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LIST OF ABBREVIATIONS

1 —9,9'-bis(4-fluorophenyl)-3,3'-bicarbazole

2 —9,9'-bis(4-trifluoromethylphenyl)-3,3'-bicarbazole

3 — 4,4'-bis[N-(1-naphthyl)-N-phenylamino]benzophenone
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6 — 4-(2H-benzo[d][1,2,3]triazol-2-yl)-2,3,5,6-tetrakis(3,6-di-tert-butyl-9H-
carbazol-9-yl)benzonitrile

7 — 2,3,5,6-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)-2'-(trifluoromethyl)-[1,1'-
biphenyl]-4-carbonitrile

8 — methyl 4'-cyano-2',3',5',6'-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yI)-[1,1'-
biphenyl]-2-carboxylate

9 — methyl 4'-cyano-2',3',5',6'-tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)-2-methyl-
[1,1'-biphenyl]-4-carboxylate

10-9,9',9",9"-[3-(pyrimidin-5-yl)-6-(trifluoromethyl)-benzene-1,2,4,5-
tetrayl]tetrakis(3,6-di-tert-butyl-9H-carbazole)

11-9,9',9",9"-[3-(pyrimidin-2-yl)-6-(trifluoromethyl)benzene-1,2,4,5-
tetrayl]tetrakis(3,6-di-tert-butyl-9H-carbazole)

12 -9,9',9”,9"-[3-bromo-6-(trifluoromethyl)benzne-1,2,4,5-tetrayl]-tetrakis(3,6-di-
tert-butyl-9H-carbazole)

13 —-2',3",5',6'-Tetrakis(3,6-di-tert-butyl-9H-carbazol-9-yl)-2-methyl-4'-
(trifluoromethyl)-[1,1'-biphenyl]-4-carbonitrile

14 —9,9',9",9"-[3-(pyridin-2-yl)-6-(trifluoromethyl)benzene-1,2,4,5-
tetrayl]tetrakis(3,6-di-tert-butyl-9H-carbazole)

4CzTPN - 2,3,5,6-tetrakis(carbazol-9-yl)-1,4-dicyanobenzene

ACQ - aggregation-caused guenching

AIE — aggregation-induced emission

AIEE — aggregation-induced emission enhancement

CE — current efficiency

CIE — Comission Internationale de I’Eclairage

CT — charge transfer

CV —cyclic voltammetry

DCM - dichloromethane

DF — delayed fluorescence

DFT — density functional theory

DMF — dimethylformamide

DMSO - dimethyl sulfoxide

DSC - differential scanning calorimetry

E. — activation energy

EAcv — electron affinity measured by CV

EBL — electron blocking layer

E° — optical band gap

EIL — electron injection layer
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EL — electroluminescent

EML — emissive layer

Eox — oxidation potential

EQE — external quantum efficiency

Es: — energy of first singlet state

ETL — electron transport layer

ETM — electron-transporting material

Er1 — energy of first triplet state

ExBL — exciton blocking layer

Fc — ferrocene

FL — fluorescence

FTO — fluorine doped tin oxide

Fw —water fractions

HIL — hole injection layer

HOMO - highest occupied molecular orbital

HTL — hole transport layer

HTM - hole transporting material

IC — internal conversion

ICT — intermolecular charge transfer

IPcv — ionization potential measured by CV

IPpe — ionization potential measured by photoelectron spectroscopy
IQE — internal quantum efficiency

Ir(pig)2(acac) — bis(1-phenylisoquinoline)(acetylacetonate)iridium(l11)
ISC — intersystem crossing

ITO — indium tin oxide

J-V — current density-voltage

Lmax — maximum brightness

LUMO - lowest unoccupied molecular orbital

mCP — 1,3-bis(N-carbazolyl)benzene

MoOQOj3; — molybdenum trioxide

NPB — N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1’-biphenyl)-4,4’-diamine
OLED - organic light emitting diode

OPVs — organic photovoltaic cells

PE — power efficiency

PEDOT:PSS - poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
PFBP-2b — 10,10"-(perfluoro-[1,1'-biphenyl]-4,4'-diyl)bis(2,7-di-tert-butyl-9,9-
dimethyl-9,10-dihydro-acridine)

PhOLEDs — phosphorescent organic light-emitting diodes

PL — photoluminescence

PLQY - photoluminescence quantum yield

PVD - physical vacuum deposition

RISC — reversed intersystem crossing

TADF - thermally activated delayed fluorescence

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

Tae-50% — 5% weight loss temperature



Tq°™ — temperature of onset of thermal degradation
TFB — poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)
Ty — glass transition temperature

TGA — thermogravimetric analysis

THF — tetrahydrofuran

TICT — twisted intermolecular charge transfer

Tm — melting temperature

ToF — time-of-flight

TPBI —2,2°,2°’-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
TSPO1 — diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide
TTA — triplet-triplet annihilation

UV-VIS — ultraviolet-visible

Von — turn-on voltage

AEsit1 — first singlet-triplet energy gap

kpg — radiate rates of delayed fluorescence

kysc — intersystem crossing rate

k3 — non-radiative rates of the singlet state

kI — non-radiative rates of the triplet state

kpp — radiative rates of prompt fluorescence

KRrisc — reverse intersystem crossing rate

Aavs — Wavelength of absorption maximum

ApL — Wavelength of emission maximum

wo — hole drift mobility value at 0 V cm™ field strength
Hnoles — hole drift mobility

npr — delayed fluorescence quantum yield

Nisc — intersystem crossing quantum yield

Npr— prompt fluorescence quantum yield

Nrisc — reverse intersystem crossing quantum yield

T — excited-state lifetime

T — lifetime of delayed fluorescence

Tpr — lifetime of prompt fluorescence

Tpr — hon-radiative decay of prompt fluorescence
Tpp — radiative decay of prompt fluorescence



1. INTRODUCTION

Organic semiconductors attract an outstanding attention due to their astonishing
optoelectronics properties having numerous potentialities®. Due to their tunable
properties, organic materials have the potential to be used in different devices, such
as photovoltaics (PVs), field-effect transistors (FETS), and specifically, light-emitting
diodes (LEDs)*°. Additionally, organic materials are widely adaptable with different
fabrication methods (for instance, vacuum deposition, spin-coating method, roll-to-
toll coating as well as ink-jet printing), which provide all possibilities for
commercialization®’. Since the publication of the research article by Tang and
VanSlyke in 19878, reporting the world's first working organic light-emitting diodes
(OLEDSs) by embedding the two layers of organic thin films between two electrodes,
these diodes have attracted strong interest from both industrial researchers as well as
academic scientists, and OLEDs have become a well-established and mature display
technology. Almost half of the sold mobile phones during the year 2021 were made
up of OLED displays®. OLED fabrication needs lower temperatures’® and less
hazardous substances in comparison to the inorganic materials. Instead of the narrow
viewing angle provided by the liquid-crystal displays (LCDs), OLEDs usually feature
a Lambertian emission distribution and require less active components compared to
an LCD'*2, It is more practical to fabricate micro-OLED displays for the eye-friendly
screens by minimizing the OLED pixel size to only a few micrometers®®. The
breakthrough in the development of efficient high quality sources of light that can be
utilized for artificial lighting was the introducing of blue-colored LEDs, which was
rewarded with the Physics Nobel Prize in 2014, In addition to the white organic light
emitting diodes (WOLEDSs), which are high potential candidates for industrial scale
solid state light sources, monochrome OLEDs can be utilized as light sources in
automotive industries!>*. Two main practical applications of Organic LEDs as solid-
state lighting and display are enabled by two core properties of derived device layouts
and organic semiconductor materials. The OLEDs, which are made from thin films,
are area light sources, and they can provide new opportunities for different
applications. Associated with the quite low rigidity of the organic materials, the
nanoscale films grant the fabrication of OLEDs on foldable and flexible substrates as
well"18, Additionally, the color and the broadening of the emission spectrum from
organic semiconductors can be tuned by the synthesis of organic compounds. Using
more than one emitter in the emissive layer allows eye-friendly natural light to be
made most efficiently®?, New fabricated efficient OLEDs have reached efficiencies,
which are on a par with fluorescent tubes*?2, At the same time, the device lifetime
becomes compatible with other commercial light sources, and OLEDs that are
reaching more than 100,000 hours have already been reported?. However, still
suitable material combinations that obtain long lifetime and high efficiency together
with good color rendering in OLEDs are hard to find. One of the main explanations
for widespread market of OLED in display technology and not in lighting area, is the
efficiency roll-off, which is a quite fast efficiency loss at high current density or
luminance® %, Fig. 1.1 a shows this efficiency roll-off and illustrates two different
OLED applications, which are separated according to their brightness regime. The
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required brightness for the display market and industry is between 100 to 500 cd/m?,
and in the case of solid state lighting, it is between 1,000 and 10,000 cd/m? 26-28,
Therefore, high brightness is one of the most important challenges to be addressed in
order to enable the use of OLEDs in the solid state lighting. Along with stability and
efficiency of OLEDs, the color quality and purity of the lights are highly demanded,
especially in the display market. In 2012, the International Telecommunication Union
(ITU) introduced the new color gamut standard called the BT 2020 or Rec. 2020 for
ultra-high-definition TV (UHDTV), and in comparison with the previously reported
standards, such as National Television Standards Committee (NTSC), the color gamut
became wider (Fig. 1.1 b)%.

CIE 1931
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Fig. 1.1. Scheme of efficiency loss (roll-off) in low and high luminance for display and
lighting application (a), Planckian locus in the CIE 1931 chromaticity diagram and two
different display Color Gamuts and Standards (b) the spin states of singlet and triplet states
with their spin quantum numbers (ms) (c), simplified Jablonski diagram (d)*

]
;
]
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Considering all that have been mentioned above and aiming to obtain better light
quality and higher efficiencies in OLEDs, the urgent need for the synthesis and
characterization of novel materials showing good photoluminescence quantum yield
(PLQY) and internal quantum efficiency (IQE) are becoming more crucial.
Subsequent research has deduced that a huge limitation of fluorescent OLEDs is their
large contribution of generated “dark” excited triplet states, which do not have any
role in photon generation; thus, in the case of fluorescent compounds, merely
emission, which comes from singlet states (25% of all excitons), contributes to the
total quantum efficiency. The triplet exciton radiative decays (75% of the total
generated excitons) into the electron ground state is not allowed by the quantum
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theory rules® (Fig. 1.1 c). Since 1997, heavy organometallic complexes with emissive
triplet states were utilized for harvesting generated singlet and triplet excitons, and an
external quantum efficiency (EQE) of 20%, corresponding to potentially 100% IQE,
was finally obtained in a phosphorescent OLEDs (PHOLEDs)3*2-%, The strong spin-
orbit coupling in the compounds with heavy (high dense) metals can improve the
intersystem crossing processes, which can bring about the combination of the singlet
and triplet natures of electron excited states. This phenomenon may result in the
shortened lifetime of the triplet excited state, and accordingly, the phosphorescence
emission can be detected easily***”. Green and red phosphorescent compounds have
been extensively exploited in the active-matrix OLEDs (AMOLEDSs) display market.
However, the stability and lifetime of reported blue PHOLEDSs need to be further
developed®49, In 2012, a scientific paper by Adachi and co-workers in Nature journal
revolutionized the entire OLED research area*. The first evidence of the mentioned
phenomena in a fully organic molecule was rationalized a few decades ago*>*, and
it proposed the solutions for common OLED issues, which attracted the attention of
several research groups all around the world, and the process is referred to as
thermally activated delayed fluorescence (TADF) phenomenon (Fig. 1.1 d). Over the
past 11 years, aiming to tackle both efficiency and stability issues of OLEDs, the
researchers have been designing and synthesizing new TADF compounds, which are
heavy metal-free emitters*-¢. TADF compounds allow (similar to the compounds
with phosphorescence emission) for the exploitation of all generated excitons to light
(100% IQE) and bring hope to fabricate OLEDs with longer device stability and
lifetime*’*8, OLED market sizes are growing quickly, and they are rapidly becoming
the next generation of displays and lighting industry due to the ever-growing
demands. However, the technology is still emerging, and further research is needed
to alleviate a number of major concerns including following ones:

o As it has already been mentioned, higher brightness is needed in OLED
lighting panels, and accordingly, applying remarkably higher current
densities is a must in comparison with the specifications, which is essential
for general display. Higher current densities can lead to the joule self-heating
and electrothermal feedback in semiconductor devices. These two
phenomena may bring about serious limitations to the OLED lighting
industry®.

e Even a small lighting efficiency enhancement will result in remarkable
savings in regards to the cost and energy, thus improving the efficiencies and
performances of OLEDs by designing new compounds and optimizing the
OLED stacks, which is of importance®.

e Another main issue that should be addressed is attributed to the scaling up
small prototype OLEDs to the large-scale devices. Most high-performance
reported OLEDs are based on the small-molecule compounds, and the only
downside of these materials is that for device fabrication, the vacuum
deposition methods need to be used, which can lead to both a high wastage
rate of compounds and the use of expensive equipment. The current trend is
moving toward solution-processable materials and methods in order to
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fabricate more economical devices and try to bring down the WOLED prices
to be able to compete in the mainstream markets®-*2,

From the compound point of view, there is still an essential need for materials
with bipolar properties, which can maintain the carrier balance especially at
high current densities. Having this property of a material can help to avoid
EQE roll-off and other reducing effects®.

Since most of the materials with efficient emission can only emit in a spectral
fraction of the visible light, doping luminophores with a complementary color
into a suitable host is the main approach for generating white emission. In this
approach, the chemical and morphological stability of each material is crucial
for the lifetime of the OLED, and the main issue would be the possible
differential aging of emitters in the emissive layer. Over the operation range
of driving voltage, and due to the energy-transfer processes from short-
wavelength emitters to long-wavelength ones, the variation of different color
in the final EL spectrum usually changes the stability of the white light and
worsens the quality of emission®4%5,

The mentioned issues can be resolved by incorporating new organic

semiconductors, as it is proposed in this thesis. The author of this research has
expanded the knowledge on the correlation between the photophysical, charge-
transporting, thermal, electrochemical, and optoelectrical properties of functional
OLED materials and their resulting OLED output performances.

The aim of this work is the characterization of new blue fluorescent emitters

for the development and fabrication of efficient OLEDs.

In order to accomplish the aim of the work, the following objectives were

proposed:
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To study the photophysical, photoelectrical, thermal, charge transport and
electroluminescence characteristics of two new phenyl bicarbazole
derivatives for developing exciplex-forming systems for oxygen sensors and
white hybrid solution-processed OLEDs.

To investigate two benzophenones derivatives as blue emitters, exciton
modulators, and hole-transporting compounds for developing OLED stacks
with stable white electroluminescence and good color quality.

To investigate the effect of a variety of additional acceptors in molecular
structure of five multicarbazole and benzonotrile derivatives used as emitters
on the performances of blue TADF OLED:s.

To provide media dependent tuning of blue emission and spin-flip efficiency
of multicarbazole-based compounds with different additional acceptors for
the improvement of their TADF efficiency.

To investigate photophysical, photoelectrical, charge transporting and
electroluminescent properties of trifluoromethyl benzene-based multidonor—
acceptor conjugated derivatives.

To study the effect of conformational disorder and solid-state solvation on the
emission properties of blue OLEDs with non-doped and differently doped
emissive layers.



The novelty of the work

- Efficient exciplex-based emitters exhibiting TADF with significant RISC
rates up to 5.1 x 107 s were designed based on new bicarbazole derivatives
substituted by different electron donor moieties (fluoro- or trifluoromethyl).
Their applicability was demonstrated for sensing the oxygen and hybrid
solution-processable WOLEDs with high color rendering index.

- The spatial exciton allocation strategy was first time used for WOLEDs based
on TADF emitters. The strategy allowed modulation and separation of
excitons and charges at the exciton recombination region and carrier
recombination region resulting in ca. with twice higher EQE and higher
quality of white color for developed OLEDs in comparison to the reference
OLED:s.

- Enhanced TADF efficiency and high reverse inter-system crossing rates from
4.7 x 10* to 2.32 x 10° st were achieved for multicarbazolyl-substituted
benzonitriles blue TADF emitters containing a variety of additional acceptors
for efficient OLEDs with tunable color variations of blue
electroluminescence.

- The minimization of solid-state solvation and conformation disorder
corollaries on the performance of blue TADF emitters by multi-donor-
acceptor substitution engineering for doping-free and host-based OLEDs with
unusually similar electroluminescent performances.

Contribution of the author

The presented dissertation was conducted by the author in collaboration with
researchers from Kaunas University of Technology, Lviv Polytechnic National
University, University of Malaya, University of Latvia, and National Taiwan
Normal University. The author characterized the photophysical, thermal,
photoelectrical, charge-transporting, and electroluminescent properties of four
groups of newly synthesized blue emitters. Dr. Jonas Keruckas has designed,
synthesized and purified two series of bicarbazole and benzophenones-based
derivatives. The synthesis and purification of multicarbazole-based TADF emitters
were done by Dr. Dalius Gudeika. The oxygen-sensing properties of bicarbazole
derivatives were characterized by Mr. Karolis Leitonas. Dr. Viktorija Andruleviciené
has performed and analyzed the DFT calculations of bis(N-naphthyl-N-
phenylamino)benzophenones compounds. Dr. Rasa Keruckiené assisted with the
synthesis of benzophenone-based derivatives and discussed the obtained results. DFT
calculation and Visual Molecular Dynamics (VMD) results of trifluoromethyl phenyl-
based multicarbazole were obtained by Dr. Kai Lin Woon (Low Dimensional Material
Research Centre, Department of Physics, University of Malaya). Dr. Rita Butkuté
measured the mass spectrometry data and helped with the identification of synthesized
multicarbazole. Mr. Levani Skhirtladze assisted with the synthesis and purification of
multicarbazole TADF compounds. The design and synthesis of sky-blue TADF
emitters (PFBP-2b) were performed by Dr. Iryna Danyliv (Department of Electronic
Devices, Lviv Polytechnic National University). Mr. Stepan Kutsiy (Department of
Electronic Devices, Lviv Polytechnic National University) carried out the cyclic
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voltammetry (CV) measurements of bicarbazole materials. Mr. Edgaras Narbutaitis
assisted with the synthesis and identifications of two benzophenones-based blue
emitters. The ionization potential measurements of one series of compounds were
performed by Dr. Yu-Chiang Chao (Department of Physics, National Taiwan Normal
University). Prof. Dr. Martins Rutkis (Institute of Solid State Physics, University of
Latvia) ran and analyzed the DFT calculation data for one series of compounds. Dr.
Dmytro Volyniuk investigated the hole and electron transport properties of the
compounds, advised with the measurements and device fabrication, and assisted with
the preparation of the manuscript original drafts, and finally, Prof. Dr. Hab. Juozas
Vidas Grazulevicius, as a group leader, assisted with funding acquisition, reviewing
and editing of the manuscripts.
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2. REVIEW OF PUBLISHED ARTICLES

The chapter Review of Articles contains the information from articles of the
author (see List of publications on the subject of the thesis).

2.1. Exciplex-forming systems with extremely high RISC rates exceeding 10’
s for oxygen probing and white hybrid OLEDs (Scientific publication
No. 1, Q1)

This chapter is based on the article published in Journal of Materials Research
and Technology, 2021, vol. 10, p. 711-72%. Due to the fact that 9,9-H or 9,9-dipheny!I
bicarbazole exhibited excellent application in OLEDs as a donor for making
exciplexes®”®8, this work aims to investigate two novel designed diphenyl
bicarbazoles substituted by fluoro- or trifluoromethylphenyl moieties as donors for
making exciplexes. The molecular structures of compounds 1 and 2 are presented in
Fig. 2.1.

Fig. 2.1. Molecular structures of compounds 1 and 2

The 5% weight-loss temperatures (Tge-s%, °C) and the thermal transition of the
compounds were studied by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), respectively. All the data are summarized in Table 2.1.
The melting points (T, °C) for both materials were close and situated close to 250 °C
when measured by using DSC equipment (sharp endothermic peaks in second heating
scans (Fig. 2.2 a, inset)). The synthesized materials formed molecular glasses with
glass-transition temperatures (Tg, °C) of 101 °C for compound 1 and 111 °C for
compound 2. However, the glasses of these compounds tended to crystallize above
their glass-transition temperatures. According to the TGA measurements (Fig. 2.2 a),
5% weight-loss temperatures of 374 and 350 °C were observed for 1 and 2,
respectively. Since the materials melted at 250 °C and then experienced complete
weight loss at around 450 °C, the detected weight loss may be rather ascribed to the
sublimation rather than material decomposition®°.
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Fig. 2.2. TGA curves and DSC second heating scans (inset) (a), CV voltammograms (b),
hole mobility vs. applied electric field and electron photoemission spectra (inset), (c)
ultraviolet-visible absorption, PL, and phosphorescence spectra of the dilute solutions of the
synthesized compound (d)

The energy levels of the materials were investigated by both cyclic voltammetry
(CV) and photoelectron emission spectroscopy (PE) techniques. With the aim of
measuring the material electrochemical energy levels, their dichloromethane (DCM)
solutions exhibited oxidation half-waves with regard to ferrocene at 0.58 V for
compound 1 and 0.65 V for compound 2 (Fig. 2.2 b). Regardless of the small
difference (0.07 V) between the oxidation potentials of the compound solutions, a
clearly larger difference (0.26 eV) was recorded between their ionization potentials
measured by the photoelectron spectroscopy in the air. IPpe of 5.78 eV was detected
for the film of compound 1 and 6.04 eV for the film of compound 2, which are higher
than the corresponding values of 5.38 and 5.45 eV measured by CV (Fig. 2.2 ¢ inset
and Table 2.1)%°. As a result of the effective electron withdrawing capacity of CF3
groups compared with that of 4-fluorophenyl groups, for compound 2, the higher IPpe
(deeper HOMO) was observed. The charge carrier characteristics of the materials
were tested by the time of flight (TOF) technique, and the results showed low-
dispersity positive charge carriers in the compound 1 and 2 films. Hole mobilities
(Mnotes) OF the compounds at different applied electric fields (E) were estimated by
taking the transit time values (ty) at different applied voltages (Fig. 2.2 ¢, Table 2.1).
Compounds 1 and 2 showed only positive charge carrying characteristics apparently
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due to the not strong enough electron-accepting capability of fluoro or trifluoromethyl
moieties®’. The recorded different values of hole mobilities of the compounds (Table
2.1) could be associated with their dissimilar structure of the layers and their
molecular packing, as it was confirmed for other carbazole-containing materials®?%2,
Aiming to study the effect of different substituents on the photophysical
characteristics of the materials, photoluminescent (PL) and UV-Vis absorption
spectra of the compound THF and toluene solutions (~10° M) were recorded (Fig. 2.2
d). Since the shape of the absorption spectrum of compound 1 is almost identical to
that of carbazole, N-phenylcarbazole, and N,N'-diphenyl(-3,3-)bicarbazole, the
carbazole unit is mainly accountable for absorption®%. However, low energy band
around 325 nm of compound 2 absorption spectrum could be induced by charge
transfer between carbazole and trifluoromethylbenzene units. Vibronically structured
fluorescence emission spectra peaked at 385 and 405 nm for dilute toluene solutions
of compounds can be ascribed to the locally exited (LE) emission (Fig. 2.2 d, Table
2.1)%. Photoluminescence and phosphorescence spectra of dilute THF solutions of
compounds were measured as well for obtaining their first excited singlet (Es:) and
triplet (E11) energy states (Fig. 2.2 d, Table 2.1). PLQY values of compounds 1 and 2
neat films and solutions are in the same range of recorded PLQYSs of the previously
reported N-phenylcarbazoles and N-phenylbicarbazoles (Table 2.1)%".

As a result of their balanced hole-transporting properties, high triplet levels and
emission in the near ultraviolet area of compounds 1 and 2, they can be considered as
high potential donors for making exciplexes with TADF emission. Therefore, two
solid-state  mixtures by  using  commercial  acceptor  2,4,6-tris[3-
(diphenylphosphinyl)phenyl]-1,3,5-triazine (PO-T2T) and compound 1 and 2 as
donor units were developed. The samples 1:PO-T2T and 2:PO-T2T showed red-
shifted exciplex kind emission compared to the pure emission of acceptor and donor
units (around 110 nm compared to the donors and 150 nm compared to the acceptor)
(Fig. 2.3 a). PL spectra and PL decays at different temperatures proved that about 90%
of the whole emission intensity of the developed exciplex samples originated from
the thermally activated delayed fluorescence contribution (Fig. 2.3 b, ¢).

Another confirmation of the existence of TADF in the emission of the obtained
exciplex was the small energy gap between singlet state and triplet state (AEsit1),
which allowed efficient RISC process (Fig. 2.3 d, Table 2.2). 1:PO-T2T and 2:PO-
T2T exciplexes showed similar emission around 520 nm, and their PL decays
exhibited a two-component exponential decays with short-lived (ter 0f 69 to 376 ns)
and long-lived (tor of 1.94 to 4.25 us) components (Fig. 2.3 a, b). Unlike the
previously reported exciplexes®®®°, due to the low non-radiative losses and efficient
TADF, PLQY values of the investigated exciplexes linearly increased with rising
temperature (Fig. 2.3 ¢, ).
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Table 2.1. Thermal, electrochemical, photoelectrical, hole-mobilities, and
photophysical characteristics of materials 1 and 2

Property Sample 1 2
Tm, °C 246 253
Ty,°C Powder 101 111
Ter, °C 206 161
Tae-5%, °C 374 350
Eox vs Ag/AG*, V DCM solution 0.58 0.65
IPcv, eV with TBAPFs 5.38 5.45
IPpe, eV 5.78 6.04
E,, eV Film 3.36 3.21
EApe, V 2.42 2.83
o nm 390, 409 (38507, 387, 404 (38307,
PL Film 402) 397)
PLQY, % (THF solution) 19 (15) 15 (18)
T, 1S 4.68 (6.09) 4.02 (6.01)
Esy, eV . 3.44 3.38
Er, eV THaFt 5707":2'0” 2.99 2.99
AEsiT1, eV 0.45 0.39
Unoles,® CM?/(V-5) Film 1.1 x 103 7.7 x10°

[l Shoulder, B at applied electric field of 1.6 x 10%V/cm

Taking prompt and delayed fluorescence lifetimes (tpgand tpg) and the
corresponding quantum yields (npr and mpg), prompt (kpg) and delayed (kpg)
fluorescence radiative rates were calculated. Additionally, non-radiative rates of the
singlet (k3,) and triplet (k&,) states, intersystem crossing rate (k;sc) and reverse
intersystem crossing rate (krysc) were estimated (Table 2.2). kgjsc, as an important
criterion, is generally assigned to the efficient TADF, and for newly reported
intramolecular and intermolecular TADF materials, it is in the order of 108 517071,

Exciplexes 1:PO-T2T and 2:PO-T2T showed exceptionally high krisc of 5.1 x
107 and 3.6 x 107 s%, respectively. The obtained rates are among the highest reported
Krisc Values until now™ ™, In spite of the slight difference in the molecular design of
compounds 1 and 2, which basically have no effects on the emission spectra of 1:PO-
T2T and 2:PO-T2T, quite different non-radiative rate constants (k) were recorded
for these exciplexes. The explanations of this aspect can be related to the different
molecular packing due to the presence of various fluoro and trifluoromethyl units in
compounds 1 and 2 as well as different hole mobilities of compounds, which can lead
to rapid formation of exciplex states. By analyzing the temperature dependences of
Krisc and using the Arrhenius equation: kg;sc=A-exp(—E,/kgT), the activation energy
(Ea) values of 0.052 and 0.127 eV were recorded for exciplex 1:PO-T2T and 2:PO-
T2T emissions, respectively (Table 2.2)72,
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Fig. 2.3. Normalized PL spectra (a) and temperature-dependent PL spectra (b) of the
compound 1, 2, PO-T2T, 1:PO-T2T, and 2:PO-T2T films. The corresponding PL decay
curves recorded at different temperatures (c), photoluminescence and phosphorescence

spectra measured at 77 K (d) of 1:PO-T2T and 2:PO-T2T solid-state mixtures, temperature-
dependent PLQY values (e) and krisc versus /T (f) plots for 1:PO-T2T and 2:PO-T2T

1:PO-T2T exciplex-forming system was chosen to test its possible application
as an oxygen sensor. This sample showed a total PLQY of 56%, which is higher than
PLQY of 22% for 2:PO-T2T exciplex. Since the origin of the 1:PO-T2T exciplex-
forming sample was mainly delayed fluorescence (npg = 52% versus npg = 4% (Table
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2.2)), the oxygen probing capability of this system is more practical if the delayed
fluorescence is quenched in the presence of oxygen. Aspiring to check the capability
of the 1:PO-T2T exciplex as an active device for oxygen sensing, samples 1:PO-
T2T:Zeonex (1:1:1) with three-component were fabricated. Zeonex matrix was
utilized for insuring the oxygen permeability of the films and helping for the good
formation of the probe film”. The emissions of prepared samples were measured at
several different concentrations of oxygen in a continuous circulation of oxygen and
nitrogen mixtures (Fig. 2.4 a).

Table 2.2. Photophysical parameters of exciplex-forming molecular mixtures 1:PO-
T2T and 2:PO-T2T derived at room temperature (300 K)

Exciplex source/equation L 2:
P g PO-T2T | PO-T2T
ApL, NM 517 519
FWHM. nm taken from PL spectra 104 107
Esi, eV Esi= 1240/APL 2.63 2.72
Eri, eV Er1= 1240/AEhos, 2.64 2.68
AESlTl, eV AESlTl = E51 -Em1 0.02 0.04
PLQY, % measured with a sphere 56 22
Nisc Misc =1 -Npg 0.96 0.99
NRIsC Nrisc = Nor/ (MeLgy * Nisc) 0.97 0.96
taken from kg;sc fitting by
E., eV ke = Aex(_Ea/keT) 0.052 0.127
Tpp, 118 (%) from PL decay fitting by 110 (7) 94 (5)
Tog, 1S (%) | = A+Blexp(-t/ter)+B2exp(-t/tor) 1.94(93) | 2.47(95)
Tpp, HS Tpr = Tpr/MpE 2.8 9
Tpg., NS Tpp = TPF/(}] — Npg) 115 95
Kpg, 7! Kpp = T_PF 3.6 x 10° 1.1 x 10°
PF
Lo, S Lo =1/thg 3.6x10° | 1.1x10°
kS, s! kB = 1/thk 8.7 x 10° 1.05 x 107
_
kisc, s kisc = — > —Kpr 0.25x10° | 0.05 x 10°
n
Kpg, 8™ kpp = — 2,69 x 105 | 0.85x 108
R
Kpisc, 51 Kpsc = JRF . SPEXDE 51x107 | 3.6x 107
Npr Kisc
Kop, s knr = Krise/Mrisc “Krisc 4.7 x 107 1.35x 108

The results of Stern—\Volmer equation fitting are collected in the inset Table of
Fig. 2.4 b, and fitting with R? of 0.9652 was obtained’*". In spite of the high ratio
nprmpr Of 13, the ratio of emission intensity under pure nitrogen gas and intensity of
emission under pure oxygen atmosphere (loj00% n21/lf100% 027) Of 1.57 was recorded,
which proves that the fabricated sample (1:PO-T2T:Zeonex) showed relatively low
oxygen sensitivity. This measurement is similar to the results of time resolved
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fluorescence measurements of 1:PO-T2T:Zeonex film in the air and vacuum proving
that this obtained exciplex shows delayed fluorescence even in the presence of oxygen
atmosphere (Fig. 2.4 ¢). It seems that oxygen cannot quench the delayed fluorescence
completely when the TADF emitters are characterized by very high krisc of higher
than 107 s,

1:PO-T2T in Zeonex 0.08%
3 0.133%
6.0x10° ———0.266% 1.6
N ——0.794% ~a
' 7N —26% -
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Fig. 2.4. PL spectra (a), Stern—VVolmer dependence (b), and PL time decay curves (c) of the
1:PO-T2T:Zeonex films at different oxygen concentrations

Aiming to obtain natural white emission, two deeply investigated exciplexes,
1:PO-T2T and 2:PO-T2T, were selected to use in white OLED structures, and in
combination with blue TFB’ and red (Ir(pig)2(acac))’’ emitters, several solution-
based OLED devices were fabricated. The main reason for choosing the solution-
based method was that this method could allow to have accurate control on the
concentration of emitting compounds in the doped emissive layers, which was
essential for WOLEDs fabrication’®. The OLED device structures consisting of
ITO/MoOs (1 nm)/TFB:Ir(pig)2(acac) (2, 5, or 10 wt%, 30 nm)/1:PO-T2T (for the
devices named as A2, A5, and A10, respectively) or 2:PO-T2T (for the devices named
as B2, B5, and B10, respectively) (1:1) (20 nm)/ TSPO1 (8 nm)/TPBi (40 nm)/LiF:Al
were chosen. Very thin layer of MoO3 was utilized as hole injection layer, TSPO1
compound acted as hole/exciton blocking layer; TPBi material was used as the
electron transporting layer, and finally, LiF material was selected to be used in the
electron injection layer. By checking the equilibrium energy diagram of the device

21



structures (Fig. 2.5 a), it can be seen that the recombination zone was principally
placed in the emissive layer (EML1, 1:PO-T2T, or 2:PO-T2T). The hole-transporting
layer of TFB, which was doped by a low concentration of Ir(pig)z(acac), as well
played as the second emissive layer (EML2). There are two possibilities for the
emission of Ir(piq)2(acac) red emitter. First, when there is a triplet exciton generation
in EML1 and then shifting to EML2 and second, when there is a direct recombination
of electrons and holes in EML2 ™.
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Fig. 2.5. Equilibrium energy diagram of all functional layers (a), EQE versus current density
of fabricated OLEDs (b), normalized EL spectra under different voltages for white 1:PO-
T2T (c) and 2:PO-T2T (d) based devices

As it can be seen in Fig. 2.5 ¢, d, the EL spectra of fabricated solution-based
OLEDs that showed emission bands have references to the emissions of different
intensities of Ir(pig)2(acac), 1:PO-T2T or 2:PO-T2T, and TFB emitters. This stable
electroluminescence of devices A and B at different applied voltages (Fig. 2.5 c, d)
can prove the existence of charge balance in the fabricated devices, because by
increasing the applied voltages, there is no sign of a shift in the recombination zone
from EML1 to EML2. The most intense red emission was observed for devices A5
and B5 with 5% of Ir(pig)2(acac), while the increase of concentration to 10% can
result in the decline of red phosphorescence intensity. This can be related to the
emission quenching due to the triplet-triplet annihilation (TTA) at a high
concentration of the phosphorescence emitter?. In terms of color quality, device A5
demonstrated the best combination of intensities of blue, green, and red emissions in
its EL spectrum with the best CRI of 92, CIE1931 xy coordinates of (0.384,0.399),
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and correlated color temperature (CCT) of 3,655 K. The recorded CIE1931 and color
temperature of device A5 can be attributed to warm white light, and at the same time,
the CRI value is among the highest values for white OLEDs so far82, At external
voltage of 12 V, the highest brightness of 8,980 cd/m? and the lowest brightness of
2,986 cd/m? were obtained for devices A5 and A10, respectively. In terms of
efficiency, devices A5 and B5 due to the efficient triplet harvesting on phosphorescent
emitter Ir(pig)2(acac) and two exciplex-based TADF emitters (1:PO-T2T or 2:PO-
T2T) showed the highest efficiencies. The highest CEmax, PEmax, and EQEmax of 11.6
cd/A, 5.5 Im/W and 6.3% were observed for device A5 with 1:PO-T2T green exciplex
and 5% of Ir(pig)2(acac) (Fig. 2.5 b).

2.2. Bis (N-Naphtyl-N-phenylamino) benzophenones as exciton-modulating
materials for white TADF OLEDs with separated charge and exciton
recombination zones (Scientific publication No. 2, Q1)

This chapter is based on the published work in Dyes and Pigments, 2022, vol.
197, art. no. 109868, p. 1-10%. In order to fabricate efficient OLEDs, different
approaches were proposed to prevent the exciton quenching and energy loss
throughout the energy transfer process in WOLEDs. One of those approaches in the
development of efficient hybrid WOLED:s is the use of an appropriate host spacer
(exciton modulator). This thin film usually can be placed between the layers of
fluorescent and phosphorescent or TADF emitters®. This approach, which is known
as “spatial exciton allocation strategy”, has the capacity to boost the EQE of TADF
WOLEDs by preventing non-radiative Dexter energy transfer from blue fluorescent
emitter to red-green/orange TADF/Phosphorescence emitters and minimizing the
Forster energy transfer within the two layers®®. Up to date, hybrid
phosphorescent/TADF WOLED:s are able to obtain EQE of 20%, which is in the same
range of full phosphorescent WOLEDs. However, until now, this method was not
used for purely TADF WOLEDs®, In this work, two newly synthesized compounds
(compounds 3 and 4) were used as exciton modulators between blue and orange
TADF to fabricate several purely TADF WOLEDs. The molecular structures of
compounds 3 and 4 with isomeric (N-naphthyl)-N-phenylamino donors and
benzophenone acceptors are shown in Fig. 2.6.

<“> OO OO

L9 & .9

Fig. 2.6. Molecular structures of compounds 3 and 4

In order to study the photophysical characterization of compounds 3 and 4,
photoluminescence and UV-visible absorption spectra of compound solid layers and
dilute THF and toluene solutions were recorded (Fig. 2.7 a, Table 2.3). The
compounds 3 and 4 THF solutions exhibited blue emission peaks at 462 nm and 488
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nm with Stoke’s shifts of 90 and 107 nm. However, the emission of derivative neat
films showed the Stoke’s shifts of 94 and 113 nm, respectively (Fig. 2.7 a). A slight
difference of 22 nm and 34 nm within the emission of toluene and THF solutions of
compounds 3 and 4, respectively, verifies a weak intramolecular charge transfer (CT)
between the donor and acceptor units®. The optical band gaps were estimated from
the onset wavelengths of optical absorption spectra of compound neat films, and the
absorption onset wavelengths of 3 and 4 were 429 and 446 nm related to the optical
band gaps of 2.89 and 2.78 eV, respectively (Fig. 2.7 a, Table 2.3).
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Fig. 2.7. Photoluminescence (right) and normalized UV-absorption spectra (left) (a), PL
(black dash lines) and phosphorescence (red lines) spectra of dilute THF solutions of the
materials at 77 K (b), wavelength versus water percentage for the dispersions of the
compounds in the THF/water mixtures (right) and PL maximum intensities versus water
volume percentage of compound dispersions in the mixtures of THF and water (left) (c)

The photophysical properties of compounds 3 and 4 were further investigated
by recording the photoluminescence and phosphorescence spectra of their THF
solution at 77 K (Fig. 2.7 b). The Esi1and Er1energies were obtained and summarized
in Table 2.3. LE® emissive recombination of N-naphthyl-N-phenylamine units triplet
state is the main origin of compound phosphorescence emissions®2. Since the PLQY
of compounds 3 and 4 solid films were higher than those of toluene solutions, the
possibility of aggregation-induced emission enhancement (AIEE) characteristics was
investigated by measuring the fluorescence spectra of the compounds in different
THF/water concentrations (Fw)®. Fig. 2.7 ¢ shows the PL intensities (left) and PL-
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peaks (right) versus water percentage for the compounds 3 and 4 dispersions. By
increasing the percentage of water to 40-50%, which can lead to an increase in the
polarity of the mixtures of THF and water, the intensity of emission slowly decreased,
and the peak of PL spectra red-shifted till the aggregates were formed. The increase
of water fraction can lead to the blue shifts of the PL spectra and an increase of
emission intensity owing to the increasing the number of compounds 3 and 4
aggregates. However, during the additional increase of the water percentage from 80—
90%, the emission intensities start to decline. Almost the same results were previously
reported for the materials with AIEE characteristics due to the precipitation of bigger
formed aggregates in the cell with the mixtures of water and THF®+*°,

Using the cyclic voltammetry (CV) technique, it has been found that two
materials showed irreversible oxidization approximately at the same potential. The
measured IPcyv value of 3 was slightly smaller compared to that of 4, and for both
compounds, the electrochemical reduction was not observed® (Fig. 2.8 a). A
photoelectron emission spectroscopy equipment was utilized to establish the
ionization potentials (IPpe) of the compound solid films. IPpe of 5.68 eV was recorded
for the compound 3 film and of 5.79 eV for the compound 4 film, proving excellent
positive carrier injecting characteristic®” (Fig. 2.8 b, Table 2.3). The measured IP
values with both methods, cyclic voltammetry (CV) and photoelectron emission
spectroscopy method, are in good agreement.

