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1. INTRODUCTION

The evolution of light-emitting organic compounds is a prerequisite for the
development of highly efficient optoelectronic devices. Although a great deal of
research efforts have been devoted to find easily synthesizable and efficient organic
electroactive compounds, the preparation of most of them still involves complex
synthesis pathways that are technologically complicated to implement2. Their
synthetic processes are usually lengthy, multi-step, time-consuming and cost-
ineffective. Therefore, one of the most significant ways to ensure the possibility of
the commercialization of organic electroactive materials and the devices of organic
electronics is the preparation of organic semiconductors and emitters by cost-
effective single-step synthesis and simple methods of their purification.

Organic semiconductors as materials for optoelectronic devices have been
investigated for over a century®. The first efforts to study the optical and electronic
properties of organic semiconductors were done on a specimen of anthracene
derivatives in 1910% Nevertheless, only during the latest 30 years, researchers have
been paying attention to the development of organic electroactive materials for the
application in electronic devices. This has led to the considerable progress in this
area. The main fields of the application of organic semiconductors are organic light-
emitting diodes (OLEDs)>*4, optical oxygen sensors®?’, organic field-effect
transinstors®1®, vertical organic transistors?®?!, solar cells?>%, etc. Among these
devices, OLEDs have attracted a huge interest of the scientific and industrial
communities due to their applications in displays and lighting devices®. Major
progress has been achieved in the field of electroluminescent materials and devices
since the time when the first OLED was fabricated by Tang and Van Slyke in
19872,

For the design of light-emitting or host materials, chemical structures
containing donor and acceptor moieties have been recently applied®’ 2%, A
combination of donor and acceptor moieties allows obtaining highly emissive
materials ~ with  bipolar  charge-transporting  properties.  Carbazole?" 23,
triphenylamine®34, phenothiazine®**, and phenoxazine®*" moieties have been used
as electron-donating and hole-transporting units. As electron-withdrawing units and
also as electron-transporting units, such moieties as pyridine3, pyrimiding?3304°,
triazine**?, benzophenone?*®, oxadiazole®**4, etc. have been used. At the time of
the beginning of this work, benzanthrone and pyrimidine-5-carbonitrile were not
being widely used as acceptor moieties in the design of emitters with the donor-
acceptor structure. Benzanthrone (benzo[de]anthracen-7-one) is a polycyclic
aromatic compound belonging to the class of ketones. Mainly, it was being used as
an intermediate for the synthesis of various pigments*“6, Pyrimidine-5-carbonitrile
is an aromatic nitrogen-containing a hetero-cycle substituted by a cyano (-CN)
group. This compound was used in the fabrication of OLEDs*#’ and as an
anticancer agent*®4°,

Light-emitting materials with the donor-acceptor-donor structure can exhibit
various phenomena of interest, such as room temperature phosphorescence
(RTP)®25 triplet-triplet annihilation (TTA)%2%, or thermally activated delayed
fluorescence (TADF)?4154 Their emission can occur due to the hybridized local
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and charge transfer (HLCT)!!! excited-state and hot-exciton mechanism**4%, Due
to these phenomena, the conversion of the formed triplet excitons into the light
under electrical excitation is possiblel®34152 They allow to overcome the
theoretical limits of internal quantum efficiency (IQE) and external guantum
efficiency (EQE) of 25% and 5%, correspondingly, for OLEDs fabricated by using
fluorescent emitters®®°’, The utilization of the above-mentioned phenomena leads to
an increase of the efficiency of OLEDs, the purity of emission colors, and device
stability.

Recently, significant efforts have been made to develop efficient emitters with
the donor-acceptor structure exhibiting TADF, and up to 38% of EQE for modern
TADF OLEDs has been obtained®*, The materials exhibiting TADF can upconvert
triplets to the first excited singlet states due to the mechanism of the reverse
intersystem crossing (rISC); therefore, an IQE of 100% can theoretically be
reached®. For efficient rISC, the difference between the first excited singlet and
triplet states (AEst) should be as low as possible (ideally, AEst < 0.1 eV)!. For an
efficient TADF, a minimum overlapping of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) is needed®®¢t, The
separation of HOMO and LUMO can be achieved by the twisted geometry of a
molecule®?. Thus, the development of materials with the donor-acceptor or the
donor-acceptor-donor structure is the most favorable strategy to obtain compounds
with the TADF properties. Since, in most cases, the donor-acceptor type molecules
are characterized by twisted geometries®®, and they feature an increased dihedral
angle between the donor and acceptor moieties, AEsr is reduced.

The efficiency, durability and cost-efficiency are the most significant factors
which have to be taken into account in the course of the development of OLEDs for
displays and lighting devices®. The wider application of OLEDs is apparently
limited by the insufficient performance of blue emitters. Blue TADF OLEDs suffer
from low durability and decreasing efficiency roll-off at high luminance®. However,
the participation of triplet excitons in emission allows increasing the IQE and
obtaining highly efficient devices®°%64 Meanwhile, the lifetimes of blue TADF
devices are less than 500 h at an initial luminance of 1000 cd/m™2 ®, The reason is
that, for blue emitters, high excitation energy is needed®. At such high energy, the
stability of organic molecules decreases, and, as a result, blue OLEDs degrade
within a short period of time. For this reason, the development of chemically and
thermally stable organic electroactive materials is the main way to accelerate the
implementation of blue TADF OLEDs in the industry. The blue emitters exhibiting
singlet emission are denoted by two significant advantages, such as stability and
cost-effective fabrication, whereas the main disadvantage is the low efficiency of
devices limited by 5%. In order to increase the EQE of blue fluorescent devices up
to 12%, it is possible by design and develop materials with additional phenomena,
such as HLCT™®! or hot exciton mechanism*314,

TADF materials with the donor-acceptor structure offer a great potential to be
used not only in OLEDs, but also for the preparation of active layers (indicators) in
optical oxygen sensors®®-¢°, Usually, phosphorescent emitters based on heavy metals
(platinum, palladium, iridium, etc.) are applied as indicators. They are
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environmentally unfriendly and expensive®®. Various fullerenes and metal
complexes characterized by delayed emission in the near-infrared region (NIR)
demonstrated efficient oxygen sensing properties!®", Purely organic NIR TADF
emitters with the donor-acceptor structure demonstrating long-lived emission can
also be used for oxygen probes as an alternative’ 2. For the design of NIR TADF
compounds, an acceptor with a rigid molecular structure has to be used’?. NIR
emission and NIR OLEDs are also applied in various types of devices used in
bioimaging™ ", detection of viruses’, communication’®, etc.

Light-emitting materials with the donor-acceptor structure can change the
color of emission under the influence of various external stimuli’.
Mechanochromism, thermochromism, photochromism and acidochromism can be
distinguished as the main phenomena which induce the color-changing ability of
organic electronically active materials®. Mechanochromic luminescence (MLC) is
characterized as reversible change of emission under mechanical stimuli’”’. MLC
materials can be potentially used in mechanical sensors, data encryption devices and
memory chips’®®. Various molecular packings and intermolecular interactions exert
influence on mechanically-induced fluorescence, and, as a consequence, the shift of
fluorescence in the blue or red region can be detected®. In addition, polymorphism
can cause the MLC if the material consists of various crystals which are
characterized by the different molecular packings®8. MLC is mainly studied by
using such stimuli as grinding, fuming and melting®-%. However, the emission of
only a few materials can self-recover from that of the ground state to the initial one
without any additional forces that is called self-recovering mechanochromism?-88,

The development of new organic light-emitting materials with the donor-
acceptor structure is one of the main means to overcome any issues related to the
durability, efficiency, and cost-efficiency of OLEDs. In order to obtain materials
with special properties, the careful selection of the donor and acceptor units has to
be done. The chemical structure and the thermal stability of the selected molecular
moieties have a decisive effect on the applicability of the organic semiconductor in
electroluminescent devices. The combination of purposively selected donors and
acceptors allows synthesizing novel organic light emitting semiconductors and
predicting the mechanism of the emission or charge-transporting properties. The
design, synthesis and investigation of the properties of the newly developed emitters
is the main way to increase the efficiency of OLEDs and also to find new possible
applications for the developed organic materials.

The aim of the present work is the synthesis and investigation of the
properties of new donor-acceptor derivatives containing benzanthrone or
pyrimidine-5-carbonitrile moieties for the application in OLEDs and oxygen
Sensors.

In order to achieve the aim of the work, the following tasks were outlined:

- Synthesis of new derivatives of benzanthrone with the donor-acceptor and
the donor-acceptor-donor structures.
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- Study of the thermal, photophysical and photoelectrical properties of
benzanthrone-based materials.

- Investigation of the mechanochromic properties of the derivatives of
benzanthrone and carbazole and their potential application in security
probes.

- Study of the deep red/near-infrared TADF properties of phenothiazine or
phenoxazine-substituted benzanthrones as promising candidates for
oxygen sensing probes.

- Synthesis of new compounds with the symmetrical donor-acceptor-donor
structure containing pyrimidine-5-carbonitrile and differently substituted
carbazole or triphenylamine moieties.

- Investigation of the thermal, photophysical, photoelectrical and
electroluminescent properties of pyrimidine-5-carbonitrile derivatives.

- Study of the derivatives of pyrimidine-5-carbonitrile and differently
substituted carbazole as the emitters for sky-blue TADF OLEDs and
oxygen sensing probes.

- Investigation of the triplet harvest abilities of triphenylamino or 9-phenyl
carbazolyl substituted pyrimidine-5-carbonitriles and their application as
bipolar emitters and hosts.

Novelty of the work:

- For a material containing benzanthrone and carbazole moieties, self-
reversible mechanochromism has been detected; the concept of the
potential application of its self-recovering properties for damage-resistive
information recording and security probes has been developed.

- A new NIR TADF emitter based on benzanthrone and phenoxazine has
been synthesized, and its applicability as an oxygen sensing probe has
been demonstrated.

- New TADF emitters containing pyrimidine-5-carbonitrile moiety as the
acceptor and carbazolyl and tret-butyl carbazolyl groups as donors have
been developed; their applicability for the fabrication of efficient sky-blue
OLEDs and oxygen sensors has been demonstrated.

- Triphenylamino or 9-phenyl carbazolyl substituted pyrimidine-5-
carbonitriles have been synthesized for the first time and utilized as
emitters for blue and green fluorescent OLEDs and as hosts for efficient
orange-red TADF OLEDs with EQE exceeding 20%.

Contribution of the author:

The author has designed, synthesized and purified four series of the organic
materials described in Chapters 2.1-2.4. The author has performed and analyzed the
results of ultra-violet absorption measurements, the investigation of
photoluminescence properties including quantum yield and lifetime exited
measurements. Also, the author has investigated and analyzed mechanochromic
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luminescence, as well as the thermal and oxygen-sensing properties of the materials.
Dr. Galyna Sych (Université Grenoble Alpes, CNRS) advised and assisted with
synthesis, and investigated the mechanochromic properties of the derivatives. Dr.
Dmytro Volyniuk performed the ionization potential measurements and investigated
the hole-transporting properties of the compounds. Fabrication and characterization
of OLEDs was done by Dr. Oleksandr Bezvikonnyi and Mr. Karolis Leitonas. Also,
Dr. Oleksandr Bezvikonnyi studied the oxygen properties of the materials. Dr.
Viktorija Andruleviciené has performed DFT calculations and analyzed the obtained
properties of the compounds, and the author analyzed the obtained results. Dr. Jaraté
Simokaitiené advised regarding the description of the glass forming/thermal
properties of the materials. Dr. Jonas Keruckas performed the characterization of the
devices. Dr. Eglé Jatautiené and Dr. Asta Dabuliené advised with the synthesis of
new materials. Dr. Audrius Bucinskas performed crystal X-ray analysis. Dr.
Xiaofeng Tan advised with the photoluminescence measurements; all of them
represent the Department of Polymer Chemistry and Technology, KTU. Dr. Pavlo
Stakhira (Department of Electronic Devices, Lviv Polytechnic National University)
advised in terms of the device structures for OLEDs. Dr. Algirdas Lazauskas
(Institute of Materials Science, KTU) performed powder X-ray diffraction analysis,
and the author analyzed the obtained results. Dr. Boris F. Minaev (Department of
Chemistry and Nanomaterials Science, Bohdan Khmelnytsky National University)
performed DFT calculations. Dr. Iryna Danyliv and Yan Danyliv (Department of
Electronic Devices, Lviv Polytechnic National University) assisted with cyclic
voltammetry measurements, and the data was analyzed by the author. Dr. Vidmantas
Jasinskas and Dr. Vidmantas Gulbinas (Center for Physical Sciences and
Technology, Vilnius) performed transient differential absorption measurements and
analyzed the data. Prof. dr. Habil. Juozas Vidas Grazulevi¢ius advised with the
design of new light-emitting materials and the preparation of the manuscripts.
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2. REVIEW OF PUBLISHED ARTICLES

The Review of Published Articles Chapter contains the information from the
articles of the author (see 7. List of Publications on the Subject of the Thesis). 892

2.1 Self-recovering mechanochromic luminescence of the derivatives of
benzanthrone and carbazole: Towards damage-resistive information recording
and security probes (Scientific publication No. 1, Q1)

This chapter is based on the article published in Dyes and Pigments, 2022,
199, 110082, p. 1-8%. The rapid development of optoelectronics is based on the
many efforts of scientists directed towards finding new organic materials with
unique properties. In this work, the novel synthesized material demonstrated self-
recovering mechanochromic luminescence. For the design of the materials
demonstrating MLC benzanthrone as a new acceptor with a rigid planar structure,
carbazole and di-tert butyl carbazole as donors were used. The synthetic way of the
synthesis of compounds 3-(9H-carbazol-9-yl)-7H-benzo[de]anthracen-7-one (1) and
3-(3,6-di-tert-butyl-9H-carbazol-9-yl)-7H-benzo[de]anthracen-7-one 2 is
presented in Scheme 2.1. To obtain the target derivatives with the required donor-
acceptor structure, Buchwald-Hartwig cross coupling reactions were performed. The
chemical structures of compounds 1,2 were confirmed by using 'H and **C NMR
spectroscopies, mass spectrometry, and elemental analysis.

1

Br
O Pd,(dba);, XPhos
O‘O NaOt-Bu, Toluene

110 °C

¢ &
! ” 2 {

Scheme 2.1 Synthetic pathway and molecular structure of compounds 1 and 2.

The thermal stability and the morphological transitions of derivatives 1 and 2
were studied by using thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) (Fig. 2.1a) measurements, correspondingly. All the data is
summarized in Table 2.1. Both compounds showed high thermal stability, and they
experienced sublimation, as confirmed by TGA analysis. The temperatures of glass
transition (Tg) for compound 1 were found to be 93 °C, whereas, for compound 2,
124 °C was determined. These values were recorded in the second heating scan. The
two temperatures of the melting point (Tm) were detected in the first heating scan for
both derivatives (Table 2.1, Fig. 2.1a). However, after the cooling and the second
heating, only one melting point was observed for compounds 1 and 2%. This
observation was additionally investigated by doing DSC scans of a few crystals of
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compound 1 in order to confirm the presence two polymorphs. The influence of
different polymorphs on the MLC properties of the obtained materials was also
studied.

Table 2.1. Thermal and photophysical properties of 1 and 2.

T4 a’ Tm, Tg c’ Ter c’ APL tol/filmy [0} tollfilm’ T toly T1 /’IZ2 film’
°C °C °C °C nm % ns ns

1 344 | 2595276P¢ 93 140 501/560 34/22 430 | 1.32/5.36
2 359 | 264%296b¢ | 124 | 197 530/590 53/22 8.72 | 1.61/6.38
2 _ determined from TGA; DSC: ° — first heating scan, °— second heating scan; Tq — the temperature of
5% weight loss; Tq — the temperature of glass transition; Tm — the temperature of melting point; Ter —
crystallization; Aev is the wavelength of PL maximum; @ is the photoluminescence quantum yield; t1,
12 are photoluminescence lifetimes of neat films of compounds.

Comp.

The photophysical properties, such as absorption and photoluminescence (PL),
of the obtained compounds 1 and 2 were studied and presented in Table 2.1 and Fig.
2.1b. Two absorptions bands at ca. 295 and 320-335 nm indicate n-n* transitions of
the carbazole moiety® (Fig. 2.1b). The next band at ca. 380 nm can be attributed to
the n-n* transitions on the whole molecule. Also, the last low-energy band at ca. 430
nm can apparently be characterized by the intramolecular charge transfer (ICT)
between carbazole and BZA moieties*®. The PL emission of the toluene solution and
the neat film of compound 1 was investigated and characterized by two different
fluorescence maximums centered at 501 nm (toluene solution) and 560 nm (neat
film) (Table 2.1). Meanwhile, the toluene solution of compound 2 demonstrated
emission with the maximum at 530 nm and the neat film at 590 nm. In the solid
state, both compounds 1 and 2 showed a photoluminescent quantum yield (®)
exceeding 22% (Table 2.1). The PL decay curves of the toluene solution of
compounds 1 and 2 were measured in the range of ns that confirmed the
fluorescence nature of the emission (Table 2.1).

a

cooling

— 5~ ]
2" heating
——
st i \
\_ 1% heating 2
L

T, = 124°C

UV-Vis 10

—— Toluene

—= =THF
MeCN

PL

— Toluene [

. = -THF

N MeCN

o

Intensity (a. u.)

T
ro
oo

cooling

endo/exo

— — 1
}/ 2" heating V_ 1

T eacc 1% heating
= 0.0

T T T ; T ¢ T i T
0 100 200 300 200 300 400 500 600 700 800 900
Temperature (°C) Wavelength (nm)

Fig 2.1. DSC (a) curves of powders of 1 and 2. UV-Vis absorption and PL
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The synthesized derivatives 1 and 2 demonstrated multi-colour
mechanochromic properties. The color of emission can be changed by applying the
additional stimuli, such as grinding, fuming or melting. All the data for as-prepared
(initial), ground, fumed in case of compound 1 and self-recovered in the case of
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compound 2 samples is listed in Table 2.2 and presented in Fig. 2.2. Compound 1
showed the changing of emission from green colour (538 nm, initial state) to yellow
(574 nm, melted state), whereas, for compound 2, the as-prepared sample showed
green-yellowish emission (550 nm), and the melted sample gave orange emission
(594 nm) (Table 2.2, Fig. 2.2a,b). ® and emission lifetimes for each state are
collected in Table 2.2.
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Fig. 2.2. Normalized PL spectra (a, b) of different states of compounds 1 and
2. PL reversibility of compound 1 (c) and compound 2 (d) (Aexc=350 nm).

Compound 1 containing carbazole exhibited self-reversible MCL at room
temperature (Fig. 2.2a). After grinding, the sample can recover to the initial state
without any additional stimuli within 20 min. This process is reversible up to 5
cycles of grinding/self-recovery (20 min), which is shown in Fig. 2.2c. The ground
sample of compound 2 did not experience self-reversible MCL (one month of
observations). However, it is still possible to recover the ground form of 2 to the
initial form by using fuming in DCM vapors within 5 min (Fig. 2.2b). As it was in
the case of 1, compound 2 also demonstrated stable PL reversibility up to 5 cycles of
grinding/fuming (5 min) (Fig. 2.2d).

In order to understand the MCL properties of compounds 1 and 2, single
crystal X-ray analysis (Fig. 2.3a,b), PL measurements for amorphous solid-state
solutions (Fig. 2.3c,d), and powder X-ray diffraction (PXRD) analysis (Fig. 2. 3e,f)
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were performed. The proper crystal for single crystal X-ray analysis was obtained
only for compound 1 by slow evaporation of its methanol solution (Fig. 2.3a). The
single crystal of 1 was characterized by several types of interactions: C-H---O (2.429
and 2.570 A), C-H:--H (2.367 A), and C-H--n (2.751 A).
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Fig. 2.3. Single crystal X-ray structure (a) and the packing mode (b) of compound 1
(CCDC number 2046803); PL spectra of solid mixtures of compound 1 (c) and 2 (d)
with Zeonex as prepared (above), and after thermal annealing (below); PXRD
patterns (e, f) of the different states of derivatives 1 and 2.

The amorphous mixture of 1 and 2 doped in the rigid polymer matrix Zeonex
was studied to confirm the possibility of formations of different amorphous
aggregates (Fig. 2.3c,d). The red-shifts of PL were observed while increasing the
concentration of the materials in the guest-host systems of the material Zeonex. It
corresponds not only to solid solvatochromism, but also to the formation of
amorphous aggregates (marked as A1, Fig. 2.3c,d). For compound 1, the amorphous
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aggregate Al is described by PL spectra centered at 555nm, and, for compound 2,
this type of aggregate is located at 568 nm. After the thermal annealing of the
samples at 150°C, it was decreased in terms of the aggregation degree of
Alaggregates (red-shifted emission). Yet, at the same time, it led to the formation of
the second type of aggregates (marked as A2, Fig. 2.3c,d) with the blue-shifted PL
emission. These aggregates A2 are characterized by their PL spectra peaking at 521
and 550 nm for compounds 1 and 2, respectively. The presence of both crystalline
polymorphs (according to DSC measurements) and amorphous aggregates has
influence on the total emission of the different states of materials 1 and 2 (Fig. 2.2).

Table 2.2. PL characteristics of MLC and morphological properties of
compounds 1 and 2.

State 1 2

Parameter i- g- r- m- cr- i- g- f- m-
ApL, NM 538 | 560 | 540 574 546 | 550 | 580 | 548 | 594

D, % 15 17 15 9 - 27 31 23 3
11, NS 113204 | 201 | 197 | 149 | 2.67 | 3.91 | 2.69 | 3.09

Ri1, % 43 30 31 24 34 20 23 17 22
T2, NS 528 1693 | 713 | 6.60 | 9.41 | 6.09 | 9.62 | 6.04 | 8.97

R2, % 57 70 69 76 66 80 77 83 78

crystallinity* % | 63.8 | 29.3 | 39.5 0 100 | 66.4 | 42.1 | 498 | 33
(i-) — initial, (g-) — ground, (r-) — recovered, (m-) — melted, (cr-) — crystal; Ap_ is the PL maxima
(Aexc=350 nm); @pL is the photoluminescence quantum yield; 11, T2 are the PL lifetimes (well-fitted with
the ¥? values of 1.021-1.206), Ri,R2 are the contribution ratio of ti/t2; *obtained from PXRD
measurements.

The PXDR patterns shown in Fig. 2.3e,f confirmed the crystalline nature of
powders compounds 1 and 2. The degree of crystallinity for derivatives 1 and 2 was
63.8% and 66.4% in the initial state, respectively (Table 2.2). After melting, the
degree of crystallinity was determined as 0% (compound 1) and 3% (compound 2),
which confirmed the change of the state from crystalline to amorphous (Table 2.2).
After the intense grinding of as-prepared powders, the degrees of crystallinity were
decreased because the dihedral angle between carbazole/di-tert-butyl carbazole and
BZA fragments most likely changed, and the crystalline packing of the as-prepared
forms was partially destroyed and converted into the amorphous state. Regardless
the full recovering of the PL emission, the self-recovered sample of 1 and the fumed
form of 2 experienced only partial restoration of the crystallinity with the degrees of
crystallinity of 39.5% and 49.8%, respectively (Table 2.3).

Taking into account, the above described experimental results for the obtained
derivatives 1 and 2, we presented the formation of two types of amorphous
aggregates named Al and A2 (Fig. 2.3c,d). Due to the high rigidity of Zeonex, the
presence of crystalline aggregates in the molecular dispersions in this polymer is
highly improbable®®. Red-shifted PL emission was shown by the first type of
aggregates Al (as-prepared samples), and blue-shifted PL emission was
demonstrated by the second type of polymorphs A2 (thermally-annealed samples)
(Fig 2.3c,d). Also, according to the PXRD, photophysical and DSC measurements
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we detected two types of crystalline polymorphs. One type of polymorph showed
red-shifted PL emission (Fig. 2.2a). The other type of polymorph definitely
exhibited blue-shifted emission similarly to the emission of the as-prepared powder.
The formation of the second type of polymorph is evident due to the high degree of
crystallinity (63.8% for 1 and 66.4% for 2) of the as-prepared powders (Fig. 2.3e,f,
Table 2.2). The single crystal X-ray structure and the PL emission spectrum were
not measured for the second polymorph because of the difficulties of separation of
the extremely small sizes of crystals for this type of polymorph. Fortunately, self-
recovering mechanochromic luminescence is possible apparently because of the
extremely small size of the second type of polymorph of compound 1. As a result,
we observed the red-shifted emission for the first type of amorphous aggregates and
for one type of polymorph. Also, we observed blue-shifted emission for the second
type of amorphous aggregates and for another type of polymorph. Thus, in
comparison with the huge number of other reported MCL materials, we can
conclude that the multi-color mechanochromic luminescence of compounds 1 and 2
was caused by the presence of different crystalline polymorphs and amorphous
aggregates.
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mechanical damage.
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The self-recovering properties of compound 1 can potentially be applied for
damage-resistive information encryption or for security check. The schematic
schemes and experimental visualizations of the potential applications are shown in
Fig. 2.4. In the test of the damage-resistive information encryption, the dark
mechanically damaged areas marked by red rectangles in photo A, Fig. 2.4a become
bright again after the recovery time (see the same rectangles in photo B, Fig. 2.4a.
The unique properties of compound 1 can also be used for the multistep control of
protected objects. The first step (control 1) is the change of the emission color from
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bright green to yellow, whereas the second step (control 2) is the change of the
emission color from yellow back to bright green (Fig. 2.4b).

2.2 TADF quenching properties of phenothiazine or phenoxazine-
substituted benzanthrones emitting in deep-red/near-infrared region towards
oxygen sensing (Scientific publication No. 2, Q1, 2 quotations)

This chapter is based on the article published in Dyes and Pigments, 2022,
197, 109952, p. 1-9%. The donors with stronger electron-donating abilities were
used for the design of new benzanthrone-based materials for the investigation of
their influence on light-emitting properties in comparison with carbazole-based
materials. The manuscript introduces the study on the synthesis and investigations of
light-emitting and oxygen sensing properties of new derivatives of BZA. For the
development of new materials demonstrating emission in the deep-red/NIR region
and TADF, BZA as a new acceptor characterized by a rigid molecular structure was
chosen. The combination of planar moieties with strong electron-donating abilities
(phenothiazine or phenoxazine) and a rigid moiety with the electron-accepting
ability (BZA) allowed us to obtain four new NIR TADF emitters. For the synthesis
of compounds 3-(10H-phenothiazin-10-yl)-7H-benzo[de]anthracen-7-one (3), 3,9-
di(10H-phenothiazin-10-yl)-7H-benzo[de]anthracen-7-one (4), 3-(10H-phenoxazin-
10-yl)-7H-benzo[de]anthracen-7-one (5), and 3,9-di(10H-phenoxazin-10-yl)-7H-
benzo[de]anthracen-7-one (6) with the donor-acceptor and donor-acceptor-donor
structures, Buchwald-Hartwig cross coupling reactions were used (Scheme 2.2). H,
13C NMR, IR, mass spectroscopies and elemental analysis were performed for the
identification of derivatives 3-6.
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Scheme 2.2 Synthetic pathways of derivatives 3-6.

The TGA and DSC curves were recorded to study the thermal properties of 3—
6. They demonstrated relatively high thermal stability. Compounds 3 and 4 with the
D-A structure showed lower thermal stability (T4 exceeded 300 °C) in comparison
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with compounds 5 and 6 with the donor-acceptor-donor structure (Tq exceeded 400
°C). During the second heating scan on the DSC curves, T4 values higher than 100
°C were observed for all derivatives (Table 2.3). For compounds 3 and 6, the
melting points were recorded in the first heating scan, and, for them, no
crystallization was observed during the cooling scans. Two other compounds 4 and
6 did not demonstrate any the crystallization or melting peaks on the DSC curves
(Table 2.3).

Table 2.3. Thermal and photoelectrical properties of compounds 3-6.

Compounds Tm, oC Tcr, oC Tg**, oC |PUPS’ uholes’ uelectrons’
eV cm?/V:s cm?/V:s
3 286" 172" 111 5.68 9.8x106 1.5x104
4 - - 114 - - -
5 - - 174 - - -
6 391%™ 213" 170 5.49 7.4x108 1.1x104

*first heating scan; ™ second heating scan. pu°'es and pe'ectrons yalues taken at 3.6x10° V/em.

Ultraviolet photoelectron spectroscopy (UPS) was used to record the
photoelectron emission spectra of the vacuum-deposited layers of compounds 3-6
for the estimation of the ionization potential IPYPS in the solid-state (Fig. 2.5a). The
IPUPS values were recorded only for compounds 3 and 6, and their values were found
to be below 6.0 eV (Fig. 2.5a, Table 2.3). For the two other compounds, the IPYPS
values were not obtained, apparently, due to the reason that the thermal properties of
the compounds for which ionization potentials were measured are different from
compounds 4 and 5. According to Table 2.3 with the data on thermal properties, for
compounds 3 and 6, T, was observed, while, for compounds 4 and 5, it was not.
Probably, it had influence on the film-forming properties of compounds 4 and 5,
and, during the vacuum-deposition of the layers of materials at a high temperature,
the suitable samples were not obtained for UPS.
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Fig. 2.5. Photoelectron emission spectra (a) and hole/electron drift mobilities versus
electric field (b) for compounds 3 and 6.

The time of flight (TOF) technique was applied to investigate the charge-
transporting properties of compounds 3 and 6. The samples of compounds 4 and 5
were not suitable for the TOF method because of their inferior film forming
properties. Hole and electron mobilities were calculated according to the equation p
= d?/(U x ty) taking transit times t, from the photocurrent transients at the applied
voltage (U), and the thicknesses of the layers (d) were measured by the charge
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extraction by linearly increasing the voltage (CELIV) technique assuming dielectric
constant ¢ = 3 for the studied compounds.

In order to calculate hole and electron mobilities, the transit times at different
applied voltages were used. The obtained materials 3 and 6 were characterized by
the close values of electron mobility of 1.5x10*-1.1x10* cm?/V-s at an electric field
of 3.6:10° V/cm (Fig. 2.4b). This can be explained by the presence of the same
electron-accepting unit, benzanthrone, in the structures of both molecules.
Contrasting hole mobility values of 7.4x10® and 9.8x10° cm?/V's were obtained for
compounds 3 and 6, correspondingly (Table 2.3). It can be caused by different
electron-donating moieties present in the molecular structures of the obtained
materials.

The absorption and PL spectra of neat films and dilute toluene solutions of 3-6
recorded at 300 K are presented in Fig. 2.6a. The position of the absorption bands in
the ultraviolet (UV) spectral region was independent of the type of donors attached
to the BZA moiety, except for the location of the lowest energy absorption band
(LEAB). The absorption spectra of toluene solutions of phenoxazine-based
compounds 4 and 6 showed prominent LEAB at 500 nm. In the case of the toluene
solutions of the derivatives containing phenothiazine units 3 and 5, LEAB was
hypsochromically shifted with a high-energy edge at 520 nm. The absorption bands
of the films were slightly red-shifted and broader than the respective bands of the
solutions, thus highlighting more efficient intramolecular interaction in the solid

state.
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films of derivatives 3-6 (a). PL spectra of 1 wt% solid mixtures of derivatives in
Zeonex recorded at different conditions (air and vacuum) (b).

22



The toluene solutions and films of the compounds 3—-6 emitted in the red/NIR
region (Fig. 2.6a). The extension of conjugation by the attachment of the second
donor led to the red-shift of emission wavelengths. The PL quantum yields of the
films and dilute toluene solutions were found to be ca. 0.01 for all the studied
compounds (Table 2.4).

Zeonex is a polymer matrix used to study the photophysical properties of
compounds in a condition of suppressed intermolecular interactions!’. The solid
molecular mixtures of 3-6 in Zeonex were prepared, and their PL spectra were
measured under air and under vacuum (Fig. 2.6b). Due to the change of polarity, the
blue-shift of PL of up to 75 nm for solid mixtures in Zeonex in comparison with the
PL spectra on neat films was observed. The PL quantum yields of the solid solutions
of 3-6 in Zeonex in air were found to be of 0.02, 0.03, 0.03 and 0.04, respectively
(Table 2.4).

Table 2.4. Photophysical characteristics of derivatives 3-6.

Compounds Stokes Stokes @olp | Pfimp | ®filmp 1wtdo | dfilmp vac 1wt
shift®!, nm | shift™ nm % % in Zeonex, % in Zeonex, %
3 316 275 1 1 2 8
4 308 273 1 1 3 7
5 193 188 1 1 3 18
6 196 225 1 1 4 17

@vlp, @My values were recorded at air conditions and room temperature. ®fMp ¥ values
at vacuum conditions were evaluated by using data of ®"'™_ values and Fig. 2.6b.

For the confirmation of the TADF properties of materials, the PL decay curves
were recorded at different temperatures (Fig. 2.7). The values of the TADF lifetimes
of donor-acceptor compounds 3 and 5 were found to be of 788 and 1198 us at room
temperature, respectively, and, for compounds 4 and 6 — 291 and 368 us,
correspondingly.
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Fig. 2.7. Fig. 4. PL decay curves recorded at different temperatures under N2
atmosphere for 1 wt% solid solution of 5 (a) and 6 (b) in Zeonex.

Material 4 was chosen for the study of oxygen sensitivity because this
compound demonstrated the most prominent increase of PL intensity upon the
removal of air (Fig. 2.6b). The PL spectra and decay curves of the sample of a solid
molecular mixture of 4 in Zeonex (1 wt%) placed in the atmosphere with the
different oxygen/nitrogen ratios are presented in Fig. 2.8a. The data shows how

23



sensitive is the PL of the electronic excitation energy by collisional interactions with
oxygen across a wide range of oxygen concentrations. For example, the TADF
lifetime decreased to 245 ps for the sample under 8109 ppm of oxygen
concentration (Fig. 2.8b). The ratio of intensity of TADF taken in vacuum and the
prompt fluorescence taken under oxygen purge was found to be of 15.2. This value
is comparable to the highest values reported for TADF-based optical oxygen
sensors®”97,
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The Stern-Volmer plot (Fig. 2.8c) was built based on the equation o/ — 1 =
Ksv[O2], where 1w, and 7, are the lifetimes of TADF in the absence and in the
presence of oxygen, respectively, and Ks[O2] is the so-called Stern-Volmer
constant. The plot showed linear dependence in the range of oxygen concentration
up to 5x10° ppm with a Ksy[O2] of 1.6-10* ppm™. The reversibility of the oxygen
sensitivity after the removal of the quencher, i.e., oxygen, was also estimated. The
PL decay curves of the sample were measured after its purging with oxygen, with
nitrogen and 9100 ppm of oxygen flow within cycles with the duration of 7 min for
each cycle (Fig. 2.8d). The value of integrated intensity of the solid mixture under
oxygen atmosphere represents the instrument response of the microsecond lamp and
the intensity of prompt fluorescence. It remains stable repeatedly after the following
deoxygenation and oxygenation, which shows that the delayed fluorescence is
totally suppressed after oxygenation. The integrated intensity under nitrogen
continuously increased over time. Apparently, the diffusion of oxygen and the film
is minimized after continuous nitrogen purge. Therefore, oxygen is more efficiently
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removed from the sample with the additional cycles. The above mentioned diffusion
does not have any impact on the integrated intensity under purged oxygen as the
interaction of the film with oxygen is maximal in this case. The sample also showed
the definitive response to the exact value of the oxygen flow manifested by the
intensity level correlated to 9,100 ppm (Fig. 2.8d).

