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1. INTRODUCTION 

I vividly remember starting our organic chemistry course at high school. It was 

a significant shift from the simple balancing of chemical equations to analysing 

complex, carbon-based chains, and hexagon-shaped rings, not to mention the drawing 

of ‘balloon-shaped’ orbitals. Back then, none of us, myself included, could have 

imagined actually using this knowledge in the future. Yet, here I am, more than a 

decade later, writing a thesis on organic semiconductors… 

Little did I know that those initial lessons in organic chemistry were the 

foundation for understanding a field that is now at the cutting edge of modern 

technology. The exploration of organic semiconductors is driven by their potential 

and the challenges they present. These materials, primarily composed of carbon-based 

small molecules or polymers, offer distinct advantages over the traditional inorganic 

semiconductors. They are inherently flexible, potentially cheaper to produce, and can 

be processed in solutions.1 This makes them ideal for innovative applications such as 

flexible displays, wearable electronics, and even biodegradable sensors, marking them 

as pivotal in the evolution of electronic devices towards more sustainable and versatile 

technologies.2,3,4 

While organic semiconductors offer promising advantages, they also face 

significant challenges that hinder their widespread adoption.5,6 One of the primary 

issues is their relatively short operational lifetime, which is often attributed to factors 

such as device degradation, exciton quenching, and charge carrier imbalance.7,8 

Additionally, an efficient triplet-to-singlet energy transfer, a crucial process for 

achieving high performance organic light-emitting diodes (OLEDs), remains a 

complex and ongoing research area. In OLEDs, the majority of excited states 

generated are triplets, which are usually non-radiative. To overcome this limitation, 

efficient triplet-to-singlet energy transfer mechanisms are essential to convert these 

non-radiative triplets into radiative singlets, thereby enhancing the overall efficiency 

of devices.9 The development of new materials and device architectures that promote 

the triplet-to-singlet energy transfer is a key focus of research in the field of organic 

semiconductors. 

In response to these challenges, this work aims to advance the development of 

efficient electroluminescent devices by exploring and optimizing triplet-to-singlet 

energy crossing mechanisms in organic emitters, with a focus on innovative materials 

and processes that enhance the device performance. 

The following objectives were outlined in order to achieve the aim of the 

dissertation: 

• Explore the application of exciplex emitters that display TADF in white 

organic permeable-base light-emitting transistors (OPB-LETs). 

• Characterise novel dibenzo[a,c]phenazine-based TADF and TTA 

exhibiting materials and evaluate their performance in yellow-orange-

red OLED applications. 
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• Assess the impact of different donor types on the efficiency of 

dicyanopyridine-based TADF compounds in OLEDs, particularly 

focussing on device lifetime and optimisation. 

• Investigate the effectiveness of novel host materials in enhancing the 

performance of TADF OLEDs compared to that of a commercial host. 

The scientific novelty of the work 

In the first study, significant breakthroughs were achieved in the development 

of white organic light-emitting transistors (OPB-LETs) by introducing a novel vertical 

device structure. The initial efforts using known exciplex emitters faced challenges 

due to inefficient electron injection, which prevented the achievement of white 

electroluminescence (EL). This issue was addressed by using a new emitter, 4,6-bis(4-

(9H-carbazol-9yl)phenyl)pyrimidine-5-carbonitrile (CzPm), which uniquely features 

orange exciplex forming capabilities. This innovative approach allowed us to 

successfully combine blue exciton and orange exciplex emissions, producing white 

light with an enhanced brightness and efficiency. The resulting OPB-LETs not only 

demonstrated the capacity for white EL but also showed improvements in external 

quantum efficiency and a remarkable colour rendering index of 93.  

The second study marks significant advancements in the OLED technology 

through the exploration of carbazole or acridan-substituted dibenzo[a,c]phenazines 

(CzDbp and AcDbp) employing a donor-acceptor-donor architecture aimed at 

inducing TADF. Both compounds were characterised by media-dependent 

combinations of TADF and TTA. While AcDbp demonstrated microsecond-lived 

fluorescence, whereas CzDbp showcased a distinct nanosecond-lived fluorescence. 

The OLED using CzDbp as the host for the red phosphorescent emitter (piq)2Ir(acac) 

demonstrated enhanced EL parameters, achieving a higher external quantum 

efficiency (EQE) of 15.9% and a reduced efficiency roll-off compared to devices 

using the commonly employed hosts mCP, mCBP, NPB, and nBPhen. When utilised 

as TADF/TTA emitters, the compounds CzDbp and AcDbp enabled the yellow and 

orange host-guest system-based devices to reach EQE of 19.4% and 22.1%, 

respectively. This approach not only refines our understanding of TADF/TTA triplet 

harvesting mechanisms but also pushes the boundaries of the OLED performance, 

thereby promising more efficient and durable OLED applications. 

The third study introduces an innovative approach to the design of OLEDs using 

two newly developed multiple donor-substituted dicyanopyridines. These 

compounds, of which one consists of three donors of the same type (3,6-di-tert-butyl-

carbazole) (5a) and the other involves a combination of two types (3,6-di-tert-butyl-

carbazole and 3,7-dibromophenothiazine) (5b), exhibit efficient green and orange 

TADF emission. When tested in OLEDs, compound 5b displayed low device lifetimes 

and limited maximum external efficiencies of 3.1% for devices without a host and 5% 

for emitter-in-matrix devices. In contrast, OLEDs based on the 5a showed 

significantly better performance. These devices achieved high device lifetimes and 

impressive maximum EQE of 8.1% for devices without an additional host and 
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impressive 25% for host-guest system-based and optimised devices. This effort 

represents a significant step forward in the functional design of TADF OLEDs, while 

utilising perspective dicyanopyridine-based emitters. 

The fourth study introduces the use of 3,5-dicyanopyridine motifs in the design 

of electroactive materials for optoelectronic devices, highlighting three electron-

transporting semiconductors with promising properties. These materials exhibit high 

triplet energies ranging from 2.68 to 2.79 eV and ionisation potentials around 6 eV. 

Notably, two of these compounds produce deep blue emissions through relaxation of 

HLCT states, while the third, incorporating an additional carbazole donor unit, shows 

pure charge-transfer (CT) emission. These compounds demonstrate varied hosting 

capabilities, significantly influencing the efficiency of the TADF emitter 4,6-di(9,9-

dimethylacridan-10-yl)isophthalonitrile (DAcIPN). The standout performer was an 

OLED which used 4,4'-(5-((4-fluorophenyl)ethynyl)-1,3-phenylene)bis(2,6-

dimethylpyridine-3,5-dicarbonitrile) (FPDD) as a host. The device with FPDD 

achieved a maximum EQE of 21.9%, thus significantly outperforming the 12.2% 

efficiency of the device based on the conventional host mCBP. This exceptional 

efficiency underscores the potential of these materials to advance the OLED 

technology, while offering significant improvements in the device performance and 

durability. 

Contribution of the author 

The author of the dissertation conducted a series of experiments and analyses to 

advance the research presented. This included all steady-state and time-resolved 

photophysical, photoelectrical, electroluminescent, and stability measurements. 

Additionally, the author analysed the resulting data and personally fabricated all 

electroluminescent devices using vacuum deposition techniques. Dr. Viktorija 

Andrulevičienė (Department of Polymer Chemistry and Technology, Kaunas 

University of Technology (KTU)) synthesised carbazole or acridan-substituted 

dibenzo[a,c]phenazines derivatives and provided theoretical calculations. Mr. Matas 

Gužauskas (Department of Polymer Chemistry and Technology, KTU) provided 

expertise and assistance in the work on exciplexes. Dr. Uliana Tsiko (Department of 

Polymer Chemistry and Technology, KTU) synthesised 4,6-Bis(4-(9H-carbazol-9-

yl)phenyl)pyrimidine-5carbonitrile (CzPm). Dr. Audrius Bučinskas and Dr. Levani 

Skhirtladze (Department of Polymer Chemistry and Technology, KTU) aided with the 

purification of compounds. Prof. Dr. Gjergji Sini (Laboratory of Physicochemistry of 

Polymers and Interfaces, CY Cergy Paris University) contributed to the computational 

simulations. Dr. Jūratė Simokaitienė (Department of Polymer Chemistry and 

Technology, KTU) measured the thermal properties of the compounds. Dr. Pavel 

Arsenyan, Dr. Brigita Vigante, Dr. Sergey Belyakov and Dr. Pavels Dimitrijevs 

(Latvian Institute of Organic Synthesis) synthesised 3,5-Dicyanopyridine derivatives. 

Prof. Dr. Tien-Lung Chiu (Department of Electrical Engineering, Yuan Ze University, 

Taiwan) assisted with the device optimisation process. Dr. Hab. Dmytro Volyniuk 

(Department of Polymer Chemistry and Technology, KTU) as the supervisor 

significantly contributed to the success of the research by conducting charge 
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transporting properties measurements, as well as analysis, and preparation of the 

manuscripts. Prof. Dr. Juozas Vidas Gražulevičius (Department of Polymer 

Chemistry and Technology, KTU), as the research group leader, ensured that the 

research would be meaningful and provided opportunities to gain experience in the 

best laboratories of foreign partners. 
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2.  BRIEF REVIEW OF SCIENTIFIC LITERATURE 

Organic semiconductors have not only advantages, but also their limitations. 

Historically, their electronic and optical properties lagged behind those of their 

inorganic counterparts, often exhibiting lower charge carrier mobilities and 

operational stabilities as well as difficulties in large area defect-free 

applications.3,8,10,11,12 These shortcomings present significant hurdles, but also propel 

the field forward as researchers strive to harness and enhance the intrinsic properties 

of these organic materials. 

One of the most promising avenues of research involves the efficient 

management of excitons – bound states of electrons and holes within a semiconductor. 

Organic materials naturally facilitate robust exciton formation due to their strong 

exciton binding energies, making them excellent candidates for optoelectronic 

applications.13,14 Yet, efficiently harnessing singlet and triplet excitons for light 

emission still remains a challenge. To address this, phenomena such as thermally 

activated delayed fluorescence (TADF), triplet-triplet annihilation (TTA), and 

hybridised local charge transfer (HLCT) are being explored.15,16,17,18,19 These 

mechanisms allow the conversion of triplet excitons, which typically do not contribute 

to light emission, into singlet excitons that emit photons, thereby enhancing the 

efficiency and performance of devices such as OLED and organic light emitting 

transistors (OLET). 

This dynamic interplay of the potential benefits and challenges highlights why 

organic semiconductors are at the forefront of scientific inquiry. Researchers are not 

merely trying to replicate the functionalities of inorganic semiconductors but are 

actually aiming to surpass them, exploiting the unique properties of organic materials 

to develop technologies that were previously unattainable.20 

Currently, one of the most popular approaches for developing high efficiency 

organic-based electroluminescent devices is triplet harvesting.15,17,18 Based on spin 

statistics, during electrical excitation, singlet excitons constitute only 25% of the total 

population of charges, while the remaining 75% consist of triplet excitons.21 This 

distribution makes triplet harvesting essential for achieving efficient OLEDs because, 

in conventional fully organic fluorescent devices, only singlet excitons can be used to 

generate photons.15 Triplet harvesting is based on converting triplet excitons (Fig. 1), 

which usually do not emit light, into singlet excitons that do emit photons, thus 

increasing the theoretical internal quantum efficiency (IQE) from as little as 25% up 

to 100%. 22,23,24 
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Fig. 1. Overview of mechanisms for harvesting triplet excitons to achieve 

electroluminescence in OLED devices. a) conventional fluorescence; b) thermally 

activated delayed fluorescence (TADF); c) triplet-triplet annihilation (TTA); d) 

hybridised local and charge transfer (HLCT) 

One effective method for this conversion is called thermally activated delayed 

fluorescence (TADF), alongside reverse intersystem crossing (RISC). A phenomenon 

initially reported by Perrin nearly a century ago remained merely a spectroscopic 

curiosity until 2011.25 It was then that Adachi suggested its use in harvesting triplets 

in OLEDs, potentially bringing their theoretical internal quantum efficiency to 

100%.26,27,28 TADF materials use thermal energy and a very small energy gap between 

singlet and triplet levels (ΔEST) to convert triplet excitons into a singlet state via RISC, 

allowing for efficient light emission.22,26,28 This is particularly important for creating 

high-efficiency electroluminescent devices without using toxic heavy metals, which 

are common in phosphorescent materials. An example of the impact of TADF is seen 

in the development of blue OLEDs, which now nearly match the performance of 

phosphorescent alternatives, marking a significant achievement in the OLED 

technology.8,18 

Another method, TTA, is manifested when two triplet excitons interact, and one 

transfers energy to the other, forming a higher energy singlet state that emits light. 

This mechanism is useful in devices that achieve high triplet exciton concentrations, 

enhancing the light output. Usually, TTA emitters are used in conjunction with 

sensitisers, which absorbs photon energy, generating a singlet excited state before 

undergoing intersystem crossing (ISC) to transition into its triplet state. Subsequently, 

triplet energy transfer populates the triplet state of the TTA emitter.29,30,31 Upon the 

encounter of two triplet excitons, TTA facilitates an up-conversion process resulting 

in the formation of one singlet exciton that can undergo radiative decay via 

fluorescence.32 Unfortunately, since two triplet excitons are needed to generate one 

singlet exciton, only half of the generated triplet excitons can theoretically contribute 

to emission. This limitation means that the maximum IQE can reach only up to 

62.5%.22 
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HLCT involves a novel arrangement where the molecular structure encourages 

interaction between localised excited (LE) states and charge-transfer (CT) states. The 

LE state supports high-efficiency fluorescence through rapid radiative decay, while 

the CT state facilitates the generation of singlet excitons in a high yield. This occurs 

via RISC, where excitons transition from a high-lying CT-based triplet excited state 

back to the CT-based singlet excited state.22 This interaction boosts both the charge 

and the energy transfer within the molecule, enhancing the stability and efficiency of 

light-emitting devices.33 HLCT has proven especially beneficial in harvesting nearly 

all electrically generated excitons in OLEDs without any delayed fluorescence, 

demonstrating a significant potential in the development of low-cost, fully organic 

emissive materials.34,35,36 

Despite these advances, challenges in triplet harvesting remain. Managing 

triplet exciton dynamics to prevent their energy from being lost (quenching) and 

maximizing the light emission efficiency are ongoing concerns.22 Moreover, 

developing materials that can harness these mechanisms without losing the colour 

quality or stability under operational stress continues to be a key research area. The 

advancements in triplet harvesting techniques not only push the field of organic 

electronics forward, but also support broader goals of making electronic devices more 

sustainable and versatile. By reducing the dependence on rare or toxic metals and 

enhancing the energy efficiency of displays and lighting, these technologies help 

promote environmental sustainability and economic efficiency, aligning with the 

future needs of organic electronics. 
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3. REVIEW OF THE PUBLISHED ARTICLES 

3.1. White Vertical Organic Permeable-Base Light-Emitting Transistors 

Obtained by Mixing of Blue Exciton and Orange Interface Exciplex Emissions 

(scientific publication No. 1, Q1, 5 quotations) 

This sub-chapter is based on the paper published in Journal of Materials 

Chemistry C, 2022, 10, 9786 by K. Leitonas, M. Gužauskas, U. Tsiko, J. Simokaitienė, 

D. Volyniuk, J. V. Gražulevičius.37 

In this work, exciplex emitters displaying TADF were used to build white 

organic permeable-base light-emitting transistors (OPB-LETs). Since the initial 

report,38 TADF materials have been an uncommon find for single-colour OLETs39,40 

despite their high potential as heavy-metal-free emitters for OLEDs. As far as we are 

aware, white OLETs have not yet employed TADF emitters. The newly synthesised 

bipolar chemical 4,6-bis(4-(9H-carbazol-9-yl)phenyl)pyrimidine-5-carbonitrile41 

(CzPm) was used in this work to produce OPB-LETs. They demonstrated a maximum 

external quantum efficiency of 2.4% and white electroluminescence (EL) with CIE 

colour coordinates of (0.34; 0.36) and a colour rendering index (CRI) of 93. These 

OPB-LETs have an entire active area that emits light, which is the crossing area 

between the three electrodes. 