The time of flight (TOF) technique was utilized for the estimation of charge
carrier characteristics by using the non-doped films of 3 and 4, which were made by
vacuum deposition sandwiched between ITO and Al electrodes®. The transit times
only were detected when positive voltage was applied to ITO electrode, proving that
compounds 3 and 4 only have the hole transport capabilities (Fig. 2.8 c, inset), and
the transit times for electrons were not detected. More than two times higher transit
time of 4.51 us was recorded for compound 3 than 4 (1.78 pus) at the same applied
electric field (E) of 5 x 10° VV/cm. Accordingly, at the mentioned electric field, about
two times higher i, of 3.5 x 10 cm?/V/xs was obtained for compound 3 in comparison
to compound 4 (1.8 x 10* cm?/Vxs) (Fig. 2.8 ¢, Table 2.3). By fitting the hole
mobilities versus applied electric field diagram of compounds with Poole—Frenkel
type mobility, po which is zero-field hole mobilities of 5.8 x 107 and 4.6 x 10°
cm?/V/xs and field dependence parameters (B) of 8.2 x 10 and 6.25 x 10 (cm/V)%®
were recorded for compounds 3 and 4, respectively®.
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Fig. 2.8. CV curves of dichloromethane dilute solutions of 3 and 4 (a), electron
photoemission spectra of 3 and 4 solid samples (b) and their hole mobility versus electric
field; insets: TOF pulses for holes in the deposited layers of materials measured at several

applied electric fields (c)

Considering good optoelectronic properties of new compounds, materials 3 and
4 were selected for the modulating of exciton in one or two TADF emitters (orange
4CzTPN and blue PFBP-2b) based WOLEDs with separated exciton recombination
and hole-electron recombination zones. For the first time, using spatial exciton
allocation strategy, two types of purely TADF-based WOLEDs device structures with
one resonance blue to orange energy transfer or with two resonance blue to orange
and blue to blue energy transfers were fabricated (Fig. 2.9 a).

In the devices with two TADF emitters by two efficient resonance energy
transfers, the separation of the recombination area and exciton recombination area can
be obtained. However, in the fabricated devices with an exciton blocking layer (EBL),
one of the resonance energy transfers may be restricted, which allowed to investigate
the effect of one or two resonance energy transfers on the color quality and efficiency
of white devices. The OLED designs, which were used are as follows: ITO/ MoOs3 (8
nm)/ NPB(60 nm)/ TAPC(5 nm)/EML/ TSPO1(8 nm)/ TPBi(40 nm)/ LiF(1 nm)/Al
(Devices 1A(B)1-3) and ITO/M0oOs3(8 nm)/ NPB(60 nm)/ TAPC(5 nm)/EML/PFBP-
2b (20 wt%):TPBi (40 nm)/ LiF(1nm)/Al (Devices I1A(B)1-3). The OLED device
characterizations are written in Table 2.4. The device names with | sign belong to the
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first family of OLEDs containing TSPO1 exciton blocking layer with one resonance
energy transfers, and device names with Il sign are related to the fabricated OLEDs
with two efficient resonance energy transfers (Fig. 2.9 a), letter A related to compound
3 and letter B to compound 4, “1-3” are associated to three different light emissive
layers (EML) (Fig. 2.9 a).

Table 2.3. Thermal, photoelectrical, charge carrier, photophysical, and
electrochemical parameters of 3 and 4

Property Sample 3 4
Tm,°C 218 241
Tg,°C 101 107
Tor.°C Powder 203 —

T de-50%, °C 411 428
EOX Vs DCM

Ag/Ag*, V solution 0.91 0.94
with

IPcv, 6V TBAPFs 571 5.74

IPpg, 6V 5.68 5.79

E™ eV Film 2.89 2.78

EApg, eV 2.79 3.01

ApL, NM Film 462(456) 488(482)
Aae, 1M (THF 368(366) 375, 314, 281(375,
solution) 312)

PLQY, % 12 (9) 13 (18)
Es, eV THF 3.07 3.00
Eri, eV solution 2.55 2.53

AESlTl, eV at 77 K 0.52 0.47
Hhotes, ™ 1.8 x 10 3.5 % 10*
cm?/(Vxs) ) )
Mo, Film 7 "
CcmI(Vxs) 5.8 x10 4.6 x 10
B, (cm/V)°5 8.2x10°% 6.25 x 10

[a At electric field of 5 x 105V/cm

Devices IA1 and 11A1 (IB1 and 1IB1) are based on guest:host type EML of
4CzTPN(5 wt%):3(4) (20 nm) where compounds 3 and 4 are the matrix for 4CzTPN.
Devices 1A2 and 11A2 (IB2 and 11B2) are containing guest:host/EML of 4CzTPN(5
wit%):3(4) (5 nm)/3(4) (15 nm) where the layers of compounds 3 or 4 without dopant
were additionally used as exciton modulators. Devices 1A3 and I1A3 (1B3 and 11B3)
were based on bi-layered (without dopant) EML of 4CzTPN(1 nm)/3(4)(15 nm)
where dopant-free layers of compounds 3 or 4 were as well used as the exciton
modulators. MoOs was utilized as a hole injection layer; NPB and TAPC were utilized
as hole-transporting layers to inject holes, and the high LUMO (-2.0 eV) of TAPC
helped to block electrons within EMLs. TSPOL1 acted as hole/exciton blocking layer,
TPBi was used as an electron transporting layer, and the layer of LiF acted as electron
injection layer. The hole-electron recombination area should be located near the
electron-transporting layer concerning the devices I1A(B)1-3 (electron-blocking layer
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in the case of devices IA(B)1-3) because of the hole-transporting characteristics of
compound 3(4) (Fig. 2.9 a).
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Fig. 2.9. Functional layers in OLED and molecular structures of the materials, which were
utilized in the OLEDs (a) EL spectra at 9 V (insets: photographs of WOLEDs at 9 V) (b, ¢)
and EQE versus current density curves of the fabricate OLEDs (d, €)

Material 4CzTPN was chosen as an orange TADF emitter, considering its
HOMO/LUMO values, TADF properties, and T state value of 2.44 eV, which is very
close to T; of compounds 3 and 4 (2.55 and 2.53 eV, respectively)*. Compound
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PFBP-2b was chosen as sky-blue TADF emitter, taking into account its TADF
properties, HOMO/LUMO values, and S: (2.86 eV), which is in the same range of S:
states of compounds 3 and 4, which were about 3.06 and 3.0 eV, respectively (Table
2.3). PFBP-2b was used as the TADF compound in the TPBi:PFBP-2b layer. The
combination of the compounds 3 or 4 and 4CzTPN can make good triplet energy
resonance T1(3 or 4)—T1(4CzTPN) that can lead to efficient Dexter energy transfer
between them, and the combination of the compounds and PFBP-2b forms an
excellent singlet energy resonance Si(3 or 4)—S;(PFBP-2b) that can cause efficient
Forster resonance energy transfer between them%.

WOLEDs with separated exciton recombination and hole-electron
recombination zones could be potentially fabricated by using the 4CzTPN/3 and
4/PFBP-2b system. PFBP-2b was used as the TADF emitter in the TPBi:PFBP-2b
layer. As it could be seen in Fig. 2.9 a inset, the devices IA2, IB2, 11A2, and 11B2 were
characterized by white electroluminescence (EL). The EL spectra of these devices
contain two emission bands with different intensities, which consist of blue emission
of 3 or 4 (and PFBP-2b in the case of devices I1A2 and 11B2) and orange emission of
4CzTPN (Fig. 2.9 a). This observation can confirm that the hole-electron
recombination zone is mainly positioned within a dopant-free layer of 3 or 4, leading
to good exciton modulation between low-energy orange (4CzTPN) and high-energy
blue emitters (either 3, 4, or PFBP-2b). It should be considered that the contribution
of PFBP-2b emitter is evident, since the maximum EQE values of devices I1A2 and
I1B2 are almost two times higher than those of devices A2 and IB2 (Fig. 2.9 d, e,
Table 2.4). The devices IAL, IB1, 11A1, and I11B1 showed orange emission originated
from 4CzTPN:3(4) layer. However, the devices IA3, IB3, 1IA3, and IIB3
demonstrated mostly blue EL because of deficient RET within the layers of 3(4) and
4CzTPN. Due to the extra role of PFBP-2b TADF emitter to the blue emission in
fabricated devices with two resonance energy transfers, the band referred to 4CzTPN
is stronger for the devices A3 and 1B3 in comparison to I1A3 and 11B3 OLEDs. Due
to the really high color standard of white EL fabricated with only two emitters, device
11B2 illustrated the highest CRI of 80 and correlated color temperature (T¢) of 4,490
K, and at the same time, CIE 1931 xy coordinates of (0.32, 0.31), which is nearest to
the natural white, were recorded for this device (Table 2.4).

The positive role of PFBP-2b is as well obvious if one would make a comparison
between EQEs of blue devices from the first (IA3 and IB3) and the second (11A3 and
11B3) series of OLEDs. For instance, around two times higher maximum EQEmax of
4.9% was recorded for device 11B3 than device IB3 (1.9%). About twice higher
efficiency of 11A2 and 11B2 white OLEDs in comparison to that of A2 and 1B2 should
be related to the moving of exciton from the modulator layer (3 or 4) to TADF
emissive layer (PFBP-2b and 4CzTPN) due to the almost similar energy states of S;(3
or 4) with S;(PFBP-2b) and of T1(3 or 4) with T1(4CzTPN).
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Table 2.4. Electroluminescent parameters of white OLEDs

Device | Von™ (V) [ CEmax, cd/A | EQEmax, % | CIE (x;y)P! [ CRIPI [ CCTEI
IAL 47 20.8 7.2 (0.47,049) | 42 2,932
1A2 42 10.2 48 (0.40, 0.35) 60 2,751
1A3 5.1 3.9 31 (0.26, 0.22) 75 12,520
IB1 5.9 9.4 47 (0.55,0.44) | 41 1,840
1B2 5.7 8.3 31 (0.36, 0.42) 62 4,220
IB3 46 37 1.9 (0.20, 0.26)
1AL 42 13.7 6.3 (0.53, 0.45) 40 2,061
11A2 39 18.6 9.5 (0.36, 0.31) 67 3,332
11A3 46 8.1 47 (0.16,013) | - | -
11B1 4 124 55 (0.49,047) | 43 2,515
11B2 36 13.8 7.1 (0.32, 0.31) 80 4,490
11B3 33 78 49 (0.17, 0.22) S [ —

@ Turn-on voltage at luminance of 10 cd m2, PICIE, CRI, and CCT values are referred to EL
spectra measured at 9 V

Lower turn-on voltages of 3.3 to 4.6 V were recorded for the fabricated devices
using compound 4 than turn-on voltages of 4.2 to 5.9 V for 3 based devices (Table
2.4). This result is in very reasonable approval with the results of the charge mobility
measurements, and at the same applied electric fields, material 4 obtained higher hole
mobilities (Fig. 2.8 c, Table 2.3). Taking into consideration the mentioned
characterization of fabricated devices and making a comparison between the
parameters of white OLEDs from the first (IA2 and IB2) and the second (I1A2 and
11B2) series, it could be stated that the remarkable increase in the efficiencies of white
TADF OLEDs is because of the effective separation of charge and exciton
recombination zones by decreasing the energy losses through the energy transfer
mechanism. This process paved the way to obtain more stable blue emission in the
total white EL of TADF-based OLEDs, which is mostly essential for the lighting
technologies. Additionally, the designed exciton modulators 3 and 4 have the
possibility to get utilized in combination with effective blue and orange TADF
emitters for obtaining WOLEDs with higher efficiencies.

2.3.  Tuning of spin-flip efficiency of blue emitting multicarbazolyl-substituted
benzonitriles by exploitation of the different additional accepting
moieties (Scientific publication No. 3, Q1)

This section is based on the reported work in Chemical Engineering Journal,
2021, Volume 423, art. no. 130236, p. 1-12, As an alternative to phosphorescent
blue OLEDs, which have the efficiency and operational stability challenges, TADF
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OLED:s by utilizing practical and non-poisonous pure organic compounds can be used
to fabricate blue OLEDs with higher efficiencies and stabilities 2465192, After the first
published paper on multi-carbazole based materials with two electron-withdrawing
benzonitrile units as green and red TADF emitters for OLEDs with high efficiencies*,
the multi-donor-acceptor(s) is one of the widely-used approaches for TADF emitters
with blue color, and in order to obtain multi-carbazole based TADF materials with
blue emission, few strategies were suggested'®®1%, The reports have shown that
efficient TADF compounds could be synthesized using multi donor and acceptor type
approach along with a variety of intramolecular forces (for instance, non-covalent or
through-space). In this paper, aiming to achieve efficient blue OLEDs, there were
used five newly synthesized asymmetrical multi-carbazole-based emitters in doped
and non-doped OLED structures. The molecular structures of the compounds 4-9 are
presented in Fig. 2.10. The compounds contained four 3,6-di-tert-butyl-9H-carbazole
as donors and benzonitrile as the general acceptor as well as a variety of extra
withdrawing units, i.e., benzonitrile, benzotriazole, 2-benzotrifluoride, methyl 2-
benzoate, or methyl 3-methylbenzoate (Fig. 2.10).

The thermal transitions and stabilities of compounds 5-9 were recorded by both
TGA and DSC techniques (Table 2.5). Throughout the TGA measurements, the
compounds experienced complete weight loss indicating sublimation. All of the
compounds obtained 5% weight loss temperatures higher than 363 °C. DSC
measurements confirmed that the compounds were amorphous compounds, and
during the second DSC heating scans of derivatives 5-9, glass transition temperatures
of 89, 103, 84, 92, and 109 °C, respectively, were observed. The similar recorded UV-
vis absorption spectra for the dilute solutions of the materials in toluene, THF, and
neat films can prove almost similar energy levels of ground-states in media with
diverse polarity (Fig. 2.11 a). Similar to the previously published multi-carbazole
compounds!®1%, the absorption bands in the range of 310-365 nm are related to the
n—n* or n—m* transitions of the di-tert-butylcarbazole units. The low-energy
absorption bands around 365-475 nm of material 6 and around 365-450 nm for the
other materials are because of intramolecular CT properties. Unlike the CT states of
the previously published materials, containing multi-carbazole with similar
benzonitrile withdrawing units'®, for the designed asymmetrical multicarbazole
based materials, the broad ICT band with two obvious peaks that are marked by
arrows were recorded (Fig. 2.11 a).
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Fig. 2.10. Molecular structures of compounds 5-9

Apparently, the marked doubled CT bands are due to the transitions among di-
tert-butylcarbazolyl units and both withdrawing units. The second low-intensity CT
band was earlier detected for other multicarbazole based derivatives and assigned to
the existence of excited states with intensified delocalization. This delocalization can
increase the mixing between the CT states and local energy (LE), leading to high
RISC rates!®, The red-shifted CT states of material 6, compared to other investigated
compounds in this work, is probably due to the stronger accepting ability of the
combination of benzotriazole and benzonitrile moieties (Fig. 2.11 a, b). Because of
the excited CT state recombination!®’, the emission with unstructured PL spectra,
showing maxima at the wavelengths between 457 to 522 nm, was recorded for the
solutions and neat films of compounds 5-9 (Fig. 2.11 b). Photoluminescence
spectrum of THF solution with high polarity compared to low-polarity toluene
solution of material 6 showed the largest red shift. However, PL spectra of the
solutions of other investigated materials (compounds 5, 7-9) did not show too much
difference by increasing the solvent polarity in spite of the CT behavior of their first
singlet excited states. There is a possibility that the phenomena can be justified by the
weak CT behavior of these materials, possibly with not pure CT or LE emission
characteristic'®. Another possibility can be related to the “stucked” units without
dihedral angles freedom of change or without freedom in conformers forming
possibilities. The stuck as well may be related to the non-covalent intramolecular
forces (for instance, C-H---F, O, N hydrogen bonding)*®.
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Fig. 2.11. Ultraviolet-visible (a) and PL (b) spectra of toluene or THF solutions and neat
films of the investigated materials, PL spectra of toluene solutions before and after removing
the oxygen (c), photoelectron emission spectra of the compound solid films measured in the

air (d)

PL intensity of compound toluene solutions greatly enhanced when the solutions
were deoxygenated by purging with argon gas (Fig. 2.11 c). High absolute PLQY
values of 48-82% were measured by using an integrated sphere for deoxygenated
toluene solutions of the investigated materials (Table 2.5). This enhancement of the
emission is attributed to the emission enhancing of triplet excitons when they are not
completely quenched by triplet oxygen. Relatively high PLQY values of 26-50%
were recorded for the doped films of the compounds, and the PLQY measurement of
the films was conducted under air condition. In order to investigate the hole injecting
characteristics of the materials, using the photoelectron emission spectrometry
ionization potentials (IPpe) of the material, solid films were investigated (Fig. 2.11 d).
Different acceptor moieties led to different ionization potential values, and IPee values
ranged from 5.39 to 5.9 eV, showing various hole-injecting behavior of the
compounds. The highest IPpe value of 5.9 eV was measured for the material 6 neat
film, and the lowest IPpe value of 5.39 eV was recorded for the material 7 solid layer.
Such differences were apparently obtained as a result of different HOMO distributions
within solid-state of compounds induced by the different electron accepting properties
of acceptors.
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Table 2.5. Thermal and photophysical properties of designed materials

Parameters Sample 5 6 7 8 9
Tg, °C 89 103 84 92 109
Tgomet °C 452 363 457 465 449
ApL, NM Powder 480 513 470 483 472
FWHM, 88 91 75 91 82
nm
Toluenel/T 48/3
PLQY, % | HF/neatidop | ' 1152/341 | B2IS3/17 1 49/32/21 1 5105 | 55 /34106/44
50 26 /39
ed 37
AEst, eV | THFat 77 K 0.11 0.05 0.10 0.13 0.14
AEsiT1, €V 0.0167 0.025 0.241 0.015 0.021
Esi, eV Doped film 2.8 2.607 2.804 2.819 2.813
Eri, eV 2.783 2.582 2.779 2.804 2.792
Toluenel® 0.18 2.32 0.05 0.11 0.07
Krisc x 10°, Doped
st ﬁl"nﬁ’e 0.18 2.32 0.047 | 0.11 0.072

[ Deoxygenated toluene

The calculation of radiation transition rates of mCP-doped film%° indicated the
effect of acceptor asymmetry, and various reverse intersystem crossing rates (kgz;sc)
that ranged from 0.047 x 10° to 2.32 x 10° s were recorded for the investigated
compounds 5-9. Photoluminescence and phosphorescence spectra of the dilute THF
solutions of compounds recorded at low temperature (77 K) and really small singlet-
triplet splitting of 0.05-0.14 eV were obtained (Fig. 2.12 a, Table 2.5). In order to
exclude the role of triplet-triplet annihilation (TTA) process, PL intensity versus
excitation density power were recorded, and the slope near to 1 in the linear fitting
verified the TADF contribution in delayed fluorescence!'! (Fig. 2.12 c). In order to
investigate the mechanism of delayed fluorescence, time-resolved emission and
temperature-dependent steady-state measurements were implemented for the doped
films of the compounds. As shown in Fig. 2.12 b, photoluminescence decay curves of
the compound mCP:5 film measured at different temperatures showed two obvious
elements of prompt fluorescence (PF), which is in the nanosecond scale and delayed
fluorescence (DF) in the microsecond scale, and the contribution of long-lived
delayed fluorescence element was clearly increased from 77 to 300 K, and again, this
observation can confirm the TADF nature of the emission.
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Fig. 2.12. Photoluminescence and phosphorescence spectra of the THF solutions of
compounds measured at low temperature (77 K) (a), photoluminescence decay curves of
mCP:5 film measured at different temperatures (b), intensity of recorded delayed emission
vs. excitation power for the mCP:5 solid film (inset illustrates the delayed emission spectra
measured at various excitation power) (c)

Electroluminescence characteristics of the materials were studied by using them
in several device structures with non-doped and doped emissive layers. The functional
organic layers of the fabricated OLEDs were selected to guarantee effective charge
carrier injection and transporting and charge the exciton recombination in emissive
layers. The OLED layers are as follows: ITO/MoOs (1 nm)/ NPB (30 nm)/ mCP (4
nm) / light emitting layer (20 nm) / TSPO1 (8 nm)/TPBi (40 nm)/LiF (0.5 nm):Al
(200 nm), in which the compounds 5-9 were used in light emitting layers and named
n5-n9 for non-doped devices and d5—d9 for doped devices. A very thin layer of MoO3
was utilized as a hole injection layer, NPB for the hole transporting layer, mCP for
the exciton blocking layer, TSPO1 for the hole/exciton blocking layer, TPBi for the
electron transporting layer, and finally, a thin layer of LiF as an electron injection
layer. The obtained HOMO and LUMO are illustrated in the energy diagram of the
investigated non-doped (n5-9) and (mCP and mCBP) doped (d5-9) OLEDs in Fig.
2.13 a. As it can be seen in the Jablonski energy diagram for EBL, HBL, and EML
triplet levels (T1), mCP and TSPO1 exciton-blocking layers have higher triplet states
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than that of designed blue TADF emitters, which can lead to the exciton confinement
in the emissive layer (Fig. 2.13 a). All of the key criteria of fabricated OLED are
summed up in Table 2.6, and the selected electroluminescent properties of optimized
OLED:s are illustrated in Fig. 2.13 b.
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Fig. 2.13. Energy diagram of the non-optimized n5-9, d5-9 and optimized o5a—c, 09a—c
devices (a), Jablonski energy diagram of triplet levels (T1) for the system of EBL and
emissive layer (b), EL spectra (c), current density and brightness versus applied voltage
curves (d), and EQEs versus current density (e) for the optimized devices (0la—c, 05a—c, and
ref)

All of the non-doped OLED:s illustrated the EL emission in the sky-blue area
peaking around 474-495 nm. However, blue-shifts were recorded for devices d5-9
EL emission compared to the corresponding EL emission of n5-9. Consequently, the
doped OLEDs obtained blue EL spectra. The CIE1931 xy color coordinates of all
fabricated OLEDs can be found in Table 2.6.

Nearly low turn-on voltages were recorded for all obtained devices, showing
efficient injection and transport of positive and negative carriers from the electrodes
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to the light emitting layer. Using mCP as a host led to the small turn-on voltage
droppings of devices d1-5 compared to the turn-on voltage values of the
corresponding non-doped OLEDs (n1-5). These results can be assigned to the better
carrier-transporting characteristics of the emissive layers consisting of ambipolar
mCP matrices with good hole and electron transporting capabilities''?. The highest
EQEmax of 7.3% and the lowest EQEmax of 2% were obtained for the devices n5 and
n6, respectively (Table 2.6), and a similar trend was recorded for the doped devices
(d5-9). Since devices d5 and d9 showed higher EQESmax Of 11.8 and 7.9%,
respectively, it has been decided to further improve the OLED device efficiencies by
suitable optimization of OLED stack and emitter concentrations in the EML layers.

Table 2.6. OLED characterization results

Max
: . Von @ | CEmax | EQEmax, | A :
Device Emissive layer v cd/Aa\ Q% ? o | brightness,

cd/m?
n5 5 4.1 194 7.3 495 36,000
n6 6 4.2 3.8 2 490 2,800
n7 7 4.6 6 3.4 474 5,050
n8 8 5 7.8 4.3 476 8,243
n9 9 6 12.1 5.6 480 16,988
ds 5 (20wt.%):mCP 3.4 28 11.8 485 39,260
d6 6 (20wt.%):mCP 4.2 4.8 3.1 470 4,415
d7 7 (20wt.%):mCP 4.1 12.9 6.6 471 10,144
ds 8 (20wt.%):mCP 4.6 12.2 5.6 495 14,176
d9 9 (20wt.%):mCP 4.3 17.5 7.9 481 21,110
05a 5 (10wt.%):mCBP 3.9 28.3 15.1 466 11,831
05b 5 (20wt.%):mCBP 4 39.3 183 | 468 | 17,456
o5¢c 5 (30wt.%):mCBP 3.9 27.4 12.4 476 19,516
09%a 9 (10wt.%):mCBP 3.8 22.7 11.6 457 5,453
09b 9 (20wt.%):mCBP 3.9 24.8 14.1 457 19,551
09c 9 (30wt.%):mCBP 4.3 20.3 10.3 463 17,115
ref PFBP2b(10wt.%):mCBP 3.8 22.8 11.5 480 13,420

a Turn-on voltage at a luminance of 10 cd m

Optimized OLED structures with different concentrations of emitters 5 and 9 in
the mCBP host contained a layer of HAT-CN as HIL, NPB and TCTA as HTL, and
mCBP as EBL. Adding the additional TCTA layer can help to reduce the energy
barrier between NPB and mCBP. The optimized device structures were ITO/HAT-
CN (5 nm)/NPB (40 nm)/TCTA (10 nm)/mCBP (10 nm)/ light-emitting layer/ TPBI
(30 nm)/LiF (0.5 nm)/Al. The devices with 5:mCBP (10, 20, or 30wt.%) emissive
layer were named as 05a, 05b, or 05c, and the devices with emissive layers of 9:mCBP
(20, 20 or 30wt.%) were named as 09a, 09b, 09c. In order to make a comparison
between the investigated compounds and those of previously published sky-blue
TADF emitters'*® 114 PFBP-2b:mCBP (10%) was fabricated in the same conditions
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as a reference device'’®. The optimized devices (05a—c and 09a—c) based on
compounds 5 and 9 showed blue-shifted emission in comparison to the doped device
(d5 and d9) EL spectra. This shift in EL emission can be related to the lower dielectric
constant of mCBP compared to the previous mCP host!!® (Fig. 2.13 b).

Lightly higher turn-on voltages of optimized OLEDs may be assigned either to
the larger photon energy of blue shifted EL emission or to the larger total thicknesses
of the OLEDs compared to that of OLEDs d1 and d5*'" (Table 2.6). Overall, due to
the additional device optimization, excellent EQESmax Of 18.3 and 14.1% were
obtained for the devices 0lb and o5b, respectively. These results can apparently be
assigned to the modified charge balance within the emissive layer due to the improved
charge carrier mobilities of mMCBP host compared to those of mCP matrix. It should
be noted that the devices 05b and 09b showed higher EQEs than the corresponding
EQE (11.5%) of the reference OLED®. The exclusive EQEmax (up to 18.3%) of
optimized OLEDs verifies the high potential of investigated blue TADF compounds
5 or 9 and well proved the capability of acceptor asymmetry strategy for the future
synthesis and design of TADF materials.

2.4.  Ornamenting of blue thermally activated delayed fluorescence emitters
by anchor group for the minimization of solid-state solvation and
conformation disorder corollaries in non-doped and doped organic light
emitting diodes (Scientific publication No. 4, Q1)

This section is based on the published work in ACS Applied Materials &
Interfaces, 2022, 14, 35, 40158-401728, In this paper, aiming to minimize the
conformation disorder effect in the solid-state of multi carbazole compounds on
emission characteristics, five new efficient asymmetric blue TADF materials with
four 3,6-di-tert-butylcarbazole donor units and two electron-withdrawing moieties
were investigated. Trifluoromethyl phenyl acceptor was common between all of the
compounds, and each compound contained additional acceptor. As a result of the low
conformational disorder effects, one of the compounds showed identical emission
properties (color of the emission) in differently doped and non-doped devices. The
molecular structures of compounds 10-14 are illustrated in Fig. 2.14.

UV-visible absorption and PL emission spectra of the compound solid films and
dilute solutions are illustrated in Fig. 2.15 a, and summarized information is provided
in Table 2.7. Nearly similar absorption profiles for the solutions and neat films of the
emitters were recorded. Compounds 10-14 showed absorption bands in the range of
276-287 nm in the high energy region, which can be assigned to the overlapping of ©
-n* transitions of electron-accepting and donating moieties. The absorption bands
between 316 to 330 nm attributed to n-m* transitions of di-tert-butylcarbazole units of
materials. Additionally, the synthesized compounds exhibited wide absorption bands
in the range of 340-425 nm, which can be originated from intramolecular charge
(ICT) transition between four donors and two acceptor moieties'®®.
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Fig. 2.14. Molecular structures of compound 10-14

Non-structured PL spectra of material 10-14 solid films were recorded with the
maxima at 482, 508, 482, 490 and 480 nm, respectively (Fig. 2.15 b). Using integrate
sphere, PLQY values under atmosphere and vacuum conditions for solid samples and
toluene solution of compounds were recorded. The PLQY values of the toluene
degassed solutions of 10-14 ranged from 7.5-44%, and the PLQY of material 10
solid-state exceeded 75% in the vacuum conditions, which is quite high value for the
organic electronic applications (Table 2.7). The PL emissions of the compounds in
several different solvents with different polarities were investigated to check the
solvatochromic properties of the materials. Since the CT state emission of TADF
materials are oversensitive to the polarity of the solvent, these measurements can help
to have information about the nature of emission (Fig. 2.15 a)*2%'?!, Going from non-
polar hexane to highly polar DMF solvents, no visible shifts in absorption profiles but
significant red shifts of the emission spectra were observed. Compound 14 showed
the largest shift of 68 nm between the PL spectra of solutions in hexane with low-
polarity and DMF with high polarity, and the smallest red shift of 14 nm was observed
for that of compound 11. These phenomena probably should be explained by not pure
LE or CT emission nature of the materials, and the results can prove that the emissions
of compounds 10-14 have less tendency to change in media with different polarity
compared to that of the previously reported blue TADF emitters'?%!2, PL spectra of
air-equilibrated, oxygenated, and degassed toluene solutions of the materials 10-14
were recorded and shown in Fig. 2.15 b. Higher emission intensities for deoxygenated
toluene solutions with argon compared to those oxygenated samples were observed
for all materials. The oxygen sensitivity and increase of emission after degassing of
solutions indicate the triplet state involvements in the emission. The PL intensity of
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compound 10 deoxygenated toluene solution was about six times higher than that of
the oxygenated dilute toluene solution (Fig. 2.15 b).
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Fig. 2.15. Photoluminescence spectra of several dilute solutions (concentration of 1075 M)
and solid films of materials (a), photoluminescence spectra (b) and PL decay curves (c) of
oxygenated, air-equilibrated and deoxygenated, dilute toluene solutions of materials 10-14

The photoluminescence decay curves of the compound toluene solutions at
room temperature were recorded as well. The delayed components in the emission of
oxygenated toluene solutions of the materials 10-14 were sufficiently annihilated by
oxygen molecules (O2), and it is not detectable in the oxygenated samples.
Deoxyginated solutions of compounds 10-14 showed exponential decays with two
components, including both prompt fluorescence and delayed fluorescence elements.
By using a double exponential decay profile, the Tor and ter (lifetimes of delayed and
prompt fluorescence) of oxygenated, air equilibrated, and deoxygenated dilute toluene
solutions of materials were estimated (Fig. 2.15 c, Table 2.7). Significantly longer
lifetimes of delayed components were recorded for the compounds 10 and 13 toluene
solutions in comparison with other compounds: 11, 12, and 14. In case of oxygenated
toluene solution of 10, the delayed component was almost negligible (tor = 56 ns).
However, the photoluminescence decay curve of the deoxygenated dilute solution of
compound 10 shows a prompt component with the tpr 0f 15 ns (19.9% contribution
of PF) together with delayed emission with tpr Of 2.1 s (80.1% contribution of DF).
In accordance with the previously reported approaches*®1?* and concerning that non-
radiative decay mostly takes place from the triplet energy states, the measured
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PLQYsS, the ratio of DF/PF intensity and lifetimes were utilized to obtain the krisc.
Compounds 10 and 14 showed really high krisc of 8 x 10° and 5.5 x 10° s?,
respectively, which can indicate that these compounds have quite fast spin-flip
efficiencies. The recorded fast RISC rate can lead to the reduction of the degradation
mechanism probabilities, since mostly triplet excitons are involved in the degradation
processes!?, The main reasons for the degradation of TADF OLEDs can be unwanted
photophysical parameters and the instability of the TADF emitters, such as a
prolonged delayed fluorescence lifetime (tor) and relatively small reverse intersystem
crossing rate (Krisc)*?:1?7,

Table 2.7. Photophysical and thermal properties of 10-14

Parameters 10 11 12 13 14
Tyonset oC [l 439 441 433 449 462
278/288/ | 279/287/ | 277/288/ | 278/288/

Aabs, D 218/287/316/328 | 517/309 | 318/330 | 317/330 | 318/330
heL, NM 482 508 482 490 480
FWHM, nm 86 104 126 94 106
AEsiT1, eV 0.03 0.05 0.04 0.04 0.04
Esy, eV 2.92 2.77 3.04 3.04 2901
Er1, eV 2.89 2.72 3.00 3.0 2.87
PLQY (%) 44176 12/51 8/4 17127 13/49
Npp 0.24 0.16 0.02 0.13 0.07
Npr 0.52 0.35 0.02 0.14 0.42
Tpp, 1 (%) B 931 13(32) | 23(57) | 23(48) | 21(15)
24 15 0.8 18 2.9
or s (%) (69) ) | @ | 6 | @
kpp, 5101 26 x 107 12x107 | 9.9x 105 | 5.7 x 10° | 3.4 x 10°
Ksc, s I 18x 107 8x 105 | 42x10° | 2.9 x 10° | 2.9 x 10°
kpp, s 0 2.1%10° 2x10° | 21x10° | 7.6 x 10° | 1.4 x 10°
Knisc, s 11 7 x 10° 8x 105 | 3.7x10° | 1.6 x10° | 1x 10°
kpisc, s 8 x 10° 5x10° | 6.7x10* | 9.3 x 10* | 5.5 x 108

& Teonset js the temperature of weight loss onset (heating rate of 20 °C/min at inert
nitrogen gas), ™ solid films

Photoluminescence and phosphorescence spectra of dilute THF solution of
compounds were recorded at the temperature of 77 K (Fig. 2.16 a). The energy
difference between singlet and triplet states (AEst) values in the same range of 0.03
to 0.05 eV were obtained from the onset of photoluminescence and phosphorescence
spectra of compound THF solutions, and probably, these minimized singlet-triplet gap
is a result of spatially separated frontier orbitals on donor and acceptor moieties (Table
2.7)128,129'

PL spectra and photoluminescence decay curves of compound films were
measured in the air and vacuum. Under the vacuum condition, all of the materials
displayed enhancement in the PL emission and the delayed component of PL decay
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curves. The (prompt and delayed) efficiencies and rate constants of the important

photophysical properties of compound solid films at 300 K were calculated, and the

rates belonging to the intersystem crossing (kisc) are between 4.2 x 10% and 1.8 x 10’

s1, and the rates of reverse intersystem crossing (Krisc) ranging between 3.7 x 10* and

1 x 10° s were obtained (Table 2.7).
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Fig. 2.16. Low temperature (77 K) photoluminescence and phosphorescence spectra of the
compound dilute THF solutions (a), photoluminescence spectra (b), photoluminescence
decay curves (c) of compound 10 neat film at different temperatures

In order to have a better understanding of the nature of the delayed fluorescence,
time-resolved and steady-state emission measurements were conducted in different
temperatures for compound neat films (Fig. 2.16 b, c). The thermal activation
behavior of the delayed emission in compound 10 neat film was confirmed by the
increase of the intensity from 77 to 300 K. Photoluminescence decay curves of the
compound 10 solid film measured at several different temperatures show two obvious
elements of PF in the nanosecond region and DF in microsecond scale. By increasing
of the temperature, the contributions of prompt components are almost constant, but
the long-lived DF components show clear temperature-dependent behavior (Fig. 2.16
c). By increasing the temperature and reaching 300 K, the ratio of delayed
fluorescence illustrated a remarkable rise from 14 to 51%, proving clear thermally
activated DF characteristics of compound 10 (Fig. 2.16 c). For instance, in case of
compound 14 neat film, the share of delayed fluorescence in the photoluminescence
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decay curves of this material increased from 65.3% to 85.16% after removing the
oxygen (Table 2.7). Keeping in mind that the charge transporting abilities of
functional materials are extremely important for the OLED applications and in order
to investigate the capability of compounds 10-14 as emitters in the emissive layers of
OLEDs, their charge mobility properties were investigated by the time of flight
technique®®®3L, In order to study the hole transport characteristics of the materials
after applying the voltages to the ITO substrate of thick fabricated samples, transit
time (ty) for compounds 10, 12-14 were easily detected in time-of-flight transients of
currents (in logarithmic scale). However, the charge mobility of the compound 11 was
not recorded by the time of flight measurement most probably due to the relatively
strong charge recombination® (Fig. 2.17 a). At the same time, by applying the
negative voltages, transit time was only detected for compound 10, proving its
electron-transporting capability. By applying several different electric fields, charge
mobilities were determined using transit time values from the corresponding TOF
current transients. The hole/electron mobility values of compound 10 were in the
range of highest reported values among the TADF emitterst****4, Compound 10 was
characterized by the hole mobility value of 8.9 x 10* cm?V-1s! and electron mobility
value of 5.8 x 10 cm? V! s at the same electric field of 4.7 x 10° VV/cm, proving the
balanced charge mobilities for non-doped OLED applications. Conformer formation
and hosting effects of compounds 10-14 on their emission characteristic were
investigated as well. Several spectra measured at various delays after the excitation
for compounds 10 and 12 obtained from time-resolved emission spectra (TRES)
measurement show the PL emission shift, which may be assigned to various
conformational disorder'® (Fig. 2.17 b, ¢). Compound 12 with no additional accepting
moiety showed the highest conformational disorder (largest PL shift of 0.19 eV in
different delay time from 0 to 900 ns), and compound 10 obtained the lowest
conformational disorder (the lowest photoluminescence spectra shift of 0.06 eV was
detected). The obtained results regarding the conformational disorder of compounds
10-14 indicated that the existence of additional acceptors can lead to an increase of
steric hindrance effect within the donors and extra accepting units, and an increase of
steric effect can result in decreasing of the torsional disorder freedom between the
donors and acceptors®3®,
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Fig. 2.17. Electron (solid symbols) and hole (open symbols) mobilities of the evaporated
films of 10-14 versus the electric field*®” (inset illustrates the time of flight signal in linear
ranges for holes in compound 10 solid film measured at 120 V) (a), 2D TRES data of
compound 10 (b) and 12 (c)

In order to compare the EL performance of blue TADF compounds, hon-doped
and doped devices were fabricated and investigated with the following structures: ITO
/ HAT-CN (HIL) / NPB (HTL) / TCTA (EBL) / mCBP (ExBL) / 10-14 (emissive
layer) / TPBi (ETL) / LiF:Al (EIL and cathode) for non-doped and ITO / HAT-CN /
NPB / TCTA / mCBP / mCBP: 10-14 (mCBP as a host) / TPBi / LiF:Al for doped
devices. The equilibrium energy graphs of provided OLED devices are schematically
illustrated in Fig. 2.18 a, in which the energy levels IPpe and EApe of the 10-14 films
measured by using photoemission spectroscopy were utilized for providing the
schematic energy diagrams of emissive layers. The mCBP matrix was chosen because
of its wide bandgap, which it requires for blue emitter hosts as well as its high triplet
(2.9 eV) and singlet (3.6 eV) energies'®. Vacuum-deposited layers were prepared by
step-by-step deposition for the non-doped and doped devices, and regarding the doped
emissive layers, 10% doping concentration of compounds 10-14 were doped in the
mCBP matrix. Aiming to fabricate efficient and optimized devices, different
concentrations of emitter 10 (10, 20, and 30 wt%), which showed superior
photophysical and charge-transporting properties in the mCBP matrix were fabricated
as well. The selected key parameters of device characteristics, such as (EQE), turn on
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voltage, current efficiency, peak wavelength of EL spectra and CIE xy coordinates,
are summarized in Table 2.8. Fabricated non-doped OLEDs using materials 10-14
were denoted as n10-n14, mCBP-doped OLEDs based on materials 11-14 denoted
as d10-d14, and optimized doped devices with different concentrations 10, 20, and
30 wt% of compound 10 named as d10a, d10b, and d10c, respectively. EL spectra of
the fabricated devices were very similar to the PL emission of the compound neat
films, and the unstructured blue emissions with Ag. between 473 to 497 nm were
recorded. Blue-shifted EL spectra were recorded for the doped devices as a result of
the sensitivity of CT state to the polarity and different polarity of mCBP matrix*®,
The CIEX color coordinates of the fabricated blue TADF OLEDs ranged from 0.16 to
0.21, and CIEy color coordinates ranged from 0.19 to 0.4 (Table 2.8). Relatively low
turn-on voltages of 5.2 to 7.9 V for fabricated devices with non-doped (n10-n14) and
even lower voltages of 4.1 to 5 V for doped devices (d10-d14) were recorded, and
these results can prove the efficient injection from the selected cathodes and transport
of carriers to the emissive layers. Lower turn on voltage for doped devices can be
ascribed to good charge transport capabilities of mCBP matrix, which was utilized as
a host in the light emitting layer4°,
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OLED n1, which had the compound 10 in the emissive layer emitted sky-blue
emission with CIE xy coordinate of 0.16, 0.27, PEmax of 12.4 Im/W, and EQEmax of
8.4% (Table 2.8). The highest device efficiency was obtained by d10b with 20%
doping concentration of compound 10. This device (d10b) showed blue emission of
477 nm, the highest current efficiency of 42.6 cd/A and EQE of 15.9% (Fig. 2.18 b,
Table 2.8). The recorded lower efficiencies of the device with higher concentration
(30 wt%) of an emitter are probably because of the exciton annihilation and
concentration quenching effects!#, The fabricated devices with 30 wt% of compound
10 (010c) showed EQEmax of 12.8%, and EL spectra peaked at 479 nm, which is
lightly red-shifted in comparison with the other two devices. Further optimization of
OLEDs can be achieved by using the novel host materials or functional layers, since
compounds 10-14 showed really high triplet levels, and the host or electron
transporting layer should be replaced with other compounds with at least 0.2 eV
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higher triplet states*2. In conclusion, it should be considered that similar EL
characteristics of non-doped and mCBP-doped devices of compound 10-14,
particularly fabricated devices based on compound 10, can be a sign of introduced
concept, which is the effect of low conformation disorder on the emission
characteristics of TADF compounds. Compound 10 showed the smallest difference
of 4 nm between the EL spectra peaks of non-doped and mCBP-doped OLEDs.

