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ABSTRACT

SYNTHESIS, CHARACTERIZATION AND PHOTOVOLTAIC
PROPERTIES OF BENZO[c][1,2,5]0XADIAZOLE BASED CONJUGATED
POLYMERS FOR ORGANIC SOLAR CELLS

Karakurt O] unh a
Master of SciengeChemistry

SupervisorProf. Dr.A | i ¢éerpan
Co-SupervisorProf. DrEmr ul | ah G°r kem G¢nback
January 2021149 pages

In this thesis, six conjugated polymers were synthesized by coupling of 2,1,3
benzoxadiazole derivatives with donor groups via Stille polycondensation reactions.
Moreover, the effect of molecular weight for P1 and P2, effect of position of alkyl
chain forP5 and e-britige groupsofér P6 which are selenophene and
thiophene on optical, electrochemiaatd photovoltaic properties were investigated.
Also, modifications on alkyl chains of P3 and P4 were perfortnadcrease their
functionalitiesvia postpolymerization reactions. Electronic and optical band gaps
of polymers were found as 1.83/1.81, 1.86/1.76, 2.03/1.74, 2.07/1.74, 1.761d72
2.10/1.71 respectively for P1, P2, P3, P4,a&M P6. Furthermore, the effect of the
addition of gold nanoparticles to the active layer of organic solar cells on
photovoltaic properties was analyzed. Synthesized polymers were characterized by
infrared (IR) spectroscopy, gel permeation chromatography (GPC), thermal
gravimetric analysis (TGA), differenti@lcanning calorimeter (DSC) and bis-

NIR spectroscopy. Redox behaviors and electronic band gaps of polymers were

investigated by the cyclic voltammetry (CV) method. Device production and



current/voltage property measurements were carried out in a nifilgdn
glovebox system. While PABM was the acceptor unit, syngieed polymers were
donor units for the conventional type device structure  of
ITO/PEDOT:PSS/polymer:P@BM/LiF/Al. Photovoltaic properties of constructed
devices were measured under 100 rob¥? illumination (standard illumination of

AM 1.5 G). Best device performances were found as 10.33% for P1, 6.43% for P2
and 1.63% for P5. The optimization process is still in progress for P&rieluP6

Keywords:Conjugated Polymers, Benzoxadiazol@)&Polycondensation, Organic

Photovoltaics, Power Conversion Efficiency
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Oz

ORGANKK G! NEK PKLK UYGULAMALARI K¢k
BENZO[c][1l,2,5] OKZADKYAZOL KC¢EREN KONJ! C
SENTEZK, KARAKTERKZASYONU VE FOTOVOLTAKK

KarakurfOj uz han
Yuksek LisansKimya
Tez YoneticisiProf. Dr.A | i ¢éerpan
Ortak Tez Yoneticisi:Dog¢. Dr.EmrullahG°® r kem G¢ nb ack

Ocak 2021149sayfa

Bu tezde 2,1, denzoksadiazol tirevlerinin dondr gruplarla Stille polikondensasyon

reaksiyonlare ile birlextiril mBusaieki |l e al
olarak,P1 ve P2 i -i nn éaRblicie &lkil kireir poasyodunun &€ P&

icin selenofen ve tiyofenlmaktzere'-k © pr ¢ grupl arénén opti k,

fotovoltaik Ozellikler tzerindeki etleriar akt ér él mékt ér . Ayr éca
zincirleri Uzerinde modifikasyonlar, pepto | i mer i zasyon yol uyl a

arteéermak i-dim.kgBoleméekeérrn el ektroni k ve

P2, P3, P4, P5 ,83¢18P @861 176, B03 51&4, 208 Ely4, a 1

1,76 / 172 ve 210/ 171 olarak bulumu kK tAymr é c a, organi k g¢necxk
k at ma n & n a-padikilieenneklemraesimrfotovoltaik 6zellikler Gzerindeki

etkisi analiz edini Kk Sent ezl enen poli merl er, kezéel?©
gecirgenlik kromatografisi (GPC), termal gravimetrik analiz (TGA), diferansiyel
taramal € kal oWV-VisNIR spektro6kDp®iGl§ karakeerizBleaii kK t i r
Redox davranékl arée ve polimerlerin el ekt

(CV) y°nt emi ile incelenmiktir. Cihaz ¢r
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nitrojen dolu bir eldivenli kabin sisteni n d e ge mi e Ol ikttt iurmr iull an
cihazlarda elektron akseptort olarBkKC;:BM k ul | anél mék ol up, el ekt
ol arak sentezlenen polimerler kulOf anél méxt é
PEDOT:PSS/polimer:PC71BM/LIF/dA ul | anél armakaOtdakt ur ul axn
cihazlarén fotovol tPay#éefAlzal nankdgke(Admn da 0° ImW,
1.5 G standaEent iayyideéemilhaazmnap e%%103ByrRAacms | ar & P1
%6,43 ve P5 icin %1,63olarak bulumu kK | .aPR3 dP£€ve P6icin optimizasyon

slreci halen devam etmektedir.

Anahtar KelimelerKonjuge Polimerler, Benzokzadiyaz@tille Polikondensasyon,

Organi k Fotovoltaikler, G¢- DP°n¢égkteéegrme Ver i
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CHAPTER 1

INTRODUCTION

1.1  Polymer

Greek wads poly and meros which mearany parts, are ancestors of the term that
we are using as polymer today. Basically, a polymer can be defined as a molecule
that is formed by repeating subunits. Ma@olecule is also a useful term, which
refers to large molecules made up of a vast amount of covalently bonded atoms.
Although all polymers are macromolecules, all macromolecules are not polymers
(Jenkins et al., 1996There are several types of polymers; natural polymers (cotton,
cellulose, DNA, etc.) synthetic polymdmolyethylene, polystyrene, nylon, etc.) and

semisynthetic polymers (cellulose derivatives such as cellulose nitrate).

The rational story of polymer starts with Thomas Graham who was defined polymers
as the aggregation of small molecules by unknown fortesl920 Hermann
Staudinger was defined polymers as long chains where the atoms are connected by
covalent bonding. He was awarded the Nobel Rrize 1 fbi5h® discdveries in

the field of macr omol ecul ar chemisstryoo.
accelerated and synthetic polymeewé started to replace naturased materials.

The academic community supported the development of the polymer industry with
the synthesis of cheap raw material, new techniques and polymerization processes
(Feldman, 2008)Karl Ziegler and Giulio Natta were awarded Nobel Prize in 1963
due to the discovery of the ZiegiNatta catalyst. Besides the NoBeize, the world

is achieved a powerful industry and academic research area by the discovery of the
transition metakatalyzed polymerization. That discovery has facilitated the

industriatscale production of synthetic polyme(€laverie & Schaper, 2013)



Today, polymers are used in almost all the fields of industry and demand for them is
very high. Every year, more than 330 nafli tons of polymer are produced
(PlasticsEurope Market Research @yo(PEMRG) and ConversioMarket &
Strategy GmbH)

Among all the academic research fields which are mlaigoolymers, this thesis

focuses on conjugated polymers.

1.2  Conjugated Polymers

Conjugated polymers are defined as organic macromolecules that havewtheir
delocalization along the backbone due to alternating single and double(bolids

et al., 2014)The history of conductive polymers was started with the discovery of
conjugated condtdimg polyacetylene. Heeger, Shirakawa and MacDiarmid
discovered that halogen (bromine and iodine) doped acetylene monomers conduct
electricity 10 times higher than the undoped monon(®hirakawa et al., 1977)

After their dscovery, undoped (neutral)and doped (charged) states of
polyconjugated systems, their physical and chemical aspects became the center of
attraction.These three intelligent scientists who are known as founders of conducting
conjugated polymers have beawarded Nobel Prize in 2000Che perspective of
scientists has changed for polymers in terms of application and research. After 1977,
according to SciFinder, almost 40.000 scientific papers were published in the related

fields of conjugated polyme(siarun et al., 2007)

1.2.1 Structures of Conjugated Polymers

Materials can be classified into three main groups which are insulators,
semiconductors, and conductors (or metals). This differentiation comes from their
ability to condict current. Although some conductive polymers conduct electricity
as well as metals like polyacetyle(fagure 1.1) they generally classify as semi
conductorgHarun et al., 2007)



Poly(para-phenylene) Poly(para-phenylene vinylene) Polythiophene Polyacetylene
PPP PPV PT PA

Figurel.l. Structures of common conjugated polymers

Nowadays, conjugated polymers that have much more complex structures have been
synthesized. In this master studgpeating units of synthesized polymersrav
seleted as benzoxadiazole (B@)d benzodithiophene (BD{Figure 12) to obtain
narrowband gap polymers. Some modifications are applied to them such as the
addition of alkyl groups at various locations to increase solubility. Alkyl groups are
different in size and have different functional groups at the tip. Also, aromatic units
are added to increase conjunction and absorption sp@trhiu et al., 2013)
Differences that come from these modifications both electronically and

morphologically were investigated.

1.2.2 Narrow-Band Gap Conjugated Polymers

Polymers which havabsorption in the visible and neafrared region are attracted

by the scientific community in the field of organic photovoltaics (OPVs). Narrow
band gap polymers can satisfy this specidlising et al., 2017)The strategy behind

to obtain narrowband gap polymers is polymerimn of electrordeficient
(acceptors) and electraich units (donors). Donor (D) and acceptor (A)
hybridization in the polymer backbone increases thereledelocalization which

will result in a decreased optical band gap. Also, this optical band gap can be
manipulated by choosing different acceptor and donor (i£tigng & Wang, 2012)

N/O\N
$) A

2,1,3-Benzoxadiazole Benzodithiophene

Figurel.2. Structures of 2,3;benzoxadiazole and benzodithiophene



1.2.2.1 Benzoxadiazole as Acceptor Unit

Benzoxadiazole is a strong nominee as an acceptor unit for the synthes®wf na
band gap polymers for OPVs because of two kepgnties The first one is strong
electronwithdrawing ability due to high butadiene character and presence of
electronwithdrawing atoms (Nitrogen and Oxygen). The second property is good
planarity which facilitates electron delocalizati@ Liu et al., 2013) Conjugated
polymers that include BO as acceptor unit arediates to have low optical band
gap, high hole mobility, and deep HOMO levels. These three specialties can result
in obtaining high fill factor (FF), opeaircuit voltage Voc), and short circuit current
density (s¢) which are directly correlating with power conversion efficiency (PCE)
of OPVs(Blouin et al., 2008)To illustrate, Yan et al. reported PCE of 9.4% with
the copolymer that benzoxadiazole was used as an eladittwairawing unit in the
polymer backbone (PffBX4RDT, Figure 13) in 2015(Zhao et al., 2016)In that
period, the record was 10.3% which was achieved in 201U4iu et al., 2014)

Cq2Hos

PffBX4T-2DT

Figurel.3. Structure of PffBX4T2DT

1.2.2.2 Benzodithiophene as Donor Unit

Among all the donor units, BDT is one of the most studied donor units-fotype
conjugated polymers. Some properties of the BDT unit such as planarity, rigidity,
favorabl ei"i tt @rc&h aigonjudatiordendthonrakg it & favorable
electonrich monomer. Also, the ease of introducing functional groups to BDT core
provides easily functionalized polymers. To illustrate, the addition of alkyl groups

can promote solubility of polymer, or the addition of aromatic groups such as



benzene, thiophmee, etc... can expand plaoenjugation(Gedefaw etal., 2016)

From the literature, Gedefaw et al. reported PCE of 5.60% with the copolymer that
benzodithiophene core was used as an eleettoaptor unit in the polymer
backbone (PBDTFET, Figure 14) in 2013 (Gedefaw et al., 2014).

PBDTFQ-TT

Figurel.4. Structure of PBDTFJT

1.2.2.3 Modifications Based on Aromatic and Alkyl Groups

Modifications on monomers for-B type polymers are significantly important. One

of the drawbacks of conjaged polymers is poor solubility with the increasing of
polymer chain length. As known, the electronic and mechanical properties of
polymers are strongly correlated with molecular weight. Polymers with smaller
molecular weights could show a decrease inrtleéectronic and mechanical
properties. To prevent this, the introduction of alkyl chains with different shapes and
sizes to monomers of-B type polymers is popular. Not only solubility, but also
crystallinity, interchain packing, and absorption coedfinti manipulate electronic
and mechanical properties and the introduction of alkyl chains regtiiata(C. H.

Cho et al., 2012)

Another popular modification is the addition of aromatic groups such as thiophene,
selenophene, and benzene at various positions. These positions can be between
monomers or on monomers as side groups. This is the most popular strategy to

increase plane conjug@an. Aromatic groups have the ability to regulate energy gaps,



HOMO and LUMO levels, and absorption specteedefaw et al., 2016; L. Liu et
al., 2019)

1.3  Synthesis of Conjugated Polymers

Three methods are proposed for the synthesis of conjugated polymers. These are
chemical oxidation polymerization, electrochemical polymerization, egition
metatcatalyzed polycondensation. Among these three polymerization methods, the
transition metatatalyzed polycondensation method comes forward with its unique
features. This method results in high molecular weight, low imperfection content,
and high purity. Polycondensation has been the most followed method to obtain
conjugated polymers since high material quality, molecular structure and high
molecular weightof conjugated polymers witenhancd electrical, optical, and
mechanical propertigéieeger, 2010; J. Liu et al., 2014)

131 Paladium Catalyst-Based Polymerization and Cros£Coupling

Reactions

Carboncarbon bond formation reactions have a crucial role in chemical synthesis.
Grignard, Diels Alder, Wittig and their related reactionse aome of the most
important examples of carbararbon bond formation reactions. This kind of
reaction gives us the ability to synthesize complex carlmbrcompounds. After the
1975s new carbenarbon bond formation reactions which are based on tramsitio
metal catalysis have changed the game for organic chemists. This new way of
construdng carborcarbon bondprovides new opportunities in total synthesis
(Nicolaou et al., 2005)

Among these transition metal catalysts, pallad{eah) is the most used catalyBt
based catalysts are widely usedhe field of conjugated polymer syntheséhey
are usedor both constructing monomers as a crogspling reaction catalyst and as

a polymerization catalyst for forming a carbcarbon bond between the monomers.



Stille, Suzuki, Heck, Sonogashjend Negishi reactions are some of the most widely
used palladiuntatalyzed carbowarbon bond constructing reactiofidicolaou et

al., 2005) General catalytic cycle®r the Pdcatalyzed reactions were illustrated in
the Figure 1.5.In this thesis study, the Stille cressupling reaction was the only

method that was used to obtain monomers and polymers.

R-R!
Reductive
R
Elimination HX Rz/\/
Base
Rz/,\/R
0 .~
LnPd LHPFH—X
R
s Oxidative| ,_ H
LnP{i" Addition R syn B-hydride Elimination
R! /
L,Rd" Pd''L, X

R
X —
R*> H
syn Migratory Insertion
=
R
M-X RI-M

Transmetallation

Negishi (M=ZnR) Heck-Mizoroki
Suzuki-Miyaura (M=(B(OH), or B(OR), Heck-Matsuda
Stille (M=SnR;) (with (L,Pd"-R)" after oxidative addition

Sonogashira (M=Cu')

Figurel.5. A general mechanism for Pd catalyzed cramspling reactions



1.3.2 Stille CrossCoupling Reactions

Stille crosscoupling reaction, which is a strong carbmarbon bond formation
process, was developed by Prof. J. K. Sill@978. Stille reaction can be basically
defined as crossoupling of organotin compounds with organic electrophiles
through palladium catalygMilstein & Stille, 1979) This reaction still one of the

most used palladiuroatalyzed carbooarbon bond formation methodsedto mild
reaction conditions, an extensive range of coupling partners and tolerance to a wide
variety of sensitive functional groug®uncton & Pattenden, 1999)Iso, Stille
coupling generally gives a high yield at moderate conditions which makes it one of
the favorable methods for polynieation reactiongBao et al., 1993; Farina et al.,
1997; Milstein & Stille, 1979)

0
R'-SnR; + R2x —Sat(PdLy) _ pig2

R'= alkyl, alkynyl, aryl, vinyl
R%= acyl, alkynyl, allyl, aryl, benzyl, vinyl
X=Br, Cl, OAc, OP(=0)(OR),, OTf

Figurel.6. General reaction conditions for Stille crassipling reactions

Coupling partners of Stille coupling are organostannanes (or organotin) and organic
electrophilesAs shown in the Figure 1.6hé¢ R group which was attached to the
trimethyltin or tributyltin is generally gphybridized aryl and vinyl groups. For
alkynes, Sonogashira coupling is generally preferred. Carbon groups which are sp
hybridized usually fail or require harsh conditions¢fK & Czak, 2005). In
organotin molecules, carbdim bonds are relatively stable with a bond dissociation
energy of around 50 kcal/m@Kosar et al., 2018)This relative stability allows
performng avariety of reactions oother functional groups without disturbing the
carbontin bond. Also, this relative stability makes organotin compounds air and
moisture stabl¢Cordovilla et al., 2015)(Functional groups should also be air and

moisture stable).



The other coupling partner which is an organic electrophile is typically connected
with a halide such as I, Band or Cl also, sometimes a pseudo halide ssch a
phosphates. lodides and broesdgenerally react at moderate temperatures with
organotin compounds but most of the time chlorides require elesitbdrawing
groups as a substituent on the compo(\ikise et al., 2013)

1.3.3 Mechanistic Approach o Stille CrossCoupling Reactions

Stille reaction shares common mechanistic steps with other palladitatyzed
coupling reactions. It consists of 3 main steps which are twédaddition,

transmetallationand reductive eliminatiof(Espinet & Echavarren, 2004)

1.3.3.1 Oxidative Addition

Thefirst step of the mechanism is oxidative additi&s. shown in the Figure 1.7,
organic electrophile binds to Pdy oxidative addition and formsscequare planar
product but theérans product ishermodynamicallynore stable due to the presence

of bulky groups as ligands on palladium. Therefore, a more stable trans product will
occur in a fast equilibrium. As an alternative mechanigra &2 type mechanism
couldtake place to form a trasistermediatg Espinet & Echavarren, 2004)

R R
| | | |
PO+ R Rep L ppeix . L-PdL
| X X7 I !
L X
Ve R R
:Pd’ + RX ——— L-pd", X —>L—I|’d”L
|
| L X

Figurel.7. Mechanism of oxidative addition step



1.3.3.2 Transmetallation

As mentioned before, organotin compounds are used as trans coupling reagents for
the Stille reaction. The Ryroup which is connected to tin is usually allyl, alkenyl,

or aryl groupsAs shown in Figure 1.8,dlide containing Pbcenter forms a four
membered ring with the stannylated Broup. This results in an 3dectron
transition state. Rgroup stays boretl to the palladium center after leaving of tin
halide(Braga et al., 2013)

1‘11 RySnR, R, b
L—l‘ad"'L . RZ-SnR3 Rl'];)d'X Rl'l‘)d'XSnR3 Rl.le'RZ
X L L L

Figurel.8. Mechanism of transmetallation step

1.3.3.3 Reductive Elimination

There are three proposetechanismsvhich are illustrated in the Figure & the
reductive elimination step. The first approach is that two tRagsoups must be in
trans conformation than, the complex can undergo a reductive elimination. Another
approach is forming X8lectron with anxdra ligand and result in trigorglyramidal
geometry. Formation of trigon@lyramidal structure forces R groups to move
equatorial location and formation of©€ bond will be promoted. The last proposed
mechanism is the formation of -Blectron containind shape geometry. It starts
with the dissociation of ligand and results in reductive eliminati@naga et al.,
2013; Espinet & Echavarren, 2004)

R! L (}{1 L
R?Pd"L ——— Pd} .~ pg0.RIR?
L L L
2nd
R! R}, | R!_| b 0 +RI_R2
R2 l?dIIL s L Z,T"dHL ?2;["d0L _ > l‘)d +RI.R2 +L
L RO R* | L
rd
T e R L
R2 Pl L repgt—FE— pgo. RIR
I | I
L L L

Figurel.9. Proposed rachanisms of reductive elimination step
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1.4  Characterization of Conjugated Polymers

There are several analytical techniques to characterize conjugated polymers. The list

of some common techniques is:

1 Gel Permeation Chromatography (GPC): It is widely used for the
determination of the molecular weight of polymers, Mw, and PDialues
can be obtained from this technique. Components of polymers are separated
according to their weight b PCcolumn. Polymers (or components) move
according to their size and weight. Small analytes hold on to porous gel beads
and their retention times higher than large analytes.

