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1. INTRODUCTION

Organic semiconductors have drawn a great deal of attention because of their
distinctive characteristics and potential uses. Some important areas where organic
semiconductors are used are organic light-emitting diodes (OLEDs). One of the most
popular uses for organic semiconductors is OLED technology'~. They are used in
displays and lighting panels in smartphones, TVs, wearable devices, and automotive
displays®. High contrast, broad viewing angles, and low power consumption are just
a few benefits that OLEDs can offer*>. Organic semiconductors are used in organic
solar cells as well. Flexible, lightweight, and cheap to produce organic and hybrid
solar cells can convert sunlight into power®’. Potential uses of these devices include
portable electronics, as well as solar panels that are integrated into buildings, and other
solar power systems®’. One more potential application of organic semiconductors is
organic field-effect transistors (OFETs)!%!!, The advantages of these devices are the
potential for large-area manufacture as well as low-cost fabrication and mechanical
flexibility. OFETs can be used in radio frequency identification (RFID) tags, sensors,
flexible displays, electrical circuits'?. Organic thin-film transistors (OTFTs) are like
OFETs; however, they use mostly thin films of organic semiconductors'®. They have
applications in active matrix displays, flexible electronics, and wearable devices'*!>,
OTFT technology enables the development of lightweight and bendable electronic
products. Organic semiconductors are used in organic memory devices, such as
organic random-access memory (ORAM) and organic flash memory (OFM)
devices'®!”. High-density data storage and low-cost manufacturing are two
advantages of these memory devices'®!”. Organic sensors represent the next field of
application of organic semiconductors. The different sorts of sensors, including
pressure sensors, biosensors, gas sensors, can be constructed using organic
semiconductors?. These sensors can be used in a variety of products, including
wearable technology?!, medical applications’>?, environmental monitoring
systems®*%, etc. Organic lasers or organic semiconductor lasers have been developed
using organic semiconductors®®. The benefits of organic-semiconductor lasers include
tunability?’, affordable production®®, and compatibility with flexible substrates®.
They can be used in spectroscopy?’, biomedical imaging, and telecommunications®!.
With their ability to transform waste heat into power, organic semiconductors have
demonstrated the potential use in thermoelectric applications®2. Temperature sensors,
wearable electronics®*3*, and energy harvesting®® are potential uses for organic
thermoelectric devices.

Due to their potential use in optoelectronic devices, sensors, and other fields,
thermally activated delayed fluorescence (TADF) and room temperature
phosphorescence (RTP) have attracted a great deal of attention lately*®*’. Significant
interest and research efforts have been put into the discovery and development of
room-temperature phosphorescent materials. This is because RTP materials have the
potential to improve the efficiency and performance of OLEDs and sensors. RTP can
allow to enhance device lifetime*-, reduce power consumption, and enable different
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applications in areas such as lighting®’, displays*, and data communication*>. The
high efficiency of OLEDs is obtained by using phosphorescent materials*’. However,
rare and expensive metals such as platinum* and iridium* are used in phosphorescent
OLED emitters***’. TADF materials provide an alternative method by employing
organic molecules that can achieve comparable effectiveness without the need of
expensive metals*®*°, TADF materials typically consist of two components, i.e., donor
and acceptor moieties’®!. In the first-generation OLEDs, only singlet excitons
(electron-hole pairs with parallel spins) can emit light efficiently, while triplet
excitons (electron-hole pairs with antiparallel spins)? are typically non-emissive. As
a result, singlet excitons are the primary source of light emission, while a significant
amount of energy from triplet excitons is wasted as heat. However, TADF allows for
the efficient harvesting of both singlet and triplet excitons, thereby enhancing the
overall emission efficiency of the devices. TADF compounds can convert non-
emissive triplet excitons into emissive singlet excitons, resulting in highly efficient
fluorescence™**. Organic compounds with a narrow energy gap between the lowest
singlet and triplet excited states can accomplish this. This small energy gap allows for
reverse intersystem crossing (RISC)*>%, which enables the conversion of the non-
emissive triplet excitons into emissive singlet excitons®’. The TADF process involves
three main steps: harvesting, up-conversion, and emission®®*., First, the TADF
material harvests both singlet and triplet excitons generated by the electrical
excitation. The harvested triplet excitons are then up-converted into singlet excitons
through RISC®". This step involves efficient energy transfer and spin manipulation
within the TADF molecule. Finally, the singlet excitons undergo radiative decay,
resulting in the emission of light.

TADF materials come in a variety of forms, each having unique chemical
characteristics and chemical structures®®®!. Some commonly used TADF materials
include carbazole derivatives®®®. Due to their high fluorescence efficiency and
suitable energy levels, these compounds are widely researched as TADF materials.
With their high emission efficiency and excellent color purity, triazine-based**%
materials have demonstrated intriguing TADF features. Acridine-based®®®” TADF
materials have been investigated for OLEDs due to their efficient blue and green
emission. Spiroacridine®®® compounds exhibit efficient TADF properties and have
been utilized in blue-emitting OLEDs.

TADF materials come in a variety of forms, each having unique chemical
characteristics and chemical structures®®®!. Carbazole derivatives represent
commonly used TADF materials®*%. Due to their high fluorescence efficiency and
suitable energy levels, these compounds are widely researched as TADF materials.
With their high emission efficiency and excellent emission color purity, triazine-
based®®> materials have demonstrated intriguing TADF features. Acridine-based®®-¢
TADF materials have been investigated for OLEDs due to their efficient blue and
green emission. Spiroacridine®®® compounds as well exhibit efficient TADF. They
have been utilized in blue-emitting OLEDs.
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RTP compounds can emit light at room temperature through phosphorescence,
which is a process typically associated with metal complexes. This is achieved with
organic molecules that have heavy-atom elements, such as phosphorus or heavy
halogens’, incorporated into their structure. These heavy atoms facilitate intersystem
crossing (ISC) between singlet and triplet excited states, leading to phosphorescence.
Normally, phosphorescence is related to materials that emit light even after an external
energy source, such ultraviolet (UV) radiation, has been removed’!"”>. The emission
occurs in the case of RTP without the requirement for cryogenic temperatures or other
energy sources. In traditional organic materials, such as dyes and fluorescent
compounds, the excited state energy is quickly lost by non-radiative processes,
leading to prompt emission or fluorescence that lasts for just a very brief period (in
the range of nanoseconds)”>’*. However, phosphorescent materials exhibit a longer-
lived excited state due to the presence of a triplet state. The triplet state can undergo
intersystem crossing, where the energy is effectively stored and emitted as light over
a longer timescale. In order to achieve RTP in organic materials, the researchers have
been experimenting with a variety of methods. These methods include using,
constructing rigid molecular frameworks’’®, and including heavy elements in the
molecular structure. In order to create effective RTP materials, the scientists have
made great progress by carefully designing the molecular structure and optimizing
their characteristics.

Aromatic and heteroaromatic compounds, containing trifluoromethyl (CF3)
group, have attracted significant attention in TADF and RTP research because of their
special electronic and steric characteristics””-’8, Due to the electron-withdrawing
properties of the CF3 group, there is a lower energy difference between the singlet and
triplet excited states, which results in a lower energy of the lowest unoccupied
molecular orbital (LUMO)™#°. The CF; group is relatively bulky. It may have an
impact on the molecular packing and improve intersystem crossing and emission
efficiency. The experimental studies have demonstrated that TADF compounds
containing a trifluoromethyl group can exhibit high fluorescence quantum yields.
OLEDs based on such compounds show low efficiency roll-off at high current
densities®!. Furthermore, the incorporation of a trifluoromethyl group has been shown
to enhance the stability and durability of TADF materials, making them promising
candidates for the use in the long-lasting lighting applications®>%3,

It has been shown that RTP compounds containing trifluoromethyl group can
exhibit long-lived room temperature phosphorescence®**>. This makes them
promising candidates for the use in a variety of applications, including imaging and
sensing.

Donor—acceptor—donor (D-A-D) and donor—acceptor (D-A) type organic
compounds are commonly used in organic electronics, such as organic solar cells,
organic field-effect transistors, OLEDs. These materials have a specific molecular
structure where a central electron-accepting unit is flanked by two electron-donating
units. The D-A-D and D-A design strategies help in achieving desirable electronic
and optical properties of organic materials. The energy levels, charge transport
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characteristics, and light absorption properties of these materials can all be precisely
controlled by carefully choosing the donor and acceptor units and fine-tuning their
molecular structure.

Efficient TADF materials have several advantages in OLED technology. They
enable the conversion of non-emissive triplet excitons into emissive singlet excitons,
thereby enhancing the overall device efficiency. TADF OLEDs have shown great
potential for achieving high external quantum efficiency (EQE) and low power
consumption, making them desirable for various display and lighting applications.

Overall, TADF and RTP compounds, including those containing
trifluoromethyl groups, have shown great potential for their use in a variety of
optoelectronic applications, including organic light-emitting diodes (OLEDs) and
biological imaging. However, the possibilities for the combination of different donor
and acceptor moieties in the design of new potentially efficient TADF and/or RTP
emitters are not fully explored yet. For this reason, the design, synthesis, and
investigation of the properties of new D—A-D or D-6—A type TADF and/or RTP
emitters is an urgent problem.

The aim of the present work is the synthesis and investigation of the properties
of new donor—acceptor—donor and donor—acceptor type derivatives containing
trifluoromethyl benzene, difluorobenzene, pyridazine, sulfobenzimide as acceptor
moieties and different donor units for the application in organic light emitting diodes
and oxygen sensors.

In order to achieve the aim of the work, the following objectives have been
outlined:

- Synthesis of new derivatives of trifluoromethyl benzene with the donor—
acceptor—donor structures;

- Study of the thermal, photophysical, and photoelectrical properties of
trifluoromethyl benzene-based materials;

- Synthesis of new compounds with the symmetrical donor—acceptor—donor
structure containing pyridazine group and differently substituted phenoxazine
or 9,9-dimethyl-9-10-dihydroacridine moieties;

- Investigation of the thermal, photophysical, photoelectrical, and
electroluminescent properties of pyridazine derivatives;

- Synthesis and investigation of carbazole and sulfobenzimide derivative;

- Study of photophysical properties of the carbazole derivative, including
absorption and emission spectra, fluorescence quantum yield, and fluorescence
lifetime measurements.

Novelty of the work

- New donor—acceptor—donor type  2,5-bis(trifluomethyl)-1,4-phenylene
derivatives were designed, synthesized, characterized, and applied in TADF
OLEDs.
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- New compounds with different donor moieties and 1,4-difluorobenzene unit as
the acceptor were developed for the optical sensors of oxygen. It was
established that phenothiazine containing derivative exhibits strong RTP.

- Two new compounds based on pyridazine as the acceptor core and different
donor moieties were designed, synthesized, and characterized.

- New compound containing sulfobenzimide moiety as an acceptor unit was
synthesized and characterized. The new type of D-o—A emitter TADF was
demonstrated.

- Two compounds consisting of electron-accepting trifluoromethylphenyl moiety
and different electron-donating groups were designed and synthesized. 10,10'-
(2-(Trifluoromethyl)-1,4-phenylene)bis(10H-phenothiazine) as efficient RTP
emitter showed high oxygen sensitivity.

Contribution of the author

The author has designed, synthesized, and purified four series of the organic
materials described in sub-chapters 2.1-2.4. The analysis of results were conducted
by the author in collaboration with the colleagues/co-authors of the publications from
Kaunas University of Technology, Vilnius University, University of Malaya, Silesian
University of Technology, and Tbilisi State University. Charge mobility and
ionization potential measurements were done in collaboration with Dr. Dmytro
Volyniuk. Dr. Oleksandr Bezvikonnyi and Mr. Karolis Leitonas investigated the
photophysical properties and studied the oxygen properties of the materials; Dr. Rasa
Keruckiené¢ has performed DFT calculations and analyzed the obtained data,
performed cyclic voltammetry measurements; Dr. Audrius Bucinskas performed
single crystal X-ray analysis. The measurements of the thermal properties by
thermogravimetry (TG) and differential scanning calorimetry (DSC) were performed
by Dr. Malek Mahmoudi. Mr. Lukas Dvylys assisted with the investigation and data
curation. All of them are the representatives of the Department of Polymer Chemistry
and Technology, KTU. Prof. Dr. Hab. Linas Labanauskas (Center for Physical
Sciences & Technology, Department of Organic Chemistry, Vilnius, Lithuania)
helped with the conceptualization and methodology. Prof. Dr. Mieczyslaw Lapkowski
(Department of Physical Chemistry and Technology of Polymers, Silesian University
of Technology) helped to analyze cyclic voltammetry data. Prof. Dr. Azhar Bin
Ariffin (University of Malaya, Department of Chemistry) assisted with the synthesis
and advised with the design of new materials. Assoc. Prof. Dr. Kai Lin Woon (Low
Dimensional Materials, Department of Physics, University of Malaya) performed
DFT calculation, analyzed and described the data. Dr. Omar Mukbaniani (Department
of Chemistry, Faculty of Exact and Natural Sciences, Tbilisi State University, Thbilisi,
Georgia) advised with the synthesis of new materials. Prof. Dr. Hab. Juozas Vidas
Grazulevicius advised with the design of new light-emitting materials and the
preparation of the manuscripts.

17



List of scientific publications on the topic of the dissertation

1. Skhirtladze Levani; Leitonas Karolis; Bucinskas Audrius; Volyniuk Dmytro;
Mahmoudi Malek; Mukbaniani Omar; Woon Kai Lin; Ariffin Azhar; Grazulevicius
Juozas Vidas. 1,4-Bis(trifluoromethyl)benzene as a new acceptor for the design and
synthesis of emitters exhibiting efficient thermally activated delayed fluorescence and
electroluminescence: experimental and computational guidance // Journal of
Materials Chemistry C. ISSN 2050-7526 eISSN 2050-7534. 2022, vol. 10, iss. 12, p.
4929-4940. DOI: 10.1039/d1tc05420a. (Web of Science); [IF: 8,067; AIF: 6,018;
IF/AIF: 1,340; Q1].

2. Skhirtladze Levani; Leitonas Karolis; Bucinskas Audrius; Woon Kai Lin;
Volyniuk Dmytro; Keruckiene Rasa; Mahmoudi Malek; Lapkowski Mieczyslaw;
Ariffin Azhar; Grazulevicius Juozas Vidas. Turn on of room temperature
phosphorescence of donor-acceptor-donor type compounds via transformation of
excited states by rigid hosts for oxygen sensing // Sensors and actuators B: Chemical.
Lausanne: Elsevier. ISSN 0925- 4005. 2023, vol. 380, art. no. 133295, p. 1-10. DOI:
10.1016/j.snb.2023.133295. (Web of Science); [IF: 9,221; AIF: 5,220; IF/AIF: 1,766;
Ql1].

3. Skhirtladze Levani; Bezvikonnyi Oleksandr; Keruckiené Rasa; Dvylys Lukas;
Mahmoudi Malek; Labanauskas Linas; Ariffin Azhar; Grazulevicius Juozas Vidas.
Derivatives of pyridazine with phenoxazine and 9,9-dimethyl-9,10-dihydroacridine
donor moieties exhibiting thermally activated delayed fluorescence // Materials.
Basel: MDPI. ISSN 1996-1944. 2023, vol. 16, iss. 3, art. no. 1294, p. 1-10. DOI:
10.3390/ma16031294. (Web of Science); [IF: 3,748; AIF: 6,225; IF/AIF: 0,602; Q1].
4. Danyliv Yan; Ivaniuk Khrystyna; Danyliv Iryna; Bezvikonnyi Oleksandr; Volyniuk
Dmytro; Galyna Sych; Lazauskas Algirdas; Skhirtladze Levani; Agren Hans;
Stakhira Pavlo; Karaush-Karmazin Nataliya; Ali Amjad; Baryshnikov Glib;
Grazulevicius Juozas Vidas. Carbazole-o-sulfobenzimide derivative exhibiting
mechanochromic thermally activated delayed fluorescence as emitter for flexible
OLED:s: theoretical and experimental insights / Dyes and pigments. Oxford: Elsevier.
ISSN 0143-7208. eISSN 1873-3743. 2022, vol. 208, art. no. 110841, p. 1-11. DOI:
10.1016/j.dyepig.2022.110841 (Web of Science); Scopus; [IF: 5,122; AIF: 5,458;
IF/ATF: 0,938; Q1].

18



2. REVIEW OF PUBLISHED ARTICLES

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

2.1. Efficient thermally activated delayed fluorescence and electroluminescence
from 1,4-bis(trifluoromethyl)benzene-based emitters (Scientific publication No.

1, Q1)

This chapter is based on the paper published in Journal of Materials Chemistry
C, 2022, 10, 4929-4940. New emitters with symmetrical donor—acceptor—donor
structures were designed and synthesized using 1,4-Bis(trifluoromethyl)benzene as an
acceptor in combination with phenoxazine, phenothiazine, or 9,9-dimethyl-9-10-
dihydroacridine as donor moieties. The method of synthesis of compounds 10,10'-
(2,5-bis(trifluoromethyl)-1,4-phenylene)bis(10H-phenoxazine) (1), 10,10'-(2,5-
bis(trifluoromethyl)-1,4-phenylene)bis(10H-phenothiazine) (2), and 10,10'-(2,5-bis
(trifluoromethyl)-1,4-phenylene) bis(9,9-dimethyl-9,10 dihydroacridine) (3) is shown
in Scheme 2.1. In order to obtain the target derivatives with the required donor—
acceptor—donor structure, two step reactions were carried out. The chemical structures
of synthesized compounds 1 and 2 were confirmed by using 'H and '*C NMR
spectroscopies, mass spectrometry, and X-ray crystallography. The structure of
compound 3 could not be confirmed by "H or *C NMR due to the low solubility in
all of the available deuterated solvents; however, single crystal X-ray crystallography
provided definitive evidence of the structure.

X-phos ji)

Pd,(dba)s
: CF; CFs tbuONa
_—
FsC F3C toluene
H,S0,, TFA, NBS Br  110-120°C, 24h

48h, 80°C, H,0, 1:Y=0, 56%
D 2:Y=§, 45%
3:Y=C(C 45%

Scheme 2.1. Molecular structure and the synthetic route for compounds 1, 2, and 3

The techniques of thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were utilized in order to investigate the thermal stability of
compounds 1-3 as well as their morphological characteristics. Table 2.1 provides a
summary of temperatures of 5% weight loss (Tip), the melting point (Tm), and the
crystallization points (Tk).
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Fig. 2.1. TGA (a) and DSC (b, c, d) thermograms of compounds 1, 2, and 3

Table 2.1. Thermal characteristics of the compounds

Compound T, °C!  Te, °C? Tm, °C 3
1 290 303 385
2 260 270 321
3 267 296 311

! The temperature at which 5% of the mass of the sample was lost, as determined by the TGA,
2 crystallization temperatures determined by DSC, 3 melting points determined by DSC.

In addition, the structures of 1, 2, and 3 were

20

confirmed and analyzed using
single-crystal X-ray analysis. THF solution was used to grow single crystals of each
of the compounds. The projections made using the Oak Ridge Thermal Ellipsoid Plot
(ORTEP) show (Fig. 2.2 a—c) that all the target compounds are symmetrical. The X-
ray examination of the packing pattern of the crystals revealed that the molecules are
held together by very weak intermolecular Van der Waals bonds between the CF3
fluorine and the methyl hydrogen atoms or between the carbon and the hydrogen
atoms of the phenyl ring. Concerning compound 3, the interactions C-H---F and C-
H---C were observed. The distances between the atoms range from 2.61 to 2.85 A (Fig.



2.2 d). In addition, the following weak intramolecular bonds can be found: C-H--F,
C-F-~N, C-H---H, and C-H--C. These bonds have a distance of less than 2.71 A.

Electron-donating groups (phenoxazine, phenothiazine, and acridine) present in
corresponding compounds (1, 2, and 3) are not flat: they have a twist of 15°, 30°, and
31°, respectively. The significant factor for TADF emitters is a large torsional angle
between the donor fragments and the acceptor units®. It was discovered that the
torsional angles between acceptor unite -1,4-bis(trifluoromethyl)benzene and donor
fragments phenoxazine, phenothiazine, and acridine moieties were of 81.2°, 80.0°,
77.2° for compounds 1, 2, and 3, respectively.

Fig. 2.2. X-ray structures of compounds 1 (a), 2 (b), and 3 (c); the torsion angles between the
donor units and the acceptor units are shown in dashed purple lines; packing in the crystal
structure of compound 3 viewed along the a-axis (d) and intramolecular bonding (e)

DFT simulations were carried out for the purpose of investigating the molecular
structures. Fig. 2.3 illustrates their optimized configurations. Large dihedral angles of
81.3°, 84.8°, and 82.0° were displayed by the molecules between the donor and
acceptor moieties for 1, 2, and 3, respectively. The values of the dihedral angles come
close to matching the X-ray data that was obtained through the experimentation. Both
9,9-dimethyl-9-10-dihydroacridine and phenothiazine exhibited a saddle structure
with the carbon and sulfur bending away from the planar structure at angles of 29.5°
and 30.3°, respectively, whereas phenoxazine is relatively flat in comparison. This is
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supported by the X-ray data with the exception of phenoxazine, which has a slightly
saddled structure (15°), as opposed to being flat. As it can be seen in Fig. 2.3, the
HOMOs are distributed in an equal manner across the two units of donors, while the
LUMO is primarily located on the acceptor (2CFsPh). There is a slight overlap of
electron clouds between the HOMOs and the LUMOs, which is essential for
increasing the oscillatory strength of the emitters. The antinodes of the LUMO level
are the nodes that are located at the acceptor on the HOMO level. The LUMO extends
the electron clouds into the trifluoromethyl groups. A closer inspection reveals that
the sigma-bond of C-F is hyperconjugated with the m bonds of the benzene rings. At
the same time, the lone pairs of fluorine atoms interact with the hyperconjugated
carbon, which results in resonance/electron delocalization that stretches from the
benzene m-electrons to the fluorine lone pair of electrons®”-#8,

@ 1 (b) 2 © 3
o ~ )
= ¥4 Y
: L= 1 bt R
< o S M.
HOMO  .584ev HOMO -6.04 eV HOMO -6.06 eV
2 Y
LUMO  -1.76eV LUMO .-1.53 eV LUMO -1.53eV

Fig. 2.3. HOMO and LUMO along with their energy levels of 1 (a), 2 (b), 3 (¢); there is no
total separation of HOMO and LUMO electron clouds

It has been discovered that the HOMO energies of 1, 2, and 3 were 5.84 eV, -
6.04 eV, and -6.06 ¢V, while the LUMO energies were -1.76 ¢V, -1.53 eV, and -1.53
eV, respectively. Due to the fact that the oxygen atom in phenoxazine (PO) amplifies
the pull-push electron effect of 1, the HOMO and LUMO levels of compound 1 are
deeper than those of any of the other compounds that were investigated. Using the
oxidation onset (Eonset) in cyclic voltammetry (CV) curves in relation to the Ag/Ag”
reference electrode, the ionization potentials (IP) were calculated and determined. The
IP values for 1, 2, and 3 were determined to be 5.31 eV, -5.38 €V, and 5.36 €V,
respectively. By using photoelectron spectroscopy, it was possible to determine that
the IP values of the films 1, 2, and 3 were 6.01, 6.05, and 6.08 eV. Considering the
charge transport in the solid state, the ionization potentials estimated by the
photoelectron spectroscopy have to be used.

As it can be seen in Fig. 2.4, the photophysical properties of the compounds
were investigated by measuring the UV-vis absorption and photoluminescence (PL)
spectra of their toluene solutions at room temperature. Absorption peaks with a high
energy that are observed below 350 nm can be attributed to the n—n*/n—n* transitions
that are coming from the donors. The absorption ranging from 350 nm to 500 nm,
which can be referred to as CT absorption peaks, can occur between the donor units
and the acceptor units. Natural transition orbital analysis based on time-dependent
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density functional theory for 'CT and *CT states reveals that the HOMO and LUMO
transition strongly dominates the lowest transition with a contribution of more than
0.98 for each of the three molecules. All of the transition energies, along with the
respective oscillatory strengths that are calculated by TD-TDF, are shifted by 0.6 eV
that they would align with the peak of absorption.

The charge transfer transitions from HOMO to LUMO at 2.8 eV, from HOMO-
1 to LUMO at 3.0 eV, from HOMO to LUMO+1 at 3.5 ¢V, and from HOMO-1 to
LUMO+TI at 3.6 eV dominate the absorption that occurs between 2.6 and 3.8 eV for
compound 1, as shown in Fig. 2.4 b. When calculating the simulated absorption curve,
each oscillatory transition is given a Gaussian line shape that has a standard deviation
of 0.1 eV. As only the four transition states with the lowest energy are taken into
account, the higher energy is significantly deviated. Quantum molecular dynamics
simulations have shown that the reason why the CT absorption curve of 2 is different
from those of 3 and 1 is because there is a larger energy separation among the 4 lowest
CT transitions.
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Fig. 2.4. (a) UV—VIS absorption and photoluminescence spectra of solutions of the
compounds in toluene and (b) the quantum molecular dynamics simulations of vertical
excitation of the 4 lowest excited states for 1 along with their oscillatory strengths and

simulated absorption curve by applying Gaussian broadening

Fig. 2.5 displays the PL spectra of the molecular dispersions of the compounds
in Zeonex (concentration of 1%) recorded at different temperatures. It was not
possible to estimate the *CT energy by using the optical spectroscopy measurements
when the phosphorescence spectra were differentiated from the fluorescence spectra
by applying a delay time of 1, 5, or 9 ms at 77 K. The onsets of the phosphorescence
spectra that were recorded at 77 K and at the various gate delays of the molecular
dispersions of 1, 2, and 3 in Zeonex and MeTHF are related to the triplet LE states
that they have in nature. These triplet LE states can be attributed to the triplet LE states
(*LEpb) of the corresponding donor moieties (10-phenyl-10H-phenoxazine (PO-Ph),
10-phenyl-10H-  phenothiazine  (PS-Ph), or 9,9-dimethyl-10-pheny-9,10-
dihydroacridine (AC—Ph)) due to the similarities of the onsets of phosphorescence
spectra of 1, 2, and 3 and PO—Ph, PS—Ph, and AC—Ph. The onset of phosphorescence
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of the acceptor moiety is observed at a higher energy (*LEa = 3.65 eV) than that of
the donor units PO-Ph, PS—Ph, and AC—Ph. As a result, the first singlet energy of 1,
2, and 3 was only estimated based on the onset of the PL spectra that were recorded
at 300 K. Most of the emission was fluorescence (Fig. 2.5). The PL spectrum that was
recorded at room temperature expressed a redshift in comparison to the PL spectrum
that was recorded at 77 K with increasing emission intensity at lower energy levels,
except for 3. This observation can be explained by the decreased conformational
heterogeneity that was found®>*°. The 'CT energy was only taken as it is shown in
Fig. 2.7. It was hypothesized that the energy gaps between the *CT and the 'CT would
be of 0.04 eV, 0.03 eV, and 0.04 eV in the case of 1, 2, and 3, respectively. The
compounds showed the values of AEsr that were relatively close to one another. Since
TADF is a dynamical process, it is necessary to take into consideration both spin—
orbit couplings and vibronic couplings at the same time. Since the spin—orbit coupling
matrix elements of all organic TADF molecules are incredibly small, the vibronic

2 12
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Fig. 2.5. The low-temperature and room-temperature PL spectra of the molecular dispersions
of compounds 1 (a), 2 (b), and 3 (c) in Zeonex and the corresponding onsets of emission at
300 K
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Fig. 2.7. Energy levels of compounds 1 (a), 2 (b), and 3 (c)

The PL decay curves of the molecular dispersions of the compounds in Zeonex
were recorded at a variety of temperatures (Fig. 2.6 a—). The standard TADF decay
curves were observed. They demonstrated prompt fluorescence decay (PF)
component in the nanosecond range as well as delayed fluorescence (DF) component
in the microsecond range. The fact that the DF was observed for all three compounds
in response to a decrease in temperature is the evidence that the DF had been thermally
activated (Fig. 2.7), PF and DF were found to have lifetimes of 21.5 ns and 18.2 ns,
35.4 ns and 0.93 ms, and 1.41 ms and 2.56 ms for 1, 2, and 3 (Table 2.2).
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It is possible to estimate that the rate constants of reverse intersystem crossing
(krisc) are of ca. 1.92 x 104 s, 2.46 x 104 5!, and 5.45 x 105 s”! for compounds 1, 2,
and 3, respectively®.

The smaller gap of Escr 3.z of compound 3 appears to cause significantly higher
krisc values of 3 when compared to those of 1 and 2. In order to provide evidence in
support of this hypothesis, the rates of intersystem crossing (kisc) and krisc were
calculated at a range of temperatures with the lifetimes of PF and DF derived from a
single exponential fit to TADF decays. Fig. 2.6 d shows a plot that illustrates how the
rate constants kisc and krisc change as a function of temperature. The activation
energies of ISC and RISC activation energies (E}5¢ and ER'S¢) were calculated by
linearly fitting the plots, which led to the results given in Table 2.2. Arrhenius's
dependence was taken into account when performing the fitting:

k=A% exp (9); (1)

where E, is the activation energy, kg is the Boltzmann constant, and A is the
frequency factor that involves the spin—orbit coupling constant®. It has been found
that 1, 2, and 3 each have their own unique activation energies for intersystem crossing
E!S¢ and reverse intersystem crossing EX'SC. These activation energies were utilized
in the construction of the energy diagram that is displayed in Fig. 2.7 in accordance
with what was initially proposed (Table 2.2)°'. Due to the fact that it had the lowest
EsLescr, 3 was able to produce the best mixing between LE and the excited state
wave function of *CT. This finding is in agreement with the highest krisc value of
5.45 x 105 s™' and the krisc/kisc ratio of 0.296, which indicates that the TADF of 3 is
the most effective (Table 2.2). It was impossible to determine the *CT energy state
using optical spectroscopy (Fig. 2.5). Despite this, it is possible to calculate the
energies of triplet CT states by using the activation energies for the RISC and ISC
processes (Fig. 2.7). As a result, the 'CT->CT energy gaps of 20 meV for 1, of 11
meV for 2, and 21 meV for 3 were obtained (Fig. 2.7, Table 2.2). The trend of the
AEsr values of 1, 2, and 3 did not agree with the trend of their TADF efficiency. The
trend of the TADF efficiency was the same as that of their Esrg_icr values (Fig. 2.7).
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Table 2.2. Photophysical parameters of 1wt.% molecular dispersions of compounds
1, 2, and 3 in Zeonex

Compound 1 2 3
AT nm 535 537 477
PLQY, % 4.6 52 38.5
AEgr, eV 0.19 0.02 0.02

TpF, NS

(ratio, %)

21.5 (72.3%)

18.2 (28.2%)

35.4 (21.6%)

Tpr, ps (%0)

0.93 (27.7%)

1.41 (71.8%)

2.56 (78.4%)

ksc, s 433 % 10° 6.91 x 10° 1.84 x 106
Krisc, s 1.92 x 10* 2.46 x 10* 5.45 x 10°
krisc/kisc 0.044 0.036 0.296
AEISC meV 49 8.1 0.8
AERISC meV 245 19.3 21.8
kT 4.78 x 10* 3.53 x 10 9.25 x 10
krisc/kT, 0.4 0.7 5.9

The relatively high Esigscr was apparently responsible for the fact that the
PLQYs of 1 and 2 reached their maximums at around 200 K (Fig. 2.6 e). The PLQY
values decrease as the temperature continues to rise, most likely as a result of an
increase in the non-radiative rates of the triplet states (k'y). In contrast, the PLQYSs of
3 increased by up to 38.5% with the increase of temperature from 77 to 300 K because
of the efficient TADF process. The ratio of krisc/k s for 3 was 5.9, which was the
highest observed value. In order to have efficient TADF emitters, this krisc/k s ratio
needs to be higher than unity (as in the case of 3)°>%.

It is important to point out that the *LE values of PO-Ph, PS-Ph, and AC-Ph
were respectively measured to be 2.83 eV, 2.65 eV, and 3.22 eV through the
experimental research. In the cases of 1 and 2, the triplet LE states of PO—Ph and PS—
Ph that were calculated using the activation energies for the ISC process that were in
relatively good agreement with the experimental ones. An estimated value of 3.19 eV
was found for the *LEp of the compound 3. It is a significantly greater than the one
that was calculated (2.911 eV). It is possible that this is due to the fact that other
donating fragments ought to be used for the experimental determination of *LE values,
as was discussed elsewhere®. However, following a more in-depth investigation into
the phosphorescence spectra of both 3 and AC—Ph, the presence of two bands was
established. According to the PL decay measurements, high (3.19 eV) and low (ca.
2.92 eV) bands can be attributed to phosphorescence rather than delay fluorescence.
The phosphorescence was recorded with a delay of 9 ms, while the delay fluorescence
was recorded over a time range of up to ca. 0.5 ms. This observation demonstrates
that the compound 3 is distinguished by two different *LEp states, which appear to
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have the same nn* and n* character that was reported for 10-phenyl-10H, 100H-
spiro[acridine9,90-anthracen]-100-one”>?®. It was possible to obtain a nn* *LEp value
of approximately 3.19 eV and a n* *LEp value of approximately 2.92 eV for 3. The
triplet LE value and the value of nn* 3LEp are in excellent accord (Fig. 2.7). The
energy diagram shown in Fig. 2.7 can appropriately explain the most efficient TADF
properties of compound 3.

The PL spectra of the films with various concentrations of 3 were discovered to
have similar shapes and wavelengths of maxima. The EL spectra of devices based on
3 are in good agreement with this observation. The film made from the molecular
mixture of 10 wt% emitter 3 and SimCP2 was chosen for the study of TADF
characteristics. The molecular dispersion of 3 in SimCP2 had PL spectra and PL
decays that were extremely similar to those of the molecular dispersion of 3 in Zeonex
(Fig. 2.5, Fig. 2.6 ¢). The laser energy dependence of the delayed emission intensity
was recorded for the emitting layer of the molecular dispersion of 3 (10 wt%) in
SimCP2. Further evidence for the TADF origin of emission of 3 is provided by the
slope of the plot of 0.95%.

