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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF NOVEL QUINOXALINE -
BASED AND THIENOJ[3,4-C]PYRROLE-4,6-DIONE-BASED CONJUGATED
POLYMERS AND THEIR APPLICATIONS IN ORGANIC ELECTRONICS

Karabaj, Aliekber
M. Sc., Department of Polymer Scieraned Technology
Supervisor: AssiGghbaRrof . Dr . G°

September 2017, 1G&ges

In this thesis novel quinoxalifgased andhieno[3,4c]pyrrole-4,6-dione (TPD)

based monomers were firstly synthesized. Structural analysis of each material
synthesizedvas performed with Nuclear Magnetic Resonance (NMR) Spectroscopy
and HighResolution Mass Spectroscopy (HRMS). Twovel quinoxalinebased
monomerswere polymerized with electrochemical and/or chemical polymerization
whereas TPEbased monomer was polymesd with benzodithiopherAgased
acceptor via flle coupling polycondensatiomeaction. Molecular weight of the
polymers was determined by Gel Permeation Chromatography (GPC). The
electrochemical behaviors of monomers were studied with Cyclic Voltamn@ty (

on the other hand, the electrochromic properties of polymers were studied with

spectroelectrochemical, looimetric and kinetic studies.

ELEC-PQUIN-12CTH showed both +opable/pdopable and multichromic
characteristics. In literature, the polymers having such property is rare; therefore, they

are used for special purposes such as display systems and smart windows. On the other



hand, ELEGPQUIN-20D-ED and CHEMPQUIN-20D-ED showed just yulopable
characteristics. Although such properties were common for almost all conjugated
polymers, the polymers showing green color in their neutral state and transmissive
grey color in their oxidized state are rare in literature. This kind of polymeradhavi
one of the complementary colors (RGB colors) in their neutral states and transmissive
grey in their oxidized states are interested in many applications like simple display
devices. In addition, both ELERQUIN-20D-ED and CHEMPQUIN-20D-ED
displayed grei@r optical contrasts in the visible region (43% at 728 nm and 45% at
730 nm) compared to the state of the art polymer, PDOPEQ. Furthermore, chemically
synthesized quinoxalireased homopolymer with EDOT side units showed excellent
solubility in common orgnic solvents, especially in CHCI3. To make CHEM
PQUIN-20D-ED soluble in such solvents, it was designed with a-tmmagched alkyl

chain. Since ELE@QUIN-12CGTH, ELEGPQUIN-20D-ED and CHEMPQUIN-
20D-ED have promising electrochemical and electrochromicadhearistics, they can

be easily integrated into today's electrochromic technology even the new generation

electrochromic devices.

An acceptor unit containing TPWas designed with selenophebeilding blocks
sincepolymers that utilizesvith selenopheneide units result in polymers witlow

band gap energy (<2.0 eV) and broad absorptions with covering NIR régem is

only one report of selenophene attached TPD unit being used in organic solar cells. A
number of possible novel polymers can be syn#ieeiising this materialherefore,
selenophene was integrated into TPD central unit as a side unit. In literature, BTA and
BDT are also known as promising materials for preparing organic solar cells with a
high efficiency. Thereforenovelrandom copolymer including TPD, BTA and BDT
materials were designed and synthesized via Stille coupling. This polymer was then
used as donor whereas PCBM, the common and soluble derivative of fullerene was
used as acceptor in preparation of organic s@ls.cThickness and morphological
properties ofpoly(TPD-BTA-BDT):PCrnBM were investigated and based on these
results suitable solar cell devices(ITO/PEDOT:PSS/poly(TPEBTA-
BDT):PC:1BM/LiF/Al) were prepared. CurreMoltage (FV) properties okeach cell

were also examinedll solar cell studies were done by using solar simulators in a

nitrogenfilled glovebox system (moisture <0.1 ppm; oxygen <0.1 ppm). Data

Vi



obtained from photovoltaic device was used to calculate Power Conversion Efficiency
(PCE) measurednder standard AM1.5 G illumination (100mW @mWwithout going

through the optimization process which has significant effect on PCEs, the material
showed 3.0% efficiency. This is a highly promising result and the optimizations are

currently underway inur laboratories.

Keywords: electrochromism, quinoxaline, thieno[&#yrrole-4,6-dione,

conjugated polymers, organic solar cells
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¥ZG! N KKNOKSALKN TABAMNUC] PERIBOKE DN
TABANLIKONJ UGE POLKMERLERKN SENTEZK,
KARAKTERKZASYONU VE ORGANKK ELEKTRONKKTE]

UYGULAMALARI
Karabaj, Aliekber
Y¢ksek Lisans, Polimer Bilim ve Tekn

Tez Y°nethDocGOri kG iba K

Eyl ¢l 2dayta7 , 168

Bu tezde il k koslaalriank t°azbgasnnl ékadlpmeb4,6dtygne, N t i yeno|
(TPD) tabanléeé monomerl er sentezlenmicktir. S
anal i zi N¢kl eer Manyeti k Rezonans Spektrosko
K¢tl e Spektroskopi si (HRMS) y°ntleamhleei il e
monomer el ektroki myasal vel veya kimyasal pol

TPD tabanl e monomer benzoditiyofen tabanl e

reaksiyonu sayesinde polimerlexktirilmicktir.
Ge-ir gremmatkoKr afisi (GPC) ile tayin edil mi«kt
davranéekl aré D°n¢gkegml ¢ Vol tametri (CV) il e i
czelli kleri spektroelektrokimyasal, kol ori me

ELEC-PQUIN-12G-TH hem ntipi/p-t i p i kan kkeemnadi mel ti kr omi k ©
sergi lleimiekrtaitr¢,.r de bu tip ©°zelliklere sahip p

bu polimeterg®r ¢nt ¢ sistemleriame-ib&éenl l anéddmhraiaargi

viii



¥t e y aERECARAQUIN-20D-ED ve CHEMPQUIN-20D-ED polimerlerin

yal ngkat & €l anma °zeBlui jize¢?stkeéremi mteirrede y

poli merl er i -in yayYygenhal madéengern] mee,
ge-irgen gri renggier gt gt edNeCetnra dibaklclianecteh ¢ € c &
renklerden (RGB rengi) birisine sahipe oksi tl enme halinde ge

sahip olan bu tip polimerler basi t go°r¢é¢ntg- ockk hakzéht e o kg
uygulamalada ilgilenilmektedirDa h a s &, gor ¢ n&RARQUIN20DEP d e ELE
ve CHEMPQUIN-20D-ED polimerlerin( 728 nméde %43 v,e 730

ge-irgen bir oken td epnomeimnnearlei n(dPeDykPelEnQ) g° r
opti k kontrast Ayergial, emi°bhmgdi tad kaka&ali | ga

edilen monomer sayesinde, kimyasal y°nter
bul unduran kinoksalin i-erikIl:@i isimdeno po |l i r
m¢ ke mme | bir - 0 7 (OMEM-RQL IN-2CDEB poknmremmi bahsii r

ge-en -0 z¢éicelerde -°zéengr yapmak i -1in u

edi | mELBCIQUIN-12GTH, ELEGPQUIN-20D-ED ve CHEMPQUIN-20D-
ED polimerlering mver en el ekt r oki myas aél svaey,leaslienkdter o
polimerlerh e m k i mdd y&ni nedil @ektrokromiteknolojisinekolayca entegre

edilebilirler.

Selenoferyang ni t esi il e birlikte kullanélan pol
eV) ve NIR b°l gesini de kapsayrdPD dereirwe na
brakseptor ¢nitesi birkkiede aaf an.eOf agpaanii kkh kgg, niel

pillerinde kull anél méxk, selenofenin TPD
vardeéer . Bu maxdkbemevies&uPlzagn n poli merl er
Bundan dols € selenofen ¢(nitesi TPD mer kezi ‘

edildi., Ay né z aimaerdaat,,rlde BTA ve BDT y¢ksek v

pili h¢gcreleri hazeéerl amak Bu imedendemntdaol
TPD, BTA ve BDT malzemelr i n i i -eren °zg¢n random ko
ve Stille kenetl enme rOaagkasii ko ngus, nielke hsgecmrt
pol i mer don©r ol arak kull anél mexkt ér . Ay |
-%zéengr bir te¢revi orak BOGBMrigaai kkgem

hazérl anmaséendal &knull élaneé mmet Eol oj i k °zel

b u -al ékxkmal ar én sonu-1I|l ar éna dayanar ak



(ITO/PEDOT:PSS/pof TPD-BTA-BDT):PC1BM/LiIF/Al)haz ér | Ay mBee s ér .

bir h¢crgeriim(@@V)akeezrel | i k1 er i i ndedledmmxltamre Ty
azot dol u el divenli bir kabin sistemin -
yapeéel mé gOlem; oksieredl pp m) . Fotovoltaik cihazdan
15Gaydén!l atma ) 198&yamWN.cdre °I| - ¢m¢g yapeélan g -
(PCE) hesapl amakKuil-liann ékl valnl af naérlknmhéek tséirs.t eml er i
h¢crelerin veri mine kat k é sajl adej e bil i nm
optimizasymn%d apetr imaidra el de edi | mesi umut va
edil en bu il k verlaboragjufvadah@rz émé¢ aabhendée] ®@pda mi z

yapcakd f ot ovol t ai k h¢aim eblier i mayvdaoli npdsskasiejki

beklenmektedir

Anaht ar Sdektrokgokikne kinoksalintiyeno[3,4c]pirol-4,6-diyon,
konjuge polimerler, organik g¢nexk p
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CHAPTERS

1. SYNTHESIS AND CHARACTERIZATION OF NOVEL QUINOXALINE -
BASED CONJUGATED POLYMERS AND THEIR APPLICATIONS IN
ORGANIC ELECTRONICS

1.1. INTRODUCTION

1.1.1. Electrochromism

Electrochromism is defined as the reversible and visible changes in optical
characteristics of electroactive materials applied at specific voltage int¢tyals
When the voltage is introduced to such materials, two types of electron transfers can
occur. These possible transfers can be achieved either by taking e{esthactior)

or by losing electroffoxidation). In each case the generation of different redox states
occur, followed by formation of new electronic absorption bands in the spectrum.
Because of such chaeg) the electroactive materiadtdangecolor(s) while switching

[2]. The possible color chaagare described as follows:

i. from a color state to a transmissive state;
ii. from a color state to a new colored state;

iii. from a color state to several colored states (multichrojajc)

These properties of electrochromic materials mentioned above attract outstanding
attention in both academia and industry, which resulted in furtesearch and

investigation on electrochromic conjugated polynj8ts



There are several materials showing electrochromic characteristics in literature. The

most famous examples from main classes of electrochr@recshown as follows:

i. transition metal oxides;
ii. phthalocyanines;
lii. Prussian blue viologens;

iv. conducting polymerf], [4], [5].

The most webstudied metal oxide films known in history eliectrochromism were
tungsten trioxide (We) and iridium dioxide (IrQ) [4]. Over the past years,
conducting polymers become more popular since they have advantages over inorganic
counterparts. Higher colorati efficiency, better UV stability, higher optical contrast,

and faster switching time are several advantages of such poljghers addition to

these benefits, conductingplymers can be easily modified with almost limitless
number of both alkyl chains and side urfit$. Combining all these advantages of
conducting polymers together, they become very pogatafabrication of various

electrochromic devices such as smart windf8ysnd epaperd9].



CeH1s CeHis

N/\N
i\ B
S S n
2

SRV,

N N s
\WERA W EAY
o ©
/

1 3
CyHq C7Hss
CoHs CeHyz  CgHys o/_\o NJ\NH
S N S \ i ) s
NSNS % SRS \ / \ "
4 5 6
1N N\
s N s” i C1zHas
N
s
B "
NO, s \

Figure 1.1. Various electrochromic polymers in literatyd®]i [17].

1.1.2. Importance of Conducting Polymers

A variety of electroactive monomers, for instance, pyrtieed 18], quinoxaline
based19], and thiophendased20] are knownm literature. After the discovery of
conducting polymers, most of them have been polymerized with different
polymerization methods such as electrochemical polymeriz§2ignand chemical
polymerization[22] to prove whether they show electrochromic characteristics. The
studies showed that a lot of them show promising electrochromic characteristics such
as high contrast ratio, lortgrm stability, fast switting times, and ease of
processabilityf23]. In addition, the studies proved that conducting polymers can be
synthesizeds either homopolymer or copolymer and modified alkyl chains and side
units depending on the applicatifitB]. Because of these great opportunities, many

novel monomers have been synthesized and characterized via electrochemical,



spectroelectrochemical, and kinetic studies. An immemsaber of articles on
electrochromic conducting polymers have been published by academia.
Electrochromic devices are making their way to the md8{et

Figure 1.2. Some application areas of conductive polynj243.

1.1.3. RGB Colors in Conducting Polymers

RGB colors consist of red, green, and blue colors and known as three additive main
colors or three complementary cold25]. The syntheses of conducting polymers
having one of three complementary colors in their neutral state have been a crucial
problem for the fabrication of colorful and higjuality electrochromic deves. Since

only one absorption band centered at visible region was needed to obtain blue and red
color, such colored polymers have been discovered fifa8} On the othehand,

two absorption bands (red and blue) centered at visible region was needed to obtain
green colof26]. Thus, the discovery of green colored polymers had takenrltnge

than the red and blue counterparts. After the missing part in RGB color space was
completed by Wudl et aJ27] and later by Toppare et §8] in 2008, obtaining any

kind of color become possible by applying the catoxing theory.
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1.1.4. Importance of Green to Transmissive Electrochromic Polymers

In history of electrochromics, both blue to transmissive and red to transmissive
conducting polymers were quickly discovered. However, the synthesis of green
colored conjugated polymer in its neutral state was still a crucial need for completing
the last missing part in RGB color space. In 2004, the first green to transmissive
conducing polymer defined as PDDTP was discovered by Sonmez [@7&l. Even

the first green polymer waswitching between a green and brown state, it played a
key role for attracting researchersbod
quinoxalne-based homopolymer with linear alkyl chain defined as PDOPEQ was
synthesized by Toppare and cowork§8]. This time green polymer could be
switching between a green and transmissive oxidized state. It was noted as the world's

first green to transmissive switching polymer.

at



Polymers in a desired color have been generally obtained by synthesizing of polymers
including DonorAcceptorDonor (D-A-D) type materials. In addition to the color
optimization, DA-D type acceptors also lower the band gap energy and widen the
absorption spectra of the resulting homopolymer and/or copolymer. Therefére, D

D type accept increase their popularity in organic electronics.

1.1.5. Acceptor Units

Designing acceptor units are very important to not only increase the quality of
electrochromic properties but also to enhance the efficiency of photovoltaic devices.
Since eachapplication requires polymers with tuned band gap, designing novel
acceptor units and their use in design and synthesis of novel materials is a crucially
important. There are several factors affecting band gap of conjugated polymers. Some

of these factorare shown below:

i. bond length alternation;
ii. donoracceptor choice;
lii. substituent effect;
Iv. resonance effect;
v. planarity effec{36]i [40].

The most powerful method mentioned abawelonoracceptor (BA) choice since
suitable combination of A units not only lowers the band gap but also enhances
many distinct parameters. For example, the combinatiorALDits affects the color

and conductivity of resulting polymers. By a propembination of these units in an
electrochromic device design, polymers with high conductivity and desired colors can
be achieved41]. On the other hand, -B units affects the range of solar energy
absorption, holanobility, planarity and the amount of harvesting solar energy of
resulting polymers. By a suitable match ofADunits in a PV device design, broad
solar energy absorption, high hole mobility, high planarity and significant amounts of
harvesting sun lightan be obtained. Moreover, by structural modifications -& D

units, the soluble and processable polymers can be synthesized.

6



1.1.5.1. Quinoxaline-Based Central Units

Quinoxalinebased conjugated polymers have been studied for many years since the
importanceof conducting polymers were revealed. Quinoxaline is known as strong
electronaccepting unit. Because quinoxaline central unit has two symmefric sp
hybridized nitrogen atoms in its structure, it shows high electron affdhity Any
poly(quinoxaline) derivative also provides strong electron transporting due to ease of

switching to its quinoid fornf3].

[

Aromatic form Quinoid form
. . .
S S S
Aromatic form Quinoid form Aromatic form Quinoid form

l;igure 1.4. Aromatic and quinoid forms of poly(quinoxaline), poly(thioph)erw?d
poly(EDOT)[43].

There are also other benefits of quinoxaline central unit. One of the most impressive
benefits of such unit is that it can effectively tune the energy level, followed by
lowering the band gap of the resulting poly(quinoxaline) derivatij42].
Additionally, quinoxaline central unit enables to make a lot of modifications on its
structurg23]. For example, thiophene and EDOT derivatives have been connected to
the quinoxaline central unit and electrochemical, optical, and photovoltaic
characteristics of resulting poly(quinoxaline) derivatives have beediest
According to the results it was confirmed that quinoxabased polymers with either
thiophene or EDOT side units provide broad absorptions and display great-charge
transfer properties, fast switching times, and high air stabilities for electrmichro

device[44]-[45]. Besides, soluble and processabtdymers are very important to

7



fabricate electrochromic devices in industrial level. Combining these significant
advantages together, designing and synthesizing poly(quinoxaline) derivatives
become one of the best solutions for fabrication of Hgglity electrochromic

devices.

:\

R R )
NHN
Lo
R R

k\
>
Figure 1.5. Quinoxaline central unit.

