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1. INTRODUCTION

Substantiation of the scientific problem

Humanity entered the digital era in the twenty-first century. All the aspects of
modern life including work and recreation are affected by the rapidly accelerating
integration of computers and the society. The major way of comprehension of
massive data as well as every-day information for people is visual interpretation.
Monitors help to simplify scientific, manufacturing or any other kind of activities.
The development of the display technology helps to make complex things
dramatically easier to deal with.

The ease of the visual perception of information is a driver of rapid changes in
the culture, industry and the commercial sector. The technology of organic light
emitting diodes (OLED) has many advantages in comparison with the competitive
technologies which make it one of the most promising for further expansion. The
valuable properties of OLEDs are design simplicity, low cost, low mass, low
consumption of electricity, high definition and quality of picture, wide viewing
angles, negligible times of response, a wide range of operational temperatures etc.'2
The milestone of one billion OLED displays fabricated for smartphones was
achieved in July 2018.2 The next big step is the wide use of flexible and transparent
displays.

Researchers around the globe are involved in overcoming the challenges of
OLED technology which are the obstacles for its undisputable dominance in the
global display market. The main point of them is the decrease of the cost of energy
consumption as well as the increase of the lifetime of devices, especially of those
emitting blue light.* Blue emitters are required to have high energy levels of excited
states. As a consequence, it is more complicated to direct energy to provide blue
emission than green and red. Bonds of blue emitters tend to break down, and
excitation is deactivated preferably by non-radiative ways.*® The challenge in the
field of the OLED technology is the efficiency increase of devices avoiding negative
effects, such as high cost, insufficient stability of the product, and the complexity of
the fabrication process.

Investigation of the most promising recent approaches to increase the
efficiency of OLEDs, such as the phenomenon of thermally activated delayed
fluorescence (TADF), aggregation-induced emission (AIE) or aggregation induced
emission enhancement (AIEE), electrophosphorescence (phosphorescent OLED,
PhOLED), ambipolarity of emitting species is relevant for developing better
understanding of the ways how illuminating devices can be improved under control
of the color-tunable electroluminescence.

In order to achieve the required characteristics and quality of OLEDs,
specifically designed molecular structures of electroactive compounds have to be
utilized in the functional layers of the devices. The aim of the presented work is
comprehensive analysis of the structure-properties relationship of new organic
electroactive compounds necessary for the improvement of OLEDs.
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The tasks of the dissertation:

- Investigation of photophysical, electroluminescent, thermal properties of
new carbazolyl- and 1,2,3,4-tetrahydrocarbazolyl-substituted
benzothiadiazoles with donor-acceptor-donor structures;

- Photophysical and electroluminescent investigation of new symmetrical
and asymmetrical donor-acceptor-donor bipolar derivatives of benzonitrile
containing  phenoxazine,  phenothiazine,  dimethyldihydroacridine,
carbazole moieties as donor units;

- Photophysical and electroluminescent study of the new donor-acceptor-
donor type TADF emitters with diphenylsulfone as the acceptor and 2-
(trifluoromethyl)-10H-phenothiazine, 10,11-dihydro-5H-
dibenz[b,flazepine, 5H-dibenz[b,flazepine, 4-methoxy-9H-carbazole or
1,2,3,4-tetrahydro-9H-carbazole as donor units;

- Study of thermal, photophysical, electrophysical and electroluminescent
properties of the new derivatives of methoxytriazine containing tert-
butylcarbazole moieties;

- Investigation  of = methoxycarbazolyl-disubstituted  dibenzofurane
derivatives as hosts for guest:host systems of TADF-based and
phosphorescent OLEDs;

- Photophysical and electroluminescent investigation of the new
diphenylsulfones substituted by tert-butylcarbazole and carbazole units in
para- and ortho- positions as hosts for TADF-based OLEDs.

Novelty and relevance of the thesis:

- Red non-doped OLEDs based on new donor-acceptor-donor emitters with
a benzothiadiazole acceptor and carbazolyl donors were designed,
fabricated and characterized;

- The possibility of tuning the characteristics of TADF and AIEE by
selection of dimtehyldihydroacridine, phenoxazine, carbazole and
phenothiazine donating substituents in donor-acceptor-donor benzonitrile
derivatives was demonstrated for the first time;

- Newly designed and synthesized TADF emitters based on diphenylsulfone
and dibenzothiohene derivatives with two di-tert-
butyldimethyldihydroacridine substituents were utilized in the fabrication
of efficient OLEDs;

- Photophysical and electroluminescent characterization of the series of
triphenyltriazine substituted by tert-butylcarbazolyl moieties as TADF
emitters was performed for the first time;

- The suitability of methoxycarbazolyl-disubstituted dibenzofurans which
showed acceptable charge transporting properties for the application as
hosts for green TADF OLEDs and green/red PhOLEDs was demonstrated
for the first time;



- For the first time, a diphenylsulfone-based donor-acceptor-donor
derivative was successfully employed as an efficient host for TADF
OLED.

Contribution of the author:

The presented scientific work and the analysis of its results were conducted by
the author in collaboration with the colleagues/co-authors of the publications from
Kaunas University of Technology, Vilnius University, National Taiwan University
and other institutions. Methoxycarbazolyl-disubstituted dibenzofurans were
synthesized by dr. A. Bucinskas. All other series of the studied compounds were
synthesized by dr. D. Gudeika. The author analyzed the results of theoretical
calculations. The author made contribution to the photophysical investigations and
characterization of the series of carbazolyl- and 1,2,3,4-tetrahydrocarbazolyl-
substituted benzothiadiazoles and conducted them for all other series of investigated
derivatives. Device fabrication was done by the author except for OLEDs made in
Taiwan for the series of TADF emitters based on diphenylsulfone or
dibenzothiophene and di(tert-butyl)dimethyldihydroacridine. The author in
collaboration with scientific consultant habil. dr. D. Volyniuk conducted
measurements and analysis of the electrochemical, photoelectrical, charge-
transporting properties of the investigated compounds.
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2. LITERATURE REVIEW

The Literature review chapter contains the information from articles of the
author (see 7. List of publications on the subject of the thesis).

2.1. Organic light emitting diodes

The pioneer steps in the investigations of the contact between the electrode
and the organic crystal was accomplished by Martin Pope’s group in 1960.% Three
years later, they achieved electroluminescence (EL) of anthracene crystals with and
without doping into tetracene under high vacuum.* As the result of researches of EL
in thin films and crystals of organic materials conducted in the 1960s, Williams and
Schadt presented the first organic light emitting diode (OLED) working at ~400 V
based on anthracene crystals and optimized electrodes.” In the next decade, scientists
were focused on the synthesis and the doping concentration control of the
conjugated polymers.&1°

The dawn of the era of OLEDs began with the first efficient devices fabricated
by Ching Tang and Steven Van Slyke from Eastman Kodak in 1987.1! They used a
multi-layer structure with hole transporting and electron transporting layers and
reduced the operating voltage, which led to the increase of efficiency. This was a
fundamental discovery for the whole technology making tectonic changes in the
branch of the illumination industry.

At the same time, there was a significant development in the research of
conjugated polymers, oligomers and their use in optoelectronics.'>” The 1990s
were spent on the improving polymer light emitting diodes form the first fabricated
devices to efficient ones.'®1° In the 21 century, OLED is being considered as one of
the major lighting technologies.?-%

In general, OLED is an electroluminescent device which consists of a
heterostructure of layers of semiconducting organic materials between the cathode
and the anode.® The number of functional layers varies starting from one depending
on the goal of use. The scheme of the optimized OLED structure is presented in Fig.
2.1. The hole and electron injection layers, HIL and EIL, respectively, induce charge
carriers from electrodes. The hole (HTL) and electron (ETL) transport layers help to
transfer them to the emitting layer (EML) via an electric field. The blocking layers
for holes (HBL) and electrons (EBL) can be used for interference of charge carriers
in a transmission to the opposite part of a device. The radiative recombination of the
electron-hole pairs called excitons takes place in EML. This layer can be a neat film
of a bipolar/ambipolar emitter or a layer of emissive species doped into a host for an
efficient energy transfer. The created light is extracted from the surface of a diode
through an anode and a glass substrate.

Organic semiconductors are organic polymers and small molecules with a =-
electron conjugated system.?* Their semiconducting properties originate in the
hybridization of atomic orbitals. n- and o- bonds have axial symmetry as they are
covalent bonds formed along a connective line between two atomic nuclei. s- and p-
atomic orbitals may be hybridized in hydrocarbons into three sp?- orbitals situated at
an angle of 120° with each other and one unchanged p,- atomic orbital located
perpendicular to them. The spatial superposition of atomic orbitals where the

12



electron wave function has the biggest amplitude is called the molecular orbital
which is determined by n- and - chemical bonds. More specifically, n- bonds are
formed by p,- atomic orbitals, while o- bonds are created by sp? orbitals. m-
conjugation serves a key role in the determination of semiconducting properties of
organic derivatives. Solids of organic semiconductors are formed as a result of
intermolecular van der Waals interactions, which is the major difference from the
structures of non-organic semiconductors where strong covalent bonds dominate.

© N

cathode \

EBL

HTL
HIL
anode
glass substrate
@ light
extraction

Fig. 2.1 Schematic structure of optimized OLED

Excitons utilized in OLED are the so-called Frenkel excitons, quasiparticles of
a small binding radius, unlike Wannier—Mott excitons of non-organic
semiconductors. Considering the unique capabilities of short-lived small-distance
molecular interactions, Frenkel excitons perfectly fit the goal of EML functioning in
an OLED. Under excitation in organic compounds, an electron is removed from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) thus leaving a hole. There is a HOMO-LUMO gap of forbidden
energy levels with a value of 1.44 eV fitting well for the emission in the optical
range. It gives a pass for unique physical and chemical characteristics suitable for
optoelectronic applications. In OLED, holes and electrons migrate on the HOMO
and LUMO of molecules of the respective layers to EML. The radiative deactivation
of an electron-hole pair occurs on the interfaces of EML and neighbor layers.
Dealing with the Frenkel excitons dictates the optimal doping concentration in a
guest:host system and the appropriate thickness of EML considering the mean free

13



path of a few dozens of nanometers. Too little thickness may cause electrical
breakdown.

Luminescence is a residual over heat spontaneous emissive radiation.?>2
Kasha’s rule postulates that luminescence arises from the lowest energy level of an
excited state after nonradiative transitions from upper vibrational sublevels.
Electroluminescence (EL) is a luminescence of molecules excited by electricity. The
nature of electronic processes taking place in organic semiconductors performing
EL in OLEDs can be analyzed from the photoluminescence (PL) investigation of
corresponding materials. PL is the luminescence induced by radiation. One of the
major photophysical characteristics, PL quantum yield @ is the ratio of the emitted
photons to the particles of an electromagnetic wave absorbed by the material. @ is
dependent purely on the excitation light source wavelength according to Vavilov-
Kasha’s rule derived from Kasha’s rule. As maintained by the Franck-Condon
principle, the correlation between the distribution of spectra of molecules and an
integrated overlap of wavefunctions of quantum harmonic oscillators of the ground
and excited states involved in a transition is quadratic. Thus, the PL spectrum is red-
shifted to the corresponding absorbance spectrum. The difference in the peak
position of these two spectra is called the Stokes shift. The anti-Stokes shift is
considered in cases of the highest energy emission spectral peak having a smaller
wavelength than the lowest energy absorption peak. It can reveal the impact of the
local excited (LE) states or nonlinear phenomena into emissive processes.?
According to Levshin’s law, there is a mirror image symmetry of absorption and PL
spectra described by Kennard-Stepanov relation.?”? Symmetry breaks under the
effects of the reabsorption or excitation transfer.

Major characteristics are used for a convenient comparison of different
OLEDs, such as EL spectra, CIE coordinates, current, power and external quantum
(EQE) efficiency. 1931 (Commission Internationale de I’Eclairage) CIE coordinates
are the color index, the quantitative link between the emission spectra and the
perceived color. The current efficiency is a ratio of the luminance of light extracted
from the OLED external surface to the density of the electrical current supplied to
the device. Power efficiency is defined as the ratio of the radiation flux to the
electrical power used to supply OLED. EQE is the ratio of the number of photons
extracted from the diode emissive surface to the number of electrons injected in
OLED. EQE is an electroluminescent analogue of @ and has a linear dependence
with ith:

EQE = yns/rPNout
(2.1)

where y stands for the charge balance factor, the ratio of decaying excitons to
injected charge carriers. For an efficient radiative recombination of excitons, the
amount of electrons and holes must be as close to equality as possible, which would
correspond to the maximum y of 1. It impels to optimize the structure of devices by
selecting layers with the appropriate charge carrier transport characteristics and
tuning their thickness. #sr is the radiation recombination factor which reveals the
portion of excitons used in emissive processes. It has the internal quantum efficiency
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(IQE), the percentage of excitons employed in emission, as its limit. n,,; is the
outcoupling factor, the indicator of the fraction of light emitted from the external
surface of a device. Without using advanced substrates for out-coupling treatment, it
is usually around 30%.

2.2. Bipolar fluorescent emitters with benzothiadiazole acceptor

Excitation upon electricity produces 25% of singlet and 75% of triplet excitons
due to the statistics of the orientation of a spin angular momentum of an electron-
hole pair. Fluorescence is a radiative relaxation of the first singlet excited state S;.
Prompt fluorescence (PF) is considered if singlet excitons were originally located on
Si. Therefore, the maximum value of IQE is 25% for fluorescent emitters since only
singlet excitons emit light. This determines the highest possible values of EQE up to
~7-8% for fluorescent OLEDs without advanced substrates. In order to simplify the
fabrication process for industries, non-doped EML of one organic emissive material
is preferred. Thus, a fluorescent emitter should have a pronounced ambipolar
charge-transporting property for providing y close to 1.

Properties of ambipolar organic compounds containing electron-donating and
electron-accepting fragments can be optimized by controlling the number of the
donor and acceptor units in the structures.’® The strength of donor-acceptor
interactions is influenced by accepting moieties and n-conjugated bridges.*® Usually,
strong accepting moieties and short bridges enhance donor-acceptor interactions.!
2,1,3-Benzothiadiazole (BTD) is a typical electron-withdrawing moiety amenable to
facile ring modification. Introduction of such fragments into molecules may
facilitate electron-injection or charge-transport and enable to tune band gaps.®?33
BTD moieties are utilized in the design of m-conjugated compounds for different
applications.®* Carbazole compounds are known as classic hole transporters.® They
have been extensively used in many materials with high charge carrier mobility.
Some of them exhibit ambipolar characteristics.*® Carbazole derivatives are utilized
in various electronic and optoelectronic devices including OLEDs.%” There are many
reports on benzothiadiazole derivatives containing donor groups. For example, Lee
and co-workers® synthesized n-conjugated organic dyes containing triphenylamino
and BTD moieties (HKK-BTZ1, Fig. 2.2). Compounds with the double-bond
bridged moieties showed a bathochromic shift of the ultra-violet absorption band
relative to that of the compound that has a single bond between the electroactive
moieties. The teams of Tao* and Xu* reported on BTD derivatives containing
carbazole units which appeared to be promising organic light emitting materials
(CBTD, Fig. 2.2) exhibiting high thermal stability (featuring a decomposition onset
temperature of ~260-300 °C). Promarak et al.** demonstrated solution processed
efficient green and red electroluminescent devices containing BTD and carbazole
derivatives. Recently, Ni et al.*> reported on red TADF emitters with a D-A-D
structure containing BTD and diphenylamine moieties, 9,9-dimethyl-9,10-
dihydroacridine or 9H-carbazole. Red OLEDs containing BTZ-DMAC (Fig. 2.2)
doped into 4,4’-bis(carbazol-9-yl)biphenyl (CBP) showed a maximum EQE of
8.8%.% Derivatives containing carbazole and benzothiadiazole moieties intended for
photovoltaic applications have also been reported.*?
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BTZ-DMAC
Fig. 2.2 Chemical structures of HKK-BTZ1, CBTD and BTZ-DMAC

Development of new ambipolar derivatives of BTD which could be used as
charge transporting materials or as emitters is still of great interest. Additional
information on the structure-properties relationship of BTD and carbazole
derivatives would also be useful for the design of new efficient organic ambipolar
semiconducting emitters.

2.3. Phosphorescent emitters

Multiplicity 2S+1 is an indicator of the number of spatial orientations of the
spin vectors of an electron pair. According to the Pauli exclusion principle, singlet
and triplet excited states are formed when an atom is excited depending on the spin
multiplicity: 1 for singlet and 3 for triplet levels. Thus, the transition from the first
excited triplet T1 state to the ground state So involves a change in the electronic state
making it improbable. This radiative transition called phosphorescence is forbidden,
consequently, by the selection rule. As the result, phosphorescence lifetime values
vary typically from 10° s up to seconds.?*? It strongly contradicts a PF with a
lifetime of emission 7, within the range of 10°-107 s.2#2° T, level has a smaller
energy than S;. 242

Phosphorescence can be detected experimentally as it appears at extremely
low temperatures. In such conditions, due to a lack of intermolecular interactions
with oxygen molecules, electrons on T; deactivate more preferably through
phosphorescence than via non-radiative relaxation. Electrophosphorescence was
detected at liquid nitrogen temperature for ketocoumarin-based compounds for the
first time in 1990.4
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Employment of triplet excitons into luminescence can increase the efficiency
of devices by four times. Efficient electrophosphorescence was achieved in 1999 for
iridium phenyl-pyridine complexes with an emission decay rate of ~10° s. The
technology of PhOLED has become one of the first successful attempts of reaching
maximum IQE since then. The problem of the stable and efficient blue emission for
OLED is not solved by this technology though.*® The EQE values of 27.3%, 38.2%,
36.4%" and 14.4%" were achieved for red, yellow, green and deep-blue PhOLEDs,
respectively. Prohibition of the selection rule was overcome by the facilitating of
spin-orbit coupling induced by heavy metal particles incorporated into an organic
matrix. Metal-ligand interactions determine the nature of numerous electronic
transitions not only from the frontier molecular orbitals in phosphorescent dyes. If
phosphorescent transitions are localized on organic ligand moieties, these emissive
processes are called as ligand-centered (LC) for mn* transitions or intraligand
charger transfer (ILCT) for charger transfer (CT) transitions. Phosphorescence of the
heavy metal substituents is tied with the excitation of d- electrons. Thus, the metal-
centered (MC) state emits via dd* phosphorescence. If excitation transfer occurs
from a ligand to a metal, the corresponding dn* MLCT (metal-to-ligand charge
transfer) state is involved in emission.

An important role in advancing the phosphorescent capabilities of emitters
belongs to tuning triplet levels. Most of them have the so-called zero-field splitting
(ZFS) of T1 determined fully by the spin-orbit coupling of the d- orbital of a metal
atom. ZFS is dramatically influenced by the molecular structure and depends on the
planarity and symmetry of phosphor. Phosphorescent emitters with atoms of iridium
and platinum are most common for PhAOLEDs. *LC(nn*) emitters have the smallest
ZFS of up to 1 cm™. Bigger ZFS in the range of 3.8 to 38 cm™ occurs in many
phosphorescent dyes of a various nature of excited states. MLCT compounds
reached the largest values from 50 up to 211 cm™.% The high cost of such earth-rare
materials is the biggest disadvantage, and it forces scholars to search for
alternatives.’

Ir(pig)2(acac) (bis(1-phenylisoquinoline)(acetylacetonate)iridium(I11))* is a
heavy-metal-containing red phosphor with the melting point of 366-370 °C. Its
energy of HOMO and LUMO are at levels of -5.2 and -3 eV, respectively. The 1-
phenylisoquinoline substituent partially quenches triplet-triplet annihilation (TTA)
and lowers the lifetime of the triplet excited state.*® 23.7% of EQE for Ir(piq)2(acac)-
based red PhOLED was achieved in 2011.%°

Ir(ppy)s or tris[2-phenylpyridinato-C2N]iridium(111)*® is a well-known emitter
for green PhOLEDs and the most widely used starting material for the synthesis of
green phosphorescent dyes. Its high @ makes IQE close to 100%°%%. The melting
point of Ir(ppy)s is 451 °C. The HOMO level has an energy of -5.6 eV. The value
for LUMO is -3 eV. Dilute chloroform solution has spectral peaks of absorption at
340 nm and the PF band at 512 nm. Ir(ppy)s with the Cz symmetry has four MLCT:
transitions formed by 36 levels as the sum of the impact of ZFS and specific spin-
orbit interactions. This dye is sensitive to the presence of oxygens. Ir(ppy)s is also
fully soluble in common solvents which make it inappropriate for the fabrication of
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solution-possessed EML. The EQE of 21.6% was reached for green PhOLED
containing Ir(ppy)s as emissive species.>

L b
Ir ) Ir
P N/ 0O _ N/
L 2 - J3
Ir(pig)2(acac) Ir(ppy)s

Fig. 2.3 Chemical structure of Ir(pig)2(acac) and Ir(ppy)s

A promising area of research is the design of purely organic dyes which would
exhibit RTP efficiently in OLEDs in the near future.®>% An intermolecular CT
and/or an introduction of aromatic carbonyls into the molecular structure can lead to
enhancement of spin-orbit interactions necessary for minimizing the RTP lifetime in
order to avoid the interception of energy by air interactions.®>% Non-radiative
intersystem crossing from the vibrational levels of S; to those of Ty (ISC) is spin-
forbidden. Therefore, its constant rate k;g. is small and is in the range of 105-10% s
1 1t may be intensified for compounds without a heavy metal content by d-electrons
of sulfur®®"2 bromine, phosphorus, iodine, tellurium, etc.* Stimulated ISC harvests
triplet states for RTP as it is quicker than the interception of electronic excitation
energy by oxygen molecules.

It was reported that an important factor of micelle-stabilized RTP appearance
in phosphorescent aromatic hydrocarbons substituted by strong electron-
withdrawing moieties is the fluorescence quenching.” The heavy atom induced 1SC
state was in that case responsible for PF yield @, quenching (2.2) and simultaneous
RTP facilitating via ISC.

®
kpp = —5 = ®pp(k3 + ki + kisc)

PF

(2.2)

kpp, k3, k,sc stand for the rate constants of PF, radiative and non-radiative
(internal conversion) relaxation of the S, state, respectively.

