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ABSTRACT

SYNTHESES OF BENZOTRIAZOLE BASED CONJUGATED POLYMERS
FOR ORGANIC LIGHT EMITTING DIODE AND ORGANIC SOLAR CELL

Onk, ipek

M.S., Department of Polymer Science and Technology
Supervisor: Assoc. Prof. Dr. Ali Cirpan

Co-Supervisor: Assoc. Prof. Dr. Yasemin Arslan Udum

June 2016, 82 pages

Nowadays, people are on the edge of huge energy problem since the concentrations
of greenhouse gases are dramatically increased and it causes the greenhouse effect
that lead to warming of the Earth. In order to lessen the effect, OLED devices gain
importance since they help to decrease the energy consumption because of its low
driving voltage. Therefore, the discovery of OLED ushered a new epoch for flat
panel displays and solid state lighting. The most powerful candidate of green energy
source is the solar energy because electricity is generated by using sun light. In this
manner, polymer light emitting diode and organic solar cell (OSC) devices were
constructed. In this study, benzotriazole based conjugated polymers containing
selenophene as m bridges were coupled with fluorene and carbazole via Suzuki
condensation reaction. The structures of polymers were verified with NMR and
molecular weights of polymers were determined via GPC. OLEDs with an
ITO/PEDOT:PSS/polymer/LiF/Al configuration was constructed by using newly
synthesized polymers and orange color was observed. Luminance values were
determined as 6608 cd/m® for P1 and 2540 cd/m? luminance for P2. Luminous
efficiencies were 0.95 cd/A for P1 at 8.0 V and 0.27 cd/A for P2 at 9.5 V,
respectively.  Photovoltaic properties of P2 were investigated using
ITO/PEDOT:PSS/P2:PC7:BMI/LIiF/Al device configuration. The best performance of



P2 based OSC device showed a Vo 0.86 V, a Js of 4.32 mA/cm?, a fill factor (FF) of
47.0 %, and a PCE of 1.75% under standard AM 1.5 G at 100 mW/cm?.

Keywords: Conjugated polymer, benzotriazole, selenophene, fluorene, carbazole,
OLED
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0z

ORGANIK ISIK YAYAN DiYOTLAR VE ORGANIK GUNES PiLLERI ICIN
BENZOTRIAZOL iCEREN KONJUGE POLIMERLERIN SENTEZI

Onk, Ipek

Yiiksek Lisans, Polimer Bilim ve Teknolojisi Boliimii
Tez Yoneticisi: Dog. Dr. Ali Cirpan
Ortak Tez Yoneticisi: Dog. Dr. Yasemin Arslan Udum

Haziran 2016, 82 sayfa

Gilinlimiizde, sera gazi konsantrasyonunun 6nemli 6l¢iide artmasindan dolay: diinya
1sin1yor ve insanlar biiyiik bir enerji probleminin esigindeler. Bu etkiyi azaltmak i¢in,
diisiik caligma voltajlarinin enerji tiiketiminin azalmasina yardim etmesinden dolayi,
OLED cihazlar1 6nem kazanmistir. Sonug olarak, OLED’lerin kesfi diiz panel ekran
ve kat1 hal aydinlatmada yeni bir ¢ag agmistir. Glines enerjisi kullanilarak elektrik
elde edilebildiginden, yesil enerji kaynaklarinin en gii¢lii aday giines enerjisidir. Bu
baglamda, polimer 151k yayan diyot ve organik giines pili cihazlar1 yapilmistir. Bu
calismada, kimyasal yontemle benzotriazol iinitesi igeren ve selenofenenin koprii
bilesigi olarak kullanildigi yeni polimerler Suzuki kenetlenme reaksiyonu ile
sentezlenmistir. Polimerlerin yapilar1 NMR ile belirlendi ve molekiiler agirliklar:
GPC yontemiyle incelendi. ITO/PEDOT: PSS/polimer/LiF/Al cihaz yapisina sahip
yeni sentezlenmis polimerlerle iretilmis OLED’lerin karekteristik o6zellikleri
belirlendi ve turuncu renk gézlemlendi. Luminans degerleri P1 igin 6608 cd/m? ve
P2 i¢in 2540 cd/m? olarak belirlendi. Parlaklik verimi, P1 icin 8.0 V’da 0.95 cd/A ve
P2 i¢in 9.5 V’da 0.27 cd/A olarak bulundu. P2’nin fotovoltaik O6zellikleri
ITO/PEDOT:PSS/P2:PC7:BM/LIiF/Al yapisindaki cihaz kullanilarak incelendi. P2 ile

vii



yapilan organik giines pili ¢calismalarinda en iyi performans AM 1.5 G aydinlatma
(100 mW/cm?) altinda Vo degeri 0.86 V, Ji degeri 4.32 mA/cm?, doluluk orani
47.0% ve PCE degeri 1.75% olarak bulundu.

Anahtar Kelimeler: Konjuge polimer, benzotriazol, selenofen, fluoren, karbazol,
OLED
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CHAPTER 1

INTRODUCTION

1.1. Historical Background

Exploration of electroluminescence (EL) phenomenon takes place thanks to
carborundum (SiC) crystal found by H.J. Round in early 1907 and this progress push
ahead with discovery of inorganic light emitting diodes in 1962 by Nick Holonyak
Jr. [1]. Commercially production of first LEDs based on gallium arsenide phosphide
(GaAsP) date to 1968. Then, Bernanose applied a high voltage alternating current to
acridine orange and quinacrine films and hereby first organic EL was invented.
Afterwards, Pope and his team observed direct current electroluminescence by using
pure crystal of anthracene which is an organic semiconductor. Pope claimed that
recombination of electrons and holes occur due to electroluminescence. The
recombination of electrons and holes are known as excitons. Moreover, in 1963,
anthracene crystals doped via tetracene. In early 1975, first organic
electroluminescence device was performed by using a polymer polyvinyl carbazole
(PVK) [2].

In early days of organic EL, the driving voltage was higher than 100 V to obtain
sufficient light output [3]. Later, the academic research of Tang was financially
supported by Kodak Chemical demonstrated the first efficient organic light emitting



diode (OLED) devices by using multilayer configuration. They deposited thin film of
anthracene thermally and this reduced the operating voltage under 30 V. In 1990,
Burroughes improved a green light emitting polymer device by using poly (p-
phenylene vinylene) which is more efficient than poly (n-vinylcarbazole). After this
development, small molecule organic light emitting diodes (SMOLEDs) have been
deposited thermally and still by using this method SMOLEDSs such as smart phones,
tablets, CD/MP3 players, automobile audio systems, digital camera and etc. have
been produced commercially [4]. After the invention of photovoltaic effect in 1839,
first selenium based solar cell was discovered in 1883 [5,6]. In 1954, first solar cells
with silicon doped were developed [7]. The first solar panels were fabricated in
1976s [8].

The discovery and development of conjugated polymers in 1977 brought Alan J.
Heeger, Alan G. MacDiarmid, and Hideki Shirakawa Nobel prize in 2000 [9]. They
proved that the conjugated polymers are electrically conductive with doping [10].
After the discovery of conjugated polymers, academic and industrial researches have

been increased day after day.

1.2. Conjugated Conducting Polymers

Basically, conjugated polymers are macromolecules and electrons can be delocalized
through the polymer backbone in which single and double or single and triple bonds
alternate. Hence, they can gain some amazing qualifications like high conductivity
and fascinating optical and electrical qualities [11]. Owing to flexibility, corrosion
resistant and processability in addition to their optical and electrical qualities, they
can be utilized in numerous areas such as polymer light emitting diodes [12], organic
thin film transistors (OTFTSs) [13], sensors [14] and solar cells [15].

Along the metal structure, electrons can move freely and this property makes the
metals conductive. By analogy, to make the polymers electronically conductive, the
polymers have both charge carriers and suitable orbital system that maintains the

movement of charge carriers [11]. The energy difference between the highest



occupied molecular © orbital and the lowest unoccupied molecular ©n* orbital is
named as band gap. For semiconductors, the ideal band gap is between from 1.5 to
3.0 eV. If the perfect conducting polymer is imagined, its electrons should be
delocalized along the whole chain thanks to m conjugation. But in reality, the
polymer chain may have some intrinsic and external defects. External impurities may
be derived from the existence of O, Cl, and F atoms since they can eliminate the
double bond. On the other hand, torsional conformations or crosslink formation via
neighboring may cause intrinsic defects because they can break the conjugation.
Generally, the polymer film has between from 5 to 15 repeating units. Band gap
reduces with rising conjugation length [16]. The structures of common conjugated

polymers are depicted in Figure 1.

Polyacetylene (PA) S n N n

H
Polythiophene (PT) Polypyrrole (PPy)

/ /\

o O
. . 0N
S n
Polyfluorene Polyethylene-dioxythiophene
(PEDOT)

Figure 1. Common examples of conjugated polymer

1.3. Band Gap Theory

In 1979, Harrison states band theory for inorganic semiconductors. This theory
mentions that the electrical properties of band gap can be defined by using the
discrete energy states (bands) where the movements of electrons occur. Likewise,
fully occupied m band and empty n* band are created by the n electron materials for

organic semiconductors [11].



Valence band (VB) is the occupied band by electrons whereas conduction band (CB)
includes unfilled band above the VB at 0 K in semiconductors. Electrical
conductivity is directly related to amount of electrons in materials. Metals are known
as having high conductivity due to a great number of electrons attends to carriage of
current. Because of this, it is hard to change the conductivity of metal. On the other
hand, semiconductors are assumed having no conductivity at 0 K and very low
conductivity at measurable temperatures. Thus, the conductivity of semiconductor
can be changed at wide temperature range and this feature makes the semiconductors

powerful candidate for optoelectronic devices [17].

In other words, while the highest occupied band is named as VB, the lowest
unoccupied band is named as CB. Band gap is the energy difference between
conduction and valence bands. Furthermore, materials can be classified as metals,
insulators, and semiconductors according to different electrical conduction properties
that are indicated in Figure 2. First of all, metals have not band gap (Ey) between
valence and conduction band. In other words, these two bands are overlapped so they
are highly conductive materials. Secondly, insulators have high energy gap between
fully occupied VB and fully empty CB. Thus, there is not any electrical conductivity
since electron movement does not occur. Lastly, conjugated polymers are different
than other organic materials and other kind of polymers. Since conducting polymers
include many 7 and ©* energy levels, this makes the bang gap low compare to those
of insulators. Thus, semiconductors have narrower band gap than insulators and

when additional energy is given, an electron can be moved from VB to CB [11].



