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LIST OF ABBREVIATIONS 
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4CzIPN – 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene;  

4CzPN – 3,4,5,6-tetra(9H-carbazol-9-yl)phthalonitrile;  

4CzTPN-Me – 2,3,5,6-tetrakis(3,6-dimethylcarbazol-9-yl)-1,4-dicyanobenzene; 

4TCzBN - 2,3,5,6-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)benzonitrile;  

ΔEST – difference between singlet and triplet excited state energy levels; 

ACRDSO2 – 2-(4-(9,9-dimethylacridin-10(9H)-yl)phenyl)thianthrene 5,5,10,10-

tetraoxide; 

B3PymPm – 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine; 

B3PyPB – 1,3-bis(3,5-dipyrid-3-ylphenyl)benzene; 

Bphen – bathophenanthroline; 

CBP – 4,4′-bis(N-carbazolyl)-1,1′-biphenyl; 

CE – current efficiency; 

CIE – International Commission on Illumination; 

CT – colour temperature; 

CV – cyclic voltammetry; 

CzPhPy – 4,6-bis(3-(9H-carbazol-9-yl)phenyl)pyrimidine; 

D-A – donor-acceptor; 

DACT-II – 9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-N3,N3,N6,N6-tetraphenyl-
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D-A-D – donor-acceptor-donor; 

DMAC-BP – bis(4-(9,9-dimethylacridin-10(9H)-yl)phenyl)methanone; 

DMAC-TRZ – 10-(4-(4,6-Diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-9,10-
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DMSO – dimethyl sulfoxide; 
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FIrpic – bis[2-(4,6-difluorophenyl)pyridinato-C2,N](picolinato)iridium; 

HAT-CN – 1,4,5,8,9,11-hexaazatriphenylenehexacarbonitrile; 

HOMO – highest occupied molecular orbital; 

HTL – hole transport layer; 

Ir(2-phq)3 – tris(2-phenylquinoline)iridium(III); 

Ir(bt)2(acac) – bis(2-phenylbenzothiazolato)(acetylacetonate)iridium(III); 

Ir(MDQ)2acac – bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate) iridium(III); 
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Ir(piq)2acac – bis(1-phenylisoquinoline)(acetylacetonate)iridium(III); 

Ir(piq)3  – tris(1-phenylisoquinoline)iridium(III);  

Ir(ppy)2acac – bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato)iridium(III); 

Ir(ppy)2(bpmp) – [2-(4-methyl-5-phenyl-2-pyridinyl-κN)phenyl-κC]bis[2-(2-

pyridinyl-κN)phenyl-κC]iridium; 

Ir(ppy)3 – tris[2-phenylpyridine]iridium(III); 

IRF – instrument response function; 

IQE – internal quantum efficiency; 

Liq – 8-quinolinolato lithium; 

Lmax – maximum luminance; 

LTPL – low-temperature photoluminescence; 

LUMO – lowest unoccupied molecular orbital; 

mCBP – 3,3′-di(9H-carbazol-9-yl)-1,1′-biphenyl; 

mCP – 1,3-bis(N-carbazolyl)benzene; 

MPE – maximum permissible exposure limit; 

MS – mass spectrometry; 

MSS – melatonin suppression sensitivity; 

NMR – nuclear magnetic resonance; 

NPB – N,N′-di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine; 

OBA-O – 10-(4-[1,4]benzoxaborino[2,3,4-kl]phenoxaborin-6-ylphenyl)-10H-

phenoxazine; 

oCBP – 2,2′-di(9H-carbazol-9-yl)-1,1′-biphenyl; 

OLED – organic light-emitting diode; 

PCzTrz – 9-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-3,6-diphenyl-9H-carbazole; 

PE – power efficiency; 

PEDOT:PSS – poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate); 

PhOLED – phosphorescent organic light-emitting diode; 

PL – photoluminescence; 

PLQY – photoluminescence quantum yield; 

PO-01 – bis(4-phenylthieno[3,2-c]pyridinato-N,C2')(acetylacetonate) iridium(III); 

PO-T2T – 2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine; 

PPF – dibenzo[b,d]furan-2,8-diylbis(diphenylphosphine oxide); 

PPT – 2,8-bis(diphenyl-phosphoryl)-dibenzo[b,d]thiophene; 

PVK – poly(9-vinylcarbazole); 

PXZ-DPS – 10,10'-(4,4'-sulfonylbis(4,1-phenylene))bis(10H-phenoxazine); 

RISC – reverse intersystem crossing; 

SDPS-4PhCz – 3,3',6,6'-tetrakis(9-phenyl-9H-carbazol-3-yl)-spiro-diphenylsulfone; 

SLC(480) – the melatonin suppression spectrum per lux for a reference blue light; 

SLC(λ) – the melatonin suppression spectrum per lux for a given polychromatic light; 

SPPO13 – 2,7-bis(diphenylphosphoryl)-9,9'-spirobifluorene; 

TADF – thermally activated delayed fluorescence; 

TAPC – 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane; 

tBuCzDBA – 9,10-bis(4-(3,6-ditertbutyl-9H-carbazol-9-yl)-2,6-dimethyl-phenyl)-

9,10-diboraanthracene; 

TBAHS – tetrabutylammonium hydrogensulfate; 
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TCTA – tris(4-carbazoyl-9-ylphenyl)amine; 

Tcr – crystallization temperature; 

TCz-Trz – 2,4,6-tris(2-(9H-carbazol-9-yl)phenyl)-1,3,5-triazine; 

Td – decomposition temperature; 

TFB – poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine); 

Tg – glass transition temperature; 

TGA – thermo-gravimetric analysis; 

THF – tetrahydrofuran; 

Tm – melting temperature; 

TmPyPB – 1,3,5-tris(3-pyridyl-3-phenyl)benzene; 

TPBi – 2,2',2''-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole); 

TRPL – time-resolved photoluminescence; 

TSPO1 – diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide; 

TXO-PhCz – 2-(9-phenyl-9H-carbazol-3-yl)-10,10-dioxide-9H-thioxanthen-9-one; 

VON – turn-on voltage. 
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1. INTRODUCTION 

Since Thomas A. Edison patented the incandescent light bulb in 1880, the 

pursuit of more efficient, adaptable, and visually pleasing lighting solutions has been 

a driving force behind ongoing innovation. Factors such as the population growth, 

urbanization, industrialization, and the widespread adoption of electrical appliances 

and technologies have led to a significant increase in the global electricity 

consumption. According to data from the International Energy Agency, global 

electricity usage has been rising steadily, averaging by around 2% annually over the 

past decade, and now already reaching an estimated 25,000 terawatt-hours [1], with 

approximately 19% dedicated solely to artificial lighting [2]. Concerns over limited 

energy sources, the environmental impact, and the escalating energy consumption and 

prices [3] have underscored the need for energy-efficient lighting solutions for various 

applications, including displays and illumination appliances. Organic Light Emitting 

Diodes (OLEDs) have emerged as a promising alternative, following pioneering 

research by C. W. Tang in 1986 [4], OLEDs have been fascinating researchers, 

engineers, and consumers with their impressive capabilities, propelling them from a 

mere laboratory curiosity to a multi-billion-dollar business endeavour [5]. OLEDs 

utilizing organic compounds that emit light when exposed to an electric current offer 

numerous advantages over the traditional light sources, such as incandescent or 

fluorescent bulbs, including higher brightness, wide-angle visibility, energy 

efficiency, the contrast ratio, thinness, and flexibility. Moreover, OLEDs can be 

deposited onto devices using cost-effective wet processes such as spin-coating or ink-

jet printing, potentially reducing the greenhouse gas emissions and the overall 

environmental impact.  

 Over the past decade, not only the research community, but also various 

industries have been dedicating their resources for the development of high-

performance, long-lifetime OLED devices. Despite incredible achievements, like 

external quantum efficiencies (EQE) surpassing 30% [6–8], and power efficiencies 

(PE) exceeding 100 lm/W [9–11], there are still challenges to overcome. Maintaining 

high efficiency alongside prolonged lifetimes for deep-blue OLEDs remains difficult 

[12]. The presence of noble metals in phosphorescent materials poses future cost and 

environmental concerns [13,14]. Substantial efficiency roll-off at high luminance is 

another issue. This roll-off is due to factors like concentration quenching, triplet-

triplet annihilation, and singlet-triplet annihilation. These problems are exacerbated 

by the long exciton lifetimes characteristic of phosphorescent OLEDs (PhOLEDs) 

[15–18] and thermally activated delayed fluorescence (TADF) OLEDs [19–21]. To 

counter some of the presently outlined problems, host-guest systems are commonly 

utilized to disperse emitters into host matrices. The design and synthesis of new OLED 

materials for the application as hosts and emitters remain crucial for the continued 

advancement of this technology. 

The aim of this work is to design, synthesize, and investigate novel carbazole- 

and phenoxazine-based materials, and to apply them as hosts or emitters in the 

emissive layers of organic light-emitting diodes  

 



 

17 

Tasks through which the aim of the dissertation could be achieved: 

1. To synthesize and investigate low molecular weight compounds containing 

pyridinyl-carbazole and oxetane fragments, and to test these materials as hosts for 

phosphorescent organic light emitting devices. 

2. To synthesize and characterize low molecular weight derivatives based on 

carbazole or phenoxazine, incorporating a central oxetane fragment, to test these 

materials as hosts in phosphorescent organic light-emitting diodes. 

3. To develop an environmentally friendly candlelight organic light-emitting 

diode with a low corelated colour temperature by utilizing a newly synthesized 

phenoxazine-based host material. 

4. To review the latest progress of the published derivatives based on 

benzophenone. To explore their application(s) in OLED devices, both as host 

materials and emitters, and to identify opportunities presented by benzophenone-

based compounds in advancing the OLED technology. 

5. To design, synthesize, and investigate bicarbazole-diphenyl sulfone-based 

twisted donor-acceptor-donor derivatives as bifunctional materials for the application 

as deep-blue emitters and host materials for green OLEDs. 

6. To synthesize and characterize a series of twisted donor-acceptor-donor 

derivatives, integrating bicarbazole as the electron donor and benzophenone as the 

electron acceptor, to apply materials as blue emitters in OLEDs. 

7. To synthesize and investigate donor-acceptor derivatives which would 

combine bicarbazole as the electron donor with benzophenone as the electron 

acceptor, and would utilize these compounds as blue emitters in OLEDs. 

Scientific novelty of the work: 

OLED technologies have typically been categorized into three generations: the 

1st generation utilizes fluorescent emitters, followed by the 2nd generation employing 

phosphorescent emitters, while the 3rd generation OLEDs utilize materials with the 

TADF effect. In the first-generation fluorescent OLEDs, upon electrical excitation, 

only 25% internal quantum efficiency (IQE) could be achieved utilizing by only 

singlet emissive excitons [22,23]. In contrast, phosphorescent and TADF emitters 

have the capability to achieve IQE rates of up to 100% by utilizing triplet excitons 

through the utilization of the intersystem singlet to triplet crossing [24,25], while 

TADF emitters convert triplet excitons into emissive singlet excitons through reverse 

intersystem crossing [26–32]. However, as the emission peaks shift towards the deep-

blue region, the nonradiative transition rate of phosphorescent emitters’ d-orbitals 

tends to increase [23,33–35], and, in order to solve this problem, small-molecule 

fluorescent materials are being redeveloped due to their high colour purity and low 

costs [36]. For phosphorescent and TADF emitters, to avoid concentration quenching, 

triplet-triplet, and singlet-triplet annihilation mechanisms, the host–guest systems are 

commonly employed to distribute emitting molecules into host matrices. Herein, 

materials published in articles of this dissertation directly contribute to solving the 

problems outlined above, and to add value to all three OLED generations – derivatives 

are used as deep-blue and blue fluorescent emitters or host materials specifically 

tailored to phosphorescent or TADF emitters. 
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The first article pertaining to this thesis focuses on the synthesis, investigation, 

and application of pyridinyl carbazole fragments containing oxetane derivatives as 

hosts for the development of blue and green PhOLEDs. The most efficient blue device 

demonstrated an impressive external quantum efficiency of 10.3%. Similarly, the most 

efficient green PhOLED displayed an EQE of 9.4% at a luminance level of 1000 

cd/m², as required for lighting applications. 

The second publication simplified the structures described in the first article, by 

utilizing a one-step synthetic procedure to produce phenoxazine or carbazole 

substituted oxetanes as the host materials for yellow PhOLEDs. The simpler structure 

did not decrease the efficiency, and the most effective device in this study achieved 

an EQE of 10.9%. 

The third paper utilized an already proven host material which had been 

synthesized in the course of researching for the second publication. A phenoxazine-

based derivative was employed as the host for a mix of orange-red and yellow 

phosphorescent emitters to obtain omni-friendly low-colour-temperature candlelight 

OLEDs. The resulting device outperformed commercial lighting sources in terms of 

melatonin suppression sensitivity and reached a record-breaking maximum 

permissible exposure limit of 57700s. The new device achieved a maximum EQE of 

10.2%, which was significantly higher than that of the commercial host material 4,4′-

bis(N-carbazolyl)-1,1′-biphenyl (CBP) using device. 

After a fourth publication, which was a review of benzophenone-based 

derivatives for OLEDs, novel materials for the subsequent publications were 

designed.  

The fifth paper was produced with the objective to utilize a carbazole fragment 

differently than in the first two publications. This time, carbazole in a form of 

bicarbazole was used as an electron donor in combination with a diphenyl sulfone 

electron acceptor to produce new bifunctional compounds. A maximum EQE of 4.0% 

was achieved when new materials were being used as deep blue emitters, thereby 

approaching the theoretical efficiency limit of fluorescent devices. When utilized as 

hosts for a green phosphorescent iridium-based emitter, the same materials also 

achieved a maximum PE of 45 lm/W. Moreover, new materials were employed as 

hosts with a TADF green emitter, yielding a maximum EQE of 11%. 

The sixth publication also included the utilization of bicarbazole, but this time 

it was combined with a benzophenone electron acceptor in a series of twisted 

derivatives involving the D-A-D type configuration. These novel compounds were 

applied as blue emitters in OLEDs, and a remarkable EQE of 5.3% was achieved, 

closely aligning with the theoretical limit observed in the first-generation devices. 

The seventh paper delved into simplifying the materials investigated in the sixth 

publication into a twisted D-A architecture, by utilizing bicarbazole and 

benzophenone as the main building blocks. All the materials of the new series of 

compounds were assessed as potential blue emitters in solution-processed devices. 

The most promising OLED described in the publication achieved a peak EQE of 2.7%. 

Contribution of the author: 

The author has researched and reviewed benzophenone-based materials 

described in Chapter 2.4, has designed, and synthesized all the organic compounds 
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described in Sections 2.1–2.3 and 2.5–2.7. The author has analysed the results of 

thermal, photophysical and electrochemical measurements of the newly synthesized 

derivatives as well as the electroluminescent characteristics of the newly formed 

devices. Also, the author systematically used the obtained information in the 

preparation of the manuscripts. Dr. Gintarė Kručaitė and Dr. Daiva Tavgenienė, both 

representing the Department of Polymer Chemistry and Technology, Kaunas 

University of Technology (KTU), advised and assisted with the purification, and 

identification of new compounds. Thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) were performed by Dr. Eigirdas Skuodis (Department of 

Polymer Chemistry and Technology, KTU). Dr. Ernestas Zaleckas (Institute of 

Agricultural Engineering and Safety, Vytautas Magnus University, Kaunas, 

Lithuania), Dr. Simona Sutkuvienė (Department of Biochemistry, Vytautas Magnus 

University) and Prof. Jwo-Huei Jou (Department of Materials Science and 

Engineering, National Tsing Hua University (NTHU)) advised on the preparation and 

editing of the manuscripts.  Dr. Iram Siddiqui, Dr. Mangey Ram Nagar, Dr. Prakalp 

Gautam, Dr. Shahnawaz Shahnawaz, Dr. Sujith Sudheendran Swayamprabha, Dr. 

Ming-Ruei Jiang, Dr. Rohit Ashok Kumar Yadav, Abhijeet Choudhury and Jin-Tin 

Lin, all representing the Department of Materials Science and Engineering of NTHU, 

measured various photophysical, electrochemical and electroluminescent 

characteristics of the new materials, fabricated and characterized the OLED devices. 

Also, Dr. Iram Siddiqui, Dr. Prakalp Gautam and Dr. Shahnawaz Shahnawaz prepared 

some drafts of the manuscripts. Dr. Krishan Kumar (School of Chemical Sciences, 

Indian Institute of Technology – Mandi) and Dr. Subrata Banik (Department of 

Chemistry, School of Chemical and Biotechnology, SASTRA Deemed University) 

performed DFT calculations and analysed the obtained data. Prof. Saulius 

Grigalevičius (Department of Polymer Chemistry and Technology, KTU) advised on 

the design and the synthetic paths of novel electroactive derivatives as well as on the 

preparation of manuscripts. 

Scientific publications on the topic of the dissertation: 

All the co-authors and publishers have been properly informed, and have 

explicitly allowed to use the following publications in this dissertation: 

1. Blazevicius, Dovydas; Tavgeniene, Daiva; Sutkuviene, Simona; Zaleckas, 

Ernestas; Jiang, Ming-Ruei; Swayamprabha, Sujith Sudheendran; Yadav, Rohit 

Ashok Kumar; Jou, Jwo-Huei; Grigalevicius, Saulius. Pyridinyl-carbazole 

fragments containing host materials for efficient green and blue phosphorescent 

OLEDs // Molecules. Basel: MDPI. ISSN 1420-3049. 2021, Vol. 26, iss. 15, art. No. 

4615, p. 1–10. DOI: 10.3390/molecules26154615 [IF: 4.927; Q2]. 

2. Blazevicius, Dovydas; Krucaite, Gintare; Shahnawaz, Shahnawaz; 

Swayamprabha, Sujith Sudheendran; Zaleckas, Ernestas; Jou, Jwo-Huei; 

Grigalevicius, Saulius. Easily synthesized and cheap carbazole- or phenoxazine-

based hosts for efficient yellow phosphorescent OLEDs // Optical Materials. 

Amsterdam: Elsevier. ISSN 0925-3467. eISSN 1873-1252. 2021, Vol. 118, art. No. 

111251, p. 1–6. DOI: 10.1016/j.optmat.2021.111251 [IF: 3.754; Q2]. 
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3. Shahnawaz, Shahnawaz; Siddiqui, Iram; Nagar, Mangey Ram; Choudhury, 

Abhijeet; Lin, Jin-Tin; Blazevicius, Dovydas; Krucaite, Gintare; Grigalevicius, 

Saulius; Jou, Jwo-Huei. Highly efficient candlelight organic light-emitting diode 

with a very low color temperature // Molecules. Basel: MDPI. ISSN 1420-3049. 

2021, Vol. 26, iss. 24, art. No. 7558, p. 1–17. DOI: 10.3390/molecules26247558 [IF: 

4.927; Q2]. 

4. Blazevicius, Dovydas; Grigalevicius, Saulius. A review of benzophenone-

based derivatives for organic light-emitting diodes // Nanomaterials. Basel: MDPI. 

ISSN 2079-4991. 2024, Vol. 14, iss. 4, art. No. 356, p. 1–35. DOI: 

10.3390/nano14040356 [IF: 5.300; Q1]. 

5. Gautam, Prakalp; Shahnawaz, Shahnawaz.; Siddiqui, Iram; Blazevicius, 

Dovydas; Krucaite, Gintare; Tavgeniene, Daiva; Jou, Jwo-Huei; Grigalevicius, 

Saulius. Bifunctional bicarbazole-benzophenone-based twisted donor–acceptor–

donor derivatives for deep-blue and green OLEDs // Nanomaterials. Basel: MDPI. 

ISSN 2079-4991. 2023, vol. 13, iss. 8, art. No. 1408, p. 1–8. DOI: 

10.3390/nano13081408 [IF: 5.300; Q1]. 

6. Blazevicius, Dovydas; Siddiqui, Iram; Gautam, Prakalp; Krucaite, Gintare; 

Tavgeniene, Daiva; Nagar, Mangey Ram; Kumar, Krishan; Banik, Subrata; Jou, 

Jwo-Huei; Grigalevicius, Saulius. Bicarbazole-benzophenone-based twisted donor-

acceptor-donor derivatives as blue emitters for highly efficient fluorescent organic 

light-emitting diodes // Nanomaterials. Basel: MDPI. ISSN 2079-4991. 2024, Vol. 

14, iss. 2, art. No. 146, p. 1–14. DOI: 10.3390/nano14020146 [IF: 5.300; Q1]. 

7. Siddiqui, Iram; Gautam, Prakalp; Blazevicius, Dovydas; Jayakumar, 

Jayachandran; Lenka, Sushanta; Tavgeniene, Daiva; Zaleckas, Ernestas; 

Grigalevicius, Saulius; Jou, Jwo-Huei. Bicarbazolebenzophenone based twisted 

donor-acceptor derivatives as potential blue TADF emitters for OLEDs // Molecules. 

Basel: MDPI. ISSN 1420-3049. 2024, Vol. 29, iss. 7, art. No. 1672, p. 1–17. DOI: 

10.3390/molecules29071672 [IF: 4.600; Q2]. 

2. CONCISE LITERATURE REVIEW 

2.1. Organic Light-Emitting Diode 

Electroluminescence is the phenomenon where a material emits light when the 

electric current passes through it, representing the direct conversion of electrical 

energy into luminous energy. One of the initial discoveries of this phenomenon was 

observed in single crystals of anthracene following experiments published in 1965 

[37]. However, it took more than two decades for this process to be incorporated into 

electroluminescent devices, until the work published by C. W. Tang and S. A. 

VanSlyke in 1986  [4], as previously mentioned. The earliest OLED devices had a 

simple structure consisting of a single organic layer sandwiched between a cathode 

and an anode, as illustrated in Figure 1 (a). Soon after the creation of the first device, 

researchers realized the importance of selecting the appropriate electrodes with the 

suitable properties for the hole or electron injection with the objective to reduce the 

driving voltages in devices [38], and, not long after that, in 1988, C. Adachi with 

colleagues presented a three-layer structure of OLED which also utilized the organic 
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hole transport (HTL) and electron transport layers (ETL) [39]. Following this 

milestone, OLEDs began to incorporate even more layers, evolving towards the 

architecture seen in the modern times, as depicted in Figure 1 (b), with this structure 

sometimes including additional electron and/or hole blocking layers, more than one 

charge transport layers stacked on top of each other, etc.  

Over the years, a very high number of materials have been used for the formation 

of OLED layers. For the substrate, amorphous or polycrystalline silicon is usually 

used. The anode material should meet certain standards, such as good chemical 

stability, low electrical resistivity, and high work function [40]. Indium-tin oxide 

(ITO) emerged as the optimal and most popular choice for such applications. The 

cathodes within these devices are tasked with electron generation and are 

predominantly made from aluminium for experimental objectives, although they can 

also be composed of an array of metals or alloys. This includes materials such as 

magnesium, silver, or combinations thereof [41,42].  

 

 
Figure 1. Schematic structure of simple (a) and modern (b) OLEDs 

When subjected to electric current, electrodes produce charge carriers – 

specifically, electrons and holes – which migrate towards each other. Their 

conjunction gives rise to excitons within the emissive layer (EML), which, upon 

recombination, emit light. However, a significant challenge in this process is the 

presence of high energy barriers between the layers. To mitigate this issue, additional 

charge transport layers must be introduced between the electrodes and the emissive 

layer to reduce the energy barrier.  

For instance, in order to minimize the energy barrier between the anode and the 

emissive layer, the appropriate materials for hole injection and/or transport are 

employed [43].  These materials necessitate specific characteristics, including an 

optimal HOMO level to ensure the minimal energy barriers for hole injection from 

the anode into the emissive layer, and a suitable LUMO level to minimize the electron 

migration from the emissive layer to the hole transport layer, a high hole mobility, and 

the ability to form thin and morphologically stable films [44–46]. These 

characteristics are commonly found in several well-known commercial compounds, 

depicted in Figure 2. These hole transporting/injecting materials include 1,4,5,8,9,11-

hexaazatriphenylenehexacarbonitrile (HAT-CN), 1,1-bis[(di-4-
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tolylamino)phenyl]cyclohexane (TAPC), 1,3-bis(N-carbazolyl)benzene (mCP), 

poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB), N,N′-

di(1-naphthyl)-N,N′-diphenyl-(1,1′-biphenyl)-4,4′-diamine (NPB), tris(4-carbazoyl-

9-ylphenyl)amine (TCTA), N,N′-bis(naphthalen-1-yl)-N,N′-bis(phenyl)-2,2′-

dimethylbenzidine (α-NPD), poly(9-vinylcarbazole) (PVK), and poly(3,4-

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), which typically 

feature electron-donating components such as diphenylamine, naphthylamine, and 

carbazole, owing to their high charge carrier mobility and a low ionization potential. 
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Figure 2. Commercial materials used for hole transport/injection layers 

The same principle also applies to electrons necessitating additional OLED 

layers for the electron transport and/or injection to minimize the energy barrier. 

Typically, electron mobility in organic materials is lower than hole mobility. An ideal 

electron transporting material should not only exhibit high electron mobility and 

morphological stability, but also possess suitable HOMO and LUMO levels for 

effective electron transport from the cathode to the emissive layer while isolating 

holes and excitons within the emissive layer. Numerous studies have explored the 

incorporation of electron-withdrawing groups, such as pyridine, pyrimidine, triazine, 

and phosphine oxide, to enhance the electron-transport capabilities of the materials 

[47–51]. These fragments are prevalent in widely-used commercial electron transport 

materials depicted in Figure 3.  
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Figure 3. Commercial materials used for electron transport/hole blocking layers 

Commercial electron transport materials include bathophenanthroline (Bphen), 

4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (B3PymPm), 4,6-bis(3-(9H-

carbazol-9-yl)phenyl)pyrimidine (CzPhPy), 1,3,5-tris(3-pyridyl-3-phenyl)benzene 

(TmPyPB), 2,2',2''-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi), 

2,4,6-tris[3-(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T), 1,3-bis(3,5-

dipyrid-3-ylphenyl)benzene (B3PyPB), dibenzo[b,d]furan-2,8-

diylbis(diphenylphosphine oxide) (PPF), 2,8-bis(diphenyl-phosphoryl)-

dibenzo[b,d]thiophene (PPT), diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide 

(TSPO1) and 2,7-bis(diphenylphosphoryl)-9,9'-spirobifluorene (SPPO13). Between 

the cathode and the electron-transporting layer, additional measures are often taken to 

reduce the energy barrier for the electron transport even further. Electron injection 

layers are commonly employed for this purpose, traditionally composed of inorganic 

materials such as LiF, Cs2CO3, CsF, MoO3, Rb2CO3, Ca, or, occasionally, organic 

compounds like 8-quinolinolato lithium (Liq). The incorporation of these materials 

has been shown to enhance the overall efficiency of OLEDs, and further 

improvements can be attained by optimizing the thicknesses of these layers [52]. 

The final layer yet to be discussed is the emissive layer (EML), which serves as 

the source of light emission in OLEDs. All the objectives of this dissertation are 

closely related to the layer that is predominantly composed of organic molecules and 

which exhibits electroluminescence when charge carriers from the adjacent layers 

generate excitons which recombine within the EML. The composition and structure 

of the EML dictate the colours and the luminance levels emitted by OLED displays, 

thereby influencing their visual performance. As mentioned above, OLEDs are 

commonly categorized into three generations based on their mechanisms of light 

generation and the components of the emissive layer. The first generation employs 

fluorescent emitters, followed by the second generation utilizing phosphorescent 



24 

emitters (PhOLED), while the third generation relies on materials exhibiting the 

thermally activated delayed fluorescence (TADF) effect. 

2.2. Fluorescent OLEDs 

Initially, OLEDs exclusively employed fluorescent materials; hence, they are 

commonly referred to as 1st generation OLEDs, and their fundamental operational 

concept is depicted in Figure 4.  

 
Figure 4. Basic working principle of fluorescent OLEDs 

Fluorescent substances, when electrically stimulated, can only exploit singlet 

excitons for light emission, as triplet excitons undergo non-radiative recombination. 

Considering spin statistics, merely 25% of all excitons are effectively utilized for light 

emission, thereby yielding a maximum internal quantum efficiency (IQE) of 25%. 

When factoring in an average light outcoupling the efficiency of 20%, the theoretical 

maximum external quantum efficiency (EQE) amounts to around 5% [53].  

Despite these relatively modest efficiency figures and their comparative 

disadvantage against the newer OLED generations, the persistent challenge of poor 

stability in blue phosphorescent OLEDs remains a significant limitation. As 

previously mentioned, the nonradiative transition rate of phosphorescent materials 

tends to increase as the emission approaches the deep-blue region with the CIEy 

coordinate lower than 0.1, posing difficulties in achieving a high efficiency 

[33,34,54,55]. Deep-blue emitters would not only decrease the necessity for a large 

number of pixels dedicated to the blue emission, but would also lower the overall cost 

of the device; therefore, the development of high-efficiency and stable deep-blue 

fluorophores is crucial for this objective. To address this issue, there is ongoing 

redevelopment of small-molecule fluorescent materials due to their advantages in the 

colour purity, stability, and cost-effectiveness [35].  

Therefore, it is increasingly important to use new versatile organic materials to 

make highly efficient deep-blue OLEDs with simpler designs for big commercial 

projects. To surpass the 25% IQE limitation of the conventional fluorescence 

materials, researchers have incorporated triplet-triplet annihilation molecules into the 

structures of OLEDs, leveraging the interaction of low triplet energy excitons to 

generate high-energy singlet excitons [56]. Researchers commonly use anthracene, 

pyrene, carbazole, benzophenone, and diphenyl sulphone moieties for these purposes, 

as shown in Figure 5. 
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Figure 5. Chemical structures of fluorescent emitters 

For instance, S. Ye and his team synthesized and experimented with two 

asymmetric anthracene materials, namely, F1 and F2 [57]. These materials exhibited 

a maximum EQE of 6.40% and 4.86%, respectively, when utilized in devices, along 

with deep-blue emissions indicated by the CIE coordinates of (0.151, 0.066) and 

(0.157, 0.071). L. Xing and his team synthesized and characterized three derivatives 

featuring the anthracene core and fluorene fragments, namely, F3, F4, and F5 [58]. 

These anthracene derivatives exhibit a highly twisted configuration, resulting in deep-

blue light emission, as confirmed by crystallographic analysis. An undoped device 

constructed with material F4 as the emitter showcased a maximum EQE of 7.1% with 

the CIE coordinates of (0.149, 0.104). Notably, even at a high brightness of 1000 

cd/m², the EQE was maintained at 6.6%, thus indicating the minimal efficiency roll-

off. The excellent electroluminescence (EL) performance is attributed to triplet-triplet 

annihilation. In contrast, the anthracene-based derivative F6, synthesized and studied 

by Z. Q. Wang and colleagues back in 2011 [59], showed no triplet-triplet annihilation 

effect, and achieved a lower EQE of 2.2% in a non-doped device configuration. 
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Despite this, it emitted an even deeper blue light, with CIE coordinates of (0.15, 0.05), 

which could potentially expand the colour range for the display purposes. Khurram 

Usman and his team adopted an alternative approach, combining imidazole, 

triphenylamine, and pyrene units into a single fluorescent donor-acceptor type 

molecule F7, which was tested as an emitter [60]. In a solution-processed non-doped 

OLED, it exhibited a low VON of 2.8 V, an EQE of 2.97%, and consistent emission in 

the deep-blue region with the CIE coordinates of (0.15, 0.13). 

Pyrene fragments were also effectively employed by researchers under the 

leadership of J. Zeng. They combined pyrene with triphenylamine or 

tetraphenylethylene electron donors, yielding materials F8, F9, and F10 [61]. The 

compounds F8 and F10 displayed characteristics of aggregation-induced emission, 

while F9 did not exhibit such a behaviour. In OLED applications, the emitter F8 

performed best in a non-doped device configuration, by achieving an EQE of 6.53% 

and emitting light in the greenish-blue region with the CIE coordinates of (0.18, 0.39). 

On the other hand, the emitter F10 demonstrated superior performance when doped 

into a host material, resulting in a device with an EQE of 7.27% and the emission with 

the CIE coordinates of (0.18, 0.27), indicative of the blue emission. Jwo-Huei Jou’s 

research team synthesized and characterized pyrene-imidazole hybrids, specifically, 

F11, F12, and F13 [62], which showed a potential as fluorescent emitters. Devices 

employing the derivatives F12 and F13 as the emitters achieved EQE levels of 1.87% 

and 1.94%, respectively, with the CIE coordinates of (0.157, 0.054) and (0.163, 

0.045), signifying a particularly deep blue emission. H. Jung and his team developed 

and tested pyrene derivatives featuring two diphenylamine moieties F14, F15, F16 

and F17, distinguished by alkyl substitutions [63]. When evaluated as emitters, these 

derivatives displayed encouraging outcomes with their EQE levels surpassing 7.5%. 

However, the best performance was exhibited by the device employing the derivative 

F17 as a dopant, achieving an EQE of 9.25% with the CIE coordinates of (0.133, 

0.145), indicating a blue emission. In pursuit of deep-blue fluorescence, J. Wang and 

co-workers merged bulky rigid planes of bicarbazole and indolocarbazole as the 

donors with highly twisted benzophenone and diphenyl sulphone as the acceptors, 

resulting in the creation of derivatives F18, F19, F20 and F21 [64]. In this application, 

the indolocarbazole-diphenyl sulphone derivative demonstrated the highest 

effectiveness. The device utilizing the emitter F21 achieved an EQE of 4.61% with 

the CIE coordinates of (0.154, 0.059), thus confirming the deep-blue emission. 

Despite the continuous efforts of researchers, these derivatives, particularly 

anthracene, typically demonstrate low singlet exciton yields, possibly due to robust 

hole-electron pairing. Consequently, they often encounter the aggregation-caused 

quenching effect [65]. This phenomenon reduces the device efficiency and 

compromises the colour purity [65–67]. The development of new fluorescent emitters 

is crucial for advancing the OLED technology and overcoming the current constraints. 

