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ABSTRACT

OPTICAL AND ELECTROLUMINESCENT PROPERTIES OF
IMIDAZOLE-BASED SMALL MOLECULES

Demirgezer, Fatma Elif
Master of Science, Chemistry
Supervisor : Prof. Dr. Ali Cirpan
Co-Supervisor: Dr. Géniil Hizalan Ozsoy

June 2024, 92 pages

OLEDs are the trending topic in the lighting and display industry because of their
properties, such as being flexible, highly bright, and thinner. In this thesis, the
synthesis of imidazole-bearing small molecules with different substituents and their
application to OLEDs were studied. Moreover, the effects of substituents in
imidazole molecules on OLEDs were examined. In order to investigate the electronic
properties CV studies were performed. Photoluminescence peaks were centered at
490, 492, 495, 488, 490, and 489 nm for 2-(4-(tert-butyl)phenyl)-4,5-diphenyl-1H-
imidazole (BIm-H-tBu), 2-(4-(tert-butyl)phenyl)-1-(4-chlorophenyl)-4,5-diphenyl-
1H-imidazole (BIm-PhCI-tBu), 2-(4-(tert-butyl)phenyl)-1,4,5-triphenyl-1H-
imidazole (BIm-Ph-tBu), 2-(4-methoxyphenyl)-4,5-diphenyl-1H-imidazole (BIm-
H-OMe), 2-(4-methoxyphenyl)-1,4,5-triphenyl-1H-imidazole (BIm-Ph-OMe), 1-(4-
chlorophenyl)-2-(4-methoxyphenyl)-4,5-diphenyl-1H-imidazole (BIm-PhCI-OMe),
respectively. Electroluminescent properties were investigated with the device
architecture of 1TO/ a-NPD/ Small Molecules/ TPBI/ LiF-Al with the incorporated
OLED:; the luminance value was exceeded of 10,000 cd.m, and current efficiency
of 5.9 and 7.73 cd.A* were achieved. These results are promising for first-generation
OLED:s.
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purity
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0z

IMIDAZOL BAZLI KUCUK MOLEKULLERIM OPTIK VE ELEKTRIKLE
ISILDAMA CALISMALARI

Demirgezer, Fatma Elif
Yiiksek Lisans, Kimya
Tez Yoneticisi: Prof. Dr. Ali Cirpan
Ortak Tez Yoneticisi: Dr. Goniil Hizalan Ozsoy

Haziran 2024, 92 sayfa

OLED’ler, esnek, ¢ok parlak ve daha ince olmalar1 gibi 6zelliklerinden dolay1
aydinlatma ve ekran endiistrisinde trend konusudur. Bu projede, farklh
stibstitiientlerle imidazol kiigiik molekiillerinin sentezi ve OLED’lere uygulanmasi
incelenmigtir. Ayrica imidazol molekiillerindeki siibstitiientlerin OLED’ler
iizerindeki etkileri incelenmistir. Bu ¢alismada, farkl siibstitiientlere sahip imidazol
iceren kiiciik molekiiller sentezlendi. Elektronik 06zelliklerini arastirmak igin
dongiisel voltametri ¢aligmalar1 yapilmistir. Fotoliiminesans tepe noktalari, 2-(4-
(tert-butil)fenil)-4,5-difenil-1H-imidazol (BIm-H-tBu), 2-(4-(tert-butil)fenil)-1-(4-
klorofenil)-4,5-difenil-1H-imidazol (BIm-PhCI-tBu), 2-(4-(tert-butil)fenil)-1 ,4,5-
trifenil-1H-imidazol  (BIm-Ph-tBu), 2-(4-metoksifenil)-4,5-difenil-1H-imidazol
(BIm-H-OMe), 2-(4-metoksifenil) -1,4,5-trifenil-1H-imidazol (BIm-Ph-OMe), 1-(4-
klorofenil)-2-(4-metoksifenil)-4,5-difenil-1H-imidazol ~ (BIm-PhCI-OMe)  igin
sirasiyla 490, 492, 495, 488, 490, 489 nm’de merkezlenmistir. ITO/ a-NPD/ Small
Molecules/TPBi/ LiF-Al cihaz mimarisi ile entegre OLED ile elektrominesans
ozellikleri arastirilmis, 10,000 cd.m parlaklik degeri asilarak 5,9 ve 7,73 cd.A*

akim etkinligi elde edilmistir.
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CHAPTER 1

INTRODUCTION

1.1 Use of Imidazole Small Molecules

Imidazole (1,3-diazole) is a planar five-membered ring-shaped molecule containing
two nitrogen atoms, as shown in Figure 1.1. The two nitrogen atoms in the structure
have different characteristics. One exhibits pyrrole characteristics, and the other is
pyridine [1,2]. In addition to that, one of the imino nitrogen as an acceptor and
hydrogen in amino nitrogen forms hydrogen bonding [3].

N7 NH
\—/

Figure 1.1. Structure of imidazole core unit.

The applications of imidazole molecules range from technology to medical
applications. For example, catalytic use, agrochemical, pharmaceutical, and organic
optoelectronics for energy, lighting, and display industry applications are the
application areas of imidazole derivatives [4—7].

Due to their versatile features, they are popular in bioactive and biomedical
utilizations. Its capability of forming hydrogen and metal-ligand bonding makes
these molecules suitable for use in membrane and DNA sequencing applications [8].
Moreover, there are several studies of using imidazole derivatives in medicinal
prospects of neurodegenerative diseases such as Alzheimer's disease. Cornec et al.
used the leveraging of the ease of synthesis and synthetic versatility of the imidazole
molecule and developed multi-targeted imidazole derivatives to be cured in

degenerative brain disorders [9].



Many organic units such as triarylamine, imidazole, carbazole (Cz),
triphenylphosphine oxide (PO), pyrene, etc., have the ability to emit light at the blue
light range enhanced by adding functional groups to reach pure, bright, and stable
blue color. They have become a frequently used emitting material, particularly in
developing blue-emitting Organic Light-Emitting Diodes (OLEDs) [10]. Their
essential photoluminescence (PL), electrochemical, and electroluminescence
properties make them worth investigating [11]. Since the introduction of organic
light-emitting diodes (OLEDs) in 1987 by Tang et al., the imidazole derivatives,
primarily phenanthrol-imidazole (P1) and Benzimidazole (Bl), have gotten a lot of
press. Stable at 400°C, the imidazole derivatives have a strong aromatic character
and easily undergo the standard electrophilic aromatic substitution processes.
Moreover, their simplicity of production in a singular process, straightforward
molecular adjustments, and ambipolar attributes have contributed to the widespread
adoption of these compounds for use in the OLED device layers. They have also
been proven as significant high-efficiency blue light emitters for improving device
performances and fabricating stable OLEDs [12]. All the properties make the
imidazole derivatives suitable for OLED manufacturing. In 2002, Aminul Islam et
al. developed bis-imidazole derivatives to use as a dopant blue emitting OLED
material, reaching higher than 4000 cd.m lumen and current efficiency around 2
cd.A* values [13].

1.2 Principle and Classification of Luminescence

As in principle, any type of energy cannot be created from nothing so that light is
released as a result of the transformation of another type of energy. There are two
types of emission: incandescence and luminescence. Incandescence is the emission
of light due to the material’s temperature in the visible region of the electromagnetic
spectrum. In addition to that, it is called black body radiation. This phenomenon can
also be described as the emission of light due to heat energy. A Tungsten light bulb,

the Sun, and a candle are examples of light sources that glow up because of their



heat. The other emission type that will interest us in this study is luminescence. In
contrast to incandescence, it is called ‘cold body radiation’ since its light emission
does not arise from its own heat; however, certain triggering events occur within the
material. Therefore, it is given different names according to the sources of excitation.
Chemiluminescence (a chemical reaction is the source of luminescence),
cathodoluminescence (an electron causes to excite the material), triboluminescence
(luminescence resulting in mechanical stimulation), electroluminescence (emission
of light due to the electrical field) and photoluminescence (excitation of material by
a photon) are the most common examples of luminescence [14]. Here, we are

interested in photoluminescence and electroluminescence.

1.2.1 Photoluminescence

When a photon hit a molecule and the molecule absorbs the light energy, it becomes
excited. This means that an electron from its ground state moves to a higher energy
state. Due to the excited electron not being stable, it tends to go back to the ground
state. Considering the principle that energy cannot be created or destroyed, whereas
can only change from one form to another when an excited electron returns to its
ground state, it will convert some of the absorbed energy back into the light, leading
to its observation as the emission of light. This phenomenon is illustrated in Figure
1.2. The absorbed energy (energy of the photon) is not equal to the emitted energy
due to the several non-radiative decays, such as collisional quenching, internal

quenching, and vibrational relaxations [15].
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Figure 1.2. Schematic representation of photoluminescence phenomena.

Radiative emission takes place through two distinct processes: fluorescence and

phosphorescence.

- Fluorescence:
As shown in Figure 1.3, when an electron is excited from the ground state
(So) to the singlet excited state (S1), its emission mechanism is called
fluorescence. The singlet excited state electron and the remaining ground
state electron are paired, which means they have opposite spins. Therefore,
its relaxation to the ground state is a spin-allowed process. As a result, the
relaxation process is accelerated in nanoseconds (the rate of the fluorescence

mechanism is around 108 s1) [16,17].

So

Figure 1.3. Schematic representation of fluorescence phenomena.



- Phosphorescence:

After absorbing a photon, the molecule reaches the singlet excited state.
Subsequently, the excited electron reaches the triplet excited state through a non-
radiative process known as intersystem crossing. As seen in Figure 1.4, electrons in
the Sp and triplet excited (T1) states have the same spin, so the transition from Ty to
So is forbidden. The electron then reaches the ground state via spin-orbit coupling.
Consequently, the transition rate is shallow, leading to a millisecond-scale

phosphorescence lifetime.

Figure 1.4. Schematic representation of phosphorescence.

1.2.2 Electroluminescence

Electroluminescence is when a material emits light upon applying an external
voltage or electric field. Destriau first described this optoelectronic process as the
emission of light following exposure to an electrical field [18]. The exposure of
current to the material causes the movement of electrons and holes; then, their
recombination creates photons, which are the excited states in molecules[19].
Electroluminescence, as a form of luminescence, is distinguished from
incandescence by its nonthermal light generation. This process is schematically
represented in Figure 1.5. The excited electrons can be classified into two groups,
singlet, and triplet, depending on the excitation level which the singlet and triplet
excited states. Similar to the photoluminescence mechanism, the relaxation of

electrons from the S; state results in fluorescence, while relaxation from the T;



state results in phosphorescence. After the recombination of charge carriers, the

excitons separated into singlet and triplet excited states at 25% and 75%.
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Figure 1.5. Schematic representation of the electroluminescence phenomenon.

