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1. INTRODUCTION 

 

Organic light-emitting diodes (OLEDs) have been extensively designed and 

produced in the recent years. The instant popularity of OLEDs in the display and 

lighting markets was caused by extensive benefits that they offer, such as design 

flexibility, light weight, thinness, quick response time, and high device performance. 

Furthermore, OLED fabrication on plastic films has been implemented in many 

consumption areas because of the design flexibility and possibility to be applied in 

different forms [1]. However, OLEDs are hampered by some weaknesses, such as 

rather low efficiencies and short lifetimes. These issues need to be considered, and 

adaptation of OLEDs can be extended even further. 

Consequently, it is relevant to develop emitting materials satisfying the 

requirements of high efficiency. Recently, it was reported that thermally activated 

delayed fluorescence (TADF) emitters can be used for the fabrication of high-

efficiency OLEDs. Such devices are fabricated by utilizing pure organic materials 

which can acquire both singlet and triplet excitons for radiative transition [2]. 

Therefore, TADF emitters are appropriate as high-efficiency emitters for OLEDs and 

are replacing fluorescent and phosphorescent emitters. 

Although considerable progress in the investigation and application of TADF 

emitters has been made, hosts are crucial in TADF OLEDs. Optimal combinations of 

emitters and hosts generally yield improved outcomes compared to those of the 

nondoped films.  

Derivatives of carbazole are widely used in OLEDs as emitters and as hosts. 

However, easily synthesizable, inexpensive and efficient carbazolyl-containing hosts 

and emitters are still in great demand. 

The aim of this work is design, synthesis, evaluation of the properties and 

estimation of applicability in OLEDs of newly synthesized derivatives of carbazole. 

 

The tasks proposed for the achievement of the above stated aim: 

 

• Synthesis, characterization and analysis of the properties and applicability in 

PhOLEDs of new bipolar host materials based on carbazole and 

phenothiazine moieties; 

• Synthesis of a new series of functionalized 3,3’-bicarbazole derivatives, 

containing triphenylsilane, fluorocyanobenzene and 1-hydrosulfonyl-4-

methylbenzene moieties on the 9,9’-positions; investigation of their thermal, 

electrochemical, photophysical, photoelectrical and charge transporting 

properties, and applicability in OLEDs; 

• Synthesis and investigation of the properties of trifluoromethyl-substituted 

benzonitrile and carbazole derivatives having different substituents on the C-

2,C-7-, C-3,C-6 positions of carbazole moiety, and estimation of their 

applicability in TADF OLEDs. 
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Novelty of the work: 

 

• Two new low molar mass compounds based on phenothiazine as donor and 

carbazole as acceptor moieties were synthesized and investigated. The 

compounds exhibited ionization potentials of 5.10 eV and 5.25 eV and good 

ambipolar charge transporting properties. They were used as hosts for green 

and red PhOLEDs, and maximum power and external quantum efficiencies 

up to 47.5/40.6 lm/W and 20.0/10.5% for green and red PhOLEDs, 

respectively, were observed. 
• New 3,3’-bicarbazole derivatives containing triphenylsilane, 

fluorocyanobenzene and 1-hydrosulfonyl-4-methylbenzene moieties on the 

9,9’-positions were synthesized and studied as emitters exhibiting TADF and 

exciplex-forming properties. The device obtained by using one synthesized 

compound is characterized by the warm-white emission and by outstanding 

lighting characteristics: brightness of 40900 cd/m2 (at 15 V), current 

efficiency of 53.8 cd/A, and power efficiency of 19.3 lm/W as well as external 

quantum efficiency of 18.8%. 
• New carbazole and benzonitrile derivatives exhibiting both TADF and 

aggregation induced emission enhancement were designed, synthesized and 

characterized. Effects of methoxy- and tert-butyl-substituents attached to 

carbazole moiety on the photophysical properties were studied. It was 

established that the attachment of these substituents allows to increase the 

efficiency of delayed fluorescence (DF). The compounds were used to 

fabricate efficient non-doped OLEDs with maximum external quantum 

efficiency and brightness values of 7.2% and 15000 cd/m2, respectively. 
 

Contribution of the author 

 

The author has designed, synthesized and purified 9 bipolar compounds. The 

author has performed and analyzed the results of thermal properties, infrared 

spectroscopy, absorption, cyclic voltammetry and photophysical measurements. 

Ionization potential and charge mobility investigations were performed and analyzed 

in collaboration with dr. Dmytro Volyniuk (Kaunas University of Technology). 

Organic light emitting diodes were prepared with the help of dr. Khrystyna Ivaniuk, 

dr. Nataliya Kostiv (Lviv Polytechnic University, Ukraine) and PhD student 

Oleksandr Bezvikonnyi (Kaunas University of Technology). The theoretical 

calculations and analysis of all compounds were carried out in contribution with dr. 

Gintautas Bagdžiūnas and dr. Viktorija Mimaitė. 
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2. LITERATURE REVIEW 

2.1. Introduction to the literature review 

 

The rapid evolution of optoelectronic device technologies justified by organic 

compounds in the recent decades has been determined both by the demand for light 

and flexible devices and by progressive absorption in new technologies with fragile 

environmental influence [3,4,5]. Organic light emitting diodes are among the category 

of organic based devices, and they contributed to the flourishing of the industry of 

smart phones, colored light sources and curved TV screens. Such OLED technology 

is attractive due to their significant superiority, such as full color and large area 

display, broad viewing angle, transparency and levity, low power consumption and 

high luminance efficiency [4,5]. 

Presently, organic electronics is known not only as a promising academic field 

but also as a prominent industry gaining in market rate every single year. Recently, 

OLEDs have been demonstrated to possess new utilization opportunities such as 

windows which emit light by night, or modern applications in home furniture 

permitting exclusive lighting projections [6]. 

Furthermore, OLED technologies can be additionally enhanced by investigation 

in some problematic areas, such as: 

• the low stability of the blue light emission; 

• short lifetimes of the devices; 

• high cost and dependency on limited worldwide resources [6]. 

Hereby, organic optoelectronics is an intensively developing research field in 

chemistry, physics and materials engineering. Researchers are improving the 

performance of OLEDs by operating on materials and optimization of the device 

structures. 

In this literature review, the latest progress in the design, synthesis and 

properties investigation of organic compounds characterizing bipolar molecular and 

TADF compounds architecture for optoelectronic applications will be discussed. 

 

2.2.  OLED structures 

 

Fundamentally, an organic light emitting diode can be comprised of one organic 

layer sandwiched between two electrodes [7] proposing a better efficiency and 

lifetime because the characteristics of the separate layers can be coordinated through 

the suitable selection of organic materials. A simplified stack layout of a multilayer 

OLED is shown in Fig. 2.2.1.  

The positively biased anode is demanded for holes injection into the hole 

transport layer (HTL), and electrons are injected from the cathode side into the 

electron transport layer (ETL) [7].  Highly efficient OLEDs usually possess some extra 

layers, such as blocking/ injection layers or the cathode interfacial layer (CIL) which 

protects the cathode from oxidation. 
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Fig. 2.2.1. A simplified illustration of multilayer OLEDs stack 

 

The OLED is described as a solid-state device that is comprised of carbon-based 

layers, and the light is generated when electricity is employed by neighboring 

electrodes. One electrode must be translucent because of the light’s exit from the 

diode. Constantly, the anode of an OLED contains of indium-tin oxide (ITO) which 

is known for its transparency and high electrical conductability [8]. The reverse 

situation is that of the cathode because it needs low work function metals, such as 

calcium or magnesium that are utilized in the formation with very reflective and 

responsive metals, such as aluminum and silver. Whilst the prevalent substrate 

material is glass, it is also conceivable to apply polymer or metal foils [9]. 

Because of the ambient conditions, organic materials are not stable, and for this 

purpose it is imperative to preserve them with an encapsulation [10]. The most 

prevalent technique uses a cover glass that is pasted to the substrate and so building a 

chamber fulfill with inert gas or a desiccant functionalizing as a getter to take up a 

slight quantity of oxygen and water that infiltrate during the encapsulation. The active 

zone of the OLED is described as the overlap of cathode and anode [11]. Thus OLEDs 

can essentially have a different form and size, and accordingly that can be suitable for 

various customization possibilities. In scientific laboratories, OLEDs are produced in 

standart scale of a few mm2, whereas in a commerce sector OLEDs are scaled-up to 

formats in 0.1–1 m2. The thickness of the layers is from 10 nm upwards [12]. 

 

2.3. Operation principles of OLEDs 

 

The principal movements in an OLED under action are shown in Fig. 2.3.1 for 

a multilayer device. An external voltage source is employed to the OLED, therefore, 

electrons from the cathode and holes from the anode are injected and flow at each 

other. In the emissive layer, electrons and holes form excitons that afterwards may 

split radiatively and emit photons [12].  The complete process can be divided into four 
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main stages (Fig. 2.3.1) [13]: 

1. Injection of charge carriers at the electrodes; 

2. Transportation of charge carriers over the organic layers; 

3. Composition of excitons; 

4. Radiative exciton splitting and release of light. 

 

 
Fig.2.3.1. Illustration of a multilayer OLED demonstrating the main processes of 

electroluminescence 

Electrons are injected from the cathode into the LUMO of the ETL, whereas 

holes are injected from the anode into HOMO of the HTL. When charge carriers are 

working in separate work functions ΦA and ΦC, built-in voltage ΦBI appears in the 

diode [12]. The ΦBI has to be managed by an external voltage V before the current can 

leak over the diode. If organic materials for the layers are suitably selected, 

recombination of charge carriers will be isolated to the EML, and the flow of 

profusion carriers which are not recombining will be diminished [14]. 

In general, in small molecule OLEDs, the generation of light can be isolated by 

appropriate organic materials with respective energy levels and layer thicknesses to a 

relatively small area sandwiched between HTL and ETL. Furthermore, if doped hole 

and electron injection layers are utilized [15], then this area can be situated at a nearly 

random length away from the electrodes. In order to prevent quenching and afterwards 

a reduction in efficiency, this system for recombination alongside the electrodes 

should be fairly conducive. 

 

2.4. Basic mechanism of TADF 

 

In general, fast radiative transition performs a valuable role when fluorescent 

organic materials emit light by this conversion in nanoseconds from a singlet excited 

state to a singlet ground state. In recent years, fluorescent organic compounds that 

provide extra light emission (in microseconds) have already been known; this 
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phenomenon is named delayed fluorescence (DF). In DF, emission is delayed because 

of the triplet-singlet transition operation [16]. 

The delayed fluorescence process is sorted into E-type and P-type DF processes 

(that depends on the nature of the triplet to singlet conversion process) [17]. The E-

type delayed fluorescence stems from eosin, whilst triplet excitons can be transformed 

into singlet excitons under reverse intersystem crossing (RISC). RIC is mobilized by 

thermal energy and through a small singlet-triplet energy gap (ΔEST) [18]. Therefore, 

these movements are called the TADF effect. Meanwhile, P-type DF originates from 

pyrene, triplet-triplet annihilation (TTA), or when triplet-triplet connection 

establishes singlet excitons and supports fluorescent emission [19]. Both TADF 

emission and TTA emission processes use delayed fluorescence. However, these two 

emission processes differ in periods of the delayed fluorescence principle dependence 

on the temperature. The delayed fluorescence principle progressively enhances in the 

TADF and TTA operation; still, there is an onset temperature simply for the TADF 

emission when the delayed emission is stimulated by thermal activation in the TADF 

process [16] (Fig. 2.4.1). 

 

 
Fig. 2.4.1. Enhanced triplet-triplet annihilation efficiency 

 

 

From the theoretical point of view, the internal quantum efficiency (QE) of the 

TADF operation is 100% while all triplet excitons can be converted into singlet 

excitons. Meanwhile, internal QE of the TTA process is 62.5% because the 

confrontation of two triplet excitons can cause only one singlet exciton [20]. To 

conclude, TADF emission is more effective than triplet-triplet annihilation emission. 

In the perfect TADF process that is caused by electroluminescence (EL), 25% 

of light emission is induced from prompt fluorescence, and 75% of light emission is 

formed by delayed fluorescence by RISC. Such instant fluorescence is provoked by 
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fast S1 → S0 conversion with excited state lifetime (τ) of a few nanoseconds.  DF is 

delivered by slow T1 → S1 → S0 conversion with longer τ in microseconds [1]. 

Specific emission processes involving PL and EL processes of TADF 

compounds are described in Fig. 2.4.2. In the PL action, singlet excitons are 

established by photoexcitation and the fluorescence or internal conversion to the 

singlet ground state, and some singlet excitons are transformed into triplet excitons 

by the intersystem crossing (ISC) process. Triplet excitons are also converted into 

singlet excitons by the RISC process or detained by the internal conversion process. 

The up-converted triplet excitons split radiatively by singlet emission or 

nonradiatively by internal conversion [1]. 

 

 
Fig. 2.4.2. Radiative and nonradiative transition process of thermally activated delayed 

fluorescent emitters by photoluminescence (a) and electroluminescence (b) 

 

In the electroluminescence action of TADF compounds, both singlet and triplet 

excitons are developed by hole and electron injection. Singlet excitons split 

radiatively or nonradiatively. Moreover, singlet excitons can be converted into singlet 

excitons by RISC or be disbanded by internal conversion. However, triplet excitons 

are ingenuously designed by charge injection decay nonradiatively; or they can be up-

converted into singlet excitons complying with radiative singlet emission or 

nonradiative internal conversion. It could be achieved by high EQE in TADF devices. 

Singlet emission by up-converted triplet excitons needs to be boosted as 75% of 

excitons produced by hole and electron injection are triplet excitons. Consequently, 

the triplet-to-singlet conversion and conducting singlet emission movements are 

crucial to the EQE of the TADF devices. As the efficacy of the TADF action is 

determined by the delayed fluorescence action, it is essential to generate TADF 

organic compounds with high triplet-to-singlet conversion efficiency and high S1 → 

S0 transition efficiency simultaneously [16]. 

TADF emitters are relevant for boosting the efficiency and implementation of 

3rd-generation heavy-metal-free OLEDs [21]. Furthermore, they are responsible for 
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the properties of the future display and lighting technologies [22]. Market 

technologists and researchers are trying to find a way towards the diminishing of the 

worldwide energy need on Earth, therefore, two physical criterions should be fulfilled 

for the achievement of efficient TADF emission in the emitters, among which, the 

most significant criterions are ΔEST and PL quantum yield (PLQY) that manage the 

power depletion of OLEDs.  

Notably, lightweight and thin devices can be fabricated onto flexible substrates 

favoring infiltration of OLEDs in these two markets. With the aim of reducing the 

global energy demand on Earth, two parameters govern the power consumption of 

OLEDs, namely, the quantum yield of luminescence of the light emitting material, 

and device stacking [23]. 

ΔEST is related with the up-conversion of a triplet exciton into a singlet exciton, 

while PLQY is connected with the possibility of radiative transition [1]. 

 

Small ΔEST is relevant if we want to maximize the rISC rate constant (krISC) 

which is given by Equation (1), hence it is important to realize how this could be 

decreased in the molecular frame [24]. 

 

𝑘rISK A exp −
Δ𝐸ST

𝑘𝑏𝑇
  (1) 

 
Small ΔEST enhances the krISC and triplet-to-singlet transition efficiency, which 

may enhance the external quantum efficiency of TADF emitters. For this purpose, 

mainly, TADF emitters were projected to possess small ΔEST for decent EQE in TADF 

devices. 

 

Singlet energy (ES) and triplet energy (ET) are determined by the following 

Equations (2) and (3) where E is the orbital energy, and K is the electron repulsion 

energy: 

 

ES = E + K + J  (2) 

ET = E + K – J  (3) 

 

Thus the ΔEST of organic compounds is simply reliant on the interchange energy 

among the singlet excited state and the triplet excited state: 

 

ΔEST = ES - ET = 2J  (4) 

 

 

From Equation (4), it is obvious that detracting the singlet-triplet energy gap 

demands diminution of exchange energy J. J is calculated by utilizing Equation (5): 

 

𝐽 = ∬ 𝜑(𝑟1)𝜓 (𝑟2) (
𝑒2

𝑟1−𝑟2
) 𝜑(𝑟2)𝜓(𝑟1)𝑑𝑟1𝑑𝑟2 (5) 
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The HOMO and LUMO wave functions are expressed by using φ and ψ, and e 

is the electron charge. This equation demonstrates that J can be decreased by 

diminishing the overlap between the HOMO and LUMO orbitals, which is attained 

by spatially discerning those frontier orbitals. This feature is fulfilled by organic 

molecules possessing electron donor (D) and electron acceptor (A) fragments which 

maintain D-A electron transmission in the excited states. In general, TADF molecules 

are created by D and A moieties connected through an aromatic bridge, and draw up 

excited states of a strong charge transporting property. ΔEST can be then diminished 

by twisted D and A moieties and receive D-A comparative direction near-

orthogonality, or, preferably, by growing the D-A space while utilizing a molecular 

bridge [25]. 

The 2nd criterion is related with the light-emitting capacity of the emitter that is 

concerned with the nature, is the photoluminescence quantum yield (PLQY) of the 

emitter. With reference to the spin statistics, over electrical excitation, singlet and 

triplet excitons are concluded in 1:3 ratio [26]. Taking into account fluorescent 

materials, only singlet excitons can be used for light emission restricting the internal 

QE of fluorescent OLEDs to 25%. Whilst phosphorescent materials work contrarily, 

they can be beneficial for both singlet and triplet excitons in terms of emission by ISC 

for allowing to attain a theoretical IQE of 100% for phosphorescent OLEDs [27]. 

Among cons, triplet emitters are transition-metal complexes mainly based on Ir, Pt 

and Os, and the lack of these metals on Earth, their poisonousness and high market 

price make these materials improper candidates for the manufacturing of OLEDs [28]. 

Nevertheless, many attempts have also been performed to include emitters involving 

less toxic metals, supplying soften effects when verified in the devices [29,30]. 

In 2012, a breakthrough was made by the Adachi group which elaborated purely 

organic materials that are able to acquire singlet and triplet excitons for emission [2]. 

Such a novel group of light emitting compounds can be emulated with well-appointed 

triplet emitters. This indicates comparable efficiency in devices by establishing a new 

emission system; such emitters were named the 3rd generation of OLEDs emitters; 

they are thermally activated delayed fluorescence emitters. Hence, these TADF 

materials can thermally repopulate the singlet state from the triplet state by RISC, 

commanding an enhancement of the luminescence intensity. From the OLEDs point 

of view, TADF emitters comply with harvesting both singlet and triplet excitons for 

radiative transition, except for the fact that emission comes from the singlet state and 

not from the triplet state and that the TTA generally originating from phosphorescent 

OLEDs [31] can be considerably diminished (Fig. 2.4.1). 

 

2.5. Molecular design of TADF emitters 

 

TADF emitters have been elaborated to fulfill the main needs of small ΔEST and 

high PLQY which are closely related with light-emitting properties. Many researches 
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highlight that the donor-acceptor projection is the best way to generate TADF 

emitters, and the present emitters are designed on the grounds of the donor-acceptor 

molecular design strategy with small ΔEST [2,32,33]. Thus ΔEST can be decreased if 

the HOMO and LUMO are spatially seceded. This can be achieved by appropriate 

steric hindrance that imposes an internal twist and terminates the π-conjugation. This 

is also aided by an adequate range between the electron-donating and the electron-

accepting moieties [34,35]. 

However, the ordinary donor and acceptor based molecular projection originates 

from a wide light emission spectrum induced by charge transfer (CT) emissive state 

and sometimes short lifetime due to the volatility of the chemical structure [16]. The 

large emission spectrum determines the color purity of the devices, and the instability 

of the molecular structure is interconnected with the lifetime of the devices. Therefore, 

the engineering of the ordinary donor-acceptor design has to be adjusted to make it 

free from these issues.  

In the projection strategy of TADF materials, not only small ΔEST is important, 

but also the spin-orbit vibronic coupling. In fact, a small ΔEST is not enough to 

guarantee that a TADF derivative is an effective RISC that is vibronically coupled. 

To remain at the effective level, this spin-orbit coupling should also possess a valid 

rate. Currently, scientific researches studying the correlation between the spin-orbit 

coupling and RISC are still insufficient [36,37]. Taking into consideration that ΔEST 

is one of the most important parameters for verifying the RISC efficiency, that the 

dihedral angle among the donor (D)  and the acceptor (A) can be heavily provided 

and that an overlap of both HOMO/LUMO energy levels could negatively influence 

the color purity and ΔEST, it has to be observed that the photophysical characteristics 

and the geometry of molecules that are assumed to be TADF emitters are often 

examined by theoretical calculations upper to the synthesis, optimizing the possibility 

to achieve eligible energy levels and the desirable ΔEST [23].  

In order to manage the photophysical properties, the D and A fragments should 

be suitably selected. Intense donors and acceptors orient the HOMO and LUMO on 

the D and A fragment, respectively, which diminishes the singlet energy of the TADF 

emitters without major impact on the triplet energy by spatial isolation of the HOMO 

and LUMO [16]. Differently, weak donors and acceptors cause less important HOMO 

and LUMO localization, which follows in small reduction of the singlet energy. 

Consequently, strong D and A fragments are notable to faint D and A fragments to 

reduce emission energy of TADF emitters. 

Thus it has been reported that many D and A moieties have been employed in 

the development of TADF emitters, and they are characterized by various D and A 

intensities that can be evaluated from the HOMO and LUMO of each emitter. High 

HOMO indicates low electron donor power, while superficial HOMO specifies potent 

electron donor power. When talking about the acceptor fragment, high LUMO implies 

potent acceptor power, while superficial LUMO proposes mild acceptor strength [16]. 

Commonly, such electron-donating chromophores were selected as carbazole, 

bicarbazole, acridan, phenoxazine, phenothiazine, etc., whereas electron-

accepting fragments were chosen from the following moieties: diphenyl sulfone, 



20 
 

triazine, benzonitrile, oxadiazole, anthraquinone [1]. Molecular modeling data 

demonstrating the HOMO/LUMO localization and HOMO/LUMO levels of the D 

and A fragments are given in Table 2.5.1. and are obtained by utilizing the (TD)-

B3LYP/6-31G(d,p) basis set introduced in Gaussian 09 software. 

 

Table 2.5.1. HOMO and LUMO calculation results of donor moieties of thermally 

activated delayed fluorescent emitters 

Donor Chemical 

structure 

Molecular orbital distributiona HOMO, 

eV 

LUMO

, eV 

ES/ET, 

eV HOMO LUMO 

9H-carbazole 

 
  

-5.46 0.66 4.15/ 

3.19 

3,6-di-tert-

butyl-9H-

carbazole  

  

-5.25 -0.59 4.01/ 

3.17 

3,6-dimethoxy-

9H-carbazole  

  

-4.82 -0.67 3.69/ 

2.88 

2,7- dimethoxy-

9H-carbazole  
  

-4.99 -0.39 4.38/ 

3.19 

9H,9’H-3,3’-

bicarbazole 
 

  

-5.16 -0.83 3.30/ 

3.05 

10H-

phenoxazine  

  

-4.80 -0.22 3.66/ 

2.81 

10H-

phenothiazine  

  

-4.67 -0.44 3.42/ 

2.69 

9,9-dimethyl-

9,10-

dihydroacridine 
 

  

-4.89 -0.08 3.78/ 

3.19 

a The frontier molecular orbitals (HOMO/LUMO, isovalue is 0.02 a.u.) and the vertical 

energies of the lowest singlet and triplet states were computed by using (TD)-B3LYP/6-

31G(d,p) methods in gas state, respectively 

 

From the HOMO of the donor, the electron donating nature of the donor 

fragments can be determined, and the electron accepting nature of the acceptor 

moieties can be solved by the LUMO of the acceptor as stated earlier [16]. Among 

many electron-donating moieties, phenoxazine, phenothiazine and acridan are 

examples of strong donor moieties.  

