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ABSTRACT 

 

SYNTHESIS AND INVESTIGATION OF OPTICAL AND 

ELECTROCHEMICAL PROPERTIES OF ORGANOBORON BASED 

DONOR-ACCEPTOR TYPE CONJUGATED POLYMERS 

 

 

 

Ayyıldız, Berrin 

Master of Science, Chemistry 
Supervisor: Prof. Dr. Ali Çırpan 

Co-Supervisor: Assist. Prof. Dr. Çağatay Dengiz 
 

 
July 2021, 69 pages 

 

 

In recent years, the element boron has an important place in the studies of alternative 

energy sources to solve problems arising in the field of energy production. In 

addition to its superior properties and wide use in many industry areas, it is known 

that boron is integrated into conjugated organic structures. One of the current focus 

points of studies on alternative energy sources is polymers with semiconductor 

conjugated structures and small organic molecules. In this study, boron units were 

embedded in a conjugated structure that were synthesized starting from pyrazine via 

post-borylation strategy. It is aimed to investigate the role of intramolecular boron-

nitrogen (B-N) coordination bonds on the conformation of the conjugated systems 

and their electronic structure. The synthesis of boron-containing polymers was 

carried out by Suzuki-cross coupling reaction followed by the post-borylation 

method. Borylated polymer (P1B), stablized by  the phenyl unit, has a lower LUMO 

energy compared to the polymer without the boron unit (P1A) and showed a red shift 

of about 120 nm in emission. Photoluminescence quantum efficiency (PLQY) values 

are 76% for P1A at 510 nm and 58% for P1B at 630 nm. Luminance values were 



 
 

vi 
 

recorded as 12000 cd/m2 for P1A and 2000 cd/m2 for P1B. Current efficiencies of 

P1A and P1B were recorded as 1.3 cd/A at 9.0 V and 0.3 cd/A at 9.0 V, respectively. 

 

Keywords: Post-borylation, Photoluminescence, Conjugated Polymers  
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ÖZ 

 

ORGANOBOR BAZLI DONÖR-AKSEPTÖR TİPİ KONJÜGE 

POLİMERLERİN SENTEZİ VE OPTİK VE ELEKTROKİMYASAL 

ÖZELLİKLERİNİN ARAŞTIRILMASI 

 

 

 

Ayyıldız, Berrin 

Yüksek Lisans, Kimya 
Tez Yöneticisi: Prof. Dr. Ali Çırpan 

Ortak Tez Yöneticisi: Dr. Öğr. Üyesi Çağatay Dengiz 
 

 

Temmuz 2021, 69 sayfa 

 

Son yıllarda enerji üretimi alanında ortaya çıkan sorunların çözümü için alternatif 

enerji kaynakları çalışmalarında bor elementi önemli bir yere sahiptir. Borun üstün 

özelliklerinin ve birçok endüstri alanında yaygın kullanımının yanı sıra konjüge 

organik yapılara entegre olduğu bilinmektedir. Alternatif enerji kaynakları üzerine 

yapılan çalışmaların güncel odak noktalarından biri, yarı iletken konjüge yapılara 

sahip polimerler ve küçük organik moleküllerdir. Bu çalışmada bor birimleri pirazin 

biriminden başlanarak sentezlenen konjüge yapıya  post-borilasyon tekniği ile 

entegre edilmiştir. Molekül içi bor-azot (B-N) koordinasyon bağlarının, konjüge 

sistemlerin konformasyonları ve elektronik yapıları üzerindeki rolünün araştırılması 

amaçlanmaktadır. Bor içeren polimerlerin sentezi, Suzuki-çapraz kenetlenme 

reaksiyonu ve ardından post-borilasyon yöntemi ile gerçekleştirilmiştir. Bor 

eklenmiş (P1B) ve fenil ünitesi ile kararlı hale gelen bor içeren polimer, bor ünitesi 

olmayan polimere (P1A) göre daha düşük LUMO enerjisine sahiptir ve emisyon 

spektroskopisinde yaklaşık 120 nmlik kırmızı bölgeye kaymaya neden olur. 

Fotolüminesans kuantum verimliliği (PLQY) değerleri 510 nm'de P1A için %76 ve 
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630 nmde P1B için %58dir. Parlaklık değerleri P1A için 12000 cd/m2 ve P1B için 

2000 cd/m2 olarak kaydedildi. P1A ve P1B’nin akım verimleri sırasıyla 9.0 Vda 1.3 

cd/A ve 0.3 cd/A olarak kaydedildi. 

 

Anahtar Kelimeler: Post-borilasyon, Fotolüminesans, Konjüge Polimer  
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CHAPTER 1  

1 INTRODUCTION  

1.1 Conjugated Polymers 

The polymer is a macromolecule that contains many repeating units name as a 

monomer. Both synthetic and natural polymers play important role in daily life due 

to their wide range of properties. Polymer exists in every field from synthetic 

plastics like polystyrene to natural biopolymers such as proteins and DNA. The high 

molecular weight of polymers causes it to have excellent physical properties like 

toughness, viscoelasticity, and elasticity. Until 1977 Hideki Shirakawa, Alan 

Macdiarmid, and Alan Heeger discovered polyacetylene as a conductor material 

after the doping process with oxidation, all polymers were insulating materials [1] . 

This study, which received the Nobel Prize in 2000, initiated the synthesis of many 

conjugated polymers and their use in the electronic and photonic fields due to their 

high optical and semiconducting properties. 

Conjugated polymers are organic macromolecules with a backbone chain consisting 

of alternating double and single bonds, and their conductivity can be altered from 

semiconductor state to the metallic state upon doping [2]. The formation of 

delocalized π electrons by overlapping p orbitals results in excellent electronic and 

optical properties. As a result of the free movement of the delocalized π electrons 

along the chain, electricity is generated for the charge carriers. Therefore, polymers 

conduct electricity. P-doping is formed because of oxidation of the polymer by using 

chemical oxidizer or electrochemical method, and the population of the bonding π 

orbital (HOMO) decreases with the formation of holes. As the doping process occurs, 

https://en.wikipedia.org/wiki/Biopolymer
https://en.wikipedia.org/wiki/Protein
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weakly bonded electrons in the system can bounce around the polymer chain, 

causing the polymer to generate an electrical current [3].  The biggest advantage of 

conducting organic polymers is that they can be processed. There has long been 

interested in the preparation of soluble conjugated polymers so that polymers with 

properties such as polymerization, purification, characterization, and processability 

to be carried out in solution are defect-free and form thin films. Due to their chemical 

structure, conjugated polymers are insoluble in most organic solvents, so many 

scientific fields have endeavoured to improve their solubility and hence 

processability. To eliminate this disadvantage, the design of suitable monomers and 

the addition of solubilizing side chains on the conjugated backbone are the most 

convenient and common methods [4]. As a result of their unique properties such as 

processability, low cost, flexibility, lightweight, and tunability organic conjugated 

polymers have gained an important place in both the industry and the science world.  

In recent years, due to their electrical conductivity and conjugate structure 

conjugated polymers have gained a wide place in application areas such as Organic 

Solar Cells (OSCs), Organic Light-Emitting Diodes (OLEDs), Electrochromic 

Devices (ECDs), Organic Field Effect Transistors (OFETs) [5]. Figure 1.1. indicates 

commonly used conjugated polymers in optoelectronics. 

 
Figure 1.1. Common conjugated polymers in the literature. 
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1.2 Band Theory 

Band theory is used to describe the behaviour of electrons in a solid and this theory 

contributes greatly to explain many phenomena such as electrical resistance and 

optical absorption. According to this theory, the material always has energy bands to 

be filled with electrons and energy bands where electrons cannot be found. Materials 

are divided into 3 groups in terms of conductivity which are metals, semiconductors, 

and insulators. The main difference between them is bandgap which is the distance 

between the valence band (VB) and the conduction band (CB). The valence band is 

the highest energy band with electrons in it, while the conduction band is the lowest 

energy band without electrons [6]. The bandgap is also expressed as the minimum 

energy needed to excite an electron from the VB to the CB. 

Most solids are insulators, and band theory means that there is a large gap between 

the energies of valence electrons and the energy (CB) where electrons can move 

freely through the material. The doping of insulators can change their optical 

properties, while their conductivity cannot be affected due to the large energy gap. 