The designed OPB-LETs comprised a three-electrode structure, which was 

derived from two parts of organic multilayers (Fig. 2 b, c, d). The first (between the 

top electrode (emitter) and the middle electrode (base)) had only C70 electron-

transporting and LiF electron-injecting layers which were selected according to 

previously published articles.42,43 The second part (placed between the middle 

electrode (base) and the bottom electrode (collector)) played the role of an OLED 

structure and was expected to produce efficient EL. The structures of the devices were 

the following: 

• ITO/MoO3 [3 nm]/TAPC [80 nm]/PO-T2T [40 nm]/Al [10 nm]/C70 

[120 nm]/LiF [2 nm]/Al (orange OPB-LET) 

• ITO/MoO3 [1 nm]/TAPC [60 nm]/mCP [20 nm]/PO-T2T [40 nm]/Al 

[15 nm]/C70 [120 nm]/LiF [1 nm]/Al (blue OPB-LET) 

• ITO/MoO3 [1 nm]/TAPC [60 nm]/CzPm [20 nm]/PO-T2T [40 nm]/Al 

[15 nm]/C70 [120 nm]/LiF [1 nm]/Al (white OPB-LET) 

The presence of MoO3 and TAPC layers facilitated the effective injection and 

transportation of holes from the ITO electrode to the light-emitting, exciplex-

capable,44 interface TAPC/PO-T2T which indeed resulted in the orange colour EL 

peaking at 558 nm (Fig. 3 a). 
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Fig. 2. a) Chemical structures of the utilised compounds; b) Device configuration 

illustration for white (blue) OPB-LETs; c) and d) Energy level diagrams at 

equilibrium for blue (orange) and white OPB-LETs. HOMO/LUMO values in eV. 

Insets: Photographs of blue and white OPB-LETs under zero and applied bias 

The observed EL spectrum demonstrated the ability of electrons to pass through 

the permeable base. A comparison of collector current densities (JEC) and base current 

densities (JEB) (Fig. 3 b, Table 1) indicated that the amount of current leaking to the 

permeable base was relatively minimal. The base leakage current density JEB is 

significantly lower than that of JEC by more than three orders of magnitude at the same 

external voltages, suggesting that the self-passivating AlOx layer (Fig. 2 b) has a high 

insulating efficiency. 

In order to demonstrate the current and EL modulation effect, we measured the 

variations of the current density (JEC) and brightness in relation to the collector voltage 

(VEC) (Fig. 3 e). The VEC was adjusted within a very narrow range of 7.00 to 7.08 V, 

with small increments. The photodiode recorded the brightness in arbitrary units 

(a.u.). The choice of these parameters enabled the recording of these characteristics 

for approximately 10 seconds. During the measurements, the base voltage VEB was 

alternated between two states: ‘on’ (VEB=4 V) and ‘off’ (VEB=0 V). Consequently, 

distinct disparities were noted in the collector current density JEC and the output 

brightness at various VEB states. When the device is in the ‘on’ state, electrons that are 

injected from the emitter electrode can flow through the base electrode and then 

undergo radiative hole-electron recombination via EL at the interface between TAPC 

and PO-T2T (Fig. 2 c). The efficiency of electron injection from the emitter electrode 

increased as the voltage VEB increased, suggesting that the base voltage VEB can 
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regulate the passage of electrons through the permeable base containing pinholes (Fig. 

3 c). However, the low maximum EQE of 0.17% of the orange OPB-LET suggested 

the replacement of exciplex TAPC:PO-T2T by a more efficient one. 

 

Fig. 3. a) EL spectrum at 12 V; b) Transfer; c) Output characteristics (current 

density-voltage); d) Current density-voltage and brightness-voltage at VEB = 4 V; e) 

Current density and brightness under ‘on’ and ‘off’ states; f) Current, power, and 

EQE vs. collector current density JEC for the orange exciplex-based OPB-LET 

In search of a more efficient exciplex system, the structure was supplemented 

with an mCP interlayer between the layers of TAPC and PO-T2T (Fig. 2 b, c) which 

indeed resulted in blue EL with a peak intensity of 478 nm45 (Fig. 4 a). The 

recombination zone between holes and electrons was located at the interface between 

the mCP and PO-T2T layers (Fig. 2 c). There was no injection of electrons from PO-

T2T to mCP because of the significant energy barrier of 1.1 eV between their 

respective lowest unoccupied molecular orbitals (LUMO) at the mCP/PO-T2T 

interface. The voltage-dependent transfer current density plots (Fig. 4 b) indicate that 

the blue OPB-LET does not exhibit significant current leakages through the base.  
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Fig. 4. a) EL spectrum at 12 V; b) Transfer; c) Output characteristics (current 

density-voltage); d) Current density-voltage and brightness-voltage at VEB = 4 V; e) 

Current density and brightness under ‘on’ and ‘off’ states; f) Current, power, and 

EQE vs. collector current density JEC for the blue exciplex OPB-LET 

However, increasing the voltage applied to the base results in a higher collector 

current JEC of the blue OPB-LET. Fig. 4 e illustrates the current and brightness 

modulation effect that is obtained by switching VEB between the ‘on’ and ‘off’ states. 

Although the blue OPB-LET exhibited a brightness of only 7 cd/m2 (Fig. 4 d) due to 

low sensitivity of the human eye to the blue light, the maximum EQE was estimated 

at 1.2% (Fig. 4 f, Table 1). Once more, searching for an enhancement of efficiency, 

the newly synthesised emitter CzPm (Fig. 2 a, b, d) was used in place of mCP, and 

white EL was observed for OPB-LET (Fig. 5 a). 

Table 1. EL parameters of orange, blue and white OPB-LETs 

OPB-

LETs 

Von, V 

at 0.1 

cd/m2 

Max 

brightness, 

cd/m2 

EQE, % 

EL 

maximum*, 

nm 

CIE 1931 

coordinates 

(x, y)* 

CRI* 

Orange 6.7 30 0.17 558  - 

Blue 3.6 7 1.2 478 (0.22, 0.31) - 

White 3.3 300 2.4 478, 556 (0.34; 0.36) 93 

* at turn-on voltages 

In the EL spectra of white OPB-LET, one can observe a high-energy emission 

band centred at 478 nm and a low-energy band with the highest intensity at 556 nm 

(Fig. 5 a). The band reaching its highest intensity at a wavelength of 478 nm is 
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associated with the emission of blue excitons from CzPm. On the other hand, the band 

with a lower energy is seemingly linked to the emission of orange exciplexes at the 

interfaces of CzPm/PO-T2T or CzPm/TAPC. After a thorough photophysical 

investigation, it was observed that the blue shift in the photoluminescence (PL) 

spectrum of the CzPm:PO-T2T mixture, compared to the PL spectrum of the CzPm 

film, is caused by a solid-state solvatochromism-like process. The observed red shift 

in the PL spectrum of the CzPm and TAPC mixture, compared to the PL spectrum of 

the CzPm film, can be explained by the formation of exciplexes (Fig. 5 d). 

 

Fig. 5. a) EL spectra; and b) the corresponding CIE colour coordinates obtained at 

various voltages. c) Transfer characteristics for the white exciplex-based OPB-LET. 

d) Normalized PL spectra of the CzPm, CzPm:PO-T2T, and CzPm:TAPC films. e) 

Current density and brightness as a function of voltage at VEB = 5 V. f) Efficiency 

metrics (current, power, EQE) versus collector current density. The CIE colour 

diagram b) is supplemented with the colour coordinates of CzPm exciton and 

CzPm:TAPC exciplex emissions 

 The TADF properties of the exciplex-forming molecular mixture CzPm:TAPC 

were investigated and proven by recording its PL spectra and PL decay curves at 

temperatures from 77 K to 300 K. Transient EL curves were recorded to verify the 

contribution of TADF to the exciplex emission of the molecular mixture CzPm:TAPC 

exciplex.  
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Fig. 6. Time-resolved EL response of the CzPm:TAPC-based device 

The blue and orange components of the EL from the CzPm:TAPC-based device 

were specifically analysed (Fig. 6); thus the contribution of TADF to the orange 

component was supported by long-lived EL decay curves. Due to the mixing of blue 

exciton emission from CzPm and the orange exciplex emission from CzPm:TAPC, 

white OPB-LET was characterised by pure white EL with the colour coordinates of 

(0.33, 0.33) close to natural white (Fig. 5 b) and exhibited a colour rendering index 

(CRI) ranging from 77 to 93. The transfer and output current density-voltage 

characteristics of the white OPB-LET were found to be similar to those of the orange 

and blue OPB-LETs described above, thereby indicating a similar working 

mechanism of the white OPB-LET. Compared to the orange and blue OPB-LETs, 

the white OPB-LET was characterised by the lowest turn-on voltage of 3.3 V, the 

highest maximum brightness of 300 cd/m2, and the highest EQE of 2.4%. These 

results can be explained by the TADF properties of the newly observed exciplex 

CzPm:TAPC together with good charge-injection and charge-transporting properties 

of the film of CzPm. Overall, the OPB-LETs with a three-electrode-containing 

structure exhibited effective EL together with the active current modulation ability, 

giving promising prospects for future use across diverse domains. 

3.2. TADF versus TTA Emission Mechanisms in Acridan and Carbazole-

Substituted Dibenzo[a,c]phenazines: towards Triplet Harvesting Emitters and 

Hosts Emissions (scientific publication No. 2, Q1, 25 quotations) 

This sub-chapter is based on the paper published in the Chemical Engineering 

Journal, 2021, 417, 127902 by V. Andrulevičienė, K. Leitonas, D. Volyniuk, G. 

Sini, J. V. Gražulevičius, V. Getautis.46 

TADF materials have attracted considerable attention in the field of organic 

optoelectronics because they have the potential to achieve 100% IQE by capturing 

triplet excitons through RISC.47,48,49 TADF hosts are capable of efficiently transferring 

energy to the guest molecules through the Förster energy transfer (FET), while 

achieving a utilisation rate of 100%. A minimal energy difference between the singlet 

and triplet states (ΔEST) is crucial for achieving efficient TADF through RISC.50 
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Organic materials that possess a high ΔEST can be utilised in the OLED technology if 

they demonstrate the phenomenon of TTA ‘hot excitons’ or upper-level triplet-singlet 

intersystem crossing.51,52 

Both TADF and TTA materials can serve as hosts in OLEDs if they fulfil certain 

criteria. These criteria include possessing high and balanced charge mobilities, a wide 

transporting band gap with suitable HOMO and LUMO energy levels for charge 

injection, and exhibiting high optical, thermal, and electrochemical stability.53,54,55 

These hosts serve multiple purposes, including mitigating the negative effects of 

aggregation-induced quenching on OLED emitters in the solid state, facilitating the 

recombination of holes and electrons within the light-emitting layer, and enabling 

additional triplet harvesting within the host.56 

The objective of this study is to concentrate on the advancement of effective 

TADF and TTA hosts which are known for their highly twisted molecular structures 

that typically result in inadequate charge transport properties. The study presents new 

compounds with dibenzo[a,c]phenazine acceptor that have been substituted at either 

the C-2 or C-7 positions with electron-donating carbazole (CzDbp) or acridan 

(AcDbp) groups (Fig. 7). Surprisingly, the developed dibenzo[a,c]phenazine 

derivatives exhibited TTA, contrary to what had been expected. These derivatives also 

showed conventional TADF, which is advantageous for creating highly efficient 

orange-red OLEDs. 

 

Fig. 7. Chemical structures of investigated compounds AcDbp and CzDbp 

The study started from the investigation of the ionisation potentials (IP) of 

materials AcDbp and CzDbp, through the use of photoelectron emission (PE) and 

cyclic voltammetry (CV). The IP values determined by PE were found to be the same 

for both materials at 5.5 eV, while the values measured by CV were slightly lower – 

5.25 and 5.44 eV for AcDbp and CzDbp, respectively (Table 2). The discrepancy 

arises from the heightened polarisation effects observed in the solid state. The energy 

of the lowest unoccupied molecular orbital (EAPE) for AcDbp was 0.24 eV greater 

than that of CzDbp (Table 2).  
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Table 2. IP, EA and charge mobility values for AcDbp and CzDbp 

 
IPPE, 

eV 

Eg
opt, 

eV 

EAPE, 

eV 

IPCV, 

eV 

EACV, 

eV 

μh
, 

cm2/Vs 

μe
, 

cm2/Vs 
AcDbp 5.50 2.73 2.77 5.25 3.12 2.4·10-3 1.2·10-3 

CzDbp 5.50 2.97 2.53 5.44 3.11 3.8·10-3 1.0·10-4 
 charge mobility at 2.02×105 V/cm 

The charge transport properties of vacuum-deposited layers of AcDbp and 

CzDbp were analysed by using the time-of-flight (ToF) technique. The findings 

indicated that the solid layers of AcDbp and CzDbp have the ability to transport both 

holes and electrons, with charge-drift mobilities exceeding 10-3 cm2/Vs under intense 

electric fields (Table 2). 

Further, the photophysical characteristics were investigated by analysing the 

UV-vis absorption spectra in tetrahydrofuran and toluene solutions. These spectra 

revealed a faint charge transfer (CT) tail in the 400–500 nm range (Fig. 8).  

 

Fig. 8. UV-Vis absorption profiles of a) AcDbp and b) CzDbp in toluene and THF 

solutions 

Fluorescence spectra (Fig. 9) and PLQYs of toluene and THF solutions were 

recorded, and both compounds exhibited a Gaussian-shaped emission profile, further 

indicating the CT nature of the emissive states. Solutions of CzDbp showed higher 

values of PLQY than the solutions of AcDbp (Table 3). The values of PLQY of the 

solutions in TOL and THF of AcDbp were 2% and 0.5%, while those of CzDbp were 

37% and 28%, respectively. Higher PLQY values of CzDbp may be attributed to a 

stronger TTA. 
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Fig. 9. Room-temperature a) fluorescence and b) PL spectra as well as c), d) PH 

spectra recorded at 77 K of THF solutions of AcDbp and CzDbp (PH spectrum of 

the solution of Dbp in THF recorded at 77 K is presented as the yellow line) 

PL and PH spectra were used to estimate singlet-triplet energy differences for 

AcDbp and CzDbp solutions in THF at 77 K. AcDbp’s PL spectrum showed a 

structureless shoulder, indicating the CT nature of the emissive state. On the other 

hand, CzDbp’s PH spectrum showed a characteristic vibrational structure, indicating 

that the lowest emissive T1 state corresponds to the local excitation (3LE) of the Dbp-

core.  

Table 3. Photophysical properties of AcDbp and CzDbp 

 

PLQY air, %* 
PLQYno oxygen, 

% 

S1, 

eV 

T1, 

eV 

ΔEST, 

eV 

THF/TOL/neat 

film/mCP/mCBP 
THF/TOL 77 K THF 

AcDbp 0.5/2/3/4/8 0.6/3 2.55 2.35 0.20 

CzDbp 28/37/15/11/21 44/53 2.52 2.28 0.24 

* measured at air condition  
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Seeking to determine triplet harvesting properties of the investigated 

compounds, air-equilibrated and deoxygenated toluene solutions were measured by 

steady-state and time-resolved spectroscopy (Fig. 10). The PL spectra of standard and 

deoxygenated solutions of the compounds exhibited a striking resemblance, thus 

indicating that delayed fluorescence originated from the CT state identical to that of 

prompt fluorescence. Furthermore, the PL decay of AcDbp followed a double 

exponential pattern with a significant increase in the long-lived component lifetime 

after deoxygenation. This indicates that PL originates from the harvesting of triplets, 

most likely through TADF. 

 

Fig. 10. a), c) PL spectra and b), d) the corresponding PL decay curves for air-

equilibrated and deoxygenated toluene solutions of a), b) AcDbp and c), d) CzDbp 

Interestingly, the toluene solutions of CzDbp displayed single-exponential PL 

decays, indicating only prompt fluorescence. On the other hand, after deoxygenation, 

the CzDbp solutions showed a 16% increase in PLQY, suggesting that the triplet 

states undoubtedly contribute to the PL mechanism of CzDbp. This contribution is 

likely through a mechanism different from that of TADF and is as fast as the 

immediate fluorescence. 

Since delayed fluorescence can be activated by temperature, PL spectra and PL 

decay curves of neat and doped (10 wt. %) in mCP layers of AcDbp and CzDbp were 

recorded at different temperatures ranging from 77 to 300 K (Fig. 11). The PL 

intensities, and therefore the absolute PLQYs, of both the neat AcDbp film and the 
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doped in mCP film increased as the temperature was raised from approximately 220 

K to 300 K. The observed rise in the PL intensity as the temperature increases can be 

attributed to the contribution of TADF. 