In essence, the creation of novel fluorescent emitters fosters innovation in the OLED 

technology, resulting in the evolution of the display and lighting solutions that are not 

only more efficient and versatile, but also more cost-effective and sustainable. 
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2.3. Phosphorescent OLEDs 

Over the past few decades, there has been a gradual shift from fluorescence-

based to phosphorescence-based devices in the quest for greater efficiencies [33,68–

71]. OLEDs incorporating the traditional fluorescent dopants usually achieve a 

maximum IQE of 25% [4]. However, by utilizing triplet excitons through intersystem 

singlet-to-triplet crossing in phosphorescent emitters, the IQE value can be increased 

from 25% to 100% [24,25], as shown in Figure 6. 

 
Figure 6. Basic working principle of phosphorescent OLEDs 

Through the efficient utilization of triplet excitons, phosphorescent emitters 

notably amplify the efficiency and luminosity of OLED displays, rendering them well-

suited for diverse applications spanning from smartphones to large-scale television 

screens. Their exceptional performance and energy efficiency have firmly established 

phosphorescent emitters as fundamental components within the modern OLED 

technology. Typically, phosphorescent emitters in the form of heavy-metal complexes 

have been engineered and utilized for second-generation OLEDs [72]. In the 

development of PhOLEDs, commonly employed commercial emitters include bis(1-

phenylisoquinoline)(acetylacetonate)iridium(III) (Ir(piq)2acac), bis(2-

phenylbenzothiazolato)(acetylacetonate)iridium(III) (Ir(bt)2(acac)), and tris(1-

phenylisoquinoline)iridium(III) (Ir(piq)3) for red devices; bis(2-

methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III) (Ir(MDQ)2acac) and 

tris(2-phenylquinoline)iridium(III) (Ir(2-phq)3) for orange-red devices; bis(4-

phenylthieno[3,2-c]pyridinato-N,C2')(acetylacetonate) iridium(III) (PO-01) for 

yellow devices; tris[2-phenylpyridine]iridium(III) (Ir(ppy)3), bis[2-(2-pyridinyl-

N)phenyl-C](acetylacetonato)iridium(III) (Ir(ppy)2acac), and [2-(4- methyl-5-phenyl-

2-pyridinyl-κN)phenyl-κC]bis[2-(2-pyridinyl-κN)phenyl-κC] iridium 

(Ir(ppy)2(bpmp)) for green devices; and bis[2-(4,6-difluorophenyl)pyridinato-

C2,N](picolinato)iridium (FIrpic) and bis(2,4-difluorophenylpyridinato)-tetrakis(1-

pyrazolyl)borate iridium(III) (FIr6) for blue devices. The structures of these emitters 

are illustrated in Figure 7. 
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Figure 7. Structures of commercial phosphorescent emitters 

Phosphorescent emitters offer an appealing array of the emission colours 

spanning from red to blue. By integrating yellow and red emitters within a single 

device, PhOLEDs have been utilized in candlelight-style lighting applications. This 

approach holds the promise of reducing the potential risks associated with blue 

emissions to human health, ecosystems, and nocturnal environments, as it effectively 

eliminates blue light hazards altogether [73]. On the other hand, yellow emitters, when 

combined with blue emitters, can play a significant role in enhancing the efficiency 

of white OLEDs [74]. 

The high internal quantum efficiency and the operational stability observed 

in emissive complexes of noble metals, particularly iridium [75–78], do not shield 

PhOLEDs from encountering the typical above mentioned efficiency reduction 

problems caused by issues such as aggregation-induced quenching, triplet-triplet, and 

triplet-polaron annihilation, especially as the luminance levels increase [15–18]. To 

address these challenges, host materials are typically introduced to the emissive layer 

in order to ensure the even spread of phosphorescent emitters throughout the layer’s 

volume. High-performance PhOLEDs necessitate host materials which would comply 

with the fundamental requirements, such as an excellent thermal stability and film 

formation qualities, including a high glass transition temperature [79–84]. The film-

forming property ensures the uniform dispersion of guest molecules within the host 

material, reducing the likelihood of concentration quenching. Additionally, it is crucial 

for the host material to possess a higher triplet energy value than the emitter in order 

to ensure the optimal energy transfer from the host to the emitter [85–87]. Thus far, 

numerous materials meeting the necessary criteria have been synthesized and utilized 

as the host materials for PhOLEDs, with their structures depicted in Figure 8. As 

evident from the Figure, the predominant fragments utilized in PhOLED host 
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materials include carbazole, phenoxazine, different furans, thiophenes, pyrans, 

pyridines, pyrimidines, etc. Moreover, it is observable that these materials are bipolar, 

thereby indicating that molecules incorporate both electron-accepting and electron-

donating components. 

J. Wang and the research team investigated materials P1, P2, and P3, where 

indolocarbazole serves as an electron donor, while either pyridine or pyrimidine 

functions as an electron acceptor [88]. Additionally, they employed dibenzofuran as 

an additional acceptor, which proved beneficial in enhancing both the thermal and the 

morphological properties. The novel host materials exhibited remarkably high Tg 

values exceeding 150 °C, along with elevated ET values of 2.69 eV for P1, 2.86 eV 

for P2, and 2.85 eV for P3. Among these materials, the derivative P3 emerged as the 

most efficient host for the green dopant Ir(ppy)3, achieving impressive CE, PE, and 

EQE, which reached, respectively, 168.4 cd/A, 203.4 lm/W, and 41.1%. The 

derivatives P4 and P5, consisting of electron donating carbazole and electron 

accepting dioxy[2,3-b]pyrazine units, were synthesized and characterized by Yuhuan 

Chen and team [89]. With high Tg values ranging from 147 to 155 °C, and the triplet 

energy levels of 2.55 to 2.57 eV, these materials were well-suited for creating thin 

amorphous films to serve as hosts for the red phosphorescent dopant Ir(piq)2(acac). 

Between these two materials, P5 demonstrated a higher efficiency, and the device 

utilizing this host achieved CE, PE, and EQE values of 9.69 cd/A, 7.27 lm/W, and 

13.82%, respectively. The derivatives P6, P7 and P8, utilizing the carbazole electron 

donor in tandem with pyrimidine and pyridine electron acceptors in D-π-A structures, 

were introduced by the group of researchers led by Z. Huang [90]. All the three 

materials exhibited high Tg values exceeding 100°C, coupled with sufficiently high 

ET levels ranging from 2.58 to 2.75 eV, thereby making them suitable hosts for both 

the red Ir(piq)2(acac) and green Ir(ppy)3 phosphorescent dopants. The compound P8 

emerged as the most efficient host for both red and green emitters within this group. 

The green device achieved the maximum CE, PE, and EQE values of 88.15 cd/A, 

78.57 lm/W, and 21.79%, respectively. Meanwhile, the red device demonstrated a CE 

of 21.07 cd/A, a PE of 23.64 lm/W, and an EQE of 25.03%. Qin Zhang with team 

worked on the novel host materials P9 and P10, based on the carbazole electron donor 

with pyridine and benzonitrile electron acceptors [91]. Both materials displayed 

exceptional thermal and morphological characteristics, boasting Tg values exceeding 

120°C, thereby enabling their utilization in the formation of stable amorphous layers. 

Additionally, the derivatives P9 and P10 exhibited ET levels of 2.75 eV and 2.84 eV, 

respectively. After testing both compounds as hosts for red Ir(piq)2(acac) and green 

Ir(ppy)3 phosphorescent emitters, the derivative P10 emerged as the more suitable 

host for this application. The green device achieved CE, PE, and EQE of 88.32 cd/A, 

98.19 lm/W, and 24.3%, while the red device attained values of 22.19 cd/A, 24.38 

lm/W, and 25.3%, respectively. 
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Figure 8. Host materials for phosphorescent OLEDs 

An alternative molecular design approach was employed by S. Ryu and 

colleagues, by combining carbazole, thiophene, and diphenylphosphine oxide 

fragments with central dibenzofuran or dibenzothiophene moieties in the molecules 

P11 and P12 [92]. DSC analysis of these materials unveiled high glass Tg values of 

119 °C for the derivative P11 and 127 °C for the compound P12. Moreover, the 

materials exhibited ET levels within the range of 2.52–2.56 eV, thus rendering them 

well-suited as the potential host materials for the yellow phosphorescent dopant PO-

01. Following device testing, OLEDs employing the host P12 demonstrated superior 

performance, by achieving PE and EQE values of 65.7 lm/W and 25.4%, respectively.  

Researchers led by J. Jesuraj obtained the D-A-D-type molecules P13 and P14, 

employing a central spirobifluorene electron acceptor core paired with phenoxazine 
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or phenothiazine electron donors [93]. Both compounds P13 and P14 exhibited a good 

thermal stability, with Td of 415°C and 428°C, respectively, and morphological 

stability, while boasting Tg values of 198°C and 196°C, respectively. When these 

materials were employed as hosts for the green triplet emitter Ir(ppy)3, the OLED-

utilizing host P13 demonstrated the CE and EQE values of 28 cd/A and 7.5%, 

respectively, while the device utilizing the host P14 showed an efficiency of 37 cd/A 

and 11%. The derivatives P15 and P16, both utilizing benzothienocarbazole as a main 

building block, were synthesized and investigated by A. Arai with the team [94]. 

These derivatives exhibited high Tg values of 166–167 °C, along with elevated ET 

levels of 2.7 and 2.8 eV for the materials P15 and P16, respectively, making them 

suitable candidates for testing as the hosts for the green phosphorescent dopant 

Ir(ppy)3. After device experiments, the compound P15 proved to be more effective, 

by achieving maximum CE, PE, and EQE values of 81.7 cd/A, 87.7 lm/W, and 22.5%, 

respectively, when utilized in PhOLEDs. P. Gnanasekaran and co-workers designed 

and synthesized the objective materials P17 – P22. Their approach involved 

combining thioxanthone, diphenyl sulfone, and spiro[fluorene9,9’-

thioxanthene]10’,10’-dioxide as the central electron-accepting fragments with phenyl 

carbazole as the electron donor [95]. The ET levels for the derivatives P17, P18, P19, 

P20, P21, and P22 were 2.39 eV, 2.13 eV, 2.31 eV, 2.65 eV, 2.45 eV, and 2.47 eV, 

respectively, thus making them suitable candidates for the application as host 

materials for the red phosphorescent dopant Ir(piq)2(acac). While the efficiencies of 

the devices utilizing these six host materials were comparably similar, the highest 

efficiencies were achieved by the PhOLED utilizing host P18, with its maximum CE, 

PE, and EQE values reaching 11.8 cd/A, 16.2 lm/W, and 21.1%, respectively. 

In general, the continuous development of novel host materials is crucial for the 

progression of the phosphorescent OLED technology. It fosters enhancements in 

efficiency, stability, reliability, and cost-effectiveness, while also facilitating 

innovation and customization in the OLED device design. 

2.4. Thermally Activated Delayed Fluorescence Based OLEDs 

Despite the collaborative efforts of researchers, the persistent challenges of poor 

stability along with the limited lifespan in blue phosphorescent OLEDs remain 

significant limitations [96]. Furthermore, as previously noted, the presence of noble 

metals in phosphorescent materials raises strong environmental concerns and the 

potential future cost growth for the devices concerned [13,14]. In recent years, there 

has been a notable shift in focus towards TADF materials. This interest stems from 

their capacity to convert triplet excitons into emissive singlet excitons through reverse 

intersystem crossing (RISC) without the requirement of noble metal atoms, all the 

while achieving high EQE levels [97,98]. Figure 9 depicts the basic working principle 

of TADF OLEDs. 
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Figure 9. Basic working principle of TADF-based OLEDs 

Usually, TADF emitters employ a combination of the electron donor and 

acceptor in one molecule in such a way that the objective molecule would conform to 

the basic requirements for TADF emitters, such as: minimally overlapping or not 

spatially overlapping HOMO and LUMO orbitals, which, in turn, would grant a low 

difference between the singlet and triplet excited state energy levels (ΔEST). By 

achieving the fulfilment of this requirement, an efficient RISC process could be 

obtained. To achieve this, researchers often utilize a twisted connection between the 

donor and the acceptor [99–102]. Figure 10 depicts commonly utilized commercial 

TADF emitters. 

Commercially available TADF emitters include red: 2,3,5,6-tetrakis(3,6-

dimethylcarbazol-9-yl)-1,4-dicyanobenzene (4CzTPN-Me), 3,7,11-

tris(diphenylamino)quinolino[3,2,1-de]acridine-5,9-dione (3DPA-DiKTa), 2-(9-

phenyl-9H-carbazol-3-yl)-10,10-dioxide-9H-thioxanthen-9-one (TXO-PhCz) and 

2,6-bis(4-(diphenylamino)phenyl)anthracene-9,10-dione (DPA-Ph-AQ), green:  

bis(4-(9,9-dimethylacridin-10(9H)-yl)phenyl)methanone (DMAC-BP), 10,10'-(4,4'-

sulfonylbis(4,1-phenylene))bis(10H-phenoxazine) (PXZ-DPS), 3,4,5,6-tetra(9H-

carbazol-9-yl)phthalonitrile (4CzPN) and 9-(4-(4,6-diphenyl-1,3,5-triazin-2-

yl)phenyl)-N3,N3,N6,N6-tetraphenyl-9H-carbazole-3,6-diamine (DACT-II) and 

blue: 9'-(2,12-di-tert-butyl-5,9-dioxa-13b-boranaphtho- [3,2,1-de]anthracen-7-yl)-

9,9''-diphenyl-9H,9'H,9''H-3,3':6',3''-tercarbazole (TB-P3Cz), 9-(4-(4,6-diphenyl-

1,3,5-triazin-2-yl)phenyl)-3,6-diphenyl-9H-carbazole (PCzTrz), 3,3',6,6'-tetrakis(9-

phenyl-9H-carbazol-3-yl)-spiro-diphenylsulfone (SDPS-4PhCz) and 2-(4-(9,9-

dimethylacridin-10(9H)-yl)phenyl)thianthrene 5,5,10,10-tetraoxide (ACRDSO2) 

emitters. 
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Figure 10. Structures of commercially available TADF emitters 

Despite the wide selection of the commercial TADF emitters, obstacles such as 

the ineffective utilization of triplet excitons and the challenges associated with 

achieving high PLQY values are those factors which contribute to the reduced overall 

efficiency seen in TADF-based OLEDs in comparison to the conventional 

phosphorescent OLEDs. One of the strategies entails the creation of novel TADF 

molecules, particularly for non-doped OLEDs utilizing materials demonstrating 

aggregation-induced emission characteristics [103–109]. Some of the newly 

synthesized TADF emitters are shown in Figure 11. 

Z. Hao led a team which designed and synthesized the chiral sulfoximine-based 

green TADF emitter TE1. This emitter exhibited a low ΔEST of 0.075 eV and an 

exceptionally high PLQY of 99% [110]. A device incorporating the TE1 emitter 

displayed outstanding maximum values of CE, PE, and EQE of 85.6 cd/A, 84.0 lm/W, 

and 28.5%, respectively. The emitters TE2, TE3, and TE4, designed and studied by 

F. Hu et al., exhibited small ΔEST levels ranging from 0.02 to 0.08 eV and showcased 

distinct prompt and delayed fluorescence features in their overall photoluminescence 

[111]. Across all the devices, green emission was observed, with OLED using TE2 

serving as the emitter demonstrating superior efficiencies, by achieving a CE of 47.7 

cd/A, a PE of 42.9 lm/W, and an EQE of 14.6%. Y. Mei and colleagues developed the 

TADF emitters TE5, TE6, and TE7 by employing the electron donor carbazole and 

the electron acceptor 10-(pyridin-2-yl)acridin-9(10H)-one. These novel materials 

exhibited high PLQYs ranging from 54% to nearly 100%, and ΔEST values spanning 

from 0.15 to 0.26 eV [112]. When employed as emitters in OLEDs, these substances 

displayed deep-blue emission with a CIEy value of around 0.1. The most outstanding 
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characteristics were exhibited by the dopant TE6 in a device achieving the maximum 

CE, PE, and EQE values of 33.5 cd/A, 35.3 lm/W, and 33.4%, respectively. 

Researchers under the leadership of G. Kručaitė synthesized and evaluated the 

emitters TE8 and TE9 by employing an asymmetric molecular structure. They 

combined carbazole and diphenylamine electron donors with diphenyl sulphone or 

benzophenone electron acceptors [113]. These materials displayed vastly different 

ΔEST levels, measuring 0.29 eV for TE8, and 0.04 eV for TE9. This difference became 

evident when the derivatives were utilized as emitters in OLEDs, with TE9 exhibiting 

notably better characteristics. The yellow TADF OLED utilizing emitter TE9 

achieved CE, PE, and EQE values of 35.4 cd/A, 46.3 lm/W, and 12.1%, respectively. 

Z. Xie and colleagues synthesized the emitters TE10 and TE11 by merging the 

acridine and carbazole electron donors with a pyridine-carbonitrile electron acceptor 

within a single molecule. These innovative derivatives exhibited remarkably high 

PLQYs ranging from 89% to 95%, coupled with low ΔEST levels spanning from 0.09 

to 0.17 eV [114]. The emitter TE11, utilized in an OLED prototype, showcased a 

green emission and offered superior characteristics, by achieving a CE of 84.1 cd/A, 

a PE of 64.4 lm/W, and an EQE of 25.3% in a non-doped device configuration. 
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Figure 11. Structures of newly synthesized TADF emitters 

J.-X. Chen and colleagues introduced the emitter TE12 incorporating a rigid D-

A backbone and a spirobifluorene moiety [115]. The material exhibited an 
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exceptionally high PLQY of 96% and a low ΔEST of 0.05 eV, emitting the orange light. 

In device applications, the emitter TE12 achieved high CE, PE, and EQE values of 

55.7 cd/A, 53.8 lm/W, and 33.4%, respectively. Under the leadership of H. Wang, a 

scientific team developed a red TADF emitter, TE13, featuring two electron-donating 

triphenylamine segments installed at the para- positions of a fused phenyl ring within 

the acceptor core, situated between the phenazine and carbonitrile groups [116]. This 

derivative exhibited a sufficiently low ΔEST of 0.12 eV and a high PLQY of 94%. In 

the most efficient OLED configuration, TE13 demonstrated efficient deep-red 

electroluminescence, by achieving a maximum EQE of 27.6%, a CE of 13.4 cd/A, and 

a PE of 12.0 lm/W. Under the leadership of Y.-Z. Shi, the materials TE14 and TE15 

were synthesized by combining the electron donor phenoxazine, the phenyl separator, 

and the electron acceptors pyridine and pyrimidine [117]. These novel derivatives 

exhibited low ΔEST levels of 0.04–0.05 eV. A device employing the TE14 emitter 

attained superior characteristics. In a non-doped configuration, the OLED achieved a 

CE of 50.5 cd/A, a PE of 53.5 lm/W, and an EQE of 18.8%. Developing novel TADF 

emitters is essential for the ongoing enhancement of technology, thereby ensuring an 

improved colour purity, stability, cost-effectiveness, and longevity of the forthcoming 

devices. 

Despite the potential of TADF materials, many TADF OLEDs experience a 

significant decline in their EQE levels at higher luminance, which is a phenomenon 

commonly known as the efficiency roll-off [15]. This decline is attributed to various 

issues such as concentration quenching, singlet-singlet annihilation, triplet-triplet 

annihilation, and singlet-triplet annihilation, with these effects becoming more 

pronounced as the exciton lifetime increases [118]. To mitigate the concentration 

quenching issue, the majority of highly efficient TADF OLEDs integrate TADF 

molecules into the appropriate host materials. However, due to the limited availability 

of the host materials tailored for TADF OLEDs [119–121], researchers often resort to 

using conventional host materials typical in phosphorescent OLEDs [122]. Hence, one 

of the strategies for addressing efficiency challenges involves developing new host 

materials specifically designed for TADF OLEDs.  

Nevertheless, in contrast to organic emitters, there is a scarcity of reports on 

suitable host materials, primarily due to challenges in designing hosts with the needed 

properties, such as high triplet and singlet energies to confine excitons, a sufficient 

overlap between the PL spectra of the host material and the absorption spectra of the 

emitter, bipolar characteristics with the appropriate HOMO and LUMO levels relative 

to the neighbouring layers, inhibited molecular interaction to mitigate concentration 

quenching, and, preferably, solution-process-ability [123,124]. Figure 12 depicts the 

chemical structures of the recently developed host materials. 

W. Jiang and co-workers developed the host materials TH1, TH2, and TH3 by 

combining a benzonitrile electron acceptor with carbazole-based electron donors 

[125]. All the newly synthesized materials exhibited high triplet energies exceeding 

2.8 eV and demonstrated a good thermal and electrochemical stability. When tested 

as host materials for the blue dopant 2,3,5,6-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-

yl)benzonitrile (4TCzBN), the host TH2 showcased the best characteristics in the 
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device, by achieving the maximum CE and EQE values of 41.88 cd/A and 22.04%, 

respectively, along with a low turn-on voltage of 3.5 V. 
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Figure 12. Structures of newly synthesized host materials for TADF OLEDs 

A team led by T. H. Ha developed two novel host materials, TH4 and TH5, by 

utilizing a pyridine electron acceptor core combined with carbazole electron donors 

linked at different locations [126]. Both host materials underwent testing in OLED 

devices using a blue 2,4,6-tris(2-(9H-carbazol-9-yl)phenyl)-1,3,5-triazine (TCz-Trz) 

dopant, with the reference device employing 2,2′-di(9H-carbazol-9-yl)-1,1′-biphenyl 

(oCBP) as the host material. The device utilizing the host material TH5 exhibited the 

best characteristics, by achieving a maximum EQE of 16.2%, while the operational 

lifetime improved by 88% compared to the reference device. G. Kreiza and his team 

developed two new host materials, TH6 and TH7, employing a D-A molecular 

structure with a triazine electron acceptor and an acridine electron donor [127]. Both 

materials exhibited prominently high ET values, measuring 3.07 eV for the derivative 
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TH6 and 3.27 eV for the compound TH7. During the characterization of blue OLED 

devices with a dopant of 10-(4-[1,4]benzoxaborino[2,3,4-kl]phenoxaborin-6-

ylphenyl)-10H-phenoxazine (OBA-O), a reference device with the host material 3,3′-

di(9H-carbazol-9-yl)-1,1′-biphenyl (mCBP) was utilized. The device employing the 

host TH6 demonstrated the best characteristics, by achieving the maximum CE, PE, 

and EQE values of 22.5 cd/A, 23.5 lm/W, and 10.2%, respectively. Additionally, this 

device exhibited a 140% longer lifetime compared to the reference device. The above-

mentioned research team led by T. H. Ha employed a different approach, by 

combining a carbazole electron donor with a 5,9-dioxa-13b-boranaphtho[3,2,1-

de]anthracene electron acceptor separated by a terphenyl spacer in the molecule TH8 

[128]. The material exhibited an amorphous structure with a high Tg of 128 °C and 

demonstrated a high ET of 3.07 eV and an ES of 3.18 eV. When incorporated into the 

device structure as a host material for the green TADF emitter 1,2,3,5-

tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN), the OLED achieved the 

maximum CE and PE values of 70.4 cd/A and 71.3 lm/W, respectively. The maximum 

EQE achieved was 22.8%, and, at a luminance of 1000 cd/m², a very low roll-off of 

5.26% was observed. The materials TH9 and TH10, developed by X. Lu and 

colleagues, employed a benzimidazole-triazine electron acceptor as the core of the 

molecule in combination with one or two electron-rich spiro[fluorene-9,9′-xanthene] 

moieties [129]. Both materials exhibited ET levels around 2.6 eV and high ES levels 

exceeding 3.40 eV. The derivative TH9 demonstrated a high Tg of 168°C, while no 

glass transition was observed for the material TH10. Both compounds were tested in 

devices as the host materials for the green TADF emitter BN-TP [130]. The optimal 

performance was achieved by employing both materials TH9 and TH10 in devices at 

the same time, which resulted in low turn-on voltages of 2.6 V and a maximum EQE 

of 35.7%. Impressively, EQE could be maintained above 30% even at luminance of 

1000 cd/m². Y. Yu and colleagues designed, synthesized, and characterized novel 

compounds, namely, TH11, TH12, and TH13, based on a central pyridine electron 

acceptor, and a carbazole or dibenzofuran electron donor [131]. All the materials 

exhibited amorphous properties, with Tg values of 97°C, 102°C, and 69°C for the 

derivatives TH11, TH12, and TH13, respectively. Additionally, the compounds 

demonstrated high ET values of 2.93 eV, 2.87 eV, and 2.96 eV, in the same order. Upon 

evaluating these new materials as hosts for the green TADF emitter 4CzIPN, the 

device with the host material TH13 exhibited the best overall characteristics. It 

achieved the maximum CE, PE, and EQE values of 67.8 cd/A, 57.2 lm/W, and 20.3%, 

respectively, along with a 2.5-times increase in the device lifetime compared to the 

OLED utilizing the commercial host material CBP. The derivatives TH14 and TH15, 

incorporating a diphenyltriazine electron acceptor and a spiro[fluorene-9,9’-xanthene] 

electron donor were synthesized by the research group lead by Q. Liu [132]. Although 

no Tg values were detected, the high melting point temperatures (Tm) exceeding 295°C 

suggest a good morphological stability. The compounds TH14 and TH15 also 

exhibited high ET levels of 2.82 eV and 2.89 eV, respectively. Both derivatives were 

evaluated as host materials for the green TADF emitter 4CzIPN, with the device 

utilizing the host material TH15 demonstrating better characteristics. It achieved the 

maximum values CE, PE, and EQE of 75.5 cd/A, 55.0 lm/W, and 23.0%, respectively. 
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P. Palanisamy and colleagues synthesized the material TH16 incorporating 

terpyridine and terphenyl fragments, which exhibited high Tg and ET levels of 176°C 

and 2.98 eV, respectively [133]. This derivative was employed as a host material for 

the blue TADF emitter 10-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9,9-dimethyl-

9,10-dihydroacridine (DMAC-TRZ), yielding a solution-processed device with the 

maximum values CE, PE, and EQE of 45.15 cd/A, 32.95 lm/W, and 22.35%, 

respectively. X.-H. Zhao and colleagues developed the novel host material TH17 by 

employing a central triazine core and three phenylcarbazole fragments. This 

derivative exhibited a high ET of 2.88 eV, significant thermal stability with a TD of 

284°C, and maintained stable morphology [134]. The compound TH17 was assessed 

in the emissive layer of OLED as a host for the green TADF emitter 9,10-bis(4-(3,6-

ditertbutyl-9H-carbazol-9-yl)-2,6-dimethyl-phenyl)-9,10-diboraanthracene 

(tBuCzDBA). The resulting device achieved the maximum CE, PE, and EQE values 

of 39.8 cd/A, 21.2 lm/W, and 14.0%, respectively. C. Tang and the research team 

developed and synthesized the derivatives TH18 and TH19, based on pyridine, 

incorporating carbazole or carbazole-3-carbonitrile fragments. Both materials 

possessed an amorphous structure, with TH18 exhibiting a Tg of 75°C, and TH19 

featuring a Tg of 125°C [135]. Additionally, the compounds displayed high ET levels, 

measured at 3.00 eV for the derivative TH18 and 3.02 eV for the material TH19. 

Upon evaluating these materials as hosts for the green TADF emitter 4CzIPN, the 

device utilizing the host TH18 showed a slightly better performance, by achieving a 

CE of 10.6 cd/A and an EQE of 3.0%. 

To sum up, each of the OLEDs of the three generations is denoted by not only 

advantages, but also drawbacks. It is crucial to persist in synthesizing and refining all 

the three generations of this technology so that to attain the optimal outcomes and 

facilitate their commercial applications in fluorescent, phosphorescent, and TADF 

based OLEDs. Through collaborative efforts among researchers, the development of 

new emissive and host materials holds the promise of unlocking the potential for 

efficient, dependable, and cost-effective lighting solutions across a broad spectrum of 

applications. 
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3. REVIEW OF PUBLISHED ARTICLES 

3.1. Pyridinyl-Carbazole Fragments Containing Host Materials for Efficient 

Green and Blue Phosphorescent OLEDs (Scientific Publication No. 1, Q2, 3 

citations) 

 This chapter is based on the paper published in Molecules, 2021, 26, 15 by D. 

Blazevicius, D. Tavgeniene, S. Sutkuviene, E. Zaleckas, M.-R. Jiang, S. S. 

Swayamprabha, R. A. K. Yadav, J.-H. Jou, and S. Grigalevicius [136]. 

Throughout this study, the target materials 4 (H1) and 5 (H2) were synthesized 

during three sequential synthesis steps, as illustrated in Scheme 1. Initially, 3-iodo-

9H-carbazole 2 was produced through the iodination method of Tucker [137] by using 

9H-carbazole 1 as an initial reagent. Subsequently, the key material, 3,3-bis(3-iodo-

9-carbazolylmethyl)oxetane 3, was synthesized by reacting 3,3-

bis(chloromethyl)oxetane with an excess of the iodinated derivative 2 in basic 

conditions and in a presence of phase a transfer catalyst, as described earlier [138]. 

The desired compounds 3,3-bis[3-(2-methoxy-3-pyridinyl)carbazol-9-

ylmethyl]oxetane 4 (H1) and 3,3-bis[3-(4-methoxy-3-pyridinyl)carbazol-9-

ylmethyl]oxetane 5 (H2) were obtained through a Suzuki reaction [139] while 

applying similar synthetic procedures. Diiodo-compound 3 (1 mol. eq.) was stirred 

with an excess of the corresponding methoxypyridinylboronic acid (2.5 mol. eq.), 

potassium hydroxide (5 mol. eq.), and the catalyst bis(triphenylphosphine)palladium 

(II) chloride (PdCl2(PPh3)2) (0.04 mol. eq.) in a mixture of THF (12 ml) and degassed 

water (1.5ml) at reflux for 1h. The reactions were executed in nitrogen atmosphere. 

After the reactions, the mixtures were cooled and filtered. The solvent was evaporated, 

and the objective products were purified with silica gel column chromatography by 

using a mixture of ethyl acetate and hexane (vol. ratio 1:7) as an eluent. All the 

structures of the synthesized derivatives were confirmed through mass spectrometry 

(MS), as well as by 1H and 13C nuclear magnetic resonance (NMR) spectroscopy. The 

experimental data aligned well with the theoretically proposed structures. 
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Scheme 1. Synthetic pathway of materials 4 (H1) and 5 (H2) 
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The synthesized target derivatives exhibit an excellent solubility in common 

organic solvents. While electroactive thin layers can be prepared on substrates by 

using a thermal evaporation technique, the good solubility enables the preparation 

through the cost-effective spin coating method from a solution. The thermal behaviour 

of the synthesized host derivatives, 4 (H1) and 5 (H2), was investigated by using DSC 

and TGA, with the latter one revealing its remarkable thermal stability. The 

temperatures of 5% weight loss for 4 (H1) and 5 (H2) were determined to be 386°C 

and 361°C, respectively. DSC measurements showed that 4 (H1), obtained as a 

crystalline material after synthesis and purification by silica gel chromatography, 

exhibited an endothermic melting peak at 257 °C during the first heating. Upon 

cooling, it transformed into an amorphous material with a high Tg value of 127°C. the 

subsequent heating cycles detected only the glass transition, with no signals of melting 

or crystallization. In contrast, 5 (H2) was obtained as a fully amorphous material, as 

confirmed by DSC. The thermograms of 5 (H2), depicted in Figure 13, revealed only 

a high Tg of 139°C during both the first and second heating scans. No signals related 

to crystallization or melting were observed in the temperature range from 0°C to 

350°C during the heating and cooling cycles. 
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Figure 13. DSC curves of derivative 5 (H2) 

The low-temperature (77K) photoluminescence (LTPL) spectra were recorded 

with the aim of determining the triplet state energy values of the pyridinyl-carbazole 

based derivatives 4 (H1) and 5 (H2). The calculations revealed that the triplet energy 

values for the compounds 4 (H1) and 5 (H2) were 2.82 eV and 2.81 eV, respectively. 

Notably, these triplet energies surpass those reported for the blue phosphorescent 

emitter FIrpic (ET = 2.65 eV) [140] and the green phosphorescent dopant Ir(ppy)3 (ET 

= 2.59 eV)  [141]. This experimental outcome affirms the suitability of 4 (H1) and 5 

(H2) as the host materials, thereby establishing their potential in applications for both 

green and blue phosphorescent organic light-emitting diodes (OLEDs). Table 1 

summarises measured the thermal and photophysical properties of the newly 

synthesized materials. 

Table 1. Thermal and photophysical properties of host materials 4 (H1) and 5 (H2) 
Material Td (oC) Tm (oC) Tg (oC) ET (eV) 

4 (H1) 386 257 127 2.82 

5 (H2) 361 - 139 2.81 
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To evaluate the suitability of the prepared derivatives 4 (H1) and 5 (H2) as the 

host materials, green and blue PhOLEDs were fabricated by using blue FIrpic and 

green Ir(ppy)3 phosphorescent emitters. In Figure 14, the electroluminescent (EL) 

spectra of devices employing the host material 4 (H1) are depicted. The spectra of 

both OLEDs confirm the pure emissions of FIrpic or Ir(ppy)3 dopants, thus indicating 

the effective energy transfer between the host 4 (H1) and the respective guest [142]. 

Notably, no additional emission zones were observed, which signifies that carrier 

recombination occurs solely within the emitting layer. This observation suggests that 

exciton diffusion to the hole or electron transporting layers is avoided in the OLED 

structures [143]. 
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Figure 14. EL spectra of the OLEDs having host material 4 (H1) doped with blue 

FIrpic or green Ir(ppy)3 emitter 

The host material 5 (H2) was also utilized in blue and green OLEDs, while 

incorporating blue FIrpic and green Ir(ppy)3 dopants as the emitters, and the resulting 

devices demonstrated higher efficiencies than the devices based on the host 4 (H1). 