L |
Band Gap

Energy
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Figure 2. Schematic view of a energy band gaps in metal (a), insulator (b) and

semiconductor (c)
1.4. Doping Process

Conjugated polymers are insulators in their ground state. In order to acquire
electrical conductivity qualification, doping process should be applied to obtain free
charges. Since there is a narrower band gap for conjugated polymers, the band gap
can be altered by extracting electrons from the valence band (HOMO) or donating
electrons to the conduction band (LUMO). This process is reversible and existence of
charge carriers is one of the main requirements for providing conductivity. With this
notion, partial oxidation (p dope) by using electron acceptors (e.g. I,, AsFs) or partial
reduction (n dope) by using electron donors (e.g. Na, K) can be applied in order to
produce accessional charge carriers. As a result, positively charged cations and
negatively charged anions are formed. These forming charges are neutralized by
dopants. During the doping process, charge defects whose names are polaron,

bipolaron and soliton have been created [18].

Doping process can be done by using chemical or electrochemical way. During
chemical doping, a polymer reacts with oxidizing or reducing reagent. Similarly,
polymer film is oxidized or reduced in solution with suitable voltage during

electrochemical doping [19].



In the past, doping was done chemically by using oxidizing agents (e.g. iodine
sublimation or hot bromine gas) or small atoms (e.g. lithium,cesium). But these
methods cause instability in device due to diffusion of anions/cations. Related
chemical mechanism of chemical doping of polyacetylene is indicated in equation 1
[20].

ptype : (CH), +nyX—[(CH)'X;],  X=Bn,L

ntype: (CH), +nyM—[(CH”" X'l M=Na,Li 0
Later on, electrochemical doping is used a better alternative due to its numerous
advantages. Related chemical equation of electrochemical doping of polythiophene is
depicted in equation 2. First of all, intended doping level can be obtained by
managing the current passed. The other advantage is that there is a considerable
reversible doping dedoping process without removal of any side products. During
doping process, degradation should not occur to remain main structure of the
polymer. It is the one of the main requirements of the electrochemical polymerization

in order to utilize polymers for an electrochromic application [20].

ptype: (D +nyX — [T,"X/T,tnye” X =CIO,

n type : (T)n + nyM‘ [TerXy_]n M=Li" (2)

As mentioned before, during redox reactions, there is an electron exchange and it
causes formation of solitons, polarons and bipolarons. Degenerate ground state
molecules are denominated as by solitons and they are similar to polyacetylene form.
Non degenerate ground states (heterocyclic compounds) are known as polarons and
bipolarons. Free radicals are formed through the polymerization of polyacetylene and
they are known as soliton. Depend on redox process, solitons can be charged

positively or negatively [20]. It is depicted in Figure 3.
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Figure 3. Band models for trans- polyacetylene

On the other hand, radical anions or cations are formed through the polymerization
of heterocyclic compounds thanks to the ionization of polymers and they are called
as polarons. Moreover, bipolaron formation is also possible [21]. Related figure is

indicated in Figure 4.

neutral state

positive polaron

positive bipolaron

Figure 4. Proposed structure of polypyrrole

1.5. Electrochromism in Conducting Polymers

When appropriate electrode potential is applied, some polymers undergo temporary
color change. This reversible optical change is called as electrochromism.
Conjugated polymers are processable and they have fast response times, long
lifetimes and high optical contrast so CP’s can be used in electrochromic (EC)

display technology. Range of application areas of EC materials is wide such as smart



windows, optical shutters and mirror devices for automobile industry. EC materials
can be classified into three main groups according to electronically reachable optical
states. Firstly, there are at least one colored and one transparent material. Metal
oxides, viologens and polymer like poly (3, 4-ethylenedioxythiophene) (PEDOT),
and the polynuclear transition metal hexacyanometallates are belong to first type EC
materials (prussian blue electrochromism) and they can be applied as smart windows,
information displays and optical shutters. Secondly, there are electrochromes that
have two different colored states. Although they have not transmissive state, they are
suitable for display applications since they show different colors during redox
reaction. Polythiophene can be given as an example because its thin films indicate
red color, and during oxidation it turns to blue. Lastly, there are at least two color
states during different redox states. Blends and copolymers can be used as the third
type EC materials and they are named as multichromic materials such as poly (3,4-
propylenedioxypyrrole) [22]. The color change is indicated in Figure 5 in neutral and

oxidized state as an example.

s n s n
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Figure 5. The color change in neutral and oxidized states of polythiophene with

small modifications in polymer backbone

Practically, it is easy to evaluate electrochromism quantitatively using
electrochromic contrast, switching speed, stability and optical memory, coloration
efficiency [22]. Electrochromic contrast is crucial to interpret EC materials.

Generally, it is depicted as percent transmittance change (AT %) at a particular



wavelength. This wavelength is determined by the material’s maximum optical
contrast. Switching speed defines the time needed for the coloring/transparent
processes for EC materials. The material should be neutral during measurement. In
other words, if the material is chemically stable (no oxidation or reduction),
switching time is higher. This value is significant for dynamic displays and alterable
mirrors. lonic conductivity of the electrolyte, transportability of the ions to the
electroactive sites, the amount of given potential, thickness and morphology of the
film affect the switching speed. During redox reaction degradation occurs and it
leads to decrease electrochromic contrast and hence EC material’s performance
decreases. Given excess potentials, side reactions due to the moisture in the cell and
heat discharge because resistive component may cause reduction of the stability of
EC’s material. Optical memory can be identified as how much time passed during
absorption state after the removal of the electric field. Coloration or EC efficiency
detects the amount of optical density (AOD) excited as a function of the added or
removed electronic charge (Qqg). In other words, the required amount of charge is
determined to generate the optical change [22]. It is depicted by the equation 3.

n=(AOD)/Qq )= 10g[Tu/Tc]/Qq 3
Where 1 (cm? C ™): the coloration efficiency at a given A
Ty: bleached transmittance value
T.: -colored transmittance value
Qq: added or removed electronic charge [22].

1.6. Luminescence

Basically, there are two ways to create light which are incandescence and
luminescence. Both are based on emission of light from a source. While
incandescence is the emission of light from a hot body, luminescence is the emission
of light from cold bodies. So, luminescence is also known as cold emission since

emission of light can take place at normal and lower temperatures. In other words,



luminescence is the best alternative to generate light at ambient temperatures.
Depending on different excitation sources, luminescence can take different names
such as photoluminescence, electroluminescence, chemiluminescence and etc. that
are shown at Table 1 [23].

Table 1. Brief information about types of luminescence

Photons Photoluminescence
Chemical reaction energy Chemiluminescence
Electric field Electroluminescence
Electrons Catholuminescence

When a material is converted to ground state from excited state, an amount of energy
is released. Thus, it causes the emission of light. In order to reach that excited state,
photoexcitation (photoluminescence) or electronic excitation (electroluminescence)
can be used [23].

1.6.1. Electroluminescence

Electroluminescence can be defined as the emission of light from a material by using
electric field. In other words, after the excitation of material by electric current, a
photon starts to decay to a lower energy state and the light generation can be
observed. By using electroluminescence, high efficient illuminants can be obtained
by using low driving voltages. If the semiconducting compound is doped, p-n
junction occurs. It means that there is a recombination of electrons and holes. Then, a
photon releases and this process is observed by a specific color [24]. Organic
electroluminescence leads to light emission due to excitation of electrons from
organic material. During organic electroluminescence, while electrons move to the
LUMO level of the polymer from the cathode, electrons move to the HOMO level of
the polymer from anode. Thus, electrons and holes are formed. The movement of
electrons and holes depends on hopping mechanism. Since the electrons merge with

holes in emissive compound, molecular excited states (excitons) are formed. Lastly,
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the emissive compound becomes to release photons and they decay to generate light
[23].

1.6.2. Photoluminescence

During photoluminescence, an electron is excited from HOMO to the LUMO thanks
to incident photon. Then, these excitations become to relax via radiative or non
radiative decay to the HOMO level from the LUMO level. If there is a radiative
relaxation, this process is called as PL and a schematic of PL is depicted in Figure 6
[25].

A* (Excited State)
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Figure 6. Schematic view of photoluminescence
1.6.2.1. Fluorescence

When excited material returns to the ground state from the excited singlet state via
photon emission, it is called as fluorescence (Figure 7). Fluorescence has short life
time and spin allowed transitions (by Pauli’s exclusion principle) occur. Pauli
Exclusion Principle mentions that the same quantum state cannot be taken up by two
identical fermions (particles including half integer spin) concurrently. In other words,
paired electron’s spin is allowed during releasing an electron from singlet state

whereas unpaired electron’s spin is not allowed during decaying from triplet state
[26].
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1.6.2.2. Phosphorescence

Like fluorescence, phosphorescence occurs when excited material comes back to the
ground state by photon emission which is indicated in Figure 8. However, here, it
happens from the excited triplet state. Moreover, while the radiative transition occurs
between same multiplicities, for fluorescence it takes place between different
multiplicities states. Phosphorescence has longer life time (1 sec) than fluorescence
(10°%sec) and there is a spin forbidden transition. Since longer life time is needed for
phosphorescent transitions, the probability of carry of the radiationless transfer of
energy increases. Hence, it usually happens at low temperatures or in rigid media.
During phosphorescence, non radiative intersystem crossing (from S; to T;) occurs
by the spin orbit coupling. By using intersystem crossing (ISC), triplet state gains
moderately singlet property and it makes the transition to the ground state possible.
During photon emission, electrons transport to the lower energy states and it makes
the band gap decrease. Thus, a longer wavelength is observed for emitted photon
according to Planck-Einstein relation (E=hv where E is the energy of photon, h is the
Plank constant and v is the frequency). Moreover, triplet excitons have lower energy

than singlet excitons because of decreased repulsion [27].
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Figure 8. Schematic view of phosphorescence
1.7. Energy Transfer Mechanism

The first relaxation type is photon emission due to radiative decay and this subject is
mentioned in section 1.6. Another way of relaxation is energy transfer mechanisms
for excited molecules. Here, excitation energy is transformed through thermal
processes like vibrational relaxation and collisional quenching instead of forming
photons [28]. While the donor is still in the ground energy state, the acceptor is
found in the excited energy state due to energy transfer [29]. If donor molecules have
high band gap, composed excitons move to the acceptor molecule since acceptor
molecules have lower band gap than donors. This transfer can be done by using
Forster energy transfer of singlet excitons or Dexter energy exchange of triplet

excitons [30].