1.1.6. ECOPIX Project

To attract audiences6 attention, advertising
cheapest, and the most effective ways and used many significant media tools for these

purposes. For instance, such agencies have benefited from the power ofdsl|lboa

internet, print medias, televisions, and radios for many years. Nowadays, outdoor
advertisingofhlbmewnadsemmoutsi ng ( OOH) affects
than the other forms of media such as print media, radio, and television. One of the

suwb-branch of OHH is known as digital OHH (DOOH). In developing advertising

mar ket , such displays have played a key r ol e
billboards integrated with either LCD or LED technology are therefore installed

everywhere. Sincéhey provide easier and faster updating of advertisements by a

remote computer control, many advertising agencies prefer to announce their products

and messages by using such billboards rather than the traditional billboards. However,

besides several advages of DOOH displays, they also create many problems. For

example, a great number of electrical power and a lot of money are needed to operate

such digital displays. Furthermore, DOOH pollutes the environment with the

significant amount of electronic wtes. When such drawbacks are considered, some

serious projects are needed to take a big step forward of DOOH technology. For this

purpose, ECOPIX project has been organized by joining 8 European pioneering

8



academic and industrial organizations from 4 aasi countries and funded by the

European Union, in the 7th Framework Programme between the years e2@01.4

ECOPIX project is mainly based on the development of environmefitigihdly new
generation of reflective color displays by using innovativentpble polymers
showing electrochromic characteristics. The aim of this project is to create a new
technology with sustainable, flexible powsaved, lightweight, and coloercontrolled

DOOH displays. The role of METU in this project is to synthesize $®lahd
processable red to transparent, green to transparent and blue to transparent
electrochromic polymers in very high quantity and characterized each of them by
building pilot devices.

1.1.7. Polymerization Methods

A lot of techniques have been developéter the importance of conducting

polymers was clear. The main techniques are described as follows:

electrochemical polymerization;
photochemical polymerization;

metathesis polymerization;

(B xS e B

solid-state polymerization;

c:

chemical polymerization;
U inclusion pdymerization;

U plasma polymerizatiof24].

When all methods mentioned above are compared with each other, electrochemical
and chemical polymerization methods become the most preferable methods in both
academia and industry. Fnstance, polymerization of conjugated monomers and
characterization of resulting polymers can be achieved rapidly by electrochemical
polymerization methof21] On the other hand, there is no need for an electrochemical
setup for chemical polymerization; thus, polymers both in high quantity and in high

molecular weight can be synthesized easily by applying such migtbjod

9



1.1.7.1. Importance of Electrochemical Polymerization Method

Electrochemical polymerization is performed by CV and mainly defined as the self
coupling reaction of an aromatic compound like pfiene under an inert
atmospher¢21]. Threeelectrode system, supporting electrolyte(s) and solvent(s)
are needed in such polymerization. These electrodesanty ITO-coated glass

slide as working electrode, Pt wire as counter electrode, and Ag wire as reference
electrodd47].

The solubility of both conjugated monomers and supporting electrolyte(s) determine
the choice of solvent(s]47]. In other word, the monomer and supporting
electrolyte(s) should be dissolved in solvent or solvent couples completely. In
literature, TBAPE, LiClO4, and NaClQ are some of the most popular supporting
electrolytes used in CV. On the other hand, ACN and PC are knownre anost

common solvents due to having high relative permittivity and large potential range.

Electrochemical polymerization method is one of the best choices for production and
characterization of electrochromic materials sinég kind of method provies many
advantagedq48]. For instance, either homopolymer or copolymer films can be
obtained and the thickness of resulting polymer films can be controlled by using su
method. Furthermore, conjugated monomers can be polymerized on electrode very
rapidly and generally it takes a few seconds. The fast electrochemical and optical
characterizations of the polymer films are also possible. Moreover, there is no need to
makefurther purification in such polymerization method.

10
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Figure 1.6. General mechanism of electrochemical polymerization where XHs N
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1.1.7.2. Importance of Oxidative Chemical Polymerization

Oxidative chemical polymerization is known as the coupling reaction of an aromatic
compound like EDOT with a Lewis acid catalyst under an inert atmosph@ye
FeCk. MoCls, Fe(OTs3, and Ru( are some the catalysts used in this method;
however, the most commonly used catalyst is kel addition, this kind of
polymerization can be easily achieved in common organic solvents such ag CHCI
EtOAc, and dioxane.

There are many benefits of oxidative chemical polymerizafd)}. One of the
beauties of such polymerization is that conjugated monomers can be polymerized
easily and the corresponding polymer can be obtained both in high quantity and in
high molecular weight. Additionally, &dion processable polymers can be obtained

with applying such polymerization method. This means that the polymers can be

11



coated no matter how much the size of {¢@ated glass. Based on these reasons,
oxidative chemical polymerization method become onethef most promising

methods to satisfy the needs for industrial processes.
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Figure 1.7. Various examples of oxidative chemical polymerization in literd22%
[33], [51], [52]

1.1.8. Characterization of Conducting Polymers

There are various methods ¢baracterize the conducting polymers synthesized via
electrochemical and/or chemical methods. For example, CV is a significant
characterization method to get information abaluction and oxidation behaviors,
color changeshe HOMO/LUMO energy levels arl@ of polymers. Furthermore,
conducting polymers are characterized by spectroelectrochemical studies to learn
O ,_ , polaron and bipolaron states upon oxidation of electrochromic materials
by applying stewise potentials. In addition, kinetic studies are used to characterize
the optical contrast(s) (% transmittance(s)) and the switching time(s) of conducting

polymers by applying potentials switching between neutral and oxidized states.

12



Moreover, NMR spectisropyis mainly used for proving the structures of the
polymers and also gain idea about the degree of polymerization. On the other hand,
GPC is used for determination of molecular weight and the PDI of the polymers.

1.1.9. Aim of This Work

The aim of this wdt was to synthesize two novBbnorAcceptorDonor (D-A-D)

type monomers (QUIN2CTH and QUIN2OD-ED) with Stille coupling and
polymerized them with chemical polymerization and/or electrochemical
polymerization. Each monomer included quinoxatinee unit but they differed from

each other with donor side units and alkoxy groups in their structure.

Soluble Alkoxy Groups

QUIN-12C-TH

CazHas| CqzHas
o o)

Quinoxaline

Soluble Alkoxy Groups

\

CioHz1 || CioHz1
CgHyz CgHiz

QUIN-20D-ED o\i ip

Quinoxaline N
Central Unit NS/

N\ /N - Central Unit
. Il . Thiophene EDOT
' Side Unit Side Unit ' @ @

Figure 1.8. Quinoxalinebased monomers designed for electrochromic devices.

Since it was proved that quinoxalibased polymers with thiophes&le units show

great chargdransfer properties, broad absorptions, fast switching times, and
enhanced air stability for electrochromic devices, the first mon(@i¢iN-12CTH)

was designed with thiophene building blocks in the main chain. Moreovekyalko
groups with linear alkyl chaing/as linked to the quinoxaline side untts make
resulting polymenPQUIN-12C-TH) soluble and processabl®UIN-12CGTH was

then electrochemically polymerized and the electrochromic characteristics of
homopolymer films oPQUIN-12G-TH were investigated in detail. On the other hand,

the second monomer was designed for ECOPIX project as an alternative green to

transparent polymer to the first green to transparent polymer (PDOPEQ) previously

13



synthesized byoppare and coworkgiin 2008 Here the main aim was to synthesize

a polymer with highly saturated green color in the neutral state. The electrochromic
characteristics of PDOPEQ was not quite suitable for the ambitious aim of the
ECOPIX project. During our studies on blugransmissive polymers, we discovered

that changing a linear alkyl chain on polymer backbone to a branched one not only
improved the solubility but also resulted in better electrochromic prop¢8®}s
Hence in the context of the ECOPIX project we dbxd to change the linear alkyl
chain of the original PDOPEQ with branched ones to be able to find out if similar
enhancements will be observed. Since PDORER synthesized with EDOTd&

units, second quinoxalidgased monomelQQUIN-20D-ED) was also designed with

such side units to increase the probability of getting green to transparent polymer.
However, this time the branched alkyl chains rather than linear ones were connected
to thequinoxaline side units to make the corresponding polym@iJ(R-20D-ED)

soluble and processable. ThEWJIN-20D-ED was electrochemically and chemically
polymerized and compared the electrochemical results with each other and PDOPEQ

as well
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1.2. EXPERIMENTAL

1.2.1. Materials & Methods

All commercially available reagents were purchased from Sigldach, Across,

Tokyo Chemical Industry Co., Ltd. (TCI), and Merck. All reactions were performed
under Arunless otherwise noted. All anhydrous solvents such as THF, DMF, and
toluene were either distilled over Na/benzophenone or supplied from a solvent
purification system. The electrochemical properties of each monomer were
investigated by using a Voltalab p0tentiostat in a threelectrode system including

Indium Tin Oxide (ITO) coated glass slide as the working electrode, platinum wire as
the counter electrode, and Ag wire as the pseudo reference electrode calibrated against
Fc/F¢. All cyclic voltammetry measurements of polymers were made by using
GAMRY Reference 600 potentiostat and such measurements were performed under
argon atmosphere at room temperature. The spectroelectrochemical properties of each
polymer were analyzed by using Varian Cary 5000-W¥ spectrophotometer.

HOMO and LUMO energy values were determined by taking NHE valuk &5 eV

in the formula of OO OO0 U M O )andd YO U T& ULV ™

O ). 'H and®C NMR spectra of each product were identifiedusyng Bruker
Spectrospin Avance DRX00 Spectrometer with using either CRGr DMSO as

sol vent . To make such analysis chemical
TMS as an internal reference. The accurate mass measurements for each novel product
were made by HRMS by using Waters Synapt MS System. Silica Gel Column
Chromatography with silica gel (Acros,i350 em) fill ed i n a sui"
was used to purify most of the products. TLC on glass plates coated with EMD silica
gel 50 F254 was uddo determine the best solvent system to make Silica Gel Column
Chromatography and to confirm the identity of each product by either looking under

ultraviolet light or staining KMn@stain by exposing mild heating
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1.2.2. Synthesis of Two Novel QuinoxalindBased Monomers

1.2.2.1. Synthetic Route for QUIN-12C-TH
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Figure 1.9 Reagents and conditions: K2CQOs, DMF, 8 0b ufe& AICES 1 %;

DCM, 0 AC cYHBr,Br, 83%; A.EOHNaBW, 0 AC VY rt, 89 %,
e.EtOH,p-TSA, 85 fABF nBul3,%;8 AC Y g/PhMe, PE(PFYy,

115 AC, 84%.
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1.2.2.2. Synthetic Route for QUIN-20D-ED
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1.2.3. Experimental Procedures for Synthesis of QUINL2C-TH

1.2.3.1. (Dodecyloxy)benzene

OH a o.
©/ + Br._-C11Hz ©I CizMazs

Figure 1.11. Reagents and conditiors:K,.CO;, DMF, 80 AC, 91 %.

(Dodecyloxy)benzene was prepared according to the literfg8feUnder an argon

atmosphere phenol (3.8 g, 40 mmol) an€&s (6.6 g, 49 mmol) were added into the

reaction flaskand dissolved in anhydrous DMF (25 mL)bdomododecane (10 g, 40

mmol ) was added to the solution dropwise at
at this temperature overnight and then cooled to the room temperat@ewvd$

introduced to the reactiditask and aqueous layer was extracted with DCM several

times. The combined organic layers were dried over anhydrouSQhaAfter

filtration, the solvent was removed under reduced pressure. The resulting light brown

oil was then purified by column chronography (SiQ, Hexane).The target product

was obtained as a colorless oil (9.5 g, 91%)NMR (400 MHz, CDCJ) : ar 7. 33

7.27 (m, 2H), 6.98 6.90 (m, 3H), 3.97 (t) = 6.6 Hz, 2H), 1.81 (quin] = 6.2 Hz,

2H), 1.48 (quin,] = 6.4 Hz, 2H), 1.38 1.27 (m, 16H), 0.92 (] = 6.7 Hz, 3H)C

NMR (101 MHz, CDCQ)) ia 159. 24, 129. 42, 120. 47, 114.
29.77, 29.73, 29.54, 29.48, 29.43, 26.19, 22.81, 14.20.

1.2.3.2. 1,2-Bis(4-(dodecyloxy)phenyl)ethanel,2-dione

o]
CizHas” o
o] o. b
cl J-Hrd + ©’ CizHzs @
o o-C12H2s

o

Figure 1.12 Reagents and conditiorts:urea, AIC, DCM, 0 AC Y rt, 85%.

1,2-Bis(4-(dodecyloxy)phenyl)etharg,2-dione was prepared according to the
literature[54]. Under an argon atmosphere (dodecyloxy)benzene (5.9 g, 22 mmol),

urea (1.4 g, 23 mmol) and AlgX4.5 g, 34 mmol) were added into the reaction flask.
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The reaction temperature was decrease® to AC wi t O batm Atithtsse / H
temperature DCM was added until the mixture was completely dissolved. Oxalyl
chloride (1.3 g, 10 mmol) was added dr opyv
mixture was warmed to room temperature and stirred ovdrnResulting brown

mixture was poured into cold.B and aqueous phase was then extracted with DCM
several times. The combined organic layers were washed with aqueous 15%4NaHCO
solution and dried over anhydrousJS@x. After filtration, the solvent was meoved

under reduced pressure. The resulting reddiskivn oil was then purified by column
chromatography (Si§) Hexane 20:1 EtOAc). The target product was obtained as a
yellow oil (5.1 g, 85%)H NMR (400 MHz, CDC)) : ar 780 (&, 54H), 6.96

6.92 (m 4H), 4.02 (t) = 6.5 Hz, 4H), 1.79 (quinl = 6.7 Hz, 4H), 1.45 (quin} = 8.1

Hz, 4H), 1.31i 1.24 (m, 32H), 0.88 (1= 6.7 Hz, 6H);"*C NMR (100 MHz, CDCJ):

d 193.54, 164. 48, 132. 34, 126. 10, 114.70
29.34,29.32, 29.01, 25.94, 22.69, 14.12.

1.2.3.3. 4,7-Dibromobenzo|c][1,2,5]thiadiazole

Figure 1.13 Reagents and conditions:HBr,Br,, 130 AC, 90 %.

4,7-Dibromobenzothiadiazole was prepared according to the litef&kirdJnder an
argon atmosphere benzothiadiazole (4.0 g, 29 mmol) was added irgadtien flask

and dissolved in HBr (72 mL, 48% in water). The solution of(Br2 mL) and HBr

(32 mL, 48% in water) was added dropwise to the mixture. The mixture was stirred at
reflux temperature for 6 h and then cooled to the room temperature. Rtedipimed

in the reaction flask was filtered by suction filtration and washed with saturated
solution of NaHS®@to remove excess bromine. The resulting solid was dissolved in
DCM. Organic phase was washed with saturated solution of Nai®340 several
times. The combined organic layers were then dried over anhydre8ONaAfter

filtration, the solvent was removed under reduced pressure. The target product was
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obtained purely as a yellow solid (7.8 g, 909%6):NMR (400 MHz,CDCJ) : 4 7. 71
(s, 2H);®CNMR (100 MHz,CDC¥) : U 152.95, 132.35, 113.91.

1.2.3.4. 3,6-Dibromobenzenel,2-diamine

S.

NN
I/
Br—OBr

Figure 1.14 Reagents and conditior$:EtOH, NaBH, 0 AC Y rt, 89 %.

d HzN NHz

3,6-Dibromobenzend,2-diamine was prepared according to the literatit@].
Under an argon atmosphere 4ljBromobenzothiadiazole (5.10 g, 17.4 mmol) was
added into the reaction flask and dissolved in EtOH (170 mL). The reaction
temperature was then decreased ®©® wi t h .Oaath. At this teiperature
NaBHs (12.2 g, 322 mmol) was added portionwise oven0 and the mixture was
stirred at room temperature overnight. Then, EtOH was removed under reduced
pressure. The crude product was washed with brine followed by extraction with
diethyl ether. The combined organic layers were dried over anhydre8QNafter
filtration, the solvent was removed under reduced pressure. The resulting yellow solid
was purified by column chromatography (Si®Hexane 5:1 EtOAc). The target
product was obtained as a pailow solid (4.1 g, 89%)H NMR (400 MHz,

CDCl) : (s, BH), 8.89 (s, 4HPC NMR (100 MHz,CDG)) : & 133. 74, 123.:

109.70.

1.2.3.5. 5,8-Dibromo-2,3-bis(4-(dodecyloxy)phenyl)quinoxaline

o.
Br C12H25
Cu“zs’D @ o HN - NHp e N g
-
SRS .
o ~Ci2Hzs N
° Br

O,Cszs

Figure 1.15 Reagents and conditions.EtOH,p-T S A, 7 3 %.
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5,8Dibromo-2,3-bis(4-(dodecyloxy)phenytjuinoxaline was prepared according to

the literaturg56]. Under an argon atmosphere-bj&(4-(dodecyloxy)phenyl)ethare

1,2-dione (2.17 g, 3.75 mmol), 3dibromobenzend,2-diamine (1.00 g, 3.75 mmol)

and catalytic pTSA (32 mg, 0.19 mmol) were dissolved in Et@5D mL). The

reaction mixture was stirred at reflux temperature overnight and then cooled to the
room temperature. # was added to the resulting yellow mixture. This aqueous

phase was extracted with DCM several times. The combined organic layers were
wadhed with brine and dried over anhydrous8l@s. After filtration, the solvent was

removed under reduced pressure. The resulting greenish yellow solid was then
purified by column chromatography (SiGHexane 50:1 EtOAc). The target product

was obtained asyellow solid (2.2 g, 73%)H NMR (400 MHz,CDCZY) : U4 7. 82 (
J=3.0 Hz, 2H), 7.66 (d] = 8.4 Hz, 4H), 6.88 (d] = 8.5 Hz, 4H), 3.99 (1] = 6.6 Hz,

4H), 1.81 (9J = 7.1 Hz, 4H), 1.48 1.23 (m, 36H), 0.90 (1= 6.4 Hz, 6H)*C NMR
(100MHz,CDC$) : U 160.48, 153.55, 139.01, 132.
68.11, 31.96, 29.71, 29.69, 29.65, 29.62, 29.45, 29.40, 29.25, 26.08, 22.73, 14.17.