The Zeonex®, polystyrene polymer or specific rigid solid matrix is usually
used for investigations in the field for its unique capabilities of suppressing any
intermolecular interactions.”>"® Elimination of excimer/exciplex formation, and
guenching of non-radiative thermal decays gives a way for the observation of the
RTP phenomenon. This is due to the suppressing molecular vibrations under the
condition of no interactions with oxygen molecules in the guest:matrix doping
system.
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2.4. Thermally activated delayed fluorescent emitters

TADF phenomenon’”® is proposed as one of the novel approaches towards
solving the problem of the 25% IQE limit (Fig. 2.4) and the high cost of
phosphorescent dyes containing heavy metal atoms considering that TADF emitters
are generally purely organic. In 2016, 36.7% of EQE for sky-blue OLEDs based on
this approach with CIE coordinates (0.18, 0.43) was reported.2? The emissive
species in these devices were derivatives of spiro-acridine and tirazine. TADF is the
emission of excitons transferred from the first triplet T; to the first singlet S; excited
state via the mechanism of reverse intersystem crossing (RISC). Thermal motion of
atoms makes RISC possible.?28

Description of the physical processes happening in TADF dyes is shown in the
Jablonski diagram (Fig. 2.4).
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Fig. 2.4 Vector model of spin angular momentum and its statistical distribution when
molecules are excited by electrical current and the simplified Jablonski diagram for TADF
compounds

RISC transition of exciton requires the appropriate values of the difference
between the energy levels 4Esr of the first excited states.®* The values of Ty, Si level
energy can be evaluated from the high energy onsets of the phosphorescence and
fluorescence spectra, respectively. The dependence of the RISC constant rate kg;sc
and the temperature can be ascribed to the Boltzmann distribution®® (2.3) which may
be applied in most of the cases of LE absence giving the thermal energy needed for
RISC to be nearly 26 meV at 300 K:
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_AEST

~ kgT
krisc~e *B

(2.3)
Kinetic equations (2.2) and (2.4) determine the radiative decay rate constants
for PF and DF types of emission in the case of the TADF phenomenon®-7;

k
kor = ki + kiisc (1 =y
(2.4)

kT, is attributed to the non-radiative relaxation of the Ty state. RISC usually
has a constant rate of 10°-10° s. The fluorescence quantum yield is the sum of PF
and DF yields:®-%

d)F = d)PF + (pDF = 2%:0 (pPF((pISCd)RISC)k
(2.5)

where @;¢., Pp;sc correspond to the yields of T, states formed by ISC and S;
states formed by RISC, respectively. The maximum value of @;¢. is 1-®pp.

1
) are—
1-@1scPRrISC

kRrisc

0] =
RI
s¢ kphos+k£r+kRISC

(2.6)

Disc = kiscTpr
2.7)

For efficient TADF emitters, AEst should be small enough for the fast RISC,
usually less than 0.1eV. The energy levels of S; and T states can be given by the
following equations:®>-#

Es, = Enomo — Erumo +7
(2.8)

ET1 = Enomo — ELumo —J
(2.9)

where Eyomo — ELumo 1S the so-called ‘optical band gap’, the difference in
the energy values of the highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals, and J stands for the spin-exchange energy which is the
same for both excited states. In the first-order approximation, 4Esr would be equal
to 2J. J is defined as the overlap integral of wave functions of frontier orbitals

85-87.
Promo and @y

] = ff DLumo (1) Promo (12) (
(2.10)

Reduction of the spin exchange energy results in minimizing AFEsr.®®
Accomplishment of these conditions requires the localization of well separated

2

- e_r VPLumo (12)Promo (r1)drdr,
1 2
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frontier molecular orbitals on different substituents. Such a distribution of the
frontier molecular orbitals leads to the difference in dipole moments u, (in the
excited state) and p, (in the ground state).

The optimal design strategy for a TADF emitter is to construct linear donor-
acceptor (D-A) and donor-acceptor-donor (D-A-D) molecules where HOMO and
LUMO would be strongly set apart on the electron donating and accepting moieties
of the excited molecule, respectively.®>8%%0 The excited state is characterized
generally by the intramolecular CT state in this case.®9

In D-A-D molecules, near-orthogonal geometry minimizes 4Est thus making
TADF possible.®*® Various heterocycles, such as acridane, phenoxazine,
phenothiazine and carbazole, were used as donor moieties, and cyano, sulfone,
triazine, xanthone, benzophenone and carbonyl moieties were employed as acceptor
units to develop TADF emitters with different emission profiles.”®%-104 Rational
molecular design of derivatives containing electron-accepting cyano-substituted
moieties and electron-donating fragments results in TADF emitters.'%

A cyanobenzene moiety containing a single cyano group in the conjugated
phenyl ring shows a reduced electron withdrawing strength and a weaker
intermolecular CT interaction in D-A type derivatives.’® Compared to dicyano-
substituted moieties, monocyano-substituted moieties were less commonly
employed for the design of TADF emitters. TADF materials with electron accepting
cyanobenzene and electron donating phenoxazine moieties were recently reported.%
OLEDs containing layers of these emitters showed an EQE of up to 19.9%. The
tuning of the emission of TADF emitters based on phenoxazine and triphenyltriazine
was achieved by changing the number of donor substituents.'®” A study of
derivatives of acridan and various CN-containing donors including cyanobenzene
revealed that the TADF emission wavelengths were tunable from deep blue to
yellow not only by the acceptor strength but also by the control of the acceptor
conformation (twist angles).%®

The selection of the appropriate acceptor is evidently a crucial point in the
search for highly efficient TADF emitters.

4CzIPN is a highly thermally stable TADF exhibiting material of
carbazolyldicyanobenzene reported by Adachi et al. in 2012. The EQE maximum of
19.3% was achieved for the corresponding OLED.” It has intramolecular CT
occurring between four carbazolyl electron donors and a dicyanobenzene acceptor.
The large dihedral angle of 60° between the moieties due to steric hindrance causes
experimental 4Esr to be 0.08 eV. Quenching of non-radiative ways of relaxations
was ascribed to the limited torsion flexibility promoted by the introduction of cyano
groups. As a result of the high quantum yield, 4CzIPN performed as an excellent
green TADF among dozens of reported'® doped EML of OLEDs reaching an EQE
value up to 31.2%'° in the absence of advanced light extraction. This derivative
features HOMO and LUMO levels at -5.8 and -3.4 eV, respectively.''! Its melting
point is over 300 °C.

The more fitting parameters for green TADF OLED as ~9 meV value of 4Est
smaller than the thermal energy and @ of 100% were achieved by the substitution of
the diphenylaminocarbazole donor moiety by electron accepting triphenyltriazine
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for DACT-II (9-[4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl]-N3 N3 N° Né-tetraphenyl-
9H-carbazole-3,6-diamine) reported by Adachi et al. in 2015. These characteristics,
due to matching HOMO/LUMO distributions, resulted in an EQE of 29.6% for
green OLEDs with losses of efficiency related to out-coupling only. The energy
values of HOMO and LUMO are -5.5 and -3.2 eV, respectively. Excellent TADF
features were provided by strong kg;sc reaching 6.88-10* s at 300 K massively
overcoming k;q- of ~9.2:10° s consistent after heating. Interestingly enough,
TADF was found to be efficient even at 200 K (6.88-10* s of kg;sc), Which
dramatically widens the temperature range for device operation.'2

It has been shown that the modification of hosts by tert-butyl groups can lead
to the blocking of energy-loss pathways of TADF emitters distributed in the host
leading to the enhancement of OLED efficiency.!*®* ‘Full-exciton radiation’ was
achieved in TADF OLEDs using diphenylphosphine oxide as the acceptor linked to
tert-butylcarbazoles.!'* Direct attachment of tert-butyl groups to donating carbazole
of D-A-D-type TADF emitters made it possible to increase the device
performance.!’® While tert-butylcarbazole moieties are widely utilized in TADF
emitters,''® there are no examples of the usage of the tert-butyl substituted acridan
moiety in the design of TADF dyes yet. Modification of carbazole with tert-butyl
substituents in the structure of 4CzIPN facilitated solution processing OLED
fabrication to a great extent.'!’

Q0 7 0
%ﬁj @5@%

4CZIPN DACT |
o” 0
DMAC-DPS

Fig. 2.5 Chemical structure of 4CzIPN, DACT-1l and DMAC-DPS

Methods of spectroscopy are used for CT detection accompanying TADF.
Molecules with a dipole moment interact differently with the environment of
different polarity. Usually, in non-polar solvents, a TADF derivative emits mr*
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fluorescence and CT emission in a polar medium. The intermolecular CT character
of emission of the investigated compounds in polar solutions is evident by the
monotonical bathochromic shift of the PL spectral peak with a change of solvents to
a more polar one. The Onsager description’® of non-specific electrostatic
interactions between the solvent and the solute gives a pass to the theories of the
solvatochromic effect in the absorption and emission spectra. The Lippert-
Mataga!®1?! plots based on the relation of the Stokes’ shift 4% and the orientation
polarizability Af are defined by the equation:

2f (e — .ug)z + 47°

AV =
4meghcad

(2.11)

Superscript ° is an indication of the absence of a solvent. a stands for the
Onsager cavity radius. The approximated slopes with great linear relationships
correspond to the (i, —yg)z, revealing the change of dipole moments after
excitation. It is worth mentioning that the assumptions of the Lippert-Mataga
approach require linearity and a positive value of the slope. If not, it cannot be
applied for the description of the luminophore.'??

Highest @5 Yyields happen for the compounds whose ratio between DF and
PF yields is more than four. @, and @,y can be estimated from calculating the
integral sum of the respective PL decay components. Another exhibition of these
yields can be manifested from the increase of the intensity of the solution after
degasation® by more than four freeze/thaw operations or deoxygenation by nitrogen
or argon. The difference in intensity would be attributed to DF. Interaction between
the studied molecules and the molecules of air quench phosphorescence, which is a
quantum mechanically forbidden transition and significantly promotes the non-
radiative relaxation of the T, state. The condition for suppressing vibrational decays
having an impact on the triplet states is the absence of air. Otherwise, the DF yield is
dramatically reduced. In the case of TADF, the position peak should be very close
after degassing/deoxygenation thus indicating the same radiative way of relaxation
from S; for excitons originated on this state and formed on Ti. An increase of
intensity bigger than by four times may be a good indication of strong TADF
occurring in a sample. Equivalent experiments can be conducted with solid-state
samples, doped Zeonex® or polystyrene films.

Formulas (2.12), (2.13) describe the population of S; and T; states over time:1%3

ds

d_tl = —(k;s: + kjgc + kISC)Sl + kRISCTl
(2.12)

ar.

2 = —(kpnos + K&y + kisc)Tn
(2.13)
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Their solutions are:

Tl (t) = TO e _(kphos+k17‘;r+kRISC)t
(2.14)

krisc —(krisctkpnos)t
S (t) = T~e RISCTKphos
! kS +kic+kisc—(Kpnos+khr+krisc) - °

(2.15)

As it can be seen from the formulae, the involvement of triplet states
determines longer lifetimes for TADF than 7pp, 10°-107 s. The easiest instrument to
exclude the TADF phenomenon as a cause of emission is the detection of the
absence of DF with lifetimes in the us range. It can be easily concluded from the
analysis of PL spectra recorded with a delay or PL decay curves recorded at room
temperature. Besides, TADF shows smaller lifetimes than phosphorescence
ordinarily has. TADF and PF should have close spectral behavior revealing radiative
deactivation of triplet excitons through the Si— S transition. The polarity of the host
may cause bathochromic shifts of the TADF spectral peak promoted by local dipolar
interactions between the host and the guest molecules.®

Persistent steady-state TADF intensity I35, is determined by the initial
population T, of triplet excitons, which directly corresponds to the intensity of
excitation:1?

I#apr = finstkro fooo S1(t)dt =

Tokrisc
(Kphos+khr+krisc)(ky +kic+kisc—(kpros+kar+krisc))

finstkfo
(2.16)

finst represents an instrumental factor, k¢, stands for the constant rate of the
natural decay. Considering

ki + kic + Kisc > kpnos + kir + krisc
(2.17)
Equation (2.17) is simplified to yield:

TokRisc
(kphos+khr+krisc) (ki +kjc+kisc)

I%DF = finstka
(2.18)

At a low temperature, the thermal motion of atoms is not sufficient for RISC
(krisc < kpnos + k1) to make triplet excitons overcome AEsr energy barrier'?:

- Finsck Tokrisc
TADF = Jinst™f0 gy o +kD) (k3 +kip+kise)

(2.19)

As RISC intensifies at a higher temperature, TADF can be experimentally
detected by an increase of DF intensity to the value:*%
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(2.20)

There is an experimental solution to distinguish TADF and other possible
delayed processes taking place in the sample at room temperature.’?® For example,
sometimes, DF accompanies TTA, the phenomenon of the extermination of two
triplet excitons with the creation of one singlet exciton with two-times higher energy
which recombines radiatively. Usually, it can be easily differentiated by evaluating
singlet and triplet energy levels from the onset of the respective PL and
phosphorescence spectra. However, sometimes, higher triplet states than T
contribute in TTA, which is harder to confirm. For compounds with this type of
emission, a constant rate of phosphorescence ks is opposed to the quenching
constant rate of the diffusion collision of triplet excitons k;r4.

Initially, krra < kppos + kL. + kg;sc showed quadratic dependence of
intensity induced by TTA upon the excitation dose represented by T, population:'?®

ss _ _finstkrra 52
TA — Z(kphos+k£r) 0
(2.21)

Higher triplet population with an increase of intensity of excitation leads to
larger rates of TTA. Equation (2.21) can be rewritten as:'?®

ss _ finst
Irrg =="To

(2.22)

TADF differs from TTA by its continuous linear dependence of the emission
intensity on the excitation dose. It corresponds to the slope of 1 of the graphical fit
on the corresponded log-log scale. For derivatives with TTA, initial quadratic
correlation (the slope of 2) transforms into linear at a higher excitation intensity. If
the slope is prominently in the middle between 1 and 2, the occurrence of
competitive delayed emissive processes of a different origin can be postulated.

2.5. Aggregation induced emission enhancement

Most luminophores exhibit the so-called aggregation-caused quenching
(ACQ).1* ACQ is the phenomenon of a negligible PL in the solid or aggregate state
due to the strong intermolecular n-n stacking. This results in the efficiency drop of
emitting dyes employed in OLEDs or other optoelectronic applications based on thin
films of organic semiconducting materials. A planar aromatic core is very common
for organic dyes. As a result of the presence of n-n stacking caused by this, ACQ
appearance was considered as a sort of general rule for fluorophores. However,
cases of a more prominent @ upon aggregation in contrast with diluted solutions for
luminogens have been known for a long time, at least since Sir George Gabriel
Stokes’s investigations in 1853.1% Significant attention to the opposite to ACQ
phenomenon was not paid prior to the 21 century, when the concept of aggregation-
induced emission (AIE) was introduced by Tang et al. (compound 1, Fig. 2.6).1%*
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AIE provides an opportunity of utilization of organic dyes in EML of OLEDs for
efficient electroluminescence without the obstacle of emission suppression caused
by m-m stacking. The importance of such an achievement forced to conduct massive
researches in order to systemize the knowledge and highlight the main principles of
the AIE mechanism.

Since 2001, many derivatives exhibiting AIE have been explored, which led to
the consensus that the restriction of intramolecular rotations and vibrations should
be considered as the major cause of the phenomenon. The structural rigidification
leads to @ increase in the solid state for the corresponding type of dyes. It can be
provided by low temperature, doping into rigid host matrices including polymers or
high viscosity environment. Unlike the conventional ACQ materials, the structure of
dyes exhibiting AIE is highly twisted, which reduces =n-n stacking and
intramolecular motions in dependence of the vibrational amplitude and/or
conformational flexibility. Massive suppressing of the non-radiative path for the
deactivation of singlet excited states of a luminophore takes place in solids and
aggregates for AIE luminogens. For example, if such compounds contain aromatic
rings, these substituents operate as rotors when fully solvated and consume
excitation energy with the following rapid non-radiative decay.'?®

However, new types of derivatives exhibiting AIE were discovered recently
which do not contain rotors. In this case, utilization of the restriction of
intramolecular motion cannot be applied as usual for the explanation of a high @
when a compound is aggregated. It is very important to mention that the restriction
of both intramolecular rotations and vibrations should be considered at great length.
Some of the alternative rotor-free mechanisms of AIE include E/Z isomerization and
photo-cyclization.'?® Phenomena related to AIE are of great interest in the field of
the OLED technology as well. The main one is aggregation induced emission
enhancement which is characterized by the non-zero quantum efficiency of
compounds when solvated and significant enhancement of @ in solids. The AIE-like
effect, crystallization induced emission, can occur for materials in the crystal phase.
Due to the specific kinetics of physical processes, phosphorescence specifically can
be originated due to the aggregation or crystallization of compounds.

It has also been discovered that some TADF luminophores are characterized
additionally by AIE (DPS-PXZ, DACIPN, Fig. 2.6).12%127 Novel electroluminescent
materials exhibiting aggregation-induced delayed fluorescence are considered to be
the best candidates for doping-free electroluminescent devices up to now (TPE-
TPAPBI, Fig. 2.6).11%128 The further development of TADF/AIE electroluminescent
materials may result in the fabrication of non-doped OLEDs with better performance
than that of the doped ones.
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Fig. 2.6 Chemical structure of compounds exhibiting AIE/AIEE

2.6. Hosts for guest:host emitting systems

As it was mentioned above, a major step in developing the OLED technology
was the research of the doping concentration control of the conjugated polymers in
1970s.8%° In 2000, Shirakawa, MacDiarmid, Chiang, and Heeger received the Nobel
Prize in chemistry for the investigation in the field.?® It started in 1977 with the
observation that electron conductivity is enhanced by doping polyacetylene.®

Electronic excitation energy transfer via non-radiative transitions of energy
from the molecules of the host to the guest became a very important tool for the cost
reduction of a device and an increase of its efficiency. FOrster resonance energy
transfer (FRET)%13! is a mechanism of dipole-dipole resonance energy transfer.
FRET takes place only if transitions between excited and ground states of
chromophores are allowed in the dipole-dipole approximation. Spectral overlap of
the donor emission and acceptor absorption would indicate the possibility of

27



efficient transfer of energy. Another major approach is the Dexter mechanism*? for
exchange energy transfers caused by dipole-dipole, dipole-quadrupole and magnetic
interactions.

Electronic excitation energy is transferred from the host to the guest via FRET
and the Dexter mechanism as it is dipole-allowed for triplet excitons. That is
dissimilar to fluorophores in host:guest systems in which the energy of singlet
excitons is transferred via FRET only. One of the obvious requirements for the host
materials for PhOLED is to have a higher T: energy level than that of the
phosphorescent molecule for harvesting triplet excitons.

In order to get effective light generation, the employment of triplet excitons is
important, but it is not less important to avoid or diminish the quenching pathways.
Therefore, one of the fundamental factors in the design of effective OLEDs is the
selection of a host for a host-guest system. In principle, host materials should
conform to the following requirements: a high triplet energy, appropriate HOMO
and LUMO levels, bipolar charge transporting properties, etc.!*® Many host
materials were reported for either phosphorescent or TADF OLEDs.*3+1% However,
incomparably less research was done in the search for versatile host materials which
can be applied both for PhOLEDs and TADF OLEDs. Many effective OLEDs were
designed by using hole-transporting and host materials containing a carbazole
moiety as the electron-donating unit.***” In most cases, carbazole is selected due to
its high triplet energy, good thermal stability and useful optical and charge-
transporting properties of carbazole derivatives.’*® Carbazole-substituted derivatives
of dibenzofuran have been reported previously.*® It was suggested to use them as
host materials for PHOLEDs.

TCz1 or 3,6-di(9-carbazolyl)-9-(2-ethylhexyl)carbazole!®® having a high
mobility of electrons of up 3:10* cm?V-1s? at an electric field of 5-10° Vem? is
used very often as an ambipolar matrix for guest:host EML for OLEDs. It has -5.8
and -2.6 eV of HOMO and LUMO energies, respectively. TCz1 is denoted by a
signature double emissive band of PL and EL with two peaks at around 390 and 410
nm, which makes it easy to spot its emissive contribution into spectra when it is
present.

0-DiChzBz (9,9'-(2-(1-phenyl-1H-benzo[d]imidazol-2-yl)-1,3-
phenylene)bis(9H-carbazole))'*! is a universal host material for highly efficient
TADF OLEDs and red, green, blue PhOLEDs. The HOMO/LUMO energies of o-
DiChzBz are -5.8 and -2.3 eV, respectively. TADF OLED with an EML of 4CzIPN
doped into this matrix exhibited EQE up to 26.3%. For blue PhOLEDs, the
maximum EQE of 31.8% was achieved with this host.}*! 0-DiCbzBz has ambipolar
characteristics due to the inclusion of two carbazole moieties and a benzimidazole
acceptor.

mCP or 1,3-bis(N-carbazolyl)benzene'*? is used not just as matrix material for
guest:host systems but also often as HIL, HTL, EBL. For example, it is used as a
host for blue PhOLEDs due to high Er; of 2.91 eV for triplet harvesting and a high
HOMO energy of -6.1 eV. Its LUMO features energy of -2.4 eV. The absorption
spectral bands of dilute THF solutions of mCP are located at 292 and 338 nm while
the peaks of PL have wavelengths of 345 and 360 nm.
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A pale vyellow powder of TAPC (4,4'-cyclohexylidenebis[N,N-bis(4-
methylphenyl)benzenamine]**%) is widely employed in OLED fabrication due to its
high quality hole transport properties. The HOMO/LUMO energy values are -5.5
and -2 eV, respectively. The Et; of TAPC of 2.87 eV is higher than for common
phosphorescent dyes. As the result, this compound can operate as a host material for
blue phosphors in PhOLEDs.

TCTA (tris(4-carbazoyl-9-ylphenyl)amine)® is a light-yellow solid used for
the fabrication of HIL, HTL and as a host for doped EML in various optoelectronic
devices including OLEDs and perovskite solar cells. It owes its great hole
transporting characteristics to the electron-rich moieties of the carbazole and
triarylamine core. TCTA can also be used as EBL or for the blocking of excitons
due to its low electron mobility and a high LUMO energy of -2.4 eV. Its HOMO
energy level is -5.7 eV. TCTA can be employed as a host for phosphors in green, red
and white PhOLEDs because of suitability for the guest HOMO-LUMO gap of 3.3
eVv.