1.3 Organic Light Emitting Diodes (OLEDs)

In the 21st century, around 17% of electricity is used for lighting worldwide [20].
This situation brought about the search for alternative ways to decrease the over-
consumption of electricity. After extensive investigation, LED and OLED
technologies were developed instead of incandescent and fluorescent lighting.

Organic Light-Emitting Diodes (OLEDSs) are organic electronics composed of a
sandwich-like structure with multiple functional layers [21]. Organic conjugated
polymers or small molecules- semiconducting materials- are used to transport
charges and active materials to emit light or transfer charge carriers in light-emitting

devices.

Those new technologies have advantages like lowering the consumption of

electricity and increasing efficiency. Except for lighting, OLED technology is used



in smartphones, smartwatches, and TV displays. Features like flexibility and
transparency are applicable to human skin. Those technologies are based on
electroluminescence phenomena, which refer to the conversion of electricity to light
energy [22].

The OLED technology provides remarkable benefits over its counterpart technology
products, such as inorganic Light Emitting Diodes (LEDs). Although both
technologies are greener and more efficient than incandescent and fluorescent
lighting, OLED technology has received considerable attention from both the display
and lighting industry and also the academics over the last few decades due to their
apparent advantages, including ease of preparation, low cost, safe use, lightweight,
low driving voltage, and fast reaction [23]. Because of the promise of obtaining long-
lasting, durable, and energy-efficient OLEDs, researchers dedicate a significant
amount of time and effort to improving OLED technology and developing
sophisticated OLEDs for the increasing demand for these products. Thanks to the
rapid advancement in the manufacturing of stable and more efficient OLEDs,
technology leaders have introduced various display products into the commercial
marketplace, benefitting from the outstanding properties of OLEDs, such as being
highly luminescent, flexible, and thin products. Due to their transparency, low power
consumption, and renewable energy, OLEDs are increasingly recognized and widely
employed in numerous industries [24]. Becoming a hot topic in materials chemistry
and engineering, OLED technology showed incredible progress in device
effectiveness and development. In the upcoming decades, these technology products
will be seen more in the market, and outstanding developments will be expected.

131 A Brief History of Organic Light Emitting Diodes (OLEDs)

Before OLED technology evolved to its present state, in 1963, Pope, Kalman, and
Magnante achieved fluorescence emission with anthracene and tetracene-doped
anthracene after the application of high-level voltage [25]. Until 1987, there was a

lot of research on this subject, but OLED performances suffered from high driving



voltages, instability, and lack of device efficiencies [26,27]. At that time, Tang and
VanSlyke developed an OLED device using Tris(8-hydroxyquinoline)aluminum
(Algs) as the emissive material. This device exhibited characteristics such as a low
operating voltage of around 2.5 V and a high luminescence exceeding 1000 cd.m
[28]. In the year 1999, Pioneer introduced the initial commercial OLED, which was
incorporated into an automotive audio system [29]. After a duration of 8 years, the
pioneering release of the world's initial OLED Television set as the XEL1 model was
accomplished by the renowned Sony corporation [30]. The first-generation OLEDs
follow the fluorescence mechanism, and because only 25% of the excitons can be
harvested, the reachable maximum external quantum efficiency (EQE) is 5%. Then,
the second-generation OLEDs are based on the phosphorescence mechanism. With
this mechanism, 100% internal quantum efficiency can be achieved by using the
complexes of heavy atoms and organic molecules. Nevertheless, the utilization of
heavy atoms presents several drawbacks, such as elevated expenses and adverse
environmental impacts. [31]. The third-generation OLEDs are based on thermally
activated delayed fluorescence (TADF), a concept first introduced by Adachi and his
colleagues in 2011 5.6% EQE [32]. Subsequently, in 2012, 12.5% EQE was achieved
for green-emitting OLEDs [33].

1.3.2 Device Structure and Working Principle of OLEDs

OLEDs can be designed as single-layered or multilayered. Single-layer devices have
the most straightforward OLED architecture, which consists of an organic emissive
layer sandwiched between the metal anode and cathode layer (e.g., Al, Ca, Mg, etc.).
The anode material used in organic optoelectronics should be transparent to get
through the light emission. Moreover, this material should be chosen with a work
function coherent with the HOMO level of the emissive layer because this affects
the injection of electrons from the anode layer to the HOMO (Highest Occupied
Molecular Orbital) level of the emissive material. Generally, indium tin oxide (1TO),

a transparent conductive material, is preferred as an anode. The work function of



ITO (¢iTo) is around 4.5 eV [34]. The other transparent alternatives to ITO are
molybdenum oxide (MbQ) and zinc oxide (ZnO) [35]. Moreover, organic conjugated
polymers or organic small molecules are used as the emissive layer. The first transfer
of an injected hole is performed from this layer, which means that the energetic
barrier between the cathode, which is electron-injecting contact, and the LUMO
(Lowest Unoccupied Molecular Orbital) level of the adjacent layer has crucial
importance on the turn-on voltage value and the performance of the device. The
materials with low ¢cathode, SUCh as Ba and Li, are feasible to reach the ohmic
behavior. However, there is a problem with their reactivity toward the atmospheric
water and oxygen because of their Iow ¢cathode. FOr this reason, metals with higher
work functions, such as Al (4.2 eV), are generally used as the cathode layer. Other
alternatives for the cathode layer are Ca (2.9 eV) and Mg (3.7 eV), etc. [34].

Figure 1.6 shows the working principles of single-layered and multilayer OLEDs.
For single-layered OLEDs, electrons are injected into the LUMO level of the organic
emissive material upon applying a driving voltage to the cathode layer. At the same
time, holes are injected from the anode to the HOMO level of the organic emissive
material. In the emissive layer, recombining electrons and holes creates excitons,
which means an excited states of the molecules. The relaxation of electrons from the
excited state to the ground state results in the emission of light [34]. The working
principle of multilayer OLEDs has the same trend as single-layered OLEDs, with
differences in auxiliary layers. Upon applying a voltage to the cathode counterpart
of the device, electrons are injected into the adjacent Electron Transport Layer (ETL)
that supports the transport of electrons to the LUMO level of the emissive layer. In
the meantime, from the anode counterpart, the holes are injected into the Hole
Transport Layer (HTL), easing the transport of holes to the HOMO level of the
Organic Emissive Layer [36]. In the emissive layer, like in the case of single-layered
OLED:s, the holes generated from the anode and the electrons generated from the
cathode combine to yield excitons, which are the bound state of the holes and
excitons. The emission of light takes place due to the relaxation from the excited

state to the ground state [37].
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Figure 1.6. Schematic representation of the working principle of OLEDs.

High quantum efficiency is achieved by decreasing the charge injection after
applying driving voltage and confining the injected electrons inside the organic
emissive layer to increase the possibility of recombination of electrons and holes to
create excitons. For this purpose, multi-layer OLEDs are used to enhance device
efficiency [38]. Multilayered devices can be composed of a hole transport layer
(HTL), a hole injection layer (HIL), an electron transport layer (ETL), and an
electron injection layer (EIL). The injection layers are commonly used for extraction
of charge carriers from electrodes in an effective way.

A typical OLED is made up of an emissive organic layer sandwiched between two
electrodes, the anode and cathode, which are all placed on a glass substrate. Organic
molecules become electrically conductive because of the delocalization of x-
electrons generated by conjugation over a part of the molecule or all of the structure.
These materials are classified as organic semiconductors because their conductivity
values range between insulators to conductors [39]. Figure 1.7. shows a multilayer
OLED construction. The anode part of the device is constructed on a glass substrate.
An anode is an OLED device's positively charged counterpart, enabling the injection
of holes into the organic layers. The commonly used anode material is Indium Tin

Oxide (ITO). It is transparent to visible light and has a high work function, allowing
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holes to be injected into the Highest Occupied Molecular Orbital (HOMO) of the
organic emissive layer. Deviations in the surface of the anode reduce anode-organic
film interface adhesion and increase electrical resistance [40]. All the drawbacks of
the anode part of the fabricated OLEDSs reduce their lifetime. Thin films are possible
mechanisms for reducing anode roughness for 1TO/glass substrates. To improve
OLED performance and lifetime, new substrates and anode materials are being

examined.

Anode (ITO)

Glass Substrate

Figure 1.7. A conventional device architecture of OLED.

The Hole Transport Layer (HTL) is constructed on the top of the anode part of the
structure. HTL is a crucial layer that supports the transport of holes from itself,
enabling the holes to reach the Emissive Layer. The features of the anode,
specifically the anode/hole transport layer (HTL) interface topography, have been
shown to play a significant impact on the effectiveness, functionality, and lifetime
of OLEDs in various experimental studies [41]. The Emissive Layer (EML), located
above the HTL, is where the electrical energy is directly converted into light. As a
composition of Emissive Layers, the small molecules and polymers are used as light-
emitting materials. The Electron Transport Layer (ETL) is a layer enabling the
transport of electrons from itself to the Emissive Layer [42]. On top of the ETL, the
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LiF or Ca metal layer will be used to increase the stability and performance of the
OLED devices. These are introduced to modify the electrode work function and the
interfacial reactivity [43]. The cathode is a negatively charged counterpart of an
OLED device, enabling the injection of electrons into the organic layers. In OLED
devices, the efficiency and brightness depend on the work function. Due to its
appropriate work function, Al metal is used as a cathode in combination with the
LiF.

1.3.3 Important Parameters in OLED Performance Determination

Generally, current density-luminance versus voltage graphs, current efficiency
versus voltage graphs, and electroluminescence spectra of OLED devices are

provided to assess their performance.

Turn-on voltage (Ton) indicates the voltage at which the device first starts to emit

light, and this value is recorded when a luminance of 1 cd/m? is achieved.

Current density is the current divided by the device area in the unit of mA.cm™.
Current efficiency is calculated by using the current density and luminance values,

and its formula is shown below;

Luminance (cd.m™?)

Current Efficiency (CE) (cd.A1)=

Current density (Am=2)

The EQE serves as a crucial parameter for assessing the effectiveness of devices in
terms of converting current (electrical energy) into light. The EQE is calculated by
comparing the quantity of output photons (produced by the OLED) to the quantity
of injected electrons (electron supply facilitated through external voltage

application).
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In determining the color of light emitted by an OLED device, mostly Commission
Internationale de 1'éclairage (CIE) coordinates (x,y,z) are used. This standardizes the
reporting of color values, ensuring a universal understanding of the represented

colors when these coordinates are provided.

1.34 Blue-light Emission Problem and Aim of The Study

Figure 1.8. Red, green, and blue color emitting OLEDs.