1.7.1. Forster Energy Transfer

Forster Energy Transfer is used to investigate the excitons formation and its
practicability. It is also known as Fluorescence Resonance Energy Transfer (FRET)
[31]. Related mechanism is depicted in Figure 9. It occurs during participation of
singlet excitons. During FRET, absorbed energy of donor is transferred to the lower
band gap acceptor via non radiative energy transfer. In other words, excitation
energy is carried on the acceptor from donor. After the recombination of charges, the
acceptor emits the light. Forster energy transfer mechanism depends on energy

transfer rate and long range dipole-dipole interaction. Emission spectrum of the
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donor and absorption spectra of acceptor should overlap and if the distance between
emission of donor and absorption of acceptor is higher than 10 nm, energy transfer is

not observed. Moreover, uniform mixing is needed for effective FRET [32].
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Figure 9. Forster energy transfer mechanism

1.7.2. Dexter Energy Transfer

During Dexter Energy Transfer, electrons are exchanged between donor and
acceptors [33]. Necessary distance is less for effective Dexter energy transfer.
Singlet- singlet and triplet-triplet transfers are allowed. It is usually observed for
triplet emitters with metal complexes such as iridium complexes [34]. Related

Dexter energy transfer mechanism is depicted in Figure 10.
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Figure 10. Dexter energy transfer mechanism
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1.8. Organic Light Emitting Diodes (OLEDs)

In these days, concentrations of greenhouse gases are dramatically increased and it
causes the greenhouse effect that lead to warming of the Earth. In order to lessen the
effect, OLED devices gain importance since they help to decrease the energy
consumption because of its low driving voltage. For OLED devices, low driving
voltage is directly related to less heat generation. With this aim, the discovery of
OLED ushered in a new epoch for flat panel displays and solid state lighting [35].

Today, tungsten filament bulbs are generally used for ambient lighting. They can
convert approximately 10 % energy as light; the remaining is converted as heat. So,
it causes poor efficiency. Alternatively, fluorescent light bulbs have started to be
used since they have higher efficiency than tungsten filament bulbs. Moreover, their
life time is approximately three times higher than tungsten filament bulbs. On the
other hand, fluorescent light bulbs include mercury that is harmful for environment.
Thus, integrating the lighting with OLED should be apt choice since OLEDs have

already more efficient and higher greater lifer times than fluorescent bulbs [23].

At present, dominant solid display technology consists of inorganic light emitting
diodes (LEDs). However, the developments of OLED technology have been
increased exponentially in both academia and commerce. Thus, it is replace the
inorganic LED technology due to their ease of fabrication, flexibility, transparency

and low cost properties [36].

There are differences between organic and inorganic semiconductors. Firstly, organic
semiconductors are conjugated organic compounds and there is a weak van der
Waals interaction. On the other hand, inorganic ones have strong covalent bonds.
Thus, organic semiconductors carry out weak intermolecular coupling and mobility
of charge carriers are lower than inorganic ones. Moreover, hopping transport occurs
for organic semiconductors but band transport performs for inorganic one. Dielectric
constant for organic semiconductors (3-5 eV) is lower than inorganic ones (10-15
eV) [35].
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Advantages of organic semiconductors are as follows [37];

= Light weight

= Mechanically flexible

= Ultra thin

= Cheaper processing (e.g. spin coating)

= Easy to chemical modifications

= Potential for future growth

= Low processing temperature: Processing temperature is usually lower than
100°C. Thus, plastic substrates can be used as substrate without degradation

like glass substrate.

Disadvantages of OLEDs are the following [27];

= Not moisture resistant: OLED devices are sensitive to moisture and it causes
degradation. However, encapsulation can be applied in order to get longer

lifespan.

= Not UV resistant: OLED devices can degrade through UV exposure.
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1.8.1. Basic Structure of OLEDs

OLED structure includes many layer that are depicted in Figure 11 [38].

Cathode

EmI.SSI'Ve Layer

Subgy,.
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Figure 11. Schematic view of OLED device configuration

Substrates such as glass or transparent plastics are utilized in order to support the
OLED device.

Anode materials are one of the basic requirements to inject holes during voltage
application. They are coated over the substrate and they should be also transparent to
see colors clearly. Furthermore, they should have some requirements in order to use a
material as an anode [27]. First necessary is high work function since they help to
hole injection to the emissive layer. Secondly, high conductivity is needed to
minimize the contact resistance. In order to provide great contact to neighbor organic
layers, they should have great film forming ability and wettability. High thermal and
chemical stability supplies wide working range [39]. With this aim, generally indium
tin oxide (ITO) is used as an anode since it has high transparency, good conductivity,

favorable work function value and low resistivity [40].

Hole injection layer takes part between the anode and the emission layer. Poly (4-
styrenesulfonate)-doped poly (3, 4-ethylenedioxythiophene) (PEDOT:PSS) is used
as the hole injection layer. It is coated with spin coater and its thickness is generally
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adjusted as 40 nm. PEDOT:PSS brings two main advantages in an OLED device.
Firstly, it helps transportation of holes since HOMO energy level of PEDOT:PSS is
coherent with the work function of ITO and HOMO level of emissive layer.
Secondly, it provides good film coating ability to emissive layer by flattening the
ITO surface [41].

Like anode materials, cathode materials should have some requirements in order to
decrease the energy barrier between the electrode and emissive layer [42]. First
requirement is low work function since they help electron injection to the emissive
layer. Similar to anode materials, high conductivity, great film forming ability,
wettability, high thermal and chemical stability are needed. With this aim, generally,
pure metals like Ca, Mg, Al or their alloys are preferred. As mentioned before,
cathode materials have lower work function than anode materials and the value is
very close to the vacuum level. This property makes the cathode material unstable to
air [43].

Fabrication of emissive layers can be classified as two main classes. First one is the
thermal vacuum evaporation for small molecule OLEDs and second one is spin
coating technique for PLEDs. In using spin coating technique, there are some
important parameters such as concentration of polymer, spin rate and spin coating
temperature in order to manage the thickness of polymer. If thermal vacuum
evaporation technique is applied, thickness of layer is controlled easily. However,
polymers cannot be coated by using thermal vacuum evaporation since polymers
decompose during heating [44].

1.8.2. Working Principle of OLEDs

Basically, OLED structure consists of metal as cathode, emissive layer and ITO as
anode. The selection of anode and cathode materials is important in order to provide
transportation of charge carriers. Injection barrier is very crucial between Al and
LUMO level of emissive layer and also between ITO and HOMO level of emissive

layer. If the injection barrier is huge, there is no current. Since the difference between
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Al and LUMO level of emissive layer is higher than ITO and HOMO level of
emissive layer, injection of the electrons to the LUMO level of the polymer is hard.

In other words, holes are close to the metal side so they can move faster.

Conducting Pol
onducting Polymer Cathode

Emlsswe Polymer Layer

LUMO

l LUMO

Light

Figure 12. The working principle of OLED
OLED operation principle consists of 4 stages which is depicted in Figure 12 [45];

1. Electrons are injected from cathode to the LUMO level of the emissive layer.
Similarly, holes are injected from anode to the HOMO level of the emissive
layer.

2. Transportation of charge carries occurs close to the emissive layer.

3. Charge recombination happens and it leads to the formation of excitons.

4. Decay of excitons occurs and light is emitted.
1.9. Organic solar Cells (OSC)

Today, people are on the edge of huge energy problem since generally fuels are
consumed in order to get energy requirement. Fuels are finite sources and they
release CO, gases. This causes the acceleration of global warming. The
Intergovernmental Panel on Climate Change anticipated an increment of between 1.8

°C and 4.0 °C until the end of this century [46]. Sudden changes of average
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temperature, tropical storms, drought and rising of sea level can be clearly observed
as a result of climate changes. Some precautions can be taken to prevent harmful
effects of climate change. Moreover, there will be a 60% rise in world’s energy
requirement up to 2030 [47]. With this aim, both clean and renewable sources are
deliberated. Solar energy is one of the powerful candidates because of its theoretical
potential. Solar energy is clean production since it does not emit CO, gases and other
pollutant. Moreover, it is renewable since it is not a form of substance which is exists

before hundreds of millions.

Organic solar cells (OSC) can be classified as single layer OSC, bilayer OSC and
bulk heterojunction OSC. For organic solar cells, thickness of layer, excitons
diffusion length and morphology affect the efficiency of OSC. Electric field is not
enough for both single layer and bilayer OSC. Moreover, they have bad
configuration for charge transfer. Thus, they have lower efficiencies than bulk
heterojunction OSC. As a result, bulk heterojunction solar cells were preferred. One
of the main advantages of bulk heterojunction OSC is they have controllable domain
sizes. Domain size should be in the range of diffusion length. They enhance exciton
diffusion energy since they reduce average distance for excitons require to travel to
be dissociated. Diffusion length (LD) equation is depicted in equation 4. Diffusion
coefficient indicates exction’s diffusion rate within material or can hopping from
molecule to molecule or chain to chain [48]. Higher D represents longer lifetime of
excitons. Higher LD is preferable since higher LD increases the probability of
reaching the D/A interface through its lifespan. If excitons cannot reach the D/A
interface, excitons go to the ground state again and no electric generation is observed
[49].

LD =Dt 4)
Where LD is diffusion length

D is the diffusion coefficient
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7 is the lifetime of exciton

Despite expensive fabrication costs, efficiencies of commercially available silicon
based inorganic solar cells reached to 15% [50]. OSCs have affordable fabrication
costs in comparison with inorganic ones. Moreover, thin films are used at low
process temperature for OSC application and it also leads to decrease in fabrication

costs.

Advantages of organic solar cells [51];

= Safety

= Remotable

= Can be applied on the flexible substrates

= Relatively cheap in production and purification

= Can be shaped

= High absorption coefficient : low thickness of film as nanometer can be
enough

= Potential for future growth
Disadvantages of organic solar cells are as follows [52];

» Requirement of economic energy storage system
= Expensive installation expenses
= Requirement of more research

= Limited lifetime

1.9.1. Donor-Acceptor Approach

Band gap engineering is crucial in order to manage band gap of materials since band
gap affects optical and optoelectronic properties of polymers directly. In order to
reach desired band gap, several parameters can be changed.