1 Nuclear Magnetic Resonance (NMR): Due to the lack of high solubility of
polymers, getting an NMR spectrum is not possible all the time. Also, NMR
spectra of polymers are not clear because of peak overleaping of repeating
units. Yet, NMR gives a clue about functional groups and aromatic
compounds inlte polymer backbone and is ugedstructure conformation.

1 Infrared and Raman Spectroscopy: The presence of some characteristic
groups on side chains of polymers can be prdwethe IR spectrum. It is
generally used for the determination of functional groups on polymers. It is
not giving information about polymer backbone since, repeating groups
cancel dipole moment of each other. Raman is used for analyzing polymer
backbone tsucture and conformation. Since the net dipole moment does not
change over the polymer backbone, polarizability could change and Raman
can detect this change. IR and Raman are complementary techniques.

1 Thermal Gravimetric Analysis (TGA): Thermal stalyilaf polymers can be
measured by TGA. Decomposition temperature and thermal stability can be
analyzed. Also, moisture content and purity of polymer can be measured.

1 UV/Nis Spectrometry (UV/VISNIR): The absorption spectrum of polymers
as thin film and slation can be obtaied from UV/VisNIR spectroscopy

11



1 Cyclic Voltammetry: The redox process can be analyzed by cyclic
voltammetry for conjugated polymers. HOMO and LUMO levels, optical and

electronic band gaps can be predicted from the cyclic voltammogram

1.5 Applications of Conjugated Polymers

Conjugated polymers are candidates for numerous applications since the metals are
toxic and hazardous to the environment. Also, some of the metals are expensive and
rare. They care replacel with cheap, nofioxic canductive conjugated polymers.
Some of the application fields of conjugated polymers are corrosion protection,
sensors, electromechanical devices, batteries, electrochromic cells, selective
controlled and released applications, radar applications, orgmhtemitting

diodes (OLEDs) and organic photovoltaics (OP{Harun et al., 2007)This thesis

study focuses on OPVs.

1.6  Organic Photovoltaics

Renewable energy gains importance for humans and the ecological balance of the
world. Fossil fuels are not endless and cause damage to the environment seriously.
The world is facing new disasters like climate change where fossil fuels take their
role seriausly. There are many renewable energy sources and photovoltaics are one
of them. Photovoltaics, especially silicebased photovoltaics is a proven source of

the production of energy with reaching 25% power conversion efficiency. Over the
last few years,tgention to organic solar cells (OSCs) is increasing. OSCsrhaug
promising practical advantages over silicbased photovoltaic§Simon et al.,

2009)

12



High temperature isiot necessary to produce an O®@ich allows the usage of
plastic films as substrates. Usage of plastic films results in high flexibility, thinness,
and low weight. The design of an OSC has flexibility which enables different
manufacturing ways. Retb-roll, which is a continuous manufacturing method,
reduces the production cost significantly. To summarize, the key advantages of
OPVs are:

Flexible and lowweight photovoltaic modules.
Semitransparency.
Integrability of various products.

New market opportunities i.e., wearable photovoltaics.

A =4 4 A4 -

Lower production cost compared to conventional silibased

photovoltaics.

=

Continuous manufacturing process.
1 Short energ payback response and ldevel environmental hazards
during production and operation.
With all these advantages, organic photovoltaics became the center of attraction for
the scientific communityM. C. Scharber & Sariciftci, 2013)

1.6.1 Working Principle of Organic Photovoltaics

A conventional type OSGwhich is illustrated in the Figure 1.1%s usually
constructed from 5 layers. Starting with an anode which is transparent and
conductive (usually indium tin oxide (ITO)), followed by an interfacial layer (usually

a film of poly(ethylenedioxythiophene): polystgnesulfonic acid (PEDOT: PSS)),
then a photoactive layer which is followed by another interfacial ultrathin layer
(usually lithium fluoride (LiF)) and finally a thin cathode. The composition of the
photoactive layer can be small molecules or conjugatéghaos. Polymers are

generally applied by various techniques like spaatingand spraycoating

13



PEDOT:PSS '

Glass

Figurel.10. The general device structure of an OPV

In organic solar cells, the story of the conversion process begins with the creation of
excitons which can define as bound electhofe pairs. These excitons are formed

by photon absorption. The binding energies of these excitons are changing in the
rangefrom 50 meV to 1 eV. To obtain free dissociated charges, excitons must
diffuse. This process is called exciton dissociation (or charge separation). After the
dissociation process, the charge transport step starts to finalize the energy production
mechanisn of an OSC. Briefly,Figure 1.11 represents the 4 steps ehergy
conversion process of organic photovoltaidsch are absorption of light, exciton
diffusion, charge separation, and charge extra¢tiafieez et al., 2018; Sekine et al.,
2014)

Light Exciton Charge Charge
LUMO Absorption Diffusion Separation Extraction
my
J

HOMO

Figurel.11l Schematic illustration of the energy conversion process of OPVs
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1.6.1.1 Light Absorption

An incoming photonhaving energy bigger than the band gap will promote the
electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) band of the donor material. The narrower
band gaps provide a higher possibility of hatwvesphotons from solar radiation. To
illustrate, silicone with a band gap of 1.1 eV can absorb 77% of incoming solar light.
Organic material with a band gap of more than 2 eV can only absorb less than 30%
of incoming solar light. Another important poistthe thickness of the active layer.

It should not be more than 150 nm because of low charge carrier mobilities. Luckily,
the absorption coefficient of organic materials is superior and they are able to absorb
a major part of incoming solar radiation watthickness around 100 nin et al.,

2011; Sekine et al., 2014)

1.6.1.2 Exciton Diffusion

DonorAcceptor material interface has a local electrical field thatriong enough

to separate excitons. The distance is important for an effective dissociation process.
The space between the first interference and the light absorption should not exceed
the exciton diffusion lengtfLin et al., 2011; Sekine et al., 2014)

1.6.1.3 Charge Separation

The charge separation happens when an exciton reaches theadosator
interface. The separation process occurs extremely fasauiithescale of about 45
femtoseconds. The difference between the HOMO LUMO gap of the acceptor and
donor should be higher than the exciton binding energy. This is a vital requirement
for effective charge separation. If this situation is satisfied, thdrefetransfer
process to the acceptor takes plége et al., 2011; Sekine et al., 2014)
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1.6.1.4 Charge Extraction

The charges should reach to related devieet®de to generate a voltage. Charges
are not able to move freely through delocalized states like inorganic photovoltaics.
Charge transportation in conjugated polymers is performed by successful hopping
from one state to another state. Unfortunately, iltigs of charges in organic
molecules are nominal and charges can be trapped. Charge mobilities in conjugated

polymers are open to developménn et al.,2011; Sekine et al., 2014)

1.6.1.5 Device Engineering and Characterization of OPVs

As mentioned in the part of the working principle of an OPV, the device generally
constructed from five different compartments. It baefinad as a sandwich where
organic mégerials are placed between an anode and a cathode (electrodes). Starting
with the anode part, it is a transparent oxide which is conducting. Indivn@xide

(ITO) is a widely used material as an anode. The work function of ITO differs
between 4.7 and 4.6&lectron volt (eV) which changes according to the treatment
method. Zinc Oxide (ZnO), and graphene are other examples of anode material. Not
like the anode part, the cathode part is constructed from-ranasparent material.
Silver (Ag), Aluminum (Al), ae common examples of cathode materials. Al is
generally preferred as a cathode material with a work function of 4.2 eV. To reduce
the work function of cathode material, Lithium Fluoride (LiF) is commonly
evaporated as an interfacial ultrathin layer atabittcom of the cathode material. The
organic materials between electrodes are constructed by two different layers. One of
these organic layers is a film of poly(ethylesiexythiophene): polystyrenesulfonic

acid (PEDOT: PSS)). The PEDOT: PSS is a holesprart layer, and it is coated on

top of the anode to increase work function (near to 5eV). The second organic layer
is namedasphotoactive (or active). This photoactive layer is a mixture of acceptor
material such as fullerene derivatives and donor nadgesuch as polymers, small

molecules, and quantum dots. These cells can be coated on glass or plastic substrates.

16



The figure of the common device structure can be seen in the werkiegpal part

(Figure 1.10YHafeez et al., 2018).

Source measuremeniits (SMUs) are used to characterize the current/voltage

characteristics of OPVs. SMUs scan the multiple voltage limiting levels and record

responses to current values. The experiment is generally conducted under AM 1.5

illumination with an incident lightpower of 100 mW crh At the end of the

characterization process, a current vs voltage graph is obtained for both illuminated
and dark conditionéigure 1.12YHafeez et al., 2018; Sekine et al., 2014)

2" Quadrant

18t Quadrant

Generation Dissipation
3 Quadrant 4" Quadrant
Dissipation Generation

Dark Measurement

S\

Figurel.12. General Current vs Voltage graph of an OPV
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1.7 Improvement of Efficiency of OPVs

Maximum power generation of an OPV can be calculated from the current versus
voltage curvewhich is illustrated in Figure 1.1i8 detail and the efficiency of the
cell is correlated with the power generation. The mathematical formula for

calculating maxi mum efficiency (d) 1is:

q §cx\Jocx FF/P|

Dark Current

Maximum
Power
(Maximum Power /Jg./V o.=ff)

Current Density (mA/cm?)

\ Photo

Current

JSC

Voltage (V)
Figurel.13. Detailed Current v§¥oltage graph of an OPV

Vocis the opertircuit voltage which is obtained by measuring voltage when the
current density is 0 mA ¢ Jscis short circuit current density and it is basically
current density at O voltageF is a symbol of the fill factowhich is calculated by
dividing the area of the square at the current vs voltage graplsbyk (). The

last parametelP; is input power in other words the energy of incident light.

Generally, efficiency measurements are operated by ani@0cni? light source
(Sekine et al., 2014)
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From the current density versus voltage graph and mathematical formula, high values
of Js¢, Vo, and FF should be obtaineth order to get high values of PCE. To
summarize, higlscvalues can be reached by a broad light absorption spectrum. High
Vocvalue correlates with the energy band gap of donor and acceptor moieties. Lastly,
FF is directly proportional to the resistance of the photovoltaic device which can be
manipulated by theisage of high carrier mobility materialM. C. Scharber&
Sariciftci, 2013)

In recent years many kinds of research are being carried out to impral¢e the
andFF values in other words, to increase the efficiency of organic photovoltaics.
The researchers are focusing the structural improvementmizagion of active
layer morphology, new molecular designs of polymeric donor units, development of
nonfullerene (NF) acceptor units, and introduction of metallic Aaaudicle (NP) to
OPVs.

1.7.1 Structural Improvements

One of the main research topics is noyng morphology by developing new
materials to increase the efficiency of OPVs. Also, new materials are designed to
broaden the absorption spectrum which is also directly correlating with the
efficiency. Light absorption is important for OPVs becausekaninorganic
photovoltaics (IPVs), light absorption in OPVs results in the generation of excitons
which are also known as excited bound electrole pairs. (Simon, An@& & Lehn,
1985). The very basic technique to boost the absorption is increasohgirteter of

the active layer, but this diameter is normally limited (<150 nm) by the restrained
charge carrier mobility(Simon et al., 2009)An alternative to broadening the light
absorption spectrum without increasing the physical thickness is light guiding
systems. When the light travels longer in the active layer, more photaksorbed

and this will result in higher efficiendddin et al., 2010)
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Another useful approach for structural improvement is constructing the photoactive
layer of OPVs by ternary blend with one acceptor and two donor materials. This
strategy can be applied for single active layer devices without thgaref more
complexity like tandem cells. Two donor materials in the photoactive layer with
different absorption spectra provide desirable incoming light absorption. This
method comes forward as an effective way to overcome absorption bottleneck hence
it becomes a good candidate to achieve better device perforhaneeal., 2014)

As an example for the performance upgrade of a device after constructing with
ternary blend instead of binary, an illidtve comparison from literature is given
below (Figure 1.14, Table 1.fXu et al., 2017)

N'S\N N'S\N
\ \ /
SNV O 0.0 Q N4
o S
RSN © & R O

NG~ CN CgH,,0 OCgH,7

PTB7-Th

SFBRCN

Figurel.14. Structures of SFBRCN, PBDB and PTB¥#Th

Tablel.1 Performance comparisons of ternary blend OPVs at different HhB7
PBDT-T ratios in terms of photovoltaic parameters

Ratio
Termary Blends (PTB7-Th: PBDT-T) X;)C (mAJSCCmZ) (I‘j/oF) F)C(I‘iv)arage
Fixed the Ratio of 0.0.1.0 0.97 13.65 709  9.17
SFBRCNPolymer 0.7:.0.3 0.93 17.86 73.9  11.89
1.0.0.8 1.0.0.0 091 17.11 649  9.87

Inverted device architecture is another example of structural improvements. Briefly,
in this type of device architecture removement of PEDOT:PSS layer from ITO

interference and metals with high work function at the top of the device is needed.
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Inverted device architecturavhich is illustrated in the Figure 1.X%n be a good
opponent of conventional device structure and gained attention from researchers due
to its superior device stability and efficiency. Metals with higher work functions such
as Ag and Auwwhich are more airesistant as top electrodes can be used in this
inverted architecture since the direction of charge collection is opgbisiteet al.,

2010; Yang et al., 2®). LiF/Al layer of the conventional device is extremely
unstable under Air exposure. Hau et. al. confirmed that the loss of PCE of the device
is more than half of original PCE value after just 1 day and it completely degraded
after 4 days due to oxitlan of aluminum where inverted cells just lost 20% percent

of their original value of PCE after 40 dai§$au et al., 2010) In another research,

better PCE values were reached by an inverted device structure than a conventional
device structure. The same polymeric material was used and efficisas
improved from 8.70 % to 10.10 $able 1.2) They conclude that a highly ordered
crystalline polymer -fidtmaeckirnugtadiret avn d ds
reason for that efficiency increase. They have found that theofaceientatiorof
polymeric donor material is more abundant on the surface on ZnO than PEDOT:PSS
surface which was proposed as the major reason for increasing charge transport and

decreasing charge recombinatidMohra et al., 2015)

A

Cathode
Low Work Function Metal
Electron Transport Layer ?
To illustrate
@ _—_— =
®
BHJ Layer |
Hole Transport Layer i
Transparent Anode ITO-Glass
B.
Anode
High Work Function Metal
Hole Transport Layer
To illustrate

A

[

®

O

BHJ Layer |
Electron Transport Layer '

Transparent Cathode

ITO-Glass

Figurel.15. Device constructions of A. conventional and B. inverted solar cells
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Tablel.2 Performance comparisons of conventional and inverted cell structure in

terms ofphotovoltaicparameters

c Voc FF P CEnax
Cell structure PCBM
(MA cnr?) V) (%) (%)
PGs:BM 17.7 0.738 66.7 8.70
Conventional
PC1BM 18.9 0.712 66.2 8.92
PG:BM 18.2 0.729 73.9 9.80
Inverted
PC1BM 194 0.708 73.4 10.1
1.7.2 Molecular Design of Polymeric Donor Unit

The photoactive layer is one of the most vital components for an OPV. This layer

plays a decisive role in the final performance of OPVs. Standard components of a

bulk heterojunction (BHJ) active layer are conjugated polymers and fullerene

derivatives (most i@ntly nonfullerene derivatives are present). These components

are acting as electron donor and acceptor units. While conjugated polymers acting

like electron donors, fullerene (or néullerene) derivatives acting like electron

acceptors (Gedefaw et d&014).

An optimum polymeric donor unit must have the following specialties:

f The donor uni

t so

fronti

er

mo |

ecul

that matching with the corresponding acceptor (Merkus C. Scharber et

al., 2006)

91 It should form a good film and mix well with corresponding acceptor moiety

(Beaujuge et al., 2009)

9 It should have a high absorption coefficient value with a wide absorption

spectrum(Yue et al., 2013)

9 Hole mobility should be goofYu et al., 2015)
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To satisfy the conditions to obtain the optimum polymeric donor unit, a good strategy

is forming the polymer backbone with alternating electron acceptor and electron

donor groups. The idea behind this formatiocresating a push and pull architecture.

Al s o, p |-baidgingngpup dike Selenophene, thiophebetween electron

acceptor and electron donor groups is a common strategy to manipulate optical and

el ectronical p tbraging rgtoupe sontoiute td the lectroriic
interaction between push -deotwn densitylThegr oups
structural conformati on o fbridgihggroypsthay mer i ¢
increase the rigidity and planarity. Since it is known that,grignand rigidity favors

the electron delocalization along the polymer backk{aeeet al., 2012; Sun et al.,

2012)

To summarize, many different strategies are applied to have a proper polymeric
donor uni t -bridginggraups have heersynthésized to increase rigidity
andenhancebsorption spectra. New conjugate aromatic rings with electronegative
heteroatoms are investigated to obtain good acceptor moieties and similarly, fused
electronrich aromatic donor units arinvestigated to obtain good electron donor

moieties.