To optimize the structure of the emissive layer, concentration-dependent experiments 

involving the FIrpic amount from 15 to 22.5 wt% and the Ir(ppy)3 dopant amount from 

7.5 to 15 wt% were employed. Table 2 provides a summary of the OLED 

characteristics for the investigated 5 (H2)-based PhOLEDs. 

Table 2. Characteristics of devices featuring host 5 (H2) with FIrpic and Ir(ppy)3 

dopants 
 PE, lm/W CE, cd/A EQE, % LMAX, 

cd/m2 Host Dopant wt% @100 / @1000 cd/m2 

5 (H2) 

FIrpic 

15.0 24.9 / 15.8 23.9 / 18.4 10.3 / 8.0 9173 

17.5 11.5 / 6.60 12.1 / 9.80 5.1 / 4.1 3317 

20.0 8.50 / 5.70 8.60 / 8.00 3.6 / 3.4 4377 

22.5 5.90 / 11.5 5.70 / 13.1 2.4 / 5.5 10350 

Ir(ppy)3 

7.50 0.80 / 19.4 0.90 / 24.5 0.3 / 6.8 32390 

10.0 10.0 / 34.1 10.3 / 33.9 3.3 / 9.4 38980 

12.5 18.9 / 26.2 20.6 / 34.0 5.7 / 9.5 14170 

15.0 10.9 / 34.1 10.3 / 33.9 2.3 / 7.4 18980 
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The OLED with a 15 wt% FIrpic doping ratio exhibited the best characteristics 

among the blue devices, boasting a current efficiency of 23.9 cd/A, a power efficiency 

of 24.9 lm/W, and an external quantum efficiency of 10.3% at a brightness of 100 

cd/m2. At a higher brightness level of 1000 cd/m2, which is crucial for illumination 

technologies, this device also maintained the highest efficiency of 8.0% (18.4 cd/A, 

15.8 lm/W), as compared to all other blue devices, and a maximum luminance 

exceeding 9170 cd/m2. In the realm of green devices, it could be noted that PhOLEDs 

based on the material 5 (H2) outperformed those utilizing the host derivative 4 (H1). 

Notably, the OLED containing 10 wt% of Ir(ppy)3 doped in the host material 5 (H2) 

exhibited superior characteristics, with a current efficiency of 33.9 cd/A, a power 

efficiency of 34.1 lm/W, and a high external quantum efficiency of 9.4% at a 

brightness of 1000 cd/m2, which is essential for lighting applications. The green 

PhOLED also reached an impressive maximum brightness of almost 39000 cd/m2. 

3.2. Easily Synthesized and Cheap Carbazole- or Phenoxazine-Based Hosts for 

Efficient Yellow Phosphorescent OLEDs (Scientific Publication No. 2, Q2, 4 

citations) 

This chapter is based on the paper published in Optical Materials, 2021, 118, 

111251 by D. Blazevicius, G. Krucaite, S. Shahnawaz, S. S. Swayamprabha, E. 

Zaleckas, J.-H. Jou, and S. Grigalevicius [144]. 

This study involved the simplification of structures described in the previous 

chapter and detailed synthesis, characterization, and application of low molecular 

weight derivatives featuring the carbazole (7 (H3)) or phenoxazine (8 (H4)) moieties 

as the host materials for PhOLEDs. The oxetane-based host compounds were prepared 

through a cost-effective and straightforward one-step synthetic procedure, as 

illustrated in Scheme 2. The synthesis of 3,3-bis(9-carbazolylmethyl)oxetane 7 (H3) 

involved stirring 9H-carbazole (3.0 g, 0.018 mol), 3,3-bis(chloromethyl)oxetane 6 

(0.93 g, 0.006 mol) potassium hydroxide (3.0 g, 0.0537 mol), potassium carbonate 

(2.475 g, 0.018 mol), and the phase-transfer catalyst tetrabutylammonium 

hydrogensulfate (TBAHS) in butan-2-one at reflux for 12h. The target material was 

purified by using silica gel chromatography while using a mixture of ethylacetate and 

hexane (vol. ratio 1:7) as an eluent. The yield was determined as 0.85 g (29%). This 

procedure closely resembled the one previously described in [145,146]. 3,3-Bis(10-

phenoxazinylmethyl)oxetane 8 (H4) was synthesized through a N-alkylation reaction 

of 10H-phenoxazine. 10H-Phenoxazine (0.6 g, 0.00327 mol), potassium tert-butoxide 

(0.0408 g, 0.00423 mol), and 3,3-bis(chloromethyl)oxetane 6 (0.132 ml, 0.17 g, 

0.0011 mol) were refluxed in 5 ml of degassed THF under nitrogen for 12 hours. After 

monitoring the reaction progress by thin-layer chromatography, the mixture was 

cooled off and quenched with addition of ice water. The product was extracted with 

chloroform, and the organic extract was dried over anhydrous Na2SO4. The desired 

product was then isolated by column chromatography while using silica gel and a 1:7 

volume ratio mixture of toluene and hexane as the eluent. The yield was 0.24g (42%) 

of a pale-yellow material. The structures of the synthesized compounds were 

confirmed through NMR and MS, and the obtained data aligned well with the 

theoretically proposed structures. 
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Scheme 2. Synthesis of new host materials 7 (H3) and 8 (H4) 

The synthesized compounds were soluble in commonly used organic solvents, 

thus enabling cost-effective layer formation through a spin-coating process from a 

solution. DSC and TGA were employed to examine the behaviour under heating of 

the target host derivatives, 7 (H3) and 8 (H4). The results confirmed that these 

materials exhibit a high thermal stability with a Td value of 324 °C for the material 7 

(H3) and 314 °C for the derivative 8 (H4), as verified by TGA. During DSC 

measurements, it was discovered that both derivatives 7 (H3) and 8 (H4) were 

obtained as crystalline materials after synthesis and purification. However, they could 

be transformed into an amorphous state by cooling their melted samples.  

Figure 15 displays the DSC thermograms of the derivatives 7 (H3) (left) and 8 

(H4) (right). For the material 7 (H3), an endothermic melting peak was observed at 

199 °C during the first heating of the crystalline sample. Subsequently, upon cooling 

and reheating, the glass-transition was identified at 75 °C. Upon further heating, 

crystallization of the liquid material was registered at 123 °C, which resulted in the 

formation of the same crystals obtained through synthesis.  
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Figure 15. DSC curves of derivatives 7 (H3) (left) and 8 (H4) (right) 

The DSC measurements for the derivative 8 (H4) revealed an endothermic 

melting peak at 198 °C during the first heating of the sample. The melted material was 

then cooled, thus forming an amorphous state with a Tg of 66 °C, and no subsequent 

peaks indicating crystallization or melting were detected. These DSC measurements 

affirm that both materials have the capability to form thin amorphous layers suitable 
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for OLEDs. However, films of the compound 8 (H4) are anticipated to demonstrate 

better stability in the amorphous state based on the absence of crystallization at high 

temperatures. 

The LTPL spectra of the materials were measured at 77K to determine the ET 

values of the host derivatives 7 (H3) and 8 (H4). It was determined that the values are 

2.95 eV for the compound 7 (H3), and 2.73 eV for the derivative 8 (H4). Notably, the 

triplet energy levels for the hosts surpass ET of 2.21 eV for the well-known yellow 

phosphorescent dopant PO-01 [147], thus affirming the suitability of these host 

compounds for the formation of emissive layers in yellow PhOLEDs. All the presently 

mentioned properties of new derivatives are summarised in Table 3. 

Table 3. Thermal and photophysical properties of host materials 
Material TD (oC) Tm (oC) Tcr (oC) Tg (oC) ET (eV) 

7 (H3) 324 199 123 75 2.95 

8 (H4) 314 198 - 66 2.73 

To assess the suitability of the hosts for the emitting layers, yellow 

phosphorescent devices were constructed byt using the above-mentioned PO-01 

yellow triplet emitter as a dopant. The multilayer OLED structures were as follows: 

ITO/PEDOT:PSS/(7 (H3) or 8 (H4)):X wt% PO-01/TPBi/LiF/Al, where X is the 

dopant concentration. The electroluminescent spectra, shown in Figure 16, 

demonstrate a singular emission peak for various doping concentrations in devices 

based on the 7 (H3) host. In all PhOLEDs, light emission occurs at 570 nm, attributed 

to the emissions of PO-01. Notably, there is no colour shift observed with the changes 

in the dopant concentration of the yellow emitter in the host materials 7 (H3) and 8 

(H4). The created devices emit the yellow light with the CIE coordinates of (0.49, 

0.50) at a luminance of 1000 cd/m2. 

 
Figure 16. EL spectra of OLEDs having host material 7 (H3) with yellow PO-01 

dopant in emitting layers 

The EL properties of the devices were demonstrated in concentration-dependent 

experiments by using dopant concentrations of 7.5, 10, 12.5, and 15 wt%. The 

characteristics of resulting devices are presented in Table 4. PhOLEDs based on the 

derivative 7 (H3) with various dopant concentrations exhibited similar characteristics. 
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However, the device having 15 wt% of the dopant in its emissive layer showcased the 

highest EQE and PE values, measuring 10.6% and 19.2 lm/W, respectively, while 

simultaneously achieving the highest maximum luminance (Lmax) of 12250 cd/m². The 

device with a 7.5% dopant concentration attained the best CE value of 32.0 cd/A. It is 

notably of importance for the lighting luminance of 1000 cd/m² that the device with 

10% dopant concentration in its emissive layer demonstrated superior overall 

efficiencies, with a PE of 17.3 lm/W, a CE of 30.7 cd/A, and an EQE of 10.3%.  

It is evident that devices based on the host 8 (H4) showed significantly better 

characteristics compared to those based on the 7 (H3) host, especially at high 

brightness levels. The 8 (H4)-based devices displayed relatively low turn-on voltages 

ranging from 3.5 to 3.6 V, power efficiencies between 23.1 and 32.2 lm/W, current 

efficiencies from 26.0 to 35.8 cd/A, and EQE values of 8.1 to 10.9% at a luminance 

of 100 cd/m². Among them, the device containing 10 wt% of PO-01 demonstrated the 

best overall characteristics, featuring a current efficiency of 33.1 cd/A, a power 

efficiency of 22.8 lm/W, and an external quantum efficiency of 10.1% at a luminance 

of 1000 cd/m², making it well-suited for technological applications for lighting. The 

OLED achieved a maximum brightness exceeding 23100 cd/m². 

Table 4. Characteristics of devices featuring host H3 or H4 with PO-01 dopant 
 VON, V PE, lm/W CE, cd/A EQE, % LMAX, 

cd/m2 Host Dopant wt% @100 / @1000 cd/m2 

7 

(H3) 

PO-01 

7.50 6.3 / 8.2 16 / 9.9 32 / 25.6 10.5 / 7.9 10760 

10.0 5.6 / 7.4 17.3 / 11.4 30.7 / 26.8 10.3 / 8.5 10600 

12.5 5.1 / 6.7 18.4 / 10.9 30.1 / 23.2 10.5 / 7.5 10700 

15.0 4.8 / 6.3 19.2 / 11.3 29.4 / 22.7 10.6 / 7.5 12250 

8 

(H4) 

7.50 3.5 / 4.9 31.6 / 21.2 34.9 / 32.9 10.6 / 9.9 20520 

10.0 3.5 / 4.6 32.2 / 22.8 35.8 / 33.1 10.9 / 10.1 23190 

12.5 3.6 / 5.1 28.6 / 15.5 32.8 / 25.4 10.1 / 7.9 19470 

15.0 3.5 / 4.7 23.1 / 16.5 26.0 / 24.5 8.1 / 7.7 22360 

Based on the obtained experimental results, it is evident that the host material 8 

(H4) exhibits superior film-forming properties and possesses a triplet energy level that 

aligns more effectively with the PO-01 yellow triplet emitter as a dopant. This 

compatibility appears to be a contributing factor to the enhanced characteristics 

observed in OLEDs utilizing the host 8 (H4). The data conclusively affirms that this 

host material, prepared through a straightforward one-step procedure, holds 

significant potential in the realm of phosphorescent, second-generation device 

fabrication. 

3.3. Highly Efficient Candlelight Organic Light-Emitting Diode with a very Low 

Color Temperature (Scientific Publication No. 3, Q2, 6 citations) 

This chapter is based on the paper published in Molecules, 2021, 26, 24 by S. 

Shahnawaz, I. Siddiqui, M. R. Nagar, A. Choudhury, J.-T. Lin, D. Blazevicius, G. 

Krucaite, S. Grigalevicius, and J.-H. Jou [148]. 

In this study, the phenoxazine-based derivative 8 (H4) was employed as a host 

for the production of omni-friendly low-colour-temperature candlelight OLEDs. The 
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derivative was synthesized by using a simple one-step procedure outlined in the 

previous chapter, as depicted in Scheme 3. Specifically, 3,3-bis(10-

phenoxazinylmethyl)oxetane 8 (H4) was synthesized by N-alkylating 10H-

phenoxazine. The reaction involved refluxing 10H-phenoxazine (0.6 g, 0.00327 mol), 

potassium tert-butoxide (0.0408 g, 0.00423 mol), and 3,3-bis(chloromethyl)oxetane 6 

(0.132 ml, 0.17 g, 0.0011 mol) in degassed THF under nitrogen atmosphere for 12 

hours. After confirming the completion of the reaction, the mixture was cooled and 

quenched by adding ice water. The product was extracted with chloroform, and the 

organic layer was dried over anhydrous Na2SO4. The desired compound was then 

purified by column chromatography while using silica gel as the stationary phase and 

a 1:7 toluene-to-hexane mixture as the mobile phase. This procedure yielded 0.24 g 

(42%) of a pale-yellow product. 

O

Cl Cl
N2, t-BuOK, THF

reflux, 12h

O

H
N

O

N NO O
(3.0 eq)

8 (H4)
(42%)6

 
Scheme 3. Synthesis of phenoxazine-based material 8 (H4) 

In the previous chapter, the thermal properties of the material 8 (H4) were 

explained. TGA measurements revealed a high thermal stability with a Td of 314 °C. 

Although the derivative was initially obtained as a crystalline material with a Tm of 

198 °C, the cooling of the melted sample resulted in an amorphous state with a Tg of 

66 °C, as verified by DSC.  

Figure 17 illustrates photophysical characteristics of commercial host material 

CBP and 8 (H4), utilizing UV-vis absorbance, photoluminescence (PL), and LTPL 

characterizations. Absorbance, PL, and LTPL (at 77 K) peaks were observed at 320, 

395, and 495 nm, respectively, for the derivative 8 (H4), whereas the Eg value, derived 

from the absorbance spectrum, was estimated at 3.85 eV. 

 
Figure 17. Photophysical characteristics showing (a) Abs, PL and LTPL spectra of 

H4, and (b) the overlapping area between the PL of hosts 8 (H4) and CBP and the 

Abs of yellow PO-01 and orange-red Ir(2-phq)3 dyes 
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In Figure 17(a), the ES (3.44 eV) and ET (2.87 eV) values of the host 8 (H4) 

were calculated by using the intercepting wavelength of Abs:PL (360 nm) and 

Abs:LTPL (436 nm). The formulas for calculating the singlet and triplet energy were 

as follows: 

ES = 1240/intercepting wavelength of UV-vis and PL   (1) 

ET = 1240/intercepting wavelength of UV-vis and LTPL   (2) 

 In Figure 17(b), the plot illustrates the intersection between the normalized PL 

of the hosts 8 (H4) and CBP, and the normalized absorbance of the yellow dye PO-01 

and the orange-red dye Ir(2-phq)3 incorporated in candlelight organic LEDs. Notably, 

8 (H4) exhibits a larger overlapping area with the absorbance of the yellow dye PO-

01 and the orange-red dye Ir(2-phq)3, measuring 20.37 and 31.52 square units, 

respectively, as opposed to the host CBP with the values of 19.36 and 22.6 square 

units, respectively. 

Cyclic voltammetry (CV) experiments were conducted on 8 (H4) in 

dichloromethane during the oxidation scan. The HOMO and LUMO energy levels 

were determined as -5.39 eV and -1.54 eV, respectively, derived from the CV curve 

and utilizing the previously calculated Eg of 3.85 eV. Table 5 outlines the 

photophysical and electrochemical characteristics of the host 8 (H4), alongside those 

of the commercial host derivative CBP [18,71,149]. 

Table 5. Thermal, electrochemical and photophysical properties of host materials 

Material 
Td 

(oC) 

Tm 

(oC) 

Tg 

(oC) 

HOMO 

(eV) 

LUMO 

(eV) 

ET 

(eV) 

ES 

(eV) 

Eg 

(eV) 
References 

8 (H4) 340 199 66 -5.39 -1.54 2.95 3.44 3.85 [144] 

CBP 320 - 62 -6.00 -2.90 2.73 3.49 3.10 [18,71,149] 

To assess the performance of the new material 8 (H4) as a host material, 

solution-processed candlelight organic LEDs were fabricated. For comparison, an 

analogical device with the commercial host compound CBP was also assembled, 

utilizing the emitters PO-01 (yellow) and Ir(2-phq)3 (orange-red) for both 8 (H4)- and 

CBP-based candlelight OLEDs. The device structure was configured as 

ITO/PEDOT:PSS/8 (H4) or CBP : PO-01 (10 wt%): Ir(2-phq)3 (x wt%) (x= 7.5, 10.0, 

12.5, 15.0)/TPBi/LiF/Al. Figure 18(a) depicts the CIE chromaticity coordinates of the 

resulting devices.  
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Figure 18. Characteristics of 8 (H4)- and CBP-based OLEDs: (a) CIE chromaticity 

with EQEmax and pixel image (inset), and (b) colour temperature dependence on 

luminance 

For the 8 (H4)-based device these coordinates were (0.58, 0.42), whereas, for 

the CBP-based device, they were (0.57, 0.42). The corresponding achieved EQEmax 

values were 10.2% and 4.7%, respectively. The device pixel image (Figure 18(a), 

inset) depicts the candle-like emission. 

The electroluminescent characteristics of candlelight organic LED devices 

based on 8 (H4) and CBP were investigated. A yellow emitter (PO-01) at 10 wt% and 

an orange-red emitter (Ir(2-phq)3), doped at varying concentrations, were employed. 

An increase in the concentration of the orange-red emitter from 7.5 to 15 wt% 

in 8 (H4)-based devices resulted in changes in the maximum PE value from 22.1 to 

19.9 lm/W, CE from 20.3 to 18.2 cd/A, EQE from 9.2 to 8.5%, and the colour 

temperature (CT) from 1,730 to 1,705 K. Conversely, CBP-based devices exhibited 

changes in PEmax from 9.3 to 7.6 lm/W, CEmax from 11.8 to 9.3 cd/A, EQEmax from 5.0 

to 4.0%, and CT from 1,790 to 1,723 K. Notably, the efficiencies and CT were found 

to be concentration-dependent. Thus, the optimized concentration was determined to 

be 10 wt% for the orange-red emitter. Moreover, the incorporation of a higher 

concentration of the highly efficient orange-red emitter and ensuring balanced charge 

recombination in the emission zone facilitates a reduction in the emission colour 

temperature [150–152]. 

Table 6 illustrates the efficiencies of the investigated candlelight organic LED 

devices based on 8 (H4) and CBP, when utilizing 10 wt% of either the yellow emitter 

PO-01, or the orange-red emitter Ir(2-phq)3.  

The 8 (H4)-based device exhibited a high luminance of 14,950 cd/m² with a 

PEmax of 24 lm/W, a CEmax of 22.4 cd/A, and an EQEmax of 10.2% with an impressively 

low turn-on voltage of 2.8 V. At 100 cd/m², a PE of 22.0 lm/W, CE of 22.4 cd/A, EQE 

of 10.2%, and a CT of 1,690 K was achieved. Even at a higher luminance level, such 

as 1,000 cd/m², the efficiencies remained high, thus indicating a low roll-off at a very 

low CT. These results can be attributed to the balanced charge transport, aligned 

HOMO, LUMO, and triplet energies, a low hole-injection barrier between the hole 
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injection layer and the emissive layer, and a large hole-injection barrier between the 

emissive layer and the electron transport layer. 

For comparison, the CBP-based device displayed a Lmax of 8,393 cd/m², with a 

PEmax of 9.6 lm/W, a CEmax of 11.7 cd/A, an EQEmax of 6.8%, and a CT as low as 1,768 

K with a turn-on voltage of 3.2 V. These values were considerably lower than those 

of the 8 (H4)-based counterpart in all aspects, thereby indicating that 8 (H4)-based 

devices outperform CBP-based devices by 150%, 91%, and 50% in terms of the PE, 

CE, and EQE values, respectively, as shown in Figure 19.  

Table 6. Characteristics of candlelight OLEDs having 10wt% of PO-01 and 10wt% 

of Ir(2-phq)3 doped in 8 (H4) or CBP hosts 

Host 
VON, 

V 

PE, lm/W CE, cd/A EQE, % CT, K LMAX, 

cd/m2 

@100 / @1000 cd/m2 / MAX @100/@1000cd/m2 

8 (H4) 2.8 22.0/16.9/23.7 22.4/21.6/22.4 10.2/9.6/10.2 1690 / 1707 14950 

CBP 3.2 7.4 /3.9/9.6 10.3/7.4/11.7 4.7/3.2/6.8 1768 / 1782 8393 

 

Figure 19. Study of 8 (H4)- and CBP-based candlelight OLEDs showing (a) EQE 

dependence on luminance, and (b) power efficacy-luminance-current efficacy curves 

In assessing the influence of a lighting source on human health, this study 

incorporates the maximum permissible exposure limit (MPE) and melatonin 

suppression sensitivity (MSS). The MPE, as defined by the International Commission 

on Non-Ionizing Radiation Protection (ICNIRP) [153], serves to quantify the hazards 

associated with blue light, and it can be calculated as follows: 

𝑀𝑃𝐸 =
100

𝐸𝐵
      (3) 

where: EB – the photo-retinitis or blue light hazard weighted radiation (W/m2) 

[154–156] 

The melatonin suppression sensitivity after 1.5 hours of exposure (MSS) was 

introduced by Prof. Jou [157], and it can be calculated with the following equation:  

𝑀𝑆𝑆 =
𝑆𝐿𝐶(𝜆)

𝑆𝐿𝐶(480)
 × 100     (4) 
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where: SLC(λ) – the melatonin suppression spectrum per lux for a given 

polychromatic light; 

            SLC(480) – the melatonin suppression spectrum per lux for a reference 

blue light of 480 nm. 

Table 7 presents the emission spectra, CT, MSS (1.5 hours exposure), and the 

MPE characteristics of the investigated low colour temperature candlelight OLED in 

comparison with various commercial lighting sources. These include incandescent 

bulbs, warm white LEDs and OLEDs, cold white LEDs and OLEDs, as well as CFLs. 

It could be observed that the 8 (H4)-based blue emission-free candlelight OLED 

boasts a colour temperature of 1,690 K, making it 180 times more friendly in terms of 

MPE compared to the cold-white CFL with a CT of 5,843 K. Correspondingly, at 100 

lx, the MPE was 57,696 s (16 hours) for the studied device, whereas it was only 320 s 

for the cold-white CFL. Furthermore, the melatonin secretion sensitivity of the studied 

device at 100 lx (1.33%) is 22.4 times lower than its counterpart cold-white CFL 

(29.9%) after a 1.5-hour exposure at night. 

Table 7. Comparison between the spectrum, CT, MSS (1.5 hours exposure) and MPE 

of the studied candlelight OLED and the commercial light sources 
Light source Spectrum CT (K) MSS (%) MPE (s) @100 lx 

This work 

 

1,690 1.33 57,696 

Candle Light 

 

1,884 4.0 2,750 

Incandescent Bulb 

 

2,444 11.5 1,100 

Warm-white LED 

 

2,704 8.0 1,000 

Warm-white 

OLED 
 

3,080 6.9 1,050 

Cold-white OLED 

 

4,034 12.8 590 

Cold-white LED 

 

5,549 19.8 380 

Cold-white CFL 

 

5,843 29.9 320 
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In contrast to cold-white LEDs, the studied device demonstrates the MPE and 

MSS values which are 152 and 15 times better, respectively. Compared to cold-white 

OLEDs, the candlelight OLED is 98 times more human eye-friendly and 9.6 times 

more friendly in terms of the inhibition of melatonin secretion. Moreover, the studied 

device outperforms warm-white LED (CT of 2,704 K) and warm-white organic LED 

(CT of 3,080 K) by 57.6 / 54.9 and 6 / 5.2 times in terms of the MPE / MSS values, 

respectively.  Additionally, when compared to an incandescent bulb (CT of 2,444 K) 

and candlelight (CT of 1,884 K), the fabricated candlelight organic LED proves to be 

52.4 times more friendly to the human eye and inhibits melatonin secretion 8.6 times 

less than the incandescent bulb. Furthermore, it is 21 times more human eye-friendly, 

and it inhibits melatonin secretion by 200% less than the natural candlelight due to 

the total absence of blue emission. 

Therefore, the present study-based candlelight OLED stands out for being free 

from flickering, scorching, glare, and, importantly, it is potentially more energy-

efficient than any commercial lighting sources. The key factors contributing to the 

enhanced device efficiencies include the outstanding electron-blocking capabilities, 

the appropriate levels of HOMO, LUMO, and triplet energies, the reduced hole-

injection barriers between the host and HIL, and significantly confined light-emitting 

excitation to the designated recombination zone. This study paves the way for 

development of highly efficient candlelight OLED lighting devices using cost-

effective solution processes. 

3.4. A Review of Benzophenone-Based Derivatives for Organic Light-Emitting 

Diodes (Scientific Publication No. 4, Q1, 3 citations) 

This chapter is based on the paper published in Nanomaterials, 2024, 14, 4 by 

D. Blazevicius, and S. Grigalevicius [158] 

In this study, in order to explore more possibilities in improving the efficiency 

of OLEDs, the synthetic routes, thermal properties, electrochemical behaviour, 

photoelectrical and photophysical characteristics of benzophenone-based derivatives 

were examined. Also, we overviewed their application in OLED devices, both as the 

hosts and the emitters. This chapter provides a systematic review of various device 

configurations and their corresponding performances. The review is organized into 

several sections based on the application and structure of benzophenone derivatives, 

encompassing host materials for phosphorescent emitters, host materials for TADF 

emitters, D–A type emitters, D–A–D type symmetric structure emitters, D–A–D type 

asymmetric structure emitters, and emitters featuring dendritic structures. 

3.4.1. Benzophenone-based host materials used for phosphorescent emitters 

Figure 20 depicts the structures of benzophenone-based derivatives utilized as 

host materials in PhOLEDs.  



52 

O

N N
O

N N

O O O

N N

HA1 HA2 HA3

N

N

N

N

O

HA4

O

NN
HA5

O

N
HA6

N

O

O

O

HA7

O

O

HA8

O

O

O

HA9

O O

O O

HA10

 
Figure 20. Structures of benzophenone-based materials used as hosts in PhOLEDs 

[159, 161-164, 166] 

The target compounds, HA1, HA2, and HA3 [159], were synthesized via the 

Buchwald–Hartwig [160] amination reaction between 3,3′-dibromobenzophenone 

and 1,2,3,4-tetrahydrocarbazole for HA1, phenoxazine for HA2, and 9,9-dimethyl-

9,10-dihydroacridine for HA3. Additionally, the host material HA4 [161] was 

synthesized during the Suzuki coupling reaction [139] between 3,3′,6,6′-

tetrabromobenzophenone and 9-phenylcarbazol-3-ylboronic acid. HA5 [162] was 

obtained through a Buchwald–Hartwig amination reaction between 4,4’-

dibromobenzophenone and 3,6-diphenyl-9H-carbazole. Similarly, HA6 [163] was 

synthesized by utilizing analogous reaction conditions with 4-bromo-3-

methylbenzophenone and 3,6-dimethyl-9H-carbazole. HA7 [164] was obtained via a 

single-step synthetic procedure involving the Ullmann reaction [165] of 

iodophenylketone and aminodiphenylketone. The synthesis of the remaining 

PhOLED host materials, HA8, HA9, and HA10 [166], was achieved through a 

straightforward Friedel−Craft benzoylation reaction [167] conducted in carbon 

disulfide. Benzoyl chloride, in the presence of AlCl3, reacted with 1,4-diphenyldurene, 

1,3,5-triphenylmesitylene, and 3,3′,5,5′-tetraphenylbimesitylene to yield HA8, HA9, 

and HA10, respectively. 

Out of this group of materials, the most notable efficiencies were achieved by 

utilizing the derivatives HA5, HA6 and HA8 as hosts for various phosphorescent 

dopants. Both materials HA5 and HA8 showed a high thermal stability with the Td 

values of 480 oC and 337 oC, respectively. The derivative HA6, on the other hand, 

showed a high Tg value of 131oC, thereby confirming its tendency to form stable 

amorphous layers. All the three materials showed high ET values of 2.69 eV for 

derivative HA5, 3.00 eV for HA6, and 2.97 eV for HA8. Furthermore, the presently 

discussed compounds had a large bandgap from 3.10 eV to 3.91 eV.  All these 
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properties were suitable to test the earlier-mentioned materials as hosts for red, orange, 

yellow, green, and blue phosphorescent emitters. The architectures of devices utilizing 

the host materials HA5, HA6 and HA8 are shown in Table 8. 

Table 8. Architectures of devices utilizing host materials HA5, HA6 and HA8 
Device Device architecture Reference 

D1HA5 
ITO/NPB (35nm)/mCP (5nm)/HA5:3wt% Ir(ppy)2acac (30 

nm)/B3PYMPM (30nm)/LiF (0.5nm)/Al (150nm) 
[162] 

D2HA5 
ITO/NPB (35nm)/mCP (5nm)/HA5:3wt% Ir(bzq)2(dipba) (30 

nm)/B3PYMPM (30nm)/LiF (0.5nm)/Al (150nm) 
[162] 

D3HA5 
ITO/NPB (35nm)/mCP (5nm)/HA5:3wt% Ir(bt)2(dipba) (30 

nm)/B3PYMPM (30nm)/LiF (0.5nm)/Al (150nm) 
[162] 

D1HA6 
ITO/TAPC (30nm)/TCTA (10nm)/HA6:FIrpic (20nm)/CzPhPy 

(10nm)/TmPyPB (45nm)/LiF/Al 
[163] 

D2HA6 
ITO/TAPC (30nm)/TCTA  (10nm)/HA6:Ir(ppy)2(acac) 

(20nm)/CzPhPy (10nm)/TmPyPB (45nm)/LiF/Al 
[163] 

D3HA6 
ITO/TAPC (30nm)/TCTA (10nm)/HA6:Ir(mphmq)2(tmd) 

(20nm)/HA8 (10nm)/CzPhPy (10nm)/TmPyPB (45nm)/LiF/Al 
[163] 

D1HA8 
ITO/NPB (40nm)/mCP (10nm)/HA8:9-10wt%Ir(ppy)3 

(30nm)/TmPyPB (45nm)/LiF (2nm)/Al (150nm) 
[166] 

D4HA8 
ITO/NPB (40nm)/mCP (10nm)/HA8:9-10wt% PO-01 

(30nm)/TmPyPB (45nm)/LiF (2nm)/Al (150nm) 
[166] 

Table 9 displays the characteristics of phosphorescent OLEDs employing host 

materials HA5, HA6, and HA8. The utilization of these benzophenone-based hosts 

yielded efficient PhOLED devices, with their external quantum efficiency surpassing 

16%. These host materials were employed across red, orange, yellow, green, and blue 

devices.  

Table 9. Characteristics of PhOLEDs using host materials HA5, HA6, and HA8 

Device Host Colour 
VON, 

V 

LMAX, 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x, y) Reference 

D1HA5 HA5 Green 2.5 93330 - 99.1 25.1 (0.29, 0.64) [162] 

D2HA5 HA5 Orange 2.6 31200 - 61.6 23.1 (0.51, 0.47) [162] 

D3HA5 HA5 Red 2.9 10240 - 27.1 22.1 (0.61, 0.36) [162] 

D1HA6 HA6 Blue 3.0 - - 38.2 19.4 (0.16, 0.33) [163] 

D2HA6 HA6 Green 2.9 - - 75.7 21.0 (0.29, 0.64) [163] 

D3HA6 HA6 Red 3.1 - - 30.8 16.5 (0.62, 0.38) [163] 

D1HA8 HA8 Green 4.5 3080 46.8 29.1 17.0 (0.30, 0.60) [166] 

D4HA8 HA8 Yellow 5.5 3490 50.6 28.9 19.2 (0.47, 0.51) [166] 

Among the red devices, the prototype D3HA5 emerged as the most efficient 

option, boasting a low VON of 2.9 V, a high PE of 27.1 lm/W, an EQE of 22.1%, and 

an LMAX of 10,240 cd/m². The orange device D2HA5 proved most effective, by 

showcasing the VON, LMAX, PE, and EQE values of 2.6 V, 31,200 cd/m², 61.6 lm/W, 

and 23.1%, respectively. Among yellow devices, the prototype D4HA8 stands out 

with a CE of 50.6 cd/A, a PE of 28.9 lm/W, and an EQE of 19.2%. When comparing 

green PhOLEDs, the host material HA5, which is compatible with the green 

phosphorus ET value of 2.69 eV, exhibited a superior efficiency, with PhOLED 
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D1HA5 achieving a remarkable PE of 99.1 lm/W and an EQE of 25.1%, along with 

an LMAX exceeding 93,300 cd/m². For blue PhOLEDs, devices utilizing the host 

material HA6, characterized by a high ET of 3.00 eV as well as exceptional thermal 

and film-forming properties, demonstrated the best performance. Specifically, the 

device D1HA6 showcased high PE and EQE values of 38.2 lm/W and 19.4%, 

respectively. 