Introduction of methoxy groups to the structure of host materials may increase
their electrochemical stability.** Enhancement of hydrogen bonding between
oxygen atoms of methoxy groups and hydrogen atoms results in the achievement of
efficient packing in films resulting in high thermal stability, high glass transition and
effective charge transport.¥7145-149 Also, it is known that, upon methoxy substitution,
the HOMO energies of the compounds are increased, and the ionization potential
values are decreased, which results in more effective hole injection.'*%%2 However,
it is common knowledge that no derivatives of methoxy-substituted carbazole
capable of effectively transporting both holes and electrons have been reported so
far. Therefore, it is of interest to further study the structure-properties relationship of
methoxy-substituted carbazoles.

Despite the well-known excellent TADF properties, diphenylsulfone-based
materials as hosts remain rare to this day. In 2019, Chin et al. reported a series of
asymmetric D-A-D’ compounds with diphenylsulfone as the acceptor unit,
carbazole as one donor moiety, and 3,6-di-tert-butyl-carbazole, or 7,7-dimethyl-5,7-
dihydroindeno[2,1-b]carbazole as the other one.’®® By using them as sensitizers in
DPEPO composed with 5,9-diphenyl-5H,9H-[1,4]benzazaborino[2,3,4-
k,I]phenazaborine (DABNA-1) as TADF emitting species in OLEDSs resulted in an
EQE of 12-14%. The establishment of structural relationships in order to achieve
effective energy transfer is crucial for a rational design of diphenylsulfone
derivatives capable of complete operating as host materials for TADF emitters.

Benefiting from color purity and stability, highly efficient devices,
representing the so-called 3.5 generation of OLEDs were developed by using light-
emitting layers based on a combination of TADF hosts and simple fluorescent
emitters. !>
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Fig. 2.7 Chemical structure of TCz1, 0-DiCbzBz, mCP, DPEPO, TAPC and TCTA

2.7. Conclusions from the literature review

Application of the variety of novel approaches in the field of OLED
technology which led to an improvement of the efficiency of devices was discussed.
Intermolecular and intramolecular interactions of organic compounds determine the
characteristics of materials. n- and - bonds are responsible for the semiconducting
properties of organic materials. Consequently, organic semiconductors are
characterized by m- conjugation, which makes them different from inorganic ones, in
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which, the structure is determined by strong covalent bonds without conjugation.
This is the most important advantage of OLED materials. t-Conjugation provides a
way to manage electroluminescence by tuning the optical band gap which fits
Frenkel excitons of a small binding radius perfectly.

A necessary condition for achieving the desired characteristics of OLED is the
rational optimization of the device structure. Experimental signs of the optimal
design of devices are evident quantitatively. The choice of the appropriate
thicknesses of the layers results in a drop of the value of turn-on voltage pointing to
the efficient charge carrier transfer from electrodes to the recombination sites and
inside the EML. As it was shown, 2 methods of photonics allow predicting
electroluminescent properties of emissive species from the photophysical
investigation. In order to achieve the maximum value of EQE, there should be a
balance of holes and electrons on recombination sites. It can be achieved by the
careful selection of the appropriate hole and electron transport layers.

Upon electrical excitation, due to the statistics of the orientation of the spin
angular momentum of an exciton, one quarter of the electron-hole pairs are singlets
and the rest are triplets. This means that, without advanced substrates, fluorescent
OLEDs would have a maximum EQE of ~7-8%. For the simplification of the
structure of fluorescent OLEDs, their EML is preferred to be non-doped, which
requires high and balanced charge carrier mobilities. The bipolar properties of
donor-acceptor compounds can be tuned by the selection of donor and acceptor
moieties and by the tuning of m-conjugation. BTD is a well-known electron-
withdrawing moiety while carbazole is used as a typical donor.®233 BTD derivatives
are expected to be successfully employed as bipolar fluorescent emitters for
fluorescent OLEDs.

For the harvesting of triplet excitons by up-conversion to singlet states, which
would dramatically enhance the device efficiency, different methods were
introduced, such as TTA (maximum EQE of -~19%), TADF and
electrophosphorescence (~30% for both).#”8t Further investigation of donor-
acceptor-donor benzonitrile derivatives exhibiting both TADF and AIEE is very
promising for the employment of the compounds for host-free EML in TADF-based
OLED:s.

Electrophosphorescence is achieved by the facilitation of spin-orbit coupling
induced by heavy metals, usually platinum or iridium. The biggest obstacle for
electrophosphorescence is an interception of the excitation energy by air, which
deactivates excitons in the non-radiative way. Minimizing the lifetime of triplet
excitation by using aromatic carbonyl compounds may lead to RTP, which
overcomes the 25% limit of IQE. However, the RTP method needs to be improved
to a great extent as it cannot be used practically in OLEDs currently. Nevertheless,
the investigation of the probable RTP in a series of methylphenylsulfone derivatives
is the matter of great interest. Study of differently substituted derivatives with
carbazole or tert-butyl carbazole units doped into the polymer matrix to suppress
intermolecular motions can give more information about the requirements for RTP
to successfully compete with PF, DF and non-radiative deactivation of excited
states.
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The discovery of the increase of the conductivity of the organic layer by
doping was one of the first most important steps in the history of OLED
technology.®1° Guest:host systems give an opportunity to secure the amount of
emissive species in EML by using a host material for energy transfer. The small
binding radius of Frenkel excitons determines the optimal concentration of doping.
Host material should feature high energy levels of excited states for the transfer of
excitation from the host to the guest, match of the energies of the frontier molecular
orbitals of the guest and host molecules, high charge carrier mobilities. The use of
the doped EML may enhance the @ of the emitter or facilitate TADF because the
guest:host system is a unique physical medium in which the polarity of the host can
change the kinetics of the emissive processes. Dibenzofuran-based compounds
substituted by methoxycarbazolyl moieties are expected to correspond to the
requirements for efficient hosts for TADF OLEDs and PhOLEDs. Donor-acceptor-
donor compounds with the diphenylsulfone moiety as the central core are well-
known TADF emitters. However, they have not been used as the hosts for TADF
emitters yet. At the same time, the design of donor-diphenylsulfone-donor
derivatives can be considered for the purpose of the charge carrier transport, which
is an interesting direction of the investigation.
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3. EXPERIMENTAL PART
3.1. Instrumentation and methods

Luminescence measurements were done by using Edinburgh Instruments
FLS980 and Aventes AvaSpec-2048XL spectrometers. The integrating sphere of the
FLS980 (a xenon lamp as the source of excitation; wavelength: 330 nm) was used
for recording the @ of samples at 300 K by the absolute method. A FLS980
spectrometer and a PicoQuant LDH-D-C-375 laser with the excitation at 374 nm
were used to obtain the data of PL decay curves.® The weighted sum of the squares
of deviations of the calculated points »? is in the diapason from 1 to 1.3. At least 5
freeze/thaw cycles and vacuum pumping were used for degassing dilute
tetrahydrofuran solutions. An Aventes AvaSpec-2048XL spectrometer was used for
measuring electroluminescence and absorbance spectra. The first singlet Es; and
triplet Er; excited states were calculated from the onsets of fluorescent and
phosphorescent peaks, respectively, recorded at the liquid nitrogen temperature.

lonization potentials (IP) and electron affinities (EA) were estimated from
cyclic voltammetry according to Equations (3.1) and (3.2):

IPcy = (Egnser +4.8) [eV]

(3.1)
EAcy = —(E}e%.: + 4.8) [eV]

(3.2)
where ET¢%,. and E%%.. are the onset reduction and oxidation potentials
versus Fc/Fc*.
The alternative calculation may be as follows:
IPoy = |—(1.4 - 1e - ES¥ ) — 4.6 | [eV].15

(3.3)

HOMO and LUMO energies were calculated by the B3LYP/6-31G(d) method.

IPPE is the ionization potential of thin solid layers estimated by photoelectron
emission spectrometry. Ea"® is electron affinity of thin solid layers estimated by
Formula (3.4):

EAPE= |PPE _E,
(3.4)

Optical Ey were taken from the absorption spectra of the layers.

The IP of vacuum-deposited films were obtained from photoelectron emission
spectra recorded by electron photoemission spectrometry in air as published
elsewhere.’®® The setup of the IP measurements consisted of a monochromator
(CM110 1/8m), a deep ultra-violet deuterium lamp ASBN-D130-CM) and a 6517B
Keithley electrometer. The values of IP from photoelectron spectroscopy 17 were
taken at crossing the points of the abscissa axis with the fitting lines which
extrapolated the linear parts of low-energy edges of the corresponding photoelectron
emission spectra.
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Hole and electron mobilities were calculated by using Formula (3.5):

dZ
- Uty

U

(3.5)

where d is the thickness of the vacuum-deposited films, U is the voltages
applied to the samples by using a 6517B electrometer (Keithley) at the moment of
excitation by a 355 nm wavelength laser (EKSPLA NL300); ty is the transit time. To
obtain t for the holes and electrons, the time-of-flight (TOF) method was conducted
by applying positive or negative voltages to the samples with structure ITO (15
Q/sq)/film of the studied compound/Al, respectively. Photocurrent transients were
recorded by a TDS 3032C oscilloscope (Tektronix). As it is widely accepted, charge
drift mobility versus electric fields (E) is presented according to the Poole—Frenkel
relationship (3.6):

_ aE1/?
U= age

(3.6)

where « is the field dependence parameter.®’

OLEDs were fabricated by the step-by-step vacuum thermal evaporation
method under the pressure of 2-10°® mBar. OLEDs fabrication was done by using
vacuum equipment from Kurt J. Lesker in-built in an MB EcoVap4G glove box. The
thermal deposition rates of organic layers were in the range of a few tenths of
nanometres per second. Simultaneous density-voltage and luminanace-voltage
dependences were recorded by using a calibrated PH100-Si-HA-DO photodiode, a
6517B electrometer and a 2400C sourcemeter from Keithley and a Power and
Energy Monitor 11S-LINK. All the electrophysical characterization was done at
room temperature without passivation.

Luminous flux @ is the light power as perceived by the human eye. Thus, PE
of OLED is defined as the ratio of the @ produced by the device and the electrical
input power P. @ can be defined as

770
=K, f DdLVdA

380
(3.7)

If @ is the measured spectral radiant flux radiated by the device in the visible
region, V denotes the normalized spectral luminosity distribution function in the
optical range, Ky is the maximum photometric radiant equivalent which is equal to
683 Im/W.

The brightness of OLED is defined as the ratio of the luminous intensity of the
emitting surface of the device within a cone enclosing a solid angle to the area of its
projection in a plane perpendicular to the direction of tracking. For the evaluation of
brightness, Formula (3.8) is used:
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Lyo=K.U— S &
FF ©So1pSpq
(3.8)

U is the voltage, S denotes photosensitivity of the PH100-Si-HA-DO
photodiode, d is the distance between the photodiode and OLED, t stands for the
transparency coefficient. Sy £, Spq are areas of the radiating surface of OLED and
the detecting surface of photodiode, respectively. FF is a fill factor of the spectral
sensitivity of the photodiode. K; is responsible for the transition of radiometric
values into photometric ones:

d

Ky =70 ——
f380 ®pdA

(3.9
CE is estimated as the ratio of the brightness to the current density. EQE is
strongly linked to the radiant efficiency of OLED:

770
EQE f380

(3.10)
The Theoretical Density Functional Theory (DFT, B3LYP 6-31(d,p) basis set
calculations were performed by using the Gaussian 09 program for the theoretical
calculation of the HOMO/LUMO levels.'*

3.2. Materials

Aluminum is usually used as a metal cathode for device fabrication because of
small energy required to eject an electron from the electrode. Its photoelectric work
function is around 4.2 eV. The thickness of aluminum was at least 100 nm in order
to avoid the electrical breakdown of an OLED. Indium-tin oxide (ITO) is a
traditional material for the transparent anode located on a glass substrate. The work
function of ITO is 4.7 eV.

Despite being excellent and widely used materials for electrodes, they are
employed in an OLED structure together with injection layers. Energetic barriers of
ITO and aluminum with molecular orbitals of the respective internal organic layers
are too significant for charge carriers to overcome without HIL and EIL,
respectively. Layers of molybdenum trioxide (MoOz) or HAT-CN were used as HIL
in the work. Lithium fluoride (LiF) was taken as the EIL. It lowers the energy level
for electron injection from 4.2 to 2.9 eV suitable for most ETLs. The thickness of
the injection layers bigger than a few nanometers is harmful for the device structure
as they would function as an insulator.

dpdd
P

35



HAT-CN or dipyrazino[2,3-f:2",3'-h]quinoxaline-2,3,6,7,10,11-
hexacarbonitrile

NC CN
7 N\
N N
N N
NC— “—CN
—N N=
NC CN

Fig. 3.1 Chemical structure of HAT-CN

The LUMO energy level lying around -5.6 eV makes HAT-CN an excellent
material for the hole injection as electrons are smoothly transferred to ITO.159160
This electron-deficient compound as a member of the family of 1,4,5,8,9,12-
hexaazatriphenylenes is denoted by high rigidity of the planar, aromatic discotic
structure and great capabilities of n-n stacking. The efficiency of OLEDs including
solution-processed devices with employment of HAT-CN is bigger than for diodes
with other prominent HILs like the conventional poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS).161162

NPB or N,N'-di(1-naphthyl)-N,N'-diphenyl-(1,1'-biphenyl)-4,4'-diamine

),
N”@

Fig. 3.2 Chemical structure of NPB

NPB is a straw-colored powder. It is well known as one of the most used
materials in optoelectronics for the hole injection and transport. Its HOMO level is -
55eV, and -2.4 eV for LUMO.
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TSPOL1 or diphenyl[4-(triphenylsilyl)phenyl]phosphine oxide!63164

AL
5

Fig. 3.3 Chemical structure of TSPO1

The powder of TSPO1 has a HOMO level of -6.8 eV, which makes an
enormous energetic barrier for holes to penetrate into ETL. At the same time, -2.5
eV of LUMO is sufficient for the transfers of electrons to EML. Such conditions
make it perfect for the employment as HBL. It also features a high Er1 of 3.36 eV.

DPPS or diphenyl-bis[4-(pyridin-3-yl)phenyl]silane!®

Fig. 3.4 Chemical structure of DPPS

DPPS is an electron-deficient tetra-phyenylsilane derivative substituted by two
pyridyl groups used for hole blocking and electron transport. Its Et1 is 2.7 eV. The
HOMO level has an energy level of -6.5 eV, whereas for LUMO it is -2.5 eV.

TPBi or 2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole)%%167
TPBI is a white powder which is widely used for the fabrication of ETL in

OLEDs.'*® The energy levels of HOMO and LUMO are -6.2 and 2.7 eV,
respectively. It emits at 302 nm in the dilute chloroform solution.
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Fig. 3.5 Chemical structure of TPBI

The first series of the studied compounds are emitters with D-A-D and D-n-A-
n-D structures, of three 2,1,3-benzothiadiazole derivatives of electron-accepting
benzothiadiazole and donating 3,6-di-tert-butyl-carbazolyl, 9-ethyl-3-vinyl-
carbazolyl and 1,2,3,4-tetrahydro-9-carbazolyl moieties: 4,7-bis(1,2,3,4-tetrahydro-
9H-carbazol-9-yl)benzo[c][1,2,5]thiadiazole  (1.1), 4,7-bis(3,6-di-tert-butyl-9H-
carbazol-9-yl)benzo[c][1,2,5]thiadiazole (1.2) and 4,7-bis((E)-2-(9-ethyl-9H-
carbazol-3-yl)vinyl)benzo[c][1,2,5]thiadiazole (1.3).1%°

The second series of compounds are TADF donor-acceptor-donor emitters
2.1-2.5 having cyano substituted phenyl moiety as acceptor and carbazole,
phenothiazine, phenoxazine, 9,9-dimethyl-9,10-dihydroacridine moieties as donors:
2,5-bis(9,9-dimethyl-9,10-dihydroacridin-10(9H)-yl)benzonitrile  (2.1),  5-(9,9-
Dimethyl-9,10-dihydroacridin-10(9H)-yl)-2-(10H-phenoxazin-10-ylbenzonitrile
(2.2), 5-(9H-Carbazol-9-yl)-2-(10H-phenothiazin-10-yl)benzonitrile (2.3), 5-(9H-
Carbazol-9-yl)-2-(9,9-dimethyl-9,10-dihydroacridin-10(9H)-yl)benzonitrile ~ (2.4)
and 2,5-bis(10H-phenoxazin-10-yl)benzonitrile (2.5).17°

The third series of the investigated dyes are symmetrical donor-acceptor-donor
TADF emitters 3.1-3.3: bis(4-(2,7-di-tert-butyl-9,9-dimethyl-9,10-dihydroacridine-
10-yl)phenyl) sulfone (3.2), bis(3-(2,7-di-tert-butyl-9,9-dimethyl-9,10-
dihydroacridine-10-yl)phenyl) sulfone (3.2) and 3,6-bis[9,9-dimethyl-2,7-bis(tert-
butyl)-9,10-dihydroacridin-10-yl]-9-thia-9,9-fluorenedione (3.3).1"

The fourth series of the investigated compounds (4.1-4.3) were designed as
TADF emitters.

3,6-di-tert-butyl-9-(2-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl)-9H-carbazole
(4.3)

A mixture of 2-(3,6-di-tert-butyl-9H-carbazol-9-yl)benzaldehyde (1a) (0.5 g,
1.30 mmol), benzamidine hydrochloride hydrate (0.34 g, 2.19 mmol), Na,COs (0.23
0, 2.19 mmol) and Cu(OAc). (10 mol%) was stirred in toluene and heated at 110 °C
in air overnight. After cooling to room temperature, the reaction mixture was poured
into water and extracted with chloroform. The crude product was purified by column
chromatography on silica gel by using EtOAc/hexane (1:7) as an eluent and
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crystallized from the eluent mixture of solvents to give 4.3 as yellowish crystals. FW
= 586.78 g/mol, m.p. 258-259 °C. Yield: 0.52 g, 68%. 1H NMR (300 MHz,
CDCI3): 6 =8.57 (dd, J = 7.8, 1.6 Hz, 1H), 8.12-8.07 (m, 4H), 8.04 (d, J = 1.6 Hz,
2H), 7.84-7.66 (m, 3H), 7.50 (t, J = 7.8 Hz, 2H), 7.35 (t, J = 7.8 Hz, 6H), 7.13 (d, J
=7.8 Hz, 2H), 1.44 (s, 18H). 13C NMR (75 MHz, CDCI3): 6 = 172.3, 171.2, 142.2,
140.1, 137.4, 135.9, 135.7, 132.6, 132.4, 132.2, 130.5, 128.7, 128.4, 128.3, 123.4,
116.1, 108.9, 34.6, 32.1. MS (APCI+, 20 V), m/z (%): 588 ([M+H]+). Elemental
analysis calcd. (%) for Ca1H3sN4: C 83.92; H 6.53; N 9.55; found: C 83.96; H 6.57;
N 9.59.

9-(2-(4,6-bis(3-methoxyphenyl)-1,3,5-triazin-2-yl)phenyl)-3,6-di-tert-butyl-
9H-carbazole (4.2)

The procedure was similar to that used for the synthesis of 4.3 but 3-
methoxybenzamidine hydrochloride hydrate (0.28 g, 1.51 mmol) was used instead
of benzamidine hydrochloride hydrate. After cooling to room temperature, the
reaction mixture was poured into water and extracted with chloroform. The crude
product was purified by column chromatography on silica gel by using
EtOAc/hexane (1:9) as an eluent, and crystallized from the eluent mixture of
solvents to give 4.2 as yellowish crystals. FW = 646.84 g/mol, m.p. 171-172 °C.
Yield: 0.44 g, 52%. 1H NMR (300 MHz, CDCI3): 6= 8.53 (dd, J = 7.7, 1.6 Hz, 1H),
8.03 (d, J = 1.6 Hz, 2H), 7.90 — 7.84 (m, 2H), 7.82 — 7.59 (m, 5H), 7.34 (dd, J = 8.6,
1.6 Hz, 2H), 7.25 (t, J = 7.6 Hz, 2H), 7.15 (d, J = 8.6 Hz, 2H), 7.05 (dd, J = 8.6, 1.3
Hz, 2H), 3.79 (s, 6H), 1.43 (s, 18H). 13C NMR (75 MHz, CDCI3): § = 172.6, 171.1,
159.6, 142.3, 139.8, 137.4, 137.1, 135.5, 132.7, 132.3, 129.9, 129.3, 128.0, 123.6,
123.5, 121.4, 118.5, 116.1, 113.2, 109.0, 55.3, 34.6, 32.0. MS (APCI+, 20 V), m/z
(%): 648 ([M+H]+). Elemental analysis calcd. (%) for C43H2N4O2: C 79.85; H 6.55;
N 8.66; O 4.95; found: C 79.89; H 6.57; N 8.71.

9,9'-(2-(4,6-diphenyl-1,3,5-triazin-2-yl)-1,3-phenylene)bis(3,6-di-tert-butyl-
9H-carbazole) (4.1)

To a flask containing sodium hydride (0.14 g, 5.79 mmol), 3,6-di-tert-butyl-
9H-carbazole (0.89 g, 3.18 mmol) was added in anhydrous DMF under nitrogen
atmosphere and stirred for 5 minutes at room temperature. To this solution, 2-(2,6-
difluorophenyl)-4,6-diphenyl-1,3,5-triazine (1b) (0.5 g, 1.45 mmol) in DMF (10 ml)
was added dropwise. After addition, the reaction mixture was stirred for 12 h at 120
°C. Then, the reaction solution was poured into cold water, and the precipitate was
filtered and dried under vacuum. The crude product was purified by column
chromatography on silica gel by using EtOAc/hexane (1:9) as an eluent and
crystallized from the eluent mixture of solvents to give 4.1 as yellowish crystals. FW
= 864.19 g/mol, m.p. 295-296 °C. Yield: 0.45 g, 36%. 1H NMR (300 MHz,
CDCI3): 8= 7.96 (dd, J = 8.5, 7.3 Hz, 1H), 7.91 (d, J = 1.6 Hz, 4H), 7.84 (d, J = 7.7
Hz, 2H), 7.42 (dd, J = 7.3, 6.2 Hz, 4H), 7.40-7.32 (m, 6H), 7.25 (d, J = 8.5 Hz, 4H),
7.12 (t, J = 7.7 Hz, 4H), 1.41 (s, 36H). 13C NMR (75 MHz, CDCI3): & = 170.5,
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142.4, 140.3, 138.8, 135.4, 131.8, 131.62, 130.0, 128.5, 127.8, 123.4, 123.3, 116.0,
109.3, 34.6, 32.0. MS (APCI+, 20 V), m/z (%): 865 ([M+H]+). Elemental analysis
calcd. (%) for Ce1HeiNs: C 84.78; H 7.12; N 8.10; found: C 84.81; H 7.15; N 8.14.