1.7.3 Non-fullerene Acceptors

Another major research field for improving the efficiency of OPVs is developing
new nonfullerene acceptor units. Fullerene derivatives are unique due to their
conjugated bl&-like structure and they have been used for almost 20 years. Fullerene
derivatives are promising strong elect@ccepting and electron transporting
features. Also, they provide efficient electron delocalization at the DONOR:
ACCEPTOR (D: A) intefierences (Gélinas et al., 2014NF acceptors usually
resulted in low power conversion efficiency (PCE) which correlated with difficulties
in morphological control until 2015 (Hou et al., 2018). After 2015, NF acceptors are
attracted much more by the scientifionemunity, and the development of NF

acceptors started to accelerate. Recently developed NF acceptors provide low
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voltage losses and high photocurrent at the same time while fullbased
acceptors presenting a trao between high photovoltage and pbairrent. To
illustrate, the PCE of NF OPVs was found 13.1% in 2017 (W. Zhao et al., 2017)
which was higher than the best fullerdreesed OPVs. (Hou et al., 2018). Although
many challenges still present for NiEceptors such as inexplicit working
mechanismg, many research groups work on synthetic route and material design to

develop NF acceptors and try to unravel challenges.

To illustrate the performance difference between fullerene andfutlerene
acceptor, a good comparisof PC1BM and IT-4F (Figurel.16) from literature
gathered in Table 1.3 (Cui et al., 2019);

PBDB-TF PC,BM IT-4F

Figurel.16. Structures of PBDEF, PG1BM and IT-4F

Table1.3 Detailed photovoltaic parameters of the PBDBTF7#B® and PBDB
TF:IT-4F devices

Device Vee e ol FF PCE

(V) (mAcm? (mAcm? (%) (%)

PBDBTF:PGiBM 0.945 13.3 12.9 0.671 8.43
PBDB-TF:IT-4F 0.872 20.4 20.1 0.687 12.2

4 Calculated by EQE curve.
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1.7.4 Optimization of Active Layer Morphology

Optimization of the active layer is also taking an important place for device
performance. Not only designing new molecules but also solvent selection, solvent
annealing processes asthall molecular weight additives get attention from the
scientific community. Basically, additives are used for morphology control. Single
solvent usage often results in phase separation between the bulk heterojunction blend
(BHJ) components which will digrb the order within domains and results in lower
efficiency of the devicéMcDowell et al., 2018) Up to now, 1,8liiodooctane (DIO)
triphenylamine (TPARNd octanedithiol (ODT) which the structures are showed in

the Figure 1.17are some of the most used additives to optimize the active layer

(Rodrigues et al., 2014)
o ©\N/©
| @

DIO TPA ODT

SH
HS/\/\/\/\/

Figurel.17. Structures of DIO, TPA and ODT

1.7.5 Introduction of Metal Nanoparticles

As mentioned in the structural improvement part, the collection of photogenerated
excitons and light absorption has vital importance to achieve high FP8E.Gince

the thickness of the active layer of OPVs is small, they absorb light poorly. This
limited thickness has remained a challenge for scientists. Another research field to
overcome this problem is trapping of incident light in the active layer wdaolbe
achieved by using nanmarticles (Stratakis & Kymakis, 2013). Utilization of nano
particles either inside active layers or the buffer or between interfaces of OPV
devices can promote absorption thus, ligatvesting is promoted by the increasing
optical thickness of OPV materials (Atwater & Polman, 2010).

25



Another feature of using NPs is improving structural stability. They slow down the
device degradatiomvhich is represented in the Figure 1l.d8e upon extensive
illumination (Paci et al., 2011Pverall, utilization of NPs in the active layer of OPVs
can improve the device performance in two ways which are enhancement of initial
cell efficiency with a lightharvesting effect and better device durability due to

improved structural stability.

NP
PEDOT:PSS |-

Figure 1.18. Representation of improved structural stability of an OPV device with
NPs

1.7.5.1 Insertion Process of NPs

It is confirmed that with the direct addition of metal NPs to a bulk heterojunction
polymer, the efficiency was improved due to better electrical conductivity (Kim &
Carroll, 2005). Since it improves the overall performance of the device, a simple
method & mixing metal NPs irtheactive layewhich is illustrated in the Figure 1.19

is inviting. The device resistance can be reduced by this method (Kim & Carroll,
2005). The reflection and scattering of incident light which passes through the active
layer carbe provided by the accommodated metal NPs. This will result in an increase
in the optical path length of the incident light (Wang et al., 2011). Although NP
addition to the active layer is proved as an effective method, there is no literature

work to contol the distribution of NPs in an active layer of OPVs.

26



ACTIVE LAYER &
MIXURE OF NPs

caTHODE (P8 / CATHODE

DIRECT MIXING
PEDOT:PSS PEDOT PSS

ITO ITO

Figurel.19. Representation of NPs insertion to OPV device

1.7.5.2 Gold NPsThiol Interaction

Selfassembled thiols on gold surfaces are one of the moststitey topics as self
assembling of organic molecules on metal surfaces. The assembling process based
on thiolgold NP chemistry is widely usenh various fields such as chemistry,
molecular biology, and materials science (Xue et al., 2014). The mostlenti
investigated phenomenon for A binding is the generation of sesembled
monolayers (SAMs) on gold NPs and planar gold surfaces (Kind et al., 1999).

The bond length of gold monosulfide (AuS) and dissociation energy was determined
as 2.156 A and3B + 2 kJ/mol respectively (Kokkin et al., 2015). Literature research
of Au-S binding shows that this interaction has the potential to be used for
nanoparticlebased OPVs as a regulator for the distribution of gold NPs in the active

layer.

Figurel1.20. Representation of thiol functionalized Au NPs
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1.7.5.3 Controlled Distribution of NPs

In other disciplines of science such as biochemistry, goldtNiBkinteractions have
been used (Boisselier & Astruc, 2009). Itbslieved that such interaction can be
adopted in the field of OPVs as a controlling agent of the distribution of gold NPs in
the active layer of devices. Also, it is believed that the regular distribution of NPs
will enhance the effectiveness of the usajeNPs with better lighharvesting

capability and improved structural stability.

™ Thiol Modification
Controlled Distribution

Not Coordinated NP N\ Polymer

Interacted NPs with

W Polymer
Thiol Coordinated NP W Thiol Modified Polymer

Figurel.21. Representation of thiol modificatiarontrolled distribution of Au NPs
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1.8 Literature Review

The idea behind this thesis study was supported by various papers from the literature.
The literature search is mainly focused on polymeric donor units and the effect of
NPs on the photoactive layer of OPVs.

Six different polymeric donor urstfor the plotoactive layer of OPVs were
synthesized in this thesis study. Two of the synthesized polymers (P1 and P2) were
already present in the literature. Although they were synthesized before, their
potential is promise construcing better devices with differenapproaches like
synthesizing the same polymer with higher molecular weight or constructing ternary
blend OPVs as one of the two donor material. The ran@ifour polymers were

new inthe literature. They have similar donor and acceptor repeating units in the
polymer backbone with major modifications like the different location of the alkyl

c hai n o r-bridginf themveea dohor and acceptor grokigurel.22 shows
structuresof PBDTTBO, PBDTBO, PBDTTSBO and PP6DHTRINd Table 1.4
summarizes the device performangesvhich the inspired similar polymers were

used as polymeric donor unit in the photoactive layer.

PBDTBO (P2)

L

613 H

ReOsafh
N

C6H13

PBDTTSBO PP6DHTBT

Figurel.22. Structures of PBDTTBO, PBDTBO, PBDTTSBO and PP6DHTBT
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Tablel1.4 Detailed photovoltaic parameters of the PBDTTBO7:B®, PBDTBO:
PGs1BM, PBDTTSBO: PGBM and PP6DHTBT: P&BM devices

VOC \JSC FF PCEivarage
Polymer Device Reference
(V) (mAcm?) (%) (%)
Polymer: PGBM (1:2) 0.85 11.8 59.0 5.9 (Jiang et al., 2014)
PBDTTBO
Polymer: PGiBM (1:1.5) 0.84 11.45 61.3 5.9 (B.Liu et al.,2013)
PBDTBO Polymer: PG:BM (1:1) 0.86 10.4 64.4 5.7 (Jiang et al., 2011)
PBDTTSBO Polymer:PCiiBM (1:2) 0.79 11.9 50 4.61 (Jiang et al., 2014)
(Matsumura et al.,
PP6DHTBT Polymer: PGiBM (1:4) 0.75 4.60 35.0 1.20

2008)

The literature search for the effect of ngrarticles was specialized to the dispersion

process of NPs into the photoactive layer and the contribution of NPs to PCE of

OPVs. To summarize the literature searchable 1.5 was constructed by the

i nformati on t ake

photovoltaic devi

n

f rpartitle based plasmaniev orgamicp e r

cesoH6od

30

(Stratakis

606Na

& Kymaki s



Tablel1.5 Device characterization of OPVs with NPs dispersed in the photoactive

layer
d +
Geometry Photoactive Layer Mechanism Reference
(%) (%)
70 nm Ag NPs PCDTBT:PGoBM 7.1 13 Scattering (Wang et al., 2011)
4.87.4 nm Au NPs 1.9 73 (Klm & Carroll
P30T-Ceo Electrical ’
4.2:6.4 nm Ag NPs 165 50 2005)
Exciton
3.7 nm Au NPs P3HT:PCBM 15 -67 . (Shen et al., 2009)
Quenching
LSPR + )
20 nm Ag NPs P3HT:PCBM 206 96 (Paci et al., 2011)
Morphology

Monomolecular
5-15 nm Ag NPs P3HT:PCBM 3.3 -3 (Xue etal., 2011)
Recombination

LSPR +
) (Spyropoulos et al.,
1.520 nm Au NPs P3HT:PCBM 3.71 41 Scattering + 2012)
Morphology

From the Table 1.5, one can understand, the various mechanisms can take place.
Although NPs dispersion in the photoactive layer generally results in a mechanism
that incrasing efficiency, it is obviouthat someype of mechanisms leads to low
efficiency. Size, shape and surfactants (NPs stabilizers) of NPs are possible
candidates to manipulate the mechanism. Also, the structures of the acceptor and
donor unit can be decisive. Although the same polymeric donor(R&#T) and
acceptor unit (PCBM) werased repeatedly, the results and mechanisms are not
consistent. Therefore, the importanceh# size, shape, and followedthod for the

synthesis oNPs come forward as a decisive parameter of the working mechanism.
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1.9  Aim of the Study

The absorption spectra of conjugated polymers in the visible andfieaied region

can be enhanced by narrowing the optical band gap. The strategy behind to obtain
narrowband gap polymers is polymerizations of electdeficient unitacceptors)

and electrosrich (donors). Donor and acceptor hybridization in the polymer
backbone could increase the electron delocalization which could result in decreasing
optical bandgap. Benzoxadiazole is a strong nominee as an acceptor unit due to two
properties which are strong electraithdrawing ability and good planarity in the
synthesis of narrow band gap polymers for organic photovoltaics. Furthermore,
conjugated polymers that include benzoxadiazole as acceptor units are candidates to
have low @tical bandgap, high hole mobility, and deep HOMO levels. These three
specialties could result in obtaining high fill factor, ofmrcuit voltage, and short
circuit current density which is directly correlated with the power conversion
efficiency of orgaic photovoltaics. In this thesis, six conjugated polymers were
designed and synthesized by coupling of 2ldeBzoxadiazole derivatives with
donor groups via Stille polycondensation reactions.

The first pair out of six polymers were already presenterliterature, they were +e

synthesized according to the TUBITAK project to compare their device
performances with the modificated versions of them$Pi3and P4SH) The second

pair out of six polymers were cemndget ruct ed or
group between acceptor and dono-bridgeni ts and
groups have the ability to regulate energy gaps, HOMO and LUMO levels, and

absorption spectra of conjugated polymers and position of alkyl chains can
manipulate cryllinity, interchain packing, and absorption coefficient which have

the ability to change electronic and mechanical properties of conjugated polymers.

The last pair out of six conjugated polymers were designed to increase their
functionality via further pstpolymerizations for various applications. Also, the

functional group of these conjugated polymers was planned to replace with the thiol

group in order to activate with gold NPs to increase absorption spectra of organic
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photovoltaics. The designed anghthesized conjugated polymdpg, P2, P3, P4,
P5andP6were used for the construction of organic photovoltaics with conventional
device architecture as polymeric donor units. In addition to that inverted device
architecture and ternary blend, approachese studied withP1 andP2. All in all,
designed six conjugated polymers were synthesized, characterized and mechanical
electronic properties were investigated. Also, with these six conjugated polymers,

OSCs were fabricated and studied to reach maxim€iniegfties.

P2 P1

Effect of n—Bridge Group

/1 No C4ng/CZH5
Se (N o
CgHy7-O s s N
CBH17/0 VAR s

J\ o,
C4Hg C,Hs (C@:s) N
s / P2

P6

P3

CzHs

N-O CaHy
SNy
BrCgH,s—O S,

BrCgHyg

C,Hg “C4Hg

C4H,o

Effect of Position of Alkyl Chain Enhanced Functionality

HSCgH16-0
SHCgH,¢°

Gold NPs-Thiol Interaction

Figurel.23. Schematic representation of target polymers design prncipl
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CHAPTER 2

RESULTS and DISCUSSION

2.1 Desgn of Target Polymers

2.1.1 Pland P2

Two cornjugated polymer®BDTTBOand PBDTBQO(Jiang et al., 2014iang et al.,
2011) were already present in the literature, they wersynthesized during to
course of TUBITAK project to compare their device performances with the
modificatedversions of them (R$H and P4SH). Nowadays, formerly synthesized
polymers are considered nadtely effiGent polymers foorganicsolar cells (5.9%

and 5.7% PCE respectively). Newdynthesizegolymers whichwererenamed as
PBDTTBOvV2 1) and PBDTBOVZP2) respectivelyhave higher molecular weight
than their literature analogues. The effect of molecular weight on photovoltaic

properties were also investigated.

2.1.2 P3 and P4

P3 and P4 are new conjugated polyrs in theliterature which was aimed toe
synthesizel to increase functionalities ¢f1 andP2. The twealkyl chain (octane)
on benzordazole orewereplanned to replace with (bromooctane) R#andP4.
The I bromine group on the tip dhe alkyl chain is open for basic chemical
reactions since bromiris consideredsa good leaving group. This feature erabl
polymeis P3 andP4 for further postpolymeizations.As future work, this bromine

group is planned tbereplace with thiol group ad then will beactivated by gold
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NPs to increase absorption spectra of polymeric solar cells willdbe constructed
by P3-S-AuNPs andP4-S-AuNPs.

2.1.3 P5 and P6

2131 PS5

P5 is a new conjugated polymer for ditature which was designed compare
possibleeffects of repositioredalkyl chainon electronic and mechanic properties of
conjugated polymersThe alkyl group was planned tde repositioned from
benzoxadizole core to -bridge group (thiophene). As knowthge position of alkyl
chains can manipulatystallinity, interchain packing, and absorption coefficient
which changeghe electronic and mechanical properties of conjugated poly(fers
H. Cho ¢ al., 2012)

2.1.32 P6

P6is anew conjugated polymer for ditature which was aimed to compaessible
effects of “-bridge groupson electronic properties of conjugated polymérke
thiophene group from thigerature polymer PBDTBO was planned to replaeath
theselenophene group to constraciew conjugated polymé6. Usage of different
“-bridge groupss aproven strategy to manifae plane conjugation since aromatic
groups havehe ability to regulate energy gaps, HOMO and LUMO levels, and
absaption spectra of conjugated polymé&edefaw et al., 2016; L. Liu et al., 2019)
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2.2  Synthdic Pathways for the Synthesis oMonomers

In this thesisstudy, six different conjugated polymers were synthesized. To obtain
these polymers four different monomer units were synthesized. In this section,

successful and unsusséul synthéic attemptsof monomers wrediscussed.

2.2.1 Synthetic Pathway of M1
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Figure2.1. Synthetic pathway to obtaimi1

2.2.1.1 Unsuccessful Approach

On the contrary tdhe literature, startingcompound () was chose as veratrole
instead of cacholto obtain common corec¢mpound4) of M1, M2 and M3.
Compound was achieved by nitration reaction with fuming nitric g8topsowitz
et al., 2011)High yield was achieved90%). Then,a ring closire reactionwas
performed(Bouffard & Swager, 2008ith sodium azide and coropnd 3 was
obtained with amoderateyield (40%). After then,a bromination reaction was
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performed(Bouffard & Swager, 2008)ith molecular bromine since no selectivity
was neededto obtain compund 4 and it was isolatedn a good yield (78%).
Compound5 was synthesizedia demethylation of congund 4 with concentrated
hydrobromic acidPrima et al., 2019)ith a reasonablgield (72%). To achieve
product10 Williamson Ether Synthesis was tried. Mild base potassium carbonate
was used to deprariate the hydroxyfjroups on comgund5, then alkyl halide was
introduced tahereaction mediunjGoker et al., 2016)'he yield was very poor (less
than 10%) and attempts for isolation of produt@)(werefailed. Reasons behind
failure may result from steric hindrance duetlve presence of bromine on the
benzoxadiazole grquoringability of formed internediate due to restricted charge

delocalization.

2.2.1.2  Successful Approach

After thefailure ofthefirst pathway theliterature was followed. Congoind 7 was
synthesized byhe Williamson ether gnthesis method. A mild bag@otassium
carbonate) was used to demrmte thehydroxyl groups of compoun@, then 1
bromooctane was introducedttereaction medium. Congoind7 was successfully
obtained with a very good yield (86%). Themitration reactiorwasperformed to
obtaincompound with a fuming nitric acidand the target product was isolated with
a high yield(84%). After that, ring clagre reactionwas performed with sodium
azide but the yield was very low atdi trials. To solve this problerthe literature
isolation procedure of compound was revisddhe decantation method was used
instead ofthe extraction method and after thatagystalization method was used
instead of column chromatograplompound® was obtained with a mechte yield
(53%). Then,a bromination reaction was performedith molecular bromineand
compoundl0 was obtained successful{y8%). Compund 10 was coupled with
stanylated thiophene by Stille CreSsuplingmethod At the end ofthe reaction,

compoundl3 wasisolated with a very good yiel@2%). Finally, bromination with
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n-bromo succinimide (NBS) which is a mild and selective bromination reagent was

performed and/1 was successfully synthesized withigh yield (85%).