Since the initial demonstrations of OLEDs, scientists and technology firms have been
investigating more efficient red, green, and blue light emitters with excellent color
purity and stability. White light-emitting OLEDs (WOLEDSs) have an essential role
in the lighting and display industry. They consist of a combination of red, green, and
blue light emissions, the three primary colors (R, G, B). For this reason, research and
development on red, green, and blue organic light-emitting materials and their
application to OLEDs are exciting subjects for researchers. As a result of research
conducted so far, satisfactory results for color purity, stability, and efficiency were
obtained for red and green light-emitting OLEDs [44]. However, there are several
drawbacks in the case of blue light-emitting materials regarding color purity,
luminescence efficiency, and device endurance. Compared to green and red light-
emitting OLEDs, blue light-emitting OLEDs have a significant disadvantage: the
intrinsic wide-band-gap nature of deep-blue emitters [45]. In contrast to red light
emission, a longer band gap between the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) levels of emissive
material is needed to emit light at a shorter wavelength for blue light emission. Due

13



to the long bandgap of blue light-emitting materials, problems such as high charge
injection barrier, unstable charge injection, and transportation emerge. To solve these
problems, scientists are working to obtain pure, bright, and stable blue color
emissions. Although one of the most essential requirements for electroluminescent
devices is the device lifetime, studies of highly efficient deep-blue emitting materials

with adequate device lifetime are still limited.

2 %o Zo

Figure 1.9. Synthesized imidazole derivatives

In this study, the effects of different substituents added to the imidazole molecule on
device applications and their impact on color properties were investigated. Figure

1.9 shows the molecules synthesized and applied in devices for this purpose.

The first three molecules include tertiary-butyl substituents, and the second three
molecules include methoxy substituents. In addition to that, these molecules are

varied by changing the substituent in the N3 position in the imidazole core unit.



CHAPTER 2

EXPERIMENTAL

2.1  Materials, Equipment, and Methods

The materials used in the synthesis, including benzil, 4-(tert-butyl)benzaldehyde, 4-
methoxybenzaldehyde, ammonium acetate, aniline, and 4-chloroaniline, were
supplied by Sigma Aldrich Company. Acetic acid was provided by Carlo Erba
Reagents GmbH as a solvent in the reactions. The synthesis took place in an open-
air environment under reflux conditions at 60°C. Structures of molecules were
verified using a Bruker Spectrospin Avance DPX-400 Nuclear Magnetic Resonance
Spectroscopy (NMR) instrument in the chemistry department, with trimethyl silane
(TMS) as a reference material, and all the molecules were dissolved in deuterated
dimethyl sulfoxide for the analysis. Moreover, a high-resolution mass spectrometry
(HRMS) analysis was conducted using a Water SYNAPT G1 MS device in the
METU Central Laboratory to verify the materials.

Jasco V-770 double-beam UV-Visible/ NIR Spectrophotometer and PerkinElmer
Fluorescence Spectrometer LS 55 instrument were used for molecular
characterizations. Moreover, electrochemical studies were conducted for another
molecular characterization technique by investigating cyclic voltammograms (CV)
of materials in Gamry Instruments Reference 3000 Potentiostat.

ITO-coated glass substrates purchased from VisionTek Systems were used as anode
contact in the device fabrication part of the study. During the OLED fabrication
process, TPBi and a-NPD were purchased from Lumtec. The cathode contact was
made using lithium fluoride (LiF), aluminum (Al), and silver, all procured from the

Kurt J. Lesker Company. The materials were evaporated in vacuum chambers from
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NANOVAK and mBraun. For the organic small molecule evaporation, boron nitride
crucibles from NANOVAK were used.

2.2 Synthesis of the Imidazole Derivatives

In this study, all the imidazole derivatives were synthesized by following the
Radziszewski reaction [46]. Imidazole molecules are produced through the synthesis
involving a condensation reaction between 1,2-dicarbonyl derivative, ammonia, and

aldehyde derivatives.

221 Synthesis of 2-(4-(tert-butyl)phenyl)-4,5-diphenyl-1H-imidazole

(BIm-H-tBu)
o 0
o)
+ + + —
)I\O- NH, Acetic Acid N NH
. 100-105 °C, 15 hr O X
=~ ammonium acetate
benzil o

4-(tert-butyl)benzaldehyde O

2-(4-(tert-butyl)phenyl)-4,5-
diphenyl-1H-imidazole

Figure 2.1. Reaction scheme of the synthesis of BIm-H-tBu

The synthesis of molecule BIm-H-tBu is outlined in Figure 2.1. Benzil (1
equivalent), 4-(tert-butyl)benzaldehyde (1 equivalent), and ammonium acetate (6
equivalents) were dissolved in glacial acetic acid and stirred at 100°C overnight. The
progress of the reaction was monitored by thin-layer chromatography (TLC). After
completion, the reaction mixture was allowed to cool and poured into ice for
precipitation, followed by washing with distilled water. The resulting precipitate was
filtered and dried.

For purification, the dried solid was dissolved in a mixture of ethanol (EtOH) and

tetrahydrofuran (THF) with heating, and the solution was left to crystallize. The
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formed crystals were filtered, and the filtrate was dried. The purified product was

characterized by using NMR and HRMS techniques before further use.

IH NMR (400 MHz, DMSO-ds) & 12.64 (s, 1H), 8.01 (d, J = 8.5 Hz, 2H), 7.54 (d, J
= 7.7 Hz, 2H), 7.50 (d, J = 8.4 Hz, 4H), 7.45 (t, = 7.4 Hz, 2H), 7.38 (d, J = 7.1 Hz,
1H), 7.30 (t, = 7.5 Hz, 2H), 7.23 (d, J = 7.3 Hz, 1H), 1.32 (s, 9H).

HRMS analysis provided the mass of compound BIm-H-tBu (CzsH22N2) as
353.2018, which is calculated as 353.2018.

2.2.2 Synthesis of 2-(4-(tert-butyl)phenyl)-1,4,5-triphenyl-1H-imidazole)

(BIm-Ph-tBu)
o 0 NH,
0
+ + .+ _— —
)Lo- NH, Acetic Acid N N
) 100-105 °C, 15 hr x
NS ammonium acetate -
(o] aniline

benzil
4-(tert-butyl)benzaldehyde O

2-(4-(tert-butyl)phenyl)-
1,4,5-triphenyl-1H-imidazole

Figure 2.2. Reaction scheme of the synthesis of BIm-Ph-tBu

The synthetic pathway of BIm-Ph-tBu is shown in Figure 2.2. A mixture of Benzil
(1 equivalent), 4-(tert-butyl)benzaldehyde (1 equivalent), ammonium acetate (10
equivalents), and aniline (4 equivalents) and acetic acid was put in a round bottom
flask and heated at 100°C overnight. The formation of the new molecule was

monitored using TLC.

Once the reaction was complete, the solution was poured into a beaker containing
ice to cause precipitation. The resulting precipitate was then filtered using filter
paper. The filtrate was washed with distilled water to eliminate the acetic acid

solvent.
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The solid product was dried and then purified by dissolving it in EtOH with heating
to get rid of impurities and excess reactants. The solution was allowed to cool to
induce crystallization. The crystals were then filtered using gravitational filtration
and characterized by NMR and HRMS.

IH NMR (400 MHz, DMSO-ds) § 7.49 (d, J = 7.3 Hz, 2H), 7.36 — 7.16 (m, 17H),
1.23 (s, 9H).

13C NMR (100 MHz, DMSO) & 150.8, 146.5, 145.9, 136.7, 136.7, 134.4, 131.1,
131.1, 130.4, 129.1, 128.8, 128.4, 128.3, 128.1, 127.8, 127.5, 126.4, 126.3, 124.9,
34.3, 30.9.

HRMS analysis provided the mass of compound BlIm-Ph-tBu (CsiH2sN2) as
429.2331, which is calculated as 429.2331.

2.2.3 Synthesis of 2-(4-(tert-butyl)phenyl)-1-(4-chlorophenyl)-4,5-
diphenyl-1H-imidazole (BIm-PhClI-tBu)

0o 0 NH>
0
+ + + S ——
O O )J\o- NH,* Acstic Acid N= M
100-105 °C, 15 hr X
=~ ammonium acetate O OCI
benzil © cl
4-(tert-butyl)benzaldehyde 4-chloroaniline O

2-(4-(tert-butyl)phenyl)-1-(4-
chlorophenyl)-4,5-diphenyl-1H-
imidazole

Figure 2.3. Reaction scheme of the synthesis of BIm-PhCI-tBu

The synthesis of BIm-PhCI-tBu is illustrated in Figure 2.3. Benzil (1 equivalent), 4-
(tert-butyl)benzaldehyde (1 equivalent), ammonium acetate (10 equivalents), and 4-
chloroaniline (4 equivalents) were dissolved in glacial acetic acid and reacted at
100°C overnight. The reaction mixture was then allowed to cool to room temperature

before being poured onto ice to induce precipitation.
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The resulting precipitates were filtered and washed with distilled water. After drying
to remove residual water, the product was dissolved in a mixture of EtOH and THF

by heating for crystallization. The solution was then left to crystallize.

The formed crystals were filtered using gravitational filtration and allowed to dry.
The presence of the target product was confirmed by analyzing the NMR spectrum
HRMS.

IH NMR (400 MHz, DMSO-ds) § 7.59 — 7.10 (m, 18H), 1.25 (s, 9H).

13C NMR (100 MHz, CDCls) & 151.7, 147.1, 134.2, 131.2, 130.5, 129.8, 129.5,
128.7, 128.6, 128.3, 128.3, 127.5, 126.8, 125.4, 34.8, 31.3.

HRMS analysis provided the mass of compound BIm-Ph-tBu (C31H27CIN) as
463.1941, which is calculated as 463.1941.

2.2.4 Synthesis of 2-(4-methoxyphenyl)-4,5-diphenyl-1H-imidazole (BIm-
H-OMe)

oO—

~
o o 0
o
+ + + N=
O O )Lo- NH, Acetic Acid  NH
100-105 °C, 15 hr O
=~
o

ammonium acetate

4-methoxybenzaldehyde ‘

2-(4-methoxyphenyl)-4,5-
diphenyl-1H-imidazole

benzil

Figure 2.4. Reaction scheme of the synthesis of BIm-H-OMe

The synthetic route for BIm-H-OMe is illustrated in Figure 2.4. Benzil (1
equivalent), 4-methoxy benzaldehyde (1 equivalent), and ammonium acetate (6
equivalents) were dissolved in approximately 25 mL of glacial acetic acid in a round-
bottom flask equipped with a reflux condenser and placed in an oil bath. The reaction

mixture was refluxed at 100°C overnight, with the progress monitored by TLC.
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After completion, the flask was removed from the oil bath and cooled to room
temperature. The resulting product was poured into a beaker containing ice, and
gravitational filtration was used to isolate the solid. The crude product was washed
with distilled water and dried. The crude product was dissolved in the minimum
amount of ethanol and tetrahydrofuran for crystallization, heated, and then cooled

for crystallization. The white solid product was obtained after gravitational filtration.

NMR and HRMS characterizations were conducted to confirm whether the target

molecule was obtained.

