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ABSTRACT

FUSED CONJUGATED STRUCTURES FOR ORGANIC ELECTRONICS

Cevher, Sevki Can
Doctor of Philosophy, Chemistry
Supervisor: Prof. Dr. Ali Cirpan
Co-Supervisor: Prof. Dr. Levent Toppare

September 2019, 197 pages

In the first application, to investigate the organic light emitting diode device
performances three different polymers were synthesized in which fused
phenantroimidazole ring was combined with benzotirazole based polymeric
backbone. P1 incorporated electroluminescent device exhibited superior performance.
The highest luminance efficiency for P1 based device was 3.01 cd/A with a luminance
value of 140,180 cd/m?. In the second part, monomer M1 was synthesized and
functionalized from ketone (M1) to oxime (M2) and enamine (M3) for laccase based
catechol biosensors. Laccase immobilized by crosslinking with glutaraldehyde on bare
polymer coated galssy carbon electrode. M1 based electrode exhibited superior
performance linear range between 0.005-0.175 mM with detection limit of 9.86 UM
without need of any additional support material. In the final part, four similar polymers
were synthesized where the effect of chalcogens or effect of electron
donating/withdrawing ability of substituents were investigated separately. PO gave
the highest power conversion efficiency among others with a value of 4.72 %. Hence
preliminary studies of polymers exhibited promising properties for efficient solar
cells. Two more polymers were synthesized to enlarge the absorption of conjugated
polymers to infrared region. Optical band gaps of polymers were calculated from

absorption on set values of 870 and 760 nm as 1.42 and 1.63 eV respectively for



PIQBDT and PIQCAR. The last study covered the synthesis of polymeric material,
which can covalently bond to plasmonic nanoparticles. In this way morphological
distribution of plasmonic nanoparticles could be in close proximity to polymer in solar

cells.
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Oz

ORGANIK ELEKTRONIKLER ICIN KAYNASIK KONJUGE YAPILAR

Cevher, Sevki Can
Doktora, Kimya
Tez Danismani: Prof. Dr. Ali Cirpan
Ortak Tez Danigmani: Prof. Dr. Levent Toppare

Eylil 2019, 197 sayfa

[k uygulamada, organik 151k sagan diyotlarda kullanilmak iizere fenanthroimidazol ile
birlestirilmis benzotriazol tabanli polimerik zincire sahip ¢ farkli polimer
sentezlenmistir. P1 ile iiretilmis elektroluminans cihaz iistiin 6zellikler gdstermistir.
3,02 eV ile en yiiksek bant araligina sahip P1 tabanli cihaz en yiiksek 3,01 cd/A
luminans verimi ile 140.180 cd/m? luminans degerine sahip olmustur. Ikinci kisimda,
lakkas tabanli katekol biyosensorii icin monomer M1 sentezlemis olup ketondan (M1)
oksime (M2) ve enamine (M3) fonksiyonellendirilmistir. Enzim immobilizasyonu
gluteraldehit ile iizeri ¢iplak elektrokimyasal polimer kapli camsi karbon elektrota
capraz baglanmistir. M1 tabanli polimer herhangi bir yardimci maddeye ihtiyag
duymadan 0.005-0.175 mM dogrusal aralig1r ve 9.86 uM saptama sinir1 gibi iistiin
ozelliklere sahip olmustur. Son boliimde, kalkojenlerin ve ayrica electron itici/gekici
gruplarin etkilerini incelemek amaciyla gilines pillerinde kullanilacak dort farkli
polimer sentezlenmistir. PO digerlerine kiyasla en yiiksek gii¢ ¢evirim verimi %
4.72’ye ulagsmistir. Polimerlerin 6n arastirma sonuglar1 giines hiicreleri i¢in gelecek
vaad eden sonuglar gostermistir. Bunlardan ayr iki farkli konjiige polimerler daha
absorpsiyon araliklarii kizil Gtesi bolgeye genisletmek amaciyla sentezlenmistir.
Optik bant araliklart konjlige polimerlerin sirasiyla PIQBDT ve PIQCAR’mn

absopsiyon egrilerindeki baslangic (onset) degerleri olan 870 ve 760 nm kullanilarak

vil



1,42 ve 1,63 eV olarak hespalanmistir. Son ¢alisma ise plasmonik nanopargaciklara
kovalent olarak baglanabilecek polimerlerin sentezini kapsamaktadir. Bu sayede
plasmonik nanopargaciklarin giines hiicreleri igindeki morfolojik dagilimini polimerin

yakin ¢evresinde bulunmasini saglayacaktir.

Anahtar Kelimeler: kaynasik molekiiller, konjiige polimerler, biyosensér, OLED,

giines pili
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CHAPTER 1

OUTLOOK

This Ph.D. thesis covers three different application areas of organic electronics;

organic light emitting diodes, biosensors and organic solar cells.

In the first chapter, syntheses and characterizations of alkyl-end fused
phenanthroimidazole containing conjugated moiety with benzotriazole based
conjugated polymeric backbone were performed. In general, fused
phenanthroimidazole emits deep blue light and fused structures have an ability to alter
the morphology of active layer thus performance of the device. Combinations of
phenanthroimidazole with benzotriazole conjugated polymeric backbone were

investigated to reveal the effect of fused structures in organic light emitting diodes.

In the second part, laccase based catechol biosensor was constructed with three
different electrochemically polymerized fused conjugated monomers. These three
monomer differentiates with each other in terms of their functional groups. Ketone,
oxime, and enamine functionalities were investigated for biosensor performances for
catechol sensing in wastewater. Functional groups are important parameters to
manage (i) electronic structure, (i1) morphology, (iii) interactions between enzyme and
both analyte (catechol) and substrate (in this particular case electrochemically
polymerized monomer on indium tin oxide coated glass, working electrode). To
investigate the different functionalities on the biosensor performance; ketone, oxime,
and enamine-functionalized monomers were used to construct laccase based catechol

biosensors.

In the final part, conjugated organic polymers were investigated for organic solar cell

performances. There will be three different study:



1) To increase the solar cell performance of previously known literature polymer four
different polymer were synthesized. Bandgap engineering to adjust the HOMO and
LUMO energy levels of the conjugated polymers as well as the optical absorption
caharectheristics, two different approach were utilized. The first one is the single atom
replacement in the derivatives of benzochalcogenodiazole moiety from oxygen to
selenium. The second one is the modification of benzothiadiazole with electron
withdrawing/donating (F/OCH3) substituents. Both approaches not only affect the
energetic levels of the polymers but also have great impact on morphology that is also

crucial for efficient solar cells.

i1) To extend the absorption of polymers to infrared region, fused conjugated polymers

were synthesized.

ii1) To control the effect of plasmonic nanoparticles on conjugated polymers in organic
solar cells, synthesis of thiol modified polymers were performed. Those polymers
have an ability to covalently bond to the plasmonic gold nanoparticles. The
distrubition of nanoparticles in the bulk heterojunction solar cells could be controlled

in such a way that existence of nanoparticles closer than ever in other studies.



CHAPTER 2

FUSED STRUCTURES IN ORGANIC LIGHT EMITTING DIODES

2.1. Organic Electronics

In 1977, the discovery of the metallic properties of iodine vapor doped polyethylene
had pioneered the remarkable progress in the electronic and optical applications (1).
Conjugated polymers/small molecules are precious material that they can possess both
the optical and the electronic properties of metal and at the same time mechanical
features with processing benefits of plastics. The key advantages of organic materials
stem from their unique properties such as low cost, large area applicability, ease of
tuning the optical and the electronic properties via fine chemical modifications,
mechanical flexibility, versatility of chemical synthesis so on so forth (2). These
organic materials currently are under enormous development for use in organic
electronics, which covers but not limited to organic light emitting diodes (OLEDs) (3—
6), sensors: biosensors (7), gas sensors (8, 9), metal ion sensors (10), lasers (11),
organic photovoltaics (OPVs) (12-17), super capacitors (18, 19), carbon dioxide
reduction (20, 21).

In the 1950s, researchers found that polycyclic organic aromatic materials like
perylene compound can form 0.12 S/cm semiconducting charge transfer complex salt
with iodine (22). In the 1960s, the discovery of electroluminescence of molecular
crystals led intensive investment to organic electronics (23, 24). During the 1970s,
besides molecular crystals, a second important type of organic semiconductors have
taken a stage after successful synthesis of conjugated polymers whose conductivity
can be controlled over the range of insulating to metallic (1). This led eventually a

new research field awarded by Nobel Prize in Chemistry in 2000.



Real world application of organic optoelectronics has started by Tang and VanSlyke
in 1987 (25). They were working at Kodak Company and using a thin film of tris(8-
hydroxyquinolinato) aluminum namely Alqs, an organic light emitting diode (OLED)
device was successfully fabricated. Soon after, poly(p-phenylene vinylene) (PPV) has
been emerged by Friend and coworkers at the Cavendish Laboratory in Cambridge
(26). In today’s world, organic electronics in particularly OLEDs have reached a new
era and solid steps toward to commercialization of mobile phones, displays,

televisions, and white light illuminations have been made.

Great effort has been done for developing the organic electronics and extensive
collaborations of chemists, engineers and physicists will be needed for large scale
production. Beside device fabrication techniques, the fundamental way to high
performance devices is creating the novel material with optimal properties (2, 27—30).
Hence, a better understanding of the intrinsic properties such as the nature of
electronic excitation, charge transport and carriers phenomena raise a major challenge
(2). Unfortunately, the nature of complex electronic processes is in generally “too
abstract” for synthetic chemists to understand; although, there are wvarious
comprehensive reviews, books and papers on theoretical and experimental studies of
organic electronics. Thereafter, the fundamental properties of organic electronics will

be discussed from a chemist perspective.
2.2. Properties of Organic Electronic Materials

As compared with metals and inorganic semiconductors, delocalization of outer shell
electrons over a bunch of atoms is suppressed by the nature of intermolecular
interactions in organic semiconductors. These interactions can be classified into two

main types (2):

. Nonpolar organic solids: weak van der Waals interactions are the
dominant forces to held molecules together.
- Polar organic solids: Both weak van der Waals and relatively strong

ionic bonding exist in these type of materials. Organic charge transfer



complexes, and radical ion salts can be a good example where opposite
charges can be located the different side of the molecules. Intrinsically
the ionic bond of polar organic solids is weaker than that of inorganics
due to larger molecular radius than an atom.
A common property of the wide variety of organic semiconductors is possessing a -
conjugated electronic structure. The alternating single and double bond allows the
delocalization of m-electrons over the contiguous sp>-hybridized carbons or atoms that
have available p,-orbitals. The main parameter to tune the optoelectronic properties of
organic material is the conjugation system, which can be modified via feasible

chemical synthesis.

Organic solids in general are classified into two main groups. These are conjugated
small molecules and conjugated polymers according to their molecular weight.
Chromophore can be defined as the conjugated moiety of a molecule and conjugated
small molecules contain one or a few of conjugated moiety. Conjugated polymers can
be regarded as an assembly of weakly coupled chromophores of only a few tens of

short conjugation (30).

The crucial difference lies in crystallinity between conjugated small molecules and
polymers while processing the thin film. Small molecules tend to form ordered arrays
of crystals when they are deposited onto a surface by sublimation or chemical vapor
deposition. On the other hand, as thin film formation of conjugated polymers is
achieved by solution processing as spin coating or with printing techniques, generaly
amorphous morphology is obtained. Since intrinsic or dynamic defects often interrupt
the delocalization of m-electrons, the performance of polymers devices is highly

sensitive to the way the film formed.

Trans-polyethylene as the simplest conjugated polymer has an alternating single and
double carbon-carbon bonds in its backbone. Whereas bare trans-polyethylene shows
characteristics of insulators , its conductivity can be enhanced by chemical redox

process (1). This extraordinary behavior of conjugated trans-polyethylene can be



regarded as a milestone in the timeline of organic electronics and it was awarded by

Nobel Prize for Chemistry to Heeger, MacDiarmid and Shrikawa in 2000.

As trans-polyethylene, poly-aromatic hydrocarbons and their derivatives show similar
properties. Because polyacene, a subclass of poly-aromatic hydrocarbons, has a
simple linear structure, well defined conjugation, highly ordered crystal structures in
solid state and well-studied optical and electronic properties; they are frequently

regarded as a model for investigation in molecular and solid state physics.

There are various geometries to derive the molecular structures of conjugated moieties
seen in Figure 2.1, linear: anthracenes, pentacene, ladder-type: poly-para-phenylene,

geometric shapes: sheet-like coronene, ball-like fullerene and more.

To extend the variation one can introduce the heteroatom either inside
(polythiophenes) or outside (polyanilines) of the aromatic ring. One of the special
heteroatomic macrocycles is the class that includes phthalocyanines or porphyrins

type materials which can make a complex with metals (31, 32).

Previously researchers mainly have been focused on the backbone of the polymer by
introducing varieties of electron-donating or withdrawing substituents. These
modifications not only alter the optical and electronic properties of material to desired
level but also may enhance their proccesibilities in solution phase. It is worth noting
here that an interesting strategy usage of bulky side groups can reduce the formation

of non-emitting interchain aggregates.
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Figure 2.1. Conjugated molecular structures

One more important factor is the intermolecular forces for the optical and electronic
properties. Depending on the usage, for example, n-n stacking is generally beneficial
for charge transport and advantageous for field effect transistors; however, m-n
stacking may quench the emissive excited state in electroluminescent devices (33).
Other intermolecular forces can be listed as hydrogen bonding, hydrophilicity/
hydrophobicity, electrostatic forces also direct the way of aggregation or assembly of

the molecules in thin film morphology. One of the hot topics in this field is that the



role of intermolecular attraction during the thin film formation and its effect on the
device performance. Molecular geometries of molecules or polymers have diverse
effects on intermolecular attractions. From the simplest geometry linear polyethylene
(PE) to two dimensional (2-D) planar phthalocyanines and even more complicated
structures shown in Figure 2.2, such as star-shaped (34), tree-shaped dendrimers (35)
and spiro structures (36) as well as 3-D structures have significant effect on
conjugation and conformational disorder. Thus, assembling behaviors alter the solid

state of the compound and greatly influence the thin film properties.



Star shaped molecule Spirocompound

Dendrimer

Figure 2.2. Several different geometries of conjugated molecules

2.3. Basics of Electronic Process in Conjugated Structures

In this section, (1) complex molecular system possessing various electronic and
vibrational states and transitions; (ii) energy and charge transport phenomenon which
can be multistep and have complex dynamics will be interpreted. There would be more

sophisticated explanations from mathematicians and/or physicists; however, this



thesis covers the description of the basic information of organic electronics from a

point view of a chemist.

Description of the energy band is a good point to start. In the solid form of material,
atoms/molecules influence each other. Outer shell electrons are attracted by
neighboring nuclei of atoms/molecules. Thus, their electronic structures are altered.
This refers to the splitting of orbitals and redistribution of the energy levels. For many
atoms/molecules, the complex structure of electronic interactions in solids ends up
with continuous bands of energy. At this stage the first and crucial difference occurs
between insulators/semiconductors and conductors. For insulator/semiconductor there
is an energy gap where there is no electron orbital exists between filled and empty
bands. In organic materials commonly filled orbitals named as Highest Occupied
Molecular Orbital (HOMO) and empty orbitals named as Lowest Unoccupied
Molecular Orbital (LUMO). In contrast, conductors has no gap between Valence Band
(VB) and Conductance Band (CB). There is a hypothetical energy level, exactly half-
filled, between filled and empty orbitals. According to characteristics of material
whether n-type or p-type, it can shift to unfilled orbital or filled orbital, respectively
(Figure 2.3).

Conductance
Band

E -t ettt =t ---- Fermi Level

Valence
Band

p-type n-type
Conductor Semiconductor Semiconductor Semiconductor Insulator

Figure 2.3. Energy band structures of metal, semiconductor, and insulator. The Fermi level is simply
defined as the hypothetical energy level at which an orbital is exactly half-filled.
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Overlapping VBs and CBs of metals suppliy these materials good conductivity even
at a low temperature, whereas for inorganic solids like silicon thermoactivated
electrons from VB into CB result in a bunch of mobile “free” electron which is
responsible for semiconductivity. On the other hand, insulators have wide bandgap

that is too large for thermoexcitation and therefore they cannot conduct electricity.

Plastics and rubbers known as the first commercial polymers have saturated carbon
backbone and are good examples of insulators. On the other hand, conjugated
polymers have alternating single and double bonds and since they have a n-conjugated
backbone, they can possess semiconducting properties. In a specific case in which t-
PE has a uniform C-C bond length throughout the backbone and if there is an unpaired
electron on each carbon, then degenerate m-orbitals will be half-filled. Under these
circumstances, t-PE behaves like a 1-D metal. Unfortunately, above mentioned
structure is unstable and polymer favors alternating single and double bonds. Luckily,
charge carriers can be generated upon chemical modifications, oxidation or reduction
of the polymeric backbone. By this way, the conductivity of t-PE can be tuned from

insulating to metallic characther.

Conjugated polymers have been widely used since their semiconducting properties
had been discovered by Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa
in 1977 (1). From that time, interest in the scientific community has continuously
increased. Promising electronic properties of m-conjugated polymers also show good
mechanical properties like typical polymers. Moreover, polymeric materials with high
conductance close to copper with enhanced mechanical properties comparable with
steel have been produced (37). Conjugated polymers have been used for various
applications in electrochromics, organic light emitting diodes (OLEDs), photovoltaic
devices, thin film transistors, electrochemical transistors, and most recently in bio-

applications such as biosensors, in-vitro diagnostics, and drug delivery.
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2.3.1. Excited States

There are various types of excited states-charged or neutral- depending on the
molecular structure of the conjugated polymers and extend of doping. These excited
states are considered as quasiparticles (38) in order to investigate their interactions
with surroundings, rather than pure electronic states. This is particularly useful for
disturbed motion of electron by other electrons and nuclei, because it mainly behaves
as an electron but with a different mass. Then it termed as an “electron quasiparticle”
but for convenience simply called as electron. Solitons, polarons, bipolarons, and
excitons are the terms to describe the various types of excitations whose chemical

nature and characteristics will be described next.
2.3.1.1. Soliton

Previously mentioned t-PE possesses unique degenerate ground state and every carbon
atom has one electron in p, orbital to form a n-bond (39, 40). If the number of carbon
atoms in the conjugation of t-PE is odd, then one unpaired electron remains on the
backbone. This unpaired electron is a boundary element between two segments with
opposite orientations and can move up to 14 carbons length (38) and it was claimed
that for polyphenylenevinylenes (PPVs) average conjugation length (30) is around 10
nm. It can be turned into a positive or negative charge upon oxidation or reduction,
respectively. Radical or charge associated with boundary is named as a soliton. Soliton

can propagate without deformation and dissipation as solitary waves.
Existence of soliton results in localized electronic level at the mid gap (Figure 2.4):

‘- Neural solution—> half occupied
. Positively charged solution = empty
.+ Negatively charged soliton = doubly occupied.
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Positive polaron Negative polaron

Figure 2.4. Schematic illustration neutral, negatively charged and positively charged solitons whose
allowed transitions are indicated by solid arrows.

With increasing the doping level, overlapping of the soliton states at mid gap results
in soliton band. Soliton only exists in m-conjugated structures with a degenerate
ground state like t-PE and one of the primary elements of charge transport because it

can spread over several atoms.
2.3.1.2. Polaron

Many conjugated molecules or polymers for example polythiophene possesses a
nondegenerate ground state, unlike t-PE. The transition between aromatic and quinoid
form with higher total energy (39) enables the main charged excitations, radical ions
strongly bound with the lattice distortion. These charged excitations can be divided

into two (Figure 2.5):

.+ Positive polarons: radical cations

.+ Negative polarons: radical anions

13



Positive polaron Negative polaron

Figure 2.5. Schematic illustration of positive polaron (above). Positive and negative polarons whose
allowed transitions are indicated by solid arrows (below).

Chemical/electrochemical redox reactions or photoinduced charge transfer are
responsible for polaron formation. The local lattice distortion tends to localize the
charge; therefore, upshift of HOMO and downshift of LUMO are observed. For two
different cases, there are two possible transitions (solid arrows) can be seen. Although
the valence band and conductance band remain filled and empty, respectively. Similar
to a soliton, polaron can also propagate along with the conjugation. It is also possible
if the acceptor chain has similar lattice distortion like donor (Marcus model), polaron
can jump from donor to acceptor moieties. In the working principle of OLEDs holes
and electrons are injected through respective electrodes and recombination of these
positive and negative polarons may result in a general singlet or by the help of

phosphorescent guest triplet excited states which can then emit light.
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2.3.1.3. Bipolaron

Bipolaron is a couple of the same charges in lattice distortion. Further doping extents
or high charge capacity differentiates bipolarons from polarons. Combination of two
polarons with the same sign create a bipolaron (negative/positive) and this indicates
that repulsion of the same charges in the confinement is less than the energy gained
by the interaction with the lattice (39). Stronger lattice relaxation around two charges
enables a stronger shift of HOMO and LUMO. Because bipolaron has no half-filled
orbital, one electronic transition (solid arrow) can be seen in Figure 2.6. Hence, it can

be distinguished from polaron simply by using spectroscopic methods.

Positive polaron Negative polaron

Figure 2.6. Schematic representation of positive bipolaron

2.3.1.4. Exciton

The neutral excitations generated following absorption which will be the course of

organic solar cells or recombination of an electron and a hole which is crucial for
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OLED:s are classified as excitons. In particular, excitons are divided into 3 major types

according to their binding energies (38):

“ Frenkel excitons: The most tightly bound (1 eV) exciton is the Frenkel type
(Figure 2.7). This strong attraction of the hole and the electron results in a
small radius of Frenkel excitons and generally, similar to a molecular excited
state, they are located on the same molecule. Because Frenkel excitons are
analogous to molecular excited states, they have well-defined spin states.
Moreover, their diffusion in thin film solid states can be interpreted by Forster
and Dexter models.

.+ Wannier-Mott excitons: Small binding energies of Wannier-Mott excitons
enable to treat the electron and hole as two individual quasiparticles (Figure
2.7). These quasiparticles (negative polaron and positive polaron) are bound
loosely by the same lattice distortion and can also be classified as neutral
bipolarons. In contrast to Frenkel type, Wannier-Mott excitons have
delocalization and small binding energy enables it to easily be separated. Also,
rapid singlet-triplet exchange occurs. This Wannier-Mott type is generated
usually in inorganic semiconductors and dissociation is very rapid at room
temperature.

“+ Charge transfer excitons: This is the intermediate one between Wannier-Mott
and Frenkel. According to lattice distortion, separated but still tightly bound
charge transfer excitons can either be delocalized or localized. Analogous to
charge transfer states, charge transfer excitons can be observed in donor-

acceptor molecules where donor holds the hole and acceptor holds the electron.
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Figure 2.7. Illustrations of Frenkel and Wannier excitons

The debate concerning the intrinsic properties of primary excitations of conjugated
polymer (41, 42) is whether they are Frenkel type, Wannier-Mott type, charge
polarons or anything else? The answer is important for various applications such as
for OLEDs. If the primary excitations are Frenkel type then, injected electrons and
holes can generate triplet (spin multiplicity of three) and singlet (spin multiplicity one)
states. Unless a phosphorescence mechanism is applied, only the latter one with the
probability (theoretical efficiency) of 25% will recombine radiatively. However,
theoretical efficiency can approach 100% if the primary excitations are charge
polarons. In solar cell devices, the working principle will be explained in detail later
but Frenkel excitons need to diffuse to donor-acceptor interface to dissociate into free
charges. However, free charge carriers are formed locally because Wannier-Mott
excitons tend to dissociate rapidly. One of the most important factor to identify the
nature of the primary excitons is binding energy. According to the photoconductivity
spectrum and electroabsorption measurements, polydiethylenes have been found to

have an exciton with about 0.5 eV binding energy. However, photoconductivity of
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PPV and its soluble derivatives began at the onset of optical absorption that is binding
energy is less than 0.1 eV, although about 0.4 eV was found from other experimental
techniques. Nowadays, it is generally thought that the lowest energy excitations are

neutral Frenkel excitons in m-conjugated organic polymers.
2.3.2. Charge and Energy Transfer

Following excitation, in general one of the two electrons at HOMO gain energy to
jump to LUMO or higher. Owing to the high energy of the excited electron, it can be
donated or because HOMO is now half-occupied, it can accept an electron. Such a
light driven process is named as photoinduced charge transfer (PICT). Generation of
excimer or exciplex is a particular case in which charge density is slightly redistributed
over two constituents. Yet, in PICT complete transfer occurs between two distinct
moieties, for example, atoms or molecules. At this point, photoinduced electron
transfer, where electron providing moiety is named as donor (D) and electron

receiving moiety is named as acceptor (A), gets attention.