Table 2.8. Parameters of OLED

S Vond | CEmax | EQE ) Max
Device | Light emitting layer °\n/ cd/n,zx Q%max’ nr’n brightness,
cd/m?
nl10 10 5.8 20.5 8.4 481 19,735
nll 11 5.4 10.8 4.9 497 10,496
nl2 12 7.9 25 0.9 491 2,387
nl3 13 5.2 11.5 55 476 12,634
nl4 14 5.5 14.6 6.3 488 15,975
d10a mCBP: 10 (10wt.%) 4.6 37.7 14.6 473 34,500
d10b mCBP: 10 (20wt.%) 4.1 42.6 15.9 477 39,226
d10c mCBP: 10 (30wt.%) 4.9 33.9 12.8 479 30,928
di1 mCBP: 11 (10wt.%) 4.9 24 9.4 494 20,154
di2 mCBP: 12 (10wt.%) 5 4.3 1.9 470 4,958
di3 mCBP: 13 (10wt.%) 45 26.5 9.8 469 21,963
di14 mCBP: 14 (10wt.%) 4.8 30 11.7 483 28,129

[ Turn-on voltage at a luminance of 10 cd m™
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2.2.

2.3.

CONCLUSIONS

In order to unclose the effects of photophysical, photoelectrical, charge carrier
mobility, electrochemical parameters of two new diphenyl bicarbazoles
substituted with  fluoro and trifluoromethyl acceptors on their
electroluminescence characteristics, they were studied by many experimental
methods, including steady-state and time-resolved spectroscopy at different
temperatures, thermogravimetric analysis, differential scanning calorimetry,
photoemission  spectroscopy, and time-of-flight charge-transporting
measurements.

By mixing diphenyl bicarbazole substituted compounds as donors and
commercial PO-T2T as acceptor, two exceptional exciplexes with very high
RISC rates exceeding 107 s were developed for using in white OLEDs and
oxygen sensors. Exciplex-forming system with fluoro-substituted diphenyl
bicarbazole showed higher TADF efficiency owing to its higher hole mobility
and lower activation energy.

Because of extremely high RISC rates of the developed exciplexes, they were
used as active oxygen-sensing materials. The fabricated oxygen sensor based on
green exciplex, which showed a higher RISC rate, was as well characterized by
non-linear behavior oxygen probing properties (3.27 x 10 and 4.7 ppm™ were
recorded for Stern—Volmer constants).

Due to the broad photoluminescence spectra of developed exciplex-forming
systems, they were utilized in the emissive layers of several solution-based
white OLEDs, and the fabricated devices showed electroluminescence resulting
in EQEmax of 6.3% as well as very high-quality white color with CIE xy
coordinates of (0.384, 0.399) and color rendering index of 92.

Stable and efficient white OLEDs were developed using two new
benzophenone-based isomers as blue emitters, hosts, and modulators of the
exciton in their structures.

These two compounds showed high thermal stabilities, and for one of the
compounds, 5% weight-loss temperature reached 428 °C. Hole mobilities
higher than 10* cm?.(V-s)! and suitable charge injecting characteristics
(ionization potential values ranged from 5.68 to 5.79 eV) were detected.

By engineering the layers of fabricated OLEDs, either in devices with one
(orange color) or two (orange and blue colors) TADF emitters, the generated
excitons were efficiently transferred after hole-electron recombination, and due
to higher resonant energy transfers of fabricated devices with two TADF
emitters, almost two times higher EQE of 9.5% was recorded.

High-quality white emission with CRI of 80, CIE xy coordinates of 0.32, 0.31
and CCT of 4490 K were recorded for the device with EQE of 7.1%. This
observation can be assigned to the very good quality of white EL spectra, which
was closest to the natural white light, and it was based on only two emitters.
Efficient blue OLEDs were developed exploiting new multi-carbazole-based
blue TADF emitters with two non-similar accepting units, benzonitrile
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accepting moiety as the general acceptor along with different additional
conjugated acceptor moieties for each compound.

3.1. DSC measurements proved that all of the synthesized TADF emitters were
amorphous compounds, and TGA results showed that 5% weight loss
temperatures of the materials were between 363 and 457 °C.

3.2. Very different TADF properties and spin-flip capabilities were recorded for the
new investigated compounds, in which reverse intersystem crossing rates were
between 4.7 x 10* and 2.32 x 10° s, which is displaying the effect of acceptor
asymmetry, and the PLQY values of the degassed dilute toluene solutions of
materials were from 55 to 82%.

3.3. The effect of additional acceptor moieties was as well obvious in the
electroluminescent characteristics of the fabricated devices with the
investigated TADF compounds in the emissive layers. EQEs of fabricated non-
doped devices ranged from 2 to 7.3%, while the EQEs of mCP-doped devices
ranged from 3.1 to 11.8%.

3.4. The fabricated optimized devices based on compound with benzonitrile
additional moiety and compound with methyl 3-methylbenzoate extra acceptor
obtained the practical EQEsmax of 18.3 and 14.1%, respectively, which proves
the potential of the acceptor asymmetry strategy for the design of TADF
emitters.

4. The minimization of solid-state solvation and conformation disorder corollaries
in non-doped and doped OLEDs was achieved by involving several efficient
multicarbazole-based TADF compounds with four donor units (tert-
butylcarbazole), two acceptor moieties were deeply investigated, and the effects
of changing one of the acceptors in the optoelectronic characteristics of the new
materials were studied.

4.1 The values for ionization potentials (IPpg) of the investigated materials were
almost in the same range, i.e., from 5.61 to 5.72 eV. Their 5% weight loss
temperatures were between 433 to 462 °C, proving the excellent thermal
stability of these multicarbazole-based compounds, and during the TGA
experiments, the compounds showed complete weight losses, indicating
sublimation.

4.2 Due to the multi-channel charge-transfer characters, the investigated materials
showed quite efficient blue TADF with RISC rate of 1 x 10° s™%, and high neat
film PLQY of 76% was recorded.

4.3 During the time-resolved emission spectra measurements, the compound with
pyrimidine additional acceptor showed the lowest shift of 0.06 eV, and the
compound without additional accepting moiety was characterized with the
highest shift and as a result the highest conformation disorder.

4.4 Surprisingly, due to the very low disorder and solvation effects in the film form
of the compounds, approximately the same electroluminescent performances
(including EL spectra) of mCBP-doped and non-doped devices were recorded.

4.5 The highest maximum EQE of 15.9%, maximum PE of 24.1 Im W, and
maximum CE of 42.6 cd A" were recorded for the one of the fabricated devices
with high color quality sky blue EL spectra that peaked at 477 nm.
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4. SANTRAUKA

Organiniai  puslaidininkiai sulaukia isskirtinio démesio dél savo puikiy
optoelektroniniy savybiy, turin¢iy gausy potencialg'®. Organines medziagas dél jy
reguliuvojamy savybiy galima naudoti jvairiuose prietaisuose, pavyzdziui,
fotovoltiniuose elementuose (PV), lauko tranzistoriuose (FET) ir $viesos dioduose
(LED)**. Be to, organines medziagas galima pladiai pritaikyti jvairiuose gamybos
metoduose (pavyzdziui, vakuuminio nusodinimo, sukamojo dengimo, ritininio
dengimo ar rasalinio spausdinimo), suteikiant jvairiy komercializavimo galimybiy5’.
Nuo tada, kai 1987 m. Tang ir VanSlyke paskelbé mokslinj straipsnj®, apraSantj
pirmuosius pasaulyje veikiancius organinius Sviesos diodus (OLED), kuriuose tarp
dviejy elektrody jterpdami du ploni organiniy medziagy sluoksniai, Sie diodai sulauké
didelio pramonés tyréjy ir akademiniy mokslininky susidoméjimo, o OLED-ai tapo
nusistovéjusia ir brandzia ekrany technologija. Beveik pusé¢ 2021 m. parduoty
mobiliyjy telefony turéjo OLED-inius ekranus®. OLED-y gamybai reikia Zemesnés
temperatiiros'® ir maziau pavojingy medziagy nei dirbant su neorganinémis
medziagomis. Vietoj siauro matymo kampo suteikiamo skystyjy kristaly ekrany
(LCD), OLED-ai paprastai pasizymi lambertiniu spinduliuotés paskirstymu ir
reikalauja maziau aktyviy komponenty, palyginti su LCD-ais*"*2, Praktiskiau gaminti
MikroOLED-inius ekranus, skirtus akims draugiskiems ekranams, sumazinus OLED-
iniy pikseliy dydj iki keliy mikrometry'®. Proverzis kuriant efektyvius aukstos
kokybés Sviesos Saltinius, kuriuos galima panaudoti dirbtiniam apsvietimui, buvo
mélynos spalvos $viesos diody pristatymas, kuris 2014 m. buvo apdovanotas Nobelio
fizikos premijal*. Be baltos spalvos organiniy $viesos diody (WOLED), kurie turi
didelj potencialg tapti pramoniniais kietaisiais §viesos Saltiniais, vienspalviai OLED-
ai taip pat gali biiti naudojami kaip $viesos §altiniai automobiliy pramonéje’>. Dvi
pagrindinés praktinés organiniy §viesos diody taikymo sritys — kietakiinis apSvietimas
ir ekranai — yra jmanomos dél dviejy pagrindiniy sukurty prietaisy ir organiniy
puslaidininkiniy medZziagy savybiy. Plonasluoksniai OLED-ai yra plotiniai $viesos
Saltiniai ir gali suteikti naujy galimybiy jvairioms reikméms. Dél gana mazo organiniy
medziagy standumo nanosluoksniai leidzia gaminti OLED-us ant sulankstomy ir
lanks¢iy substrakty!’8. Be to, organiniy puslaidininkiy spinduliuotés spektro spalva
ir plotj galima reguliuoti organiniy junginiy sintezés metu. Naudojant daugiau nei
vieng spinduolj emisiniame sluoksnyje, galima efektyviausiai sukurti akims
nekenksmingg natiiralig $viesa'®?. Nauji pagaminti efektyviis OLED-ai pasiekeé tokj
pat efektyvuma, kaip fluorescencinés lempos??. O prietaiso eksploatavimo trukmé
tampa suderinama su kitais komerciniais §viesos Saltiniais, ir jau pranesta apie OLED-
us, kuriy veikimo trukmé vir$ija 100 000 valandy?. Taciau vis dar sunku rasti tinkamy
medziagy deriniy, kurie uZtikrinty ilga OLED-y eksploatavimo trukme, didelj
efektyvuma ir gerg spalvy perteikimg. Vienas i§ pagrindiniy paaisSkinimy, kodél
OLED-ai placiai paplito ekrany technologijy rinkoje, o ne apSvietimo srityje, yra
efektyvumo kritimas, t. y. gana greitas efektyvumo sumazéjimas esant dideliam
srovés tankiui arba rySkumui?%,

Sio darbo tikslas — naujy mélynos spalvos fluorescenciniy spinduoliy
elektroliuminescenciniy savybiy tyrimas.
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Darbo tikslui pasiekti buvo pasiiilytos Sios uZduotys:

Istirti dviejy naujy fenildikarbazolo dariniy fotofizines, fotoelektrines,
termines, kriivio pernasos ir elektroliuminescencines charakteristikas,
siekiant sukurti eksipleksus sudarancias sistemas, skirtas deguonies
jutikliams ir baltos spalvos hibridiniams liejimo i§ tirpalo metodu
formuojamiems OLED-ams.

I8tirti du benzfenony darinius kaip mélynos spalvos spinduolius, eksitono
moduliatorius ir skyles perneSancius junginius, skirtus sukurti OLED-us,
pasizymincius stabilia balta elektroliuminescencija ir gera spalvy kokybe.
Istirti jvairiy papildomy akceptoriy, esanciy penkiy daugiakarbazolo ir
benznitrilo dariniy molekulinéje struktiiroje, jtaka mélynos spalvos TADF
OLED-y veikimui, kai junginiai naudojami kaip spinduoliai.

Pateikti nuo terpés priklausomg mélynosios emisijos ir sukinio apvertimo
efektyvumo nustatymg daugiakarbazoliniuose junginiuose su skirtingais
papildomais akceptoriais siekiant pagerinti jy TADF efektyvuma.

IStirti konjuguoty daugiadonory-akceptoriy dariniy, turinciy
trifluormetilbenzeno  fragmentus, fotofizikines, fotoelektrines, kravio
pernasos ir elektroliuminescencines savybes.

Istirti konformacinés netvarkos ir kietosios biusenos tirpinimo poveikj
melynos Sviesos OLED-y, turinCiy nelegiruotus ir skirtingai legiruotus
emisinius sluoksnius, emisijos savybéms.

Darbo naujumas:
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Panaudojant  naujus  dikarbazolo  darinius, pakeistus  skirtingais
elektrondonoriniais  (fluor- arba trifluormetil-) fragmentais, sukurti
veiksmingi eksipleksiniai spinduoliai, pasiZymintys termiskai aktyvuojamaja
uzdelstagja  fluorescencija  (TADF) ir reikSmingais  atvirkStinés
interkombinacinés konversijos (RISC) grei¢iais iki 5,1 x 107 st Buvo
jrodyta, kad juos galima naudoti deguonies jutikliams ir hibridiniams liejimo
i§ tirpalo metodu formuojamiems WOLED-ams su aukstu spalvy perteikimo
indeksu.

Erdvinio eksitony paskirstymo strategija pirmg karta buvo panaudota
WOLED-ams, turintiems TADF spinduolius. Si strategija leido moduliuoti ir
atskirti eksitonus bei kriivininkus eksitony rekombinacijos ir kriivininky
rekombinacijos srityse, todél sukurty OLED-y iSorinis kvantinis efektyvumas
(EQE) bei baltos spalvos kokybé, palyginti su etaloniniais OLED-ais, buvo
mazdaug du kartus didesné.

Naudojant daugiakarbazolilpakeistus benznitrilo mélynos spalvos TADF
spinduolius, turin¢ius jvairiy papildomy akceptoriy, siekiant sukurti
efektyvius OLED-us su derinamais mélynos elektroliuminescencijos spalvy



variantais, buvo pasiektas didesnis TADF efektyvumas ir didelis RISC greitis
nuo 4,7 x 10*iki 2,32 x 10° s*.

- Kietosios buisenos tirpimo ir konformacijos netvarkos pasekmiy
minimizavimas mélynos spalvos TADF emiteriy veikimui taikant keliy
donory ir akceptoriy pakeitimo inzinerija, siekiant sukurti nelegiruotus ir
legiruotus OLED-us, pasizymincius nejprastai panaSiomis
elektroliuminescencinémis savybémis.

4.1 Eksipleksus formuojancios sistemos su itin dideliu RISC greiciu,
vir§ijan¢iu 107 s?, skirtos deguonies jutikliams ir baltos spalvos
hibridiniams OLED-ams

Siame darbe sickéme i§tirti du naujai  sumodeliuotus  fluor- arba
trifluormetilfenilpakeistus difenildikarbazolus kaip donorus eksipleksams sudaryti.
Junginiy 1 ir 2 molekulinés struktiiros pateiktos 4.1 pav.

4.1 pav. Junginiy 1 ir 2 molekulinés struktiiros

Junginiai 1 ir 2 dél subalansuoty skyliy pernasos savybiy, auksto tripletinio lygio ir
emisijos artimoje ultravioletinéje srityje gali buti laikomi potencialiais donorais
eksipleksams, pasizymintiems TADF emisija, gaminti. Todél buvo sukurti du kietieji
tirpalai, naudojant komercinj akceptoriy 2,4,6-tris[3-(difenilfosfinil)fenil]-1,3,5-
triazing (PO-T2T) bei junginius 1 ir 2 kaip donorus. Bandiniai 1:PO-T2T ir 2:PO-T2T
pasizyméjo raudony bangy pusén pasislinkusia eksipleksine emisija, palyginti su
grynaja akceptoriaus ir donoro emisija (apie 110 nm, palyginti su donorais, ir 150 nm,
palyginti su akceptoriumi) (4.2 pav., a). Bandiniy fotoliuminescencijos (PL) spektrai
ir PL gesimai esant skirtingoms temperatiiroms parodé, kad apie 90% skleidziamos
eksipleksinés emisijos intensyvumo susidaro dél termiskai aktyvuojamos uzdelstosios
fluorescencijos (4.2 pav. b, c). Kitas TADF egzistavimo miisy gauty eksipleksy
emisijoje patvirtinimas buvo mazas energetinis tarpas tarp singletinés ir tripletinés
buseny (AEsi1), kuris leido efektyviai vykdyti RISC procesa (4.2 pav., d).
Eksipleksai 1:PO-T2T ir 2:PO-T2T pasizyméjo panasia emisija mazdaug ties 520 nm
bangos ilgiu, o jy PL gesimas aprasomas dieksponentine funkcija su trumpai
gyvuojanéiu (tpr nuo 69 iki 376 ns) ir ilgai gyvuojanéiu (tor NUO 1,94 iki 4,25 us)
komponentais (4.2 pav., a, b). Eksipleksai 1:PO-T2T ir 2:PO-T2T pasizyméjo itin
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dideliu krisc, atitinkamai 5,1x107 ir 3,6x10” s?. Gautos Krisc vertés yra vienos
didziausiy iki $iol apraSyty’®"t,
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4.2 pav. Bandiniy 1, 2, PO-T2T, 1:PO-T2T ir 2:PO-T2T sluoksniy normalizuoti PL spektrai
(a) ir nuo temperatiiros priklausantys PL spektrai (b). Kietyjy tirpaly 1:PO-T2T ir 2:PO-T2T
PL gesimo kreivés, uzregistruotos esant skirtingoms temperatiiroms (c), ir
fotoliuminescencijos ir fosforescencijos spektrai, iSmatuoti esant 77 K temperatarai (d)

Siekiant iSgauti nattiralig baltg Sviesa, eksipleksai 1:PO-T2T ir 2:PO-T2T kartu su
mélynu TFB’® ir raudonu (Ir(pig)2(acac))’’ spinduoliais buvo pasirinkti keliems
liejimo i§ tirpalo metodu formuojamiems baltos spalvos OLED prietaisams
pagaminti. Pagrindiné priezastis, kodél pasirinkome liejimo i$ tirpalo metoda, nes $is
metodas leidzia tiksliai kontroliuoti spinduoliy koncentracija legiruotuose
emisiniuose sluoksniuose, kurie buvo labai svarbiis gaminant WOLED'®, Pasirinktos
OLED prietaisy struktros: ITO/MoQOs (1 nm)/TFB:Ir(pig)2(acac) (2, 5 arba 10%, 30
nm)/1:PO-T2T (atitinkamai prietaisy A2, AS ir A10) arba 2:PO-T2T (atitinkamai
prietaisy B2, B5 ir B10) (1:1) (20 nm)/TSPO1 (8 nm)/TPBi (40 nm)/LiF:Al. Labai
plonas MoOs sluoksnis buvo naudojamas kaip skyliy injekcijos sluoksnis, junginys
TSPO1 veike kaip skyliy ir eksitony blokavimo sluoksnis, TPBi buvo naudojamas
kaip elektrony pernesimo sluoksnis, o elektrony injekcijos sluoksniui buvo pasirinktas
LiF. Rekombinacijos zona i§ esmés yra emisiniame sluoksnyje (EML1, 1:PO-T2T
arba 2:PO-T2T), kaip matyti prietaisy struktiiry pusiausvyros energijos diagramoje
(4.3 pav., a). Skyles pernesantis TFB sluoksnis, kuris buvo legiruotas mazos
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koncentracijos Ir(pig)z(acac), taip pat naudojamas kaip antrasis emisinis sluoksnis
(EML2). Yra dvi raudonojo spinduolio Ir(piq)2(acac) emisijos galimybés: kai EML1
susidaro tripletiniai eksitonai, kurie persikelia j EML2, ir kai EML2 vyksta tiesioginé
elektrony ir skyliy rekombinacija’®.
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4.3 pav. Prietaisy visy funkciniy sluoksniy pusiausvyros energijos diagrama (a), pagaminty
OLED EQE priklausomybé nuo srovés tankio (b), balty prietaisy, sudaryty naudojant 1:PO-
T2T (c) ir 2:PO-T2T (d), normalizuoti EL spektrai esant skirtingoms jtampoms

Kaip matyti 4.3 pav., ¢, d, licjimo i§ tirpalo metodu pagaminty OLED-y
elektroliuminescencijos (EL) spektruose matomos skirtingo intensyvumo
Ir(pig)2(acac), 1:PO-T2T arba 2:PO-T2T ir TFB spinduoliy emisijos juostos. Tokia
stabili A ir B prietaisy EL esant skirtingoms jtampoms (4.3 pav., ¢, d) gali jrodyti,
kad pagamintuose prietaisuose yra kriivininky pusiausvyra, nes didinant jtampas
nepastebimas rekombinacinés zonos poslinkis i§ EML1 j EML2. Intensyviausia
raudona emisija buvo prietaisuose A5 ir B5 su 5% Ir(piq)2(acac), o koncentracija
padidinus iki 10%, raudonos fosforescencijos intensyvumas gali sumazéti. Tai gali
biti susij¢ su emisijos gesimu dél tripleto-tripleto anihiliacijos (TTA) esant didelei
fosforescencinio spinduolio koncentracijai®®. Kalbant apie spalvy kokybe, prietaisas
AS turéjo geriausig mélynos, Zalios ir raudonos emisijos intensyvumo derinj savo EL
spektre su geriausiomis CRI — 92, CIE1931 xy koordinatémis (0,384,0,399) ir
koreliuojamaja spalvy temperatiira (CCT) 3655 K. UzZregistruota CIE1931 ir jrenginio
A5 spalvos temperatiira gali buiti priskirta Siltai baltai Sviesai, o CRI reikSmé iki Siol
yra viena didziausiy balty OLED ver¢iy®®, Esant 12 V i3orinei jtampai, didZiausiag
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8980 cd/m? ir maziausig 2986 cd/m? skaistj pasieké atitinkamai prietaisai A5 ir A10.
Didziausiu efektyvumu pasizyméjo prietaisai A5 ir B5, kuriuose fosforescencinis
spinduolis Ir(pig)2(acac) ir du eksipleksai TADF spinduoliai (1:PO-T2T arba 2:PO-
T2T) tripletinius eksitonus efektyviai vercia singuletiniais. DidZiausios CEmax, PEmax
ir EQEmax vertés atitinkamai 11,6 cd/A, 5,5 Im/W ir 6,3% pastebétos prietaise AS su
1:PO-T2T zaliu eksipleksu ir 5% Ir(piq)2(acac) (4.3 pav., b).

4.2 Bis(N-naftil-N-fenilamin)benzfenonai kaip eksitonus
moduliuojan¢ios medzZiagos, skirtos baltos Sviesos TADF OLED-ams
su atskirtomis kriivininky ir eksitony rekombinacijos zonomis

Siame darbe du naujai susintetinti junginiai 3 ir 4 panaudoti kaip mélyno ir oranZinio
TADF eksitony moduliatoriai gaminant keleta grynai TADF WOLED-y. Junginiy 3
ir 4 su izomeriniais (N-naftil)-N-fenilamino donorainiais ir benzfenono akceptoriniais
fragmentais molekulinés struktiiros pateiktos 4.4 pav.

<”> Q0,00

.9 & .9

4.4 pav. Junginiy 3 ir 4 struktiiros

Siekiant istirti junginiy 3 ir 4 fotofizikines savybes, uzregistruoti junginiy kietyjy
sluoksniy ir praskiesty tirpaly THF bei toluene fotoliuminescencijos ir UV
absorbcijos spektrai (4.5 pav., a). Junginiy 3 ir 4 tirpaly THF emisijos maksimumai
atitinkamai ties 462 nm ir 488 nm, o Stoko poslinkiai buvo 90 ir 107 nm. Junginiy
sluoksniy Stoko poslinkiai atitinkamai buvo 94 ir 113 nm (4.5 pav., a). Nedidelis,
atitinkamai 22 nm ir 34 nm, skirtumas tarp junginiy 3 ir 4 tirpaly toluene ir THF
emisijos patvirtina silpng intramolekuling kruvio perdavg (CT) tarp donoriniy ir
akceptoriniy fragmenty®’. Optinés draustinés juostos tarpai buvo apskai¢iuoti pagal
junginiy sluoksniy absorbcijos spektry pradzios bangos ilgius, taigi junginiy 3 ir 4
absorbcijos pradzios bangos ilgiai buvo 429 ir 446 nm, jie atitinka 2,89 ir 2,78 eV
optinius draustinés juostos tarpus (4.5 pav., a). Junginiy 3 ir 4 fotofizikinés savybeés
toliau tirtos registruojant jy tirpaly THF fotoliuminescencijos ir fosforescencijos
spektrus 77 K temperatiroje (4.5 pav., b). Gautos Es; ir Et, energijos apibendrintos
2.3 lenteléje. N-naftil-N-fenilamino fragmenty tripletinés biisenos LE® emisijos
rekombinacija yra pagrindinis junginiy fosforescencinés emisijos altinis®,
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4.5 pav. Junginiy 3 ir 4 PL (deSinéje) ir normalizuoti UV absorbcijos spektrai (kairéje) (a)
bei jy praskiesty tirpaly THF PL (juodos briik§ninés linijos) ir fosforescencijos (Ph,
raudonos linijos) spektrai 77 K temperatiiroje (b)

Atsizvelgiant | geras naujyjy junginiy optoelektronines savybes, junginiai 3 ir 4
parinkti moduliuoti eksitonams viename arba dviejuose TADF spinduoliuose
(oranziniame 4CzTPN ir mélyname PFBP-2b), skirtuose WOLED-ams su atskirtomis
eksitony ir krivininky rekombinacijos zonomis. Pirma karta, taikant erdving eksitony
paskirstymo strategija, pagamintos dviejy tipy grynai TADF WOLED prietaisy
struktliros su vienu rezonansiniu energijos perdavimu i§ mélynos j oranzing arba su
dviem rezonansiniais energijos perdavimais i§ mélynos j oranzine ir i§ mélynos ]
mélyng spalva. Misy prietaisuose su dviem TADF emiteriais, naudojant du
efektyvius rezonansinius energijos perdavimus, galima atskirti kriivininky ir eksitony
rekombinacijos zonas. Taciau pagamintuose prietaisuose su eksitonus blokuojanciu
sluoksniu (EBL) vienas i$ rezonansiniy energijos perdavimy gali biiti apribotas, todél
galéjome iStirti vieno ar dviejy rezonansiniy energijos perdavimy poveikj balty
prietaisy spalvy kokybei ir efektyvumui. Naudotos Sios OLED konstrukcijos: 1TO/
MoOs; (8nm)/ NPB(60nm)/ TAPC(5nm)/EML/ TSPO1(8nm)/ TPBi(40nm)/
LiF(Inm)/Al  (prietaisai  1A(B)1-3) ir  ITO/MoO3(8nm)/  NPB(60nm)/
TAPC(5nm)/EML/PFBP-2b (20%):TPBi (40 nm)/ LiF(1nm)/Al (prietaisai 11A(B)1-
3). OLED prietaisy charakteristikos pateiktos 4.1 lenteléje. Prietaisy pavadinimai su
zenklu I priklauso pirmajai OLED-y Seimai, kurioje yra TSPOI1 kaip eksitonus
blokuojantis sluoksnis, su vienu rezonansinés energijos perdavimu, o prietaisai su
zenklu II turi du efektyvius rezonansinés energijos perdavimus, A raid¢ Zymi
struktiiroje esantj junginj 3, o B raidé — junginj 4, "1-3" yra susij¢ su trimis skirtingais
emisiniais sluoksniais (EML). Naudojant 4CzTPN/3 ir 4/PFBP-2b sistemas, galima
pagaminti WOLED-us su atskirtomis eksitony ir skyliy-elektrony rekombinacijos
zonomis. TPBIi:PFBP-2b sluoksnyje kaip TADF spinduolis naudotas PFBP-2b.
Prietaisai 1A2, IB2, IIA2 ir 1IB2 charakterizuoti balta elektroliuminescencija. Siy
prietaisy EL spektruose yra dvi skirtingo intensyvumo emisijos juostos, kurias sudaro
meélynos spalvos junginiy 3 arba 4 (ir PFBP-2b prietaisy IIA2 ir [IB2 atveju) emisija
ir oranzinés spalvos 4CzTPN emisija (4.6 pav., a, b).
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4.6 pav. Pagaminty OLED-y EL spektrai esant 9 V jtampai (a, b) bei EQE priklausomybés
nuo srovés tankio kreivés (c, d)

Prietaisai IA1, IB1, IIA1 ir 1IB1 pasizyméjo oranzinés spalvos emisija, kilusia i$
4CzTPN:3(4) sluoksnio. Taciau prietaisai 1A3, IB3, IIA3 ir IIB3 dé¢l nepakankamo
RET 3(4) ir 4CZTPN sluoksniuose rodé daugiausia mélynos spalvos EL. Dél
papildomo PFBP-2b TADF spinduolio vaidmens mélynajai emisijai pagamintuose
prietaisuose su dviem rezonansiniais energijos perdavimais emisijos juosta, susijusi
su 4CzTPN, yra stipresné IA3 ir IB3 prietaisuose, palyginti su 1lA3 ir 1IB3 OLED-
ais. Dél tikrai auksto baltos spalvos elektroliuminescencijos standarto, gauto
naudojant tik du emiterius, prietaisas I1IB2 pasizyméjo aukSciausiu CRI (80) ir
koreliacine spalvine temperatiira (Tc) 4490 K, o CIE 1931 xy koordinatés (0,32, 0,31)
yra artimiausios natiraliai baltai spalvai (4.1 lentel¢). Teigiamas PFBP-2b vaidmuo
akivaizdus ir palyginus pirmosios (IA3 ir IB3) ir antrosios (I11A3 ir 11B3) OLED-y
serijos mélynos spalvos prietaisy EQE (4.6 pav., c, d).

4.1 lentelé. Balty OLED elektroliuminescencijos charakteristikos

Prietaisa Vjjungti, V| CEmaks, Cd/A | EQEmaks, % | CIE (x; y)I! | CRIP! CCTII
s
1Al 4,7 20,8 7,2 (0,47, 0,49) 42 2932
1A2 4,2 10,2 4,8 (0,40, 0,35) 60 2751
1A3 51 3,9 3,1 (0,26, 0,22) 75 12520
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IB1 59 9,4 47 (0,55,044) | 41 1840
1B2 5,7 8,3 31 (036,042) | 62 4220
B3 4,6 3,7 19 (020,026) | -
AL 42 13,7 6,3 (053,045 | 40 2061
A2 3.9 18,6 9,5 (036,031) | 67 3332
A3 4,6 8,1 47 (016,013) | - | -
11B1 4 12,4 55 (049,047) | 43 2515
11B2 3,6 138 7.1 (032,031) | 80 4490
B3 33 7.8 49 017,022) | — | -

[a Jjungimo jtampa esant 10 cd m?skais¢iui, P)CIE, CRI ir CCT vertés nustatytos, kai EL spektrai

iSmatuoti esant 9 V jtampai
4.3 Mélynga spalva emituojanciy daugiakarbazolilpakeisty benznitrily

sukinio apvertimo efektyvumo derinimas panaudojant skirtingus
papildomus akceptorinius fragmentus

TADF junginiai gali buti sintetinami naudojant multidonorinj ir akceptorinj tipg bei
jvairias intramolekulines jégas (pvz., nekovalentines arba erdvines). Siame darbe,
sieckdami sukurti efektyvius mélynos spalvos OLED-us, panaudojome penkis naujai
susintetintus ~ asimetrinius  daugiakarbazolinius  spinduolius  legiruotose ir
nelegiruotose OLED-y struktiirose. Junginiy 5-9 molekulinés strukttiros pateiktos 4.7

T
g

P

4.7 pav. Junginiy 5-9 molekulinés struktiiros
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Panasiai kaip ir anks¢iau paskelbtuose daugiakarbazoliniuose junginiuose!®%, UV
absorbcijos juostos 310-365 nm diapazone yra susijusios su di-tret-butilkarbazolo
fragmento m—nt* arba n—m* Suoliais. Junginio 6 spektre mazos energijos absorbcijos
juostos apie 365-475 nm ir kity junginiy spektruose apie 365-450 nm atsiranda dél
intramolekulinés CT savybiy. Dél suzadintosios CT biisenos rekombinacijos®’
junginiy 5-9 tirpaluose ir sluoksniuose uZregistruota emisija su nestrukttirizuotais PL
spektrais, kuriy maksimumai yra 457-522 nm (4.8 pav., b). Junginiy didelio
poliskumo THF tirpaly PL spektrai, palyginti su mazo poliSkumo tolueno tirpaly
spektrais, parodé didziausig poslinkj raudonos spalvos link. Junginiy tirpaly toluene
PL intensyvumas labai padidéjo, kai tirpalai buvo prapiisti argono dujomis pasalinant
deguonj (4.8 pav., ¢). Norint istirti junginiy skyliy injektavimo savybes, naudojant
elektrony fotoemisijos spektrometrijg, iStirti junginiy sluoksniy jonizacijos
potencialai (IPee) (4.8 pav., d). Skirtingi akceptoriniai fragmentai lémé skirtingas
jonizacijos potencialo vertes: jos svyravo nuo 5,39 iki 5,9 eV, o tai rodo, kad junginiai
pasizymi skirtinga skyliy injektavimo elgsena.
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4.8 pav. Tiriamy junginiy tirpaly toluene arba THF bei sluoksniy UV absorbcijos (a) ir PL
(b) spektrai, junginiy tirpaly toluene PL spektrai prie§ ir po deguonies pasalinimo (c),
junginiy sluoksniy elektrony fotoemisijos spektrai, matuoti ore (d)

Junginiy elektroliuminescencinés savybés tirtos naudojant jas keliose prietaisy
struktiirose su nelegiruotais ir legiruotais emisiniais sluoksniais. Pagaminty OLED-y
funkciniai organiniai sluoksniai parinkti taip, kad bty uztikrintas efektyvus
kriivininky injektavimas ir pernasa, taip pat kruvininky ir eksitony rekombinacija
emisiniuose sluoksniuose. Suformuoty OLED-y sluoksniai buvo tokie: ITO/MoOs (1
nm)/ NPB (30 nm)/ mCP (4 nm) / emisinis sluoksnis (20 nm) / TSPO1 (8 nm)/TPBi
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(40 nm)/LiF (0,5 nm):Al (100 nm), kuriuose junginiai 5-9 naudoti emisiniuose
sluoksniuose ir atitinkamai pavadinti n5—n9 neleguotuose prietaisuose ir d5-d9
legiruotuose prietaisuose. Visi pagrindiniai pagaminty OLED-y kriterijai yra
apibendrinti 4.2 lenteléje. Visuose gautuose prietaisuose uzfiksuotos beveik mazos
jungimo jtampos, rodancios, kad teigiami ir neigiami kriivininkai i§ elektrody i
emisinj sluoksnj yra efektyviai injektuojami ir perneSami. Didziausias 7,3% EQEmax
ir maziausias 2% EQEmax gauti prietaisuose n5 ir n6 (4.2 lentelé), taip pat panasi
tendencija uzfiksuota ir legiruotuose prietaisuose (d5-9). Kadangi prietaisai d5 ir d9
pasizyméjo didesniais EQEma, atitinkamai 11,8 ir 7,9%, nusprendéme toliau didinti
OLED-y prietaisy efektyvuma, tinkamai optimizuodami OLED  strukttrg ir
spinduoliy koncentracijas EML sluoksniuose. Optimizuotos OLED struktiiros su
skirtingomis spinduoliy 5 ir 9 koncentracijomis mCBP matricoje turéjo HAT-CN
sluoksnj kaip HIL, NPB ir TCTA kaip HTL ir mCBP kaip EBL. Apskritai dél
papildomo prietaiso optimizavimo prietaisuose olb ir 05b pavyko pasiekti puikius
18,3 ir 14,1% EQEma. Siuos rezultatus galima priskirti pakitusiam kriivininky
balansui emisiniame sluoksnyje dél geresnio kriivininky judrumo mCBP sluoksnyje.

