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LIST OF ABBREVIATIONS

3TPYMB — Tris-[3-(3-pyridyl)mesityl]borane;

AIEE - Aggregation-induced enhanced emission;

Al — Aliphatic;

Ar — Aromatic;

BmPyPb — 1,3-Bis(3,5-dipyrid-3-yl-phenyl)benzene;

Bpy-TP2 — 2,7-Di(2,2'-bipyridin-5-yl)triphenylene;

CBP — 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl;

CELIV — Carrier extraction by linearly increasing voltage method;

CIE — International Commission on lllumination;

CV — Cyclic voltammetry;

CzSi — 9-(4-Tert-butylphenyl)-3,6-bis(triphenylsilyl)-9H-carbazole;

D — Deuterium;

D-A — Donor —acceptor;

DDCzTrz —9,9'-(5-(4,6-Diphenyl-1,3,5-triazin-2-yl)-1,3-phenylene)bis(9H -

carbazole);

DMFL-CBP — N-([1,1'-biphenyl]-4-yl)-9,9-dimethyl-N-(4-(9-phenyl-9H-carbazol-
3-yl)phenyl)-9H-fluoren-2-amine;

DMSO — Dimethylsulphoxide;

DPDPO2A - 5,10-Diphenyl-phosphanthrene 5,10-dioxide;

DPEPO - Bis[2-(diphenylphosphino)phenyl] ether oxide;

e — Electron;

EA(CV) — Electron affinity calculated from cyclic voltammetry;

Em — Emission;

EQE — Maximal external quantum efficiency of OLED;

Es — Singlet energy;

E+ — Triplet energy;

Ex — Exitation;

Fc — Ferrocene (bis(n’-cyclopentadienyl)iron);

Flrpic — bis-(2-(difluorophenyl)pyridyl-N,C’’)-iridiumpicolinate;

F., — Fraction of water;

h* — Hole;

HATCN — Hexaazatriphenylenehexacarbonitrile;

HAT-CNG6 — Dipyrazino[2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile;

HOMO - Highest occupied molecular orbital;

hv — Photon;

Iar — The intensity of photoluminescence at argon atmosphere;

lox — The intensity of photoluminescence at ambient atmosphere;

I,(CV) — lonization potential calculated from cyclic voltammetry;

IR — Infrared spectroscopy;

Ir(ppy)s — fac-tris-(2-phenylpyridine)-iridium;

ISC — Intersystem crossing;

ITO — Indium-tin oxide;

Lig — Lithium quinolate;
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LUMO - Lowest unoccupied molecular orbital;

mCP — 9,9’-Dicarbazolyl-3,5-benzene;

MCPCN - [9-(3-(9H-carbazol-9-yl)-phenyl)-9Hcarbazole]-3-carbonitrile;
MMTDATA — 4,4 4"-Tris[phenyl(m-tolyl)amino]triphenylamine;

MS — Mass spectroscopy;

NBS — N-bromosuccinimide;

NMR — Nuclear magnetic resonance;

NPB — N,N'-Bis- (1-naphthalenyl)-N,N'-bis-phenyl-(1,1'-biphenyl)-4,4'-diamine;
OLED - Organic light emitting diode;

PBO - Piperonyl butoxide;

PEDOT:PSS — Poly polystyrene sulfonate;

PL — Photoluminescence;

PO-01 — Iridium(l1) bis-(4-phenylthieno-[3,2-c]-pyridinato-N,C2"-acetylacetonate;
PPBi — 4-Isopropyl-4’-methyldiphenyliodoniumtertakis-(pentafluorophenyl)-borate;
ppm — Parts per million;

PPT — 2,8-Bis(diphenylphosphoryl)dibenzo[b,d]thiophene;

PVCz - Polyvinylcarbazole;

PYM3 —9,9',9"-(Pyrimidine-2,4,6-triyl)tris(9H-carbazole);

QY — Photoluminescence quantum yield;

Rp — Refractive index;

RISC — Reversible intersystem crossing;

St — The theoretical calculated singlet energy;

T2T - 2,4,6-Tris(biphenyl-3-yl)-1,3,5-triazine;

TADF — Thermally activated delayed fluorescence;

TAPC —4,4'-Cyclohexylidenebis-N,N-bis(4-methylphenyl)benzenamine;
TCTA — Tris-(4-carbazoyl-9-ylphenyl)-amine;

