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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 Im/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
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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
1t generation utilizes fluorescent emitters, followed by the 2™ generation employing
phosphorescent emitters, while the 3™ 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 PhAOLEDs. 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/m?, 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 Im/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. Gintaré¢ Krucaité and Dr. Daiva Tavgeniené, 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 Sutkuviené (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
Grigalevicius (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. DOLI:
10.3390/nan014040356 [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, [ram; 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/nan014020146 [IF: 5.300; Q1].

7. Siddiqui, Iram; Gautam, Prakalp; Blazevicius, Dovydas; Jayakumar,
Jayachandran; Lenka, Sushanta; Tavgeniene, Daiva; Zaleckas, FErnestas;
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].
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Emissive layer <:] 2 Electron injection layer
Anode <: 3 Electron transporting layer

Emissive layer

Hole transporting layer

Hole injection layer

Anode

Glass substrate
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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)-V,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 (a-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
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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 1% generation OLEDs, and their fundamental operational
concept is depicted in Figure 4.
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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/m?, 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.
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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(I1I) (Ir(pig).acac), bis(2-
phenylbenzothiazolato)(acetylacetonate)iridium(IIl) ~ (Ir(bt).(acac)), and tris(1-
phenylisoquinoline)iridium(I1I) (Ir(piq)s) for red devices; bis(2-
methyldibenzo[ f,h]quinoxaline)(acetylacetonate)iridium(Ill) (Ir(MMDQ),acac) and
tris(2-phenylquinoline)iridium(IIl) (Ir(2-phq);) for orange-red devices; bis(4-
phenylthieno[3,2-c]pyridinato-N,C2")(acetylacetonate) iridium(Ill) (PO-01) for
yellow devices; tris[2-phenylpyridine]iridium(IIl) (Ir(ppy)s), bis[2-(2-pyridinyl-
N)phenyl-C](acetylacetonato)iridium(III) (Ir(ppy).acac), and [2-(4- methyl-5-phenyl-
2-pyridinyl-kN)phenyl-kC]bis[2-(2-pyridinyl-kN)phenyl-kC] 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, PAOLEDs 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 PhNOLEDs, 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 T,
values exceeding 150 °C, along with elevated Er 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)s, achieving impressive CE, PE, and
EQE, which reached, respectively, 168.4 cd/A, 203.4 Im/W, and 41.1%. The
derivatives P4 and PS5, 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 T, 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).(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 Im/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-n-A structures,
were introduced by the group of researchers led by Z. Huang [90]. All the three
materials exhibited high T, values exceeding 100°C, coupled with sufficiently high
Er levels ranging from 2.58 to 2.75 eV, thereby making them suitable hosts for both
the red Ir(piq).(acac) and green Ir(ppy)s 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 Im/W, and 21.79%, respectively. Meanwhile, the red device demonstrated a CE
of 21.07 cd/A, a PE of 23.64 Im/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 T values exceeding
120°C, thereby enabling their utilization in the formation of stable amorphous layers.
Additionally, the derivatives P9 and P10 exhibited Er levels of 2.75 eV and 2.84 eV,
respectively. After testing both compounds as hosts for red Ir(piq).(acac) and green
Ir(ppy); 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 Im/W, and 24.3%, while the red device attained values of 22.19 cd/A, 24.38
Im/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 T, values of
119 °C for the derivative P11 and 127 °C for the compound P12. Moreover, the
materials exhibited Er 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 Im/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 Tq of 415°C and 428°C, respectively, and morphological
stability, while boasting T, values of 198°C and 196°C, respectively. When these
materials were employed as hosts for the green triplet emitter Ir(ppy)s, 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 T, values of 166—167 °C, along with elevated Er
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)s. 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 Im/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 Er 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 Im/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 OLED:s.
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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 (AEst). 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 AEsr 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 Im/W,
and 28.5%, respectively. The emitters TE2, TE3, and TE4, designed and studied by
F. Hu et al., exhibited small AEst 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 0f 42.9 Im/W, and an EQE of 14.6%. Y. Mei and colleagues developed the
TADF emitters TES, 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 PLQY's ranging from 54% to nearly 100%, and AEsr values spanning
from 0.15 to 0.26 eV [112]. When employed as emitters in OLEDs, these substances
displayed deep-blue emission with a CIE, 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 Im/W, and 33.4%, respectively.
Researchers under the leadership of G. Krucaité 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
AEsr levels, measuring 0.29 eV for TES8, 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 Im/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 AEsr 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 AEst 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 Im/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 AEst of 0.12 ¢V 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 Im/W. Under the leadership of Y.-Z. Shi, the materials TE14 and TE1S
were synthesized by combining the electron donor phenoxazine, the phenyl separator,
and the electron acceptors pyridine and pyrimidine [117]. These novel derivatives
exhibited low AEgr 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 Im/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.

5 R

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 THS, 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 Er 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 Im/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-
delanthracene electron acceptor separated by a terphenyl spacer in the molecule TH8
[128]. The material exhibited an amorphous structure with a high T, of 128 °C and
demonstrated a high Er 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 Im/W, respectively. The maximum
EQE achieved was 22.8%, and, at a luminance of 1000 cd/m?, 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/m? 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 T, values of 97°C, 102°C, and 69°C for the
derivatives TH11, TH12, and TH13, respectively. Additionally, the compounds
demonstrated high Er values 0f2.93 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 Im/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 TH1S5,
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 T, values were detected, the high melting point temperatures (Tr) exceeding 295°C
suggest a good morphological stability. The compounds TH14 and THI15 also
exhibited high Er 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 Im/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 T, and Er 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, 32.95Im/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 Tp 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 Im/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 T, of 75°C, and TH19
featuring a T, of 125°C [135]. Additionally, the compounds displayed high Er 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-
ylmethylJoxetane 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
(IT) chloride (PdCl»(PPhs),) (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 'H and '*C 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 T, 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 T, 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 Flrpic (Er=2.65 eV) [140] and the green phosphorescent dopant Ir(ppy)s (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 T4 (°C) Tn (°C) T, (°C) Er(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 PhAOLEDs were fabricated by using blue Flrpic and
green Ir(ppy)s 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 Flrpic or Ir(ppy)s; 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].

4 (H1)+Ir(ppy),
—=—4 (H1)+Flrpic

Intensity

L NS
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Figure 14. EL spectra of the OLEDs having host material 4 (H1) doped with blue
Flrpic or green Ir(ppy)s emitter

The host material 5 (H2) was also utilized in blue and green OLEDs, while
incorporating blue Flrpic and green Ir(ppy); 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 Flrpic amount from 15 to 22.5 wt% and the Ir(ppy)s 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 Flrpic and Ir(ppy):
dopants

PE,ImM/W | CE,cd/A | EOQE,% Lz,

Host | Dopant | wt% 100 / @1000 cd/m? cd/m?
15.0 24.9/15.8 23.9/18.4 10.3/8.0 9173

Flrpic 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 3.6/34 4377

5 (H2) 22.5 5.90/11.5 5.70 /13.1 24/5.5 10350
7.50 0.80/19.4 0.90/24.5 0.3/6.8 32390

Ir(ppy)s 10.0 10.0/34.1 10.3/33.9 33/94 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 23/74 18980
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The OLED with a 15 wt% Flrpic 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 Im/W, and an external quantum efficiency of 10.3% at a brightness of 100
cd/m?. At a higher brightness level of 1000 cd/m?, which is crucial for illumination
technologies, this device also maintained the highest efficiency of 8.0% (18.4 cd/A,
15.8 Im/W), as compared to all other blue devices, and a maximum luminance
exceeding 9170 cd/m?. In the realm of green devices, it could be noted that PAOLEDs
based on the material 5 (H2) outperformed those utilizing the host derivative 4 (H1).
Notably, the OLED containing 10 wt% of Ir(ppy)s 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 Im/W, and a high external quantum efficiency of 9.4% at a
brightness of 1000 cd/m?, which is essential for lighting applications. The green
PhOLED also reached an impressive maximum brightness of almost 39000 cd/m>.

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
(2475 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 Na,SOs. 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 Tq 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 T, 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 Er
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 Er 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 T» (°C) T, (°C) T (°C) T, (°C) Er(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/m?.
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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 Im/W, respectively, while
simultaneously achieving the highest maximum luminance (Lmax) 0of 12250 cd/m?. 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/m? that the device with
10% dopant concentration in its emissive layer demonstrated superior overall
efficiencies, with a PE of 17.3 Im/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 Im/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/m?. 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 Im/W, and an external quantum efficiency of 10.1% at a luminance
of 1000 cd/m?, making it well-suited for technological applications for lighting. The
OLED achieved a maximum brightness exceeding 23100 cd/m?.

Table 4. Characteristics of devices featuring host H3 or H4 with PO-01 dopant
Von,V | PE,Im/W | CE,cd/A | EOQE,% | Luyux,

Host | Dopant | wt% @100 / @1000 cd/m? cd/m?
7.50 | 6.3/8.2 16/9.9 32/25.6 10.5/7.9 10760

7 100 | 5.6/74 17.3/11.4 | 30.7/26.8 10.3/8.5 10600
(H3) 125 | 5.1/6.7 18.4/10.9 | 30.1/23.2 10.5/7.5 10700

150 | 4.8/6.3 19.2/11.3 | 29.4/22.7 10.6/7.5 | 12250

Po-01 7.50 | 3.5/49 | 31.6/21.2 | 349/329 10.6/9.9 | 20520
8 10.0 | 3.5/4.6 | 32.2/22.8 | 35.8/33.1 | 10.9/10.1 | 23190
(H4) 125 ] 3.6/51 | 28.6/155 | 32.8/254 10.1/7.9 | 19470

150 | 3.5/47 | 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, 1. 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 Na;SOs. 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.

oo
C|><C| “mocr Q X Q

N,, t-BuOK, THF
reflux, 12h 8 (H4)

6 (42%)
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 Tq of 314 °C.
Although the derivative was initially obtained as a crystalline material with a Ty, of
198 °C, the cooling of the melted sample resulted in an amorphous state with a T, 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 E, value, derived
from the absorbance spectrum, was estimated at 3.85 eV.
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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); dyes
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In Figure 17(a), the Es (3.44 eV) and Er (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); 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)s;, 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 E, 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 Ta | Tn | T, | HOMO| LUMO | Er | EBs | Eq References
COCOCO | (V) | (V) | (eV) | (V) | (eV)
8(H4) | 340 | 199 | 66 | -539 | -1.54 | 2.95]| 3.44 | 3.85 [144]
CBP 320 - 62 -6.00 290 [ 2731349 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); (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)s (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 Im/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 PEmay from 9.3 to 7.6 Im/W, CEmax from 11.8 t0 9.3 ¢d/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)s;.

The 8 (H4)-based device exhibited a high luminance of 14,950 cd/m? with a
PEax 0f 24 Im/W, a CEpax 0f 22.4 c¢d/A, and an EQEax of 10.2% with an impressively
low turn-on voltage of 2.8 V. At 100 cd/m?, a PE of 22.0 Im/W, CE of 22.4 cd/A, EQE
0f 10.2%, and a CT of 1,690 K was achieved. Even at a higher luminance level, such
as 1,000 cd/m?, 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 Lyax of 8,393 cd/m?, with a
PEmax 0f9.6 Im/W, a CEpax 0f 11.7 c¢d/A, an EQEnax 0f 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); doped in 8 (H4) or CBP hosts
v PE, Im/W CE, cd/A EQE, % CT, K
ON,
v

LMAX 5

Host d/m>
@100/ @1000 cd/m?/ MAX @100/@1000cd/m? | €™

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 | 32| 7.4/39/9.6 | 103/7.4/11.7 | 4.7/3.2/6.8 1768 /1782 8393

(1az) Dopant: PO-01(10wt%) and Ir(2-Phq)3(10wt%) (::)0) Dopant: PO-01(10wt%) and Ir(2-Phq)3(10wt%)

Host: -0-8 (114) Host: -0-8 (114)
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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-lonizing Radiation Protection (ICNIRP) [153], serves to quantify the hazards
associated with blue light, and it can be calculated as follows:

MPE =2 3)
Ep

where: Eg — the photo-retinitis or blue light hazard weighted radiation (W/m?)
[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:

_ Sic@
MSS = S1o(480) x 100 4
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where: Sic(4) — the melatonin suppression spectrum per lux for a given
polychromatic light;
S1c(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
1x, 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 Ix (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 Ix
This work L 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 , ‘ L 2,704 8.0 1,000
Wapm-phite ' A L 3,080 6.9 1,050
Cold-white OLED ‘ k 4,034 12.8 590
Cold-white LED ‘ 5,549 19.8 380
A
Cold-white CFL 5,843 29.9 320
b
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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.
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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. HAS [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 AICl3, reacted with 1,4-diphenyldurene,
1,3,5-triphenylmesitylene, and 3,3’,5,5'-tetraphenylbimesitylene to yield HAS, HA9,
and HA10, respectively.

Out of this group of materials, the most notable efficiencies were achieved by
utilizing the derivatives HAS, HA6 and HAS8 as hosts for various phosphorescent
dopants. Both materials HA5 and HAS8 showed a high thermal stability with the Tq
values of 480 °C and 337 °C, respectively. The derivative HA6, on the other hand,
showed a high T, value of 131°C, thereby confirming its tendency to form stable
amorphous layers. All the three materials showed high Er values of 2.69 eV for
derivative HA5, 3.00 eV for HA6, and 2.97 eV for HAS. 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 HAS, HA6 and HAS8 are shown in Table 8.

Table 8. Architectures of devices utilizing host materials HAS, HA6 and HAS

Device Device architecture Reference
DIHAS ITO/NPB (35nm)/mCP (5nm)/HAS5:3wt% Ir(ppy).acac (30 [162]
nm)/B3PYMPM (30nm)/LiF (0.5nm)/Al (150nm)

D2HAS ITO/NPB (35nm)/mCP (5nm)/HAS:3wt% Ir(bzq)2(dipba) (30 [162]
nm)/B3PYMPM (30nm)/LiF (0.5nm)/Al (150nm)

D3HAS ITO/NPB (35nm)/mCP (5nm)/HAS:3wt% Ir(bt)2(dipba) (30 [162]
nm)/B3PYMPM (30nm)/LiF (0.5nm)/Al (150nm)

DIHA6 ITO/TAPC (30nm)/TCTA (10nm)/HA6:FIrpic (20nm)/CzPhPy [163]

(10nm)/TmPyPB (45nm)/LiF/Al

D2HA6 ITO/TAPC (30nm)/TCTA (10nm)/HAG6:Ir(ppy)2(acac) [163]
(20nm)/CzPhPy (10nm)/TmPyPB (45nm)/LiF/Al

D3HA6 ITO/TAPC (30nm)/TCTA (10nm)/HA6:Ir(mphmq),(tmd) [163]

(20nm)/HAS8 (10nm)/CzPhPy (10nm)/TmPyPB (45nm)/LiF/Al

DI1HAS ITO/NPB (40nm)/mCP (10nm)/HA8:9-10wt%Ir(ppy)3 [166]

(30nm)/TmPyPB (45nm)/LiF (2nm)/Al (150nm)
ITO/NPB (40nm)/mCP (10nm)/HA8:9-10wt% PO-01
DAHAS (30nm)/TmPyPB (45nm)/LiF (2nm)/Al (150nm) [166]

Table 9 displays the characteristics of phosphorescent OLEDs employing host
materials HAS, HA6, and HAS8. 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 HAS5, HA6, and HA8
Von,| Lmax, | CE, | PE, | EQE,
V | cdm?® | cd/A | Im/W | %

Device | Host | Colour CIE (x,y) Reference

DIHAS5|HAS| Green | 2.5 | 93330 | - 99.1 | 25.1 (0.29, 0.64) [162]
D2HAS5|HAS |Orange| 2.6 | 31200 | - 61.6 | 23.1 (0.51, 0.47) [162]
D3HAS HAS| 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]
D2HAG6|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]
DIHA8| HAS8| Green | 4.5 | 3080 | 46.8 | 29.1 | 17.0 | (0.30, 0.60) [166]
D4HAS8 | HAS8 | Yellow| 5.5 | 3490 | 50.6 | 289 | 19.2 | (0.47,0.51) [166]

Among the red devices, the prototype D3HAS emerged as the most efficient
option, boasting a low Von of 2.9 V, a high PE of 27.1 Im/W, an EQE of 22.1%, and
an Lmax of 10,240 cd/m2. The orange device D2HAS proved most effective, by
showcasing the Von, Lmax, PE, and EQE values of 2.6 V, 31,200 cd/m?, 61.6 Im/W,
and 23.1%, respectively. Among yellow devices, the prototype D4HAS stands out
with a CE of 50.6 cd/A, a PE of 28.9 Im/W, and an EQE of 19.2%. When comparing
green PhOLEDs, the host material HAS5, which is compatible with the green
phosphorus Er value of 2.69 eV, exhibited a superior efficiency, with PhOLED
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DIHAS achieving a remarkable PE of 99.1 Im/W and an EQE of 25.1%, along with
an Lmax exceeding 93,300 cd/m? For blue PhOLEDs, devices utilizing the host
material HAG6, characterized by a high Er 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 HBS8 [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, HBS, 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 rnaterlals 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 T4 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 E,
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
DHBE3 ITO/MoO3 (8nm)/NPB (60nm)/TAPC (Snm)/HB3:5wt%4CzTPN [169]
(5nm)/HB3 (15nm)/PFBP-2b(20 wt%):TPBi (40nm)/LiF (1nm)/Al
DIHB6 ITO (125 nm)/PEDOT:PSS (35 nm)/HB6:4CzIPN (20 nm)/PO-T2T (10 [171]
nm)/TPBi (30 nm)/LiF (1nm)/Al (200 nm)
D2HB6 ITO (125 nm)/PEDOT:PSS (35 nm)/VPEC (10nm)/HB6:4CzIPN(20 nm) [171]
/PO-T2T (10 nm)/TPBi (30 nm)/LiF (1nm)/Al (200 nm)
DHB7 ITO (125 nm)/PEDOT:PSS (35 nm)/HB7:4CzIPN (20 nm)/PO-T2T [171]
(10nm)/TPBi (30 nm)/LiF (1nm)/Al (200 nm)

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 Im/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 Er having material HB6.

Table 11. Characteristics of TADF OLED devices using host materials HB3, HB6,
and HB7

Device | Host | Colour V\‘}N’ 5(“14/;’1‘2’ Ci/EA 111:1/E\3v E%E CIE (x, y) Reference
DHB3 |HB3 | White | 3.9 [29922| 186 | - | 9.5 | (0.36,0.31) [169]
DIHB6|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 | 462 | 153 | (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 deV1ces
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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
EAS [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 EAS. 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 EA1S 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 T4 values
ranged from 278°C to 428°C. DSC experiments indicated the formation of stable
amorphous layers, with T, 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 E, 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 AEsr value facilitating effective reverse
intersystem crossing [20]. This metric was evaluated for all benzophenone-based D-
A emitters, with the best performers showing AEst 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
AEgr 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 (Rp) 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: [174]

10wt.%EA6 (40nm)/TmPyPB (40nm)/LiF (1nm)/Al (100nm)

DEA19 ITO/PEDOT:PSS (30nm)/mCP:CzAcSF:EA19(40:30:30) (40nm) [186]
/DPEPO (10 nm)/TmPyPB (50nm)/Liq (1nm)/Al (100nm)
ITO/PEDOT:PSS (40 nm)/CBP (20nm)/CBP:10wt%EA20

DIEA20 (15nm)/TPBI (40nm)/Mg:Ag [189]
ITO/PEDOT:PSS (40nm)/CBP (20nm)/EA20 (4nm)/2CzTPEPCz
D2EA20 (150m)/TPBI (40nm)/Mg:Ag [190]
ITO/TAPC (30nm)/mCP (10nm)/EA21 (20nm)/DPEPO
DIEA2I (10nm)/TmPyPB (40nm)/LiF/Al [187]
D2EA2] ITO/TAPC (30nm)/mCP (10nm)/DPEPO:30wt%EA21 [187]
(20nm)/DPEPO (10nm)/TmPyPB (40nm)/LiF/Al

Table 13 displays various characteristics for EA derivatives-based OLEDs. X.
Chen et al. developed the most effective yellow OLED device D1EA?20, attaining the
maximum CE, PE, and EQE values of 73.1 cd/A, 38.2 Im/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 Im/W, and an EQE of
20.8% [190]. J. Wang and colleagues synthesized the TADF emitter EA21,

57



demonstrating superior efficiency in green light emitting devices. The doped device
D2E21 surpassed a luminance of 11000 cd/m? with an EQE of 25.6%. Additionally,
CE and PE reached 69.8 cd/A and 58.9 Im/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 Im/W,
and 18.7%, respectively.

Table 13. Characteristics of TADF OLED devices using emitters EA6, EA19, EA20,
and EA21

Von, |Lmax, | CE, | PE, | EQE,

Device Host Colour V |ed/m?| cd/A | Im/W | %

CIE (x,y) |Reference

DEA6 | EA6 Blue | 3.2 [14724| 44.8 | 45.6 | 17.7 |(0.17,0.28)| [174]

DEA19| EA19 | Blue | 40 | 4235 | 47.7 | 299 | 206 - [186]

DIEA20| EA20 |Yellow| 44 |32590| 73.1 | 382 | 267 ; [188]

p2EA20[. EA2% | white | 6.1 [12310] 45.9 | 18.0 | 208 |(0.45,0.44)| [188]
20, TPEPCy| White | 6 : : 81045, 0.

DIEA21| 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 DEAG, it achieved a maximum EQE of 17.7%, as well as luminance exceeding
14000 cd/m?, with the CE and PE values of 44.8 cd/A and 45.6 Im/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 Im/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 EBS, 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 wusing 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. T4 values were reported for
the derivatives EB23, EB24 and EB2S, 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 EBS, EB20, EB23, EB24, and EB25
achieved low AEsr 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 EBS, 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 Rp 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 EBS, 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/a~-NPD (35nm)/mCP (5nm)/DPEPO:6 wt%EBS (20nm)/DPEPO [192]
(10nm)/TPBi (30nm)/LiF (0.8nm)/Al (80 nm)
ITO/a-NPD (40nm)/mCBP:10wt%EB20 (20nm)/TPBi (40nm)/LiF
DEB20 (0.6nm)/Al (100 nm) [193]
DIEB23 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EB23 (20 nm)/PPF [197]
(5nm)/TPBi (50nm)/LiF (Inm)/Al (120nm)
D2EB23 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:30wt%EB23 [197]
(20nm)/ PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm)
DIEBR24 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EB24 (20 nm)/PPF [197]
(5nm)/TPBi (50nm)/LiF (Inm)/Al (120nm)
D2EB24 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:30wt%EB24 [197]
(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm)
DIEB25 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EB25 (20nm)/PPF [197]
(5nm)/TPBi (50nm)/LiF (Inm)/Al (120nm)
D2EB25 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/PPF:30wt%EB25 [197]
(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm)

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, EBS5, 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 EBS, EB20, EB23,
EB24, and EB25

Lmax, | CE, PE, | EQE, Reference
cd/m? | cd/A | Im/W °Q/o CIE (x.y)
DEBS5 EBS | Blue | 44 | 3900 | 25.5 - 14.3 |(0.17,0.27) | [192]
DEB20 | EB20 |Green| 4.3 |[17007| 64.0 - 30.8 1(0.31,0.53) | [195]
DI1EB23 | 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]

]

]

]

Device |Emitter|Colour|Von, V

D2EB24 | EB24 |Green| 3.2 [48515| 87.5 | 85.9 | 32.2 |(0.22,0.49)| [197
DI1EB25 | 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, DIEB23, demonstrated an exceptional performance with the maximum CE,
PE, and EQE values reaching 53.9 cd/A, 48.9 Im/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 Im/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 T4 values ranging from 309 to 451°C. During
DSC experiments, T, 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 AEsr 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 Rp 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

ITO/HAT-CN (20nm)/TAPC (30nm)/CBP:20wt%EC2

DEC2 (25nm)/TmPyPb (40nm)/LiF (1nm)/Al (150nm) [104]
DIEC3 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (5nm)/EC3 (20nm)/PPF [203]
(5nm)/TPBi (50nm)/LiF (Inm)/Al (120nm)

D2EC3 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (Snm)/PPF:20wt% EC3 [203]
(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm)

DIEC4 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (Snm)/EC4 (20nm)/PPF [203]
(5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm)

D2EC4 ITO/HAT-CN (5nm)/NPB (30nm)/mCP (Snm)/PPF:20wt% EC4 [203]

(20nm)/PPF (5nm)/TPBi (50nm)/LiF (1nm)/Al (120nm)
ITO/MoOs3 (1.2nm)/NPB (44nm)/TCTA (4nm)/mCP
DECI11 | (4nm)/mCP:7%wt EC11 (24 nm)/ TSPO1 (4nm)/TPBi (40nm)/LiF [205]
(1.2nm)/Al (400nm)

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 Im/W, and 19.7%, respectively, along with an impressive
Lumax of 116,000 cd/m?. 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 Im/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 ¢d/A CE, 70.1 Im/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. TomkeviCien¢ 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 c¢d/A, 38.8 Im/W, and 22.2%, with Lyax exceeding 15,000 cd/m?.

63



Table 17. Characteristics of TADF OLED devices using emitters EC2, EC3, EC4,
and EC11

V\O/N’ gjﬁ;’l‘g C(Ei]i& 121/5\3\/ E%E CIE (x,y) [Reference
DEC2 | EC2 | Green |3.6[116000] 61.8 | 40.4 | 19.7 [(0.26,0.56)| [104]

DIEC3 | 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]

DIEC4 | EC4 | Green [3.0]54450] 532 | 51.5 | 21.6 [(0.20,0.42) | [203]

[203]

]

Device |Emitter| Colour

D2EC4 | EC4 | Green |3.2 42550 | 77.2 | 65.0 | 329 [(0.19,0.38)
DECI1 | 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, 1. 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%.

(o s eq) 14 (0513) (829%)

Ny, DMSO, K,CO; 15 (DB43) (89%)
Q 4h, 150°C
NH

H
N
FeCl, CHCly R-Br, KOH, K,CO3
20°C, 15min THF, Reflux, 12h.
1
9
| dnasec

HN Q o
R n oo Qﬁ@ (2
* * (10€q)

(12,16)  (13,17)
Scheme 4. Synthetic pathway of new diphenyl sulfone-based materials

Ny, DMSO, K,CO3

16 (DB24) (96%)
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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 Na,SO4. 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 Tq 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 T, levels for these derivatives, with 14 (DB13) and 17
(DB34) both exhibiting a high T, of 154 °C, while 15 (DB43) has a T, of 125 °C. In
contrast, 16 (DB24) displays a lower T, 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 T, 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 E, values:

x = V(a x hv) (5)
y=hv (6)
where: a — absorption coefficient;

hv — energy.

Identical absorption experiments were conducted, and Tauc plots were
constructed for all the materials discussed in this chapter. The determined E, 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 Er 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.
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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:

Enomo = —[4-4 + Egnser] (7)
Erumo = Enomo + Eg4 ()
where: E3Y,.; — onset oxidation potential;
E, — 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 ¢V for 14 (DB13), 15
(DB43), 16 (DB24), and 17 (DB34), respectively. The E, 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)

Tp T, PLQY, | Decay, | HOMO, |LUMO, AEsr,
(°O) (°é) Eg eV ‘Vg nsy eV eV Es, eV|Er, eV eV

14 (DB13)| 430 | 154 | 3.16 | 50.5 3.30 5.73 2.57 13.10]2.78 | 0.32
15 (DB43)| 365 | 154 | 3.26 | 66.5 3.30 5.69 243 3231277 | 046
16 (DB24)| 391 82 3.30 | 61.8 3.70 5.71 241 | 3121277 | 035
17 (DB34)| 383 | 125 | 3.28 | 68.5 2.70 5.77 249 |3.14 1280 | 0.34

Material

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.

4~ 800
1 _(a) Dopant: DB13 (wit%) =
£ —0—5 S
& —a—10 E 600
2 ——15 A
= —a—100 z
E 5 400
= 7,
Té a
ey
= £ 200
=
z g E
0 r _ a 0 o e
300 400 500 600 700 800 0 2 4 6 8 10 12
Wavelength (nm) Voltage (V)
10!
3 @ = (d)
()= ~
E 10 3
. 0
‘;: Z 107 |
=) -~
i :
E10° S
5 |
z =
= 3
10_2 . 1 L 102 1 1 1
0 1 2 3 4 0 1 2 3 4
10 10 10 10 10 10 10 10 10 10
Luminance (cd/m?) Luminance (cd/m?)

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

: P Emax: CEmaxa EQEmax 2 LMAX
0, s
Emitter | wt% |Von, V /W | cd/A % CIE (x, y) @100/1000 cd/m cd/m?

5 4.6 1.1 1.8 34 (0.16, 0.08) / (0.16, 0.08) 2230

14 10 3.7 2.0 2.5 4.0 (0.16, 0.09) / (0.16, 0.09) 2987

(DB13)| 15 35 | 16 | 22 | 29 (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 0f 2.0
Im/W, a CEmax of 2.5 c¢d/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.
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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)s (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)s 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)s 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)s,
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)s, suggesting a common emission source
[210].
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Figure 32. EL spectra of Ir(ppy)s-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)s doped in the 14
(DB13) host. This device achieves a PEyax 0f 45 Im/W, a CEmax 0f 43 cd/A, an EQEmax
of 10.6%, and an Lma value of 37680 cd/m?, 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)s.

Table 20. Characteristics of devices utilizing Ir(ppy)s emitter doped in 14 (DB13) host
material

Host |®PYs|y,, v | PEIm/W | CE,cd/A | EQE % Lux,
wit% ’ Max / @1000 cd/m? cd/m?

1 10 2.6 40.0/32.1 41.1/40.9 11.1/11.1 33870
(DB13) 25 | 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 (AEsr) promoting the effective triplet
exciton utilization, and suitable HOMO-LUMO levels matching those of Ir(ppy)s,
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.
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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

hos 14PN PE, Im/W CE, cd/A EQE, % Ly,
wi% Max / @1000 cd/m’ cd/m

1| 27 | 3047102 27.1/147 8.9/5.0 3782

(D}3734) 3 | 26 | 375/158 3357226 10.8 /7.4 9484

5 | 26 | 347/189 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 AEsr 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, 1. 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
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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 Na,SOs. 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 Tq 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 T4 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).
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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 °C/min

By analysing the DSC curves, it becomes apparent that the novel derivatives
exhibit T, 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 T, 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 T, 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 Tq and T, 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 Er 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 ¢V 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.
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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.
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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)

T, | T, PLQY, | Decay, | HOMO, [LUMO, AEst,

: g
Material ) | ) E, eV 9 s eV eV eV

S], eV T], eV

19 (DB14)| 462 | 145 | 3.05 | 55.6 | 3.40 -5.70 | -2.65 | 332 | 2.83 | 049

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 | 555 3.57 -5.66 | -2.64 | 322|273 | 049

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.
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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.
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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 Im/W, a

79



maximum CE of 5.3 c¢d/A, and an Ly.x of 2076 cd/m?. Additionally, the device with a
10 wt% doping concentration reveals a remarkable EQEnax 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 [ wr, % | o | 1 Ene iﬁ'/"/‘;x’ EQE . %| CIE (x, ) @100 cdim? | "414%,
5 | 50 | 39 6.5 27 (0.22, 0.36) 2951
19 [10 | 5.1 | 44 7.6 33 (0.21,0.33) 3175
(DB14)| 15 | 59 | 24 4.9 2.4 (0.20, 0.28) 1834
100 | 6.1 | 04 0.8 0.4 (0.26, 0.40) 515
s | 57 | 21 38 23 (0.17, 0.07) 883
20 [10 [ 52| 17 2.6 53 (0.19, 0.22) 1620
OB23)[ 15 | 52 | 32 53 2.7 (0.20, 0.27) 2076
100 | 5.1 | 10 1.8 0.7 (0.26, 0.44) 875
s | 54 | 21 3.9 23 (0.19, 0.22) 1578
21 [ 10 | 57 | 44 6.5 3.1 (0.20,0.27) 2251
OB29)[ 15 | 47 | 79 9.1 4.0 (0.21,031) 2631
100 | 48 | 14 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 Im/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 L
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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THEF solution, resulting in the formation of 9-alkyl-9°H-3,3'-bicarbazoles (10-12, 18,
22, 23), as described in the previous chapters.

O NH
N o
N
FeCls, CHCly O R-Br, KOH, K,CO3 N, DMSO, K,COy, 4h, 150°C
20°C, 15min THF, Reflux, 12h. 1012,18,22,23 O O O
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HN Q N
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29 (DB44) (90%)

(12,26)  (18,27)

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 Na>SOa, 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 arate of 10 °C/min. It was observed that the target compounds displayed remarkable
resistance to heating with all the investigated materials demonstrating T4 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 T, 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 T, of 102 °C. In
contrast, the compounds 29 (DB44) and 24 (DB37), substituted with butyl and pentyl
groups, respectively, exhibited slightly lower T, 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 Ty 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 °C/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).

4
2 1F ——DB37 DB 37
wn
S sk
—
£ N
S =
8 s
© e
S e
S 1r
Z —
ol Eg=3.00¢eV|
1 1 L 0 1 1 (] 1 L
380 480 580 680 780 200 225 250 275 3.00 325 350
Wavelength (nm) Energy, eV
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 E, 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 Er levels with an example of such a spectrum for the material 24
(DB37), illustrated in Figure 44 (right). The compounds also exhibited Er 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 Er 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.
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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)

10°

Emitter |7, (°C)|T, (°C)|E,, eV | @, % Delf:y’ H(Z\‘,m’ L(%O’ Es, eV|Er, eV Af\ir’
(Df3437) 406 | 77 | 309 | 655 | 553 | 567 | 258 | 304|276 028
(Df&538) 398 | 68 | 3.09 | 453 | 188 | -570 | -261 | 204|289 | 005
(fo”) 383 | 64 | 3.08 | 755 | 427 | 568 | -260 | 10| 281 | 029
(D]23740) 397 | 57 | 300 | 525 | 241 | 569 | -2.59 | 3062801 026
(Dfﬁu) 374 | 102 | 3.00 | 625 | 224 | 573 | 264 | 322|280 042
(D]2394 | 39| 80 | 307 ] 685 628 | 569 | 262 3.18 1 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.
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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).
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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, Lwuax, 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)

: VON P Emax CEmax LMAX

0 b bl bl 0 2 bl

Emitter | wt, % v Im/W cd/A EQF i, %| CIE (X, y) @100 cd/m cd/m?
5 4.0 33 3.7 2.1 (0.18, 0.20) 2818

26 10 3.5 4.4 4.9 2.2 (0.18, 0.23) 3430
(DB39)| 15 3.9 4.1 5.7 2.7 (0.19, 0.27) 3581
100 34 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 Im/W, with Lyax reaching 3430 cd/m?.
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 Im/W and 5.7 cd/A, respectively, while its EQE reached 2.7% with an Lyax of
3581 cd/m?%. 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
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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 AEsr for bicarbazole-based compounds
through structural modifications to utilize triplet excitons more efficiently.
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5. SANTRAUKA

5.1. Ivadas

Nuo pat 1880 m., kai T. Edisonas patentavo kaitinamaja lempute, siekis sukurti
efektyvesnius, jvairioms sritims pritaikomus ir vizualiai patrauklius ap$vietimo
sprendimus tapo viena svarbiausiy nuolatiniy inovacijy varomyjy jégy. Tokie
veiksniai, kaip gyventojy skaiciaus augimas, urbanizacija, industrializacija ir platus
elektros prietaisy ir technologijy paplitimas 1émé zymy globalaus elektros energijos
suvartojimo padidéjimg. Tarptautinés energetikos agenttiros duomenimis, pasaulinis
elektros energijos vartojimo mastas nuolat didéja, vidutiniSkai iSaugdamas apie 2 %
kasmet per pastaragjj deSimtmetj, dabar siekiantis apie 25 000 teravatvalandziy per
metus [1], i§ kuriy apie 19 % skiriama dirbtiniam apsSvietimui [2]. Susirtipinimas dél
riboty energijos istekliy, poveikio aplinkai ir besitgsiancio energijos suvartojimo bei
jos kainy didéjimo [3] pabrézé biitinumag kurti energiskai efektyvius apsSvietimo
sprendimus jvairioms pritaikymo sritims, pavyzdziui, ekranams ir kasdieniniams
apSvietimo prietaisams. Organiniai Sviestukai (OLED) iskilo kaip potenciali
alternatyva po to, kai C. W. Tangas su kolega publikavo savo novatoriska darbg apie
organinius $viestukus 1986 m. [4]. OLED technologijos suzavéjo tyréjus, inzinierius
ir vartotojus savo jspudingu potencialu. Toks didelis susidoméjimas leido Sig sritj
transformuoti i§ paprasto laboratorinio smalsumo j milijardus doleriy siekiancig verslo
rinkg [5]. OLED prietaisai, kurie naudoja organinius junginius, skleidziancius Sviesa
esant elektros srovei, sitilo daug pranaSumy, lyginant su tradiciniais $viesos $altiniais,
tokiais kaip kaitinamosios ar fluorescencinés lempos, jskaitant didesnj rySkuma,
platesnj ziiiréjimo kampg, energijos efektyvuma, kontrasta, prietaisy plonumg ir
lankstuma. Be to, OLED prietaisus galima formuoti naudojant ekonomiskus liejimo
ar spausdinimo i§ tirpaly procesus, kurie galéty prisidéti prie Siltnamio efekta
sukelian¢iy iSmetamyjy dujy kiekio ir bendro poveikio aplinkai mazinimo.

Per pastaraji deSimtmetj tiek mokslo bendruomené, tiek pramoné skyré daug
savo iStekliy didelio efektyvumo, ilgaamziy OLED prietaisy plétrai. Nepaisant
nejtikétiny pasiekimy, kaip daugiau nei 30 % siekiantis iSorinis kvantinis efektyvumas
(EQE) [6-8] ir 100 Im/W virsijantis energinis efektyvumas (PE) [9-11], vis dar yra
i8sukiy, kuriuos reikia jveikti, pavyzdziui, kuriant didelio efektyvumo, ilgaamzius
giliai mélyng Sviesg skleidziancius OLED [12]. Taip pat tauriyjy metaly naudojimas
fosforescuojanciose medziagose kelia susiriipinimg dél ateities prietaisy kainy bei jy
gamybos ir utilizavimo poveikio aplinkai [13,14]. Viena didesniy egzistuojanciy
problemy — smarkus prietaisy efektyvumo mazéjimas, didéjant skais¢iui dél tripletiniy
biiseny anihiliacijos, sukelto dél per didelés spinduolio koncentracijos ar suzadintyjy
biiviy tarpusavio sgveikos. Sie emisijos gesinimo procesai ypa¢ suaktyvéja ilgéjant
eksitony gyvavimo trukmei fosforescuojanciuose (PhOLED) [15-18] ir termiskai
aktyvuotosios uzdelstosios fluorescencijos efektu (TADF) pasizyminciuose OLED
prietaisuose [19-21]. Norint jveikti kai kurias minéty problemy, spinduoliai daznai
disperguojami matricose. Naujy OLED medziagy, skirty matricoms ir spinduoliams,
kiirimas ir sintez¢ iSlieka ypa¢ svarbiis tolesnio §ios technologijos vystymosi
uzdaviniai.
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Darbo tikslas — susintetinti naujus karbazolo ar fenoksazino junginius, istirti jy
savybes ir pritaikyti organiniy Sviestuky emisiniy sluoksniy matricoms ar
spinduoliams.

Darbo tikslui pasiekti iSsikelti Sie uzdaviniai:

1. Susintetinti ir iStirti mazamolekuliy piridinil-karbazolilo bei oksetano
fragmentus turin¢ius junginius, pritaikyti juos fosforescuojanciy organiniy Sviestuky
matricoms.

2. Susintetinti ir i§tirti mazamolekulius karbazolo arba fenoksazino junginius,
turincius centrinj oksetano fragmenta. Gautas medziagas pritaikyti fosforescuojanciy
organiniy $viestuky matricoms.

3. Sukurti Zmogui ir aplinkai draugiska Zemos skleidziamos $viesos spalvinés
temperatiros, zvakés Sviesg skleidziantj organinj Sviestuka, pasitelkiant naujai
susintetintg fosforescuojanciy spinduoliy matrica su fenoksazino fragmentais.

4. Issamiai apzvelgti benzfenono junginiy sinteze, termines, elektrochemines ir
fotofizikines savybes. ISnagrinéti ir apibendrinti apZzvelgty junginiy potenciala,
pritaikant juos kaip organiniy Sviestuky matricas ar spinduolius.

5. Susintetinti naujus bifunkcius susuktos struktiiros bikarbazolildifenilsulfono
junginius, iStirti jy savybes ir pritaikyti gilia mélyng Sviesa skleidziantiems
spinduoliams bei zalig Sviesg skleidZzian¢iy organiniy Sviestuky matricoms.

6. Susintetinti ir charakterizuoti susuktos donoro—akceptoriaus—donoro
struktiiros tipo junginiy serijg, turin¢iy bikarbazolilo elektrony donora bei benzfenono
elektrony akceptoriy ir juos iSbandyti mélyna $viesg skleidzianciais spinduoliais
organiniuose Sviestukuose.

7. Susintetinti ir iStirti naujus donoro—akceptoriaus tipo junginius, turincius
bikarbazolilo ir benzfenono fragmentus, ir pritaikyti mélyng Sviesg skleidzianCiy
organiniy $viestuky spinduoliams.

Darbo mokslinis naujumas ir rySys tarp publikaciju

OLED technologijos jprastai skirstomos j tris kartas: 1-osios kartos prietaisai
naudoja fluorescuojancius spinduolius, 2-0ji karta pasitelkia fosforescuojancius
spinduolius, o 3-ioji karta— TADF efektu pasizymincius spinduolius. Pirmosios kartos
fluorescenciniai OLED, esant elektriniam suzadinimui, pasiekia 25 % vidinj kvantinj
efektyvuma (IQE), naudodami tik singuletinius emisinius eksitonus [22, 23].
Fosforescuojantys ir TADF spinduoliai turi galimybe pasiekti iki 100 % IQE
sékmingai iSnaudodami tripletinius eksitonus emisijos procesui. Fosforescuojantys
spinduoliai tai pasieckia naudodami interkombinacing konversija i§ singuletinés
biisenos | tripleting [24, 25], o TADF spinduoliai, atgalinés interkombinacinés
konversijos metu tripletinius eksitonus, naudodami aplinkos Siluma, vercia Siek tiek
aukstesnés energijos, fotonus generuojanciais singuletiniais eksitonais [26-32].
Nepaisant to, emisijos pikams slenkant link giliai mélynos $viesos spalvos srities,
nespinduliné fosforescuojanciy spinduoliy d orbitaliy rekombinacija yra linkusi didéti
[23, 33-35], o sprendziant §ig problema, mazamolekulés fluorescuojancios medziagos
plétojamos dél jy auksto skleidziamos Sviesos spalvos grynumo ir Zemos kainos [36].
Fosforescuojantys ir TADF emiteriai, sickiant iSvengti koncentracinio emisijos
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gesinimo, triplety—triplety ir singulety—triplety anihiliacijos, daznai disperguojami
tinkamose matricose. Siame darbe medziagos, paskelbtos disertacijos straipsniuose,
tiesiogiai prisideda prie pirmiau iSvardyty problemy sprendimo ir padidina visy trijy
OLED karty verte — dariniai naudojami kaip gilia mélyng ir mélyng Sviesg
skleidziantys fluorescuojantys spinduoliai arba medziagos matricos, pritaikytos
fosforescuojantiems arba TADF spinduoliams.

Pirmoje publikacijoje aprasoma naujy piridinilkarbazolilo fragmentus turinciy
junginiy sintezé, savybiy tyrimas ir pritaikymas mélyng ar zalig Sviesa
skleidzianc¢iuose PhOLED prietaisuose. Efektyviausias mélyng Sviesa skleidziantis
prietaisas demonstravo auksta EQE, siekiantj 10,3 %. Efektyviausias zalia Sviesg
skleidZiantis prototipas pasieké 9,4 % EQE, esant aukstam 1000 cd/m? skais¢iui.

Antrojoje publikacijoje buvo pristatyti supaprastintos struktiiros, lyginant su
pirmaja publikacija, junginiy sintezé ir charakterizavimas. Nauji karbazolo ir
fenoksazino dariniai iSbandyti kaip matricos geltong Sviesg skleidzianciuose
fosforescuojanciuose Sviestukuose. Paprastesné matricos cheminé struktira
nesumazino efektyvumo, o geriausias savybes turéjusio prietaiso EQE buvo 10,9 %.

TreCiajame moksliniame straipsnyje tyrinétas antrojoje publikacijoje aprasyto
fenoksazino junginio pritaikymas zemos skleidziamos $viesos spalvinés temperatiiros
organiniuose $viesos dioduose. Gautasis zvakés Sviesa skleidziantis organinis §viesos
diodas pasizyméjo rekordine didZiausigja leidziamaja poveikio riba naktj, siekiancia
57 700 s. Be to, prietaisas parodé 1690 K siekiancig skleidziamos $viesos spalving
temperatiira, kuri buvo kur kas zemesné uz komerciniy apSvietimo prictaisy
skleidziamos $viesos spalving temperatiirg. Naujasis OLED pademonstravo EQE,
siekiantj 10,2 %, o §i verté gerokai virSijo prietaiso, naudojancio komercing matrica
4,4'-di(N-karbazolil)-1,1'-bifenilg (CBP), efektyvuma.

Ketvirtojoje publikacijoje apzvelgtas benzfenono junginiy pritaikymas
organiniams $viesos diodams, o Sis literatiros tyrimas padéjo sukurti molekules,
aprasytas vélesniuose straipsniuose.

Penktajame straipsnyje karbazolo fragmentai naudojami kiek kitaip nei
pirmuose dviejuose straipsniuose. Cia karbazolas buvo panaudotas bikarbazolilo
fragmento forma, jj derinant su difenilsulfono elektrony akceptoriumi, siekiant iSgauti
naujas daugiafunkces medziagas. Maksimalus prietaisy EQE buvo 4,0 %, kai nauji
dariniai buvo naudojami giliai mélynos Sviesos spinduoliais, o tai yra labai arti
teorinio fluorescuojanciy Sviesos diody efektyvumo limito. Panaudojus naujas
medziagas kaip matricas Zaliai fosforescuojan¢iam iridZio spinduoliui, buvo pasiektas
maksimalus 45 Im/W PE. Be to, naujos medziagos buvo naudojamos kaip Zalios
spalvos S$viesa skleidzian¢io TADF spinduolio matricos, o suformuoti prietaisai
parodé EQE, siekiantj 11%.

Sestojoje publikacijoje taip pat buvo aprasyti bikarbazolilo dariniai, bet
difenilsulfono fragmentas pakeistas benzfenonu, taip sukurta nauja serija susuktos
struktiiros D-A-D tipo dariniy. Efektyviausias OLED S$iame tyrime parodé 5,3 %
EQE, glaudziai atitinkant] teorinj efektyvumo limita, galima pirmosios kartos
prietaisuose.

Septintajame moksliniame straipsnyje analizuojamas Sestosios publikacijos
dariniy supaprastinimas j susuktos struktiiros D-A tipo junginius, pasitelkiant
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bikarbazolilg ir benzfenong kaip pagrindinius molekuliy komponentus. Visi junginiai
buvo jvertinti kaip potencialiis melyng Sviesg skleidziantys spinduoliai i§ tirpaly
formuojamiems prietaisams. Perspektyviausias OLED, apraSytas Sioje publikacijoje,
pasieké maksimaly 2,7 % EQE.

5.2. Paskelbty moksliniy straipsniy apZvalga

5.2.1. Piridinil-karbazolilo fragmentus turindios medzZiagos efektyviu Zalig ir
mélyna $viesa skleidZianciy fosforescuojanciy OLED matricoms

Sis skyrius parengtas pagal straipsnj, paskelbta Zzurnale 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].

Sios studijos metu tikslinés medziagos 4 (H1) ir 5 (H2) buvo susintetintos trijy
stadijy proceduros metu, kaip pavaizduota 7 schemoje. IS pradziy, 3-jod-9H-
karbazolas (2) buvo pagamintas Tucker jodinimo procediiros [137] metu, naudojant
9H-karbazola (1) kaip pradinj reagenta. Kita tarpiné medziaga — 3,3-di(3-jod-9-
karbazolilmetil)oksetanas (3) — buvo susintetinta reaguojant 3,3-di(chlormetil)ok-
setanui su jodo atomus turin¢io darinio 2 pertekliumi, kaip aprasyta anksciau [138].
Galutinis darinys 4 (H1) buvo gautas Suzuki reakcijos metu [139], kurioje dalyvavo
dijodjunginys 3 ir 2-metoksi-3-piridinilborono riigsties perteklius. Tikslinis junginys
5 (H2) taip pat buvo susintetintas Suzuki reakcijos metu reaguojant medziagai 3 su 6-
metoksi-3-piridinilborono riigsties pertekliumi. Visos susintetinty dariniy struktiiros
buvo patvirtintos naudojant masiy spektrometrijg (MS), taip pat 'H ir '*C branduolinio
magnetinio rezonanso (BMR) spektroskopija, o gautieji eksperimentiniai duomenys
gerai sutapo su sudarytomis tiksliniy dariniy struktiiromis.

HO -OH

\@25%\/) / O

—
(1,3 ekv) KOH, THF, H,0 ’\\ p,
PACly(PPh,);

tyir, 1h
cho3 KOH ’X
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tir 120 KOH, THF, H,0 5 (';'2)
PACIy(PPh,); (20%)
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N~
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7 schema. Naujy piridinil-karbazolilo dariniy 4 (H1) ir 5 (H2) sintezé

Naujai susintetintos medziagos pasiZyméjo ypac geru tirpumu jprastuose
organiniuose tirpikliuose. Nors §iy junginiy plonus elektroaktyvius sluoksnius galima
formuoti vakuuminio iSgarinimo biidu, geras dariniy tirpumas leidzia tokius
sluoksnius pagaminti ekonomiskesniu liejimo i$ tirpaly biidu. Terminés medziagy 4
(H1) ir 5 (H2) charakteristikos buvo tyrinétos diferencinés skenuojamosios
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kalorimetrijos (DSK) ir termogravimetrinés analizés (TGA) metodais, kaitinant
bandinius 10 °C/min greiciu azoto aplinkoje. Temperatiira, kurioje patiriami medziagy
4 (H1) ir 5 (H2) 5 % masés nuostoliai (destrukcijos temperattra 7,), sieké atitinkamai
386 °C ir 361 °C, kaip parodé TGA eksperimentai. DSK matavimai parodé, kad nors
medziaga 4 (H1) po sintezés buvo gauta kaip kristalinis darinys su 257 °C siekiancia
lydymosi temperatiira (7,:), bet i§lydyta bandinj at$aldzius gaunama amorfinio biivio
medZziaga su auksta stikléjimo temperatiira 7y, siekian¢ia 127 °C. Kita vertus, junginys
5 (H2) jau po sintezés buvo gautas kaip amorfiné medziaga, kurios bandinj kaitinant
DSK eksperimenty metu buvo fiksuojamas tik medziagos stikl¢jimas mazdaug 139 °C
temperatiiroje, kaip pavaizduota 48 pav. Terminés abiejy medziagy charakteristikos
apibendrintos 26 lenteléje.

Saldymas 5 (H2)

2as kaitinimas

< Endo - egzo >

. Tg139°C

100 150 200
Temperatiira, °c
48 pav. Junginio 5 (H2) DSK kreivés

Zemos temperatiiros fotoliuminescencijos (LTPL) spektrai, uzradyti 77 K
temperatiiroje, buvo skirti junginiy 4 (H1) ir 5 (H2) tripletinés biisenos energijai
nustatyti, kuri sieké atitinkamai 2,82 eV ir 2,81 eV. Sios vertés buvo didesnés nei
mélyng Sviesg skleidziancio spinduolio Flrpic (E7= 2,65 eV) [140] ir zalig Sviesg
skleidziancio spinduolio Ir(ppy)s (Er = 2,59 eV) tripletinés blisenos energijos vertés
[141]. Savybiy tyrimy rezultatai patvirtino medziagy H1 ir H2 tinkamumg naudoti
kaip matricas tiek zaliai, tiek mélynai fosforescuojantiems OLED prietaisams.
ISmatuotos naujai susintetinty medziagy savybes apibendrintos 26 lenteléje.

26 lentelé. Terminés ir fotofizikinés naujy medziagy savybés

Medziaga 7, (°C) T, (°C) 7. (°C) Er(eV)
4 (H1) 386 257 127 2,82
5 (H2) 361 - 139 2,81

Norint jvertinti dariniy 4 (H1) ir 5 (H2) tinkamuma naudoti kaip matricas,
naudojant mélyng Sviesg skleidziantj Flrpic ir Zaliag Sviesa skleidziantj Ir(ppy);
fosforescuojancius spinduolius, buvo pagaminti PhOLED prototipai. Prietaisy,
naudojanc¢iy 4 (H1) matricg elektroliuminescencijos (EL) spektrai, uzfiksuoti esant
1000 cd/m? skais¢iui, pavaizduoti 49 pav. Kaip parodyta, abiejy OLED EL spektrai
demonstruoja gryng Flrpic arba Ir(ppy)s spinduoliy emisija, o tai rodo efektyvy
energijos perdavima tarp matricos 4 (H1) ir atitinkamy spinduoliy [142]. Pazymétina,
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kad nebuvo pastebéta jokiy papildomy emisijos zony, o tai reiSkia, kad kravininky
rekombinacija vyksta tik emisiniame sluoksnyje. Tai rodo, kad OLED struktiirose
iSvengiama eksitony difuzijos j skyles arba elektronus pernesancius sluoksnius [143].

