7,
68.2, 31.9, 29.7, 29.6, 29.5, 29.5, 29.3, 26.2, 24.8 , 22.7,ARIT. (ATR): (cm™)

2918, 2851, 2518, 2160, 2941, 1977, 1621, 1606, 1572, 1512, 1473, 1370, 1340,
1309, 1267, 1240, 1173, 1148, 1137, 1108, 1076, 1026, 9004909, 859, 838,

826, 770, 748, 723, 71&lemental Analysis (%) calculated forsEBgsOsB2: C,

78.30; H,9.33. Found: C77.77 H, 9.58

3.3.23. 4,/i(thiophen-2-yl)benzo[c][1,2,5]thiadiazole(24)
\ /
/\ S
S \ /

The preparation od,7-di(thiophen2-yl)benzolc][1,2,5]thiadiazol¢24) was carried

out according to a modified method by palama ét%al.

4,7-Dibromo-1,2,5benzothiadiazol€8) (3 g , 10.2 mmol) and tributyl(thiopheh
yl)stannane (13.3 g, 35.7 mmol) were addetblioene(50 ml). Pd(PPh)4 (145.5

mg, 0.126 mmol) was added. The mixture was refluxed (320 underargon
atmosphere for 24 hours. Then, the residue was purified by column chromatography
on silica gel petrolum ether (40:60}oluene (2:1) Recrystalization was carried out
from etanol, which gave the target product as orange csy§2abg 75% vyield).

The product gave a single spot on TLGHR.52), silicagel plates petrolum ether
(40:60): Tolene (2:1)M.p. 122124 °C (literaturé®® m.p. 123125 °C). Mass (El);

(m/z):. 300 (M). *"HNMR (400 MHz,CDCls) w/mpm: 8.11 (ddJ = 3.71, 1.10 Hz,

2H), 7.84 (s, 2H), 7.47 (dd, = 5.10, 1.10 Hz, 2H), 7.23 (dd, = 5.10, 3.71 Hz,

2H). *CNMR (400 MHz, CDCL) ; o/ppin 152.5, 139.3, 128, 127.5, 126.8,
125.9, 125.7 FT-IT (ATR): (cm') 3070, 2160, 2010, 1818, 1577, 1539, 1511,
1476, 1429, 1419, 1377, 1352, 1270, 1213, 1105, 1070, 1045, 918, 885, 874, 855,
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842, 823,808, 747, 702Elemental Analysis (%) calculated for,EsN,Ss: C,
55.97 H, 2.68 N, 9.32;S,32.02 Found: C56.05 H, 2.49 N, 9.21;S,32.06

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

= \ s

4,7-Bis(5-bromothiopher-yl)benzo[c][1,2,5]thiadiazole (25) was synthesised
according to a modified procedure by Zhang ét%4l.

4,7-Di(thiophen2-yl)benzo[c][1,2,5]thiadiazolé24) (1 g, 3.33 mmol)was added to
chlorobenzene (4l) in a 100 ml flask. The reaction mixture was heated tdG0

and Nbromosuccinimide (NBS) (1.06, .99 mmo) was added in two portien

(the second portion was added after one hour) for three hours. The reaction mixture
was heated to 13%C then cooled tdoom temperature. The product was filtered
and washed with water and methanol. The target product was obtained as red
crystab (1.2 g 80% yield). M.p. 255258 °C (literaturé® m.p. 256-258 °C). Mass

(El); (m/z) 456, 458, 460 (). 'HNMR (400 MHz,CDCl) n/ppm: 7.84 (dJ =

3.97 Hz, 1H), 7.82 (s, 1H), 7.19 (@ = 3.98 Hz, 1H).FT-IT (ATR): (cm™) 3090,

2160, 2007, 1746, 1528, 1480, 1415, 1368, 1308, 1273, 1211, 1097, 1071, 969,
884, 871, 845, 830, 781, 738. Elemental Analysis (%) calculated fBK:Br,Ss:
C,36.7Q H,1.32 N, 6.12; Br, 34.88 S,20.99 Found:C, 37.04 H, 0.83 N, 6.11;

Br, 34.88 S,20.99

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

O,N ! l ! NO,

O
The preparation of 2;@dinitro-9,10-anthraquinon€26) was carried out according to
a modified method by Yang et &f.
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Anthrone (20 g, 104 mmol) was added slowly with stirring to fuming nitric acid
(160 mL) & 0 °C. Subsequentlyacetic acid(400 m) was added slowly to the
reaction mixture with cooling. The resulting solution was allowed to stand at room
temperature for 1 wée At the end of the period, the yellow precipitate was
collected by filtrationwashed with acetic acid (100 yJxdnd hexan€100 m), and

dried under vacuum. The crude product was recrystallized twice from acetic acid
then recrystalised from nitrobenzeredetic acid (1:1 v/v) to obtain the target
product as yellow crystal(9.2 g, 23% yield)M.p. 289291 °C (literatur& m.p.
290-291 °C). Mass (El); (m/z) 299 (M. *HNMR (400 MHz, DMSOd) d ppm:
8.84 (d,J = 1.99 Hz, 1H), 8.72 (dd] = 8.36, 1.95 Hz, 1H), 8.49 (d,= 8.51 Hz,

1H). FT-IT (ATR): (cmi') 3091, 3073, 3040, 2448, 2160, 2024, 1975, 1673, 1604,
1587, 1539, 1523, 1435, 1352, 1326, 1299, 1274, 1249, 1164, 1121, 1084, 995,
948, 928, 902, 886, 864, 838, 815, 789, 868, MEémental Analysis (%)
calculated for @HgN2Os: C, 56.39; H,2.03;N, 9.39. Found: C56.44 H, 1.77;N,

9.61

3.3.26. 2,7/Diaminoanthracene9,10-dione (27)
O

H,N ! l l NH,

O
The preparation of 2;diaminoanthracen8,10dione (27) was carried out
according to a modified method by Yang et?al.
2,7-Dinitroanthracen®,10-dione (26) (8 g 26.65 mmol) in ethanol (290 jnlvas
added to a solution of sodium sulfide nonahydrate (28.8 g, 120 mmol) and sodium
hydroxide (11.4 g285.12mmol) in water (500 m)l The mixture was heated at
reflux for 6 h and lefto stand overnight. The ethanol was removed in vacuum and
the residue cooled to-® °C. The resulting precipitate was collected by filtration,
repeatedly washed with water, and dried. Recryzsasion from ethanol afforded
the target product as an orafngéd solid (5.7g, 90% vyieldMass (El); (m/z): 238
(M*). Mp 335337 °C (literaturé* m.p. 337-339°C). *HNMR (400 MHz DMSGC
d) U pp mI=847 Bz42H), 623 (d] = 2.40 Hz, 2H), 6.89 (dd] = 8.50,
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2.43 Hz, 2H), 6.42 (s M, 4H). °CNMR (400 MHz,DMSOds) : ¢/ppin 184.7,
179.7, 155.1, 153, 135.0, 129.3FT-IT (ATR): (cm™) 3344, 3223, 2502, 2160,
2022, 1976, 1671, 1623, 1581, 1553, 1499, 1458, 1338, 1312, 1245, 1206, 1191
1130, 1088, 1001, 930, 889, 853, 772, 745, El&mental Analysis (¥alculated

for CrsH10N202: C,70.58; H,4.23; N, 11.76. Found: @0.28 H, 3.82 N, 11.57

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

ROGOH

O
The preparation of 2;dibromoanthracen8,10dione (28) was carried out
according to a modified method by Vila et'&l.
2,7-Diaminoanthraquinon€27) (3 g, 12.6 mmol),-Bu ONO (3.2 g, 31.5 mmol),
CuBr; (7.03 g, 31.5 mmol), an@HsCN (54 m) wereplaced ina oneneck flask,
and the mixture was heated at ®5for 2 h. The reaction was quenched by adding
35% HCI (aq) solution to the product mixture. The solution was filtered, washed
with CH;CN, and the product was recrystalliZeom 1,4dioxane. The product was
obtained as yellow powder(3.4 g 75% yield). The product gave a single spot on
TLC (Rf = 0.46) (silicagel plates- ethyl acetate/ petroleum ether (1/10) (v/v)).
M.p. 249250 °C (literaturé® m.p. 248250 °C). Mass (El);(m/z): 364, 366, 367
(M*). 'THNMR (400 MHz,CDCl;) n/ppm: 8.45 (dJ = 1.98 Hz, 2H), 8.20 (dJ =
8.31 Hz, 2H), 7.97 (ddJ = 8.31, 2.03 Hz, 2H)**CNMR (400 MHz, CDCl)
Uo/ppmt 137.5, 134.1, 131.8, 130.3, 130.0, 12FT-IT (ATR): (cm) 3083, 2445,
2160, 2034, 1977, 1670, 1574, 1415, 1309, 1287, 1267, 1249, 1204, 1171, 1105,
1068, 924, 910, 865, 821, 772, 730, 713, 705. Elemental Analysis (%) calculated
for C14HeO.Br2: C, 45.94; H, 1.65; Br, 43.66. Found:45.44 H, 1.44 Br, 41.92

64



Chapter Three: Experimental

3.3.28. 2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl}9,10-dihydroanthracene-
9,10diol (29)
OC12H2s

HO

ROGSS

OH

OC12Has
The preparation of  2,7-dibroma9,10bis(4(dodecyloxy)phenykp,10
dihydroanthracen®,10-diol (29) was carried out according to a modifiggethod

by Wang et at?’

To a solution of dbromo4-(dodecyloxy)benzen€20) ( 11.95 g, 32.8 mmol) in

THF (250 m) was added-BuLi ( 16.1 m| 27.3 mmol, 1.6 M in pentane)-a8 °C.

After 3 hours, 2,tlibromoanthracen8,10dione (28) (4 g, 10.93 mmol) was
added. The resulting mixture was allowed to warm to roemperature slowly.
After stirring overnight, tle mixture was poured into watendhextracted with
diethyl ether. The orgac layer was washed with brine added over MgSQ@ The
solvent was removed under high vacuum. The product was purifieg csinmn
chromatography elutedthyl acetate/ petroleum ether (1/10) (v/v) to obtdie
target product as yellow solid (6.3 g, 65 % Yy)elthe product gave a single spot on
TLC (Rf= 0.3)) (sllica-gel plates ethyl acetate/ petroleum ether (1/10) (vV/A)p.
105106 °C. Mass (El); (m/z): 888, 890, 890, 89&1"). '"HNMR (250 MHz ,
CDCl;) ppim: 8.03 (s, 2H), 7.75 (d,= 8.34 Hz, 2H), 7.57 (dd] = 8.33, 1.84 Hz,

2H), 6.40 (bs, 4H), 6.18 (bs,4H), 3.68 (s, 4H), 1174 (m, 4H), 1.46..15 (m,

36H), 0.89 (t,J = 6.56 Hz, 6H).”*CNMR (250 MHz, CDCl) c/ppin 157.7,
142.8, 139.8, 130.8, 129.1, 128.3, 128.0, 122.0, 113.5, 113.4, 76.9, 76.4, 74.5, 74.3,
68.1, 68.0, 31.9, 29.6, 29.4, 29.3, 29.2, 26.0, 22.6, EZ0T (ATR): (cm*) 3306,

2918, 2851, 2535, 2160, 2023, 1609, 1584, 1507, 1460, 1415, 1390, 1299, 12
1182, 1164, 1139, 1119, 1104, 1081, 1018, 957, 919, 877, 823, 810, 771, 748, 719.

65



Chapter Three: Experimental

Elemental Analysis (%) calculated for£sO.Br,: C, 67.41; H,7.47; Br ,17.94.
Found: C67.37% H, 7.44 Br, 18.07.

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

ROGSS

OCq2H2s

The preparation of 2:dibromo9,10bis(4(dodecyloxy)phenyl)anthracene3Q)

was carried out according to a modified method by Wang'ét al.

A mixture of 2,#dibroma9,10-bis(4(dodecyloxy)phenyhp, 10
dihydroanthracen®,10-diol. (29) (7.1 g, 8.01 mmol), KI (11.50 g, 69.23 mmol),
NaH,PO,. xH,O (8.12g, 2.3 mmol) and eetic acid (80 nj)lwas heated at reflux

for 40 min. The precipitate was collected and dissolved in dichloromethane (DCM).
The organic solution was washed with brine, dried over anhydrous MgS@r
solvent removal, the residue was purified by column chromatograpbifican gel

with petroleum ether DCM (4:1) and then recrystallization from hexane to afford
the target product (5.5 g, 80 % yield) as light yellow crgstéhe product gave a
single spot on TLC (R0.49 (dlica-gel plates petroleum ethelDCM (4:1) (V/v)).

M.p. 110111 °C. Mass (El); (m/z): 854.6856.5, 857.§M™). *HNMR (250 MHz ,
CDClr) U ppmJ=T7888 2H), d.61 (d) =9.32 Hz, 2H), 7.41 (d) =

1.99 Hz, 2H), 7.36 (dd] = 4.52, 1.93 Hz, 2H), 7.32 (d,= 1.90 Hz, 2H), 7.15 (dd,

J = 8.61, 5.84 Hz,4H), 4.13 (d,= 6.65 Hz, 4H), 2.02..80 (m, 4H), 1.68..17 (m,
36H), 0.91 (t,J = 6.57 Hz, 6H).”*CNMR (400 MHz, CDCl) c/ppin 159.0,
158.9, 137.7,35.3, 132.2, 132.1, 131.7, 129.6, 129.3, 129.1, 128.7, 128.7, 120.3,
114.7, 114.5, 68.2, 31.9, 29.7, 29.6, 29.5, 29N3, 26.2, 26.1, 22.7, 14 ET-IT
(ATR): (cm™) 3070, 2955, 2933, 2913, 2871, 2849, 2525, 2160, 2025, 1977, 1607,
1570, 1513, 1471, 1434, 1411, 1396, 1374, 1319, 1304, 1279, 1239, 1106, 1063,
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1048, 1035, 1003, 959, 945, 925, 877, 823, 811, 774, 758, 741Er6ental
Analysis (%) calculated for 4HgO2Br,: C, 70.09; H,7.53; Br, 18.65. Found: C,
70.03 H, 7.62 Br, 18.82

3.3.30. 2,2-(9,10Bis(4-(dodecyloxy)phenyl)anthracene2, 7-diyl)bis(4,4,5,5
tetramethyl-1,3,2dioxaborolane) (31)
OC12Hazs

OC12Has
The preparation of 2:29,10-bis(4-(dodecyloxy)phenyl)anthracer®&7-

diyl)bis(4,4,5,5tetramethy1,3,2dioxaborolane)31) was carried out according to

a modified method by Jo et 4P

2,7-Dibromo-9,10-bis(4(dodecyloxy)phenytp,10-dihydroanthracen8,10-diol
(30) (3 g, 3.49 mmol), bis(pinacolato)diboron (4.33 g, 12.2 mmol)agstim
acetate Z.06 g, 20.96 mmol) and Pd(dppf)&D.17 g, 0.022 mmol) in DMF (42

cm®) was heated to 100 °C fofdhours. The reaction mixture was cooled to room

temperature, then poured inte®1 (100 cni) and extracted with diethyl ether (3 x

100 cnf). The organic phases were combined, then washed w@h(5x 100 crm)

and dried over MgS® The crude product was ipiied via recrystallisation, the

crude product was dissolved in the minimum amount of diethyl ether and then

precipitated in hot methanol which had been ran through a basic column. The

product was obtained dight yellow crystas. (2.0 g, 60.6 % yield)M.p. 116112

°C.Mass (El); (m/z): 950.9 (%). '"HNMR (400 MHz ,CDC}) U pp m: 8.

7.727 7.68 (dd, 4H), 7.44 (d] = 8.58 Hz, 2H), 7.37 (dJ = 8.59 Hz, 2H), 7.20 (d,
J = 8.63 Hz, 2H), 7.15 (d] = 8.63 Hz, 2H), 4.20 (] = 6.65 Hz, 2H), 4.14 (1) =
6.54 Hz, 2H), 2.04..83 (m, 2H), 1.66L.52 (m, 2H), 1.52L.25 (m, 60H), 0.92 ({]

= 6.73 Hz, 6H).:*CNMR (400 MHz CDCL) tic/ppm: 159.2, 159.1, 136.1, 132.7,
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132.4, 132.0, 130.5, 129.6, 129.3, 125.9, 114.4, 114.3, 83.7, 77.0, 76.7, 68.2, 68.1,
31.9, 29.7, 29.6, 29.5, 29.5, 29.4, 26.2, 24.8, 22.7, EZ:AT (ATR): (cm'l) 2918,

2851, 2161, 2021, 1607, 1513, 1493, 1472, 1371, 1349, 1322, 1276, 1241, 1175,
1143, 1127, 1107, 1078, 1031, 1003, 985, 951, 917, 891, 857, 834, 824, 802, 719,
710.Elemenal Analysis (%) calculated forGHsO-Br,: C, 78.30; H,9.33. Found:
C,77.81 H,9.41

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

The preparation of 3;@i(thiophen2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione

(32) was carried out according to a modified method by Chen'&t al.

A mixture of Na (0.98 g, 42.6 mmol) and Fe(@.1 g, 0.616 mmolyvas dissolved

in tertamyl alcohol (20 m) by heating at 96C for 2 h. After cooling to 56C,
thiophene 2-carbonitrile £.344, 21.2 mmol) was added and then the mixture was
again heated at 9C. A wolution of dimethyl succinate2(23 g, 0.105 mmol) in
tertamyl alcohol (10 n)lwas added dropwise over 2 h and then the mixture was
maintained at 96C for 20h. After cooling to 50C, glacial AcOH was added and

then the mixture was heated under reflux for 10 min before being filtered. The
residue was washed several times with hot MeOH and water, and then the solid was
dried under vacuum to obtain the targedtduct as a red solid (5.76 g, 90% vyield).
This compound was used directly in the next step without purificatiop. 204

207°C. Mass (EI); (m/z) 300 (M. *HNMR (250 MHz,DMSO /gpm: 11.25 (bs,

2H), 8.20 (bs, 2H), 7.96 (bs, 2H), 7.30 (bs, 2HCNMR (250 MHz, CDCl);
Uc/ppmt 162.1, 136.6, 133.1, 131.7, 131.2, 12%P-IT (ATR): (cm'') 3275, 3125,

2989, 2160, 2024, 1704, 1679, 1640, 1594, 1498, 1439, 1415, 1361, 1313, 1289,
1229, 1181, 1127, 1099, 1056, 998, 940, 877, 857, 836, 789, 777, 747, 725.
Elemental Analysis (%) calculated fofEsN,S;0,: C,55.98 H, 2.68 N, 9.33;S,

21.35 Found: C48.59 H,3.76 N, 6.37;S,15.04
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3.3.32. 2,5-Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4 -c]pyrrole -
1,4(2H,5H)dione (RB)

The preparation of 3;@i(thiophen2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione

(33) was carried out according to a modified method by Chen'ét al.

A solution of 2ethylhexyl bromide (89 ml, 27.5 mmol) in DMF (30 milwas

added dropwise to a mixture 08,6-di(thiophen2-yl)pyrrolo[3.4-c]pyrrole-
1,4(2H,5H}dione (32) (2.50 g, 8.33 mmol), ¥CO; (3.83 g, 27.8 mmol),and 18
crown6 (0.25 g, 0.95 mmol) in DMF (50 mht 120°C and then the mixture was
maintained at 128C overnight. After cooling to room temperature, the product was
dissolved in CHG washed with water (3 x 300 jnland then dried (MgS{R The
solvent was evaporated under reduced pressure and precipitated in methanol. The
crude product was purified through chromatography using chloroform to obtain the
target product @ared solid (1.4 g, 3% yield). The product gave a single spot on
TLC (R= 0.64), silicagel plates eluted withchloroform. M.p. 125127 °C
(literaturé®* m.p. 125°C). Mass (El); (m/z) 524 (M. *HNMR (400 MHz,CDCl)
Uy/ppm: 8.92 (ddJ = 3.87, 0.98 Hz, 2H), 7.65 (dd, = 5.00, 0.96 Hz, 2H), 7.29
(dd,J = 4.93, 3.98 Hz, 2H), 4.13.98 (m, 4H), 1.94..83 (m, 2H), 1.434.19 (m,

16H), 0.940.83 (m, 12H)."*CNMR (400 MHz, CDCL) ; ¢/ppin 161.7, 140.4,
135.2, 130.5, 129.8, 128.4, 107.9, 45.8, 39.0, 30.2, 28.3, 23.5, 23.0, 14.¢;1:0.4

IT (ATR): (cm™) 3096, 3@1, 2954, 2926, 2857, 2466, 2161, 2024, 1976, 1663,
1566, 1503, 1449, 1417, 1401, 1359, 1321, 1273, 1229, 1169, 1155, 1096, 1064,
1027, 958, 918, 894, 847, 804, 774, 751, 734, 710. Elemental Analysis (%)
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calculated for GgH4oN-O-S,: C,68.66 H, 7.68 N, 5.34 S,12.22 Found: C, 67.94;
H, 7.96; N, 5.15; S, 12.52.