TCz1 - 3,6-Bis(carbazol-9-yl)-9-(2-ethyl-hexyl)-9H-carbazole;

TDATA — 4-(Tris-N, N-diphenyl-amino)-triphenylamine;

THF — Tetrahydrofuran;

TmPyPB - 1,3,5-Tri(m-pyridin-3-ylphenyl)benzene;

ToF — Time of flight method of the measurement of charges mobility;
TPBI —2,2',2"-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole);
T-PCz —9.9'9"-Triphenyl-9H,9'H,9°H-3,3":6',3"-tercarbazole;

TSPO1 — Diphenyl-4-triphenylsilylphenyl-phosphineoxide;

T, — The theoretical calculated triplet energy;

UV-vis — Ultraviolet and visible light;

Von — Turn on voltage;

XRD — X-ray diffraction analysis;

a-NPD — N,N"-Di-(1-naphthyl)-~N,N'-diphenyl-(1,1’-biphenyl)-4,4'-diamine;
& — NMR shift;

AEgt — Splitting of singlet and triplet energies;

Af — Orientation polarizability;

AT — The difference between host and guest triplet energies;

¢ — Dielectric constant;

AoLep — The most intensive wavelength of electroluminescence;



Api — The most intensive wavelength of photoluminescence;
nror — Charges drift mobility measured by time of flight method.



1. INTRODUCTION

The science of physics and chemistry with engineering and industry have been
developing intensively for the last hundred years as a result of modern technologies
becoming an inseparable part of the world in modern times. The flame was the first
source of man-made light until the time of accessible and affordable electric power,
which superseded unhandy and danger flame. The first technologies of electric light
as an incandescent bulbs and fluorescence lamps are becoming obsolete, and light
emitting diodes are firmly entering into lighting the world. The inorganic light
emitting diodes are effective and reliable technology for lighting, but its still
expensive production is limiting the development, without it, the choice of colours is
limited. The organic light emitting diodes are not as effective and reliable, but they
have some advantages as inorganic analogues with flexible and wide choice of
colours; thus, they are widely used for displays and give the possibility to make
touchscreens and flexible displays. However, the efficiency, brightness and lifetime
of OLED are clearly lower than inorganic devices. The manufacturing of multilayer
OLED:s is a long and complicated process too. The biggest problems of OLEDs are
efficiency of short wavelength devices, lifetime, expensive and complicated
manufacturing of multilayer structure.
The improvements of OLEDs efficiency could be done by looking for perspective
emitters, hosts. The perspective materials for the OLED emitters should have the
following characteristics:

1) High photoluminescence quantum yields;

2) High charges mobility;

3) Eligible electroluminescence colour;

4) Stability by morphological and electrochemical;

5) Simple and cheap synthesis;

6) Compatibility with other materials in OLED structure.
The series of characteristics are influencing the efficiency and reliability of OLED
device. One of the most important parts of multilayer structure making is equal
thickness of layers in the area, which is one of the basic characteristic for the
reliability of the device. It is possible to achieve that by vacuum sublimation or spin
coating technique, which is cheaper, but the choice of handy materials is small.
Another important task is the selection of materials for multilayer structure. The
characteristics of all materials of layers and the interoperability have a huge
influence on the device. The most important part is the characteristics of emitting
material and the interoperability with host material.
There are three generations of OLEDs. The first and most ineffective generation
devices are the devices with fluorescence emitters. The second type of OLEDs
phosphorescence emitters is sufficiently effective technology, but the effective
emitters of the devices are expensive organic complex of iridium or platinum. The
devices with phosphorescence pure organic emitters are not effectively described in
literature. The third generation OLEDs with thermally activated delayed
fluorescence (TADF) emitters that are showing higher efficiency than the first
generation OLEDs and materials can be made from pure organic materials without
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rare metals. The structures of TADF materials are constructed of two basical parts of
electron donating and electron withdrawing blocks, and this strategy is giving the
possibility to plan wide diversity of structures and achieve desirable properties; thus,
the investigations of TADF emitters for the OLEDs are perspective.

The electron donating chromophores are well known materials such as carbazole,
phenothiazine, acridane, diphenylamine and others and have advantages and
disadvantages that are widely described in literature. The materials that are
exhibiting electron withdrawing properties are investigated further, and the intensive
investigations are ongoing. The carbonitriles substituents are known as strong
electrons acceptors and aa a stabile group of chemical and thermal actions. In this
work, the three types of electron withdrawing blocks were used, and several electron
donating parts were connected. The influence of structures on characteristics were
investigated.