Even though the main investigation has been drawn toward announcing new 

TADF emitters, the hosts are valid in TADF OLEDs. However, new host materials 

are tested for their eligibility of serving as suitable hosts for PhOLEDs. What is more, 

the host material performs more important roles in the photophysics of TADF 

emitters. 
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2.6. Bicarbazole-based TADF emitters 

In practice, there has been prominent advancement in the development and 

refinement of the external quantum efficiency (EQE) of the TADF OLEDs over the 

recent years [1], and the EQE of the TADF OLEDs resembles that of phosphorescent 

OLEDs. Accordingly, this literature review reveals the molecular design prospects of 

new TADF emitters and outlines future perspectives of TADF devices. In this 

literature review, we shall discuss organic-based blue TADF emitters that have been 

designed based on bicarbazole, acridine and phenoxazine moieties. Photophysical 

properties and compounds characteristics for the device performance will be analyzed 

and compared. 

Carbazole is broadly used as an electron-donating moiety in the projection of 

host materials because of its good hole-transport properties and high ET of ~2.95 eV 

[38,39]. It is observed that organic compounds based on its derivative of 9H,9’H-3,3’-

bicarbazole (BiCz) demonstrate superior donor properties and lower driving voltages 

in comparison with mono-carbazole counterparts [40]. The meta-linked twisted 

structure of BiCz sustains high ET of ~2.8 eV regardless of its expanded π conjugation 

[41]. Moreover, BiCz is characterized with a small ΔEST which is ~0.46 eV, and it is 

beneficial for energy transfer in PhOLEDs [42]. Additionally, BiCz derivatives 

demonstrate better electrochemical properties because of the partial blocking in the 

active C3 and C3’ positions, which obviates the electrochemical oxidative 

polymerization of Cz and useful for the transportation of the positive charges (holes) 

in OLEDs. Taking into account the 9-N-positions of BiCz, hosts are usually blocked 

by different functional groups to provide their chemical stability and retain particular 

optoelectronic properties [43]. 

Tremendous effort was done to investigate various emitting materials for blue 

TADF OLEDs. The examples and the characteristics of bicarbazole-based donors 

used in blue or greenish-blue TADF OLEDs are given in Table 2.6.1. and Fig. 2.6.1. 

Most of blue TADF OLED devices have been developed by using DPEPO as the host 

material. Taking into account EQE, the best results were obtained by Kim et al. [44] 

in 2016 with the EQE value reaching 25%. 33TCzTTrz showed the best external 

quantum efficiency not only among all TADF emitters introduced in Table 2.6.1, but 

also this material demonstrated one of the best external quantum efficiencies observed 

in greenish-blue devices [45,46]. Kim et al. synthesized three different bicarbazolyl 

moieties: 2,3′-bicarbazole (23TCzTTrz), 3,3′-bicarbazole (33TCzTTrz) and 3,4′-

bicarbazole (34TCzTTrz) which were linked with diphenyltriazine in a twin emitting 

core type backbone structure. The studies showed that 3,3′-bicarbazolyl derivative 

was better than other counterparts in reducing its ΔEST value, which led to delayed 

fluorescence emission. 

Cao et al. (2017) [47] synthesized two bicarbazole/dicyanobenzene hybrid 

compounds (CF3CNBCz and DCNBCz). These TADF compounds exhibited the 

TADF phenomenon of a particularly small ΔEST of 0.01 eV, and were applied as the 
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sky-blue and greenish-blue delayed fluorescent emitters, respectively. The EL 

performance of the emitters was investigated in OLED, where 10wt.% of CF3CNBCz 

and DCNBCz was doped in mCP. At 8 V voltage, these two different devices showed 

the EL peak in the sky-blue region (479 nm and 493 nm). At the same voltage, the 

cyano-substituted DCNBCz delivered better device performances, with the maximum 

current efficiency of 30.8 cd/A, power efficiency of 32.0 lm/W, and EQE of 10.0%, 

and CIE of (0.23, 0.43), while these values for the CF3-substituted CF3CNBCz 

containing device were 10.6 cd/A, 4.8 lm/W, 4.9% and (0.18, 0.32).  

Kim et al. (2016) [48] investigated 3,3’-bicarbazole as a strong donor fragment 

and produced blue TADF emitters. As acceptors, 1,3,5-triphenyltriazine and 

benzophenone were used [49,50]. The devices were constructed and optimized for 

BPBCz and TrzBCz emitters by dispersing them in DPEPO host with the 

concentration of 10%. The EQE values of the BPBCz and TrzBCz doped devices 

were 23.3% and 23.6%, respectively. EL maxima were detected in the blue region 

(481 nm and 486 nm) with CIE coordinates of (0.21, 0.34) and (0.21, 0.36), 

respectively. The authors reported that 3,3’- bicarbazole as the donor performed two 

functions: the increase of the EQE and the lifetime of the TADF devices [48]. 

In 2013, Serevičius et al. [51] investigated a dicarbazole and triazine-based 

compound CzT ( 9-(4,6-diphenyl-1,3,5-triazin-2-yl)-9′-phenyl-3,3′-bicarbazole) which 

was employed as a perspective TADF emitter and showed blue-greenish emission 

with color coordinates of CIE (0.23, 0.4) and EQE of 6%  at low current densities 

(>10-1mA/cm2).  

Li et al. (2013) [40] developed A-D-A-type compounds (26IPNDCz and 

35IPNDCz), which featured dicyanobenzene (acceptor) and 3,3’-bicarbazole (donor). 

Bipolar emitters were doped into DPEPO with the concentration of 10 wt.%. The EL 

maxima of the 26IPNDCz and 35IPNDCz based devices were detected at 501 nm 

and 487 nm, respectively. The EQE values of the devices were 9.2% and 9.6%. It was 

reported that ortho-substitution of the cyano group on the phenyl ring can induce a 

larger twisting angle, more efficient separation of the HOMO and LUMO and a 

smaller ΔEST, but a shorter TADF lifetime. 

Kim et al. (2015) [52] developed 34TCzPN and 44TCzPN as TADF emitters 

which were doped (from 5% to 20%) in DPEPO. In both cases, the best results were 

obtained with the concentration of 10%. EQE values varied from 19.5% to 20.5%. In 

OLED, both compounds (34TCzPN and 44TCzPN) showed blue emission with the 

values of 475 nm (CIEXY 0.17; 0.29) and 473 nm (CIEXY 0.16; 0.23), respectively. 

These OLEDs based on the twin emitter design showed a significant increase of the 

efficiency of the device. 

Shizu et al. (2015) [53] designed an efficient sky-blue TADF emitter material 

BCzT (9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9’-phenyl-9H,9’H-3,3’-

bicarbazole) which was doped into a host layer, and photoluminescence QY reached 

95.6%, while EQE reached 21.7%. This OLED produced a sky-blue emission with 

the peak at 492 nm. 

To conclude, 3,3’-bicarbazole is a strong donor fragment that is important for 

the diminishing ΔEST of D-A type molecules having separate HOMO and LUMO [54]. 
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As the enhancement of the donor strength of the TADF emitters causes the HOMO 

shallowness and HOMO-LUMO gap narrowing, the singlet energy can be reduced by 

the strong 3,3’-bicarbazole donor rather than ET. In addition, the CT character is 

strengthened, which also helps to reduce ΔEST. Therefore, a small ΔEST is expected 

from the 3,3’-bicarbazole-derived emitters. Hence, it can equally spread in the HOMO 

over the whole 3,3’-bicarbazole fragment for high oscillator strength in addition to 

the broad separation of the HOMO and LUMO [55]. Consequently, the 3,3’-

bicarbazole fragment was proposed as the donor fragment of blue TADF emitters. 

 

 

  

Fig. 2.6.1. Chemical structures of bicarbazole-based emitters for blue TADF OLEDs 

 



24 
 

    Table 2.6.1. Photophysical and electrochemical properties of bicarbazole donor-based TADF emitters 
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23TCzTTrz 5.86 3.19 2.75/ 0.33 - - 
20% in 

DPEPO 
-  28.4  22.3 10.7  472 (0.20, 0.26) [44] 

33TCzTTrz 5.74 3.21 2.76/ 0.25 - - 
20% in 

DPEPO 
-  64.3  57.7  25.0  490 (0.23, 0.42) [44] 

34TCzTTrz 5.98 3.19 2.79/ 0.35 - - 
20% in 

DPEPO 
-  19.1  15.0 10.3  463 (0.16, 0.20) [44] 

CF3CNBCz 5.33 2.37 2.67/ 0.01 160 407 
10% in 

mCP 
3.3 8130  10.6  4.8  4.9  479 (0.18, 0.32) [47] 

DCNBCz 5.39 2.50 2.43/ 0.01 194 472 
10% in 

mCP 
2.9 28680  30.8  32.0  10.0  493 (0.23, 0.43) [47] 

BPBCz 5.78  2.87/ 0.11 - - 
10% in 

DPEPO 
8.7 - 51.5  46.2 23.3 481 (0.21, 0.34) [48] 

TrzBCz 5.79  2.74/ 0.16 - - 
10% in 

DPEPO 
10.1 - 53.5 46.8 23.6 486 (0.21, 0.36) [48] 

CzT 5.49 2.77 - 134 425 
20% in 

DPEPO 
- 393 - 9.7 6.0 520 (0.23, 0.4) [51] 

26IPNDCz - - 0.06/- - - 
10% in 

DPEPO 
- - - - 9.6 501 - [40] 

35IPNDCz - - 0.14/- - - 
10% in 

DPEPO 
- - - - 9.2 487 - [40] 

34TCzPN 6.30 3.52 2.86/ 0.16 - - 
10% in 

DPEPO 
- - 37.1 25.9 20.5 475 (0.17, 0.29) [52] 

44TCzPN 6.38 3.54 2.84/ 0.21 - - 
10% in 

DPEPO 
- - 32.9 23.0 19.5 473 (0.16, 0.23) [52] 

BCzT - - -/ 0.29 - - 
6% in 

DPEPO 
- - - - 21.7 492 - [53] 



 2.7. Acridine based emitters for TADF OLEDs 

 

Additionally, external quantum efficiency is an important OLED characteristic 

that shows how efficient the power utilization is in the newly designed devices. 

Energy consumption can be optimized by using a properly selected efficient emitter 

[56]. Recently, an acridine fragment was often used in the D-A or D-A-D as a strong 

donor [57,58]. Regarding the strong electron-donating ability as well as stability and 

high triplet state energy, 9,9-dimethyl-9,10-dihydroacridine is used in the search of 

effective TADF emitters [59]. In this chapter, most promising TADF emitters based 

on the acridine moiety will be discussed (Fig.2.7.1 and Table 2.7.1.). 

Yoo et al. (2016) [60] synthesized a new TADF emitter (4DPTIA) and 

employed it in the EL device using DPEPO as the host and different concentrations 

of the guest (10, 20 and 30%). The current density and luminance are increased at 

high doping concentrations that vary from 15% to 30% [61]. The device reached 

maximum EQE of 13.7%. 

Zhang et al. (2014) [33] developed an efficient TADF emitter (DMAC-DPS) 

having pretwisted the intramolecular CT character. Doped in a DPEPO blue emitter 

was employed in the OLED structure with EQE reaching 19.5%. This device exhibits 

deep-blue emission with CIE coordinates of (0.16, 0.20). 

Lin et al. (2016) [62] reported a new series of compounds whose design is based 

on spiroacridine-triazine (SpiroAC-TRZ, DPAC-TRZ and DMAC-TRZ) and which 

possess high PLQY of 100%, 82%, and 90%, respectively. The fabricated devices 

based on SpiroAC-TRZ, DPAC-TRZ and DMAC-TRZ showed EQE values of 

36.7%, (94 cd A−1, 98.4 lm W−1), 25.8% (60 cd A−1, 62.7 lm W−1) and 27.4% (77.1 cd 

A −1, 80.8 lm W−1), respectively. Such a high efficiency (EQE > 30%)  is much higher 

compared with the previously published results [56,63,64,65]. 
Ganesan et al. (2017) [66] synthesized T1-T4 derivatives possessing dimethyl 

acridine as the electron donor which was binded to pyrimidine as an electron acceptor. 

OLEDs based on T1-T4 exhibit EL peaks of 472, 492, 464 and 476 nm, respectively. 

The best results were achieved with T2 TADF with the EQE value reaching 14.2%. 

Park et al. (2017) [67] synthesized emitters based on a D-A system. By 

combining acridan-based donors and pyrimidine-based acceptors, five new 

compounds were produced: MFAc-PPM, MXAc-PPM, MFAc-PM, MXAc-PM and 

Ac-PM. The best result was achieved by utilizing MFAc-PPM TADF emitter 

demonstrated bright blue electroluminescence with EQE of 20.4%, maximum current 

efficiency of 41.7 cd A−1, maximum power efficiency of 37.2 lm W−1, and CIEXY of 

(0.16, 0.23), (0.16, 0.20), (0.16, 0.21), (0.16, 0.19) and (0.15, 0.15), respectively. 

Nakao et al. (2017) [68] designed three blue TADF emitters for high-

performance TADF OLEDs. 2,4,6-triphenylpyrimidine was utilized as an acceptor, 

whereas tri-/ penta-substituted acridine was employed as the donor moiety: Ac-

46DPPM, Ac-26DPPM and CzAc-26DPPM. The authors successfully developed 

blue and sky-blue devices with EQE ranging from 15.5% to 23.7%. 

Im et al. (2017) [69] designed a new electron acceptor unit based on acrylonitrile 

which was in the deep blue TADF OLED. The electroluminescent device with a CN-

Ac emitter demonstrated the maximum external quantum efficiency of 1.50% (CIE 
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(0.16, 0.28)). 

Sasabe et al. (2017) [70] introduced 9,10-dihydro-9,9-dimethylacridine (Ac) 

and modified isonicotinonitrile (INN) moieties into new compounds: 2AcINN and 

26AcINN. These TADF emitters showed PLQY of 71% and 79% in the host films for 

2AcINN and 26AcINN, respectively. A sky-blue emitter, 26AcINN, showed low 

turn-on voltage of 2.9 V, high external quantum efficiency of 22%, and high power 

efficiency of 66 lm W−1 with CIE chromaticity coordinates of (0.22, 0.45). In contrast, 

the 2AcINN-based device emitted sky-blue light with CIE chromaticity coordinates 

of (0.19, 0.36), low turn-on voltage of 3.1 V, EQE of 13%, and power efficiency of 

29 lm W−1. 

Takahashi et al. (2014) [71] reported two new compounds based on the D-A-D 

structure introducing 1,4-diazatriphenylene (ATP) derivatives with 9,9-

dimethylacridane (ATP-ACR and m-ATP-ACR). The fabricated sky-blue emitting 

OLEDs containing ATP–ACR and m-ATP–ACR demonstrated EQE of 7.5% and 

8.7%, respectively. 

Kitamoto et al. (2015) [72] demonstrated a blue light emitting TADF molecule 

consisting of the π-conjugated system containing a boron atom as an electron-

accepting moiety and 9,9-dimethylacridane (10) as an electron-donating moiety. The 

acridane moiety offered suitable twists between the donor and the cross-linking 

phenylene thus causing a very small ΔEST. OLED using organic structure 10 exhibited 

light blue emissions with EQE of 15.1%. 

Park et al. (2016) [73] synthesized and tested a D-A-D molecule consisting of a 

phthalonitrile (VPN) acceptor core coupled with 9,9-dimethylacridan (Ac) as the 

donor moiety. π-Conjugated phenylene linkers were introduced between the donor 

and acceptor moieties to maintain a small ΔEST. OLED based on Ac-VNP emitter 

exhibited a high maximum EQE of 18.9% and an extremely small efficiency roll-off. 

Komatsu et al. (2016) [74] developed an emitter denoted by Ac-MPM by 

introducing a phenylacridine part into the 4,6-position of the pyrimidine core to affect 

the twisted structure thus causing high photoluminescent QY of ~80%, and a small 

ΔEST of <0.20 eV. The optimized device achieved power efficiency of 62 lm W−1, 

EQE of 24.5%, light-blue emission with the CIE chromaticity coordinates of (0.19, 

0.37), and a low turn-on voltage of 2.8 V. 

Lee et al. (2016) [75] synthesized a TADF emitter, DMTDAc, by using rigid 

9,9-dimethyl-9H-thioxanthene 10,10-dioxide (DMTD) as the acceptor unit and 

acridine as the donor unit. They designed a deep blue TADF device with a CIEXY of 

(0.15, 0.13) and EQE of 19.8%. The rigid DMTD acceptor diminished the emission 

spectrum of the emitter by interlocking two phenyl moieties of diphenylsulfone and 

shifted the emission spectrum to deep blue. 

 

Numata et al. (2015) [76] developed highly efficient blue TADF molecules 

possessing 10H-phenoxaborin and acridan moieties (1-3). 10H-phenoxaborin was 

selected as the acceptor unit because of its excellent accepting properties stemming 

from the electron-withdrawing nature of the boron atom and an expanded π-plane 

[77]. Furthermore, bulky 2,4,6-triisopropylphenyl was imposed on the boron atom to 
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defend the boron center from nucleophilic species such as bases, oxygen, H2O, and to 

evade disintegration in the reaction mixture, and regulate the reaction’s atmospheric 

condition [78]. Additionally, in all the compounds, 1-3, acridan was chosen as a wide-

gap donor unit because acridan is characterized as a good donor. In conclusion, the 

authors designed pure blue TADF with EQE reaching 22% and CIE coordinates of 

(≤0.16, ≤0.16). Furthermore, the authors claimed that utilizing emitter 3 was attained 

without any particular optimization [79].  

Ohkuma et al. (2014) [80] synthesized and designed a spiro compound DPAA-

AF possessing an electron-accepting diazafluorene moiety and an electron-donating 

bis(diphenylamino)acridane moiety. Employed in TADF OLED, DPAA-AF 

demonstrated blue-greenish electroluminescence with EQE of 9.6%. 

Lee et al. (2016) [81] notified of two new efficient blue TADF emitters (Ac-

OPO and Ac-OSO) having an angular-linked phenoxaphosphine oxide or 

phenoxathiin dioxide acceptor moiety linked with a dimethylacridan donor moiety. 

These D-A emitters were employed in blue TADF-OLED which exhibited EQE of 

12.3% and 20.5% with color coordinates of (0.15, 0.14) and (0.16, 0.26) for Ac-OPO 

and Ac-OSO, respectively. 

Luo et al. (2016) [82] established two solution-processed blue TADF emitters, 

CzDMAC-DPS and DCzDMAC-DPS. The electron donating part of the core based 

on 10,10'-(sulfonylbis(4,1-phenylene))bis(9,9-dimethyl-9,10-dihydroacridine) was 

extended by using tert-butyl carbazole moieties introduced for the emissive core. The 

double-layer blue devices based on these non-doped emitters attained the EQE of 

12.2% and 2.2% with the CIE coordinates of (0.22, 0.44) and (0.18, 0.27) for 

CzDMAC-DPS and DCzDMAC-DPS, respectively. 

To conclude, it is understandable that TADF emitters have a great potential as 

effective blue emitters, but only some design strategy methods have been reported to 

develop blue TADF emitters. One of the most promising methods is to couple donor 

and acceptor fragments by using such a strong donor as acridine. As it can be seen 

from this chapter, such good results highlighted a great chance for TADF materials to 

be candidates for achieving pure, effective and stable blue emission in OLEDs. 
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Fig. 2.7.1. Chemical structures of acridine-based emitters for blue TADF OLEDs



Table 2.7.1. Photophysical and electrochemical properties of acridine donor-based TADF emitters 

Emitter 

H
O

M
O

, 

eV
 

L
U

M
O

, 

eV
 

Δ
E

S
T
, 

 e
V

 

T
g
, 

C
O

 

T
d
, 

C
O

 

H
O

S
T

 

V
o
n
, 

V
 

L
m

a
x
, 

cd
 m

-

2
 

L
E

m
a
x
, 

cd
 

A
-1

 

µ
p
, 

lm
 W

-1
 

E
Q

E
, 

%
 

E
L

 λ
m

a
x

 

C
IE

1
9

3
1

, 

(x
, 

y
) 

R
ef

. 
N

o
. 

4DPTIA 6.09 3.20 0.23 - - DPEPO - - 24.8 17.0 13.7 - (0.21, 0.31) [60] 

DMAC-DPS 5.92 2.92 
0.09

0.05 
- - DPEPO 3.7 - - - 19.5  - (0.16, 0.20) [33] 

DMAC-TRZ 5.70 3.12 0.06 155 353 mCPCN  ~2.0 - 77.1  80.8  27.4  - (0.21, 0.50) [62] 

DPAC-TRZ 5.72 3.12 0.13 136 368 mCPCN  ~2.0 - 60  62.7  25.8  - (0.17, 0.38) [62] 

SpiroAC-TRZ 5.61 3.12 0.07 90 334 mCPCN  ~2.0 - 94  98.4  36.7  - (0.18, 0.43) [62] 

T1 5.34 2.45 - 95 368 DPEPO 3.0 2868  13.4  12.0  7.2  - (0.17, 0.27) [66] 

T2 5.34 2.48 - 95 382 DPEPO 3.0 7385  34.2  29.8  14.2  - (0.20, 0.39) [66] 

T3 5.33 2.37 - 93 369 DPEPO 3.0 1269  18.8  19.6  11.8  - (0.17, 0.21) [66] 

T4 5.34 2.40 - 90 357 DPEPO 3.0 1867  24.0  21.5  11.8  - (0.18, 0.30) [66] 

MFAc-PPM 5.62 2.67 0.25 - 422 PPF 3.4 - 41.7 37.2 20.4 470 (0.16, 0.23) [67] 

MXAc-PPM 5.65 2.68 0.25 - 422 PPF 3.6 - 22.7 18.8 12.2 462 (0.16, 0.20) [67] 

MFAc-PM 5.60 2.69 0.26 - 351 PPF 3.4 - 34.3 31.7 17.1 469 (0.16, 0.21) [67] 

MXAc-PM 5.65 2.70 0.29 - 354 PPF 3.6 - 25.0 20.7 14.3 460 (0.16, 0.19) [67] 

Ac-PM 5.68 2.70 0.30 - 288 PPF 3.6 - 18.9 16.5 11.4 458 (0.15, 0.15) [67] 

Ac-46DPPM 5.61 2.64 0.25 87 388 DPEPO 6.02  - 2.46  1.29  15.5  - (0.16, 0.21)  [68] 

Ac-26DPPM 5.67 2.70 0.17 90 383 DPEPO 4.92  - 13.5  8.61  19.3  - (0.18, 0.33)  [68] 

CzAc-26DPPM 5.72 2.84 0.12 181 453 DPEPO 4.88  - 21.9  14.1  23.7  - (0.21, 0.38)  [68] 

CN-Ac 5.15 2.62 0.03 - n.d. CBP 3.2  4644 2.85 2.43  1.50 460 (0.16, 0.28)  [69] 

2AcINN - - 0.30 - 319 DPEPO 3.1  - 34.7  38.9  15.2  - (0.19, 0.36)  [70] 

26AcINN - - 0.28 141 433 DPEPO 2.9  - 58.4  65.6  21.6  - (0.22, 0.45)  [70] 

ATP-ACR 5.8 3.0 0.16 - - mCP 4.8  2300  11.5  5.7  7.5 496 - [71] 

m-ATP-ACR 5.9 3.1 0.13 - - mCBP 4.8 3240 13.1 6.2 8.7 486 - [71] 

10 5.81 2.46 0.01 - - DPEPO 8.5 8216 - - 15.1 466 - [72] 

Ac-VNP 5.8 3.1 0.20 - - mCBP 4.5 65720 51.7  34.1  18.9  504 (0.23, 0.50) [73] 
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Table 2.7.1. (continued) 
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Ac-MPM 5.66 2.85 0.19 n.d. 432 mCP 2.8 - - 61.6 24.5  487 (0.19, 0.37) [74] 

DMTDAc 6.10 3.35 - - - TSPO1 <3.0 - 22.6 23.3 19.8  451 (0.15,0.13) [75] 

1   0.10   PPF  >1500 - - 21.7 475 (0.14, 0.23) [76] 

2   0.12   PPF  >1500 - - 19.0 456 (0.14, 0.12) [76] 

3   0.06   PPF  - - - 20.1 451 (0.15, 0.09) [76] 

DPAA-AF - - - - - mCP - - - - 9.6 499 - [80] 

Ac-OPO 5.8 2.6 0.03 - - DPEPO 6.0 - - - 12.3 445 (0.15, 0.14) [81] 

Ac-OSO 5.7 2.6 0.06 - - DPEPO 5.1 - 37.9 20.1 20.5 486 (0.16, 0.26) [81] 

CzDMAC-DPS 5.24 2.31 0.09 272 459 
Non-

doped 
3.6 - 30.6 24.0 12.2 492 (0.22, 0.44) [82] 

DCzDMAC-

DPS 
5.18 2.09 0.20 274 479 

Non-

doped 
5.2 - 3.8 2.0 2.2 464 (0.18, 0.27) [82] 



2.8.  Derivatives of phenoxazine as blue emitters for TADF OLEDs 

 

Major attempts have been dedicated to the design of various TADF materials, 

particularly for the D-A-type molecules, which showed electroluminescence in the 

blue emission region [83]. The molecular design of D-A-type and D-A-D-type TADF 

materials was usually concentrated on different donors, such as carbazole and its 

linked derivatives [84], phenothiazine [85], phenoxazine [86] and 9,9-dimethyl-9,10-

dihydroacridine [64]. In this section, various blue TADF emitters based on 

phenoxazine derivatives will be discussed (Fig. 2.8.1 and Table 2.8.1.). 