Conjugated polymers can have two forms in their ground state which are quinoid and

aromatic. Quinoid character is important for charge transport and charge separation.
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Quinoidal characteristic of polymer backbone decreases the band gap since quinoid

character increases planarity and thus 7 electron delocalization gets easier [53].

Suitable conjugation size also can enhance m delocalization. Moreover, more stable
polymers (thermally and chemically); high charge carrier mobility can be obtained
by arranging conjugation size [54]. Excess conjugation length may decrease
solubility and processability of polymers [53].

Side chains affect the intermolecular interaction between polymer chains and
polymer fullerene interaction. Solubility of polymers can increase with side chains
due to decreasing m-m interaction but excess decline of n-7 interaction can lead to
more steric hindrance. Thus, low charge transport can cause bad solar cell
characteristics [53]. Moreover, substituents such as fluorine, cyano group and
heteroatoms (i.e. Si,Se) can be added to the polymer backbone and it can affect the
electronic properties of polymer.

The most important parameter is donor-acceptor approach for tuning of band gap.
According to this approach, low band gap of polymers can be configured by using
different type of donor (electron rich) and acceptor (electron deficient) groups. It is
note taking to state that, although the aim of this approach is to form low band gap
polymers, it can be adapted to form polymers with low, medium and large band gap.
For OSC, high HOMO of donor match with low LUMO of acceptor and new low
band gap energy is formed [55]. Schematic view of donor- acceptor approach is

depicted in Figure 13.
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Figure 13. Schematic view of donor-acceptor approach

1.9.2. Basic Structure of OSC

Like OLED devices, OSC structure consists of metal as cathode, PEDOT:PSS as
HTL and ITO as anode. The OSC device configuration is demonstrated in Figure 14.
The structural difference derived from the blend active layer between OLED and
OSC. For OLED, polymer is used as active layer. On the other hand, polymer is
blended with fullerene derivatives to balance charge transfer for OSC. Except active
material, the residue layers are the same as OLED’s structure and detailed

information was given at section 1.8.1.
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Figure 14. Demonstration of OSC device configuration

Generally, organic semiconductor materilals are blended with a second material (e.g.
fullerene derivatives) since it increases the efficiency of OSC devices [56].
Bicontinuous and interpenetrating donor-acceptor network is required for effective
charge separation. Morphology is also important since little changes in morphology

can cause traps for charges. Hence, recombination can be occurring [52].

Mobility of holes is higher than electrons. So, electron acceptors are preferred for
D/A blend. With this aim, buckminsterfullerene (Cgo) is used since it has excellent
electron acceptor ability. In some cases, [6,6]-phenyl C61 butyric acid methyl ester
(PC¢BM) and [6,6]-phenyl C71 butyric acid methyl ester (PC7:BM) can be better

alternative since Cgg is not soluble in common solvents [47].

1.9.3. Working Principle of OSC

Working principle of OSC is different than OLED. Basically, OSC produces energy
by using sun light. On the other hand, OLED consumes energy in order to produce
light. For OSC, light is absorbed and it leads to generation of excitons. Then,
generated excitons diffuse near the D/A interface and lastly dissociated excitons are

collected. It is depicted in Figure 15.
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Figure 15. Working principle of OSC

There are 4 main steps [57].

Absorption of light and generation of exciton
Diffusion of excitons near the D/A interface

Dissociation of excitons

A

Collection of excitons

1.9.4. OSC Characterization

Characterization of OSC device can be identified by interpreting the graph of the
current density-voltage (J-V) experimentally. J-V curve is defined under two
conditions; Dark and illumination. If there is almost no current or potential, J-V
curve run through the origin under dark conditions. On the other hand, power can be

produced under illumination thus both current and voltage can be observed.

n =PCE= P:iit Pout = Vmax x J/max
IPCE = 1240 A];fn Pout =Voc x Jsc x FF (5)

The ratio between generated maximum power of device (Poy) and incident power of

solar spectrum (Pin) gives power conversion efficiency (n or EQE). EQE is also
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interpreted as incident photon to current efficiency (IPCE) which is ratio between the
incident photon to collected electron at specific wavelength (A) [58]. The incident
power is determined by using air-mass (AM) terminology. Generally, AM 1.5 G (air
mass 1.5 global) is used as a standard for solar cell applications. Air mass defines the
amount of incident light from sun through the surface of earth. According to AM 1.5
G standard, the angle between arrival sunlight and the earth’s surface is accepted as
48°. Moreover intensity is taken 100 mW/cm?® for OSC measurements [59]. Used
terminologies are indicated in Figure 16 by using current-voltage curve under dark

and illumination and equations are given in equation 5.

Current Density
Dark
I'I'IAfEI‘I’Iz
Voc
g
~ Voltage
Vmax
Jmax T
/ llluminated
T
Pmax
N Isc

Figure 16. Current-voltage curve under dark and illumination

Open circuit voltage (Voc) indicates the maximum voltage with no current flow.
According to Brabec’s study, Vo is related to the LUMO energy level of acceptor.
Moreover, according to Scharber’s study, Voc is also related to the HOMO level of
the donor [59]. Thus, an equation was developed in order to calculate Vo, and g
shows elementary charge that is depicted in equation 6. Efficient charge transfer is
calculated as 0.3 eV between LUMO levels of donor and acceptor and thus 0.3 eV is

accepted as empirical factor [60].

1
Voo =2 [E (HOMO)donor — E (LUMO)scceptor ] — 0.3 (6)
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Short circuit current (Jsc) defines the maximum current flow with no external voltage.
Number of charge carriers and their mobility, band gap range and absorption
coefficient affects the Jg; [59].

Fill factor (FF) is the percent ratio between the actual maximum obtainable power
(Vmax X Jmax) and theoretical power (Jsc X Vo) that is depicted in equation 7.
Morphology, thickness, interfaces between electrodes and donor-acceptor, series
resistance and shunt resistance affects the fill factor. ldeally, FF should equal to one

theoretically.

FF = Vmax X Jmax (7)

Voc x Jsc
1.10. Benzotriazole Based Conjugated Polymers

The structure of benzotriazole (BTz) includes imide bond and it is accepted as
medium acceptor unit because of its electron deficient characteristic. The reason of
electron deficient nature is high lying LUMO energy level and it can lead to the
increase of V.. It is also known as a benzoazole derivative due to nitrogen atom and
it makes BTz basic and electron rich. Alkyl chain addition to the BTz is easy and this
addition increases the solubility of the material. Easy modification of alkyl chain
makes BTz preferable than quinoxaline and benzothiadiazole derivatives and high
conversion efficiency can be obtained by using BTz derivatives [61]. Recently, 7%
power conversion efficiency was recorded for OSC applications [62]. Structure of
BTz with alkyl chain makes the material more planar due to prevention of steric
hindrance. As a result, hole mobility increases thanks to close packing structure.
Generally, benzotriazole derivatives are used for electrochromic applications since

they indicate multichromism property [63].

Selenophene was used as 7 bridge electron donor cyclic groups. According to D-A
approach, 7 bridge electron donor cyclic groups such as thiophene and selenophene
were chosen in order to change electronic and optical properties of polymers.

Selenophene has high quinoid property so it causes the low bond length alternation.
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Thus, low band gap polymers can be obtained using selenophene. Moreover,
selenophene has high intermolecular interaction because of its polarizable
characteristic. Thereby, charge carrier transport ability can increase by using
selenophene.

In literature orange emitting conjugated polymers can be used in order to design
white OLEDs since combination of two colors (e.g. orange and blue) in a proper
ratio can give exact white light [64]. By using benzotriazole based orange emissive
layer with blendind blue donor, almost pure white light generation (x=0.31, y=0.32)
can be obtained [65].

Figure 17. Some Literature Examples

For OSCs, small structural modifications make polymer quite different properties.
With this purpose, donor acceptor approach has been used. For example, in 2010,
benzotriazole unit was coupled with fluorene unit by Suzuki condensation reaction.
At the same study, the thiophene unit was attached to the mentioned polymer and
their electronic and optical properties were investigated. The results of this study
proved that polymers have suitable band gaps and high absorption in visible region
so they are good candidates for optoelectronic studies [66]. Their PCE is 0.07% for P
(A) and 0.56% for P(B) [67]. By using selenophene as the bridge, the properties of
polymers were improved and better results were obtained. From the literature, P(C)
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and P(D) include similar acceptor units with P1 and P2 and silafluorene was used as
donor unit. Both polymers have suitable band gap for an electrochromic application
and their efficiencies are 1.55% for P(C) and 1.26% for P(D) [68]. According to
donor acceptor approach, small molecular differences can make the polymers
different electronic characteristics. Since P(C) and P(D) have moderately high
efficiencies; benzotriazole with selenophene bridge can be good candidate to reach
higher efficiencies by using different type of donor unit. The structure of the
mentioned polymers in the literature is depicted in Figure 17 and their results are

summarized in Table 2.

Table 2. The basic results of the studied polymers in literature [67,68].

P(A) -594 -2.97 2.97 22% 35 0.60  0.07
(1500 nm)

P(B) -5.71 -3.15 2.56 39% 3.3 0.60 0.56
(2000 nm)

P(C) -531 -3.27 2.04 12% 0.6 071 155
(1200 nm)

P(D) -5.18 -3.12 2.06 23% 1.0 063 126
(1200 nm)

In this study, dibenzene bridged donor units (fluorene and carbazole) were used.
Dibenzene bridged donor units are known as weak donor units because of electron
deficient characteristic of benzene. Integration of carbon, nitrogen or silicon to the
polymer leads to moderately high band gap and narrow light absorption [69].
Although these properties can be trouble for OSC applications, they can suitable for
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OLED applications. Fluorenes has rigid and planar structure. Polymers with fluorene
generally have high band gap and low HOMO energy levels. Moreover, they are very
stable to degradation against photon and heat; hence it can be a suitable candidate for
device operation. The reason for the use of fluorene is that it indicates high
fluorescence quantum vyield, perfect hole transporting ability and excellent film
forming features. Carbazole is very similar structure to fluorene and its central
includes fused pyrrole with electron donating nitrogen atom. Thus, carbazole has
tricyclic structure and it means that carbazole is a fully aromatic and electron rich
compound. Like fluorene, carbazole also has stable thermally and photochemically
and lastly high charge mobility. Chemical structures of donor and acceptor groups

are shown in Figure 18.