In principle, either triplet or singlet excited state of D donates an electron to A, if A

has a lower-lying empty energy level than the excited state of D.

D + hv— D% - Excitation of D to singlet

excited state

D% +A— [D¥... AY J° - Initial charge redistribution
between D and A

[D¥ ... A P> [D"...A" P ->D"+A" - Charge transfer and separation

D% — D' -> Conversion to triplet excited

state via intersystem crossing

D'i+A —[D*.. AT > Initial charge redistribution
between D'j and A

[D ... A" ]S [D"...A" "> D"+ A" - Charge transfer and separation
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In some cases; however, electron transfer occurs between ground states of D and

excited A:
D +A810rT1 N [D6+..,A5_ ]SorT N [D-+ “.A-—]SorT S DT+AT

From this approach, excitation of A generates a vacancy at HOMO of A and this can
be filled by electrons of D. At the end a new vacancy is created at HOMO of D. The
term for such a vacancy is hole and during the process the generated hole at A is

transferred to D. In this case HOMO of D should be higher than that of A.

It is important to mention that electronically excited state is a kind of a bound electron-
hole pair. Returning of this pair to the ground state is termed recombination and this
is curial for properly functioning organic electronics. In an organic system, PIET
(Photoinduced electron transfer) can occur if D and A are sufficiently close that
molecular orbitals of D and A become overlapped, namely short-range interactions.
Long-range electron transfer may also take place if there is a bridging link-molecule-

between D and A.
2.3.2.1. Excitation Energy Transfer

Under certain circumstances, an excited D can transfer energy to A, typically emitting

shorter wavelengths which overlap with the absorption of A.
D*¥*+A— D+ A*

In this way quenching the fluorescence of excited D will be observed.
Fluorescence/phosphorescence of A can be observed if energy transfer is completed

by excitation of D.
D + hvi — D*
D*+ A— D+ A*

A* - A+ hv
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In a natural process, excitation energy transfer is a ubiquitous phenomenon.
Especially, photosynthetic processes transfer the solar light energy by absorption of
light-harvesting complexes and then energy is transferred to the photosynthetic
reaction center. By the help of this transfer solar energy can be converted into chemical
energy. Also, it is important for OLEDs; high band gap host material is often blended
with low bandgap acceptor material. By this way, excitons can be transferred to
emitting dopant materials. Two general approaches are described for energy transfer

in conjugated organics, Forster and Dexter transfer (43).
2.3.2.1.1. FOrster Model

This type of energy transfer is classified as a long range resonant dipole-dipole
interaction. This interaction is much like two swings on a common supporting beam
(43). Since the exchange is between similar dipole resonance frequencies, Forster
energy transfer is often named as -fluorescence- resonance energy transfer (FRET). It
is noteworthy to emphasize that reabsorption of fluorescence of D by A is a different

process than this energy transfer.

FRET requires spectral overlap. That is the absorption spectrum of A and emission
spectrum of D coincide. The extent of FRET depends on the distance between D and
A, the extent of overlap. Generally, up to 10 nm FRET can be observed, because it

does not require close contact of A and D.

This distance-dependence of FRET enables scientists to estimate/measure the distance
between covalently labeled D and A sites of biological macromolecules(43).
However, this approximation is misleading (44) when D and A are in close or linked

by bridging.
2.3.2.1.2. Dexter Model

In contrast to FRET, Dexter energy transfer happens as short as 0.5-1.0 nm, which is
the range of van der Waals distance. In Dexter (43) type energy transfer, similar to

bimolecular reactions, overlapping of molecular orbitals is required. This is so crucial
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that electron exchange is restricted only in the overlap region. As the overlap decays

exponentially over distance, Dexter energy transfer decreases rapidly.

Since Dexter is involved in simultaneous two-electron exchange, triplet energy
transfer can happen without intersystem crossing. This is one important mechanistic
difference between Dexter and FRET, that is FRET require spin-flip for triplet
transfer. FRET is usually used to define the mechanism of singlet energy transfer and

Dexter is used to define the mechanism of triplet energy transfer (44).

In the solution phase, D and A must be close enough to generate electron exchange.
For this particular case, Dexter is diffusion controlled; however, FRET can exceed the
diffusion limit. On the other hand, in thin film solid state of D doped with a small
amount of A, both Dexter and FRET come in action, principally. That is a
superposition of both mechanisms depending on both the time and distance after

excitation.
2.4. Polymer Light Emitting Diodes: Devices and Materials

Polymer light emitting diodes (PLEDs) are devices that they are simply generating
light from electric current. As compared to older brother inorganic light emitting
diodes, PLEDs not only have various advantages but also distinct drawbacks. Both of

these characteristics of PLEDs will be mentioned throughout this section.
2.4.1. Device Configuration of PLEDs

PLED:s are the devices that organic light emitting material is sandwiched between two
electrodes (Figure 2.8). Practically, at least one electrode should be transparent to let
the light coming out of the device. Under applied voltage, electrons and holes are
injected through respectively cathode and anode. The cathode is made of low work
function materials, and the anode 1is a bilayer anode: poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) on indium tin oxide
(ITO). Both electrons and holes from respective electrodes move to the opposite

direction towards the recombination zone where organic active material is there, and
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they combine to form excitons which eventually emit light. Depending on the choice
of materials which should have high conductivity, highly efficient
electroluminescence, good thermal and chemical stability as well as low turn-on
voltage or low power consumption; different requirements should be employed by

various layers of PLEDs.

® » Metal Cathode

® » Electron Transport/Injection Layer

® » Emissive Layer

® » Hole Transport/Injection Layer

o~ » Anode

@ » Substrate

Figure 2.8. Device architecture of OLED

2.4.1.1. Substrate

An indispensable part of PLEDs is responsible for the passage of photon emitted by
active material in the device. Therefore, it requires to be highly transparent. It also has
properties of low roughness, scratch proof, rigidity and smooth surface (45).

Generally, glass is used for its high glass transition temperature. Instead, the
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transparent metal foil can also be used. To gain a flexible property to PLEDs, clear

sheet of plastics-PET- can be used.
2.4.1.2. Anode

The anode material must be transparent and highly conductive for high performance
PLEDs. The conductivity, transparency and work function of the anode are altered
with different manufacturing techniques of deposition and surface treatment (45-47).
Conventionally, ITO is used because it has high conductivity, high work function as
dw=4.5t05.1 eV to inject holes easily, satisfactory transparency in the visible region
(90%) and excellent adhesion to the substrate. High chemical stability of ITO,
however, is deteriorated by the migration of tin and oxygen into organic material
which affects the performance of the PLEDs over time. Moreover, the high refractive
index of ITO compared to organic material results in blocking the high percentage of
generated photons from the device. There are several other materials are under
investigation to find alternatives as fluorine doped tin oxide (FTO), aluminum doped
zinc oxide (AZO), and other transparent conductive oxides (TCO) (48-50). FTO is a
good replacement because of its low cost production and lowered sensitivity of surface
cleaning methods (51). However, high leakage current is observed. AZO shows
excellent transparency and various thin film fabrication methodologies such as
chemical vapor deposition (CVD), pulsed-laser deposition and magnetron sputtering
can be advantageous (52). Several highly transparent TCOs, for example,
Gao.12In1.8803, Gao.osIni28Sn0.6403, Zno.sIn1 503, and Zno 46Ino.ssSno.6603, were studied
by Cui et al(53). It was found that organic light emitting diodes with these materials
showed supperier performance than that of ITO based ones. However, high turn-on

voltage was an undesirable outcome.
2.4.1.3. Hole Transport/Injection layer

Hole transport/injection layer contains low ionization potential materials. Low

ionization potential combined with low electron affinity and high hole mobility
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enables the materials to accept and transport the positively charged carriers (54, 55).

It helps to lower the charge injection barrier.

2.4.1.4. Emissive Layer

For practical purposes, materials with various colored emitter in the visible region are
between HTL and ETL, hole transport layer and electron transport layer, respectively.
Selection of color mainly depends on the energy difference between HOMO and
LUMO as recombination occurs radiatively. Besides adjusting the desired color,
solubility, solution viscosity, compatibilities of solvent and substrate also depend on
the chemical structure of the polymer. Altering the conjugated backbone of the
polymer, side groups, conjugation length/molecular weight, molecular orientation
such as structural rigidity or regularity are some of the factors to fine-tune the
properties of materials to be used in PLEDs. Long and proper working performance
is obtained when high glass-transition-temperature organic materials are used. High
processability of polymeric materials used in PLEDs does not require vacuum process
to cast. Instead, ink-jet printing, doctor blade casting, spin coating techniques can be

used to manufacture low cost PLEDs.
2.4.1.5. Electron Transport/Injection Layer

In general, mobility of hole is greater than the that of electrons in PLEDs. To balance
the charges, which are to be recombined to emit light, injection of holes is needed to
be blocked through the electron transport layer. High electron affinities combined with
high ionization potentials usually beneficial for accepting and transporting electrons.
It also plays an important role to prevent the leakage of charge and its accumulation

at the interface between cathode and electron transport.
2.4.1.6. Cathode

To minimize the energy barrier to inject electron efficiently, low work function ®w

~2.9 to 4.0 eV materials must be used. As the low work function cathode materials,
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for example, Ca, K, Li, there occurs extra conditions needed to be considered;

corrosion and high chemical reactivity with organics.

Some alloys of magnesium and aluminum or aluminum with variety of insulting layers
as MgO, NaCl, Al,Os, are widely used (56-58). LiF and CsF show extraordinary
performance due to their thermodynamic stabilities. Bilayered cathode exhibits better
performance to inject electron hence higher electroluminescence in PLEDs. Thus,

LiF/Al and CsF/Al have been widely used in PLEDs.
2.4.2. Elementary Processes of PLEDs

In general, 5 consecutive steps (Figure 2.9) are described for working principles of

PLEDs:

- Charge injection

“.+ Charge transport

.+ Recombination into a neutral excited state
- Emission of light

*.* Transport of light out of the device

O

Photon existing of the film

Exciton formation
radiation @ Q

PSEOR

Transport ransport Electron injection

Hole injection

Figure 2.9. Working principle of PLEDs
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2.4.2.1. Charge Injection

To operate the PLEDs charges must be injected because the equilibrium concentration
of carriers in organic-active- the material is sufficiently low. There are two

mechanisms for injection of charge:

. Proceeding over the interface barrier by thermionic emission:
Injection barrier for the electron: AEe = ®we. — A (®w. : work function of the
cathode, A: electron affinity of organic material)
Injection barrier for the hole: AEy = I — ®wa or tunneling. (Owa: work function
of the anode, I: ionization potential of organic material)
** Through tunneling
Working principle of PLEDs is quite different from inorganic conventional light
emitting diodes. Because charge carrier concentration is sufficiently as low as ~104-
10'° ¢cm?, built-in field caused by the difference between the high work function of
anode and low work function of cathode sweeps out any residual carriers introduced
by impurities (58). Thus, rigid band model shown in Figure 2.10 can be approximated
where there is negligible band bending for PLEDs.

LUMO

LUMO LUMO
\ Ca
ITO 18V

\\\\\\\ HOMO '
HOMO

HOMO

a) Zero bias b) Flat-band condition c) bias >1.8 V

Figure 2.10. Operational information of PLEDs

Zero bias results in that common Fermi level move across the device (58).
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When the voltage comes to the edge of minimum requirement to inject charges, flat-
band condition occurs. This is the difference in the work function of anode and

cathode. In the ideal case, at this voltage electroluminescence turns on (58).

When a forward bias is applied, through the triangular barriers which can be seen in
the Figure 2.10 charge carriers are injected. Holes and electrons can combine to form
excitons for electroluminescence. As the potential is increased; thus, the Fermi level
of cathode is raised relative to anode, barrier thickness is decreased. The primary
process is the tunneling of charges through the barrier by Fowler-Nordheim field
emission. That is, tunneling electrons from the cathode to LUMO of active material,
holes from anode to HOMO of active material. In the special case where the
temperature is high and the barriers are small, then thermionic emission over the
barriers can also occur. Strength of the electric field is important for Fowler-Nordheim
tunneling so that the thickness of polymer is to be thin for the high electric field at low
voltages (58).

If energy bands of active material are well matched with electrodes, the barrier is then
small. In that condition current that passes through the device is not limited by
injection. Space-charge limited hole current arises due to the screenings of the
population of holes created near the anode. Also, electron transport is limited by the

defects-traps, due to disorderliness of polymer.
2.4.2.2. Carrier Transport

After charges are injected, electrons are injected through cathode and holes are
injected through the anode, they must be transported to a zone where they recombine.
The general belief is that transport is maintained via a hopping mechanism between

localized states, namely polarons and bipolarons.

One intrinsic property of conjugated polymers is that they have typically low hole
mobility, i.e. 107-103 cm?/ (V.s) (58) and 1 to 2 order magnitude lower for electron
mobility. The fact behind this is the disorder in the amorphous or polycrystalline phase

of organic active material. Due to the usual charge injection from the metallic
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electrode is not as efficient as the injection from ITO, asymmetrically imbalanced

carrier concentration reduces the efficiency of PLEDs.
There are two general models in PLEDs for an explanation of carrier hopping:

- Polaron model; strong interactions of localized charge carriers between host
neighboring guest molecules via molecular vibrations leads to a significant
relaxation of the host around the carrier. Simply carrying this relaxation to
adjacent molecule/polymer, a charge carrier can move along with it. Certainly,
the energy of the electron carrier is lowered below the LUMO level and
energy of the hole carrier raised above the HOMO level due to this relaxation

or stabilization.

- Disorder model; charge carrier coupling with molecular modes is assumed to
be weak and therefore the activation energy reflects the static disorder of the
hopping sites. In contrast to deformation energy, energetic disorder energy of
polaron model is small. The change in molecular conformation occurs while
charge injection leads to disorder around this position. Energy difference of
this disorderliness is fundamental to distinguish disorder or polaron model. It
is widely accepted that charge carrier exits as polarons rather than free
electrons and holes, although there is generally better agreement between

disorder model and charge transport measurements.
2.4.2.3. Carrier Recombination

For conjugated polymers, the typical dielectric constant is small. Attractive forces
between electron and hole are larger than energy at room -~operating- temperature
(>kT) and Coulomb screening is not efficient. These facts lead the scientists to believe
that the recombination process in PLEDs is Langevin recombination; since trap-
assisted nonradiative recombination controls the current. Langevin type is

independent of the applied field according to well-studied molecular crystals.
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2.4.2.4. Photon Emission

Generally, nt-conjugated polymers are made up of light elements like C, H, O, S and
so on so forth. Spin-orbit coupling, thus, is inefficient. Well-classified neutral excited
states are singlet and triplet excited states. Higher spin states usually come to the stage
at sufficiently high energies as the splitting energy difference between singlet and
triplet is typically 1 eV. The ratio of injected charges to emitted photons is termed
quantum yield of electroluminescence and it is proportional to (ns + 31)/4; where nsis
quantum yield of fluorescence coming from singlet emission and 1 is quantum yield
of phosphorescence coming from triplet emission. Thus, scientists recently have been
investigating various strategies such as usage of phosphorescent iridium doped
organometallic compounds or thermally activated delayed phosphorescent (TADF)
materials to enhance the quantum yield of the devices. The former one is simply
enhancing the spin-orbit coupling because it contains heavy iridium atom and the later

one is some more complex strategy to reduce the singlet-triplet splitting energy.
2.4.2.5. Photon Extraction

Non-textured and disordered morphology of light emitting active layer results in
isotropic emission inside the thin film. That is almost Lambertian emission pattern
occurs outside the device (59). This behavior is indeed beneficial for display

application because luminance is independent of the angle view.
2.5. Characterizations of PLEDs

Basic performances of PLEDs are tested by current density vs applied voltage
characteristics (J-V), current density vs applied voltage vs luminance characteristics
(J-V-L), and spectral distribution of electro luminance (EL) and Commission

International de 1’Eclairage (CIE) coordinates.
2.5.1. Current Density vs Applied Voltage Characteristics (J-V)

The J-V characteristics of PLEDs create a curve that is obtained due to applying a

potential difference between two electrodes; hence, current passes through the device.
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In practice, before the barrier voltage is reached there should be no current generated.
After that voltage, further an increase in voltage results in a rise of current similar to
an ordinary conductor. Cut-in voltage is termed to a point at which the current starts
to flow through the device. In general, the luminance value of 1 cd/m? is standardized
to find the power-on voltage of the device. Power-on voltage should be ideally as low
as possible. Although inorganic semiconductors as Schottky-barrier or p-n junction
device have typically equal or lower operational voltage than their band gaps, PLEDs
start to illuminate at much higher voltages than their bandgaps. Because J-V
characteristics depend on the electric field, the operating voltage is reduced as the
thickness decreased. However, thickness has a little minor effect on turn-on voltage,

the required voltage to reach the flat band condition (60).

A log-log conversion of J-V curve also can be interpreted to find valuable information.
three main regions induce different characteristics of the individual device. In the first
region, where no light emission is observed, the current obeys the Ohmic law. This
Ohmic current is intrinsically observed by thermally activated residual free charges.
In this zone, the concentration of these charges is higher than that of the injected ones.
In the second zone, space charge density approaches a level that the device starts to
generate light. Primarily, a substantial amount of these charges fill the trap centers at
which recombination occurs non-radiatively. In the third zone, all traps are filled.
Thus, the current changes its behavior from trapped space charge limited to trap free

space charge limited.
2.5.2. Electroluminescence (EL) Spectra

Electroluminescence spectra are taken to reveal spectral information of emitted light
out of the device. Characteristic wavelengths of the conjugated polymer are revealed

with accordance to applied operational voltage.
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2.5.3. Current Density vs Applied Voltage vs Luminescence Characteristics (J-
V-L)

The J-V-L curve is an output of combined characteristics of all current density, bias
voltage and electroluminescence (Figure 2.11). It is seen that, as the driven voltage is

increased, both electroluminescence and current density increases.
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Figure 2.11. Current density vs applied voltage vs luminescence characteristics (J-V-L) diagram of
red PLED device, luminescent working device is inside (61). This article was published in Synthetic
Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end
phenanthroimidazole modification of benzotriazole based conjugated polymers for optoelectronic
applications, 1-9, Copyright Elsevier, 2018.

2.5.4. Commission International de I’Eclairage (CIE) Coordinates

CIE describes how human see the color in terms of a numbered code, which can be
seen in Figure 2.12 Any color by using the coding system of CIE can be described in
terms of three primary colors (62, 63). The shift in the whole range of brightness and
the entire operation process is if between 0.005 and 0.01 then the device is said to be
properly efficient. However, recently involved new concept of tunable white OLEDs
is one of the exceptional methodologies where the color changes following voltage
(64).
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Figure 2.12. The CIE chromaticity diagram. The curve inside the diagram represents the colors of

blackbody radiation corresponding to the correlated color temperature.
2.6. Aim of This Project

2-Component (65-67) or 3-component (68, 69) combinations of high performance
red, green, yellow and blue colored emitters have been used to produce white OLEDs.
In this regard, phenanthroimidazole based molecules, typically emit deep blue or sky
blue, were generally preferred for their excellent thermal stability, and compatible
optical and electronic properties (70-73). Combining electron withdrawing and
donating units, phenanthroimidazole based molecules did not change the blue colored

emission significantly to any other primary color (74). Strong fluorescence ability of
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phenanthroimidazole based molecules makes them a good candidate for OLEDs.

Generally, high fluorescence quantum yields result in high EQE for OLEDs.

On the other hand, when a multi component OLED device is aimed, one should
consider the energy/charge transfer. Inter/intramolecular transfers may ruin or
enhance the properties under investigation. For example, primary colors (red, green,
blue) or two complementary colors (blue and yellow) can be used to produce white
color OLEDs. However, prevalent and unavoidable energy transfer overwhelmingly
dominates the emission of the lower band gap component (75). There are yet countable
examples in which energy transfer could not be observed in solution (76) or both in

solution and in thin film form (77).

In this study, benzotriazole based conjugated polymers were synthesized where their
alkyl-ends were modified with blue emitting phenanthroimidazole. In this way, two
different components were attached via an alkyl spacer. Synthesized polymers were
anticipated as being capable of dual emission. Effect of imidazole ring attached via
alkyl-spacer to the conjugated polymer backbone was investigated in terms of the

optical, electronic and as well as optoelectronic properties.
2.7. Experimental

All chemicals were purchased from Sigma Aldrich and used without further
purification unless otherwise mentioned. Tetrahydrofuran was distilled over
benzophenone/sodium just before usage. Palladium catalyzed reactions were
performed under argon atmosphere. Si0 column filler was used as a stationary phase
in column chromatography. Synthetic pathway of the polymers were given in Figure
2.13. Tributyl(thiophen-2-yl)stannane (78) and 4,7-dibromo-2H-
benzo[d][1,2,3]triazole (79) (III) were synthesized according to the previous
methodologies. BTz and TBTzT were synthesized according to previously published
recipes via changing alkyl chain to 1,10-dibromodecane (BTz 4,7-dibromo-2-(10-
bromodecyl)-2H-benzo[d][1,2,3]triazole) (80), TBTzT (2-(10-bromodecyl)-4,7-
di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole) (81). 'H and '*C NMR spectra were
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recorded on a Bruker Spectrospin Avance DPX-400 Spectrometer with TMS as the
internal reference proved structures of organic molecules. Thermo Scientific Nicolet
FTIR- IS10 was used for recording IR data. Shimadzu RID-20A, calibrated against
polystyrene standards, was used to investigate the molecular weights of the polymers.
Pyris 1 TGA Thermogravimetry Analyzer and Perkin Elmer Diamond DSC
Differential Scanning Calorimeter were used to investigate thermal properties of the
polymers. High-resolution mass analyses (HRMS) of the monomers were recorded on

Waters SYNAPT MS System to confirm the monomer synthesis.
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Figure 2.13. Synthetic pathway of P1, P2 and P3. a) NH4OAc, acetic acid, b) 1 10-dibromodecane,
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2.7.1. Synthesis
2.7.1.1. 3-(1-(4-Hexylphenyl)-1H-phenanthro[9,10-d]imidazol-2-yl)phenol (I)

Phenanthrene-9,10-dione (0.99 g, 23.8 mmol), 3-hydroxybenzaldehyde (0.58 g, 4.76
mmol), ammonium acetate (1.83 g), 4-hexylaniline (1.69 g, 9.52 mmol) were mixed
in 30 mL acetic acid and the solution was refluxed overnight. After cooling, the
solution was poured in ice water mixture (300 mL) and the precipitate was collected
by filtration. Precipitate was dissolved in acetone (50 mL) and addition of water (10-
25 mL) to acetone solution yielded the solid product and used without further
purification (1.85 g, 83%). 'H NMR (400 MHz, CDCl3) & (ppm): 8.73 (d, J = 7.9 Hz,
1H), 8.66 (d, J=8.4 Hz, 1H), 8.61 (d, J = 8.3 Hz, 1H), 7.65 — 7.57 (m, 2H), 7.55 (t, J
=7.6 Hz, 1H), 7.42 (t,J = 7.7 Hz, 1H), 7.31 — 7.20 (m, 4H), 7.15 (d, J = 7.1 Hz, 1H),
7.08 (d, J=8.3 Hz, 1H), 6.91 (t,J=7.9 Hz, 1H), 6.71 (dd, J = 8.1, 2.1 Hz, 1H), 6.63
(d,J=7.6 Hz, 1H), 2.67 (t,J = 7.6 Hz, 2H), 1.69 — 1.57 (m, 2H), 1.35 — 2.28 (m, 6H),
0.85 (t,J=6.8 Hz, 3H). ">*C NMR (101 MHz, CDCls) § (ppm): 151.67, 144.89, 136.41,
135.57, 129.99, 129.30, 129.08, 128.66, 128.38, 127.94, 127.53, 126.73, 126.29,
125.67, 125.04, 124.02, 123.17, 122.88, 122.69, 120.98, 120.69, 117.79, 117.15,
35.64,31.68, 31.06, 28.77, 22.65, 14.11.