2.2.2 Synthetic Pathways of M2

2.2.2.1 Unsuccessful Synthetic Pathway
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Figure2.2. Unsuccessful synthetic pathway to obtsia

Compoundl4 was synthesized hiye Stille CrossCoupling reactioncompound4

which was synthesized formerlyas couptd with stanylated thiophene at the
presence of Pd catalyst andmpoundl4 was obtained with a good vyield (74%).
Then,compoundl5 was synthesized withbromination reaction. NBS was used as
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a bromine sourct avoid over bromination since NBS is seleetand moderately
reactive.Compoundl5was isolated successfully with a reasonable yield. (60%). To
synthesize compountb three diferent reactios weretried but all of the reactions
were failed. At the first trial, concentrated boron tribromide (BBwas used for
demethylation(Passler & Kndlker, 2011)BBrs significantly harsh reagent and it
was caused tahe decomposion of starting material.In the second trial,
dodecanthiol and strong baseere used (Goker et al., 2016put again starting
material was decomposed. #ie last trial, the classic demethylation method with
conc. HBr was triedPrima et al., 2019)This ime reactiorwasfailed due to phase
separation between solvents (acetic acid and DCM). Since comgddauisdnot
soluble in acetic acid and HBr is not soluble in DGMmixture of these solvents
was used and phaseparation was taken plact the endnoreactionwas observed
and thestarting material wasecovered.The reason behind decompasits may
come fromthe complexity of starting material. Since the starting matesidlilly
conjugated and includes many heteroatoms, it is open for side reaetibrizarsh
reagents.
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2.2.2.2  Successful Synthetic Pathway
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Figure2.3. Successful synthetic pathway to obtisif

Starting with compund 3, a demethylation reactionwas performed with
concentrated hydrobromic acid to obtaompoundLl?7. The yield was good (82%).
Then, alkylation was pesfmed by Williamson Ether Synthesis reacti@oker et

al., 2016)and compound18 was obtained with a medate yield (57%). After,
bromination reaction was performedthvmolecular bromine since no selectivity
was neededCompoundl9 was synhesized successfully with lgh yield (88%).

Stille CrossCoupling reaction(Aldenderfer et al., 2008)as used to obtain
compound20. Compmund19was coupled with stanylated thiophene anthpound

20 was synthesized with a good yield (73%). Finalypminationwith n-bromo
succinimide (NBS) which is a mild and selective bromination reagent was performed

andM2 was successfully synthesized withighyield (81%).
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2.2.3 Synthetic Pathways of M3 and M4
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Figure2.4. Synthetigpathway ofM3 andM4

Starting from compund4 and compund 10, the Stille CrossCoupling reactionvas
performed to obtaicompound®5 and26. Compund4 and10 werecoupled with
stanylated dhexyl thiophene and stanylated selenophene respecti@eismpound
25 and 26 were obtained with areasonableyield of 76% and 71% respectively.
Finally, bromination with Fhromo succinimid¢éNBS) was performed to obtamM3
andM4. The reaction yield was moderate (67%) K&8 and was good (79%) for
M4.

42



2.3  Synthesis of Target Conjugated Polymers

All polymerization reactions are designed®completedh a short time with a high
molecular weight The idea behind thigvoiding adecreas in the activities of
catalyst during polymerization reactions. Theladed catalysts shaadecease in
their activitieswhen exposedo air or humidity. During long reaction times, the
possibility of exposuréo air is increasing. In order to prevent this situation, the idea
was to increase the rate of polymerization. To speed up polymerization, the solvent
amounts wereminimized and monomer amountem@increased. As a result, ferl
when compared with literatel (Jiang et al. 204) more than 3.5 times higher value
of Mn was obtainedn six times shorter polymerization time. FB2 (Jiang et al.
2011), 1.5 times higher value of Mmasobtained irsix times shorter polymerization
time. Detailed procedures ftiresynthesis of polymers agevenin theexperimental

section.

2.3.1 Characterization of Conjugated Polymers

The chemical structures of polymevere verified by IR spectroscopi§r spectra of
polymerswere given inthe appendix. The functional groups @olymers can be
verified from an IR spectrum. NMR spectra of polymers could not be obtained due
to solubility problems of polymers in chloroform. Gel permeation chromatography
(THF as eluent, and polystyrene as staddamas used to obtain )My and PDI
values. All polymers are soluble in common organic solvents such as

tetrahydrofuran, chlorobenzene, dichlorobenzene, etc.
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2.4  Number Average Molecular Weight of Polymers

As described in section 2.3, the polymerization rate was increased and the reaction
time was decreased. The polymerization reactions resulted in excellent Mn values
except forP5 (Table 2.1). The reason for the low Mn value R&rmay result from

the position of the alkyl chainThe alkyl group was repositioned from
benzoxadazde core to” bridgegroup thiophene The new position of the alkyl
group where it is closer to the polymerization center may cause steric hindrance and
inhibits polymerization reaction.

2.5 Thermal Stabilities of Polymers

In theappendix parfTGA thanograms of the polyars are available. TGA analysis
was run undem nitrogen atmosphere at 1@/min. heating speed between the
temperature interval of 282-600 C. TGA themograms show the starting points of
5% weidt loss ofP1, P2, P3, P4, P5andP6 are 327 C, 326 C, 305 C, 313 C,
344 C and318 C respectively. Polymers show relatively high thermal stabili
which prevents deformation of morphology. Also, this Biigb prevents the
degadation ofthe polymeric photoactive layer under applied electric fields.

Table2.1 Results of polymerizations and thermal data of polymers

Polymer Mn (kDa) Mw (kDa) PDI Ta(C)
P1 224 538 2.40 327
P2 90 385 4.28 326
P3 92 310 3.37 305
P4 75 270 3.60 313
P5 12 14 1.17 344
P6 66 200 3.03 318
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2.6 Electrochemical Studies

Cyclic voltammetry experiment (CV) was performed to investigabe
electrochemical properties of the polymerslyReers which were dissolved in
CHCIs was spray coated on ITO glasses artdreeelectrode system was used to
conduct experiments. As shown in Figure 2.5. all polymers aamch p dopable

which means they have ambipolar character. The ambipolar character of polymers
can be accommodatéo the” -bridge groups selenophene ahidpheneunits inthe
polymer backbone. They provide polymersy/pe dopingcharacter
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Figure2.5. Cyclic voltammograms of the polymers at 100 mV/s scan rate
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Oxidation and reduction onset potentialsraused to calculate HOMO and LUMO
energy levels. The value dhe electronic bandgap (E®) was calculated by
measuring the difference betwetie HOMO and LUMO leved.

P1, p-doping redox couples were found as 1.14/0.98 V and durtygerdoping,
redox caiples were found a4.34£1.30 V and-1.75+/1.54 V. The onset values are
Eo®™s®= 0.68 V and BL"®'=-1.15 V. The electronic band gaf{') is 1.83 eV

P2, p-doping redox couples were found as 1.13/0.87 V and duritypendoping
redox couples were found as27£1.10 V and-1.77,1.46 V. The onset values are
Eo®s®= 0.78 Vand k{"¢'= -1.08 V. The electronic band gag{') is1.86 eV.

P3, p-dopingredox couples were found a®31.15V. During ntype doping redox
couples were found ad.76/-1.45 V. The onset values are®¢'= 070 V and
Ere"s®'=-1.33 V. The electronic bandap (&) is 2.03eV.

P4, p-doping redox couples were found a2al1.17V. During ntype doping redox
couples were found ad.60/-1.45 V. The onset values are,®*¢'= 095 V and
Ere"s®=-1.15 V. The electronidand gapks®') is 2.06eV.

P5, p-doping redox couples were found as 1.39/1.16 V. Duritypa doping redox
couples were found a$.45+1.01 V and-1.78~1.35 V. The onset values args®
=0.70 V and BL™*=-1.05 V. The electronic barghp (&%) is 1.76 eV

P6, p-doping relox couples were found as30/1.22V. During ntype doping redox
couples were found a%.83V and-1.37/-1.82V. The onset values are&*=1.03
V and Ee”®= -1.08 V. The electronic bandap (E*') is2.11eV.
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Table2.2 Detailedelectrochemical properties of the polymers

Epdoping Epdedoping En-doping  En-dedopng HOMO LUMO  E¢f

V) V) V) V) (ev) (ev) (eV)

P1 1.14 0.98 -1.34f1.75 -1.30f1.54 -5.43 -3.60 1.83
P2 1.13 0.87 -1.27,1.77 -1.10f1.46 -553 -3.67 1.86
P3 1.23 1.15 -1.76 -1.45 -5.45 -3.42 2.03
P4 1.26 1.17 -1.60 -1.45 -5.67 -3.60 2.07
P5 1.39 1.16 -1.45f1.78 -1.01/1.35 -5.46 -3.70 1.76
P6 1.30 1.22 -1.31/1.83 -1.37/1.82 -5.78 -3.66 2.10

In a summary, all the polymers showed suitable energy levels to construct an organic

solar cell. HOMO and LUMO energies for PBM are -5.90 eV and-3.90 eV
respectively which are
(Istanbulluoglu et al., 2015Energy levels of PGBM and the polymers vyield

sufficiently large HOMGHOMO and LUMGLUMO offsets to satisfy efficient

previously

deter

charge transfer and dissociation for corresponding devices. Also, the electronic band

gaps of polymers are narrow (&42V) which increasethe possibility of harvesting
photons from solar radiatigisekine et al., 2014)

P1 and P2 have a narrower electronic band gap when compared with former

analogues from the literaei(-1.99 eV and2.11 eV (iang et al. 201&ndJiang et
al. 201) respectively).The reason behind this band gdgcrease could be from

increasein effective “-conjugation length. It could be clear evidence for Mn

d e pende nammgugaton length and thus, electrochemical properties of

polymers.
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P3 andP4 have a broader electronic band gap when comparedP¥igmdP2. The
reason behind this band gap increase could be from decreaséfedtive " -
conjugation lengthThe bromine groups on the tip of alkyl chains may disturb the
linearity and aggregation of polymers in sediite since bromine iscansiderably

big atom.

P2andP6h a v e d i-bridgiag geoumps between donor and acceptor Witsle

P2 has thiophenelR6 has selenophene. Selenophene dbksger size than sulfur
which is lowering the aronti@ity of the selenophene ring. Thushe electron
donating ability of selenophene is higher than thiophereen previous studig&im

et al., 2012)the $ronger electrordonating abity of selenophene was resultedan
decrese in LUMO level without changing the HOMO leviut according to
electrochemical result$26 has a higherelectronic bandgap thanP2 which is
unexpected. The reason behind this anomaly could be from a peosaaaldom

error during CV measurement. For example, disturbance of inert atmosphere hence
the presence of oxygen or other reactive gases could affectdbping and n

doping process.

2.7  Optical Studies

All the polymers were investigated in the visibledarearinfrared regions witha
UV-VIS-NIR spectrometer. Both solution and tHilm absorption spectra were
obtained for all the polymers. Optical band gaps of polymers were calculated from
amax®™®Vv a |l u e s maxVva@llesab the pelymers were obtairfedim thethin film

UV spectra.Optical band gaps of polymers are lower than electronical band gaps
due to the formation of free electrons during the electrochemistry expe(igafit

Cho et al., 2010)
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Figure2.6. Normalized absorption spectra of polymers in solution and solid form

49



Table2.3. Optical properties of the polymers

Amax(NM)  amax®™®(nm)  Eg°° (eV)

P1 600 686 181
P2 623 705 176
P3 590 712 1.74
P4 576 726 1.74
PS5 591 723 172
P6 630 127 1.71

Each absorption spectrum has specific two absorption bands. The first band which is
narrow is lying at the region between 350 nm to 500 nm. This band could be assigned
t o | o ¢ 3 transitiendThé second band which is broader than the first one has

a range from 500 nm to 700 nm could be assigned to intermolecular charge transfer
(ICT) between the donor and acceptor units in the polymer backhora et al.,

2012)

P1 andP2 showed broader absorption spectra congptodormer analogues from

the literature. Synthesized polymers that having higher Mn values are showing red
shifted absorptiormaxima émaxy. The reason behind this shift could be from
increases in-conjugation length and chain aggregation. It could be clear evidence
for Mn dependence of absorption spectra and thus, optical properties of polymers. In
addition to that, reghifted absorption spectra were observed at theftimmstate of
P1andP2which could indicate that in solistate that polymers showed crystalline
character, with long ange o-r'd esteac kéonsmcuowsaggregation
(Cuesta et al., 2019)
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Table2.4 Comparison of absorption spectraRifandP2 with literature analogues.

(Jiang et al. 201andJiang et al. 204 respectively)

P1 P1 Literature P2 P2 Literature

Amax(nm) 600 576 623 575
Range 490to 69C 500 to 650 480 to 680 475 to 650

P3 and P4 have a bromine functional group on the tip of their alkyl chains. Their
solid-state absorption spectra are slightly different from solution absorption spectra
which could indicate that polymers showed amorphous character, with naloge

o r d e+ etdsking and poor aggregation in seithte(Cuesta et al., 2019The
bromine groups on the tip of alkyl chains may disturb the linearity and aggregation

of polymers in soliestate since bromine iscansiderablybig atom.

P1andP5 have alkyl chains at different positiod®5 has a considerably lower Mn
value thanP1 which was explained in section 2.4. In addition, the thin film
absorbance spectra significantly differ from each othe@ould be an indication of

with the increasing of molecular weiglttth e r an'ges toafc ki ng i s

aggregation is increasing solid-state.

P2andP6h a v e d i-bridgiag geoumps between donor and acceptor units. While
P2 has thiopheneP6 has selenophene. As mentioned in the electrochemical
properties section, the presence of selenophene reduces LUMO level since the
electon-donating ability of selenophene higher than thiophg@ew. Cho et al.,

2010) The anomaly which was observed in electrochemical properties was corrected
in optical properties. Hence, the optical band gapé#as found lower than that of

P2 as «pected.
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2.8  Photovoltaic Studiesof the Polymers
2.8.1 P1 and P2

2.8.1.1 Conventional Device Structure

The energy level diagram of OS@ichbased oP1landP2was illustrated in Figure
2.7. HOMO, LUMO and electronic bangap measurementseve described in
Section 2.6.
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Figure2.7. Energy level diagram ¢l andP2based OSC with conventional device

architecture

Formerly consucted devices withPBDTTBO (Jiang et al., 2014)were
reconstructed foP1 with the same parameters to providgroper corparison In
other words, foiP1 dichlorobenzene (DCB) was usedasolvent,a fixed ratio of
1:2 of polymer: P&BM and total concentration (%3) was usaad best device

performance was obtained.

ForP2, the same approach was planned Witthoweverthe described construction
which is the total concentration was %4 aricked ratio of1:1 of polymer: PG:BM

in theliterature(Jiang et al., 2Q1) was failed. Polymer concentration was excessive
and during the spin coating process, the active layer was not coated homogeneously
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on the surface of ITO. Then, a regular optimization procedurdoNlag/ed and the

best device performance was obtained.

Table2.5 Comparisorof photovoltaic properties ¢¥1 andP2with PBDTTBO and
PBDTBO

_ Polymer:PGi Voo FF A&
Polymers Solvent Weight .
Ratio (V) (mAcm?) (%) (%)
P1 DCB 3% 1.2 0.87 17.33 68.93 10.33
PBDTTBO DCB 3% 1.2 0.85 11.80 59.0 5.90
P2 DCB 3% 1:2 0.79 13.17 62.01 6.43
PBDTBO DCB 4% 11 0.86 104 64.4 5.70

From Table 2.5, the PCE of the device which is constructedRiithy using the
same parameters of literaturevas found 1.75 times higher than thermerly
constucted deviceby Jiang et al., 2014Vith the PCE of 10.33%, the highest
reported power conversion efficiency was obtained among the conjugated polymers
that include benzoxadiazoés an acceptor unit in their D:A alternating backbone.
The difference in the 3¢levels is negligible which is expected since HOMO levels
of P1and PBDTBO were not significantly different from each other. On the other
hand,P1 showed overwhelming superityron PBDTTBO at d.and FF parameters
Starting with &, the reason behind the superioritytbé P1 could be from the
increased molecular weight. The relatively lower molecular weight of PBDTTBO
may cause less absorption from incoming solar radiafso, wider fibrils of a
polymer may be formed due to the higher solubility of polymers that have lower
molecular weight. Wider fibrils reduce exciton diffusion which also reduses J
value. Lastly, the lower FF value of PBDTTBO compareBIocould be eglained

with differences in active layer morphology since the FF value is primarily assigned
by the powerful DA phase separation at the active layer, with an interpenetrated

bicontinuous morphologyLi et al., 2014. To summarize, althougl and
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PBDTTBOhave identical donor and acceptor units in their backbone, the difference
between sk and FF values are high. Thus, the power conversion efficiency of
PBDTTBO:is lower than that oP1. This result could be clear evidence for the effect

of molecular weight on photovoltaic properties.

For P2, from Table 2.5, a PCE of 6.43% was obtained with the device in W2ch
was used as a polymeric donor unit in the active layer. 1.16 times leifjlce&ncy
was obtained thaaformerly constructed device withesame polymeric donor unit
by Jiang et al., 201 he difference in the 3values is negligible which is expected
since repeating units &2 and PBDTBO were not significantly differembfn each
other. On the other hanB1 showed superiority oRBDTBO at the s} parameter
The reason behind the superioritytbé P1 could be from the increased molecular
weight. The relatively lower molecular weight of PBDTBO may cause less
absorption in solid form from incoming radiation. Also, wider fibrils of a polymer
may be formed due to the higher solubility of polymers thaeHawer molecular
weight. Wider fibrils reduce exciton diffusion which also redugegalue(Li et al.,
2014) Lastly, there was no significant difference for FF values observed.

——P1:PC74BM
——P2PC7(BM

300 400 500 600 700 800
Wavelength (nm)

Figure2.8. EQE curves of organic solar cells of polymersiEBB/ blends

EQE curves of P1:P@BM and P2:P@&BM blends were obtained to verifyYalues
of devices. & values of 15.3 mA criiand 13.0 mA cm were obtained from EQE
curves respectively foP1 andP2. EQE curves showed insignificant loss and they

confirmed to & values obtained from devices.
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50 nm

Figure2.9. TEM images of P1: PGBM (1:2, w/w) and P2: PEGBM (1:2, w/w)
blends

Figure 2.9 shows TEM images of P1: 78M (1:2, w/w) and P2: PGBM (1:2,

w/w) blends with a scale of 50 and 100 nm respectively. While polymers are
appearing as bright, R@BM appearing as dark regions. The images ofthblend
showed a good hongenous mixture, thel and PG:BM mixed verywell in each
other. This could be explained by obtaining high FF values. Also, narrow fibril
formation was observed from TEM images due to the high molecular weigtit of

As mentioned earlier, with the formati of narrower fibrils, the possibility of
reaching the doneaicceptor interface for excitons are increasing. That could explain,
obtaining remarkablesdvalue. From the TEM images of tR2 blend, again good
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homogenous mixture and narrow fibril formativere observed. The dark black
spots on the image of ti2 PC;:BM blend are undissolved RPBM. The relatively
lower FF value of theé?2 blend, when compared with thHel blend, could be

explained from these spots.