C oHz4 CsHyr CsHyr
|)\can
3
N" *N
L\
Se Se
N

Donor Acceptor Donor
CsHy™ CsHyr

Acceptor Donors

Figure 18. Chemical structures of donor and acceptor groups
1.11. Aim of Thesis

The purpose of the study is to synthesize polymers with broad light absorption and
high fluorescent ability for both OSC and OLED applications. Donor- acceptor type
new polymers were synthesized by anchoring different donor groups on the polymer
backbone in order to provide high conversion efficiencies. These polymers were
synthesized chemically and their electrochemical and device characterizations were

investigated. Benzotriazole was used as an acceptor unit and it was coupled with
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selenophene as a © bridge donor segment. The reason for the use of benzotriazole is
its excellent electrochromic properties. Benzotriazole based polymers generally
reveal multichromism which is important for electrochromic device applications
[70]. Fluorene and carbazole were selected as the electron donating groups due to
their excellent film forming properties, good hole transport ability and high thermal
stability. Solubility of synthesized polymers was provided by using branched alkyl

chain and their structure is depicted in Figure 19.

P2

Figure 19. The molecular structures of synthesized polymers in this study
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CHAPTER 2

EXPERIMENTAL

2.1. Materials and Equipments

All chemicals and solvents were supplied by Sigma Aldrich Chemical Co. Ltd.
PC71BM was obtained from Solenne. Tetrahydrofuran (THF) and toluene were dried
by using metallic sodium and benzophenone. They were prepared before reactions
and no dated solvents were used. All reactions were studied under argon atmosphere

if not specifically defined otherwise.

Merck Silica Gel 60 was utilized for purification of synthesized materials. Structures
of synthesized materials were verified by nuclear magnetic resonance (NMR) on a
Bruker Spectrospin Avance DPX-400 Spectrometer by taking internal reference as
trimethylsilane (TMS) in deuterated chloroform (CDCl;). Gel permeation
chromograpgy (GPC) was used to identify the average molecular weights of the
polymers by taking polystyrene as the reference in chloroform (CHCIs).
Electrochemical studies were carried out by using Voltalab 50 potentiostat. Varian
Cary 5000 UV-Vis spectrometer and Minolta CS-100 spectrometer were used for
spectroelectrochemical and colorimetry application, respectively. OLED and OSC
applications were performed in glove box system (MBraun) (both O, and H,O < 0.1
ppm). INFICON SQC-310 Thin Film Deposition Controller was used to evaporation
of cathode and LiF layers. While 1.5G illumination was used (100mV/cm?) for OSC
characterization, D55 illuminant was applied for OLED applications. Graphs of
current versus voltage and luminance versus voltage were recorded by using Keithley

2400 Source and Maya2000 PRO Spectrophotometer, respectively.
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2.2. Synthetic Procedure

4,7-Dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazole and tributyl(selenophen-
2-yl)stannane were synthesized according to previously reported methods [71,72,73].
2-(2-octyldodecyl)-4,7-di(selenophen-2-yl)-2H-benzo[d][1,2,3]triazole was
brominated with NBS previously published procedures [68].

2.2.1. Synthesis of 9-(bromomethyl) nonadecane

CioH21  pph.B C1oH21
3Dl
HO —  Br
\)\csHﬂ DCM \)\Can
0°C
95%

Figure 20. Synthesis of 9-(bromomethyl) nonadecane

2-Octyl-1-dodecanol (4.00 g, 13.4 mmol) and 15.0 mL DCM were stirred at 0 °C.
After the addition of triphenylphosphine (PPh3) (3.69 g, 14.1 mmol) at one portion,
bromine (Bry) (2.25 g, 14.1 mmol) in 5.00 mL DCM was added drop wise. The
reaction was stirred for 5 hr at room temperature. Then, saturated NaHSOj3 solution
was slowly added to the reaction medium in order to remove excess Brp,. Water was
added and the mixture was extracted with DCM (3x). Then combined organic layers
were washed with brine. Organic phase was dried using MgSO,. After the solvent
evaporation, white powder was obtained. Column chromatography was applied for
crude product on silica gel with hexane. Colorless oil was obtained (4.60 g, Yield:
95.0 %). 'H NMR (400 MHz, CDCls) & 3.38 (d, J = 4.7 Hz, 2H), 1.60 — 1.46 (m,
1H), 1.33 — 1.04 (m, 32H), 0.81 (t, J = 6.8 Hz, 6H). *C NMR (101 MHz, CDCl3) &
39.69, 39.50, 32.57, 31.93, 29.80, 29.65, 29.60, 29.57, 29.36, 29.32, 26.57, 22.70,
14.12. *H and *C NMR spectra of product is depicted in Figure 44 and Figure 45.
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2.2.2. Synthesis of 4, 7-dibromobenzo|[c] [1, 2, 5] thiadiazole

N¢S~N oss
\ 7 Bry N\ 1
5 m ol
135°C
96%

Figure 21. Synthesis of 4, 7-dibromobenzo[c][1,2,5] thiadiazole

Under ambient conditions 2,1,3-benzothiadiazole (5.00 g, 36.7 mmol) was dissolved
in 45.0 mL HBr (47%). It was heated to 100 °C and it refluxed for 1 hr. Then,
bromine (Br;) (17.3 g, 108.3 mmol) in 20.0 mL HBr (47%) was added slowly in
dissolved 2,1,3-benzothiadiazole solution. It was heated under reflux for 12 hr at 135
°C. TLC control (DCM) was used to probe the completion of reaction. After reaction
was cooled to room temperature, concentrated NaHSO; was added slowly to the
reaction medium. It was filtrated and washed with distilled water and cold diethyl
ether, respectively. After the drying of residue, a yellow solid was obtained (10.4 g,
Yield: 96.0%). *H NMR (400 MHz, CDCls) & 7.73 (s, 2H). **C NMR (101 MHz,
CDCl3) & 152.97, 132.36, 113.92. *H and *C NMR spectra of product is depicted in
Figure 48 and Figure 49.

2.2.3. Synthesis of 3, 6-dibromobenzene-1, 2-diamine

TN

s
H,N  NH,

\\} NaBH4
Br—O—Br EtOH Br—@—Br
0°C

60%

Figure 22. Synthesis of 3, 6-dibromobenzene-1, 2-diamine

4, 7-Dibromobenzo[c][1,2,5] thiadiazole (5.55 g, 18.9 mmol) was dissolved in 400
mL ethanol (EtOH) under ambient conditions. Before the NaBH,4 (10.1 g, 377 mmol)
addition, the system was placed in an ice bath. When the temperature of system was

35



adjusted to the 0 °C, NaBH, was added slowly. After the addition was completed, the
system was stirred for 12 hr at room temperature. Then, ethanol was evaporated and
residual dark orange solid was dissolved in diethyl ether and washed with distilled
water three times. Lastly, it was washed with brine. Organic phase was dried over
MgSOQO, and the solvent was evaporated. Weight of dried residual light yellow solid
was 3.00 g and used without further purification (3.00 g, Yield: 59.8 %).

2.2.4. Synthesis of 4, 7-dibromo-2H-benzo[d] [1, 2, 3] triazole

H
ONQ

H,N  NH,

NaNO, H,0 v
Br Br  AcOH B’—O—Bf

RT

Figure 23. Synthesis of 4, 7-dibromo-2H-benzo[d] [1,2,3] triazole

3, 6-Diboromobenzene-1,2diamine (3.00 g, 11.3 mmol) was dissolved in 30.0 mL
acetic acid. At the same time, NaNO; (0.856 g, 12.41 mmol) was dissolved in 20.0
mL distilled water. Then, dissolved NaNO, added in dissolved 3,6-
diboromobenzene-1,2 diamine quiet slowly. The mixture was stirred for 1 hr and
precipitation was observed. Then, the precipitate was filtered and washed with
distilled water. Lastly, the light orange powder solid was obtained. (3.12 g, Yield:
60.0%). 'H NMR (400 MHz, CDCls) & 7.44 (s, 2H), (Figure 50).
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2.2.5. Synthesis of 4, 7- dibromo- 2- (2-octyldodecyl)-2H-benzo[d] [1, 2, 3]

triazole

Figure 24. Synthesis of 4, 7- dibromo- 2- (2-octyldodecyl)-2H-benzo[d] [1,2,3]

4, 7-Dibromo-2H-benzo[d] [1,2,3] triazole (2.59 g, 9.35 mmol) was dissolved 10.0
mL anhydrous DMF at 0°C under argon. After DMF addition, bubbling was applied
for 15 min. Then, NaH (0.263 g, 10.9 mmol) was added at one portion. When NaH
was dissolved completely, the system was heated to 60 °C. After the temperature was
adjusted to 60 °C, 9-(bromomethyl) nonadecane (3.94 g, 10.9 mmol) was added into
reaction medium and stirred for 12 hr. Then, DMF was evaporated and residue was
dissolved in CHCI; and washed with distilled water at three times. Solvent was
evaporated and column chromatography on silica gel was adjusted for purification of
material (4:1 Hexane: CHCIs). Tint yellow oil was obtained (2.35 g, Yield: 45.0 %).
'H NMR (400 MHz, CDCl3) & 7.43 (s, 2H), 4.68 (m, 2H), 2.35 (m, 1H), 1.40 — 1.16
(m, 32H), 0.87 (m, 6H); (Figure 51). *C NMR (101 MHz, CDCls) 5 143.64, 129.40,

H
N

o T

\/

C1oH24
CgHy7
ONQ
C1oH24 NaH :{‘ !
Br Br
CgH4; DMF
60°C
45%

triazole

110.00, 61.12, 39.02, 31.88, 31.18, 29.87, 26.03, 22.66, 14.10; (Figure 52).