2.3. Multifunctional derivatives of pyrimidine-5-carbonitrile and
differently substituted carbazoles for doping-free sky-blue OLEDs and
luminescent sensors of oxygen (Scientific publication No. 3, Q1, 9 quotations)

This chapter is based on the article published in Journal of Advanced
Research, 2021, 33, p. 41-51%. While aiming to achieve efficient bipolar charge
transport, high @ in the solid-state and triplet harvesting abilities (TADF) of organic
semiconductors, symmetrical donor-acceptor-donor compounds were designed by
selecting pyrimidine-5-carbonitrile as the acceptor and differently substituted
carbazole as the donor moieties. The newly synthesized derivatives were applied for
both efficient non-doped sky-blue OLEDs and optical sensors of oxygen with
sustainable oxygen sensitivity. All the materials were obtained by one-step synthesis
via nucleophilic substitution reactions from commercially available reagents. The
synthetic route for the target compounds 4,6-di(9H-carbazol-9-yl)pyrimidine-5-
carbonitrile (7), 4,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)pyrimidine-5-carbonitrile
(8) and 4,6-bis(3,6-dimethoxy-9H-carbazol-9-yl)pyrimidine-5-carbonitrile (9) is
presented (Scheme 2.3). The chemical structures of the compounds were confirmed
by *H and 3C NMR spectroscopies, mass spectrometry, and elemental analysis.
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Scheme 2.3. Synthetic pathway to compounds 7-9.
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TGA and DSC were used to investigate the thermal properties of materials 7—
9. The results of the measurements are collected in Table 2.5. All the compounds
demonstrated high thermal stability, and their values of 5% weight loss temperatures
(Tq) significantly exceeded 300 °C. In comparison to compound 7 with T4 of 338
°C, compounds 8 and 9 exhibited higher T4 values of 396 °C and 383 °C,
correspondingly (Table 2.5). Apparently, the presence of tert-butyl and methoxy
groups in the molecular structures of compounds 8 and 9 led to the enhancement of
intermolecular interaction in the solid state. All the compounds were obtained as
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crystalline substances after synthesis and showed two melting points in the first
DSC scans (Table 2.5). It can be assumed that two crystal forms of the synthesized
compounds were obtained®. In the second heating scan of compound 7, glass
transition was observed at 112 °C. T, of 177 °C was detected for compound 8 in the
repeated heating scan, while compound 9 did not show any capability of glass
formation (Table 2.5).

Table 2.5. Thermal, electrochemical and photoelectrical characteristics of 7-9.

Ta,2 | Ty, Tm, °C Eox®™e, | Ered®™e, | IPCY, | EACY, | IPUPS, | EAUPS,
Comp. °C °C \Y \Y eV eV eV eV
7 338 | 1124 | 273Pd/287P 1.02 -190 | 582 | 2.90 6.30 3.91
8 396 | 1779 | 297°/326° 1.07 -2.00 | 5.87 | 2.80 6.10 3.63
9 383 | - 281°4/298%¢ | 0.76 -120 | 556 | 3.60 5.86 3.43

2 estimated from TGA; DSC: P first heating scan, ¢ first cooling scan, ¢ second heating scan; Eox°¢t and
Ered®* are onset oxidation and reduction potentials determined from CV scans of dilute DCM solutions
of pyrimidine derivatives; 1PV, IPY*S — ionization potential and EA®Y, EAYPS — electron affinity
determined from CV and UV photoelectron spectroscopy, respectively.

Cyclic voltammetry measurements (CV) were performed for dichloromethane
(DCM) solutions of 7-9 with tetra-n-butylammonium hexafluorophosphate
(TBAPFg) as the supporting electrolyte (Fig. 2.9a). The potentials of oxidation
(Eox®™) and reduction (Erw®™") half-waves and with respect to ferrocene are
collected in Table 2.5. The close values of IP€V and EA®Y were observed for 7 and 8
(5.82, 5.87/2.9, 2.8 eV, respectively) due to the similar electron-donating/electron-
accepting abilities of the building moieties. The lower IPCV value of 9 is attributed to
the stronger electron-donating ability of methoxy-substituted carbazole.
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Fig. 2.9. CV (a) and photoelectron emission spectra (b) of compounds 7-9.
Hole/electron drift mobilities versus electric field (E) for the layers of compounds 7
and 9.

Since IPV and EACY energies cannot be referred to the HOMO and LUMO of
the studied materials®, UPS was further used for getting IPUPS and EAYPS for their
solid-state samples (Fig. 2.9b). IPYPS and EAY"S values can be referred to the HOMO
and LUMO energies of derivatives 7-9 which are required for the design of the
appropriate structures of optoelectronic devices, OLEDs in particularly (Table 2.5).
By using the TOF technique, the charge mobilities were calculated for 7 (for holes
and electrons) and for 9 (for electrons) (Fig. 2.9c). A hole mobility (un) of 1.6x10*
cm?/V-s was observed for 7 at an electric field (E) of 7.2x10° V/cm, which is close
to that of many other typical carbazole-containing emitters?’ (Fig. 2.9c). An electron
mobility (Ue) of 1.37x10° cm?V-s was detected for 7 at the same electric field.
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Also, the CELIV technique was applied to obtain complete charge-transporting data
for the studied compounds. CELIV hole mobility of 7 was in good agreement with
the corresponding TOF hole mobility (Fig. 2.9¢).

The absorption and PL spectra of the dilute solutions and solid films of 7-9
are shown in Fig. 2.10a. All the photophysical data is summarized in Table 2.6. The
absorption of neat films and dilute toluene solutions of the compounds in the
spectral region below 330 nm corresponds to a great extent to the n—n* transition of
carbazole®* (Fig. 2.10a). The attachment of tert-butyl groups to carbazole units in 8
resulted in the red-shift of LEB compared to that of 7. The presence of methoxy
groups in the structure of 9 caused a bigger bathochromic shift in comparison with
compounds 7 and 8. These observations can be explained by the prolonged =-
conjugation of the tert-butyl or methoxy substituted carbazole moieties®°. The PL
spectra of solutions of 7-9 contain a single narrow peak in the sky-blue/green region
(Fig. 2.10a). The bathochromic shift of the PL spectral peak with an increase of
polarity of solvents (Fig. 2.10a) is a clear evidence of the ICT state of emission. The
non-doped films of compounds containing carbazole (7) and tert-butyl carbazole (8)
demonstrated emission with the maximum at 488 nm; however, the neat film of
compound 9 substituted by methoxy carbazole showed green emission with the
maximum at 542 nm. The ® values of the films are higher than those of the
solutions, which is a manifestation of the aggregation-induced emission
enhancement (AIEE) effect (Table 2.6). The only exclusion is the @ values observed
for 9 which were found to be similar (of ca. 2%) for the solid samples and dilute
solutions.
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Fig. 2.10. Absorption spectra and normalized PL spectra of dilute 10 M toluene,
THF and MeCN solutions of 7-9 (a). PL spectra of air equilibrated and
deoxygenated dilute 10° M toluene solutions and neat films recorded in air and in
vacuum of 7 and 8.

The intensity of PL of toluene solutions and neat films of the compounds was
found to be considerably higher in the absence of oxygen compared to that of air
equilibrated samples (Fig. 2.10b). For 7, the increase was substantially higher, and it
reached the factor of 3-3.85. The increase of the emission intensity after
deoxygenation is ascribed to delayed fluorescence (DF)8. After the removal of
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oxygen, the spectral shape remained the same. This observation shows that the
excitons utilized in DF are recombined radiatively from the same energy levels as
for prompt fluorescence (PF), thus pointing to the triplet up-conversion via rISC.

Table 2.6. Photophysical characteristics of pyrimidine-carbonitrile derivatives.

Compounds/ 7 8 9
Parameters
DoUene (94 2 (6%) 12 (21%) 3
DTHF (%) 15 12 1
O (%) 33 (53%) 20 (25%) 2
rv# 1.111 1.109 1.016
Es1, mrF (eV) 3.17 3.02 2.89
E11, 1HF (6V) 3.03 2.93 2.88
AEst, r (€V) 0.14 0.09 0.01
Es1, mep (V) 2.99 2.93 2.74
Et1, mepr (eV) 291 2.86 2.71
AEsT, mcp (€V) 0.08 0.07 0.03

Estimated by the measurements: #of neat films; *upon removing oxygen. x?is a weighted sum of
squares of deviations of calculated points of multiexponential fitting of a PL decay curve. The
empirical formula Epn [eV] = 1239.84/ 4 [nm] was used to estimate energy levels of Es1 and Er1, where
/. is the wavelength of the onset of fluorescence and phosphorescence spectral bands.

The values of AEst were obtained from the fluorescence and phosphorescence
spectra of the solutions of the compounds recorded at the liquid nitrogen
temperature (Table 2.6). The doping of 7 and 8 into the 1,3-bis(N-
carbazolyl)benzene (mCP) matrix resulted in the reduction of AEst (Table 2.6). The
PL spectra and decay curves of the films of the molecular mixtures were recorded at
different temperatures. The PL spectra of the film of 8 remained steady over heating
when the sample was degassed (Fig. 2.11a). The PL decay curves for compound 8
are presented in Fig. 2.11b. As it is evident from the PL decay curves, the intensity
of the phosphorescent component was quenched over heating due to the rapidly
enhanced interactions with oxygen. Simultaneously, the thermal activation of DF
resulted in the essential increase of the TADF intensity at temperatures exceeding
180 K (Fig. 2.12b).

The dispersions of 7 and 8 in THF/water mixtures were prepared for the
investigation of the AIEE effect. The dependencies of the PL intensities on the water
fraction are presented in Fig. 2.11c,d. As it can be seen from the graphs and photos
(Fig. 2.11c,d), at low water fractions (fv), the dispersions of both compounds are
poorly emissive. A decrease of the PL intensity in the range f. below 40% is
ascribed to the emission quenching due to the exhaustion of the electronic excitation
energy by intramolecular rotations. The bathochromic shift by nearly 50 nm with the
increase of the water fraction from 0% to 40% is caused by the increase of
concentration of highly polar water influencing strong intramolecular CT processes
in the emitters, which is an additional reason of PL quenching. At high fw, both
compounds emit blue light with the intensity maxima at ca. 480 nm as the molecules
which are insoluble in the water form are aggregating. Consequently, there is a
rapid increase of intensity at f,>70% for the dispersions of 7 and for 8 in the range
of f from 40% to 60% due to AIEE since the rotation motions of moieties of the
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compounds are restricted in the solid state. The following decrease of the PL
intensity at fy exceeding 70% observed for the dispersion of 8 is explained by the

formation of precipitates of a significant size.
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Fig. 2.11. Normalized PL spectra (a) and PL decay curves (b) recorded at different

temperatures under N, atmosphere for 10 wt% solid solution of 8 in mCP. Plots of

PL intensities and peak wavelengths versus water fraction of the dispersions of 7 (¢)
and 8 (d) in THF/water mixtures.

Interactions with oxygen are mostly responsible for the non-radiative
deactivation of excitations through the energy losses. Due to the AIEE properties
and the high values of @ in the solid-state, compounds 7 and 8 were selected for the
investigation of the optical oxygen sensitivity. The 10 wt% solid solutions of the
compounds in a rigid matrix were prepared so that to detect the collisional
guenching of a luminophore. Zeonex was selected as a matrix because of its well-
studied ability of suppressing intermolecular interactions®>*°. The samples were put
into inert atmosphere of nitrogen. Upon increasing the oxygen concentration, the PL
intensity continuously dropped (Fig. 2.12a,b). No significant difference in the
intensity under the same conditions over time was detected, thus showing a great
immediate response to the molecules of oxygen and a great stability of the emission.
The PL decay curves of the solid solutions of 7 and 8 in Zeonex were recorded
under nitrogen and oxygen conditions to study the impact of collisional quenching
on emissive characteristics of the systems (Fig. 2.12c). The long-lived component of
the emission was dramatically reduced in the presence of oxygen, especially for the
solid solutions of 7 in Zeonex.
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Fig. 2.12. PL spectra (a, b) and PL decays (c) of 10 wt% solid solutions 7 (a, ¢) or 8
(b) in Zeonex recorded in different atmospheres at room temperature; d) Stern-
Volmer plots and oxygen response (e, ) of the films of 10 wt% solid solutions of 8
(e) and 9 (f) in Zeonex.

The Stern-Volmer relation of 170—1 and oxygen flow (Fig. 2.12d)

demonstrated oxygen sensitivity in a wide range of the oxygen flow corresponding
to the oxygen partial pressure!®, Since fluorophore quenching by oxygen is a
dynamic process, the correlation is linear. However, as expected for dye:matrix
systems, downward curvature!®® takes place at the oxygen flow exceeding 20,000
ppm. According to the Stern-Volmer equation, the well-known characteristic of

optical sensors Stern-Volmer constant Kg, = 170 — 1 was estimated from the slope of

the linear fit, as shown in Fig. 2.12d (adjusted R? values are 0.94 and 0.97 for the
samples containing 7 and 8, respectively)'®t. Ksy was calculated to be 3.24-10° and
1.49-10° ppm for the solid dispersions of 7 and 8 in Zeonex, correspondingly.
These values are comparable with that of TADF oxygen probes®®. They are slightly
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lower than the Ksy values earlier observed for phosphorescent oxygen probes with
long-lived emission (>1 ms)921%  The synthesized compounds offer a great
potential for the application as optical oxygen sensors reaching the necessary
requirements: a) fast response to the oxygen postulated from the stability of PL
quenching over time; b) sustainable oxygen sensitivity; ¢) good quality of the films
of solid dispersions in Zeonex; d) appropriate thermal stability and photophysical
properties, as described abovel®.

Upon considering the TADF and AIEE capabilities of the synthesized
compounds, they can be used as promising emitters for doping-free devices. The
series of OLEDs N1-N3 with the structure of ITO / HAT-CN (10 nm) / TCTA (30
nm) / mCP (7 nm) / EML (25 nm) / TSPOL1 (3 nm) / TPBi (30 nm) / LiF (0.4 nm) /
Al were fabricated in order to test the layers of 7-9 as non-doped light-emitting
layers, respectively (Fig. 2.13a). The key electroluminescent data is collected in
Table  2.7. Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile
(HAT-CN) and lithium fluoride (LiF) were employed for the injection of charge
carriers. The layers of tris(4-carbazoyl-9-ylphenyl)amine (TCTA) and 2,2',2"-(1,3,5-
benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) were utilized as the hole and
electron transporting layers, respectively. Also, mCP and diphenyl[4-
(triphenylsilyl)phenyl]phosphine oxide (TSPO1) were employed for the blocking of
electrons and holes, respectively. The electrodes were indium-tin oxide (ITO) and
aluminum (Al).
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Fig. 2.13. OLEDs N1-N3 and D1-D3: a) Equilibrium energy diagram and structure;
b) normalized EL spectra recorded at 8V; ¢) EQE.

Table 2.7. Summary of OLED parameters.

OLED | EML Lmax 1203 CE.cd/A | PE, Imw | 2 EQE, % CIE 1931
cd/m nm
N1 7 13.1 32.4(175) | 188(9.2) | 494 | 128(6.9) | (0.20,0.36)
D1 7:mCP 23.1 33.3(17.6) | 20.2(9.1) | 489 14 (7.4) | (0.18,0.33)
N2 8 13.2 12.3(9.9) | 4.6(3.6) 490 | 51(4.1) | (0.19,0.35)
D2 8:mCP 14.8 33.7(19.4) | 18(8.7) 490 | 13.7(7.9) | (0.18,0.35)
N3 9 9.3 4.0 (3.4) 2.1(L6) 524 | 1.4(1.2) | (0.30,0.49)
D3 9:mCP 13.7 3.8 (0.6) 1.2 (0.3) 500 | 1.4(0.2) | (0.21,0.43)

Lmax — maximum brightness. CE and PE — maximum current and power efficiency, respectively. AeL —
wavelength of the EL spectral peak at 8V. Efficiency values at L of 100 cd/m? are shown in
parentheses.
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OLEDs containing emitting layers (EML) of 7 and 8 demonstrated
electroluminescence (EL) in the near sky-blue range, while 9 is a totally green
emitter (Table 2.7., Fig. 2.13b). The obtained maximum values of EQE of the
devices (Table 2.7, Fig. 2.13c) correlate with the values of ® of the neat films of
compounds 7-9 (Table 2.6). This observation is an indication of the excellent charge
balance in EML. Device N1 exhibited a maximum EQE value of 12.8%, which is
practically the same as for the corresponding doped device D1 which shall be
discussed below. A much lower maximum EQE of 5.1% was obtained for the non-
doped device N2 based on compound 8 (Table 2.7).

OLEDs were additionally modified by the insertion of the guest:host system
instead of the neat EML. The series of devices D1-D3 were fabricated, where the
guest:host systems (10 wt% of 7-9 doped into mCP) were used. As mentioned
above, device D1 showed a slight improvement of efficiency compared to device
N1. Meanwhile, the efficiency of OLED D2 was significantly higher than that of N2
(EQE of 5.1 and 13.7%) (Table 2.7). This observation can apparently be attributed
to the better hole-electron balance in the doped light-emitting layer of device D2
compared to that of the non-doped device N2. A high efficiency OLED based on the
EML of 8 doped in mCP can be additionally explained by the suppression of non-
radiative ways of relaxation of the excited states. Analogous improvement was not
achieved for the device based on the emitter with methoxy groups (9) since this
derivative exhibited a low ® value (Table 2.6). The efficiency roll-off evident from
the rapid decline of efficiency at 100 cd/m? of L is bigger for device D3 than for N3
despite the exhibition of the same maximum EQE of 1.4%.

2.4. Triphenylamino or 9-phenyl carbazolyl-substituted pyrimidine-5-
carbonitriles as bipolar emitters and hosts with triplet harvesting abilities
(Scientific publication No. 4, Q1).

This chapter is based on the article published in Materials Today Chemistry®.
This study is a continuation of the previous work about the development of new
pyrimidine-5-carbonitrile-based emitters or hosts suitable for the fabrication of
OLEDs. The manuscript introduces a study on new pyrimidine-5-carbonitriles
substituted by two triphenylamino or 9-phenyl carbazolyl moieties which were used
as emitters and hosts in OLEDs. The derivatives showed nanosecond-lived emission
with absolute quantum vyields reaching 98% and with hole mobility exciding 102
cm?/Vxs. The developed materials demonstrated ability to harvest high-lying triplet
excitons and to convert them into singlet excitons due to the upper-level triplet-
singlet intersystem crossing. The  target  compounds  4,6-bis(4-
(diphenylamino)phenyl)pyrimidine-5-carbonitrile (10) and 4,6-bis(4-(9H-carbazol-
9-yl)phenyl)pyrimidine-5-carbonitrile (11) were obtained by Suzuki-Miyaura cross-
coupling reactions as outlined in Scheme 2.4. The chemical structures of the
compounds were confirmed by *H and **C NMR analysis, mass spectrometry, and
elemental analysis.
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Scheme 2.4. Synthetic pathway to compounds 10 and 11 and the chemical
structure of emitter AcDbp.

The thermal properties of 10 and 11 were studied by TGA and DSC
measurements. Both compounds exhibited high thermal stability. Their T4 values
were found to be of 375 °C and 423 °C, respectively (Table 2.8). During DSC
measurements, for compounds 10 and 11, glass formation was detected in the
second heating. The carbazolyl-containing compound demonstrated a higher value
of Ty of 135 °C (Table 2.8) relative to the compound containing triphenylamino
moieties (102 °C). This observation can be explained by the enhanced rigidity of the
carbazole unit. According to these Ty values, both compounds are expected
demonstrate stable work in OLEDs under Joule heating across a wide temperature
range. Also, the T, and T, values for materials 10 and 11 are collected in Table 2.8.

The transport levels of 10 and 11, thus IPY*S and EAYPS of the solid films of
the compounds, were investigated by the combination of UPS in air and absorption
spectroscopy (Fig. 2.15a). The lower IPYPS value of 5.61 eV was obtained for
compound 10 in comparison to 5.98 eV observed for 11 (Fig. 2.14a, Table 2.8). It
can be explained by the presence of triphenylamine substituents with stronger
electron-donating abilities in 10. The slightly different optical gap (Eop) values of
2.75 and 2.94 eV, respectively, were obtained for compounds 10 and 11 because of
the different formation of the charge transfer (CT) states. The close EAYPS values of
2.86 and 2.92 eV were estimated for 10 and 11, correspondingly (Table 2.8).

Table 2.8. Thermal, photoelectrical and charge-transporting properties of
compounds 10 and 11.

Ty , Tg, Tm, Tcr, ||3UPSY Eopt, EAUPS, uholesy* uelectrons’*

Compounds °C °C °C °C eV eV | eV | cm¥Vxs | cm?/Vxs
10 375 | 102° 24330 167° 5.61 2.75 | 2.86 | 7.3x10° | 4.4x10*

11 423 | 135P | 305%270° | 206° 5.98 2.94 | 2.92 | 2.1x10° | 0.4x10*

a — first heating, b — second heating, Eopt — the optical gap. * - values taken at 3.6x10°% VV/cm.

Charge mobilities versus the electric field are plotted in Fig. 2.14b. In contrast
to organic semiconductors typically used in OLEDs!%, both compounds showed
high values of hole mobilities exceeding 10° cm?Vxs and by ca. one order of
magnitude lower electron mobilities exceeding 10* cm?Vxs (Fig. 2.14b). The
compound containing triphenylamine moiety (10) showed higher both hole and
electron mobilities at the same electric fields than the compound containing
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carbazole moiety (11) (Table 2.8). This observation can be attributed to the flexible
structure of the triphenylamino moiety in contrast to the rigid structure of the
carbazole moiety leading to the more compact molecular packing in the films of 10.
As a result, more appropriate HOMO/HOMO and LUMO/LUMO overlapping is
realized for the hopping of free holes or electrons between the neighboring
molecules of 10. Nevertheless, according to the results of the charge transport
measurements, both 10 and 11 offer great potential for application in OLEDs at least
as the host materials.
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Fig. 2.14. Photoelectron emission spectra (a), hole/electron drift mobilities (b) for
the films of 10 and 11.

The absorption bands observed in the high-energy region (286, 298 nm for the
films of 10 and 283, 318, 334 nm for the solid samples of 11) (Fig. 2.15a) are
attributed to the localized aromatic n-n* or n—=* transitions of triphenylamino or 9-
phenylcarbazolyl moieties'®. Also, the absorption spectra of both compounds show
high intensity low-energy absorption bands (Fig. 2.15a). According to the theoretical
results, these bands can be attributed to the electronic transition So—S: which is
dominated by ICT between the electron-donating phenyl-carbazolyl fragment in 11
or the triphenylamino fragment in 10 and electron-accepting pyrimidine-5-
carbonitrile moieties.

The toluene solutions of compounds 10 and 11 demonstrated blue emission
with the maximum intensities at 486 nm and 458 nm, correspondingly (Table 2.9).
The neat films of both derivatives showed green emission with the maximum
centered at 506 nm (Fig. 2.15a). The fluorescence of toluene solutions of the
synthesized compounds is highly efficient. The values of ® reached 90% for the
solution of 10 and 98% for the solution of 11. For the neat films of 10 and 11 the
values of ® were found to be lower and exceeded 45% and 30%, respectively (Table
2.9). For the analysis of the excited state properties of 10 and 11 in more detail, their
solvatochromic effects were investigated by using the Lippert-Mataga
solvatochromic model (Fig. 2.15b). For this purpose, the absorption and PL spectra
of ten dilute solutions of 10 and 11 were recorded. The positions of the PL spectral
peaks are mostly predetermined by the polarity of the solvents . The Lippert-Mataga
dependences!®-1% of the Stokes shifts A7 versus the orientation polarizability of the
solvent Af value are plotted in Fig. 2.15b.
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of compounds 10 and 11. PL decay curves (c) and PL spectra (d) of toluene
solutions of 10 and 11 under different conditions. PL spectra (e) and PL decay
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Fig. 2.15. Absorption and PL spectra of neat films (a) and Lippert-Mataga plots (b)

Times (ns)

curves () of guest-host systems.

Table 2.9. Photophysical parameters of toluene solutions and non-doped films
of derivatives 10 and 11 and guest-host solid solutions.

Compounds | AeL, NM D, % T1/T2, NS R1/R2, % ¥
10w 486 90#* 3.75 100 1.084
110 458 98+ 5.17 100 1.027
10film 506 45 2.86/8.49 62.64/37.56 1.222
11 film 508 30 3.88/9.63 37.65/62.35 1.228

10 in mCBP 506 21 2.02/4.87 67.36/32.64 1.224

11 in mCBP 476 18 2.44]/7.04 49.71/50.29 1.218

guest-host solid solutions: 20 wt% of emitters in hosts; * — degassed conditions; t1/t2 — the lifetimes of
prompt and delayed fluorescence; x> — the weighted sum of the squares of deviations of the calculated
points of multiexponential fitting of a PL decay curve.
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The approach is based on the Onsager interpretation of the non-specific
electrostatic interactions between the molecules of the material and the solvent in a

. 109 . . . oA~ 24f N2
solution®. The relation, which the plot is based on, is 47 = yr——— (He — 1g)° +

AP0, Here, A¥° is the Stokes shift in a condition of the absence of the impact of
solvation, while a is denoted as the Onsager cavity radius. The slope of the Lippert-
Mataga plot corresponds directly to the difference of the dipole moments of a
molecule in the excited and ground states. The values of slopes for 10 and 11 were
found to be of 15,201 and 17,529 cm, correspondingly.

The PL decay curves of the toluene solutions of 10 and 11 were found in the
nanosecond range, thereby confirming the prompt fluorescence nature of emission
without any sign of delayed fluorescence, e.g., TADF or TTA (Fig. 2.15c, Table
2.9). This observation is not expected if taking into account the results of the
investigation of the PL intensity of the toluene solutions of 10 and 11 under different
conditions (air equilibrated, degassed, and oxygen equilibrated) (Fig. 2.15d). After
deoxygenation, the PL intensity of the toluene solutions of 10 and 11 slightly
increased, but, after purging with oxygen, their PL intensity significantly dropped
down. This observation confirms that triplet excitons participate in the emission
processes of derivatives 10 and 11. It is known that triplet excitons are highly
sensitive to the presence of oxygen'!®, The PL decay curves of the toluene
solutions of 10 and 11 were recorded under different conditions (Fig. 2.15¢). The
lifetimes of excited states in the oxygen atmosphere were found to be considerably
shorter than in air, which additionally confirms the participation of triplet excitons in
emission, which is not usual for purely fluorescent materials. Several
mechanisms”101314112 coyld be responsible for the emissive triplet harvesting of 10
and 11.

« One of them is RTP%5, Since additional bands or shoulders were not
observed after deoxygenation, room-temperature phosphorescence is highly
unlikely (Fig. 2.15d).

* Another possible mechanism might be TADF. However, it is not the case
for 10 and 11 since no delayed fluorescence was observed due to relatively
high singlet-triplet splitting (Fig. 2.15c).

* TTA is also unlikely for 10 and 11 since the linear fits of their integrated PL
intensities versus excitation intensities revealed the slopes lower than unity,
thus displaying no contribution of TTA emission®.

* HLCT can partly be the case for 10 and 11 due to the closely situated
several excited states predicted by theoretical calculations (see discussion
below, Fig. 2.16).

* We suppose that the mechanism of emissive triplet harvesting is the upper
level triplet-singlet intersystem crossing™*. This mechanism may be partly
in combination with the contribution of TADF and/or TTA, although their
evidence is very limited/non-observed.

When taking into account the results of the theoretical study and the device
properties described below, it can be stated that the most probable mechanism of
emissive triplet harvesting is the upper level triplet-singlet intersystem crossing®34.
The theoretical study revealed a relatively large AEst between the first singlet (S1)
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and triplet (T1) energy levels of 0.52 eV and 0.26 eV for 10 and 11, respectively
(Fig. 2.16). It complicates the transfer of triplet excitons from T to S; through rISC,
which is typical for TADF materials. However, a very small AEsr between high
energy levels (AEsits = 0.02 eV, AEsot4 = 0.02 eV for 10 and AEssrs = 0.05 eV and
AEszts = 0.02 eV for 11) suggests that rISC along the high-lying triplet states and
singlet states can compete with the internal conversion (IC) process between the
triplet excited states (AEtzrs = 0.34 eV for 10 and AEt.rs = 0.29 eV for 11). This
kind of rISC channels results in the formation of ‘hot excitons’ in 10 and 11.
Theoretically, 100% exciton utilization can be reached in materials containing ‘hot
excitons’ materials, thus enhancing the efficiency of OLEDs!%,

Hole and electron recombination Hole and electron recombination
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Fig. 2.16. Energy diagram of the singlet and triplet excited states of 10 and 11
calculated by using TD-B3LYP 6-31G(d,p):CPCM (DMSO).

At 77 K, the photoluminescence and phosphorescence spectra of frozen THF
solutions of the compounds were measured. The wavelengths of PL and PH spectra
at maximum intensities of the emission were used for the estimation of the values of
the S; and T, energy levels of 10 and 11. Compound 10 demonstrated a low triplet
energy of 2.31 eV, while 11 showed a significantly higher triplet energy of 2.54 eV.
Compound 10 showed AEst of 0.32 eV, while compound 11 exhibited AEst of 0.34
eV. As a result, TADF properties were not detected for 10 and 11, as mentioned
above.

When aiming to study the emitting and hosting properties of compounds 10
and 11, the layers of the guest-host systems 10:mCBP/11:mCBP and
AcDbp:10/AcDbp:11 were used as light-emitting layers in OLEDs with the structure
ITO/HAT-CN[5]/NPB[40 nm}/TCTA[10 nm]/mCBP[10 nm]/ light-emitting layer
[50 nm]/NBPhen[30 nm]/LiF[2 nm]/Al. In devices E-10 and E-11, compounds 10
and 11 were used as the emitters, while in devices H-10 and H-11, they were used
as the hosts (Fig. 2.17a, Table 2.10). The reference device H-mCBP was also
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fabricated for the comparison of the hosting properties of 10 and 11 with those of
the commercial host mCBP. 2,7-bis(9,9-dimethylacridin-10(9H)-
yl)dibenzo[a,c]phenazine (AcDbp) emitter was recently used for the fabrication of
highly efficient OLEDs!*. By briefly introducing AcDbp (Scheme 2.4), it should be
mentioned that this compound additionally to the combination of TADF/TTA
triplet-harvesting properties is characterized by the singlet energy of 2.55 eV and the
triplet energy of 2.35 eV, the ionization potential of 5.5eV, and the electron affinity
of 2.77 eV. It shows good performance in OLED as the emitter (with the maximum
EQE of 19.4%)4. Also, this TADF/TTA emitter AcDbp was used in the reference
device H-mCBP.
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Fig. 2.17. Equilibrium energy diagram (a) and electroluminescence spectra at
constant voltage (b). TREL curves of devices E-10 and E-11 (c) and devices H-10,
H-11 and H-mCBP (d) (Insets show photos of OLEDSs). Device lifetimes (e, f) for

the fabricated devices.
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The multi-layer device structure contained the layers of commercial materials,
such as the hole-injecting layer of HAT-CN, the hole-transporting layers of di(1-
naphthyl)-N,N'-diphenyl (NPB), TCTA and mCBP, the electron-transporting layer
of 2,9-bis(naphthalen-2-yl)-4,7-diphenyl-1,10-phenanthroline (NBPhen), and the
electron-injecting layer of LiF (Fig. 2.17a). Such a device structure ensures the
recombination of charges and the generation of excitons within the light-emitting
layers. Devices E-10 and E-11 were characterized by bluish green and blue EL (Fig.
2.17b) with the CIE color coordinates of (0.174, 0.454) and (0.149, 0.203),
respectively. The EL spectra of devices E-10 and E-11 were very similar to the PL
spectra of the corresponding films of the host-guest mixtures 10:mCBP and
11:mCBP used as the light-emitting layers (Fig. 2.15e).

When compounds 10 and 11 were used as the hosts for the orange emitter
AcDbp, orange EL was observed for devices H-10 and H-11 without any evidence
of the emissions of the hosts in their EL spectra (Fig. 2.17b). The EL spectra of
devices H-10 and H-11 were found to be slightly red-shifted in comparison to the
EL spectra of the reference device H-mCBP (Fig. 2.17b and Table 2.10) and the
previously published EL spectra of AcDbp-based devices!!*. It could be explained
by the strong sensitivity of TADF/TTA emission of the emitter AcDbp to the dipole
moments of the surrounding molecules which are higher for bipolar compounds 10
and 11 than that of mCBP. Since compounds 10 and 11 are characterized by prompt
fluorescence, and by a narrower full width at the half maxima (FWHM), thus purer
emission colors were observed for devices E-10 and E-11 than for TADF OLEDs
H-10, H-11 and H-mCBP (Table 2.10).