Contrary to the situation in insulators, the conductivity of semiconductors increases 

via doping, and this is the basis of solid-state electronics [7]. The distance of the 

semiconductors between the VB and the CB is between the insulators and the 

conductors, so electrons can jump from the VB to the CB. Intrinsic and extrinsic are 

the two types of semiconductors. An intrinsic semiconductor is a type of 

semiconductor that has not undergone any doping process.  For each electron that 

jumps to the conduction band, a freely movable hole is formed instead of the electron 

diminishing in the valence band, resulting in a very low conductivity level [8]. 

Extrinsic semiconductors are formed by adding small amounts of impurities to 

intrinsic semiconductors. There are two types of extrinsic semiconductors 

originating from the doping type: atoms with an extra electron (n-type for negative, 

from group V, such as phosphorus) and atoms with one missing electron (p-type for 

positive, from group III, such as boron). The n-type doping increases the number of 

electrons available to increase the conductivity of the semiconductor material, while 
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the p-type doping increases the number of holes available [9]. According to the band 

theory, metals are unique materials with good conductivity, and this is the result of 

the valence electrons being completely free. The valence band of the metals and the 

CB overlap so that at least some of the valence electrons can move through the 

material, which is why they conduct electricity well. 

The band gaps of conjugated polymers used for photovoltaic applications must be 

well-tuned because the well-tunning band gap and molecular structure determines 

their optoelectronic properties. The most critical point for conjugated polymers to be 

used in photovoltaic studies is their high absorption coefficient in the visible region 

and this can only be achieved by reducing the band gap. Figure 1.2. shows the band 

gap of insulators, conductors and semiconductors. 

 

Figure 1.2. Energy bands of insulators, semiconductors and conductors  

1.3 Integrating Main Group Elements Into Conjugated Polymers 

Contrary to inorganics, the most widely used method in the creation of 

environmentally friendly organic devices is to include the main group elements in 

the p-conjugated scaffold. The sp2 hybridizing boron is an efficient choice as it has 

an empty pz orbital that can participate in the π conjugation. Boron doped molecules 
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generally exhibit impressive fluorescence and have advanced charge-transport 

characteristics [10]. In recent years, boron-containing π-conjugated materials have 

attracted the attention of the many study areas thanks to the unique properties 

created by the p-π* conjugation between the empty p orbital of boron and the π* 

orbital of the π conjugated structure. Because of its unique photophysical properties, 

this material class has come to the fore especially in optoelectronic 

applications. Within the integration of the boron unit, the boron centre can 

be embedded within the main chain of the conjugated polymer or added to the side 

chain or chains. In terms of the amount of coordination, it is grouped under two main 

headings as three coordinates and four coordinates. Extensive work in these two 

classification areas has led to the development of new and diverse synthetic methods 

for boron-containing conjugated polymers [11]. 

1.3.1 Boron-Doped Molecules for Optoelectronics 

Conjugated systems containing boron units have become a new research subject for 

important energy conversion application areas. Embedding boron atoms into an 

organic compound creates electron acceptance centres with unique optoelectronic 

properties due to boron’s electron-deficient nature and greatly improves the 

performance of energy conversion devices such as (OLEDs), (OPVs), and (OFETs) 

[12]. The presence of an empty p orbital on boron that can overlap with an organic 

π system is the most characteristic feature of three-coordinated organoboranes. The 

p-π interaction, which leads to favourable electron transport capabilities, provides 

linear and non-linear optical properties as well as the use of boron-containing 

molecules as emission and electron transmission materials in optical devices. In the 

early 1990s, Chujo et al. synthesized a large number of polymers carrying a boron 

atom in the main chain. The first stable boron-containing polymer was formed by the 

reaction of mesitylborane with aromatic diynes via hydroboration [13].Another 

boron-containing polymer reported is a polymer containing a ruthenium-phosphine 

complex together with boron centres performed by hydroboration polymerization of 
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a tetrayne-type monomer containing mesitylborane and ruthenium phosphine 

complex. It has been noted that the band due to the dπ-pπ transition of this polymer 

shifts to 141 nm red compared to the ruthenium molecular compound due to the push 

pull effect between the ruthenium and the organoboron unit, and the expansion of 

the π conjugation [14]. 

 

1.3.2 Characteristic Properties of Boron 

sp2 hybridized boron is one of the electron-withdrawing groups due to unoccupied 

orbitals. Boron-containing π conjugate structures are aromatic or through the overlap 

of pz orbitals perpendicular to the plane of conjugated units, electrons delocalize 

throughout the molecule, and this explains successful application of materials in 

optoelectronic devices. Boron has enough electrons to fill three sp2 orbitals with 

three adjacent units which will only make three s bonds, and empty pz orbitals to 

participate in π conjugation with aromatic systems showed Figure 1.5. Additional 

conjugated units or structural constraints are the most appropriate methods to 

maximize the p-conjugation and stabilize the boron doped p-conjugate system [15]. 

The characteristic properties of the boron element can be grouped under three main 

headings, and these are: electronic properties i.e. due to empty p z orbital 

delocalization of π electrons, nuclear properties i.e. ability of neutron capture since 

boron has two isotopes, one of them has a large cross section for neutrons and ability 

to react with oxygen to form boron trioxide(B2O3) or boron-nitride ceramic materials 

in B-N containing compound case [16]. 
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Figure 1.3. Interaction of pz orbital of boron and π orbitals of conjugated systems 

1.3.3 Characteristic Properties B←N Bridged Molecules 

Molecules containing B-N have different properties from their isoelectronic 

several carbon allotropes (e.g., graphene, diamond, nanotubes) due to their 

polarized B-N linkages [17]. Large electronic band gaps (5.9 eV in hexagonal 

B-N) and chemical inertness are two characteristics of molecules containing 

b-n, making this boron nitride an interesting field of study for the electronic 

applications in the construction of devices based on B-N / graphene 

heterostructures [18].However as an electron‐deficient building block, due to 

fixed planar configuration, molecules containing bn have the LUMO and 

HOMO energy levels at low levels [19]. Incorporation of B-N units into π 

conjugated polymers significantly changes HOMO-LUMO energies, causing 

them to be used as both acceptor and transmitter for organic photovoltaics.  
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1.4 Research Interest 

1.4.1 Post-borylation 

In addition to classical polymer science, variety of new polymerization techniques 

are available in modern polymer science for the direct synthesis of polymers 

containing different functional groups. However, there are still limitations since 

many functional groups inhibit polymerization or cause side reactions. Post-

polymerization modification, also called polymer-analog modification, 

is another method to beat these limitations. This strategy supports the 

integration of a large number of functional groups that are inert or unstable to the 

polymerization conditions but allow a quantitative conversion within the next 

reaction step. Thus, studies emerge the incorporation of a wide variety of functional 

groups with the identical average polymer grade but also variable side chain 

properties [15]. The success of this system relies on successful conversions 

achievable under mild conditions, the chance it creates against functional groups that 

are desired and inert or unstable to polymerization conditions, and orthogonality of 

the post-polymerization method reactions [20]. 

The study of Daniel et al. published in 2017 is proof of the applicability of the post-

polymerization borylation method to get conjugated polymers with high emissivity 

and low band gap properties. Within the aforementioned study, BCl3, which is 

a frequently preferred Lewis acid within the literature, was used as a boron 

source within the integration of boron unit into conjugated polymers containing 

benzothiadiazole and fluorene within the electrophilic C-H borylation method, and 

diphenylzinc was want to provide a stable structure. This study was repeated for 

different boron unit percentages, and it was aimed to determine an optimal 

percentage for the integration of the boron unit into the conjugated polymer. There 

are two methods within the literature as proof of the post borylation attempts. The 

first of those is to use GPC to determine the molecular weight increase upon addition 
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of the boron unit. Another is that polymers containing boron units show a 

bathochromic shift of over 100 nm [21]. 

 

1.4.2 Suzuki Cross Coupling Reaction 

The Suzuki or Suzuki-Miyaura reaction in which organoboron compounds and 

organic halides or triflates react in the presence of a palladium catalyst to form 

carbon-carbon bonds is one of the best known and most frequently used crosslinking 

reactions [22]. In 1981, Suzuki and Miyaura performed the first Suzuki type 

crosslinking reaction between phenylboronic acid and haloarenes. Since the  

electronegativities of boron and tin used for transmetallation in Stille coupling are 

similar, Suzuki cross linking reaction is often compared with the Stille cross linking 

reaction. It is used for the same purpose in both reactions, to generate new carbon 

carbon bond, and proceed via a similar mechanical cycle with a similar content [23]. 