4 (H1)+Ir(ppy),
—=—4 (H1)+Flrpic

Intensyvumas

—_—
—_—
—_—

450 525 600 675 750
Bangos ilgis, nm
49 pav. OLED prietaisy, naudojanciy matrica 4 (H1) su mélynos Sviesos Flrpic ar
zalios $viesos Ir(ppy)s spinduoliais, EL spektrai

Medziaga 5 (H2) taip pat buvo naudojama mélyng ir zalig Sviesa
skleidzian¢iuose OLED kaip matrica, kuriuose buvo naudojami jau minéti
spinduoliai, o gauty prietaisy efektyvumas buvo didesnis nei prietaisy, kuriy matrica
buvo medziaga 4 (H1). Siekiant optimizuoti emisinio sluoksnio struktiira, buvo
naudojami spinduoliy koncentracijos emisiniame sluoksnyje eksperimentai, kuriy
metu Flrpic koncentracija buvo kei¢iama nuo 15 iki 22,5 masés % (m%), o Ir(ppy);
spinduolio koncentracija svyravo nuo 7,5 iki 15 m%. 27 lentel¢je pateikiamos
suformuoty PhOLED su matrica 5 (H2) charakteristikos.

17 lentelé. PhOLED prototipy, turin¢iy medziagos 5 (H2) matrica bei Flrpic ar
Ir(ppy)s spinduolius, charakteristikos

PE,ImM/W | CE,cd/A | EQE, % Linaks,

Matrica | Spinduolis | m% Esant 100 / 1000 cd/m? cd/m?
150 | 24,9/158 23,9/18,4 10,3/8,0 9173

Flrpic 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 3,6/34 4377

5 (H2) 22,5 5,90/ 11,5 5,70 /13,1 2,4/5,5 10350
7,50 0,80/19,4 0,90 /24,5 0,3/6,8 32390

I (ppy)s 10,0 10,0 /34,1 10,3/33,9 33/94 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 2,3/74 18980

OLED su 15 m% spinduolio Flrpic emisiniame sluoksnyje pasizyméjo
geriausiomis charakteristikomis tarp mélyna Sviesg skleidzianciy prietaisy. Jo sroveés
efektyvumas (CE) buvo 23,9 cd/A, PE sieké 24,9 Im/W, o EQE buvo 10,3 %, esant
100 cd/m? skais¢iui. Esant didesniam, 1000 cd/m? skais¢iui, itin svarbiam ap§vietimo
technologijoms, S§is prietaisas iSlaiké auksciausia 8,0 % EQE (18,4 cd/A CE,
15,8 Im/W PE), palyginti su visais kitais meélyna Sviesg skleidzianciais prietaisais, o
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maksimalus skaistis (Lmaks.) vir$ijo 9170 cd/m?. I§ Zalig $viesg skleidziangiy prietaisy
pazymétina, kad PhOLED prototipai, kuriy matricg sudaré medziaga S (H2), pranoko
tuos, kurie OLED matricoms naudojo darinj 4 (H1). PhOLED, kurio emisiniame
sluoksnyje buvo 10 m% spinduolio Ir(ppy)s, disperguoto matricoje 5 (H2),
pasizymeéjo puikiomis charakteristikomis: CE buvo 33,9 cd/A, PE sieké 34,1 Im/W, o
EQE pasické 9,4 %, esant auk$tam 1000 cd/m? skais¢iui, kuris yra reikalingas
ap§vietimo reikméms. Zalig §viesa skleidziantis PhOLED taip pat pasieké jspadinga
maksimaly skaistj — beveik 39 000 cd/m?.

5.2.2. Lengvai susintetinami ir pigiis karbazolo arba fenoksazino dariniai geltona
Sviesg skleidZianc¢iy fosforescuojanciy OLED matricoms

Sis skyrius parengtas pagal straipsnj, paskelbta zurnale Optical Materials, 2021,
118, 111251, D. Blazevicius, G. Krucaite, S. Shahnawaz, S. S. Swayamprabha, E.
Zaleckas, J.-H. Jou ir S. Grigalevicius [144].

Sis tyrimas apémé mazos molekulinés masés oksetano dariniy, turinéiy
karbazolo (7 (H3)) arba fenoksazino (8 (H4)) fragmentus, sintezg, charakterizavima
ir tatkkymg PhOLED prietaisy matricoms. Tiksliniai junginiai buvo susintetinti
naudojant ekonomiskg ir nesudétingg vienos pakopos sintezg, kaip parodyta
8 schemoje. 3,3-Bis(9-karbazolilmetil)oksetano 7 (H3) sintezé apémé 9H-karbazolo
N-alkilinimg, naudojant kalio hidroksidg, kalio karbonatg ir trapfazinj katalizatoriy
tetrabutilamonio hidrosulfata (TBAHS) 2-butanone. Si procediira labai panasi j
anksCiau aprasyta [145, 146]. 3,3-Bis(10-fenoksazinilmetil)oksetanas 8 (H4) buvo
susintetintas naudojantis 10H-fenoksazino N-alkilinimo reakcija tetrahidrofurane
naudojant kalio tretbutoksida.

(30ekv) Q

KOH K,COj3, TBAHS,
0,

2-butanonas, t,ir, 12h 7(H3) O
(29%)
CI§6<CI T
(30ekv) ; 2 >< ; 2

TN, LBWOK,THE
tyi 12h 8 (H4)

(42%)

8 schema. Naujy medziagy matricoms 7 (H3) ir 8 (H4) sintezé

Naujai susintetintos medziagos buvo tirpios jprastuose organiniuose
tirpikliuose, o tai leidzia prietaisus formuoti ekonomiskiau — liejant i§ tirpaly. Junginiy
terminés ir morfologinés savybés buvo tyrinétos TGA ir DSK metodais. TGA tyrimai
parod¢, kad medziagy terminis stabilumas ypac aukstas, o jy 7 vertés virsijo 310 °C.
DSK matavimy metu paaiskéjo, kad medziagos 7 (H3) ir 8 (H4) po sintezés buvo
gautos kaip kristaliniai junginiai, ta¢iau, i§lydzius ir atSaldzius tyrinéjamy medziagy
bandinius, dariniai gali pereiti ] amorfing biiseng. Medziagai 7 (H3) pirmojo DSK
kaitinimo metu buvo uzfiksuotas endoterminis lydymosi signalas 199 °C
temperattroje, o iSlydyta bandinj atSaldzius, susidaré amorfiné medziaga su 75 °C
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siekian¢ia 7,. Toliau kaitinant bandinj buvo uzfiksuotas kristalizavimasis 123 °C
temperattiroje. Darinys 8 (H4) po reakcijos taip pat buvo gautas kaip kristaline
medziaga, kurios 7, sieké 198 °C, kaip pavaizduota 50 pav. ISlydyta bandinj
atSaldzius, taip pat susidaré amorfinio biivio darinys su 66 °C siekiancia 7g, o toliau
kaitinant medziagg jokie papildomi morfologiniai virsmai nebuvo fiksuojami. Sie
DSK matavimy rezultatai patvirtina abiejy medziagy tinkamuma formuoti plonas
amorfines pléveles, bet tikimasi, kad junginys 8 (H4) suformuos stabilesnius
sluoksnius dél mazesnio polinkio kristalizuotis.

galdymas 8 (H4)

2-as kaitinimas

<endo - egzo >

0 50 100 150 200 250
Temperatiira, °C
50 pav. Junginio 8 (H4) DSK kreivés

Siekiant nustatyti junginiy 7 (H3) ir 8 (H4) Er vertes, buvo uzrasyti LTPL
spektrai 77 K temperatiiroje. Nustatyta, kad Sios vertés sieké 2,95 eV dariniui 7 (H3)
ir 2,73 eV medziagai H4. Abiejy junginiy Er vertés virSija gerai zinomo geltonai
fosforescuojancio spinduolio PO-01 Er, kuri yra 2,21 eV [147], o tai patvirtina
medziagy tinkamumg pritaikyti geltong Sviesg skleidzian¢iy PhOLED matricoms.
Visos iSmatuotos junginiy savybés pateikiamos 28 lenteléje.

28 lentelé. Terminés ir fotofizikinés medziagy H3 ir H4 savybés
Medziaga T, (°C) 7, (°C) 7., (°C) T, (°C) Er(eV)
7 (H3) 324 199 123 75 2,95
8 (H4) 314 198 - 66 2,73

Norint jvertinti potencialiy matricy efektyvuma emisiniuose sluoksniuose, buvo
suformuoti geltonai fosforescuojantys prietaisai, naudojant minétag PO-01 spinduol;.
OLED struktira buvo tokia: ITO/PEDOT:PSS/(7 (H3) ir 8 (H4)):X m% PO-
01/TPBi/LiF/Al, ¢ia X — spinduolio koncentracija. Visuose PhOLED buvo
skleidziama 570 nm bangos ilgio emisija, priskiriama geltonai PO-01 skleidziamai
Sviesai. Keiciant spinduolio koncentracijg matricose 7 (H3) ir 8 (H4), skleidziamos
Sviesos spalvos pokytis nepastebétas. Sukurti prietaisai skleidzia geltona Sviesa,
kurios CIE koordinatés yra (0,49; 0,50), esant 1000 cd/m? skais¢iui. EL
charakteristikos matuotos prietaisams su jvairia spinduolio koncentracija emisiniame
sluoksnyje, kurios pateiktos 29 lenteléje. Prietaisai, naudoje junginio 8 (H4) matrica,
pademonstravo geresnes charakteristikas nei matricg 7 (H3) naudoj¢ OLED. Galima
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i§skirti 10 m% spinduolio savo emisiniame sluoksnyje turéjusj OLED, kuris
pademonstravo CE, PE ir EQE, siekiancius atitinkamai, 33,1 cd/A, 22,8 Im/W ir
10,1 %, esant 1000 cd/m? skais¢iui, kuris reikalingas praktiniam taikymui.

29 lentelé. OLED, naudojanciy matricas 7 (H3) arba 8 (H4) su spinduoliu PO-01,
charakteristikos

Vox, V. | PEIM/W | CE,cd/A | EQE,% | Lumaks,
Matrica | Spinduolis | m% Esant 100 / 1000 cd/m? cd/m?
7,50 1 6,3/82 | 16,0/9,9 |32,0/256| 10,5/7,9 | 10760
10,0 | 5,6/74 | 17,3/11,4 |30,7/26,8 | 10,3/8,5 | 10600

7(H3) 125 | 5.1/6.7 | 1847109 | 30.1/232 | 10.5/7.5 | 10700
powo) 15048763 1927113 [294/22,7] 106775 [ 12250

750 | 3.5/49 | 31.6/212 | 34.9/32.9 | 10.6/9.9 | 20520

8 (114) 10,0 | 3.5/4,6 | 32.2/22.8 | 35.8/33,1 | 10,0/10,1 | 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] 81/7,7 | 22360

Remiantis gautais eksperimentiniais rezultatais, akivaizdu, kad medziaga OLED
matricoms 8 (H4) pasizymi geresnémis sluoksniy formavimo savybémis ir turi geriau
suderinama Er verte su geltong $viesa skleidZiandiu spinduoliu PO-01. Sis
suderinamumas prisideda prie gery OLED prietaisy, naudojanciy matrica 8 (H4)
charakteristiky. Pazymétina, kad §i medziaga gauta naudojant paprastg vienos stadijos
sinteze ir turi didelj potencialg fosforescuojan¢iy organiniy Sviestuky gamybos srityje.

5.2.3. Didelio efektyvumo Zvakés Sviesa skleidZiantys OLED, pasiZymintys ypa¢
Zema skleidZiamos Sviesos spalvine temperatiira

Sis skyrius parengtas pagal straipsnj, paskelbta zurnale Molecules, 2021, 26,
24, S. Shahnawaz, 1. Siddiqui, M. R. Nagar, A. Choudhury, J.-T. Lin, D. Blazevicius,
G. Krucaite, S. Grigalevicius and J.-H. Jou [148].

Sio darbo metu junginys 3,3-bis(10-fenoksazinilmetil)oksetanas 8 (H4), kurio
sintezé pavaizduota 9 schemoje, buvo panaudotas zmogui ir aplinkai draugiskiems
zvakiy S$viesg skleidzianc¢iuose OLED. Darinys buvo susintetintas procediiros,
apraSytos ankstesniame skyriuje, metu, naudojant paprasta vienos pakopos sintezés
btuda. Konkreciau, 3,3-bis(10-fenoksazinilmetil)oksetanas 8 (H4) buvo gautas 10H-
fenoksazino N-alkilinimo reakcijos tetrahidrofurane metu, naudojant kalio

tretbutoksido baze.
& Qg0 L& 8
© (30eq)
cl cl

N2 t-BuOK, THF
reflux, 12h 8 (H4)
6 (42%)

9 schema. Junginio 8 (H4) sintez¢é

Ankstesniame skyrelyje buvo aprasytos 8 (H4) terminés savybés, fotofizikinés
medziagos 8 (H4) charakteristikos Siame tyrime buvo nagrin¢jamos pasitelkiant
ultravioletiniy spinduliy — regimosios $viesos (UV-RS) absorbcijos, PL ir LTPL
tyrimus. Absorbcijos, PL ir LTPL (esant 77 K) smailiy pikai buvo stebimi atitinkamai
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esant 320, 395 ir 495 nm, o E, verté, gauta i§ absorbcijos spektro, sieké 3,85 eV.
Junginio 8 (H4) Es (3,44 eV) ir Er (2,87 eV) vertés buvo apskaiCiuotos naudojant
atitinkamai absorbcijos PL (360 nm) ir absorbcijos LTPL (436 nm) kreiviy susikirtimo
taskus. HOMO ir LUMO energijos lygiai sieké atitinkamai —5,39 eV ir —1,54 eV,
apskaiCiuojant pagal ciklinés voltamperometrijos (CV) kreive ir anksciau
apskaiCiuota E.. 30 lentel¢je pateikiamas fotofizikiniy, elektrocheminiy ir terminiy
8 (H4) savybiy palyginimas su komercinés matricos CBP charakteristikomis
[18,71,149].

30 lentelé. Medziagy matricoms terminés, elektrocheminés ir fotofizikinés savybés
Ta T T, | HOMO | LUMO | Er Eg E,
O OO | (V) (V) | (V) | (eV) | (eV)

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 1vert1nt1 matricos 8 (H4) efektyvumg, buvo pagaminti i§ tirpaly
formuojami organiniai Zvakeés Sviesg skleidZiantys Sviestukai. Palyginimui taip pat
buvo suformuotas analogiskas prietaisas su komercine matrica CBP, naudojant
geltong Sviesa skleidziancio PO-01 ir raudonai oranzing Sviesg skleidziancio Ir(2-
phq); spinduoliy misinj. Naudoty prietaisy struktira 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
Keiciant Ir(2-phq); koncentracijg emisiniame sluoksnyje nuo 7,5 % iki 15,0 %, buvo
nustatyta, kad optimizuota Sio spinduolio koncentracija, kurioje pasiekiamas
auksciausias OLED efektyvumas, yra 10 %. Gauty prietaisy skleidziamos $viesos CIE
koordinatés ir skleidziamos Sviesos spalvinés temperatiiros priklausomybé nuo
skais¢io pavaizduotos 51 pav.
(a) (b)
2000

Medziaga Saltinis

g

_o_w.ooie-:“"

H4

Spalviné temperatura (K)
>
S

10' 10° 10’ 10 10
Skaistis, cd/m>
51 pav. 8 (H4) arba CBP matricas naudojusiy OLED (a) CIE spalvinés koordinatés
ir EQEmaks. vertés su pikselio nuotrauka (viduje) ir (b) skleidZziamos Sviesos
spalvinés temperatiiros priklausomybé nuo skais¢io

8 (H4) junginj kaip matricg naudojan¢io OLED CIE koordinatés buvo (0,58;
0,42), o CBP matricg naudojancio prietaiso — (0,57, 0,42). Pasiektos EQEmaks. vertés
buvo ta pacia tvarka 10,2 % ir 4,7 %.
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Tirty zvakés Sviesa skleidzian¢iy organiniy Sviestuky, kuriy matricoms
panaudoti 8 (H4) ir CBP junginiai, PE, CE, EQE ir skleidziamos Sviesos spalvinés
temperatiiros (CT) charakteristikos apibendrintos 31 lentel¢je. OLED emisiniai
sluoksniai suformuoti i§ tirpaly, juose naudojant po 10 m% geltonos Sviesa
skleidziancio spinduolio PO-01 ir raudonai oranzing §viesg skleidziancio spinduolio
Ir(2-phq)s.

31 lentelé. Zvakés viesa skleidZian¢iy po 10 m% PO-01 ir Ir(2-phq)3 spinduoliy
turin¢iy OLED charakteristikos, matricomis panaudojus 8 (H4) arba CBP junginius

PE, Im/W CE, cd/A EQE, % CT,K

Von,
v

Lmaks:
Esant cd/m?

100/1000cd/m?
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

Matrica
Esant 100 / 1000 cd/m?/ MAKS.

CBP | 32| 74/3,9/9,6 | 10,3/7,4/11,7 | 4,7/3,2/6,8 1768 /1782 8393

8 (H4) matrica naudojg¢s prietaisas pasizyméjo maksimaliomis PE, CE ir EQE
vertémis, siekian¢iomis atitinkamai 23,7 Im/W, 22,4 cd/A ir 10,2 % kartu su 2,8 V
isijungimo jtampa (Vo) ir labai zema CT, kuri buvo vos 1690 K. Net esant didesniam
skais¢iui, pvz., 1000 cd/m?, efektyvumas isliko aukstas, o tai rodo mazg efektyvumo
kritimg didéjant skaisCiui, kartu iSlaikant zemg CT. Palyginimui — CBP matrica
naudojes OLED pateikeé daug mazesnes PE, CE ir EQE vertes, tuo pat metu esant
didesnei CT.

Vertinant apSvietimo S$altinio jtaka zmoniy sveikatai, §is tyrimas jvertina
didZiausig leidziamaja poveikio riba (MPE) ir melatonino slopinimo jautrumg (MSS).
MPE, kaip apibrézta Tarptautinés apsaugos nuo nejonizuojanciosios spinduliuotés
komisijos (ICNIRP) [153], skirta kiekybiSkai jvertinti su mélyna Sviesa susijusius
pavojus ir parodo didziausig tam tikros spinduliuotés didziausigjj veikimo laika,
kuriuo Zmogus gali biiti veikiamas be pavojingy padariniy ar akiy ir odos pakitimy.
Melatonino slopinimo jautrumas po 1,5 h veikimo (MSS) jvertina, kiek tam tikro
bangos ilgio spinduliuoté slopina melatonino iSsiskyrimg organizme, lyginant su
mélynos Sviesos (480 nm) etalonu. Ivairiy apSvietimo Saltiniy emisijos spektry, CT,
MSS ir MPE palyginimas pateiktas 32 lentel¢je. 8 (H4) matrica naudojes mélynos
spinduliuotés neskleidziancio zvakés Sviesos OLED CT yra 1690 K, todél MPE
atzvilgiu jis yra 180 karty maziau kenksmingas, palyginti su Saltai baltos Sviesos
spalvos CFL, kurio CT yra 5 843 K. Be to, esant 100 Ix apSvietai, tirto prietaiso MPE
buvo 57 696 s (daugiai nei 16 valandy), o Saltai baltos Sviesos spalvos CFL —tik 320 s.
Tirto prietaiso MSS, esant 100 1x aps§vietai, (1,33 %) yra 22,4 karto maZzesnis nei Saltai
balta $viesa skleidziancio CFL (29,9 %) po 1,5 valandos veikimo naktj. Zvakeés $viesa
skleidziantis OLED minétomis charakteristikomis taip pat pranoksta $iltai baltg Sviesa
skleidziantj LED, Saltai balta Sviesg skleidziantj LED, kaitinamaja lemputg ir net
natiiralig Zvakiy $viesa.
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32 lentelé. Jvairiy Sviesos Saltiniy spektry, CT, MSS (po 1,5 h) ir MPE charakteristiky

alyginimas
Sviesos Saltinis Spektras CT(K) | MSS (%) | MPE (s), esant 100 Ix
Sis darbas I 1690 1,33 57 696
Zvakés §viesa ‘ 1884 4,0 2750
Kaitinamoji ‘ 2444 11,5 1100
lempute -
Siltai baltos
$viesos spalvos L 2704 8,0 1000
LED A
Saltai baltos ‘
$viesos spalvos 5549 19,8 380
LED L
Saltai baltos
$viesos spalvos 5843 29,9 320
CFL N

Siame darbe sukurtas OLED su 8 (H4) matrica nemirga, nedegina rainelés,
neakina ir yra potencialiai energiSkai efektyvesnis nei bet kurie komerciniai
ap$vietimo Saltiniai. Sis tyrimas atveria kelia kurti efektyvius Zvakés §viesa
skleidzian¢ius OLED apsSvietimo prietaisus, naudojant ekonomiskus prietaisy
formavimo i$ tirpaly metodus.

5.2.4. Benzfenono dariniy, naudojamy organiniams Sviestukams apZvalga

Sis skyrius parengtas pagal straipsnj, paskelbtg zurnale Nanomaterials, 2024,
14, 4 by D. Blazevicius and S. Grigalevicius [158].

Siame tyrime buvo nagrinéjama benzfenono dariniy sintezé, terminés,
elektrocheminés, fotoelektrinés ir fotofizikinés savybés. Be to, apzvelgtas jy
pritaikymas OLED prietaisuose tiek matricoms, tiek spinduoliams. Siame skyriuje
pateikiama sisteminé jvairiy OLED struktiiry ir jy atitinkamy efektyvumy apzvalga.
Apzvalga suskirstyta j keletg skyreliy, suskirstyty pagal benzfenono dariniy taikyma
ir strukttrg, kaip, pavyzdziui, matricos fosforescuojantiems spinduoliams, matricos
TADF spinduoliams, D—A tipo spinduoliai, D-A-D tipo simetrinés struktiiros
spinduoliai ir D-A-D tipo asimetrinés struktiiros spinduoliai.

5.2.4.1. Benzfenono dariniai, skirti fosforescuojanc¢iy organiniy Sviestuky
matricoms

Medziagy su benzfenono fragmentu, pademonstravusiy auksciausig
efektyvumag jas pritaikius kaip fosforescuojanciy organiniy Sviestuky matricas,
strukturos pavaizduotos 52 pav.
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12 pav. Benzfenono dariniai, naudojami PhOLED matricoms [162, 163, 166]

PhOLED, naudojan¢iy matricas HAS [162], HA6 [163] ir HAS8 [166],
charakteristikos pateiktos 33 lenteléje. Naudojant §iuos junginius buvo suformuoti
veiksmingi PhOLED nprietaisai, kuriy EQE vir§ijo 16 %. Sios matricos buvo
naudojamos raudong, oranzing, geltona, zalig ir mélyng Sviesa skleidzianCiuose
prietaisuose.

33 lentelé. PhOLED prietaisy, naudojanciy matricas HAS, HA6 ir HAS,
charakteristikos

Prietaisas|Matrica Skl;l/?ezsl:ma V%N’ ﬁg/ar'iz’ cﬁj/EA’; IS/E\;V EOQ/OE’ CIE (x;y) | Saltinis
DIHAS | HA5 | Zalia | 2,5]93330 | — | 99,1 | 25,1 | (029;0,64) | [162]
D2HAS | HA5 | Oranziné | 2,6 | 31200 | — | 61,6 | 23,1 | (0,51;0,47) | [162]
D3HAS | HA5 | Raudona | 2,9 | 10240 | — | 27,1 | 22,1 | (0,61;0,36) | [162]
DIHA6 | HA6 | Meélyna |3,0| - — 382 | 194 | (0,16,0,33) | [163]
D2HA6 | HA6 | Zalia | 29| - — 75,7 [ 21,0 | (0,29;0,64) | [163]
D3HA6 | HA6 | Raudona |3,1| - — 30,8 | 16,5 | (0,62;0,38) | [163]
DIHAS | HA8 | Zalia | 45| 3080 | 46,8 | 29,1 | 17,0 | (0,30; 0,60) | [166]
D4HAS | HA8 | Geltona | 5,5 | 3490 | 50,6 | 28,9 | 192 | (0,47;0,51) | [166]

Tarp raudong Sviesa skleidzianciy prietaisy prototipas D3HAS demonstravo
geriausias charakteristikas, tarp kuriy 27,1 Im/W siekiantis PE ir 22,1 % siekiantis
EQE. Oranzing Sviesg skleidziantis prietaisas D2ZHAS pasirodé esas efektyviausias, jo
PE ir EQE atitinkamai sieké 61,6 Im/W ir 23,1 %. Tarp geltong Sviesa skleidzianciy
prietaisy prototipas D4HAS issiskyre 50,6 cd/A siekianciu CE, 28,9 lm/W siekianc¢iu
PE ir 19,2 % EQE. Lyginant Zalig Sviesg skleidzian¢iy Ph\OLED matricas, medziaga
HAS pasizyméjo puikiu efektyvumu, o prietaisas D1IHAS pasieké puiky 99,1 Im/W
PE ir 25,1 % EQE. Tarp mélyna Sviesg skleidzian¢iy PhOLED prietaisas D1IHA6
parodé geriausia efektyvuma su aukstais PE ir EQE — atitinkamai 38,2 Im/W ir
19,4 %.

5.2.4.2. Benzfenono dariniai, skirti TADF organiniy Sviestuky matricoms

Benzfenono dariniy, parodziusiy geriausias charakteristikas, jas pritaikius kaip
TADF efektu pasizyminciy spinduoliy matricas, struktiiros pavaizduotos 53 pav., o
TADF OLED prietaisy, naudojanciy matricas HB3 [169], HB6 ir HB7 [171],
charakteristikos pateiktos 34 lenteléje.
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53 pav. Benzfenono dariniai TADF OLED matricoms [169, 171]

34 lentelé. Geriausiy TADF OLED, naudojanciy benzfenono dariniy matricas,
charakteristikos

Skleidziama|Von,| Lmwxks, | CE, | PE, | EQE,

Prictaisas| Matrica) = oo v | cd/m? | od/A | Im/W | %

CIE (x;y) |Saltinis

DHB3 | HB3 | Balta [3,9]29922| 186 | — | 95 |(0,36;031) | [169]
DIHB6 | HB6 | Zalia |3,0 16500 70,7 | 556 | 232 |(0,28,0,57) | [171]
D2HB6 | HB6 | Zalia |29 18900 | 723 | 63,6 | 253 |(0,29;0,58) | [171]
DHB7 | HB7 | Zalia |2,7]10540| 492 | 462 | 153 |(0,28,0,57) | [171]

Medziaga HB3 geriausiai pasitarnavo kaip papildomas sluoksnis tarp dviejy
skirtingy TADF emisiniy sluoksniy. Emisiniuose sluoksniuose panaudojus oranzing ir
meélyna Sviesg skleidzianc¢ius TADF spinduolius, buvo suformuoti efektyviis balta
Sviesg skleidziantys TADF OLED, o prietaisas DHB3 pasieké 9,5 % EQE. MedZziagos
HB6 ir HB7, savo struktiiroje turéjusios jvairiais fragmentais pakeistus karbazolo
ziedus, parodé geriausias charakteristikas, kai buvo pritaikytos kaip matricos Zalia
Sviesa skleidzianciuose, i$ tirpaly formuojamuose TADF OLED prietaisuose, i$ kuriy
aukstesniu efektyvumu pasizyméjo $viestukas D2HB6. Sis OLED, turéjes papildoma
skyles pernesantj sluoksnj, payginti su prietaisu D1HB6, pademonstravo 63,6 Im/W
siekiantj PE, o EQE buvo 25,3 %.

5.2.4.3. Donoro-akceptoriaus tipo benzfenono dariniai spinduoliams

D-A tipo benzfenono spinduoliy, parodziusiy auksciausia efektyvuma
organiniuose Sviestukuose, struktiiros pavaizduotos 54 paveiksle.

o Q O O
@ R
N @ EA20

EA19 ‘//‘%

54 pav. D-A tipo benzfenono dariniai OLED spinduoliams [174, 187, 189]

CioHps=O

Efektyviausiy organiniy Sviestuky, naudojusiy D-A tipo benzfenono spinduoliy,
charakteristikos pateiktos 35 lentel¢je. Efektyviausias geltong Sviesg skleidziantis
prietaisas naudojo darinio EA20 spinduolj, o prietaiso DIEA20 CE, PE ir EQE siekeé
atitinkamai 73,1 cd/A, 38,2 Im/W ir 26,7 % [189]. Spinduolis EA20, derinamas su
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kitu meélyng Sviesg skleidzian¢iu TADF spinduoliu balta Sviesg skleidzianciame
Sviestuke D2E20, pademonstravo auksta 45,9 cd/A siekiantj CE, 18,0 Im/W siekiantj
PE ir 20,8 % EQE [190]. TADF spinduolis EA21 [187] parodé geriausias
charakteristikas Zalig Sviesg skleidzianCiuose prietaisuose, o OLED D2E21 pasieké
25,6 % EQE. Tas pats spinduolis parodé ypac gerg efektyvumg matricos
nenaudojanciame prietaise D1EA21, o PE, CE ir EQE sieké atitinkamai 56,4 cd/A,
43,5 Im/W ir 18,7 %. Medziaga EA6 [174], sukurta derinant benzfenono elektrony
akceptoriy ir 11-fenildihidroindolo[2,3-a]karbazolo elektrony donorg, buvo
panaudota kaip mélyng Sviesa skleidziantis spinduolis EA6 prietaise DEAG6, kurio
didziausiasis EQE buvo 17,7 %, o CE ir PE vertés buvo 44,8 cd/A ir 45,6 Im/W.
Efektyviausias mélyng Sviesg skleidziantis D-A tipo TADF benzfenono spinduolis
buvo EA19 [186], o §j spinduolj naudojantis prietaisas DEA19 pasieké aukstas CE,
PE ir EQE reikSmes — atitinkamai 47,7 cd/A, 29,9 Im/W ir 20,6 %.

35 lentelé. TADF OLED, naudojanciy spinduolius EA6, EA19, EA20 ir EA21,
charakteristikos

Prietaisas| Spinduolis Sklgcilezsl:ma V%N’ é’én;‘rk;z’ cfi/EA hﬁf\;\/ E%E’ CIE (x;y) |Saltinis
DEAG | EA6 | Mélyna | 3.2 | 14724| 44.8 | 45.6 | 17.7 |(0.17:0.28)| [174]
DEAI9 | EAI9 | Mélyna | 4.0 | 4235 | 47.7 | 29.9 | 20,6 - [186]
DIEA20| EA20 | Geliona | 44 |32590] 73,1 | 38.2 | 26,7 - [189]
D2EA20 2CZE{?I>21§1'>CZ Balta | 6,1 12310459 | 18,0 | 20,8 | (0,45; 0,44)| [190]
DIEA2I| EA21 Zalia | 3.2 |26836| 56,4 | 43,5 | 18,7 |(0.28,0.53)| [187]
D2EA21| EA21 Jalia | 3.2 | 11392] 69.8 | 58,9 | 25,6 | (0,24; 0,49)| [187]

5.2.4.4. Donoro-akceptoriaus-donoro tipo simetrinés struktiiros benzfenono
spinduoliai

D-A-D tipo simetrinés struktiiros benzfenono spinduoliy, pademonstravusiy
aukscCiausias charakteristikas juos pritaikius organiniuose Sviestukuose, strukttiros
pavaizduotos 55 pav.
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55 pav. D-A-D tipo simetrinés struktiros benzfenono dariniai OLED spinduoliams
[192, 195, 197]

Efektyviausiy prietaisy, naudojanciy D-A-D tipo, simetrinés struktiiros
benzfenono darinius kaip spinduolius, charakteristikos apibendrintos 36 lenteléje.
Darinys EB5 [192] parodé aukscCiausig efektyvuma tarp mélyng Sviesg skleidzianciy
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TADF spinduoliy, apibendrinty Siame skyriuje. Organinis Sviestukas DEBS pasieke
14,3 % EQE vertg ir 25,5 cd/A CE. Tyréjai sukiiré Zalig Sviesg skleidziancius, centrinj
benzfenono fragmentg turin¢ius TADF spinduolius EB20 [195], EB23, EB24 ir EB25
[197], kurie, pritaikyti prietaisuose, virsijo 17 % EQE net nelegiruotuose prietaisy
konfigiiracijose. Darinys EB20, susintetintas sujungus fenoselenazino elektrony
donora su benzfenono elektrony akceptoriumi, prietaise DEB20 demonstravo
i§skirtinai auksta 30,8 % EQE ir CE, siekiantj 64,0 cd/A. Didziausig bendra zalig
Sviesa skleidzianciy TADF OLED efektyvuma, naudojant simetriskus D-A-D tipo
benzfenono spinduolius, pasieké prietaisai, spinduoliais naudoj¢ darinius EB23,
EB24 ir EB25. Sios medZiagos buvo i$bandytos tiek nelegiruotuose (D1EB23,
D1EB24, D1EB24), tiek legiruotuose (D2EB23, D2EB24, D2EB24) emisiniuose
sluoksniuose.

36 lentelé. TADF OLED, naudojanciy spinduolius EB5, EB20, EB23, EB24 ir EB25,
charakteristikos

Skleidziama| Von, | Lmaks, | CE, | PE, |EQE, 5 ..
Sviesa V | cd/m? | cd/A |Im/W °Q/o CIE(xy) | Saltinis
DEB5 | EB5 | Meélyna |44 | 3900 |255] — |143](0,17,027) | [192]
DEB20 | EB20 Zalia | 43 |17007] 64,0 | — 30,8 (031;0,53) | [

DIEB23 | EB23 Zalia | 3,2 |31713]53,9 | 48,9 | 18,6 | (0,24,0,53) | |

D2EB23 | EB23 Zalia | 3,0 |48712]90,9 | 91,2 30,3 | (0,25,0,54) | |

DIEB24 | EB24 Zalia | 3,6 | 30283 | 46,8 | 37,5 | 17,1 ] (0,22;0,46) | [197]

[
[
[

Prietaisas [Spinduolis

D2EB24 | EB24 Zalia | 3,2 |48515]87,5 | 85,9 | 32,2 | (0,22;0,49)
DIEB25 | EB25 Zalia | 3,8 |25616]49,1 | 35,7 | 18,1 | (0,22;0.,50)
D2EB25 | EB25 Zalia | 3,2 |48153] 79,8 75,9 | 28.4 | (0,23;0,50)

Efektyviausias nelegiruotas prietaisas DI1EB23 demonstravo iSskirtinj
naSumg — maksimalus CE, PE ir EQE sieké atitinkamai,53,9 cd/A, 48,9 Im/W ir
18,6 %. Prietaiso D2EB23 legiruotoje konfigiiracijoje efektyvumas buvo dar didesnis
ir pasiektas jsptidingas 90,9 cd/A siekiantis CE, PE buvo 91,2 Im/W, o EQE sieké
30,3 %. Prietaisas D2EB23 pasieké aukSciausia CE ir PE tarp Siame skyrelyje
analizuojamy prietaisy, o OLED prototipas D2EB24, naudojes legiruota spinduolj
EB24, pasieké auksciausia 32,2 % EQE.

5.2.4.5. Donoro-akceptoriaus-donoro tipo asimetrinés struktiiros benzfenono
spinduoliai

D-A-D tipo asimetrinés struktiiros benzfenono spinduoliy, pademonstravusiy
geriausig efektyvuma juos pritaikius OLED emisiniuose sluoksniuose, struktiiros
pavaizduotos 56 pav.

j %E Q‘z

56 pav. D A D tipo, asimetrinés strukttiros benzfenono dariniai organiniy Sviestuky
spinduoliams [104, 203, 205]
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Efektyviausiy prietaisy, naudojan¢iy EC medziagy spinduolius, charakteristikos
pateiktos 37 lenteléje. Visi spinduoliai Siame skyrelyje skleidé zalig Sviesa. Spinduolis
EC2 [104], panaudotas organiniame Sviestuke DEC2, pasieké aukstas CE, PE ir EQE
vertes — atitinkamai 61,8 cd/A, 40,4 Im/W ir 19,7 %. Dariniai EC3 ir EC4 [203] taip
pat demonstravo aukstg efektyvuma, o i$ jy Siek tiek geresnes charakteristikas parodé
spinduolis EC3. Nelegiruotg emisinj sluoksnj turintis prietaisas D1EC3 demonstravo
jspudingas charakteristikas — CE, PE ir EQE atitinkamai sieké 76,9 cd/A, 71,0 Im/W
ir 29,0 %. Spinduolio dispergavimas matricoje Sviestuke D2EC3 dar padidino
efektyvuma iki 82,9 cd/A CE, 70,1 Im/W PE ir 33,3 % siekian¢io EQE. Galiausiai
TADF spinduolis EC11 [205], savo struktiiroje turintis elektrony donory tiantreno ir
9,10-dihidro-9,9-dimetilakridino ~ fragmentus, panaudotas prietaiso DECI11
emisiniame sluoksnyje, pasieké 57,8 cd/A CE, 38,8 Im/W PE ir 22,2 % EQE vertes.

37 lentelé. TADF OLED, naudojanciy spinduolius EC2, EC3, EC4 ir ECI11,
charakteristikos

. . . |SkleidZziama|Von,| Lmaxs, | CE, | PE, |EQOE, 5 1. .
Prietaisas| Spinduolis Sviesa V | cd/m? | cd/A lim/W OQ/O CIE (x;y) |Saltinis
DEC2 EC2 Zalia 3,6 [116000] 61,8 | 40,4 | 19,7 | (0,26; 0,56) | [104]
DIEC3 EC3 Zalia 3,2 178540 76,9 | 71,0 | 29,0 | (0,21;0,47) | [203]
D2EC3 EC3 Zalia 3,2 | 71150 | 82,9 | 70,1 | 33,3 | (0,20; 0,42) | [203]
DIEC4 EC4 Zalia 3,0 | 54450 ] 53,2 | 51,5 ] 21,6 | (0,20; 0,42) | [203]
D2EC4 EC4 Zalia 3,2 142550 ] 77,2 | 65,0 | 32,9 | (0,19;0,38) | [203]
DECI1 EC11 Zalia 4,2 115600 | 57,8 | 38,8 | 22,2 | (0,18;0,41) | [205]

Apibendrinant §i apzvalga parodo, kad benzfenony dariniai su skirtingais
elektrony donorais turi didelj potencialg juos pritaikant Ph\OLED ir TADF OLED
matricoms ar jvairiy OLED konstrukcijy spinduoliams. Nuolatiné naujy
elektroaktyviy benzfenono dariniy sintezé ir tyrimai gali prisidéti prie biisimy OLED
prietaisy kokybeés ir efektyvumo.

5.2.5. Susuktos struktiiros daugiafunkciai bikarbazolilo-difenilsulfono dariniai,
giliai mélyng ir Zalig Sviesa skleidZiantiems OLED

Sis skyrius parengtas pagal straipsnj, paskelbta zurnale Nanomaterials, 2023,
13, 8, P Gautam, S. Shahnawaz, 1. Siddiqui, D. Blazevicius, G. Krucaite, D.
Tavgeniene, J.-H. Jou and S. Grigalevicius [206].

Sio darbo metu buvo susintetinti nauji bikarbazolilo dariniai, turintys centrinj
difenilsulfono fragmentg. Sintezei buvo pasitelkta trijy stadijy procedira, kaip
pavaizduota 10 schemoje.

I8 pradziy 3,3'-bikarbazolas (1) buvo gautas oksiduojant karbazola gelezies (II1)
chloridu. Paskui buvo vykdoma N-alkilinimo reakcija tetrahidrofurane tarp
bikarbazolo (1) ir jvairiy alkil- arba benzilbromidy, reakcijoje dalyvaujant kalio
hidroksidui ir kalio karbonatui. Susidare jvairiis 9-alkil-9'H-3,3'-bikarbazolai (2-4) ir
9-benzil-9'H-3,3'-bikarbazolas (5) dalyvavo paskutingje sintezés stadijoje, kuri buvo
nukleofilinio pakeitimo reakcija su vieng arba du fluoro atomus turinCiu
difenilsulfonu. Siy reakcijy, atlikty dimetilsulfokside (DMSO) su kalio karbonatu kaip
baze, metu buvo gautos tikslinés medziagos 14 (DB13), 15 (DB43), 16 (DB24) ir
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17 (DB34). Naujai susintetinty dariniy strukttiros buvo identifikuotos naudojant MS
spektrometrija ir BMR spektroskopija, o gauti duomenys sutapo su teoriskai
pasiiilytomis struktiiromis. Junginiai 14 (DB13), 15 (DB43) ir 16 (DB24) turéjo
jvairaus ilgio alifating grandinéle (-es), i$skyrus junginj 17 (DB34), i kurio struktiirg
buvo jtrauktas benzilfragmentas. Inoue ir kt. atliktame tyrime buvo tiriama alkilo
grandinglés ilgio jtaka organiniy junginiy tirpumui [207]. Pastebéta bendra tendencija
rodo, kad ilgesné alifatiné grandinélé pagerina molekulés tirpuma suderinamame

tirpiklyje.

OO
(05“' 14 ( DB13) (829%)
N,, DMSO, K,CO3 15 (DB43) (89%0)

4h, 150°C

Q NH
H
N
FeClz, CHCIy R-Br, KOH, K,CO;
20°C, 15min THF, Reflux, 12h.
: i

9
4h 150°C

N HN - S@ QQ
w9 x?xb |

(12,16)  (13,17)
10 schema. Bikarbazolildifenilsulfono dariniy sintezé

N,, DMSO, K;CO,

16 (DB24) (96%)
17 (DB34) (91%)

Naujieji dariniai pasizymeéjo aukStomis, 50 % virSijanCiomis PLQY vertémis.
Buvo registruojami kiekvienos medziagos UV-RS absorbcijos, PL ir LTPL spektrai, o
gauti duomenys panaudoti E, Es ir E7 apskai¢iuoti. TRPL matavimai atlikti siekiant
nustatyti fotoemisijos gesimo trukme¢, o CV matavimai padéjo nustatyti HOMO ir
LUMO vertes. Termines savybes iStyrus TGA ir DSK metodais paaiskéjo, kad
medziagos pasizymi auk$tu atsparumu kaitinimui ir yra amorfinés, jy 7, vertés yra
aukstos. Visos matuotos terminés, fotofizikinés ir elektrocheminés medziagy savybés
apibendrintos 38 lenteléje.

38 lentelé. Terminés, fotofizikinés ir elektrocheminés dariniy 14 (DB13), 15 (DB43),
16 (DB24) ir 17 (DB34) savybés

.. o o~| Eo | PLQY, | PL gesimas, | HOMO, |LUMO,| Es, | Er, |4Est,
Medziaga |Tp, °C| T, °C eV % ns eV eV eV | eV | eV
14 (DB13) | 430 | 154 |3,16] 50,5 3,30 5,73 2,57 13,10]2,78]0,32
15 (DB43) | 365 | 154 [3,26] 66,5 3,30 5,69 2,43 [3,2312,7710,46
16 (DB24) | 391 82 13,30 61,8 3,70 5,71 241 [3,1212,77]0,35
17 (DB34) | 383 | 125 |3,28] 68,5 2,70 5,77 2,49 [3,14]12,80]0,34

Naujy junginiy savybés leidzia juos pritaikyti organiniuose Sviestukuose tiek
spinduoliams, tieck matricoms. Mélyng Sviesg skleidziantys OLED buvo sukonstruoti
pasitelkiant naujgsias medziagas kaip spinduolius, suformuojant legiruotus ir
nelegiruotus emisinius sluoksnius turinius $viestukus, kuriy struktiira 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 eksperimenty
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efektyviausias darinys Sioje taikymo srityje buvo 14 (DB13). EL charakteristikos su
prietaisy efektyvumo rodikliais pavaizduoti 57 pav. ir 39 lenteléje.
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57 pav. Prietaisy, turin¢iy 14 (DB13) spinduolj: (a) EL spektras bei (b) srovés tankio
ir jtampos, (c) energinio efektyvumo ir skaiscio, (d) srovés efektyvumo ir skaisc¢io
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39 lentelé. Prietaisy, naudojanciy fluorescuojantj DB13 spinduolj, charakteristikos

. . Von, | PEmaks, | CEmaks., | EQEmaks, | CIE (X;y), esant 100/1000 | Liaks,
0,

Spinduolis | m% | ™| W | ed/a % cd/m? cd/m?
5 | 46 1,1 1,8 34 (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

14 DB13) =551 16 22 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 aukstesnj srovés tankj nei legiruoti,

bet jo bendras

efektyvumas

buvo mazZesnis.

Geriausias

charakteristikas

pademonstravo prietaisas, savo emisiniame sluoksnyje turintis 10 m% 14 (DB13)
spinduolio. Maksimalus PE ir CE siek¢ atitinkamai 2,0 Im/W ir 2,5 cd/A esant zemai
3,7 eV jsijungimo jtampai Von. Be to, Sis prietaisas pasieké 4,0 % EQE, kuris artéja
prie teorinés efektyvumo ribos fluorescuojantiems spinduoliams ir pasizymi giliai
mélyna §viesos emisija.
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Be to, junginiai 14 (DB13), 15 (DB43), 16 (DB24) ir 17 (DB34) buvo pasirinkti
kaip OLED matricos dél jy pladios draustinés juostos ir aukstos Er. Zalig $viesa
skleidzian¢iuose OLED prietaisuose buvo panaudotas tiek fosforescuojantis
spinduolis Ir(ppy)s, tiek TADF spinduolis 4CzIPN. Formuoty prietaisy energiniy lygiy
diagramos pavaizduotos 58 pav., o prietaisy struktiira 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)s 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).

(@) Matrica (b) Matrica
2.7 67 2,68 2,71 27
33 33
= Tl | | e |
B B -
=5 = = | LiF/AL =R ST | =g |LiFAl
™ & = T =2 - 2=
mo L_£ S ITO ;. 2|28 ][=E| ¢
52 S50 52 S0 [Fiibleeat]eead i
6.2 597 596 597 5

.......................

58 pav. Zalig $viesa skleidzian¢iy, 14 (DB13), 15 (DB43), 16 (DB24) ir 17 (DB34)
matricas naudojan¢iy OLED energetiniy lygiy diagramos (eV), naudojant spinduolj
(a) Ir(ppy)s arba (b) 4CzIPN.

ISbandZzius visus naujus junginius zaliai fosforescuojanciy Sviestuky matricoms,
geriausios charakteristikos buvo pasiektos su dariniu 14 (DB13). Jj savo strukttiroje
naudojusiy Sviestuky efektyvumo rodikliai pateikti 40 lenteléje, i§ kurios matyti, kad
didziausias efektyvumas pasiektas prietaiso, savo emisiniame sluoksnyje turéjusio
12,5 m% spinduolio Ir(ppy)s. Sio prietaiso maksimalus PE buvo 45 Im/W, didziausias
CE — 43 cd/A, o EQE pasieké 10,6 %. Prietaiso efektyvumas taip pat mazai krito
didinant skaistj.

40 lentelé. Prietaisy, naudojanciy matrica 14 (DB13), legiruota spinduoliu Ir(ppy)3,
charakteristikos

Matica PP o v PEImMW | CE,cd/A | EQE% Lo,
m% Maks. / Esant 1000 cd/m? cd/m
10 2,6 40,0/32,1 41,1/40,9 11,1/11,1 33870
(D]13413) 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 iSbandyti
kaip matricos TADF spinduoliui 4CzIPN. Tarp suformuoty prietaisy geriausias
charakteristikas demonstravo OLED, turintis 3 m% 4CzIPN spinduolio disperguoto
17 (DB34) matricoje. Sio prietaiso PE, CE ir EQE sieké atitinkamai 37,5 Im/W,
33,5cd/A ir 10,8 %. Detalizuotos prietaisy, naudojanciy 17 (DB34) matrica,
charakteristikos pateiktos 41 lenteléje.
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41 lentelé. OLED prietaisy, naudojanciy matrica 17 (DB34), charakteristikos

Matrica |"CZPN v v —LE: Im/W | CEcd/A | EOE,% Linaks.
m% ’ Maks. / Esant 1000 cd/m? cd/m?

17 1 2,7 30,4/10,2 27,1/14,7 8,9/5,0 3782
(DB34) 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 virsijo daugelio publikuoty
fosforescuojanciy OLED prietaisy EQE [212], taciau PE ir Liaks. charakteristikos Siek
tiek atsilieka. Tai galima sieti su tripletiniy biiseny naikinimo reiskiniu. Susintetinty
junginiy struktiiry koregavimas, siekiant dar labiau sumazinti AEsr, galéty padéti
efektyviau iSnaudoti tripletinius eksitonus, o tai gali pagerinti zalig Sviesa
skleidzian¢iy TADF OLED veikima.

5.2.6. Donoro-akceptoriaus-donoro tipo bikarbazolilo-benzfenono medZiagos
kaip efektyviis mélynai fluorescuojantys organiniy Sviestuky spinduoliai

Sis skyrius parengtas pagal straipsnj, paskelbtg zurnale 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].

Siame darbe buvo susintetinta serija susuktos erdvinés struktiiros
bikarbazolilbenzfenono medziagy. Tiksliniai dariniai buvo gauti naudojant trijy
pakopy sintezés procediira, kaip ir ankstesniame skyriuje, pavaizduota 11 schemoje.

“iD’ NH
FEC'3 CHCly O R-Br, KOH, K,CO3 O
_
20 C, 15min THF, Reflux, 12h.

o

jogoWe

19 (DB14) (77%) \
20 (DB23) (83%)
21 (DB29) (92%

N,, DMF, NaH
4h, 150 (¢

11,12, 18
9

41 43%
HN
O R

(0.5eq)
R==% *\_\ * *
(11, 19) m
(12, 20) (18, 21)

11 schema. Bikarbazolilbenzfenono dariniy sintezé

Pirmosios dvi sintezés stadijos, apimancios 3,3'-bikarbazolo (2) gavimg
oksiduojant 9H-karbazolg (1) ir pagaminto 3,3'-bikarbazolo reakcija su
alkilbromidais, aprasytos ankstesniame skyriuje.  Paskutinéje  stadijoje
monoalkilpakeistas bikarbazolas reagavo su 4,4'-difluorbenzfenonu DMF tirpale,
naudojant natrio hidridg kaip baze¢. Gautyjy tiksliniy medziagy teoriSkai pateiktos
strukttiros buvo patvirtintos naudojant MS ir BMR spektroskopija.

Dariniai 19 (DB14), 20 (DB23) ir 21 (DB29) pasizyméjo aukStomis, 52 %
vir§ijang¢iomis PLQY vertémis, o UV-RS absorbcijos spektras buvo panaudotas E,
nustatyti, kuris buvo nuo 3,02 eV iki 3,08 eV, o tikslios PLQY ir E, vertés pateiktos
42 lentelé¢je. Es ir Er vertés buvo nustatytos i§ PL ir LTPL spektry, o
fotoliuminescencijos gesimo kinetika tyrinéta TRPL metodu. Es ir Er vertés kartu su
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fotoliuminescencijos gesimo laiku pateiktos 42 lentel¢je. CV matavimai padéjo
apskaic¢iuoti HOMO ir LUMO energines vertes, o terminés naujy medziagy savybés
buvo tyrinétos TGA ir DSK metodais. TGA tyrimai atskleidé, kad medziagos
pasizymi aukstu terminiu stabilumu, o 7, vertés visoms medziagoms virSijo 380 °C.
DSK matavimai atskleidé, kad visos tirtos medziagos yra amorfinés ir pasizymi
aukStomis 7, vertémis. HOMO, LUMO vertés ir terminés medziagy savybés taip pat
apibendrintos 42 lenteléje.

42 lentelé. Optoelektrinés ir terminés medziagy 19 (DB14), 20 (DB23) ir 21 (DB29)

savybés

Medziaga (OTéi) (0%) fﬂg} PL()/?K PL gissimas, HOel\\//[O, LUel\\//IO, s, eV|Er eV Af\ir,
(D]13914) 462 | 145 (3,05| 55,6 3,40 -5770 | -2.65 | 3,32 | 2,83 | 0,49
(D2B023) 383 | 104 [3,08| 52,0 2,67 -5,63 | -2,55 | 3,19 | 2,84 | 0,35
(D]23129) 3841 95 [3,08| 55,5 3,57 -5,66 | —2,64 | 3,22 | 2,73 | 0,49

Norint jvertinti naujy dariniy tinkamumga naudoti spinduoliams, buvo pagaminti
OLED prototipai, o jy energiniy lygiy schema pavaizduota 59 pav.
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9 | : 4,30
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H I

mo 490 i i
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i !