Zhang et al. (2014) [33] designed D-A-D type molecule PXZ–DPS possessing 

diphenylsulphone as the acceptor unit and phenoxazine as the donor unit. Blue TADF 

OLED was designed by utilizing CBP as the host with a low turn on voltage of 2.7 V. 

The device with PXZ–DPS demonstrated an EQE value reaching 17.5% with a small 

efficiency roll-off (15.5% at a luminance of 1000 cd/m2). 

Liu et al. (2016) [87] synthesized two triarylboron-based TADF emitters, 

denoted as TB-1PXZ and TB-2PXZ, featuring an electron-donating phenoxazine 

moiety and an electron-accepting triarylboron moiety. These TADF emitters were 

applied in solution-processed OLEDs. The devices exhibited blue-green emission 

peaks (480 nm and 496 nm) in the EL spectrum. Other OLED characteristics are the 

following: TB-1PXZ (CE = 1.7 cd A-1, PE = 0.7 lm W-1 and EQE = 1.0%) and TB-

2PXZ B (CE = 21.0 cd A-1, PE = 13.8 lm W-1and EQE = 8.9%). 

Lee et al. (2013) [46] established a TADF emitter (2PXZ-TAZ) which was 

synthesized by introducing 3,4,5-triphenyl-4H-1,2,4-triazole (TAZ) as an acceptor. 

The 2PXZ-TAZ based device exhibited sky-blue emission, and the maximum in EL 

spectra was observed at 456 nm. The respective CIE color coordinates were (0.16, 

0.15) at 10 mA cm-2. OLED based on a D-A-D type triazole-based compound, doped 

into DPEPO, reached EQE of 6.4%. 

Sagara et al. (2015) [88] developed highly efficient TADF emitters denoted as 

BOX (D-A-type), BT (D-A-type), BT2 (D-A-D-type), cis-BOX2 (D-A-D-type ) and 

trans-BOX2 (D-A-D-type) with a small ΔEST (in a range from 0.10 eV to 0.15 eV) 

and a substantial oscillator strength (in the range from 0.06 to 0.19). Phenoxazine 

units were employed as electron donors, while benzazole-containing units were 

employed as electron acceptors. According to the authors, the OLED based on D-A-

D structure emitters showed higher maximum EQEs (17.6%) than the ones using D-

A-type emitters (12.1%).  

Chen et al. (2016) [89] synthesized a D-A-type molecule with a phenoxazine 

moiety as its donor and a benzonitrile moiety as its acceptor, named mPTC. The 

mPTC-based TADF device exhibited sky-blue emission with CIE coordinates (0.18, 

0.32) and the EL maximum at 484 nm. The maximum current and power efficiencies 

reached 39.88 cd A-1 and 35.78 lm W-1, respectively, and the EQE value was 17.4%. 

The authors proved that the increased molecular restriction caused by the additional 

phenyl group at the meta-position can effectively inhibit the structural relaxation in 

solid states and, furthermore, improve the color purity of the TADF emitter. 

Moreover, the intramolecular rotation between D and A could minimize the photonic 

energy heat [90]. 
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He et al. (2018) [91] designed a TADF emitter (DPE-DPXZ) by utilizing 10H-

phenoxazine as the donor segment. The device based on DPE-DPXZ doped into CBP 

showed sky-blue emission with EQE reaching 10.8%. 

 

 

Fig. 2.8.1. Chemical structures of phenoxazine-based emitters for blue TADF OLEDs 

 



Table 2.8.1. Photophysical and electrochemical properties of phenoxazine donor-based blue TADF emitters 
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PXZ-DPS 5.59 2.92 -/0.06 - - CBP 2.7 - - - 17.5 507 - [33] 

TB-1PXZ 5.08 2.24 2.86/ 0.12 - - CzSi 8.9  - 1.7 0.7 1.0 480 (0.19, 0.29) [87] 

TB-2PXZ 5.08 2.29 2.84/ 0.05 - - CzSi 5.8  - 21.0 13.8 8.9 496 (0.18, 0.40) [87] 

2PXZ-TAZ - - -/ 0.23 - - 
6% in 

DPEPO 
- - - - 6.4 456 (0.16, 0.15) [46] 

BT - - -/ 0.071 -  
6% in 

mCBP 
- - - - 12.1 - - [88] 

BT2 - - -/ 0.054 - - 
6% in 

mCBP 
- - - - 14.0 - - [88] 

BOX - - -/ 0.067 - - 
6% in 

mCBP 
- - - - 9.1 - - [88] 

cis-BOX2 - - -/ 0.033 - - 
6% in 

mCBP 
- - - - 17.6 - - [88] 

trans-BOX2 - - -/ 0.05 - - 
6% in 

mCBP 
- - - - 14.4 - - [88] 

mPTC 5.12 2.84 -/ 0.01 234 300 
6.5% in 

mCBP 
- 5800 

39.8

8 
35.78 17.4 484 (0.18, 0.32) [89] 

DPE-DPXZ 4.98 2.15 -/ 0.40 122 380 CBP  3.4 718 22.8 - 10.8 475 (0.18, 0.31) [91] 



2.9. Conclusions of the literature review 

In this literature review, we analyzed the principles of OLEDs and the basic 

mechanism of the TADF phenomenon. We also reviewed the molecular design of 

TADF emitters and derivatives of bicarbazole, acridine, phenoxazine as blue emitters 

for TADF OLEDs. Nowadays, one of the leading approaches of effective conversion 

of energy into light by using organic compounds is TADF. We described the 

requirements for the host materials of OLEDs. Furthermore, we conducted a literature 

review on the latest findings and tendencies concerning the molecular design of TADF 

emitters for OLED applications. 

During the recent years, considerable and sustainable improvement has been 

witnessed for the lighting characteristics of organic light-emitting devices, primarily 

reflecting the progress in the design and synthesis of organic materials exhibiting 

TADF. The TADF phenomenon is usually observed in molecules that are 

characterized by quasi-degenerate first singlet (S1) and first triplet (T1) excited states, 

i.e., with singlet-triplet gaps (ΔEST) being at the kT scale, thus making it possible to 

activate the spin-forbidden T1→S1 transition by thermal influence. Generally, a small 

ΔEST can be achieved through the design of donor-acceptor (D-A) systems with 

twisted geometry to attain spatial separation between the HOMO and the LUMO, and 

also by minimizing the exchange integrals between these orbitals. Accordingly, D-A 

molecular systems with a marked intramolecular charge transfer (ICT) are typical 

TADF material candidates. Their HOMO and LUMO are mainly localized on the 

donor and acceptor moieties, respectively. Therefore, the selection of suitable donor 

and acceptor units is an important aspect for the design of functional TADF materials.  

TADF-based OLEDs usually demonstrate high internal quantum efficiency 

(IQE) by converting nearly 100% of the injected carriers into photons. The design and 

synthesis of highly efficient TADF materials is, however, quite a difficult task because 

of the very sensitive balance between the T1→S1 reverse inter-system crossing 

(RISC) and the radiative decay by the S1→S0 transition. As a general trend, RISC 

probability increases with the constriction of the ΔEST gap. 

Many highly efficient TADF-based OLEDs have already been reported, but 

objections regarding design and synthesis of stable blue TADF emitters still remain. 

There is considerable need to develop new TADF materials that demonstrate top level 

performance while taking into account the following aspects: 

• Mechanism of TADF. It is a conventional aspect that ΔEST is a valid agent 

that manages the efficiency of TADF. 

• Fabrication cost of TADF OLEDs. The fabrication cost of TADF OLEDs is 

important in their marketability. The architecture of a simplified device is one of the 

basic ways to cut production value. The emphasis on the evolution of proper low-

molar mass TADF emitters for solution-processable devices is definitely required. 

• Emission energy of TADF emitters. There are now sufficient models 

available of high performance green and yellow emitters. Yet, deficit of blue and red 

TADF emitters still persists. 

• It is significant to determine the eligible structure-properties relationship of 

TADF materials using different theoretical and experimental techniques. 
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3. EXPERIMENTAL PART 

3.1. Instrumentation and methods 

3.1.1. Instrumentation 

 
1H and 13C nuclear magnetic resonance (NMR) spectra were recorded by using 

a Bruker Avance III 400 spectrometer (400 MHz (1H), 100 MHz (13C), 375 MHz 

(19F)). Chemical shifts (δ) are reported in ppm referenced to tetramethylsilane or the 

internal solvent signal. 

Attenuated total reflection infrared (IR) spectra were recorded by using a Bruker 

VERTEX 70 spectrometer. MS data was recorded on UPLC-MS Acquity Waters SQ 

Detector 2. 

The melting points of the prepared compounds were estimated by using an 

Electrothermal Melt-Temp apparatus. 

UV/Vis absorption spectra of 10-4 M solutions and thin films of the compounds 

were recorded in quartz cells by using an Aventes AvaSpec-2048XL spectrometer or a 

Perkin Elmer Lambda 35 spectrometer. 

TGA was performed on a Metter TGA/SDTA851e/LF/1100 apparatus at a 

heating rate of 20 °C/min under nitrogen atmosphere. Compound decomposition 

temperatures were determined at the point when the sample loses 5% of its mass (Tdec-

5%). 

DSC measurements were done on a DSC Q 100 TA Instrument at a heating rate 

of 10 °C/min under nitrogen atmosphere. The melting points (Tm) and crystallization 

temperatures (Tcr) were taken from the appropriate endo- and exothermic peaks, 

respectively. The glass transition temperatures (Tg) were estimated from the point 

when the sample heat capacity changed. 

 

3.1.2. Methods 

3.1.2.1. Optical and photophysical measurements 

Photoluminescence spectra and UV spectra of dilute toluene solutions and of 

thin films prepared by vacuum deposition were recorded with Edinburgh Instruments 

FLS980 and PerkinElmer Lambda 25 spectrometers, respectively. To separate the 

phosphorescence spectra of the films from the emission spectra were recorded at 77 

°K with the delay time exceeding 50 ms [92,93,94]. An Edinburgh Instruments 

FLS980 spectrometer and a PicoQuant LDH-D-C-375 laser (wavelength 374 nm) as 

the excitation source were used for recording photoluminescence (PL) decay curves 

and PL intensity dependencies on the laser flux of the samples at room temperature. 

Fluorescence quantum yields were measured by using an integrated sphere (inner 

diameter of 120 mm) spherical cavity calibrated with two analytical standards: 

quinine sulfate in 0.1 M H2SO4 and rhodamine 6G in ethanol. 

The phosphorescence spectra were recorded at 77 °K for the solid solutions of 

the materials in the zeonex matrix by using nanosecond gated luminescence 

measurements (from 400 ps to 1 s) while using a high energy pulsed Nd:YAG laser 
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emitting at 355 nm (EKSPLA). The emission was focused onto a spectrograph and 

detected on a sensitive gated iCCD camera (Stanford Computer Optics) having sub-

nanosecond resolution. A model liquid nitrogen cryostat (Janis Research) was used 

for the experiment. 

 

3.1.2.2. Electrochemical measurements 

The cyclic voltammetry (CV) measurements were carried out with a glassy carbon 

electrode in a three electrode cell. The measurements were performed by using an Eco 

Chemie Company’s AUTOLAB potentiostat PGSTAT20. Freshly distilled CaH2 

dichloromethane solutions containing 0.1 M tetrabutylammonium 

hexafluorophosphate (electrolyte) were used. The measurements were performed at 

room temperature under argon atmosphere at 100 mV/s potential rate. The 

electrochemical cell included a platinum wire (diameter of 1 mm) serving as the 

working electrode, an Ag wire calibrated via ferrocene/ferrocinium redox couple (a 

quasi-reference electrode) and a platinum coil (an auxiliary electrode). 

 

3.1.2.3. Photoelectrical measurements 

IP of the layers of the synthesized compounds were measured by employing the 

electron photoemission method in air [95]. The electron photoemission spectra of the 

thin solid compound layers deposited on indium tin oxide (ITO) coated glass 

substrates were recorded under negative voltage of 300 V, deep UV illumination 

(deuterium light source ASBN-D130-CM), CM110 1/8m monochromator used and 

6517B electrometer (Keithley) connected to a counter-electrode. 

 

3.1.2.4. Charge mobility measurements 

The time-of-flight (TOF) method was used for the estimation of hole and 

electron mobilities in the layers of the compounds. TOF experiments were performed 

on the samples of the structure ITO/ compound /Al. The layers were deposited under 

vacuum of 2–5×10−6 Pa. The thickness (d) of the compounds’ layers was detected as 

controlled via a quartz resonator in the vacuum deposition process. 355 nm 

wavelength laser (EKSPLA NL300) excitation was used to generate charges in the 

layers. Positive and negative external voltages (U) were applied to the samples to 

measure hole and electron mobilities by employing 6517B electrometer (Keithley). 

TDS 3032C oscilloscope (Tektronix) was used to record the photocurrent transients 

under different electric fields for holes and electrons. Charge mobilities were 

evaluated from the equation μ=d2/(U×ttr), where ttr is the transit time. 

 

3.2. Computational details 

Computations of the designed compounds were performed by using the 

Gaussian 16 program. The density functional theory (DFT) [96] employing B3LYP 
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[97] functional was used in conjunction with the 6-31G(d,p) basis set. The 

spectroscopic properties of the molecules were calculated by mean of the time 

dependent density functional theory (TDDFT) [98]. Up to 40 excited states were 

calculated, and the theoretical absorption bands were obtained by considering the 

band half-width at half-maximum of 0.3 eV. The adiabatic ionization potentials 

(Ip
theor) were calculated at the B3LYP/6-31G(d,p) level as the energy difference 

between neutral and cation radical species at the neutral state geometry. 

 

3.3. Fabrication of phosphorescent light emitting diodes  

Devices with the structures: ITO/m-MTDATA/host:Ir(ppy)3 or 

Ir(piq)2(acac)/Bphen/Ca:Al were fabricated by deposition of different organic layers 

and metal electrodes onto precleaned indium tin oxide (ITO) coated glass substrate 

under vacuum higher than 3·10−6 mBar. 4,4′,4′′-Tris[phenyl(m-

tolyl)amino]triphenylamine (m-MTDATA) was utilized for the preparation of the 

hole-transporting layer. 4,7-Diphenyl-1,10-phenanthroline (Bphen) served as the 

electron-transporting and hole-blocking material. Tris[2-phenylpyridinato-

C2,N]iridium(III) (Ir(ppy)3) and bis[2-(1-isoquinolinyl-N)phenyl-C](2,4-

pentanedionato-O2,O4)iridium(III) (Ir(piq)2(acac)) served as the emitting materials. 

The top calcium layer was deposited as the cathode which was protected by 

aluminum because Ca is highly reactive and corrodes quickly in the ambient 

atmosphere. The structures of PhOLEDs were the following: 

ITO/CzBisPhen:Ir(ppy)3 (45 nm)/ Bphen (35 nm)/Ca:Al (Device IA); 

ITO/CzMonoPhen:Ir(ppy)3 (45 nm)/Bphen(35 nm)/Ca:Al (Device IB); ITO/m-

MTDATA (30 nm)/CzBisPhen:Ir(ppy)3 (20 nm)/Bphen (30 nm)/ Ca:Al (Device 

IIA); ITO/m-MTDATA (30 nm)/CzMonoPhen:Ir(ppy)3 (20 nm)/Bphen(30 nm) 

/Ca:Al (Device IIB); ITO/m-MTDATA(30 nm)/CzBisPhen:Ir(piq)2(acac) (20 

nm)/Bphen(30 nm)/Ca:Al (Device IIIA); ITO/m-MTDATA(30 

nm)/CzMonoPhen:Ir(piq)2(acac) (20 nm)/Bphen(30 nm)/Ca:Al (Device IIIB). 

Density-voltage and luminance-voltage characteristics were recorded by 

employing a Keithley 6517B electrometer, certificated photodiode PH100-Si-HA-D0 

together with the PC-Based Power and Energy Monitor 11S-LINK (from STANDA) 

and a Keithley 2400C sourcemeter. Electroluminescence (EL) spectra were taken by 

using an Aventes AvaSpec-2048XL spectrometer. 

 

3.4. Preparation of vacuum deposited OLEDs 

Selected materials were studied in electroluminescent devices which were 

fabricated by vacuum deposition of organic and metal layers onto pre-cleaned ITO 

coated glass substrate under vacuum higher than 2×10−6 mBar. ITO-coated glass 

substrates with a sheet resistance of 15 Ω/sq were pre-patterned for getting 

independent devices with an area of 6 mm2. 
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Three types of OLEDs were fabricated by means of vacuum deposition of 

organic semiconductor layers and metal electrodes onto a precleaned ITO-coated 

glass substrate under vacuum of 10-5 Torr: 

A) ITO/CuI/TCTA/pCNBCzoCF3/BCP/Ca:Al 

B) ITO/CuI/m-MTDATA/pCNBCzoCF3/BCP/Ca:Al 

C) ITO/CuI/TCTA/pCNBCzoCF3/m-TDATA/pCNBCzoCF3/BCP/Ca:Al   

 

The devices were fabricated with step-by-step deposition of the different 

organic layers. CuI was used as a hole-injection layer [99]. Tris(4-carbazoyl-9-

ylphenyl)amine (TCTA) and 4,4′,4′′-tris[phenyl(m-tolyl)amino]triphenylamine (m-

MTDATA) [100,101] were used for the preparation of hole-transporting layers. 

pCNBCzoCF3 was used as a fluorescent (TADF) material, while 2,9-dimethyl-4,7-

diphenyl-1,10-phenanthroline (BCP) [102] was used for the preparation of an 

electron-transporting layer which alleviates the stepwise electron transfer from the 

Ca:Al cathode to the emissive layer. 

Meanwhile, the following structure was used: 

ITO/MoO3(2nm)/TCTA(40nm)/mCP(8nm)/ tested TADF emitter (32nm) 

/TSPO1(8nm) /TPBi(40nm)/Ca/Al.  Molybdenum trioxide (MoO3) was used for the 

preparation of the hole injection layer. Tris(4-carbazoyl-9-ylphenyl)amine (TCTA) 

and 2,2’,2’’-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) were used 

as hole- and electron-transporting materials. 3-Bis(9-carbazolyl)benzene (mCP) and 

diphenyl-4-triphenylsilylphenyl-phosphineoxide (TSPO1) with high triplet energies 

of 2.9 eV for mCP and 3.36 eV for TSPO1 were used as exciton blocking materials. 

The density–voltage and luminance–voltage dependences were measured by 

using a semiconductor parameter analyzer HP 4145A. The measurement of brightness 

was obtained by using a calibrated photodiode [103]. The electroluminescence spectra 

were recorded with an Ocean Optics USB2000 spectrometer. Device efficiencies were 

estimated from the luminance, current density, and EL spectrum. 

 

3.5. Materials 

 

The starting compounds, i.e., 9H-carbazole (>96.0%, TCI Europe), 9-ethyl-

carbazole (97%, Aldrich), N-bromosuccinimide (NBS, 99%, Aldrich), 10H-

phenothiazine (C12H9NS, ≥98%, Aldrich), bis(tri-tert-butylphosphine)palladium(0) 

(Pd(t-Bu3P)2, 98%, Aldrich), potassium tert-butoxide (t-BuOK, ≥98%, Aldrich), 

anhydrous sodium sulfate (Na2SO4, Aldrich), iron (III) chloride (FeCl3, Aldrich), 

ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA-Na2·2H2O, >98%, 

Aldrich), tetramethylethylenediamine (TMEDA, ≥99%, Aldrich), tert-butyllithium 

solution (n-BuLi, 1.7 M in pentane, Aldrich), triphenylchlorosilane ((C6H5)3SiCl, 

98%, Aldrich), sodium hydride (NaH, 90%, Aldrich), p-toluenesulfonyl chloride 

(TosCl, Aldrich), iodobenzene (C6H5I, Aldrich), copper(I) chloride (CuCl, ≥99%, 

Aldrich), copper (Cu, 99%, Aldrich), 1,10-phenanthroline (C12H8N2, ≥99%, Aldrich), 

4-fluoro-3-(trifluoromethyl)benzonitrile (C8H3F4N, 99%, Aldrich), sodium hydroxide 
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(NaOH, ≥97%, Aldrich), triethyl phosphite (P(OEt)3, 98%, Aldrich), 

dichlorodimethylsilane (C2H6Cl2Si, ≥99%, Aldrich), 10H-phenoxazine (C12H9NO, 

97%, Aldrich), 3,7-di-tert-butyl-10H-phenothiazine (C20H25NS, ≥98%, Aldrich), 9,9-

dimethyl-9,10-dihydroacridine (C15H15, 97%, Aldrich), bis(4-

bromophenyl)(dimethyl)silane (C14H14Br2Si,99%, Aldrich), palladium(II) acetate 

(Pd(OAc)2, 98%, Aldrich), tri-tert-butylphosphine (P(t-Bu)3, 98%, Aldrich), 

potassium carbonate (K2CO3, >99%, Aldrich), diphenylethanedione 

(C6H5COCOC6H5, 98%, Aldrich), 4-aminobenzophenone (H2NC6H4C(O)C6H5, 

Aldrich), ammonium acetate (CH3CO2NH4, Aldrich), benzaldehyde (C6H5CHO, 

≥99%, Aldrich), sodium chloride (NaCl, ≥99%, Aldrich), 3-aminobenzophenone 

(H2NC6H4C(O)C6H5, 97%, Aldrich) were purchased from Sigma-Aldrich and used as 

received. 

The solvents, i.e., toluene, chloroform, ethyl acetate, n-hexane, methanol, 

acetone, acetonitrile, tetrahydrofuran (Penta), dichloromethane (Poch), isopropanol, 

o-xylene (Sigma-Aldrich) and N,N-dimethylformamide (DMF) (Sigma-Aldrich) were 

dried and distilled according to the conventional procedures [104]. 

The structure of newly synthesized target compounds was confirmed by 1H and 
13C NMR, 19F NMR and IR spectroscopy. 

 

3,6-Dibromo-9-ethyl-9H-carbazole (1a, FW=353.05 

g/mol, m.p.: lit.: 141 °C [105]) was achieved by the 

bromination reaction. 9-Ethyl-carbazole (5.00 g, 25.6 

mmol) was added to a solution of N-bromosuccinimide, 

NBS (8.89 g, 49.9 mmol), in 50 mL of N,N-

dimethylformamide (DMF). The reaction mixture was 

stirred at room temperature for 4 hours. When the reaction was completed, the 

solution was poured into a large amount of ice water. The yellow precipitate was 

filtered off and recrystallized from an izopropanol/DMF mixture to yield the product 

as yellowish needle-like crystals. Yield: 7.38 g (82%), practical melting point 140–

142°C. 