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

The preparation of 3;6is(5bromothiophef2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4
c]pyrrole-1,4(2H,5H}dione (34) was carried out according to a modified method
by Chen et at*®

NBS (0.45 g, 2.53 mmol) was added to a solution 3p8-di(thiophen2-
yhpyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione (33) (0.70 g, 1.33 mmol) in C@al; (40

ml) in a one neck roundottom flask. After stirring at room temperature for 48 h
and in the dark, the reaction mirguwas poured into water (300 )nand extracted

with CHCL (3 x100 m). The organic layer was dried (Mgp@nd the solvent was
evaporated under reduced pressure. The crude product was purified through
chromatography using chloroform to obtain thgeéamproduct aared solid (0.74y,

82 % vyield). The product gave a single spot on TLGHR®.64), silicagel plates
eluted withchloroform. M.p. 155158 °C. Mass (El); (m/z) 680, 682, 684 ()
'HNMR (400 MHz,CDCly) w/jpm: 8.67 (dJ = 4.18 Hz, 2H), 7.24 (d) = 4.18

Hz, 2H), 4.013.89 (m, 4H), 1.941..79 (m, 2H), 1.44.20 (m, 16H), 0.99.83 (m,

12H). ®*CNMR (250 MHz, CDCl) ; o/ppin 161.4, 139.4, 135.4, 131.4, 131.1,
119.0, 107.9, 45.9, 39.0, 30.14, 28.3, 23.5, 23.0, 14.0, EUAT (ATR): (cm™)

3085, 2958, 2926, 2858, 2541, 3160, 2026, 1926, 1653, 1555, 1504, 1448, 1411,
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1398, 1378, 1356, 1336, 1310, 1259, 1235, 1169, 11881, 1081, 1067, 1026,
969, 924, 896, 833, 801, 774, 730, 7Elemental Analysis (%) calculated for
CsoH3sN20,S,Br, : C,52.79 H, 5.61; N, 4.1Q S, 9.40; Br, 23.41Found: C, 52.50;

H, 5.75; N, 4.05; S, 9.04; Br, 25.20.
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3.4. Synthesis of Polymers

3.41. Poly [9(heptadecan9-yl)-9H-carbazole2,7-diyl-alt-( 4 BGbjs@-thethyl-
1H-pyrrol -2 §1)-2 6 , dbénzothiadiazole}5,5-diyl] (P1)

)\CBHW n
Pl

CgH17
Method 1: Polymerisation in toluene usingtetraethylammonium hydroxide as

a base

A solution of 9(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-
yl)-9H-carbazole(7) (0.4 g, 0.608 mmol) and 4k/is(5bromol-methyt1H-
pyrrol-2-yl)benzo[c][1,2,5]thiadiazol€11) (0.275 g, 0.608 mmol) in dry toluene

(10 ml) ina100ml onenecked round bottom flask and under argon was degassed.
To the reaction mixture was added a 20 % w/w aqueous solution of
tetraethylammonium hydroxid@.1 ml) andthe reaction mixture wasdegassedlo

the reaction mixture, Pd(OAc(7 mg, 0.031 mmoland trio-tolyphosphine (19

mg, 0.055 mmol) were added and degassed then heated@of@024 hours. After
cooling the reaction mixture to room temperatutee polymerwas enecapped

with the addition of Ibromobenzene (0.1 ml, 0.74 mmol) and degatisenl heated

to 90 °C for 1 hour. Againthe reaction mixture was cooléd room temperature

and the polymewas endcaped with phenyl dronic acid (0.15 g, 0.1 mmognd
degassed, then the mixture was heated to 90 °C for 3 hours. The reaction mixture
was cooled to room temperature, then dissolved in GH800 m) and to this
solution was added an ammonium hydroxide solution (28 % .@, 50 ml),
followed by stirring overnightThen, the organic layer was separated and washed
with distilled water. The orgac layer was concentrated to about 50 ml and poured
into methanalvater(10:1, 300 ml). The resuttg mixture was stirred overnight and
filtered through amembrane filter. The collectesblid was cleaned using soxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml) and toluene (250 ml). The toluene fraction was concentrataiolotat 50 ml and

then poured ito degassed methanol (300 ml). The résglmixture was stirred

overnight and the solid collected by filtration througmembrane filteto afford
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polymerP1 as ared powder ( 117 mg , 27 % yiel@3PC (1,2,4richlorobenzene at
140°C): M,, = 8100, M, = 2600, PD = 3.1Elemental Analysis (%) caltated for
CassHs3N,S: C,77.66 H, 7.68 N, 10.06 S,4.90.Found: C, 76.27; H, 7.29 ; N, 8.97
;' S, 3.18.

Method 2: ploymerisation in THF using NaHCO3as base

A solution of 9(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-
yl)-9H-carbazole(7) (0.35 g, 0.532 mmol) and 4kis(5bromol1l-methyt1H-
pyrrol-2-yl)benzo[c][1,2,5]thiadiazol€11) (0.24 g, 0.532 mmol) in dry THF (10
ml) in a 100 ml onenecked round bottom flask and under argon was degassed. To
the reaction mixture was added a saturated solutioNadbfCQO; (2 ml) andthe
reaction mixture waslegassed. To the reaction mixture, ®A¢). (8.3 mg, 0.036
mmol) and tro-tolyphosphine (22 mg, 0.066 mmol) were added and degassed
then heated to 96C for 24 hours. After cooling the reaction mixture to room
temperaturgthe polymemwas enecapped with the addition ofliromobenzene (0.1

ml, 0.74 mmol) and degassed then he&be@0 °C for 1 hour. Againthe reaction
mixture was cooledo room temperaturand the polymemas endcaped with
phenylboronic acid (0.15 g, 0.1 mmaind degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to roonpdeture, then
dissolved inCHCI; (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in #D, 50 ml), followed by stirring overnighthen, the
organic layer was separated and washed with distilled water. The organic layer was
concerrated to about 50 ml and poured into methanol:water (10:1, 300 ml). The
resuling mixture was stirred overnight and filtered througmeambrane filter. The
collected solid was cleaned usisgxhlet extraction with solvents in order methanol
(250 ml), aceaine (250 ml), hexane (250 ml) and toluene (250 ml). The toluene
fraction was concentrated &bout 50 ml and then pouredondegassed methanol
(300 ml). The resuihg mixture was stirred overnight and the solid collected by
filtration througha membrandilter to afford polymeP1as a red powded89 mg ,

42 % yield).GPC (1,2,4trichlorobenzene at 14): M,,= 15300, M, = 14100, PD

= 1.08.Elemental Analysis (%) calculated for,d8s53NsS: C, 77.66 H, 7.68 N,
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10.6 S, 4.90. Found: C, 60.00; H, 7.76; Ni.50 : S, 2.64.HNMR (500 MHz,
C>D,Cls, 80°C ) w/ppm: 8.00 (d,) = 7.98 Hz, H), 7.747.54 (m, 4H), 7.42 (d] =
7.91 Hz, 2H), 7.24 (d, 2H), 6.94 (s, 2H), 4445 (bs, 1H), 3.75 (s, 6H), 248226
(m, 2H), 2.071.91 (m, 2H), 1.67L.50 (m, 2H), 1.390.99 (m, 20H), 0.77 (&) =
6.68 Hz, 6H)

3.4.2.Poly[3,6-difluoro -9-(heptadecan9-yl)-9H-carbazole 2,7-diyl-alt-( 4 6 , 7
bis(1-methyl-1H-pyrrol -2 §1)-2 6 , dbénzothiadiazole}5,5-diyl]

)\CSHW n
P2

CgH17
A solution of 3,6difluoro-9-(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyl,3,2
dioxaborolar2-yl)-9H-carbazolg(35) (0.3 g, 0.432 mmol) and 4/is(5-bromo1-
methyt1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazol€11) (0.1956 g, 0.432nmol) in

dry THF (9 ml) ina 100 ml onenecked round bottom flask and under argon was
degassed. To the reaction mixture was added a satsategdn ofNaHCG; (2 ml)
andthe reaction mixture wadegassed. To the reaction mixture, PA¢P (6.86

mg, 0.03 mmol) and td-tolyphosphine (22.5 mg, 0.066 mmol) were added and
degassed then heated to ‘@ for 24 hours. After cdimg the reactiommixture to

room temperature the polymer was enedcapped with the addition of -1
bromobenzene (0.1 ml, 0.74 mmol) and degassed then hed8dC for 1 hour.
Again, the reactiomixture was cooledo room temperaturand the polymewas
endcaped with phenyl dronic acid (0.15 g, 0.1 mmoBnd degassed, then the
mixture was heated to 90 °C for 3 hours. The reaction mixture was cooled to room
temperature, then dissolved in CHCB00 ml) and to this solution was added an
ammonium hydoxide solution (28 % in D, 50 ml), followed by stirring
overnight.Then, the organic layer was separated and washed with distilled water.
The organic layer was concentrated to about 50 ml and poured into methanol:water
(10:1, 300 ml). The resiritg mixture was stirred overnight and filtered through a

membrane filter. The collected solid was cleaned usioghlet extraction with
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solvents in order methanol (250 ml), acetone (250 ml), hexane (250 ml) and toluene
(250 ml). The toluene fraction was concenttlate almut 50 ml and then poured

into degassed methanol (300 ml). The result mixtums stirred overnight and the

solid collected by filtration througa membrane filterPolymerP2 was obtained as

a red powder (163 m@t3.6 % yield)GPC (1,2,4trichlorobenzene at 148C): M,

= 8400, M, = 3500, PD = 2.4Elemental Analysis (%) calculated fordE5;NsSF:

C, 73.84 H, 7.02 N, 9.57 S, 4.38.Found: C, 72.66; H6.53 N, 9.23; S, 4.07.
HNMR (500 MHz,C,D,Cl4 80°C ) w/ppm: 7.787.49 (m, 4H), 7.40 (d] = 16.30

Hz, 2H), 7.23 (s, 2H), 6.98 (d,= 10.78 Hz, 2H), 4.581.45 (bs, 1H), 3.75 (s, 6H),
2.332.17 (m, 2H), 2.01..85 (m, 2H), 1.310.96 (m, 22H), 0.76 (t, 6H).

3.4.3. Poly [9,6dioctyl-9H-fluornene-2,7-diyl-alt-( 2 &bjs@-thethyl-1H-
pyrrol -2-y)-26 , 1-lbenz@&hdadiazole)-5,5-diyl]

A solution of 9,9dioctylfluorene2,7-diboronic acid bis(1$ropanediol) estegf36)

(0.247 g, 0.4423 mmol) and 4brs(5bromol-methyt1H-pyrrol-2-
yhbenzo[c][1,2,5]thiadiazol€11) (0.2 g, 0.4424 mmol) in dry THF (9 ml) an100

ml onenecked round bottom flask and under argon was degassed. To the reaction
mixture was added a saturated solution of Nak(ZOnl) andthe reaction mixture

was degassed. To the reaction mixture, ®&¢), (7 mg, 0.031 mmol) and to-
tolyphosphine (19 mg, 0.062 mmol) were added and degassed then heaté@ to 90
for 24 hours. After cding the reaction mixture tooom temperaturethe polymer

was enedcapped with the addition of-iromobenzene (0.1 ml, 0.7 mol) and
degassed then heat®d90 °C for 1 hour. Againthe reaction mixture was cooléal

room temperaturand the polymewas enecaped with phenyl boronic acid (0.15 g,

0.1 mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature, then dissolved in;GBGTIMI)

and to this solution was added an ammonium hydroxide solution (28 %in3a

ml), followed by stirring overnight. Then, the organic layer was separated and
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washed with distikkd water. The organic layer was concentrated to about 50 ml and
poured into methanol:water (10:1, 300 ml). The ré&sglimixture was stirred
overnight and filtered through membrane filter. The collected solid was cleaned
using soxhlet extraction with seénts in order methanol (250 ml), acetone (250
ml), hexane (250 ml) and toluene (250 ml). The toluene fraction was concentrated
to about 50 ml and then pouredtandegassed methanol (300 ml). The rasglt
mixture was stirred overnight and the solid colted by filtration througha
membrane filter. Polyme?P3 wasobtained as a red powder (196,63.8 % vyield).

GPC (1,2,4richlorobenzene at 146C): M, = 6300, M, = 3300, PD = 1.9
Elemental Analysis (%) calculated foud8Es:NsS: C,79.37 H, 7.7Q0 N, 8.23 S,
4.71.Found: C, 74.90; H, 7.38 : N, 6.63 : S, 3.86NMR (500 MHz,C,D,Cl4 80

°C) w/ppm: 7.797.41 (m, 6H), 7.277.16 (m, 4H), 6.91 (bs, 2H), 3.72 (s, 6H),
2.141.85 (m, 2H), 1.74..49 (m, 2H), 1.3D.90 (m, 24H), 0.77 (t, 6H).

3.4.4.Poly(9,10bis(4-(dodecyloxy)phenylyanthracene 2,6-diyl -alt-(4, 7-
dithiophen-2-yl)-2 6 , dbénzotiadiazole5,5-diyl]

C12H250 P7

A solution of 2,6-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolasR-yl)-9,10bis(4
(dodecyloxy)phenyl)ahracene (23) (0.35 g, 0.367 mmol) and 4pis(5>
bromothiopher2-yl)benzo[c][1,2,5]thiadiazol€25) (0.1683 g, 0.367 mmol) in dry
toluene (9 ml)in a 100 ml onenecked round bottom flask and under argon was
degassed. To the reaction mixture was add&d & w/w aqueous solution of
tetraethylammonium hydroxide (2.1 ml, 2.85 mmatdthe reaction mixture was
degassed. To the reaction mixture, ®&¢), (6.3 mg, 0.028 mmol) and io-
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tolyphosphine (17.2 mg, 0.0565 mmol) were added and degassed thenth&dted

°C for 24 hours. After cooling the reaction mixture to room temperatine
polymerwas enecapped with the addition ofiromobenzene (0.1 ml, 0.94 mmol)
and degassed then heat®d90 °C for 1 hour. Againthe reaction mixture was
cooledto room temperature was endped with phenyl boronic acid (0.15 g, 1.23
mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature, then dissolved in; Q8T
ml)and to this solution wasdded an ammonium hydroxide solution (28 % yOH

50 ml), followed by stirring overnight. Then, the organic layer was separated and
washed with distilled water. The organic layer was concentrated to about 50 ml and
poured into methanol:water (10:1, 300 mlhe resuihg mixture was stirred
overnight and filtered through membrane filter. The collected solid was cleaned
using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml), toluene (250 ml), chloroform (250 amd chlorobenzene
(250 ml). The toluene, chloroform and chlorobenzene fractions were concentrated
to about 50 ml and then pouredtandegassed methanol (300 ml). The raésglt
mixtures were stirred overnight and the soficcollected by filtration througra
membrane filter. Thalifferent fractions of polymerP7 were obtained as purple
powder Toluene fraction (128 mg, 35%%PC (1,2,4richlorobenzene at 14{T):

My, = 3800, M, = 3000, PD = 1.2Chloroform fraction (162 mg, 44.2%), GPC
(1,2,4trichlorobenzene at 14GC): M,, = 4900, M, = 3500, PD = 14
Chlorobenzene fraction (45 mg, 12%). GPC (1-{2ighlorobenzene at 14T): M,,

= 9100, M, = 7800, PD = 1.1 Elemental Analysis (%) calculated for
CeaH70N2S:02: C, 77.22 H, 7.09 N, 2.8%; S, 9.66.Found: C, 60.33; H, 6.02 ; N,
2.75; S, 10.27*HNMR (500 MHz,C,D,Cl, 100°C ) w/ppm: 8.07 (d)) = 3.86 Hz,

2H), 7.84 (s, 2H), 7.66 (d,= 7.29 Hz, 4H), 7.44 (d] = 6.37 Hz, 2H), 7.37 (d] =

5.87, 1.62 Hz, 2H), 7.29 (d,= 7.34 Hz, 4H), 7.19 (d] = 7.81 Hz, 4H), 4.15 (1]

= 5.92 Hz, 4H), 1.94..84 (m, 4H), 1.641..18 (m, 36H), 0.85 (f] = 6.51 Hz, 6H).
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3.4.5.Poly(9,10bis(4-(dodecyloxy)phenylyanthracene 2,6-diyl -alt-(5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[1,2,5]thiadiazole5,5-diyl]

P8

C12H250

A solution of 2,6-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar-yl)-9,10-bis(4
(dodecyoxy)phenyl)anthracene(23) (0.35 g, 0.367 mmol) and 4pis(5>
bromothiopher2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazol€37) (0.2625 g,
0.367 mmol) in dry toluene (9 mip a 100 ml onenecked round bottom flask and
under argon was degassed. Torgmction mixture was added?@ % w/w aqueous
solution of tetraethylammonium hydroxide (2.1 ml, 2.85 mnaol)l the reaction
mixture wasdegassed. To the reaction mixture, @), (6.3 mg, 0.028 mmol)
and trio-tolyphosphine (17.2 mg, 0.0565 mmol) were edlcand degassed then
heated to 90°C for 24 hours. After cdimg the reaction mixture taoom
temperaturgthe polymemwas enecapped with the addition ofiromobenzene (0.1
ml, 0.94 mmol) and degassed then heabe®0 °C for 1 hour. Againthe reaction
mixture was cooledo room temperatur@and the polymemas endcaped with
phenyl mronic acid (0.15 g, 1.23 mmaind degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHG (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in ¥0, 50 ml), followed by stirring overnight. Then, the
organic layer was separated and washed with distilled water. The organic layer was
concentrated to about 50 ml and pounettd methanol:water (10:1, 300 ml). The
resuling mixture was stirred overnight and filtered througmeambrane filter. The
collected solid was cleaned usisgxhlet extraction with solvents in order methanol
(250 ml), acetone (250 ml), hexane (250 ml)ju¢oe (250 ml), chloroform (250

ml). The toluene and chloroform fractions were concentrateabémt 50 ml and
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then poured ito degassed methanol (300 ml). The raéssglmixtures werestirred
overnight and the solgdcollected by filtration througta membane filter. The
different fractions of P8 were obtained as purple powhauene fraction (136 mg,
29.5%),GPC (1,2,4richlorobenzene at 14%C): M,, = 12600, M, = 9100, PD =
1.38 Chloroform fraction (250 mg, 54 %), GPC (1Zi¢hlorobenzene at 14T):
My, = 33900, M, = 25000, PD = 1.35Elemental Analysis (%) calculated for
CgoH102N2S304: C, 76.75 H, 8.21; N, 2.24 S, 7.68.Found: C, 73.35; H, 8.28 ; N,
1.28 ; S, 5.60*HNMR (500 MHz,C,D,Cl4, 100°C ) w/ppm: 8.38 (d,) = 21.74 Hz,
4H), 8.09 (s, 2H), 7.80 (d, = 7.50 Hz, 2H), 7.67 (d] = 5.82 Hz, 2H), 7.5¢/.33
(m, 4H), 7.257.10 (m, 4H), 4.191.06 (bs, 8H), 1.94.80 (bs, 8H), 1.61.17 (m,
56H), 0.910.78 (m, 12H).

3.4.6.Poly(9,10bis(4-(dodecyloxy)phenyl}anthracene 2,6-diyl -alt-(5,6-
bis(octyloxy)-4,7-di(selenophen2-yl)benzol[1,2,5]thiadiazole5,5-diyl]

C12H250 P9

A solution of 2,6-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar2-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthracen€23) (0.177 g, 0.1855 mmol) and 4bis(5>
bromoselenopheg-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazol€38) (0.15 g,
0.1855 mmol) in dry toluene (5 mbh a100ml onenecked round bottom flask and
under argon was degassed. To the reaction mixture wasl a2 % w/w aqueous
solution of tetraethylammonium hydroxide (1 ml, 1.35 mmetd the reaction
mixture wasdegassed. To the reaction mixture, @), (3.2 mg, 0.015 mmol)

and trio-tolyphosphine (8.6 mg, 0.028 mmol) were added and degassed then heated

to 90°C for 24 hours. After cdimg the reaction mixture tooom temperaturethe
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polymerwas enecapped with the addition ofliromobenzene (0.1 ml, 0.94 mmol)
and degassed then heditto 90 °C for 1 hour. Againthe reaction mixture was
cooledto room temperaturand the polymewas enecaped with phenyl onic

acid (0.15 g, 1.23 mmoBnd degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooledrtmm temperature, then dissolved in
CHCI; (300 ml)and to this solution was added an ammonium hydroxide solution
(28 % in HO, 50 ml), followed by stirring overnight. Then, the organic layer was
separated and washed with distilled water. The organic lagerconcentrated to
about 50 ml and poured into methanol:water (10:1, 300 ml). Theingpnitxture

was stirred overnight and filtered throughmembrane filter. The collected solid
was cleaned usingoxhlet extraction with solvents in order methanol0(28l),
acetone (250 ml), hexane (250 ml), toluene (250 ml), chloroform (250 ml). The
chloroform fraction was concentratedabout 50 ml and then pouredordegassed
methanol (300 ml). The resuig mixture was stirred overnight and the solid
collected byfiltration througha membrane filteto afford polymerP9 as a purple
powder Chloroform fraction (231 mg, 92 %), GPC (1 Zr&hlorobenzene at 140
°C): My = 101400, M = 48700, PD = 2.0&lemental Analysis (%) calculated for
CsoH102N20,SSe: C,71.4Q H, 7.64 N, 2.08 S,2.38.Found: C, 70.35; H, 7.53; N,
1.92 S, 3.24HNMR (500 MHz,C,D.Cl4 100°C ) w/ppm:) 8.77 (s, 2H), 8.03 (bs,
2H), 7.76 (bs, 2H), 7.58 (dd,= 36.16, 4.31 Hz, 4H), 7.45 (d,= 7.95 Hz, 4H),
7.18 (d,J = 7.95 Hz, 4H), 4.14 (bs8H), 2.051.82 (m, 8H), 1.641.13 (m, 56H),
0.940.76 (m, 12H).