1.2.3.6. Tributyl(thiophen -2-yl)stannane

5 Bu s Bu
W + cr-stau r . U—si—usu
Figure 1.16. Reagents and conditiofsTHF, nBuLi,-78 AC Y rt , 97 %.

Tributyl(thiophen2-yl)stannane was prepared according to the litergfife Under

an argon atmosphere thiophene (1.0 g, 12 mmol) was added into the reaction flask and
dissolved in anjdrous THF (25 mL). Then, the reaction mixture was cooled&o

A C a-Budi (5 mL, 13 mmol; 2.5 M in hexane) was added dropwise over 30 min.

The reaction mixture was stirredd8 AC for 1.5 h. Tributyl
mmol) was then added gpwiseat7 8 AC. The reaction mixtut
room temperature and stirred at this temperature overnigbtwas added into the

reaction mixture. This aqueous phase was extracted witD ttree times. The

combined organic layers were washedhwitine and dried over anhydrous Séx.

After filtration, the solvent was removed under reduced pressure. The target product
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was obtained as a yellow oil (4.3 g, 97%) and used without making any further

purification.
1.2.3.7. 2,3-Bis(4-(dodecyloxyphenyl)-5,8-di(thiophen-2-yl)quinoxaline
S_/ 0\C12H25
Br @ D“5:12"'25 B N @
/N S / u 2 - |
L) oo ——— e
N u ~Ci12Hzs
Br @ o-C12Hzs /_s °

QUIN-12C-TH

Figure 1.17. Reagents and conditiorg:PhMe, Pd(PP{s, 115 AC, 84 %.

QUIN-12GTH was prepared according to the literatys8]. Under an argon

atmosphere 5;8ibromo2,3-bis(4(dodecyloxy)phenyl)quinoxaline (2.0 g, 2.5

mmol) and tributyl(thiophef2-yl)stannane (2.3 g, 6.2 mmolere added to the

reaction flask and dissolved in anhydrous toluene (50 mL). Then, P{P®h1 g,

0.10 mmol) were introduced to the reaction mixture. This mixture was stirred at 115

AC for 24 h and then c eowasetten atbol torebutingr oom t e mp
reddishbrown solid and the aqueous layer was extracted with DCM several times.

The combined organic layers were washed with brine and dried over anhydrous

NaSQu. After filtration, the solvent was removed under reduced pressure. The

resuting reddish yellow solid was then purified by column chromatography>(SiO

Hexane 30:1 EtOAc). The target product was obtained as an orange solid (1.7 g, 84%):

'HNMR (400 MHz,CDCJ) : U 8. 04 (s3.7H2,8H),7.7F(d18&5 ( d,

Hz, 4H), 751 (d,J = 5.1 Hz, 2H), 7.17 (1) = 4.4 Hz, 2H), 6.92 (d] = 8.5 Hz, 4H),

4.01 (t,J = 6.6 Hz, 4H), 1.82 (quin, J = 6.8 Hz, 4H), 1149.29 (m, 36H), 0.93 (1]

= 6.7 Hz, 6H);®C NMR (100 MHz, CDGJ)) : 4 160.29, 147.78, 141
133.41, 130.86,28.61, 128.41, 128.37, 126.64, 126.19, 116.09, 68.42, 31.84, 29.98,

29.87, 29.78, 29.73, 29.51, 29.44, 26.09, 22.75, 14.10.
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1.2.4. Experimental Procedures for Synthesis of QUIN2OD-ED

1.2.4.1. 9-(Bromomethyl)nonadecane

OH a Br
4’

CSHW C1UH21 csHﬁ" c:1ﬂHZ1

Figure 1.18 Reagents and conditiors:DCM, PPHh, NBS, 0 AC Y rt, 8

9-(Bromomethyl)nonadecarveas prepared according to the literat{5®]. Under an

argon atmosphere-@tyldodecanol (35.3 g, 118 mmol) was added into the reaction

flask and dissolved iDCM (110 mL). Then, the reaction mixture was placed in an

ice/lHO bat h. When t he t e m@eagal7Oummel) wasaddedne 0 .
I n one portion and the mixture was stirre
was added portionwise over B0n. Then, ice/HHO bath was removed and the reaction

was stirred at room temperature overnight. The solvent was removed under reduced
pressure and hexane was added into the resulting sticky brown oil followed by
filtration of this mixture. Hexane was theemoved under reduced pressure drel

residue was purified by column chromatography ¢SkKexane). The target product

was obtained as a colorless oil (35 g, 82H)NMR (400 MHz,CDCJ) : U 3. 44 ( d
= 4.7 Hz, 2H), 1.59 (hepf,= 5.7 Hz, 1H), 1.41 1.22 (m, 32H), 0.89 (i = 6.6 Hz,

6H); °C NMR (100 MHz,CDCG)) : UG 39.50, 32.60, 31.97, 3
29.63, 29.43, 29.38, 26.61, 22.74, 14.13.

1.2.4.2. ((2-Octyldodecyl)oxy)benzene

CgH
Br 8T

©/°H /[ - ©/0\)\Cw”21
+
CgHi7” "ChoHz

Figure 1.19 Reagents and conditions.K>CGg, DMF, 80 AcC, 8 5 %.

((2-Octyldodecyl)oxy)benzene was prepared according to the literfg8feUnder
an argon atmosphere phe(@I60 g, 70.1 mmol) andX 03 (12.3 g, 89.0 mmol) were
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added imo the reaction flask and dissolved in anhydrous DMF (40 mL). Then, 2
octyldodecyl bromide (25.5 g, 70.6 mmol) was added to the solution dropwise at 80
AC. The reaction mixture was stirred at thi s
the room temperate. HO was introduced to the reaction flask and aqueous layer
was then extracted with DCM several times. The combined organic layers were dried
over anhydrous N&Qu. After filtration, the solvent was removed under reduced
pressure. The target productswabtained as a colorless oil (22 g, 85%):NMR

(400 MHz, CDC%) : U1 727 (81,42H), 6.98 6.91 (m, 3H), 3.88 (d] = 5.9 Hz,

2H)), 1.84 (hept) = 7.0 Hz, 1H), 1.42 1.25 (m, 32H), 0.97 (1] = 6.7 Hz, 6H)}*C

NMR (100 MHz, CDQ)) u 129.88, @40, 114.59, 70.78, 38.15, 38.07,
32.09, 31.76, 31.56, 31.49, 30.20, 30.14, 29.82, 29.77, 29.52, 27.03, 26.96, 22.84,
14.20.

1.2.4.3. 1,2-Bis(4-((2-octyldodecyl)oxy)phenyl)ethanel,2-dione

CgHiz7

o
o
oA e
: ®
o o C1oHz21
CgHqz

Figure 1.2Q Reagents and conditions:urea, AIC,, DCM, 0 AC Y rt, 56 %.

1,2-Bis(4-((2-octyldodecyl)oxy)phenyl)etharnk 2-dione was prepared according to

the literaturg54]. Under an argon atmosphere-{@yldodecyl)oxy)benzene (15 g,

40 mmol), urea (2.4 g, 40 mmol) and Ad@8.0 g, 60 mmol) were added into the
reaction fl ask. The reacti onObathAtthishen <cool e
temperatue DCM was added until the mixture was completely dissolved. Oxalyl
chloride (2.5 g, 20 mmol) was added dropwi se
mixture was warmed to room temperature and stirred overnight. Resulting brown

mixture was poured into hH>O and aqueous phase was then extracted with DCM

several times. The combined organic layers were washed with aqueous 15%NaHCO

solution and dried over anhydrousJS&u. After filtration, the solvent was removed

under reduced pressure. The resultirdgligtbrown oil was then purified by column

chromatography (Si§) Hexane 1:1 DCM). The target product was obtained as a
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yellow oil (9.0 g, 56%)*H NMR (400 MHz, CDCY) : U J=89 Biz, 4H), 6.95

(d,J = 8.8 Hz, 4H), 3.90 (d] = 5.6 Hz, 4H), 1.79hept,J = 5.9 Hz, 2H), 1.41 1.23

(m, 64H), 0.87 (tJ = 6.6 Hz, 12H)23C NMR (100 MHz,CDCJ) : & 193.58, 1
132.34, 126.07, 114.74, 71.33, 37.81, 31.92, 31.89, 31.26, 29.97, 29.65, 29.56, 29.34,
29.31, 26.81, 22.68, 14.11.

1.2.4.4. 5,8Dibromo-2,3-bis(4-((2-octyldodecyl)oxy)phenyl)quinoxaline

CgHy7
CioHz21

o
L _o HN  NH Br \/K':"'Hz‘
CgHi7 @ o 2 z , N
O + Br Br —— |
N
0 CyoH
0/\( 10H21 Br @ o

CgHy7

CioHz1

CgHyz

Figure 1.21 Reagents and conditionfsEtOH,p-TSA, 85 AC, 82 %.

5,8Dibromo-2,3-bis(4-((2-octyldodecyl)oxy)phenyl)quinoxaline ~ was  prepared
according to the literaturfb6]. 1,2Bis(4-((2-octyldodecyl)oxy)pknyl)ethanel,2-

dione (4.1 g, 5.1 mmol), 3;@bromobenzend,2-diamine (1.5 g, 5.6 mmol) and
catalytic pTSA (88 mg, 0.51 mmol) were added to the reaction flask and dissolved
this mixture with EtOH (50 ml). The reaction mixture was stirred at reflux teatype
overnight and then cooled to the room temperatus®. Was added to the resulting
yellow mixture. This aqueous phase was extracted with DCM several times. The
combined organic layers were washed with brine and dried over anhydrgt&Na
After filt ration, the solvent was removed under reduced pressure. The resulting yellow
brown solid was then purified by column chromatography {SH{@xane 2:1 DCM).

The target product was obtained as a yellow solid (4.3 g, S28MR (400 MHz,
CDCk) : u 7.82 (s8.1H2H4H),6.90/(d]630 HE,dH), 3.89 (d]=

5.3 Hz, 4H), 1.81 (hepfl = 5.1 Hz, 2H), 1.48 1.13 (m, 64H), 0.91 (] = 6.7 Hz,

12H); 3C NMR (100 MHz, CDGQ) : a 160. 77, 153.56, 139.
130.34, 123.¢, 114.43, 71.03, 37.97, 31.98, 31.40, 30.08, 29.74, 29.71, 29.65, 29.41,
26.92, 22.74, 14.17.
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1.2.4.5. Tributyl(2,3 -dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane

Bu
s S /

Bu —
S\—% + Cl-Sh—Bu — £t . QSQ >
o o By d » ™
— A—

Figure 1.22 Reagents and conditiong:THF, nBuLi,-78 AC Y r

t,

99 %.

Tributyl(2,3-dihydrothieno[3,4b][1,4]dioxin-5-yl)stannane was prepared according

to the literaturg60]. Under an argon atmosphere-8ithylenedioxythiophene (3.0 g,

21 mmol) was addkinto the reaction flask and dissolved in anhydrous THF (60 mL).

Then, the reaction mixture was cooled708

A C-BaLin(@3 mi, 23 mmol; 2.5

M in hexane) was added dropwise over 30 min. The reaction mixture was stired at

AC
The

78
AcC.

for

reacti on mi xtur e was

In chiforide (8.2 @, 25 mimalXwsad them added dropwiségat

war med t

o

temperature overnight.2® was added into the reaction mixture. This aqueous phase

was extracted with ED three timesThe combined organic layers were washed with

brine and dried over anhydrous 4S&x. After filtration, the solvent was removed

under reduced pressure. The target product was obtained as a yellow oil (9.0 g, 99%)

and used without making any further purificat

1.2.4.6. 5,8Bis(2,3dihydrothieno[3,4-b][1,4]dioxin-5-y1)-2,3-bis(4-((2-

octyldodecyl)oxy)phenyl)quinoxaline

O
CgHyz

=( )
S, 2—0 0\)\
, o X u
B » g CioH21 Q—s{‘B—Bu . /N[ O
\N| + d p B T Sn G
Br O o/\rcmHzt — C /_S 0’\/
(o]

CgHy7

QUIN-20D-ED

CgHy7

CgHy7

CaoHaz1

C1oH21

Figure 1.23 Reagents and conditiors: PhMe, Pd(dba}, P(ctol);,1 1 5
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QUIN-20D-ED was prepared according to the litera{dg]. 5,8-Dibromo-2,3-bis(4
((2-octyldodecyl)oxy)phenyl)quinoxaline (2.0 g, 1.9 mmob(ti2butylstannyl}3,4-
ethyleneébxythiophene (2.1 g, 4.8 mmol), Rdbay( 8 8 mg, 97 -Dljsol ), a
(88.4 mg, 290 Omol) were added to the re:
di ssolved in anhydrous toluene (50 mL).
and then cool#® to the room temperature ,® was added to the resulting reddish

brown sticky oil and the aqueous layer was extracted with DCM several times. The
combined organic layers were washed with brine and dried over anhydrgs&Na

After filtration, the solventwas removed under reduced pressure. The resulting
reddishbrown sticky oil was then purified by column chromatography £SiO
Petroleum Ether 1:1 DCM). The target product was obtained as a red sticky oil (2.0

g, 90%):'H NMR (400 MHz, CDCJ) : UG 8 ), 3.B (dJs 8.8 Hz HiH), 6.90

(d,J = 8.8 Hz, 4H), 6.55 (s, 2H), 4.494.23 (m, 8H), 3.88 (d] = 5.6 Hz, 4H), 1.74

(hept,J = 6.8 Hz, 2H) 1.60 1.15 (m, 64H), 0.98 0.81 (t,J = 6.9 Hz, 12H);**C

NMR (100 MHz, CDC}): 160.08, 150.34, 141.35, 140,186.87, 131.96, 131.93,

131.07, 128.46, 127.56, 123.42, 114.20, 113.55, 102.94, 71.01, 64.95, 64.37, 38.01,
31.95, 31.40, 30.06, 29.71, 29.68, 29.63, 29.38, 26.90, 22.72, 14.15
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1.3. RESULTS AND DISCUSSION

1.3.1. Quinoxaline-Based Polymer Syntheses

O O

0.1 M TBAPF,/(ACN : DCM) (5: 1)

0,
0,

Electrochemical Polymerization

- L
0
- L
T

“d
X
>

©
S
©

( PQUIN-12C-TH ] N

O

FeCl,;, EtOAc
Chemical Polymerization

[CHEM-PQUIN-IZC-TH ] Ny

©
©

n

O,
O,

Q)
®

= K
\ZO_

©
S
©

&
e
&)

C1oHz1 || C1oH21 C1oH21 || C1oH21
CgHq7 2_(:8“17 CgHqz 2_(33“17
1 0 o )

0.1 M TBAPF,/ (ACN : CHCL) (5: 1)

J

Electrochemical Polymerization

s
T

-
4 [ELEC—PQUIN—ZOD—ED ] N N
) SR
[CaHﬂ CWHH}[CWH?lcaHW] [CBHW CWHH][CN}ECBHﬂ]
0

0 o

ol
& O ric o & O
N N

=
-~
X

]

Chemical Polymerization

@ @ ((cEMpouIN20D-ED ) @ @ n

Figure 1.24 Polymerizations of QUINL2G-TH and QUIN2OD-ED.

Quinoxaline acceptor with both a linear alkyl chain and a branched alkyl chain were
known in the literature. Both stannylated EDOT and stannylated thioplereealso

29



known in literature. QUINL2GTH and QUIN20OD-ED monomers were synthesized

via Stille coupling with using several Pd catalysts. Homopolymer films of QLG

TH could be just produced by electrochemical polymerization (EPRUIN-12CG

TH) althoudn QUIN-12CGTH was tried to be polymerized electrochemically and
chemically. On the other hand, homopolymer films of Q2D-ED could be
synthesized by both electrochemical polymerization (EAEE@JIN-20D-ED) and
oxidative chemical polymerization (CHEMQUIN-20D-ED). After that,
electrochemical, spectroelectrochemical and kinetic characteristics of each polymer

were investigated.

1.3.1.1. Chemical Polymerization of QUIN-12C-TH

Under an argon atmosphere QUINCGTH was tried to be polymerized via oxidative
chemical polymerization witanhydrous FeGht different conditions. In other words,

the parameters such as the amourandfydrous FeG| the time interval anthe type

of sdvent were changed one by one after each unsuccessful attempt. For instance,
QUIN-12CGTH was tried to be polymerized with both 3.5 and 7.0 equivalents of
anhydrous FeGlby using the same organic solvent (CkJGit same time interval
(24h). However, extrealy sticky precipitates were obtained after the reaction mixture
was added into a beaker filled with cold MeOH. Because this resulting residue could
not be isolated for characterizatiothe polymerization of QUINL2GTH was
repeated by changinGHClz with EtOAc. The same extremely sticky residue was
again obtained. After all trials at different conditions, the desired homopolymer could

not be attained.