Another common feature of these two methods is that they offer mild reaction 

conditions that tolerate a wide variety of functional groups. Suzuki coupling reaction 

is also used in the industrial synthesis of highly complex pharmaceuticals in addition 

to academic studies since the aryl-aryl structure is an important building block in 

pharma industries. Reasons for the widespread use of the reaction are the broad 

functional group tolerance, low toxicity of organoborons and commercial 

availability mild reaction conditions, and the use of water as a solvent or auxiliary 

and ease of use of products and by-products [24]. In recent years, the use of water in 

the reaction medium has become a topic of great interest in terms of environmentally 

friendly working areas. Compared to organic solvents used in the Stille crosslinking 

reaction using palladium catalysts, water is non-flammable, cheap, non-toxic, and 

abundant solvent. Besides, inorganic materials with high water solubility can be 

easily separated from the organic part. A disadvantage of the aqueous catalyst is the 

disposal of contaminated waste water, which can be reduced by reducing the catalyst 

amount or by recycling the catalyst. However, effective Suzuki catalysis in aqueous 
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media is often restricted by the limited substrate solubility or the reduced stability of 

the catalyst in water so phase transfer catalysts are used to dissolve non -polar 

substances and increase their concentration in the reaction medium. Generally, the 

use of additives such as reverse phase transfer catalysts (PTC, eg calix [n] arenes) or 

surfactants (e.g. tetrabutylammonium bromide (TBAB) and sodium dodecyl sulfate 

(SDS)) to increase catalytic activity has already been successfully utilized [25]. The 

Suzuki cross-linking reaction mechanism starts with the oxidative addition of 

organohalide to Pd (0) to form a Pd (II) complex. A molecule of the hydroxide or 

alkoxide replaces the halogen bound to palladium, while the other attaches to the 

organoborane to form the borate unit that makes the R group more nucleophilic.  

Borate transmetalation continues with the R group replacing the halogen anion in the 

palladium complex. Finally, the reductive elimination creates the desired bound 

structure and reactivates the palladium catalyst, and the cycle is repeated [26]. 

 

Figure 1.4. Proposed mechanism for Suzuki cross coupling. 
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1.4.3 Fluorene Moiety 

 

Figure 1.5. Structure of fluorene unit 

Fluorene has a structure that contains two benzene groups connected to each other 

via carbon-carbon bond and methylene bridge and is insoluble in water and soluble 

in most organic solvents (Figure 1.7) [27]. Due to adjacent methylene bridge, the 

two phenyl rings forced to be a planar and thus the overlap of the π orbitals are 

provided [28]. Polymers with rigid and bulky fluorene units are soluble polymers 

that can show high optical and thermal properties [29].  Alkylated fluorene is widely 

used as a donor monomer or fluorescent molecules with applications in polymers, 

electronic devices, sensors, and photochromic materials [30]. 

1.4.4 Pyrazine Moiety  

 

Figure 1.6. Structure of pyrazine unit 

Pyrazine is a six-membered heterocycle with two nitrogen atoms with a solid planar 

conjugate structure. due to its electron-poor character, this structure can be used as 

an electron-withdrawing molecule in push-pull structures (Figure 1.8) 

[31]. Additionally, it's preferred for sensing applications because of its ability to 

undergo protonation, hydrogen bond formation and chelation of the nitrogen atom. 

The push-pull derivatives of pyrazine are known for their strong positive 

https://www.sciencedirect.com/topics/chemistry/photochromism
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solvatochromism and halochromic properties. Some pyrazine fluorophores are used 

as fluorescent protein sensors and a few pyrazine derivatives as emitting layers in 

organic light-emitting diodes or as chromophores in dye-sensitized solar cells [32]. 

1.5 Introduction to OLED Technologies 

Organic light emitting diodes (OLEDs) are about to become the number one 

technology of choice for high-quality display panel and environmentally friendly 

solid-state lighting, thanks to their unique features such as mercury-free production, 

energy savings, wide viewing angle, fast response, elevated contrast and colour 

quality of higher rank [33].OLED, with its very simple definition, is a light emitting 

structure consisting of an organic film placed between 2 charged electrodes, a metal 

cathode and a transparent anode, which is generally made of glass [34]. 

1.5.1 Brief History of OLED 

In 1965, by using anthracene, Helfrich and Schneider were discovered the first 

electroluminescence in organic structures in history and they made the beginning of 

a breakthrough work that will be reported in the literature in the future [35].  
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Figure 1.7. The first electroluminescence in organic structures device architecture 

Until the first efficient low voltage organic electroluminescence was developed by 

Tang et al. in Kodak company in 1987 (Figure 1.9), the electroluminescence device 

that was put into practice could not be designed due to the very high voltage (~100 

V) of the first organic electroluminescence made from anthracene. This study 

embodies one of the most basic principles for the practical applications of OLED 

technology, with the use of organic heterostructure, OLED as it is known today [36]. 

In addition to having the first OLED architecture with a double layer structure, this 

study in 1987 also achieved light emission at about 2.5 V and a high brightness 

(above 1000 cd/m2) at a driving voltage of less than 10 V [37]. The secret of this 

work is explained by a model consisting of separate carrier transport layers, one of 

which is the hole transport layer, and the other is the electron transport layer, and 

these layers are equivalent to n- and p-type semiconductors, and recombination and 

light emission occur in the middle of the organic layers [38]. From the cathode, 

which is silver, and the anode, which is ITO, electrons and holes are injected into the 

electron and hole transport layers and as a result of this injection, the radiative 

combination of electrons and holes occurs in the Alq3 layer. When we came to 1990, 

an electroluminescence using 100 nm thick poly (p phenylene vinylene) (PPV) films, 

that is, a conjugated polymer heterostructure called PLEDs was produced by 

scientists at Cambridge University. Pioneer study by S. R. Forrest, M. E. Thompson 
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and their groups on phosphorescent OLEDs from the late 1990s to the early 2000s 

exceeded the 25% internal quantum efficiency η int of fluorescent OLEDs and 

significantly increased the efficiency of OLEDs [39].As it is known, single excitons, 

which make up one fourth of all excited states, produce light for fluorescent organic 

materials, while triple excitons, which make up three-fourths, are almost completely 

lost by non-radiative decay. however, phosphorous organic molecules containing 

heavy metals in the centre such as platinum and iridium produce light from both 

triple and single excitons with a fast and efficient intersystem crossing (ISC). Thus, 

thanks to phosphorescent OLEDs (PHOLEDs) with power efficiency of over 100 

lm/W, OLED technology has become increasingly competitive as a next-generation 

technology for both flat panel displays and solid-state lighting [40]. 

 

Figure 1.8. Timeline of OLED technologies 

1.5.2 Electronic process  

One of the most characteristic features of conjugated polymers is the delocalized 

electrons along the π orbital, which is responsible for their electronic properties.  The 

charge mobility of the conjugated polymers is affected by the electronic environment 

and structural relaxation of the surrounding atoms resulting from any fundamental 

excitation of the π-bonds. As a result of the overlapping of two atomic orbitals, they 

are bonding and antibonding molecular orbitals [41]. The pz electrons in the structure 

of conjugated polymers are delocalized on the chain by order change between single 

double and triple bonds. The Highest Occupied Molecular Orbital (HOMO) is the 
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highest electron-filled molecular orbital where electrons accumulate in the ground 

state, and the Lowest Unoccupied Molecular Orbital (LUMO) is the lowest vacant 

electron π* (anti-bond) orbital. The difference between the HOMO and LUMO 

energy levels is called the band gap and has values in the visible spectrum range of 

1.7 to 3.2 eV for typical conjugated polymers [42].The reason why conjugated 

polymers can be used in various applications such as OLED and OPV is that they 

can be excited optically or electrically. The reasons for this excitation are direct 

absorption of incoming light or injecting and removing charges by means of opposite 

electrode contacts [43]. 