3.4.7. Poly(9,1ébis(4-(dodecyloxy)phenylianthracene 2, 7-diyl -alt-(4, 7-
dithiophen-2-yl)-2 6 , dbénzogiadiazole5,5-diyl]
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A solution of 2,6-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar2-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthraceng31) (0.3 g, 0.315 mmol) and 4/is(5
bromothiopher2-yl)benzo[c][1,2,5]thiadiazol€25) (0.144 g, 0.315 mmol) in dry
toluene (8 ml)in a 100 ml onenecked rond bottom flask and under argon was
degassed. To the reaction mixture was add&) & w/w aqueous solution of
tetraethylammonium hydroxide (1.7 ml, 2.3 mmahdthe reaction mixture was
degassed. To the reactionixture, PdQAc), (5.4 mg, 0.024 mmdland tri-o-
tolyphosphine 15 mg, 0.044 mmolwere added and degassed then heated € 90

for 24 hours. After cding the reaction mixture tooom temperaturethe polymer

was endcapped with the addition of-diromobenzene0(1 ml, 0.94 mmql and
degassed themeatedo 90 °C for 1 hour. Againthe reaction mixture was cooléal

room temperaturand the polymewas enecaped with phenyl boronic aci@.(5 g,

1.23 mmo) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature, then dissolved in; C300Iml)

and to this solution was added an ammonium hydroxide solution (28 %in39

ml), followed by refluxingfor three hours. The mixture was cooled to room
temperature and the organic layer was separa@® mg of disodium
ethylenediaminetetraacetate were added and the mixture was stirred overnight.
Then the suspension was extradieae times with 500 nmof distilled water.The
organic layer was concentrated to about 50 ml and poured into methanol:water
(10:1, 300 ml). The resutig mixture was stirred overnight and filtered through a
membrane filter. The collectesblid was cleanedsing soxhlet extraction ith
solvents in order methanol (250 ml), acetone (250 ml), hexane (250 ml), toluene
(250 ml) and chloroform (250 ml). The toluene and chloroform fractions were
concentrated tabout 50 ml and then pouredordegassed methanol (300 ml). The
resuling mixtures were stirred overnight and the sodiccollected by filtration
through membrane filter Thedifferentfractiors of polymerP10were collectecs
apurple powdeiToluene fraction (152 mg, 48.5%3PC (1,2,4trichlorobenzene at
140°C): My, = 6400, M, = 4700, PD = 1.36Chloroform fraction (55 mg, 17.5%),
GPC (1,2,4trichlorobenzene at 148C): M,, = 20100, M, = 13700, PD = 1.46
Elemental Analysis (%) calculated fog87;0N.S0,: C,77.22 H, 7.09 N, 2.81; S,
9.66.Found: C, 61.12; H, 7.12 ; N, 2.64 ; S, 7.83NMR (500 MHz,C;D,Cl,4 100
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°C) w/ppm: ppm 8.08 (bs, 4H), 7.8675 (m, 4H), 7.63 (d] = 7.87 Hz, 2H), 7.50
(d,J = 7.29 Hz, 2H), 7.41 (d] = 7.27 Hz, 2H), 7.34 (d] = 7.29 Hz, 2H), 7.23 (d,
J = 6.96 Hz,2H), 7.15 (d,J = 6.99 Hz, 2H), 4.17 (m, 4H) 1.971.83 (m, 4H),
1.631.49 (M, 4H), 1.44..18 (m, 32H), 0.98.77 (m, 6H).

3.4.8.Poly(9,10bis(4-(dodecyloxy)phenylyanthracene 2, 7-diyl -alt-(5,6-
bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[1,2,5]thiadiazole5,5-diyl]
OCq2H2s

C12H250 P11

A solution of 2,7-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar2-yl)-9,10-bis(4
(dodecyoxy)phenyl)anthracene(31) (0.3 g, 0.314 mmol) and 4/is(5
bromothiopher-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazoleg37) (0.225 g,
0.314 mmol) in dry toluene (8 miy a 100 ml onenecked round bottom flask and
under argon was degassed. Torgmction mixture was added?@ % w/w aqueous
solution of tetraethylammonium hydroxide (1.7 ml, 2.3 mnaoig the reaction
mixture wasdegassedTo the reaction mixturePd©OAc), (5.4 mg, 0.024 mmol)

and trio-tolyphosphine (17.2 mg, 0.043 mmol) were addedl degassed then
heated to 90°C for 24 hours. After coolg the reaction mixture tadoom
temperaturgthe polymemwas enecapped with the addition ofliromobenzene (0.1

ml, 0.94 mmol) and degassed then he&te@0 °C for 1 hour. Again, the reaction
mixture was cooling to room temperatuaad the polymemwas enecaped with
phenyl baonic acid (0.15 g, 1.23 mmadnd degassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHG (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in ¥, 50 ml), followed by refluxing for three hours.
The mixture was cooled to room temperature and the organic layer was separated,
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400 mg of disodium ethylenediaminetetraateetaere added and the mixture was
stirred overnight. Then the suspension was extracted three times with 500 mL of
distilled water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resut mixture was stred overnight and
filtered through a membrane filter. The cotied solid was cleaned usisgxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml), toluene (250 ml) and chloroform (250 ml). The chloroform fracties
concentrated to about 50 ml and then poured in to degassed methanol (300 ml). The
resuling mixture stirred overnight and the solid collected by filtration throagh
membrane filter.Polymer P11 was obtained as a purple powdeChloroform
fraction (311mg, 78.9 %), GPC (1,2#ichlorobenzene at 14%C): M,, = 35400,

M, = 21700, PD = 1.6Elemental Analysis (%) calculated fogdE102N2S304: C,

76.75 H, 8.21; N, 2.24 S, 7.68. Found: C, 74.19; H, 8.35 ; N, 2.06 ; S, 6.81.
'HNMR (500 MHz,C,D,Cl4 100°C ) w/ppm: 8.40 (s, 2H), 8.11 (s, 2H), 7.79 {d,

= 8.59 Hz, 2H), 7.67 (d] = 8.49 Hz, 2H), 7.51 (d] = 7.58 Hz, 2H), 7.42 (d] =

7.09 Hz, 2H), 7.37 (d) = 7.08 Hz, 2H), 7.21 (d) = 6.62 Hz, 2H), 7.16 (d) =

6.64 Hz, 2H), 4.15 (m8H), 1.971.82 (m,8H), 1.621.17 (m, 56H), 0.9D.77 (m,

12H).

3.4.9.Poly(9,10bis(4-(dodecyloxy)phenyl}anthracene 2, 7-diyl -alt-(5,6-
bis(octyloxy)-4,7-di(selenophen2-yl)benzol[1,2,5]thiadiazole5,5-diyl]

C12H250 P12

A solution of 2,7-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthraceng3l) (0.235 g, 0.247 mmol) and 4bis(5
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bromoselenopheg-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazol€38) (0.20 g,
0.247 mmol) in dry toluene (6 miy a 100 ml onenecked round bottom flask and
under argon was degassed. To the reaction mixture was a@@e¥% av/w aqueous
solution of tetraethylammonium hydroxide (1.3 ml, 1.76 mnaol)l the reaction
mixture wasdegassed. To the reaction mixture, @A), (4.2 mg, 0.018 mmol)
and trio-tolyphosphine (11.56 mg, 0.033 mmol) were added and degassed then
heated to 90°C for 24 hours. After cdimg the reaction mixture taoom
temperaturgthe polymer wasvas enecapped with the addition ofliromobenzene
(0.1 ml, 0.94 mmol) and degassed then hedte®0 °C for 1 hour. Againthe
reaction mixture was cooled room temperaturand the polymewas enecaped
with phenyl ronic acid (0.15 g, 1.23 mmadnd degassed, then the mixture was
heated to 90 °C for 3 hasirThe reaction mixture was cooled to room temperature,
then dissolved in CHEI(300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in ¥, 50 ml), followed by refluxing for three hours.
The mixture was cooled to room temperatund ¢he organic layer was separated,
400 mg of disodium ethylenediaminetetraacetate were added and the mixture was
stirred overnight. Then the suspension was extracted three times with 500 mL of
distilled water. The organic layer was concentrated to ali®mlsand poured into
methanol:water (10:1, 300 ml). The resut mixture was stirred overnight and
filtered through a nmmbrane filter. The collected solid was cleaned usiaghlet
extraction with solvents in order methanol (250 ml), acetone (250 mnkeg250
ml), toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated to about 50 ml an@nhpoured ito degassed methanol (300 ml). The
resuling mixture wasstirred overnight and the solid collected by filtration through
a membrane filter.,Polymer P12 was obtainedas a purple powdeiChloroform
fraction (285 mg, 85.6 %), GPC (1,2fchlorobenzene at 14%C): M,, = 52200,

M, = 33300, PD = 1.56&lemental Analysis (%) calculated fogdH102N20,SSe:
C,71.4Q H, 7.64 N, 2.08 S,2.38.Found: C, 56.50; H, 7.94 ; N, 1.21 ; S, 1.78.
'HNMR (500 MHz, C,D.Cls 100°C ) w/ppm:) 8.73 (d,J = 20.28 Hz, 4H), 8.06
(bs, 2H), 7.76 (dJ = 8.19 Hz, 2H), 7.62 (s, 2H), 7.48 @= 7.93 Hz, 2H), 7.41 (d,

J =7.89 Hz, 2H), 7.21 (d) = 7.30 Hz, 2H), 7.15 (dJ = 7.32 Hz, 2H), 4.16 (m
8H), 2.041.80 (m, 8H), 1.641..17 (m, 56H), 0.9D.78 (m, 12H).
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3.4.10.Poly[9,10bis(4-(dodecyloxy)phenyl}anthracene-2,6-diyl]
OC12Has

OC12H2s
P13

A solution of 2,6-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar2-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthracer(&3) (0.20 g, 0.210 mmol) and,6-dibromo9,10
bis(4-(dodecyloxy)phenyl)anthracen@2) (0.18 g, 0.210 mmol) in dry toluene (5.2
ml) in a 100 ml oneneckedround bottom flask and under argon was degassed. To
the reaction mixture was added a0 % w/w aqueous solution of
tetraethylammonium hydroxide (1.1 ml, 1.49 mmatdthe reaction mixture was
degassedTo the reaction mixturePdQ©Ac), (3.6 mg, 0.016 mmdland trio-
tolyphosphine 12.6 mg, 0.029 mmblwere added and degassed then heated to 90
°C for 24 hours. After cdimg the reaction mixture tdoom temperaturethe
polymerwas enecapped with the addition ofdromobenzened(1 ml, 0.94 mmagl

and degassed then heaténl 90 °C for 1 hour. Againthe reaction mixture was
cooledto room temperaturand the polymewas enecaped with phenyl boronic
acid 0.15 g, 1.23 mmgland degassed, then the mixture was heated to 90 °C for 3
hours. The reaction miire was cooled to room temperature, then dissoimed
CHCI; (300 ml)and to this solution was added an ammonium hydroxide solution
(28 % in HO, 50 ml), followed by refluxing for three hours. The mixture was
cooled to room temperature and the organic rlayas separated400 mg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL of distilled
water. The organic layer was concentrated to about 50 ml and poured int
methanol:water (10:1, 300 ml). The resut mixture was stirred overnight and
filtered through a membrane filter. The cotied solid was cleaned usisgxhlet

extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
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ml), toluene (250 ml) and chloroform (250 ml). The tolueard chloroform
fractions were concentratedabout 50 ml and then pouredardegassed methanol
(300 ml). The resuihg mixtures werestirred overnight and the sosidollected by
filtration througha membrane filter. Thelifferent fractiors of P13 were obtained
yellow powders.Toluene fraction (136 mg, 46.5 %), GPC (1;2jdhlorobenzene
at 140°C): M, = 35300, M = 21600, PD = 1.6Chloroform fraction (145 mg,
49.6 %), GPC (1,2;&richlorobenzenat 140°C): M,,= 74900, M= 50800, PD =
1.47. Elemental Analysis (%) calculated fogdHs40,: C, 86.15 H, 9.25.Found: C,
80.53; H, 9.15"HNMR (500 MHz,C,D,CLs 100°C ) n/ppm: 7.96 (s, 2H), 7.76 (d,
J =7.21 Hz, 2H), 7.55 (d] = 7.97 Hz, 2H), 7.35 (d] = 7.85 Hz, 4H), 7.11 (d] =
7.41 Hz,4H), 4.14 (1 4H), 1.941.83 (m, 4H), 1.61.50 (m, 4H), 1.48.20 (m,
32H), 0.86 (tJ =5.95 Hz, 6H).

3.4.11.Poly[9,10bis(4-(dodecylay)phenyl)-anthracene 2, 7-diyl]
OC12H2s

OC12H2s5
P14

A solution of 2,7-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar2-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthracer(81) (0.30 g, 0.314 mmol) and,7-dibromo9,10
bis(4-(dodecyloxy)phenyl)anthracen€0) (0.269 g, 0.314 mmol) in dry toluene
(7.7 ml)in 2100 ml onenecked round bottom flask and under argon was degassed.
To the reaction mixture was added 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.1 ml, 2.30 mmahdthe reaction mixturevas
degassed. To the reactianixture, PdQAc), (5.4 mg, 0.024 mmdland trto-
tolyphosphine 14.7 mg, 0.043 mmblwere added and degassed then heated to 90

°C for 24 hours. After cdimg the reaction mixture tdoom temperaturethe
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polymerwas enecapped with the addition ofdromobenzened(1 ml, 0.94 mmal

and degassed then heat®d90 °C for 1 hour. Againthe reaction mixture was
cooledto room temperaturand the polymeas enegcaped with phenyl boronic
acid 0.15 g, 1.23 mmglanddegassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature, then dissolved in
CHCI; (300 ml)and to this solution was added an ammonium hydroxide solution
(28 % in HO, 50 ml), followed by refluxing fothree hours. The mixture was
cooled to room temperature and the organic layer was separdiédmg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL kegdlisti
water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resudt mixture was stirred overnight and
filtered through amembrane filter. The collected solid was cleaned usmdlet
extraction with slvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml) and toluen€250 ml). The toluene fractiomas concentrated tbout 50 ml and
then poured ito degassed methanol (300 ml). The résglmixture was stirred
overnight and the solid celtted by filtration througla membrane filterPolymer

P14 was obtained as a yellow powdéluene fraction (404 mg, 92 %), GPC
(1,2,4trichlorobenzene at 146C): M,, = 40700, M = 24900, PD = 1.63
Elemental Analysis (%) calculated forsdBs40.: C, 86.15 H, 9.25. Found: C,
82.98; H, 9.46'HNMR (500 MHz,C,D,Cl,, 100°C ) w/ppm: 7.96 (s, 2H), 7.75 (d,

J = 8.71 Hz, 2H), 7.53 (d) = 8.12 Hz, 2H), 7.35 (m, 4H), 7.11 (m, 4H), 4.11 (t,
4H), 1.921.82 (m, 4H), 1.6€1..47 (m, 4H), 1.47..16 (m, 32H)0.91-0.78 (m, 6H).
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3.4.12. Poly [9,16bis(4-(dodecyloxy)phenyl}yanthracene 2,6-diyl -alt-9,10-bis(4-

(dodecyloxy)phenyl}yanthracene2,7-diyl]
OC12H2s5

OC12H>5

OCiHys P15
A solution of 2,7-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar2-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthracer@1) (0.20 g, 0.210 mmol) and,6-dibromo9,10
bis(4(dodecyloxy)phenyl)anthracen€?) (0.180 g, 0.210 mmol) in dry toluene
(5.2 ml)in 2100 ml onenecked rand bottom flask and under argon was degassed.
To the reaction mixture was added 20 % w/w aqueous solution of
tetraethylammonium hydroxide (1.1 ml, 2.30 mmatdthe reaction mixture was
degassed. To the reaction mixture, ®&¢). (3.6 mg, 0.016 mmdland trio-
tolyphosphine 14.7 mg, 0.029 mmblwere added and degassed then heated to 90
°C for 24 hours. After cdimg the reaction mixture tdoom temperaturethe
polymerwas enecapped with the addition ofdromobenzened(1 ml, 0.94 mmagl
and degassethen heatedo 90 °C for 1 hour. Againthe reaction mixture was
cooledto room temperaturand the polymewas endcaped with phenyl boronic
acid 0.15 g, 1.23 mmgland degassed, then the mixture was heated to 90 °C for 3
hours. The reaction mixture was cooled to room temperature, then dissolved in
CHCI; (300 ml)and to this solution was added an ammonium hydroxide solution
(28 % in HO, 50 ml), followed by refluxingor three hours. The mixture was
cooled to room temperature and the organic layer was separdi@dmg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 ddtilbéd
water. The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resut mixture was stirred overnight and
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filtered through amembrane filter. The collected solid was cleaned usmdlet
extraction vith solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml) and toluen€250 ml). The toluene fractiomas concentrated tbout 50 ml and
then poured ito degassed methanol (300 ml). The résglmixture was stirred
overnight and the solidollected by filtration througla membrane filterPolymer
P15 was obtained as a yellow powdémluene fraction 155 mg, 39 %), GPC
(1,2,4trichlorobenzene at 14): M,, = 46300,M, = 29000, PD = 1.6Elemental
Analysis (%) calculated for goH12604: C, 86.15 H, 9.25. Found: C, 83.62; H,
9.57.'HNMR (500 MHz,C,D,Cl4 100°C ) w/ppm: 7.94 (bs, 4H), 7.74 (d,= 8.70
Hz, 4H), 7.54 (d) = 4.77 Hz, 4H), 7.35 (d) = 8.84 Hz, 8H), 7.11 (bsH), 4.12
(m, 8H), 1.951.82 (m, 8H), 1.641..48 (m, 8H),1.471.14 (m, 64H), 0.9D.78 (m,
12H).

3.4.13. Poly [9(heptadecan9-yl)-9H-carbazole 2, 7-diyl-alt-3,6-bis(thiophen-5-
yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5 6 ;di$l]6

P16

A solution of 9(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-
yl)-9H-carbazole(7) (0.1926 g, 0.293 mmol) an8l6-bis(5-bromothiopher2-yl)-
2,5-bis(2-ethylhexyl)pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione (34) (0.20 g, 0.293
mmol) in dry bluene (7 mln a 100 ml onenecked round bottom flask and under

argon was degassed. To the reaction mixture was addH % w/w aqueous
solution of tetraethylammonium hydroxide (1.55 ml, 2.1 mnawi)l the reaction
mixture wasdegassed. To the reamimixture, PdQAc), (4.65 mg, 0.021 mmpl
and trio-tolyphosphine 12.6 mg, 0.037 mmplwere added and degassed then
heated to 90°C for 24 hours. After cdimg the reaction mixture taoom
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temperaturgthe polymemwas enecapped with the addition ofliromobenzened(1

ml, 0.94 mmal and degassed then heated®0 °C for 1 hour. Againthe reaction
mixture was cooledo room temperaturand the polymemas endcaped with
phenyl boronic acidQ.15 g, 1.23 mmglanddegassed, then the mixture was heated
to 90 °C for 3 hours. The reaction mixture was cooled to room temperature, then
dissolved in CHG (300 ml) and to this solution was added an ammonium
hydroxide solution (28 % in #D, 50 ml), followed by refluxing fothree hours.