The fifth series consists of  2,8-bis(3,6-dimethoxy-9H-carbazol-9-
yldibenzo[b,d]furan (5.2), 2,8-bis(2,7-dimethoxy-9H-carbazol-9-
yldibenzo[b,d]furan (5.2) and 2,8-bis(2,3,6,7-dimethoxy-9H-carbazol-9-
yl)dibenzo[b,d]furan (5.3).17

The sixth series of the investigated compounds are diphenylsulfone
derivatives:  bis(4-(2-(trifluoromethyl)-phenothiazine-10-yl)phenyl)sulfone  (6.1),
bis(4-(10,11-dihydro-5H-dibenz[b,f]lazepine-5-yl)phenyl)sulfone (6.2), bis(4-(5H-
dibenz[b,flazepine-5-yl)phenyl)sulfone (6.3), bis(4-(4-methoxy-9H-carbazole-9-
yl)phenyl)sulfone (6.4) and bis(4-(1,2,3,4-tetrahydrocarbazole-5-yl)phenyl)sulfone
(6.5).17
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4. RESULTS AND DISCUSSION

The Results and Discussion chapter contains the information from articles of
the author (see 7. List of publications on the subject of the thesis).169-173

41, Carbazolyl- and 1,2,3,4-tetrahydrocarbazolyl-substituted
benzothiadiazoles as emitters for fluorescent organic light emitting diodes

Fig. 4.1 Chemical structures of differently substituted benzothiadiazole derivatives'®®

Ground-state geometries of benzothiadiazole derivatives in the toluene solvent
were optimized at the B3LYP/6-31G(d, p) level by using the density functional
theory (DFT) and the Gaussian 09 software.’® Our calculation revealed that
molecules in the ground state can have several conformers. The HOMOs and
LUMOs of 1.1-1.3 are illustrated in Fig. 4.2.
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Fig. 4.2 HOMO and LUMO orbitals of benzothiadiazole derivatives
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Electron densities in HOMO are extended almost throughout the entire
molecules of 1.1-1.3, while most of the electron densities in LUMO concentrate on
the benzothiadiazole unit. The dihedral angles and oscillator strengths of the
transitions of the derivatives were calculated by using the time-dependent DFT
approach. The calculations revealed twisted geometries of derivatives 1.1 and 1.2
with dihedral angles between the acceptor and the donors varying in the range of
61-71°. Compound 1.3 shows an almost flat structure. The reduction of the dihedral
angle from the twisted molecule to the flat one (1.1 > 1.2 > 1.3) causes an increase
of the HOMO-LUMO overlap and oscillator strength.

4.1.1. Photophysical properties

The absorption spectra of the dilute solutions of derivatives 1.1-1.3 in toluene
and of the films are presented in Fig. 4.3. Normalized fluorescence spectra of the
dilute solutions in toluene, of molecular dispersions in polystyrene, and of the solid
samples of the derivatives are depicted in Fig. 4.4. The broad and structureless band
with peak positions at 434, 476 and 497 nm for 1.1-1.3, respectively, illustrates the
presence of intramolecular CT. The lowest energy absorption bands of the solutions
of 1.2 and 1.3 are shifted by 42 and 63 nm towards longer wavelengths with a 2-fold
and 10-fold increase of the oscillator strength in comparison with that of compound
1.1 due to the increased m-conjugation system and the increased overlapping
between HOMO and LUMO.

Similarly to toluene solutions, solid films of compounds 1.1-1.3 were
characterized by both high-energy absorption bands (300-350 nm) caused by m—m*
and n-z* transitions of the conjugated benzothiadiazole and carbazole moieties;
whereas low-energy absorption bands (452-514 nm) originated from the HOMO-
LUMO intramolecular CT transition. Slight red-shifts of the intramolecular CT
absorption bands and different distribution of their intensities were observed for the
films of compounds 1.1-1.3 in comparison to those recorded for toluene solutions.
This observation can be attributed to either aggregation or polarity effects in the
solid state.
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Fig. 4.3 Absorption spectra of the solutions in toluene (a) and spin-coated films (b) of
compounds 1.1 (solid line), 1.2 (dashed line), 1.3 (dotted line)
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Fig. 4.4 Normalized fluorescence spectra of molecular dispersions of benzothiadiazole
derivatives in PS (1 wt%, dashed line), of 1 uM solutions in toluene (solid line) and of the
solid samples (dotted line) of (a) 1.1, (b) 1.2 and (c) 1.3
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Derivative 1.3 dissolved in toluene exhibited broad and weak PL emission
with a peak at 613 nm (Fig. 4.5a). A neat film of 1.3 exhibited PL emission similar
to that of the solution with a higher intensity (¢ =0.03) and a narrower spectrum
(Fig. 4.4c). 1,2,3,4-tetrahydrocarbazolyl-substituted benzothiadiazole embedded in
the polystyrene matrix demonstrated a spectrum with a peak blue-shifted by 40 nm
and an increased emission intensity (@ =0.1). The weak emission of 1.3 in the
solution may be explained by the twisted molecular structure and oscillations of the
side groups.

The suppression of these oscillations in the polymer matrix or neat film leads
to the rise of the emission intensity. Dispersed in polystyrene, derivative 1.2
demonstrated 5-fold higher & relative to compound 1.3 without tert-butyl moieties.
PL quantum yields of 0.47 and 0.25 were estimated for the solution and neat film of
4, respectively. A relatively high @ of the solid film can be explained by molecular
planarization.’* The photoluminescence spectrum of the liquid solution of 1.3 in
toluene exhibited a similar spectrum to that of the solid solution in the polystyrene
film, only the estimated & of the molecular dispersion in PS was lower (¢ = 0.36,
comparing to @ = 0.6 for the solution in toluene).

The emission of the neat film of derivative 1.3 was broad and red shifted,
which indicates the formation of excimers. A decrease of the fluorescence efficiency
in the solid state was observed for many compounds. It is explained by excitation
migration-related quenching. The coplanarity of molecule 1.3 apparently enhances
exciton coupling, which promotes the nonradiative decay due to excitation migration
to intrinsic defects.*>17®

The charge transfer phenomena of compounds 1.1-1.3 were studied by
recording the fluorescence spectra of the solutions in the solvents of different
polarities. The photophysical data of the solutions of 1.1-1.3 in different solvents
are presented in Table 4.1. Derivative 1.3 dissolved in the solvents of different
polarity demonstrated an extremely low emission.

A similar compound possessing carbazole instead of 1,2,3,4-
tetrahydracarbazolyl substituents demonstrated very efficient luminescence in a non-
polar solvent.’®

Increasing the solvent polarity for the solutions of compounds 1.2 and 1.3
resulted in considerable broadening and bathochromic shifts of the fluorescence
bands as well as in a considerable decrease of emission quantum yields from ca.
0.47 and 0.6 (for the solutions in nonpolar solvents) to 0.05 and 0.35 (for the
solutions in a polar solvent), and a decrease of the emission lifetime from 15.7 and
4.9 ns (for the solutions in nonpolar solvents) to 4.3 and 4.4 ns (in a polar solvent),
respectively. The estimated z,, decay time values are 4-9 times longer for the twisted

molecule (1.2) in comparison to the flat one (1.3). A similar dependence was
observed for 7, , decay times.

The absorption spectra of compounds 1.1-1.3 demonstrate two broad well-
resolved bands. Absorption maxima at 300-350 nm can be attributed to
benzothiadiazole!’” and carbazole'’® moieties.
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Table 4.1 Photophysical properties of the dilute solutions, solid films and 1 wt%
solid solutions in polystyrene matrixes of benzothiadiazole derivatives

j~f71b3(nm)a )-max T
1.1 (b, L mol (nFm)C @ (ns)
lcm-l)
Toluene | 434 (3352) | 613 | <0.01 |  0.93[82%] 3.38[10%] 14.57[8%]
THE | 426(3357) | 575 | <0.01 | 14.69[46%)] 4.49[40%] 0.32[14%]
Acetone | 419 (3459) | 577 | <0.01 | 13.48[62%] 4.57[24%] 0.37[14%]
DMF | 419 (3224) | 580 | <0.01 :
Neat film ; 612 | 0.03 0.02[59%] 2.81[41%)]
PS film : 572 | 0.10 9.58[65%] 0.27[35%]
j,abs(nm)a
| A T TR INR
b
P Jemd 2 sy | (ns)"
Toluene | 476 (5806) | 596 | 0.47 | 157 334 206
THE | 467(5903) | 607 | 0.28 |  13.7 48.9 19
Acetone | 458 (5480) | 631 | 0.07 6.7 95.7 7.2
DMF | 460 (4913) | 655 | 0.05 43 86 45
0,
Neat film i 618 | 0.25 1;:%‘5‘%3%"] 44.6 14.9
0,
PS film i 581 | 050 | '8 [[%ff/o/i’] 36.8 36.8
Aabs(nm)a
C | A T Tav R TNR
b avg
P ELN ey Pl ey | 09 | 97 | (o)
[0)
Toluene | 497 (24642) | 614 | 0.60 | 7 E;"//?I 45 | 74 | 112
0,
THF | 497 (30362) | 638 | 0.45 5i45[[%%/o/;] 5 | 112 | 9.2
0,
Acetone | 491 (26433) | 664 | 0.44 51'22[[9&/3] 5 | 113 | 89
0,
DMF | 499 (25397) | 681 | 0.35 4'1435%"] 42 | 119 | 64
0.30[41%]
Neat film : 692 | 003 | 0.77[39%] | 0.9 | 301 | 09
2.20[21%)]
. 4.4[81%]
PS film : 623 | 036 | fiiod | 39 | 107 | 6

2 Absorption maximum. ® Molar extinction coefficient. ¢ Fluorescence maximum. ¢ Radiative, non-
radiative decay time constants calculated as 7/® and z/(1-®), respectively
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Fig. 4.5 (), (c), (e) absorption and (b), (d), (f) fluorescence spectra of benzothiadiazole
derivatives in solvents of different polarity

PL transients and the spectra of 1.1-1.3 embedded into the Zeonex® matrix
were recorded at ambient conditions and at 20 K. All the compounds demonstrated
single exponential prompt fluorescence decays.
Derivatives 1.2 and 1.3 did not show any luminescence after prompt
fluorescence. The absence of long-lived states in a similar compound with the
carbazole side groups has been observed previously.'”
Compound 1.1 demonstrated very weak phosphorescence (Er=2.15¢eV) at
20 K (Fig. 4.6) and delayed fluorescence at room temperature.

PL Intensity (a.u.)

E.,=244evV E =215eV ——PF@292K
s — DF @292K
i PH @20K |
500 600 700

Wavelength (nm)

Fig. 4.6 PF and DF spectra recorded at ambient temperature and phosphorescence spectrum
recorded at 20 K of 1 wt% solid solution of 1.1 in Zeonex®
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4.1.2. Photoelectrical properties

Since compounds were designed for optoelectronic applications, the ionization
potentials of their thin solid layers were estimated by electron photoemission
spectrometry. The electron photoemission spectra and ionization potentials of 1.1—
1.3 are depicted in Fig. 4.7. The Ip"°F values of the films of 1.1-1.3 ranged from 5.64
to 5.82 eV. Derivatives 1.1 and 1.2 were characterized by similar I"% values, while
1.2 demonstrated the lowest IPer due to the presence of stronger donating di-tert-
butyl carbazole units.

A1.11,=582eV
m1.2|,=564eV
®1.3,=57eV

T T T
48 51 54 57 6.0 6.3

Photon energy, eV

Fig. 4.7 Electron photoemission spectra of solid samples of benzothiadiazole derivatives

The charge transporting properties of the layers of 1.1-1.3 were explored by
the TOF technique. The results are summarized in Table 4.2. Fig. 4.8 shows the
plots of hole and electron drift mobilities (un, ) of the layers of 1.2, 1.3 and of the
layers of the molecular dispersions in bisphenol-Z polycarbonate (PC-Z) versus the
electric field.

vacuum deposition:
102? & 12 holes
i &13: electrons
g 10°3 M
g 10°] M
o ]
. 107 3
= E
10° 5
E wet-deposition {casting):
10"_: B A2 holes
E Al+[1.2+{PC-Z), 1:1]: holes
s ] 2 Al 3hokes
10 @ A+[1.34(PC-Z),1:1]electons|

T T T T T T T
0 200 400 600 800 1000 1200 1400
E’UZII V1J'Zjl|rcm1.l'2

Fig. 4.8 Hole and electron drift mobilities versus electric field for layers of compounds 1.2
and 1.3 doped in PC-Z

47



In the wet-deposition processes of fabrication of TOF samples, PC-Z was used
for getting films with uniform thicknesses.

Similar charge-transporting properties were observed for compounds 1.2 and
1.3. Thus, ps of 1.2 and 1.3 ranged from ca. 1-10* cm?Vs to 3-10“ cm?/Vs at an
electric field of 2.4-10°-1.6-10° Vcm?, while the pe of 1.2 and 1.3 were found to be
more than one magnitude lower in comparison to hole mobilities. In addition, the
charge-transporting properties of 1.2 were investigated by using vacuum-deposited
samples. The obtained hole mobilities for these samples were in good agreement
with the hole mobilities of the wet-casted layer of 1.2 (Fig. 4.8). It was impossible to
estimate the hole and electron mobilities either for the neat layer or for the solid
solution of 1.1 since the transit times were not obtained from the corresponding
current transients. Apparently, compound 1.1 exhibited weak charge-transporting
properties due to the presence of weaker donating units of 1,2,3,4-
tetrahydrocarbazole in comparison to those of compound 1.2 having stronger
donating di-tert-butyl carbazole units. Another explanation of this observation can
be the strongly dispersive charge-transport, due to which, transit times were not
observed for compound 1.1. Therefore, the charge-drift mobility of 1.1 was not
estimated. Indeed, compounds 1.2 and 1.3 were also characterized by strongly
dispersive charge-transport. Bipolar charge-transporting properties of compounds
1.2, 1.3 with rather high charge mobilities show that they have a potential for the
application as non-doped functional (light-emitting) layers in OLEDs.

Table 4.2 Charge mobilities in the layers of compounds 1.2 and 1.3

Material, host

polymer pe/cm?V-1st pn/cm2V-ist d, um
Samples made by drop casting
Al+1.2 - 2.9-10°3 (at 1.6-10° V/cm) 14
A'J’[l'fj’l(]PC'z)’ ; 1.8.10%(at 1.4-10° V/em) | 3.3
Al+1.3 - 2.1-10* (at 2.4-10° V/cm) 6.0
Al+[1.3+(PC-2), 1.5-10°® ] 05
1:1] (at 6.7-10° V/cm) '
Vacuum-deposited samples
1.2 5.7-10° 1.7-10° (at 5.3-105Vicm) | 1.9
' (at 5.8-10° V/cm) ' ' '

e — electron drift mobility value; un — hole drift mobility value; d — layer thickness (um).

4.1.3. Device fabrication and characterization

Compounds 1.2 and 1.3 were selected for the study of their electroluminescent
properties. To estimate their applicability in fluorescent OLEDs, thermally-
deposited devices with the following structures were fabricated: ITO/ MoOs (1 nm)/
NPB (40 nm)/non-doped EML 1.2 or 1.3 (25 nm)/ TSPO1 (5 nm)/ TPBi (40 nm) /
LiF (0.5 nm)/ Al (80 nm) (Fig. 4.9a). To ensure charge balance in the devices, MoO3
(HIL) and NPB (HTL) were used, while TSPO1 and TPBi served as the electron-
transporting materials. They possess the appropriate HOMO, LUMO energies (Fig.
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4.9a). The devices with light-emitting layers of 1.2 and 1.3 were named as devices A
and B, respectively. In order to plot the equilibrium energy diagram for these
devices, electron affinities (Ea™) of 2.5 and 2.85 eV for 1.2 and 1.3 in the solid-state
were obtained by using the optical band-gap energies (Eg) of 2.29 and 2.08 eV
estimated from the absorption spectra of the layers (Fig. 4.7 and 4.9a, Thl.4.1).2%
Stable at different applied voltages, EL spectra of devices A, B were observed (Fig.
4.9b). Devices A and B exhibited red emission with the CIE coordinates of (0.55,
0.43) and (0.55, 0.41, respectively. Compounds 1.2 and 1.3 demonstrated EL spectra
with the closely situated main peaks at 598 and 604 nm, respectively, which were
extremely similar to their PL spectral peaks. Emission related to the other functional
layers of OLEDs A and B was not observed. This observation confirms a good
design of the device structure.

T
100

= 4 :
v = 3 104 598 nm v
0’ 2 = m ~ < © _Z;
) . d o 08+
2 A 25 285 Qe S v
S [l A R -RCLY 12 ov
= —— ] —
= 3 =) C 044 e 10V
24 i [}
. E o 2 02
—
z S T e . A B——s....
13 e [ o 4 50 550 60 50 700 750 8w
-4 . 2 ™ = 10 604 nm
P
3 084l A~ %¥ 1
-5 T o8| i
vy E o4
)
v -5.64 57 § 024
) —
-6 4 - ™
6 o) ‘:_' 00 * ¥ T T T T
~ < 400 450 500 550 600 650 700 750 800
b1 Wavelength, nm
a b
— 10000
NE wo] —= © DeviceA A
o —e— o Device B
g/ 300 4 1000
=
7]
c
[0 200 - [m
© 4 100 T( go®?
R - a
c el
[0} R
£ 100 w o 0000 gy o Divice A
0.1 o Divice B
O o]
ol
12

5 6 7 8
Voltage(V)

9

10 M

T
1000

Brightness (cd m'z)

T
10000

c d

Fig. 4.9 Equilibrium energy diagram and chemical structures of functional materials (a), EL
spectra taken at different voltages (b), brightness—voltage—current density curves (c) and
external quantum efficiency—brightness—current efficiency curves (d) of devices A and B

Device A displayed the turn-on voltage of 4.9 V, which was lower than 5.5 V
observed for device B, which, apparently, benefited from the higher charge-drift
mobilities according to the brightness—voltage—current density curves (Fig. 4.9c).
Moreover, both higher current efficiency of 2.65 cd/A and EQE of 1.3% were
obtained for device A based on compound 1.2 in comparison to the current
efficiency of 0.29 cd/A and EQE of 0.13% recorded for device B based on
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compound 1.3. These results are consistent with EQEs of 1.25-1.5% and 0.15—
0.23% as theoretically predicted for fluorescent devices A and B, respectively. The
theoretical EQEs were estimated according to Formula (2.1), where @ = 0.25 for 1.2
and @ = 0.03 for 1.3 in solid films, Mou is around 0.2-0.3.381 A much better
performance of device A was obtained by using compound 1.2 relatively to that of
device B based on compound 1.3 can be mainly explained by a higher @, higher
charge-drift mobilities of 4, and effective utilization of the excitation energy from
intercrossed-excited-states.’82 A small efficiency roll-off observed in Fig. 4.9 for
devices A and B can be interpreted in terms of the bipolar charge-transporting
properties of both compounds (1.2 and 1.3). The performances of non-doped devices
A and B are still low especially when comparing them with the EQEs of the doped
OLEDs based on phosphorescent emitters or those exhibiting TADF.%5:183

4.2. Donor-acceptor-donor benzonitrile-based emitters with different
substitution pattern

oL Gog

NC Q

T Oeelpols
O O
5O

Fig. 4.10 Chemical structures of differently substituted derivatives of benzonitrile*™
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4.2.1. Photophysical properties

In order to understand the impact of substitutions of benzonitrile-based
emitters on their photophysical properties, the electronic absorption and PL spectra
of the solid films and dilute solutions were recorded (Fig. 4.11). Key photophysical
data is collected in Table 4.3. The solutions of compounds 2.1-2.5 in toluene
displayed quite different absorption profiles because of different donor substituents.
A similarity was observed between the vibronic-structured low-energy bands in the
range of 290-355 nm of the absorption spectra of the solutions of compounds 2.3
and 2.4 containing carbazole moieties. The effect of the other donor moieties, i.e.,
phenothiazine or 9,9-dimethyl-9,10-dihydroacridine was practically not detectable in
the low-energy bands of the solutions of asymmetric compounds 2.3 and 2.4.

Similar absorption spectra were also observed for the solutions in THF and for
the films of compounds 2.3 and 2.4 (Fig. 4.11a). For the toluene solutions of
compounds 2.1 and 2.2, only absorption tails of the compounds were observed. This
is due to the effects of the solvent which are observed for toluene in the range of up
to 300 nm. The absorption spectra of the THF solutions of 2.1 and 2.2 showed a
well-observed band peaking at 281 nm. This band is mainly related to the 9,9-
dimethyl-9,10-dihydroacridine moiety. The shoulder at 316 nm related to the
absorption of the phenoxazine moiety can be recognized in the absorption spectrum
of the solution of compound 2.2. The absorption spectra of the solution of
compound 2.5 were characterized by a well-observed band peaking at 316 nm,
which is apparently also related to the phenoxazine moiety. In the absorption spectra
of toluene solutions and of the films of all the synthesized compounds, weak
absorption tails extending to near 430-460 nm can be recognized. These tails are
apparently related to the CT between the donors and the accepting benzonitrile unit.
The solvatochromic effect for the absorption spectra of the solutions of compounds
2.1-2.5 was not detected. Virtually no differences in the absorption spectra of
toluene solutions, THF solutions and solid films of the same compounds were
detected.