The combination of properties needed for the OLED applications was best
demonstrated by the compound 3. It was chosen for the electroluminescence
investigation as a TADF emitter. The structure of the device was ITO/Mo0O3[0.5
nm]/NPB[40 nm]/TCTA[4 nm]/mCBP[4 nm]/light-emitting layer [24 nm]/ TSPO1[4
nm]/TPBi[40 nm]/LiF[0.5 nm] : AI[88 nm], in which the layers of 3 [5 wt%] :
SimCP2, 3 [10 wt%] : SimCP2 and 3 [15 wt%] : SimCP2 were utilized as the
corresponding light-emitting layers for devices A, B, and C. The reference device D
contained the TADF emitter PFBP-2a with a fluorine-containing acceptor. Light-
emitting layer of 20 wt% molecular dispersion of PFBP-2a in SimCP2 was prepared®®.
In order to achieve balanced hole-electron recombination and exciton formation
within the light-emitting layers, the materials with typical roles, such as MoOs as hole-
injecting, NPB and TCTA as hole-transporting, mCBP as electron/exciton-blocking,
SimCP2 as the host, TSPOLI as hole/exciton-blocking, TPBi as electron-transporting,
and LiF as electron-injecting material, were used (Fig. 2.8 a). When SimCP2 is doped
with PFBP-2a or 3, the holes are transferred effortlessly while the emitters have no
trouble capturing the electrons. The zone of recombination is located near the interface
SMPCP2/TPSO1. The EL spectra (peaking at 485 nm and FWHM of 85 nm) of the
devices A—C were very similar to the PL spectra of the corresponding light-emitting
layers of 3 doped in SimCP2. They are peaking at 487 nm with a FWHM of 87 nm
(Fig. 2.8 b). This discovery suggests that the emission of 3 caused the EL. Small
differences between the PL and EL spectra are caused by the different optical and
electrical excitation sources that were used. Due to the identical charge-injecting
characteristics of 3 and PFBP-2a, turn-on voltages of approximately 4.4 V were
obtained for devices A-D (Fig. 2.8 d). Higher operational current densities were
reported for devices A—C than for device D at voltages greater than ca. 7V,
presumably due to the superior charge-transporting characteristics of 3 in comparison
to those of PFBP-2a.
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At various voltages, the EL spectra of the devices A—C displayed nearly
identical shapes and maxima wavelengths. Additionally, even though the emitter 3
was utilized at slightly varying concentrations, the EL spectra for the various devices
A—C were identical. As shown in Fig. 2.2 e, this observation can be attributed to the
creation of non-covalent intramolecular bonds by 3 in solid state. In contrast, the
reference D—-A  electronic  system  (9,9-dimethyl-9-10-dihydroacridine-
perfluorobiphenyl) demonstrated unstable EL spectra in device D at different external
voltages (Fig. 2.8 c). This result effectively illustrates the benefits of the newly
developed electron-accepting 1,4-bis(trifluoromethyl)benzene moiety.

In terms of its EL spectra as well as device efficiency roll-offs, the advantages
of the device based on the compound containing 1,4-bis(trifluoromethyl)phenyl were
noted (Fig. 2.8 €). EQE values at the practical brightness of 1,000 cd m™? were
comparable to the maximum EQE values of the devices A—C (Table 2.3). The EQE
roll-off of device D was dramatic, and its maximum brightness even did not reach
1,000 c¢d m? (Fig. 2.8 d). Devices A-C showed the "stable" EQE at comparatively
low operational current densities (lower than 40 mA c¢cm™). Then, EQEs dramatically
decreased. With higher operational current densities (higher than 40 mA cm), the
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bonds with the lowest cleavage energy may first be broken as a result of exciton-
polaron annihilation processes according to the previous discussions®-1%.

Table 2.3. Electroluminescence parameters of host-free (A1-A6) and host
containing (B1-B6) OLEDs

Device EML Mer, | Von, | Lmax, | CEmax, | PEmax, /]E%%MAX
name nm V |cdm?| cd/A | Im/W o 10005
0
Device Structure is ITO/MoO3/NPB/TCTA/mCBP/light-emitting layer
(EML)/TSPO1/TPBi/LiF:Al
3
A [5 Wt%]:SimCP2 487 44 | 2,500 11.7 9.9 4.7/5.18
3
B [10 wt%]:SimCP2 487 4.4 | 3,000 12.9 10.7 5.9/5.8
3
C [15 Wt%]:SimCP2 487 4.4 | 3,500 12.6 8.97 4.6/5.4
PFBP-2a
D [20 wt%]:Simcp2 | 278 | 44 | 8001 6.2 5.6 4.4/-

Aer is EL maximum, Vo is the turn-on voltage, Lyax is the maximum brightness, CEmax is
the maximum current efficiency, and PEmax is the maximum power efficiency. EQEmax and
EQE 00 are EQEs at 10 and 1,000 cd/m?, respectively.
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2.2. Investigation of conformational disorder and rigid matrix effects: unveiling
the mechanism behind the high oxygen sensitivity and room temperature
phosphorescence (Scientific publication No. 2, Q1)

This chapter is based on the paper published in Sensors and Actuators B:
Chemical, 2023, 380, 133295.

Three compounds were synthesized for optical oxygen sensors using 1,4-
difluorobenzene as the acceptor and three different donor moieties (phenothiazine,
phenoxazine, and acridine). 10,10'-(2,5-Difluoro-1,4-phenylene)bis(10  H-
phenothiazine) (5) exhibits strong room-temperature phosphorescence when
molecularly dispersed in rigid Zeonex matrix. Its oxygen detecting capacity is highly
sensitive to low oxygen concentrations (<0.1%). Scheme 2.2 illustrates the synthesis
of 2,5-disubstituted-1,4-phenylene derivatives. Buchwald—Hartwig coupling
reactions of 1,4-dibromo-2,5-difluorobenzene (acceptor) with different donors were
carried out for the synthesis of the target compounds in the presence of Pd»(dba)s as
the metal catalyst and X-Phos as the ligand. Compounds 4, 5, and 6 were obtained
with the yields of 68%, 40%, and 27%, respectively. By using 'H, *C, and 'F NMR
spectroscopy and single crystal X-ray analysis, the structures of the produced
compounds were determined. With a coupling constant of 7.96 Hz and integration
values that corresponded to two protons, the "TH-NMR spectra of compounds 4, 5, and
6 exhibit a triplet peak at 7.45 ppm, 7.53 ppm, and 7.48 ppm, respectively. The H of
the benzene ring of the acceptor unit is represented by these peaks. Despite the fact
that all three compounds should have thirty carbon atoms in the total, *C-NMR
spectra for all three compounds only reveal nine peaks at the aromatic regions. This
demonstrates the symmetry of the molecule. Only one signal, at ca. -119 ppm, is
visible in ""F-NMR spectra of all three compounds.

X
X.phos @ N j@

Br Pd,(dba),
t-buONa F
F 4: X=0, 68%
5: X=S, 40%
) F 6: X=C(CH3),, 27%
F toluene
Br 110-120°C, 24h N

Scheme 2.2. Molecular structure and synthesis of 2,5-disubstituted-1,4-phenylene
derivatives 4, 5, and 6

The compounds were examined using differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA). The compounds displayed high temperatures
of 5% weight loss. They were between 302 and 333 °C. According to the single-stage
entire weight loss of the compound samples, as shown by their TG curves, the
temperatures of 5% weight loss are consistent with the beginnings of sublimation but
not the thermal degradation Fig. 2.9 a. The study of the DSC curves reveals that the
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compounds have a high tendency to crystallize. Molecular glasses are not formed by
them (Fig. 2.9 ¢, d, e).
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Fig. 2.9. (a) TGA curves of compounds 4, 5, and 6 and DSC curves of 4 (b), 5 (¢), and 6 (d)

The electrochemical behavior of D—A-D derivatives of 2,5-didifluoro-1,4-
phenylene was investigated in the electrochemical window established for the setup
of dichloromethane (DCM) and tetrabutylammonium hexafluorophosphate
(TBAHEFP). The oxidation onset potential follows the expected donor strength with
the lowest observed for the phenoxazine-based compound 4. Furthermore, 4 and 5
showed reversible oxidation, whereas the dimethylacridan substituted compound 6
showed a potential for electropolymerization, as the intensity of voltammograms
increased with each subsequent scan. The behavior of polymerized product on the
working electrode was investigated by immersing the latter into the DCM electrolyte
solution. The oxidation of polymer product was found to be reversible after multiple
scans (Fig. 2.10 d) and with the onset potential value lower than that of the monomer
indicating a formation of larger conjugated m-electron system.
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Fig. 2.10. Cyclic voltammograms of 4 (a), 5 (b), 6 (¢) and (d) polymerized product of 6

Slow evaporation was used to grow crystals in solvent mixtures as single
crystals for XRD examination. Fig. 2.11 displays the projections of 4, 5, and 6 from
the Oak Ridge Thermal Ellipsoid Plot (ORTEP). The Van der Waals intermolecular
interactions between the neighboring molecules were confirmed by the crystal
structures. The small contact distances range from 2.54 to 3.40 A. All molecules
possess weak bonding between the electron-accepting fluorine atoms and hydrogen
or carbon atoms shared by the electron-donating moiety: (4) F1---H-C3, (5) F1-~-H-
C8, (6) F1---C5 (Fig. 2.11). The example of 5 as well revealed similar intermolecular
interactions between the donor and acceptor moieties (S1---H-C15). Every
neighboring molecule in every crystal unit cell is linked by several brief interactions
made between the hydrogen and carbon atoms from the acceptors: (4) C4---H-C10,
C3---H-C10; (5) C7---H-C3, C6---C9; (6) C3-H:--H-C9. As previously reported, the
phenothiazine and acridine moieties of 5 and 6 displayed a folded configuration with
an angle of 25-28° to the central axis'®!. The phenoxazine moiety 4 was almost planar
(~2°). The angles between the two intersecting planes drawn between the acceptor
and the donors for 4, 5, and 6 were 68.76°, 83.36°, and 87.08°, respectively. The
nitrogen lone-pair electrons of the donor moieties align favorably with the acceptor
T-conjugation.
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(b)

Fig. 2.11. ORTERP structures of 4 (a), 5 (b), and 6 (c); weak forces between the molecules are
displayed in red

Fig. 2.12 (a—) shows the normalized absorption and emission spectra of the
solutions of 4, 5, and 6 in three different solvents (toluene, tetrahydrofuran, and
acetonitrile). Phenoxazine/phenothiazine and acridine moieties are responsible for the
optical transitions at 310 nm and 280 nm, respectively. The onset red-shifted from
3.15 eV to 3.05 eV was observed after the change of the solvent from toluene to
acetonitrile in the absorption spectra of 4. Similar to this, the absorption spectra for 6
showed a bathochromic shift for toluene and acetonitrile from 3.40 eV to 3.30 eV.
However, in contrast to its PL, the solutions of 5 barely showed any bathochromic
shift in absorption after the increase of polarity of the solvent. A distinct redshift with
rising solvent polarity was visible in the PL spectra of the three compounds (Fig. 2.12
a—d). The PL spectra revealed the CT characteristics. The energy of singlet charge-
transfer state ('CT) for compounds 4, 5, and 6 was found to be 3.05 eV, 3.00 eV, and
3.37 eV, respectively. The solutions of 4 showed the largest shift in emission-onset
energy after replacement of toluene with acentronitrile (0.28 ¢V), followed by the
solutions of 5 (0.13 eV) and 6 (0.06 eV). The large red-shift of 4 suggests that its CT
state is stabilized with the increase of polarity!®.
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Fig. 2.12. UV absorbance spectra of solutions of 4 (a), 5 (b), 6 (c) and photoluminescence
spectra of 4 (d), 5 (e), 6 (f) in toluene, tetrahydrofuran, and acetonitrile

The rise in PL intensity of the solutions in argon-aerated solvents indicates that
triplet harvesting was a contributing factor'®>. Deoxygenated and air-equilibrated
toluene solutions of 4, 5, and 6 were found to have integrated emission intensity ratios
of 1.80, 1.20, and 3.97, respectively. The 1% solid solutions of 4 (Fig. 2.13 a) in
Zeonex showed increased PL intensity in vacuum while that of 5 exhibited dual
emission (Fig. 2.13 b). After doping in Zeonex, the emission band of the sample of 6
displayed a slight vibronic structure (Fig. 2.13 ¢), and its PL intensity increased when
exposed to intense UV light during excitation.

Time-resolved PL measurements at two distinct wavelengths (400 nm and 504
nm) were carried out to investigate the causes of the dual emission. The PL spectra of
5 molecularly distributed in Zeonex without and with a 9 ms gate delay are shown in
Fig. 2.13 d. After applying the gate delay, the emission in the 400450 nm range
disappeared. When measured in air (2.40 ns) and vacuum (2.37 ns), the prompt
fluorescence lifetimes were found to be close (Fig. 2.13 e). According to Fig. 2.13 f,
the emission at 505 nm had longer radiative decay time of 19.3 ms. This finding
supports the existence of phosphorescence at room temperature. The lowest triplet
levels for 4, 5, and 6 were determined from the onsets of the corresponding
phosphorescence spectra. They were found to be 2.9, 2.7, and 3.28 eV, respectively.
The energies of the lowest singlet states of the solutions of 4, 5, and 6 solutions in
THF were found to be 2.97, 2.87, and 3.29 eV, respectively (Fig. 2.12 d, e, f). The
values of AEgr for the solutions of 4, 5, and 6 in 2-methyltetrahydrofuran (me-THF)
were found to be 0.07, 0.17, and 0.01 eV, respectively. The close orthogonality of the
D and A units (the intersection angle is 83.36°) for 5 did not lead to the small AEsr.
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The increased PL intensity of the argon-purged solution of deep blue emitting 6
revealed a very small AEsr and high triplet harvesting efficiency. Due to the very high
triplet energy of 6 (3.28 V), the presence of 'CT suggests that the presence of a
substantial reservoir of long-lived, highly energetic triplet excitons that interact with
polarons may cause degradation'%41%%.
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Fig. 2.13. PL spectra of argon-saturated toluene solutions and evacuated and air equilibrated
solid solutions in Zeonex of 4 (a), 5 (b) and 6 (c), (d) PL spectra of compound 5 molecularly
dispersed in Zeonex without and with gate delay, PL decay curves of 5 doped in Zeonex
recorded at 400 nm in air (e) and vacuum (f) recorded at 505 nm

The films of 5 and its solid solution in Zeonex were found to have the lowest
photoluminescence quantum yields (PLQY) in the air (Table 2.4). The effective
singlet-triplet intersystem crossing (ISC), required for efficient RTP!'*, can be
partially responsible for the low PLQY values of 5. A relatively high PLQY of RTP
was observed for the film of 5 doped in Zeonex (Table 2.4). After deoxygenation, the
6 solution demonstrated 30% increase in the emission lifetime. This finding is
compelling evidence of delayed fluorescence. The increase in emission lifetime upon
deoxygenation was significantly less for the solution (15%) of 5. When oxygen was
removed, the solution of 4 showed a 21% increase in the emission lifetime. The
relationship between these values and the AEsr values of the compounds is inverse.
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Table 2.4. Phophysical parameters of the derivatives

Compounds 4 | 5 | 6
neat/guest-Zeonex films

PLQY®", % 14/5 2/2 10/7

PLQYY™ "™ % -/9 -/12.8 -/27.8

* PLQYR™ - -/10.8 -

gflworeseenceair/argon), ns 4.70/5.71 3.33/3.83 5.44/7.05

=™ ms -/19.3

* Calculated by PLQYR™=PLQY"*-PLQY?", where PLQY"*=PLQY?*'xArea**/Area®" as
introduced elsewhere!?’.

In order to explore the molecular structures, the density functional theory (DFT)
computations were made. Fig. 2.14 displays their optimized structures. Large dihedral
angles of 79.8°, 99.3°, and 92.6° between the donor and acceptor moieties were
present in the molecules of 4, 5, and 6, respectively. They were approximately 10°
larger than the results from the single-crystal X-ray measurement. The HOMO to
LUMO transition, which had coefficients higher than 0.98, had a considerable
dominance over the natural transition orbitals for S;.

According to the theoretical calculations, the HOMO and LUMO energy levels
of a single molecule are 5.97 eV, 6.15 eV, 6.07 eV, 0.65 eV, 0.66 eV, and 0.59 eV for
4,5, and 6, respectively. The ionization potentials determined from the CV study are
5.50 eV, 5.80 eV, and 5.81 eV (Fig. 2.10). These findings suggest that phenoxazine
has a stronger donating strength than phenothiazine and acridine.

(@) (b) (c)

LUMO

Fig. 2.14. The frontier orbitals of 4 (a), 5 (b), and 6 (c)

The T, frontier orbitals were investigated as well. Surprisingly, the natural
transition orbitals for T consisted of superposition of multiple CTs and locally excited
(LEs) holeparticle excitations, while having well-separated frontier orbitals with the
S transition being dominated by the HOMO to LUMO transition (Fig. 2.14 a—). By
comparing the bathochromic shift of the lowest triplet state of 4 with the *LE of
phenoxazine, it was possible to validate the lowest triplet state of 4's hybrid nature.
When the solvent's dielectric constant increased, the 'CT state of 4 displayed
bathochromic shift, as is common for charge transfer molecules (Fig. 2.15 d). In a
solvent with a low dielectric constant, the *HLCT of 4 increased only slightly (see
Fig. 2.15 d, f). By raising the spin-orbit coupling while keeping the EST low, 3HLCT
can enhance reverse intersystem crossing (RISC)!®®. For 4, 5, and 6, AEsr is
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determined to be 0.09 eV, 0.17 eV, and 0.05 eV, respectively. There are about equal
amounts of *LE and *CT in 4 (Fig. 2.15 a), and AEsr is close to 0.1 eV. AEsr widens
when the *HLCT becomes more local in excitation, as observed in the example of 5
(Fig. 2.15 b). In Fig. 2.15 c, 6 has the highest triplet harvesting rate and higher *CT
energy for T:. Between deoxygenated and air-equilibrated solutions, there was a 3.97
integrated emission intensity ratio. The reverse intersystem crossing would provide
efficient triplet harvesting if *HLCT included a well-balanced ratio of °LE and *CT
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A molecular dynamics simulation was conducted for compound 5 doped in
Zeonex, and the emitters extracted for time-dependent DFT/LC-PBEh/cc-pVDZ
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calculations at optimal w (Fig. 2.16 a) show the probability distribution of AEsr with
a mean of 0.31 eV, indicating that the conformational heterogeneity imposed by the
rigid Zeonex can widen the mean AEsr. The molecular structures of the molecules
having the smallest and greatest AEgr are presented in Fig. 2.16 b and c, respectively.
AEgr varies from the lowest value of 0.13 eV to the highest value of 0.59 eV. The
dihedral angle between the donor and acceptor in Fig. 2.16 b deviated far from the
orthogonality with a dihedral angle of 127°, resulting in a large AEst compared with
the dihedral angle of 71° shown in Fig. 2.16 c. As it can be seen in Fig. 2.16 ¢, a
constrained environment makes it difficult for the molecule to relax to its equilibrium
position, making such a huge distortion possible. As a result, the local transition
dominates T; for the molecule in Fig. 2.16 b. In contrast to the experimental value of
0.47 eV, the mean AEsr in the simulation is 0.31 eV. The higher error is most likely
the result of the simulation's usage of fewer Zeonex repeating units and a single w
value of 0.063 for the calculation of the excited states of various conformers.

It has been demonstrated that compound 5 doping of Zeonex increases the
conformational heterogeneity. In the cases of 4 and 6, the same behavior should take
place. It has been investigated how the dihedral angle between the donor and acceptor
moieties relates to AEst. The major increase in AEsr for 5 began at 70°, but the onsets
for 4 and 6 were 40° and 50°, respectively. This difference indicates that these two
molecules are less sensitive to the significant change in AEst imposed by the

conformational disorder.
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Fig. 2.16. The distribution of AEst of compound 5 in Zeonex (a), structure of 5 with AEgt of
0.59 eV (b) and structure of 5 with AEst 0.13 eV (c) and (d) is the molecule in the Zeonex
that is embedded in (b)
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The time evolution of photoluminescent spectra was carried out as shown in Fig.
2.17 to further support the idea that Zeonex imposed increased heterogeneity of 5. The
photoluminescence intensity logarithmic contour map as a function of logarithmic
time after excitation and wavelength is shown in Fig. 2.17 a. It has been determined
that RTP is responsible for the low-intensity emission at timescales greater than 100
ns. The selected spectra of the contour diagram are represented in Fig. 2.17 b. The
'CT emission cannot be described as typical single Gaussian emission. Three peaks
are seen at the wavelengths of 423 nm, 453 nm, and 513 nm. These peaks are
apparently not the vibronic peaks from 'LE. Such behavior was seen through space
donor-acceptor charge transfer dimers in the solution!®.

During the measurement, the emission peak at 500 nm was batochromically
shifted to 550 nm (Fig. 2.17 b). As supported by the simulation spectral shift from
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500 nm to 550 nm is the result of heterogeneity leading to large lifetime dispersion of
the CT emission. The higher-energy CT states decayed faster than the lower-energy
species due to their increased 'LE character, giving an apparent time-dependent
spectral shift. Additionally supporting the existence of structural inhomogeneity in a
disordered medium was the observation of 5 spectral shift over the time''?. Since
triplet emission is prohibited, the emission at 3.66 ns should correspond to the singlet
states, including the emission at 500—-550 nm. The emission spectrum at 892 ns looked
as a representation of the probability distribution of triplet vertical excitation. As a
result, the emission peak at about 525 nm in the steady state photoluminescence
spectrum of 5 molecularly dispersed in Zeonex (Fig. 2.13 b) might be interpreted as a
combination of fluorescence and phosphorescence spectra. Fig. 2.17 ¢ shows the shift
of the peak at around 525 nm. Before it reaches the energy level of equilibrium, the
shift exponentially decays. The peak can be attributed to phosphorescence after
around 100 ns. Not all TADF compounds containing phenothiazine displayed RTP!%!,
despite the fact that phenothiazine moieties are known to be phosphorescent at room
temperature!!-112:113,
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Fig. 2.17. The photoluminescence lifetime evolution of the molecular dispersion of
compound 5 in Zeonex (a) two-dimensional intensity map with inserted spectra at 3.66 ns
(white) and at 892 ns (red) after excitation, (b) the change of the normalized spectra at the
different times, (c) the spectral diffusion of the second dominant peak observed at 500 nm

Phosphorescence quenching by oxygen has been studied since it is the primary
emission at room temperature!'. There was exposed a sample of the solid solution of
5 in Zeonex with the concentration of 1% as in a chamber to various ratios of the
concentrations of oxygen and nitrogen to evaluate this effect. Two exact gas
flowmeters were used to regulate the ratio of pure oxygen as a quencher and pure
nitrogen gas, which served as an inert medium for the gas mixture. RTP intensity
changed after every adjustment of the quencher concentration (Fig. 2.18 a). After each
change in gas ratio, the sample was left in it for 3 minutes to ensure high accuracy and
prevent any spectrum fluctuation caused by the outside influences. The chosen
concentration of quencher's final spectrum was then produced by averaging three
consecutive spectra during the data analysis.

According to Fig. 2.18 a, it is clear that the intensity of RTP significantly
decreases as quencher concentration increases. Under nitrogen and oxygen
atmospheres, the considerable difference in emission intensity at 500 nm was noticed.
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The intensity of emission at 500 nm was 7.5 times greater under the inert atmosphere
than it was in the atmosphere of oxygen.

PL spectra collected at various oxygen concentrations were integrated for the
quantitative determination of the sensitivity of RTP of 5 to oxygen quenching. The
resulting values of the area under the curves were used for the next analyses. There
was applied a Stern—Volmer equation that is modified for these circumstances because
the data that had been collected clearly showed a nonlinear relationship between the
ratio of RTP intensity to the quencher concentration in ppm (Fig. 2.18 b). When the
Stern—Volmer plot is downward curving, it is typically assumed that there are several
chromophore species present with one species being available for the quencher and
the others not. This combination is considered as multiple species with dynamic
quenching'’® .

Equation (2) can be used to express the ratio between intensities observed in the
presence and absence of a quencher.

Agrp _ [Zn I (ORI
ARrp ={tkgy (e

2)

where A%p is the area under the curve measured in the absence of a quencher
and Agrp is the area under a curve measured in the presence of a quencher, Ksy(i) is
the quencher rate coefficient and (i) is the fractional contribution of the ith species of
the fluorophore to the steady-state emission of the investigated compound.

The two-component model described in equation (3) provided the best match
for the sample of 1% solid solution of compound 5 in Zeonex.

AR 1

= f1 f2 (3)

1+Kgy1 1+Kgy

ARTP

Resulting fit values R? of 0.998 demonstrate that the first and dominant
fluorophore species contribute to 65.5% of the total photoluminescence while the
second species has a fractional contribution f, of 34.5%. The obtained values of Ksvi
of 2.48 x 10° ppm™ and of Ksv> of 6.23 x 10° ppm™ demonstrate significant
differences in emission sensitivity of the oxygen. The values of the quenching rate
constants are strongly correlated with the Stern—Volmer plot, up to the oxygen
concentration of around 2,000 ppm. Overall, these results suggest that the sample of
1% molecular dispersion of compound 5 in Zeonex shows high sensitivity to low
concentrations of oxygen (up to 0.2%). At oxygen concentrations above 0.2%, the
sensitivity began to decrease. The presence of two sensitivity regions can be attributed
to the molecular heterogeneity giving rise to two dominant 3LE states and the *CT
states of 5.
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Fig. 2.18. (a) RTP spectra and (b) Stern—Volmer plots for 1% molecular dispersion of 5 in
Zeonex recorded at different concentrations of oxygen

2.3. Pyridazine as an acceptor core: synthesis, characterization, and
photophysical analysis of compounds containing 9,9-dimethyl-9,10-
dihydroacridine and phenoxazine donor moieties (Scientific publication No. 3,

Q)

This chapter is based on the paper published in Materials, 2023, 16, 1294. By
using the Buchwald—Hartwig cross-coupling reaction, two compounds with
pyridazine as the acceptor core and 9,9-dimethyl-9,10-dihydroacridine or
phenoxazine as donor moieties were obtained. Scheme 2.3 shows the synthesis of the
2,5-disubstituted-pyridazine derivatives. Compounds 7 and 8 were obtained with
yields of 21.8% and 6.4%, respectively.

g4
Br @[Yj@ N@ 7
NN N SN ’

> {
,L Pd,(dba)s, X-Phos, t-BuONa, ~N
0 toluene, reflux, 24h
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Scheme 2.3. Synthesis of 2,5-disubstituted-pyridazine derivatives
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The morphological transitions and thermal stabilities of pyridazine-based
compounds were investigated by using DSC and TGA. Table 2.5 summarizes their
thermal characteristics. After synthesis and purification, the two target compounds
were obtained as crystalline substances. The first heating scans of the DSC
measurements showed endothermic melting signals (Fig. 2.19 a, b). The second
heating scan of compound 7 revealed crystallization and subsequent melting signals.
Glass transition was observed during the second heating scan of compound 8
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suggesting that it might transform into the solid amorphous state (molecular glass).
Complete weight loss of both compounds was observed during the TGA
measurements, which indicates sublimation rather than thermal decomposition of the
samples.
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Fig. 2.19. DSC (a, b) and TGA (c) thermograms of compounds 7 and 8

Table 2.5. Thermal characteristics of the compounds

Compound  Tip, °C! T, °C Ter, °C 2 Tm, °C 3
7 314 - 188 248
8 336 80 133 231

'Temperature of 5% loss of mass determined by TGA, Zcrystallization temperatures
determined by DSC, *melting points determined by DSC.

The target geometries and electronic structures of the molecules were
investigated using DFT computations at the theoretical B3LYP/6-31++G level. In
order to evaluate the electronic transitions, the geometries of the pyridazine
derivatives 7 and 8 were studied (Fig. 2.20). The D and A fragments are practically
perpendicularly oriented in the optimized ground state geometries because their
dihedral angle values are close to 90°. Such large dihedral angle values are expected
to lead to the minimal conjugation of the D—A fragments. Fig. 2.21 illustrates the
calculated HOMOs and LUMOs. Both pyridazine-based compounds have similar
electronic structures. According to the calculated HOMO levels, phenoxazine has a
slightly better electron-donating ability than the 9,9-dimethyl-9,10-dihydroacridine
moiety.
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Fig. 2.21. DFT calculated HOMO, LUMO energies as well as HOMO and LUMO
topologies (isovalue of 0.02) of compounds 7 and 8

The dihedral angles remain perpendicular in the optimized excited-state
geometry. TD-DFT calculations predicted that the dominant S; transition is CT in
nature (H—L). The calculated AEsr values are of ca. 0.3 eV (Fig. 2.21). These
pyridazine derivatives are potential TADF emitters due to their small energy gaps.

The electrochemical characteristics of the compounds 7 and 8 were investigated
using cyclic voltammetry. The repeated scans of the compound 8 revealed reversible
oxidation, whereas the scans of the compound 7 revealed quasi-reversible oxidation.
Oxidation onset potentials against ferrocene (Eox onset vs. Fc) were used to determine
the ionization potentials using cyclic voltammetry (IPcv). The voltammograms are
shown in Fig. 2.22. The strength of the donor moiety was shown to have a small
impact on the IPcv values. The phenoxazine containing compound (7) showed slightly
higher IPcv than the derivative of 9,9-dimethyl-9,10-dihydroacridine (8).
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Fig. 2.22. Cyclic voltammograms of compounds 7 and 8

Table 2.6. Photophysical characteristics of 7 and 8

Compound | A4 nm! Je, M2 @ | Esi,eV* | Ern, | AEst*
el?
7 308/308 ca. 420, 618/398, <0.01 2.68 2.59 0.09
639/565
8 ca. 353, 535/346, <0.01 2.64 2.29 0.35
280/290 561/517

'Wavelengths of the bands of absorption spectra of the solutions of the compounds in
toluene/THF, *wavelengths of the bands of emission spectra of the toluene/THF solutions and
films, *PL quantum yield of deoxygenated toluene solutions, *derived from spectral data of the
films of compounds recorded at 77 K in the absence of oxygen.

In Fig. 2.23 a, b, the absorption and emission spectra of the solutions 7 and 8
are shown. The spectral characteristics are collected in Table 2.6. The absorption
spectra for the solutions of 7 and 8 are characterized by a strong bands at 308 nm and
288 nm, respectively. When the non-polar toluene solvent was replaced with the polar
THF, the positions of the absorption peaks basically remained unchanged.

In the UV and green spectral regions, two distinct emission bands were visible
in the PL spectra of the solutions that were recorded at various excitation wavelengths.
The spectral data shown in Table 2.6 give the possibility to follow how the polarity
of the medium affects the photophysical properties of the compounds. The locally
excited (LE) state emission of the donor is linked with the PL band in the UV region,
which ranges from 400 to 450 nm. It is not characterized by the positive
solvatochromism caused by the increase in polarity of the solvent. With increasing
solvent polarity, the low-energy emission band at about 500-625 nm showed a
spectral redshift that indicated intramolecular charge transfer (ICT) state. Different
excitation wavelengths barely change the spectral distribution. This finding
completely complies with Dr. Michael Kasha's criterion'! that forbids the possibility
of certain optical centers being excited in a way that would impact the analysis of the
experimental data. The wavelengths of the ICT peaks in the spectra of the neat films
match the peak locations of the ICT band of the corresponding toluene solutions. This
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observation shows that polarity, aggregation-related processes, and intermolecular
interactions in the solid state have no impact on the ICT of the compounds. As
expected, the emission of 9,9-dimethyl-9,10-dihydroacridin-based 8 is blue-shifted in
comparison to that of 7 with a stronger donating unit of phenoxazine. The
deoxygenated toluene solutions of 7 and 8 did not reach PL quantum yields @ of 1%.

At the corresponding PL peak wavelengths, the PL decay curves of the
deoxygenated toluene solutions of 7 and 8 were recorded (Fig. 2.23 ¢). The main
information regarding PL decays is gathered in Table 2.7. The multiexponential fitting
demonstrated a perfect correlation between the lifetime of the LE of 7 and the lifetime
of the prompt fluorescent component of the PL decay curve measured at 621 nm. In
addition, the ICT bands of the solutions of 7 and 8 exhibited emission lifetimes of 93
and 143 ns, respectively. Such lifetimes are related to what is known as the fast
delayed emission or TADF®.
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Fig. 2.23. UV and PL spectra of toluene, THF solutions and films of 7 (a) and 8 (b), PL
decay curves of deoxygenated toluene solutions (c), PL and phosphorescence spectra of the
film of 8 recorded at 77 K (d), PL spectra of the films of 7 (e) and 8 (f) recorded in an inert

atmosphere at different temperatures
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Table 2.7. Photophysical characteristics of the toluene solutions of 7 and 8

Toluene 2, nm? Lifetime, ns? krisc, s | kisc, s Pl
solution'
7 394 2.85 - - 1.043
7 609 2.49 (85.44%),9.75 | 9.5-10° 2.2-108 1.166
(6.49%), 92.86
(8.07%)
8 534 6(95.52%), 142.96 | 3.3-10° 1.6-108 1.034
(4.48%)

'Deoxygenated, >wavelength at which the measurement was performed, 3intensity amplitude
in parentheses, *weighted sum of fit points square deviations.