P1-3D

200 nm

0.0nm |

4 ym

Rms = 0.609 nm

1: Height

Rms =2.410"nm

Figure2.10. Topographic AFM images ¢11: PG:BM (1:2, w/w) and P2: P&GBM
blends

Figure 2.10. shows topographic AFM images of polymer bldtdand P2 with
PC;1BM. A smoother surface (0.609 nm) was observed when compdredth
literature analogue and a rougher surface (2.410 nm) was observed when compared
P2 with literature analogue. Since FF values are directly correlated with the
morphology of the active layer, the increased FF value¥and decreased FF value

for P2was obtained when compared with literature analogues as expected.
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To summarize, althoughl, P2and PBDTTBO, PBDTBMave identical donor and
acceptor units in their backbone, higher PCE was obtained with conventional device
structure by increasing moleeaulweight of polymers. Hence, this result could be
clear evidence for the effect of molecular weight on photovoltaic properties.
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Figure2.11. JV curves ofP1 andP2 for their best device performances

2.8.1.2 Inverted Device Structure and Ternary Blend Approach for P1 and
P2

Considerably high values of PCEs were obtained for Bitrand P2 with the
conventional device structure. For further enhancements, two different device
structures were constructed. The first ternary blend active layer was constructed
instead of binary. As mentioned in section 1.7.1 ternary blends have been using to
provide desirable incoming light absorptighu et al., 2014)but after several
attempts, decreased FF values were observed without imprayingluies when
compared with the binary active layer. The reasould be poor mixing of polymeric
donor units which could result in the poorADphase separation at the active layer,
with a poorly interpenetrated bicontinuous morphology. In future work, different
polymeric donor units will be mixed witR1 andP2 to achieve better active layer
morphology. Table 2.6 summarizes the photovoltaic performances after ternary
studies ofP1 andP2.
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Table2.6 Summary of the photovoltaic properties fl@vices with ternary blend

adive layer

Polymers Solvent Weight Polymer:PGiBM Ratio

P1:PCE10
P1:PCE10
P1: A8
P1: AS§
P2:PCE10
P2:PCE10

DCB
DCB
DCB
DCB
DCB
DCB

3%
3%
3%
3%
3%
3%

0.9:0.1:2
0.7.0.3:2
0.9:0.1:2
0.7.0.3:2
0.9:0.1:2
0.7.0.3:2

Voo e FF PCE
(V) (mAcn?) (%) (%)
0.82 15.06 52.446.47
0.83 11.42 55.595.28
0.76 12.13 55.37 5.10
0.75 1221 55.455.06
0.76 9.56 58.89 4.25
0.77 7.69 59.723.45

a. Commercial polymeric donor unit with 10% PCE b. polymeric donor unit

whi ch

synt hesi zed

a

f or mer

Secondly, an inverted device structure (ITO/ZnO/PolymerBi@/MoOs/Ag) was

constructed foP1andP2. As mentioned in s#ion 1.7.1 inverted deviaachitecture

has been user both increasing device stability and PQEhra et al., 2015put

after the first attempt, a significant decrease was observed for Fk:@allids when

compared to conventional deviaechitectureIn future work, furtler optimizations

and analysis will be performed to clarify the reasons behind the device performance
decreases. Table 2.7 summarizes photovoltaic performances after inverted device
studies ofP1 andP2.

Table2.7 Summary of the photovoltaic properties flmvices with an inverted

device structure

Vv
Polymers Solvent Weight Polymer:PG:BM Ratio >

P1
P2

DCB
DCB

3%
3%

1:2
1:2

0.82

Jsc FF PCE
(V) (mAcn?) (%) (%)
8.40 52.46 3.59
9.76 51.854.12

0.82
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2.8.2 P3 and P4

The energy level diagram of OS#hich isbased orP3 and P4 wasillustrated in

Figure 212. HOMO, LUMO and electronic barghp measurementsewedescribed

in Section 2.6.
290 eV
]
LiF
342 eV
-3.90 eV
-430eV
]
2570 eV Al
- ‘5 0eV
ITO
PEDOT PSS

545 eV

-5.67 eV
-5.90 eV

Figure2.12. Energy level diagram d?3 andP4 based OSC with conventional
device architecture

Table2.

8 Summary of theore-photovoltaicstudies for polymes P3 andP4

Polymer.PC;1BM Jsc Voc FF /E
(w:w) (mAlcm?) (V) % %

1.2 (P3) (2%) 9.78 0.79 52 4.06

1:3 (P3) (2%) 1071 079 52 441

1:4 (P3)(2%) 8.17 078 49 3.11

1:3 (P3) (2.5%) 1093 076 59  4.29

1:2 (P4) (2%) 5.62 067 46 1.74
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Exceeding the 1:3 ratio of PBC;:BM at 2% (w/v) causes a decrease inkagalue
(Table 2.8) This could be explainebly decreasinghe polymer ratio inthe blend.

The absorption intensity of the active layer, which molk#iongs to thgolymer

due tothe low absorptivity of P@GBM towards AM1.5G|s generallyresponsible

for the dcvalues. AfterP3PC;:BM ratio optimization was completed, it is observed
thatthe 1:3 ratio was the best among others. The ratio optimizations which were
performed at 2% (w/wyere followed by blend concentration optimizatidnsorder

to acheve enhancog current density values with increasing absorption of incoming
radiationblend concentration was increaséilhen the blend concentration was
increased from 2% tB.5%, thePCE of device was decreased from 4.41% to 4.29%.
Hence, optimum blend concentrativas determined as 2%. As a future work, the
thickness optimizations will be performed to obtain optimum parameters of the
device. Device optimizations f&4 were just started, as a future work they will be

completed to reach optimum device parameters.

2.8.3 PS5

The energy level diagram of OS#hich is based orP5 wasillustrated in Figure
2.13. HOMO, LUMO and electronic bandap measurementsene described in
Section 2.6.

-2.90 eV
L]
LiF
-3.70 eV
-3.90 eV
4 30 eV
-5.70 eV
ITO —5 0eV
PEDOT PSS

-5.46 eV

-5.90 eV

Figure 2.13. Energy level diagram oP5 based OSC with conventional device

architecture
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The photovoltaic propertiesvith respect to optimization studider P5 were

summarizedn Table 29,

Table2.9 Summary of the photovoltaic properties for polyrRér

P3:PG:BM Jsc Voc FF £ RPM Treatment
(W:w) (mA/cn?) (V) % %

1:1 (2%) 3.20 0.59 4124 0.78 500 -
1:2 (2%) 4.76 0.59 39.18 1.10 500 -
1:3 (2%) 3.75 0.59 40.96 0.91 500 -
1:4 (2%) 2.82 0.62 47.04 0.84 500 -
1:2 (3%) 5.66 0.61 41.60 1.44 500 -

1:2 (3.5%) 5.60 0.58 35.39 115 500 -

1:2 (3%) 8.38 0.55 3532 1.63 350 -
1:2 (3%) 5.66 0.56 36.19 1.14 750 -
1:2 (3%) 3.97 0.67 44.01 1.18 350 2% DIO
1:2 (3%) 4.88 0.63 3532 1.09 350 3% DPE
1:2 (3%) 2.99 0.60 27.37 0.49 350 2% CN

Exceeding the 1:2 ratio of polymétC;1BM at 2% (w/v) causes a decrease inJge
value (Table 2.9) This could be explaineldy decreasinghe polymer ratio inthe
blend. The absorption intensity of the active layer, which mdstlpngs to the
polymer due tothe low absorptivity of PGBM towards AM1.5G,is generally
responsible forthe Jc values. After, polymer:P&BM ratio optimization was
completed, it is obseed thatthe 1:2 ratio was the best among others. The ratio
optimizations which were performed at 2% (w/were followed by blend
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concentration optimizationsn orderto acheve enhanag current density values
with increasing absorption of incoming radetblend concentration was increased
When the blend concentration was increased from 2% to 3% tredukincreased
from 4.76 mA/cm to 5.66 mA/cm. However, when the ratio was increased from
3% to 3.5% bothsJand FF values decreasegiwas decreased from 5.66 mA/£&m

to 5.60 mA/cm and FF was decased from 41.60% to 35.39%. Hence optimum
condtion was determined in terms of blend concentration as 3%. Alfier
conclusion ofblend concentration optimizations, the thickness optimizaticere
started. The blend ratio optimizations were performed at 500 rpm. First, rpm was
increased to 750 to dees® the thickness dhe active layer because the extensive
thicknes could cause the faita in thecharge tansport tacorresponding electrodes
due toincreasedgathway.But Jsc value stays constant moreovehe FF valuewas
decreased from 41.6% to 36.19% with the inaedasm from 500 to 750. It could
causethe deterioration of bicontimous morphology. fien he rpm decrased from

500 nm to 350im. After thata decrease in FF value was observed again busthe
value increasedramaticallyto 8.38 mA/cm. The reason behind the improvement
could from better absorptivity of incoming light with increasing the thicknetiseof
active layer. Hencethe optimum optimization values were determined as
P5:PG1BM ratio of 1:2, blend concentration of 3% and at a spin coating ratio of 350
rpm. The final PCE athedevice was recorded as 1.63% after optimizations.

For further optimization, thredifferent additives were added titne active layer
which are 1,8-diiodooctane DIO), diphenyl ether(DPE) and chloronaphthalene
(CN) in order to investigatéhe effectson overall device perfanance. After the
addition ofDIO, Vocwas increaseftom 0.55 V to 0.63/ without significant chang

in FF value but ¢} value was decreasediramatically from 8.38 mA/cto 3.97
mA/cn?. With all these changes the PCRInédevice was decreased from 1.63% to
1.18%.addition ofDPE causesnincreasan FF value from 35.32% t44.01% and
Voc from 0.55 V to 0.67 V butsd value was decreasedramatically from 8.38
mA/cn? to 4.88 mA/cmi. With all these changes the PCE thie device was
decreased from 1.63% to 1.098éso, addition ofCN increased/oc from 0.55 V to
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0.60 V but demasal FF from 35.32% to 27.37% angJalue from 8.38 mA/cito
3.97 mA/cni. With all these changes the PCEtbe device was decreased from
1.63% to 0.49%. Overall, all additives decreased thevalues witha slight

increment of \{c values.
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Figure2.14. JV curves that summarize the photovoltaic performandesof

P1andP5 have alkyl chaisat different positionsP5 hasa considerably lower Mn
value tharP1 which was explaineth section 2.4. When phavoltaic properties of
P1andP5were compared?1 showed overwhelming superiorityer P5 at all the
parameters. Starting with Jsc, the reason bahiasuperiority ofP1 could be from
the high molecular weigt. Low molecular weipgt causes poor absorption from
incoming solar radiation. Also, wider fibrils d@he polymer are formed due to
excessive solubility of polymers which have low molecular WweigVider fibrils
reduce exciton diffusion which also reduces Jsc value (Li et 44)20

63



Also, decreasedsscould be attributed to the alkyl group on thiophene which could
cause a decrease in effectiveonjugation length due to disturbing in planarity at
polymer backbone. From the electrochemical studisand P5 have similar
HOMO levels but the M values of the polymers are significantly different from each
other which is surprising. ¢/ levels should remain similar. Lowerqd/could be

explained with less efficient charge transport propertywivhich arises fom poor

active layer morphology. Which also explains the decreased FF vaRte of

p——— 100 nm

Figure2.15. TEM images of P5: P&BM (1:2, w/w) blend

Figure 2.15. shows TEM images of P5:7(BM (1:2, w/w) blend with acale of 50

and 100 nm respectively. While polymers are appearing as brightBMC
appearing as dark regions. The images of Rbeblend showed a moderately
homogenous mixture with a lot of defects. Hteand PG:BM poorly mixed in each
other,aggregated P&BM domains as darker regions were observed. This could be
explained by obtaining a low FF value. Also, thicker fibril formation was observed
from TEM images due to the low molecular weightRH. That could explain,

obtaining a lowersd value thanP1 based device.
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Figure2.16. Topographic AFM images ¢15: PG:BM (1:2, w/w) blend

Figure 2.5. shows topographic AFM images of polymer bl&twith PC71BM.

A rougher surface (3.770 nm) was obsel when compared withl (0.609 nm).
Since FF values are directly correlated with the morphology of the active layer, a
decreased FF value f&"5 was obtained when compared wiRth as expected.

To summarize, althoughlandP5have similar donor and aquer units in their
backbone, the difference between photovoltaic parameters is huge. Thus, the power
conversion efficiency oP5is significantly lower than thaaf P1 This result could
be clear evidence for the effect of the position of the alkyl cbaiphotovoltaic

parameters.
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2.8.4 P6

The energy level diagram of OSC which based6mwas illustrated in Figure 27.
HOMO, LUMO and electronic bangap measurementsenedescribed in Section
2.6.

2.90 eV
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Figure2.17. Energy level diagram d?6 based OSC with conventional device
architecture

Table2.10 Summary of the photovoltaic properties for polyrRér

P6:PCG1BM Jsc Voc FF yis
RPM

(w:w) (mA/cn?) (V) % %
1:1 (2%) 7.30 072 55.89 2.89 750
1:2 (2%) 7.08 072 64.83 3.33 750
1:3 (2%) 8.19 072 64.07 3.78 750
1:4 (2%) 2.88 0.62 4561 0.83 750
1:3 (3%) 8.41 073 63.70 3.89 750

1:3 (3.5%) 11.84 0.73 57.67 489 750
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Exceeding the 1:3 ratio of PBC;:BM at 3% (w/v) causes a decrease inkagalue
(Table 2.10) This could be explaineoly decreasinghe polymer ratio inthe blend.

The absorption intensity of the active layer, which molsdiongs to theolymer

due tothe low absorptivity of P@BM towards AM1.5G,s generallyresponsible

for the Jdc values. After, polymer:P£BM ratio optimization was completed, it is
observed thahe 1:3 ratio was the best among others. The ratio optimizations which
were performed at 2% (w/wvas followed by kend concentration optimizationis.
order to acheve enhanog current density values with increasing absorption of
incoming radiation blend concentration was increasedvhen the blend
concentration was increased from 2% to 3%, thevalue increasedfrom 8.19
mA/cn? to 8.41mA/cn?. Then when the ratio was increased from 3% to 3.88&in

Jsc valuewas increasetb 11.84mA/cn? with overall device performance of 4.89%
PCE.Hence optimum contlon was determined in terms of blend concentration as
3.5%. As a future work, the thickness optimizations will be performed to obtain

optimum parameters of the device.

For further optimization, three different additives will be added to the active layer
which are DIO, DPE and CN in order to investigate the effectsvenall device

performance.

2.8.4.1 Addition of Gold NPs as an Additive

The effect of gold nanoparticles as an additive to the active layer in terms of
photovoltaic properties were studied. Four devices bas&bas polymeric donor

unit and P@BM as acceptor unit in the active layer of the cells were constructed
simultaneously with the same parameters to minimize instrumental and personal
errors and have an exact comparison. Gold NPs were simply mixethebtive

layers of three out of foudevices at different ratios which are 0.3%, 0.6% and 0.9%

(w/w) andthedevice without gold NPs addition was used as the control group.
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Table2.11 Effect ofaddition of Au NPs on photovoltaic propertiesRef

P6:PG:BM Weight V. e FE RPM /&£ Treatment

Ratio (V) (MmAcm?) (%) (%)
1.2 2% 058 6.14 65.06 750 2.89 -
1.2 2% 059 5.17 60.98 750 1.80 0.3% Au NPs
1.2 2% 057 467 6198 750 1.65 0.6% AuNPs
1.2 2% 049 4.37 58.66 750 1.27 0.9% Au NPs

From the Table 2.11, significant decrease was observed after addition of Au NPs.
The PCE of the devices was decreased with the increasing the concentration of Au
NPs. The idea was promoting the absorption to increasalde with utilization of
nancparicles inside the active layer but the reverse situation was obsegved. J
values were decreased dramatically. The reason could be aggregation of NPs in the
active layer. Further, morphology analysis will be performed to clarify the reasons

behind performare decrease of the devices.
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Figure2.18. JV curves ofP6 after Au NPgreatment with different concentrations
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CHAPTER 3

EXPERIMENTAL

3.1 Materials

Chemicals were purchased from Merck, Tokyo Chemical Industry (TCI) and
Solarmer. All reactions were carried out undemitrogen atmosphere unless
otherwise mentioned. Chloroform and chlorobenzene were dried over molecular
sieves (4A) and degassed withragen for 2 dag. Other dry solvents were thned

from a solvent drying system (Mbraun MBSPS5). Silica gel 60 was purchased from
Merck (230-400 mesh) aastationary phase for column chromatography. Tayer
chromatography was performedth commercial 0.25 mm silica gel plates (TLC
Merck Silica Gel 6D

3.2  Methods and Experimental

Bruker Spectrospin Avance DP200 MHz spectrometer was used to record‘the
and *C-NMR spectra. As internal standaTMS (trimethylsilane) was used and
chemical sHts are reported in parts per million (ppm). Coupling constants (J) were
reported in hertz (Hz). Symbols: s(singlet), d(doublet), t(triplet), g(oaatel m
(multiplet) were used to specify the spin multiplicities. MestReNova software was
used to procesBIMR spectra. Deuterated solvents CBY@WeOD and (CRE).CO
were as used as solvents fioe analysis ofH and**C-NMR spectra. Exact masses

of novel synhesized compunds were determined with highsoltion mass
spectrosopy (Water Synapt MS System). Gglernmeation chromatography
(Shimadzu20A) which iscalibrated against polyygene standard was performed to
identify the molecular weight of synthesized polymers. Thermal properties of the
polymers were identified by Pyris 1 TGA Thermogravimetry Analyzet Berkin
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Elmer Diamond DSC Differential Scanning Calorimeter. Redox behaviors and
electronic band gaps of polymers were investigateithégyclic voltammetry (CV)
method. Asaworking electode, Indium Tin Oxide (ITO) coated glass, as reference
electrode (WE) silver and as counter electrode platinum were used. Grammy
Instrument Refe@ance 600 Potentiostat with a constant scan rate of 100 mV/s was
used to investigate-por ntype doping potentials. Varian Cary 5000 WAs
Spectrometer was used for spectopsc studies. Lastlythe Keithley 2400
instrument was used to obtain current density vs voltage measurements. Photo

current was simulated with 100 mW tand measured under 1.5 G illumination.

3.3  Synthesis of Monomers

3.3.1 Synthesis of 1,Aimethoxy-4,5-dinitrobenzene

O,N.  NO,
HNO;, AcOH

CH,Cl, 25°C
HsCO  OCH, HsCO  OCH;
1 2

Figure3.1. Synthetic route of compourid

In a 250 mLschlerk tube 9.66 g (70 mmol) veratrol&)( 50 mL DCM and 9.5 mL
glacial acetic acid ere added, then they were stirred in an ice bath until the
temperature reached €. After that, 97.0% (fuming) nitric acid (26.6 mL)eve
added with the dropper around d After the addition was completed, the reaction
temperaturevas raisedo room tempeature and stirred for 24rhThe resulting
reddishorange mixture was poured into the ice (around 400 mL) and extracted with
DCM. The aganic layer was washed with brine and dried over MgSQter
removing MgSQ by filtration, the solvent was evaporateader reduced pressure

and a crude yelloworange solid was obtained. To obtaa pure product,
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recrystallization was performed with ethanol (EtOH). Yellow crystals were obtained
(17.009, 90% yield).