The mixture was cooled to room temperature and the organic layer was separated
400 mg of disodium ethylenediaminetetraacetate were added and the mixture was
stirred overnight. Then the suspension was extracted three times with 500 mL of
distilled water.The organic layer was concentrated to about 50 ml and poured into
methanol:water (10:1, 300 ml). The resudt mixture was stirred overnight and
filtered through a membrane filter. The cotied solid was cleaned usisgxhlet
extraction with slvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml),toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated tabout 50 ml and then pouredandegassed methanol (300 ml). The
resuling mixture wasstirred overight and the solid collected by filtration through

a membrane filter.Polymer P16 was obtained as a green powdézhloroform
fraction (182 mg, 67.1 %), GPC (1,2chlorobenzene at 14%C): M,, = 78800,

M, = 39600, PD = 1.9%lemental Analysis (%galculated for GH-oN30.S;: C,

76.4Q0 H, 8.60 N, 4.54 S, 6.92. Found: C, 73.70; HB8.49; N, 4.27; S, 7.07.
'HNMR (500 MHz, C,D,Cls, 100°C ) n/ppm: 8.91 (s, 2H), 8.09 (d, = 8.09 Hz,

2H), 7.77 (bs, 2H), 7.55 (s, 4H),64 (d, 1H), 4.10 (hsAH), 2.32 (bs, 2H), 2.02 (s,

4H), 1.521.06 (m, 40H), 0.97 (1] = 6.77 Hz, 6H), 0.88 (tJ = 6.22 Hz, 6H), 0.78

(t, J =6.66 Hz, 6H).
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3.4.14. Rly [3,6-difluoro -9-(heptadecan9-yl)-9H-carbazole 2, 7-diyl -alt-3,6-
bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione5 6 ; 5 6
diyl]

P17

A solution of 3,6difluoro-9-(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyl,3,2
dioxaborolanr2-yl)-9H-carbazole (35) (0.203 g, 0.293 mmol) and,6-bis(5
bromothiopher-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione

(34) (0.20 g, 0.293 mmol) in dry toluene (7 mif) a 100 ml onenecked round
bottom flask and under argon was degassed. To the reaction mixture was added a

20 % w/w aqueous solution of tetraethylammonium hydroxide (1.55 ml, 2.1 mmol)
andthe reaction mixture vweadegassed. To the reactionixture, PdQAc), (4.65

mg, 0.021 mmg@land trio-tolyphosphine 12.6 mg, 0.037 mmplwere added and
degassed then heated to ‘@ for 24 hours. After cdimg the reaction mixture to
room temperature the polymer was enedcapped with the addition of -1
bromobenzened(1 ml, 0.94 mmJland degassed then heated®0 °C for 1 hour.
Again, the reaction mixture was cooleéd room temperaturand the polymewas
endcaped with phenyl boronic aci@.(5 g, 1.23 mmgland degassed, then the
mixture was heated to 90 °C for 3 hours. The reaction mixture was cooled to room
temperature, then dissolved in CHCB00 ml)and to this solution was added an
ammonium hydroxide solution (28 % in,®, 50 ml), followed by refluxing for
three hours. The mixture was cooled to room temperature and the organic layer was
separated400 mg of disodium ethylenediaminetetraacetate were added and the
mixture was stirred overnight. Then the suspension was extracted three times with
500 mL of distiled water.The organic layer was concentrated to about 50 ml and
poured into methanol:water (10:1, 300 ml). The rasglimixture was stirred

overnight and filtered through a membrane filter. The ctdlé solid was cleaned
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using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml) and toluene (250 ml). The toluene fraction was concentrated
to about 50 ml and then pouredtandegassed methanol (300 ml). The rasglt
mixture was stirred owernight and the solid collected by filtration through
membrane filterPolymerP17 was obtained as a green powd@&oluene fraction

(35 mg, 12.4 %), GPC (1,2tfichlorobenzene at 14%C): M,, = 17100, M =
12200, PD = 1.4Elemental Analysis (%) caltated for GgH77N3O.S;F2: C, 76.63

H, 8.06 N, 3.95 S,6.66.Found: C, 73.61; H, 8.8N, 4.1 S, 6.39."HNMR (500
MHz, C,D-Cls 100°C ) w/ppm: 9.07 (dJ = 7.45 Hz, 2H), 8.95 (dJ = 7.38 Hz,

2H), 7.947.73 (m, 2H), 7.53 (s, 2H), 4.62 (mH), 4.16(d, 4H), 2.35 (bs, 1H),
2.17-1.97 (m, 4H), 1.724.12 (m, 40H), 1.1®.84 (m, 18H).

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

CgH17 CgHq7 (@)

P18

A solution of9,9-dioctylfluorene2,7-diboronic acid bis(1propanediol) este36)
(0.1263 g, 0.293 mmol) and 3,6-bis(5-bromothiopherR-yl)-2,5-bis(2
ethylhexyl)pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione (34) (0.20 g, 0.293 mmol) in
dry toluene (7 ml)n a100ml onenecked round bottom flask and under argon was
degassed. To the reaction mixture was add&d & w/w aqueous solution of
tetraethylammonium hydroxide (1.55 ml, 2.1 mmahdthe reaction mixture was
degassed. To the reactionixture, PdQAc), (4.65 mg, 0.021 mmbpland trio-
tolyphosphine 12.6 mg, 0.037 mmblwere added and degassed then heated to 90
°C for 24 hours. After cdimg the reaction mixture tdoom temperatutrethe

polymerwas enedcapped with the addition ofdromobenzened(1 ml, 094 mmo)
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and degassed then heat®d90 °C for 1 hour. Againthe reaction mixture was
cooledto room temperaturand the poymewas enecaped with phenyl boronic
acid 0.15 g, 1.23 mmol and degassed, then the mixture was heated to 90 °C for 3
hours. Thereaction mixture was cooled to room temperature then dissolved in
CHCI; (300 ml)and to this solution was added an ammonium hydroxide solution
(28 % in HO, 50 ml), followed by refluxing for three hours. The mixture was
cooled to room temperature and tbeganic layer was separatedO0 mg of
disodium ethylenediaminetetraacetate were added and the mixture was stirred
overnight. Then the suspension was extracted three times with 500 mL of distilled
water. The organic layer was concentrated to about 50 nad poured into
methanol:water (10:1, 300 ml). The resdltmixture was stirred overnight and
filtered through a membrane filter. The cotket solid was cleaned usirspxhlet
extraction with solvents in order methanol (250 ml), acetone (250 ml), hexane (250
ml), toluene (250 ml) and chloroform (250 ml). The chloroform fraction was
concentrated tabout 50 ml and then pouredandegassed methanol (300 ml). The
resuling mixture wasstirred overnight and the solid collected by filtration through

a membrane fter. Polymer P18 was obtained as a green powdEhloroform
fraction (90 mg, 33.7 %), GPC (1,2dchlorobenzene at 14%C): M,, = 40100,

M, = 25400, PD = 1.57Elemental Analysis (%) calculated fosdE;sN20.S;: C,

77.75 H, 8.63 N, 3.07, S, 7.04. Found: C, 75.05; H8.91; N, 2.83; S, 6.69.
'HNMR (500 MHz,C,D,Cl4 100°C ) w/ppm: 8.96 (s, 2H), 7.84 (s, 2H), 7.75 {d,

= 18.04 Hz, 4H), 7.61 (s, 2H%.18 (d 4H), 2.11 (dJ = 37.70 Hz,6H), 1.611.10

(m, 40H), 1.04 (m, 6H), 0.97 (m, 6H), 0.89, ().
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3.4.16. Poly [9,16bis(4-(dodecyloxy)phenyl}yanthracene 2,6-diyl -alt-3,6-
bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione5 6 ; 5 6
diyl]

P19
A solution of 2,6-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolar-yl)-9,10-bis(4
(dodecyloxy)phenyl)anthraceng23) (0.279 g, 0.293 mmol) and3,6-bis(5
bromothiopher-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione
(34) (0.20 g, 0.293 mmol) in dry toluene (7 mi) a 100 ml onenecked round
bottom flask and under argon was degassed. To the reaction mixture was added a

20 % w/w aqueous solution of tetraethylammonium hydroxide (1.55 ml, 2.1 mmol)
and the reaction mixture veadegassed. To the reactiomxture, PdQAc), (4.65

mg, 0.021 mmg@land trio-tolyphosphine 12.6 mg, 0.037 mmplwere added and
degassed then heated to ‘@ for 24 hours. After cdimg the reaction mixture to
room temperature the polymer was enedcapped with the addition of -1
bromobenzened(1 ml, 0.94 mmgland degassed then heated®0 °C for 1 hour.
Again, the reaction mixture was cooléal room temperaturand the polymewas
endcaped with phenyl boronic aci®.(5 g, 1.23 mmgland degassed, then the
mixture was heated to 90 °C for 3 hours. The reaction mixture was cooled to room
temperature, then dissolved in CHCB00 ml) and to this solution was added an
ammonium hydroxide solution (28 % in,®, 50 ml), followed by refluxing for
three hours. The mixture was cooled to room temperature and the organic layer was
separated400 mg of disodium ethylenediaminetetraacetate were added and the
mixture was stirred overnight. Then the suspension was extracted three times with

500 mL of distiled water The organic layer was concentrated to about 50 ml and
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poured into methanol:water (10:1, 300 ml). The ra&sglmixture was stirred
overnight and filtered through a membrane filter. The ctdlé solid was cleaned
using soxhlet extraction with solvents in order methanol (250 ml), acetone (250
ml), hexane (250 ml), toluene (250 ml) and chloroform (250 ml). The chloroform
fraction was concentrated &bout 50 ml and then pouredondegassed methanol
(300 ml). The resuihg mixture was stirred overnight and the solid collected by
filtration througha membrane filterPolymerP19wasobtained as a green powder
Chloroform fraction (208 mg, 58.2 %), GPC (1;Zi¢hlorobenzene at 141T): M,,

= 12600, M = 9100, PD = l1l.4Elemental Analysis (%) calculated for
CgoH102N204S,: C, 78.77 H, 8.43 N, 2.30 S,5.26.Found: C, 76.27; H, 8.52; N,
2.16; S, 4.98'HNMR (500 MHz, C,D,Cl4 100°C ) w/ppm: 8.88 (s, 2H), 8.09 (s,
2H), 7.82 (dJ = 8.94 Hz, 2H), 7.60 (d] = 9.06 Hz, 2H), 7.41 b(s, 6H), 7.16 @,

= 7.59 Hz, 4H), 4.13 (m, 4H), 3.98 (mMH), 1.90 (bs, 6H), 1.62.12 (m, 52H),
0.950.73 (m, 18H).

3.4.17. Poly [9,1bis(4-(dodecyloxy)phenyl}anthracene2,7-diyl -alt-3,6-
bis(thiophen-5-yl)-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4dione-5 6 ; 5 0
diyl]

P20
A solution of 2,7-bis-(4,4,5,5tetramethy[1,3,2]dioxaborolasR-yl)-9,10bis(4
(dodecyloxy)phenyl)anthraceng€31) (0.20 g, 0.210 mmol) and3,6-bis(5>
bromothiopher-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione
(34) (0.143 g, 0.210 mmol) in dry toluene (5 mi) 100ml onenecked round
bottom flask and under argon was degassed. To the reaction mixture was added a
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20 % w/w aqueous solution of tetraethylammonium hydroxide (1.55 ml, 1.49
mmol) and degassed. To the reaction mixture mixtureORdJ, (3.4 mg, 0.015
mmol) and trio-tolyphosphine 4.3 mg, 0.027 mmplwere added and degassed
then heated to 98C for 24 hours. After cooling the reaction mixture to the room
temperature was erthpped with the addition of-dromobenzene0(1 ml, 0.94
mmol) and degassed then heated 90 C for 1 hour. Again, the reaction mixture was
cooling to room temperature was ecaped wih phenyl boronic acidd(15 g, 1.23
mmol) and degassed, then the mixture was heated to 90 °C for 3 hours. The
reaction mixture was cooled to room temperature then dissolved in; G300l ml)

and to this solution was added an ammonium hydroxide solut®&fo(ih HO, 50

ml), followed by refluxing for three hours. The mixture was cooled to room
temperature and the organic layer was separa@ mg of disodium
ethylenediaminetetraacetate were added and the mixture was stirred overnight.
Then the suspensiomas extracted three times with 500 mL of distilled watée
organic layer was concentrated to about 50 ml and poured into methanol:water
(10:1, 300 ml). The result mixture was stirred overnight and filtered through a
membrane filter. The collection solidas cleaned using a soxhlet extraction with
solvents in order methanol (250 ml), acetone (250 ml), hexane (250 ml), toluene
(250 ml) and chloroform (250 ml). The chloroform fraction was concentrated to
about 50 ml and then poured in to degassed metha@0lrl). The result mixture
stirred overnight and the solid collected by filtration through membrane filter. The
fraction was green powderShloroform fraction (0.196 mg, 76.5 %), GPC (1;2,4
trichlorobenzene at 14€C): M,, = 12700, M = 9100, PD = 1.4Elemental
Analysis (%) calculated for ggH102N204S,: C, 78.77 H, 8.43 N, 2.30 S, 5.26.
Found: C, 74.77; H, 8.50; N, 2.07; S, 4.5ANMR (500 MHz, C,D,CLy, 100°C)
Un/ppm: 8.98 (dJ = 8.94 Hz, 2H), 8.20 (dJ = 10.85 Hz, 2H), 7.89 (d] = 8.51

Hz, 2H), 7.68 (dJ = 8.64 Hz, 2H), 7.49 (m, 6H), 7.24 (m, 4H), 4.22 (m, 4H), 4.08
(m, 4H), 1.99 (bs, 6H), 1.74.22 (m, 52H), 1.0®.84 (m, 18H).
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Chapter Four: Resultsand Discussiori Monomers
4.1. Synthesis of monomerfor polymers P1, P2 andP3

In order to prepar@olymersP1, P2 and P3, monomerq7) and(11) as shown in
Figure 32were prepared successfully. In additiompnomer(35) was prepared by
A. Alghamdi of the Iragi group using the same preparation rmuteonomer(7).

Moreover, monomef36) was bought from Sigma Aldrich.

C8H17 CgH47

(7) (11)

i;iCJ

C8H1 7C8H17
C8H17 C8H17

(33) (36)
Figure 32. Monomersrequired for the preparation of polymers P1, P2 and P3.
A series intermediasawere prepared successfully in order to preg@jeand(11),
and theip sstructure and purity were confirmed by TLEHNMR, “*CNMR,

elemantal analysis, mass spectrometmelting point, and FIR.

9-(Heptadecai®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)-9H-
carbazolg7) was prepareth seven steps as shown3gheme -tarting from 1,4

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

ON HoN

) 2)

(1

o my e
847 B—B\
BrBr Ceflir_(5) BrBr
N N
H A

. i’&ss{i\f

CgHy77 CgHyr
(7)
H
I O CeHy
CgHq7Br —_— CgHi7~ CgHyz - = 4©;?|’-0_<
o] CgHy7
(4) (5)

Schemel. The preparation route for 9-(heptadecan9-yl)-2,7-bis(4,4,5,5tetramethyl-
1,3,2dioxaborolan-2-yl)-9H-carbazole (7).

On the other hand,4,7-bis(5bromol1-methyl1H-pyrrol-2-yl)benzo[c][1,2,5]
thiadiazole(11) was prepareth four steps as shown Bcheme 2starting fromN-

methytpyrrole and benzolc][1,2,5]thiadiazole.
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Scheme2. The preparation route for 4,7-bis(5-bromo-1-methyl-1H-pyrrol -2-
yl)benzo[c][1,2,5]thiadiazole (11).

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

The preparation of 44ibromo2,2-dinitrobiphenyl(1) was carried out according
to a modified method by Yamoto et'at. The reaction was performed by heating a
mixture of 1,4dibromo2-nitrobenzene and copper powder in DMF at f@0for
three hours as shown Bcheme 3In addition, the purification was carried out
using recrystalization from ethanol to obtain the target proditas yellow

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

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

Scheme3. Synthesis of 4,4dibromo-2,2"-dinitrobiphenyl (1).
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The reaction was performed using the Ullman coupling whialt@ipling reaction
between aryl halides using coppér. The reactiorgoesthrough two steps. The
first step is a nucleophilic attack of copper to th@1Cbond on the phenyl ring
which is activated bythe nitro group inthe ortho position which leads tthe
creation ofcopper bromide complex in the ring. The second stepniscleophilic
subgitution due to the effect of pper bromide. The complex which results from
the first step attacks-8r bond in the position 1 in the second molecule-(1,4

dibromao2-nitrobenzene).

Step 1. )
RS %2
oN” o) N
o T\ )OB
Br Br + Cu — > Br )
Cu
®
N\ _O
—> Br CuBr
S}
Step 2 o) © o O
pre) N _O
® ®N

w

iu‘z//

w
\

)
—_— Br“fBr + BrCu~Q7 r
NO,
. 7 O O o

CuBr,

(1)
Schemed. The mechanism of preparation of 4,4dibromo-2,2"-dinitrobiphenyl (1).

The structure and purity of the target prod(t} were confirmed by TLCH
NMR, *C NMR, elemental analysis, ass spectrometrymelting pointand FFIR.
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The TLC gave a single spot and the melting polat6(148 °C) is in ayreement

with literature valuel48 °C 2 The elemental analysis for CHNBr confirmed the
structure of the target product. The mass spectra illustrates the main integer masses
of (1), which are obtained &00, 402,404 (M") in 1:2:1intensitesbecausef the
bromine isotope<tBr and”*Br).

The '"HNMR spectrum showthe aromatic peaks, doublet at 8.40 ppm, doutflet
doublet at 8.85 ppm and doublet at 7.19 ppm. *FBAIMR spectra illustrated si
peaks in the arontia region from 147.3 to 122.9he FTIR of the target product
illustrates the stretching vibration bands for the aromatic nitro group at 1977 cm
and 1336 cril. The stretch vibration at 3100 &nis correlated to aromatic CH
bond. The @Br stretchingyvibration is displayed at 1097 €m

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

The preparation of,4-dibromobipheny2,2-diamine(2) was carried out according

to a modified method by Yamoto et'at. The reaction was performed tsfluxing

a mixture of4,4-dibromo2,2-dinitrobiphenyl (1) and tn powder in a mixture
solution of ethanol and HCI for 150 minutes as showSacheme 5The starting
material (4,4dibromo2,2-dinitrobiphenyl (1)) has low solubility in the mixture

of HCI and ethanol while the product is soluble. Thuspbwder was added within

two portions because aft80 minutes, there was still lredgeneousnixture which
indicates that the starting material had romen consumed. In addition, the
purification was carried out using recrystalization from ethanol to obtain the target
product(2) asayellow powder. The TLC gave single spot and the yield was 89.6%.

NH,

NO,
Sn
) ) ) )
HCI / C,H50H

NO, NH,
(1) (2)

Y

Schemeb. Preparation of 4,4-dibromobiphenyl-2,2'-diamine (2).
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The mechanism of this reaction is proposed by Morrison and B¥ydThe
reduction of nitro groupto the amino grouptakes place within two steps dsosvn
in Scheme 6 The first step is the creation of protonated amine under acidic
conditionfollowed byreduction reaction. The second step is a basification reaction

by treatment with base which leadsiie generation othe amine.

3Sn + 18 HCI ®

NO, NH,
O e e —
OZN Hsléi)
(1)
+ 2H,SnClg + 4H,0
18 NaOH

NH,

L» BrBr + 3Sn0,.H,0 + 18NaCl + 13H,0
H,N
@)

Scheme6. The mechanism of preparation of 4,4dibromobiphenyl-2,2-diamine (2).

The structure and purity of the target prod(@} were confirmed by TLC!H
NMR, *C NMR, elemental analysis, ass spectrometryneltingpoint and FFIR.
The TLC gave a single spot and the melting pol®1{193 °C) is in agreement
with literature valuel92°C **2 The elemental analysis for CHNBr confirmed the
structure of the target product. The mass spectra dhestthe main integer masses
of (2), which are obtairgtat 340, 342 an®44 (M") in 1:2:1lintensitesbecausef
thebromine isotopetBr and”*Br).

The 'HNMR spectrum showa singlet peak at 6.98m for the aromaticrptons.

In addition, the spectrushowa broad singlet peak at 3.ppm whichcorresponds
to the Ni H protors. The'®*CNMR spectrumillustrated six peks in the aromatic
regon from 145.4 ppm to 118.1 ppwhich correspond very well with the structure
of thetarget product.
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4.1.3. 2,7-Dibromo-9H-carbazole (3)

The preparation o2,7-dibroma9H-carbazole(3) was carried out according to a
modified method by Sonntaq et & The reaction was performed hgating 4,4'
dibromobipheny2,2-diamine (2) in concentrated phosphoric acid at 180
overnight as shown i8cheme 7In addition, the purification was carried out using
recrystalization from a mixture of toluene and hexane (10:1) to obtain the target

product(3) as white crystal The TLC gavesingle spot and the yield was 60%.

NH,
H;PO
9SSRI s O
H,>N

N
|

H
(2) (3)

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

2,7-Dibromo-9H-carbazolewas formedvia a cyclisation reaction. The mechanism
of its preparation is not fully understood. &lproposed mechanism migtansist
of two steps as shown iBcheme 8 The first step of the mechanism is the
protonation of thei NH, under acidic conditions to form NHon one of the
biphenyl ring. The second step is elimination of BiHa good leaving group)

which requires very high temperatuhen cyclisation takes place

H3N)
er L. O ~ b

(2)

®)
Scheme8. The mechanism of preparation of 2,-libromo-9H-carbazole (3).

The structure and purity of the target prodi®twere confirmed by TLC'HNMR,

3CNMR, elemental analysis, ass spectrometrymelting pointand FFIR. The
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TLC gave a single spot and the melting po2%230°C) is in agreement witthe
literature valug(230-232 °C) * The elemental analysis for CHNBr confirmed the
structure of the target produ The mass spectruitfustratethe main integer masses
of (3) which are obtained &23, 325, 327 (M in 1:21 intensitesbecausef the
bromine isotope<tBr and”*Br).