In order to unequivocally establish the absence of RTP, PL spectra of the films
of 7 and 8 were obtained at various temperatures. The energy levels of the first excited
singlet and triplet states were determined from the onsets of the corresponding prompt
fluorescent and phosphorescent bands (Fig. 2.23 d, e). During heating, the
phosphorescence component disappeared, leaving only the ICT band (Fig. 2.23 e, f).
Even if it is expected based on the findings of the theoretical analysis, the TADF
phenomenon is not supported by the measured AEst of 0.35 eV (Fig. 2.23 e) of 7 (Fig.
2.21). The RISC in this situation significantly depends on a spin-orbit coupling of
energetically close *CT and °LE states. The possibility of spin being flipped in the
organic material without insertion of heavy atoms into the structure is realized because
kriscis deeply dependent on the triplet excitonic Bohr radius, which enhances krisc by
several orders of magnitude more than the rate constant of ISC (kisc) (Table 2.7)!6,
Fig. 2.24 e shows that the energy level of °LE is estimated to be of ca. 2.64 €V, which
facilitates TADF. This energy level is near to that of the 'CT state®-!'7. The low PLQY
makes it difficult to detect the *LE experimentally. As expected for 8''8, the first triplet
excited state with the energy of 2.59 eV is close to that of 'CT of 2.68 eV, which is

beneficial for TADF. The values of kzisc and kisc were evaluated from the fitting data

. . Dpp+Ppp)d
of the PL decay curves using equations Kgisc =M, kisc =

TprPpF

PpF
Tpr(Ppr+®pF)’
fluorescence, and RISC, respectively!!’®. Using the formula @ = @pp + Opp =
PpF

where @pr, @pr, and Drisc are the quantum yields of prompt, delayed

———— and knowing that the yield of ISC @5c cannot exceed the electronic
1=®iscPrisc

excitation energy not utilized in prompt fluorescence, krisc can be estimated by the

formula kg;sc = —2DF 120 The obtained data are collected in Table 2.7. The
Tpr®@pr(1-PpF)

krisc value for 7 reached almost 10° s!, which is only slightly lower than the values

of state-of-the-art TADF emitters!'*120:121,
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2.4 Flexible organic light-emitting diodes with non-doped TADF emitters
utilizing sulfobenzimide moiety: emission colors and performance evaluation
(Scientific publication No. 4, Q1)

This chapter is based on the paper published in Dyes and Pigments, 2022, 208,
110841. In the current paper, there was provided the synthetic procedure as well as
the investigations of the structural and spectroscopic characterization for the novel
mechanoluminescent (MCL) TADF D-A molecule, and 2-(3-(9H-carbazol-9-
yl)propyl)benzo[d]isothiazol-3(2H)-one 1,1-dioxide (9) were described.

Two steps of the nucleophilic substitution were used to synthesize compound 9
(Scheme 2.4). The first step involved deprotonating carbazole to create a nucleophile,
then attacking one of the bromine atoms in 1,3-dibromopropane to obtain 9-(3-
bromopropyl)-9H-carbazole'*. Sulfobenzimide anion replaced the second bromine
atom in the alkyl chain to form compound 9 in the second step. The desired compound
was purified and obtained as a crystalline substance. The molecular structure of 9 was
confirmed by using '"H and '*C NMR, mass spectrometries, and single crystal X-ray
investigation.

SRV g O

N

KOH, TBAB N DMF, reflux |

Benzene (CH2)3
N

(H2C)s_ o
Br N\ o

Scheme 2.4. Synthetic route to 9

The nature of the intermolecular interactions stabilizing the crystal structure of
9 was investigated by using Hirshfeld surface analysis. Fig. 2.24 shows Hirshfeld
surface of 9. It illustrates the interaction between the electron density of the chosen
molecule and the electron density of the surrounding crystal medium. The distance
(d) between the surface and the closest external atom, as projected in Fig. 2.24, is
called the normalized contact distance (dnorm). Red areas indicate the interactions
whose distances (d) are smaller than Van der Waals distances. White regions are in
charge of contacts that are exactly equal to Van der Waals distances, whereas blue
regions are in charge of interactions that are more than those distances. The long-
range, moderate-strength C-H---O hydrogen bonds, which stabilize the crystal
structure of 9, are represented by the bright red spots around the oxygen and hydrogen
atoms in Fig. 2.25. It reveals the presence of O---H/ H---O interactions with a d. + d;
distance of ca. 2.64 A and 21.9% contribution to the total Hirshfeld surface.

The 2D fingerprint plot shows that the main intermolecular interactions in 9 are
H---H, C---H, O---H, and C---C. The decomposition of the fingerprint plot shows that
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H---H contacts occupy 40.5% of the total Hirshfeld surface area, C---H contacts —
29.8%, O---H contacts — 21.9%, and C---C contacts contribute only 3.7% to the total
Hirshfeld surface area.

Fig. 2.24. Hirshfeld dnorm surface of the intermolecular interactions plotted in the unit-cell
of compound 9; the C—H---O close contacts are denoted as green dashed lines

TGA and DSC were used to perform the thermal characterization of compound
9. TGA showed relatively high 5% weight loss temperature of 314 °C (Fig. 2.25 a).
The complete weight loss of the sample during the TGA experiment demonstrates
sublimation but not thermal decomposition. Endothermic melting peaks at 175 °C
during the first heating scan and 172 °C during the second heating scan were visible
on the DSC thermograms of 9. The existence of two meta-stable crystalline forms
may be the reason for this difference. Since no crystallization was seen during the
cooling scan, the substance consolidated in the amorphous phase. The following
heating scan showed glass-transition at 41 °C and exothermic peak signal of
crystallization at 132 °C (Fig. 2.25 a).
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Fig. 2.25. (a) DSC thermograms of compound 9, inset: TGA curve; (b) photoelectron
emission spectrum of the solid film of 9, inset: cyclic voltammetry curve of the DMF
solution of compound 9; TOF transients for holes (¢) and electrons (d) recorded at the
different applied voltages and the plots of charge-carrier drift mobilities versus electric field
(e) for the layer of 9

The ionization potential (IP) and electron affinity (EA) of 9 were determined by
cyclic voltammetry of the solution in DMF (Fig. 2.25 b). The formulas [Pcv = (Eox +
4.8) and EAcv = (Erq + 4.8) were used to determine the IPcyv and EAcy. Eox and Ereq
are the electrochemical oxidation and reduction onset potentials. Ferrocene redox
potential was used as a standard. At 0.84 eV and -1.95 eV, compound 9 showed
irreversible oxidation and reduction. The irreversibility of the oxidation process was
most likely caused by unprotected C-3 and C-6 of carbazole moiety'?.
Electrochemical band gap EgCV was found to be 2.79 eV, whereas [Pcv and EAcy
values were determined to be 5.64 ¢V and 2.85 eV, respectively.

The ionization potential was evaluated by using photoelectron emission
spectrometry (Fig. 2.25 b). The [Ppg value was found to be of 6.08 eV. In order to
calculate electron affinity (EApg) value, the following equation was used EApg =

IPpp — E %Pt EAp was estimated to be of 2.65 eV. The optical band gap E, Pt 1£3.43
g g

eV, which was taken from the absorption spectrum of the solid film, was used to
calculate EApe value. Stronger intermolecular interactions in the solid state are
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believed to be responsible for a relatively large difference between the IP and EA
values that were obtained for the solution and solid thin film.

Time-of-flight (ToF) technique was used to study the charge-transporting
characteristics of a thin film of 9. The observed hole and electron current transients
demonstrated that the charge transport was extremely dispersive (Fig. 2.25 c, d).
Compared to the value recorded at low voltages, the lower transit time (t,) value was
obtained at high voltages (Fig. 2.25 ¢, d). At the electric field of 4.43 x 10° V/cm, the
hole mobility value was found to be 3.2 x 10° cm?*/V x s, while electron mobility was
found to be just slightly higher, i.e., 0of 4.4 x 10 cm?/V x s (Fig. 2.25 €). Due to fitting
the experimental electric field dependences of charge carrier drift mobilities according

to the Poole—Frenkel prediction u = ug*E 1/2124, very different values of zero-field
mobilities (po) of 5.8 x 10® and 3.4 x 107 cm?/V x s were obtained for holes and
electrons.

The six different types of charge hopping pathways A—F were divided into the
X-ray structure (Fig. 2.25) and analyzed using the incoherent hopping model!?>126:127
to understand the charge-transport characteristics of 9 better. This model is
appropriate when the intermolecular transfer integrals are much smaller than the
charge reorganization energy. The Marcus—Hush equation describes the rates of the
charge transfer between nearby molecules (hopping rate W)!212%:130

w=" G e (~3z) @

where A is the reorganization energy for holes or electrons, V is the transfer
integral, T is the temperature (298.15 K for the calculations), ks is the Boltzmann
constant, # is reduced Planck constant. The strength of the electronic interaction
between the two neighboring molecules is described by the transfer integral V. It can
be obtained by the so-called direct method in accordance with the following equation:

_ 0,sitel 0],.0,site2 .
Velectrone/hole - <(p1,u1v10/1-101v10 F |<pLUMO/HOM0>’ (5)

where @71eY omo and @LEweT 1oy Tepresent the HOMO or LUMO wave

functions of the isolated molecules 1 and 2, respectively, F° is the Fock operator for
the dimer. The suffix zero in equation (5) indicates that the molecular orbitals that
appear in the operator are not disturbed. Numerous publications for various molecular
crystal types have shown the robustness of this direct method!*"!*>!133_ Based on the
estimated hopping rates (W), the diffusion coefficient D can be expressed as:

1
D = ¥ i WiP;; (6)

where n is the spatial dimensionality (n = 3 for the three-dimensional single
crystal of compound 1), i denotes a particular hopping pathway with hopping distance
1, and P; is the hopping probability, which is calculated as follows!*:
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Wi
P; = S, @)
The drift mobility from charge hopping (n) is then evaluated from the Einstein
relation providing the bulk (isotropic) mobility of holes and electrons for the studied
molecule 1 single crystal'>*:

e

p=rrhs (®)

where e is the electronic charge.

The reorganization energy (A) has both inner and external contributions. The
measure of geometrical distortion of the ionic forms from the neutral molecule is
represented by the inner reorganization energy'>>!%%. Using the adiabatic potential
energy surface method, only the inner reorganization energies for hole (Anoc) and

electron (Aeieerron) charge carriers were taken into account'®’:

* *% .
Ahole/electron - (Ecation/anion - Ecation/anion) + (Ecation/anion - Eneutral)a (9)

where Encural 1S the optimized ground state energy of the neutral molecule,
Ecationanion 1S the optimized structure energy of the cationic/anionic molecule,
Ecqtion/anion 18 the energy of the neutral molecule at the cationic/anionic geometry,

and E¢qtion/anion 1S the energy of the cationic/anionic molecule at the neutral-state
geometry. Table 2.8 summarizes the calculated charge transfer characteristics.

Table 2.8. Center-of-mass distances within dimers (r), reorganization energies (1),
transfer integrals (V), charge hopping rates (W), and charge carrier mobility (i) of 9
calculated at the B3LYP/DZP theory level

Dimer | r(A) | Reorganization | Transfer integral | Rate of charge hopping

energy (V, meV) (W, sh
(A, meV)
Hole | Electron | Hole Electron | Hole Electron
A 46 |49 *| 378 al - 0.84 4.74 x 108 | 4.82 x 108
(161) | (558)° 31.63
b
B 7.1 8.49 -0.77 3.42 x 10'2 | 4.05 x 108
C 9.5 5.24 -0.11 1.30 x 10" | 8.27 x 106
D 10.3 0.01 -20.33 4.74 x10° | 2.82 x 10!
E 11.4 -0.09 | -99.73 3.84 x 10% | 6.80 x 102
F 12.6 -0.42 | -0.03 6.36 x10° | 6.15x10°

Drift mobility from charge hopping, (i, cm? V' s) — hole 0.589 @ (0.108)® , electron 0.551 2
(0.080)".
a — the value calculated by taking into account molecular packing.
b — the value obtained without accounting molecular packing.

In the case of hole transfer, the A—C packing modes with the closest
intermolecular center-of-mass distances produce the largest transfer integrals (-31.63,
8.49, and 5.24 meV, respectively). The dimers in pathways E and D with face-to-face
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n-1 stacking interactions are preferable for electron transfer with the corresponding
integrals for electron transfer of — 99.73 and — 20.33 meV, respectively (Table 2.8).
The dimer E has much larger electron transfer integral and represents the main
pathway for electron transfer. This fact can be explained by the presence of strong 7-
n overlap between the neighboring molecules. The dimers in the other pathways have
little molecular orbital overlap for the side-to-face or side-to-side stacks (Fig. 2.26).

As it can be seen from equation (4), the reorganization energy has a significant
impact on the carrier hopping rate as well as the final hole/electron mobility. This
means that if the molecular packing is included, the estimated charge mobilities may
be higher. Molecular donor and acceptor fragments are constrained from rotating due
to their molecular packing. However, a free molecule can experience substantial
conformational changes that are similar to those possible in the crystal phase.
Therefore, the intramolecular reorganization energies of 9 were calculated for both
the scenario of an isolated molecule and the solid state. The hole/electron
reorganization energies in the first scenario are substantially higher, around 161 and
558 meV (Table 2.8). The conformation changes during the charge transfer process
are reduced when the molecule packing is taken into consideration, and the energies
for hole/electron reorganization are 49 and 378 eV, respectively (Table 2.8). The
molecular packing should be taken into account when calculating the intramolecular
reorganization energy to prevent significant discrepancies in mobility estimations.

The hole and electron mobility values for 9, calculated taking into account the
molecular packing, were found to be 0.589 and 0.551 cm? V™! s, respectively (Table
2.8). Consequently, compound 9 can be assumed as a promising organic bipolar
semiconductor. However, compared to the results of quantum-chemical calculations
of the ideal single-crystal phase, the levels of hole and electron mobility that were
measured experimentally are significantly smaller. High disorder of the vacuum-
deposited thin film of 9 may be the reason for this discrepancy.

rz=45(5A
Dimer A f2=71(1)A
Dimer B

o5

f2=102(9) A
Dimer D
f2=9.5(0) A

Dimer C
S&Q\W . @
’
r2=11.4(0) A 2= 12.6(0) A

Dimer E Dimer F

Fig. 2.26. The structure of the pertinent dimer configurations extracted from the single
crystal X-ray data of 9; the center-of-mass intermolecular distances (ri2) are shown by arrows
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Fig. 2.27. UV (a) and PL (b) spectra of 9, the PL spectrum (b) of PhCz was recorded for its
THF solution, PL spectra (c) of toluene solutions of 9 of different concentrations (mol/L), PL
spectra (d) and PL decay curves (e) of the molecular dispersion of compound 9 in Zeonex of

the different concentrations, the inset shows photo of the samples under UV excitation, PL

spectra (f) of the dispersions of compound 9 in the mixtures of THF and water with the
different concentrations
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Fig. 2.27 a shows the absorption spectra of the solutions (1 x 10~ mol/L) in five
solvents with various polarity. Two low-energy absorption bands, which previously
were designated as 'Ly«—'A and 'L.<'A'*8, are characterized by considerable
vibrational structure (Fig. 2.28 a). As a result, in addition to the most intensive 0-0
transitions at 285 and 335 nm, 0—1 or 0-2 transitions can be seen as well. There are
donor and acceptor moieties in the molecular structure of compound 9, but the
absorption spectra show no clear indications of the formation of charge-transfer (CT)
states. However, quantum-chemical calculations show that the CT states for the
various conformations of the molecule 9 are typically visible in the absorption
spectrum between 300 and 315 nm.

Carbazole-originated LE emission with the vibrational structure was identified
for the solutions of 9 with 0-0 and 0-1 transitions appearing as the maxima at 349
and 365 nm, respectively, and the 0-2 transition appearing as the shoulder (Fig. 2.27
b). As additional proof that the band of the 9 that was described is accurately attributed
to the emission of carbazole, the PL spectra of the THF solution of phenylcarbazole
(PhCz) is presented in Fig. 2.27 b. The toluene and DCM solutions (1 x 10 mol/L)
of 9 exhibit CT emissions peaking at 484 and 575 nm. Due to the comparatively
limited solubility of 9 in the solvents, it is predictable that CT emission of 9 is induced
by aggregation. The PL spectra of the toluene solutions with various concentrations
of 9 were recorded to confirm this prediction (Fig. 2.28 ¢). Due to the aggregate
formation and strong intermolecular interaction, highly concentrated toluene solution
of 9 was distinguished by an intense CT band. As the concentration of toluene solution
decreased, the intensity of the CT band decreased as well. The same behavior was
observed for the DMC solutions of various concentrations. Due to the formation of
various aggregates in various solvents, the position of the CT emission band of 9 was
substantially media dependent. The position of dependence on the CT bands was
apparently caused by the change in the position of carbazole moiety relative to
sulfobenzimide unit. The CT formed between covalently bonded donor and acceptor
units in 9 was not usual because of the bridge -(CH,)s3- between the carbazole and
sulfobenzimide moieties'*’. It was through-space charge transfer, thus an exciplex-
like one!'®.

There were recorded PL spectra and PL decay curves of the solid solutions of 9
in ZEONEX at various concentrations to examine the relationship between
intramolecular and intermolecular CT states of 9 in the solid state (Fig. 2.27 d, e).
When there is no intermolecular interaction at low concentrations (0.2 and 1%), the
PL spectra of the solid solutions showed both high and low-energy bands. These PL
spectra are remarkably similar to those seen in the spectra of toluene solution (Fig.
2.27 b). When aggregates of compound 9 are formed at the concentrations of the
molecular dispersions in ZEONEX higher than 5%, the PL spectra are primarily
characterized by low-energy band at 482 nm, which is red-shifted in comparison to
the intramolecular CT band of 9 that is observed at low concentrations (Fig. 2.27 d).
It is evident that the lifetime of emissions of intramolecular and intermolecular CT
states clearly differs (Fig. 2.27 e). Since the emission of 9 occurs from exciplexes, the
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PL decay curves of the solid solutions of 9 in ZEONEX at various concentrations have
similar shapes. The absorption spectra of 9 and the excitation spectra have a very
similar shape (Fig. 2.27 a). When the concentration of 9 increased, bathochromic
shifts in the excitation spectra of the films of solid solutions were observed. This
finding is explained by the fact that D and A units have stronger CT interactions in 9
aggregates than in individual molecules.

In order to investigate solid-state emission of 9 in further detail, a series of
dispersions of the compound in mixtures of THF and water with varying amounts of
water but the same concentration of the compound were prepared, and their PL spectra
were recorded (Fig. 2.27 f). In mixtures containing more than 70% water, the solid
aggregates were formed. The dispersions in the solvent mixtures with THF
concentrations of 30% or higher showed emission spectra resembling those of
carbazole (Fig. 2.27 b). The higher emission intensity of the solid sample of 9 than
that of the solution in the good solvent (THF) indicates aggregation-induced emission
enhancement (AIEE). The presence of AIEE is supported by the PLQY values
obtained for the dispersions of 9. The solid solution in ZEONEX had a PLQY value
of 14.8%, while the dilute solution of 9 in toluene had a lower PLQY value of 1.46%.
The wavelengths of maximum emission from the solid aggregates ranged from 471 to
502 nm. This variation in the energy of emission maxima among the various
aggregates of 9 is most likely caused by the different distances between the carbazole
and sulfobenzimide moieties. Evidently, intermolecular CT states exhibit emission as
well as intramolecular CT states. Because of this, the emission spectrum of aggregates
is very broad. It extends into the NIR region and almost completely fills the visible
spectrum from 400 to 700 nm (Fig. 2.27 f).
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Fig. 2.28. (a) PL spectra of compound 9 after the different external stimuli, (b) PL maxima
shifts after four grinding/fuming cycles, (¢) powder X-ray diffractograms and (d)
photoluminescence decay curves of 9 after various external stimuli, (e) intensity of delayed
fluorescence versus excitation power for the film of compound 9

The mechanoluminescent features of 9 can be predicted based on the
observation of various emission spectra for various aggregates of the molecule.
Indeed, compound 9 demonstrated the capacity to change its photoluminescence
wavelength in response to the external stimuli (Fig. 2.28 a). When UV light was used
to excite the solid powder of compound 9, as it was obtained after purification, 462
nm emission peaking was visible. Amorphous phase that was created by grinding
mechanically, under the same excitation, displayed considerably red-shifted emission
peaking at 482 nm. Following a 3-minute treatment with dichloromethane vapors on
the amorphous sample, the peak emission intensity was recovered to 484 nm. With a
peak at 488 nm, the bathochromic shift of photoluminescence was even stronger after
melting the fumed sample (Fig. 2.28 a). By repeating the grinding and fuming
procedures, the reversibility of mechanoresponsive emission was investigated.
Compound 9 demonstrated reversible emission without degradation after four
grinding-fuming cycles (Fig. 2.28 b). The conformational transitions brought on by
the mechanical stimuli are one of the potential causes for the spectrum alterations.
Quantum-chemical calculations show that conformation I, which predominates in the
single-crystal phase, is not a global energy minimum in contrast to conformation III,
which should primarily exist in a disordered medium as an amorphous solid or gas
phase. Conformation I is stabilized by crystalline phase, while in the absence of
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stabilizing effects, it transforms into conformation III sustaining n-tacking interaction
between D and A planes. In fact, conformation I exhibits S;—S, emission in the gas
phase at 439 nm as a result of calculations, whereas conformation III exhibits red-
shifted emission in the gas phase at 454 nm. The S¢—S; vertical absorption and S1—So
vertical emission transitions for both conformations I and III in gas phase correspond
to one-electron excitation of HOMO-LUMO type. HOMO is localized on carbazole
(D) fragment, while LUMO is localized on sulfobenzimide (A) moiety; the S; state is
assigned to charge-transfer (CT) origin (Fig. 2.29).

N gt

HOMO

LUMO

LUMO+2

Conformation I Conformation II Conformation III
Fig. 2.29. The shape of the selected molecular orbitals of different conformations of 9

Compound 9 conformers formation can be related to the changes of the structure
of its powders under different external stimuli. The powder X-ray diffraction
investigation clearly demonstrated the phase transitions that take place during the
mechanical stimulation (grinding, fuming, and melting) (Fig. 2.28 c). Different
diffraction patterns were visible in the crystalline powder that was used initially: the
grinded amorphous phase, the fumed crystalline sample, and the melted sample. A
complicated series of diffraction peaks were visible in the initial crystalline sample.
After grinding, they vanished. In contrast, additional fuming of the amorphous
material led to the restoration of a single peak with a 20 value of 22.9°. The sample
then melted, causing the development of the second single peak with a value of 26 of
30.1°. It appears that the sample's melting and cooling caused recrystallization, which
produced second polymorphic form. The data from the DSC, which showed two
melting peaks, and these observations are in agreement (Fig. 2.25 a).

Time resolved luminescence spectrometry was used to explore the nature of the
emission further. The PL decay curves are shown in Fig. 2.28 d. Similar PL decays
could be seen in the samples that had been treated differently. While excited state
lifetimes of long-lived components, which were responsible for delayed fluorescence,
varied from 679 to 898 ns, short-lived components, which caused prompt
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fluorescence, were found to have lifetimes in the range of 87-137 ns (Table 2.9). The
slope value of 0.952 on the plot of delayed fluorescence intensity vs. excitation power
(Fig. 2.28 e) leads to the conclusion that delayed fluorescence is TADF in nature but
is not an emission from triplet-triplet annihilation'*!. The proximity between CT states
for the conformations maintaining face-to-face orientation of the donor and acceptor
moieties can be used to explain the origin of TADF. It is well known that single
molecules and intermolecular molecules (such exciplexes) that have space-separated
CT states usually display very small singlet-triplet splitting that causes TADF 4143,
The singlet-triplet gap estimated for confirmation III in the gas phase approximation
is only 0.093 eV, while the intensity of S;—Sy is considerable for CT states (f=0.01,
Table 2.9). The ability of 9 to demonstrate TADF is impacted by these two factors.

Table 2.9. Photoluminescence decay characteristics of various forms of 9

Sample 11, NS T2, NS v T/ 12, %

Initial 88.86 868.67 1.105 84.05/15.95
Ground 113.66 679.73 1.288 80.30/19.70
Fumed 87.22 745.82 1.010 82.59/17.41
Melted 138.24 898.64 1.277 76.38/23.62

The lifetimes of short-lived and long-lived components differed noticeably in
the photoluminescence decay parameters of the fumed and melted samples. This
observation can be explained by the different conformational compositions of the
samples. In order to provide more proof of capacity of compound 9 to harvest triplets
via TADF, PL spectrum and PL decay curve of its toluene solution and PL decay
curve of the film of its 95 wt% solid solution in ZEONEX were obtained (Fig. 2.30
a—c). Additionally, the PL spectra and PL decay curves of the film of the solid solution
in ZEONEX at various temperatures were obtained (Fig. 2.30 d, e). The
deoxygenation of the samples increased the intensity of the low-energy band,
confirming the role of the triplet states in emission. Due to the TADF effect, an
increase in emission intensity of 9 was seen when the temperature rose from 77 to 120
K. Such a result is well supported by the negligibly small AEst of compound 9 (Fig.
2.30 f). Due to the non-emissive losses of the exciplex formed between the D and A
units, the emission intensity of 9 continuously decreased at the temperatures higher
than 120 K.

The photoluminescence lifetimes of 9 were found to be quite short; however,
they were rather long as for prompt fluorescence®®!#,
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Fig. 2.30. PL spectra (a) and PL decay curves (b) of toluene solution of 9, PL spectra of the
film of 95 wt% solid solution of 9 in ZEONEX recorded under air or vacuum (c) and at
different temperatures (d) in inert atmosphere, PL decay curves (e) of the film of 95 wt%
solid solution of 9 in ZEONEX recorded at different temperatures, PL and phosphorescence
spectra (f) of 95 wt% solid solution of 9 in ZEONEX recorded at 77 K, the phosphorescence
spectrum was recorded by using the delay of 1 ms after excitation
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Using the thermal vacuum evaporation method, OLED with the following
structure: Cul/TPD/CzPrSBI/TSPO1/TPBi/Ca/Al was produced in order to
investigate the performance of 9 as the TADF emitter. As a hole-injection layer, the
layer of Cul was used'®, and as an electron-transporting layer, the layer of 2,2',2"-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi)!*® was deposited
TPD'¥, and TSPO1'**!%° were utilized as well for the deposition of exciton-blocking
and hole transporting layers to maintain the balance of charge carriers in the emission
layer. Compound 9 was used as the emitter. The cathode was a layer of calcium that
was covered by a 200 nm film of aluminum.

The devices displayed structureless EL spectra with intensity peaks in the 490—
504 nm region. They were similar to the PL spectra of the neat film of 9 shown in Fig.
2.31 a, c. This finding proves that the source of the EL was the emitter itself. With the
increase in the driving bend angle of a flexible OLED, the relative intensity of the
shoulder peaking at 630 nm increased (Fig. 2.31 ¢). This observation is explained by
the formation of intermolecular exciplex formation between the donor part of one 9
molecule and acceptor part of another one. The intensity of the peak increased as the
angle of the bend in the flexible samples changed. When the angle reached 50°, the
intensity reverted to that of OLEDs with the glass substrates. The enforced proximity
of the donor and acceptor fragments caused by mechanical impact (bending in
examined instance) is responsible for the mechanochromic luminescence of emitter 9
in flexible OLEDs, which enhances the formation of intermolecular exciplexes.

The device based on a glass substrate exhibited the best performance with
maximum current efficiency, power efficiency, and external quantum efficiency
(EQE) of 11.0 cd A™!, 3.0 Im W-!, and 4.3%, respectively (Table 2.10, Fig. 2.31).
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Table 2.10. Characteristics of OLEDs fabricated on the glass and flexible substrates

Device Von, V Max. Current Power EQE,
substrate brightness, cd | efficiency, cd | efficiency, %
m? Al Im
W—l
at 1,000/max. cd m
Glass 6.4 16,000 11.0/9.0 3.0/1.8 4.3/3.5
Flexible 7.4 9,000 2.6/2.5 0.6/0.4 0.8/0.9
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3. CONCLUSIONS
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1. Using phenoxazine, phenothiazine or 9,9-dimethyl-9-10-dihydroacridine as
donor moieties and 1,4-bis(trifluoromethyl)benzene as a new acceptor unit,
three new compounds with symmetrical donor—acceptor—donor architectures
were designed and synthesized as emitters exhibiting thermally activated
delayed fluorescence.

1.1. The derivative of 9,9-dimethyl-9-10-dihydroacridine and 1,4-
bis(trifluoromethyl)benzene is a promising blue thermally activated delayed
fluorescence emitter with a high energy of singlet charge transfer onset of 2.91
eV.

1.2. Due to the intramolecular interactions, organic light-emitting diode
based on the derivative of 9,9-dimethyl-9-10-dihydroacridine shows blue
electroluminescence that is "insensitive" to the concentration of the emitter in
the light-emitting layer.

1.3. With practically no roll-off up to the brightness of 1,000 cd m?, the
device based on a derivative of 9,9-dimethyl-9-10-dihydroacridine as an emitter
shows the external quantum efficiency of 5.9%.

2. Three new compounds were synthesized for optical oxygen sensors, using
1,4-difluorobenzene as the acceptor and three donor compounds: phenothiazine,
phenoxazine, and acridine.

2.1. The compounds show high temperatures of 5% weigh loss for
compounds with phenothiazine and acridine moieties, i.e., 302 °C and 333 °C,
respectively.

2.2. The compounds showed blue and blueish-green emissions. The
derivative of phenothiazine exhibits dual emissions in vacuum, one originating
from the singlet charge transfer state and the other from the locally excited
triplet state phosphorescence.

2.3. Compound with phenothiazine moiety as donor and 1,4-
difluorobenzene as an acceptor unit showed high sensitivity at low
concentrations <0.1% and low sensitivity at high concentrations of oxygen
(>0.2%).

2.4. Van der Waals intermolecular interactions between the nearby
molecules were discovered by single-crystal X-ray analysis.

3. Two compounds based on pyridazine as the acceptor and phenoxazine or 9,9-
dimethyl-9,10-dihydroacridine as donor moieties were designed and
synthesized.

3.1. The compounds exhibit emission from the intramolecular charge
transfer state manifested by positive solvatochromism. The emission in the
range of 534-609 nm of the toluene solutions of the compounds is thermally
activated delayed fluorescence with the lifetimes of 93 and 143 ns for
phenoxazine and acridine moieties.



3.2 The compounds are characterized by high thermal stabilities. Their
5% weight loss temperatures are 314 and 336 °C.

3.3. The reverse intersystem crossing rate constant of 9.5-105 s~
estimated for phenoxazine derivative is higher than that observed for the
derivative of 9,9-dimethyl-9,10-dihydroacridine (3.3-105 s™!), primarily due to
the fast thermally activated delayed fluorescence.

4. Carbazole-sulfobenzimide derivative was synthesized and characterized.

4.1. The carbazole-c-sulfobenzimide derivative displays tunable
emission in flexible electroluminescent heterostructures, mechanochromic
thermally activated delayed fluorescence, and aggregation-induced emission
enhancement.

4.2. The donor and acceptor subparts of the carbazole-sulfobenzimide
compound are separated by non-conjugated linkers, which give the system
conformational flexibility and suppresses the common charge-transfer
electronic transitions.

4.3. Carbazole-sulfobenzimide derivative displays sensitivity of the
emission to aggregation and mechanical stimuli.

1
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4. SANTRAUKA

Sio darbo tikslas — naujy donoras-akceptorius-donoras ir donoras-akceptorius tipo
dariniy, kuriy akceptorinés dalys yra trifluormetilbenzeno, difluorbenzeno, piridazino
ar sulfobenzimido fragmentai, turin¢iy skirtingus donorinius fragmentus, sintezé ir
savybiy tyrimas, siekiant juos panaudoti organiniuose $viesos dioduose ir deguonies
jutikliuose.

Siekiant darbo tikslo i8kelti Sie uzdaviniai:

Naujy trifluormetilbenzeno dariniy, turinciy donoras-akceptorius-donoras
struktiiras, sintezé.

Trifluormetilbenzeno dariniy terminiy, fotofizikiniy ir fotoelektriniy savybiy
tyrimas.

Naujy simetriskos donoras-akceptorius-donoras struktiiros junginiy, turinciy
piridazino fragmentg ir skirtingus fenoksazino arba 9,9-dimetil-9,10-
dihidroakridino donorinius fragmentus, sintezg.

Piridazino dariniy  terminiy, fotofizikiniy, fotoelektriniy  ir
elektroliuminescenciniy savybiy tyrimas.

Karbazolo ir sulfobenzimido dariniy sintez¢ ir tyrimas.

Karbazolo dariniy fotofizikiniy savybiy (absorbcijos ir emisijos spektry
fluorescencijos kvantinio naSumo, fluorescencijos gyvavimo trukmés)
tyrimai.

Darbo naujumas:
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Sukurti, susintetinti, charakterizuoti ir pritaikyti termiskai aktyvinama
uzdelstaja fluorescencija paremtuose (TADF) organiniuose Sviesos dioduose
(OLED) nauji donoras-akceptorius-donoras tipo 2,5-bis(trifluormetil)-1,4-
fenileno dariniai.

Optiniams deguonies jutikliams sukurti nauji junginiai su skirtingomis
donorinémis grupémis ir akceptoriniu 1,4-difluorbenzeno fragmentu.
Nustatyta, kad fentiazilgrupes turintis darinys pasizymi efektyvia kambario
temperatiros fosforescencija (RTP).

Sukurti, susintetinti ir iStirti nauji junginiai, kurie turi piridazino fragmenta
kaip akceptorinj centrg ir skirtingus donorinius fragmentus.

Susintetintas ir iStirtas naujas junginys, turintis akceptorinj sulfobenzimido
fragmenta, kuriam btidinga naujo D-o-A tipo TADF.