 

Fig. 11. a), c) PL spectra and b), d) corresponding PL decay curves acquired at 

various temperatures for neat layers of a), b) AcDbp and c), d) CzDbp 

No phosphorescent or delayed fluorescent components were observed in the 

temperatures ranging from 77 to 300 K for the neat CzDbp film (Fig. 11 c, d). The 

intensity of the photoluminescence decay profile decreased as the temperature 

increased due to the process of TTA.  

The compound AcDbp has shown potential as a TADF host for red OLEDs due 

to its charge-transporting properties and energy of the first triplet level. However, 

CzDbp showed ambipolar charge-transporting properties and higher PLQY than 

AcDbp. Thus, both AcDbp and CzDbp were used in phosphorescent-based OLEDs 

(PHOLEDs) to demonstrate their suitability as host materials for a commercial red 

phosphorescent emitter (piq)2Ir(acac). 

For the initial test, the following device structure was used: 

• ITO/ MoO3 (0.6 nm)/NPB (30 nm)/5 wt.% (piq)2Ir(acac):Host (20 

nm)/TPBi (70 nm)/LiF (0.8nm):Al 



31 

 

where AcDbp and CzDbp were employed as a host, together with a well-known 

host mCP used as a reference, thus producing PHOLED devices A, B, and C, 

respectively (Table 4).  

PHOLEDs A, B, and C showed the classical (piq)2Ir(acac) EL with a peak 

wavelength of 623 nm. Devices A and B exhibited a lower turn-on voltage compared 

to device C, thereby indicating excellent electron and hole injection. Device B with 

CzDbp demonstrated the best maximum current efficiency (CEmax), maximum power 

efficiency (PEmax), and external quantum efficiency (EQEmax). A higher EQEmax of 9% 

was obtained for CzDbp-based PHOLED B compared to 8% for one of the best 

conventional host mCP-based device C. 

With the aim of further optimisation of the device structure, five devices with 

the following configuration were designed: 

• ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 nm]/ 5 

wt. % (piq)2Ir(acac):Host [50 nm]/nBPhen [30 nm]/Liq [2 nm]/Al 

where AcDbp, CzDbp and three more conventional hosts, namely, mCBP, 

NPB, and nBPhen were used, producing devices named D, E, F, G and H, 

respectively (Table 4). 

Table 4. EL parameters of devices A–J 

Device Emissive layer 

aVON/ 
bVDriving, 

V 

CEmax, 

cd/A 

PEmax, 

lm/W 

EQEmax, 

% 

Structure: ITO/MoO3/NPB/ Emissive layer /TPBi/LiF:Al 

A (piq)2Ir(acac):AcDbp 3.0/3.85 6.3 4.6 6.0 

B (piq)2Ir(acac):CzDbp 3.4/4.5 9.0 6.4 9.0 

C (piq)2Ir(acac):mCP 4.0/5.2 8.6 5.6 8.0 

Structure: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Liq/Al 

D (piq)2Ir(acac):AcDbp 3.2/5.2 9.8 9.1 13.2 

E (piq)2Ir(acac):CzDbp 3.0/4.75 10.3 11.6 15.9 

F (piq)2Ir(acac):mCBP 2.9/4.0 11.5 12.9 13.1 

G (piq)2Ir(acac):NPB 3.2/4.5 6.6 6.7 9.0 

H (piq)2Ir(acac):nBPhen 4.8/8.7 12.5 8.5 14.6 

Structure: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Liq/Al 

I AcDbp:mCBP 3.6/6.7 41.6 35.3 19.4 

J CzDbp:mCBP 3.7/7.0 54.4 46.2 22.1 

aVON was taken at 10 cd/m2; bVDriving was taken at 10 mA/cm2 

Due to improved charge-injecting properties, D–H devices based on 

(piq)2Ir(acac) exhibited improved output EL characteristics. Device E, fabricated by 

using the developed host CzDbp, demonstrated the highest maximum EQE (15.9%) 

and the lowest roll-off compared to the reference devices F–H containing mCBP, 
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NPB, or nBPhen as the more traditional hosts (Table 4, Fig. 12). The high efficiency 

of device E is partly due to the utilisation of triplet excitons not only within the 

phosphorescent emitter (piq)2Ir(acac), but also within the host CzDbp due to its strong 

ability of triplet harvesting. 

 

Fig. 12. a) EL spectra; b) and c) EQE as a function of brightness, for devices D–J 

employing AcDbp and CzDbp as either host or emitter materials 

After acquiring promising results as a host, it was decided to test AcDbp and 

CzDbp compounds as emitters in the same structure dispersed in the mCBP host. 

Despite the low PLQYs of the investigated organic semiconductors, both of them 

delivered unexpectedly high EQEs of 19.4 and 22.1% for AcDbp:mCBP and 

CzDbp:mCBP, respectively. This disagreement can be linked to the potential loss 

mechanisms when the TADF molecules are optically excited as it was discussed in57. 

Two new D-A-D type molecules, CzDbp and AcDbp with bipolar charge 

transport and triplet exciton harvesting via TTA or TADF were studied. The optical 

absorption spectra of AcDbp and CzDbp show very low intensity CT-tails. AcDbp 

photoluminescence spectra and decay curves show TADF-induced delayed 

fluorescence, while CzDbp showed triplet exciton harvesting via the TTA mechanism 

but no delayed fluorescence. Triplet harvesting in the donor-acceptor molecules with 

small singlet-triplet splitting can occur through a faster and competitive TTA 

mechanism, and not only through TADF. Red PHOLEDs with the CzDbp as hosts 

had 15.9% external quantum efficiency and a lower efficiency roll-off than those with 

mCP, mCBP, NPB, and nBPhen hosts. External quantum efficiencies of 19.4% and 

22.1% were achieved with AcDbp and CzDbp TADF/TTA emitters. 

3.3. Dual versus Normal TADF of Pyridines Ornamented with Multiple Donor 

Moieties and their Performance in OLEDs (scientific publication No. 3, Q1, 10 

quotations) 

This sub-chapter is based on the paper published in Journal of Materials 

Chemistry C, 2021, 9, 3928 by P. Arsenyan, B. Vigante, K. Leitonas, D. Volyniuk, V. 

Andrulevičienė, L. Skhirtladze, S. Belyakov, J. V. Gražulevičius.58 

The utilisation of the multiple-donor approach has been extensively employed 

in the development of highly effective TADF emitters for OLEDs.59 The high EQE of 

TADF-based OLEDs is directly related to the efficient capture of emissive triplet 

states through RISC in purely organic compounds.60 This process is most effective 
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when the singlet-triplet energy splitting is small and the PLQYs are high in the solid 

state.61 Previously, researchers developed multiple-donor–acceptor TADF emitters 

which would have small ΔEST and high PLQY values when in the solid state. These 

emitters demonstrated efficient and relatively stable EL characteristics. For example, 

a TADF molecule containing three donor and three acceptor units was used in the 

production of solution-processed sky-blue TADF OLEDs, achieving a maximum 

EQE of 21.0%.62 TADF molecules containing four donor moieties exhibited an 

exceptionally high rate of RISC at 4.44 × 106 s-1, leading to OLEDs with maximum 

EQEs of up to 24.6%.63 Moreover, TADF emitters containing a greater quantity of 

donor moieties exhibited reduced lifetimes of delayed fluorescence and increased 

lifetimes of the device compared to the reference compounds with a lower quantity of 

donor moieties.64,65 

The impact of various donor types on the efficiency of multiple donor-acceptor 

interactions in TADF compounds has not been investigated thus far. This study 

presents various donors incorporated into the molecular structure of multiple donor-

acceptor TADF emitters, resulting in highly efficient TADF compounds containing 

two 3,6-di-tert-butyl-carbazole units. Two dicyanopyridines, which have multiple 

donors, were fully characterised by multiple spectroscopic techniques. One of the 

dicyanopyridines has three donors of the same type, specifically, 3,6-di-tert-butyl-

carbazole (5a), while the other dicyanopyridine has two different types of donors, 

namely, 3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine (5b), in its 

molecular structure (Fig. 13). The OLEDs that used the synthesised compound 5a as 

the TADF emitter achieved a maximum EQE of 25%. 

 

 

Fig. 13. Chemical structures of investigated compounds 5a and 5b 

In this study, the electrochemical and photophysical properties of compounds 

5a and 5b were investigated by using CV and PE spectroscopy (Fig. 14 a). The energy 

levels of the compounds were determined, with CV observed ionisation potentials 

(IPCV) of 5.62 and 5.31 eV for compounds 5a and 5b. A lower IPCV value was obtained 
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for 5b compared to that of compound 5a due to the presence of a strong electron-

donating 3,7-dibromophenothiazine moiety. 

The electronic structures in the ground and excited states of 5a and 5b were 

experimentally investigated by the UV-Vis, steady-state, and time-resolved 

luminescence spectroscopy. Close peak wavelengths (390 and 396 nm) of low-energy 

absorption bands were observed for the toluene solutions of 5a and 5b, which were in 

very good agreement with the band of the previously investigated dicyanopyridine-

based corresponding compound I (Fig. 14 b, Table 5).66  

Table 5. Photophysical data for 5a and 5ba 

Compound 5a 5b 

λ of absorption peak (toluene), nm 395 390 

λ of PL max (neat/doped film a), nm 502/512 598/584 

PLQY (neat/doped in mCP/ and mCBP film), % 18/20/22 12/17/20 

S1 (THF/doped film a), eV 2.71/2.81 2.79/2.83 

T1 (THF/doped film a), eV 2.61/2.7 2.75/— 

ΔEST (THF/doped film a), eV 0.1/0.11 0.04/— 

a Doped films are 5a (10 wt.%) in mCP and 5b (10 wt.%) in mCP as well as 5a (20 wt.%) in 

mCBP and 5b (20 wt.%) in mCBP. First singlet (S1) and triplet (T1) levels were taken at set-

on of PL and phosphorescence spectra recorded at 77 K, respectively. PLQYs of solid films 

were measured under air atmosphere 

The neat films exhibited non-structured PL spectra, peaking at 502 and 598 nm, 

respectively, for 5a and 5b. The PL spectra of 5a and 5b exhibited a shift when 

compared to the PL spectrum of the compound I film.66 This shift could be attributed 

to either their distinct dielectric constants or the formation of aggregates. A low-

intensity shoulder was detected in the PL spectrum of the 5b-doped mCP film, 

specifically within the wavelength range of 400 nm to 500 nm. Thus, the PL spectrum 

of compound 5b is a result of the overlapping of at least two emission bands. 
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Fig. 14. a) CV and PE spectra of compounds 5a and 5b. b) UV-Vis and PL spectra 

(ex. 350 nm) of 5a, 5b, and I in toluene solution, as well as neat and doped films 

(mCP host). c) and d) Solvent effects on the UV-Vis and PL spectra of 5a and 5b, 

respectively, in dilute solutions (ca. 10-4 mg/mL). e) Time-resolved PL spectra of 5b 

in toluene solution at different time delays after excitation. f) PL decay curves of 5b 

in toluene solution recorded at various emission wavelengths 

Furthermore, solvatochromic measurements allow more information to be 

obtained on the emission nature of organic compounds. In the case of normal TADF, 

organic compounds exhibit CT emission that is strongly sensitive to solvent polarity. 
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Therefore, non-structured emission spectra with a single broad band of the 

conventional TADF emitters must be broadened and red-shifted with an increasing 

solvent polarity due to the CT character of the first singlet excited state. Compound 

5a was characterised by broadened emission spectra from 78 nm of its full width at 

half-maxima (FWHM) for the solution in hexane to FWHM of 180 nm for the solution 

in DMF (Fig. 14 c). 

In the case of dual TADF emitters, non-structured emission spectra with two 

broad bands have to be observed. Both bands have to be broadened and red-shifted 

with an increasing solvent polarity due to the CT character of the first and second 

singlet excited states being in disagreement with the Kasha rules at the same time. The 

PL spectra of the solutions of compound 5b in solvents with a higher polarity were 

also recorded (Fig. 14 d). The emission of compound 5b was observed by 

solvatochromic measurements, which revealed the overlap of three bands (at 

approximately 510, 573, and 635 nm) of different natures. These bands were separated 

by time-resolved PL measurements, allowing for the separation of prompt and delayed 

florescence spectra (Fig. 14 e, f). The high energy band, which was observed in the 

PL spectrum of the toluene solution of compound 5b, reached its maximum at 510 

nm. It is associated with fluorescence that occurs when the LE states recombine. This 

fluorescence is characterised by a single-exponential PL decay that occurs within the 

nanosecond range (Fig. 14 f). By varying the time delays for cutting the prompt 

fluorescence at 500 nm, it was found that the highest intensities were observed for the 

other bands (573 and 635 nm) which exhibit double exponential photoluminescence 

decays, thus suggesting a mixture of prompt and delayed fluorescence resulting from 

the recombination of various excited charge transfer states (Fig. 14 e, f). 

In order to gain a deeper understanding of the emission nature of compounds 5a 

and 5b, PL spectra and PL decays of the films of 5a and 5b dispersed in mCP host 

were recorded at different temperatures (Fig. 15 a, b). A small ΔEST was obtained for 

THF solutions of 5a and 5b (0.1 eV and 0.04 eV, respectively) and for the film of 5a 

doped in mCP (0.11 eV). Long-lived fluorescence of compounds 5a and 5b was 

identified as TADF since its intensity grew up with an increasing temperature. 
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Fig. 15. a) PL decay curves and b) corresponding PL spectra recorded at various 

temperatures for films of compounds 5a and 5b doped in mCP 

Based on theoretical computations (TD-DFT) (performed by a co-author  

of the article under discussion, Dr. Viktorija Andrulevičienė), it can be concluded that 

TADF of 5a is related to CT transitions from 3,6-di-tert-butyl-9-phenylcarbazole 

moieties to phenylpyridine-3,5-dicarbonitrile units (S1 – S0), while the dual TADF of 

5b corresponds to CT transitions from 3,7-dibromophenothiazine moieties to 

phenylpyridine-3,5-dicarbonitrile units (S1 – S0) and pyridine-3,5-dicarbonitrile units 

(S2 – S0). 

Further, the study was continued, and the investigated emitters were tested as 

emitters in neat and host-guest system configuration OLEDs. A device with the 

following structure was used to investigate the impact of the emitters 5a and 5b on 

the device efficiency: 

• ITO/MoO3 [0.6 nm]/NPB [35 nm]/mCP [6 nm]/5a (or 5b) (30 or 100 

wt.%):mCP [25 nm]/TSPO1 [6 nm]/TPBi [35 nm]/LiF [0.6 nm]/Al 

Neat and doped devices n-5a, d-5a, n-5b, and d-5b with light-emitting layers of 

5a, 5a (30 wt.%):mCP, 5b, or 5b (30 wt.%):mCP were fabricated. In the device name, 

‘n’ stands for ‘neat’, and ‘d’ stands for ‘doped’ in a host-guest system-based device. 

A stable green and orange EL was observed under different applied voltages for the 

devices based on 5a and 5b, respectively (Fig. 16 a).  
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Fig. 16. a) EL spectra at 8 V; b) Current density and brightness as a function of 

voltage; c) EQE versus current density; and d) Operational lifetimes of non-

passivated devices under ambient air conditions at a constant voltage of 5 V 

The devices n-5a and d-5a had a higher turn-on voltage than those of the devices 

n-5b and d-5b. Such turn-on voltages are in good agreement with compound 5a having 

a higher IPPE value (6.09 eV) compared to 5b (5.95 eV). Devices n-5a and d-5a 

exhibited a maximum brightness that exceeded 30,000 cd/m2, while devices n-5b and 

d-5b had a maximum brightness approximately one magnitude lower, at >3,000 

cd/m2. This observation may be related to different efficiencies of the devices and/or 

to the different sensitivity of human eyes to green and orange light. Despite the 

comparable values of PLQY, a similar trend was observed for EQEs as well as 

brightness. Devices n-5a and d-5a demonstrated respectable values of 8.1 and 11.7% 

of EQE, while n-5b and d-5b exhibited approximately 3 times lower values at 3.1 and 

3.2% of EQE, respectively (Fig. 16 c, Table 6). The different device efficiencies can 

also be explained by the different nature of the TADF of compounds 5a and 5b. In the 

event of a dual TADF emission of compound 5b, energy transfer occurs through 

internal conversion (IC) from S2 to S1 with quantum yields lower than 100%. This 

additional energy transfer leads to a decrease in the emission efficiency and an 

extended emission decay of compound 5b. This statement is supported by a long PL 
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decay of 5b, reaching one millisecond (Fig. 15 a). The long emission lifetime of 

compound 5b can enhance the probability of exciton–exciton and exciton–polaron 

annihilations under electrical excitation, which can lead not only to a low EQE, but 

also to low device lifetimes.67 Indeed, the lifetimes of devices n-5b and d-5b were 

considerably shorter than those of devices n-5a and d-5a (Fig. 16 d). 