 

3-Bromo-9-ethyl-9H-carbazole (1b, FW = 274.16 

g/mol, lit. mp.p.: 83 °C [106]) was achieved by the 

bromination reaction. 9-Ethyl-carbazole (1.00 g, 5.12 

mmol) was added to a solution of N-bromosuccinimide, 

NBS (0.911 g, 5.12 mmol), in 10 mL of DMF. The 

reaction mixture was stirred at room temperature for 24 

hours. When the reaction was completed, the solution was poured into a large amount 

of ice water and extracted with ethyl acetate. The organic layer was dried over 

anhydrous sodium sulfate followed by solvent evaporation in a rotary evaporator. The 

product was crystallized in methanol to afford white needle-like crystals. Yield: 0.88 

g (62%), melting point 79–82°C. 
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9H,9’H-3,3’-bicarbazole (2a, FW = 332.40 g/mol) was 

synyhesized by Friedel-Crafts reaction. A mixture of 9H-

carbazole (3.0 g, 17.9 mmol), FeCl3 (11.64 g, 71.8 mmol) 

and chloroform (75 ml) was stirred for 1 hour at room 

temperature. The crude product with Celite® inside was 

concentrated by rotary evaporation. After drying at 40 °C 

under vacuum, the product was poured into EDTA-Na2·2H2O) (35 g of EDTA/ 350 

ml of distilled water). Afterwards, filtration of the compound was carried out, and it 

was washed with EDTA solution (20 g EDTA/200 ml dist. water), with distilled water 

and with methanol. After washing, the mixture was extracted from tetrahydrofuran 

solvent (THF). The product was again concentrated by rotary evaporation, and 

washed with hot methanol. The product was crystallized in izopropanol/DMF 

mixture. Yield: 2.53 g (42%), m.p.: 218–220 °C. 

 

2,7-dimethoxy-9H-carbazole (3a, FW = 227.26 g/mol, 

m.p.: 271–272 °C, lit.: 272–274 °C) was achieved by 

Ullmann-coupling and a Cadogan cyclization as reported 

in the literature [107].  

 

3,6-dimethoxy-9H-carbazole (3b, FW = 227.26 g/mol, 

m.p.: 131–132 °C, lit.: 131–133 °C) was prepared by 

bromination and methoxylation reactions according to the 

procedure described in the literature [108]. 

 

 

3,6-di-tert-butyl-9H-carbazole (3c, FW = 279.42 g/mol, 

m.p. = 227–229 °C, lit. 228–230 °C [109]) was synthesized 

as described in the literature source [110].  

 

 

 

10,10’-(9-Ethyl-9H-carbazole-3,6-diyl)bis(10H-

phenothiazine (CzBisPhen, FW = 589.16 g/mol). The 

palladium-catalyzed Buchwald-Hartwig reaction was 

employed. 3,6-Dibromo-9-ethyl-9H-carbazole (0.4 g, 

1.132 mmol), 10H-phenothiazine (0.564 g, 2.83 mmol), 

bis(tri-tert-butylphosphine)palladium(0) (0.012 g, 

0.0226 mmol), potassium tert-butoxide (0.380 g, 3.40 

mmol) dissolved in 9 ml of anhydrous toluene and refluxed 24 hours under nitrogen 

atmosphere at 100 °C temperature. The mixture was extracted with dichloromethane 

and water. The organic layer was dried over anhydrous sodium sulfate followed by 

solvent evaporation in a rotary evaporator. The product was crystallized in 

izopropanol/DMF mixture. Yield: 0.52 g (78%), m.p.: 278–280°C. 1H NMR (400 

MHz, d6-DMSO) δ 8.38 (d, J = 2.0 Hz, 2H), 7.98 (d, J = 8.6 Hz, 2H), 7.53 (dd, J = 
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8.6, 2.1 Hz, 2H), 7.04 (dd, J = 7.4, 1.5 Hz, 4H), 6.84 (dtd, J = 21.5, 7.4, 1.5 Hz, 8H), 

6.16 (dd, J = 8.1, 1.5 Hz, 4H), 4.62 (q, J = 7.0 Hz, 2H), 1.48 (t, J = 7.0 Hz, 3H). 13C 

NMR (101 MHz, d6-DMSO) δ 144.4, 139.5, 131.5, 128.9, 127.2, 126.5, 123.8, 123.4, 

122.4, 118.5, 115.8, 111.8, 39.4, 14.0.  

 

10-(9-Ethyl-9H-carbazol-3-yl)-10H-phenothiazine 

(CzMonoPhen, FW = 392.52 g/mol). Palladium-catalyzed 

Buchwald-Hartwig reaction was carried out. 3-Bromo-9-

ethyl-9H-carbazole (0.4 g, 1.46 mmol), 10H-phenothiazine 

(0.349 g, 1.75 mmol), bis(tri-tert-

butylphosphine)palladium(0) (0.015 g, 0.0292 mmol), 

potassium tert-butoxide (0.245 g, 2.19 mmol) were dissolved 

in 9 ml of anhydrous toluene and refluxed for 24 hours under nitrogen atmosphere at 

100 °C temperature. The mixture was extracted with dichloromethane and water. The 

organic layer was dried over anhydrous sodium sulfate followed by solvent 

evaporation in a rotary evaporator. The filtrate was then evaporated under vacuum 

and purified by column chromatography (DCM:Hex = 1:2.5). The product was 

crystallized in izopropanol/DMF mixture. Yield: 0.36 g (63%), melting point 218–

220 °C. 1H NMR (400 MHz, d6-DMSO) δ 8.27 (d, J = 1.7 Hz, 1H), 8.23 (d, J = 7.8 

Hz, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.68 (d, J = 8.6 Hz, 1H), 7.54–7.43 (m, 2H), 7.22 

(t, J = 7.4 Hz, 1H), 7.05 (dd, J = 7.4, 1.8 Hz, 2H), 6.89–6.77 (m, 4H), 6.15 (dd, J = 

7.1, 1.2 Hz, 2H), 4.53 (q, J = 7.0 Hz, 2H), 1.40 (t, J = 7.0 Hz, 3H). 13C NMR (101 

MHz, d6-DMSO) δ 144.6, 140.1, 138.9, 131.2, 128.1, 127.3, 126.5, 124.1, 122.6, 

122.4, 122.1, 121.0, 119.2, 118.5, 115.8, 111.3, 109.5, 37.4, 13.9. 

 

9,9’-Bis(triphenylsilyl)-9H,9’H-3,3’-bicarbazole 

(BiCzSiPh3, FW = 849.18 g/mol). N-unsubstituted 

bicarbazole (0.50 g, 1.5 mmol) was dissolved in THF, 

treated with tetramethylethylenediamine (TMEDA) (0.68 

ml, 4.5 mmol) and with 1.7 M n-BuLi (1.95 ml, 3.3 

mmol) at -40 °C to give a lithiated intermediate, which, 

after 30 minutes of stirring, was subsequently quenched 

with chlorotriphenylsilane (0.98 g, 3.3 mmol) at -70°C. The reaction mixture was left 

overnight for stirring. The target compound of BiCzSiPh3 gave a colorless powder 

after washing with methanol. Yield: 0.30g (24%), melting point > 300 °C from DSC. 

IR (ῡ, cm-1): 3415 (N ̶ H, 3500–3200 cm-1); 1670 (C-C in Ar, 1600–1585, 1500–1400 

cm-1); 1303, 1256 (C ̶N in Ar, 1350–1250 cm-1); 970–900 (Si-H3). 
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4,4’-(9H,9’H-[3,3’-bicarbazole]-9,9’-diyl)bis(3-

(trifluoromethyl)benzonitrile) (pCNBCzoCF3, FW = 

670.60 g/mol). A mixture of N-unsubstituted 

bicarbazole (0.50 g, 1.5 mmol), sodium hydride (NaH) 

(0.22g, 9.0 mmol) and 4-fluoro-3-

(trifluoromethyl)benzonitrile (0.68g, 3.6 mmol) were 

dissolved in dimethylformamide (DMF) under argon 

atmosphere. The reaction mixture was mixed at room temperature for 20 hours. When 

the reaction was completed, the mixture was poured into water and a small amount of 

saturated sodium hydroxide (NaOH) was infused because of coagulation. Afterwards, 

the crude product was filtered and purified by column chromatography (silica, 

DCM/Hex=1/1 as eluent). The target compound pCNBCzoCF3 was obtained as a 

yellowish powder after recrystallization from hot methanol. Yield: 0.30 g (25%), m.p.: 

294–295 °C. 1H NMR (400 MHz, CDCl3) δ 8.42 (s, 2H), 8.32 (d, J = 1.1 Hz, 2H), 

8.22 (d, J = 7.7 Hz, 2H), 8.09 (dd, J = 8.1, 1.5 Hz, 2H), 7.77–7.69 (m, 2H), 7.59 (d, J 

= 8.1 Hz, 2H), 7.42 (t, J = 7.2 Hz, 2H), 7.36 (t, J = 7.2 Hz, 2H), 7.02 (d, J = 8.4 Hz, 

2H), 6.95 (d, J = 8.1 Hz, 2H). 19F NMR (376 MHz, CDCl3) δ -61.44. 13C NMR (101 

MHz, CDCl3) δ 143.1, 141.9, 141.0, 137.4, 135.1, 134.0, 132.8 (q, J = 32.5 Hz), 132.1 

(q, J = 5.1 Hz), 126.8, 126.5, 124.7, 124.2, 121.1, 122.1 (q, J = 275 Hz), 120.8, 119.4, 

116.9, 114.6, 110.3, 110.2.  

 

9,9’-Ditosyl-9H,9’H-3,3’-bicarbazole (BiCzTos). A 

mixture of N-unsubstituted bicarbazole (0.2 g, 0.6 

mmol), sodium hydride (NaH) (0.090g, 3.6 mmol) and 

p-toluenesulfonyl chloride (0.30 g, 1.5 mmol) were 

dissolved in THF under argon atmosphere. The reaction 

mixture was mixed at room temperature for 20 hours. 

When the reaction was completed, the crude product was 

purified by column chromatography (silica, DCM as 

eluent). The target compound gave colorless powders after crystallization from 

Hex/DCM. Yield: 0.11 g (29%), melting point 311°C from DSC. IR (ῡ, cm-1): 3064 

(arene C ̶ H, 3100–3000 cm-1); 2952, 2923 (aliphatic C ̶ H, 3000–2850 cm-1); 1598, 

1470, 1442 (C ̶ C in Ar, 1600–1585, 1500–1400 cm-1); 1369 (C ̶ N in Ar, 1335–1250 

cm-1); 1173 (C ̶ O ̶ C, 1250–1050 cm-1);  897, 812 (C  ̶H in Ar, 900–675 cm-1). 

 

4-(9H-carbazol-9-yl)-3-(trifluoromethyl)benzonitrile 

(NCFCz, FW = 336.31 g/mol). A mixture of 9H-

carbazole (0.50 g, 2.99 mmol), sodium hydride (NaH) 

(0.22 g, 9.0 mmol) and 4-fluoro-3-

(trifluoromethyl)benzonitrile (0.68 g, 3.6 mmol) were 

dissolved in dry dimethylformamide (DMF) under argon 

atmosphere. The reaction mixture was mixed at room 

temperature for 27 hours. When the reaction was completed, it was poured into water. 

Afterwards, the crude product was filtered and purified by column chromatography 
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(silica, DCM/Hex=1/1 as eluent). The target compound NCFCz was obtained as 

yellowish crystals after recrystallization from acetonitrile. Yield: 0.60 g (58%), m.p.: 

123–124 °C. 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 1.4 Hz, 1H), 8.14 (d, J = 7.6 

Hz, 2H), 8.06 (dd, J = 8.1, 1.7 Hz, 1H), 7.53 (d, J = 8.1 Hz, 1H), 7.44–7.37 (m, 2H), 

7.36–7.28 (m, 2H), 6.92 (d, J = 8.1 Hz, 2H); 19F NMR (376 MHz, CDCl3) δ -61.53; 

13C NMR (101 MHz, CDCl3) δ 142.5, 140.9, 137.3, 134.0, 132.7 (q, J = 32.5 Hz), 

131.97 (q, J = 5.1 Hz), 126.5, 124.0, 121.98 (q, J = 274.7 Hz), 120.9, 120.6, 116.9, 

114.1, 110.0.  

 

4-(2,7-Dimethoxy-9H-carbazol-9-yl)-3-

(trifluoromethyl)benzonitrile (NCFMCz2, FW = 

396.36 g/mol). A mixture of 2,7-dimethoxy-9H-carbazole 

(0.2 g, 0.88 mmol), sodium hydride (NaH) (0.04 g, 1.76 

mmol) and 4-fluoro-3-(trifluoromethyl)benzonitrile (0.13 

g, 0.70 mmol) were dissolved in dry DMF under argon 

atmosphere. The reaction mixture was stirred at room 

temperature for 23 hours. When the reaction was 

completed, the product was poured into water. The crude product was filtered and 

purified by column chromatography (silica, Hex/EtAc=2/1 as eluent). The target 

compound NCFMCz2 was obtained as white crystals after recrystallization from 

isopropanol. Yield: 0.14 g (40%), m.p.: 166–168 °C. 1H NMR (400 MHz, CDCl3) δ 

8.29 (d, J = 1.3 Hz, 1H), 8.07 (dd, J = 8.1, 1.7 Hz, 1H), 7.88 (d, J = 8.5 Hz, 2H), 7.53 

(d, J = 8.1 Hz, 1H), 6.89 (dd, J = 8.5, 2.2 Hz, 2H), 6.31 (d, J = 1.9 Hz, 2H); 3.78 (s, 

6H). 19F NMR (375 MHz, CDCl3) δ -61.48. 13C NMR (100 MHz, CDCl3) δ 158.50, 

143.72, 140.70 (q, J = 1.4 Hz,), 137.30, 133.81, 132.57 (q, J = 32.6 Hz), 131.99 (q, J 

= 5.1 Hz), 121.85 (q, J = 272.3 Hz), 120.27, 117.65, 116.75, 114.01, 108.71, 94.72, 

55.71.  

 

4-(3,6-Dimethoxy-9H-carbazol-9-yl)-3-

(trifluoromethyl)benzonitrile (NCFMCz1, FW = 

396.36 g/mol). A mixture of 3,6-dimethoxy-9H-

carbazole (0.4 g, 1.76 mmol), sodium hydride (NaH) 

(0.13 g, 5.28 mmol) and 4-fluoro-3-

(trifluoromethyl)benzonitrile (0.40 g, 2.11 mmol) were 

dissolved in dry DMF under argon atmosphere. The 

reaction mixture was stirred at room temperature for 26 

hours. When the reaction was completed, the product was poured into water. Then, 

the crude product was purified by column chromatography by using silica, 

Ac/Hex=1/4 as an eluent. The target compound NCFMCz1 was obtained as yellow 

crystals after recrystallization from isopropanol. Yield: 0.32 g (46%), m.p.: 139–140 

°C. 1H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 1.3 Hz, 1H), 8.04 (dd, J = 8.1, 1.6 Hz, 

1H), 7.57 (d, J = 2.4 Hz, 2H), 7.50 (d, J = 8.2 Hz, 1H), 7.03 (dd, J = 8.9, 2.5 Hz, 2H), 

6.83 (d, J = 8.8 Hz, 1H), 3.96 (s, 6H). 19F NMR (375 MHz, CDCl3) δ -61.44. 13C NMR 

(100 MHz, CDCl3) δ 154.62, 141.51 (q, J = 1.4 Hz), 138.17, 137.04, 133.77, 132.50 



45 
 

(q, J = 32.4 Hz), 131.78 (q, J = 5.0 Hz), 124.42, 121.92 (q, J = 274.7 Hz), 116.81, 

115.41, 113.57, 110.78, 103.22, 56.07.  

 

 

4-(3,6-Di-tert-butyl-9H-carbazol-9-yl)-3-

(trifluoromethyl)benzonitrile (NCFTCz, FW = 

448.52 g/mol). A mixture of 3,6-di-tert-butyl-9H-

carbazole (0.50 g, 1.8 mmol), sodium hydride (NaH) 

(0.13 g, 5.4 mmol) and 4-fluoro-3-

(trifluoromethyl)benzonitrile (0.41 g, 2.15 mmol) was 

dissolved in dry DMF under argon atmosphere. The 

reaction mixture was stirred at room temperature for 26 hours. When the reaction was 

completed, the product was poured into water and filtered. Afterwards, the crude 

product was purified by column chromatography (silica, Ac/Hex=1/4 as eluent). The 

target compound NCFTCz was obtained as yellow crystals after recrystallization from 

isopropanol. Yield: 0.15 g (19%), m.p.: 200–202°C. 1H NMR (400 MHz, CDCl3) δ 

8.27 (d, J = 1.4 Hz, 1H), 8.13 (d, J = 1.6 Hz, 2H), 8.01 (dd, J = 8.1, 1.7 Hz, 1H), 7.47 

(d, J = 8.2 Hz, 1H), 7.42 (dd, J = 8.6, 1.8 Hz, 2H), 6.83 (d, J = 8.6 Hz, 2H), 1.46 (s, 

18H); 19F NMR (376 MHz, CDCl3) δ -61.33; 13C NMR (101 MHz, CDCl3) δ 143.9, 

141.2, 137.1, 133.9, 132.7 (q, J = 32.4 Hz), 131.9 (q, J = 5.1 Hz), 124.12, 124.10, 

122.1 (q, J = 274.8 Hz), 117.0, 116.6, 113.7, 109.5, 34.9, 32.1.  

 

4. RESULTS AND DISCUSION 

4.1 Derivatives with 9-ethyl-9H-carbazole and 10H-phenothiazine moieties 

 

Phosphorescent organic light-emitting diodes (PhOLEDs) containing transition 

metal complexes as emitters have attracted much attention because they can achieve 

high efficiency of light emission through harvesting both singlet and triplet excitons 

[111]. Generally, PhOLEDs can use both singlet and triplet excitons via intersystem 

crossing and spin-orbital coupling which is caused by rare transition elements such as 

Ir and Pt [27]. Particularly, high theoretical internal quantum efficiency of PhOLEDs 

is suitable to achieve high performance operational modes suited for displays and 

solid-state lighting.  

Herein, two bipolar host materials for green and red PhOLEDs based on 

carbazole as acceptor and phenothiazine as donor moieties have been reported, i.e., 

10,10’-(9-ethyl-9H-carbazole-3,6-diyl)bis(10H-phenothiazine) (CzBisPhen) and 10-

(9-ethyl-9H-carbazol-3-yl)-10H-phenothiazine (CzMonoPhen). The influence of the 

linking topology on the thermal and photophysical properties of these compounds was 

investigated with the density functional theory (DFT) and by experimental 

observations.  

 

4.1.1.  Synthesis 
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Similar compounds containing carbazole and phenothiazine moieties were 

earlier synthesized by applying the conditions of the conventional Ullmann reaction. 

The reactions were successfully accomplished by using iodinated carbazole 

derivatives [112,113]. In our work, we used easily synthesized Br-substituted 

carbazole compounds. CzBisPhen and CzMonoPhen were synthesized by 

palladium-catalyzed Buchwald-Hartwig reactions between a Br-substituted carbazole 

derivative and phenothiazine. The optimized Buchwald-Hartwig reaction was carried 

out in refluxing toluene in the presence of bis(tri-tert-butylphosphine)palladium(0) 

(Pd(t-Bu3P)2) as the catalyst and potassium tert-butoxide as the strong base; it yielded 

the desired compounds in relatively high yields (Scheme 4.1.1.). 

 

 
Scheme 4.1.1. Synthesis of CzBisPhen and CzMonoPhen 

 

The starting compounds 1a and 1b were prepared by bromination of carbazole 

with N-bromosuccinimide (NBS) in dimethylformamide (DMF). The target 

compounds were crystallized to yield pure solid compounds. The chemical structures 

of the target compounds were confirmed via X-ray crystallography (Fig. 4.1.1), also 

by 1H and 13C nuclear magnetic resonance (NMR), and Infrared spectroscopy (IR). 

 

4.1.2. Theoretical investigation 

 

To get hints about the hole and electron mobilities of the lowest energy 

conformers of CzBisPhen and CzMonoPhen molecules, the electronic molecular 

orbital distributions were examined through the estimation of frontier orbitals 

(HOMO and LUMO) energies by DFT. The HOMO dispersion on phenothazine and 

the LUMO dispersion on carbazole moieties for both molecules were observed (Fig. 

4.1.1). The HOMO/LUMO levels of CzBisPhen and CzMonoPhen (from DFT 

calculations) were estimated to be -4.91/-1.28 eV and -4.80/-1.00 eV, respectively. It 

can be presumed from the molecular orbital diagrams that CzBisPhen and 

CzMonoPhen may exhibit a similar electron transport character because of LUMO 

which is delocalized on the carbazole moiety for both molecules. However, dissimilar 

hole carrying properties of these compounds were predicted from this study. 
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Fig. 4.1.1. Frontier orbitals (HOMO and LUMO) of CzBisPhen and CzMonoPhen 

 

In addition, the vertical energies of the singlet S1 and triplet T1 first excited states 

of CzBisPhen and CzMonoPhen were estimated by using the time dependent (TD)-

DFT theory and the B3LYP/6-31G(d,p) method in vacuum. The energies of the first 

excited singlet and triplet states of the molecules were estimated to be 3.00/3.08 eV 

and 2.65/2.69 eV for CzBisPhen and CzMonoPhen, respectively. 

 

4.1.3. Thermal properties 

 

The thermal transitions of the compounds were studied by TGA under nitrogen 

atmosphere. The temperature values of 5% mass loss  (Tdes-5%) estimated by TGA at a 

heating rate of 20°C min-1 were found to be 419 °C and 327 °C for CzBisPhen and 

CzMonoPhen, respectively. The TGA curve of CzBisPhen compound demonstrated 

evaporation of DMF solvent which is in the crystal lattice at a temperature range from 

200–250°C. The presence of DMF in the crystals was proved by X-ray 

crystallography and NMR analysis. In this case, the decomposition temperature of the 

CzBisPhen compound was calculated from the second decrease of the curve. 

 

4.1.4. Optical and photophysical properties 

 

The experimental photophysical properties (Fig. 4.1.1) of CzBisPhen and 

CzMonoPhen were examined by UV-vis and photoluminescence (PL) spectrometry 

analytical techniques. The data is summarized in Table 4.1.2. The optical band gaps 

estimated from the red edge absorption onset by using formula E = hc/λ were found 

to be 3.31 eV and 3.40 eV for CzBisPhen and CzMonoPhen, respectively. For the 

better understanding of the electronic properties of carbazole and phenothiazine-based 

compounds, the excitation energy as the energy of singlet-singlet electronic transition 

 1 

HOMO  CzBisPhen  LUMO 2 

      3 

HOMO  CzMonoPhen  LUMO 4 
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was estimated by the TD-DFT/B3LYP/6-31G(d,p) method and polarizable continuum 

model (PCM) of THF (ε = 7.6). Importantly, significant similarities between the 

theoretical and experimental UV-vis spectra were observed (Fig. 4.1.3 and Table 

4.1.2.).  
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Fig. 4.1.2. Normalized UV-vis and PL emission spectra of dilute solutions of 

CzBisPhen and CzMonoPhen in THF at room temperature at 77 °K 

 

 

The oscillator strengths for S0→S1 attributed to HOMO→LUMO transition for 

both compounds are very low (ca. 0.0001). It leads to the low intensity of the 

absorption bands. This transition is denoted by the intramolecular charge transfer (CT) 

character. Moreover, this CT transition is spatially forbidden because HOMO and 

LUMO are delocalized on the phenothazine and carbazole moieties, respectively. 