Transient electroluminescence (TREL) signals help to prove the considerable
participation of triplet excitons in the electroluminescence of the devices (Fig.
2.17c,d). In contrast to the PL decay curves of emitters 10 and 11 (Fig. 2.15f), the
TREL signals of devices E-10 and E-11 demonstrated hundreds of microseconds
lived emission related to the triplet harvesting abilities of compounds 10 and 11.
Since the intensity of the long-lived EL of device E-11 is stronger than that of
device E-10, emitter 11 is characterized by more efficient triplet harvesting than
emitter 10. When compound AcDbp was used as an emitter, the shapes of the TREL
signals of OLEDs H-10, H-11 and H-mCBP were very similar to the previously
published TREL signals of devices based on a TADF/TTA emitter!'s. Considerably
faster EL kinetics were observed for devices H-10 and H-11 than for H-mCBP. This
observation could be related to the process of the upper level triplet singlet
intersystem crossing of 10 and 11 hosts, which is not observed for the conventional
host mCBP. When taking into account the big differences of the shapes of the TREL
signals of devices E-10/E-11 and AcDbp-based devices (Fig. 2.18c,d), the triplet
harvesting of emitters 10 and 11 is rather attributed to the upper level rISC, but not
to TADF or TTA, as it was in the case of emitter AcDbp!!*. This observation
additionally confirms the above outlined considerations.

When compounds 10 and 11 were being used as the emitters for OLED,
devices with high maximum EQEs of 6% and 7% were fabricated (Table 2.10).
Since the theoretical limit of EQE for prompt fluorescence-based OLEDs is that of
5%, this result additionally confirms the ability of triplet harvesting by compounds
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10 and 11, as it was discussed above. In addition, this observation shows the
considerable participation of triplet excitons in electroluminescence. When
compounds 11 and 11 were being used as the hosts for OLED, the high maximum
EQEs of 20.7% and 13.7% were obtained for devices H-10 and H-11, respectively.
The EQE of H-10 slightly exceeded the EQE of the reference device H-mCBP
which was found to be of 20.2% (Table 2.10). The EQE differences of devices H-10
and H-11 can be explained by the different charge mobilities of hosts 10 and 11
(Fig. 2.14b).

The EL intensities versus applied voltages are plotted in Fig. 2.17e,f. Since the
different initial luminance (marked by the arrows) was selected for the devices, the
direct comparison of device lifetimes is not possible. Therefore, the formula LT(Ly)
= LT(Lo) x (Lo/L1)" was used for the prediction of the device lifetimes (LT80 and
LT50) at 80% and 50% EL intensity, the initial luminance of 100 and 1000 cd/m?,
while assuming the escalation factor n=1.75. The experimental values of the
escalation factor for OLEDs are typically in the range of 1.65-1.95'6'7 (Table
2.10). In this formula, LT(Lo) is the experimental value of LT80 at the EL intensity
of 80% of chosen luminance Lo, LT(L,) is the predicted lifetime at luminance Li. To
get LT50, experimental data was analyzed by using the formula L/LO=axexp™+
bxexp™, where the first-exponential term is related to the rapid initial decay, the
second one is related to the long-term degradation, a, b, a, B are fitting parameters
which are related to the functional materials in use and device processing®,

Table 2.10. Device output parameters.

Motif of EL test Emitting property test | Hosting property test
Device structure ITO/HAT-CN/NPB/TCTA/mCBP/emitting layer/nBPhen/LiF/Al
Device name E-10 E-11 H-10 H-11 H-mCBP
Emitting layer 10:mCBP | 11:mCBP | AcDbp:10 | AcDbp:11 | AcDbp:mCBP
Von (V)
@ 10 cd/m? 4.3 4.4 3.0 45 3.85
EQEmax, EQE100, 6.0,4.7, 7.0,4.7, | 20.7,12.0, | 13.7,6.1,
EQE1000 (%) 4.2 3.9 79 4.7 202,124,53
Peak (nm)
@ 1000 cd/m? 494 468 590 590 576
CIE (x,y) (0.174, (0.149, (0.548, (0.54, (0.5, 0.49)
@ 1000 cd/m? 0.454) 0.203) 0.449) 0.455) e
LT50,* hour
@ 100 cd/m? 3896 648 2063 6481 22336

Von - turn-on voltage * device lifetimes calculated by formula LT(L1) = LT(Lo) x (Lo/L1)" using
experimental data from Fig. 2.18e and 2.18f and assuming n=1.75, where Li is luminescence at 100
cd/m?.

Approximately, five times higher device lifetimes were obtained for OLEDs
E-10 in comparison to those of device E-11 (Fig. 2.17e and Table 2.10). When
compounds 10 and 11 were being used as hosts for the same emitter AcDbp, the
opposite device lifetimes were observed. Device H-11 was characterized by higher
stability in comparison to the stability of device H-10 (Fig. 2.17f). Thus, high triplet
excitons of 11 practically did not affect the device stability. Apparently, the
molecular stability plays the main role in this case. In particular, the fused carbazole
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unit provided higher device stability than flexible triphenylamine moieties. The
reference device (H-mCBP) showed the highest stability with the predicted LT50 of
22,336 hours at the initial luminance of 100 cd/m? (Table 2.10). To summarize, the
device investigations demonstrate the high potential of the developed compounds 10
and 11 as the emitters and hosts with rare triplet-harvesting ability.
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CONCLUSIONS

1. New derivatives of benzanthrone and carbazole exhibiting mechanochromic
luminescence were synthesized and investigated. It has been determined that:

1.1. The change of the emission color from green to orange was observed for
the synthesized derivatives after the application of external stimuli such as grinding,
fuming and melting.

1.2. Mechanochromic luminescence of the derivatives was caused mainly by
the presence of different crystalline polymorphs and amorphous aggregates.

1.3. The compound containing benzanthrone and carbazole moieties showed
self-reversible mechanochromism and the property of self-recovering.

1.4. The carbazolyl-containing compound demonstrated intensive green
emission peaking at 537 nm in the initial state, and weak yellowish green emission
peaking at 557 nm after mechanical treatment which self-recovered back to
intensive green emission with the intensity maximum at 539 nm. These processes
are fully reversible. They include the following set of states: highly emissive state
— damaged weak-emissive state — self-recovering — recovered highly emissive
state.

2. Four compounds with the donor-acceptor and donor-acceptor-donor
structures containing benzanthrone as the acceptor moiety and phenothiazine or
phenoxazine as donor moieties have been designed and synthesized as fully organic
near-infrared thermally activated delayed fluorescence probes of oxygen with long-
lived emission. It has been determined that:

2.1. The maximum intensity of photoluminescence of the solid samples of the
compounds was observed at 700 nm.

2.2. The values of emission lifetimes of the films of the derivatives at room
temperature were found to be of in the range of 2911198 ps.

2.3. The ratio of the intensity of the emission of the film of the molecular
mixture of the phenoxazine-based compound in an inert polymer recorded in air and
the intensity of the emission taken under oxygen was found to be of 15.2.

2.4. The oxygen sensitivity of the film of a phenoxazine-containing material
was estimated by the Stern-Volmer constant and was found to be of 1.6x10* ppm™,
thus demonstrating good reversibility.

3. New derivatives of pyrimidine-5-carbonitrile and differently substituted
carbazoles have been synthesized and used as emitters for the fabrication of
thermally activated delayed fluorescence organic light-emitting diodes and as
sensitive oxygen probes. It has been determined that:

3.1. The obtained compounds demonstrated efficient thermally activated
delayed fluorescence properties.

3.2. Bipolar charge-transporting properties were detected for a carbazole-
based compound with the hole mobility of 1.6x10* cm?V-s and the electron
mobility of 1.37x10° cm?#V-s at the electric field of 7.2x10° V/cm.
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3.3. Aggregation induced emission enhancement was characterized for the
compounds containing carbazole and tert-butyl carbazole moieties allowing to reach
photoluminescence quantum yields up to 50% in the solid state.

3.4. A non-doped sky-blue organic light-emitting diode with external quantum
efficiency of 12.8% has been fabricated by using a compound based on carbazole
and pyrimidine-5-carbonitrile with the best set of charge-transporting and thermally
activated delayed fluorescence properties.

3.5. The oxygen sensing ability of the compounds was investigated; it was
demonstrated that they can be used as active oxygen probes with fast response, high
sensitivity, and good stability. The Stern-Volmer constants were found to be
3.24x10° and 1.49x10° ppm for the solution dispersions of carbazole- and tert-
butyl carbazole-based derivatives in the Zeonex matrix, respectively.

4. Two new compounds with the donor-acceptor-donor structures containing
pyrimidine-5-carbonitrile as the acceptor moiety and 9H-phenylcarbazole and
triphenylamine as the donor moieties have been developed and characterized by the
ability to harvest high-lying triplets. It has been determined that:

4.1. The compounds were characterized as highly emissive emitters with the
absolute photoluminescence quantum yields of their solutions reaching 98%.

4.2. The developed materials showed bipolar charge-transporting properties
with the hole mobility exceeding 10 cm?/Vxs at an electric field of 3.6x10° V/cm,
which makes them suitable for the application in organic light-emitting diodes as the
host materials.

4.3. Triplet-harvesting via the upper level triplet-singlet intersystem crossing
was proven by the different methods including theoretical calculations and time-
resolved electroluminescence spectroscopy.

4.4. A pure blue fluorescent organic light-emitting diode with an EQE of 7%
based on the 9H-phenyl carbazolyl-containing emitter has been fabricated, which
proves the considerable participation of triplet excitons in electroluminescence.

4.5. Excellent charge-transporting properties of the compounds allowed to use
them as highly efficient bipolar hosts for orange-red organic light-emitting diodes.
The device based on one developed host containing a carbazole moiety exhibited the
maximum external quantum efficiency exceeding 20%.
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4. SANTRAUKA
4.1. JVADAS

Elektroaktyviyjy organiniy junginiy evoliucija yra biitina salyga didelio
efektyvumo optoelektroniniy prietaisy kiirimui. Nepaisant dideliy pastangy atrasti
lengvai susintetinamus elektroaktyviuosius junginius, daugumos jy gavimas vis dar
yra sudétingas tiek cheminiu, tiek technologiniu pozitiriu."? Vienas i§ pagrindiniy
keliy siekiant komercializuoti organines elektroaktyvigsias medziagas ir organinés
elektronikos prietaisus yra rentabili vienos pakopos organiniy puslaidininkiy sintezé
ir paprasti jy gryninimo metodai.

Pagrindiné organiniy puslaidininkiy taikymo sritis yra organiniai Sviesa
skleidziantys diodai (OLED)®>!. Pastaruoju metu $viesg skleidZian¢ios medziagos
arba jy matricos kuriamos jungiant elektrony donorinius ir akceptorinius fragmentus
6727128 Naudojant tokius derinius, galima gauti efektyvius spinduolius,
pasizyminéius bipoline elektros kriivininky pernasa. Sio darbo pradzioje
benzantronas ir pirimidin-5-karbonitrilas nebuvo placiai naudojami kaip
akceptoriniai fragmentai kuriant ,,donoro—akceptoriaus® tipo S$viesos emiterius.
,Donoro—akceptoriaus—donoro* struktiiros emiteriai gali pasiZzyméti skirtingais
reiSkiniais, tokiais kaip fosforescencija kambario temperatiiroje (RTP)**®L, triplety
anihiliacija (TTA)%%2, termiskai aktyvinama uzdelstoji fluorescencija (TADF)24154,
Dél siy reiskiniy susidare tripletiniai eksitonai gali buti paverciami Sviesa esant
elektriniam suzadinimui®®34%2 Tai leidzia perZzengti teorines vidinio (IQE) ir
iSorinio (EQE) kvantinio efektyvumo ribas, siekiancias atitinkamai 25 % ir 5 %,
bidingas jprastiems OLED su fluorescenciniais emiteriais®®. I$vardinty reiskiniy
pritaikymas padidina OLED efektyvuma, spalvos grynumg ir veikimo stabiluma.

Pastaruoju metu dedamos didelés pastangos sukurti efektyvius ,,donoro—
akceptoriaus* struktiiros emiterius, kurie pasizyméty TADF, o juos panaudojus buvo
sukurti moderniis OLED, kuriy EQE siekia iki 38 %°°,  Donoro-akceptoriaus*
struktiiros TADF medziagos turi daug potencialo biiti taikomos ne tik OLED, bet ir
optiniy deguonies jutikliy aktyviuosiuose sluoksniuose®®®°. Paprastai tokiems
tikslams naudojami fosforescenciniai sunkiyjy metaly (platinos, paladzio, iridzio ir
t. t.) kompleksai, kurie yra brangiis ir kenksmingi aplinkai'®. Organiniai artimosios
infraraudonosios (NIR) spinduliuotés TADF emiteriai, pasizymintys ilgos trukmés
emisija, taip pat gali biiti naudojami deguonies jutikliams’*-"2,

Sviesg skleidziangios ,,donoro—akceptoriaus* struktiiros medziagos gali keisti
emisijos spalvg, kuri priklauso nuo iSoriniy veiksniy’’. Mechanochrominé
liuminescencija (MCL) yra apibtidinama kaip grjztamas emisijos spalvos pokytis dél
mechaninio poveikio””. MCL medZziagos potencialiai gali biti naudojamos
mechaniniams sensoriams, duomeny kodavimo prietaisams ir atminties lustams’-8L,
MCL daugiausia yra tyrin¢jama, kai poveikis sukuriamas trinant, garinant arba
lydant®8, Tagiau tik nedaugelio medziagy emisija gali atsistatyti be jokio
papildomo poveikio, t. y. pasizyméti savaime atsistatan¢iu mechanochromizmu®-,

Naujy organiniy ,,donoro—akceptoriaus® struktiros S§viesos emiteriy,
pasizymin¢iy konkre¢iomis savybémis, sukiirimas yra vienas i§ pagrindiniy budy
iSspresti. OLED ilgaamziskumo, efektyvumo ir rentabilumo problemg. Siekiant
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sukurti tam tikry savybiy medziagas, butina kruops€iai parinkti donorinius ir
akceptorinius fragmentus. Pasirinkty fragmenty cheminé struktiira ir terminis
stabilumas turi lemiama poveikj organiniy puslaidininkiy pritaikomumui
elektroliuminescenciniuose  prietaisuose. Tikslingai parinkty donoriniy ir
akceptoriniy fragmenty derinys jgalina susintetinti naujus Sviesa skleidziancius
organinius puslaidininkius ir numatyti jy emisijos mechanizmus arba kriivininky
pernaSos savybes. Naujy emiteriy struktiiry projektavimas, sintezé ir savybiy tyrimas
yra pagrindinis buidas padidinti OLED efektyvuma, taip pat atrasti naujas sukurty
organiniy medziagy taikymo sritis.

Sio darbo tikslas — naujy ,,donoro—akceptoriaus® struktiiros dariniy, turinéiy
benzantrono arba pirimidin-5-karbonitrilo fragmentus, sintezé ir savybiy tyrimai
siekiant juos pritaikyti OLED, deguonies jutikliams ir apsaugos zondams.

Siekiant uzsibrézto tikslo, biitina jgyvendinti tokius uZdavinius:

- Susintetinti naujus ,,donoro—akceptoriaus“ ir ,,donoro—akceptoriaus—
donoro* struktiiros benzantrono darinius;

- i8tirti benzantrono dariniy termines, fotofizikines ir fotoelektrines savybes;

- istirti mechanochromines benzantrono ir karbazolo dariniy savybes ir
jvertinti jy pritaikymo saugos zondams potenciala;

- i8tirti sodriai raudona—infraraudonaja emisija pasizyminéiy fentiazino arba
fenoksazino pakaitus turiniy benzantrono dariniy, kaip potencialiy
kandidaty deguonies jutikliams, TADF savybes;

- Susintetinti naujus simetrinés ,,donoro—akceptoriaus—donoro* struktaros
junginius su pirimidin-5-karbonitrilo ir skirtingo pakeitimo karbazolo arba
trifenilamino fragmentais;

- istirti  pirimidin-5-karbonitrilo  dariniy  termines,  fotofizikines,
fotoelektrines ir elektroliuminescencines savybes;

- istirti pirimidin-5-karbonitrilo darinius su skirtingo pakeitimo karbazolo
fragmentais, tokius kaip zydros spalvos TADF OLED emiteriai ir
deguonies jutimo zondai;

- i8tirti trifenilamino arba 9-fenilkarbazolo pakaitus turin¢iy pirimidin-5-
karbonitrilo dariniy gebéjimg spinduliuoti dalyvaujant tripletiniams
eksitonams ir jvertinti jy kaip bipoliniy emiteriy arba matricy pritaikymo
galimybes.

Darbo naujumas:

- Benzantrono ir karbazolo fragmentus turintis darinys pasizymi
atsistatanéiu mechanochromizmu. Sios savybés gali biti pritaikytos
pazeidimams atspariam informacijos perkodavimui ir saugos zondams.

- Susintetintas naujas benzantrono ir fenoksazino NIR TADF emiteris ir
pademonstruotas jo pritaikomumas deguonies jutikliams.

- Sukurti  nauji TADF emiteriai, turintys pirimidin-5-karbonitrilo
akceptorinius ir  tret-butilkarbazolo donorinius  fragmentus;
pademonstruotas jy pritaikomumas efektyviems zydros §viesos OLED ir
deguonies jutikliams.
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- Pirmg karta susintetinti pirimidin-5-karbonitrilo  dariniai, turintys
trifenilamino arba 9-fenilkarbazolo fragmentus, kurie panaudoti kaip
Zydros ir zalios S$viesos emiteriai fluorescenciniuose OLED ir Kaip
matricos efektyviuose oranziniuose—raudonuose TADF OLED, kuriy EQE
virsija 20 %.

4.2. PASKELBTU PUBLIKACIJU APZVALGA

4.2.1. Savaime atsistatania mechanochromine liuminescencija
pasiZymintys benzantrono ir karbazolo dariniai paZeidimams atspariam
informacijos perkodavimui ir saugos zondams

Kuriant MCL reiskiniu pasiZymincias medziagas buvo panaudotas naujas
standzios ploks¢ios struktiros benzantrono fragmentas kaip akceptorius ir
karbazolas bei di-tret-butil-pakeistas jo analogas kaip donorai. Junginiy 1 ir 2
sintezés kelias pavaizduotas 4.1 schemoje. Tiksliniai ,,donoro—akceptoriaus*
struktiros junginiai buvo gauti atliekant Buchwald-Hartwig kryzminio jungimo
reakcija. Junginiy 1 ir 2 cheminé sandara buvo patvirtinta H ir ¥C BMR
spektroskopijos, masiy spektrometrijos ir elementinés analizés metodais.

1

Br
O Pd,(dba)z;, XPhos
O‘O NaOtz-Bu, Toluenas

g 2
R (SO N
5% e

4.1 schema. Junginiy 1 ir 2 sintezés schema

Dariniy 1 ir 2 terminis stabilumas bei morfologiniai virsmai buvo tiriami
atitinkamai termogravimetrinés analizés (TGA) ir diferencinés skenuojamosios
kalorimetrijos (DSC) metodais (4.1a pav.). Tyrimy duomenys apibendrinti
4.1 lenteléje. Junginiui 1 biidinga 93 °C stikléjimo temperatiira (Ts), 0 junginiui 2 —
124 °C. Abiem junginiams buidingos dvi lydymosi temperattros (Tiyd), uzfiksuotos
pirmojo Sildymo skenavimo metu (4.1 lentelé, 2.1apav.). Sitas reiskinys buvo
papildomai tiriamas atliekant skirtingy junginio 1 kristaly DSC skenavimus, siekiant
patvirtinti dviejy skirtingy kristaliniy atmainy buvima. Siy kristaliniy atmainy jtaka
MCL savybéms taip pat buvo istirta.

IStirtos gauty junginiy 1 ir 2 fotofizikinés savybés, tokios kaip absorbcija ir
fotoliuminescencija (PL), kurios pateiktos 4.1 lenteléje ir 4.1b pav. Dvi absorbcijos
juostos ties 295 ir 320-335 nm yra biidingos karbazolo fragmento n-n* Suoliams®*
(4.1b pav.). Abiejy junginiy tolueno tirpalai pasizyméjo Zzalios Sviesos emisija,
tatiau gryny medziagy sluoksniai $vieté geltonai (4.1b pav., 4.1 lentelé). Junginiy 1
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ir 2 tolueno tirpaly fotoliuminescencijos gesimo kreivés, iSsidés¢iusios Nns srityje,
parodé fluorescencing spinduliuotés prigimtj (4.1 lentelé).

4.1 lentelé. Junginiy 1 ir 2 termings ir fotofizikinés savybés

tol/
Jungi- | Ta? Tiyd, Tst®, tol/sﬁztsnis S|U(l1)5ksni5 ), i /_72
nys °C °C °C om ) % " ns sluoksnls’ ns
1 344 259°/276P¢ 93 501/560 34/22 4,30 | 1,32/5,36
2 359 264°/296°¢ 124 530/590 53/22 8,72 | 1,61/6,38

4_ Nustatyta TGA metodu; DSC metodu: b_ pirmasis Sildymo skenavimas,

c

— antrasis Sildymo

skenavimas; Ta— masés 5 % nuostolio temperattira, Tiya— lydymosi temperatira, Tst— stikléjimo
temperatiira; ApL— fotoliuminescencijos spektro maksimumas; @ — fotoliuminescencijos kvantinis
naSumas; 71, 72 — fotoliuminescencijos gyvavimo trukmés.

a

viduje/iSoréje

[ — ]
/ 2 kaitinimas \J
——
T,=124°C 1 kaitinimas \‘ )
c —
/>J 2 kaitinimas V_ 1
T,=93°C VL
1 kaitinimas Y-
T T T T
0 100 200 300

Temperatara (°C)

. — =THF

Absorbcija
—— Toluenas
= =THF

© MeCN

1.0

PL
—— Toluenas [~

.+ MeCN

Absorbcija (s. v.)

Intensyvumas (s. v.)

T
700

600
Bangos ilgis (nm)

T
500

4.1 pav. (a) Junginiy 1 ir 2 DSK kreivés; (b) junginiy 1 ir 2 praskiesty tirpaly
absorbcijos ir PL (deks = 330 nm) spektrai

Susintetinti dariniai 1 ir 2 pasiZzyméjo mechanochrominémis savybémis. Jy
emisijos spalva gali buti keiCiama taikant papildomg poveikj, tokj kaip malimas,
garinimas arba lydymas. Siy tyrimy duomenys apibendrinti 4.2 lenteléje ir 4.2 pav.
Junginio 1 §vieziai paruostas bandinys $vie€ia zaliai (538 nm), o iSlydytas — geltonai
(574 nm). Analogiski junginio 2 bandiniai skleidZzia atitinkamai gelsvai Zalig
(550 nm) ir oranzing $viesa (594 nm) (4.2 lentelé, 4.2(a, b) pav.).

1 3.0
30 L~ — atsigavo b TN
a \ —— kristalas \
— lydyta 25] N
225 \\ —— trinta. > 2
>. \ —— pradiné ) / —— lydyta
) / N ~, 0 veikta tirpiklio
0 207 /- \ B g ' garais
© \\\ £ — trinta
g L~ | \ ™ = — pradiné
S 15] ~ N F / 3
S\ ~J @ ‘
g \ 5 \\
9D 10 \ £ 1.01 ‘\
[ g |
Q o5 \\ 05] / N
\\-. \‘\
0.0 8% 550 600 650
50 55i 60! 65I

Bangos ilgis (nm)

Bangos ilgis (nm)

4.2 pav. Ivairiy buseny normalizuoti PL spektrai (Aeks= 350 nm)
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Karbazolo fragmenta turintis junginys 1 pasizyméjo kambario temperatiiroje
savaime atsistatan¢ia MCL (4.2a pav.). Po sutrynimo bandinys grizta | prading
biiseng be jokio papildomo i3orinio poveikio per 20 min. Sis procesas yra grjztamas
iki 5 sutrynimo / atsistatymo (per 20 min) cikly. Sutrinto junginio 2 bandinio emisija
negrjzo | prading net ir po ménesio.

4.2 lentelé. 1 ir 2 junginiy PL parametrai ir morfologinés savybés.

Bisena 1 2

Parametra p- t- a- I- cr- p- t- ap- I-
APL, NM 538 | 560 | 540 574 546 | 550 | 580 | 548 | 594

DrL, % 15 17 15 9 — 27 31 23 3
71, NS 1,13 [ 2,04 | 201 | 197 | 1,49 | 2,67 | 3,91 | 2,69 | 3,09
72, NS 528 | 693|713 | 660 | 941 | 6,09 | 962 | 6,04 | 897
kristaliSkumas®, | 63,8 | 29,3 | 39,5 0 100 | 66,4 | 42,1 | 498 | 3,3

%

(p-) — pradinés, (t-) — trintos, (a-) — atsigavo, (I-) — lydytos, (k-)— kristalas, (a-) — apdorota tirpalo
garais; ApL — PL maksimumas (Jeks = 350 nm); * — gautas i§ PXRD matavimy

Siekiant patvirtinti skirtingy amorfiniy agregaty susidaryma, buvo istirti 1 ir 2
amorfiniai miSiniai standzioje polimerinéje ,,Zeonex* matricoje (2.3(a, b) pav.).
Didinant medziagy koncentracija ,,Seimininko—svecio® sistemose ,matrica—
medziaga® buvo pastebétas raudonasis PL poslinkis. Tai patvirtina ne tik kietos
biisenos solvatochromizmg, bet ir amorfiniy agregaty susidarymg (pazyméta Al,
4.3(a,b) pav.). Junginio 1 amorfinio agregato A1 PL spektro vir§iné yra ties 555 nm,
0 junginio 2 agregato — ties 568 nm. Po bandiniy terminio apdorojimo 150 °C
temperatiroje Al agregacijos laipsnis sumaZzéjo (raudonasis emisijos poslinkis),
taCiau kartu susidaré kitokio tipo agregatai A2 (4.3(a, b) pav.) su jiems budingu
mélynuoju emisijos poslinkiu. Siy A2 agregaty PL spektry vir$iinés yra ties 521 ir
550 nm (atitinkamai junginio 1 ir 2). Tiek abiejy kristaliniy atmainy (pagal DSC
duomenis), tieck amorfiniy agregaty buvimas nulemia bendra $iy medziagy skirtingy
pavidaly ($viezio, iSlydyto arba uzgarinto bandinio) emisijos spektra (4.2 pav.).

VI
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T T T T T T T
termiskai apdorotas L — A2 termiskai apdorotas ,/AZ

1.04

a P -
1.2 3vieziai paruostas Al 1 Zeonex matricoje b..] $vieZiai paruostas ALN 2 Zeonex matricoje
1049 1.0 -
0.8 0.8
:: 0.6 S 06
L 044 ™~ b 044
[%2]
g 02 é 0.2
3 00 ‘ 3 .
>
2
L
£

Intens

0.8 0.8

0.6+ 0.6

0.4 4

0.44

0.2
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Bangos ilgis (nm) Bangos ilgis (nm)

0.2+

4.3 pav. Junginiy 1 (a) ir 2 (b) kietosios biisenos PL spektrai ,,Zeonex* matricoje
pries (virSuje) ir po terminio apdorojimo (apacioje)
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Junginio 1 savaime atsistatancios savybés turi potencialo biiti pritaikytos
atspariam pazeidimams informacijos Sifravimui arba saugos patikrinimui. Unikalios
junginio 1 savybés taip pat gali biti panaudotos daugiapakopei apsaugoty objekty
kontrolei. Pirmoji pakopa yra emisijos spalvos pasikeitimas i§ rysSkios zalios |
geltong, o antroji — spalvos grjzimas i§ geltonos atgal j zalia.

4.2.2. Fentiazino ir fenoksazino pakaitus turinfio benzantrono,
emituojancio sodriai raudonoje / artimojoje infraraudonojoje srityje, TADF
slopinimo savybés deguonies jutikliams

,Donoro—akceptoriaus“ ir ,,donoro—akceptoriaus—donoro“  struktiiros
junginiams 3-6 gauti buvo panaudotos Buchwald-Hartwig kryZminio jungimo
reakcijos (4.2 schema). Dariniy 3-6 cheminé sandara buvo patvirtinta *H, **C BMR,
IR, masiy spektrometrijos ir elementinés analizés metodais.

Pd,(dba);,
110 °C XPhos

NaOr-Bu, Toluenas

Pd,(dba);,
2(dba);; 110 °C

XPhos

o jodo oo ol

3 <

2 008 g0
%

4.2 schema. Junginiy 3-6 sintezés schema

NaOr¢-Bu, Toluenas

TGA ir DSC kreivés buvo uzraSytos siekiant istirti medziagy 3—-6 termines
savybes. Tyrimai atskleidé salygiSkai didelj terminj stabiluma. D-A struktiiros
junginiams 3 ir 4 budingas maZesnis terminis stabilumas (Tq virsijo 300 °C) lyginant
su ,,donoro—akceptoriaus—donoro* struktiiros junginiais 5 ir 6 (Tq virsijo 400 °C). I3
DSC antrojo Sildymo kreiviy matoma, kad visiems junginiams budinga 100 °C
vir§ijanti Ts (4.3 lentelé).

4.3 lentelé. Terminés ir fotoelektrinés charakteristikos

Junginys led, Tsl**, oC |pUPS’ uskylésl uelektronai‘
°C eV cm?/V-s cm?/V-s
3 286" 111 5,68 9,8x106 1,5x10*
4 — 114 _ 7 7
5 _ 174 _ — -
6 391 170 5,49 7,4x108 1,1x10*

" pirmasis $ildymo skenavimas; " antrasis $ildymo skenavimas; pek¥'és jr pelekionai yertes paimtos
3,6x10° V/cm
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Vakuume uZzgarinty junginiy 3-6 sluoksniy fotoelektrony emisijos spektrai
buvo uzraSyti ultravioletinés fotoelektrony spektroskopijos (UPS) metodu siekiant
nustatyti jy kietosios biisenos jonizacijos potencialg (IPYPS). IPYPS vertes pavyko
nustatyti tik junginiams 3 ir 6, kurios buvo mazesnés uz 6,0 eV (4.3 lentelé).
Junginiy 3 ir 6 kriivio pernasos savybés buvo tiriamos lékio trukmés (TOF) metodu.
Junginiy 4 ir 5 bandiniai nebuvo tinkami TOF matavimams dél jy prastesniy
plévédaros savybiy. Gautiesiems junginiams 3 ir 6 budingos artimos elektrony
judrumo vertés, kurios atitinkamai yra 1,5x10%-1,1x10*cm?/V-s (3,6-10° V/cm
stiprio elektriniame lauke). To paties stiprio elektriniame lauke buvo uzfiksuotas
pastebimai mazesnis skyliy judrumas, kurio vertés yra 7,4x1078 ir 9,8x10° cm%Vs
atitinkamai junginio 3 ir 6 atveju (4.3 lentelé).

Gryny medziagy kiety sluoksniy ir tolueno tirpaly absorbcijos ir PL spektrai,
uzrasyti 300 K temperatiiroje, pateikti 4.4a pav. Tiek tirpalai, tiek grynos medZziagos
emituoja raudonojoje / artimoje infraraudonojoje srityje (4.4apav.). Visy tirty
junginiy PL kvantinés iSeigos (tieck gryny medziagy, tiek tirpaly) yra apie 0,01
(4.4 lentelé). ,,Zeonex™ yra polimeriné matrica, naudojama tirti junginiy
fotofizikinéms savybéms esant susilpnintoms tarpmolekulinéms sgveikoms®’ (autoré
dékoja ,Zeon Europe GmbH“ (Diuseldorfas, Vokietija) uz neatlygintinai
padovanota 1 kg §io polimero moksliniams tyrimams). Junginiy 3-6 kietyjy 1 %
tirpaly ,,Zeonex* matricoje fotofizikinés savybés buvo tiriamos oro ir azoto
aplinkoje (2.5b pav.). Oro aplinkoje nustatytos §iy sistemy PL kvantinés iSeigos yra
0,02, 0,03, 0,03 ir 0,04 atitinkamai junginiy 3-6 atveju (4.4 lentelé).

absorbcijos ir PL spektrai; (b) kietyjy 1 % tirpaly ,,Zeonex* matricoje PL spektrali,
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4.4 pav. (a) Junginiy 3-6 praskiesty tolueno tirpaly (10° M) ir sluoksniy
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Nustatyta ,,donoro—akceptoriaus® tipo junginiy 3 ir 5 TADF gyvavimo trukmé
kambario temepratiiroje yra atitinkamai 788 ir 1198 ps, o junginiy 4 ir 6—
atitinkamai 291 ir 368 us. Kadangi junginys 4 pasizyméjo didziausiu PL
intensyvumo sustipréjimu pasalinus org (4.4b pav.), jis buvo pasirinktas tirti
deguonies jutimo savybéms. Junginio 4 kietojo 1 % tirpalo ,,Zeonex* matricoje,
patalpinto aplinkoje su skirtingu deguonies / azoto santykiu, PL spektrai pateikti
4.5a pav. Vakuume iSmatuoto TADF ir deguonies sraute iSmatuoto momentinés
fluorescencijos intensyvumo santykis buvo 15,2. Si verté yra artima didZiausioms
zinomoms tarp TADF medziagy, naudojamy optiniams TADF deguonies
jutikliams®"7,

4.4 lentelé. Junginiy 3-6 fotofizikinés charakteristikos

Junginys Stokso Stokso @y, > @ sluoksnis p @ sluoksnis  vak
poslinkis®, poslinkis % sluoksnis 1m %: 1m %:
nm sluoksnis pL, % ,,Zeonexs, % ,,Zeonexs, %
3 316 275 1 1 2 8
4 308 273 1 1 3 7
5 193 188 1 1 3 18
6 196 225 1 1 4 17
Stern-Volmer diagrama (4.5b pav.) buvo sudaryta pagal lygti 7o/7—

1 = Kgs[O2]; ¢ia 1o ir r yra TADF gyvavimo trukmés atitinkamai bedeguonéje ir
deguonies turin¢ioje aplinkoje, o Ksy[O2] yra vadinamoji Stern-Volmer konstanta. I$
diagramos galima pastebéti, kad tiesiné priklausomybé galioja esant deguonies
koncentracijai iki 5x10% ppm, 0 Ksy[O2] verté yra 1,610 ppm™. Taip pat buvo
jvertintas jautrumo deguoniui grjZztamumas pasalinus PL slopikilj, t.y. deguonj.
Bandinio PL gesimo kreivés buvo uzraSytos po prapiitimo deguonimi, azotu ir

9100 ppm deguonies srautu 7 min trukmeés ciklais (4.5c pav.).
a . c
10 —— vakuumas b S 4]
~ ot 281 adi R*=093 o | 8 ,azot Ao
> —— 8109 ppm 267 Kg,=1.6%10" ppm® 9 . 3
” 081 —ore 2.4 g 3
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4.5 pav. Junginio 4 kietojo 1 % tirpalo ,,Zeonex‘* matricoje PL spektrai esant
skirtingai deguonies koncentracijai aplinkoje (a), Stern-Volmer diagrama (b) ir
atsakas j deguonies poveikj (c)

4.2.3. Multifunkciniai pirimidin-5-karbonitrilo ir skirtingo pakeitimo
karbazolo dariniai nelegiruotiems Zydros spalvos OLED ir liuminescenciniams
deguonies jutikliams

Simetriniai ,,donoro—akceptoriaus—donoro“ junginiai buvo suprojektuoti
pasirinkus pirimidin-5-karbonitrilo akceptoriy ir skirtingo pakeitimo donorinius
karbazolo fragmentus. Visos $ios medziagos buvo gautos vienos pakopos
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nukleofilinés substitucijos reakcija i§ komerciniy reagenty. Junginiy 7-9 sintezés
kelias pavaizduotas 4.3 schemoje. Junginiy cheminé sandara buvo patvirtinta *H ir
13C BMR spektroskopijos, masiy spektrometrijos ir elementinés analizés metodais.