Table 6. Electroluminescence parameters of the OLEDs 

Devices Von a, V λEL
b, nm EQEmax, EQE100, EQE1000

c (%) 

n-5a 4.9 515 8.1, 8.0, 7.8 

d-5a 4.6 523 11.7, 11.1, 10.7 

o-5a 3.9 512 25.0, 15.2, 11.8 

n-5b 4.4 588 3.1, 2.8, 2.6 

d-5b 4.3 588 3.2, 3.1, 2.7 

o-5b 5.1 582 5, 3.5, 0.6 
a Von value taken at 10 cd/m2. b λEL value taken at 5V. c EQEmax, EQE100, and EQE1000 were 

taken at sets 10, 100, and 1000 cd/m2, respectively 

In order to optimise the OLEDs, the EL properties of TADF emitters 5a and 5b 

were also studied by exploring the device structure: 

• ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/ mCBP [10 nm]/5a 

(or 5b) (20 wt.%):mCBP [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al 

naming devices as o-5a and o-5b, respectively, where ‘o’ stands for ‘optimised’. 

By using this structure, efficient hole and electron injection/transport was achieved. 

This statement is further supported by the same EL spectra observed at the different 

applied voltages which are completely related to the emission of compounds 5a and 

5b (Fig. 17 a, b). The trends in the dependencies of the current density – voltage and 

voltage brightness of devices o-5a and o-5b are in very good agreement with those of 

devices n-5a, d-5a, and n-5a, d-5a, respectively (Fig. 16 b, c). 
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Fig. 17. a) and c) EL spectra recorded at various voltages; b) Current density and 

luminescence as a function of applied voltage; and d) EQE plotted against 

luminescence, all for the optimised devices o-5a and o-5b 

Nevertheless, the optimisation of device structures allowed the improvement of 

maximum EQEs up to impressive 25% and 5% for devices o-5a and o-5b mainly due 

to the improvement of hole–electron recombination (Fig. 17 d). 

This study investigated two dicyanopyridines that were substituted by multiple 

donors. One dicyanopyridine had three donors of the same type, specifically, 3,6-di-

tert-butyl-carbazole, while the other dicyanopyridine had two types of donors, namely 

3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine, in its molecular structure. 

These compounds demonstrate effective green, and orange thermally activated 

delayed fluorescence as a result of the recombination of two intramolecular charge 

transfer states. OLEDs with 3,7-dibromophenothiazine and 3,6-di-tert-butyl-

carbazole-containing emitter (5b) exhibiting dual TADF showed low device lifetimes 

and a low maximum EQE of 3.1 (for the neat emissive layer-based device) and 5% 

(for the doped device), while OLEDs based on 3,6-di-tert-butyl-carbazolyl multiple 

substituted dicyanopyridines (5a) exhibiting normal TADF showed relatively high 

device lifetimes and a high maximum EQE of 8.1 (for the neat emissive layer-based 

device) and 25% (for the doped one). It can be concluded that the ultra-long emission 

decay of 5b prevents direct and efficient recombination of charges, thus letting us 
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know that shorter PL decays may be more favourable when looking for the overall 

stability and efficiency of OLEDs. 

3.4. 3,5-Dicyanopyridine Motifs for Electron-Transporting Semiconductors: 

from Design and Synthesis to Efficient Organic Light-Emitting Diodes 

(scientific publication No. 4, Q1, 5 quotations) 

This sub-chapter is based on the paper published in Journal of Materials 

Chemistry C, 2023, 11, 28 by K. Leitonas, B. Vigante, D. Volyniuk, R. Keruckienė, 

P. Dimitrijevs, T. L. Chiu, J. V. Gražulevičius, and P. Arsenyan.68 

Inorganic light-emitting diodes (LEDs) became popular in the late 1990s 

because of their superior efficiency, extended lifespan, and cost-effectiveness.69 

OLEDs emerged as competitors to LEDs because of their distinctive characteristics, 

such as optical transparency and flexibility.70 In 1999, the development of 

phosphorescent emitters resulted in an increase in the theoretical IQE to 100%.71 

Commercial OLED products currently utilise phosphorescent OLED emitters in green 

and red colours.72 Nevertheless, the duration of functionality and the financial burden 

associated with blue phosphorescent noble metal complexes continue to impede the 

development of blue-emitting OLEDs. In 2012, researchers demonstrated that 

thermally activated delayed fluorescence (TADF) materials can achieve a theoretical 

IQE of 100% while using singlet and triplet excitons.73 TADF materials exhibit 

reduced toxicity, offer cost advantages, and have already achieved an EQE exceeding 

40%.74 Such state-of-the-art OLED efficiency was achieved with the help of a suitable 

host for an active emissive layer system. The hosts facilitate the enhancement of hole-

electron recombination by ensuring charge equilibrium within the light-emitting 

layers. Furthermore, they enable the reduction of emission quenching phenomena, 

such as concentration quenching, singlet-triplet interactions, or triplet-triplet 

annihilations, among others.75 Typically, most OLED hosts exhibit hole-transporting 

or bipolar properties, where the mobility of holes is higher than the mobility of 

electrons under the same electric field.76,77 However, there is a limited range of OLED 

hosts that are capable of transporting electrons.78 

In order to mitigate this constraint, the compound 3,5-dicyanopyridine was 

chosen as a fundamental component for the development of organic semiconductors 

that facilitate the transport of electrons. Pharmaceutical agents for medical 

applications have used derivatives of 3,5-dicyanopyridine,79,80,81,82,83,84 although their 

usage in optoelectronic devices remains limited. This study evaluated the suitability 

of 3,5-dicyanopyridine motifs for creating compounds specifically for optoelectronic 

purposes. Three derivatives of 3,5-dicyanopyridine (Fig. 18) were investigated by 

electrochemical, photophysical, electrooptical, and electroluminescent methods. 

OLEDs based on the TADF emitter 4,6-di(9,9-dimethylacridan-10-

yl)isophthalonitrile (DAcIPN) and 3,5-dicyanopyridine host (FPDD) were created, 

achieving a maximum EQE of 21.9%. This is notably higher than the EQE observed 

for a reference OLED based on the commercially available mCBP host. 
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Fig. 18. Chemical structures of compounds PPDD, FPDD and CzPDD 

In the first place, the study investigated the electrochemical properties of PPDD, 

FPDD, and CzPDD using CV. All three derivatives showed irreversible oxidation 

and quasi-reversible reduction processes in the potential range. The stronger electron-

donating ability of the carbazole moiety resulted in a lower IPCV value for compound 

CzPDD (5.7 eV) compared to PPDD (5.92 eV) and FPDD (6.06 eV). Electron affinity 

(EACV) values were comparable for all three compounds (2.95–2.98 eV). The CzPDD 

compound film had a slightly higher IPPE value (5.94 eV) due to the interaction 

between the molecules in the film. Unfortunately, due to technical limitations of 

photoelectron emission spectroscopy in air, for the other two compounds, we were 

unable to obtain experimental IPPE values. All IP values are given in Table 7. 

Table 7. Electrochemical and photoelectrical parameters of compounds 

 aIPCV, eV bEACV, eV cEg
opt, eV dIPPE, eV eEAPE, eV 

PPDD 5.92 2.96 3.74 n/a n/a 

FPDD 6.06 2.95 3.83 n/a n/a 

CzPDD 5.7 2.98 3.25 5.94 2.69 

a IPCV(eV) = Eonset, ox (V) + 4.8, b EACV (eV) = Eonset,red(V) + 4.8, c Optical bandgap taken from 

onset of the low-energy absorption band, d Ionisation potentials (IPPE) of the solid samples 

estimated by photoelectron emission in air, e electron affinity (EAPE) was calculated by IPPE-

Eg
opt=EAPE 

The UV-Vis absorption and PL spectroscopies were employed to characterise 

the photophysical properties of PPDD, FPDD, and CzPDD. The absorption spectra 

of the compounds PPDD and FPDD were nearly identical, exhibiting a strong peak 

at approximately 280–290 nm, and a distinct shoulder at around 296 nm (Fig. 19 a). 

The compound CzPDD, which contains a phenyl carbazole group, displayed distinct 
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absorption spectra. It showed a high-energy band that reached its peak at 

approximately 290 nm, as well as a less intense band with a visible maximum at 

around 333 nm. An intramolecular charge-transfer (ICT) phenomenon was detected 

between the carbazole, which donates electrons, and the 3,5-dicyanopyridine, which 

accepts electrons, at wavelengths greater than 340 nm. 

 

Fig. 19. a) Normalized UV-Vis and PL spectra comparing solid-state, toluene, and 

THF solutions (1×10-5 M) of PPDD, FPDD, and CzPDD. b) PL decay kinetics in 

toluene solutions. Inset: Sample images under UV illumination. c) Low-temperature 

(77 K) PL and PH spectra in THF (ex. 300 nm for PPDD, FPDD; 340 nm for 

CzPDD)  

The absorption spectra of various solutions and films of PPDD, FPDD, and 

CzPDD did not exhibit significant variations. However, the compounds displayed an 

intensified absorption tail beyond wavelengths exceeding 350 nm. The lack of 

significant changes in the absorption maxima with a varying solvent polarity suggests 

that compound CzPDD has a relatively nonpolar ground state. The impact of the 

media polarity is clearly demonstrated in the excited states, as indicated by the red 

shifts observed in the photoluminescence spectra of compound CzPDD solutions 

when using solvents with a higher polarity (Fig. 19 a). 

The triplet energy of organic electroactive compounds is a crucial factor in 

determining suitable hosts for phosphorescent or TADF OLEDs. Compounds PPDD 
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and FPDD exhibited an identical triplet energy of 2.79 eV, which aligns with the 

results obtained from steady-state PL spectrometry measurements. Compound 

CzPDD also showed a relatively high triplet energy of 2.68 eV, while its singlet (3.37 

eV) was lower than those of compounds PPDD and FPDD (Fig. 19 c, Table 8). When 

the high triplet energies of PPDD, FPDD, and CzPDD are considered, it can be 

assumed that these compounds could be used as hosts for different OLED emitters. 

The PL spectra of the diluted solutions of compound CzPDD exhibit a 

significant red shift, with the emission peak wavelength changing from 439 nm in a 

toluene solution with a low polarity to 560 nm in a THF solution (Fig. 20 a). The solid 

sample of compound CzPDD exhibited its highest emission intensity at 487 nm, 

which is between the emission intensities of toluene and THF solutions. The 

absorption spectra of the compounds under discussion showed a minor correlation 

with the solvent polarity, whereas the wavelengths and profiles of emissions were 

significantly influenced by the polarity of the surrounding medium. 

However, compounds PPDD and FPDD, which contain phenyl and 

fluorophenyl groups, showed minimal disparities in the emission energy when 

dissolved in low polarity solvents (Fig. 20 a, b, c). Nevertheless, when the solutions 

were placed in highly polar solvents like dimethylformamide (DMF) and acetonitrile, 

significant shifts towards longer wavelengths and broadening of the spectra were 

observed. The highest emission wavelengths of the PPDD and FPDD solutions in 

toluene were observed at 394 nm, whereas for the solutions in DMF, they appeared at 

431 nm and 440 nm, respectively. The FWHM for the solutions of compounds PPDD 

and FPDD in toluene was determined to be 60 nm and 62 nm, respectively. In contrast, 

the FWHM values for the solutions in DMF were measured to be 91 nm and 93 nm, 

respectively. This broadening of emission signifies the potential for CT emission. 

FWHM of CzPDD also increased dramatically from 83 nm for the solution in low-

polarity toluene to 225 nm for the solution in polar DMF. This observation confirms 

intensive CT that occurs due to well-balanced donor and acceptor interactions. 
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Fig. 20. Normalised PL spectra of the solutions (1×10-5 M) of a) PPDD, b) FPDD, 

and c) CzPDD in the solvents of the different polarity and the corresponding 

Lippert–Mataga plots d), e) and f) of dependencies of the Stokes shifts ∆(𝜐) on 

solvent orientation polarizability function ∆(𝑓) 

PPDD and FPDD display non-linear relationships of Lippert-Mataga equation 

plots (Fig. 20 d, e, f). The obtained non-linear data can be fitted by two linear functions 

for solvents with a low and high polarity. The presence of a dual tendency suggests 

the characteristics of hybridised local and charge transfer (HLCT) states.85 The 

emission is primarily influenced by the relaxation of locally excited states of PPDD 

and FPDD molecules that are uniformly distributed in low-polarity media. However, 

the emission of PPDD and FPDD solutions in solvents of a higher polarity, such as 

THF and dichloromethane (DCM), can be attributed to CT states. Such a dual 

character of locally excited and CT emission further indicates HLCT-type emission 

for PPDD and FPDD. 

The emission efficiency of the TADF emitters is influenced by the 

characteristics of the hosts employed.86,87 In order to evaluate the hosting capabilities 

of PPDD, FPDD and CzPDD, the highly effective TADF emitter DAcIPN was 

chosen based on the overlap of the absorption spectrum of DAcIPN and the emission 

spectra of the hosts investigated in the solid state. The high triplet energies of PPDD, 

FPDD, and CzPDD are anticipated to limit the dissipation of the triplet energy from 

DAcIPN through the triplet levels of the host materials.  

A comparison was made between the hosting properties of PPDD, FPDD, and 

CzPDD and the reference host mCBP. The PL spectra and PL decay curves of 

DAcIPN (10 wt.%) that was dispersed at the molecular level were measured in various 

hosts (Fig. 21). Minor variations in the PL spectra of films containing DAcIPN were 

detected, suggesting that the emission properties of the TADF emitter DAcIPN are 

influenced by the conformational and static dielectric disorders of the host materials.88 
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Different intensities of delayed fluorescence of DAcIPN molecularly dispersed in 

hosts PPDD, FPDD and CzPDD and mCBP were observed, indicating the different 

TADF efficiency. The lowest intensity of the delayed fluorescence of DAcIPN was 

detected when it was dispersed in the host PPDD (Fig. 21 b). The variation in the 

TADF efficiency of DAcIPN can be attributed to the difference in ΔEST of DAcIPN 

when it is dispersed in various hosts.  

 

Fig. 21. a) PL spectra and b) corresponding PL decay curves recorded in vacuum for 

solid solutions of DAcIPN (10 wt.%) in various hosts (PPDD, FPDD, CzPDD, and 

mCBP). c) PL spectra and d) PL decay curves of the DAcIPN (10 wt.%) solid 

solution in FPDD host, measured at different temperatures 

For further estimation of the host effects of the compounds, samples were 

investigated within a temperature range of 77 to 300 K (Fig. 21 c, d), which provided 

enough details to calculate the emission kinetics, such as reverse intersystem crossing 

(kRISC). The DAcIPN TADF emitter exhibited different kRISC values when distributed 

uniformly at a molecular level in various host materials: 1×105 s-1 for PPDD, 1.3×106 

s-1 for FPDD, 6×105 s-1 for CzPDD, and 1.7×106 s-1 for mCBP. Such results highlight 

that compounds FPDD and CzPDD are more promising as OLED hosts than 

compound PPDD. 
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The fabrication of OLEDs was conducted as the final phase of the experimental 

study. The study examined the performance of FPDD and CzPDD as hosts in OLEDs 

with the following structure: 

• ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 

nm]/DAcIPN:Host [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al 

Figure 22 a shows the energetic configuration of OLEDs. The composition of 

the emissive layer was 90 wt.% of the host (compound FPDD in device A, CzPDD 

in device B, and mCBP in device C) (Fig. 22 a, Table 8). In all cases, the emissive 

layer also contained 10 wt.% of the emitter DAcIPN. 

 

Fig. 22. a) Energy level diagram of devices A–C and b) molecular structures of the 

compounds used for the preparation of light-emitting layers of the devices 

The EL spectra of devices A–B are very similar with a peak at 540 nm. 

Although, the PL spectrum of the reference OLED with the mCBP host was slightly 

blue-shifted and peaked at 526 nm. Since the emitter DAcIPN exhibits strong 

solvatochromic properties,89 this minor EL shift is mainly related to a different 

polarity of the mCBP matrix compared to the polarities of the dicyanopyridine 
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derivatives FPDD and CzPDD. The EL spectra of devices A–C agree well with the 

PL spectra of the corresponding light emitting films (Fig. 21 a). 