4.2 lentelé. OLED charakteristikos

o o | Viwgi | CEmaks | EQEmaks, | > Maks
Prietaisas | Emisinis sluoksnis | V| can % am skaistis,
’ cd/m?
n5 5 41 19,4 73 495 36000
né 6 4,2 3.8 2 490 2800
n7 7 4,6 6 34 474 5050
ng 8 5 7,8 4,3 476 8243
n9 9 6 12,1 5,6 480 16988
d5 5 (20wt.%):mCP 34 28 11,8 485 39260
d6 6 (20wWt.%):mCP 4,2 4.8 31 470 4415
a7 7 (20wt.%):mCP 4,1 12,9 6,6 471 10144
ds 8 (20wt.%):mCP 4,6 12,2 5,6 495 14176
do 9 (20wt.%):mCP 4,3 17,5 7,9 481 21110
o5a 5 (10wt.%):mCBP 3.9 28,3 15,1 466 11831
05b 5 (20wt.%):mCBP 4 39,3 18,3 468 17456
05c¢ 5 (30wt.%):mCBP 3,9 27,4 12,4 476 19516
09%a 9 (10wt.%):mCBP 3,8 22,7 11,6 457 5453
09b 9 (20wt.%):mCBP 39 24,8 14,1 457 19551
09c 9 (30wt.%):mCBP | 4,3 20,3 10,3 463 17115
ref PFBP2DIOWLY%): | 5 | 553 115 | 480 | 13420
mCBP

a Jjungimo jtampa esant 10 cd m 2 skais¢iui
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4.4 Mélynos spalvos TADF spinduoliy elementy dekoravimas inkarine grupe,
siekiant sumaZinti kietosios solvatacijos ir konformacijos netvarkos
padarinius nelegiruotuose ir legiruotuose OLED-uose

Siame darbe, siekiant kuo labiau sumazinti daugiakarbazoliniy junginiy
konformacijos netvarkos kietoje biisenoje poveikj emisijos charakteristikoms, buvo
istirtos penkios naujos efektyvios asimetrinés mélynos spalvos TADF medziagos su
keturiais donoriniais 3,6-di-tret-butilkarbazilfragmentais ir dviem elektronus
atitraukianéiais pakaitais. Junginiy 10-14 molekulinés strukttiros pavaizduotos 4.9

J%& EEN
**%“*3 o

4.9 pav. Junginiy 10-14 molekulinés struktiiros

Junginiy sluoksniy ir praskiesty tirpaly UV absorbcijos ir PL emisijos spektry
apibendrinta informacija pateikta 4.3 lenteléje. Uzfiksuoti beveik panasis spinduoliy
tirpaly ir sluoksniy sugerties profiliai. UzZregistruoti medziagy 10-14 sluoksniy
nestruktiirizioti PL spektrai, kuriy maksimumai atitinkamai ties 482, 508, 482, 490 ir
480 nm. Naudojant integruotaja sfera uzfiksuotos junginiy kietyjy sluoksniy ir tirpaly
toluene PLQY vertés atmosferos ir vakuumo sglygomis. Junginiy 10-14 degazuoty
tirpaly toluene PL kvantinio nasumo (PLQY) vertés svyravo nuo 7,5 iki 44 %, taip
pat medziagos 10 kietojo biisenos PLQY vakuume virSijo 75 %, o tai yra gana didelé
verté organinés elektronikos reikméms (4.3 lentelé). Visose medziagose pastebétas
didesnis bedeguoniy tirpaly toluene emisijos intensyvumas, palyginti su deguonies
prisotintais méginiais. Jautrumas deguoniui ir emisijos padidéjimas degazavus
tirpalus rodo, kad emisijoje dalyvauja tripletiné¢ buisena. Junginio 10 bedeguonio
tirpalo toluene PL intensyvumas buvo mazdaug $esis kartus didesnis nei deguonies
prisotinto praskiesto tirpalo toluene PL intensyvumas. Remiantis anksCiau pranestais
metodais*®!?* ir atsizvelgiant j tai, kad nespindulinis gesimas daZniausiai vyksta i3
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triplety energijos lygmeny, norint gauti krisc buvo panaudoti iSmatuoti PLQY bei
intensyvumo ir eksploatavimo trukmés santykis DF/PF. Junginiai 10 ir 14 pasizyméjo
tikrai dideliu krisc, atitinkamai 8 x 10° ir 5.5x10° s, tai rodo, kad Sie junginiai
pasizymi gana greitu sukinio apvertimo efektyvumu. Junginiy praskiesty tirpaly THF
fotoliuminescencijos ir fosforescencijos spektrai uzregistruoti 77 K temperattroje.
Junginiy singuletinés ir tripletinés energijy skirtumo (AEst) vertés iSsidésto diapazone
nuo 0,03 iki 0,05 eV, kurios gautos i§ i$ junginiy tirpaly THF PL ir fosforescencijos
spektry pradzios, ir tikétina, kad Sis minimalus singuleto-tripleto atotruikis yra
erdviskai atskirty donoriniy ir akceptoriniy fragmenty molekuliniy orbity rezultatas
(4.3 lentele)'?:12°,

4.3 lentelé. Junginiy 10-14 fotofizikinés ir terminés savybés

Parameteras 10 11 12 13 14
Tgonset °C [ 439 441 433 449 462
278/288/ | 279/287/ | 277/288/ | 278/288/
Aabs, M) 278/281/316/328 | 5101309 | 318/330 | 317/330 | 318/330
JpL, NM 482 508 482 490 480
FWHM, nm 86 104 126 94 106
AEsit1, eV 0,03 0,05 0,04 0,04 0,04
Esi, eV 2,92 2,77 3,04 3,04 2,91
Er, eV 2,89 2,72 3,00 3,0 2,87
PLOY (%) 44]76 12/51 8/4 17/27 13/49
Npp 0,24 0,16 0,02 0.13 0,07
My 0,52 035 0,02 0,14 042
Tpp, 118 (%) [P 9(31) 13(32) 23(57) 23(48) 21(15)
o D 2,4 1,5 0.8 18 2.9
Tops 1S (%) (69) (68) (43) (52) (85)
kpp, 51! 2,6x107 1,2x107 | 9,9x10° | 57x10° | 3,4x10°
ke, 51! 1,8x107 8x10° 4,2x10° | 2,9x10% | 2,9x108
kpp, s b1 2,1x10° 2x10° 2,1x10% | 7,6x10* | 1,4x10°
Kpise, s 7x10° 8x10° | 3,7x10* | 1,6x10° | 1x106
Kgiscs S 8x10° 5x10° | 6,7x10* | 9,3x10* | 5,5x10°

&l Tgonset _ terminés destrukcijos pradZios temperatiira (kaitinimo greitis 20 °C/min
esant azoto atmosferai), P kieti sluoksniai

Norédami palyginti miisy mélynos spalvos TADF junginiy EL charakteristikas,
pagaminome ir iStyréme nelegiruotus ir legiruotus prietaisus su Siomis struktGiromis:
ITO/HAT-CN (HIL) /NPB (HTL)/ TCTA (EBL) / mCBP (ExBL) / 10-14 (emisinis
sluoksnis) / TPBi (ETL) / LiF:Al (EIL ir katodas) nelegiruotiems ir ITO / HAT-CN /
NPB/TCTA/mCBP/mCBP: 10-14 (mCBP — matrica) / TPBi / LiF:Al legiruotiems
prietaisams. Prietaisy sluoksniai ruosti juos vakuuminiu biidu laipsniskai nusodinant
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nelegiruotuose ir legiruotuose prietaisuose, o legiruotiems emisiniams sluoksniams j
mCBP matrica legiruoti 10% junginiy 10-14. Siekiant pagaminti efektyvius ir
optimizuotus prietaisus, taip pat pagaminti prietaisai su skirtingomis spinduolio 10
koncentracijomis (10, 20 ir 30%), jis pasizymeéjo geresnémis fotofizikinémis ir
kriivininky pernaSos savybémis mCBP matricoje. Pagaminty prietaisy EL spektrai
buvo labai panasis | junginiy sluoksniy PL emisijg ir uzregistruoti nestruktiirizuota
mélyna emisija su Aec nuo 473 iki 497 nm. OLED n1, kurio emisiniame sluoksnyje
yra junginys 10, skleidé dangaus mélynumo emisija, kurios CIE xy koordinatés yra
(0,16, 0,27), PEmax— 12,4 Im/W, 0 EQEmax — 8,4%. Didziausias prietaiso efektyvumas
pasiektas d10b, kuriame legiruota 20% junginio 10. Sis prietaisas (d10b) pasizyméjo
mélyna 477 nm emisija, didZiausiu srovés efektyvumu 42,6 cd/A ir EQE — 15,9%
(4.10 pav., b).

UZzfiksuotas maZesnis prietaiso su didesne emiterio koncentracija (30%) efektyvumas
tikriausiai yra susijes su eksitony anihiliacijos ir koncentracijos gesinimo poveikiu®4.,
Pagamintas prietaisas su 30% junginio 10 (010c) pasizyméjo 12,8% EQEmax ir EL
spektro maksimumu ties 479 nm, kuris, palyginti su kitais dviem prietaisais, yra Sick
tiek pasislinkes raudonos spalvos kryptimi (4.10 pav., b). Toliau optimizuoti OLED-
us galima naudojant naujas matricines medziagas arba funkcinius sluoksnius, nes
junginiai 10-14 pasizyméjo tikrai aukstais tripletiniais lygmenimis, todél matricinj
arba elektronus perneSantj sluoksnj reikéty pakeisti kitais junginiais, kuriy tripletinés
biisenos yra bent 0,2 eV aukstesnés!*?. Apibendrinant reikéty manyti, kad panaSios
EL charakteristikos nelegiruoty ir mCBP legiruoty prietaisy su junginiais 10-14, ypac
pagaminty prietaisy, kuriy sudétyje yra junginys 10, gali bati misy pristatytos
koncepcijos, t. y. mazos konformacijos netvarkos poveikio TADF junginiy emisijos
charakteristikoms, pozymis. Junginio 10 prietaisai pasizyméjo maziausiu 4 nm
skirtumu tarp nelegiruoty ir mCBP legiruoty OLED-y EL spektry maksimumy.
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4.10 pav. Vizualizuotos pagamintos OLED struktiiros su visy panaudoty medziagy energiniy
biseny lygmenimis (a) ir OLED-y EQE priklausomybé nuo srovés tankio (b)
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4.5 ISVADOS

1. Siekiant atskleisti dviejy naujy fluor- ir trifluormetilpakeisty difenilbikarbazoly
fotofizikiniy, fotoelektriniy, kriivininky judrio, elektrocheminiy parametry jtaka
ju elektroliuminescencijos charakteristikoms, jie buvo tiriami daugeliu
eksperimentiniy metody, jskaitant nuostoviosios biisenos ir laikinés skyros
emisijg skirtingose temperatiirose, termogravimetring analizg, diferencing
skenuojamaja kalorimetrija, fotoemisijos spektroskopijg ir 1€kio trukmés metodg.

1.1.

1.2.

1.3.

Donorinius  difenilbikarbazolilpakeistus  junginius  sumaiSius su
komerciniu akceptoriniu PO-T2T sukurti du i$skirtiniai eksipleksai,
pasizymintys labai dideliu atvirkstinés interkombinacinés konversijos
(RISC) greiciu, virsijan¢iu 107 s2, ir skirti naudoti baltos spalvos OLED-
uose ir deguonies jutikliuose.

Sukurti eksipleksai panaudoti kaip aktyviosios medziagos deguonies
pajutimui. Pagamintas deguonies jutiklis, turintis Zalig eksipleksa, kuris
pasizyméjo didesniu RISC greiCiu, taip pat pasizyméjo nelinijinémis
deguonies zondavimo savybémis (uzfiksuotos Stern-Volmer konstantos —
3,27x10% ir 4,7 ppm™).

Gautos eksipleksus formuojancios sistemos panaudotos liejimo i§ tirpalo
metodu formuojamy balty OLED-y emisiniuose sluoksniuose, o
pagaminti prietaisai pasizyméjo elektroliuminescencija, kurios iSorinis
kvantinis efektyvumas (EQE) sieké 6,3%, taip pat labai aukstos kokybés
balta spalva, kurios CIE xy koordinatés yra (0,384, 0,399), o spalvy
perteikimo indeksas — 92.

2. Sukurti stabilis ir efektyvis baltos spalvos OLED-ai, jy struktiiroje naudojant
du naujus benzfenono izomerus kaip mélynos spalvos spinduolius, matricas ir
moduliatorius eksitony.

2.1.

2.2.

2.3.

Sie du benzfenono junginiai pasizyméjo dideliu terminiu stabilumu, o
vieno i§ jy 5% masés nuostolio temperattra sieké 428 °C. Junginiuose
nustatytas didesnis nei 10* cm?-(V-s)! skyliy judris ir tinkamos
kriivininky injekcijos charakteristikos (junginiy jonizacijos potencialo
vertés 5,68 ir 5,79 eV).

Suprojektavus pagaminty OLED sluoksnius, prietaisuose su vienu
(oranZinés spalvos) arba dviem (oranzinés ir mélyno spalvos) termiskai
aktyvuotosios  uzdelstosios fluorescencijos (TADF) spinduoliais
generuojami eksitonai buvo efektyviai perduodami po skylés-elektrono
rekombinacijos, o dél didesnio rezonansinés energijos perdavimo
pagamintuose prietaisuose su dviem TADF emiteriais uzfiksuotas beveik
du kartus didesnis EQE — 9,5%.

Prietaisas skleidé aukstos kokybés baltag emisija, kurios CRI — 80, CIE xy
koordinatés (0,32, 0,31) ir koreliuojamaja spalvy temperatiira — 4490 K, 0
EQE - 7,1%.

3. Efektyvis mélynos spalvos OLED-ai  sukurti  naudojant  naujus
daugiakarbazolinius mélynos spalvos TADF emiterius su dviem nepanaSiomis
akceptorinémis grupémis, akceptoriniu benznitrilo fragmentu kaip bendruoju
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akceptoriumi ir skirtingomis papildomais konjuguotais akceptoriniais
fragmentais kiekviename junginyje.

3.1. Diferencinés skenuojamosios kalorimetrijos matavimai parodé, kad visi
susintetinti TADF emiteriai — amorfiniai junginiai, o termogravimetrinés
analizés metu nustatytos medziagy 5% masés nuostoliy temperatiiros buvo
nuo 363 iki 457 °C.

3.2. Uzfiksuotos labai skirtingos naujy tirty junginiy TADF savybés ir sukinio
apsisukimo galimybés, kai RISC grei¢iai buvo nuo 4,7x10* iki 2,32x10°
s, taip pat junginiy degazuotuose praskiestuose tirpaluose toluene
fotoliuminescencijos kvantinio naSumo (PLQY) vertés buvo nuo 55 iki 82
%.

3.3. Papildomy akceptoriniy fragmenty ir akceptoriy asimetrijos poveikis buvo
akivaizdus pagaminty prietaisy su tirtais TADF junginiais emisiniuose
sluoksniuose elektroliuminescencinéms charakteristikoms. Pagaminty
nelegiruoty prietaisy EQE svyravo nuo 2 iki 7,3%, 0 mCP-legiruoty
prietaisy EQE svyravo nuo 3,1 iki 11,8%.

3.4. Pagaminti  optimizuoti  prietaisai, sudaryti su  papildomai
benznitrililpakeistu  junginiu ir su papildomai metil-3-
metilbenzoatpakeistu junginiu, pasieké atitinkamai 18,3 ir 14,1% praktinj
EQEmax.

Kietosios biisenos tirpimo ir konformacijos netvarkos pasekmiy minimizavimas
nelegiruotuose ir legiruotuose OLED-uose pasiektas jtraukiant kelis efektyvius
daugiakarbazolinius TADF junginius su keturiais donoriniais (tret-
butilkarbazolil) fragmentais bei dviem akceptoriniais fragmentais, prietaisai
nuodugniai iStirti ir iStirtas vieno i§ akceptoriniy fragmenty poveikis naujyjy
medziagy optoelektroninéms savybéms.

4.1. Tirty junginiy jonizacijos potencialy vertés buvo beveik vienodos — nuo
5,61 iki 5,72 eV. Jy 5% masés nuostoliy temperatiira buvo nuo 433 iki
462 °C, o tai rodo puiky S$iy daugiakarbazoliniy junginiy terminj
stabiluma.

4.2. Istirtos medziagos pasizyméjo gana efektyviu mélynos spalvos TADF su
1x10° st RISC greidiu, taip pat buvo uzfiksuotas didelis junginio su
papildomu akceptoriniu pirimidino fragmentu (10) grynojo sluoksnio
PLQY — 76%.

4.3. Atliekant laikinés skyros emisijos matavimus, junginys su papildomu
akceptoriniu pirimidino fragmentu (10) pasizyméjo maziausiu 0,06 eV
poslinkiu, o junginys be papildomo akceptorinio fragmento (12)
pasizymejo didziausiu poslinkiu ir dél to didziausia konformacijos
netvarka.

4.4. Dél labai mazos netvarkos ir tirpinimo efekty junginiy sluoksniuose
uzfiksuoti mazdaug vienodi mCBP-legiruoty ir nelegiruoty prietaisy
elektroliuminescenciniai parametrai (jskaitant EL spektrus).

4.5. Didziausias maksimalus EQE — 15,9%, didZiausias PE — 24,1 Im W ir
didziausias CE — 42,6 cd A uzfiksuoti viename i§ pagaminty prietaisy su



aukstos kokybés dangaus mélynos spalvos EL spektru, kurio maksimumas
buvo ties 477 nm.
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Article history: A rare example of exciplex-forming systems with highly efficient thermally activated
Received 6 October 2020 delayed fluorescence (TADF) exhibiting reverse intersystem crossing (RISC) yields of 97 and
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Thermally activated delayed Affected by the donor modification, exciplex-forming system containing fluoro-substituted
fluorescence diphenyl bicarbazole demonstrated higher TADF efficiency due to its higher hole mobility
Organic-light-emitting diode (4p = 11-10"* em%V's at 1.6-10° V/cm) and lower activation energy (E;) of 52 meV for
Optical sensor exciplex formation in comparison to E, of 127 meV observed for exciplex formation of
Carbazole triflu thyl-substituted diphenyl bicarbazole which is characterized by w, of

7.7:107° cm?¥V at the same electric field. Due to extremely high RISC rates (one of the
highest for TADF emitters observed up to now to the best of our knowledge), TADF was
detected even under oxygen at phere. The developed exciplex emission based oxygen
probes are characterised by non-linear oxygen sensitivity with the Stern—Volmer con-
stants of ca. 3.27-10 *and 4.7 ppm . In order to demonstrate possible OLED applications of
the developed exciplex-forming systems, solution-processed white hybrid OLEDs with very
high colour rendering index (CRI) of 92, colour temperature of 3655 K and CIE1931 co-
ordinates of (0.384, 0.399) were fabricated using exciplex-forming emitters.
© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

* Corresponding author. Exciplex-forming organic donor—-acceptor systems have big
** Corresponding author. potential for electroluminescent devices such as organic-

E-mail addresses: dvolynyuk@gmail.com (D. Volyniuk), juozas light-emitting diodes (OLEDs) and vertical light-emitting
grazulevicius@ktu.lt (J.V. Grazulevicius).

https://doi.org/10.1016/j.jmrt.2020.12.058
2238-7854/© 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).



84

712 JOURNAL OF MATERIALS RESEAR

ND TECHNOLOGY 2021;10:711—

transistors [1,2]. Particularly, big interest to exciplex emission
is mainly grounded on:

 Possibility to harvest “dark” triplets via reverse intersystem
crossing (RISC) of thermally activated delayed fluorescence
(TADF) phenomenon; [3,4].

o Ability to decrease energy barriers for transported charges
in device structures via formation of an “active” pn-
heterojunction resulting in low turn-on voltage, thus high
OLED power efficiency (exceeding of 100 1 m/W); [5].

« Simplicity of obtaining of exciplex emission by mixing of
electron donating and electron accepting molecules in
solid state; [6].

o Versatility of different types of device structures since
exciplex-forming systems are utilized as emitters, hosts,
and they can be formed/transferred through relatively long
distance; [7-10].

 Broad emission spectra and dual/multi-peak emission of
exciplexes are suitable for realization of white OLEDs [11].

Among the best cases, exciplex emission characterized by
very high reverse intersystem crossing (RISC) rates of
7.3 x 10° s7* for TSBPA:POT2T [12] or 142 x 10° s~* for DBT-
SADF:PO-T2T:CDBP [13] was observed. It allowed to obtain
exciplex emission based OLEDs with external quantum effi-
ciency (EQE) higher than 20%. The abbreviation TSBPA is used
for 4,4/-(diphenylsilanediyl)bis (N,N-diphenylaniline, PO-T2T
is used for 24,6-tris [3-(diphenylphosphinyl)phenyl]-1,3,5-
triazine, DBT-SADF is used for 2-(spiro [acridine-9,9' -fluo-
ren]-10-1)dibenzo [b,d]thiophene 5,5-dioxide, and CDBP is used
for 4,4'-bis(9-carbazolyl)-2,2'-dimethylbiphenyl. Such RISC
rates (kusc) observed for exciplex forming systems are com-
parable or even higher than RISC rates of state-of-art TADF
emitters exhibiting ks values of ca.10° s * [14,15]. However,
TADF efficiencies of exciplex-based emitters are typically low
at room temperature (RT) which affects EQE of electrolumi-
nescent devices. For instance, OLED based on exciplex-
forming molecular mixture mMTDATA:3TPYMB exhibited
lower EQE of 6.3% at RT than at 248 K (11%) [16]. Here, m-
MTDATA is 4,4’ 4"-tris [phenyl (m-tolyl)amino]triphenylamine
and 3TPYMB is tris(2,4,6-trimethyl-3-(pyridin-3-yl)phenyl)
borane. The similar observation was previously attributed to
high non-radiative singlet and triplet transition rates (k3, and
k!, respectively) of exciplexes at room temperature [17]. It was
concluded that not only high RISC rates but also low non-
radiative transition rates are required for efficient exciplex
based TADF [17].

In this work, we aimed to find out whether high ky;sc and
high kgso/k), relation can be obtained for exciplexes when
exciplex-forming donor diphenyl bicarbazole is modified by
electron withdrawing fluoro- or trifluoromethyl units. 9,9-H or
9,9-diphenyl bicarbazole showed good performances in OLEDs
as exciplex-forming donors [18-20]. We expected that sub-
stitution of diphenyl bicarbazole by acceptor units will result
at least in higher ionization potentials compared to unsub-
stituted ones. Thus, knowing that the exciplex emission
maximum wavelength can be described by formula hvz™=
IP — E4 — Ec, where I} is the ionization potential of a donor, E4
is the electron affinity of an acceptor, and E. is the

electron—hole Coulombic attraction energy [21], we expected
that the attachment of accepting moieties to diphenyl bicar-
bazole may result in the shift of emission of exciplexes to the
higher-energy region. In addition, bipolar charge transport,
which is required for functional OLED materials (e.g. for hosts
and emitters), can be expected for compounds containing
donor and acceptor units [22,23]. Taking into account these
considerations, we synthesized two new diphenyl bicarba-
zoles (bFPC and bTfPC in Scheme 1). At RT, solid-state mix-
tures bFPC:PO-T2T and bTfPC:PO-T2T demonstrated efficient
exciplex emission with the similar kuysc of 5.1 x 10’ and
3.6 x 10" s~ ! but different kgysc/kl, of 1.1 and 0.27, respectively.
Because of that, different photoluminescence quantum yields
(PLQY) of 56 and 22% were recorded for exciplex-forming
molecular mixtures bFPC:PO-T2T and bTfPC:PO-T2T, respec-
tively. Despite extremely high kg sc and relatively high kusc/
Kk}, their PLQYs were still much below 100%. Relatively low
PLQYSs can be explained by relatively low relationship of rates
of prompt fluorescence to non-radiative singlet transition
rates (ko/ky,) of 41.4 x 10 * observed for bFPC:PO-T2T and
105 x 10"* recorded for bTfPC:PO-T2T. Thus, not only TADF
efficiency but also efficiency of prompt fluorescence has to be
increased for exciplex-forming systems. Nevertheless, having
exciplexes with RISC yields of 97 and 96%, it is possible to
employ them in optical sensors of oxygen. Naturally,
quenching of TADF under presence of oxygen is expected.
Several examples of TADF emitters were reported as active
oxygen sensing materials [24,25] but to the best of our
knowledge, the systems exhibiting exciplex based TADF were
not yet used for this purpose. In addition, we used exciplex-
forming molecular mixtures bFPC:PO-T2T and bTfPC:PO-T2T
as green emitters in solution-processed hybrid white OLEDs
based on polymeric host which acted also as a blue emitter
doped by low concentration of a red phosphorescent emitter.
Mixing blue fluorescence, green exciplex emission and red
phosphorescence we achieved high colour rendering index
(CRI) of 92, low correlated colour temperature of 3655 K and
CIE1931 coordinates of (0.384, 0.399).

Originality of the proposed approach for the fabrication of
white hybrid OLEDs is based on the distribution of electrical
excitation energy between two light emitting layers, namely
between green exciplex-based TADF and blue/red fluorescent/
phosphorescent ones. The hole—electron recombination zone
was mainly situated within the green exciplex-based light-
emitting layer while part of electrical excitation energy was
transferred to the blue/red emitting layer by direct
hole—electron recombination and by exciton energy transfer.
Such allocation of exciton energy resulted in relatively stable
white emission under different external voltages.

2. Experimental

Materials. Molybdenum (VI) oxide (MoOs), poly (9,9-
dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)

(TFB), bis(1-phenylisoquinoline) (acetylacetonate)iridium (III)
(Ir (pig), (acac)), 2,4,6-tris [3-(diphenylphosphinyl)phenyl]-
1,3,5-triazine  (PO-T2T), diphenyl-4-triphenylsilylphenyl-
phosphine oxide (TSPO1), 2,2,2"-(1,3,5-benzinetriyl)-tris(1-
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phenyl-1-H-benzimidazole) (TPBi), and lithium fluoride (LiF)
were purchased from Sigma-—Aldrich or Lumtec companies
and used without additional purification.

OLED fabrication. Electroluminescent devices with the
structures of ITO/MoO,/TFB:Ir (piq), (acac) (EMLZ2)/BFPC:PO-
T2T or BTfPC:PO-T2T (EML1)/TSPO1/TPBi/LiF:Al were fabri-
cated by a spin-coating/evaporation hybrid method. Indium-
tin-oxide (ITO)-coated substrates were consecutively cleaned
in an ultra-sonic bath containing acetone solution, distilled
water and treated by UV-ozone for 15 min. Then, the devices
were prepared by step-by-step depositions of different organic
layers. The first (EML1) (BFPC:PO-T2T or BTfPC:PO-T2T) and
the second (EML2) (TFB:Ir (piq), (acac)) light-emitting layers
were spin-coated while the other layers were vacuum-
evaporated. The layers EML1 and EML2 were deposited from
toluene solutions (4 mg/ml) of the corresponding compound
mixtures under inert gas atmosphere inside a glove box. After
spin-coating of EML1 and EML2, the samples were thermally
annealed at 90 °C for 30 min (in case of EML1) or 180 °C for
40 min (in case of EML2). The vacuum-evaporated layers
(MoOs, TSPO1, TPBi, LiF and Al) were prepared under the
vacuum of 10~ mBar. All of the vacuum-evaporated layers
were deposited at a rate of 1 A s~ except the LiF layer which
was deposited at 0.1 A s *. The size of emissive pixel was of
6 mm’.

Additional information on materials, instrumentation and
device testing are presented in the Supplementary
Information.

3. Results and discussion
3.1.  Synthesis and common characterizations

Compounds bFPC and bTfPC were prepared by two-step syn-
thetic procedure starting from 9H-carbazole as it is shown in
Scheme 1. In the first step, carbazole was substituted at N-
position by 4-fluorophenyl or 4-trifluoromethylphenyl groups
using the respective aryl iodides under the modified Ullmann
conditions [26]. The intermediate compounds FPC and TfPC
were isolated by re-crystallization in good yields of ca.
70—-90%. In the second step, the intermediates were coupled
by oxidative method [27] using iron (II) chloride. The target
compounds, 3,3'-bis [9-(4-fluorophenyl)carbazole] (bFPC) and
3,3-bis [9-(4-trifluoromethylphenyl)carbazole] (bTfPC) were
isolated after column chromatography and re-crystallization
in sufficient yields of 67% and 52%, respectively (see ESI for
the procedures).

While proceeding with our research, we have discovered
more efficient synthetic procedure for bFPC compared to that
reported by other authors [28]. Interestingly, the melting point
of 86—88 °C reported for bFPC in ref. [28] is close to glass-
transition temperature established by ourselves for this
compound (Fig. 1a, Table 1). Thus, we assume that bFPC re-
ported in ref. [28] was rather isolated as amorphous solid than
crystalline material. However, the structural data for bFPC
(NMR, IR, MS) well match with those reported previously.

Compounds bFPC and bTfPC were isolated as crystalline
solids which was proved by their well-defined melting points
(mp) (Table 1). The mp values for both materials were close

and situate around 245 °C when measured in capillary (see ESI)
and around 250 “C as established by DSC (sharp endothermic
peaks in Fig. 1a, inset). Both the compounds formed molecular
glasses with glass-transition temperatures (Ty) of 101 °C for
bFPC and 111 °C for bTfPC. However, the glasses of these
compounds tended to crystallize above their glass-transition
temperatures (exothermic peaks at ca. 205 and 160 °C in
Fig. 1a) and melted again at the same temperature as before.

According to the data of thermogravimetric analysis (TGA,
Fig. 1a), five percent weight-loss temperatures established for
bFPC and bTfPC were 374 and 350 °C, respectively. Since the
compounds melted at 250 °C and their sample weights went
down to zero even at not very high temperature (around
450 °C), the weight loss can be rather attributed to evaporation
than to chemical decomposition.

In order to determine electrochemical energy levels of
compounds bFPC and bTfPC, they were examined by cyclic
voltammetry (CV). Their dichloromethane (DCM) solutions
with tetra-n-butylammonium hexafluorophosphate (TBAPF)
as supporting electrolyte showed oxidation half-waves with
respect to ferrocene at 0.58 V for bFPC and 0.65 V for bTfPC
(Fig. 1b, Table 1). Both compounds exhibited double reversible
CV oxidation but no expressed reduction waves were
observed for DCM solutions even when strong electron with-
drawing CF, groups were present. Despite the small difference
(0.07 V) between oxidation potentials of the solutions of bFPC
and bTfPC, a noticeably bigger difference (0.26 eV) was
observed between their jonization potentials estimated by
photoelectron spectroscopy (PESA) in air. I;*5* of 5.78 eV was
observed for the film of bFPC and 6.04 eV for the film of
bT{PC(Fig. 1c inset, Table 1). [;*** values of bFPC and bTfPC
were found to be higher than corresponding values measured
by CV. I5" values of 5.38 and 5.45 eV respectively were recor-
ded. Such discrepancy is typically observed due to the
different physical meaning of I5¥ and I;** [29]. Due to stron-
ger electron accepting ability of CFs groups in comparison to
that of F, the higher I}*** (deeper HOMO) was obtained for
compound bTfPC relative to that observed for bFPC.

Time of flight (TOF) experiment disclosed low-dispersity
hole transport in the layers of bFPC and bTfPC. The transit
times (t,,) for holes were easily identified from TOF current
transients at different external voltages (V) in log—log scales
for the vacuum-deposited films (Fig. S1). Despite the presence
of electron accepting fluoro- or trifluoromethyl substituents,
electron transport ability was detected for the layers of bFPC
and bTfPC by the TOF measurements (Fig. S1). Taking the t,,
values for holes at different external voltages, hole mobility
() at different electric fields (E) were calculated for bFPC and
bTPC (Fig. 1c). Dependences log (i) versus vE were well fitted
by the Poole—Frenkel formula u = uge"” [30].

By the fitting, zero-field mobilities (uo) and field depen-
dence parameter (z) were obtained. Slightly higher value of «
observed for bTfPC was apparently due to its more dispersive
charge transport. Higher by ca. 20 times y, value observed for
bFPC can apparently be explained by favourable molecular
packing (Fig. 1c). Lower field dependence parameter o of
2510 cm/V was obtained for bFPC compared to that
observed for bTfPC (3.9-10 * ¢cm/V) indicates lower charge
dispersity in the layer of bFPC than in that of bTfPC.
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Table 1 — Thermal, electrochemical, photoelectrical, hole-transporting and photophysical parameters of bFPC and bT:!
Property Sample bFPC bTfPC
Tem, °C Powder 246 253

Tg, °C 101 111

g Y o] 206 161

Tae-s% °C 374 350

Eox vs Ag/A', V DCM solution with TBAPFs 058 0.65

IPcy, eV 5.38 5.45

1P, €V Film 5.78 6.04

P eV 336 321

EAge, V 242 283

»*5, nm Film (THF solution) 390, 409 (385", 402) 387, 404 (383", 397)
PLQY, % 19 (15) 15 (18)

T, 18 4.68 (6.09) 4.02 (6.01)
ES", eV THF solution at 77 K 344 338

EiT, eV 299 299

AEH, eV 045 039

Bholes,” CM/(V-5) Film 11102 7.7-10°

® At electric field of 1.6-10° V/em.

® Shoulder.

Apparently, the presence of trifluoromethyl units hinders
hoping of holes between HOMO-HOMO molecular orbitals of
neighbouring molecules. In addition, more efficient formation
of hydrogen bonds C—H: - -F in the layer of bTfPC than in the
layer of bFPC can be the reason of the above described ob-
servations. The different values of hole mobility of bFPC and
bTfPC might be also related to their molecular packing and/or

different structure of the layers as it was proved for other
carbazole-containing compounds [31]. Notably, p, of
1.1 x 10 cm?/V s recorded at electric field of 1.6 x 10° V/cm s
by two orders of magnitude higher than hole mobility of effi-
cient exciplex-forming bicarbazoles containing CN groups at
the same electric fields (Table 1) [32,33]. In contrast to those
CN-substituted bicarbazoles which showed bipolar charge
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Fig. 1 — (a) DSC second heating scans (inset) and TGA curves; (b) CV voltammograms (“Fc” stands for ferrocene, E°*, and E**,
stand respectively for the first and the second oxidation waves); (c) hole mobility versus electric field and electron
photoemission spectra (inset); (d) UV absorption, PL and phosphorescence spectra of the dilute solutions of bFPC and bTfPC.
Phosphorescence spectra were recorded at 77 K with the delay of 50 ms after excitation turn-off.
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transport, compounds bFPC and bTfPC exhibited only hole-
transporting properties apparently because of the weak elec-
tron withdrawing ability of fluoro or trifluoromethyl units.

In order to investigate the effect of the different sub-
stituents on photophysical properties of the compounds, ab-
sorption and photoluminescent (PL) spectra of the dilute
solutions (~10° M) of bFPC and bTfPC in toluene and THF
were recorded (Fig. 1d). Carbazole unit is mainly responsible
for absorption of the solutions of compound bFPC since the
shape of its absorption spectrum is similar to that of carba-
zole, N-phenylcarbazole, and N,N'-diphenyl(-3,3-)bicarbazole
[1,2,18]. The additional energy band around 325 nm can be
recognized in the low-energy region of absorption spectra of
the solutions of compound bTfPC. It was not observed in the
spectra of the solutions of bFPC and N-phenylcarbazole [35].
The similar absorption band was observed for benzonitrile-
substituted carbazole N-(4-cyanophenyl)carbazole (NP4CN)
and was attributed to S, —+charge transfer (CT) absorption [34].
Charge  transfer between  carbazole and tri-
fluoromethylbenzene units induced that additional absorp-
tion band. Vibronically structured fluorescence spectra with
two maxima at 385 and 405 nm were recorded for toluene
solutions of bFPC and bTfPC. The similar fluorescence spec-
trum was previously reported for N-phenylcarbazoles and
was attributed to locally exited (LE) emission (Fig. 1d) [34]. PL
decays of the toluene solutions of the compounds were
adequately represented by single-exponential fitting with the
lifetimes of ca. 6 ns? The lifetimes slightly differed with the
change of polarity of media (Fig. S2, Table 52). This effect is
apparently related to different non-radiative rates of the
compounds in different media. LE emission was also detected
for the solutions of compounds bFPC and bTfPC in more polar

TFH. A weak intramolecular CT (ICT) contribution can be
recognised in the emission of compounds bFPC and bTfPC as
it was shown for CFs-substituted N-phenylcarbazole [35].
However, no any strong ICT emission was observed even for
the films of compounds bFPC and bTfPC, as it was for reported
for compound NP4CN with a relatively strong benzonitrile
acceptor (Fig. 2a) [34]. Photoluminescence quantum yield
(PLQY) values of the solutions and neat films of compounds
bFPC and bTfPC (Table 1) are in agreement with PLQYs of the
previously studied N-phenylcarbazoles and N-phenyl-
bicarbazoles [18,33,35].

PL and phosphorescence spectra of THF solutions of BFPC
and BTfPC were also recorded for getting their first excited
singlet (Es,) and triplet (Er,) energy levels (taken from the first
highest-energy peak) (Fig. 1d, Table 1). The compounds emit
intense phosphorescence which is mainly related to the LE*
emissive recombination of triplet state of carbazole moiety
[36,37]. The differences observed in phosphorescence spectra
of bFPC and bTfPC are apparently caused be weak influence of
ICT® emission in case of bTfPC. Nevertheless, both com-
pounds were characterized be the same energy of the first
excited triplet states of 2.99 eV (Table 1).

3.2.  Exciplex-forming properties

Compounds bFPC and bTfPC can be regarded as promising
candidates as exciplex-forming donors for TADF emitters due
to their high triplet levels, high hole mobilities, and fluores-
cence in near UV region. Indeed, solid-state mixtures
bFPC:PO-T2T and bTfPC:PO-T2T demonstrated exciplex type
emission which was typically red-shifted in comparison to
pure emission of donor and acceptor compounds (Fig. 2a). PL
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Fig. 2 — Normalized PL spectra (a) and i ity depend on the temp of PL spectra (b) of the films of bFPC, bTfPC,
PO-T2T, bFPC:PO-T2T, and bTfPC:PO-T2T. The corresponding PL decay curves ded at the indicated (c), PL
and phospl spectra ded at 77K (d) of molecular mixtures bFPC:PO-T2T and bTfPC:PO-T2T. PLQY versus

temperature (e) and kusc versus VT (f) plots for bFPC:PO-T2T and bTfPC:PO-T2T.
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spectra of bFPC:PO-T2T and bTfPC:PO-T2T are peaked at the
similar wavelength near 520 nm. Their PL decays were
adequately fitted by double exponential law giving short-lived
(pr of 69—376 ns)) and long-lived (rprof 1.94—4.25 ps) compo-
nents (Table 2). More than 90% of total emission intensity of
exciplexes was related to delayed fluorescence which is
thermally activated by nature. This statement was proved by
the measurements of PL spectra and PL decays at the different
temperatures (Fig. 2b,c). The presence of TADF is in the
emission of the exciplex forming systems was confirmed by
small singlet-triplet energy differences (AEs;r1) which allowed
RISC process and thus TADF (Fig. 2d) [4]. Havingabsolute PLQY
values of exciplexes at RT and dependences od PL spectra on
the temperature (Table 2, Fig. 2b), it was possible to plot PLQY
versus temperature for exciplex emitters bFPC:PO-T2T and
bTfPC:PO-T2T (Fig. 2e). In contrast to previously studied
exciplexes which showed the highest efficiency at low tem-
peratures [16,17], PLQY values of the studied exciplexes line-
arly increased with increasing temperature due to the efficient
TADF and low non-radiative losses.