2.7.1.2. 2-(3-((10-Bromodecyl)oxy)phenyl)-1-(4-hexylphenyl)-1H-
phenanthro[9,10-d]imidazole (1)

3-(1-(4-Hexylphenyl)-1H-phenanthro[9,10-d]imidazol-2-yl)phenol (1.20 g) were
dissolved in 30 mL of acetone. 1,10-Dibromodecane (2.40 g) and potassium carbonate
(0.66 g) were introduced into solution, respectively. Reaction was set to refluxed
overnight. After cooling, solvent was removed under reduced pressure and then the
extraction with chloroform (150 mL)/water (100 mL) was performed. Organic phase
was collected and dried over magnesium sulfate and the solvent was removed under
reduced pressure. After purification of the crude product via column chromatography
with chloroform, product II was obtained (1.54 g, 88%). 'H NMR (400 MHz, CDCI;)
o (ppm): 8.81 (d, J=7.9 Hz, 1H), 8.65 (d, J = 8.4 Hz, 1H), 8.59 (d, J=8.3 Hz, 1H),
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7.64 (t, = 7.5 Hz, 1H), 7.57 — 7.50 (m, 1H), 7.42 — 7.35 (m, 1H), 7.33 — 7.25 (m,
4H), 7.16 —7.03 (m, 5H), 6.78 — 6.73 (m, 1H), 3.71 (t, J = 6.5 Hz, 2H), 3.30 (t, J= 6.8
Hz, 2H), 2.72 — 2.61 (m, 2H), 1.82 — 1.69 (m, 2H), 1.69 — 1.57 (m, 4H), 1.38 — 1.18
(m, 18H), 0.84 (t, J = 8.8 Hz, 3H). *C NMR (101 MHz, CDCl3) § (ppm): 158.82,
150.78, 144.83, 136.28, 130.07, 129.27, 129.15, 128.80, 128.27, 128.20, 127.27,
126.22, 125.59, 124.86, 124.08, 123.12, 122.82, 121.73, 120.94, 116.15, 114.71,
67.92, 35.72, 34.06, 32.85, 31.73, 31.29, 29.51, 29.42, 29.39, 29.25, 28.89, 28.80,
28.20, 26.08, 22.69, 14.16.

2.7.1.3. 2-(3-((10-(4,7-Dibromo-2H-benzo[d][1,2,3]triazol-2-
yl)decyl)oxy)phenyl)-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]imidazole (1V)

Compound II (1.54 g, 2.23 mmol) and compound III (0.62g, 2.23 mmol) were
dissolved in tetrahydrofuran (60 mL) and potassium carbonate (0.35 g, 2.50 mmol)
was added and the mixture was refluxed overnight. Cooling of the solution was
followed by removal of the solvent under reduced pressure. Extraction with
chloroform (150 mL)/water (100 mL) was performed and collected organic phase was
dried over magnesium sulfate. After removing the solvent under reduced pressure
column chromatography chloroform-hexane (v/v: 1/2) was performed to obtain
product IV (660 mg, 33%). 'H NMR (400 MHz, CDCl3) § (ppm): 8.78 (dd, J = 8.0,
1.1 Hz, 1H), 8.65 (d, J = 8.4 Hz, 1H), 8.59 (d, J=8.3 Hz, 1H), 7.63 (dd, J=11.0, 4.0
Hz, 1H), 7.57 — 7.50 (m, 1H), 7.40 (ddd, J = 9.9, 5.8, 2.5 Hz, 1H), 7.35 — 7.22 (m,
6H), 7.15 — 7.03 (m, 5H), 6.77 (ddd, J = 9.4, 5.8, 1.9 Hz, 1H), 4.81 (t, J = 7.4, 2H),
3.72 (t, J = 6.5 Hz, 2H), 2.68 (t, J = 6.8, 2H), 1.94 — 1.83 (m, 2H), 1.62 (d, J = 13.9,
2H; d, J = 6.2 Hz, 2H), 1.35 — 1.16 (m, 18H), 0.84 (t, J = 6.9, 3H). *C NMR (101
MHz, CDCl3) & (ppm): 158.81, 150.82, 145.94, 144.79, 137.26, 136.33, 131.98,
131.81, 131.71, 130.04, 129.23, 129.12, 128.81, 128.23, 128.21, 127.78, 127.28,
127.22, 126.19, 125.52, 124.80, 124.05, 123.14, 123.09, 122.75, 121.69, 120.92,
116.07,114.76,112.98,101.72,67.91,49.82, 35.70, 31.70, 31.49, 31.26,29.42, 29.35,
29.32, 29.21, 29.02, 28.86, 26.34, 26.03, 22.66, 14.13. IR vma/cm’': 591, 676, 695,
718, 724,753, 803, 858, 954, 1018, 1194, 1238, 1260, 1307, 1347, 1380, 1451, 1465,
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1485, 1514, 1600, 2852, 2921, 2962. Melting point of compound IV : 67.4 °C. HRMS
(ESI): Calc:885.2512, found: 885.2521

2.7.1.4. 2-(3-((10-(4,7-Di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazol-2-
yl)decyl)oxy)phenyl)-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]imidazole (V)

Compound IV (250 mg, 0.28 mmol) and tributyltin thiophene (420 mg, 112 mmol)
were dissolved in tetrahydrofuran (20 mL) and the solution was bubbled with argon
gas for 20 min. After introducing the bistriphenylpalladium dichloride (10% mole)
temperature was set to reflux. Reaction was carried out overnight. After cooling of the
solution, the solvent was removed under reduced pressure and extraction with
chloroform (100 mL)/water (50 mL) was performed. Organic phase dried over
magnesium sulfate and the solvent was removed under reduced pressure. Column
chromatography was performed hexane-chloroform (v/v 1/1) in order to obtain V (186
mg, 73%). 'H NMR (400 MHz, CDCls) & (ppm): 8.80 (dd, J= 7.9, 1.0 Hz 1H), 8.66
(d, J=8.3 Hz, 1H), 8.60 (d, J = 8.3 Hz, 1H), 7.99 (dd, J=3.6, 1.1 Hz, 2H), 7.64 (t, J
=17.5 Hz, 1H), 7.57 - 7.51 (m, 1H), 7.51 (s, 2H), 7.40 (ddd, J = 8.3, 6.8, 1.4 Hz 1H),
7.32 —7.22 (m, 6H), 7.15 — 7.01 (m, 7H), 6.75 (dt, J = 7.0, 2.5 Hz, 1H), 4.71 (t,J =
7.2 Hz, 2H), 3.69 (t, J = 6.5 Hz, 2H), 2.70 — 2.62 (m, 2H), 2.15 — 2.05 (m, 2H), 1.64
— 1.54 (m, 5H), 1.38 — 1.13 (m, 18H), 0.86 — 0.81 (m, 3H). '*C NMR (101 MHz,
CDCI3) & (ppm): 158.82, 150.83, 144.78, 142.10, 139.97, 137.29, 136.34, 131.71,
130.03, 129.26, 129.12, 128.81, 128.25, 128.23, 128.10, 127.31, 127.24, 126.97,
126.18, 125.55, 124.80, 124.07, 123.59, 123.17, 123.11, 122.76, 121.70, 120.94,
116.09, 114.73, 67.91, 56.84, 35.70, 31.70, 31.25, 30.05, 29.48, 29.38, 29.36, 29.23,
29.03, 28.87, 26.59, 26.04, 22.66, 14.13.

2.7.1.5. 2-(3-((10-(4,7-Bis(5-bromothiophen-2-yl)-2H-benzo[d][1,2,3]triazol-2-
yl)decyl)oxy)phenyl)-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]imidazole (V)

Compound V (186mg) was dissolved in 50 mL chloroform and the reaction flask
covered with aluminum foil. N-bromosuccinimide was added pinch by pinch. After

completion of the reaction (almost 7 h), extraction with chloroform/water (100
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mL/100mL) was performed. Organic phase collected and condensed by a rotary
evaporator. Crude product was purified by column chromatography chloroform: ethyl
acetate: hexane (v/v/v 3/1/20). (142 mg, 65%) '"H NMR (400 MHz, CDCI3) & (ppm):
8.79 (dd, J=17.9, 0.8 1H), 8.67 (d, J = 8.4 Hz, 1H), 8.61 (d, J = 8.3 Hz, 1H), 7.69 —
7.62 (m, 3H), 7.60 — 7.51 (m, 1H), 7.46 — 7.38 (m, 1H), 7.37 (s, 2H), 7.34 — 7.24 (m,
4H), 7.16 — 6.99 (m, 7H), 6.77 (ddd, J=7.2, 5.7, 2.0 Hz, 1H), 4.70 (t, J = 7.1 Hz, 2H),
3.71 (t, J = 6.5 Hz, 2H), 2.72 — 2.55 (m, 2H), 2.13 — 2.03 (m, 2H), 1.67 — 1.52 (m,
4H), 1.41 — 1.10 (m, 18H), 0.84 (t, J = 7.0 Hz, 3H). 3*C NMR (101 MHz, CDCls) §
(ppm): 158.81, 150.82, 144.77, 141.71, 141.23, 137.29, 136.34, 131.71, 130.87,
130.01, 129.26, 129.10, 128.80, 128.24, 128.22, 127.30, 127.22, 126.91, 126.17,
125.51, 124.78, 124.06, 123.17, 123.09, 122.98, 122.77, 122.20, 121.69, 120.93,
116.06, 114.76,114.72,113.18,67.91, 56.90, 35.70, 31.69, 31.25, 30.00, 29.45, 29.36,
29.33, 29.21, 28.97, 28.86, 26.55, 26.03, 22.65, 14.11. IR vma/cm': 614, 675, 629,
724,753,792, 825, 871, 970, 1046, 1080, 1113, 1138, 1159, 1208, 1234, 1282, 1326,
1380, 1430, 1453, 1482, 1501, 1514, 1542, 1574, 16001, 2026, 2161, 2851, 2922,
3034. Melting point of compound V: 72.3 °C. HRMS (ESI):Calc: 1049.2211, Found:
1049.2218.

2.7.1.6. Synthesis of polymer P1

Compound IV (316 mg, 0.36 mmol), compound VII (200 mg, 0.36 mmol),
tetrahexylammonium bromide (50 mg), potassium carbonate solution (2 M 5 mL)
were mixed in tetrahydrofuran (10 mL) and the solution was degassed for 20 min with
argon. After introducing 50 mg of bistriphenylpalldaium dichloride, temperature was
set to reflux for 36 h. For the termination of the polymerization, phenyl boronic acid
(0.72 mmol) and bromobenzene (1.44 mmol) were added consequently. After
evaporation of the solvent by vacuum, crude polymer was precipitated in methanol
(100 mL). Soxhlett extraction was performed with methanol, acetone, hexane, and
chloroform, respectively. Chloroform part was condensed by the rotary evaporator and
mixed with quadrasil and stirred for 3 hours. After column chromatography, the

solvent was removed and remaining viscous liquid was precipitated in methanol
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(100ml) to yield P1 (240 mg, 60%).GPC (CHCIl3): Mn= 28.1 kDa, Mw= 85.7 kDa
PDI= 3.1 '"H NMR: (400 MHz, CDCI3) § (ppm): 8.80 (d, J=8.0 Hz, 1H), 8.68 (d, J =
8.4 Hz, 1H), 8.62 (d, J = 8.2 Hz, 1H), 8.11 (s, 2H), 8.02 (s, 2H), 7.84 (d, J = 7.7 Hz,
2H), 7.70 (s, 1H), 7.68 — 7.62 (m, 2H), 7.58 — 7.51 (m, 1H), 7.45 —7.37 (m, 1H), 7.30
(q, J=8.4 Hz, 4H), 7.17 — 7.01 (m, 5H), 6.77 (d, J = 7.4 Hz, 1H), 4.78 (s, 2H), 3.73
(t,J=6.4 Hz, 2H), 2.74 — 2.62 (m, 2H), 2.18 (s, 2H), 2.09 — 2.01 (m, 4H), 1.70 — 1.58
(m, 6H), 1.41 — 1.22 (m, 18H), 1.06 (s, 22H), 0.84 (t, J=9.1 Hz, 6H), 0.71 (t, J = 6.7
Hz, 9H). TGA: T4 95% at 430 °C. DSC: No distinct thermal behavior was observed
between 20 °C and 250 °C.

2.7.1.7. Synthesis of Polymer P2

135 mg of compound VI, 72 mg VII, tetrahexylammonium bromide (25 mg), 2 M 5
mL potassium carbonate solution were mixed in 10 mL tetrahdrofuran and degassed
for 20 min with argon. After introducing 25 mg of bistriphenylpalldaium dichloride,
temperature was set to reflux for 40 hours. For the termination of the polymerization,
phenyl boronic acid and bromobenzene were added. After evaporating the solvent,
crude polymer was precipitated in methanol (100 mL). Soxhlett extraction was
performed with methanol, acetone, hexane, chloroform respectively. Chloroform was
condensed by rotary evaporator and mixed with quadrasil and stirred for 3 hours. After
column chromatography, the solvent was removed and remaining viscous liquid was
precipitated in methanol (100 mL) to yield P2 (94 mg 57%). GPC (CHCI3): Mn= 6.8
kDa, Mw= 12.7 kDa, PDI= 1.9. 'H NMR: (400 MHz, CDCl5) & 8.88 (d, J = 8.4 Hz,
1H), 8.76 (d, J = 8.4 Hz, 1H), 8.70 (d, J = 8.3 Hz, 1H), 8.26 — 7.92 (m, 2H), 7.77 —
7.61 (m, 9H), 7.53 — 7.45 (m, 3H), 7.42 — 7.32 (m, 5H), 7.23 — 7.09 (m, 5H), 6.87 —
6.80 (m, J = 5.4 Hz, 1H), 4.89 (s, 2H), 3.79 (t, J = 6.3 Hz, 2H), 2.83 — 2.67 (m, 2H),
2.25(s,2H), 2.08 (s, 2H), 1.71 (s, 4H), 1.57 (s, 8H), 1.35 (s, 18H), 1.10 (s, 22H), 0.87
(dd, J=21.7,10.9 Hz, 6H), 0.79 (t, J = 5.8 Hz, 9H). TGA: Tdecompositon 95% at 420 °C.
DSC: No distinct thermal behavior was observed between 20 °C and 250 °C.
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2.7.1.8. Synthesis of Polymer P3

Compound VIII (200 mg, 0.27 mmol) and compound IV (239 mg, 0.27 mmol) were
mixed in tetrahydrofuran (10 mL) and the solution was bubbled with argon for 20 min.
After addition of 50 mg of bistriphenylpalladium dichloride catalyst, the mixture was
refluxed for 36 h. Termination of the polymerization was achieved via addition of
stanyllated thiophene (0.54 mmol) and bromobenzene (1.08 mmol). After evaporating
the solvent by vacuum, crude polymer was precipitated in methanol (100 mL).
Soxhlett extraction was performed with methanol, acetone, hexane, and chloroform,
respectively. Since silica traps polymer P3, quadrasil treatment was not applied.
Chloroform portion was condensed by rotary evaporator and the product was
precipitated in methanol (100 mL) to yield P3 (195 mg 81%). Low solubility
decreased the quality of characterization of the polymer: GPC (CHCl3): Mn= 4.8 kDa
Mw= 13.5 kDa PDI=2.8. 'H NMR: (400 MHz, CDCl3) & (ppm): 8.79 (s, 1H), 8.60 (s,
2H), 7.95 (s, 1H), 7.56 (s, 6H), 7.29 (s, SH), 7.06 (s, SH), 6.77 — 6.73 (m, 2H), 4.77
(s, 2H), 3.70 (s, 2H), 2.65 (s, 2H), 2.10 (s, 2H), 1.60 (s, 12H), 1.35 — 1.1 (m, 38H),
0.81 (s, 9H). TGA: Tq95% at 350 °C. DSC: No distinct thermal behavior was observed
between 20 °C and 250 °C.

2.7.2. Electrochemical and Spectroelectrochemical Properties

Cyclic voltammetry is a key technique for the investigation of redox potentials of
conjugated polymers. To achieve this aim, Gamry 600 potentiostat was used with
three-electrode system, which consists of a counter electrode (CE), a working
electrode (WE) and a reference electrode (RE). They were immersed in a supporting
electrolyte and a solvent mixture to provide ionic conductivity. In this study, polymer
film coated on ITO, platinum and silver wires were used as WE, CE, RE, respectively.
For this purpose, polymers were dissolved in chloroform (5 mg/mL) and solutions
were spray coated on ITO coated glasses. For spectroelectrochemistry and kinetic
studies, Varian Cary 5000 UV-Vis spectrophotometer was used. By this way changes

in absorption spectra were observed during doping process. Spectroelectrochemistry
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studies also allow observing the formation of polaron and bipolaron bands. Optical

contrasts and switching times were calculated from kinetic studies.
2.7.3. Fabrication of PLEDs

For the characterization of electroluminescence behaviors of the polymers, PLEDs
were fabricated with the device structure of ITO/ PEDOT:PSS/ Polymer /LiF /Al ITO
coated glass substrates were cleaned with detergent, deionized water, isopropyl
alcohol in ultrasonic bath subsequently. Substrates were dried with N> gun. Right
after drying process, oxygen plasma cleaning was carried out to improve the
wettability of the surface. Approximaterly 40 nm thick PEDOT:PSS (Heraus V P Al
4083) layer was spin coated under ambient atmosphere. Substrates were dried at 120°C
for 15 minutes to remove residual water. Polymer solutions were prepared with a
concentration of 1.5% in chloroform and spin coated inside a glove box. Thicknesses
of the active layers were 100 nm, 97 nm and 87 nm for P1, P2 and P3, respectively.
Calcium and aluminum electrodes were evaporated at low pressure (10 mbar).
Current density vs voltage (J-V) analyses were performed using Keithley 2400.
Luminance, electroluminescence and chromaticity studies were carried out using fiber
optic cable embedded in Maya spectrophotometer. J-V and luminance vs voltage

characteristics were tested simultaneously.
2.8. Results and Discussions
2.8.1. Optical Properties

The photophysical behavior of polymers are shown in Figure 2.14. 284 nm excitation
was performed in order to see blue light emission of polymers as given in Figure 2.14a.
Although P3 gave the dominant blue emission in thin film, P1 and P2 gave trace
amount of blue emission both in thin film form and in solution (Figure 2.14.b).
However, strong blue light emission of P3 indicates that interaction between
phenanthroimidazole and polymer backbone was minimized. In literature, there are
several examples for such an observation where emission of highly energetic region

was suppressed by intra/intermolecular energy transfer. Jin et al. demonstrated that
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energy transfer occurred at thin film of dendron-jacketed electrophosphorescent
copolymers, although there was no indication of energy transfer in solution form (76).
In another study (82) by Ner et al., emission of acceptor moiety at 593 nm was
enhanced while the emission of donor moiety at 450 nm was quenched as the acceptor
concentration increases. Moreover, changing concentration of donor acceptor ratio,
color was changed from blue to orange. The photoluminescence spectra for copolymer
P1-P3 solutions and for thin films excited at absorption maxima are shown in Figure
2.14.c. Solution based emission Amax values of P1, P2 and P3 were located at 466, 530
and 587 nm, respectively. The PL spectra of all polymer films showed a red shift (15
nm for P1, 67 nm for P2, and 66 nm for P3) and some broadening of the emission
bands in comparison to their solution spectra. These large shifts can be attributed to
increased stacking of thiophene n-bridged P2 and P3. This enhanced stacking can be
seen further in the red/infrared region of thin film P2 and P3 fluorescence spectra.
Moreover, as going from P1 to P3 band gap of polymers decreased and the polymer
emissions were shifted to lower energy regime. Fine-tuning of the emission of

polymers were achieved.
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Figure 2.14. a) Photoluminescence spectra for copolymer P1-P3 solutions and for films under
excitation wavelength of 284 nm b) photoluminescence spectra (close-up view of the blue region) c)
photoluminescence spectra for copolymer P1-P3 solutions and for films (excitation wavelengths were
set according to absorption Amax values).(61) This article was published in Synthetic Metals, 244,
Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end
phenanthroimidazole modification of benzotriazole based conjugated polymers for optoelectronic
applications, 1-9, Copyright Elsevier, 2018

2.8.1.1. Further Insight to Optical Properties

Structures of molecules, discussed in terms of their optical properties, can be seen in

Figure 2.15.
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Figure 2.15. Chemical structures of molecules (61). This article was published in Synthetic Metals,
244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end
phenanthroimidazole modification of benzotriazole based conjugated polymers for optoelectronic

applications, 1-9, Copyright Elsevier, 2018

As expected, BTz has no fluorescence. BTz-Imz and Imz-OH have characteristics of
blue color emissions at Amax 388 nm and 387 nm. Introducing alkyl chain to hydroxyl
group did not have any distinct effect on the fluorescence as seen in Figure 2.16.a.
Thus, it can be referred that blue light emission is directly related with the imidazole

ring attached to benzotriazole.
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Figure 2.16. Emission spectra of solutions (0.42 g/L) of a) BTz, Imz-OH and BTz-Imz, b) BTz,
TBTZT and TBTZzT-Imz (61). This article was published in Synthetic Metals, 244, Sevki Can Cevher,
Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end phenanthroimidazole
modification of benzotriazole based conjugated polymers for optoelectronic applications, 1-9,
Copyright Elsevier, 2018

In Figure 2.16. emission features of BTz-Imz, TBTzT, TBTzT-Imz were compared.
As depicted in PL spectra, in the case of TBTzT, TBTzT-Imz energy transfer from
imidazole unit to the backbone was achieved; thus, emmision from imidazole was
diminished.

Normalized fluorescence spectra of TBzT and TBTzT-Imz in solution and as thin film
forms were presented in Figure 2.17.a. (excited at 280 nm). Maximum emissions were
observed at 462 and 464 nm for solutions of TBTzT and TBTzT-Imz, respectively.
Thin film emissions were red shifted due to aggregations in solid form. Emission
spectra of the TBTZT and TBTzT-Imz thin films were centered at 509 and 515 nm,

respectively.
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Figure 2.17. Emission spectra of TBzT and TBTzT-Imz a) 280 nm excitation wavelength, b) 420 nm
excitation wavelength of thin films. (400 nm excitation wavelength for solutions) (61). This article
was published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent
Toppare, Ali Cirpan, Alkyl-end phenanthroimidazole modification of benzotriazole based conjugated

polymers for optoelectronic applications, 1-9, Copyright Elsevier, 2018

Emission spectra at 420 nm and 400 nm excitation wavelengths for TBzT and TBTZT-
Imz in thin films and solutions were given in Figure 2.17.b. 463 nm peak stands for
Amax for both molecules in solution. However, there is a slight difference observed in
thin film emissions. 504 nm and 515 nm emission Amax Were measured for TBzT and
TBTzT-Imz, respectively. Imidazole ring played an important and interesting role
where emission Amax in thin films were shifted to the blue region by 10 nm. Fused
planar structures which are attached to the main chain, not only enhances the high

energy emission band in the solid state but also introduce a bathochromic shift.
2.8.2. Electrochemical Properties

All CV measurements were performed in an electrolyte solution of 0.1 M solution of

TBAPFs in ACN with 100 mV/s scan rate under nitrogen atmosphere.