The 'HNMR spectrum showsiromatic peaks; doublet peaks at 7.89, 7.58 and
doubletof doubld at 7.38 ppm. The spectrusimows a broad singlet peak at 8.06
ppm ppm which is related to the iNH proton. The*CNMR spetrumiillustrates

six peaks in the aromatic region from 140.2 ppm to 113.8 whioh correspond
very well with the structure ahetarget productThe FTIR of the target product
illustrates the stretching vibration bands for {NH) group at3315 cm?, the
stretching vibration bands for (T N) group appears at241 cm’. The GH
stretching vibration is displayed 2596, 2916, 2872 and 28481

4.1.4. Heptadecan9-ol (4)

The preparation ofdptadecai®-ol (4) was performed according to the madhby
Leclerc et al*® using areactionof octylmagnesiunbromidefirst preparedby a
adding solution of bromoctane in THF to magnesium in THF. The ogactixture

was added drop wise to a solution of ethyl formate in THF&fC as shown in
Scheme 9The reaction was quenched by adding a mixture solution of methanol
and NH,CI. The product did not require purification and it was used directly in the
nextstep as colourles®il, the yield is 90.6%

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

(4)
Schemel. The preparation of heptadecan9-ol (4).

The preparation oheptadecai®-ol (4) goesthrough two steps. The first stép

formation of Grignard reagent (RMgXThe second stemvolves a nuclophilic
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attack ofthe first Grignard reagemin the carbonygroup in the ethyl format®rm
an aldehyde. The carbonyl group in aldehyde is more reactive than before (the
carbonyl in theethyl formate), as a result, the second nucleophiliacktty
Grignard reagent takgdace, then a hydhgsis reaction results in formation tfe

target produc(4).

)OE QO MgBr
H O/\ + R—MgBr . H%O/\ —

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

Schemel0. The mechanism ofpreparation of heptadecan9-ol (4).

The structure of the target prodyd) was confirmed by TLC*HNMR, *CNMR,
elemental analysis, &ss spectrometrymelting pointand FFIR. The TLC gave a
single spot and the melting poi®%30 °C) is in agreemenwith the literature
value (2831 °C) ** The elemental analysis for CH confirmed the structure of the
target product. The mass spectrilustrates the main integer mass ¢4) at 256

(M™) which is in agreement wittine proposed structure.

The'HNMR spectrum showthe asumed peaks, a broad pedk3.59 ppm can be
assigned to the (O© H) proton,a multipletat 1.40 ppm corresponds to the alkyl
chain anda tripletat 0.90 ppm is related to the (gHbrotons at the end dtie alkyl
chains. Thé*CNMR spectrum showsine peaks from 72.0 ppm to 14.12 pprhe
FT-IR of the target product illustrates the stretghimibration bands for the
hydroxyl group (O- H) at 3315cm™, the stretching vibration bands for {CO)
group appears d@?241cm®. The GH stretching vibratiorbands aralisplayed at
2996, 2916, 2872 and 2848n™, the bending vibration 41465 and 1375 are related
to CH, and CH bends respectively.
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4.1.5. Heptadecard-yl 4-methylbenzenesulfonate (5)

The preparation of heptadee@syl 4-methylbenzenesulfonai®) was carried out
accordingto a modified method by Leclerc at*'®. The reaction was performed by
adding a solution of @ toluene sulfonylchloride in DCM to a mixture of
heptadectd-ol, triethylamine and MgN.HCI in DCM at 0 °C as shown irScheme
11. In addition, the purification was carried out using silica gel column
chromatography i89:9:2petroleum ether (40:60) / ethyl acetateethyl amineto
obtain the target produ¢®) as a white dal, triethylamine wasadded to the column
chromatography to avoid the product degradation due to silica gel acidity. The TLC
gave a single spot and the yield was 75%.

OH

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

(4) ®)

O=w=0

Schemell. The preparation of heptadecard-yl 4-methylbenzenesulfonate (5).

This is atosylation reactiomn which thetrimethylamine hydrochloridsaltacts asa
catalyst in presence tiie base (triethymine). Thus, MeN.HCI reacts with BN
forming MeN which reacts with TsCl and generates theylate reagent
(TsN'MesCl). Then, tle tosylate reagent reacts witedtadecai®-ol (4) to obtain
the target product and M&.HCI which starts new cycle as showrScheme 12

ROTs Me3N.HCI EtN

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

TsCl
Schemel2. The mechanism of preparation of heptadeca®-yl 4-

methylbenzenesulfonate (5).
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The structure of the target prodyb) were confirmed by TLC*HNMR, *CNMR,
elemental analysis, assspectrometrymelting pointand FFIR. The TLC gave a
single spot and the melting poir82°C) is in agreement witlhe literature value
(31-32°C) '**. The elemental analysis for G#dnfirmed the structure of the target
prodwt. The mass spectruitiustrate the main integer massf (5) at 410 (M)
which is in agreement wittine proposed structure.

TheHNMR spectruntonfirms the proposed struate withamultiplet peak at 3.59
ppm which correspond tothe (O - C T H) proton anda triplet peak at 0.90 ppm
which can be assignetb CHs protons at the end of alkyl chains. THRENMR
spectrumillustratefourteen peaks from 144.2 ppm to 14@m, which corresporsd
very well with the structure of target product. The-IRT of the target product
shows that the stretching vibration bands for the hydroxyl group Hpat 3315
cm* for Heptadeca®-ol (4) disapeareda stretch vibration band at 2954 “tfor
aromaticCi H is observedThe Ci H bend is displayed at 881, 766, and 741'cm

4.1.6. 2,7-Dibromo-9-(heptadecan9-yl)-9H-carbazole (6)

2,7-Dibromo-9-(heptadeca®-yl)-9H-carbazolg(6) was synthesised according to a
modified procedure by Leclerc et 8f. The reaction was performed by adding a
solution of heptadeca®yl 4-methylbenzenesulfonat{®) in dry DMSO dropvise

to a mixture of 2,tlibromocarbazle and KOH in DMSO as shown Bcheme 13
The purification was carried out using silica gel column chromatogreyhythe
crude producipre-absorbed onto silica gel and eluted with petroleum ether (40
60%) to obtain the target product as white crgsiéhe TLC gave a single spot and
the yield was 57.7%.

Brsr QS g . BrBr

=0

o) CgHi7 DMSO N
CeHy7 CgHi7

3) (5) (6)
Schemel3. The preparation of 2,7-dibromo-9-(heptadecan9-yl)-9H-carbazole (6)
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The reaction involved aegrotonation of the'NH group with the base (KOH)
which gives theanon on the nitrogen. The next step is nuclophilic attagkhe
carbon attachetb the toyslate groupwhich is a good leaving groypo give the

target produc{6) as shown irBcheme 14

OO

CgH17 CgH17
(6)

Schemeld. The mechanisntor the preparation of 2,7-dibromo-9-(heptadecan9-yl)-
9H-carbazole (6).

The structure of the target prody6) was confirmed by TLC*HNMR, *CNMR,
elemental analysis, assspectrometrymelting pointand FFIR. The TLC gave a
single spot and the melting poirB%60 °C) is in agreement with literature value
(59-61 °C) M. The elemental analysf®r CHNBr confirmed the structure of the
target prodat. The mass spectruitustrates the main integer mass (6) at 563,
565, 567(M*) in 1:2:lintensitiesbecaus®f thebromine isotopetBr and"*Br).

The '"HNMR spectrumillustrated the aromatic peaks; a triplet peak at 7.92 ppm,
singlet peaks at.71 and 7.56 ppmna doublet peak at 7.35 ppatich are related to
the carbazole protontn additon, the spectrurahows a multiplet peakat 4.43ppm
which is related to (NI C - H) proton and the triplet peak 0.85ppm whichcan be
assigned to the CHyroupsat the end othe alkyl chain. The broadening of the
peaks in thé*CNMR is due to a phenomenon knownaapisomerisnt’, which
leads to multiple peaks. This phenomenon was first reportedhbgtie in 1922,
atropisomerism arises when rotation around a single bond is restfittétde FT
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IR of the target product illustratébat the stretching vibration bands for (\H)
groupdisplaysat3315cm™ in 2, 7-dibromo9H-carbazolg3) disappeared

4.1.7.9-(Heptadecan9-yl)-2,7-bis(4,4,5,5tetramethyl-1,3,2dioxaborolan-2-yl)-
9H-carbazole (7)

The  preparation of -fheptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2
dioxaborolar2-yl)-9H-carbazolg7) was carried out usingmodified procedure by
Jo et al**® The reaction was performed by heating mixture ofd¥%fomo9-
(heptadeca®-yl)-9H-carbazolg6), bis(pinacolat) diboron , potassium acetate and
t h e -Hisldipherdylphosphino)ferrocene] dichloropalladium (Il) (Pd(dpp)) @i
DMF at 100°C for 36 hous as shown itscheme 15An excess of bis(pinacolato)
diboron was used to prevent the creation of oligomers. The cofdie reactive
micture change to black during the reaction. Recrystalliiton was carried out
using diethyl ether and methanol. Hystmethanol was passed through basic
alumina column to remove any acidic trace becathge boronic estels very
sensitive to acisl The praluct was dissolved in the mininuamount of diethyl
ether and added to the hot methanol so diethyl ether was ategh@nd the target
product precipitate and the impurities were dissolved in methanol. The target
product was obtained with 60% yield as white crystals.

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

(6) (7)

Schemel5s. The preparation of 9-(heptadecan9-yl)-2,7-bis(4,4,5,5tetramethyl-1,3,2

dioxaborolan-2-yl)-9H-carbazole (7).

The mechanism of this reaction is similar to the Suzuki cross coupling mechanism
and itconsists of five steps as shownScheme 16The first step is reduction of
Pd(dppf)C} from Pd (1l) to Pd Q). The second step is oxidatiaddition reaction

that couples the Pd(dppf) to the 2libromo9-(heptadeca”-yl)-9H-carbazolg6)

which forms apalladium(ll) complex. The third step is activation of this complex
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by usingpotassium acetate and the broenigroup is substituted withn acetate
group. The fourth step is transmetalation that bis(pinacolate) diboron is reacted
with the palladium complex which generatéheboron palladium complex. The last
step isreductive elimination to obtain the target product argbenerationthe

Pd(dppf)again which starts a new catatycycle.

Pd"(dppf)Cl,
Reduction BrBr
o, 0
B B N
/ \ R
o F'?{' © Pd©)(dppf)
Oxidative
addition

reaction

Reductive
elemination

Pd(dppf)
Br/

KOcA
Subsitution
step

O\
B—OAc
0 Transmetallation

_Pd"(dppf)
AcO

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

L 2—p.

CgH17 '

Schemel6. The mechanism of preparation oB-(heptadecan9-yl)-2,7-bis(4,4,5,5
tetramethyl-1,3,2dioxaborolan-2-yl)-9H-carbazole (7).

The structure of the target produf) was confirmed by'HNMR, “*CNMR,
elemental analysis, mass spectrometry, melting point arAdRFThe melting point
(127-128°C) is in agreement with literature value (1280°C) **>. The elemental

analysis for CHN confirmed the structure of theget product. The mass spectrum
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illustrates the main integer mass (%) at657.5(M™) which is in agreement with the
proposed structurdhe 'HNMR spectrunconfirms the structure &-(heptadecan
9-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)-9H-carbazole (7) as
shown inFigure 33 The spectrunshows broad peaks at 8.15, 8.05 and 7.91 ppm
which are related to the carbazole protons in the positions (a) and (b). It is
interesting to note that the carbazole protons in the position (a) are displayed in two
different environments as as result of restrictethtion at the @\ bond The
doublet peak at 7.6Ppm can be assigned to the carbazole protons in the position
(c). The multiplet peak at 4.72 ppm can be assigned toR4@&H(N) proton in the
position (d). The multiplet peaks at 2.36, 1.97 and 1.22 ppmespondo the

alkyl chain protons thatre attached to the carbazole in the positions ((e) to (k)).
The triplet peak at 0.84 ppm is related the six protons on they@Hs at the end

of the alkyl chais thatareattached to the carbazole. The singlet peak observed at
1.42 ppm can be assigned to thethyl group of théoronic ester protons in the

positions (m). Thé>CNMR also confirms the structure 6F).

N

m b C_ b m
m B B\ m
/
m (@] a a (@] m
m € m

C
e

f-k

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

Figure 33. The 'HNMR spectrum of 9-(heptadecan9-yl)-2,7-bis(4,4,5,5tetramethyl-
1,3,2dioxaborolan-2-yl)-9H-carbazole (7).
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4.1.8. 4,7-Dibromobenzo|c][1,2,5]thiadiazole (8)

The preparation of 4;dibromobenzo[c][1,2,5]thiadiazol€8) was carried out
according to a modified rpcedure by Zoombelt et d® The reaction was
performed by heating 1,2fienzothiadiazole in hydrogen bromide at f@and
bromine was added drofse within 90 minutes. Also, furthdrydrogen bromide
was added to the reaction mixture in order to facilitate stirring toward the end of
reaction as shown irScheme 17 The purification was carried out by In
recrystalization from a mixture of THF : methanol (1:1) to obtain the target ptoduc
as white needkewith 81.4% vyield.

N’S‘N S

N N
N/ \N/
Br,
e Br Br
HBr

Schemel?. The preparation of 4,7dibromobenzo[c][1,2,5]thiadiazole (8).

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

recrystalization.

Br

HBr — HY o+
+ +

H* + Br -_ HBr +  Br

S

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

Schemel8. The mechanism of the preparation of 4 dibromobenzo[c][1,2,5]
thiadiazole (8).
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The structure of the target produ@@) was confirmed by'HNMR, “*CNMR,
elemantal analysis, mass spectrometmyelting point and FIR. The TLC gave a
single spot and the melting point (1891 °C) is in agreement with literature value
117 The elemental analysis for CHNBr confirmed the structure ofafyet product.
The masspectrumillustrates the main integer masses @) at 292, 294, 29gM™)

in 1:2:1intensitieshecaus®f thebromine isotopestBr and”*Br).

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

The preparation of -inethyt2-(tributylstannyl}1H-pyrrole (9) was carried out
according to a modified procedure by Torum et'&IThe reaction was performed
by addingtert-butyl lithium drop wise t@ solution ofN-methyl pyrrole in THF at
78°C. The reaction mixture was stored for 16 hours 46 °C and then BsSnCl
was added as shown 8theme 19The product was obtained ayellow oil with
84% vyield.

'Tl Bu,SnCl

/ \ tert-BulLi / THF‘
L) - Q

\/\/

9)
Schemel9. The preparation of Imethyl-2-(tributylstannyl) -1H-pyrrole (9).

The mechanisnof the reaction involves deprotonation of thedxsitionof methyt
pyrrole followed by nucleophilicsubstitutionof chlorine intributyl tin chloride as
illustrated in the&Scheme 20
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@® 0O
tert-BulLi Bu,SnCI
[\ tetBu (/N\xeu@ us BV

N \ N
| THF l | NN

9)
Scheme20. The mechanism of preparation of idmethyl-2-(tributylstannyl) -1H-

pyrrole (9).
The structure and purity of the target prod(@} were confirmed by"HNMR,
BCNMR, elemetal analysis, mass spectrome#nyd FFIR. The elemental analysis
for CHN confirmed the structure of the target praduThe mass spectrum
illustrates the main integer masse$(9) at371 (M") which is in agreement wittie

proposed stcture.

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

4,7-Bis(1-methyt1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole(10) was synthesised
according to a modified procedure by Kim etdl The reaction was performed by
heating a mixture of 4-dibromobenzo[c][1,2,5]thiadiazolé8) and tmethy}2-
(tributylstannyl}1H-pyrrole (9) in THF at 75°C in the presencef anamount of
catalyst PAG(PPh), overnight. The purification was carried out using silica gel
column chromatography eluted withtpeum ether (40:60) : ethyl acetate (9:1)
then recrystalization from ethanol was carried out. The TLC gave a single spot and
the yield was 74.9%.

N/S\N N,S\N

\ \ / |
N P PdCl,(PPHa), N \_/

(8) ) (10)

Scheme21. The preparation of 4,7-bis(1-methyl-1H-pyrrol -2-yl)benzo[c][1,2,5]
thiadiazole (10).
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There are two suggested mechanisthe first one suggested by Stifle The
second was suggested by Espinet whishdiscussed in more detait Stille
suggested that the mechanism consists of four $&gweme 22)Thefirst step is
oxidative addition that couples the palladium (0) catalyst to- 2,7
dibromobenzolc][1,2,5]thiadiazol@) which leads to oxidation of the palladn to

Pd (Il). The second step is a transmetalation reaction that involmesthly}2-
(tributylstannyl}1H-pyrrole (9) which reacts with the palladium halide complex
which generates palladium complex with methyyrrole and benzothiadiazole
groups. Thehird step istrans-cis isomerisation and the last step is elemination
which regenerates the palladium (0) which starts again in the catatyee™® '8

Pd!(PPh;),Cl,
N’S‘N
N;S;N I “ L Reduction v\
R N Br Br
I'l\l \ /) PdO(PPH,),
S s
o, e
i o
/0/7
AS. N
NN NN
L PPh L4 PPhy
Br Pdl—pPpPh, Br pd)—Br
A PPhs
NN s, N NS
L PPy | Peg, |
| C/A
Br—<| F>—F’d“‘3 (7
I'l‘Ph3U /
L. ¢
Cl
PA(PPhy),Cl, = %g%@ é

Scheme22. The mechanism of preparatiorof 4,7bis(1-methyl-1H-pyrrol -2
yl)benzolc][1,2,5]thiadiazoleaccording to stille (10).

The structure and purity of the target prod(t0) were confirmed by TLC,
'HNMR, ®CNMR, elematal analysis, mass spectromettyd FFIR. The TLC
gave a single spofhe elemental analysis for CHN confirmed the structure of the
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target product. The mass spectruihustrate the main integer mas$ (10) at
294M™M).

4.1.11.4,7-Bis(5-bromo-1-methyl-1H-pyrrol -2-yl)benzo|c][1,2,5]thiadiazole(11)

4,7-Bis(5-broma 1-methyt 1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole (11) was
synthesised according to a modified procedure by Zhang'&t @he reaction was
performed by heating 4M@is(1-methyl1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazole

(10) in chlorobenzene at 5%C, NBS was added in two portions as shown in
Scheme 23 The purification was carried out using silica gel column
chromatographyluted with petroleum ether (60:40) : ethyl acetate (5:1). The TLC
gave a single spot and the product was obtained as orange powder with 26.6%
yield.

/S\ /S\

N N N N
\ | \ |
N N
» \ / e el L{\ §_<\ e
T Chlorobenzene T
(10) (11)
Scheme23. The preparation of 4,7-bis(5-bromo-1-methyl-1H-pyrrol -2-

yl)benzolc][1,2,5] thiadiazole (1).

The reaction proceeds through an electrophilic substitution ob-plesitionof the
methykpyrrole units which is activated byhe nitrogen atom. Theeaction is very
sensitive toight and savas carried out in the dark. In addition, the amount of NBS
is crucial in this reactiorthus 1.95 equivalents of NBS wareed to avoid forming
tri- and tetra brommated products whiclkean bedifficult to separateby column

chromatographyrom the desired product.
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N/S7N | o N( 7N
B % BQN;j / )
| Y \_/

(10)

\
/
\
/

—
=~

% @%

Scheme24. The mechanism of the formationof 4, 7bis(5-bromo-1-methyl-1H-pyrrol -
2-ybenzo|c][1,2,5]thiadiazole (11).

The structure and purity of the target prod(tfi) were confirmed by TLC,
'HNMR, *CNMR, elematal analysis, mass spectrometigd FFIR. The TLC

gave a single spot and the elemental analysis for CHNBr confirmed the structure of
the target product. The mass spectrilustrate the main integer massefs(11),

which are obtained at50, 452, 454 (M) in 1:2:1 ratio becausef the bromine

isotopes {Br and"*Br).

The 'HNMR spectrumconfirms the chemical structure of 4&(5bromol-
methyt1H-pyrrol-2-yl)benzo[c][1,2,5]thiadiazol€11) as showon in Figure 34 It
can be seen that the singlet peak at ‘ppd is related to théenzothiadiazole
protons in the position (a) and doublet peaks at &®B6.560pm can be assigned
to the methylpyrrole protons in positions (b) and (c). The singleakat 3.67 ppm
can be assigned to the methyl group protons on position (d)*ChRMR spectrum
illustrate sevenpeaks in the aroatic region from 153.8 to 95which corresponsl
very well with the structure ahetarget product. The FIR of the target prduct
illustrates the stretching vibration bands for the aromatiir @ 1082 crit.
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/S\
NN d
b ¢ "\ y |
I\ N
Br Br
N { 5 i\ /]
| a a ¢ p
d
a
C
b
o )
‘ 8‘.0 7.‘5 7.‘0 6i5 6.‘0 5.‘5 SiU 4.‘5 4.‘0 3i5 3.‘0 2.‘5 2‘.0 1.‘5 l.‘O ‘ ppm

Figure 34. The 'HNMR spectrum for 4,7-bis(5-bromo-1-methyl-1H-pyrrol -2-
yl)benzo[c][1,2,5] thiadiazole (11).
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4.2. Synthesis of monomers gdolymers (P4, P5 and Pp

In order to prepar®4, P5 and P6, monomerg7), (18), (35) and (36) (Figure 35
were neededMonomer (35) was prepared by S. Alfifi of the Iragi group and

monomer(36) was bought from Sigma Aldrich.