O O

4.3 schema. Junginiy 7-9 sintezés schema

/:2

Cl

&

TGA ir DSC metodais buvo iStirtos terminés medziagy 7-9 savybés.
Matavimy rezultatai apibendrinti 4.5 lenteléje. Visi junginiai pasizyméjo dideliu
terminiu stabilumu: jy 5 % masés nuostoliy temperattiros vertés (Tq) gerokai vir$ijo
300 °C. Visi junginiai po sintezés buvo isskirti kaip kristalinés medziagos. Junginio
7 antrojo DSC Sildymo metu uzfiksuota 112 °C stikl¢jimo temperatiira. Junginio 8
pakartotinio $ildymo metu nustatyta Tg verté yra 177 °C, o junginys 9 stiklo
nesudaro.

4.5 lentelé. Terminés, elektrochemings ir fotoelektrinés charakteristikos

Junginys | Tg,2°C | T, °C Tiyg, °C
7 338 1124 27309/287°
8 396 177¢ 297°/326°
9 383 - 28104/298°4

— Nustatyta TGA metodu; DSC metodu: b_ pirmasis $ildymo skenavimas, ®— auginimo skenavimas,

d_ antrasis Sildymo skenavimas

Pagal TOF duomenis buvo apskai¢iuotos junginio 7 skyliy bei elektrony ir
junginio 9 elektrony judrumo vertés. Junginio 7 skyliy judrumas siekia 1,6x10°
4 cm?/V-s 7,2x10°V/cm stiprio elektriniame lauke (E). Panasi skyliy judrumo verté
yra bidinga daugeliui kity karbazolo fragmentg turinéiy emiteriy?’. Junginio 7
elektrony judrumas sieké 1,37x10° cm?V-s to paties stiprio elektriniame lauke.

Junginiy 7-9 praskiesty tirpaly ir gryny (kietosios busenos) medziagy
absorbcijos ir PL spektrai pateikti 4.6a pav., o visi fotofizikos duomenys
apibendrinti 4.6 lenteléje. Junginiy 7-9 tirpaly PL spektrams biidinga viena siaura
emisijos juosta Zydros/ Zalios spalvos srityje (4.6a pav.). Fotoliuminescencijos
kvantinés iSeigos (D) yra didesnés gryny medziagy lyginant su tirpalais; tai rodo
junginiams budingg agregacijos indukuoto emisijos sustipréjimo (AIEE) efekta
(4.6 lentelé).
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4.6 pav. (a) Junginiy 7-9, praskiesty toluenu, THF ir MeCN tirpalais (10° M)
absorbcijos ir PL spektrai; (b) junginio 8 10 % kietojo tirpalo mCP sluokshio PL
gesimo kreives jvairiose temperatiirose

Gryny medziagy sluoksniy PL gesimo kreiviy daugiacksponenté
aproksimacija atskleidé PF, kurios gyvavimo trukmé (zer) apie 12 ns, ir DF, kurios
gyvavimo trukmé (zor) yra ps eilés (4.6 lentelé, 4.6b pav.). AEsr vertés buvo
apskaiciuotos i$ junginiy tirpaly fluorescencijos ir fosforescencijos spektry, uzrasyty
skysto azoto temperatiiroje (4.6 lentelé).

4.6 lentelé. Pirimidinkarbonitrilo dariniy fotofizinés charakteristikos

Junginiai / . 8 9
Parametrali
¢ptolueno (%) 2 (6*) 12 (21*) 3
™ (%) 15 12 1
D" (%) 33 (53%) 20 (25%) 2
e’ (ns) 12,9 12,2 114
oF" (us) 2,1 2,3 1
Es1, tHF (€V) 3,17 3,02 2,89
Ety, HrF (6V) 3,03 2,93 2,88
AEst, 1Hr (V) 0,14 0,09 0,01
Es1, mep (V) 2,99 2,93 2,74

#_ gryny medziagy sluoksniy; * — paSalinus deguonj. Pagal empiring formule Epn [eV] = 1239,84/1
[nm] buvo apskaiciuoti Es1 ir Et1 energetiniai lygmenys; ¢ia 4 yra bangos ilgis ties fluorescencijos ir
fosforescencijos spektry pradzia.

AEst sumazgjo junginius 7 ir 8 jterpus j 1,3-bis(9-karbazolil)benzeno (mCP)
matricg (4.6 lentelé). Tokiy kietyjy molekuliniy miSiniy (su mCP) PL spektrai ir
gesimo kreivés buvo registruojamos esant skirtingai temperattrai. Junginio 8 PL
gesimo kreivés pateiktos 4.6b pav. I$ jy akivaizdu, kad fosforescencijos dedamoji
buvo nuslopinta keliant temperattirg dél staigiai stipréjancios sagveikos su deguonimi.
Tuo pat metu Siluminé DF aktyvacija nulémé¢ esminj TADF intensyvumo
padidéjimg temperatiiroje, didesnéje nei 180 K (4.6b pav.).
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4.7 pav. PL intensyvumo ir spektry vir§iiniy bangos ilgio priklausomybé nuo
vandens dalies junginiy 7 (a) ir 8 (b) dispersijose THF / vandens miSiniuose

AIEE efekto tyrimams buvo pagamintos junginiy 7 ir 8 dispersijos
THF / vandens miSiniuose. PL intensyvumo priklausomybé nuo vandens dalies
Siuose misiniuose pavaizduota 4.7(a, b) pav. Esant mazai daliai (fs) vandens, abiejy
junginiy dispersijos $viecia silpnai. Esant didelei fy, abu junginiai skleidzia mélyng
Sviesg, kurios bangos ilgis ties didziausiu intensyvumu yra apie 480 nm, kadangi
Sios molekulés, bidamos netirpios vandenyje, sudaro agregatus.

Dél AIEE savybiy ir dideliy kietosios busenos @ junginiai 7 ir 8 buvo
pasirinkti optinio jautrumo deguoniui tyrimams. Bandiniai buvo patalpinti inertinéje
azoto aplinkoje. Didinant deguonies koncentracija, PL intensyvumas atitinkamai
mazéjo. Stern-Volmer sgsaja tarp lo/l —1 ir deguonies srauto (4.8 pav.) atskleidé
jautrumg deguoniui pla¢iose deguonies srauto ribose esant skirtingam deguonies
parcialiniam slégiui®.
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4.8 pav. Junginiy 8 ir 9 kietyjy 10 % molekuliniy miSiniy ,,Zeonex* matricoje Stern-
Volmer diagramos (a) ir atsakas j deguonies poveikj (b, C)

Apskaiciuotos junginiy 7 ir 8 molekuliniy mi$iniy ,,Zeonex* matricoje Ksy
vertés yra atitinkamai 3,24-10° ir 1,49-10° ppm™. Tokios vertés yra panaSios j
TADF deguonies zondy®. Susintetinti junginiai turi daug potencialo biti pritaikyti
optiniuose deguonies jutikliuose, kadangi atitinka buitinus reikalavimus: a) greitas
atsakas | deguonies koncentracijos pokycius, kuris pasireiskia atitinkamu ir stabiliu
PL pokyciu per pakankamai ilgg laika; b) tvarus jautrumas deguoniui; c) gera kiety
sluoksniy ,,Zeonex“ matricoje kokybé; d) tinkamas terminis stabilumas ir
fotofizikinés savybés (aptartos pries tai)'oL,
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4.7 lentelé. Elektroliuminescenciniy parametry santrauka

Prietaisas | EML ngxl’n}fa 7, CAIA 7o, IM/W ﬁ'rf; EQE, % CIE 1931
N1 7 131 324175 | 188(9.2) | 494 | 128(6,9) | (0,20,0,36)
D1 7:mCP 231 33,3(17,6) | 20,2(9,1) | 489 14 (7,4) | (0,18,0,33)
N2 8 13,2 12,3 (9,9) 46 (3,6) 490 | 51(41) | (0,19,0,35)
D2 8:mCP 14,8 33,7(194) | 18(8,7) 490 | 13,7(7,9) | (0,18,0,35)
N3 9 93 40 (3,4) 2,1(1,6) 524 1,4(1,2) | (0,30,0,49)
D3 9:mCP 137 3,8(0,6) 1,2 (0,3) 500 1,4(0,2) | (0,21,0,43)

Lmax — maksimalus skaistis; #c ir 7p— maksimalus srovés ir galios efektyvumas; AeL — EL spektro
maksimumo bangos ilgis ties 8V; EQE — maksimalus iSorinis kvantinis efektyvumas; CIE 1931 —
spalvotumo koordinatés. Skliaustuose pateiktos efektyvumo vertés esant 100 cd/m? ryskiui.

Ivertinus susintetinty junginiy TADF ir AIEE potencialg, jie gali buti
panaudoti kaip Sviesos emiteriai nelegiruotuose prietaisuose. Siekiant jvertinti gryny
junginiy 7-9 $viesos emisijos sluoksnius, buvo pagaminta serija OLED (prietaisai
N1-N3), kuriy sandara yra tokia: ITO /HAT-CN (10 nm)/TCTA (30 nm) / mCP
(7 nm) / §viesos emisijos sluoksnis (25 nm)/ TSPO1 (3 nm) / TPBi (30 nm) / LiF
(0,4 nm) /Al Svarbiausi OLED elektroliuminescenciniai parametrai pateikti
4.7 lenteléje. Sie OLED taip pat buvo modifikuoti jterpiant ,,matricos—emiterio®
sistemg vietoj gryno emiterio sluoksnio: buvo pagaminta D1-D3 prietaisy serija,
kuriy Sviesos emisijos sluoksnius sudar¢ junginiy 7-9 10 % mCP matricoje miSiniai.

OLED su $viesos emisijos sluoksniaiS i$ junginiy 7 ir 8 pasizyméjo artima
zydrai elektroliuminescencija, o $tai junginys 9 yra visiSkai zalias emiteris
(4.7 lentelé). N1 prietaiso EQE sieké 12,8 %, kuris yra beveik toks pat kaip ir
atitinkamo legiruoto prietaiso D1. Daug mazesniu EQE (5,1 %) pasizyméjo
nelegiruotas prietaisas N2 su junginiu 8 (4.7 lentelé).

4.2.4. Trifenilamino arba 9-fenilkarbazolo pakaitus turintys pirimidin-5-
karbonitrilo dariniai: bipoliniai emiteriai ir matricos, Sviesos emisijai
pritaikancios tripletines biisenas

Tiksliniai junginiai buvo gauti Suzuki-Miyauros kryZminio jungimo
reakcijomis, kaip pavaizduota 4.4 schemoje. Junginiy cheminé sandara buvo
patvirtinta *H ir 3C BMR analize, masiq spektrometrij a ir elementine analize.

Q ~ on
N—< >—B’ II
@ on @ O
\/N
h Pd(PPhy),, K,CO; aq.
c1 Toluenas, 80 °C

=
= :Om ?b i

AcDbp

4.4 schema. Junginiy 10 ir 11 smtezes schema ir emiterio AcCDbp cheminé
strukttira
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Terminés junginiy 10 ir 11 savybés buvo istirtos atlickant TGA ir DSC
matavimus. Abu junginiai pasizyméjo dideliu terminiu stabilumu. Jy 5 % masés
nuostoliy temperatiros (Tq) vertés yra atitinkamai 375 °C ir 423 °C (4.8 lentelé).
DSC antrojo Sildymo metu buvo uzfiksuotas $iy junginiy gebéjimas sudaryti stiklus.

4.8 lentelé. Terminés ir fotoelektrinés savybés

. Ta, | Ts, Tiyd, IPYPS, | Eopt, |[EAYPS, s * e, *
Junginys °C °C °C eV eV eV | cm?/Vxs | cm?/Vxs
10 375 | 102¢ 2432b 5,61 2,75 | 2,86 | 7,3x10% | 4,4x10*
11 423 | 135°¢ | 305%/270°| 5,98 2,94 | 292 | 2,1x10% | 0,4x10*

a— pirmasis Sildymo, b— antrasis Sildymo, IPups— jonizacijos potencialas, gautas i§ elektrony
fotoemisijos metodu; EAups— giminingumas elektronui, nustatytas ultravioletinés fotoelektrony
emisijos metodu; Eopt — Optinis tarpas; sk ir Je — skyliy ir elektrony judris; * — ties 3,6x10° V/cm.,

Junginiy 10 ir 11 pernasos lygmenys, taigi kiety sluoksniy IPY?S ir EAYPS buvo
tiriami  ultravioletinés fotoelektrony emisijos (UPS) ore ir absorbcinés
spektroskopijos deriniu  (4.9a pav.). Giminingumo elektronui vertés buvo
apskai¢iuotos pagal formulg EAups = IPUPS — Eqp; Cia Eopt Yra optinis tarpas, paimtas
i§ absorbcijos spektro. Mazesne IPU™S verte (5,61 eV) pasizyméjo junginys 10
lyginant su junginiu 11, kuriam biidingas 5,98 eV IPY"S dydis (4.9a pav.,
4.8 lentel¢). Kriivininky judrumo priklausomybé nuo elektros lauko stiprio
pavaizduota 4.9b pav. Junginiui su trifenilamino fragmentais (10) budingas didesnis
tiek skyliy, tiek elektrony judrumas tame paciame elektros lauke lyginant su
junginiu, turinéiu karbazolo pakaitus (11) (4.8 lentelé). Jie abu turi daug potencialo
buti pritaikyti OLED bent jau kaip emiteriy matricos.

a b
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Fotonu energija (eV)

E]JZ (Vl/Zlcml/Z)
4.9 pav. Elektrony dreifinio judrumo priklausomybés nuo elektros lauko stiprio

Junginiy 10 ir 11 tolueno tirpalai pasizyméjo mélyna emisija (4.9 lentelé), o
gryny junginiy sluoksniams yra biidinga Zalia emisija, kurios spektro virSiiné yra ties
506 nm. Susintetinty junginiy tolueno tirpaly fluorescencija yra labai efektyvi
(4.9 lentele).

Junginiy 10 ir 11 tolueno tirpaly PL gesimo kreivés iSsidésciusios ns srityje —
tai rodo, kad jy emisija yra momentinés fluorescencijos prigimties be jokiy
uzdelstosios fluorescencijos pozymiy, pvz.,, TADF arba TTA (4.10a pav.,
4.9 lentelé).

Toks pastebéjimas yra netikétas jvertinus 10 ir 11 tolueno tirpaly PL
intensyvumo tyrimy skirtingomis sglygomis (oro arba deguonies prisotinty ir
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degazuoty tirpaly) rezultatus (4.10b pav.). Abiejy junginiy tolueno tirpaly PL
intensyvumas po degazavimo $iek tiek padidéjo, taciau po prisotinimo deguonimi jy
PL intensyvumas zymiai sumazgjo. Tai patvirtina, kad tripletiniai eksitonai
dalyvauja abiejy dariniy 10 ir 11 $viesos emisijos procese. Yra Zinoma, kad
tripletiniai eksitonai yra labai jautriis deguoniui.!’®''! Junginiy 10 ir 11 tolueno
tirpaly PL gesimo kreivés buvo uzraSytos esant skirtingoms saglygoms (4.10a pav.).

4.9 lentelé. Junginiy 10 ir 11 tolueno tirpaly, gryny medziagy sluoksniy ir
kietyjy 20 % tirpaly matricoje fotofizikiniai parametrai

Junginys JpL, NM D, % /2, NS Reli/Rel2, % x2
100! 486 90+ 3,75 100 1,084
110 458 98+* 5,17 100 1,027

10 sluoksnis 506 45 2,86/8,49 62,64/37,56 1,222

17 sluoksnis 508 30 3,88/9,63 37,65/62,35 1,228

10 mCBP 506 21 2,02/4,87 67,36/32,64 1,224

11 mCBP 476 18 2,44/7,04 49,71/50,29 1,218

JpL — fotoliuminescencijos spektro maksimumas; @pL— fotoliuminescencijos kvantinis naSumas, * —
degazuotos salygos; t1/r2 — PL gyvavimo trukmés; Reli/Relz — jna$o santykis 1/z2

Junginiy uzSaldyty THF tirpaly PL ir fosforescencijos (PH) spektrai buvo
uzraSyti 77 K temperatiiroje. Pagal PL ir PH spektry virStniy (didZiausio
spinduliuotés intensyvumo) bangos ilgj buvo jvertintos junginiy 10 ir 11 pirmyjy
singletiniy (Sy) ir tripletiniy (T1) energijos lygmeny vertés. Junginiui 10 budinga
maza 2,31 eV tripletiné energija, o $tai junginio 11 tripletiné energija yra Zymiai
didesné — 2,54 eV. Junginio 10 apskaiciuota AEsr yra 0,32 eV, o junginio 11—
0,34 eV. Sie rezultatai rodo, kad junginiams 10 ir 11 néra badingas TADF reiskinys,
kaip jau buvo minéta ankséiau.
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4.10 pav. Junginiy 10 ir 11 tolueno tirpaly PL gesimo kreivés (a) ir PL spektrai (b)
esant skirtingoms salygoms

== T
400 450

Teoriniai tyrimai taip pat parodé didelius skirtumus (AEst) tarp junginiy 10 ir
11 singletinés (Sy) ir tripletinés (Ti) energijos lygmeny, kurie yra atitinkamai
0,52 eV ir 0,26 eV (4.11 pav.). Tai apsunkina tripletiniy eksitony peréjima i§ T1 j S1
lygmen; atvirkstinés interkombinacinés konversijos (rISC) keliu, kuris yra budingas
TADF medziagoms. Taciau labai mazas AEst tarp didelés energijos lygmeny
(junginio 10 AEsitz= 0,02 CV, AEsots = 0,02 eV ir junginio 11 AEssts = 0,05 eV,
AEsst4 = 0,02 V) suponuoja, kad rISC tarp didesnés energijos tripletiniy ir
singletiniy polygmeniy gali konkuruoti su vidinés konversijos (IC) procesu tarp
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suzadintyjy tripletiniy lygmeny (junginio 10 AEr.13=0,34€V ir junginio 11
AEtr3=0,29 V) (4.11 pav.). Esant tokiems rISC keliams junginiuose 10 ir 11
susidaro vadinamieji ,,karstieji eksitonai. Teoriskai medziagose, kuriose susidaro
»karStieji“ eksitonai, galima pasiekti 100 % eksitony utilizacijg taip padidinant
OLED efektyvumg!®?,

10 25% 75% 11 25% 75%
55 33T eV w—
—— Ts 200w
fAsc - Ti 316 eV
S4a08 0V d Seamev |
SS 305 eV : —_— T(i.d! eV
s | H Tiz00ev
rAsc 2207 eV H c '
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Sz288ev e T B
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4.11 pav. Junginiy 10 ir 11 singletiniy ir tripletiniy suzadintyjy biiseny, apskaiéiuoty
TD-B3LYP 6-31G(d,p) metodu, energijos diagrama

Siekiant istirti junginiy 10 ir 11 $viesos emisijos ir energijos perdavimo geba,
buvo pagaminti OLED su $viesos emisiniais sluoksniais i§ 10 arba 11 emiteriy
mCBP matricoje ir AcDbp emiterio 10 arba 11 matricoje. Daugiasluoksniy OLED
sandara parinkta tokia: ITO/HAT-
CNI[5]/NPB[40 nm]/TCTA[10 nm]/mCBP[10 nm]/ S§viesos emisinis sluoksnis
[50 nm]/NBPhen[30 nm]/Liq[2 nm]/Al. Prietaisuose E-10 ir E-11 atitinkamai
junginiai 10 ir 11 buvo panaudoti kaip $viesos emiteriai, o S$tai prietaisuose H-10 ir
H-11 - kaip matricos (4.10 lentelé). Palyginamasis prietaisas H-mCBP buvo
pagamintas siekiant palyginti 10 ir 11 matricy efektyvumg su komercine mCBP. 2,7-
bis(9,9-dimetilakridin-10(9H)-il)dibenz[a,c]fenazino (AcDbp) emiteris neseniai
buvo panaudotas gaminant labai efektyvius OLED!* (4.4 schema).

Junginius 10 ir 11 panaudojus kaip OLED emiterius, buvo pasiekti dideli, 6 ir
7 % siekiantys, EQE (4.10 lentelé¢). Kadangi momentine fluorescencija paremty
OLED teoriné EQE riba yra 5 %, rezultatai patvirtina, kad junginiy 10 ir 11
elektroliuminescencijoje dalyvauja ir tripletiniai eksitonai. Junginius 10 ir 11
panaudojus kaip OLED matricas, buvo pasiekti dideli EQE — atitinkamai 20,7 ir
13,7 % prietaisuose H-10 ir H-11. Prietaiso H-10 efektyvumas Siek tiek virsijo
palyginamojo prietaiso H-mCBP efektyvumag, kuris sieké 20,2 % (4.10 lentelé).
Skirtumus tarp prietaisy H-10 ir H-11 efektyvumo galima paaiskinti skirtingu kriivio
judrumu 10 ir 11 matricose (4.12b pav.).
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Prietaisy E-10 veikimo trukmé buvo apytiksliai penkiskart ilgesné negu E-11
(4.10 lentel¢). Junginius 10 ir 11 naudojant kaip matricas AcDbp emiteriui, prietaisy
veikimo trukmé buvo prieSinga: prietaisas H-11 pasizyméjo didesniu veikimo
stabilumu lyginant su H-10 (4.10 lentel¢). Apibendrinant prietaisy veikimo tyrima
galima pasakyti, kad sukurti junginiai 10 ir 11 turi dideli potencialg kaip Sviesos
emiteriai ir energijos perdavimo matricos, kadangi pasizymi reta tripletiniy eksitony
iSnaudojimo geba.

4.10 lentelé. OLED elektroliuminescenciniai parametrai

Bandymo pobiidis EmiStiiCr)iSrs;l;’ybil} Matricos savybiy tyrimas
Prietaiso sandara ITO/HAT-CN/NPB/TCTA/mCBP/emisinis sluoksnis/nBPhen/LiF/Al
Prietaiso E-10 E-11 H-10 H-11 H-mCBP
pavadinimas
Sviesos emisijos | 14.008p | 11:mCBP | AcDbp:10 | AcDbp:ll | AcDbp:mCBP
sluoksnis
Von (V)
@ 10 cd/m? 4,3 4.4 3,0 4,5 3,85
EQEmax, EQE100, 6,0, 4,7, 7,0,4,7, 20,7,12,0, | 13,7,6,1,
EQE 1000 (%) 4,2 3,9 7,9 4,7 202,124,53
EL spektro vir§tiné
(nm) @ 1000 cd/m? 494 468 590 590 576
CIE (x,y) (0,174, (0,149, (0,546, (0,54, (0,5, 0,49)
@ 1000 cd/m? 0,454) 0,203) 0,449) 0,455) e
LT50,* val.
@ 100 cd/m? 3896 648 2063 6481 22336

Von. — atitinkamai jsijungimo jtampa; * — prietaisy gyvavimo trukmé, apskaifiuota pagal formule
LT(L1) = LT(Lo) % (Lo/L1)", darant prielaida, kad n = 1,75; ¢ia L1 — liuminescencija esant 100 cd/m?
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4.3. ISVADOS

1. Susintetinti ir iStirti nauji mechanochromine liuminescencija pasiZymintys
benzantrono ir karbazolo dariniai. Nustatyta, kad:

1.1. Susintetintiems junginiams yra biidingas iSorinio mechaninio poveikio
(malimo, garinimo, lydymo) sukeltas emisijos spalvos pasikeitimas i§ geltonos i}
oranzing.

1.2. Dariniy mechanochroming liuminescencijg i§ esmés nulemia dviejy
kristaliniy atmainy ir amorfiniy agregaty susidarymas.

1.3. Junginys, sudarytas i§ benzantrono ir karbazolo fragmenty, pasizymi
savaime griZtamu mechanochromizmu ir savaiminio atsistatymo savybémis.

1.4. Karbazolo fragmentg turintis junginys pasiZymi intensyvia zalios $viesos
emisija (537 nm) pradinéje biisenoje ir silpna gelsvai Zalia emisija (557 nm) po
mechaninio poveikio, kuri savaime atsistato atgal ] intensyvia zalig emisija
(539 nm). Sie procesai yra visiskai grjztami. Jie apima tokias pakopas: intensyvios
emisijos — pazeistos  silpnos  emisijos — atsistatymo — atgautos intensyvios
emisijos.

2. Suprojektuoti ir susintetinti keturi ,,donoro—akceptoriaus® ir ,,donoro—
akceptoriaus—donoro* struktiiros junginiai su benzantrono akceptoriumi ir fentiazino
arba fenoksazino donoriniais pakaitais, kurie yra organiniai TADF deguonies
zondai, pasiZymintys ilgai gyvuojancia emisija. Nustatyta, kad:

2.1. Kietosios busenos junginiy fotoliuminescencijos intensyvumo
maksimumas yra ties 700 nm.

2.2. Dariniy kietyjy sluoksniy emisijos gyvavimo trukmé kambario
temperattroje iSsidésto 291-1198 ps ribose.

2.3. Fenoksazino darinio molekulinio misinio su inertiniu polimeru sluoksnio
emisijos intensyvumo ore ir deguonyje santykis yra 15,2.

2.4. Fenoksazino darinio sluoksnio jautrumas deguoniui, pasizymintis geru
griztamumu, jvertintas Stern-Volmer konstanta, kurios nustatyta verté yra

1,6 x 10 ppmL.

3. Susintetinti nauji pirimidin-5-karbonitrilo ir skirtingo pakeitimo karbazolo
dariniai, kurie panaudoti kaip TADF OLED emiteriai ir jautris deguonies zondai.
Nustatyta, kad:

3.1. Gautieji junginiai pasizymi efektyviomis TADF savybémis, jy atvirkstinés
interkombinacinés konversijos greitis vir§ija 10° s,

3.2. Karbazolo pakaita turintis junginys pasizymi bipoline kriivininky pernasa:
jam budingas 1,6 x 10*cm%V's skyliy ir 1,37 x 10°cm?V-s elektrony judris
7,2 x 10°V/cm stiprio elektriniame lauke.

3.3. Karbazolo ir tret-butilkarbazolo fragmentus turintiems junginiams
budingas agregacijos sukeltas emisijos sustipréjimas: jy fotoliuminescencijos
kvantiné iSeiga kietoje biisenoje siekia iki 50 %.
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3.4. Panaudojus karbazolo ir pirimidin-5-karbonitrilo darinj, pasizymintj
geriausiu kriivio pernasos ir TADF savybiy deriniu, suformuotas nelegiruotas zydros
Sviesos OLED, kurio iSorinis kvantinis efektyvumas sieke 12,8 %.

3.5. I8tirtas junginiy jautrumas deguoniui; jie gali biiti naudojami kaip aktyviis
deguonies zondai, pasizymintys greitu atsaku, dideliu jautrumu ir stabilumu.

4. Sukurti du nauji ,,donoro—akceptoriaus—donoro* tipo struktiros junginiai,
sudaryti 1§ pirimidin-5-karbonitrilo akceptoriaus ir trifenilamino arba 9-
fenilkarbazolo donory ir galintys Sviesos emisijai iSnaudoti didesnés energijos
tripletinius polygmenius. Nustatyta, kad:

4.1. Junginiai yra intensyviai spinduliuojantys emiteriai, o jy tirpaly
absoliucioji fotoliuminescencijos kvantiné iseiga siekia 98 %.

4.2. Sukurtos medziagos pasizymi bipolinémis kriivio pernasos savybémis, o
skyliy judris jose virsija 102 cm?/V x s 3,6 x 10° V/cm stiprio elektriniame lauke.
Tokios medziagos gali buti efektyvios OLED emiteriy matricos.

4.3. Tripletiniy buseny dalyvavimas Sviesos emisijoje interkombinacinés
konversijos keliu patvirtintas skirtingais metodais, jskaitant teorinius skai¢iavimus ir
laiko skyros elektroliuminescencing spektroskopija.

4.4. Grynos melynos spalvos fluorescencinis OLED, kurio EQE siekia 7 %,
suformuotas panaudojus 9-fenilkarbazolo fragmentg turintj emiterj. Tai jrodo
tripletiniy eksitony dalyvavima elektroliuminescencijoje.

4.5. Dél puikiy kruvininky pernaSos savybiy Sie junginiai gali biiti labai
efektyvios bipolinés oranziniy—raudony OLED matricos. Prietaiso su karbazolo
fragmenta turin¢iu dariniu didziausias iSorinis kvantinis efektyvumas virsijo 20 %.
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ABSTRACT

Keywords:

Self-recovering

Self-reversible mechanochromism
Benzanthrone

Carbazole

Information encryption

Security check

Discovery of organic luminophores with unique properties typically leads to new applications of such emitters in
the field of organic optoelectronics. The example is demonstrated in this study. One of the newly synthesized
mechanochromic derivatives of b i and carbazole d ability of self-regulation of its solid-
state structure and related light-emitting properties. This compound shows intensive green emission peaking
at 537 nm in the initial state, weak yellowish green emission peaking at 557 nm after mechanical treatment
which selfrecovers back to intensive green emission with the intensity maximum at 539 nm. The processes are
completely reversible. They include the following set of states: highly emissive state — damaged weak-emissive
state — selfrecovering — recovered highly emissive state. The developed compound is a very rare example of
materials which can be used for security probes or data/code writing with recovering ability after mechanical
damage. Variety of experimental studies including spectroscopy of thermally annealed samples and single crystal
and powder diffraction X-ray analysis revealed the ability of the developed derivatives of benzanthrone and
carbazole to form different polymorphs and in solid-stat ible for their multicolour mecha-

nochromic emission.

1. Introduction

Smart materials demonstrating colour-changing ability are divided
into the different groups in accordance to the type of external stimulus.
According to the general classification, a change of colour can be caused
by the different ph such as mechanoc thermochrom-
ism, electroch i photoch etc [1]. A great
attention is paid to organic mechanochromic luminescent (MCL) mate-
rials that exhibit reversible colour or emission changing under external
mechanical force [2]. MCL materials depending on their emission
properties and chemical structures can exhibit mechanically-induced
fluorescence, phosphorescence or room temperature phosphorescence
[3]. Molecular conformations, different types of architecture of molec-
ular packing and intermolecular interactions have an impact on MCL of
organic compounds and as a result, blue- or red-shift of luminescence is
observed [4]. Due to high stimuli response, reversibility and switching
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emission, MCL materials have potential applications in mechanosensors
[5-71, optical recording [2,9] and memory chips [10].

Currently, a number of MCL materials demonstrating aggregation
induced emission (AIE) were reported [2,11,12]. The presence of
different molecular packings of crystalline forms (polymorphism) can
also induce the mechanochromic properties [13-16]. It was recenty
reported that almost identical polymorphic crystalline structures of the
material demonstrated high-contrast emission due to the small differ-
ence in intermolecular interactions and the significant influence on
intramolecular charge transfer (ICT) [17]. Although many MCL mate-
rials demonstrating polymorphism, AIE and another phenomena were
reported, only few of them can recover after grinding to the initial state
without any additional stimulus and demonswrate self-reversible
mechanochromism [14,15-26]. Huge number of donor-acceptor (D-A)
materials exhibiting MCL were reported but small number of them
demonstrating self-recovering light-emitting properties were introduced
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[14,20,21,25,27-29].

Herein, we report on two new derivatives of benzanthrone (benzo
[de]anthracen-7-one, BZA) and carbazole or di-tert butyl carbazole as
MCL materials. The rigid electron-accepting and electron-donating
moieties with relatively high molecular weights were selected and
tlexibly linked. As it was expected exploiting such approach, both
compounds showed mechanochromic properties. Carbazolyl-containing
pound showed self- mechanochromism. In order to un-
derstand mechanochromic nature of the obtained materials the re-
lationships between their structure and photophysical propertes,
aggregation phenomena, polymorphism and self-recovering effect were
studied. In most cases, the shift of emission under external stimuli of
MCL material with D-A structure is explained by the change of dihedral
angles between donor and acceptor units when the structure of a com-
pound is changed from crystalline to amorphous [3,30,31]. In contrast
to many other studies that mainly show effect of crystallization of
organic materials on self-reversible mechanochromism [20-26], we
demonstrate that mechanochromic luminescence of organic semi-
conductor is caused by combination of both polymorphs and amorphous
aggregates. The unique potential applications of self-recovering
mechanochromic 1 ence of the developed compound such as
damage-resistive information recording and security probes are also
demonstrated. Despite of well-known donor-acceptor structure of the
synthesized compounds, BZA, to our knowledge, was used only once in
the design of organic emitters [32].

c

2. Results and discussions
2.1. Synthesis

Buchwald-Hartwig cross coupling reactions were performed to
obrain 3-(9H-carbazol-9-y1)-7H-benzo [de]anthracen-7-one (BZACz) and
3-(3,6-di-tert-butyl-9H-carbazol-9-yl)-7 H-benzo[ de]anthracen-7-one
(BZAtCz). The synthetic pathway for the target compounds is presented
in Scheme 1. 'H and '3C NMR spectroscopies, mass spectrometry and
elemental analysis were done for the identification of the chemical
structures of compounds (SI).

2.2. Thermal, photoelectrical and photophysical properties

Compounds BZACz and BZAtCz demonstrated a high thermal sta-
bility that was confirmed by thermogravimetric analysis (TGA) (Fig. la,
Table 1). The value of the temperature of 5% weight loss (Ty) of 359 °C
observed for compound BZAtCz was slightly higher than that of BZACz
(344 °C). The complete weigh loss shows that during TGA experiments
the compounds experienced sublimation.