1.3.1.2. Chemical Polymerization of QUIN-20OD-ED

Under an argoatmospheranhydrous FeG[491 mg, 3 8.3Beq.Pwasddded
to the reaction flask and dissolved in a minimum amount of EtOAc. At the same time,
QUIN-20ODED (100 mg, 86.5 Omol) was added

dissolved in a minimum amount of EtOAc. This solution was then introducke to
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FeCk solution dropwise under dark environment. After the addition was completed,
the reaction mixture was stirred at room temperature for 24h. The resulting polymer
solution wastransferred into a beaker including cold MeOH; thereftine, fast
precigtation of polymer (CHEMPQUIN-20D-ED) was achieved. Then, the
poly(CHEM-PQUIN-20D-ED) were excessively washed with MeOH. To dedope the
polymer, 5% hydrazine monohydrate solution (100 mL in gHd the resulting
mixture was stirred at room temperature &b min. After that, the solvent was
removed under reduced pressure. The polymer wasekegssively washed with
MeOH, followed by washing with acetone. This washing procedure was done until
the polymer films did not give any color to the filtrate. Tlesidue was dried in
vacuum oven atPQUN2DD-BDOwnere GbthiBdd as dark blue films
(100 mg, 98%); GPC: M(Da): 33,453, M (Da): 44.908, PDI: 1.3

1.3.2. General Procedure of Electrochemical Studies

For each electrochemical polymerization, the ngstable voltage interval where
fully neutral and oxidized states of polymers can be observed in adlectede

system. The electrodes used in this system were shown as follows:

1. ITO-coated glass slide as working electrode;
2. Ptwire as counter electrade

3. Ag wire as reference electrode.

The most suitable solvent and supporting electrolyte(s) couples were chosen to make
homogeneous homopolymer films on ITO by scanning appropriate potential range.
Since CHEM PQUIN-20D-ED was obtained with chemical polyneation, the
polymer films of it were coated on ITO by spray coating. Then, polymerization CVs
and single scan voltammograms for each polymer were analyzed. By using the data
obtained, the electroactivity of each monomer and the formation of corresponding
polymers were proved. Additionally, the monomer oxidation peak for each polymer
was detected by looking the first cycle represented as red line in such voltammogram

throughout this thesis. By using the data obtained from single scan voltammogram, p
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dopingp-dedoping and/or -doping/ndedoping potentials, the HOMO/LUMO
energy levels and the electronic band gaps of EBEXUIN-12GTH, ELEGPQUIN-
20D-ED and CHEMPQUIN-20D-ED were determined respectively. To calculate
the HOMO and LUMO energy levels of eachyookr, the onset of the corresponding
p-doping/pdedoping peaks anddoping/ndedoping peaks were determined and then
the following equations were used:

0 0000 Ttuv ™ O ;
U 0YOO t§u @™ O

4.75 referred to NHE value a4.75 eV vs vacuum whereas 0.3 referred to the
calibration of reference electrode wrt Fc/Fc+ as 0.3 eV. If there wasdoping and
n-dedoping peaks at single scan voltammogram, optical band gap data obtained from
Spectroeletochemistry was used to determine the LUMO energy level. Moreover,
the color characteristics of corresponding polymers upon positive and/or negative

doping were investigated.

1.3.2.1. Electrochemical Studies of ELEGPQUIN-12C-TH

Electrochemical polymerization of QUIN12GTH was carried out in 0.1 M
TBAPFs/(ACN : DCM)(5 : 1) and 0.01 M monomer (QUIN2G-TH) solutions with
repeated scanning betweef.2 and 1.2 V. Multiple scan voltammogram for
polymerization of QUIN12CTH proved theelectroactivity of this monomer and the
formation of corresponding polymer films. By looking to the first cycle shown with
red line in Figure 3.2 the monomer oxidation peak for QUHNYGTH was
determined as 1.10 V. This polymer showed rrudtor charactestic at its oxidized

state.
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Figure 1.25 Multiple scan voltammogram for polymerization of QUIRGTH at
100 mV/s in 0.1 M TBAPF(ACN : DCM)(5 : 1) solution on ITO.

By looking toFigure 3.3 p-doping and pledoping peaks of ELEEQUIN-12CGTH
weredetected at 0.59 and 0.37 V. Also, two differentaping and rdedoping peaks
were observed in this figur@his type of conjugated polymers are rare polymers
having both pdoped and ftloped properties are valuable for fabrication of ambipolar
transistorsin Figure 3.3, he first rdoping and rdedoping peaks were detected at
1.39 and1.27 V whereas the seconaloping and rdedoping peaks were found-at
2.10 and-1.76 V. The HOMO and LUMO energy levels of ELEBQUIN-12CGTH
were calculated agt.95 and-3.52 eV, respectively. By using these two values, the

electronic band gap of ELERQUIN-12G-TH was calculated as 1.43 eV.
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Figure 1.26 Single scan cyclic voltammogram of ELERQUIN-12GTH in a
monomer free 0.1 M TBARFACN solution on ITO.

1.3.2.2. Electrochemical Studies of ELEGPQUIN-20D-ED

Electrochemical polymerization of QUIROD-ED was carried out in 0.1 M
TBAPFs/(ACN : CHCB)(5: 1) and 0.01 M monomer (QUiROD-ED) solutions with
repeated scanning betweef.6 and 1.1 V. Multiple scamwoltammogram for
polymerization of QUIN2OD-ED proved the electroactivity of this monomer and the
formation of corresponding polymer films. By looking to the first cycle shown with
red line in Figure 3.4, the monomer oxidatioralpéor QUIN-20D-ED was deteted

at 0.72 V. This polymer had saturated green color at its neutral state and transmissive
grey color at its oxidized state.
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Figure 1.27. Multiple scan voltammogram for polymerization of QUEDD-ED at
100 mV/s in 0.1 M TBAPF(ACN : CHCE)(5 : 1)solution on ITO.

Two different pdoping and pledoping peaks belonging to ELERQUIN-20D-ED

were detected in Figure 3.5. The firstipping and pledoping peaks were determined

at 0.49 and 0.00 V whereas the secombping and gdedoping peaks were fouadl

0.76 and 0.50 V. In literature, the similar homopolymer with linear alkyl chain known
as PDOPEQ was synthesized by Toppare and coworkers in 2008. Based on the results
in this paper, the monomer oxidation potential of EHEQUIN-20D-ED (0.72 V)

was sigificantly lower than the oxidation potential of PDOPEQ (0.80 V). In addition,
the oxidation and reduction potentials of ELPQUIN-20D-ED (0.49 V and 0.01

V) were quite similar with PDOPEQ (0.50 V and 0.07 V). The HOMO energy level

of ELEC-PQUIN-20D-ED wascalculated as4.85 eV. Since ELEEPQUIN-20D-

ED did not show rdoping and rdedoping characteristics, the LUMO energy level
was determined by using the band gap values shown in the spectroelectrochemical

study of this polymer. The LUMO energy level wasethas-3.37 eV.
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Figure 1.28 Single scan cyclic voltammogram of ELERQUIN-20D-ED in a
monomer free 0.1 M TBARFACN solution on ITO.

1.3.2.3. Electrochemical Studies of CHEMPQUIN-20D-ED

CHEM-PQUIN-20D-ED was spray coated onto ITO coated gésstrode and cyclic
voltammetry studies were performed in 0.1 M TBARREN monomer free solution.

Two different pdoping and pledoping peaks belonging to CHERQUIN-20D-ED

were detected in Figure 3.6. The firstipping and pdedoping peaks were determah

at 0.39 and 0.00 V whereas the secomtbping and gdedoping peaks were found at
0.70 and 0.52 V. The HOMO energy level of CHENDUIN-20D-ED was calculated
as-4.78 eV. Since CHEMPQUIN-20D-ED did not show fdoping and rdedoping
characteristics, theUMO energy level was determined by using the band gap values
shown in the spectroelectrochemical study of this polymer. The LUMO energy level
was noted as3.23 eV. This polymer had saturated green color at its neutral state and

transmissive grey color &t oxidized state.
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Figure 1.29 Single scan cyclic voltammogram of CHERQUIN-20D-ED in a
monomer free 0.1 M TBARFACN solution on ITO.

1.3.3. General Procedure of Spectroelectrochemical Studies

Polymer films of ELECPQUIN-12CG-TH, ELEG-PQUIN-20D-ED were obtained by
growing on ITO potentiodynamically whereas polymer films of CHERIUIN-
20D-ED were formed on ITO by spray coating. After that, each ITO was put in a
monomer free 0.1 M TBARFACN solution after thoroughly washed with ACN to
eliminate residual monomers and/or small oligomers. Then, the changes in both the
electronic structure and the optical characteristics ( and O ) upon doping
dedopingprocesses of corresponding polymers were analyzed at a specific voltage
interval with Varian Cary 5000 UWis spectrophotometer. By looking the electronic
absorption spectra and the formation of polaronic statesere determined.
Furthermoreto calculatéO of each polymer, the onset of the lower energy transition

was firstly detected and then the following equation was used:

U O —or©O

(De Broglie equation
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To emphasize the scientific color of polgrs with respect to CIE (Commission

l nternational e de | 6 E icimeasurements verecalsmdong.i nat e s,
Based on each color changing at different voltages, L, a, b values of each polymer

were determined. In CIE coordinates, L is refetieeds Luminance, a is referred to

as hue and b is referred to as saturation.

1.3.3.1. Spectroelectrochemical Studies of ELEEPQUIN-12C-TH

The homopolymer films of ELE®PQUIN-12GTH were obtained via
electrochemical polymerization. To eliminate the monomersaamall molecules on
ITO, a monomer free 0.1 M TBARRACN solution was used. To investigate the
optical characteristic of ELE@QUIN-12CTH, the potentials betweer0.3 and 1.2

V were applied with 0.05 increments. As seen in FigureELEC-PQUIN-12CGTH
showed twg_  centered aB96 nm and622 nm. Additionally, the first polaronic
band centered at 895 nm upon oxidatiOn. of this polymer was calculated as 1.57
eV. Furthermore, this polymer had turquois color at its neutral statamimissive
grey color upon positive doping. These colors of EEEQUIN-12CTH and its L, a,

and b values were shown in Figure 3.8.
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Figure 1.3Q Electronic absorption spectra of ELERQUIN-12GTH upon pdoping
between0.3 V and 1.2 V in a monomé&ee 0.1 M TBAPEK/ACN solution on ITO.
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Figure 1.31 Colors of PQUIN12CGTH and its L, a, and b values.

1.3.3.2. Spectroelectrochemical Studies of ELEEPQUIN-20D-ED

The homopolymer films of ELEGPQUIN-20D-ED were obtained via
electrochemical polymerization. To eliminate the monomer and small molecules on
ITO, a monomer free 0.1 M TBARFACN solution was used. To investigate the
optical characteristic of ELE@QUIN-20D-ED, the potenals between0.6 V to 1.1
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V were applied stepwise. As seen in Figure 3.9, EEEEZIJIN-20D-ED films
showed twq_  centered at 405 nm and 728 nm. In literature, it is known that if any
material has two absorption maxima at around 400 nm and 700 simows the true
green color in its neutral state. Additionally, the first polaronic band centered at 930
nm upon oxidationO of ELEC-PQUIN-20D-ED was calculated as 1.48 eV.

Furthermore, this polymer had saturated green color at its neutral state and

transmissive grey color upon positive doping. These colors of ERQUIN-20D-
ED and its L, a, and b values were shown in Figure 3.10.

Absorbance (a.u.)

1 v ) M v
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Figure 1.32 Electronic absorption spectra of ELHRQUIN-20D-ED upon pdoping
between0.3 V to 0.95 V in a monomérree 0.1 M TBAPE/ACN solution on ITO.
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Figure 1.33 The colors of ELEEGPQUIN-12CTH and its L, a, and b values.

1.3.3.3. Spectroelectrochemical Studies of CHEMPQUIN-20D-ED

The polymer films of CHEM PQUIN-20D-ED were grown by spray coating on ITO. To
eliminate the monomer and small molecules on ITO, a monomer free 0.1 M TR&MF
solution was used. To investigate the optical characteristic of CARMIN-20D-ED, the
potentials betweer0.6 V to 1.1 V were applied stepwise. As seen in Figure 3.11, CHEM
PQUIN-20D-ED films showed twq_ centered at 417 nm and 730 nm. In literature, it is
known that if any material has two absorption maxima at around 400 nm and 700 nm, it shows
the true green color in its neutral state. Additionally, the first polafmend centered at 935

nm upon oxidationO of CHEM-PQUIN-20D-ED was calculated as 1.55 eMurthermore,

this polymer had green color at its neutral state and transmigsyecolor upon positive
doping. These colors of CHEMQUIN-20D-ED and its L, a, and b values were shown in
Figure 3.12. We were pleased to see that the new polymer GMBEMN-20D-ED showed
brighter more saturated green color in its neutral state compafeDOPEQ. This makes
CHEM-PQUIN-20D-ED a better candidate for electrochromic device applications.
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Figure 1.34 Electronic absorption spectra of CHERQUIN-20D-ED upon p

doping betweer0.3 V to 0.95 V in a monomer free 0.1 M TBAJPACN solution on
ITO.
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Figure 1.35 The colors of CHEMPQUIN-20D-ED and its L, a, and b values.

1.3.4. General Procedure of Kinetic Studies

The polymer films on ITO were obtained as mentioned above. Then, the optical
contrasts (% transmittance) and the switching times of PQU2IITH, ELEG
PQUIN-20D-ED and CHEMPQUIN-20D-ED were analyzed by probing the
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changes in transmittance with respecapplied potentials and these analyses were

made by Varian Cary 5000 UVis spectrophotometer.

1.3.4.1. Kinetic Studies of ELEC-PQUIN-12C-TH

The optical contrasts (% transmittances) of PQURCGC-TH were found as 16% at
400 nm and 31% at 625 nm. Moreover, #witching times of this polymer were
determined as 1.3 s at 400 nm and 2.0 s at 625 nm.
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Figure 1.36 The optical contrasts of PQUIM2C-TH in a monomer free 0.1 M
TBAPFs/ACN solution at 400 nm
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Figure 1.37. The optical contrasts of PQUIM2GTH in a monomer free 0.1 M
TBAPF/ACN solution at 625 nm.

1.3.4.2. Kinetic Studies of ELEC-PQUIN-20D-ED

The optical contrast (% transmittance) of ELBQUIN-20D-ED were found as 43%
which was relatively high optical contrast at 728 nm. Moreover, the switching times
of this polymer were determined as 2 s at 728 nm.
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Figure 1.38 The optical contrast of ELE@QUIN-20D-ED in a monomer free 0.1
M TBAPFs/ACN solution at 728 nm.

1.3.4.3. Kinetic Studies of CHEM-PQUIN-20D-ED

The optical contrast (% transmittance) @HEM-PQUIN-20D-ED were found as

45% which was relatively high optical contrast at 730 nm. Moreover, the switching
times of this polymer were determined as 1.9 s at 730 nm. This optical contrast value
was higher than what was achieved with PDOPEQ (42%).edery switching times

were faster for PDOPEQ compared to CHEIQUIN-20D-ED.
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Figure 1.39 The optical contrast of CHENMQUIN-20D-ED in a monomer free 0.1
M TBAPFs/ACN solution at 730 nm.
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Figure 1.40. Summary otlectrochemicakpectroelectrochemical and kinetic studies
of ELEG-PQUIN-12CTH, ELEGPQUIN-20D-ED and CHEMPQUIN-20D-ED.
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Figure 1.41 Summary ofcolorimetric studies of ELE®PQUIN-12G-TH, ELEC-
PQUIN-20D-ED and CHEMPQUIN-20D-ED.
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1.4. CONCLUSION

In this thesis two novel quinoxalideased monomers with thiophene and EDOT side
units were designed and synthesized via Stilepling reactions. Each synthesized
product was characterized with NMR spectroscopy. Quinoxalirsed homopolymer
films (ELEC-PQUIN-12C-TH) with a linear alkyl chain and thiophene side units were
synthesized via electrochemical polymerization. On theerohand, quinoxaline
based homopolymer films with a branched alkyl chain and EDOT side units were
synthesized with both electrochemical polymerization (EAEKQUIN-20D-ED) and
oxidative chemical polymerization (CHEMQUIN-20D-ED). Electrochemical,
spectrokectrochemical and kinetic properties of PQUIRGTH, ELEGPQUIN-
20D-ED and CHEMPQUIN-20D-ED were investigated respectively.

The electrochemical studies showed that both ELEPQUIN-20D-ED and CHEM
PQUIN-20D-ED are pdopable polymers. Both polymers reled a rare
characteristic of electrochromic polymers which is switching between green and
transmissive grey color during doping/dedoping. Since ELLPQUIN-20D-ED and
CHEM-PQUIN-20D-ED have one of the complementary colors (RGB color) in their
neutral stags, they are promising candidates for many electrochromic applications
like simple display devices. In literature, there are also few polymers that display both
n-doping/pdoping and multichromic. The electrochemical study results proved that
ELEC-PQUIN-12C-TH was the member of this group of multifunctional polymers.
Due to such unique characteristics, this polymer can be used for special optoelectronic
applications such as display systems and smart windows. Furthermore, the kinetic
studies proved that irhé visible region, ELEC'PQUIN-20D-ED and CHEM
PQUIN-20D-ED had higher optical contrasts (43% at 728 nm and 45% at 730 nm)
than the first green polymer with a transmissive oxidized state (PDOPEQ). Moreover,
chemically produced quinoxalifiecluding homopofmer with EDOT side unit had
great solubility in common organic solvent due to the logical design of monomer with

solubilizing alkoxy groups. The promising electrochemical and electrochromic results
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make ELECQUIN-12CGTH, ELEGPQUIN-20D-ED and CHEMPQUIN-20D-ED
excellent candidates for both current and next generation electrochromic device

applications.
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2. SYNTHESIS AND CHARACTERIZATION OF NOVEL THIENO[3,4-
C]JPYRROLE -4,6:DIONE-BASED CONJUGATED POLYMERS AND
THEIR APPLICATIONS IN ORGANIC ELECTRONICS

2.1. INTRODUCTION

2.1.1. The Needfor Photovoltaics

With the continuous developments in both science aodntdogy over the last

decades and with increasing populatithre energyconsumption on Earth increases
steadily However, suclenergyconsumptios become a worldwide problem day by

day since there is a limitation of almost all sources useel fore r gy sisociety oday 6
In other words, the problem is that all energy sources are not renewable sources such
as crude oil, natural gas, andatf®1]. Because of this reason, in near future they will
have been exhausted completely. Thatos w
energy sources such as wind and sunlighteededo replacenonrenewdle ones

before the energy crisis evolved. For such purpose, solar cells converting sunlight

into electricity become one of the most powerful solutions to meet the energy demands

of world and over the years they have proved theoirtance with the development

of various solar cell devicg61].