The aim of this work is to synthesize and investigate new donor and cyano acceptor
derivatives to obtain perspective materials for the third generation OLEDs.

The following tasks were set to achieve the aim of the work:

1. To synthesize carbazolyl substituted derivatives containing cyano groups;

2. To synthesize isophtalonitrile-based derivatives;

3. To synthesize phenylpyridine dicarbonitrile-based derivatives;

4. To investigate the properties of synthesized compounds by using
experimental and computational methods;

5. To investigate the applicability of synthesized compounds in organic light
emitting diodes.

The main statements of the dissertation:

1) 4,6-Bis(9,9-dimethylacridan-10-yl)isophthalonitrile is a perspective material
as an emitter of green organic light emitting diodes.

2) Isophtalonitrile-based derivatives exhibited low splitting of singlet and
triplet energies of 0.06 — 0.02eV and exhibited properties of thermally
activated delayed fluorescence.

3) Pyridine-dicarbonitrile based derivatives exhibited high triplet energies that
are higher than 2.70eV.

The novelty of this work:

The three series of new organic structures based on carbazole, izophtalonitrile and
phenylpyridinedicarbonitrile were synthesised, investigated, and the theoretical
calculations were examined. The perspective materials 3-(2,7-dicyanocarbazol-9-yl)-
9-ethylcarbazole, 4,6-bis (9,9-dimethylacridan-10-yl) isophthalonitrile, 4,6-Bis (3,6-
dimetoxycarbazol-9H-yl) isophthalonitrile and 4,6-Bis (2,7-dimetoxycarbazol-9H-
yl) isophthalonitrile were investigated in the OLED structures as emitters. The
TADF emitter 4,6-Bis(9,9-dimethylacridan-10-yl)isophthalonitrile based organic
light emitting diode exhibited 22.5% maximal external quantum efficiency of green
light.

The practical valuation of work:

The investigations of materials showed that the synthesised derivatives 3-(2,7-
dicyanocarbazol-9-yl)-9-ethylcarbazole, 4,6-dis (9,9-dimethylacridan-10-yl)
isophthalonitrile, 4,6-Bis(3,6-dimetoxycarbazol-9H-yl) isophthalonitrile and 4,6-Bis
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(2,7-dimetoxycarbazol-9H-yl)isophthalonitrile are useful for the OLEDs structures
as TADF emitters. The 4,6-dis (9,9-dimethylacridan-10-yl) isophthalonitrile emitter
based organic light emitting diode exhibited high efficiency.

The structure of doctoral dissertation:

The dissertation consists of an introduction, literature review, experimental part,
results and discussion, conclusions, list of publications and acknowledgment; 147
sources of literature were cited, and 52 figures were included. The size of the
dissertation is 110 pages.

The personal input of the author in the dissertation:

The author synthesised, purified and characterized the derivatives that were
described in Chapter 4. The optical, photophysical, electrochemical, melting point
measurements were performed by the author, and the thermal characterization with
the help of responsible person. The charge mobility, ionization potential
measurements, X-ray diffraction analysis and fabrication with the characterization of
OLEDs were performed by Dr. D. Volyniuk, O. Bezvikonyi, Dr. A. Bucinskas from
the Department of Polymer Chemistry and Technology, Kaunas University of
Technology, with the participation of the author. The theoretical calculations of the
synthesized compounds were made with help of Dr. Gjergji Sini from Cergy-
Pontoise University.
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2. LITERATURE REVIEW

The phenomenon of electroluminescence was observed in silicon carbide by Round,
and it was shortly described in 1907, The crystal of silicon carbide was inserted by
electrodes and showed yellow electroluminescence on the voltage of 10V. The first
light emitting diode device that was based on the silicon carbide was investigated
and described by Lossev® in 1928. The electroluminescence phenomenon of organic
materials was observed in the acridine orange crystal at high voltage®, but the first
low voltage and efficiency organic light emitting diode was made by Tang and
VanSlyke® in 1987. It was the first multilayer device that was made from two
organic layers and as an emitter was used aluminium organic chelate, the device
worked at voltages lower than 5V.

The organic light emitting diodes is a perspective technology because of possibility
to take wide-area, and flexible devices (Fig. 1) such as flexible displays and touch
screens are made widely at the moment. The possibility of printing on large area
devices is used”.