Br
O Pd,(dba);, XPhos|
O‘O NaOr-Bu, Toluenc|

o
3 110°C
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Differential scanning calorimetry (DSC) measurements were per-
formed for investigation of the morphological transitions of the com-
pounds. The temperatures of glass transition (T;) were detected in the
second heating scan for both the compounds (Fig. 1b, Table 1). Their
values were found to be of 93 °C and 124 °C for BZACz and BZAtCz,
respectively. In the first heating scan both the derivatives showed two
melting signals. This observation can be explained by the presence of
two different polymorphs in the samples of the compounds. However, in
the repeated heating scan after crystallization only one type of crystal
was obtained and single melting signals were observed for BZACz and
BZAICz [33]. The possible effects of existence of polymorphs of BZACz
and BZAtCz on their MCL properties will be discussed below in more
details.

We performed the additional DSC measurements for BZACz.
Notably, the DSC scan was performed for few crystals of BZACz
(Fig. 51). In addition, such type of crystals (the first type of polymorph)
was also used for recording of PL spectrum and PL decay curve (Fig. 2)as
well as for recording of single crystal X-ray structure (Fig. 3a). The sizes
of the crystals were big enough. Unfortunately, the sizes of another type
of crystals (the second type of polymorph) was too small for the
recording of DSC curves, PL spectrum, PL decay curve and for single
crystal X-ray analysis of the separate crystal(s). Nevertheless, the for-
mation of the second type of polymorph is evident due to the PXRD
patterns and emission behaviour of as-prepared powder of BZACz
(initial stage). This observation is described below in more details. DSC
measurements for as-prepared powder of BZACz also demonstrated
melting signal that was identified as formation of the second type of
polymorph (Fig. 1b). However, the melting signals observed for the
second type of polymorph of BZACz were not so clear as that observed
for BZArCz. This observation apparently can be explained by the small
size of the second type of polymorph which leads to simultaneous
recrystallization of the second type of polymorph to the first type of
polymorph (Fig. 1b). In the case of the first type of polymorph of BZACz,
DSC curve demonstrated one melting signal at 278 °C (Fig. S1).

Ionization potentials (APUP) of the layers of compounds were

gated by ultraviolet phy tron spectroscopy (UPS) (Fig. 1c).
For BZACz and BZAICz the values of IPU® were found to be of 6.04 and
5.85 eV, respectively. Electron affinities (EAU?S) were estimated by the
formula EAUPS lPUPs-E‘,w where ot is the optical gap taken from the
absorption spectra. The values of EA 7 of 3.42 and 3.36 eV were esti-
mated for BZACz and BZA(Cz, respectively The lower 1PY%S and EAVPS
values obtained for compound BZAtCz can be attributed to the stronger
electron-donating property of di-tert butyl carbazole moiety relative to
that of carbazole unit.

The photophysical properties of compounds BZACz and BZArCz
were investigated and the results are demonstrated in Fig. 1d-f, 52 and

BZACz

BZAICz,

Scheme 1. Synthesis of BZACz and BZAtCz.
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dilute 105 M toluene, THF and MeCN solutions of BZACz and BZAtCz (b, =
toluene solutions.

330 nm). Lippert-Mataga plots (e) for BZACz and BZAtCz. PL decays curves (f) of

Table 1
Thermal, photoelectrical and photophysical ch of the compound
Compounds Ta %2 TG Ty5% Ts59% 1PV, ev EAYE, v gy YRR @ WA g T ne Ty/T ™ ns
BZACz 344 2507276 03 140 6.04 3.42 501/560 34/22 430 1.32 (40%)/5.36(52%)
BZAtCz 359 2647/296" 124 197 5.05 3.36 530/590 53/22 872 1.61(3296)/6.35(69%)
* — determined from TGA; DSC.
b _ first heating scan.
© —second heating scan; T, - the temperature of 5% weight loss; T, — the temp of glass Tn -~ the of melting point; T — crystallization;

Apy is the ] @ is the photol

gth of PL

Table 1. The absorption bands observed at ca. 295 and 320-335 nm are
characteristics of n-1* wansitions of carbazole moiety [34]. The band
observed at ca. 380 nm can be assigned to the n-1* wansitions on the
molecule as the whole while low-energy band at ca. 430 nm apparently
originates from ICT between electron-donating carbazole unit and BZA
moiety [35]. This assumption is confirmed by the hypsochromic shifts of
the low-energy bands of the solutions of the compounds with increasing
polarity of the solvents (Figs. 1d and 52). Artachment of tert-butyl sub-
stituents to carbazolyl groups caused slight bathochromic shifts in both
absorption and emission spectra.

Al ption and ph ence (PL) spectra of the solutions of
the compounds in solvents of the different polarities were recorded
(Fig. 52). The Lippert-Mataga plot presented in Fig. le is based on the
equationdv = 4“?:{&1(}1‘- ~ Htg)* + b, where Av stands for the Stokes shift,
Af is the orientation polarizability, £, corresponds to the permittivity of
vacuum,  is a Planck constant, ¢ stands for the speed of light in vacuum,
a is a so called Onsager radius. The Lippert-Mataga approach [36-38] is
based on the interpretation of Onsager [39] of non-specific electrostatic
interactions between molecules and solvents. Slopes of the plots of
13.51 x 10° and 13.47 x 10° cm ! reveal the square value of the dif-
ference/similarity in dipole moments of the excited and ground states, yic

quantum yield; 7y, 7> are photoluminescence lifetimes of neat films of compounds.

and i, of BZACz and BZAtCz, respectively. The obtained values of linear
fits additionally prove the apparent ICT character of transitions of the
compounds.

The toluene solution of the compound containing carbazole moiety
(BZACz) demonstrated green emission with fluorescence maximum
centered at 501 nm (Fig. 1d, Table 1) while its neat film exhibited

with the i i il at 560 nm (Fig. S2, Table 1).
Whereas the toluene solution and the film of compound with tert-
butylcarbazole unit (BZAtCz) exhibited ing ge region
with maxima at 530 nm and 590 nm respectively. The toluene solutions
of compounds BZACz and BZAtCz exhibited PLQY of 34% and 53%
correspondingly, while the solid samples of both the compounds showed
lower value of 22% (Table 1). PL decays of toluene solutions and films of
the derivartives recorded in nanosecond range, confirmed that emission
was prompt tluorescence (resulting from recombination of singlet ICT
states) (Fig. 1f, S2, 83, Table 1.).

2.3. Mechanochromism and its self-recovering

The solid-state samples of benzanthrone-based D-A compounds
BZACz and BZAtCz demonstrated high-contrast multi-color MCL. The
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(Aexe = 350 nm) (d). Photoluminescence decay curves of different states of compounds BZACz (e) and BZAtCz (f).

emission colour of the compounds was sensitive to the environment and
could be altered by the application of variety of external stimuli
(grinding, fuming, melting) (Fig. 2). The data for as-prepared (initial),
ground, fumed with DCM vapors and self-reversible solids are collected
in Table 2. The as-prepared powders of BZACz and BZAtCz emitted light
with the wavelengths of maximum intensities of 538 and 550 nm,
respectively. Melting of as-prepared solids resulted in the red-shifts of
the PL, which peaked at 574 nm for BZACz and 594 nm for BZAtCz.
Upon grinding with spatula, the emission spectra of as-prepared
powders of BZACz and BZAtCz bathochromically shifted towards
yellow-orange region with peaks located at 560 and 580 nm respec-
tively. Larger MCL spectral shift after transition from as-prepared to the
melted form was observed for the BZArCz. This observation can be
explained by the presence of tert-butyl groups in BZAtCz causing the
bigger intermolecular distances in as-prepared form which are disturbed
by grinding or melting. The carbazolyl containing compound (BZACz)
hibited dynamical self- MCL. The of the ground
powder of BZACz self-recovered at room temperature within 20 min to
the initial colour with the intensity maximum at 540 nm (Fig. 2a, vid-
eoclip X). The initial colour of the powders of BZACz could be recovered
for up to five grinding - self-reversibility cycles within 20 min (Fig. 2c,
54). The ground form of BZAtCz did not exhibit room temperature self-
recovery. The emission of ground form remained stable and did not
change in time during one month of observations. Nevertheless, the
stable orange emission (580 nm) of ground form of BZAtCz could be
recovered to the initial green emission (548 nm) after fuming of ground
powder in DCM vapors for 5 min (Fig. 2b). Similarly, to BZACz, the

BZAtCz experienced stable PL reversibility of as-prepared powders
during five grinding-fuming (with DCM) cycles (Fig. 2d, 54).

The PLQY values of as-prepared, ground and recovered forms of
BZACz were found to be close (15-17%) (Table 2). The forms of BZAtCz
exhibited considerably higher PLQY of 27-31%. This observation can be
attributed to the presence of di-tert butyl groups in BZAtCz which in-
crease the intermolecular distances, thus decreasing the x- 1 in-
teractions. The PLQY values of amorphous melted forms of BZACz (9%)
and BZAtCz (3%) were much lower than those of the initial powders due
to extend n-n stacking of neighbouring aromatic rings. The PL decay
curves of the different forms of the compounds had biexponential
character. The emission lifetimes varied in the nanosecond range
(1.13-9.62 ns) revealing the prompt fluorescence nature of the emission
(Fig. 2e and f). Since PL decays of initial, ground, self-recovered and
melted states of compound BZACz are visibly different from PL decay of
its crystals (Fig. 2e), the total emission of the different states of com-
pound BZACz apparently resulted from overlapping of emission of
different crystal polymorphs and amorphous aggregates which will be
discussed below.

To get deeper insights in MCL properties of compounds BZACz and
BZAICz, single crystal X-ray analysis (Fig. 3a and b), spectroscopic

for h lid- (Fig. 3c and d) and

powder X-ray diffraction (PXRD) analysis (Fig. 3e and f) were per-
formed. The proper single crystal was obtained only for BZACz. It was
b d by slow ion of the thanol solution (Fig. 3a). In the
crystalline lattice, BZACz experienced several types of interactions:
C-H---O interactions between the adjacent BZA units with the distances
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Fig. 3. Single crystal X-ray structure (a) and packing mode (b) of compound BZACz (CCDC number 2046803); PL spectra of solid mixtures of compound BZACz (c)
and BZAtCz (d) with Zeonex as prepared (above) and after thermal annealing (below); and PXRD pattems (e, f) of the different states of compounds BZACz

and BZAtCz.

Table 2

PL properties of MCL states (initial, ground, recovered, fumed, melted) and of single crystals of compounds BZACz and BZAtCz.
State / Parameter BZACz BZACz

initial ground recovered melted erystal initial ground fumed melted

Apy, Bm 538 560 540 574 546 550 500 540 594
B, % 15 17 15 9 - 27 31 23 3
i, ns 113 204 201 197 1.49 267 391 269 3.00
Rp, % 43 30 31 24 34 20 23 17 22
1z, ns 5.20 6.93 7.13 6.60 9.41 6.09 9.62 6.04 897
Rz, % 57 70 69 76 66 80 77 83 78
erystallinity* % 63.0 203 395 o 100 66.4 421 490 33

Jpy is the PL maxima (huxe = 350 nm); ®py, is the photoluminescence quantum yield; Ty, T» are the PL lifetimes (well-fitted with the f values of 1.021-1.206), R; R» are

the contribution ratio of 7,/T»; *obtained from PXRD measurements.

0f 2.429 and 2.570 A; C-H--H interactions between H atoms of carba-
zole and BZA fragments with the distances of 2.367 A and C-Heeon in-
teractions (2.751 A).

Interestingly, the emission of the single crystal with PL peak located
at 546 nm was red-shifted in respect to those of as-prepared crystalline
powder and of the recovered form. This observation can be attributed to

the intermolecular interactions and molecul.
fluorescence change in crystals and amorphous powder. On the other
hand, it can be caused by formations of different amorphous aggregates.
To prove this assumption, the amorphous mixtures of compounds
BZACz and BZAtCz doped in rigid matrix Zeonex were investigated
(Fig. 3c and d). It should be noted that red-shifts of PL observed with
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increasing concentration of dopants of the spin-coated films of guest-
host systems BZACz-Zeonex and BZAtCz-Zeonex are related not only
to solid solvatochramism but also to formation of amorphous aggregates
(marked as A1, Fig. 3c and d). Those amorphous aggregates are char-
acterized by PL spectra peaked at 555 and 568 nm for compound

Dyes and Pigments 199 (2022) 110062

emission spectra. The second type of aggregates A2 (of the thermally

led ples) d blue-shifted ion spectra (Fig. 3¢
and d). In addition, in case of BZACz and BZA(Cz, we detected formation
of two types of polymorphs according to the PXRD, photophysical and
DSC For instance, one type of polymorph exhibited

ate

BZACz and BZAtCz, respectively. This conclusion is supported by the
different red-shifts of PL spectra observed for the same films of molec-
ularly doped polymer BZACz-Zeonex and BZAtCz-Zeonex after thermal
annealing at 150 °C which increased thermodynamic stability of the
guest-host At conc of guest exceeding 15 wt%, po-
larity effect of Zeonex on emission properties of BZACz and BZAtCz is
very low. Thus, formation of aggregates mainly affects the emission
properties of BZACz and BZAtCz. The thermal annealing of the samples
of compounds BZACz and BZAtCz allowed to reduce the aggregation
degree of one type of aggregates (A1) with red-shifted PL spectra
peaking at 555 and 568 nm and led to the formation of another type of
aggregates (marked as A2, Fig. 3c and d) which were characterized by
blue-shifted PL spectra peaking at 521 and 550 nm, correspondingly
(Fig. 3c and d). These observations reveal impact of both crystalline
polymorphs and amorphous aggregates on the total emission of different
states of compounds BZACz and BZAtCz (Fig. 2). Quantitatively, the
impact of the different wreatment of the samples on their morphology
can be estimated from the PXRD patterns given in Fig. 3 e f.

The sharp and intense peaks in PXRD patterns of initial forms
confirm the crystalline nature of the powders (Fig. 3e,f). After melting of
initial powders, the samples were converted from crystalline to the
amorphous state with the degrees of crystallinity of 0 and 3.3% observed
for BZACz and BZAtCz, respectively. Tight packing leads to the stronger
molecular 7-x interactions in amorphous state which is the main reason
of the red-shifted PL of the melted forms. After intense grinding of as-
prepared powders, the dihedral angle between carbazole/di-tert-butyl
carbazole and BZA fragments most likely changed and crystalline
packing of the as-prepared forms were partially destroyed and converted
into the amorphous state. Degrees of crystallinity of 29.3% and 42.1%
were observed for BZACz and BZAtCz, respectively after grinding.
Interestingly, despite the full restoration of the PL emission, the self-
recovered sample of BZACz and fumed form of BZAtCz experienced
only the partial restoration of the crystallinity with the degrees of
crystallinity of 39.5 and 49.8%, respectively. The higher degree of
crystallinity of the as-prepared powder in respect to that of the recov-
ered form resulted in the higher half-width of the emission spectrum at
maximum of the recovered state of BZACz relative to that of the initial
one (Fig. 2a).

Aswasreported previously, the introduction of alkyl substitution can
cause self-recovering properties of compounds [24]. Also, some MLC
materials with low molecular mass demonstrated self-reversible
mechanochromism due to the possibility of fast spontaneous recrystal-
lization of the amorphous phase [21,23,25,26]. The synthesized com-
pound BZAtCz containing tert-butyl groups showed stimuli-induced

red-shifted emission (Fig. 2a). Another type of polymorph definitely

hibited blue-shifted to the emission of as-prep:
powder. The formation of the second type of polymorph is evident due to
the high degree of crystallinity (63.8% for BZACz and 66.4% for
BZAICz) of the as-prepared powders (Fig. 3e and f, Table 2). Unfortu-
nately, we did not manage to obtain single crystal X-ray structure and
emission spectrum of the second polymorph due to the difficulties of
separation of the exwremely small sizes of crystals of this type of poly-
morph. Fortunately, self-recovering mechanochromic luminescence is
possible apparently because of the exwemely small size of the second
type of polymorph of BZACz. Thus, we observed the red-shifted emission
for one type of amorphous aggregates and for one type of polymorph.
We also observed blue-shifted emission for the second type of amor-
phous aggregates and for another type of polymorph. Therefore, in
contrast to many other reports on MCL materials, we concluded that the
multi-color mechanochromic luminescence of the compounds was
caused by the presence of different crystalline polymorphs and amor-
phous aggregates. Thus, possibility of formation of both crystalline
polymorphs and amorphous aggregates, have to be taken into account in
the investigations of MCL materials.

Self-recovering properties of compound BZACz can potentially be
employed for either damage-resistive information encryption or for se-
curity check. The schematic principles and experimental visualisations
of the potential applications are presented in Fig. 4. In the test of the
damage-resistive information encryption, the dark mechanically
damaged areas marked by red rectangles in photo A, Fig. 4a become
bright again after recovering time (see the same rectangles in photo B,
Fig. 4a, videoclip Y). The unique properties of compound BZACz can
also be utilized for multistep control of protected objects. Thus, the first
step (control 1) is the change of emission colour from bright green to
yellow and the second step (control 2) is the change of emission colour
from yellow back to bright green (Fig. 4b).

3. Conclusions

New derivatives of benzanthrone and carbazoles were designed,
synthesized and investigated. One of the compounds showed reversible
mechanochromism and the property of recovering without external
stimuli. After the application of variety of external stimuli such as
grinding, fuming, melting the emission colour change from green to
orange was observed for both the synthesized derivatives. The multi-
color mechanochromic luminescence of the compounds was caused by
the presence of different crystalline polymorphs and amorphous aggre-
gates which were confirmed by experimental studies. The carbazolyl-

switching by using solvent vapors whereas carbazole-based compound
BZACz d d self-reversible mechanoch For material

c ing

pound d ated the ability of self-regulation of its
solid-state structure and related light-emitting properties. The devel-

BZACz the meta-stable ground form experienced easier rearr

and spontaneous crystallization of the amorphous samples due to lower
molecular weight and the tighter packing. At the same time, the tert--
butyl groups in molecular structure of BZAtCz increased its molecular
weight and cause the steric hindrance and prevent self-recovering the
intermolecular interaction and reorganization to the initial highly
crystalline state.

Summarizing of above described experimental results for BZACz and
BZAtCz, we demonstrated formation of two types of amorphous aggre-
gates named as Al and A2 (Fig. 3c and d). The formation of crystalline
aggregates in the molecular dispersions in polymer ZEONEX is highly
improbable. This presumption is supported by the considerable rigidity
of ZEONEX [40,41]. Thus, only very limited movements of the mole-
cules are expected similarly to those reported elsewhere [42]. The first
type of aggregates A1 (of as prepared samples) demonstrated red-shifted

oped compound showed unique self-recovering properties which can be
applied in damag istive information recording or secu-

rity check.
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ARTICLEINFO ABSTRACT

Keywonds: Alming o develop new decpred /nearinfrared emitters, benzanthrone as a new acceptor mojety with a rigid
Phenoxazine molecular structure was used. For the design of target and ph ine moieties with
Benzanthrone

strong electron-donating ability were also used. Such combination allowed new materials demonstrating ther-
mally activated delayed fluorescence (TADF) in the long wavelength region to be obtained. The maximum in-
tensity of fluorescence of the solid samples of the synthesized compounds was observed at 700 nm.
Electroluminescence was peaked at similar wavelength when the compounds were used as emitters for the
brica of doped organic light-emitting diodes. Due to the different substitutions of benzanthrone
moieties, the values of TADF lifetimes at room temperature were found to be of in the range of 291-1198 s
which are directory related to their different oxygen sensing properties. Due to high sensitivity to the presence of
oxygen in the atmosphere one of rhe obt.-uned was used for radi ic oxygen sensing. The film of
lecular di ion of ph d in inert polymer ZEONEX® showed the ratio of in-
tensity of TADF taken in vacuum and of prompt fluorescence taken under oxygen purge of 15 2. The oxygen

Thermally activated delayed fluorescence
Near-infrared emission

Optical oxygen sensor

Organic light-emitting diode

88

sensitivity of the film estimated by Stern-Volmer constant was found to be of 1.6 x 10 * ppm ! demonstrating

good ility. The time

density I theory (DFT) were used for the inter-

pretation of the experimental results related to the structure and

1. Introduction

The development of new materials demonstrating red and near-
infrared (NIR) emission has attracted the attention of the menrchers
over the last two decades due to the number of possible appli

il ies of the !

approximately from 650 to 1200 nm [6]. Emission of this range can
penetrate biological tissues such as skin and blood vessels more effi-
ciently than visible light since the tissues scatter and absorb less light of
the longer wavelengths [6].

The di types of Is such as

loidal i

bioimaging, photodynamic therapy, sensors, information-secured dls»
plays, night vision devices and optical telecommunications [1-4]. Such
a broad area of the possible applications of NIR emission in organic
electronics stimulates the development of new devices exhibiting NIR
electroluminescence (EL) [5]. In case of organic emitters, application in
opncu.l sensors, organic hght e_mmmg diodes (OLEDs) and probes used
ford ics of biologi lytes, there are domains of the visible
and infrared spectra, named optical ttansnussxon windows in which the
radiation can be transmitted through water. These domains range

* Corresponding author.
E-mail address: jnozas.grazulevicius@ktu It (J.V. Grazulevicius).

https: //doi.org/10.1016/j.dyepig.2021.109952

dots [7], ph escent or tallic 4,91, and conju-
gated polymers [10,11] were investigated and used for fabrication of
OLEDs emitting in near infrared region (NIR OLEDs). The external
quantum efficiency (EQE) of the reported NIR OLEDs remains below 5%
[7-11]. One of the ways to increase the EQE of OLEDs is to implement
emitters exhibiting thermally activated delayed fluorescence (TADF).
TADF materials [12] as emitters or hosts are successfully used in OLEDs
reaching internal quantum efficiency up to 100% [13]. Blue [14], green
[15] and red [16] TADF OLEDs were fabricated with EQE exceeding

Received 27 September 2021; Received in revised form 14 November 2021; Accepted 14 November 2021

Available online 18 November 2021
0143-7208/© 2021 Elsevier Ltd. All rights reserved.



U. Tsiko et al.

30%. Meanwhile, examples of organic donor-acceptor compounds
exhibiting long-lived emission (preferably TADF) in the NIR region and
bipolar charge transport is limited [9,17,18].

In addition to the above mentioned conventional applications of
TADF emitters, they have also significant potential to be used as active
indicators (luminescent probes) in optical oxygen sensors. They can be
good an alternative of commonly used Pt-, Pd-, Os-, Ru-, Ir-based
phosphorescent indicators which are not perfect at least due to envi-
ronmental and cost efficiency reasons [19]. There are examples of TADF
probes emissions of which commonly fall in the visible region [20-23].
Full and metal 1 g delayed fl in near
infrared region showed good oxygen sensing properties [24-26].
Meanwhile, non-fullerene infrared TADF probes of oxygen for optical
sensors are not developed yet to the best of our knowledge. For reaching
valid oxygen sensitivity, good candidates of infrared TADF oxygen
probes should be characterized by long lifetimes of emission according
the Stern-Volmer equations [27] the simplest of which is: T/t = 1+
K:v[0,], where 7, to are emission lifetimes under the presence and
absence of oxygen, respectively; K, is the Stern-Volmer constant. Ac-
cording to this equation, the concentration of oxygen can be estimated
by emission decay measurements. Searching for fully organic infrared
TADF probes of oxygen with long-lived emission was one of the main
aims of this work.

High rigidity and a twist between donor and acceptor moieties are
required for the design of efficient NIR TADF emitters [17]. We have
predicted that combination of planar moieties with strong
electron-donating and electron-accepting abilities can enable the design
compounds with both NIR long-lived emission and bipolar charge
transporting properties. Benzo[de]anthracen-7-one (BZA) electron
accepting moiety is characterized by the planar rigid molecular struc-
ture and relatively strong electron-accepting ability [28,29]. Therefore,
it is a good candidate for the design of bipolar organic semiconductors
emmmg in NIR and mfmmd region of electromagnetic spectrum. BZA is

li 1. Its derivatives are used as
dnyhght fluorescent pigments [25] and as fluorescent dyes for estima-
tion of solvent polarity due to strong solvatochromism [29].

In this work, BZA moiety was used for the design of the NIR TADF
emitters for the first time. Four new compounds with donor-acceptor
and donor-acceptor-donor structures based on BZA and two different
donor i.e., phenothiazine and ph ine were synthesized

Dyes and Pigments 197 (2022) 109952

NIR region. The mechanism of the TADF quenching by dioxygen is
discussed in detail.

2. Results and discussion
2.1. Synthesis

3-(10H-Phenothiazin-10-yl)-7H-benzo[de]anthracen-7-one (mPTZ),
3,9-di(10H-phenothiazin-10-yl)-7H-benzo[delanthracen-7-one (diPTZ),
3-(10H-ph 10-yl)-7H-benzo[de] anth 7-one (mPNZ), and
3,9-di(10H-ph 10-yl)-7H-b [de]antt 7-one  (diPNZ)
were synthesized by Buchwald-Hartwig cross coupling reactions. The
pathways of synthesis are demonstrated in Scheme 1. The chemical
structures of the derivatives were confirmed by 'H, '°C NMR, IR, mass
spectrometries and elemental analysis (SI).

2.2. Thermal, photoelectrical and charge-transporting properties

Thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) were employed to investigate the thermal properties of
the new compounds. They were ch ized by relatively high thermal
stability. Their temperature of 5% weight loss (T.s¢) exceed 300 °C and
400 °C for donor-acceptor (mPTZ and mPNZ), and donor-acceptor-
donor compounds (diPTZ and diPNZ), respectively (Fig. la). The
single-step full weight loss of mPNZ observed during TGA indicates that
336 “Cis its sublimation temperature rather than the temperature of the
onset of thermal degradation. Glass-transition temperatures (T) higher
than 100 °C were recorded for all the compounds during the second
heating scan (Table 1, Fig. S1) confirming that they form molecular
glasses. The highest T, value was observed for donor-ncceptnr-donor
type pound diPTZ strongly-donating phenothi
units. Compounds mPTZ and diPNZ showed melting slgnals in first
heating scans, however they did not crystallize during the cooling scans
(Fig. S1). In the following repeated heating scans the showed glass
transitions at 111 “C and 170 °C respectively (Table 1). The further
heating after glass transitions of these compounds revealed crystalliza-
tion and melting signals. The samples of mPNZ and diPTZ did not show
any the crystallization or melting peaks on DSC curves.

To estimate dle ionization potentials (IP"") of the compounds in the

; 1

and investigated. The compounds demonstrated TADF in NIR region
with the lifetimes of delayed fluorescence in the range of 2-10 ms. The
EL propen]es of the synthesized matensls were studied. Also, sensing
of ph ine-based ] to molecular oxygen were
d for p ial appli in optical sensors operating in the

og‘o

Pdy(dbayy,
XPhos

NaOr-Bu, Toluene
1nc

lid-state, spectra of d layers
were, recorderd by ultraviolet photoelectron spectroscopy (UPS)
(Fig. 1b). The samples for photoelectron emission measurements were
fabricated under vacuum of 1-4 x 10 Bar onto glass substrates with
fluorine-doped tin oxide-based el de. The IP""* values are collected
in Table 1. For compounds mPTZ and diPNZ the IPU*® were found to be

O‘%

N,mb.), NaOr- n- Tdum
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Fig. 1. TGA curves of the compounds (a), photoelectron emission spectra (b) and hole/electron drift mobilities versus electric field (c) for mPTZ and diPNZ.

Table 1
Thermal and photoelectrical characteristics of the derivatives of benzanthrone.

Compounds  Tp,°C  Tep, Ter P, W em?  pe, cm?
C °C v Vs Vs

mPTZ 286" 172" 111 568 98x10° 15x10*

mPNZ - = ns - = N

diPTZ i B 174 - - R

diPNZ 391 213° 170 549  74x10° 11x10°

Ty, Ter and T estimated from DSC curves at heating rate of 10 °C/min, Na
atmosphere.

* First heating scan.

* Second heating scan. " and p*“"*"* values taken at 3.6 x 10° V/cm.
below 6.0 eV meaning that holes can be injected from electrodes using
appropriate device structures. The IPY* values for compounds mPNZ
and diPTZ were not ob d by UPS ly due to
limitation of this method and due to the absorption of deep-UV light by
oxygen present in air.

Charge-transporting properties of the layers of compounds mPTZ
and diPNZ were mvestlgated by the time of flight (TOF) technique. It
was ible to p TOF samples of compounds
mPNZ nnd diPTZ due to their mfenor film forming properties. To test
ability of the compounds to transport holes and electrons, TOF transients
under positive and negative polarity of applied electric fields were
recorded for their layers (Fig. 52). When two different slopes (intercepts
of which gave the transit times (t)) were obtained from the corre-
sponding TOF transients built in log-log scales, hole and/or electron
transport was proved for the samples. Hole and electron mobilities were
calculated according to the equation p = d?/(U x t,;) taking transit times
ty from the photocurrent transients at applied voltage (U) and thick-
nesses of the layers (d) measured by the charge extraction by linearly

increasing voltage (CELIV) dielectric e=3
for the studied compounds.
Bipolar charge port with relatively strong dispersity was

observed for vacuum-deposited films of compounds mPTZ and diPNZ
(Fig. 1c). Taking transit times at different applied voltages, hole and
electron mobilities were calculated. The dependences on electric field
were in a good agreement with the Poole-Frenkel type mobility pre-
dicted by the relationship 4 =y, *. At an electric field of 3.6.10° v/
cm, close electron mobility values of 1.5 x 10 *and 1.1 x 10 * em?/V:s
were obtained for compounds mPTZ and diPNZ, apparently because of
the same electron accepting moiety present in their molecular structures
(Table 1). Slight differences in their electron mobilities may be uttnb—
uted to the differences in molecular packing in their vac d

2.3. Photophysical properties

Absorption and PL spectra of solid films and dilute toluene solutions
of mPTZ, diPTZ, mPNZ and diPNZ recorded at 300 K are presented in
Fig. 2a. The position of absorption bands in the UV spectral region was
independent of type of donors attached to the benzanthrone moiety,
except the location of the lowest energy absorption band (LEAB).

UV spectra of toluene solutions of phenoxazine-based compounds
mPNZ and diPNZ showed prominent LEAB at 500 nm. The UV spectra of
the toluene solutions of the derivatives containing phenothiazine units
(mPTZ, diPTZ) exhibited hypsochromically shifted LEAB with a high-
energy edge at 520 nm. The difference may be assigned to the donor-
acceptor interactions, which make possible the intramolecular charge
transfer character of the LEAB. The absorption bands of the films were
slightly redshifted and broader than the respective bands of the solutions
highlighting more efficient intramolecular interaction in the solid state.
The compounds emitted in the red/infrared region. The extension of
con_]uymon by attachment of the second donor lead to the redshift of

lengths. The PL q yields of the films and dilute
toluene solutions were found to be ca. 0.01 for all the studied com-
pounds (Table 2).

For the interpretation of photophysical properties of the studied
molecules we have optimized their structures by density functional
theory (DFT) with B3LYP functional and 6-31G(d,p) basis set. The time-
d dent (TD) DFT caleul explain the absorption and PL spectra
of the studied molecules (Table 3, Fig. $3-57). In Fig. 3 the highest
occupied molecular orbital (HOMO) and the lowest unoccupied mo-
lecular orbital (LUMO) of the mPNZ molecule are shown as typical ex-
amples. As follows from quantum chemical DFT calculations the
absorption LEAB and PL emission are determined by the first excited
singlet state S; of the HOMO-LUMO nature, which bears pure charge
transfer (CT) character. The HOMO is mainly localized on the donor
phenothiazine or phenoxazine moieties (Fig. 3a), while the LUMO wave
function belongs entirely to the planar benzanthrone (acceptor) moiety
(Fig. 3b).

The HOMO wave function has rather small contribution from the
C-N link and the nearest carbon atom of the acceptor moiety. Such small
penetration of the HOMO (donor orbital) into the frontier benzanthrone
region provides finally some small non-zero “overlap” between two
molecular orbitals and leads to very weak but nonzero intensity of the
So-S; charge transfer transition. In the molecules of mPNZ and diPNZ
the HOMO-LUMO donor-acceptor mixing is a little bit more efficient,
which leads to more intense absorption band at 500 nm (Fig. 2a). A very
small electric dipole transition moment (EDTM) of this CT band explains

films. At the same electric ﬁeld of 3.6.10° V/cm, very dxfferent hole
mobility values of 7.4 x 10 ® and 9.8 x 10 ® em?/V were obtained for
compounds mPTZ and diPNZ respectively (Table 1). This difference can
be explained by the different electron-donating units present in the
molecular structures of the studied compounds.

alowPL yield. The calculated oscillator strength in the output
of TD DFT method is less than 10" %; thus, the S¢-S; transition is pre-
dicted as forbidden one in the electric dipole approximation at the
printed output of the Gaussian 09 program. However, the calculated
EDTM is of 0.02 ea;, which corresponds to DFT predicted oscillator
strength f = 1.58 x 10 %; the corresponding radiative lifetime (tg) for
spontaneous PL is calculated to be 0.69 ms. The measured lifetime (1 =
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Fig. 2. Absorption and PL spectra of dilute 10 ® M toluene solutions and films of the derivatives of benzanthrone (a). PL spectra of 1 wt% solid solutions of mPTZ,

mPNZ, diPNZ and diPNZ in ZEONEX® recorded in air and in vacuum (b).

Table 2
Photophysical data of mPTZ, diPTZ, mPNZ and diPNZ.

Compounds Stokes shift'®, nm Stokes shift™, nm @'y, % M=y, % @™, 1 wt % in Zeonex, % @5 1 wt % in Zeonex, %

mPTZ 316 275 1 1 2 8

diPTZ 308 273 1 1 3 7

mPNZ 193 188 1 1 3 18

diPNZ 196 225 1 1 4 17
@™, @™, values were recorded at air condition and room temperature. @™, ¥* yalues at vacuum condition were evaluated using data of @™, values and
Fig. 2b.

ii vacuum approximation (Table 4) and also in toluene solution with the

Table 3

Vertical absorption and emission spectra of mPNZ calculated by TD DFT.