IH NMR (400 MHz, DMSO-de) & 12.53 (s, 1H), 8.03 (d, J = 8.8 Hz, 2H), 7.56 (d, J
= 7.2 Hz, 2H), 7.50 (d, J = 7.2 Hz, 2H), 7.43 (dd, J = 8.4, 6.5 Hz, 2H), 7.36 (t, J =
7.2 Hz, 1H), 7.30 (dd, J = 8.4, 6.5 Hz, 2H), 7.21 (t, J = 7.3 Hz, 1H), 7.05 (d, J = 8.8
Hz, 2H), 3.81 (s, 1H).

13C NMR (100 MHz, DMSO) & 159.4, 145.6, 140.5, 136.7, 135.3, 131.2, 128.6,
128.3, 128.1, 127.6, 127.6, 127.0, 126.7, 126.4, 126.4, 123.1, 114.1, 55.2.

HRMS analysis provided the mass of compound BIm-Ph-tBu (C22H1sN20) as
327.1497, which is calculated as 327.1497.

2.2.5 Synthesis of 2-(4-methoxyphenyl)-1,4,5-triphenyl-1H-imidazole,
BIm-Ph-OMe

O_

~
o o o NH,
o]
+ + + —_— ™ =
)LO- NH,* Acetic Acid N \
100-105 °C, 15 hr O x ‘@
~0

ammonium acetate -
aniline

4-methoxybenzaldehyde Q

2-(4-methoxyphenyl)-1,4,5-
triphenyl-1H-imidazole

benzil

Figure 2.5. Reaction scheme of the synthesis of BIm-Ph-OMe
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The reaction scheme of the synthesis of BIm-Ph-OMe is shown in Figure 2.5. In a
round-bottom flask equipped with a reflux condenser and placed in an oil bath, benzil
(1 equivalent), 4-methoxybenzaldehyde (1 equivalent.), aniline (4 equivalents), and
ammonium acetate (10 equivalents) were dissolved in approximately 30 mL of
glacial acetic acid. The reaction mixture was refluxed at 105°C overnight, and TLC

was used to monitor the reaction progress.

After completion, the flask was removed from the oil bath and cooled to room
temperature. The reaction mixture was then poured into a 100 mL beaker filled with
ice. Gravitational filtration was used to isolate the solid once the ice melted. The
crude product was washed with distilled water and dried. The crude product was
dissolved in the minimum amount of ethanol and tetrahydrofuran for crystallization.
After heating and cooling, the substance became a white solid. The crude product

was collected by gravitational filtration.
The analysis of NMR and HRMS was used to confirm the product.

IH NMR (400 MHz, DMSO-ds) § 7.47 (d, J = 8.4 Hz, 2H), 7.36 — 7.27 (m, 8H), 7.27
~7.20 (m, 6H), 7.17 (d, J = 7.7 Hz, 1H), 6.84 (d, J = 8.8 Hz, 2H), 3.72 (s, 3H).

13C NMR (100 MHz, CDCls) & 157.8, 145.1, 135.4, 129.3, 128.5, 127.3, 126.7,
126.5, 126.4, 126.3, 126.1, 125.6, 124.7, 111.7, 53.4.

HRMS analysis provided the mass of compound BIm-Ph-tBu (C2sH22N20) as
403.1810, which is calculated as 403.1810.
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2.2.6 Synthesis of 1-(4-chlorophenyl)-2-(4-methoxyphenyl)-4,5-diphenyl-
1H imidazole (BIm-PhCI-OMe)

07
O
+ :;
)]\O' NH,* Acetlc Acid N N
100-105 °C, 15 hr X
ammonium acetate Cl

benzil
4- methoxybenzaldehyde 4-chloroaniline Q

1-(4-chlorophenyl)-2-(4-
methoxyphenyl)-4,5-diphenyl-1H-
imidazole

Figure 2.6. Reaction scheme of the synthesis of BIm-PhCI-OMe

The synthetic pathway of molecule BIm-PhCI-OMe is illustrated in Figure 2.4. In a
round-bottom flask, benzil (1 equivalent), 4-methoxybenzaldehyde (1 equivalent),
4-chloroaniline (4 equivalents), and ammonium acetate (10 equivalents) were
dissolved in approximately 30 mL of glacial acetic acid. The flask was equipped with
a reflux condenser and placed in an oil bath to maintain the reaction temperature.
The mixture was refluxed at 105 °C overnight, and TLC was used to monitor the

reaction progress.

After reaction completion, the flask was removed from the oil bath and cooled to
room temperature. The reaction mixture was then poured into a beaker containing
100 mL of ice. Gravitational filtration was used to isolate the solid once the ice
melted. The crude product was washed with distilled water and dried. The crude
product was dissolved in the minimum amount of ethanol and tetrahydrofuran for
crystallization. After heating and cooling, the product became a white solid. The
crude product was collected by gravitational filtration.

The presence of the target product was confirmed by analyzing the NMR spectrum
HRMS.
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IH NMR (400 MHz, DMSO-ds) 5 7.47 (d, J = 7.5 Hz, 2H), 7.40 (d, J = 8.5 Hz, 2H),
7.35 — 7.29 (m, 6H), 7.28 — 7.20 (m, 5H), 7.17 (t, J = 7.3 Hz, 1H), 6.89 (d, J = 8.7
Hz, 2H), 3.74 (s, 3H).

13C NMR (100 MHz, CDCls) & 159.9, 147.0, 135.8, 134.2, 131.2, 130.5, 130.4,
129.8, 129.5, 128.7, 128.3, 128.3, 127.5, 126.8, 113.8, 77.5, 55.4.

HRMS analysis provided the mass of compound BIm-Ph-tBu (C2sH2:CIN2O) as
437.1421, which is calculated as 437.1421.

2.3 Characterizations of the Imidazole Derivatives

2.3.1 Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectroscopy is a type of spectroscopic technique that measures the
absorption properties of the molecules under radiation in the range of ultraviolet and
visible regions in the spectrum. Absorption of the UV-visible radiation results in the
excitation of the electrons from lower to higher energy levels. This study uses this
measurement to obtain the optical band gap and maximum absorption wavelength.
For the UV-Vis experiments, both thin film and solution forms of the molecules were
used. Organic semiconductor molecules can have photoactive and electroactive
properties thanks to their w-conjugation systems [47]. Those molecules absorb the
light, and they are activated photonically. The absorption at the highest wavelength
that corresponds to the lowest energy that molecule is able to absorb equals its band
gap, which is the energy difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) [48]. Also, by using
the Amaxonset Value, corresponding to the lowest energy that the molecule absorbed of

the UV-Vis spectra, the optical band gap of the material can be calculated by using
the “E° = %” formula where E° represents the band gap energy, h is Plank’s

constant (6.626x1073* J.s), ¢ is the speed of light (2.998x108 m.s?), and A is the

Amaxonset Value from UV-Vis spectrum.
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23.2 Electrochemical Studies

The electrochemical properties of the synthesized molecules were investigated by
the cyclic voltammetric (CV) analysis. CV is a method for characterization in which
the voltage is alternated between two values at a specific scan rate to examine the
reduction and oxidation properties of materials. The synthesized six molecules were
dissolved in dichloromethane (DCM). Then, they were coated onto an ITO-coated
glass substrate via drop-casting. During the electrochemical studies, a three-
electrode system, which consists of a counter, a working, and a reference electrode,
was used. ITO, silver (Ag), and platinum (Pt) electrodes comprise the working,
reference, and counter electrodes, respectively. The 0.1 M supporting electrolyte was
prepared using tetrabutylammonium hexafluorophosphate (TBAPFg) in acetonitrile
(ACN). Cyclic voltammograms were monitored by adjusting the scan rate to 1.5 V
for n-doping and -1.7 V for p-doping. Also, the scan rate of all cycles was set to 100
mV.s1. By using the oxidation and reduction potential data obtained from the cyclic
voltammograms were used to calculate the HOMO and LUMO levels of the

molecules.

2.3.3 Photoluminescence Spectroscopy

Photoluminescence spectroscopy studies were conducted to determine the light
emission properties of molecules in both solution and solid-state form. Further
investigation was employed to determine their emission properties if they perform
light emission. The concept of photoluminescence spectroscopy is based on the
excitation of a molecule from its ground electronic state to an excited electronic state
by photons coming from a light source followed by returning to its original state via
the emission of light without any destroying the molecule. Based on the UV-Vis
spectrums, the excitation wavelength of the experiment was determined. Then, the
scan was started 10nm ahead of the excitation wavelength, and the scan rate was
adjusted to 300 nm/s.
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The photoluminescence quantum yields of the six molecules were determined by

following the below procedure:

- Firstly, a reference material that has a compatible emission wavelength with
the molecule, quinine sulfate, was chosen.

- Then, the solution of this material was prepared with sulfuric acid, and UV-
Vis spectra were recorded to give absorption intensities in the range of 0.01-
0.1. Absorption and emission spectra were collected for each different
concentration.

- After that, a linear graph was plotted using the emission spectrum area and
the absorption intensities, and the slope of this graph was obtained. For the
results to be reliable, the R2-value must be 0.99.

- The same processes were applied to the other six molecules.

- As the quantum yield of quinine sulfate is known, the slopes of the graphs
obtained from the other molecules were compared to that of quinine sulfate.
Using quinine sulfate as a reference, the PLQY values of the imidazole

derivatives were calculated in this manner.

234 Theoretical Calculations

This section of this thesis was performed by Assist. Prof. Dr. Erol Yildirim and Phd
student Tugba Haciefendioglu. All calculations were performed at the level of
B3LYP/6-311+g(d,p) basis sets using the Jaguar package as implemented in the
Schrodinger Material Science Suite [49,50]. Geometry optimizations were initiated
from different initial structures by controlling the torsional angle between connected
units of six molecules to achieve the lowest energy geometry. Electrostatic potential
surface (ESP) and frontier molecular orbital surfaces (HOMO and LUMO) were
determined and mapped onto the six molecules using Gaussview. Intrinsic properties
of optimized molecular geometries were computed DFT in an automated fashion
using the Optoelectronics calculation module in the Schrédinger Material Science

Suite. Oxidation and reduction potential (Eox and Ered) were obtained with
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Koopmans approximations, taking the value of orbital energy to be the HOMO
energy from the neutral molecule for E®* and the LUMO energy for the reduction
potential. Marcus theory inner sphere reorganization energies for holes and electrons
(Anole and (Aelectron) are the sum of the energy for the neutral molecule to relax from
the ion geometry to the neutral geometry and the energy for the ion to relax from the
neutral geometry to the ion geometry. Adiabatic and vertical ionization energy (AIE
and VIE) for electron and hole were calculated by the energy difference between the

neutral molecule and its anionic/cationic form, respectively.

2.4 Device Fabrication

AL

Substrate cleaning O, plasma treatment Organic layer evaporation
(HTL, EML, ETL)

J

Figure 2.7. Schematic illustration of OLED device fabrication.