Table 8. EL characteristics of OLEDs A–C 

Device A B C 

Emissive layer 
DAcIPN (10 wt.%): 

FPDD 

DAcIPN (10 wt.%): 

CzPDD 

DAcIPN (10 wt.%): 

mCBP 

VON, V @ 10 cd/m2 a 3.76 3.2 4.3 

CEmax, CE100, CE1000, 

cd/A b 43.2, 39.7, 31.7 14.6, 13.1, 12.4 23.9, 22.4, 18.8 

PEmax, PE100, PE1000, 

lm/W c 36.7, 27.8, 17.0 14.8, 10.4, 7.1 17.5, 14.4, 9.6 

EQEmax, EQE100, 

EQE1000, % d 21.9, 12.1, 9.5 8.6, 4.0, 3.7 12.2, 6.7, 5.6 

Peak, nm @ 1000 

cd/m2 e 
540 542 526 

a Turn-on voltage measured at initial brightness of 10 cd/m2. b Current efficiency. c Power 

efficiency and d External quantum efficiency taken at maximum brightness, at 100 and at 1000 

cd/m2. e Wavelengths of the peaks of EL spectra 

Devices A–C demonstrated rather high maximum EQE values of 21.9, 8.6 and 

12.2%, respectively (Fig. 23, Table 8). Furthermore, devices A and B with the 

investigated compounds FPDD and CzPDD as hosts exhibited low turn-on voltages 

(VON) of less than 4 V. Whereas, device C, with a commercial host mCBP, showed a 

VON value slightly higher than 4 V. The low VON indicates that the OLED energy 

structure was selected appropriately, and that there were no noticeable barriers for 

charges to overcome. 
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Fig. 23. a) Normalised EL spectra and b) corresponding decay curves for devices A–

C. c) Current density and luminescence as a function of applied voltage, and d) EQE 

plotted against luminescence for devices A–C 

Interestingly, device A with FPDD as a host showed nearly twice the efficiency 

of the reference device C with mCBP (21.9% vs 12.2%). The disparity in the EQE 

values of devices A–C can be explained by the better hosting properties of FPDD 

compared to those of CzPDD or mCBP. Apparently, triplets can be harvested more 

efficiently by the DAcIPN emitter when it is dispersed in the host FPDD than in the 

hosts CzPDD or mCBP. Furthermore, significantly longer EL decays were observed 

for device A compared to the other two devices (Fig. 23 b), thereby further supporting 

the statement of more efficient triplet harvesting.  

The findings indicate that the dicyanopyridine derivative with a fluorophenyl 

group (FPDD) has a great potential to enhance the efficiency of green TADF OLEDs. 

Furthermore, the use of host FPDD extends beyond the green emitters. Considering 

its high triplet level of 2.79 eV, the host FPDD can be used for blue emitters that emit 

light at wavelengths greater than 450 nm. Based on its HOMO/LUMO values 

(6.06/2.95 eV), the host FPDD is suitable for emitters with bandgaps less than 3.11 

eV.  
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4. CONCLUSIONS 

4.1. In the course of this study, three types of vertical organic permeable-base light-

emitting transistors (OPB-LETs) – namely orange, blue, and white – were 

investigated. It has been demonstrated that the application of the exciplex 

emitters in OPB-LETs, utilising a vertical device structure, successfully achieved 

high-quality white electroluminescence: 

4.1.1. Orange Exciplex Development: It has been found that an orange 

exciplex could be created by combining a novel blue emitter with donor 

material TAPC in equal proportions. This exciplex displayed a minimal 

singlet-triplet energy splitting (ΔEST) of 0.02 eV and exhibited strong 

TADF properties. By using this combination in the emissive layer, 

previous challenges related to electron injection in OPB-LETs were 

overcome, thus marking a significant advancement in material 

utilisation. 

4.1.2. Performance of White OPB-LETs: The newly developed white OPB-

LETs were shown to achieve a maximum external quantum efficiency 

of 2.4%, coupled with a low turn-on voltage of 3.3V and a high 

maximum brightness of 300 cd/m2. Additionally, these devices had the 

capability to modulate the current density (JEC) and brightness by 

adjusting the base voltage (VEB), underscoring the potential of these 

synthesised materials to enhance the efficiency and performance of 

electroluminescent devices. 

4.1.3. Colour Quality: It was observed that the white OPB-LETs reached 

colour rendering indexes ranging from 77 to 93, along with stable CIE 

colour coordinates. These results suggest a high colour quality, making 

these devices potentially suitable for a variety of lighting applications. 

The findings from this study not only further the understanding of TADF 

mechanisms in organic emitters but also underscore the practical viability of exciplex-

based white OPB-LETs, paving the way for future innovations in the 

electroluminescent technology. 

4.2. Further investigations were conducted on a series of newly synthesised donor-

acceptor-donor (D-A-D) type molecules, specifically, carbazole or acridan-

substituted dibenzo[a,c]phenazines (CzDbp and AcDbp). These molecules were 

examined through steady-state and time-resolved spectroscopy, which 

highlighted their efficacy in triplet exciton harvesting via both TTA and TADF 

mechanisms, along with their excellent emissive and hosting properties: 

4.2.1. Photophysical Properties: The photophysical investigation indicated 

that CzDbp and AcDbp possess distinct properties that are beneficial 

for high-performance electroluminescent applications. These properties 

include efficient triplet harvesting through a combination of competitive 

TADF and TTA mechanisms, providing a deeper understanding of the 

mechanistic pathways that influence the device performance. 
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4.2.2. Application in OLEDs: Initially, these compounds were tested as 

triplet harvesting hosts for the red phosphorescent emitter (piq)2Ir(acac) 

in OLEDs. It has been found that both compounds deliver performance 

which is comparable to or better than that of conventional hosts, with 

the CzDbp host achieving up to 15.9% of the external quantum 

efficiency. Furthermore, when tested as emitters, substantial external 

quantum efficiencies of 19.4% and 22.1% were achieved for orange 

(AcDbp) and yellow (CzDbp) OLEDs, respectively. 

These investigations not only demonstrate the potential of CzDbp and AcDbp 

in advanced electroluminescent applications, but also contribute significantly to the 

field by showcasing the versatility and efficiency of these materials in high-

performance OLEDs. 

4.3. Further investigations were carried out on two types of multiple donor-

substituted dicyanopyridines, where one type included three donors of one kind 

(3,6-di-tert-butyl-carbazole) (5a), and the other combined two types of donors 

(3,6-di-tert-butyl-carbazole and 3,7-dibromophenothiazine) (5b) within their 

molecular structures. These compounds were evaluated as TADF emitters for use 

in efficient OLEDs: 

4.3.1. TADF Emission: It was observed that the compounds exhibited green 

and orange TADF from two distinct intramolecular charge transfer 

states. These findings demonstrate the potential of these materials for 

use in high-efficiency electroluminescent applications. 

4.3.2. Performance Evaluation of Emitters: The emitter designated as 5b, 

which features dual TADF, has been found to suffer from non-efficient 

excited state relaxation, resulting in low device lifetimes and the overall 

low OLED efficiency, achieving only 3.1% of external quantum 

efficiency for neat emissive layer-based devices and 5% for doped and 

optimised devices. Conversely, emitter 5a, containing only one type of 

donor, proved to be significantly more efficient. This emitter not only 

delivered relatively long device lifetimes but also achieved a high 

maximum external quantum efficiency of 8.1% for neat emissive layer-

based devices and an impressive 25% value for doped and optimised 

OLEDs, thereby further signifying that the simpler and more efficient 

charge transfer mechanism of normal TADF in 5a leads to its superior 

performance compared to 5b, which suffers from the complexity 

introduced by dual donor moieties. 

These results underscore the critical influence of the donor type and 

configuration on the efficiency and stability of TADF OLEDs, contributing valuable 

insights into the design of materials for future high-performance electroluminescent 

devices. 

4.4. Research was also conducted on three derivatives of (1,3-phenylene)bis(2,6-

dimethylpyridine3,5-dicarbonitrile) with different substituents attached to the 

phenylene moiety (PPDD, FPDD, and CzPDD) to evaluate their potential as 

triplet harvesting hosts for OLED applications: 
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4.4.1. Triplet Energy and Charge Transport Properties: It was observed 

that all the synthesised compounds exhibited practically identical high 

triplet energies ranging from 2.68 to 2.79 eV. These high triplet energies 

are essential for effective triplet exciton harvesting and minimising 

energy losses through non-radiative decay pathways. Furthermore, high 

ionisation potentials (5.7–6.06 eV) along with comparable electron 

affinities around 3.0 eV were detected. These properties suggest 

effective charge transport mechanisms within the OLEDs, which are 

crucial for achieving a high electroluminescent efficiency. 

4.4.2. Triplet Harvesting Mechanisms: The investigation revealed that 

compounds PPDD and FPDD, which contain phenyl and fluorophenyl 

groups, respectively, exhibit HLCT. Conversely, CzPDD, which 

incorporates a phenylcarbazole moiety, demonstrated a TADF 

mechanism for triplet harvesting. 

4.4.3. Performance as OLED Hosts: Further testing involved compounds 

FPDD and CzPDD as hosts for a green TADF emitter, DAcIPN, in 

OLEDs. CzPDD, in particular, showed outstanding hosting 

performance, delivering a significant maximum external quantum 

efficiency of 21.9%. This performance marks a substantial 

improvement over the 12.9% efficiency observed with the conventional 

host mCBP, demonstrating the superior triplet harvesting properties of 

the novel host. 

These findings highlight the importance of molecular substituents in influencing 

the photophysical properties and efficiencies of OLED host materials, thereby 

offering insights into the design of more efficient electroluminescent devices. 

  



53 

 

5. SANTRAUKA 

5.1. Įvadas 

Aiškiai prisimenu, kaip pradėjome organinės chemijos kursą mokykloje. Tai 

buvo reikšmingas poslinkis nuo paprasto cheminių lygčių balansavimo iki sudėtingų, 

anglies pagrindu sukurtų grandinių ir šešiakampių žiedų analizės. Dar nežinojau, kad 

šios pirmosios organinės chemijos pamokos taps pagrindu suprasti sritį, kuri dabar yra 

modernių technologijų priešakyje.  

Organinių puslaidininkių tyrinėjimą skatina jų potencialas ir iššūkiai. Šios 

medžiagos, daugiausia sudarytos iš anglies pagrindu sukurtų mažų molekulių arba 

polimerų, turi pranašumų prieš tradicinius neorganinius puslaidininkius. Jos yra iš 

prigimties lanksčios, potencialiai pigesnės gaminti ir gali būti apdorojamos tirpalais. 

1 Dėl tokių savybių organiniai puslaidininkiai labai tinka lankstiems ekranams, 

dėvimai elektronikai ir biologiškai skaidiems jutikliams gaminti. Tai pažymi juos kaip 

svarbias dalis elektroninių prietaisų evoliucijoje link tvaresnių ir universalesnių 

technologijų 2,3,4. 

Tačiau organiniai puslaidininkiai taip pat turi trūkumų. Istoriškai jų elektroninės 

ir optinės savybės atsiliko nuo neorganinių puslaidininkių, dažnai pasižyminčių 

mažesniu krūvininkų mobilumu ir operaciniu stabilumu. 3,8,10,11,12 Šie trūkumai kelia 

reikšmingų iššūkių, bet taip pat skatina sritį vystytis, nes mokslininkai stengiasi 

išnaudoti ir pagerinti šių organinių medžiagų esmines savybes. Viena iš daugiausiai 

žadančių tyrimų krypčių yra efektyvus eksitonų – elektronų ir skylių būvių 

puslaidininkyje valdymas, todėl jos yra puikios kandidatės optoelektroninėms 

taikymo sritims. 13,14 Vis dėlto efektyviai išnaudoti šiuos eksitonus šviesos emisijai 

išlieka iššūkiu. Norint tai pasiekti, tyrinėjami reiškiniai, tokie kaip termiškai 

aktyvuotoji uždelsta fluorescencijos (TADF), tripleto-tripleto anihiliacija (TTA) ir 

hibridizuotas ir vietinis krūvio pernešimas (HLCT). 15,16,17,18,19 Šie mechanizmai 

leidžia konvertuoti tripletinius eksitonus, kurie paprastai neprisideda prie šviesos 

emisijos, į singletinius eksitonus, kurie skleidžia fotonus, taip pagerinant tokių 

prietaisų, kaip organiniai šviesą skleidžiantys diodai (OLED) ir organiniai šviesą 

skleidžiantys tranzistoriai (OLET), efektyvumą ir veikimą. 20 

Šiuo metu vienas populiariausių aukšto efektyvumo organinių 

elektroliuminescencinių prietaisų kūrimo būdų yra tripletų surinkimas (angl. triplet 

harvesting).15,17,18 Pagal sukinių statistiką (angl. spin-statistics), singletiniai eksitonai 

sudaro tik 25% visos populiacijos, o likusius 75% sudaro tripletiniai eksitonai. 21 Šis 

pasiskirstymas daro tripletų surinkimą būtiną siekiant efektyvių OLED prietaisų, nes 

įprastiniuose visiškai organiniuose fluorescenciniuose prietaisuose tik singletiniai 

eksitonai gali būti naudojami fotonams generuoti. 15 Tripletų surinkimas yra pagrįstas 

tripletinių eksitonų, kurie paprastai neskleidžia šviesos, konvertavimu į singletinius 

eksitonus, kurie skleidžia fotonus, taip padidinant teorinį vidinį kvantinį efektyvumą 

(IQE) nuo tik 25% iki beveik 100%. 22,23,24 

Vienas iš efektyviausių šios konversijos metodų yra vadinamas termiškai 

aktyvuota uždelsta fluorescencija (TADF) kartu su atgaline interkombinacine 

konversija (RISC). TADF medžiagos naudoja šiluminę energiją ir labai mažą 
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energijos skirtumą tarp singletinių ir tripletinių lygių (ΔEST), kad konvertuotų 

tripletinius eksitonus atgal į singletinę būseną per RISC, leidžiant efektyvią šviesos 

emisiją.22,26,28 Tai ypač svarbu kuriant aukšto efektyvumo elektroliuminescencinius 

prietaisus, nes tada jų gamybai nebereikia naudoti toksiškų fosforescuojančių 

medžiagų su sunkiaisiais metalais. TADF efekto pavyzdys yra mėlynųjų OLED 

prietaisų kūrimas, kurie dabar beveik prilygsta fosforescuojančioms alternatyvoms, 

žymintis reikšmingą pasiekimą OLED technologijoje. 8,18 Kitas metodas, tripleto-

tripleto anihiliacija (TTA), atsiranda, kai du tripletiniai eksitonai sąveikauja ir vienas 

perduoda energiją kitam, sudarydamas aukštesnės energijos singletinę būseną, kuri 

skleidžia šviesą. 29,30,31,32 Hibridizuotas ir vietinis krūvio pernešimas (HLCT) apima 

naujovišką išdėstymą, kur molekulinė struktūra skatina sąveiką tarp lokalizuotų 

sužadintų būsenų (LE) ir krūvio pernešimo būsenų (CT). 22 Ši sąveika didina tiek 

krūvio, tiek energijos pernešimą molekulėje, didindama šviesą skleidžiančių prietaisų 

stabilumą ir efektyvumą. 34,35,36 

Nepaisant šios pažangos, iššūkių tripletų surinkimo srityje išlieka. Tripletinių 

eksitonų dinamikos valdymas, siekiant išvengti jų energijos praradimo ir maksimaliai 

padidinti šviesos emisijos efektyvumą, yra nuolatiniai šios srities mokslininkų 

rūpesčiai.22 Medžiagų, galinčių išnaudoti šiuos mechanizmus neprarandant spalvos 

kokybės ar stabilumo veikiant, kūrimas išlieka pagrindine tyrimų sritimi. Tripletų 

surinkimo technikų pažanga ne tik skatina vystytis organinės elektronikos sritį, bet ir 

remia platesnius tikslus kurti tvarius ir universalius elektroninius prietaisus. 

Sumažinant priklausomybę nuo retųjų ar toksiškų metalų ir didinant ekranų bei 

apšvietimo energijos efektyvumą, šios technologijos padeda skatinti aplinkos tvarumą 

ir ekonominį efektyvumą, atitinkantį ateities organinės elektronikos poreikius. 