1.5.2.1 Luminescence 

Luminescence is the emission in the optical range of visible, ultraviolet or infrared 

light, which is more than the thermal radiation emitted by the substance at a certain 

temperature and continues after absorbing the excitation energy, which is more than 

the period of the light waves [44]. Luminescence is inherent to each state of 

aggregation like gases, liquids, crystalline or amorphous solids, polymers, glass, and 

organic and inorganic substances [45]. In most organic substances, organic 

molecules have the property of luminescence both the dissolved state and the molten 

state. Luminescence is a type of radiation that is not in equilibrium. To produce 

radiation, one or another form of energy must be transferred to the luminescent 

material in the form of quanta of light with a higher or lower loss. Several different 

types of luminescence occur, depending on the excitation method of the material 

[46]. 

1.5.2.2 Electroluminescence 

Electroluminescence is a phenomenon that generally occurs as a result of radiative 

recombination of electrons and holes in semiconductor material. Also, excited 

electrons release their energy as photons, that is, light. Electroluminescent materials 
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emit light in response to the application of an electric current and a strong electric 

field [47]. This phenomenon is applied in imaging devices, which can be divided 

into two categories, the first is low-field devices known as light-emitting diodes 

(LEDs), produced by electron-hole pair recombination in the p-n junction of light, 

and the other is that the effect of high-energy electrons stimulates luminescent 

centers of phosphor-containing materials and this excited state relaxes, they are high 

field devices where EL emission is obtained [48].Before recombination, p-n 

junctions can be formed by doping materials to separate electrons and holes, which 

usually occurs in electroluminescent semiconductor devices such as LEDs, or by 

excitation of high-energy electrons accelerated by a strong electric field which 

usually occurs the phosphor on the electroluminescent screen [49]. 

1.5.2.3 Photoluminescence 

Photoluminescence (PL) is one in all many sorts of luminescence and therefore 

the reason it starts with photo is photo excitation, that is, photons excite electrons 

to the next energy in an atom. To define it briefly, it is the light emission resulting 

from the irradiation of a substance with another light. This phenomenon is 

named fluorescence or phosphorescence, depending on the time difference after 

luminescence created by luminescence [50].The emitted light is mostly within 

the visible region but sometimes within the ultraviolet or infrared spectral region. 

Considering semiconductors, PL is an optical phenomenon that emits incoming light 

by absorbing light that has an energy higher the energy band gap of the 

semiconductor [51].The PL mechanism is explained because the excited electrons 

formed due to optical excitation return to the ground state along with the emitting 

photons. 

Fluorescence and phosphorescence are observed in a few compounds containing 

highly conjugated aromatic functional groups and solid molecular structures. As 

shown in figure, absorption of excitation light raises molecules to different excited 

electronic levels related multiple vibrational levels. Excited molecules at higher 
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energy levels first relax to lowest vibrational level of the first excited singlet 

state and then return to the ground singlet state by emitting fluorescent light [52]. 

These relaxations take place as a result of a series of small step nonradiative 

deactivation processes like vibrational relaxation and internal conversion.  The stokes 

shift occurs because of the loss of non-radiative energy before fluorescence emission 

and refers to fluorescence with a longer wavelength than the excitation light. The 

stokes shift occurs due to the loss of non-radiative energy before fluorescence 

emission and refers to fluorescence with a longer wavelength than the excitation 

light. A transition from singlet to singlet is allowed as long because the transition is 

much probable and with a quick fluorescence lifetime of roughly 10-8 seconds. If the 

transition between systems occurs from the first excited singlet (S1) to triplet 

(T1) due to the overlap of isoenergetic vibration levels, it ends up within 

the emission of phosphorescent radiation when the excited molecule turns from T1 

to S0. As is seen from the figure, the energy of the first excited singlet state is on top 

of the energy of the excited triplet state. This means that the phosphorescence 

emission encompasses a wavelength even longer than the fluorescence. Since a triple 

singlet transition is forbidden, the common phosphorescence lifetime (10 -4 to 10 s) is 

way longer than the fluorescent lifetime [53]. 

 

Figure 1.9. Jablonski diagram  
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1.5.2.4 Mechanism of energy transfer 

D* represents an excited chemical while A represents a ground state chemical and 

energy transfer can occur without emitting photons thanks to the interaction between 

these two groups. In short, Forster states that the energy released from the excited 

donor can stimulate the ground state energy spontaneously, supported the Coulomb 

interaction between these two chemical groups [54]. After the donor group (D) is 

excited by a photon, it relaxes to the ground excited singleton state, S1 (according to 

Kasha's rule). When the electron returns to its state (S0), the energy is released can 

stimulate the donor group at the same time if the acceptor group is not too far away. 

This radiation-free process is termed resonance. The excited receiver emits a photon, 

returning to the ground state, completing this process. Since the mechanism is 

related to the Coulomb interaction between electrons, the relative distance between 

the donor-acceptor pair is also longer than the electron exchange energy transfer, i.e., 

Dexter Energy Transfer, which requires overlapping of the wavefunctions [55]. Only 

the Coulomb interaction, which needs spectrum overlap, determines the identity of 

the resonant energy. Independent of Forster's work, David L. Dexter proposed a 

mechanism by which an excited donor group and a receiver group could exchange 

electrons to realize the nonradiative process. Quenching, which refers to any 

physical process or molecular state that reduces molecular fluorescence,  is that 

the building block of Dexter exchange energy transfer. Unlike Forster energy 

transfer, as can be seen from equation two, there is an exponential relationship 

between the gap between the donor and acceptor and therefore the reaction rate 

constant of Dexter energy transfer, and as this distance increases,  the rate constant 

decreases [56]. The exchange mechanism typically occurs within about 10 

Angstroms, making this transfer a short-range energy transfer. 
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Figure 1.10. Enegy transfer mechanisms 

1.5.3 Working principle of OLED 

A classic OLED design consists of a layer of organic material between two 

electrodes, the anode, and the cathode, placed on a normally metal support. Organic 

molecules have highly conjugated double and triple bonds and are electrically 

conductive structures with the delocalization of π electrons caused by partial or 

complete conjugation within the molecule [57].  As mentioned in section 1.2, the 

conductivity of those materials is between the insulator and the conductors, and 

thus they are called semiconductors. Holes and electrons of closely packed, highly 

conjugated aromatic molecules in organic semiconductors are transported via 

HOMO and LUMO, respectively. Normally, both the absorption and emission of 

light involve the formation and disappearance of an electron-hole pair, called an 

exciton, as a result of electronic transfer between one molecule LUMO and HOMO. 

Charge carrier transport and light emission are strongly dependent to the energy of 

the molecular orbitals, the wave function, and therefore the thin film morphology, 

i.e., how the molecules are packed. Quenching an exciton from a neighbouring 

molecule due to packaging of organic molecules is one of the causes of loss of 
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function. To prevent this loss, that is, to stop quenching, the organic layer must 

have a particular morphological irregularity [58]. 

As the opposite of the working rule of solar cells, OLED starts with the application 

of voltage and as a result, loads move in the device. As the electrons are injected into 

the LUMO of the organic layer at the cathode and withdrawn from the HOMO at the 

anode, an electron flow occurs in the device from the cathode to the anode [59]. From 

another point of view the holes move from anode to cathode. This can also be 

interpreted as the injection of electron holes into HOMO. Electrons and holes 

recombine to form excitons, and since the holes are more mobile than the electrons, 

this merger takes place near the emission layer. The decay of this excited state leads 

to relaxation of the electron's energy levels and ends up in the generation of photons 

at a frequency determined by the band gap energy of the emitting molecules. In short, 

the electrical power applied to the electron and initiating this mechanism is converted 

into light [60]. 

 

Figure 1.11. Charge transport and light generation of OLEDs 

The first basic polymer-containing OLEDs in the literature had a single organic 

layer, such as the device synthesized by J. H. Burroughes et al., consisting of a poly 

(p-phenylene vinylene layer) [61]. However, a significant increase in yield was 

observed when the organic layer was designed in a multi-layered manner. The design 

incorporating this multi-layer structure allows the choice of materials with different 

electronic properties to assist charge injection at the electrodes by providing a more 

gradual electronic profile or preventing a charge from reaching the counter electrode 
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and being wasted. It has a simple double layer structure consisting of the many 

modern OLED conductive and emissive layers [62]. In the last 10 years, additionally 

the use of double-layer structure to increase efficiency, while studies on the light-

emitting layer design are continuing, graduated heterojunction applications in the 

emitter layer have become a very important development for OLED technologies to 

increase both efficiency and device life. Simply put, this means that the combination 

of hole and electron transport materials changes across the emitter layer with the aid 

of the dopant emitter. In these structures, the organic layer can be mixed either 

uniformly in gradual grades or continuously graded. The common feature of these 

two methods is that although the emissive layer is basically a bipolar transport layer, 

the distribution of electron and hole transport materials is different [63]. This 

approach combines the advantages of both single-layer and double-layer emitters by 

improving charge injection while balancing charge transfer within the emission zone. 