Solid molecular mixtures bFPC:PO-T2T and bTfPC:PO-T2T
were also studied by the time-resolved luminescence spec-
trometry at the different temperatures (Tables 2 and S2)
[4,5,38]). The values of prompt (1) and delayed (np) fluores-
cence quantum yields were obtained from PL decays fitting
assuming that the total integral of PL transients is attributed
to the absolute PLQYs of exciplexes bFPC:PO-T2T and
bTfPC:PO-T2T (Table S2). Taking lifetimes of prompt and
delayed fluorescence (rpr and 7pr) and the corresponding
quantum yields (npr and »p;), radiative rates of prompt (kpr)
and delayed (kp) fluorescence were estimated (Tables 2 and

S2). In addition, non-radiative rates of the singlet (k) and
triplet (k},) states were calculated. Non-radiative rate kj, is
mainly related to the intersystem crossing (ISC) with the
quantum efficiency ;¢ and rate constant kysc. The RISC pro-
cess is responsible for the population of the first singlet state
(S1) resulting to the long-living component of PL transients.
Rate constant kusc as a key parameter is generally attributed
to efficient TADF and is in the order of 10° s~ * for state-of-art
intramolecular and intermolecular TADF emitters [12-15].
Notably, exciplexes bFPC:PO-T2T and bTfPC:PO-T2T were
characterized by extremely high kgsc of 5.1 x 10’ and
3.6 x 10’ s~ respectively, which are among the highest values
to the best of our knowledge. Despite of the close kg;sc values,
exciplex emission of bFPC:PO-T2T was found to be more effi-
cient than emission of bTfPC:PO-T2T. The respective absolute
PLQY values were found to be different, i.e. of 56% and 22% at
room temperature (Table 2). This observation can be
explained by the different non-radiative rate constants k!, of
4.7 x 10’ for bFPC:PO-T2T and of 1.35 x 10° for bTfPC:PO-T2T
resulting in the different kusc/kl, ratio of 1.1 and 0.27,
respectively. Despite of the small difference in the molecular
structures of compounds bFPC and bTfPC which practically
have no effects on the exciplex emission spectra of bFPC:PO-
T2T and bTfPC:PO-T2T, the different non-radiative rate con-
stants k!, were obtained for these exciplexes.

This observation may be attributed to the different mo-
lecular packing caused by the presence of the different fluoro-
and trifluoromethyl substituents in bFPC and bTfPC. The
presence of trifluoromethyl groups may be the reason of
higher intermolecular distances in solid films leading to the
higher non-radiative rate constant k], and to the less efficient

Table 2 — Photophysical parameters of exciplex-forming molecular mixtures bFPC:PO

room temperature (: 3

Exciplex source/equation bFPC: PO-T2T bTfPC:PO-T2T

T nm taken from PL spectra 517 519

FWHM, nm 104 107

Esy, eV Es1 = 1240/, 263 2.72

Ery, eV Ery = 1240/7883, 264 2.68

AEgyy, €V AEgim =Egi-Erq 0.02 0.04

PLQY, % measured with a sphere 56 22

Ner Mer = Ny *PF(%)/100(%) 0.04 0.01

s Msc = 1 0.96 0.99

Mo nor = PLQY*DF(%) /100(%) 0.52 0.21

Nmisc Maisc = or / (Merqy *Misc) 0.97 0.96

E,, eV taken from kg fitting by Rg;s- = Aexp (—Ea/kgT) 0.052 0.127

e, NS (%) from PL decay fittingby I = A + Blexp (-t/tpg)+B2exp (-t/1pf) 110(7) 94 (5)

Tor, 1S (%) 1.94 (93) 2.47 (95)

Thrs BS The = Ter/Ter 238 9

oy S 1% = or /(1 — npr) 115 95

ke, 574 boe = 2T 36 x 10° 11 x 10°
TP

Rpp, 87 ke =1/78; 36 x 10° 11 x 10°

K, s R =1/r 8.7 x 10° 1.05 x 107

kisc, s~ e il 2 0.25 x 10° 0.05 x 10°
Tipr + Mpe

kor, 57" kor = T 2.69 x 10° 085 x 10°
ToF

kaisc, 7 Kuse — Tor Ror-kor 51x 107 36 x 107

npr Risc
KL, st KT, = Ruusc /nusc—kaisc 47 x 10" 1.35 x 10°
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TADF of bTfPC:PO-T2T in comparison to that of bFPC:PO-T2T.
In case of exciplex formed by bFPC:PO-T2T, the lower non-
radiative energy loss can be explained by a relatively large
HOMO-LUMO orbital overlap since molecules of bFPCand PO-
T2T in their solid molecular mixture are apparently closer to
each other in comparison to distance between the molecules
of bTfPC and PO-T2T in the solid molecular mixture. Thus, the
different intermolecular distances between the molecules in
the solid molecular mixtures of bFPC:PO-T2T and bTfPC:PO-
T2T causing the different HOMO-LUMO overlaps apparently
lead to the different radiative decay probabilities from excited
spin-singlet states [11,12,32].

The different hole mobilities of bFPC and bTfPC have also
to be taken into account. Since higher hole mobility of
1.1 x 10 * em?/V-s was observed for compound bFPC (Fig. 1c,
Table 1), it could be the reason of faster formation of
hole—electron excited states (exciplexes). On the other, the
probability of dissociation of hole—electron pairs into free
charges may be increased for the exciplex bFPC:PO-T2T due to
the high hole mobility of bFPC [12,32]. Free charges (positive
and negative polarons) may lead to non-radiative energy loss
of the exciplex states as it was concluded by the authors of ref.
[32). However, the authors of study [12] noted that formation
of free charges not necessarily leads to the non-radiative en-
ergy loss of the exciplex states when the energy of local
excited (LE) states of exciplex-forming compounds are above
their CT exciplex states. It was presumed that “new” CT
exciplex states could be formed by the dissociated free holes
and electrons [12]. Despite the dissociation, when the triplet
CT exciplex state lives long enough, efficient RISC can occur
which is required for efficient TADF [12]. It is the case of
exciplexes bFPC:PO-T2T and bTfPC:PO-T2T since their singlet
and triplet LE states are higher than their CT exciplex states
(Fig. 1d, Tables 1 and 2). It shout be noted the faster formation
of the “new"” CT exciplex states from the dissociated charges is
expected for the exciplex based on the compound bFPC with
higher hole mobility in comparison to the bTfPC-based exci-
plex. Taking into account, the probability of dissociation of
hole—electron pairs into free charges for both bFPC:PO-T2T
and bTfPC:PO-T2T exciplexes, the lower non-radiative energy
losses are expected for bFPC-based exciplex due to the fast
formation of the “new” CT exciplex states followed by their
emissive recombination.

Having krisc values at different temperatures, Arrhenius
plots were plotted and fitted (in the range of T > 200K where
phosphorescence is absent (limited)) according to Arrhenius

equation: krsc = A-exp (~Eo/ksT), where A is the frequency
factor involving the spin—orbit coupling constant, E, is acti-
vation energy and ks is Boltzmann constant [39]. By analysing
the temperature dependences of kgisc, Eo values of 0.052 and
0.127 eV were obtained for emission of exciplexes bFPC:PO-
T2T and bTfPC:PO-T2T, respectively. These E, values are in
good agreement with their singlet-triplet splitting AEs;tq
allowing population of the emissive singlet exciplex state via
RISC from the triplet exciplex state.

3.3.  Oxygen probing

Exciplex-formig system bFPC:PO-T2T was selected for testing
its applicability as oxygen probe. This system was character-
ized by higher total PLQY (56%) than BTfPC:PO-T2T (22%).
Since exciplex emission of bFPC:PO-T2T was mainly charac-
terized by delayed fluorescence (npr=52% versus np; = 4%
(Table 2)), oxygen sensitivity of this system can be predicted if
the delayed fluorescence is quenched under presence of ox-
ygen (Table 2). This prediction is supported by the relation
npe/npr = 13, which may be obtained from the relation of
emission intensities estimated in the presence and in the
absence of oxygen. Aiming to test exciplex-forming system
bFPC:PO-T2T as active component for oxygen probing, three-
component samples bFPC:PO-T2T:Zeonex (1:1:1) were fabri-
cated. Zeonex 480 was used for the improvement of film-
forming properties of the probe and for insuring oxygen
permeability of the films [40]. PL spectra of the films of the
mixtures bFPC:PO-T2T:Zeonex were recorded under different
concentration of oxygen in constant flow of nitrogen:oxygen
mixture when emission intensity was stabilized (Fig. 3a).
Dependence of integrated emission intensity versus concen-
tration of oxygen was then analysed by the Stern—Volmer
equation which describes nonlinear curve: [41,42].

Io 1

s e Ty (1)

Tanl02] T TiKaval02]

where I, and I are emission intensities under nitrogen and at
the different concentrations of oxygen,; f; and f, are fractional
contributions of different sensing sites; Ksy; and Kgy, are
Stern—Volmer constants. The results of fitting are collected in
the inset Table of Fig. 3b. The fitting with relatively high ac-
curacy (R? = 0.9652) was performed using formula (1). The
fitting data can be used for determination of specific concen-
tration of oxygen measuring ratiometric properties of the
samples of the mixtures bFPC:PO-T2T:Zeonex. Despite the

BFPCPO-T2T in Zeoner =
o ey s
3 i
3 =
Fual R - 1
H 1/ ™\ =
\ 153 s
1000 \\N i
N '
N wl .
LR R I R
Wavelength, nm
a)

®_© ©_®
Oxygen (%)

b)

£

©)

Fig. 3 — PL spectra (a), Stern—Volmer dependence (b), and PL decays (c) of the films of bFPC:PO-T2T:Zeonex under different

concentration of oxygen.
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high ratio 5/ nee of 13, the ratio of emission intensity under
pure nitrogen and emission intensity under pure oxygen (L,
1100% n2y/lj100% 02)) of 1.57 was obtained which indicates rela-
tively low oxygen sensitivity of the mixture bFPC:PO-
T2T:Zeonex. This observation is in agreement with the results
of PL decay measurements of the films of bFPC:PO-T2T:Zeo-
nex under vacuum and under air demonstrating that this
exciplex-forming system is characterized by delayed fluores-
cence even in the presence of oxygen. Apparently, delayed
fluorescence cannot be totally quenched by oxygen when
TADF emitters are characterized by extremely high kausc,
which exceeds 107 s™* (Table 2).

3.4.  Solution processed white hybrid organic light-
emitting diodes

Taking into account the green TADF with broad PL spectra of
the studied exciplex-forming systems bFPC:PO-T2T and
bTfPC:PO-T2T, they can be regarded as good candidates for
getting white electroluminescence (EL) in combination with
appropriate blue and red emitters. Blue emitting poly (9,9-
dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine)

(TFB) [43] and red emitting bis(1-phenylisoquinoline) (acety-
lacetonate)iridium (Il) (Ir (pig), (acac)) [44] emitters were
selected as one possible set of emitters which may enable to
obtain natural white emission mixing their emission with the
green exciplex emission of bFPC:PO-T2T and bTfPC:PO-T2T
(Fig. 4a). The total spectrum (Fig. 4, orange line) obtained by
mixing three emission spectra of TFB, bFPC:PO-T2T (or
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bTfPC:PO-T2T) and Ir (piq), (acac) covers the whole visible
region. This observation confirmed that the combinations of
red, green, and blue emitters were well selected. The poly-
meric material TFB was selected aiming to fabricate partly
solution processable white OLEDs. In addition to practical
interest in solution-processing [45], this solution-based
method allows precise control of concentration of an emitter
in doped light-emitting layers which are required for the
fabrication of white OLEDs. To get white electroluminescence,
the device structure ITO/MoO; (1 nm)/TFB:Ir (piq), (acac) (2, 5
or 10 wt%, 30 nm)/bFPC:PO-T2T (for the devices named as A2,
AS and A10, respectively) or bTfPC:PO-T2T (for the devices
named as B2, BS and B10, respectively) (1:1) (20 nm)/TSPO1
(8 nm)/TPBi (40 nm)/LiF:Al was selected, where the layer of
MoO, was employed as hole injection layer, the layer of
diphenyl-4-triphenylsilylphenyl-phosphine oxide (TSPO1)
acted as hole/exciton blocking layer, the layer of 2,2',2""-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) acted as
electron transporting layer, and the layer of LiF acted as
electron injection layer. The effect of concentration of the red
phosphorescent emitter Ir (piq), (acac) on the quality of white
electroluminescence was investigated for devices A (A2, AS
and A10) and B (B2, BS and B10), with the concentration of Ir
(piq). (acac) of 2, 5 and 10% respectively (Table 2). Such con-
centrations of the dopant in light-emittinglayers based on the
host-guest system were simply attainable because the layers
were fabricated by spin-coating method.

Analysis of the equilibrium energy diagram of the device
structures (Fig. 4b) revealed that the recombination zone of
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Fig. 4 — PL spectra of blue emitting TFB, green emitting bFPC:PO-T2T or bTfPC:PO-T2T, and red emitting Ir (piq), (acac) and
the total spectrum of the three (a); visualized device with indi of energy levels of all functional
layers (b); lized el lumi p under different applied voltages for white bFPC:PO-T2T (c) and bTfPC:PO-
T2T (d) based devices.
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Table 3 — Electroluminescent parameters of e OLEDs.

Device Emissive layers

Von," (V) Max. brightness, cd/m?” CEnax,¢d/A° EQEnax, CIE (x;y)° CRI' Tc, K*
%1‘]

A2 TFB:Ir (piq), (acac) (98:2)/bFPC:POT2T (1-1) 34
B2 TFBIIr (pig), (acac) (98:2)/bTPCPOT2T (1-1) 34
AS TFB:Ir (piq), (acac) (95:5)/bFPC:POT2T (1-1) 42
BS TFB:Ir (piq); (acac) (95:5)/bTPC:POT2T (1-1) 45
A0 TFBIr (pig), (acac) (90:10/bFPC:POT2T (1-1) 4.6
B10  TFBiIr (piq), (acac) (90:10)bTfPC:POT2T (1-1) 4.2

6381 6.5 29 (0.311;0424) 76 5654
7513 48 21 78 5625
8980 11.6 6.3 92 3655
7647 73 37 89 3538
2986 58 26 60 5080
4761 38 17  (0.316;0.415) 83 5461

* Turn-on voltage at luminance of 10 cd m ™2
b Maximum brightness.

€ Maximum current efficiency.

: i external ffi

¢ Commission Internationale de I'Eclairage (CIE) 1931 colour coordinates.

f Colour rendering index.

£ Colour temperature (CIE, CRI and Tc values are related to EL spectra recorded at 9 V).

holes and electrons was mainly situated in the light-emitting
layers (EML1), thus in the layers of bFPC:PO-T2T or bTfPC:PO-
T2T. In the hole-transporting layer of TFB doped by Ir (piq),
(acac) of low concentration that additionally acted as the
second light-emitting layer (EML2), hole and electron recom-
bination was practically not expected because of high energy
barrier (1.2 eV) for electrons on TFB/PO-T2T interface and due
to favourable hole-transporting properties of compounds
bFPC and bTfPC (Fig. 1c). According to this approach, hole and
electron recombination on the low-energy emitter Ir (piq),
(acac) was prevented. Contribution of red phosphorescence
from Ir (piq), (acac) in devices A and B is expected when triplet
excitons generated in EML1 either reach EML2 or recombina-
tion of holes and electrons occurs directly in EML2.

]

EL spectra of devices A and B were characterized by the
bands related to the emissions of the different intensities of
emitters Ir (piq), (acac), bFPC:PO-T2T or bTfPC:PO-T2T and
TFB (Fig. 4c). The most intensive green exciplex emission was
detected for devices A2 and B2 with the lowest concentration
of Ir (piq), (acac). Apparently, blue TFB emission was caused
by direct recombination of holes and electrons in EML2 and
red Ir (pig), (acac) emission resulted from diffusion of triplet
excitons from EML1 to EML2. This consideration is supported
by stable EL spectra of devices A and B at different external
voltages (Fig. 4c). This observation indicates that charge dis-
balance practically did not occurr in the device structure due
to the shift of charge-recombination zone from EML1 to EML2
with increasing applied voltages. With the increase of
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concentration of Ir (piq), (acac) from 2 to 5%, the most inten-
sive red phosphorescence was detected for devices A5 and BS.
The increase of concentration of Ir (piq). (acac) to 10% lead to
the decrease of intensity of red phosphorescence which
apparently was related to quenching of emission due to the
triplet—triplet annihilation at high concentration of the
emitter [46].

The highest colour rendering index (CRI) of 92 was
observed for device AS demonstrating the best combination of
intensities of blue, green and red emissions in its EL spectrum
with CIE1931 coordinates of (0.384, 0.399) and colour temper-
ature (Tc) of 3655 K attributed to warm white light. The value
of CRIis among the best values for white OLEDs [47,48]. Due to
the broad emission spectra of the studied exciplexes and
contribution of blue emission of TFB and red phosphorescence
of Ir (piq), (acac) to EL spectra of devices A and B, their CRI
values are relatively high (Table 3).

Current density and brightness versus voltage curves are
given in Fig. 5a, b. The efficient injection of charge carriers
from electrodes and the following transport to emitting layers
is confirmed by the low turn-on voltages (3.4—4.6 V) of all the
fabricated OLEDs (Table 3). In addition to high quality of white
colour of electroluminescence, high EQEs were observed for
devices A5 and BS due to the efficient triplet harvesting on two
exciplex-based TADF emitters (bFPG:PO-T2T or bTfPC:PO-T2T)
and phosphorescent emitter Ir (piq), (acac). The highest
maximum power, current, and quantum efficiencies of
respectively 5.5 1 m/W, 11.6 cd/A and 6.3% were observed for
device AS (Fig Sc, Table 2). This device also showed the
highest brightness of ca. 9000 cd/m? at 11.5 V.

4. Conclusions

Using the newly synthesized diphenyl bicarbazoles
substituted by electron withdrawing fluoro- or tri-
fluoromethylphenyl units as exciplex-forming donors and
2,4,6-tris  [3-(diphenylphosphinyl)phenyl]-1,3,5-triazine as
exciplex-forming acceptor, exciplex-forming emitters with
efficient thermally activated delayed fluorescence were ob-
tained. Exciplex-forming molecular mixture containing
fluoro-substituted diphenyl bicarbazole demonstrated good
performance in OLEDs mainly due to high hole mobility of
1.1:10* em?V's at 1.6:10° V/cm of and lower activation en-
ergy of emission of 52 meV. The newly developed exciplex-
forming systems were applied as active components of
white hybrid electroluminescent diodes. The devices
demonstrated high external quantum efficiency of 6.3% as for

solution processable white OLEDs. High quality of warm-
white electroluminescence with colour rendering index of
92, colour temperature of 3655 K and CIE1931 coordinates of
(0.384, 0.399) was relatively stable under different voltages.
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ARTICLEINFO ABSTRACT

Keywords:
white organic light-emitting diode

d as exciton

Organic semi were emp blue emitters, hole-transporting materials and
hosts with resonant-appropriate singlet and triplet energies for efficient and stable white organic light emitting

Exciton energy transfer diodes (OLEDs). Two 4,4’-bis(N-naphthyl-N- h were thesized using isomeric N-
:::‘P::"l::e naphthyl-N-phenylamines as the donors and benzophenone as the acceptor moiety. Molecular design of new

compounds allowed to obtain required combination of properties, i.e. blue prompt fluorescence in solid state
with singlet energies close to those of the selected blue emitter exhibiting thermally activated delayed fluores-
cence (TADF), low triplet energies of 2.32 and 2.45 eV which are close to those of orange TADF emitter, good
charge injecting properties (ionization potentials of 5.68 and 5.79 eV), good charge transporting properties with
hole mobilities exceeding 10 * cm? (V 5) ! and high thermal stability with five percent weight loss temperatures
up to 428 °C. The blue-emitting compounds were used as exciton modulators between the known blue and
orange TADF emitters for fabrication of white OLEDs exploiting spatial exciton allocation strategy. In the frame
of this strategy, resonant energy transfers: NPABP emitters — blue TADF and NPABP emitters — orange TADF
emitters were investigated using different device structures towards efficient white electroluminescence. About
twice higher external quantum efficiency was obtained for devices with two resonant energy transfers in com-
parison to that of the reference devices with one resonant energy transfer pmvlng efficiency of spatial exciton
allocation strategy for white TADF OLEDs. The best quality of white el is ch ized by CIE
coordinates of (0.32, 0.31), colour temperature of 4490 K and colour rendering index of 80. Similar stability of
blue and orange emission bands in white electroluminescence spectra was achieved due to the separation of
charge and exciton recombination zones in the device structure.
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1. Introduction

Organic light-emitting diodes (OLEDs) have been studied in aca-
demic institutions and industry for the last thirty years due to their
remarkable advantages of flexibility, high contrast, low power con-
sumption, ultrathin device structure, as well as fast on/off responses [1,
2]. Nowadays, white OLEDs (WOLEDs) have been regarded to be one of
the most auspicious candidates for meeting the requirements of

* Corresponding author.
** Corresponding author.

high-quality displays and energy-efficient lighting [3,4]. Since the
pioneer WOLEDs made by Kido and his colleagues, WOLED technology
is incredibly developed. [5,6] During the past two decades, the power
efficiency (PE) of WOLEDs was enhanced and exceeded 100 Im W'
[7-9]. In regards to lighting applications, WOLEDs should meet the
requirement of high efficiency, long lifetime and bright luminance
[10-12]. In the meantime, the color rendering index (CRI) above 80 is
more appropriate for the indoor lighting and the Commission
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International de L'Eclairage (CIE) chromaticity coordinates of WOLEDs
need to be settled near white light equal-energy point (0.33, 0.33) [13,
14]. Other parameters, such as color stability and correlated color
temperature (CCT) of WOLEDs also should be taken into account for
developing of high-quality lighting devices [15].

WOLEDs can be fabricated by mainly using materials exhibiting
fluorescence, phosphorescence or thermally activated delayed fluores-
cence (TADF) [16]. Phosphorescent materials are the dominant candi-
dates due to their potential for achievement of 100% internal quantum
efficiency [17]. However, negligible number of blue phosphorescent
materials could be regarded as suitable candidates for WOLEDs so far
owing to the high energy gap which leads to problems in maintaining
color stability and finding appropriate host matrices [18,19].

Fluorescent/phosphorescent hybrid WOLEDs combining blue fluo-
rophores and green/red (or yellow) phosphors are considered to be more
acceptable for possible applications due to their technological benefit of
high efficiency and high stability [20,21]. To reach the device efficiency
equal to the theoretically expected value, efficient approaches were
proposed for overcoming problems attributed to the energy loss during
the energy transfer h and exciton in WOLEDs. A
significant  breakthrough in the efficiency of hybrid fluo-
rescent/phosphorescent WOLEDs and reducing energy loss was made by
Sun et al [22]. An important stage in the development of this kind of
devices is the selection of a proper host spacer (exciton modulator), the
layer of which is located between the layers of fluorescent emitter and
phosphorescent or TADF emitters. Playing the crucial role in hybrid
WOLEDs, exciton modulators can not only minimize Forster energy
transfer from blue fluorescent emitter to red-green/orange TADF emit-

Dyes and Pigments 197 (2022) 109868
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Fig. 1. Jablonski di for ligh itting systems of white
OLEDs based on one (left) and two (1ight) resonant energy transfers. The given

ters but also prevent non-radiative Dexter energy transfer b the
two layers. Moreover, emission color and color quality can also be tuned
by changing the thickness of spacers [23]. This approach (so-called
“spatial exciton allocation strategy™ [24]) has potential also for TADF

hy ic Jablonski diagr do not show all possible energy transfers, just
resonant ones between the respectively equal energy levels S1-S1 and T1-T1
are shown.

WOLEDs. One of the aims of this work was to prove it. The impr
of both efficiency and stability of WOLEDs can be reached by reasonable
design of the structures of devices [25].

TADF of fully organic emitters has attracted attention of researchers
as a promising route to harvest non-radiative triplet excitons in OLEDs.
[26,27] Theoretically, the intemal quantum efficiency of the
TADF-based OLEDs can reach 100% since both singlet and triplet exci-
tons of TADF ials can be exploited for light [28,29]. Asa
result, triplet states can be harvested as delayed fluorescence using
effective reverse intersystem crossing (RISC) through their
up-conversion from a lowest triplet state to a lowest singlet state.
Recently, there have been several significant types of research on
TADF-based hybrid WOLEDs. Their efficiencies have been step-by-step
enhanced [30,31]. Until now, hybrid TADF/phosphorescent WOLEDs
can achieve external quantum efficiency (EQE) of ca 20% [32], which is
close to that of thoroughly designed phosphorescent WOLEDs. Purely
TADF-based WOLEDs are also known [33-35]. To the best of our
knowledge, spatial exciton allocation strategy was not used yet for
purely TADF WOLEDs.

Herein, aiming to demonstrate the potential of the spatial distribu-
tion of singlet and triplet excitons between blue and orange TADF
emitters, purely TADF WOLEDs were designed using two newly syn-
thesized compounds (NPABP1 and NPABP2 in Scheme 1) as exciton
modulators. Two types of device structures with one resonant blue-
—orange energy transfer (RET1) or with two resonant blue—orange
(RET1) and blue—blue energy transfers (RET2) were investigated in the
frame of spatial exciton allocation strategy for the first time for purely
TADF-based WOLEDs (Fig. 1). In the structures of WOLEDs, hole-
electron recombination zone (exciton generation zone) can be formed
within exciton-modulating layer (EModL). In this case, the first singlet
(S)) and first triplet (T,) levels of EModL are respectively equal to S, of
blue TADF emitter (TADF2) and to T, of orange TADF emitter (TADF1).
Two rmnmt energy transfers (RET2 and RET1) are possible. Thus,
of holeelectron r zone and exciton

P

I bination zone can be realized within three layers when efficient
RETI1 and RET2 are achieved. In the case when exciton blocking layer
(EBL) is used, RET2 can be restricted allowing to study the effect of one
or two resonant energy transfers on out-put parameters of white devices.

Taking into account S, and T values of NPABP1 and NPABP2 which
are in good agreement with S, of blue and T, of orange TADF emitters,
they were used for EModLs in the device structures of purely TADF-
based WOLEDs described above. As the proof of the concept, devices
with two resonant energy transfers showed approximately twice higher
values of maximum EQE in comparison to that of devices with one
resonant energy transfer. This observation shows that all singlet and
triplet excitons were harvested along pletely ind d h 1
and therefore nearly resonant energy transfer from host (either from
singlet or from triplet states) to dopants was achieved.

2. Results and discussion

2.1. Synthesis and characterization
Two new compounds, 4,4"-bis(N-naphthyl-N-phenylamino)b
were prepared by nucleophilic sub ion reaction of 4,4'-
difl b h with N-naphthyl-N-phenyl (either 1- or 2-
) in refluxmg N,N-dimethylformamide (DMF) using NaH as a base
together with 15-crown-5 (Scheme 1). After all the purification pro-
cedures, the products were obtained in satisfactory yields of ca. 60 and
70%. The materials showed good solubility in chloroform and THF.
The theoretical geometries of NPABP1 and NPABP2 presented in
Fig. 2 d rate that (N-naphthyl)-N-phenylamino and ph
none fragments have propeller-like structure. The naphthalene moiety
shows dihedral angle of 57° and —45° with respect to N-C bond in
NPABP1 and NPABP2, respectively. In the case of NPABP2, the phenyl
and benzophenone fragments are more twisted with respect to the N-C
bond comparing to the analogous moieties of NPABP1. These structural
differences result in the different spatial distribution of electron density.
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HOMO =-5.13 eV

LUMO =-1.47 eV

LUMO =-1.53 eV
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Fig. 2. Theoretical geometries and frontier molecular orbitals of NPABP1 and NPABP2 (B3LYP/6-31d,p).
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P

lized on the whole mol Howev has (Flg 3d). Their oxidation potemmls vs. ferrocene standard are estab-
a smaller distribution of electronic cloud of HOMO on naphthalene lished as +0.51 V for NPABP1 and +0.52 V for NPABP2 (see ESI for
moiety comparing that with NPABP1. Accordingly, the HOMO level of more details). The data were in quite good agreement with their solid-
NPABP1 (-5.13 eV) is hat lower compared to that of state IP values which situate near 5.7 and 5.8 eV, respectively. Any
(-5.08 eV). The lowest unoccupied molecular orbitals (LUMO) of the waves of electrochemical reduction were not observed. The measured IP
compounds are localized over electron deficient benzophenone frag- value of NPABP2 was slightly larger comparing to that of NPABP1.
ment with a larger contribution from the naphthalene substituent in Probably, the trend of HOMO energies is not consistent with the trend of
NPABP1. The LUMO levels of NPABP1 and NPABP2 are —1.47 eV and 1P due to possibility of the molecules to form various conformers. The CV
—1.53 eV, respectively. data and frontier molecular orbitals of NPABP1 and NPABP2 imply that
Compounds NPABP1 and NPABP2 are characterized by close the molecular orbitals of donor and acceptor units are not separated well
melting points (of ca. 240 and 220 °C respectively) and close glass- enough and therefore balanced bipolar charge transport or TADF
transition temperatures (T,) slightly above 100 “C, as measured by properties are hardly expectable.
DSC (Fig. 3 a, b). Compound NPABP1, which contains naphthalene To investigate the photophysical properties of compounds NPABP1
moieties attached at 1- position, has a higher tendency to crystallize and NPABP2, steady-state UV—VIS absorption and photoluminescence
from its melt (an exothermic ridge at ca. 200 °C). However, just after the spectra of their dilute solutions (~10 5 M in toluene and THF) and of
crystallization, it shows double DSC melting peak which might appear solid layers were recorded (Fig. 4a, for the summarized data see
due to different crystalline forms. Theoretical calculations revealed that Table 1). Theoretical calculanons using TDDFT were performed to
NPABP1 can adopt different conformers with energy differences of less identify the nat f the exp 1 ab ion bands of NPABP1 and
than 0.5 keal/mol (Fig. 51). The conformers of NPABP1 may lead to the NPABP2. The absorption bands with maxima at 366 and 375 nm
formation of two types of crystalline forms. NPABP2 also shows double observed in the UV spectra of THF solutions of NPABP1 and NPABP2,
melting. The NPABP2 showed slightly lower melting point and Ty value  respectively, correspond to the electron transition from HOMO to LUMO
as well as stable molecular glass (at least during DSC measurements). (Figure 52 a). The lowest energy absorption band of NPABP2 is red
Both compounds exhibit high thermal stability as indicated by TGA shifted in comparison with that of NPABP1 due to the different position
experiments (Fig. 3c). Their 5% weight-loss temperatures are above of attachments of naphthalene moiety as seen in Fig. 2. The additional
400 °C. Complete weight loss observed by TGA indicates sublimation of energy band around 312 nm can be identified in the high-energy region
the compounds. of absorption spectra of the solutions of compound NPABP2. However, it
As it can be seen from cyclic voltammetry (CV) results, both was not observed in the spectra of the solutions of NPABP1. Based on the
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Fig. 4. lized ab ion (left) and photolumi spectra (right, e = 330 nm) (a), PL maximum intensities versus water volume fraction of the dis-
persions of the compounds in THF/water mixtures (left) and wavelength versus water fraction for the dispersions of the compounds in the mixtures of THF and water
(right)(b); PL spectra of the dispersions of NPABP1 (c) and NPABP2 in the THF/water mixtures (d), PL and phosphorescence spectra for the dilute THF solutions of
the compounds recorded at 77 K (e).
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Table 1
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further increase of the water fraction from 80% to 90%, maximum

A femical thoiodectsiial’ hok ing and
parameters of NPABP1 and NPABP2.

Property Sample NPABP1 NPABP2
T °C Powder 218 241
T °C 101 107
T °C 203 -
Taesw,°C 411 428
EqwAg/Ag’, V. DCM solution with 0.91 0.94
TPy, eV TBAPF, 571 574
Ppe, eV Film 5.68 579
Ee™, eV 2.89 278
EApg, eV 279 3.01
™, nm Film (THF solution) 462 (456) 488 (482)
3%, am 368(366) 375, 314, 281 (375,
312)
PLQY, % 12 (9) 13 18)
Eg "M, eV THF solution at 77 K 3.07 3.00
En™", ev 255 253
AEg 1y T, eV 0.52 0.47
Hhotess” €m*/(V x  Film 1.8 x 35x10™*
) 107
Hor cm¥/(V x 5) 5.8 x 46 x10°
107
B (em/V)°5 8.2x 625 x 1073
10°

of compounds began to dk Similar observation
was previously observed for compounds with AIEE effects causing by the
precipitation of big-size aggregates in cuvette with the THF/water
mixture. [38,39].

To further i igate the photophysical p of NPABP1 and
NPABP2, photol (PL) and phosph spectra of their
THF solutions were recorded at the liquid nitrogen temperature
(Fig. 4e.) The S, (Es) and T (Eq) energies were obtained from the onsets
of the fl and phosph spectra, respectively. They are
summarized in Table 1. Phosphorescence of the compounds is mainly
related to the LE® emissive recombination of triplet state of N-naphthyl-
N-phenylamine moiety [40]. It should be pointed out that compounds
NPABP1 and NPABP2 were characterized by nearly the same
singlet-triplet splitting of 0.5 eV. The singlet and triplet values of
NPABP1 and NPABP2 are appropriate for resonant blue—orange and
blue—blue energy transfers as it will be discussed in the device section.

A photoelectron emission spectroscopy method was employed to
establish the jonization potentials (IPpg) of the solid films of the com-
pounds. IPpg of 5.68 eV was observed for the film of NPABP1 and of
5.79 eV for the film of NPABP2 indicating good hole-injecting properties
(Fig. 5a, Table 1). These IPpg values are in very good agreement with

P

* at electric field of 5 x 10° V/cm.

theoretical results, this band can be attributed to the combination of
electronic transitions towards S and Sg excited states. According to the
natural transition orbitals (NTOs) shown in Fig. 52 b, the transitions
So—Sg and So—So of NPABP2 can be characterized as the local electronic
excitations. The optical band gaps were evaluated from the onset
wavelength of optical absorption spectra by the formula E; = 1240/
Jedges in which Zeqge is the onset wavelength of absorption spectrum in
the longwave direction. The absorption onset wavelengths of NPABP1
and NPABP2 were found to be 429 and 446 nm, which correspond to the
optical band gaps of 2.89 and 2.78 eV, respectively (Fig. 4a, Table 1).

The THF solutions of NPABP1 and NPABP2 exhibited blue emission
with the intensity maxima at 462 nm and 488 nm with Stoke’s shifts of
90 and 107 nm respectively. The Stoke’s shifts of 94 and 113 nm were
found for the emission of neat films of derivatives NPABP1 and NPABP2,
respectively. A small difference of 22 nm and 34 nm between the
wavelengths of PL maxima of toluene and THF solutions of NPABP] and
NPABP2, respectively, confirms a weak intramolecular charge transfer
between the donor and acceptor moieties [36]. Prompt fluorescence was
observed for NPABP1 and NPABP2. Their PL decays of their toluene
solutions and solid films were in nanosecond region and were practically
not sensitive to the presence of oxygen (Figs. 53 and 54).

PLQY values of the solid films of compounds NPABP1 and NPABP2
were found to be higher than those of toluene solutions. This observation
can apparently be atwributed to aggregation-induced emission
enhancement (AIEE) which may be observed owing to the constraint of
movements (restriction of rotation and vibration) of molecular units in
the solid-state leading to the reduction of nonradiative decay [37]. To
confirm this assumption, fluorescence spectra of the compounds
dispersed in the THF/water co-solvent system with different water
volume fractions (Fy) were recorded (Fig. 4 b-d, S3). Relative de-
pendencies of PL intensities (left) and wavelengths (right) of PL peaks
versus water fractions for the dispersions of compounds NPABP1 and
NPABP2 are shown in Fig. 4b. Upon increasing water fraction up to ca.
40-50%, emission intensity gradually decreased and PL maximum
wavelength red-shifted until the aggregates were formed (Fig. 4 ¢,d).
These effects could arise from increasing polarity of the THF-water
mixtures to which fluorescence (which resulted from recombination of
intramolecular charge transfer states) is very sensitive. The increase of
Fw leads to the increase of emission intensity and blue shifts of PL
spectra owing to the increasing amount of aggregates. However, upon a

corresponding IPcy values. Subtracting of the optical band gaps taken
for films from IPpg values, electron affinities (EApg) of 2.79 and 3.01 eV
were obtained for NPABP1 and NPABP2 showing also good electron-
injecting properties (Table 1).

The vacuum-deposited films of NPABP1 and NPABP2 sandwiched
between ITO and Al electrodes were used for estimation of charge-
transporting properties by time of flight (TOF) method [41]. When
positive voltage was applied to ITO electrode through which the layers
were excited by laser beam, transit times (t;) were well seen for holes
proving the hole-transport in both NPABP1 and NPABP2 (Fig. 4b, in-
sets). In contrast, electron-transport was not detected in the compounds
by TOF measurements. The transit times were not observed when
negative voltages were applied to ITO. At the same electric field (E) of
ca. 5 x 10° V/em, about twice higher transit time (t,) of 4.51 ps was
obtained for NPABP1 than for NPABP2 (1.78 ps) indicating more effi-
cient hole transport in NPABP2 (Fig. S61). As a result, about twice
higher hole mobility () of 3.5 x 10™* em?/V x s was calculated for
NPABP2 than for NPABP1 (1.8 x 10 * ecm®/V x s) at the same electric
field (Fig. 5b, Table 1). Taking into account the similar shapes and
lengths of the tails of the TOF signals at the same electric fields (Fig. 56),
both the compounds demonstrated similar dispersive character of hole
transport. Predictively, electric field hole mobility dependences of
NPABP2 and NPABP1 were in very good agreement with the Poole—
Frenkel type mobility (4 = yoe”” (1)) [42]. According to the fitting by
formula (1), zero-field hole mobilities (ip) of 5.8 x 10 7 and 4.6 x 10 ©
em?/V x s and field dependence parameters (p) of 8.2 x 10 > and 6.25
% 103 (cm/V)° were obtained for NPABP2 and NPABP1, respectively
(Table 1). Such relatively high values of field dependence parameters
are typically observed for dispersive charge-transport [43]. The above
described differences in hole mobility parameters of NPABP2 and
NPABP1 result from their different HOMO distributions as well as
HOMO-HOMO overlapping between neighboring molecules in the solid
films (Fig. 2).

Compounds NPABP1 or NPABP2 were identified as hole trans-
porters by the TOF measurements (Fig. 5b). Meanwhile, electron-
transporting abilities were not observed for them by TOF. It is worth
to note that electron-transporting properties were previously detected
for conventional organic hole transport layers of 4,4™-bis[N-(1-naph-
thyl)-N-phenylamino]biphenyl (NPB) despite absence of electron-
accepting moieties in their molecular structures [44]. Thus, having the
electron-accepting benzophenone moiety in the molecular structures,
electron-transporting properties were expected for NPABP1 or
NPABP2. To additionally investigate the charge-transporting properties
of the synthesized compounds, the hole only devices (HODs) and
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Fig. 5. Electron photoemission spectra of the solid samples of NPABP1 and NPABP2 (a) and their hole mobility dependences on electric field. Insets: TOF pulses for
holes in the deposited layers of compounds NPABP1 and NPABP2 recorded at different electric fields (b).

electron only devices (EODs) were fabricated and studied comparing the
results with those of the corresponding devices based on well-known
hole-transporting compound NPB. Comparison of the voltage-current
density ch: istics of the ¢ ding HODs and EODs based on
NPANP1 and NPABP2 (Fig. 57), shows that their hole-transporting
properties are considerably better than their electron-transporting
properties which is in very good agreement with the results of TOF

hile, electron-transporting properties of NPB
were better than those of NPANP1 and NPABP2.