Light emission after Completed OLED Metal deposition
external current application

24.1 ITO Etching and Cleaning

ITO-coated glass substrates supplied by VisionTek were etched using zinc powder
and 7.3 M HCI solution to minimize the defects on the device area. Firstly, the ITO-
coated glass strips were taped 2.5 cm in width from the middle. Then, zinc powder
was sprinkled on the exposed edges. After that, the diluted HCI solution was dropped
to the edges. A redox reaction occurred between them, and ITO on the edges was
removed. After removal of the tape, the strips were cleaned with distilled water and
acetone. Then, the strips were cut at 2.5 cm intervals. The ITO-coated glass
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substrates (2.5 cmx2.5 cm) were cleaned firstly by Hellmanex detergent for 15
minutes in an ultrasonic bath. It was followed by distilled water, acetone, and
isopropyl alcohol for 15 minutes individually in an ultrasonic bath. When the
cleaning process ends, the substrates are ready to use.

2.4.2 Oxygen Plasma Treatment

Before oxygen (O2) plasma treatment, the substrates were dried by a nitrogen gas
gun. Then, they were placed into a petri dish with the ITO-coated surface up (the
electrically conductive 1TO side of the substrates was checked by a multimeter).
After that, they were put into the Oz plasma instruments. After the plasma was
formed, substrates were treated with O, plasma for 15 minutes, which is an optimized
time to enhance the work function () of ITO compatible with the HOMO level of
alpha-NPD (a-NPD) [51]. The reason behind this treatment is to improve the device
efficiency by reducing the Fermi Level of the ITO and cleaning the surface[52-54].
This oxidative treatment helps remove the organic impurities on the ITO surface and
increases its wettability. Moreover, increasing the work function of the ITO (anode
contact) decreases the energy barrier between the a-NPD as HTL to make easy the

hole injection process.

2.4.3 Organic Small Molecule Deposition Inside Vacuum Evaporator

The materials used in the hole transport, emissive, and electron transport layers
comprised organic molecules. Different than organic polymers, organic small
molecules can be evaporated inside the vacuum system due to their low melting
temperature. All the organic layer deposition processes proceeded in a vacuum
evaporator system inside nitrogen-filled glove box systems. The materials that were
going to be evaporated were put in boron nitride crucibles. Then, by applying heat

to the crucibles under a vacuum environment of around 107 Torr, organic layers
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were evaporated onto the substrates that were taped on a mask at a consistent rate of
around 0.4 A.st.

2.4.4 Metal Contact Deposition Inside Vacuum Evaporator

Cathode metals were deposited on ETL in a vacuum evaporator system inside
nitrogen atmosphere glove box systems. When the pressure of the system decreases
to 10-7 Torr and the system gives the “STABLE WATER ON” sign, metal
deposition can be started. Firstly, 0.6 nm LiF (as a buffer layer) was deposited at the
rate of the LiF adjusted to < 0.1 A.s. Then, 100nm cathode metal, Al, was
evaporated. The LiF/Al pair was deposited in the NANOVAK evaporation system,
where the deposition was controlled by integrated computers in the evaporation
systems. In the device architecture where calcium (Ca) metal was used, using the
mBraun vacuum system and Inficon SQC-310 Thin Film Deposition Controller, Ca,
and Al metals were deposited at 20 nm and 100 nm, respectively. In the Ca
deposition, the first 10 nm evaporated without opening the substrate shutter to
remove the oxidized Ca, and then 20 nm Ca was deposited onto the substrates at
around 0.5 A.s.

25 Device Characterization

After the fabrication of OLED devices, they were characterized by using Ocean
Optics Maya2000 Spectrometers, fiber optic cable and Ocean Optics Spectra Suit
Software, and Kiethly2400 Source meter. By applying an external voltage, the
current passing through the device and luminance values were recorded
simultaneously. By using Ocean Optic Spectra Suit software, electroluminescence
spectrums and color values of the devices were recorded using fiber optic cable to
detect the light that was emitted from the device. After that, current density-
luminescence vs. voltage, current efficiency vs voltage graphs, electroluminescence

spectrums, and Commission Internationale de I‘Eclairage, International Commission
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on lllumination (CIE) diagrams of the color of light that devices emitted were

generated.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Molecular Characterizations

3.1.1 Optical Studies

The optical studies of imidazole-based molecules were carried out using UV-Vis
Spectroscopy, which has a detailed experimental explanation in Section 2.3.1. In
Figure 3.2. and Figure 3.3., absorption spectra of all six molecules were shown in
thin film and solution forms. By using the absorption peaks from the UV-Vis spectra,
maximum absorption wavelengths (Amax) (nm) and maximum absorption wavelength
onset values (Amax®™*') (nm) were obtained. By using the following formula, which

is based on Plank’s Law, the band gap energy (E¢°°) of molecules was calculated.

Eop __ hxc 1241

= “onset — jonset
9 Amax Amax

h and c are Plank’s constant and speed of light, respectively. Due to the unit of E4*°
being eV, the multiplication of h and c, which gives the vacuum wavelength for a
photon, is converted to eV, where the conversion factor is 1241. The absorption
wavelength of a molecule is directly related to the band gap energy, which is the
energy difference between HOMO and LUMO levels. The energy of the absorbed
light equals the E¢°°. For synthesized imidazole molecules, Amax, Amax.onset, and Eg°?

values were summarized in Table 3-1. and Table 3-2.

N - N3 position

Figure 3.1. N3 position indicated imidazole core unit
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It can be seen in the absorption spectrum of molecules containing phenyl and para-
chlorophenyl substituent in the N3 position which is indicated in Figure 3.1. that
there is a red-shift in their thin film concerning the solution forms in chloroform. The
origin of this red shift is the n—nr interactions and molecular aggregation in the solid
state [55]. Because of the increase in the conjugation due to the molecular packing
and n—7 interactions, molecules shift to a lower energy state and, hence, to a longer
wavelength. On the other hand, molecules BIm-H-tBu and BIm-H-OMe, which do
not have any substituent in the N3 position, exhibit a blue shift in the UV-Vis
spectrum. The molecular aggregation in a solid state results in H and J-type
aggregation. J-aggregation is a molecular interaction in a head-to-tail manner. This
type of aggregation causes energy splitting where the higher states are forbidden, and
lower states are allowed optically. J-aggregates generally result in higher radiative
decay rates, so higher fluorescence efficiency can be observed in this type of
aggregation thanks to the lower excited energy states corresponding to the emission
states. The fact that this aggregation improves fluorescence is an indication of the
improvement in electroluminescence. In H-type aggregations, molecules are aligned
side by side. Splitting to the higher energy level is due to the H-aggregation (blue-
shift). The radiative decay at the lower energy level is forbidden, which culminates

in feeble fluorescence so that it may withstand electroluminescence [56-59].
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Figure 3.2. UV-Vis spectrum of molecules containing tert-butyl substituent in thin
film and in solution forms

Table 3-1 Summary of the optical studies of BIm-H-tBu, BIm-Ph-tBu, and BIm-
PhCI-tBu

Amax.onset (NM) Amax (NM) Eg°P (eV)
BIm-H-tBu 361 306 3.44
BIm-Ph-tBu 351 289 3.54
BIm-PhCI-tBu 355 285 3.54
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Figure 3.3. UV-Vis spectrum of molecules containing methoxy substituent in thin
film and in solution forms

Table 3-2 Summary of the optical studies of BIm-H-OMe, BIm-Ph-OMe and BIm-
PhCI-OMe

Amax.onset (NM) Amax (NM) EgP (eV)
BIm-H-OMe 378 302 3.28
BIm-Ph-OMe 350 287 3.55
BIm-PhCI-OMe 366 286 3.39
3.1.2 Photoluminescence Spectroscopy

The photoluminescence spectroscopies of all the molecules prove that those
molecules can emit light in their solution and solid-state form. Molecules were
excited at around their maximum absorption wavelength (290 nm). Then, their

maximum photoluminescence is located at around 390 nm for their solution forms
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and 490 nm for their thin film forms. The redshift (from a shorter to a longer

wavelength) stems from the reason mentioned in Section 3.1.1.
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Figure 3.4. Photoluminescence spectrum of molecules containing tert-Butyl
substituent in thin film and solution forms where they were excited at 290nm.

Table 3-3 List of maximum thin film and solution emission wavelengths and
Stokes shifts of molecules containing tert-butyl substituent.

hemsoln hemthinilm Stokes Shift (cm™)
BIm-H-tBu 388 488 7038.71
BIm-Ph-tBu 389 491 8961.05
BIm-PhCI-tBu 391 494 9446.79
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. Photoluminescence spectrum of molecules containing methoxy

substituent in thin film and solution forms where they were excited at 290nm.

Table 3-4 List of Stokes shifts of molecules containing methoxy substituent.

dem soln em thinfilm Stokes Shift (cm™?)
BIm-H-OMe 395 498 7796.13
BIm-Ph-OMe 394 498 9526.75
BIm-PhCI-OMe 395 499 9648.58

3.1.3 Photoluminescence Quantum Yield (PLQY) Calculation

According to the application note of Perkin Elmer, PLQY values of molecules were

calculated by p

reparing the solutions of the molecules that give absorbance intensity

between 0.01 and 0.1 [60]. Photoluminescent spectra of solutions with absorbance

values of 0.01

and 0.1 for each molecule were taken. After that, the areas of these

photoluminescent spectra were calculated. Then, the graph of absorbance intensity

values versus the photoluminescent area was drawn, and best fits were taken for each
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molecule. From the equation of the line, the slope of it was recorded. According to
the dominant emission wavelength of molecules, a reference molecule, quinine
sulfate (QS), was selected [61]. The same experimental procedure was applied to the

QS under the same conditions as the imidazole molecules.

n72‘ef

According to the equation above, the PLQY values were calculated. Because the

m

Q= Qrefx

Mye f

solvents used to solve QS and imidazole molecules differed, their square root of
refractive indexes was multiplied. From Figure 3.6. to 3.12., photoluminescence area
vs. absorbance intensities for QS and imidazole molecules were shown. Moreover,
the results of PLQY are shown in Table 3-5. The highest PLQY values were achieved
with the unsubstituted molecules in their N3 positions, corresponding to a value of
around 37%. On the other hand, the lowest PLQY was observed with molecule BIm-
PhCI-OMe with a corresponding value of 15%. Molecules containing phenyl
substituent at the N3 position in imidazole core and BIm-Ph-tBu resulted in around

25% quantum yield efficiency.
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Figure 3.6. Photoluminescence area vs. absorbance intensity graph for quinine
sulfate
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Figure 3.7. Photoluminescence area vs. absorbance intensity graph for BIm-H-tBu
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Figure 3.8. Photoluminescence area vs. absorbance intensity graph for BIm-Ph-tBu
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Figure 3.9. Photoluminescence area vs. absorbance intensity graph for BIm-PhCI-
tBu
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Figure 3.10. Photoluminescence area vs. absorbance intensity graph for BIm-H-
OMe

1x10*

1x10'4 ® BIm-Ph-OMe .