In the literature, indium tin oxide is often used as the anode material due to its 

transparency. The advantage of being transparent is that it allows the emitted light to 

shine and has a high working function supporting the injection of holes into the 

HOMO level of the organic layers. Regardless of the anode, the cathode does not 

have to be transparent, and metals such as barium and calcium are often preferred. 

and these metals have a low work function that favours electron injection into the 

LUMO level of the organic layer. Since both barium and calcium are in group 2A of 

the periodic table, they are reactive metals and to prevent degradation are often 

covered with a layer of aluminium [41]. 

 

1.6 Boron-doped molecules for OLED applications 

Hydroboration and haloboration-phenylboration polymerization synthetic methods 

discovered by Chujo et al. are considered versatile synthesis methods for  the 

integration of three coordinated boron units into the main chain of conjugated 
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polymers. In recent years, the hydroboration method has been  employed in the 

development of the interesting polymer class shown in Figure 1.12. The hard and 

planar diboraanthracene unit utilized in this study has the property of maximizing 

the p conjugation of the vacant p orbitals on the boron atom. Based on the results 

obtained, desirable properties like strong fluorescence emission and significant 

bathochromic shifts within the absorption and emission spectra were observed. In 

addition, low LUMO energy levels and ease of reduction are accepted as electronic 

characteristics of the three-coordinate boron unit [64]. 

 

Figure 1.12. An example of post-borylation reaction 

Unlike the three-coordinate species, and advantageously, the addition of four-

coordinate organoboron structures to conjugated polymers results in highly stable 

materials. Pyrazabole, organoboron diketonate, BODIPY, and organoboron 

quinolate, which are shown in Figure 1.13., are tetracoordinate organoboron units 

that are frequently used in the construction of organoboron-containing conjugated 

polymers. The last three building blocks are highly emissive materials commonly 

used in OLEDs and fluorescent sensors [65].Therefore, its integration into polymers 

leads to the emergence of processable materials with very promising photophysical 

properties. In addition, it should be noted that the p orbital is fundamentally 

unsuitable for electronic delocalization due to the tetrahedral geometry of the boron 

centre containing all the B orbitals. Commonly Pd-catalyzed cross-linking reactions, 

such as Sonagashira or Suzuki coupling, are frequently used synthetic methods for 

such polymers [66]. 
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Figure 1.13.  Examples of tetracoordinate organoboron units for the polymers with 
boron 

The optoelectronic properties can be improved by incorporating main groups, such 

as nitrogen, phosphorus, oxygen, into mostly carbon-oriented π electron systems. In 

addition to these main groups, organoboron compounds have recently become a very 

important subject for optoelectronic applications. Structures containing three 

coordinate boron units synthesized by John et al. in 2018 were used in OLED studies  

[67]. As a result of this study, the maximum quantum ef ficiency was recorded as 

3.4% and the maximum brightness value as 39180 cd/m2. In the study conducted by 

Daniel et al. in 2017, polymers with different boron unit percentages obtained as a 

result of post polymerization were used for OLED applications. Photoluminescence 

quantum yields with optimum boron unit percentage were recorded as 44% at 700 

nm [21]. 
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1.7 Aim of study 

In recent years, the boron element has an important place in studies for alternative 

energy sources for the solution of problems in the field of energy production. In 

addition to its superior properties and wide use in many areas of industry, boron is 

known to be integrated into conjugated organic structures. One of the current focus 

of studies on alternative energy sources is semiconductor conjugated polymers and 

small organic molecules. In this study, unique organoboron compounds with 

conjugated structures were synthesized starting from pyrazine. It is aimed to 

investigate the role of intramolecular boron-nitrogen (B-N) coordination bonds on 

the conformation of this monomer and its electronic structure. The synthesis of the 

conjugated polymer in which the boron unit will be integrated was carried out by 

Suzuki cross-coupling reaction. For boron unit integration, the post-polymerization 

mechanism, which is a new and promising method in the literature, was used. The 

main purpose of the study is to compare the thermal electronic optical properties of 

two conjugated polymers with the same chain length with and without boron unit. In 

the light of such studies, it is planned that boron, which has quite a lot of reserves in 

our country and has excellent photophysical properties, will come to the forefront in 

technological fields and increase its applicability. 
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CHAPTER 2  

2 EXPERIMENTAL  

2.1 Materials and Methods 

All chemicals which  were used in both synthesis part and analysis part were 

purchased from TCI Europe except for n-BuLi and tributyltin chloride that were 

provided from Sigma-Aldrich Chemical Co. Ltd. and used without any purification 

unless otherwise mentioned.THF and toluene were distilled over Na/benzophenone 

under nitrogen atmosphere before use. DCM,CHCl3 , NEt3 and DMF were dried by 

CaH2 under inert atmosphere and stored over activated molecular sieves  (4Å) that  

were kept at least 100 oC for 1 day before usage.Solvents used in purification process 

were oparated directly. All reactions were carried out under nitrogen atmosphere and 

classical schlenk-line methods. Merck silica gel 60 as a stationary phase with 

different solvent combinations was used for purification stage with column 

chromatography.  

To identify molecular structure of compounds Nuclear Magnetic Resonance (NMR) 

spectroscopy was used in this study. The 1H NMR and 13C NMR spectra were 

measured on a Bruker Spectrospin Avance DPX-400 type spectrometer in deuterated 

chloroform (CDCl3) as a solvent and shifts were recorded according to 

tetramethylsilane (TMS; δ = 0 ppm) as an internal standard. 

 Gel permeation chromatography (GPC) by other name size exclusion 

chromatography (SEC), is a common method to identify average molecular weight 

distribution of a polymer based on difference in size of particles in solution. When 

the sample along with mobile phase or carrier is passes down the column larger 

molecules that are outside the beads moves faster than small molecules since they 
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are trapped in the pores of the beads. In this study GPC was used to identify number 

average molecular weight (Mn), weight average molecular weight (Mw) and 

polydispersive index (PDI) of synthesized polymers in THF (2.0 mg /mL) and using 

polystyrene as a reference. 

Cyclic voltammetry (CV) method is used to determine electrochemical behaviour of 

conjugated polymers. The technique is also used both electrochemical synthesis and 

characterizations. to investigate both redox behaviour and electronic band gap of 

polymers CV method is also used. In this study redox behaviour, band gap and 

HOMO-LUMO energies of synthesized polymers were investigated by cyclic 

voltammetry with three electrodes which are Indium Tin Oxide (ITO) coated glass 

as a working electrode (WE), silver wire (Ag) as a reference electrode (RE) and 

platinum wire (Pt) as a counter electrode (CE). Dissolved polymers in CHCl3 were 

coated on the working electrode with Omni coating gun. ITO was placed in quartz 

cell which is filled with supporting electrolyte and solvent mixture. Choice of solvent 

is crucial since solvent should dissolve supporting electrolyte and not react with 

electrodes. The aim of supporting electrolyte is to provide ionic conductivity. 

Acetonitrile (ACN) solution with 0.1 M tetrabutylammonium hexafluorophosphate 

(TBAPF6) were used in this study. At a constant scan rate (100 mV/s) Gamry 

Instrument Reference 600 Potentiostat was used to determine p- or n-type doping 

potentials by applying oxidizing or reducing potential. Due to doping and dedoping 

process, polymers were changed the colour reversibly. The graph obtained as a result 

of CV measurement is the current density (mA/cm2) versus voltage (V) graph. 

HOMO and LUMO are calculated by the onset of oxidation and reduction potentials 

respectively using the following formula. The difference between HOMO and 

LUMO potentials give electronic band gap (Egel) of polymers. 