Showing effect of various substitution of benzonitrile-based emitters on their
emission properties, the single emission peaks in the relatively wide range of ca.
470-560 nm were observed in the PL spectra of the toluene solutions of compounds
2.1-2.5 at room temperature. Different donating abilities of the attached donors
resulted in different intramolecular interactions between the donor and the accepting
units, thus determining the fluorescent characteristics (Fig. 4.11b, Table 4.3). The
PL spectra in the blue/sky-blue region were observed for the solutions of
compounds 2.1 and 2.4. These derivatives have a similar structure except for the
substitution of the carbazole moiety for 2.4 instead of one of 9,9-dimethyl-9,10-
dihydroacridine donor units of 2.1. It can be concluded that the spectral
characteristics of these compounds and their ®@ values are completely determined by
the dimethylacridine and the weaker carbazole donor does not have a substantial
impact on the emissive properties in the case.
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Fig. 4.11 Absorption (a) and PL (b) spectra of neat films, dilute toluene and THF solutions
of compounds 2.1-2.5

Similarly to 2.1 and 2.4, the photophysical characteristics of 2.2 and 2.5 with
the phenoxazine units are almost identical regardless of the 9,9-dimethyl-9,10-
dihydroacridine introduction into the structure of 2.2. However, dimethylacridine is
responsible for a slight increase of @& for films. The difference in the structures of
2.1 and 2.2 is that the phenoxazine moiety is substituted instead of one of the two
donors of 2.1. Due to being stronger than the 9,9-dimethyl-9,10-dihydroacridine
electron donating substituent, phenoxazine determines the characteristics of shifting
PL peaks into the green spectral range and lowering the @ of the samples in a non-

52



polar medium. The film of yellow emitter 2.3 is the least emissive (Table 4.3) and
the most spectrally red-shifted compound of the series, which is obviously not
caused by carbazole. Phenoxazine, the strongest donor used in the investigation,
exerts decisive influence on the emissive properties when it competes with carbazole
in 2.3 or 9,9-dimethyl-9,10-dihydroacridine when comparing 2.3 and 2.4. Any of
two donor units of the compound which has a stronger electron donating ability than
others is crucial for the determination of the photophysical properties of the donor-
acceptor-donor molecule in our investigation. The PL spectra of the corresponding
THF solutions were red-shifted with respect to the spectra of the solutions of the
corresponding substituents. This observation indicates intramolecular CT which was
widely observed for emitters containing donor and acceptor moieties.’®®* The PL
intensities of THF solutions of the compounds were found to be very sensitive to
oxygen (Fig. 4.12a). This observation can be related to the triplet harvesting and
converting into light via TADF. The nature of the triplet harvesting will be
discussed below.

Deoxygenated toluene solutions were characterized by relatively weak
emission. Their absolute @s did not exceed 14%. The @s of the films of the studied
compounds measured in air were found to be much higher than those of the dilute
solutions and reached 42%. A comparison of the @ values of the solid films and of
dilute solutions allows concluding that AIEE is characteristic of compounds 2.1-2.5
(Table 4.3).1% Interestingly, the PL spectra of the films of the studied compounds
were found in the similar range or were even blue-shifted in comparison to the PL
spectra of the corresponding toluene solutions (Fig. 4.11b). This aggregation can
induce not only emission intensity enhancement but also blue-shifts of the PL
spectra as it was reported elsewhere.!?’

Table 4.3 Photophysical parameters of benzonitrile derivatives

A, DpL ®pL | DpL | Esi§, Eng, | 4Est8, | Ratio | Ratio,

Compound nmt | THE* toll filmt eV eV Y dg/air] | DFPFT

slopel

291 2.8 0.11
2.1 482 0.11 0.13 | 0.42 272) | 268) | (0.04) 1.6 0.65 1

2.74 2.62 0.12
2.2 529 0.03 0.13 | 0.26 229 | 2.27) | (0.02) 35 0.96 1

271 2.52 0.19
2.3 543 0.01 0.04 | 011 2.63) | 2.62) | (0.01) 2.4 0.88 0.92

2.89 2.84 0.05
2.4 483 0.12 0.14 | 0.39 256) | 2.54) | (0.02) 3 3.8 0.92

2.9* 2.79* | 0.11*
2.5 530 0.03 0.12 | 0.18 2.26) | (2.24) | (0.02) 2.8 - -

I'Wavelength of the PL peak of the neat films of compounds. *@ of deoxygenated THF
solutions. | @ of deoxygenated toluene solutions. @ of the neat films. §Estimated from the emission
spectra of the neat films at 77 K. *Estimated from the emission spectra of dilute THF solutions
recorded at 77 K. fRatio of PL intensities of degassed and air equilibrated toluene solutions recorded at
293 K. tRatio of DF and PF yields of the neat films estimated from the time resolved spectroscopic
measurements at 293 K. i Slopes of the linear fit of log-log DF integral intensity dependence on the
excitation power across the entire range of applied power at 293 K. Theoretical values of Esi, Et1 and
AEst are presented in parentheses
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DF was detected for the solid films at room temperature under inert
atmosphere. DF quantum yields were found to be relatively high in comparison with
those of PF. The ratios of intensities of PF and DF of the films correlate well with
the ratios of emission intensities of air equilibrated and degassed toluene solutions
(Table 4.3, Fig. 4.12). Both of these ratios reflect the contribution of triplet excitons
in the radiative process.

In the donor-acceptor-donor molecules, near-orthogonal geometry minimizes
the singlet-triplet energy splitting of the first singlet and triplet excited state energy
levels making TADF possible.%%

Ew —air equilibrated 700000
3 —degassed T
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Fig. 4.12 PL spectra of degassed and air equilibrated dilute toluene solutions of benzonitrile
derivatives recorded at room temperature (a). Time resolved PL spectra of the film of 2.4
recorded at room temperature (b)
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Energy splitting lower than 0.2 eV enables to predict TADF as the probable
cause of DF. Energy levels of the singlet and triplet excited states were estimated
from the onsets of the emission spectra of the neat films recorded at 77 K under inert
atmosphere. (Table 4.3, Fig. 4.13b). The triplet levels of compounds depend on the
triplet levels of its donors.

As it can be analyzed from the levels of Er; evaluated both theoretically and
experimentally, the phenoxazine donor significantly lowers the energy values of
compounds 2.2 and 2.5 to ~2.6 eV because of having a strong donating ability.
Correspondingly, 2.1 and 2.4 with dimethylacridine have an Er1 higher than 2.8 eV.
The energy increase caused by this moiety is especially well pronounced when 2.3
and 2.4 are compared. The lowest Er1 of 2.52 eV was achieved for the neat film of
2.3 with phenothiazine, the strongest donor of all the donors used in this research.
The thermal activation of DF was detected from the analysis of PL decay curves
after heating up solid samples to temperatures higher than 180 K (Fig. 4.13c). This
observation confirms that the origin of DF is TADF. The slopes of 0.92-1 of the
linear fits of the log-log DF integral intensity dependences on the excitation power
across the entire range of the applied power measured at room temperature is
additional evidence of TADF (Table 4.3, Fig. 4.13d).
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Fig. 4.13 Photophysical characteristics of the film of 2.4: (a) PL spectra recorded at various
temperatures; (b) time resolved PL spectra recorded at liquid nitrogen temperature (0 and
0.1ms delays); (c) PL decay curves recorded at various temperatures; and (d) correlation

between DF integral and excitation dose recorded at room temperature

The unchanged shape of the PL spectra as well as the absence of additional
emission peaks after the deoxygenation of solutions proves that fluorescence is the
only radiative process available for excitons to deactivate to the ground state (Fig.
4.12). The PL spectra of the films of the studied compounds except that of 2.2 did
not show any substantial changes with an increase of the temperature. A slight
additional spectral shoulder for the neat film of 2.2 is attributed to phosphorescence.
The strong DF shows that triplet excitons are involved in the CT emission. Slight
hypsochromic (for 2.1) and bathochromic (for 2.3) shifts of the emission peak
position in the PL spectra of films after heating, or both consecutively (a blue shift
initially, and a red shift at temperatures higher than 140 K in the case of 2.4) can be
attributed to competitive processes. The intramolecular charge transfer state
undergoes stronger vibrational relaxations at higher temperatures, which causes a
substantive usual red shift. The slowing TADF decay requires a shift of the !CT
away from the local triplet excited 3LE state. A constant hypsochromic shift can be
explained by the electronic coupling between 3LE and 'CT.

The presence of conformers with a slightly different dihedral angle between
the electron donor and the acceptor units can be considered as an alternative
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explanation for the blue shift. With this kind of heterogeneity, some molecules are
able to feature a less relaxing CT state that emits light toward the blue region.® This
condition can be crucial for the small singlet-triplet energy splitting. The blue shift
or an additional peak at 77-100K can also be explained by the phosphorescence
attributed to the higher excited triplet state which can have its own role in the
determination of the TADF efficiency.%18¢

4.2.2. Electrochemical and photoelectrical properties

Solid samples of compounds 2.1-2.5 were tested by photoelectron emission
spectroscopy in air. The Ip"F values of the films were found to be in the range from
5.83 to 6.0 eV (Fig. 4.14b). 2.5 with two phenoxazine moieties denoted by the
lowest HOMO level representing IP. Either carbazole or trimethylacridine units as
the weaker electron donors are responsible for the HOMO level increase for 2.1-2.4
with a consequent reduction of the HOMO-LUMO gap.
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Fig. 4.14 Photoelectron emission spectra of the solid samples of compounds 2.1-2.5

Table 4.4 Results derived from electrochemical measurements of compounds 2.1—
25

Compound X avs | EM avspe, | IPO®/HOMO® | EAS/LUMO®
Fe, [V] V] [eV] [eV]
2.1 0.59 -2.38 5.39/-5.21 2.39/-1.83
2.2 0.30 -2.40 5.10/-4.92 2.39/-1.92
2.3 0.31 -2.36 5.11/-5.12 2.44/-1.82
24 0.57 -2.47 5.37/-5.16 2.49/-1.84
2.5 0.66 -2.34 5.46/-4.96 2.28/-1.99
0X red

) Eonset and Eonset were measured vs. ferrocene/ferrocenium. ® Calculated with reference

to ferrocene (4.8 eV). lonization potentials and electron affinities. © Estimated HOMO/LUMO levels

4.2.3. Charge transporting properties

Owing to the donor-acceptor structure of the synthesized compounds, bipolar
charge carrier transport was expected. In order to study the impact of donor
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substituents on the charge-transporting properties of vacuum-deposited films, TOF
measurements were performed regarding the generation of holes or electrons on the
ITO/film interface by optical excitation through the ITO electrode by using a pulsed
laser (A = 355 nm) and different polarity of the applied voltages (positive for holes
and negative for electrons). Thus, the photogenerated holes and electrons were
transported through the layer from the ITO electrode to the opposite Al electrode
under various external electric fields. Because of the highly dispersive charge
transport, the transit times (i) for the holes and electrons at different applied electric
fields were taken from the corresponding photocurrent transients in log-log scales
(Fig. 4.15). The plot of the charge drift mobility versus electric fields (E) is
presented in Fig. 4.15c.
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Fig. 4.15 Electron (a) and hole (b) time-of-flight current transients; charge mobility versus
electric field dependencies (c) of the layers of compounds 2.1-2.5

The hole mobilities of the layers of the studied compounds ranged from 3-10°7
cm?V1st to 1:10“ cm?V1s?t and increased in the order 2.4>2.5>2.1>2.2>2.3. The
highest hole mobilities were observed for compounds 2.4 and 2.5 containing
carbazole/acridan and phenoxazine units, respectively. The lowest hole mobility was
observed for compound 2.3 containing carbazole and phenothiazine donor moieties.
Since the same accepting unit was used, comparable electron mobility values were
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recorded for compounds 2.1-2.5. The values ranged from ca. 1.5-10* cm?V-s? to
3-10* cm?V-is? at an electric field of 6.9-10° Vem™. Slight differences were
apparently determined by different molecular packing of the molecules in the solid-
state.

4.2.4. Device fabrication and characterization

Taking into account relatively high & values of up to 42% for the neat films,
the bipolar charge transport, and relatively good charge-transporting properties of
compounds 2.1-2.5, they can be regarded as promising candidates for doping-free
OLEDs. In order to gain insight into the electroluminescent characteristics of the
studied compounds, they were used as TADF emitters in non-doped OLEDs with
structures 1TO / MoOz / NPB / non-doped EML / TSPOL1 /TPBi / LiF / Al (Fig.
4.16). Non-doped light-emitting layers of these devices (named as 1A-5A) were
prepared from compounds 2.1-2.5, respectively. MoO3 as the HIL, NPB as the
HTL, TSPO1 as the hole/exciton blocking layer, TPBi as the ETL, and LiF as the
EIL were employed. Fig. 4.16 shows the structure and energy diagrams of devices
1A-5A.
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Fig. 4.16 Energy diagram of OLEDs employing compounds 2.1-2.5 as emitters
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The key electroluminescent parameters of the fabricated OLEDs are listed in
Table 4.5. The current density-voltage-luminance characteristics, current efficiency,
power efficiency and EQE versus current density curves as well as the EL spectra
are presented in Fig. 4.22. Similar EL spectra were obtained at different applied
voltages thus proving that the recombination of hole-electron pairs occurred within
the light-emitting layers.

In addition, the EL spectra of devices 1A-5A were in good agreement with the
PL spectra of the films for the studied emitters. The EL spectra of devices 1A and
4A containing emitters with 9,9-dimethyl-9,10-dihydroacridine or carbazole
moieties were blue-shifted in comparison to those of the devices based on emitters
2.2, 2.3 and 2.5 (Fig. 4.22c). CIE 1931 UCS coordinates represent the color (the
blue-yellow range) of electroluminescence of the developed doping-free devices
(Table 4.5). Blue OLEDs were obtained by using emitters 2.1 and 2.4 based on 9,9-
dimethyl-9,10-dihydroacridine or carbazole moieties.
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and EL spectra (c)

The efficient injection of the charge carriers from the electrodes and the
following transport to the emitting layer is evident by the low turn-on voltages for
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all the fabricated OLEDs (3.3-4.5 V). The IQE and EQE of OLEDs, consequently,
correlate to the @ of EML and its singlet and triplet exciton employment into
emission.”” This finding is a direct indication of the TADF efficiency.

The highest values of the maximum EQEs among devices 1A-5A were
obtained for devices based on TADF emitters 2.2 and 2.4 having asymmetrical
structures with 9,9-dimethyl-9,10-dihydroacridine and either phenoxazine or
carbazole moieties (5.0% and 4.1%, respectively). Despite the highest @& value
observed for the film of 2.1, OLEDs based on compound 2.1 showed the maximum
EQE of only 2.5%, apparently because of the smaller contribution of TADF in its
emission (DF/PF intensity ratio of 0.65) (Table 4.5). The lowest maximum EQE
value of 1.6% was obtained for device 3A based on compound 2.3 containing
carbazole and phenothiazine donors. Most probably, it was due to both the lowest @
value and the lowest hole mobilities of the films of the compound.

The best device 2A showed the maximum current efficiency of 16.3 cd/A, the
maximum power efficiency of 12.2 Im/W, and the maximum EQE of 5% (Table
4.5). The bigger ratio of PL intensities of degassed and air equilibrated toluene
solutions for green 2.2 than for blue 2.4 accounts for more efficient TADF resulting
in 2A featuring bigger values of EQE than 4A. The maximum brightness of 22,600
cd/m? was also obtained for device 2A. The highest brightness of this device can
partially be explained by the position of its electroluminescence spectrum which was
in the range of the maximum sensitivity of human eyes.

Doping did not lead to any impressive improvement of the characteristics of
OLEDs. For example, the doping of emitter 2.2 into the host resulted in a luminance
drop from 22,600 to 14,900 cd/m? and a slight increase of the turn-on voltage. In
addition, it also resulted in the increase of the OLED efficiency to 21.2 cd/A, 15.7
Im/W and EQE of 7.3% apparently because of the improvement of the charge-
transporting properties. In addition to the previous investigation, TADF emitters
2.1-2.5 were tested in doped devices 1B-5B and 1C-5C by using TCz1 and mCP
hosts, respectively. To confine the exciton recombination zone within the light-
emitting layer, a relatively high concentration of the emitter (15%) was taken. The
radiative charge recombination in the emitting layer with relatively small
concentrations of the TADF emitter takes place mostly on the interfaces between the
emitting layer and the blocking layers (transport layers in the absence of blocking
layers) due to charge density distributions.®

In order to improve the hole-transfer, additional layers of either TCTA or mCP
were used (Fig. 4.16). As well as for 1A-5A, the turn-on voltages of the doped
devices are similarly low thus proving excellent injection of holes and electrons and
their transport to the recombination zones. The energy mismatch of the host/guest
HOMO/LUMO levels and the energy barriers with the charge transport layers led to
inefficient electronic excitation energy transfer from the host to the guest with the
resulting weak emission from TCz1. The electron blocking layer of mCP effectively
blocked electron penetration into NPB thus enhancing electron transition from the
host to the dopant. As a result, the emission of these devices with the guest:host
layers related to the host became negligible. Doped devices 1B-5B exhibited higher
maximum EQEs in comparison to the non-doped ones (Table 4.5).
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Table 4.5 Electroluminescence parameters of benzonitrile derivatives-based OLEDs

3
Device | EML? "C“glxr'nlz% \\//"”g ne, CIA Y | p, IM/W ¢ | EQE, % CIE®
ITO / MoO3/NPB / non-doped EML / TSPO1 / TPBi / LiF / Al

(0.187,
1A 2.1 5.3 3.6 | 53(48) | 3.6(3.6) | 25(22) 0.285)
163 (0.309,
2A 2.2 226 | 34 | (g | 12210) | 5@5) 0.565)
(0.347,
3A 2.3 1.2 44 | 52(4) | 35(24) | 16(13) 0.522)
(0.181,
4A 2.4 2.6 45 | 84(77) | 49(4.6) | 41(3.7) 0.271)
(0.337,
5A 2.5 104 | 36 | 77(69) | 666 | 241 | oo

ITO / MoOs/ NPB / TCTA / emitter:TCz1 / TSPO1 / TPBi / LiF / Al
1B |2LTCzl| 32 | 35 | 5(47) | 38(31) | 31(29) %"zlf%
_ 21.2 15.7 (0.268,
28 |227Cz1| 149 | 35 | ([3g a0g) | 2D | Gars
. (0.311,
3B |23TCzl| 87 42 | 114(9.3) | 75(0.7) | 3.6(3) 0.546)
5B [25TCzl| 149 | 36 | 151(82) | 95(6.1) | 49(27) ((()3521691),

ITO/MoO3/NPB/TCTA / mCP /emitter:mCP / TSPO1 / TPBi / LiF / Al

_ (0.157,
1C | 2.1:mCP 6.5 36 | 45(2.4) 3(19) | 22(12) 0.249)
_ (0.217,
2C | 22:mCP | 241 3.6 | 207(85) | 122(6.7) | 7(2.9) 0.487)
_ (0.262,
3C | 23:mCP | 137 33 | 12(7.7) | 7.2(6.1) | 3.8(24) 0.522)
_ (0.158,
4C | 2.4:mCP 5 37 | 34(23) | 22(17) | 1.7(1.2) 0.224)
' (0.234,
5C | 25:mCP | 213 35 | 16.1(9.9) | 10.9(8.3) | 53(3.2) 0.512)

2 Type of host/guest system in EML. ® Maximum brightness. ¢ Turn-on voltage. ¢ Maximum current efficiency.
Maximum power efficiency. © Maximum external quantum efficiency. ¢ CIE 1931 UCS coordinates at 8V. The
values in parentheses are presented at 100 cd/m?

The highest values of maximum EQEs among devices 1B-5B were obtained
for devices based on TADF emitters 2.3 and 2.5 having carbazole/phenothiazine and
phenoxazine donor moieties (3.8 and 5.3%, respectively). These results are in good
agreement with the & values of thin films and with the contribution of TADF in the
degassed environment (Tables 4.3, 4.5, Figs. 4.12, 4.17b).

The effect of doping into TCzl is clearly evident when the operational
characteristics of devices 3A and 3B are compared. At a low luminance of 100 cd/A,
the parameters of device 3A were found to be 4 cd/A, 2.4 Im/W, EQE of 1.3% while
those of device 3B were 9.3 cd/A, 6.7 Im/W and 3%, respectively. Devices 5B and
5C also exhibited relatively high maximum EQE of 4.9 and 5.3%, respectively.
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No major peak of the EL spectra of the 2B, 2C, 3B, 3C, 5B and 5C is
pronounced. The emission spectra feature a secondary blue-shifted emissive peak.
Such a behavior is evident for both OLEDs based on compounds 2.2 and 2.3 with
different donor moieties and 5B, 5C based on symmetrical 2.5. There is no doubt
that the cause is the host/guest interaction.

It is explained by a different contribution of PF and DF into emission. RISC
immediately initiates TADF thus causing the triplet excited state to be involved in
the nuclear configuration of the singlet excited state. The peak splitting, previously
explained by the exciplex forming abilities of a host, can occur due to the
enhancement of DF by electrical excitation.’® Two peaks most likely correspond to
PF and TADF from the singlet excited state on different energy levels. The singlet
excited state formed via RISC is denoted by a lower energy. The singlet excited
state which causes PF differs due to the polarization of the host. The polarization of
the host changes when applying more electricity to the OLED. Consequently, at
high voltages, this division becomes more negligible. Considering that the PL
spectra of emitters doped into TCz1 are featureless, double peaks in the EL spectra
can also be attributed to electroplexes.’® As an alternative explanation that was
mentioned above, conformational heterogeneity or the impact of the higher excited
triplet state can lead to a blue-shifted emission peak.

4.3. TADF emitters based on diphenylsulfone and dibenzothiophene
dioxide as acceptor units and di-tert-butyldimethyldihydroacridine as donor
moiety

s¥onoWe
SICN

OO
N N
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Fig. 4.18 Chemical structures of derivatives of diphenylsufone and dibenzothiophene S,S-
dioxide substituted with di(tert-butyl)acridan’*

4.3.1. Electrochemical and photoelectrical properties

IPcv values were found to be comparable (5.19-5.23 eV). EA®Y was estimated
by using optical Eq, and IPY values were found to range from 3.46 to 3.73 eV.

Taking into account that the energies of the molecular levels are different in
solutions and in the solid state,'® the Is"¢ of the solid layers of 3.1-3.3 were

62



additionally estimated by photoelectron emission spectrometry (Fig. 4.19a). "5
values of 5.38 eV were obtained for all the compounds. This observation is thus in
good agreement with the cyclic voltammetry data (Table 4.6). The Is"F and Ea"
values of solids 3.1-3.3 are appropriate for hole and electron injections. Different
acceptor moieties of compounds 3.1-3.3 virtually did not affect their energy levels.