2.2. White organic light-emitting diodes

Taking into account the hole transporting properties, S;/T;, and
HOMO/LUMO values of NPABP1 and NPABP2, they were used for the
ion of exciton layers in one or two TADF emitters
(orange 4CzTPN and blue PFBP-2b) based WOLEDs with separated hole-
electron r bination and exciton bi; zones. For compar-
ison, two devices with the structures ITO/MoO3 (8 nm)/NPB(60 nm)/
TAPC(5 nm)/EML/TSPO1(8 nm)/TPBi(40 nm)/LiF(1 nm)/Al (Devices
1A(B)1-3) and ITO/MoOs(8 nm)/NPB(60 nm)/TAPC(5 nm)/EML/PFBP-

gNPBQD 2“”2 %

6.7

Fig. 6. Abbreviations of functional

2b (20 wt%):TPBi (40 nm)/LiF(1 nm)/Al (Devices IIA(B)1-3) were
fabricated. Abbreviations of all functional ials are unclosed in
Supporting Information. The names of devices contain signs “I(II)"
which are resp ly related to the fir d) device families, “A
(B)" to NPABP1(NPABP2), “1-3" are related to three different light-
emitting layers (EML) (Fig. 58). The first device structure (I) contained
exciton blocking layer TSPO1 between EML and electron transporting
layer of TPBi. Devices IA1, IB1, lIA1, and 1IB] are based on guest:host
type EML of 4CzTPN(5 wt%):NPABP1(NPABP2) (20 nm) where
NPABP1 and NPABP2 are the hosts for 4CzTPN. Devices IA2, IB2, [1A2,
and [IB2 are based on bi-layered guest:host/EML of 4CzTPN(5 wt%):
NPABP1(NPABP2)(5 nm)/NPABP1(NPABP2)(15 nm) where doping-
free layers of NPABP1 or NPABP2 were additionally used as exciton
modulators.

Devices IA3, IB3, IIA3, and [IB3 were based on bi-layered dopant-free
EML of 4CzTPN(1 nm)/NPABP1(NPABP2)(15 nm) where dopant-free
layers of NPABP1 or NPABP2 was also used as the exciton modula-
tors. The electron-transporting layer of PFBP-2b (20 wt%): TPBi (40 nm)
of devices 1A1, 11A2, IIA3 and 1IB1, 1IB2, [IB3 were doped by sky-blue
TADF emitter PFBP-2b aiming to obtain RET from EML to PFBP-2b.

L
Q E FE ¥
N H >-.\|

FFFF

TPBi PFBP-2b

TSPO1

ials (a) as well as

energy di

(b) with (left) and without (right) exciton-blocking layer of TSPO1.
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The names and detailed structures of all fabricated OLEDs are collected
in Table S1. The role of layer MoOs; is widely known [45].
Hole-transporting layers of NPB and TAPC were used to inject holes to

Dyes and Pigments 197 (2022) 109868

predictively fabricated as it is schematically shown in Fig. 1. PFBP-2b
showed strongly dispersive hole transport as it was previously re-
ported [47]. Electron transport was not detected for PFBP-2b by the TOF

EML of NPABP1(NPABP2) within which hole-electron b

zone is d as it can be luded analysing equilibrium energy
diagrams of the devices (Fig. 6b). High LUMO (-2.0 eV) of TAPC
allowed to block electrons within EMLs. The hole-electron recombina-
tion zone should be placed close to electron-blocking layer in the case of
devices IA(B)1-3 (electron-transporting layer in the case of devices IIA
(B)1-3) due to the hole-transporting properties of NPABP1(NPABP2)
(Fig. 5b).

Compound 4CzTPN was selected as orange TADF emitter taking into
account its TADF properties, HOMO/LUMO values and T, (2.44 eV)
which is very close to T; of NPABP1 and NPABP2, (2.55 and 2.53 eV,
respectively) (Table 1) [46]. Thus, the combination of NPABPs and
4CzTPN forms an excellent triplet energy resonance T,(NPABP1 or
NPABP2)—T; (4CZTPN) which can cause an efficient Dexter energy
transfer between them. In addition, ds NPABP1 and
with wide band-gaps (ca. 2.8 €V) can be used as hosts for 4CZTPN
(Fig. 6b). Compound PFBP-2b was selected as sky-blue TADF emitter
taking into account its TADF properties, HOMO/LUMO values and S,
(2.86 eV) which is very close to S, of NPABP1 and NPABP2, which were
found to be of 3.06 and 3.0 eV, respectively (Table 1) [47]. Thus, the
combination of NPABPs and PFBP-2b forms an excellent singlet energy
resonance S;(NPABP1 or NPABP2)—S, (PFBP-2b) which can cause an

Thus, PFBP-2b acts as the TADF emitter in the TPBi:
PFBP-2b layer. Electron-transport properties of the layer of TPBi:
PFBP-2b should be even worse than those of the layer of TPBi taking
into account that molecules of PFBP-2b act as additional traps.

Indeed, devices 1A2, IB2, IIA2, and 1IB2 were characterized by white
electroluminescence (EL) (Fig. 7a insets, $9). Their EL spectra contain
two emission bands of different intensities which correspond to blue
emission of NPABP1 or NPABP2 (and PFBP-2b in the case of devices
11A2, and [1B2) and to orange of 4CzTPN, resp ly (Fig. 7a).
This observation proves that the hole-electron recombination zone is
mainly placed within dopant-free layer of NPABP1 or NPABP2 causing
good exciton modulation between high-energy blue (either NPABP1,
NPABP2 or PFBP-2b) and low-energy orange (4CzZTPN) emitters. It
should be noted that the contribution of emitter PFBP-2b (thus
S;(NPABP1 or NPABP2)—S, (PFBP-2b) RET) is evident since maximum
EQE values of devices IIA2 and 11B2 are approximately twice higher than
those of devices IA2 and IB2 (Fig. 7b, Table 2).

In contrast, devices A1, IB1, 1IA1, and IIB1 demonstrated orange EL
from EML of 4C2TPN:NPABP1(NPABP2). Meanwhile, devices IA3, IB3,
11A3, and I1B3 showed mainly blue EL due to inefficient RET between the
layers of NPABP1(NPABP2) and 4CzTPN. The band related to 4CzTPN
is more intensive for devices IA3 and IB3 than for devices [IA3 and IIB3.

efficient Forster resonance energy transfer between them [48]. This observation can be explained by additional it of PFBP-2b
Exploiting systems 4CzTPN/NPABPs/PFBP-2b, WOLEDs with d to blue emi: Iting in more intensive high-energy blue band. If to
hole-electron recombination and exciton recombination zones can be plot a line between C ission Internationale de I'Eclai (CIE)
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Fig. 7. EL spectraat 9 V (a) and external quantum efficiency versus current density curves of the studied devices (b). Insets: photographs of WOLEDs at 9 V.
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Table 2

Electroluminescent parameters of white OLEDs.
Device Voo,V Max. brightness, ed/m? CEpax, €d/A" EQEmax, %° CIE (x; y)' CRI' Te K'
First device family (IA1- 1B3)
1A1 4.7 23680 208 7.2 (0.47,0.49) 42 2932
1A2 4.2 6163 10.2 48 (0.40,0.35) 60 2751
1A3 5.1 1351 39 3.1 (0.26,0.22) 75 12520
1B1 5.9 12340 9.4 47 (0.55,0.44) 41 1840
B2 5.7 8409 83 3.1 (0.36,0.42) 62 4220
1B3 X 1015 37 19 (0.20,0.26) - -
Second device family (IIA1- 11B3)
A1l 4.2 22644 137 6.3 (0.53,0.45) 40 2061
A2 3.9 29922 18.6 95 (0.36,031) 67 3332
A3 4.6 5482 8.1 47 (0.16,0.13) - -
1B1 4 17868 12.4 55 (0.49,0.47) 43 2515
B2 3.6 15350 138 71 (0.32,031) 80 4490
B3 33 5700 78 49 (0.17,022) = =

2 Tum-on voltage at luminance of 10 cd m 2.

* Maximum current efficiency.

€ Maximum external quantum efficiency.

* Commission Intemationale de I'Eclairage (CIE) 1931 colour coordinates.
© Colour rendering index.

* Colour temperature (CIE, CRI and T values are related to EL spectra recorded at 9 V).

coordinates of blue and orange devices, it is seen that CIE coordinates of
WOLEDs with close to natural white values of (0.33, 0.33) can be ach-
ieved (Fig. 510). This observation proves good selection of blue and
orange emitters for getting white electroluminescence by mixing their
individual emissi The CIE di of (0.32, 0.31) closest to the

natural white light were obtained for device 1IB2 (Table 2). This device
also showed the highest color rendering index (CRI) of 80 and color
temperature (Tc) of 4490 K. This observation can be attributed to the
very good quality of white EL based on only two emitters. Devices IA2
and 1IA2 were characterized by Tc values of 2751 and 3332 K

g 12 = — ;10 1 I/=180 ——5V
500 11,=169 1A2 o e]e2 ; = v
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- —
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Fig. 8. EL spectra of white OLEDs at different voltages (a), EL spectra of non-passivated device ITB2in air at continues voltage of 9 V recorded with time step of 1 min
(b), and current density/brightness versus applied voltage dependences of the second family of devices (c).
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respectively which show eye-friendly warm white light

In should be noted, that the better stability of EL spectra under
different voltages was obtained for devices [IA2 and 11B2 than for de-
vices A2 and IB2, respectively (Fig. 3a). For example, the lower ratio of
EL intensities I, /I, of 1.26 was obtained for device IIA2 than for device
1A2 which showed 1,/1, of 1.69 (I; and I are the intensities of the
selected EL band at different voltages (Fig. 8a)). This result is attributed
to the better separation of charge and exciton recombination zones in
devices IIA2 and IIB2 than in devices IA2 and IB2 with EBL. The relative
stability of blue and orange EL were additionally checked for device 11B2
with the best quality of white EL recording its EL spectra under
continuous voltage of 9 V in air without passivation (Fig. Sb). The
similar ratios I/, of 2.68 and 2.24 were obtained for the blue and the
orange bands of EL spectra of device IIB2 recorded after 1 and 30 min of
continuous work. This result can be attributed to the similar stability of
blue and orange TADF emitters when spatial exciton allocation strategy
is utilized, thus charge and exciton recombination zones are well sepa-
rated. The similar EL spectra were recorded at different voltages for the
corresponding single-color devices (Fig. 58).

As it was noted above, maximum EQE values of devices IIA2 and 11B2
with exciton distribution (modulation) between two TADF emitters
(4CzTPN and PFBP-2b) are approximately twice higher than maximum
EQE values of devices IA2 and IB2 with exciton distribution (modula-
tion) between NPABP1(NPABP2) and 4CzTPN (Fig. 7b, Table 2). This
result indicates contribution of PFBP-2b to the total efficiency of 11A2
and 1IB2. Contribution of PFBP-2b is also evident if to compare
maximum EQEs of blue devices from the first (IA3 and IB3) and the
second (IIA3 and 1IB3) families of devices. For example, about twice
lower maximum EQE of 1.9% was obtained for device IB3 than for de-
vice IIB3 (4.9%). In contrast, close maximum EQE values of the orange
devices of the first (IA1 and IB1) and the second (IIA1 and 11B1) families
were obtained. This observation can be explained by the prevailing
contribution of orange emission of 4CzTPN in both cases. For example,
close maximum EQE values of 4.7 and 5.5% were obtained for devices
IB1 and 1IB1 showing the similar charge recombination abilities of the
first and the second families of devices. Approximately twice higher
efficiency of white OLEDs IIA2 and IIB2 in comparison to that of white
OLEDs IA2 and IB2 can be mainly attributed to exciton movement
(resonant energy transfers) from exciton modulator layer (NPABP1 or
NPABP2) to TADF emitters (PFBP-2b and 4CzTPN) due to the similar-
ities of S;(NPABP1 or NPABP2) with S;(PFBP-2b) and of T;(NPABP1 or
NPABP2) with T;(4CzTPN).

Lower turn-on voltages of 3.3-4.6 V were observed for NPABP2
based devices than turn-on voltages (4.2-5.9 V) of NPABP1 based de-
vices (Fig. 8¢, Table 2). This result is in very good agreement with the
results of the measurements of charge mobilities, which showed higher
hole mobilities of NPABP2 at the same electric fields (Fig. 5b). One more
exploitation in favor of spatial exciton allocation strategy for TADF-
based OLEDs is higher maximum brightness observed for devices I1A2
and IIB2 relative to that of devices IA2 and IB2. It exceeded 10000 cd/
m?. Taking into account the above presented analyses of output pa-
rameters of white devices from the first (IA2 and 1B2) and the second
(IIA2 and 11B2) families, it can be concluded that the significant per-
formance improvement of white TADF OLEDs is due to the effective
separation of charge and exciton bination zones with minimized
energy losses during energy transfer processes. This approach allows to
get more stable blue emission in the total white EL of TADF-based OLEDs
needed for illumination and display back lighting technologies. In
addition, the developed exciton modulators NPABP1 and NPABP2 can
be used in combination with even more efficient blue and orange TADF
emitters for getting even more efficient WOLEDs.

3. Conclusions

i dul

d to develop ing functional materials for
white TADF-based OLEDs, two new bis(N-naphthyl-N-phenylamino)

L i were synthesized. They were characterized by blue
aggregation-en} d triplet gies of 2.32-2.45 eV, ioni-
zation potentials of 5.68-5.79 eV, hole mobilities exceeding 10 * ecm?*
(Vs) " at high electric fields and five percent weight loss temperature
reaching 428 °C. They were used as exciton modulators for the fabri-
cation of white TADF-based OLEDs with one or two TADF emitters. After
hole-electron recombination/exciton generation within the dopant-free
exciton-modulating layers, excitons were efficiently transferred either to
one orange or to both orange and blue TADF emitters distributed as
guests in neighboring layers separating charge and exciton recombina-
tion zones. Approximately twice higher efficiency was obtained for
white electroluminescent devices based on two TADF emitters due to
double efficient resonant energy transfers. Efficiency of those resonant
energy fers depends on binations of singlet-singlet and triplet-
triplet levels between exciton modulator and respectively blue/orange
TADF emitters. Wi hite and white el lumi with CIE
coordinates of (0.36, 0.31) and (0.32, 0.31), color temperatures 3332
and 4490 K, CRI of 67 and 80 respectively were observed for the best
devices with external quantum efficiencies reaching 9.5 and 7.1%. The
proposed approach has big potential for the design of efficient and stable
OLEDs with high quality of white electroluminescence.
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ARTICLE INFO ABSTRACT

Keywonds: Aiming to improve spin-flip effici of emitters lly activated delayed fluorescence (TADF), to
Tert-butyl carbazole five derivatives of tetra-tert-butyl-carbazolyl-substituted b iles the different additional electron
Benzonitrile

moieties were attached, i.e. benzonitrile, benzotriazole, 2-benzotrifluoride, methyl 2-benzoate or methyl 3-meth-
ylbenzoate (compounds named as CNCN, CN4T, CNCF3, CNCOA and CNCOAM, respectively). The selection of
the addmonal accepmr mon:nes provided not only different electron accepting abilities but also enabled different
fons (e, due to C-H-F, O, N hydrogen bonds) which affected emission
intensity. Despite the similarity of the molecule of the ds, they d d very different
TADF efficiencies with reverse intersystem crossing rates in the wide range from 0.047 x 10°to 2.32 x 10°s™!
observed for their oxygen-free toluene solutions. These solutions exhibited photoluminescence spectra peaking in
the range ﬁvm 456 to 506 nm and phowlulmnscencc quantum yields reaching 82%. The effect of the additional
acceptor sub was on el ies of OLEDs based on the designed TADF emitters was
observed. External quantum efficiencies of non-doped and doped devices based on the newly synthesized
emitters decreased in order of CNCN > CNCOAM > CNCOA > CNCF3 > CNAT. The best blue devices exhibiting
electroluminescence peaked at 468 and 457 nm with CIE coordinates of (0.15, 0.17) and (0.15, 0.13), respec-
tively, showed external quantum efficiency of 18.3 and 14.1% wluch was considerably higher than 11.5%
observed for the reference device which was fabricated using a ly published TADF emitter and showed
intensity at 480 nm.

Thermally activated delayed fluorescence
Blue organic light-emitting diodes
High efficiency

1. Introduction efficiency.[5] Even though blue phosph OLEDs d

high efficiency, they suffer from a lack of colour purity, short opera-

Well competing with conventional light sources, organic light-
emitting diodes (OLEDs) have found own niche in lighting and display
technologies owing to high brightness, low power consumption, large
viewing angle, low cost and simpler design that enables ultra-thin,
flexible, foldable and transparent displays, [1,2]. In the last few years,
extremely efficient deep-blue phosphorescent OLEDs with narrow
electroluminescence spectra were developed using rigid tetrad Pt
(I1) complexes [3] and N-heterocyclic carbene coordinated Ir(1ll) com-
plexes.[4] However, their efficiency and operational stability are still
major challenges in display technology. In practice, the utilization of
blue emitters is still behind that of green and red emitters in terms of

* C ding author at: D of Polymer Chemistry and

tional lifetimes and high cost in comparison to blue fluorescent OLEDs
[6]. As an alternative, blue thermally activated delayed fluorescence
(TADF) OLEDs exploiting cost-effective and non-toxic pure organic
materials can reach high efficiencies and exert comparable outcome to
phosphorescent OLEDs [7]. TADF ds are g i

with the aid of twisted electron-donating and accepting groups to pro-
vide the spatially decoupled HOMO and LUMO, which subsequently
leads to a small singlet—triplet energy gap AEgr.[8] According to the
dependence between the first-order mixing coefficient (1) and the
spin-orbit coupling (Hso) value and AEsy (A ~ Hso/AEsy) which ex-
presses spin-flip processes between singlet and triplet states [9,10], the
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uucepung abilities hut n]so on possibility to take part in the different

small AEsy is of imp for achieving efficient thermally-assisted
reverse intersystem crossing (RISC) ﬁ'om lnplet to singlet ifold.
[11] The repl of noble metal with metal-

free pure organic fluorophores is a big challenge and one of the priorities
for development of cost-effective OLEDs.

Since the first report on multi-carbazole based compounds contain-
ing two electron accepting benzonitrile moieties as green-red TADF
emitters for efficient OLEDs [12], the multi-donor-acceptor(s) design
strategy is among the best ones for blue TADF emitters. To achieve blue
emission of multi-carbazole based TADF compounds few approaches
were proposed [11-13]. The replacement of strong acceptor benzoni-
trile moiety by the weaker ones was among the most efficient methods.
When weaker acceptors, cyanophenyls, were used, blue TADF emitters
with RISC rates reaching 2.36 x 10®s ! were obtained [13]. In OLEDs,
such emitters showed electroluminescence peak at 456 nm. The device
exhibited maximum EQE of 22.8%, and life-time T80 (time to 80% of the
mmu] lumumnce) exceedmg 60 h at an initial luminance of 1000 cd x

2, Using one b or methyl b electron-accepting
molety and five electron donating carbazolyl groups, two TADF emit-
ters were synthesized with RISC rates of 3.81 x 10° and 4.44 x 10%s™",
as well as with great electroluminescent properties. OLEDs showed
maximum EQEs of 24.6 and 12.5% and greenish blue electrolumines-
cence peaked at ca. 481 and 497 nm, respectively [I-l] Using three di-
tert-butylcarbazolyl groups as donors and three d

e.g.C-H--m, F, O N hydrogen
bonds or rep: N--N i Five pound

rical A-multi-D-A* structures were designed, synlheslsed, ldenuﬁed and
characterized by the different theoretical and experimental techniques.
Comparison of external q; effici of non-doped and doped
OLEDs and their elect spectra di the effect of
spin-flip tuning and emission blue-shifts induced by different acceptor
moieties. With respect of efficiency of OLEDs, the additional acceptor
units of the synthesized emitters can be laid out in the order benzonitrile
> methyl 3-methylbenzoate > methyl 2-benzoate > 2-benzotrifluoride
> benzotriazole. Although the main aim of the work was comparison of
spin-flip tuning of five A-multi-D-A* type compounds, relatively high
maximum EQEs of 18.3 and 14.1% were obtained for the blue devices
electroluminescence intensity of which peaked at 468 and 457 nm,
respectively.

. Results and discussion
2.1. Synthesis and characterization
As it is shown in Scheme 1, intermediate compounds CN1, CN3-5

wele synthesized by Pd-catalyzed direct nxylnnon of2,3,5, &teuuﬂuom
ile with aryl iodides i.e., 2-iod itrile, 2-i i-

units as acceptors linked through a benzene n-bridge, blue multi-(donor/
acceptor)-type TADF emitters with RISC rates in the range of 0.12 x 10°-
5.07 x 10° s ' were obtained due to the coexistence of through-space
charge transfer and through bond charge transfer effects [15]. These
emitters allowed fabrication of non-doped OLEDs with EL maxima at
484 nm and maximum EQEs of up to 21%. It was shown that TADF ef-
ficiency with RISC rates over 10° s ' can be effectively improved fixing

lecular ¢ ion by i lecular C-H---F hyd bonds
[16]. TADF emitter containing seven carbazole moieties as donors and
two difluorocy units as linked through a diphe-

nylene bridge was reported [14]. F atom was introduced for fixing the
molecular configuration through formation of intramolecular C-H--F
hydrogen bonds. Using TADF emitters with and without intramolecular
interactions, green doped OLEDs with maximum EQEs of 20.8 and 9.5%
respectively were fabricated, demonstrating advantages of intra-
molecular non-covalent interaction. Taking into account that multiple
donor moieties cause formation of charge-resonance-type hybrid triplet
states, the authors of study [7] synthesized 9,9',9",9",9""-(6-(4,6-
diphenyl-1,3,5-triazine-2-yl)benzene-1,2,3,4,5-pentayl)pentakis(9H-
carbazole) (5Cz-TRZ). Compound 5Cz-TRZ exhibited blue TADF with
extremely fast spin-flip (RISC rate of 1.5 x 107 s~ ). It was used for
fabrication of sky-blue OLEDs with electroluminescence spectra peaking
at 486 nm, maximum EQE of 29.3% and superior device life-time T90
(time to 90% of the initial luminance) of ¢a.600 h at brightness of 1000
ed x m"2 as for sky-blue TADF devices. The above analysis shows, that
state-of-art blue TADF emitters can be obtained exploiting multi-
(donor/acceptor) design strategy in combination with variety of intra-
molecular interactions (via through-space or non-covalent). For reali-
zation of spin-flip tuning and emission blue-shifts of TADF emitters,
additional modifications of multi-donor containing compounds are
required, e.g., by introduction of acceptor asymmetry, which was the
aim of this study. Examples of asymmetrical multi-donor-based TADF
emitters were not reported in the literature yet to the best of our
knowledge.
In this work, aiming to develop efficient blue OLEDs, we introduced
y tomulti-carbazole-based emitters by two different
types of accepting moieties which allowed to improve their spin- ﬂxp
abilities and to achieve blue-shifts of emissi The
contain benzonitrile as the geneml nccepnng unit and the d.\ffelem
dditional ieties, i.e. itrile, benzotriazole, 2 i
fluoride, methyl 2-benzoate or methyl 3-methylbenzoate. ']‘he motiva-
tion of selection of additional acceptor unit was based not only on their

fluoride, methyl 2-iodob and methyl 4-iodo-3-methylb

The reactions make use of mphenylphosphme as lxgand ﬂnd aﬁ'old high
yields. I pound CN2 was prep ding to the
previously reported procedure [17]. Five targe TADF emitters CNCN,
CNA4T, CNCF3, CNCOA and CNCOAM were prepared in a catalyst free
aromatic nucleophilic substitution reactions of CN1-5 and 3,6-di-tert-
butyl-9H-carbazole. The target materials were fully characterized by 'H
NMR, °C NMR, mass spec ries and el | analysis. Synth
procedures and characterization data for CNCN, CN4T, CNCF3, CNCOA
and CNCOAM can be found in Supporting Information.

2.2. Geometries and frontier orbitals

The frontier molecular orbital distribution and molecular configu-
ration of CNCN, CN4T, CNCF3, CNCOA and CNCOAM were analyzed
by density functional theory (DFT) calculations using Gaussian 16
software. Initial geometries of molecules as well as the energies of their
frontier molecular orbitals were calculated at B3LYP/6-31G (d,p) level
in vacuum. The calculated dihedral angles between benzonitrile and 2-
benzonitrile, benzotriazole, 2-benzotrifluoride, methyl 2-benzoate or
methyl 3-methylbenzoate rings were found to be of 90, 67, 90, 82 and
90°, respectively (Fig. 1). The theoretical geometries and the distribu-
tion of HOMO and LUMO of derivatives CNCN, CN4T, CNCF3, CNCOA
and CNCOAM are shown in Fig. 1. HOMOs are localized on di-tert-butyl
carbazolyl moieties, while LUMOs are mainly located on benzonitrile
and 2-benzonitrile, benzotriazole, 2-benzotrifluoride, methyl 2-benzo-
ate or methyl 3-methylbenzoate units. The clear separation of HOMO
and LUMO molecular orbitals d d small calculated AEgy values
for CNCN, CN4T, CNCF3, CNCOA and CNCOAM of 0.09, 0.01, 0.07,
0.06 and 0.02 eV respectively. The HOMO energy levels of the com-
pounds were found to be in the close range of —5.35 - —5.25 eV due to
the presence of the same donor moieties. The LUMO energy levels of the
CNCN, CNCF3, CNCOA and CNCOAM were also found to be close (-2.31
--1.95).

Natural transition orbitals (NTO) for the S; state were generated
(Figure 51). The caleulations showed that for compounds CNCN, CN4T,
CNCF3, CNCOA and CNCOAM the S; — S, transitions occur due to
electron transfer from the acceptor fragment to the donor moiety.
However, there is also some overlap of varying degree on the cyano-
phenyl ring. This observation shows the mixed nature of the transition
with a prevailing charge transfer (CT) character.

The absorption bands were calculated to correspond to HOMO —
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Scheme 1. Synthesis of CNCN, CN4T, CNCF3, CNCOA and CNCOAM. Reagents and conditions: a) aryl iodides, Pd(OAc),, PPh, Ag,CO; DMF, 70 °C, 24 h; b)

Cs,CO5, DMF, 120 °C, 24 h.

LUMO transitions for all the studied derivatives. The theoretical tran-
sition wavelengths for compounds CNCN, CN4T, CNCF3, CNCOA and
CNCOAM were 484, 503, 476, 462 and 473 nm, respectively
(Figure S2).

2.3. Experimental energy levels and thermal properties

To characterize hole injecting properties of the compounds, thus to
obtain the minimum energy necessary to create a positive charge carrier
in the materials, ionimu‘on potemials (IPpg) of the solid layers of the

ds were i i d by lectron emission spectrometry
(Fxg 2a, Table 1). The IPpg vulues were obtained from the intersection
points of the fit lines to the linear parts of the spectra with the horizontal
axis. Despite the same electron donating units of the compounds, their
IPpg values were found to be in a relatively broad range of 5.39-5.9 eV
indicating to the different hole injecting properties. The highest [Ppg
value of 5.9 eV was recorded for the solid layer of compound CN4T
containing benzonitrile and benzotriazole units. The lowest IPpg value of
5.39 eV was measured for the solid film of compound CNCF3 containing
benzonitrile and 2-benzotrifluoride units. Such differences were appar-
ently obtained due to the different HOMO distributions within mole-
cules in solid-state induced by the different electron uocepung nblhus

transporting layers will be required for adjusting their IPpg values to
the work function of ITO (4.7 eV).

To characterize electron injecting properties of the compounds,
electron affinities (EApg) were estimated for the compounds by the
formula EApg = IPpg-Eg, where Ej is the optical band-gap taken from
onset of low energy band of absorption spectra of the layers (Fig. 3a).
The EAp values were obtained in the range of 2.66-3.34 eV being well
appropriate for the electron injection from the commonly used cathodes
uses for OLED fabrication (e.g. LiF:Al, Ca:Al). Due to slightly different
1Ppg and IPcy values, the different electron affinity (EAcy) values were
determined according to the equation EAgy = —(|IPcy|— Ep) using the
optical band gap energies taken from absorption spectra of the materials
(Table 1).

The p of thermal iti of e ds CNCN, CN4T,
CNCF3, CNCOA and CNCOAM were measured by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC). During the
TGA experiments, the weight of most of the compounds decreased to
0 indicating sublimation and inability to determine the temperatures of
onsets of thermal degradation (Figure S4a). Very close values of 5%
weigh loss temperatures ranging from 449 to 457 °C were observed for
the studied compounds except that of compound CN4T with benzo-
triazole moiety (363 °C, Table 2). This observation indicates tempera-

of acceptors (Fig. 1). Taking ints thutnll the d

contain the same multicarbazolyl-substi itrile moiety, it can
be presumed that the order of electron accepting ability of acceptor units
is as follows: benzotriazole > methyl 3-methylbenzoate ~ benzonitrile
~ methyl 2-benzoate > 2-benzotrifluoride. The same order was
observed for Ip values of compounds CN4T, CNCOAM, CNCN, CNCOA,
CNCF3 containing the corresponding acceptor moieties: 5.9 > 5.68 ~
5.64 ~ 5.62 > 5.39 eV, respectively (Table 1). In contrast, ionization
potential (IPcy) values in the range of 5.76-5.79 eV were estimated for
the pounds by cyclic y (CV) from the onset potentials
versus the Fe/Fe' of their oxidation curves (Fig. 2b, $3, Table 1). This
observation shows that IPcy values of the studied compounds mainly
depend the donor used, thus on the oxidation of di-tert-butyl carbazolyl
moieties, without effect of acceptor substitutions. Taking into account
the IPpe values of compounds CNCN, CN4T, CNCF3, CNCOA, and
CNCOAM, it can be presumed that for efficient hole injection from
commonly used anode indium tin oxide (ITO) hole-injecting/

ture y of benzotriazole moiety resulting in the appearance of
Iditional high-energy band in el 1 spectra of
CNA4T-based devices which will be discussed in the last section.

DSC measurements approved that CNCN, CN4T, CNCF3, CNCOA
and CNCOAM were amorphous compounds (Figure S4b). For example,
DSC thermogram of derivative CNCOA is displayed in Fig. 2c. When the
sample of CNCOA was heated during the first scan, no peaks due to
melting and crystallisation appeared. During the first and the second
heating scans glass transition (Tg) at 92 °C was observed (Fig. 2c). The
similar behaviour was observed for compounds CN4T, CNCF3, CNCOA
and CNCOAM which showed T, values in the range from 84 to 109 °C
(Table 2). The highest T, value of 109 “C was obtained for compound
CNCOAM suggesting the highest morphol | stability of its layers in
electronic devices under Joule heating.
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Optimized structure AEst  Dihedral angle
0.09 eV 90°
i
CNCN
0.0l eV 67°
-5.33eV
¢ 231ev
0.07 eV 90°
0.06 eV 82°
0.02eV 90°

L A
CNCOAM .5.35eV

-2.05eV

Fig. 1. HOMO and LUMO of CNCN, CN4T, CNCF3, CNCOA and CNCOAM calculated at B3LYP/6-31G (d,p) level.

2.4. Photophysical properties

The similar absorption spectra were recorded of the solutions of the

butylcarbazole moiety and electron accepting units (Figure S5). The
low-energy absorption bands observed at ca. 365-475 nm for compound
CNAT and at ca.365-450 nm for the other compounds are of intra-

compounds in toluene, THF solutions and neat films displaying practi-
cally the same ground-state energy levels in media of the different po-
larity (Fig. 3a). Taking into account the absorption spectrum of di-tert-
butylcarbazole and literature data for carbazole-based compounds
(Figure §5) [15,19,20], the absorption bands observed in the range of ca.
300-350 nm are ascribed to n-n* transitions of electron donating units of
compounds CNCN, CN4T, CNCF3, CNCOA and CNCOAM. The bands
observed in the high-energy region of absorption spectra at ca. 275-300
nm are related to overlapping of x -x* transitions of di-tert-

lecular charge transfer (CT) character. In contrast to the CT of pre-
viously published lti-carbazole derivatives ing the same
acceptor moiety [15,20], the broad CT band with two recognized
maxima (marked by arrows) were observed for the developed asym-
metrical multi-carbazole based compounds (Fig. 3a). According to the
DFT calculations (Figure S2), those doubled CT bands apparently
resulted from transitions between di-tert-butylcarbazolyl groups and
both the acceptor moieties. To support the mentioned claim that the
doubled CT bands apparently resulted from transitions between di-tert-
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Fig. 2. Photoelectron emission spectra of the solid films of compounds recorded in air (a), CV curve of dilute solutions of CNCN in dichloromethane (100 mV/s) (b)

and DSC curve of CNCOA (c) (Inset shows TGA curve of CNCOA).

indicates that excitation of doubled ICT bands of CNCOAM caused for-
mation of the same excited CT states. As a result of emissive recombi-
nation of excited CT states, emission with unstructured PL spectra
peaking at the wavelengths in the range of 457-522 nm were observed
for the toluene and THF solutions as well as for neat films of CNCN,
CNAT, CNCF3, CNCOA and CNCOAM (Fig. 3b). The strongest red shift
of PL spectrum of highly polar THF solution with respect of low-polarity
toluene solution was observed for compound CN4T. Meanwhile, PL
spectm of the solutions of other compounds studied were practically

Table 1
Energy levels of CNCN, CNAT, CNCF3, CNCOA, and CNCOAM.

Derivative  E™aneifihe V5 IPcy, EAcy, ¥, B,

Fe, [eV] Hievy  Mevi Fev €gev

CNCN 0.83 5.76 293 5.62 2.85

CN4T 0.86 5.80 3.14 59 3.34

CNCF3 0.85 5.79 2.96 5.39 266

CNCOA 0.86 5.80 297 5.68 292

CNCOAM 0.83 5.76 293 5.64 293 %
Bl ey = |~ (1.4x 1€ E%, vsFc/V) —46lev  [18; ®  EAxy = 2
—([IPey| — E‘,"‘) (EZ" is onset oxidation potential vs the Fc/Fc'; EjF = 1240/

hedger Malge is the onset wavelength of absorption spectrum of the dilute THF
solution. ) I} is the ionization potential of thin solid layers estimated by
photoelectron emission spectrometry. 1 EYE is electron affinity of thin solid
layers estimated by the formula Ef* = [-E,. The optical band-gaps (E;) were
taken from absorption spectra of the layers (Fig. 3a).

butylcarbazolyl groups and both the acceptor moieties, we compared
the absorption spectra of molecules with absorption spectra of individ-
ual donor and acceptor compounds (Figure §5). The new absorption
bands of compounds CNCN, CN4T, CNCF3, CNCOA and CNCOAM,
which are absent in absorption spectra of the individual donor and
acceptor compounds, are definitely related to transitions between the
corresponding donor and acceptor units. The second low-intensity CT
band was earlier observed for multi-carbazole derivative and attributed
to the presence of excited states with enhanced delocalization, which
may enhance mixing between local energy (LE) and CT states inducing
high RISC rates [13]. In this work, much clearer evidence of the second
CT band, thus much stronger delocalization of excited states, was
observed for the studied ical 1 ng their high
RISC rates. The red-shifted CT bands of compound CN4T in comparison
to those of other compounds studied in this work is apparently related to
the stronger accepting ability of the combination of benzonitrile and
benzotriazole moieties. This combination of acceptor unit is even not
appropnate for getting blue emission as it was revealed by photo-
ence (PL) (Fig. 3b).

With the aim to understand whether optical excitation of the doubled
CT bands equally affects emission properties of the studied compounds,
PL decays at the different excitation wavelengths were recorded for
compound CNCOAM (Fig. 3c). Practically the same profiles of PL decays
at emission wavelength of 480 nm were obtained for the toluene solu-
tion of CNCOAM. As a result, the same excitation spectra were obtained
for the prompt (recorded immediately after excitation with a delay of
few nanoseconds) and delayed (time delays of > 200 ns) emission of

on the different solvent polarity of toluene and THF despite
the CT character of their first singlet excited state. To investigate this
observation in more details, solvatochromic effect was additionally
studied and analyzed by Lippert-Mataga model recording absorption
and emission spectra of the solutions of compounds CNCN, CNA4T,
CNCF3, CNCOA and CNCOAM in different solvents (Figure 57). Rela-
tively small redshifts of 39, 51, 44, 43, and 43 nm were observed for PL
spectra of the solutions of CNCN, CN4T, CNCF3, CNCOA and CNCOAM
after replacement of low-polarity solvent cyclohexan with highly polar
DMF. For example, the the solutions of the previously published multi-
carbazole-based TADF emitter with one accepting moiety
9,9',9",9" 9""-(6-(4,6-diphenyl-1,3,5-triazine-2-y)b 1,2,3,4,5-

pentayl) pentakis(9H-carbazole was characterized by ca. twice higher
red shift of PL spectra of 96 nm after replacement of cyclohexan by DMF
[7]. The studied compounds CNCN, CN4T, CNCF3, CNCOA and
CNCOAM were characterized by relatively small slopes of their Lippert-
Mataga dependences of 8691, 6962, 8490, 8620, 9111 cm ', respec-
tively (Figure 57b). This observation may be explained by weak CT in
these compounds possibly with not pure CT or LE emission nature. On
the other hand, we proposed hypothesis on “stucked” moieties without
freedom of change of dihedral angels and/or without freedom of the
formation of different conformers exhibiting relatively weak sol-
vatochromic effects in comparison to those of other similar multi-
carbazole-based TADF emitters [7.9.21,22]. The “stuck” can be partly
attributed to the non-covalent intramolecular interactions (e.g. C-H---F,
O, N hydrogen bonding). However, the effect of non-covalent intra-
molecular interactions on emission properties of the studied compounds
was not very strong since no big differences between UV-vis and PL
spectra of toluene solutions recorded before and after six hours of ul-
trasonic treatments were observed (Fig. 3d,e). Nevertheless, compounds
CNA4T, CNCF3, CNCOA showed higher PL intensity before the ultrasonic
treatment of the solutions. Thus intramolecular interactions (e.g. be-
tween tert-butyl groups and F, O, N-containing moieties) slightly affect
their TADF properties. In case of compound CN4T, not only PL intensity
bul also PL peak wavelength slightly shifted from 504 to 499 nm after

CNCOAM at the wavelength of 480 nm (Figure S6a). This observation

t of the solution.

PL intensity of toluene solutions of all five p strongly
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Fig. 3. UV-vis (a) and photoluminescence (b) spectra of toluene or THF solutions and neat films of the studied compounds. PL decays at the emission wavelength of
480 nm recorded at different excitation wavelengths for toluene solution of CNCOAM (c). UV-vis (d) and PL (e) spectra of toluene solutions before and after ul-
trasonic treatments (d,e) and PL spectra (f) of toluene solutions before and after deoxygenation.