UV-visible spectroscopy gives information about the absorption profiles both solid 

and solution forms of the obtained materials. In fact, the absorption vs wavelength 

graph obtained gives the light energy or radiation resulting from the excitation of the 

ground state electrons of the material to the first excited state. The obtained spectra 

give absorption (a.u.) vs wavelength (nm) graph that is a proof of colour change of 
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polymer as a result of CV analysis. Maximum absorption wavelength (λmax) and 

optical band gap (Eg
op) of polymers were recorded with the help of absorption 

spectra. To calculate optical band gap from spectra, tangent line of point that starts 

absorption process of polymers is necessary. As a result of multiplying Planck’s 

constant (h = 6.62607004 × 10-34 m2 kg / s) by the speed of light (c = 2.99 x 108 m/s) 

number 1241 in the following formula is obtained and its unit is eV. 

Eg
op = 1241/ λonset 

All characterizations of the produced OLEDs were carried out in the dark 

environment. Electroluminescence, Color, Current-Voltage, Luminance-Voltage 

measurements were taken using Maya spectrometer and fiber optic cable with a 

radius of 100 micrometers. During the measurements, voltage values were checked 

with the assistance of Keithley 2400 with the LabTracer program, while current 

values were recorded. During the electroluminescence characterization, a 

constant potential was applied with the Keithley 2400, while the radiation made by 

the OLED was collected by the fiber optic. During the colour characterization, a 

constant potential was applied with Keithley 2400, while the radiation made by the 

OLED was collected by the fiber optic. Within the luminance characterization of 

OLEDs, the range of 0-13 volts was scanned using Keithley 2400 source. During 

this scan, lumen values were recorded using SpectraSuit and current values were 

recorded using LabTracer. 
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2.2 Syntheses of Monomers and Polymers 

2.2.1 Stannylation of 4-hexylthiophene [68] 

 

Figure 2.1. Stannylation of 4-hexylthiophene 

3-hexyl thiophene (3.00 g, 17.83 mmol) was dissolved in freshly distilled 30 mL 

THF under inert atmosphere. n-BuLi (7.88 mL, 2.5 M solution in hexane) was added 

dropwise in the reaction medium at -78 ℃ over 30 minutes and the mixture were 

stirred for 1 hour at that temperature. Further, tributyltin chloride (5.63 mL, 19.61 

mmol) was added slowly into reaction medium within 30 minutes, the mixture was 

allowed to warm to room temperature and reaction was stirred for 12 hours. Reaction 

solvent was evaporated under reduced pressure and crude product was dissolved in 

DCM. And then, solution was washed 3 times with brine and dried with MgSO4. All 

volatiles were removed with rotary evaporator, pale yellow oil was obtained (7.41 g, 

90% yield) and used without further purification. 
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2.2.2 Synthesis of 2,5-di(3-hexylthiophen-2-yl)pyrazine [69] 

 

Figure 2.2. Synthesis of 2,5-di(3-hexylthiophen-2-yl)pyrazine 

A 100 mL of two-necked round bottom flask was filled with 2,5-diboromopyrazine 

(2.00 g, 2.52 mmol) tributyl(4-hexylthiophen-2-yl)stannane (9.22 g, 20.18 mmol), 

CuI(64.04 mg, 336.30 µmol), CsF(12.78 mg, 84.04 µmol) and Pd(PPh3)4 (874.40 

mg, 756.68 µmol) and purged with  nitrogen gas for 30 minutes. Dried 30 ml DMF 

was added to reaction mixture and temperature increased to 120 ℃ and stirred 

overnight under inert atmosphere. After cooling to room temperature, DMF was 

removed under reduced pressure and residue was dissolved with DCM. Further, 

solution was washed with brine 3 times and dried with MgSO4. All volatiles were 

removed with rotary evaporator, crude product was purified with column 

chromatography on silica gel(hexane/DCM=3:1). Product was washed with cold 

hexane obtaining yellow solid (2.48 g, 72% yield) 

 

1H NMR (400 MHz, CDCl3) δ 0.89 (t, J = 6.6 Hz, 6H), 1.40 – 1.29 (m, 12H), 1.65 

(m,4H), 2.64 (t, J = 7.6 Hz, 4H), 7.06 (s, 2H), 8.81 (s, 2H). 

 

13C NMR (100 MHz, CDCl3) δ 146.14, 144.99, 141.06, 139.51, 126.72, 123.54, 

31.80, 30.68, 30.56, 29.11, 22.75, 14.23. 
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2.2.3 Synthesis of 2,5-bis-(5-bromo-4-hexylthiophen-2-yl)pyrazine [69] 

 

Figure 2.3. Synthesis of 2,5-bis-(5-bromo-4-hexylthiophen-2-yl)pyrazine 

To a stirred solution of coupling product (1.00 g, 2.42 mmol) in 30 ml dry CHCl3 

dissolved 10 ml dry CHCl3 N-bromosuccinimide (NBS) (950.90 mg, 5.84 mmol) 

was added dropwise with dropping funnel in dark environment under nitrogen 

atmosphere. After addition, system was sealed quickly and stirred 12 hours at room 

temperature. Reaction solvent was removed by rotary evaporator, residue was 

dissolved with DCM washed with brine 3 times and dried with MgSO4. All volatiles 

were evaporated under reduced pressure, crude product was purified with column 

chromatography on silica gel (hexane/DCM=4:1). Yellow solid was obtained 

(939.04 mg, 97% yield). 

 

1H NMR (400 MHz, CDCl3) δ 0.90 (t, J = 6.9 Hz, 6H), 1.39 – 1.30 (m, 12H), 1.63 

(m, 4H), 2.59 (t, J = 7.6 Hz, 4H), 7.33 (s, 2H), 8.72 (s, 2H). 

 

13C NMR (100 MHz, CDCl3) δ 145.35, 143.83, 138.91, 138.20, 125.92, 113.42, 

31.37, 29.62, 29.18, 28.60, 22.44, 14.00. 
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2.2.4  Synthesis of non-borylated polymer P1A [22] 

 

Figure 2.4. Synthesis of non-borylated polymer P1A 

A 50 mL of Schlenk flask was filled with brominated coupling compound (600.00 

mg, 1.05 mmol) and 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-

1,3,2-dioxaborolane) (675.87 mg, 1.05 mmol) and purged with nitrogen for 30 

minutes. After that, freshly distilled 20 mL toluene was added and bubbled for 

another 30 minutes. Pd(PPh3)4 (121.55 mg, 105.18 µmol), K2CO3 (2 M, 0.4 mL) and 

aliquat 336 (3 drops) were added to reaction mixture. And then, reaction temperature 

was raised to 110 ℃ and stirred for 72 hours. Reaction solvent was evaporated under 

reduced pressure and palladium scavenger (15 mg) and CHCl3 were added and 

stirred for 1 hour. Further, after filtration process, all volatiles were removed by 

rotary evaporator. To remove impurities Soxhlet extraction was performed methanol, 
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acetone, hexane and chloroform respectively. Polymer was obtained chloroform 

solvent from Soxhlet extraction. Solvent was evaporated under reduced pressure and 

then, the residue was precipitate with cold methanol. After filtration, dark green 

polymer was obtained (410 mg, 47 % yield) GPC data were reported as: Number-

average molecular weight (Mn) = 17 kDa, Weight-Average molecular weight (Mw) 

= 19 kDa. Polydispersity index (PDI) = 1.12. 
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2.2.5 Synthesis of borylated polymer P1B [20] 

 

Figure 2.5. Synthesis of borylated polymer P1B 

To a stirred solution of P1A (210 mg, 253.21 µmol) in 40 mL dry DCM freshly 

distilled Net3 (53.81 mg, 531.74 µmol was added dropwise at 0 ℃ under nitrogen 

atmosphere. After stirring 10 minutes BCl3 (1.58 mL, 1 M in toluene) was added 

slowly under same conditions within 15 minutes. Further temperature was allowed 

to raise room temperature and reaction was stirred for 12 hours. And then AlPh 3 

(1.58 mL, 1 M in dibutylether) was added drop by drop into reaction medium and 

stirred for another 12 hours. After all volatiles were removed with rotary evaporator, 

dark red precipitate was obtained in cold methanol. Precipitate was collected by 

filtration and any inorganic byproducts (boron or zinc species) were dissolved in 

methanol. Without further purification borylated polymer as a dark red solid was 
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obtained (254 mg, 92% yield) GPC data were reported as: Number-average 

molecular weight (Mn) = 21 kDa, Weight-Average molecular weight (Mw) = 24 kDa. 