Table 4.6 lonization energies of diphenylsulfone and dibenzothiophene S,S-

dioxide derivatives

E PE
Eonsetox VS IPCV, HOMO EACV’ LUMO® IPPE’ ' [é]
Compound Fe. [V] [eV] [eV] [eV]i® [eV]
3.1 0.42 5.19/-5.21 3.46/-1.75 5.38 2.22
3.2 0.44 5.22/-5.08 3.73/-1.63 5.38 2.21
3.3 0.45 5.23/-5.25 3.69/-2.15 5.38 2.84
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Fig. 4.19 Photoelectron emission spectra (a) and electric field dependencies of hole (filled

symbols) and electron (empty symbols) drift mobilities (b) for the vacuum-deposited layers
of derivatives 3.1-3.3

5.2

The anticipated abilities to transport both holes and electrons were proved for
the solid layers of donor-acceptor-donor compounds 3.1-3.3 by TOF measurements.
Despite the highly dispersive charge transport, t was estimated from the intersection
points at which the tangents to the log-log plot crossed. Charge mobility-electric
field dependences of the layers of 3.1-3.3 well fitted to the Poole—Frenkel
relationship (Fig. 4.19b).%%" Such square-root field dependences are usually observed
for organic semiconductors.'®*1%! Close electron mobility values exceeding 3-10°
cm?V1st at an electric field higher than 5-10° Vem™ were observed for compounds
3.1 and 3.2 with the same accepting unit diphenyl sulfone (Fig. 4.19b). Considerably
lower electron mobilities were recorded for compound 3.3 with a rigid
dibenzothiophene dioxide unit. Although compounds 3.1-3.3 were designed by
using the same donating units (tert-butyl-substituted acridine moiety), very different
hole mobilities were observed for their vacuum deposited layers. A hole mobility of
1.3-10* cm?V-1s? at an electric field of 5-10° Vem™ was observed for the layer of
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compound 3.1, while hole mobilities lower by several orders of magnitude (of
8.1-10® and 2.6-107 cm?V-1s1) were obtained for the layers of compounds 3.2 and
3.3, respectively, at the same electric field. This result displays a strong effect of the
substitution pattern and of the nature of the acceptor on the hole-transporting
properties of the studied compounds. This effect is partly related to different
molecular geometry and rigidity of compounds 3.1-3.3 which might result in
different molecular packing in solid films. Relatively low hole mobilities of
compounds 3.2 and 3.3 can be apparently explained by weak HOMO-HOMO
overlapping of the neighboring molecules in solid films. High and relatively
balanced hole and electron mobilities of the layers of compound 3.1 makes it the
most promising candidate for OLED applications.

4.3.2. Photophysical properties

The photophysical properties of the solutions in the solvents of various
polarity as well as of their neat and doped films were studied. The low-energy
absorption maxima of the solutions of the compounds of their solid films are
attributed to the m—m* transition of the conjugated molecular backbone (Fig. 4.20a).
The absorption band with the maximum at 286 nm of the solutions of compounds is
apparently related to the absorption of acridine. An additional low-energy band at
314 nm was observed for the solutions of compound 3.3. This band is mainly related
to the absorption of dibenzothiophene dioxide. Absorption bands which could be
attributed to CT states were practically not observed for dilute solutions of
compounds 3.1-3.3. However, absorption tails which can be explained by CT were
recorded for the non-doped films of 3.1-3.3 (Fig. 4.20a). The solutions of
diphenylsulfone-based para- and meta-substiduted compounds 3.1 and 3.2 in low-
polarity toluene emitted, respectively, blue light with the intensity maximum at 487
nm and sky-blue light with the maximum at 503 nm.

Meanwhile, the dilute toluene solution of dibenzothiophene dioxide-based
compound 3.3 was characterized by green emission with the maximum at 521 nm.
The PL spectra of the solutions of compounds 3.1-3.3 in more polar THF were red-
shifted with respect to those of toluene solutions. Such a behavior is common for
donor-acceptor molecules which are characterized by the emission with
intramolecular CT character.'
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Table 4.7 Photophysical parameters of diphenylsulfone and dibenzothiophene
S,S-dioxide derivatives

[%2]

g jvabs, APL’ QD, o Tz‘[b]

S nm nm % ns

5 (%)

O

THF Toluene/THF/film/doped film®

3.1 282 487/522/475/475 16(20[1)/9/12/55 24,1782 (1.118)
3.2 286 503/542/502/497 5(161)/3/3/46 63, 3964 (1.255)
3.3 | 285,315 521/577/542/521 7(15I/4/23/46 32, 4642 (1.096)

deoxygenated toluene solutions in parentheses

A mCP was used as the host; [ PL life times of doped films; [l ®s are given for
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Fig. 4.20 Absorption and PL spectra of dilute toluene/THF solutions (10-° M) and of non-
doped and doped in mCP films for 3.1-3.3 (a); PL spectra of the doped films at various
temperatures (b); PL and phosphorescence spectra of doped films (c); PL decay of doped

films recorded at different temperatures

In addition to the red-shifts of the PL spectra of the THF solutions of 3.1-3.3,
the emission intensity of THF solutions is lower in comparison to those of the
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corresponding toluene solutions due to higher polarity of THF. Higher & values
ranging from 5% to 16% (Tbl. 4.7) were recorded for toluene solutions in
comparison to those of the corresponding THF solutions. These @ values of air-
equilibrated toluene solutions were further increased after deoxygenation.

Relatively low @ values were recorded for neat films of 3.1-3.3 exhibiting
ACQ (Table 4.7). However, & values of 55, 46, and 46% were obtained for the
doped films, i.e., for 10 wt% solid solutions of compounds 3.1-3.3 in mCP. Even
these values do not completely display the contributions of triplet levels in the
emission of solid samples since they were tested under air conditions. Because of
the polarity effect, the blue-shifted PL spectrum of the film of 3.3 doped in mCP
was recorded in comparison to that of the film of net 3.3. Unexpectedly, very similar
PL spectra were recorded for doped and non-doped films 3.1:mCP and 3.2:mCP.

In addition, the PL spectra of non-doped films of compounds 3.1 and 3.2 were
blue-shifted in comparison to the PL spectra of the corresponding toluene solutions.
A similar extraordinary behavior of the emission of TADF emitters in the solid-state
was observed for the derivatives of adamantyl-substituted phenyltriazine and 10-
spiro[acridine-9,9'-fluorene].*> These adamantyl-substituted TADF molecules were
designed by taking into account the following requirements: 1) a deep HOMO
energy level for the donating moiety, 2) a shallow LUMO energy level for the
accepting unit, 3) a shallower HOMO level of the donor than that of the acceptor
and a deeper LUMO level of the acceptor than that of the donor for realizing CT,
and 4) locally excited triplet levels (°LE) of both donor and acceptor units higher
than CT triplet levels. Being in good agreement with the mentioned requirements,*®
compounds 3.1 and 3.2 demonstrated a non-red-shifted emission for their neat films.

Similar PL spectra of the films of 1-3 doped in mCP were observed in the
large range of temperatures from 77 to 300 K (Fig. 4.20b). Such a character of
emission at different temperatures is possible when compounds are characterized by
essentially identical fluorescence and phosphorescence spectra, which is usually
observed at low temperatures (77 K). Indeed, similar fluorescence and
phosphorescence spectra were observed by time-resolved PL measurements (Fig.
4.20c). The phosphorescence spectra were recorded by using a delay of more than
0.1 ms after excitation. The S; and T energy levels (marked by straight lines) were
taken from the onsets of the fluorescence and phosphorescence spectra.

In order to clearly provide evidence of TADF for compounds 3.1-3.3, the
fluorescence decay of the films of 3.1-3.3 doped in mCP was recorded at different
temperatures (Fig. 4.20d). The fluorescence decay curves could be well fitted by
double exponentials with short-lived (t1) and long-lived (t2) components (Table 4.7)
which correspond to prompt and delayed fluorescence. The delayed fluorescence of
compounds 3.1-3.3 is attributed to TADF because the intensity of the fluorescence
of the samples rises with the temperature increase from 77 to 300 K (Fig. 4.20d,
shown by arrows).

4.3.3. Device fabrication and characterization

In order to explore the effects of both rigidity of the accepting units and the
tert-butyl modification of the donating units on the efficiencies of devices, various
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compounds were tested as TADF emitters in OLEDs. The structures of TADF
OLEDs 1-3 prepared by using compounds 3.1-3.3, respectively, are shown in Fig.
4.21a. ITO, 50-nm TAPC, 10-nm mCP, 30-nm 0-DiChzBz doped with compounds
3.1-3.3, 55-nm DPPS, 1-nm LiF and 100-nm Al were used for the preparation of the
18t HTL, 2" HTL and exciton-blocking layer, EML, ETL, EIL and cathode,
respectively.1%3194

As it is visualized in Fig. 4.21b, the chosen functional layers provided good
charge injection into EML.

Table 4.8 EL data of devices 1-3

EML Driving voltage CEax PE rax EQEax Peak Wavelength CIE
vy (cd A" | (Im W) (%) (nm)° (x, y)*
3.1 6.28 61.1 64.0 241 495 (0.18,0.41)
3.2 717 58.4 52.4 19.4 518 (0.26,0.51)
3.3 7.77 54.5 55.7 15.9 525 (0.31,0.58)

a0peration voltage was recorded under current density is 10 mA cm?. PMaximum current efficiency,
maximum power efficiency and maximum quantum efficiency. ®Peak wavelength at 3.5 V driving
voltage. ACIE coordinates recorded at a luminance of 1000 cd-m-2

1.8
Al 100 nm | 0-DiCbzBz(2.3)
s R | =
3. 2.6 284
DPPS 55 nm TAPC
31| 32 33 .
-4 - o DPPS| LiF/Al
B - :
mCP 10nm 54 ITO
— 5.38] 5.38 | 538
TAPC 50 nm >3
64 (<] O < - S
| ITO | 55
a b

Fig. 4.21 (a) Configuration of TADF OLEDs 1-3, (b) equilibrium energy diagram

After optimizing the device structure by varying the doping ratio of the
compounds and the layer thickness of ETL, the electroluminescent characteristics of
three high-efficiency devices with compounds 3.1-3.3 were obtained as shown in
Fig. 4.22. Except for the doping compound in the EML, the main configuration of
these three devices is the same. The dopant concentration is of 24%, and the ETL
layer’s thickness equals to 55 nm. The high dopant concentration of 24% affects the
carrier transport and determines the device performance. The device characteristics
are summarized in Table 4.8. Fig. 4.22a shows their current density-voltage curves.
The device with compound 1 exhibits a distinguished current density-voltage
behavior because compound 3.1 possesses a higher charge carrier mobility than
compounds 3.2 and 3.3 (Fig. 4.19b). In addition, this device also achieves stronger
illuminance because of the better carrier balance in the EML. The device with
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compound 3.2 exhibits a better performance than the device with compound 3.3.
This is because compound 3.3 exhibits a higher electron mobility and a smaller
LUMO gap between the 0-DiCbzBz host and itself to benefit the electron
transportation and carrier recombination. The device with compound 3.1 also shows
a distinguished efficiency performance with a CEmax, PEmax, and EQEmax of 61.1
cd-At, 64.0 Im-W?, and 24.1%, respectively (Fig. 4.22b). The devices with
compounds 3.2 and 3.3 show a somewhat inferior efficiency.
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Fig. 4.22 (a) JLV curves, (b) CE, PE and EQE versus J curves, (c) emission spectra at 3.5 V,
and (d) transient EL signals of devices 1-3 with compounds 3.1-3.3 as TADF emitters,
respectively

Their emission spectra recorded at a driving voltage of 3.5 V are shown in Fig.
4.22c. Their peak wavelengths are located at 495, 518 and 525 nm with a full width
at half maximum (FWHM) of 81, 93 and 86 nm, respectively, corresponding to the
CIE coordinates of (0.18, 0.41), (0.26, 0.51), and (0.31, 0.58). The tert-Butyl
substitution of donor moieties of an emitter led to the efficiency enhancement of the
corresponding OLEDs. Device 1 outperformed any OLED with DMAC-DPS as an
emitter known to date.!%

The transient EL measurements were performed for these three devices as
shown in Fig. 4.22d. The devices showed long emission lifetimes of more than 15
ps, which is delayed fluorescence caused RISC. The device with compound 3.1
shows a much shorter emission lifetime. It can be deduced that compound 3.1
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possesses an efficient RISC energy transfer from T; to Si, which stems from the
smaller 4Est (Fig. 4.20c).

4.4. Derivatives of triphenyltriazine substituted by tert-butylcarbazolyl
moieties as TADF emitters

4.1 4.2

4.3
Fig. 4.23 Chemical structures of tert-butylcarbazolyl-substituted triphenyltriazines

Quantum chemical calculations of 4.1, 4.2 and 4.3 derivatives were conducted
via the density functional theory (DFT).

As shown in Fig. 4.24, the HOMOs are located on the tret-butyl-carbazole
moiety and are extended to the neighboring phenyl rings in all the compounds, while
the LUMOs are localized over the triphenyltriazine core and the neighboring phenyl
rings with small overlaps between the acceptor and donor moieties. Such separated
distributions of the frontier molecular orbitals endowed molecules with small AEst
values from 0.05 to 0.07 eV thus showing that the reverse intersystem crossing
process of T:—S; is activated by the thermal energy of the surroundings.

The appropriate HOMO-LUMO distribution, the oscillator strength (f) and the
singlet-triplet energies were calculated by using TD-DFT calculations with the
optimized structures at the B3LYP/6-31G (d, p) level. Besides, the oscillator
strength (f) of all the derivatives was determined to be 0.0130, 0.0122 and 0.0125
for 4.1, 4.2 and 4.3, respectively. In addition, the relatively small dihedral angle
between the donor moieties and the adjacent phenyl rings allowed tret-butyl-
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carbazole based derivatives to have more planar structures with dihedral angles of
62.5-69.2°.

4.2

Iptimized

structure o J

Hoo 5&;

-5.11 eV -5.15 eV -5.20 eV

LUMO

-1.75 eV -1.80 eV -1.76 eV

T

LUNTO

Fig. 4.24 Optimized geometries and molecular orbital plots (B3LYP/6-31G (d, p)) of 4.1-4.3
in gas phase

The HONTO and LUNTO triplet excited states of 4.1-4.3 were controlled and
mainly located on the tret-butyl-carbazolyl moiety as well as the phenyl ring,
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whereas the LUNTO was delocalized on the diphenyltriazine core. The partial
separation of the HONTO and LUNTO triplet excited states between the electron
accepting and donating moieties for 4.1-4.3 denotes a smaller AEst. The triplet
energies were theoretically calculated based on the molecule ground state geometry with
triplet energies of 2.85, 2.69, 2.69 eV for 4.1, 4.2 and 4.3, respectively.

4.4.1. Photophysical properties

The key photophysical data of the dilute toluene and THF solutions, thin neat
films and films of 10 wt% solid solutions of the studied compounds in mCP is
presented in Fig. 4.25 and Table 4.9. The absorption spectra of both the solid state
and liquid samples indicate contributions of many electronic transitions. All the
derivatives perform a low-energy absorption band at ~320 nm in dilute solutions and
neat films. Low energy band (LEB) peaks totally correspond to the transitions from
the ground state to various vibrational levels of the first excited singlet state of
carbazole.!®® Similarly, the absorption bands near 295 nm originate from the
transitions to the second excited singlet state. The absorbance of samples represents
a clearly spectral behavior of the donor moiety. At the same time, the PL spectra of
the dilute solutions of compounds revealed a single broad peak whose position
depends on the solvent polarity. As it can be seen from Fig. 4.25, the substitution of
toluene by polar THF leads to a bathochromic shift of the PL peak from ~490 to
~520 nm for all the compounds. Such a spectral character is evidence of CT state
emission. The PL spectral band of films is hypsocromically shifted into the blue
spectral diapason due to the enhanced intermolecular interactions in the solid state.
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Fig. 4.25 Absorption and PL spectra of dilute toluene, THF solutions and of thin neat and
doped in mCP (10 wt%) films of compounds

The presence of CT in these molecules is a reason to investigate derivatives in
the guest:host systems in order to examine the TADF capabilities of the emitters.
The absorption peaks of all mCP-based doped films at 329 and 342 nm relate to the
typical absorption of the host.!®” The LEB of doped films is similar to those of
solutions and neat films considering that mCP possesses two carbazole moieties.%
The PL of doped films corresponds to the dopant emission. It postulates a great
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electronic excitation energy transfer from mCP to the guest molecules. The effect
caused by the polarity of host molecules is the most probable reason of the red shift
of the peak of the emission spectra of the doped films in comparison to the
corresponding neat films of 4.1 and 4.3. Nevertheless, the electronegativity of
oxygen atoms in 4.2 successfully opposes the impact of mCP as it is shown in the
PL spectra of the films based on this emitter.

Optical band gaps E,® were estimated from the onsets of the absorption
spectra of neat films. The @ of the neat film and solutions of 4.2 are the biggest of
all the materials of the series. However, the 4.3:mCP film performed a & of 0.64,
which is bigger than any other @ for the series. This is due to a better charge balance
provided by a smaller difference of the energy levels of the frontier orbitals for 4.3
and mCP than for two other guest:host systems (Fig. 4.27).

The @ values for deoxygenated dilute toluene solutions are nearly two times
bigger than for the air equilibrated solutions. It points to the contribution of triplet
excitons into emission in the absence of molecular interactions with oxygen.

In order to prove TADF appearance, the films of compounds doped in mCP
were additionally investigated. It can be shown from the time resolved PL spectra of
the samples (Fig. 4.26) that only the delayed fluorescence component of the PL
intensity remains with delays bigger than a microsecond. The value of the decrease
of emission intensity corresponds to the PF intensity. As a result, it can be
concluded that the yield of DF of samples is bigger than the yield of the prompt
fluorescence.

The indications of TADF in the guest:host systems were investigated by
spectroscopic methods at various temperatures. The singlet-triplet energy splitting
AEsr is smaller than 0.1 eV for all the samples (Table 4.9), which correlates well
with the previous analysis of the molecules. Such a division of the first excited states
is great for the stimulation of the reverse intersystem crossing initiating TADF.

Table 4.9 Photophysical parameters of carbazolyl-substituted triphenyltriazines

41 3.38 | 0.09 | 0.32 | 0.11/0.21 | 0.18 | 2.86 | 2.84 | 0.02 -5.95 -2.57
4.2 3.41 | 0.29 | 0.44 | 0.24/0.51 | 0.19 | 2.82 | 2.75 | 0.07 -5.98 -2.57
4.3 35 | 013 | 0.64 | 0.21/0.38 | 0.18 | 2.9 | 2.84 | 0.06 -6 -2.5

IOptical band gaps estimated from onset of absorption spectra of neat films. 2& of neat films of
compounds. 3@ of films of compounds doped in mCP (10 wt%). “® of dilute air
equilibrated/deoxygenated toluene solutions of compounds. 3@ of dilute air equilibrated THF solutions
of compounds. ¢ Estimated from emission spectra of films of compounds doped in mCP (10 wt%) at
77K. "Taken from IP values. 8Estimated by subtracting Egopt from IP values

The PL decay curves of the doped films were detected as shown in Fig. 4.26b.
The phosphorescent component of the decay curve vanishes with the increase of
temperature. TADF occurs after heating and becomes more intensive with the
lifetime values in the microsecond range as it can be estimated from the data. As it is
shown in the normalized PL spectra of the films recorded at different temperatures
(Fig. 4.26b), a decrease of the slight shoulder related to phosphorescence after
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heating is observed at ~450 nm, which corresponds with the estimated values of Er;.
Besides that, the spectral character of emission is relatively the same as the
temperature grows. It postulates the identical way of radiative deactivation of both
triplet and singlet excitons in the samples. A slight bathochromic shift is caused by
the intramolecular charge transfer undergoing vibrational relaxations under heating.
All these results point to a strong TADF character of the emission.
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Fig. 4.26 The film of 10 wt% solid solutions of 4.1 in mCP. a) Time resolved PL spectra
recorded at room temperature. Inset: Normalized PL and phosphorescence spectra (0.1 ms of
delay) recorded at 78K. b) PL decay curves recorded at various temperatures. Inset:
Normalized PL spectra recorded at various temperatures

4.4.2. Device fabrication and characterization

Guest:mCP systems were employed as the emitting layers (EML) of OLEDs to
test the TADF capabilities of the emitters. The structures of A-C devices in the
energetic domain as a representation of the HOMO/LUMO levels of the respective
organic layers are showed in Fig. 4.27.
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Fig. 4.27 Energy diagram of carbazolyl-substituted triphenyltriazine-based devices
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The key characteristics of A—C are presented in Table 4.10 and Fig. 4.28.
HAT-CN and LiF were used as the HIL and EIL, respectively. TCTA was chosen
for HTL. mCP served not just as the host but also as the EBL. Layers of TSPO1
were used for hole blocking. TPBi was used as the electron transport material. The
weight concentration of the materials in EML of A-C is 10 wt%.

Table 4.10 Parameters of carbazolyl-substituted triphenyltriazine-based OLEDs

A Lmax
. Compound ’ s | Vo, | Mo np, | EQE, h
Device g " e | VO | AT | Imw | o CIE
A 4.1 474 173 | 35| 149 | 99 | 77 | (0.150.23)
B 4.2 479 | 101 | 36 | 96 48 | 46 | (0.15,0.27)
C 43 481 139 | 4 | 111 | 45 | 51 | (0.155,0.)

2 Guest in EML. ® EL peak wavelength. ¢ Maximum luminance. ¢ Turn-on voltage (voltage at 1
cd-m™). ¢ Maximum current efficiency. © Maximum power efficiency. 9 Maximum external quantum
efficiency. " Coordinates for CIE 1931 chromaticity diagram of EL spectra recorded at 7V
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Fig. 4.28 A-C OLEDs: (a) Electroluminescence spectra recorded at 7V; (b) Luminance and
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A single narrow peak for all the EL spectra (Fig. 4.28a) represents the dopant
emission and correlates well to a great extent with the PL spectra of the respective
doped films with the same weight concentration. The ultraviolet spectral shoulder
attributes to the emission of mCP. Incomplete energy transfer from the host to the
guest concluded from the EL spectra of A-C is the cause of the lower EQE values
than the ones which could be obtained due to the use of triplet excitons.
Nevertheless, the EQEs of OLEDs are big enough to be supporting evidence of the
TADF nature of the emission. Low turn-on voltages of 3.6-4.1 V prove excellent
charge transfer from electrodes to the recombination zones and the consequent
appropriate selection of the organic layers as well as their thickness. The maximum
EQE (Table 4.10) values of A-C range from 4.6 to 7.7%. Despite the lowest @
values in various samples, 4.1 achieved the biggest efficiency values and a
brightness of up to 17.3 thousand cd/m?. The emitting guest:host layer in the OLED
sandwich of vacuum-deposited organic layers under electrical power is a unique
physical medium determining the TADF efficiency and the properties of the device.
Apparently, the smallest E¢°™ and the corresponding HOMO-LUMO gap for 4.1 out
of all the compounds plays a more significant role in the EL processes enhancing the
emissive processes.