2.1.2. The History of Photovoltaics

The development of solar energy started with the discovery of photovoltaic effect by
the French physicist Alexandre Edmond Becquerel in 1f3. He realized the
generation of photocurrent on the Pt electrodes placed into the electrolytes while

working onillumination ofvarious metal halides such as AgCl and AgBr in an acidic
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solution [62]. In 1873, the first photoconductivity in solid Se was discovered by
English electrical engineer Willoughby Smii#3]. In 1876, the first report on the
formation of electricity from light was published by William Grylls Adams and his
student Richard Evans D#2]. They inspired by Willoughby Smith and made a lot

of experiments with Se. At the end of their experiments they realized that when Se is
exposed to sunlight, it can produce electricity. Becaiigbese two discoveries on
photoconductivity in Se, thérst thin-film Se-based PV cell was created by an
American inventor Charles Fritts in 1882]. Although PCE of this cell was lower

than 1%, it provided for considerable increase in the researches on this area. In 1905,
the article related with the theory of photoelectric effect was published by Albert
Einstein[62]. In this paper, he mentioned how the electrons could be released on a
metal surface by the help of light. In 1916, this theory was proven by American
physicist Robert Andrews Millikan; therefore, Einstein was gramatédiobel Prize

with his study in 192262]. In 1906, the photoconductivity in solid anthracene was
discovered by Pochettirf63]. His discovery was crucial because anthracene was the
first organic compound displays photoconductivity. Until 1918, adyaSed PV cell

was not constructed. Luckily when the time was 1918, a method for produttion o
monocrystalline silicon was developed by a Polish scientist Jan Czocl@dlskilis

study enabled for preparation monocrystalline PV cells; however, the first
monocrystalline Sbased PV cell could be produced in 1941. In 1932, the
photovoltaic effect in cadmiurselenide was discoverg@5]. In 1946, the modern
junction £miconductor PV cell was patented by an American engineer Russell
Shoemaker OHB2]. In 1951, the first germaniuimased PV cell was made whereas

in 1954 the first efficient Sbased W cell was created at Bell Laborator{é§]. Even

though this cell had 6% efficiency, the governments started to support PV researches
significantly because they believed tiaitless and ecdriendly energy of the sun

will be converted into electricity in the near future. Because of such support and
investment, PCE of PV cells were increased to 14% in 1960s. The first crucial
application in PV world was made by USA for spaxplorations and in 1958 the US
satellite known as 66Vanguard 166 was | aunc
first solarpowered satellitg62]. In the beginning of 1960s diffemt types of PV
materials such as GaAs, methylene blue, and carotenes were found due to the

significant researchers in PV field and PV cells were prepared by using@3gm
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However, the price of PV cells was expen

mainly used in small area applications like calculators. In the years between 1980 and
2000, a number of important discoveries and developments were realaed. F
example, the first heterojunction PV device based on small orgamigcules was
made by Tang in 1986 whereas the first dye/dye bulk heterojunction device was
reported by Hiramoto in 199]63]. Just two years later, the first polymesdC
heterojunction PV device was published by Saric[®B&]. Furthermore, within te
consecutive years, the first bulk polymey/@eterojunction PV cell and the first bulk
polymer/polymer heterojunction cell were made by Yu and Yu/Hall corporations,
respectively{63]. Because of such revolutions in PV field, polymer solar cells (PSC)
become a new field for the development of PV applicatiOtiser than silicon based
technologies, iace the higkcost, low stability, and short lifetime were sifjcant
issuesfor mass production, innovative legost techniquesdiscovery ofnovel
inorganic, organic and polymeric materials have laskiressing these problemger

the last decadd§7].

2.1.3. Parts of Photovoltaic Solar Energy System

There are four major parts irtypical PV solar system. They are shown as below:

photovoltaic module;

charge controller;
battery bank;

A

inverter[68].

The first part consists of many small photovoltaic cells. The electricityrsgyfi
generated on the surfaces of these cells when they are exposed to the solar energy.
The efficiency of these cells determines the amount of electricity produced. The main

significant advantages of PV cells are shown as follows:

I. They donot need anyuel to work;

il. They do notreate any noise while working;
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iii. They do not harm the environment with any w468].

The second part, the charge controller is used for checking the batteries whether they
are either overcharged or discharged. The third part is responsible for storing the
surplus produced by the modulus toused later The last part of PV solar system,
inverter is needed to convert the direct current (DC) generated by PV panels to
alternating current (AC)68].

Consumption 12 volts DC

CHARGE
CONTROLLER O
S—

SOLAR
MODULE ‘

Consumption 110/220 volts AC

[

INVERTER  — B B
BATTERY
BANK g

Figure 2.1. Parts of photovoltaic solar energy systé&a.

2.1.4. Working Principle of Photovoltaics

PV cells works based on the junction principle effect. In a typical PV cell,
semiconducting materials such as Ge and Si are firstly doped with the elements in
Group 3 and Group 5, respectively. Then, these materials are usdgpasand n

type materialsn PV cells. Doping process is therefore known as inserting another
atom into the bulk crystal to modify the conductivity. To obtatyged material with

a free positive charge (holejliconis doped with one of the elements in Group 3 like

B or Ga. Orthe other hand, to producetype material with an extra electrailicon

is doped with any element in Group 5 such as P and As. After the end of doping
process, fiype material tends to receive electrons whereagp@ material has a
tendency to sharedir electrons. When these two materials arequlac contact with
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each otherdiffusion takes place on the surface betwedype and rype materials.

Due to the random motions of the free electrons, electrons intyperside start to
diffuse acrosgaito the ptype sideSimilarly, holes start to diffuse from thetype side

into the ntype side[69]. A space chargeegion an area around the junction is
generated due to suciffdsions. When electrons fill each hole in theéype side of

the space charge regipnegatively charged ions are generated in this side. On the
other hand, positively charged ions are produced in-thpenside of thepace charge
region An internal éectric field is then created due to the existence of these oppositely
charged ions and pushes an electron to entesghee chargeone[70]. Electrons
produced by solar energy in the vicinity of gsgace chargeone can easily move to
the ntype side. By making connection with a metallic wire betweeitype and p

type layers, the flow of these electrons frottype side to the+ype side is obtained

by crossing thepace chargeegion[70]. Then, these electrons move to the external

wire back to complete the circuih@d a flow of electricity is generated.

. Space charge

p-doped region n-doped
®| o o |
Hole concentration @ O 0 i Electron concentration
\ O O :
Hole diffusion —»1 @ (o] !

& le— Electron diffusion

)

Carrier concentration

o
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O O
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O O

O hole . Electricfield : @ clectron
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Figure 2.2. Working principleof a typicalp-n junbtion[?O].

2.1.5. Generations of Photovoltaics

In recent years, the energy neédocietyand thandustryhave been one of the major
problems with developing and emerging technologies. To meet such a significant
amount of energy need, the renewable and sustainable energy sources have been

investigated as a permanent solution. Like wind energy, hydro eneggptirermal
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energy, solar energy has playa#ey role to produce clean, sustainable, renewable
and ecefriendly energy over the last two decad68]. Although a lot of different

types of PV devices Wa been designed and released to the market, the PV cell
technologies are mainly divided into three generations. These generations are shown

below:

1. 1'Generation PV cells;
2. 2" Generation PV cells;

3. 3"Generation PV ce[b1].

2.1.5.1. 1stGeneration PV Cells

The production of the first generation of PV cells are dominated by gungtéon
PV cells based on silicon (Si) wafers and such PV calisbe produced from 100 to
200¢ nthick waferq71]. Since crystalline forms of Si is used as a main material, two

type of PV cells are fabricated in such generation. These PV cells are shown below:

1. singlecrystalline Sibased (sSi-based) PV cells
2. multi-crystalline Sibased (meSi-based) PV cell71].

a b
Figure 2.3. a. Singlecrystalline Sibased PV cellb. Multi-crystalline Sibased PV
cell [71].
Since Si is an inorganic material, the figgneration PV cells is also known as

inorganicbased PV cé&d. The main source of Si is silica (S)Qvhich is the most
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abundant mi ner al in the earthodés crust;
silica.

There are several benefits of such generation. For instance, since Si is the second most
abundantelemnt i n the earthdés crust, it can e
the long term{68]. Also, ecefriendly solar cells can be utilized since crystalline Si
shows nortoxic characteristi¢72]. In addition, Sibased PV cells have high stability

so that they can be used for many years without decreasing in their perfof6&nce
However, there are also some drawlsack such PV cells. For example, the
performance of the firggeneration PV cells decreases by almost 20% at high
temperature$71]. Furthermore, the fabrication of flexible-Based PV cells is not
possible due to the crystalline form Si; therefore, they are fabricated in rigid forms.
This flexibility drawback also affects the installation of such cells and they are

generally built &restricted places likkuilding roofs.

2.1.5.1.1. Single-Crystalline Si-Based (seSi-Based) PV Cells

Singlecrystalline Sibased PV cells dominate the global PV cell market with a market
share of 30%. This type of cells is generated byrgjisvafer from a single extreme
purity cylindrical crystal ingot. These wafers are sliced with octagonal shape in order
to optimize the cell density. The purity of singlg/stalline Sibased PV cells are
crucial. Since their purity should be extremelyHiguitable methods have been
investigated For this purpose, Czochralski process has been developed and used as
the best method for many yed8d]. The pure singlerystalline Si haa uniform blue
blackcolor[71].

The manufacturing cost of this type of PV cells is higher than the other PV cells since
more expensive and more sophisticated procedures are needed to generate such cells.
Singlecrystalline Si possesses a band gap energy o1 .Afeer a lot of studies and

trials, PCE of them have been increased to 25.3%. Moreover, the energy payback time
(EPBT) of such cells is recorded as 4 years. Also, the average operational lifetime of
them is measured as 30 years and this mak&sIsasedPV cellsviable However,

the performance of these PV cells decreases by 15% at high temperatures because the
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temperature coefficient of power outputmfl) used to measure the percentage
decrease in PCE with each degree rise in temperature from staestacdndition
(STC) is-0.5%][71]. Due to high energy needs in their life cycle, high manufacturing
costs, long energy return time, and extreme qdtraty material requirements with
the perfect crystal structyriurther studies have been investigated to elimitiese

drawbacks and create betRY cells.

2.1.5.1.2. Multi -Crystalline Si-Based (meSi-Based) PVCells

The needof manufacturing low cost PV celis mass productiorscaleled to the
enhancement of new crystallization methods. In such case, the PV cells based on
multi-crystalline Si appeared the literatureSuch cells include small crystals known

as crystallites with visible crystal grain; therefore, they gain a rllated appearance

[73]. Multi-crystalline Sibased PV cells are generated by sawing a square cast block
of Si into bars and wafers respectively. Due to the production of the wafers in square
shape, the minimum amount of Bi wastedduring fabrication compared to the

manufacturing of singlerystalline Sibased cell§71].

This new R/ devices become more attractive since it provides more cost effective and
less sophisticated manufacturing processes. Muojstalline Sibased PV cells
dominate the PV cell market with a market shared8b5Since this type of PV cells
experienced rapidrowth in PCE and decrease in cell cost, such cells reached the
highest market share. Multrystalline Si has a band gap energy of 1.1 eV. After many
investigations, PCE of them have been up to 21.9%. Moreover, EPBT of these cells
is recorded as 3 yearBurthermore, the average operational lifetime of them is
measured as 30 years and this makeSi4@msed PV cells salable. However, the
performance of these PV cells decreases by 20% at elevated temperatures since the
temperature coefficient of power outp(Pnay is -0.5% [71]. Given these realities,

both scientists and manufacturers have looked fomaltiee materials and different

device fabrications fogproducing lower cost PV cells.
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2.1.5.2. 2"d Generation PV Cells

Second generation P\elts are resulted from the need the production of cost
effective PV cells. For such purpose, thin film PV technology based on the single
junction device principle is developed by minimizifg material and energy usage.

To obtain cost effective PV cell, these cells are also depositdow cost substrates

such as glass, plastic, and metal. There are several types of PV cells in this generation.

These PV cells dominating the PV market are shown below:

AmorphousSi (aSi);

Gallium Arsenide (GaAs);

Cadmium Telluride (CdTe);

Copperindium Gallium Selenide (CIGSY1].

w0 NP

Since PV devices in this generation are manufactured in thirfdiim, they are also

known as either thin film PV cells or thin film solar cells. The thickness of such film

| ayers can be achi eved i avenbronaometer (hmew mi ¢
scale[74].

In recent years, the use of second generation PV cells haasedr because they
providesignificant advantagesompared tdirst generation PV cells. For example, by
using the thin film PV cellsmuch smaller amount of active material compared to
crystalline Sibased PV cellsan be used to be able to abssaime araunt of solar
energy.Such PV technology also enables to fabricate highly flexible andvigiujtt

PV cells[74]. Since less material Bnough to manufacture of such PV cells, this
generatiorcells are generallgheaper than the firgfeneration PV cells. Furthermore,
there is no installation problem so that theyloareasily integrated into many surfaces
[74]. In addition, the performance of thin film PV cells is unaffected by high
temperatures and shading as well. On the contrary, these cells show their best
performance at high tem@ures since the temperature coefficient of power output
(Pmay) is less thar0.25%[71].
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2.1.5.2.1. Amorphous-Si (a-Si) PV Cells

In 1965, the first amorphous Si-§&) layer obtained by chemical vapor deposition

was reported by Sterling and Swdiib]. However, the first amorphous-Based PV

cell was reported by Carlson 11 years |§#]. A very thin PV solar cells can be
achieved by us-Bimguwhlellsand thekeiceallkcabsdrb 98% of

the solar eargy. When &5i is compared with the crystalline counterparts, it is proven
that aSi shows higher solar energy absorption characteristic. Since Si atoms are
placed randomly in their atomic structureSiashows higher band gap energy of 1.7

eV than the grstallineSi (1.1 eV). Furthermore;&i-based PV cells have good heat
resistance; therefore, their performance does not decrease under both high temperature
and shaded conditions. On the contrary, PV cells based on amorphous Si shows better
performance athese conditions since the temperature coefficient of power output (
0.25%) is higher than the crystalldbased PV cellsQ.5%). After significant amount

of trials, PCE of them have been increased to 13.6%. In addition, EPBT of these cells
is recorded @2 years and the average operational lifetime of them is measured as 25
years[71]. Although such PV cells providem number ofadvantages than the
crystalline counterparts, the modules produced by ustigbased PV cells become

more fragile, heavier and larger than the modules generated by using the first
generation PV cells. In addin, such PV cells show less popularity in the global PV
market when they are compartm the crystalline counterparts due to their lower

power conversion efficiencig¢g2].

2.1.5.2.2. Gallium Arsenide (GaAs) PV Cells

GaAs PV cells are primarily made fragallium andarsenic Gdlium is obtained as a
byproduct of Al and Zn refining exists rarely in the earth crust whereas As is common
however highly toxi¢71]. Luckily, GaAs shows stable and ntwxic characteristics.

GaAs has a band gap energy ranging from 1.43 to 1.7 eV, therefore, they can absorb
higher energysunlight compared tacrystalline Sibased PV cells. Moreover, each
GaAs PV cell needs a few microns thick cell to abswgheramount of solar energy

than the firstgeneration PV cells since GaAs possesses high absorptivity. After many
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studies, PCE of this typd cells has been increased to 29% and this is recorded as the
highest PCE for any single junction PV cell. These cells demonstrate good heat and
radiation resistivity. Furthermore, the temperature coefficient of power outpag (P

is measured as 0%. Thimlue means thato performance loss is not observed at
temperature rises. Moreover, EPBT of these cells is recorded as 18 months. Despite
these advantages, GaAs PV cells share the global PV market with 1%. The main
reason iglue to their significantly higcod. Thus, they have been used for satellites

and solar power cars applicatides].