Polydispersity index (PDI) = 1.14. 
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CHAPTER 3  

3 RESULTS AND DISCUSSION  

3.1 Electrochemical Studies 

Electrochemical studies were carried out with the Cyclic Voltammetry (CV) 

technique to determine the highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) energy levels and redox behaviours of the 

polymers. CV is one of the successful methods used in the last few decades for the 

electronic band gap determination of electroactive molecular species dissolved in 

proper solvents [70]. Also, this technique provides information about electroactive 

structures corresponding to polymers in this study, redox properties, 

doping/dedoping mechanism, stability, energy conversion and storage. Another 

reason why this method is preferred is that it is a less costly and faster method when 

determining the electron affinity and ionization energy of structures which are the 

parameters correlate with the HOMO and LUMO energy levels, compared to other 

methods that require high vacuum [71]. Both polymers in this study P1A and P1B 

were dissolved in chloroform solvent and coated on the indium tin oxide (ITO) which 

is used as a working electrode, surface by spray coating method. Cyclic 

voltammograms were recorded in a 0.1 M TBAPF6 acetonitrile (ACN) solution, with 

a three-electrode system using silver as the reference electrode and platin as the 

counter electrode, with a scanning rate of 100 mV/s. As seen in Figure 3.1., since 

both polymers P1A and P1B have n and p type doping ability, they have ambipolar 

character. The HOMO and LUMO energy levels of P1A and P1B were calculated 

as 5.46 eV/3.41 eV and 5.56 eV /3.31 eV with the onset of the oxidation-reduction 

potentials of the p-doping/n-doping states, respectively. The following equations are 

used for HOMO/LUMO energy level calculations relative to the reference energy 

level of the Ferrocene/ferrocenium redox couple (4.75 eV below the vacuum level). 
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The difference between HOMO and LUMO potentials give electronic band gap 

(Egel) of polymers. 

 

EHOMO (eV) = − (4.75+𝐸ox,onset)                 

ELUMO (eV) = − (4.75+𝐸red,onset)                

 

 

 

Figure 3.1 Single scan cyclic voltammograms of polymers P1A and P1B 
respectively in 0.1 M TBAPF6/ACN electrolyte solution 
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All the electrochemical results are summarized in Table 3.1. The boron element 

integrated in the π-conjugated systems comes to the forefront by changing the 

electronic structures dramatically. The interaction between the empty p orbital of 

boron and the π*-orbitals of the conjugated system effectively reduces the LUMO 

level of the organic conjugated structure [72]. 

Table 3.1. Summary of electrochemical results of P1A and P1B 

 HOMO (eV) LUMO (eV) Eg
el(eV) 

P1A 5.46 3.41 2.05 

P1B 5.36 3.21 2.15 

 

3.2 Photophysical Studies 

Optical studies of P1A and P1B were performed with UV-visible spectroscopy, both 

as a solution in chloroform solvent and as a thin film. As seen in Figure 3.2., the 

maximum wavelengths of P1A and P1B in solution are 435 nm and 430 nm, 

respectively. As can be seen from the same figure, the 

maximum wavelengths within the solid state are 450 nm and 455 nm. Optical band 

gaps were calculated using the maximum wavelengths of  P1A and P1B within 

the solid state are 2.39 and 2.34 eV, respectively.  
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Figure 3.2. UV-Visible spectra of polymers P1A and P1B in chloroform solution 

and as a thin film  

All these results are detailed in Table 3.2. As can be seen from the values, a red shift 

of about 15 nm occurred for both polymers between solution and solid-state 

absorptions. One of the explanations for this bathochromic shift is the increased 

molecular orientation because of the ordered structure of the solid state [23].  
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Table 3.2. Thin film and solution maximum wavelengths of P1A and P1B 

 λmax(solution) λmax (thin film) 

P1A 435 nm 450 nm 

P1B 430 nm 455 nm 

 

Additionally, π-π stacking was observed within the solid state, because 

the intermolecular distance decreased, causing a red shift. Another reason for the 

shift to the red zone may be the lack of pre-clustering within the solution. The last 

and most important one is the presence of the boron unit. Although P1A without 

boron unit and P1B containing boron unit have very different chemical and physical 

structures, they have similar optical properties. This result indicates that other 

spectroscopic methods were needed which is why photoluminescence 

spectroscopy is employed. Because, as an evidence of post borylation, a 

bathochromic shift of 100 nm and above was observed within the visible region of 

the polymer containing the boron unit compared to the boron-free polymer. 

However, this evidence could not be observed with the UV-Vis spectroscopic 

method, which explains the preference of photoluminescence spectroscopy, that is 

directly compatible with the literature. About the electronic structure and optical 

processes of semiconductors was set by Photoluminescence (PL) spectroscopy, 

which is a non-contact, non-destructive method [73]. In this method, the light is 

directed towards the sample at the place where the material is absorbed, and excess 

energy is given off by a process called photoexcitation. The way this excess energy 

is dissipated by the sample is light emission or luminescence. If this happens with 

photoexcitation, it is called photoluminescence [74]. PL measurements were studied 

both as a solution prepared in chloroform solvent and as a solid state, similar to 

performed UV analysis. As seen in Figure 3.3., the emission maximum wavelengths 

of P1A and P1B are 510 nm and 620 nm, respectively. This result was expected 

because the effect of the integrated boron unit provides 110 nm shift towards the 

bathochromic region, which was observed within the emission vs wavelength graph.  
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As can be seen from the same figure, the maximum wavelengths from the solid state 

of PL of P1A and P1B were found to be 550 and 610 nm, respectively. The shift to 

the red region observed for both the solution and solid-state PL graphs. In addition, 

emission maximum wavelength of the solution form of P1A is 510 nm, while the 

solid-state emission maximum wavelength is 550 nm. The red shifted absorption 

observed for the solid-state measurement obtained from the UV spectroscopy was 

again observed for this PL measurement with respect to the result for solution form 

of P1A. The explanations for this are the same as the explanations for UV 

measurements. However, this case observed in P1A isn't valid for P1B. In other 

words, in contrast to the red shift between the solution in P1A and thin film 

analysis, a 10 nm blue shift was observed in P1B. To clarify this unexpected 

situation, a shift in wavelength within the emission spectra cannot be explained with 

the solvatochromism,  although it depends on the kind of solvent used, by referring 

to the  work carried out by Tigineh et al. [75] According to the study of Tigineh and 

co-workers, because of the difference between the dielectric constants of the 

solvents, a shift in the emission spectra was observed at larger or smaller 

wavelengths. Based on the PL results of the identical material measured with 

different solvents, a shift to the red or blue region was noted in solvents with 

different dielectric constants, and the reason for this is often the hydrogen 

bonding of various solvents with the compound. Although not 

directly mentioned during this study, the issue of hydrogen bonding, which consists 

of solvent-polymer interaction, is additionally valid for P1B. Since the conjugation 

increases as a result of boron integration, 10 nm shift to the blue region can be 

explained by the change in the number of hydrogen bonds.  
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Figure 3.3. PL graphs of P1A and P1B 

 

Table 3.3. Emission maximum wavelengths of P1A and P1B  

 λmax(solution) λmax (thin film) 

P1A 510 nm 550 nm 

P1B 620 nm 610 nm 
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Another reason for this unexpected blue shift can be explained as in the study of 

Pang et al. in 2019. In the similar molecule, the reason for the blue shift from the 

solution state to the solid state is attributed to the H aggregation type of interchain 

stacking in the solid state [12]. 

Another conclusion which can be extracted from these graphs is the determination 

of the optical band gap. Table 3.4. contains all the results. Consistent with the 

literature, the optical band gap was lower than the electronic band gap. The 

explanation for this can be the energy barrier in electronic band gap 

measurement. To better explain, the electrochemical redox process occurring at the 

interface between the electrode and the copolymer film surface causes the energy 

barrier [76]. The photoluminescence quantum efficiency is defined by the 

quantity of photons emitted per photon absorbed from the excitation source and can 

also be calculated by the area under the PL curves. While it is 76% for P1A, it is 

58% for P1B. 