All polymers exhibit both p- and n-doping characters as given in Figure 2.18. Doping
and dedoping potentials are 1.60 V/1.16 V for P1, 0.98 V/0.71 V and 1.27 V/1.06 V
for P2 and 1.00 V/0.58 V for P3 during p-doping. Differences in oxidation potentials
can be attributed to electron density differences in polymer backbones. P2 has a lower

oxidation potential compared to P1, since P2 contains electron donating thiophene -
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bridge. Due to higher electron donating ability of bithiophene with respect to fluorene,

P3 has lower oxidation potential (81).

Ambipolar features of the polymers enable to calculate the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) energy levels
using corresponding onset potentials according to equations HOMO= - (4.75 +
Eox®™) and LUMO= - (4.75 + E;ed®™®") (taking NHE as 4.75 eV versus vacuum level).

Table 1.1. demonstrates the electronic features of the polymers.

HOMO and LUMO levels are calculated as -5.97 eV/-2.95 eV for P1, -5.43 eV/-3.04
eV for P2 and -5.39 eV/-3.38 eV for P3. Comparing P2 with P1, adding thiophene to
the polymer backbone causes an increase in HOMO level and a decrease in LUMO
level resulting in a lower bandgap. This situation was observed in another study; Kaya
et al. synthesized benzotriazole and fluorene containing alternating polymers and their
HOMO and LUMO energy levels are very close to HOMO and LUMO energy levels
of P1 and P2 in this study (83). These results also showed that the replacement of
fluorene with bithiophene in donor part causes to high lying HOMO and low lying
LUMO since fluorene is a weaker donor unit compared to bithiophene. Using HOMO
and LUMO levels, electronic band gaps were calculated as 3.02 eV, 2.39 eV and 2.01
eV for P1, P2, and P3, respectively.
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Figure 2.18. Single scan cyclic voltammograms of polymers in 0.1 M TBAPF¢/ACN electrolyte
solution at 100 mV/s scan rate, a) P1, b) P2, ¢) P3 (61). This article was published in Synthetic
Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end
phenanthroimidazole modification of benzotriazole based conjugated polymers for optoelectronic
applications, 1-9, Copyright Elsevier, 2018

2.8.3. Spectroelectrochemical Properties

To investigate the optical properties of conjugated polymers, spectroelectrochemistry
studies were performed upon applied potentials. For these studies, 0.1 M
TBAPF¢/ACN medium was used with a three-electrode system consisting of the

polymer film coated on ITO, platinum and silver wires.

During stepwise oxidation, the color change was observed and the absorption spectra
were recorded for each oxidation state (Figure 2.19). n-n" transitions of P1, P2, and
P3 were observed at 410 nm, 458 nm and 535 nm, respectively, in thin film spectra.
Due to the differences in their Amax values, they reveal different colors and
corresponding L, a, b values were reported in Table 1.2. Upon doping, the changes in

color were observed and new absorption bands were formed. While polaron bands
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were generated around at 610 nm, 680 nm and 740 nm, bipolaron bands were around
at 1950 nm, 1500 nm and 1470 nm for P1, P2, and P3, respectively. Optical band gaps
are calculated from neutral state spectra using Amax®"* values as, 2.62 eV, 2.22 eV and
1.89 eV for P1, P2, and P3, respectively. Creation of free charges during cyclic
voltammetry studies resulted in higher electronic band gaps than that of optical

calculated in spectroelectrochemistry part (84).
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Figure 2.19. Electronic absorption spectra and their original corresponding colors in oxidation and
reduction states of polymers in 0.1 M TBAPF¢ACN solution, a) P1, b) P2, and c) P3 (61). This
article was published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan,
Levent Toppare, Ali Cirpan, Alkyl-end phenanthroimidazole modification of benzotriazole based

conjugated polymers for optoelectronic applications, 1-9, Copyright Elsevier, 2018
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Table 2.1. Summary of electrochemical and spectroelectrochemical studies of P1, P2 and P3 (61).
This article was published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan,
Levent Toppare, Ali Cirpan, Alkyl-end phenanthroimidazole modification of benzotriazole based

conjugated polymers for optoelectronic applications, 1-9, Copyright Elsevier, 2018

Ep-doping En-doping HOMO LUMO

0 el
Polymer V) V) (V) (V) E¢® (eV) Eg* (eV)
P1 1.60 -2.47 -5.97 -2.95 2.62 3.02
P2 0.98/1.27  -2.39 -5.43 -3.04 2.22 2.39
P3 1.00 -2.07 -5.39 -3.38 1.89 2.01

Table 2.2. L, a, b values of colors at different states (61). This article was published in Synthetic
Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end
phenanthroimidazole modification of benzotriazole based conjugated polymers for optoelectronic
applications, 1-9, Copyright Elsevier, 2018.

Polymer Potential L a b
P1 ov 74 -14 57
1.4V 53 -16 0
15V 50 -3 -31
22V 55 9 -17
P2 ov 61 20 35
1.0V 62 -4 -6
1.2V 55 -5 -2
1.4V 60 0 1
2.1V 63 -5 1
P3 ov 35 17 -21
09V 38 2 -9
1.2V 46 -6 -10
-19V 45 0 -1

2.8.4. Kinetic Studies

Fast switching time and high optical contrast are desired for electrochromic

applications. Percent transmittance change between the neutral and oxidized states is
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defined as the optical contrast. Switching time is the time needed for switching
between neutral and oxidized states. For the kinetic studies, the same three-electrode
system as described in spectroelectrochemistry was constructed and the spectra were
recorded during applying a square-wave potential with 5 s time intervals. Kinetic

performance can be seen in Figure 2.20 and the results were summarized in Table 2.3.

Table 2.3. Summary of kinetic studies (61). This article was published in Synthetic Metals, 244, Sevki
Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end
phenanthroimidazole modification of benzotriazole based conjugated polymers for optoelectronic
applications, 1-9, Copyright Elsevier, 2018

Polymer Wavelength (nm) %T Switching Time (s)
P1 410 45 1.5
610 22 0.2
1950 49 0.2
P2 458 50 1.8
680 22 0.6
1500 61 0.4
P3 535 42 0.4
740 19 0.7
1470 64 1.1
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Figure 2.20. Percent transmittance change of P1 (a), P2 (b) and P3 (c) between neutral and oxidized
states (61). This article was published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles,
Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end phenanthroimidazole modification of
benzotriazole based conjugated polymers for optoelectronic applications, 1-9, Copyright Elsevier,
2018.

2.8.5. Charactherization of PLEDs

Electroluminescence properties of the P1, P2 and P3 based OLEDs were investigated
with the device structure of ITO/ PEDOT:PSS/ polymer /LiF /Al. Energy band

diagram of the devices was depicted in Figure 2.21.
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Figure 2.21. The energy band diagrams of the constructed devices (61). This article was published in
Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare, Ali Cirpan,
Alkyl-end phenanthroimidazole modification of benzotriazole based conjugated polymers for
optoelectronic applications, 1-9, Copyright Elsevier, 2018.

Maximum EL intensity was obtained at 482 nm for P1 based device corresponding to
CIE coordinates of 0.2295, 0.4646. (CIE L, a, b: 33.8, -42.5, 9.1) P2 based device
gave the peak intensity at 590 nm which corresponds to CIE coordinates of 0.5446,
0.4485. (CIE L, a, b: 16.9, 11.7, 28.5). Maximum EL intensity was at 641 nm for P3
based device corresponding to CIE coordinates of 0.4737,0.3012 (CIEL, a, b: 0.4, -
1.2, 0.1) as depicted in Figure 2.22. With the incorporation of electron rich thiophene
units to the polymer backbone, PL of the polymers and EL for the devices are red
shifted. PL and EL characteristics were summarized in Table 2.4. Similar EL and PL
characteristics prove that photoexcitation and electrical excitation produces the same
emitting species, PL and EL processes have similar mechanism and recombination

center.
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Figure 2.22. Electroluminescence spectra of the P1, P2 and P3 based PLEDs (61). This article was
published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare,
Ali Cirpan, Alkyl-end phenanthroimidazole modification of benzotriazole based conjugated polymers

for optoelectronic applications, 1-9, Copyright Elsevier, 2018.

The current density vs. voltage and luminance vs. voltage characteristics of P1, P2 and
P3 based electroluminescent devices were presented in Figure 2.23. Above the turn on
voltage, current density and luminance values increase exponentially, obeying diode

characteristics.

Luminance-voltage characteristics were investigated and luminance values were
determined as 14180 cd/m? for P1 and 11440 cd/m? for P2 and 195 cd/m? for P3
incorporated electroluminescent device. The turn-on voltage of the electroluminescent
devices mainly depends on the bandgap of the emissive polymer and work function of
the electrodes (60). P1 based device exhibited the highest turn on voltage among the
polymers which is a result of the wide bandgap of this polymer.

In Table 2.4., photoluminescence, electroluminescence characteristics, maximum
luminance values and CIE coordinates are summarized. P2 incorporated device
exhibited 1.61 cd/A luminance efficiency at a bias of 9.5 V with a luminance of 9301
cd/m?. The highest luminance efficiency for P1 based device was 3.01 cd/A at 9.5 V

at a luminance value of 1665 cd/m?.
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Figure 2.23. Current density-voltage-luminance characteristics of the a) P1, b) P2 and c) P3 based
OLEDs (61). This article was published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles,
Gonul Hizalan, Levent Toppare, Ali Cirpan, Alkyl-end phenanthroimidazole modification of
benzotriazole based conjugated polymers for optoelectronic applications, 1-9, Copyright Elsevier,

2018.

Table 2.4. Photoluminescence and electroluminescence properties of polymers (61). This article was

published in Synthetic Metals, 244, Sevki Can Cevher, Duygu Keles, Gonul Hizalan, Levent Toppare,

Ali Cirpan, Alkyl-end phenanthroimidazole modification of benzotriazole based conjugated polymers

for optoelectronic applications, 1-9, Copyright Elsevier, 2018

Max
PL PL . M .
llr.nax .ir.nax EL Jmax  CIE coordinates _ax Luminance
Polymer Solution thin film Luminance ..
(nm) (nm) (nm) (xy) (cd/m?) efficiency
(cd/A)
P1 466-492 481-509 482-510 0.2295, 0.4646 14180 3.01
P2 530-564 597 590 0.5446, 0.4485 11440 1.61
P3 587-628 653-709 641-697 0.4737,0.3012 195 0.032
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2.9. Conclusion

Benzotriazole based alkyl-end phenanthroimidazole modified conjugated polymers
were synthesized and published in Synthetic Metals Journal (61). Investigation of
photoluminescence properties revealed that only P3 in thin film form showed the
emission of both phenanthroimidazole and the conjugated polymer backbone. For the
rest, energy transfer occurred between phenanthroimidazole and conjugated polymer
backbone; thus, emission in the blue region was diminished. Optical/ electronic band
gaps of polymers were 2.62/ 3.02, 2.22/ 2.39, and 1.89/ 2.01 eV for P1, P2, and P3,
respectively. OLED’s were fabricated by using these polymers as active materials.
The highest luminance value of 14180 cd/m? was achieved with P1 based device.
While photoluminescence of P3 emitted blue/red light in the thin film form (excited

at 284 nm), electroluminescence spectrum showed dominant red light emission.
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CHAPTER 3

FUSED STRUCTURES FOR BIOSENSOR APPLICATIONS

3.1. Biosensors

Sensors have surrounded the daily life of human being. Comfort of these sensors is so
intriguing that research and development of various type of sensors have been raised
exponentially. Publications and the capital spent for their investigation are obvious
truism (85-87). Sensors spread over enormous number of areas e.g.; sensors of
temperature (88-90), gas (91-93), motion (94-96), light (97-99), tactile (100-102)
and so on so forth. As temperature responsive sensors are beneficial for the
development of thermometers and light sensitive sensors can be examples of infrared
television remote controls as well as motion sensors are good candidates for home
security systems and tactile sensors for touch screen devices such as smartphones and
laptops. Dexterous combination of recognition of biological macromolecule and
electronics opens a new concept of biosensors. Expeditious progress and development
of material science and environmental concerns of our recent decades, have brought

the advancements of biosensors to today’s one of the top research fields.

Principally, biosensors are analytical devices that sense biological analytes.
Integration of bio-receptor, analyte specific material: enzyme, antibody; and
transducers, responsible for biochemical signal production as biochemical reaction
happens, can generate meaningful electrical signal that can be fetched by the detector.
A device configuration of biosensor can be seen in Figure 3.1. An estimated market
research on biosensors gives a value of 31.5 billion USD by 2024 (103). The
motivation underneath this interest simply relies on the needs of quantification and
exploitation of bio-elements in the course of environmental concerns (104), clinical

purposes (105-107), investigation of food quality (108), and defence (109).
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Figure 3.1. Biosensor device

Beside conventional methods like chromatographic analysis techniques, biosensors
serve economic and robust way of analyzing in complex matrices. The real advantage
of biosensors is being highly specific for a selected target chemical entity without the
necessity of chemical/physical separation of analyte from its interfering surroundings.
Practically, biosensors as sensors are supposed not to depend on parameters like pH,
pressure and temperature to acquire reproducible, precise and reliable results.
However, the dependence of such parameters of biomolecule that is under
investigation needs an advanced knowledge in distinct fields. The field of chemical
physics helps to understand the process that converting the biochemical response into
an electrical signal. The field micro-electronics are associated with the device
configuration/circuit required to maintain the process at a scale of micro to utmost

pico molar concentration according to recent technology.

“Biosensor” was termed by Clark and co-workers in a study to develop glucose
oxidase-enzyme based glucose sensing device (110). Ease of modification to sense
various kind of biological species, biosensors have been revolutionized to detect
complex biological elements like insulin (111), virus (112), pathogens (113),
neurotransmitters (114), hormones (115) and more. Combined properties of early

detection, on-site and real-time operation modes reveal the importance of biosensors
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for human life, in particularly sensing the menacing diseases like Hendra, HIV, SARS-

CoV, etc (116-118).

The performance of biosensor depends on several parameters (109) which include but
not limited to; limit of detection, linear range, selectivity, sensitivity and
reproducibility. Beside performance of a biosensor, response time, storage and
stability are important factors. Various type of materials has been used to construct
biosensors such as magnetic nanoparticles (119), inorganic semiconductors (120),
metal oxide nanofibers (121), carbon nanomaterials (122) and organic conjugated
polymers (OCPs) (114). Among them OCPs have superior characteristics such as
tunable electrical conductivity, unique chemical (biocompatibility (123)) and
electronic properties (facile electron transfer (124)), environmental tolerance(125),
facile and wide range of synthesis especially corrosion-free (126). Due to the fact that
they can efficiently transfer the electron as biochemical reaction happens, OCPs have
been utilized extensively as transducer the intermediate layer between biological
analyte and electronic circuit. In the literature, many of the biosensing systems were

created using OCPs and showed superior sensor (127-129).
3.2. Basic Principals of Biosensors

Ordinarily, bio-recognition element is immobilized on the transducer. Therefore, the
surface of transducer gains ability to form specific interaction with the target analyte.
Specified binding molecules often cause conformational change in immobilized bio-
recognition element. Monitoring this biochemical change and transducing it into a
meaningful electrochemical, thermometric, optical or piezoelectric signal, in
accordance with their combined bioreceptors (130), allows the quantification of

analyte under investigation.
3.3. Types of Biosensors

According to the type of sensing the biochemical/physicochemical signal, in general
biosensors can be divided into four main categories: electrochemical, piezoelectric,

thermal, and optical (Figure 3.2).
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Figure 3.2. Typical biosensors and components

3.3.1. Electrochemical Biosensors

In this category, bio-recognition elements are generally matrix-bound structured and
coupled with electrochemical transducer (Figure 3.3). Beside common bio-recognition

elements enzymes, antigens antibodies and also micro-organisms can also be used

(131-134).

Essential feature of electrochemical biosensors is the correlation of the amount of
electrons, which are produced or consumed during biochemical reaction, with the
amount/concentration of target analyte (135). Moreover, the change in electrical
characteristics can also be associated with the rate of production or consumption of

biological molecules (136).
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Figure 3.3. Electrochemical biosensor

There are three different methodologies to monitor the electrochemical process;
probing the generated current in amperometric biosensors, probing the charge or
potential accumulation in potentiometric biosensors and probing the conductivity in

conductometric biosensors.
3.3.1.1. Amperometric Biosensors

Being a common approach, amperometry processes are fast and facile. Amperometric
biosensor depends on measuring the current generated by electrochemical redox
reaction vs time upon applied steady potential. Potential difference between electrodes
promotes the efficient electron transfer. Thus, the resulting current is directly
proportional to the concentration of redox active materials over a range of linear
applied potential. As a result of these facts, amperometric biosensors hold a leading

position.

63



3.3.1.2. Potentiometirc Biosensors

Potentiometry is a kind of electrometric analytical method in which the several
physicochemical quantities such as acidity (pH), solubility product (Ksp), dissociation
constant (Kq) can be estimated (137). Another potential is the usage of potentiometry
in sensing applications where the potential is measured in accordance with the
cumulative electrical charges on dielectric layer (138). Potentiometric biosensors are
chosen for their important characteristics like; inherent selectivity, no consumption of

analyte, simple instrumental setup and logarithmic signal response (138).

Unfortunately, potentiometric biosensors where enzymes are immobilized on OCP
layer are rarely used, in contrast to common amperometric ones, though several
advantages of potentiometric polypyyrole based glucose oxidase biosensor over

amperometric one have been demonstrated (139).

Potentiometric biosensors are utilized with ion selective electrodes which are used as
working electrodes. The most important properties of ion selective electrodes is
permselective ion conductive property. Their working principle depends on the
accumulation of charges resulting in generation of potential difference and negligible
current flow. Transformation of recognition process by bioreceptors, provides an

outcoming analytical signal.
3.3.1.3. Conductimetric Biosensors

When biochemical reaction produces charges causing to alter the conductance of
medium, conductimetry can be used for analytical investigation. To provide analytical
information, conductimetric biosensors thercof measures the conductance which
varies with the concentration of charged moieties. Due to the deviation of
concentration of charged moieties caused by enzymatic reactions, conductimetric
biosensors generally utilized with enzymes (140). On the other hand, enzyme-based
conductimetric biosensors have limitation as mutable ionic background of various
samples and necessity for consideration of minor deviation of conductivity due to the

deviation of ionic strength (141, 142).
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3.3.2. Piezoelectric Biosensors

Sauerbrey found that a change in the resonance frequency of a resonator can be
directly related to the mass placed on it (143). This idea has opened a new era for the
invention of piezoelectric materials and applications. It then gave a birth to a
marvellous application area of biosensors seen in Figure 3.4 where biomolecule is
immobilized onto a functional surface. Allowing the label-free recognition of
piezoelectric biosensors can be tought more than a mere mass biosensor. They also
influenced by the surface charge, interfacial phenomena, surface roughness and
viscoelastic properties of biological molecules. These inner nature properties of
piezoelectric biosensors lead to invention of a powerful tool to examine the

morphological change in cell, in which the biosensor is adhered to liposomes proteins

and cell (144).
Antigen
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Figure 3.4. Piezoelectric biosensor.

Principally, the electrical signal is produced depending on the mass, size and chemical
and physical structure of analyte which causes vibration of piezo material at a certain
resonant frequency (87). As the mass of binding element increases usually, the
vibration frequency decreases. Although piezoelectric biosensors have not taken great

attention, they can be classified as second class of electrochemical biosensors (136).
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Various piezoelectric biosensors were developed to detect Caffeine, HS, CO, NHj3

(145, 146).
3.3.3. Thermal Biosensors

Although providing weak sensitivity and imprecise heat change, thermal biosensors
can be used to determine the biological molecules. In general, enzymatic biochemical
reactions possess exothermic entity with an enthalpy of more or less 80 kj/mole (147).
This heat evolution or for some cases heat absorption as biochemical reaction

processes is proportional to enthalpy and amount of respective products (148).

The change in temperature is monitored by thermistor. Augmented sensitivity and
limit of detection can be obtained by steady enthalpy change (149). Simple device
configuration has been demonstrated in Figure 3.5 that biochemical reaction is
monitored by measuring the enthalpy (most clearly heat) change during the course of
reaction. Major advantages of calorimetric determination are stability, and augmented
sensitivity. Moreover, ability to be miniaturized, they can easily be incorporated with

microfluidics.

Heat evolution

Microfluidic

channel
Sensor surface

Analyte

Bio-receptor

Figure 3.5. Thermal biosensor
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Electroactive materials generally interfere the glucose detection in clinical/blood
samples; however, electro active and optical interferences do not fluctuate the
calorimetric  signals. Recent advance of combination calorimetry with
pyrroloquinoline quinone glucose dehydrogenase (PQQGDH), the obtained
calorimetric biosensor exhibited linear range between 0.009 to 100 mM for glucose

(150).
3.3.4. Photometric Bosensors

Photometric biosensors simply monitor and relate the change in optical parameters
such as absorption, transmission, luminescence (chemi-, bio-, photo-), surface
plasmon resonance of analyte as the biochemical reactions undergo (151). For
example, the frequency change due to the formation excited state is investigated in a
chemiluminescence based biosensor. Wide variety of photometric measurement
techniques and optical wave guide can be coupled with (152, 153). Photometric
biosensor seen in Figure 3.6. can be given as an example for chloroform (limit of
detection= 9.22 ppm) biosensor in which polyaniline-dioctyl sodium sulfosuccinate
film coated on fiber bragg grating (154). Another example is that alkaline vapor-which
can be formed upon spoilage of fish-sensitive optical sensors based aniline and ortho-

phenylenediamine containing biosensors changes its color in accordance to pH (155).
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-
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Figure 3.6. Photometric biosensor
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3.4. Sensing Mechanism of Enzymatic Biosensors

There are different types of mechanism explained for each of enzymatic biosensors,
immunosensors and genosensors. In this text, only enzymatic biosensors will be

covered.

Enzymes, possessing 3D orbicular structure of long chains of amino acid, have ability
to accelerate the biochemical reactions (156, 157). In 1958 Daniel Koshland and
previously 100 years ago Emil Fischer, introduced and demonstrated the principles of
lock and key model of enzymatic reaction (158, 159). Enzymes have affinity to get
substrate-analyte/reactant into the right conformation which consequently breakdown
into product. The interaction with substrate and enzyme is maintained by the distinct

region called active site of enzyme. The rest is responsible for conformational form.

There are four main steps for operational principle of enzymatic biosensors where

enzymes are immobilized onto working electrode surface:

- Diffusion of analyte from the bulk solution to immobilized enzyme electrode
** Happening of biochemical reaction
- Formation of product and consequent transportation to transducer

.+ Measuring the formation of product with the aid of a transducer (160).
3.5. Immobilization Techniques of Biological Materials

Preservation of its integrity is essentially important to maintain biological activity of
enzymes as being attached to any surface. Thus, immobilization of these biomolecules
on host materials, i.e. organic conjugated polymer coated electrode, is crucial for

biosensors. Activity of a biosensor depends on various factors like (161, 162):

.+ Material: surface area, biocompatibility, electron transfer efficiency, porosity
.+ Immobilization method: deviation of biomolecule from its original form,

biological activity, decaying or desorption of biomolecule over biosensor.

Although immobilization is important for a properly working biosensor, issues related

with the conformational change, mass transfer limitations, denaturation of
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biomolecule, caused by the immobilization methodology, lower the performance of
biosensor (163). Better performances can be exhibited by proper orientation of

biomolecules to expose their active site.