PCM approach including T; state (Figure $3-55). The donor phenoxazine
moiety exhibits large distortions upon excitation only in the central part
for C-N and C-O bonds; the later two are shrinked by 0.03 and 0.018 &,
ly. However many C-C bonds are prolongated (by not more

C Aom A nm i, nm Orbital f A
group  (abs) (exp.) (emission) assignment [C)
P

1'A” 728 580 700 H-L(97.4%) 610° 75

10°
2'a" 402 H-3-L 0

(91%)

3'a" 386 H-2-L+1 0.0001
2'x 3826 390 H-1-L 0.2934
6'a" 331 320 H—L+4 0.0204
8'A" 2966 310 H—L+5 0.1225
7'A 2751 250 H-1-L+1 0.0838

A — Einstein coefficient for spontaneous emission, f —oscillator strength.

1.2 ms) is of the same order of magnitude, which also indicates the TADF
character of the observed emission. The Stokes shifts of all the com-
pounds (Table 2) can be explained by a bigger geometry distortionin the
excited states S; and T, in comparison with the S, ground state structure.
Thus, geometry optimization in the S, state by TD DFT method predicts
considerable changes in the bond lengths of the mPNZ molecule in

than 0. 018 A). Distortions in the acceptor moiety are much more pro-
nounced (Table 4). They include considerable shortening of the Cs-C;
bond by 0.058 A and lengthening of the C;—Cio and Cao-Nae links by
0.044 and 0.032 A, respectively. The rest bond lengths are changed in
the order of £0.02 A inside BZA moiety upon S-S, CT transition. These
changes in BZA moiety occur mostly in the “opposite” direction to the
carbonyl group (they are related to the distortion of the quasi-quinoid
structure upon x-x*excitation in the acceptor BZA moiety).

The most intense absorption band at 390 nm is produced by transi-
tion 1' A’»2' A’ (HOMO-1 — LUMO), which corresponds to n—x*
excitation in the acceptor (BZA) moiety including C=0 group and in-
crease of its antibonding character. Other UV absorption bands (Fig. 2)
are well reproduced by the vertical TD DFT calculations (Table 3).

ZEONEX® is a polymer matrix used to study photophysical proper-
ties of compounds in a dition of supp d i lecular in-

physical properties of solid molecular

[25]. The pl
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(c)

Fig. 3. HOMO (a) and LUMO (b) of the mPNZ molecule. Atomic numeration in
the DFT optimized mPNZ molecule (D-A moieties are orthogonal) (c).

Table 4
Optimized bond lengths (A) of the mPNZ molecule in the ground and excited
singlet states.

Bond length S ground state S, excited state
Phenoxazine moiety

Cy-Nag 1.412 1382
€1-Cxo 1.407 1.419
Ci-Ca 1399 1411
C34-Css 1398 1.382
€l 1.391 1.409
Cs6-Cs7 1398 1.387
Cs0-Cs7 1.387 1.393
Cs30-Om 1.381 1363
Benzanthrone moiety

C2-C3 1.485 1.470
C2-Cy 1.485 1.464
€207 1230 1.250
Cs-Cs 1402 1.409
CsCs 1414 1424
C4-Cy 1.485 1427
CsCro 1.386 1410
CsCa 1.478 1.456
Co-Co 1.408 1418
il 1.433 1.437
Cr-Cio 1433 1.477
Cs-Cio 1.389 1.412
Co-Cny 1390 1.380
Ci0-Cas 1.407 1.386
C11-Cra 1.400 1.408
Ca0-Cas 1379 1.394
Cag-On 1.431 1.463
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mixtures of mPTZ, diPTZ, mPNZ and diPNZ and ZEONEX® (1 wt%)
were investigated under air and under a nitrogen atmosphere (Fig. 2b).
Dispersion of the molecules in the rigid polymer caused substantial
blue-shift of PL of up to 75 nm, apparently mainly due to the change of
polarity. Phenoxazine-based compounds doped in ZEONEX® exhibitted
vibronic substructures in their PL spectra. Collisional interactions of
compounds with oxygen molecules [30] are suppressed when the solid
samples are located under a nitrogen atmosphere. Therefore, electronic
excitation energy is not intercepted by oxygen and the radiative ways of
deactivation of excited states, especially for triplet excitons, are not
quenched. For this reason, PL yields for the compounds in solid
state and solutions are expected to be higher when interactions with
oxygen are absent. PL spectrum of the solid solution of diPTZ in ZEO-
NEX® contains a shoulder in the green spectral region which is assigned
to locally excited (LE) state. Smaller increase of intensity of the LE band
after removing oxygen was observed in comparison with the 2.3-fold
increase of intensity of the CT emission peak of diPTZ. The solid solu-
tions of the other compounds showed from 4 to 6 times higher increase
of PL intensity indicating the role of triplet excitons in the emission and
the absence of CT quenching by LE states. PL quantum yields of the solid
solutions of mPTZ, diPTZ, mPNZ and diPNZ in ZEONEX® in air were
found to be of 0.02, 0.03, 0.03 and 0.04, respectively (Table 2).

The thermal activation of delayed fluorescence (TADF) can be
confirmed by the rise of the respective component of PL decay curves
(Fig. 4, S8) upon heating thus manifesting the TADF character of
emission. The values of TADF lifetimes of mPTZ, mPNZ, diPTZ and
diPNZ at room temperature were found to be of 788, 1198, 291, and
368 pis, respectively (Fig. 59).

2.4. Electroluminescent properties

OLEDs with the layers of non-doped emitting compounds were
fabricated and char ized. The EL ch: istics are collected in
Table 5, Fig. 5, 510, 511. The structure of the OLED was as follows: ITO/
HAT-CN (15 nm)/NPB (50 nm)/mCBP (5 nm)/emitting layer (25 nm)/
TSPO1 (5 nm)/TPBi (50 nm)/LiF (0.5 nm)/Al was utilized for this
purpose (Fig. 5a). The layers of dipyr: [2,3-£:2',3'-h]quil li
2,3,6,7,10,11-hexacarbonitrile (HAT-CN) and lithium fluoride (LiF)
were employed as hole and electron injection layers, respectively. NPB
N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1’-biphenyl)-4,4"-diamine) (NPB)
and TPBi 2,2',2"(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)
(TPBi) were used for the transport of holes end electrons, respectively, to
T binati sites.  Diphenyl[4-(triphenylsilyl) phenyl]phosphi
oxide (TSPO1) was utilized as a hole blocking material. 3,3"-Di(9H-
carbazol-9-y)-1,1"-biphenyl (mCBP) was used for hole transport and
electron blocking. OLEDs based on the emitters mPTZ and mPNZ having
single phenoxazine or phenothiazine units exhibited single EL peak at
696 and 670 respectively, totally corresponding to the PL data. EL
spectra of other OLEDs based on neat emitting layers, explicitly that of
diPTZ, contained spectral contribution of emission of NPB [31] high-
lighting poor EL properties of the emitters (Fig. 5b). This is due to un-
balanced mobilities of holes and electrons (Table 1).

The highest EQE was observed for OLED with the emitting layer of
mPNZ doped (10 wt%) in mCBP (Fig. 5c). The structure of OLED
remained the same except the different emitting layer. The absence of
the spectral tail related to NPB or any other possible reason manifests
efficient electronic excitation energy transfer from host to guest. The low
turn-on voltage remained unchanged after doping of the emitter in
mCBP. This observation indicates a favourable charge balance and
compatibility of energy levels of the transporting and emitting layers.
Similar to the PL spectra of the films of the molecular dispersions in
ZEONEX® (Fig. 2b), the single EL band was found in green region. The
hypsochromic shift and considerable increase of efficiency can be
explained by specific dipole-dipole interactions induced by solid state
solvation of mPNZ when doped in relatively low-polarity mCBP.
Maximum EQE of 6.6% exceeded the theoretical limit for prompt
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Fig. 4. PL decay curves recorded at the different temperatures under Nz atmosphere for 1 wt% solid solution of mPTZ (a), mPNZ (b), diPTZ (c) and diPNZ (d)
in ZEONEX®.

Table 5
EL characteristics of OLEDs.
Emitting layer Turn-on voltage (V) Maximum brightness (cd/m%) Current efficiency (cd/A)* Power efficiency (Ilm/W)" EQE (%) EL peak wavelength (nm)
mPTZ 5.1 177 0.03/0.026 0.016/0.01 0.19/0.07 696
mPNZ 44 296 0.19/0.08 0.13/0.02 0.37/0.15 670
mPNZ:mCBP 44 4083 20.6/19.1 13.2/107 6.6/6.1 556

# Maximum value/value at 100 cd/m?.

a
c
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Fig. 5. Structure of OLEDs (a); normalized EL spectra (b), EQE vs brightness plots (c).

fluorescent OLEDs (Table 5) pointing to the clear TADF conuibuu'on to  electroluminescent properties from NIR to green emission by managing
the efficiency of the device. It may be d that LE emissi the guest-host interaction.

vailed likewise in the PL spectrum of the molecular dispersion of dil’l'l

in ZEONEX®. Thus, mPNZ showed a great potential of tuning
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2.5. Luminescent sensing of oxygen

Since mPNZ exhibited the biggest increase of PL intensity upon
removal of air (Fig. 2b), it was selected for the investigation of oxygen
sensing properties. PL spectra and decay curves of the sample of solid
molecular mixture of mPNZ in ZEONEX® (1 wt%) placed in the atmo-
sphere with the different oxygen/nitrogen ratio are presented in Fig. 6a.
The data show how sensitive the PL of electronic excitation energy by
collisional interactions with oxygen in the wide range of oxygen con-
centrations. For example, the TADF lifetime decreased to 245 ps for the
sample under 8109 ppm of oxygen concentration (Fig. 6b). The ratio of
intensity of TADF taken in vacuum and prompt fluorescence taken under
oxygen purge was found to be of 15.2. This value is comparable to the
highest values reported for TADF based optical oxygen sensors [21,32].
The Stern-Volmer plot (Fig. 6¢) was built based on the equation 7p/7— 1
= Kgy[O,], where 14, are t, are lifetimes of TADF in the absence and in
the p of oxygen resp ly and Ksy[O2] is so-called Stern—
Volmer constant. The plot showed linear dependence in the range of
oxygen concentration up to 5 x 10° ppm with a Kgy[O,] of 1.6-10 *
ppm . The reversibility of the oxygen sensitivity after removal of
quencher, i e. oxygen, was also estimated. PL decay curves of the sample
were measured after its purging with oxygen, with nitrogen and 9100
ppm of oxygen flow within cycles with the duration of 7 min for each
cycle (Fig. 59¢). The correlation of integrated intensity of the curves
(Fig. 59) and the medium is presented in Fig. 6d. The value of inte-
grated intensity of the solid mixture under oxygen atmosphere repre-
sents the instrument response of the microsecond lamp and intensity of
prompt fluorescence. It remains stable repeatedly after the following
deoxygenation and oxygenation which shows that the delayed fluores-
cence is totally suppressed after oxygenation. The integrated intensity
under nitrogen continuously increased over the time. Apparently,
diffusion of oxygen and the film is minimized after continuous nitrogen

a
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10 401 ppm
4766 ppm
—— 8109 ppm
’__; 08 —1air
. purged oxygen
S o6
> hvadloxygen’
2 04
2
= 02
00 - -
600 700 800
Wavelength (nm)
c
28 adj. R%=0.93 °
264 Ky =16'10% ppm’
24
22
g. 2.0
18
16
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purge. Therefore, oxygen is more efficiently removed from the sample
with the additional cycles. The mentioned diffusion does not have any
impact on the integrated intensity under purged oxygen as the interac-
tion of the film with oxygen is maximal in this case. The sample also
showed the definitive response to the exact value of oxygen flow man-
ifested by the intensity level correlated to 9100 ppm (Fig. 6d).

2.6. Mechanism of the PL quenching by di

hi q

TADF are ined by i lecular electronic cor-
relation and interaction between triplet ground state dioxygen 02(32, )
and the triplet T; excited organic dye (°M;*) during their collision.
Depending on mutual spin orientation upon random collisions >0, +
M, * the singlet, triplet and quintet total spin states can be realized in
such temp collision lex. El ic correlation and configu-
ration interaction (CI) in this open-shell system is rather complicated
[33-35] but some general features can be taken into account. The singlet
spin channel removes spin-forbidden character and provides effective
energy transfer to the singlet 0,('A,) dioxygen, which is the main
mechanism of the TADF quenching

05 + 'M*] = 0s(' A+ My m
Triplet spin orientation realized in other collisions can increase the

reverse intersystem crossing (RISC) rate

0, + 'M*] = 0,0, )+ "M+ @

and partially competes with the TADF quenching. The PL from the

singlet excited states of the organic dye (M, *) in turn is quenched in the
triplet collision complex

0y + M) = 0,CZ, )+ "My @)
46002
S e
0
402
b
—~ 1005
=] 1153
@ 1007 o
s et
=z Soie
172} 4741
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Fig. 6. PL spectra in media with different oxygen concentration (a); PL decay curves (b) and the Stern-Volmer plot () and oxygen response (d) for 1 wt% solid

solution of mPNZ in ZEONEX®.
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Quantum chemical CI calculations have shown [33,34] that O,
produces this important effect on the PL quenching, Eq. (3); in collision
complex with organic dye dioxygen diminishes the radiative probability
of the S; — S, transition in the dye, since this probability is borrowed for
increase of the Ty - S, transition. This quantum effect can be easily

lained in terms ofpeu theory for i borrowing and is
d. ined by ion b states of the same multi-
plicity, like those in Eq. (2) [35]. The quenching of radiative moment
will also contribute to nonradiative relaxation by energy transfer
mechanism of the type, Eq. (4) [33,35]. The most important stock of the
excned singlet states is produced by the trivial mechanism of the

crossing enk , Eq. (4), which is also spin allowed,
but hindered by small statistical spin factor. Its contribution to the
observed quenching of TADF in oxygen atmosphere depends also on
RISC rate, Eq. (2). This back enhancement of TADF needs second colli-
sion and is the second kinetic order process. We hope that it is of minor
importance.

Thus, the long-lived of the TADF emission is iall
reduced in the presence of dioxygen, which supports the importance of
the process described by Eq. (1). Efficiency of this mechanism depends
on the overlap between 0, and *M;, * orbitals, their polarizability and
the role of the charge-transfer interactions. The main contribution here
belongstoCl‘ofthe typeOz .. M". Thus, the donor properties of the

and ieties become very important in the
oxygen sensing effect by the synthesized organic dyes.

The point is that the singlet excited S, state responsible for PL is the
low-lying CT state of the HOMO-LUMO type (Fig. 3). However, the
triplet T, state responsible for energy transfer to the singlet oxygen
0,('Ag) and for the TADF mechanism is more distorted and more
localized on the benzanthrone (acceptor) moiety. Thus, both D and A
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HIGHLIGHTS

« Pyrimidine-5-carbonitrile-based
compounds with efficient TADF
exceeding reverse intersystem
crossing rates of 10° s,

« AIEE properties for the designed
compounds allowing to reach PLQYs
up to 50% in solid state.

« Bipolar charge-transporting
properties showing hole mobility of
1.6 x 10" cm?Vs and electron
mobility of 1.37 x 10° cm?V's.

« Non-doped sky-blue OLED with
external quantum efficiency of 12.8%.

« Oxygen probes with fast response,
high sensitivity and good stability.
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Introduction: Evolution of organic light-emitting diodes (OLEDs) reached the point, which allows to obtain
maximum internal quantum effidency of 100% partly using heavy-metal-free emitters exhibiting thermally
activated delayed fluorescence (TADF). Such emitters are also predictively perfect candidates for new gener-
ation of optical sensors since triplet harvesting can be sensitive to different analytes (at least to oxygen).
Although many organic TADF emitters have been reported so far as OLED emitters, the investigation of mate-
rials suitable for both OLEDs and optical sensors remains extremely rare.
Objectives: Aiming to achieve high inescence yields in solid-state and triplet harvesting
abilities of organic semiconductors with efficient bipolar charge transport required for application in both
blue OLEDs and optical sensors, ical donor-acceptor-d organic emitters containing
imidine-5 itrile electron-wit! saaffold and carbazole, tert-butylcarbazole and methoxy
carbazole donor moieties were designed, synthesized and investigated as the main objectives of this study.
Methods: New compounds were tested by many experimental methods including optical and photoelectron
spectroscopy, time of flight technique, electrochemistry and thermal analyses.

E-mail address: juozas.grazulevicius@ktu.lt (JV. Grazulevicius).

https://doi.org/10.1016/j.jare.2021.01.014

2090-1232/© 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

97



98

U. Tsiko, O. Bezvikonnyi, G. Sych et al.

Journal of Advanced Research 33 (2021) 41-51

Results: Demonstrating advantages of the molecular design, the synthesized emitters exhibited sky-blue effi-
cient TADF with reverse intersystem crossing rates exceeding 10° s ', aggregation-induced emission
enhancement with photoluminescence quantum yields in solid state exceeding 50%, hole and electron trans-
porting properties with charge mobilities exceeding 10 cm?/V-s, glass-forming properties with glass transi-
tion temperatures reaching 177 °C. Sky-blue OLEDs with non-doped light-emitting layers of the synthesized
emitter showed maximum external efficiency of 12.8% while the doped device with the same emitter exhib-
ited maximum external efficiency of 14%. The synthesized emitters were also used as oxygen probes for opti-
cal sensors with oxygen sensitivity estimated by the Stern-Volmer constant of 3.24-10”° ppm .

Conclusion: The developed bipolar TADF emitters with pyrimidine-5-carbonitrile and carbazole moieties
showed effective applicability in both blue OLEDs and optical sensors.

© 2021 The Authors. Published by Elsevier BV. on behalf of Cairo University. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0f). This is an openaccessarticle under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The technology of organic light emitting diodes (OLED) became
one of the most expanding in the markets of displays and lighting
devices [1,2]. The pressure-sensitive paint technique for lumines-
cent sensors of oxygen is a widespread tool in various areas such
as microelectronics and aerospace engineering [3-6]. Both lumi-
nescent sensor and OLED technologies require efficient metal-
free emitters as an alternative of transition metals containing
phosphorescent emitters which suffer from price-growing and eco-
logical problems [7,8]. The attractive approach to solve this prob-
lems is usage of metal-free emitters exhibiting thermally
activated delayed fluorescence (TADF) [9,10]. Employment of tri-
plet excitons into luminescence of TADF emitters can break the
limit of internal quantum efficiency of fluorescent OLEDs of 25%
[11]. On the other hand, it is possible to use TADF emitters for fab-
rication of the sensors for oxygen due to the high sensitivity of
excited triplet state of TADF molecules to the presence of oxygen
in atmosphere [12-14]. For example, fullerene C;, was studied
for the employment of TADF in oxygen sensing [15,16]. Potentially,
TADF emitters can replace phosphorescent emissive species of
electroluminescent oxygen pressure sensors. Electroluminescent
pressure sensor based on oxygen quenching of electrolumines-
cence was reported as an alternative to the conventional photolu-
minescent pressure-sensitive paint [17]. Taking into account that
the biggest challenge of OLED technology is increase of efficiency
of blue-emitting devices [18], the aim of this study was develop-
ment of efficient multifunctional blue TADF emitters for OLEDs
and optical sensors of oxygen.

To design efficient blue TADF emitters with appropriate charge-
transporting properties required for OLEDs and with high photolumi-
nescent quantum yields in solid-state required for both OLEDs and
optical sensors, the following information was taken into account.

TADF occurs due to up-conversion of triplet excitons to the first
singlet excited states through the mechanism of reverse intersys-
tem crossing (RISC) [11]. It is facilitated by a thermal motion of
atoms [19]. The small difference of energy levels between the first
excited singlet (Es;) and triplet (Ep,) excited states (AEg) is
required for efficient RISC [20]. This condition is realized when
overlap of the wavefunctions of HOMO and LUMO is minimized
[21-23]. The optimal strategy for design of TADF emitters is a
development of donor-acceptor or donor-acceptor-donor com-
pounds in which HOMO is localized on an electron donating unit
and LUMO is situated on an acceptor for the formation of charge
transfer (CT) states [24-26].

From the investigations of Stokes reported in 1853 [27] till the
introduction of the concept of aggregation-induced emission in
2001, compounds which exhibited more efficient emission in solid
state than in solutions were known but they were not extensively
studied [28,29]. The phenomenon of aggregation-induced emission
enhancement (AIEE) is characterized by a significantly higher pho-
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toluminescence (PL) quantum yields (&) of the solid samples in
which intramolecular vibrational and rotational motions are sup-
pressed than of dilute solutions of compounds. Utilization of AIEE
in OLEDs can help to overcome quenching of electroluminescence
(EL) caused by m-m stacking in an emissive layer (EML). The
promising recent area of research is development of TADF emitters
exhibiting AIEE [30,31]. They are considered as promising candi-
dates for non-doped EML of efficient OLEDs [32].

Emissive and charge-transporting properties of TADF com-
pounds can be purposively modified by careful selection of donat-
ing and accepting moieties and the linking topology of them.
Carbazole is one of the most widely used donor moieties in the
design of TADF emitters [33]. Derivatives of carbazole exhibit high
triplet energy, good thermal stability and hole transporting proper-
ties [11,34]. Attachment of tert-butyl or methoxy groups to car-
bazole moieties present in the molecules of emitters can lead to
the suppression of the non-radiative paths of deactivation of
excited states and an enhancement of TADF [26]. The increase of
efficiency of TADF of the molecular mixture of cabazolyl disubsti-
tuted pyrimidine and bis[2-(diphenylphosphino)phenyl] ether
oxide (DPEPO) was reached by attachment of tert-butyl and methyl
groups to carbazole moieties [35]. The maximum value of external
quantum efficiency (EQE) of the deep-blue OLED based on this
molecular mixture was 8.4%. Pyrimidine-5-carbonitrile was uti-
lized as an acceptor in TADF emitters providing uniform electron
density distribution on the accepting moiety [36]. Green OLEDs
based on pyrimidine-5-carbonitrile derivatives doped into 9-(30+
4,6-diphenyl-1,3,5-triazin-2-yl)-[1,10-biphenyl]-3-yl)-9H-carba
zole host matrix showed EQE up to 19.8% [36]. However, blue TADF
OLEDs with the emitters containing pyrimidine-5-carbonitrile
acceptor moiety were not yet reported.

After analysis of the previously published approaches for effi-
cient TADF emitters, we report on single-step synthesis and prop-
erties of new pyrimidine-5-carbonitrile and carbazole derivatives
with donor-acceptor-donor structures aiming to develop efficient
multifunctional blue emitters for OLEDs and optical sensors of oxy-
gen. The obtained compounds demonstrated blue TADF and AIEE
as well as high thermal and electrochemical stability and good
charge-transporting properties that allowed to use them for fabri-
cation of efficient doped and non-doped sky-blue OLEDs. In addi-
tion, the synthesized compounds were successfully utilized in
highly sensitive and stable oxygen sensors. This is the first demon-
stration of oxygen sensing ability of pyrimidine-5-carbonitrile
derivatives exhibiting TADF/AIEE.

Material and methods
General procedure of nucleophilic substitution reactions

Potassium hydroxide (2.5 eq.) was added to a solution of 9H-
carbazole (2.5 eq.) or 3,6-di-tert-butyl-9H-carbazole (2.5 eq.) or
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3,6-dimethoxy-9H-carbazole (2.5 eq.) in DMSO (25 ml). The mix-
ture was stirred for 20 min at room temperature and then 4,6-di
chloropyrimidine-5-carbonitrile (1 eq.) was added. The reaction
mixture was heated to 175 °C and stirred for 1 h. After completion
of the reaction, the obtained mixture was cooled down to room
temperature, poured into water and filtered. The crude product
was purified by column chromatography on silica gel using the elu-
ent mixture of hexane and DCM with the volume ratio of 3:2 and
recrystallized from isopropanol/DMF mixture.

4,6-Di(9H-carbazol-9-yl)pyrimidine-5-carbonitrile (CzPCN)
was prepared from KOH (2.5 mmol, 0.28 g), 9H-carbazole (5 mmol,
0.84 g) and 4,6-dichloropyrimidine-5-carbonitrile (2 mmol, 0.35 g)
using general procedure and yellow needle crystals were isolated
in 49% yield (0.41 g). M.P.: 260-262 °C.

'H NMR (400 MHz, CDCl5) 6 9.34 (s, 1H), 8.06 (d, J = 7.7 Hz, 4H),
7.86 (d, ] = 8.3 Hz, 4H), 7.58 - 7.48 (m, 4H), 7.39 (t, ] = 7.4 Hz, 4H)
ppm. '*C NMR (101 MHz, CDCls) 6 161.86, 161.11, 138.46, 126.74,
125.91,123.52,120.71,112.53,112.36, 96.79 ppm. Elemental anal-
ysis: calculated for CqHq;N5, %: C, 79.98; H, 3.93; N, 16.08. Found,
%: C80.75; H 3.78; N 15.47. ESI-MS (m|z): calculated for C9H;7Ns,
435.48 [M]"; found 457.99 [M + Na]".

4,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)pyrimidine-5-car
bonitrile (tCzPCN) was obtained according to general procedure
from KOH (25 mmol, 028 g), 3,6-di-tert-butyl-9H-carbazole
(5 mmol, 1.40 g) and 4,6-dichloropyrimidine-5-carbonitrile
(2 mmol, 0.35 g) and yellow crystals was isolated in 36% yield
(0.5 g). M.P.: 258-260 °C.

'H NMR (400 MHz, CDCl5) 5 9.23 (s, 1H), 8.04 (d, ] = 1.5 Hz, 4H),
7.80 (d, ] = 8.7 Hz, 4H), 7.57 (dd, J = 8.7, 1.8 Hz, 4H), 1.42 (s, 36H)
ppm. ">C NMR (101 MHz, CDCl3) 5 161.81, 160.88, 146.63, 136.84,
126.10, 12431, 116.75, 112.74, 112.33, 95.15, 34.96, 31.86 ppm.
Elemental analysis: calculated for C45H4oNs, %: C, 81.90; H, 7.48;
N, 10.6. Found, %: C 82.61; H 7.20; N 10.19. ESI-MS (m/z): calcu-
lated for CasHaoNs, 659.90 [M]"; found 682.51 [M + Na]".

4,6-bis(3,6-dimethoxy-9H-carbazol-9-yl)pyrimidine-5-carbo
nitrile (MeOCzPCN) was synthesized from KOH (2.5 mmol, 0.28 g),
3,6-dimethoxy-9H-carbazole (5 mmol, 1.14 g) and 4,6-dichloropyr
imidine-5-carbonitrile (2 mmol, 0.35 g) by using general procedure
and yellow crystals was isolated in yield 63% (0.7 g). M.P.: 286-
288 °C.

'H NMR (400 MHz, (CD5),S0) 6 9.46 (s, 1H), 7.94 (d, ] = 9.0 Hz,
4H), 7.88 (d, ] = 2.3 Hz, 4H), 7.22 (dd, | = 9.0, 2.4 Hz, 4H), 3.94 (s,
12H) ppm. "*C NMR (101 MHz (CD3);S0) & 16150, 156.21,
134.18, 133.48, 126.30, 115.56, 114.77, 104.15, 104.09, 101.50,
56.20. Elemental analysis: calculated for C33H,5N50y, %: C, 71.34;
H, 4.54; N, 12.61; O, 11.52. Found, %: C, 72.42; H, 437; N, 12.13;
0, 11.08. ESI-MS (mjz): calculated for C33H,5N504, 555.58 [M];
found 555.50 [M + H]".

Additional information on methods can be found in the supple-
mentary information.

Results and discussion
Synthesis

4,6-Di(9H-carbazol-9-yl)pyrimidine-5-carbonitrile ~ (CzPCN),
4,6-bis(3,6-di-tert-butyl-9H-carbazol-9-yl)pyrimidine-5-carboni
trile (¢CzPCN) and 4,6-bis(3,6-dimethoxy-9H-carbazol-9-yl)pyrimi
dine-5-carbonitrile (MeOCzPCN) were obtained by simple and
inexpensive synthesis in one step via nucleophilic substitution
reactions between 4,6-dichloropyrimidine-5-carbonitrile and car-
bazole derivatives. The synthetic route for the target compounds
isoutlined in Scheme 1. The chemical structures of the compounds
were confirmed by 'H and '*C NMR spectroscopies, mass spec-
trometry and elemental analysis (SI).
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Thermal, electrochemical, photoelectrical and charge-transporting
properties

Thermal transitions of the synthesized compounds were inves-
tigated by thermogravimetric analysis (TGA) and differential scan-
ning calorimetry (DSC). The results of measurements are collected
in Table 1 and showed in Fig. 1a,b, S1. All the compounds demon-
strated high thermal stability. Their values of 5% weight loss tem-
peratures (Ty) significantly exceeded 300 °C (Fig. la). In
comparison to compound CzPCN with Ty of 338 °C, compounds
tCzPCN and MeOCzPCN exhibited higher Ty values of 396 °C and
of 383 °C respectively. Apparently, the presence of heavy tert-
butyl and methoxy groups in molecular structures of compounds
tCzPCN and MeOCzPCN lead to enhancement of intermolecular
interaction in the solid state. Complete weigh loss of CzPCN in
TGA shows that the compound experienced sublimation.

All the compounds were obtained as crystalline substances after
synthesis and showed two melting points in the first DSC scans
(Fig. 1b, S1, Table 1). It can be assumed that two crystal forms of
the synthesized compounds were obtained [37,38]. In the second
heating scan of compound CzPCN (Fig. 1b) glass transition was
observed at 112 °C. The further heating revealed crystallization
(the temperature of crystallization (T.,) was of 163 °C) and melting
of only one type of polymorph at 273 °C. T, of 177 °C was observed
for compound tCzPCN in the repeated heating scan (Fig. S1b) while
compound MeOCzPCN (Fig. Sic) did not show any capability of
glass formation.

Cyclic voltammetry measurements (CV) were performed for
dichloromethane (DCM) solutions of CzPCN, tCzPCN and
MeOCzPCN with tetra-n-butyl i hexafl phosph
(TBAPFg) as supporting electrolyte (Fig. 1c). Potentials of oxidation
(Egw*") and reduction (Efg;*) half-waves and with respect to fer-
rocene are collected in Table 1. Using E5y* and E%§®, the values
of ionization potential (IPcy) and electron affinity (EAqy) were
determined for the solutions of CzPCN, tCzPCN and MeOCzPCN
(Table 1). The close values of IPcy and EAcy were observed for
CzPCN and tCzPCN (5.82, 5.87/2.9, 2.8 eV respectively) for CzZPCN
and tCzPCN due to the similar electron-donating/electron-accept
ing abilities of the building moieties. Lower IP¢y value of MeOCzPN
is attributed to the stronger electron-donating ability of methoxy-
substituted carbazole.

Since [Py and EAqy energies can not be referred to HOMO and
LUMO of the studied materials [39], UV photoelectron spectrome-
try was further used for getting ionization potential (IPyp) and
electron affinity (EA ) for their solid-state samples (Fig. 1d). The
values of EAyps were calculated by formula EAuyps = [Pyps-
Egansport = IPups-Eope assuming that the optical gaps (E,) of solid
layers is approximately equal to their transport gaps (Esansport)-
The Eqp values were taken from low-energy set-on of absorption
spectra of the films of CzZPCN, tCzPCN and MeOCzPCN (Fig. S2).
Thus, IPyps and EAyps values can be referred to the HOMO and
LUMO energies of compounds CzPCN, tCzPCN and MeOCzPCN
which are required for the design of appropriate structures of opto-
electronic devices, OLEDs in particularly (Table 1). Higher IPypg val-
ues of CzPCN, tCzPCN and MeOCzPCN were realtive to the
corresponding IPcy values were observed. However, the trends of
IPyps and IPq, were practically the same mainly referring to the dif-
ferent donor substitutions. The extension on the donating car-
bazoles resulted in raising HOMO/LUMO energy levels.

Two representative compounds CzPCN and MeOCzPCN were
selected for investigation of charge-transporting properties at
room temperature. Photocurrent transients for their vacuum
deposited films were recorded under positive (for holes) and neg-
ative (for electrons) polarities in time of flight (TOF) regime
(Fig. 2a, S3). Despite of strong dispersity observed for the film of
CzPCN, clear transit times (t,;) under different electric fields could
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Scheme 1. Synthetic pathway to compounds CzPCN, tCzPCN and MeOCzPCN.

L 175°C

Table 1

Thermal, electrochemical and photoelectrical characteristics of CzPCN, tCzPCN and MeOCzPCN.
Compounds Tafe Ty, °C T %€ Ten2C Ere v Emie v 1Pqy, eV FAcy. eV IPygs, €V Eopr. €V EAyys. eV
CzPCN 338 12¢ 27341287 277*/163¢ 1.02 - 1.90 582 2.90 6.30 239 3.91
CZPCN 396 177 297%/326" 308" 107 - 200 587 2.80 6.10 247 3.63
MeOCZPN 383 - 28174)298%¢  283%/202° 076 -1.20 556 3.60 5.86 243 3.43

* estimated from TGA; DSC: * first heating scan, ¢ first cooling scan, ¢ second heating scan; T, - the temperature of 5% weight loss; T, is glass transition tem perature; Ty, -
melting point; T, - the temperature of crystallization; Ear* and Eiy are onset oxidation and reduction potentials determined from CV scans of dilute DCM solutions of
pyrimidine derivatives; IPqy, IPyps - ionization potential and EAqy, EAyps - electron affinity determined from CV and UV photoelectron spectroscopy, respectivly; E,, - optical
gap
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Fig. 1. TGA (a) and DSC (b) curves, cyclic voltammograms (c), and photoelectron emission spectra (d) of compounds CzPCN, tCzPCN and MeOCzPCN.

be determined for both holes and electrons from the corresponding was not detectable. Charge mobilities were calculated for CzPCN
current transients plotted in log-log scales. Similarly, t, was (for holes and electrons) and for MeOCzPCN (for electrons)
detected for electrons for the film of MeOCzPCN, while t,, for holes (Fig. 2b). Hole mobility (p;,) of 1.6 x 10* cm?V-s was observed
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Fig. 2. Photocurrent transients for electrons for the film of compound CzPCN (a), hole/electron drift mobilities versus electric field (E) for the layers of the compounds CzPCN

and MeOCzPCN (b), CELIV current transients for holes for the film of CzPCN (c).

for CzPCN at electric field (E) of 7.2 x 10° V/cm, which is close to
that of many other typical carbazole-containing emitters [33],
(Fig. 2b). Electron mobility (jie) of 1.37 x 10™° cm?[V:s at the same
electric field. It is by ca. one magnitude lower than hole mobility.
The relationship py>p. can be attributed to the donor-acceptor-
donor molecular structure of compound CzPCN apparently result-
ing in higher HOMO-HOMO overlapping between neighbouring
molecules than LUMO-LUMO overlapping.