These moieties are perpendicular to each other (vide supra). A very small overlap of 

the frontier orbitals (vide infra) indicates the low emission quantum yields of the 

compounds. However, the small overlap of the frontier molecular orbitals is created 

on the ambipolar transport of the hole and the electron over the phenothazine and 

carbazole moieties, respectively. This effect is due to the presence of an indirect band 

gap for the recombination of carriers [114]. The absorption band of CzBisPhen and 

CzMonoPhen at ca. 300 nm has the n→π* and π→π* symmetry forbidden characters 

on the phenothazine and carbazole moieties, respectively, since the orbitals on the 

carbazole moiety are oriented along the symmetry axis [115]. The highest oscillator 

strength (i.e., ca. f = 0.72) of excitations at ca. 260 nm is a mixture of the fully allowed 

π-π* transitions of both conjugated chromophores (Table 4.1.2.). 
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Fig. 4.1.3. Comparison of the experimental (black line) and calculated UV-vis spectra of 

CzBisPhen and CzMonoPhen (red line) at the B3LYP/6-31G(d,p)/PCM(THF) level (σ = 

0.20 eV); the bars represent the oscillator strength 

 

Table 4.1.1. Data of the TD-DFT calculations of UV-vis spectra 

Comp. Exp. 

UV λ 

(nm) 

Theor. UV 

λ (nm) 

Electronic 

transition and 

character 

Oscillator 

strength (ƒ, au) 

MO/character 

and 

contributions 

(%) 

CzBis 

Phen 

327 375 

318 

S0→S1 (CT) 

S0→S5 (n→π*) 

0.0001 

0.0368 

H→L (95) 

H-2→L (100) 

 300 290 

285 

S0→S11 (n→π*) 

S0→S14 (π→π*) 

0.1148 

0.1292 

H→L+6 (34) 

H-3→L (45) 

 256 252 

248 

S0→S25 (π→π*) 

S0→S27 (π→π*) 

0.5292 

0.7204 

H-2→L+3 (41) 

H-3→L+1 (45) 

CzMono

Phen 

330 363 

316 

S0→S1 (CT) 

S0→S3 (n→π*) 

0.0001 

0.0379 

H→L (91) 

H-1→L (94) 

 297 281 

268 

S0→S7 (π→π*) 

S0→S8 (n→π*) 

0.1157 

0.1478 

H-2→L (68) 

H→L+1 (82) 

 260 252 S0→S11 (π→π*) 0.7238 H-1→L+3 (59) 

 

From the onsets of fluorescence spectra (Fig. 4.1.2) of the solution of the 

compounds in tetrahydrofuran (THF), the first excited singlet state (S1) energies were 

estimated at room temperature. The energies of S1 were found to be 3.03 eV and 3.09 

eV for CzBisPhen and CzMonoPhen, respectively. The emission quantum yields of 

the compounds in THF solution (c ~10-5 mol/l) and in solid state were found to be 

lower than 1% (Table 4.1.1.). This observation is in good agreement with the results 

of TD-DFT calculations thus indicating a very small overlap of the frontier orbitals 

and the low oscillator strengths of the first transitions. The phosphorescence spectra 

of the solutions of the synthesized compounds in THF were recorded at 77 °K. The 

first excited triplet state (T1) energy (ET) was estimated from the onset of the highest 

energy peak of phosphorescence spectra. The triplet energies of CzBisPhen and 

CzMonoPhen were found to be 2.61 eV and 2.60 eV, respectively. This data offers 

good consistency with the theoretical results by the emission spectra (vide supra). 
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These values of ET are sufficiently high for the application of the compounds as host 

materials for green and red PhOLEDs. 

 

4.1.5. Electrochemical properties and ionization potentials 

 

The electrochemical properties of CzBisPhen and CzMonoPhen were 

investigated by cyclic voltammetry (CV). This method was also used for the 

estimation of the ionization potential (IP) in solution. In addition, the ionization 

potentials in solid state layers of the compounds were measured by the electron 

photoemission method in air. The electron photoemission spectra are shown in Fig. 

4.1.4.b. 

 

 
Fig.4.1.4. Cyclic voltammograms (a) and electron photoemission spectra (b) of 

CzMonoPhen and CzBisPhen 

 

The IP values (or HOMO values via Koopmans’ theorem: IP = -HOMO [116] 

for CzBisPhen and CzMonoPhen estimated from CV curves of the solutions of the 

compounds in dichlormethane (Fig. 4.1.4.a) were found to be 4.86 eV and 4.85 eV, 

respectively. These values are in good agreement with the results of the theoretical 

calculations which showed the HOMO values of -4.91 eV and -4.80 eV for 

CzBisPhen and CzMonoPhen, respectively (vide supra). The ionization potentials 

of the solid samples of the materials, which correlate with the IP values in solution, 

were determined from the electron photoemission spectra and found to be 5.25 eV 

and 5.10 eV for CzBisPhen and CzMonoPhen, respectively (Fig. 4.1.4.b). These 

observations show that the introduction of a phenothazine moiety increases the 

HOMO energy levels relative to those of the corresponding carbazole derivatives 

[117]. The reduction signals up to -2.5 V vs. Fc were not observed in the CV curves 

of CzBisPhen and CzMonoPhen. The experimental LUMO energy values were 

estimated by using the CV technique and the experimental IP values found to be -1.55 

eV and -1.45 eV for CzBisPhen and CzMonoPhen, respectively. The LUMO energy 

values obtained from the theoretical calculations were -1.28 eV and -1.00 eV for 

CzBisPhen and CzMonoPhen, respectively. This mismatch can be explained by the 

employment of the optical band gap for the estimation of the experimental LUMO 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

-1.0x10
-5

0.0

1.0x10
-5

2.0x10
-5

3.0x10
-5

4.0x10
-5

5.0x10
-5

E
le

c
tr

ic
 c

u
rr

e
n
t,

 A
 

Electric potential, V

 CzBisPhen

 CzMonoPhen

Fc/Fc
+

5.0 5.2 5.4 5.6 5.8 6.0 6.2 6.4
0.0

0.5

1.0

1.5

2.0

2.5

3.0

Photon energy (eV)

 i
1
/3
(a

.u
.)

 CzBisPhen (IP= 5.25 eV)

 CzMonoPhen (IP= 5.10 eV)

 Line fitting

 1 

(a) (b)



51 
 

energy. The optical band gap is not identical to the electrochemical band gap. The 

energy difference between the optical and electrochemical band gaps corresponds to 

exciton dissociation energy [118]. Yoshida and Yoshizaki showed that more accurate 

LUMO values of the compounds are received from DFT theoretical calculations 

[119]. The experimental and theoretical HOMO and LUMO energy levels are 

summarized in Table 4.1.1. 

 

Table 4.1.2. Photophysical characteristics of CzBisPhen and CzMonoPhen 
 

Comp 
λabs

a, 
nm 

λem
a 

nm 
QY 
(in 

THF/solid) 

% 

S1 
(exp/theo), 

eV 

T1 

(exp/theo) 

eV 

HOMO 
(expb/theo), 

eV 

LUMO 
(expc/theo), 

eV 

IP 
(solid)
d, eV 

CzBis 

Phen 
327, 

300, 

256 

483 1.03/1.32 3.03/3.00 2.61/2.65 -4.86/ 

-4.91 

-1.55/-

1.28 

5.25 

Cz 

Mono 

Phen 

330, 

297, 

260 

448 0.07/0.56 3.09/3.08 2.60/2.69 -4.85/ 

-4.80 

-1.45/-

1.00 

5.10 

a Absorption and fluorescence spectra of dilute THF solutions (ca. 10-5 M). b HOMO energies calculated 

by formula HOMO = -1.40(qVCV) - 4.60 [120]. c LUMO energies calculated by subtracting the band gap 

energies from HOMO energies via formula LUMO = HOMO + Eg. d IP energies evaluated from of the 

electron photoemission spectra of thin solid films 

 

4.1.6. Charge-transporting properties 

 

To evaluate the charge-transporting properties of CzMonoPhen and 

CzBisPhen, the hole (µh) and electron (µe) mobilities were measured by employing 

the Time-of-Flight (ToF) technique. CzMonoPhen and CzBisPhen showed 

ambipolar charge transport (Fig. 4.1.5). Electron mobility of 1.56×10-4 cm2/(Vs) at an 

electric field of 6.73×105 V/cm was observed for the layer of CzBisPhen, while the 

hole mobility was lower by ca. one order of magnitude (4×10-5 cm2/(Vs) at an electric 

field of 6×105 V/cm) (Table 4.1.3.). The only slight differences were observed for µh 

and µe of CzMonoPhen compared to those of CzBisPhen due to the similarity of 

their molecular structures. 

 
Fig. 4.1.5. Electric field dependences on charge mobilities in the layers of CzMonoPhen and 
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CzBisPhen 

 

Table 4.1.3. Charge transport parameters for CzMonoPhen and CzBisPhen 

 

Compound 

 

µ0, cm2 /(V×s) 

holes electrons 

CzMonoPhen 1.85×10-7 3.72×10-6 

CzBisPhen 1.62×10-7 2.02×10-5 

 

4.1.7. Fabrication and characterization of PhOLEDs 

 

To test the synthesized compounds CzBisPhen and CzMonoPhen as the host 

materials, phosphorescent light emitting devices were fabricated employing the PVD 

process. 4,4′,4′′-Tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA) was 

utilized for the preparation of the hole-transporting layer. 4,7-Diphenyl-1,10-

phenanthroline (Bphen) served as the electron-transporting and hole-blocking 

material. Tris[2-phenylpyridinato-C2,N]iridium(III) (Ir(ppy)3) and bis[2-(1-

isoquinolinyl-N)phenyl-C](2,4-pentanedionato-O2,O4)iridium(III) (Ir(piq)2(acac)) 

served as the emitting materials. The top calcium layer was deposited at the cathode 

which was protected by aluminum. The structures of PhOLEDs were the following: 

ITO/CzBisPhen:Ir(ppy)3 (45 nm)/ Bphen (35 nm)/Ca:Al (Device IA); 

ITO/CzMonoPhen:Ir(ppy)3 (45 nm)/Bphen(35 nm)/Ca:Al (Device IB); ITO/m-

MTDATA (30 nm)/CzBisPhen:Ir(ppy)3 (20 nm)/Bphen (30 nm)/ Ca:Al (Device 

IIA); ITO/m-MTDATA (30 nm)/CzMonoPhen:Ir(ppy)3 (20 nm)/Bphen(30 nm) 

/Ca:Al (Device IIB); ITO/m-MTDATA(30 nm)/CzBisPhen:Ir(piq)2(acac) (20 

nm)/Bphen(30 nm)/Ca:Al (Device IIIA); ITO/m-MTDATA(30 

nm)/CzMonoPhen:Ir(piq)2(acac) (20 nm)/Bphen(30 nm)/Ca:Al (Device IIIB). The 

energy diagrams of the fabricated PhOLEDs are shown in Fig. 4.1.6. 
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Figure 4.1.6. Energy diagrams of the devices 

The electroluminescence (EL) spectra of the fabricated PhOLEDs were 

characterized by green and red emissions with the Commission Internationale de 

l’Eclairage (CIE) chromaticity coordinates (x, y) of (0.30; 0.63) and (0.68; 0.31) for 

the green and red devices, respectively. In addition, the EL spectra of the studied 

PhOLEDs were very similar to the photoluminescence spectra of Ir(ppy)3 and 

Ir(piq)2(acac) dyes [121] thus confirming that the EL originated from the guest 

materials. The emissions of the hosts CzBisPhen and CzMonoPhen were 

characterized by the maximum at 475 nm and 445 nm, respectively. The emission 

bands of m-MTDATA and Bphen were not observed in the EL spectra of the devices. 

The energy diagrams (Fig. 4.1.6) indicate the efficient injection of holes from the 

hosts CzBisPhen and CzMonoPhen to the dopants Ir(ppy)3 and Ir(piq)2(acac). The 

electrons are injected into the Ir(III) dyes, and they are transported through the layers 

of dyes. The barriers of electron injection from the ETL to Ir(III) dyes and are lower 

than the barriers of injection from the ETL to the host molecules. Therefore, the 

mechanism of emission generation is the direct recombination of the injected charges 

(carrier trapping) in the emitting layer. 
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Fig. 4.1.7. Characteristics of PhOLEDs: current density versus voltage and luminance versus 

voltage (a), current efficiency versus current density (b), power efficiency versus current 

density (c), external quantum efficiency versus current density (d) 
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Fig. 4.1.7. demonstrates the current density versus voltage and luminance versus 

voltage plots of the fabricated devices. The values of 2.5V of the turn-on voltage (Von) 

for Devices IIA and IIB were observed, while Von of 3.8V were recorded for m-

MTDATA-layer-free devices for Devices IA and IB (Von were taken at 10 cd/m2). 

This result confirms the improvement of the charge balance after the introduction of 

the additional hole-transporting m-MTDATA layer which reduced the potential 

barrier for holes in Devices IIA and IIB. 

 

Table 4.1.4. Parameters of PhOLEDs 

 

 

Device 

 

Von/ V 

at 10 cd/m2 

 

Maximum 

brightness/cd/m2 

 

Maximum 

current 

efficiency/

cd/A 

Maximum 

power 

efficiency/ 

lm/W 

 

Maximum 

EQE/ % 

IA 3.5 4995 (9.0V) 6.89 5.4 1.8 

IB 3.5 3235 (7.5V) 4.45 2.5 1.16 

IIA 2.5 29913 (6.5V) 49.4 34.1 12.9 

IIB 2.5 58974 (7.5V) 74.1 47.5 20.0 

IIIA 2.5 59558 (10.0V) 28.2 40.6 7.2 

IIIB 3.0 59110 (10.0V) 37.4 29.6 10.5 

 
 

The use of the additional m-MTDATA layer as a hole-transporting layer also 

leads to the improvement of other characteristics of the devices. The brightness 

maxima of 27262 cd/m2 and 58974 cd/m2 (at 7.5V) were recorded for Devices IIA 

and IIB respectively, while the maximum brightness of 2698 cd/m2 and 3235 cd/m2 

was observed for Devices IA and IB, respectively, at the same voltage (Fig. 4.1.7). 

The Von of 2.5V and the maximum brightness of 59558 cd/m2 and 59110 cd/m2 were 

observed for Devices IIIA and IIIB, respectively (Fig. 4.1.7). The maximum current 

efficiency of 74.1 cd/A and the maximum power efficiency of 47.5 lm/W were 

established for Device IIB (Fig. 4.1.7.b,c, Table 4.1.4.). The maximum brightness 

observed for the devices fabricated in this work is comparable with that of the recently 

developed PhOLEDs with a similar architecture [122]. 

To conclude, two low molar mass compounds based on phenothiazine as the 

donor and carbazole as the acceptor moieties were synthesized and investigated. The 

computational studies were well supported by the experimental findings. The 

compounds exhibited appropriate ionization potentials of 5.10 eV and 5.25 eV and 

good ambipolic charge transporting properties. The time-of-flight hole and electron 

drift mobilities in its layers approached 10−5 cm2/(V s) and 10-4 cm2/(V s) at high 

electric fields, respectively. The maximum power and external quantum efficiencies 

up to 47.5/40.6 lm/W and 20.0/10.5% of green and red PhOLEDs, respectively, were 

observed.  
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4.2.  Triphenylsilane and sulfonyl-4-methylbenzene-substituted bicarbazolyl 

derivatives 

 

Carbazole derivatives are among superior host materials which demonstrate 

promising performances in phosphorescent OLEDs. Many carbazole derivatives have 

adequate high triplet energy to be able to host red [123,124], green [125] or even blue 

[126,127] triplet emitters. These examples demonstrate that carbazole derivatives can 

be operated as the host material for both small-molecule and polymer OLEDs. 

Hence, 3,3’-bicarbazole has not only a high ET, but also a small ΔEST of 0.48 

eV. In 2011, Kim and co-workers predicted by DFT calculations that a carbazole-

based oligomer linked with the 3,3’-position can have a higher ET than a common blue 

phosphorescent emitter, iridium(III) bis[(4,6-difluorophenyl)-pyridinate-N,C 

2’]picolinate (FIrpic) [128]. Concerning the sterically twisted structure, bicarbazole 

derivatives can considerably diminish the host-host aggregation and form an excimer. 

Meanwhile, dimerization of carbazole can improve the thermal and morphological 

stability of a thin film. Furthermore, the electronic properties of bicarbazole 

derivatives can be combined by chemical modification on the 9,9′-positions. These 

desirable properties exhibit great opportunities as a host material in blue PhOLEDs. 

However, bicarbazole derivatives have never been used either for blue PhOLEDs or 

in green PhOLEDs [129,130]. Consequently, a new series of functionalized 3,3’-

bicarbazole derivatives was prepared and studied; these derivatives were modified 

with triphenylsilane (BiCzSiPh3) and with 1-hydrosulfonyl-4-methylbenzene 

(BiCzTos) moieties on the 9,9’-positions.  

 

4.2.1. Synthesis 

The synthetic route of compounds BiCzSiPh3 and BiCzTos is shown in Scheme 

4.2.1. First of all, by Friedel-Crafts reaction, while using FeCl3 as the Lewis acid 

catalyst, 9H,9’H-3,3’-bicarbazole was synthesized. Afterwards, two symmetric 

bipolar materials were designed and synthesized with the 3,3’-bicarbazole core.  

Compound BiCzSiPh3 was synthesized when 3,3’-bicarbazole was treated with 

tetramethylethylenediamine (TMEDA) and with 1.7 M n-BuLi at -40 °C to yield a 

lithiated intermediate which was subsequently quenched with chlorotriphenylsilane at 

-70 °C. The target compound of BiCzSiPh3 gave a colorless amorfous powder after 

washing with methanol. 

Meanwhile, BiCzTos was synthesized when N-unsubstituted bicarbazole, 

sodium hydride (NaH) and p-toluenesulfonyl chloride were dissolved in THF under 

argon atmosphere. The target compound gave colorless powders after crystallization. 
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Scheme 4.2.1. Synthetic routes and chemical structures of BiCzSiPh3 and BiCzTos 

 

4.2.2. Thermal properties 

All the target compounds exhibited excellent thermal stability (Table 4.2.1.). 

The thermal decomposition temperatures (Td, corresponding to 5% weight loss) were 

measured as 372 °C and 349 °C for BiCzSiPh3 and BiCzTos, respectively, while for 

the parent molecule BCzPh [131], it is estimated to be 340 °C. The clear glass 

transition temperatures (Tg) of functionalized bicarbazole derivatives BiCzSiPh3 and 

BiCzTos were observed under heating at 149 °C and 126 °C, respectively, which are 

49 °C and 26 °C higher than that of phenyl-substituted BCzPh (Tg of BCzPh is 100 

°C). Compared with Tg 100°C for BCzPh, the glass-transition temperatures 

significantly increased because of the molecular polarity; also, molecular masses 

increased in comparison with BCzPh. The melting points were evaluated from DSC 

and are 40–406 °C and 311 °C for BiCzSiPh3 and BiCzTos, respectively. Also, only 

BiCzSiPh3 demonstrates a temperature of crystallisation, which is 253 °C. Ultimately, 

these results obviously highlight the excellent thermal stability of a thin solid film by 

using these bicarbazole derivatives. In this case, all these new compounds could create 

morphologically stable and steady amorphous films by vacuum deposition for OLED 

fabrication. 
 

Table 4.2.1. Thermal characteristics of BiCzSiPh3 and BiCzTos 

Compound Tg
a , oC Tm

a
 , oC Tcr

a, oC Td-5%
b, oC 

BiCzSiPh3 149 406; 404 253 372 

BiCzTos 126 311 - 349 

BCzPh 100 - - 340 
a Determined by DSC; b Determined by TGA 

 

4.2.3. Optical and photophysical properties 

UV/Vis and PL spectra of BiCzSiPh3 and BiCzTos are shown in Fig. 4.2.1 and 

summarized in Table 4.2.2. The optical band gaps were estimated to be 3.49 eV and 

3.70 eV from the red edge absorption onset by using formula Eg = hc/λ for BiCzSiPh3 

and BiCzTos, respectively. The emission quantum yields of the compounds in THF 

solution (c ~10-5 mol/l) were found to be 41.2 and 11.5% for BiCzSiPh3 and BiCzTos, 
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respectively. The emission quantum yields of the compounds in the solid state were 

found to be 1.44 and <1% for BiCzSiPh3 and BiCzTos, respectively. 
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Figure 4.2.1. Normalized UV-vis and PL emission spectra of dilute solutions of BiCzSiPh3 

and BiCzTos in THF at room temperature and at 77 °K 

 

Table 4.2.2. Photophysical properties of bicarbazolyl derivatives 

Comp. λem 
a, 

nm 

QY (in 

THF/solid),  

% 

S1 

(exp), 

eV 

T1  

(exp),  

eV 

HOMO 

(expb),  

eV 

LUMO 

(expc),  

eV 

IP 

(solid), 

eVd 

BiCzSiPh3 390 41.2/1.44 3.29 2.84 -5.43 -1.94 5.45 

BiCzTos 350 11.5/<1 3.30 2.82 -6.08 -2.38 5.73 

a Absorption and fluorescence spectra of dilute THF solutions (ca. 10-5 M); b HOMO energies 

calculated by the formula HOMO = -1.40∙(qVCV) – 4.60 [120]; c LUMO energies calculated 

by subtracting the band gap energies from HOMO energies via formula LUMO=HOMO+Eg; 
d IP energies evaluated from of the electron photoemission spectra of thin solid films 

 

The phosphorescence spectra of the solutions of the synthesized compounds in 

THF were recorded at 77 °K. The first excited triplet state (T1) energy (ET) was 

estimated from the onset of the highest energy peak of phosphorescence spectra. From 

the onsets of fluorescence spectra recorded at 77 °K (Fig. 4.2.2) of the solution of the 

compounds in tetrahydrofuran (THF), the first excited singlet state (S1) energies were 

estimated at room temperature. The energies of S1 were estimated to be 3.29 eV and 

3.30 eV for the BiCzSiPh3 and BiCzTos, respectively. The triplet energies of 

BiCzSiPh3 and BiCzTos were found to be 2.84 eV and 2.82 eV, respectively. These 

values of ET are sufficiently high for the application of the compounds as host 

materials for blue PhOLEDs. 
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Figure 4.2.2. Photoluminescence (PL) and phosphorescence (Ph) spectra of dilute THF 

solutions of BiCzSiPh3 and BiCzTos at 77 °K. Ph spectra were recorded with delay of 50 ms 

after excitation at 300 nm 

 

4.2.4. Electrochemical and photoelectrical properties 

The bipolar electrochemical properties of BiCzSiPh3 and BiCzTos were probed 

by cyclic voltammetry (CV) and are shown in Fig. 4.2.3.a. The measurements were 

performed in DCM for oxidation and reduction scans, with ferrocene as the internal 

reference. The HOMO levels of BiCzSiPh3 and BiCzTos were estimated to be -5.43 

eV and -6.08 eV, respectively. The HOMO level of BiCzTos is lower than for FIrpic 

(-5.60 eV) thus specifying that both host materials can enhance hole charge trapping 

in the FIrpic and lead to direct charge recombination in the dopant [132]. The LUMO 

levels were determined as -1.94 eV for BiCzSiPh3 and -2.38 eV for BiCzTos, 

according to equation ELUMO = EHOMO + Eg. (Eg, band gap was estimated from the UV-

vis experiment). Compared with BCzPh (LUMO of 2.30 eV), these values are 

superficial. That is the mean that electron injection to emitting layers should be 

upgraded in the device [133]. 
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Figure 4.2.3.  Cyclic voltammograms of BiCz, BCzPh, BiCzSiPh3 and BiCzTos (a); 

Electron photoemission spectra of the layers of BiCzSiPh3 and BiCzTos (b) 
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Since the energy levels for solid-state samples are required for device designing, 

the ionization potentials of the solid-state layers of the compounds were measured by 

the electron photoemission method in air. The values of 5.45 eV and 5.73 eV were 

obtained, respectively (Fig. 4.2.3.b). This observation lies in agreement with the data 

established by cyclic voltammetry. Considering that Ip of BCzPh was detected at -5.67 

eV, this is the property of a 3,3’-bicarbazole skeleton. The electron affinity (Ea) for 

solid-state samples was calculated by subtraction of the optical energy gap (Eg) from 

the Ip (Ea = Eg – Ip) and was calculated to be 1.96 eV and 2.03 eV for for BiCzSiPh3 

and BiCzTos, respectively. 