! ;

=-=== CBP (2,90, 6,00) 6,20

59 pav. Mélyna Sviesg skleidzianciy, 19 (DB14), 20 (DB23) ir 21 (DB29)
spinduolius naudojan¢iy OLED energiniy lygiy diagrama (eV)

Sie prietaisai savo emisiniuose sluoksniuose naudojo spinduolius 19 (DB14),
20 (DB23) ir 21 (DB29), disperguotus CBP matricoje. OLED struktira buvo
ITO/PEDOT:PSS/CBP: spinduolis 19 (DB14), 20 (DB23) ir 21 (DB29) (5, 10, 15 arba
100 m%)/TPBi/LiF/Al. Visy prietaisy skleidziama emisija buvo apie 470 nm bangos
ilgio, kas indikuoja mélynos spalvos Sviesa, o visy Siame tyrime suformuoty OLED
prietaisy charakteristikos pateiktos 43 lenteléje.
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43 lentelé. OLED prietaisy, naudojan¢iy melyna Sviesg skleidziancius
fluorescuojancius spinduolius 19 (DB14), 20 (DB23) ir 21 (DB29), charakteristikos

. . VON, PEm'dkS.a CEmaks.’ EQEmaksAa CIE (X; y)a esant 100 LmaksA,
0

Spinduolis| m% | "7 T L /A % ¢d/m? cd/m?
5 (50| 309 65 27 (0.22: 0.36) 2051

10 | 51| 44 7.6 33 (0.21: 0.33) 3175

19 B =59 24 4.9 2.4 (0.20: 0.28) 1884
100] 61| 04 0.8 0.4 (0.26: 0.40) 515

5 [57] 2.1 3.8 23 (0.17: 0.07) 883

10 |52 17 2.6 5.3 (0.19: 0.22) 1620

20DB23) 550 32 5.3 2.7 (0.20: 0.27) 2076
10051 1.0 1.8 0.7 (0.26: 0.44) 875

5 54| 2.1 3.9 23 (0.19: 0.22) 1578

10 | 57| 44 6.5 3.1 (0.20: 0.27) 2251

200B2) 547 79 9.1 4.0 (0.21: 0.31) 2631
100 48| 14 1.8 0.7 (0,26; 0,44) 884

OLED prietaisas, savo emisiniame sluoksnyje naudojes 10 m% spinduolio
20 (DB23) pasieke auksciausia EQE Siame tyrime, kuris sieké 5,3 %, o tai net Siek
tiek virsija teorinj fluorescuojanciy spinduoliy efektyvumo limitg [54].

Sis aukstesnis efektyvumas greiciausiai atsiranda dél ilgy, $akoty alkilo $oniniy
grandinéliy molekuléje, padidinan¢iy medziagos tirpumg ir pagerinanciy sluoksniy
formavimo savybes. Nors 20 (DB23) prietaisas pademonstravo didziausiag EQE,
OLED, naudojes 21 (DB29) spinduolj, pranoko kitus pagal PE ir CE — atitinkamai
7,9 Im/W ir 9,1 cd/A. Sis pranasumas gali biiti siejamas su optimaliais HOMO ir
LUMO lygiais, palengvinanéiais efektyvy energijos perdavimg i§ matricos
spinduoliui. Be to, jtraukus du bikarbazolilo elektrony donoro fragmentus, buvo
subalansuota kriivio pernasa, dar labiau pagerinant gauty prietaisy efektyvuma.

5.2.7. Donoro-akceptoriaus tipo bikarbazolilo-benzfenono junginiai Kkaip
potencialiis mélyng Sviesa skleidZiantys TADF spinduoliai

Sis skyrius parengtas pagal straipsnj, paskelbtg Zurnale Molecules, 2024, 29, 7,
L Siddiqui, P. Gautam, D. Blazevicius, J. Jayakumar, S. Lenka, D. Tavgeniene, E.
Zaleckas, S.Grigalevicius and J.-H. Jou [214].

Sioje tyrimy stadijoje buvo susintetinti nauji elektroaktyviis junginiai, turintys
benzfenono elektrony akceptoriy, prijungta prie bikarbazolilo elektrony donorinio
fragmento. Naujieji dariniai buvo susintetinti trijy pakopy sintezés, pavaizduotos
12 schemoje, metu. I§ pradziy 9H,9'H-3,3'-bikarbazolas (2) gautas 9H-karbazola
oksidavus gelezies (III) chloridu. Toliau gautasis bikarbazolas reagavo su jvairiais
alkilbromidais THF tirpale, siekiant iSgauti tarpines monopakeistas medziagas (9-
alkil-9°H-3,3'-bikarbazolus) 3-8. Paskutiné reakcijos stadija buvo junginiy 3-8
nukleofilinio pakeitimo reakcija su 4-fluorbenzfenonu DMSO tirpale, naudojant kalio
karbonatg kaip baze, taip gaunant tikslinius darinius 24 (DB37), 25 (DB38),
26 DB39), 27 (DB40), 28 (DB41) ir 29 (DB44). MS ir BMR tyrimai patvirtino visy
medziagy struktiras. Susintetintuose junginiuose esanc¢ios jvairaus ilgio alifatinés

111



grandinélés padidino tirpumg jprastuose organiniuose tirpikliuose ir atvéré kelig
ekonomiskam OLED formavimui i$ tirpaly.

O NH
N o
N
FeCls, CHC, O R-Br, KOH, K,CO3 Ny, DMSO, K,COy, 4h, 150°C
20°C, 15min THF, Reflux, 12h. 1012,18,22,23 O O O
1 O o O 27—'44y‘%) 1/‘)1\‘
Nons
HN Q N
R

R= = * * * * *
(1;2\8) jﬂxﬁ\h

(11, 29) (22, 24)

24 (DB37) (91%)
25 (DB38) (94%)
26 (DB39) (79%)
27 (DB40) (95%)
28 (DBA41) (82%)
29 (DB44) (90%)

(23,25 (12,26)  (18,27)

12 schema. D-A struktiiros bikarbazolilo junginiy sintezé

Terminés ir morfologinés medziagy 24 (DB37), 25 (DB38), 26 (DB39),
27 (DB40), 28 (DB41) ir 29 (DB44) savybés buvo tiriamos DSK ir TGA metodais,
bandinius kaitinant 10 °C/min grei¢iu azoto aplinkoje. Buvo pastebéta, kad visi
tiksliniai junginiai pasizymi auk$tomis destrukcijos temperatiiromis, vir§ijanéiomis
370 °C. DSK tyrimy antrojo kaitinimo dariniy 24 (DB37), 25 (DB38), 26 (DB39), 27
(DB40), 28 (DB41) ir 29 (DB44) termogramos pavaizduotos 60 pav.

ﬁ/tfsfc
Al T T
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5 —— DB44
— 0 —
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—
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_ o
Temperatura, C

60 pav. Dariniy 24 (DB37), 25 (DB38), 26 (DB39), 27 (DB40), 28 (DB41) ir 29
(DB44) antrojo DSK kaitinimo kreiveés

Rezultatai rodo, kad medziagy stiklé¢jimo temperatiira tiesiogiai priklauso nuo
alifatinés grandinélés ilgio. Pavyzdziui, trumpiausig etilgrandinéle turéjes darinys
28 (DB41) pasizyméjo auksciausia 102 °C siekiancia 7T,, kuri mazéjo ilgéjant
alifatinei grandinélei, o ilgiausig oktilgrandinéle turéjes darinys pasizymeéjo Zemiausia
Ty, siekiancia 57 °C. Terminés medziagy savybés pateiktos 44 lenteléje.

Naujos medziagos PLQY vertés buvo gana nemazos — sieké nuo 45,3 % iki
75,5 %. Visos PLQY vertés pateiktos 44 lenteléje. Tyrinégjant medziagy UV-RS
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absorbcija, buvo pastebéta, kad visi junginiai demonstruoja du absorbcijos pikus esant
380 nm ir 410 nm. Sio tyrimo duomenys buvo panaudoti nustatant junginiy E, vertes,
kurios svyravo nuo 3,07 eV iki 3,10 eV. CV matavimai buvo atlikti sickiant nustatyti
HOMO ir LUMO energinius lygmenis, kurie kartu su £, vertémis pateikti 44 lenteléje.
HOMO ir LUMO vertes buvo tinkamos siekiant junginius pritaikyti kaip spinduolius
mélyng Sviesa skleidzianciuose OLED, emisiniame sluoksnyje kartu naudojant
matricg CBP. Dariniy PL spektrai buvo uzra$yti siekiant nustatyti Es vertes, naudojant
absorbcijos ir PL linijy susikirtimo taska. Er vertés dariniams buvo nustatomos
naudojant LTPL spektra ir pirmojo piko liestinés ir x asies sankirtos taska. Medziagy
24 (DB37), 2 (DB38), 26 (DB39), 27 (DB40), 28 (DB41) ir 29 (DB44) Esir Er vertés
pateiktos 44 lenteléje. Su visais junginiais taip pat buvo atlikti ir TRPL eksperimentai,
siekiant nustatyti fotoliuminescencijos gesimo trukmes, kurios sieké nuo 1,88 ns iki
6,28 ns, o tikslios vertés nurodytos 44 lenteléje.

44 lentelé. Optoelektronings ir terminés medziagy 24 (DB37), 25 (DB38), 26 (DB39),
27 (DB40), 28 (DB41) ir 29 (DB44) savybés

. . | Ta, | Te, | Es, | PLOY, |PL gesimas,| HOMO, |LUMO, AEsr,
Spinduolis | c | o é eéf (Vg g ns oV oV Es,eV|Er, eV oV
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| 75,5 427 -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) | 374102 [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

Atsizvelgiant | naujy benzfenono dariniy savybes, buvo nuspresta jvertinti jy
kaip spinduoliy veikimg paprastos struktiiros, i$ tirpaly suformuotose OLED, kuriy
emisiniai sluoksniai suformuoti i§ spinduoliy 24 (DB37), 25 (DB38), 26 (DB39),
27 (DB40), 28 (DB41) ar 29 (DB44), disperguoty CBP matricoje. Prietaisy energiniy
lygiy diagrama pavaizduota 61 pav., o prietaisy, naudojanciy efektyviausig spinduolj
Siame darbe 26 (DB39), charakteristikos pateiktos 45 lenteléje.

Spinduoliai

L

[ |
258 261 260 259 504 262

2,70
3,30 | :
w |i i
g | =
5 [ i 430
2 {8
o iR | LiFa
5,20 ; !
o 490 ! i
| 567 i
i 987 570 568 569 5,69
i 573 l
---- CBP (2,90, 6,00) 6,20

61 pav. Mélyna Sviesa skleidzianciy, 24 (DB37), 25 (DB38), 26 (DB39), 27 (DB40),
28 (DB41) ar 29 (DB44) spinduolius naudojan¢iy OLED sluoksniy energiniy lygiy
diagrama (eV)
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Prietaisy strukttiras sudaro 125 nm ITO anodo sluoksnis, 35 nm PEDOT: PSS
skyliy injekcijos sluoksnis, 30 nm emisinis sluoksnis, susidedantis i§ CBP matricoje
disperguoty spinduoliy (5 m%, 10 m%, 15 m% ir 100 m%). Elektrony pernasos
sluoksniui buvo naudojamas TPBi (32 nm), li¢io fluoridas (0,8 nm) buvo naudojamas
kaip elektrony injekcijos sluoksnis, o aliuminis (150 nm) — kaip katodas.

45 lentelé. Prietaisy, savo emisiniame sluoksnyje naudojanciy spinduolj 26 (DB39),
charakteristikos

Spinduo Y Von, | PEmaks., CEmaks, | EQEmaks, | CIE (X,y), esant 100 | Lmaks,

lis | "2 v Im/W cd/A % cd/m? cd/m?

5 4,0 33 37 2.1 (0,18, 0,20) 2818

26 10 | 3,5 4.4 4.9 22 (0,18, 0,23) 3430
(DB39)| 15 | 39 4.1 57 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), parodé geriausias savybes tarp
Sioje stadijoje pagaminty prietaisy. Sios geresnés charakteristikos gali biti siejamos
su ilgos ir Sakotos 2-etilheksil alifatinés grandinélés buvimu medziagos struktiiroje,
potencialiai pagerinant junginio tirpuma ir sluoksniy formavimo savybes i§ tirpaly
liejamiems OLED [217]. Be to, tinkami HOMO ir LUMO lygiai palengvina efektyvy
energijos perdavima i§ matricos spinduoliui, o elektrony akceptoriaus benzfenono
fragmento ir bikarbazolilo elektrony donoro fragmento derinys subalansuoja kriivio
pernasg ir efektyvy eksitony naudojima [218,219]. Prietaisas, kurio emisiniame
sluoksnyje buvo 10 m% spinduolio 26 (DB39), demonstravo didziausiag PE — 4,4
Im/W, bet geriausias bendras efektyvumas buvo pasiektas, kai prietaiso emisiniame
sluoksnyje buvo 15 m% spinduolio 26 (DB39). Sio prietaiso PE, CE ir EQE pasické
atitinkamai 4,1 1Im/W, 5,7 cd/A ir 2,7 %. Sis tyrimas parodé benzfenono ir
bikarbazolilo fragmenty potencialg organiniy puslaidininkiy sintezéje ir atskleide,
kaip galima kontroliuoti termines bei sluoksniy formavimo savybes naudojant ir
modifikuojant alifatines grandinéles naujy junginiy struktiiroje.

5.3. Isvados

Sioje disertacijoje pateikti rezultatai parodo kelis galimus OLED technologijos
tobulinimo budus. Darbe pristatomos naujos struktiiros medziagos, taikomos
efektyviy OLED matricoms ir spinduoliams, pavyzdziui:

1. Susintetintos ir charakterizuotos naujos medziagos, turinCios oksetano,
karbazolo ir metoksipiridino fragmentus. [rodyta, kad naujieji dariniai gali buti
pritaikomi kaip efektyvios PhOLED matricos. Geriausias mélyng Sviesg skleidZiantis
prietaisas demonstravo 10,3 % iSorinj kvantinj efektyvuma, o nasiausias Zalig Sviesa
skleidziantis prietaisas parodé 9,4 % iSorinj kvantinj efektyvuma.

2. Karbazolu ar fenoksazinu pakeisti mazamolekuliai oksetano dariniai buvo
susintetinti paprastos, vienos stadijos sintezés metu. Naujy medziagy savybiy tyrimai
parodé, kad jos yra tinkamos geltong Sviesg skleidzianc¢iy PhOLED matricoms, o
efektyviausias prietaisas pasiekeé 10,9 % iSorinj kvantinj efektyvuma.

3. Anksciau susintetinta fenoksazino ir oksetano fragmentus turinti medziaga
buvo isbandyta kuriant Zvakés Sviesos OLED. Irodytas aukStas medZziagos
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efektyvumas jg pritaikius kaip matricg — tikslinis prietaisas pasieké 10,2 % iSorinj
kvantinj efektyvuma, 1690 K spalving temperatiirg ir rekording didziausig leidziamaja
poveikio ribg, siekianCig 57 696 s, Siomis charakteristikomis lenkiant komercine
matricag CBP naudojusj prietaisa.

4. Apzvelgus naujausia elektroaktyviy benzfenono dariniy pazanga jrodyta, kad
benzfenono fragmentas turi didelj potencialag kuriant efektyvias matricas ir
spinduolius OLED technologijai.

5. Susintetinti ir charakterizuoti  bikarbazolilo-difenilsulfono  dariniai,
pasizymintys susukta donoro-akceptoriaus-donoro struktiira. Siy medZiagy
daugiafunkciskumas buvo jrodytas juos i§ pradziy pritaikant giliai mélyng Sviesa
skleidziantiems spinduoliams, suformuojant 4,0 % iSorinj kvantinj efektyvuma
pasiekusj prietaisg. Sios medZiagos taip pat parodé gerus rezultatus jas i¥bandZius
zalia Sviesa skleidzianciy fosforescuojanciy ir TADF OLED matricoms, o
efektyviausi prietaisai pasieké atitinkamai 10,6 % ir 10,8 % siekiantj iSorinj kvantinj
efektyvuma.

6. Susintetinta ir charakterizuota grupé susuktos donoro-akceptoriaus-donoro
struktiiros junginiy, naudojant bikarbazolg kaip elektrony donorg ir benzfenong kaip
elektrony akceptoriy. Nustatyta, kad Sios medziagos yra ypac efektyviis mélyna Sviesg
skleidziantys fluorescuojantys spinduoliai. NaSiausias OLED pasieké 5,3 % iSorinj
kvantinj efektyvuma, o tokia verté yra apylygé teoriniam fluorescuojanc¢iy OLED
efektyvumo limitui.

7. Susintetinta ir charakterizuota serija elektroaktyviy bipoliniy donoro-
akceptoriaus struktiiros dariniy, pasitelkiant benzfenong ir bikarbazola kaip
pagrindinius fragmentus. Tyrimai parodé, kad naujieji dariniai yra tinkami juos
pritaikyti kaip mélyna Sviesa skleidzianc¢ius fluorescuojancius spinduolius, o
efektyviausias OLED Siame tyrime rodé 2,7 % iSorinj kvantinj efektyvuma.

Pasiekti rezultatai jrodo didelj fenoksazino ir karbazolo medziagy potenciala
didinant OLED prietaisy efektyvumg. Tyrimai apémé daug zadancias medziagas,
skirtas PhOLED matricoms, kai kurios i§ jy susintetintos taikant paprasta vienos
stadijos sinteze, potencialiai atveriant kelig didesnés apimties geltong ar Zvakeés Sviesg
skleidzian¢iy OLED matricy sintezei. Be to, bikarbazolo dariniai parodé auksta
efektyvuma tiek kaip mélynai fluorescuojantys spinduoliai, tiek kaip zalig Sviesa
skleidzian¢iy OLED matricos. Tyrimai taip pat pabrézé alifatiniy grandinéliy
vaidmen;j optimizuojant sluoksniy formavimo savybes ir dariniy tirpumg. Nepaisant
pasiekty rezultaty, OLED efektyvuma biity galima dar labiau pagerinti optimizuojant
prietaisy struktiiras ir sluoksniy storius, taip pat mazinant bikarbazolo dariniy AEsr
strukttiriniy pakeitimy metu, siekiant efektyviau panaudoti tripletinius eksitonus.
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Abstract: Pyridinyl-carbazole fragments containing low molar mass compounds as host derivatives
H1 and H2 were synthesized, investigated, and used for the preparation of electro-phosphorescent
organic light-emitting devices (PhOLEDs). The materials demonstrated high stability against ther-
mal d with the dec iti of 361-386 °C and were suitable for the
prep ion of thin phous and h layers with very high values of glass transition
temperatures of 127-139 °C. It was determined that triplet energy values of the derivatives are,
correspondingly, 2.82 eV for the derivative H1 and 2.81 eV for the host H2. The new derivatives
were tested as hosts of emitting layers in blue, as well as in green phosphorescent OLEDs. The
blue device with 15 wt.% of the iridium(III)[bis(4,6-difluorophenyl)-pyridinato-N,C2' ]picolinate
(FIrpic) emitter doping ratio in host material H2 exhibited the best overall characteristics with a
power efficiency of 24.9 Im/W, a current efficiency of 23.9 cd /A, and high value of 10.3% of exter-
nal quantum efficiency at 100 cd/m?. The most efficient green PAOLED with 10 wt% of Ir(ppy)3
[tris(2-phenylpyridine)iridium(Ill)} in the H2 host showed a power efficiency of 34.1 Im/W, current
efficiency of 33.9 cd/ A, and a high value of 9.4% for external quantum efficiency at a high brightness
of 1000 cd/m?, which is required for lighting applications. These characteristics were obtained in
non-optimized PhOLEDs under an ordinary laboratory atmosphere and could be improved in the
optimization process. The results demonstrate that some of the new host materials are very promising
for the de of efficient phosphorescent devices.

P P

comp

Keywords: carbazole; triplet energy; amorphous film; current efficiency; host material; emitter

1. Introduction

OLED:s (organic light-emitting devices) receive a lot of attention due to their growing
applications in solid-state lighting devices, as well as in flat-panel display technologies [1].
The OLED-based displays are already demonstrated in the market starting from the last
several years, and lighting technologies were also presented rapidly [2,3]. In the emerg-
ing technologies of organic electronics, phosphorescent organic light-emitting diodes
(PhOLED:s) are among the most mature devices. In such a type of device, discovered in
1998, the emitting layer is constituted of a heavy-metal complex emitter dispersed within a
host material in order to harvest both singlet and triplet excitons. This technique allows
the PhOLED to reach an internal quantum efficiency (IQE) of 100%, whereas the IQE of
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a fluorescent OLED is only 25%. At this time, the phosphorescent derivatives are ideal
for the production of the devices with high efficiency due to the exploitation of singlet
and triplet excitons of the emitters simultaneously through intersystem crossing [4-7].
In the phosphorescent OLEDs (PhOLEDs), the mentioned triplet emitters in layers are
dispersed as emitting guests in host materials to decrease quenching due to relatively
long excited-state lifetimes of the triplet emitting materials and to reduce triplet-triplet
annihilation. For these reasons, the required host derivatives are widely synthesized and
investigated for the production of the PhAOLEDs [8-10].

It is important for the efficient electro-phosphorescence that the triplet level energy
of a used host derivative would be higher than that of the used triplet dopant to prevent
reverse energy transmittance from the emitter back to the host and to confine as many as
possible triplet excitons on guest structures [11-13]. Another requirement for the effective
operation of the PhROLEDs is the ability of the host to create amorphous and stable layers
with high values of the glass transition temperature. The film-forming property ensures
that the guest molecules stay uniformly dispersed in the host material to decrease the
possibility of concentration quenching.

It was described earlier that various compounds containing electronically isolated
indolyl and/or carbazolyl substituents have rather large values of the triplet energy and
are useful amorphous hosts for the PhOLEDs [14-18]. Here, we describe new well soluble
pyridinyl-carbazole-based host materials for solution-processed emitting layers of the
electro-phosphorescent technologies. The bipolar nature of the aromatic chromophore of
the derivatives is responsible for bipolar charge transfer in the emitting layer. On the other
hand, the oxetane unit in the structure affects the high glass transition temperature of the
materials, as well as improved film-forming properties.

2. Experimental
2.1. Preparation of the Objective Materials

9H-carbazole (1), 3,3-bis(chlormethyl)oxetane, boronic acid of 2-methoxy-3-pyridine,
6-boronic acid of 6-methoxy-3-pyridine, KOH, K,CO3, butan-2-one, tetrahydrofuran (THF),
and catalyst PdCl;(PPhs), were received from Aldrich and used without purification.

The 3-lodo-9H-carbazole (2) was synthesized by using Tucker’s method [19].

The 3,3-Di(3-iodo-9-carbazolylmethyl)oxetane (3) was prepared by reaction of the 3,3-
di(chloromethyl)oxetane and 3-iodo-9H-carbazole (2) by using the procedure we described
earlier [20].

The 3,3-Bis [3-(2-methoxy-3-pyridinyl)carbazol-9-ylmethyl]oxetane (H1): 3,3-Bis(3-
iodocarbazol-9-ylmethyl)oxetane 3 (0.8 g, 0.0012 mol), 2-methoxy-3-pyridinylboronic acid
(0.46 g, 0.03 mol), potassium hydroxide (0.34 g, 0.006 mol), and catalyst PdCl,(PPh3),
(0.034 g, 0.000048 mol) were stirred in mixture of THF (12 mL) and degassed water (1.5 mL)
at reflux for 1 h. After the TLC test, the reaction mixture was cooled and filtered. Solvents
were removed by evaporation. The objective product was separated by silica gel chro-
matography. A mixture of ethyl acetate and hexane (vol. ratio 1:7) was used as eluent.
Yield: 0.32 g (27%) of yellow material. M.p.: 257 °C (DSC). '"H NMR (400 MHz, CDCl3, 5,
ppm): 8.23 (s, 2H, Ar), 8.17 (t,4H, Ar, ] =7.2Hz),7.71 (dd, 2H, Ar, J; = 1.6 Hz, ], = 7.2 Hz),
7.65 (dd, 2H, Ar, J; =14 Hz, ], = 8.6 Hz), 7.46 (t, 2H, Ar, ] = 7.6 Hz), 7.37-7.25 (m, 6H,
Ar), 7.01 (m, 2H, Ar), 473 (s, 4H, -N-CH>-), 4.70 (s, 4H, -CH»-O-), 4.00 (s, 6H, CH3-O-).
13C NMR (400 MHz, CDCl3) & 161.05, 145.25, 141.80, 140.88, 138.80, 130.96, 128.49, 127.54,
126.31, 125.18, 123.45, 121.35, 120.75, 119.96, 117.21, 108.84, 108.44, 75.93, 53.61, 50.74, 47.53.
MS (APCI?, 20 V): 653.19 ([M + Na]*, 100%).

The 3,3-Bis [3-(4-methoxy-3-pyridinyl)carbazol-9-ylmethylJoxetane (H2): 3,3-Bis(3-
iodocarbazol-9-ylmethyl)oxetane 3 (0.8 g, 0.0012 mol), 6-methoxy-3-pyridinylboronic acid
(0.46 g, 0.03 mol), potassium hydroxide (0.34 g, 0.006 mol) and catalyst PdCl,(PPh3),
(0.034 g, 0.000048 mol) were stirred into a mixture of THF (12 mL) and degassed water
(1.5 mL) at reflux for 1 h. After the TLC test, the reaction mixture was cooled and filtered.
The solvent was evaporated and the objective product was separated by silica gel column
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chromatography using the mixture of ethyl acetate and hexane (vol. ratio 1:7) as an eluent.
Yield: 0.23 g (20%) of yellow amorphous material. Tg = 139 °C (DSC). TH NMR (400 MHz,
CDClg, 6, ppm): 8.47 (d, 2H, Ar, ] = 2.4 Hz), 8.25 (d, 2H, Ar, ] = 1.2 Hz), 8.17 (d, 2H, Ar,
J=7.6Hz),7.89 (dd, 2H, Ar, ], =2.4Hz, ], =84 Hz), 7.59 (dd, 2H, Ar, ]; =2Hz, ], = 8.4 Hz),
7.46 (t, 2H, Ar, ] =7.4 Hz), 7.37-7.28 (m, 6H, Ar), 6.85 (d, 2H, Ar, ] = 8.8 Hz), 4.73 (s, 4H,
-CH3-N-), 4.68 (s, 4H, -CH»-O-), 4.00 (s, 6H, CH3-O-). 13C NMR (400 MHz, CDCl3) § 163.27,
144.97, 141.83, 140.82, 137.73, 130.71, 129.97, 126.52, 125.17, 124.00, 123.28, 120.77, 120.04,
118.74,110.81,109.18, 108.88, 75.94, 53.58, 50.76, 47.47. MS (APCI*, 20 V): 653.23 ([M + Na]*,
100%).

2.2. Instrumentation and Structures of the PhOLEDs

The Bruker Avance III (400 MHz) apparatus was used for recording 'H and '*C nuclear
magnetic resonance (NMR) spectra. The data are provided as chemical shifts (5) in ppm
against trimethylsilane. The Waters ZQ 2000 mass spectrometer was utilized for recording
mass spectra.

The TGAQS50 apparatus was used for TGA (thermo-gravimetric analyses). The Bruker
Reflex I1 DSC apparatus was utilized for differential scanning calorimetry (DSC) measure-
ments. The TGA and DSC measurements were performed at a heating rate of 10 °C/min
in a nitrogen atmosphere.

The PhOLED devices were fabricated on cleaned indium tin oxide (ITO) sputtered
glass substrates. The soap solution, deionized water, acetone, and alcohol were used for
cleaning the substrates, followed by ultraviolet ozone treatment. The energy levels and
structure of blue and green devices using host H1 are shown in Figure 1 as an example.

20 19 1.9
2.9
[¢)
% or < | LiF/Al
Imo C £
Ty 5.7 o e
B 55 5, 5.4
s. 6.3
[
=1 - - - Firpic (2.9, 5.8)
- =~ Ir(ppy); (3.0, 5.6)
9.5

Figure 1. Structure and energy levels of blue and green PhOLEDs with host H1.

All the described OLEDs were formed from ITO (125 nm) as an anode, a layer of
14,5,8,9,11-hexaazatriphenylenehexacarbonitrile (HAT-CN, 30 nm) for hole injection, and
a hole transporting layer of 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TPC, 20 nm).
The layers of HAT-CN and TPC were prepared by the thermal evaporation technique. A
single emissive layer was used in all the OLEDs with different doping concentrations of
phosphorescent blue Flrpic emitter or green Ir(ppy); emitter dispersed in the host materials
H1 or H2. The emitting layers of 50 nm were prepared by spin-coating from chloroform
solutions (formed at 2000-2500 rpm for 20 s). The 4,7-Diphenyl-1,10-phenanthroline (Bphen,
20 nm) was thermally evaporated for the electron transporting layer. LiF (1 nm) was formed
by evaporation as an electron injecting layer (EIL), and Al (100 nm) was evaporated as a
cathode in structures of all the OLEDs, as demonstrated in Figure 1.

Characteristics of the prepared devices were registered at room temperature. The
current-voltage (I-V) measurements were performed with the Keithley 2400 electrometer
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Minolta CS-100. A Photo Research PR-655 spectro-radiometer was utilized for measure-
ments of luminance, chromaticity coordinates (CIE), and spectra of the electroluminescence.

As it could be seen from the energy levels presented in Figure 1, the HOMO and
LUMO energy values of the new host materials H1 and H2 were 5.4 and 1.9 eV, respectively,
and were very similar due to similar chemical structures of the synthesized materials. The
energy levels are not exactly the same as that of the used dopants but are still suitable for
the preparation of the host-quest systems in the emitting layers by using the blue Flrpic or
green Ir(ppy); emitters.

3. Results and Discussions

The objective host materials H1 and H2 were synthesized during the three syn-
thesis steps, as shown in Scheme 1. The 3-lodo-9H-carbazole (2) was firstly obtained
by using the 9H-carbazole (1) iodination method of Tucker [19]. The 3,3-Di(3-iodo-9-
carbazolylmethyl)oxetane (3), as a key material, was then made by the reaction of 3,3-
di(chloromethyl)oxetane with an excess of the iodo-derivative 2 under basic conditions in
the presence of the phase transfer catalyst—tetrabutylammonium hydrogensulfate. The
objective compound H1 was received by Suzuki reaction of the diiodo-compound 3 with an
excess of 2-methoxy-3-pyridinylboronic acid. Derivative H2 was also prepared by Suzuki
reaction of the bi(3-iodocarbazole) derivative 3. In this reaction, an excess of 6-methoxy-
3-pyridinylboronic acid was used. All the prepared derivatives were confirmed by MS
spectrometry, 'H, and 1*C NMR spectroscopy. All these practically obtained data are in
good agreement with theoretically developed structures.

HO. B’OH

PdCl;(PPh:
BlED l-f(P 2)3

2R ST O O
»

pac (th), f z
"° O e

Scheme 1. Synthetic pathway of materials H1 and H2.

The synthesized objective derivatives are well soluble in conventional organic solvents.
The thermal evaporation technique could be used for the preparation of electroactive thin
layers on substrates from these derivatives. The thin films could also be prepared by cheap
spin coating from the solution method.

The behavior under thermal treatment of the synthesized objective host derivatives
H1 and H2 was established by DSC and TGA. It was demonstrated that the derivatives ob-
viously have high thermal stability. The temperature of 5% weight loss for the compounds
H1 and H2 was 386 °C and 361 °C, respectively, as confirmed by TGA with a heating rate of
10 °C/min. It could be mentioned that the material with 2-methoxy-3-pyridinylcarbazole
fragments has higher thermal stability than that of an analogous material with 4-methoxy-



Molecules 2021, 26, 4615 50f10

3-pyridinyl substituents. The TGA curves are presented as Supplementary Materials for
the publication.

The derivative H1 was obtained as crystalline material after its synthesis and purifi-
cation by silica gel chromatography, as confirmed by DSC. During the first heating, the
endothermic melting peak of the crystals was observed at 257 °C, as shown in Figure 2.
When the melted sample was cooled down, it formed an amorphous material with a high
glass transition temperature (T) of 127 °C. Only the glass transition was also registered at
the second heating of the material. No other signals due to melting or crystallization were
observed by further heating of the used sample.

<Endo - exo >

Ty=257°C
T

T T T T
0 50 100 150 200 250 300
Temperature, °C

Figure 2. DSC curves of the material H1.

On the other hand, the compound H2 was obtained as fully amorphous material
after its synthesis, as confirmed by the DSC. The thermo-grams of the compound H2 are
shown in Figure 3. During the first and second heating scans, only the high glass transition
temperature (Tg) of 139 °C was detected for the compound. Crystallization or melting
signals were not registered during these heating/cooling scans in the area from 0 °C to

350 °C.
Cooling

A

) .

g 1st heating

'

-]

|

]

v 2nd heating

Lrg-139°c

T T T T T
100 150 200 250 300 350
Temperature, °C
Figure 3. DSC curves of the derivative H2.
Phosphorescent spectra, which were registered at 77 K, aimed to establish triplet

energies of the host derivatives H1 and H2. The spectra are presented as Supplementary
Materials for the publication. It was calculated that values of the triplet energy are 2.82 eV
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for derivative H1 and 2.81 eV for compound H2. The triplet energies of the hosts are
higher than those declared for blue or green phosphorescent dopants, thus confirming their
suitability as emitting hosts in green as well as in blue phosphorescent OLEDs applications.

To demonstrate the performance of the prepared derivatives H1 and H2 as emitting
hosts, green and blue PANOLEDs were formed by using blue Flrpic and also green Ir(ppy)s
phosphorescent emitters. Figure 4 demonstrates the electroluminescent (EL) spectra of the
devices using the host material H1, which were registered at a brightness of 1000 cd/ m?.
As it could be seen from the Figure, the EL spectra of both the OLEDs confirmed pure
emissions of, correspondingly, Flrpic or Ir(ppy); dopants, confirming the presence of
suitable energy transfer between the host H1 and the guests [21]. No additional emission
zones were registered, demonstrating that the carrier recombination is located within the
emitting layer and that the exciton diffusion to the hole or electron transporting layers is
avoided in the OLEDs structures [22].

tExs!ﬂ%/ " ——with green emitter
. —o—with blue emitter

Intensity, a. u.

450 525 600 675 750
Wavelength, nm

Figure 4. EL spectra of the OLEDs with host material H1 with blue FIrpic or green Ir(ppy)3 dopants
in emitting layers.

The low molar mass host material H1 was firstly tested in a concentration-dependent
OLED formation with phosphorescent green Ir(ppy)s; dopant. The electro-phosphorescence
of the devices was seen to originate only from the quest at different voltages in all the
concentration-dependent OLEDs. No host and transporting layer compound molecular
emission was observed from the devices, confirming the suitable energy transfer and /or
charge transfer from the host material to the dopant and also the efficient transfer of
holes as well as electrons into the emission layer. It was established that 12.5 wt.% of
Ir(ppy)s with green OLED demonstrated the best characteristics. Figure 5 presents the
performance of the device. The green device showed a low turn-on voltage of 3 V,49.8 cd /A
of maximum current efficiency, maximum power efficiency of 33.2 Im /W, and 28,390 cd /m?
exceeding maximal brightness. At a higher brightness of 1000 cd/m?2, which is required for
illumination technologies, this device also demonstrated the highest efficiency of 34.6 cd /A
(24.51m/W) between all the green OLEDs using host material H1.
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Figure 5. Characteristics of OLEDs with host H1 with Ir(ppy)s or Flrpic dopants in emitting layers.

To demonstrate the characteristics of the compound H1 as a host of blue OLEDs,
phosphorescent devices were formed by taking blue Flrpic dopant as the guest. The
structure of the produced OLED is also described in the Experimental part. The material
H1 was also tested in concentration-dependent emitting layers. As it could be seen from
Figure 5, the blue OLED with 20 wt.% of Flrpic as the dopant demonstrated the best
overall characteristics with a low turn-on voltage of ca. 3V, 18.3 cd /A of maximum current
efficiency, maximum power efficiency of 12.7 cd /A, and 10,700 cd/m? exceeding maximum
brightness. The efficiency roll-off at a high current, which is typical for phosphorescent
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devices, was also seen here; however, at 1000 cd/m? brightness, a rather high efficiency of
about 13.7 cd/A (8.3 Im/W) was still registered in the blue device.

The other host material, H2, was also applied in blue devices by using blue Flrpic
dopant as the emitter. In order to optimize the concentration of the dopant in the emitting
layer, H2 was applied as the host in concentration-dependent experiments with the Flrpic
amount ranging from 15 to 22.5 wt.%. Table 1 summarizes the OLED characteristics and
efficiencies of the investigated PhOLEDs. It was observed that the OLED with 15 wt.% of
the Flrpic doping ratio demonstrated the best characteristics with 23.9 cd/A of current
efficiency, 24.9 Im /W of power efficiency, and high external quantum efficiency of 10.3%
at a brightness of 100 cd/m?. At a higher brightness of 1000 cd/m?, which is desired for
illumination technologies, this device also had the highest efficiency of 8.0% (18.4 cd/A,
15.8 Im/W) among all the blue devices using host H2. The maximum luminance of the
OLED exceeded 9170 cd/m?.

Table 1. Characteristics of devices with host H2 with Ir(ppy)3 and Flrpic dopants.

ov,v PE, Im/W CE, cd/A EQE, %

. Dopant Dopant i oniiiai Max Luminance,

Device o wh% @100/1000/10,000 cd/m? T cd/m?

11 Firpic 15 3.0/3.7/- 249/158/ 239/18./- 10.3/8.0/- (0.18,0.39)/(0.18, 0.39) /- 973

12 Firpic 175 33/47/- 11.5/6.6/- 121/98/- 51/41/- (0.18,04)/(0.18, 0.4) /- 317

13 Firpic 20 32/44/- 85/57/- 86/8.0/- 3.6/3.4/- (0.18,0.38)/(0.18, 0.38) /- 877

11 Fipic 225  28/36/68  59/115/26  57/131/57  24/55/- (0.18,04)/(018, 0.4)/- 10350

11 Ippy)s 75 32/38/53  08/194/196  09/245/327  03/68/91  (0.32,062)/(0.33,062)/(033,0.61) 3239

M2 Ifppy) 10 26/31/43  10/31/239  103/339/22  33/94/89  (034,06)/(034, 0.61)/(034,061) 38,980

I3 Ifppyls 125  33/41/67  189/262/88  206/3/185  57/95/78 (0.33,061)/(033,0.61)/- 14170

14 Ippyn 15 26/31/43  109/341/239  103/339/322  23/74/69  (034,06)/(0.34,061)/(0.34,061) 18980

The host material H2 was also applied as a component of green PAOLEDs in concentra-
tion-dependent tests with the Ir(ppy)s dopant amount in the range from 7.5 to 15 wt%.
Table 1 summarizes the properties of the PAOLEDs. It can be mentioned that material
H2-based green PhAOLEDs had reasonable better performance than that of derivative H1
using OLEDs. The devices with host H2, using dopant concentration ranging from 10
to 15 wt%., demonstrated rather low turn-on voltages of 2.6-3.3 V, power efficiencies
of 26.2-34.1 Im /W, current efficiencies of 10.3-20.6 cd/A, and high external quantum
efficiencies of 3.3-5.7% at a brightness of 100 cd/ m2. As it could be observed, the 10 wt.%
of Ir(ppy)3 containing OLED had the best characteristics with a current efficiency of 33.9
cd/A, power efficiency of 34.1 Im/W, and high external quantum efficiency of 9.4% at 1000
cd/m? brightness, which is applied for illumination applications. The maximal brightness
of the OLED reached almost 39,000 cd /m?2.

It should be mentioned that these properties were demonstrated in non-optimized
test Ph\OLEDs under an ordinary laboratory atmosphere. The PhOLEDs characteristics
could be further modified by an optimization of the film thicknesses as well as layers
formation conditions. It could be seen that the efficiency of all the presented devices
decreases rapidly with the increase in luminance or current density. The phenomenon of
organic light-emitting diodes is termed the efficiency roll-off. In particular, phosphorescent
organic light-emitting diodes are known to have higher efficiency but tend to exhibit higher
efficiency roll-off compared with fluorescent organic light-emitting diodes. The efficiency
drops at higher luminance occur due to lack of exciton confinement in the emitting layer
and exciton quenching induced by high exciton density [3,4].

4. Conclusions

Novel host derivatives were prepared during the three-step process procedure by
using carbazole and methoxypyridine as building fragments. Values of triplet energy
of the derivatives were 2.82 eV for H1 and 2.81 eV for H2. The host materials demon-
strate high thermal stability and form amorphous and homogeneous layers with very
high glass transition temperatures of 127 °C for H1 and 139 °C for H2. The derivatives
were applied as host materials for blue or green PhOLEDs by using blue triplet dopant of
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iridium(I1T)[bis(4,6-difluorophenyl)-pyridinato-N,C2]picolinate or green dopant of tris(2-
phenylpyridine)iridium(III) (Ir(ppy)s) as phosphorescent guests. The blue device with
15 wt.% of the Flrpic emitter in host material H2 exhibited the best overall characteristics,
with a current efﬁciency of 23.9 cd/A, power efficiency of 24.9 Im/W, and high exter-
nal quantum efficiency of 10.3% at a brightness of 100 cd/m?. The most efficient green
PhOLED device with 10 wt.% of Ir(ppy)s in host H2 demonstrated a current efficiency of
33.9 cd/A, power efficiency of 34.1 Im/W, and high external quantum efficiency of 9.4% at
high 1000 cd /m? brightness used in technologies of illumination. These properties were
demonstrated in non-optimized PhOLEDs, under an ordinary laboratory atmosphere and
could be improved in the optimization process. The obtained results confirmed that some
of the new host materials are promising components for the development of highly efficient
phosphorescent devices.

Supplementary Materials: The following are available online. Figure SI 1: TGA curve of compound
H1. Heating rate: 10 °C/min, Figure SI 2: TGA curve of compound H2. Heating rate: 10 °C/min,
Figure SI 3: Photoluminescence and phosphorescence spectra of THF solutions of the materials H1
and H2.
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ARTICLE INFO ABSTRACT

Keywords: Carbazole (H1) or ph (H2) based low molecular weight derivatives as host materials were synthesized,
c"‘n’ﬂl{ characterized and applied in formation of phosphorescent organic light cmlmnz diodes (PhOLEDs). The com-
Phenoxazine pounds demonstrate high thermal stability and are suitable for of thin h

ﬁufﬂw"s Ly layers. It was established that values of triplet energies were, correspondingly, 2.95 eV for the host H1 and 2.73
Hm‘:;‘:_l?; - eV for the host material H2. The compounds were used as hosts for yellow PhOLEDs with iridium (11I) bis (4-
Eighit emitig diods henylthieno[3,2-c]pyridinato-N,C2 Jacetyl (PO-01) as the guests. The most efficient H1 host material

based yellow PhOLED demonstrated EQE of 10.6%, power efficiency of 19.2 Im-W ' and current efficiency of
29.4 cd A" at 100 cd m ™2, with a maximum luminance of 12250 cd m ™2 The analogous host H2 based devices
exhibited noticeably better characteristics than those of host H1 containing PhOLEDs. The most efficient device
with host H2 demonstrated very low turn-on voltage of 3.5 V, power efficiency of 32.2 Im/W, current efficiency

of 35.8 cd/A and external quantum efficiency of 10.9% at brightness of 100 cd/m>.

1. Introduction

Organic light-emitting devices (OLEDs) have been widely investi-
gated due to their potential using in energy-saving lighting technologies
as well as in new-generation flat-panel displays [1-6]. Some OLED hnsed
devices, for example smart phones, have been already

[17-19]. The suitable hosts must demonstrate the following re-
quirements: (1) high value of triplet energy to assure energy transfer
from the host material to a phosphorescent dopant; (2) appropriate
levels of HOMO/LUMO energies for effective injection of charge; (3)
high values of glass transition as well as thermal decomposition tem-

to maintain OLED stability; (4) balanced electron and hole

Phosphorescent OLEDs are attracting more and more attention because
IQE (internal quantum efficiency) of the devices can achieve 100% by
harvesting of both triplet and singlet excitons through the intersystem
crossing and reverse intersystem crossing mechanisms [7-11]. Yellow
phosphorescent emitters based PhOLED devices take an important role
in the high-efficiency WOLEDs (white organic light emitting diodes) as
well as in full color display applications [12-16].

The PhOLEDs are usually fabricated by using host-dopant structure
to avoid triplet- mple! anmhﬂauon in the emitting layer. The hosts are as

as the ph emitters (d and have signi

transport capability for broad exciton recombination zone in emitter
layer [20-22].

It was earlier described in scientific literature that various materials
having phenothiazinyl, indolyl or carbazolyl chromophorests demon-
strate rather large values of triplet energies and are suitable hosts and/or
hole transporting compounds for the second generation OLED devices
[23-27]. Here, we present easily prepared and cheap carbazole- or
phenoxazine -based host derivatives, which are synthesized by simple
one step reaction procedure, for the solution processed yellow second
ion devices.

eﬁects on the electroluminescence characteristics of the devices
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2. Experimental

2.1. Synthesis of the host derivatives

10H-Ph i 9H-carbazol 33b|s(dllommed1yl)oxemne
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(0.6g, 0.00327mol), potassium tert-butoxide (0.0408g, 0.00423mol)
and 3,3-bis(chloromethyl)oxetane (0.132 ml, 0,17g, 0,0011mol) were
refluxed in 5 ml of degassed THF under nitrogen for 12h. After control of
the reaction by TLC, the mixture has been cooled and quenched by using
ice water. The product was extracted by chloroform. The organic frac-
tion was dried with anhydrous Na,SO,. The objective product was
separated by column silica gel chromatography using the toluene and
hexane (vol. ratio 1:7) mixture of as an eluent. Yield: 0.24g (42%) of
yellowish crystals. M.p.: 198 °C (DSC). MS (APCI", 20 V): 448.63 ([M'],
100%). 'H NMR (400 MHz, DMSO-de, 8, p.m.): 6.94 (d, 4H, Ar, J = 8.0
Hz), 6.87-6.83 (m, 4H, Ar), 6.75-6.71 (m, 8H, Ar), 4.35 (s, 4H, -N-CHy-),
4.03 (s, 4H, -CH2-0-). '°C NMR (400 MHz, CDCls-ds, 5, p.m.): 144.85,
135.01, 124.37,122.07, 116.11, 113.19, 75.35, 48.85, 44.80.

2.2. Preparation of the PhOLED devices

The chemical structures of the materials employed in this work for
preparation of OLED devices are shown in Scheme 1.

The ITO sputtered glass substrates with high transmission have been
obtained from Shine Materials Technology Hole injection material
PEDOT: PSS {poly(3,4-ethylene-di hene)-co-(sty If
nate)} was obtained from Sigma Aldrich (USA) The iridium based yel-
low emitter PO-01 (iridium (III) bis (4-phenylthieno[3,2-c]pyridinato-
N,C2)acetyl 2,2',2"(1,3,5-b iyl)-tris(1-phenyl-1-H-
benzimidazole) (TPBi) and LiF were purchased from Shine Materials
Technology (Taiwan). The highly pure (>99.99%) aluminium ingots
were purchased from Showa Chemicals. The host materials 3,3-bis(9-
carbazolylmethyl)oxetane (H1) and 3,3-bis(phenoxazin-10-ylmethyl)
oxetane (H2) were prepared and characterized as it is described below.

The PhOLED devices were fabricated on cleaned substrate. The
cleaning was done with soap solution, deionized water, acetone, alcohol
and ultraviolet ozone treatment. Structure and energy-level diagram of
host Hl-based device is shown in Scheme 2 as an example. The studied
devices composed of indium tin oxide (ITO, 125 nm) as an anode layer,
hole injection layer (HIL) of PEDOT:PSS (formed at 4000 rpm for 20s),
single emissive layer (EML) with different doping concentration of yel-
low emmer PO-01 in host H1 or H2, electron transpor tmg layer (ETL) of

1,3,5-tris(N-phenylb idazol-2-yl)b
(TPBi), lithium fluoride (LiF, 1 nm) as an electron injecting layer (EIL)
and aluminium (Al, 100 nm) as a cathode. The emitting layers were
prepared by spin-coating from chloroform solutions (formed at 2500

rpm for 20 s).
The characteristics of all the described OLEDs were measured at
room temperature. A Keithley 2400 p elec

Minolta CS-100 was used to determine the characteristics of current-
voltage (I-V). The luminance, chromaticity coordinates (CIE) and
spectra of the electroluminescence of the formed devices have been
btained by exploi of Photo h PR-655 spectro-radiometer.

3. Results and discussion

Preparation of the oxetane-based host compounds was ized by
the cheap and simple one step synthetic procedure, wluch is demon-
strated in Scheme 3. 3,3-Bis(9-carbazolylmethyl)oxetane (H1) has been

KOH, K>COs, butan-2-one, hydofuran (THF), tetra-n-t
nium hydrogen sulfate (TBAHS) und potassium tert-butoxide huve been
purchased from Aldrich and used without an additional purification.
3,3-Bis(9-carbazolylmethyl) CEY) -wos:syreths d by using
similar procedures as we described earlier [28, 29]. M.p.: 199 °C (DSC).
MS (APCI', 20 V): 455.01 ([M+K] ", 100%). 'H NMR (400 MHz, CDCls-
de, 8, p.m.): 8.16 (d, 4H, Ar, J = 6.4 Hz), 7.45 (t, 4H, Ar, J = 6.0 Hz),
7.32-7.27 (m, 8H, Ar), 4.69 (s, 4H, -N-CH,-), 4.67 (s, 4H, -CH,-0-). '°C
NMR (400 MHz, CDCl5-ds, 6, p.m.): 141.44, 126.15, 123.36, 120.66,
119.78, 108.73, 75.99, 50.76, 47.37.
3,3-Bis(ph in-10-ylmethyl

(H2). 10H-ph

btained by N-alkylation reaction of 9H-carbazole using potassium hy-
droxide, potassium carbonate and phase-transfer catalyst TBAHS in
butan-2-one. The used procedure was similar to that which we described
earller [28,29]. The oxetane was used enrher for prepnmuon of elec-
1 3,3-Bis(10-ph i (H2) was
prepared by N-alkylation reaction of 10H-ph in THF using
potassium tert-butoxide. Structures of the objective compounds have
been confirmed by using NMR spectroscopy as well as mass spectrom-
etry. The practically obtained data were in good agreement with the
theoretically proposed structures.
The hesized pounds have been soluble in widely used

organic solvents. Electroactive thin layers on substrates from these
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Fig. 1. TGA curves of the objective derivatives H1 (a) and H2 (b).
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Fig. 2. DSC curves of the material H1.

compounds could be formed by thermal evaporation as well as by cheap
spin coating from solution method.

DSC and TGA were used in order to investigate behaviour under
heating of the objective host derivatives H1 and H2. It was confirmed
that the materials have characteristic of high thermal stability. As it is
obvious from Fig. 1, temperatures of weight loss of 5% for derivatives
H1 and H2 were 324 °C and 314 °C, respectively, as confirmed by the
TGA method. It should be stated that the compound having carbazol-9-
yl chromophores shows a little higher dlemla] stability than that of the
similar pound with 10-ph i

Both the derivatives H1 and H2 were obmined as crystalline mate-
rials from eluent solutions after column chromatography; however, they
could be transferred to glassy state from their melted samples by cooling
in air or in atmosphere of liquid nitrogen.
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Table 1

EL characteristics of devices using host H1.

Doping conc. @100/1000 cd/m* Maxi. Lumi.(cd

(wt%) ov PEflm CEfed EQE "
vl wh A" (%]

7.5 6.3/ 16/9.9 32/25.6 105/ 10760
82 79

10 56/ 17.3/ 30.7/ 10.3/ 10600
74 114 26.8 85

125 5.1/ 184/ 30.1/ 10.5/ 10700
67 109 232 75

15 48/ 19.2/ 29.4/ 10.6/ 12250
63 113 227 75

The DSC thermos-grams of derivative H1 are shown in Fig. 2. An
endothermic melting peak has been recorded at 199 °C, when the
semicrystalline sample was heated during 1st heating. The melted
sample was then cooled down and heated again, and the glass-transition
phenomenon was recorded at 75 °C. However, on further heating crys-
tallization of the liquid material was registered at 123 °C with formation
of the same crystals, which were obtained after synthesis of the com-
pound by using crystallization from eluent solution (T, =199 °C).

The results of DSC measurements of derivative H2 are shown in
Fig. 3. In the case, endothermic peak of the melting was registered at
198 °C, when crystals of H2 sample were heated. The melted material
was cooled down and formed an amorphous state. During the second
heating of the sample only the glass-transition was determined at 66 °C
and no peaks of crystallization and melting appeared on further heating.
The DSC measurements confirm that both the objective materials could
form thin amorphous layers for application in OLEDs formation, how-
ever the films of compound H2 should d rate higher stability in
the phous state ding to the due to absence of
crystallization at high temperature.

Phosphorescent spectra of the materials were measured at 77K in
order to establish values of triplet energies of the host derivatives H1
and H2. It has been found that these values are 2.95 eV for compound
H1 and 2.73 eV for derivative H2. As it could be stated the triplet energy

Optical Materials 118 (2021) 111251

gaps for the hosts are higher than those of yellow phosphorescent dop-
ants, thus confirming application of these host compounds for emitting
layers of yellow PhOLEDs.

To evaluate suitability of the hosts for emitting layers, yellow
phosphorescent devices have been formed by using well known PO-01
yellow triplet emitter as a dopant. Structures of the multilayer OLEDs
were as follows: ITO/PEDOT:PSS/(H1 or H2):X wt% of PO-01/TPBi/
LiF/Al, where X denotes dopant concentration into host. Details of
preparation of the OLEDs are presented in Experimental part. The
electroluminescent (EL) properties of the devices for 7.5, 10, 12.5, and
15 wt% dopant concentration were demonstrated. A reference device
without host materials H1 and H2 was also prepared, but its efficiency
was very weak perhaps due to triplet-triplet annihilation in the emitting
layer.

The EL characteristics of devices using host H1 and their corre-
sponding values have been shown in Table 1 and Fig. 4.

The EL spectra (Fig. 4) show primary emission peaks for different
doping concentrations in H1 host based devices. All the PhOLEDs emit
light at 570 nm, which is due to the emissions of PO-01. They do not
show any colours shift while ch the dopant ation of the
yellow emitter. The fabricated devices emitted yellow light having CIE
coordinates of (0.49, 0.50) with broad spectra from 400 to 750 nm at
1000 ¢d m"? luminance.