3.4.2. Benzophenone-based bipolar host materials used for TADF emitters 

Figure 21 depicts the structures of benzophenone-based derivatives utilized as 

the host materials in TADF-based OLED devices. The target compounds HB1 and 

HB2 [168] were synthesized through a straightforward one-step Friedel–Crafts 

reaction by employing the readily available and cost-effective triphenylamine along 

with isophthaloyl- or terephthaloyl-dichloride as the starting materials. The remaining 

host materials HB3, HB4 [169], HB5 [170], HB6, HB7 [171], and HB8 [172] were 

obtained via simple nucleophilic substitution reactions between fluorinated 

benzophenone and the corresponding amines. For their application as TADF host 

materials, benzophenone was paired with either electron-rich carbazole, or with 

phenyl-/naphthyl-amino fragments. The compounds HB3, HB4, HB5, HB6, and HB7 

were derived from the reactions of 4,4’-difluorobenzophenone with N-phenyl-1-

naphthylamine, N-phenyl-2-naphthylamine, 3-naphthyl-9H-carbazole, 3-phenyl-9H-

carbazole, and 3-(4-(9H-carbazol-9-yl)phenyl)-9H-carbazole, respectively. The 

material HB8 was synthesized during the reaction between 2,3,4,5,6-

pentafluorobenzophenone and 9H-carbazole. 
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Figure 21. Structures of benzophenone-based materials used as hosts in TADF 

OLEDs [168–172] 

Experiments conducted by various researchers showed that the most efficient 

host materials in this chapter were HB3, HB6, and HB7. After the investigation of the 

thermal properties, it was observed that benzophenone-based compounds exhibited a 
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high heat resistance, with Td surpassing 277°C for all derivatives, as confirmed by 

TGA. Additionally, all the three materials demonstrated the capability to form stable 

amorphous films, whereas the glass transition temperatures, measured by DSC, for 

the derivatives HB3, HB6, and HB7 reached 101°C, 92°C, and 187°C, respectively. 

Moreover, the presently discussed HB series benzophenone derivatives exhibited Eg 

values ranging from 2.89 to 4.10 eV, while their triplet state energies ranged from 2.55 

eV to 2.64 eV. These properties indicate their potential for application as host 

materials in green and white TADF OLEDs. The device architectures utilizing the host 

materials HB3, HB6, and HB7 are illustrated in Table 10. 

Table 10. Architectures of devices utilizing host materials HB3, HB6, and HB7 
Device Device architecture Reference 

DHB3 
ITO/MoO3 (8nm)/NPB (60nm)/TAPC (5nm)/HB3:5wt%4CzTPN 

(5nm)/HB3 (15nm)/PFBP-2b(20 wt%):TPBi (40nm)/LiF (1nm)/Al 
[169] 

D1HB6 
ITO (125 nm)/PEDOT:PSS (35 nm)/HB6:4CzIPN (20 nm)/PO-T2T (10 

nm)/TPBi (30 nm)/LiF (1nm)/Al (200 nm) 
[171] 

D2HB6 
ITO (125 nm)/PEDOT:PSS (35 nm)/VPEC (10nm)/HB6:4CzIPN(20 nm) 

/PO-T2T (10 nm)/TPBi (30 nm)/LiF (1nm)/Al (200 nm) 
[171] 

DHB7 
ITO (125 nm)/PEDOT:PSS (35 nm)/HB7:4CzIPN (20 nm)/PO-T2T 

(10nm)/TPBi (30 nm)/LiF (1nm)/Al (200 nm) 
[171] 

Table 11 displays the measured characteristics of TADF OLED devices utilizing 

the host materials HB3, HB6, and HB7. The material HB3 was examined by M. 

Mahmoudi et al., who determined that the synthesized material could best serve as an 

exciton modulator between two TADF emitters. By combining orange and blue TADF 

materials with a new benzophenone-based host, efficient white TADF OLEDs were 

introduced, with the device DHB3 achieving an EQE of 9.5% along with a high-

quality white electroluminescence characterized by the CIE coordinates of (0.32, 

0.31), a colour temperature of 4490 K, and a colour rendering index of 80. A team of 

researchers led by S. Swyamprabha synthesized and characterized new materials with 

variously substituted carbazoles HB6 and HB7. A green solution-processable OLED, 

D2HB6, which was fabricated by using the host HB6 and a cross-linkable hole 

transport material VPEC, achieved a PE of 63.6 lm/W and an EQE of 25.3%. The 

derivative HB7 demonstrated superior effectiveness as a host for a green TADF 

emitter compared to the lower ET having material HB6. 

Table 11. Characteristics of TADF OLED devices using host materials HB3, HB6, 

and HB7 

Device Host Colour 
VON, 

V 

LMAX, 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x, y) Reference 

DHB3 HB3 White 3.9 29922 18.6 - 9.5 (0.36, 0.31) [169] 

D1HB6 HB6 Green 3.0 16500 70.7 55.6 23.2 (0.28, 0.57) [171] 

D2HB6 HB6 Green 2.9 18900 72.3 63.6 25.3 (0.29, 0.58) [171] 

DHB7 HB7 Green 2.7 10540 49.2 46.2 15.3 (0.28, 0.57) [171] 
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3.4.3. Benzophenone-based emitters employing donor-acceptor molecular 

structure 

Figure 22 depicts the structures of donor-acceptor type molecules explored for 

their potential as emitters in OLED devices.  
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Figure 22. Structures of benzophenone-based D–A materials used as emitters in 

OLEDs [172–188] 

The compounds EA1, EA2, EA3 [173], EA6 [174], EA7 [175], EA8 [176], 

EA13 [177], EA14 [178], EA16 [179], EA17, and EA18 [180] were synthesized by 

using the Buchwald–Hartwig coupling reaction methodology. The materials EA4 and 

EA5 [181], incorporating 3,6-pyridinyl-9H-carbazole substitutions, were synthesized 

via Suzuki reactions. This process entailed coupling 4-(3,6-dibromocarbazol-

yl)benzophenone with 4-pyridinylboronic acid to produce the compound EA4 and 

with 3-pyridinylboronic acid to synthesize the derivative EA5. The Suzuki coupling 

method was also utilized for the synthesis of the target materials EA9 [182] and EA22 

[183]. Benzophenone-based derivatives EA10 [184], EA11 [172], EA12 [185], and 

EA19 [186] were synthesized through relatively straightforward catalyst-free 

nucleophilic substitution reactions. An alternative synthesis approach was employed 

for the creation of the compounds EA15 and EA21 [187], wherein 10H-

spiro(acridine-9,9’-thioxanthene) was employed in Ullmann reactions with 4-
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bromobenzophenone and (6-bromopyridin-3-yl)(phenyl)methanone, respectively. 

The phosphorus-containing emitter EA20 [188] was synthesized through a palladium-

catalyzed reaction between the intermediate compound 4-iodo-4’-phenothiazin-10yl-

benzophenone and diphenylphosphine oxide in the presence of triethylamine. 

From this selection of materials, the best efficiencies were achieved by 

employing the derivatives EA6, EA19, EA20, and EA21 as TADF emitters in yellow 

(EA20), green (EA21), or blue (EA6, EA19) OLEDs. High thermal stability was 

confirmed for all the tested materials through TGA measurements. The Td values 

ranged from 278°C to 428°C. DSC experiments indicated the formation of stable 

amorphous layers, with Tg values recorded at 177°C for the derivative EA6, 91°C for 

the material EA20, and 102°C for the compound EA21. Most of the EA benzophenone 

derivatives exhibited an Eg of 3.2 eV or lower, suggesting potentially a more efficient 

TADF process compared to emitters with wider bandgaps. A crucial factor for 

achieving the TADF effect is the small ΔEST value facilitating effective reverse 

intersystem crossing [20]. This metric was evaluated for all benzophenone-based D-

A emitters, with the best performers showing ΔEST levels of 0.09 eV, 0.01 eV, 0.02 eV, 

and 0.08 eV for the derivatives EA6, EA19, EA20, and EA21, respectively. A small 

ΔEST is linked to a higher PLQY, thus enabling efficient radiative decay. For the 

materials EA6 and EA21, the PLQY values were determined to be 62.0% and 98.9%, 

respectively. Additionally, both prompt and delayed emission components were 

observed, with the delayed component (RD) comprising 37.9% and 60.1% of the 

overall emission for the derivatives EA6 and EA21, respectively. All four top-

performing emitters in this study demonstrated TADF properties. The device 

architectures utilizing emitters EA6, EA19, EA20, and EA21 are outlined in Table 

12. 

Table 12. Architectures of devices utilizing emitters EA6, EA19, EA20 and EA21 
Device Device architecture Reference 

DEA6 
ITO/HAT-CN (10nm)/TAPC (30nm)/TCTA(10nm)/DPEPO: 

10wt.%EA6 (40nm)/TmPyPB (40nm)/LiF (1nm)/Al (100nm) 
[174] 

DEA19 
ITO/PEDOT:PSS (30nm)/mCP:CzAcSF:EA19(40:30:30) (40nm) 

/DPEPO (10 nm)/TmPyPB (50nm)/Liq (1nm)/Al (100nm) 
[186] 

D1EA20 
ITO/PEDOT:PSS (40 nm)/CBP (20nm)/CBP:10wt%EA20 

(15nm)/TPBI (40nm)/Mg:Ag 
[189] 

D2EA20 
ITO/PEDOT:PSS (40nm)/CBP (20nm)/EA20 (4nm)/2CzTPEPCz 

(15nm)/TPBI (40nm)/Mg:Ag 
[190] 

D1EA21 
ITO/TAPC (30nm)/mCP (10nm)/EA21 (20nm)/DPEPO 

(10nm)/TmPyPB (40nm)/LiF/Al 
[187] 

D2EA21 
ITO/TAPC (30nm)/mCP (10nm)/DPEPO:30wt%EA21 

(20nm)/DPEPO (10nm)/TmPyPB (40nm)/LiF/Al 
[187] 

Table 13 displays various characteristics for EA derivatives-based OLEDs. X. 

Chen et al. developed the most effective yellow OLED device D1EA20, attaining the 

maximum CE, PE, and EQE values of 73.1 cd/A, 38.2 lm/W, and 26.7%, respectively 

[189]. J. Zhao et al. utilized the same emitter EA20 in a white TADF-based prototype 

D2EA20, thus achieving a high CE of 45.9 cd/A, a PE of 18.0 lm/W, and an EQE of 

20.8% [190]. J. Wang and colleagues synthesized the TADF emitter EA21, 
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demonstrating superior efficiency in green light emitting devices. The doped device 

D2E21 surpassed a luminance of 11000 cd/m2 with an EQE of 25.6%. Additionally, 

CE and PE reached 69.8 cd/A and 58.9 lm/W, respectively. The same green TADF 

emitter also showed exceptional performance in non-doped EMLs, whereas the device 

D1EA21 achieved the maximum PE, CE, and EQE values of 56.4 cd/A, 43.5 lm/W, 

and 18.7%, respectively.  

Table 13. Characteristics of TADF OLED devices using emitters EA6, EA19, EA20, 

and EA21 

Device Host Colour 
VON, 

V 

LMAX, 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x, y) Reference 

DEA6 EA6 Blue 3.2 14724 44.8 45.6 17.7 (0.17, 0.28) [174] 

DEA19 EA19 Blue 4.0 4235 47.7 29.9 20.6 - [186] 

D1EA20 EA20 Yellow 4.4 32590 73.1 38.2 26.7 - [188] 

D2EA20 
EA20: 

2CzTPEPCz 
White 6.1 12310 45.9 18.0 20.8 (0.45, 0.44) [188] 

D1EA21 EA21 Green 3.2 26836 56.4 43.5 18.7 (0.28, 0.53) [187] 

D2EA21 EA21 Green 3.2 11392 69.8 58.9 25.6 (0.24, 0.49) [187] 

In the realm of blue TADF emitters, J. Wang’s group successfully combined a 

benzophenone electron acceptor with an 11-phenyldihydroindolo[2,3-a]carbazole 

electron donor, thereby yielding the material EA6. When applied as a dopant in blue 

OLED DEA6, it achieved a maximum EQE of 17.7%, as well as luminance exceeding 

14000 cd/m2, with the CE and PE values of 44.8 cd/A and 45.6 lm/W. The most 

efficient benzophenone derivative used as a blue TADF emitter was EA19, 

synthesized and characterized by J. Zhang and his team. The relatively simple 

structure of the benzophenone-acridine derivative in blue DEA19 reached the CE, PE, 

and EQE values of 47.7 cd/A, 29.9 lm/W, and 20.6%, respectively. 

3.4.4. Benzophenone-based emitters employing symmetric donor-acceptor-donor 

structure 

Figure 23 illustrates the chemical structures of symmetrical benzophenone-

based emitters employing the D–A–D configuration. The material EB1 [191] was 

synthesized via the Ullmann reaction between 4,4’-dibromobenzophenone and 3,6-

bis(tert-butyl)-9H-carbazole. Notably, a significant number of materials were 

synthesized through the Buchwald–Hartwig amination of 3,3’-dibromobenzophenone 

or 4,4-dibromobenzophenone, employing diverse electron-donating groups. 

Tetrahydrocarbazole, phenoxazine, 2,7-ditert-butyl-9,9-dimethylacridine, and 3,6-

diphenyl-9H-carbazole served as second reactants for the compounds EB2, EB9, 

EB13 [159], and EB4 [162], respectively.  The reaction with carbazole resulted in the 

material EB3, while the reaction with bicarbazole yielded EB5 [192], whereas 

9,9,9’9’-tetramethyl-9,9’10,10’-tetrahydro-2,10’-biacridine led to EB11 [193].  
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Figure 23. Structures of benzophenone-based D–A–D symmetrical materials used 

as emitters in OLEDs [159, 162, 168, 176, 191–202] 

N-(2-naphthyl)aniline played a crucial role in obtaining EB19 [194]. 

Phenoselanazine, azasiline, 10H-spiro[acridine-9,9′-fluorene], 10H-spiro[acridine-

9,9′-xanthene], and 10H-spiro[acridine-9,9′-thioxanthene] were utilized for EB20, 

EB21 [195], EB22 [196], EB23, EB24, and EB25 [197], respectively. The synthesis 

of the compounds EB26 and EB27 [198] involved the use of 5,10-dihexyl-10,15-

dihydro-5H-diindolo[3,2-a:3',2'-c]carbazole and 5,10-diphenyl-10,15-dihydro-5H-

diindolo[3,2-a:3',2'-c]carbazole as the reactants. The synthesis of the benzophenone 

derivatives EB14, EB15 and EB16 [192], which was described in the same 

publication with the above-mentioned EB3 and EB5, was achieved by using 

aminations of bis(4-bromobenzoyl)benzenes with two equivalents of phenoxazine. 

The same reaction methodology was used to obtain the emitter EB6 [176]. In this 

case, the amination of 3-iodo-9-ethylcarbazole with 4,4′-diaminobenzophenone took 

place. ((4,10-Dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine-2,8-

diyl)bis(4,1-phenylene))bis((4-bromophenyl)methanone) reacted with 9,9-dimethyl-

9,10-dihydroacridine in similar conditions to make up the emitter EB12 [199]. The 

material EB7 [200] was synthesized through a simple nucleophilic substitution of 
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4,4’-difluorobenzophenone with 3-(N,N-diphenylamino)carbazole. The Suzuki 

reaction was chosen as the optimal procedure for obtaining the compound EB8 [201], 

by using 4,4’-dibromobenzophenone and 9,9-dimethyl-10-phenyl-2-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-9,10-dihydroacridine as the initial reactants. 

EB10 [202] was synthesized during a N,N-(2,6-di(3-pentyl)phenyl) imidazolium-

catalyzed reaction of 4,4’-dibromobenzophenone and 9,9-dimethyl-9,10-

dihydroacridine. Both compounds EB17 and EB18 [168] were prepared through a 

simple one-step Friedel–Crafts reaction, while using commercially available 

inexpensive starting materials triphenylamine and isophthaloyl dichloride for the 

compound EB17 or terephthaloyl dichloride for the emitter EB18. 

Among this category of materials, the highest efficiencies in devices were 

demonstrated by EB5, EB20, EB23, EB24, and EB25. Td values were reported for 

the derivatives EB23, EB24 and EB25, with all of these exceeding 430°C, which 

proves the excellent thermal stability. The above-mentioned five symmetrical D–A–

D benzophenone derivatives exhibited relatively narrow bandgaps ranging from 3.02 

to 3.37 eV. Additionally, the derivatives EB5, EB20, EB23, EB24, and EB25 

achieved low ΔEST levels of 0.14 eV, 0.15 eV, 0.01 eV, 0.01 eV, and 0.01 eV, 

respectively, which is crucial for enhancing the efficiency of the TADF process. This 

enhancement is evident as the materials EB5, EB23, EB24, and EB25 exhibited the 

PLQY values of 73.0%, 91.0%, 94.0%, and 85.0%, respectively. The involvement of 

the triplet state in the emission process is apparent for some compounds, observed in 

EB23, EB24, and EB25, where substantial RD levels of 55.6%, 54.5%, and 42.8% 

were identified. All five best-performing emitters in this chapter exhibited TADF 

properties. The device architectures utilizing the emitters EB5, EB20, EB23, EB24, 

and EB25 are outlined in Table 14. 

Table 14. Architectures of devices utilizing emitters EB5, EB20, EB23, and EB24 
Device Device architecture Reference 

DEB5 
ITO/α-NPD (35nm)/mCP (5nm)/DPEPO:6 wt%EB5 (20nm)/DPEPO 

(10nm)/TPBi (30nm)/LiF (0.8nm)/Al (80 nm) 
[192] 

DEB20 
ITO/α-NPD (40nm)/mCBP:10wt%EB20 (20nm)/TPBi (40nm)/LiF 

(0.6nm)/Al (100 nm) 
[195] 

D1EB23 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EB23 (20 nm)/PPF 

(5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[197] 

D2EB23 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:30wt%EB23 

(20nm)/ PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[197] 

D1EB24 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EB24 (20 nm)/PPF 

(5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[197] 

D2EB24 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:30wt%EB24 

(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[197] 

D1EB25 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EB25 (20nm)/PPF 

(5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[197] 

D2EB25 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:30wt%EB25 

(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[197] 

Table 15 displays the characteristics of the most efficient devices utilizing EB 

derivatives as emitters. S.J. Lee et al. synthesized and characterized the most efficient 
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blue TADF emitter described in this chapter, EB5, achieving an EQE value of 14.3% 

and a CE of 25.5 cd/A, when applied in a device. Researchers developed the green 

TADF emitters EB20, EB23, EB24, and EB25 with a symmetrical D–A–D structure 

incorporating a central benzophenone fragment, with all of them achieving over 17% 

external quantum efficiency. P. Sharif and colleagues synthesized and characterized 

the derivative EB20, which proved highly efficient in green TADF OLED devices. By 

combining a phenoselenazine electron donor with benzophenone, they synthesized 

EB20 and fabricated the DEB20 device, exhibiting an exceptionally high EQE of 

30.8% and a CE of 64.0 cd/A.  

Table 15. Characteristics of TADF OLED devices using emitters EB5, EB20, EB23, 

EB24, and EB25 

Device Emitter Colour VON, V 
LMAX, 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x, y) 

Reference 

DEB5 EB5 Blue 4.4 3900 25.5 - 14.3 (0.17, 0.27) [192] 

DEB20 EB20 Green 4.3 17007 64.0 - 30.8 (0.31, 0.53) [195] 

D1EB23 EB23 Green 3.2 31713 53.9 48.9 18.6 (0.24, 0.53) [197] 

D2EB23 EB23 Green 3.0 48712 90.9 91.2 30.3 (0.25, 0.54) [197] 

D1EB24 EB24 Green 3.6 30283 46.8 37.5 17.1 (0.22, 0.46) [197] 

D2EB24 EB24 Green 3.2 48515 87.5 85.9 32.2 (0.22, 0.49) [197] 

D1EB25 EB25 Green 3.8 25616 49.1 35.7 18.1 (0.22, 0.50) [197] 

D2EB25 EB25 Green 3.2 48153 79.8 75.9 28.4 (0.23, 0.50) [197] 

The highest overall efficiencies of green TADF OLEDs using symmetrical D-

A-D benzophenone-based emitters were achieved by R. Huang et al., who synthesized 

and characterized the derivatives EB23, EB24, and EB25. These materials underwent 

testing in both non-doped and doped emissive layers. The most efficient non-doped 

device, D1EB23, demonstrated an exceptional performance with the maximum CE, 

PE, and EQE values reaching 53.9 cd/A, 48.9 lm/W, and 18.6%, respectively. In the 

doped configuration of the device D2EB23, efficiencies were further elevated, 

ultimately achieving an impressive CE of 90.9 cd/A, a PE of 91.2 lm/W, and an EQE 

of 30.3%. While the device D2EB23 attained the highest CE and PE among green 

devices in this study, the OLED prototype D2EB24, featuring the emitter EB24 doped 

in a host material, remained unparalleled with an extraordinary EQE level of 32.2%. 

3.4.5. Benzophenone-based emitters employing asymmetric donor-acceptor-

donor structure 

Figure 24 illustrates the structures of benzophenone-based TADF emitters 

utilizing an asymmetric D–A–D molecular configuration. Except for one material, all 

of them incorporated carbazole as one of the electron-donating fragments, alongside 

other donating moieties, such as 3-substituted carbazole, 9,10-dihydro-9,9-

dimethylacridine, spiro[acridine-9,9'-fluorene], and phenoxazine. Notably, the 

derivative EC11 stood out by not incorporating carbazole as one of the electron 

donors; instead, it employed 9,10-dihydro-9,9-dimethylacridine and thianthrene 

fragments.  
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Figure 24. Structures of benzophenone-based D–A–D asymmetrical materials used 

as emitters in OLEDs [104, 173, 203–205] 

The synthesis of the derivatives required at least two synthetic steps. For 

instance, the derivative EC1 [173] was synthesized through a two-step Buchwald–

Hartwig amination procedure, involving the replacement of one bromine atom in 4,4’-

dibromobenzophenone with carbazole, followed by the reaction with 4-(9H-carbazol-

1-yl)-N,N’-diphenylaniline. The material EC2 [104] was obtained by reacting (3,5-

bis-carbazol-9-yl-phenyl)-(4-bromophenyl)-methanone with 9,10-dihydro-9,9-

dimethylacridine under Buchwald–Hartwig reaction conditions. Similarly, the 

derivatives EC3 and EC4 [203] were synthesized through a two-step process 

involving a nucleophilic substitution reaction followed by a Buchwald–Hartwig 

reaction. The materials EC5–EC10 were also synthesized by using very similar 

procedures [204], where the Buchwald–Hartwig reactions of 3,6-di-tert-butyl-9H-

carbazole with various aromatic ketones were followed by nucleophilic substitution 

reactions with 9,10-dihydro-9,9-dimethylacridine or phenoxazine. The synthesis of 

the compound EC11 involved a two-step process [205] starting with a Suzuki reaction 

to replace one bromine atom of 4,4’-dibromobenzophenone with a thianthrene moiety, 

followed by a Buchwald–Hartwig coupling reaction to substitute the second bromine 

atom with 9,10-dihydro-9,9-dimethylacridine. 

Among all these materials, the best efficiencies were achieved by the derivatives 

EC2, EC3, EC4, and EC11. Researchers presented the thermal, electrochemical, 

photoelectrical, and photophysical properties of these materials. The presently 

mentioned benzophenone derivatives with an asymmetric D–A–D structure exhibited 

an exceptional thermal stability, with the Td values ranging from 309 to 451°C. During 

DSC experiments, Tg values were recorded at 72°C and 104°C for the materials EC2 

and EC11, respectively. The HOMO levels of the materials EC2, EC3, EC4, and their 

EC11 values ranged from -5.92 to -5.35, while the LUMO levels varied between -

3.04 and -2.61, resulting in the bandgap energies of 2.88 eV or lower, thus facilitating 

the minimal energy difference between the lowest singlet and triplet states, thus 

enabling efficient reverse intersystem crossing. Experimental results supported this 

data, with ΔEST being 0.10 eV or lower, and resulting in high PLQY for the derivatives 
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EC3, EC4, and EC11 reaching 90%, 86%, and 76%, respectively. Additionally, these 

derivatives exhibited aggregation-induced emission properties, with significantly 

lower PLQY values detected in solutions compared to the film states. The PLQY 

values for the materials EC3 and EC4 detected in solutions were 28% and 25%, 

respectively, while the material EC11 exhibited a PLQY value of 17%. Furthermore, 

the materials EC3 and EC4 demonstrated involvement of triplet states in photon 

generation, as evidenced by RD levels of 53.3% and 33.0%, respectively, with one of 

the potential light-generating mechanisms being TADF. The architectures of the 

devices based on the emitters EC2, EC3, EC4, and EC11 are presented in Table 16. 

Table 16. Architectures of devices utilizing emitters EC2, EC3, EC4, and EC11 

Device Device architecture Reference 

DEC2 
ITO/HAT-CN (20nm)/TAPC (30nm)/CBP:20wt%EC2 

(25nm)/TmPyPb (40nm)/LiF (1nm)/Al (150nm) 
[104] 

D1EC3 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EC3 (20nm)/PPF 

(5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[203] 

D2EC3 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:20wt% EC3 

(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[203] 

D1EC4 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EC4 (20nm)/PPF 

(5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[203] 

D2EC4 
ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:20wt% EC4 

(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm) 
[203] 

DEC11 

ITO/MoO3 (1.2nm)/NPB (44nm)/TCTA (4nm)/mCP 

(4nm)/mCP:7%wt EC11 (24 nm)/ TSPO1 (4nm)/TPBi (40nm)/LiF 

(1.2nm)/Al (400nm) 

[205] 

Table 17 illustrates the characteristics of the most efficient devices utilizing EC 

materials as the emitters. The derivative EC2, synthesized and characterized by Y. 

Zhao et al., demonstrated an impressive performance with the CE, PE, and EQE 

values of 61.8 cd/A, 40.4 lm/W, and 19.7%, respectively, along with an impressive 

LMAX of 116,000 cd/m2. R. Huang and colleagues developed the derivatives EC3 and 

EC4, among which, the TADF emitter EC3-based devices exhibited the highest 

efficiencies in this study, achieving CE, PE, and EQE of 76.9 cd/A, 71.0 lm/W, and 

29.0% in the non-doped device D1EC3. Introduction of the host material PPF in the 

emissive layer (D2EC3) further elevated the efficiencies to 82.9 cd/A CE, 70.1 lm/W 

PE, and a peak EQE of 33.3%. Although EC4-based OLEDs were slightly less 

efficient, D1EC4 exhibited a remarkably low voltage turn-on (VON) of 3.0 V and an 

EQE of 21.6%. D2EC4 demonstrated an impressive EQE of 32.9%, with the CE and 

PE values of 77.2 cd/A and 65.0 lm/W. Lastly, the TADF emitter EC11, designed and 

synthesized by A. Tomkevičienė and colleagues, featured two electron-donating 

fragments of thianthrene and 9,10-dihydro-9,9-dimethylacridine. When incorporated 

into the emissive layer of the device DEC11, it achieved the CE, PE, and EQE values 

of 57.8 cd/A, 38.8 lm/W, and 22.2%, with LMAX exceeding 15,000 cd/m2. 
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Table 17. Characteristics of TADF OLED devices using emitters EC2, EC3, EC4, 

and EC11 

Device Emitter Colour 
VON, 

V 

LMAX, 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x, y) Reference 

DEC2 EC2 Green 3.6 116000 61.8 40.4 19.7 (0.26, 0.56) [104] 

D1EC3 EC3 Green 3.2 78540 76.9 71.0 29.0 (0.21, 0.47) [203] 

D2EC3 EC3 Green 3.2 71150 82.9 70.1 33.3 (0.20, 0.42) [203] 

D1EC4 EC4 Green 3.0 54450 53.2 51.5 21.6 (0.20, 0.42) [203] 

D2EC4 EC4 Green 3.2 42550 77.2 65.0 32.9 (0.19, 0.38) [203] 

DEC11 EC11 Green 4.2 15600 57.8 38.8 22.2 (0.18, 0.41) [205] 

In summary, this research indicates that benzophenones with different electron 

donors demonstrate significant potential as hosts for both PhOLEDs and TADF 

OLEDs, and hold promise as effective emissive materials for diverse OLED device 

configurations. Continuous synthesis and investigation of novel benzophenone-based 

electroactive materials would further enhance the quality and efficiency of future 

OLED devices. 

3.5. Bifunctional Bicarbazole-Benzophenone-Based Twisted Donor–Acceptor–

Donor Derivatives for Deep-Blue and Green OLEDs (Scientific Publication No. 

5, Q1, 6 citations) 

This chapter is based on the paper published in Nanomaterials, 2023, 13, 8 by 

P. Gautam, S. Shahnawaz, I. Siddiqui, D. Blazevicius, G. Krucaite, D. Tavgeniene, J.-

H. Jou, and S. Grigalevicius [206]. 

In this study, a carbazole fragment was utilized differently than in the first two 

chapters of the review of published articles. This time, carbazole in a form of 

bicarbazole was used as an electron donor in combination with a diphenyl sulfone 

electron acceptor to produce new bifunctional compounds. The synthesis of 

bicarbazole-based host materials was conducted during a three-step procedure 

depicted in Scheme 4. Initially, 3,3'-bicarbazole (9) was obtained through the 

oxidation of carbazole (1) with iron (III) chloride. The reaction was carried out for 20 

minutes at room temperature. The product was precipitated by using methanol, then 

filtered and washed again with methanol. The subsequent step involved N-alkylation 

reactions between bicarbazole (9) and various alkyl or benzyl bromides, resulting in 

diverse 9-alkyl-9'H-3,3'-bicarbazoles (10–12) and 9-benzyl-9'H-3,3'-bicarbazole (13). 

These reactions were carried out by adding 1-bromoalkane or benzyl bromide (1 mol. 

eq.) to a stirred solution of 3,3’-bicarbazole (9) (1 mol. eq.) in tetrahydrofuran. The 

mixture was heated to reflux, and then potassium carbonate (2 mol. eq.) and powdered 

potassium hydroxide (6 mol. eq.) was added stepwise to deprotonate bicarbazole, this 

way enhancing its nucleophilic properties. The resulting mixture was left to react for 

4 h. After thin-layer chromatography control, the inorganic salts were filtered off. Due 

to the lack of selectivity in the reactions, both amino groups of bicarbazole 

simultaneously attacked the electron-deficient carbon of alkyl bromide (or benzyl 

bromide). As a result, the mixture contained mono-substituted, di-substituted, and 

unsubstituted bicarbazole. To extract the desired 9-alkyl(or benzyl)-9‘H-3,3’-

bicarbazole compounds, extensive purification by silica gel column chromatography 
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while using a mixture of THF and hexane as an eluent was needed. The yields of these 

reactions ranged from 27% to 48%.  
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Scheme 4. Synthetic pathway of new diphenyl sulfone-based materials 

The final step was comprised of a nucleophilic aromatic substitution of partially 

substituted bicarbazole with diphenyl sulfone containing one or two fluorine atoms. 

Bis(4-(9-alkyl(or benzyl)-3,3’-bicarbazol-9’-yl)phenyl)sulfones were synthesized 

during the following procedure. 9-Alkyl(or benzyl)-9‘H-3,3’-bicarbazoles (10–13) (1 

mol. eq.) and bis(4-fluorophenyl) sulfone (0.5 mol. eq.) or 4-fluorophenyl phenyl 

sulfone (1 mol. eq.) were stirred in 10 mL of dimethyl sulfoxide (DMSO) at 150 °C 

under nitrogen atmosphere for 4 h. Potassium carbonate (10 mol. eq.) was also added  

in this reaction to deprotonate the bicarbazole-based reactant, thereby enhancing its 

nucleophilic properties and accelerating the reaction. After thin-layer chromatography 

control, the resulting mixture was cooled down and quenched by the addition of ice 

water. The organic phase was separated by extracting with chloroform, and the 

combined organic extract was dried over anhydrous Na2SO4. The crude product was 

purified by silica gel column chromatography while using a mixture of THF and 

hexane as an eluent. These reactions successfully produced the target materials 14 

(DB13), 15 (DB43), 16 (DB24), and 17 (DB34) with yields ranging from 82% to 96%. 

MS and NMR spectroscopy were employed to identify the newly synthesized 

derivatives, with the obtained data aligning well with the proposed structures. Each 

new derivative 14 (DB13), 15 (DB43), and 16 (DB24) possesses an alkyl chain(s) of 

various lengths with the exception of the compound 17 (DB34), which had a benzyl 

fragment incorporated in its structure. Notably, both 15 (DB43) and 14 (DB13) consist 

of two 3,3'-bicarbazole units, with 14 (DB13) featuring a longer alkyl chain compared 

to 15 (DB43). In a study by S. Inoue et al., the impact of the alkyl chain length on the 

solubility of organic compounds was explored [207]. The general trend observed 

suggests that the longer alkyl chain improves the solubility of the molecule in a 

compatible solvent.  

The electron density contours of the frontier molecular orbitals for the materials 

DB13, DB24, DB34, and DB43 are shown in Figure 25. As seen in the figure, all 

derivatives exhibit twisted spatial structures, resulting in a minimal HOMO-LUMO 

overlap. This characteristic could facilitate a small gap between the singlet and triplet 

energy levels, leading to the more efficient utilization of triplet excitons. 
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Figure 25. Electron density contours of frontier molecular orbitals and HOMO, 

LUMO distribution for compounds 14 (DB13), 16 (DB24), 17 (DB34), and 15 

(DB43). 