Sukurti ir susintetinti du nauji junginiai, sudaryti i§ akceptorinio
trifluormetilfenilo fragmento ir skirtingy donoriniy fragmenty. Nustatyta, kad
10,10°-(2-(2-(trifluormetil)-1,4-fenilen)bis(10H-fenotiazinas), kaip
efektyvus RTP spinduolis, pasizymi dideliu jautrumu deguoniui.



4.1. 1,4-Bis(trifluormetil)benzeno fragmentus turintys spinduoliai, pasiZymintys
efektyvia termiskai aktyvinama uzdelstaja fluorescencija ir
elektroliuminescencija

Sis skyrius parengtas pagal straipsnj, paskelbta zurnale Journal of Materials
Chemistry C, 2022, 10, 4929-4940. Sukurti ir susintetinti nauji simetriskos donoras-
akceptorius-donoras struktiiros spinduoliai. Dviejy pakopy sintezés keliu gauti trys
nauji junginiai — 1,4-bis(trifluormetil)benzeno dariniai su fenoksazino (1), fentiazino
(2) ir akridano (3) pakaitais (4.1.1 schema). Susintetinty junginiy 1 ir 2 cheminés
struktiiros patvirtintos naudojant 'H ir '*C BMR spektroskopija, masiy spektrometrijg
ir rentgeno spinduliy kristalografija. Dél mazo tirpumo visuose prieinamuose
deuterintuose tirpikliuose junginio 3 strukttiros nepavyko patvirtinti 'H arba '*C BMR
metodais, taciau monokristalo rentgeno kristalografija leido patvirtinti jo struktiira.

@KE

Br

sz(dba);
CFs CFs  tbuONa
_ > —
FsC F3C toluenas FsC
H,S0,, TFA, NBS Br 110-120°C, 24h

48h, 80°C, H,0, 1 Y=0, 56%

2:Y=S, 45%
3: Y=C(CHj),, 45%

4.1.1 schema. Junginiy 1-3 molekuliné strukttra ir smtezes eiga

Siekiant istirti junginiy 1-3 terminj stabilumg ir jy morfologines savybes,
naudoti termogravimetrinés analizés (TGA) ir diferencinés skenuojamosios
kalorimetrijos (DSC) metodai. 4.1.1 lenteléje pateikiama 5 % masés nuostolio (7ip),
lydymosi (7) ir kristalizacijos (7.r) temperattiry suvesting.

4.1.1 lentelé. Junginiy 1-3 terminés charakteristikos

Junginys Tin,C! Ter,'C? Tm,'C?3
1 290 303 385
2 260 270 321
3 267 296 311

! Temperatiira, kurioje buvo prarasta 5 % bandinio masés, nustatyta naudojant TGA; 2 DSC
metodu nustatytos junginiy kristalizacijos ir * lydymosi temperatiiros.

4.1.1 pav. pavaizduoti junginiy molekuliniy dispersijy zeonekse (1 %
koncentracijos) fotoliuminescencijos (PL) spektrai, uzfiksuoti esant skirtingoms
temperattroms. Visy jy PL ir fosforescencijos spektrai beveik visiskai persidengia,
kas yra biidinga TADF reiskiniui, jiems atskirti taikyta 1, 5 arba 9 ms uzdelsa esant
77 K. Molekuliniy 1-3 dispersijy Zeonekse ir MeTHF fosforescencijos spektry
pradzios yra susijusios su tripletinémis LE biisenomis. Sios tripletinés LE biisenos
gali buti priskiriamos atitinkamy donoriniy fragmenty (10-fenil-10H-fenoksazino
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(PO-Ph),  10-fenil-10H-fenotiazino  (PS-Ph) arba  9,9-dimetil-10-fen-9,10-
dihidroakridino (AC-Ph)) tripletinéms LE biisenoms ((LED). Akceptorinio fragmento
fosforescencijos pradzia matoma esant didesnei energijai (CLEs = 3,65 eV) nei
donoriniy PO-Ph, PS-Ph ir AC-Ph fragmenty. Todél 1, 2 ir 3 pirmoji singuletiné
energija apskaiciuota tik pagal PL spektry, uzfiksuoty 300 K temperatiiroje, pradzia.
PL spektras, uzfiksuotas kambario temperatiiroje, palyginti su PL spektru, uzfiksuotu
77 K temperatiiroje, yra pasislinkes raudonos spalvos linkme, o emisijos
intensyvumas Zemesniuose energijos lygmenyse, isskyrus 3, didéja. Sj pastebéjima
galima paaiskinti nustatytu sumazéjusiu konformaciniu heterogenigkumu®-°. Iikelta
hipotezé, kad 1, 2 ir 3 atveju energijos tarpai tarp *CT ir 'CT atitinkamai yra 0,04 eV,
0,03 eV ir 0,04 eV. Junginiy AEsr vertés artimos viena kitai.

—— 77K PL —— 77K PL 12 —— 77K _PL

AEg;=0.02 eV —— 100K_PL AEg;=0.02 eV —— 100K_PL AEg=0.02 eV —— 100K_PL
—— 150K_PL —— 150K_PL —— 150K_PL
—— 200K_PL —— 200K_PL —— 200K_PL
—— 250K_PL —— 250K_PL ——250K_PL
—— 300K_PL —— 300K_PL ——300K_PL

2 (1wt.%):Zeonex

°
°

1 (1wt.%):Zeonex 3 (1wt.%):Zeonex

°

°
°

S=264 eV $7291eV

Normalizuotas intensyvumas, s.v.
o
Normalizuotas intensyvumas, s.v.

Normalizuotas intensyvumas, s.v.
°

°

=267 &V

T,=2656V Ji=262eV T=289eV

0.0 0.0
500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700 750 800
Bangos ilgis , nm Bangos ilgis , nm Bangos ilgis , nm

4.1.1 pav. Junginiy 1 (a), 2 (b) ir 3 (c) molekuliniy dispersijy Zeonekse Zemos ir
kambario temperatiiros PL spektrai ir atitinkamos emisijos pradzia 300 K temperatiiroje
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4.1.2 pav. Junginiy 1 (a), 2 (b) ir 3 (¢) 1 % molekuliniy dispersijy Zeonekse
fluorescencijos gesimo kreivés kaip temperatiiros funkcija, taip pat jy kisc/krisc (d) ir
PLQY (e) priklausomybés nuo temperatiiros
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4.1.3 pav. Junginiy 1 (a), 2 (b) ir 3 (c) energetiniai lygmenys

Junginiy molekuliniy dispersijy zeonekse PL gesimo kreivés uzregistruotos
esant jvairioms temperatiroms (4.1.2 pav., a—c), pastebétos standartinés TADF
gesimo kreivés su greitosios fluorescencijos (PF) komponente nanosekundziy
intervale ir uzdelstosios fluorescencijos (DF) komponente mikrosekundziy intervale.
Tai, kad visy trijy junginiy DF pastebéti reaguojant j temperatiros sumazéjima, jrodo,
kad DF buvo termiskai aktyvuota (4.1.3 pav., 4.1.2 lentelé).

4.1.2 lentelé. Junginiy 1-3 molekuliniy 1 % dispersijy Zeonekse fotofizikiniai
parametrai

Junginys 1 2 3

AT nm 535 537 477

PLQOY, % 4,6 52 38,5

AEgr, eV 0,19 0,02 0,02
Tpp, IS

0 o o
(santykis, %) | 21S(23%) | 182(282%) | 354(216%)

Tpp, 1S (%) 0,93(27,7%) | LA1(71,8%) | 2,56 (78,4 %)

krisc/kisc 0,044 0,036 0,296
AEISC meV 49 8,1 0,8
AERISC eV 24,5 19,3 21,8

Santykinai didelis Esie-sct, tikétina, 1émé tai, kad 1 ir 2 PL kvantinis naSumas
(PLQY) pasieké maksimuma mazdaug 200 K temperatiiroje (4.1.2 pav., e). Keliant
temperatiira PLQY vertés mazéja, greiCiausiai dél tripletiniy biseny nespindulinés
dezaktyvacijos grei¢io konstantos (k') didéjimo. Taciau dél efektyvaus TADF
proceso 3 PLQY padidéjo iki 38,5 %, didinant temperattirg nuo 77 iki 300 K. Norint
turéti veiksmingus TADF spinduolius, krisc/k o santykis turi biiti didesnis uz vienetg
(kaip junginio 3 atveju)’>%>.

Nustatyta, kad sluoksniy su skirtingomis junginio 3 koncentracijomis PL
spektrai yra panasis. Prietaisy, pagaminty su junginiu 3, elektroliuminescencijos (EL)
spektrai atitinka §j pastebéjimg. TADF charakteristikoms tirti pasirinktas sluoksnis,
sudarytas i§ 10 % emiterio 3 ir SimCP2 molekulinio misinio. Junginio 3 molekulinés
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dispersijos SimCP2 PL spektrai ir PL gesimas buvo labai panasSts | molekulinés 3
dispersijos zeonekse (4.1.1 ir 4.1.4 pav., c).

Geriausig OLED naudojimui reikalingy savybiy derinj turéjo junginys 3 ir buvo
pasirinktas elektroliuminescencijos tyrimui kaip TADF spinduolis. Prietaisy strukttra
buvo tokia: ITO/MoOs[0,5 nm] / NPB[40 nm] / TCTA[4 nm] / mCBP[4 nm] / §viesg
emituojantis sluoksnis [24 nm] / TSPO1[4 nm] / TPBi[40 nm] / LiF[0,5 nm]: Al[88
nm|, kurioje junginio 3 [5, 10 arba 15 %] legiruoto SimCP2 sluoksniai panaudoti kaip
Sviesa emituojantys sluoksniai prietaisuose A, B arba C. Etaloniniame prietaise D
Sviesa emituojantis sluoksnis buvo 20 % PFBP-2a, turin¢io akceptorinj fragmenta su
fluoru, molekuliné dispersija”®. Siekiant uztikrinti subalansuota skyliy ir elektrony
rekombinacijag ir eksitony susidarymg S$viesg emituojanciuose sluoksniuose,
panaudotos medziagos: MoOs kaip skyles injekuojanti medziaga, NPB ir TCTA kaip
skyles pernesancios medziagos, mCBP kaip elektronus ir eksitonus blokuojanti
medziaga, SimCP2 kaip matrica, TSPO1 kaip skyles ir eksitonus blokuojanti
medziaga, TPBi kaip elektronus pernesanti medziaga ir LiF kaip elektronus
injekuojanti medziaga (4.1.4 pav., a). Rekombinacijos zona yra netoli
SMPCP2/TPSO1 sasajos. Prietaisy A—C EL spektrai (maksimumas — 485 nm) buvo
labai panasiis | atitinkamy Sviesg emituojanciy sluoksniy, 3 legiruoty SimCP2, PL
spektrus (4.1.4 pav., b). Nedidelius skirtumus tarp PL ir EL spektry lemia naudoti
skirtingi optinio ir elektrinio suzadinimo S$altiniai. Prietaisy A—D jjungimo jtampa
buvo mazdaug 4,4 V (4.1.4 pav., d) d¢l vienody 3 ir PFBP-2a kruvininky injekcijos
charakteristiky. Esant didesnei nei 7 V jtampai, prietaisuose A—C uzfiksuotas didesnis
darbinés srovés tankis nei prietaise D, tikriausiai dél geresniy 3 kriivininky pernasos
charakteristiky, palyginti su PFBP-2a charakteristikomis.
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4.1.4 pav. Prietaisy A-D energetiné diagrama (a); EL spektrai esant skirtingoms jtampoms
(b, c); srovés tankio ir skais¢io priklausomybé nuo taikomy jtampy (d) ir EQF
priklausomybés nuo srovés tankio grafikai (e). Intarpe pateikiama prietaiso A, esant 6 V
itampai, nuotrauka bei CIE1931 spalvy koordinatés

Esant skirtingoms jtampoms ir nepaisant naudojamy skirtingy spinduolio 3
koncentracijy, prietaisy A—C EL spektrai buvo beveik vienodi. Tai galima paaiskinti
tuo, kad kietosios biisenos 3 sukuria nekovalentinius intramolekulinius rySius.
PrieSingai, etaloninis prietaisas D parodé¢ nestabilius EL spektrus esant skirtingoms
iSorinéms jtampoms (4.1.4 pav., c). Sis rezultatas iliustruoja naujai sukurto
akceptorinio 1,4-bis(trifluormetil)benzeno fragmento privalumus.

OLED su 1,4-bis(trifluormetil)fenilo turinCiu junginiu veikimo stabilumas
budingas ne tik jo EL spektrui, tac¢iau ir didziausias iSorinis kvantinis efektyvumas
(EQE), kuris iSlieka nepakites net ir esant 1000 cd/m? srovés efektyvumui, kai
iprastai, OLED pasiekus pakankamai didel¢ darbing srove, jy EQFE gali sumazéti net
ir kelis kartus (4.1.4 pav., €, 4.1.3 lentelé). Remiantis ankstesnémis diskusijomis®®!%°,
esant didesniam darbinés srovés tankiui (didesniam nei 40 mA c¢cm™), dél eksitono-
poliarono anihiliacijos procesy pirmiausia gali nutrikti maziausig skilimo energija
turintys rySiai.
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4.1.3 lentelé. OLED charakteristikos
AeL, | Von, | Lmax, CEmvmax, | PEmax, | EQEmax/EQE1000,

nm \Y% cd/m? cd/A Im/W %

Prietaiso struktiira: ITO/MoO3/NPB/TCTA/mCBP/§viesa emituojantis sluoksnis

(EML)/TSPO1/TPBi/LiF:Al
3

Prietaisas EML

A i5%):simcp2 | 487 | 44 | 2500 11,7 9,9 4,7/5,18
B [10 %]:3SimCP2 487 | 44 | 3000 12,9 10,7 5,9/5,8
c 15 %]:3SimCP2 487 | 44 | 3500 12,6 8,97 4,6/5.4
D 120 l:/f]]giﬁnacm 478 | 44 800 6,2 5,6 4.4/-

Aer — EL maksimumas; Von — jjungimo jtampa; Luax — skais¢io maksimumas; CEmax —
didziausias srovés efektyvumas ir PEmax — didziausias galios efektyvumas. EQEwmax ir
EQE) o0 — tai EQE, esant atitinkamai 10 ir 1000 cd/m?.

Nustatyta, kad 9,9-dimetil-9-10-dihidroakridino ir 1,4-bis(trifluormetil)benzeno
darinys (junginys 3) yra perspektyvus mélynos spalvos TADF spinduolis,
pasizymintis auksta singuletinio kriivio pernasos pradzia — 2,91 eV. Sis junginys
pasizymeéjo zydra elektroliuminescencija, kuri dél vidiniy molekuliniy sgveiky yra
,nejautri spinduolio koncentracijai $viesa emituojan¢iame sluoksnyje. Didziausias
iSorinis kvantinis efektyvumas — 5,9 %, su praktiskai nepasireiSkianciu efektyvumo
mazéjimu iki 1000 cd m, gautas $io spinduolio turindiame prietaise. Sie rezultatai
leidzia daryti i§vada, kad, sumazinus TADF molekuliy AEsigict, gali padidéti
atvirkStinés interkombinacinés konversijos (RISC) greitis, taigi ir TADF
efektyvumas.
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4.2. Konformacinés netvarkos ir standZios matricos poveikio tyrimas bei didelio
jautrumo deguoniui ir fosforescencijos kambario temperatiiroje mechanizmo
atskleidimas

Sis skyrius parengtas pagal straipsnj, paskelbta zurnale Sensors and Actuators
B: Chemical, 2023, 380, 133295.

Susintetinti trys junginiai, skirti optiniams deguonies jutikliams, naudojant
akceptorinj 1,4-difluorbenzeno fragmenta ir tris skirtingus donorinius fragmentus
(fentiazing, fenoksazing ir akriding). 2,5-Dipakeisto 1,4-fenileno dariniy sintezé
atlikta Buchvaldo ir Hartvigo kopuliavimo metu (4.2.1 schema). Gauty junginiy 4, 5
ir 6 iSeiga atitinkamai 68 %, 40 % ir 27 %. Naudojant 'H, '3C ir ’F BMR
spektroskopija bei monokristaling rentgeno analizg, nustatytos gauty junginiy
strukttiros. Molekuliy simetriSkumg patvirtino visy trijy junginiy '*C BMR spektruose
pastebimi tik devyni pikai aromatinése srityse, nors visuose trijuose junginiuose i$
viso turéty buti trisde$imt anglies atomy. Visy trijy junginiy "F BMR spektruose
matomas tik vienas signalas, mazdaug ties 119 m.d.

X
X-phos @ N Kj
F

Br Pd,(dba);
t-buONa
F 4: X=0, 68%
5: X=8, 40%
) 6: X=C(CH3),, 279
F toluenas (CHa)o, 27%
Br 110-120°C, 24h

E
N
L0
4.2.1 schema. 2,5-Dipakeisto 1,4-fenileno dariniy 4, 5 ir 6 molekuliné struktiira ir sintezé
4.2.1 pav., a—c, pateikti junginiy 4, 5 ir 6 tirpaly trijuose skirtinguose
tirpikliuose (toluene, tetrahidrofurane ir acetonitrile) normalizuoti absorbcijos ir
emisijos spektrai. Fenoksazino, fentiazino ir akridino fragmentai lemia absorbcijos
juostas atitinkamai ties 310 nm ir 280 nm. Junginiui 4 pakeitus tirpiklj i$ tolueno j
acetonitrilg, absorbcijos kraStas pasislenka raudonos spalvos link nuo 3,15 eV iki
3,05 eV. Panasus absorbcijos krasto batochrominis poslinkis nuo 3,40 eV iki 3,30 eV
matomas junginiui 6 pakeitus tolueng acetonitrilu. Tac¢iau, junginio 5 tirpaly padidinus
tirpiklio poliskuma, prieSingai nei PL, absorbcija beveik nepakito. Visy trijy junginiy
PL spektruose (4.2.1 pav., a—d) matomas rySkus poslinkis raudonos spalvos link
did¢jant tirpiklio poliSkumui. Junginiy PL spektrai atskleidé CT pobudj. Nustatyta,
kad junginiy 4, 5 ir 6 singuletinés kriivio perdavos biisenos ('CT) energija yra
atitinkamai 3,05 eV, 3,00 eV ir 3,37 eV. Junginiy tirpaluose pakeitus toluena
acentronitrilu, 4 tirpaly emisijos pradzios energija pasikeité labiausiai (0,28 e¢V), po
to seké 5 (0,13 eV) ir 6 (0,06 eV) tirpalai. Didelis batochrominis poslinkis junginio 4

spektruose rodo, kad jo CT biisena stabilizuojasi didéjant poliskumui'®?.
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4.2.1 pav. Junginiy tirpaly toluene, tetrahidrofurane ir acetonitrile UV spektrai (4(a),
5(b), 6(c)) ir fotoliuminescencijos spektrai (4(d), 5(e), 6(f))

Nustatyta, kad junginio 5 ir jo kietojo tirpalo zeonekse sluoksniai ore
pasizyméjo maziausiu PLQOY (4.2.1 lentelé¢). Efektyvus singuletas-tripletas
interkombinacinés konversijos (ISC) greitis, reikalingas efektyviam RTP'%, gali bati
i§ dalies atsakingas uz mazas junginio 5 PLQY vertes. Sluoksnyje, kuriame 5
legiruotas zeoneksu, pastebétas santykinai didelis RTP PLQY (4.2.1 lentelé). Po
dedeguoninimo junginio 6 tirpalas turéjo 30 % ilgesng emisijos gyvavimo trukme, tai
irodo uzdelstaja fluorescencija. Emisijos gyvavimo trukmés pailgéjimas po
dedeguoninimo buvo gerokai mazesnis 5 tirpale (15 %). Pasalinus deguon; i$ junginio
4, tirpalo emisijos gyvavimo trukmé pailgéjo 21 %. RySys tarp $iy verciy ir junginio
AFEst ver€iy yra atvirkstinis.

4.2.1 lentelé. Dariniy 4-6 fotofizikiniai parametrai

. 4 | 5 | 6
Junginys grynas/molekulinés dispersijos Zeonex ‘e sluoksnis
PLOY™, % 14/5 2/2 10/7
PLQYvwume 04 -/9 -/12,8 -/27,8
* PLOYRTP - -/10,8 -
'L (ore/argono atm.), ns 4,70/5,71 3,33/3,83 5,44/7,05
™TP ms - -/19.3 -

* apskai¢iuojamas pagal PLOYRT? = PLQY ikwme_pLOYere kur PLQYVekvume =
PLQOY "*xplotas‘®uime/plotas®™ kaip nustatyta literatiiroj el
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ISirtas fosforescencijos gesinimas deguonimi, nes kambario temperatiiroje tai
yra pagrindinis emisijos gesiklis''*. Siam poveikiui jvertinti 1 % koncentracijos 5
kietojo tirpalo zeonekse méginys veiktas jvairiais deguonies ir azoto koncentracijy
santykiais. RTP intensyvumas keitési po kiekvieno deguonies koncentracijos
koregavimo (4.2.2 pav., a).

4.2.2 pav., a, matyti, kad, didéjant deguonies koncentracijai, RTP intensyvumas
smarkiai mazéja. Esant azoto ir deguonies atmosferoms, pastebétas didelis emisijos
intensyvumo skirtumas ties 500 nm, inertin¢je atmosferoje emisijos intensyvumas
buvo 7,5 karto didesnis nei deguonies atmosferoje.

Junginio 5 PL spektrai, gauti esant skirtingoms deguonies koncentracijoms,
buvo integruoti siekiant kiekybiskai nustatyti RTP jautruma deguoniui. Gautos ploto
po kreivémis vertés buvo naudojamos tolesnéms analizéms. Taikéme Sioms
aplinkybéms modifikuotg Sterno ir Volmerio lygtj, nes surinkti duomenys aiskiai rodé
netiesine priklausomybe tarp RTP intensyvumo ir deguonies koncentracijos santykio
(4.2.2 pav., b). Kai Sterno ir Volmerio taskai leidziasi Zemyn, paprastai daroma
prielaida, kad yra kelios chromofory riisys, i§ kuriy viena yra jautri gesinimui, o kitos
—ne. Sis derinys laikomas keliy riisiy su dinaminiu gesinimu''°.

Sie rezultatai rodo, kad 1 % junginio 5 molekulinés dispersijos zeonekse
bandinys pasizymi dideliu jautrumu mazoms deguonies koncentracijoms (iki 0,2 %).
Esant didesnei nei 0,2 % deguonies koncentracijai, jautrumas pradéjo mazéti. Dviejy
jautrumo sri¢iy buvima galima paaiskinti molekuliniu heterogeniSkumu, dél kurio
junginyje 5 susidaro dvi dominuojan¢ios *LE biisenos ir *CT biisenos.
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4.2.2 pav. Junginio 5 1 % molekulinés dispersijos Zeonekse RTP spektrai (a) ir Sterno
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4.3 Junginiy, turinéiy akceptorinj piridazino fragmenta ir 9,9-dimetil-9,10-
dihidroakridino ir  fenoksazino donorinius fragmentus, sintezé,
charakterizavimas ir fotofizikiné analizé

Sis skyrius parengtas pagal straipsnj, paskelbta zurnale Materials, 2023, 16,
1294. Taikant Buchvaldo ir Hartvigo kopuliavimo reakcija, susintetinti du junginiai,
turintys akceptorinj piridazino fragmentg ir 9,9-dimetil-9,10-dihidroakridino arba
fenoksazino donorinj fragmenta (4.3.1 schema). Gauti junginiai 7 ir 8, kuriy iSeiga
atitinkamai 21,8 % ir 6,4 %.

Y.
. X
@(Y]@ N 7:Y=0 yield-21%
N 8 : Y=C(CHjs),, yield-6.4%
H

,L Pd,(dba)z, X-Phos, t-BuONa, N
toluenas, 110-120°C, 24h

- L0

4.3.1 schema. 2,5-Dipakeisto piridazino dariniy sintezé

NN

Piridazino dariniy terminés savybés istirtos DSK ir TGA metodais. Jy terminés
charakteristikos apibendrintos 4.3.1 lenteléje. Du tiksliniai junginiai iSskirti
kristalinés medziagos. Pirmojo DSK kaitinimo metu matomi endoterminiai lydymosi
signalai. Antrojo kaitinimo metu junginio 7 kreivéje matomas kristalizacijos ir véliau
lydymosi signalai. Junginys 8 gali biiti transformuotas j amorfing biiseng kaitinant
atvésintg lydalg, kaip vyksta antrojo DSK kaitinimo metu. TGA matavimy metu
pastebétas visiskas abiejy junginiy masés sumazéjimas, t. y. méginiai sublimavosi, o
ne termiskai suiro.

4.3.1 lentelé. Junginiy 7 ir 8 terminés charakteristikos

Junginys T, C! T,,C Ter,'C 2 Tw,C3
7 314 - 188 248
8 336 80 133 231

''5 % masés nuostoliy temperatiira, nustatyta TGA metodu; > DSC metodu nustatytos
kristalizacijos temperatiiros; * lydymosi temperatiiros, nustatytos DSC metodu.
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4.3.2 lentelé. Junginiy 7 ir 8 fotofizikinés charakteristikos

Junginys Ja, NM' /e, NIM? @ | Esi, eV? f{;} AEst?
7 308/308 | ¢ 4§§)§/651685/398’ <0,01 | 2,68 2,59 | 0,09
ca. 353, 535/346,
8 280/290 561/517 <001 264 | 2,29 | 0,35

! Junginiy tirpaly toluene/THF absorbcijos spektry maksimumai; 2 junginiy tirpaly
toluene / THF ir sluoksniy emisijos spektry maksimumai; * PLQY deguonies neturinéiy
tolueno tirpaly; * gauta i§ junginiy sluoksniy spektriniy duomeny, uzfiksuoty 77 K
temperatiiroje, kai néra deguonies.

4.3.1 pav., a, b, pateikti atitinkamai 7 ir 8 tirpaly absorbcijos ir emisijos
spektrai. Spektrinés charakteristikos pateiktos 4.3.2 lenteléje. Junginiy 7 ir 8
tirpaluose nepolinj tolueno tirpiklj pakeitus poliniu THF, absorbcijos smailiy padétys
i§ esmés nepakito.

Junginiy tirpaly PL spektruose, uzfiksuotuose esant skirtingiems suzadinimo
bangos ilgiams, matomos dvi skirtingos emisijos juostos UV ir zalioje spektro srityse.
Terpés poliskumas daro jtaka junginiy fotofizikinéms savybéms (zr. 4.3.2 lentele).
Donorinio fragmento lokaliai suzadintos (LE) biisenos emisija yra susijusi su PL
juosta UV srityje, kuri i$sidésto nuo 400 iki 450 nm. Jai nebiidingas teigiamas
solvatochromizmas, kurj sukelia tirpiklio poliskumo padidé¢jimas. Didéjant tirpiklio
poliskumui, mazos energijos emisijos juosta, esanti mazdaug ties 500-625 nm,
pasislinko raudonos spalvos link, rodanc¢iu intramolekulinio kriivio pernasos (ICT)
buiseng. Skirtingi suzadinimo bangos ilgiai beveik nekeicia spektrinio pasiskirstymo.
Tai atitinka daktaro Michaelio Kashos kriterijy'", kuris draudzia tam tikry optiniy
centry suzadinimo galimybe, kuri turéty jtakos eksperimentiniy duomeny analizei.
Gryny junginiy sluoksniy spektruose ICT smailés maksimumai sutampa su atitinkamy
tolueno tirpaly ICT juostos maksimumais. Tai rodo, kad poliSkumas, procesai, susije
su agregacija, ir tarpmolekuliné saveika esant kietai biisenai neturi jtakos junginiy
ICT. Akridinilpakeisto junginio 8 emisija pasislinkusi mélynos spalvos link, palyginti
su junginio 7, turin¢io stipresnj donorinj fenoksazino fragmenta, emisija. Junginiy 7
ir 8 dedeguonintuose tolueno tirpaluose PLQOY nesieke 1 %.

Atitinkamuose PL smailés bangos ilgiuose uzregistruotos junginiy 7 ir 8
dedeguoninty tolueno tirpaly PL gesimo kreivés (4.3.2 pav., ¢). Pagrindiné
informacija apie PL gesimus pateikta 4.3.3 lenteléje. Pademonstruotas puikus rySys
tarp 7 LE gyvavimo trukmés ir PL gesimo kreivés greitosios fluorescencijos
komponento gyvavimo trukmés, iSmatuotos esant 621 nm. Be to, 7 ir 8 tirpaly ICT
juostos pasizyméjo atitinkamai 93 ir 143 ns emisijos gyvavimo trukme. Tokia
gyvavimo trukmé susijusi su vadinamagja greita uzdelstaja emisija, arba TADF *.
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4.3.2 pav. Junginiy 7 (a) ir 8 (b) tirpaly toluene, THF ir sluoksniy UV ir PL spektrai; junginiy
deguonies neturinéiy tolueno tirpaly PL gesimo kreivés (c); junginio 8 sluoksnio PL ir
fosforescenciniai spektrai, uzregistruoti esant 77 K (d); junginiy 7 (e) ir 8 (f) sluoksniy PL
spektrai, uzfiksuoti skirtingose temperatiirose inertingje aplinkoje
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4.3.3 lentelé. Junginiy 7 ir 8 tirpaly toluene fotofizikinés charakteristikos

. A Gyvavimo krisc, 8
1 s > -1 24
Junginys am? trukmé, ns® 1 kisc, s x
7 394 2,85 - - 1,043
2,49 (85,44 %),
7 609 9,75 (6,49 %), 9,5:10° | 2,2-10% 1,166
92,86 (8,07 %)
6 (95,52 %), 1ns 108
8 534 142,96 (448 %) 3,3:10 1,6-10 1,034

! Deguonies neturinéiy tolueno tirpaly; > bangos ilgis, kuriame atliktas matavimas; 3

intensyvumo amplitudé skliausteliuose; * svertiné tinkamumo tasky kvadratiniy nuokrypiy
suma.

Norint vienareikSmiskai nustatyti, kad RTP néra, gauti 7 ir 8 sluoksniy PL
spektrai esant jvairioms temperatiiroms. Pagal atitinkamy greitosios fluorescencijos ir
fosforescencijos juosty pradziy bangy ilgius nustatyti pirmyjy suzadinty singuletinés
ir triletinés buseny energijos lygiai (4.3.2 pav., d, e). Kaitinant fosforescencijos
komponentas iSnyko, liko tik ICT juosta (4.3.2 pav., e, f). TADF reiskinio
nepatvirtina junginio 7 i¥matuotas 0,35 eV AEsr (4.3.2 pav., e). Sioje situacijoje RISC
labai priklauso nuo energiskai artimy *CT ir °LE biiseny sukinio-orbitinés sgsajos. Dél
mazo PLQY sunku eksperimentiskai aptikti *LE. Kaip ir tikétasi, junginio 8!8 pirmoji
tripletiné suzadintoji buisena, kurios energija 2,59 eV, yra artima 1CT energijai, kuri
yra 2,68 eV, o tai yra naudinga TADF. krisc ir kisc vertés vertintos pagal PL irimo
kreiviy atitikimo duomenis!®. Gauti duomenys pateikti 4.3.3 lenteléje. Junginio 7
krisc verté sieké beveik 10° s7!, kuri Siek tiek maZesné uz moderniausiy TADF
emiteriy vertes!19120121,
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4.4 Lanks¢iy organiniy Sviesos diody su nelegiruotais TADF spinduoliais,
turinfiais sulfobenzimido fragmentus, emisijos spalvos ir efektyvumo
ivertinimas

Sis skyrius parengtas pagal straipsnj, paskelbta Zzurnale Dyes and Pigments,
2022, 208, 110841. Dvipakopés sintezés metu gautas junginys 9 (4.4.1 schema).
Pirmosios pakopos metu gautas 9-(3-brompropil)-9H-karbazolas'*>. Artajame etape
alkilgrandingje esantis bromo atomas pakeistas sulfobenzimido anijonu susidarant
junginiui 9. I§skirtos kristalinés medZziagos molekuliné struktiira patvirtinta 'H ir
3C BMR, masiy spektrometrija ir monokristalo rentgeno tyrimu.

o

o= QDA I

N
KOH, TBAB DMEF, reflux

Benzene (CHy)3
(Hzc)s

“Br \\S 0
o=

4.4.1 schema. Junginio 9 sintezés eiga

Junginio 9 terminés savybés tirtos DSK ir TGA metodais. TGA parodé
santykinai auksStg 5 % masés nuostoliy temperatiira — 314 °C (4.4.1 pav., a). Visiskas
bandinio masés netekimas TGA eksperimento metu rodo sublimavima, bet ne terminj
skilimg. Junginio 9 DSK termogramose matomos endoterminé¢ lydymosi smailé
175 °C temperatiiroje pirmojo kaitinimo metu, o antrojo kaitinimo metu ties 172 °C.
Sj skirtuma gali lemti tai, kad egzistuoja dvi metastabilios kristalinés formos. Kadangi
Saldymo metu kristalizacijos nepastebéta, medziaga konsoliduota amorfinéje fazéje.
Antrojo kaitinimo metu 41 °C temperatiroje matomas stikléjimas, o 132 °C
temperatliroje — egzoterminis kristalizacijos smailés signalas (4.4.1 pav., a).
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4.4.1 pav. (a) Junginio 9 DSK termogramos. Intarpas: TGA kreivé. (b) Junginio 9 kietojo
sluoksnio elektrony fotoemisijos spektras. Intarpas: junginio tirpalo DMF ciklinés
voltamperometrijos kreivé. Junginio 9 sluoksnio TOF kreivés skyléms (c) ir elektronams (d),
uzregistruotos esant skirtingoms taikomoms jitampoms, ir kriivininky dreifinio judrio
priklausomybé nuo elektros lauko stiprio (e)

Junginio 9 tirpalo DMF jonizacijos potencialas (IP) ir giminingumas elektronui
(EA) nustatyti ciklinés voltampertometrijos metodu (4.4.1 pav., b). [Pcyv = (Eox+ 4.8)
ir EAcv = (Ered + 4,8) formulés naudotos [Pcv ir EAcy apskaiCiuoti. Eox it Ereq yra
atitinkamai elektrocheminés oksidacijos ir redukcijos pradzios potencialai. Ferocenas
redokso potencialas naudotas kaip standartas. Esant atitinkamai 0,84 eV ir —1,95 eV,
junginys 9 pasizyméjo negriztama oksidacija ir redukcija. Oksidacijos proceso
negriztamuma greiciausiai lémé neapsaugotos C-3 ir C-6 padétys karbazolo
fragmente'?. Nustatyta, kad elektrocheminis juostos tarpas ES” yra 2,79 eV, o IPcy
ir EAcv vertés yra atitinkamai 5,64 eV ir 2,85 eV.