2.2.6. Synthesis of tributyl (selenophen-2-yl) stannane

n-BulLi
CISnBuj (/_\L
THF Se SnBU3
-78°C
62%

Figure 25. Synthesis of tributyl (selenophen-2-yl) stannane
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Selenophene (5.00 g, 38.2 mmol) was deaerated with argon for 15 min to remove O,
from reaction medium. Dry THF was added and the system was adjusted to - 78°C
and n-buthyl lithium (n-BuLi) (2.5 M in hexane, 16.8 mL, 41.9 mmol) was added
drop wise into the reaction medium and stirred for 1 hr. Reaction color turned to light
pink from colorless. Then, stannyltributyltin chloride (CISnBus) (11.4 mL, 41.9
mmol) was added. The color of the reaction was dark orange, and then it turned to
milky brown. Then, the reaction was stirred under argon atmosphere for 12 hr at
room temperature. Later on, THF was evaporated and residue was dissolved in
CHCI;. It was washed with distilled water and organic phase was dried over MgSQ,.
After CHCIl; was evaporated, neutral alumina column chromatography was
performed with hexane. Colorless oil was obtained (10.0 g, Yield: 62.0%). *H NMR
(400 MHz, CDCls) & 8.25 (dd, J = 10.8, 4.6 Hz, 1H), 7.45 — 7.36 (m, 2H), 1.57 —
1.45 (m, 6H), 1.31 — 1.22 (m, 6H), 1.06 — 0.98 (m, 6H), 0.82 (m, 9H); (Figure 46).
3C NMR (101 MHz, CDCls) & 143.58, 137.99, 135.33, 130.70, 29.33, 27.63, 27.34,
11.23; (Figure 47).

2.2.7. Synthesis of 2-(2-octyldodecyl)-4, 7-di (selenophen-2-yl)-2H-benzo [d] [1,
2, 3] triazole

C1oH24 C1oH21
CgHy7 CgH7
ON’ ’N.
Ny N PdCI,(PPhs), Ny
R Se
Reflux
54%

Figure 26. Synthesis of 2-(2-octyldodecyl)-4, 7-di (selenophen-2-yl)-2H-benzo [d]
[1,2 3] triazole

4,7-Dibromo-2-(2-octyldodecyl)-2H-benzo[d][1,2,3] triazole(1.15¢g, 2.06 mmol) and
tributyl(selenophen-2-yl)stannane (1.74 g, 4.13 mmol) were added in a two neck

round bottom flask and stirred for 15 min under argon. Then, 20.0 mL THF were
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added in the flask and bubbling was applied using argon for 1 hr. After the addition
of bis(triphenylphosphine)palladium(ll) dichloride (0.094 g, 0.825 mmol) and
triotolylphosphine (0.251 g, 40 mol %) in reaction medium it was refluxed for 20 hr.
Then, solvent was evaporated and residue was purified by column chromatography
on silica gel with hexane and chloroform (4:1) system. A solid was obtained as a
yellow product (0.90 g, Yield: 54.0 %), (Figure 26). *"H NMR (400 MHz, CDCls) &
8.11 (d, J = 3.2 Hz, 2H), 8.00 (d, J = 5.6 Hz, 2H), 7.52 (s, 2H), 7.33 (dd, J = 5.6, 3.2
Hz, 2H), 4.66 (d, J = 6.4 Hz, 2H), 2.24-2.18 (m, 1H), 1.35 — 1.15 (m, 32H), 0.83 —
0.77 (m, 6H), (Figure 53). **C NMR (101 MHz, CDCls) § 141.58, 133.56, 127.06,
121.63, 117.74, 106.50, 67.97, 29.68, 29.35, 28.27, 26.76, 22.68, 17.29, 14.11, 13.57,
(Figure 54).

2.2.8. Synthesis of 4, 7-bis (5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3]triazole

C1oH24 C1oH24
|)\CsH17 H\can
ONQ 'NQ
N N N N

\ 7 NBS \ 7

B 7| DMF B 7|

Se Se RT Br Se Se™ g,
60%

Figure 27. Synthesis of 4, 7-bis (5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-
benzo[d][1,2,3] triazole (M1)

2-(2-Octyldodecyl)-4,7-di(selenophen-2-yl)-2H-benzo[d][1,2,3] triazole (250 mg,
0.380 mmol) was dissolved in 10.0 mL dry DMF under argon. After complete
dissolution, N-bromosuccinimide (NBS) (176 mg, 0.989 mmol) was slowly added
under dark medium. The reaction medium was stirred for 12 hr. Purification was
applied by using column chromatography by silica gel with hexane and ethyl acetate
(15:1) and a dark yellow solid was obtained (186 mg, Yield: 60.0 %), (Figure 27).
'H NMR (400 MHz, CDCls) & (ppm) 7.70 (d, J = 4.2 Hz, 2H), 7.46 (s, 2H), 7.25 (d,
J=4.2 Hz, 2H), 4.65 (d, J = 6.3 Hz, 2H), 2.23 - 2.13 (m, 2H), 1.29 — 1.14 (m, 32H),
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0.82 — 0.78 (m, 6H), (Figure 55). *C NMR (101 MHz, CDCls) & 178.53 , 134.70
132.58 , 130.62 , 128.46, 127.21 , 126.88 , 123.04 , 32.41 , 31.55 , 29.90, 29.56 ,
29.34 ,26.55, 22.68 , 14.11, (Figure 56).

2.2.9. Synthesis of 4-(5-(7-methyl-9, 9-dioctyl-9H-fluoren-2-yl)-7-(5-methyl
selenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d] [1, 2, 3]triazole (P1)

CioH21
CgHq7

Pd,(dba),

CgHq7CgH7 P(o- tol)3 CgHy7CgH47
e 3o o 2 B %
SOAE T Ao,

Figure 28. Synthesis of  4-(5-(7-methyl-9, 9-dioctyl-9H-fluoren-2-yl)-7-(5-methyl
selenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d] [1,2,3] triazole (P1)

K2CO3(2 M, 2.5 mL) solution was added in 100 mL two neck round bottom flask and
it was stirred for 30 min under argon. Then, 7.50 mL dry THF and 4, 7-bis (5-
bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3] triazole (200 mg,
0.249 mmol) and 2,2’-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-
1,3,2-dioxaboralane (139 mg, 0.249 mmol) were added to the flask. After the system
was purged with argon for additional 30 minutes, addition of
tris(dibenzylideneacetone)dipalladium(0) (Pd»(dba)s) (18 mg, 5.0 mol%), tris(o-
tolyl)phosphine (48.3 mg, 40 mol%) and catalytic amount aliquat 336 (phase transfer
agent) was completed into the flask. At the same time, the temperature was adjusted
to 110 "C. The reaction was refluxed at 110 'C for 40 hr. After that, bromobenzene
(0.187 mg) and 3.00 mg additional Pd,(dba); were added. The mixture was stirred for
another 4 hr. After the addition of phenyl boranic acid (0.290 mg, 0.239 mmol), the
reaction was stirred for 12 hr. Then, the reaction was cooled to the room temperature
and toluene was evaporated under reduced pressure. The residue was precipitated in
methanol, and filtered. The residue was purified by using Soxhlet apparatus with

acetone, hexane, chloroform and chlorobenzene, respectively until the solvent in
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Soxhlett becomes colorless. Lastly, collected chloroform was evaporated under
reduced pressure and precipitation of the residue in cold methanol was filtered. Then
pure polymer was dried with vacuum drying (55.0 mg, Yield: 21.0 %). GPC: number
average molecular weight (Mn): 17900, molecular average molecular weight (Mw):
36800, polydispersity index (PDI): 2.05 *H NMR (400 MHz, CDCls), & (ppm): 8.1-
8.3 (2H, BTz), 7.3-7.8 (10H, selenophene-fluorene), 4.75 (2H, N-CH,, BTz), 2.29
(1H, ~CH), 1.4-0.9 (-CH,,-CHj3), (Figure 57).

2.2.10. Synthesis of 9-(heptadecan-9-yl)-2-methyl-7-(5-(7-(5-methyl selenophen-
2-yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazol-4-yl) selenophen — 2 -yI)-9H-
carbazole (P2)

CioH21
CgHq7
j\ t PACIy(PPhy); _ I\ Q a O O
THF Se'
85°C
CsH17 CgHy7 29% CsH17 CgHq7

Figure 29. Synthesis of 9-(heptadecan-9-yl)-2-methyl-7-(5-(7-(5-methyl
selenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazol-4-yl) selenophen — 2
-yl)-9H-carbazole (P2)

K2CO3(2 M, 5.0 mL) solution was added in 100 mL two neck round bottom flask and
it was stirred for 30 min under argon. Then, 10.0 mL dry THF and and 4, 7-bis (5-
bromoselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo [d][1,2,3] triazole (295 mg,
0.362 mmol) and (2-(9-(heptadecan-9-yl)-7-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-9H-carbazol-2-yl)-4,5,5-trimethyl-1,3,2-dioxa  borolan-4-yl)methylium (241
mg, 0.362 mmol) were added to the flask under argon atmosphere. After the system
was purged with argon for additional 30 minutes, addition of bis
(triphenylphosphine) palladium (11) dichloride (PdCI,(PPhs3),) (12.7 mg., 5.0 mol%)
and tetra-n-hexyl ammonium iodide (8.71 mg, 5.0 mol%) were completed. At the
same time, the temperature was adjusted to 85 ‘C. The reaction was refluxed at 85°C
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for 20 hr. After that, bromobenzene (30.0 mg, 0.191 mmol) and 3.00 mg additional
(Pd(Cl,) (PPh3),) were added. The mixture was stirred extra for 4 hr. After the
addition of phenyl boranic acid (60.0 mg, 0.490 mmol), the reaction was stirred for
12 hr. Then, the reaction was cooled to room temperature and THF was evaporated
under reduced pressure. The residue was precipitated in methanol, and filtration was
applied. The residue was purified by using Soxhlet apparatus with acetone, hexane,
chloroform and chlorobenzene respectively, until the solvent in Soxhlet becomes
colorless. Lastly, collected chloroform was evaporated under reduced pressure and
precipitation of the residue in cold methanol was filtered. Then pure polymer was
dried with vacuum drying (110 mg, Yield: 29.0 %). GPC: number average molecular
weight (Mn): 10816, molecular average molecular weight (Mw): 71600,
polydispersity index (PDI): 6.62. '"H NMR (400 MHz, CDCls), & (ppm): 8.21(2H,
BTz), 8.1-8.0 (2H, carbazole), 7.8-7.3(selenophene, carbazole), 4.68 (N-CH,, BTz),
2.49-1.81 (-CHy), 1.69-0.43 (-CHg), (Figure 58).

2.3. Electrochemical Studies

During redox reactions, materials can gain different colors. If the color change is
significantly distinct, the species can be called as electrochromic materials [74].