Linear Fit

9x10°
8x103:
7x103:
6x10°-
5x103:
4x103-

3
3x10° 1 y=114455.449x+902.836

1 b R2= 0.99
2x10° -

Photoluminescence Area (a.u.)

' T r T '
0.02 0.04 0.06 0.08

Absorbance Intensity

Figure 3.11. Photoluminescence area vs. absorbance intensity graph for BIm-Ph-
OMe
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Figure 3.12. Photoluminescence area vs. absorbance intensity graph for BIm-PhCl-
OMe

Table 3-5 Summary of PLQY values for all molecules

BIm- BIm-Ph- BlIm- BIm-H- BIm-Ph- BIm-PhCI-
H-tBu tBu PhCIHBu OMe  OMe OMe
PLQY(%) 38 24 25 36 26 15

3.14 Electrochemical Studies

The experimental part of electrochemical studies of the synthesized molecules was
explained in Section 2.3.2. The three-electrode system, which consists of a counter,
a working, and a reference electrode, was used in this study. ITO, silver (Ag), and
platinum (Pt) electrodes comprise the working, reference, and counter electrodes,
respectively. The cyclic voltammograms and summary of electrochemical studies of
the molecules containing tert-butyl substituent are shown in Figure 3.13. and Table
3-6, and the methoxy substituent is shown in Figure 3.14 and Table 3-7. As can be
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seen in Figure 3.13. and 3.14., only the p-doping parts of the cyclic voltammograms
are illustrated because the wide band gap of blue-emitting molecules results in deeper
HOMO and lower LUMO levels. The working range of the working electrode, which
IS ITO, is between -2 V and +2 V. Due to the reduction potentials of the molecules

exceeding the working limit of ITO, we cannot observe the n-doping of the
molecules in their CVs.

By using the oxidation onset potential of molecules, their HOMO levels were
calculated with the equation below;

HOMO = —(4.75 — Eonset

Fe/Fe* (ferrocene/ferrocenium) calibrated the Ag wire reference electrode. 4.75
constant comes from the HOMO level of ferrocene, which is actually 4.80, but it was

adjusted by subtraction of 0.05, which is the half-wave potential of Fe/Fe™ [62-64].
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Figure 3.13. Cyclic voltammogram of molecules a) BIm-H-tBu, b) BIm-Ph-tBu,
and c¢) BIm-PhClI-tBu
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Table 3-6 Summary of the electrochemical studies of BIm-H-tBu, BIm-Ph-tBu, and
BIm-PhCI-tBu

Ex  Erd E®onset E™®net HOMO LUMO

% V) V) (eV) (eV)
BIm-H-tBu @ 1.18 - 0.89 - -5.64 -2.20
BIm-Ph-tBu 1.62 - 1.25 - -6.0 -2.46
BIm-PhCI-tBu 1.85 - 1.29 - -6.04 -2.50
(@) g5 ® .,
0.12 e
E 0091 Bim-H-OMe Eom_ —— BIm-Ph-OMe
= 0.06 =
§ g 0.02
* " Pole:n;?al ) * * * * F'ole:l;[i’al V) " *
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Figure 3.14. Cyclic voltammogram of molecules a) BIm-H-OMe, b) BIm-Ph-OMe,
and c) BIm-PhCI-OMe
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Table 3-7 Summary of the electrochemical studies of BIm-H-OMe, BIm-Ph-OMe,
and BIm-PhCI-OMe

E*  E™  Eonst E™®net HOMO LUMO

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

BIm-H-OMe | 1.31 - 1.13 - -5.88  -2.37

BIm-Ph-OMe 125 - 0.90 - -5.65  -2.33

BIm-PhCI-OMe =151 - 1.18 - 593  -254

The oxidation onset potentials of molecules BIm-H-tBu, BIm-Ph-tBu, and BIm-
PhCI-tBu are 0.89 V, 1.25 V, and 1.29 V, respectively. Their HOMO energy levels
were calculated as -5.64 eV, -6.0 eV, -6.04 eV by using the above formula,
respectively. In addition, the molecules BIm-H-OMe, BIm-Ph-OMe, and BIm-PhCl-
OMe oxidized at 1.13 V, 0.90 V, and 1.18 V, respectively. Like the first three
molecules, their HOMO levels were calculated as -5.88 eV, -5.65 eV, and -5.93 eV.
For all the molecules, the LUMO energy levels were calculated using the band gap

energies, which were calculated from the absorption spectrum of the molecules.

3.1.5 Theoretical Studies

Theoretical studies were conducted to earn a deeper understanding of the intrinsic
properties of molecules and their behavior in charge transport in the solid state. The
optoelectronic properties are given in Table 3-8. These results are consistent with the
experimental studies. Generally, tertiary-butyl substitution has a band gap energy-
increasing effect compared to methoxy substituent. For tertiary-butyl and methoxy
substituent, the highest band gap energies were obtained from BIm-Ph-tBu (3.59 eV)
and BIm-Ph-OMe (3.56 eV), respectively, with the highest level of LUMO energy.
For each substitution, the highest Eox were obtained from BIm-PhCI-tBu and BIm-
PhCI-OMe at 1.44 eV and 1.38 eV, respectively. It is well known that An and Ae are
widely considered in the performance of OLEDs. An and Ae, Which are the energies

required for the structural relaxation in the hole and electron transfer, were lower in
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electron and hole pair for BIm-H-tBu and BIm-Ph-OMe for each substitution type,

indicating higher order in charge mobility. The lowest VIE and AIE of the hole and
the highest VIE and AIE of the electron were obtained from BIm-Ph-tBu and BIm-

Ph-OMe, suggesting higher potential candidacy for OLED applications.

Table 3-8 Optoelectronic properties of BIm-H-tBu, BIm-Ph-tBu, BIm-PhCI-tBu,
BIm-H-OMe, BIm-Ph-OMe and BIm-PhCI-OMe calculated using DFT B3LYP/6—
311+g(d,p) basis sets.

HOMO LUMO Eg /s Ae Eox Erea VIEe AIEe VIEn AIEn Dipole
(eV) (eV) (V) (V) (V) (V) (V) (V) (V) (V) (V) (D)
BIm- -5.88 -2.46 342 029 046 135 -207 -016 -041 6.77 6.62 3.19
H-tBu
BIm- -5.90 231 359 038 049 137 -222 -004 -029 674 6.54 4.15
Ph-tBu
BIm- -5.96 -2.45 351 039 047 144 208 -021 -043 683 6.63 2.19
PhCI-
tBu
BIm- -5.81 242 340 033 063 128 -212 -0.07 -0.33 6.67 6.50 456
H-OMe
BIm- -5.83 -2.28 356 042 046 131 -225 -0.02 -0.24 666 6.43 5.31
Ph-
OMe
BIm- -5.90 -2.44 347 043 046 138 -209 -016 -0.39 675 6.52 3.35
PhCI-
OMe

As given in Table 3-9, the lowest Amax Values were obtained using chloroform as
solvent from BIm-Ph-tBu (325.77 nm) and BIm-Ph-OMe (329.23 nm ) with 0.30

and 0.26 oscillator strength, respectively, agreed with the experimental data.
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Table 3-9 Calculated Amax and f (oscillator strength) values of BIm-H-tBu, BIm-Ph-
tBu, BIm-PhCI-tBu, BIm-H-OMe, BIm-Ph-OMe, and BIm-PhCI-OMe. UV-Vis
spectrum for the molecules was calculated using TDDFT calculations using

chloroform as solvent.

Amax (M) f
BIm-H-tBu 336.45 0.55
BIm-Ph-tBu 325.77 0.30
BIm-PhCI-tBu 331.17 0.22
BIm-H-OMe 340.75 0.43
BIm-Ph-OMe 329.23 0.26
BIm-PhCI-OMe 336.66 0.16

HOMO, HOMO-1, LUMO, LUMO+1, and ESP surfaces mapped onto the optimized
geometries of six molecules are shown in Figure 1. The HOMO and LUMO orbitals
are delocalized on the donor and the acceptor parts of the molecules, while HOMO-
1 and LUMO+1 orbitals show more distinct localization on each unit. The phenyl
chloride unit has a decreasing effect on HOMO level, whereas the phenyl unit has a
more significant increasing influence on the LUMO energy level of molecules for
both substitution types, leading to the highest band gap energy for BIm-Ph-tBu and
BIm-Ph-OMe. As a result, BIm-Ph-tBu>BIm-PhCI-tBu>BIm-H-tBu>BIm-Ph-
OMe>BIm-PhCI-OMe> BIm-H-OMe for the order of band gaps have been obtained
that agree with the experimental results. ESP surfaces show high electrostatic
potential in red color and low electrostatic potential in blue color in Figure 3.15. The
high electrostatic potential is concentrated in the planar donor part of the imidazole
derivatives for all cases. Localization of the electron-deficient part was more visible
for BIm-Ph-tBu and BIm-Ph-OMe, which were represented by an intensive blue

color on each phenyl unit, leading to better acceptor properties.
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Figure 3.15. Frontier orbitals and ESP surfaces of a) BIm-H-tBu, b) BIm-Ph-tBu, c)
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3.2  Optoelectronic Studies

OLED devices were fabricated using synthesized molecules in emissive material.
After several trials, only the two molecules, BIm-Ph-tBu and BIm-Ph-OMe,
performed well out of the six molecules. This result supports the findings and
predictions obtained in the theoretical studies presented in Section 3.1.5. Here, it can
be understood that molecules that do not have a substituent at the N3 position in the
imidazole core unit and those with a para-chlorophenyl substituent are unsuitable for
use in OLED device fabrication. The substituents added to the N3 position of the
imidazole molecule do not significantly affect its photophysical properties. The
primary purpose of these substituents is to arrange molecular packing and regulate
molecular interactions in this context [65]. In the prevention of non-radiative energy
transfers, it is understood that closer molecular packing contributes significantly to
conjugated systems [66]. The phenyl substituent attached to the N3 position fulfills
this role, whereas the para-chlorophenyl substituent fails to do so. The chlorine atom
in this substituent might be inhibiting n-n stacking interactions and hydrogen
bonding between molecules in the solid state. For the other two molecules, BIm-H-
tBu and BIm-H-OMe, the absence of any substituent at the N3 position may have
caused the molecules to accumulate within themselves, leading to poor performance
due to induction in the balanced charge transport. The close proximity between
planar-structured molecules when in a solid state causes aggregation-induced red-
shift and self-quenching phenomena, leading to a reduction in both color purity and
efficiency of electroluminescence [67]. Consequently, optimizations were done for
molecules containing phenyl substituent in the N3 position. Optimizations were
based on adjusting the thickness of the layers for balanced recombination of the

charge carriers.
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Figure 3.16. Architecture and energy level diagram of devices

.BIm-Ph-OMe

The device architecture is as follows: ITO/a-NPD/EML/TPBI/LiF/Al. This and its
energy level diagram are shown in Figure 3.14. ITO was the front contact, consisting
of the anode electrode. a-NPD and TPBi were used as hole and electron transport
layers, respectively. The function of LiF was working as a buffer layer between Al
and organic films. Also, Al was the cathode contact. LiF and Al were deposited at
0.6 nm and 100 nm for all devices. The reason for selecting these layers in the device
architecture is their compatibility, as seen in Figure 3.16, with the materials used in
the emissive layer in terms of their HOMO-LUMO levels. The -5.4 eV HOMO level
of a-NPD is compatible with the work function of ITO after exposure to O, plasma,
facilitating hole transfer quickly. Additionally, the HOMO levels of the BIm-Ph-tBu
and BIm-Ph-OMe materials used in the EML are also well-matched for charge
carrier transfer. The LUMO energy level difference between TPBi and the LUMO
levels of the imidazole molecules is compatible. Therefore, TPBi was chosen as the

electron transport layer to avoid any charge carrier injection imbalance.