The 15 wt% dopant concentration device exhibited excellent per-
fom\ance with EQE value of 10.6%, power efficiency (PE) of 19.2
Im:W ', and CEof 29.4cd A" at 100 cd m %, with a maximal brightness
of 12250 ed m 2. It could be also mentioned thnt this device exhibits PE
of 11.3 ImW !, CE of 22.7 cd A™!, and EQE of 7.5% at a luminance of
1000 cd m % For the 12.5 wt% dopant concentration the device shows
PE, CE, and EQE of 18.41m-W ', 30.1 cd A" ' and 10.5% at 100 cd m ?
with a maximum luminance of 10700 cdm™, respectively. The 10 wt%
dopant concentration-based device reveals PE of 17.3 Im-W ', CE of
30.7 cd A", and EQE of 10.3%. It also depicts PE, CE, and EQE of 11.4
Im-W !, 26.8 cd A"! and 8.5% at 100 cd m™ ?, respectively. The device
based on 7.5% dopant has a maximal brightness of 10760 cdm and
PhOLED with 15% of the dopant exhibited a maximal brightness of
12250 cdm™®.

The host material H2 was also characterized as host compound of
yellow PhOLED devices in concentration-dependent investigations with
the PO-01 triplet emitter by using the amount in the range from 7.5 to
15 wt%. Details of preparation of the OLEDs were the same as mentioned
in Experimental part. Table 2 and Fig. 5 show characteristics of the
devices. All the devices also emit light with maxima at 570 nm, which is
due to the emissions from the quest PO-01. They do not demonstrate any
colours shift while ch the dopant of the phosph
rescent emitter.

It could be observed that host H2-based devices demonstrated
noticeably better characteristics than those of H1 host component based
PhOLEDs, especially at high brightness. The devices with host H2 had
rather low values of turn-on voltages of 3.5-3.6 V, power efficiencies of
23.1-32.2 Im/W, current efficiencies of 26.0-35.8 cd/A and EQE of
8.1-10.9% at luminance of 100 cd/m’. As it demonstrated by the data
shown in Table 2, the 10 wt% of PO-01 containing device exhibited the
best overall characteristics with value of current efficiency of 33.1 cd/A,
power efficiency of 22.8 Im/W and external quantum efficiency of
10. 1% nt lummnnce of 1000 cd/m?, which is useful for illumination

The imal brightness of the OLED
exceeded 23100 cd/m According to the obtained result the host ma-
terial H2 demonstrate better film forming properties and has triplet
energy level, which is suited better for the PO-01 yellow triplet emitter
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Fig. 4. PhOLED characteristics of host H1-based yellow devices with PO-01 guest.

Table 2
EL characteristics of devices using host H2.

Doping concentration. (wt%) @100/1000 cd/m* Maximum. Luminance.(cd m %)
ov[V] PE[m W] CE[cdA "] EQE[%] CIExy coordinates

75 3.5/4.9 31.6/21.2 34.9/32.9 10.6/99 (0.49,0.51)/(0.49,0.51) 20520

10 3.5/4.6 32.2/22.8 35.8/33.1 10.9/10.1 (0.49,0.5)/(0.49,0.5) 23190

125 3.6/5.1 28.6/15.5 32.8/328 10.1/7.9 (0.5,0.5)/(0.49,05) 19470

15 3.5/4.7 23.1/165 26.0/24.5 8.1/7.7 (0.5,0.5)/(05,0.5) 22360

as a dopant. It seems that due to the reasons the OLEDs using host H2
d rate better ch The data confirm that the host ma-
terial, which is prepare by simple one step procedure, has big potential
in the field of preparation of phosphorescent, second generation devices.

In conclusion, the host materials were synthesized during cheap, one
step procedure by using carbazole (H1) or ph (H2) as building
blocks. Triplet energy values of the compounds were 2.95 eV for H1 and
2.73 eV for H2. The derivatives formed homogeneous amorphous films
having values of glass transition temperatures of 75 °C for H1 and 66 °C
for H2. The pounds were i igated as host for yellow
phosphorescent OLEDs by using yellow triplet dopant of iridium (III) bis
(4-pl Ithieno[3,2-c]pyridi N,C2')acetyl (PO-01) as
the phosphorescent guest. The devices with the host of 3,3-bis(phenox-
azin-10-ylmethyl)oxetane (H2) exhibited the best overall characteris-
tics. The most efficient yellow PhOLED using the host had low turn-on
voltage of 3.5 V, power efficiency of 32.2 Im/W, current efficiency of
35.8 cd/A and EQE of 10.9% at luminance of 100 cd/m?. The maximum

istics.

brightness of the device exceeded 23100 cd/m>.
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Abstract: Low color temperature candlelight organic light-emitting diodes (LEDs) are human and
environmentally friendly because of the absence of blue emission that might suppress at night the
secretion of melatonin and damage retina upon long exposure. Herein, we demonstrated a lighting
device incorporating a phenoxazine-based host material, 3,3-bis(phenoxazin-10-ylmethyl)oxetane
(BPMO), with the use of orange-red and yellow phosphorescent dyes to mimic candlelight. The
resultant BPMO-based simple structured candlelight organic LED device permitted a maximum
exposure limit of 57,700 s, much longer than did a candle (2750 s) or an incandescent bulb (1100 s)
at 100 Ix. The resulting device showed a color temperature of 1690 K, which is significantly much
lower than that of oil lamps (1800 K), candles (1900 K), or incandescent bulbs (2500 K). The device
showed a melatonin suppression sensitivity of 1.33%, upon exposure for 1.5 h at night, which is 66%
and 88% less than the candle and incandescent bulb, respectively. Its maximum power efficacy is
23.1 Im/W, current efficacy 22.4 cd /A, and external quantum efficiency 10.2%, all much higher than
the CBP-based devices. These results encourage a scalable synthesis of novel host materials to design
and manufacture high-efficiency candlelight organic LEDs.

Keywords: phenoxazine; amorphous layer; efficiency; host derivative; light emitting diode

1. Introduction

The white lighting sources with high color temperature consist of blue light enriched
emission, responsible for blue hazards especially at dawn-, dusk-, and night-time, that may
lead to serious human health disorders such as retinal cell damage and melatonin suppression,
increasing insomnia, obesity, or even cancer risk [1-10]. Moreover, blue-emission can cause
ecological disruptions as well as discoloring well-known paintings [11,12]. The same views
about the dangers posed by the blue hazard have also been echoed by various governmental
and scientific organizations [13-16].

The scientific community has been demanding more research in development of
blue-emission less low color temperature lighting. Interestingly, the emission spectra of
the candles and old incandescent light lamps have generally emitted moderately lower
blue-emission. However, the flickering nature of the candles, along with the energy-
inefficient nature of both light sources, resists the devices to be reintroduced in the com-
mercial market [4,11,12,17]. To eradicate such issues, candlelight-style lighting sources
were introduced.

The next-generation organic LED lighting systems can generate the blue-free emission
candlelight-style lighting that provides a pleasant sensation for the users due to its glare-free
Lambertian quality [1]. Candlelight-style organic LEDs are human and environmentally
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friendly due to the absence of blue emission that might suppress the secretion of melatonin
and damage retina upon long exposure at night.

Jou and co-workers were one of the first to report a psychologically friendly or-
ganic LED lighting device with a power efficacy (PE) of 11.9 Im/W at 100 cd/m? and
external quantum efficiency (EQE) of 6.4% [18]. In 2017, they reported a low-cost solution-
processable organic LED with a power efficacy of 7.2 Im/W at a low-color temperature
of 1807 K [2]. There have been extensive research efforts to develop next generation-al
human-friendly low color temperature devices.

To achieve highly efficient and cost-effective organic LEDs, different research groups have
reported numerous effective host-guest device structures to overcome exciton quenching in
the emissive region, enabling high-performance electroluminescent (EL) devices [19-25]. The
host materials play an essential role in the overall EL characteristic of organic LEDs [26-29].
Developing a suitable host material is highly essential to pose following properties as
(1) appropriate frontier energy-levels HOMO/LUMO for aligning host-guest molecules,
helping in the formation and harvesting the radiative excitons in the emissive region,
(2) efficient triplet energy-level corresponding to the guest molecules, assuring complete
energy transfer from host to guest materials, (3) efficient charge transfer capabilities,
improving the charge transfer and charge recombination in the host-guest system, and
(4) high glass-transition temperature and thermal-decomposition temperatures to attain
good thin-films morphology to realize highly stable organic LEDs. The carbazolyl, indolyl,
and phenothiazinyl chromophores display enormous triplet energies and appropriate host
materials for the dry-processed organic LED devices [20,30-33]. However, they encounter
problems in solution-processed organic LEDs, inspiring us to search for novel solution-
processable host materials with desired characteristics.

Herein, we report easily synthesized and cheap phenoxazine-based host material
synthesized by modest one-step reaction technique and utilized in the fabrication of
solution-processed organic LED devices [34-37]. We fabricated solution-processable can-
dlelight organic LED devices using host materials 3,3-bis(phenoxazin-10-ylmethyl)oxetane
(BPMO) and 4,4'-Bis(N-carbazolyl)-1,1’-biphenyl (CBP) along with an orange-red tris(2-
phenylquinoline)iridium(TII) (Ir(2-phq)3) and a yellow emitter iridium(III) bis(4-phenylthieno
[3,2—c]pyridinato-N,C2")acetylacetonate (PO-01) resulting in a simpler device architecture.
The BPMO-based device showed a maximum luminance (Lmax) of 14,950 cd /m? (equiv-
alent to 16,500 candles in an area of 1 mz) PEmax of 24 Im/W, current efficacy (CEmax)
of 22.4 cd/A and EQEax of 10.2% with a low CT of 1690 K at a voltage (2.9 V). While
CBP-based device displayed Limax 8393 cd/m? with PEpax of 9.6 Im /W, CEmax 11.7 cd /A,
EQEmax 6.8%, and CT as low as 1768 K at 3.5 V that is much lower than its counterpart.

Furthermore, the resulting solution-processed organic LED device is the first reported
low CT with a record-break maximum permissible exposure limit (MPE) at 100 lx, 57,696 s
comparative to a candle (2750 s) and an incandescent bulb (1100 s). Moreover, it exhibits
1.33% melatonin suppression sensitivity (MSS) upon exposure for 1.5 h at night at 100 1x,
66%, and 88% less than a candle and incandescent bulb, respectively.

2. Result and Discussion
2.1. Synthesis

The phenoxazine-based host material was prepared using an approach similar to our
previously reported work [37] which was carried out by the simple one-step synthetic
route as shown in Scheme 1. 3,3-Bis(phenoxazin-10-ylmethyl)oxetane (BPMO) host was
obtained by N-alkylation reaction of phenoxazine (1) with 3,3-bis(chloromethyl)oxetane
using potassium tert-butoxide in tetrahydrofuran (THF). Mass and NMR spectroscopy had
recognized the presence of the newly synthesized derivative. The data were found to be
well in line with the proposed structure (See details Section 3.1).
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(288

Scheme 1. Synthesis route of phenoxazine-based compound BPMO.

Cl
t- BuOK. THZF
12 h, reflux

2.2. Theoretical Analysis

In order to better understand the link between photophysical and electronic charac-
teristics of the synthesized host material BPMO, the theoretical calculation was carried
out based on Gaussian software, density functional theory (DFT). Figure 1 shows the
electron density distributions of the frontier molecular orbitals. The molecular structure
is distributed by the highest occupied molecular orbitals (HOMO) and the lowest unoc-
cupied molecular orbitals (LUMO). For BPMO, the HOMO/LUMO values estimated are
—5.1/-0.7 eV, while the singlet and triplet energy are 3.7 and 3.0 eV, respectively (Table 1).
Therefore, the BPMO host has 0.68 eV singlet-triplet splitting energy.

AE=0.68 eV

— 11=3.02¢V

Figure 1. The HOMO (-5.1 V), LUMO (-0.7 eV), and triplet energy (3.0 eV) of BPMO host
theoretically calculated using DFT.

Table 1. A comprehensive list of photophysical and electrochemical properties of hosts BPMO and CBP for emission
wavelength, melting temperature, glass-transition temperature, decomposition temperature, HOMO, LUMO, singlet/triplet
energies, and bandgap.

 Aw®  Tm® T,¢ 7,0 HOMO LUMO HOMO LUMO K b Eh Band
Material oy co o (o W W W W @ Rk
(V) (eV) V) (eV) (eV)
BPMO 393 19 63 340 512 071 5.39 154 3.02 370 287 344 385 [37]
CBP 369 62 320 - - 60 29 256 349 26 - 31 Bs-0]
* Photoluminescence peak; ® melting temp ¢ glass iti 9 dec ¢ HOMO and LUMO were

calculated by DFT. { the redox potential obtained using a cyclic voltammetry (&%} techmque gives HOMO and LUMO. # Calculated triplet
(E) and singlet (E;) energy by DFT. h Calculated triplet (E¢) and singlet (E:) energy by UV-vis and low-temperature PL. ' Optical energy
band gap.
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2.3. Thermal Characteristics

The as-reported material BPMO possesses a very high thermal stability and crys-
tallinity. Its melting point as 198 °C and the glass transition temperature (Ty) as 66 °C was
recorded using (TGA). While (DSC) characterization confirmed the high crystallinity of the
host materials [37] (See details Section 3.2).

2.4. Photophysical and Electrochemical Characteristics

Figure 2 shows the photophysical and electroluminescent (EL) characteristics of the
host CBP and BPMO using UV-vis absorbance (Abs), photoluminescence (PL), and low-
temperature phosphorescence (LTPL) characterizations. Abs, PL, and LTPL (at 77 K) spectra
were observed at 320, 395, and 495 nm, respectively. The optical energy bandgap (Eg) of
3.85 eV for BPMO was estimated by absorbance peak. Figure 2a shows the singlet (3.44 eV),
and triplet energy (2.87 eV) (see Table 1) of the host BPMO calculated using the intercepting
wavelength of Abs: PL (360 nm) and Abs: LTPL (436 nm). The formula for calculating
singlet and triplet energy is

Singlet: 1240 /intercepting wavelength of UV-vis: PL

Triplet: 1240 /intercepting wavelength of UV-vis: LTPL

(a) (b)
BPMO
E‘ 14 Abs PL PL@77K 5'1 PO-01 Irf2-phe); CBP BPMO
[7] k) » '
< <
2 2
E £
° °
@ @
N N
© ©
£ £
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c T - T T T o T T
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b ° ; 5
] 8 :
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Figure 2. The photophysical and electroluminescent (EL) characteristics showing (a) singlet (3.44 eV) and triplet energy
(2.87 eV) of the host BPMO measured using Abs/PL and PL/PL (at 77 K) spectrum, respectively. (b) The overlapping area
between PL of hosts BPMO and CBP and Abs of yellow (PO-01) and orange-red (Ir(2-phq)3) dye. BPMO shows the larger
overlapping area, (c) and (d) show a larger redshift between the PL and EL spectra for host BPMO than CBP. The shifting is
observed between the individual and mixture of host BPMO/CBP and electron-transporting layer (ETL) TPBi, respectively.

Figure 2b shows the overlapping area between normalized PL of hosts BPMO and
CBP and normalized Abs of yellow (PO-01) and orange-red (Ir(2-phq)3) dye incorporated
in the candlelight organic LED devices. BPMO shows the larger overlapping area with
the absorbance of yellow dye (PO-01) and orange-red dye (Ir(2-phq);) as 20.37 and 31.52
square units, respectively, in lieu of host CBP (19.36 and 22.6 square units).
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Furthermore, Figure 2c,d shows a more significant redshift between the PL and
EL spectra for host BPMO than CBP. The shifting is observed between the individual
(BPMO/CBP and TPBi) and mixture (BPMO/CBP:TPBi) of the host and electron-transporting
layer (ETL). A comparative redshift suggests the possibility of exciplex formation between
the host BPMO and ETL TPBi (See details Section 3.2)

Figure S1 shows the cyclic voltammetry (CV) curve of BPMO in dichloromethane
(DCM) for the oxidation scan. The HOMO and LUMO were calculated as —5.39 eV and
—1.54 eV, respectively, from the CV curve, using the optical energy bandgap (Eg) 3.85 eV.

Table 1 represents the photophysical and electrochemical characteristics of the host
BPMO and commercial host CBP [38-40] (See details Section 3.2).

2.5. Charge Transporting Properties (HOD/EOD)

The charge transport characteristics of the host and guest materials play a vital role
in deciding effective organic LEDs performance. The hole-only and electron-only devices
were fabricated based on CBP and BPMO hosts to determine their carrier mobilities.

Figure 3a shows the schematic energy level diagrams of hole-only and electron-only
devices. The devices were configured as

Hole-only device: ITO (125 nm)/PEDOT:PSS (35 nm)/TAPC (20 nm)/CBP or BPMO
(20 nm)/TAPC (20 nm)/Al (200 nm)

Electron-only device: ITO (125 nm)/TPBi (35 nm)/CBP or BPMO (20 nm)/TPBi
(40 nm)/LiF (1 nm)/Al (200 nm).

Hosts
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Figure 3. Schematic energy level diagrams of (a) hole-only, (b) electron-only devices, current-density-
voltage curves of BPMO- and CBP-based (c) hole-only devices, and (d) electron-only devices. The
cures reveal that BPMO host composing device has better charge-carrier mobility than CBP.

Figure 3¢,d shows the current-density-voltage curves of BPMO- and CBP-based hole-
only devices and BPMO- and CBP-based electron-only devices, respectively. The current
density-voltage results from the hole-only device suggest that BPMO displays much better
(almost 3 times) hole-transporting characteristics than CBP. Moreover, from an electron-
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only device, BPMO displays better electron-transporting properties as compared with
the CBP.

Moreover, BPMO shows bipolar nature, i.e., the hole and electron current densities
are comparably equivalent, indicating balanced charge transport in organic LEDs.

2.6. Electroluminescent Properties

Solution-processed candlelight organic LED devices using host materials BPMO and
CBP had been fabricated. Figure 4a shows the schematic energy level diagram using
emitters PO-01 (yellow) and Ir(2-phq); (orange-red) for BPMO- and CBP-based candlelight
organic LED. The device structure is configured as ITO/PEDOT:PSS/BPMO or CBP: PO-01
(10 wt%): Ir(2-phq)s (x wt%) (x = 7.5, 10.0, 12.5, 15.0)/ TPBi/ LiF / Al. The materials utilized
and the device fabrication are discussed in Schemes S3 and S4, respectively.

Hosts
(a)
15
2.7
3.3
(2]
R ElL/Cathode
5 2 & [—LiF/Al
Anode| 3 we 4.3
ITO =
5.0
5.2
6.0 6.2
+eseeeeeeee Orange-red dye: Ir(2-phq); (2.8, 5.1)
Yellow dye: PO-01 (2.7, 5.1)
(b) (c)
2000
<
2
2 CBP
S 1800t
@
o
£
@
=
§ 1600 - BPMO
<]
o
10' 10° 10° 10* 10°
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Figure 4. BPMO- and CBP-based candlelight organic LED showing (a) schematic energy level diagram using emitters PO-01
(yellow) and Ir(2-phq)s (orange-red), (b) CIE chromaticity with achieved maximum EQE and device pixel image (inset
figure), and (c) color-temperature variation with luminance.
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Figure 4b shows the CIE chromaticity coordinates for BPMO-based device as (0.58,
0.42) and CBP-based device as (0.57, 0.42). The corresponding maximum EQE (EQEmax)
achieved were 10.2% and 4.7%, respectively. The device pixel image (inset figure) shows
the candlelight emission.

Figure 4c shows the color-temperature (CT) variation with luminance for BPMO-
and CBP-based devices. It can be seen that for the same luminance, CBP-based shows
higher CT than BPMO-based device. The color temperature varies from 1690 to 1827 K for
BPMO-based, while from 1751 to 1841 K for CBP-based candlelight organic LED, indicating
the usefulness of BPMO as a host for candlelight organic LED.

The electroluminescent properties were studied for BPMO- (Figure S3a) and CBP-
based (Figure S4a) candlelight organic LED devices. The yellow emitter (PO-01) at 10 wt%
and orange-red emitter (Ir(2-phq)3) were utilized and doped with different concentrations,
as shown in Table S1.

It is observed that the EL spectra showed a bathochromic shift on increasing the
concentration of orange-red emitter from 7.5 to 15 wt% (Figures S3b and S4b). For BPMO-
based devices, the maximum power efficacy (PEmax) changes from 22.1 to 19.9 Im/W,
current efficacy (CEmax) from 20.3 to 18.2 cd /A, external quantum efficiencies (EQEmax)
from 9.2 to 8.5%, and CT from 1730 to 1705 K. While CBP-based devices exhibit changes
in PEax from 9.3 to 7.6 Im /W, CE .y from 11.8 to 9.3 cd/A, EQE1ax from 5.0 to 4.0%,
and CT from 1790 to 1723 K (Figures S3c-d and S4c-d). It is observed that the efficiencies
and CT are concentration dependent. Therefore, the optimized concentration is 10 wt%
for the orange-red emitter. Furthermore, we can reduce the candlelight color temperature
by incorporating a higher concentration of orange-red emitter, utilizing highly efficient
orange-red emitter, and balanced charge recombination in the emission zone [41-43].

Table 2 shows the power efficacy (PE), current efficacy (CE), EQE, color-temperature
(CT) of studied BPMO- and CBP-based candlelight organic LED using (at 10 wt%) yellow
(PO-01) and orange-red (Ir(2-phq)s) emitters at 100, 1000 cd/m?, and the peak efficiency
luminance (at max). The BPMO-based device shows a high luminance of 14,950 cd/m?
with PEmax of 24 Im /W, CEnax 0f 22.4 cd /A, and EQEmax of 10.2% at a very low voltage
(2.9V). At 100 cd/m?, 2 22.0 Im /W PE, 22.4 cd /A CE, 10.2 % EQE, 1690 K CT is obtained
at 3.2 V. Even at higher luminance, i.e., at 1000 and 10,000 cd/m?, the efficiencies are
pronounced indicative of low roll-off at a very low CT. The results may be attributed to
the balanced-charge transport, aligned HOMO, LUMO, and triplet energies, a low hole-
injection barrier between HIL and emissive layer (EML), and a large hole-injection barrier
between EML and ETL.

Table 2. Power efficacy (PE), current efficacy (CE), EQE, color-temperature (CT) of studied BPMO- and CBP-based
candlelight organic LED using (at 10 wt%) yellow (PO-01) and orange-red (Ir(2-phq)3) emitters.

i ovm PE (1m/W) CE (cd/A) EQE (%) cT® CIE .
Hosts. DV (V) rast
[T (cd/m?)
o pha)s @100/1000/10,000/max. (cd/m?)
24/216/116/  102/96/53/ (058,042)/(058,
BPMO 10 10 28 32/41/64/29  220/169/56/237 24/ 25, 1o90/1707/1786 v B/ OR 14950
cBP 10 10 32 41/57/-/35  T4/39/-/96  103/74/-/7  47/32/-/68  ves/izsy- O IEOF e

While CBP-based device displayed luminance as high as 8393 cd/m? with PEpay of
9.6 Im /W, CEax 11.7 cd/ A, EQEnax 6.8%, and CT as low as 1768 K at 3.5 V that is much
lower than its counterpart in all respect suggesting BPMO-based devices are 150, 91, and
50% better in terms of PE, CE, and EQE, respectively (Figure 5b,d).
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Figure 5. The studied BPMO- and CBP-based candlelight organic LEDs with (at 10 wt%) yellow and (at 10 wt%) orange-red
emitter showing (a) the electroluminescent spectra, (b) variation of EQE with respect to luminance, (c) luminance-voltage-
current density (L-V-J), (d) power efficacy-luminance-current-efficacy curve. The BPMO-based organic LED device shows

better performance compared to the CBP-based device.

Figure 5c shows the current-density curves concerning voltages. The BPMO-based de-
vice possesses higher current density and luminance than the CBP-based device, indicative
of the high carrier mobility of BPMO. Such devices may show a better injection of positive
charge carriers and efficient exciton generation in the emissive zone [44,45]. However,
increasing the voltage increases the current density and luminance decreases due to charge
imbalance and the influence of exciton quenching [46].

Figure 5b displays the external quantum efficiencies curves concerning luminance for
the candlelight organic LED devices having different hosts, i.e., BPMO and CBP. Candlelight
organic LED devices fabricated with BPMO possesses higher EQE as compared with control
device fabricated using CBP. Moreover, it can be observed that the EQE increases as the
luminance increases up to a certain level, and afterward, EQE starts decreasing because of
charge imbalance and exciton quenching [47-49]. Figure 5a exhibits electroluminescence
spectra of candlelight organic LED fabricated with different host BPMO and CBP. It is
observed that the EL spectra of BPMO-based candlelight organic LED are slightly red-
shifted as compared with CBP-based devices, which is attributed to high hole mobility of
BPMO and formation of excitons at ETL/EML interface [50-52].

For achieving higher efficiency, the device is optimized by varying the thickness of the
electron-transport layer (ETL). The EL properties of studied organic LED devices are shown
in Figure 6, and the values are summarized in Table 3. Figure 6 shows the studied BPMO-
and CBP-based candlelight organic LEDs with (at 10 wt%) yellow and (at 10 wt%) orange-
red emitter by varying electron transporting layer (ETL) thickness. Negligible change is
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observed in EL spectra on varying thickness from 45-55 nm (Figure 6a). Figure 6b displays
that EQE increases on increasing the thickness, which may be attributed to microcavity

changes in the fabricated organic LED device.
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Figure 6. The studied BPMO- and CBP-based candlelight organic LEDs with (at 10 wt%) yellow and (at 10 wt%) orange-red

emitter by varying electron transporting layer (ETL) thickness showing (a) the e!
EQE with respect to luminance, (c) luminance-voltage-current density (L-V-J), (d)
curve. The device with 55 nm thickness shows better performance among all.

lectroluminescent spectra, (b) variation of
power efficacy-luminance-current-efficacy

Table 3. Effects of ETL (TPBi) thickness on power efficacy (PE), current efficacy (CE), EQE, color-temperature (CT) of studied
BPMO- and CBP-based candlelight organic LED using (at 10 wt%) yellow (PO-01) and orange-red (Ir(2-phq)3) emitters.

ML oy OVYW PE (m/W) CE(d/A) EQE (%) CT(K) aE Lo

om) V) @100/1000/10,000/max. (cd/m?) edfm’)
32/41/64/ 1690/1707 /17867~ (058, 042)/(038,

5 28 Ay 220/169/56/31  24/216/116/21  102/96/53/95 VAT 14950

0 28 32/41/66  247/w9/54/M8  AsBam3ms NI IBS/IS/IERL (057A/057, 13,520

S5 29 33/46/71  229/104/49/37  242/153/11/242 WS RAIMIRTE D00, 13,250

Figure 6¢ shows that the thicker the device is, the lower is the current density and

luminance attributed to the imbalanced charg
carrier leading to non-radiation recombination

e carriers that may cause a bulk majority
[53-55].

Figure 6d demonstrates that the PE and CE meaningfully changed depending on the

thickness of electron transport layers [56-58], i.e
ETL. The PEx varies from 23.1 to 24.8 Im /W

., increases with increasing the thickness of
and CE,y from 22.1 to 28.8 cd /A as the

thickness of the ETL increases from 40 to 50 nm, which may be due to balanced charge-
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carriers in the emissive region. However, further increasing the thickness to 55 nm, a drop
in PE and CE may be attributed to variations in trap densities in the ETL that may limit the
charge transport and cause the charge imbalance in the emissive region [59-61].

Moreover, the color temperature of candlelight organic LED increases from 1690 to
1785 K as the thickness increases from 45 to 50 nm, which may be attributed to the changes
in the recombination zone position in the emissive layer [62,63].

2.7. Comparison between the Studied Very Low Color-Temperature Candlelight Organic LED and
Commercial Luminaires

Table 4 shows the comparison between the spectrum, color temperature (CT), mela-
tonin suppression sensitivity (MSS) (1.5 h exposure), and maximum permissible exposure
limit (MPE) of the studied very low color temperature candlelight organic LED and the
commercial luminaires, including, incandescent bulbs, warm white LEDs, and organic
LEDs, cold white LEDs, and organic LEDs, and CFLs.

Table 4. Comparison between the spectrum (350-780 nm), color temperature (CT), melatonin
suppression sensitivity (MSS) (1.5 h exposure), and maximum permissible exposure limit (MPE) of
the studied very low color temperature candlelight organic LED and the commercial luminaires.

Light Source Spectrum CT (K) MSS (%)  MPE (s) @100 Ix
This work ‘ 1690 133 57,696
Candle Light ‘ 1884 4.0 2750
Incandescent Bulb ‘ 2444 115 1100
el
Warm-white LED ‘ 2704 8.0 1000
Warm-white organic ‘

LED 3080 6.9 1050
Cold-white organic LED N ‘ 4034 128 590
Cold-white LED h I 5549 19.8 380
Cold-white CFL i 5843 299 320
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The blue-emission-free BPMO-based candlelight organic LED possesses a color tem-
perature of 1690 K, 180 times friendlier to the cold-white CFL (CT of 5843 K) (See Section 3.5
for theoretical calculations). Correspondingly, at 100 Ix, the MPE is 57,696 s (16 h) and 320 s,
respectively. The melatonin secretion sensitivity (1.33%) at 100 Ix of the studied device is
22 .4 times friendlier than its counterpart cold-white CFL (29.9%) upon exposure for 1.5 h
at night.

In contrast to cold-white LEDs, the studied device exhibits 152 times retina pleasant
and 15 times amicable to MSS. While, for cold white organic LEDs, the candlelight organic
LED is 98 times human eye-friendly and 9.6 times friendlier to melatonin secretion.

Moreover, the studied device is 57.6/54.9, and 6/5.2 times enhanced than warm-
white LED (CT of 2704 K) and warm-white organic LED (CT of 3080 K) in terms of
MPE/MSS, respectively.

Furthermore, the fabricated candlelight organic LED is far better than incandescent
bulb (CT of 2444 K) and candle light (CT of 1884 K) in prospects of both the retina
damage and melatonin suppression, i.e., 52.4 times human eye-friendly and 8.6 times
melatonin generation-friendly than the incandescent bulb, while 21 times human eye-
friendly and 200% more melatonin generation-friendly than candle-light due to the absence
of blue-emission.

Therefore, the studied candlelight organic LED is free from flickering, scorching, glare,
and, most importantly, PM 2.5, perhaps, significantly energy-efficient than any commercial
luminaires.

Figure 7 shows the reported color temperature (at 100 cd/ mz) for a solution and
dry-processed candlelight organic LED devices: the CT vs. CE plot displaying the lowest
color temperature achieved with high CE compared to most other reports and the CT
vs. PE plot displaying a high PE of 22.0 Im /W at 1690 K CT. Most devices are reported
using tandem or complex device structures with more than two dopant and/or extra
transporting layers. A few published papers showed candlelight organic LED fabricated
via a dry process. Furthermore, a comparatively studied and reported candlelight organic
LEDs showing their fabrication method, color temperature, power efficacy, current efficacy,
and the respective references are revealed in Table S2.
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Figure 7. The reported color temperature (at 100 cd/m?) for the solution and dry-processed candlelight organic LED devices
against current efficacy and power efficacy [2,4,5,7,11,12,17,18,21,64,65].

Therefore, this work may direct the field specialists to synthesize novel potential host
materials to fabricate low-cost and energy-efficient blue-emission-free organic LED devices
for solid-state lighting applications.
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3. Materials and Methods
3.1. Synthesis

The as-synthesized material 3,3-bis(phenoxazin-10-ylmethyl)oxetane (BPMO) was
used as the host material. The material was synthesized using silica gel column chromatog-
raphy and the yield is found to be 0.24 g (42%) of yellowish crystals. The melting point
is found to be at 199 °C through DSC calculation. The complete synthesis of material is
described in our previously reported journal [37].

3.2. Characterization and Measurements

Thermogravimetric analysis (TGA) was conducted on TGAQS50 equipment (Verder
Scientific, Haan, Germany). The TGA and DSC curves were recorded at a 10 °C/min heat-
ing rate in a nitrogen environment. A Bruker Reflex II thermos-system was used to perform
differential scanning calorimetry (DSC) measurements [37]. Phosphorescence characteristic
of BPMO was recorded in THF solution on a Hitachi F-7000 fluorescence spectrophotometer
(Edinburgh Intruments Ltd, Livingston, United Kingdom) with a delay time of 6.25 ms at
low-temperature 77 K to determine the triplet energy (E). The photophysical measurement
(UV-vis and photoluminescence (PL)) of the host materials BPMO and CBP was performed
on Metertech SP-8001 (SHISHIN TECHNOLOGY CO., LTD., Taipei, Taiwan) and JASCO
FP-6500 (JASCO FP-6500, Tokyo, Japan) . The tetrahydrofuran (THF) was used as a solvent
to analyze the photophysical behavior at room temperature in quartz cuvettes. The solvent
was purchased from commercial resources. The host materials BPMO and CBP solutions
with solvent THF were prepared 1 mg/mL to measure UV-vis and PL. The instrument’s
excitation wavelength and scan speeds were 350 nm and 10 nm/min, respectively. The
electrochemical measurements (cyclic voltammetry, CV) were executed on CH instruments
CH1604A electrochemical workstation (Artisan technology group, Champaign County,
Illinois, United States) using three-electrode assembly, including a glassy carbon working
electrode, an auxiliary platinum electrode, and a non-aqueous Ag/AgCl reference electrode.
The measurement was performed at an ambient temperature under a nitrogen atmosphere
in dichloromethane (DCM) using 0.1 M tetrabutylammonium perchlorate (BuyNClOy) as
the corresponding electrolyte CH-instruments CH1604A potentiostat.

3.3. Materials

In this research, the sputtered indium tin oxide (ITO) of glass substrates with a sheet
resistance of 25 sq~! was purchased from Shine Materials Technology Co. Ltd., Taiwan.
The hole-transport/-injection (HTL/HIL) material, i.e., poly(3,4-ethylene-dioxythiophene)-
poly-(styrenesulfonate) (PEDOT:PSS), was acquired from UniRegion Bio-tech (UR-AI 4083,
Hsinchu, Taiwan). The host material 3,3-bis(phenoxazin-10-ylmethyl)oxetane (BPMO)
is synthesized in our laboratory. Phenoxazine (1), 3,3-bis(chloromethyl)oxetane, THF,
and potassium tert-butoxide were purchased from Aldrich and used as received. Other
organic small molecules used for this work such as the one we used as a host (control
part) material 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP), guest materials iridium(I)bis(4-
phenylthieno[3,2-c]pyridinato-N,C2')acetylacetonate (PO-01), Tris(2-phenylquinoline) irid-
ium(IIT) (Ir(2-phq)3, electron-transport material (ETM) 1,3,5-tris(N-phenylbenzimidazol-2-
yl)benzene (TPBi), and an electron injection material lithium fluoride (LiF) were purchased
from Shine Materials Technology Co. Ltd, Taiwan. Furthermore, aluminum ingots (Al)
used as cathode were acquired from Showa Chemicals, Japan.

3.4. Device Fabrication and Characterization

The displayed highly efficient candlelight organic LEDs with very low-color tempera-
ture were fabricated in the following conventional structure: ITO (125 nm)/PEDOT:PSS
(35nm)/CBP or BPMO: 10 wt% PO-01 and x wt% Ir(2-phq)3 (20 nm)/TPBi (40 nm)/LiF
(1 nm)/Al (200 nm). Indium tin oxide (ITO) of work function 5.2 eV sputtered on the
glass substrate is used as an anode for the device. A hole-injection/-transporting material
PEDOT:PSS with HOMO, LUMO 5.0, 3.3 eV, respectively, is spin-coated at 4000 rpm for the
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20 s and heated for 10 min at 120 °C. Meanwhile, an emissive layer solution is prepared by
dissolving the organic materials CBP, BPMO, PO-01, Ir(2-phq); in tetrahydrofuran (THF)
and sonicated for 30 min at 60 “C. Once the solutions are completely dissolved and cooled,
they are filtered separately. Two distinct EML solutions are prepared, one with CBP as
a host and the other as BPMO. 10 wt% PO-01 and different concentrations of Ir(2-phq)3
such as 7.5, 10, 12.5, and 15 wt% were mixed in two host solutions and named as EML1
(with CBP) and EML2 (BPMO), keeping CBP as a control part for the experiment. The
as-prepared EMLs are spin-coated at 2500 rpm at ambient temperature for 20 s on the
pre-deposited PEDOT:PSS, and the devices are kept in sample boxes for further processes.
The entire spin-coating process is performed in an inert environment of the glove box.
Subsequently, the devices are transferred to a pre-loaded thermal evaporation chamber.
Once the vacuum is reached below 10-° torr, TPBi, LiF, and Al deposition is performed for
the defined layer thicknesses. Further, the fabricated devices are kept in a mini-chamber of
the glove box and taken for testing one at a time. The current-voltage-luminance (J-V-L)
measurement is done by a Keithley source measurement unit (Keithley 2400). The CIE
chromatic coordinates, electroluminescence spectra, and luminance are determined using a
Photo Research PR-655 spectrum scan and CS100A luminance meter. The device emission
area is defined as the overlapping area of the visible cathode, and the anode is used as
9 mm?2. All the measured luminance is taken in forward directions. The entire testing
process is performed in a closed dark room in an ambient environment.

3.5. Theoretical Calculation of MSS and MPE
3.5.1. Maximum Permissible Exposure-Limit (MPE)

The maximum permissible exposure-limit (MPE) presented by the international Com-
mission on Non-radiation Protection Council (ICNIRP) [66] is used to quantify the blue
light hazards, which can be calculated as following:

100

MPE = I (0]

where Ej is the photo-retinitis or blue light hazard weighted radiation (W / m?) [12,67,68].

3.5.2. Melatonin Suppression Sensitivity

The melatonin suppression sensitivity (MSS) was presented by Prof. Jou [69,70], which
can be calculated by the following formula:

_ Sic(V)
M= S1.c(480)

where S; ¢ is the melatonin suppression spectrum per lux for a given polychromatic light,
relative to that for a reference blue light of 480 nm.

x 100% V)

4. Conclusions

We reported a solution-processable candlelight organic LED with a very low color-
temperature via a simpler device architecture. The device consists of a phenoxazine-based
host BPMO along with an orange-red and a yellow dye, Ir(2-phq); and PO-01, respectively.
The study shows a color temperature of 1690 K, which is significantly lower than the
oil lamps (1800 K), candles (1900 K), and incandescent bulbs (2444 K). Furthermore, at
100 1x, a record-breaking maximum permissible exposure limit of 57,696 s is obtained
along with 1.33% melatonin suppression sensitivity upon exposure for 1.5 h at night.
Moreover, BPMO-based candlelight organic LED device enhanced a 200, 120, and 120% in
PE, CE, and EQE at 100 cd/m?, respectively, concerning CBP. The fundamental elements
underlying better device efficiencies have excellent electron-blocking abilities, suitable
HOMO, LUMO, and triple energy levels, decreased hole-injection barrier between host
and HIL, and substantially confined light-emitting excitation to the required recombination

163



164

Molecules 2021, 26, 7558 140f17

zone; moreover, the BPMO-based candlelight organic LED. This work will enable the
fabrication of highly efficient candlelight organic LED lighting devices with the feasibility
of solution processes.

Supplementary Materials: The following are available online, Figure S1: cyclic voltammetry (CV)
curve showing one-step oxidation of the host BPMO, Figure S2: the chemical structure of HIL
(PEDOT:PSS), host (BPMO and CBP), yellow emitter (PO-01), orange-red emitter (Ir(2-phq)3), and
ETL (TPBi) materials incorporated in this research, Figure S3: the studied BPMO-based candlelight
organic LEDs with (at 10 wt%) yellow and (at 7.5, 10 and 12.5 wt%) orange-red emitter, Figure S4: the
studied CBP-based candlelight organic LEDs with (at 10 wt%) yellow and (at 7.5, 10 and 12.5 wt%)
orange-red emitter, Table S1: power efficacy (PE), current efficacy (CE), EQE, color-temperature (CT)
of studied BPMO- and CBP-based candlelight organic LED, Table S2: a comparative study of the
studied and reported candlelight organic LEDs showing the fabrication method, color temperature,
power efficacy, current efficacy.
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Abstract: Organic light-emitting diodes (OLEDs) have garnered considerable attention in academic
and industrial circles due to their potential applications in flat-panel displays and solid-state lighting
technologies, leveraging the advantages offered by organic electroactive derivatives over their inor-
ganic counterparts. The thin and flexible design of OLEDs enables the development of innovative
lighting solutions, facilitating the creation of customizable and contoured lighting panels. Among the
diverse electroactive components employed in the molecular design of OLED materials, the benzophe-
none core has attracted much attention as a fragment for the synthesis of organic semiconductors. On
the other hand, benzophenone also functions as a classical phosphor with high intersystem cross-
ing efficiency. This characteristic makes it a compelling candidate for effective reverse intersystem
crossing, with potential in leading to the development of thermally activated delayed fluorescent
(TADF) emitters. These emitting materials witnessed a pronounced interest in recent years due
to their incorporation in metal-free electroactive frameworks and the capability to convert triplet
excitons into emissive singlet excitons through reverse intersystem crossing (RISC), consequently
achieving exceptionally high external quantum efficiencies (EQEs). This review article comprehen-
sively overviews the synthetic pathways, thermal characteristics, electrochemical behaviour, and
photophysical properties of derivatives based on benzophenone. Furthermore, we explore their
applications in OLED devices, both as host materials and emitters, shedding light on the promising
opportunities that benzophenone-based compounds present in advancing OLED technology.

Keywords: donor-acceptor-donor (D-A-D) derivatives; organic light-emitting diode (OLED); high
efficiency; emission; thermal analysis; synthesis

1. Introduction

Since C. W. Tang's groundbreaking research in 1986 [1], there has been significant
interest in organic light-emitting diodes (OLEDs) for several decades. Their potential
applications span a wide range including full-colour flat-panel displays, smart watches,
smartphones, large-screen televisions, and solid-state lighting, attracting attention in both
scientific and industrial domains [2-8]. Today, OLEDs have evolved into a crucial com-
mercial venture, driven by their notable advantages in terms of brightness, wide-angle
viewability, power efficiency, contrast ratio, and other factors [9-20]. Flexibility stands out
as an additional attribute in their technological arsenal, unmatched by any of the other
existing technologies [21,22]. Predictably, the relentless pursuit of superior OLED materials
continues, driven by the quest for enhanced efficiency when incorporated into devices.

Originally, OLEDs were simple devices with a single emissive layer placed between a
cathode and an anode, deposited on a transparent substrate-like glass. As interest in the
technology grew, and the pursuit of higher efficiency intensified, additional layers were
introduced to optimize the flow of electrons and holes to the emissive layer. This is where
excitons form, leading to photon generation during the recombination process. In Figure 1,
we illustrate a modern multi-layer OLED structure. Beginning with a transparent substrate,
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an anode is deposited, typically made of the low-resistance transparent material indium
tin oxide (ITO). Subsequently, hole injection (HIL) and hole transporting (HTL) layers are
added. For these layers, materials with high hole mobility and robust electron-donating
properties are chosen. Following that, the emissive layer (EML) is introduced, composed
either of the emitting material alone or doped within a host matrix. Materials in this layer
commonly feature both electron-donating and electron-accepting groups, essential for an
efficient recombination process. The primary purpose of the host material is to effectively
transfer charge to the emitter while avoiding various emission-quenching mechanisms.
OLED emitters are categorized into three generations: 1st-generation fluorescent, 2nd-
generation phosphorescent, and 3rd-generation thermally activated delayed fluorescence
(TADF) phenomena featuring emitters. Moving forward, electron transporting (ETL) and
electron injection (EIL) layers are applied, performing the opposite functions to HTL and
HIL. These layers utilize materials with high electron mobility and robust electron-accepting
properties. Finally, a cathode, often made of aluminium, is deposited. Presently, there is
a diverse range of OLED structures, some incorporating even more layers (electron/hole
blocking, multiple charge-transporting layers, etc.) than the example provided. This
complexity aims to achieve well-aligned energy levels for each layer with its adjacent
layers, thereby minimizing energy barriers for charge carrier transport and achieving more
efficient OLED devices.

Cathode

Electron injection layer

Electron transporting layer

Emissive layer

Hole transporting layer

Hole injection layer

Anode

Glass substrate

Ty

Figure 1. Structure of organic light-emitting diode.

In past decades, there has been a progressive transition from fluorescence- to phospho-
rescence-based devices in the pursuit of higher efficiencies [23-27]. OLEDs utilizing conven-
tional fluorescent emitters typically exhibit a maximum internal quantum efficiency (IQE)
of 25% [1]. IQE can be elevated from 25% to 100% by harnessing triplet excitons through the
use of intersystem singlet-to-triplet crossing in phosphorescent emitters [28,29]. Despite the
high internal quantum efficiency and operational stability of emissive iridium or platinum
complexes [30-33], phosphorescent OLEDs (PhOLEDs) encounter significant efficiency roll-
off due to issues like aggregation-caused quenching and triplet-triplet and triplet-polaron
annihilation [34-37]. As a result, host-guest systems are commonly employed to disperse
phosphorescent emitters into host matrices. To achieve high-performance PhAOLEDs, host
materials must be ingeniously designed to adhere to fundamental principles such as good
thermal stability and film formation quality [38-43] and a sufficiently high triplet energy to
prevent reverse energy transfer from emitter to host [44—46]. Nevertheless, the persistent is-
sue of poor stability of blue phosphorescent OLEDs remains a significant constraint [47,48].
The presence of noble metals in phosphorescent materials raises an undeniable challenge to
the future costs of devices and environmental considerations [49,50]. In recent years, there
has been a notable focus on TADF emitters. This interest arises from their utilization in
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metal-free electroactive frameworks and their ability to upconvert full triplet excitons into
emissive singlet excitons through reverse intersystem crossing (RISC), thereby achieving
ultrahigh external quantum efficiencies (EQEs) [51-57]. Despite the promise of TADF mate-
rials, many TADF OLEDs encounter same quenching and triplet-triplet (or singlet-triplet)
annihilation problems as PhOLEDs, due to a long exciton lifetime [58-60]. Consequently,
to address the concentration quenching problem, many TADF molecules also need to
be incorporated into suitable host matrices. However, because of a limited selection of
TADPF-specific host materials [61-63], researchers often utilize conventional host mate-
rials common to phosphorescent OLEDs [64]. Therefore, one approach to overcoming
efficiency challenges is the design of new host materials specifically tailored for TADF
OLEDs. Another approach involves the development of new TADF molecules, especially
for non-doped OLEDs based on materials exhibiting aggregation-induced emission (AIE)
characteristics [65-71].

Units derived from benzophenone, shown in Figure 2, are renowned for their efficient
intersystem crossing (ISC) capability, attributed to robust spin-orbit coupling [72]. This
characteristic renders them highly appealing as acceptor blocks for the fabrication of
TADF emitters. Notably, benzophenone is recognized for its stability as an acceptor [73].
Furthermore, benzophenone functions as a classical phosphor with a high intersystem
crossing efficiency, potentially leading to effective reverse intersystem crossing with a small
AEst [74]. The benzophenone framework not only serves as an electron-deficient core by
integrating various donor units to create molecules with small AEst and intramolecular
charge transfer (CT) states [75], but it also features a highly twisted geometry, reducing
intermolecular interactions and the self-quenching effect [76,77]. Owing to the properties
of benzophenone, most of its derivatives have found applications in emissive layers of
OLED:s both as a host or as an emitter.

(o)

Figure 2. Chemical structure of benzophenone.

In this review article, we examine the synthetic pathways, thermal characteristics,
electrochemical behaviour, photoelectrical, and photophysical properties of derivatives
based on benzophenone. Additionally, we explore their applications in OLED devices, both
as host materials as well as emitters. This article will systematically review various device
structures and their corresponding performances. This review is structured into several
sections based on the application and structure of benzophenone derivatives, including the
following: host materials for phosphorescent emitters, host materials for TADF emitters,
donor-acceptor (D-A)-type emitters, donor-acceptor-donor (D-A-D)-type symmetric
structure emitters, D-A-D-type asymmetric structure emitters, as well as emitters having
dendritic structures.

2. Benzophenone-Based Host Materials Used for Phosphorescent Emitters

Scheme 1 illustrates the configurations of benzophenone-based derivatives, employed
as host materials in PhAOLED devices. The objective compounds HA1, HA2, and HA3 [78]
were obtained using Buchwald-Hartwig [79] amination reaction between 3,3"-dibromoben-
zophenone and 1,2,3 4-tetrahydrocarbazole for HA1, phenoxazine for HA2, and 9,9-dimethyl-
9,10-dihydroacridine for HA3. The host material HA4 [80] was synthesized by utilizing
Suzuki coupling reaction [81] between 3,3',6,6'-tetrabromobenzophenone and 9-phenyl-9H-
carbazol-3-ylboronic acid. To obtain the target compound HA5 [82], Buchwald-Hartwig
amination reaction of 4,4’-dibromobenzophenone with a 3,6-diphenyl-9H-carbazole donor
unit was used. Material HA6 [83] was synthesized utilizing similar reaction conditions
between 4-bromo-3-methylbenzophenone and 3,6-dimethyl-9H-carbazole. The host mate-
rial HA7 [84] was acquired through a single-step synthetic procedure employing Ullmann
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reaction [85] between iodophenylketone and aminodiphenylketone. The synthesis of
the remaining PhROLED host materials HA8, HA9, and HA10 [86] was easily achieved
through a simple Friedel-Crafts benzoylation reaction [87] carried out in carbon disul-
fide. Benzoyl chloride, in the presence of AICl3, reacted with 1,4-diphenyldurene, 1,3,5-
triphenylmesitylene, and 3,3',5,5'-tetraphenylbimesitylene to yield HA8, HA9, and
HA10, respectively.

Sotco Bor Bork,
By
f £t

Scheme 1. Structures of benzophenone-based materials used as hosts in PhAOLEDs.

Thermal, electrochemical, photoelectrical, and photophysical properties of the materi-
als HA1-HA10 are displayed in Table 1. The thermal properties were investigated for all
the objective materials. All the derivatives showed good thermal stability with high ther-
mal decomposition temperatures (Tp) of 218-553 °C, as confirmed by thermogravimetric
analysis (TGA). Differential scanning calorimetry (DSC) measurements showed that the
derivatives HA1, HA4, HA6, HA7, and HA10 were fully amorphous materials with glass
transition temperatures (Tg) of 55-188 °C. Only melting temperatures (Tyy) of 118-370 °C
were detected for other presented materials. During cooling, crystallization temperatures
(Tcy) of 62 °C and 269 °C were detected for compounds HA2 and HA3, respectively. For
this group of materials, HOMO levels were measured to be from —5.80 eV to —4.74 eV and
LUMO levels were in a region of —2.80 eV to —1.83 eV, attributed to bandgap energies (Eg)
of 2.72-3.93 eV. Benzophenone-based PhAOLED host materials showed high triplet state
energy (Er) levels, which were in a range of 2.53 eV-3.02 eV. Regarding photoluminescence
quantum yield, materials with this metric measured demonstrated 15-24.4% quantum
yield from film (®p. film) and 3-15.3% quantum yield from solution (®py, sol). In terms of
photoluminescence quantum yield, materials with this metric measured showed a range of
15% to 24.4% in film (Ppy. film) and 3% to 15.3% in solution (Ppy. sol). All these properties
were suitable to test the materials as hosts for various phosphorescent emitters.
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Table 1. Thermal, electrochemical, photoelectrical, and photophysical properties of materials
HA1-HA10.

Tew®C  To,°C  EgeV EseV  EpneV  AEspev  HOMO. LUMO, Fim% @ Sol,

= 312 321 - 3.02 - -5.17 -2.03 20 3

218 305 - 2.65 - —4.74 -219 15 12

269 389 3.66 270 2.66 0.04 —4.78 —2.02 16 6

- 553 3.00 - 2.61 - —5.80 —-2.80 - -

- 480 352 2.83 269 0.14 -5.77 -225 244 153

- - 3.10 3.70 3.00 0.70 —5.60 —2.50 - -

- 339 272 277 253 0.24 -5.51 -279 - -

= 337 391 - 297 - —5.80 -1.89 - -

- 4“5 393 - 297 - ~5.76 -1.83 - -

- 466 391 - 295 - ~5.78 ~1.87 - -

Architectures of devices utilizing host materials HA1-HA10 are shown in Table 2. While
all the devices used indium tin oxide (ITO) as the anode, hole-transporting layers (HTLs) had
more variability. All the reviewed devices used two HTLs of different derivatives stacked
on top of each other. Various materials were used in forming HTLs, such as 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC), 1,3-bis(N-carbazolyl)benzene (mCP), poly(3,4-ethylen-
edioxythiophene):polystyrene sulfonate (PEDOT:PSS), N,N'-di(1-naphthyl)-N,N’-diphenyl-
(1,1'-biphenyl)4,4"-diamine (NPB), tris(4-carbazoyl-9-ylphenyl)- amine (TCTA),and 14,5,8,9,11-
hexaazatriphenylenehexacarbonitrile (HAT-CN). In emissive layers, iridium-based phospho-
rescent emitters were doped in host materials HA1-HA10, using various doping concen-
trations. Bis(1-phenylisoquinoline)(acetylacetonate) iridium(III) (Ir(piq)2acac), bis[2-(3,5-
dimethylphenyl)-4-methyl-quinoline](acetylacetonate) iridium(IIl) (Ir(mphmq)2(tmd)),
bis(2-methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(IlI) (Ir(MDQ)2acac), bis(2-
benzo[b]thiophen-2-yl-pyridine)(acetylacetonate)iridium(III) (Ir(btp)2acac), and bis(2-benz-
othiozolato-phenyl)(pylbenzamidinate)iridium(IIl) (Ir(bt)2 (dipba)) were used for red,
bis(7,8-benzoquinolinato)(N,N'-diisopropylbenzamidine) iridium (III) (Ir(bzq)2(dipba)) for
orange, bis(4-phenylthieno[3,2-c]pyridinato-N,C2’) (acetylacetonate) iridium(IIl) (PO-01)
for yellow, bis[2-(2-pyridinyl-N)phenyl-C](acetylacetonato) iridium(III) (Ir(ppy)2acac) and
tris(2-phenylpyridine)iridium(III) (Ir(ppy)3) for green, and bis[2-(4,6-difluorophenyl)pyrid-
inato-C2,N](picolinato)iridium (Flrpic) for blue devices. For electron-transporting lay-
ers (ETLs), 4,6-bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidine (BBPYMPM), 4,6-bis(3-
(9H-carbazol-9-yl)phenyl)pyrimidine (CzPhPy), and 1,3 5-tris(3-pyridyl-3-phenyl)benzene
(TmPyPB) were used. Additionally, 4,7-diphenyl-1,10-phenan- throline (Bphen), lithium
fluoride (LiF), lithium-8-hydroxyquinolinolate (Liq), or caesium carbonate (Cs,CO3) were
deposited as electron-injecting layers (EILs). Lastly, all of the devices mentioned in this
section used aluminium (Al) as a cathode.