 

4.2.5. Charge-transporting properties 

The charge carrier mobilities of the vacuum-deposited layers for compounds 

BiCzSiPh3 and BiCzTos were tested by employing the TOF technique. To find the 

electron and hole mobilities in the layers of compounds BiCzSiPh3 and BiCzTos, 

photocurrent transients were recorded for the tested samples at different applied 

external voltages (Fig.4.2.4.a,b). In contrast to the transients for holes in the 

BiCzSiPh3-based layer, the transients for electrons were highly dispersive, which is 

typically observed for donor-acceptor compounds with twisted chemical structures. 

The charge transit times for holes and electrons were obtained at different electric 

fields for compound BiCzSiPh3 analyzing these photocurrent transients (Fig. 

4.2.4.a,b). This finding indicates bipolar charge-transporting properties of 

BiCzSiPh3-based layers. In contrast to compound BiCzSiPh3, charge transit times for 

neither holes nor electrons were indicated for compound BiCzTos. This observation 

says that the hole and electron mobility of compound BiCzTos is out of mobility 

values which can be detected by the TOF method. Most probably, the mobilities of 

triphenylsilane-substituted bicarbazolyl derivative BiCzTos are much lower than 

these of the 1-hydrosulfonyl-4-methylbenzene-substituted bicarbazolyl derivative 

BiCzSiPh3.  

The Poole-Frenkel type dependencies (μ=μ0∙exp(α∙E1/2) of hole and electron 

mobilities measured at room temperature for the samples of BiCzSiPh3 in different 

applied positive electric fields (E) are plotted in Fig.4.2.4.c. The hole and electron 

mobilities in the BiCzSiPh3-based samples were found on the orders of 10-5–10-4 

cm2V-1s-1. The electron mobilities were a few times higher than the hole mobilities, at 

the same electric fields achieving 1.4 × 10-4 cm2V-1s-1 and 5.4 × 10-4 cm2V-1s-1 for 

holes and electrons at an electric field of 5.3 × 105 Vcm-1, respectively. Such 

mobilities are good enough for the applications of compound BiCzSiPh3 as an organic 

semiconductor in solid-state devices.   
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Figure 4.2.4. Hole and electron current ToF transient pulses for the layers of BiCzSiPh3 at 

different electric fields at room temperature (a, b); Electric field dependencies of charge drift 

mobilities for the layers of BiCzSiPh3 at room temperature (c) 

 

4.2.6. Fabrication and chatacterization of PhOLEDs 

The electroluminance (EL) performances of BiCzSiPh3 and BiCzTos as hosts 

in PhOLEDs were tested by employing the device structures of indium tin oxide 

(ITO)/ molybdenum trioxide (MoO3, 1 nm), N,N′-bis(naphthalen-1-yl)-N,N′-

bis(phenyl)benzidine (NPB, 40 nm)/tris(4-(9H-carbazol-9-yl)phenyl)amine (TCTA, 

25 nm)/light emitting layer (30 nm, 7% of emitter)/ diphenyl-4-triphenylsilylphenyl-

phosphineoxide (TSPO1, 4 nm)/ 2,2’,2’’-(1,3,5-benzinetriyl)-tris(1-phenyl-1H-

benzimidazole) (TPBi, 40 nm) /LiF (0.5 nm)/Al (60 nm). Depending on the selected 

green or red phosphorescent emitter (Tris[2-phenylpyridinato-C2,N]iridium(III) 

[Ir(ppy)3] and bis[2-(1-isoquinolinylN)phenyl-C](2,4-pentanedionato-

O2,O4)iridium(III) [Ir(piq)2- (acac)]) and on the tested host (BiCzSiPh3, BiCzTos, or 

1,3-Bis(N-carbazolyl)benzene (mCP)), six green-A, green-B, green-C, red-A, red-

B, red-C devices were fabricated, respectively. Their equilibrium energy diagram is 

shown in Fig. 4.2.5.a, while their performances are listed in Table 4.2.3. The mCP-

based devices were fabricated as reference devices. Green and red phosphorescent 
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emitters Ir(ppy)3 and Ir(piq)2- (acac)] were chosen due to the HOMO, LUMO and 

triplet energy levels of the tested hosts BiCzSiPh3 and BiCzTos. Hole-injecting and 

hole-transporting functional layers MoO3 and NPB, TCTA as well as electron-

injecting and electron-transporting functional layers LiF, and TSPO1, TPBi were used 

for getting minimal injecting-energy barriers of charges to the light-emitting layers of 

the studied devices (Fig. 4.2.5.a). As a result, EL spectra related only to the used 

emitters were obtained due to the charge recombinations and exciton generations 

within the light-emitting layers of these devices (Fig. 4.2.5.b). No emission related to 

the used hosts was detected thus indicating good host-guest energy transfer. 

When analyzing the output performances of the studied devices (Fig. 4.2.5.b-f, 

Table 4.2.3.), it is well-recognized that the performances of BiCzTos-based devices 

are much lower than these of BiCzSiPh3- and mCP-based devices. Since TOF-

transients for BiCzTos-based layers were not obtained, the achievements for 

BiCzTos-based devices can be mainly related to the charge-transporting properties of 

the BiCzTos compound. The performances of BiCzSiPh3- and mCP-based devices 

are well comparable as they display satisfactory host-properties of the BiCzSiPh3 

compound for green and red PhOLEDs. Looking more attentively to the performances 

of BiCzSiPh3- and mCP-based devices, lower turn-on voltages, higher maximum 

EQE of green-A device, and higher roll-off efficiency of the red-A device were 

obtained for BiCzSiPh3-based devices in comparison to that of the relative mCP-

based devices (Fig. 4.2.5.c, Table 4.2.3.). These observations can be explained by the 

better hole-injecting properties and bipolar charge-transporting properties of 

compound BiCzSiPh3 in comparison to these of the mCP host. 
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Figure 4.2.5. Equilibrium energy diagram for the fabricated devices (a); EL spectra of the 

studied devices recorded at 8 V (b); current density and brightness as functions of voltage (c); 

external quantum (EQE) (d), current (e), and power (f) efficiencies as functions of current 

density for all devices. The equilibrium energy diagram was developed by using results of 

photoelectron spectroscopy measurements for the layers of BiCzSiPh3 

 

Table 4.2.3. Selected device data 

D
ev

ic
e 

Structure 
Von, 

V 

Max. 

brightness, 

cd/m2 

Max.  

ηc, 

cd/A 

Max. 

ηp, 

lm/W 

Max. 

EQE, 

% 

green-

A 

ITO/MoO3/NPB/TCTA/mCP/BiCzSiPh3: 

Ir(ppy)3/TSPO1/TPBi/LiF/Al 
4.0 16200 45 25 13.8 

green-

B 

ITO/MoO3/NPB/TCTA/mCP/BiCzTos: 
Ir(ppy)3/ TSPO1/TPBi/LiF/Al 

8.2 80 0.27 0.1 0.1 

green-

C 

ITO/MoO3/NPB/TCTA/mCP/mCP:Ir(ppy)3/ 

TSPO1/TPBi/LiF/Al 
5.0 22000 40 17 12.1 

red-A 
ITO/MoO3/NPB/TCTA/mCP/BiCzSiPh3: 
Ir(piq)2(acac)/TSPO1/TPBi/LiF/Al 

4.0 10000 5.4 3.5 7.7 

red-B 
ITO/MoO3/NPB/TCTA/mCP/BiCzTos: 

Ir(piq)2(acac)/TSPO1/TPBi/LiF/Al 
4.5 1600 1.3 0.9 2.2 

red-C 
ITO/MoO3/NPB/TCTA/mCP/mCP: 

Ir(piq)2(acac)/TSPO1/TPBi/LiF/Al 
4.3 4300 10.1 5.8 12.3 
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To conclude, two new 3,3’-bicarbazole derivatives modified with 

triphenylsilane (BiCzSiPh3) and with 1-sulfonyl-4-methylbenzene (BiCzTos) 

moieties on the 9,9’-positions were synthesized, and their thermal, optical, 

photophysical, electrochemical and charge-transporting properties were studied. The 

cyclic voltametry revealed the solid state ionization potential for the derivative of 

bicarbazolyl derivatives of 5.43 eV and 6.08 eV for BiCzSiPh3 and BiCzTos, 

respectively. Electron mobility of 5.6×10-4 cm2/(Vs) at an electric field of 5.4×105 

V/cm was observed for the layer of BiCzSiPh3, while hole mobility was recorded to 

be 1.4×10-4 cm2/(Vs) at an electric field of 5.4×105 V/cm. The best green device 

demonstrated high brightness of 16200 cd/m2 (at 4 V), current efficiency of 45 cd/A, 

and power efficiency of 25 lm/W, while the external quantum efficiency reached 

13.8%. The best red device demonstrated high brightness of 10000 cd/m2 (at 4 V), 

current efficiency of 5.4 cd/A and power efficiency of 3.5 lm/W, while the external 

quantum efficiency reached 7.7%. The fabricated devices demonstrated high emission 

characteristics even for the standard test at 4300 cd/m2 (current efficiency of 10.1 

cd/A, power efficiency of 5.8 lm/W, EQE of 12.3%). 

 

4.3.  Bicarbazole-based derivative with (trifluoromethyl)benzonitrile moiety 

as effective delayed fluorescence emitter 

Recently, a new family of bicarbazole-based TADF materials was synthesized 

via a simple one-step catalyst-free C–N coupling reaction by using 9H,9'H-3,3'-

bicarbazole and alkyl substituted fluorocyanobenzene as starting reagents [134]. 

These compounds were used as host materials for another type of TADF green dopant 

2,3,5,6-tetra(9H-carbazol-9-yl)-4-cyano-pyridine (4CzCNPy) materials. All the 

devices described in reference [134] exhibit only green electroluminescence (EL) of 

4CzCNPy, while no emission from the host bicarbazole-based materials was 

observed. In the present work, we take this idea a step further by using the material 

not only as the host matrix but also by involving it in the emission process. We thereby 

take account of the fact that carbazole derivatives are able to form exciplexes at 

organic-organic interfaces with star-shaped molecules [135], a feature which, as we 

show here, can be used for the broadening of the EL spectrum of OLEDs.  

In the present work, we studied the behavior in OLED of bicarbazole-based 

TADF material 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-

(trifluoromethyl)benzonitrile), named as pCNBCzoCF3, whose synthesis was 

reported recently [168]. In contrast to the previous work, we presently propose to use 

pCNBCzoCF3 as both the emissive and the exciplex-forming material for the 

fabrication of white OLED (WOLED). By combining the TADF emission of 

pCNBCzoCF3 with the exciplex emission from the organic-organic interface between 

pCNBCzoCF3 and the layers of star-shaped 4′′-tris[phenyl(m-

tolyl)amino]triphenylamine (m-MTDATA), we thus fabricate highly efficient 

WOLEDs with a warm-white emission color. 
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4.3.1. Synthesis 

The synthetic route of compound pCNBCzoCF3 is shown in Scheme 4.3.1. 

First of all, by Friedel-Crafts reaction, by using FeCl3 as the Lewis acid catalyst, 

9H,9’H-3,3’-bicarbazole was synthesized. Afterwards one symmetric bipolar material 

was designed and synthesized with the 3,3’-bicarbazole core. Compound 

pCNBCzoCF3 was synthesized at room temperature in argon atmosphere via the 

nucleophilic substitution reaction with sodium hydride and 4-fluoro-3-

(trifluoromethyl)benzonitrile. 

 
Scheme 4.3.1. Synthetic route and chemical structure of the target compound 

(pCNBCzoCF3) 

 

A mixture of the N-unsubstituted bicarbazole, sodium hydride (NaH) and 4-

fluoro-3-(trifluoromethyl)benzonitrile was dissolved in dimethylformamide (DMF) 

under argon atmosphere. The reaction mixture was mixed at room temperature for 20 

hours. Target compound pCNBCzoCF3 was obtained as a yellowish powder after 

recrystallization from hot methanol. 

 

4.3.2. Thermal properties 

The target compound exhibited excellent thermal stability. The thermal 

decomposition temperatures (Td-5%, corresponding to 5% weight loss) were measured 

as 100.7 °C, while, for BCzPh, it is estimated to be 399 °C. The clear glass transition 

temperatures (Tg) of the functionalized bicarbazole derivative were observed under 

heating at 162 °C, which is 57 °C higher than that of phenyl-substituted BCzPh. 

Compared with Tg 105 °C for BCzPh, the glass-transition temperature was 

significantly increased because of the expanded molecular polarity of BCzPh. These 

results obviously promise excellent thermal stability of the thin solid film by using a 

bicarbazole derivative. The melting points were evaluated and are in the range 

between 305–314 °C. From DSC traces for pCNBCzoCF3, two melting point peaks 

were observed because this compound can be found in two crystalline strains.  

4.3.3. Spectroscopic characterization 

The experimental absorption spectrum of the solution of pCNBCzoCF3 in THF 

recorded at ambient conditions is presented in Fig. 4.3.1 (orange line). For 

comparison, the theoretical spectrum simulated by the TD DFT method accounting 

for the PCM model is shown in Fig. 4.3.1 (blue line). The first singlet electronic 

transition in the spectrum of pCNBCzoCF3 takes place at 447.6 nm (Table 4.3.1.) but 

appears only weakly in the experimental and theoretically simulated spectra. By 

taking into account the fact that pCNBCzoCF3 is a σ-bond coupled dimer of 4-(9H-

carbazol-9-yl)-3-(trifluoromethyl)benzonitrile, the first singlet and triplet excited 
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states are almost doubly degenerated. Due to the absence of strict symmetry 

constraints, the S1 and S2 states are split by 0.2 nm in our calculations, and the T1 and 

T2 states are split by 0.3 nm (Table 4.3.1.). As it can be seen from Fig. 4.3.2, both S1 

and S2 states of pCNBCzoCF3 are of the charge transfer (CT) type, and these 

transitions correspond to electron density moving from the 3-

(trifluoromethyl)benzonitrile moieties to the carbazole fragments. It is a general rule 

that CT transitions are characterized by very weak intensity and also are sensitive to 

the influence of a solvent [136]. Indeed, the energy of S1 and S2 states increases 

significantly in the THF solvent environment (2.77 eV) comparing with the vacuum 

approximation (2.64 eV). 

 

 

Figure 4.3.1. Absorption and emission spectra of pCNBCzoCF3 

 

 

Figure 4.3.2. MOs levels diagram for pCNBCzoCF3 (italic numbers are MOs 

energies in eV) 

 

Due to the weak intensity of the S0→S1 transition, the photoluminescence 

quantum yield of pCNBCzoCF3 was measured as 19.3% and 20% for the THF 
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solution and the solid film state, respectively, thus indicating the dominant role of 

non-radiative quenching processes in the deactivation of the first excited singlet state.  

The long wavelength shoulder in the absorption spectrum of pCNBCzoCF3 

solution (310–370 nm) can be assigned to the manifold of weak singlet-singlet 

electronic transitions S0→S3–14. Among them, the electronic transitions into the S5 and 

S12 states are the most intense (Table 4.3.1.). The high-intensity absorption band at 

ca. 290 nm corresponds to two electronic transitions S0→S15 and S0→S20 from the 

frontier-occupied MOs into the high-lying unoccupied orbitals.  

 

 

Table 4.3.1. Assignment of absorption spectrum of pCNBCzoCF3 together with 

estimations of the S1 and T1 states energies 

State ,λ .abs

.theor
nm ,λ .abs

.exp
nm Eexp./Etheor., 

eV 
f Assignment 

T1 449.4 - 

2.64a/2.586c/

2.757e 

/2.447f 

0 HOMO → LUMO (78%) 

T2 449.1 - - 0 HOMO → LUMO+1 (78%) 

S1 447.6 - 

2.83b/2.597d/

2.768e 

/2.455f 

0.0024 HOMO → LUMO (91%) 

S2 447.4 - - 0.0011 HOMO → LUMO+1 (91%) 

S5 349 342 - 0.020 HOMO → LUMO+2 (91%) 

S12 318 330 - 0.067 HOMO → LUMO+5 (88%) 

S15 289 289 - 0.525 HOMO → LUMO+6 (79%) 

S20 281  - 1.103 HOMO-1 → LUMO+4 (67%) 

a Estimated from the phosphorescence spectrum (at 77 °K) in ref. [134]; b Estimated from the 

fluorescence spectrum (at 77 °K) in ref. [134]; c Estimated from the phosphorescence spectrum of solid 

film (at 77 °K) in this work. d Estimated from the photoluminescence spectrum of solid film (at 77 °K) 

in this work; e Calculated by the TDDFT B3LYP/6-31G(d) method with PCM model (THF); f Calculated 

by the TDDFT B3LYP/6-31G(d) method with PCM model (THF) in adiabatic approximation 

 

The most intriguing property of pCNBCzoCF3 is the extremely small ΔEST. As 

one can see from Fig.4.3.1, both PL and phosphorescence spectra of the solid film of 

pCNBCzoCF3 are characterized by almost the same peak positions. The PL 

maximum appears at 477.0 nm (red curve), while the highest energy vibronic sub-

band in the phosphorescence spectrum (the left-hand shoulder at the green curve) 

appears at 479.0 nm. These values correspond to the ΔEST value of only 0.011 eV, 

which is favorable for efficient TADF emission. Such a small ΔEST value is in 

complete agreement with our vertical TD DFT calculations (2.768 eV for S1 and 2.757 

eV for T1) thereby proving the equivalent ΔEST value (0.011 eV). We additionally 

performed computations for the ΔEST value in adiabatic approximation by direct 

optimization of S1 and T1 excited states within the TDDFT/B3LYP/6-31G(d) method. 

The calculated adiabatic difference between S1 (2.455 eV) and T1 (2.447 eV) states 

was found to be only 0.008 eV in complete agreement with the ‘vertical’ 
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approximation and the experimental value. Moreover, the calculated 0-0 energies for 

S1 and T1 states are in even better agreement with the experimental values than the 

‘vertical’ energies (Table 4.3.1.). 

4.3.4. PL decay measurements 

The TADF nature of pCNBCzoCF3 emission was confirmed by PL decay 

measurements for the neat film of pCNBCzoCF3 (Fig. 4.3.3). The double exponential 

law for the PL decay curve of the solid sample of pCNBCzoCF3 was required for 

fitting (χ2=1.157) of the decay curve according to the formula   

A+B1exp(-t/τ1)+B2exp(-t/τ2). The corresponding PL lifetimes τ1=17.36 ns (83%) and 

τ2=503 ns (17%) were obtained. The second component (τ2) is much shorter than that 

of 8.12 μs recorded earlier for solution pCNBCzoCF3 in toluene [134]. The longer-

lived component of the decay can be determined by two effects: one being due to the 

triplet-triplet annihilation [135], the other being due to the TADF effect [171]. 

However, with a linear dependence of PL intensity on the laser flux with the slope of 

ca. 1 for the solid layer of pCNBCzoCF3 (Fig. 4.3.3), this longer-lived component 

must be attributed to the reverse intersystem crossing process (RISC), hence proving 

the TADF nature of the PL emission of pCNBCzoCF3.  
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Figure 4.3.3. Photoluminescence decay curves of the vacuum-deposited layer of 

pCNBCzoCF3 in nanosecond time ranges; (insert) the dependence of  PL intensity of the  

layer of pCNBCzoCF3  on laser flux (insert: PL spectra for various excitation power) 

 

4.3.5. Ionization potential and charge-transporting properties  

The solid-state ionization potential (IP) of 5.84 eV was recorded by the electron 

photoemission method before the fabrication of OLEDs (as solid-state layers of 
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pCNBCzoCF3 were utilized) (Fig. 4.3.4.a). This IP value observed for the vacuum 

deposited layer of pCNBCzoCF3 was found to be higher than that obtained from the 

electrochemical measurements (HOMO(CV) of -5.41 eV) [134]. Such disagreement 

in the IP which was used for the design of OLEDs is apparently due to the 

intermolecular interactions of the pCNBCzoCF3 molecules that can take place in the 

solid-state layers. Having the solid-state IP energy levels of 5.84 eV and the solid-

state optical band-gap energy (Eg) of ca. 2.92 eV [134], the electron affinity (EA) can 

be calculated as EA = IP – Eg = 2.92 eV. Therefore, the HOMO and LUMO values of 

-5.84 eV and -2.92 eV were used to design our OLEDs as they are related to the IP 

and EA of the observed energy levels, respectively. 
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Figure 4.3.4. Electron photoemission spectrum of the vacuum deposited layer of 

pCNBCzoCF3 (a); electric field dependencies of hole and electron mobilities and the hole 

and electron TOF transient curves for pCNBCzoCF3 in log-log scales (inserts) (b) 

 

The charge-transporting properties of pCNBCzoCF3 were studied by the time-

of-flight (TOF) method. Fig. 4.3.4.b shows electric field dependencies of the hole and 

electron mobilities of the vacuum deposited layer of pCNBCzoCF3. The bipolar 

nature of pCNBCzmCF was proved by observing the transit times for both holes and 

electrons on the TOF transient curves (Fig. 4.3.4.b, inserts). The twice higher electron 

mobility of 1.6×10−4 cm2/(V×s) comparing to the hole mobility of 8×10−5 cm2/(V×s) 

was found at the electric field of ca. 5.6×105 V/cm. This finding can be explained by 

the introduction of the strong electron-withdrawing meta-positioned CF3 moieties to 

the molecules of pCNBCzoCF3 [134]. The charge mobilities observed for 

pCNBCzoCF3 are comparable to the best known values reported for TADF materials 

[135]. 

 

4.3.6. OLEDs characteristics 

Three light-emitting devices A–C were fabricated. The principal schemes of 

these devices are presented in Fig. 4.3.5. 

• Sky-blue non-doped OLEDs based on pCNBCzoCF3 emission 
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Figure 4.3.5. Energy diagrams for devices A–C 

 

The EL spectrum of device A is almost the same as the photoluminescence 

spectrum of the vacuum deposited film of pCNBCzoCF3 recorded at ambient 

conditions (Fig. 4.3.6). This observation indicates the absence of exciplex-type 

emission from interfaces TCTA/pCNBCzoCF3 and pCNBCzoCF3/BCP. Device А is 

characterized by a relatively low turn on voltage of only 3.4 V. The maximum external 

quantum efficiency, power efficiency and current efficiency of 6.2%, 7.75 lm W−1 and 

15.3 cd A−1 respectively, were observed for Device A. The maximal brightness 

reached 29300 cd m−2 at 15 V (Table 4.3.2.). Such lighting parameters characterize 

the emissive properties of pure pCNBCzoCF3 which can be regarded as a promising 

electroluminescent material for sky-blue OLEDs (Table 4.3.2., Fig. 4.3.7). 
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Figure 4.3.6. Normalized electroluminescence spectrum of Device B vs. photoluminescence 

spectrum of the solid film of pCNBCzoCF3 at room temperature 
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Figure 4.3.7. Current density vs. voltage, luminance vs. voltage characteristics (a); Current 

efficiency vs. current density characteristics and current density vs. power and quantum 

efficiency characteristics of fabricated Device A (b) 

 

 

• Orange device exhibiting m-MTDATA:pCNBCzoCF3 interface exciplex 

emission 

 

The EL spectrum of Device B coincides with the PL spectrum of the molecular 

blend m-MTDATA: pCNBCzoCF3. At the same time, both spectra are significantly 

red-shifted with respect of the PL spectrum of pCNBCzoCF3 and the EL spectrum of 

Device A (Fig. 4.3.8). This observation indicates the exciplex formation at the m-

MTDATA/pCNBCzoCF3 interface which was not observed at interface 

TCTA/pCNBCzoCF3.  
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Figure 4.3.8. Normalized electroluminescence spectrum of Device B vs. photoluminescence 

spectra of the solid films of m-MTDATA, pCNBCzoCF3 and m-MTDATA:pCNBCzoCF3 

recorded at room temperature 

 

The TADF emission of the layer of pCNBCzoCF3 remains visible as a 

structureless shoulder in the higher-energy region of 400–500 nm (Fig. 4.3.8). 