Fig. 1 The flexible OLED screen

The most complicated problems of OLED are low stability, brightness of devices
and insufficiently effective blue devices®. It is important to search for effective and
stabile structures of emitters and stabile structures of devices such as composition

12



with host and emitter in the layer’. As it was observed by Tang and VanSlyke*, the
most effective are multilayer structures, and the structure of OLED devices could be
formed by some layers:

1) Anode;

2) Holes injection layer;

3) Holes transporting and electrons blocking layers;

4) Emitting layer;

5) Electrons transporting and holes blocking layers;

6) Electron injection layer;

7) Cathode.

It is possible not to use some of these layers such as injection layers or host, but they
are improving the efficiency of the devices®. The host materials are helping to
transfer energy because of the little difference of energy levels that the electrons,
holes and excitons are transferring to the emitting material® (Fig. 2).

HOST & GUEST

HOMO e—— “:
HOMO
E: f—\ ‘.
TN

E'r
ET
F LUMO
LUNMO e ———_—_—-—-—
h+

Fig. 2 The energy transfers diagram in host-guest system®

The holes transporting materials should exhibit these properties: high triplet energy
(>2.9eV) and high holes mobility. The electron transporting layer should exhibit
high electron mobility and should have high triplet energy as well. The host material
is helping to transport charges in emitters layer, and it is doping the energy to guest
material; thus, it should have well charges transporting properties for dissolving not
sufficient charges transporting characteristics of emitter and should be characterized
by high triplet energy for doping to guest (>2.8eV). The amount of the emitting
material in host has sharply affected the efficiency of the device®*****?, The HOMO
and LUMO energies of layers’ materials in the structure should be coordinated. The
LUMO energy of host material should be lower than the emitting material, and
HOMO energy level of the host should be higher than the emitter. It is improving the
charges injection to layers in the structure’®. The functions of layers of OLED
structure were summarised in table 1. The scheme of organic light emitting diode is
shown in fig 3. The working principle of OLED is based on the electronic excitation
of molecules and photons generation from excited molecules during the relaxation.
The most effective device structures are composed of host materials that are able to
form excitons and doped emissive materials that can generate photons. It is not

effective to use the same material which may generate excitons and photons ®**,
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Table 1 The functions of OLED layers®**

Layer Features and Requirements Examples of
materials
Cathode The export of electrons to device structure. Should | Ca, Al, Mg, Ag
exhibit high electron affinity and low electron
release energy.
Electron The facilitation of electrons injection from cathode | Cs,COs, LiF,
injection to the transporting layer. It should show high | Liq
layer electron affinity and high electron mobility.
Electron The acception of electrons from cathode and | TPBi, TSPO1,
transporting | transporting to the emitting layer. It should exhibit | a-NPD etc.
layer high triplet state energy, high electron mobility.
Hole Blocks holes escaping from emissive layer to | Same as
blocking electron transporting layer or cathode. It should | electron
layer show higher electron affinity and higher ionization | transporting
potential than the emissive layer materials. materials
Host The excitons forming material. It should exhibit | Should be
high ambipolar charge mobility. It requires higher | chosen
singlet and triplet state’s energy than emitter | according to
materials, good morphological characteristics. | the emitter
Should show higher ionization potential and lower | characteristics
electron affinity than the emitter.
Emitter Converts excitons to photons. The main | Firpic, Ir(ppy)
requirements are high luminescence quantum | etc.
yields, desirable colour of luminescence.
Electrons Blocks electrons escaping from emissive layer to | MTDATA,
blocking holes transporting layer or anode. It should exhibit | mCP, TAPC
layer lower electron affinity and lower ionization | etc.
potential as emissive layer materials.
Holes Accepts holes from the anode and transports them | PEDOT:PSS,
transporting | to emitting layer. It should show high triplet state | PPBi etc.
layer energy, high hole mobility.
Holes The facilitation of holes injection from the anode | TDATA,
injection to transporting layer. MoQ; etc.
layer
Anode The export of holes in device structure. Should be | Indium tin
transparent. oxide,
polyaniline,
polypyrrole

2.1. TADF phenomenon

The delayed fluorescence phenomenon was described by Perin in 1929, and the
observation of delayed fluorescence in organic materials was observed by Lewis

14




from the fluorescein solution in 1941, but the phenomenon of TADF was explained
by Wilkinson and Horrocks only in 1968. The first TADF emitter based on OLED
was described in 2012",