Table 2

h ical and thermal of the hesized d
Parameters Sample CNCN CNAT CNCF3 CNCOA CNCOAM
Tg 0™ Powder 89 103 84 92 109
™ el 452 363 457 465 449
3% nm Neat film 295/ 339/- 293/336/- 296/341/- 294/339/- 297/ 340/-
LAY 480 513 470 483 472
FWHM, nm 88 91 75 91 82
PLQY(%) Toluene ™)/ THF /neat/film of compound(10 wt%):mCP 77/32/34/50 82/53/17/26 49/32/21/39 48/33/22/37 55/34/26/44
AEST[eV] THF at 77 K 0.11 0.05 0.10 013 0.14
AEsity, eV Film of compound doped in mCPat 77 K 0.0167 0.025 0.0241 0.015 0,021
Eg, eV 28 2607 2.804 2819 2813
Ery, eV 2783 2582 2779 2,804 2792
kpise x 10°, 57" Toluene 0.18 232 0.05 011 0.07

Film of compound(10 wt%)mCP 0.18 232 0.047 011 0,072

- Deoxygenated toluene ®) T, - glass-transition temperature taken from 2nd heating scan, ) T§** is the temperature of onset of weight loss (20 °C/min, nitrogen

atmosphere).

increased when the solutions were deoxygenated by purging with inert
gas during 10 min (Fig. 3f). High PLQY values were recorded for
deoxygenated toluene solutions of the studied compounds by absolute
photoluminescence quantum yield (PLQY) measurements using an in-
tegrated sphere (Table 2). This emission enhancement is related to the
emissive harvesting of triplet excitons when they are not quenched by
triplet oxygen. This assumption is in very good agreement with the re-
sults of PL decay measurements of toluene solutions under air and after
deoxygenation demonstrating increase of the ratio of long-lived com-
ponents after removal of oxygen (Figure 58). In total emission of deox-
ygenated toluene solutions, the highest percentage (ratio) of long-lived
component (t,) of 56% was obtained for compound CNA4T (Fig. 4a).
Taking the results of analysis of PL decays (Table $1), the radiation

transition rates of the doped films of the compounds were calculated
using the formula presented in the supplementary information. Dis-
playing effect of acceptor asymmetry, the studied compounds demon-
strated very different rates of reverse intersystem crossing (krisc) in a
wide range from 0.047 x 10°t02.32 x 10° s ! (Table 2). Very similar PL
spectra were obtained for prompt and delayed emissions (Fig. 4b, S8 b-
d). Both of them originate from recombination of the same excited
states, thus the lowest singlet CT states.
ln contrast to the toluene soluuons, the contributions of delayed
(12, T3) were i d for the films of the com-
pounds (10 wt%) doped in 1,3-bis(N- mlbazolyl)benzme (mCP)
(Figure 59). The contribution of long-li in
CNA4T > CNCN > CNCOA > CNCOAM > CNCF3 (T'lble S1). (Fig. 4c).
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Fig. 4. PL decays of the solutions of compounds in toluene (374 nm) (a), PL spectra recorded at different delays after excitation (b), PL decays of the neat films (c),
fluorescence and phosphorescence spectra of the THF solutions recorded at 77 K (d), PL decay curves of the film of CNCN doped in mCP recorded at different
temperatures (e), intensity of delayed emission versus excitation power for the film of CNCN doped in mCP (inset shows delayed emission spectra recorded at the

different excitation power) (f).

The same row is obtained for singlet-triplet splitting recorded for
compounds in solutions and solid state (Fig. 4d, S10, Table 2). Phos-
phorescence spectra of the solutions of compounds CNCN, CNA4T,
CNCF3, CNCOA and CNCOAM can be attributed to recombination of
their CT triplet excited states. They are red-shifted with respect of the
phosphorescence spectra of the individual donor and acceptor com-
pounds (Figure 55¢).

To determine the nature of delayed emission, PL spectra (Figure 511)
and PL decays (4e, Figure 512) of the films of the compounds doped in
mCP were recorded under inert atmosphere at the different tempera-
tures. In addition, PL at different
formed for the same samples (Figure $13). The linear fitting with the
slope close to unity of the plots of PL intensity versus excitation density
excluded contribution of triplet-triplet annihilation mechanism to
delayed fluorescence (Fig. 4f, S14) [23]. Thus, TADF is mechanism of
delayed fluorescence. This conclusion is additionally supported by
temperature dependences of PL spectra, PL intensities and PL decays.

ity of long-lived emission constantly grew up with increasing
temperature from 77 to 300 K proving the TADF nature of emission.
Indeed, intensity of long-lived emission is constantly growing up with
increasing temperature from 77 to 300 K proving the TADF nature of
emission (Fig. 4e, S8). Closely situated spectra of the films of the com-
pounds doped in mCP recorded at different temperatures indicate close
energies of fluorescence and phosphorescence of the studied com-
pounds, thus the small singlet-triplet splitting (Figure 510).

To i igate effect of ion on emission of the comp
PL spectra of their dispersions in the THF-water mixtures with various

were per-

q

water fractions were recorded (Figure S15, $16). Such measurements
allow to test emission properties of the developed compounds in solution
and solid-state under the same diti (the same ation of
oxygen, the same temperature, etc.). Due to the increasing polarity of
the solvent mixture with the addition of water and its strong effect on CT
states, PL intensities of the dispersions of the studied emitters in THF-
water decr d with i water fractions up to ca. 40%.
The further increase of water fractions leads to aggregate formations due
to the poor solubility of the compounds in water. The longer low-energy
tails (marked by arrows) of absorption spectra of THF-water(90%)
mixtures in comparison to those of the corresponding THF solutions
additionally prove formation of aggregates (Figure S16 b). In the solid
state (when aggregates are formed) even higher PL intensities were
observed than those of the corresponding THF solutions under the same
conditions. This observation demonstrates that compounds CNCN,
CN4T, CNCF3, CNCOA and CNCOAM are characterized by aggregation
induced emissi h latively high PLQY values were ob-
tained for the neat films of the compounds (Table 2). High PLQY values
were observed for the films of the compounds doped in mCP. It should be
noted that these PLQYs were measured under air conditions without a
precise selection of excitati lengths (Figure 517, 518). The re-
sults of PLQY measurements demonstrate that compounds CNCN and
CNCOAM exhibiting the highest PLQY values in the solid state are the
most promising as OLED emitters.
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2.5. Fabrication and characterization of OLEDs

Electroluminescence (EL) properties of the compounds were inves-
tigated using different device structures based on non-doped and doped
emitting layers. The structures of OLEDs were as follows: ITO/MoOs (1
nm)/ NPB (30 nm)/ mCP (4 nm) / light emitting layer (20 nm) / TSPO1
(8 nm)/TPBi (40 nm)/LiF(0.5 nm):Al(100 nm) where light emitting
layer was of CNCN, CN4T, CNCF3, CNCOA or CNCOAM for the non-
doped devices nl, n2, n3, n4, and n5 and CNCN(10 wt%):mCP, CN4T
(10 wt%):mCP, CNCF3(10 wt%):mCP, CNCOA(10 wt%):mCP or
CNCOAM(10 wt%):mCP for the doped devices d1, d2, d3, d4, and d5,
respectively. Molybdenum trioxide (MoO3) was used for the deposition
of hole injection layer, N,N'-di (1-naphthyl)-N,N'-diphenyl-(1,1'~
biphenyl)-4,4’-diamine (NPB) for hole transporting layer, mCP for
exciton blocking layer, dip 1-4-triphenylsilylphenyl-phosphi
oxide (TSPO1) for hole/exciton blocking layer, 2,2',2"-(1,3,5-benzine-
triyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) for electron transporting
layer, and lithium fluoride (LiF) for electron injection layer. The func-
tional layers of the fabricated devices were chosen for providing efficient
charge injection, charge transport, charge recombination and exciton
T bination within light- layers taking into account the
HOMO/LUMO of all fi I layers. The cor ding HOMO/
LUMO are given in equilibrium energy diagram of the studied non-
doped n1-5 and doped d1-5 OLEDs (Fig. 5a,b). In addition, the selec-
tion of exciton-blocking layers of mCP and TSPO1 was performed taking
into account their lowest triplet levels (T;) to be sure that the triplets of
the exciton-blocking layers are higher than triplets of the developed blue
TADF emitters (Fig. 5¢). Major el lumi h ristics of
OLEDs n1-5 and d1-5 are given in Fig. 6. The electrol pa-

dinh
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measurements were performed. It is known, that some moieties can
react under external forces resulting in the formation of new materials.
For example, imidazole ring in the presence of oxygen under UV-
diation is subj 1 the ring-opening reaction which results in the
formation of new materials [24,25]. Similarly, photochemical degra-
dation and photo-oxidation of benzotriazole based compounds was
previously detected [26,27]. Such chemical instability of benzotriazole
moieties may be the reason of the high-energy shoulder in CN4T based
OLED:s as well as much lower T3™** (363 °C) of CN4T and much lower
maximum EQE (2% for n2) values in comparison to the corresponding
values estimated for the other compounds (Table 2, 3). To check this
hypothesis, PL spectra were repeatable recorded of dopant-free spin-
coated films of CNCN, CN4T, CNCF3, CNCOA and CNCOAM during
constant UV treatment (Figure 519). The high-energy shoulder in PL
spectra of UV treated film of CN4T was well observed proving photo-
chemical instability of the npound. ity of this should
increased with increasing time of UV treatment. Similarly, the high-
energy shoulder appeared in EL spectra of CN4T-based devices under
electrical excitation. These observation suggests limited utilization of
benzotriazole moiety in design of optoelectronic functional materials
despite superior TADF properties of benzotriazole-based compounds
(Table 2). The other compounds studied did not show any new emission
bands (Figure 519). All the non-doped devices showed EL spectra in sky-
blue region. They peaked at 474-490 nm. The wavelengths of EL in-
tensity maxima arranged in the odder n1 >n2 > n5 >n4 > n3.

For the doped devices d1-5, EL spectra similar to those of the non-
doped ones were observed (Figure 520). The CN4T-based device also
showed two EL bands. Apparently, due to the polarity sensitive CT
of the studied compounds and due to the low polarity of the

ir

rameters are summarized in Table 3.

The similar unstructured broad EL spectra were observed at different
applied voltages for nl1-5 devices proving that recombination of
electron-hole pairs occurred within the light-emitting layers (Fig. 6a).
The EL spectra were very similar to the corresponding PL spectra of neat
films of the studied compounds (Fig. 3b). The different excitation
sources (optical and electrical ones) caused the slight differences be-
tween PL and EL spectra of the studied compounds. In addition to the
most red-shifted emission spectrum and the lowest triplet energy of
compound CNA4T relative to those of other compounds studied (Fig. 5c,
3b), additional high-energy band (shoulder) was observed for device d2.
Its intensity increased with increasing applied voltages. Most probably,
this observation cannot be attributed to energy leakage from light-
emitting layer to the exciton/charge-blocking mCP and TSPO1 layers
due to their high triplet energies and high barriers for holes and elec-
trons (Fig. 5). The high-energy band observed under electrical excitation
can apparently be attributed to the intrinsic emission of CN4T. To un-
derstand this result in more detail, the following analyses and

S HATCN ¢

(a)

(b)

host mCP (dielectric constant of £ = 2.84)[28], blue-shifts were observed
for EL spectra of devices d1-5 in comparison to the corresponding
spectra of non-doped devices n1-5. As a result, the doped OLEDs showed
blue El The International Commission on Illumination (CIE1931) colour
coordinates (x, y) of devices n1-5 and d1-5 can be found in Table 3.
The CIE 1931 chromaticity diagrams are shown in Fig. 6b. The CIE,
values observed for non-doped devices range from 0.173 to 0.232 while
the values estimated for the doped ones are between 0.184 and 0.225. At
the same time, the devices containing a neat emissive layer were char-
acterized by CIE, values between 0.265 and 0.432 whereas these values
for the doped devices ranged from 0.234 to 0.391. The deep-blue elec-
troluminescence with colour coordinates having lower CIEx and CIEy
values, were obtained for the optimized devices based on the emitter
CNCN or CNCOAM with 3,3-di(9H-carbazol-9-yl)-1,1-biphenyl
(mCBP) as the host as it will be discussed below (Fig. 6b).

Relatively low as for blue OLEDs turn-on voltages observed for all the
devices n1-5 and d1-5 devices indicate efficient injection from elec-
trodes and transport to the emissive layer of charge carriers. The doping

N

@
T5PO1 |g

~
®
N
b
2

CNCOA
CNCOAM

(c)

Fig. 5. Equilibrium energy diagram of the non-optimized n1-5, d1-5 (a) and optimized ola-c, oSa-c (b) devices. Jablonski energy diagram with schematic pre-
sentation of triplet levels (T,) for the system exciton-blocking layer/light-emitting layer (c).
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versus current density (d,f) for non-doped (¢, d) and doped (e, f) OLEDs.

Table 3

Parameters of OLEDs.
Device Light emitting layer VooV Maxbrightness,"cd/m* CEfpuxcd/A EQEfa, % 'nm CIe
Non doped OLEDs: ITO/MoO3/NPB/mCP/ Light emitting layer/TSPO1/TPBi/LiF:Al
nl 4.1 000 19.4 7.3 495 (0.2,0.43)
n2 CN4T 4.2 2800 38 2 490 (0.23,0.34)
n3 CNCF3 4.6 5050 6 3.4 474 (0.17, 0.26)
n4 CNCOA 5 8243 7.8 43 476 (0.18,0.27)
a5 CNCOAM 6 16,988 121 56 480 (0.17, 0.30)
Doped OLEDs: ITO/MoO3/NPB/mCP/ Light emitting layer /TSPO1/TPBi/LiF:Al
d1 CNCN(20 wt%):mCP 3.4 39,260 28 ns 485 (0.2,0.35)
d2 CN4T(20 wt%):mCP 4.2 4415 4.8 3.1 470 (0.19, 0.23)
d3 CNCF3(20 wt%)mCP 4.1 10,144 12.9 6.6 471 (0.18, 0.26)
d4 CNCOA(20 wi3):mCP 4.6 14,176 12.2 56 495 (0.22,0.4)
ds CNCOAM(20 wt%):mCP 4.3 21,110 17.5 7.9 481 (0.18,0.31)
Optimized structure ITO/HAT-CN/NPB/TCTA/mCBP/ Light emitting layer /TPBi/LiF:Al
ola CNCN(10 wtd%):mCBP 3.9 11,831 28.3 15.1 466 (0.15,0.17)
olb CNCN(20 wi%):mCBP 4 17,456 39.3 183 468 (0.15,017)
ole CNCN(30 wtd%):mCBP 3.9 19,516 27.4 124 476 (0.15,0.22)
o5a CNCOAM(10 wt%):mCBP 3.8 5453 227 16 457 (0.15,0.12)
o5b CNCOAM(20 wt%):mCBP 3.9 19,551 24.8 141 457 (0.15,013)
oS¢ CNCOAM(30 wt%):mCBP 43 17,115 20.3 103 463 (0.16, 0.20)
ref PFBP-2b(10 wt9%):mCBP 3.8 13,420 22.8 1ns 480 (0.17, 0.27)

*Tum-on voltage at a luminance of 10 cd m~2, ® < current 4 Maxi external quantum efficiency, © Wavelength of the

peak of EL at6 v, C le de I'Eclai

allowed to slightly decrease tum-on voltages of devices d1-5 in com-
parison to turn-on voltages of the corresponding non-doped devices n1-
5. This observation can most probably be attributed to the improved
charge-transporting properties of light-emitting layers containing

bipolar host mCP with relatively high hole and electron mobilities of
4x10*em®V's ! and 2.8 x 10*em?V-'s ! at respectively the electric

(CIE) 1931 color coordinates.

field of ca. 2.5 x 10° Vem ' [29].

At external voltage of 10 V, the highest brightness exceeding 10000
cd/m? and the lowest brightness exceeding only 1000 cd/m? were ob-
tained for devices n1 and n2, respectively (Fig. 6¢c, Table 3). Similarly,
the highest maximum EQE of 7.3% and the lowest maximum EQE of 2%
were observed for devices n1 and n2, respectively (Fig. 6d, Table 3). The
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similar trend in brightness and maximum EQEs were observed for the
doped devices d1-5 (Fig. 6d, Table 3). EQEs of the fabricated OLEDs
decreased in ordersnl > n5 >n3 ~n4 >n2and d1 > d5 >d3~d4 >
d2. Since all the emitters used exhibited TADF, the EQEs of devicesn1-5
were mainly related to PLQYs of light-emitting layers (except CN4T-
based one) which decreased in the same order (Table 2). Taking the
PLQY values of deoxygenated toluene solutions of CNCN, CNAT,
CNCF3, CNCOA and CNCOAM of 77, 82, 49, 48, 55% maximum theo-
retical EQEs were calculated by the formula EQE = fgec X Nex X flpLqy X
Nour [30] where charge curriers recombination probability () and
exciton generation probability (1)) are equal to unity and assuming out-
coupling efficiency (1our) of 0.3 as maximum for glass substrates. They
were found to be of 23.1, 24.6, 14.7, 14.4, and 16.5% respectively.
These maximum theoretical EQEs may be even higher taking into ac-
count aggregation induced emission enhancement properties of the
studied compounds. Unfortunately, we cannot prove this prediction
since we do not have access to equipment for recording PLQYs of solid-
samples in oxygen free conditions. Nevertheless, the order of the theo-
retical maximum EQEs of CN4T > CNCN > CNCOAM > CNCF3 ~
CNCOA is practically the same as the orders n1 > n5 > n3 ~ n4 > n2 and
d1 > d5 > d3 ~ d4 > d2 observed for experimental maximum EQEs of
the fabricated devices, except CN4T based devices n2 and d2 (Table 3).
Unfortunately, compound CN4T did not demonstrate good stability
under electrical excitation and CN4T can not be suggested for opto-
electronic application despite its superior spin-flip rate as it was dis-
cussed above.

Devices d1 and d5 exhibited maximum EQEs of 11.8 and 7.9%
respectively with relatively low roll-off efficiencies showing practical
potential of the developed emitters CNCN or CNCOAM. These device
efficiencies can be further improved if appropriate optimization of de-
vice structure and concentration of emitters in the hght-enumng luyels
is performed. To confirm this prediction using, additi
of the structures devices based on emitters CNCN or CNCOAM was
carried out involving the layer of 1,4,5,8,9,11-hexaazatriphenylenehex-
acarbonitrile (HAT-CN) as hole-injecting layer, the layer of tris(4-
carbazoyl-9-ylphenyl)amine (TCTA) as additional hole transporting
layer for the reduction of energy barrier between NPB and electron-
blocking mCBP layer. With the aim of optimization of concentration of
emitters in the host OLEDs with emitting layers containing the different
amounts of emitters CNCN or CNCOAM in mCBP were fabricated. De-
vices with light-emitting layers of CNCN(10, 20 or 30 wt%):mCBP were
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device (ref.) based on the light-emitting layer of 10,10-(perfluoro-[1,1-
biphenyl]-4,4'-diyl)bis(2,7-di-tert-butyl-9,9-dimethyl-9,10-dihydro-ac-
ridine) (PFBP-2b) (10%) doped in mCBP was fabricated in the same
conditions [31].

Devicesola-c and o5a-c showed EL spectra with similar shapes under
different voltages but blue-shifted in comparison to the EL spectra of the
corresponding devices d1 and d5 with light-emitting layers CNCN(20 wt
9):mCP or CNCOAM(20 wt%):mCP (Fig. 7a). Such shifts of EL spectra of
the devices are apparently related to the lower dielectric constant of
mCBP in comparison to those of previously used hosts, i.e., mCP, TPBi.
Asaresult, blue or d blue electrol: was observed for
devices ola-c and o5a-c. For example, CIE coordinates of (0.15, 0.12)
were observed for device o5a (Fig. 6b, Table 3). Slightly increased turn-
on voltages of devices ola-c and o5a-c were obtained in comparison to
the corresponding values of devices d1 and d5 (Fig. 7b, Table 3). The
differences in turn-on voltages can be attributed either to increased
photon energy of blue shifted EL spectra of devices ola-c and o5a-c, to
slightly higher total thicknesses of the devices or to the increased
number of organic/organic interfaces of the optimized devices relative
to that of OLEDs d1 and d5. In addition, lower maximum brightness was
observed for ola-c and o5a-c than for the corresponding devices d1 and
d5 (Fig. 7b, Table 3). This observation can be explained by lower
sensitivity of human eyes to blue than for sky-blue emission. However
low maximum brightness does not affect device efficiency as it will be
shown below.

As it was expected, device optimization allowed not only to improve
colour quality of blue electroluminescence of CNCN or CNCOAM based
OLEDs but also allowed to achieve higher maximum EQEs of 18.3 and
14.1% for devices o1b and o5b, respectively (Fig. 7¢, Table 3). These
results can apparently be attributed to the improved charge balance
within light-emitting layer due to the improved hole and electron mo-
bilities of host mCBP in comparison to those of mCP [32]. Notably, EQEs
of devices olb and o5b devices were higher than corresponding EQE
(11.5%) of the reference device. The maximum EQEs (up to 18.3%) of
OLEDs o1b and o5b prove high potential of the developed blue TADF
emitters CNCN or CNCOAM and well illustrates potential of the strategy
of acceptor asymmetry for the design of TADF emitters.

3. Conclusions

Mnﬂvated to investigate whether spin-flip efficiency of blue TADF

named as ola, o1b or olc respectively. OLEDs with light-emitting layers
of CNCOAM(10, 20 or 30 wt%):mCBP were named as 05a, o5b, o5¢ The
updated device structures were ITO/HAT-CN(5 nm)/NPB(40 nm)/TCTA
(10 nm)/mCBP(10 nm)/ light-emitting layer/ TPBi (30 nm)/LiF(0.5
nm)/AlL In order to compare the output parameters of the optimized
devices ola-c and o5a-c devices with those of previously reported highly
efficient OLEDs based on the known sky-blue TADF emitters, a reference

bazol-based emitters can be improved by exploitation of

p y, we synthesized and studled five tetra-tert-butyl-
carbazolyl-substituted b itriles dditional acceptor
moieties with the different accepting abilities. All the synthesized
compounds were characterized by TADF with photoluminescence
quantum yields of their deoxygenated toluene solutions ranging from 55
to 82%. The weak influence of non-covalent intramolecular interactions

¥

Current density, mA/em?

Normalized EL intensity, a.u.

EQE, %

(a)

(b)

Fig. 7. EL spectra (), current density and brightness versus voltage curves (b), and external quantum efficiencies versus current density (c) for the devices ola-c,

oSa-c and ref.
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on emission properties of the studied compounds in toluene solutions
was detected by spectroscopic study in combination with ultrasonic
treatment. Different TADF properties, thus different spin-flip abilities
with RISC rates ranging from 0.047 x 10° to 2.32 x 10° s™! were
observed for the synthesized tetra-tert-butyl-carbazolyl-substituted
benzonitriles. Their different combination of acceptors with the
different electron withdrawing ability allowed to tune blue emission
colours. CIE coordinates of (0.15, 0.12) were estimated for electrolu-
minescence of doped OLEDs. Despite the similar molecular structures of
the compounds, OLEDs fabricated using them as emitters demonstrated
very different external quantum efficiencies. Their values ranged from 2
to 7.3% for non-doped devices and from 3.1 to 11.7% for the doped
ones, demonstrating effect of the spin-flip tuning by acceptor asymme-
try. After simple optimization of the devices, the best emitters allowed to
achieve external quantum efficiencies of 14.1 and 18.3% for blue TADF
OLEDs.
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ABSTRACT: Motivated to minimize the effects of solid-state
solvation and conformation disorder on emission properties of
donor—acceptor-type emitters, we developed five new asymmetric
multiple donor—acceptor type derivatives of tert-butyl carbazole
and trifluoromethyl benzene exploiting different electron-accepting
anchoring groups. Using this design strategy, for a compound
containing four di-fert-butyl carbazole units as donors as well as $-
methyl pyrimidine and trifl hyl acceptor moieties, small
singlet-triplet splitting of ca. 0.03 eV, reverse intersystem crossing
rate of 1 X 10°s™!, and high photoluminescence quantum yield of
neat film of ca. 75% were achieved. This compound was also
charactenzed by the h|gh value of hol: and electron mobilities of
89x 107 and 5.8 x 10 cm® V™' s at an electric field of 4.7 X

10° V/cm, showing relatively good hole/electron balance, respectively. Due to the lowest confc ional disorder and

aren

2288222R2

EQE of 16 %

se 7 e

lid-stat

solvation effects, this c ated very similar

properties ( colors) in doped and differently

doped organic light-emitting diodes (OLEDs). The lowest conformational disorder was observed for the compound with the

additional accepting moiety inducing steric hindrance, limiting donor—acceptor dihedral
the multi-donor—acceptor approach, increasing the efficiency. Using an emitter exhibiting the

dom. It can be exploited in
ized solid-state solvation and

conformation disorder eﬂ'ects, the sky blue OLED with the emitting layer of this compound dispersed in host 1,3-bis(N-

b, di q
carbazolyl played an

peak at 477 nm, high brightness over 39 000 cd/m? and external quantum efficiency up to

15.9% along with a maximum current efficiency of 42.6 cd/A and a maximum power efficiency of 24.1 Im/W.
KEYWORDS: donor, acceptor, trifluoromethyl group, tert-butyl carbazole, blue TADF, organic light-emitting diodes

1. INTRODUCTION
Organic light-emitting diodes (OLEDs) are promising devtces

devices of 100% without involving nobl tal compl and

incorporation of triplet excitons in radiation which mduce the
1 d

for display and lighting applications thanks to their p

long operational lifetime and low power consumpnon
Recently, OLEDs with external quantum efficiencies (EQES)
exceeding 30% have been reported utilizing lummthones with
thermally activated delayed fluorescence (TADF).*" Utilization
of TADF materials in OLEDs as the efficient approach to harvest
non-emissive triplet excitons without usage of any complicated
metal—organic frameworks, requiring relatively inexpensive
starting reagents for the synthesis and being sufficiently stable
can considerably boost the efficiency of devices, reduce power
consumption, and reduce environmental problems in compar-
ison with common prompt fluorescence (PF)-based OLEDs or
in comparison with phosphorescent OLEDs.” TADF materials
now are considered as the third generation of OLED emitters
which allow us to reach internal quantum efficiencies of the
© XXXX The Authors. Published by
‘American Chemical Soclety

<~ ACS Publications

lifetimes.” However, regardless of all the
eﬂons dedicated, blue OLEDs remain bottlenecks for the wider
application of OLEDs.”
phenomenon of TADF has been studied extensively by the

To prevent these bottlenecks, the

researchers whose interest is related to OLEDs.*” It received

much attention in academic and industrial communities
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Figure 1. Schematic static (a) and dynamic (b) diagrams of excited states energies of TADF compou: nds.”
crossing, IC is internal conversion, and RIC is reverse internal conversion.

CT,

Emission

Dynamic frame Static frame
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3
LE 3LE
Vibratons
3T
3T

(b)

=305, is the ground state, ISC is intersystem

involved in the development of efficient and stable blue
OLEDs.'*!!

Multiple donor—acceptor-type carbazole derivatives as blue
TADF emitters showed great potential for the improvement of
efficiency and stability of sky-blue OLEDs.'” The state-of-art
performance (device life-time T90 of ca. 600 h at brightness of
1000 cdXm™ and maximum EQE of 29.3%) of sky-blue TADF
OLEDs with electroluminescence (EL) spectrum peaking at 486
nm was observed using 9,9',9",9”,9""-[6-(4,6-diphenyl-1,3,5-
triazine-2-yl)benzene-1,2,3,4,5-pentayl ] pentakis(9H-carbazole)

close energetically due to the spatial separation of molecular
orbitals of donating and accepting moieties.”* This can lead to
the thermally activated upconversion from the latter to the
former state through RISC which is actually the inverse
transition processes of phosphorescence.”® The first demon-
stration of exploitation of RISC phenomenon in OLEDs was
reported by Adachi et al.*”® The emission process of TADF
C d:

p is ¢ lled by intramolecular charge transfer
(CT) transitions via triplet excitons.” Hence, to meet the
requi of CT and small AEgy values at the same time, the

as blue TADF emitter with extremely fast spin-flipping
characterized by reverse intersystem crossing (RISC) rate of
1.5 x 107 s~ Exploiting strong electron-withdrawing
inductive effects of the trifluoromethyl group, in our previous
work, we developed asymmetric multi-carbazole-based emitters
by utilizing two different types of electron-withdrawing moieties
which helped to improve their TADF properties and to achieve
efficient blue emission."* These and other examples prove that
efficient triplet exciton utilization is possible using multi-channel
RISC of multi-donor—acceptor molecules as well as obtaining
small singlet-triplet energy splitting (AEgy) resulting from
through space and bond charge transfer effects of the
molecules.” It could be expected that the alternating arrange-
ment of donor and acceptor units may lead to the coexistence of
through-bond charge transfer (TBCT) and through-space
charge transfer (TSCT) effects, resulting in a small AEg; and
high photoluminescence quantum yield (PLQY). On the other
hand, the multi-(donor/acceptor) structures of the designed
compounds promotes spin-vi ic mixing among the multiple
excited states, which is indispensable to the efficient multi-
channel RISC process.'® The carbazole unit is commonly used
as electron donor in the design of functional materials for
OLEDs."* Carbazole derivatives show good amorphous film-
forming features, high triplet energy, hole-transporting ability,
low redox potential, and good thermal stability.'” The tert-butyl
group has been widely used in the design of fluorophores.” The
attachment of tert-butyl groups to the carbazole moiety allowed
us to reduce the concentration-quenching effect and increase
solid-state PLQY and stability of the compounds.'*'* Using this
approach, derivatives of carbazole and benzonitrile as blue
TADEF emitters were prepared.” OLEDs based on these emitters
showed improved device lifetimes and maximum EQE exceed-
ing 21%.” Variety of conjugated electron-accepting groups such
cyanob: ., triazine, le, diphenyl sulfoxide, and so
forth were used in the design of TADF emitters.”””" However,
TADF emitters containing strong electron-deficient trifluor-
omethyl group have been rarely reported.””**

Molecular design of TADF compounds is performed in such a
way, that their lowest excited singlet and triplet states lie very

combination of electron-donating and electron-withdrawing
moieties through a twisted structure is necessary for the rational
molecular design of TADF compounds.”

It should be noted that the TADF mechanism is not as simple
as it is briefly disclosed above. To better investigate/explain/
understand the TADF mechanism, different excited state—
energy dias[ams were proposed including the “dynamic” one
(Figure 1).” " The main components of those diagrams are not
only singlet 'CT and triplet ’CT states of TADF molecules but
also a local excited singlet ('LE) and triplet (°LE) states of
electron-donating and/or electron-accepting species of the
molecules (Figure 1).

According to the abovementioned diagrams, RISC/TADF
efficiency is to the great extent predominated by energy
differences between *CT—>LE and 'CT—>LE (Figure 1). Highly
efficient blue TADF can be achieved at equability 'CT = °LE =
3CT when there are no energy barriers for RISC. Such equability
can be achieved by molecular engineering (e.g,, by smart
molecular design“) or ghysical approaches (eg, by an
appropriate host selection™). Notably, 'CT and *CT states
are very sensitive to media polarity and are different in different
surrounding conditions (solvents, hosts different concentra-
tions, conformations, polymorphs, etc.).** Meanwhile, 'LE and
3LE states are unchangeable under different environments and
depend mainly on the chemical structures. As a result, it is easy
to lose the “perfect” equability 'CT = *LE = *CT for the most
efficient TADF materials especially if the CT-type compounds
are characterized by very strong solid-state solvation effects and/
or conformation disorder.”*™ In this work, we aimed to
minimize the effects of solid-state solvation and conformation
disorder on emission properties of TADF emitters exploiting
multi-donor—acceptor molecular engineering.

With this fundamental concern, in this work, we designed and
synthesized a series of highly efficient blue TADF emitters based
on four 3,6-di-tert-butylcarbazole moieties as donors and two
electron acceptors. The general electron acceptor for all the
synthesized compounds was the trifluoromethyl phenyl group.
Our aim in this work was mostly related to the study of the effect
of an additional acceptor moiety attached through the para
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ition of the trifluorotol moiety on the properties of the
i A compound containing four di-tert-butyl carbazole
units as donors as well as S-methyl pyrimidine and
mﬂuoromethyl acceptor moieties demonstrated the similar

1 ence (PL) and electrol ent (EL) spectra
inthe layers of non-doped and doped compound and in OLEDs.
Thus, the effects of solid-state solvation and conformation
disorder of this compound on its TADF properties were
considerably decreased which is not typical for TADF
compounds.*

P

2. EXPERIMENTAL SECTION
2.1. Materials. 1-Bromo-2,3,5,6- tetraﬂuoro 4-(trifluoromethyl)-

benzene, pyrimidine-5-bo: acid, p -2-b acid, 2-
methyl-4-c phenylb ic acid, 2-pyridi icacid, and cesium
carbonate (Cs,CO‘) were purchased fmm Slgma -Aldrich. 3,6-Di- m—r-
butyl-9H-cart (lCz) were synth g to the p

reported procedure.'®

2.1.1. General Procedure for Pd-Catalyzed Suzuki—Miyaura
Cross-Coupling Reactions of 1-Bromo-2,3,5,6-tetrafluoro-4-
(trifluorometh, ?}benzene with Aryl Boronic Acrds The compounds
of 1-b 2,3,5,6. i (1 equiv),
aryl boronic acids (1.5 eqmv.), and K,CO; (2 M) were dissolved in
toluene and stirred at room temperature, to which Pd(PPh;); (10 mol
%) was added under nitrogen atmosphere protection. Then, the
reaction mixture was refluxed at 90 °C for 16 h under a nitrogen
atmosphere. After the mixture was cooled down, water was added to the
resulting solution and the mixture was extracted with dichloromethane
three times. The organic phase was dried over anhydrous magnesium
sulfate and concentrated in vacuum. The dry crude products were used
for the further reactions without purification.

5-[2,3,5,6-Tetrafluoro-4-(trifluoromethyl)phenyl]pyrimidine
(CF1). Light yellow solid, yield (0.75 g, 76%). MS (APCI*, 20V), m/z:
297 (M + H]*).

2-[2,3,5,6-Tetrafluoro-4-(trifluoromethyl)phenyl]pyrimidine
(CF2). Light yellow solid, yield (0.61 g, 61%). MS (APCI'", 20 V), m/z:
297 ([M + H]*).

2',3',5',6'-Tetrafluoro-2-methyl4'-(trifluoromethyl)-[ 1,1"-biphen-
yl]-4-carbonitrile (CF3). Light yellow solid, yield (0.81 g, 73%). MS
(APCI', 20 V), m/z: 334 ([M + H]").

2-[2,3,5,6-Tetrafluoro-4-(trifluoromethyl) phenyl Jpyridine (CF4).
Light yellow solid, yield (0.68 g, 69%). MS (APCI", 20 V), m/z: 296
(M +H]").

2.1.2. General Procedure for Pd-free Reaction of 1,24,5-
with 3,6-Di-tert-butyl-9H-
carbazole. 9 9,9",9"-[3-(Pyrimidin-5-yl)-6- (tnﬂuoromethyl)
benzene-1,2,4,5- (elrayl](etrakls(3,6 di-tert-butyl-9H-carbazole)
(CN1). To a solution of 3,6-di-tert-butyl-9H-carbazole (1.27. g, 4.55
mmol) in dimethylformamide (DMF) (10 ml) under an argon
atmosphere was added Cs,CO; (1.32 g, 405 mmol) at 80 °C, and
the mixture was stirred for S min. 5-[2,3,5,6-Tetrafluoro-4-
(trifl thyl) phenyl Jpyrimidine (CF1) (0.3 g 1.01 mmol) was
added, and the mixture was then stirred for 24 h at 120 °C. When the
reaction was completed, it was quenched with water. The crude product
was extracted with ethylacetate, excess solvent was removed under
reduced pressure. The crude product was purified by column
chromatography using ethylacetate/n-hexane (1:7) as an eluent to
give compound CN1 asa light yellow solid. Yield: 0.56 g, 42%. '"H NMR
(400 MHz, CDC,, &, ppm): 8.29 (d, ] = 8.6 Hz, 2H), 7.60 (d, ] = 1.7
Hz, 3H),7.47 (d, ] = 1.7 Hz, 3H), 7.28 (d, ] = 8.6 Hz, 2H), 7.22—7.18
(m, 3H), 7.15 (dd, J, = 8.6 Hz, ], = 1.7 Hz, 4H), 7.07—6.99 (m, 7H),
6.80 (d, ] = 8.5 Hz, 3H), 1.38 (s, 36H), 1.32 (5, 36H). °C NMR (101
MHz, CDCly, &, ppm): 157.7, 154.6, 143.0, 139.6, 139.4, 139.0, 138.0,
129.0, 1282, 127.8, 125.3, 123.8, 123.3, 122.6, 115.6, 115.5, 109.9,
109.1,34.4, 31.8. MS (APCI",20 V), m/z: 1334 ([M + H]"). Elemental
analysis caled (%) for Co,HoF:N: C, 81.94; H, 7.48; F, 4.27; N, 6.30.