The lighting characteristics of device B are slightly better than those of Device 

A (Fig. 4.3.9). The chromaticity coordinates of Device B lie in the ‘warm-

white’ region in contrast with the green emission of Device A. 
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Figure 4.3.9. Current density vs. voltage, luminance vs. voltage characteristics (a) and 

current efficiency vs. current density characteristics and current density vs. power and 

quantum efficiency characteristics (b) of fabricated Device B 
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• ‘Warm-white device’ based on both pCNBCzoCF3 TADF emission and 

on m-MTDATA:pCNBCzoCF3 interface exciplex emission 

By combining devices A and B within one OLED, we fabricated the highly-

efficient device C with a warm-white emission color. The EL spectrum of Device C 

represents the superposition of the EL spectra of Devices A and B. The additional 

pCNBCzoCF3 layer (adjacent to that of TCTA) provides enhancement of the short-

wavelength emission which originates from the TADF emission of pCNBCzoCF3. 

As a result, the EL spectrum of Device C covers the region from 450 nm to 750 nm 

(Fig. 4.3.10). 
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Figure 4.3.10. Normalized EL spectra of Devices A–C (a) and their CIE1976 chromaticity 

coordinates with the corresponding values of color temperature (b) 

 

Table 4.3.2. Lighting characteristics of Devices A–C 
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A 3.4 29300 15.5 10.3 6.3 15.3 7.75 6.2 (0.24, 0.37) 

B 2.8 34500 18.2 12.1 9.4 18.0 9.46 9.3 (0.44, 0.44) 

C 6.8 40900 53.8 19.3 18.8 46.2 10.6 17.0 (0.40, 0.44) 

 

The lighting characteristics of Devices A–C are presented in Table 4.3.2. 

Device C demonstrates outstanding lighting characteristics comparing with those of 

Devices A and B. These characteristics were achieved by the rational combination of 

the green-blue TADF emission of the pCNBCzoCF3 layer with the orange exciplex 
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emission of the m-MTDATA/pCNBCzoCF3 interface within the single OLED. The 

special feature of Device C (as well as that of Device B) is the absence of a high-

energy emission component in its EL spectrum. Therefore, the EL of fabricated 

devices B and C is harmless to the human eye. Particularly, the color temperatures of 

Devices B and C were estimated as 3200 °K and 3800 °K, respectively, that are close 

to the common standards (2700–3500 °K) for the warm-white compact fluorescent 

and LED lamps [136].  

In addition, Devices B and C exhibiting warm white electroluminescence were 

characterized by 60 of color rendering index (CRI) which is a satisfactory value of 

white light sources for lighting applications. It should be noted that the efficiencies of 

Devices B and C are comparable (Fig. 4.3.11) (or even higher) to those of iridium-

based warm-white phosphorescent OLEDs [156]. 
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Figure 4.3.11. Current density-voltage, luminance-voltage (a) and current efficiency vs. 

power efficiency vs. external quantum efficiency-current density characteristics (b) for 

Device C 

In conclusion, 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-

(trifluoromethyl)benzonitrile) (pCNBCzoCF3) was studied; it demonstrated clear  

thermally-activated delayed fluorescence (TADF) depending on the temperature 

factor. This material is characterized by the singlet-triplet energy splitting of only 

0.011 eV as estimated both by experimental measurements and TDDFT calculations. 

pCNBCzoCF3 was used as a green-blue emitter and also as an exciplex-forming 

material for OLED fabrication. In order to improve the efficiency of the device and 

to extend its EL spectrum over the whole visible range, the green-blue TADF-type 

electroluminescence of pCNBCzoCF3 was combined with the exciplex-type emission 

from the m-MTDATA/pCNBCzoCF3 interface. The obtained device is characterized 

by warm-white emission and by outstanding lighting characteristics: brightness of 
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40900 cd/m2 (at 15 V), current efficiency of 53.8 cd/A, and power efficiency of 19.3 

lm/W, as well as external quantum efficiency of 18.8%.  

 

4.4. Carbazole and benzonitrile-based compounds  

 

Carbazole is a widely employed electron-donating building block for the 

developing efficient electroactive materials including TADF emitters owing to its 

high triplet energy (3.02 eV), excellent hole-transporting abilities, good thermal 

stability, etc. [137,138]. Three active positions (i.e., C-3, C-6, and N-9) are readily 

available for tuning its electronic properties [137]. Carbazole derivatives found a wide 

range of applications in (opto)electronic devices not only in OLEDs but also in 

organic thin-film transistors and organic solar cells [139,140,141]. A substantial 

number of investigations has been reported on 3,6-substituted carbazole derivatives, 

including small molecules, oligomers, and polymers that were studied as hole-

transporting and ambipolar materials. 

Cyano group is a strong electron-withdrawing moiety. It is useful for the design 

of highly polar D-A type TADF materials with a reduced singlet-triplet energy gap 

[190]. The use of the electron-accepting cyano group linked to a suitable electron-

donating system is a universal and convenient strategy to develop high-performance 

TADF emitters [142]. 

In this work, as we aimed to design carbazole and benzonitrile derivatives 

with both TADF and AIEE properties, new derivatives of trifluoromethyl-substituted 

benzonitrile and carbazole having different substituents 2,7-, 3,6-positions were 

designed and synthesized. By applying various theoretical and experimental methods, 

both TADF and AIEE effects were proved for the synthesized derivatives. In addition, 

the influence of methoxy- and tert-butyl substituents attached to a carbazole moiety 

on TADF and AIEE behavior was studied. Two compounds were found to be 

promising emitters for non-doped OLEDs. The electroluminescence properties of the 

compounds were studied in both non-doped and doped OLEDs. The efficiencies of 

the simple non-doped OLEDs even exceeded those of more complex doped devices. 

 

4.4.1. Synthesis 

 

The starting materials 2,7-dimethoxy-9H-carbazole, 3,6-dimethoxy-9H-

carbazole, 3,6-di-tert-butyl-9H-carbazole were prepared according to the literature 

methods [143,144,145]. 2,7-Dimethoxycarbazole was obtained by Ullmann-coupling 

and the Cadogan cyclization reaction BY using triphenylphosphine, and 3,6-

dimethoxy-9H-carbazole was synthesized starting from 3,6-dimethoxycarbazole 

which was prepared by bromination of carbazole with N-bromosuccinimide (NBS) in 

dimethylformamide (DMF), followed by the direct methoxide displacement of 

bromine [146,147]. 3,6-Di-tert-butyl-9H-carbazole was obtained from carbazole 

which was dissolved in CH2Cl2, then cooled to 0 °C, and the solution of 2-chloro-2-
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methylpropane and AlCl3 was added afterwards. The synthetic route to the target 

compounds NCFCz, NCFMCz2, NCFMCz1, NCFTCz is shown in Scheme 4.4.1. 

All the target compounds were synthesized via the aromatic nucleophilic substitution 

(SNAr) reaction of 4-fluoro-3-(trifluoromethyl)benzonitrile with the derivatives of 

carbazole. The chemical structures of the target compound were confirmed by using 

NMR. The final compounds NCFCz, NCFMCz2, NCFMCz1 and NCFTCz were 

found to be soluble in common organic solvents, such as tetrahydrofuran, toluene and 

chloroform. 

 

 
Scheme 4.4.1. Synthesis of NCFCz, NCFMCz2, NCFMCz1 and NCFTCz 

 

4.4.2. Theoretical investigation 

 

To get insight into the effect of the substituents on the properties of the designed 

compounds, DFT calculations were performed at B3LYP/6-31G** level in the gas 

phase. The theoretical geometries of isolated molecules of NCFCz, NCFMCz2, 

NCFMCz1 and NCFTCz are similar (Fig. 4.4.1). In these compounds, the benzene 

ring is perpendicular to the carbazolyl moiety (dihedral angle of ca. -80°) because of 

steric hindrance caused by the trifluoromethyl group. Due to the multiple relative 

orientations of the methoxy groups, three different conformer geometries of 

compounds NCFMCz2 and NCFMCz1 were identified (Fig. 4.4.2). The theoretical 

results revealed that only NCFMCz2 can adopt different conformers with energy 

differences of less than 0.5 kcal/mol between them. The conformers of NCFMCz2 

and NCFMCz1 with the lowest energy were selected for the further investigation. 

The twisted structure of the compounds separates the electron density between 
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HOMO and LUMO. Therefore, methoxy and tert-butyl groups attached to the 

carbazole moiety impact more importantly the HOMO energies as compared to the 

LUMO ones. According to the DFT calculations, the HOMO of NCFCz is localized 

on the carbazolyl group with less contribution from the benzene unit. In the case of 

NCFMCz1 and NCFTCz, π-conjugation of HOMO is extended due to the presence 

of methoxy and tert-butyl groups attached to the C-3 and C-6 positions of the 

carbazole moiety. While the HOMO of NCFMCz2 is completely localized on the 

carbazole unit and the methoxy groups attached to the C-2 and C-7 positions, no 

electron density is observed on the nitrogen atom. For all the studied compounds, 

LUMO was found to be distributed over the 3-(trifluoromethyl)benzonitrile moiety. 

 

 
Figure 4.4.1. Theoretical geometries and frontier orbitals of the compounds obtained 

at the B3LYP/6-31G** level 
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Figure 4.4.2. Various conformers of compounds NCFMCz2 and NCFMCz1 obtained at the 

B3LYP/6-31G** level 

4.3.3. Thermal properties 

 

The determined thermal characteristics are listed in Table 4.4.1. In the TGA 

measurements, the compounds exhibited 5% mass loss temperature (Td-5%) in the 

range of 231–254 °C. The shape of the TGA curves and the very low quantity of 

residue at the end of the experiment allows assuming that, during heating, carbazole 

and benzonitrile derivatives were sublimated. All the compounds were isolated after 

the synthesis as crystalline substances and their first DSC heating scans exposed 

endothermal melting signals (Tm). It is noticeable that Tm of compound NCFTCz (228 

°C) is considerably higher than those of NCFCz, NCFMCz2 and NCFMCz1 (Table 

4.4.1.). During the cooling and the second heating scans, glass transitions were 

observed at 33, 53, 55 and 88 °C for NCFCz, NCFMCz2, NCFMCz1 and NCFTCz, 

respectively. Thus NCFTCz showed both the highest melting point and the highest 

glass transition temperature. These observations can, apparently, be explained by the 

higher molecular weight of NCFTCz resulting in stronger intermolecular interaction. 

The linking topology of methoxy groups in case of NCFMCz2 and NCFMCz1 has 

no effect on their glass transition temperatures. In the case of NCFMCz2 and 

NCFTCz, further heating revealed crystallization and melting signals. Compound 

NCFTCz showed different crystal structures after crystallization from the solution 

and from the melt. After recrystallization from isopropanol in the first DSC heating 

scan, it showed Tm of 228 °C while, after cooling from the melt in the second heating, 

it showed a lower Tm of 216 °C. 
 

Table 4.4.1. Thermal characteristics of carbazolyl-benzonitrile derivatives 

Compound Td-5%
a, ºC Tm

b, ºC Tg
b, ºC Tcr

b, ºC 

NCFCz 231 142 33 - 

NCFMCz2 248 181 53 121 
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NCFMCz1 254 152 55 - 

NCFTCz 242 228, 216c 88 171 
a 5% weight loss determined by TGA, heating rate 10 °C/min, N2 atmosphere; b Determined 

by DSC, scan rate 10 °C/min, N2 atmosphere; c Established from DSC second heating scan 

 

4.4.4. Photophysical properties 

Calculations of the optimized geometries of the molecules at excited states while 

using TD-DFT at B3LYP/6-31G** level were performed. The trifluoromethyl group 

suppresses the geometrical changes of the molecules, therefore, compounds maintain 

their orthogonal structure at excited singlet (S1) and triplet (T1) states with separate 

HOMO and LUMO (Fig. 4.4.3). Such a geometrical structure of NCFCz, NCFMCz2, 

NCFMCz1 and NCFTCz at excited states determines the photophysical properties 

of the compounds. 

 
Figure 4.4.3. Molecular orbitals and vertical transition energies of NCFTCz at S1 and 

T1 excited states obtained using TD-DFT at B3LYP/6-31G** level  

 

The PL spectra of the solutions of NCFCz, NCFMCz2, NCFMCz1 and 

NCFTCz in toluene showed emission maxima at 433, 529, 510 and 448 nm, 

respectively (Fig. 4.4.4 and Table 4.4.2.). 
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Figure 4.4.4. UV-vis and PL spectra of dilute toluene solutions (10-5 M) of NCFCz, 

NCFMCz2, NCFMCz1 and NCFTCz 

 

 

 

 

 

Table 4.4.2. Photophysical characteristics of carbazole and benzonitrile derivatives 

a Difference between the positions of the lowest energy absorption band and the PL maximum 

in toluene; b Dipole moment at the excited singlet state calculated at TDDFT B3LYP/6-31G** 

level 

 

Due to the charge transfer character at the excited state, the solvatochromic 

effect in the PL spectra of the solutions in THF of the compounds was detected with 

the increase of solvent polarity (εTHF=7.5 and εtoluene=2.38). PL maxima of the 

Compound 

λem, 

nm 

PLQY, 

% 
Stokes 

shift a, 

nm 

Dipole 

moment 
b, D 

S1, 

eV 

T1, 

eV 

ΔES1T1, 

eV 

toluene/THF/solid 

NCFCz 433/458/430 15.36/5.48/29.48 102 2.5 3.26 3.05 0.21 

NCFMCz2 529/563/513 3.73/~0/16.95 212 4.3 2.91 2.91 0.05 

NCFMCz1 510/545/513 19.9/2.62/52.17 152 2.2 3.01 2.90 0.11 

NCFTCz 458/483/459 
22.02/12.01/52.5

3 

120 2.8 
3.05 3.01 0.04 
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solutions in THF of NCFCz, NCFMCz2, NCFMCz1 and NCFTCz was detected at 

458, 563, 545 and 483 nm, respectively (Table 4.4.2.).  The wavelengths of PL 

maxima of the solid samples of the compounds were found to be very close to those 

of the solutions in toluene; they range from 430 nm to 513 nm (Fig. 4.4.4 and Fig. 

4.4.5).  
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Fig. 4.4.5. PL spectra for non-doped films based on compounds NCFCz, NCFMCz2, 

NCFMCz1 and NCFTCz 

 

Upon cooling, the PL spectra of the solutions of NCFCz, NCFMCz2, 

NCFMCz1 and NCFTCz in THF shifted towards the blue region by 10, 77, 67 and 

17 nm, respectively (Fig. 4.4.6 and Table 4.4.2.). At 77 °K, THF becomes solid, and 

the geometric relaxation of the solvent is no longer possible, therefore, the PL spectra 

of the compounds were blue-shifted compared to the PL spectra recorded at room 

temperature [148]. 
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Figure 4.4.6. Photoluminescence and phosphorescence spectra of dilute THF 

solutions (10-5 M) of NCFCz, NCFMCz2, NCFMCz1 and NCFTCz in THF 

solutions (10-5 M) recorded at 77 °K. Phosphorescence spectra were recorded 

with 50 ms delay after excitation 

 

Large Stokes shifts observed for NCFCz, NCFMCz2, NCFMCz1 and 

NCFTCz ranging from 102 nm to 212 nm can apparently be explained by the 

intramolecular charge transfer (ICT) which causes large geometry relaxation of 

molecules upon photoexcitation. ICT from carbazole to 3-

(trifluoromethyl)benzonitrile moieties in NCFCz determines a Stokes shift of 102 nm. 

The expansion of π-conjugated systems in compounds NCFTCz and NCFMCz1 

leads to an increase of the relaxation time and results in higher Stokes shifts of 120 

nm and 152 nm, respectively. In case of NCFMCz2, methoxy groups attached at C-

2, C-7 positions of the carbazole moiety not only expand the conjugation of the π-

electron system but also increase the dipole moment of the molecule (from 2.5 D to 

4.3 D). The combination of these two effects causes a large Stokes shift of 9833 cm-1 

for NCFMCz2. Additionally, Stokes shifts of the solutions of NCFCz, NCFMCz2, 

NCFMCz1 and NCFTCz in various solvents were analyzed by Lippert-Mataga 

equation. The dependences of Stokes shifts (νabs-νem) versus the orientation 

polarizability of solvents (Δf) were fitted by linear fitting. The slopes of 11400, 12172, 

13607, and 12810 cm-1 obtained for NCFCz, NCFMCz1, NCFMCz2 and NCFTCz, 

respectively, indicate differences in the dipole moment of the emissive excited state 

of these compounds. The highest slope was obtained for compound NCFMCz2 

relating to its highest dipole moment in comparison to the other studied compounds. 

This dependence is in good agreement with the calculated dipole moments of the 

molecules (Table 4.4.2.).  
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The PLQY of the solutions of NCFCz, NCFMCz1, NCFMCz2 and NCFTCz 

in toluene, THF and of solid films of the compounds were measured (Table 4.4.2.). 

Dilute solutions of the compounds in toluene showed low PLQY ranging from 4% to 

22%, while, for the solutions in more polar THF, these values were considerably 

lower. Apparently, the molecules with ICT characteristics interact with the polar 

solvent, which enhances the nonradiative decay rate and results in lower PLQY. It 

was found that the PLQY of the solid films of the compounds is influenced by the 

aggregation-induced emission enhancement (AIEE) effect. The PLQY of the solid 

sample of NCFCz was found to be two times higher than that of the dilute solution in 

toluene. The expansion of the π- conjugated system and the AIEE effect in NCFMCz1 

and NCFTCz determines the PLQY of the solid samples of these compounds 

exceeding 50%. The low value of PLQY of the solid film of NCFMCz2 (17%) can 

apparently be explained by the large dipole moment of the compound. It is almost two 

times larger than those of the other compounds (Table 4.4.2.). To study the AIEE 

effect, the solutions and dispersions of NCFCz, NCFMCz2, NCFMCz1, and 

NCFTCz in water/THF mixtures were studied. A considerable increase of PL 

intensities of the dispersions of all the studied compounds was observed at a certain 

water fraction (fw) in comparison to those of dilute THF solutions. 

The energies of S1 state were estimated from the onsets of PL spectra of the 

solutions of the compounds in THF at 77 °K and were found to be 3.26, 2.91, 3.01 

and 3.05 eV for NCFCz, NCFMCz2, NCFMCz1 and NCFTCz, respectively. The 

energies of T1 ranging from 2.90 eV to 3.05 eV were determined from the onsets of 

the Ph spectra of the solutions of the compounds in THF at 77 °K. The separated 

HOMO and LUMO at S1 and T1 states determined low values of ΔEST which were in 

the range of 0.04–0.21 eV [149]. 
 

4.4.5. Electrochemical properties and ionization potentials 

The electrochemical characteristics are summarized in Table 4.4.3. The CV 

curves of NCFCz and NCFTCz are shown in Fig. 4.4.7. The ionization potential 

(IP
CV) values of the compounds were estimated from the onset potentials of the first 

oxidation event after calibration of the measurements against ferrocene. IP
CV for 

NCFCz, NCFMCz2, NCFMCz1 and NCFTCz were found to be 5.91, 5.47, 5.45 

and 5.75 eV, respectively. 
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Figure 4.4.7. Cyclic voltammograms of dilute solutions (10-3 M) of NCFCz and NCFTCz in 

DCM 

 

Solid state ionization potentials (IP
PE) for vacuum deposited layers of 

carbazolyl-benzonitrile derivatives were taken from the photoelectron emission 

spectra (Fig.4.4.8). IPPE for NCFCz was not obtained as its value was higher than 6.2 

eV (photoelectron emission spectrometry performed in air limitation due to oxygen 

absorption). For comparison, the theoretical adiabatic ionization potential values 

(IP
theor) were calculated at the B3LYP/6-31G** level in the gas phase. Ip

CV, Ip
PE and 

Ip
theor demonstrate similar trends, and the ionization potentials arrange in the order 

NCFCz > NCFTCz > NCFMCz2 > NCFMCz1. This trend can be explained by the 

σ and π donor effect of tert-butyl and methoxy groups, respectively. Considering the 

HOMO pictograms of the compounds, one can see that the electron donating groups 

expand the π-conjugation system in NCFTCz, NCFMCz2 and NCFMCz1 thus 

increasing the HOMO energies. The more effective conjugation of π-electrons in 

NCFMCz1 compared to that inherent to NCFMCz2 is apparently due to the 

negligible electron density on the nitrogen atom in the 2,7-methoxy substituted 

carbazole moiety.  
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Figure 4.4.8. Electron photoemission spectra for the layers of  carbazole and benzonitrile 

derivatives 

 

The electron affinities (EA
CV) of the compounds were estimated from the onset 

potentials of the first reduction event after calibration of the measurements against 

ferrocene. EA of NCFCz, NCFMCz2, NCFMCz1 and NCFTCz was estimated to be 

2.57, 2.58, 2.59 and 2.35 eV, respectively. 

Electron affinities (EA
PE) for materials in the solid state were calculated as EA= 

IPPE-Eg by using the optical band-gap energies taken from the absorption spectra of 

the NCFMCz2, NCFMCz1 and NCFTCz layers. EA for NCFMCz2, NCFMCz1 and 

NCFTCz were estimated to be 2.66, 2.79 and 2.77 eV, respectively. 

 

Table 4.4.3. Electronic and charge-transporting parameters of carbazole and 

benzonitrile derivatives 

 

Compound 

 

Ip
cv/Ip

PE/Ip
theor a 

eV 

 

EA/EA
PE, 

eV 

μh, 

cm2/Vs 

μe, 

cm2/Vs 

at 5.6×105 V/cm 

NCFCz 5.91 / - / 7.20 2.57/- 6.6×10-4 - 

NCFMCz2 5.47 /5.82 / 6.47 2.58/2.66 - - 

NCFMCz1 5.45 / 5.75 / 6.40 2.59/2.79 3.6×10-5 6×10-6 

NCFTCz 5.75 / 5.89 / 6.82 2.35/2.77 4.4×10-4 3.2×10-4 
a Adiabatic ionization potentials calculated at B3LYP/6-31G** level 

 

4.4.6. Charge-transporting properties 

The charge-transporting properties of carbazole and benzonitrile derivatives 

were studied by employing the time-of-flight (ToF) technique. ToF current transients 

with well-recognized transit times (ttr) were recorded for vacuum-deposited films of 

NCFMCz1 and NCFTCz by applying both positive and negative electric fields (Fig. 

4.4.9). This observation shows that NCFMCz1 and NCFTCz are capable to transport 

both holes and electrons. Only ttr for holes was observed for the NCFCz layer (Fig. 

4.4.9). Since the relaxation time (τσ) of the photogenerated charges was lower than 

the ToF transit time, it was not possible to measure the charge drift mobilities for 

NCFMCz1  by the ToF method (Fig. 4.4.9). Despite the same core of the molecules, 

the hole (μh) and electron (μe) mobilities for the layers of NCFMCz1 and NCFTCz 

were found to be different depending on the nature of the substituents attached to the 

carbazole moiety (Fig. 4.4.10.b).  
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Figure 4.4.9. Holes and electrons ToF pulses for the layers of NCFCz, NCFTCz,  

NCFMCz1 and NCFMCz2 
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Figure 4.4.10. Electric field dependences of charge mobilities for the layers of 

carbazole and benzonitrile derivatives 

 

 

This observation can apparently be explained by variation in the geometrical 

randomness component which mainly stems from the additional C–H∙∙∙π, O, N 

hydrogen bonds induced by methoxy groups as it was previously shown for 

triphenylamine derivatives [150]. The differences in the charge mobility parameters 

of the studied derivatives were apparently also determined by the differences in the 

energetic disorder parameters for electrons and holes in these carbazole and 

benzonitrile derivatives differently substituted by methoxy and tert-butyl groups. In 

addition, the differences in the charge mobility parameters of the studied derivatives 

can be related to the different carrier hopping distance in the solid-state layers [151]. 