Naudojant elektrony fotoemisijos spektrometrijg nustatytas junginio 9 sluoksnio
jonizacijos potencialas (/Ppg) — 6,08 ¢V (4.4.1 pav., b). Pasinaudojant lygtimi EApr =

IPog — EJP*
Optinis juostos tarpas E;pt (3,43 eV) nustatytas i$ kietojo sluoksnio absorbcijos

spektro krasto. Manoma, kad stipresnés tarpmolekulinés sgveikos esant kietai bisenai

apskaiciuotas junginio giminingumas elektronui (EApg) yra 2,65 eV.
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lemia santykinai didelj skirtuma tarp /P ir EA verciy, gauty junginio tirpalo ir kieto
plono sluoksnio atveju.

Lékio trukmés (ToF) metodu istirtos junginio 9 plony sluoksniy kriivininky
pernasos savybés. Stebéti skyliy ir elektrony srovés tankio priklausomybés nuo
trukmés parodé, kad kriivininky pernaSa buvo labai dispersine (4.4.1 pav., ¢, d).
Palyginti su verte, uzfiksuota esant mazoms jtampoms, mazesné 1ékio trukmés ()
verté gauta esant dideléms jtampoms (4.4.1 pav., ¢, d). Junginio sluoksnio skyliy
judris buvo 3,2 x 10 ¢cm?/V x s, o elektrony judris Siek tiek didesnis — 4,4 x 10
cm?/V x s, esant 4,43 x 10° V/cm stiprio elektros laukui (4.4.1 pav., e). Pritaikius
eksperimentines kriivininky dreifinio judrio priklausomybes nuo elektros lauko pagal

Poole ir Frenkelio prognoze u = ug*t Ve 124 gautos labai skirtingos skyliy ir elektrony
nulinio lauko judrio (po) vertés — 5,8 x 10% ir 3,4 x 107 cm?*/V x s.

Siekiant istirti junginio 9 kaip TADF spinduolio veikimg, terminio vakuuminio
nusodinimo metodu pagaminti OLED su tokia struktiira
Cul/TPD/CzPrSBI/TSPO1/TPBi/Ca/Al. Kaip skyliy injekcinis sluoksnis naudotas
Cul sluoksnis!*®, o kaip elektronus pernesantis sluoksnis — 2,2',2"-(1,3,5-benzinitril)-
tris(1-fenil-1H-benzimidazolas) (TPBi)!*¢. TPD '¥7 ir TSPO1 '"8!%° naudoti
atitinkamai eksitonus blokuojan¢iam ir skyles pernesanc¢iam sluoksniams, siekiant
iSlaikyti kravininky ne$éjy pusiausvyrg emisiniame sluoksnyje. Junginys 9 naudotas
kaip spinduolis. Kaip katodas buvo kalcio sluoksnis, padengtas 200 nm aliuminio
sluoksniu.

Prietaisai pasizyméjo nestruktiiriniais EL spektrais su maksimumais 490-
504 nm srityje ir buvo panasiis j gryno junginio 9 sluoksnio PL spektrus (4.4.2 pav.,
a,c). Didé¢jant lanksCiojo OLED lenkimo kampui, didéja santykinis peties, kurio
maksimumas ties 630 nm, intensyvumas (4.4.2 pav., ¢). Tai paaiSkinama
tarpmolekulinio eksciplekso susidarymu tarp vienos junginio 9 molekulés donorinio
fragmento ir kitos molekulés akceptorinio fragmento. Smailés intensyvumas didéjo
keiciantis lenkimo kampui lanks¢iuose bandiniuose. Kai lenkimo kampas pasieké 50°,
EL intensyvumas ve¢l tapo toks pat kaip OLED su stikliniu pagrindu. Mechaninio
poveikio (miisy atveju — lenkimo) sukeltas priverstinis donoriniy ir akceptoriniy
fragmenty artumas lemia mechanochroming spinduolio 9 liuminescencijg lanksc¢iuose
OLED, kuri sustiprina tarpmolekuliniy ekscipleksy susidaryma.

Prictaisas, pagamintas ant stiklinio pagrindo, pasiZyméjo geriausiomis
cksploatacinémis savybémis: didziausias srovés efektyvumas, galios efektyvumas ir
iSorinis kvantinis efektyvumas (EQE) atitinkamai 11,0 cd A, 3,0 Im W' ir 4,3%,
(4.4.1 lentelé ir 4.4.2 pav.).
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4.4.1 lentelé. OLED, suformuoty ant stiklo ir lanksc¢iy substraty, charakteristikos
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Prietaiso Vo v skaistis. cd m- efektyvumas, efektyvumas, %
substratas o > ’ cd A1 Im W-!
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bonds. The localised triplet excited states (°LEs) were experimentally obtained. Although a very small and
similar singlet and triplet splitting of ca. 20 meV was observed for the compounds, its reverse intersys-
tem crossing rates were different and ranged from 1.92 x 10* to 5.45 x 10° s™* due to the different
energy gap between the ‘CT and *LE. A 9,9-dimethyl-9-10-dihydroacridine based compound was
shown to be a promising cyan TADF emitter. The selection of the right donor with the appropriate SLE
that matches the charge transfer states is important to obtain an efficient TADF emitter. The X-Ray study
of the packing pattern in the crystals of the compounds revealed that the molecules are held together
through many weak van der Waals intramolecular bonds, which are formed between the CF3 fluorine
atoms and hydrogen atoms of methyl groups or the carbon and hydrogen atoms of phenyl rings
(C-H---F, C=F--:N, C-H:--H and C-H--.C with distances smaller than 2.85 A). Because of that, this
compound emitted cyan electroluminescence with unusually stable colours at different emitter concen-
trations and different voltages in devices. The efficiency at a brightness of 1000 cd m~2 was practically
the same as the maximum one due to the extremely low efficiency roll-off.
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acterized as a dark state as the emission is quantum mechani-
cally forbidden. In a typical donor-acceptor TADF, this dark
state can be converted into a bright state through spin-orbit
coupling via the use of heavy metals such as iridium’ or
through reverse intersystem crossing if the energy gap between
the triplet (T) and singlet states (S) is less than 0.1 eV.” The
former is the phosphorescent emitter often referred to as a
second-generation emitter while the latter often referred to as
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an emitter exhibiting thermally activated delayed fluorescence
(TADF) is a third-generation emitter.” The energy gap between 8
and T is related to the exchange interaction energy of the
system.” To minimize the exchange interaction energy, confor-
mational twisting between the donor (D) and acceptor (A) is
used to minimize the overlap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO). As a result, different combinations of
donors and acceptors have been explored in the design of TADF
emitters. Common donors are carbazole,”” phenoxazine,*"
phenothiazine,'"""> and  9,9-dimethyl-9-10-dihydroacridine,"*™'*
while common acceptors are triphenyltriazine,”'*™"®  sulfonyl
groups,'*”” and cyano groups.”"** Cyano and sulfonyl groups are
strong electron-withdrawing moieties. Fluorine is also a strong
electron-withdrawing group and it has been used as a substituent
for the cyano group.™* Such substitution often results in red
shifting of the emission spectra. Because of the close proximity of
fluorine atoms, the resonance between the m electrons with the
3 lone pairs of electrons can increase the effective conjugation. It is
expected that these lone pairs of electrons can participate in n-
conjugation and hence increase the extent of electron delocalization
of the acceptor.>”** The electron-accepting and red-shifting abilities
are beneficial for obtaining a small singlet-triplet splitting and
promoting reverse intersystem crossing. Highly efficient TADF was
observed for molecules containing acceptors with abilities to form
intramolecular C-H: - -F hydrogen bonds.*” However, the molecular
structures of those TADF emitters were very complicated including
two electron-accepting  difluorocyanobenzene units and seven
electron-donating carbazole moicties linked through a diphenylene
bridge. Due to such complexity, the advantages of intramolecular
non-covalent interactions were not well understood. Using simpler
molecular structures, in this work, we provide experimental and
computational guidance for the development of TADF emitters with
a large number of intramolecular non-covalent interactions.
Hence, a new acceptor, 1,4-bis(trifluoromethyl)benzene
(2CF;Ph), containing 6 fluorine atoms is explored, expecting
the appearance of intramolecular non-covalent interactions.
In many cases, one of the key parameters to obtain high
internal quantum efficiency is an efficient reverse intersystem
crossing between the triplet charge-transfer states (*CTs) and

CF cF
/@’ 0 G
FiC F.

View Article Online

Journal of Materials Chemistry C

the singlet charge-transfer states ('CTs). This process is
mediated by vibronic coupling between a *CT and a locally
excited triplet state (*LE).** > When the energy gap between all
these three states becomes small, reverse intersystem crossing
becomes efficient. The 2CF;Ph moiety has a short conjugated
system. The lowest local triplet state of fluorinated benzene is
above 3.5 ev.*"** The contribution of the triplet locally excited
(°LE,) state of the 2CF3Ph acceptor to the overall >LE of D-A-D
TADF will be minimal. Hence, the *LE state is expected to be
contributed mainly by the donor moiety. Phenoxazine (PO),
phenothiazine (PS), and 9,9-dimethyl-9-10-dihydroacridine (AC)
were selected as the donors configured with symmetrical D-A-
D architectures in which D and A moieties are bridged through
C-N bonds as shown in Scheme 1. The near orthogonality
between the donor and acceptor moieties as a result of large
steric hindrance from the extended bis(trifluoromethyl) group
in these symmetrical D-A-D systems ensures strong decoupling
of electrons on the D and A in the CT state which helps to
reduce the singlet-triplet energy splitting. The best TADF
emitter demonstrated cyan electroluminescence with unusually
stable colours at different emitter concentrations and different
voltages. In addition, the efficiency was practically the same at a
brightness of up to 1000 cd m™* due to the extremely low
efficiency roll-off. These results can be explained by weak van
der Waals intramolecular interactions that exist between the
fluorine atoms of the CF3 group and methyl hydrogen atoms or
carbon and hydrogen atoms of phenyl rings (C-H- - -F, C-F-- N,
C-H---H and C-H---C).*”” Thus, the positive effects of intra-
molecular non-covalent interactions on the TADF properties are
demonstrated.

2. Experimental section

In the ESL} a detailed description of the general procedure for
the synthesis of target derivatives and the experimental and
theoretical techniques used for their characterization are
presented.

OLEDs ware fabricated using glass substrates with pre-patterned
bottom indium tin oxide (ITO) electrodes (from Ossila company).
Additional materials such as molybdenum oxide (MoO3), N,N'-di(1-

L

CF3

2P0-2CF;Ph: X=0, 56% N
2PS-2CF,Ph: X=S, 45% H
2AC-2CF;PH: X=C(Me),, 45% 3

Scheme 1 Synthesis of 2,5-bis(trifluorometyl)-1,4-phenylene derivatives: (i) H;SO4, H20, TFA, reflux; NBS, r.t. 5h; 60 °C 48 h (1) 3, Pd(dba)z, X-Phos, t-

BuONa, toluene, reflux, 24 h
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naphthyl}-N,N'-diphenyl-(1,1'-biphenyl}-4,4"-diamine (NPB), tris(4-
carbazoyl-9-ylphenyljamine  (TCTA), 3,3'-di(9H-carbazol-91}-1,1"-
biphenyl (mCBP), 3,5-di(9H-carbazol-9-yl)tetraphenylsilane (SimCP2),
diphenyl-4-triphenylsilyl-phenylphosphineoxide ~ (TSPO1), 2,2,2"-
(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimi-dazole)  (TPBi), and
lithium fluoride (LiF) were used as received from Ossila, Sigma-
Aldrich or Lumtec companies. The reference device was fabricated
using 2,7-di-tert-butyl-9,9-dimethyl-10-(perfluoro{1,1-biphenyl}-4-yl)-
9,10-dihydroacridine (PFBP-2a) as an emitter which was synthesized
according the previously published procedure.*

3. Results and discussion

3.1 Synthesis

The synthesis of 2,5-bis(trifluomethyl)-1,4-phenylene derivatives
is shown in Scheme 1. Buchwald-Hartwig coupling reactions of
1,4-dibromo-2,5-bis(trifluoromethyl)benzene (2) with phenoxa-
zine, phenothiazine or 9,10-dihydro-9,9-dimethylacridine in the

View Article Online
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presence of tris(dibenzylideneacetone)dipalladium(0) and X-
Phos at 110 °C gave the target D-A-D type compounds. The
structures of the synthesized compounds, except that of
2PO-2CF;Ph, were confirmed by 'H and '*C NMR spectroscopy.
It was not possible to confirm the structure of 2PO-2CF;Ph by
'H and **C NMR due to solubility problems in all available
deuterated solvents. However, we were able to confirm the
structure by single crystal X-ray analysis. The single crystal X-
ray crystallography data show that the dihedral angle between
the donor and acceptor is 85.5° (Fig. 1).

3.2. X-Ray analysis

Additionally, the structures of 2PO-2CF;Ph, 2PS-2CF;Ph and
2AC-2CF;Ph were confirmed using X-ray methodology. Single
crystals of each compound were grown from dilute THF
solution. 2AC-2CF;Ph and 2PO-2CF;Ph compounds crystallize
in the P21/c monoclinic space group while, in the case of
2P0O-2CF;3Ph, the monoclinic €2/c space group was found. The

d)

e)

Fig.1 X-Ray structures of compounds (a} 2PO-2CF3Ph, (b) 2PS-2CF3Ph and (c) 2AC-2CF5Ph. Torsional angles between the donor and acceptor units
are shown in purple dashed lines. Packing in the crystal structure of compound 2AC-2CF3Ph viewed along the a-axis (d). Packing in the crystal structure
of compound 2AC-2CFsPh viewed along the a-axis (d) and intramolecular bonding (e)

This journal is © The Royal Society of Chemistry 2022
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Oak Ridge Thermal Ellipsoid Plot (ORTEP) projections show
(Fig. 1a-c) that all target compounds are symmetrical. In
addition, an X-ray study of the packing pattern in the crystal
revealed that molecules are held together through weak van der
Waals intermolecular bonds, which appear between CF; fluor-
ine and methyl hydrogen atoms or carbon and hydrogen atoms
of the phenyl ring. For example, in the case of 2AC-2CF;Ph,
C-H---F and C-H---C were found and their distances ranged
from 2.61 to 2.85 A (Fig. 1d). Additionally, the following weak
intramolecular bonds (distance < 2.71 A) are present: C-H: - -F,
C-F---N, C-H---H, and C-H---C. Electron-donating moieties
(acridine, phenoxazine and phenothiazine) found in the corres-
ponding compounds  (2PO-2CF;Ph, 2PS-2CF;Ph  and
2AC-2CF;Ph) are non-planar, ie. they are twisted by 15°, 30"
and 317, respectively. As for TADF emitters, the significant
factor is a large torsional angle between the donor and aceeptor
fragments.®  For all three investigated compounds
(2PO-2CF,Ph, 2PS-2CF;Ph and 2AC-2CF;Ph), the torsional
angles between 1,4-bis(trifluoromethyl)benzene and phenoxa-
zine phenothiazine, and acridine moieties were found to be
81.2% 80.0°, and 77.27, respectively.

3.3. Frontier orbitals

DFT simulations were performed to investigate the molecular
structures. Their optimized structures are shown in Fig. 2. The
molecules exhibited large dihedral angles of 81.3%, 84.8", and
82.0° between the donor and acceptor moieties for 2PO-2CF;Ph,
2PS-2CF;Ph, and 2AC-2CF;Ph, respectively. This is in close
agreement with the single crystal data. The values of dihedral
angles are very close to the experimental X-ray data obtained.
The near orthogonal angle between the donor and acceptor is
helpful for the efficient separation of frontier molecular orbi-
tals. 9,9-Dimethyl-9-10-dihydroacridine and phenothiazine

View Article Online
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concentrated on 2CF;Ph as seen in Fig. 2. For HOMOs, there is
a small overlapping of electron clouds with the LUMOs, which
is crucial for increasing the oscillatory strength of the emitters.
The nodes at the acceptor at the HOMO level are the antinodes
of the LUMO level. The LUMO extends the electron clouds into
the trifluoromethyl groups. A closer inspection indicates that
the Sigma-bond of C-F is hyperconjugated with the n bonds of
the benzene rings while the lone pairs of fluorine atoms
interact with the hyperconjugated carbon, resulting in reso-
nance/electron delocalization that extends from the benzene -
electrons to the fluorine lone pair of electrons.”*?®

The HOMO energies of 2P0O-2CF;Ph, 2PS-2CF;Ph, and
2AC-2CF;Ph were found to be 5.84 ev, —6.04 eV, and
—6.06 ¢V, respectively, while the LUMO energies were
—1.76 eV, —1.53 ¢V and —1.53 eV, respectively. The HOMO
and LUMO of 2PO-2CF;Ph are deeper than those of the other
compounds studied since the oxygen atom in PO enhances the
pull-push electron effect of 2PO-2CF5Ph. The ionization poten-
tials were determined using the oxidation onset (E ) in cyclic
voltammetry (CV) curves relative to the Ag/Ag™ reference elec-
trode. The derived values for 2PO-2CF;Ph, 2PS-2CF;Ph and
2AC-2CF;Ph were found to be —5.31 eV, —5.38 eV and
—5.36 eV, respectively. These values cannot be directly related
to the ionization potentials of 2PO-2CF;Ph, 2PS-2CF;Ph and 2AC-
2CF;Ph.** According to photoelectron spectroscopy measurements
in air, ionization potential values of 6.01, 6.05, and 6.08 ¢V were
obtained for the films of 2PO-2CF;Ph, 2PS-2CF;Ph and 2AC-2CF;Ph,
respectively (Fig. S1d, ESIT). Considering the charge transport in the
solid state, ionization potentials estimated by photoelectron spectro-
scopy have to be used. For example, an ionization potential of
6.08 ¢V for 2AC-2CF;Ph was used for the selection of OLED
structures as will be shown below.

3.4. lecular d. ics simulation

exhibited a saddle structure with the carbon and sulpl

bending away from the planar structure at angles of 29.5”
and 30.3%, respectively, while phenoxazine is rather flat. This
is confirmed through X-ray data except for phenoxazine which
is slightly saddled (~157) rather than flat. The HOMOs are
equally distributed on the two units of donors and the LUMO is

(@) 2po-2cFPh

HOMO

LUMO  -1.76eV LUMO

(b)  2ps-2cF,ph (c)

Y
The photophysical properties of the compounds were analysed
by measuring the UV-vis absorption and photoluminescence
(PL) spectra of their toluene solutions at room temperature as
shown in Fig. 3. High-energy absorption peaks observed below
350 nm can be assigned to the n-n*/z-r* transitions from the

2Ac-2CF;Ph
® @l
-
-6.04 eV HOMO -6.06 eV
=
+ "T-l‘
-1.53 eV LUMO -1.53eV

Fig. 2 HOMO and LUMO along with their energy levels for (a) 2PO-2CF3Ph, (b) 2PS-2CF3Ph and (c) 2Ac-2CF3sPh. Note there is no total separation of

HOMO and LUMO electron clouds
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(a) UV-vis absorption and photoluminescence spectra of the solutions of the compounds in toluene and (b) the quantum molecular dynamics

simulations of vertical excitation of the 4 lowest excited states for 2PO-2CF3Ph along with their oscillatory strengths and simulated absorption curve by

applying Gaussian broadening

donors. Very broad absorption from 350 nm to 500 nm can be
designated as CT absorption peaks from the donor to acceptor
units. The natural transition orbital analysis based on time-
dependent DFT for 'CT and *CT states indicates that the lowest
transition is strongly dominated by HOMO and LUMO transi-
tion with a contribution of more than 0.98 for all three
molecules. These broad 'CT absorption peaks are clearly seen
when there is a wide separation between the CT states and 'LE
states. Vertical excitation of 2P0O-2CF;Ph, 2PS-2CF;Ph, and
2AC-2CF;Ph yields transition cnergies of 2.37 ¢V, 2.70 ¢V and
2.78 ¢V with an oscillatory strength of less than 0.00005.
2AC-2CF;Ph yields an oscillatory strength of 0.0002. Such an
extremely small oscillatory strength is the result of such near
orthogonality between the donor and acceptor. Neglecting the
explicit solute-solvent interactions, broadening derived from
the spread of vertical excitation energies for different confor-
mations can be computed in its ground state minimum. The
disordered nature of molecules can be accounted for by using
the ensemble approach. In the ensemble approach, the struc-
tures obtained from the molecular dynamics are used for the
computation of vertical excitation energies. All the transition
energies along with the respective oscillatory strength calcu-
lated by TD-TDF are shifted by 0.6 eV so as to align with the
peak of absorption. The absorption between 2.6 €V to 3.8 eV for
2PO-2CF;Ph is dominated by charge transfer transitions from
the HOMO to LUMO at ~ 2.8 eV, from HOMO-1 to the LUMO
at ~ 3.0 eV, from the HOMO to LUMO+1 at ~3.5 eV and from
HOMO-1 to LUMO+1 at ~3.6 eV as shown in Fig. 3(b). The
simulated absorption curve is calculated by broadening each
oscillatory transition by Gaussian line shape with a standard
deviation of 0.1 eV. The higher energy deviated significantly
because only the 4 lowest transition states are considered. The
CT absorption curve of 2PS-2CF;Ph different from those of
2AC-2CF;Ph and 2PO-2CF;Ph as revealed by quantum molecu-
lar dynamics simulations is the consequence of a larger energy
separation among the 4 lowest CT transitions as shown in
(Fig. S2, ESTY).

This journal is © The Royal Society of Chemistry 2022

A plot of the dihedral angle between the donor and acceptor
versus oscillatory strength of the 1st 'CT state of 2PO-2CF;Ph
shown in Fig. 4(a) indicates that a smaller dihedral angle
between the donor and acceptor is not the necessary condition
for a larger oscillatory strength. Similar behaviours were also
observed for 2PS-2CF;Ph and 2AC-2CF;Ph (Fig. $3, ESIF). How-
ever, when 100 data points are considered for a narrow range of
dihedral angles, the mean oscillatory strengths start to show a
parabolic feature with a minimum oscillatory strength at 85° as
shown in Fig. 4(b) for 2PS-2CF;Ph and 2AC-2CF;Ph with the
exception of 2PO-2CF;Ph where the oscillatory strength shows a
spike at around 80°-90°. An extracted molecular structure
representing this peculiar region is presented in Fig. 4(c).
Fig. 4(c) shows the natural transition orbitals (NTOs) of the
selected conformation distortion of 2PO-2CF;Ph due to the
vibration exhibiting an oscillatory strength as high as 0.090
compared with the median oscillatory strength of 0.0044 within
the simulated population. The highest occupied transition
orbital (HONTO) of this conformer is extended into the accep-
tor through the C-N bond. The AEg; is calculated to be 0.23 eV
and the NTO is no longer dominated by the HOMO to LUMO
transitions. It is rather a mixture of the HOMO to LUMO (0.83,
contribution coefficient) and HOMO—1 to LUMO (—0.50, con-
tribution coefficient). This increases the lowest unoccupied
natural transition orbital (LUNTO) and HONTO distorting C-
N-C bonds as seen in Fig. 4(b). The molecular distortion is
induced by the rocking of the donor-acceptor bond as illu-
strated in Fig. 4(c) and such rocking has been found to
contribute to reverse intersystem crossing.*® This rocking is
the in plane bending of the two donors where the donors swing
back and forth with respect to the acceptor. The vibrational
frequency of the ground state indicates that the rocking oscilla-
tion is the lowest vibrational mode at 7.2 cm ™" for 2PO-2FC;Ph
and at 152 em™' and 18.6 cm™' for 2PS-2FC;Ph and
2AC-2FC;Ph, respectively. The slow rocking uninterrupted by
the jostling of the solvent molecules is captured within the
QMD 10 ps simulation window, giving rise to the observed
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Fig. 4 (a) The dihedral angle between the donor and acceptor and their respective oscillatory strengths with the top histogram corresponding to the
distribution of the dihedral angle and the right axis histogram corresponding to the distribution of oscillatory strength. (b) The mean oscillatory strengths
versus dihedral angle calculated using 100 data points. The mean oscillatory strengths tend to decrease when the dihedral angle approaches 85°
(c) Natural Transition orbitals of 2PO-2CF3Ph with the top picture corresponding to the highest occupied transition orbital and the bottom picture
corresponding to the lowest unoccupied transition orbital. (d) The rocking of the donor-acceptor of 2PO-2CF3Ph. (e) The vibrational frequencies
(<100 cm™") of the three molecules and their vibrational intensities. The lowest vibrational frequency always corresponding to rocking between the
donor and acceptor is indicated as R in the graph while the next higher vibrational frequency corresponding to the dihedral oscillation between the donor

and acceptor is indicated as DO in the graph.

‘anomaly’ seen between 80° and 90" as shown in Fig. 4(b). The
lowest D-A torsional oscillation (DO), which is the oscillation
around the dihedral angle, occurs at 32.3 cm %, 32.3 cm %, and
29.5 em™* for 2PO-2CF3Ph, 2PS-2CF;Ph, and 2AC-2CF;Ph,
respectively, as summarized in Fig. 4(d). The visualization of
the lowest four molecular vibrations can be found in Fig. S4
(ESI%). The PL spectra show fullawidth half maximum (FWHM)
values of 0.536 eV, 0.501 eV and 0.488 eV for 2CF;Ph,
2PS-2CF;Ph, and 2AC-2CF;Ph, respectively. The simple phe-
nomenological line shape of flexible molecules can be
accounted for through the sampling of molecular
conformations.”® These FWHM values can be related to the
conformational disorder of the molecules in the excited state
and the ground state. Assuming that the molecular conforma-
tions at the excited state and ground state are independent and
the change in the molecular conformation is the result of
thermal perturbation from the solvent molecules the FWHM
of emission (which can be fitted with a Gaussian curve) can be
approximated by V2 x2.355x0°, where ¢ is the standard
deviation of the 'CT energy state. The values of o of the 1st
CT state in absorption as calculated from the QMD are

4934 | J Mater. Chem. C, 2022,10, 4929-4940

0.135 eV, 0.159 eV and 0.135 eV for 2CF;Ph, 2PS-2CF;Ph, and
2AC-2CF;Ph, respectively. The expected FWHM values for
2CF;Ph, 2PS-2CF;Ph, and 2AC-2CF;Ph are 0.450 eV, 0.503, and
0.450 eV. These values are close to the FWFM of the emission
spectra. The ¢ can be used to infer the FHWM of the TADF
emission and design a narrower a.

3.5. Energy levels and delayed fluorescence

The PL spectra of the matrix of the compounds in Zeonex at 1%
concentration recorded at different temperatures are shown in
Fig. 5. When the phosphorescence spectra were discriminated
from the fluorescence spectra by applying a delay time of 1, 5 or
9 ms at 77 K, it was not possible to estimate the *CT energy by
optical spectroscopy measurements as was noted above (Fig. 5
and Fig. S5, ESIT). The onsets of the phosphorescence spectra
recorded at 77K and at the different gate delays of the matrix of
2P0O-2CF;Ph, 2PS-2CF;Ph, and 2AC-2CF;Ph in Zeonex and
MeTHF are related to their triplet LE states in the nature
(Fig. S5a and b, ESIt). These triplet LE states can be attributed
to the triplet LE states (*LEp) of the corresponding donor
moieties (10-phenyl-10H-phenoxazine (PO-Ph), 10-phenyl-10H-

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The low-temperature and room-temperature PL of 2PO-2CF3Ph

onsets of emission at 300 K.

phenothiazine  (PS-Ph)  or  9,9-dimethyl-10-pheny-9,10-
dihydroacridine (AC-Ph)) due to the similarities of the onsets
of phosphorescence of 2PO-2CF;Ph, 2PS-2CF;Ph, and
2AC-2CF;Ph and PO-Ph, PS-Ph, and AC-Ph (Fig. S5¢, ESIF) In
addition, the onset of phosphorescence of the acceptor moiety
is observed at a higher energy (°LE, = 3.65 eV) than that of the
donor units PO-Ph, PS-Ph, and AC-Ph (Fig. S5d, ESIF). There-
fore, the first singlet energy of 2PO-2CF;Ph, 2PS-2CF;Ph and
2AC-2CF;Ph was only estimated from the onsets of the PL
spectra recorded at 300 K. The emission was mostly fluores-
cence (Fig. 5). The PL spectrum recorded at room temperature
was redshifted with respect to the PL spectrum recorded at 77 K
with increasing emission intensity at the lower energy levels
except for 2AC-2CF;Ph. This observation can be attributed to
the reduced conformational heterogeneity.*”** As is discussed
below, the 'CT energy was only taken as it is depicted in Fig. 7.
Theoretically the energy gaps between the *CT and 'CT were

500 850 600
Wavelength (nm)

7 400 450 500 550 600 65
Wavelength (nm)

(a). 2PS-2CFsPh (b) and 2AC-2CF3Ph (c) in Zeonex and the corresponding

predicted to be of 0.04 eV, 0.03 eV and 0.04 eV for 2PO-2CF;Ph,
2PS-2CF;Ph and 2AC-2CF;Ph, respectively. The compounds
were characterized by close values of AEgy. TADF is a dynamical
process for which there is a need to consider spin-orbit and
vibronic couplings simultaneously. Since the spin-orbit cou-
pling matrix elements of all organic TADF molecules are
vanishing small, the vibronic coupling between the low lying
electronic states is important. Here, we will consider the
coupling with the *LE state to meditate the RISC.

To examine the TADF behavior of the compounds in detail,
their PL decay curves were recorded at different temperatures
(Fig. 6a-c). The typical TADF decay curves were observed. They
showed prompt decay (PF) in nanosecond range and micro-
second delayed decay (DF). As the temperature was decreased,
the DF was suppressed for all three compounds indicating that
DF was thermally activated (Fig. 7). The fluorescence decays
could be fitted by the sum of two exponentials, one describing
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Fig. 6 Fluorescence decay of (a) 2PO-2CF3Ph (b) 2PS-2CF3sPh and (c) 2Ac-2CF3Ph doped 1 wt% in Zeonex as a function of temperature as well as their

kiselkpse (d) and PLQY (e) temperature dependences.
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Fig. 7 Energy levels of compounds 2PO-2CF;Ph, 2PS-2CF;Ph and 2AC-2CF;Ph.

the PF and the other DF decays (Fig. S6, ESI¥). The lifetimes of
PF and DF for 2PO-2CF;Ph, 2PS-2CF;Ph and 2AC-2CF;Ph were
found to be 21.5 ns and 18.2 ns, 35.4 ns and 0.93 ps, and 1.41 us
and 2.56 ps, respectively (Table 1).

The rate of reverse intersystem crossing (kgsc) can be
approximated to be 1.92 x 10" s !, 2.46 x 10" s ' and 5.45 x
10° s ' for 2PO-2CF;Ph, 2PS-2CF;Ph and 2AC-2CF;Ph,
respectively.’”  The higher ks values observed for
2AC-2CF;Ph  compared to those of 2PO-2CF;Ph and
2PS-2CF;Ph are apparently due to the lower gap of AE;cr aie
of 2AC-2CF;Ph. To prove this prediction, the rates of intersys-
tem crossing (kisc) and kpise: were calculated at the different
temperatures taking lifetimes of PF and DF from the single-
exponential fitting of TADF decays recorded at different tem-
peratures (Fig. S6, ESIT). The rates kisc and kgisc as a function
of temperature are plotted in Fig. 6d. By the linear fitting of the
plots, the ISC and RISC activation energies (Ex“ and E} ) were
obtained (Table 1). The fitting was performed according to the
Arrhenius dependence k = A x exp(—E./knT), where E, is
the activation energy, kg is the Boltzmann constant and A is
the frequency factor involving the spin-orbit coupling
constant.”® The different activation energies of intersystem
crossing EXC and reverse intersystem crossing EX®C were
obtained for 2PO-2CF;Ph, 2PS-2CF;Ph and 2AC-2CF;Ph. Those
activation energies were used to construct the energy diagram

Table 1 Photophysical parameters of 1 wt% molecular dispersions of
compounds 2PO-2CF3Ph, 2PS-2CFsPh and 2Ac-2CF3Ph in Zeonex

Compound 2PO-2CF,;Ph 2PS-2CF,Ph 2A¢-2CF;Ph
At nm 535 537 477

PLQY, % 1.6 5.2 38.5

AEgr®, eV 0.02 0.011 0.021

Tor, DS (ratio, %) 21.5 (72.3%) 18.2 (282%)  35.4 (21.6%)

Tor, 1S (%) 0.93 (27.7%) 1.41 (71.8%) 2.56 (78.4%)
w5 ST 4.33 x 10° 6.91 x 10° 1.84 x 10°
kriscy 8 1.92 x 10* 2.46 x 10" 5.45 x 10°
kasclkisc 0.044 0.036 0.296
AERS, mev 4.9 8.1 0.8

AERSC, mev 24.5 19.3 21.8

kT 4.78 x 10" 3.53 x 10" 9.25 x 10"
krisclkine 0.4 0.7 5.9

“The AEsy values were calculated using the activation energies of ISC
and RISC processes.
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shown in Fig. 7 as was previously proposed (Table 1).* The best
mixing of *LE and the excited state wave function of *CT was
obtained for 2AC-2CF;Ph due to the lowest AE; g scr. This
result is coherent with the highest ks of 5.45 x 10° s ' and
kyisclkisc ratio of 0.296, which means the most efficient TADF
of 2AC-2CF;Ph (Table 1). The *CT energy state was not possible
to take from optical spectroscopy measurements as was noted
above (Fig. 5 and Fig. S5, ESIT). Nevertheless, the triplet CT
states can be calculated using the activation energies for the
ISC and RISC processes (Fig. 7). As a result, the 'CT-*CT energy
gaps of 20 meV for 2PO-2CF;Ph, 11 meV for 2PS-2CF;Ph and
21 meV for 2AC-2CF;Ph were obtained (Fig. 7 and Table 1). The
trend of those AEgy values of 2PO-2CF;Ph, 2PS-2CF;Ph and
2AC-2CF;Ph was not in agreement with the trend of their TADF
cfficiency. However, the trend of the TADF efficiency of studied
compounds was the same as that of their AEyp_;cr values. For
example, the best TADF efficiency was observed for 2AC-2CF;Ph
which is characterized by the lowest AE;; g ycr value of 0.8 meV
(Fig. 7).