In order to vindicate the role of 4.1 in such high efficiency values of the
devices, two additional series of OLEDs were made to compare the emitter with
OMTR-tCz which exhibited the highest @s of neat films and dilute solutions. D and
E OLEDs have the following structures: ITO / HAT-CN (3 nm) / NPB (35 nm) /
TCTA (10 nm) / mCP (5 nm) / EML / TSPO1 (5 nm) / TPBi (45 nm) / LiF (0.8 nm)
/ Al with 4.1 or 4.2 doped into mCP (20 wt%, 30 nm) as EML, respectively. For an
additional series of devices, NPB was employed to enhance hole transport. D and E
showed the same spectral behavior as A and B. However, the EQE dropped from
4.6% to 4.1% for 4.2 and significantly decreased from 7.1% to 3.8% for 4.1. Such
an impact of the introduction of NPB is implausible. So, the origin of this
inefficiency is in the increase of the doping concentration to 20 wt%. E performed
better than D, but their performances are close. F and G of the second additional
series of OLEDs have the same structures as A and B, respectively, but with TCz1 as
the host instead of mCP. The EL spectra of these devices have the same issue of
modest host contribution into the emission. F with the values of brightness of up to
23.5 thousand cd/m? and an EQE maximum of 6.2% almost reached the results of A.

At the same time, the EQE maximum for 4.2-based devices fell from 4.6% to
3.8% after the employment of TCz1 instead of mCP. In the series of devices based
on TCz1 as the host, 4.1 performed better than 4.2. TCz1 has a HOMO energy of -
5.8 eV and -2.6 eV for LUMO. 4.1 has the highest HOMO and the lowest LUMO
levels of all the compounds of the presented series of derivatives. Smaller energetic
barriers in the guest:TCz1 systems make 4.1 the most suitable candidate for doping
into the considered host matrix.

75



4.5. Methoxycarbazolyl-disubstituted dibenzofuranes as hole- and
electron-transporting hosts for phosphorescent and TADF-based OLEDs

O
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Fig. 4.29 Chemical structures of methoxycarbazolyl-substituted dibenzofurans'’
4.5.1. Electrochemical and photoelectrical properties

The HOMO energy levels of 5.1, 5.2 and 5.3 derivatives were calculated to be
equal to -5.22, -5.29, -5.06 eV, respectively. The DFT-calculated (B3LYP/6-31G (d,
p)) HOMO energy levels are in good agreement with the experimentally estimated
values (Table 4.11, Fig. 4.30). In comparison with dimethoxycarbazole-based
derivatives (5.1, 5.2), tetramethoxycarbazole containing compound 5.3 showed a
higher HOMO energy value by 0.20-0.30 eV thus proving a HOMO energy increase
due to the methoxy group.'*® The IP"E values of solid films 5.1-5.3 were measured
by the photoelectron emission technique in air (Fig. 4.30). The IP® values of the
layers of the synthesized compounds ranged from 5.35 to 5.53 eV.
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Fig. 4.30 Photoelectron emission spectra of layers of 5.1-5.3

The effect of the substitution pattern of carbazole moieties of the studied
compounds on their semiconducting properties was investigated by conducting TOF
measurements. The values of charge drift mobilities for the tested films of
compounds were calculated by taking ty at the cross point of the tangent lines at
various slopes of the transient curves in the log-log scales as it is shown in Fig.
4.31b. Such cross points were related to the transit times since their shifts to smaller
times were clearly observed with the increase of the applied voltages. The films of
5.1 were characterized by a relatively low dispersive hole transport. Much more
dispersive hole transport was detected for the films of 5.2 and 5.3.

Table 4.11 lonization energies of methoxycarbazolyl-substituted dibenzofurans

HOMO,x PE

Eonset, Eox, Eip LUMO IP™,

Compound OVSEt Eorpa V2 | Vi° \1/’2 /H?I\QSDFT | eVdDFT Ve
5.1 0.44 0.55 0.45 0.50 | -5.22/-4.91 -1.34 5.35
5.2 0.49 0.64 0.38 | 0.51 | -5.29/-4.97 -1.33 5.52
5.3 0.33 0.41 0.34 | 0.37 | -5.06/-4.80 -1.27 5.35

In addition, a strongly dispersive electron transport was observed for the tested
films. Relatively high errors of the determined values of the transit times led to
errors in the calculated electron mobilities (Fig. 4.31b).

Apparently, because of the strongly dispersive electron transport, it was not
possible to find the transit times for films 5.1, and its electron mobilities were not
estimated. Nevertheless, the values of hole mobility of compound 5.1 exceeded 10
cm?V1st at high electric fields (>3.6-10° Vem™?). The values of the hole mobility of
compounds 5.2 and 5.3 were several times lower at the same electric fields.
Apparently, these differences are related to the differently substituted
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methoxycarbazole units of the compounds, different intermolecular interactions
and/or molecular packing.

Electron mobilities of 5.2 and 5.3 were found in the similar range to each other
because of the same accepting moiety used in their molecular structures. Taking into
account the bipolar charge-transport, the studied compounds could be of interest as
the host materials for further testing in OLEDs where hole and electron transport is
needed.
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Fig. 4.31 Hole and electron mobilities versus electric field (a) and time-of-flight signals for
holes for film of 5.1 at different voltages (b)

4.5.2. Photophysical properties

To study the effect of various substitutions on the photophysical properties of
the designed compounds, the absorption and PL spectra were recorded of their
toluene and THF solutions as well as of the films (Fig. 4.32a). The key
photophysical characteristics are listed in Table 4.12. A well-structured LEB was
observed for the solutions of 5.1. The LEBs of the solutions of 5.2 and 5.3 were
less-structured but still observable.
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Fig. 4.32 (a) Absorption and PL spectra of dilute THF, toluene solutions and neat films of
5.1-5.3. (b) PL and phosphorescence spectra of dilute THF solutions recorded at 77 K
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Despite the donor-acceptor-donor structure of the compounds, their LEBs are very
similar to the LEBs of the corresponding methoxy-substituted carbazoles. They
mostly relate to the local carbazole transitions as it was previously observed.**® The
presence of an electron-accepting (Fig. 4.33) dibenzofuran unit in the molecular
structures of derivatives may result in the formation of low-energy absorption bands
of the CT character. However, they are practically not detectable in the absorption
spectra of the solutions due to the insignificant interfragment n-conjugation (Fig.

4.32a).
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Fig. 4.33 Experimental (grey) and theoretical (blue) HOMO/LUMO levels and orbitals, S1
and T energies of 5.1-5.3

The red shifts of the absorption spectra of the films of the studied compounds
are apparently related to the formation of CT states between methoxycarbazoles and
dibenzofurane units since interfragment interaction may be induced in solid films.
The values of the optical band gap were estimated from the onset wavelengths of
LEB of neat films and presented in Table 4.12.

The solution of 5.1 in toluene demonstrated a double-peaked emission
spectrum in contrast to those of the other studied derivatives (Fig. 4.32a). The
HOMO and LUMO distribution of 5.1 shows that the dibenzofuran and donor
moieties are not completely separated electronically (Fig. 4.33). The PL band of the
toluene solution of 5.1 can be mainly attributed to the radiative deactivation of the
LE state of methoxycarbazole chromophores because of its similarity to those of
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methoxycarbazoles.}* In addition, the solution of 5.1 in toluene exhibited emission
of the intramolecular CT nature. Intramolecular CT is manifested by the positive
solvatochromic effect of dilute solutions. The emission peaks of the THF solution of
the compound is bathochromically shifted in comparison to that of the solution in
less polar toluene by ca. 50 nm, while the change in the position of the
corresponding absorption peaks is negligible. Such an emission behavior of 5.1 may
be related to the relatively weak donating ability of methoxycarbazole units attached
at C-3 and C-6 positions of the carbazole moiety, which determines the weak CT
emission of the solutions of 5.1 with the solvents of low polarity. In contract, the
emission of toluene solutions of 5.2 and 5.3 is characterized by broader spectra with
a single maximum (Fig. 4.32a). The CT character of 5.2 and 5.3 emission is evident
by the red shifts of emissions of the solutions in THF in comparison to those of the
solutions in toluene. Thus, the emission of the solutions of 5.2 and 5.3 is related to
the transition from the LUMO of the dibenzofuran moiety to the HOMO of
di(tetra)methoxycarbazole.

Table 4.12 Photophysical parameters of methoxycarbazolyl-substituted
dibenzofurans

AEst®/
Eqg D1HF Er1% En Es1¢/ Esi
a ) )
Compound ApL, NM RY, b Diilm (heon ¢ 6V Ry AEseT \(/thdeor.),
393, 431/389,
5.1 404/389, 437 3.13 0.17 | 0.10 | 2.89/2.89 | 3.32/3.07 | 0.43/0.16
5.2 410/398/452 3.58 0.06 | 0.06 | 3.01/2.96 | 3.55/3.18 | 0.54/0.19
5.3 444/436/483 3.47 011 | 0.1 | 2.86/2.86 | 3.27/3.05 | 0.41/0.17

2 Wavelength of emission peak of neat thin film/dilute toluene solution/dilute THF solution. ® ®
value of deoxygenated dilute THF solution. ¢ Estimated from emission spectra of dilute THF solutions
recorded at 77K. 9 Calculated values by DFT B3LYP/6-31(d, p) method

This explanation is supported by the spatial separation of HOMO and LUMO
of 5.2 and 5.3. The most efficient charge transport is expected for the layers of 5.2
due to the larger HOMO/LUMO distribution compared to that of 5.1 and 5.3. Such
consideration is in agreement with the largest Stokes shift observed for THF
solution of 5.2 (Fig. 4.32a).

The different character of the radiative processes of derivatives can be
explained by different donating abilities of di(tetra)methoxycarbazoles resulting in
different distributions of the frontier molecular orbitals between these
di(tetra)methoxycarbazole and dibenzofuran moieties (Fig. 4.32).

The fluorescence of the neat thin film of 5.1 is very similar to the
intramolecular CT emission of the dilute THF solution of the compound (Fig.
4.32a). In addition, a high-energy shoulder is observed in the PL spectrum of the
film of 5.1. This shoulder is similar to the emission of the toluene solution of the
compound which peaked at 398 nm. The solid-state emission of 5.1 similarly to the
PL of the solutions stems from the recombination of the hybridized local and charge
transfer (HLCT) state (mixed localized electronic (n—7n*) and charge-transfer
states).?® In contrast, the fluorescence resulting from the deactivation of only CT
states was detected for the films of 5.2 and 5.3 (Fig. 4.32a). In the cases of either
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HLCT or CT states, the triplet excitons of compounds may exhibit radiative decay
processes as it was previously reported.?’* The increase of the fluorescence intensity
of both solid samples and dilute solutions was observed after deoxygenation. The
maxima of the PL spectra of the films of 5.2 and 5.3 are observed close to the PL
maxima of the corresponding toluene solutions indicating a low polarity of 5.2 and
5.3.202

The & values of the deoxygenated THF solutions and neat thin films of
compounds are found to be identical for 5.2 and 5.3 (Table 4.12). In the case of 5.1,
&s of 0.17 and 0.10 for the THF solution and the solid sample, respectively, are
obtained. The low ¢ values of the solutions can apparently be explained by
malleable flexible linkages between the donor and acceptor units. As a result, the
free vibrations of methoxycarbazoles in solutions lead to emission quenching.
Although these free vibrations are blocked in solid films, methoxy groups induce
intermolecular interactions (e.g., h-bonding?®®) leading to ACQ.

The host materials of OLEDs have to be characterized by higher triplet levels
than the energy levels of radiative states of the used emitter. In order to examine the
triplet levels of derivatives, their phosphorescence and PL spectra of dilute THF
solutions at 77 K were recorded (Fig. 4.32b). The shapes of the phosphorescent
spectra as well as the values of the first triplet excited energy level of the
compounds are in good agreement with those of the previously published
compounds based only on methoxycarbazoles.?’* Thus, the phosphorescence of THF
solutions was completely related to the recombination of triplet LE states of
methoxycarbazoles. The influence of dibenzofuran in the role of the acceptor for
these compounds on the phosphorescence spectra was not detectible.

The values of the first excited singlet and triplet state energy levels, Es: and
Er1, were estimated from the onset of the photon energies of the PL and
phosphorescence bands, respectively (Table 4.12). The theoretically predicted Es;
and Er; values of the compounds are in good agreement with the experimental ones
(Table 4.12, Fig. 4.32b). Due to the high triplet levels of 2.86-2.96 eV, the
investigated compounds can be recognized as promising host materials for OLEDs.

To demonstrate the energy transfer from hosts 5.1-5.3 to the emitters, the
host-guest layers were fabricated by using green TADF emitters DAcIPN?" and
DACT-11*2? as the guest at 10 wt% doping concentration. The PL spectra of these
host-guest layers demonstrated single bands related to the emission of the guest, and
no bands/shoulders of the hosts were recorded. The fluorescence spectra of the
guest:host films are almost identical with the wavelength of the emission peaks of
ca. 555 nm for the films containing DACIPN, and 545 nm for the films with DACT-
Il. It indicates efficient host-guest interaction. The PL decay curves of the doped
films recorded at room temperature contained components in the us range which are
attributed to TADF as it was proved elsewhere.?%22 This data shows that the
synthesized compounds can operate as hosts transferring the electronic excitation
energy to guest emitters without suppressing TADF.
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4.5.3. Device fabrication and characterization

In order to investigate the effect of the methoxy substituents of the carbazole
moiety on the host efficiencies in TADF and phosphorescent OLEDs, a comparable
study was performed by using two TADF emitters (DACIPN and DACT-II) and two
phosphorescent emitters Ir(ppy)s Ir(pig)z(acac). The HOMO/LUMO values of these
emitters did not match well with the HOMO/LUMO values of the studied hosts (Fig.
4.34). As a result, the electroluminescent performances of the fabricated devices
were lower than those of the reported OLEDs containing the same emitters, 5204205
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Fig. 4.34 Equilibrium energy diagram of OLEDs

Nevertheless, the comparable study provided evidence that compound 5.1
demonstrated better host efficiencies for TADF OLEDs relative to compounds 5.2
and 5.3. In order to estimate the hosting properties of 5.1, 5.2 and 5.3, two series of
OLEDs based on DACIPN and DACT-Il as the TADF emissive species were
fabricated. Additionally, the studied compounds were tested as hosts in two series of
PhOLEDs using green and red emitters Ir(ppy)s and Ir(pig)2(acac). The guest:host
systems were fabricated by vacuum deposition keeping 10 wt% concentration for
TADF emitters and 5 wt% for the phosphorescent species. The structures of the
fabricated OLEDs as well as their major electroluminescent characteristics are listed
in Table 4.13. The functional layers of the fabricated devices were selected for
providing good charge injection, charge transport and recombination within the
light-emitting layers due to the appropriate energy levels of the materials as it is
visualized in the equilibrium energy diagram (Fig. 4.34). The layer of MoO; or
HAT-CN was used as HIL. The layer of NPB was employed as HTL. TSPO1 was
used as the hole blocking material. The layers of TmPyPb and TPBi were employed
as ETL. The layer of LiF was used as EIL. The anode and the cathode were made of
ITO and aluminum, respectively.

The EL spectra of all the devices contain a single peak attributed to the
emission of the dopant. The CIE coordinates and wavelengths of the spectral peaks
correlate to a great extent with the performances of OLEDs based on other hosts
reported earlier.2%%2°2 Good electronic excitation energy transfer from the host to the
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guest is also evident from the absence of any collateral peaks in the EL spectra of
OLEDs. By virtue of having small differences in their molecular structures, hosts
5.1, 5.2 and 5.3 based on the carbazolyl moiety with just a different number and
substitution pattern of the methoxy groups induced essential differences in the
electroluminescence characteristics of the fabricated devices.

Table 4.13 Structures and characteristics of devices A—L

Lmax, 103 Nc, 7’]’), EQE, % f
cdm?® | cd/Ab | mwe | ¢ | AmT] CIE

ITO/MoOs (1 nm) / NPB (45 nm) / DAcIPN:host (10 wt%, 30 nm) / TSPO1 (5 nm) /
TmPyPb (40 nm) / LiF (0.5 nm) / Al

Device Host

(0.32,

A 5.1 387 28.9 9.2 8.1 533 06)
(0.27,

B 5.2 23.5 16.8 6.3 5 521 0.56)
(0.33,

c 5.3 12.3 11 4 3.1 538 0.60)

ITO/MoOs3(1 nm)/NPB (45 nm) / DACT-Il:host (10 wt%, 30 nm) / TSPO1 (5 nm) /
TmPyPb(40 nm) / LiF(0.5 nm) / Al

(0.31,

E 5.1 44.5 41.6 15.1 12.2 532 0.58)
(0.27,

F 5.2 35.9 21.4 7.6 6.7 521 0.54)
(0.32,

G 5.3 24.4 14.8 5.6 43 534 058)

ITO/HAT-CN (4 nm) / NPB (45 nm) / Ir(ppy)s:host (5 wt%, 15 nm) / TSPO1 (5 nm) /
TPBi (45 nm) / LiF (0.5 nm) / Al

H 5.2 531 44.1 36.8 12.6 509 -

I 5.3 9 14 111 4.3 508 -

ITO/HAT-CN (4 nm) / NPB (45 nm) / Ir(pig)z(acac):host (5 wt%, 15 nm) / TSPO1 (5
nm) / TPBi (45 nm) / LiF (0.5 nm) / Al

J 5.1 15.7 7.6 4.8 7.3 623 -
K 5.2 14.1 8.4 51 8.5 623 -
L 5.3 8.3 3.9 3.2 4.9 629 -

3 Maximum brightness. ® Maximum current efficiency. ¢ Maximum power efficiency. ¢
Maximum external quantum efficiency. ¢ Wavelength of the EL spectrum peak at 6V. f CIE 1931 UCS
coordinates at 10V

By using the TADF emitter DACIPN in devices A, B, and C, the values of the
maximum EQE of 8.1>5>3.1% were obtained for these devices displaying the order
of host efficiency 5.1>5.2>5.3 (Table 4.13, Fig. 4.35b). The same trend of the host
efficiency was obtained in the case of DACT-II-based devices E, F, and G according
to their maximum EQEs. The difference in the efficiency of the devices is
apparently related to the difference in their properties (the HOLO/LUMO values, the
triplet values, the structure/morphology of the layers, etc.) of the used hosts. The
obtained data put 5.2 in the middle between 5.1 and 5.3 with respect to the
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efficiency of TADF OLEDs (Table 4.13). Based on the fact that in both series A-C
and E-G, the same order of efficiency of the host materials remains, it can be
suggested that the origin of the efficiency drop of the devices based on the TADF
emitter: 5.2 layers is not in the specific guest-host interactions. The most credible
explanation of the suppressing of TADF efficiency is the energy mismatch of the
molecular orbitals on the interfaces of the layers where radiative recombination
takes place. The LUMO level of 5.2 makes the energetic barrier of 0.56 eV for
electrons to transfer from the TSPOL layer to a recombination zone while there is no
such a barrier for 5.1 and mCP (Fig. 4.35). It can be predicted that the improvement
of the OLED structure including a selection of the appropriate hole blocking and/or
electron transport layers may optimize the energy transfer and lead to a considerable
enhancement of the efficiency of the devices based on 5.1. One more possible
reason of the best host performance of 5.1 could be its non-dispersive hole transport
with a relatively high mobility level in contrast to the other studied hosts (Fig. 4.31).
TADF device A and phosphorescent device E based on 5.1 as the host showed the
best maximum EQE values of 8.1% and 12.2%, respectively (Fig. 4.35b).

CIE 1931

DAcIPN-based devices: 4 A
10 4 e B
C

00009000000000,,,
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1 1‘0 180
Current density, mA/cm?

b

Fig. 4.35 (a) CIE 1931 UCS diagram for EL spectra recorded at 8V and EQE characteristics
(b). Inset: EL spectra of TADF OLEDs recorded at 10 V

Meanwhile, 5.3 exhibited the worst performance in TADF devices C and G
based on DACIPN and DACT-II, showing 4 and 5.6 Im/W of the maximum power
efficiency, 11 and 14.8 cd/A of the maximum current efficiency, respectively. Thus,
it is expected that the carbazolyl moiety substituted by methoxy groups at C-3 and
C-6 positions has the highest potential for the further development of bipolar host
materials.

Since the first triplet excited state energy values of the studied hosts (Table
4.12) are much higher than the first triplet excited state energy levels of dopants
Ir(ppy)s (2.4 eV?®) and Ir(pig)z(acac) (1.97 eV¥), the efficient triplet energy
transfer from the host to the guest was expected. Consequently, the EL spectra of
PhOLEDs are typical for an emission attributed to emitters. However, there are
slight spectral bands related to the host emission of devices H and | (Fig. 4.36).
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Nevertheless, the low turn-on voltages of ~3V for these PhROLEDSs are manifestation
of an excellent charge transport from the electrodes to the light-emitting layers.
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Fig. 4.36 EL spectra of PhOLEDs H (a) and 1 (b)

Despite the similarity of the energy levels of TADF OLEDs and PhOLEDs
(Fig. 4.34), the high triplet energy of 5.2 helps to employ triplet excitons more
successfully in the system phosphorescent emitter: 5.2 rather than in the system
TADF emitter: 5.2. The explanation of this observation may be in the better
energetic match of the frontier orbitals of 5.2 and phosphorescent emitters with a
subsequent efficient energy transfer. As a result, the highest values of EQE of the
fabricated PhOLEDs were observed for 5.2-based devices (12.6% for device H and
8.5% for device K). With the EQE values of phosphorescent devices lower than 5%,

5.3 showed worse performance.

800

4.6. Diphenylsulfone-based donor-acceptor-donor hosts for TADF OLEDs
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Fig. 4.37 Chemical structures of 4,4'-disubstituted diphenylsufones”
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4.6.1. Electrochemical and photoelectrical properties

The values of IPcy are given in Table 4.14. They ranged from 5.03 to 5.74 eV.
Derivative 6.5 featuring a tetrahydrocarbazole moiety showed the lowest value of
IPcv. EAcv determined from the optical band gaps (E2x.;) and the ionization energy
values were found to range from 1.67 to 2.48 eV.