Atsižvelgiant į šiuos iššūkius, šio darbo tikslas yra tripletų į singletus energijos 

perėjimo procesų organiniuose spinduoliuose mechanizmų tyrimas ir optimizavimas, 

ypatingą dėmesį skiriant naujoms medžiagoms ir procesams, siekiant sukurti 

patobulintus didesnio efektyvumo elektroliuminescencinius prietaisus. 

Siekiant įgyvendinti disertacijos tikslą, buvo suformuluoti šie uždaviniai:  

• Tirti eksiplekso spinduolių, demonstruojančių TADF, taikymo baltuose, 

organiniuose, pralaidžiosios bazės, šviesą skleidžiančiuose tranzistoriuose (OPB-

LET) galimybę.  

• Ištirti naujas dibenzo[a,c]fenazino pagrindu sukurtas TADF ir TTA švytinčias 

medžiagas ir įvertinti jų veikimą geltonai oranžiniuose-raudonuose OLED 

prietaisuose.  

• Įvertinti skirtingų donoro tipų įtaką dicianopiridino pagrindu sukurtų TADF 

junginių efektyvumui OLED prietaisuose, ypatingą dėmesį skiriant prietaiso 

optimizavimui ir tarnavimo laikui.  

• Ištirti naujų matricų tipo medžiagų veiksmingumą gerinant TADF OLED 

išorinio kvantinio efektyvumą (EQE), palyginti su komercine matricos medžiaga. 

  



55 

 

Darbo naujumas 

- Buvo pagaminti naujos, vertikalios konfigūracijos baltą šviesą 

skleidžiantys organiniai tranzistoriai (OPB-LET). Pirmi bandymai su žinomais 

eksipleksiniais spinduoliais susidūrė su elektronų injekcijos problemomis, kurios 

buvo išspręstos naudojant naują oranžinį eksipleksus formuojantį spinduolį, 4,6-bis(4-

(9H-karbazol-9-il)fenil)pirimidino-5-karbonitrilą (CzPm). Šis mėlynų eksitonų ir 

oranžinių eksipleksų emisijų derinys leido pasiekti didesnio ryškumo ir efektyvumo 

baltos šviesos emisiją, padidinant spalvų atkūrimo indeksą iki 93 ir pagerinant išorinį 

kvantinį efektyvumą (EQE). 

- Buvo pasiekta OLED prietaisų pažanga tyrinėjant karbazolu arba akridanu 

modifikuotus dibenzo[a,c]fenazinus (CzDbp ir AcDbp) su donoro-akceptoriaus-

donoro architektūra, siekiant išgauti TADF. Naudojant CzDbp kaip raudonojo 

fosforescuojančio spinduolio (piq)2Ir(acac) matricą, pasiektas 15,9% EQE ir 

sumažintas efektyvumo sumažėjimas esant didesniam ryškumui. Kaip TADF/TTA 

spinduoliai, CzDbp ir AcDbp leido išgauti geltonos ir oranžinės spalvų OLED bei 

atitinkamai pasiekti 19,4% ir 22,1% EQE. 

- Buvo ištirti nauji, keletu donorų pakeisti dicianopiridino pagrindo 

junginiai OLED prietaisams. Junginys 5b pasižymėjo ribotu efektyvumu ir prietaiso 

tarnavimo laiku, o junginys 5a – ilgesniu tarnavimo laiku ir įspūdingu maksimaliu 

8,1% EQE ne legiruotoms sistemoms ir 25% legiruotoms sistemoms. Tai reiškia 

reikšmingą pažangą TADF OLED dizaino srityje. 

- Buvo pristatyti trys elektronus transportuojantys puslaidininkiai, pagrįsti 

3,5-dicianopiridino pagrindu. Šios medžiagos pasižymi aukštomis tripletinėmis 

energijomis ir jonizacijos potencialais. Du junginiai pasižymėjo HLCT tipo emisija, 

o trečiasis rodė gryną CT emisiją. Išsiskyrė OLED, naudojantis FPDD kaip matricą, 

kuris pasiekė maksimalų 21,9% EQE, reikšmingai pranokdamas įprastas matricas. 

5.2. Paskelbtų publikacijų apžvalga 

5.2.1. Baltieji vertikalūs organiniai pralaidžiosios bazės šviesą skleidžiantys 

tranzistoriai, gauti maišant mėlynojo eksitono ir oranžinio eksiplekso emisijas 

Šis skyrius yra parašytas remiantis publikuotu straipsniu: Journal of Materials 

Chemistry C, 2022, 10, 9786 // K. Leitonas, M. Gužauskas, U. Tsiko, J. Simokaitienė, 

D. Volyniuk, J. V. Gražulevičius.37 

Šiame tyrime buvo naudojami termiškai aktyvuotos uždelstos fluorescencijos 

(TADF) eksipleksiniai emiteriai baltos spalvos organinių pralaidžios bazės 

šviečiantiems tranzistoriams (OPB-LET). TADF medžiagos, nepaisant jų didelio 

potencialo kaip spinduolių OLED-ams, retai buvo naudojamos vienos spalvos OLET 

prietaisuose. Šiame darbe buvo panaudotas naujas bipolinis junginys 4,6-bis(4-(9H-

karbazol-9-il)fenil)pirimidino-5-karbonitrilas 41 (CzPm) OPB-LET gamybai, 

pasiekiant maksimalų išorinį kvantinį efektyvumą (EQE) 2,4% ir baltą 

elektroliuminescenciją su CIE spalvų koordinatėmis (0,34; 0,36) ir spalvų atkūrimo 

indeksu (CRI) 93. 
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OPB-LET turėjo trijų elektrodų struktūrą, sudarytą iš dviejų organinių 

daugiasluoksnių dalių (24 pav., b). Pirmoji dalis, tarp viršutinio elektrodo (emiterio) 

ir vidurinio elektrodo (bazės), buvo sudaryta iš C70 elektronų transportavimo ir LiF 

elektronų injekcijos sluoksnių 42,43. Antroji dalis, tarp vidurinio elektrodo (bazės) ir 

apatinio elektrodo (kolektoriaus), veikė kaip OLED struktūra, siekiant efektyviai 

generuoti elektroliuminescenciją. Prietaisų struktūros buvo: 

• Oranžinis OPB-LET: ITO/MoO3 [3 nm]/TAPC [80 nm]/PO-T2T [40 

nm]/Al [10 nm]/C70 [120 nm]/LiF [2 nm]/Al; 

• Mėlynas OPB-LET: ITO/MoO3 [1 nm]/TAPC [60 nm]/mCP [20 nm]/PO-

T2T [40 nm]/Al [15 nm]/C70 [120 nm]/LiF [1 nm]/Al; 

• Baltas OPB-LET: ITO/MoO3 [1 nm]/TAPC [60 nm]/CzPm [20 nm]/PO-

T2T [40 nm]/Al [15 nm]/C70 [120 nm]/LiF [1 nm]/Al. 

MoO3 ir TAPC sluoksnių buvimas palengvino efektyvią skylių injekciją ir 

transportavimą iš ITO elektrodo į šviesą skleidžiančią TAPC/PO-T2T sluoksnių 

sąsają44, todėl oranžinė elektroliuminescencija turėjo 558 nm smailę. 

Elektroliuminescencijos spektras parodė efektyvų elektronų perėjimą per pralaidžiąją 

bazę, o minimalus srovės nutekėjimas buvo parodytas lyginant kolektoriaus srovės 

tankius (JEC) ir bazės srovės tankius (JEB), kurie buvo gerokai mažesni. 

 

24 pav. Naudojamų junginių molekulinės struktūros a), balto OPB-LET prietaiso 

principinė struktūros schema b) 

Tyrime buvo matuojamos srovės tankio (JEC) ir emisijos ryškumo variacijos 

priklausomai nuo kolektoriaus įtampos (VEC). Bazės įtampa (VEB) buvo keičiama tarp 

„įjungta“ (VEB=4 V) ir „išjungta“ (VEB=0 V) būsenų, atskleidžiant ryškius JEC ir 

ryškumo verčių skirtumus. Elektronų injekcijos efektyvumas didėjo su kartu su 

aukštesne VEB, kas leido reguliuoti elektronų perėjimą per pralaidžiąją bazę. Tačiau 

oranžinio OPB-LET mažas maksimalus EQE (0,17%) rodė, kad reikalinga 

efektyvesnė emisinė sistema. 

Siekiant padidinti efektyvumą, tarp TAPC ir PO-T2T sluoksnių buvo įdėtas mCP 

tarpsluoksnis, todėl buvo matoma mėlyna elektroliuminescencija su 478 nm 

intensyvumo viršūne. 45 Rekombinacijos zona buvo mCP/PO-T2T sluoksnių sąsajoje, 
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su reikšmingu energijos barjeru, neleidžiančiu elektronų injekcijos iš PO-T2T į mCP. 

Nuo įtampos priklausomi srovės tankio grafikai rodė minimalų srovės nutekėjimą per 

bazę. Nepaisant nedidelio skaisčio dėl žmogaus akies jautrumo mėlynai šviesai, 

mėlynasis OPB-LET pasiekė maksimalų EQE 1,2% (9 lentelė). 

9 lentelė. Tirtų OPB-LET prietaisų elektroliuminescencijos parametrai 

OPB-

LET 

Von, V 

esant 

0,1 

cd/m2 

Maksimalus 

ryškumas, 

cd/m2 

EQE, 

% 

EL 

smailė, 

nm 

CIE 1931 

koordinatės, 

 (x; y)* 

CRI* 

Oranžinis 6,7 30 0,17 558  - 

Mėlynas 3,6 7 1,2 478 (0,22, 0,31) - 

Baltas 3,3 300 2,4 478, 556 (0,34; 0,36) 93 

* prie įsijungimo įtampos Von. 

Norint optimizuoti prietaisus siekiant geresnių EL savybių, naujas CzPm emiteris 

pakeistas mCP, sukuriant baltą elektroliuminescenciją su aukštos energijos emisijos 

juosta ties 478 nm ir žemos energijos juosta ties 556 nm. Mėlyna eksitonų emisija iš 

CzPm ir oranžinė eksipleksinė emisija iš CzPm:TAPC sąsajos sukūrė baltą 

elektroliuminescenciją su spalvų koordinatėmis (0,34; 0,36), artimomis natūraliai 

baltai spalvai ir CRI, nuo 77 iki 93. Baltas OPB-LET turėjo mažiausią įjungimo 

įtampą (3,3 V), didžiausią maksimalų šviesumą (300 cd/m²) ir aukščiausią EQE 

(2,4%). 

 

25 pav. a) Baltos spalvos eksiplekso pagrindu veikiančio OPB-LET EL spektras ir 

b) CIE spalvinės koordinatės esant skirtingoms įtampoms; c) perdavimo srovės 

tankio ir įtampos charakteristikos; d) normalizuotas CzPm:PO-T2T, CzPm ir 
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CzPm:TAPC plėvelių PL spektras; e) srovės tankio ir įtampos santykio bei ryškumo 

ir įtampos santykio grafikai, kai bazinė įtampa VEB yra 5 V; f) srovės, galios ir 

išorinis kvantinis efektyvumas, palyginti su srovės tankiu kolektoriuje JEC. CzPm 

eksitonų emisijos ir eksiplekso CzPm:TAPC emisijos spalvų koordinatės 

pridedamos prie CIE spalvų diagramos b) 

CzPm:TAPC eksiplekso TADF savybės buvo patvirtintos fotoliuminescencijos 

spektrų ir PL skilimo kreivių tyrimais temperatūrose nuo 77 K iki 300 K. Laikinės 

skyros EL kreivės patvirtino TADF indėlį į oranžinę emisijos komponentę. Baltasis 

OPB-LET pademonstravo efektyvią elektroliuminescenciją ir aktyvią srovės 

moduliaciją, teikiančią perspektyvių galimybių ateityje įvairiose srityse. 

5.2.2. TADF ir TTA emisijos mechanizmai akridano ir karbazolo pakaitų 

dibenzo[a,c]fenazino pagrindo molekulėse: tripletus išnaudojantys spinduoliai 

ir matricos 

Šis skyrius yra parašytas remiantis publikuotu straipsniu: Chemical engineering 

journal, 2021, 417, 127902 // V. Andruleviciene,  K. Leitonas, D. Volyniuk, G. Sini, 

J. V. Grazulevicius, V. Getautis46. 

Šis tyrimas sutelktas į efektyvių TADF ir TTA mechanizmu pasižyminčių 

junginių, kurie yra žinomi dėl savo stipriai suktų molekulinių struktūrų, paprastai 

turinčių nepakankamas krūvinio transportavimo savybes, charakterizavimą ir analizę. 

Pristatytos naujos medžiagos su dibenzo[a,c]fenazino akceptoriumi, pakeistu C-2 arba 

C-7 pozicijose elektronus donuojančiomis karbazolo (CzDbp) arba akridano 

(AcDbp) grupėmis (26 pav.). Stebėtina, bet šios išvestinės medžiagos parodė TTA ir 

įprastą TADF, kas yra pranašumas kuriant labai efektyvius oranžinės-raudonos 

spalvos OLED. 

 

26 pav. Junginių AcDbp ir CzDbp cheminės struktūros 

AcDbp ir CzDbp jonizacijos potencialai (IP) buvo tiriami naudojant 

fotoelektronų emisiją (PE) ir ciklinę voltamperometriją (CV). PE nustatyti jonizacijos 

potencialai abiem medžiagoms buvo 5,5 eV, o CV matavimų vertės buvo šiek tiek 

mažesnės dėl sustiprintų poliarizacijos efektų kietoje būsenoje. Vakuuminio garinimo 

metodu paruoštų AcDbp ir CzDbp sluoksnių krūvininkų transportavimo savybės 

buvo analizuojamos naudojant lėkio trukmės (ToF) techniką, parodydamos gebėjimą 
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transportuoti tiek skyles, tiek elektronus su krūvinio dreifo mobilumais daugiau nei 

10-3 cm²/Vs esant intensyviems elektriniams laukams. 

Fotofizikinės savybės buvo tiriamos analizuojant UV-vis absorbcijos spektrus 

tetrahidrodurano (THF) ir tolueno tirpaluose. Šie spektrai atskleidė silpną krūvio 

pernašos (CT) uodegą 400–500 nm diapazone (27 pav.). Fluorescencijos spektrai ir 

fotoliuminescencijos kvantiniai našumai (PLQY) parodė Gauso formos emisijos 

profilį, rodantį CT būsenos prigimtį. CzDbp tirpalų PLQY vertės buvo didesnės nei 

AcDbp, tikėtina dėl stipresnio TTA. 

 

27 pav. AcDbp ir CzDbp UV-Vis sugertis a), d), tirpalų ir plėvelių fluorescencijos 

spektrai kambario temperatūroje b), c), THF tirpalų fosforescencijos spektrai 77 K 

temperatūroje e), f) 

Singletinės-tripletinės energijų skirtumai (ΔEST) buvo įvertinti AcDbp ir CzDbp 

tirpalams THF esant 77 K (27 pav.). AcDbp PL spektras rodė CT būsenos prigimtį, o 

CzDbp fosforescencijos (PH) spektras rodė, kad žemiausia emisijos T1 būsena atitiko 

vietinę Dbp branduolio sužadinimo (3LE) būseną. Oro aplinkos ir bedeguonių tolueno 

tirpalų pastoviosios būsenos ir laikinės skyros spektroskopija parodė, kad uždelsta 

fluorescencija kilo iš CT būsenos, rodant tripletinių eksitonų perėmimą per TADF. 