Table 2. Architectures of devices utilizing host materials HA1-HA10.

Device with
HA Host

Device Architecture

DHA3

ITO/ TAPC (50 nm)/mCP (10 nm)/HA3:7 wt% Ir(piq),acac (30 nm)/Bphen (50 nm)/LiF (1 nm)/Al (100 nm)

DHA4

ITO (130 nm)/PEDOT:PSS (30 nm)/TFB (20 nm) /HA4:8 wt% Ir(ppy)3/ Cs2CO3:Al (100 nm)

D1HA5

ITO/NPB (35 nm) /mCP (5 nm)/HA5:3 wt% Ir(ppy)zacac (30 nm) /B3PYMPM (30 nm)/LiF (0.5 nm)/Al (150 nm)

D2HA5

ITO/NPB (35 nm)/mCP (5 nm)/HA5:3 wt% Ir(bzq)2(dipba) (30 nm)/B3PYMPM (30 nm)/LiF (0.5 nm)/Al

(150 nm)

D3HA5

ITO/NPB (35 nm)/mCP (5 nm)/HAS5:3 wt% Ir(bt)2(dipba) (30 nm) /B3PYMPM (30 nm)/LiF (0.5 nm)/Al (150 nm)
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Table 2. Cont.

DeHv;cle‘l::rsi:h Device Architecture
DI1HA6 ITO/TAPC (30 nm)/TCTA (10 nm)/HA6:Flrpic (20 nm)/CzPhPy (10 nm)/TmPyPB (45 nm)/LiF/Al
D2HA6 ITO/TAPC (30 nm)/TCTA (10 nm)/HAG6:Ir(ppy), (acac) (20 nm)/CzPhPy (10 nm)/TmPyPB (45 nm)/LiF/Al
D3HA6 ITO/TAPC (30 nm)/TCTA (10 nm) /HA6: H(mphmcpz(tmd) (20 nm)/HAS (10 nm)/CzPhPy (10 nm)/TmPyPB
(45 nm)/LiF/Al
DHA7 ITO/HAT-CN (10 nm)/TAPC (65 nm)/TCTA (10 nm)/HA7:10 wt% Ir(MDQ)2acac (30 nm)/TmPyPb (55 nm) /Liq
(1nm)/Al (110 nm)
DIHAS ITO/NPB (40 nm) /mCP (10 nm)/HA8:9-10 wt% Ir(ppy)3 (30 nm) /TmPyPB (45 nm)/LiF (2 nm)/ Al (150 nm)
D2HAS ITO/NPB (40 nm)/mCP (10 nm)/HA8:9-10 wt% Ir(btp),acac (30 nm)/ TmPyPB (45 nm) /LiF (2 nm)/Al (150 nm)
D3HAS ITO/NPB (40 nm)/mCP (10 nm)/HA8:9-10 wt% Firpic (30 nm) /TmPyPB (45 nm)/LiF (2 nm)/ Al (150 nm)
D4HAS ITO/NPB (40 nm)/mCP (10 nm)/HA8:9-10 wt% PO-01 (30 nm)/ TmPyPB (45 nm)/LiF (2 nm)/Al (150 nm)
D1HA9 ITO/NPB (40 nm) /mCP (10 nm)/HA9:9-10 wt% Ir(ppy)3 (30 nm)/TmPyPB (45 nm)/LiF (2 nm)/ Al (150 nm)
D2HA9 ITO/NPB (40 nm) /mCP (10 nm)/HA9:9-10 wt% Ir(btp)zacac (30 nm)/TmPyPB (45 nm)/LiF (2 nm)/Al (150 nm)
D3HA9 ITO/NPB (40 nm)/mCP (10 nm)/HA9:9-10 wt% Flrpic (30 nm)/TmPyPB (45 nm)/LiF (2 nm)/ Al (150 nm)
D4HA9 ITO/NPB (40 nm)/mCP (10 nm)/HA9:9-10 wt% PO-01 (30 nm)/ TmPyPB (45 nm)/LiF (2 nm)/Al (150 nm)
DI1HA10 ITO/NPB (40 nm)/mCP (10 nm)/ HA10:9-10 wt% Ir(ppy)3 (30 nm)/ TmPyPB (45 nm)/LiF (2 nm)/Al (150 nm)
D2HA10 ITO/NPB (40 nm)/mCP (10 nm)/ HA10:9-10 wt% Ir(btp),acac (30 nm) /TmPyPB (45 nm) /LiF (2 nm)/Al (150 nm)
D3HA10 ITO/NPB (40 nm)/mCP (10 nm)/HA10:9-10 wt% Flrpic (30 nm)/ TmPyPB (45 nm)/LiF (2 nm)/Al (150 nm)
D4HA10 ITO/NPB (40 nm)/mCP (10 nm)/HA10:9-10 wt% PO-01 (30 nm)/ TmPyPB (45 nm) /LiF (2 nm)/Al (150 nm)

Characteristics of phosphorescent OLED devices using host materials HA1-HA10 are
shown in Table 3. Overall, the utilization of benzophenone-based host materials resulted in
efficient PhAOLED devices with the external quantum efficiency of most devices exceeding
10%. Host materials HA1-HA10 were used for red, orange, yellow, green, and blue
devices. Comparison of the red devices with each other showed that the most efficient
prototype was D3HAS, which has a demonstrated low turn-on voltage (Von) of 29 V, high
power efficiency (PE) of 27.1 Im/W, and external quantum efficiency (EQE) of 22.1%, as
well as a maximum brightness (Lyiax) of 10,240 cd/m?2. For the orange emitter, only 3,6-
diphenylcarbazol-9-yl-substituted host HA5 was used. The device D2HA5 demonstrated a
Von, Lmax, PE, and EQE of 2.6 V, 31,200 cd /m2, 61.6 Im /W, and 23.1%, respectively, with
CIExy coordinates of (0.51, 0.47). Between yellow devices, prototype D4HAS stood out
the most and outperformed devices D4HA9 and D4HA10. That could be attributed to the
structure of host material HA8 which utilizes two benzophenone fragments compared to
the three of HA9 and four of HA10. Diode D4HA8 demonstrated a current efficiency (CE) of
50.6 cd/A, PE of 28.9 Im/W, and EQE of 19.2%. Comparing green PhOLEDs, two carbazole
fragments having the host material HA5 outperformed other host materials that had one or
four carbazole fragments (HA4, HAG6) or without carbazole fragments (HA8, HA9, HA10).
Furthermore, the suitability of derivative HA5 (Et = 2.69 eV) for green phosphors could be
ascribed to the highest efficiency observed in the devices. PAOLEDs with a D1IHAS5 host
demonstrated a very high PE of 99.1 Im/W and excellent EQE of 25.1% with their Lyjax
exceeding 93,300 cd/m?. When comparing blue PhOLEDs, devices using host material
HAG6 with a high Et of 3.00 eV and excellent thermal and film forming properties exhibited
the best characteristics. Device DIHA6 displayed a high PE and EQE of 38.2 Im/W and
19.4%, respectively.
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Table 3. Characteristics of phosphorescent OLED devices using host materials HA1-HA10.
Device Host Colour Von, V Lytax, cd/m? CE,cd/A  PEIm/W  EQE, % CIE (x, y)
DHA3 HA3 Red = 1094 56 5.30 8.60 (0.68,0.32)
DHA4 HA4 Green - - - 220 14.6 -
DIHAS HA5 Green 25 93,330 = 99.1 251 (0.29,0.64)
D2HAS5 HA5 Orange 26 31,200 - 61.6 231 (0.51,047)
D3HA5 HA5 Red 29 10,240 - 27.1 21 (0.61,0.36)
DI1HA6 HA6 Blue 3.0 = - 382 194 (0.16,033)
D2HA6 HA6 Green 29 - - 75.7 21.0 (0.29,0.64)
D3HA6 HA6 Red 3.1 - - 30.8 16.5 (0.62,0.38)
DHA7 HA7 Red 40 3876 20.6 126 16.1 -
DIHAS HA8 Green 45 3080 46.8 29.1 17.0 (0.30, 0.60)
D2HAS8 HAS8 Red 5.0 905 55 22 59 (0.65,0.32)
D3HAS8 HA8 Blue 55 708 109 46 53 (0.17,032)
D4HA8 HA8 Yellow 55 3490 50.6 289 19.2 (047,051)
DIHA9 HA9 Green 45 4940 45.6 319 15.6 (0.31,0.60)
D2HA9 HA9 Red 45 1840 132 92 10.8 (0.67,0.33)
D3HA9 HA9 Blue 45 1010 9.3 37 45 0.17,0.32)
D4HA9 HA9 Yellow 45 6480 50.8 319 185 (0.48,0.51)
DIHA10 HA10 Green 45 5020 37.5 26.2 121 (0.31,0.60)
D2HA10 HA10 Red 40 1820 199 15.6 13.7 (0.67,033)
D3HA10 HA10 Blue 55 473 85 49 40 0.19,032)
D4HA10 HA10 Yellow 45 10,700 30.5 213 10.7 (0.48,052)

3. Benzophenone-Based Bipolar Host Materials Used for TADF Emitters

Scheme 2 illustrates the configurations of benzophenone-based derivatives, employed
as host materials in TADF OLED devices. Objective compounds HB1 and HB2 [88] were
synthesized via a straightforward one-step Friedel-Crafts reaction utilizing readily avail-
able, cost-effective triphenylamine and isophthaloyl or terephthaloyl dichloride as initial
reagents. All the remaining host materials HB3, HB4 [89], HB5 [90], HB6, HB7 [91], and
HB8 [92] were obtained by simple nucleophilic substitution reactions between fluorinated
benzophenone and corresponding amines. For application as TADF host materials, ben-
zophenone was combined either with carbazole or phenyl-/naphtyl- amino fragments
as electron donors. 4,4'-Difluorobenzophenone reactions with N-phenyl-1-naphtylamine,
N-phenyl-2-naphtylamine, 3-naphthyl-9H-carbazole, 3-phenyl-9H-carbazole, and 3-(4-(9H-
carbazol-9-yl)phenyl)-9H-carbazole yielded compounds HB3, HB4, HB5, HB6, and HB7, re-
spectively. Material HB8 was obtained during reaction between 2,3,4,5,6-pentafluorobenzo-
phenone and 9H-carbazole.



Nanomaterials 2024, 14, 356

80f35

Scheme 2. Structures of benzophenone-based materials used as hosts in TADF OLEDs.

carbazole-substituted derivatives HB5-HB8 demonstrated higher Et levels.

Table 4 presents the thermal, electrochemical, photoelectrical, and photophysical
properties of materials HB1 to HB8. During the investigation of thermal properties, it
was noticed that most of the benzophenone-based compounds were resistant to heat with
thermal decomposition temperatures ranging from 277 °C to as high as 497 °C. Most
of the same materials also possessed the ability to form stable amorphous films with
glass transition temperatures ranging from 90 °C to 187 °C. At the same time, HB series
benzophenone derivatives had optical bandgap energies of 2.70-4.10 eV, singlet state energy
(Es) levels of 2.37-3.07 eV, and triplet state energies ranging from 2.32 eV to 2.64 eV. Notably,

Table 4. Thermal, electrochemical, photoelectrical, and photophysical properties of materials

HB1-HBS.
HB1 - 90 - 436 284 259 238 021 -5.31 -247 75 46 -
HB2 - 92 - 416 270 2.37 232 0.05 -5.32 -262 2 2 -
HB3 218 101 203 411 289 3.07 2.55 052 -5.13 -147 9 9 -
HB4 241 107 - 428 278 3.00 253 047 -5.08 -1.53 13 13 -
HB5 - 156 - - 333 291 261 030 -5.38 -2.05 - - -
HB6 123 2 - 277 4.10 297 264 033 -6.15 263 - - -
HB7 366 187 = 371 4.00 295 2,60 035 —6.05 -245 - - .
HBS 2= - - 497 2.80 2.61 2.60 0.01 —-5.35 —255 i 8 6
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The configurations of devices employing host materials HB1 to HBS are illustrated
in Table 5. All the manufactured devices used an ITO anode. To lower the hole injec-
tion barrier, molybdenum (VI) oxide (MoO3) was used as a hole injection layer (HIL)
for devices DHB3 and DHB4. The most popular material of choice for the formation
of hole-transporting layers was PEDOT:PSS. NPB, TAPC, or a cross-linkable molecule
3,6-bis(4-vinylphenyl)-9-ethylcarbazole (VPEC), were also employed for HTLs in some
cases. Each device utilized one or two hole-transporting layers (HTLs). The chosen TADF
emitters included orange 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzTPN),
green 2,3,5,6-tetracarbazole-4-cyano-pyridine (4CzCNPy), and blue 10,10" -(perfluoro-[1,10-
biphenyl}-4,4'-diyl)bis(2,7-ditert-butyl-9,9-dimethyl-9,10-dihydro-acridine) (PFBP-2b). The
electron-transporting layers utilized compounds such as TmPyPB, TPBi, and 2 4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T). Finally, for all devices under investi-
gation, a combination of LiF as the electron-injecting layer and an Al cathode was employed.

Table 5. Architectures of devices utilizing host materials HB1-HBS.

Device Device Architecture

DHB1 ITO/PEDOT:PSS (40 nm)/HB1:10 wt% 4CzCNPy (35-40 nm) /TmPyPB (60 nm)/LiF (0.8 nm)/ Al (120 nm)

DHB2 ITO/PEDOT:PSS (40 nm)/ HB2:10 wt% 4CzCNPy (35-40 nm) /TmPyPB (60 nm)/LiF (0.8 nm)/ Al (120 nm)

DHB3 ITO/MoO3 (8 nm)/NPB (60 nm)/TAPC (5 nm)/ HB3:5 wt% 4CzTPN (5 nm) /HB3 (15 nm)/
PFBP-2b(20 wt%):TPBi (40 nm) /LiF (1 nm)/Al

DHB4 ITO/MoOj3 (8 nm)/NPB (60 nm) /TAPC (5 nm) /HB4:5 wt% 4CzTPN (5 nm)/HB4(15 nm)/
PFBP-2b(20 wt%):TPBi (40 nm) /LiF (1 nm)/Al

DHB5 ITO (125 nm)/PEDOT:PSS (30 nm)/HB5:15 wt% 4CzIPN (20 nm)/TPBi (30 nm) /LiF (1.0 nm)/Al (150 nm)

D1HB6 ITO (125 nm)/PEDOT:PSS (35 nm)/HB6:4CZIPN (20 nm)/PO-T2T (10 nm)/TPBi (30 nm)/LiF (1 nm)/Al (200 nm)

D2HB6

ITO (125 nm) /PEDOT:PSS (35 nm) /VPEC (10 nm)/HB6:4CzIPN (20 nm)
/PO-T2T (10 nm)/TPBi (30 nm)/LiF (1 nm)/ Al (200 nm)

DHB7 ITO (125 nm)/PEDOT:PSS (35 nm)/HB7:4CZIPN (20 nm)/PO-T2T (10 nm)/TPBi (30 nm)/LiF (1 nm)/Al (200 nm)

DHB8 ITO/PEDOT:PSS (40 nm)/HB8:10 wt% 4CzCNPy (40 nm)/TmPyPB (60 nm)/LiF (0.8 nm)/Al (100 nm)

Measured characteristics of TADF OLED devices employing host materials HB1-HB8
are shown in Table 6. Most of the HB materials were used to dope green TADF emitters,
except benzophenone derivatives HB3 and HB5, which were used in combination with
orange and sky blue dopants to achieve white emission. Hu and co-authors investigated
electron-donating triphenylamino and electron-accepting phthaloyl moieties having com-
pounds HB1 and HB2. When these materials were used as hosts for the green TADF emitter,
compound HB1 prevailed as a more effective choice that could be explained by higher
singlet and triplet energy levels which enhance energy transfer efficiency and effectively
prevent reverse energy transfer from the green TADF emitter to the TADF host, resulting
in a CE, PE, and EQE of 43.5 cd/ A, 33.3 Im/W, and 13.0% for device DHB1, respectively.
Materials HB3 and HB4 were investigated by Mahmoudi et al. They found that the best use
of the synthesized materials would be as exciton modulators between two TADF emitters.
By combining orange and blue TADF materials with the new benzophenone-based hosts,
efficient white TADF OLEDs were introduced with the EQE for devices DHB3 and DHB4
reaching 9.5% and 7.1%, respectively. Device-utilizing compound HB3 showed higher-
quality white electroluminescence, which is defined by 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 Swyamprabha synthesized and characterized 3-naphtyl-9H-carbazole-substituted
derivative HB5. The green TADF OLED device showed a maximum CE, PE, and EQE of
9.5cd/A, 841m/W and 2.8%, respectively. The same researchers continued their work
and synthesized new materials HB6 and HB7 with different substituents at the carbazole
core. At last, green solution-processable OLEDs were also fabricated with a cross-linkable
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hole transport material VPEC and realized PE of 63.6 Im/W with an EQE of 25.3% for
device D2HB7, which was more effective than an analogical device with a lower E having
host material HB6. Wang et al. introduced a new penta-carbazole-substituted benzophe-
none derivative HB8, which has also been tested as a host material for the green TADF
emitter. Device DHB8 displayed a yellowish-green emission, possessing CIE coordinates
of (0.34, 0.58), aligning with the emission characteristics of 4CzCNPy [93]. The OLED
achieved a maximum current and external quantum efficiency, reaching 38.3 cd /A and
12.5%, respectively.

Table 6. Characteristics of TADF OLED devices using host materials HB1-HBS.

Device Host Colour Von, V Lyax, cd/m? CE,cd/A  PE, Im/W EQE, % CIE (x, y)
DHB1 HB1 Green 35 20,322 435 33.3 13.0 (0.32,0.60)
DHB2 HB2 Green 32 15,510 29.3 254 9.0 (0.33,058)
DHB3 HB3 White 3.9 29,922 18.6 - 9.5 (0.36,0.31)
DHB4 HB4 White 3.6 15,350 13.8 - 71 (0.32,031)
DHB5 HB5 Green 3.4 8601 9.5 84 28 (0.31,059)
D1HB6 HB6 Green 3.0 16,500 70.7 55.6 232 (0.28,057)
D2HB6 HB6 Green 29 18,900 723 63.6 253 (0.29,0.58)
DHB7 HB7 Green 2.7 10,540 49.2 46.2 153 (0.28,057)
DHBS8 HB8 Green 3.7 22,004 383 - 125 (0.34,058)

Characteristics of best performing white and green devices are highlighted in bold.

4. Benzophenone-Based Emitters Employing a D-A Molecular Structure

Scheme 3 illustrates the structures of donor-acceptor-type molecules reviewed for
their application as emitters in OLED devices. These materials typically exhibit a struc-
ture where one part of the molecule has a higher electron-donating ability, while an-
other part has a higher electron-accepting ability. The compounds EA1, EA2, EA3 [94],
EAG6 [95], EA7 [96], EA8 [97], EA13 [98], EA14 [99], EA16 [100], EA17, and EA18 [101] were
synthesized using the Buchwald-Hartwig coupling reaction methodology. Specifically,
EA1, EA2, and EA3 were obtained in the reaction of 4-bromobenzophenone with 3-(4-
(diphenylamino)phenyl)-9H-carbazole, 2-(4-(diphenylamino)phenyl)-9H-carbazole, and
1-(4-(diphenylamino)phenyl)-9H-carbazole, respectively. EA6 and EA7 were derived from
the reactions of 4-bromobenzophenone with 11-phenyldihydroindolo[2,3-a]carbazole or
N,N’-diphenyltriazatruxene. EAS8 resulted from the reaction of 4-aminobenzophenone with
3-iodo-9-ethylcarbazole. Emitters EA13, EA14, and EA16 were synthesized through the reac-
tions of 4-bromobenzophenone with 9,9-dimethyl-9,10-dihydroacridine, 10H-phenothiazine,
or 9,9-diphenyl-9,10-dihydroacridine, respectively. Lastly, employing 9,9-dimethyl-9,10-
dihydroacridine in reaction with (4-bromophenyl)(4-(phenylthio)phenyl)methanone re-
sulted in EA17 and 9,9-dimethyl-9,10-dihydroacridine reaction with (4-bromophenyl)(4-
(phenylsulfonyl)phenyl)methanone, which was used to obtain EA18. Materials EA4 and
EA5 [102], featuring 3,6-pyridinyl-9H-carbazole substitutions, were synthesized through
Suzuki reactions. This involved the coupling of 4-(3,6-dibromocarbazol-yl)benzophenone with
4-pyridinylboronic acid for the production of compound EA4 or with 3-pyridinylboronic
acid for the synthesis of derivative EA5. The Suzuki coupling method was also em-
ployed for the synthesis of target materials EA9 [103] and EA22 [104]. For EA9, the
reaction involved 4-bromobenzophenone with 9-phenylcarbazole-3-boronic acid pinacol
ester. For derivative EA22, the initial reagents selected were 4-(4-(3-bromo-9H-carbazol-9-
ylbenzoyl)benzonitrile and (4-(diphenylamino)phenyl)boronic acid. Benzophenone-based
derivatives EA10 [105], EA11 [92], EA12[106], and EA19 [107] were synthesized through
relatively straightforward catalyst-free nucleophilic substitution reactions. For EA10, the ini-
tial reactants included 4-fluorobenzophenone and triphenyl-2-(9H-carbazol-2-yl)ethylene.
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The synthesis of material EA11 is detailed in a previous section under the name HBS. The
objective compound EA12 was obtained by reacting of 2,3,4,5,6-pentafluorobenzophenone
with 3,6-bis(tert-butyl)-9H-carbazole. Emitter EA19 was prepared through the reaction of (4-
(dodecyloxy)phenyl)(4'-fluorophenyl)methanone with 9,9-dimethyl-9,10-dihydroacridine.
An alternative synthesis approach was employed for the creation of compounds EA15 and
EA21 [108]. In this scenario, 10H-spiro(acridine-9,9'-thioxanthene) was employed in Ull-
mann reactions with 4-bromobenzophenone and (6-bromopyridin-3-yl)(phenyl)methanone,
respectively. The phosphorus-containing emitter EA20 [109] was synthesized through a
palladium-catalysed reaction between the intermediate compound 4-iodo-4'-phenothiazin-
10yl-benzophenone and diphenylphosphine oxide in the presence of triethylamine.
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Scheme 3. Structures of benzophenone-based D-A materials used as emitters in OLEDs.

The thermal, electrochemical, photoelectrical, and photophysical properties of mate-
rials EA1-EA22 are provided in Table 7. All the tested materials exhibited good thermal
stability, as verified by the TGA measurements conducted on the samples. The thermal
decomposition temperatures for these materials ranged from 278 °C to 497 °C. DSC experi-
ments showed that most of the tested materials were capable of forming stable amorphous
layers with glass transition temperatures of 80-194 °C. By analysing the HOMO-LUMO
gap (energy bandgap Ey), it was seen that most of the EA series derivatives demonstrated
Eg levels of around 3 eV or slightly lower. Only materials EA4 and EA5 showed signifi-
cantly higher Eg levels of around 4 eV, which might lead to less efficient TADF processes
compared to emitters with smaller bandgaps [59]. A crucial characteristic for achievement
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of the TADF effect is a small energy difference between the singlet and triplet states (AEsy),
which facilitates effective reverse intersystem crossing, allowing the conversion of triplet
excitons to singlet excitons, which is essential for delayed fluorescence [59]. This metric
was measured for all benzophenone-based D-A emitters. From 22 derivatives described in
this section, 17 of them demonstrated AEgy levels of 0.10 eV or lower. Higher singlet-triplet
energy difference-having derivatives could be suffering from an ineffective TADF process,
thus lowering the overall performance of the devices. A small AEst is associated with a
higher photoluminescence quantum yield (®py ), as it facilitates efficient radiative decay
from the triplet state to the ground state. We can compare materials EA1, EA2, and EA3
since experiments with them were executed under the same conditions. The biggest AEst of
0.37 eV having derivative EA2 showed the lowest quantum yield (®p ) of 20% in thin film.
On the other hand, the narrowest singlet-triplet energy gap of just 0.02 eV was measured
for compound EA3, which exhibited the highest ®py. of 50%. This trend could be observed
in other pairings of similarly structured materials that were characterized under the same
conditions such as EA4 and EAS5 as well as EA15 and EA21. Oxygen molecules can quench
the triplet states involved in the TADF process [110]. This quenching effect can lead to a
decrease in the efficiency of delayed fluorescence and, consequently, reduced performance
of TADF-based devices. Triplet state involvement in overall emission is proven by this
way for benzophenone derivatives EA5, EA6, EA8, and EA11. In the cases of materials
EA6,EA13, EA15, EA16, and EA21, prompt and delayed components of emissions were
detected with the ratio of the delayed component in overall emission (Rp) ranging from
37.9% to 81.3%. All emitters described in this section, except fluorescent EA10, exhibited
TADF properties.

Table 7. Thermal, electrochemical, photoelectrical, and photophysical properties of materials
EA1-EA22.

©py Film, % ®p; Sol, %
Tth' ol Tg’ Eg, eV  Eg,eV EreV AE‘S;I ’ H(zl‘\;{o, ]-LL]\";O' Nz o ~ o '-‘-/E'
EA1 - 90 367 239 2.81 255 026 —5.55 -3.16 420 - 124 - -
EA2 - 148 377 243 2.81 2.4 037 —558 -3.15 200 - - - -
EA3 - - 407 233 2.78 2.76 0.02 -5.51 -3.18 50.0 - - - -
EA4 - - - 394 - - 0.06 -5.83 -1.89 234 191 56.0 18.0 -
EA5 - - - 4.02 - - 0.07 -5.99 -1.97 21.0 173 52.0 10.0 -
EA6 - 177 278 3.00 292 2.83 0.09 —545 -245 62.0 - - - 379
EA7 - 145 379 272 2.68 259 0.06 —5.37 —2.65 51.0 - 14.0 - -
EA8 135 - - 2.60 - - 024 -5.20 —2.60 76.0 70 - - -
EA9 - 155 311 3.09 297 255 042 —5.66 -2.57 50.8 - - - -
EA10 200 107 341 - 3.66 257 1.09 - - - - - - -
EAll - - 497 2.80 261 2.60 0.01 -5.35 —-2.55 240 - 8.0 6.0 -
EA12 - 194 420 2.80 2.86 2.76 0.10 -5.90 -3.10 280 - 84 - -
EA13 - - 297 287 290 2.81 0.09 ~5.06 -2.19 750 - - - 813
EAl4 - - - 2.60 - - 0.07 - - 31.0 - - - -
EA15 - 165 372 291 - - 0.09 -5.11 -1.98 757 - - - 663
EAl6 - - - 264 214 213 0.01 -5.70 -3.06 470 - - - 702
EA17 - - 367 231 2.64 2.63 0.008 —524 -293 90.1 - - - -
EA18 - 80 350 2.01 203 2.02 0.005 -524 -3.23 39.7 - - - -
EA19 - - 355 320 2.64 263 0.01 —493 -1.73 - - - - -
EA20 - 91 428 23 261 259 0.02 —550 -3.20 - - - - -
EA21 - 102 389 2.81 - - 0.08 -512 -2.22 98.9 - - - 60.1
EA22 - - 460 207 2.56 247 0.09 -5.02 -2.95 63.0 - 41.0 - -
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Architectures of devices utilizing emitters EA1-EA22 are displayed in Table 8. As
it was mentioned in earlier sections, all of the devices formed with the D-A-type ben-
zophenone emitters used an ITO anode and Al cathode except for EA20-based devices,
which used cathodes made of a blend of magnesium and silver. To lower the hole injection
barrier, hole-injecting material MoO3 was used in some devices. Hole-transporting layers
were made utilizing PEDOT:PSS, NPB, TAPC, HAT-CN, TCTA, 9-(4-tert-butylphenyl)-
3,6-bis(triphenylsilyl)-9H-carbazole (CzSi), mCP, 3,3'-di(9H-carbazol-9-yl)-1,1"-biphenyl
(mCBP), 4,4"-bis(9-carbazolyl)-1,1"-biphenyl (CBP), or N,N’-bis(naphthalen-1-y1)-N,N’-
bis(phenyl)-2,2'-dimethylbenzidine (a-NPD). Doped and non-doped emissive layers (EMLs)
were used during studies of the devices. In the case of doped devices, host materials bis[2-
(diphenylphosphino)phenyl]ether oxide (DPEPO), 3,6-di(9-carbazolyl)-9-(2-ethylhexyl)
carbazole (TCzl), mCP, bis-4-(N-carbazolyl)phenyl)phenylphosphine oxide (BCPO), 10-(4-
(4-(9H-carbazol-9-yl)phenylsulfonyl)phenyl)-9 9-dimethyl- 9,10-dihydroacridine (CzAcSF),
and CBP were used. To achieve desirable emission, an additional emitter, 9,9'-((2-(4'-(9H-
carbazol-9-yl)-[1,10-biphenyl]-4-yl)ethene-1,1-diyl)bis(4,1-phenylene))bis(9H-carbazole)
(2CzTPEPCz), was used in tandem with emissive material EA20. To balance the flow
of electrons, TBPi, TmPyPB, DPEPO, and B3PyPB were applied for electron-transporting
layers. In order to make a lower electron injection barrier, LiF, Cs;COj3, or Liq were used
for EILs in some cases as it can be seen in Table 8.

Table 8. Architectures of devices utilizing the emitters EA1-EA22.

Device Device Architecture

DEA1 ITO/PEDOT:PSS (40 nm)/EA1 (40 nm)/TPBi (30 nm)/Cs>CO3 (2 nm)/Al (100 nm)

DEA2 ITO/PEDOT:PSS (40 nm)/EA2 (40 nm)/TPBi (30 nm)/Cs,COj3 (2 nm)/Al (100 nm)

DEA3 ITO/PEDOT:PSS (40 nm)/EA3 (40 nm)/TPBi (30 nm)/Cs,CO;3 (2 nm)/Al (100 nm)

DEA4 ITO/NPB (30 nm)/ TAPC (20 nm)/mCP (10 nm)/DPEPO:7 wt% EA4 (30 nm)/

TPBi (40 nm) /LiF (0.8 nm)/Al (100 nm)
BHAR ITO/NPB (30 nm)/ TAPC (20 nm)/mCP (10 nm)/DPEPO:7 wt% EAS5 (30 nm)/
TPBi (40 nm) /LiF (0.8 nm)/Al (100 nm)
DEAg  ITO/HAT-CN (10 nm)/TAPC (30 nm)/TCTA (10 nm)/DPEPO:10 wt% EA6 (40 nm)/ TmPyPB (40 nm)/LiF (1 nm)/Al
(100 nm)

DEA7 ITO/PEDOT:PSS (25 nm)/EA7 (25 nm)/ TmPyPB (55 nm)/LiF (1 nm)/Al (150 nm)

DEAS ITO (50 nm) /PEDOT:PSS (30 40 nm)/TCzL:5 wt% EA8/TPBi (50 nm)/Liq (1 nm)/Al (80 nm)

DEA9 ITO/TAPC (40 nm)/TCTA (20 nm) /EA9 (40 nm)/TmPyPB (50 nm) /LiF (1 nm)/Al (100 nm)

s ITO (120 nm)/TAPC:20 wt%MoO3 (20 nm)/TAPC (20 nm)/TCTA (10 nm) /EA10 (20 nm)/

CBP (2 nm)/TmPyPB (50 nm)/LiF (1.2 nm)/ Al (120 nm)
DEA11 ITO/PEDOT:PSS (40 nm)/ mCP:10 wt% EA11 (40 nm)/ TmPyPB (60 nm)/LiF (0.8 nm)/Al (100 nm)
ITO/NPB (30 nm)/TCTA (20 nm)/CzSi (10 nm)/EA12 (20 nm)/DPEPO (10 nm)/TPBi (30 nm)/LiF (1 nm)/Al
DI1EA12 (100 nm)
D2EA12 ITO/NPB (30 nm)/TCTA (20 nm)/CzSi (10 nm)/DPEPO:20 wt% EA12 (20 nm)/
DPEPO (10 nm)/TPBi (30 nm)/LiF (1 nm)/ Al (100 nm)
T ITO/MoO; (1 nm)/TAPC (50 nm)/mCP (10 nm) /EA13 (30 nm) /DPEPO (10 nm)/
TmPyPB (30 nm)/LiF (1 nm)/Al (100 nm)
D2EAL3 ITO/MoO;3 (1 nm)/TAPC (50 nm)/mCP (10 nm)/BCPO:20 wt% EA13 (30 nm)/DPEPO (10 nm)
/TmPyPB (30 nm)/LiF (1 nm)/Al (100 nm)

DEA14 ITO (100 nm)/«-NPD (40 nm)/mCBP (10 nm) /EA14 (15 nm) /B3PyPB (55 nm)/Liq (1 nm)/Al (80 nm)
DIEA15 ITO/TAPC (30 nm)/mCP (10 nm)/EA15 (20 nm)/ DPEPO (10 nm)/TmPyPB (40 nm)/LiF /Al
D2EA15 ITO/TAPC (30 nm) /mCP (10 nm)/DPEPO:30 wt% EA15 (20 nm)/DPEPO (10 nm)/ TmPyPB (40 nm)/LiF /Al
DEA16 ITO/ TAPC (40 nm)/TCTA (10 nm)/mCP (10 nm)/EA16/TmPyPb (40 nm)/LiF (1 nm)/Al (120 nm)




Nanomaterials 2024, 14, 356 14 of 35
Table 8. Cont.
Device Device Architecture
DIEA17 ITO/PEDOT:PSS (40 nm)/TAPC (20 nm)/EA17 (20 nm)/TmPyPB (40 nm) /LiF (1 nm)/Al (200 nm)
D2EA17 ITO/PEDOT:PSS (40 nm) /TAPC (20 nm)/CBP:5 wt% EA17 (20 nm)/ TmPyPB (40 nm)/LiF (1 nm)/Al (200 nm)
DIEA18 ITO/PEDOT:PSS (40 nm)/TAPC (20 nm)/EA18 (20 nm)/TmPyPB (40 nm) /LiF (1 nm)/Al (200 nm)

D2EAIS ITO/ PEDOT:PSS (40 nm) /TAPC (20 nm)/CBP:5 wt% EA18 (20 nm)/ TmPyPB (40 nm) /LiF (1 nm)/Al (200 nm)

ITO/PEDOT:PSS (30 nm) /mCP:CzAcSF:EA19(40:30:30) (40 nm)

DEAL9 /DPEPO (10 nm)/TmPyPB (50 nm)/Liq (1 nm)/Al (100 nm)

DI1EA20 ITO/PEDOT:PSS (40 nm)/CBP (20 nm)/CBP:10 wt% EA20 (15 nm)/TPBi (40 nm)/Mg:Ag

D2EA20 ITO/PEDOT:PSS (40 nm)/CBP (20 nm)/EA20 (4 nm)/2CZzTPEPCz (15 nm)/TPBi (40 nm)/Mg:Ag
D1EA21 ITO/TAPC (30 nm)/mCP (10 nm)/EA21 (20 nm)/ DPEPO (10 nm)/TmPyPB (40 nm)/LiF /Al
D2EA21 ITO/TAPC (30 nm)/mCP (10 nm)/DPEPO:30 wt% EA21 (20 nm)/DPEPO (10 nm)/ TmPyPB (40 nm)/LiF /Al
DEA22 ITO/TAPC (30 nm) /TCTA (10 nm)/mCP:5 wt% EA22 (20 nm)/TmPyPb (40 nm)/LiF (1 nm)/Al

Various metrics of the OLEDs using EA derivatives are shown in Table 9. Green light
emission of the D-A-type benzophenone derivatives was the most common result for 19
of the 28 single-emitter devices described in this section. There also were reported six
blue, three yellow, and one white OLED prototype using materials of this group. The EQE
exhibited by the devices ranged widely from 1.8% to 26.7%. The most effective yellow
OLED device was achieved by Chen and colleagues and reached a maximum CE, PE, and
EQE of 73.1 cd/A, 38.2 Im /W, and 26.7%, respectively [111]. For all the emitters used in
yellow OLED devices, the TADF effect was confirmed. Zhao et al. successfully applied the
same emitter EA20 in the white TADF OLED prototype D2EA20 and achieved a high CE
of 45.9 cd/A, PE of 18.0 Im /W, and EQE of 20.8% [112]. Ho and co-workers synthesized
and characterized triphenylethene-carbazole-substituted benzophenone derivative EA10.
A big AEst gap of 1.09 eV could not enable the TADF process in this case. The green
OLED device with DEA10 achieved an EQE of 1.7% and high luminance of 11,802 cd/m2,
Ma et al. tested three different benzophenone-carbazole materials EA1, EA2, and EA3
with different positions of triphenylamine moiety in the structures. The most efficient
TADF emitter was compound EA3, which in a green device DEA3, reached an external
quantum efficiency of 7.6%. Kreiza and colleagues also achieved good results utilizing a
benzophenone-based D-A TADF emitter EA12. Non-doped green OLED device DIEA12
achieved a CE, PE, and EQE of 19.0 cd /A, 14.9 Im/W, and 10.3%. By doping the mentioned
emitter in a DPEPO host, characteristics were enhanced by the authors with 34.9 cd/A,
27.3 Im/W, and 12.5% for device D2EA12. Ma and co-workers presented another very
efficient green light-emitting sulfone group-enriched benzophenone TADF emitter EA18.
Luminance of the doped device D2EA18 surpassed 30,000 cd/m? with an EQE reaching
20.6%. Other characteristics were also impressive with a CE reaching 64.6 cd/A and PE
being 75.1 Im /W. Meanwhile, the similarly structured green TADF emitter EA17 obtained
by the same researchers was less efficient in doped devices, which could be attributed to
the absence of a sulfone group. However, it was impressive when applied in non-doped
EMLs: device D1EA17 achieved a maximum PE, CE, and EQE of 53.7 cd/A, 52.7 Im /W,
and 17.3%, respectively. In the realm of green light-emitting devices, the TADF emitter
EA21, which had one of its benzophenone phenyl rings replaced with pyridine and was
characterized by Wang and co-workers, demonstrated superior efficiency. Luminance
of the doped device D2E21 surpassed 11,000 cd/ m?2, while its EQE was 25.6%. Other
characteristics were also impressive with a CE and PE reaching 69.8 cd/A and 58.9 Im/W.
The same green TADF emitter was also unrivalled when applied in non-doped EML.
Device D1EA21 achieved a maximum PE, CE, and EQE of 56.4 cd/A, 43.5 Im/W, and
18.7%. These characteristics were considerably higher than those of devices DIEA15 and
D2EA15, which used pyridine-unmodified green TADF emitter EA15. The benzophenone
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fragment was also successfully applied in the synthesis of blue TADF emitters. A group of
researchers led by J. Wang successfully combined a benzophenone electron acceptor with
the 11-phenyldihydroindolo[2,3-a]carbazole electron donor and obtained material EA6.
When applied as a dopant in blue OLED DEA6, a maximum EQE of 17.7% and luminance of
over 14,000 cd/m? were obtained. Other efficiencies such as the CE and PE were 44.8 cd /A
and 45.6 Im/W, respectively. However, the most efficient benzophenone derivative used as
a blue TADF emitter was EA19, characterized by J. Zhang and his group of scientists. A
relatively simple structure of a benzophenone-acridine derivative was applied for a blue
DEA19 device and reached a CE of 47.7 cd/ A, PE of 29.9 Im/W, and EQE of 20.6%

Table 9. Characteristics of OLED devices using emitters EA1-EA22.

Device Emitter Colour Von, V Laax, cd/m? CE,cd/A PE,Im/W  EQE, % CIE (x, y)
DEA1 EA1l Green 39 615 8.00 4.20 340 (027,043)
DEA2 EA2 Blue 44 568 3.90 1.70 1.80 (0.21,0.29)
DEA3 EA3 Green 38 1472 179 112 7.60 (0.26,042)
DEA4 EA4 Blue 5.5 663 7.30 4.20 5.00 (0.18,0.21)
DEAS5 EA5 Blue 6.0 605 3.10 1.60 210 (0.19,0.22)
DEA6 EA6 Blue 32 14,724 48 456 17.7 (0.17,0.28)
DEA7 EA7 Green 25 >10,000 209 218 6.40 -
DEAS8 EA8 Green - - - - 6.90 -
DEA9 EA9 Blue 4.0 10,754 233 193 9.50 (0.15,0.15)
DEA10 EA10 Green 3.1 11,802 4.10 3.60 1.70 (0.23,0.37)
DEA11 EA1l1 Green 47 17,353 248 - 8.90 (0.25,0.48)
DI1EA12 EA12 Green 38 2544 19.0 149 10.3 (0.26,047)
D2EA12 EA12 Green 41 568 349 273 125 (0.23,041)
DIEA13 EA13 Green 39 3006 18.2 141 6.59 (0.26,0.47)
D2EA13 EA13 Green 32 13,280 44 450 15.2 (0.27,0.50)
DEA14 EAl4 Yellow - - - - 7.60 -
D1EA15 EA15 Green 32 6823 347 30.1 142 (0.20,0,39)
D2EA15 EA15 Green 32 15,047 534 488 212 (0.21,042)
DEA1l6 EAl6 Green 3.0 - 327 343 129 (0.21,042)
DIEA17 EA17 Green 25 21,243 53.7 527 17.3 (0.31,054)
D2EA17 EA17 Green 32 11,977 49.6 486 17.7 (024,049)
DI1EA18 EA18 Yellow 25 11,949 8.90 7.9 3.35 (0.48,050)
D2EA18 EA18 Green 27 31,115 64.6 75.1 20.6 (0.37,0.55)
DEA19 EA19 Blue 4.0 4235 47.7 299 20.6 -
DIEA20 EA20 Yellow 44 32,590 73.1 382 26.7 -
D2EA20 EA20:2CZTPEPCz White 6.1 12,310 459 18.0 20.8 (0.45,0.44)
DI1EA21 EA21 Green 32 26,836 56.4 435 187 (0.28,053)
D2EA21 EA21 Green 3.2 11,392 69.8 589 25.6 (0.24,0.49)
DEA22 EA22 Green 33 - 484 46.1 15.6 -

Characteristics of best performing blue and green devices are highlighted in bold.
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5. Benzophenone-Based Emitters Employing a Symmetric D-A-D Structure

Chemical structures of symmetrical benzophenone-based emitters employing donor—
acceptor-donor (D-A-D) structures are shown in Scheme 4. These compounds pos-
sess a molecular configuration comprising two separate donor segments enveloping a
central acceptor moiety, establishing a conjugated system characterized by alternating
donor and acceptor units. The materials described in this section have a mostly cen-
tral benzophenone fragment with various carbazole substituents as in the case for com-
pounds EBI-EB7. Acridine was also a popular fragment as an electron donor for five
of the described materials EB8-EB12. Phenoxazine was a key element in four structures
(EB13-EB16), and phenyl- or naphtyl- amines were used in three molecules, namely EB17—
EB19. In addition, various other electron donors, such as spiro-, phenoselanazine, tri-
azatruxene, and some others have been utilized. Material EB1 [113] was synthesized by
utilizing Ullmann reaction between 4,4-dibromobenzophenone and 3,6-bis(tert-butyl)-9H-
carbazole. A significant number of the EB materials was synthesized through the Buchwald—
Hartwig amination of 3,3’-dibromobenzophenone or 4,4'-dibromobenzophenone, em-
ploying various electron-donating fragments. For example, for the synthesis of com-
pounds EB2, EBY, EB13 [78], and EB4 [81], tetrahydrocarbazole, phenoxazine, 2,7-ditert-
butyl-9,9-dimethylacridine, and 3,6-diphenyl-9H-carbazole, respectively, served as the
second reactant. The reactions of dibromobenzophenone with carbazole resulted in ma-
terial EB3, with bicarbazole yielded EB5 [73], and with 9,9,9'9-tetramethyl-9,9'10,10’-
tetrahydro-2,10'-biacridine—EB11 [114]. N-(2-naphthyl)aniline played a crucial role in
obtaining EB19 [115]. Phenoselanazine, azasiline, 10H-spiro[acridine-9,9'-fluorene], 10H-
spiro[acridine-9,9'-xanthene], and (10H-spiro[acridine-9,9'-thioxanthene]) were utilized for
the preparation of EB21 [116], EB22 [117], EB23, EB24, and EB25 [118], respectively. The syn-
thesis of compounds EB26 and EB27 [119] 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]Jcarbazole as reactants. The synthesis of the benzophenone derivatives EB14, EB15, and
EB16 [75], which was described in the same publication as for the earlier mentioned
EB3 and EB5, was achieved using aminations of bis(4-bromobenzoyl)benzenes with two
equivalents of phenoxazine. The same reaction methodology was used to obtain emitter
EB6 [97]. In this case, amination of 3-iod0-9-ethylcarbazole with 44" -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
under similar conditions to prepare emitter EB12 [120]. Material EB7 [121] was syn-
thesized during a simple nucleophilic substitution of 4,4'-diflourobenzophenone with
3-(N,N-diphenylamino)carbazole. Suzuki reaction was chosen as the best procedure for
obtaining compound EB8 [122] from 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 initial reac-
tants. EB10 [123] was synthesized during the N,N-(2,6-di(3-pentyl)phenyl) imidazolium-
catalysed reaction of 4,4’-dibromobenzophenone with 9,9-dimethyl-9,10-dihydroacridine.
Two compounds EB17 and EB18 [88] were obtained through a simple one-step Friedel-
Crafts reaction by using commercially available cheap starting materials triphenylamine
(TPA) and, correspondingly, isophthaloyl dichloride for compound EB17 or terephthaloyl
dichloride for emitter EB18.
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Scheme 4. Structures of benzophenone-based symmetrical D-A-D materials used as emitters
in OLEDs.

Table 10 depicts thermal, electrochemical, and photophysical properties of the men-
tioned light-emitting symmetrical benzophenone materials EB1-EB27. The destruction
temperatures were reported for eighteen compounds described in this section. Even though
EB13 had a lowest Tp of 218 °C owing to two phenoxazine fragments, it was still high
enough to cope with conditions of the device forming and operating, especially bearing
in mind a high melting temperature of 118 °C for the compound. All the other presented
emitters here were characterized by a Tp of 270 “C or higher. Glass transition temperatures
for derivatives EB1, EB2, EB7, EB17, EB18, EB19, EB26, and EB27 were registered at 90 “C or
higher, so these emitters could form stable amorphous layers. Crystalline benzophenone-
based materials EB4, EBY, and EB22 demonstrated melting temperatures of 300 °C or higher
as it was confirmed by DSC. Examining the HOMO-LUMO gap (energy bandgap Ey), it
becomes evident that the majority of the symmetrical D-A-D benzophenone derivatives
exhibit measured or calculated Eg levels in the region of 2.47-3.37 eV. Only EB9 presented
a distinctly elevated Eg level of 3.66 eV. This could be the reason of decreased quantum
yield and less effective TADF processes, when compared to emitters possessing smaller
bandgaps. Achieving a low AEgy is essential in the development of an emitter to enhance
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the efficiency of the TADF process, as it is evident from the data of Table 10, where materials
EB11, EB14, EB23, EB24, and EB25 with AEgy values of 0.03 eV or lower demonstrate a
@py. exceeding 70% in a nitrogen atmosphere. The participation of the triplet state in the
emission process was also demonstrated for some compounds. For example, this was
observed in EB6, where the overall ®p|. substantially decreased upon exposure to oxygen.
In addition, in derivatives EB1, EB12, EB23, EB24, and EB25, substantial Rp levels were
identified. All emitters described in this section, except fluorescent EB2 and EB9, exhibited
TADEF properties.

Table 10. Thermal, electrochemical, and photophysical properties of materials EB1-EB27.

Te To To Te BV mev mev A HOYO WMo _SnTmE ew R,
EB1 = 107 = 384 2.95 2.62 247 0.15 -5.16 —221 13.1 = 220 87.8
EB2 - 91 - 312 3.21 - 3.02 - -5.17 -2.03 200 - 3.00 -
EB3 - - - - 3.10 2.89 3.10 021 —5.74 —2.64 55.0 - 21.0 -
EB4 370 - - 480 3.30 2.83 269 0.14 -5.77 -2.25 244 - 153 -
EB5 - - - - 3.02 3.02 288 0.14 -5.65 -2.63 730 - 38.0 -
EB6 - - - - 2.60 - - 029 -5.10 -2.50 73.0 37.0 - -
EB7 - 159 - 398 279 - - - —-5.58 -2.79 - - - -
EBS - - - - - - - 039 - - 53.0 - - 75
EB9 342 - 269 3.66 2.70 266 0.04 —478 —-219 16.0 - 6.00 -
EB10 &= = = 410 &= 276 269 0.07 - - 9.0 - - -
EB11 = = = 433 2.82 = = 0.03 -5.16 —2.34 89.1 = = =
EB12 - - - 270 2.86 2.81 268 0.13 —5.26 —240 315 - - 327
EB13 118 - 62 218 3.05 - 265 - —4.74 -2.19 15.0 - 120 -
EB14 - - - - 252 2.61 258 0.03 -544 -2.92 70.0 - 4.0 -
EBI5 - - - - 261 2.62 252 0.10 ~5.64 -3.03 71.0 - 36.0 -
EB16 - - - - 249 259 253 0.06 —5.62 -3.13 36.0 - 10.0 -
EB17 - 90 - 436 2.84 2.59 238 021 -5.31 -247 75.0 - 46.0 -
EBI8 - 92 - 416 2.70 237 232 0.05 -5.32 —2.62 39.0 - 2.00 -
EB19 - 99 - 40 290 2.66 247 0.19 —551 —2.60 163 - - -
EB20 = = = = = 2.84 269 0.15 = = 7.60 = - =
EB21 = = - - - 2.84 269 0.15 - - 850 - - -
EB22 300 - - 495 294 271 264 0.07 -549 -255 70.0 = = =
EB23 - - - 445 3.37 2.62 261 0.01 -542 -2.05 91.0 - - 55.6
EB24 - - - 477 3.32 2.64 263 0.01 ~542 -2.10 94.0 - - 545
EB25 - - - 500 3.32 2.64 263 0.01 —543 -211 85.0 - - 428
EB26 - >95 - >400 247 255 247 0.13 -5.30 -2.83 20 - 0.80 -
EB27 - >95 - >400 259 2.58 248 0.13 —5.33 -2.77 242 - 1.90 -

The majority of the D-A-D benzophenone-based derivatives were tested as emit-
ters in OLEDs, whose structures are illustrated in Table 11. The dominant choice for
anode in these devices was also ITO. To ease the energy barrier, such hole-injecting
materials as M0,O3, rhenium (VI) oxide (ReO3), and MoO3; were used. NPB, a-NPD,
mCP, PEDOT:PSS, TAPC, HAT-CN, or TCTA were chosen for the formation of hole-
transporting layers. To further elevate the efficiency of the devices, well-known host mate-
rials diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide (TSPO1), DPEPO, TCzl, 9-(3-(9H-
carbazol-9-yl)phenyl)-9H-carbazole-3-carbonitrile (mCPCN), 2,8-bis(diphenyl-phosphoryl)-
dibenzo[b,d]furan (PPF), mCP, mCBP, CBP, and some others were used in emissive layers.
To achieve desired white-light OLEDs, some phosphorescent emitters such as Ir(ppy);(acac)
or Ir(bt),(dipba) were used in conjunction with benzophenone derivative EB4. Electron
transport layers were made from DPEPO, TPBi, BSPYMPM, TmPyPB, BPhen, PPF, or
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TSPOL1. Also, LiF, Liq, and rubidium carbonate (Rb,CO;3) were used as electron-injecting
materials. For all the devices described in this section, aluminium cathodes were used.