Different thicknesses were performed for HTL, EML, and ETL, resulting in the
optimum device architecture. The optimization started with HTL and ended with
ETL for both devices based on BIm-Ph-tBu and BIm-Ph-OMe molecules.
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3.2.1 Optimizations of Device Based BIm-Ph-tBu

Optimizations for the device based on BIm-Ph-tBu began with the HTL. This was
followed by EML optimizations. Subsequently, ETL adjustments were conducted.
Finally, the buffer layer LiF was replaced with Ca, completing the optimizations.

3.21.1  HTL Optimizations
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Figure 3.17. a) Jsc vs. Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-tBu
molecule with changing thickness HTL from 30nm to 60nm
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Table 3-10 Summary of HTL thickness optimization in device-based BIm-Ph-tBu

Thickness of Von N Lmax FWHM CIE
Layer \%) (cd. A1) (cd.m?) (nm) (x,y)
30nm 5.1 1.48 7169 79 (0.19, 0.15)
40nm 7.3 2.63 12612 90 (0.17, 0.10)
50nm 4.8 3.28 7163 88 (0.18,0.12)
60nm 5.6 4.45 5280 80 (0.18, 0.16)

The HTL optimization was conducted by varying the thickness between 30 and 60
nm in 10 nm increments while keeping the other layers constant. At this stage, EML
as BIm-Ph-tBu and ETL as TPBi were deposited at 20 nm and 30 nm thick,
respectively. The cathode metal and LiF were deposited at 100 nm and 0.6 nm. The
combination of current density vs. voltage, luminance vs. voltage, current efficiency
vs. voltage graphs, and electroluminescence spectrums for devices with different
HTL thicknesses are shown in Figure 3.17. Moreover, the critical parameters which
are turn-on voltage (Von), current efficiency (nc), maximum lumen value (Lmax), full
width at half maximum, which is the bandwidth of electroluminescence spectrum at
its half maximum intensity (FWHM) value, and color values for these devices were
shown in Table 3-8. 40 nm thick HTL gave a higher lumen value and deeper blue
color in color coordination, which can be seen in Table 3-10. Even though this device
did not have the highest current efficiency and the narrowest FWHM value among
the others, the correct layer thickness for this layer has been determined based on
properties such as high lumen and a deeper blue color for a device containing a 40nm
thick HTL.
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3.21.2  EML Optimizations
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Figure 3.18. a) Jsc vs Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-tBu
molecule and changing EML thickness from 15nm to 30nm

Table 3-11 Summary of EML thickness optimization in device-based BIm-Ph-tBu

Thickness of Von Ne Lmax FWHM CIE
Layer \%) (cd.A1)  (cd.m?) (nm) (x,y)
15nm 3.5 6.1 7154 63 (0.18, 0.13)
20nm 7.3 2.63 12612 90 (0.17,0.10)
25nm 3.9 5.90 10445 53 (0.19, 0.14)
30nm 4.7 6.20 9659 94 (0.17, 0.10)

Optimizations for EML were studied by depositing BIm-Ph-tBu from 15nm to 30nm

in 5nm increments while keeping the other layers constant. Due to the optimum HTL
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thickness being found out as 40 nm, in all subsequent devices, HTL has been used
as 40 nm. TPBi LiF and Al were deposited as 40 nm, 0.6 nm, and 10 nm thick,
respectively. According to Table 3-9, the turn-on voltage of a 15 nm thick HTL-
containing device was the lowest one, and its current efficiency value was close to
the highest one (6.2 cd.A), which was achieved with the device featuring an HTL
of 30 nm thickness. Although the highest lumen value, which is 12612, was obtained
with a device incorporating an HTL 15 nm thick, it has poor performance according
to the nc, Von, and FWHM parameters. While the highest nc value was obtained with
a device containing an HTL with a thickness of 30 nm, its FWHM value is very
broad. As can be seen from Figure 3.18 and Table 3-11, a 25 nm thick EML-
containing device turned on at a relatively lower voltage, 3.9 V. Moreover, having
the lowest FWHM value, it also demonstrates a good performance with a current
efficiency of 4.9 cd.A! and a lumen value of 10445 cd.m?. As a result, the best

option for HTL thickness was determined to be 25 nm thickness.
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3.2.1.3  ETL Optimizations
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Figure 3.19. a) Jsc vs. Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-tBu
molecule with changing thickness ETL from 30nm to 60nm

Table 3-12 Summary of ETL thickness optimization in device-based BIm-Ph-tBu

Thickness of Von Ne Lmax FWHM CIE
Layer W) (cd.AY)  (cd.m?) (nm) (x,y)
30nm 7.5 1.20 1455 77 (0.18, 0.10)
40nm 3.9 5.90 10445 53 (0.18, 0.14)
50nm 7.3 0.72 1137 73 (0.18, 0.11)
60nm 7.5 0.95 1321 75 (0.18, 0.10)

During the ETL thickness optimization, HTL and EML were evaporated to a

thickness of 40 nm and 25 nm. The buffer layer LiF and top contact Al were
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deposited at 0.6 nm and 100 nm. The thickness of the ETL, TPBI, was changed
between 30 nm to 60 nm. The current density, luminance current efficiency vs.
voltage graphs, and EL spectrum of all devices were shown together in Figure 3.19.
Devices containing TPBi at 30 nm, 50 nm, and 60 nm exhibited significantly lower
performance compared to the 40 nm thick ETL-containing device, as can be
observed from Table 3.10. According to Table 3.12, while the turn-on voltages of
those devices are around 7.5 V, that of the one containing 40 nm TPBi is 3.9 V.
Besides this, 1c and Lmax values, being as 5.9 cd.A* and cd.m of 40 nm thick ETL
device, are considerably higher than the rest. In addition to these, depositing ETL for

40 nm decreases the FWHM from the EL spectrum.

3.21.4  CIL Optimizations
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Figure 3.20. a) Jsc vs. Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-tBu
molecule with changing CIL, LiF with Ca
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Table 3-13 Summary of CIL optimization in device-based BIm-Ph-tBu

CIL  Von e Lmsx  FWHM CIE
) (cd. A1) (cd.m?) (nm) (xy)
Ca 4.9 2.64 2210 57 (0.19,0.11)
LiF 3.9 5.90 10445 53 (0.18,0.14)

The last optimization of a device containing BIm-Ph-tBu in EML is changing the
buffer layer. As seen from Figure 3.20. and Table 3-13, the performance of the device
was decreased when using Ca under Al as interlayer. The parameters crucial for
determining device performance were negatively influenced. Moreover, the light
emitted by the device shifted from a darker blue shade to a lighter blue shade with

Ca containing device.

As a result of all these studies for BIm-Ph-tBu-based OLED devices, the optimum
device architecture was determined as
ITO/aNPD(40nm)/EML(25nm)/TPBi(40nm)/LiF(0.6nm)/Al(100nm).

3.2.2 Optimizations of Device Based BIm-Ph-OMe

To achieve a higher-performance device-based BIm-Ph-OMe molecule, thickness
optimizations for HTL, EML, and ETL were performed, similar to the previous
device type. Also, a small study was conducted in an effort to explore the potential
benefits of using a different buffer layer to determine if this would lead to any

improvements in device performance.
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3.2.2.1 HTL Optimizations
(a) 1400 (b)
1 —=—30nm 10° o
12004 —e—40nm —=—30nm
_ { —+—50nm
¢ 10004 —v—60nm
Q ]
T 8004 -
E‘ 1 4 "
‘a 600 j
3
3 ]
€ 400
[
“: 4
3 200
Ly : . T . ' 10" T T T T
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Voltage (V) Voltage (V)
(© (d)
10 4 1.04
% [\_ ~ CE of BIm-Ph-OMe with 30nm NPD
| \ = CE of BIm-Ph-OMe with 40nm NPD
— L {‘ \ == CE of BIm-Ph-OMe with 50nm NPD
'< : 0.84 ‘\ { = CE of BIm-Ph-OMe with 60nm NPD
o = [ )
i § \“ ‘Y\
2 S 06 F N
2 ) |
S 14 £ |
E / 5 0.4 ‘ \\
€ 3 |
- - |
= 3 /
3 ~#- CE of BIm-Ph-OMe with 30nm NPD w g2 [ \
=@~ CE of BIm-Ph-OMe with 40nm NPD J( \'\
wd— CE of BIm-Ph-OMe with 50nm NPD / N
=¥~ CE of BIm-Ph-OMe with 60nm NPD / — |
0.1 T r T T T T T 1 0.0 T T T T T T -
2 4 6 8 10 12 14 16 18 350 400 450 500 550 600 650
Voltage (V) Wavelength (nm)

Figure 3.21. a) Jsc vs. Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-
OMe molecule with changing thickness HTL from 30nm to 60nm

Table 3-14 Summary of HTL thickness optimization in device-based BIm-Ph-OMe

Thickness of
Layer

30nm
40nm
50nm

60nm

Von
V)
3.8
4.9
4.5
53

Tc
(cd.A1)
6.35
4.8
7.84
7.51

Lmax
(cd.m?)
16442
4531
10393
6536

57

FWHM
(nm)
128
72
71
91

CIE
(x,y)
(0.20, 0.21)
(0.17,0.11)
(0.18, 0.12)
(0.18,0.17)



The optimization of HTL was carried out through the variation of thickness ranging
from 30 nm to 60 nm in increments of 10 nm, with the remaining layers held constant
as in the previous device type. During this phase, EML was utilized as BIm-Ph-OMe
and ETL as TPBI, at 20 nm and 30 nm thicknesses, respectively. The cathode metal
and LiF were deposited at 100 nm and 0.6 nm. Figure 3.21. compares current density
versus voltage, luminance versus voltage, current efficiency versus voltage graphs,
and electroluminescence spectrums for devices with different HTL thicknesses.
Additionally, Table 3-14 displayed crucial parameters, including Von, ne, Lmax, and

FWHM, and color values for these devices.