The newest, cheap and effective third-generation organic light emitting diodes are
devices with thermally activated delayed fluorescence emitters. The first-generation
OLEDs with simple fluorescence phenomena exhibiting materials emitters show low
efficiency because of electrical excitation that results in 25% of singlet excitons (S;)
and 75% of triplet excitons (T)*®. The second-generation phosphorescent emitters
are showing very high efficiency, nearby 100%, but the most effective materials are
iridium, platinum or other rare and expensive and toxic metal complexes'’, and
organic metals-free phosphorescence materials exhibit much lower efficiency. The
first third-generation OLED with TADF emitter that was made from simple organic
metals-free construction was described by Endo with co-authors®®.

+|I-
|I

Catode

Electron Injection Layer

Electron Transport Layer

Emissive layer (Host and Emitter)

Electron Blocking Layer

Hole Injection Layer

Anode

Transparent Substrate

Fig. 3 The principal structure of OLED
A TADF phenomenon (Fig. 4) of materials is explained by very low splitting of

singlet and triplet energies, there is a possibility to cross from T; energy state to S;
by thermal action™.
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T:
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Fig. 4 Jablonski diagram®®

The process is practically too low to affect the fluorescence quantum yield; then, the
splitting is higher than 0.4eV'*. As the reverse intersystem crossing process is
excited by thermal influence, the fluorescence intensity and delaying time are
depending on the temperature??2. The dependence® of reverse intersystem crossing
by temperature is described in formula (1):

_AEsT
kgisc < exp kBT (1)

where kgysc IS rate constant of reverse intersystem crossing, kg — Boltzmann
constant, T — absolute temperature.

Because of the possibility of reversible intersystem crossing from triplet to singlet
energies, the TADF materials are perspectives to be used as hosts. The TADF host is
a perspective by more effective Forster resonance energy transfer from singlet to
singlet energy levels of the host-guest system, because more energy of the singlet
state exists at TADF molecules. The Dexter type exited electrons’ transfers are not
effective in triplet energy states in organic materials by the low density of materials,
and low distance energy transfer and Forster transfer is not possible from the triplet
state of host material to a triplet state of the guest. The intersystem energy crossing
from the singlet state of energy to singlet state of the guest or the transfer from the
singlet state of the host to the triplet state to guest by Forster resonance energy
transfer and the intersystem crossing from triplet state to singlet energy state in guest
are increasing the efficiency of luminescence (Fig. 5)** > *°.
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HOST GUEST

Fig. 5 The energy transfers in host-guest system of TADF materials®?

2. 2. TADF emitters
2.2.1. Nitrogen-acceptor based derivatives

The structures of TADF exhibiting derivatives are formed by the donor-acceptor
system because the separation between HOMO and LUMO orbitals minimizing
exchanges of energy and minimizing the splitting of singlet and triplet energies;
thus, TADF materials are used as emitters and is a perspective to use as host
materials®” %,

The chromophore of carbazole is used for electroluminescence materials because of
balanced charges mobility, moderate or high PL quantum yields and good thermal
properties®. Cyanobenzene or other carbonitrile substituted structures are known as
strong electron acceptors which are improving electron mobility and optical
properties® .

The first high efficiency TADF OLED emitters that are made from the simple
structures of carbazole substituted dicyanobenzene derivatives were published by
Uoyama and co-authors®. The cyanobenzene and carbazole based structures were
chosen because of well theoretical crystalline structure of molecule and good
electron withdrawing properties of cyanobenzene part. Derivatives L1-L3, L6 and
L7 (Fig. 6) were synthesized by the simple nucleophilic coupling method and got
yields from 9% to 79%. Derivatives L2, L3 and L7 were investigated as the
emissive layer in OLED structures: 1TO/a-NPD/5% L3 or L7: CBP/TPBI/LiF/Al
and ITO/ o-NPD/5% L2 and PPT/PPT/LiF/Al. The quantum yield of 507 nm
maxima wavelength fluorescence of derivative L3 was 94%, and the device of L3
exhibited 19.3% maximum EQE of green light. The devices of L7 and L2 showed
11.2% efficiency of orange light and 8.0% efficiency of blue sky light. Derivative
L4 was described by Cho and co-workers®. The splitting of singlet and triplet
energies of derivative is 0.05eV, and the quantum yield of PL was 67%. The
structure of blue and yellow OLEDs devices was ITO /PEDOT:PSS /TAPC /mCP
/mCP:L4 or PO-01:L4 /TSPOL /LiF /Al and achieved 0.87% of blue light and 16.4%
maximum external quantum efficiencies of exciplex yellow light. The properties and
OLED preparation from L5, L13 and L14 was published by Park and coworkers®.
The fluorescence analyses of derivatives were made in toluene solution in air and
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oxygen free atmosphere. Derivative L5 exhibited 39% of 472nm fluorescence
qguantum vyield in air and oxygen atmosphere, and there was observed 20ns
fluorescence decay time. L13 has lower fluorescence quantum yield and the same
characteristics, but L14 exhibited high influence of oxygen in fluorescence
measurements by quantum yields of 15 and 49% in air and oxygen atmosphere®