2.1.5.2.3. Cadmium Telluride (CdTe) PV Cells

Cadmiumobtained as a byproduct of industrial metals commonly exists in earth crust
and shows extremely carcinogen properties. It is known as one of the six deadliest
toxic materials in naturdue toits fatal nature, there are strict rules established by
Restrction of Hazardous Substances (ROHS) directive to prevent Cd and similar
material usagfs8]. Despite an extremely toxic nature of Cd, CdTe shows much more
ecofriendly characteristics. Furthermor€édTe demonstrates more stable and less
soluble properties than Cd. On the other hand, Te is a very rare element; therefore, it
causes an increase in the price of Gtbased PV cells. CdHieased PV cells exist in

the global PV cell market with a market shaf 6%. Such PV cells provides cheaper
and simpler production than any&sed PV cells, and other thin PV cells as well.
CdTe shows a band gap energy of 1.5 eV. Adignificant research effort®$CE of

such cells has been increased to 21%. Moreo\RB TEOf these cells is recorded as 8
months which is the lowest EPBT among any PV cell. The temperature coefficient of
power output (Rax is measured as 0%; therefore, they show very good performance
at high temperatures. In addition, the average operdtidetime of GaTebased PV

cells is recorded as 20 yedrd].
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2.1.5.2.4. Copper Indium Gallium Selenide(CIGS) PV Cells

The CIGS PV cells are made by using vacuuming manufacturing method to deposit a
thin layer(2 8 @u, In, Ga and Se on either glass or plastic connecting to electrodes
on the front and back sid§gl]. Gafree variants othe semiconductor material are
abbreviated as CIS. The generation cost is lower tleacryistalline Sbased PV cells

but higher than any other second generation PV [gd]s CIGSbased PV cells have
increased popularitgue to introduction of number gfromising PV cells to the
market. CIGS possesdand gap energy of 1.45 ¢¥1]. Like in the CdTebased PV

cells, the temperature coefficient of power outputafPis measured as 0%. Thus,
such solar cells can still show excellent performance at high temperatures but shading
causes a slight decrease in their performance. Furthermore, EPBT of such cells is
noted as 1 year. Because of these benefits, a lot of coespand research centers
took special interest in them and they have worked to develop the lifecycle reliability
and PCE of CiIG®ased PV cells. They also have aimed to decrease the cost of these
solar cells. However, the investments on these cells wamislgrdecreased after
number of majocompanies supporting the production of Ci@&ed solar cells like
Nanosolar and Solyndra pull out ofetiPV market. Due to the suppat Solar
Frontier, CIGSbased thin film solar cells continued to maintain tegistence in the

global PV marketHighestPCErecorded for CIGS materials 20%[77].
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Figure 2.4. Market share of first/second generation PV cells[(4).

2.1.5.3. 3" Generation PV Cells

The manufacturing of any PV module requires developments in device with high PCE
and good stability while using e¢oendly andcosteffective materials. Despite many
advantages of previous generations, they releasensixpesolar cells to the market

due to the needs to high temperature and vacuum conditions to manufacture these
cells. Thereforerealization ofa new generatiorof materials and devices were
pursuedThis generatiomf solar cells termed asmerging technology since it $ill

at experimental stage with little or no global PV mastere Third generation PV

cells are manufactured by using solution processablerialstsuch as organic small
molecules, dye sensitized materials, polymers, perovskite materials and quantum dots
[78]. Thereare various PV cells in this generation. Tihain PV cells are shown

below:

dye-sensitized solar cells (DSCs);
quantum dosensitized solar cells (QDSC);
perovskitesolar cells (PSCs);

A

organic solar cells (OSCs).
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2.1.5.3.1. Dye-Sensitized Solar Cells (DSCs)

The first DSC was proposed by OO6Regan and

known as Gitzel cells[79]. In DSCs, rutheniunbased dyg porphyrirbased dyse
and nonmetallic organic dye are the most populatype of materials used as
sensitizersDSCs have been investigated to optimize the issues related to PCE, cost

of productionand environmental problems.

Dye-sensitized solar modules are produced with thin film ¢80 The dyes show
photovoltaic characteristics and the fabrication procedure does not need elaborate
equipment On the contrary, easy and simple procedure is used for manufacturing;
therefore, DSCs have low cost. In addition, these cells provide a production with do
it-yourself (DIY) technique. The primary difference of DSCs compared to other solar
cells is that tk functional element (dye), responsible for the absorption of light is
separated from the transport mechanism of the charge carriers. Therefore, there is no
need to use pure material in fabrication so that it also leads to reduce the price of dye
sensitizél solar devices. Because DSC materials like; Eif@ abundant, cheap, eco
friendly and processable, a rodi-roll (R2R) method can be applied to print DSCs on
flexible substrates with a large amount of producfit8]. Moreover, such PV cells

show better performance under lower light intensities so that they DSCs are greatly

suitable for ndoor applications.

Besides increasing the efficiency of DSCs, the stability improvement has been also
crucial need for manufacturing. For example, leakage of liquid electrolyte and
degradation of Pt catalyst cause a significant decrease in stpt#lityfo overcome

these problems, liquid electrolyte was replaced with solid state hole transport material
(HTM) whereas Pt dalyst was replaced with graphene materials possessing good
electrochemical stability. However, DSCs are sensitive to air and moisture; therefore,
the lifetime of DSCs coulabnly be increased to 10 yeafgl]. Furthermore, the
performance of such cells lowers at elevated temperatures. Because of this reason,

DSCs are used for low temperature applications
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2.1.5.3.2. Quantum Dot-Sensitized Solar Cells (QDSCs)

As improvements in DSCs continue, an idea to replace organic dyes with any
inorganic sensitizer leads to the emergence of QDSCs. Quantuarelatso defined

as nanesized semiconductor crystals witmarrow bad gap andx high extinction
coefficient[78]. Due to the low band gaps, QDSCs can absorb solar energy in the
visible region.Also, because of the high extinction coefficient, the improvement in

the performance of QDSGspossible.

There are various benefits for QDSCs. One of these powerful advantages is that
quantum dots are generated easily and resulting QDs show dahabéeteristics.
Moreover, the optical band gaps of QDs can be adjusted. Furthermore, the generation
of multiple electrorhole pairs per photon via hot electrons is possible because of the
impact of ionization in the quantum dots. Due to the productianuifiple charge
carriers, at least two excitons can be produced by a single photon of energy higher
than the band gaj81]. In addition, since QDs reduce the amoahpossible dark
currents, better performance of QDSCs can be obtfif®&dHowever, there are also
some disadvantages okfetype ofcells. The primary drawbacks of QDSCs are the
high recombination rate and the low charge collection efficiency. After making a lot
of investigations, PCE 0QDSCs has been increased to%l3To increase the
efficiency and overcome the drawbacks mentioned above, new studies like finding

alternative QDsare being pursued

2.1.5.3.3. Perovskite Solar Cells (PSCs)

PerovskitePV cells have emerged aseconomicdly viable,new generation PV cells
thathave showeg@romising stability and efficiencie3 hese cells are prepared by thin
film technol ogy wi[Al]hSinae fawlsimglekfabacation steffs 1
without including complex equipment are needed to manufacture PSCs, PV cells are
quite cheapPerovskite was originally named after the discovery of the mineral
CaTiOs by Russian mineralogist L.APerovski82]. Therefore, perovskites are also

known as organometal halides abbreviated as A®Xl used as sensitizers in PSC
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technology. A and B represent cations whereas X refers to an anion. A and B occupy
the corner position. On the other hand, X stays at the face center of pseudo cubic unit
cell.

The perovskite materials have several benefits; for instance, these matenale
minimal recombination losse83]. With the usage of different anions and cations,

the band gap can also be tuned. In addition, the perowsititee materials can be
generated from cheap commonly available starting mégeaiad they havdiigh

optical absorptionHowever, there are also some disadvantages of using perovskite
materials. For example, they have a tendency to react with both moisture and oxygen;
therefore, the resulting undesired products affect the stabfliiRSCs negatively

Also, the energy payback time (EPBT) of such cells is recordatirasst 3 months.
Moreover, the usage of lead as one of the ingredients of perovskite materials causes

serious environmental hazards.

Between the years of 2012 and 204&fgnificant amount of research performeal

PSCs. The incredible increase in PCE from 9.8% to 20.2% has been observed. Such
tremendous results obtained in just three years make them highly popular and
promising solar cells. Nowadays, PCE of these solds ¢&ls been increased to
22.1%.

2.1.5.3.4. Organic Solar Cells (OSCs)

Organic PV cells have emerged from the neeflsnanufacturing costffective,
highly efficient and innovative thin film solar cell§74]. Either small organic
molecules or conducting polymers are used as aiveachaterial [68]. Such
conjugated molecules show excellent conductivity characteristics due to the
del oc al i-electronsoon thair backbones; therefore, these electrons provide
easy movemerthrough both intramolecular and intermolecular bd8d$. Although
conjugated molecules are obtained by complex and 4stejti syntheses, OSC
technology has benefitted from the unique properties of such mold8sled-or

example, the fabrication process is cheaper than the traditionahdbised PV cells
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since it needs low cost materials and simple technical challenges without requiring
high temperature and vacuum conditions. Moreover, a significant amount of different
conjugating molecules showing either similar or completely differefdr scell
characteristics can be produced by modifying justiartlie corresponding monomer
structure In other words, the band gap energy, the absorption spectra, the color, the
processability, and the solubility of the resulting conjugated molecutdsecehanged

by structural modification$84]. Therefore, many parameters such as efficiency,
stability and lifetime will be affected by OSCs prepared by these molecules. Besides
the fabrication of thin PV cells (generall0 nn), the OSC technology enables the
production flexible, light weight ansemitransparent solar ce]&8]. These cells can

be easily integrated into various devices such as -&f&tt transistors and
electroluminescent diodes. However, such cells have a limited durahiiiy
polymeric materials shorexciton diffusion length. In addition, the capability of
converting solar energy into electricity is lower than the other solar édiloough
fullerene acceptors used in OSC as eleetrcrepting materials geess high elen
mobilities, great tendency to accept electroasd an ability to create a favorable
nanoscale morphological network with electadomating materials, they have some
drawbacks such as crystallization tendency, difficulty in tuning the band gap, high
cost, inflexible characteristics angdoor absorption in the visible regiof86].
Therefore, alternative acceptors to the fullerbased acceptors have been
investigated to overcome sutiiese issuedBy the discovery of smaltholeculeand
polymer norfullerene acceptors, OSCs have been prepared based on these acceptors
and the rests of nonfullerenebased OSCs have shown encouraging PCEs of over
4%. Over the past decade, PCE of OSCs have been increased to 11.5%.

2.1.6. Working Principle of OSCs

Most of the organic PV cells have a plateered structure. Two electrodes are
needed t@omplete the circuit. One of the electrodes must be eithertsansparent

or transparent whereas the other electrode should be metal electrodeaftd glass
substrate has been used for many years as an optically transparent and electrically

conductive anode electrode. Various metals such as Al, Ca, Au, and Mg are used as a
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cathode in organic PV cells electrode but Al is more commonly used due to-ts low
cost price. Between these two different electrodes, the active layer is sandwiched. To
obtain an dicient charge transfer, there should be a match between the work function

of organic materials and the work functioncoinmercialTO (4.54.8 eV)[87].

When the sunlight is absorbed by a PV cell, an electron is firstly promoted from the
HOMO to the LUMO of theorganicbased donor to generate an excif@4]. Such
exciton is then diffused to the D/A interfaces with an electric field, followed by
dissociation into free charge carriers including an electron and a hole. However,
excitons have a limited lifetime; thus, this situation affects the efficiency of PV cells.
The electron is then transported to the LUMO of the either fullebased or non
fullerenebased acceptor, followed by collection of the electron and the hole at metal

and ITOcoated glass substrate electrodes, respectively.

SUNLIGHT

I

GLASS

4 INDIUM TIN OXIDE
(IT0)

METAL ELECTRODE
(Al, Ca, Mg)

Figure 2.5. Working principle of a typical OS{563].
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2.1.7. Block Copolymerization, Tandem andTernary Methods

Solar cells based on polymers still needs to be developed since the efficiency of PV
cells has notaught the inorganic counterparts. The main reason is that a lot of
materials utilized for PV cells absorb between 400 and 700 nm; therefore, a great
amountof energy in the NIR portion of the solar energpuld not be converted to
electricity [88]. To extend the limited absorption spaatf organic semiconductors

into the NIR regionsomesmartapproachebave been develope@hese approaches



not onlyenable to enhandke light harvesting propertiésit also increasine PV cell
performancs. The most common novel and promising approachesganic solar

cellsare shown below:

i. block copolymerization{89];
ii. tandemmethod[90];
iii. ternarymethod[91].

2.1.7.1. Block Copolymerization

Block copolymers are known as macromolecules consisting of at least two
homopolymer chains, or blocks, covalently connected to each[B&jefFor example,
whentwo polymer blocks (A and B) linked on one etik resulting block copolymer

is calledas diblockcopolymer. Between these two blocks, covalent bonds occur and
these bonds prevent thaulk phase separation; therefore, polymer chains self
assemble into nanoscopic domains witmarphology depending ofiné ratio of A

and B block length Some of the most commonly observed diblock morphologies are

body-centered, hexagonally packed cylinders and lamellae

In a global PV market, clean, efficient, las@st and stable solar cell production is
very importan89]. Therefore, inexpensivaaterials usuallare preferred for mass
production. However, the P¥ells based on these materials show low efficiencies.
Because of this reaspsome significantlevelopments are still requiréal controlthe
morphology omanoscale. Designing and production tufdk copolymerscanmeet

such needind several methodologiésmve been createdlthough there are some
promising theoriescovering the important role dflock copolymerizationn PV
device this is a newborn research area. Thus, a significant amount of works is needed
to prove the power of block copolymerization motovoltaic cellswith high

efficiencies
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2.1.7.2. Tandem Method

A typical organictandem PV celtonsists ofat leasttwo differentindividual single

cells including donoracceptor compositeand one intermediate layer existing
between these two devicg]. Thebottom sukcell includes an acceptor and a donor
that are eithemixed or stacled on each otherOn the other handalthoughthe
intermediate layeawas primarily based on a thin metallic layer, recent organic tandem
PV cells have been designed with fullglutionprocessed interlayersheselayers
areusedas arecombination centelin other wordsintermediatdayer provides the
recombination oklectronsarriving from one sukcell with holes arriving from the
other cell. Tandem approach is aimedd¢oo | ve t wo pr o-bohjegatesd r el a't
organic semiconductorsThese problems resulted frothe poor charge carrier
mobility and the narrow absorptiorAfter all trials with a combination ofmany
different materialendintermediate layerghe efficiecy oftandem PV celhas been
increased to 12.8%By achieving different king of functional intermediate layers,
more efficient novel materials and much better matching of these materials with
complimentary absorption spectraore efficient tandem solaellswill be developed

in near future.

2.1.7.3. Ternary Method

Initially, ternary PV cells were developed by preparing donor:raclteptor blends

[85]. Later, it was realized that there was a mixing problem of polymers resulted from
the powerful intermolecular attractions between muidtiymer chains and lack of
entropic driving force for mixing them. Therefore, initial strategy has been changed
with a new strategy and this time donor:midtceptor blends have been used to
overcome the complexity of polymer mixing and create an optimal phase morphology.
These renewable ternary PV cells include a wide bandgap polymer used as a host
donor, a NIR sensitizeand either a fullerene or nduallerene derivative used a host
acceptor In ternary PV cells, not only photon absorption range is improved but also
charge transfer is facilitated while reducing recombinatjh]. The highest

71



efficiency of ternary PV cell has been achieved as 12.1% with a wide range

absorption

2.1.8. Importance of NIR Absorption

The solar spectrum covers a highly broad wavelength centered betwesnolet

and neaflR (NIR) regions In theory, the ideal band gap of conducting polymers
shouldbeclose tol.5 eVbut the results indicate that many semiconducting polymers
show optical band gapOQ( ) either larger or around 2.0 €\88]. Because of this
reasonpnly visible light can be harvestddue to such mismatch of the absorption to
the solar spectruni®V devices cannot work in full performané2ne of thegreatest
strateges to lower O is to synthesizef novel NIRabsorbing polymerbut it is
possible witha logical desig [93]. For examplepolymers with aselenophenenit

show strongeand broader absorption in theANdR region ratler than the polymers

with otheraromatic units such as EDOT, furan and thiophene. Therefore, designing
light absorbing materials with the selenophene units is one of the logical approaches.
Moreover, widening the absorption spectra of the polymers is possible by using one
of three powdul methods mentioned above. When these are achieved, more efficient

PV devices can be obtained so that more solar enengyeceonverted into electricity.
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PSeB2: X =Y = Se; PCE = 6.87
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Figure 2.7. NIR-absorbing cojugated polymers in literatuf@3], [94].
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2.1.9. Design Principle of TPDBased Acceptor

Thiend3,4-c]pyrrole-4,6-dione (TPD) is known as one of the promising electron
accepting uni{acceptor) This acceptoprovidesstrong electron transporting due to
ease of switching to itguinoid formand enables structural modificatio&snceTPD

is a symmetric moleculeghe resulting DA copolymer enhaneethe charge caier
mobility.

TPD-including acceptors have been polymerized with the common donor materials
such as dithienogermol®TG) and benzodithophene (BDbased materials. The
results related to organic solar cell studies show that whercbRiaining polymers

are blended with various fullerene derivatives, these cells show promising efficiencies
(PCE>6h).

Figure 2.8. Thiend3,4-c]pyrrole-4,6-dione (TPD)central unit.

There are several benefits of the usagd@ b acceptor unitThis unitexcellently
tunes the energy levéhwersthe band gap of thesulting poly(TPD) derivatives and
allowsstructural modificationatthree positions.

Design principle of our work i$0 not only synthesizenearlR-absorbingrandom
polymerincluding TPD, BTA and BDT unitsnthe polymeibackbonéut alsoobtain

high efficientbulk heterojunctiorsolar cels with blending the resulting polymer with
PC1BM on the active layerln our design principleTPD acceptor uniplayed the
crucial role to shift the absorption spectrum of corresponding polymer to NIR region.
Sinceit is known thatselenophenbas an effect to enable broad absorption centered

at neatIR, we designed the TPDnit with selenophene unilso, to overcome the
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solubility problem of random polymer we made further desigmcluding the

attachment of solubilizing group on TRDructure

Soluble Alkyl Group
4

TPD
Central Unit

EDOT
Side Unit

Soluble Alkyl Group

TPD-C8-SE \

CsHiz

TPD

|
m) O N0
Central Unit
Selenophene ‘ s

Side Unit

Figure 2.9. TPD-based monomers d_esigngd for organic electronics.