Table 11. Architectures of devices utilizing the D-A-D emitters EB1-EB27.

l:;vg:“w::;h Device Architecture
. ITO/&-NPD (35 nm)/mCP (5 nm)/DPEPO:6 wt% EB3 (20 nm)/
DPEPO (10 nm)/TPBi (30 nm)/LiF (0.8 nm)/Al (80 nm)
DIEB4 ITO/NPB (35 nm)/mCP (5 nm)/EB4 (30 nm)/B3PYMPM (30 nm)/LiF (0.5 nm)/Al (150 nm)
s ITO/NPB (35 nm)/ mCP (5 nm)/ EB4:0.5%wt Ir(ppy)a(acac)/ EB4:0.8 wt% Ir(bt)y(dipba) (30 nm)/
B3PYMPM (30 nm) /LiF (0.5 nm)/Al (150 nm)
DEB5 ITO/a-NPD (35 nm)/mCP (5 nm) /DPEPO:6 wt% EB5 (20 nm)/DPEPO (10 nm)/
TPBi (30 nm)/LiF (0.8 nm)/ Al (80 nm)
DEB6 ITO(50 nm)/PEDOT:PSS (30 40 nm)/ TCz1:15 wt% EB6/TPBi (70 nm)/Liq (1 nm)/ Al (80 nm)
DEB8 ITO/TAPC (25 nm) /CBP:3 wt% EB8 (35 nm)/TmPyPB (55 nm)/LiF (1 nm)/ Al
DEB9 ITO/TAPC (50 nm)/mCP (10 nm)/EB9 (30 nm)/Bphen (50 nm)/LiF (1 nm)/Al (100 nm)
DEB10 ITO/MoO3 (1 nm)/mCP (40 nm)/EB10 (30 nm)/TBPi (50 nm) /LiF (1 nm)/Al
BN ITO/PEDOT:PSS (40 nm)/mCPCN:25 wt% EB11 (45 nm)/
DPEPO (10 nm)/TmPyPB (40 nm)/Liq (1.2 nm) /Al (120 nm)
DEBI2 ITO/HAT-CN (5 nm)/TAPC (30 nm)/TCTA (5 nm)/mCP (5 nm)/PPF:20% EB12(30 nm)/
PPF (10 nm)/Bphen (30 nm)/Liq (1 nm)/Al (100 nm)
DEB14 ITO/ a-NPD (40 nm)/mCP:6 wt% EB14 (20 nm)/TPBi (40 nm) /LiF (0.8 nm)/Al (80 nm)
DEB15 ITO/«-NPD (40 nm)/EB15 (20 nm)/TPBi (40 nm)/LiF (0.8 nm)/Al (80 nm)
DEB16 ITO/ «-NPD (40 nm) /mCBP:6 wt% EB16 (20 nm) /TPBi (40 nm)/LiF (0.8 nm)/Al (80 nm)
DEBIGEB5  ITO/x-NPD (35 nm)/mCBP:18 wt% EB16 (4 nm)/PPF:6 wt%EBS5 (14 nm)/PPF (40 nm) /LiF (0.8 nm)/Al (80 nm)
DEB17 ITO/PEDOT:PSS (40 nm)/EB17 (35-40 nm)/TmPyPB (60 nm)/LiF (0.8 nm)/Al (120 nm)
DEB18 ITO/PEDOT:PSS (40 nm)/EB18 (35—40 nm)/ TmPyPB (60 nm)/ LiF (0.8 nm) /Al (120 nm)
DEB19 ITO/Mo, 03 (4 nm)/mCP (30 nm)/mCP:15 wt% EB19 (30 nm)/ TmTyPB (60 nm)/LiF (1.5 nm)/ Al (100 nm)
DEB20 ITO/x-NPD (40 nm)/mCBP:10 wt% EB20 (20 nm) /TPBi (40 nm)/LiF (0.6 nm)/ Al (100 nm)
DEB21 ITO/&-NPD (40 nm)/mCBP:10 wt% EB21 (20 nm) /TPBi (40 nm)/LiF (0.6 nm)/ Al (100 nm)
DEB33 ITO (70 nm)/4 wt%ReO3:mCP (45 nm)/mCP (15 nm)/mCP:TSPO1:16 wt%EB22 (15 nm)/
TSPO1 (15 nm)/4 wt%Rb,CO3:TSPO1 (50 nm)/ Al (100 nm)
ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/EB23 (20 nm)/PPF (5 nm)/TPBi (50 nm)/LiF (1 nm)/Al
DIEB23 (120 ram)
D2EB23 ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/PPF:30 wt% EB23 (20 nm) /
PPF (5 nm) /TPBi (50 nm)/LiF (1 nm)/ Al (120 nm)
—_— ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/EB24 (20 nm)/PPF (5 nm)/TPBi (50 nm)/LiF (1 nm)/Al
(120 nm)
—_— ITO/HAT-CN (5 nm)/NPB (30 nm) /mCP (5 nm)/PPF:30 wt% EB24 (20 nm)/PPF (5 nm)/
TPBi (50 nm) /LiF (1 nm)/Al (120 nm)
ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/ EB25 (20 nm)/PPF (5 nm)/TPBi (50 nm)/LiF (1 nm)/Al
DIEB25 (120 nm)
o ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/PPF:30 wt% EB25 (20 nm)/PPF (5 nm)/
TPBi (50 nm) /LiF (1 nm)/Al (120 nm)
DI1EB26 ITO/PEDOT:PSS (25 nm)/EB26 (25 nm)/TmPyPB (55 nm)/LiF (1 nm)/Al (150 nm)




Nanomaterials 2024, 14, 356

20 of 35

Table 11. Cont.

[l’EeBch:u‘:kle? Device Architecture
D2EB26 ITO/PEDOT:PSS (25 nm) /G3-tCbz:30 wt% EB26 (25 nm)/ TmPyPB (55 nm)/LiF (1 nm)/Al (150 nm)
DIEB27 ITO/PEDOT:PSS (25 nm)/EB27 (25 nm)/TmPyPB (55 nm)/LiF (1 nm)/Al (150 nm)
DIEB27 ITO/PEDOT:PSS (25 nm) /G3-tCbz:30 wt% EB27 (25 nm)/ TmPyPB (55 nm)/LiF (1 nm)/Al (150 nm)

This section reviews all devices constructed by researchers utilizing benzophenone-

based emitters EB1-EB27 with a D-A-D structure, and the characteristics of these devices
are detailed in Table 12. The combination of a central benzophenone electron-accepting
group with various electron donors yielded red, yellow, green, and blue emitters. Utilization
of the described compounds with phosphorescent emitters or other benzophenone-based
materials also resulted in white light emission. Lee et al. reported the red-emitting material
EB15. Device DEB15, which utilized the mentioned TADF emitter, exhibited a low turn-on
voltage of 28 V, CE of 11.1 cd /A, and EQE of 4.2%. Additionally, maximum luminance of
the device exceeded 50,000 cd/ m?. The same authors introduced blue TADF emitters EB3
and EB5, which in devices achieved EQE values of 8.1% and 14.3%, respectively, with the
latter one being the most efficient blue OLED in this D-A-D group. They also presented
a green TADF emitter EB14, which attained an EQE of 10.7% in its device, and a yellow
TADF emitter EB16, which reached an EQE of 6.9%. Liang and co-workers presented
material EB4 which can act as a host and as an emitter at the same time. For example,
device D1EB4 with non-doped emitter EB4 demonstrated a PE and EQE of 6.9 Im/W and
4.0%, respectively. By combining phosphorescent emitters Ir(ppy)(acac) and Ir(bt),(dipba)
with the compound EB4, device D2EB4 achieved white emission and demonstrated an
exceptionally high current efficiency of 48.6 cd/A and external quantum efficiency of
25.6%. By utilizing the symmetrical D-A-D structure, researchers developed nine green
TADF emitters EB6, EB10, EB11, EB14, EB20, EB21, EB23, EB24, and EB25, which achieved
over 10% external quantum efficiency. EB6, designed by Tani and colleagues, was used in
an emissive layer of the TADF device DEB6 and achieved an EQE of 10.4%. Zhang and
collaborators employed a straightforward structural derivative EB10 as a non-doped TADF
emitter. The resultant device exhibited excellent PE and EQE values of 59.0 Im/W and

18.0%, respectively. Liu and colleagues created a structurally similar derivative EB11,

where

they replaced the acridine electron donor with a biacridine fragment. This modification
led to a notable improvement in the EQE, reaching 22.5%, along with an impressive
CE of 69.3 cd/A. Derivatives EB20 and EB21, which were characterized by Sharif and
co-workers, also were highly efficient when applied in green TADF OLED devices. By
combining phenoselenazine electron donors with benzophenone, researchers synthesized
EB20 and fabricated the DEB20 device, which exhibited an exceptionally high EQE of 30.8%
and a CE of 64.0 cd/A. In comparison, the DEB21 device, which employed derivative
EB21 with an additional ketone group as the emitter, achieved a lower EQE of 18.8% but
with a higher CE of 73.5 cd/ A. The highest overall efficiencies of green TADF OLEDs by
utilizing symmetrical D-A-D benzophenone-based emitters were achieved by Huang etal.,
who synthesized and characterized derivatives EB23, EB24, and EB25. These materials
underwent testing in both non-doped and doped emissive layers. The most efficient non-
doped device D1IEB23 demonstrated exceptional performance with a maximal CE, PE,
and EQE reaching 53.9 cd/A, 48.9 Im/W and 18.6%, respectively. In the doped device
D2EB23, efficiencies were further elevated, achieving an impressive CE of 90.9 cd/A, PE
of 91.21m/W, and EQE of 30.3%. If the device D2EB23 attained the highest CE and PE
values among the green devices described in this section, the OLED D2EB24 with emitter
EB24 doped in a host material remained unparalleled with an extraordinary high EQE level

of 32.2%.
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Table 12. Characteristics of OLED devices using emitters EB1-EB27.

Device Emitter Colour  Von, V. Lyax,cd/m?> CE,cd/A PE,Im/W EQE%  CIE(xy)
DEB3 EB3 Blue 43 510 9.30 = 810 (0.16,0.14)
DIEB4 EB4 Blue 32 5516 - 690 400 (0.15,026)
D2EB4 EB‘I‘rﬁ,’t(gfg’i);{:;")/ White 27 25,540 1486 = 256  (041,046)
DEB5 EB5 Blue 44 3900 255 = 143 (017,027
DEB6 EB6 Green = - = = 104 =
DEB8 EBS Blue - = = = 890  (0.14,0.16)
DEB9 EB9 Green 7.5 114 1.8 9.30 193 (037,057)
DEBI0 EB10 Green 26 45,300 59.0 180 (026,055
DEB11 EB11 Green 44 7173 693 = 225 (0.29,054)
DEBI2 EB12 Green 53 3524 110 690 390 (0.28,051)
DEB14 EB14 Green 32 86,100 359 - 107 (037,058)
DEBI5 EB15 Red 28 50,820 1.1 = 420 (0.58,036)
DEB16 EB16 Yellow 36 57,120 201 = 690 (049,051
DEB16/EB5 EB16/EB5 White 50 9800 16.4 = 670 (032,039
DEB17 EB17 Blue 39 10,005 4.80 2.70 240 (015,028
DEBI8 EB18 Green 38 7354 10.8 470 270 (0.33,051)
DEB19 EB19 Blue 39 1387 2.74 220 169 (0.16,021)
DEB20 EB20 Green 43 17,007 640 - 308  (031,053)
DEB21 EB21 Green 54 16,883 735 - 188 (0.33,048)
DEB22 EB22 Blue 36 2021 - - 114 (017,031)
DIEB23 EB23 Green 32 31,713 539 489 186  (024,053)
D2EB23 EB23 Green 30 48,712 %09 912 303 (0.25,054)
DIEB24 EB24 Green 36 30,283 468 375 171 (022,046)
D2EB24 EB24 Green 3.2 48,515 87.5 859 322 (0.22,0.49)
DIEB25 EB25 Green 38 25,616 491 357 181 (022,050)
D2EB25 EB25 Green 32 48,153 79.8 759 284  (0.23,050)
DIEB25 EB25 Yellow 26 >10,000 17.8 200 590  (041,054)
D2EB25 EB25 delow; 28 >10,000 481 478 159 (037,053)
green
DIEB26 EB26 Y;'i‘:r’\"' 27 >10,000 189 192 6.00 (0.38,055)
D2EB26 EB26 Green 28 >10,000 464 472 154  (034,053)

Characteristics of best performing blue and green devices are highlighted in bold.

Within the realm of blue TADF emitters described in this section, aside from the
previously mentioned derivatives EB3 and EB5, notable efficiencies were also observed by
using EB8 and EB22 emitters in TADF-based OLEDs. The compound EBS, presented by
Cai and colleagues, achieved an EQE of 8.90% in the DEB8 device. Another team led by
Sun developed and utilized the TADF emitter EB22 as crucial element in the construction
of the DEB22 device, displaying a Von of 3.6 V, an Lyjax of 2021 cd/m?, and an EQE of
11.4%. The previously mentioned EB5 emitter proved to be the most effective blue TADF
emitter in this section. When integrated into a device, it exhibited a CE of 25.5 cd/A, an
EQE of 14.3%, and a maximum luminance of 3900 cd/m?2.
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6. Benzophenone-Based TADF Emitters Employing an Asymmetric D-A-D Structure

Structures of benzophenone-based TADF emitters having asymmetric D-A-D molec-
ular configurations are shown in Scheme 5. Except for one material, all others utilized
carbazol-9-yl as one of the electron-donating fragments in conjunction with a benzophenone
acceptor, along with other donating moieties like 3-substituted carbazole, 9,10-dihydro-9,9-
dimethylacridine, spiro[acridine—9,9' -fluorene], or phenoxazine. Only the derivative EC11
did not incorporate carbazole as one of the electron donors, but employed 9,10-dihydro-9,9-
dimethylacridine and thianthrene fragments. To obtain the derivatives presented in this
section, at least two synthetic steps were required. Derivative EC1 [94] was synthesized
through a two-step Buchwald-Hartwig amination procedure, involving the replacement of
one bromine atom in 4,4’-dibromobenzophenone with carbazole by following reaction with
4-(9H-carbazol-1-yl)-N,N'-diphenylaniline. Material EC2 [66] was obtained by reaction
between (3,5-bis-carbazol-9-yl-phenyl)-(4-bromophenyl)-methanone and 9,10-dihydro-9,9-
dimethylacridine under Buchwald-Hartwig reaction conditions. Derivatives EC3 and
EC4 [124] were created through the two-step synthesis process. Initially, the fluorine
atom of 4-bromo-4'-fluorobenzophenone was reacted with spiro[acridine-9,9'-fluorene]
using a nucleophilic substitution reaction. Subsequently, the bromine atom was replaced
with carbazole or 3,6-di-tert-butylcarbazole during Buchwald-Hartwig reaction. Materials
EC5-EC10 were synthesized using very similar procedures [125]. In the initial step, 3,6-di-
tert-butyl-9H-carbazole underwent Buchwald-Hartwig reaction with (4-bromophenyl)(4-
fluorophenyl)methanone, (6-bromopyridin-3-yl)(4-fluorophenyl)methanone, or (5-bromopy-
ridin-2-yl)(4-fluorophenyl)methanone, resulting in intermediate compounds. Subsequently,
nucleophilic substitution reactions of 9,10-dihydro-9,9-dimethylacridine were employed
with, correspondingly, (4-(3,6-di-tert-butyl-9H-carbazol-9-yl)phenyl)(4-fluorophenyl)metha-
none, (6-(3,6-di-tert-butyl-9H-carbazol-9-yl)pyridin-3-yl)(4-fluorophenyl)methanone, and
(5-(3,6-di-tert-butyl-9H-carbazol-9-yl)pyridin-2-yl)(4-fluorophenyl)methanone, to yield
compounds EC5, EC6, and EC7, respectively. Utilizing the same reactions with phenox-
azine instead of 9,10-dihydro-9,9-dimethylacridine resulted in compounds EC8, EC9, and
EC10, respectively. The synthesis of derivative EC11 also involved a two-step process [126].
Initially, one bromine atom of 4,4'-dibromobenzophenone was replaced with a thianthrene
moiety through a Suzuki reaction. Subsequently, the second bromine atom was substituted
with 9,10-dihydro-9,9-dimethylacridine in a Buchwald-Hartwig cross-coupling reaction.

%“53%59 %g@ég Cgmﬁ%g*%@*@ésgf
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Scheme 5. Structures of benzophenone-based asymmetrical D-A-D materials used as emitters
in OLEDs.
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Table 13 presents the thermal, electrochemical, and photophysical properties of ma-
terials EC1-EC11. The asymmetric D-A-D-type benzophenone derivatives exhibited ex-
ceptional thermal stability, with a T ranging from 309 to 451 °C, as verified through TGA
measurements. It is reported that for materials EC2 and EC11, during DSC experiments,
T values were registered at 72 °C and 104 °C, respectively. The HOMO levels of materials
EC1-EC11 ranged from —5.92 to —5.23, while the LUMO levels varied between —3.09
and —2.61. The energy difference between HOMO and LUMO levels for all the materials
discussed in this section was 2.88 eV or lower. This small bandgap facilitates a minimal
energy difference between the lowest singlet and triplet states, enabling efficient reverse
intersystem crossing. Experimental results support this, with the AEst being 0.10 eV or
lower, resulting in a high ®p; ranging from 33.2% to 90.0%. EC3 to EC11 derivatives
exhibited aggregation-induced emission properties with lower ®p values detected in solu-
tions compared to film states. Additionally, materials EC1 and EC3 to EC10 demonstrated
significant involvement of triplet states in photon generation, as evidenced by a Ry ranging
from 33.0% to 89.7% with one of the potential light-generating mechanisms being TADF.

Table 13. Thermal, electrochemical, and photophysical properties of materials EC1-EC11.

Tw,°C Te,°C Tp,°C EyeV Esev Epev Akm

HOMO, LUMO, ®p Film, o, .
eV 3% o, Sol,% Ro/%

EC1 = = 433 230 275 271 0.04 —5.36 —-3.06 57 - 789
EQ - 309 276 282 272 0.10 —-5.37 —2.61 - - =
EG 3 - 417 253 267 2.66 0.013 —5.35 —2.82 90 28 533
EC4 = = 451 258 271 266 0.05 —5.36 —2.78 86 25 330
ECGS = - 404 236 281 271 0.10 —5.35 -2.99 46.7 12 764
ECo 2 - 414 230 269 265 0.04 —5.36 —-3.06 66.8 34 89.7
EC7 = - 416 225 259 256 0.03 -5.34 -3.09 533 05 833
EC8 - - 391 234 258 252 0.06 -526 -292 332 06 753
EC - - 400 226 257 254 0.03 —-525 -2.99 484 09 882
EC10 - - 403 219 241 238 0.03 -523 —-3.04 353 08 827
ECI1 190 104 416 2.88 285 279 0.06 -5.92 —3.04 76 17 =
Every benzophenone derivative presented in this section underwent testing as an
emitter in OLED devices, with their structures depicted in Table 14. Consistent with earlier
sections, ITO was the only selection for the anode in these devices. To reduce the energy
barrier for holes, the device DEC11 utilized MoOj3 as the hole-injecting material. For this
device or others, a stack of one to three layers of hole-transporting materials was employed,
featuring layers composed of PEDOT:PSS, HAT-CN, TAPC, TCTA, NPB, or mCP. While
most devices using EC1-EC11 emitters employed non-doped configurations, some of them
also utilized the host-guest approach. Specifically, the host material CBP was applied in
device DEC2, and PPF was employed for D2EC3 and D2EC4. TPBi, TmPyPb, and PPF
were employed as electron-transporting layers, while Cs;COs and LiF served as electron-
injecting materials. For all the devices discussed in this section, the Al cathode was the
only option.
Table 14. Architectures of the devices utilizing emitters ECI-EC11.
Device Device Architecture
DEC1 ITO/PEDOT:PSS (40 nm)/EC1 (40 nm)/TPBi (30 nm) /Cs,CO3 (2 nm)/ Al (100 nm)
DEC2 ITO/HAT-CN (20 nm)/TAPC (30 nm)/CBP:20 wt% EC2 (25 nm) /TmPyPb (40 nm)/LiF (1 nm)/Al (150 nm)
DIEC3 ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/EC3 (20 nm)/PPF (5 nm)/TPBi (50 nm)/LiF (1 nm)/Al (120 nm)
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Table 14. Cont.

Device

Device Architecture

D2EC3

ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/PPF:20 wt% EC3 (20 nm)/
PPF (5 nm)/TPBi (50 nm)/LiF (1 nm)/ Al (120 nm)

DIEC4  ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/EC4 (20 nm)/PPF (5 nm)/TPBi (50 nm)/LiF (1 nm)/Al (120 nm)

ITO/HAT-CN (5 nm)/NPB (30 nm)/mCP (5 nm)/PPF:20 wt% EC4 (20 nm)/

DZECA PPF (5 nm)/TPBi (50 nm)/ LiF (1 nm)/ Al (120 nm)

DEC5 ITO/ PEDOT-PSS (40 nm)/ EC5 (40 nm),/ TPBi (30 nm) /Cs;CO3 (2 nm)/ Al (100 nm)
DEC6 [TO/ PEDOT:PSS (40 nm)/ EC6 (40 nm),/ TPBi (30 nm) /Cs;CO3 (2 nm)/ Al (100 nm)
DEC7 ITO/ PEDOT:PSS (40 nm)/ EC7 (40 nm)/ TPBi (30 nm) /Cs,CO; (2 nm)/ Al (100 nm)
DECS ITO/ PEDOT:PSS (40 nm); EC8 (40 nm)/ TPBi (30 nm) /Cs;CO (2 nm)/ Al (100 nm)
DECY ITO/ PEDOT:PSS (40 nm)/ EC9 (40 nm),/ TPBi (30 nm) /Cs,CO3 (2 nm)/ Al (100 nm)
DEC10 [TO/PEDOT:PSS (40 nm)/EC10 (40 nm)/ TPBi (30 nm)/Cs,CO3 (2 nm)/Al (100 nm)
N ITO/MoOs (1.2 nm)/NPB (44 nm)/ TCTA (4 nm)/mCP (4 nm)/ mCP:7%wt EC11 (24 nm)/

TSPOI (4 nm)/TPBi (40 nm)/LiF (1.2 nm)/Al (400 nm)

All the recently presented derivatives EC1-EC11 underwent testing as emitters in
devices and the characteristics of these OLEDs are detailed in Table 15. Although most
of these devices displayed green emission, there were exceptions such as DEC8, which
emitted yellow light, and DEC9 as well as DEC10, which emitted orange light. Ma and
co-workers successfully synthesized and characterized an EC1 derivative, revealing note-
worthy characteristics. The mentioned emitter was integrated into the non-doped emissive
layer of device DEC1, which demonstrated a CE of 35.5 cd/ A, PE of 22.3 Im /W, and EQE
of 13.3%. Another derivative EC2, synthesized and characterized by Zhao et al., showcased
impressive performance with CE, PE, and EQE values of 61.8 cd /A, 40.41m/W, and 19.7%,
respectively, as well as with an impressive Lyjax of 116,000 cd/m?. Huang’s team devel-
oped derivatives EC3 and EC4. Among them, TADF emitter EC3-based devices exhibited
the highest efficiencies between devices described in this section, achieving a CE, PE, and
EQE 0f 76.9 cd/ A, 71.0 Im/W and 29.0%, respectively, in the non-doped device D1EC3. In-
troducing host material PPF in the emissive layer of the D2EC3 further elevated efficiencies
to 82.9 cd/ A for CE, 70.1 Im /W for PE, and a peak EQE reaching 33.3%. Although EC4
using OLEDs were slightly less efficient, DIEC4 exhibited a remarkably low Vo 0f 3.0 V
and EQE of 21.6%. D2EC4 demonstrated an impressive EQE of 32.9%, with CE and PE
values of 77.2 cd /A and 65.0 Im/W, respectively. The emitting materials EC5-EC10 were
meticulously designed, synthesized, and tested by Ma and colleagues in non-doped OLED
prototypes. These materials combined a 3,6-di-tert-butylcarbazole donor with various other
donors such as 9,10-dihydro-9,9-dimethylacridine (EC5, EC6, EC7) or phenoxazine (ECS,
EC9, EC10) with acceptors like benzophenone (EC5, EC8), phenyl(3-pyridyl)methanone
(EC6, EC9), or phenyl(2-pyridyl)methanone (EC7, EC10). For instance, the incorporation
of 9,10-dihydro-9,9-dimethylacridine moiety in benzophenone-based TADF emitter EC5
led to the device DEC5 having a PE, CE, and EQE of 14.3 cd/A, 6.4 Im/W, and 6.70%,
respectively. The incorporation of a pyridinyl fragment in TADF emitter EC6 significantly
improved efficiencies in its corresponding device DEC6, reaching a CE of 35.4 cd /A, PE of
15.9 Im/W, and EQE of 11.4%. A phenoxazine fragment in benzophenone derivative EC8
resulted in a yellow TADF OLED device that achieved an EQE of 4.8%. An introduction
of the pyridinyl fragment in compound EC9 elevated the efficiency of the orange TADF
device DEC9, demonstrating a CE, PE, and EQE values of table21.6 cd/A, 6.80 Im/W,
and 9.40%, respectively. Finally, the last TADF emitter of the group EC11, designed and
synthesized by Tomkeviciene and colleagues, featured two electron-donating fragments of
thianthrene and 9,10-dihydro-9,9-dimethylacridine. When incorporated into the emissive
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layer of device DEC11, CE, PE, and EQE values of 57.8 cd/A, 38.8 Im /W, and 22.2% with
an Lyjax exceeding 15,000 od/m? were achieved.

Table 15. Characteristics of OLED devices using emitters ECI-EC11.

Device Emitter Colour Von/ V Lyax, cd/m? CE, cd/A PE, Im/W EQE, % CIE (x, y)
DEC1 EC1 Green 38 1738 355 223 133 (0.29,0.48)
DEC2 EC2 Green 36 116,000 61.8 40.4 19.7 (0.26,0.56)
DIEC3 EC3 Green 32 78,540 76.9 71.0 290 (0.21,047)
D2EC3 EC3 Green 32 71,150 829 70.1 333 (0.20,0.42)
DI1EC4 EC4 Green 3.0 54,450 532 51.5 216 (0.20,0.42)

D2EC4 EC4 Green 32 42,550 772 65.0 329 (0.19,0.38)
DEC5 EC5 Green 45 2599 143 6.40 6.70 (0.28,047)
DEC6 EC6 Green 42 6726 354 159 114 (0.34,051)
DEC7 EC7 Green 43 3832 23.8 10.7 9.10 (0.39,0.56)
DEC8 EC8 Yellow 48 3658 124 4.30 4.80 (0.41,0.55)
DECY EC9 Orange 46 8085 216 6.80 9.40 (047,051)

DEC10 EC10 Orange 47 6551 145 420 6.90 (0.53,0.46)

DEC11 EC11 Green 42 15,600 57.8 38.8 222 (0.18,0.41)

Characteristics of best performing device are highlighted in bold.

7. Benzophenone-Based TADF Emitters Employing a Dendritic Structure

The structures of dendritic benzophenone-based TADF emitters are illustrated in
Scheme 6. In the case of materials ED9 and ED10, researchers employed a donor-acceptor
(D-A) dendritic structure, while all other materials featured donor-acceptor-donor (D-A-
D) dendritic structures. The benzophenone as an electron acceptor was paired with either
9,10-dihydro-9,9-dimethylacridine or 9H-carbazole. Additionally, these electron donors
were further substituted with diverse alkyl or aryl groups. Material ED1 [113] was syn-
thesized during Ulmann reaction between 3,6-bis(3,6-di-tert-butylcarbazol-9-yl)carbazole
and 4,4'-dibromobenzophenone. ED2, ED3, and ED4 [127] derivatives were acquired
through N-arylation reactions involving 4,4"-diiodobenzophenone. The reaction with
3,6-bis(3,6-dimethylcarbazol-9-yl)carbazole resulted in ED2, while ED3 was obtained by
using 3,6-bis(3,6-dimethoxycarbazol-9-yl)carbazole, and ED4 was derived in the reaction
with 3,6-bis(3,6-diphenylcarbazol-9-yl)carbazole. ED5 and EDé6 [128] compounds were
synthesized using a closely related procedure but with distinct carbazole-based reactants.
Specifically, 3,6-bis(carbazol-9-yl)carbazole was employed to produce ED5, while ED6
was derived from 3,6-bis(3,6-di(carbazol-9-yl)carbazol-9-yl)carbazole. For the synthesis of
derivatives ED7 and ED8 [129], Ulmann reactions were employed with bis(4-(2,7-diiodo-9,9-
dimethylacridin-10(9H)-yl)phenyl)methanone. The reaction with 3,6-di-tert-butylcarbazole
resulted in ED7, and the reaction with 3,6-bis(3,6-di-tert-butylcarbazol-9-yl)carbazole pro-
duced material ED8. Compounds ED9 and ED10 [108] were also synthesized through
the Ullmann reaction procedure, when 3,6-bis(3,6-di-tert-butylcarbazol-9-yl)carbazole re-
acted with the 4-bromobenzophenone to yield material ED9 and with (6-bromopyridin-3-
yl)(phenyl)methanone to yield derivative ED10.
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Scheme 6. Structures of benzophenone-based dendritic materials used as emitters in OLEDs.

The thermal, electrochemical, and photophysical characteristics of the emitting materi-
als ED1-ED10 are presented in Table 16. The dendritic benzophenone derivatives displayed
remarkable thermal stability with the measured Tp for the tested materials exceeding
470 °C. In the cases of materials ED1, ED7, and ED8, DSC experiments confirmed only a
T 0f 218 °C, 283 °C, and 289 °C, respectively. The HOMO levels for materials EC1-EC11
ranged from —5.87 to —5.04, while the LUMO levels varied between —3.09 and —2.03. The
energy gap between the HOMO and LUMO levels for all discussed materials in this section
was lower than 3.12 eV. This narrow gap facilitates a minimal energy difference between
the lowest singlet and triplet states, promoting efficient reverse intersystem crossing. Ex-
perimental findings corroborated this, with a AEst of 0.15 eV or lower, and a high ®p;.
of up to 77.0% was obtained. Specifically, derivatives ED1, ED4, ED5, and ED6 exhibited
aggregation-induced emission properties with lower ®p; values observed in solutions as
compared to film states. Furthermore, materials ED1-ED6, ED9, and ED10 demonstrated
the involvement of triplet states in photon generation, as indicated by the Rp ranging
from 9.0% to 64.5%. One of the potential light-generating mechanisms could be TADF in
the case.

Table 16. Thermal, electrochemical, and photophysical properties of materials ED1-ED10.

Tw,°C  Tg,°C  Tp,°C EyeV EseV Enev AKn  HOMO LUMO, bn = 4Or, gy %

ED1 = 218 = 273 280 272 008 58 309 740 20 59
ED2 = = = 274 28 273 009 572 298 340 50 176
ED3 = = = 267 265 254 011 543  -276 170 710 590
ED4 = = = 292 28 269 014 581 -289 410 320 171
ED5 = = = 29% 281 272 012 58 291 34 36 01
ED6 = = = 306 281 274 010 573 267 211 117 615
ED7 313 283 71 258 269 258 011 512 251 770 = =

EDS 367 289 507 256 281 269 015 52  -269 750 = =

ED9 = = 193 301 = = 013 504 203 217 - 184
ED10 = = 2 312 = = 011 505 217 35 = 9.00
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All in this section, the described dendritic benzophenone derivatives underwent
testing as emitters in OLED devices, and their structures are illustrated in Table 17. As in
previous sections, ITO was consistently chosen as the anode material for these devices. The
devices utilized one or a stack of two layers of hole-transporting materials, incorporating
layers made of PEDOT:PSS, poly(9-vinylcarbazole) (PVK), TAPC, or mCP. While most
devices incorporating emitters ED1-ED10 adopted non-doped configurations, devices
D2ED9Y and D2ED10 employed the host-guest approach with the host material DPEPO.
The electron-transporting layers featured TPBi, TmPyPb, 2,7-bis(diphenylphosphoryl)-9,9'-
spirobi[fluorene] (SPPO13), and DPEPO, while Cs,CO3, calcium (Ca), Liq, or LiF were
employed as electron-injecting materials. In all the devices discussed in this section, the
exclusive choice for the cathode was Al

Table 17. Architectures of devices utilizing emitters ED1-ED10.

Device Device Architecture

DIED1 ITO/PEDOT:PSS (40 nm)/ED1 (40 nm)/TPBI (30 nm)/Cs,CO3 (2 nm) /Al (120 nm)

D2ED1 ITO/PEDOT:PSS (50 nm)/PVK (20 nm)/ED1 (25 nm)/SPPO13 (40 nm)/ LiF (0.5 nm) /Al (80 nm)
DED2 ITO/PEDOT:PSS (50 nm)/PVK (20 nm)/ED2 (25 nm)/SPPO13 (40 nm)/LiF (0.5 nm) /Al (80 nm)
DED3 ITO/PEDOT:PSS (50 nm)/PVK (20 nm)/ED3 (25 nm)/SPPO13 (40 nm)/ LiF (0.5 nm) /Al (80 nm)
DED4 ITO/PEDOT:PSS (50 nm)/PVK (20 nm)/ED4 (25 nm)/SPPO13 (40 nm)/LiF (0.5 nm) /Al (80 nm)
DED5 ITO/PEDOT:PSS (70 nm)/PVK (20 nm)/ED5 (30 nm)/TPBi (40 nm)/Ca (10 nm)/Al (80 nm)
DED6 ITO/PEDOT:PSS (70 nm)/PVK (20 nm)/ED6 (30 nm)/TPBi (40 nm)/Ca (10 nm)/Al (80 nm)
DED7 ITO/PEDOT:PSS (30 nm)/ED?7 (70 nm) /TPBi (40 nm)/Liq (2 nm) /Al
DEDS8 ITO/PEDOT:PSS (30 nm)/EDS8 (70 nm) /TPBi (40 nm)/Liq (2 nm) /Al

SIEDS ITO/TAPC (30 nm)/mCP (10 nm)/ED9 (20 nm) /DPEPO (30 nm)/DPEPO (10 nm)

/TmPyPB (40 nm) /LiF/ Al
s ITO/TAPC (30 nm)/mCP (10 nm) /DPEPO:30 wt% ED9 (20 nm)/ DPEPO (30 nm) /DPEPO (10 nm)
/TmPyPB (40 nm) /LiF/ Al
— ITO/TAPC (30 nm)/mCP (10 nm)/ED10 (20 nm)/ DPEPO (30 nm)/DPEPO (10 nm)/
TmPyPB (40 nm)/LiF/ Al
L ITO/TAPC (30 nm)/mCP (10 nm)/DPEPO:30 wt% ED10 (20 nm)/DPEPO (30 nm)/DPEPO (10 nm)/

TmPyPB (40 nm)/LiF/ Al

Table 18 presents the characteristics of OLED devices utilizing emitters ED1-ED10.
Consistent with preceding sections, most of these devices emitted a green light, except for
the yellow-emitting OLED with methoxy-substituted derivative ED3 and the blue-emitting
device with derivative ED9 employing a D-A structure. Material ED1 exhibited a CE
and EQE of 9.2 cd/A and 4.3%, respectively, in device DIED1. Matsuoka et al. further
explored this TADF derivative, optimizing layer structures in device D2ED1 to achieve the
highest CE, PE, and EQE of 46.6 cd/A, 40.7 Im /W, and 17%, respectively, between non-
doped devices of this section. The same research team also synthesized and characterized
derivatives ED2, ED3, and ED4. Green devices DED2 and DED4 were less efficient than
D2ED2 with EQEs of 9.0% and 8.8%, respectively. This difference may be attributed to
substituting groups of outermost carbazoles in the structures. The only yellow device,
DED?3 of this section, demonstrated a CE of 17.7 c¢d /A, PE of 19.0 Im/W, and EQE of 6.4%.
Matsuoka and team investigated dendritic TADF materials ED5 and ED6 [130]. When
applied in emissive layers, emitter ED5 proved more effective than the additional carbazole
fragments having derivative ED6. Device DED5 reached a maximum CE, PE, and EQE of
14.0 cd/A, 11.51m/W, and 5.7%, respectively. Li and co-workers developed and tested new
benzophenone-acridine TADF cored dendritic materials ED7 and EDS. The derivative ED7,
with fewer carbazole fragments, proved more efficient, reaching a maximum EQE of 12.0%
compared to 5.20%, demonstrated by device DED8. Moreover, device DED7 exhibited an
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Lytax of over 10,000 cd/m?. Wang et al. designed and synthesized D-A-type carbazole-
dendronized TADF emitting materials ED9 and ED10. Non-doped emitter ED9, utilized in
the blue device D1ED9, achieved a CE, PE, and EQE of 9.70 cd/ A, 6.10 Im /W, and 4.2%,
respectively. Doping ED9 in host material DPEPO significantly increased the efficiency of
D2EDY, demonstrating a CE of 28.5 cd/A, PE of 24.9 Im/W, and EQE of 13.4%. Compound
ED10, designed by changing the benzophenone electron acceptor with 3-benzoylpyridine,
proved more efficient. In a non-doped configuration, device DIED10 achieved a CE, PE,
and EQE of 24.0 cd/A, 15.6 Im /W, and 8.50%, respectively. By introducing host material
DPEPO in the emissive layer, the highest efficiency described in this section was achieved
in D2ED10, demonstrating CE of 44.4 cd/A, PE of 42.8 Im /W, and EQE of 18.9% for the
green-blue device.

Table 18. Characteristics of OLED devices using emitters ED1-ED10.

Device Emitter Colour Von, V Lyax, cd/m? CE,cd/A PE,Im/W  EQE, % CIE (x, y)
DIED1 ED1 Green 45 4200 9.20 - 4.30 (0.26,0.46)
D2ED1 ED1 Green 2.7 4639 46.6 40.7 17.0 (0.27,0.52)
DED2 ED2 Green 26 661 235 25.0 9.00 (0.28,048)
DED3 ED3 Yellow 25 1017 17.7 19.0 6.40 (0.44,051)
DED4 ED4 Green 27 965 227 20.0 8.80 (0.30,0.48)
DED5 ED5 Green 34 - 14.0 115 5.70 (0.26,048)
DED6 ED6 Green 3.7 - 8.70 6.60 3.60 (0.28,043)
DED7 ED7 Green-yellow 48 >10,000 - - 120 (0.38,0.56)
DEDS EDS Green 77 2512 = = 5.20 (0.32,051)
DIED9 ED9 Blue 44 1290 9.70 6.10 4.20 (0.19,0.36)
D2ED9 ED9 Blue 3.0 2189 285 249 13.4 (0.18,0.33)
DI1ED10 EDI10 Green 44 5949 24.0 15.6 8.50 (0.26,050)
D2ED10 ED10 Green-blue 3.0 3867 444 428 189 (0.20,0.38)

Characteristics of best performing green and blue devices are highlighted in bold.

8. Concluding Remarks

This review delves into the recent advancements in electroactive materials derived
from benzophenone, providing meticulous attention to their synthesis and physical proper-
ties and the performance of organic light-emitting diodes incorporating these derivatives.
Benzophenone-based materials exhibit versatile roles, serving as host materials for phos-
phorescent or TADF emitters, as well as functioning as emitting materials, including those
with a TADF effect. A number of derivatives based on benzophenone have proven highly
efficient as host materials for phosphorescent emitters, significantly improving the quan-
tum efficiency and reducing the driving voltage of the organic light-emitting devices.
Notably, benzophenone materials featuring two 3,6-diphenylcarbazole fragments have
demonstrated an exceptional effectiveness for red, orange, and green phosphorescent
OLEDs (PhOLEDs), achieving respective EQEs of 22.1%, 23.1%, and 25.1%. For blue phos-
phorescent emitters, the most suitable host exhibited a donor-acceptor (D-A) structure,
incorporating one dimethylcarbazole fragment and achieving a device with an EQE of
19.4%. In the realm of green TADF materials, benzophenone derivatives with two 3-(4-(9H-
carbazol-9-yl)phenyl)-9H-carbazole fragments emerged as highly effective hosts, resulting
in a device with an EQE of 25.3%. Additionally, the substitution of benzophenone with N-
phenyl-1-naphthylamine enabled the creation of a TADF host-emitter, successfully applied
to a white OLED device with an EQE of 9.5%. Substituted benzophenones as light-emitting
materials span the spectrum of light emission ranging from red to blue, which is achieved
through the modification and incorporation of various moieties into the benzophenone
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backbone. Among the array of benzophenone-based TADF materials, derivatives employ-
ing donor-acceptor (D-A) structures proved highly effective as emitters for green and
yellow TADF OLEDs, boasting EQE levels of 25.6% and 26.7%, respectively. This structural
type demonstrated optimal suitability for application as blue TADF materials with acridine-
substituted benzophenone serving as an emitter for blue TADF OLEDs, achieving an im-
pressive EQE of 20.6%. In the case of symmetrical D-A-D structure benzophenone-based
TADF emitters, their EQE reached 14.3% for blue and a remarkable 32.2% for green devices.
The efficiency of green devices was further enhanced with asymmetrical D-A-D structured
benzophenones by incorporating carbazole and 10H-spiro[acridine-9,9’-fluorene] electron
donors. A derivative with this emitter demonstrated a device EQE of 33.3%. Researchers
also aimed to achieve stable, long-lasting, non-doped TADF OLED devices by designing
carbazole-dendronized benzophenone derivatives. The most efficient green OLED of this
type exhibited an EQE of 17.0%. Therefore, benzophenones substituted with various elec-
tron donors are promising as emitters and hosts for various configurations of OLED devices,
and further research in the field of new benzophenone-based electroactive materials is
actively ongoing in order to improve the characteristics of future OLED devices.
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Abstract: Organic light-emitting diodes (OLEDs) have played a vital role in showing tremendous
technological advancements for a better lifestyle, due to their display and lighting technologies in
smartphones, tablets, television, and automotive industries. Undoubtedly, OLED is a mainstream
technology and, inspired by its advancements, we have designed and synthesized the bicarbazole-
benzophenone-based twisted donor-acceptor-donor (D-A-D) derivatives, namely DB13, DB24, DB34,
and DB43, as bi-functional materials. These materials possess high decomposition temperatures
(>360 °C) and glass transition temperatures (~125 °C), a high photoluminescence quantum yield
(>60%), wide bandgap (>3.2 eV), and short decay time. Owing to their properties, the materials

:I:)::(?; were utilized as blue emitters as well as host materials for deep-blue and green OLEDs, respectively.
Citation: Gautam, P; Shahnawaz; In terms of the blue OLEDs, the emitter DB13-based device outperformed others by showing a
Siddiqui, L; Blazevicius, D.; maximum EQE of 4.0%, which is close to the theoretical limit of fluorescent materials for a deep-blue
Krucaite, G.; Tavgeniene, D; Jou, ]-H;  emission (CIEy = 0.09). The same material also displayed a maximum power efficacy of 45 Im/W
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DB34. Therefore, the bi-functional materials that are easily synthesized, economical, and possess
excellent characteristics are expected to be useful in various cost-effective and high-performance
OLED applications, especially in displays.
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achieve high efficiency [24-27]. In order to solve the problem, small-molecule fluorescent
materials are being re-developed due to their high color purity and low cost [28].

To date, several reports have presented deep-blue materials based on anthracenes [29-32],
pyrenes [33-37] and fluorenes [38-43]. However, these derivatives, especially anthracene, gen-
erally exhibit low singlet-exciton yields, which may be caused by strong electron-hole pairing.
As a result, they usually suffer from an aggregation-caused quenching (ACQ) effect [44]. This
effect diminishes the device efficiency and causes the color purity to deteriorate [44—46].

Herein, we introduce a series of donor-acceptor-donor (D-A-D) twisted derivatives
based on bicarbazole and benzophenone moieties. While the D-A-D architecture approach
reduces the radiative lifetime as low as is feasible [47], the twisted D-A-D architecture
tends to exhibit good intermolecular charge transfer and a small AEgy. In addition, bicar-
bazole, due to its high energy absorption and emission capability, was paired with a strong
electron-acceptor benzophenone moiety for effective charge confinement within the emis-
sion layer [47-51]. We demonstrated that twisted D-A-D derivatives could provide good
thermal and morphological stability and prevent the ACQ by diminishing the electron-hole
pairing in the solid state [52]. Hence, a series of four compounds, namely DB13, DB24,
DB34, and DB43, was synthesized and investigated. DB13 displayed a maximum EQE
of 4.0% for a deep-blue emission. Some of the derivatives also performed as good host
materials to realize high-efficiency green phosphorescent as well as TADF-based OLEDs.

2. Experimental Section
2.1. Instrumentation

Thermogravimetric analysis (TGA) was performed on a TGAQ50 apparatus (Verder Scien-
tific Haan, Haan, Germany). The TGA and DSC curves were recorded ina nitrogen atmosphere
at a heating rate of 10 “C/min. Differential scanning calorimetry (DSC) measurements were
carried out using a Bruker Reflex II thermos-system (Bruker, Berlin, Germany). UV-visible
spectroscopy was performed using an HP-8453 diode array spectrometer (Agilent Technology
Inc., Hachioji, Tokyo, Japan) to measure the absorption spectra of the compounds. In addition,
the Tauc plot was derived using the absorbance wavelength. Photoluminescence (PL) spec-
tra were recorded using the Aminco-Bowman Series 2 luminescence spectrometer (Agilent
Technology Inc., Hachioji, Tokyo, Japan). Low-temperature PL (LTPL) was recorded using
a Hitachi F-7000 fluorescence spectrophotometer (Edinburgh Instruments Ltd., Livingston,
UK). LTPL was performed at a low temperature of 77K to obtain the singlet energy of the
compounds. Cyclic voltammetry (CV) was carried out using the CH instrument CH1604A po-
tentiostat Annatech Co., Ltd., Taipei, Taiwan). The highest occupied molecular orbital (HOMO)
levels were calculated using results of the CV measurement. Time-resolved photoluminescent
measurements were performed on an Edinburgh instrument spectrometer FLS980 (Edinburgh
Instruments Ltd., Livingston, UK) in order to determine the decay time of the compounds.

2.2. Device Fabrication

A pre-patterned ITO glass substrate was utilized for the fabrication of OLED devices.
The substrate was cleaned using acetone and isopropyl alcohol (IPA) for 30 min each at 50 and
60 °C, respectively. The substrates were then transferred to the preheated UV chamber for 10
min of UV treatment. The layer deposition took place ina glove box under an inert atmosphere.
The hole injection layer (PEDOT:PSS) was spin-coated at 4000 rpm for 20 s and the substrates
were heated at 130 °C for 10 min. An emissive layer was then spin-coated on the cooled
substrates at 2500 rpm for 20 s. The substrates were then transferred to the thermal evaporation
chamber where electron-injection/-transport layer and aluminium cathode were deposited at a
vacuum of 10~° torr. The substrates were kept under a vacuum in a mini chamber of the glove
box and individually taken for testing. The testing was carried out in a completely dark room
under ambient conditions. The current-density-voltage-luminance (J-V-L) characteristics
were recorded using a CS-100A luminescence spectrophotometer, while power efficacy—-
luminance—current characteristics were recorded using a PR-655 spectrophotometer. The
Keithley voltmeter was used to measure the current-voltage (I-V) characteristics. The device
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area was 0.09 cm 2. External quantum efficiency (EQE) of the devices was calculated using
the method described in the literature [53].

3. Result and Discussion

The synthesis of bicarbazole-based host materials was carried out by the three-step
synthetic route as shown in Figure 1. The 3,3’-Bicarbazole (1) was obtained by oxidizing
carbazole with iron (IIl) chloride. Various 9-alkyl-9'H-3,3'-bicarbazoles (2-4) and 9-benzyl-
9'H-3,3'-bicarbazole (5) were obtained by the N-alkylation reaction between the bicarbazole
1and corresponding alkyl or benzyl bromide, using potassium hydroxide and potassium
carbonate in tetrahydrofuran (THF). The last step was the nucleophilic aromatic substitution
of partially alkylated bicarbazole.

This was calculated using the method described in the literature, with one or two
fluorine atoms containing diphenyl sulfone. The mentioned reactions were carried out in
DMSO using potassium carbonate as a base and resulted in objective materials DB13 (7),
DB24 (8), DB34 (9), and DB43 (6). The newly synthesized derivatives were identified by
mass spectrometry and NMR spectroscopy. The data were found to be in good agreement
with the proposed structure.

th CHCY RB1 KOH K4COy
T30°C. Lo “THE Rl 125

l-—\—\_\

@9 en ('k 8) (‘ 9)

89

Figure 1. Synthetic pathway of materials DB13 (7), DB24 (8), DB34 (9), and DB43 (6).

Figure 2 shows the exact chemical structures of the derivatives in order to demonstrate
the different length of alkyl chains in the group DB13 (7), DB24 (8), and DB43 (6). The
compound DB34 has in its structure the benzyl fragment. The compounds DB43 and DB13
consist of two 3,3/-bicarbazole units, where DB13 has a longer alkyl chain than that of
DB43. Inoue et al. reported the effect of an alkyl chain’s length on the solubility of the
organic compounds. The longer the alkyl chain, the better the solubility of the molecule in
a suitable solvent [54].

O~ ~ C :
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(¥~ pBM 4 DB
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Figure 2. Exact chemical structures of the bicarbazole-benzophenone-based derivatives DB34, DB24,
DB43, and DB13.
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3.1. Characteristics of the Presented Materials
3.1.1. DFT Calculations

The electron density contours of frontier molecular orbitals (FMO) and HOMO, LUMO,
singlet, triplet, and singlet-triplet energy gap electron distribution of the compounds DB13,
DB24, DB34, and DB43 are shown in Figure 3 and provided in Table 1. The theoretically
measured values of the compounds DB13, DB24, DB34, and DB43 show HOMO, LUMO,
and the energy gap between singlet and triplet (AEgr) and singlet and triplet energies. All
the materials show a small AEst (<0.2 eV), referring to the effective utilization of triplet-
level excitons. The HOMO and LUMO levels are suitable for developing blue OLEDs and
also for use as host materials for OLED devices.

DB 13 3

LUMO=-196¢V -

5,=3.07eV
AE;=0.13eV

T=2.94eV

HOMO = -5.41 eV

DB 24

LUMO = -1.85 eV

S,=3.17eV,
Ay =0.16 eV

T;=3.01eV

HOMO=-5.41 eV

DB 34

LUMO =-1.86 eV

5,=3.25eV
AEg=0.18
T,=3.07 P | \-

.
HOMO=5.47ev %\ . _ >
P

Figure 3. Cont.
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Figure 3. Electron density contours of frontier molecular orbitals (FMO) and HOMO, LUMO, singlet,
triplet, and singlet-triplet energy gap electron distribution of the compounds DB13, DB24, DB34,
and DB43.

Table 1. The excitation wavelength (A), emission wavelength (Aay), bandgap (Eg), PLQY (¥),
decay time, theoretical and calculated HOMO-LUMO levels, values of singlet energy (S1) and triplet
energy (T}), singlet-triplet energy gap (AEst), decomposition temperatures (T,;) and glass-transition
temperatures (Tg) of the compounds DB13, DB24, DB34 and DB43.

TUMO £ T, ALsr

HOMO
Sk ‘ﬁ""" ‘/'\“;" ‘f“" %) %"y Tl\eo,( S Gl [T hTo( oL Tal. lhTo.( e Tal. lﬁ.( e¥ Tal. llw_o.( =¥ Tal. ‘Té‘ ‘Tb
DB [ 352 [ 4654 [ 316 [ 505 [ 33 | 541 [ 57 | 196 | 257 | 307 | 300 | 294 [ 278 [ 013 [ 032 [ 40 [ 154
DB | ama | 425 | 330 | o8 | 37 | 541 | 571 | 185 | 241 | 317 | 317 | 30 | 277 | 016 | 035 | 1 | &
D8 T 3630 [ 4620 | 328 [ e85 | 270 [ 547 [ 577 | 186 | 249 [ 325 | 314 | 307 | 280 [ 018 [ 03¢ [ 3 [ 125
DB | 3660 | 4632 | 326 | 665 | 330 | 541 | 560 | 195 | 243 | 308 | 323 | 295 | 277 | 013 | 046 | 365 | 154

3.1.2. Photophysical Properties

The compounds DB13, DB24, DB34, and DB43 possess a high photoluminescence
quantum yield (PLQY) of 50.5, 61.8, 68.5 and 66.5%, respectively. The values of PLQYs are
also tabulated in Table 1.

The UV abs (Figure 4a-d) of the compounds DB13, DB24, DB34, and DB43 were
examined using tetrahydrofuran (THF) solvent under ambient conditions. The spectra of
the prepared solutions were recorded using the quartz cuvette. The absorption peaks were
observed at around 375 nm for all the compounds. This is understandable, because all the
derivatives have the same chromophores in their structures. A Tauc plot (Figure 4e-h) was
prepared with the absorption wavelength and intensity, using the following equations:

x-axis: (x x hv)'/? (1)

y-axis: hv 2)

where « is the absorption coefficient and hv is the energy (hv = 1240 /wavelength).

The maximal absorbance wavelength was utilized as the excitation wavelength for
measuring photoluminescence. The excitation wavelengths and bandgap are presented in
Table 1. The singlet energies calculated are shown in the Supplementary File (Figure S1).
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Figure 4. (a—d) Ultraviolet-visible absorbance (UV abs) spectra and (e-h) Tauc plot, represent the
absorption wavelength and bandgap, respectively, of the compounds DB13, DB24, DB34 and DB43.

Figure 5 shows the PL spectra of the compounds DB13, DB24, DB34, and DB43,
demonstrating the emission wavelength maxima in the region of 450-470 nm. The low-
temperature photoluminescence (LTPL) spectra, which are presented in Figure 6, were also
measured to determine the triplet energies. The compounds DB13, DB24, DB34, and DB43
possess high triplet energy levels of 2.78, 2.77, 2.80, and 2.77 eV, respectively, and could
be tested as suitable host materials for green phosphorescent emitters, as well as for green
TADF emitters. The values of triplet energies are also tabulated in Table 1.
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Figure 5. Photoluminescence (PL) spectra of the compounds DB13, DB24, DB34, and DB43.
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Figure 6. Low-temperature photoluminescence (LTPL) spectra at 77 K of the compounds DB13, DB24,
DB34 and DB43.

Figure 7 shows the time-resolved photoluminescence (TRPL) analysis representing the
decay time of the compounds. The time values of 3.3, 3.7, 2.7, and 3.2 ns were determined
for DB13, DB24, DB34, and DB43, respectively. It could be seen that all the compounds
emit radiatively, with a short decay time. The decay values are provided in Table 1. IRF
corresponds to the instrument response function that was measured before and after each
measurement as a control parameter.