The behaviour of the synthesized materials 14 (DB13), 16 (DB24), 17 (DB34), 

and 15 (DB43) under heating was examined through DSC and TGA analysis 

conducted in nitrogen atmosphere. The findings revealed that these compounds 

possess high thermal stability. In particular, the Td values for the derivatives 14 

(DB13), 16 (DB24), 17 (DB34), and 15 (DB43) were determined as 365 °C, 430 °C, 

391 °C, and 383 °C, respectively. Notably, the materials 16 (DB24) and 17 (DB34) 

displayed a marginally higher thermal stability, potentially attributed to the presence 

of one alkyl chain in their structures, opposed to two in the structures of the derivatives 

14 (DB13) and 15 (DB43). 

The DSC curves illustrating the second heating scans of the 14 (DB13), 15 

(DB43), 16 (DB24), and 17 (DB34) samples are depicted in Figure 26. Analysis of 

the curves reveals distinct Tg levels for these derivatives, with 14 (DB13) and 17 

(DB34) both exhibiting a high Tg of 154 °C, while 15 (DB43) has a Tg of 125 °C. In 

contrast, 16 (DB24) displays a lower Tg value of 82 °C, attributed to the presence of 

a branched 2-ethylhexyl group in its structure. The TGA and DSC results collectively 

support the suitability of these materials for use in the amorphous electroactive layers 

of OLEDs. The thermal characteristics of the new materials are also presented in Table 

18. 
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Figure 26. DSC curves of second heating and Tg values of compounds 14 (DB13), 

15 (DB43), 16 (DB24), and 17 (DB34)  

The compounds 14 (DB13), 15 (DB43), 16 (DB24), and 17 (DB34) exhibit high 

PLQY values of 50.5%, 61.8%, 68.5%, and 66.5%, respectively. These PLQY values 

are also detailed in Table 8. The UV-absorption spectra of the materials were generated 

in THF solvent under ambient conditions. The spectra of the prepared solutions were 

recorded by using a quartz cuvette, revealing absorption peaks around 375 nm for all 

the compounds. This consistency is expected due to the identical chromophores 

present in their structures. A Tauc plot for material 14 (DB13), shown in Figure 27, 

was generated based on the absorption wavelength and intensity by using the 

following equations to determine the Eg values: 

𝑥 =  √(𝛼 × ℎ𝜈)     (5) 

𝑦 =  ℎ𝜈      (6) 

where: 𝛼 – absorption coefficient; 

            ℎ𝜈 – energy. 

Identical absorption experiments were conducted, and Tauc plots were 

constructed for all the materials discussed in this chapter. The determined Eg values 

for each material are compiled and presented in Table 18. 
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Figure 27. Tauc plot representing the bandgap of compound 14 (DB13) 
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In Figure 28 (left), the PL spectrum of 14 (DB13) is depicted. The PL spectra 

were generated for all the materials under discussion, revealing the maximum 

emission wavelengths falling within the 450–470 nm range. The ES values for the 

derivatives were calculated by identifying the point of intersection between the PL 

and absorbance wavelengths. Additionally, the LTPL spectrum, as depicted in Figure 

28 (right), was measured to ascertain the ET value. The same experiments were 

repeated for all the target materials. The compounds 14 (DB13), 15 (DB43), 16 

(DB24), and 17 (DB34) exhibit elevated triplet energy levels of 2.78, 2.77, 2.80, and 

2.77 eV, respectively. These materials could be explored as promising host candidates 

for both green phosphorescent emitters and green TADF emitters. The singlet and 

triplet energy values are also provided in Table 18. 
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Figure 28. PL (left) and LTPL (right) spectra for compound 14 (DB13) 

Figure 29 displays the results of time-resolved photoluminescence (TRPL) 

analysis, portraying the photoluminescence decay kinetics. Specifically, the 

photoluminescence decay time values for 14 (DB13), 15 (DB43), 16 (DB24), and 17 

(DB34) were determined to be in a 2.7–3.3 ns range. Notably, all the compounds 

exhibit radiative emission with a short decay time, and the corresponding decay values 

are also outlined in Table 18. The instrument response function (IRF), serving as a 

control parameter, was measured both before and after each measurement. 



 

69 

 
Figure 29. Time-resolved photoluminescence (TRPL) spectra for the PL decay 

kinetics analysis of the compounds 14 (DB13), 15 (DB43), 16 (DB24), and 17 

(DB34) 

The electrochemical characteristics of the compounds 14 (DB13), 15 (DB43), 

16 (DB24), and 17 (DB34) were assessed through cyclic voltammetry (CV) 

measurements. The HOMO and LUMO levels were calculated by using the following 

equations:  

𝐸𝐻𝑂𝑀𝑂 = −[4.4 + 𝐸𝑜𝑛𝑠𝑒𝑡
𝑜𝑥 ]    (7) 

𝐸𝐿𝑈𝑀𝑂 = 𝐸𝐻𝑂𝑀𝑂 + 𝐸𝑔        (8) 

where: 𝐸𝑜𝑛𝑠𝑒𝑡
𝑜𝑥  – onset oxidation potential; 

        Eg – optical bandgap, derived from Tauc plot. 

The calculated HOMO energy levels were -5.73, -5.71, -5.77, and -5.69 eV, 

while the LUMO levels were -2.57, -2.43, -2.41, and -2.49 eV for 14 (DB13), 15 

(DB43), 16 (DB24), and 17 (DB34), respectively. The Eg values obtained from the 

Tauc plot, formed by using Equation (5) for the x value and Equation (6) for the y 

value, were 3.16, 3.26, 3.30, and 3.28 eV for the compounds 14 (DB13), 15 (DB43), 

16 (DB24), and 17 (DB34), respectively (refer to Table 18). The HOMO and LUMO 

levels of the derivatives were found to be suitable for application as both blue emitters 

and host materials. 

Table 18 provides an overview of the photophysical, electrochemical, and 

thermal properties of 14 (DB13), 15 (DB43), 16 (DB24), and 17 (DB34). The table 
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underscores the high photoluminescence yields of the compounds, as well as the 

elevated decomposition temperatures, and high glass transition temperatures for the 

derivatives 14 (DB13), 17 (DB34), and 15 (DB43). Additionally, the compounds 

exhibit large bandgaps, which makes them well-suited for use in OLEDs, serving both 

as emitters and hosts. 

Table 18. Thermal, photophysical and electrochemical properties of compounds 14 

(DB13), 15 (DB43), 16 (DB24), and 17 (DB34) 

Material 
TD 

(oC) 

Tg 

(oC) 
Eg, eV 

PLQY, 

% 

Decay, 

ns 

HOMO, 

eV 

LUMO, 

eV 
ES, eV ET, eV 

ΔEST, 

eV 

14 (DB13) 430 154 3.16 50.5 3.30 5.73 2.57 3.10 2.78 0.32 

15 (DB43) 365 154 3.26 66.5 3.30 5.69 2.43 3.23 2.77 0.46 

16 (DB24) 391 82 3.30 61.8 3.70 5.71 2.41 3.12 2.77 0.35 

17 (DB34) 383 125 3.28 68.5 2.70 5.77 2.49 3.14 2.80 0.34 

Blue OLED devices were manufactured to evaluate the new materials 14 

(DB13), 15 (DB43), 16 (DB24), and 17 (DB34) as emitters in combination with the 

CBP host matrix. After the EL experiments, the derivative 14 (DB13) proved to be 

most effective as an emitter within this group of materials. The EL characteristics of 

OLEDs utilizing the emitter 14 (DB13), along with the device characteristics, are 

depicted in Figure 30 and summarised in Table 19. 

 
Figure 30. EL properties of 14 (DB13)-based devices showing (a) EL spectra, (b) 

current density-voltage, (c) power efficacy-luminance, and (d) current efficacy-

luminance characteristics 
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Table 19. Characteristics of devices utilizing blue fluorescent emitter 

Emitter wt% VON, V 
PEmax, 

lm/W 

CEmax, 

cd/A 

EQEmax

, % 
CIE (x, y) @100/1000 cd/m2 LMAX, 

cd/m2 

14 

(DB13) 

5 4.6 1.1 1.8 3.4 (0.16, 0.08) / (0.16, 0.08) 2230 

10 3.7 2.0 2.5 4.0 (0.16, 0.09) / (0.16, 0.09) 2987 

15 3.5 1.6 2.2 2.9 (0.16, 0.10) / (0.16, 0.10) 3167 

100 3.0 1.0 1.1 0.6 (0.16, 0.20) / - 928 

The fabricated OLEDs were configured as either doped or non-doped devices 

with the following structure: ITO (125 nm)/PEDOT:PSS (35 nm)/host: (x wt%) 

emitter (x = 5.0, 10, 15, and 100%) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).  

The role of the host material was crucial, and a device based on a 10 wt% 14 

(DB13) emitter in its emissive layer outperformed others, by achieving a PEmax of 2.0 

lm/W, a CEmax of 2.5 cd/A, and a low turn-on voltage of 3.7 eV. Furthermore, the 

above-mentioned 14 (DB13)-based device attained the highest EQEmax of 4.0%, thus 

approaching the theoretical limit for fluorescent emitters in deep-blue emission with 

a CIEy of 0.09. This device exhibited a higher EQE compared to many other 

fluorescent emitters found in scientific literature [208]. The 14 (DB13)-based 

fluorescent OLED not only displayed a deeper blue emission, but also outperformed 

a recently reported device based on a hybridized local and charge-transfer mechanism 

[209]. This proves the advantage of twisted D–A–D derivatives as candidates for 

fluorescent emission 

Additionally, all the newly synthesized derivatives were tested as hosts in green 

phosphorescent and TADF OLEDs, as shown in the energy-level diagrams depicted 

in Figure 31. 

 

 
Figure 31. Energy-level diagram (in eV) of green OLEDs containing hosts 14 

(DB13), 15 (DB43), 16 (DB24), and 17 (DB34) doped with commercial 

phosphorescent emitter Ir(ppy)3 (a) or commercial TADF emitter 4CzIPN (b) 

The compounds 14 (DB13), 15 (DB43), 16 (DB24), and 17 (DB34) were chosen 

as the host materials for green OLEDs due to their wide bandgap and high triplet 

energies. In the context of green OLED applications, second- and third-generation 
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green emitters, namely, the phosphorescent emitter Ir(ppy)3 and the TADF emitter 

4CzIPN, were employed. The structure of these solution-processed green OLEDs was 

ITO (125 nm)/PEDOT:PSS (35 nm)/host: (x wt%) emitter (host = 14 (DB13), 15 

(DB43), 16 (DB24), and 17 (DB34)) (emitter = Ir(ppy)3 or 4CzIPN) (x = 5, 10, and 

12.5 for Ir(ppy)3), (x = 1, 3, and 5% for 4CzIPN) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al 

(200 nm). 

The electroluminescent spectra of the devices employing the hosts 14 (DB13), 

16 (DB24), and 17 (DB34), doped with the green phosphorescent emitter Ir(ppy)3, 

exhibit peaks around ~540 nm, corresponding to green emission, as shown in Figure 

32. The peak observed in the electroluminescence (EL) spectra aligns with the 

photoluminescence (PL) peak of Ir(ppy)3, suggesting a common emission source 

[210].  

 
Figure 32. EL spectra of Ir(ppy)3-based OLEDs utilizing hosts 14 (DB13), 16 

(DB24) and 17 (DB34) 

The singular EL peak indicates an efficient host-to-guest energy transfer, with 

the best-performing device being the one having 12.5 wt% Ir(ppy)3 doped in the 14 

(DB13) host. This device achieves a PEmax of 45 lm/W, a CEmax of 43 cd/A, an EQEmax 

of 10.6%, and an Lmax value of 37680 cd/m2, exhibiting a low efficiency roll-off at 

higher luminance. Table 20 provides a breakdown of the characteristics for green 

devices, by focusing on the most efficient host material in this group: 14 (DB13) 

doped with the commercial phosphorescent green emitter Ir(ppy)3. 

Table 20. Characteristics of devices utilizing Ir(ppy)3 emitter doped in 14 (DB13) host 

material 

Host 
Ir(ppy)3 

wt% 
VON, V 

PE, lm/W CE, cd/A EQE, % LMAX, 

cd/m2 Max / @1000 cd/m2 

14 

(DB13) 

10 2.6 40.0 / 32.1 41.1 / 40.9 11.1 / 11.1 33870 

12.5 3.1 45.4 / 33.4 43.4 / 42.5 10.6 / 10.5 37680 

15 2.5 34.6 / 28.7 35.3 / 33.5 9.5 / 9.4 32300 

The superior performance of the 14 (DB13)-based device may be attributed to 

its favourable chemical structure, longer aliphatic chains, a high decomposition 

temperature, a small singlet-triplet energy gap (ΔEST) promoting the effective triplet 

exciton utilization, and suitable HOMO-LUMO levels matching those of Ir(ppy)3, 

thereby facilitating an efficient host-to-guest energy transfer within the emitting layer.  

The novel materials 14 (DB13), 16 (DB24), and 17 (DB34) were also tested as 

hosts for the TADF emitter 4CzIPN. Figure 33 depicts the EL spectra of the devices 
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with a peak around ~530 nm, indicating green emission. The observed peak in the EL 

spectra closely aligns with the PL peak of 4CzIPN, and any bathochromic shift is only 

evident with an increase in the doping concentration, thus providing proof of the 

emission source [211]. Moreover, the singular EL peak mirrors the complete host-to-

guest energy transfer. 

 
Figure 33. EL spectra of 4CzIPN-based OLEDs utilizing hosts 14 (DB13), 16 

(DB24), and 17 (DB34) 

Among these OLEDs, the device based on the 17 (DB34) host, doped with 3 

wt% of 4CzIPN, outperformed others, by achieving a peak EQE of 10.8%. The 

detailed OLED characteristics of the devices employing the 17 (DB34) host are 

presented in Table 21.  

Table 21. Characteristics of devices utilizing 4CzIPN emitter doped in DB34 host 

material 

Host 
4CzIPN 

wt% 
VON, V 

PE, lm/W CE, cd/A EQE, % LMAX, 

cd/m2 

Max / @1000 cd/m2 

17 

(DB34) 

1 2.7 30.4 / 10.2 27.1 / 14.7 8.9 / 5.0 3782 

3 2.6 37.5 / 15.8 33.5 / 22.6 10.8 / 7.4 9484 

5 2.6 34.7 / 18.9 33.2 / 24.0 10.5 / 7.6 12480 

Our TADF-based OLED device utilizing the host material 17 (DB34) surpassed 

numerous efficient phosphorescent green devices in terms of EQE [212]. However, 

its PE and Lmax were slightly lagging behind the aforementioned devices. This 

discrepancy may be attributed to triplet-triplet annihilation. Adjustment of the 

synthesized compounds to further reduce the ΔEST value could enhance the effective 

utilization of triplet excitons, potentially leading to improved performance in green 

OLEDs based on TADF emitters. 

3.6. Bicarbazole-Benzophenone-Based Twisted Donor-Acceptor-Donor 

Derivatives as Blue Emitters for Highly Efficient Fluorescent Organic Light-

Emitting Diodes (Scientific Publication No. 6, Q1, 1 citation) 

This chapter is based on the paper published in Nanomaterials, 2024, 14, 2 by 

D. Blazevicius, I. Siddiqui, P. Gautam, G. Krucaite, D. Tavgeniene, M. R. Nagar, K. 

Kumar, S. Banik, J.-H. Jou, and S. Grigalevicius [213]. 
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This work also included utilization of bicarbazole, as in the previous chapter, 

but, this time, instead of diphenyl sulfone, a benzophenone electron acceptor was used 

in a new series of twisted D–A–D type compounds. These derivatives were 

synthesised by involving a three-step procedure, similar to the one detailed in the 

preceding chapter. The synthetic pathway to produce novel materials is illustrated in 

Scheme 5. 
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Scheme 5. Synthesis of new benzophenone-based materials 

The two initial synthetic steps, involving the production of 3,3′-bicarbazole (9) 

by oxidizing 9H-carbazole (1) and the reaction of the produced 3,3’-bicarbazole with 

alkyl bromides, are described in the previous chapter. Finally, the partially alkylated 

bicarbazoles underwent similar nucleophilic aromatic substitution reactions. In this 

synthetic step, 9-alkyl-9‘H-3,3′-bicarbazole (11, 12, 18) (1. mol. eq.) and NaH (4 mol. 

eq.) were stirred in dimethylformamide at room temperature under nitrogen 

atmosphere for 20 minutes to effectively deprotonate the amino group of bicarbazole, 

thus boosting its nucleophilic capabilities. Then, 4,4‘-difluorobenzophenone (0.5 mol. 

eq.) was added to the reaction, and the resulting mixture was stirred at 150 °C under 

nitrogen atmosphere for 4 h. After thin-layer chromatography control, the reaction 

mixture was cooled and quenched by the addition of ice water. The organic portion of 

the mixture was isolated via chloroform extraction, and the combined extract was 

subsequently dried with anhydrous Na2SO4. The crude product underwent purification 

through silica gel column chromatography, while utilizing a mixture of THF and 

hexane as the eluent. This method reliably produced the intended bicarbazole-based 

compounds 19 (DB14), 20 (DB23), and 21 (DB29), ranging from 77% to 92% in 

yield, with their structures validated by MS and NMR spectroscopy.  

Figure 34 shows the electron density contours of the frontier molecular orbitals 

for the compounds 19 (DB14), 20 (DB23), and 21 (DB29). As it can be seen from the 

illustration, all the materials exhibit a twisted structure, with the spatial separation of 

HOMO and LUMO indicating donor-acceptor characteristics. In these molecules, the 

carbazole units function as the donor units, while benzophenone acts as the acceptor. 
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Figure 34. Electron density contours of frontier molecular orbitals of compounds 19 

(DB14), 20 (DB23), and 21 (DB29). 

The thermal stability characteristics of the materials 19 (DB14), 20 (DB23), and 

21 (DB29) were investigated under nitrogen atmosphere. The TGA curve for the 

derivative 19 (DB14) is depicted in Figure 35 (left). For 19 (DB14), characterized by 

the shortest alkyl chains, the Td value at which 5% weight loss occurred was 

determined to be 462 °C. In contrast, the materials 20 (DB23), and 21 (DB29), 

featuring longer aliphatic substitutions, exhibited slightly lower Td values of 383 °C 

and 384 °C, respectively. The DSC thermograms of the second heating scans for the 

compounds 19 (DB14), 20 (DB23), and 21 (DB29) are presented in Figure 35 (right).  

 
Figure 35. TGA curve of material 19 (DB14) (left). Curves of second DSC scans of 

materials 19 (DB14), 20 (DB23), and 21 (DB29) (right). Heating rate: 10 oC/min 

By analysing the DSC curves, it becomes apparent that the novel derivatives 

exhibit Tg values which directly correspond to the length of their aliphatic 

substituents. For instance, the material 19 (DB14) with the shortest butyl substitution 

has the highest Tg of 145 °C. This trend persists for compounds featuring longer alkyl 

groups: the derivatives 20 (DB23), and 21 (DB29) with 2-ethylhexyl and octyl 

substitutions, respectively, display Tg values of 104 °C and 95 °C. Hence, these results 

indicate that the developed compounds demonstrate excellent thermal and 

morphological stability and are well-suited for use in optoelectronic devices. The 

values of Td and Tg are compiled in Table 22. 
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The derivatives 19 (DB14), 20 (DB23), and 21 (DB29) show high PLQY values 

of 55.6%, 52.0%, and 55.5%, respectively, as summarized in Table 22. The UV-

absorption investigations were conducted in the THF solvent under standard 

conditions. Notably, all the compounds consistently exhibited primary and secondary 

absorption peaks at around 375 nm and 400 nm. The UV absorption wavelength and 

intensity were employed to construct Tauc plots for the materials, as shown in Figure 

36, by using the values calculated with the above-described Equation (5) for the x-

axis, and Equation (6) for the y-axis. The Tauc plots revealed the bandgaps of the 

investigated compounds, which are 3.05 eV for 19 (DB14), 3.08 eV for 20 (DB23), 

and 3.02 eV for 21 (DB29) (Table 12). 
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Figure 36. UV-vis absorbance spectra and Tauc plot (inset) represent the absorption 

wavelength and bandgap of compound 20 (DB23) 

To determine the triplet energies of the potential emitters, their LTPL spectra 

were recorded. It is noteworthy that the compounds 19 (DB14), 20 (DB23), and 21 

(DB29) demonstrated heightened ET levels of 2.83, 2.84, and 2.73 eV, respectively, as 

visually depicted in Figure 37. These specific characteristics are also detailed in Table 

22.  Additionally, in order to determine the singlet state energy values for the newly 

developed materials, their PL spectra were recorded at room temperature. The ES 

values were calculated by determining the intercept of PL and absorbance 

wavelengths, thus yielding values of 3.32 eV for 19 (DB14), 3.19 eV for 20 (DB23), 

and 3.22 eV for 21 (DB29) (refer to Table 22). 
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Figure 37. LTPL spectra of derivatives 19 (DB14), 20 (DB23), and 21 (DB29) at 77 

K 

Figure 38 presents the results of TRPL analysis, indicating the PL decay times 

for the compounds 19 (DB14), 20 (DB23), and 21 (DB29) at 3.40, 2.67, and 3.57 ns, 

respectively. IRF is the instrument response function, which is measured as a control 

parameter before and after each measurement. It is noteworthy that all the lifetime 

curves of the materials exhibit a nanosecond-scale component. Typically, the decay 

lifetime of fluorescent emitters falls within the picosecond range. However, our 

materials display decay at the nanoscale, thus suggesting a potential utilization of the 

triplet energy levels.  

 
Figure 38. TRPL spectra for the transient decay of materials 19 (DB14), 20 (DB23), 

and 21 (DB29) 
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The electrochemical characteristics of the compounds 19 (DB14), 20 (DB23), 

and 21 (DB29) were evaluated through CV measurements, as illustrated in Figure 39. 

By utilizing the obtained oxidation onset values, the HOMO levels were calculated 

while using Equation (7), and the LUMO levels were determined using equation (8). 

The calculated HOMO levels were −5.70, −5.63, and −5.66 eV, whereas the 

corresponding LUMO levels were −2.65, −2.55, and −2.64 eV for the compounds 19 

(DB14), 20 (DB23), and 21 (DB29), respectively. These values, along with the 

previously determined bandgap measurements, are presented in Table 22. It can be 

asserted that the HOMO and LUMO levels of the compounds are deemed suitable for 

blue-emitting layers when employing the previously mentioned CBP host material. 

 
Figure 39. Curves of CV scans of molecules 19 (DB14), 20 (DB23), and 21 (DB29) 

Table 22. Optoelectronic and thermal characteristics of compounds 19 (DB14), 20 

(DB23), and 21 (DB29) 

Material 
Td 

(oC) 

Tg 

(oC) 
Eg, eV 

PLQY, 

% 

Decay, 

ns 

HOMO, 

eV 

LUMO, 

eV 
S1, eV T1, eV 

ΔEST, 

eV 

19 (DB14) 462 145 3.05 55.6 3.40 -5.70 -2.65 3.32 2.83 0.49 

20 (DB23) 383 104 3.08 52.0 2.67 -5.63 -2.55 3.19 2.84 0.35 

21 (DB29) 384 95 3.08 55.5 3.57 -5.66 -2.64 3.22 2.73 0.49 

To assess the performance of the new benzophenone-based derivatives as 

emitters, OLEDs were fabricated, and the schematic energy level diagram, as 

presented in Figure 40, outlines the configuration of the devices prepared in this study.  

 
Figure 40. Energy-level diagram of OLEDs using emitters 19 (DB14), 20 (DB23), 

and 21 (DB29) doped in CBP host 
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These devices incorporated the emitters 19 (DB14), 20 (DB23) or 21 (DB29) 

doped within a CBP host matrix. The device structure was ITO/PEDOT:PSS/host CBP 

: emitter 19 (DB14), 20 (DB23) or 21 (DB29) (5, 10, or 15 wt.%)/TPBi/LiF/Al. The 

EL properties of the devices utilizing the new emitting material 20 (DB23) dispersed 

within the CBP host are depicted in Figure 41.  

 
Figure 41. EL characteristics of OLEDs employing emitter 20 (DB23) doped in 

CBP host: (a) EL spectra, (b) current density–voltage, (c) power efficacy–luminance, 

and (d) current efficacy–luminance characteristics 

The corresponding characteristics for each emitter are also presented in Table 

23. Within Figure 41, various aspects are illustrated, including the (a) EL spectra, (b) 

current density–voltage characteristics, (c) power efficacy–luminance characteristics, 

and (d) current efficacy–luminance characteristics. In Figure 41 (a), the EL spectra of 

the devices featuring the emitter 20 (DB23) display single peaks at around 470 nm, 

indicating blue emission. The presence of these single peaks suggests the successful 

completion of the host-to-guest energy transfer. Notably, both doped and non-doped 

devices exhibit similar EL emission peaks. 

Figures 41 (b–d) illustrate the current density–voltage, power efficacy–

luminance, and current efficacy-luminance characteristics. Comparatively, the non-

doped device shows a significantly lower efficacy than the doped devices, thus 

emphasizing the crucial role of the host material. The device utilizing a 15 wt% doping 

concentration of the emitter 20 (DB23) achieves a maximum PE of 3.2 lm/W, a 



80 

maximum CE of 5.3 cd/A, and an Lmax of 2076 cd/m2. Additionally, the device with a 

10 wt% doping concentration reveals a remarkable EQEmax of 5.3%, surpassing even 

the theoretical limit for fluorescent emitters [54]. As shown in Table 23, the device 

based on 20 (DB23) exhibits the highest EQE among all the devices, surpassing both 

the prior research and the expected outcomes of this study. This improved 

performance is likely due to the presence of branched alkyl side chains in the 

molecule, enhancing the solubility for wet-processed OLEDs and the film-forming 

properties of the material. 

Table 23. Characteristics of devices utilizing blue, fluorescent emitters 19 (DB14), 20 

(DB23), and 21 (DB29) 

Emitter wt, % 
VON, 

V 

PEmax, 

lm/W 

CEmax, 

cd/A 
EQEmax, % CIE (x, y) @100 cd/m2 LMAX, 

cd/m2 

19 

(DB14) 

5 5.0 3.9 6.5 2.7 (0.22, 0.36) 2951 

10 5.1 4.4 7.6 3.3 (0.21, 0.33) 3175 

15 5.9 2.4 4.9 2.4 (0.20, 0.28) 1884 

100 6.1 0.4 0.8 0.4 (0.26, 0.40) 515 

20 

(DB23) 

5 5.7 2.1 3.8 2.3 (0.17, 0.07) 883 

10 5.2 1.7 2.6 5.3 (0.19, 0.22) 1620 

15 5.2 3.2 5.3 2.7 (0.20, 0.27) 2076 

100 5.1 1.0 1.8 0.7 (0.26, 0.44) 875 

21 

(DB29) 

5 5.4 2.1 3.9 2.3 (0.19, 0.22) 1578 

10 5.7 4.4 6.5 3.1 (0.20, 0.27) 2251 

15 4.7 7.9 9.1 4.0 (0.21, 0.31) 2631 

100 4.8 1.4 1.8 0.7 (0.26, 0.44) 884 

However, the 21 (DB29)-based device outperformed others in terms of PE and 

CE with the values of 7.9 lm/W and 9.1 cd/A, respectively. This superiority can be 

attributed to its optimal HOMO and LUMO levels, facilitating the efficient host-to-

guest energy transfer. Furthermore, the incorporation of two bicarbazole donor 

moieties led to a balanced charge transfer, thereby further boosting its performance. 

3.7. Bicarbazole-Benzophenone Based Twisted Donor-Acceptor Derivatives as 

Potential Blue TADF Emitters for OLEDs (Scientific Publication No. 7, Q2, 0 

citations) 

This chapter is based on the paper published in Molecules, 2024, 29, 7 by I. 

Siddiqui, P. Gautam, D. Blazevicius, J. Jayakumar, S. Lenka, D. Tavgeniene, E. 

Zaleckas, S.Grigalevicius, and J.-H. Jou [214].  

In this study, new electroactive derivatives based on an benzophenone electron 

acceptor and a bicarbazole electron donor were designed by simplifying the 

compounds discussed in the previous chapter from the D–A–D type to the D–A type 

twisted structures. New materials were synthesized by using a three-step process 

similar to that described in the previous chapters and shown in Scheme 6. Initially, 

9H-carbazole 1 was oxidised to produce 9H,9′H-3,3′-bicarbazole (9). Then, we used 

various alkyl bromides and bases to mono-alkylate 9H,9′H-3,3′-bicarbazole (9) in the 
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THF solution, resulting in the formation of 9-alkyl-9‘H-3,3′-bicarbazoles (10–12, 18, 

22, 23), as described in the previous chapters.  
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Scheme 6. Synthetic pathway of new benzophenone-bicarbazole-based materials 

Finally, the target 4-(9′-alkyl-[3,3′]-bicarbazol-9-yl)benzophenones were 

synthesized by applying similar synthetic procedures, involving stirring 9-alkyl-9’H-

3,3′-bicarbazole (10–12, 18, 22, 23) (1 mol. eq.) with 4-fluorobenzophenone (1 mol. 

eq.) in 10 ml of DMSO at 150 °C under inert nitrogen atmosphere with potassium 

carbonate (1.92 g, 13.90 mmol) present to effectively deprotonate the unsubstituted 

amino group of bicarbazole derivative and enhance its nucleophilic properties. After 

4 h, thin-layer chromatography was used to confirm the completion of the reaction, 

following which, the reaction mixture was slowly quenched into ice water. The 

organic phase was extracted through the use of chloroform, and any remaining traces 

of water in the organic part were removed by drying over anhydrous Na2SO4, which 

was later removed by filtration. The desired product was purified via column silica 

gel chromatography by using various mixtures of THF and hexane as the mobile 

phase. These procedures resulted in the yellow target derivatives 24 (DB37), 25 

(DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 (DB44) with yields ranging from 

79% to 95%. The mass spectrometry and NMR spectroscopy confirmed the 

theoretically proposed chemical structures of these new electroactive compounds. The 

aliphatic chains which are present in the synthesized compounds increased the 

solubility in common organic solvents, thus offering a cost-effective method for 

forming thin films through spin-coating from their solutions. 

The behaviour under heating of the synthesized materials 24 (DB37), 25 

(DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 (DB44) was investigated by using 

the DSC and TGA methods, with the samples heated under inert nitrogen atmosphere 

at a rate of 10 °C/min. It was observed that the target compounds displayed remarkable 

resistance to heating with all the investigated materials demonstrating Td values of 

over 370 °C. The thermograms from the DSC experiments for all the compounds 24 

(DB37), 25 (DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 (DB44) are shown in 

Figure 42. The results clearly indicate that the Tg values are directly correlated with 

the length of the alkyl sidechains in the structures. For example, the material 28 

(DB41), which contains an ethyl group, demonstrated the highest Tg of 102 °C. In 

contrast, the compounds 29 (DB44) and 24 (DB37), substituted with butyl and pentyl 

groups, respectively, exhibited slightly lower Tg values of 80 °C and 77 °C. This trend 
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persists for materials with even longer alkyl groups: the derivatives 25 (DB38), 26 

(DB39), and 27 (DB40), which are substituted with hexyl, 2-ethylhexyl, and octyl 

groups, respectively, displayed the Tg values of 68 °C, 64 °C, and 57 °C. This 

phenomenon could be attributed to the reduced intermolecular hydrogen bonding as 

the length of the alkyl chain increases [207]. Results from both TGA and DSC 

experiments are compiled in Table 24. 
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Figure 42. Curves of second DSC scans of materials 24 (DB37), 25 (DB38), 26 

(DB39), 27 (DB40), 28 (DB41), and 29 (DB44). Heating rate: 10 oC/min 

The new compounds exhibit heightened PLQY levels ranging from 45.3% to 

75.5%, with the values for all the materials summarized in Table 24. As an example, 

Figure 43 (left) displays the UV-absorption band of the compound 24 (DB37). All the 

derivatives were analysed in the THF solvent under standard conditions while using a 

quartz cuvette. Notably, each derivative consistently showed two absorption peaks at 

around 380 and 410 nm, which can be attributed to the presence of identical 

chromophores within their structures. The Tauc plot for the material DB37 is shown 

in Figure 43 (right). 
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Figure 43. UV-Vis absorbance (left) spectrum and Tauc plot (right) of compound 24 

(DB37) 
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The Tauc plots were generated for the target compounds by using the UV 

absorption wavelength and intensity, with the values calculated by using Equations 

(5) and (6) described above for the x-axis and the y-axis, respectively. The Tauc plots 

revealed bandgaps for the studied derivatives ranging from 3.07 eV to 3.10 eV. Similar 

bandgap values were expected since all the derivatives utilize the same chromophores. 

The electrochemical characteristics of the new derivatives 24 (DB37), 25 (DB38), 26 

(DB39), 27 (DB40), 28 (DB41), and 29 (DB44) were assessed via CV measurements. 

The obtained oxidation onset values were utilized to calculate the HOMO levels by 

using Equation (7), while the determination of the LUMO levels was carried out by 

using Equation (8). The determined HOMO levels ranged from -5.73 to -5.67, while 

the LUMO levels ranged from -2.64 to -2.58. These values, along with the Eg levels, 

are detailed in Table 24. The HOMO and LUMO levels of the compounds were 

suitable for forming blue-emitting layers in conjunction with the commercial host 

material CBP. 

In Figure 44 (left), the PL spectrum of the derivative 24 (DB37) is depicted, 

showing a peak emission wavelength at approximately 510 nm, which is indicative of 

cyan-blue emission. The ES values of the potential emitters were calculated by 

determining the crossing points of the PL and absorbance curves, resulting in the 

values ranging from 3.04 eV to 3.22 eV. Additionally, the LTPL spectra were recorded 

to determine the ET levels with an example of such a spectrum for the material 24 

(DB37), illustrated in Figure 44 (right). The compounds also exhibited ET values 

exceeding 2.75 eV. These values of the singlet ant triplet energy levels suggest their 

potential suitability as blue emitters. The values of ES and ET for the derivatives 24 

(DB37), 25 (DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 (DB44) are listed in 

Table 24. 
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Figure 44. Photoluminescence (left) and low-temperature photoluminescence (right) 

spectra of material 24 (DB37) 

Figure 45 presents the outcomes of the TRPL experiments, showcasing the 

photoluminescence decay times for the newly developed emitters. The determined 

decay times for 24 (DB37), 25 (DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 

(DB44) were 5.53, 1.88, 4.27, 2.41, 2.24, and 6.28 ns, respectively. Typically, the 

decay lifetime of pure fluorescent emitters falls within the picosecond range; however, 
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the materials depicted here exhibit significantly longer photoluminescence decay 

times, thus indicating their potential utilization of triplet excited states as emitters 

based on the TADF effect [215,216]. The photoluminescence decay times are outlined 

in Table 24. In the graphs, IRF represents the instrument response function, which was 

assessed both before and after each measurement as a control parameter. 