Table 3.4. Optical band gaps of polymers 

 λ onsetmax (thin film) Eg
op (eV) 

P1A 620 nm 1.98 eV 

P1B 605 nm 2.05 eV 

 

3.3 OLED Studies 

Before processing the OLED, a device architecture is designed by considering the 

energy diagrams of the layers. In this study, two different devices were produced 

using P1A and P1B in the emission layer of OLEDs. Considering the energy 

levels of these materials, a device architecture as in Figure 3.4. has been proposed 

and successful results have been obtained with this device architecture.  
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Figure 3.4. Energy level diagram for OLED device architecture 

Glass substrates coated with indium tin oxide (ITO) were coated with zinc dust and 

then etched according to the predetermined device architecture with a 1:100 mixture 

of hydrochloric acid and water. 

Abraded ITO coated substrates were cut in dimensions of 2.45cm x 2.45cm. Abraded 

and cut substrates were first put into toluene and 1:100 detergent-water mixture for 

cleaning in an ultrasonic bath for 15 min. Then, the substrates were cleaned in an 

ultrasonic bath by adding water and isopropanol for 15 min each. ITO coated 

substrates taken from isopropyl alcohol were dried with the assistance of a nitrogen 

gun, and so oxygen plasma was applied for 5 min to both regulate the work function 

and purify from organic impurities. After oxygen plasma, the poly(3,4-

ethylenedioxythiophene)-polystyrene sulfonate (PEDOT:PSS) solution was filtered 

through polyethersulfone (PES) filters with a pore width of 0.45 microns and coated 

with spin coating at 4000 rpm. Since PEDOT:PSS has a water-based structure, it 

was annealed at 135°C for 15 min after coating with PEDOT:PSS. In the light-

emitting layer, P1A and P1B polymers were dissolved in chloroform and 

then covered with spin coating. Finally, Ca and Al were coated by evaporation at low 

pressure (~10-6 mbar). As a result, the device architecture is ITO/PEDOT:PSS/Light-
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emitting Layer/Ca/Al. In this device architecture, ITO is the anode, PEDOT:PSS is 

the hole transport layer, Ca  and Al are the cathode. 

 

Figure 3.5. Photographs and colour gamuts of the polymers  

In figure 3.5., there are photographs of the polymers used in the light-emitting layer 

as the devices irradiate, and the colour gamuts were obtained according to the results 

of this radiation. As can be seen from this figure, the colour of the P1A is green, 

while the polymer obtained by the integration of boron has an orangeish red colour. 

This colour difference is another proof of the physical and chemical change created 

by the integration of the boron unit. 
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Figure 3.6. Electroluminescence vs wavelength graphs of P1A and P1B 

Figure 3.6. shows electroluminescence versus wavelength graphs. While the 

maximum wavelength of P1A is 545 nm, P1B is 595 nm, these results are, as 

expected, directly related to the colour of the polymers. 
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Figure 3.7. Current density vs voltage graphs of P1A and P1B 

As can be seen from the figure, the maximum current density value of P1A is up to 

2400 mA / cm2 and the maximum current density value of P1B is up to 800 mA / 

cm2. As it is understood, there is a significant decrease in the maximum current 

density values of polymers from P1A to P1B. This result correlates with the lower 

quantum yield result of P1B with respect to P1A obtained from PL measurements. 
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Although it is generally expected that boron provides higher quantum yields and 

current density values, in this study the resulting data are quite the opposite [21]. 

 

Figure 3.8. Luminescence vs voltage graphs of P1A and P1B 

While the luminescence value of P1A goes up to 12000 cd/m2 at 9 V, the value of 

P1B is 2000 cd/m2 at 13 V. According to these results, it can be said that decrease in 

the luminescence from P1A to P1B is a correlated result with the quantum yields of 

the corresponding polymers. 
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Figure 3.9. Current efficiency vs current density graphs of P1A and P1B 

As can be seen from Figure 3.9., the maximum current efficiency is 1.4 cd/A at 9 V 

for P1A and 0.3 cd/A at 9 V for P1B. For both polymers, the device structure is 

destroyed above 9 V. As can be understood from these graphs, a very significant 

decrease in current efficiency is observed from P1A to P1B. The reason for this low 

efficiency may be due to the inadequacy of the amount of boron unit integrated into 

the conjugate structure [21]. 
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3.4 GPC Analysis 

GPC analyses of polymers were prepared by dissolving 4 mg of polymer in 2 mL of 

CHCl3 and filtering through polyethersulfone (PES) filters with a pore width of 0.45 

microns. As can be seen from Table 3.5., the Mn of P1A is 17 kDa, while that of P1B 

is 21 kDa. Again, the data in the same table tells that the Mw of P1A is 17 kDa, while 

that of P1B is 21 kDa. PDI values are very close to 1 and this can be explained by 

the shortness of the polymer chain. Observation of molecular weight increase as a 

result of boron integration is one of the two important proofs of post-borylation 

method [21]. 

Table 3.5. GPC results of P1A and P1B 

 Mn Mw PDI 

P1A 17 kDa 19 kDa 1.12 

P1B 21 kDa 24 kDa 1.14 

 

3.5 Thermal Studies 

The thermal properties of polymers were investigated by DSC and TGA methods. 

Thermal studies, which are very important for this study, are a useful method to 

determine thermal stability of the polymers. The fact that the polymer containing the 

boron unit is as stable as the polymer without boron is an indication that the boron 

unit has maintained its stability while advancing in a good direction in terms of 

photoelectronic properties. It's possible to comment on the thermal characteristics of 

polymers revealed by the TGA results performed under nitrogen atmosphere with a 

heating rate of 10 °C/min between 25 °C - 600 °C. P1A shows thermal stability up 

to 400 °C and a weight loss of 47.38% was observed after this temperature. In P1B, 
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if we ignore the 10% weight loss that appears around 200 °C, it shows thermal 

stability up to 400 °C like P1A, and after this temperature a mass loss of 53.65% 

observed. Just like the process carried out in TGA analysis, DSC analysis was carried 

out with nitrogen atmosphere at 10 °C/min heating rate and in the range of 25 °C - 

400 °C. Supported these results, it's understood that both boron and boron-free 

polymers are stable during this thermal range and there are no phase transitions. 
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CHAPTER 4  

4 CONCLUSION 

The boron unit was integrated into the conjugated polymer P1A synthesized starting 

from pyrazine unit, by using a Lewis acid type boron source and its stability was 

ensured with the phenyl unit with the help of an inorganic salt containing phenyl. 

Post borylation method, which is a new method of adding desired units after 

chemical polymerization in the literature, was used in this study. Unlike the classical 

post borylation method, a different inorganic salt, AlPh3, was used in this study to 

ensure the stability of the structure, and phenyl integration was successfully 

achieved. The weight determination of the polymer synthesized P1A and modified 

by the post borylation method P1B was made by the GPC technique and number 

average molecular weight values were 17 and 19 kDa, respectively. 

Photoluminescence quantum efficiency (PLQY) values are 58% for P1A at 510 nm 

and 76% for P1B at 630 nm. Luminance values were recorded as 12000 cd/m2 for 

P1A and 2000 cd/m2 for P1B. Current efficiencies of P1A and P1B were recorded 

as 1.3 cd/A at 9.0 V and 0.3 cd/A at 9.0 V, respectively. In the light of this study, the 

same post borylation method can be repeated according to different boron unit 

percentage and the optimum boron percentage can be determined in order to carry 

the work to a further level. Finding a percentage of boron unit where the stability is 

as high as possible and the photoelectronic properties reach the maximum level can 

be realized in the light of this study and can bring a new chapter to the literature on 

optoelectronic devices containing boron. 
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APPENDICES 

A. NMR-DSC-TGA results 

 

1H NMR result of 2,5-di(3-hexylthiophen-2-yl)pyrazine 
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13C NMR result of 2,5-di(3-hexylthiophen-2-yl)pyrazine 

 

 1H NMR result of 2,5-bis-(5-bromo-4-hexylthiophen-2-yl)pyrazine 
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13C NMR result of 2,5-bis-(5-bromo-4-hexylthiophen-2-yl)pyrazine 
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1H NMR result of P1A 
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1H NMR result of P1B 

 

Comparison of P1A and P1B 
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TGA result of P1A 

 

TGA result of P1B 
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DSC result of P1A 

 

DSC result of P1B 
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