The electron mobility of NCFMCz1 was found to be considerably lower relative to 

its hole mobility. This observation can be explained by the different HOMO-HOMO 

and LUMO-LUMO overlapping of the neighboring molecules in the solid state layers. 

Compounds NCFMCz1 and NCFTCz exhibiting bipolar charge transport with 

balanced mobilities exceeding 10-4 cm2/(V×s) at electric fields higher than ca. 3×105 
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V/cm can be considered as promising candidates for the application in the light-

emitting layers of electroluminescent devices. 
            

4.4.7. TADF behaviour 

 

Because of the small values of ΔEST for the studied compound (Table 4.4.2.), 

the TADF effect can be expected. The PL spectra and PL decay curves of the solutions 

of carbazole and benzonitrile derivatives in toluene recorded before and after 

degassing are shown in Fig. 4.4.11.a,b. Similar PL spectra of both air-equilibrated 

and degassed solutions of the studied compounds were observed; they showed that 

the emission originated from the same excited singlet state. PL decay curves of air 

equilibrated toluene solutions were observed mainly in the ns range. In contrast, the 

emission of degassed solutions was observed up to the μs range. The short-lived and 

long-lived components of PL decays for oxygen-free solutions belong to the prompt 

fluorescence (PF) and delayed fluorescence (DF), respectively. The ratio of PL 

intensities of degassed and non-degassed toluene solutions of the studied carbazole 

and benzonitrile compounds (Id/In-d) ranged from 1.42 to 4.19 thus confirming the 

contribution of triplet excited states into PL. The contribution of TADF emission (n̄) 

(which is related to the ratio of prompt and delayed fluorescence DF/PF by formula 

n̄=Id/In-d-130) for the solutions of compounds NCFCz, NCFMCz2, NCFMCz1 and 

NCFTCz was found to be 0.42, 2.56, 3.19 and 1.38, respectively. These results show 

that the efficiency of DF of carbazole and benzonitrile compounds can be increased 

just by attachment of methoxy or tert-butyl substituents to the carbazole units. 
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Figure 4.4.11. PL spectra (a) and PL decay curves (b) of air equilibrated and deoxygenated 

solutions of carbazole and benzonitrile derivatives in toluene 

 

Since DF can be activated by temperature [152], the PL spectra and PL decay 

curves of solid films of the studied compound were recorded at different temperatures 

ranging from 77 °K to 300 °K (Fig. 4.4.12.a,b). Taking into account the shapes of the 

PL decay curves recorded at various temperatures, it can be concluded that the DF of 

the films of the studied compound was caused by the TADF effect. Very similar PL 

spectra of the films of NCFMCz2, NCFMCz1 and NCFTCz were observed at 

various temperatures. This observation indicates the similarity of phosphorescence 
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(Ph), prompt and delay fluorescence spectra of the compounds. Indeed, the Ph 

spectrum of the solid sample of NCFMCz1 was observed at the spectral region almost 

coinciding with that of its PL spectrum. Consequently, a small ΔEST of 0.07 eV was 

recorded for this compound (Fig. 4.4.12.b). 
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Figure 4.4.12. PL decay curves of non-doped layer of NCFMCz1 at different 

temperatures (a) PL and Ph spectra NCFMCz1 doped in mCP and of neat 

NCFMCz1 layer recorded at 77 °K 

 

 

The ΔEST values of NCFMCz2, NCFMCz1 and NCFTCz were small enough 

for getting effective TADF. A solid sample of NCFCz having no substituents at the 

carbazole moiety exhibited a slightly higher ΔEST value of 0.19 eV which determined 

the lower TADF efficiency of NCFCz than the efficiency of other studied compounds 

(Fig. 4.4.11.b). Usually, the PLQY values of host:guest systems based on TADF 

emitters as guests are higher than those of non-doped layers of the guests [153]. 

Taking this into account, we looked for appropriate hosts for the studied carbazole 

and benzonitrile derivatives. Unexpectedly low PLQY values of 4.85, 7.78, 8.12, and 

10.54% were observed for mCP:NCFCz, mCP:NCFMCz2, mCP:NCFMCz1, and 

mCP:NCFTCz systems containing 7 wt.% of guests. These values were lower than 

the PLQY of the non-doped layers of NCFCz, NCFMCz2, NCFMCz1 and NCFTCz 

which were 29.48, 16.95, 52.17, and 52.53%, respectively (Table 4.4.2.). When TCz1 

and DPEPO were used as hosts for NCFTCz, also lower PLQY values of 18.67% for 

TCz1:NCFTCz (7 wt.%) and 8.85% for DPEPO:NCFTCz (7 wt.%) as compared to 

the PLQY of the non-doped NCFTCz layer (52.53%) were detected. These results 

cannot be explained by an increase of ΔEST since smaller ΔEST values of 0.05 eV and 

0.035 eV were observed for mCP:NCFMCz1 and mCP:NCFTCz host:guest systems 

relative to 0.07 eV and 0.049 eV recorded for non-doped NCFMCz1 and NCFTCz 

layers, respectively (Fig. 4.4.12.b, Fig. 4.4.13). The lower values of PLQY for the 

doped layers in comparison to those observed for non-doped ones can apparently be 

explained by the restriction of AIEE in the layers of molecular mixtures containing 

only 7 wt.%. 
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Figure 4.4.13.  PL and Ph spectra for doped in mCP and non-doped NCFTCz layers 

recorded at 77 °K 

 

                                                                              

4.4.8. TADF OLEDs performance 

• TADF OLED based on non-doped blue NCFTCz and green NCFMCz1 

emitters 

NCFTCz and NCFMCz1 showing bipolar charge transport and PLQY 

higher than 50% in the solid-state layers were used for the fabrication of 

electroluminescent Devices I and II of the following structure: 

ITO/MoO3(2nm)/TCTA(40nm)/mCP(8nm)/ tested TADF emitter (32nm) 

/TSPO1(8nm) /TPBi(40nm)/Ca/Al. Molybdenum trioxide (MoO3) was used for 

the preparation of the hole injection layer. Tris(4-carbazoyl-9-ylphenyl)amine 

(TCTA) and 2,2’,2’’-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) 

(TPBi) were utilized as hole- and electron-transporting materials. 3-Bis(9-

carbazolyl)benzene (mCP) and diphenyl-4-triphenylsilylphenyl-

phosphineoxide (TSPO1) with high triplet energies of 2.9 eV for mCP and 3.36 

eV for TSPO1 were used as exciton blocking materials. The HOMO and 

LUMO values of the fabricated devices are displayed in the equilibrium energy 

diagram (Fig. 4.4.14). 

 

 
Figure 4.4.14. Equilibrium energy diagram for Devices I and II 
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Blue and green TADF OLEDs fabricated by using NCFTCz and 

NCFMCz1 for non-doped light-emitting layers showed very stable 

electroluminescence (EL) spectra at various electric fields (Fig. 4.4.15.a). The 

shape of the EL spectra with the maxima at 466 nm and 503 nm of Devices I 

and II were similar to the solid-state PL spectra of NCFTCz and NCFMCz1, 

respectively (Fig. 4.4.15.a). Thus the EL of Devices I and II can be attributed 

to the emission of NCFTCz and NCFMCz1. Slight differences between the EL 

spectra of the devices and PL spectra of NCFTCz and NCFMCz1 can be 

explained by the enhancement of delayed fluorescence by electrical excitation 

[154]. The different energy values of HOMO and LUMO of NCFTCz and 

NCFMCz1 affect the injection from charge-transporting to light-emitting 

layers, which results in the different turn-on voltages of ca. 4.4 V and 3.9 V 

observed for Devices I and II (Fig. 4.4.14, Fig. 4.4.15.b). Considerably 

different brightness of 3100 cd/m2 and 15000 cd/m2 at 9V was recorded for EL 

in the blue and green regions, in which the human eye’s sensitivity is different. 

The maximum current of ca. 5.4 cd/A and 20.3 cd/A and the external quantum 

efficiencies of 3.2% and 7.2% were recorded for Devices I and II, respectively 

(Fig. 4.4.15.c). Notably, the external quantum efficiencies of 2.54% and 6.7% 

were observed for Devices I and II yielding low values of roll-off efficiencies 

of ca. 21% and 7%. While having similar values of PLQY for NCFTCz and 

NCFMCz1, the differences in external quantum efficiencies of the devices can 

be explained by the difference in charge balance which is better for Device II 

than for Device I according to the results of ToF measurements for the films of 

NCFTCz and NCFMCz1. The maximum external quantum efficiencies (ηext) 

of blue and green OLEDs were found to be lower than the corresponding 

theoretical values of 10.5% and 10.4% obtained according to formula 

ηext=γ×ΦPL×χ×ηout [155]. To calculate the values of the theoretical maximum 

efficiency ηext, the charge-balance factor γ=1, the photoluminescence quantum 

efficiency ΦPL=0.5257% or 0.5217%, the efficiency of exciton production χ=1, 

and the outcoupling efficiency ηout=0.2 were taken. Since the experimental 

values of ηext were lower than the theoretical ones, γ apparently is not equal to 

1. The optimization of the OLED structure can apparently enable an increase in 

γ. Both γ and ΦPL can be increased by the usage of appropriate hosts for the 

preparation of the light-emitting layer of TADF OLEDs [156]. The charge-

balance factor γ for an NCFTCz-based device may also be increased by 

replacing the charge-transporting layers and by changing their thicknesses.  
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Figure 4.4.15.  EL spectra of Devices I and II recorded at the voltages ranging 

from 5 V to 10 V (a); current density and brightness versus voltage (b); current and 

external quantum efficiencies versus current density for Devices I and II (c) 

 

  

It should be acknowledged that the performances of the non-doped green device 

are average among those of the recently reported devices based on AIEE/TADF 

emitters (Table 4.4.4.). Moreover, the results described in this article allow to believe 

that the performances of the earlier reported AIEE/TADF emitters may be improved 

by introduction of methoxy or tert-butyl substituents. 
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Table 4.4.4. Summary of PL and EL performances for AIEE/TADF 

emitters in non-doped films and non-doped devices 

 

Emitter PLmax, nm PLQY, % ELmax, nm EQEmax, % Ref. 

non-doped film non-doped device 

Blue devices (ELmax<500 nm) 

NCFTCz 460 52.53 466 3.2 This work 

4-CzPyCl4 435 16 - - [157] 

m-DTPACO 477 75 480 2.4 [158] 

Green to yellow devices (500 nm<ELmax<580 nm) 

NCFMCz1 513 52.17 503 7.2 This work 

DBT-BZ-

DMAC 

505 82.2 516 14.2 [159] 

TXO-PhCz  ~550 93 - - [160] 

PCZ-CB-TRZ 557 97 586 11 [161] 

2PCZ-CB 571 55 590 10.3 [161] 

tCzDSO2 553 92 - - [162] 

3tCzDSO2 595 19 - - [162] 

p-DTPACO 522 39 517 1.8 [158] 

Cz-AQ 601 28 572 5.8 [163] 

DBT−BZ−PXZ 549 38.1 ~560 9.2 [164] 

DBT−BZ−PTZ 547 40.3 ~560 9.7 [164] 

Red devices (ELmax>580 nm) 

TXO-TPA ~630 36 - - [160] 

TPA-CB-TRZ 624 94 631 10.1 [161] 

TPA-AQ 622 52 612 7.5 [163] 

Cz-AQ 541/604 - 600/680 0.75/1.15 [165] 

 

• Host-guest type blue TADF OLED based on NCFTCz 

 

Both γ and ΦPL can be increased by usage of the appropriate hosts for the 

preparation of the light-emitting layer of TADF OLEDs. Charge-balance factor γ for 

an NCFTCz-based device may also be increased by replacing the charge-transporting 

layers and by changing their thicknesses. Therefore, electroluminescent Devices Ia, 

Ib and Ic of the structures ITO/MoO3(2 nm)/NPB(45 nm)/ TCz1:NCFTCz (ca. 10 

wt%) (30 nm)/TPBi(45 nm)/Ca/Al (Device Ia); ITO/MoO3(2 nm)/NPB(45 

nm)/TCTA(8 nm)/mCP(4 nm)/ mCP:NCFTCz (ca. 10 wt%) (30 nm)/DPEPO(4 

nm)/TPBi(30 nm)/Ca/Al (Device 1b); and ITO/MoO3(2 nm)/NPB(40 nm)/TCTA(8 

nm)/mCP(4 nm)/ DPEPO:NCFTCz (ca. 10 wt%) (30 nm)/TSPO1(4 nm)/TPBi(30 

nm)/Ca/Al (Device 1c) were fabricated by using a blue TADF emitter NCFTCz 

dispersed in different hosts. 9'-(2-Ethylhexyl)-9'H-9,3':6',9''-tercarbazole (TCz1), 

bis[2-(diphenylphosphino)phenyl] ether oxide (DPEPO), and mCP were used as 

bipolar accepting and donating hosts. To form a lower energy barrier for holes than it 

was in Device I, N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine 

(NPB) was utilized as the hole-transporting material. 
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Figure 4.4.16. EL spectra for Devices I, Ia, Ib and Ic recorded at different 

voltages (above) and PL spectra of doped and non-doped light-emitting layers of the 

devices (below) 

 

The EL spectra of Devices Ia, Ib and Ic were attributed to NCFTCz emission 

(Fig.4.4.16). The spectra were stable at various applied voltages. The slight 

differences between the EL spectra recorded at different voltages can be recognized 

in case of Device Ia. The differences are apparently related to the additional emission 

of the TCz1 host [166]. In comparison to the EL spectrum of Device I, the shifts of 

EL spectra of the devices with doped light-emitting layers to the high-energy region 

were observed. These shifts can be explained by dipole interactions between the host 

and guest molecules [167]. The EL spectra of Devices I, Ia, Ib and Ic were found to 

be similar to the PL spectra of the system host:NCFTCz. However, the wavelengths 

of maxima (λmax) of the EL and PL spectra were in slight disagreement due to the 

application of different excitations (electrical and optical). 

The lower values of the turn-on voltage (Von) observed for Devices Ia and Ib 

(2.4 V and 2.9 V respectively) than that recorded for Device I (4.4 V) can be explained 

by the improved charge-balance (γ) in Devices Ia and Ib. The brightness of 2958, 

2100, 1118 cd m-2 was recorded for Devices Ia, Ib, Ic; meanwhile, the maximum 

current and external quantum efficiencies of 4.8, 3.1, 2.8 cd/m2 and 3.1, 2.05, 1.75 % 

respectively were recorded (Fig.4.4.17). Despite the improved charge-balance in 

Devices Ia and Ib, they showed worse performance in comparison with Device I. 

Lower PLQY values of 18.67, 10.54, and 8.85% observed for TCz1:NCFTCz, 

mCP:NCFTCz, and DPEPO:NCFTCz with 7 wt.% concentration of the guest were 

obtained as compared to the PLQY of the non-doped NCFTCz layer (52.17 %). 

PLQY in the range from 15% to 26% was recorded for the TCz1:NCFTCz system 

varying the NCFTCz guest concentration from 5 to 80 wt.%. The lower values of the 

PLQY for doped NCFTCz layers in comparison to those observed for a non-doped 

emitter can be explained by restrictions of the AIEE effect for NCFTCz molecularly 
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dispersed in hosts which led to the decrease of the output characteristics of doped 

Devices Ia, Ib, Ic. 
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Figure 4.4.17. Current density and brightness versus voltage; and current and 

external quantum efficiencies versus current density for Devices Ia, Ib, Ic 

 

 
In conclusion, we designed, synthesized and characterized derivatives of 9-

phenyl-9H-carbazole exhibiting both thermally activated delayed fluorescence and 

aggregation induced emission enhancement. The combination of various 

experimental and theoretical tools including fluorescence steady-state and time-

resolved spectrometry, photoelectron emission spectrometry, time of flight technique 

and density functional theory calculations was used to study the properties of the 

materials. Two compounds exhibited bipolar charge transport with balanced charge 

mobilities exceeding 10-4 cm2/(V×s) at electric fields higher than ca. 3×105 V/cm. 

Low values of excited singlet-triplet energy differences were obtained (0.04–0.21 eV) 

resulting in efficient delayed fluorescence. Effects of methoxy and tert-butyl-

substituents attached to the carbazole moiety on the photophysical properties were 

studied. It was established that the attachment of these substituents allows to increase 

the efficiency of delayed fluorescence. Depending on the substitution, emission of 

compounds was observed in the color range from deep-blue to green. The highest 

solid-state photoluminescence quantum yields were observed for compounds 

substituted at C-3, C-6 positions of the carbazole moiety due to the expansion of the 

π-conjugated system and aggregation-induced emission enhancement. A combination 

of thermally activated delayed fluorescence and aggregation induced emission 

enhancement effects allowed to achieve PLQY values exceeding 50% for non-doped 

solid films. The compounds were used to fabricate highly efficient non-doped OLEDs 

with maximum external quantum efficiency and brightness values of 7.2% and 15000 

cd/m2, respectively. 
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5. CONCLUSIONS 

1. Two low molar mass compounds based on phenothiazine as the donor and 

carbazole as the acceptor moieties were synthesized, and their properties were studied. 

The compounds exhibited high thermal stability with 5% weight loss temperatures 

exceeding 327 °C. Moderately high ionization potential values (5.10–5.25 eV) of the 

amorphous layers of the synthesized compounds were deduced. Carbazole derivatives 

containing 10H-phenothiazine fragments showed ambipolar charge transport in air 

with the hole mobilities reaching 10−5 cm2/(V s) and 10-4 cm2/(V s) at high electric 

fields. Due to the effective charge transporting properties, 10,10’-(9-ethyl-9H-

carbazole-3,6-diyl)bis(10H-phenothiazine) and 10-(9-ethyl-9H-carbazol-3-yl)-10H-

phenothiazine compounds were employed as host materials in the phosphorescent 

organic light emitting devices which exhibited the maximum power and external 

quantum efficiencies up to 47.5/40.6 lm W-1 and 20.0/10.5% of green and red 

PhOLEDs, respectively. 

2. Two new 3,3’-bicarbazole derivatives containing triphenylsilane and 1-

hydrosulfonyl-4-methylbenzene moieties at 9,9’-positions of the bicabazole moiety 

were synthesized, and their properties were studied. The bicarbazolyl group proved 

to be a stronger donor than a single carbazole fragment by providing a lower 

ionization potential and superior thermal and electrochemical stability. The 

derivatives exhibited ability to form molecular glasses with glass transition 

temperatures that are in the range of 126–149 °C, and they demonstrated high thermal 

stability with 5% weight loss temperatures exceeding 372 °C. Compound 9,9’-

bis(triphenylsilyl)-9H,9’H-3,3’-bicarbazole displayed ambipolar charge transport 

behavior with balanced hole and electron mobility with the best results determined 

for 3,3’-bicarbazole derivative which was modified with triphenylsilane (1.4 × 10-4 

cm2V-1s-1 for holes and 5.4 × 10-4 cm2V-1s-1 for electrons at an electric field of 5.3 × 

105 Vcm-1). The synthesized compounds were found to be efficient red or green-

emitting fluorophores. They were used for the preparation of emissive layers of the 

effective organic light emitting diodes with the brightness value exceeding 16200 

cd/m2 (at 4 V), and external quantum efficiency reaching 7.7%. 

3. A bicarbazole derivative containing a trifluoromethyl benzonitrile moiety 

was synthesized, characterized and investigated as TADF emitters. The bicarbazole 

group proved to be a stronger donor than the single carbazole fragment by providing 

a lower ionization potential and superior thermal and electrochemical stability. The 

studied derivative showed strong intramolecular charge transfer and small singlet-

triplet energy splitting of 0.011 eV, which was favorable for efficient TADF emission. 

The compound exhibited bipolar charge-transporting properties with the highest 

charge mobilities characteristic of 4,4'-(9H,9'H-[3,3'-bicarbazole]-9,9'-diyl)bis(3-

(trifluoromethyl)benzonitrile) (8×10−5 cm2V-1s-1  for holes and 1.6×10−4 cm2V-1s-1 for 

electrons at the electric field of ca. 5.6×105 Vcm-1). The compound was able to form 

exciplex-type excited states at the interface with star-shaped electron donor m-

MTDATA. By combining the TADF emission of the compound with the exciplex 

emission from the interface, a number of highly efficient ‘warm-white’ OLEDs were 

fabricated, whose electroluminescence was close to candle emission. The best device 
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demonstrated very high brightness of 40900 cd/m2 (at 15 V), current efficiency of 

53.8 cd/A and power efficiency of 19.3 lm/W, while the external quantum efficiency 

reached 18.8%. 

 

4. A series of new 9-phenyl-9H-carbazole-based derivatives containing various 

donating units were synthesized, and their properties were studied. The ionization 

potential values of the amorphous layers of the synthesized compounds depend on the 

nature of the donor. Only two compounds exhibited balanced bipolar charge transport 

with charge mobilities exceeding 10-4 cm2V-1s-1   at electric fields higher than ca. 

3×105 Vcm-1, and PLQY higher than 50% in solid state layers. The attachment of 

methoxy and tert-butyl-substituents allowed to increase the efficiency of delayed 

fluorescence. The green non-doped OLED exploiting the effect of thermally activated 

delayed fluorescence exhibited maximum brightness of 15000 cd/m2 and maximum 

external quantum efficiency of 7.2%. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



97 
 

6. REFERENCES 

 
1.  IM, Y. et al. Molecular Design Strategy of Organic Thermally Activated Delayed 

Fluorescence Emitters. In: Chemistry of Materials [interaktyvus]. 2017. Vol. 29, no. 5, 

p. 1946–1963. Internet access: <http://pubs.acs.org/doi/10.1021/acs.chemmater.6b05324>. 

2.  UOYAMA, H. et al. Highly efficient organic light-emitting diodes from delayed 

fluorescence. In: Nature [interaktyvus]. 2012. Vol. 492, no. 7428, p. 234–238. Internet 

access: <http://www.ncbi.nlm.nih.gov/pubmed/23235877>. 

3.  FORREST, S.R. The path to ubiquitous and low-cost organic electronic appliances on 

plastic. In: Nature [interaktyvus]. 2004. Vol. 428, no. 6986, p. 911–918. Prieiga per 

internetą: <http://www.nature.com/doifinder/10.1038/nature02498>. 

4.  KAMTEKAR, K.T. et al. Recent Advances in White Organic Light-Emitting Materials 

and Devices (WOLEDs). In: Advanced Materials [interaktyvus]. 2010. Vol. 22, no. 5, 

p. 572–582. Prieiga per internetą: <http://doi.wiley.com/10.1002/adma.200902148>. 

5.  ADACHI, C. Third-generation organic electroluminescence materials. In: Japanese 

Journal of Applied Physics [interaktyvus]. 2014. Vol. 53, no. 6, p. 060101. Prieiga per 

internetą: <http://stacks.iop.org/1347-

4065/53/i=6/a=060101?key=crossref.9149d8bcbde56db368491506fcb8830a>. 

6.  GIOVANELLA, U. et al. Organic Light-Emitting Diodes (OLEDs): Working Principles 

and Device Technology. In: [interaktyvus]. 2016. p. 145–196. Prieiga per internetą: 

<http://link.springer.com/10.1007/978-3-319-31671-0_3>. 

7.  BURROUGHES, J.H. et al. Light-emitting diodes based on conjugated polymers. In: 

Nature [interaktyvus]. 1990. Vol. 347, no. 6293, p. 539–541. Prieiga per internetą: 

<http://www.nature.com/articles/347539a0>. 

8.  SINGH, V. et al. Indium Tin Oxide (ITO) films on flexible substrates for organic light 

emitting diodes. In: Asid . 2006. p. 388–391. . 

9.  GASPAR, D.J. - POLIKARPOV, E. OLED fundamentals : materials, devices, and 

processing of organic light-emitting diodes [interaktyvus]. . ISBN 1466515198. 

10.  HUNG, L.S. et al. Enhanced electron injection in organic electroluminescence devices  

using an Al/LiF electrode. In: Applied Physics Letters [interaktyvus]. 1998. Vol. 70, no. 2, 

p. 152. Prieiga per internetą: <https://aip.scitation.org/doi/abs/10.1063/1.118344>. 
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