=9 o : m

\ / Br
08H17 CaFz CSH17O OCgHy7
(7) (18)
ﬁr %f (% )
CsH17 CgH17 CaRlreHur
(35) (36)

Figure 35. Monomersrequired for preparing P4, P5 and P6.

The preparation route of 4pis(5bromol-methytlH-pyrrol-2-yl)-5,6-

bis(octyloxy)benzolc][1,2,5]thiadiazol€l8) consists of eight steps starting from
starting fromcatecholas shown irScheme 25

CgHy70 CgH70 NO,
D — D — 0
CS 170 CBHWO

CgHy70

=\
~_/
z

OCgH;7
(15)

S

=\
=~_/

—_— Br

CgHy70
(16)

Br

OCgHy7

N

—_— -

(13)

@\Sn(Buja

NO,

CeHy70
— IX
CgHy70

NH3"

CI

N/ ~
[ W
N
\
CeHy,0
(17)

\_/

OCgHy7

(14)

NH;" CI

Scheme25. The preparation route of 4,7bis(5-bromo-1-methyl-1H-pyrrol -2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole.
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4.2.1.1,2-Bis(octyloxy)benzene (12)

1,2-Bis(octyloxy)benzendél2) was synthesised accordirto a modified procedure
by Jansseret al*?°. The reaction was performed by heating a mixture ofcbale
1-bromooctane and XO; in DMF at 100°C for 40 hours as shown Bcheme26.
The crude product was recrystalised twice from ethanobtain the target product
asneedle like crystal The TLC gave a single spot and the yield was 89.1%.

HO K.CO CgH,,0
+  CgH;Br —2 3 o
HO DMF CeH,,0
(12)

Scheme26. The preparation of 1,2bis(octyloxy)benzene (12).

The mechanism of theeactionproceeds via nucleophilic substitution (&). The
first step is deprotonation ahe hydroxyl group with the K,CO; base then
nucleophilic attack on the alkyl bromidie affordthe target product as illustrated in
Scheme 27

OH 06K®/\>\/\/\/\
Q- e — QL
OH OH

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

Scheme27. The mechanism of the preparation of 1;bis(octyloxy)benzeng12).

The structure of the target prodi{t2) wasconfirmed by TLCHNMR, *CNMR,
elemental analysis, &ss spectrometrynelting pointand FFIR. The melting point
(25 26 °C) is in agreement with literature valti&. The elemental analysis for CH
confirmed the structure of the target produrhe mass spectruifustratethe main

integer mass ofl2) at334(M") and it is in agreement with proposed structure.
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TheHNMR spectrum shows singlet aromatic peak at 6.@pmrelated to the four
protons on the phenyl ring and triplet peaks at 4.02 andpgp8&orresponding to
the (OCH) and (CH) protons on the alkyl chains respectively. ThelRTof the
target product illustrates the stretching vibration band29ag and2853cm* for
CHs group, the stretching vibration bands fori(@®) group appears d252cm™.
The bending vibration al468 and 138&m™ are related to CiHand CH bend
respectively. The spectrudo not show any absorption band in the range 3100

3700cmi* which belong to the stretching vibration bands for (OH) group.

4.2.2.1,2-Dinitro -4,5-bis(octyloxy)benzene (13)

1,2-Dinitro-4,5-bis(octyloxy)benzen€l3) was synthesised according to a modified
procedure by Janssen et'&l The reaction was performed ladding iitric acid
(65%) dropvise to a mixture of 1;bis(octyloxy)benzendl2) and acetic acid in
DCM at 0°C. The reaction mixture was allowedw@rmto the room temperature
then cooled to GC and nitric acid (100%) was @ed drowvise. In addition, the
purification was carried out using recrysiadition from ethanol to obtain the target

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

(12) (13)

Scheme28. The preparation of 1,2dinitro -4,5-bis(octyloxy)benzeng13).

The mechanism of theeaction proceedshrough two steps. The first step is
generation of nitronium cation (NQ by reactingnitric acid with acetic acid. The
se®ond step is electrophilic attad nitronium cationon the aromatic ring at the
and 5 positions which are activated llye octyloxy groups as shown i@cheme
29.
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Step 1:
) O
O\ﬁ/oq_\"'\ A @(3)@\; —~ N®
+ SN
6 CP < (|[\|)l H 1l
CH,COO H20
Step 2: ©
0. ®_0
O OC.H H\N/ OC¢H
81417 8117
O OCgH,, ® OCgH;
(12)
O,N OCgH,; O,N OC¢H,,
— L = I
OC8H17 02N OC8H17
(13)

Scheme29. The mechanism of the preparation of 1 2linitro -4,5-bis(octyloxy)benzene (13)

The structure and purity of the target prod(t8) were confirmed by"HNMR,
YCNMR, elemental analysis, ass spectrometrymelting pointand FFIR. The
melting point 88-90 °C) is in agreement with literaturé®. The elemental analysis
for CHN confirmed the structure of thirget product. The mass spectrum
illustrates the main integer masfs(13) at 424 (M’), which is in agreement with
proposed structuréhe 'HNMR spectrumshowed a singlet aromatic peak at 7.31
ppm as expectedalong with signals from the octyloxy groupbhe FFIR of the
target product illustrates the stretching vibration bands for the aroni@tayroup

at 2023 crit and 1354 cii. The stretch vibration band at 3071 tim correlated to
aromatic G H bond. The bending vibration @H, and CHare displayedat 1464

and 1371cmi* respectively.
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4.2.3.4,5Bis(ocyloxy)benzenel,2-diaminium chloride (14)

4,5 Bis(ocyloxy)benzenel,2-diaminium chloridg14) was synthesised according to
a modified procedure by Janssen €falThe reaction was performed by heating a
mixture of 1,2-dinitro-4,5-bis(octyloxy)benzen€l3), SnC}, ethanol and HCI at 85
°C overnight. The product is unstable and so it was dried wunsteean of nitrogen

and used directly in the next step withgurification, the yield wa85 %.
O,N OCgH Cl'"H3N OCgH
2 j@[ 17 Hel /7 sacl, 3 :@: 7
O,N OCgH,; Ethanol Cl- "H;N OCgH,;
(13) (14)

Scheme30. The preparation of 4,5bis(tetradecyloxy)benzenél,2-diaminium
chloride (14).

The structure of the target produ(4) was confirmed by'HNMR, “*CNMR,
elenental analysis, maspectrometryand FFIR. The mass spaam illustrate the
main integer mass @l4) at 365 (M), while the molecular weight for the proposed
structure (14) is 437 g/mol due to 2 x HCI were not detected by Mas3) (El
analysis. The'HNMR spectrum shoed theassumed a singlet aromatic peak at
6.66 ppm for ring protons and a broad singlet peak atpp@8for (N- H) protons

and thesignals of octyloxy groups were observed as expected.

4.2.4.5,6-Bis(octyloxy)benzo|c][1,2,5]thiadiazol€15)

5,6-Bis(octyloxy)benzo|c][1,2,5]thiadiazol€l5) was synthesised according to a
modified procedure by Janssen et?l The reaction was performed by adding a
solution of thionyl chloride in DCMo a mixture of 4,%is(octyloxy}benzen€l,2-
diaminium chlorideg(14) and triethylamine in DCM. Then the reaction mixture was
heated to reflux for 6 hours. The crude product was purified by recrystalization
from ethanol and the pure product was obtairednaoff white powder with 92 %

yield.
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cr +H3N@OCSH” SOCI, / Et;N —
CI *H3N OCgH,, DCM }
CgH{7O  OCgH47
(14) (15)

Scheme31. The preparation of 5,6bis(octyloxy)benzo|c][1,2,5]thiadiazole (15).

The mechanisnnvolves two stepgs shown irScheme 32In the first step(14)
reacts with triethyl amine which generateg diamine. The second step involves
nucleophilic attack of the diamine on the sulphur of ttiienyl chloride generate

2 x HCIl and HO, and then the cyclisation occur.

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

CgH,,0 NH;" CI
H
CgHy,0 (111‘\ 0 H,;0 (Y i
<Hi- “q CgHy5 j Cl CgH;,0 N, /8
\/ ﬁ’ _— @IS\"CW1
CgH,;,0 CgH,70 NH, CgH,,0 N b,
H H
& HCI
H H H
|
CsH;7,0 N}\ CgH,70 Il\1\® CgH,,0 N m
STOH =~ :@E S—OH =—— :@E =0
CgH,70 N CgH,;0 33 CgH,;,O ITI)
H

H,0 4

CBHWOﬁN CgH,;,0 N CsH,,0 _N
\\ NS \
S —> N LS ——— S
CgH,,0 N CgH,,0 N CgH,,0

(15)

Scheme32. The mechanisnfor the preparation of (15).

The structure and purity of the target prod(th) were confirmed by"HNMR,
¥CNMR, elemental analysis, ass spectroscopy, melting poind FFIR. The
melting point 07-99 °C) is in agreement with literature vald&. The elemental
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analyss for CHN confirmed the structure of the target paidiihe mass spectrum
illustrate the main integer mas$ (15), at 392 (M), whichis in agreement with

proposed structure.

4.2.5.4,7-Dibromo-5,6-bis(octyloxy)benzo|c][1,2,5]thiadiazole (16)

4,7-Dibromo-5,6-bis(octyloxy)benzolc][1,2,5]thiadiazole(16) was synthesised
according to a modified procedure by Janssen ¥f.arhe reaction was performed

by adding bromine to a solution of yés(octyloxy)benzo[c][1,2,5]thiadiazold 5)

in a mixture of dichloromethane and acetic acid. The reaction mixture was stirred in
the dark for 48 h at room temperature as show@cdneme 3. The crude product

was purified usingcolumn chromatography eluted with petroleum ether (40:60)
then recrystaiztion was carried out from ethanol. The pure prod{i&d) was

obtained as white needle/ith 73%.

Br
CeH,-0 CeH,-0
s j@i)’\s AcOH / Br, st /N\S
~ / - ~ /
CeH,,0 N DCM CH,,0 N
Br
(15) (16)

Scheme33. The preparation of 4,7dibromo-5,6-bis(octyloxy)benzolc][1,2,5]
thiadiazole (16).

The structure and purity of the target prod(t6) were confirmed by TLC,
'HNMR, ®*CNMR, elemetal analysis, mass spectrometmyelting point, and FT
IR. The melting point 44- 46 °C) is in agreement with literature vald&. The
elemental analysifor CHNBrOS confirmed the structure of the target pcodlihe
mass spectrunilustrates the main integer massed (16), which are obtained at
558, 550, 552 (M) in 1:2:1 intensitiebecausef the bromine isotopes®{Br and
Br).
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4.2.6. 4,7-Bis(1-methyl-1H-pyrrol -2-yl)-5,6-bis(octyloxy)benzo|c][1,2,5]
thiadiazole (17)

4,7-Bis(1-methyl1H-pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c][1,2,5]thiadiazol€17)
was synthesised according to a modified procedure by Jiand“8t Hhe reaction
was carried out using Stille cross couplimgadding a mixture of palladium acetate
and trio-tolylphosphingo a solution of dmethyt2-(tributylstannyl}1H-pyrrole (9)
and 4,7dibroma5,6 bis(octyloxy)benzo[c] [1,2,5]oxadiazo(@6) in dry toluene.

The reaction mixture was degassed then heated under reflux for 72 h under argon.
s

S 7N\
NN \ |
T\ Tri(o-tolyl)phosphine / \ N
Br Br + <_>\Sn Palladium(ll)acetat; \_/
CgH,O  OCgH T TN Toluene T:
oH17 gHi7 u gH170 OCgH47
(16) ©) an

0]
)J\ O@

Where: Tri(o-tolyl)phosphine = P Palladium(ll) acetate Pd?*
X0 :
Scheme34. The preparation of 4,7bis(1-methyl-1H-pyrrol -2-yl)-5,6-bis(octyloxy)
benzo[c] [1,2,5]thiadiazole (17).

The residue was purified by column chromatography on silicapgétolum ether
(40:60) ethyl acetate (9:1). Th&HNMR and mass spectrometshow impure
material ® purification using HPLC eluting withi,O: THF (30:70 %)vas carried

out, but the product could not be purified. Pure product is crucial at this step
because it is followed bg bromination step which requires accurate calculation in
order toavoid over bromiation whichcould result in mixture that igery difficult

to purify and SO 4,7-bis(5-bromo1-methyt1H-pyrrol-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazold8), P4, P5andP6 could not be
prepared and this section of project was then abandoned.
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4.3. Synthesis of monomertor copolymers (P7, P8 and PP

In order to prepard®7, P8 and P9, monomers(23) and (25) (Figure 3§ were
prepared successfully. In additiqi8,7) and (38) were prepared by S. Alfifi and A.
Alghamdi of the Iragi group respectively, using the same preparation route that
used for 4,7bis(5bromol-methyl1H-pyrrol-2-yl)-5,6-bis(octyloxy)benzo[c]
[1,2,5]thiadiazolg18) as shown irFigure 36

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

Figure 36. Monomersrequired for preparing P7, P8 and P9.

A seriesof intermediats were prepared successfully in order to prepare(2,20
bis(4(dodecyloxy)phenyl)anthracei#6-diyl)bis(4,4,5,5tetramethyll, 3,2
dioxaborolane)23) and 4,7bis(5bromothiopherR-yl)benzolc][1,2,5] thiadiazole
(25), and their structure and purity wearenfirmed by by TLC!HNMR, *CNMR,

elemeantal analysis, mass spectromeitmelting point, and FIR.

Monomer(23) was prepareth five steps as shown Bcheme 35tarting from2,6-

diaminoanthraquinone.
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OCyzHz5 OC15Has

Q 0 O
NH Br B Br
U — A e ) —
HzN Br Br
o] O

(19)

OCy;zHz5 OC1zHzs5
O O 9,&
Br B‘O
Br O-g
) e
OCyzHz5 OC1zHzs
(22) (23)

OC15Hos

OH
Br Br
(20)

Scheme35. The preparation route of 2,2-(9,10bis(4-(dodecyloxy)phenyl)anthracene
2,6-diyl)bis(4,4,5,5tetramethyl-1,3,2dioxaborolane) (23.

Monomer(25) was prepareth two steps as shown Bcheme36 starting from4, 7-
dibromobenzo(c][1,2,5]thiadiazole atbutyl(thiophen2-yl)stannane.

5

S /S\
N/ \N N’ \N N N
7\ W/
\ Q\Sﬂ(Buh & N/ . B s
Br Br _— J—— Br Br
i f S \ /) s i ﬁ \ /}
(8) (24) (25)

Scheme36. The preparation route of 4,7bis(5-bromothiophen-2-yl)benzo[c][1,2,5]
thiadiazole (295.

The preparations of the various intermediates towWa8) and (25) are discussed

below.
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4.3.1. 26-Dibromoanthracene-9,10-dione (19)

The preparation of 2;8ibromoanthracen8,10dione (19) was carried out
according to a modified method by Vila et'af. The eaction was performed by
heating a mixture oR,6-diaminoanthraquinone;Bu ONO, CuBg in acetonitrile
for two hours as shown iBcheme 37In addition, the purification was carried out
using recrystalization from 1.dioxane to obtain the target prod(t8) as yellow
crystak. The TLC gaveasingle spot and the yield was 85%.

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

(19)
Scheme37. The preparation of 2,6dibromoanthracene-9,10-dione (19.

The reactiomproceeds through andmeyer reaction which is used to prepare aryl
halide from aryl diazonium salt®. The reactionnvolvestwo steps. The first step

is reaction between amine Z6-diaminoanthraquinone and nitrite which forans
aryl diazonium salt. In second step, the result complem fthe first step reacts
with copper bromide to obtain the target product.

® Hoh
N N\N O
OOO\J_%—T* O‘O
H,N NTP H,N
o}

-OC(CH3)

—
H. @H
NN

- : O -
G . Nz

2

2

(0]
— LU == OOOW
H,oN
N (0]

Scheme38. The mechanism of the preparation of 2 &libromoanthracene-9,10-dione.
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The structure and purity of the target prod(t®) were confirmed by TLC,
'HNMR, °CNMR, elemental analysis, ass spectrometrymelting pointand FF

IR. The TLC gave a singlgpot and the melting point (2&85°C) is in agreement
with literature valué?* The elemental analysis for CHBr confirmed the structure of
the target prodtt. The mass spectruitiustrates the main integer masses$ (19) at
364, 366, 368 (M) in 1:2:1 intensitiebecauseof the bromine isotopes®{Br and
"Br).

The 'HNMR spectrumconfirm the structure of the target produdd). It shows
doublet signa at 8.46 and 8.20 ppm as wellaadowblet of doublet at 7.97 ppm in
the aromatic region. The HR of the target product shows the stretching vibration
bands for the (@Br) bond atl067cm*.

4.3.2.1-Bromo-4-(dodecyloxy)benzeng20)

The preparation of-broma4-(dodecyloxy)benzeng0) was carried out according

to a modified method by Nucklolls et 8. The reactin was performed blyeating

a mixture of4-bromophenol, NaOH and-iromododecane in DMSO overnight
(Scheme 3P The purification was carried out using recrystalization from ethanol to
obtain the target produ¢t9) as white crystal The TLC gave single spot and the
yield was 76.6%.

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

Scheme39. The preparation of -bromo-4-(dodecyloxy)benzene (20

The reaction proceedthrough two steps. The first step is deprotonatérthe
phenol with the base then nucleoph#ittackon thealkyl bromidewhich leads to

the formation othe target product.
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S
OH O OC,Hy5
Base )
— +  Br=CyHys ——
Br Br Br
(20)
Schemed0. The mechanism of the preparation of bromo-4-(dodecyloxy)benzene
The structure and purity of the target prod20) were confirmed by TLC,
'HNMR, °CNMR, elemental analysis, ass spectrometrymelting pointand FF
IR. The TLC gave a singlepst and the melting point (338 °C) is in agreement
with literature value'®®. The mass spectruitiustrate the main integer mass of

(19), at 340, 342(M™), whichis in agreement with proposed structure.

4.3.3.  2,6:Dibromo-9,10bis(4-(dodecyloxy)phenyl}9,10-dihydroanthracene
9,10diol (22

The preparation of 2,6-dibroma9,10-bis(4-(dodecyloxy)phenyip,10
dihydroanthracen®,10-diol (21) was performed according to a modified method
by Wang etal *?, that by adding-BuLi to a solution of(20) in THF ati 78°C
then (19) was added to the mixture. In addition, theification was carried out

usingcolumn chromatography witkthyl acetate/ petroleum ether (1/10) (v/v)

OC42oH2s5

OC2Hzs

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

OC2H2s
(21)

Schemedl. The preparation of 2,6dibromo-9,10-bis(4-(dodecyloxy)phenyl}9,10
dihydroanthracene-9,10diol (21).
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The reactiornproceedghrough two steps. The first stepadithation reaction and
the second step is nucleopbikttack of dodecyloxy phenyl dhe postions 9and
10-in 2,6-dibromoanthracen8,10-dione.

OC12Hss OCi2Has

L W

(20)

OCy2Hazs
(21)

Scheme42. The mechanism of the preparation of 2 &libromo-9,10-bis(4-
(dodecyloxy)phenyl}9,10-dihydroanthracene-9,10-diol (21).

The structure and purity of the target prod@2f) were confirmed by TLC,
'HNMR, *CNMR, elemetal analysis,mass spectrometrgnd FFIR. The TLC

gave a single spot and the elemental analysis for CHBr confirmed the structure of
the target prodtt. The mass spectruitiustratethe main integer masses (21) at
888.2,890.2 892.2(M") in 1:2:1 intensitiedbecaus of the bromine isotope&'Br

and"*Br).

4.3.4. 2,6Dibromo-9,10-bis(4-(dodecyloxy)phenyl)anthraceng22)

The preparation of2,6-dibromo9,10-bis(4-(dodecyloxy)phenyl)anthraceng?)
was carried out according to a modified method by Waraj ¥’. The reaction
was performed by heating a mixture of 2,6dibromo9,10bis(4
(dodecyloxy)phenyhp,10-dihydroanthracen8,10-diol (19), KI, NaH,PG,-H,0 in
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acetic acid for 40 minutes as showrScheme 43The purification was carried out
usng column chromatography eluting wibCM/ petroleum ether (1/4) (v/v) then
recrystalisation from hexane to obtathme target product as yellow solid. The

TLC gaw single spot and the yield was 63.4 %.

OC4oHzs OCqoHos

HO Br Br
L™ e, 000
Acetic Acid -

Br OH Br

OC12H25 OC12H25

(21) (22)

Scheme43. The preparation of 2,6dibromo-9,10-bis(4-(dodecyloxy)phenyl)
anthracene (23.

The structure and purity of the target prod(2®) were confirmed by TLC,
HNMR, *CNMR, elematal analysis, mass spectrometand FFIR. The TLC

gave a single spot and the elemental analysis for CHBr confirmed the structure of
the target prodtt. The mass spectruitiustratethe main integer masses (@) at
854.2,856.3 857.2(M") *) in 1:2:1 intensitiedbecause of the bromine isotopes
(¢'Br and "*Br). The 'HNMR, **CNMR and FTIR correspond very well with the
structure of target product. The #/€ around (O- H) group at 3402 cthand the
aromatic (G- O) stretch vibration at 1180 ¢huisappeared.