Since it was impossible to obtain complete charge-transporting
data for the studied compounds by the TOF method, charge extrac-
tion by linearly increasing voltage (CELIV) technique was applied
using the thinner layers (<300 nm) [40]. The dark-CELIV (grey
curves) and photo-CELIV (colour curves) current transients for
holes recorded for the film CzPCN are plotted in Fig. 2c. Taking time
Umax at the maximum of the photo-CELIV, hole mobilities were
obtained for CzPCN at different electric fields (Fig. 2b). CELIV hole
mobility of CzPCN was in good agreement with the corresponding
TOF hole mobility. CELIV hole mobility was also estimated for the
layer of MeOCzPCN (Fig. 2b).

Photophysical properties

UV absorption and PL spectra of the dilute solutions and of solid
films of the CzPCN, tCzPCN and MeOCzPCN are presented in
Fig. 3a, S2. The major photophysical data are summarized in
Table 2. The absorption of neat films and dilute toluene solutions
of the compounds in the spectral region below 330 nm corre-
sponds to the great extent to m-7t" transition of carbazole [41]
(Fig. 3a). The positions of the lowest energy bands (LEB, Fig. S2)
of the dilute solutions observed at ca. 360 nm do not fully correlate
with the polarity of solvents. Nevertheless, the significant blue
shifts observed for the PL spectra of the solutions in polar solvents
such as acetonitrile (MeCN) and acetone relative to the spectra of
the solutions in less polar dichloromethane (DCM) and tetrahydro-
furan (THF) are attributed to the state of intramolecular CT from
carbazole-based donors to the acceptor. Attachment of tert-butyl
groups to carbazole units in tCzPCN resulted in the redshift of
LEB compared to that of CzPCN. Even bigger bathochromic shift
was caused by the presence methoxy groups in MeOCzPCN. These
observations can be explained by prolonged m-conjugation of tert-
butyl or methoxy substituted carbazole moieties [36]. Intermolec-
ular interactions enhanced in the solid state caused redshifted and
broadened LEB of neat films relative to those of the solutions. The
E, values were estimated from the plot presented in Fig. 3b. They
were found to be of 3.09, 3.08 and 2.9 eV for CzPCN, tCzPCN and
MeOCzPCN, respectively. The Kubelka-Munk plot is used for
organic semiconductors in solid amorphous layers of OLEDs as they
are commonly characterized by a near flat energy bands and direct
allowed transitions [42]. The F(R)-Ep, plot is based on equation

2 2
F(R) = %‘— FR) = %\"T‘:}r. A and Ey, stand for absorbance of neat
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films in our case and photon energy, respectively. fR) is the so-
called remission, Kubelka-Munk function.

In order to examine the benefits of tuning emissive properties
by electronic excitation energy transfer from host to guest, solid
mixtures of the compounds and 1,3-bis(N-carbazolyl)benzene
(mCP) with a doping concentration of 10% were investigated. The
results are presented in Fig. S2. PL spectra of solutions, doped
and non-doped films of the studied compounds contain a single
narrow peak in sky-blue/green region with no signs of subvibronic
distribution (Fig. 3a, S2). Due to guest:host interactions with the
weakly polar mCP [43], the difference in energy levels of ground
and first excited states of compounds is changed [44] leading to
the pronounced blue shifts by 15-40 nm of PL spectra of the films
of 10 wt% solid solutions of the compounds in mCP films in com-
parison with those neat films.

Photoluminescence quantum yields (@) of toluene solution of
CzPCN is lower that of THF solution highlighting the intrinsic
polarity of the compound and the consequent apparent hyp-
sochromic shift of PL spectrum of the film of the molecular mixture
CzPCN:mCP compared to that of the film of CzPCN. The @ values of
the films are higher than those of the solutions whichis a mastifes-
tation of AIEE effect. The only exclusion is the @ values observed
Me0CzPCN which were found to be similar (of ca. 2%) for the solid
samples and dilute solutions. The bathochromic shift of PL spectral
peak with the increase of polarity of solvents (Fig. 52) is a clear evi-
dence of intramolecular CT state of emission. The solvatochromic
effect of absorption and emission of solutions was studied in more
in detail for examination of polarity of the compounds. Based on
the Onsager interpretation of non-specific interactions between
particles and solvent [45], the Lippert-Mataga correlation [4647]
of a Stokes shift Av and an orientation polarizability Af
Av= 2 - 1> +Ais plotted in Fig. S5 (adjusted R? of
092-0.97): Av =25 (1, - 1)* + Av°. The Stokes shift in the
condition of absence of solvent is denoted as AV*. a is an Onsager
cavity radius. The obtained slopes are related to the change of
dipole moment of compounds in ground i, and excited p, state
revealing a significant intrinsic polarity of the compounds owing
to the donor-acceptor-donor structure. The slopes of ca. 9.4-10°
cm™! observed for CzPCN and tCzPCN are larger than that recorded
for MeOCzPCN (7.5-10° cm™'). Based on these data, CzZPCN and
tCzPCN can be characterized by stronger intramolecular CT than
MeOCzPCN showing that for the designed donor-acceptor-donor
structures based on the pyrimidine-5-carbonitrile accepting unit
attachment of the methoxy groups to carbazoles resulted in sup-
pressing of intramolecular CT and quantum yields.

Thermally activated delayed fluorescence

The intensity of PL of toluene solutions and neat films of the
compounds was found to be considerably higher in the absence
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Fig. 3. a) Absorption spectra and normalized PL spectra of dilute 10 M toluene, THF and MeCN solutions of CzPCN, tCzPCN and MeOCzPCN; b) Kubelka-Munk plot for neat
films; ¢) PL spectra of air equilibrated and deoxygenated dilute 10 M toluene solutions and of neat films recorded in air and in vacuum; d) PL decay curves of neat films.

Table 2

Photophysical characteristics of CzPCN, tCzPCN, MeOCzPCN.
Compounds/ CzPCN tCzPCN MeOCzPCN
Parameters
e (3) 2(6%) 12 (21%) 3
O™ (%) 15 12 1
" (%) 33(53%) 20(25%) 2
®fi (%) 14 7 -0.2
@B (%) 39 19" <18
5" (ns) 129 122 114
Tor (ps) 21 23 1
ol 1 1109 1016
kaisc (108s1)* 156 132 -
kisc (107571 * 573 606 "
Es;, mr (V) 317 302 289
En, mr(eV) 303 293 288
AEgy, s (€V) 0.14 0.09 001
Esy, mcp (€V) 299 293 274
En, mo (6V) 291 2586 271
AEgy, mep (€V) 0.08 0.07 003

Estimated by the measurements: "of neat films; ‘upon removing oxygen; y° is a
weighted sum of squares of deviations of calculated points of multiexponential
fitting of a PL decay curve. The empirical formula Ey [eV] = 1239.84/ / [nm] was
used to estimate energy levels of Eg; and Ey,, where / is a wavelengths of onset of
fluorescence and phosphorescence spectral bands.

of oxygen compared to that of air equilibrated samples (Fig. 3c). For
CzPCN the increase was substantially higher reaching the factor of
3-3.85. The increase of emission intensity after deoxygenation is
ascribed to delayed fluorescence (DF) [10]. After removal of oxy-
gen, the spectral shape remained the same. This observation
shows, that the excitons utilized in DF are recombined radiatively
from the same energy levels as for prompt fluorescence (PF) point-
ing to the triplet up-conversion via RISC. Supressing interactions
between molecules of the studied compounds and oxygen
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quenches non-radiative pathes of deactivation of excitation via
energy thus stimulating RISC.

Multiexponential fitting of PL decay curves (Fig. 3d) of neat
films of the compounds revealed PF with the lifetime (1p) of
cal2 ns and DF with the lifetime (tpg) in a ps range (Table 2). Rate
constants of RISC and intersystem crossing (ISC), krsc and kisc
respectively, can be estimated using formulas kesc = %

, where ®p, @pr and e stand for yields of PF,

ks = ot
DF and RISC respectively [23]. Knowing ® = ®pp + Opp = r:,{:-;;
and that the maximum value of ISC yield ®scis limited by a quan-
tity of electronic excitation energy not utilized in PF, the equation
for estimation of kgsc is simplified to kpsc = WA @pr values
are recalculated according to the increase of PL intensity of neat
films after degazation (Fig. 3c) [48]. The obtained values of kgs
0f 1.3-1.6-10° s " and kisc of ~ 0.6-10° s~ for CzPCN and tCzPCN
were found to be competitive with the characteristics of TADF
emitters such as 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanoben
zene (4CzIPN) [25] or derivatives of pyrimidine-5-carbonitrile
and carbazole [36] (Table 2, S1). The fast RISC and ISC are due to
satisfactory values of AEsr which did not exceed 140 meV. The val-
ues of AEsr were obtained from the fluorescence and phosphores-
cence spectra of the solutions of the compounds recorded at liquid
nitrogen temperature (Fig. S6, Table 2). The @y /®p: of 10.41 was
estimated for the film of MeOCzPCN in air. This observation explains
the failure of the measurement of increase of PL intensity in a vac-
uum condition, since TADF appeared even in presence of oxygen.
Taking into account negative effect of methoxy substitution of car-
bazoles on overall CT performance and corresponding low @ values
for MeOCzPCN it can be presumed, that most of excitons are deacti-
vated through non-radiative ways making the proper estimation of
rate constants problematic. The obtained value of Kgssc of ~ 107s7!
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is an approximated exaggerated to a great extent value. The lowest
AEsrof 10meV observed in the series of investigated emitters issuit-
able for efficient triplet up-conversion partially explaining the
obtained high value of kgssc [23].

The solid molecular mixtures of the studied compounds and
mCP were studied. Phosphorescence and PL spectra of the doped
films correspond to the respective spectra of neat films with the
slight redshifts (Fig. S2) caused by dipolar interactions of guest
and host. Doping of CzPCN and tCzPCN into mCP matrix resulted
in the reduction of AEsrasit is linked to the spin-vibronic coupling
of local excited and CT states which are strongly affected to the
polarity and rigidity of the host [23,49]. Experimental results of
the measurements at 77 K are collected in (Table 2).

PL spectra and decay curves of the films of the molecular mix-
tures were recorded at different temperatures. They are presented
in Fig. 4, S7-9. PL spectra the films remained steady over heating
when the samples were degassed (Fig. 3c). Due to low AEsr (up
to 80 meV, Table 2), deactivation of excitons occurred via phospho-
rescence, PF and DF at different temperatures from excited states
having similar energy levels, which is typical for compounds
exhibiting TADF. As it is evident from PL decay curves, the intensity
of phosphorescent component was quenched over heating due to
rapidly enhanced interactions with oxygen. Simultaneously, ther-
mal activation of DF resulted in the essential increase of TADF
intensity at the temperatures exceeding 180 K.

To exclude triplet-triplet annihilation utilizing higher triplet
excited states T, Ts etc., investigation of power dependence of
DF was performed (Fig. S10). The linear plot (fitting slope of
0.98-1.04) of the DF integrated intensity versus excitation dose
of laser beam in the logarithmic scale in the whole range of inten-
sity of excitation points to TADF.

Aggregation induced emission enhancement

The dispersions of CZPCN and tCzPCN in THF/water mixtures
were prepared for investigation of AIEE characteristics of the com-
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pounds. The dependencies of PL intensities on water fraction are
shown in Fig. 4c,d. The PL spectra and the relative correlation of
the peak wavelengths and emission intensities are presented in
Fig. S11. As it may be seen from the graphs and photos (Fig. 4c,
d), at low water fractions (f,,) the dispersions of both the com-
pounds are poorly emissive. Decrease of PL intensity in the range
fw below 40% is ascribed to the emission quenching due to an
exhaustion of electronic excitation energy by intramolecular rota-
tions. The bathochromic shift by nearly 50 nm with the increase of
water fraction from 0 to 40% is caused by the increase of concentra-
tion of highly polar water influencing strong intramolecular CT
processes in the emitters which is an additional reason of PL
quenching. At high f,, both compounds emit blue light with the
intensity maxima at ca.480 nm as the molecules being insoluble
in water form aggregates. Consequently, there is a rapid increase
of intensity at f;,, > 70% for the dispersions of CzZPCN and for tCzPCN
in the range of f,, from 40 to 60% due to AIEE since the rotation
motions of moieties of the compounds are restricted in solid state.
The following decrease of PL intensity at f, exceeding 70%
observed for the dispersion of tCzPCN is explained by the forma-
tion of precipitates of a significant size. It is important to note that
obtained results do not necessarily mean the decrease of @ upon
aggregation for the dispersions of tCzPCN in THF/water mixtures
at high f,,.

Performance in OLEDs

Taking into account TADF and AIEE capabilities as well as bipo-
lar charge transport and appropriate HOMO/LUMO levels for
charge injections from electrodes, the synthesized compounds
can be regarded as promising for doping free devices. The series
of OLEDs N1-N3 with the structure of ITO / HAT-CN (10 nm) / TCTA
(30 nm)/ mCP (7 nm)/ EML (25 nm) / TSPO1 (3 nm)/ TPBi (30 nm)
| LiF (0.4 nm) | Al were fabricated in order to test the layers of
CzPCN, tCzPCN and MeOCzPCN as non-doped light-emitting lay-
ers, respectively. Major electroluminescent data are collected in
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Fig. 4. Normalized PL spectra(a) and PL decay curves (b) recorded at the different temperatures under N, atmosphere for 10 wtz solid solution of tCzPCN in mCP. Plots of PL
intensities and peak wavelengths versus f,, of the dispersions of CzPCN (c) and tCzPCN (d) in THFjwater mixtures.
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Table 3, Fig. 5, S12. Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,
10,11-hexacarbonitrile (HAT-CN) and LiF were employed for the
injection of charge carriers. The layers of tris(4-carbazoyl-9-ylphe
nyl)amine (TCTA) and 2,2",2"(1,3,5-benzinetriyl)-tris(1-phenyl-1-
H-benzimidazole) (TPBi) were utilized as the hole and electron
transporting layers, respectively. 1,3-bis(N-carbazolyl)benzene
(mCP) and diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide
(TSPO1) were employed for the blocking electrons and holes,
respectively. The electrodes were indium-tin oxide (ITO) and alu-
minium. For the studied derivatives negative values of [Pyps were
taken as a HOMO value and LUMO energy levels were estimated
by an addition of E, calculated from Kubelka-Munk plot to HOMO
values (Fig. 5a).

The EL spectral characteristics of the compounds are in an
accordance with the PL properties (Fig. 3a, 5b). As it can be seen
from EL spectra and cor ding CIE coordi (Fig. 5b, $12),
OLEDs containing emitting layers of CzPCN, tCzPCN emit near
sky-blue range while MeOCzPCN is a totally green emitter.

Taking into account the out-coupling factor, it is evident that
the obtained maximum values of EQE of the devices (Table 3) cor-
relate with the values of @ of the neat films of the compounds
(Table 2). This observation is an indication of the excellent charge
balance in EML. Device N1 exhibited maximum EQE of 12.8% of
which is practically the same as for the corresponding doped
device D1 which will be discussed below. Much lower maximum
EQE of 5.1% was obtained for the non-doped tCzPCN-based device
N2 (Table 3).

Aiming to obtain better hole-electron balance within the light-
emitting layers, the structure of OLEDs was additionally modified
by insertion of guest:host system instead of neat EML. The charac-
teristics of OLEDs based on CzPCN, tCzPCN and MeOCzPCN 10 wt%
doped into mCP were investigated in detail. The series of devices
D1-D3 respectively were fabricated. As it was mentioned above,
device D1 showed a slight improvement of efficiency compared
device N1. Meanwhile, efficiency of OLED D2 was significantly
higher than that of N2 (EQE of 5.1 and 13.7%). This observation
can apparently be attributed to better hole-electron balance in
doped light-emitting layer of device D2 compared to that of non-
doped device N2.

Table 3
Summary of OLED parameters.
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Unlike OLEDs with neat films of CzPCN and tCzPCN, devices
with doped EML of these emitters exhibited practically close to
identical efficiencies and EL spectra. High efficiency OLED based
on EML of t€CzPCN doped in mCP can be additionally explained
by suppression of non-radiative ways of relaxation of excited
states. Analogous improvement was not achieved for device based
on the emitter with methoxy groups since this derivative exhibited
low photoluminescence quantum yield (Table 2). Efficiency roll-off
evident form the rapid decline of efficiency at 100 cd/m? of L is big-
ger for device D3 than for N3 despite the exhibition of the same
maximum EQE of 14%. This observation can apparently be
explained by the non-ideal host-guest interaction. The incomplete
energy transfer from host to MeOCzPCN is manifested by the pres-
ence of EL spectral band of D3 at ca.380 nm, typical for mCP [50]. It
also caused a substantial shift of CIE coordinates to those of blue
color.

Oxygen sensitivity

Interactions with oxygen are mostly responsible for the non-
radiative deactivation of excitations through the energy losses.
Taking pronounced AIEE properties into account, and high values
of photoluminescence quantum yield in solid-state, CzPCN and
tCzPCN were selected for the investigation of the optical oxygen
sensitivity. The 10 wt% solid solutions of the compounds in rigid
matrix were prepared to detect collisional quenching of a lumino-
phore. Zeonex® was selected as a matrix because of its well-
studied ability of supressing intermolecular interactions [51-53].
The samples were put into an inert atmosphere of nitrogen. Upon
increasing of oxygen concentration the PL intensity continuously
dropped (Fig. 6ab, S14). No any significant difference in intensity
in the same conditions over time was detected showing a great
immediate response to the molecules of oxygen and a great stabil-
ity of the emission.

PL decay curves of the solid solutions of CzPCN and tCzPCN in
Zeonex™ were recorded under nitrogen and oxygen conditions to
study the impact of collisional quenching on emissive characteris-
tics of the systems (Fig. 6¢, S13). The long-lived component of the
emission was drastically reduced in the presence of oxygen, espe-

OLED EML Lmay. 10%cd/m? o cdjA Ty, Im /W Jgi nm EQE, % CIE 1931

N1 CzPCN 13.1 32.4(175) 188 (9.2) 494 12.8 (6.9) (020,0.36)
D1 CzPCN:mCP 231 333(176) 202(9.1) 489 14(7.4) (0.18,033)
N2 tCZPCN 132 123 (9.9) 46(36) 490 5.1(4.1) (0.19,035)
D2 tCZPCN:CP 148 33.7(194) 18 (8.7) 490 137 (7.9) (0.18,035)
N3 MeOCzPCN 93 40(34) 2.1(1.6) 524 14(12) (030, 0.49)
D3 MeOCzPCN:mCP 137 38(06) 12(03) 500 14(02) (021,043)

Liay - maximum brightness. . and 1, - maximum current and power efficiency, respectively. /., - wavelength of EL spectral peak at 8 V. Efficiency values at L of 100 cd/m?

are showed in parentheses.
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Fig. 5. OLEDs N1-N3 and D1-D3: a) Equilibrium energy diagram and structure; b) normalized EL spectra recorded at 8 V: ¢) EQE.
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cially for the solid solutions of CzPCN. In PL decay curve of the solid
solution of this compound DF is almost absent. Stern-Volmer rela-
tion of 4," — 1 and oxygen flow (Fig. 6d) demonstrated the oxygen
sensitivity in the wide range of the oxygen flow corresponding to
the oxygen partial pressure [54]. Since the fluorophore quenching
by oxygen is a dynamic process, the correlation is linear. However,
as expected for dye:matrix systems, downward curvature [48]
takes place at the oxygen flow exceeding 20000 ppm. According
to the Stern-Volmer equation, the well-known characteristic of
optical sensors Stern-Volmer constant Ksy = 'f — 1 was estimated
from the slope of the linear fit as it is shown in Fig. 6d (adjusted
R? are 0.94 and 0.97 for the samples containing CzPCN and tCzPCN,
respectively) [48]. Ksy was calculated to be 3.24-107° and 1.49-10°
ppm~" for the solid dispersions of CZPCN and tCzPCN in Zeonex®,
respectively. These values are comparable with that of TADF oxy-
gen probes [55]. They are slightly lower than Ks values earlier
observed for phosphorescent oxygen probes with long-lived emis-
sion (>1 ms) [56,57]. Taking into account that the oxygen sensing
properties correlate with TADF, thermal motions of molecules acti-
vate RISC at elevated temperatures and consequently the oxygen
sensitivity is expected to be enhanced [19]. The synthesized
compounds have a great potential for the application as optical
oxygen sensors reaching necessary requirements: a) fast response
to the oxygen postulated from the stability of PL quenching over
time; b) sustainable oxygen sensitivity; c) good quality of the films
of solid dispersions in Zeonex™; d) appropriate thermal stability
and photophysical properties described above [48].

Conclusions

Exploiting donor-acceptor-donor molecular structure, simple
cost-effective synthesis of new sky-blue luminophores containing
pyrimidine-5-carbonitrile electron-withdrawing scaffold and
electron-donating carbazole, tert-butylcarbazole or methoxy car-
bazole moieties were developed. Using the synthesized com-
pounds as blue emitters, maximum external quantum efficiencies
of 12.8 and 14% of were achieved for non-doped and doped electro-
luminescent devices respectively. Such performances were
observed due to bipolar charge transport, thermal stability, and
high photoluminescent quantum efficiency in solid state of the
newly developed emitters. The different donor substitution of
pyrimidine-5-carbonitrile unit affects the thermally activated
delayed fluorescence and aggregation-induced emission enhance-
ment properties of the compounds giving a path for oxygen sensor
application. The developed oxygen sensor showed good sensitivity
characterized by Stern-Volmer constant of 3.24-10 ppm™~'. They
were characterized by high stability and repeatability of the
sensitivity.
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To obtain highly efficient organic semiconductors exhibiting fast emission decays, triplet-harvesting
abilities and good bipolar charge-transporting properties for optoelectronic applications, compounds
containing triphenylamine or 9-phenylcarbazole as donor moieties and pyrimidine-5-carbonitrile as
electron-withdrawing unit were synthesised. Toluene soluti of the c d rated high
photoluminescence quantum yields reaching 98%. As required for electroluminescent device applica-
tions, compound ¢ ini it mcuety showed high mobilities of both electrons and holes,
whichreached 4.4 x 10~ trnz/V x sand 7.3 x 10> an?/V x s, respectively at electric field of 3.6 x 10°V/
cm. This triplet-harvesting mechanism was confirmed by the theoretical and experimental studies
including a femtosecond transient absorption pump—probe technique and time-resolved electrolumi-
nescence spectroscopy. Pure-blue and greenish-blue fluorescent organic light-emitting diodes (OLEDs)
with external quantum efficiency (EQE) reaching 7% and 6%, corresposndingly, were obtained using the
newly synthesised compounds as emitters. The operation time (T50) of ca. 650 h were observed for blue
OLED and of ca. 3800 h for greenish-blue OLED until reaching the half initial brightness (100 cd/m?). EQE
of more than 20% and T50 exceeding 20,000 h were observed for electroluminescent devices based on
emitter characterised by triplet—triplet annihilation and thermally activated delayed fluorescence which
was utilised to test hosting properties of the differently donor-substituted pyrimidine-5-carbonitriles.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most significant fields of application of organic
semiconductors is the fabrication of organic light-emitting diodes
(OLEDs), which are widely used in displays and lighting devices [1].
The main challenge in the development of OLEDs is the design and
synthesis of materials suitable for blue OLEDs due to the problems
related to lifetime, purity of colour, and efficiency [2]. A combination
of donor and acceptor moieties in a single molecule allows to obtain
efficient light-emitting materials exhibiting useful phenomena such
as intramolecular and intermolecular (exciplex-based) thermally

* Corresponding author.
E-mail address: juozas.grazulevicius@ktu It (V. Grazulevicius).

https: //doi.org/10.1016 . mtchem 2022.100955
2468-5194/© 2022 Elsevier Ltd. All rights reserved.

activated delayed fluorescence (TADF) [3,4], room temperature
phosphorescence [5,6], triplet—triplet annihilation (TTA) [7,8], that
allow to harvest triplet excitons formed under electrical pumping
and convert them into light breaking the theoretical limits of
internal and external quantum efficiencies of 25% and 5%, respec-
tively for OLEDs based on conventional fluorescent emitters [9].
Blue TTA-based OLEDs usually exhibit low EQE while the
problems related to TADF-based blue OLEDs are efficiency roll-off
and durability [10]. Both TTA and TADF as well as phosphorescent
(Phos) emitters are characterised by the microsecond-lived emis-
sion in contrast to nanosecond-lived emission of conventional
fluorescent emitters. Meanwhile, long lived excited triplet states
can participate in the formation of hot excitons [11]. Additionally,
because of the long life time of triplets, hot polarons can be formed
due to the exciton—polaron annihilation in light-emitting layers of
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OLEDs based on Phos., TTA or TADF emitters. In contrast to red or
green emitters, the energy of hot excitons and polarons in PhOLEDs,
and blue TADF-OLEDs is higher (~-6.0 eV) than the energy of the
chemical bonds in blue OLED materials (ca. 3.5-5 eV). This leads to
chemical bond dissociation and formation of defects in light-
emitting layers [12]. Since blue Phos, TTA or TADF emitters
cannot survive for a long time under electrical excitation due to the
exciton-exciton and exciton-polaron annihilations, there is a
fundamental limitation in the usage of such emitters in long-living
blue OLEDs. Since the lifetimes of high efficiency blue PhOLEDs
and TADF-OLEDs are insufficient for practical applications, blue
fluorescent OLEDs with significantly lower efficiency are used in
commercial displays and lighting devices. For these reasons, it is
still important to develop highly efficient fluorescent materials
exhibiting additional phenomena such a hybridised local and
charge transfer (HLCT) excited-state or hot-exciton mechanism that
do not affect fluorescence lifetimes. Utilisation of the mentioned
above phenomena would allow to get nanosecond-lived emission,
thus the ultrashort time response (ultrahigh switching frequency)
of display pixels based on them. These phenomena provide the
significant increase of maximum EQE of blue fluorescent devices,
that to accordance with spin statistics and light extraction effi-
ciency can be only up to 5%. Recently reported blue OLEDs based on
HLCT emitter showed EQE as high as 11.47% [13]. Another mecha-
nism, which allows to increase the efficiency of fluorescent mate-
rials is based on upper level triplet—singlet intersystem crossing
[14]. Due to the possibility of conversion of excitons from triplet
high-lying excited states into singlet excitons allows to obtain non-
doped blue fluorescent devices with EQE exceeding 10% [10,14,15].
Upper level triplet—singlet intersystem crossing was exploited in
the devices containing anthracene and phenanthroimidazole-
based emitters, which are obtained by multi-step synthetic routes
[10,14]. Therefore, the development of new readily obtainable
fluorescent materials with extra phenomena is an important way
for the improvement of efficiency of blue OLEDs.

To develop highly efficient and cost-effective OLEDs is still a
challenge despite of the significant research efforts devoted to
obtain easily synthesisable and efficient organic emitters and hosts
[16,17]. Triphenylamine and carbazole moieties are broadly used for
the design of bipolar hosts materials for application in OLEDs. De-
rivatives of both carbazole and triphenylamine demonstrated high-
hole mobilities and high value of triplet energy of ca. 3 eV [18].In
combination with electron-transporting moieties such as triazine
[19], pyridine [20,21], benzimidazole [22,23], oxadiazole [24,25],
etc, they were used for synthesis of highly efficient bipolar host
materials. Derivatives of pyrimidine were also reported as prom-
ising bipolar hosts for blue and green OLEDs [26-28]. Recently, we
reported on the usage of the modified pyrimidine electron-
withdrawing unit, that is, pyrimidine-5-carbonitrile in the design
of electronically active compounds [29]. The previously reported
pyrimidine-5-carbonitrile derivatives showed good electrolumi-
nescent and oxygen sensitivity properties due to the microsecond-
lived TADF. However, those compounds due to the highly twisted
molecular structures were characterised by relatively inefficient
charge-transport with hole and electron mobilities slightly
exceeding 104 cmzlv x s at electric field of ca. 5 x 10° V/em [29].
That limited their applicability as OLED hosts. As it was reported
previously, the similar compound 4,6-bis [4-(9-carbazolyl)phenyl]
pyrimidine containing pyrimidine as acceptor moiety and carba-
zole as donor unit in which phenyl ring was also used as the linker
between acceptor and donor units did not show TADF properties
[30]. This compound was characterised by the large singlet—triplet
gap but showed efficient prompt fluorescence. Introduction of the
linker between donor and acceptor moieties can have an impact on
the dihedral angle between them, different vibronic processes
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including radiative and non-radiative transitions, the values of ki-
netic constants [31]. In this study, we aimed to achieve both effi-
cient nanosecond-lived emission and highly efficient bipolar
charge-transport for new derivatives of pyrimidine-5-carbonitrile
restricting TADF by introduction of the phenyl spacer between
donor and acceptor units. As a result, charge mobility reaching 103
cmZ/V x s at electric field of 3.6 x 10° V/cm and absence of TADF
were obtained for the new derivatives of pyrimidine-5-carbonitrile.

In this work, we report on the synthesis and properties of new
derivatives pyrimidine-5-carbonitrile and 9-phenylcarbazole or
triphenylamine as efficient OLED emitters with nanosecond-lived
emission and as bipolar OLED hosts. The hot exciton triplet-to-
singlet intersystem crossing was observed for the developed
materials. The participation of high-lying triplet excitons in emis-
sion process was studied and confirmed by the theoretical calcu-
lations and experimental evidences, for example, EQE values higher
than theoretical limit of simple fluorescence (5%) and long-lived
electroluminescence. Due to the highly efficient emission the syn-
thesised compounds were used as emitters for fabrication of blue
and greenish-blue fluorescent OLEDs. The derivatives were used as
bipolar hosts for orange-red TADF/TTA based OLEDs showed
operation time of 20,000 h (until reaching half initial brightness of
100 cd/m?) and maximum EQE exceeding 20%.

2. Results and discussion
2.1. Synthesis

The target compounds 4,6-bis(4-(diphenylamino)phenyl)py-
rimidine-5-carbonitrile (TPAPm) and 4,6-bis(4-(9H-carbazol-9-yl)
phenyl)pyrimidine-5-carbonitrile (CzPm) were obtained by
Suzuki—Miyaura cross-coupling reactions as it is demonstrated in
Scheme 1. The chemical structures of the compounds were
confirmed by 'H and '3C NMR analysis, mass spectrometry and
elemental analysis (SI).

For compound TPAPm the crystal was obtained from methanol
additionally proving the molecular structure. The crystal structure
of compound TPAPm is presented in Fig. la. As a result, many
parameters of its X-ray structure (including the parameters of
molecular packing of TPAPm which is shown in Fig. S1a) can be
obtained using the crystallographic data. The crystal structure of
TPAPm was deposited in Cambridge Crystallographic Data Centre
with the corresponding CCDC deposition number 2165986. Fig. S1a,
shows that there are many short distances between TPAPm mol-
ecules (some of the short distances were measured as they are
marked). The X-ray and theoretical geometries of TPAPm exhibit a
similar global shape (Table S1). The differences between experi-
mental and theoretical dihedral angels are due to the crystal-
packing forces, which are not taken into account during the
theoretical geometry optimisations of isolated molecules. Unfor-
tunately, we did not manage to obtain the crystals of compound
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Scheme 1. Synthesis of TPAPm and CzPm.
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Fig.1. The crystal structure of compound TPAPm (a), DSC (b) curves, photoelectron emission spectra (c), TOF current transients for holes (d) and electrons (e} for the solid sample of

TPAPm and holeelectron drift mobilities (f) for the films of TPAPm and CzPm.

CzPm although the different solvents with the different polarities
were used for the growing of the crystals.

2.2. Thermal properties

The thermal properties of TPAPm and CzPm were studied by
thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC). Both the compounds exhibited high thermal
stability. Their temperatures of 5% of wight loss (T4) were found to
be of 375 °C and 423 °C, respectively (Table 1, Fig. S1b). The com-
plete weigh loss in the single-stage processes shows that the
samples of the compounds were subjected to sublimation during
TGA experiments. TPAPm and CzPm were found to be capable of
glass formation. They showed glass transitions in the second
heating scans. The value of temperatures of glass transition (Tg)
were collected from DSC curves (Fig. 1b) in the second heating
scans. Carbazolyl-c ining compound d rated higher
value of Ty of 135 °C (Table 1) relative to the compound containing
triphenylamino groups (102 °C). This observation can be explained
by the enhanced rigidity of carbazole unit. According to these Ty
values, both compounds are expected demonstrate a stable work in
OLEDs under Joule heating in a wide temperature range.

In the first and second heating scans compound TPAPm
demonstrated the same value of melting point (Tm) of 243 °C. In
contrast, carbazole-based derivative CzPm showed two different
melting points. In the first heating scan Ty, of 305 C* was observed
while in the second heating scan Tr, of 270 °C was recorded (Fig. 1b,
Table 1).Such observation is typically attributed to the existence of
two different polymorphs [32].

2.3. Ultraviolet photoelectron spectroscopy and time-of-flight
measurements

The transport levels of TPAPm and CzPm, thus the ionisation
potentials (IPyps) and electron affinities (EAps) of the solid films of the
compounds, were investigated by combination of ultraviolet photo-
electron spectroscopy (UPS) in air and absorption spectroscopy
(Fig. 2a). Electron affinities were estimated by the formula
EAups = IPups-Eopt, where Eopt is the optical gap taken from the ab-
sorption spectra. The UPS method is required for the estimation of the
fundamental energy gaps of organic semiconductors [33]. The ability
to transport charges under external voltage in the solid-state, that is,
the hole and electron mobilities of the solid vacuum-deposited films,
was studied by time of flight (TOF) method. The selection of the TOF
method was grounded on the possibility to obtain dependences of
charge mobility versus wide electric fields with lower errors in com-
parison to other methods such as the steady-state current density or
field-effect transistor methods, which is sensitive to charge injecting
electrodes [34]. The accurate selection electrodes is not needed in the
case of TOF (charges are generated by optical excitation) [34].