Higher performingTPD-basedpolymers usually havan TPD moiety with a linear

alkyl chainand a donor moiety with a branched alkyl cha&uch TPDmoiety

provides sterically accessible interactions with the fullerene derivatlvalike

acceptor moietydonor moiety sterically prevesithe interactionsvith the fullerene

derivativesBased on this reality, we designed TRRIuding acceptor moiety with

linear alkyl chain angurchasedDT-including dorr moiety with a branched alkyl.
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Figure 2.10. TPD-BDT-basedbolymersin literature[95].

2.1.10. Aim of This Work

Solubilizing groups such as alkyl and alkoxy groups and aromatic units such as furan
and thiophene units can be linked to TPD central diié aim of this work was to
synthesize two novel {&-D type monomergTPD-C8ED and TPDBCS8-SE) with

Stille couplingand polymerized them with electrochemical polymerization and/or
random copolymerization. Each monomer includie@nd3,4-c]pyrrole-4,6-dione
(TPD) core unithavingthe same linear alkyl chaibut they differed from each other

with donor side units in their structure.

Sinceit was proved that EDOTinit show great charg&gansfer properties, broad
absorptions, fast switching times, and high air stabilities for electrochromic devices,
the firstmonomer(TPD-C8-ED) was designed with EDOT building blocks in main
chain. Moreover, linear alkyl chawas linked to the TPD side untts make resulting

polymer soluble and processabl@PD-C8ED was then electrochemically
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polymerized and the electrochrantharacteristics of homopolymer films BEEC-
PTPDCS8-ED were investigated in detaiDn the other hand, the second monomer
was designed with selenophdmélding blocks in main chai(fPD-C8-SE) because
monomers with Se side units are promising materials for showing low band gap
energy (<2.0 eV) and broad absorptions with covering NIR reg@ioere is only one
report of selenophene attached TPD unit being used in organic solar cells. A number
of possiblenovel polymers can be synthesized using this matefiagrefore,
selenophene was integrated into TPD central unit as a side unit. In literature, BTA and
BDT are also known as promising materials for preparing organic solar cells with a
high efficiency. Tlerefore, random copolymer including TPD, BTA and BDT
materials were designed and synthesized via Stille coupling in the presence of
Pa(dbay and P(etol)s catalysts. It was aimed to produce soluble and processable
random copolymer films. This polymer wdgen used as donor whereas PCBM, the
common and soluble derivative of fullerene was used as acceptor in preparation of
organic solar cellslt was envisionedthat PV cells prepared will show high
efficiencies due to broad absorptithrat could be attaineoly incorporation off PD-

C8-SEin the polymer backbone.
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2.2. EXPERIMENTAL

2.2.1. Materials & Methods

All commercially available reagents were purchased from Sigldach, Across,
Tokyo Chemical Industry Co., Ltd. (TCI), Merck and Solarpiarergy Ink. At each
stage argon was continuously given to the readtask unless otherwise specified.
In addition, magnetic stirrer was always used. All anhydrous solvents such as THF,
DMF, and toluene were either distilled over Na/benzophenone or supplied from a
solvent purification system. The electrochemical properties df eeonomer were
investigated by using a Voltalab 50 potentiostat in a tbleetrode system including
Indium Tin Oxide (ITO) coated glass slide as the working electrode, platinum wire as
the counter electrode, and Ag wire as the pseudo reference electlibdated against
Fc/Fc+. Cyclic voltammetry measurements of FPd&3ed homopolymer and TPD
based random copolymer were made by using GAMRY Reference 600 potentiostat
and such measurements were performed under argon atmosphere at room temperature.
The spetroelectrochemical properties of TRIased homopolymer was just analyzed
by using Varian Cary 5000 UVis spectrophotometer. HOMO and LUMO energy
values were determined by taking NHE value4ag5 eV in the formula D0 0 0

v O )andd YOO t&uv m®® O ). H and®C NMR
spectra of each product were identified by using Bruker Spectrospin Avance DPX
400 Spectrometer with using either CR@r DMSO as solvent. To make such
anal ysi s <chemical emotedfetattre t¢ TMS/as gn pntednal we r e
reference. The accurate mass measurements for each novel product were made by
HRMS by using Waters Synapt MS System. Silica Gel Column Chromatography with
silicagel (Acros,367 0 e m) f il |l ed i n wasusedtopurdyoriost gl as
of the products. TLC on glass plates coated with EMD silica gel 50 F254 was used to
determine the best solvent system to make Silica Gel Column Chromatography and
to confirm the identity of each product by either looking underulbtet light or
staining KMnQ stain by exposing mild heating.

77



2.2.2. Synthesis of Two Novel TPEBased Monomers

2.2.2.1. Synthetic Route for TPD-C8-ED
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2.2.2.2. Synthetic Route for TPD-C8-SE-BR
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Figure 2.12. Reagents and conditiors: HBr, Br,, CHCk, 0 AC Y B0 AC,
ACOHHO (v/v, 1:2),cQuCN,12DMRAC, 0.B)KME,, 22 %;
(EtOH), 220 DT40%2.70H 140 AD GCGHIINHLPhMe, 120

AC; 23 SGCIAC ¢/CHCOOQH,IBS6; NBS, 0 ACTHK, rt, 8
n-BuLi,-78 AC Y iiPhMe, PE(PP);, 115 A GcOH-GHCK(VIv,
1:15), NBS, 0 AC Y rt, 85%.
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2.2.3. Experimental Procedures for Synthesis of TPBC8-ED

2.2.3.1. 2,3,4,5Tetrabromothiophene

U ;" Br’n Br

S S

Figure 2.13. Reagents and conditiors:HBr, Br,, CHCk, 0 AC Y 70 AC, 97 %.

2,3,4,5Tetrabromothiophene was prepared according to the literaib®g

Thiophene (10 g, 0.12 mol) was added into the reaflagskand dissolved in CHEI

(10 mL). To turn the toxic gas of HBr into the harmless NaBr salt, a trap filled with

saturated NaOHKolution was connected to the condenser. Then, the reaction mixture

was placedinaniced® bat h. When the tempédomalt)ure becom
and Be (37 mL, 0.71 mol) were introduced to the reactitask dropwise with a
dropping funnel and thismixur e was stirred at 0 AC for 3
mixture was warmed to room temperature and additional amount ¢ BrL) was

added. The mixture was stirred at reflux temperature for 3 h and then cooled to room
temperature. At this temperatusgturated solution of NaOH (150 mL) was poured

to the reaction mixture dropwise to eliminate the excess amount.of ¥ reaction

mi xture was stirred at 95 AC for 1 h and the
of yellow crystals was observed. 83e crystals were filtered and added into the

separatory funnel with #¥0. The aqueous phase was extracted with DCM several

times. The combined organic layers wdfreen dried over anhydrous PO, After

filtration, the solvent wasemoved under reduced psaire. The product was

recrystallized from methanol and the crystals were washed with cold MeOH several

times. Theargetproduct was obtained purely as white crystals (46 g, 9FCANMR

(100 MHz,CDC}) : U0 (ppm) 116.97, 110.31.
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2.2.3.2. 3,4-Dibromothiophene

Figure 2.14. Reagents and conditions:AcOH-H.O ( v/ v , 1:2), Zn, 1:

3,4-Dibromahiophene was prepared according to the literatt®¢ Under argon
atmosphere AcOH (20 mL) and@® (40 mL)were added into the reactilaskwhich

was equipped with Deaftark trap. At a differerflask 2,3,4,5tetrabromothiophene

(25 g,0.063mmol) and Zn dust (13 g, 0 mol) were mixed homogenously. This

solid mixture was added into the reactitask portionwise over 45 minutes. Then,

the reaction mixtur e wa dargstpraducrwasipuraly 120
collected in the trap as colorless liquid (13 g, 87%NMR (400 MHz, CDC}) : i
(ppm) 731 (s, 2H);*C-NMR (100 MHz, CDCY) : U 1Z3;8Q) 13.99.

2.2.3.3. 3,4-Dicyanothiophene

Br, Br NC, CN

S

Figure 2.15. Reagents and conditons:Cu CN, DMF, 70 AC, 22 %.

3,4-Dicyandhiophene was prepared according to the literafb8$. Under argon
atmosphere3,4-dibromahiophene (5.04 g, 20.8 mmol) and CuCN (5.38 g, 60.1

mmol) were added to the reactifiask and dissolved in DMF (8 mL). This mixture

was stirred at 160 AC for 24 h andsthen ¢
(33.5 g, 207 mmol) in HCI (2 M) was ded to the reactioflask dropwise with a
dropping funnel. This mixture was stirre
temperature. Reddigbrown sticky mixture was filtered. 4 was then added to the

residue and the aqueous layer was extractedti several timesThe combined

organic layers werevashed with HCI (6 M) two times. At this stage, it was observed

that the reddistbrown color passed to the acid layer and the color of organic layer

become yellow. Therthe combined organic layers wesashed withNaxCOs and
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H20 two times respectively. All organic layers were dried over anhydropSQia

After filtration, the volatiles were removed under reduced pressure. The resulting

yellow solid was then purified by column chromatography ¢Si&xane 1:1 DCM).

Thetargetproduct was obtained as white solid @d5 22%):*H NMR (400 MHz,

CDCk) : U (ppm)BC&MR@00MHz,CDZIH) ; & (ppm) 136.93, 1
111.71.

2.2.3.4. Thiophene 3,4-dicarboxylic acid

NC, CN d HOOC, COOH

7\
s s

Figure 2.16. Reagents and conditions:1) KOH, (EtOH), 220 3BC40%.2) H

Thiophene3,4-dicarboxylic acidvas prepared according to the literatft®]. Under

argon atmospherg,4-dicyanothiophene (600 m¢g,.47 mmol), KOH (1.63 g, 29.1

mmol) and ethylene glycol (7.2 mL) were added into the reafiisk This mixture

was stirred at 220 AC for 24 wasaddedt hen c ool
to the residue and the aqueous layer was extracted with diethyl ether three times. Then,

the water layer was separated and poured in a cgld At this temperature HCI

(12M) was added into the same beaker. The acidified layer was extracted with diethyl

ether three timeslhe combined organic layers wettded over anhydrous N&Qy

and filtered After that,the solvent wasemoved under reduced pressure. The resulting

bright brown solid was recrystallized from water. Tagetproduct was obtained as

white crystals §.30g, 40%):'H NMR (400 MHz, CDCYJ) : a (ppm) 10.48 (s,
8.22 (s, 2H)'®*C NMR (400 MHz,CDC¥): 4 ( ppm) 164. 41, 133.83, 13
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2.2.3.5. 1H,3H-Thieno[3,4c]furan-1,3-dione

HOOC COOH o
2{ \ﬁ ¢ I
S

Figure 2.17. Reagents and conditions:A20 , 140 AC, 97 %.

1H,3HThieno[3,4c]furan1,3-dione was prepared according to the litera{9&.
Thiophene3,4-dicarboxylic acid (1.5 g, 8.7 mmol) was added into the readiisk

filled with argon and dissolved in acetic anhydride (45 mL). The reaction mixture was
stiredat140AC f or 24 h and then cooled to room
removed under reduced pressure. The product was recrystallized from toluene several
times. Thetargetproduct was obtained as brown crystals (1.3 g, 970NMR (400

MHz,CDCk) : U 8 .¥ONMREOQOMBAHGDGE) : U 156.36, 135.

2.2.3.6. 5-Octyl-4H-thieno[3,4-c]pyrrole-4,6(5H)-dione

Figure 2.18. Reagents and conditiorfs:1) GgH17NHo>, PhMe, 12077AC; 2)
AC Y rt, 80 %.

5-Octyl-4H-thieno[3,4c]pyrrole-4,6(5H)}dione was prepared according to the
literature[97]. Under argon atmosphere 1H,3keno[3,4c]furan1,3-dione (1.3 g,

8.5 mmol) was added into the reactitask and dissolved in anhydrous toluene (90

mL). Then, roctylamine (2.0 mL, 12 mmphas introduced to the same reaction

flask. The reaction mixture was stirred at JASC f or 24 h and t hen
temperature. Toluene was removed under reduced pressure. 4
(octylcarbamoyl)thiophen8-carboxylic acid was obtained as brown solid asdd

freshly for the next stage without making any further purification. Under argon
atmosphere it was dissolved in SQ@I0 mL). The reaction mixture was stirred at 77

AC for 3 h and then c ogwasremovedundeoredatedt e mp e
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pressue carefully since it was a very toxic liquid. The crude product was then purified
by column chromatography (SiOHexane 2:1 DCM). Thearget product was
obtained as white crystals (1.8 g, 80%):NMR (400 MHz,CDCJ) : &4 7. 79 (s, 2H
3.57 (t,J= 7.4 Hz, 2H), 1.61quin, J= 7.1 Hz, 2H), 1.32 1.20 (m, 10H), 0.83 (1]

=6.6 Hz, 3H)’® C NMR (100 MHz,CDQ&) : U 162.64, 136.69, 125. 4
2915, 28.47, 26.86, 22.61, 14.07.

2.2.3.7. 1,3-Dibromo-5-octyl-4H-thieno[3,4-c]pyrrole -4,6(5H)-dione

Figure 2.19. Reagents and conditiong.CRCOOH, BSQ,, NBS, 0 AC Y rt, 8

1,3-Dibromo-5-octyl-4H-thieno[3,4c]pyrrole-4,6(5H)dionewas prepared according

to the literature Under argon atmosphereostyl-4H-thieno[3,4c]pyrrole-4,6(5H)
dione(700 mg, 264 mmol) was added into the reacfliask and dissolved in TFA (9
mL) and BRSOy (3 mL). Then, NBS (1.41 g, 7.91 mmol) was added portionwise and
the reaction mixture was stirred at room temperature for H@.was poured into
the reddish orange residue and the mixture was extracted with DCM several times.
The combined organic layers westded over anhydrous N8Qs and filtered. The
residue was then purified by column chromatography{S#fexane 1:1 DCM). The
targetproduct was obtained as white crystals (1.8 g, 80%)NMR (400 MHz,
CDCk) : 0 XB=783blz, ZH), 1.59quin, J= 7.2 Hz, 2H), 1.24 (dd] = 8.1 Hz,
10H), 0.83(t, J= 6.6 Hz, 3H)*C NMR (101 MHz, CDCJ) 1162.63, 136.66, 125.46,
38.47, 31.75, 295, 28.46, 26.86, 22.61, 14.07.
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2.2.3.8. Tributyl(2,3 -dihydrothieno[3,4-b][1,4]dioxin-5-yl)stannane

s Bu !Bu
£ 7 P L S ¥
S By AN
Figure 2.20. Reagents and conditionts: THF,n-BuLi,-7 8 AC Y rt , 9 9 %.

For experimental proceduré stannylated EDOT, see Chaptegédction 2.4.5.

2.2.3.9. 1,3Bis(2,3dihydrothieno[3,4-b][1,4]dioxin-5-yl)-5-octyl-4H-
thieno[3,4-c]pyrrole-4,6(5H)-dione

CgHyy
(FSHI? s Bu o N0
o N0 f— o o
oL : SIS S
+ Bu —_— = =
i\ o o \ S )/
Br S Br _/ S S
(TPD-C8-ED)

Figure 2.21. Reagents and conditiorisPhMe, Pd(PPs, 115 AC, 75 %.

TPD-C8-ED was prepared according to the literat[98]. Under argon atmosphere
1,3-dibromo5-octyl-4H-thieno[3,4c]pyrrole-4,6(5H)}dione (300 mg, 0.71 mmob;
(tributylstannyl}3,4-ethylenedioxythiophene (900 mg, 2.09 mmol) and
tetrakis(triplenylphosphingalladium(0) (82mg, 0.02 mmol) were added to the
reactionflask and dissolved in anhydrous toluene (20 mL). This mixture was stirred
at115AC for 24 h and then cooled to room te
reduced pressure .8 was added to the resulting solid mixture and the aqueous layer
was extracted with DCM several timé&he combined organic layers wamashed

with brine and dried over anhydrousJS&y. After filtration, the solvent wassmoved
under reduced pressure. Tihghe unpurified solid mixture was purified by column
chromatography (Si¢®)Hexane 1:2 DCM). Theargetproduct wa®btained as yellow
crystals (0.29, 75%):'H NMR (400 MHz, CDC4) : 6.5 (s, 2H)4.41- 4.16 (m,

8H), 3.57 (t,J = 7.4 Hz, 3H), 1.62quin, J= 7.2 Hz, 2H)1.31 (dd,J = 8.2 Hz, 10H),
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0.90 ¢, J = 6.6 Hz, 3H):*C NMR (100 MHz, CDGJ): Ui 162.88, 141.04, 140.93,
134.42, 126.48, 109.56, 103.05, 65.47, 64.23, 38.36, 31.79.

2.2.4. Experimental Procedures for Synthesis of TPBC8-SE-BR

The firstseven reaction covered the same synthetic pathway including same products.
By considering this situation, each product was synthesized in a large amount. After
1,3-dibromao5-octyl-4H-thieno[3,4c]pyrrole-4,6(5H)}dione was synthesized, the
similar reactiorroute was followed as mentioned in the literature to obtain the desired
1,3-bis(5-bromoselenophef-yl)-5-octyl-4H-thieno[3,4c]pyrrole-4,6(5H)-dione.

2.2.4.1. Tributyl(selenophen-2-yl)stannane

se !Bu h Se fBu
w i+ m—s:cB—uau e Us?s—uau
Figure 2.2. Reagents and conditiorts: THF,n-BuLi,-78 AC Y rt, 97 %.

Tributyl(selenophet2-yl)stannanewas prepaed according to the literatur®9].