A number of materials for immobilization host materials, for example magnetic
hydrogels, sol-gels, resins and clays; however, biocompatibility, synthesis and poor
response are main limitations for these host materials (162, 164—167). Important
advancement has been obtained by organic conjugated polymers, which enhance the
response time and compatibility due to the fact that organic conjugated polymers
function as 3D host matrix to keep biomolecule active for a prolonged time. Moreover,
porosity, high electron transfer rate and better signal transduction properties of organic
conjugated polymers make them an excellent candidate for immobilization platform
(168, 169). This 3D matrix also prevents the leaching out integrated enzyme of the
matrix and permeability of this matrix retains the active site of enzyme accessible

(170).

Biocompatibility in neutral aqueous solution is crucial for in vivo biomedical
applications. On the other hand, the physical and electronic properties of organic
conjugated polymers are also essential for a certain application where conductivity is
needed above pH of 4 (171, 172). However, one should bear in mind that
stability/property concerns of organic conjugated polymers in ambient conditions like

oxygen, redox reactant (173).

Immobilization simply refers to the fixation of an enzyme molecule to a solid support.

The immobilized enzyme has several advantages over the free one:

. Multiple/repetitive usage
- Enhanced stability
.+ Ease of separation of enzyme and product/reactant

.+ Low cost enzyme catalyzed production
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There are four main categories represented in Figure 3.7 to define the immobilization
of enzyme onto the organic conjugated polymer surface, while retaining the catalytic

activity of enzyme, covalent bonding, adsorption, crosslinking, and entrapment.
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Figure 3.7. Immobilization techniques

3.5.1. Covalent Bonding

This 1s the most commonly used and the oldest technique for immobilization.
Immobilization was obtained by chemical reaction where enzyme covalently bonded
to water-insoluble host. The covalent bond is formed between the functional groups
of host surface and enzyme surface results in robust immobilization. As the binding
force (covalent bond) is strong enough to prevent leakage of enzyme from the host
surface, even in high ionic strength solution or substrate has minimal affect (174).
However, immobilization conditions are complex and less mild adsorption. Covalent
bonding has high risk to alter the conformational change and/or blocking the active

site of enzyme so that consequent activity lost may occur.
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3.5.2. Adsorption

Physical adsorption of enzyme onto substrate is established via interactions of Van
der Waals, ionic and hydrogen bond (175). Physical adsorption is simple and cheap
among the other methods. It is accomplished by facile adjustment of pH, temperature
and ionic strength with suitable carrier. This noninvasive method retains the activity
of enzyme at supreme due to the fact that there is minimal or no conformational

deformation. However, weak binding force usually results in leakage of enzyme.
3.5.3. Crosslinking

Crosslinking is a support-free immobilization technique in which enzymes are
crosslinkined to form enormous 3D structure. This can be achieved by physical or
chemical methods (176). Bi-functional or multi-functional crosslinking agent like
glutaraldehyde allows the fabrication of membranous sheet of enzymes. Crosslinking
of enzymes to each other makes some of enzymes inevitably behaves as a support, this
method is both redundantly expensive and insufficient. Moreover, multilayer
formation decreases the activity and increases the diffusional barrier, deterioration of
active site of enzyme and poor stabilities are major bottlenecks associated with
crosslinking method (177, 178). However, conjugation of crosslinking with other
method/s can be regarded as the best way to use crosslinking. Hence, stabilization of

adsorbed enzymes further eliminates the leakage problems (179, 180).
3.5.4. Entrapment

Localization of enzyme into a lattice and/or cavity while retaining the activity
unaffected. Localization can be accomplished by ionic interaction for micelle-
microcapsule or lattice structures for electrochemical entrapment. Electrochemical
entrapment, where the electrochemically growing polymeric 3D structure traps the
enzyme solution in close proximity the electrode, has superior advantages such as one
step simple entrapment, accurate control over film thickness, high reproducibility.
This method has limited application due to the necessity of water-soluble monomer

and possible blemishing of enzyme because of the applied potential (181, 182).
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3.6. Importance of Phenolic Compounds

One ubiquitous compound in nature phenolics lower the market value of food item
due to cause browning as well as exhibit antioxidant characteristics. Phenolic
compounds fight against cancer and heart related diseases. As in the case of L-DOPA,
neurotransmitters can contain phenolic compunds (183, 184). Breakdown of some
biomolecules like tannins, lignins and humic materials produce phenolics. Although
there is copious amount of beneficial phenolic compounds, there are plenty of
hazardous chemicals. These hazardous phenolics are used in or wasted from industrial
effluents, chemical (especially paper, paint and textile) and pharmaceutical industry.
Global production reached and may exceed the annual value of 50 ktons (185).
Industrial waste of phenolic compounds contaminate water reservoirs so as the
nutrients and thus environment (186-188). Biologically safe limit of phenolics is 1
ppm above which it is highly toxic. Thus, it is extremely vital to monitor and control
their concentration for aquatic life (189, 190). Moreover, some phenolic compounds
are in the class of endocrine disrupting chemicals. According to a study done by
European Union, almost half of the 11 highest priority elements of 118 endocrine
disrupting compounds are phenolics. Thus, the future of living creatures is desperate,
gloom and doom if there should not be taken any precaution to contamination of this
phenolic compounds to environment, in particularly natural water (191, 192) due to

their insufficient elimination and consequent release (193-195).
3.7. Catechol

Catechol (IUPAC name: 1,2-dihydroxybenzene) is a derivate of phenolic compounds.
As phenolics do have, catechol has high toxicity and low degradability properties
(196, 197). Abundantly used industrial raw and processed chemical catechol hold an
importance for chemical (photography, dye and cosmetic) and pharmaceutical
industries (198). In addition, it exists in teas, foods (vegetables and fruits) and
tobaccos as an intermediate compound. Yet it acts as a neurotransmitter to regulate

the blood pressure and metabolism as well as used as biological indicator for several
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diseases (199). It inhibits the replication of DNA, and causes the chromosomal
aberration (200). Moreover, advancement of the composting technology in municipal
solid waste management system generally results in direct or by-product pollutant
(201). Hence, there is an emergency to establish rapid and efficient quantitative

determination of catechol.
3.8. Laccase as Polyphenol Oxidase (PPO)

PPO is produced in almost every living creature range from the smallest
microorganisms to animals and as well as plants (202, 203). Prosthetic copper and

utilization of molecular oxygen catalyze two major reactions.

.+ Cresolase activity: incorporation of hydroxyl group at ortho position of
monophenol to obtain 0-diphenolic material.
“+ Catecholase activity: converting the 0-diphenolic material into quinone,

which is polymerized to form pigments: red, brown and black (204—206).

Based on substrate selectivity and reaction mechanism, PPOs are divided into three

main types (207, 208):

- Tyrosinase: catalyzes both monophenol and diphenols. It is present in higher
cluster organisms (plants, animals and fungi) but not common for others.
“+ Catechol oxidase: it is ubiquitous in nature. It catalyzes diphenolic compounds
due the absence of catalytic activity of hydroxylase.

“+ Laccase: it has p-hydroxylation activity as well.

Laccases can also be divided into three main segments according to the
spectroscopic and functional properties of copper atom. Copper mediated

reactions are classified as:

.+ Copper type 1: Electron is captured and transferred through a copper atom.
.+ Copper type 2: Molecular oxygen is activated by this type of copper atom.
.+ Copper type 3: Oxygen is uptaken by this of copper atom.
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3.8.1. Catalytic Cycle of Laccase

Catalytic cycle of laccase mechanism starts from the primary electron acceptor type 1
copper atom via reduction of Cu?" into Cu* by reducing substrate; thus, substrate is
one-electron oxidized. Typically, type 1 copper exhibits an intense absorption at 600
nm so that enzyme solution resembles light blue color. Type 2 copper atom forms a
trinuclear copper cluster with two type 3 copper atoms. The distance between the sites
where type 2 and type 3 copper atoms are present is 4 A, whereas the distance between
the site occupied by type 1 copper and trinuclear copper center is 12 A (209). By
extracting the electron and transferring it to trinuclear copper site, conversion of
resting-fully oxidized- form of laccase to 4 e reduced-fully reduced- form is achieved.
4 substrate molecules are required to be oxidized to fully reduce- 4 ¢ reduction- the
laccase (210, 211). Rate determining step is the electron transfer from copper type 1
atom to trinuclear site (212). 2-steps dioxygen reduction process occurs through a
formation bound oxygen intermediates. Molecular oxygen first binds to the trinuclear
site and consequent rapid transfer of two electrons occurs. Thus, first peroxide
intermediate is formed. The peroxide intermediate bridges between the type 3 coppers
and type 2 copper, although the configuration has not been fully understood, followed
by arapid 1 e transfer from type 1 copper. Thus, the peroxide intermediate decays to
an oxy radical and release of water molecule is followed up by 2 e” reductive cleavage
of O-O bond (213, 214). 1 ¢ transfer from the type 2 copper atom facilitates the slow
decay of the intermediate which can be accelerated by decreasing pH and protonation
from a neighboring carboxylic acid functionalities. In the last step 4 present copper
atoms are in oxidized form and O* is released as a second water molecule. The
reoxidation of type 2 copper atom correlates with the decay of the intermediate in
which the first water molecule is released and the second water molecule remains

bound and slowly exchanged with the bulk (215).
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3.9. Aim of the Study

In this study, an amperometric laccase sensor was developed to detect catechol in
water samples. Laccase was used as a model enzyme during amperometric biosensing
experiments. The need of additives such as metal nanoparticles or carbon nanotubes
to enhance the signal was aimed by introducing three different functional groups
(ketone (M1), enamine (M2), and oxime (M3)) on the conjugated backbone of
polymer. Since the most effective sensor was created by PMI, laccase was
immobilized on the PM1 coated electrode surface for further experiments. Pristine
polymer coated sensor (PM1/Lac) is very efficient for catechol detection without
needing any additional materials. The sensor showed superior performance when

compared to the literature examples.
3.10. Experimental
3.10.1. Synthesis of Monomers

All chemicals were purchased from Sigma Aldrich except SiO; from Merck and used
without further purification unless otherwise mentioned. Tetrahydrofuran and toluene
was distilled over benzophenone/sodium just before usage. Palladium catalyzed
reactions were performed under argon atmosphere. SiO> column filler was used as a
stationary phase in column chromatography. Synthetic pathways of the polymers were
given in Figure 3.8. Tributyl(thiophen-2-yl)stannane (78) and 4,7-dibromo-2H-
benzo[d][1,2,3]triazole (79) (III) were synthesized according to the previous
methodologies. Structures of BTz and TBTzT were synthesized according to
previously published recipies via changing alkyl chain to 1,10-dibromodecane (BTz
4,7-dibromo-2-(10-bromodecyl)-2H-benzo[d][1,2,3]triazole) (80), TBTzT (2-(10-
bromodecyl)-4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazole) (81). Structures of
organic molecules were proven by NMR recorded on a Bruker Spectrospin Avance

DPX-400 Spectrometer with TMS as the internal reference.
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Figure 3.8. Synthetic pathway of monomers (a: Br,, HBr; b: NaBHa, EtOH; ¢: Ninhydrin, PTSA,
EtOH; d: n-BuLi, SnBusCl, THF; e: Pd(PPhs),Cl,, toluene; f: Hydrazine monohydrochloride,
Hydrazine hydrate, NEt;, THF; g: Hydroxylammonium chloride, NEt;, THF.

3.10.1.1. 6,9-Dibromo-11H-indeno[2,1-b]quinoxalin-11-one (1)

3,6-Dibromobenzene-1,2-diamine (530 mg, 1.99 mmol), ninhydrin (355 mg, 1.99
mmol) and catalytic amount of PTSA (p-toluenesulfonic acid) (10% mol) were
dissolved in ethanol (25 mL) and refluxed overnight. After cooling the mixture,
precipitate was filtered and washed with cold ethanol (100-150 mL) and dried. There
was no need for further purification of compound | (yellow solid, 0.668 mg, yield

86%).

3.10.1.2. 6,9-Bis(4-hexylthiophen-2-yl)-11H-indeno[2,1-b]quinoxalin-11-one
(M1)

Compound | (0.668 mg, 1.71 mmol) and tributyl(4-hexylthiophen-2-yl)stannane (2.65

g, 5.79 mmol) were put in freshly distilled toluene (30 mL) and the solution was
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bubbled with argon for 20 min. After catalytic amount of Pd(PPH3)2Cl> (7% mol) was
introduced to the mixture, the overnight reaction temperature was set to reflux. As the
reaction performs, undissolved yellow compound | was dissolved and color was
turned into dark red. After the reaction was finished, controlled by TLC, reaction was
cooled and extraction was done with water/dichloromethane (100/150 mL). Organic
phase was collected and dried over MgSQs, then solvent was removed under vacumm.

Liquid residue was chromatographed and final M1 product was obtained (dark

red/black solid, 895 mg, 92%).

3.10.1.3. (E)-6,9-Bis(4-hexylthiophen-2-yl)-11-hydrazono-11H-indeno[2,1-
b]guinoxaline (M2)

Hydrazine hydrate (50-60%) solution (0.26 mL, 3.5 mmol) was added into a solution
of M1 (200 mg, 3.54 mmol) in THF (30 mL) and catalytic amount of AcOH (a few
drops). The solution was refluxed overnight. Color was changed upon addition of
hydrazine hydrate from dark red to orange. After cooling the reaction, the solvent was
removed and extraction was performed with water/dichloromethane (80/150 mL).
Organic phase collected and dried over MgSOg4 and then the solvent was removed
under vacuum. Crude orange product was purified by column chromatography with
hexane/ethylacetate (v/v, 4/1). First orange fraction was collected as M2 ( 60 mg, yield
29%).

It should be noted that Z-isomer was assumed a major product, however, the formation
of intramolecular hydrogen-bond between amine group and nitrogen atom on the
pyrazine ring stabilizes the ring. Hence, the solubility was decreased. Therefore the
first fraction coming from the column was attributed to E-isomer. Moreover NMR

spectrum of each fraction had no distinct difference.

3.10.1.4. (E)-6,9-Bis(4-hexylthiophen-2-yl)-11H-indeno[2,1-b]quinoxalin-11-one
oxime (M3)

Hydroxylamine solution (50%) (0.25 mL, 4.2 mmol) and hydroxylamine
hydrochloride (25 mg, 3.60 mmol) were added into a solution of M1 (200 mg, 3.54
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mmol) in THF (30 mL) and trimethylamine (4-7 drops). The solution was refluxed
overnight. Color was changed as the reaction proceeded from dark red to bright
orange. After cooling the reaction, the solvent was removed and extraction was
performed with water/dichloromethane (50/150 mL). Organic phase was collected and
dried over MgSO4 and then the solvent was removed under vacuum. Crude orange
product was purified by column chromatography with hexane/ethylacetate (v/v, 3/1).

First orange fraction was collected as M3 ( 33 mg, yield 16%).
3.10.2. Biosensor Materials

Laccase (oxygen oxidoreductase, EC 1.10.3.2) (21.8 U/mg) from Trametes versicolor
and glutaraldehyde (%50 wt in H>O) were obtained from Sigma-Aldrich.
Dichloromethane (DCM), acetonitrile (ACN), were purchased from Merck
(Darmstadt, Germany) and directly used without further purification. By using 0.025
M Na;HPOj4 from Merck (Darmstadt, Germany) and 0.025 M NaH>PO4 from Fluka
Analytical (Germany), phosphate buffer solution (PBS) was prepared. As a substrate,
0.05 M catechol solution (from Sigma-Aldrich) was prepared at room temperature.

All chemicals were of analytical reagent grade.

Electropolymerization with cyclic voltammetry studies was performed by using
GAMRY Reference 600 (GAMRY Instruments Inc., Pennsylvania, USA). During all
amperometric measurements PS Trace 5.5 potentiostat (Palm Instruments, Houten,
and The Netherlands) was used. Three-electrode system was used in all
electropolymerization studies and amperometric measurements. Graphite electrode
(Ringsdorff Werke GmbH, Bonn, Germany, type RW001, 3.05 mm diameter and 13
% porosity) as a working electrode, and platinum electrode (Metrohm, Switzerland)
as a counter electrode were used. Lastly, Ag wire were used as the pseudo-reference
electrode. Amperometric measurements were recorded as average of three

measurements and +SD. All measurements were performed at room temperature
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3.11. Fabrication and Amperometric Measurements of the Biosensor and
Electrochemical Characterization of the Polymers (PM1, PM2 and PM3)

First, bare graphite electrode was cleaned and polished using emery paper. PM1
coated surface was obtained wusing cyclic voltammetry technique.
Electropolymerization of M1 (10 M) was performed in equimolar 0.1 M TBAPFs
supporting electrolyte containing 5:95 (v/v) DCM:ACN solution with repeated scan
intervals between 0.0 and 1.2 V versus Ag wire pseudo-reference electrode (Scan rate
100 mV/s). After electropolymerization, the polymer coated electrode was washed
with distilled water in order to remove impurities. 5.0 pL of laccase solution was
immobilized on the polymer coated graphite electrode and after a while,
glutaraldehyde solution (5.0 pL, %1 in H2O) was spread over to the electrode surface
as a crosslinking agent. Then, prepared electrode was left to dry for 2 h at room
temperature. At the end of 2 h, the electrode was washed with distilled water to rinse

unbound enzyme molecules.

All amperometric measurements were performed in the reaction cell that is containing
10 mL sodium acetate buffer (50 mM, pH 5.5) solution at room temperature under
stirring by applying -0.3 V constant potential. Before each measurement, buffer
solution in reaction cell was refreshed. When current reached to the equilibrium, a
certain amount of catechol was added into the sodium acetate buffer solution (reaction
medium) and the change in current was monitored due to enzymatic reaction. This
change was recorded as a biosensor response. All amperometric measurements were
carried out at ambient conditions. Briefly, when the analyte is introduced into the
reaction cell, immobilized Lac is oxidized by molecular oxygen and then, reduced
again by phenolic substrates, acting as electron donors for the enzyme regeneration
and then, the phenolic substrates are converted into quinone, phenoxy radicals, or

both, and subsequently, these products can be reduced at the electrode surface (216).

Three different monomers were polymerized in the presence of ACN: DCM (95:5) in
0.1 M TBAPFs electrolyte-solvent system by scanning between 0.0 V and +1.4 V
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potential for M1 and for the others 0.0 V and +1.2 V. As shown in Figure 3.9, the
monomer oxidation potentials were found as 1.05 V, 1.06 V, and 1.00 V, respectively
for M1, M2 and M3. Moreover, the polymer oxidation potentials were recorded as
0.34/1.15 V, 0.40/0.97 V and 0.55/1.12 V, respectively for electrochemically
polymerized PM1, PM2 and PM3. Detailed electrochemical properties can be seen in
Table 3.1. Although there was an absorption peak in low energy region of each
electrochemically polymerized monomers, they were assumed charged species
resulted in electrochemical process and the higher energetic region was taken for

calculation of optical bandgap.

Table 3.1. Electrochemical and optical properties monomers M1, M2, and M3 and their

electrochemically produced polymers.

) E onset
Material Eox (V)  Ered(V) (EXV) Zmax (Nm)  Eg* (eV)

M1 1.05 0.50 0.92 - -

M2 1.06 0.59 0.96 - -

M3 1.00 0.53 0.88 - -
0.34 0.22 430

PMI 1.15 0.79 0.10 580 1.24
0.40 0.33 345

PM2 1 1.62
0.97 0.83 0.13 545 6
0.55 0.48 335

PM3 1.12 0.93 0.30 535 1.64
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Figure 3.9. Electrochemical polymerization of M1 (a), M2 (c), M3 (e) and single scan voltammogram
of PM1 (b), PM2 (d), PM3 (f) in DCM: ACN (5: 95) solution containing 0.1 M TBAPF¢ on graphite
electrode.

In order to reveal electrochemical redox device feature, Uv-vis absorption spectra of
polymers were taken for each increased potential as the polymer was oxidized
systematically. As doing this, their colors were taken to reveal color parameters (L, a

and b). These features were illustrated in Figure 3.10.
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Figure 3.10. Spectroelectrochemical absorption spectrum of electrochemically polymerized M1 (a),
M2 (d), M3 (g), visual appearance and L, a and b values of electrochemically polymerized M1 (b),
M2 (e), M3 (h), kinetic performances of electrochemically polymerized M1 (c), M2 (f), M3 (i)

3.12. Optimization of experimental variables

Optimization studies have great importance to obtain sensitive biosensor. Parameters
that affect the interaction between enzyme molecule and transducer should be
optimized. Polymer thickness was determined by changing scan number during
electropolymerization. As the polymer film gets too thick, the electron transfer
between the enzyme and electrode may be hindered. On the other hand, unnecessarily

thin polymer film cannot preserve features of good host. In order to optimize the
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thickness of polymer layer, electrochemical polymerization was optimized in the
manner of scan numbers like 5, 10, 20 and 40 scans. Response of prepared biosensors
were measured by keeping other parameters constant and as shown in Figure 3.11, the

highest signal was recorded with 10 scans.
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Figure 3.11. Effect of cycle number on biosensor response (Measurements were carried out at —0.3 V
vs silver wire and 50 mM sodium acetate buffer in the presence of 0.125 mM catechol under ambient
conditions. Error bars show the standard deviation (+SD) of three measurements).

Secondly, effect of amount of laccase was investigated to obtain optimum enzyme
amount. Different amounts such as 4.36, 6.54, 10.9 and 13.08 Unit laccase were
immobilized on polymer coated electrodes by keeping other parameters constant and

optimum enzyme amount was recorded as 6.54 U laccase as shown in Figure 3.12.
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Figure 3.12. Effect of enzyme amount on biosensor response (Measurements were carried out at —0.3
V vs silver wire and 50 mM sodium acetate buffer in the presence of 0.125 mM catechol under
ambient conditions. Error bars show the standard deviation (+£SD) of three measurements

Finally, in order to enhance activity of enzyme, optimum pH was investigated between
pH range of 4.5-7.5 by using 50 mM buffer solution. As shown in Figure 3.13, the

best sensor performance was obtained with pH 5.5.
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Figure 3.13. Effect of pH on biosensor response (Measurements were carried out at —0.3 V vs silver
wire and 50 mM sodium acetate buffer in the presence of 0.125 mM catechol under ambient
conditions. Error bars show the standard deviation (=SD) of three measurements).

3.3 Analytical Characterization

Calibration curve for pyrocatechol was constructed after all optimization studies were
performed. Results revealed that linear range was in between 0.005-0.175 mM.
Equation of calibration curve was found as y=8.576x+0.276 whose R* = 0.994 as
shown in Figure 3.14. The limit of detection (LOD) was estimated according to
equation 3Sb/m, where Sb is the standard deviation of 3 measurements for the lowest
concentration in the calibration curve, and m is the slope of the linear regression
equation. The LOD and sensitivity values were calculated as 9.86 uM and 153.6
pA/mM.cm?, respectively. The kinetic parameters found by various reactions
catalyzed by immobilized enzymes while varying the concentrations of substrates at
constant assay conditions. Ky, is the measure of the affinity of the enzyme toward its
substrate. Km™P also refers to substrate concentration at Vmax (217). Analytical

parameters, Km™P and Imax (instead of Vmax) values for the amperometric biosensor
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systems were calculated from the Lineweaver-Burk plot (217). Kinetic parameters
(Km™P and Imax) were calculated by using Michaelis—Menten enzyme kinetic and
found as 0.018 mM and 1.16 pA, respectively. Low Km™P value indicates affinity of
enzyme to its substrate. In Table 3.2, the comparison between constructed biosensors
and previously reported studies were shown. Without any support material PM1 based
catechol biosensor exhibited high sensitivity as 153.6 pA/(mM.cm?) and low LOD
value of 9.86 uM. The moderate linear response range with high sensitivity of
PM1 based laccase biosensor was comparably a better candidate for sensitive

detection within a broad range between 0.005-0.175 mM.