 

 
Figure 45. TRPL spectra of compounds 24 (DB37), 25 (DB38), 26 (DB39), 27 

(DB40), 28 (DB41), and 29 (DB44) 

Table 24. Optoelectronic and thermal characteristics of compounds 24 (DB37), 25 

(DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 (DB44) 

Emitter Td (oC) Tg (oC) Eg, eV Φ, % 
Decay, 

ns 

HOMO, 

eV 

LUMO, 

eV 

ES, eV ET, eV ΔEST, 

eV 

24 

(DB37) 
406 77 3.09 65.5 5.53 -5.67 -2.58 

3.04 2.76 0.28 

25 

(DB38) 
398 68 3.09 45.3 1.88 -5.70 -2.61 

2.94 2.89 0.05 

26 

(DB39) 
383 64 3.08 75.5 4.27 -5.68 -2.60 

3.10 2.81 0.29 

27 

(DB40) 
397 57 3.10 52.5 2.41 -5.69 -2.59 

3.06 2.80 0.26 

28 

(DB41) 
374 102 3.09 62.5 2.24 -5.73 -2.64 

3.22 2.80 0.42 

29 

(DB44) 
389 80 3.07 68.5 6.28 -5.69 -2.62 

3.18 2.82 0.15 

Considering the properties of the new benzophenone-based derivatives, it was 

decided to assess their performance as emitters in solution-processed OLEDs with a 

simple device structure, as depicted in the energy level diagram shown in Figure 46. 

These OLED devices incorporate the emitters 24 (DB37), 25 (DB38), 26 (DB39), 27 

(DB40), 28 (DB41), and 29 (DB44) doped into a CBP host material. The basic device 
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structures comprise a 125 nm ITO anode layer, followed by a 35 nm PEDOT:PSS hole 

injection layer, and then a 30 nm emissive layer consisting of a CBP host with dopants 

(at concentrations of 5%, 10%, 15%, and 100% by weight). For the electron 

transporting layer, TPBi (32 nm) was used, while lithium fluoride (0.8 nm) served as 

the electron injecting layer, and aluminium (150 nm) was employed as the cathode. 

 
Figure 46. Energy-level diagram illustrating OLEDs incorporating emitters 24 

(DB37), 25 (DB38), 26 (DB39), 27 (DB40), 28 (DB41), and 29 (DB44) doped 

within the CBP host 

Figure 47 visually depicts the EL characteristics of the devices utilizing the most 

efficient emitter in this study, specifically, 26 (DB39).  

 
Figure 47. EL properties of the device utilizing emitter 26 (DB39): EL spectra (a), 

current density-voltage (b), power efficiency-luminance (c), and current efficiency-

luminance (d) characteristics 
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Due to their solubility, all the newly synthesized compounds were suitable for 

layer preparation via spin-coating. Concentration-dependent experiments were 

conducted for all the new emissive materials, with proportions ranging from 5 to 100 

wt% of each guest in the emissive layer. Figure 47 illustrates the EL spectra of the 

devices, as well as the current density-voltage and power efficacy-luminance-current 

efficacy characteristics. The EL properties, including PE, CE, EQE, LMAX, and the 

CIE colour space coordinates of the devices utilizing the most efficient emitter in this 

group of materials, specifically, 26 (DB39), distributed within the CBP host, are 

summarized in Table 25. 

Table 25. Characteristics of devices utilizing blue emitter 26 (DB39) 

Emitter wt, % 
VON, 

V 

PEmax, 

lm/W 

CEmax, 

cd/A 
EQEmax, % CIE (x, y) @100 cd/m2 LMAX, 

cd/m2 

26 

(DB39) 

5 4.0 3.3 3.7 2.1 (0.18, 0.20) 2818 

10 3.5 4.4 4.9 2.2 (0.18, 0.23) 3430 

15 3.9 4.1 5.7 2.7 (0.19, 0.27) 3581 

100 3.4 0.3 0.4 0.4 (0.24, 0.39) 615 

 

In Figure 47(a), the EL spectra of the devices utilizing the 26 (DB39) dopant 

reveal peaks within the 460–490 nm range, which is indicative of blue emission. The 

absence of additional peaks suggests an effective energy transfer from the host to the 

guest. Figure 47(b)–(d) illustrates the characteristics of the current density as well as 

the PE and CE dependence on luminance. The undoped device demonstrates a higher 

current density than the doped devices and a lower efficiency than the doped devices, 

thereby underscoring the significant influence of the host material. OLEDs based on 

the emitter 26 (DB39) exhibit the best efficiencies among all these devices. This 

enhanced performance can be attributed to the inclusion of the elongated and branched 

2-ethylhexyl sidechain in the molecule, potentially improving the solubility to 

produce wet-processed OLEDs and also contributing to the favourable film-forming 

characteristics of the derivative [217]. Moreover, the appropriate HOMO and LUMO 

levels facilitate the effective energy transfer from the host to the dopant, while the 

combination of the electron-accepting benzophenone fragment with the bicarbazole 

donor moiety promotes a balanced charge transfer and the efficient utilization of the 

excitons [218,219]. Specifically, the device containing 10 wt% of the emitter 26 

(DB39) demonstrates the highest PE of 4.4 lm/W, with LMAX reaching 3430 cd/m2. 

However, the overall best efficiency is achieved by the device incorporating 15 wt% 

of the emitter 26 (DB39) in its emissive layer, and attaining the PE and CE values of 

4.1 lm/W and 5.7 cd/A, respectively, while its EQE reached 2.7% with an LMAX of 

3581 cd/m2. The findings of this study indicate the potential of benzophenone and 

bicarbazole fragments in the synthesis of organic semiconductors and demonstrate 

how thermal and film-forming properties could be controlled by introducing and 

modifying alkyl chains within the molecular structure of new compounds. 
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4. CONCLUSIONS 

In summary, the research outcomes presented in this study reveal potential 

pathways for advancing the OLED technology. Specifically, this work introduces 

novel material designs applicable to efficient OLEDs, serving as both hosts and 

emitters, in particular: 

1. Oxetane, carbazole and methoxypyridine fragments having materials have 

been synthesized and characterized. The new materials have been proven to be 

effective host materials with the top-performing blue device achieving a high external 

quantum efficiency of 10.3%, and the most efficient green PhOLED showcasing a 

high external quantum efficiency of 9.4%. 

2. Carbazole- or phenoxazine-substituted low molecular weight oxetanes have 

been synthesized via a simple one-step procedure. The investigation of the materials 

has revealed that they are suitable to be used as hosts for yellow PhOLEDs, with the 

most efficient PhOLED exhibiting an external quantum efficiency of 10.9%.  

3. A previously synthesized phenoxazine-oxetane derivative was proven to be 

an effective host material for candlelight OLEDs, with the target device exhibiting an 

external quantum efficiency of 10.2%, which is much higher than the CBP-based 

device. The OLED under investigation also exhibited a very low colour temperature 

of 1690K and a record-breaking maximum permissible exposure limit of 57,696s.  

4. By reviewing the recent progress in electroactive benzophenone derivatives, 

the high potential of the benzophenone fragment in designing efficient host materials 

and emitters for OLEDs has been proven. 

5. Bicarbazole-diphenyl sulfone-based twisted donor-acceptor-donor 

derivatives have been synthesized and characterized. The high potential of these novel 

compounds as bi-functional materials was proven by firstly utilizing them as deep-

blue emitters, resulting in a device exhibiting an external quantum efficiency of 4.0%. 

Secondly, the new materials were applied as hosts for green phosphorescent and 

TADF emitters, resulting in devices demonstrating external quantum efficiencies of 

10.6% and 10.8%, respectively. 

6. A group of twisted donor-acceptor-donor derivatives, featuring bicarbazole as 

the electron donor and benzophenone as the electron acceptor, have been synthesized 

and investigated. It was established that the new materials are highly efficient blue 

fluorescent emitters, with the most efficient device in this study achieving an external 

quantum efficiency of 5.3%, and thus challenging the theoretical limit for blue 

fluorescent devices. 

7. A series of electroactive bipolar donor-acceptor type derivatives, utilizing 

benzophenone and bicarbazole as the main fragments, have been designed, 

synthesized, and characterized. It has been determined that the new derivatives 

possess suitable properties to be used as blue fluorescent emitters in OLEDs, with the 

most efficient device achieving an external quantum efficiency of 2.7%. 

Overall, these results have proven the significant potential of phenoxazine- and 

carbazole-based materials in the manufacturing of OLEDs. This study included 

promising host materials for PhOLEDs, some of which were synthesized via a cost-

effective one-step procedure, thus paving the way for scalable production of the host 



88 

materials for yellow and candlelight OLEDs. Additionally, bicarbazole derivatives 

showed great promise as both blue fluorescent emitters and host materials for green 

OLEDs. The research also highlighted the crucial role of aliphatic side chains in 

optimizing the film-forming properties and solubility. However, the efficiency of 

OLEDs could be further improved by optimizing the device structure and the 

thicknesses of layers, as well as by reducing ΔEST for bicarbazole-based compounds 

through structural modifications to utilize triplet excitons more efficiently. 
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5. SANTRAUKA 

5.1. Įvadas 

Nuo pat 1880 m., kai T. Edisonas patentavo kaitinamąją lemputę, siekis sukurti 

efektyvesnius, įvairioms sritims pritaikomus ir vizualiai patrauklius apšvietimo 

sprendimus tapo viena svarbiausių nuolatinių inovacijų varomųjų jėgų. Tokie 

veiksniai, kaip gyventojų skaičiaus augimas, urbanizacija, industrializacija ir platus 

elektros prietaisų ir technologijų paplitimas lėmė žymų globalaus elektros energijos 

suvartojimo padidėjimą. Tarptautinės energetikos agentūros duomenimis, pasaulinis 

elektros energijos vartojimo mastas nuolat didėja, vidutiniškai išaugdamas apie 2 % 

kasmet per pastarąjį dešimtmetį, dabar siekiantis apie 25 000 teravatvalandžių per 

metus [1], iš kurių apie 19 % skiriama dirbtiniam apšvietimui [2]. Susirūpinimas dėl 

ribotų energijos išteklių, poveikio aplinkai ir besitęsiančio energijos suvartojimo bei 

jos kainų didėjimo [3] pabrėžė būtinumą kurti energiškai efektyvius apšvietimo 

sprendimus įvairioms pritaikymo sritims, pavyzdžiui, ekranams ir kasdieniniams 

apšvietimo prietaisams. Organiniai šviestukai (OLED) iškilo kaip potenciali 

alternatyva po to, kai C. W. Tangas su kolega publikavo savo novatorišką darbą apie 

organinius šviestukus 1986 m. [4]. OLED technologijos sužavėjo tyrėjus, inžinierius 

ir vartotojus savo įspūdingu potencialu. Toks didelis susidomėjimas leido šią sritį 

transformuoti iš paprasto laboratorinio smalsumo į milijardus dolerių siekiančią verslo 

rinką [5]. OLED prietaisai, kurie naudoja organinius junginius, skleidžiančius šviesą 

esant elektros srovei, siūlo daug pranašumų, lyginant su tradiciniais šviesos šaltiniais, 

tokiais kaip kaitinamosios ar fluorescencinės lempos, įskaitant didesnį ryškumą, 

platesnį žiūrėjimo kampą, energijos efektyvumą, kontrastą, prietaisų plonumą ir 

lankstumą. Be to, OLED prietaisus galima formuoti naudojant ekonomiškus liejimo 

ar spausdinimo iš tirpalų procesus, kurie galėtų prisidėti prie šiltnamio efektą 

sukeliančių išmetamųjų dujų kiekio ir bendro poveikio aplinkai mažinimo. 

 Per pastarąjį dešimtmetį tiek mokslo bendruomenė, tiek pramonė skyrė daug 

savo išteklių didelio efektyvumo, ilgaamžių OLED prietaisų plėtrai. Nepaisant 

neįtikėtinų pasiekimų, kaip daugiau nei 30 % siekiantis išorinis kvantinis efektyvumas 

(EQE) [6–8] ir 100 lm/W viršijantis energinis efektyvumas (PE) [9–11], vis dar yra 

iššūkių, kuriuos reikia įveikti, pavyzdžiui, kuriant didelio efektyvumo, ilgaamžius 

giliai mėlyną šviesą skleidžiančius OLED [12]. Taip pat tauriųjų metalų naudojimas 

fosforescuojančiose medžiagose kelia susirūpinimą dėl ateities prietaisų kainų bei jų 

gamybos ir utilizavimo poveikio aplinkai [13,14]. Viena didesnių egzistuojančių 

problemų – smarkus prietaisų efektyvumo mažėjimas, didėjant skaisčiui dėl tripletinių 

būsenų anihiliacijos, sukelto dėl per didelės spinduolio koncentracijos ar sužadintųjų 

būvių tarpusavio sąveikos. Šie emisijos gesinimo procesai ypač suaktyvėja ilgėjant 

eksitonų gyvavimo trukmei fosforescuojančiuose (PhOLED) [15–18] ir termiškai 

aktyvuotosios uždelstosios fluorescencijos efektu (TADF) pasižyminčiuose OLED 

prietaisuose [19–21]. Norint įveikti kai kurias minėtų problemų, spinduoliai dažnai 

disperguojami matricose. Naujų OLED medžiagų, skirtų matricoms ir spinduoliams, 

kūrimas ir sintezė išlieka ypač svarbūs tolesnio šios technologijos vystymosi 

uždaviniai. 
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Darbo tikslas – susintetinti naujus karbazolo ar fenoksazino junginius, ištirti jų 

savybes ir pritaikyti organinių šviestukų emisinių sluoksnių matricoms ar 

spinduoliams. 

Darbo tikslui pasiekti išsikelti šie uždaviniai: 

1. Susintetinti ir ištirti mažamolekulių piridinil-karbazolilo bei oksetano 

fragmentus turinčius junginius, pritaikyti juos fosforescuojančių organinių šviestukų 

matricoms. 

2. Susintetinti ir ištirti mažamolekulius karbazolo arba fenoksazino junginius, 

turinčius centrinį oksetano fragmentą. Gautas medžiagas pritaikyti fosforescuojančių 

organinių šviestukų matricoms. 

3. Sukurti žmogui ir aplinkai draugišką žemos skleidžiamos šviesos spalvinės 

temperatūros, žvakės šviesą skleidžiantį organinį šviestuką, pasitelkiant naujai 

susintetintą fosforescuojančių spinduolių matricą su fenoksazino fragmentais. 

4. Išsamiai apžvelgti benzfenono junginių sintezę,  termines, elektrochemines ir 

fotofizikines savybes. Išnagrinėti ir apibendrinti apžvelgtų junginių potencialą, 

pritaikant juos kaip organinių šviestukų matricas ar spinduolius.   

5. Susintetinti naujus bifunkcius susuktos struktūros bikarbazolildifenilsulfono 

junginius, ištirti jų savybes ir pritaikyti gilią mėlyną šviesą skleidžiantiems 

spinduoliams bei žalią šviesą skleidžiančių organinių šviestukų matricoms.  

6. Susintetinti ir charakterizuoti susuktos donoro–akceptoriaus–donoro 

struktūros tipo junginių seriją, turinčių bikarbazolilo elektronų donorą bei benzfenono 

elektronų akceptorių ir juos išbandyti mėlyną šviesą skleidžiančiais spinduoliais 

organiniuose šviestukuose. 

7. Susintetinti ir ištirti naujus donoro–akceptoriaus tipo junginius, turinčius 

bikarbazolilo ir benzfenono fragmentus, ir pritaikyti mėlyną šviesą skleidžiančių 

organinių šviestukų spinduoliams. 

Darbo mokslinis naujumas ir ryšys tarp publikacijų 

OLED technologijos įprastai skirstomos į tris kartas: 1-osios kartos prietaisai 

naudoja fluorescuojančius spinduolius, 2-oji karta pasitelkia fosforescuojančius 

spinduolius, o 3-ioji karta – TADF efektu pasižyminčius spinduolius. Pirmosios kartos 

fluorescenciniai OLED, esant elektriniam sužadinimui, pasiekia 25 % vidinį kvantinį 

efektyvumą (IQE), naudodami tik singuletinius emisinius eksitonus [22, 23]. 

Fosforescuojantys ir TADF spinduoliai turi galimybę pasiekti iki 100 % IQE 

sėkmingai išnaudodami tripletinius eksitonus emisijos procesui. Fosforescuojantys 

spinduoliai tai pasiekia naudodami interkombinacinę konversiją iš singuletinės 

būsenos į tripletinę [24, 25], o TADF spinduoliai, atgalinės interkombinacinės 

konversijos metu tripletinius eksitonus, naudodami aplinkos šilumą, verčia šiek tiek 

aukštesnės energijos, fotonus generuojančiais singuletiniais eksitonais [26–32]. 

Nepaisant to, emisijos pikams slenkant link giliai mėlynos šviesos spalvos srities, 

nespindulinė fosforescuojančių spinduolių d orbitalių rekombinacija yra linkusi didėti 

[23, 33–35], o sprendžiant šią problemą, mažamolekulės fluorescuojančios medžiagos 

plėtojamos dėl jų aukšto skleidžiamos šviesos spalvos grynumo ir žemos kainos [36]. 

Fosforescuojantys ir TADF emiteriai, siekiant išvengti koncentracinio emisijos 



 

91 

gesinimo, tripletų–tripletų ir singuletų–tripletų anihiliacijos, dažnai disperguojami 

tinkamose matricose.  Šiame darbe medžiagos, paskelbtos disertacijos straipsniuose, 

tiesiogiai prisideda prie pirmiau išvardytų problemų sprendimo ir padidina visų trijų 

OLED kartų vertę – dariniai naudojami kaip gilią mėlyną ir mėlyną šviesą 

skleidžiantys fluorescuojantys spinduoliai arba medžiagos matricos, pritaikytos 

fosforescuojantiems arba TADF spinduoliams. 

 Pirmoje publikacijoje aprašoma naujų piridinilkarbazolilo fragmentus turinčių 

junginių sintezė, savybių tyrimas ir pritaikymas mėlyną ar žalią šviesą 

skleidžiančiuose PhOLED prietaisuose. Efektyviausias mėlyną šviesą skleidžiantis 

prietaisas demonstravo aukštą EQE, siekiantį 10,3 %. Efektyviausias žalią šviesą 

skleidžiantis prototipas pasiekė 9,4 % EQE, esant aukštam 1000 cd/m2 skaisčiui. 

Antrojoje publikacijoje buvo pristatyti supaprastintos struktūros, lyginant su 

pirmąja publikacija, junginių sintezė ir charakterizavimas. Nauji karbazolo ir 

fenoksazino dariniai išbandyti kaip matricos geltoną šviesą skleidžiančiuose 

fosforescuojančiuose šviestukuose. Paprastesnė matricos cheminė struktūra 

nesumažino efektyvumo, o geriausias savybes turėjusio prietaiso EQE buvo 10,9 %. 

Trečiajame moksliniame straipsnyje tyrinėtas antrojoje publikacijoje aprašyto 

fenoksazino junginio pritaikymas žemos skleidžiamos šviesos spalvinės temperatūros 

organiniuose šviesos dioduose. Gautasis žvakės šviesą skleidžiantis organinis šviesos 

diodas pasižymėjo rekordine didžiausiąja leidžiamąja poveikio riba naktį, siekiančia 

57 700 s. Be to, prietaisas parodė 1690 K siekiančią skleidžiamos šviesos spalvinę 

temperatūrą, kuri buvo kur kas žemesnė už komercinių apšvietimo prietaisų 

skleidžiamos šviesos spalvinę temperatūrą. Naujasis OLED pademonstravo EQE, 

siekiantį 10,2 %, o ši vertė gerokai viršijo prietaiso, naudojančio komercinę matricą 

4,4′-di(N-karbazolil)-1,1′-bifenilą (CBP), efektyvumą. 

Ketvirtojoje publikacijoje apžvelgtas benzfenono junginių pritaikymas 

organiniams šviesos diodams, o šis literatūros tyrimas padėjo sukurti molekules, 

aprašytas vėlesniuose straipsniuose.  

Penktajame straipsnyje karbazolo fragmentai naudojami kiek kitaip nei 

pirmuose dviejuose straipsniuose. Čia karbazolas buvo panaudotas bikarbazolilo 

fragmento forma, jį derinant su difenilsulfono elektronų akceptoriumi, siekiant išgauti 

naujas daugiafunkces medžiagas. Maksimalus prietaisų EQE buvo 4,0 %, kai nauji 

dariniai buvo naudojami giliai mėlynos šviesos spinduoliais, o tai yra labai arti 

teorinio fluorescuojančių šviesos diodų efektyvumo limito. Panaudojus naujas 

medžiagas kaip matricas žaliai fosforescuojančiam iridžio spinduoliui, buvo pasiektas 

maksimalus 45 lm/W PE. Be to, naujos medžiagos buvo naudojamos kaip žalios 

spalvos šviesą skleidžiančio TADF spinduolio matricos, o suformuoti prietaisai 

parodė EQE, siekiantį 11%. 

Šeštojoje publikacijoje taip pat buvo aprašyti bikarbazolilo dariniai, bet 

difenilsulfono fragmentas pakeistas benzfenonu, taip sukurta nauja serija susuktos 

struktūros D-A-D tipo darinių. Efektyviausias OLED šiame tyrime parodė 5,3 % 

EQE, glaudžiai atitinkantį teorinį efektyvumo limitą, galimą pirmosios kartos 

prietaisuose. 

Septintajame moksliniame straipsnyje analizuojamas šeštosios publikacijos 

darinių supaprastinimas į susuktos struktūros D-A tipo junginius, pasitelkiant 
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bikarbazolilą ir benzfenoną kaip pagrindinius molekulių komponentus. Visi junginiai 

buvo įvertinti kaip potencialūs mėlyną šviesą skleidžiantys spinduoliai iš tirpalų 

formuojamiems prietaisams. Perspektyviausias OLED, aprašytas šioje publikacijoje, 

pasiekė maksimalų 2,7 % EQE. 

5.2. Paskelbtų mokslinių straipsnių apžvalga 

5.2.1. Piridinil-karbazolilo fragmentus turinčios medžiagos efektyvių žalią ir 

mėlyną šviesą skleidžiančių fosforescuojančių OLED matricoms 

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Molecules, 2021, 26, 15, 

D. Blazevicius, D. Tavgeniene, S. Sutkuviene, E. Zaleckas, M.-R. Jiang, S. S. 

Swayamprabha, R. A. K. Yadav, J.-H. Jou and S. Grigalevicius [136]. 

Šios studijos metu tikslinės medžiagos 4 (H1) ir 5 (H2) buvo susintetintos trijų 

stadijų procedūros metu, kaip pavaizduota 7 schemoje. Iš pradžių, 3-jod-9H-

karbazolas (2) buvo pagamintas Tucker jodinimo procedūros [137] metu, naudojant 

9H-karbazolą (1) kaip pradinį reagentą. Kita tarpinė medžiaga – 3,3-di(3-jod-9-

karbazolilmetil)oksetanas (3) – buvo susintetinta reaguojant 3,3-di(chlormetil)ok-

setanui su jodo atomus turinčio darinio 2 pertekliumi, kaip aprašyta anksčiau [138]. 

Galutinis darinys 4 (H1) buvo gautas Suzuki reakcijos metu [139], kurioje dalyvavo 

dijodjunginys 3 ir 2-metoksi-3-piridinilborono rūgšties perteklius. Tikslinis junginys 

5 (H2) taip pat buvo susintetintas Suzuki reakcijos metu reaguojant medžiagai 3 su 6-

metoksi-3-piridinilborono rūgšties pertekliumi. Visos susintetintų darinių struktūros 

buvo patvirtintos naudojant masių spektrometriją (MS), taip pat 1H ir 13C branduolinio 

magnetinio rezonanso (BMR) spektroskopiją, o gautieji eksperimentiniai duomenys 

gerai sutapo su sudarytomis tikslinių darinių struktūromis. 
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7 schema. Naujų piridinil-karbazolilo darinių 4 (H1) ir 5 (H2) sintezė 

Naujai susintetintos medžiagos pasižymėjo ypač geru tirpumu įprastuose 

organiniuose tirpikliuose. Nors šių junginių plonus elektroaktyvius sluoksnius galima 

formuoti vakuuminio išgarinimo būdu, geras darinių tirpumas leidžia tokius 

sluoksnius pagaminti ekonomiškesniu liejimo iš tirpalų būdu. Terminės medžiagų 4 

(H1) ir 5 (H2) charakteristikos buvo tyrinėtos diferencinės skenuojamosios 
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kalorimetrijos (DSK) ir termogravimetrinės analizės (TGA) metodais, kaitinant 

bandinius 10 oC/min greičiu azoto aplinkoje. Temperatūra, kurioje patiriami medžiagų 

4 (H1) ir 5 (H2) 5 % masės nuostoliai (destrukcijos temperatūra Td), siekė atitinkamai 

386 °C ir 361 °C, kaip parodė TGA eksperimentai. DSK matavimai parodė, kad nors 

medžiaga 4 (H1) po sintezės buvo gauta kaip kristalinis darinys su 257 °C siekiančia 

lydymosi temperatūra (Tm), bet išlydytą bandinį atšaldžius gaunama amorfinio būvio 

medžiaga su aukšta stiklėjimo temperatūra Tg, siekiančia 127 °C. Kita vertus, junginys 

5 (H2) jau po sintezės buvo gautas kaip amorfinė medžiaga, kurios bandinį kaitinant 

DSK eksperimentų metu buvo fiksuojamas tik medžiagos stiklėjimas maždaug 139 °C 

temperatūroje, kaip pavaizduota 48 pav. Terminės abiejų medžiagų charakteristikos 

apibendrintos 26 lentelėje. 
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48 pav. Junginio 5 (H2) DSK kreivės 

Žemos temperatūros fotoliuminescencijos (LTPL) spektrai, užrašyti 77 K 

temperatūroje, buvo skirti junginių 4 (H1) ir 5 (H2) tripletinės būsenos energijai 

nustatyti, kuri siekė atitinkamai 2,82 eV ir 2,81 eV. Šios vertės buvo didesnės nei 

mėlyną šviesą skleidžiančio spinduolio FIrpic (ET = 2,65 eV) [140] ir žalią šviesą 

skleidžiančio spinduolio Ir(ppy)3 (ET = 2,59 eV) tripletinės būsenos energijos vertės 

[141]. Savybių tyrimų rezultatai patvirtino medžiagų H1 ir H2 tinkamumą naudoti 

kaip matricas tiek žaliai, tiek mėlynai fosforescuojantiems OLED prietaisams. 

Išmatuotos naujai susintetintų medžiagų savybės apibendrintos 26 lentelėje. 

26 lentelė. Terminės ir fotofizikinės naujų medžiagų savybės 
Medžiaga Td (oC) Tm (oC) Tg (oC) ET (eV) 

4 (H1) 386 257 127 2,82 

5 (H2) 361 – 139 2,81 

Norint įvertinti darinių 4 (H1) ir 5 (H2) tinkamumą naudoti kaip matricas, 

naudojant mėlyną šviesą skleidžiantį FIrpic ir žalią šviesą skleidžiantį Ir(ppy)3 

fosforescuojančius spinduolius, buvo pagaminti PhOLED prototipai. Prietaisų, 

naudojančių 4 (H1) matricą elektroliuminescencijos (EL) spektrai, užfiksuoti esant 

1000 cd/m2 skaisčiui, pavaizduoti 49 pav. Kaip parodyta, abiejų OLED EL spektrai 

demonstruoja gryną FIrpic arba Ir(ppy)3 spinduolių emisiją, o tai rodo efektyvų 

energijos perdavimą tarp matricos 4 (H1) ir atitinkamų spinduolių [142]. Pažymėtina, 
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kad nebuvo pastebėta jokių papildomų emisijos zonų, o tai reiškia, kad krūvininkų 

rekombinacija vyksta tik emisiniame sluoksnyje. Tai rodo, kad OLED struktūrose 

išvengiama eksitonų difuzijos į skyles arba elektronus pernešančius sluoksnius [143]. 
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49 pav. OLED prietaisų, naudojančių matricą 4 (H1) su mėlynos šviesos FIrpic ar 

žalios šviesos Ir(ppy)3 spinduoliais, EL spektrai 

Medžiaga 5 (H2) taip pat buvo naudojama mėlyną ir žalią šviesą 

skleidžiančiuose OLED kaip matrica, kuriuose buvo naudojami jau minėti 

spinduoliai, o gautų prietaisų efektyvumas buvo didesnis nei prietaisų, kurių matrica 

buvo medžiaga 4 (H1). Siekiant optimizuoti emisinio sluoksnio struktūrą, buvo 

naudojami spinduolių koncentracijos emisiniame sluoksnyje eksperimentai, kurių 

metu FIrpic koncentracija buvo keičiama nuo 15 iki 22,5 masės % (m%), o Ir(ppy)3 

spinduolio koncentracija svyravo nuo 7,5 iki 15 m%. 27 lentelėje pateikiamos 

suformuotų PhOLED su matrica 5 (H2) charakteristikos. 

17 lentelė. PhOLED prototipų, turinčių medžiagos 5 (H2) matricą bei FIrpic ar 

Ir(ppy)3 spinduolius, charakteristikos 
 PE, lm/W CE, cd/A EQE, % Lmaks, 

cd/m2 Matrica Spinduolis m% Esant 100 / 1000 cd/m2 

5 (H2) 

FIrpic 

15,0 24,9 / 15,8 23,9 / 18,4 10,3 / 8,0 9173 

17,5 11,5 / 6,60 12,1 / 9,80 5,1 / 4,1 3317 

20,0 8,50 / 5,70 8,60 / 8,00 3,6 / 3,4 4377 

22,5 5,90 / 11,5 5,70 / 13,1 2,4 / 5,5 10350 

Ir(ppy)3 

7,50 0,80 / 19,4 0,90 / 24,5 0,3 / 6,8 32390 

10,0 10,0 / 34,1 10,3 / 33,9 3,3 / 9,4 38980 

12,5 18,9 / 26,2 20,6 / 34,0 5,7 / 9,5 14170 

15,0 10,9 / 34,1 10,3 / 33,9 2,3 / 7,4 18980 

OLED su 15 m% spinduolio FIrpic emisiniame sluoksnyje pasižymėjo 

geriausiomis charakteristikomis tarp mėlyną šviesą skleidžiančių prietaisų. Jo srovės 

efektyvumas (CE) buvo 23,9 cd/A, PE siekė 24,9 lm/W, o EQE buvo 10,3 %, esant 

100 cd/m2 skaisčiui. Esant didesniam, 1000 cd/m2 skaisčiui, itin svarbiam apšvietimo 

technologijoms, šis prietaisas išlaikė aukščiausią 8,0 % EQE (18,4 cd/A CE, 

15,8 lm/W PE), palyginti su visais kitais mėlyną šviesą skleidžiančiais prietaisais, o 
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maksimalus skaistis (Lmaks.) viršijo 9170 cd/m2. Iš žalią šviesą skleidžiančių prietaisų 

pažymėtina, kad PhOLED prototipai, kurių matricą sudarė medžiaga 5 (H2), pranoko 

tuos, kurie OLED matricoms naudojo darinį 4 (H1). PhOLED, kurio emisiniame 

sluoksnyje buvo 10 m% spinduolio Ir(ppy)3, disperguoto matricoje 5 (H2), 

pasižymėjo puikiomis charakteristikomis: CE buvo 33,9 cd/A, PE siekė 34,1 lm/W, o 

EQE pasiekė 9,4 %, esant aukštam 1000 cd/m2 skaisčiui, kuris yra reikalingas 

apšvietimo reikmėms. Žalią šviesą skleidžiantis PhOLED taip pat pasiekė įspūdingą 

maksimalų skaistį – beveik 39 000 cd/m2. 

5.2.2. Lengvai susintetinami ir pigūs karbazolo arba fenoksazino dariniai geltoną 

šviesą skleidžiančių fosforescuojančių OLED matricoms  

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Optical Materials, 2021, 

118, 111251, D. Blazevicius, G. Krucaite, S. Shahnawaz, S. S. Swayamprabha, E. 

Zaleckas, J.-H. Jou ir S. Grigalevicius [144]. 

 Šis tyrimas apėmė mažos molekulinės masės oksetano darinių, turinčių 

karbazolo (7 (H3)) arba fenoksazino (8 (H4)) fragmentus, sintezę, charakterizavimą 

ir taikymą PhOLED prietaisų matricoms. Tiksliniai junginiai buvo susintetinti 

naudojant ekonomišką ir nesudėtingą vienos pakopos sintezę, kaip parodyta 

8 schemoje. 3,3-Bis(9-karbazolilmetil)oksetano 7 (H3) sintezė apėmė 9H-karbazolo 

N-alkilinimą, naudojant kalio hidroksidą, kalio karbonatą ir trapfazinį katalizatorių 

tetrabutilamonio hidrosulfatą (TBAHS) 2-butanone. Ši procedūra labai panaši į 

anksčiau aprašytą [145, 146]. 3,3-Bis(10-fenoksazinilmetil)oksetanas 8 (H4) buvo 

susintetintas naudojantis 10H-fenoksazino N-alkilinimo reakcija tetrahidrofurane 

naudojant kalio tretbutoksidą. 
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8 schema. Naujų medžiagų matricoms 7 (H3) ir 8 (H4) sintezė 

Naujai susintetintos medžiagos buvo tirpios įprastuose organiniuose 

tirpikliuose, o tai leidžia prietaisus formuoti ekonomiškiau – liejant iš tirpalų. Junginių 

terminės ir morfologinės savybės buvo tyrinėtos  TGA ir DSK metodais. TGA tyrimai 

parodė, kad medžiagų terminis stabilumas ypač aukštas, o jų Td vertės viršijo 310 °C. 