3.2.2.2  EML Optimizations
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Figure 3.22. a) Jsc vs Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-
OMe molecule and changing EML thickness from 15 nm to 30 nm
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Table 3-15 Summary of EML thickness optimization in device-based BIm-Ph-OMe

Thickness of Von N Lmax FWHM CIE
Layer \%) (cd. A1) (cd.m?) (nm) (x,y)
15nm 3.9 2.86 8123 53 (0.18,0.12)
20nm 4.5 7.84 10393 71 (0.17,0.11)
25nm 3.9 7.73 10288 60 (0.18,0.14)
30nm 4.0 3.98 10405 58 (0.17,0.10)

After completing the HTL optimization and deciding that the most optimal thickness
for this layer is 50 nm, studies continued with the EML optimization. EML thickness
was changed from 15 nm to 30 nm by keeping the other variables constant. The
optimization results for this layer are shown in Figure 3.22 and Table 3-15. Vonand
FWHM values for 20 nm thick BIm-Ph-OMe are 3.9 V and 60 nm, which are higher
than the other devices. These characteristics have proven that this thickness is not
the optimal choice, even if it results in the highest nc. The purest blue color was
obtained with a 15 nm thick EML-containing device, yet the lowest efficiency
belongs to this device. The optimum thickness, which is highlighted in Table 3-15,
was determined as 25 nm for this layer due to having the lowest VVon (3.9 V), narrow
bandwidth (60 nm), high lumen value (10288 cd.m?)and relatively high efficiency
(7.73 cd.A).
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3.2.2.3  ETL Optimizations
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Figure 3.23. a) Jsc vs. Voltage graph, b) Luminance vs. Voltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-
OMe molecule with changing thickness ETL from 30nm to 60nm

Table 3-16 Summary of ETL thickness optimization in device-based BIm-Ph-OMe

Thickness of
Layer
30nm
40nm
50nm

60nm

Von
V)
4.6
39
4.6
5.6

Mc
(cd.AD)
225
7.73
2.85
3.44

Lmax
(cd.m2)
10657
10288
10127
13021

60

FWHM
(nm)
54
60
59
62

CIE
(X,y)
(0.16, 0.06)
(0.18, 0.14)
(0.17, 0.08)
(0.16, 0.07)



During the optimization process of the ETL thickness, the HTL and EML layers were
deposited to achieve a thickness of 50 nm and 25 nm, respectively. Subsequently,

the buffer layer LiF and top contact Al were applied at 0.6 nm and 100 nm
thicknesses. The ETL layer, TPBIi, was varied from 30 nm to 60 nm. Figure 3.23.
presents the current density, luminance, current efficiency vs. voltage curves, and
EL spectrum for all devices collectively. Devices with TPBi thicknesses of 30 nm,
50 nm, and 60 nm displayed notably inferior performance in comparison to the
device with a 40 nm thick ETL layer, as evidenced in Table 3-16. As indicated in
Table 3-14, the turn-on voltages for the former devices are approximately 5 V, while
the device with 40 nm TPBI has a turn-on voltage of 3.9 V. Moreover, the values of
Neand Lmax, Which are 7.73 c¢d.A™? and 10288 cd.m?, respectively, for the 40 nm thick
ETL device, are significantly higher than those of the other devices. Furthermore,

depositing the ETL layer at 40 nm reduces the Von and increases in .
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3.2.24  CIL Optimizations
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Figure 3.24. a) Jsc vs. Voltage graph, b) Luminance vs. VVoltage graph, c) CE vs.
Voltage graph, and d) Electroluminescence spectrum of device-based BIm-Ph-
OMe molecule with changing CIL, LiF with Ca

Table 3-17 Summary of CIL optimization in device-based BIm-Ph-OMe

Thickness of Von Ne Lmax FWHM CIE
Layer W) (cd.AY)  (cd.m?) (nm) (x,y)

Ca 4.8 2.59 3479 66 (0.16, 0.07)

LiF 3.9 7.73 10288 60 (0.18, 0.14)

The final enhancement of the device incorporating BIm-Ph-tBu in EML involves
modifying the buffer layer. This alteration decreased device performance, as
illustrated in Figure 3.24. and Table 3-17, when utilizing Ca instead of Al as the

interlayer. The essential parameters that determine the device's performance were
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adversely affected. Furthermore, the light emitted by the device transitioned from a

darker blue hue to a lighter blue shade with a Ca-inclusive device.

Following an extensive examination of the BIm-Ph-tBu-based OLED device, the
most  effective  device  architecture @ was  identified as  ITO/a-

NPD(50nm)/EML(25nm)/TPBi(40nm)/LiF(0.6nm)/Al(100nm).
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Table 3-18 Comparison of the device performance based on BIm-Ph-tBu and BIm-
Ph-OMe

EML Vo e Lmax  Amax  FWHM CIE

V) (cdAY) (cdm?) (nm)  (nm) (x,y)
BIm-Ph-Bu 39 590 10445 406 53 (0.18,0.14)
BIm-Ph-OMe 3.9  7.73 10288 419 60 (0.18,0.14)

The optimized versions of both molecule-based devices are shown comparatively in
Figure 3.25. As seen in Table 3-18, the performances of these two devices are quite
similar. The band gaps of these molecules are very close to each other, resulting in
similar outcomes in their optimized device versions. Both devices have a quite low
turn-on voltage. The BIm-Ph-tBu molecule-based device has a Lmax value of 10445
cd.m2, which is around 200 cd.m higher than the other device. However, the BIm-
Ph-OMe molecule-based device has a maximum current efficiency of 7.73 cd.A™,
which is 1.5 cd.A? higher than the other device. This is due to the luminance value
being higher relative to the current density at the voltage where maximum mnc is
achieved, different than the device-based BIm-Ph-tBu. As per existing literature, the
introduction of a tert-butyl-phenyl moiety through the employment of a steric
hindrance approach is recognized for its ability to escalate steric inhibition,
consequently impeding self-aggregation, preventing intramolecular vibrational
relaxation and ultimately advancing intramolecular electron transfer [67—71]. Atthis
point, it has been noted that the two compounds containing distinct electron-donating
entities, namely tertiary-butyl and methoxy, did not manifest markedly disparate

impacts based on their position.
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CHAPTER 4

CONCLUSIONS

Six different imidazole derivatives, BIm-H-tBu, BIm-Ph-tBu, BIm-PhCI-tBu, BIm-
H-OMe, BIm-Ph-OMe, and BIm-PhCI-OMe, were synthesized and structures were
confirmed by NMR spectra and HRMS. Optical, electrochemical, and photophysical
studies were carried out in order to characterize molecules. The optical and
electrochemical properties of the molecules, BIm-H-tBu, BIm-Ph-tBu, BIm-PhCl-
tBu, BIm-H-OMe, BIm-Ph-OMe, and BIm-PhCI-OMe are consistent with the
theoretical calculation results. The photoluminescence spectra of the molecules
depicted their maximum emission wavelengths in the blue region of the spectrum.
The two molecules are suitable for OLED application. After optimizations of their
devices, the ideal device architectures for optimum charge balance are determined

as follows;
ITO/a-NPD(40nm)/BIm-Ph-tBu(25nm)/TPBi(40nm)/LiF(0.6nm)/Al(100nm)
ITO/a-NPD(50nm)/BIm-Ph-OMe(25nm)/TPBi(40nm)/LiF(0.6nm)/AI(100nm).

These devices were turned on at 3.9 V, and their Lmax values are over 10,000 cd.m.
The highest nc obtained over 7.0 cd.A™. The emission from devices based on both
molecules, as well as the FWHM values of their EL spectra, are less than 450 nm

and 60 nm, respectively. This demonstrates a pure blue color emission.
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A. NMR Spectra
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Figure A.7. 3C NMR spectrum of compound BIm-H-OMe in DMSO-ds
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Figure A.8. *H NMR spectrum of compound Blm-Ph-OMe in DMSO-ds
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Figure A.9. 3C NMR spectrum of compound BIm-Ph-OMe in CDCl3
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Figure A.10. *H NMR spectrum of compound BIm-PhCI-OMe in DMSO-ds
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Figure A.11. 3C NMR spectrum of compound BIm-PhCI-OMe in CDCls
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B. HRMS

58.
m/z
330.0 335.0 340.0 345.0 350.0 355.0 360.0 365.0 370.0 375.0 380.0
Minimum: =3.9
Maximum: 1000.0 10000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
353.2018 353.2018 0.0 0.0 14.5 1577.6 0.0 C25 H25 N2
Figure B.1. HRMS result of compound BIm-H-tBu
1 429.2331
N7 N@
430.2386 O O
431.2428
409.5733 444 2009 4161197 430 4705 4235074 428.961 433.9853 4512154
B e e e e
4100 415.0 420.0 425.0 430.0 435.0 440.0 5.0 450.0
Minimum: =3.5
Maximum: 1000.0 10000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
429.2331 429.2331 0.0 0.0 18.5 1127.4 0.0 C31 H29 N2

Figure B.2. HRMS resul

353.2018

375.1858 377-1756

t of compound BIm-Ph-tBu

90



4371430 4432495 448.1571 4556084 462.8677

440.0 445.0 450.0 455.0 460.0 465.0 470.0 475.0 480.0 485.0 490.0 495.0

Minimum: =5.5

Maximum: 1000.0 10000.0 1000.0

Mass Calec. Mass mDa PFM DEE i=-FIT i=-FIT (Norm) Formula
463.1941 463.1941 0.0 0.0 18.5 1205.3 0.0 €31 H28 N2 CcCl

Figure B.3. HRMS result of compound BIm-PhCI-tBu

1 327.1497

328.1570 O O

353.2091 357.7019

3016200 3951592 345 444 3230387, 349.1361

300.0 305.0 3100 3150 3200 325.0 330.0 335.0 340.0 345.0 350.0 355.0 360.0

Minimum: -5.5

Maximum: 1000.0 10000.0 1000.0

Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
327.1497 327.1497 0.0 0.0 14.5 1237.5 0.0 C22 H19 N2 O

Figure B.4. HRMS result of compound BIm-H-OMe
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; 403.1810
N7 N@
%:
404.1866
405.1902
396.1906  402.9973
3851636 388.1583 394 4831 7.9149
T .*1-H-|'v/. T T ..K }Ovl.-' T T ™7 T T m/z
385.0 390.0 3950 400.0 405.0 4100 4150 4200 4250
Minimum: =5.9
Maximum: 1000.0 10000.0 1000.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
403.1810  403.1810 0.0 0.0 18.5 1336.4 0.0 C28 H23 N2 O
Figure B.5. HRMS result of compound BIm-Ph-OMe
O/
4 437.1421 @,m
N7°N
442.1576 451.1802 4331499 459 1730 461-1316

Mass

437.1421

415.0 420.0

1000.0 10000.0
Calc. Mass mDa PPM
437.1421 0.0 0.0

435.0 440.0 445.0 450.0 455.0 460.0
=5.5
1000.0
DBE i-FIT i-FIT (Norm) Formula
18.5 1083.0 0.0 C28 H22 N2 O Cl

Figure B.6. HRMS result of compound BIm-PhCI-OMe
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