3.1.3. Electrochemical Properties
Electrochemical characteristics of the compounds DB 13, DB 24, DB 34, and DB 43

were estimated using cyclic voltammetry (CV) measurements, which are shown in Figure 8.
The HOMO levels were calculated using Equation (3):

Eromo = —[4.4 + Ejjier] ®)
The LUMO levels were calculated using the following Equation (4):
Erumo =Enomo + Eg (€]

where Eq is the bandgap calculated using the Tauc plot. The calculated HOMO energy
levels were found to be —5.73, —5.71, —5.77, and —5.69 eV and the LUMO levels were
found to be —2.57, —2.41, —2.49, and —2.43 eV for, correspondingly, DB 13, DB 24, DB 34,
and DB 43. The bandgap was obtained using the plot of Equations (1) and (2) and was
found to be 3.16, 3.30, 3.28, and 3.26 eV for the compounds DB 13, DB 24, DB 34 and DB 43,
respectively (Table 1). The HOMO and LUMO levels of the derivatives were found to be
very suitable for blue emitters, as well as for host materials.
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Figure 7. Time-resolved photol ence (TRPL) spectra for the PL decay kinetics analysis of the
compounds DB 13, DB 24, DB 34, and DB 43.

3.1.4. Thermal Properties

The behavior under heating of the synthesized materials DB13, DB24, DB34, and DB43
was studied using DSC and TGA under a nitrogen atmosphere. It was established that the
objective compounds demonstrate very high thermal stability. Data from the TGA analyses
are shown in Figure 9. The temperatures of a 5% weight loss (T,) for derivatives DB13,
DB24, DB34, and DB43 were 365 °C, 430 °C, 391 °C and 383 °C, respectively, as confirmed
by TGA at a heating rate of 10 °C/min (Figure 9). It could be observed that materials DB13
and DB43 have slightly lower thermal stability, probably due to the presence of two alkyl
chains in their structures.
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Figure 8. Cyclic voltammetry scans for calculation of HOMO levels of the compounds DB13, DB24,
DB34 and DB43.
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Figure 9. Data of thermogravimetric analysis (TGA) of the compounds DB13, DB24, DB34 and DB43.

The DSC curves of the second heating of compounds DB13, DB24, DB34, and DB43
are presented in Figure 10. It can be clearly seen from the curves that some of the new
derivatives have very high glass transition temperatures (Ty), of 154 °C for DB13, and
also 154 °C for DB34 and 125 °C for DB43. The material DB24 demonstrated a lower glass
transition temperature of 82 °C, due to the branched 2-ethylhexyl group, which is in the
structure of the derivative and decreases its morphological stability. Therefore, the TGA
and DSC results confirm that many of the materials are well suited for application in the
amorphous electroactive layers of OLED devices.

% DB 43 Tg=154°C
$[DpB13 —
= Tg=154°C
] '
=
v | DB 24 L Tg=82°%

DB 34 Ty =125°C

1 1 L 1 L 1 1 1
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Temperature, °C

Figure 10. DSC curves of second heating for estimating glass transition temperatures (T;) of the
compounds DB13, DB24, DB34, and DB43.

Table 1 shows the photophysical, electrochemical and thermal properties of the com-
pounds DB13, DB24, DB34, and DB43. The table demonstrates that the compounds possess
high photoluminescence yields, high decomposition temperatures and also high glass
transition temperatures for derivatives DB13, DB34 and DB43. The compounds also have
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large bandgaps, which are suitable for the application of the materials in OLEDs as an
emitter as well as a host.

3.2. Structure and Characterization of Electroluminescent OLED Devices

The schematic energy-level diagram in eV of blue OLED devices fabricated in this work
by utilizing the emitters DB13, DB24, DB34 and DB43 doped in the commercial 4,4'-Bis(N-
carbazolyl)-1,1"-biphenyl (CBP) host matrix is shown in Figure 11. The fabricated devices were
composed as doped devices, having the structure: ITO (125 nm)/PEDOT:PSS (35 nm) /host:
(x wt%) emitter (x = 5.0, 10, and 15%) (20 nm)/TPBi (40 nm)/LiF (1 nm)/ Al (200 nm).

The electroluminescence (EL) spectra of the emitters doped in the CBP host matrix, and
the characteristics of the devices are shown in Figures 12-15 and also provided in Table 2.
Each figure shows (a) the EL spectra, (b) current-density-voltage, (c) luminance-voltage,
(d) power-efficacy-luminance and (e) current-efficacy-luminance characteristics.

241 549 243
2.57

w
=1

4.30
LiF/Al
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5.20
ITo

©
°

§5.73 5.7 5.77 509

---- CBP (2.90, 6.00) 6.20

Figure 11. Energy-level diagram in eV of the solution-processed blue OLED devices containing
emitters DB 13, DB 24, DB 34, and DB 43 doped in CBP host material.

Table 2. Electroluminescent (EL) characteristics of the devices with emitters DB34, DB24, DB43 and
DB13 doped in CBP host matrix at varying concentrations, displaying turn-on voltage at luminance
>ledm2, power efficacy, current efficacy, external quantum efficiency, CIE, and maximal luminance.

Emitter Con:en‘l,ralion Tum-on Pou:mcacy Efﬁgu;yr?nc;[‘k) EQE (%) CIE . Max
wt%) Voltage (Von) ¢
@100/1000 cd/m * and Max (cd/m?)
50 12 0.7/-/08 11/-/12 23/-123 (016,0.07)/- 559
10 10 0.8/-/08 12/-/12 20/-/20 (0.16,0.08)/- &1
it 15 38 0.8/-/10 13/-/14 18/-/20 (0.16,0.09)/- 599
100 34 02/-/03 02/-/03 0.1/-/02 (019,0.24)/- 179
50 51 0.8/-/08 15/-/15 25/-/25 (0.16,0.08)/- 71
10 39 0.8/-/08 12/-/12 17/-/18 (0.16,0.09/- 830
DB 5 37 0.9/-/10 14/-/14 16/-/16 (0.16,0.10)/- 867
100 31 03/-/03 04/-/04 02/-/02 (019,021)/- 28
50 16 0.6/-/09 11/-/14 13/-/16 017,011)/- &1
10 11 09/-/12 15/-/17 16/-/14 (018,0.14)/- 715
DB 43 5 10 09/-/12 15/-/16 12/-/12 (019,0.16)/- 892
100 32 02/-/03 02/-/03 01/-/01 (025,0.34)/- 78
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Emitter Cuncen:ralion Tum-on (Im/W) 24 Efficacy (cd/A) EQE (%) CIE . Max
(Wt%) Voltage (V,,,) m
@100/1000 cd/m ? and Max (cd/m?)
(0.16,0.08)/
50 46 11/07/1.1 18/15/18 32/25/34 (016, 0.08)/- 2230
(0.16,0.09)/
s 10 37 1.7/10/20 23/ 17/ 25 3.4/2.5/40 (0.16, 0.09)/- 2987
0.16,0.10)/
15 35 1.6/1.1/1.6 20/19/22 2.8/2.5/29 (0.16,0.10) /- 3167
100 30 09/-/1.0 1.1/-/11 0.6/-/0.6 (0.16,0.2) /- 928
) o *E 1) o )
Z ——10 2w Ew
H —o—15 E 3
5 —o—100 & %
3 é 400 £ 10°
g
i T B
z E =
0 S w
300 500 600 700 800 0 2 4 6 8 10 1 0 2 4 6 & W0
Wavelength (nm) Voltage (V) Voltage (V)
10!
E. @ = (e
U 3
?"l ; 10!
E
&
10? ©
10" 10 107 10 10* 10" 10! 10° 10*
Luminunce (cd/m’) Luminance (cd/m’)

Figure 12. The electroluminescent (EL) properties of the device with emitter DB13 doped in CBP host
matrix at varying concentrations showing (a) EL spectra, (b) current density-voltage, (c) luminance-
voltage, (d) power efficacy-luminance, and (e) current efficacy-luminance characteristics.
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Figure 13. The electroluminescent (EL) properties of the device with emitter DB24 doped in CBP host
matrix at varying concentrations showing (a) EL spectra, (b) current density-voltage, (c) luminance-
voltage, (d) power efficacy-luminance, and (e) current efficacy~luminance characteristics.
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Figure 14. The electroluminescent (EL) properties of the device with emitter DB34 doped in CBP host
matrix at varying concentrations showing (a) EL spectra, (b) current density—voltage, (c) luminance-
voltage, (d) power efficacy-luminance, and (e) current efficacy-luminance characteristics.
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Figure 15. The electroluminescent (EL) properties of the device with emitter DB43 doped in CBP host
matrix at varying concentrations showing (a) EL spectra, (b) current density-voltage, () luminance-
voltage, (d) power efficacy-luminance, and (e) current efficacy-luminance characteristics.

It can be seen from Figures 12-15 that the EL spectra of emitters DB13, DB24, DB34,
and DB43 peak in the region 430-450 nm, with an indication of the blue emission. The
presence of a single peak indicates the complete host-guest energy transfer. The EL emission
wavelength of the devices was close to the PL spectra of the used emitter, indicating the
origin of emission from the material. Both doped and non-doped devices showed a similar
EL emission peak. Figures 12-15 also show the characteristics of current-density-luminance-
voltage and power-efficacy-luminance-current-efficacy. The non-doped devices showed a
current density higher than that of the doped devices and the efficacies were lower than
those of the doped devices. Therefore, the role of the host was significant and a 10 wt%
DB13 emitter-based device outperformed other devices by displaying a maximum power
efficacy (PEmax) of 2.0 Im/W, and current efficacy (CEmax) of 2.5 cd/A with a turn-on
voltage of 3.7 eV. Moreover, the DB13-based device also displayed the highest EQE,y of
4.0%, which is close to the theoretical limit of fluorescent emitters for a deep-blue emission,
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with a CIEy of 0.09. This device demonstrated a higher EQE as compared with many
other fluorescent emitters which are reviewed in the scientific literature [55]. The DB13-
based fluorescent OLED displayed an even deeper blue emission and better performance
than the recently reported device, based on the hybridized local and charge-transfer (HLCT)
mechanism [56]. As reported, the enhancement was attributed to the LE-dominated HLCT
state; however, the power and current efficiencies were significantly lower than in this report.
The above statement shows that twisted D-A derivatives prove to be better candidates for
fluorescent emission.

As shown in Table 2, the device with the DB13 emitter shows the highest PE, CE
and EQE among all the devices. The results may be connected to the presence of two
alkyl chains in the molecule, which improves the solubility of the material for the wet-
processed device fabrication, a high glass-transition temperature (Tg), high decomposition
temperature (Ty), suitable HOMO and LUMO levels, enabling efficient host-guest energy
transfer and the presence of two bicarbazole donor moieties for balanced charge transfer.
Moreover, the incorporation of the benzophenone moiety into the chemical structure may
have resulted in the deep-blue emission from the OLED device.

Furthermore, owing to the wide bandgap and high triplet energies of the compounds
DB13, DB24, DB34 and DB43, they were utilized as host materials for the application in
green OLEDs. For the same purpose, the green emitters of generation two and three,
i.e., the phosphorescent emitter Ir(ppy); and TADF emitter 4CzIPN, respectively, were uti-
lized. Figure 16 shows the energy-level diagram in eV of the solution-processed green
OLED devices consisting of hosts DB13, DB24, DB34, and DB43, doped with the green
commercial phosphorescent emitter Ir(ppy); and TADF emitter 4CzIPN. The device struc-
ture was therefore composed as ITO (125 nm)/PEDOT:PSS (35 nm)/host: (x wt%) emitter
(host = DB13, DB24, DB34, and DB43) (emitter = Ir(ppy); or 4CzIPN) (x = 10, 12.5 and 5% for
Ir(ppy)a), (x =1, 3 and 5% for emitter 4CzIPN) (20 nm)/TPBi (40 nm)/LiF (1 nm)/Al (200 nm).
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Figure 16. Energy-level diagram in eV of the solution-processed green OLED devices containing hosts
DB13, DB24, DB34, and DB43, doped with commercial (a) phosphorescent green emitter Ir(ppy)3 and
(b) commercial TADF green emitter 4CzIPN.

Figures 52-54 show the electroluminescent characteristics of devices based on the hosts
DB13, DB24 and DB34, doped with the green phosphorescent emitter Ir(ppy)s. Figures
S2a, S3a and S4a show the EL spectra of the devices peaking at ~540 nm with the green
emission. The peak from the EL spectra of the devices is similar to the PL peak of Ir(ppy)s,
indicating the origin of the emission [57]. The single EL peak resembles the complete
host-to-guest energy transfer. Figures S2b—e, S3b—e, and S4b—e show the luminance-voltage
and efficiencies curves. Amongst all of these, a 12.5 wt% Ir(ppy)s doped in a DB13-based
device showed the best performance, with a PE .y of 45 Im/W, CEp,y of 43 cd/A, EQE .«
0f 10.6%, and Lynayx of 37680 cd/m?, with a low roll-off at higher luminance value.
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Table 3 shows the OLED characteristics of green devices based on hosts DB13, DB24,
DB34, and DB43. doped with the commercial phosphorescent green emitter Ir(ppy)s.
The good performance of the device using DB13 may be due to its suitable chemical
structure, longer aliphatic chains, high decomposition temperature, small singlet-triplet
energy gap (AEsy), i.e., effective triplet exciton utilization, and suitable HOMO-LUMO
levels, compared to those of Ir(ppy)s, which enabled an efficient host-to-guest energy
transfer in the emitting layer. Devices using other compounds have also shown comparable
efficiencies. However, the DB43-based OLED has shown poorer performance, which might
be attributed to the large AEsr, disabling the use of triplet excitons.

Table 3. Electroluminescent (EL) characteristics of the devices with hosts DB13, DB24, DB34, and
DB43, doped with green phosphorescent emitter Ir(ppy); at varying concentrations, displaying
turn-on voltage, power efficacy, current efficacy, external quantum efficiency, CIE, and luminance.

Ir(ppy)s

Turn-on PEmax/CEma/  PE1o0/CEjoo/ PE,WCE.MI PEjg, dm/CEw,aw/

Maxi. Lum.

Host Dopin, Voltage QE,,.. EQE;( EQE; 000 CIE,y Coordinates ( d]mz)
con. (wt%h) (m/WICIAI%) (m/WICAIA%) (m/WIedIA/%) (Am/W/ed/A/%)
172/
(0.32, 0.62)/(032,
10 26 400/411/111 BB/06/110 2109/ 328/ N ITEATS 33,870
BY 208/ (031, 0.62)/
DB13 125 31 DLBAL  400/483] 364/ (031,0.62)/ 37,680
; . o5 87 (0.31,0.63)
175/ (032, 0.62)/
346/353/  346/337/  287/335/
15 25 /3 /8 4 25/ 32,0, 32,300
114/ (032, 0.62)/
10 28 FhE2L 900524 2427309 218/ (0.31,0.62) 1410
. : . 60 031063
95 032, 0.62)/
DB 24 125 29 30-37/ §8-3/ 28-77{ §8-4/ 212 7/‘%7.0/ /182/ (031,0.62)/ 16,960
! E E 50 (0.31,0.62)
6.4/ 0.32,0.62)/
i % B7/32/ 233260/ 168/241/ = haba 16300
: : L 39 (031,062)
33/ 128/ 032, 0.62)/
10 26 F34202/ 347/ 2 ol 245/ (032,0.62)/ 2,570
/ 9.4 - 66 (0.33,062)
9.8/ (0.31, 0.62)/
DB 34 125 28 Q7  PLepay 24300 18.7/ (031,0.62)/ 21,430
: - - 51 (0.31,0.63)
7.3/ (032, 0.62)/
5 25 22/210/  187/208/  145/208/ 2 D ba 5316
- i d 11 (0.32,0.62)

Figures S5-57 show the OLED characteristics of devices based on the hosts DB13,
DB24 and DB34, doped with the green TADF emitter 4CzIPN. Figures S5a, S6a, and S7a
show the EL spectra of the devices peaking at ~530 nm with the green emission. The peak
from the EL spectra of the devices is like the PL peak of 4CzIPN, and the bathochromic
shift is only observed with increasing doping concentration, indicative of the origin of
emission [58]. In addition, the single EL peak resembles the complete host-to-guest energy
transfer. Figures S2b—e, S3b—e, and S4b-e show the luminance-voltage and efficiencies
curves. Amongst all of these, a device based on a 3wt% 4CzIPN emitter in DB34 host
outperformed other devices, with an EQEnax of 10.8%, which is higher than that of the many
described efficient phosphorescent green devices [59]. However, the PE and luminance
are slightly lower than those of the mentioned devices. The possible reason might be
attributed to triplet-triplet annihilation (TTA). Further reducing AEsr in the synthesized
compounds may enable the effective utilization of triplet excitons and may result in better
performance of the TADF-based green OLEDs. Table 4 shows the comprehensive list of
OLED characteristics of the described devices using hosts DB13, DB24 and DB34.
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Table 4. Electroluminescent (EL) characteristics of the devices with hosts DB13, DB24 and DB34,
doped with green commercial TADF emitter 4CzIPN at varying concentrations, displaying turn-on
voltage, power efficacy, current efficacy, external quantum efficiency, CIE, and maximal luminance.

4CZIPN Tumn-on CE.,,P!;'E‘&IE,, PEE’&IEEMI PE%'I’ECEW/ ’ Maxi.
Host  poping con. (wt%)  Voltage (V) am‘/“g/)cd/A?‘ u..w_y/)c% ﬂm/v'gl;gm CIEy Coordinates Py
1 32 166/158/48  79/111/36  41/85/31  (032,051)/(029,046) 3108
— 3 38 249/222/67  121/155/47  23/48/15  (032,055/(029,051) 5869
5 29 162/157/47  141/157/47 _ 6.6/11.7/36 _ (035,055)/(034,054) 712
1 31 /el 101/129/46  37/70/27 _ (029,047)/(027,042) 2823
S 3 28 29/231/77  207/231/77 _ 121/173/58 _ (031,052)/(030,051) 6231
5 238 184/205/66  184/205/66  108/155/50  (031,054)/(031,053) 7689
1 27 304/27.1/89  213/23.1/77  102/147/50  (027,051)/(0.26,049) 3782
DBS4 3 26 375/335/108  320/326/106  158/226/74  (030,054)/(029,053) 9484
5 26 317/332/105 347/332/105  189/240/76  (030,055)/(029,055) 12480

4. Conclusions

The newly synthesized bicarbazole-benzophenone-based materials possess a large
bandgap and high triplet energy, which support their bifunctionality both as an emitter and
a host material for OLED applications. Moreover, the materials demonstrate good thermal
and morphological stability with very high decomposition temperatures and also high
glass-transition temperatures for some compounds as well as short decay time, as confirmed
by high PLQY. Two aliphatic chains having the compound DB13 displayed better device
performance than their counterparts, probably due to its better solubility and film-forming
properties. The bicarbazole-benzophenone-bicarbazole D-A-D-based emitter displayed an
EQEmax of 4.0% for a deep-blue emission (CIEy 0.09), which confirms its large potential as
a deep-blue emitter. On the other hand the developed emitter has better first-generation
OLED characteristics than those of the well-known carbazole-benzophenone-carbazole
based device, probably due to its better film-forming properties.

Some of the compounds have also shown promising results as host materials for green
phosphorescent as well as TADF-based OLEDs. The host DB13-based device showed a
PEmax of 45Im/W and low roll-off for the phosphorescent green OLED, while the host DB34-
based TADF device outperformed all the devices, with an EQEmax of 10.8%, which is even
slightly higher than that of the mentioned phosphorescence-based green devices. These
results reveal that some of these cost-effective materials possess excellent photophysical,
electrochemical and thermal properties, and can be applicable to a variety of display and
solid-state lighting applications, especially in TVs, laptops, desktops, mobile phones, and
interior lightings, etc. Moreover, the efficiency of the devices could be enhanced by further
reducing AEsy and effectively utilizing triplet-state excitons in order for use in high-power
applications such as headlights and street lights, etc. We believe that this research will provide
a good pathway for the development of future products for academics as well as for industry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13081408/s1, Figure S1: singlet energy calculation using the
intercept of PL and absorbance wavelength, Figure S2: the electroluminescent (EL) properties of the
emitter Ir(ppy)3 doped in DB 13 host matrix at varying concentrations, Figure S3: the electrolumines-
cent (EL) properties of the emitter Ir(ppy)3 doped in DB 24 host matrix at varying concentrations,
Figure S4: the electroluminescent (EL) properties of the emitter Ir(ppy)3 doped in DB 34 host matrix
at varying concentrations, Figure S5: the electroluminescent (EL) properties of the emitter 4CzIPN
doped in DB 23 host matrix at varying concentrations, Figure S6: the electroluminescent (EL) prop-
erties of the emitter 4CzIPN doped in DB 23 host matrix at varying concentrations, Figure S7: The
electroluminescent (EL) properties of the emitter 4CzIPN doped in DB 34 host matrix at varying
concentrations, description of experiments of synthesis with references [60,61].
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Abstract: This paper delves into the development of a group of twisted donor-acceptor-donor (D-A-
D) derivatives incorporating bicarbazole as electron donor and benzophenone as electron acceptor
for potential use as blue emitters in OLEDs. The derivatives were synthesized in a reaction of
4,4'-difluorobenzophenone with various 9-alkyl-9'H-3,3’-bicarbazoles. The materials, namely, DB14,
DB23, and DB29, were designed with different alkyl side chains to enhance their solubility and film-
forming properties of layers formed using the spin-coating from solution method. The new materials
demonstrate high thermal stabilities with decomposition temperatures >383 °C, glass transition
temperatures in the range of 95-145 °C, high blue photoluminescence quantum yields (>52%), and
short decay times, which range in nanoseconds. Due to their characteristics, the derivatives were used
as blue emitters in OLED devices. Some of the OLEDs incorporating the DB23 emitter demonstrated
a high external quantum efficiency (EQEmax) of 5.3%, which is very similar to the theoretical limit of
the first-generation devices.

Keywords: donor-acceptor-donor (D-A-D) derivatives; blue organic light-emitting diode (OLED);
high efficiency; blue emission; thermal analysis

1. Introduction

Organic light-emitting diodes (OLEDs) have ushered in a technological revolution
with their remarkable impact on diverse sectors of our daily lives. These versatile devices,
known for their outstanding display and lighting capabilities, have become indispensable
components in different technologies including smartphones, tablets, televisions, and auto-
motive applications [1-6]. OLEDs are steadily advancing in terms of their performance,
longevity, and production processes [7-9]. To provide displays and energy-efficient lighting
solutions, blue OLED:s are an essential technological component. Despite their significance,
the development of blue OLEDs has posed persistent challenges owing to the inherent in-
stability of blue-emitting materials [10-12]. Recent research efforts have resulted in notable
progress in the domain of promising host derivatives for the blue devices, offering promis-
ing avenues to overcome the efficiency limitations and reaching high internal quantum
efficiency [13-16]. Simultaneously, scientists and engineers have made noteworthy strides
in the creation of novel organic emitters tailored for blue OLEDs [17-19]. These emitters
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were engineered to deliver high efficiency, exceptional color purity, and a narrow emission
bandwidth, addressing the demands of modern OLED technology [20-23].

OLED technologies have been generally divided into three generations, depending on
the characteristics of the used emitting material, which determines the properties of the
diode. First-generation devices use fluorescent emitters [24], second-generation devices
use phosphorescent emitters, and third-generation OLEDs are from materials which has a
thermally activated delayed fluorescence (TADF) effect. Upon electrical excitation, only
25% of formed excitons in first-generation fluorescent OLEDs are singlet and emissive. The
other 75% are of triplet multiplicity and are not involved in light emission [25,26]. Recently,
we published carbazole-diphenyl sulfone-carbazole (D-A-D) bipolar blue light emitting
materials for first-generation OLEDs. One device outperformed others by showing a peak
external quantum efficiency (EQE,x) of 4.0% for deep-blue emission (CIEy =0.09) [27].

In this research article, we present a group of twisted D-A-D compounds incorporat-
ing bicarbazole and benzophenone fragments that have also been developed for potential
use as blue-emitting layers for the OLEDs. These derivatives include 44'-bis(9'-butyl-
[3,3']-bicarbazol-9-yl)benzophenone (DB14), 4,4'-bis(9'-(2-ethylhexyl}-[3,3']- bicarbazol-9-
ylbenzophenone (DB23), and 4,4'-bis(9"-octyl-[3,3']-bicarbazol-9-yl)benzophenone (DB29).
The compounds were designed with different alkyl side chains, which determine the film-
forming and solubility properties of the blue emitters. Some of the OLED devices based on
the bicarbazole and benzophenone fragments containing D-A-D emitters demonstrated
promising performance as compared with the carbazole-diphenyl sulfone-carbazole-based
emitters. Specifically, one device, producing a greenish-blue emission with a CIEy coordi-
nate of (0.22, 0.22), exhibited an EQEnax of 5.3%, which is very similar to the theoretical
limit of the first-generation devices [10].

2. Experimental Section
2.1. Instruments

Thermogravimetric analysis (TGA) of all compounds was carried out using a TGAQ50
instrument (Verder Scientific Haan, Haan, Germany). Both TGA and differential scanning
calorimetry (DSC) profiles were recorded under a nitrogen atmosphere at a controlled
heating rate of 10 °C/min. For differential scanning calorimetry (DSC), measurements
were carried out on Bruker Reflex IT thermos-system (Bruker, Berlin, Germany). UV-visible
spectroscopy was carried out using an HP-8453 diode array spectrometer (Agilent Tech-
nology Inc., Hachioji, Tokyo, Japan) to capture the absorption spectra of the compounds.
Moreover, the Tauc plot was generated using the absorbance wavelength data. Photolumi-
nescence (PL) spectra were captured utilizing the Aminco-Bowman Series 2 luminescence
spectrometer (Agilent Technology Inc., Hachioji, Tokyo, Japan). For low-temperature PL
(LTPL), a Hitachi F-7000 fluorescence spectrophotometer (Hitachi High-Tech, Tokyo, Japan)
was employed. The LTPL measurements were performed at a temperature of 77 K to
ascertain the singlet energy of the compounds. Cyclic voltammetry (CV) experiments were
conducted using the CH instrument CH1604A potentiostat (Annatech Co., Ltd., Taipei,
Taiwan). Time-resolved photoluminescence measurements were executed using an Edin-
burgh instrument spectrometer FLS980 (Edinburgh Instruments Ltd., Livingston, UK) to
accurately determine the decay time of the compounds.

2.2. Synthesis and Structure Characterization of the Materials

Carbazole (1), benzylbromide, bromoethane, 1-bromobutane, 1-bromohexane, 2-
ethylhexylbromide, 1-bromooctane, ferric chloride (FeCls), potassium hydroxide (KOH),
K,COj3, NaH, sodium sulphate (Na;SOy), 4,4’-difluorobenzophenone, chloroform, dimethyl
formamide (DMF), and tetrahydrofuran (THF) were purchased from Aldrich and used
as received.

3,3'-Bicarbazole (2) was prepared by oxidation of carbazole using FeCls as it was
reported in the literature [28].
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9-Butyl-9'H-3,3'-bicarbazole (3): 1-bromobutane (0.82 g, 6.0 mmol) was added to a
stirred solution of 3,3'-bicarbazole (2) (2.00 g, 6.0 mmol) in 50 mL of tetrahydrofuran. The
reaction mixture was refluxed, and then potassium carbonate (1.66 g, 12.0 mmol) and
powdered KOH (2.02 g, 36.1 mmol) were added stepwise. The resulting mixture reacted
for 4 h. After TLC test, the inorganic materials were filtered off and the organic derivatives
were purified using silica gel column chromatography. A mixture of tetrahydrofuran and
hexane (vol. ratio 1:5) was used as an eluent. Yield: 0.96 g (41%) of yellowish material. H
NMR (400 MHz, CDCl3, , m.d.): 8.29 (s, 2H), 8.11-8.06 (m, 2H), 7.73-7.67 (m, 2H), 7.41-7.32
(m, 6H), 7.17 (t, 2H, ] =7.2 Hz), 4.29 (t, 2H, | = 7.2 Hz), 1.79 (quint, 2H, ] = 7.2 Hz), 1.38-1.29
(m, 2H), 0.87 (t, 3H, ] = 7.2 Hz). 13C NMR (400 MHz, CDCl3, §, m.d.): 139.64, 138.56, 133.33,
125.94, 125.86, 125.72, 125.57, 124.00, 123.61, 123.43, 123.08, 120.51, 120.46, 119,51, 119.03,
119.00, 118.92, 118.82, 110.83, 110.77, 108.95, 108.86, 42.99, 31.25, 20.65, 13.97. MS (APCI*,
20 V):339.10 ([M + HJ, 100%).

9-(2-Ethylhexyl)-9'H-3,3'-bicarbazole (4) was prepared by a similar method which was
published earlier [27].

9-Octyl-9'H-3,3'-bicarbazole (5): 1-Bromooctane (1.16 g, 6.0 mmol) was added to a
stirred solution of 3,3'-bicarbazole (2) (2.00 g, 6.0 mmol) in 50 mL of tetrahydrofuran.
The mixture was heated to reflux, and then potassium carbonate (1.66 g, 12.0 mmol) and
powdered KOH (2.02 g, 36.2 mmol) were added stepwise. The resulting mixture reacted
for 4 h. After TLC test, the inorganic compounds were filtered off and the organic materials
were separated using silica gel column chromatography. A mixture of tetrahydrofuran
and hexane (vol. ratio 1:7) was an eluent. Yield: 1.15 g (43%) of yellowish material. 'H
NMR (400 MHz, CDClg, §, m.d.): 8.45 (d, 2H, ] = 8.0 Hz), 8.25-8.20 (m, 2H), 8.04 (s, 1H),
7.87 (d, 1H, ] = 8.0 Hz), 7.83 (dd, 1H, ]; = 8.4 Hz, ], = 1.6 Hz), 7.56-7.50 (m, 3H), 7.48 (d,
3H, ]=7.2Hz), 731 (t, 2H, ] = 8.0 Hz), 4.37 (t, 2H, ] = 7.0 Hz), 1.95 (qu, 2H, | = 7.3 Hz),
1.48-1.30 (m, 10H), 0.92 (t, 3H, ] = 7.0 Hz). '3C NMR (400 MHz, CDCl3, §, m.d.): 140.94,
140.02, 139.62, 138.53, 133.30, 125.94, 125.85, 125.70, 125.56, 124.00, 123.61, 123.42, 123.08,
120.49, 120.45, 120.40, 119.51, 119.00, 118.92, 118.79, 110.80, 110.74, 108.92, 108.83, 43.25,
31.85,29.45,29.23, 29.08, 27.39, 22.65, 14.12. MS (APCI*, 20 V): 444.67 ([M + H], 100%).

44'-Bis(9'-butyl-[3,3']-bicarbazol-9-yl)benzophenone (DB14): 9-Butyl-9'H-3,3"-bicarbazole
(3) (0.40 g, 1.0 mmol) and NaH (0.10 g, 4.1 mmol) were stirred in 6 mL of DMF at room
temperature under nitrogen for 20 min. Then, 4,4'-difluorobenzophenone (0.11 g, 0.5 mmol)
was added to the reaction, and the resulting mixture was stirred at 150 °C under nitrogen
for 4 h. After TLC control, the reaction mixture was cooled and quenched by the addition
of ice water. The product was extracted using chloroform. The combined extract was
dried over anhydrous Na;SO4. The crude product was purified using silica gel column
chromatography using the mixture of THF and hexane (vol. ratio 1:3) as an eluent. Yield:
0.38 g (77%) of yellow amorphous material. Ty =145 °C (DSC). TH NMR (400 MHz, CDCl3,
5, m.d.): 851-8.41 (m, 4H), 8.30-8.23 (m, 6H), 7.91-7.83 (m, 8H), 7.71 (d, 2H, | = 8.4 Hz),
7.65 (d, 2H, | = 8.4 Hz), 7.57-7.38 (m, 10H), 7.32-7.29 (m, 4H), 4.42-4.36 (m, 4H), 1.98-1.91
(m, 4H), 1.51-1.45 (m, 4H), 1.01 (t, 6H, | = 7.4 Hz). MS (APCI*, 20 V): 954.8 ([M + H], 100%).

4,4'-Bis(9'-(2-ethylhexyl}-[3,3']-bicarbazol-9-yl)benzophenone (DB23): 9-[2-Ethylhexyl]-
9'H-3,3/-bicarbazole (4) (0.40 g, 0.9 mmol) and NaH (0.10 g, 4.1 mmol) were stirred in 6 mL
of DMF at room temperature under nitrogen for 20 min. Then, 4,4’-difluorobenzophenone
(0.10 g, 0.5 mmol) was added to the reaction, and the resulting mixture was stirred at 150 °C
under nitrogen for 4 h. After TLC control, the reaction mixture was cooled and quenched
by the addition of ice water. The product was extracted using chloroform. The combined
extract was dried over anhydrous Na;SO4. The crude product was purified using silica gel
column chromatography using the mixture of THF and hexane (vol. ratio 1:5) as an eluent.
Yield: 0.40 g (83%) of yellow amorphous material. Tg =104 °C (DSC). '"H NMR (400 MHz,
CDCl3-, §, m.d.): 8.51-8.45 (m, 4H), 8.31-8.22 (m, 6H), 7.91-7.79 (m, 8H), 7.76-7.70 (m, 4H),
7.66-7.36 (m, 14H), 4.27-4.23 (m, 4H), 1.90-1.87 (m, 2H), 1.47-1.29 (m, 16H), 1.00-0.90 (m,
12H). 13C NMR (400 MHz, CDCl3, §, m.d.): 195.67, 141.42, 140.70, 140.22, 135.79, 132.79,
131.96, 129.44, 128.17, 127.18, 126.36, 126.13, 125.75, 125.49, 125.45, 124.56, 124.19, 123.42,
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122.98, 120.77, 12041, 119.02, 118.92, 118.82, 118.77, 110.08, 109.95, 109.27, 109.13, 47.57,
39.50, 31.06, 28.89, 24.45, 23.10, 14.09, 10.96. MS (APCI*, 20 V): 1066.55 ([M + H], 100%).

4,4'-Bis(9'-octyl-[3,3']-bicarbazol-9-yl)benzophenone (DB29): 9-Octyl-9'H-3,3"-bicarbazole
(5) (0.40 g, 0.9 mmol) and NaH (0.10 g, 4.1 mmol) were stirred in 6 mL of DMF at room
temperature under nitrogen for 20 min. Then, 4,4'-difluorobenzophenone (0.10 g, 0.5 mmol)
was added to the reaction and the resulting mixture was stirred at 150 “C under nitrogen
for 4 h. After TLC control, the reaction mixture was cooled and quenched by the addition
of ice water. The product was extracted using chloroform. The combined extract was
dried over anhydrous Na;SOy4. The crude product was purified using silica gel column
chromatography using the mixture of THF and hexane (vol. ratio 1:5) as an eluent. Yield:
0.44 g (92%) of yellow amorphous material. Ty =95 °C (DSC). 'H NMR (400 MHz, CDCl3-,
8, m.d.): 850 (dd, 4H, J; =15.2 Hz, ], = 1.6 Hz), 8.30 (d, 2H, ] = 7.6 Hz), 8.27-8.24 (m, 6H),
7.91-7.86 (m, 8H), 7.71 (d, 2H, | = 8.4 Hz), 7.66 (d, 2H, ] = 8.0 Hz), 7.56-7.47 (m, 8H), 7.42
(t, 2H, | = 7.2 Hz), 7.33-7.29 (m, 2H), 438 (t, 4H, ] = 7.2 Hz), 1.99-1.92 (m, 4H), 1.48-1.30
(m, 20H), 0.92 (t, 6H, | = 6.6 Hz). '>C NMR (400 MHz, CDCl3, §, m.d.): 19451, 142.04,
140.96, 140.71, 139.74, 139.28, 135.78, 135.41, 132.84, 131.97, 126.38, 126.34, 126.15, 125.79,
125.49, 124.57, 124.20, 123.48, 123.03, 120.78, 120.66, 120.50, 119.02, 118.85, 110.09, 109.97,
109.00, 108.87, 43.26, 31.85, 29.45, 29.23, 29.08, 27.39, 22.65, 14.12. MS (APCI*, 20 V): 1067.78
(IM + H], 100%).

2.3. Device Fabrication

OLED devices were fabricated utilizing a pre-sputtered ITO glass substrate. The sub-
strate underwent a thorough cleaning process, including 30 min treatments with acetone
and isopropyl alcohol (IPA) at elevated temperatures of 50 and 60 °C. Subsequently, the
substrates were transferred to a UV chamber that was preheated, and exposed to UV light
for 10 min. The deposition of layers occurred within a glove box, maintaining an inert atmo-
sphere. The hole injection layer (PEDOT:PSS) was spin-coated onto the substrates for 20 s at
4000 rpm, followed by a 10 min heating step at 130 °C. Subsequently, the cooled substrates
were subjected to a 20-s spin-coating process at 2500 rpm for the emissive layer. The subse-
quent stages encompassed the thermal evaporation of the electron-injecting/transporting
layer and aluminum cathode within a vacuum of 1.33 x 10~* Pa. The substrates remained
under vacuum conditions within a mini chamber in the glove box to preserve their qual-
ity until individual testing. All testing protocols were executed in a completely dark
environment under ambient conditions. The CS-100A luminescence spectrophotometer
was employed for recording the current density—voltage-luminance (J-V-L) characteris-
tics, while the PR-655 spectrophotometer was used for power efficacy—luminance—current
characteristics. A Keithley voltmeter was utilized to measure the current-voltage (I-V)
characteristics. The device area was determined to be 0.09 cm2. The EQE of the devices
was computed following the methodology outlined in the relevant literature, meticulously
adhering to this approach during the testing and analysis procedures [20].

3. Results and Discussion

A three-step synthetic pathway was employed to synthesize the bicarbazole-based
materials, as is demonstrated in Scheme 1.

3,3"-Bicarbazole (2) was synthesized through the oxidation of 9H~carbazole (1) using
iron (III) chloride, as is described in the ESI file. Various 9-alkyl-9'H-3,3"-bicarbazoles (3-5)
were prepared via N-alkylation reactions between a bicarbazole and the corresponding
alkyl bromides, utilizing potassium hydroxide and potassium carbonate in tetrahydrofuran
(THF). The next step involved the nucleophilic aromatic substitution of partially alkylated
bicarbazole with 4,4" -difluorobenzophenone. This reaction was conducted in DMF, em-
ploying sodium hydride as a base, yielding the desired materials. This multi-step process
resulted in the successful synthesis of the targeted bicarbazole-based compounds. The
values of glass transition temperatures are influenced by the distinct alkyl chains in the
chemical structures of materials DB14, DB23, and DB29. The derivative DB14, character-
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ized by the shortest butyl alkyl chain, exhibited the highest glass transition temperature
at 145 °C. The elongation of the alkyl chain led to decreased but still suitable Ty values
for device forming, with DB23 and DB29 showing temperatures of 105 °C and 95 °C,
respectively, as verified by DSC.

NH
H
N, FeCl;, CHCIy R-Br, KOH, K,CO;
G—O 20°C_ 15nun THF, Reflux, 120
1 2
HN
Ny

R=- . s
i,
(3,DBl4) (4,DB23) (5,DB29)

Scheme 1. Synthetic pathway of DB14, DB23, and DB29.

3.1. Material Characteristics
3.1.1. DFT Calculations

Theoretical calculations were carried out to establish a relation between the electro-
chemical properties and geometries of the synthesized compounds. All calculations were
carried out using Gaussian09.0D [29]. The polarizable continuum model, which Gaussian09
uses by default, was employed for the solvent adjustments [30]. In all compounds, HOMO
was found to be located over the peripheral carbazole units, while LUMO was found to be
spread over the central benzophenone unit. The HOMO/LUMO distributions ensure that
the present molecules have donor-acceptor characteristics, in which carbazole units act as
donor units and benzophenone acts as an acceptor unit. The values of HOMO/LUMO were
theoretically calculated to be —5.39/—2.28, —5.40/—2.28, and —5.40/—2.26 eV for DB14,
DB23, and DB29, respectively. Further, the singlet and triplet energies were very crucial
for the designed emitters to evaluate their potential for optoelectronic devices; hence, the
singlet and triplet energy levels of all synthesized compounds were established through
TD-DFT calculations. All compounds showed high triplet energies of about 2.65 eV, which
indicated that these molecules have the potential to be used in the emitting layer of OLEDs.
The HOMO/LUMO and singlet/triplet energies of DB23 are shown in Figure 1. Similarly,
the theoretical results for DB13 and DB29 are presented in Figure S1 of ESI. All theoretical
results are also tabulated in Table 1.

3.1.2. Photophysical Properties

The derivatives DB14, DB23, and DB29 exhibit substantial photoluminescence quan-
tum yields (PLQY) of 55.6, 52.0, and 55.5%, respectively. The PLQY values are summarized
in Table 1. The UV-absorption bands of these compounds are demonstrated in Figure 2.
The materials were investigated using tetrahydrofuran (THF) solvent under typical con-
ditions. Notably, all compounds displayed primary and secondary absorption peaks
consistently at around 375 and 400 nm. The UV absorption wavelength and intensity were
also used to construct the Tauc plots for the materials (Figure 2) using the following values:
(« x hv)!/2 for the x-axis and hv for the y-axis, where a is the intensity and hv is the energy
(hv = 1240/ wavelength). The Tauc plots demonstrated the bandgaps of the investigated
compounds, which are 3.05 eV for DB14, 3.08 eV for DB23, and 3.02 eV for DB29 (Table 1).
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LUMO =-228 eV
5,=2.76eV
¥

AEgr=0.11eV »

T,=2.65eV

Figure 1. Electron density contours of FMO and theoretically calculated electronic properties of the
compound DB23.

Table 1. Optoelectronic and thermal characteristics of the derivatives DB14, DB23, and DB29.

] A A E{n ®  Deay Homo(eV) Lumo (eV) S, (eV) T, (eV) AEsy T, T
Emitter o e
(mm)  m) (e (%) (9 1 Ca  Th  Ca  Th  Ca Th Ca Th ca O
DB14 3332; 4017 305 556 340 539 570 -228 -265 276 332 265 283 011 049 462 145
DB23 ;*;‘;g 4128 308 520 267 -540 -563 -228 -255 276 319 265 284 011 035 383 104

DB P27 433 am 555 3y 540 56 226 260 27 32 266 273 012 049 3 %

Aex: excitation wavelength; Aem: emi: length; Eg: dg lumi yield; S;: singlet
energy; Ty : triplet energy, AES-; smglet tnplet energy gap; Td decomposmon p Ty: glass iti
P Th.: ical value; Ca.: cal d value.
z —DBI4 & —DB23
i i ol
£ 2 %
; ih L
380 480 S0 680 780 380 40 580 680 780
Wavelength (nm) Wavelength (nm)

Normalized intensity

£

a0 S0 680 70
Wavelength (nm)

Figure 2. Ultraviolet-visible absorbance spectra and Tauc plots (inset) of the compounds DB14, DB23,
and DB29.
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For the measurements of photoluminescence, the maxima absorbance wavelengths
were employed as the wavelengths for excitation, which are shown in Table 1. In Figure 3,
the photoluminescence (PL) spectra of the derivatives DB14, DB23, and DB29 are depicted.
They show very similar emission bands for all compounds with maxima wavelengths of
approximately 400 nm due to the similar electronic structure of the derivatives.

Normalized intensity

~——DB 14 PL.

DB 23 PL ~—DB 29 PL

Normalized intensity
Normalized intensity

200 300 400 500 600 700 800
Wavelength (nm)

200 300 400 500 600 700 800 200 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3. Photoluminescence (PL) spectra of the derivatives DB14, DB23, and DB29.

Moreover, to establish the triplet energies of the potential emitters, photoluminescence
(LTPL) spectra at low temperature were also recorded. Notably, the compounds DB14,
DB23, and DB29 exhibited elevated triplet energies of 2.83, 2.84, and 2.73 eV, respectively,
as visually represented in Figure 4. These specific characteristics are also included in Table 1
for reference.

Normalized intensity

e DR 14 Phan 2t TR

[T

—— DB 23 Phos a1 TT K foprdsr

Ep- 2846V

By 283V

Normalized intensity
Normalized intensity

300 4007

s00
Wavelength (nm)

Time (ns)

400 500 600 700 800
Wavelength (nm)

600 700 800 300 300 400 [s500 600

Wavelength (nm)

700 800

Figure 4. LTPL spectra of the derivatives DB14, DB23, and DB29 at 77 K of the compounds.

In Figure 5, the time-resolved photoluminescence (TRPL) analysis illustrates the values
of the decay times for the DB14, DB23, and DB29 compounds, which were 3.40, 2.67, and
3.57 ns, respectively. It could be stated that all lifetime curves of the materials demonstrate
a nanosecond-scale component. Usually, the decay lifetime of fluorescent emitters ranges in
picoseconds. However, our materials demonstrate decay in the nanoscale, also indicating a
possible use of triplet energy levels.

)

Decay (a.u.)

Decay (a.u)
s

10"
10 20 30 4 S0 1015 20 25 30 35 40

Time (ns) Time (ns)

Figure 5. TRPL spectra for the transient decay of the materials DB14, DB23, and DB29. IRF
is the instrument response function, which is measured as a control parameter before and after
each measurement.
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3.1.3. Electrochemical Properties

The electrochemical attributes of the DB14, DB23, and DB29 compounds were assessed
through cyclic voltammetry (CV) measurements, which are depicted in Figure 6. By using
the obtained oxidation onset values, the HOMO levels were calculated using Equation (1)
and the LUMO levels were calculated using Equation (2), according to the method described
in the literature [31,32]:

0X
Enomo = —[44 + Egjieer] @
Erumo = Enomo + Eg 2

| opB14 —| opB23 _ DB29

z
Z H i
Hl E El
£ £ £
S o S

00 0s Lo 15 00 s 0 15 0.0 0s 10 1.5
Voltage (V) Voltage (V) Voltage (V)

Figure 6. Curves of CV scans of the molecules DB14, DB23, and DB29.

The calculated HOMO levels were —5.70, —5.63, and —5.66 eV, while the correspond-
ing LUMO levels were —2.65, —2.55, and —2.64 eV for the DB14, DB23, and DB29 com-
pounds, respectively. These values along with the earlier bandgap measurements are
presented in Table 1. It could be stated that the HOMO and LUMO levels of the com-
pounds are found to be suitable for blue-emitting layers using the earlier-mentioned CBP
host material.

3.1.4. Thermal Properties

The characteristics of thermal stability of the materials DB14, DB23, and DB29 were
examined in a nitrogen atmosphere. The curves of the thermogravimetric analysis (TGA)
are presented in Figure 7. For DB14, having the shortest alkyl chains, the temperature at
which 5% weight loss occurred, i.e., the decomposition temperature (T4), was obtained
at 462 °C during heating. The materials DB23 and DB29, featuring lengthier aliphatic
substitutions, exhibited a lower thermal stability, with T4 values of 383 °C and 384 °C,
respectively. These findings demonstrate that the new materials have very good thermal
stability as emitting materials for application in OLED devices.

190 0 0
~% 80 50
Z S £
E@ =60 < 6
£ £
z ¥ %
40
z z @ z %
20 20 »
- Ll i L "
100 230 400 462 550 o 150 300 383 450 600 150 300 384 450 600
Temperature (°C) Temperature (°C) Temperature (°C)

Figure 7. Curves of the TGA measurements of the materials DB14, DB23, and DB29.

The DSC thermograms of second heating for the DB14, DB23, and DB29 compounds
are displayed in Figure 8. Notably, upon analyzing the second heating curves, it becomes
evident that the novel derivatives exhibit glass transition temperatures (T) that directly
correlate with the length of their alkyl substituents. For instance, the DB14 material with the
shortest butyl substitution has the highest glass transition temperature of 145 “C. This trend
persists also for compounds featuring more extended alkyl groups: the DB23 and DB29
derivatives with 2-ethylhexyl and octyl substitutions, respectively, display glass transition
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temperatures of 104 °C and 95 °C. Hence, these results indicated that the developed
compounds demonstrate a high thermal stability and are suitable for optoelectronic devices.
The comprehensive T4 and glass transition temperature (Tg) values are compiled in Table 1.

/T==IO4°C

— DB29
~—— DB23
——— DB14

0488
T=1457C

<Endo - exo>

L L 1 L 2 .

N

0 25 50 75 100 125 150 175 200
0,

Temperature ( C)

Figure 8. DSC curves of second heating of the materials DB14, DB23, and DB29.

3.1.5. Electroluminescent Properties

The schematic energy level diagram in Figure 9 illustrates the configuration of OLED
devices prepared in this study. These devices incorporated the emitters DB14, DB23, and
DB29 doped within a CBP host matrix. The device structure comprised ITO/PEDOT:PSS /host
CBP: emitter DB14, DB23, or DB29 (5, 10, or 15wt.%)/TPBi/LiF/Al

2.55

3.30

[2]

[

o

5

9 4.30

w LiF/Al
5.20
o 490

---= CBP (2.90, 6.00) 6.20

Figure 9. Energy-level diagram of the OLEDs using the emitters DB14, DB23, and DB29 doped in
CBP host.

The electroluminescence (EL) properties of the devices using the new emitting ma-
terials dispersed within the CBP host are shown in Figures 10-12. The corresponding
characteristics for each emitter are also detailed in Table 2. Within each figure, vari-
ous aspects are illustrated: (a) EL spectra, (b) current density-voltage characteristics,
(c) luminance-voltage characteristics, (d) power efficacy-luminance characteristics, and €
current efficacy-luminance characteristics.
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Figure 10. EL properties of the devices using the emitter DB14 doped in CBP host: (a) EL spectra,

(b) current density-voltage, (c) luminance-voltage, (d) power efficacy-luminance, and (e) current
efficacy-luminance characteristics.
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Figure 11. The EL properties of the OLEDs using emitting material DB23 doped in CBP host: (a) EL
spectra, (b) current density-voltage, (c) luminance-voltage, (d) power efficacy—luminance, and
(e) current efficacy—luminance characteristics.

In Figure 10a, the EL spectra of the OLEDs with DB14 exhibit peaks around 480 nm,
indicating blue emission. The presence of sole peaks implies the successful energy transfer
between host and guest. The emission wavelength in the EL of the devices undergoes a
shift when compared with the PL spectra of the DB14 emitter, indicating the influence of
the CBP host on emission. An evident emission spectrum of the emitter becomes apparent
with an increase in the concentration of the DB14 dopant. Notably, both non-doped
and doped devices exhibit very similar EL emission peaks. In Figure 10b-e, the current
density-luminance-voltage and power efficacy-luminance—current efficacy characteristics
are depicted. The non-doped device exhibits a significantly lower efficacy compared to
the doped devices, highlighting the substantial role of the host material. Consequently, a
device based on a 10 wt% doping concentration surpasses others in terms of power efficacy,
showcasing a PEjax of 4.4 Im/W, a CEmayx of 7.6 cd/A, an EQEnmax of 3.3%, and an Liax of
3175 c¢d/m? at a turn-on voltage of 5.1 V.
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Figure 12. The EL characteristics of the OLEDs with emitter DB29 doped in CBP host material:
(a) EL spectra, (b) current density-voltage, (c) luminance-voltage, (d) power efficacy-luminance, and
(e) current efficacy-luminance characteristics.

Table 2. EL properties of the OLEDs with the emitting materials DB14, DB29, and DB23 doped in
CBP host matrix.

: . Power Efficac Current Max Luminance
Concentration of Emitter Y B EQE (%) CIE
Emitter in the Host Material Volf:;:-&‘..) R (Im/W) Efficacy (cd/A) (cd/m?)
(w%) @100/1000 cd/m? and Max
50 50 29/16/39 61/47/65 26/22/27  (022,036)/(021,032)/- 291
Bt 10 51 26/13/44 57/39/76 26/20/33  (021,033)/(020,029)/- 3175
15 59 14/13/24 37/23/49 19/14/24  (020,028)/(0.19,0249)/- 1884
100 61 02/-/04 06/-/08 03/-/04 026,0.40)/- 515
50 54 03/06/21 31/20/39 20/14/23  (019,022)/(022,022)/- 1578
. 10 57 17/10/44 37/28/65 20/17/31  (0.20,027)/(023,025)/- 251
15 47 1.0/03/7.9 23/10/91 11/0.5/40 (0.21,031)/(022,027) /- 2631
100 58 04/-/14 0.8/-/1.8 03/-/07 0.26,0.44)/- 884
50 57 13/06/2.1 30/19/38 19/14/23 (017,007) 883
DB23 10 5.2 1.40.8/1.7 2411.7/2.6 5.1/3.5/53 (0.19, 0.22)/(0.22, 0.22)/- 1620
2 15 52 22/10/32 46/28/53 25/17/27  (0.20,0.27)/(023,0.25)/- 2076
100 51 0.6/-/10 13/-/18 05/-/07 026,0.44)/- 875

 Turn-on voltage at luminance >1 cd m?.

In Figure 11a, the EL spectra of the devices with DB23 exhibit single peaks at around
470 nm, indicating blue emission. The presence of single peaks suggests the successful
host-guest energy transfer completion. The emission wavelength in the EL of the devices
undergoes a shift when compared with the PL spectra of the DB23 emitter, indicating
the influence of the CBP host on emission. An evident emission spectrum of the emitter
becomes apparent with an increase in the concentration of the DB23 dopant. Notably,
both doped and non-doped devices exhibit similar EL emission peaks. Figure 11b-e
demonstrate current density-luminance-voltage and power efficacy-luminance-current
efficacy characteristics. Comparatively, the non-doped device shows a considerably lower
efficacy than the doped devices, demonstrating the crucial role of the host material. The
device utilizing a 15 wt% doping concentration of the emitter has a maxima PEpay of
3.21m/W, a CEmax of 5.3 cd /A, and an Linax of 2076 cd/m? ata voltage of 5.1 V. Additionally,
the device having a 10 wt% doping concentration reveals a remarkable EQEmay of 5.3%,
even surpassing the theoretical limit for fluorescent emitters. The emitter DB23-based
device stands out in comparison to the others.