4.3.5. 2,2-(9,10-Bis(4-(dodecyloxy)phenyl)anthracene2,6-diyl)bis(4,4,5,5
tetramethyl-1,3,2dioxaborolane) ()

The preparation of 2:29,10-bis(4(dodecyloxy)phenyl)anthracei®6-
diyl)bis(4,4,5,5tetramethyl,3,2dioxaborolane)23) was carried out according to
a modified method by Jo et &F. The reaction was performed bgating a mixture

of 2,6-dibromo9,10bis(4(dodecyloxy)phenyl)anthracen€22), bis(pinacolate)
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diboron, potassium acetate and Pd(dppfi@l DMF at 100°C for 36 hours as
shown inScheme 44An excess of bis(pinacolato) diboron was used to prevent the
creation of oligomersThe colour change ta dark black solution was noticed
during the reaction. The purification was carried out using recrystalization from
diethyl ether and methanol. Firstly, methanol was passed thi@bghkicalamina
column to remove any acidic tracen the solvent asoronic esters areery
sensitive to acisl (lead to degradation).h& product was dissolved in the lowest
amount of diethyl ether and added to the hot methanol so diethyl ether was
evaporated and the target product precipitate and the ieguiere dissolved in
methanol. The target product was obtained as yellow powde6®@ith% yield.

OC12H25 OC12H25

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

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

Schemed4. The preparation of 2,2%(9,10bis(4-(dodecyloxy)phenyl)anthracene2,6-
diyl)bis (4,4,55-tetramethyl-1,3,2dioxaborolane) (23.

The structure and purity of the target prod(28) were confirmed by"HNMR,
BCNMR, elemetal analysis, mass spectromeényd FFIR. The elemental analysis

for CH confirmed the structure of tharget product. Thenass spectruntlustrates

the main integer masse$ (23) at 950.5 (M. The 'HNMR spectrumconfirms the
chemical structure of the target monomeheTspectrunshows a singlet peak at

8.32 ppmwhich corresponds to the protons on position (a) in the aoéme. Also,

the spectrumevealtwo doublet peaks at 7.70 and 7.66 ppm which are related to the
anthracene protons in the positions (b) and (c) respectively. It can be seen that the
doublet peaks at 7.40, 7.17 ppm can be assigned to the attached ploepyl gr
protons on positions (d) and (e) respectively. The broad singlet peak at 4.17 ppm
corresponds to the protons on the carbon which is bonded directly to the oxygen

atom of the phenyl in the position (f). The triplet peak at 0.92 ppm can be assigned
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to the six protons on the GHyroup at the end of the alkyl chailm. addition, the
spectrunshows a singlet absorption at 1.32 ppm for methyl protohthe boronic
ester group as shown Figure 37 The FTFIR of the target product illustrates the
stretching ibration bands for the (B O) at 1370 and 134@m™ and the stretch
vibration at 1076 ciwhichis correlated to the ® bond.

)
o
o
—
«
=

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

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

4.3.6.4,7-Di(thiophen-2-yl)benzo|c][1,2,5]thiadiazole(24)

The preparation of 4,7-di(thiophen2-yl)benzolc][1,2,5]thiadiazole (24) was
performed according to a modified method by Palama &alhe reaction was
carried out by heating a mixture of 4jibromobenzolc][1,2,5]thiadiazol@) and
and tributyl(thiopher2-yl)stannanein toluene at 120°C in the presence of
Pd(PPh), catalystfor 24 hours. Thepurification was carried out using silica gel
column chromatography elutingith petroleum ether (40:60) : toluene (2:1) then

recrystalizabn from ethanalThe TLC gave a single spot and the yield was 75%.
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.S,
N\ ,N NN
O ) THF I s
Br Br + .
SEEUINENGS Pd(PPH3), S \_/

(8) (24)
Schemed5. The preparation of 4,7di(thiophen-2-yl)benzo[c][1,2,5]thiadiazole (24.

The structure and purity of the target prod@2d) were confirmed by TLC,
HNMR, *CNMR, elemental analysis, mass spectroscopy andRETThe TLC
gave a singlspot and the melting poin122-124°C) is in a good agreement with
the literature valué®®. The elemental analysis for CHN confirmed the structure of
thetarget product. The mass spectrum shtvesmain integer mass (24) at 300

(M) and it corresponds very well withe proposed structure.

4.3.7.4,7-Bis(5-bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole(25)

4,7-Bis(5-bromothiopher-yl)benzo[c][1,2,5]thiadiazole (25 was synthesised
according to a modified procedure by Zhang €&IThe reaction was performed
by heating4,7-di(thiophen2-yl)benzo[c][1,2,5]thiadiazol€24) in chlorobenzene at
55 °C, N-bromosuccinimidgNBS) was addeéh two portions. The crude product
was purified via recrystalization from chlorobenzene. The producbobisnedas
red crystad with an80% yield

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

Chlorobenzene
(24) (25)

Scheme46. The preparation of 4,7bis(5-bromothiophen-2-yl)benzo|c][1,2,5]
thiadiazole (29.

The structure and purity of the target prod(2%) were confirmed by"HNMR,
BCNMR, elematal analysis, mass spectromednyd FFIR. The elemental analysis
for CHNBr confirmed the structure of the target product and the melting 2&%t (
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258 °C) is in a good agreement with the literature valthe The mass spectrum
illustrate that the main integer masses @b) at 456, 458, 460 (M) in 1:2:1
intensitiesbecauseof the bromine isotopes®tBr and "°Br). The *HNMR spectrum
shows (Figure 38 a singlet peak at 7.82 ppm which corresponds te th
benzothiadiazole protons. Thiwublet peaks at 7.84 and 7.19 ppm are related to

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

1

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 67 66 65 64 63 62 61 60 59 58 57 ppm

Figure 38. The 'HNMR spectrum for 4,7-bis(5-bromothiophen-2-yl)benzo[c][1,2,5]
thiadiazole (29.
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4.4. Synthesis of monomers fotopolymers (P10, P11 and P22

In order to prepar®10 P11landP12 monomer(31) (Figure 39 was requiredin
addition,monomerg37) and(38) were prepared by S. Alfifi and Dr. Y. Hunan of

the Iragi group respectively, using the same preparation route that uge8)for
OC12H25

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

Figure 39. Monomersrequired for preparing P10, P11 and P12.

A seriesof intermediate for themonomers were prepared successfully in order to
prepare 2,2(9,10-bis(4(dodecyloxy)phenyl)anthracer®&7-diyl)bis(4,4,5,5
tetramethyll,3,2dioxaborolane) 31), and their structure and purity were
confirmed by by TLC!HNMR, *CNMR, elemental analysis, mass spectroscopy,
melting point, and FIIR.

Monomer (31) was preparedn six steps as shown i&cheme 47starting from

anthrone.
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0 0 o}
O,N NO, HZN NH;,
a0 — U — Ty —
o] s}
(27)

(26)

QC,;:H
127 OCy5H3s OCy2Hzs

0] i O
Hi
Br Br Br Br- ° Br Br- Br
— U e Oy — Oy —
OH
) J J
(28)

0C2Has OC43Hys
(29) (30)

OC12Hy5
0 O
B 8
GO
_—

OC12H25

(31)

Schemed7. The preparation route of2,2'-(9,10bis(4-(dodecyloxy)phenyl)anthracene2, 7-
diyl)bis(4,4,5,5tetramethyl-1,3,2dioxaborolane) (3L).

4.4.1.2,7-Dinitro -9,10-anthraquinone (26)

The preparation d2,7-dinitro-9,10-anthraquinon€26) was carried out according to
a modified method byYang et al'®’. The reaction was performed kadding
anthrone to fuming nitric acid ati05 °C then acetic acid was added slowly to the
reaction mixture with cooling as shown Bcheme 48In addition, the crude
product was recrystigdedfrom acetic aciandthen from a mixture of nitrobenzene

[/ acetic acid (1/1) to obtathetarget product aayellow solidin a yield 0f23%.

(0] (0]
O,N NO,
HNO4
—»
AcOH
(0]
(26)

Scheme48. The preparation of 2,7dinitro -9,10-anthraquinone (26).
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The structure and purity of the target prod(®) were confirmed by"HNMR,
elemental analysis, &ass spectrometrynelting pointand FFIR. The melting point
(289291 °C) is in agreement with literature vall& and the elemental analysis for
CHN confirmed the structure of the target product. mass spectruntiustratethe
main integer massf (26) are obtained &99 (M") which is in agreement witthe
proposed structure.

4.4.2. 27-Diaminoanthracene9,10-dione (27)

The preparation of ,Z-diaminoanthracen8,10dione (27) was carried out
according to a modified method by Yang et®3l The reaction was performed by
adding 2,7dinitroanthracen®,10-dione (26) in ethanol to a mixture &ation of
sodium sulfide nonahydrate and sodium hydroxide in water. The mixture was
heated at reflux for 6 h and left to stir overnight. The purification was carried out
through recrystalization from ethanol to obtain the target product as an orange/red
sdid with 90%yield.

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

Schemed9. The preparation of 2,Zdiaminoanthracene9,10-dione (27.

The structure and purity of the target prod(2%) were confirmed by"HNMR,
3CNMR, elemental analysis, ass spectrometrymelting pointand FFIR. The
melting point (335337 °C) is in agreement with literature vald#&, the elemental
analysis for CHN confirmed the structure of theget product. The mass spectrum
illustrate the main integer masses(®7) at 238 (M) which corresponds very well
with proposed structure.

The '"HNMR spectrumillustrated the assumed aromatic peaks, doubletspaak
7.84 and7.23 ppm anda doubletof doublet peak at 6.8pm In addition, the
spectrumshows a singlet peak at 6.42 ppm whichekated to the N H proton.

The FFIR of the target product illustrates the stretching vibration bands feiH)N
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group at3344 and 1623 cm™, the stretching vibration bands for {CN) group
appears al338cm™. The GH stretching vibration is displayed a223%m*, the
stretch vibration at581, 1553 and 1499n™ are related to C = C stretch.

4.4.3. 2,7-Dibromoanthracene9,10-dione (28)

The preparation of 2;dibromoanthracen®,10dione (28) was carried out
according to a modified method by Vila et'al. The reaction was performed by
heating a mixture o2,6-diaminoanthraquinone;BuONO, CuBs in acetonitrie for
two hours as shown iBcheme 50In addition, the purification was carried out
using recrystalization from 1.dioxane to obtain the target prodt8) as yellow

crystak. The TLC gavesingle spot and the yield was 85%.

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

Scheme50. The preparation of 2,72dibromoanthracene-9,10-dione (28.

The structure and purity of the target prod(28) were confirmed by"HNMR,
3CNMR, elemental analysis, ass spectrometrymelting pointand FFIR. The
melting point (249250 °C) is in agreement with literature valt&, the elemental
analysis for CHBr confirmed the structure of theget product. The mass spectrum
illustrate the main integer masses(®8) which are obtained &64,366, 367 (M)

in 1:2:lintensitieshecaus®f thebromine isotopetBr and”*Br).

The '"HNMR spectrumillustrated the assumed aromatic peaks, doublet peaks at
8.45 and 8.20 ppna doublet ofloublet peak at 7.97 ppm which corresponds very
well the proposed structure. The H#H of the target product illustrates the
stretching vibration bands for (€Br) bond at1105cm®. While, the stretching
vibration bands a8344, 1623%m* for (N - H) bord and 1338 cififor (Ci N)

bond disappear.
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4.4.4. 2,7-Dibromo-9,10-bis(4-(dodecyloxy)phenyl}9,10-dihydroanthracene-
9,10diol (29)

The preparation of  2,7-dibroma9,10bis(4(dodecyloxy)phenyip,10
dihydroanthracen®,10-diol (29) was carried outiccording to a modified method

by Wang et at?’

. The reaction was performed by addtrguLi to a solution of 1
bromo4-(dodecyloxy)benzen@0) in THF at-78°C then 2,7dibromoanthracere
9,10dione @8) was added to the mixture. The purification was carried out using
column chromatography elutethyl acetate/ petroleum ether (1/10) (v/v) to obtain
target product aayellow solidin 65%yield.

OC12H2s5

OC12H>s5

O
HO
OO LTG0l
THF on
O Br ‘
(28) (20)

OC42Hy5
(29)

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

The structure and purity of the target prod(2®) were confirmed by TLC,
HNMR, *CNMR, elematal analysis, mass spectrometigd FFIR. The TLC

gave a single spot and the elemental analysis for CHBr confirmed the structure of
the target product. The mass spectrillonstrate the main integer masses(28) at
888,890, 892 (M™) in 1:2:1intensities because of the bromine isotop&8r(and

Br).

The 'HNMR spectrumconfirm the structure of the target product. It shalvee
aromatic peaks at 8.03, 7.’ &d 7.57ppm which are related to the anthracene
protons. Also, it shows two brogmk&ks at 6.40, 6.18vhich can be assigned to the

attached phenyl group protons. The alkyl chain protons are observed at 3.68 (S)
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1.751.54 and 1.44.15 ppm. Finally, the triplet peak at 0.89 is related to the CH
group protons at the end of alkyl chains. ThelRTof the target product illustrates
the stretching vibration bands for (CH) group at3306cm™ and the stretching
vibration bands for (O O) bond appears at164 cm. While, the stretching
vibration kands atl673cm™* for (C = O) bond disappear.

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

The preparation of2,7-diboromo9,10-bis(4(dodecyloxy)phenyl)anthracené30)
was carried out according to a modified method by Wargj . The reaction
was performed by heating a mixture of 2,7dibromoa9,10bis(4
(dodecyloxy)phenyhp,10-dihydroanthracen8,10diol (28), KI, NaH,PO,-H,0 in
acetic acid for 40 minutes as showrScheme 52In addition, the purification was
performedvia column chromatography eluting withCM/ petroleum ether (1/4)
(v/v) then recrystalisation from hexane to obt#ue target product as yellow

solid. The TLC gaveasingle spot and the yield was 80 %.

OCoHys OCy5Hzs5

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

OC12H25 OC12H25
(29) (30)

Schemes2. The preparation of 2,7dibromo-9,10-bis(4-(dodecyloxy)phenyl)

anthracene (30.

The structure and purity of the target prod@80) were confirmed by TLC,
'HNMR, ®CNMR, elemental analysis, mass spettetry and FFIR. The TLC
gave a single spot elemental analysis for CHBr confirmed the structure of the target

prodwct. The mass spectruittustrate the main integer masses (#9) which are
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obtained ai854.6,856.5 857.6(M") in 1:2:1 intensities because of the bromine
isotopes {Br and"*Br). The'HNMR and™*CNMR spectrumsorrespondrery well

with the structure of target product.

4.4.6. 2,2'-(9,10Bis(4-(dodecyloxy)phenyl)anthracene2, 7-diyl)bis(4,4,5,5
tetramethyl-1,3,2dioxaborolane) (31)

The preparation of 2:29,10-bis(4-(dodecyloxy)phenyl)anthracei®6-
diyl)bis(4,4,5,5tetramethyil,3,2dioxaborolane)31) was carried out according to

a modifed method by Jo et al°. The reaction was performed bgating a mixture

of 2,6-dibroma9,10bis(4(dodecyloxy)phenyl)anthracen€30), bis(pinacolatp
diboron, potassium acetate and Pd(dppfi@l DMF at 100°C for 36 hours as
shown inScheme 53In addition, an excess of bis(pinacolato) diboron was used to
prevent the creation of oligomers. The colour changedark black solution was
noticed during the reaction. The purification was cargatusing recrystalization
from using diethyl ether and methanol. The target product was obtaimeakbew
powder with60.6 % yield.

OCy5Has OCyzHs

® >?LQ ( 9J§<
Br. Br O’B B
OOO o 0 Pd(dppf)Cl OOO
+ B8 — 25
d

\

o KOAc / DMF
OCy5Has OCyzHas
(30) (31)

Schemes3. The preparation of 2,2'-(9,10bis(4-(dodecyloxy)phenyl)anthracene2, 7-
diyl)bis(4,4,5,5tetramethyl-1,3,2dioxaborolane) (3).

The structure and purity of the target prod(8t) were confirmed by"HNMR,
BCNMR, elemetal analysis, mass spectrometnyd FFIR. The elemental analysis
for CH confirmed the structure of the target pradddie mass spectruilustrate
the main integer massf (31) which are obtained 8@50.5 (M). The structure of
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(31) was confirmedising'HNMR as shown irFigure 40 Thesinglet peak at 8.32

ppm is related to the anthracene protons in the position (a). The four anthracene
protons in the positions (b) and (c) are observed ati7.7.88 ppm. The structure

of this anthracene version is not symnuettj the attached phengtoupprotons are

displayed at different chenatenvironments. So, the spectrsimws two doublet

peaks at 7.44 and 7.37 ppm which are related to the four protons in the attached
phenyl group in the positions (etgéaks and (
at 7.20 and 7.15 ppnrarelated to the phenyl groypr ot ons i n the po:
and (e) respectively. The singlet peak at 1.34 ppm is related therGtdns in the

position (q). The remaining peaks at 4.20, 4.14,-2.88, 1.661.52, 1.521.25 and

0.92 ppm are related to the aliphatic protons of the alkyl chain attached to the
phenyl group.The FIR of the target product illustrates the stretching vibration

bands for the (B O) at1371 and 134@m™ and the stretch vibration at 1078 tm

which correlated to the B bond.

i-p(i-p) g

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

Figure 40. The '"HNMR spectrum for 2,2'-(9,10bis(4-(dodecyloxy)phenyl)anthracene
2,7-diyl)bis(4,4,5,5tetramethyl-1,3,2dioxaborolane) (3).
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4.5.Synthesis of monomers fopolymers (P16, P17, P18, P19 and PR0O

In order to prepar@16 P17, P18 P19andP20 monomerg7), (23), (31) and(34)
(Figure 43 were requiredIn addition,monomer(35) was prepared by S. Alfifi of
the Iragi group using the same preparation route for monémemnd monomer

(36) was bought from Sigma Aldrich.

0

CgHy7 CgHq7

F F
o, o
/ \
o N ol
C8H17 CBH‘W

) (35)

OC1oHzs OC12Hzs
o) (o) o)
& 5 &
B B
OO~
7 O O
o O O C8H17 C5H17
(36)
OCioHzs OC12Hzs
(23) (31)

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

A seriesof intermediate were prepared successfully in order to prepardi3(6-
bromothiophefR-yl)-2,5-bis(2ethylhexyl)pyrrolo[3,4c]pyrrole-1,4(2H,5H}dione
(33), and their structure and purity were confirmed by by THNMR, *CNMR,
elematal analysis, mass spectrometmelting point, and FIR. It was prepareth
three steps as shown Bchemeb54 starting fromthiophene2-carbonitrile and

dimethyl succinate
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(33)

(34)

Schemeb4. Preparation route to 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (34)

4.5.1.3,6-Di(thiophen-2-yl)pyrrolo[3,4 -c]pyrrole-1,4(2H,5H)-dione (32)

The preparation of 3;@i(thiophen2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione

(32) was carried out according to a modified method by Chen*t alhe reaction

was performed bynixing Na and a catalytic amount of Fg@I tertamyl alcohol at

90 °C for 2 hours, then the reaction mixture was cooled t&C5andthiophene 2-
carbonitrile was added to the mixture which when again heated at 9fC. A
solution of dimethyl succinate in teaimyl alcohol was added dropwise for two
hours and then the mixture was maintained at®@vernight. Again the reaction
mixture was cooled to 56C and glacial AcOH was added, then the mixture was
heated under reflux for 10 min before being filtered. The product did not require
any purification and it was obtainedased solidin 90% vyield.
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O
@\CN + _O NO/ Na / FeCly

—_—
tert-amyl alcohol
O y

OH
tert-amyl alcohol = /\* (32)

Schemeb55. The preparation of 3,6di(thiophen-2-yl)pyrrolo[3,4 -c]pyrro le-1,4(2H,5H)
dione (32.

The mechanism of theeactionis very complicated and not fully understoodws
proposed by Lenz and Wallquidt> The DPP are prepared by reacting two
equivalent of aromatic nitrile witbbne equivalent of a succinic ester under strong
basic media. In additiorg branched alcohol such &st-amyl alcoholis used as a
solvent and base to make the formation of the DPP easier. The first step of the
mechanism involves formation of the amino cimm@ acid by condensation of the
thiophene 2-carbonitrile with dimethyl succinate. There are two possible routes
which might take place aftehis step. The first route involves condensabbihe
amino cinnamic acidvith dimethyl succinatevhich leads tdormation of a side
product which has a major yield and it was confirmed experimertgllyenz and
Wallquist. The second route is cyclisation of the amino cinnamic acid arhlact
formation. The second step involves another condensatiothiophene 2-
carbonitrile with the intermediate resulted from the previous step and then followed
by cyclisation which offords the target DPP prodPfas shown irScheme 56

The structure and purity of the target prod(8t) were confirmed by"HNMR,
¥CNMR, mass spectrospy and FTIR. The mass spectruifiustrate the main
integer mass of31) which are obtained &00 (M"). The *HNMR and *CNMR
spectrumsare in agreement with the literatuf€. The FFIR of the target product
illustrates the stretching vibration bands for {NH) group at3275 cm?, the
stretching vibration bands for (C N) group appears d127cm®. The C = O

stretching vibration is displayed &704cm*.
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H3COOC, H3COOC

\OMO\ o Q) B, \/ NH

(o)

0 /) <~
° [N 1\,
§ \/ o < S E

CHy0® CHy0®
(32)

Schemeb6. Proposedmechanismfor the preparation of 3,6di(thiophen-2-yl)pyrrolo
[3,4-c]pyrrole-1,4(2H,5H)-dione () (adapted from Wallquist et al %3

45.2. 2,5Bis(2-ethylhexyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4 -c]pyrrole-1,4
(2H,5H)-dione (3RB)

The preparation of 2,5bis(2-ethylhexyl}3,6-di(thiophen2-yl)pyrrolo[3,4-
c]pyrrole-1,4 (2H,5H}dione (33) was carried out according to a modified method
by Chen et al*>. The reaction was performed by adding a solutiog-efhylhexyl
bromide in DMF dropwise to a mixture (82), K,CO; and 18crown-6 in DMF at
120 °C. The purification wascarried out by precipitating therure product in
methanol thewia column chromatography elutimgth chloroform. The pure target

product was obtained as red solid wat%.