IHNMR (400 MHz,CDCf) U 7. 34 (3=60HzH6H). 4.02 (s,
3CNMR (100 MHz,CDC)) & 151.9, 136.7, 107.0, 57.1

HR-MS (ESI) for GH9N20g, calculated 229.0461, found 229.0475

3.3.2 Synthesis of 5,&dimethoxybenzof][1,2,5]oxadiazole

/O\
ON NOz ) NaNy, n-N(CH )Br v /N
2.) PPh,
CeHsCH; 100°C
HyCO  OCHj HsCO  OCH,
2 3

Figure3.2. Synthetic route of compouryl

The 2.80 g compound (12 mmol), 3.00 g sodium azide (46 mmol) and 1.25 g
tetrabutylammonium bromide (4 mmol) were added into a 250 mL schlenk tube and
vacuumed for 30 mirto remove air and msture. After that dry toluene (45 mL)
wereadded tathe schlenk tube undean N2 atmosphere. The reaction temperature
was set up to 110C and stirred for 12 rh During ths processthe color ofthe
reaction medium turned from yellow to red, then dark red. After TLC control 3.00 g
triphenylphosphine (11 mmolyereadded tahe mixture and stirred for another 12

hr. under N atmosphere @ahe same temperature. The reaction wascludedwith

TLC contrd and the reddisiblack reaction medium was obtained. By decantation
method the salts were removed from the reaction medium and toluene was
evaporated under reduced pressure. Crude black solid was dissoD&d/ and
washed with brine several timeBhe organic layer was collected and dried over
MgSQy. After removing MgS@ by filtration, DCM was evaporated by reduced
pressure. The crude black solid was recrystallized with EtOH several times and dark
yellow crystalswvereobtained (0.88 g, 40% vyield).
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IHNMR (400 MHz, CDGJ) O 6. 86 ( 3=13.@H2)6H). 3. 96 ( s,

13C NMR (100 MHz,CDG)) U 155. 4, 146. 7, 90.7, 56.

HR-MS (ESI) for GH9N203, calculated 181.0613, found 181.0626

3.3.3 Synthesis of 4,7dibromo-5,6-dimethoxybenzof][1,2,5]oxadiazole

O /O\
7 N N N
N\ /N \ S/
Br, AcOH
CHCI; 25°C
H;CO OCHg3 H3;CO OCHg3;
3 4

Br

Figure3.3. Synthetic route of compourdd

In a 250 mLschlerk tube 1.50 g (8 mmol) compourgland 80 mL CHG were

added at room temperature and stirred. 0.90 mL bromine (18 mmol) and 10 mL acetic
acid solution vereadded to the reaction mixture by dropgére mixture was stirred

for 3 days at room temperature under dark conditions. After TLC control, the
reaction wa finished. The free bromine was quenched by 20% NaOH solution and
extraction was performed by CHInd brine. The organic layer was separated and
dried over MgS@ After filtrating MgSQ, thesolvent was evaporated under reduced
pressure. The yellowisWwhite crude solid was recrystallized with EtOH and pale
yellow crystals vereobtained (2.2 g, 78% vyield).

IHNMR (400 MHz,CDCf) U 4.03 (s, 6H).

*CNMR (100MHz,CDG) G 156.0, 147.4, 99.6, 61.
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3.34 Synthesis of 4,7dibromobenzoic][1,2,5]oxadiazole5,6-diol

KON
N’O\N NN

\ HBr \ /
Br Br Br Br

AcOH, 25 °C
(0] O HO OH
N\ /
4 5

Figure3.4. Synthetic route of compourid

The 0.70 g compound (2 mmol) wereplaced into 100 mL, 2 neck reaction flask
and 20 mL acetic acid added. The temperature was set @ &td 7.00 mL fuming
HBr wereadded dropwise by syringe. Aftéreaddition was completed, the reaction
temperature was raised to 9Q and stirredfor 2 days. After that, the reaction
mixture poured into the ice arie resultingprecipitate was collected he crude
white solid was washed with water several times and driadamen at 60 C. White
solid was obtained (0.47 g, 73% yield).

3C NMR (100 MHz,CBOD) UG 152. 5, 147.9, 86. 5.

3.3.5 Unsuccessful Trial of Synthesis of 4;dibromo-5,6-
bis(octyloxy)benzog][1,2,5]oxadiazole

/O\ /O\
N N N N
\ \ N/
Br pr _CstisBr K,COs Br Br

DMF, 110°C
HO  OH CgHi7O  OCgHy7
5 10

Figure3.5. Unsuccessful synthetic trial of compout@

In a 250 mLschlerk tube, 0.40 g of compourkl(1.29 mmol), 0.40 g of ¥BCO3 (2.84
mmol) and 25. mL of dry DMF were added. The reaction temperature was8€et to
- C. The mixture was stirrddr 45 min. and 0.60 g-bromooctane (3.10 mmol)exe

added tdhemixture. The temperature was raised to I€@&nd stirred 3 days under
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an Nz atmosphere. DMF was evaporated and extrastiasperformed with DCM
and brine.The aganic phase was collected and dried over Mg&taithe solvent
was evaporated under reduced presstile cude milky liquid was collected.
Column chromatography (sibcgel, Hexane: DCNI 1:1) was performed to isolate

thetarget compound. Due thelow yield, this method was abandoned.

3.3.6 Synthesis of 1,2bis(octyloxy)benzene

C8H17Br, K2C03

DMEF, 110°C
HO OH CgH470 OCgH17
6 7

Figure3.6. Synthetic route of compourd

In a 250 mL2 neck reaction flask3.96 g of compouné (36.0 mmol), 13.0 g of
K2COz (94.0 mmol) and 50 mL of dry DMF were added. The reaction temperature
was set tB80 C. The mixture was stirrefbr 45 min. and 14.10 ¢-bromooctane
(75.0 mmol) vereadded tahe mixture. The temperature was raised to 1C0and
stirred 3 days undeasn N> atmosphere. DMF was evaporated and extraction was
performed with DCM and brinélhe aganic phase was collected and dried over
MgSQs. The ®lvent was evaporated under reduced pressure. cude milky
brown liquid was collected. The target compound was precipitated in cold methanol
(MeOH) and filtrated. White solid was obtaindd (35 g,86% yield).

IH NMR (400 MHz, CDC{) U 6 . )83193 ((,Js6,7 Ha, BH), 1.73 (}=6.7 Hz,
4H), 1.46i 1.14 (m, 20H), 0.81 (t]=6.7 Hz, 6H).

“CNMR (100MHz,CDG) 4 149.2, 121.0, 114.1, 69.

22.7,14.1.
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3.3.7 Synthesis of 1,Ainitro -4,5-bis(octyloxy)benzene

O,N  NO,
HNO; AcOH
CH,Cl, 25°C
CgHi7O  OCgHq7 CgHi7O  OCgH47
7 8

Figure3.7. Synthetic route of compour&d

In a 250 mLschlerk tube 3.@ g (8.97 mmolxompound 725 mL DCM and 10 mL
glacial acetic acid ere added, then they were stirred am ice bath until the
temperature reached €. After that, 97.0% (fuming) nitric acid (5.0 mL)eve
added with the dropper around i After the addition was completed, the reaction
temperature cooled to room temperature and stirred for. 2zhé resuting reddish
orange mixture was poured into the ice (around 400 mL) and extracted with DCM.
The aganic layer was washed with brine and dried over Mg@@er removing
MgSQy by filtration, the solvent was evaporated under reduced pressuaartte
yellow-orange solid was obtained. To obtaipure product, recrystallization was
performed with ethanol (EtOH). Yellow solids were obtained((8,24% yield).

IH NMR (400 MHz, CDCf) U 7. 27 ( &=6.3RH3H), 1.78.(rh, BH),( t ,
1.53i 1.41 (m, 4H), 1.39 1.22 (m, 16H), 0.88 (] = 6.8 Hz, 6H).

3CNMR (100MHz,CDG) G4 151.8, 136.5, 107.9, 70.
22.7,14.1.
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3.3.8 Synthesis of 5,ébis(octyloxy)benzof][1,2,5]oxadiazole

/O\
O;N. NOz  1)NaNy, n-N(CH,Br N, N
2.) PPh,
CoHsCH;, 100°C
CgH170  OCgH47 CgH47O  OCgH47
8 9

Figure3.8. Synthetic route of compourtd

The 1.50 g compound (3.53 mmol), 2.20 g sodium azide (33.7 mmol) and 1.25 g
tetrabutylammonium bromide (3.2 mmol) were added into a 150 mL schibek

and vacuumed for 30 mito remove air and moisture. After that dried toluene (20
mL) were added tothe schlenk tube undean N2 atmosphere. The reaction
temperature was set up to 1IDand stirred for 12hDuring ths processthe color

of the reaction medium turned from yellow to red. After TLC control 1.00 ¢
triphenylphosphine (3.67 mmol)ere added tathe mixture and stirred for another

12 hr. under N atmosphere at the same temperature. The reaction was finished with
TLC control and the darked reaction medium was obtained. Salts were removed
from the reaction medium by decantation method and toluene was evaporated under
reduced pressure. The crude dark red solid was recrystallized in MeQtyeltav

solid was obtained (0.70 g, 53% yield).

IH NMR (400 MHz, CDC}) &  4J= 6.@ Hz(4H), 2.00 1.72 (m, 4H), 1.56
1.44 (m, 4H), 1.40 1.25 (m, 16H), 0.89 (] = 6.7 Hz, 6H).

3C NMR (100 MHz,CDG)) 4 155.7, 147.5, 99.6, 75.

22.7,14.1
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3.3.9 Synthesis of 4,7dibromo-5,6-bis(octyloxy)benzof][1,2,5]oxadiazole

N N N N
\ / \
Br, AcOH
> Br
CH,Cl, 25°C
CgH470 OCgHy7 CgH470 OCgH17
9 10

Br

Figure3.9. Synthetic route of compourid

In a 250 mLschlerk tube 1.00 g (2.66 mmol) compouBdnd 60 mL CHG were

added and stirred at room temperature. 0.90 mL bromine (18 mmol) and 10 mL acetic
acid solution vereadded to the mixture by droppdie mxture was stirredor 3

days at room temperature under dark conditions. After TLC control, the reaction was
finished. The free bromine was quenched with 20% NaOH solution and extraction
was performed with CHGERnd brine. The organic phase was separated and dried by
MgSQs. After filtrating MgSQ, thesolvent was evaporated under reduced pressure.
The yellowishwhite cude liquid was precipitated in MeOH amdyellow-white

solid was obtained (1.10 g, 78% yield).

IH NMR (400 MHz, CDCY) &  4J= 6.8 Hz(4H), 2.00 1.72 (m, 4H), 1.56
1.44 (m, 4H), 1.40 1.25 (m, 16H), 0.89 (] = 6.7 Hz, 6H).

3C NMR (100 MHzCDCl;p) 4 155. 7, 147.5, 99.6, 75.

22.7,14.1.
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3.3.10  Synthesis of tributyl(thiophen-2-yl)stannane

1) n-BuLi
S 2) SnBu,Cl S SnBu,
11 12

Figure3.10. Synthetic route of compouri®

5.00 g of compound1 (59 mmol) vwere placed in 100 mL okchlerk tube and
dissolved with 30 mL dry tetrahydrofuran (THF) underaimosphere. The reaction
temperature was set up &8 C. 26.15 mL of rbutyllithium (n-BuLi) (2.5 M in
hexane 65 mmol) are added tothe mixture dropwise around 40 min. Afténe
addition was completedhe reaction stirredfor 1 hr. at room temperature. The
temperature then was set ap-78 C and 17.73 mL tributyl stannyl chloride
(SnBwCl) (65 mmol) vereadded dropwise. Theixture was stirredor 1 day at
room temperature. The excessBuLi was quenchedvith distilled water and
extraction was performed with brine and Ckldlhe aganic phase was collected
and dried over MgS® The ®lvent was evaporated under reduced presSine

yellowishtransparent liquid was collected (17.00 g, 77% vyield).

IH NMR (400 MHz, CDCI3): & 7.58 (d, J=4.7 Hz
(d, J= 3.2 Hz, 1H), 1.50 (n6H), 1.28 (m6H), 1.03 (t, J= 8.4 Hz, 6H), 0.82 (t, J=
7.3 Hz, 9H).
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3.3.11  Synthesis of 5,6bis(octyloxy)-4,7-di(thiophen-2-
yhbenzo[c][1,2,5]oxadiazole

,O\ /o\
N N N N
\ S \
SnBus _ Pd(PPhy),Cl, A S
Br Br + @/ THE. 70°C | . N\ |
CgHi70O  OCgH47 CgHi70  OCgH47
10 12 13

Figure3.11. Synthetic route of compouri8

In a 150 mLschlerk tube 0.60 g compountd (1.12 mmol) and 0.92 g compound
12 (2.46 mmol) vereadded andvacuumed for 30 min to remove air and moisture.
Atfter that, 50 mLof dry THF wereadded under Natmosphere and degassed for 30
min. 0.16 g°dCb(PPh). wereadded quickly tehemixture and reaction temperature
was set to 77C. The mixture was stirredor 1 day and finished with TLC control.
After that, THF was removed under reduced pressuréhaatude black liquid was
obtained. Column chromatography (silica gel, Hexane: ODG¥L) was performed

to isolate and purify moleculE3 which was orange solid (D%, 82% yield).

IH NMR (400 MHz, CDCY) U 8 .J# 3.8 Hz,d.@ Hz 2H), 7.50 (dd,) = 5.2
Hz, 1.0 Hz 2H), 7.22 (dd,J = 5.1 Hz,1.0 Hz 2H), 4.15 (t,J = 7.3 Hz, 4H), 2.04
1.95 (m, 4H), 1.52 1.42 (m, 4H) 1.41 1.22 (m, 16H), 0.92 (t] = 6.4 Hz, 6H).

3CNMR (100MHz,CDG) 4 151.2, 146.2, 134. 3,
31.8,30.2, 29.5, 29.3, 25.8, 22.7, 14.1.

79

131.



3.3.12  Synthesis of 4,7bis(5-bromothiophen-2-yl)-5,6-
bis(octyloxy)benzogf][1,2,5]oxadiazole

O\ /O\
( / N\ /
Br
| AN \S | NBS _ | A\ \S |
S CHC13’25°C Br S
C8H17O OC8H17 C8H17O OC8H17
13 M1

Figure3.12. Synthetic route of compourMl1

0.50 g compound3 (0.90 mmol) vere placed intoa 250 mL schlerk tube and
dissolvedin 60 mL of dry CHCIl; underan N2 atmosphere. NBromosuccinimide

0.12 g (2.00 mmol) whictveredissolved in 20 mldry CHClz under N atmosphere

wereadded dropwise to the reaction mixture by dropper around 20 min. tA&er

addition wascompleted, the reaction mixture was stirrbdt 1 hr. at room

temperature. Then the reaction was finished with TLC control and extraction was

performed with CHG and brine. The organic phase was collected and dried over

MgSQs. Reddish orange crude seliquid was obtainedColumn chromatography
(silica gel, Hexane: DCNI 6:1) was performed to isolate and puiifyt. which was
reddishorange solid (0.55 g, 85% yield).

IH NMR (400 MHz, CDCJ) U 8J=242L HZ, 8H), 7.15 (d) = 4.1 Hz, 2H),
4.15 (t,J = 7.3 Hz, 4H), 2.15 1.89 (m, 4H), 1.52 1.20 (m, 20H), 0.90 (] = 6.4
Hz, 6H).

3CNMR (100MHz,CDG) 4 151.2, 146.2, 134. 3,
31.8,30.2, 29.5, 29.3, 25.8, 22.7, 14.1.
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3.3.13  Synthesis of 5,&dimethoxy-4,7-di(thiophen-2-

yhbenzo[c][1,2,5]oxadiazole

/O\ /O\

NN N" N
\/ s \ / 3
SnBuy Pd(PPhy),Cl, A\
Br Br ., U THF, 70°C | . \
H,CO  OCH, H,CO  OCH;,
4 12 14

Figure3.13. Synthetic route of compouridt

In a 150 mLschlerk tube 1.00 g compounti(2.96 mmol) and 2.43 g compouri®
(6.51 mmol) vereadded andacuumed for 30 min to remove air and moisture. After
that, 70 mLof dry THF wereadded under Natmosphere and degassed for 30 min.
0.42 gPdCh(PPh)2 (0.60 mmol)wereadded quickly tahe mixture and reaction
temperature was set to 7€. The mixture was stirredor 1 day and finished with
TLC control. After that, THF was removed under reduced pressur¢hamdude
black liquid was obtained. Column chromatography (silica gel, Hexane: DEL)
was performed to isolate and purify moleciewhich was orange soli(D.75 g,
74% vyield).

IH NMR (400 MHz, CDC§) U 8 J538, q.9dHd,,2H), 7.52 (dd,= 5.2, 0.9
Hz, 2H), 7.23 (ddJ = 5.1, 3.9 Hz, 2H), 4.07 (s, 6H).