Apparently due to the relatively high AE;ps_scr, PLQYs of
2P0O-2CF;Ph and 2PS-2CF;Ph reached their maxima at ca. 200 K
(Fig. 6e). The further increase of the temperature leads to the
decrease of the PLQY values most probably due to the increase
of non-radiative rates of the triplet states (k%,, Table S1, ESI%). In
contrast, 2AC-2CF;Ph showed an increase of PLQYs up to 38.5%
with an increase of the temperature from 77 to 300 K due to the
efficient TADF process. The highest ratio kysc/kn of 5.9 was
observed for 2AC-2CF;Ph. This kgsc/kh, ratio has to be higher
than unity (the case of 2AC-2CF,;Ph) for efficient TADF
emitters."™"" As was previously mentioned, the theoretical
calculations yielded 'CT values of 2.37 eV, 2.70 eV and
2.78 eV for 2PO-2CF;Ph, 2PS-2CF;Ph, and 2AC-2CF;Ph respec-
tively. We also noted that X-ray data for the phenoxazine moiety
in 2PO-2CF;Ph is slightly saddled (~15°) rather than flat as
predicted by geometry optimisation. This resulted in a larger
error of 'CT compared with experimental data for 2PO-2CF,Ph.
'CT values for 2PS-2CF;Ph and 2AC-2CF;Ph are close to each
other (error less than 0.2 eV). Nevertheless, from the calcula-
tions, the oscillatory strengths for all three compounds are
virtually zero. From the experiment, the *LE values of
2PO-2CF;Ph and 2PS-2CF;Ph arc far higher than that of
2AC-2CF;3Ph, resulting in very low RISC and hence very low

This journal is © The Royal Society of Chemistry 2022
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PLQY for 2PO-2CF;Ph and 2PS-2CF;Ph but not for 2AC-2CF;Ph
(Table 1). This indicates that the AE;;y 3¢ gap is critical in
increasing RISC which later yields high PLQY.

1t should be noted that the *LE values of PO-Ph, PS-Ph and
AC-Ph were experimentally measured to be 2.83 eV, 2.65 eV and
3.22 eV respectively (Fig. S5¢, ESI¥). In the case of 2PO-2CF;Ph
and 2PS-2CF;Ph, the triplet LE states of PO-Ph and PS-Ph
calculated using the activation energies for the ISC process
were in relatively good agreement with the experimental ones.
In the case of 2AC-2CF;Ph, a *LEy, of ca. 3.19 eV was estimated.
Itis considerably higher than the calculated one (2.911 eV). Itis
possibly because other donating fragments should be used for
experimental determination of *LE values as was discussed
elsewhere.*” However, after a more precise analysis of the
phosphorescence spectra of 2AC-2CF;Ph and AC-Ph (Fig. S5b
and ¢, ESIY), two bands were identified. The high (3.19 ¢V) and
low (ca. 2.92 eV) bands attributed to phosphorescence but not
to delay fluorescence according to the PL decay measurements
(Fig. $6, ESIT). The delay fluorescence was recorded in time
ranging up to ca. 0.5 ms; while the phosphorescence was
recorded using a delay of 9 ms (Fig. $5c, ESIT). This observation
shows that compound 2AC-2CF;Ph is characterized by two *LEr,
states apparently having nn* and nnt* character as was reported
for  10-phenyl-10H,  10'H-spiro[acridine9,9"-anthracen]-10'-
one.*** A rn* *LEp value of ca. 3.19 eV and an nn* *LEp, value
of ca. 2.92 eV were obtained for 2AC-2CF;Ph (Fig. S5b, ESIT).
The value of nn* “LEj, is in very good agreement with the
calculated triplet LE value (Fig. 7). Thus, the energy diagram
shown in Fig. 7 can appropriately explain the most efficient
TADF properties of 2A¢-2CF3Ph. It is also in good agreement
with the experimentally measured *LE values of 2PO-2CF;Ph,
2PS-2CF,Ph and 2Ac-2CF,Ph.

After selection of SimCP2 as the OLED host, we recorded the
PL spectra of the films of molecular mixtures of 2AC-2CF;Ph
and SimCP2 containing 10, 15, and 20 wt% of 2AC-2CF;Ph
(Fig. S8a, ESI¥). The shapes and maxima of the PL spectra of the
films with different concentrations of 2AC-2CF;Ph were found
to be very similar. This observation is in good agreement with
the EL spectra of 2AC-2CF;Ph-based devices as is discussed
below. The film of the molecular mixture of 2AC-2CF;Ph and
SimCP2 containing 10 wt% of the emitter was selected for the
investigation of TADF properties (Fig. S8b-e, ESIf). The PL
spectra and PL decays of the molecular dispersion of
2AC-2CF;Ph in SimCP2 were very similar to those of
2AC-2CF;Ph in Zeonex (Fig. 5, 6¢ and Fig. S5, ESI{). The laser
energy dependence of the delayed emission intensity was
recorded for the emitting layer of 2AC-2CF;Ph [10 wt%]:
SimCP2 (Fig. 87, ESI¥). The slope of 0.95 of the dependence
additionally supports the TADF origin of emission of
2AC-2CF;Ph.” Taking into account the poor TADF properties of
2PO-2CF;Ph and 2PS-2CF5Ph, the photophysical measurements
of these compounds in the SimCP2 host were not provided.

3.6. Electroluminescence

Compound 2AC-2CF;Ph exhibited the best combination of the
properties required for OLED applications. It was thercfore

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

selected as a TADF emitter for the electroluminescence study.
The device structure was ITO/MoO4[0.5 nm]/NPB[10 nm]/
TCTA[4 nm}/mCBP[4 nm]light-emitting layer [24 nm]/
TSPO1[4 nm)/TPBi[40 nm]/LiF[0.5 nm]:Al[88 nm], in which
the layers of 2AC-2CF;Ph[5 wt%]:SimCP2, 2AC-2CF;Ph
[10 wt%]:SimCP2 and 2AC-2CF;Ph[15 wt%]:SimCP2 were
used as the light-emitting layers for device A, B, and C,
respectively. The light-emitting layer of 20 wt% molecular
dispersion of PFBP-2a in SimCP2 was used in the reference
device D in which the TADF emitter PFBP-2a with a fluorine-
containing acceptor (perfluorobiphenyl) was used.™ As a result,
a direct comparison of the electroluminescence performances
was possible for the developed D-A electronic systems (9,9-
dimethyl-9-10-dihydroacridine-1,4-bis(trifluoromethyl)benzene)
with a similar one (9,9-dimethyl-9-10-dihydroacridine-
perfluorobiphenyl). The materials with the usual roles, namely
MoOj; as hole-injecting, NPB and TCTA as hole-transporting,
mCBP as electron/exciton-blocking, SimCP2 as the host, TSPO1
as hole/exciton-blocking, TPBi as electron-transporting, and LiF
as electron-injecting materials, were used in the device struc-
tures, aiming to provide balanced hole-electron recombination
and exciton formation within the light-emitting layers (Fig. 8a).
The selection of the host SIimCP2 was caused by the following
considerations. SimCP2 has a Ty of 3.0 eV with a lower polarity
than DPEPO and an ambipolar transport property.*® When
PFBP-2a or 2AC-2CF;Ph is doped into SimCP2 (as the HOMO
levels of the emitters and the host are almost the same), the
holes are easily transported while the clectrons can be casily
captured by the emitters (since the LUMOs of the emitters are
deeper than those of the host). The zone of recombination will
be located near the SMPCP2/TPSO1 interface. TPSO1 is an
excellent electron-transporting and hole blocking material,
which, along with a high triplet energy of over 3.36 eV, can
suppress Dexter energy transfer loss into TPS01."” The previous
studies indicated that a high-triplet-energy ETL is critical for
the high efficiency of blue OLEDs at high brightness.*®

The EL spectra (peaking at 485 nm and with a full-width-at-
half-maximum (FWHM) of 85 nm) of the devices A-C were very
similar to the PL spectra of the corresponding light-emitting
layers of 2Ac-2CF;Ph doped in SimCP2 peaking at 487 nm with
a FWHM of 87 nm (Fig. 8b and Fig. S8, ESI+). According to this
observation, the EL is attributed to the emission of
2Ac-2CF3Ph. Small differences between the PL and EL spectra are
caused by the different optical and electrical excitation sources used.
The EL spectrum of device D is in agreement with those of the
previously studied PFBP-2a-based devices.* The bands which could
be attributed to additional functional materials were not observed.
The close values of turn-on voltages of ca. 4.4 V were obtained for
devices A-D due to the similar charge-injecting properties of
2AC-2CF;Ph and PFBP-2a (Fig. 8d). At voltages higher than ca. 7V,
higher operating current densities were observed for devices A-C in
comparison to that of Device DD apparently because of the better
charge-transporting properties of 2AC-2CF;Ph relative to those of
PFBP-2a.

The EL spectra of devices A-C recorded at different voltages
showed practically the same shapes and maxima wavelengths.
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In addition, they were very similar for different devices A-C
despite the slightly different concentrations of the emitter
2AC-2CF;Ph used. This observation can be attributed to the
formation of non-covalent intramolecular bonds by
2AC-2CF;Ph in solid-state as is demonstrated in Fig. le. In
contrast, the reference D-A electronic system (9,9-dimethyl-9-
10-dihydroacridine-perfluorobiphenyl) demonstrated unstable
EL spectra in even at different
voltages (Fig. 8c).* This observation well highlights the advan-
tages of the newly designed electron-accepting 1,4-
bis(trifluoromethyl)benzene moiety.

In comparison to the OLED based on a perfluorobiphenyl-
containing compound, the advantages of the device based on
the 1,4-bis(trifluoromethyl)phenyl containing compound were
observed not only with respect to its EL spectra but also with
respect to device efficiency roll-offs (Fig. 8e¢). At a valuable

device D external

Table 2 Electroluminescent parameters of non-doped (A1-A6) and doped

brightness of 1000 ¢cd m 2, EQE values were comparable with
the maximum EQE values of devices A-C (Table 2). The EQE
roll-off of device D was dramatic and its maximum brightness
even did not reach 1000 cd m * (Fig. 8d). The “stable” EQE was
observed for devices A-C at relatively low operating current
densities (lower than 40 mA ¢m 2). Then EQEs dramatically
decreased. At higher operating current densities (higher than
40 mA cm?), the bonds with the lowest cleavage energy
apparently could be firstly broken due to the exciton-polaron
annihilation reactions as discussed elsewhere.***

Conclusions

Three derivatives of phenoxazine, phenothiazine or 9,9-dimethyl-9-
10-dihydroacridine as donors and 1,4-bis(trifluoromethyl)benzene

(B1-B6) OLEDs

Device name  EML Jpa M Voo Voo Iyaxs €d M2 CEmax, €d A™' PEyax, InW™'  EQE;/EQE 000, %
Device structure is ITO/MoO,;/NPB/TCTA/mCBP/light-emitting layer (EML)/TSPO1/TPBi/LiF:Al

A 2AC-2CF;Ph [5 wt%] imCP2 487 4.4 2500 11.7 9.9

B 2AC-2CF;Ph [10 wt%] 487 14 3000 12.9 10.7

C 2AC-2CF;Ph [15 wt%]: SImCP2 487 4.4 3500 12.6 8.97

D PFBP-2a [20 wt%]: SimCP2 478 44 800 6.2 5.6

/Jg is the EL maximum; Viy is the turn-on voltage; Ly is the maximum brigh CEyax is the current and PEyuy is the
maximum power efficiency. EQE;o and EQE;g0¢ are EQEs at 10 and 1000 cd m 2. respectively.
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as an acceptor were synthesized. Despite the high dihedral angle
between the donor and acceptor, total separation of frontier orbitals
is not observed. The derivative of 9,9-dimethyl-9-10-dihydroacridine
and 1,4-bis(trifluoromethyl)benzene was found to be a promising
blue TADF emitter with a high singlet charge transfer onset of
2.91 eV. This compound demonstrated cyan electroluminescence
which is “insensitive” to the concentration of the emitter in the
light-emitting layer due to the intramolecular interactions. The
highest external quantum efficiency of 5.9% with practically absent
roll-off up to a brightness of 1000 ed m™* was obtained for the
device based on this emitter. The result leads to a more important
conclusion that a decrease of the AE;; ;11 of TADF molecules can
lead to an increase in the rate of reverse intersystem crossing and
hence to an increase of the efficiency of TADF.
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ARTICLE INFO ABSTRACT
Keywords:

Room temperature phosphorescence
Tybrid local and charge transfer statc
Host

Oxygen sensor

A series of compounds with the different donor moieties (phenothiazine, phenoxazine and acridine) and 1,4-
difluorobenzene unit as the acceptor were developed for optical sensors of oxygen. Among three new com-
pounds, oxygen sensing ability of one compound 10,10"(2,5-difluoro-1,4-phenylene)bis(10 -phenothiazine)
(2PS-2FPh) exhibiting strong in rigid St Zeonae thins high sensitivity
to low concentration nf oxygen (<0. 1%) To nmdm—smnd the reason of the high oxygen sensitivity of 2PS-2FPh,
the effect of a rigid medinm on conformational distortion was sindied using # set of experimental and theoretical
approaches. Doping 2PS$-2FPh into Zeonex results in strong room-temperature phosphorescence in a vacuum
with singlet-triplet splitting (AEgr) widened to 0.47 eV as compared 1o 0.17 ¢V observed for the solution in 2-
methylletrdhydmﬁxmn Mo]ecu]ar dynrmm‘ simulation with 2PS-2FPh doped in Zeonex indicates the

ity. C , the hybrid local and charge transfer triplet state e
beeomes more local allowmg the room temperature phosphoreseence to be observed from loeally excited triplet
stales. These results showed that conformational disorder and rigidity of the medinm can significanily widen
AEst of donor-acceptor-d type molecul *HLCT into °LE and thus facilitating the room-
temperature phosphorescence and high oxygen sensitivity of 2PS-2FPh.
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1. Introduction

For many decades, organic molecules have been thought to be non-
phosphorescent at room temperature because of their weak spin-orbit
couplings and large singlet to triplet gaps [1.2]. The recent observa-
tions of room- rature phosphorescence (RTP) in organic aggregates
have changed this perception [3-5]. RTP can only be observed in
oxygen-free environment as the triplet states are quenched by oxygen[6,
7]. Compounds with the diverse structures have been shown to exhibit
RTP[8-10]. Different mechanisms have been proposed to explain the
RTP phenomenon [2,11]. Addition of side groups which constrain the

dihedral oscillation between the donor and acceptor moieties to the
structures of the compounds exhibiting thermally activated delayed
fluorescence (TADF) the TADF process can be quenched giving rise to
RTP[12]. Rigidi ion of the TADF molecules can also be achieved by
dispersing the molecules in a rigid host [13,14]. Dual emissions (TADF
and RTP) depending on the bulkiness of the sterically hindered sub-
stituent were also observed for molecules that contained different con-
formers [15-17]. The compounds exhibiting dual emission are useful for
accurate oxygen sensing [18,19]. To enhance spin-orbit coupling (SOC)
in TADF molecules, heteroatoms with abundant lone-pair electrons such
as oxygen, nitrogen and sulphur can be incorporated. They introduce a
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hybrid mixture of (n,x * ) and (z,x * ) characteristics into the excited
states [20-22]. Other methods such as halogen bonding [23,24], crystal
engineering [25,26], formation of H-aggregates [27,28] have been used
to induce rigid molecular stacking and consequently to reduce
non-radiative loss of triplet states. Functionalization of a rigid core that
exhibit intramolecular charge transfer with peripheral moieties can lead
to RTP due to the transformation of the lowest triplet state to more local
in character [29]. If such transformation is possible when a TADF
molecule is dopped into a rigid host remains relatively unexplored.

By the systematic change of the donors and acceptors while main-
taining the near orthogonality and by incorporation of the abundant
lone-pair of electrons through 1,4-difluorobenzene or 1,4-bis (tri-
fluoromethyl) benzene as acceptors and heteroatoms in the donors such
as phenothiazine, phenoxazine and acridine, we show that only the
TADF molecule with phenothiazine moiety exhibit significant RTP.
Conformational | ity and rigidity i 1 by Zeonex trans-
form the hybridized local and charge transfer (3HLCI') states into locally
excited state (KLE), widening AEgr and facilitating RTP.

1.1. Experimental section

In the ESI, a detailed description of the general procedure of the
synthesis of the target derivatives and the experimental and theoretical
techniques used for their characterization are presented.

2. Results and discussion
2.1. Synthesis

The synthesis of 2,5-disubstituted-1,4-phenylene derivatives is
shown in Scheme 1. In the sy is of the target p Buchwald-
Hartwig coupling reactions of brominated phenylene derivatives 1 (ac-
ceptors) with different secondary aromatic amines (donors) were con-
ducted in the pre of tris(dib lid dip 0) as
the metal catalyst and X-Phos as the ligand. This reaction gave donor-
acceptor-donor (D-A-D) derivatives of 2,5-disubstituted-1,4-phenylene.
Compound 2PO-2FPh, 2PS-2FPh and 2AC-2FPh were isolated in the
yields of 68%, 40% and 27% respectively. The structures of the syn-
thesized compounds were confirmed by 'H, 1°C, *F NMR spectroscopies
and were further confirmed by single crystal X-ray analysis. Analysis of
the spectra is given in SI. All of the newly synthesized molecules were
purified by column ch d by vacuum subli
before characterization.

2.2. Thermal properties and X-ray analysis
The copounds were studied by thermogravimetric analysis (TGA)

and differential scanning calorimetry (DSC). The compounds showed
high 5% weight loss temperatures. They ranged from 302 to 333 °C. The

Br

™

X

Scheme 1. hesis of 2,5-di: 1,4-pl it

94
F F
F F
Br

12

derivatives: Pdy(dba)s, X-Phos, t-BuONa, secondary amines, toluene, reflux, 24 h.

N

N

X
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single-stage full weight loss of the samples of the compounds reflected
by their TG curves suggests that 5% weight loss temperatures corre-
spond to the temperatures of the onsets of sublimation but not of the
thermal degradation. The analysis of DSC curves shows that the com-
pounds are characterized by strong inclination to crystallization. They
do not form molecular glasses. Further results and discussions can be
found in the Supporting information (Fig. S1, S2, Table S1).

Single crystals for XRD analysis were grown from the solvent mix-
tures using a slow evaporation technique. The Oak Ridge Thermal
Ellipsoid Plot (ORTEP) projections of 2PO-2FPh, 2PS-2FPh and 2AC-
2FPh are shown in Fig. 1. The crystallographic data are listed in
Table 52. The crystal structures confirmed the existence of weak Van der
Waals intermolecular forces between the adjacent molecules. The short
contact distances vary from 2.54 to 3.40 A. All molecules possess weak
bonding between electron-accepting fluorine atoms and hydrogen or
carbon atoms shared by the electron-donating moiety: (2PO-2FPH)
FleeeH-C3, (2PS-2FPH) FleeeH-C8, (2AC-2FPH) FleeeC5 (Fig. 1). The
similar intermolecular interactions between the donor and acceptor
moieties were also found in the case of 2PS-2FPh (SleeeH-C15). In
every crystal unit cell, all neigt lecules are 1 by
numerous short contacts formed between the carbon and hydrogen
atoms from the acceptors: (2PO-2FPh) C4eeeH-C10, C3eeeH-C10; (2PS-
2FPh) C7eesH-C3, C6eeeCO; (2AC-2FPh) C3-HeeeH-CO. As it was re-
ported previously, the acridine and phenothiazine moieties of 2PS-2FPh
and 2AC-2FPh exhibited a folded configuration relative to the central
axis with an angle of ~25-28°[30]. However, for 2PO-2FPh, the phe-
noxazine moiety was nearly planar (~2°). The angles between the two
intersecting planes drawn between difluorobenzene and the donors for
2P0-2FPh, 2PS-2FPh and 2AC-2FPh were found to be of 68.76°,83.36'
and 87.08° respectively (Fig. $3). The nitrogen lone-pair electrons of the
donor moieties align favorably with the acceptor n-conjugation.

2.3. Photophysical properties

Fig. 2(a-c) shows the normalized absorption and emission spectra of
the solutions of 2PO-2FPh, 2PS-2FPh, and 2AC-2FPh in three different
solvents (toluene, tetrahydrofuran, and acetonitrile). The optical tran-
sition at 310 nm and 280 nm can be attributed to the PO/PS and AC
moieties respectively. The lowest energy band (LEB) of absorption
spectra of the solutions of 2PO-2FPh exhibited a strong positive bath-
ochromic shift from 3.15 eV to 3.05 eV after the change of the solvents
from toluene to acetonitrile. Similarly, LEB of absorption spectra of the
solutions of 2AC-2FPh exhibited a bathochromic shift, from 3.40 eV to
3.30 eV after the replacement of toluene by acetonitrile. However, the
absorption onsets of the solutions of 2PS-2FPh barely showed any
bathochromic shift after increase of polarity of the solvent. The photo-
luminescence (PL) spectra of the solutions of the three compounds
exhibited clear redshifts with the increase of the solvent polarity (Fig. 2
(a-d)). The PL spectra were structureless indicative of CT character. The

¢

2P0O-2FPh: X=0, 68%
2PS-2FPh : X=S, 40%
2AC-2FPh : X=C(Me),, 27%
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Fig. 2. Absorption and PL spectra of the solutions of 2PO-2FPh (a,d) 2PS-2FPh (b,e) 2AC-2FPh (c,f) in toluene, tetrahydrofuran and acetinitrile.
energies of singlet charge-transfer state (JCT) of the solutions of the in Zeonex (Fig. 3(¢)) and i dPLi. after exp to strong

2PO-2FPh, 2PS-2FPh, and 2AC-2FPh in toluene were determined to be
of 3.05 eV, 3.00 eV, and 3.37 eV respectively. The largest shift of the
emission onset energy observed after the change of the solvent from
toluene to itrile was ded for the sol of 2PO-2FPh,
(0.28 eV), followed by 2PS-2FPh (0.13 eV) and 2AC-2FPh (0.06 eV).
The large red-shift of 2PO-2FPh, indicates stabilization of its CT state
with polarity[31].

These three compounds showed blue and blueish-green emissions.

UV light during excitation (Fig. $5).

To investigate the origin of the dual emission, time-resolved PL
measurements were performed at two different wavelengths (400 nm
and 504 nm). Fig. 3(d) shows the PL spectra of 2PS-2FPh molecularly
dispersed in Zeonex without delay and with 9 ms gate delay. The
emission in the region between 400 and 450 nm disappeared after
applying the gate delay. The prompt fluorescence lifetimes were found
to be close when recorded in vacuum (2.37 ns) and air (2.40 ns) (Fig. 3

The increase in PL intensity of argon-purged solutions indi a
contribution from the triplet harvesting [32]. The integrated emission
intensity ratios of deoxy 1 and air equilit | toluene solutions of
2PO-2FPh, 2PS-2FPh, and 2AC-2FPh were found to be of 1.80, 1.20,
and 3.97 respectively (Fig. 54). The 1% solid solutions of 2PO-2FPh
(Fig. 3(a)) in Zeonex showed increased PL intensity in vacuum while
that of 2PS-2FPh exhibited dual emission (Fig. 2(b)). The emission band
of sample of 2AC-2FPh showed slightly vibronic structure after doping

(e)). ile, the emission at 505 nm exhibited long radiative decay
time of 19.3 ms (Fig. 3(f). This observation is indicative of phospho-
rescence at room temperature which is quenched in the presence of
oxygen and solvent. From the onsets of the corresponding phosphores-
cence spectra, the lowest triplet levels of 2.9, 2.7, and 3.28 eV were
obtained for 2PO-2FPh, 2PS-2FPh, and 2AC-2FPh, respectively
(Fig. $6). Taking the onsets of PL spectra of THF solutions of 2PO-2FPh,
2PS-2FPh, and 2AC-2FPh, the energies of their lowest singlet states of
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Fig. 3. PL specira of argon-saturated tolnene solntions and of evacnated and air equilibrated solid solutions in Zeonex of (1) 2PO-2FPh (1) 2PS-2FPh and (¢)2AC-
2FPh. (d) PL spectra of 2P$-2FPh molecularly dispersed in Zeonex without and with gate delay. PL decay curves of 2P$-2FPh doped in Zeonex at (e) recorded at
400 nm in air and vacuum and (frecorded at 505 nm detected in vacuum.

2.97, 2.87, and 3.29 eV were respectively detected (Fig. 2(d), (e) and
(). The singlet-triplet splitting (AEg7) values for the solutions of 2PO-
2FPh, 2PS-2FPh, and 2AC-2FPh in 2-methyltetrahydrofuran (me-THF)
were determined to be of 0.07, 0.17, and 0.01 eV respectively. It is
important to note that for 2PS-2FPh, the near orthogonality between the
D and A units (the intersection angle obtained by X-ray analysis is of

83.36°) did not result in small AEg;. Deep blue emitting 2AC-2FPh
showed very small AEst and high triplet harvesting efficiency indicated

after deoxygenation by argon. This observation strongly suggests the
presence of delayed fluorescence. For the solution of 2PS-2FPh, the
increase of emission lifetime after deoxy i i
lower (15%). The solution of 2PO-2FPh showed increase of emission
lifetime by 21% after removal of oxygen. These values are inversely
proportional to the values of AEg of the compounds.

was

by the increased PL intensity of its argon-purged solution. As 2AC-2FPh
has very high triplet energy (3.28 eV), the proximity to 'CT indicates
that there is a large reservoir of long-lived highly energetic triplet ex-
citons that interact with polarons which could lead to degradation [33,

34].

In air, the lowest photoluminescence quantum yields (PLQY) were
obtained for the neat films of 2PS-2FPh and of its solid solution in
Zeonex (Table 1). The low PLQY values of 2PS-2FPh can be partly
attributed to the efficient singlet-triplet intersystem crossing (ISC) which
is required for efficient RTP [35] Indeed, the relatively high PLQY of
RTP was obtained for the film of 2PS-2FPh doped in Zeonex (Table 1).
The solution of 2AC-2FPh showed by 30% increased emission lifetime

Table 1
The phophysical parameters of the derivatives of difluoro phenylene’”.
Compounds 2PO 2FPh 2PS 2FPh 2AC 2FPh
neat/guest-Zeonex films
PLOY™, % 14/5 272 1077
v /9 /12.8 /27.8
-/10.8
MO i fargon), ns 4.70/5.71 3.33/3.83 5.44/7.05
s R /19.3
* *I'he fitting data of PL decay curves can be found in l'ig. 57
* calenlated by PLQY""" =PLQY**-PLQY™", where PLQY-

YE_PLQY™ x (Area'™/Area™) as introduced elsewhere [36].

2.4. Molecular modelling

Density functional theory (DFT) calculations were performed to
investigate the molecular structures. Their optimized structures are
shown in Fig. 4. The molecules of 2PO-2FPh, 2PS-2FPh, and 2AC-2FPh
exhibited large dihedral angles of 79.8%, 99.3°, and 92.6 respectively
between the donor and acceptor moieties. They were by ca. 10° larger
than those obtained by the single-crystal X-ray analysis. For the highest
occupied molecular orbitals (HOMOs), there is a small electron cloud
overlapping with the lowest unoccupied molecular orbitals (LUMOs),
‘which is crucial for increasing the oscillator strength of the emitters. The
LUMO extends the electron clouds into the N-C bonds of the donors. The

(a) (b) (c)
HOMO )

LUMO

Fig. 4. : The frontier orbitals of (a) 2PO-2FPh, () 2PS-2FPh, and (c)
2AC-2FPh.
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natural transition orbitals for Sy were strongly dominated by the HOMO
to LUMO transition with coefficients higher than 0.98.

The HOMO and LUMOs energy levels of a single molecule obtained
from the theoretical calculations are — 5.97 eV, — 6.15 eV, — 6.07 eV,
— 0.65 eV, — 0.66 eV, — 0.59 eV for 2PO-2FPh, 2PS-2FPh, and 2AC-
2FPh respectively. The ionization potentials obtained from the CV
analysis (Fig. 58) are of 5.50 eV 5.80 eV and 5.81 eV. These data indi-
cate that the donating strength of phenoxazine is stronger than that of
phenothiazine and acridine.

‘We also examined the frontier orbitals of Ty. Surprisingly, despite
well-separated frontier orbitals with the S; transition dominated by the
HOMO to LUMO transition, the natural transition orbitals for T; con-
sisted of superposition of various CTs and locally excited (LEs) hole-
particle excitations (Fig. 5a-c). Only excitation with coefficients more

(a)

Bg

HOM

Sensors and Actuators: B. Chemical 380 (2023) 133295

than 0.1 were drawn. Based on this, the HOMO to LUMO transition only
contributed 0.57, 0.27, and 0.67 in terms of coefficients for 2PO-2FPh,
2PS-2FPh, and 2AC-2FPh. It is clear that the lowest Ty is not a pure et
state. It is rather a *HLCT excited state, a quantum superposition of local
and charge transfer. We confirmed the hybrid nature of the lowest triplet
state of 2PO-2FPh by comparing the bathochromic shift of the lowest
triplet state of 2PO-2FPh and 3LE of phenoxazine. The 1CT state of 2PO-
2FPh underwent bathochromic shift with the increasing dielectric
constant of the solvent as it is expected for the typical charge transfer

lecules (Fig. 5d). the “LE of p} ine as d at

77 K for the solution in me-THF remained relatively constant since the
locally excited state is far less sensitive to the polarity of the medium
Fig. 5e.). The SHLCT of 2P0O-2FPh increased slightly for the solution in
low-dielectric-constant solvent and remained

relatively constant

)
[
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2 ~
[ )
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M; LELTY
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Fig. 5. : The visualizations of the lowest triplet natural transition orbitals for («) 2PO-2FPh, () 2PS-2FPh, and () 2AC-2FPh. The number indicates the coefficient

to the (d) C

of the onsct of emission of *IILCT of 2PS-2FPh, *LE of phenothiazine and LCT of 2PS-2FPh to different solvent

polarily (e) Phosphorescence specira (*LE) of the solutions of phenothiazine in different solvents at 77 K and (1) Phosphorescence specira of the solutions of 2PO-

2FPh in different solvents.
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thereafter (see Fig. 5d and f). "HLCT can facilitate reverse intersystem
crossing (RISC) by increasing the spin-orbit coupling [37] while keeping
the AEgt small. SHLCT facilitate intersystem crossing between 1CT and
HLCT, as there is no need for *HLCT to couple to higher “LE states.
THLCT has been used to increase the singlet radiative rate as long as
efficient RISC occurs at a higher energy level (T; ->> S7) through a small
gap[38,39]. AEgr is calculated to be 0.09 eV, 0.17 eV and 0.05 eV for
2PO-2FPh, 2PS-2FPh, and 2AC-2FPh respectively. 2PO-2FPh (Fig. 5a)
has an almost equal amount of *LE and °CT and AEgr is approaching
0.1 eV. Hence, a smaller contribution from LE is required for a smaller
AEgr. As the *HLCT becomes more local in excitation, AEsy widens as
can be seen in case of 2PS-2FPh (Fig. 5b), where the coefficient for the
HOMO to LUMO singlet transition states is only 0.27. 2AC-2FPh
(Fig. 5¢) has a higher °CT energy for T; and the highest triplet harvesting
rate as shown in Fig. 52, The integrated emission intensity ratio between
deoxygenated and air- equilibrated solutions was of 3.97. A balanced
mixture of °LE and °CT character in *HLCT would lead to efficient triplet
harvesting via the reverse intersystem crossing.

However, in reality, the molecular conformation obtained at 0 K and
its characteristics of energy states might be different to that observed at
room temperature. We carried out a quantum molecular dynamic
simulation of 2PS-2FPh in solution at 300 K using a polarizable con-
tinuum model as a solvent model. The probability distribution of the
dominant transition in the T state is categorized into HOMO- LUMO,
HOMO->LUMO+ 1, and HOMO->LUMO+ 2 as shown in Fig. 6a. Only
5% of the dominant transitions are °LE in character. However, we must
keep in mind that Ty is a quantum superposition of the different tran-
sitions of excited states. Some component of the transition has Scr
character and the other has ®LE character with the corresponding co-
efficient. If the overall transition has a greater SLE character, the AEst
will be larger. AEgy of the solid solution of 2PS-2FPh in Zeonex is of
0.47 eV (Fig. 3b). For the solution, the simulated AEg, ranges from near
zero eV to a maximum of 0.27 eV as it is seen in Fig. 6(b) with the mean
of AEgy being of 0.07 eV and a standard deviation of 0.04 eV. The
simulated AEgy is of 0.17 eV and 0.07 eV at 0 K and 300 K respectively
while in the experiment when the emitter was dissolved in me-THF, the
AEgr was of 0.17 eV at 77 K, and when it was doped in Zeonex, it was of
0.47 eV at 300 K.