Current (pA)

0.3 y = 8.576x + 0.276

2=0.994

0.0 ———+— : ——t——
0.00 0.04 0.08

|
0.12 0.16 0.20
Catechol (mM)

Figure 3.14. Calibration curve for catechol (in 50 mM acetate buffer, pH 5.5, 25 °C, - 0.3 V).
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Table 3.2. Comparison of analytical parameters of other laccase biosensors in literature

Linear Detection .
Sensitivity Km®PP

Device I?;rll%e l(_lml; (WAIMM.cm?])  (mM) Ref

MBTH/Nafion-SG/Lac.  0.500- 330 NR NR  (218)
8.000

Ant-PAA/Lac. 0.050- 46 NR NR  (219)
0.250

GC-rGO/GCE/Lac 0.0005- 0.31 93 0.0934 (220)
0.020

Gold electrode/Lac 0.010- 6 27.5 0.070 (221)
0.100

Cu/CNFs/Lac/Nafion/G 0.00995-  1.18 33.1 0.0995 (222)
CE 9.760

This work 0.005- 9.86 153.6 0.018

0.175

3.4. Conclusions

In this study, the best efficient catechol biosensor was constructed with the
configuration of graphite electrode/PM1/Lac. The best sensor performance was
obtained using only polymer without using any additional materials such as
nanomaterials and nafion. There are multistep applications of similar methods for the
preparation of laccase sensor in the literature. To the best of our knowledge, one step
preparation of conducting polymer biolayer for catechol detection is rare in the
literature and our results were very good when compared to the literature examples.
Low Km™P value as 0.018 mM corresponds to a high enzyme affinity toward the
substrate. High sensitivity of 153.6 nA/(mM.cm?) and low LOD value of 9.86 uM
within the broad range between 0.005 and 0.175 mM were superior characteristics of
laccase based PM1 coated glassy carbon catechol biosensor. Further experimets will
be also perform to investigate the interference effects of the substances in the water

samples to the biosensor. This study was in preparation of publishing in the course of
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newly designed polymer coated surface for laccase based catechol determination in

water samples.
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CHAPTER 4

FUSED STRUCTURES FOR ORGANIC SOLAR CELLS

4.1. Organic Solar Cells

Photovoltaic devices (PVs) are defined as the devices, which process sunlight energy
and convert it into electrical power. Quantum theory is the mechanism behind the
action of all types of PV devices. Light is composed of discrete packets of energy
called photons. The photon energy is completely dependent on the frequency of the
light. For the specific cases, the energy of photons is sufficient to excite electrons from
valence band to conduction band in semiconductors. After excitation by a photon, the
excited electrons (bound state) would quickly relax back to their ground state. Here
before recombination occurs, if electrons and their positively charged vacancies called
as holes and they are collected at opposite electrodes, then electrical current can be

generated.

It is expected that various photovoltaic technologies will play an important role in the
future because of their ability to directly convert sunlight into electricity. An urgent
motivation for harvesting renewable and sustainable energy sources has resulted from
the predictable shortage of fossil fuels and desiring of limiting CO2 emissions. The
widespread PV systems are based on traditional inorganic semiconductors, such as

crystalline silicon; however, they are restrained by the relatively high cost.

Organic solar cells (OSCs) is a class of PVs. They are composed of organic
semiconducting small molecules or polymers and convert incident sunlight into
electrical energy. Significant differences betwen organic and inorganic photovoltaic
devices are both physical principles of their operation and their methods of production.
The following key advantages of OSC devices made them remarkable: low weight

and flexibility of the PV modules, semitransparency, convenient integration into other

89



products, new market opportunities, like wearable PV, remarkably lower

manufacturing costs compared to inorganic ones, low environmental impact (223).

The idea of organic solar cells dates back to the early 1950s (224). The imagination
of the availability of organic materials as light absorbers comes from a simple
observation. The plant photosynthetic systems use molecular systems to collect light
and convert it into chemical energy. An important development in 1986 was made by
Ching W. Tang, who published a 2-layer design showing a power conversion
efficiency of approximately 1 % (225). Thermally evaporated two organic materials
were composed of his devices. When one was absorbing light and generating an
excited state as an electron donor, the other was pulling the electron acting as an
acceptor. This donor-acceptor charge transfer principle would become a basis of
organic solar cell designs. In 1992, the discovery of highly efficient photoinduced
charge transfer between a semiconducting polymer and Buckminsterfullerene (Ceo) by
Sariciftci et al. was the another important development in the OSC history (226). This
study was a pioneer for high-volume solution-processable organic solar cells. These

two milestones contribute greatly to the development of successful OSC industry.
4.2. Organic Solar Cells Device Architectures

As aresult of effort in increasing the efficiency of OSCs, different strategies have been
applied for many years. For example, traveling of light to the longer distance in the
active layer results in the higher percentage of absorbed photon towards higher
efficiency (227). Therefore, improvements in OSCs structure have been a critical issue

to make efficient OSCs.
4.2.1. Single Layer

The first OSCs were based on single layer type in which thermally evaporated
molecular organic layers sandwiched between two metal electrodes as shown in Figure
4.1. Single layer cells are suffered from short exciton diffusion lengths and
recombination of the excited charge carriers. This brings poor fill factor and low

efficiency (228).
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Figure 4.1. Device architecture of single layer OSCs

4.2.2. Bilayer

Introduction of an electron acceptor layer between the active material and the negative
metal electrode generates two layer type OSCs (Figure 4.2). The advantage of this
type on single layer one is improving both the exciton diffusion range and the poor
shunt resistor. However, efficient exciton dissociation is still a critical problem in this
design. Although the optimum length scale is in the range of the exciton diffusion
length is typically known as a few tens of nanometers, the thickness of the active layer
should be comparable to the penetration length (typically 80-200 nm) of the incident
light. When charge carriers travel to their respective electrodes in pure n-type or p-
type layers, the possibility of recombination are significantly increased (229). Since
exciton dissociation caused by interfacial area is still a problem, bulk hetero-junction
cell type is developed. As seen in Figure 4.3, electron donor and electron acceptor
layers are in a mixture and wider interfacial area is obtained. This brings more efficient

exciton dissociation and hence generation of polaron pairs anywhere in the bulk.
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Figure 4.2. Device architecture of bilayer OSCs

Figure 4.3. Device architecture of BHJ OSCs

4.2.3. Three-Layer Solar Cell

Addition of an intrinsic layer into the device structure (Figure 4.4) might cause the
dissociation of excitons into free charges by the built-in electric field at the P-N
junction. In this type, the purpose is increasing depletion region volume and effective
light absorption area size. Due to the forming of intrinsic layer by co-evaporation of
two different materials, its conductivity is reduced and the series resistance of devices
increases. Moreover, the series resistance of the solar cell is inversely proportional to
fill factor (FF), and thus increasing of intrinsic layer thickness would result in

increasing of short-circuit current and decreasing of FF value. Therefore, the intrinsic
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layer is a mixture of different materials that makes it easier for carriers in the intrinsic

layer (228).

Figure 4.4. Device architecture of three-layer OSCs.

4.2.4. Stacked Organic Solar Cells

Figure 4.5 shows a more efficient structure which is achieved by stacking two cells on
top of each other. Since two separate single PV cells are joined by a transparent
electrode, the overall absorption width of the solar cell is increased. The fact that this
stacked type is the sum of two single cells in series cause improving the open circuit

voltage and the short circuit current (230).

Figure 4.5. Device architecture of stacked OSCs
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4.2.5. Tandem Organic Solar Cells

A tandem cell is generated as the improved version of the stacked cell because in this
type different active materials are selected for different cells of the device as shown
in Figure 4.6. Active polymers with different absorption characteristics are connected
to provide a wider range of the PV spectrum and increase the photon absorption. When
the light is not absorbed in the bottom device, it can be further absorbed on the top
cell. In the case of using high and low bandgap materials, the light should first crash
the absorber with the higher bandgap.

Conductive LaYe!

Active Layer2

conductive Layer

pctive Layer}

Figure 4.6. Device architecture of tandem OSCs

4.2.6. Bulk Heterojunction Solar Cells Device Configuration

In this thesis, the main interest was the construction of bulk heterojunction type
organic solar cells. In this type, a layer of intermixed donor and acceptor moieties was
sandwiched between two electrodes and recombination of excitons is reduced than
that of single layered and simple bilayered solar cells. Thus, the performance of solar
cells is greatly enhanced. Conventionally, transparent conductive oxide namely
indium tin oxide (ITO) coated glass substrate has coated a layer of PEDOT:PSS. On

top of that, sun absorbing active layer- donor acceptor mix- was coated. Then, a top

94



contact electrode was coated where in between a top contact and active layer a thin

layer of LiF was inserted.

As OSCs possess the inverse operational principle of OLEDs where electrical current
is converted into a light, OSCs converts light into electricity and general
characteristics of the device are shaped according to absorb light and convert into
electricity. Yet main purposes of materials like TCO, substrate, electrodes remain
similar as in the case of OLEDs. The detailed device structure of bulk heterojunction

OSCs can be seen in Figure 4.7.

Glass/PET ITO PEDOT:PSS Polymer:PCBM LiF Ca/Al
Substrate Anode Layer Hole Transport Layer Active Layer Hole Blocking Layer Cathode Layer
/

p— . T =

Figure 4.7. Detailed device architecture of BHJ OSCs

4.2.6.1. The Substrate

As a substrate, generally glass or plastic is used in the OSC device. Although glass is
preferred in OSC research due to its low cost, stability, and extremely effective barrier
properties, flexible plastic substrates such as poly (ethylene terephthalate) (PET), poly
(ether sulfonate) (PES), and polycarbonate is used in the laboratory (231). Moreover,
plastic substrates are more useful for solution processing high volume production via

roll-to-roll methods.
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Suitable substrates for organic PV devices should meet some conditions such as low-
cost, chemical and thermal stability, mechanical and environmental stability, with

good barrier properties to oxygen and water, and high optical transparency.

The substrate which isone of the electrodes in OSC is coated with a transparent
conductive oxide (TCO). Due to demonstrating a good balance between transparency
and conductivity, commonly indium-doped tin oxide (ITO) is chosen as TCO.
Preparation technique and surface treatment/cleaning can vary the work function of
ITO which is in the range of 3.7 and 5.1 eV (232). It is known that treatments with

oxidizing agents such as oxygen plasma raise the work function (233).

Commonly, PEDOT:PSS, a polyethylenedioxythiophene doped with poly(styrene
sulfonate) is coated on ITO electrode as additional layer in solution processed OSCs.
The purpose of its application is to decrease the ITO surface roughness and provide a

surface with a more defined work function (234).
4.2.6.2. The Active Layer

Active layer for solution-processed OSC devices is typically composed of a mixture
of conjugated polymer and a small-molecule component, such as PSHT:PCBM. In the
BHIJ type cells, an interpenetrating network of donor and acceptor parts are cast on
substrate. In the donor acceptor solution, changing of concentration, a solvent of the
mixture, coating conditions would affect phase segregation between the donor and
acceptor for charge generation (235). Creating of the high density of donor/acceptor
interfaces on the nanoscale of 1020 nm results in producing excitons by light
absorption anywhere in the BHJ and increase the possibility of reaching the
donor/acceptor interface to be dissociated and be transported without significant loss

through recombination and collected by the electrodes.

When polymerization is achieved with controlled regioregularity, polymers are
produced with repetition of one pattern and this leads to higher charge carrier
mobilities. Existence of alkyl chain on the backbone affects the morphology of the

active layer film and the mobility.
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Controlling the phase separation during the film formation can improve the
morphology of the BHJ blend. There are several parameters which affect the
morphology of the BHJ blends such as solvent casting (viscosity, boiling point,
interaction with substrate), donor: acceptor ratio, chemical additives, donor: acceptor
concentration in solution, phase separation control by thermal and/or solvent

annealing, the molecular structure of the materials.

Due to solubility of the donor and acceptor species in organic solvents and miscibility
in each other is affected by their molecular structures, this directly plays a critical role
in morphology. Moreover, solvent type affects both solubility and drying time during
film forming. Post-fabrication with thermal annealing at high temperatures increases
the crystallinity within the phase-separated networks which result to enhance charge

transport to the electrodes and increase efficiency.
4.2.6.3. The Top Contact

The deposition of a top metal contact is a final step of OPV device fabrication.
Generally, the application of the top electrode is achieved by vacuum deposition.
Plastic foil precoated a metallic film (236) or a layer of conductive nanotubes (237)
could be rarely used for this purpose. The top metal is commonly chosen according to
its work function to achieve Ohmic contact with the typically an n-type active layer.
It is known that the work function of metals is inversely proportional to its work
function. Low work-function metals are reactive and can easily be exposed to
environmental degradation. Therefore, more stable metals with high work function,
e.g. aluminum, are often preferred as the top contact. Moreover, it is known that
ultrathin LiF interlayer could be added on top of organic layer so that Al electrode
gains low work function due to the formation of charge transferred species containing

the Li* cation during Al deposition.
4.2.6.4. Operating Principle of Bulk Heterojunction Solar Cells

As shown in Figure 4.8, the general working principle of bulk heterojunction solar cell

commences with the absorption of light. Photoexcitation of the donor polymer
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generates Coulombic bound electron hole pairs namely excitons. They diffuse to the
interface of donor and acceptor. Before excitons recombine, they can be separated into
free charge carriers as holes and electrons. These free charges can be collected at the
respective electrodes by the help of internal electric field caused by the difference in

the work function of anode and cathode. Thus electricity is generated at outer circuit.

-4.20 eV
LiF:Al
-4.3 eV
ITO 1. Absorption of light
-4.8 eV 2. Exciton generation

3. Diffusion of exciton to

donor-acceptorinterface
4. Dissociation of exciton
5. Collection of charges

Figure 4.8. Operational processes of BHJ OSCs

Since the life time of exciton is short, the distance between 5 and 14 nm, it should be
separated for efficient photocurrent generation (238-242). Bulk heterojunction solar
cells form a bicontinuous network and create two channels to collect holes in the
donor domain and electrons in the acceptor domain of donor acceptor matrix. These

channels succeed in the efficient charge collection.

One of the major breakthroughs is the discovery of usage of fullerene:polymer
composite for efficient charge transfer for bulk heterojunction solar cells (226). Low
lying LUMO is thermodynamically favored to accept an electron from a donor (243).
Triply degenerate LUMO provide unique negative charge stabilization up to six
electrons. Fast kinetic photoelectron transfer on a time scale of 45 fs enables the charge

separation quantum efficiency to become unity (244).

98



4.3. Characterization of Organic Solar Cells

J-V (short circuit current density vs voltage) and P-V (power vs voltage) curves are
used to investigate the performance of solar cells and modules (245-249). Two
different models have been employed to describe different characteristics. The first
structural model describes the mechanism and impact of photovoltaic effect. Charge
distribution, efficient depth of the cell and some more can be extracted by that model.
The other model investigates the basic parameters for performance like current,
voltage, power. Although there are various types of photovoltaic cells such as
organics, inorganics, perovskites, dye-sensitized, multijunction solar cells and their
physical structures, needs and functions are different from each other, almost any
photovoltaic cell can be modeled as an electrical circuit. Yet this thesis slightly covers
some of these models for brief introduction. Five key parameters; short circuit current
Jse, shunt resistance R, series resistance Rs, open circuit voltage Voc, and ideality
factor A, are extracted (248, 250, 251). Besides them some important factors such as
photocurrent generated in standard test conditions Ipn, dark current (leakage current)
Ip and cell temperature T are investigated (245, 252—-254). The nature of using an
electrical model enables to usage of electrical charge q (1.6 x 10"? C) and Boltzmann
constant K (1.38 x 102 J/K) (245). Some parameters can be extracted
analytically/theoretically. Yet there is a need for experimental data for others like Ipn

and A.
4.3.1. First Generation Model

Wafer-based crystalline silicon solar cells (p-n junction diode), which cover the 90 %

of total solar cells, were described in a single diode model until 2013 (255).

In general, the characteristics of solar cells are determined by using the Shockley diode
equation (256). This approach assumes a solar cell as a light sensor, which converts
absorbed light into electric current. Also, there is an anti-parallel diode which manages

the direction of the current which can be seen in Figure 4.9. Nonlinear current voltage
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relation is obtained by the Kirchhoff law and used to evaluate implicit parameters

(255).
=1Ly —I [exp(ﬁ) —1] 1)
Where; V: bias voltage

Iy: leakage current

Ipp: photocurrent

A: ideality factor

Vr: thermal voltage (257)

Figure 4.9. The equivalent electrical circuit of a single solar cell.

Besides these main five parameters, there are two hidden internal factors to affect the
current such as bypass current between two junctions (Figure 4.10). A shunt resistor
is the first one. It is caused by the malformation and anomalies in the p-n junction and
reduces the current. The second one is the all-external resistance. Because it affects

the output current due to the resistance of connections between solar cells and other
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part of the electric system, it is represented as R (series resistance). So that Eq 1 is

modified to Eq 2 (258).

I =1Ly — I [exp (A—“jT) - 1] - (M) )

Rsp
R
—

W
'o l l sh

R
A L -
- Rshl

ph

Figure 4.10. R, and R; in the equivalent circuit of a single solar cell

The experimental results match well with the data provided the model (259). Yet it
lacks the effect of time. Real world applications loss the current as time passes due to

Joule heating.
4.3.2. Second Generation Model

Since the first generation model represents the ideal case, diffusion current and
recombination current is inserted to an electrical circuit model for the second
generation. Diffusion current due to the propogation of charge carriers is related to a
decrease in output current as recombination of mobile charge carriers occurs (260).

This two-diode model is shown in Figure 4.11.
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Figure 4.11. The two-diode model as an equivalent electrical circuit

For OSCs, the single or simple two-diode model is not suitable due to a strange
characteristic of current voltage curves. The curve sometimes represents a kink (S-
shape) (261) and it cannot be fitted to the model seen in Figure 4.11 (262). Within a
limited voltage window, the reverse second diode model well matched with the
experimental data. Yet its strong dependence on computation time and in forwarding
bias causes to increase the current after the kink. The model represented with the
Figure 4.12 precisely solves the problem for some limited cases where W is the
Lambert function (263) and well fits to the experimental data (264). Moreover,
considering the shunt resistance between D2 and D3 in the modified three diode model
based on Figure 4.12 can give appropriate fit for OSCs. The Eq. 1is then transformed
into a complicated one as Eq. 3 (265):

V-

Ino1R I+1,p+1 R
[+Ipp+11)Rshy—Ag Ve W/| ~LoShL oy (+1pn+on )Ry
phtlo1)Rsh1—A1VT P

= RS}:VT i — loz [exp (V = (1 + Lo +
IOl)Rshl — A Ve W (I(j:f;;ll exp ((Hlp’;::;);)RShl))]) — 1] — Iy3 [exp (V - [(1 +
b o YR = AaViW (55 exp (82 ) ) ®
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Figure 4.12. The reverse 3-diode model

4.4. Photovoltaic Performance

Since above mentioned calculation need expertise in theoric calculations, being an
experimental chemist and for the simplicity basic characteristics of solar cells were
examined in this thesis such as Jsc (short circuit current density), Voc (open circuit

voltage), FF (fill factor), % n (% power conversion efficiency) (see Figure 4.13).

Current density

H
i
i
H _ Pmax _ FF*Jsc*Voc
i N = Po p;
P nax=(IV) max 'n in in
1
i
i
.~ | Voltage Where FF = ]—P",mx
Dark ,\ s¢ 08
1
/ Voc
& /
Light %
JSC

Figure 4.13. Photovoltaic performance from J-V curve.

The Jsc, found at a point where device generates zero bias, is directly related with the
E,, spectral coverage and absorption coefficient of a material to count the conversion
of absorbed light into electrical current. Incomplete absorption, recombination

mechanism, loss mechanism due to inappropriate donor-acceptor morphology are

some of the parameters that affect negatively.
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The V. is the maximum potential can be gathered from a device. It mainly depends
on the difference between the work functions of electrodes. Yet, for a specific case
where the energy levels of materials of the active layer are located within these ranges,
then Vo is limited to a value of energy difference between the HOMO level of the
donor and the LUMO level of the acceptor material. Poor contacts or chemical
interaction between electrodes and inner layers of the device and severe recombination
processes can decrease the Voc. FF is a parameter for a device to show how ideal the
device operated. The ideal case is FF=1 where R and Rgn are both neglected. To
simply show the performance of a device, final parameter is maximum power
conversion efficiency gathered from a device, which is denoted by 1.

4.5. Features of Fused Structures
4.5.1. Band Gap Engineering and Related Parameters

As OSCs converting the sunlight directly into the electrical energy, absorption of
sunlight holds the priority. AM 1.5 G is a simulation of sun light found at the surface
of the earth, and for better performance the OSCs devices should absorb as much light
as possible. A great portion of the light is gathered at visible and near infrared (NIR)
regions. Thus, it is important to find and employ active materials possessing a low

bandgap of 1.4 eV for successful absorption.

As the theoretical investigation by Shockley and Queisser reveals that the optimum
bandgap for photovoltaics is around 1.3 eV (266). Several investigations were made
with donor polymers; whose bandgaps are between 1.35 and 1.65 eV, to achieve more
than 10 percent power conversion efficiencies (267). There is recently explored a new
approach non-fullerene acceptors with an efficiency over 16% (268) for organic solar
cells. Moreover, for tandem organic solar cells with an efficiency above 17% (269),
and double bulk heterojunction solar cell configuration reveals the opportunity of over
25% up to 30% efficiencies (270). This thesis focuses on fullerene based bulk

heterojunction OSCs. Since the need for low band gap material is important for all
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abovementioned studies, one should consider the bandgap and energy levels of the

newly designed small molecule/polymer for photovoltaic applications.

Several ways of decreasing the bandgap of the conjugated polymers have extensively
investigated by scientists over the years. One important method is developing a D-A
combination. An interesting consequence of this type of polymer is the existence of
the quinoidal nature of the polymer backbone. Although it is not unique to those, it is
shown as a common feature. Preference of adoption to quinoidal structure exhibits a
lowered bandgap for certain polymers. Hence, quinoidal form enhances the planarity
and therefore more efficient m-electron delocalization is achieved. For example,
thiophene possesses a lower resonance energy 1.26 eV and benzene has higher
resonance energy of 1.56 eV (Figure 4.14). Moreover, the higher degree of aromaticity
of benzene causes the high bandgap of ca. 3.2 eV for polyphenylene whereas
polythiophene possesses 2 eV bandgap with lower aromaticity. In the case of fusion
of benzene with thiophene, the tendency of thiophene backbone is adopting the
quinoidal form to keep the benzene aromatic due to its higher resonance energy.
Competing aromaticity between different rings results in stabilization of the quinoidal
form with a value of 2.4 kcal/mol (271) with respect to its aromatic form. Strong
stabilization energy of benzene with respect to thiophene results in a low bandgap
polymer about 1.1 eV (272). Similar effect was observed in other examples such as;
polythieno[3,4-b]pyrazine (band gap= 0.95 eV) and poly(thieno[3,4-b]Jthiophene)
(band gap=0.8-0.9 eV) (273).

O

Eies= 1.56 eV
I\
S n S n
S
;\ // aromatic form quinoidal form
Eres=1.26 €V

Figure 4.14. Tllustration of aromatic and quinoidal form
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It is not always a good way to obtain low bandgap polymers via fusion of aromatic
rings together. In the study of Zhen and coworkers, a series of ladder-type
benzodithiophene (BDT) structures were synthesized (274). It was found that
increasing the number of fused BDT from five to nine rings (PTRS, PTR7, and PTR9
in Figure 4.15), LUMO level decreases and eventually goes beyond LUMO of
acceptor moiety in the polymeric backbone. The intermolecular charge transfer
between D and A was inhibited and less quinoidal character was observed. As a result,
the polymer with highly fused structure exhibited a blue shift in the absorption and

decreased power conversion efficiency.