3CNMR (100MHz,CDCG)) U 152.0, 146.5, 132059,
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3.3.14  Synthesis of 4,7bis(5-bromothiophen-2-yl)-5,6-
bis(octyloxy)benzogf][1,2,5]oxadiazole

/O\ /O\
N\ /N N\ /N
Br
S S
B | —NBS B |
S \ CHC13, 25°C Br IS \
H;CO  OCHj; H3;CO  OCH,4
14 15

Figure3.14. Synthetic route of compourich

0.75 g compound4 (2.18 mmol) vere placed intoa 250 mL schlerk tube and
dissolved with 60 mL oflry CHCIls underan N2 atmosphere. NBromosuccinimide

0.85 g (4.79 mmol) which gredissolved in 20 mldry CHClz under N atmosphere
wereadded dropwise to the reaction mixture by dropper ar@nchin. Afterthe
addition was completed, the reaction mixture was stifiiedl hr. at room
temperature. Then the reaction was finished with TLC control and extraction was
performed with CHGl and brine. The organic phase was collected and dried over
MgSOs. Orange crude sohitiquid was obtainedColumn chromatography (silica
gel, Hexane: DCM 4:1) was performed to isolate and purif§ which pale red
solid. (0.66 g, 60% vyield)

IH NMR (400 MHz, CDCJ) U 8J=24® H{, 8H), 7.17 (d) = 4.1 Hz, 2H),
4.07 (s, 6H).

an(q
[EE
[6)]
[EE
(o))
=
IS
(o))
o
[EE
w
N
=
[EE
w
[EE

13C NMR (100 MHz, CDCJ)
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3.3.15  Unsuccessful Trials of Synthesis of 4;@is(5-bromothiophen-2-
yl)benzo|c][1,2,5]oxadiazole5,6-diol

0, o, o
NN N\ /N N" N
A p s Br BBr; \ S-_Br C,HysSH, t-BuOK \ s Br
| g CH,Cl, | R \ DMF B N
B ® HO  OH B hed  ocH Br S
16 s R HO  OH
HBr, AcOH,
CH,CL,
JeN
\ \ /) s Br
| 8
Br S
HO  OH

Figure3.15. Unsuccessful trials to obtain prodd&

3.3.15.1 First Trial of Synthesis of 4,%bis(5-bromothiophen-2-
yhbenzo|c][1,2,5]oxadiazole5,6-diol

0.20 g compoundl15 (0.4 mmol) vere placed intoa 100 ml schlerk tube and
dissolved with 20 ml dry DCMThe mixture was stirred until the temperatue
reachO “C under N atmosphere. 1 ml concentrated BBrO 9 9 ) gad atlded
dropwise to the reaction mixture. The reaction mixture was storeblday at room
temperatre. Due to significant color change from bright orange to darbliask,
the reaction was finished by quenching excess: B&ih the addition of distilled
water dropwise. Extraction was performed with DCM and biiie aganic phase
was collected and ded over MgSQ@. The ®lvent was evaporated under reduced
pressure. According to NMR spectroscopy of crude sthigltarget molecule was

not reached anthe starting material was decomposétie eaction was failed.
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3.3.15.2 Second Trial of Synthesis of}, 7-bis(5-bromothiophen-2-
yl)benzo|c][1,2,5]oxadiazole5,6-diol

0.20 g compoundl5 (0.4 mmol) and 0.1 gBuOK (0.89 mmol)wereplaced into

100 ml schlerk tube and they dissolved at 1ZDwith 25 ml DMF under N
atmosphere. After 15 min. 0.46 gDbdecanédtiol (3.2 mmol)were added.The
mixture was stirredor 2 days. DMF was evaporated, theiragion was performed

with DCM and brineThe aganic phasevascollected and dried over MgQQOThe
solvent wasevaporated under reduced pressure. According to NMR spectroscopy of
crude solid,the target molecule was not reached &hd starting material was

decomposedrlhe eaction was failed.

3.3.15.3 Third Trial of Synthesis of 4,7-bis(5-bromothiophen-2-
yl)benzo|c][1,2,5]oxadiazole5,6-diol

0.20 g compound.5 (0.4 mmol) wereplaced into 100 mdéchlerk tube and dissolved
with 20 ml acetic acid and 10 ml DCM. The reaction mixture was stirred 30 min. at
50 C. Then,5 ml concentrated HBr @readded dropwise tthe readion mixture.

The emperature was raised%0 C and stirredor 1 day. Extraction was performed
with cold water and DCMThe aganic phasevascollected and dried over MgQ0O

The ®lvent was evaporated under reduced pressubecording to NMR
spectroscopyf crude solidthe target molecule was not reached dhe starting

material was decomposethe reaction was failed.
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3.3.16  Synthesis of benzdd][1,2,5]oxadiazole5,6-diol

N N N N
\ / \ /)
HBr, AcOH
25°C

Py

HsCO  OCH, HO  OH
3 17

Figure3.16. Synthetic route of compourid

The 0.95 g compourii(5.27 mmol) vereplaced intca100 mL 2 neck reaction flask
and 30 mL glacial acetic acid added. The temperature was set@oab@ 15.00 mL
fuming HBr wereadded dropwise by syringe. Aftére addition was completed, the
reaction temperature was raised to @D and stirredfor 2 days. After that, the
reaction mixturevaspoured into the ice and extraction was performed with brine
and ehyl acetateThe agarc phase was collected and dried over Mga@dthe
solvent was evaporated under reduced pres3ine crude dark brown solid was
collected and washed with DCM several times. Brown solid was obtained (0.65 g,
82% yield).

IH NMR (400 MHz, ,2BH),600®2H). 0 9.91 (s

% NMR (100 MHz, Acetone) U 153.8, 148.

HR-MS (ESI) for GHsN203, calculated 151.0144, found 151.0126
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3.3.17  Synthesis of 5,6bis((8-bromooctyl)oxy)benzof][1,2,5]oxadiazole

(0]

N z

N N N N
\N/ \N/
C8H16Br2, KZCOé
CH,CN, 70°C
HO OH BrC8H16O OCSH1GBF
17 18

Figure3.17. Synthetic route of compourid

In a 250 mLschlerk tube, 0.90 g of compount7 (5.92 mmol), 3.27 g of ¥COs
(23.67 mmol) and 80. mL of dry acetonitrile (6EN) were added. The reaction
temperature was set 8 C. The mixture was stirreftr 45 min. and 12.88 g 1,8
dibromooctane (47.33 mmol)ereadded tadhemixture. The temperature was raised

to 90 C and stirredor 30 tr. underan N, atmosphereCHzCN was evaporated and
extractionwas performed with CHGl andbrine. The aganic phase was collected
and dried over MgSg&andthesolvent was evaporated under reduced pressure. Crude
yellow liquid was collected. The produetas precipitated with cold hexane and
washed several times. Yellowish white molecti&was ollected (1.80 g, 57%

yield).

IHNMR (400 MHz,CDC§) U 6. 80 ( 5=6.4 BZH4H), 3.4 (168 ( t ,
Hz, 4H), 1.93 1.82 (m, 8H), 1.55 1.34 (m,16H).

3CNMR (100 MHz,CDG) U4 155. 1, 146.8, 90.7, 69.

28.1, 25.9.

HR-MS (ESI) for G2H3sN203Br2, calculated 535.0994, found 535.1021
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3.3.18  Synthesis of 4,7dibromo-5,6-bis((8

bromooctyl)oxy)benzok][1,2,5]oxadiazole

N'O\N N/O\N
\ \
c]:élicz(gflc ~ o
BrCgH4cO OCgH4gBr BrCgH460 OCgH4¢Br
18 19

Figure3.18. Synthetic route of compouri

In a 250 mLschlerk tube 1.00 g (1.87 mmol) compouffl and 60 mL CHGwere
added and stirred at room temperature. 0.67 mL bromine (13.47 mmol) and 8 mL
acetic acid solution ereadded to the mixture by droppdihe nixture was stirred

for 3 days at room temperature under dark conditions. After TLC control, the
reaction was finised. The free bromine was quenched with 20% sodium
metabisulfite (Ng5;0s) solution and extraction was performed with Ckl@hd

brine. The organic phase was separated and dried by Mg8&er filtrating MgSQ,
thesolvent was evaporated under reducedsumes The yellowisthwhite crude liquid

was obtained. Column chromatography (silica gel, Hexane: €HQ:1) was

performed to isolate and purifyd which was white solid (1.15 g, 88% vyield).

IH NMR (400 MHz, CDCY) U 4)= 6.8Hz,(4H), 3.35 (1] = 6.8 Hz, 4H), 1.84
i 1.76 (m 8H), 1.50i 1.30 (m, 16H).

3C NMR (100 MHz,CDCG)) U4 155.6, 147.4, 99.5, 75,

28.1, 25.9.

HR-MS (ESI) for G2H33N203Br4, calculated 692.9184, found 692.9007
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3.3.19  Synthesis of 5,6bis((8-bromooctyl)oxy)-4,7-di(thiophen-2-
yl)benzo|c][1,2,5]oxadiazole

JON JON
N N N N
\ \ s
Br S S\_SnBu; Pd(PPhy),Cl, B |
\ THF,70°C = g \
BrCBH»]GO OCgH16Br BrCBH160 OC8H16BI‘
19 12 20

Figure3.19. Synthetic route of compourif

In a 150 mLschlerk tube 0.84 g compountd (1.22 mmol) and 1.00 gompound

12 (2.68 mmol) vereadded andbacuumed for 30 mirto remove air and moisture.
After that, 70 mLof dry THF wereadded under Natmosphere and degassed for 30
min. 0.17 gPdCbk(PPh)2 (0.24 mmol)were added quickly tothe mixture and
reaction temperature was set to €7 The mixture was stirredor 1 day and finished
with TLC control. After that, THF was removed under reduced pressur¢hand
crude blackreddish liquid was obtained. Column chromatography (silica gel,
Hexane: CHCE T 4:1) was performed to isolate and purify molec0evhich was
orange solid (0.62 g, 73% vyield).

IH NMR (400 MHz, CDC{) U 8 .J4 &8, 1.0dHd,,2H), 7.51 (dd,= 5.1, 1.0
Hz, 2H), 7.23 (dgJ = 5.1, 3.9 Hz, 2H), 4.15 (§,= 7.3 Hz, 4H), 3.42 (1) = 6.8 Hz,
4H), 2.04i 1.95 (m, 4H), 1.91 1.83 (m, 4H), 1.49 1.35 (m, 16H).

*CNMR (100 MHz,CDCG)) & 150.6, 145.7, 131.8,
32.9,31.7,29.2,28.3, 27.7, 27.1, 24.7.

HR-MS (ESI) for GoH39N203S:Br», calculated 699.0748, found 699.0813
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3.3.20  Synthesis of 5,6bis((8-bromooctyl)oxy)-4,7-bis(5-bromothiophen-2-
yhbenzo[c][1,2,5]oxadiazole

/O\

N N N N
\ o \ o Br
B O NBS A\ O
s CHCI; 25°C _ _*~g
BrC8H160 OCSH1GBF BrC8H160 OCSH1GBF
20 M2

Figure3.20. Synthetic route of capoundM2

0.46 g compoun@0 (0.65 mmol) vere placed intoa 250 mL schlerk tube and
dissolved with 40 mL oflry CHCIls underan N2 atmosphere. NBromosuccinimide

0.25 g (1.38 mmol) whictveredissolved in 10 mldry CHClz under N atmosphere
wereadded dropwise to the reaction mixture by dropper around 20 min. tA&er
addition was completed, the reaction mixture was stifiiedl hr. at room
temperature. Then the reaction was finished with TLC control and extraction was
performed with CHGl andbrine. The organic phase was collected and dried over
MgSQu. Orange crude solitiquid was obtainedColumn chromatography (silica
gel, Hexane: CHGIi 4:1) was performed to isolate and purfi2 which pale red
solid. (0.46 g, 81% vyield)

IH NMR (400 MHz,CDCl) & 8J=231 H%, @H), 7.15 (dJ = 4.0 Hz, 2H),
4.15 (t,J = 7.3 Hz, 4H), 3.42 (t) = 6.8 Hz, 4H), 2.03 1.94 (m, 4H), 1.93 1.82
(m, 4H), 1.51i 1.38 (m, 16H).

3CNMR (100MHz,CDG) &4 150.1, 145.1, 13334, 130.
32.9,31.7,29.1, 28.2, 27.7, 27.1, 24.7.

HR-MS (ESI) for GoH37N203S:Br4, calculated 856.8938, found 856.9152
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3.3.21  Synthesis of trimethyl(4hexylthiophen-2-yl)stannane

S 1) n-BuLi

2) SnMe;Cl S SnMe;
\ /| THF,-78°C \ /)
CeH13 CeH13

21 22

Figure3.21. Synthetic route of compouri?

1.00 g of compound?1 (5.94 mmol) vereplaced in 150 mL okchlerk tube and
dissolved with 30 mL dry tetrahydrofuran (THF) underatmosphere. The reaction
temperature was set up-@8 C. 2.61 mL of aBuLi (2.5 M in hexane 6.54 mmol)
were added tothe mixture dropwise around 20 min. Aftehe addition was
completedthereaction stirredor 1 hr. at room temperature. The temperature then
was set u@t-78 C and 7.13 mL trimethyl stannyl chloride (Sr@ (7.13 mmol)
wereadded dropwise. The mixture was stirfed1 day at room temperature. The
excess fBuLi was quenched by distilled water and extraction was performed with
brine and CHG The aganic phase was collected and dried over MgSDe
solvent wa evaporated under reduced pressilite yellowishtransparent liquid
was collected (1.71 g, 87% yield).

3.3.22  Synthesis of trimethyl(4hexylthiophen-2-yl)stannane

1) n-BuLi
S€ 5 snBuyCl @/SHB%
&J THE, .-78°C . \_/
23 24

Figure3.22. Synthetic route of compourid

5.00 g of compoun@3 (38,16 mmol) vereplaced in 100 mL oéchlerk tube and
dissolved with 30 mL dry tetrahydrofuran (THF) underatmosphere. The reaction
temperature was set up a8 C. 18,32 mL of routyllithium (n-BuLi) (2.5 M in

hexane 45,79 mmol) eve added to mixture dropwise around 30 min. Aftee
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addition was completedhe reaction stirredfor 1 hr. at room temperature. The
temperature then was set ap-78 C and 14.90 mL tributyl stannyl chloride
(SnBwCl) (45,79 mmol) vereadded dropwise. The mixture was stirfed1 day at
room temperature. The excessBuLi was quenchedvith distilled water and
extraction was performed with brine and Ckldlhe aganic phase was collected
and dried over MgS®© The ®lvent was evaporated under reduced presstine.

yellowishtransparent liquid was collected (12.20 g, 77,11% yield).

3.3.23  Synthesis of 4,7bis(4-hexylthiophen-2-yl)-5,6-
dimethoxybenzof][1,2,5]oxadiazole

JoN 0.
N\ /N CeH1s N\ /
Br Br . QS”M% PA(PPy,Cl [ T
THF, 70°C S CoHis
Hs;CO  OCH; CeHis HsCO  OCH,4
4 22 25

Figure3.23. Synthetic route of compourib

In a 150 mLschlerk tube 0.61 g compounti(1.8 mmol) and 1.31 g compouriz

(3.97 mmol) vereadded andacuumed for 30 min to remove air and moisture. After
that, 50 mLof dry THF wereadded under Natmosphere and degassed for 30 min.
0.29 gPdCh(PPh). (0.36 mmol)wereadded quickly tahe mixture and reaction
temperature was set to 7Q. The nixture was stirredor 1 day and finished with
TLC control. After that, THF was removed under reduced pressuréhamdude
blackreddish liquid was obtained. Column chromatography (silica gel, Hexane:
DCM i 4:1) was performed to isolate and purify molec2bewhich was yellow
orange solid. (0.58 g, 76% yield)

IHNMR (400 MHz,CDC4) U 8.34 (s, 2H), 7.11= (s,
7.5 Hz, 4H), 1.72 1.67 (m, 4H), 1.36 1.30 (m, 12H), 0.92 0.90 (m, 6H).
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13C NMR (100 MHz, CDG) u 152. 5, 147 . 0123.81143424,0 ,
61.0, 32.2, 31.0, 29.5, 23.1, 14.6, 1.5.

HR-MS (ESI) for GsH3sN203S, calculated 512.2167, found 512.2169

3.3.24  Synthesis of 5,ébis(octyloxy)-4,7-di(selenophen2-
yl)benzo|c][1,2,5]oxadiazole

NN NN
\ /A
Br Br . C;/SnB% Pd(PPhs),Cl, N C
\ / THF, 70°C Se
10 24 26

Figure3.24. Synthetic route of compourit

In a 150 mLschlerk tube 0.62 g compountd (1.16 mmol) and 1.07 g compound
24 (2.55 mmol) vereadded andracuumed for 30 min to remove air and moisture.
After that, 40 mLof dry THF wereadded undean N atmosphere and degassed for
30 min. 0.16 d°dCbk(PPHh)2 (0.23 mmol)wereadded quickly taghe mixture andhe
reaction temperature was set to @ The mixture was stirredor 1 day and finished
with TLC control. After that THF was removed under reduced pressurethed
crude blackreddish liquid was obtained. Column chromatography (silica gel,
Hexane: CHQ 1 5:1) was performed to isolate and purify molec8evhich was

red solid (0.52 g, 71% yield).

IH NMR (400 MHz,CDCls) U  8J=73® HZ, 8H), 8.22 (d] = 5.7 Hz, 2H),
7.49 (ddJ=5.7, 4.1 Hz, 2H), 4.18 (3,= 7.4 Hz, 4H), 2.04 (m, 4H), 1.481.43 (m,
4H), 1.41i 1.27 (m, 20H), 0.91 (] = 9.1 Hz, 6H)

13CNMR (100MHz,CDCG)) U 151. 4, 143.3330.1,158,.749,
32.0, 30.7, 29.7, 29.4, 26.0, 22.8, 14.3.

92

132.

133.



3.3.25  Synthesis of 4,7bis(5-bromo-4-hexylthiophen-2-yl)-5,6-

dimethoxybenzo[][1,2,5]oxadiazole

CeHi3
NBS

\ | - " CHCI, 25°C \ |
CeH
300 OCH3 o 300 OCH3 o

Figure3.25. Synthetic route of compourd3

0.34 g compoun@5 (0.66 mmol) vere placed intoa 150 mL schlerk tube and
dissolved with 30 mL oflry CHCIls underan N2 atmosphere. NBromosuccinimide

0.26 g (1.46 mmol) which @redissolved in 20 mldry CHClz under N atmosphere
wereadded dropwise to the reaction mixture by dropper around 20 min. tA&er
addition was completed, the reaction mixture was stifiiedl hr. at room
temperature. Then the reaction was finished with TLC control and extraction was
performedwith CHCk and brine. The organic phase was collected and dried over
MgSQs. Red crude solid was obtainéeblumn chromatography (silica gel, Hexane:
CHCIsT1 4:1) was performed to isolate and pui$ which pale yelloworange solid

(0.30 g, 67% vyield).

IHNMR (400MHz,CDCY) U 8.21 (s, 2H), 4iD®® (s, 6H
(m, 4H), 1.41 1.32 (m, 12H), 0.90 (] = 6.9 Hz, 6H).

3CNMR (100MHz,CDG) 4 152.1, 146.5, 142.9, 132.
32.1,30.2, 30.1, 29.4, 23.1, 14.6.

HR-MS (ESI) for GgH34N203SBr2, calculated 670.0357, found 670.0372
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3.3.26  Synthesis of 4,7bis(5-bromo-4-octylthiophen-2-yl)-5,6-

dimethoxybenzof][1,2,5]oxadiazole

PON PON
\ \
\ Se NBS N se_Br
| \ CHCI; 25°C | .
Se ’ Br Se
CgHi7O  OCgHyy CgHi7O  OCgHyy
26 M4

Figure3.26. Synthetic route of compound4

0.50 g compoun@6 (0.79 mmol) vere placed intoa 250 mL schlerk tube and
dissolved with 40 mL oflry CHCIls underan N2 atmosphere. NBromosuccinimide

0.29 g (1.16 mmol) which gredissolved in 35 mldry CHClz under N atmasphere
wereadded dropwise to the reaction mixture by dropper around 30 min. tA&er
addition was completed, the reaction mixture was stifiied3 hr. at room
temperature. Then the reaction was finished with TLC control and extraction was
performed with CHG and brine. The organic phase was collected and dried over
MgSQs. Red crude solid was obtainétblumn chromatography (silica gel, Hexane:
CHCIz1 5:1) was performed to isolate and purifd which red solid (0.49 g, 79%
yield).