HOMO and LUMO energy levels can be estimated experimentally for organic thin
films by using cyclic voltammetry (CV). CV is a three electrode system with an ITO
as the working electrode (WE), platinum as the counter electrode (CE) and Ag wire
as the reference electrode (RE). The polarity of the given potential determines
whether the films are to be oxidized or reduced. So, the value of applied potential
must be enough to begin charge transfer by increasing or decreasing the Fermi
energy level of the WE. Before measurements, the electrolyte solution was bubbled
with argon in order to get rid of dissolved oxygen. Redox properties of polymer
coated thin film are investigated via single scan cylic voltammogram. HOMO level
of the polymer can be determined by onset oxidation potential and similarly, LUMO
level of the polymer can be determined by LUMO level of the polymer. Energy
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difference between HOMO and LUMO energy levels defines the electronic band gap
of polymer (equation 8) [75].

HOMO = —(4.75 + Eox(onset) )
LUMO = —(4.75 + Ered(onset) )

Eg = HOMO — LUMO (8)

2.4. Spectroelectrochemical Studies

Spectroelectrochemical studies enlighten about the electrochromic properties of
conjugated polymers. In this study, spray coated polymer films were oxidized step
wise under applied potential. During this doping process, polarons and bipolarons
(radical carriers) are formed. This process can be investigated in situ UV-Vis-NIR
spectra as a function of external voltage. The n-n" interband transitions of polymers
is a distinctive property in their neutral states. The intensity of neutral band lessens
and new bands are formed due to polarons with lower energy. If oxidation continues
after formation of polaron, bipolarons also can exist. By taking a tangent line from
the m-7 interband transition, maximum absorption wavelength of polymer onsets (A
onset:

max ) were determined and optical band gap of polymers were calculated (equation
9).

(Egop) = 1241 /}Monset (9)

2.5. Kinetic Studies

The kinetic studies were performed to observe the transmittance change with a time
interval between maximum absorption wavelength of neutral and fully oxidized

states of polymer films during potential sweeps. Thus, optical contrasts of polymer
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films at their own maximum absorption wavelengths were determined by UV-Vis-
NIR spectrophotometer. Moreover, switching times of polymer films were measured

using chronoamperometry.
2.6. Gel Permeation Chromatography

Gel permeation chromatography (GPC) is important separation technique that based
on size exclusion. In other words, molecular weight distributions such as number
average molecular weight, weight average molecular weight can be identified on the
basis of their size. GPC includes a column (solid stationary phase) with tiny, round,
porous particles and the solvent (liquid mobile phase) passed through them. Small
chains come later than the bigger ones since small chains can enter pores of the
column. Polymers were dissolved in CHCI3 (4.0 mg/mL) and their molecular weight

distributions were determined.
2.7. OLED Studies

ITO coated glass substrates were purchased from Vision-Tek and used as the anode.
Etching was carried out to eliminate short circuit of device. ITO coated glass sheets
were cut (2.45 cm x 2.45 cm) and active area of ITO was protected. Protected ITO is
immersed in 37 % concentrated hydrochloric acid (12 M), nitric acid and water,
respectively for 3 minutes. Etched ITO substrates were cleaned with toluene,
detergent (Hellmanex 1) and water, acetone and 2-propanol in ultrasonic bath. In
order to remove solvents, N, gas was purged. Lastly, oxygen plasma treatment was
performed in order to remove organic contaminants. Therefore, the treatment helped

to increase work function of ITO and made the surface hydrophilic.

PEDOT:PSS was used as HTL and it was filtered with 0.45 pm PVDF filter before
coating process. By using G3 P-8 spin coater, it was coated with 5000 rpm for 45
seconds onto ITO substrates. Coated material was heated at 135°C for 15 minutes in
order to remove solvent. Resulting thickness of PEDOT:PSS was 40 nm. Polymers
were dissolved in CHCI3 with 2 % weight concentration and it was filtered through

0.22 um PTFE (teflon) membrane filter since this filter is chemically inert.
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Polymers were coated with 2000 rpm for 45 seconds with a thickness of about 60

nm.

Lastly, both lithium fluoride (LiF, 0.6 nm) and aluminum (Al, 100 nm) were
evaporated using evaporation chamber of Glove Box System (MBRAUN MB-
200B). LiF was used as an auxiliary energy step between emissive layer and cathode.
It also decreased the effective work function of aluminum. Emissive layer was
protected from hot Al during thermal evaporation [56]. After the deposition of LiF,
Al was evaporated as the cathode material. It protected the device from oxidation. As
a result the device area of fabricated PLED was 0.06 cm?. Constructed devices can

be encapsulated in glass with epoxy resin in order to avoid O, and humidity.

PL properties of polymers were investigated via Perkin-Elmer LS 55 luminescence
spectrometer by using the dilute polymer solutions with CHCI; and thin film
samples. Maximum absorption wavelengths of polymers were selected as the
excitation wavelengths for PL study. By using Spectrasuite (spectroscopy software)
and Maya Pro 2000 spectrometer EL spectra, J-V curve were accomplished.
Luminance of devices and CIE diagrams were carried out by using fiber optic in

dark room.
2.8. OSC Studies

Etching and cleaning procedures of ITO were carried out as explained in section 2.7.
P2:PC71.BM blends were prepared with different weight ratios and they were coated
by using G3P-8 spin coater in glove box system (concentrations of O, and H,0<1
ppm). The structural order of constructed bulk heterojunction OSC devices were
ITO/PEDOT:PSS/P2:PC7:BMI/LiF/Al. The active area of OSC device was 0.06 cm?.
By using Keithley 2400 source meter with AM 1.5 G irradiation from a 1 kW Atlas
Material Testing Solar Simulator, properties of J-V were determined. IPCE was

measured by scanning between 300 nm and 1000 nm by using monochromic light.
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1.Electrochemical Properties

After the polymers were dissolved in CHCI; solution (5 mg / mL), ITO was coated
with polymer solution by spray coating technique. A three electrode system in 0.1 M
TBAPFg in acetonitrile solution was used in order to investigate electrochemical
properties of polymers as indicated in Figure 30. Then, HOMO and LUMO energy
level of polymers were calculated by using oxidation and reduction onset potentials
(Eonset). Both P1 and P2 indicated ambipolar (both p and n dopable) character. By
using equation 8 that described in section 2.3, HOMO and LUMO energy levels were
calculated.

For P1, potentials between -1.5 V and 2.0 V were scanned with 100 mV/s scan rate.
There are two p doping processes at 1.09 V and 1.30 V. Due to the ambipolar
character of P1, LUMO energy level was also calculated by using equation 8. For
P2, potential was swept between -2.0 V and 1.4 V with 100 mV/sec scan rate and

similar calculations were done.
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As a result, oxidation potentials of P1 were determined at 1.09 V and 1.30 V with
dedoping peaks at 0.83 V and 1.14 V. Likewise, reduction potentials was established
at -1.87 V with a dedoping peak at -1.58 V. HOMO and LUMO energy levels were
calculated as -5.66 V and -3.21 V respectively. Oxidation potentials of P2 were
found at 1.12 V with a dedoping peak at 0.81 V. Similarly, reduction potential was
observed at -1.86 V with a dedoping peak at -1.52 V. HOMO and LUMO energy
levels were calculated as -5.74 V and -3.34 V, respectively. P1 indicated higher
HOMO energy level than P2 because P1 had lower oxidation potential than P2.
Although higher HOMO energy level causes to lower V., it provides a lower band

gap. All results were summarized in Table 3.

Table 3. Photophysical and electrochemical properties of polymers

Ep-doping (V) 1.09/1.30 1.12
Ep-dedoping (V) 0.83/1.14 0.81
En-doping (V) -1.87 -1.86
En-dedoping (V) -1.58 -1.52
HOMO (eV) -5.66 -5.74
LUMO (eV) -3.21 -3.34

Es (eV) 2.45 2.40

3.2.0ptical Properties

The optical characteristics of P1 and P2 were studied in order to investigate the
absorption range of polymers in their solution (CHCI3) and in thin film form as
indicated in Figure 31. Maximum wavelengths were 488/521 nm for P1 and 486/522
nm for P2 in their film form. In solution, maximum wavelengths were observed at
464 nm for P1 and 483 nm for P2. All results were summarized in Table 4. The
absorption spectra of thin film for polymers indicated red shift relative to the one
recorded in solution. In solid state increased molecular orientation due to regular

structure of thin film caused red shift with planarity effect in solid state [76]. The n-n
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stacking was observed due to diminishing intermolecular distance and red shift was
observed in the UV-vis absorption spectra [77,78]. Another reason of red shift might
be that exist no pre-aggregation in solution. Although different types of donors were
used, the polymers had similar optical properties.

Table 4. Optical properties of P1 and P2

Solution Thin film
S PL 464 488/521
P2 483 486/522
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3.3.Scan Rate Studies

Anodic and cathodic current densities of spray coated thin films of polymers were
investigated by applying different scan rates. Scan rate (v)-current density (i,) graphs
of polymers indicated that mass transfer of anions was not diffusion controlled as
regards to Randles-Sevcik equation (equation 9) where i, is current density
(mA/cm?), n is number of electrons, F is the diffusion coefficient (cm?/s), v is
potential sweep rate (mV/s), A is surface area of working electrode (cm?), I is
surface coverage of redox species (mol/cm?), R is the gas constant, T is temperature
in K [11,69,70,79].

i, =n’F°v A/ 4RT 9)

Scan rate graphs of P1 and P2 were depicted in Figure 32. The linear relationships
between the current density-scan rate graphs proved that adherence of the polymer to
the 1TO surface were successfully achieved; anions and cations where located on the
polymer chains. Thus, there was no diffusion where the electrochemical processes

occurred reversibly.
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3.4.Spectroelectrochemical Properties of Polymers

The aim of the spectroelectrochemical studies was to explore the optical changes
through doping-dedoping processes. Firstly, polymer solutions were prepared in
chloroform (5 mg/mL) and they were coated on ITO glass via spray coating
technique. They were placed in 0.1 M TBAPFg/ACN electrolyte solution. Then,
absorption spectra of polymers were investigated in UV-Vis-NIR regions under
increasing external voltage. In Figure 33, the maximum absorption peak was
observed at 522 nm with 594 nm onset wavelength for P1 and 524 nm with 580 nm

onset wavelength for P2 in visible region. Then, optical band gaps (E,*) of polymers
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were calculated as 2.09 eV for P1 and 2.12 eV for P2 by using equation 9 in section
2.4.