Under an ggon atmosphere selenophene (1.00 g, 7.63 mmol) was added into the
reactionflask and dissolved in anhydrous THF (25 mL). Then, the reaction mixture

was cooled to7 8 A Gr-BalLn(84 mL, 8.5 mmol; 2.5 M in hexane) was added

dropwise over 30 minutes. Theaction mixture was stired af 8 AC f or 1.5 h.
Tributyltin chloride (2.5 mL, 9.2 mmol) was poured into the readtiask dropwise

at-78 AC. The reaction mixture was war med to
overnight. Then, kD was added into theaetion mixture and the aqueous phase was

extracted with DCM three timedhe combined organic layers wedeied over

anhydrous Ng&5OQy and filtered.Thetargetwasremoved under reduced pressure. The

crude product was obtained as brown liquid (3.1 g, 97%) and used without making

any further purification.!H NMR (400 MHz, CDCJ) : U8.28 (mp1P), 7.66

7.47 (m, 2H), 1.73 1.54 (m, 6H), 1.46 1.31 (m, 6H),1.297 1.06 (m, 6H), 0.98
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0.88 (m, 9H)'*C NMR (100 MHz,CDGJ)) : U 143.58, 54832000, 13!
27.30, 13.68, 11.14.

2.2.4.2. 5-Octyl-1,3-di(selenophen2-yl)-4H-thieno[3,4-c]pyrrole -4,6(5H)-dione

CgHiz
0N 0

o= N_o
+ Sn—Bu —_— o 2
Br () Br U \Bu W/ s W/

S

?5”17

Figure 2.23. Reagents and conditioisPhMe,Pd(PPB)s, 115 AC, 97 %.

5-Octyl-1,3-di(selenophet2-yl)-4H-thieno[3,4c]pyrrole-4,6(5H)dione was
prepaed according to the literatuf®8]. Under argon atmosphere iddbromo5-
octyl-4H-thieno[3,4c]pyrrole-4,6(5H)dione (300 mg, 0.71 mmol),
tributyl(selenophet2-yl)stannane (900 mg, 2.14 mmol) and
tetrakis(triphenylphosphine)palladium(0) (82.0 mg, @.6¥nol) were added into the
reactionflask and dissolved in anhydrous toluene (20 mL). The reaction mixture was
stimedat11AC for 24 h and then cooled to room
under reduced pressure. Tharget was then directly purified by column
chromatography (Sig§)Hexane 1:1 DCM). The crude product was oladias yellow
crystals (0.3&), 97%):'H NMR (400MHz, CDCk) : U 8=516Hz, RH),7.76
(d,J=3.9 Hz, 2H), 7.21 (dd1= 5.7, 3.9 Hz, 2H), 3.54 (§,= 7.5 Hz, 2H), 1.63quin,
J=7.3 Hz, 2H), 1.3% 1.21 (m, 10H), 0.86 (t] = 6.5 Hz, 3H)*C NMR (100 MHz,
CDCb) : id 162. 52, 133.73,8131/50,,130.153 $27.72838.49, 31.84,
29.25, 28.5727.05, 22.69, 14.17.
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2.2.4.3. 1,3Bis(5-bromoselenophenr2-yl)-5-octyl-4H-thieno[3,4-c]pyrrole -
4,6(5H)-dione

CgHyz
CeHiz oMo
o N0 :
e J\ e
se [l N\ _se - Br \s; s \s; 8
/R
|(TPD-C8-SE-BR) |
Figure 2.24. Reagents and conditionsAcOH-CHCL( v/ v, 1:15) , NBS,

85%.

TPD-C8SEBR was prepared according to the literaty@8]. Under argon
atmosphere Jctyl-1,3-di(selenophei2-yl)-4H-thieno[3,4c]pyrrole-4,6(5H)dione
(0.20g, 0.38 mmol) was added into the reacfiaskand dissolved in CHG[10 mL)

and glacial acetic acid (0.2 mJhen, the reaction mixture was placed in an igé&/H
bath. When the tempe0.ldd, 0.80enmdl)avasdnmaducéd A C,
to the reactiorflask portionwise over 30 minThe reaction mixture was stirred @t

AC f or # b&th wad thee fetdoved and the reaction was warmed to room
temperatureCHCIlz and glacial acetic acidvere removed under reduced pressure.
H-O was added into the reaction mixture and the aqueous phase was extracted with
DCM several timesThe combined organic layers weheed over anhydrous N&Q,

and filtered. Thaargetwas then purified by column chromatography (§iBexane

2:1 DCM). The cude product wasbtained as white crystals (0.8285%):'H NMR

(400 MHz, CDC%) : U J=4RMHz, @HY,,7.17 (d) = 4.3 Hz, 2H), 3.55 (J =

7.4 Hz, 2H), 1.62duin, J= 7.2 Hz, 2H), 1.35 1.24 (m, 10H), 0.86 (1] = 6.4 Hz,

3H); 3C NMR (100MHz,CDCk) o 162.50, 138.12, 137.62,

122.64, 38.62, 31.80, 29.20, 28.49, 26.99, 22.65, 14.12.
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2.3. RESULTS AND DISCUSSION

2.3.1. TPD-Based Polymer Syntheses

o N0 0.1 M NaClO4/LiCl04/PC N

Electrochemical Polymerization

@ 8 @ ("ELECPTPD.CSED ) @ - @ |

0.1 M NaClO4/LiC104/PC
v - o-_N_o

o N0 X
Electrochemical Polymerization
/\ ( ELECPTPDCSSE] ﬂ ( @
s b \WAA\Y/&

Figure 2.25. Electropolymerization pathway of TRO8-ED and TPDBCS8-SE.

BrominatedTPD a linear alkyl chainstannylated EDOT and stannylated selenophene
were known in literature. TRG8-ED and TPBC8-SE monomers were synthesized
via Stille coupling with using tetrakis(triphenylphosphine)palladium(0) catalyst.
Homopolymer filns of TPDC8ED and TPDBC8-SE tried to be produced by
electrochemical polymerization and then electrochemical, spectroelectrochemical and
kinetic characteristics of each polymer were aimed to be studied. HowelefPD-
C8-ED showed electrochromic propes; therefore, just ELE@TPDC8-ED was
characterized with related electrochromic studies. On the other handz88E was
used for further random copolymerization with benzo[d][1,2,3]triabaleed (BTA
based) acceptor and benzofb;2,5b Nj] d i t ‘based jBD®&ased) donor. The
aim of designing this random copolymer was to produce random copalwiibr
strong absorption in visible and NIR region, solubility and processability for PV cell

applications.
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2.3.2. Random Copolymerization of TPD-C8-SE-BR with BTA-Based Acceptor
and BDT-Based Donor

Q O O

CioHz21
CgH
|~'|s 17 C8H17)\
o (o] N
Q- O— %

C4Hg C4Hg
C

Figure 2.26. Reagents and conditionshlorobenzene, B(tba}, P(otol)s, 115

12h, 52%.

1,3-Bis(5-bromoselenopheg-yl)-5-octyl-4H-thieno[3,4c]pyrrole-4,6(5H)dione

(75 mg, 0.11 mmol},7-dibromo2-(2-octyldodecyl)2H-benzo[d][1,2,3]triazole (61

mg, 0.11 mmol), (4®is(5(2-ethylhexythiopher2-yl)benzo[1,2b:4,5
b'ldithiophene2,6-diyl)bis(trimethylstannane) (199 mg, 0.22 mmol) (@ba} (4.0

mg, 4,4 Ord)d@Omgrnadme( 0 wer e a d diastfiledo

AC,

t he

with Ar and dissolved in chlorobenzene (10 mL) waited in sieves for one day. This

mi XxXtur e was stirred at 115 AC for

Chlorobenzene was then removed under reduced pee€xld MeOHwas added

into the resulting random copolymer filmBhen, the homopolymer films aGfPD-

BTA-BDT-based random copolymetere excessively washed with MeOH to get rid
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of all Pd catalystsfollowed by washing with acetone. This washing pdoce was

done until the polymefilms did not give any color to the filtrate. Then, the pure
polymer films without having any kind of impurities such Rd catalystssmall
molecules and oligomers were dried under reduced pressure. At the end of these
proceduresTPD-BTA-BDT-based random copolymer filmgere obtained as shiny
brown films (120 mg, 52%).

2.3.3. Electrochemical Studies of ELEGPTPD-C8-ED

For general consideration please see ChapteBedtion 3.2 Electrochemical
polymerization of TPBEC8-ED was carriedut in 0.1 M NaCI@LiCIO4/PC and 0.01

M monomer (TPBEC8-ED) solutions with repeated scanning between 0.0 and 1.0 V.
Multiple scan voltammogram for polymerization of TRIB-ED proved the
electroactivityof this monomer and the formation of corresponding polymer films.
By looking to the first cycle shown with red line in figure 3.2, the monomer oxidation
peak for TPBC8-ED was determined as 0.77 V. This polymer had a pale blue color

at its neutral statend transmissive grey color at its oxidized state.

Current Density (mAIcmz)

. v T v T r v
0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)

Figure 2.27. Multiple scan voltammogram for polymerization of THRI3-ED at 100
mV/s in 0.1 M NaCI@LiClIO4/PC solution on ITO.
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In figure 3.4 just p-doping peak belonging to ELERTPD-C8-ED was detected. The
p-dopingpeak was observeat 0.12. The mledopingpeakwasnot clearlyobserved
The reason behind such a significant property is that this polymer acts as a capacitor

material. This polymealso did not show-doping and rdedoping characteristics.
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. y . T r T v
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Figure 2.28 Single scan voltammogram of ELEETPDCS8-ED in a monomer free
0.1 M TBAPR/ACN solution on ITO.

2.3.4. Spectroelectrochemical Studies of ELEEGPTPD-C8-ED

Polymer films of ELEGPTPDC8ED were obtained via electrochemical
polymerization.Then, thisITO was put in a monomdree 0.1 M TBAPK/ACN
solutionafter thoroughly washed with ACM eliminate residual monomers and/or
small oligomersTo investigate the optical characteristic of ELECPDCS8-ED, the
potentials between 0.0 V to 1.0 V were applied stepwise. As seen in figure 3.4, ELEC
PTPD-C8-ED films showed one.  centered at 625 nm. In literature, most of the
polymers possessasne _ centered at visible region Additionally, the first
polaronic band centered at 865 nm upon oxidatn.of ELEC-PTPD-C8-ED was
calculated as 1.54 eWurthermore, this polymer had a pale blue color at its neutral
state and transmissiveay color upon positive doping. These colors of ELETPD
C8-ED and the resulting L, a, and b values were shown in figure 3.5.
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Figure 2.29 Electronic absorption spectra of ELEOPDCS8-ED upon pdoping
between 0.0/ and 1.0 V in a monomer free 0.1 M TBAEACN solution on ITO.

0.0V 1.0V
L:45 L:53
a1 a: -2
b: -15 b: -7

Figure 2.3Q The colors of ELEEPTPDC8-ED and related L, a, and b values.

2.3.5. Kinetic Studies of ELEC-PQUIN-12C-TH

For general consideration please see ChapSsction 3.4Theoptical contrasts (%
transmittances) of ELE@TPDC8-ED were found as 26% at 625 nm and 13% at 865
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nm. Moreover, the switching times of this polymer were determined as 0.9 s at 625

nm and 1.2 s at 865 nm.

—625nm
SRR anranARRnaAnar
5
E 701
R R R
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» —seem
11 M ﬂwﬂ[wrp'q'rﬂrrrnfr
2 804
%
E 754
i »JM”HJ}J”AMJUJUUJ,L,LMMJ
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Figure 2.31 The optical contrasts of ELERTPD-C8-ED in a monomer free 0.1 M
TBAPFs/ACN solution at 625 nm and 865 nm.
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E,.°* E‘}_m Ep dedoping HOMO
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ELEC-PTPD-C8-ED
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ELEC-PTPD-C8-ED

Figure 2.32. Summary of electrochemical, spectroelectrochemical and kinetic
studies of ELEGPTPD-C8-ED.

2.3.6. Organic Solar Cell Fabrication

The bulk heterojunction organic solaell devices were fabricated through the

structure of ITO/PEDOT:PSEély(TPD-BTA-BDT):PC1BM/LIF/Al. Firstly, ITO-

coated glass substrafesl 5sqgijwere etched using dilutéCl. Then glass substrates

were cleaned with acetone, isopropyl alcohol, detdérged water for 10 minutes in

ultrasonic bath, respectively and blaned with N> gun. Following the cleaning

procedure, oxygen plasma treatment was performed in Harrick Plasma Cleaner for 5
minutesAf t er that, PEDOT: PSS was filtered w
deposited onto preleaned ITGcoated glass substrate at 3500 rpm forsdésand

4500 rpm for 15acs Then, substrates were transferred to the hot plate for annealing

at 130 C for 20 min to remove water residymly(TPD-BTA-BDT):PC;:BM mixture

were dissolved in chlorobenzene at 1:3 ratio and filtered through PTFE syringe filter
(0.20 Om). Active |l ayer was spin coated ¢
45 secsand 2000 rpnfor 15secs Lastly, LiF (0.6 nm) and aluminum (100 nm) were
evaporated with thermal deposition techngu€urrent densityoltage (3V)
characteristics were measured by using Keithley 2400 under illumination of Atlas
Material Testing Solutions solar sitator (AM 1.5 G).
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2.3.7. Electrochemical Studies ofPoly(TPD-BTA-BDT)

Poly(TPDBTA-BDT) was spray coated onRiand cyclic voltammetry studies were
performed in 0.1 M TBAP#ACN monomer free solutionThe p-doping and p
dedoping peaks belongingpoly(TPD-BTA-BDT) were detectedtl.1and1.1V in
Figure 2.33 Same figure also illustrates the existing @fdoping and rdedopng
peaks. These peakgere found at -1.4 and-1.7 V, respectively The HOMO and
LUMO levels of poly(TPD-BTA-BDT) from the onset of oxidation and reduction
potentialswere observed at3.85 eV and-5.65 eV respectively.Then, O of

poly(TPD-BTA-BDT) was calculated ak.8eV.

Current Density (mAIcmz)

L T
20 15 10 -05 00 0.5 1.0 15

Potential (V)

Figure 2.33. Thin film UV-Vis spectrunof poly(TPD-BTA-BDT).

2.3.8. Spectrodectrochemical Studies of Poly(TPEBTA-BDT)

A thin film of poly(TPD-BTA-BDT) was spray coated on to ITO glass slides ard th
UV-Vis spectrum was recordedlhe lower energy absorption maximum for
poly(TPD-BTA-BDT) was reported to b615 nm. Additionally, the first polaronic
band cetered at 860 nm upon oxidatid@. of poly(TPD-BTA-BDT) was calculated

from the onset and was found tohé eV.
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Figure 2.34. Cyclic voltammogram opoly(TPD-BTA-BDT).

2.3.9. Organic Solar Cell Studies ofPoly(TPD-BTA-BDT)

0.4 0.5
Voltage (V)

Current Density (mA/en)

PolymerPCBM (1:3]]

Figure 2.35. J-V curve for poly(TPBBTA-BDT).

The efficiency of the first PV cell preparedsed ompoly(TPD-BTA-BDT):PCnBM

was calculateds3.0%. This result was highly promisibgcausehis is the first trial
andfurtherimprovement studies will be matie enhance the efficiency of BHJ solar
cells In literature, there are some promising optimization methods. The most common

methods to enhance the efficiency of solar cells are shown as follows:
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i. optimization ofactive layemorphology
ii. solvent and/or thermal annealing

ilii. optimization of film thickness

iv. usage of fullerene derivatives

V. usage of several additives

It is aimed thathe efficiency of PV cells will significantly increase agplyingthese

methods.

Figure 2.36 Solar cell performancef poly(TPD-BTA-BDT):PC1BM blend
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2.4. CONCLUSION

In this thesis two novehiend3,4-c]pyrrole-4,6-dione(TPD)-based monomers with
EDOT (TPDC8-ED) and selenophend@PD-C8-SE) side units were designed and
synthesized with Stille coupling reactions. Each synthesized product was
characterized with NMR spectroscopy. Then, Hsd3ed homopolymer film with a
linear alkyl chain {CgHi7) and EDOT side units (ELE€TPDCS8-ED) were
synthesized via electrochemical polymerization. Electrochemical,
spectroelectrochemical and kinetic properties of EAEEFPD-C8-ED were studied
respectively. Despite it was certain ttiadre werg-doping,p-dedoping peakvasnot

cleaty observed The reason was due to highly broad peaksl CV was square like

In literature, the homopolymer having such property is rare; therefore, such polymers
are used focapacitor applicationdn addition, ELEGPTPDC8-ED displayedyood
optical contrast in th&isible region (26% at 625 nm and 13% at 865 nm). ELEC
PTPDCS8-ED have rare electrochromanid capacitor propertieghis material can be
utilized in electrochromic capacitors. Work along this way will be conducted in the
near futureTPD-C8-SE was also tried to be polymerized electrochemically but the
polymer films did not grow on ITO coated glass. The same core unit with selenophene
side units (TPEC8-SE) were used for further random copolymerization after it was
brominated with NBSTPD-C8 SE-BR). TPDBTA-BDT-based random copolymer
was then successfully produced by using Stille coupling polymerization in the
presence of Pfdbak, P(otol)s catalysts. Furthermore, TPBTA-BDT-based
random copolymer showed excellent solubility in comnarganic solvents like
CHCls. This property is also crucial because the conjugated polymers should be
processable to fabricate any electrochromic devices in high quantity. By using this
soluble and processable random copolymer, organic solar cells vegrarguand
preliminary studies were performed@ihe efficiency of the preliminary solar cells
prepared were calculated as 3.0%. Based on@machising resultit is expected that

the efficiency of the optimized PV cells that will be prepared in our lateestwill

be significantly higher.
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APPENDICES

A. NMR Spectra of Monomers

Each product was analyzed by Bruker Spectrospin Avance-4iRXSpectrometer
with CDCk or DMSO as the solvent and TMS as the internal reference.
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