Found: C, 8199; H, 7.52; N, 6.34.
9,9',9",9"-[3-(Pyrimidin-2-yl)-6- (trifluoromethyl )benzene-1,2,4,5-
tetrayl]tetrakis(3,6-di-fert-butyl-9H-carbazole) (CN2) was synthesized

using the same procedure as CN1 but using CF2 (0.3 g, 1.01 mmol) to
replace CF1. The crude product was purified by column chromatog-
raphy using ethylacetate/n-hexane (1:6) as an eluent to give compound
CN2 as a light yellow solid. Yield: 0.79 g, 59%. 'H NMR (400 MHz,
CDCly, 8, ppm): 790 (d, ] = 4.9 Hz, 2H), 7.58 (d, ] = 1.6 Hz, 3H), 7.41
(d,J=1.6 Hz,3H), 731-7.28 (m, 3H), 7.22—7.18 (m, 3H), 7.14-7.10
(m, 7H), 7.05—7.00 (m, 6H), 1.40 (s, 36H), 1.34 (s, 36H). °C NMR
(101 MHz, CDCly, 5, ppm): 155.7, 149.2, 142.4, 142.1, 140.8, 140.8,
140.8, 129.0, 1282, 1253, 123.5, 123.1, 122.5, 1223, 115.2, 114.5,
110.8, 109.9, 344, 31.9. MS (APCI', 20 V), m/z: 1334 ([M + H]*).
Elemental analysis calcd (%) for CyHgoFiNg C, 81.94; H, 7.48; F,
4.27; N, 6.30. Found: C, 81.97; H, 7.43; N, 6.33.
9,9',9",9"-[3-Bromo-6-(trifluoromethyl )benzene-1,2,4,5- (etrayl]
tetrakis(3,6-di-fert-butyl-9H-carbazole) (CN3) was synthesized using
the same procedure as CN1 but using 1-bromo-2,3,5,6-tetrafluoro-4-
(trifluoromethyl)benzene (0.3 g 1.01 mmol). The crude product was
purified by column chromatography using ethylacetate/n-hexane (1:8)
as an eluent to give compound CN3 as a light yellow solid. Yield: 0.83
62%. 'H NMR (400 MHz, CDCl, &, ppm): 7.62 (d, ] = 1.8 Hz, 6H
7.60 (d,] = 1.8 Hz,2H), 7.14 (dd, ], = 8.6 Hz, J, = 1.8 Hz, 2H), 7.12 (
J = 1.8 Hz, 4H), 7.11-7.08 (m, 3H), 7.08—7.01 (m, SH), 6.90 (d, 1=
8.6 Hz, 2H), 1.40 (s, 36H), 1.37 (5, 36H). *C NMR (101 MHz, CDCl,,
8, ppm): 143.0, 139.1, 1382, 137.1, 123.9, 123.2, 122.6, 1224, 115.4,
109.7, 109.0, 34.5, 32.8. MS (APCI", 20 V), m/z: 1334 ([M + H]").
Elemental analysis caled (%) for Cg;HoBrF;N,: C, 78.29; H, 7.25; Br,
5.99; F, 4.27; N, 4.20. Found: C, 78.33; H, 7.30; N, 4.24.
2',3',5',6'-Tetrakis(3,6-di-tert-butyl- 9H-carbazol-9-yl)-2-methyl-4 -
(trifluoromethyl)-[1,1"-biphenyl]-4-carbonitrile (CN4) was synthe-
sized using the same procedure as CN1 but using CF1 was replaced by
CF3 (0.3 g, 0.90 mmol). The crude product was purified by column
chromatography using ethylacetate/n-hexane (1:7) as an eluent to give
compound CN4 as a light yellow solid. Yield: 0.62 g $1%. 'H NMR
(400 MHz, CDCI,, &, ppm): 7.68 (d, ] = 1.6 Hz, 2H), 7.63-7.55 (m,
3H),7.51 (dd, J, = 5.9 Hz, ], = 1.6 Hz, 3H), 7.4 (dd, ], = 7.3 Hg, J, =
5.9 Hz, 3H), 7.36 (t, ] = 5.9 Hz, 2H), 7.21 (d, ] = 7.3 Hz, 2H), 7.13—
7.02 (m, 2H), 6.78—6.64 (m, SH), 6.58—644 (m, SH), 2.12 (s, 3H),
1.45 (s, 36H), 126 (s, 36H). *C NMR (101 MHz, CDCly, 5, ppm):
143.2, 1427, 139.2, 1385, 137.3, 132.5, 129.9, 1284, 127.1, 123.7,
123.4,123.2,122.5, 121.8, 115.6, 115.1, 110.3, 109.4, 34.3, 319, 21.3.
MS (APCI', 20 V), m/z: 1372 ([M + H]*). Elemental analysis calcd
(%) for CogH,oF,Ny: C, 83.23; H, 7.50; F, 4.16; N, 5.11. Found: C,
83.27; H, 7.54; N, 5.17.
9,9',9",9"-[3-(Pyridin-2-yl)-6-(trifluoromethyl)benzene-1,2,4,5-
tetrayl] tetrakis(3,6-di-tert-butyl-9H-carbazole) (CNS) was synthesized
using the same procedure as CN1 but using CF4 (0.3 g, 1.02 mmol).
The crude product was purified by column chromatography using
ethylacetate/n-hexane (1:9) as an eluent to give compound CNS as a
light yellow solid. Yield: 0.93 g, 69%. 'H NMR (400 MHz, CDCly, 5,
ppm): 7.74 (d, J = 4.2 Hz, 1H), 7.59 (d, ] = 1.6 Hz, 4H), 7.42 (d, ] = 1.6
Hz, 4H), 7.14 (dd, ], = 42 Hz, ], = 1.6 Hz, 4H), 7.10-6.92 (m, 13H),
6.77-6.71 (m, 1H), 6.43-6.34 (m, 1H), 1.39 (s, 36H), 1.33 (s, 36H).
3C NMR (101 MHz, CDCly, J, ppm): 1482, 142.5, 142.2, 139.6,
138.7, 138.2, 134.7, 1236, 123.1, 122.7, 122.5, 122.3, 122.1, 115.2,
114.7, 110.2, 110.1, 344, 319. MS (APCI’, 20 V), m/z: 1333 ([M +
H]*). Elemental analysis caled (%) for Co,H,00F;Ng: C, 82.91; H, 7.56;
F, 4.28; N, 525. Found: C, 82.88; H, 7.54; N, 5.21.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. Compounds CN]—
CNS were prep 1
substitution reactions of bromo 2,3,5,6-tetrafluoro-4-
(trifluoromethyl)benzene, 5-[2,3,5,6-Tetrafluoro-4-
(trifluoromethyl)phenyl]pyrimidine (CF1), 2-[2,3,5,6-tetra-
fluoro-4-(trifluoromethyl)phenyl]pyrimidine (CF2),
2,3',5' 6 -tetrafluoro-2-methyl-4'- (trifluoromethyl)- [ 1,1'-bi-
phenyl]-4-carbonitrile (CF3), and 2-[2,3,5,6-tetrafluoro-4-
(trifluoromethyl)phenyl]pyridine (CF4) with 3,6-di-tert-butyl-
9H-carbazole (Scheme 1, see also Supporting Information). 3,6-

d by catalyst-fr
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Scheme 1. Synthesis of CN1-CNS5*

CFy CFy CFy ]
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cat tcz CN4
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r
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“Reagents and conditions: (a) aryl boronic acids (pyrimidine-S-bor

idine-2-bx ic acid, 2-methyl-4-cyanophenylboronic acid, 2-

; ic acid, pyr
pyridineboronic acid), K,CO;, Pd(PPh;), toluene, 90 °C, 16 h; (b) Cs,COy DMF, 120 °C, 24 h

b

-5.84 eV 575eV

%
-1.97 eV
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Flgm'e 2. HOMO (top) and LUMO (bottom ) along with their energy levels of (a) CN1, (b) CN2, (c) CN3, (d) CN4, and (e) CNS.

Di-tert-butyl-9H-carbazole was d ding to the
procedure reported in the llterature {Imermediate compounds
CF1-4 were synthesized by Pd-catalyzed Suzuki cross-coupling
reactions of 1-bromo-2,3,5,6-tetrafluoro-4-(trifluoromethyl)-
benzene with aryl boronic acids, that is, pyrimidine-S-boronic
acid, pyrimidine-2-boronic acid, 2-methyl-4-cyanophenylbor-
onic acid, and 2-pyridineboronic acid. All the compounds were
obtained with relative good yields. The target derivatives were
fully characterized by '"H NMR, '*C NMR spectroscopies,
elemental analysis, and mass spectrometry. Synthetic procedures
and characterization data for CN1—CNS can be found in the
Supporting Information.

3.2. Frontier Orbitals. Density functional theory (DFT)
using range-separated hybrid functional LC-wPBEh was used to
obtain the ground state molecular geometry at the def2-svp basis
set. @ was tuned using the golden ratio algorithm under the
polarizable continuum model (PCM) with a dielectric constant
of 2.38 corresponding to toluene and a solvent radius of 3.48 A.
The optimum @ was determined to be of 0.0144 for CN1—-CNS.
Their optimized structures are shown in Figure 2. The CN1—
CNS exhibited large dihedral angles of 72.7,71.6,72.2, 71.7, and
69.6° between 3,6-di-tert-butyl-9H-carbazoles which are located
next to trifluoromethyl and the acceptor moieties, respectively.
The dihedral angles between donor moieties close to R and the
acceptors are of 51.8, 69.2, 69.2, 73.6, and 70.3°, respectively.
The smaller dihedral angle in CN1 is due to steric hindrance
from the proximity of the hydrogen atoms at §-[4-
(trifluoromethyl)phenyl] pyrimidine. The shortest distance
between the hydrogen atom at 4, 6 positions to the next nearest
hydrogen atom in the donor is of 2.98 A for CN1, while in CN2,
the smallest distance between the nitrogen atoms to the

hydrogen atom in the donor is of 3.85 A. This results in the re-
position of the donors next to sterically hindered acceptor
moiety in CN1. Cyanobenzene, pyrimidine, and pyridine as Rin
Scheme 1 are additional electron acceptor moieties. Their
dihedral angles with (trifluoromethyl)benzene moieties are of
64.8, 58.6, 68.9, and 70.5° for CN1, CN2, CN4, and CNS,
respectively. The large dihedral angle should disrupt the
conjugation. However, in this case, it behaves similar to a single
acceptor with least unoccupied molecular orbital (LUMO)
extending into the trifluoromethyl groups due to hyper-
conjugation (Figure 2). CN3 has the deepest LUMO compared
with the other compounds studied, indicating that Br is the
strongest electron accepting substituent compared with
cyanobenzene, pyrimidine, and pyridine. As expected, pyridine
is the weakest electron acceptor among the groups as it has only
one nitrogen atom and hence CNS has the shallowest LUMO
level The highest occupied molecular orbital (HOMO) levels
are approximately the same for CN1 to CN$ with a variation
between —5.71 and —5.84 eV as the HOMO level is dominated
by the 3,6-di-tert-butyl-9H-carbazole moiety.
Vertical excited states were obtained using time-d
DFT/LC-wPBEh/ /def2-svp at optimal @ under the same PCM
model. The singlet and triplet transitions for CN1-CN$S
exhibited the charge-transfer character dominated by HOMO to
LUMO transition. An excited state wavefunction is represented
as the linear combination of the single-determinant config-
with iated coeffici The coeffici are of
0.986, 0.986, 0.840, 0.972, and 0.992 for singlet transition from
HOMO to LUMO in CN1-CNS§, respectively. For CN3,
singlet transitions are also contributed by HOMO — LUMO+1
with the associated coefficient of 0.503. The vertical excitation

d
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Figure 3. Photoelectron emission spectra of solid films of the compounds recorded in air (a), CV curve of dilute solutions of CN1 in dichl 1

(100 mV/s) (b) and TGA curve of CN1 (c).

Table 1. Oxidation Potential versus the Fc/Fc*, lonization Potentials, Electron Affinities, and Optical Bad Gaps of CN1-CNS$

derivative Eonsetox vs Fe," V IPey”, eV Ef eV EAy', eV Py, eV J A EAr, eV

CN1 0.83 576 29 2.86 572 2.87 2.85

CN2 0.78 5.69 293 274 5.61 2.98 2.63

CN3 0.82 575 295 28 5.69 297 272

CN4 0.78 569 293 276 565 297 2.68

CNs 0.75 565 299 266 5.62 2.96 2.66
“Estimated by CV of solutions in CH,Cl,.® “Taken from the absorption spectra of the dilute THF solutions. “EAcy = IPcy — Eg “Estimated by
ph ! ission sp y of solid films. “Taken from the absorption onset of solid films. JEApg = 1Py — Eg

Table 2. Photophysical and Thermal Properties of CN1-CNS

Parameters Sample / equation CNI N2 CN3 N4 CNS
T [°CJT 439 441 433 349 462
—_ 2780287/ | 2787288/ | 2797287/ | 277288/ | 278/288/
- i 3164328 | 317329 | 318330 | 317/330 | 318330
A 0 o a2 508 82 490 480
FWHM, nm 86 104 126 94 106
Es. eV 292 277 3.04 304 291
Er, eV Neat film at 77 K 289 272 3.00 30 287
AEst.eV 0.03 0.05 0.04 0.04 0.04
Es, eV 283 281 29 297 288
Er.cV THF at 77K 282 278 283 292 284
AEsr. eV 0.01 0.03 0.07 0.05 0.04
PLQY(%) Toluene/neat films™ 14776 12/51 84 1727 13/49
Nor ™ Ner = PLQY » PF(%)/100(%) 024 0.16 0.02 0.13 0.07
Tor ™ Tor = PLQY + DF(%)/100(%) 052 035 0.02 0.14 0.42
9%) ¥ 2
Tor. 05 (%) fron PL decay fiing by 9;341) 13](352) .30(;7) 23::8) z|z(;5)
%) ™ = -t - g 3 3 2 3
Tpp, 1S (%) I=A+Blexp(-Ute )+ B2exp(-Vpe) (69) (68) (3) (52) (85)
kpp,s'® ker = ;ﬂ 26¢107 | 12¢107 | 99x10° | 57x10° | 3.4x10°
r
kysc.s'™ Kisc= 2 — ko 18107 | 8x10° | 42¥10° | 29%10° | 29x10°
kpr, s Koy = 225 2.1x10° | 2x10° | 2.1x10* | 7.6x10° | 1.4x10°
or
kuisc, 8™ 7x10° 8x10° | 3.7¢10* | 1.6x10° | 1x10°
Kpisc. 8" 8x10° 5%10° | 6.7x10° | 9.3%10° | 55x10°
EJS, meV from fitting by 2 68 39 154 5.1
EFISC, meV k=Axexp(~E,/kgT) 30 25 26.2 259 248
AEgr, meV. calculated B 16 2 15 20

“T ™ is the temperature of onset of weight loss (20 °C/min, nitrogen atmosphere). “Neat films.

energies for CN1—CNS are of 2.83, 2.84, 2.91,2.91, and 2.98 eV 3.3. Electrochemical and Thermal Properties. The
with singlet and triplet gaps of 0.03, 0.04, 0.04, 0.06, and 0.08 eV ionization potential (IPcy) and electron affinity (EAcy) values
which are very small. of CN1-CNS were esti d by cydic vol y (CV)
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Figure 4. UV—vis (a) and PL (b) spectra of ilute solutions (concentration of 10~° M) and films of compounds CN1—CNS, Lippert—Mataga plot of
the compounds (A‘/ Vgps — Vern is Stokes shift and Af is orientation polarizability of solvents). (¢) PL spectra (d) and PL decay curves (e,f) of air-
and

. dd

wavelength A= =330 nm.

d toluene solution of compounds (d,e) and films (f) of compounds CN1—CNS under air and vacuum. Excitation

measurements. As shown in Figures 3 and S2, the similar single
quasi-reversible oxidations were observed for the compounds
corresponding to the oxidation of the di-tert-butyl carbazolyl
moiety in the anodic scans. The onset oxidation potentials were
found to be of 1.24 V for CN1,1.31 V for CN2, 1.27 V for CN3,
1.20 V for CN4, and 1.23 V for CNS. Taking the results of the
onset potentials versus the Fc/Fc' of the oxidation curves, the
1Py values were calculated to be in an ly close range of
5.65—5.76 eV. This small variation is consistent with the DFT
calculation. EAcy values were determined according to the
equation EAcy = —(IIPcyl — E,) using the optical band gap
energies taken from absorption spectra of the compounds.
Photoelectron emission spectroscopy was employed to
investigate the ionization energy (IPp;) of the solid samples of
the compounds (Figure 3a and Table 1). The IPy;; values were
obtained from the intersection points of the linearly extrapolated
low binding energy sides of the spectrawith the horizontal axis.””
The IPy;; values of the studied compounds were found to be in
the close range of 5.61 to 5.72 eV.

The temperatures of thermal transitions of compounds CN1,
CN2, CN3, CN4, and CN$ were measured by thermogravi-
metric analysis (TGA) and differential scanning calorimetry.
The data obtained are given in Table 2. During the TGA
experiments, CN1-CNS compounds exhibited complete
weight losses, indicating sublimation. Their temperatures of
the onsets of weight loss ranged from 433 to 462 °C (Supporting
Information, see Figure S1). All the derivatives (CN1—CNS)
did not show evident signals of glass transitions or meltings
within the entire range from —40 to 425 °C.

3.4.Photophysical Properties. UV—vis absorption and PL
spectra of the dilute solutions and neat films of the compounds
are presented in Figure 4ab. The selected spectral data are
summarized in Table 2. The similar absorption profiles were
recorded for the toluene and THF solutions as well as neat films
of the c ds. All the synth d emitters showed broad
absorption bands in the range of 340—425 nm, which apparently
originate from intramolecular charge transfer transition between
tert-butyl carbazole donors and trifluoromethyl phenyl and/or

https:/doi.org/10.1021 /acsami. 212475
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geagy d.

additional acceptor. In addition, all the sy C

demonstrated absorption band in the high-energy region, that is,

enhancement after deoxygenation reveal the involve-
ment of triplet states in emission. The PL intensity of the

in the range of 276—287 nm attributed to the overlapping of
—x* transitions of electron-withdrawing and -donating units
and the absorption bands observed in the range of 316—330 nm
which can be ascribed to n—z* transitions of di-tert-
butylcarbazole moieties of compounds CN1—CNS."" Non-
structured PL spectra of neat films of compounds CN1-CN$
were observed with the peaks at 482, 508, 482, 490, and 480 nm,
respectively (Figure 4b). In order to investigate the
solvatochromic behavior of the compounds, PL spectra of the
solutions in five different solvents were recorded. Such
measurements allow us to obtain information on the emission

yg! d toluene solution of CN1 was found to be by ca. 6
times higher than that of the oxygenated toluene solution
(Figure 4d). We also conducted the PL decay measurements of
the toluene solutions of the compounds at room temperature. As
it is shown in Figure 4e, delayed emission of oxygenated toluene
solutions of the compounds was effectively quenched by oxygen
and could no longer be detected. Unlike oxygenated samples,
degassed solutions of all the emitters exhibited double
exponential decays containing both PF and delayed fluorescence
(DF) components. The lifetimes of DF and PF (7py and 7pp)
estimated for air-equilibrated and degassed toluene solutions

nature of the compounds. CT of TADF pounds is
highly sensitive to solvent polarity.”* Featureless emission
spectra with a single broad band of the conventional TADF
emitters must is red-shifted and broadened with the increase in
solvent polanty due to the CT character of the first singlet
excited state."”"" No obvious shifts of absorption spectra, but
considerable red shifts of the fluorescence spectra on going from
non-polar hexane (dielectric constant £ = 1.88, Af = 0.0001) to
highly polar DMF (& = 36.7, Af = 0.2755) were observed. This
observation indicates that the dipole moment changes were
contributed by the excited states. The largest Stokes shift
between steady state absorption and fluorescence spectra in the
series was observed for CNS (Figure 4b). PL spectra of this
compound with the maxima at 488 and 550 nm were recorded
for the solutions in low-polarity hexane and highly polar DMF.
Thus, the shift of 68 nm was recorded. Smaller red shifts of 50,
14, 30, and 50 were observed for PL spectra of the solutions of
CN1—CN4. The plot of Stokes shift [A ()] versus orientation
polarizability (Af) descnbed by the Lippert—Mataga equation is
displayed in Figure 4c."” The linear dependence with a slope of
7025 cm™' was obtained using linear fitting of the Lippert—
Mataga plot showing the difference of dipole moments (4) of
CNS in the ground and excited states. However, in general, the
studied compounds were characterized by relatively small slopes
of their Lippert—Mataga dependences. This observation can be
explained by the weak CT character of PL of these compounds
probably with not pure CT or LE emission nature. It should be
noted that conventional TADF emitters are characterized by
much higher slo es of their Lippert—Mataga dependences than
10000 cm™."** This result additionally indicates that the
emission of compounds CN1—CNS is less sensitive to media
polarity in comparison to that of conventional TADF emitters.
Using the integrate sphere, PLQY values of the solutions of
the synthesized compounds in toluene and of the solid samples
under ambient and oxygen-free conditions were measured. The
data are summarized in Table 2. The solid-state PLQY of
compound CN1 in oxygen-free conditions exceeded 75%, which
is excellent value for OLED applications. The PLQY values of
the degassed solutions of CN1—-CNS$ in toluene were found to
be of 44, 12.4, 7.5, 16.7, and 13.4%, respectlvely These results
indicate the pl of aggregation-induced
enhancement (AIEE). To support the statement concerning
AIEE, we provided PL for the dispersions of
compounds CN1-CNS in the mixtures of THF and water (see
“AIEE" section in the Supporting Information). Figure 4d shows
PL spectra of air-equilibrated, degassed, and oxygenated toluene
soluhons of the compounds. The significant drop-off of
ities of the emissi d for oxygenated toluene
solutions compared to those observed after deoxygenation with
argon is obvious for all compounds. The oxygen sensitivity and

were obtained by fitting the t with double exponential
decay profiles (Figure 4e, Tables S1 and S4). The significant
longer fluorescence lifetimes were found for the toluene solution
of compounds CN1 and CN4. They showed longer lifetimes of
delayed components in comparison with other compounds. The
PL decay curve of degassed solution of CN1 displays a prompt
emission with the lifetime () of 15 ns together with delayed
emission with the lifetime (7)) of 2.1 ps. The percentage of PF
is 19.9% and that of DF is 80.1%. After exposition of the solution
to air, the delayed component became negligible (75 = 6 ns),
demonstrating that the delayed emission of CN1 increased from
the triplet states. The determined lifetimes as well as PLQYs and
DF/PF intensity ratios were further used to calculate the RISC
rate (kpisc) according to the previously reported method
assurnmso that non-radiative decay occurs mainly from the triplet
states. The recorded kg values of the studied compounds
were found to be in the range from 6.7 X 10* to 5.5 x 10°s7".

Compounds CN1 and CNS exhibited blue TADF with fast spin-
flip and very high RISC rates of 8 X 10° and 5.5x10° s/,
respectively. The fast RISC process results in the reduction of
the possibility of the degradation mechanisms in which triplet
excitons are involved. The main degradation pathway of TADF
OLEDs occurs owing to the instability of the TADF emitters and
unwanted photophysical parameters such as a small RISC rate
(kpsc) and a long DF lifetime (7,).*”** Steady-state
fluorescence spectra and PL decay curves of the films of
compounds CN1—CNS$ recorded at room temperature are
shown in Figures 4f and S3. The data are collected in Table S2.
Upon removing air, the PL intensities increased, while shapes of
the spectra remained unchanged. This observation is another
proof of the contribution of triplet excited states in whole PL
spectra of the compounds. Figure S3 shows PL spectra of the
films of CN1—CN5 recorded in air and in vacuum. The highest
increase of emission intensity after evacuation was recorded for
the solid layer of compound CN1 (I, qum/Li = 1.6). PL decay
curves of the neat films recorded under air and in vacuum were
bi ial ifesting the combi of PF and DF
components PL decay curves of all the compounds showed an
increase in the delayed component under the vacuum condition
(Figure 4f). Taking into account that no phosphorescence was
observed at room temperature (only at low temperatures) and
the PL spectra of the delayed and prompt emissions were similar,
the delayed component can mostly be assigned to the TADF
mechanism. It is noteworthy that the DF lifetime of the neat film
of CN3 under vacuum is as short as 0.77 us and there is very
small difference between the contribution of DF in PL decay
curves recorded under air and in vacuum conditions [z, under
air=0.61 us (42%), Tpp under vacuum = 0.77 us (43%)]. Taking
into account that CN3 was the only compound which had a
bromine atom instead of additional conjugated acceptor, this
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Figure §. Fluorescence and phosphorescence spectra of the THF solutions of CN1 recorded at 77 K (a), PL spectra (b), PL decay curves (c),
temperature dependences of kysc and kg (d) for the film of CN1, and energy diagram (e) of compounds CN1—-CNS.

observation can prove the considerable impact of additional

jugated acceptor on delayed properties.
Meanwhlle, the results of PL decay measurements of neat films
of other compounds under air and vacuum demonstrated
increase of the shares of long-lived ¢ after I of
oxygen. For example, high share delayed emission with a lifetime
(74) of 2.9 us was recorded for CNS neat film under vacuum.
The contribution of DF in the PL decay curves of this compound
increased from 65.3 to 85.16% after evacuation (Figure 4d and
Table $2). The calculations were also performed to determine
the rate constants and efficiencies of the key photophysical
transitions of the films of CN1—CNS (Table 2). At 300K, the
rates of mtersystem crossing (kisc) ranged between 4.2 X 10°
and 1.8 X 107s™". The rates of RISC (k) ranged between 3.7
x 10*and 1 x 10° s~ which are favorable for the highly efficient
up-conversion process of TADF.

Using the temperature dependences of rate constants kisc and
kgisc (Figures 5d and S13, see also “Temperature dependent
steady state and time resoled PL measurements” section in the
buppomng Information), the ISC and RISC activation energies

and ER€) were calculated from the slopes of the plots

(Table 2). The Arrhenius dependence k = A X exp(—E,/kyT)
was used for the fitting in which E, is the activation energy, kg is
the Boltzmann constant, and A is the frequency factor involving
the spin—orbit coupling constant.”” The close EC values
ranging from 22.5 to 30 meV were obtained for CN1-CNS.
Meanwhile, the values of EXC were found to be quite different.
The highest EX° of 22 eV was obtained for compound CN1. Asa
result, the smallest AE¢; of 8 meV was obtained for this
compound as it is depicted in the energy diagram (Figure Se).
The smallest EY© of 3.9 eV and the highest AEgy of 20 meV were
obtained for compound CN3 suggesting its relatively poor
TADF properties. The similar trends of experimental and
calculated AEg values were obtained for CN1—CNS5 (Table 2).
The presented energy diagram was constructed according to the
procedure described in ref 34. 'CT levels were experimentally
estimated. Taking into account that the intersystem and RISC
are uphill processes in case of CN1—CNS, the °LE, °CT, and
AEg; energies were calculated by the questions °LE = 'CT +
EXC 3CT = 3LE — E{C, and AEg = 'CT-*CT using the
corresponding activation energies. The different energy maps of
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Figure 6. TRES data in 3D (a) and 2D (b,c) plots, the relative PL spectral shifts for the studied compounds (d), PL spectra (e), and PL decays (f) of the

films of neat CN1 and doped in the mCBP host.

ICT, LE, and *CT of CN1—CNS5 are mainly responsible for
their different TADF efficiencies.

To further investigate the photophysical properties of
compounds CN1-CNS, PL and phosphorescence spectra of
their THF solutions (10~° M) were recorded at 77 K (Figure
5a). From the onsets of PL and phosphorescence spectra of the
solutions of the emitters in THF, the AEg; values of CN1-CN$
were estimated to be 0.03, 0.05, 0.04, 0.04, and 0.04 eV. This
observation confirms that in this type of multi-(donor/acceptor)
molecules frontier orbitals can be separated which bring about
small AEg; (Table 2).

To gain more insights into the DF, temperature-dependent
steady-state and ti Ived emissi s were
performed for neat film of compound CN1. Figure Sb shows PL
spectra of the films of CN1 recorded at the different
temperatures. The intensity of DF increased with the increase
of the temperature between 77 and 300 K. This observation
confirms thermal activation of the delayed emission. As shown in
Figure S, PL decay curves of the film of recorded at the different
temperatures exhibit two clear components of PF in the
nanosecond scale and DF in the microsecond region. The share
of long-lived (DF) comp was obviously temperature
dependent on the temperature. The ratio of the delayed to
prompt components slowly grew when the temperature was
increased, demonstrating the occurrence of a thermally activated
process. Following the temperature increase, the ratio of DF
showed significant enhancement trend up to $1% at 300 K,

proving the distinct TADF properties of CN1 (Figure Sb). The
small singlet-triplet splitting, very high PLQY, and fast RISC rate
(kgisc) of CN1 suggest that is a good candidate as a highly
efficient TADF emitter for OLED.

We also investigated the conformer formation and hosting
effects for CN1—CNS on their emission properties (Figure 6).
First, time-resolved emission spectra (TRES) were recorded for
vacuum-deposited neat films (Figures 6a—c and $4). According
to TRES data in 3D (combination of all the spectra recorded in
the time range of up to 1 s) or in 2D (selected spectra recorded
at the different delays after excitation), there are shifts of PL
spectra which can be attributed to the different conformational
disorders of CN1—CNS5.** The lowest conformational disorder
was observed for compound CNI1 for which the lowest shift of
PL spectra of 0.06 eV was observed (Figure 6d). The highest
conformational disorder was obtained for compound CN3
containing no additional accepting moiety. This observation
well supports the selection of multi-donor—acceptor molecular
engineering for the minimization of effects of solid-state
solvation and conformation disorder on emission properties of
TADF emitters. The similar PL spectra and PL decays were also
recorded for the films of neat CN1 and doped in the mCBP host
(Figure 6e,f). Due to the low effect of conformation disorder, the
similar EL spectra were also obtained for non-doped and doped
devices as it will be discussed in the section “Fabrication and
Characterization of OLEDs". The high CN3 conformational
disorder indicated that the presence of additional accepting

https://doi.org/10.1021 /acsami.2c 12475
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moiety increases steric hindrance between the additional
accepting moiety with the donor reducing the freedom of
torsional disorder between the donor and acceptor. The lower
conformational disorder of CN1 compared to that of CN2
provided the further clue of the role of steric hindrance in the
reduction of conformational disorder. In CN1, the hydrogen
atoms at 4,6 positions gave rise to the steric repulsive forces
against further dihedral distortion. In CN2, the hydrogen atoms
at 4,6 positions are situated further from the donor moiety. This
resulted in reduced steric hindrance.

3.5. Charge Transporting Properties. Investigation of
charge-transporting properties of potential functional materials
for OLED applications is vitally important because holes and
electrons have to recombine within light-emitting layers of
OLEDs. In the ideal case, non-doped light-emitting layers of
OLEDs are characterized by bipolar/ambipolar charge-trans-
porting properties with well-balanced hole and electron
mobilities. Otherwise, the appropriate host has to be selected.”'
Therefore, to estimate the applicability of compounds CN1—
CNS as emitters in OLEDSs, their charge-transporting properties
were studied by the time of flight (TOF) method. The samples
with the structure indium tin oxide (ITO)/thick vacuum-
deposited layer/Al were fabricated. Having TOF current

transients in linear scales (Figure 7, inset), transit time ()

good hole/electron balance and suitability for the application in
non-doped OLEDs. The values of hole/electron mobilities of
CN1 were among the highest as for TADF emitters.*

Compound CN3 d rated similar hole-transporting
properties to those of CN1. Meanwhile, electron transport was
not detected for CN3. Apparently the CF; group is not strong
enough acceptor to induce the electron-transporting ability for
CN3. Compounds CN4 and CNS§ were characterized by lower
hole mobilities of 1.4 X 10~ and 2 X 107+ ecm®* V7! 57,
respectively, at an electric field of 3.9 X 10° V/cm apparently
because the different HOMO—HOMO overlappings caused by
molecular packing properties (Figure 7). As a result, the best EL
performances can be expected for CN1.

3.6. Fabrication and Characterization of OLEDs. Owing
to high PLQY values of neat films (exceeding 0.75) and high
RISC rates up to 1 X 10°s™, the studied compounds can be
regarded as promising blue TADF emitters for OLEDs. EL
properties of the compounds were i igated using diffe
device structures based on non-doped and doped emitters in
device structures ITO/HAT-CN/NPB/TCTA/mCBP/CNs/
TPBi/LiF:Al for non-doped and ITO/HAT-CN/NPB/TCTA/
mCBP/mCBP: CNs/TPBi/LiF:Al for doped devices. The
device structures, energy diagram, and chemical structures of
organic materials are shown in Figure 8ab. In this architecture,
h o h
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Figure 7. Hole (open symbols) and electron (filled symbols) mobilities
of the vacuum-deposited films of CN1—CNS as the function of electric
field plotted ding to the Poole—Frenkel charge mobility
dependence [ = o X exp(f X E"*).* Inset shows the TOF signal
in linear scales for holes in the film of CN1 recorded at 120 V.

could not be accurately estimated due to the dispersive charge
transport. However, for compounds CN1 and CN3-5, t,, were
well observed in TOF current transients in log—log scales under
applied positive voltages to the ITO side, indicating the hole
transport (Figure S5). Charge transport in CN2 was not
detected by the TOF experiment apparently because of strong
charge recombination. From TOF current transients recorded
under the negative voltages, t, values were obtained only for
compound CN1 additionally, indicating its electron-trans-
porting property (Figure S5). Thus, both p-type (hole) and n-
type (electron) transport was confirmed for CN1 by the TOF
measurements. Hole and electron mobilities were calculated at
the different electric fields using t,, values from the
corresponding TOF current transients (Figures 7 and S5).
CNI1 was characterized by the highest value of hole mobility of
8.9 x 107" cm® V! 57! at electric field of 4.7 X 10° V/cm. Its
electron mobility of 5.8 x 10~ cm? V™' s™! was not much lower
than hole mobility at the same electric field showing relatively

phenylene hexacarbonitrile (HAT-CN) was function-

alized as a hole injection material, N,N’-di (1-naphthyl)-N,N’-
diphenyl-(1,1'-biphenyl)-4,4'-diamine (NPB) as a hole-trans-
porting material, tris(4-carbazoyl-9-ylphenyl)amine (TCTA) as
an electron-blocking material, 3,3'-di(9H-carbazol-9-yl)-1,1'-
biphenyl (mCBP) as a host and exciton blocking compound,
2,2,2"-(1,3,5-benzine-triyl)-tris( 1-phenyl-1-H-benzimidazole)
(TPBi) as an electron-transporting material, and the layer of
lithium fluoride (LiF) as an electron injection layer. Vacuum-
deposited doped layers were fabricated by employing 10 wt %
doping concentration of CN1—CNS$ emitters in the mCBP host.
mCBP was selected as the host material because of its high
singlet (3.6 €V) and triplet (2.9 eV) energies.”* mCBP is often
combined with high band gap, blue-light emitters in the emissive
layer of OLEDs.” To evaluate the EL performance of CN1
more precisely and with the aim of additional optimization of
device structure OLEDs with the different concentrations of
emitter (10, 20 to 30 wt %) in the host were fabricated. The
device characteristics such as current density—voltage—
luminance (J—V~-L) characteristics, EQE versus current density
curves as well as the EL spectra and CIE color coordinates are
presented in Figures 8, 9, S7, and S8. The key parameters are
summarized in Table 3. Figure 8c,d shows the EL spectra and
ission color coordinates of OLEDs containing the layers of
non-doped and doped CN1—-CNS. All the fabricated devices
exhibited unstructured bright blue emission with EL peaks (4g;)
at 473—497 nm and EL spectra similar to PL spectra in the neat
films. Due to the low polarity of the host mCBP and due to the
polarity-sensitive CT emission of the synthesized compounds,
blue shifts were recorded for the EL spectra of the doped devices
d1—dS compared to the corresponding spectra of non-doped
devices n1-nS$. In order to evaluate the device stability, EL
spectra were recorded at the different voltages. Very stable EL
spectra were observed under the different driving voltages
(Figure 8c,d). The stable EL spectra indicate the absence of
effects of conformation disorder which could be present under
the different driving voltages. The CIE coordinates of fabricated
devices were also rather stable under various driving voltages.
The CIE, color coordinates of the fabricated devices were
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Figure 8. Visualized device structure with indication of energy levels of all functional layers (a) the molecular structures of the compounds used in the
devices (b), EL spectra of non-doped (c), and doped devices (d) recorded at different voltages.

measured to be in the range of 0.16—0.21 and CIE, color
coordinates were in the range of 0.19—0.4 (Figure 9¢ and Table
3). Figure 9a,b and Table 3 indicate that relatively low tum-on
voltages were observed for both fabricated non-doped and
doped devices. This observation confirms efficient injection
from electrodes and transport of charge carriers to the emissive
layers. Doped devices d1—dS were characterized by lower turn-
on voltages than non-doped ones (n1-nS$). This observation
can most probably be assigned to good charge-transporting
properties of light- g layers ¢ i bipolar host
mCBP with relatively hlgh hole and electron mobilities. The
tum-on voltages (V,,,) from 5.2 to 7.9 V were observed for non-
doped devices, while for the doped OLEDs, these values were
considerably lower (4.1-5 V).

Non-doped device n1 based on compound CN1 showed sky-
blue EL peaking at 481 nm with Commission Internationale de
L’Eclairage (CIE) coordinates of (0.16, 0.27), maximum
brightness (B,,,,) of 19735 cd/m? maximum current efficiency
(CE ) of 20.5 cd/A, maximum power efficiency (PE,,) of
12.4 Im/W, and EQE,,, of 8.4%. The optimal doping
concentrations of compound CN1 in mCBP was determined
tobe 20 wt %. The optimized device d1b with EL peak at 477 nm
showed high maximum EQE, current efﬁuency (CE), and
brightness of 15.9%, 42.6 cd/A, and 39 226 cd/m?, respectively
(Figure S6 and Table 3). With the increased concentration of
the emitter in the host of 30 wt %, device dlc showed slightly
lower efficiency than d1a and d1b. This decrease of efficiency is
apparently related to the concentration quenching and exciton
annihilation effects governed by strong intermolecular inter-

https://doi.org/10.1021 /acsami.2c 12475
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Table 3. Parameters of OLEDs
Max
Voo s | CEmn® | EQEmat | af 2
Device Light emitting layer v hrl:;l;exts A % Pt CIE
OLED structures: ITO/HAT-CN/NPB/TCTA/mCBP/ Light
(0.20, 0.40)
7.9 2387 25 09 91 | (021,035)
52 12634 1.5 55 476 | (0.17.024)
55 15975 146 63 488 | (0.18,031)
26 34500 37.7 146 | 473 | (0.16,024)
dic mCBP: CN1(30wt.%) 4.9 30928 339 128 | 479 | (0.16,0.26)
[ mCBP: CN2(10w.%) 49 20154 24 94 494 | (0.20,0.40)
a3 mCBP: CN3(10wL.%) 5 4958 a3 19 470 | (0.19.0.23)
[ mCBP: CN4(10wL.%) 45 21963 26.5 9.8 469 | (0.16,0.19)
a5 mCBP: CNS(10wL.%) 438 28129 30 17 | 483 | (0.17,030)
“Turn-on voltage at a lumi of 10 cd m™2 "Maxi brigh “Maxi current effici “Maxi EQE. “Wavelength of the peak of
at 6V./Commission I ionale de I'Eclairage (CIE) 1931 color coordinates.
actions.”® This device exhibited maximum EQE of 12.8%, of emitter in the host. Because the relatively low triplet levels of

maximum current efficiency of 33.9 cd/A, and brightness of 30 mCBP (2.9 ¢V) and TPBi (2.74 V), the studied OLEDs did not
928 cd/m? with slightly red-shifted EL peak (at 479 nm) as show high EQE values (Table 3).”° Considering high triplet
compared to the devices d1a and d1b with lower concentration levels (2.72-3.0 eV) of the developed emitters CN1-CN$
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(Table 2), further optimization of our device structures should
be related to the replacement of used host mCBP and electron-
transporting layer TPBi by appropriate materials with high
triplet levels (at least on 0.2 eV higher triplet levels than that of
CN1-CNS$). To demonstrate how much the experimental EQE
values are lower than the corresponding theoretical EQEs, we
performed the additional analysis according to the formula 5., =
7 X Dpp X ¢ X foy,” where y corresponds to the charge-balance
factor, @y is the PL quantum efficiency, y is the efficiency of
exciton production, and 7, corresponds to the outcoupling
efficiency. The theoretical analysis of EQE values was carried out
taking y and y as 1 which are typical values for TADF
compounds. 7, is typically in the range from 0.2 to 0.3 for glass-
based substrates. For the devices based on emitters CN1, CN2,
CN3, CN4, and CNS, the theoretical 7,y values are expected in
the ranges of 15.2-22.8, 10.2—15.3,0.8—1.2, 5.4—8.1, and 9.8—
14.7%, respectively. This statement is in very good agreement
with the increased EQE value up to 15.9% for the optimized
device d1b when concentration of emitter CN1 of 20 wt % was
used (Table 3). When novel functional layers and host materials
are available,™ optimization of EL performance of the developed
compounds are expected.

Finally, it should be noted that the similarity of EL
performances of non-doped and doped OLEDs especially
those based on emitter CN 1 well proved the proposed concept
of minimization of effects of solid-state solvation and
conformation disorder on emission properties of TADF
emitters. To additionally support our molecular design strategy,
we compared maxima of EL spectra of non-doped (4,4) and
doped (44) OLEDs based on the emitters designed using the
multiple donor—acceptor strategy (this work) and on some
other multi-carbazole-based emitters (Table SS). It should be
noted that compound CN1 showed state-of-art performance
with respect to the solid-state solvation and conformation
disorder (the lowest difference between the wavelengths of
maxima of EL spectra of non-doped and doped OLEDs of 4 nm
was observed).

4. CONCLUSIONS

High-performance TADF materials were designed using the
multiple donor—acceptor strategy. Highly efficient blue TADF
emitters based on four 3,6-di-tert-butylcarbazole moieties as
donors and two electron acceptors, one of which was
trifl 1 unit were obtained. The effect of the additional
acceptor moiety attached through para position of trifluor-
otoluene unit on the properties of the emitters was studied. The
co-existence of through-space and TBCT ensured very small
singlet-triplet energy gaps of 8—22 meV. The highly twisted
structure of the multiple donor—acceptor-type derivatives 3,6-
di-tert-butylcarbazole and trifluorotoluene lead to high PLQYs
(up to 76% in solid state) and to the additional channels of
RISC. The nearly identical first singlet and triplet excited-state
configurations were observed for the synthesized derivative of
3,6-di-tert-butylcarbazole and trifluorotoluene with the addi-
tional pyrimidine acceptor moiety (CN1). The singlet-triplet
energy gap of this compound was lower than 0.03 eV due to the
multiple RISC channels through either electronic or vibrational
couplings. CN1 exhibited a high RISC rate constant of ca. 7 X
10° 57!, The fabricated sky-blue TADF non-doped and doped
OLEDs based on CN1 exhibited high maximum EQE values of
8.4 and 15.9%, maximum brightness values of 19 735 and 39 226
cd/m? and maximum current efficiencies of 42.6 and 20.5 cd/A,
respectively. The multi-donor—acceptor concept is appropriate

for the further d of organic with the absence
of effects of solid-state solvation and conformation disorder on
TADF emission properties.
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