It is impossible to measure AEgr of a compound molecularly
dispersed in a solvent at room temperature. We hypothesized that for
2PS-2FPh doped in Zeonex, the conformational heterogeneity imposed
by the rigid polymer resulted in a distorted molecular conformation
which can be shown by the higher energy of the molecule compared to
the molecular conformation at 0 K. We can examine the distribution of
energy of the molecules in solution to provide a clue to such validity.
The molecules with higher energy should have a larger AEg; based on
this hypothesis. We examined the distribution of the energy at 'CT for
molecules in solution with AEg; below 0.02 eV and AEg; exceeding
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0.2 eV (Fig. 6¢). The difference in the average energy of each distribu-
tion is of 0.11 eV for having AEg 0.2 eV at higher
energy with average ACT: photon energy of 2.40 eV, 0.16 eV higher than
photon emitted by molecules with AEg lower than 0.02 eV. The mole-
cule with AEgr exceeding 0.2 eV has energy of 0.06 eV higher than
molecules with AEg below 0.02 eV at ground state. These results also
indicate that for 2PS-2FPh, a slight change in the molecular geometry
can result in a large range of AEg;. The molecules with AEgy below
0.2 eV exhibit dominant °LE character in T). The large AEgy observed for
2PS-2FPh doped in Zeonex indicates that the molecular conformation is
not in thermal equilibrium as in solution. The molecular conformation
rather adopts a higher ground state energy than in solution resulting in a
significant widening of AEst while the T; state becomes more local. To
verify this, we carried out a molecular dynamics simulation with 2PS-
2FPh doped into Zeonex (represented by 10 repeated monomers with
the molecular structure shown in Fig. S9) and extracted the emitters to
be under ti DFT/ LC-WPBEh//cc-pVDZ at
optimal w. Fig. 7a shows the probability distribution of AEgr with a
mean of 0.31 eV indicating that the conformational heterogeneity
imposed by the rigid Zeonex can widen the mean AEgy. AEg ranges from
the smallest 0.13 eV to the largest 0.59 eV with the molecular structure
for the molecules representing the smallest and the largest AEgr as
shown in Fig. 7b and c respectively. In Fig. 7b and (c), the top figures
represent the side view while the bottom figures represent the front
views. The dihedral angle between the donor and acceptor in Fig. 7b
deviated far from orthogonality with a dihedral angle of 127° resulting
in a large AEgy compared with a dihedral angle of 71° shown in Fig. 7(c).
Such large distortion was possible in a restricted environment as shown
in Fig. 7c where the molecule finds it difficult to relax to its equilibrium
position. Cs ly, Tq for the molecule shown in Fig. 7b is domi-
nated by the local transition. It is important to note that we represented
the Zeonex polymer as decamer limited by computational resources. In

reality, the higher number of repeated units will impose more restricted
environment for 2PS-2FPh. In our simulation, the mean AEgy is of
0.31 eV compared with the experimental value which is of 0.47 eV. The
larger error most likely originates from the smaller number of repeated
units of Zeonex used in this simulation and the single w of 0.063 used in
the calculation of the excited states of the different conformers.

Since we have shown that Zeonex imposed increased conformational
heterogeneity when doped with 2PS-2FPh, such behavior should also
occur in case of 2PO-2FPh and 2AC-2FPh. We investigated the rela-
tionship between AEgy and the dihedral angle between the donor and
acceptor moieties. As shown in Fig. 510, the AEst remained practically
constant at a high dihedral angle before it increased considerably. For
2PS-2FPh, the onset of considerable increase of AEgt occurred at 70°
while for 2PO-2FPh and 2AC-2FPh, the onsets were 40° and 50°
respectively indicating that these two molecules are far less sensitive to
the significant change of AEg imposed by the conformational disorder.

(@)ozs (b) o (). AEg; >0.20 8V
I HONOSLUMO *CT o] ©
I HOMO->LUMO+1 *LE 0. 03
o 020 HOMO->LUMO#2 *LE g 02
g 300K 3
2 £ @
5 @
o Qots s
Z H AEgr <0.02eV
] 2010 @
E-3 o
4 & 0z
a 005
X
0 0.00 00
16 18 20 22 24 26 28 30 32 000 005 010 015 020 025 030 225764 225763 225762 225761 225760 225759
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Fig. 6. The probability distribution (4) of dominant T; transition (b) AFsy al 300 K for the solution in toluene as extracted from quantum molecular dynamic

simulations for 2PS-2FPh (c) The energy distribution of 2PS-2FPh molecules at their 1st excited state with AEsy below 0.02 eV and AEsy exceeding 0.20 eV.
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0.13 eV (d) the embedded molecule (b) in the Zeonex.

‘We also noted that the stronger the 3CT character in *HLCT, the smaller
the onset.

2.5. Time evolution of Spectra

To support further that Zeonex imposed increased heterogeneity of
2PS-2FPh, time evolution of photoluminescent spectra was performed
as shown in Fig. 8. Fig. 8a shows the logarithmic contour map of the
photoluminescence intensity as a function of log:mthmlc time after
excitation and length. The p of low-intensity
a timescale longer than 100 ns is assigned as RTP. The selected specna
from the contour map are plotted in Fig. &b. The 'CT emission cannot be
described as the usual single Gaussian emission. Three peaks are
observed at 423 nm 453 nm and 513 nm. These peaks are apparently
not the vibronic peaks from 'LE. They are probably predetermined by
the certain conformational disorder of charge transfer molecules. Such
behaviour was observed for through space donor-acceptor charge
transfer dimers in solution [40]. A plot of the probability distribution of
singlet vertical excitation from the simulation performed earlier
resembled the emission spectrum observed at 3.66 ns (Fig. S11a) while
the molecule maintains the singlet charge transfer characteristics.

The emission peak at 500 nm batochromically shifted towards
550 nm during the measurement (Fig. £b). This spectral shift from
500 nm to 550 nm is the result of heterogeneity leading to large lifetime
dispersion of the CT emission as supported by the simulation. The
higher-energy CT states decayed faster than the lower- energy spe:les
due to their increased 'LE cf , giving an i

spectral shift. The observation of the spectral shift over time for 2PS-

emission is forbidden. A plot of the probability distribution of triplet
vertical excitation resembled the emission spectrum at 892 ns
(Fig. S11b). Hence, the emission peak at ca. 525 nm observed in the
steady state photoluminescence spectrum of 2PS-2FPh molecularly
dispersed in Zeonex (Fig. 3b) can be treated as a combination of fluo-
rescence and phosphorescence spectra. The shift of the peak at ca
525 nm is plotted in Fig. Sc. The shift exponentially decays before
reaching its equilibrium energy level. After ca. 100 ns, the peak can be

1 solely to k It is important to note that pheno-
thiazine moieties are known to be phosph at room p
[42-44] but not all TADF compounds containing phenothiazine
exhibited RTP[30].

2.6. Oxygen sensing

hospl is the d at ambient

perature, phospl hing by oxygen was investigated
[18,19]. To study this effect, we exposed the sample of the solid solution
of 2PS-2FPh in Zeonex with the concentration of 1% as in a chamber to

the different mixtures of oxygen and nitrogen. For the gas mixture, the

Since

ratio of pure nitrogen gas as an inert medium and pure oxygen as a
quencher was controlled by using two precise gas flowmeters. The gas
mixture was directed into the restricted flow-through sample chamber
inside the spectrometer. Each change in the concentration of the
quencher was followed by a change in RTP intensity (Fig. 9 a). In order
to avoid any spectral fluctuation influenced by external factors and
ensure high accuracy, after each change in gas ratio, the sample was kept
in it for 3 min. Then 3 consecutive spectra (Fig. 512) were taken and

2FPh also supported the p. of structural i ity in a

disordered medium[41]. At 3.66 ns the emission should correspond to
the singlet states including the emission at 500-550 nm since triplet

(a) Intensity @) (D)

ged during data analysis, resulting in one final spectrum for the
selected concentration of quencher.
The considerable decrease of the intensity of RTP with an increase in

(c)
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the sample.

the concentration of the quencher is obvious from Fig. 9a. The signifi-
cant difference between the emission intensity at 500 nm was observed
under the nitrogen and oxygen atmospheres. Under the inert atmo-
sphere, the intensity of emission at 500 nm was by 7.5 times higher
compared to that observed in the atmosphere of oxygen.
For the quantitative estimation of the sensitivity to oxygen quench-
ing of RTP of 2PS-2FPh, PL spectra recorded at the different oxygen
ions were i and the obtained values of the area
under the curves were used for the further calculations. The Stern-
Volmer relationship was used for the analysis. Since the collected data
demonstrated undoubtedly nonlinear relationship between the ratio of
RTP intensity and the quencher concentration in ppm (Fig. 9 b)), we
used such Stern-Vol which is adji 1 for such conditions.
Usually, when the Stern-Volmer plot has a downward curvature, it is
assumed that multiple chromophore species exist where one species are
available for the quencher, while the other species are not. This com-
bination is considered as multiple species with dynamic quenching [44].
The ratio of intensities observed in the presence and in the absence of
a quencher can be given as Eq. (1).

2y
Ay £ 1
Agir [Z(l b Ku Q]):| &

where A}, is area under the curve measured in absence of a quencher
and Ayyp is the area under curve measured in the presence of a h

the plot curves downward. Overall, these results suggest that the sample
of 1% solid solution of 2PS-2FPh in Zeonex shows high sensitivity to low
concentrations of oxygen in the atmosphere of the samples (up to 0.2%).
The decreasing sensitivity is observed at the concentrations of oxygen
above 0.2%. The presence of two sensitivity regions can be attributed to
the molecular heterogeneity giving rise to two dominant “LE states and
the *CT states of 2PS-2FPh.

3. Conclusions

Derivatives of 1,4-difluorobenzene and the different donors
(phenothiazine, phenoxazine and acridine) were obtained. The single-
crystal X-ray analysis revealed the existence of weak Van der Waals
intermolecular forces between the adjacent molecule. The compounds
show high temperatures of 5% weigh loss ranging from 302 to 333 °C.
The compcunds showed blue and blueish-green emissions. The increase
in ity after deoxy of the solutions indicate the
contribution from the triplet harvesting. The effect of the host on the
photophysical properties of the compounds is discussed. The rigidity of
the host can impose signi ity in TADF mol-
ecules transforming a hybrid charge transfer and local excited triplet
state (*HLCT) into a purely locally excited triplet state. As a result, the
singlet and triplet gap (AEsr) widened in a rigid host. This is particularly
noticeable if the TADF molecule has a larger AEg; due to its SHLCT

h bedding such in a rigid host can give rise to

Kiy(i) is quencher rate coefficient and f(i) is the fractional contribution
of the ith species of the fluorophore to the steady-state emission of the
investigated compound.

For the sample of 1% 2PS-2FPh solid solution in Zeonex, the best fit
was obtained using the two-component model expressed by Fq. (2).

0
Agrp _ !

Agr N
—
1+ Ksvi

@)

1+ Ksvn

Resulting fit values R? of 0.998, demonstrates that the first and
dominant fluorophore species contributes to 65.5% of the total photo-
luminescence while the second species has a fracﬁonal contribution f, of
34.5%. The obt'uned values of Kgy; of 2. 48 % 107" ppm ~!and ofK\w of

room temperature phosphorescence. As a result, the derivative of
difluoro phenylene and phenothiazine, exhibits dual emissions in vac-
uum, one originating from the singlet charge transfer state and the other
from the locally excited triplet state (phosphorescence). The sensitivity
of dual emission to oxygen is quannﬁed Two sensitivities to oxygen
regions from two d species are observed: high
sensitivity at low concentration (below 0.1%) and low sensitivity at high
concentration of oxygen (above 0.2%).
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Abstract: Two compounds based on pyridazine as the acceptor core and 9,9-dimethyl-9,10-dihydroacridine
or phenoxazine donor moieties were designed and synthesized by Buchwald-Hartwig cross-coupling
reaction. The electronic, photophysical, and electrochemical properties of the compounds were
studied by ultraviolet-visible spectroscopy (UV-vis), photoluminescence spectrometry, differential
scanning calorimetry, thermogravimetric analysis, and cyclic voltammetry. The compounds are char-
acterized by high thermal stabilities. Their 5% weight loss temperatures are 314 and 336 “C. Complete
weight loss of both pyridazine-based compounds was detected by TGA, indicating sublimation. The
derivative of pyridazine and 9,9-dimethyl-9,10-dihydroacridine is capable of glass formation. Its
glass transition temperature is 80 “C. The geometries and electronic characteristics of the compounds
were substantiated using density functional theory (DFT). The compounds exhibited emission from
the intramolecular charge transfer state manifested by positive solvatochromism. The emission in
the range of 534-609 nm of the toluene solutions of the compounds is thermally activated delayed
fluorescence with lifetimes of 93 and 143 ns, respectively.

Keywords: pyridazine; 9,9-dimethyl-9,10-dihydroacridine; phenoxazine; delayed fluorescence

1. Introduction

Thermally activated delayed fluorescence (TADF) has emerged as a promising photo-
physical mechanism useful in the development of efficient organic light emitting diodes
(OLEDs) [1-4]. TADF is a phenomenon that relies on the upconversion of triplet excitons to
singlet excited states by means of reverse intersystem crossing (RISC) due to the thermal
motion of atoms [5-7] (Figure 1).

OLED:s based on TADF are an alternative type of OLED to phosphorescent OLEDs
(PhOLEDs) [8]. The radiative utilization of triplet electronic excitation energy in the case
of PhOLED:s is due to the exciton-spin-orbit-photon interaction relying on the largest
atomic number of atoms incorporated in the structure [8]. Therefore, the phosphorescent
emitters of OLEDs commonly have noble metal atoms such as Ir or Pt attached to the
organic moieties. TADF is of great interest in this regard, as it allows the utilization
of triplet energy without the use of expensive materials. Efficient RISC can be reached
by combining electron-accepting and electron-donating moieties in a single molecule and
constraining their dihedral angles in such a way that it minimizes the overlap of HOMO and
LUMO [9-11]. Electron-withdrawing moieties containing cyano groups or azoheterocycles
have been used most extensively for the design of TADF emitters [8-16]. The use of
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9-[4-(4-(4-(4,6-diphenyl-1,3 5-triazin-2-yl) phenyl]-N, N, N0, NO-tetraphenyl-9H-carbazole-
3,6-diamine (DACT-II), which has a triazine electron-acceptor (A) moiety, allowed the
design of OLEDs with internal quantum efficiency of 100% [17]. 1,2,3,5-Tetrakis(carbazol-9-
yl)-4,6-dicyanobenzene (4CzIPN), with dicyanobenzene as the electron acceptor, has shown
excellent redox window, good stability, and excellent TADF characteristics [18].

1E5r

TADF+PF 1

S 4
0
Figure 1. Simplified Jablonski diagram for TADF emitters.

Aromatic azaheterocycles are among the most electron-deficient aromatic hetero-
cycles [19,20]. Triazine, pyridine, and naphthyridine contain strongly electronegative
nitrogen atoms in their molecular skeletons. Therefore, they display an intrinsic electron-
deficient character, enabling them to be used in the design of compounds for a wide
range of applications, such as pH sensing, optoelectronics, nonlinear optical materials, and
pharmaceuticals [21-24]. Reports on the synthesis of the studied pyridazine derivatives
for optoelectronic and related applications are still scarce. They were reported as host
materials for OLEDs and liquid-crystalline materials, and as phosphorescent iridium com-
plexes [25-28]. A series of pyridazine-based TADF emitters have been described, where
the combination of the pyridazine moiety with phenoxazine resulted in an emitter with a
photoluminescence quantum efficiency of 10.9% with an estimated high RISC rate kgsc of
3.9 x 10° s~ and a small singlet-triplet splitting value of 86 meV [29]. The OLED based
on this emitter demonstrated external quantum efficiency of over 5.8%, confirming triplet
utilization in the device via TADF [29]. Pyridazine is not only more electron-accepting,
but also more polar than pyridine, which is beneficial for its use as an electron acceptor
in the design of D-A-type materials [28]. In this work, the synthesis and properties of
two derivatives of pyridazine bearing phenoxazine and 9,9-dimethyl-9,10-dihydroacridine
electron-donating moieties are reported. The interesting structure—properties relationship
was disclosed by studies of thermal, photophysical, and electrochemical properties, as well
as by quantum chemistry studies. Investigation of the photophysical properties of the
toluene solutions and films of the compounds confirmed that TADF showed lifetimes of 93
and 143 ns, corresponding to the toluene solutions of the compounds having phenoxazine
and 9,9-dimethyl-9,10-dihydroacridine, respectively.

2. Results and Discussion
2.1. Synthesis and Thermal Properties

The synthesis of the derivatives of 2,5-disubstituted-pyridazine is shown in Scheme 1.
For the synthesis of the target compounds, Buchwald-Hartwig coupling reactions of bromi-
nated pyridazine with phenoxazine or 9,9-dimethyl-9,10-dihydroacridine were carried
out in the presence of tris(dibenzylideneacetone)dipalladium(0) as the metal catalyst and
X-Phos as the ligand. The reactions produced donor-acceptor-donor (D-A-D) derivatives
2PO-PYD and 2AC-PYD in yields of 21.8% and 6.4%, respectively. The target compounds
were purified by column chromatography. The structures of the synthesized compounds
were confirmed by 'H, 3C NMR, and FI-IR spectroscopies, as well as mass spectrome-
try. They were found to be soluble in common organic solvents. Characteristics of the
compounds 2PO-PYD and 2AC-PYD can be found in the Supplementary Materials File.
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Y
Scheme 1. Synthesis of 2,5-disubstituted pyridazine derivatives.

Morphological transitions and thermal stabilities of pyridazine-based compounds
(2PO-PYD and 2AC-PYD) were investigated by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) (Figure S5). Their thermal characteristics are shown

in Table 1.

Table 1. Thermal characteristics of the compounds.

Compound Tip, °C! Tg, °C Ty €2 T 2C2
2PO-PYD 314 = 188 248
2AC-PYD 336 80 133 231

! Temperature of 5% loss of mass determined by TGA. 2 Crystallization temperatures determined by DSC from
the first cooling scan. > Melting points determined by DSC from the second heating scan.

Both target compounds were obtained after the synthesis and purification as crys-
talline substances. Endothermic melting signals were observed in the first heating scans
of the DSC measurements (Figure S5a,b). Crystallization and subsequent melting signals
were observed during the cooling and second heating scans. The glass transition of com-
pound 2AC-PYD was detected during the second heating scan, indicating the possibility of
transformation into a solid amorphous state (molecular glass). During the TGA measure-
ments, complete weight loss of both pyridazine-based compounds was detected, indicating
sublimation rather than thermal degradation of the samples.

2.2. Theoretical Calculations and Electrochemical Properties

The geometries and electronic structures of the target molecules were analyzed using
DFT calculations at the B3LYP/6-31++G theoretical level. The ground-state geometries
were optimized by using the B3LYP (Becke three parameters hybrid functional with Lee-
Yang-Perdew correlation) [30] functional at 6-31G (d, p) level in vacuum with the Gaussian
program [31]. To evaluate the electronic transitions, the geometries of the pyridazine
derivatives 2PO-PYD and 2AC-PYD were evaluated (Figure 2). As the acceptor and donor
moieties are directly linked, the values of the dihedral angles are crucial for intramolecular
charge transfer (ICT). In the optimized ground-state geometries, the D and A fragments are
almost perpendicularly orientated, as their dihedral angle values are close to 90°. Such large
dihedral angle values are expected to lead to minimal conjugation of the D-A fragments.
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Figure 2. Optimized ground-state geometries in vacuum at the B3LYP/6-31++G level of theory of
pyridazine derivatives 2PO-PYD and 2AC-PYD (grey color: carbon; blue: nitrogen; red: oxygen;
white: hydrogen).

The calculated HOMOs and LUMOs are presented in Figure 3. The electronic struc-
tures of both pyridazine-based compounds are similar. The HOMOs are situated on the
electron-donating fragments of phenoxazine and 9,9-dimethyl-9,10-dihydroacridine, with
a small electron density residing on the pyridazine fragment, whereas the LUMO is situ-
ated solely on the acceptor fragment. The calculated HOMO levels confirm the slightly
stronger electron-donating strength of phenoxazine compared to that of the 9,9-dimethyl-
9,10-dihydroacridine moiety. The levels of LUMO are in good agreement with the LUMO
values of previously reported pyridazine-based host compounds [29].

2PO-PYD 2AC-PYD
>
? 9 v ”4
4,0'0'3,, ,:a. ‘0‘4
00g9,3, s ,‘.‘f“
‘8‘ ‘
" 9 2 ‘ 5
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Figure 3. DFT calculated HOMO and LUMO energies, as well as HOMO and LUMO topologies
(isovalue of 0.02), of compounds 2PO-PYD and 2AC-PYD.
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In the optimized excited-state geometry, the dihedral angles remain perpendicular.
TD-DFT calculations predicted that the dominant S1 transition is CT in nature (H—L). The
calculated values of the energy gaps between the singlet and triplet states (AEsy) are ca.
0.3 eV (Figure 3), and are in line with the slightly stronger electron-donating nature of the
phenoxazine moiety. Such small energy gaps make these pyridazine derivatives promising
as TADF emitters.

Cyclic voltammetry was used to investigate the electrochemical properties of pyridazine-
based compounds 2PO-PYD and 2AC-PYD. 2AC-PYD showed reversible oxidation dur-
ing repeated scans, whereas the pyridazine-based compound 2PO-PYD showed quasi-
reversible oxidation. Ionization potentials estimated by the cyclic voltammetry (IPcy)
values were estimated from oxidation onset potentials against ferrocene (Eox onset vs. Fc).
The voltammograms are shown in Figure 4.

——compound 2PO-PYD, IP, = 5.38 eV
== compound 2AC-PYD, IP, = 5.42 eV

0.64

0.4+

Normalized current, A

0.24

0.04

02 00 02 04 06
Potential vs. Fc/Fct, V
Figure 4. Cyclic voltammograms of compounds 2PO-PYD and 2AC-PYD.

The IPcy values were found to be only slightly dependent on the strength of the donor
moieties attached. The phenoxazine-containing compound (2PO-PYD) showed slightly
higher IPcy than the derivative of 9,9-dimethyl-9,10-dihydroacridine (2AC-PYD). Despite
the small differences, overall, the experimentally determined characteristics correlate well
with the theoretically calculated ones.

2.3. Photophysical Properties
The absorption and emission spectra of the solutions of 2PO-PYD and 2AC-PYD are

presented in Figure 5a,b, respectively, and in Table 2.

Table 2. Photophysical characteristics of 2PO-PYD and 2AC-PYD.

Compound

2PO-PYD
2AC-PYD

Aqnm! A, nm 2 @3 Egy, eV* Ery, eV*? AEgr*
ca. 420, 618/398, 5
308/308 639/565 <0.01 2.68 2.59 0.09
ca. 280/290 353, 535/346, 561/517 <0.01 2.64 229 0.35

! Wavelengths of the bands of absorption spectra of the solutions of the compounds in toluene/THE 2 Wavelengths
of the bands of emission spectra of the compounds of the toluene/ THF solutions and films. ® PL quantum yield
of deoxygenated toluene solutions. * Derived from spectral data of the films of compounds recorded at 77 K in
the absence of oxygen.
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Figure 5. Absorption and PL spectra of toluene, THF solutions, and films of 2PO-PYD (a) and
2AC-PYD (b). PL decay curves of deoxygenated toluene solutions (¢). PL and phosphorescence
spectra of the film of 2AC-PYD recorded at liquid nitrogen temperature (d). PL spectra of the films of
2PO-PYD (e) and 2AC-PYD (f) recorded in inert atmosphere at different temperatures.

The absorption spectra are characterized by the prominent band at 308 nm for the
solutions of 2PO-PYD and 288 nm for those of 2AC-PYD. The positions of the absorption
peaks almost did not change when changing the non-polar toluene solvent with the polar
THE. DFT predicts that this band originates from the locally excited (LE) state of donor
fragments (Figure S6). The very low oscillator strength of 0.002 of the transition of the
ICT state (Sp—S) is apparently the reason for the lack of this absorption band in the
experimental UV spectra.

131



132

Materials 2023, 16, 1294

7 of 10

The different photoluminescence (PL) spectra of the solutions recorded at the different
excitation wavelengths showed the presence of two distinguished emission bands in the UV
and green spectral regions. The spectral data presented in Table 2 provide an opportunity
to track the influence of polarity of the medium on photophysical characteristics of the
compounds. Toluene is a non-polar solvent, while THF is a moderately polar one. The
investigated compounds are designed to have a donor-acceptor-donor structure; thus, the
dipole moment must be affected by the polarity of the solvents, exhibiting solvatochromism.
The PL band in the UV region covering the range of ca. 400-450 nm is related to the
local excited (LE) state emission of the donor. It is not characterized by the positive
solvatochromism caused by the increase in polarity of the solvent. The low-energy emission
band at ca. 500-625 nm exhibited a spectral redshift with the increase of the solvent polarity,
pointing to the intramolecular charge transfer (ICT) state. Different excitation wavelengths
alter the spectral distribution insignificantly. This observation is in full accordance with
Dr. Michael Kasha's rule excluding the possibility of excitation of specific optical centers
affecting the analysis of the experimental data. The ICT peak wavelengths of the spectra of
neat films of the compounds correspond to the peak positions of the ICT band of respective
toluene solutions. This demonstrates the absence of the effect of intermolecular interactions
in solid state, polarity, or aggregation-related phenomena on the ICT of the compounds. The
emission of 9,9-dimethyl-9,10-dihydroacridin-based 2AC-PYD is expectedly blue-shifted
with respect to that of 2PO-PYD with a stronger donating unit of phenoxazine. The PL
quantum yields of the deoxygenated toluene solutions @ of both 2PO-PYD and 2AC-
PYD did not reach 1%. The deoxygenation of the solutions and of the solid films of the
compounds did not lead to the change of the photoluminescence spectra, highlighting the
ICT nature of the respective band at ca. 500-625 nm and the absence/weakness of the
room-temperature phosphorescence.

The PL decay curves of the deoxygenated toluene solutions of 2PO-PYD and 2AC-
PYD were recorded at the corresponding PL peak wavelengths (Figure 5¢). The major data
of PL decays are collected in Table 3 and Figure S7. The multiexponential fitting exhibited
that the lifetime of the 2PO-PYD LE band totally correlates with the lifetime of the prompt
fluorescent component of the PL decay curve recorded at 621 nm. At the same time, the ICT
bands of the solutions of 2PO-PYD and 2AC-PYD exhibited emission lifetimes of 93 and
143 ns, respectively. Such lifetimes are associated with the so-called fast delayed emission,
i.e., TADF [32].

Table 3. Photophysical characteristics of the toluene solutions of 2PO-PYD and 2AC-PYD.

Toluene Solution ! A,nm? Lifetime, ns * kgisc, 571 kisc, 571 x™
2PO-PYD 394 2.85 - - 1.043
2PO-PYD 609  2.49 (85.44%),9.75 (6.49%), 92.86 (8.07%) 9.5 x 10° 22 x 108 1.166
2AC-PYD 534 6 (95.52%), 142.96 (4.48%) 33 x 10° 1.6 x 108 1.034

! Deoxygenated. > Wavelength at which the measurement was performed. * Intensity amplitude in parentheses.
4 Weighted sum of fit points square deviations.

PL spectra of the films of 2PO-PYD and 2AC-PYD were taken at different tempera-
tures to decisively confirm the absence of room-temperature phosphorescence. The energy
levels of the first excited singlet and triplet states were estimated from the onsets of the
respective prompt fluorescent and phosphorescent bands (Figure 5d,e). The phosphores-
cence component of the emission disappeared while heating, leaving only the ICT band
(Figure 5e,f). The presumption about the TADF phenomenon is inconsistent with the
obtained AEsy of 0.35 eV (Figure 5e) between the first singlet and triplet excited states
of 2PO-PYD, even though it is predicted based on the results of the theoretical analysis
(Figure 3). In this case, the RISC relies heavily on a spin-orbit coupling of energetically
close 3CT and ®LE states. The possibility of spin being flipped in the organic material
without insertion of heavy atoms into the structure is realized because krysc is deeply
dependent on the triplet excitonic Bohr radius, which enhances krjsc by several orders
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of magnitude more than the rate constant of ISC (kisc) (Table 3) [11]. The energy level of
2.29 eV is attributed to *CT of 2PO-PYD, similar to previously reported phenoxazine-based
TADF compounds [28,29,31]. The presence of 3LEis anticipated with an energy level close
to that of ICT state, i.e., of ca. 2.64 eV (Figure 5e), facilitating TADF [32,33]. The low ®
makes it difficult to detect the >LE experimentally. As expected for 2AC-PYD containing
the 9,9-dimethyl-9,10-dihydroacridine donor moiety [28,29,32,34,35], the first triplet excited
state with the energy of 2.59 eV is close to that of 1CT of 2.68 eV, which is beneficial for
TADE. The values of kgysc and kjsc were evaluated from the fitting data of the PL decay

curves using equations krrsc = W”‘;’;’gp{"’”“ S kisc = Tprfd::;’id’np)' where ®pr, ®pf, and
Ppysc are the quantum yields of prompt, delayed fluorescence, and RISC, respectively [36].
Using the formula ¢ = ®pr + Ppp = Wﬁ;ﬁ'ﬁ and knowing that the yield of ISC ®;s¢
cannot exceed the electronic excitation energy not utilized in prompt fluorescence, krjsc can

be estimated by the formula kgsc = m [37]. The data obtained are collected in

Table 3. The kg;sc value for 2PO-PYD reached almost 10° s™!, which is only slightly lower
than the values of state-of-the-art TADF emitters [29,36-38].

3. Conclusions

The derivatives of pyridazine and 9,9-dimethyl-9,10-dihydroacridine or phenoxazine
were obtained by single-step synthesis employing Buchwald-Hartwig cross-coupling
reactions. The compounds are characterized by high thermal stabilities. Their 5% weight
loss temperatures are 314 and 336 °C. During the TGA measurements, complete weight
loss of both pyridazine-based compounds was detected, indicating sublimation rather than
thermal degradation of the samples. The derivative of pyridazine and 9,9-dimethy1-9,10-
dihydroacridine is capable of glass formation. Its glass transition temperature is 80 °C. The
ionization potential values, determined by cyclic voltammetry, are only slightly dependent
on the strength of the donor moieties. They are 5.38 and 5.42 eV. The theoretical study
revealed that Sy—S; excitation is characterized by intramolecular charge transfer that is
the result of large dihedral angles between the pyridazine moieties and donor fragments
in both molecules. The long-living components of the photoluminescence decay curves
were detected for the deoxygenated toluene solutions of the compounds, additional to
the prompt fluorescence components. The appearance of thermally activated delayed
fluorescence (TADF) is presumed from the theoretical analysis of distribution of the highest
occupied and lowest unoccupied molecular orbitals and based on the experimental data
of time-resolved photoluminescence spectroscopy measurements conducted at different
temperatures. The reverse intersystem crossing rate constant of 9.5 x 10° s ! estimated
for phenoxazinyl disubstituted pyridazine is higher than that observed for the derivative
of 9,9-dimethy1-9,10-dihydroacridine and pyridazine (3.3 x 10° s~1), primarily due to the
fast TADF.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma16031294/s1, Figure S1: H spectrum of 2PO-PYD; Figure S2.
13C NMR spectrum of 2PO-PYD; Figure S3. 1H spectrum of 2AC-PYD; Figure S4. 3¢ NMR spec-
trum of 2AC-PYD; Figure S5. DSC (a,b) and TGA (c) thermograms of compounds 2PO-PYD, and
2AC-PYD; Figure S6. Theoretical UV spectra (in toluene) obtained from TD-DFT calculations of
the pyridazine-based compounds 2PO-PYD (a) and 2AC-PYD (b); Figure S7. PL decay curves
of deoxygenated toluene solutions of 2PO-PYD (a,b), 2AC-PYD (c). Refs. [30,31] are cited in the
Supporting Information.
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ABSTRAC

For the l‘unl time exploiting sulfobenzimide moiely as an acee (-'plur unit, the new type of donor-o-acceptor emitter exhibiting thermally activated delayed fluorescence

(TADE) is d d. In different solutions, the

d emits light resulting from either locally excited carbazole moiety or trough-space charge

transfer (exciplex-like) between carbazole and sulfobrnzumde units. In the solid state, this emitter demonstrates aggreganon -induced emission enhancement and

different emission colours due to its different e ‘The

experimental and theoretical approaches inchiding singl.q-mml and powder X-ray anal
compound was utilized as non-doped TADI emitter in rigid and flexible organic light-
EAR :

of the d accept d was obscrved and studied in detail by
es. Electroluminescence of the different colours was observed when the

itting diodes on glass or p terephthalate)

The device fabricated on the rigid subs
11.0 ed A™', 3.0 ITm W', and 4.3%, respectively.

d the best per with

enrrent power and external quanium efficiency of

1. Introduction

Significant competitive potential of organic light emitting diodes
(OLED) and a number of unique design and technological features,
created the p ditions for d commercialization of OLEDs
as a basic el in display (projection and transparent
displays), automotive engineering, biomedicine and modern dynamic
lighting systems [1,2]. Flexible displays for smartphones and TV screens,
coloured light sources are the examples of devices with wide application
of OLEDs [1-4]. Therefore, research interest in the development of new
organic electroactive compounds, suitable for application in OLEDs, is
still high. Despite of the unique characteristics of OLED displays, such as
flexibility, high contrast, low thickness and efficient energy consump-
tion etc., there are still some disadvantages (relatively fast device

* Comresponding athor.
=+ Corresponding athor. Department of Chemistry and Nanomaterials Scienc

degradation, especially of blue OLEDs), and as the result short service
time of the consumer producr The developmen( of new donor-acceptor
organic p d lly activated delayed fluores-
cence (TADF) [5,6], ion-induced i 1 (AIEE)
[7] and mechanoluminescent (MCL) properties [2,9] or the combination
of these properties is an opportunity to increase the device efficiency
and multifunctionality. MCL materials have great potential for the
application in security inks, data storage, sensors, memory devices [10,
11]. They demonstrate spectral response not only to mechanical stimuli
but also to fuming of solvents, temperature gradient, electric field
impact, etc. [12-15].