DSK matavimų metu paaiškėjo, kad medžiagos 7 (H3) ir 8 (H4) po sintezės buvo 

gautos kaip kristaliniai junginiai, tačiau, išlydžius ir atšaldžius tyrinėjamų medžiagų 

bandinius, dariniai gali pereiti į amorfinę būseną. Medžiagai 7 (H3) pirmojo DSK 

kaitinimo metu buvo užfiksuotas endoterminis lydymosi signalas 199 °C 

temperatūroje, o išlydytą bandinį atšaldžius, susidarė amorfinė medžiaga su 75 °C 
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siekiančia Tg. Toliau kaitinant bandinį buvo užfiksuotas kristalizavimasis 123 °C 

temperatūroje. Darinys 8 (H4) po reakcijos taip pat buvo gautas kaip kristalinė 

medžiaga, kurios Tm siekė 198 °C, kaip pavaizduota 50 pav. Išlydytą bandinį 

atšaldžius, taip pat susidarė amorfinio būvio darinys su 66 °C siekiančia Tg, o toliau 

kaitinant medžiagą jokie papildomi morfologiniai virsmai nebuvo fiksuojami. Šie 

DSK matavimų rezultatai patvirtina abiejų medžiagų tinkamumą formuoti plonas 

amorfines plėveles, bet tikimasi, kad junginys 8 (H4) suformuos stabilesnius 

sluoksnius dėl mažesnio polinkio kristalizuotis.  
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50 pav. Junginio 8 (H4) DSK kreivės 

Siekiant nustatyti junginių 7 (H3) ir 8 (H4) ET vertes, buvo užrašyti LTPL 

spektrai 77 K temperatūroje. Nustatyta, kad šios vertės siekė 2,95 eV dariniui 7 (H3) 

ir 2,73 eV medžiagai H4. Abiejų junginių ET vertės viršija gerai žinomo geltonai 

fosforescuojančio spinduolio PO-01 ET, kuri yra 2,21 eV [147], o tai patvirtina 

medžiagų tinkamumą pritaikyti geltoną šviesą skleidžiančių PhOLED matricoms. 

Visos išmatuotos junginių savybės pateikiamos 28 lentelėje.  

28 lentelė. Terminės ir fotofizikinės medžiagų H3 ir H4 savybės 
Medžiaga Td (oC) Tm (oC) Tcr (oC) Tg (oC) ET (eV) 

7 (H3) 324 199 123 75 2,95 

8 (H4) 314 198 – 66 2,73 

Norint įvertinti potencialių matricų efektyvumą emisiniuose sluoksniuose, buvo 

suformuoti geltonai fosforescuojantys prietaisai, naudojant minėtą PO-01 spinduolį. 

OLED struktūra buvo tokia: ITO/PEDOT:PSS/(7 (H3) ir 8 (H4)):X m% PO-

01/TPBi/LiF/Al, čia X – spinduolio koncentracija. Visuose PhOLED buvo 

skleidžiama 570 nm bangos ilgio emisija, priskiriama geltonai PO-01 skleidžiamai 

šviesai. Keičiant spinduolio koncentraciją matricose 7 (H3) ir 8 (H4), skleidžiamos 

šviesos spalvos pokytis nepastebėtas. Sukurti prietaisai skleidžia geltoną šviesą, 

kurios CIE koordinatės yra (0,49; 0,50), esant 1000 cd/m2 skaisčiui. EL 

charakteristikos matuotos prietaisams su įvairia spinduolio koncentracija emisiniame 

sluoksnyje, kurios pateiktos 29 lentelėje. Prietaisai, naudoję junginio 8 (H4) matricą, 

pademonstravo geresnes charakteristikas nei matricą 7 (H3) naudoję OLED. Galima 
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išskirti 10 m% spinduolio savo emisiniame sluoksnyje turėjusį OLED, kuris 

pademonstravo CE, PE ir EQE, siekiančius atitinkamai, 33,1 cd/A, 22,8 lm/W ir 

10,1 %, esant 1000 cd/m2 skaisčiui, kuris reikalingas praktiniam taikymui. 

29 lentelė. OLED, naudojančių matricas 7 (H3) arba 8 (H4) su spinduoliu PO-01, 

charakteristikos 
 VON, V PE, lm/W CE, cd/A EQE, % Lmaks, 

cd/m2 Matrica Spinduolis m% Esant 100 / 1000 cd/m2 

7 (H3) 

PO-01 

7,50 6,3 / 8,2 16,0 / 9,9 32,0 / 25,6 10,5 / 7,9 10760 

10,0 5,6 / 7,4 17,3 / 11,4 30,7 / 26,8 10,3 / 8,5 10600 

12,5 5,1 / 6,7 18,4 / 10,9 30,1 / 23,2 10,5 / 7,5 10700 

15,0 4,8 / 6,3 19,2 / 11,3 29,4 / 22,7 10,6 / 7,5 12250 

8 (H4) 

7,50 3,5 / 4,9 31,6 / 21,2 34,9 / 32,9 10,6 / 9,9 20520 

10,0 3,5 / 4,6 32,2 / 22,8 35,8 / 33,1 10,9 / 10,1 23190 

12,5 3,6 / 5,1 28,6 / 15,5 32,8 / 25,4 10,1 / 7,9 19470 

15,0 3,5 / 4,7 23,1 / 16,5 26,0 / 24,5 8,1 / 7,7 22360 

Remiantis gautais eksperimentiniais rezultatais, akivaizdu, kad medžiaga OLED 

matricoms 8 (H4) pasižymi geresnėmis sluoksnių formavimo savybėmis ir turi geriau 

suderinamą ET vertę su geltoną šviesą skleidžiančiu spinduoliu PO-01. Šis 

suderinamumas prisideda prie gerų OLED prietaisų, naudojančių matricą 8 (H4) 

charakteristikų. Pažymėtina, kad ši medžiaga gauta naudojant paprastą vienos stadijos 

sintezę ir turi didelį potencialą fosforescuojančių organinių šviestukų gamybos srityje. 

5.2.3. Didelio efektyvumo žvakės šviesą skleidžiantys OLED, pasižymintys ypač 

žema skleidžiamos šviesos spalvine temperatūra 

 Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Molecules, 2021, 26, 

24, S. Shahnawaz, I. Siddiqui, M. R. Nagar, A. Choudhury, J.-T. Lin, D. Blazevicius, 

G. Krucaite, S. Grigalevicius and J.-H. Jou [148]. 

Šio darbo metu junginys 3,3-bis(10-fenoksazinilmetil)oksetanas 8 (H4), kurio 

sintezė pavaizduota 9 schemoje, buvo panaudotas žmogui ir aplinkai draugiškiems 

žvakių šviesą skleidžiančiuose OLED. Darinys buvo susintetintas procedūros, 

aprašytos ankstesniame skyriuje, metu, naudojant paprastą vienos pakopos sintezės 

būdą. Konkrečiau, 3,3-bis(10-fenoksazinilmetil)oksetanas 8 (H4) buvo gautas 10H-

fenoksazino N-alkilinimo reakcijos tetrahidrofurane metu, naudojant kalio 

tretbutoksido bazę. 
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9 schema. Junginio 8 (H4) sintezė 

Ankstesniame skyrelyje buvo aprašytos 8 (H4) terminės savybės, fotofizikinės 

medžiagos 8 (H4) charakteristikos šiame tyrime buvo nagrinėjamos pasitelkiant 

ultravioletinių spindulių – regimosios šviesos (UV-RŠ) absorbcijos, PL ir LTPL 

tyrimus. Absorbcijos, PL ir LTPL (esant 77 K) smailių pikai buvo stebimi atitinkamai 
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esant 320, 395 ir 495 nm, o Eg vertė, gauta iš absorbcijos spektro, siekė 3,85 eV. 

Junginio 8 (H4) ES (3,44 eV) ir ET (2,87 eV) vertės buvo apskaičiuotos naudojant 

atitinkamai absorbcijos PL (360 nm) ir absorbcijos LTPL (436 nm) kreivių susikirtimo 

taškus. HOMO ir LUMO energijos lygiai siekė atitinkamai –5,39 eV ir –1,54 eV, 

apskaičiuojant pagal ciklinės voltamperometrijos (CV) kreivę ir anksčiau 

apskaičiuotą Eg. 30 lentelėje pateikiamas fotofizikinių, elektrocheminių ir terminių 

8 (H4) savybių palyginimas su komercinės matricos CBP charakteristikomis 

[18,71,149]. 

30 lentelė. Medžiagų matricoms terminės, elektrocheminės ir fotofizikinės savybės 

Medžiaga 
Td 

(oC) 

Tm 

(oC) 

Tg 

(oC) 

HOMO 

(eV) 

LUMO 

(eV) 

ET 

(eV) 

ES 

(eV) 

Eg 

(eV) 
Šaltinis 

8 (H4) 340 199 66 –5,39 –1,54 2,95 3,44 3,85 [144] 

CBP 320 – 62 –6,00 –2,90 2,73 3,49 3,10 [18, 71, 149] 

Norint įvertinti matricos 8 (H4) efektyvumą, buvo pagaminti iš tirpalų 

formuojami organiniai žvakės šviesą skleidžiantys šviestukai. Palyginimui taip pat 

buvo suformuotas analogiškas prietaisas su komercine matrica CBP, naudojant 

geltoną šviesą skleidžiančio PO-01 ir raudonai oranžinę šviesą skleidžiančio Ir(2-

phq)3 spinduolių mišinį. Naudotų prietaisų struktūra buvo ITO/PEDOT:PSS/8 (H4) 

arba CBP : PO-01 (10 m%):Ir(2-phq)3(x m%) (x = 7,5, 10,0, 12,5, 15,0)/TPBi /LiF/Al. 

Keičiant Ir(2-phq)3 koncentraciją emisiniame sluoksnyje nuo 7,5 % iki 15,0 %, buvo 

nustatyta, kad optimizuota šio spinduolio koncentracija, kurioje pasiekiamas 

aukščiausias OLED efektyvumas, yra 10 %. Gautų prietaisų skleidžiamos šviesos CIE 

koordinatės ir skleidžiamos šviesos spalvinės temperatūros priklausomybė nuo 

skaisčio pavaizduotos 51 pav. 

 
51 pav. 8 (H4) arba CBP matricas naudojusių OLED (a) CIE spalvinės koordinatės 

ir EQEmaks. vertės su pikselio nuotrauka (viduje) ir (b) skleidžiamos šviesos 

spalvinės temperatūros priklausomybė nuo skaisčio 

8 (H4) junginį kaip matricą naudojančio OLED CIE koordinatės buvo (0,58; 

0,42), o CBP matricą naudojančio prietaiso – (0,57, 0,42). Pasiektos EQEmaks. vertės 

buvo ta pačia tvarka 10,2 % ir 4,7 %. 
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Tirtų žvakės šviesą skleidžiančių organinių šviestukų, kurių matricoms 

panaudoti 8 (H4) ir CBP junginiai, PE, CE, EQE ir skleidžiamos šviesos spalvinės 

temperatūros (CT) charakteristikos apibendrintos 31 lentelėje. OLED emisiniai 

sluoksniai suformuoti iš tirpalų, juose naudojant po 10 m% geltonos šviesą 

skleidžiančio spinduolio PO-01 ir raudonai oranžinę šviesą skleidžiančio spinduolio 

Ir(2-phq)3. 

31 lentelė. Žvakės šviesą skleidžiančių po 10 m% PO-01 ir Ir(2-phq)3 spinduolių 

turinčių OLED charakteristikos, matricomis panaudojus 8 (H4) arba CBP junginius 

Matrica 
VON, 

V 

PE, lm/W CE, cd/A EQE, % CT, K 
Lmaks, 

cd/m2 

Esant 100 / 1000 cd/m2 / MAKS. 
Esant 

100/1000cd/m2 

8 (H4) 2,8 22,0/16,9/23,7 22,4/21,6/22,4 10,2/9,6/10,2 1690 / 1707 14950 

CBP 3,2 7,4 /3,9/9,6 10,3/7,4/11,7 4,7/3,2/6,8 1768 / 1782 8393 

8 (H4) matricą naudojęs prietaisas pasižymėjo maksimaliomis PE, CE ir EQE 

vertėmis, siekiančiomis atitinkamai 23,7 lm/W, 22,4 cd/A ir 10,2 % kartu su 2,8 V 

įsijungimo įtampa (VON) ir labai žema CT, kuri buvo vos 1690 K. Net esant didesniam 

skaisčiui, pvz., 1000 cd/m², efektyvumas išliko aukštas, o tai rodo mažą efektyvumo 

kritimą didėjant skaisčiui, kartu išlaikant žemą CT. Palyginimui – CBP matricą 

naudojęs OLED pateikė daug mažesnes PE, CE ir EQE vertes, tuo pat metu esant 

didesnei CT. 

Vertinant apšvietimo šaltinio įtaką žmonių sveikatai, šis tyrimas įvertina 

didžiausią leidžiamąją poveikio ribą (MPE) ir melatonino slopinimo jautrumą (MSS). 

MPE, kaip apibrėžta Tarptautinės apsaugos nuo nejonizuojančiosios spinduliuotės 

komisijos (ICNIRP) [153], skirta kiekybiškai įvertinti su mėlyna šviesa susijusius 

pavojus ir parodo didžiausią tam tikros spinduliuotės didžiausiąjį veikimo laiką, 

kuriuo žmogus gali būti veikiamas be pavojingų padarinių ar akių ir odos pakitimų. 

Melatonino slopinimo jautrumas po 1,5 h veikimo (MSS) įvertina, kiek tam tikro 

bangos ilgio spinduliuotė slopina melatonino išsiskyrimą organizme, lyginant su 

mėlynos šviesos (480 nm) etalonu. Įvairių apšvietimo šaltinių emisijos spektrų, CT, 

MSS ir MPE palyginimas pateiktas 32 lentelėje. 8 (H4) matricą naudojęs mėlynos 

spinduliuotės neskleidžiančio žvakės šviesos OLED CT yra 1690 K, todėl MPE 

atžvilgiu jis yra 180 kartų mažiau kenksmingas, palyginti su šaltai baltos šviesos 

spalvos CFL, kurio CT yra 5 843 K. Be to, esant 100 lx apšvietai, tirto prietaiso MPE 

buvo 57 696 s (daugiai nei 16 valandų), o šaltai baltos šviesos spalvos CFL – tik 320 s. 

Tirto prietaiso MSS, esant 100 lx apšvietai, (1,33 %) yra 22,4 karto mažesnis nei šaltai 

baltą šviesą skleidžiančio CFL (29,9 %) po 1,5 valandos veikimo naktį. Žvakės šviesą 

skleidžiantis OLED minėtomis charakteristikomis taip pat pranoksta šiltai baltą šviesą 

skleidžiantį LED, šaltai baltą šviesą skleidžiantį LED, kaitinamąją lemputę ir net 

natūralią žvakių šviesą.  
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32 lentelė. Įvairių šviesos šaltinių spektrų, CT, MSS (po 1,5 h) ir MPE charakteristikų 

palyginimas 
Šviesos šaltinis Spektras CT (K) MSS (%) MPE (s), esant 100 lx 

Šis darbas 
 

1690 1,33 57 696 

Žvakės šviesa 
 

1884 4,0 2750 

Kaitinamoji 

lemputė 
 

2444 11,5 1100 

Šiltai baltos 

šviesos spalvos 

LED  
2704 8,0 1000 

Šaltai baltos 

šviesos spalvos 

LED  
5549 19,8 380 

Šaltai baltos 

šviesos spalvos 

CFL  
5843 29,9 320 

Šiame darbe sukurtas OLED su 8 (H4) matrica nemirga, nedegina rainelės, 

neakina ir yra potencialiai energiškai efektyvesnis nei bet kurie komerciniai 

apšvietimo šaltiniai. Šis tyrimas atveria kelią kurti efektyvius žvakės šviesą 

skleidžiančius OLED apšvietimo prietaisus, naudojant ekonomiškus prietaisų 

formavimo iš tirpalų metodus. 

5.2.4. Benzfenono darinių, naudojamų organiniams šviestukams apžvalga 

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Nanomaterials, 2024, 

14, 4 by D. Blazevicius and S. Grigalevicius [158]. 

Šiame tyrime buvo nagrinėjama benzfenono darinių sintezė, terminės, 

elektrocheminės, fotoelektrinės ir fotofizikinės savybės. Be to, apžvelgtas jų 

pritaikymas OLED prietaisuose tiek matricoms, tiek spinduoliams. Šiame skyriuje 

pateikiama sisteminė įvairių OLED struktūrų ir jų atitinkamų efektyvumų apžvalga. 

Apžvalga suskirstyta į keletą skyrelių, suskirstytų pagal benzfenono darinių taikymą 

ir struktūrą, kaip, pavyzdžiui, matricos fosforescuojantiems spinduoliams, matricos 

TADF spinduoliams, D–A tipo spinduoliai, D–A–D tipo simetrinės struktūros 

spinduoliai ir D–A–D tipo asimetrinės struktūros spinduoliai. 

5.2.4.1. Benzfenono dariniai, skirti fosforescuojančių organinių šviestukų 

matricoms 

 Medžiagų su benzfenono fragmentu, pademonstravusių aukščiausią 

efektyvumą jas pritaikius kaip fosforescuojančių organinių šviestukų matricas, 

struktūros pavaizduotos 52 pav. 
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12 pav. Benzfenono dariniai, naudojami PhOLED matricoms [162, 163, 166] 

PhOLED, naudojančių matricas HA5 [162], HA6 [163] ir HA8 [166], 

charakteristikos pateiktos 33 lentelėje. Naudojant šiuos junginius buvo suformuoti 

veiksmingi PhOLED prietaisai, kurių EQE viršijo 16 %. Šios matricos buvo 

naudojamos raudoną, oranžinę, geltoną, žalią ir mėlyną šviesą skleidžiančiuose 

prietaisuose.  

33.lentelė. PhOLED prietaisų, naudojančių matricas HA5, HA6 ir HA8, 

charakteristikos 

Prietaisas Matrica 
Skleidžiama 

šviesa 

VON, 

V 

Lmaks., 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x; y) Šaltinis 

D1HA5 HA5 Žalia 2,5 93330 – 99,1 25,1 (0,29; 0,64) [162] 

D2HA5 HA5 Oranžinė 2,6 31200 – 61,6 23,1 (0,51; 0,47) [162] 

D3HA5 HA5 Raudona 2,9 10240 – 27,1 22,1 (0,61; 0,36) [162] 

D1HA6 HA6 Mėlyna 3,0 – – 38,2 19,4 (0,16; 0,33) [163] 

D2HA6 HA6 Žalia 2,9 – – 75,7 21,0 (0,29; 0,64) [163] 

D3HA6 HA6 Raudona 3,1 – – 30,8 16,5 (0,62; 0,38) [163] 

D1HA8 HA8 Žalia 4,5 3080 46,8 29,1 17,0 (0,30; 0,60) [166] 

D4HA8 HA8 Geltona 5,5 3490 50,6 28,9 19,2 (0,47; 0,51) [166] 

Tarp raudoną šviesą skleidžiančių prietaisų prototipas D3HA5 demonstravo 

geriausias charakteristikas, tarp kurių 27,1 lm/W siekiantis PE ir 22,1 % siekiantis 

EQE. Oranžinę šviesą skleidžiantis prietaisas D2HA5 pasirodė esąs efektyviausias, jo 

PE ir EQE atitinkamai siekė 61,6 lm/W ir 23,1 %. Tarp geltoną šviesą skleidžiančių 

prietaisų prototipas D4HA8 išsiskyrė 50,6 cd/A siekiančiu CE, 28,9 lm/W siekiančiu 

PE ir 19,2 % EQE. Lyginant žalią šviesą skleidžiančių PhOLED matricas, medžiaga 

HA5 pasižymėjo puikiu efektyvumu, o prietaisas D1HA5 pasiekė puikų 99,1 lm/W 

PE ir 25,1 % EQE. Tarp mėlyną šviesą skleidžiančių PhOLED prietaisas D1HA6 

parodė geriausią efektyvumą su aukštais PE ir EQE – atitinkamai 38,2 lm/W ir 

19,4 %. 

5.2.4.2. Benzfenono dariniai, skirti TADF organinių šviestukų matricoms 

Benzfenono darinių, parodžiusių geriausias charakteristikas, jas pritaikius kaip 

TADF efektu pasižyminčių spinduolių matricas, struktūros pavaizduotos 53 pav., o 

TADF OLED prietaisų, naudojančių matricas HB3 [169], HB6 ir HB7 [171], 

charakteristikos pateiktos 34 lentelėje.  
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53 pav. Benzfenono dariniai TADF OLED matricoms [169, 171] 

34 lentelė. Geriausių TADF OLED, naudojančių benzfenono darinių matricas, 

charakteristikos 

Prietaisas Matrica 
Skleidžiama 

šviesa 

VON, 

V 

Lmaks., 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x; y) Šaltinis 

DHB3 HB3 Balta 3,9 29922 18,6 – 9,5 (0,36; 0,31) [169] 

D1HB6 HB6 Žalia 3,0 16500 70,7 55,6 23,2 (0,28; 0,57) [171] 

D2HB6 HB6 Žalia 2,9 18900 72,3 63,6 25,3 (0,29; 0,58) [171] 

DHB7 HB7 Žalia 2,7 10540 49,2 46,2 15,3 (0,28; 0,57) [171] 

Medžiaga HB3 geriausiai pasitarnavo kaip papildomas sluoksnis tarp dviejų 

skirtingų TADF emisinių sluoksnių. Emisiniuose sluoksniuose panaudojus oranžinę ir 

mėlyną šviesą skleidžiančius TADF spinduolius, buvo suformuoti efektyvūs baltą 

šviesą skleidžiantys TADF OLED, o prietaisas DHB3 pasiekė 9,5 % EQE. Medžiagos 

HB6 ir HB7, savo struktūroje turėjusios įvairiais fragmentais pakeistus karbazolo 

žiedus, parodė geriausias charakteristikas, kai buvo pritaikytos kaip matricos žalią 

šviesą skleidžiančiuose, iš tirpalų formuojamuose TADF OLED prietaisuose, iš kurių 

aukštesniu efektyvumu pasižymėjo šviestukas D2HB6. Šis OLED, turėjęs papildomą 

skyles pernešantį sluoksnį, payginti su prietaisu D1HB6, pademonstravo 63,6 lm/W 

siekiantį PE, o EQE buvo 25,3 %. 

5.2.4.3. Donoro-akceptoriaus tipo benzfenono dariniai spinduoliams 

D-A tipo benzfenono spinduolių, parodžiusių aukščiausią efektyvumą 

organiniuose šviestukuose, struktūros pavaizduotos 54 paveiksle. 
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54 pav. D-A tipo benzfenono dariniai OLED spinduoliams [174, 187, 189] 

Efektyviausių organinių šviestukų, naudojusių D-A tipo benzfenono spinduolių, 

charakteristikos pateiktos 35 lentelėje. Efektyviausias geltoną šviesą skleidžiantis 

prietaisas naudojo darinio EA20 spinduolį, o prietaiso D1EA20 CE, PE ir EQE siekė 

atitinkamai 73,1 cd/A, 38,2 lm/W ir 26,7 % [189]. Spinduolis EA20, derinamas su 
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kitu mėlyną šviesą skleidžiančiu TADF spinduoliu baltą šviesą skleidžiančiame 

šviestuke D2E20, pademonstravo aukštą 45,9 cd/A siekiantį CE, 18,0 lm/W siekiantį 

PE ir 20,8 % EQE [190]. TADF spinduolis EA21 [187] parodė geriausias 

charakteristikas žalią šviesą skleidžiančiuose prietaisuose, o OLED D2E21 pasiekė 

25,6 % EQE. Tas pats spinduolis parodė ypač gerą efektyvumą matricos 

nenaudojančiame prietaise D1EA21, o PE, CE ir EQE siekė atitinkamai 56,4 cd/A, 

43,5 lm/W ir 18,7 %. Medžiaga EA6 [174], sukurta derinant benzfenono elektronų 

akceptorių ir 11-fenildihidroindolo[2,3-a]karbazolo elektronų donorą, buvo 

panaudota kaip mėlyną šviesą skleidžiantis spinduolis EA6 prietaise DEA6, kurio 

didžiausiasis EQE buvo 17,7 %, o CE ir PE vertės buvo 44,8 cd/A ir 45,6 lm/W. 

Efektyviausias mėlyną šviesą skleidžiantis D-A tipo TADF benzfenono spinduolis 

buvo EA19 [186], o šį spinduolį naudojantis prietaisas DEA19 pasiekė aukštas CE, 

PE ir EQE reikšmes – atitinkamai 47,7 cd/A, 29,9 lm/W ir 20,6 %. 

35 lentelė. TADF OLED, naudojančių spinduolius EA6, EA19, EA20 ir EA21, 

charakteristikos 

Prietaisas Spinduolis 
Skleidžiama 

šviesa 

VON, 

V 

Lmaks., 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x; y) Šaltinis 

DEA6 EA6 Mėlyna 3,2 14724 44,8 45,6 17,7 (0,17; 0,28) [174] 

DEA19 EA19 Mėlyna 4,0 4235 47,7 29,9 20,6 – [186] 

D1EA20 EA20 Geltona 4,4 32590 73,1 38,2 26,7 – [189] 

D2EA20 
EA20: 

2CzTPEPCz 
Balta 6,1 12310 45,9 18,0 20,8 (0,45; 0,44) [190] 

D1EA21 EA21 Žalia 3,2 26836 56,4 43,5 18,7 (0,28; 0,53) [187] 

D2EA21 EA21 Žalia 3,2 11392 69,8 58,9 25,6 (0,24; 0,49) [187] 

5.2.4.4. Donoro-akceptoriaus-donoro tipo simetrinės struktūros benzfenono 

spinduoliai 

D-A-D tipo simetrinės struktūros benzfenono spinduolių, pademonstravusių 

aukščiausias charakteristikas juos pritaikius organiniuose šviestukuose, struktūros 

pavaizduotos 55 pav. 
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55 pav. D-A-D tipo simetrinės struktūros benzfenono dariniai OLED spinduoliams 

[192, 195, 197] 

Efektyviausių prietaisų, naudojančių D-A-D tipo, simetrinės struktūros 

benzfenono darinius kaip spinduolius, charakteristikos apibendrintos 36 lentelėje. 

Darinys EB5 [192] parodė aukščiausią efektyvumą tarp mėlyną šviesą skleidžiančių 
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TADF spinduolių, apibendrintų šiame skyriuje. Organinis šviestukas DEB5 pasiekė 

14,3 % EQE vertę ir 25,5 cd/A CE. Tyrėjai sukūrė žalią šviesą skleidžiančius, centrinį 

benzfenono fragmentą turinčius TADF spinduolius EB20 [195], EB23, EB24 ir EB25 

[197], kurie, pritaikyti prietaisuose, viršijo 17 % EQE net nelegiruotuose prietaisų 

konfigūracijose. Darinys EB20, susintetintas sujungus fenoselenazino elektronų 

donorą su benzfenono elektronų akceptoriumi, prietaise DEB20 demonstravo 

išskirtinai aukštą 30,8 % EQE ir CE, siekiantį 64,0 cd/A. Didžiausią bendrą žalią 

šviesą skleidžiančių TADF OLED efektyvumą, naudojant simetriškus D-A-D tipo 

benzfenono spinduolius, pasiekė prietaisai, spinduoliais naudoję darinius EB23, 

EB24 ir EB25. Šios medžiagos buvo išbandytos tiek nelegiruotuose (D1EB23, 

D1EB24, D1EB24), tiek legiruotuose (D2EB23, D2EB24, D2EB24) emisiniuose 

sluoksniuose. 

36 lentelė. TADF OLED, naudojančių spinduolius EB5, EB20, EB23, EB24 ir EB25, 

charakteristikos 

Prietaisas Spinduolis 
Skleidžiama 

šviesa 

VON, 

V 

Lmaks., 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x; y) Šaltinis 

DEB5 EB5 Mėlyna 4,4 3900 25,5 – 14,3 (0,17; 0,27) [192] 

DEB20 EB20 Žalia 4,3 17007 64,0 – 30,8 (0,31; 0,53) [195] 

D1EB23 EB23 Žalia 3,2 31713 53,9 48,9 18,6 (0,24; 0,53) [197] 

D2EB23 EB23 Žalia 3,0 48712 90,9 91,2 30,3 (0,25; 0,54) [197] 

D1EB24 EB24 Žalia 3,6 30283 46,8 37,5 17,1 (0,22; 0,46) [197] 

D2EB24 EB24 Žalia 3,2 48515 87,5 85,9 32,2 (0,22; 0,49) [197] 

D1EB25 EB25 Žalia 3,8 25616 49,1 35,7 18,1 (0,22; 0,50) [197] 

D2EB25 EB25 Žalia 3,2 48153 79,8 75,9 28,4 (0,23; 0,50) [197] 

Efektyviausias nelegiruotas prietaisas D1EB23 demonstravo išskirtinį 

našumą – maksimalus CE, PE ir EQE siekė atitinkamai,53,9 cd/A, 48,9 lm/W ir 

18,6 %. Prietaiso D2EB23 legiruotoje konfigūracijoje efektyvumas buvo dar didesnis 

ir pasiektas įspūdingas 90,9 cd/A siekiantis CE, PE buvo 91,2 lm/W, o EQE siekė 

30,3 %. Prietaisas D2EB23 pasiekė aukščiausią CE ir PE tarp šiame skyrelyje 

analizuojamų prietaisų, o OLED prototipas D2EB24, naudojęs legiruotą spinduolį 

EB24, pasiekė aukščiausią 32,2 % EQE. 

5.2.4.5. Donoro-akceptoriaus-donoro tipo asimetrinės struktūros benzfenono 

spinduoliai 

D-A-D tipo asimetrinės struktūros benzfenono spinduolių, pademonstravusių 

geriausią efektyvumą juos pritaikius OLED emisiniuose sluoksniuose, struktūros 

pavaizduotos 56 pav. 
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56 pav. D-A-D tipo, asimetrinės struktūros benzfenono dariniai organinių šviestukų 

spinduoliams [104, 203, 205] 
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Efektyviausių prietaisų, naudojančių EC medžiagų spinduolius, charakteristikos 

pateiktos 37 lentelėje. Visi spinduoliai šiame skyrelyje skleidė žalią šviesą. Spinduolis 

EC2 [104], panaudotas organiniame šviestuke DEC2, pasiekė aukštas CE, PE ir EQE 

vertes – atitinkamai 61,8 cd/A, 40,4 lm/W ir 19,7 %. Dariniai EC3 ir EC4 [203] taip 

pat demonstravo aukštą efektyvumą, o iš jų šiek tiek geresnes charakteristikas parodė 

spinduolis EC3. Nelegiruotą emisinį sluoksnį turintis prietaisas D1EC3 demonstravo 

įspūdingas charakteristikas – CE, PE ir EQE atitinkamai siekė 76,9 cd/A, 71,0 lm/W 

ir 29,0 %. Spinduolio dispergavimas matricoje šviestuke D2EC3 dar padidino 

efektyvumą iki 82,9 cd/A CE, 70,1 lm/W PE ir 33,3 % siekiančio EQE. Galiausiai 

TADF spinduolis EC11 [205], savo struktūroje turintis elektronų donorų tiantreno ir 

9,10-dihidro-9,9-dimetilakridino fragmentus, panaudotas prietaiso DEC11 

emisiniame sluoksnyje, pasiekė 57,8 cd/A CE, 38,8 lm/W PE ir 22,2 % EQE vertes.  

37 lentelė. TADF OLED, naudojančių spinduolius EC2, EC3, EC4 ir EC11, 

charakteristikos 

Prietaisas Spinduolis 
Skleidžiama 

šviesa 

VON, 

V 

Lmaks., 

cd/m2 

CE, 

cd/A 

PE, 

lm/W 

EQE, 

% 
CIE (x; y) Šaltinis 

DEC2 EC2 Žalia 3,6 116000 61,8 40,4 19,7 (0,26; 0,56) [104] 

D1EC3 EC3 Žalia 3,2 78540 76,9 71,0 29,0 (0,21; 0,47) [203] 

D2EC3 EC3 Žalia 3,2 71150 82,9 70,1 33,3 (0,20; 0,42) [203] 

D1EC4 EC4 Žalia 3,0 54450 53,2 51,5 21,6 (0,20; 0,42) [203] 

D2EC4 EC4 Žalia 3,2 42550 77,2 65,0 32,9 (0,19; 0,38) [203] 

DEC11 EC11 Žalia 4,2 15600 57,8 38,8 22,2 (0,18; 0,41) [205] 

Apibendrinant ši apžvalga parodo, kad benzfenonų dariniai su skirtingais 

elektronų donorais turi didelį potencialą juos pritaikant PhOLED ir TADF OLED 

matricoms ar įvairių OLED konstrukcijų spinduoliams. Nuolatinė naujų 

elektroaktyvių benzfenono darinių sintezė ir tyrimai gali prisidėti prie būsimų OLED 

prietaisų kokybės ir efektyvumo. 

5.2.5. Susuktos struktūros daugiafunkciai bikarbazolilo-difenilsulfono dariniai, 

giliai mėlyną ir žalią šviesą skleidžiantiems OLED 

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Nanomaterials, 2023, 

13, 8, P. Gautam, S. Shahnawaz, I. Siddiqui, D. Blazevicius, G. Krucaite, D. 