CzDbp tolueno tirpalai turėjo vieno eksponentinio PL gesimo kreivę, rodant tik 

greitą fluorescenciją, bet po deguonies pašalinimo CzDbp tirpalai pasižymėjo 16% 

PLQY padidėjimu, rodančiu kitokį tripletinių būsenų indėlio mechanizmą. Nuo 

temperatūros priklausomi PL spektrai ir PL gesimo kreivės nelegiruotiems ir 

legiruotiems AcDbp ir CzDbp sluoksniams rodė padidėjusius PL intensyvumus ir 

PLQY kylant temperatūrai, kas buvo priskirta TADF (28 pav.). 
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28 pav. PL spektrai a), c) ir PL gesimo kreivės b), d) nelegiruotų AcDbp ir CzDbp 

sluoksnių, kurie buvo išmatuoti skirtingose temperatūrose nuo 77 iki 300 K 

AcDbp parodė potencialą kaip TADF matricos raudoniems OLED dėl savo 

krūvininkų transportavimo savybių ir pirmosios tripletinės būsenos energijos. CzDbp 

turėjo ambipolines krūvinio transportavimo savybes ir didesnę PLQY. Abu junginiai 

buvo naudojami fosforescencinėse OLED (PHOLED), kad parodytų jų tinkamumą 

kaip matricos tipo medžiagų komerciniam raudonam fosforescenciniam emiteriui 

(piq)2Ir(acac). PHOLED prietaisas B su CzDbp kaip pagrindu pasižymėjo geriausiais 

rezultatais, ir pasiekė maksimalų EQE 9%, palyginti su prietaisu C 8%, kuriam 

naudota tradicinė mCP matrica (10 lentelė). 
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10 lentelė. Prietaisų A-J EL charakteristikos 

Prietaisas Emisinis sluoksnis 

aVON/ 
bVDriving,  

V 

CEmax, 

cd/A 

PEmax, 

lm/W 

EQEmax, 

% 

Struktūra: ITO/MoO3/NPB/ Emissive layer /TPBi/LiF:Al 

A (piq)2Ir(acac):AcDbp 3,0/3,85 6,3 4,6 6,0 

B (piq)2Ir(acac):CzDbp 3,4/4,5 9,0 6,4 9,0 

C (piq)2Ir(acac):mCP 4,0/5,2 8,6 5,6 8,0 

Struktūra: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Liq/Al 

D (piq)2Ir(acac):AcDbp 3,2/5,2 9,8 9,1 13,2 

E (piq)2Ir(acac):CzDbp 3,0/4,75 10,3 11,6 15,9 

F (piq)2Ir(acac):mCBP 2,9/4,0 11,5 12,9 13,1 

G (piq)2Ir(acac):NPB 3,2/4,5 6,6 6,7 9,0 

H (piq)2Ir(acac):nBPhen 4,8/8,7 12,5 8,5 14,6 

Struktūra: ITO/HAT-CN/NPB/TCTA/mCBP/ Emissive layer /nBPhen/Liq/Al 

I AcDbp:mCBP 3,6/6,7 41,6 35,3 19,4 

J CzDbp:mCBP 3,7/7,0 54,4 46,2 22,1 
aVON prie 10 cd/m2; bVDriving prie 10 mA/cm2. 

Optimizuotos įrenginių struktūros su pagerintomis krūvinio injekcijos savybėmis 

turėjo geresnes elektroliuminescencijos charakteristikas. Įrenginiai su CzDbp kaip 

matrica parodė didžiausią maksimalų EQE (15,9%) ir mažiausią efektyvumo kritimą 

kylant ryškumui, palyginti su referenciniais OLED su tradiciniais pagrindais (10 

lentelė, 29 pav.). AcDbp ir CzDbp junginiai taip pat buvo ištestuoti kaip spinduoliai 

mCBP matricoje ir pasiekė netikėtai aukštus EQE – atitinkamai 19,4% ir 22,1%. 

 

29 pav. Prietaisų D-J EL spektrai a); EQE priklausomybė nuo ryškumo, kai AcDbp 

ir CzDbp  naudojami kaip matricos b) ir kai naudojami kaip spinduoliai c) 

Apibendrinant reikia  patebėti, kad naujos D-A-D tipo molekulės CzDbp ir 

AcDbp, pasižyminčios bipoliniu krūvinio transportavimu ir tripletinių eksitonų 

perėmimu per TTA arba TADF, taip pat daug žadančiais rezultatais. AcDbp ir CzDbp 
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demonstravo efektyvų tripletinių eksitonų panaudojimą, kas leidžia juos naudoti 

aukštos kokybės OLED prietaisuose. 

5.2.3. Dvigubo ir įprastinio TADF mechanizmų priklausomybė nuo donoro 

pakaitų pirimidino junginiuose 

Šis skyrius yra parašytas remiantis publikuotu straipsniu: Journal of Materials 

Chemistry C, 2021, 9, 3928 // P. Arsenyan, B. Vigante, K. Leitonas, D. Volyniuk, V. 

Andrulevičienė, L. Skhirtladze, S. Belyakov, J. V. Gražulevičius58. 

Skirtingų donorų tipų poveikis daugialypių donorinių-akceptorinių (D-A) 

sąveikų efektyvumui TADF junginiuose iki šiol nebuvo nuodugniai ištirtas. Siekiant 

aiškumo, šiame tekste vartojamas „daugialypių D-A sąveikų“ terminas yra vertinys iš 

anglų kalbos „multiple donor-acceptor interaction“, kuris reiškia, kad šiuo atveju 

molekulė turi 3 donorinius ir vieną akceptorinį fragmentus. Šiame tyrime pristatomi 

įvairūs donorai, įtraukti į kelių D-A TADF emiterių molekulinę struktūrą, sukuriantys 

labai efektyvius TADF junginius, turinčius dvi arba tris 3,6-di-tert-butil-karbazolo 

dalis. Buvo išsamiai apibūdinti du dicianopiridinai su keliais donorais, naudojant 

įvairias spektroskopijos technikas. Vienas dicianopiridino pagrindo junginys, 5a, turi 

tris tos pačios rūšies donorų grupes, konkrečiai 3,6-di-tert-butil-karbazolą, o kitas, 5b, 

turi dviejų tipų donorų grupes: 3,6-di-tert-butil-karbazolą ir 3,7-dibromofenotiaziną 

(30 pav.). OLED, kuriuose buvo naudojamas junginys 5a kaip TADF emiteris, 

pasiekė maksimalų EQE 25%. 

 

30 pav. Cheminės junginių 5a ir 5b struktūros 

Elektrocheminės ir fotofizikinės junginių 5a ir 5b savybės buvo tirtos naudojant 

ciklinę voltamperometriją (CV) ir fotoelektronų emisijos (PE) spektroskopiją. 5a ir 

5b junginių jonizacijos potencialai (IPCV) buvo atitinkamai 5,62 ir 5,31 eV.Žemesnis 

junginio 5b IPCV dėl stiprios elektronų donorinės 3,7-dibromofenotiazino grupės (31 

pav., a). UV-Vis, pastovios būsenos ir laikinės skyros fotoliuminescencijos (PL) 

spektroskopija atskleidė artimas absorbcijos bangų ilgio smailes (390 ir 396 nm) 5a 

ir 5b tolueno tirpaluose (31 pav., b). 
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Nelegiruotose 5a ir 5b plėvelėse buvo pastebimi nestruktūruoti PL spektrai su 

smailių vertėmis atitinkamai 502 ir 598 nm (31 pav., b). 5b legiruotoje mCP matricos 

plėvelėje buvo aptiktas žemo intensyvumo petys PL spektre, rodantis 

persidengiančias emisijos juostas (31 pav., d). 

 

31 pav. 5a ir 5b CV ir fotoelektronų emisijos spektrai a); 5a, 5b junginių tolueno 

tirpalų ir grynų bei legiruotų plėvelių absorbcijos ir emisijos spektrai (sužadinant 

bangos ilgiu 350 nm b); tirpiklio poliškumo poveikis 5a c) ir 5b d) junginių optinei 

sugerčiai ir PL spektrui tirpaluose, kurių koncentracija yra apie 10–4 mg/ml; 5b 

tolueno tirpalo spektrai laike skirtinguose laiko intervaluose po sužadinimo, 

užregistruoti su skirtingais laiko uždelsimais e); 5b tolueno tirpalo PL gesimo 

kreivė, užregistruota esant skirtingiems emisijos bangos ilgiams f) 
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Solvatochrominiai matavimai suteikė įžvalgų apie organinių junginių emisijos 

pobūdį. 5a junginys turėjo platų emisijos spektrą, demonstruojantį smailės plotį pusės 

maksimumo aukštyje  nuo 78 nm (heksane) iki 180 nm (DMF), būdingą normaliai 

TADF elgsenai. 5b junginys turėjo nestruktūruotus emisijos spektrus su dviem 

plačiomis juostomis, besislenkančiomis raudonos spalvos bangos ilgių kryptimi 

didėjant tirpiklio poliškumui, rodant dvigubos prigimties TADF emisiją. Laiko 

išskaidytos PL matavimai atskyrė tiesioginės ir uždelstos fluorescencijos spektrus, 

atskleidžiant tris persidengiančias juostas (500, 573 ir 635 nm) 5b junginiui. 

5a ir 5b plėvelių PL spektrai ir gesimo kreivės mCP matricoje buvo užrašyti 

esant skirtingoms temperatūroms. Maži ΔEST buvo gauti THF tirpaluose 5a ir 5b (0,1 

eV ir 0,04 eV) ir 5a legiruotoje mCP plėvelėje (0,11 eV). Ilgalaikė 5a ir 5b 

fluorescencija buvo identifikuota kaip TADF, nes intensyvumas didėjo kylant 

temperatūrai. 

Teoriniai skaičiavimai (TD-DFT), atlikti bendraautorės Dr. Viktorijos 

Andrulevičienės, parodė, kad 5a TADF yra susijęs su CT perėjimais iš 3,6-di-tert-

butil-9-fenilkarbazolo grupių į fenilpiridino-3,5-dikarbonitrilo grupes (S1 – S0), o 

dvigubos prigimties 5b TADF mechanizmas atitinka CT perėjimus iš 3,7-

dibromofenotiazino grupių į fenilpiridino-3,5-dikarbonitrilo vienetus (S1 – S0) ir 

piridino-3,5-dikarbonitrilo vienetus (S2 – S0). 

OLED buvo testuoti su emiteriais 5a ir 5b legiruotomis ir nelegiruotomis 

konfigūracijomis:  

• ITO/MoO3 [0.6 nm]/NPB [35 nm]/mCP [6 nm]/5a (arba 5b) (30 arba 100 

masės %):mCP [25 nm]/TSPO1 [6 nm]/TPBi [35 nm]/LiF [0.6 nm]/Al. 

Nelegiruoti ir legiruoti prietaisai n-5a, d-5a, n-5b ir d-5b rodė stabilią žalią ir 

oranžinę elektroliuminescenciją esant skirtingoms įtampoms. n-5a ir d-5a prietaisai 

turėjo aukštesnę įjungimo įtampą nei n-5b ir d-5b, atitinkančią 5a aukštesnę IPPE vertę 

(6,09 eV), palyginti su 5b (5,95 eV). n-5a ir d-5a prietaisai pasiekė maksimalų 

šviesumą daugiau nei 30 000 cd/m², o n-5b ir d-5b pasiekė daugiau nei 3 000 cd/m². 

EQE n-5a ir d-5a buvo 8,1% ir 11,7%, o n-5b ir d-5b buvo mažesni – 3,1% ir 3,2%. 

11 lentelė. OLED prietaisų EL parametrai 

Prietaisas Von a, V λEL
b, nm EQEmax, EQE100, EQE1000

c, % 

n-5a 4,9 515 8,1; 8,0; 7,8 

d-5a 4,6 523 11,7; 11,1; 10,7 

o-5a 3,9 512 25,0; 15,2; 11,8 

n-5b 4,4 588 3,1; 2,8; 2,6 

d-5b 4,3 588 3,2; 3,1; 2,7 

o-5b 5,1 582 5; 3,5; 0,6 
a Von esant 10 cd/m2. b λEL esant 5 V. c EQEmax, EQE100 ir EQE1000 esant atitinkamai 10, 

100 ir 1000 cd/m2. 

Mažesnis 5b prietaisų efektyvumas gali būti priskirtas dvigubos prigimties 

TADF emisijai ir mažesniems kvantiniams našumams dėl energijos perdavimo per 
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vidinę konversiją (IC) iš S2 į S1. Šis papildomas energijos perdavimas mažina emisijos 

efektyvumą ir prailgina emisijos gesimą, su 5b rodant PL gyvavimo trukmes, 

siekiančias vieną milisekundę. Ilga emisijos trukmė padidina eksitonų-eksitonų ir 

eksitonų-polaronų anihiliacijos tikimybę, mažinant EQE ir prietaisų ilgaamžiškumą. 

Optimizuota OLED su struktūra:  

• ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 nm]/5a (arba 

5b) (20 masės %):mCBP [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al.  

Pasiekė maksimalų EQE – 25% (5a) ir 5% (5b) dėl pagerėjusios skylių-

elektronų rekombinacijos (11 lentelė, 32 pav.). 

 

32 pav. EL spektrai esant skirtingoms įtampoms a) ir b); srovės tankio ir ryškumo 

priklausomybė nuo įtampos c); efektyvumo priklausomybė nuo srovės tankio d) 

optimizuotuose OLED 

Taigi šiame tyrime buvo ištirti du dicianopiridino pagrindo junginiai su 

skirtingomis donorų konfigūracijomis. Junginys 5a, pasižymintis įprastinėmiss TADF 

savybėmis, pasiekė didelį prietaisų ilgaamžiškumą ir maksimalų EQE 25% 

legiruotuose ir optimizuotuose prietaisuose. Junginys 5b su dvigubos prigimties 

TADF savybėmis rodė mažesnį prietaisų ilgaamžiškumą ir maksimalų EQE 5%. 

Tyrimas parodė, kad trumpesnės PL gyvavimo trukmės gali būti puikus indikatorius, 

siekiant bendro OLED stabilumo ir efektyvumo. 
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5.2.4.  3,5-Dicianopiridino pagrindo elektronus transportuojantys 

puslaidininkiams: nuo dizaino ir sintezės iki efektyvių organinių šviesos diodų 

Šis skyrius yra parašytas remiantis publikuotu straipsniu: Journal of Materials 

Chemistry C, 2023, 11, 28 // K. Leitonas, B. Vigante, D. Volyniuk, R. Keruckienė, P. 

Dimitrijevs, T. L. Chiu, J. V. Gražulevičius, P. Arsenyan68. 

Šiuolaikinis OLED efektyvumas buvo pasiektas dėl tinkamų aktyvios emisijos 

sluoksnio sistemų matricų. Šios matricos pagerina skylių ir elektronų rekombinaciją, 

užtikrindamos krūvių pusiausvyrą šviesą emituojančiuose sluoksniuose ir 

sumažindamos emisijos slopinimo reiškinius. 75 Dauguma OLED matricų turi skylių 

transportavimo arba bipolines savybes, kur skylių judrumas yra didesnis nei 

elektronų. 76,77 Tačiau OLED matricų, galinčių transportuoti elektronus, pasirinkimas 

kol kas yra ribotas. 78 

Siekiant išspręsti šią problemą, 3,5-dicianopiridinas buvo pasirinktas kaip 

pagrindinis komponentas organiniams puslaidininkiams, kurie palengvina elektronų 

transportavimą, kurti. Nors 3,5-dicianopiridino dariniai jau seniai naudojami 

farmacijoje 79,80,81,82,83,84, jų naudojimas optoelektroniniuose įrenginiuose išlieka 

ribotas. Šiame tyrime buvo įvertinta 3,5-dicianopiridino darinių tinkamumas junginių, 

skirtų specialiai optoelektronikai, kūrimui. Buvo ištirti trys 3,5-dicianopiridino 

dariniai (PPDD, FPDD ir CzPDD) (33 pav.) elektrocheminiais, fotofizikiniais, 

elektrooptiniais ir elektroliuminescenciniais metodais. OLED, pagrįsti TADF 

spinduoliu 4,6-di(9,9-dimetilakridan-10-il)isofalonitrilu (DAcIPN) ir 3,5-

dicianopiridino matrica (FPDD), pasiekė maksimalų EQE 21,9%, kas yra daug 

daugiau nei užfiksuotas efektyvumas su komerciškai prieinamu mCBP pagrindu tomis 

pačiomis sąlygomis. 

 

33 pav. Cheminės junginių PPDD, FPDD ir CzPDD struktūros 

Tyrimas prasidėjo nuo elektrocheminių PPDD, FPDD ir CzPDD savybių 

tyrimo, naudojant ciklinę voltamperometriją (CV). Visi trys dariniai rodė negrįžtamus 

oksidacijos ir kvazigrįžtamos redukcijos procesus. Stipresnis karbazolo fragmento 
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elektronų donorinis gebėjimas lėmė mažesnę IPCV vertę CzPDD (5,7 eV), palyginti 

su PPDD (5,92 eV) ir FPDD (6,06 eV). Elektronų giminingumo (EACV) vertės buvo 

panašios visų trijų junginių (2,95–2,98 eV). CzPDD junginio plėvelė turėjo šiek tiek 

didesnę IPPE vertę (5,94 eV) dėl molekulių sąveikos plėvelėje (12 lentelė). 