In the current report we present the synthetic protocol, together with
the results of the structural and spectroscopic characterization for the
novel MCL TADF D-A compound (D is carbazole, A is sulfobenzimide) i.
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e., 2-(3-(9H-carbazol-9-yl)propyl)benzo[d]isothiazol-3(2H)-one 1,1-di-
oxide (CzPrSBI). Using this material, OLEDs on flexible substrate were
fabricated and characterized, including the analysis of dependence of
electroluminescence on the curvature of the OLED active area. The
computational analysis of the different conformations of CzPrSBI ex-
plains the spectral changes of the fabricated diodes upon mechanical
bending. Our report provides a new insight into application of con-
formationally flexible donor-acceptor molecules with non-conjugated D
and A counterparts in color tunable flexible OLEDs that creates a
background for the further development of flexible OLEDs based on
alkyl linked donor-acceptor compounds.

2. Results and discussion
2.1. Synthesis and structural characterization

‘The synthesis of 2-(3-(9H-carbazol-9-yl)propyl)benzo[d]isothiazol-3
(2H)-one 1,1-dioxide (CzPrSBI) was performed via two steps utilizing

leophilic substitution SN2 (Scheme 1). In the first step,
carbazole was depr to form (carbazolyl anion)
followed by the attack one of the bromine atoms in 1,3-dibromopropane
to form 9-(3-bromopropyl)-9H-carbazole [16]. In the second step, sul-
fobenzimide anion replaced second bromine atom in alkyl chain to form
CzPrSBI.

After purification, the target P 1 was

substance. The chemical structure of CzPrSBI was confirmed by *H and

Yg NMR, mass spectrometries and single crystal X-ray analysis (CCDC
number is 2165228). The details of experimental measurements and
characterizations are presented in Supplementary Materials. CzPrSBI
demonstrated moderate solubility in common organic solvents, such as
chloroform, dichloromethane, dimethylformamide (DMF), acetonitrile,
acetone while solubility in toluene and hexane was found to be signifi-
cantly lower.

Hirshfeld surface analysis was performed in order to understand the
nature of the inter contacts the crystal structure of
CzPrSBI (the methodology of computations is presented in Supple-
mentary Materials). A Hirshfeld surface of CzPrSBI is shown in Fig. 1. It
represents the interaction of the electron density of the selected mole-
cule with that of the surrounding crystal medium. The property pro-
jected in Fig. 1 is the normalized contact distance (dym,) from the
surface to the nearest external atom, where red regions indicate in-
teractions, the distances (d) of which are less than van der Waals dis-
tances (the hydrogen bond interactions). Blue regions d exceed the van
der Waals distances, and white regions are responsible for the contacts
exactly equal to the van der Waals distances. As it is shown in Fig. 1, the
intense red spots around the oxygen and hydrogen atoms correspond the
long-range, moderate-strength C-H---O hydrogen bonds which stabilize
the crystal structure of CzPrSBL The two-dimensional fingerprint plot of
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Fig. 1. Hirshfeld dyonn surface of the intermolecular interactions plotted in the
unit-cell of compound CzPrSBL 'The C-H:-O closce contacts are denoted as
green dashed lines.

CzPrSBI is shown in ESI Fig. S1. It reveals the presence of the O--H/
H---O interactions with a d, + d; distance of ca. 2.64 A, and 21.9%
contribution to the total Hirshfeld surface.

The two-dimensional (2D) fingerprint plot of compound CzPrSBI
(Fig. 51, top) illustrates the contributions from the different interaction
types that overlap in the full fingerprint and then separate into partial
contributions (Fig. 51, bottom). The 2D fingerprint plot reveals that the
main intermolecular interactions in CzP+SBI are H---H, C---H, O---H and
C:--C.The decomposition of the fingerprint plot shows that H---H con-
tacts occupy 40.5% of the total Hirshfeld surface area, C---H contacts of
29.8%, O---H contacts of 21.9%, and C---C contacts contribute only 3.7%
to the total Hirshfeld surface area.

2.2. Thermal, el hemical, ph
properties

ical and charge-transp

Thermal characterization of CzPrSBI was performed using ther-
mogravimetric analysis (TGA) and differential scanning calorimetry
(DSC). TGA revealed relatively high 5% weight loss temperature of
314 °C (Fig. 2a). Full weight loss of the sample in TGA experiment shows
that the recorded process was sublimation but not thermal decomposi-
tion. DSC thermogram of CzPrSBI revealed endothermic melting peaks
at 175 “C during the 1st heating scan and 172 “C during the 2nd heating
scan. This difference apparently could be related to the presence of two
meta-stable crystalline forms. In the cooling scan there was no crystal-
lization was observed, therefore, the material solidified in the amor-
phous phase. The following heating scan showed specific transition at

0, S5 ,
DMF reflux Q
bh NN =0
P
O/
CzPrSBI

Scheme 1. Synthetic route to CzPrSBI.
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Fig. 2. DSC thermograms (a) of CzPrSBL Inset: TGA curve of CzPrSBI. Photoelectron emission spectrum (b) of the solid film of CzPrSBI. Inset: Cyclic voltammetry
curve of the DMF solution of CZPrSBL TOF transients for holes (¢) and cleetrons (d) recorded at the different applied voltages and the plots of charge-carrier drift

mobilitics versus cleetric ficld (¢) for the layer of CzPrSBL

41 °C which can be characterized as glass-transition and exothermic
peak at 132 °C which can be recognized as crystallization signal
(Fig. 2a).

Tonization potential (IP) and electron affinity (EA) of CzPrSBI were
estimated by cyclic voltammetry of the solution in DMF (Fig. 2b, inset).
To calculate IP¢y and EAcy of the compound, the equations IPcy = (Eqy

+ 4.8) and EAcy = (Erea + 4.8) were used, where E, and E.q are
electrochemical oxidation and reduction onset potentials, respectively.
Ferrocene/ferrocenium redox potential was used as a standard. CzPrSBI
demonstrated irreversible oxidation and reduction at 0.84 eV and —~1.95
eV, respectively. Unprotected C-3 and C-6 positions of carbazole moiety
most likely were r ible for irr ibility of the oxid process
[17]. IP¢y and EAcy values were estimated to be 5.64 eV and 2.85 eV,
respectively, while electrochemical band gap E{¥ was found to be of
2.79 eV.

Ionization potential of the solid thin film (IPpg) was estimated by
photoelectron emission spectrometry (Fig. 2b). The solid-state IPpg
value was found to be of 6.08 eV. The equation EApg = IPpp — E;"‘ was
used for the calculation of electron affinity (EApg) value. It was esti-
mated to be of 2.65 eV. This EApg value was calculated using the optical
band gap E{*" of 3.43 eV taken from the absorption spectrum of the solid
film. Relatively high difference between the values of IP and EA
measured for the solution and for the solid thin film is apparently related
to the stronger intermolecular interactions in the solid state.

Charge-transporting properties of vacuum deposited thin film of
CzPrSBI were examined by time-of-flight (ToF) technique. The obtained
current transients for holes and electrons showed that the charge
transport was very dispersive (Fig. 2¢ and d inset). Nevertheless, the
transit times (1) at the different applied voltages (positive for holes and
negative for electrons) were clearly observed in log-log scales (Fig. 2 ¢,

d). The lower t;; value was obtained at high voltages in comparison to
that recorded at low voltages (Fig. 2 c,d). At the electric field of 4.43 x
10° V/cm, the hole mobility value was found to be of 3.2 x 107% em?/V
x s, while electron mobility was found to be just slightly higher, i.e. of
4.4 x 107° cm?/V x s (Fig. 2e). By fitting of the experimental electric
field dependences of charge carrier drift mobilities according to the
Poole-Frenkel prediction y = ;4,,(!‘”‘ ? nay, very different values of
zero-field mobilities () of 5.8 x 10 Sand 3.4 x 10 7 em?/V x s were
obtained for holes and electrons, respectively. Such big differences are
because of the di field depend (a) of 6.1 x 107%
and3.9 x 10 % (cm/V)“ 2 obtained for holes and electrons, respectively.
It should be noted that bipolar compounds preferably transporting
electrons are much rarer in the literature than bipolar compounds
preferably transporting holes. Such Is are required ially
for guest-host organic systems [ 9]. However, at very high electric fields
the hole mobility values of CzPrSBI exceeding those of electron mobility
are expected according the Poole-Frenkel fitting.

To study charge-transport properties of CzPrSBI in more detail, the
six various types of charge hopping pathways A-F were separated within
the X-ray structure (Fig. 1) and then analysed using the incoherent
hopping model proposed in Refs. [20-25] This model is appropriate
when the intermolecular transfer integrals are much smaller than the
charge reorganization energy. The rates of charge transfer between
neighbouring molecules (hopping rate W) are described by the
Marcus-Hush equation [26-30]:

Vil

/ A
w=iy () (ir) @

where 2 is the reorganization energy for holes or electrons, V is the
transfer integral, T is temperature (298.15 K for our calculations), ky is
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the Boltzmann constant, & is a reduced Planck constant. The transfer
integral V characterizes the strength of electronic coupling between the
two adjacent molecules. It can be obtained by so-called direct method
[31] in accordance with the following equation:

i
Vetecuonjiote =@ viosnionio | F* | #hiniosmowo) @
where g 10 and @ 1, Tepresent the HOMO or LUMO wave

functions of the isolated molecules 1 and 2, respectively, F’ is the Fock
operator for the dimer. In Eq. (2) the suffix zero means that the mo-
lecular orbitals appearing in the operator are unperturbed. The robust-
ness of this direct approach was demonstrated by numerous reports for
different kinds of molecular crystals [32-35]. Based on the estimated
hopping rates (W) the diffusion coefficient D can be expressed as

1 e
D:ﬂ;, W.Pi 3)
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energy (Aule/ heleeiron), the electronic coupling (V) and the intermolec-
ular center-of-mass distance (r). The A-C packing modes with the
shortest intermolecular center-of-mass distances yield the largest
transfer integrals in the case of hole transfer (- 31.63, 8.49 and 5.24
meV, respectively). The dimers in pathways E and D with face-to-face
n-n stacking interactions are preferable for electron transfer with the
corresponding integrals for electron transfer of —99.73 and —20.33
meV, respectively (Table 1). The dimer E has much larger electron
transfer integral and represents the main pathway for electron transfer.
This fact can be explained by the presence of strong n-x overlap between
neighbouring molecules. The dimers in other pathways have little mo-
lecular orbital overlap for the side-to-face or side-to-side stacks (Fig. 3).

As one can see from Eq. (1), the reorganization energy strongly af-
fects the carrier hopping rate and plays an important role in determi-
nation of the final hole/electron mobility. This means that the estimated
charge mobilities can be higher if the molecular packing is taken into
account. Being in a molecular packing, molecular donor and acceptor
fragments cannot rotate freely. Meanwhile a free molecule can undergo

where n is the spatial dimensionality (n = 3 for the thr
single crystal of compound 1), i denotes a particular hopping pathway
with hopping distance r; (the intermolecular center-to-center distance in
particular dimer), and P; is the hopping probability, which is calculated
as [36].

W,

=W

Bis @)

ikiThe drift mobility from charge hopping (¢) is then evaluated from the
Einstein relation providing the bulk (isotropic) mobility of holes and
electrons for the studied molecule 1 single crystal [36]:

¢

D,
ksT

®)

where e is the electronic charge.

The reorganization energy (1) has both inner and the external con-
tributions. The inner reorganization energy represents a measure of
geometrical distortion of the ionic forms from the neutral molecule [37,
38]. We only the inner reor energies for hole (Aor.)
and electron (Auecron) charge carriers employing the adiabatic potential
energy surface approach [39]:

ik e = (i o= Eetin o) + (B e = Bocurt)  (6)
where Epeyrat is the optimized ground state energy of the neutral mole-
cule, Eqqion / anion is the optimized structure energy of the cationic/
anionic molecule, E}; . /.., 15 the energy of the neutral molecule at the

conformational changes similar to those possible in the
crystal phase. Therefore, the intramolecular reorganization energies of
CzPrSBI were calculated both for the case of isolated molecule (free
rotation of D and A fragments) and for the solid state (rotation of D and A
fragments is frozen). In the first case the hole/electron reorganization
energies have much larger values of 161 and 558 meV, respectively
(Table 1). When the molecular packing is taken into account, the
conformation changes are smaller during the charge transfer process and
hole/electron reorganization energies are of 49 and 378 eV, respectively
(Table 1). The degree of decrease of reor energy is d
with the decrease in conformational changes. The main structural
changes of free molecule of CzPrSBI and its charged ions, observed
during optimization process, are presented in ESI (Fig. S2—85). To avoid
large deviations in mobility estimations the molecular packing should be
taken into consideration in calculations of the intramolecular reorga-
nization energy.

The hole and electron mobility values for CzPrSBI calculated taking
into account molecular packing were found to be of 0.589 and 0.551
em? V™! 57, respectively (Table 1). Thus, compound CzPrSBI can be
considered as a promising organic bipolar semiconductor. Experimen-
tally measured hole and electron mobility values are however much
smaller than those obtained by hemical simulati of
idealistic single-crystal phase. This discrepancy might be explained by
high disorder of vacuum deposited thin film of CzPrSBL.

2.3. Common photophysical properties, aggregation-induced emission
5 anid méchariobu

cationic/anionic geometry and E/ .. nion

is the energy of the cationic/
anionic molecule at the neutral-state geometry. The calculated charge-
transport characteristics are summarized in Table 1.

According to the Marcus-Hush theory (Eq. (1)) the charge transfer

mobility is dependent on the three factors including the reorganization

Table 1

Absorption spectra of the solutions (1 x 10 S mol/L) in five solvents
with the different polarities are depicted in Fig. 4a. In general, absorp-
tion spectra have distinctive motif for carbazolyl-containing organic
molecules [40]. Two low-energy absorption bands, which previously
were designated as 'Ly—'A and 'L,—'A [41], are characterized by

Center-of-mass distances within dimers (r), reorganization energies (4), transfer integrals (V), charge hopping rates (W) and charge carrier mobility () of CzPrSBI

calenlated at the B3LYP/DZP theory level.

Dimer  r(A)  Reorganization cnergy (, meV)  Transfer integral (V, mcV)

Rate of charge hopping (W, s ')

Drift mobility from charge hopping, (s, em® V- 's ')

Hole Electron Hole Electron Hole Electron Hole Electron
A 1.6 49" (161)" 378 " (558) " 3163 0.81 474 x 10% 482 x 10° 0.589 7 (0.108) " 0.551 % (0.080) "
B 7.1 8.49 0.77 342 %10  4.05 x 10
c 9.5 5.24 -0.11 130 x 107 8,27 x 10°
D 10.3 0.01 -20.33 474 x10° 282 x 10"
E 11.4 —009  -9973 3.84x10°  6.80 x 10"
¥ 126 0.42 0. 636 x10° 6,15 x 10°
* — the value calenlated with taking into acconnt molecular packing.
 _ the value obtained without accounting molecular packing.

a
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ri2=4.5(5) A
Dimer A

r2=71(1) A
Dimer B

f2=10.2(9) A
Dimer D

riz=9.5(0) A
Dimer C

rz2=11.4(0) A re=126(0)A
Dimer E Dimer F

Fig. 3. ‘The structure of the pertinent dimer configurations extracted from the single erystal X-ray data of CzPrSBL The center-of-mass intermolecular distances (1)

are shown by green arrows.
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considerable vibrational structure (Fig. 4a). As a result, not only the
most intensive 0-0 transitions at 285 and 335 nm can be recognized but
also 0-1 or 0-2 transitions are observed. Despite compound CzPrSBI
contains donor and acceptor moieties in its molecular structure, there
are no well-recognized signs of formation of charge-transfer (CT) states
in the absorption spectra. The similar observation was reported for
exciplex-forming systems for which intermolecular CT formation in
ground state could not be observed by simple absorption measurements
[42]. However, as it follows from our quantum-chemical calculations
the CT states for the different conformations of CzPrSBI molecule are
generally observed in the range 300-315 nm of absorption spectrum
(Table 2). Meanwhile, the distinct carbazole absorption is predicted (LE
states) at higher energies ie., at ca. 285 nm. We assume that
range-separated cam-B3LYP functional used in this work overestimates
the energy of carbazole ‘Ly«'A band (theor: 283-288 for different
conformations, exp: 335), while more correctly predicts the energy of CT
states (theor: 300-315 nm). However, the intensity of CT i in

Dyes and Pigmenis 208 (2022) 110841

CzPrSBI in the solid state, we recorded PL spectra and PL decay curves
of the solid solutions of CzPrSBI in ZEONEX of the different concen-
trations (Fig. 4d and e). At the low concentrations (0.2 and 1%) when
there is no intermolecular interaction, the solid solutions were charac-
terized by PL spectra with high-energy (LE emission) and low-energy
(intramolecular CT emission at 426 nm) bands. These PL spectra are
very similar to those detected for the toluene solutions of CzPrSBI
(Fig. 4b). At the concentrations of CzPrSBI in ZEONEX higher than 5%
when the aggregates are formed, the PL spectra are mainly characterized
with the low-energy (intermolecular CT emission) band at 482 nm
which is red-shifted in comparison to the intramolecular CT band of
CzPrSBI observed at the low concentrations (Fig. 4d). The clear differ-
ence between the lifetimes of emissions of intramolecular and inter-
molecular CT states is also detected (Fig. 4e). The shapes of PL decay
curves of the solid solutions of CzPrSBI in ZEONEX of the different
concentrations are similar since the emission of CzPrSBI originates from
the i (either from intr lecular or/and intermolecular ones).

absorption spectrum is much lower than for 1L|,~‘A band. Thus, CT
transitions are overlapped by the main 'L,~'A band and are not
observed by experimental measurements.

Carbazole-originated LE with the structure,
where 0-0 and 0-1 transitions appeared as the maxima at respectively
349 and 365 nm, the 0-2 transition appeared as the shoulder, were
detected for the solutions of CzPrSBI (Fig. 4b). The PL spectrum of THF
solution of phenylcarbazole (PhCz) is plotted in Fig. 4b as additional
evidence that the mentioned band of CzPrSBI is correctly ascribed to the
emission of carbazole. Additionally, CT emissions peaked at 484 and
575 nm were well recognized for the toluene and DCM solutions (1 x
10°° mol/L) of CzPrSBI. Predictively, CT emission of CzPrSBI is caused
by aggregation due to the relatively low solubility of CzPrSBI in the
solvents. To check this prediction, PL spectra of the toluene solutions of
the different concentrations of CzPrSBI were recorded (Fig. 4c, 56a).
The highly concentrated toluene solution of CzPrSBI was characterized
by the intensive CT band due to the aggregate formation leading to
strong intermolecular interaction. The intensity of the CT band
decreased with the decreasing concentration of toluene solution. The
similar behaviour was observed was for the DMC solutions of the
different concentrations (Fig. $6a). The position of the CT band

The contribution of intramolecular and intermolecular exciplex forma-
tion of CzPrSBl is also confirmed by the excitation spectra of the films of
the solid solution of CzPrSBI in ZEONEX (Fig. S6b). The shape of the
excitation spectra is very similar to that of the absorption spectra of
CzPrSBI (Fig. 4a). However, the bathochromic shifts were detected in
the excitation spectra of the films of the solid solutions with the increase
of the concentration of CzPrSBI. This observation can apparently be
attributed to the stronger CT interactions of D and A units in CzPrSBI
aggregates than in the separate molecules.

To study solid-state emission of CzPrSBI in more detail, the series of
dispersions of the compound in the mixtures of THF and water with the
different fraction of water but with the same concentration of CzPrSBI
were prepared and their photoluminescence spectra were recorded
(Fig. 4f). CzPrSBI formed solid aggregates with the increase of amount
of water in the mixtures. The dispersions in the mixtures of the slovents
with the concentration of THF of 30% or more exhibited emission
spectra similar to that carbazole (Fig. 4b). The solid aggregates were
formed in the mixtures with water fraction higher than 70%. The higher
emission intensity of the solid sample of CzPrSBI than that of the so-
lution in the good solvent (THF) indi ion-induced emissi

1§ (AIEE). PI lumi; quantum yield (PLQY) values

of CzPrSBI were strongly media dependent because of the formation of
different aggregates in the different solvents. The position of CT band
dependence was apparently caused by the change of position of carba-
zole relatively to sulfobenzimide. Because of the bridge —(CN,)3- be-
tween carbazole and sulfobenzimide moieties, CT of CzPrSBI was not a
typical one formed between covalently bonded donor and acceptor units
[43]. It was through-space CT (TSCT), thus exciplex-like one [44]. It was
previously demonstrated that the shift of emission spectra of exciplexes
is mainly related to the distance/position between donor and acceptor
units [45,46].

It should be specified that the red-shifted and aggregation-dependent
emission band of CzPrSBI mainly resulted from the emissive relaxation
of the intramolecular CT (exciplex-like) states formed between D and A
fragments in solutions as it is noted above. However, exciplex formation
(intermolecular CT states) between the neighbouring molecules of
CzPrSBI can be additionally expected in the solid state. To investigate
the relation between intr lar and inter lar CT states of

Table 2

recorded for the dispersions of CzPrSBI support the presence of AIEE.
The lower PLQY value of 1.46% was recorded for the dilute solution of
CzPrSBI in toluene in comparison to PLQY value of 14.8% observed for
the solid solution in ZEONEX. The solid aggregates showed wide and
intensive emission with the maxima in the range from 471 to 502 nm.
Such difference between emission maxima of the different aggregates of
CzPrSBI are most probably due to the different distances between
carbazole and imi ietis A ly, not only intra-
lecular CT states d but also intermolecular CT
states (exciplex ). This makes spectrum of
extremely broad. It covers almost the whole visible region from 400 to
700 nm and extends to NIR region (Fig. 4f).

Observation of the different emission spectra for the different ag-
gregates of CzPrSBI suggests prediction of mechanoluminescent prop-
erties of the compound. Indeed, CzPrSBI showed ability to respond to
external stimuli (such as grinding, solvent treatment and melting) by
1 ing its i

P h (Fig. 5a). As-prepared solid

Vertical absorption (Aups, nm) and vertical emission (A, nm) characteristics of the different molecular conformations of CzPrSBI calculated by TDA/TDDFT/cam-
B3LYP/6-31G(d,p). Oscillator strength values are presented in parentheses. Relative energies of molecular conformations (Ere, keal mole™!) are also included.

Conf 1 Conf It Conf 11l
Aas (F) Aa (f) Nature Tet o (F) Aa () Nature Frel Aabe (F) a (f) Nature Tiew
GasPhase ~ 298(<0.01) 439 (<0.01)  CT[HLI +11 280(0.05)  288(0.08) LE[HL-2] 442  315(0.01) 454(0.01) CT[HLI 0
Hexane 285(<0.01) 398 (<0.01)  CT[HLI +1.0  281(0.06) 290(0.08) LE[HL-21 438  311(0.02) 439(0.02) CT[HLl 0
e 283 (0.07) 301 (0.11) IE[I142] 411 282(0.06)  291(0.10)  IE(IM-2] 435  307(0.02) 425(0.02) CT[I1] 0
DpeM 282(0007) 303 (0.11) LE[HL+2]  +1.3  282(0.00) 302 LE[HL-2] 441 306 426(0.02)  CI'THLI 0
6
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Fig. 5. DL

pectra (#) of CzPrSBI after the different external stimuli; PL maxima shifts (b) after four grinding/fuming eycles; powder X-Ray diffractograms () and

photoluminescence decay curves (d) of CzPrSBI after various external stimuli. Intensity of delayed fluorescence versus excitation power (e) for the film of CzPrSBI.

powder (obtained after the synthesis and purification) exhibited emis-
sion peaking at 462 nm under UV excitation. Mechanically obtained (by
grinding) amorphous phase under the same excitation exhibited
noticeably red-shifted emission peaking at 482 nm. The following
treatment of the amorphous sample by dichloromethane vapour for 3
min (fuming), recovered peak of emission intensity back to the 484 nm.

HOMO

LUMO

LUMO+2

Conformation T

Conformation IT

Melting of the fumed sample resulted in even stronger bathochromic
shift of photoluminescence with a peak at 488 nm (Fig. 6a). The
reversibility of mechanoresponsive emission was tested by the conse-
quent repetition of grinding and fuming processes. Four grinding-
fuming cycles of the sample of CzPrSBI showed that emission was
reversible without degradation (Fig. 5b). One of the possible

TUIREY

Conformation T1T

Fig. 6. The shape of selected molecular orbitals of the different conformations of CzPrSBI.
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explanations for the above described spectral changes of CzPrSBI is
conformational transitions induced by mechanical stimuli. As it follows
from the results of quantum-chemical calculations, the conformation I
that dominates in the single-crystal phase is not a global energy mini-
mum compared to conformation III which should mainly exist in a
disordered medium such as amorphous solid or gas phase (compare E|
in Table 2). Conformation I is stabilized by crystalline phase, while in
the absence of stabilizing effects it transforms into conformation IIT
sustaining x-tacking interaction between D and A planes. Indeed, as it
follows from our computations, conformation I demonstrates S;-Sy
emission at 439 nm in gas phase, while conformation 11T demonstrates
red-shifted emission at 454 nm. These results are in excellent agreement
with the experimental data (462 nm and 484 nm for single crystal and
amorphous phase, respectively). For both conformations I and I1I in gas
phase the Sy-S; vertical absorption and $,-S vertical emission transi-
tions correspond to one-electron excitation of HOMO-LUMO type.
Taking into account, that HOMO is localized on carbazole (D) fragment,
while LUMO is localized on sulfobenzimide (A) moiety, the S; state is
assigned to charge-transfer (CT) origin (Fig. 6).

The formation of conformers of CzPrSBI is apparently related to the
changes of the structure of its powders under the different external
stimuli. The phase transitions which occur during mechanical stimula-
tion (grinding, fuming, melting) were distinctly shown by the powder X-
ray diffraction analysis (Fig. 5¢). The initial crystalline powder, grinded
amorphous phase, fumed crystalline sample and the melted sample
demonstrated the different diffraction patterns. The initial crystalline
sample showed complex set of diffraction peaks. They di: d after
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difference of the lifetimes of short-lived and long-lived components. This
observation can be explained by the different conformational composi-
tions of the samples.

To provide additional evidence of the triplet harvesting ability of
CzPrSBI via TADF, PL spectra and PL decay curves of its toluene solution
and of the film of 95 wt% solid solution in ZEONEX were recorded
(Fig. 7a—c). In addition, PL spectra and PL decay curves of the film of the
solid solution in ZEONEX were recorded at the different temperatures
(Fig. 7d and e). Deoxygenation of the samples lead to the increase of
intensity of the low-energy band of CzPrSBI confirming the contribution
of the triplet states in emission. With the increase of the temperature
from 77 to 120 K, the increase of emission intensity of CzPrSBI was
observed due to the TADF effect. Such a conclusion is in good agreement
with the negligibly small AEst of CzPrSBI (Fig. 7f). At temperatures
higher than 120 K, the emission intensity of CzPrSBI continually
decreased due to the non-emissive losses of exciplex formed between the
D and A units.

The photoluminescence lifetimes of CzPrSBI were found to be rather
long as for prompt fluorescence, but they were very short in comparison
to PL lifetimes of compounds exhibiting conventional TADF [50,51].
The similar exciplex-based TADF was p! observed for
6-cyano-9-phenylpurine and for the compounds containing
benzoyl-1H-1,2,3-triazole acceptor and carbazole-based donor moieties
[52,53]. These TADF exciplex systems were characterized by the life-
times attributed only to delayed fluorescence because of the fast inter-
system system crossing (FISC). The conventional exciplexes are

| rized by prompt and delayed fluorescence with the lifetimes in

grinding. However, the further fuming of the amorphous sample resul-
ted in the restoration of single peak with the value of 26 of 22.9°. The
following melting of the sample resulted in appearance of the other
single peak with the value of 20 of 30.1°. Apparently, melting and
cooling of the sample led to the recrystallization and formation of the
second polymorphic form. These observations are in a very good
agreement with the information obtained by DSC, which revealed two
melting peaks (Fig. 2a).

The nature of emission was also examined by time resolved lumi-
nescence spectrometry. The PL decay curves are shown in Fig. 5d. The
differently treated samples demonstrated the similar PL decays. The
lifetimes of short-lived components, which were responsible for the
prompt fluorescence, were found to be in the range of 87-137 ns, while
excited state lifeti of the long-lived which were
responsible for delayed ranged from 679 to 898 ns
(Table 3). Taking into account the slope value of 0.952 of the plot of the
intensity of delayed fluorescence versus excitation power (Fig. 5e) [47],
we conclude that delayed fluorescence is TADF in nature but not the
emission resulted from triplet-triplet annihilation. The origin of TADF
can be explained in terms of proximity between CT states for the con-
formations face-to-face ori of donor and acceptor
moieties. It is well known that space-separated CT states in single mol-
ecules and in intermolecul (such as ) usually
demonstrate very small singlet-triplet splitting that results in TADF [48,
49]. Indeed, the singlet-triplet gap estimated for confirmation 1T in gas
phase approximation is only 0.093 eV, while the intensity of $;-Sp is
considerable as for CT states (f = 0.01, Table 2). These two factors affect
the possibility of CzPrSBI to demonstrate TADF.

The photolumi decay of the fumed and melted
samples, which represent two polymorphic forms, showed remarkable

Table 3

Pl i decay chara istics of various forms of CzPrSBIL
Sample Ty, NS T, NS 7 /T %
Initial 88.86 868.67 1.105 84.05/15.95
Ground 113.66 679.73 1.288 80.30/19.70
Fumed 87.22 745.82 1.010 82.59/17.41
Melted 138.21 898,61 1.277 76.38/23.62

the ranges of nanoseconds and of tens or hundreds of microseconds
respectively. In contrast, FISC-assisted TADF exciplex systems are
mostly characterized by delayed fluorescence with lifetimes in the
ranges of tens or hundreds of nanoseconds [52,53]. Taking into account
the similarity of PL decay curves of CzPrSBI to the corresponding PL
decay curves of the previously published FISC-assisted TADF exciplex
systems, it can be concluded that emitter CzPrSBI is one more example
of FISC-assisted TADF exciplex systems.

2.4. Electroluminescence

To explore the performance of CzPrSBI as the TADF emitter, OLED
with the structure Cul/TPD/CzPrSBI/TSPO1/TPBi/Ca/Al was fabri-
cated utilizing the thermal vacuum evaporation technique. The layer of
Cul was used as hole-injection layer [54,55] and that of 2,2,2"-(1,3,
5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) [56] was
employed as an electron-transporting layer. Additionally, the TPD [57]
and TSPO1 [58,59] were used for hole transporting and exciton--
blocking layers, which ensured the balance of charge carriers in the
emission layer. CzPrSBI was used as the emitter. The layer of calcium
topped with a 200 nm layer of aluminium was used as the cathode.

Similarly to the PL profiles of the neat film of CzPrSBI, shown in
Fig. 8 a,c, the devices exhibited the structureless electroluminescence
(EL) spectra (Fig. 8 a,c) with the intensity peaks in the range of 490-504
nm. This observation demonstrates that EL resulted from the emitter
itself. The relative intensity of the shoulder peaking at 630 nm increased
with the increase of driving bend angle of flexible OLED (Fig. 8 ¢). We
assign this observation to intermolecular exciplex formation between
the donor part of one CzPrSBI molecule and acceptor part of another
one. When the flexible samples changed the angle of the bend, the in-
tensity of the peak grew. When the angle reached 50° the intensity
reverted to that of OLEDs with the glass substrates. The mechanochro-
mic luminescence of CzPrSBI in flexible OLED is attributed to the
enforced approach of donor and acceptor fragments due to mechanical
impact (bending in our case) that results in the enhancement of the
formation of intermolecular exciplexes.

The device based on a glass substrate exhibited the best performance
with maximum current efficiency, power efficiency, and external
efficiency (EQE) of 11.0 ¢cd A%, 3.0 Im W, and 4.3%,
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Table 4
Characteristics of OLEDs fabricated on the glass and flexible substrates.
Device Von,  Max. Current Power EQE,
substrate V. brightness,ed  efficiency,ed  efficiency,lm %
w? A W=t
at 1000/max. cd m™2
glass 6.1 16000 11.0/9.0 3.0/1.8 1.3/
35
flexible 7.4 9000 26/2.5 0.6/0.4 0.8/
0.9

respectively (Fig. 8, Table 4).
3. Conclusions

We synthesized and characterized the new carbazole-c-sulfobenzi-
mide derivative, where ¢ is (CHz)s. It showed mechanochromic ther-
mally activated delayed fluorescence and aggregation- md\lced emission
shift as well as tunable in flexible elect hetero-
structures. The unique property of the compound is that it consists of
donor and acceptor subparts separated by non-conjugated linker that
makes the system conformationally variable and supresses the common
charge-transfer electronic liated by x- 1 linkers.
The only space-separated inter- and intramolecular charge-transfer
excited states are thus possible. This possibility well explains the
sensitivity of emission properties of the compound to aggregation and
mechanical stimuli as well as sheds light on the origin of thermally
activated delayed fl and on bending-d: dent electrolumi-
nescence of flexible light-emitting diodes. Although the efficiency of the
Dest flexible OLED was not high, we demonstrated the approach for the
design of color-tunable flexible OLEDs which can be extended onto
broader variety of mechanochromic TADF emitters.
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