IH NMR (400 MHz, CDCJ) U  8J=3491 H%, 8H), 7.32 (d) = 4.4 Hz, 2H),
4.09 (t,J = 7.5 Hz, 4H), 1.97 1.89 (m, 4H), 1.40 1.20 (m, 20H), 0.83 ({] = 6.8
Hz, 6H).

¥CNMR (100MHz,CDG) &4 150.9, 146.1, 138.1, 133.

31.9, 30.6, 29.6, 29.4 25.9, 22.8, 14.23.
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3.4  Synthesis of Polymers

3.4.1 Synthesis of P1

C4Hg
CoHs I
0. 7
N\ /N B Pd,(dba);
M S r *\Sn S \ 47 (CH;C¢Hy)P
5 o TP™ g TN GgHSCL 130°C
'
CgH170  OCgHy47 g
— CoHs
C4H9
CaHo
M1 D1 P1

Figure3.27. Synthetic route dP1

In a 25 mLschlerk tube 0.18 g M1 (257.67umol), 0.233 ®1 (257.67umol) and

6.30 mg tri(etolyl)phosphine ((CBCeH4)3P) (20.61umol) vereaddedSchlerk tube

was vacuumed for 30 min. and then inert gas) @lowed to pass througthe
schlerk tube to remove possible oxygen and humidity residues. This process was
repeated 3 times. 6 mL of dry chlorobenzeneHiCIl) were addedunder N
atmospherand mixture temperature was set to 60 The mixture was degassed for

1 h. Then 4.70ngtris(dibenzylideneacetone)dipalladium(0) §gethak) (5.15umol)
wereadded to reaction mixture and temperature raised to @30he reaction was
finished after 8 h. with TLC control. The reaction mixture was poured into the cold
MeOH and precipitated. Hen, 200 mg of palladium scavenger3-(
(Diethylenetriamino)propyfunctionalized silica gel) ereadded and stirred for 1 h.

The crude polymer was then filtrated and collected. The crude polymer was washed
with Soxhlet apparatus with an order of methanat@we, hexane, chloroform and
chlorobenzene solvents. Chlorobenzene fragment was collected. Chlorobenzene was

evaporated under reduced pressureRihdollected (0.26 g, 88% yield).

GPC Result: Mn = 224 kDa, Mw = 538 kDa
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3.4.2 Synthesis of P2

C4Hg_C2Hs
o ]
N Br s Pds(dba)s
\
| A C . -$n N\ Sr/{— (CH3CgHy)sP
B~ =S 7 s CHsCl, 130°C
CeHiyO  OCgH:, o)
M1 D2 P2

Figure3.28. Synthetic route oP2

In a 25 mLschlerk tube 0.180 dgM2 (257.67umol), 0.199 P2 (257.67umol) and

6.30 mg tri(etolyl)phosphine ((CHCeH4)3P) (20.61umol) vereadded Schlerk tube

was vacuumed for 30 min. and then inert gas) @lowed to pass througtne
schlerk tube to remove possible oxygen and humidity residues. This process was
repeated 3 times. 6 mL of dry chlorobenzengHiCI) were addedunder N
atmospherand mixtureemperature was set to 60. The mixture was degassed for

1 hr. Then 4.70 mg tris(dibenzylideneacetone)dipalladium(0) Af@da))
(5.15umol) vereadded to reaction mixture and temperature raised to @3Uhe
reaction was finished after 4 h. with TLCntml. The reaction mixture was poured

into the cold MeOH and precipitatedh@n, 200 mg of palladium scavenges- (
(Diethylenetriamino)propyfunctionalized silica gel) ereadded and stirred for 1

hr. The crude polymer was then filtrated and collected. The crude polymer was
washed with Soxhlet apparatus with an order of methanol, acetone, hexane,
chloroform and chlorobenzene solvents. Chlorobenzene fragment was collected.
Chlorobenzene was evaporateader reduced pressure aRd collected (0.220 g,

84% vyield).

GPC Result: Mn = 90 kDa, Mw = 385 kDa
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3.4.3 Synthesis of P3

C4Hq
CoHs
0. Z
NN B Pd,(dba),
S B\ 8 \_o/_ (CHyCGH,);P
‘ A\ S [+ —Sn< Sn— . o
B~ =S 7 g TN CeHsCl, 130°C
BrCgHgO  OCgH4gBr A
= CoHs
C4Hg
M2 D1

Figure3.29. Synthetic route dP3

In a 25 mLschlerk tube 0.250 g1 (291.93umol), 0.264 ®2 (291.93umol) and

7.10 mg tri(etolyl)phosphine ((CHCeH4)3P) (23.35umol) wereadded Schlerk tube

was vacuumed for 30 min. and then inert gas) @lowed to pass througthe
schlerk tube to remove possible oxygand humidity residues. This process was
repeated 3 times. 8 mL of dry chlorobenzeneHdCIl) were addedunder N
atmospherand mixture temperature was set to 60 The mixture was degassed for

1 h. Then 5.30ng tris(dibenzylideneacetone)dipalladium(Bi(dba}) (5.84pmol)
wereadded to reaction mixture and temperature raised to @30he reaction was
finished after 150 min. with TLC control. The reaction mixture was poured into the
cold MeOH and precipitated. hEn 200 mg of palladium scavenges- (
(Diethylenetriamino)propyfunctionalized silica gel) ereadded and stirred for 1

hr. The crude polymer was then filtrated and collected. The crude polymer was
washed with Soxhlet apparatus with an order of methanol, acetone, hexane,
chloroform and chloraénzene solvents. Chlorobenzene fragment was collected.
Chlorobenzene was evaporated under reduced pressuRSandlected (0.305 g,

80% vyield).

GPC Result: Mn =92 kDa, Mw = 310 kDa
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3.4.4 Synthesis of P4

C4H9\[CZH5
0. o
N Br s Pd,(dba);
N . -sn< \ gf_ _(CHCHYP
Br~ S \ / S \  C¢HsCH; 130°C
BI'C8H1GO OC8H16Br fo)
CoHg™ "C4Hg
M2 D2 P4

Figure3.30. Synthetic route oP4

In a 25 mLschlerk tube 0.250 gM2 (291.93umol), 0.225 P2 (291.93umol) and

7.10 mg tri(etolyl)phosphine ((CHCeH4)3P) (23.35umol) wereadded Schlerk tube

was vacuumed for 30 mi and then inert gas ¢Nallowed to pass througtne
schlerk tube to remove possible oxygen and humidity residues. This process was
repeated 3 times. 8 mL of dry tolueneleCHs) wereaddedunder N atmosphere

and mixture temperature was set to 80The mixture was degassed forrl Fihen

5.30 mg tris(dibenzylideneacetone)dipalladium(0) ff@ba)) (5.84umol) vere

added to reaction mixture and temperature raised to ©OO'he reaction was
finished after 120 min. with TLC control. The reaction mixtwas poured into the

cold MeOH and precipitated. hen 200 mg of palladium scavenges- (
(Diethylenetriamino)propyfunctionalized silica gel) ereadded and stirred for 1 h.

The crude polymer was then filtrated and collected. The crude polymer was washed
with Soxhlet apparatus with an order of methanol, acetone, hexane and chloroform
solvents. Chloroform fragment was collected. Chloroform was evaporated under
reduced pressure aid collected (0.271 g, 85% vyield).

GPC Result: Mn = 75 kDa, Mw = 270 kDa
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3.4.5 Trials of Synthesis of P3SH and P4SH

3.4.5.1 Trial of Synthesis of P3SH

s
D& CgHLCL BtOH, 70°C
H,N"NH,

2) NaOH, H,0, 80°C
3)HCI, H,0

P3-SH C4Hg

Figure3.31 Trial of synthesis oP3-SH

0.150 gP3 wereplaced into 150 mL a$chlerk tube and dissolved with 40 mL dry
chlorobenzene. 0.100 g thiourea (1.28 mmol) whiehesissolved with 5 mL of
EtOH wereadded dropwise into the solution8. The reaction mixture was stirred

for 5 hr. at 70 C andthe solvent ofthe reaction mixture \ere evaporated under
reduced pressure. 20% 50 mL NaOH soluti@emesdded taschlerk tube and stirred
vigorously 5 h. at80 C. The reaction mixture was neutralized with 10% HCI
addition in an ice bath. The resulting precipitate was collected and washed with cold
water several times. Due tbe solubility problem furtherwork-up was failed.
Characterization dhefinal product was also failed duettwe solubility problem.
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3.4.5.2 Trial of Synthesis of B-SH

1 .
& CeH,CL, EtOH, 70°C
BrCgH60 H,N"“NH, ©

N 2)NaOH, H,0, 80°C
3)HCI, H,0

P4 P4-SH

Figure3.32. Trial of synthesis oP4-SH

0.150 gP4 wereplaced into 150 mL a$chlerk tube and dissolved with 40 mL dry
THF. 0.100 g thioureél.28 mmol) which wredissolved with 5 mL of EtOH ere
added dropwise into the solution4. The reaction mixture was stirred 1 day at 70
C andthe solvent ofthereaction mixture \wreevaporated under reduced pressure.
20% 50 mL NaOH solution areadded toschlerk tube and stirred vigorously 8 h.
at80 C. The reaction mixture was neutralized with 10% HCI addition in an ice bath.
The resulting precipitate was collected and washed with cold water several times.
Due tothe solubility problem furtherwork-up was failed. Characterization thfe

final product was also failed duettoe solubility problem.
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3.4.6 Synthesis of P5

C4Hg

CZH5
0.
NN Pd,(dba)
CeH1s M s Br v 8 CHyCH 5P
B | . -8 \Sr/1_(364)3
\ 7 s T\ CeHsCL 130°C
Br~ S CeH ’
H,CO  OCH 63
3 3
]
= CoHs
C4Hg
M3 D1

Figure3.33. Synthetic route dP5

In a 25 mLschlerk tube 0.150 gM3 (223.71umol), 0.202 1 (223.71umol) and

5.50 mg tri(etolyl)phosphine ((CHCeH4)3P) (17.90umol) vereadded Schlerk tube

was vacuumed for 30 min. and then inert gas) @lowed to pass througthe
schlerk tube to remove possiblexygen and humidity residues. This process was
repeated 3 times. 5 mL of dry chlorobenzengHHCI) were addedunder N
atmospherand mixture temperature was set to 60 The mixture was degassed for

1 h. Then 4.00ng tris(dibenzylideneacetordpalladium(0) (Pe(dba}) (4.47umol)
wereadded to reaction mixture and temperature raised to @30he reaction was
finished after 8 h. with TLC control. The reaction mixture was poured into the cold
MeOH and precipitated. hen 200 mg of palladium seanger 8-
(Diethylenetriamino)propyfunctionalized silica gel) ereadded and stirred for 1

hr. The crude polymer was then filtrated and collected. The crude polymer was
washed with Soxhlet apparatus with an order of methanol, acetone, hexane and
chloroform solvents. Chloroform fragment was collected. Chloroform was

evaporated under reduced pressureRfmdollected (0.205 g, 80% yield).

GPC Result: Mn = 12 kDa, Mw = 16 kDa
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3.4.7 Synthesis of P6

0. \[o
. 5 Pd,(dba);
N Se Br \ 8 A\ o/ (CHyCH,):P
| /U N "CeH,CH, 130°C
Br Se S s,
CgH47,0 OCgH47 (e}
CoHs™ "CyHg

M4 D2 P6

Figure3.34. Synthetic route oP6

In a 25 mLschlerk tube 0.170 g4 (220.12pmol), 0.174 1 (220.12umol) and

6.70 mg tri(etolyl)phosphine ((CHCeH4)3P) (22.01umol) vereadded Schlerk tube

was vacuumed for 30 min. and then inert gag)(Bllowed to pass througthe
schlerk tube to remove possible oxygen and humidity residues. This process was
repeated 3 times. 8 mL of dryltene (GHsCHs) wereaddedunder N atmosphere

and mixture temperature was set to 60 The mixture was degassex L h. Then

6.05 mg tris(dibenzylideneacetone)dipalladium(0) {f@da)) (6.60pmol) were
added to reaction mixture and temperature raised to €30rhe reaction was
finished after 100 min. with TLC control. The reaction mixture was poured into the
cold MeOH and precipitated. fien 200 mg of palladium scavenges- (
(Diethylenetriamino)propyfunctionalized silica gel) ereadded and stirred for 1 h.

The crude polymer was then filtrated and collected. The crude polymer was washed
with Soxhlet apparatus vitan order of methanol, acetone, hexane and chloroform
solvents. Chloroform fragment was collected. Chloroform was evaporated under

reduced pressure aib collected. (0.220 g, 88% yield)

GPC Result: Mn = 66 kDa, Mw = 200 kDa

102



3.5 Organic Solar Cell Device Fabication of P1, P2, P3, P4, P5 and P6

3.5.1 General Procedurefor Preparing Devices

Indium tin oxide (ITO) coated glass substrates should be cleaned and etched before
device fabrication. Hydrochloric acid (HCI), (49%) nitric acid (H)\@1%) and
distilled watern(50%) was mixed and ITO was etched by this mixture. They were cut
with asize of 2.45 x 2.45 cm. After cutting and etching, ITO coated glass substrates
were cleaned by solvents with an order of toluene, Hellmanex, distilled water and
isopropyl alcohol in & ultrasonic bath for 15 min. Abe last part ofthe cleaning
process, oxygen plasma was applied for 5 min to ITO coated glass substrates in order
to clean organic impurities and regulatiorttoé work function of ITO coated glass
substrates. After applyg oxygen plasma, PEDOT:PSS was coated on the surface of
ITO coated glass. This layer was coated at 4000 rpm speed for 30seganotary

coating device. PEDOT:PSS is a wdbased materialThe water content of
PEDOT:PSS layer may affect the powerwension efficiency othedevice, in order

the prevent this, glass substrates warrealed at 135C for 15 min after coating
PEDOT:PSS layer immediately. After this process, substrates were taken to the
glove cabin system which was filled with ineri §&s in order to coat active layers

of devices.
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3.5.2 Proceduresfor Preparing BestDevices

3.5.2.1 The procedure of PreparingBestDeviceof P1

PolymerP1, PCBM was dissolved ithe orthedichlorobenzensgolvent and stirred
for 16 hours at 70C to prepareanactive layer solutionThe mass of solution was
30 mg/mLand the ratio of doneaicceptor wad:2 The active layer was coated at
600rpm speed foBO second. After the coating ofthe active layeysubstrates were
taken intoa metal evaporator. Likvas coated with a thickness @8 nm with an
average speed &3 A/s under 2x13 mbar pressure. Also, Al was coated with a
thickness of100 nm with an average speed 6fA/s under the same pressure.
Keithley 2400 instrument was used to obtain curreehsdy vs voltage
measurements. Phetairrent was simulated with 100 mW &and measured under

1.5 G illumination.

3.5.2.2 The procedure of PreparingBestDevicefor P2

Polymer P2, PCBM was dissolvedthme orthedichlorobenzensolvent and stirred

for 16 hours at 70 C to preparean active layer solution. Mass of solution wag
mg/mL and the ratio of donesicceptor wad:2 The active layer was coated G0

rpm speed foBO second. Aftethecoating oftheactive layersubstrates were taken

into ametal esaporator. LiF was coated with a thicknes®&nm with an average
speed 00.3 A/s under 2x13 mbar pressure. Also, Al was coated with a thickness
of 100 nm with an average speed®f/s under the same pressure. Keithk0
instrument was used to obtain current density vs voltage measurements. Photo

current was simulated with 100 mW £and measured under 1.5 G illumination.
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3.5.2.3 The procedure of PreparingBestDevicefor P5

Polymer P5PC;1BM was dissolved ithe ortlo-dichlorobenzensolvent and stirred

for 16 hours at 70C to preparean active layer solutionThe nmass ofthe solution
was30 mg/mL,and the ratio of donegicceptor wad:2. The active layer was coated
at350rpm speed foBOsecond. After thecoatingof theactive layersubstrates were
taken intoa metal evaporator. LiF was coated with a thicknes8.6hm with an
average speed @3 A/s under 2x13 mbar pressure. Also, Al was coated with a
thickness of100 nm with an average speed 6fA/s under he same pressure.
Keithley 2400 instrument was used to obtain current density vs voltage
measurements. Phetairrent was simulated with 100 mW &and measured under

1.5 G illumination.
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CHAPTER 4

CONCLUSION

Six different conjugated polymers as polymeric donor units for organic solar cells
were synthesized. Four of them were new to the literature. To obtain those polymers,
four different monomers and twensyx different molecules were successfully
synthesized Their thermal, electrochemical, optical and photovoltaic properties
were investigatedP1 and P2 which are already present in the literature were
successfully resynthesized with superior molecular weight when compared with
literature analogs. Thermalqperties of polymers confirmed that all polymers are
thermally stable up to 306. As a result of electrochemistry experiments, all
polymers showed ambipolar character. HOMO and LUMO levels of polymers were
found as-5.43+3.60,-5.53£.3.67,-5.45+3.42,-5.67£.3.60,-5.46/3.70 and-5.78¢

3.66 respectivelyor P1, P2, P3, P4, P5 andP6. Theenergy levels of them were
found suitable for constructing organic solar cells. Optical band gaps of polymers
were obtained from their thifiim absorption spectrana they were calculategis

1.81, 1.76, 1.74, 1.74, 1.72 athd’1 respectively foP1, P2, P3, P4, P5 andP6.

Their photovoltaic properties were examined and best device performances in terms
of PCE were found as 10.33% 1, 6.43% forP2, 1.63% and foP5. Narrow fibril
formation and homogenous morphology RirandP2 based devices were observed
which resulted in an increase in PCE. A reverse situation was observed for P5, the
wider formation of fibrils and neaniform morphology with defects which rdtad

in a decrease in PCE.

Also, device optimizations foP3, P4 and P6 will be completed and post
polymerization which is converting the bromine group at the tip of the alkyl chain to
thiol group will be performed. After thiol adification, insertion of surfactasfitee

gold NPs in the active layer of constructed devices will be performed to study the

effect of goldthiol interaction in terms of device morphology and efficienc
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APPENDICES

A. Spectra

Bruker Spectrospidvance DPX400 Spectrometer was used to analysis for each
compound. As internal standard, TMS and deuterated solventsGIIzOD and
(CD3)%CO were used.
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FigureA.18. *C NMR spectrum of compouritBin CDCk

FigureA.19. 'H NMR spectrum of compound1 in CDCl
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