The EL spectra of the DB29-based device exhibit a blue shift with increasing doping
concentration, in contrast to the non-doped device, as can be seen in Figure 12a. The
EL spectra maxima change from approximately 490 nm to 430 nm in the region of blue

231



232

Nanomaterials 2024, 14, 146

12 0f 14

emission. Single peaks of the emissions signify the achievement of complete energy transfer
between host and guest. The emission wavelength in the EL of the devices undergoes a
shift when compared with the PL spectra of the DB29 emitter, indicating the influence of
the CBP host on emission. An evident emission spectrum of the emitter becomes apparent
with an increase in the concentration of the DB29 dopant. Figure 12b—e illustrate the current
density-luminance-voltage and power efficacy-luminance—current efficacy characteristics.
The non-doped device showcases a more favorable current density—-voltage characteristic
compared to the doped devices, although its efficacy is considerably lower than that of its
doped counterparts. Consequently, the role of the host material is pronounced, leading to
the prominence of the device with a 15 wt% doping concentration. This device outperforms
others in terms of power efficacy, exhibiting a PEmay 0of 7.9 1m/W, a CEax 0f 9.1 cd/A, an
EQEax of 4.0%, and an Ly, of 2631 cd/m? at a voltage of 4.7 V. Impressively, this device
showcases the highest PE and CE values among all.

As depicted in Table 2, the DB23-based device exhibits the highest EQE among all
devices, surpassing both previous research and the outcomes of this study. This enhanced
performance could be attributed to the inclusion of the branched alkyl side chains in the
molecule, which likely contributed to improved molecule solubility for the fabrication of
wet-processed OLED devices and the film-forming properties of the material. Nevertheless,
the PE and CE of the DB29-based device demonstrated superior performance. This can
be attributed to its appropriate HOMO and LUMO levels, which facilitated the efficient
host-guest energy transfer. Additionally, the incorporation of two donor moieties of the
bicarbazole contributed to a balanced charge transfer, further enhancing its performance.

4. Conclusions

In conclusion, this study presents an exploration of twisted donor-acceptor-donor
compounds, specifically bicarbazole-benzophenone-bicarbazole-based compounds, as po-
tential blue emitters for blue OLEDs. The synthesized emitters DB14, DB23, and DB29,
were systematically designed with tailored alkyl side chains to enhance their film-forming
and solubility properties. The investigation encompassed thorough characterization, in-
cluding photo-physical analysis to determine photoluminescence quantum yields, UV
absorption, and emission characteristics. Electrochemical measurements provided insights
into HOMO and LUMO energy levels, while a thermal analysis unveiled the remarkable
thermal stability of the compounds. The OLED devices incorporating these emitters demon-
strated noteworthy performance, with DB23 exhibiting the highest EQE among all devices,
reaching a peak value of 5.3%. The study also highlighted the significant influence of
host-guest energy transfer, optimal doping concentrations, and molecular structures on
device efficiency. Notably, the research outcomes underscore the considerable potential
of the newly developed D-A-D derivatives in advancing OLED technology. This work
contributes to the ongoing progress of OLED materials and their applications, offering
insights into the design of efficient blue emitters. This research not only contributes to
the understanding of advanced OLED materials but also provides insights into designing
efficient blue emitters for future display and lighting applications, thereby advancing the
field of organic electronics.
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Abstract: Over the past few decades, organic light-emitting diodes (OLEDs) find applications in smart-
phones, televisions, and the automotive sector. However, this technology is still not perfect, and its
application for lighting purposes has been slow. For further development of the OLEDs, we designed
twisted donor-acceptor-type electroactive bipolar derivatives using benzophenone and bicarbazole
as building blocks. Derivatives were synthesized through the reaction of 4-fluorobenzophenone
with various mono-alkylated 3,3'-bicarbazoles. We have provided a comprehensive structural char-
acterization of these compounds. The new materials are amorphous and exhibit suitable glass
transition temperatures ranging from 57 to 102 °C. They also demonstrate high thermal stability,
with decomposition temperatures reaching 400 °C. The developed compounds exhibit elevated
photoluminescence quantum yields (PLQY) of up to 75.5% and favourable HOMO-LUMO levels,
along with suitable triplet-singlet state energy values. Due to their good solubility and suitable
film-forming properties, all the compounds were evaluated as blue TADF emitters dispersed in
commercial 4,4'-bis(N-carbazolyl)-1,10-biphenyl (CBP) host material and used for the formation of
emissive layer of organic light-emitting diodes (OLEDs) in concentration-dependent experiments.
Out of these experiments, the OLED with 15 wt% of the emitting derivative 4-(9'-{2-ethylhexyl)-[3,3']-
bicarbazol-9-yl)benzophenone exhibited superior performance. It attained a maximum brightness of
3581 cd/m?, a current efficacy of 5.7 cd /A, a power efficacy of 4.1 Im/W, and an external quantum
efficacy of 2.7%.

Keywords: organic light-emitting diode (OLED); blue TADF emitters; Donor-Acceptor (D-A) materials;
benzophenone-based derivatives

1. Introduction

In recent decades, there has been significant and swift advancement in organic light-
emitting diode (OLED) technology, transforming it into a multi-billion-dollar market [1]. Its
applications have expanded across various domains, encompassing high-contrast flat-panel
displays, smartwatches, smartphones, and big-screen television sets. In addition, solid-state
lighting is attracting growing interest in both industrial and scientific domains [2-7]. OLED
devices offer superior features such as high colour purity, reduced weight, lower power
consumption, faster response, and flexibility, surpassing capabilities offered by existing
technologies [8-11].

Until now, the prevailing commercial OLED devices were based on phosphorescent
materials containing noble metals like platinum and iridium [12]. The incorporation of
atoms of noble metals into the structures of phosphorescent materials presents a notable
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obstacle not only to the future manufacturing expenses of devices but also prompts en-
vironmental concerns [13,14]. Moreover, there is a tendency to increase the nonradiative
transition rate of phosphorescent metal complex d-orbitals when the emission peaks are
shifting to the blue region of emission, posing challenges in achieving both high efficiency
and stability in blue phosphorescent OLEDs [15-20]. To address these challenges, there is
a renewed focus on the development of small-molecule fluorescent materials, primarily
due to their high colour purity and cost-effectiveness [21]. In recent years, there has also
been considerable attention focused on thermally activated delayed fluorescence (TADF)
materials. This is due to absence of metal atoms in their structures and their capability
to employ reverse intersystem crossing (RISC), resulting in the up-conversion of triplet
excitons to emissive singlet excitons, leading to significantly enhanced external quantum
efficiencies (EQEs) [22-28]. However, numerous TADF OLEDs face challenges including
triplet-triplet and singlet-triplet annihilation, as well as concentration quenching. These
issues can be attributed to prolonged exciton lifetimes, leading to a notable decrease in
efficiency as luminance increases [29-31].

A crucial requirement for TADF OLED emitters to function efficiently is achieving the
smallest possible singlet-triplet energy splitting (AEst). This can be accomplished through
molecular design strategies aimed at maximizing the separation between the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
One effective approach is the incorporation of highly twisted donor and acceptor structure
in the derivatives [30,32,33]. Benzophenone and its derivatives having strong electron-
withdrawing capabilities, effective intersystem crossing due to robust spin-orbit coupling
and twisted configuration offer the potential for developing efficient TADF emitters with
shorter exciton lifetimes through smart molecular design [34-42]. Carbazole derivatives,
widely recognized for their electron-rich nature, were extensively employed as electron
donors in a wide range of optoelectronic devices, serving as both host materials and
emitters in various configurations. This is due to the capacity of 9H-carbazole for facile
functionalization across multiple sites, tuneable electronic and optical properties, robust
electrochemical and thermal stability, and high photoluminescence quantum yield [43-49].
Materials exhibiting both favourable film-forming properties and solubility in common
organic solvents are extensively explored in the scientific and technological sectors. This
interest stems from the fact that low molar-mass organic derivatives, also called molecular
glasses, demonstrate capability to form transparent, stable, and homogenous amorphous
layers from their solutions [50,51]. Both benzophenone-based as well as carbazole-based
derivatives are valued for their ability to create stable amorphous layers characterized by
high glass transition temperatures as reported in the literature [52,53]. Solubility in common
organic solvents of new materials enables solution-based manufacturing processes, such as
blade or spin coating, and inkjet printing, which are simpler, more cost-effective, and more
scalable than the usual vacuum evaporation method [54-57].

In this study, we present the synthesis, investigation, and application of new bipolar
electroactive compounds with benzophenone and 3,3'-bicarbazole fragments acting as
electron acceptors and electron donors, respectively. The donor-acceptor type twisted
molecules demonstrated their efficacy as blue TADF emitters in organic LEDs. The selection
of alkyl sidechains, including ethyl, butyl, pentyl, hexyl, 2-ethylhexyl, and octyl was aimed
at optimizing their film-forming properties, solubility, and solution processability [58].

2. Results and Discussion
2.1. Synthesis

Novel electroactive bicarbazole-based derivatives were synthesized via a three-step
procedure illustrated in Scheme 1. Initially, 9H-carbazole underwent oxidation with iron
(I1I) chloride to yield 9H,9'H-3,3"-bicarbazole (2). Subsequently, various alkyl bromides
were utilized for mono-alkylation of the 9H,9'H-3,3'-bicarbazole (2) in THF solution, result-
ing in the production of 9-alkyl-9'H-3,3'-bicarbazoles (3-8) in the presence of potassium
hydroxide and potassium carbonate. Finally, the obtained bicarbazole derivatives (3-8)



Molecules 2024, 29, 1672

30f17

H
N.

G0

1

underwent nucleophilic substitution reactions with 4-fluorobenzophenone in DMSO in the
presence of potassium carbonate, leading to the formation of the target derivatives DB37,
DB38, DB39, DB40, DB41, and DB44. The chemical structures of these new electroactive
compounds were confirmed using mass spectrometry and NMR spectroscopy, demon-
strating excellent alignment with the theoretical structures. The aliphatic chains present in
the synthesized target compounds contributed to increased solubility in commonly used
organic solvents, consistent with the findings of Inoue et al. regarding the relationship
between alkyl chain length and the solubility of organic materials [56]. The solubility of the
presented materials in appropriate solvents was enhanced by extending the length of the
alkyl chain. While the thermal evaporation method could be suitable for the formation of
thin layers for devices using these electroactive compounds, the good solubility of the new
materials allows a cost-effective alternative method for forming thin films through spin
coating from their solutions.

FeCls, CHCh R-Br. KOH. K4CO; N
20°C. 15min THF, Reflux, 12h DMSO CO;. 4. 150°C,

DB37
DB39
HN DB40

DB41
DB44

(3, DB41) _\_\—\_\_ NI

4.DB4Y) (s, 9337)

(o, DBm (7,DB39) (8, DB40
Scheme 1. Synthesis of target compounds DB37, DB38, DB39, DB40, DB41 and DB44.

2.2. Thermal and Morphological Properties

The response of the synthesized materials DB37-DB41 and DB44 to heating was
investigated using DSC and TGA methods, heating the samples under an inert nitrogen
atmosphere. Following TGA experiments conducted at a heating rate of 10 °C/min. It
was observed that the target compounds exhibit remarkable stability under heating. As
depicted in Figure 1, the TGA curve of compound DB37 illustrates a temperature of 5%
weight loss (T4) at 406 °C. Similarly, derivatives DB41 and DB44 demonstrated stability
under heating with respective T4 values of 374 °C and 389 °C. Materials DB38, DB39,
and DB40, which feature longer aliphatic groups, exhibited comparable thermal stability,
reaching T4 values of 398 °C, 383 °C, and 397 °C, respectively. The TGA curves of all
the investigated derivatives are provided in Figure S1 of the Supplementary Material for
the publication.

%

Weight (%)
& 2 2

8

ol 1 1 1 N

50 150 250 350 406450 S50 650
Temperature (°C)

Figure 1. TGA curve (red) of compound DB37. Heating rate: 10 °C/min.
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Figure 2 displays the thermograms of DSC experiments conducted forn all the com-
pounds DB37-DB41 and DB44, with sample sizes varying from 2.6 to 4.8 mg. Upon
examining the second heating curve, it becomes evident that the glass transition temper-
atures (Ty) are influenced by the length of the alkyl sidechains of the compounds. For
instance, material DB41, containing an ethyl group, exhibited a notably high T, of 102 °C,
determined by a slow endothermic dip in the curve of the second heating. Conversely,
compounds DB44 and DB37, which were substituted with butyl and pentyl groups, re-
spectively, displayed slightly lower Ty values of 80 °C and 77 °C. This trend persists for
materials featuring even longer alkyl groups: derivatives DB38, DB39, and DB40, substi-
tuted with hexyl, 2-ethylhexyl, and octyl groups respectively, exhibited glass transition
temperatures of 68 °C, 64 °C, and 57 °C. This phenomenon could be explained by reduced
intermolecular hydrogen bonding as length of the alkyl chain increases [59]. In summary,
the findings from the TGA and DSC experiments affirm the suitability of these materials
for amorphous electroactive layers of OLED devices. All the thermal characteristics are
also presented in Table 1.

_ﬁ/ T=57°C
m

A

2 r ——DB40
= T =+
& ——DB38
3 » ——DB37
il w ——DBa4
v ——DB41

T,=80°C
E— A,=102%

T T T T T T T T T
20 30 40 50 60 70 80 90 100 110 120

Temperature, %

Figure 2. DSC thermograms from the second heating cycle of the target compounds. Heating rate:
10 °C/min.

Table 1. Characteristics of the derivatives DB37, DB38, DB39, DB40, DB41 and DB44.

. Aex Aem a Homo Lumo Eg Decay S1 T1 Tq Tg
Emitter v am TP @) @ e 9 v ew BT o O
DB37 :S}géz 509 65.5 -567 -258 3.09 553 3.04 276 0.28 406 102
383.5,
DB38 400 510 453 -5.70 -261 3.09 1.88 294 289 0.05 398 80
3827,
DB39 200 528 75.5 -5.68 -2.60 3.08 427 3.10 281 029 383 77
384.5,
DB40 1082 513 52.5 -569 -259 3.10 241 3.06 280 0.26 397 68
381.0,
DB41 399.7 528 62.5 -573 —2.64 3.09 224 322 2.80 042 374 64
DBu  30% 59 85 569 262 307 628 318 282 015 389 5
Aex: Excitation Wavelength; Ay : Emission Wavelength; ®: Photol Yield; Eg: B p Si: Singlet

Energy; T;: Triplet Energy; AEg;: Singlet-Triplet Energy Gap Ty: Destruction temperature; TK Glass Transi-
tion Temperature.
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2.3. Electrochemical and Photo-Physical Properties

The compounds DB37, DB38, DB39, DB40, DB41, and DB44 demonstrate elevated
photoluminescence quantum yields (PLQY) of 65.5%, 45.3%, 75.5%, 52.5%, 62.5%, and
68.5%, respectively. Summarized values of PLQY can be found in Table 1. Figure 3 illustrates
the UV-absorption bands of compound DB37 as an example. All the UV-absorption bands
and Tauc plots for all the compounds are illustrated in Figure S2 of the Supplementary
Material of the article. The derivatives were examined in THF solvent under standard
conditions using a quartz cuvette.

4
B 1F ——DB37 DB 27
‘v
; 3
8 ~
<
-] = 4
2 3
< L
E 1
=3
7z
0 L A 1 i 0 A A 1 A
380 480 580 680 780 200 225 250 275 3.00 325 3N
Wavelength (nm) Energy hv (eV)

Figure 3. UV-Vis absorbance spectrum (left) and tauc plot (right) of the compound DB37.

Notably, each of the derivatives consistently displayed two absorption peaks around
380 and 410 nm, attributed to the presence of identical chromophores within their structures.
Tauc plots for objective compounds were generated by employing the UV absorption
wavelength and intensity using equations (¢ x hv)!/2 and hv for the x-axis and y-axis,
respectively, where « denotes intensity and hv stands for energy (hv = 1240 /wavelength),
as it is described in literature [60]. The Tauc plots unveiled bandgaps for the studied
derivatives: DB37, DB38, and DB41 had a bandgap of 3.09 eV, DB40 had a bandgap
of 3.10 eV, DB39 had a bandgap of 3.08 eV, and DB44 had a bandgap of 3.07 eV (see
Table 1). The bandgap energy exhibited by the materials was nearly identical, with a
maximum difference of 0.03 eV, which aligns closely with the possible measurement
discrepancies. Similar bandgap values are acceptable since all the derivatives utilize the
same chromophores.

Figure 4 illustrates the evaluation of the electrochemical characteristics of DB37, DB38,
DB39, DB40, DB41, and DB44 through CV measurements. Obtained oxidation onset values
were used for calculations of HOMO levels, employing equation Eyomo = —[4:4 + EJj 4],
while the determination of LUMO levels was accomplished using equation Ej ymo = Enomo
+ Eg following the methodology described in the literature [18,61,62]. The determined
HOMO levels for DB37, DB38, DB39, DB40, DB41, and DB44 were —5.67, —5.70, —5.68,
—5.69, —5.73, and —5.69, respectively. Meanwhile, LUMO levels were, in the same order,
—2.58, —2.61, —2.60, —2.59, —2.64, and —2.62. These values, along with Eg levels, are
outlined in Table 1. HOMO and LUMO levels of the compounds are appropriate for forming
blue-emitting layers in tandem with the commercial host material CBP.

In Figure 5 (left), the PL spectrum of the DB37 compound is presented, displaying
emission wavelength maximum at about 510 nm with cyan blue emission. Singlet state
energies of the potential emitters were calculated by utilizing the crossing points of PL and
absorbance charts, resulting in values of 3.04 eV for DB37, 2.94 eV for DB38, 3.10 eV for
DB39, 3.06 eV for DB40, 3.22 eV for DB41, and 3.18 eV for DB44 (see Table 1).

Additionally, low-temperature photoluminescence (LTPL) spectra were registered to
ascertain the triplet energy levels. The spectrum for DB37 is depicted in Figure 5 (right)
as an example. The compounds DB37, DB38, DB39, DB40, DB41, and DB44 demonstrate
elevated levels of triplet energy at 2.76, 2.89, 2.81, 2.80, 2.80, and 2.82 eV, respectively,
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suggesting their potential suitability as blue emitters. The LTPL spectra of all the objective
derivatives are presented in Figure S3 of Supplementary Material, and the triplet state
energy values are listed in Table 1.

~——DB37

——DB 3§ ~——DB 39

Current (mA)
Current (mA)
Current (mA)

0.0 05 1.0 15 0.0 0.5 1.0 15 0.0

LX) L0
Voltage (V) Voltage (V) Voltage (V)

——DB40 ——DB 41 — DB

Current (mA)
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Voltage (V)
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Figure 4. Curves of CV scans of the materials DB37, DB38, DB39, DB40, DB41, and DB44.
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Figure 5. Photoluminescence (left) and low-temperature photoluminescence (right) spectra of the
material DB37.

Figure 6 displays the results of the time-resolved photoluminescence (TRPL) exper-
iments illustrating the decay times of photoluminescence for the new emitters. The de-
termined values of the time for DB37, DB38, DB39, DB40, DB41, and DB44 were 5.53,
1.88,4.27,2.41, 2.24, and 6.28 ns, respectively. Typically, the decay lifetime of fluorescent
emitters falls within the picosecond range. However, the presented materials exhibit decay
on the nanosecond scale, suggesting the potential utilization of triplet excited states as
TADF-based emitters [63,64]. The photoluminescence decay times are detailed in Table 1.
In the graphs, IRF denotes the instrument response function, which was measured both
prior to and following each measurement as a control parameter.
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Figure 6. TRPL spectra of the compounds DB37, DB38, DB39, DB40, DB41, and DB44.

2.4. Electroluminescent Properties

The OLED device architecture utilized in this study is represented by the energy level
diagram depicted in Figure 7. These devices incorporate emitters DB37, DB38, DB39, DB40,
DB41, and DB44 doped in a CBP host material. The straightforward device structures
consisted of a 125 nm ITO anode layer, followed by a 35 nm PEDOT:PSS hole injection layer
(HIL), and subsequently a 30 nm emissive layer (EML) comprising a CBP host with dopants
DB37, DB38, DB39, DB40, DB41, or DB44 (at concentrations of 5%, 10%, 15%, and 100% by
weight). As for the electron transporting layer (ETL), 1,3,5-tris(N-phenyl-benzimidazol-2-
yl)benzene (TPBi, 32 nm) was employed, while lithium fluoride (LiF, 0.8 nm) served as the
electron injecting layer (EIL), and aluminium (Al, 150 nm) was used as the cathode layer.

Different Emitters

L
r 1

261 2.60 259 264 262

w
=)

4.30
LiF/Al

PEDOT:PSS | ¢

5.20
ITo

©
o

567 570 568 569 573 569

| —

---= CBP (2.90, 6.00) 6.20

Figure 7. Energy-level diagram of the OLEDs employing the emitters DB37, DB38, DB39, DB40,
DB41, and DB44 doped in the CBP host.

All the new objective compounds, owing to their solubility, were suitable for layer
preparation through spin-coating and were examined as emitters dispersed in a CBP
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host for the OLEDs. All new emissive materials underwent concentration-dependent
experiments with proportions of 5, 10, 15, or 100 wt% of each guest in the emissive layer.
The electroluminescence (EL) properties, like power efficacy (PE), current efficacy (CE),
EQE, maximum luminance (Lyjax), and the International Commission on Illumination
(CIE) colour space coordinates of the devices utilizing the newly introduced emitting
materials distributed within the CBP host, along with the respective non-doped devices,
are outlined in Table 2. Furthermore, Figure 8 visually represents the EL characteristics of
devices employing the most efficient emitter, DB39. The Figure illustrates the EL spectra
of the devices, current density-voltage-luminance, and power efficacy-luminance-current
efficacy characteristics. The same characteristics of OLEDs using other emitters DB37,
DB38, DB40, DB41, and DB44 are depicted in Figures S4-S8 in the Supplementary Material
of this article.

Table 2. EL characteristics of the OLEDs containing emitting materials DB37, DB38, DB39, DB40,
DB41, and DB44.

Power Efficacy Current

Emitter o s mW)___ Effcacy (i) POF e Lyt (cd/m?)
@100 cd/m*/@1000 cd/m*/max @100 cd/m?/@1000 cd/m?
5.0 4.0 2.1/1.1/34 34/24/39 2.1/1.6/2.1 (0.17, 0.22)/(0.17, 0.30) 3449
10 35 2.5/13/3.4 35/25/38 1.8/15/1.9 (0.18, 0.26)/(0.18,0.23) 3658
DBS7 15 34 2.8/1.5/3.6 3.7/27/40 17/15/18 (0.19, 0.28)/(0.18, 0.25) 3464
100 3.1 03/-/- 0.3/-/- 0.1/-/- (0.24, 0.40)/- 616
5.0 39 1.9/1.0/3.4 31/22/38 1.9/15/1.9 (0.18, 0.22)/(0.17, 0.20) 2801
10 35 2.7/14/2.9 3.7/27/38 20/1.6/19 (0.18, 0.25)/(0.18,0.22) 3430
DB3p 15 34 2.8/15/3.5 3.6/28/42 17/1.6/18 (0.19, 0.27)/(0.18, 0.24) 3555
100 32 02/-/- 0.3/-/- 0.1/-/- (0.22,0.38)/- 618
5.0 40 1.8/0.9/3.3 3.1/22/37 20/1.6/2.1 (0.18,0.20)/(0.17, 0.18) 2818
10 35 25/1.3/4.4 35/27/49 20/18/2.2 (0.18, 0.23)/(0.18,0.21) 3430
DB 15 39 3.0/14/41 44/28/57 22/16/27  (0.19,027)/(0.19,0.24) 3581
100 34 03/-/- 0.4/-/- 04/-/- (0.24, 0.39)/- 615
5.0 42 20/1.1/21 34/24/34 22/1.6/2.3 (0.17, 0.22)/(0.17, 0.20) 3166
10 35 2.8/15/2.9 3.8/28/3.7 20/17/2.0 (0.18, 0.25)/(0.18, 0.22) 3840
DBio 15 33 28/1.6/2/8 3.6/28/3.6 1.8/1.6/1.8 (0.18,0.27)/(0.18, 0.24) 3950
100 32 02/-/- 0.3/-/- 0.1/-/- 0.22,0.38)/- 685
5.0 44 1.6/0.8/1.9 29/19/3.1 19/13/2.0 (0.18,0.21)/(0.18,0.19) 2687
DB41 10 38 24/11/24 36/25/3.6 20/15/2.0 (0.19, 0.26)/(0.19, 0.23) 3347
15 35 2.6/13/2.7 3.6/25/3.6 17/11/18 (0.20, 0.28)/(0.19, 0.24) 3128
100 3.1 02/-/- 0.3/-/- 0.1/-/- (0.30, 0.45)/- 486
5.0 48 1.6/0.7/1.6 33/22/33 23/-/23 (0.17, 0.20)/- 1718
DB 10 40 2.1/0.8/2.7 39/23/41 2.1/14/23 (0.18,0.24)/(0.18,0.22) 1283
15 38 2.1/05/2.3 36/15/37 19/-/20 (0.19, 0.26)/- 1275
100 5.1 -/-/- =/~ =/=/- -/- 55
 Turn-on voltage at | >1cd/m?. Ch of best-performing device are highlighted in grey.

In Figure 8a, the EL spectra of devices incorporating the DB39 dopant demonstrate
peaks within the 460-490 nm range, indicating emission in the blue region. The absence
of additional peaks implies effective energy transfer from the host to the guest. Evidently,
both undoped and doped OLEDs demonstrate comparable EL emission peaks. Figure 8b—e
illustrate the characteristics of current density, luminance, voltage and power efficiency-
luminance-current efficiency. The undoped device exhibits a higher current density than
the doped devices and correspondingly demonstrates lower efficiency than the doped
devices, highlighting the significant influence of the host material. As depicted in Table 2,
the OLED based on DB39 displays the best efficiencies out of 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 solubility for the production
of wet-processed OLEDs and contributing to the favourable film-forming characteristics
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Normalized Intensity

of the derivative [65]. Moreover, appropriate HOMO and LUMO levels facilitate effective
energy transfer from host to dopant, while the combination of the electron-accepting
benzophenone fragment with the bicarbazole donor moiety promotes balanced charge
transfer and efficient utilization of excitons [66,67]. Specifically, the device containing
10 wt% of emitter DB39 demonstrates the highest PE of 4.4 Im/W with a Lyjsx reaching
3430 cd/m?. However, the overall best efficiency is achieved by the device incorporating
15wt% of emitter DB39 in its emissive layer, attaining PE and CE values of 4.1 Im/W and
5.7 cd/ A, respectively, while EQE reached 2.7% with Lyax of 3581 cd/m?. The findings
of this study indicate the potential utility of benzophenone and bicarbazole fragments
in the synthesis of organic semiconductors and also demonstrates how thermal and film-
forming properties could be controlled by introducing and modifying alkyl chains within
the molecular structure of the new materials.

:g 600 4000
Emiter:DB®oee)| S | (b) ~ (@
-5 < E
—--10 & g .
—a-15 z <
B gainad z 2 2000
A v =
S =
s £ 1o
£ -
s
& 0 0 i i e
500 600 700 o 3 6 9 12 15 0 2 4 6 8 10 12 14
Wavelength (nm) Voltage (V) Voltage (V)
5 8
s @ z (e)
& 6
Z4 :
b E4
£ s
& s
=2 s
: £
i =
o (3]
0
1000 2000 3000 4000 0 1000 2000 3000 4000
Luminance (cd/m®) Luminance (cd/m?)

Figure 8. The EL characteristics of the device with pure emitter DB39 or doped within a CBP host
material at different concentrations of the DB39: EL spectra (a), current density-voltage (b), luminance-
voltage (c), power efficiency-luminance (d), and current efficiency-luminance (e) characteristics.

3. Materials and Methods
3.1. Instrumentation

The recording of 1H and 13C nuclear magnetic resonance (NMR) spectra was con-
ducted with the Bruker Avance III (400 MHz) instrument (Bruker, Berlin, Germany). Chem-
ical shifts (5, ppm) are presented relative to the trimethylsilane standard. Mass spectra
were acquired using the Waters ZQ 2000 mass spectrometer (Waters, Milford, CT, USA).
Thermogravimetric analysis (TGA) was carried out utilizing the TGAQ50 analyser (Verder
Scientific Haan, Haan, Germany), while thermograms of differential scanning calorimetry
(DSC) were recorded using the Bruker Reflex I DSC apparatus (Bruker, Berlin, Germany).
For both types of thermal analysis, a heating rate of 10 °C/min in a nitrogen atmosphere
was selected. Ultraviolet-visible (UV-vis) spectroscopy was performed using the HP-8453
diode array spectrometer (Agilent Technology Inc., Hachioji, Tokyo, Japan), and the resul-
tant absorbance wavelengths were used to generate the Tauc plot. An Aminco-Bowman
Series 2 spectrofluorometer (Agilent Technology Inc., Hachioji, Tokyo, Japan) were used to
record photoluminescence (PL) spectra. Low-temperature PL (LTPL) spectra at 77 K to de-
termine triplet energy was recorded with a Hitachi F-7000 fluorescence spectrophotometer

243



244

Molecules 2024, 29, 1672

100f 17

(Edinburgh Instruments Ltd., Livingston, UK). The CH instrument CH1604A potentiostat
(Annatech Co., Ltd., Taipei, Taiwan) was used to perform cyclic voltammetry (CV), and
based on these results, HOMO levels were calculated. Time-resolved photoluminescence
(TRPL) experiments, aiming to determine compound decay time, were conducted with an
Edinburgh instrument FLS980 spectrometer (Edinburgh Instruments Ltd., Livingston, UK).

3.2. Synthesis and Structural Analysis

Carbazole (1), 1-bromooctane, 2-ethylhexylbromide, 1-bromohexane, 1-bromopentane,
1-bromobutane, bromoethane, FeCl;, KOH, K2CO3, NazSOy, 4-fluorobenzophenone, chlo-
roform, dimethyl sulfoxide (DMSO), and tetrahydrofuran (THF) were bought from Aldrich
and used without further purification.

9H,9'H-3,3'-Bicarbazole (2), was synthesized using 9H-carbazole as a starting material
and FeCl; as an oxidising agent, as described earlier [68].

9-Ethyl-9'H-3,3'-bicarbazole (3) was synthesized by partially alkylating 9H,9'H-3,3'-
bicarbazole (2), as it was described previously [69].

9-Butyl-9'H-3,3'-bicarbazole (4) was also synthesized by partially alkylating 9H,9'H-
3,3'-bicarbazole (2) as it was described previously [69].

9-Pentyl-9'H-3,3'-bicarbazole (5). 9H,9'H-3,3"-bicarbazole (2) (2.00 g, 6.02 mmol) was
dissolved in 50 mL of tetrahydrofuran, and 1-bromopentane (0.91 g, 6.02 mmol) was
subsequently added. Potassium carbonate (1.66 g, 12.04 mmol) and powdered potassium
hydroxide (2.02 g, 36.12 mmol) were gradually introduced while the solution was stirred
continuously and heated to boiling temperature. After 4 h, TLC analysis was conducted,
and the solution was filtered using a paper filter. The pure product was then isolated
through column chromatography using tetrahydrofuran /hexane (volume ratio 1:5) as the
mobile phase and silica gel as the stationary phase. The yield obtained was 1.06 g (44%)
of pale-yellow material. IH NMR (400 MHz, CDCl3, §, m.d.): 8.47 (d, 2H, ] = 10 Hz),
8.26 (d, 1H, 7.6 Hz), 8.23 (d, 1H, 8.0 Hz), 7.96 (s, 1H), 7.88 (d, 1H, ] = 8.4 Hz), 7.84 (dd,
1H, ] = 8.4 Hz, ]; = 1.6 Hz), 7.58-7.53 (m, 2H), 7.50-7.47 (m, 3H), 7.43 (d, 1H, ] =8 Hz), 7.33
(t,2H,] =7.2Hz),4.37 (t, 2H,] = 7.0 Hz), 1.96 (qu, 2H, ] = 7.2 Hz), 1.49-1.41 (m, 4H), 0.96 (t,
3H, ] = 7.2 Hz). ®*C NMR (101 MHz, CDCl3, §, m.d.): 140.98, 140.04, 139.65, 138.56, 133.33,
125.95, 125.87, 125.75, 125.60, 124.00, 123.61, 123.44, 123.10, 120.53, 120.47, 119.52, 119.02,
118.91,118.83, 110.86, 110.79, 108.97, 108.87, 43.23, 29.50, 28.81, 22.58, 14.05.

9-Hexyl-9'H-3,3'-bicarbazole (6). 9H,9'H-3,3'-bicarbazole (2) (2.00 g, 6.02 mmol) was
dissolved in 50 mL of tetrahydrofuran, and 1-bromohexane (0.99 g, 6.02 mmol) was sub-
sequently added. Potassium carbonate (1.66 g, 12.04 mmol) and powdered potassium
hydroxide (2.02 g, 36.12 mmol) were gradually introduced while the solution was stirred
continuously and heated to boiling temperature. After 4 h, TLC analysis was conducted,
and the solution was filtered using a paper filter. The pure product was then isolated
through column chromatography using tetrahydrofuran /hexane (volume ratio 1:7) as the
mobile phase and silica gel as the stationary phase. The yield obtained was 1.00 g (40%) of
pale-yellow material. TH NMR (400 MHz, CDCl3, §, m.d.): 8.46 (d, 2H, ] = 9.8 Hz), 8.25 (d,
1H,] =8.0 Hz), 8.22 (d, 1H, ] = 7.6 Hz), 7.99 (s, 1H), 7.88 (dd, 1H, ]; =8.4 Hz, ]> = 1.6 Hz),
7.83(dd, 1H, ], = 8.4 Hz, ], = 2.0 Hz), 7.57-7.43 (m, 6H), 7.32 (t, 2H, ] = 7.4 Hz), 4.37 (t, 2H,
J=7.2Hz),1.95 (qu, 2H, ] = 7.4 Hz), 1.50-1.33 (m, 6H), 0.94 (t, 3H, ] = 7.2 Hz). *C NMR
(101 MHz, CDCl3, §, m.d.): 140.97, 140.03, 139.64, 138.55, 134.13, 133.32, 125.95, 125.87,
125.73, 125.58, 124.00, 123.61, 123.44, 123.10, 120.51, 120.46, 119.51, 119.01, 118.91, 118.81,
110.83, 110.76, 108.95, 108.85, 43.26, 31.67, 29.05, 27.06, 22.62, 14.10.

9-(2-Ethylhexyl)-9'H-3,3"-bicarbazole (7) was synthesized by partially alkylating 9H,9'H-
3,3'-bicarbazole (2), as it was described previously [67].

9-Octyl-9'H-3,3"-bicarbazole (8) was synthesized by partially alkylating 9H,9'H-3,3'-
bicarbazole (2), as it was described previously [70].

4-(9'-Ethyl-[3,3']-bicarbazol-9-yl)benzophenone (DB41) was synthesized by stirring
9-ethyl-9'H-3,3'-bicarbazole (3) (0.50 g, 1.39 mmol) with 4-fluorobenzophenone (0.28 g,
1.39 mmol) in 10 mL of DMSO at 150 °C under an inert nitrogen atmosphere with potas-
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sium carbonate (1.92 g, 13.90 mmol) present. After 4 h, TLC was used to confirm the
completion of the reaction, following which the reaction mixture was slowly added to ice
water. Chloroform was employed to extract the organic phase, and any remaining water
traces in the organic phase were removed by adding anhydrous Na;SO;, which was filtered
off later. The desired product was purified via column chromatography using tetrahydro-
furan/hexane (volume ratio 1:3) as the mobile phase and silica gel as the stationary phase,
resulting in a yellow amorphous material with a yield of 0.62 g (82%). Ty = 102 °C (DSC).
'H NMR (400 MHz, CDCl3, §, m.d.): 848 (dd, 2H, J; =11.2 Hz, ], = 1.6 Hz), 8.28 (d, 1H,
J=7.6Hz),824(d, 1H,] =7.6 Hz), 8.14 (d, 2H, ] =8.4 Hz), 7.97-7.95 (m, 1H), 7.89-7.81 (m,
4H), 7.69-7.65 (m, 2H), 7.61 (dd, 2H, ]; = 8.0 Hz, ], = 1.6 Hz), 7.58-7.45 (m, 6H), 7.40 (t, 1H,
] =7.4 Hz),7.33-7.30 (m, 1H), 4.46 (q, 2H, ] = 7.2 Hz), 1.52 (t, 3H, ] = 7.2 Hz). 13C NMR
(101 MHz, CDCl3, §, m.d.): 195.66, 141.81, 140.73, 140.46, 139.31, 139.21, 137.51, 135.97,
135.32, 132.95, 132.65, 131.95, 130.07, 128.49, 126.33, 126.21, 126.11, 125.81, 125.52, 124.51,
124.13, 123.59, 123.15, 120.69, 120.61, 120.56, 119.09, 119.00, 118.89, 110.07, 109.94, 108.73,
108.62, 37.69, 13.89. MS (APCI*, 20 V): 540.26 ([M + H], 100%).

4-(9'-Butyl-[3,3']-bicarbazol-9-yl)benzophenone (DB44) was synthesized by stirring
9-butyl-9'H-3,3'-bicarbazole (3) (0.50 g, 1.29 mmol) with 4-fluorobenzophenone (0.26 g,
1.29 mmol) in 10 mL of DMSO at 150 °C under an inert nitrogen atmosphere with potas-
sium carbonate (1.78 g, 12.90 mmol) present. After 4 h, TLC was used to confirm the
completion of the reaction, following which the reaction mixture was slowly added to ice
water. Chloroform was employed to extract the organic phase, and any remaining water
traces in the organic phase were removed by adding anhydrous Na;SO;, which was filtered
off later. The desired product was purified via column chromatography using tetrahydro-
furan/hexane (volume ratio 1:5) as the mobile phase and silica gel as the stationary phase,
resulting in a yellow amorphous material with a yield of 0.66 g (90%). Ty = 82 °C (DSC).
'H NMR (400 MHz, CDCl3, §, m.d.): 8.49 (dd, 2H, J; = 84 Hz, ], = 1.6 Hz), 8.29 (d, 1H,
J=7.6Hz),825(d, 1H,] =7.6 Hz),8.14 (d, 2H,] =7.2 Hz), 7.97 (d, 2H, ] = 7.2 Hz), 7.89-7.84
(m, 2H), 7.82 (d, 2H, 8.4 Hz), 7.69-7.65 (m, 2H), 7.63-7.58 (m, 3H), 7.56-7.47 (m, 4H), 7.40 (t,
1H,]=7.4Hz), 7.31 (t, 1H,] =7.6 Hz), 439 (t, 2H, ] = 7.2 Hz), 1.95 (qu, 2H, ] = 7.4 Hz), 1.48
(sext, 2H, ] = 7.6 Hz), 1.02 (t, 3H, ] = 7.4 Hz). '3C NMR (101 MHz, CDCl3, §, m.d.): 196.66,
141.81, 140.98, 140.73, 139.74, 139.31, 137.53, 135.96, 135.33, 132.89, 132.66, 131.96, 130.08,
128.50, 126.34, 126.21, 126.11, 125.78, 125.49, 124.52, 124.15, 123.48, 123.04, 120.71, 120.62,
120.50, 119.01, 118.86, 110.08, 109.96, 108.99, 108.87, 43.00, 31.23, 20.64, 13.96. MS (APCT*,
20 V): 568.39 ([M + H], 100%).

4-(9'-Pentyl-[3,3']-bicarbazol-9-yl)benzophenone (DB37) was synthesized by stirring
9-pentyl-9'H-3,3"-bicarbazole (3) (0.50 g, 1.24 mmol) with 4-fluorobenzophenone (0.25 g,
1.24 mmol) in 10 mL of DMSO at 150 °C under an inert nitrogen atmosphere with potas-
sium carbonate (1.72 g, 12.40 mmol) present. After 4 h, TLC was used to confirm the
completion of the reaction, following which the reaction mixture was slowly added to ice
water. Chloroform was employed to extract the organic phase, and any remaining water
traces in the organic phase were removed by adding anhydrous Na,SOy, which was filtered
off later. The desired product was purified via column chromatography using tetrahydro-
furan/hexane (volume ratio 1:5) as the mobile phase and silica gel as the stationary phase,
resulting in a yellow amorphous material with a yield of 0.66 g (91%). Ty = 77 °C (DSC).
'H NMR (400 MHz, CDCl3, §, ppm): 8.47 (dd, 2H, J1 = 13.4 Hz, ] =14 Hz), 828 (d, 1H,
J=7.6Hz),823(d, 1H,] =7.6 Hz),8.14 (d, 2H, ] = 8.4 Hz), 7.97-7.94 (m, 2H), 7.88-7.81 (m,
4H), 7.69-7.65 (m, 2H), 7.62-7.57 (m, 3H), 7.55-7.46 (m, 4H), 7.39 (t, 1H, ] = 7.4 Hz), 7.30 (t,
1H,] =7.4Hz),4.38(t, 2H,] = 7.2 Hz), 1.96 (qu, 2H, ] = 7.2 Hz), 1.47-1.39 (m, 4H), 0.94 (t,
3H, J = 7.0 Hz). 13C NMR (101 MHz, CDCl3, §, m.d.): 195.65, 141.80, 140.95, 140.71, 139.72,
139.29, 137.51, 135.95, 135.31, 132.86, 132.66, 131.96, 130.07, 128.49, 126.33, 126.20, 126.10,
125.78, 125.48, 124.50, 124.13, 123.46, 123.02, 120.69, 120.61, 120.48, 118.99, 118.84, 110.07,
109.94,108.97, 108.85, 43.23, 29.49, 28.78, 22.54, 14.01. MS (APCI*, 20 V): 582.34 ([M + H],
100%).
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4-(9'-Hexyl-[3,3']-bicarbazol-9-yl)benzophenone (DB38) was synthesized by stirring
9-hexyl-9'H-3,3"-bicarbazole (3) (0.50 g, 1.20 mmol) with 4-fluorobenzophenone (0.24 g,
1.20 mmol) in 10 mL of DMSO at 150 °C under an inert nitrogen atmosphere with potas-
sium carbonate (1.66 g, 12.00 mmol) present. After 4 h, TLC was used to confirm the
completion of the reaction, following which the reaction mixture was slowly added to ice
water. Chloroform was employed to extract the organic phase, and any remaining water
traces in the organic phase were removed by adding anhydrous Na2SOj4, which was filtered
off later. The desired product was purified via column chromatography using tetrahydro-
furan/hexane (volume ratio 1:7) as the mobile phase and silica gel as the stationary phase,
resulting in a yellow amorphous material with a yield of 0.67 g (94%). Ty = 68 °C (DSC).
'H NMR (400 MHz, CDCl3, §, ppm): 8.48 (dd, 2H, J; = 12.4 Hz, ], = 1.6 Hz), 8.28 (d, 1H,
7.6 Hz), 8.23 (d, 1H, ] = 8.0 Hz), 8.14 (d, 2H, ] = 8.8 Hz), 7.97-7.95 (m, 2H), 7.88-7.81 (m,
4H), 7.69-7.65 (m, 2H), 7.62-7.58 (m, 3H), 7.56-7.45 (m, 4H), 7.39 (t, 1H, ] = 7.2 Hz), 7.30
(t, 1H,] = 7.2 Hz), 438 (t, 2H, ] = 7.2 Hz), 1.95 (qu, 2H, ] = 7.4 Hz), 1.49-1.33 (m, 6H), 0.92
(t,3H, ] = 7.0 Hz). 3C NMR (101 MHz, CDCl3-dg, §, m.d.): 196.04, 141.80, 140.95, 140.70,
140.22, 139.01, 137.50, 135.95, 135.32, 132.86, 132.66, 131.97, 130.07, 128.55, 128.48, 127.24,
126.33, 126.21, 126.10, 125.77, 125.48, 124.49, 123 .45, 123.01, 120.69, 120.62, 120.48, 119.00,
118.83, 110.07, 109.94, 108.97, 108.84, 43.26, 31.63, 29.03, 27.02, 22.60, 14.06. MS (APCI*,
20 V): 596.36 ([M + H], 100%).

4-(9'-{2-Ethylhexyl}-[3,3']-bicarbazol-9-yl)benzophenone (DB39) was synthesized by stir-
ring 9-{2-ethylhexyl}-9'H-3,3"-bicarbazole (3) (0.50 g, 1.13 mmol) with 4-fluorobenzophenone
(0.23 g, 1.13 mmol) in 10 mL of DMSO at 150 °C under an inert nitrogen atmosphere with
potassium carbonate (1.56 g, 11.30 mmol) present. After 4 h, TLC was used to confirm the
completion of the reaction, following which the reaction mixture was slowly added to ice water.
Chloroform was employed to extract the organic phase, and any remaining water traces in
the organic phase were removed by adding anhydrous Na;SOy, which was filtered off later.
The desired product was purified via column chromatography using tetrahydrofuran/hexane
(volume ratio 1:7) as the mobile phase and silica gel as the stationary phase, resulting in a
pale-yellow amorphous material with a yield of 0.56 g (79%). Ty = 64 °C (DSC). 'H NMR
(400 MHz, CDCl3, §, ppm): 848 (dd, 2H, J; =152 Hz, ], = 1.6 Hz), 828 (d, 1H, ] = 7.6 Hz), 8.24
(d, 1H,] = 7.6 Hz), 8.14 (d, 2H, ] = 8.8 Hz), 7.97-7.95 (m, 2H), 7.86-7.81 (m, 4H), 7.69-7.65 (m,
2H), 7.62-7.58 (m, 3H), 7.55-7.45 (m, 4H), 7.40 (t, 1H, ] = 7.2 Hz), 7.30 (t, 1H, ] = 8.0 Hz), 426-4.23
(m, 2H), 2.21-2.13 (m, 1H), 1.50-1.31 (m, 8H), 0.98 (t, 3H, ] = 7.4 Hz), 093 (t, 3H,] = 7.2 Hz). 1*C
NMR (101 MHz, CDCl3, §, m.d.): 195.66, 141.81, 141.43, 140.71, 140.21, 139.29, 137.51, 135.94,
135.30, 132.82, 132.66, 131.97, 130.08, 128.50, 126.33, 126.20, 126.09, 125.75, 12546, 124.51,124.15,
123.42,122.99, 120.70, 120.61, 120.43, 118.99, 118.92, 118.82, 110.08, 109.95, 109.27, 109.14, 47.57,
3950, 31.07, 28.90, 24.46,23.12, 14.11, 10.97. MS (APCI*, 20 V): 624.44 (IM + H], 100%).

4-(9"-Octyl-[3,3']-bicarbazol-9-yl)benzophenone (DB40) was synthesized by stirring
9-octyl-9'H-3,3'-bicarbazole (3) (0.50 g, 1.13 mmol) with 4-fluorobenzophenone (0.23 g,
1.13 mmol) in 10 mL of DMSO at 150 °C under an inert nitrogen atmosphere with potas-
sium carbonate (1.56 g, 11.30 mmol) present. After 4 h, TLC was used to confirm the
completion of the reaction, following which the reaction mixture was slowly added to ice
water. Chloroform was employed to extract the organic phase, and any remaining water
traces in the organic phase were removed by adding anhydrous Na,SOy, which was filtered
off later. The desired product was purified via column chromatography using tetrahydro-
furan/hexane (volume ratio 1:7) as the mobile phase and silica gel as the stationary phase,
resulting in a pale-yellow amorphous material with a yield of 0.67 g (95%). Tg =57 °C
(DSC). 'H NMR (400 MHz, CDCl3, §, ppm): 8.48 (dd, 2H, J; = 13.8 Hz, ], = 1.4 Hz), 8.28 (d,
1H,] =7.6 Hz),8.24 (d, 1H, ] =7.6 Hz), 8.14 (d, 2H, ] = 8.4 Hz), 7.97-7.95 (m, 2H), 7.86-7.81
(m, 4H), 7.70-7.65 (m, 2H), 7.62-7.58 (m, 3H), 7.56-7.46 (m, 4H), 7.39 (t, 1H, ] = 7.4 Hz), 7.30
(t, 1H, ] = 7.6 Hz), 4.38 (t, 2H, ] = 7.6 Hz), 1.95 (pent, 2H, ] = 7.6 Hz), 1.48-1.29 (m, 10H),
091 (t, 3H, ] = 7.4 Hz). '®*C NMR (101 MHz, CDCls, §, m.d.): 195.66, 141.81, 140.96, 140.72,
139.72, 139.30, 137.51, 135.96, 135.33, 132.87, 132.65, 131.95, 130.07, 128.49, 126.32, 126.21,
126.10, 125.77, 125.48, 124.50, 124.14, 123.46, 123.02, 120.69, 120.60, 120.48, 119.00, 118.83,



Molecules 2024, 29, 1672

130f17

110.06, 109.94, 108.97, 108.85, 43.26, 31.83, 29.43, 29.21, 29.06, 27.37, 22.63, 14.09. MS (APCI*,
20 V): 624.44 (]M + HJ, 100%).

3.3. Fabrication and Characterization of Devices

A glass substrate with a pre-patterned indium tin oxide (ITO) layer, bought from
Lumtec (Taiwan), was utilized in the production process of OLEDs. The mentioned sub-
strate underwent a cleaning procedure with acetone for 30 min at 50 °C, followed by a
cleaning with isopropyl alcohol for 30 min at 60 °C. Subsequently, the cleaned substrates
were exposed to UV radiation for 10 min in a preheated UV chamber. The layer depo-
sition process took place within a glove box under an inert atmosphere. For the next
layer, the hole-injecting material poly(3,4-ethylene-dioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was employed. It was spin-coated onto the substrate at 4000 rpm for 20's,
followed by heating the substrates for 10 min at 130 °C. After cooling the substrates, the
emissive layers, composed of host material and emitter, were formed on top of the hole in-
jection layer. For deposition, spin-coating was also employed by spinning substrates for 20 s
at 2500 rpm. Subsequently, the electron transporting layer, consisting of 1,3,5-tris(N-phenyl-
benzimidazol-2-yl)benzene (TPBi), a LiF electron injecting layer, and aluminum cathode,
were formed in a thermal evaporation chamber under a vacuum of 10° torr. Following this,
the resulting devices, with an area of 0.09 cm?, were placed in a mini chamber within the
glove box under vacuum until further tests were conducted. These tests were performed
under normal atmospheric conditions in complete darkness. The CS-100A luminance and
color meter (Konica Minolta, Tokyo, Japan) was utilized to record voltage-current density
and voltage-luminance characteristics. Additionally, the SpectraScan® spectroradiometer
PR-655 (Jadak, North Syracuse, NY, USA) was used to create luminance-power efficacy
and luminance-current graphs. The measurements of current-voltage characteristics were
conducted using a Keithley voltmeter (Keithley Instruments, Cleveland, OH, USA). EQE
was calculated using the method outlined in the literature [71].

4. Conclusions

We introduced novel emissive derivatives synthesized through a three-step process,
utilizing bicarbazole and benzophenone as building blocks to achieve twisted donor-
acceptor structures. The incorporation of alkyl sidechains of varying length was chosen to
enhance the solubility and film-forming characteristics of the materials. Newly synthesized
derivatives exhibited commendable thermal and morphological stability, as evidenced
by temperatures of 5% mass loss ranging from 374 °C to 406 °C. The manipulation of
alkyl sidechain length allowed control over glass-transition temperatures that spanned
from 57 °C to a desirable 102 °C. Additionally, newly developed materials demonstrated
short photoluminescence decay times, confirmed by time-resolved photoluminescence,
and high photoluminescence quantum yields of up to 75.5%. The benzophenone-based
derivatives exhibited favourable HOMO-LUMO levels as well as suitable triplet-singlet
state energy values for application as potential blue TADF emitters. Upon investigation
of the electroluminescent properties of the new devices, an OLED with an emissive layer
comprised of 15 wt% DB39 doped in a CBP host surpassed other devices in terms of
efficiencies. The maximum current efficacy (CEmax) reaching 5.7 cd /A and 2.7% external
quantum efficacy (EQEmax) were detected, followed by a maximum luminance (Lmax) of
3581 cd/m? with a turn-on voltage of 3.9 V. This study emphasized the notable influence of
energy transfer from host to guest, suitable doping concentrations, and the effect of chemical
structure on solubility, thereby affecting the efficiency of wet-processed devices. It is
crucial to highlight that these characteristics were observed in non-optimized OLEDs using
standard laboratory conditions, suggesting potential enhancements through optimization
processes. Furthermore, enhanced device efficiency could be achieved by reducing AEst
and effectively utilizing triplet-state excitons of similar materials, making them suitable for
highly efficient lighting applications. We believe that our findings suggest the potential of
some materials for further exploration as promising emitters.
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triplet energy calculation of the derivatives DB37, DB38, DB39, DB40, DB41, and DB44, Figures
54-88: The electroluminescent (EL) characteristics of OLEDs with dopants DB37, DB38, DB40, DB41,
and DB44, respectively, doped within a CBP host matrix at different concentrations, displaying
EL spectra, current density-voltage, luminance-voltage, power efficacy-luminance, and current
efficacy~luminance dependencies.
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