12 lentelė. Elektrocheminiai ir fotoelektriniai junginių PPDD, FPDD ir CzPDD 

parametrai 

Junginys aIPCV, eV bEACV, eV cEg
opt, eV dIPPE, eV eEAPE, eV 

PPDD 5,92 2,96 3,74 n/a n/a 

FPDD 6,06 2,95 3,83 n/a n/a 

CzPDD 5,7 2,98 3,25 5,94 2,69 
a IPCV(eV) = Eonset, ox (V) + 4,8; b EACV (eV) = Eonset,red(V) + 4,8; c optinės draustinės juostos 

pločio reikšmė, gauta iš sugerties spektro tiesinės; d IPPE, nustatyta iš plėvelių fotoelektronų 

emisijos ore metodu; e EAPE apskaičiuotas pagal formulę: IPPE – Eg
opt = EAPE. 

UV-Vis absorbcijos ir fotoliuminescencijos (PL) spektroskopijos buvo 

naudojamos PPDD, FPDD ir CzPDD fotofizikinėms savybėms apibūdinti. PPDD ir 

FPDD absorbcijos spektrai buvo beveik identiški, su stipria smaile, maždaug 280–

290 nm, ir aiškiai matoma 296 nm peties juosta. CzPDD, turintis fenilkarbazolo 

grupę, rodė skirtingus absorbcijos spektrus su aukštos energijos juosta, piko vertėje 

ties maždaug 290 nm ir mažiau intensyvia juosta ties 333 nm. Intramolekulinis krūvio 

pernešimas (ICT) buvo aptiktas tarp karbazolo ir 3,5-dicianopiridino ties bangos 

ilgiais virš 340 nm (34 pav., a). 

Junginyje CzPDD buvo užfiksuoti minimalūs absorbcijos smailių pokyčiai, 

keičiant tirpiklio poliškumą, kas rodo, kad CzPDD turi santykinai nepolišką 

pagrindinę energijos būseną. Tačiau sužadintose būsenose buvo pastebėti poslinkiai 

raudonų bangų ilgių link CzPDD PL spektruose tirpaluose, esant didesniam tirpiklio 

poliškumui (34 pav., a). Organinių elektroaktyvių junginių tripletinės energijos yra 

svarbios parenkant tinkamas matricas fosforescenciniams arba TADF OLED. PPDD 

ir FPDD rodė identiškas tripletines energijas – 2,79 eV, o CzPDD tripletinė energija 

buvo 2,68 eV (34 pav., c). 
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34 pav. Normalizuoti UV-VIS ir PL a) spektrai plėvelių, tolueno ir THF tirpalų 

PPDD, FPDD ir CzPDD su 1×10-5 M koncentracija; tolueno tirpalų PL gesimo 

kreivės b); intarpas rodo mėginius UV šviesoje. THF tirpalų PPDD, FPDD ir 

CzPDD esant 77 K PL ir PH PH spektrai c); PPDD ir FPDD sužadinimo bangos 

ilgis (λex) buvo 300 nm, o CzPDD – 340 nm 

Praskiestų CzPDD tirpalų PL spektrai turėjo reikšmingą raudoną poslinkį su 

emisijos piko bangos ilgiu, besikeičiančiu nuo 439 nm tolueno tirpale iki 560 nm THF 

tirpale (34 pav., a). CzPDD plėvelės bandinys rodė didžiausią emisijos intensyvumą 

ties 487 nm, per vidurį tarp tolueno ir THF tirpalų emisijos intensyvumų. PPDD ir 

FPDD PL spektrai rodė minimalius emisijos energijos skirtumus ištirpinti mažo 

poliškumo tirpikliuose (35 pav., a, b). Tačiau didelio poliškumo tirpikliuose, tokiuose 

kaip DMF ir acetonitrilas, buvo pastebėti reikšmingi poslinkiai link ilgesnių bangų 

ilgių ir spektrų išsiplėtimas, rodantis galimą krūvio pernešimo (CT) emisiją. PPDD ir 

FPDD rodė netiesinius Lippert-Mataga grafikų ryšius, parodančius hibridizuotų 

lokalių ir krūvio pernešimo (HLCT) būsenų savybes.  
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35 pav. Normalizuoti praskiestų PPDD, FPDD ir CzPDD skirtingų poliškumų 

tirpalų spektrai a), b), c) ir atitinkami Lippert-Mataga grafikai d), e), f), kuriuose 

pavaizduota Stokso poslinkio ∆(𝜐) priklausomybė nuo tirpiklio orientacijos 

poliarizuotumo funkcijos ∆(𝑓) 

TADF spinduolių emisijos efektyvumas smarkiai priklauso nuo matricų 

savybių. PPDD, FPDD ir CzPDD buvo įvertinti kaip galimos matricos labai 

efektyviam TADF emiteriui DAcIPN. Aukštos tyrinėtų medžiagų tripletų energijos 

gali padėti sukoncentruoti tripletinių būsenų energiją iš DAcIPN ir ją panaudoti 

emisinei rekombinacijai. OLED prietaisų gamyba buvo atlikta kaip galutinis 

eksperimentinio tyrimo etapas. Tyrime buvo nagrinėjamas FPDD ir CzPDD kaip 

matricų veikimas OLED prietaisams su šia struktūra (36 pav.): 

• ITO/HAT-CN [5 nm]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 

nm]/DAcIPN:matrica [50 nm]/NBPhen [30 nm]/Liq [2 nm]/Al.  
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36 pav. OLED prietaisų sluoksnių ir energetinių lygmenų diagrama a) bei 

emisiniame sluoksnyje naudotų medžiagų cheminės struktūros b) 

13 lentelė. OLED prietaisų A-C EL charakteristikos 

Prietaisas A B C 

Emisinis sluoksnis 
DAcIPN (10 masės 

%):FPDD 

DAcIPN (10 masės 

%):CzPDD 

DAcIPN (10 masės 

%):mCBP 

VON, V @ 10 cd/m2 3,76 3,2 4,3 

EQEmax, EQE100, 

EQE1000, % a 21,9; 12,1; 9,5 8,6; 4,0; 3,7 12,2; 6,7; 5,6 

EL smailė, nm prie 

1000 cd/m2 
540 542 526 

a maksimali EQE vertė esant 100 ir prie 1000 cd/m2 skaisčiui.  

Įdomu tai, kad OLED su FPDD kaip matrica turėjo beveik dvigubai didesnį 

efektyvumą nei referencinis OLED su mCBP (21,9% ir 12,2%) (13 lentelė). EQE 

verčių skirtumai tarp OLED prietaisų A-C gali būti paaiškinami geresnėmis FPDD 

matricos savybėmis, palyginti su CzPDD arba mCBP. Akivaizdu, kad tripletai gali 

būti efektyviau surenkami DAcIPN emiteriu, kai jis yra išsklaidytas FPDD matricoje, 

nei kai jis yra CzPDD arba mCBP.  
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Rezultatai rodo, kad dicianopiridino darinys su fluorofenilų grupe (FPDD) turi 

didelį potencialą pagerinti žalių TADF OLED efektyvumą. Dėl aukštos tripletinės 

energijos (2,79 eV), FPDD taip pat gali būti naudojamas kaip matrica mėlyniems 

spinduoliams, kurie skleidžia šviesą ties bangos ilgiais, didesniais nei 450 nm. 

5.3. Išvados 

1. Tyrimo metu buvo ištirti trys vertikalių organinių pralaidžios bazės šviesą 

skleidžiančių tranzistorių (OPB-LET) tipai: oranžiniai, mėlyni ir balti. Buvo parodyta, 

kad TADF eksipleksiniai emiteriai OPB-LET prietaisuose su vertikalia struktūra 

sėkmingai pasiekė aukštos kokybės baltą elektroliuminescenciją: 

1.1. Oranžinio eksiplekso panaudojimas: Nustatyta, kad oranžinis 

eksipleksas gali būti sukurtas derinant naują mėlyną emiterį su donorine medžiaga 

TAPC lygiomis dalimis. Šis eksipleksas rodė minimalų singletinio-tripletinio 

energijos skirtumą (ΔEST) – 0,02 eV ir stiprias TADF savybes. Naudojant šią 

kombinaciją emisiniame sluoksnyje, buvo įveikti ankstesni iššūkiai, susiję su 

elektronų injekcija OPB-LET prietaisuose, kas žymi reikšmingą medžiagų 

panaudojimo pažangą. 

1.2. Baltų OPB-LET veikimas: Nauji balti OPB-LET pasiekė maksimalų 

išorinį kvantinį efektyvumą – 2,4 %, mažą įjungimo įtampą – 3,3 V ir aukštą 

maksimalų šviesumą – 300 cd/m². Be to, šie prietaisai galėjo moduliuoti srovės tankį 

(JEC) ir šviesumą, reguliuojant bazės įtampą (VEB), kas pabrėžia panaudotų medžiagų 

potencialą didinti elektroliuminescencinių prietaisų efektyvumą ir veikimą. 

1.3. Spalvos kokybė: Buvo pastebėta, kad balti OPB-LET pasiekė spalvų 

perteikimo indeksus nuo 77 iki 93 bei stabilias CIE spalvų koordinates. Šie rezultatai 

rodo aukštą spalvų kokybę, todėl tokia konfigūracija galėtų būti tinkama įvairiais 

apšvietimo taikymo atvejais. 

Šio tyrimo rezultatai ne tik padidina TADF mechanizmų organiniuose 

emiteriuose supratimą, bet ir pabrėžia eksipleksais pagrįstų baltų OPB-LET 

praktiškumą, atveriant kelią būsimoms inovacijoms elektroliuminescencinių 

technologijų srityje.  

2. Buvo atlikti tolesni naujai sukurtų donoro-akceptoriaus-donoro (D-A-D) 

tipo molekulių, konkrečiai karbazolu arba akridanu pakeistų dibenzo[a,c]fenazinų 

(CzDbp ir AcDbp), tyrimai. Šios molekulės buvo tiriamos pastovios būsenos ir 

laikinės skyros spektroskopijos metodais, kurie pabrėžė jų efektyvumą perimant 

tripletinius eksitonus per TTA ir TADF mechanizmus bei puikias emisines ir matricų 

savybes: 

2.1. Fotofizikinės savybės: Fotofizikinė analizė parodė, kad CzDbp ir AcDbp 

turi savybių, kurios yra naudingos aukšto našumo elektroliuminescenciniams 

taikymams. Šios savybės apima efektyvų tripletinių eksitonų surinkimą, naudojant 

konkurencingus TADF ir TTA mechanizmus, suteikiant gilesnį supratimą apie 

mechanizmus, kurie daro įtaką prietaisų veikimui. 

2.2. Taikymas OLED: Pradžioje šie junginiai buvo išbandyti kaip tripletinių 

eksitonus surenkančios matricos raudonajam fosforescenciniam emiteriui 

(piq)2Ir(acac) OLED prietaise. Buvo nustatyta, kad abiejų junginių veikimas buvo 
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palyginamas su arba geresnis už tradicinių matricos tipo junginių, o CzDbp matrica 

pasiekė iki 15,9 % išorinį kvantinį efektyvumą. Be to, išbandant juos kaip spinduolius, 

buvo pasiekti reikšmingi išoriniai kvantiniai efektyvumai – 19,4 % ir 22,1 % 

atitinkamai oranžiniams (AcDbp) ir geltoniems (CzDbp) OLED. 

Šie tyrimai ne tik demonstruoja CzDbp ir AcDbp potencialą pažangiuose 

elektroliuminescenciniuose taikymuose, bet ir reikšmingai prisideda prie šios srities, 

parodydami šių medžiagų universalumą ir efektyvumą aukšto našumo OLED. 

3. Tolesni tyrimai buvo atlikti su dviem keletu donorų pakeistais 

dicianopiridinais, kur vienas junginys turėjo tris tos pačios rūšies donorus (3,6-di-tert-

butil-karbazolas) (5a), o kitas – dviejų tipų donorus (3,6-di-tert-butil-karbazolus ir 

3,7-dibromofenotiaziną) (5b) jų molekulinėse struktūrose. Šie junginiai buvo 

vertinami kaip TADF emiteriai, skirti efektyviems OLED: 

3.1. TADF emisija: Buvo pastebėta, kad junginiai rodė žalią ir oranžinę 

TADF tipo emisiją iš dviejų skirtingų intramolekulinių krūvio pernešimo būsenų. Šie 

rezultatai pažymi šių medžiagų potencialą būti panaudotoms aukšto efektyvumo 

elektroliuminescenciniuose prietaisuose. 

3.2. Spinduolių savybių vertinimas: Spinduolis, pažymėtas kaip 5b, 

demonstruojantis dvigubos prigimties TADF, buvo pripažintas kaip neefektyvus dėl 

neefektyvios sužadintos būsenos relaksacijos, pasireiškiant trumpais prietaisų 

gyvavimo laikais ir bendrai mažu OLED efektyvumu, pasiekiančiu tik 3,1 % išorinio 

kvantinio efektyvumo nelegiruotuose ir 5 % legiruotuose bei optimizuotuose 

prietaisuose. Priešingai, emiteris 5a, turintis tik vieno tipo donorus, pasirodė esąs daug 

efektyvesnis. Šis spinduolis ne tik suteikė santykinai ilgą prietaiso tarnavimo laiką, 

bet ir pasiekė aukštą maksimalų išorinį kvantinį efektyvumą – 8,1 % nelegiruotuose 

prietaisuose ir įspūdingus 25 % legiruotuose bei optimizuotuose OLED. Galima teigti, 

kad dviejų tipų donorai (5b) šioje konfigūracijoje yra nenaudingi, nes sukūrė antrinius 

krūvio pernašos kanalus, todėl patyrė sunkumų tiesioginiame krūvininkų relaksacijos 

procese, didelę dalį energijos atpalaidavo nespinduliniu būdu. O spinduolis 5a turi 

vieną krūvio pernašos kanalą tarp donoro ir akceptoriaus, dėl to eksitonai 

panaudojami daug efektyviau. 

Šie rezultatai pabrėžia kritinę donoro tipo ir konfigūracijos įtaką TADF OLED 

efektyvumui ir stabilumui, suteikdami vertingų įžvalgų apie medžiagų dizainą 

būsimiesiems aukšto našumo elektroliuminescenciniams prietaisams. 

4. Tyrimai taip pat buvo atlikti su trimis (1,3-fenileno)bis(2,6-

dimetilpiridino-3,5-dikarbonitrilo) dariniais, turinčiais skirtingus pakaitalus fenileno 

dalyje (PPDD, FPDD ir CzPDD), siekiant įvertinti jų potencialą kaip tripletinius 

eksitonus išnaudojančias matricas OLED prietaisams: 

4.1. Tripletinė energija ir krūvinio pernešimo savybės: Buvo pastebėta, kad 

visi junginiai turėjo praktiškai identiškas aukštas tripletines energijas, svyruojančias 

nuo 2,68 iki 2,79 eV. Šios aukštos tripletinės energijos yra būtinos efektyviam 

tripletinių eksitonų surinkimui ir energijos nuostoliams per neradiacinius gesimo 

kelius mažinti. Be to, buvo nustatyti aukšti jonizacijos potencialai (5,7–6,06 eV) kartu 

su panašiais elektronų giminingumais apie 3,0 eV. Šios savybės rodo potencialą būti 
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efektyviems krūvinio pernešimo mechanizmams OLED, kurie yra būtini aukštam 

elektroliuminescenciniam efektyvumui pasiekti. 

4.2. Tripletų surinkimo mechanizmai: Tyrimas atskleidė, kad junginiai 

PPDD ir FPDD, turintys atitinkamai fenilų ir fluorofenilų grupes, , rodo hibridizuotos 

ir lokalios krūvio pernašos (HLCT) savybes. O CzPDD, kuriame yra fenilkarbazolo 

grupė, demonstravo TADF mechanizmą tripletams perimti. 

4.3. OLED matricų efektyvumas: Tolimesni bandymai apėmė FPDD ir 

CzPDD junginių kaip matricų naudojimą žaliam TADF emiteriui DAcIPN. Junginys 

CzPDD puikiai pasirodė kaip matrica, leisdamas pasiekti  reikšmingą maksimalų 

išorinį kvantinį efektyvumą – 21,9 %. Šis rezultatas labai pagerina 12,9 % 

efektyvumą, nustatytą su tradicine matrica mCBP, tik dar labiau pabrėžia puikias 

naujosios matricos tripletų surinkimo savybes. 

Šios išvados pabrėžia molekulinių pakaitų, įtakojančių fotofizikines savybes ir 

OLED matricų efektyvumą, svarbą bei suteikia įžvalgų, kaip kurti efektyvesnius 

elektroliuminescencinius prietaisus. 
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