Tavgeniene, J.-H. Jou and S. Grigalevicius [206]. 

Šio darbo metu buvo susintetinti nauji bikarbazolilo dariniai, turintys centrinį 

difenilsulfono fragmentą. Sintezei buvo pasitelkta trijų stadijų procedūra, kaip 

pavaizduota 10 schemoje.  

Iš pradžių 3,3'-bikarbazolas (1) buvo gautas oksiduojant karbazolą geležies (III) 

chloridu. Paskui buvo vykdoma N-alkilinimo reakcija tetrahidrofurane tarp 

bikarbazolo (1) ir įvairių alkil- arba benzilbromidų, reakcijoje dalyvaujant kalio 

hidroksidui ir kalio karbonatui. Susidarę įvairūs 9-alkil-9'H-3,3'-bikarbazolai (2-4) ir 

9-benzil-9'H-3,3'-bikarbazolas (5) dalyvavo paskutinėje sintezės stadijoje, kuri buvo 

nukleofilinio pakeitimo reakcija su vieną arba du fluoro atomus turinčiu 

difenilsulfonu. Šių reakcijų, atliktų dimetilsulfokside (DMSO) su kalio karbonatu kaip 

baze, metu buvo gautos tikslinės medžiagos 14 (DB13), 15 (DB43), 16 (DB24) ir 
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17 (DB34). Naujai susintetintų darinių struktūros buvo identifikuotos naudojant MS 

spektrometriją ir BMR spektroskopiją, o gauti duomenys sutapo su teoriškai 

pasiūlytomis struktūromis. Junginiai 14 (DB13), 15 (DB43) ir 16 (DB24) turėjo 

įvairaus ilgio alifatinę grandinėlę (-es), išskyrus junginį 17 (DB34), į kurio struktūrą 

buvo įtrauktas benzilfragmentas. Inoue ir kt. atliktame tyrime buvo tiriama alkilo 

grandinėlės ilgio įtaka organinių junginių tirpumui [207]. Pastebėta bendra tendencija 

rodo, kad ilgesnė alifatinė grandinėlė pagerina molekulės tirpumą suderinamame 

tirpiklyje. 
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10 schema. Bikarbazolildifenilsulfono darinių sintezė 

Naujieji dariniai pasižymėjo aukštomis, 50 % viršijančiomis PLQY vertėmis. 

Buvo registruojami kiekvienos medžiagos UV-RŠ absorbcijos, PL ir LTPL spektrai, o 

gauti duomenys panaudoti Eg, ES ir ET apskaičiuoti. TRPL matavimai atlikti siekiant 

nustatyti fotoemisijos gesimo trukmę, o CV matavimai padėjo nustatyti HOMO ir 

LUMO vertes. Termines savybes ištyrus TGA ir DSK metodais paaiškėjo, kad 

medžiagos pasižymi aukštu atsparumu kaitinimui ir yra amorfinės, jų Tg vertės yra 

aukštos. Visos matuotos terminės, fotofizikinės ir elektrocheminės medžiagų savybės 

apibendrintos 38 lentelėje.  

38 lentelė. Terminės, fotofizikinės ir elektrocheminės darinių 14 (DB13), 15 (DB43), 

16 (DB24) ir 17 (DB34) savybės 

Medžiaga TD, oC Tg, oC 
Eg, 

eV 

PLQY, 

% 

PL gesimas, 

ns 

HOMO, 

eV 

LUMO, 

eV 

ES, 

eV 

ET, 

eV 

ΔEST, 

eV 

14 (DB13) 430 154 3,16 50,5 3,30 5,73 2,57 3,10 2,78 0,32 

15 (DB43) 365 154 3,26 66,5 3,30 5,69 2,43 3,23 2,77 0,46 

16 (DB24) 391 82 3,30 61,8 3,70 5,71 2,41 3,12 2,77 0,35 

17 (DB34) 383 125 3,28 68,5 2,70 5,77 2,49 3,14 2,80 0,34 

Naujų junginių savybės leidžia juos pritaikyti organiniuose šviestukuose tiek 

spinduoliams, tiek matricoms. Mėlyną šviesą skleidžiantys OLED buvo sukonstruoti 

pasitelkiant naująsias medžiagas kaip spinduolius, suformuojant legiruotus ir 

nelegiruotus emisinius sluoksnius turinčius šviestukus, kurių struktūra buvo tokia: 

ITO (125 nm)/PEDOT:PSS (35 nm)/CBP: x m% spinduolio (x = 5,0, 10, 15, and 100 

%) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm). Po EL eksperimentų 
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efektyviausias darinys šioje taikymo srityje buvo 14 (DB13). EL charakteristikos su 

prietaisų efektyvumo rodikliais pavaizduoti 57 pav. ir 39 lentelėje.  

 

 
57 pav. Prietaisų, turinčių 14 (DB13) spinduolį: (a) EL spektras bei (b) srovės tankio 

ir įtampos, (c) energinio efektyvumo ir skaisčio, (d) srovės efektyvumo ir skaisčio 

grafikai  

39 lentelė. Prietaisų, naudojančių fluorescuojantį DB13 spinduolį, charakteristikos 

Spinduolis m% 
VON, 

V 

PEmaks, 

lm/W 

CEmaks., 

cd/A 

EQEmaks, 

% 

CIE (x; y), esant 100/1000 

cd/m2 

Lmaks, 

cd/m2 

14 (DB13) 

5 4,6 1,1 1,8 3,4 (0,16; 0,08) / (0,16; 0,08) 2230 

10 3,7 2,0 2,5 4,0 (0,16; 0,09) / (0,16; 0,09) 2987 

15 3,5 1,6 2,2 2,9 (0,16; 0,10) / (0,16; 0,10) 3167 

100 3,0 1,0 1,1 0,6 (0,16; 0,20) / - 928 

Nors nelegiruotas prietaisas demonstravo aukštesnį srovės tankį nei legiruoti, 

bet jo bendras efektyvumas buvo mažesnis. Geriausias charakteristikas 

pademonstravo prietaisas, savo emisiniame sluoksnyje turintis 10 m% 14 (DB13) 

spinduolio. Maksimalus PE ir CE siekė atitinkamai 2,0 lm/W ir 2,5 cd/A esant žemai 

3,7 eV įsijungimo įtampai VON. Be to, šis prietaisas pasiekė 4,0 % EQE, kuris artėja 

prie teorinės efektyvumo ribos fluorescuojantiems spinduoliams ir pasižymi giliai 

mėlyna šviesos emisija.  
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Be to, junginiai 14 (DB13), 15 (DB43), 16 (DB24) ir 17 (DB34) buvo pasirinkti 

kaip OLED matricos dėl jų plačios draustinės juostos ir aukštos ET. Žalią šviesą 

skleidžiančiuose OLED prietaisuose buvo panaudotas tiek fosforescuojantis 

spinduolis Ir(ppy)3, tiek TADF spinduolis 4CzIPN. Formuotų prietaisų energinių lygių 

diagramos pavaizduotos 58 pav., o prietaisų struktūra buvo tokia: ITO (125 nm) / 

PEDOT: PSS (35 nm) / matrica: x m% spinduolio  (matrica = 14 (DB13), 15 (DB43), 

16 (DB24) ir 17 (DB34)) (spinduolis = Ir(ppy)3 arba 4CzIPN) (x = 5, 10 ir 12,5 

(Ir(ppy)3)), (x = 1, 3 ir 5 % (4CzIPN)) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200) 

nm). 

 
58 pav. Žalią šviesą skleidžiančių, 14 (DB13), 15 (DB43), 16 (DB24) ir 17 (DB34) 

matricas naudojančių OLED energetinių lygių diagramos (eV), naudojant spinduolį 

(a) Ir(ppy)3 arba (b) 4CzIPN. 

Išbandžius visus naujus junginius žaliai fosforescuojančių šviestukų matricoms, 

geriausios charakteristikos buvo pasiektos su dariniu 14 (DB13). Jį savo struktūroje 

naudojusių šviestukų efektyvumo rodikliai pateikti 40 lentelėje, iš kurios matyti, kad 

didžiausias efektyvumas pasiektas prietaiso, savo emisiniame sluoksnyje turėjusio 

12,5 m% spinduolio Ir(ppy)3.  Šio prietaiso maksimalus PE buvo 45 lm/W, didžiausias 

CE – 43 cd/A, o EQE pasiekė 10,6 %. Prietaiso efektyvumas taip pat mažai krito 

didinant skaistį.  

40 lentelė. Prietaisų, naudojančių matricą 14 (DB13), legiruotą spinduoliu Ir(ppy)3, 

charakteristikos 

Matrica 
Ir(ppy)3 

m% 
VON, V 

PE, lm/W CE, cd/A EQE, % Lmaks., 

cd/m2 
Maks. / Esant 1000 cd/m2 

14 

(DB13) 

10 2,6 40,0 / 32,1 41,1 / 40,9 11,1 / 11,1 33870 

12,5 3,1 45,4 / 33,4 43,4 / 42,5 10,6 / 10,5 37680 

15 2,5 34,6 / 28,7 35,3 / 33,5 9,5 / 9,4 32300 

Naujieji dariniai 14 (DB13), 16 (DB24) ir 17 (DB34) taip pat buvo išbandyti 

kaip matricos TADF spinduoliui 4CzIPN. Tarp suformuotų prietaisų geriausias 

charakteristikas demonstravo OLED, turintis 3 m% 4CzIPN spinduolio disperguoto 

17 (DB34) matricoje. Šio prietaiso PE, CE ir EQE siekė atitinkamai 37,5 lm/W, 

33,5 cd/A ir 10,8 %. Detalizuotos prietaisų, naudojančių 17 (DB34) matricą, 

charakteristikos pateiktos 41 lentelėje.   
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41 lentelė. OLED prietaisų, naudojančių matricą 17 (DB34), charakteristikos 

Matrica 
4CzIPN 

m% 
VON, V 

PE, lm/W CE, cd/A EQE, % Lmaks., 

cd/m2 Maks. / Esant 1000 cd/m2 

17 

(DB34) 

1 2,7 30,4 / 10,2 27,1 / 14,7 8,9 / 5,0 3782 

3 2,6 37,5 / 15,8 33,5 / 22,6 10,8 / 7,4 9484 

5 2,6 34,7 / 18,9 33,2 / 24,0 10,5 / 7,6 12480 

Pagaminto TADF OLED su 17 (DB34) matrica EQE viršijo daugelio publikuotų 

fosforescuojančių OLED prietaisų EQE [212], tačiau PE ir Lmaks. charakteristikos šiek 

tiek atsilieka. Tai galima sieti su tripletinių būsenų naikinimo reiškiniu. Susintetintų 

junginių struktūrų koregavimas, siekiant dar labiau sumažinti ΔEST, galėtų padėti 

efektyviau išnaudoti tripletinius eksitonus, o tai gali pagerinti žalią šviesą 

skleidžiančių TADF OLED veikimą. 

5.2.6. Donoro-akceptoriaus-donoro tipo bikarbazolilo-benzfenono medžiagos 

kaip efektyvūs mėlynai fluorescuojantys organinių šviestukų spinduoliai   

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Nanomaterials, 2024, 

14, 2, D. Blazevicius, I. Siddiqui, P. Gautam, G. Krucaite, D. Tavgeniene, M. R. Nagar, 

K. Kumar, S. Banik, J.-H. Jou and S. Grigalevicius [213]. 

Šiame darbe buvo susintetinta serija susuktos erdvinės struktūros 

bikarbazolilbenzfenono medžiagų. Tiksliniai dariniai buvo gauti naudojant trijų 

pakopų sintezės procedūrą, kaip ir ankstesniame skyriuje, pavaizduotą 11 schemoje.  

 

NH

N

H
N

NH

HN

20oC, 15min

FeCl3, CHCl3 N2, DMF, NaH

4h, 150oC

R

R-Br, KOH, K2CO3

THF, Reflux, 12h.

1
9

11, 12, 18

(12, 20)

R =  

(18, 21)



(11, 19)

19 (DB14) (77%)
20 (DB23) (83%)
21 (DB29) (92%)O

F F

O

N N

N N
R R

(0.5 eq)

41 - 48%

 
11 schema. Bikarbazolilbenzfenono darinių sintezė 

Pirmosios dvi sintezės stadijos, apimančios 3,3'-bikarbazolo (2) gavimą 

oksiduojant 9H-karbazolą (1) ir pagaminto 3,3'-bikarbazolo reakciją su 

alkilbromidais, aprašytos ankstesniame skyriuje. Paskutinėje stadijoje 

monoalkilpakeistas bikarbazolas reagavo su 4,4′-difluorbenzfenonu DMF tirpale, 

naudojant natrio hidridą kaip bazę. Gautųjų tikslinių medžiagų teoriškai pateiktos 

struktūros buvo patvirtintos naudojant MS ir BMR spektroskopiją. 

Dariniai 19 (DB14), 20 (DB23) ir 21 (DB29) pasižymėjo aukštomis, 52 % 

viršijančiomis PLQY vertėmis, o UV-RŠ absorbcijos spektras buvo panaudotas Eg 

nustatyti, kuris buvo nuo 3,02 eV iki 3,08 eV, o tikslios PLQY ir Eg vertės pateiktos 

42 lentelėje. ES ir ET vertės buvo nustatytos iš PL ir LTPL spektrų, o 

fotoliuminescencijos gesimo kinetika tyrinėta TRPL metodu. ES ir ET vertės kartu su 
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fotoliuminescencijos gesimo laiku pateiktos 42 lentelėje. CV matavimai padėjo 

apskaičiuoti HOMO ir LUMO energines vertes, o terminės naujų medžiagų savybės 

buvo tyrinėtos TGA ir DSK metodais. TGA tyrimai atskleidė, kad medžiagos 

pasižymi aukštu terminiu stabilumu, o Td vertės visoms medžiagoms viršijo 380 oC. 

DSK matavimai atskleidė, kad visos tirtos medžiagos yra amorfinės ir pasižymi 

aukštomis Tg vertėmis. HOMO, LUMO vertės ir terminės medžiagų savybės taip pat 

apibendrintos 42 lentelėje. 

42 lentelė. Optoelektrinės ir terminės medžiagų 19 (DB14), 20 (DB23) ir 21 (DB29) 

savybės 

Medžiaga 
Td 

(oC) 

Tg 

(oC) 

Eg, 

eV 

PLQY, 

% 

PL gesimas, 

ns 

HOMO, 

eV 

LUMO, 

eV 
ES, eV ET, eV 

ΔEST, 

eV 

19 

(DB14) 
462 145 3,05 55,6 3,40 –5,70 –2,65 3,32 2,83 0,49 

20 

(DB23) 
383 104 3,08 52,0 2,67 –5,63 –2,55 3,19 2,84 0,35 

21 

(DB29) 
384 95 3,08 55,5 3,57 –5,66 –2,64 3,22 2,73 0,49 

Norint įvertinti naujų darinių tinkamumą naudoti spinduoliams, buvo pagaminti 

OLED prototipai, o jų energinių lygių schema pavaizduota 59 pav.  

  

 
59 pav. Mėlyną šviesą skleidžiančių, 19 (DB14), 20 (DB23) ir 21 (DB29) 

spinduolius naudojančių OLED energinių lygių diagrama (eV) 

Šie prietaisai savo emisiniuose sluoksniuose naudojo spinduolius 19 (DB14), 

20 (DB23) ir 21 (DB29), disperguotus CBP matricoje. OLED struktūra buvo 

ITO/PEDOT:PSS/CBP: spinduolis 19 (DB14), 20 (DB23) ir 21 (DB29) (5, 10, 15 arba 

100 m%)/TPBi/LiF/Al. Visų prietaisų skleidžiama emisija buvo apie 470 nm bangos 

ilgio, kas indikuoja mėlynos spalvos šviesą, o visų šiame tyrime suformuotų OLED 

prietaisų charakteristikos pateiktos 43 lentelėje. 
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43.lentelė. OLED prietaisų, naudojančių mėlyną šviesą skleidžiančius 

fluorescuojančius spinduolius 19 (DB14), 20 (DB23) ir 21 (DB29), charakteristikos 

Spinduolis  m% 
VON, 

V 

PEmaks., 

lm/W 

CEmaks., 

cd/A 

EQEmaks., 

% 

CIE (x; y), esant 100 

cd/m2 

Lmaks., 

cd/m2 

19 (DB14) 

5 5,0 3,9 6,5 2,7 (0,22; 0,36) 2951 

10 5,1 4,4 7,6 3,3 (0,21; 0,33) 3175 

15 5,9 2,4 4,9 2,4 (0,20; 0,28) 1884 

100 6,1 0,4 0,8 0,4 (0,26; 0,40) 515 

20 (DB23) 

5 5,7 2,1 3,8 2,3 (0,17; 0,07) 883 

10 5,2 1,7 2,6 5,3 (0,19; 0,22) 1620 

15 5,2 3,2 5,3 2,7 (0,20; 0,27) 2076 

100 5,1 1,0 1,8 0,7 (0,26; 0,44) 875 

21 (DB29) 

5 5,4 2,1 3,9 2,3 (0,19; 0,22) 1578 

10 5,7 4,4 6,5 3,1 (0,20; 0,27) 2251 

15 4,7 7,9 9,1 4,0 (0,21; 0,31) 2631 

100 4,8 1,4 1,8 0,7 (0,26; 0,44) 884 

OLED prietaisas, savo emisiniame sluoksnyje naudojęs 10 m% spinduolio 

20 (DB23) pasiekė aukščiausią EQE šiame tyrime, kuris siekė 5,3 %, o tai net šiek 

tiek viršija teorinį fluorescuojančių spinduolių efektyvumo limitą [54].   

Šis aukštesnis efektyvumas greičiausiai atsiranda dėl ilgų, šakotų alkilo šoninių 

grandinėlių molekulėje, padidinančių medžiagos tirpumą ir pagerinančių sluoksnių 

formavimo savybes. Nors 20 (DB23) prietaisas pademonstravo didžiausią EQE, 

OLED, naudojęs 21 (DB29) spinduolį, pranoko kitus pagal PE ir CE – atitinkamai 

7,9 lm/W ir 9,1 cd/A. Šis pranašumas gali būti siejamas su optimaliais HOMO ir 

LUMO lygiais, palengvinančiais efektyvų energijos perdavimą iš matricos 

spinduoliui. Be to, įtraukus du bikarbazolilo elektronų donoro fragmentus, buvo 

subalansuota krūvio pernaša, dar labiau pagerinant gautų prietaisų efektyvumą. 

5.2.7. Donoro-akceptoriaus tipo bikarbazolilo-benzfenono junginiai kaip 

potencialūs mėlyną šviesą skleidžiantys TADF spinduoliai  

Šis skyrius parengtas pagal straipsnį, paskelbtą žurnale Molecules, 2024, 29, 7, 

I. Siddiqui, P. Gautam, D. Blazevicius, J. Jayakumar, S. Lenka, D. Tavgeniene, E. 

Zaleckas, S.Grigalevicius and J.-H. Jou [214].  

Šioje tyrimų stadijoje buvo susintetinti nauji elektroaktyvūs junginiai, turintys 

benzfenono elektronų akceptorių, prijungtą prie bikarbazolilo elektronų donorinio 

fragmento. Naujieji dariniai buvo susintetinti trijų pakopų sintezės, pavaizduotos 

12 schemoje, metu. Iš pradžių 9H,9′H-3,3′-bikarbazolas (2) gautas 9H-karbazolą 

oksidavus geležies (III) chloridu. Toliau gautasis bikarbazolas reagavo su įvairiais 

alkilbromidais THF tirpale, siekiant išgauti tarpines monopakeistas medžiagas (9-

alkil-9‘H-3,3′-bikarbazolus) 3-8. Paskutinė reakcijos stadija buvo junginių 3-8 

nukleofilinio pakeitimo reakcija su 4-fluorbenzfenonu DMSO tirpale, naudojant kalio 

karbonatą kaip bazę, taip gaunant tikslinius darinius 24 (DB37), 25 (DB38), 

26  DB39), 27 (DB40), 28 (DB41) ir 29 (DB44). MS ir BMR tyrimai patvirtino visų 

medžiagų struktūras. Susintetintuose junginiuose esančios įvairaus ilgio alifatinės 
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grandinėlės padidino tirpumą įprastuose organiniuose tirpikliuose ir atvėrė kelią 

ekonomiškam OLED formavimui iš tirpalų.  

NH

N

H
N

NH

HN

20oC, 15min

FeCl3, CHCl3 R
N

N

N2, DMSO, K2CO3, 4h, 150oC

R

R-Br, KOH, K2CO3

THF, Reflux, 12h.

1 9
10-12, 18, 22, 23

(11, 29)

(12, 26)

R =  

(23, 25)



(18, 27)



(22, 24)



(10, 28)
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F

O

24 (DB37) (91%)
25 (DB38) (94%)
26 (DB39) (79%)
27 (DB40) (95%)
28 (DB41) (82%)
29 (DB44) (90%)

27 – 44%

 

12 schema. D-A struktūros bikarbazolilo junginių sintezė 

Terminės ir morfologinės medžiagų 24 (DB37), 25 (DB38), 26 (DB39), 

27 (DB40), 28 (DB41) ir 29 (DB44) savybės buvo tiriamos DSK ir TGA metodais, 

bandinius kaitinant 10 °C/min greičiu azoto aplinkoje. Buvo pastebėta, kad visi 

tiksliniai junginiai pasižymi aukštomis destrukcijos temperatūromis, viršijančiomis 

370 °C. DSK tyrimų antrojo kaitinimo darinių 24 (DB37), 25 (DB38), 26 (DB39), 27 

(DB40), 28 (DB41) ir 29 (DB44) termogramos pavaizduotos 60 pav.  
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60 pav. Darinių 24 (DB37), 25 (DB38), 26 (DB39), 27 (DB40), 28 (DB41) ir 29 

(DB44) antrojo DSK kaitinimo kreivės 

Rezultatai rodo, kad medžiagų stiklėjimo temperatūra tiesiogiai priklauso nuo 

alifatinės grandinėlės ilgio. Pavyzdžiui, trumpiausią etilgrandinėlę turėjęs darinys 

28 (DB41) pasižymėjo aukščiausia 102 °C siekiančia Tg, kuri mažėjo ilgėjant 

alifatinei grandinėlei, o ilgiausią oktilgrandinėlę turėjęs darinys pasižymėjo žemiausia 

Tg, siekiančia 57 °C. Terminės medžiagų savybės pateiktos 44 lentelėje. 

Naujos medžiagos PLQY vertės buvo gana nemažos – siekė nuo 45,3 % iki 

75,5 %. Visos PLQY vertės pateiktos 44 lentelėje. Tyrinėjant medžiagų UV-RŠ 
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absorbciją, buvo pastebėta, kad visi junginiai demonstruoja du absorbcijos pikus esant 

380 nm ir 410 nm. Šio tyrimo duomenys buvo panaudoti nustatant junginių Eg vertes, 

kurios svyravo nuo 3,07 eV iki 3,10 eV. CV matavimai buvo atlikti siekiant nustatyti 

HOMO ir LUMO energinius lygmenis, kurie kartu su Eg vertėmis pateikti 44 lentelėje. 

HOMO ir LUMO vertės buvo tinkamos siekiant junginius pritaikyti kaip spinduolius 

mėlyną šviesą skleidžiančiuose OLED, emisiniame sluoksnyje kartu naudojant 

matricą CBP. Darinių PL spektrai buvo užrašyti siekiant nustatyti ES vertes, naudojant 

absorbcijos ir PL linijų susikirtimo tašką. ET vertės dariniams buvo nustatomos 

naudojant LTPL spektrą ir pirmojo piko liestinės ir x ašies sankirtos tašką. Medžiagų 

24 (DB37), 2 (DB38), 26 (DB39), 27 (DB40), 28 (DB41) ir 29 (DB44)  ES ir ET vertės 

pateiktos 44 lentelėje. Su visais junginiais taip pat buvo atlikti ir TRPL eksperimentai, 

siekiant nustatyti fotoliuminescencijos gesimo trukmes, kurios siekė nuo 1,88 ns iki 

6,28 ns, o tikslios vertės nurodytos 44 lentelėje.  

44 lentelė. Optoelektroninės ir terminės medžiagų 24 (DB37), 25 (DB38), 26 (DB39), 

27 (DB40), 28 (DB41) ir 29 (DB44)  savybės 

Spinduolis 
Td, 
oC 

Tg, 
oC 

Eg, 

eV 

PLQY, 

% 

PL gesimas, 

ns 

HOMO, 

eV 

LUMO, 

eV 
ES, eV ET, eV 

ΔEST, 

eV 

24 (DB37) 406 77 3,09 65,5 5,53 –5,67 –2,58 3,04 2,76 0,28 

25 (DB38) 398 68 3,09 45,3 1,88 –5,70 –2,61 2,94 2,89 0,05 

26 (DB39) 383 64 3,08 75,5 4,27 –5,68 –2,60 3,10 2,81 0,29 

27 (DB40) 397 57 3,10 52,5 2,41 –5,69 –2,59 3,06 2,80 0,26 

28 (DB41) 374 102 3,09 62,5 2,24 –5,73 –2,64 3,22 2,80 0,42 

29 (DB44) 389 80 3,07 68,5 6,28 –5,69 –2,62 3,18 2,82 0,15 

Atsižvelgiant į naujų benzfenono darinių savybes, buvo nuspręsta įvertinti jų 

kaip spinduolių veikimą paprastos struktūros, iš tirpalų suformuotose OLED, kurių 

emisiniai sluoksniai suformuoti iš spinduolių 24 (DB37), 25 (DB38), 26 (DB39), 

27 (DB40), 28 (DB41) ar 29 (DB44), disperguotų CBP matricoje. Prietaisų energinių 

lygių diagrama pavaizduota 61 pav., o prietaisų, naudojančių efektyviausią spinduolį 

šiame darbe 26 (DB39), charakteristikos pateiktos 45 lentelėje. 

 
61 pav. Mėlyną šviesą skleidžiančių, 24 (DB37), 25 (DB38), 26 (DB39), 27 (DB40), 

28 (DB41) ar 29 (DB44) spinduolius naudojančių OLED sluoksnių energinių lygių 

diagrama (eV) 
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Prietaisų struktūras sudaro 125 nm ITO anodo sluoksnis, 35 nm PEDOT: PSS 

skylių injekcijos sluoksnis, 30 nm emisinis sluoksnis, susidedantis iš CBP matricoje 

disperguotų spinduolių (5 m%, 10 m%, 15 m% ir 100 m%). Elektronų pernašos 

sluoksniui buvo naudojamas TPBi (32 nm), ličio fluoridas (0,8 nm) buvo naudojamas 

kaip elektronų injekcijos sluoksnis, o aliuminis (150 nm) – kaip katodas. 

45 lentelė. Prietaisų, savo emisiniame sluoksnyje naudojančių spinduolį 26 (DB39), 

charakteristikos 

Spinduo

lis 
wt, % 

VON, 

V 

PEmaks., 

lm/W 

CEmaks., 

cd/A 

EQEmaks., 

% 

CIE (x, y), esant 100 

cd/m2 

Lmaks., 

cd/m2 

26 

(DB39) 

5 4,0 3,3 3,7 2,1 (0,18, 0,20) 2818 

10 3,5 4,4 4,9 2,2 (0,18, 0,23) 3430 

15 3,9 4,1 5,7 2,7 (0,19, 0,27) 3581 

100 3,4 0,3 0,4 0,4 (0,24, 0,39) 615 

OLED, suformuoti su spinduoliu 26 (DB39), parodė geriausias savybes tarp 

šioje stadijoje pagamintų prietaisų. Šios geresnės charakteristikos gali būti siejamos 

su ilgos ir šakotos 2-etilheksil alifatinės grandinėlės buvimu medžiagos struktūroje, 

potencialiai pagerinant junginio tirpumą ir sluoksnių formavimo savybes iš tirpalų 

liejamiems OLED [217]. Be to, tinkami HOMO ir LUMO lygiai palengvina efektyvų 

energijos perdavimą iš matricos spinduoliui, o elektronų akceptoriaus benzfenono 

fragmento ir bikarbazolilo elektronų donoro fragmento derinys subalansuoja krūvio 

pernašą ir efektyvų eksitonų naudojimą [218,219]. Prietaisas, kurio emisiniame 

sluoksnyje buvo 10 m% spinduolio 26 (DB39), demonstravo didžiausią PE – 4,4 

lm/W, bet geriausias bendras efektyvumas buvo pasiektas, kai prietaiso emisiniame 

sluoksnyje buvo 15 m% spinduolio 26 (DB39). Šio prietaiso PE, CE ir EQE pasiekė 

atitinkamai  4,1 lm/W, 5,7 cd/A ir 2,7 %. Šis tyrimas parodė benzfenono ir 

bikarbazolilo fragmentų potencialą organinių puslaidininkių sintezėje ir atskleidė, 

kaip galima kontroliuoti termines bei sluoksnių formavimo savybes naudojant ir 

modifikuojant alifatines grandinėles naujų junginių struktūroje. 

5.3. Išvados 

Šioje disertacijoje pateikti rezultatai parodo kelis galimus OLED technologijos 

tobulinimo būdus. Darbe pristatomos naujos struktūros medžiagos, taikomos 

efektyvių OLED matricoms ir spinduoliams, pavyzdžiui: 

1. Susintetintos ir charakterizuotos naujos medžiagos, turinčios oksetano, 

karbazolo ir metoksipiridino fragmentus. Įrodyta, kad naujieji dariniai gali būti 

pritaikomi kaip efektyvios PhOLED matricos. Geriausias mėlyną šviesą skleidžiantis 

prietaisas demonstravo 10,3 % išorinį kvantinį efektyvumą, o našiausias žalią šviesą 

skleidžiantis prietaisas parodė 9,4 % išorinį kvantinį efektyvumą. 

2. Karbazolu ar fenoksazinu pakeisti mažamolekuliai oksetano dariniai buvo 

susintetinti paprastos, vienos stadijos sintezės metu. Naujų medžiagų savybių tyrimai 

parodė, kad jos yra tinkamos geltoną šviesą skleidžiančių PhOLED matricoms, o 

efektyviausias prietaisas pasiekė 10,9 % išorinį kvantinį efektyvumą.  

3. Anksčiau susintetinta fenoksazino ir oksetano fragmentus turinti medžiaga 

buvo išbandyta kuriant žvakės šviesos OLED. Įrodytas aukštas medžiagos 
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efektyvumas ją pritaikius kaip matricą – tikslinis prietaisas pasiekė 10,2 % išorinį 

kvantinį efektyvumą, 1690 K spalvinę temperatūrą ir rekordinę didžiausią leidžiamąją 

poveikio ribą, siekiančią 57 696 s, šiomis charakteristikomis lenkiant komercinę 

matricą CBP naudojusį prietaisą.  

4. Apžvelgus naujausią elektroaktyvių benzfenono darinių pažangą įrodyta, kad 

benzfenono fragmentas turi didelį potencialą kuriant efektyvias matricas ir 

spinduolius OLED technologijai.  

5. Susintetinti ir charakterizuoti bikarbazolilo-difenilsulfono dariniai, 

pasižymintys susukta donoro-akceptoriaus-donoro struktūra. Šių medžiagų 

daugiafunkciškumas buvo įrodytas juos iš pradžių pritaikant giliai mėlyną šviesą 

skleidžiantiems spinduoliams, suformuojant 4,0 % išorinį kvantinį efektyvumą 

pasiekusį prietaisą. Šios medžiagos taip pat parodė gerus rezultatus jas išbandžius 

žalią šviesą skleidžiančių fosforescuojančių ir TADF OLED matricoms, o 

efektyviausi prietaisai pasiekė atitinkamai 10,6 % ir 10,8 % siekiantį išorinį kvantinį 

efektyvumą.  

6. Susintetinta ir charakterizuota grupė susuktos donoro-akceptoriaus-donoro 

struktūros junginių, naudojant bikarbazolą kaip elektronų donorą ir benzfenoną kaip 

elektronų akceptorių. Nustatyta, kad šios medžiagos yra ypač efektyvūs mėlyną šviesą 

skleidžiantys fluorescuojantys spinduoliai. Našiausias OLED pasiekė 5,3 % išorinį 

kvantinį efektyvumą, o tokia vertė yra apylygė teoriniam fluorescuojančių OLED 

efektyvumo limitui.  

7. Susintetinta ir charakterizuota serija elektroaktyvių bipolinių donoro-

akceptoriaus struktūros darinių, pasitelkiant benzfenoną ir bikarbazolą kaip 

pagrindinius fragmentus. Tyrimai parodė, kad naujieji dariniai yra tinkami juos 

pritaikyti kaip mėlyną šviesą skleidžiančius fluorescuojančius spinduolius, o 

efektyviausias OLED šiame tyrime rodė 2,7 % išorinį kvantinį efektyvumą.  

Pasiekti rezultatai įrodo didelį fenoksazino ir karbazolo medžiagų potencialą 

didinant OLED prietaisų efektyvumą. Tyrimai apėmė daug žadančias medžiagas, 

skirtas PhOLED matricoms, kai kurios iš jų susintetintos taikant paprastą vienos 

stadijos sintezę, potencialiai atveriant kelią didesnės apimties geltoną ar žvakės šviesą 

skleidžiančių OLED matricų sintezei. Be to, bikarbazolo dariniai parodė aukštą 

efektyvumą tiek kaip mėlynai fluorescuojantys spinduoliai, tiek kaip žalią šviesą 

skleidžiančių OLED matricos. Tyrimai taip pat pabrėžė alifatinių grandinėlių 

vaidmenį optimizuojant sluoksnių formavimo savybes ir darinių tirpumą. Nepaisant 

pasiektų rezultatų, OLED efektyvumą būtų galima dar labiau pagerinti optimizuojant 

prietaisų struktūras ir sluoksnių storius, taip pat mažinant bikarbazolo darinių ΔEST 

struktūrinių pakeitimų metu, siekiant efektyviau panaudoti tripletinius eksitonus.   
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