Table 4.14 Results derived from electrochemical measurements of
compounds 6.1-6.5

ox N EACVEL E;pt, |7E E.eV
Compound | vsFec, HOMO, eV LUMO, eV Y
\ [eV]
6.1 0.54 5.35/-5.41 1.85/-1.87 3.50 5.99 2.53
6.2 0.82 5.74/-5.29 2.02/-1.48 3.72 5.88 2.28
6.3 0.78 5.69/-5.29 2.06/-1.47 3.63 5.72 2.15
6.4 0.58 5.41/-5.41 2.06/-1.60 3.35 5.83 2.56
6.5 0.31 5.03/-5.35 1.78/-1.63 3.25 5.61 241
141 . 641 Le®°
124 - 6.2 4
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2191 ; 64
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Fig. 4.38 Photoelectron emission spectra of solid samples of 6.1-6.5

Additionally, the 1,°F of compounds 6.1-6.5 in the solid state were obtained
by using the method of electron photoemission spectrometry. The values of I,°= for
6.1-6.5 are listed in Table 4.14. On the grounds of the different donating abilities of
2-(trifluoromethyl)-10H-phenothiazine, iminodibenzyl, iminostilbene, 4-methoxy-
9H-carbazole and 1,2,3,4-tetrahydrocarbazole moieties, the values of 1," and Ea™®
for the designed diphenylsulfone derivatives were found to be in the range of 5.61-
5.99 and 2.15-2.56 eV, respectively. Compounds with such 1,°5 and Ea"® values fit
for their usage as OLED hosts since both good charge-injection from the electrodes
and the good exciton transfer from the host to the guest may be expected while
exploiting the appropriate device structures and OLED emitters, 52208

4.6.2. Charge-transporting properties

In order to investigate the potential of new compounds 6.1-6.5 as OLED
hosts, their charge-transporting properties were investigated by the TOF method.
The electric fields of various polarity, the photocurrent transients for the holes or
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electrons in the vacuum-deposited films of compounds 6.1-6.5 were recorded. For
example, the transit times for both holes and electrons at different electric fields can
be clearly determined from the plotted-in log-log scales corresponding to the
photocurrent transients for compound 6.5 (Fig. 4.39a, b). This finding indicates the
bipolar charge-transporting properties of compound 6.5.
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Fig. 4.39 Photocurrent transients for holes (a) and electrons (b) in vacuum-deposited film of
6.5 and electric field dependences of the charge mobilities of 6.3-6.5 (c). Fitting was
performed according to Poole—Frenkel type mobility

The same properties were detected for compound 6.3. In the case of compound
6.4, only the hole-transporting properties were proved by the TOF technique since
the transit times for electrons were not well visible. The hole and electron transport
was not proved for compounds 6.1 and 6.2 since the corresponding transit times
were not well detectable from the photocurrent transients. Difficulties to determine
the transit times for holes/electrons in the films of compounds 6.1 and 6.2 may be
explained either by strong charge-transport dispersity which is evident due to the
shapes of their photocurrent transients or by higher relaxation times of the
photogenerated charges than the TOF transit times.

4-methoxy-9H-carbazole-substituted diphenylsulfone derivative 6.4 showed
the highest hole mobility achieving 2.8-10* cm?/V at an electric field of 5.6-10°
V/ecm (Fig. 4.39c). A lower value of the hole mobility of 4.6-10° cm?V at an
electric field of 5.6-10° V/cm was obtained for derivative 6.3 substituted by
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iminostilbene in the para- position. Notably, at the same electric field, only a slightly
higher value of the electron mobility of 5.1-10-° cm?V was obtained for compound
6.3 than its hole mobility showing the required charge balance for OLED hosts.36.22
Derivative 6.5 showed hole and electron mobilities of 5.3-10 and 9.1-10° cm?V at
an electric field of 3.1-10° V/cm due to the para-substitution of diphenylsulfone by
the tetrahydrocarbazole moiety. In conclusion, the 6.4>6.3>6.5 dependence of the
charge mobilities was obtained by showing the effect of the different donor
substitutions on the charge-transporting properties. Meanwhile, the charge mobility
of compounds 6.1 and 6.2 may be denoted by even lower values than these of
compounds 6.3-6.5 due to the above described TOF measurements. Thus, 4-
methoxy-9H-carbazole-based compound 6.4 demonstrated the highest hole mobility
in comparison to that of compounds containing 2-(trifluoromethyl)-10H-
phenothiazine, iminodibenzyl, iminostilbene or 1,2,3,4-tetrahydrocarbazole moieties
featuring the same D-A-D chemical structure and linkage topology.

4.6.3. Photophysical properties

The absorption and the PL spectra of the neat films and dilute solutions of
derivatives recorded at room and liquid nitrogen temperature are presented in Fig.
4.40. The position of the main absorption spectral peak at a low-energy wavelength
strongly corresponds to the type of the donor substitution as it was for the previously
investigated series of donor-acceptor-donor diphenylsulphone-based compounds.®
At the same time, the influence of the diphenylsulfone moiety on the absorption
spectra of compounds 6.1-6.5 was practically not detectible at that spectral region.
The low energy peak wavelength of the absorption of films varies from 302 nm for
6.3, 306 nm for 6.2, 317 nm for 6.1, 337 nm for 6.4 to 340 nm for 6.5 strongly
depending on  donors iminostilbene, iminodibenzyl, 2-(trifluoromethyl)-10H-
phenothiazine, 4-methoxy-9H-carbazole and 1,2,3,4-tetrahydrocarbazole,
respectively. The exploration of the solvatochromism of the compounds was
additionally performed. The absence of a significant correlation with the solvent
polarity showed no substantive CT nature of absorption.

The absorption spectra of the neat films and toluene solutions of compounds
are practically identical. As expected, the absorption spectra of samples based on
compounds 6.4 and 6.5 with aromatic donor moieties consist of sharp peaks with the
highest oscillator strength for the So—S; excitation at ~340 nm attributed to the
HOMO-LUMO transition. By contrast, the main broad absorption band of 6.1-6.2
with not aromatic donors and 6.3 with antiaromatic iminostilbenes correspond to the
high energy So—Ss4 transitions. The absorption spectra of samples based on 6.2
correspond to the absorption of the iminodibenzyl donor moiety,? however, with a
bathochromic shift from 290 to ~305 nm. The partial LUMO localization on the

donor moieties in the case of 6.2 and 6.3 points to the contribution of the LE states
to various m—7n* transitions and the mentioned red shift of 6.2. The E; Pt values of
2.53, 2.36 2.39, 2.55 and 2.38 eV for 6.1-6.5, respectively, were taken from the

absorption spectra onsets of the films and used as the closest representation of the
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HOMO-LUMO gap for the approximate estimation of the frontier molecular orbitals
energy levels of compounds by subtraction of Eg”tfrom IP values (Table 4.14).
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Fig. 4.40 6.1-6.5: (a) Absorption spectra of neat thin films and dilute toluene solutions; (b)
PL spectra of neat thin films and dilute toluene solutions; (c) Lippert-Mataga plot showing
the relation between Stokes’ shift and orientation polarisability of various solvents. Data not
used in estimation is marked in rhombs; (d) PL and phosphorescence spectra of dilute THF
solutions recorded at 77K

The slope of the Lippert-Mataga plot for 6.3 was found to be negative and
close to 0 in comparison with other plots. This is due to the fact that no strong
correlation between the solvent polarity and the peak positions appeared for the
derivatives. The assumptions of the Lippert-Mataga approach require linearity and a
positive value of the slope.!?? It cannot be applied for the description of 6.3. For the
purpose of better fit, the polar protic methanol solution of 6.5 was excluded from the
plotting. Besides these matters, the CT-character of the emission of 6.1, 6.2, 6.4 and
6.5 in the polar medium is evident by the monotonical bathochromic shift of the PL
spectral peak with a change of the solvents to a more polar one (hexane (4f =
0.0001) — toluene (4f=0.0135) — chloroform (4= 0.1483) — tetrahydrofuran (4f
= (0.2085) — acetone (4f = 0.284) — acetonitrile (4f = 0.3055) — methanol (4f =
0.3086)). The approximated slopes for these compounds (Table 4.15) with linear
relationships (R-square coefficients range from 0.69 to 0.96) correspond to
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the (pe — yg)z, thus revealing the change of the dipole moments after excitation.
The obtained values correlate well with the theoretical predictions and disclose the
twisted intramolecular CT nature of the emission. The high electronegativity of CF3
and methoxy- groups indicates strong electron withdrawing as the major cause of
this phenomenon in 6.1 and 6.4. The geometry of 6.2 leads to slightly smaller
differences of the dipole moments in the excited . and ground y, states.

The PL spectra of the films of compounds correlate to a great extent to the PL
spectra of dilute toluene solutions with insignificant spectral shifts. The only
exclusion is the film of 6.2 which produces a major PL peak assigned to LE
emission with a CT-tail in the spectral range where the peak location was expected
to be. This observation is one more indication of the unsuitable for our goal donor-
acceptor interactions of 6.2. Otherwise, the films of compounds emit in the blue
spectral diapason. As one of the direct results of extremely high torsion angles
between the diphenylsulfone and 2-(trifluoromethyl)-10H-phenothiazine donor
moieties and the consequent vanishing values of the oscillator strength of the
So—S1.» excitation transitions, the @ of 6.1 is the lowest of all the films based on
any of the presented compounds in the series; it was at 2% for deoxygenated toluene
and THF solutions (Table 4.15). The evidence of the phenomenon of AIE? is
postulated from the @& increase of 6.3 from virtually zero in dilute deoxygenated
solutions to 13% in the solid state. The restriction of the intramolecular vibrational
and rotational motion is the cause of AIE appearance in the solid state.

Table 4.15 Photophysical data for compounds 6.1-6.5

2 - 2 I=) © 2 |
§- H"I" Hé Ng § é . ‘5—35 % % CD,
= 3 Q = ey S %
g S s Sl s 3 so| f| f|d
O 3 n N
6.1 0.02 0.02 0.12 0.22 1.8,4.2 16.2 3.6 | 3.08 | 0.52
6.2 0.56 0.33 0.2 0.76 0.5,6.4 11.8 | 3.73 | 3.12 | 0.61
3.5,
6.3 ~0.0001 | ~0.0001 | 0.13 0.29 13.7, -3.2 | 3.87 - -
36.9
6.4 0.49 0.43 0.49 0.87 49,113 144 | 3.38 | 3.03 | 0.35
6.5 0.22 0.33 0.27 0.28 35,115 | 155 329|299 | 0.3

1 @ values of deoxygenated dilute solutions of compounds. 2 & values of neat films of
compounds. ¥ @ values of thin films of 4CzIPN doped in compounds (5 wt%). 4 Calculated from PL
decay curves of neat films of compounds. ® Slopes of Lippert-Mataga plots. ® Estimated from onsets of
emission spectra of dilute THF solutions recorded at 77K

The PL lifetime values derived from fitting the reconvolution of exponential
functions of the PL decay curves of the neat films are attributed to the explicit
prompt fluorescence character. The energy levels of the first singlet ant triplet
excited states of compounds were estimated from the onsets of the PL and
phosphorescence spectra, respectively, of frozen dilute THF solutions of the
derivatives (Fig. 4.40d). Due to the extremely weak phosphorescence spectrum and
the corresponding Er1, the value for 6.3 was not obtained. The energy splitting AEsr
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between the first singlet and triplet excited states was found to be in the range of
0.3-0.6eV.

Bipolar compounds 6.1-6.5 having triplet energy levels higher than 3 eV can
be good candidates for being host materials. In order to provide a comparable study
of the hosting properties of 6.1-6.5 for TADF dopants, thin host-guest films with 5
wt% doping concentration of 4CzIPN were made. A commercially available and
widely studied TADF emitter 4CzIPN was selected since its triplet energy level of
2.4 eV suits well for 6.1-6.5 for the triplet exciton harvesting, and also its HOMO
and LUMO values suit well with these of 6.1-6.5.”° The absorption and PL spectra
of the doped films are presented in Fig. 4.41a. The absorbance of samples of
compounds corresponds to the respective absorption spectra of neat films. However,
the LEB of the absorption at ~375 nm with a low intensity caused by small
transition dipole moments for 4CzIPN:6.1, 4CzIPN:6.2, 4CzIPN:6.3 films is related
to Sg— S transitions of the host molecules predicted by theoretical investigation.
They were well spectrally resolved (Figs. 4.40a, 4.41a) due to the impact of the
guest/host interactions on the positions of molecular orbitals. The broad tails starting
at ~420 nm with an onset at ~590 nm are obviously ascribed to the CT processes.
While the absorption of the guest:host films corresponds to the studied materials, the
PL spectra represent a typical 4CzIPN emission. This observation confirms the
electronic excitation energy transfer from the host to the guest. This is due to the
fact that the PL spectra of most studied compounds matched with the absorption of
4CzIPN 110
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Fig. 4.41 Thin films of 5 wt% solid solutions of 4CzIPN in 6.1-6.5: (a) Absorption and PL
spectra; (b) PL decay curves

The PL peak positions of the host-guest systems are slightly affected by the
polarity of the host materials being in the order of 6.1>6.5>6.4>6.2>6.3 as it is for
the slopes of Lippert-Mataga plots (Fig. 4.40c, Table 4.15). The PL decay curves of
the molecular mixtures of the same weight concentration are shown in Fig. 4.41b.
The low polarity of the host leads to the smallest DF lifetime for the system
4CzIPN:3 in the series as a result of the absence of CT. Correspondingly, the & of
this guest:host system is as low as 29%. Due to the unfavorable HOMO distribution
of 6.5, the & value of the system 4CzIPN:6.5 is almost the same. The HOMO
localization on the donor units of compounds 6.2 and 6.4 facilitates CT leading to
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the longest emission lifetimes (in the ps range) and the highest @ values of 76% and
87% of the films of 4CzIPN doped in 6.2 and 6.4, respectively. The & value of the
film of 87% for 4CzIPN (5 wt%):6.4 is even slightly higher than 83% observed for
the film of 4CzIPN(5 wt%):CBP."®

4.6.4. Device fabrication and characterization

A series of A-E OLEDs with the structure of ITO / HAT-CN (4 nm) / TCTA
(40 nm) / mCP (10 nm) / 4CzIPN:host (5 wt%, 30 nm) / TSPOL1 (4 nm) / TPBi (45
nm ) / LiF (0.6 nm) / Al with 6.1-6.5 as hosts, respectively, were fabricated and
analyzed with the purpose of testing the host characteristics of compounds. The
energetic diagram as a representation of the energy levels of frontier orbitals of the
respective organic layers is presented in Fig. 4.42a.
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Fig. 4.42 A-E OLEDs: (a) Energy level diagram of the materials for organic layers.
Estimated from the E;”t and IP values; (b) EL spectra recorded at 9V; (c) EQE-current
density characteristics

The key electroluminescent data of A-E is listed in Table 4.16, Fig. 4.42b,c.
HAT-CN and LiF were used for the injection of charge carriers. TCTA and TPBi
were employed as HTL and ETL, respectively. mCP was taken for the fabrication of
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the exciton blocking layer. The second exciton blocking layer of TSPO1 was also
used for the blocking of hole penetration into TPBi. The electrodes were made of
ITO (indium-tin oxide) and aluminum.

As it could be predicted from the highest @ value of 87% of the respective
guest:host films of the same weight concentration (Table 4.16), D based on
compound 6.4 achieved the best results of the series with a maximum EQE over
20%, luminance of 28.9 thousand cd/m? and a CIE color index representing 4CzIPN
emission the best way.!® This result partly contributed to the highest charge
mobility of compound 6.4 in comparison to that of the other compounds (Fig.
4.39c). The efficiency of device B with host material 6.2 was found to be much
lower, apparently, due to the lower charge carrier mobilities of 6.2.

Bluish-green electroluminescence with similar 1931 CIE chromaticity
coordinates was recorded for the fabricated devices A—E (Fig. 4.42b, Table 4.16).
The EL spectra of the devices are mainly attributed to the emission of the used guest
4CzIPN. Because of the differences in the dipole moments of the designed hosts
6.1-6.5 which are evident from the slopes of Lippert-Mataga plots decreasing in the
sequence 6.1>6.5>6.4>6.2>6.3 (Fig. 4.40c, Table 4.16), all the fabricated devices
showed the host contribution into the emission slightly influencing the 4CzIPN-
related spectral peak position. A high-energy band peaked at 385 nm attributed to
the emission of host 6.2 was observed in the EL spectra of device B (Fig. 4.42b).
This observation indicates a weak host-guest energy transfer in the light-emitting
layer of device B. Similarly, the high-energy shoulder (because of the emission of
the host) was observed in the EL spectra of device C due to the weak host-guest
energy transfer (Fig. 4.42b). As a result, lower maximum EQEs of 2.9% and 4%
were obtained for devices B and C in comparison to that of device D with an
efficient host-guest energy transfer in its light-emitting layer (Fig. 4.42c, Table
4.16). The TADF quenching observed from the PL decay curve (Fig. 4.42b) was
apparently the cause of a relatively low EQE of 4% observed for device C. The
emission of the host was practically not observed in the EL spectra of devices A and
E. However, their corresponding maximum EQE values (0.8% and 7.6%) were also
lower than that of device D. This result can be mainly explained by 1) the lower &s
(22% and 28%) of the light-emitting layers of 4CzIPN:6.1 and 4CzIPN:6.5 than that
(87%) of 4CzIPN:6.4 due to the higher polarity of hosts 6.1 and 6.5 in comparison
to the polarity of 6.4 (Table 4.16); and 2) the lower charge mobility at least of host
6.5 in comparison to that of host 6.2 (the charge mobility of host 6.1 was most
probably also lower than that of host 6.4, but this was not proved by TOF
measurements). Meanwhile, the ‘perfect’ relationship between charge-transporting/-
injecting properties, the appropriate?'! polarity and rigidity resulted in the high &
value of guest 4CzIPN, and efficient host-guest energy transfer occurred in the case
of host 6.4. Therefore, the highest maximum EQE of 20.1% was obtained for device
D in comparison to those of all other fabricated devices despite the same device
structure and the same TADF emitter in use.
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Table 4.16 Parameters of OLEDs based on diphenylsulfone derivatives

Lmax, 103

Device | Host | - 57 | EQEmax %2 | fpmas, IMW 3 | 77, CAA | g,
A 6.1 2.2 0.8 (0.7) 0.9 (0.7) 21(L7) | (0.23,0.43)
B 6.2 0.5 2.9 (2.7) 2.9 (2.6) 6 (5.7) (0.18, 0.32)
C 6.3 0.1 4(22) 6.8(2.6) | 10.2(55) | (0.20,0.38)
D 6.4 | 289 20.1 (14.9) | 39.2(25.6) | 57.3 (42.4) | (0.21,0.47)
E 65 | 108 7.6 (5.9) 13(8.8) | 20.3(15.8) | (0.20,0.42)

Efficiency values at 100 cd/m? are showed in parentheses. *Maximum brightness. 2Maximum
EQE. 3Maximum power efficiency. *Maximum current efficiency. 51931 CIE chromaticity calculated
from EL spectra at 9V

These findings well demonstrate the effect of different donor substitutions of
diphenylsulfone-based hosts on the output characteristics of electroluminescent
devices highlighting the potential of diphenylsulfone- and 4-methoxy-9H-carbazole-
based host 6.4.
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5. CONCLUSIONS

1. Intramolecular charge transfer was observed in the derivatives of
benzothiadiazole and carbazole. The reduction of molecular twisting resulted in a
photoluminescence quantum vyield reaching 0.60. The fluorescence of
tetrahydrocarbazolyl-substituted benzothiadiazole derivative was very weak due
to molecular twisting. However, this compound exhibited phosphorescence and
delayed fluorescence. Di-tert-butylcarbazolyl-substituted benzothiadiazole
showed an efficient charge transport with mobilities of 5-:10° cm?-V-1.cm™ at an
electric field of 5.8-10° VV/cm for electrons and 1.7-102 cm?-Vt.cm™ at 5.3-10°
Vicm for holes. The organic light emitting diode employing a derivative of
carbazole and benzothiadiazole as the emitter demonstrated orange emission with
a maximum external quantum efficiency of 1.3%.

2. The separation of the frontier molecular orbitals for the enhancement of
the reverse intersystem crossing was achieved by asymmetrical substitution of
the cyanobenzene moiety with electron donating fragments, which resulted in
efficient thermally activated delayed fluorescence with photoluminescence
guantum yields of neat solid samples of up to 42%. Organic light emitting diodes
employing the layer of a benzonitrile derivative containing phenoxazine and
acridine as the emissive layer showed a maximum current efficiency of 16.3
cd/A, a maximum power efficiency of 12.2 Im/W, and a maximum external
quantum efficiency of 5%.

3. Nearly zero singlet-triplet energy gaps where achieved in (di-tert-
butyl)dimethylacridin-substituted ~ derivatives  of  diphenylsulfone  and
dibenzothiophene S,S-dioxide which resulted in effective reverse intersystem
crossing and thermally activated delayed fluorescence. The organic light emitting
diode with para-donor-substituted diphenylsulfone as the emitter showed a
maximum current efficiency of 61.1 cd-A?, a power efficiency of 64.0 Im-W,
and an external quantum efficiency of 24.1%.

4. Thermally activated delayed fluorescence was detected for the
derivatives of triphenyltriazine substituted by tert-butylcarbazole moieties.
Organic light emitting diodes based on these derivatives doped in 1,3-bis(N-
carbazolyl)benzene showed a maximum external quantum efficiency of up to
6.3%.

5. Derivatives of di(tetra)methoxycarbazole and dibenzofuran showed
triplet energies of ca. 2.9 eV. The compounds were employed as host materials
for green and red phosphorescent organic light emitting diodes and for devices
based on thermally activated delayed fluorescence which showed a maximum
external quantum efficiency exceeding 12%.

6. 4-Methoxy-9-carbazolyl-substituted derivative of diphenylsulfone
demonstrated a high hole mobility reaching 3-10* cm?-V.s* at an electric field
of 53-10° V/ecm. Its molecular mixture with  2,4,56-tetra(9-
carbazolyl)isophthalonitrile showed a photoluminescence quantum yield of
87%. The organic light emitting diode based on this host and emitter exhibiting
thermally activated delayed fluorescence showed green emission with a
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brightness of 2.9-10* cd/m?, and a maximum external quantum efficiency of
20.1%.
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