In the light of these facts, monomer conjugation should be limited not to influence the

energy penalty to favor the aromatic form instead of the one of quinoidal.

PTR5a: R= 2-ethylhexyl PTR5a: R= 2-ethylhexyl
PTR5b: R= 52-butyloctyl PTR5b: R= 2-butyloctyl
EH= 2-ethylhexyl

PTR9a: R4= 2-ethylhexyloxy, R,= 2-ethylhexyl
PTR9b: R4= 2-butyloctyl, R,= 2-butyloctyl
PTR9c: Ry= n-dodecyl, Ry= 2-ethylhexyl

EH= 2-ethylhexyl

Figure 4.15. Chemical structures of PTR based polymers

A PTB7 analogue, PTDBD was synthesized to extend the BDT with two fused rings.
It was aimed to enhance the delocalization of holes, which results in reduced
Coulombic attraction of excitons. Thus, charge separation would be facilitated and
OSC device performance would be enhanced. The fused molecules ensure the
decrease in solution processability of polymers. Thus, inevitably the need of bulky

side chains is popped up. However, the further increase of the bulkiness of the side
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chain from PTDBD2 to PTDBD3 increased the distance of crystalline polymer
domains (Figure 4.16). Thus, the decrease in charge transport properties reduces

performance.

PTDBD2: R4= 2-butyloctyl, R,= 2-butylhexyl
PTDBD3: R4= 5,9-diethyl-7-tridecyl, R,= 2-butylhexyl

Figure 4.16. Chemical structures of PTDBD based polymers
2-D conjugation is an important feature to enhance the intermolecular charge transport
properties via n-n stacking. He and coworkers synthesized the PTAT-3 and PTB-8
with the same bulky alkyl chain (Figure 4.17) (275). Although the common drawback
is poor solubility, the study revealed the consequence of the larger the conjugation the

better the performance.

PTAT-3

PTAT3 : R= 2-butyloctyl,
PTB8: R= 2-butyloctyl

Figure 4.17. Chemical structures of PTAT-3 and PTB-8
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4.5.2. Morphology Engineering and Related Parameters

Recently discovered non-fullerene acceptors have drawn serious attention (276—-279)
and also in particularly for highly efficient (10.2%) semitransparent OSCs (280).
Beside fullerenes drawbacks including, low absorptivity in the high energetic region,
production and purification cost, relatively large voltage loss and morphology related
stability issues; non-fullerene based acceptor possesses an ability to tune the
absorption, energy levels and as well as morphological properties. Thus, non-fullerene

acceptors are promising materials for the future of photovoltaics.

Although the necessity of the morphology of polymeric donor is vital for high
performance OSCs, the morphology of acceptor (fullerene or non-fullerene) plays an
important role. Thus, morphology should be tuned. Early investigations of perylene
diimide (PDI) based non-fullerene acceptors revealed large coplanar molecules with
high crystallinity. As aresult of excessive aggregation in a solid state, phase separation
has reached to the micrometer size (281). To decrease the intermolecular interactions
and thus domain size, four PDI moieties were attached to a congested core. Although
the small domain size obtained as highly twisted molecular structure inhibit the
intermolecular n-n stacking, the twisting rate had inverse proportionality effect on

device performance (282, 283).

Another study compared the differences between the tetramer of PDI with fused and
non-fused non-fullerene acceptors (284). Beside electronic advantages of fusion such
as better charge transport ability, higher electron mobility, upshifted LUMO level thus
high Voc, high short circuit current density because of enhanced absorptivity/
absorption coefficient, morphology also had drastic effects on performance. Due to
the ability of a generation of conformational isomers, fused TTB-PDI-4 was
susceptible to deteriorate the intermolecular packing and charge transport network
(285, 286). Whereas, fused FTTB-PDI-4 exhibited slightly larger coherence than the
other one (1.5 vs 1.3 nm) and reasonably small domain size maximized the charge

mobility; thus, the device performance was enhanced one more time. While the best

108



performance of un-fused PDI derivative was 7.11%, for the fused FTTB-PDI-4 it was
increased to 10.58 % with the minimum V. loss 0.53 V among of best values of its

time.
4.6. Aim of This Study

In this chapter, there are benches of polymers. These polymers consisting of fused
structures in their polymeric backbone were synthesized and characterized for the

photovoltaic applications.

In the first bench of polymers, donor BDT core was utilized with TPD and derivatives
of benzo-2,1,3-chalcogenadiazoles to optimize optical and electronic properties of the
literature polymer for enhanced power conversion efficiency. Fused BDT and TPD
moieties were responsible for high performance OSCs, while derivatives of benzo-
2,1,3-chalcogenadiazoles affect optical and electronic properties. As going down
through the 6A periodic table elements, the effect of chalcogens was investigated.
Altering the acceptor cahrectheristics of benzochalcogen via one atom modification
form O to Se, not only HOMO but also most dominantly LUMO of random conjugated
polymers were aimed to be tuned. Differentiating the substituent directly bonded to
the polymeric backbone, the effect of electron donating and electron withdrawing
moieties was investigated. Chemical structures of polymeric compounds can be seen
in Figure 4.18. Fine tuning of the energy levels as well as absorption profiles of the
polymers were successfully achieved. Finally photovoltaic performances of four

different polymers were investigated under AM 1.5 G illumination.
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Figure 4.18. Chemical structures of PS, PSe, PO, PF and literature polymer

In the second part, highly fused 11H-indeno[1,2-b]quinoxalin-11-one containing
polymers were synthesized (Figure 4.19). The literature polymer with long alkoxy
substituted fused moiety was used for the first time and there is only a single

application in literature for OSCs to the best of our knowledge (287). To decrease the
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HOMO energy level of literature example, alkoxy solubility enhancing side groups
were removed and to acquire the solution processable polymer, 3-hexylthiophene was
incorporated. This m-bridge incorporation was also supposed to enhance the
conjugation length to reduce the bandgap of the conjugated polymer. Two different
polymers were synthesized with different donor moieties via palladium catalyzed
coupling reactions. After optical and electronic features were investigated by Uv-vis
spectrum and cyclic voltammetry studies, the polymers will be used as active materials

in fabrication of OSC devices.

Figure 4.19. Indeno[ 1,2-b]quinoxalin containing polymers

In the third part; although the main interest is to benefit from the plasmonic effect of
gold nanoparticles in OSCs, the polymers that were aimed to construct the device

contains fused structures like BDT. In the course of TUBITAK 1187738 project, a
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trade-off between absorption of sunlight and carrier collection in OSCs can be coped
with plasmonic metallic nanoparticles, i.e. gold nanoparticles, coupled to OSCs. Light
trapping abilities of plasmonic gold nanoparticles enhance the absorption of light. The
higher the absorption, the higher number of the generated excitons. Thus, higher rate
of generation of free charges occurs. Consequently, improve the performance of the
device in terms of power conversion efficiency. Literature examples of usage of
plasmonic gold nanoparticles were dispersed randomly to any layer of the device. In
this study, the sharp contrast to the literature plasmonic gold nanoparticles were aimed
to attach covalently to the polymeric active material in the active layer of the device
so that the degree of influence of plasmonic nanoparticles can be enhanced. To
achieve this goal, the polymer was designed to have a free thiol functionality. These
thiols can covalently bound to gold nanoparticles and dispersion of plasmonic gold

nanoparticles were concentrated in close proximity to polymer.
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Figure 4.20. Representative distribution of ordinary and modified nanoparticles
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4.7. Benzo-2,1,3-chalcogenadiazoles
4.7.1. Experimental

All chemicals were purchased from Sigma Aldrich and used without further
purification unless otherwise mentioned. Tetrahydrofuran/toluene was distilled over
benzophenone/sodium just before usage. Palladium catalyzed reactions were
performed under argon atmosphere. SiO> column filler was used as the stationary
phase in column chromatography. Synthetic pathway of monomers and polymers were
given in Figure 4.21 and Figure 4.22 in respectively. 4,7-Dibromo-5,6-
dimethoxybenzo[c][1,2,5]thiadiazole (288), 4,7-dibromo-5,6-
dimethoxybenzo[c][1,2,5]oxadiazole (289), and 4,7-dibromo-5,6-
difluorobenzo[c][1,2,5]thiadiazole (290) were synthesized according to the previous
methodologies. NMR recorded on a Bruker Spectrospin Avance DPX-400
Spectrometer with TMS as the internal reference proved structures of organic
molecules. Shimadzu RID-20A, calibrated against polystyrene standards in
chloroform solvent, was used to investigate the molecular weights of the polymers.
Pyris 1 TGA Thermogravimetry Analyzer and Perkin Elmer Diamond DSC
Differential Scanning Calorimeter were used to investigate thermal properties of the

polymers.
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Figure 4.21. Synthesis of monomers: a) SOCI,, DCM, NEt;, b) AcOH, DCM, Br; ¢) HNO3, AcOH d)
SnCl,.2H,O/EtOH:HCl ¢) SeO,, AcOH, EtOH f)NaN3, n-BusNBr, toluene, PPhs.

X R
N R
Br O=N0 4 °
+ + -Sn / Sn— —
Br 7 s
Y A\ 1S
Br s~ "Br R

PO : R=2-ethylhexyl X=0, Y=0OCH;
PS : R=2-ethylhexyl X=8, Y=OCH;
PSe: R=2-ethylhexyl X=Se, Y=OCH;
PF : R=2-ethylhexyl X=S, Y=F

Figure 4.22. Polymerization reaction: a) Pd(PPh;3)Cl,, tolune; end cap: 2-tributlytinthiophene, 2-
bromothiophene

4.7.1.1. Synthesis
4.7.1.1.1. 4,7-Dibromo-5,6-dimethoxybenzo[c][1,2,5]selenadiazole

Similar synthetic procedures from 1,2-dimethoxy-4,5-dinitrobenzene were applied to

the synthesis of 4,7-dibromo-5,6-dimethoxybenzo[C][1,2,5]selenadiazole where
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instead of tetradecyloxy (291) alkoxy groups methoxy substituted selenadiazole core

was considered (55%).

5,6-Dimethoxybenzo[c][1,2,5]selenadiazole: 'H NMR (400 MHz, CDCl3) §(ppm):
6.93 (s, 2H), 3.92 (s, 6H). °C NMR (101 MHz, CDCls) 8(ppm): 157.24, 154.73,
99.05, 56.34.

4,7-Dibromo-5,6-dimethoxybenzo[C][1,2,5]selenadiazole: 'H NMR (400 MHz,
CDCl3) 8(ppm): 3.98 (s, 6H). 3C NMR (101 MHz, CDCls) §(ppm): 154.83, 142.68,
107.80, 61.53.

4.7.1.1.2. Synthesis of polymer PS

1,3-dibromo-5-(2-ethylhexyl)-4H-thieno[3,4-C]pyrrole-4,6(5H)-dione (70 mg, 0.197
mmol, 1 eq), 4,7-dibromo-5,6-dimethoxybenzo[c][1,2,5]thiadiazole (84 mg, 0.197
mmol, 1 eq), and 2,6-bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-
b'ldithiophene (305 mg, 0.396 mmol, 2 eq) were dissolved in toluene (15 mL) under
inert atmosphere. After 20 minutes of bubbling with nitrogen gas, Pd(PPh3)2Cl2 (5%
mol) was introduced and the reaction was refluxed for two days. After that, end
cappers stannylated thiophene and bromo thiophene were put into reaction 4 eq and 8
eq, respectively for 6 h and overnight. The next day polymer was precipitated in
methanol (100 mL). The obtained crude solid product was purified by Soxhlet
extraction in the order of methanol, acetone, hexane, and chloroform. Chloroform
portion was collected and 10-20 mg quadrasil was introduced and the mixture was
stirred for 3 h. Then, the solution was filtered through a plug of silica and the solvent
was removed under reduced pressure. The viscous polymer solution was precipitated
in methanol (100 mL) and the solid polymer was obtained by filtration (yield 88%).
GPC: M= 32.2 kDa , My=351.8 kDa, PDI= 10.9. TGA: T4 95% at 340 °C. DSC: No

distinct thermal behavior was observed between 26 °C and 250 °C.
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4.7.1.1.3. Synthesis of Polymer PO

Similar experimental procedure of PS was applied (yield 95%). GPC: My,=41.5 kDa,
Mw=212.0 kDa PDI=5.1. TGA: T4 95% at 330 °C. DSC: No distinct thermal behavior
was observed between 26 °C and 250 °C.

4.7.1.1.4. Synthesis of Polymer PF

Similar experimental procedure of PS was applied (yield <25%). The low solubility
of the polymer reduced the yield. There was a flake of polymer that cannot be
dissolved in hot chlorobenzene. The reaction was repeated for a short polymerization
period of 24 h yield was increased to 60%. Yet there was insoluble portion in soxhlet.
GPC: M= 37.0 kDa, My~ 113.2 kDa PDI= 3.1. TGA: T495% at 345 °C. DSC: No

distinct thermal behavior was observed between 26 °C and 250 °C.
4.7.1.1.5. Synthesis of Polymer PSe

Similar experimental procedure of PS was applied (84%). GPC: M,=40.5 kDa, My=
579.8 kDa PDI= 14.3. TGA: Tq95% at 335 °C. DSC: No distinct thermal behavior
was observed between 26 °C and 250 °C.

4.7.1.2. Investigation of Optical and Electronic Properties

Similar methods were used in the case of Chapter 1 to examine the optical and

electronic properties of polymers.
4.7.1.3. OSC Device Fabrication

Device fabrication was first started by etching and cleaning the ITO surface. Then,
PEDOT:PSS was spin coated. On its top active layer polymer:PC71BM was spin
coated. Under inert atmosphere and high vacuum, LiF and Al were deposited
respectively. BHJ OSCs were fabricated with
ITO/PEDOT:PSS/Polymer:PC71BM/LiF/Al conventional device structure. The
structure of the device and electronic levels were illustrated in Figure 4.23. The

performance of OPVs was strongly affected by such processing parameters like blend
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ratio, morphology regulatory additives and choice of solvent as well as the device

structure-material used for anode, cathode and acceptor.

-3.53 eV
-3.59 eV
3720y 3-68eV -3.67 eV

-4.20 eV
LiF:Al
-4.3 eV
ITO
-4.8eV  pEDOT:PSS
5.0 eV
-5.50eV  .554ev

-5.59eV  .558eV
-5.77eV

-6.0 eV

Figure 4.23. Electronic structure of constructed devices and literature polymer.

4.7.2. Results and Discussions
4.7.2.1. Optical Properties

The photophysical behavior of polymers can be shown in Figure 4.24. All four
polymers demonstrated similar optical band gaps of ~1.7-1.8 eV in their thin film
forms. In comparison to the literature polymer, there were only slight changes in
optical features. Maximum absorptions were determined as 601, 610, 595 and 592 nm
in thin films, respectively, for PO, PS, PSe and PF. The hypochromic shift was
prominent for 16 nm for PO, 6 nm for PS and 5 nm for PF. This was attributed to the
twisting of conjugated backbone so that effective conjugation length was decreased.
However, regular molecular orientation as m-n stacking was indicated by 7 nm,
bathochromic shift was observed for PF. Optical bandgaps in thin film of the polymers
exhibit a bow like trend as going down in chalcogens. From PO to PS, optical bandgap
was increased, while from PS to PSe, it was decreased. The lowest band gap was

determined for PSe as 1.72 eV.
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Figure 4.24. A thin film (a) and solution (b) Uv-Vis spectrum of polymers.

Moreover, while changing the substituents from electron withdrawing to electron

donating moiety, attaching an electron withdrawing F element caused a slight
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reduction in the optical bandgap with a value of 1.74 eV. To reduce the bandgap of
these type of random polymers it was found that there was no straight pathway. Hence,
there are tremendous parameters that affect the bandgap. Going down a group
influence the electronic properties of the moiety yet the interaction with adjacent
conjugated molecules, orbital overlapping and dihedral angle, molecular weight and
morphologically the thin film orientation such as m-m stacking should also be
considered. For example, polymers 1-4 seen in Figure 4.25 exhibited a strange feature
(292-294). Base model polymer 1 exhibited 1.9 eV bandgap. While the polymer 2
with short alkoxy group exhibited lowered band gap of 1.82 eV, longer alkoxy
derivative exhibited higher value of 1.99 eV. Moreover, when the substitution was

performed by F atom, the bandgap was determined as 1.96 eV.

N/S\N
\

Polymer 1 : X=CgH;7, Y=H
Polymer 2: X=CgH;;, Y=0CgH;
polymer 3: X=CgH;7, Y= OC;,H»s
polymer 4: X=CgH,;, Y=F

Figure 4.25. Carbazole copolymers of benzothiadiazole derivatives

4.7.2.2. Electronic Properties

Going down in 6A group elements, the bow like trend appeared for HOMO levels of
PO, PS and PSe; -5.77 eV, -5.50 eV, -5.59 eV, respectively. Increasing of LUMO was
expected as going from most electronegative atom O to least electronegative atom Se.
However, there was no negligible change (0.01 eV difference) between HOMO of PS
and PSe. It can be attributed to that influence of deep the LUMO level of PSe was

mainly supported by thienopyrollidone (TPD) moiety.

There should be a remarkable bathochromic shift resulted in a decrease in bandgap

excepted when heavy Se atom was substituted (295). However, electronic bandgap
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was found an intermediate value of 1.92 eV between PO and PS. Comparing the
optical and electronic bandgaps of the polymers revealed that the latter is larger than
the former one. This might have been caused by the generation of energy barrier while
electrochemical redox was performed at the interface between the electrode and the
polymer film surface. Previously, similar phenomena have been faced in the literature
(296-298). Because of this reason, although the electronic bandgap of PSe is higher
than PS, optical bandgap is lowered. Thus, introducing heavy atom was a simple and
effective way of reducing the optical bandgap of the polymers and absorption profile
is red shifted to longer wavelength (299, 300).

Current density (mAIcmz)

——PF
-2 —_— PO
— PG
. PSe
-4 T T T T T T T
-2 -1 0 1 2

Potential (V)
Figure 4.26. Single scan cyclic voltammograms of polymers PF, PO, PS, and PSe in 0.1 M
TBAPF¢/ACN electrolyte solution at 100 mV/s scan rate.

Comparing the literature polymer, as expected, F substitution exhibited a stabilization
of both HOMO and LUMO from -5.54 eV to -5.59 ¢V and from -3.53 eV t0-3.67 €V,
respectively. Electron donating alkoxy substitution while weakly destabilizing the

HOMO level by 0.04 eV, stabilization of LUMO was observed by 0.15 eV. The higher
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values of electronic band gaps of polymer than that of optical was attributed to the

influence of charged species during cyclic voltammetry.

As an example, base model polymer 1 seen in Figure 4.25 possesses values of -5.5 eV
for HOMO, -3.6 eV for LUMO, and 1.9 eV for bandgap. Modification of alkoxy group
for polymer 2 destabilized both HOMO to -5.11 eV and LUMO to -3.29 eV (294).
However, when longer chain was used as in the case of polymer 3, stabilization was
performed for HOMO back to -5.60 eV and LUMO to -3.61 eV (293). Moreover,
flourine atom substitution revealed no significant change in the electronic levels -5.54
eV and -3.58 eV for HOMO and LUMO, respectively (292). Therefore, electron
withdrawing/donating ability of the substituent cannot solely be thought as the
parameter to control the energy levels of the polymer. Both optical and electronic

properties of four polymers can be seen in Table 4.1.

Table 4.1. Optical and electronic properties of four polymers.

Ep-doping En-doping HOMO LUMO

0 el
Polymer V) V) (V) (eV) E¢® (eV) Eg* (eV)
PO 1.59 -1.41 -5.77 -3.72 1.79 2.05
PS 1.41 -1.72 -5.50 -3.68 1.80 1.82
PSe 1.09/1.59  -1.57 -5.59 -3.67 1.72 1.92
PF 1.73 -1.63 -5.58 -3.59 1.74 1.99

4.7.2.3. Photovoltaic

The binding energy of the excitons is ~ 0.3-0.5 eV. LUMO energy level of the donor
must be positioned higher than that of the acceptor (i.e., PC71BM) by 0.3—0.5 eV for
efficient photoinduced electron transfer from excited state of D to A (301-305). Thus,
the driving forces (—AG) for electron transfer from the excited states of polymers

(—AG > 0.60 eV) to PC7:BM are sufficient.

The difference between HOMO of D and LUMO of A is closely related to the Vi
value (267). While lowest lying HOMO of PO exhibited to highest Vo 0of 0.87 V, the
discrepancy of the rest may be explained by morphology of the active layer (306).

121



Solubility and molecular weight generally had great impact on the interface resistance
and the nano- to micrometer scale morphology, resulting in a low Vo, as well
as Jsc and FF. As it can be seen in Table 4.2, the lowest FF was obtained from PSe
which exhibited also the lowest power conversion efficiency. In a study where the
effect of polymer molecular weight on the performance of OSCs was investigated, it
was found that parameters like activation energy for carrier transport in the conjugated
polymer, carrier concentration and recombination rate were identified to strongly
influence the performance (307). Polymer with different molecular weights for
example: low (~50 kDa), medium (~100 kDa), high (~200 kDa) and very high (~300
kDa) were investigated. As going low to high performances of OSCs were enhanced.
Even though the charge carrier mobility of 300 kDa polymer was found the highest, it
exhibited lower performance. The lowest recombination rate and the highest charge
carrier concentration with the lowest activation energy for charge transport were found
in 200 kDa based devices. FF values of low, medium, and high molecular weight
polymer devices exhibited over 60% performance with the max 63% of 200 kDa.
However, further increase in the molecular weight drastically decreases the FF to
51.6% and similar Jsc value with 300 kDa resulted in a decrease of power conversion
efficiency from 9.57 % to 7.73 %. Therefore, the low FF values of PS and PSe were
attributed to their undesirable high weight average molecular weights. Although there
was no significant difference between PS and PSe, the difference between their
photovoltaic performances was attributed to morphological incompatibility in the
active layer. Irregularity in the surface morphology of PSe:PC71BM might induce the
inhomogenous surface contact between the cathode (Al) and the active layer, thereby
accelerating charge recombination at the interface and lowering the Vo value (306).
Co-occurrences of qualitatively the highest Rs and the lowest Rgh that deviated further
away from the ideality resulted in the lowest efficiency for PSe with 2.84 %.
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Table 4.2. Polymer Solar Cell Performances

Polymer:PC71BM Voc Jsc Vvp Jvp FE PCE
Weight ratio (V) (mAlcm?) (V)  (mA/cm?) (%)
9.74
PO:PC7;1BM (1:2)  0.87 0.69 6.87 0.557 4.72
(9.59)
9.38
PSe:PC71BM (1:3) 0.75 (9.73) 0.50 5.66 0.405 2.84
PF: PC71BM (1:2) 0.81 8.58 0.56 6.18 0.504 3.50
11.44
PS:PC71BM (1:3)  0.80 0.56 7.42 0.459 4.20
(11.12)
4
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Figure 4.27. J-V curves of polymer OSCs

The weight ratio of the blend is an important parameter to be optimized. The difference
between donor and acceptor units in terms of mobility of holes and electrons,
respectively, plays a vital role for charge balance. By changing the ratio, this
imbalance was modified to a content point for efficient charge collection as
morphology changes. While the best performance was obtained by 1:3 ratio of
Polymer:PC71BM for PSe and PS, it was 1:2 for PF and PO (Figure 4.27). It was noted
that while changing the ratio of Polymer:PC7:BM from 1:1.5 to 1:4, there was a little
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change in hole mobility, the drastic increase in electron mobility increases the power
conversion efficiency by decreasing Rs. However, a further increase in the blend ratio
decreased the Jsc and EQE and this was attributed to the decreasing the absorber
content in the active layer. Thus, active layer content is a crucial parameter that one

should consider for efficient solar cells (308).