DMF

(32) (33)

Scheme57. The preparation of 3,6di(thiophen-2-yl)pyrrolo[3,4 -c]pyrrole-1,4(2H,5H)
dione (33.
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Thereaction proceeds in two steps.il&€rowni 6 is a phase transfer catalyst and
used to help in the displacement step. B Crowni 6 chehtes the potasum

and form acarbonate anion. In the second step, the DPP is deprotonatibe by
bicarbonate anion which gives the ion on the nitrogen, then nucleophilic attack to

ethyl hexyl.

(33)

Schemeb8. The mechanism of the preparation of 3&li(thiophen-2-yl)pyrrolo[3,4 -
c]pyrrole-1,4(2H,5H)dione (33).

The structure and purity of the target prod(88) were confirmed by TLC,
'HNMR, °CNMR, elemental analysis, mass spectrometry, melting point-and
IR. The TLC gave a single spot and the melting pol5(- 127 °C) is in
agreement with literature value (128) **The elemental analysis forHD
confirmed the structure of tharget product. The mass spectriliostrate the main
integer masses ¢83) which are obtained &24 (M).
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4.5.3. 3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)dione (34)

The preparation of 3;6is(5bromothiophef2-yl)-2,5bis(2-ethylhexyl)pyrrolo[3,4
c]pyrrole-1,4(2H,5H}dione (34) was carried out according to a modified method
by Chen et at*®* The reaction was performed by adding NBS to a solutf@)6-
di(thiophen2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H}dione (32) in CHCl, The
reaction mixture was stirred for two days in the dark. The purification was carried
out by column chromatography eluted with chloroform. The pure target product

was obtained aared solid with 82 %yield.

(33) (34)

Schemeb9. The preparation of 3,6bis(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (39.

The structure and purity of the target prod@84) were confirmed by TLC,
'HNMR, *CNMR, demental analysis, masspectrometryand FFIR. The TLC

gave a single spot and elemental analysis for CHNSBr confirmed the structure of
the target product. The mass spectrdlastrate the main integer masses(84)

which are obtained &80, 682, 684 (M) in 1:2:1intensitiesthat becausef the
bromine isotopes®{Br and “°Br). The '"HNMR spectrumconfirms the chemical
structure of34) as shown irFigure 42 The doublet peaks at 8.67 and 7.24 ppm are
related to the thiophene protons in the positions (a) and (b). The restakd p

correspond to the alky chain protons.
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Figure 42. The '"HNMR spectrum for 3,6-bis(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl) pyrrolo[3,4-c]pyrrole-1,4(2H,5H)dione (39.
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Chapter Five: Resultsand Discussiori Polymers

5.1.Carbazolei Pyrrole based copolymes (P1, P2, P3)

A range of 2,7carbazolé pyrrole based copolymergeredesignedas alternating
donori acceptor systemin order to havéow bandgaps and so harvest more
photors from sutight. P1, P2 and P3 (Figure 43 were synthesised successfully
using Suzuki cross coupling and analysedHihfMR, elemental analysis and GPC.
The thermal stability was studied using TGA and the physical edadtrical
properties of these polymers were studied using\iB/spectroscopy and cyclic

voltammetry.

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

5.1.1. Reparation of P1, P2 P3

P1, P2andP3 werepreparedising Suzuki cross coupling polymerization reaction
The mechanism of Suzuki cross coupling consists of four steps, as shBigara

44. The first step is an oxidative addition reaction that couples the palladium (0)
catalyst to tk aryl halide which forms palladium (Il) halide complex (RPdXL
The complex forms in cisonformation. The second step is activation the alkyl
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palladium halide complex or organoboron compound for transmetalation using
nucleophilic base. The third step is transmetalation when the organoborn compound
reacts with palladium (Il) complex and generates a boron complex and a palladium
(I complex (twoorganic groups are attached to palladium by palladium carbon
bonds). The last step is reductive elemenation when the two organic groups are
coupled with each other which generates the desired product and regenerates the

palladium (0) which starts againtine catalyst cyclé*

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

YOH

Activation
step

Transmetallation
ArPdOH

O\
JB—Ar YX
o)

Figure 44. The mechanism of Suzuki Cross Coupling.

P1 was prepared twice with differerconditions, the first polymerization was
carried out usingdluene as solvent and tetraethylammonium hydroxide as a base,
while the second polymerization was carried oulHF as solvent and NaHG@s

a base. The polymerization 82 and P3 was carried out in THF as solvent and
NaHCQ; as a base. Albf the polymerizations were carried out under argon. When
the polymerization mixtures became viscous and the polymerpebicqut of
solutions, the polymers were ended with bromobenzene and phenyl boronic
acid to increase thetability of the polymers indevice operation. Then, the

polymers were disseéd n chloroform and stirred wittammonium hydroxide
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solution (28 % in HO) overnight, in order to remove palladium catalyspurities

It is reported that contamination of polyreevith palladium particls leads toa
break in voltage and circuit current. In addition, the palladium particles have
negative effects on charge darr mobility and lifetime** After washing the
polymers with ammonia solutisn the polymersolutions were wasd with
distilled water to remove the ammonia and concentrated to about 50dntihem
precipitated in a mixturef methanol: water (10:1). The solid crude polymers were
collected througHiltration with micropore membrarseand transferred ta fiber

glass thimble and washed with various solvents, in order methanol, acetone, hexane
and toluene, using a soxhlet apparatus. The reason for washing with methanol,
acetone and hexane is to remove monomers and the low molecular weight
oligomers. The talene fraction was concentrated and precipitatedethanol and

collected through micropore membrane

Poly  [9(1-octyl-nonyl}9H-carbazole2,7-diyl-alt-( 4 6bjs(@-methyt1H-pyrrol-
290)-2 6, bézotBiddiazolep,5diyl] (P1l) was prepared by reactingd-
(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-yl)-9H-
carbazole (7) with 4,7-bis(5-bromo1-methyt1H-pyrrol-2-
yl)benzo[c][1,2,5]thiadiazolél1) as shown ir5cheme 60

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

CgH17~ "CgHy7

CgH
) ¢

Scheme60. Preparation of P1. (i) Pd(AcO), tri -o-tolylphosphine, Toluene,
tetraethylammonium hydroxide; (ii) Pd(AcO),, tri-o-tolylphosphine, THF, NaHCO:;.

Poly[3,6-difluoro-9-(1-octyl-nonyl}9H-carbazole2, 7-diyl-alt-( 4 &bjs(@-methy}
1H-pyrrol-2 §1)-2 6 , bézottdadliazoled,5diyl] (P2) was prepared by reacting
3,6-difluoro-9-(heptadeca®-yl)-2,7-bis(4,4,5,5tetramethyll,3,2dioxaborolar2-
yl)-9H-carbazole (35 with 4,7-bis(5-bromo1-methyt1H-pyrrol-2-
yl)benzo[c][1,2,5]thiadiazolél1l) as shown irBcheme 61
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Scheme61. Preparation of P2. (i) Pd(AcO), , tri-o-tolylphosphine, THF, NaHCO:.

Poly  [9,6dioctyl-9H-fluornene2,7-diyl-alt-( 2 6bjs@-methyt1H-pyrrol-2-yl)-

2 0 , bézotlHadiazolep,5diyl] (P3) were prepared by reacting 9,9
dioctylfluorene2,7-diboronic acid bis(1;propanediol) este(36) with 4,7-bis(5

bromao1-methyt1H-pyrrol-2-yl)benzo[c] [1,2,5]thiadiazole(11) as shown in
Scheme 62

Cr o0y @Ow W L,

Scheme62. Preparation of P3. () Pd(AcO),, tri -o-tolylphosphine, THF, NaHCO:s.

5.1.2.Characterization of P1 , P2, P3

5.1.2.1. Gel Permeation Chromatography studies of P1, P2 and P3
All the GPC result are illustrated ifTable 1 with the polydispersity (PD) and the

degree of polymerization (DP).
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Table 1. Yields and GPC resultsfor P1, P2 and P3.

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

5.1.2.2'HNMR analysis of P1, P2 and P3

The'HNMR analysisof polymersP1, P2 andP3 werecarried out inC,D,Cl, at 80
°C in order to avoid broad signal especially in tlwavrfield region around (6 9

ppm) as a result of the phenomenomiwbpisomerism and polymer aggregatiGn

Figure45 showsthe 'HNMR of P1 and it revealsix signalsin the aromatic region

for the carbaole, methypyrrole and benzothiadiazol&€he protons of the carbazole
hydrogen with doublepeak at 8.00 ppm for the two protons mositions (a). The
multiplet peaks around 7.74.54 ppm are related to the four protons on the
positions (b) and (c) on the carbazole and the overlapping peaks are assigned to the
end capping groups (phenyl protons) of the polymer. The doublet peaks at 7.42 and
7.24 ppmcan beassigred to the four protons of the methyl pyrrole on the positions

(d) and (e) respectively. The singlet peak around 6.94 ppm can be assigned to the
benzothiadiazole hydrogens in the position (f). The broad singletgiehk44.55

ppm is related tgrotors on the carbon which is bonded directly to the nitrogen
atom of the carbazole (position f). It can be seen thathitiad peak was observed

in monomer(7) as a result of the atropisomerism phenomenon and it is still
observed even at high temperature. Bhe protons ofthe methyl group of the
methybyrrole are displayed at 3.75 ppm which is a singlet peakcleg& that the

broad peaksioticed on thespectrumof monomer(7) are observed on this polymer
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which result from restricted rotation at theNC these broad peaks are displayed at
242226 and204 . 91 corresponding to protons on
alkyl chain. The multiplet peaks 4dt,671.50 and 1.370.99 ppm corresponi the

alkyl chain protons thareattached to the carbazolEhe triplet peak at 0.77 ppm

is relatedo the six protons on the Gidroup at the end of the alkyl chaiattached

to the carbazole.

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

Figure 45. '"HNMR spectrum of P1 in C,D.Cl, at 80°C

Figure 46 reveals the'HNMR of P2 and it can be seen that the protons for the
carbazole hydrogen with multiplet peaks at 77789 ppmattributedto the four
protons on the positions (a) and (b) and the overlapping peaks possibly related to
the end capping groups (phenyl protons) of tblmer. The doublet peak at 7.40
ppm is related to thevo protons apositiors () on the methyl pyrrole, while the
doublet peak at 6.98pm areassigned to the other two protons on posgig@) on

the methypyrrole. The singlet peak around 7.23 ppm dsn assigned to the
benzothiadiagle hydrogens in the positions)(e The broad singlet peak at 4-55
4.45 ppm is related tgorotors on the carbon which is bonded directly to the

nitrogen atom of the carbazole (position f). The six protons on the methy gfou
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the methybyrrole are displayed at 3.75 ppm which is a singlet peak. The broad
peaks at 2.32.17 and 2.0L.85 corresponding to protons on the position (h and

hé) on the al kyl -GC9%and h760pnt domesppraioathleest at 1.

of thealkyl chain protons thatreattached to the carbazole.

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

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

The 'HNMR spectrumof P3 is shown inFigure 47 It shows four chemical
environments in the aromaticegion for the fluorene, methyyrrole and
benzothiadiazole protons. The broad singlet peak at 7.90 ppm is related the protons
in positiors (a) of the fluorene. The multiplgteak at 7.7%.41 ppm is related to

the six protons on positigr{b), (c) and (d) of the fluorenand methyl pyrrole. The
singlet peak centdeat 7.27 ppm is related to the two protons on the position (f) of
the benzothiadiazole. The doublet peak at 6.91 ppm is related to the other two
protors on position (e) of the metipgrrole. The six protons othe methyl group

of the methyl pyrrole are displayed at 3.72 ppm which is a singlet peak. The
multiplet peaks at 2.14.85, 1.741.49 and 1.32.90 ppm are corresponded to the
alkyl chain protons that attached to the fluorene. The triplet peak at 0.77sppm
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related the six protons on the €gtoup at the end of the alkyl chain that attached

to the fluorene.

aLuJJ

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

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

5.1.2.3. UMvisible absorption spectroscopynalysisof P1, P2 and P3

The UV-Visible absorptiorspectreof P1, P2 andP3 wereperformed inchloroform
solutiors and thin filns at room temperatur&igure48 shows tle spectra oP1(2),
P2 and P3 in chloroform solutios. It can be seen that all polymers shdwo
absorptionband with the first band between345 and 364 nm while the second
band arebetween 459 and 486 n(fiigure 43. A comparison of the absorption
bandsof P1(2) and P2 indicates that they havecomparableabsorption bands
maxima. The fluorene pyrrole based copolymBB shows lower absorjain
maxima compared to other copolym&%(2) and P2 which is expected due tthe

weakerelectron donating properties of fluorene comparetiab of carbazole.

160



Chapter Five: Results and DiscussigPolymers

12 -
—F1(2)
1- —P2
0.8 - P3

Normalised Abs. (a.u.)
o o
IS o

o
N
1

\

300 400 500 600 700
Wavelength (nm)

|

Figure 48. Absorption spectra of P1(2), P2 and P3n chloroform solutions.

Figure49 shows the spectra ¢f1(2), P2 andP3 asthin films. All polymers show

two absoption bands, the shorter wavelength betv@dérand 364 nm while the
longer wavelength betweet86 and 505 nm (Figure 49. The resul indicatethat

t here i s a Vv eruvauesadbetweenssolutidns ardlichstate thim o
films which are assumedo bedue to aggregatioas inthin films polymershave
more planastructure thamn solution. The freedom of movement of polynceains

in solution leads to polymer chain twistiagd so lead to lower conjugatidarom

the absorption onset &1(2 (610nm), the optical band gap energy2i®3eV. P2
hasan optical band gap energy of 2.05 eV (absorption onset at 604 nm) which is
compaable tothat of P1(2) eventhoughP1(2) has ahigh molecular weight of
(Table 3. This could bedue to electrostatic interactian between fluorine
substituerd on the carbaze and hydrogesat thed-positionon thepyrroleunitsas
shown inFigure 50 This interaction increaséhe planarity of the polymer structure
and so increasghe conjugation which results alower optical band gap energy.
This phenomenowasreported by Hursthouse at'*® P3 showsthe larger optical
band gap energy compared to thatlwd othertwo polymess (2.03 eV forP1(2)

2.05 eV forP2vs2.15eV for P3) which is expected due to fluorene bemgvealer

electrondonor compared to carbazole.
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Figure 49. Absorption spectra of P1(2), P2 and Pas a thin films.

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

A comparison of theabsorption spectraf P1(2) with its analogoughiophene
polymerPCDTBT which was reported by Leclerc et &P (the same structure but
with methybyrrole replaced with thiophendFigure 51 indicates that the
absorption bands fd?CDTBT area t max 890 and 545 nm for thin filsy while the
absorption bands fd?1(2)area t max 4 and 505 which indicatéisat P1(2) has a
higher optical band gap th&CDTBT (P1(2) (2.03 eV forP1(2) vs 1.88 eV for
PCDTBT). In addition, a comparison dP2 with its analogous polythiophene
polymerPFCDTBT** (samechemical structure but metipyirrole is replaced with
thiophene FFigure 51)indicates a lower band gap FCDTBT (2.05 eV forP2vs
1.73 eV forPFCDTBT). In addition, thePFCDTBT gave absor pjax ONn ba
416 and 595 nm which meaR&CDTBT is red shifted compared #2. Moreover,
a comparison ofP3 with its equivalent polythiophene polym&PFO 3 which was
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reported by Admassie et af? (the same chemical structure but methyl pyrrole is
replaced with thiopheneFi{gure 51)indicates thatAPFO 3 has lower band gap
energy with 1.80 eV. In addition, treb s or pt i ongforbARFOI3 isared o
shifted compared tB3 ( @ 386 and 554 nm foAPFO 3vs 345 and 486 foP3).

It can be seen, the eteanic delocalisation is clearly less pronouncedPdii2), P2
andP3 compared to that dheir thiopheneanalogougpolymers Such finding could

be due to more twisting of the backbone Rif(2) out of the planarity when
compaed to that in thiophene analogpelymers possibly as a result of steric
hindrance induced by the methyl groups on the nitrogen of Ipyarats onP1(2),

P2 and P3 and reducing the intramolecular charge transfer along the polymer

backbone.

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

5.1.2.4. Cyclic \bltammetry (CV) analysisof P1, P2 and P3

In order to study the electrochemical properties tbé polymers Cyclic
Voltammetry was carried oubn drop-cast polymer filns in acetonitrile and
tetrabutylammonium perchlorate as electrolyte. The onset of toadaand
reduction can be obtained from cyclic voltammetry curve asetl toassess the
energy level of HOMO and LUMferrocene has an ionisation potential-cf.8

eV under vacuum levef”® and the oxidation takes place at 0.G83 against the

163



Chapter Five: Results and DiscussigPolymers

Ag/Ag” reference coup)e In addition, theelectrochemicaband gap energy can be
calculated frontheenergy difference betwe¢he HOMO and LUMOlevels

Figure52 showsthe redox behaviour d?1(2), P2 andP3. As a result of having the
same acceptor repeat units, th&i,(P2, P3) have comparable LUMO energy
levels which isin the range (3.08.11 eV). In addition, P3 has lower HOMO
energy level compared that ofP1(2)andP2(-5.71eV for P1(2), -5.71eV for P2,
-5.81eV for P3), this is because fluoreradternae repeat units are weakelectron
donating group than carbazolerepeat unitsA comparison of thelectrochemical
band gap energy indicates tiR& hasthe widest band gap energyhile P1(2 and
P2 have comparable electrochemibaind gap energies (2.60 eV fot(2), 2.61 eV
for P2, 2.75eV for P3) despitethe big diffenece in molecular weigkirable J
which means the electrostatic interaction between fluorine subssitoenthe
carbazolerepeat unitsand hydrogesat the4-position on the methglyrrole repeat
units (Figure 50 does exist irP2. It can be seen that there alifference between
the optical and electchemicalband gap around (0.5 eV) &xpected due to
exciton binding energy which is in the range of (0.4000 eV)'*°,

30 -
—P1(2)
—~ 20 .
¥ \ —"
o P3
s 10 -
O
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©
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Figure 52. Cyclic voltammetry curves of P1(2), P2 and P3 .

A comparison ofthe redox behaviouof P1(2) with its analogous thiophene
copdymer PCDTBT reported by Ekclerc et al *** (Figure 53 indicates that
PCDTBT has lower electrochemicaband gap energy (.= 1.90 eV for
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PCDTBT, Eqec= 2.60 eV forP1(2). In addition, acomparison of electronic
properties ofP2 with its analogous thiophene copolyni@FCDTBT reported by
Iraqi et al **’
energy (Biec= 1.80 eV forPFCDTBT, Eqece= 2.64 eV forP2). Also, P3 has wider

electrochemicalband gap energy compared to that ahalogous thiophene

(Figure 5) indicates thaP2 has higher eleadchemicalband gap

copolymerAPF03 reported byAdmassieet al **® (Figure 5) indicatirg thatP3 has
higher electrochemicddand gap energy (k.= 2.00 eV forAPF03, Egjec= 2.75€V
for P3). It is interesting to note thalhe reduction of electronic delocalisation along
the polymer backbone of these version of polynars result of steric hindrance
induced by the methyl groups on the nitrogen of pyrrole uni®1¢R), P2 andP3.

Table 2. Summary of photaphysical and electrochemical properties of P1, P2 and P3.

Polymer Smax Smax (Thin Eop HOMO LUMO Eelect
(solution) Film) (eV) (eV) (eVv) (eVv)

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

5.1.3. Thermal analysis of P1, PR3

The thermal stability oP1, P2 andP3 were studied using TGA as shownHRigure

53. It can be seen that all three polymers exhibit a high thermal stability up to 400
°C which is high enough for the requirements of solar cell applications. The
degradabn onset ofP1 occurred at 43£C with atotal weight loss percentage of
50.3% at 80GC. In addition, the degradation onsetR#occurred at 434C with a

total weight loss percentage of 48.36% at 8D0Finally, the degradation onset of
P3occurred at 436C and theotal weight loss percentage Wa.29% at 806C. It

is clear, theyall have similar degradation onset which indicates that the degradation

can be assigned to the alkyl ahattached to the carbazolefluoreneunits
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