The lower IPyps value of 5.61 eV was obtained for compound
TPAPm in comparison to 5.98 eV observed for CzPm (Fig. Ic,
Table 1). This observation can be attributed to the presence of
triphenylamino substituents with stronger electron-donating
abilities in TPAPm. The slightly different Eopt values of 2.75 and
2.94 eV, respectively were obtained for compounds TPAPm and
CzPm because of the different formation of charge transfer (CT)
states. The close EAyps values of 2.86 and 2.92 eV were estimated
for TPAPm and CzPm, respectively.

Table 1

Thermal, photoelectrical, and charge-transporting characteristics of compounds TPAPm and CzPm.
Compounds Ty, °C T 'C T 'C Te?C IPyps, eV EgpeeV EAps, eV pne cm?V x s Bes cm?IV x 5
TPAPm 375 102° 24320 167" 5.61 275 2.86 73x10° 44x10
CzPm 423 135° 305°270" 206" 5.98 294 2.92 21 %107 04x101

Determined from TGA: Ty — the temperature of 5% weight loss; determined from DSC: a — first heating, b — second heating, T; — the temperature of glass transition, Ty,

—melting point, T, — cr [Pyps — i

potential determined from photoelectron emission curves. EAyps — electron affinity determined by using

ultraviolet photoelectron spectroscopy. Eqy — the optical gap. py, and . — hole and electron mobilities. * — values taken at 3.6 x 10° Vjem.
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To estimate charge carrier mobilities of TPAPm and CzPm, the
transit times (ty) for holes or electrons were taken from the TOF
current transients at the corresponding positive or negative external
voltages (V), that is, at different electric fields, which are estimated
by theformula E = V/d, where dis a thicknesses of the tested vacuum
deposited films (Fig. 1d,e, S2). The TOF current transients were
recorded under condition that a time range of capacity response is
much smaller than a time range of free carrier signals (marked by
arrows in (Fig. 1d.e)). Since the recorded TOF current transients
contained the well visible plateaus and a relatively short tails for
both hole and electrons, it can be concluded that compounds TPAPm
and CzPm are characterised by charge carrier transport with
comparatively low dispersity. Using ty values for holes or electrons
taken at different voltages, hole () and electron () mobilities
were calculated using formula ppje = dZ/v x tyr for the compounds.
Charge mobilities versus electric field are plotted in Fig. le. In
contrast to organic semiconductors typically used in OLEDs [35],
both the compounds showed high-hole mobilities reaching
1073 cmzlv x s and by ca. One order of magnitude lower electron
mobilities reaching 10~% cm?|V x s at high electric fields (Fig. 1f).
Compound TPAPm showed higher both hole and electron mobilities
at the same electric fields than compound CzPm. This observation
can be attributed to the flexible structure of triphenylamino group in
contrast to the rigid structure of carbazole moiety leading to more
compact molecular packing in the films TPAPm. As a result, more
appropriate HOMO/HOMO and LUMO/LUMO overlapping is realised
for hoping of free holes or electrons between neighbouring
molecules of TPAPm. Nevertheless, according to the results of charge
transport measurements, both TPAPm and CzPm have a big
potential for application in OLEDs at least as the host materials.

2.4. Photophysical properties of the compounds

The absorption bands observed in high-energy region (286,
298 nm for the films of TPAPm and 283, 318, 334 nm for the solid

samples of CzPm) are attributed to the localised aromatic 7-7* or
n—m* transitions of triphenylamino or 9-phenylcarbazolyl groups
(Fig. 2a) [36]. The absorption spectra of dilute solutions of com-
pounds TPAPm and CzPm in different solvents show high intensity
low-energy absorption bands (Fig. 2a and b). Based on the theo-
retical results presented in Fig. 53, these bands can be attributed to
the electronic transition Sp— S; which is dominated by the intra-
molecular charge transfer (ICT) between electron-donating phenyl-
carbazolyl group in CzPm or triphenylamino group in TPAPm and
electron-accepting pyrimidine-5-carbonitrile moieties with some
contribution from the local excitations (LE) in phenyl linker. The
smaller oscillator strength of the So— S transition of 0.549 was
calculated for CzPm compared to 0.998 estimated for TPAPm. This
observation indicates weaker LE as well as stronger ICT in CzPm.
(Fig. S3). Slightly different positions of the low-energy bands were
observed in absorption spectra of the solutions of TPAPm and
CzPm due to the solvatochromic effect caused by ICT (Fig. 2aand b).
Previously, the similar nature of low-energy band was observed for
4,6-bis  [449-carbazolyl)ph yrimidine containing  slightly
weaker acceptor pyrimidine than pyrimidine-5-carbonitrile.
Nevertheless, as it will be shown below, TADF was not detected
neither for CzPm and TPAPm nor for the previously studied 4,6-bis
[4-(9-carbazolyl)phenyl]pyrimidine [30].

The toluene solutions of compounds TPAPm and CzPm
demonstrated blue emission with maximum intensities at 486 nm
and 458 nm, correspondingly (Table 2). The neat films of both the
derivatives showed green emission with maximum centred at
506 nm demonstrating that the intrinsic polarities of the solid
samples of TPAPm and CzPm are higher than that of toluene
(Fig. 2a). The fluorescence of toluene solutions of the synthesised
compounds is highly efficient. The values of photoluminescence
quantum yield (®pr) reached 90% for the solution of TPAPm and
98% for the solution of CzPm. The values of ®p_of the neat films of
TPAPm and CzPm were found to be lower and exceeded 45% and
30%, respectively.
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Table 2

Photophysical parameters of toluene solutions and neat films of compounds TPAPm and CzPm and guest-host solid solutions.
Compounds g (in nm) By, (in %) Tyft2 (in ns) Rel,Rel; (in %) '/,2
TPAPm'™ 486 90# 3.75/- 100 1.084
CzPm™ 458 98+ 517/~ 100 1027
TPAPm™™ 506 45 286/8.49 62.64/37.56 1222
CzPm/™™ 508 30 3.88/9.63 37.65/62.35 1228
TPAPm in mCBP 506 21 202/4.87 67.36/32.64 1224
CzPm in mCBP 476 18 244]7.04 49.71/5029 1218

Guest—host solid solutions: 20 wt% of emitters in hosts; kp, — the atthe intensity of ence; dp, —the i ce q yield, *

— degassed conditions; /1, — the lifetimes of prompt and delayed fluorescence; Rel,/Rel, — contribution ratio of 74/t,; % — the weighted sum of squares of deviations of

calculated points of multiexponential fitting of a PL decay curve.

For the analysis of the excited state properties of TPAPm and
CzPm in more details, their solvatochromic effects were investi-
gated using the Lippert—Mataga solvatochromic model (Fig. 2c). For
this purpose, the absorption and PL spectra of ten dilute solutions of
TPAPm and CzPm were recorded. They are presented in Fig. 2b.

no contribution of TTA emission under optical excitation (Fig. S6a)
[46,47]. In addition, the linear fits of their electroluminescence
(EL) intensities versus current densities revealed the slopes lower
than unity displaying no contribution of TTA emission under
electrical excitation as it will be discussed below (Fig. S6b).

The positions of the PL spectral peaks are mostly pred d by
the polarity of solvents. The Lippert—Mataga dependences [37-39]
of the Stokes shifts 47 versus orientation polarisability of a solvent
Af are plotted in Fig. 2c. The approach is based on the Onsager
interpretation of the non-specific electrostatic interactions be-
tween molecules of material and solvent in a solution [40]. The
relation, which the plot is based on, is Ay = arz—ailﬁ“‘e - ;Ag)z + A%
Here, is the Stokes shift in a condition of the absence of impact of
solvation while a is denoted as an Onsager cavity radius. The slope
of Lippert—Mataga plot corresponds directly to the difference of the
dipole moments of a molecule in excited and ground states. The
values of slopes for TPAPm and CzPm were found to be of 15,201
and 17,529 cm ™!, respectively.

PL decay curves of toluene solutions and of neat films of TPAPm
and CzPm were found in the nanosecond range confirming the
prompt fluorescence nature of emission without any sign of delayed
fluorescence, for example, TADF or TTA (Fig. 2d, S4, Table 2). This
observation is not expected taking into account the results of
investigation of PL intensity of toluene solutions of TPAPm and
CzPm under the different conditions (air equilibrated, degassed, and
oxygen equilibrated) (Fig. 2e). After deoxygenation, the PL intensity
of toluene solutions of both the compounds slightly increased but
after purging with oxygen their PL intensity significantly dropped
down. This observation may confirm that tripletexcitons participate
in emission processes of derivatives TPAPm and CzPm. It is known,
that triplet excitons are very sensitive to the presence of oxygen
[41,42]. PL decay curves of toluene solutions of TPAPm and CzPm
were recorded under different conditions (Fig. 2d). Lifetimes of
excited states in oxygen atmosphere were found to be considerably
shorter than in air that additionally confirms the participation of
triplet excitons in emission what is not usual for purely fluorescent
materials. Several mech couldber ible for the emissive
triplet harvesting of TPAPm and CzPm [10,14,43-45].

« One of them is r D ence [5,45,50].
Since additional bands or shoulders were not observed after
deoxygenation, room-temperature phosphorescence is highly
unlikely (Fig. 2e, S5).

o Another possible mechanism might be thermally activated
delayed fluorescence. However, it is not the case for TPAPm and
CzPm since no delayed fluorescence was observed due to rela-
tively high singlet—triplet splitting (Fig. 2d).

o Triplet—triplet annihilation is also unlikely for TPAPm and CzPm
since the linear fits of their integrated PL intensities versus exci-
tation intensities revealed the slopes lower than unity displaying

hosnh,
ure phosp

« Emission of hybridised local and charge transfer states, can
partly be the case for TPAPm and CzPm due to the closely
situated several excited states predicted by theoretical calcula-
tions (see discussion below, Fig. 3a).

o We suppose that the mechanism of emissive triplet harvesting
is upper level triplet—singlet intersystem crossing [ 10,14]. This
mechanism may be partly in combination with contribution of
TADF and/or TTA despite their evidence is very limited/non-
observed.

2.5. Time-resolved measurements

To provide more study on emission behaviour of TPAPm and
CzPm, time-resolved measurements were performed for toluene
solutions and the films of the doped compounds TPAPm and
CzPm. Their PL decay curves were recorded in visible spectral re-
gion (400—-700 ns) with the step of 3 nm at constant time (3 min)
(Fig. S4c). Photoluminescence spectra recorded at the different
times after excitation are plotted in Fig. 3¢, $4d,e and Fig. 4a in 3D
and 2D coordinates. Initially, taking into account just time-taking
processes of upper level triplet—singlet intersystem crossing and
consequent internal conversion, we expected to obtain similar
spectra of prompt and delayed fluorescence resulted from relaxa-
tion of singlet excitons from S;. In contract to the steady-state
fluorescence spectra which contain single bands, two bands with
the different intensities at the different times after excitation are
well observed in time resolved fluorescence spectra of non-
oxygenated toluene solutions of TPAPm and CzPm (Fig. 3c and
Fig. S4d). Presence of those two bands is not consistent with one
band of steady-state fluorescence of their non-oxygenated toluene
solutions (Fig. 2e). Moreover, if the upper level triplet crossing
mechanism is operative in solution, the steady-state spectra in
oxygen saturated solutions should show only the high energy
single band. In contrast, the steady-state spectra in degassed so-
lutions must show two emission bands. Despite there are no clear
observation of two bands for the steady-state spectra in degassed
solutions, there are seen shift of maxima between PL spectra of
degassed and oxygen saturated solutions. This observation appar-
ently attributed to the triplet harvesting (caused by overlapping of
two bands). Thus, degassed solutions do not show two emission
bands because the most of intensity of observed emission is related
to simple fluorescence from ultrafast relaxation of S states (Fig.
S11). By the other words, the intensity of ‘delayed’ fluorescence
(which attributed to triplet harvesting) is much lower than in-
tensity of ultrafast fluorescence. Meanwhile, the time-resolved
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toluene solutions of TPAPm recorded at the different times after excitation.

spectra are not attributed to intensity of ultrafast fluorescence
since the delay was used when corresponding PL decay curves
were recorded (Fig. S4b). As a result, the time-resolved spectra
with two bands were recorded (one band is attributed to simple
fluorescence, and second one is attributed to triplet harvesting
ability as it discussed below).

Theoretical calculation discussed below revealed existence of
closely situated Sy and S; states of both the compounds. Therefore,
this observation is clear evidence of relaxation of singlet excitons
from Sj and S both contributing to the total emission. Thus, the
steady-state fluorescence spectra of TPAPm and CzPm are caused
by overlapping of fluorescence both from S; and S,. Apparently, S,
of TPAPm and CzPm become emissive due to overloading of Sz by
upper level triplet—singlet intersystem crossing, as shown in Fig.
3c. Stronger separation of Sy and S; emission bands was observed
for the films of TPAPm (20 wt%):mCBP and CzPm (20 wt%):mCBP
(Fig. 4a and Fig. S4e) apparently due to either intermolecular in-
teractions or polarity effects.

Keeping this in mind, we studied the theoretical vertical singlet
and triplet excitation energies (Fig. 3a).

The theoretical study revealed a relatively large singlet—triplet
energy splitting (AEsr) between S; and Ty of 0.26 eV and 0.52 eV
for CzPm and TPAPm, respectively. It complicates transfer of triplet
excitons from Ty to Sy through reverse internal system crossing
(rISC) typical for TADF materials. However, very small AEsybetween
high energy levels (AEs33 = 0.05 eV, AEg3ry = 0.02 eV for CzPm and
AEsit3 = 0.02 eV, AEsyr4 = 0.02 eV for TPAPm) suggests that riSC
along the high-lying triplet states and singlet states can compete
with the internal conversion (IC) process between triplet excited
states (AEtor3 = 0.29 eV for CzPm and AEro73 = 0.34 eV for TPAPm).
This kind of rISC channels results in the triplet-harvesting via upper
triplet levels in CzPm and TPAPm. Theoretically, 100% exciton
utilisation can be reached in OLEDs containing such materials, thus
enhancing efficiency of OLEDs [15].

PL and phosphorescence (PH) spectra of frozen THF solutions of
the compounds were recorded at 77 K (Fig. 4b). The wavelengths of
PL and PH spectra at maximum intensities of the emission were
used for estimation of the values of the first singlet (S;) and triplet
(Ty) energy levels of TPAPm and CzPm. Compound TPAPm
demonstrated low triplet energy of 2.31 eV, while CzPm showed
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significantly higher triplet energy of 2.54 eV. The AEst values of the
compounds were found to be comparable. TPAPm showed AEgy of
0.32 eV while CzPm exhibited AEst of 0.34 eV. As a result, TADF
properties were not detected for TPAPm and CzPm as it was
mentioned above. In addition, we measured the values of AEgy for
20 wt% solid solutions of TPAPm and of CzPm in mCBP. They were
found to be of 0.27 eV and 0.26 eV, respectively (Fig. S7). We note
that slightly different values of Sy and Ty of compounds obtained
for THF solutions and the layers of the solid solutions in mCBP
observed at 77 K may be attributed to deformations of dihedral
angles between the moities in the solid samples. To support this
assumption, we also evaluated the energies of the excited states for
the rotation of the D—A bonds (Fig. S8).

2.6. Transient differential absorption

To support claims on triplet harvesting processes of TPAPm and
CzPm which appeared via upper level riSC, the presence of these
energy states has to be confirmed. A femtosecond transient
absorption pump-—probe technique allows experimentally to do
that. Transient absorption (TA) spectra and decay kinetics were
recorded for 1 wt% and 20 wt% molecular dispersions of TPAPm and
CzPm in Zeonex under excitation to high-excited states by 400 nm
light (Fig. 5, $9, $10). To minimize effect of hosts and intermolecular
interactions, the inert polymer Zeonex with relatively low polarity
was selected as the matrix [48]. The TA measurements showed more
complex dynamics than that observed for simple fluorescent emit-
ters [49]. The TA spectra of the films of the molecular dispersions of
TPAPm and CzPm in Zeonex showed spectral evolutions taking
place on several and hundreds of ps time scales. Since molecules
were dispersed in solid Zeonex matrix, conformational changes,
formation of dimers or aggregates are unlikely. Taking the case of the
film of 1 wt% solid solution of TPAPm in Zeonex as an example of a
semi-quantitative analysis, TA spectra are characterised by one
negative (at ca. 490 nm) and two positive (at ca. 550 and 670 nm)
induced absorption bands. Since TPAPm exhibits no absorption,
and thus, absorption bleaching is not possible in the 500 nm region,
the negative band should be attributed to the stimulated emission,
while the two positive bands can be assigned to the excited state
absorption. We can distinguish three characteristic spectral shapes
represented by the TA spectra at 0.2 ps, 4 ps, and 800 ps (Fig. 5a).
According to the theoretical energy diagram, absorption of the
excitation light at 400 nm used for the sample excitation creates high
singletexcited states S or Ss. The first spectrum with the stimulated
emission band at ca. 490 nm can be attributed to the vibrationally
‘hot’, conformationally nonequilibrated combination of closely
energetically situated S4—S; excited states. Cooling and equilibration
create a relaxed S excited state during the initial several ps and
cause a red-shift of the luminescence band towards 515 nm. The
subsequent excited state dynamics during several hundreds of ps
cause weakening of the stimulated emission, which is finally over-
whelmed by the excited state absorption. This process can be
attributed to the S; to S; relaxation, which was also observed as the
evolution of the time-resolved PL spectra of the films of 20 wt% solid
solution ofTPAPm in mCBP (Fig. 4a). In the case of the 1 wt% solid
solution of TPAPm in Zeonex, the weakening of the stimulated
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The high time resolution of the transient absorption and streak
camera measurements reveals the dynamics of the S, to S; relax-
ation. This process is highly nonexponential. The initial relaxation
phase takes place on a time scale of tens of picoseconds, and
continues during hundreds of ps. Moreover, according to the PL
dynamics presented in Fig. 4a, the PL spectra modifications last for
several nanoseconds. This nonexponential behaviour suggests a
strong inhomogeneity of the system. We speculate that the for-
mation of the S; state may strongly depend on the conformational
states of the molecules, which may be significantly different for the
molecules embedded in a solid matrix causing different S, to Sy
transition rates. Consequently, the evolution of the spectra is in
agreement with the presence of closely situated several excited
states predicted by the theoretical calculations and supports the
prediction of relatively slow cascade relaxation of these states
(Fig. 3aand b).

The TA data, which indicate the formation of the additional
states, well support the presented above energy diagram of the
singlet and triplet excited states of TPAPm and CzPm (Fig. 3a and
b). As demonstrated below, the electroluminescence spectra of the
TPAPm and CzPm based devices correspond to the sum of both S,
and S luminescence bands, which shows that the S state is mainly
populated in operating devices, apparently by the rISC process as
suggested in Fig. 3a and b.

2.7. Photophysical properties of OLED guest-host systems

To develop guest—host systems for light-emitting layers of
efficient OLEDs, both charge-transporting and photophysical
properties of hosts and guests must be considered. To prevent
reabsorption, the emission spectrum of a guest has to be red-
shifted in comparison to the absorption spectrum of a host.
Considering low-energy edges of absorption spectra at 450 and
422 nm of TPAPm and CzPm, respectively, it can be concluded that
the compounds can be used as the hosts for green-red emitters
(Fig. 2a). To avoid energy leakages through triplet levels of a host, a
Ty value of a host has to be higher than S, [T; values of an emitter.
Taking into account the first triplet levels of 2.31 eV observed for
TPAPm and 2.54 eV recorded for CzPm, it can be concluded these
compounds can be used as hosts for orange-red emitters (Fig. 4b).
Following the above requirements, 2,7-bis(9,9-dimethylacridin-
10(9H)-yl)dibenzo [a,c]phenazine (AcDbp) was selected as the
possible advanced TADF/TTA emitter [51]. It was recently used for
the fabrication highly efficient OLEDs [51]. Briefly introducing
AcDbp, it should be mentioned that this compound additionally to
combination of TADF/TTA triplet-harvesting properties is charac-
terised by bipolar charge transport with mobilities exceeding
103 cm?/V-s at high electric fields, singlet energy of 2.55 eV and
triplet energy of 2.35 eV, ionisation potential of 5.5eV and electron
affinity of 2.77 eV. It shows good performance in OLED as the
emitter (maximum EQE of 19.4%) [51].

Hosting properties of TPAPm and CzPm were investigated
under optical and electrical excitations using guest—host systems
AcDbp(20 wt%):TPAPm and AcDbp(20 wt%):CzPm. Light-emitting
properties of TPAPm and CzPm were additionally studied using
solid mixtures of TPAPm (20 wt%):mCBP and CzPm (20 wt%):mCBP.

emission band indicates that the S; statep alower

dipole moment to Sp state than the higher singlet excited states. This
weakening is less clear in Fig. 4a because of insufficient time reso-
lution for the films of 20 wt% solid solutions of TPAPm in CBP.
Meanwhile, PL measurements were performed for the 1 wt% solid
solution of TPAPm in Zeonex with a streak camera with 3 ps time
resolution on a 120 ps time range reveals only the S; state lumi-
nescence and its decay confirming that the time-resolved lumines-
cence of the Sy state is much weaker (Fig. S11c¢in SI).

The photophysical parameters of the solid guest—host mixtures are
collected in Table 2.

PL spectra of the studied guest—host systems are mainly related
to the emissions of the guests (Fig. 4¢). The low-intensity emissions
observed in high-energy spectral region that could be related to the
emission of hosts. This host emission is apparently not related to
the pure host—guest Forster resonance energy transfer but to
small area located (focused) optical excitation. These conclusions
are supported by the total absence of host emissions in
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electroluminescence (EL) spectra of OLEDs based on these systems
as light-emitting materials (Fig. 6b). PL spectra of the solid layers of
TPAPm and CzPm doped in mCBP host are very similar to PL
spectra for their toluene solutions because of the similar dielectric
constant of toluene and mCBP (Fig. 2¢). In contrast to the TADF/TTA
emitter AcDbp, PL decays of the systems TPAPm:mCBP and
CzPm:mCBP were found in the nanosecond range (Fig. 4d, 54) [51].
However, the shapes of PL decay curves of the molecular mixtures
TPAPm:mCBP and CzPm:mCBP were very similar to PL decays of
previously published emitters exhibiting triplet harvesting phe-
nomenon via upper level triplet—singlet intersystem crossing [14].
Because of the same mechanism of triplet harvesting of TPAPm and
CzPm, high-efficient OLEDs were obtained using them as emitters.
Emitter AcDbp doped in both hosts TPAPm and CzPm exhibited
orange emission (Fig. S4a) with delayed fluorescence similar that
previously observed for AcDbp (Fig. S4b) [51].

2.8. Electroluminescent devices
Aiming to study emitting and hosting properties of compounds

CzPm and TPAPm, the layers of above described guest-host sys-
tems TPAPm:mCBP/CzPm:mCBP and AcDbp:TPAPm/AcDbp:CzPm

Table 3
Device out-put parameters

were used as light-emitting layers in OLEDs with the structure
ITO/HAT-CN [5]/NPB [40 nm]/TCTA [10 nm]/mCBP [10 nm]/light-
emitting layer [50 nm]/NBPhen [30 nm]/LiF [2 nm]/Al In devices
E-TPAPm and E-CzPm devices, compounds CzPm and TPAPm were
used as the emitters while in devices H-TPAPm and H-CzPm they
were used as hosts (Fig. Ga, Table 3). The reference device H-mCBP
was also fabricated for the comparison of hosting properties of
CzPm and TPAPm with those of the commercial host mCBP. TADF/
TTA emitter AcDbp [51] was used in the reference device H-mCBP.

The multi-layer device structure contained the layers of com-
mercial materials such as hole-injecting layer of hexaaza-
triphenylenehexacabonitrile (HAT-CN), hole-transporting layers of
di (1-naphthyl)-N,N'-diphenyl (NPB), tris(4-carbazoyl-9-ylphenyl)
amine (TCTA), and 3,3-di (9H-carbazol-9-yl)biphenyl (mCBP),
electron-transporting layer of 2,9-bis(naphthalen-2-yl)-4,7-
diphenyl-1,10-phenanthroline (NBPhen) and electron-injecting
layer of fluorolithium (LiF) (Fig. S12). Such device structure en-
sures the recombination of charges and generation of excitons
within the light-emitting layers. As a result, the same EL spectra
were recorded at different external voltages (Fig. S13). Devices E-
TPAPm and E-CzPm were characterised by bluish green and blue
EL with CIE colour coordinates of (0.174, 0.454) and (0.149, 0.203),

Motif of EL test Emitting property test

Hosting property test

Device structure

[TO/HAT-CN/NPB/TCTA/mCBP/emitting layer/nBPhen|Lig/Al

Device name E-TPAPmM E-CzPm H-TPAPm H-GZPm H-mCBP
Emitting layer TPAPmM:mCBP CzPm:mCBP AcDbp:TPAPmM AcDbp:CzPm AcDbp:mCBP
Vox (V) @ 10 cd/m? 43 44 30 45 3.85

EQEmsx EQE100. EQEyon0 (%) 60,47,4.2 7.0,47,39 207,120, 7.9 137,6.1,47 202,124,53
CIE (xy) @ 1000 cd/m? (0.174,0454) (0.149, 0.203) (0.546, 0449) (0.54,0455) (0.5,0.49)
LT50,* hour @ 100 cd/m? 3896 648 2063 6481 22,336

* device lifetimes calculated by formula LT(L,) = LT(Lg) x (Lo/L,)" using experimental data from Fig. 7e and f and assuming n = 1.75, where L, is luminescence at 100 cd/m?.

9



U. Tsiko, D. Volyniuk, V. Andruleviciene et al.

respectively. The EL spectra of devices E-TPAPm and E-CzPm were
very similar to PL spectra of the corresponding films of host-guest
mixtures TPAPm:mCBP and CzPm:mCBP used as light-emitting
layers (Fig. 4c). When compounds TPAPm and CzPm were used
as hosts for the orange emitter AcDbp, orange EL were observed for
devices H-TPAPm and H-CzPm without any evidences of emissions
of hosts in their EL spectra (Fig. Gb). EL spectra of devices H-TPAPm
and H-CzPm were found to be slightly red-shifted in comparison to
EL spectra of the reference device H-mCBP and previously pub-
lished EL spectra of AcDbp-based devices [51]. This observation can
be explained by strong sensitivity of TADF/TTA emission of emitter
AcDbp to the dipole moments of surrounding molecules, which are
higher of bipolar compounds TPAPm and CzPm than that of mCBP.
Since compounds TPAPm and CzPm are characterised by prompt
fluorescence, narrower full width at half maxima (FWHM), thus
purer emission colours, were observed for devices E-TPAPm and
E-CzPm than for TADF OLEDs H-TPAPm, H-CzPm and H-mCBP
(Table 3, S2).

Transient electroluminescence (TREL) signals help to prove the
considerable participation of triplet excitons in electrolumines-
cence of the devices (Fig. 6 d,e). In contrast to PL decay curves of
emitters TPAPm and CzPm (Fig. S4b), TREL signals of devices
E-TPAPm and E-CzPm demonstrated hundreds of microseconds
lived emission definitely related to triplet harvesting abilities of
TPAPm and CzPm. Since intensity of long-lived EL of device
E-CzPm is stronger than that of device E-TPAPm, emitter CzPm is
characterised by more efficient triplet harvesting than TPAPm.
When compound AcDbp was used as an emitter, the shapes of TREL
signals of OLEDs H-TPAPm, H-CzPm and H-mCBP were very similar
to the previously published TREL signals of devices based on a
TADF/TTA emitter [52]. Considerably faster EL kinetics were
observed for devices H-TPAPm and H-CzPm than for H-mCBP. This
observation could be related to process of upper level triplet singlet
intersystem crossing of TPAPm and CzPm hosts which is not
observed for the conventional host mCBP. Thus, the faster triplet
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harvesting was observed for AcDbp-based devices when hosts
TPAPm and CzPm were used. Taking into account the big differ-
ences of the shapes of TREL signals of devices E-TPAPm/E-CzPm
and AcDbp-based devices (Fig. 6 d,e), triplet harvesting of emitters
TPAPm and CzPm is attributed rather to upper level rISCbut not to
TADF or TTA as it was in the case of emitter AcDbp [51]. This
observation additionally confirms the above considerations.

The similar turn-on (voltage at 10 cd/mz) and driving (voltage at
10 mAJcm?) voltages were observed for devices E-TPAPm and E-
CzPm due to the same device structure with the same host mCBP
used (Fig. 7a, Table 3). Only small differences in turn-on and driving
voltages of these devices can be attributed to the direct charge
injection and charge transport through HOMO/LUMO of emitters
TPAPm and CzPm. Thus, charge-transporting properties of emitters
TPAPm and CzPm did not affect much the dependencies of current
density versus voltage of devices E-TPAPm and E-CzPm. In contrast,
very different turn-on and driving voltages were observed for de-
vices H-TPAPm, H-CzPm and H-mCBP in which the different hosts
TPAPm, CzPm and mCBP were used (Fig. 7b, Table 3, S2). The lowest
turn-on and driving voltages of 3.0 and 5.0 V were obtained for
device H-TPAPm based on the host TPAPm with either higher hole/
electron mobilities or with more appropriate for charge injection
HOMO/LUMO in comparison to those of host CzZPm and reference
host mCBP (Fig. le, 6a, Table 3,52).As a result, high maximum power
efficiency (PE) of 28.6 Im/W was achieved for device H-TPAPm in
contrast to that of device H-CzPm with the same emitter and device
structure. This result directly demonstrates the relationship be-
tween high charge mobility of the host TPAPm and PE of the device.

When compounds TPAPm and CzPm were used as OLED emit-
ters, the high maximum EQEs of the devices of 6 and 7% were ob-
tained (Fig. 7c). Since the theoretical limit of EQE for prompt
fluorescence based OLEDs is of 5%, this result additionally confirms
the ability of triplet harvesting by compounds TPAPm and CzPm as
it was discussed above. In addition, this observation shows the
considerable participation of triplet excitons in electroluminescence.
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When compounds TPAPm and CzPm were used as OLED hosts,
the high maximum EQEs of 20.7% and 13.7% were obtained for
devices H-TPAPm and H-CzPm. EQE of H-TPAPm slightly exceeded
EQE of the reference device H-mCBP which was found to be of
20.2% (Fig. 7d, S13, Table 3, S2). The EQE differences of devices
H-TPAPm and H-CzPm can be explained by the different charge
mobilities of hosts TPAPm and CzPm (Fig. 1e). The highest roll-off
efficiency, thus the highest EQE at 1000 cdlm2 was observed for
device H-TPAPm. This observation can be also attributed to high
charge mobility of compound TPAPm leading to good charge
balance at wide range of the applied voltages (Fig. 7d).

EL intensities versus applied voltages are plotted in Fig. 7ef.
Since the different initial luminance (marked by the arrows) was
selected for the devices, the direct comparison of device life-times
is not possible. Therefore, the formula LT (L;) = LT (Lo) x (Lo/Ly)"
was used for the prediction of device life times (LT80 and LT50) at
80 and 50% EL intensity, initial luminance of 100 and 1000 cd[mZ
assuming the escalation factor n = 1.75. The experimental values of
escalation factor for OLEDs are typically in the range of 1.65-1.95
(Table 3, S2) [53,54]. In this formula, LT (Lo) is the experimental
value of LT80 at EL intensity of 80% of chosen luminance Lg, LT (L) is
predicted lifetime at luminance Ly To get LT50, experimental data
were analysed using the formula L/LO = a x exp ™ + b x exp’B‘.
where the first-exponential term is related to the rapid initial
decay, the second-one is related to the long-term degradation, a, b,
o, Bare fitting parameters, which are related to functional materials
used and device processing [55].

Approximately five times higher device lifetimes were obtained
for OLEDs E-TPAPm in comparison to those of device E-CzPm
(Table 3). These results can be mainly attributed to the different
triplet energies (2.31 eV for TPAPm and 2.54 eV for CzPm) of the
emitters (Fig. 4c). Itis known that hot exactions with double energy
can be formed leading to chemical bond dissociation and formation
of defects in light-emitting layers when two triplets meet one
another [12]. Due to the higher energy of hot exciton of 5.08 eV
estimated for emitter CzZPm compared to that of 4.62 eV observed
for emitter TPAPm, the higher stability was achieved for device
E-TPAPm (Table 3,52).

When compounds TPAPm and CzPm were used as hosts for the
same emitter AcDbp, the opposite device lifetimes were observed.
Device H-CzPm was characterised by higher stability in comparison
to the stability of device H-TPAPm. Thus, high triplet excitons of
CzPm practically did not affect the device stability. Apparently, the
molecular stability plays the main role in this case. In particular, the
fused carbazole unit provided higher device stability that flexible
triphenylamine moieties. The reference device (H-mCBP) showed
the highest stability with predicted LT50 of 22,336 h at initial
luminance of 100 cd/m? (Table 3). The stability of the reference
device H-mCBP shows potential of recently developed emitter
AcDbp. Summarizing, the device investigations demonstrate not
only potential of developed compounds TPAPm and CzPm as
emitters and hosts with rare triplet-harvesting ability but also
provide additional stability results for TADF/TTA emitter AcDbp
which were not discussed in the previous work [51].

3. Conclusions

Two new derivatives triphenylamine and 9-phenylcarbazole as
donor moieties and pyrimidine-5-carbonitrile as electron-
withdrawing unit with ability to harvest high-lying triplets were
developed and characterised. The obtained materials were used as
emitters for the fabrication high-efficiency doped blue and
greenish-blue fluorescent OLEDs with EQE,, of 7% and 6%. High
efficiency of the fluorescent devices exceeding theoretically
possible 5% is attributed to upper level triplet singlet intersystem
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crossing. In accordance with the theoretical calculations, reverse
internal system crossing can appear between T; and S; for
triphenylamine-based compound and between T3 and S for
carbazolyl-containing compound. In our case, the slight increase of
efficiency of OLEDs shows that not all high-energy triplet excitons
were converted into singlet excitons. Using the synthesised com-
pounds as host materials orange TADF/TTA based OLEDs were
fabricated. They showed EQEmax of 20.7% and 13.7% as well as LT50
(100 cd/m?) of 2063 and 6481 h. A higher efficiency was achieved
for the device based on host with triphenylamino groups. This host
demonstrated good bipolar charge-transporting properties with
charge mobilities in the range of 10— cm?/V x s at electric field of
36 x 10° V/cm and low triplet energy of 2.31 eV. However, the
device with carbazole-based host showed by ca. three times higher
durability in comparison to the device with the host containing
triphenylamine groups.
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