The best performances of the devices were optimized by changing parameters such as
blend ratio of Polymer:PC71BM, thickness, additives. Results can be seen in Table 4.2.
The best performance of 4.72% power conversion efficiency was obtained by PO. The
best performance PO based device exhibited the highest Vo value of 0.87 V and FF

value of 0.56, with moderate Jsc value of 9.74 mA/cm?.

Incident photon to current efficiency measurements in Figure 4.28 showed that all
devices with different polymers extracted electricity from incoming sunlight with
moderate efficiency above 50%. The best EQE was extracted from PS based device
around 65%. Low FF value of 0.46 for PS, which was resulted from high R was

suspicious for low efficiency with low V.
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Figure 4.28. IPCE curves of polymer OSCs
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4.7.3. Conclusion

Four novel benzochalcogenodiazole derivatives were used for random
copolymerization of TPD and BDT. Investigations were made upon increasing the
electronegativity of substituents or altering the periodic table group 6A elements from
O atom to Se atom. As it was found that, there was no straightforward route to tune
the bandgap and energy levels of random polymers, one should consider other
parameters like a dihedral angle which has a great influence on conjugation length and
consequently on bandgap. The lowest band gap PS exhibited superior IPCE results yet
higher lying LUMO level than PO resulted in lower Voc of 0.80 V. Because FF value
of PS was beaten by that of PO with higher Voc value, PO took the lead with the highest
power conversion efficiency of 4.72 %. Changing electron withdrawing or electron
donating side groups to the polymer resulted in lowered efficiencies. This can be
attributed to high current collecting ability of literature polymer with respect to low
Jsc values of PF and PS. Thus, changing the substituents in such random polymers to
tune the bandgap and energy levels was found as not only crucial single parameters
but also one had to consider the morphological structure of the active layer. To tune
the morphology additive optimization will be performed and the effect of additives
will be investigated using both power conversion efficiencies and morphological

change.
4.8. Low Band Gap Polymers
4.8.1. Synthesis

Syntheses of 6,9-dibromo-11H-indeno[1,2-b]quinoxalin-11-one and 6,9-bis(4-
hexylthiophen-2-yl)-11H-indeno[1,2-b]quinoxalin-11-one were performed as they
was described in section 3.10. Synthetic pathways of low bandgap polymer can be

seen in Figure 4.29.
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Figure 4.29. Synthetic pathways of low bandgap polymers
4.8.1.1. 6,9-Bis(5-bromo-4-hexylthiophen-2-yl)-11H-indeno[1,2-b]quinoxalin-11-

one

6,9-Bis(4-hexylthiophen-2-yl)-11H-indeno[ 1,2-b]quinoxalin-11-one (380 mg, 0.67
mmol) was added in DCM (50 mL) at room temperature. The solution was stirred at
dark and NBS (252 mg 1.42 mmol) was added in steps. After the reaction was
performed overnight, saturated solution of NaHSO3uq) (10 mL) was added and
extracted with DCM/water (100/50 mL). The organic phase was collected and dried
over MgSO4 and the solvent was removed under vacuum. The crude product was
chromatographed (hexane/chloroform, v/v, 4/1) and a dark red solid was collected

(380 mg, 78%).
4.8.1.2. PIQBDT

6,9-Bis(4-hexylthiophen-2-yl)-11H-indeno[ 1,2-b]quinoxalin-11-one (135 mg, 0.186
mmol), 2,6-bis(trimethylstannyl)-4,8-bis(2-ethylhexyloxy)benzo[ 1,2-b:4,5-
b']dithiophene (145 mg, 0.187 mmol) were dissolved in freshly distilled toluene (20
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mL) and the solution wasbubbled for 20 min. Then, Pd(PPh3),Cl> (8% mol) was
introduced and the reaction was refluxed for 2 days and the same procedure was
applied as in section 2.7.1.6. The polymer was obtained as dark brown solid (149mg,
79%). GPC: M= 4.9 kDa, My= 8.8 kDa PDI= 1.8. TGA: T495% at 350 °C. DSC: No

distinct thermal behavior was observed between 26 °C and 250 °C.
4.8.1.3. PIQCAR

Similar procedure was applied to the synthesis of PIQCAR, where 6,9-bis(4-
hexylthiophen-2-yl)-11H-indeno[ 1,2-b]quinoxalin-11-one (130 mg, 0.180 mmol) and
9-(heptadecan-9-yl)-2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-

carbazole (118 mg, 0.180 mmol) were used. The dark brown polymer was obtained as
solid (150 mg, 86%). GPC: M= 3.7 kDa, Mw= 6.2 kDa PDI= 1.7. TGA: T4 95% at
403 °C. DSC: No distinct thermal behavior was observed between 26 °C and 250 °C.

4.8.2. Optical and Electronic Properties

In the Figure 4.30, the solution and the thin film absorption behaviors can be seen.
The low energy transition was enhanced in the thin film absorption. This increase was
caused by strong intermolecular n-n interaction due to promoted aggregated stacking.
Such a solid film formation might be beneficial for OSCs to absorb more light in the
red/IR region of the spectrum. PIQCAR in solution exhibited one major and two minor
absorption peaks, 368 nm, 460 nm and 564 nm, respectively. Its thin film possessed a
similar trend with enhanced absorption peaks red shifted to 390 nm, 480 nm, and 605
nm. The optical bandgap was calculated as 1.63 eV. Whereas PIQBDT, where
stronger donor BDT was used, exhibited 444 nm absorption Amax with 602 nm
shoulder in the solution phase. A thin film of PIQBDT similarly exhibited red shifted
absorption to 484 nm absorption Amax with 658 nm shoulder. As expected, optical
bandgap of PIQBDT was calculated by onset value of 870 nm as 1.42 eV, due to strong
donor moiety BDT.
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Figure 4.30. Uv-vis spectra of low bandgap polymers

Single scan cyclic voltammogram can be seen in Figure 4.31. Oxidation onset
potentials were used to calculate HOMO energy levels of polymers of PIQCAR and
PIQBDT, -5.80 eV and -5.62 eV, respectively. LUMO energy levels were estimated
by considering the optical bandgap. LUMO of PIQCAR was found as -4.17 eV and
that of PIQBDT was found as -4.20 eV. Strong donor property of BDT core resulted
in both higher lying HOMO level of PIQBDT and lower bandgap of the polymer.

Summary of the optical and electronic properties of the polymer can be seen in

Table 4.3.
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Figure 4.31. Single scan cyclic voltammogram of PIQCAR ad PIQBDT.

Table 4.3. Optical and electronic properties of PIQCAR and PIQBDT.

Material Eox (V) Eo®™* (V) HOMO (eV) LUMO (V)*  Amax (nm) E¢% (eV)

PIQCAR 1.74 1.05 -5.80 -4.17 368/460/564  1.63
PIQBDT 1.29 0.87 -5.62 -4.20 444/602 1.42

* Calculated from the optical bandgap (LUMO= HOMO + (1241//onset))

4.8.3. Conclusions and Future Studies

In this part, fused indenoquinoxaline moiety was coupled with hexyl thiophene to
enhance the solubility of the fused structure. Two different polymers were obtained
by palladium catalyzed polymerizations with carbazole and benzodithiophene donor
moieties, respectively, PIQCAR and PIQBDT. PIQBDT including strong donor
moiety exhibited a bathochromic shift in both the absorption spectra of the thin film

and the solution phase. Strong aggregation of the fused structure containing
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copolymers of PIQCAR and PIQBDT could be deduced from the enhancement in the
Uv-Vis absorption spectrum. It could be beneficial for charge transport properties in
OSCs to enhance the performance of the devices. For future studies, these two
different polymers will be used as an active material to construct OSC devices.
Performance of devices will be investigated in parallel to their morphological
behaviors in thin films. Morphology modifiers such as annealing and additive
strategies will be used to alter the morphology of the active layer of polymer:PC71BM

composition so that the maximum performance of the device will be revealed.
4.9. Fused Structures with Plasmonic Nanoparticles

Design of this project was aimed to be supported by TUBITAK (118Z738). In this
study, the aim was the incorporation of plasmonic gold nanoparticles covalently to the
polymeric active material for organic solar cells. For this purpose, high performance
literature polymers were taken as examples and chemically modified versions were
aimed to be investigated. One example of the desired polymer in this project can be
seen in Figure 4.32. Modification of polymers was aimed such a way that free thiol
moieties can covalently bound to gold nanoparticles which were put together in the
active layer of organic solar cells. Thus, the distribution of plasmonic gold
nanoparticle was placed in close proximity to the light absorbing conjugated polymer.
In this freshly accepted project, syntheses and characterizations of some core

structures for the project aim were successfully performed.
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Figure 4.32. An example of the chemical structures of modified polymers

4.9.1. Materials and Methods

All chemicals were purchased from Sigma Aldrich, DCM was purchased from a local
company and before usage, it was distilled. Toulene was distilled over
Na/benzophenone and used freshly. SiO2 column filler was used as the stationary
phase in column chromatography. NMR recorded on a Bruker Spectrospin Avance
DPX-400 Spectrometer with TMS as the internal reference was used to prove the
structures of organic molecules. Synthetic pathway of the desired final product can be
seen in Figure 4.33. Synthesis of 1, 2 and 3 numbered structures were explained

previously in this chapter.
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Figure 4.33. Synthetic pathways of monomers

4.9.1.1. Synthesis of 4,7-dibromobenzo|[c][1,2,5]oxadiazole-5,6-diol (4):

There were two synthetic pathways. The first one can be seen in Figure 4.21 and for
the second and the more convenient method is dividing this single step reaction into
two parts: first the bromination of 4- and 7-positions and then hydrolysis of ether to

alcohol.

Bromination was performed by molecular bromine in DCM/AcOH solution.
Quantitative bromination of starting material was followed by hydrolysis in
HBr/AcOH solution. Simply separating the solid, which was formed after

precipitating it in excess water, gave target molecule 4.

4.9.1.2. Synthesis of 4,7-dibromo-5,6-bis(8-
bromooctyloxy)benzo[c][1,2,5]oxadiazole (5b)

Compound 4 in DMF with K2CO3 and doubly brominated alkyl chain were reacted to
obtain the target molecule 5b. Because there was a high probability to obtain
polymeric compound, excess alkyl chain was used. The crude product was purified

by column chromatography.
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4.9.1.3. Synthesis of 5,6-bis(8-bromooctyloxy)-4,7-di(thiophen-2-
yl)benzo[c][1,2,5]oxadiazole (6b)

Compound 5b and stanyllated thiophene was dissolved in freshly distilled thiophene
and bubbled for 20 min. After that period palladium catalyst was introduced and the
reaction was refluxed overnight. The next day, solvent was removed and the extraction
was performed with DCM/water. The oganic phase was collected and dried over
MgSO4. The oganic solvent was removed under reduced pressure and the crude

product was separated by column chromatography.
4.9.2. Discussions and Future Studies

The initial steps for the synthesis of modified polymers were performed. The success
of the last step was low due to unwanted side reaction of sp> hybridized carbon

interference. It was needed to optimize the condition of this reaction.

After successful synthesis of acceptor moieties, which have bromine or straight alkyl
group functionalities, will be copolymerized with various donor moieties. Polymers
were collected and purified by Soxhlet extraction. Additionally, some portion of the
bromo modified polymer will be converted into the thiol functionality. Thus, the
molecular weight of the bromine- and thiol-functional polymers will not effect device
parameters. Each polymer was compared with each other to reveal the intrinsic
properties on power conversion efficiencies. Hence, the success rate of the thiolation
in post polymerization process would be another parameter that affects the
performance of OSCs. Bromine atoms in the polymeric compound might act as a
recombination center. Thus, the effect of ready to modification brom-alkyl end version
of the polymer should also be investigated in the active layer of OSCs. After all of
these characterizations, a combination of plasmonic gold nanoparticles with these
thiol-modified/unmodified polymers was investigated using power conversion
efficiency. The change in the efficiency will be correlated with the morphological
distribution of gold nanoparticles; thus, AFM SEM images will be investigated
carefully.
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4.10. Conclusions

To sum up, three different studies have been carried out in this chapter and some are

still in progress.

The first study revealed the effect of two different parameters. The first parameter was
the single atom replacement in the benzochalcogenodiazole moiety in random
copolymer through the chalcogens from O to Se atom. Going down in the group 6A
elements, optical and electronic properties of the conjugated polymers were
investigated. Moreover, the effect of these atoms was investigated for organic solar
cell applications. The second parameter was the side group effect, where electron
donating methoxy or electron withdrawing fluorine atom was investigated. The
influence on electronic structure and optical properties were revealed. The best
efficiency was achieved by PO which had among the highest FF factor and V. value
with moderate Jsc. Although the PS exhibited superior performance in IPCE data, the
low FF value was suspicious for its low efficiency. Further investigations will be
performed to reveal the effect of the morphological change on power conversion

efficiency and then the study will be ready for publication.

In the second study, two different fused indenoquinoxaline containing hexyl thiophene
—bridged copolymers were synthesized. Hexylthiophenes not only act as a bridge but
also enhanced the solubility of the fused core. Optical and electronic properties were
investigated. Uv-vis spectra of polymers revealed that strong intermolecular
attractions of fused conjugated polymers created charge transfer states and optical
band gap was reduced below 1 eV in the thin film form. However, the solutions of
these polymers had bandgap of 1.63 and 1.42 eV, respectively for PIQCAR and
PIQBDT. Because such stacking behaviors are important for charge mobility, these
polymers with their broad absorption windows will be promising materials for organic
solar cell applications. Further studies will be performed to reveal solar cells

performances of these polymers.
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In the final study, fused conjugated BDT containing conjugated polymers were
synthesized in such a way that the polymer can covalently bound to the plasmonic
gold nanoparticles via thiol functional groups. This attachment of plasmonic gold
nanoparticles was aimed to enhance the absorption of the polymer to generate many
excitons in the active layer of solar cells. For this purpose, chemical structure of
conjugated acceptor was designed to couple fused BDT moiety. Synthesis of
compound 6b was successfully achieved in the first couple months of 32-month
termed TUBITAK 1187738 numbered project. After successful synthesis and
characterization of monomer, polymerization will be followed and the thiol
modifications will be performed. After all, differently modified polymers were
investigated for their solar cell performances. Then, plasmonic gold nanoparticles
were introduced into the active layer and distribution of them will be controlled by
thiol linkage to set gold nanoparticles to be in close proximity with the polymer.
Randomly distributed:unmodified polymer and close proximity:modified polymer

devices will be compared for their organic solar cell performances.
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CHAPTER 5

STUDIES IN THIS THESIS

5.1. Summary of the Thesis

In this thesis, fused conjugated organic sturucteures were utilized for three separate

applications of organic electronics.

In the first application, OLEDs, phenanthroimidazole alkyl-end modified polymers
were synthesized and were used as active materials for OLED construction. Fine
modification of band gap were successfully achieved to lower the band gap via two
different methodologies; 1) usage of n-thiophene bridge, ii) usage of stronger donor.
P1 was determined to be one the most efficient material with the highest luminance

value of 14180 cd/m? among benzotriazole based OLEDs.

For biosensor application, three different functional groups oxime, enamine, and
ketone were investigated for catechol determination in water samples. The most
promising PM1 exhibited high performance without any additives such as Nafion or
carbon nanotubes. Catechol biosensor of laccase based bare PM1 coated carbon
electrode showed linear range between 5.0-175.0 mM with low Km™P 18 mM.

Interference effect will be further investigated for the substances in water samples.

The final application was OSCs. this chapter covered three different studies. In the
first study, four different polymers were synthesized to optimize the energy levels thus
optimize the power conversion efficiency of solar cells. Two different methodologies
were applied: 1) electron donating/withdrawing substituents, ii) single atom variation
through the chalcogens from O to Se. The best performance obtained as 4.72 % from
PO based device, due to both possessing lowest lying HOMO causing the highest V.
of 0.87 V and highest FF value of 0.557. The second study covered the syntheses of
two low bandgap fused conjugated polymers that absorbing the light in infrared
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region. Bandgap of synthesized polymer in thin film forms were found as 1.63 and
1.42 eV, respectively PIQCAR and PIQBDT. Further investigation will be performed
to reveal the solar cell characteristics of polymers. In the last study, to benefit more
from the plasmonic effect on polymers in OSCs, plasmonic nanoparticle attachable
conjugated polymers were designed. High performance polymers were selected as
model polymers and through a simple thiol modification covalent bonding between
nanoparticle and polymer was aimed. By this modification distribution of
nanoparticles were aimed to be controlled in active layer. Syntheses of monomers
were successfully achieved and further studies will be continued to obtain and

characterize the polymers for OSCs.
5.2. Other Studies

Throughout my stay as visiting scholar at the Prof. Dr. Paul M. Lahti’s lab in
University of Massachusetts (Amherst, USA) effects of pendant groups of
Benzotriazolevinyl-based polymers (pBTzV) on thin film morphology and on PCE
were investigated. Branch alkyl chain showed fibrillary morphology whereas straight
alkyl chain featured smooth surface morphology. Theoretical studies were supported
with the experimental data and PCE of the synthesized polymers were found as 2.87%
for n-alkyl and 1.47% for branched alkyl chain. It was concluded that pPBTzV pendant
chain-driven morphology variation seems likely to be a major determinant of bulk
electronic behavior in the solid state, and thus, further solar performance increases
may be possible with this family of polymers. This study was selected as a cover
article (309).
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Figure 5.1. Alkyl chain modification of BTz polymers.
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Utilization of benzotriazole and dithienothiephene containing polymer in a study in
which super capacitor was modified. The instant capacity of the energy storage device,
which was designed as all organic super capacitor, was determined by multi-

electrochromic properties of the polymer which can be seen in Figure 5.2 (310).

':( 0.2V

+

Figure 5.2. Colours of modified super capacitor on different voltages. Reproduced with permission
from J. Electrochem. Soc., 162 (14) A2807 (2015) Copyright 2015.

Moreover, I have been involved in synthesis of materials for biological applications

such as glycose biosensors (311).
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Figure 5.3. Conducting polymers containing polypeptide and ferrocene side chains as ethanol
biosensors. Polym. Chem., 2014,5, 6295-6306 Reproduced by permission of The Royal Society of
Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS) and the
RSC.

A multi-functional fluorescent scaffold as a multicolour probe was designed and
application in targeted cell imaging was successfully studied. This design offers
multicolour cell images by emitting at dual wavelengths with no quenching in its
fluorescent property. A fluorescent and alcohol-functionalized monomer, 3-(1H-
phenanthro[9,10-d]imidazol-2-yl)phenol (PIP) and an antibody labelling kit (CF555)
were merged on the same scaffold. The bioconjugated PIP/CF555/anti-CD44 was
successfully used as a novel fluorescent bio-probe for targeted imaging of CD44

positive U87-MG cancer cells (312).
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Figure 5.4. Left: preparation of PIP/CF555/anti-CD44 bioconjugate. Right: Imaging of HaCaT and
U87-MG cells via fluorescence microscopy. Images were obtained after treatment of the cell with PIP
monomer (A), PIP/anti-CD44 (B) and PIP/CF555/anti-CD44 (C1 and C2) for 2 h at 37 °C and 5.0%
CO; atmosphere, under humidity. Photos of A, B and C1 were taken with UV filter of fluorescence
set up. Photos of C2 were taken with red filter of fluorescence set up with 100x magnification. All
scale bars are 10 mm . RSC Adv., 2015,5, 83361-83367 Modified by permission of The Royal
Society of Chemistry (RSC) on behalf of the Centre National de la Recherche Scientifique (CNRS)
and the RSC.

I have been also involved in various studies that covers the syntheses and

investigations of the conjugated polymers in organic photovoltaics and some yet

unpublished studies. (313-318)
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Figure 5.5. Polymers for solar cell applications. This article was published in Polymer, 133, Ozge
Azeri, Ece Aktas, Cagla Istanbulluoglu, Serife O.Hacioglu, Sevki Can Cevher, Levent Toppare, Ali
Cirpan, Efficient benzodithiophene and thienopyrroledione containing random polymers as
components for organic solar cells, 60—67, Copyright Elsevier (2017).
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Figure 0.1. FTIR spectra of 2-(3-((10-(4,7-dibromo-2H-benzo[d][1,2,3]triazol-2-
yl)decyl)oxy)phenyl)-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]imidazole (IV) (ATR)
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Figure 0.2. FTIR Spectra of 2-(3-((10-(4,7-di(thiophen-2-yl)-2H-benzo[d][1,2,3]triazol-2-
yl)decyl)oxy)phenyl)-1-(4-hexylphenyl)-1H-phenanthro[9,10-d]imidazole (VI) (ATR).
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Figure 0.8.

FTIR spectrum of polymers PSe (ATR).
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Figure 0.9. FTIR spectrum of polymers PO (ATR).
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Figure 0.11. Stacked FTIR spectrum of polymers PS, PSe, PO and PF (ATR).
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Figure 0.12. FTIR spectrum of PIQCAR (polymer C) (ATR).
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Figure 0.13. FTIR spectrum of PIQBDT (polymer B) (ATR).
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Figure 0.14. Stacked FTIR spectrum of PIQCAR (polymer C) and PIQBDT (polymer B) (ATR).

173



O,N  NO,

M

-

o

]

¥
T T T T T T T T T T T T T T T T T T T
a0 7.5 7.0 6.5 6.0 55 5.0 4.5 40 as 10 2.5 20 15 10 0.5 0.0

f1 {ppm)

Figure 0.15. 'H NMR spectrum of 1,2-dimethoxy-4,5-dinitrobenzene (in CDCl5).
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Figure 0.16. '*C NMR spectrum of 1,2-dimethoxy-4,5-dinitrobenzene (in CDCl3).
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Figure 0.18. '*C NMR spectrum of 5,6-dimethoxybenzo[c][1,2,5]selenadiazole (in CDCL3).
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Figure 0.19. 'H NMR spectrum of 4,7-Dibromo-5,6-dimethoxybenzo[c][1,2,5]selenadiazole (in

CDCls).
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Figure 0.20. '*C NMR spectrum of 4,7-Dibromo-5,6-dimethoxybenzo[c][1,2,5]selenadiazole (in
CDCly).
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Figure 0.21. 'H NMR spectrum of 5,6-dimethoxybenzo[c][1,2,5]thiadiazole (in CDCl5).
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Figure 0.22. '3C NMR spectrum of 5,6-dimethoxybenzo[c][1,2,5]thiadiazole (in CDCI3).
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Figure 0.24. '*C NMR spectrum of 4,7-Dibromo-5,6-dimethoxybenzo[c][1,2,5]thiadiazole (in
CDCly).
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Figure 0.26. '*C NMR spectrum of 5,6-dimethoxybenzo[c][1,2,5]oxadiazole (in CDCl5).
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Figure 0.27. '"H NMR spectrum of 4,7-dibromo-5,6-dimethoxybenzo[c][1,2,5]oxadiazole (in CDCI3).
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Figure 0.28. 1*C NMR spectrum of 4,7-dibromo-5,6-dimethoxybenzo[c][1,2,5]oxadiazole (in CDCls).
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Figure 0.30. 'H NMR spectrum of P2 (in CDCI;).
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Figure 0.34. "H NMR spectrum of PSe (in CDCl3).
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Figure 0.35. 'H NMR spectrum of PF (in CDCl5).

Figure 0.36. TGA result of P1
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Figure 0.37. TGA result of P2

Figure 0.38. TGA result of P3
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Figure 0.39. TGA result of PO

Figure 0.40. TGA result of PF
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Figure 0.41. TGA result of PS

Figure 0.42. TGA result of PSe
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Figure 0.43. TGA result of PIQCAR

Figure 0.44. TGA result of PIQBDT
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Figure 0.45. DSC result of P1

Figure 0.46. DSC result of P2

Figure 0.47. DSC result of P3
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Figure 0.48. DSC result of PO

Figure 0.49. DSC result of PF
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Figure 0.50. DSC result of PS

Figure 0.51. DSC result of PSe
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Figure 0.52. DSC result of PIQCAR

Figure 0.53. DSC result of PIQBDT
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