Maximum absorbance wavelengths were 720 nm and 710 nm in polaron region, 1500
nm and 1940 nm in bipolaron region for P1 and P2, respectively. All results for P1
and P2 were very similar to each other since fluorene was structurally analogous to
carbazole. The m-n* transitions between the HOMO and LUMO levels of the
polymers caused the first absorbance peak to be obtained in visible region. During
oxidation, absorbance decreased in neutral state and the intensity of band increase
both polaron and bipolaron regions. According to electrochemical studies, electrical
band gaps were calculated as 2.45 eV and 2.40 eV for P1 and P2, respectively.
Optical band gap values were equal to 2.09 eV for P1 and 2.12 eV for P2. Free
charges were obtained during doping-dedoping process by cyclic voltammogram and
electronic band gaps were determined via onset potentials of polymers. For optical
band gap determination, light was absorbed and excitons formed. Then, onset of n-n*
transitions were used to calculate the optical band gap. As a result, while neutral state
of polymers was used for optical band gap determination, doped-dedoped polymers
were used for electronic band gap determination. Thus, optical band gaps of the

polymers were comparatively lower than electronic band gaps.
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Figure 33. Spectroelectrochemical graphs and colors of (a) P1 (b) P2 at various

applied potential

3.5.Kinetic Studies

The aim of the kinetic studies was to find out the percent transmittance changes and
switching times of polymers between neutral and fully oxidized states. With this
aim, maximum wavelengths of polymers were chosen and voltages were stepped
between 0.0 V-1.1 V for P1 and 0.0 VV-1.2 V for P2 in a determined time range. The
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percent transmittance changes were determined by using UV-Vis-NIR spectrometer.
Sensitivity of human eye was accepted as 95 % of full contrast. Therefore, percent
transmittance changes were calculated based on this value. Switching times of P1
was higher than P2. The reason of this might based on ion diffusion, dopant
insertion, thickness and morphology of the film. Related graphs were shown in
Figure 34. Optical contrasts were 25 % at 1500 nm and 15 % at 520 nm for P1.
Similarly, they were 37 % at 1940 nm and 32 % at 490 nm for P2 that were
summarized in Table 5. Kinetic properties of polymers had better results at NIR
region since polymers reached the quinoid feature. According to these results, P2 is a
good candidate with the lowest switching time and the highest optical contrast for
NIR applications.
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Figure 34. Percent transmittance changes of (a) P1 and (b) P2 in 0.1 M TBAPF /
ACN electrolyte solution at maximum wavelengths of polymers

56



Table 5. Optical contrast and switching time values of P1 and P2

Wavelength Switching time (s) Optical Contrast

(nm) (% T)
1500 nm 3.9 25
P1 520 nm 1.2 15
1940 nm 0.8 37
P2 490 nm 0.9 32

3.6. OLED Applications

Photoluminescence (PL) properties of polymers were investigated as depicted in
Figure 35. Maximum absorption wavelengths of polymers were selected as excitation
wavelengths. The emission wavelengths were centered at 620 nm for P1 and 631 nm
for P2 in their film form. In chloroform, emission wavelengts were centered at 590
nm for P1 and 582 nm for P2, respectively. According to PL graphs, the thin film
spectra of P1 and P2 were red shifted according to their solution spectra. The reasons
of red shift emission were descending conformational freedom, interaction between
polymer and solvent and aggregation tendency in thin film form [76-78]. Emission

color was observed as orange for both polymers.
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The ITO/PEDOT:PSS/polymers/LiF/Al configurations were constructed for PLEDs.
Then, their device characterizations were investigated and related energy diagram

was indicated in Figure 36.
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Figure 36. The energy levels of materials used in OLED device fabrication

Current density and luminance properties of devices were investigated as depicted in
Figure 37. Turn on voltages of devices were determined as 5V for P1 based device
and 4V for P2 based device. Lower turn on voltages led to lower power consumption
and better durability. Injection barrier of electrons and holes was higher for P1 hence
transportation of charge carriers might be rather difficult. Therefore, turn on voltage
of P1 based OLED device was higher than P2 based OLED device. Luminance-
voltage characteristics were investigated and luminance values were determined as
6608 cd/m? for P1 and 2540 cd/m? luminance for P2. Luminous efficiencies were
0.95 cd/A for P1 at 8.0 V and 0.27 cd/A for P2 at 9.5 V, respectively. EL properties
of polymers were investigated depicted in Figure 38.
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Figure 38. Electroluminescence spectra of (a) ITO/PEDOT:PSS/P1/LiF/Al device
and (b) ITO/PEDOT:PSS/P2/LiF/Al device

Figure 39. The CIE chromaticity diagram of ITO/PEDOT:PSS/polymers/LiF/Al
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In Figure 39, the CIE Chromaticity coordinates of devices are determined as
x=0.5197, y= 0.4123 for P1 and x=0.6115, y=0.3810 for P2. P1 based device was
nearly close to the pure orange color (x= 0.5197, y= 0.4214). The views of
constructed devices were depicted in Figure 40.

a. b.
Figure 40. Photographs of an OLED device containing (a) P1 and (b) P2

3.7.Solar Cell Applications

Bulk heterojunction solar cell applications of ITO/PEDOT:PSS/P2:PC;;BM/LIiF/Al
device was investigated with AM 1.5 G illumination. The energy level diagram was
depicted in Figure 41.
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Figure 41. The energy levels of materials used in OSC device fabrication
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Current density-voltage (J-V) properties of P2 based OSC devices were investigated
using different P2:PC71BM weight ratios as indicated in Figure 42. PCE (n) values
were calculated as 0.78, 0.97, 1.75, 1.60 for 1:1, 1:2 and 1:3 and 1:4 (w/w)
P2:PC,1BM weight ratios, respectively and photovoltaic parameters were
summarized in Table 6. It is noteworthy to state that the best performance of P2
device indicated a Vo, 0f 0.86 V, a Js. of 4.32 mA/cm?, a fill factor (FF) of 47.0 %,
and a PCE of 1.75 %. Although PCE increased with 1:3 (w/w) P2:PC+;BM ratio,
PCE decreased to 1.60 % at 1:4 (w/w) P2:PC7;BM ratio. The reason of decreasing
PCE from 1:3 to 1:4 P2:PC7;BM ratio was a low Js. due to disrupted interaction
between polymer and PC ;;BM.
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Figure 42. Light J-V characterization of the polymer solar cells made from P2
blended with PC7,BM

The maximum incident photon to current efficiency (IPCE) was performed in order
to investigate how much photon could be converted to current and related graph was
depicted in Figure 43. With this aim, monochromic light was used between 300 nm
and 1000 nm and 20 % IPCE was measured for P2:PC;;BM (1:3 w/w) based device.
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Solvent annealing, thermal annealing, usage of additives, morphology of active layer

and thickness optimizations will be performed in order to improve the efficiency

[67].
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Figure 43. IPCE curve of photovoltaic device using P2 donor blended with PC;;:BM

Table 6. Photovoltaic properties of P2:PC;1BM solar cells with different donor-

acceptor weight ratio

1:1 2.42 0.87 1.42 0.55 37 0.78

1:2 2.65 0.87 1.73 0.56 42 0.97
1:3 4.32 0.86 2.98 0.59 47 1.75
1:4 4.06 0.86 2.72 0.59 46 1.60
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CHAPTER 4

CONCLUSION

4-(5-(7-Methyl-9,9-dioctyl-9H-fluoren-2-yl)-7-(5-methylselenophen-2-yl)-2-(2-octyl
dodecyl)-2H-benzo[d][1,2,3] triazole (P1) and 9-(heptadecan-9-yl)-2-methyl-7-(5-(7-
(5-methylselenophen-2-yl)-2-(2-octyldodecyl)-2H-benzo[d][1,2,3]triazol-4-yl)seleno
phen-2-yl)-9H-carbazole (P2) were synthesized by using Suzuki coupling reactions.
Electrochemical properties of polymers were investigated by CV and electronic band
gap was calculated as 2.45 eV for P1 and 2.40 eV for P2. Both polymers have
suitable electronic band gaps for optoelectronic applications. According to kinetic
studies, switching time and optical contrast were investigated and especially P2 is a
good candidate with the lowest switching time and highest optical contrast for NIR
applications. Maximum luminance was 6608 cd/m? at 7.5 V working voltage for P1
and 2540 cd/m? at 9.5 V working electrode for P2. Luminous efficiencies were 0.95
cd/A for P1 at 8.0 V and 0.27 cd/A for P2 at 9.5 V. According to CIE Chromaticity
diagram, the colors were observed as almost pure orange. Different amounts of
PC71.BM were blended with P2 and the best performance of P2 based device yielded
a Vo 0F0.86 V, a Js of 4.32 mA/cm?, a fill factor (FF) of 47.0 %, and a PCE of 1.75
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%. The study proved that polymers are promising candidates for optoelectronic

applications.
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APPENDICES

A. NMR DATA
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Figure 48. *H NMR of 4, 7-dibromobenzo[c][1,2,5]thiadiazole
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Figure 49. *C NMR of 4, 7-dibromobenzo[c][1,2,5] thiadiazole
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Figure 51. *H NMR of 4, 7-dibromo-2-(2-octyldodecyl) - 2H -benzo[d] [1, 2, 3]
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triazole
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Figure 53. *H NMR of 2-(2-octyldodecyl)-4, 7-di (selenophen-2-yl)-2 H benzo [d]
[1, 2, 3] triazole

AC-I0-34 13C
AC-10-34 13C

106,50
67.97

—14158
— 13356
—~12163
1774

W it

12706

] -1E+08

F1E+08

r1E+08

1E+08

1E+08

~9E+07

~8E+07

~7E+07

F6E+07

T T T T T T T T T T T T T T T T T T T T T T T
210 200 190 180 170 160 150 140 130 120 110 f %00 ) 90 80 70 60 50 40 30 20 10 0 -10
1 (ppm.

Figure 54. °C NMR of 2-(2-octyldodecyl)-4, 7-di (selenophen-2-yl)-2 H benzo [d]
[1, 2, 3] triazole
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Figure 55. 'H NMR of 4, 7-bis (5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-
2Hbenzo[d][1,2,3]triazole
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Figure 56. *C NMR of 4, 7-bis (5-bromoselenophen-2-yl)-2-(2-octyldodecyl)-
2Hbenzo[d][1,2,3]triazole
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Figure 58. 'H NMR of P2
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