with 31ns fluorescence decay time.
Nc LD ﬁj
Ly TLE ey

sl ﬁ
.M. : : ,,;@@

s g

Fig. 6 Structures of derivatives L1-L7%%34

Materials L8-L11 were described by Zhang® and co-authors (Fig. 7), and the
compound L12 was investigated by Tanaka et al.*’. All compounds were synthesised
by nucleophilic coupling reaction, which were catalysed by NaH or t-BuOK and
obtained as white materials. The devices were made by structures of ITO /HAT-CN
INPB /TCTA /mCP /L8-L11 /DPEPO /Bphen /LiF /Al or ITO /HAT-CN /T-PCz
/mCP /10% L3:L12 /T2T /Bpy-TP2 /LiF /Al. The characteristics of derivatives and
devices are summarised in table 2. The derivatives L8-L12 showed high triplet
energy and blue-region PL with sufficiently high quantum yield.

The dimer L15 (Fig. 8) was prepared by lithium diisopropylamide-catalyst reaction®
from derivative L4 as the starting material. Dimer shown 91% photoliumenescence
guantum vyield which is higher than L4, but the photoliumencescence maxima are
447nm, and it is 30 nm longer than L4. The singlet and triplet energies are 2.60 and
2.47eV. The device was formed by structure ITO/ PEDOT:PSS/ TAPC/ mCP/ mCP:
BmPyPb: 1% L15 /TSPOL/ TPBI/ LiF/ Al and achieved 18.9% maximal EQE of
blue-greenish device.
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Table 2 Characteristics of derivatives L8-L12

EreV AEgt, eV A nm QYp, % | EQEma, % | Ref.No
L8 2.95 0.17 404 77 13
L9 2.88 0.27 405 72 21.5 36
L10 2.97 0.32 396 75 20
L11 2.83 0.21 431 50 29.5
L12 2.92 0.34 420 39 17 37

SIS

@[ s NZ:Q
SRR By By

- OCN - t §
o .

CN L10

Fig. 7 Structures of derivatives L8-1.14%3%%

Derivatives L16 and L17 were investigated by Li and co-workers®. The synthesis
was made from bicarbazole by K,COs catalysed nucleophilic coupling reaction. The
physical measurements were investigated, and the devices were made by the scheme:
ITO/a-NPD/mCP/L16 or L17/TPBi /LiF/Al. The derivatives L18-L20 were
described by Kim et al*. The devices of materials L18-L20 were made by the
structure:  ITO/ PEDOT:PSS/ TAPC/ TCTA/ mCP/ DPEPO: L18-
L20/TSPOL/TPBI/LiF/Al. The characteristics of derivatives L16-L20 and the
properties of devices were summarized in table 3. It is possible to see that PL
maxima are shorter than maxima of electroluminescence of devices. The 3,6’-
bicarbazole —substituted derivative L18 exhibited higher PL quantum yield than
4,6’-bicarbazole or 4,5’-bicarbazole-based derivatives L19 and L20, but the
electroluminescence quantum yields were higher for derivatives L19 and L20. The
PL maxima of 3,6’-bicarbazole dimer L18 is longer than the acceptor-connected
dimer L15, but the differents between the quantum yields and the splitting of singlet
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and triplet energies are little. 3,4 and 4,4 bicarbazole-substituted derivatives
exhibited shorter PL maxima, but the quantum yields were lower.

Table 3 Characteristics of derivatives L16-L20

Y, % EQE, Ref.
he,nm In air s Oxygen free AEst OQ/o 22552, nm No.
L16 488 12 72 0.06 9.6 501 39
L17 470 15 50 0.14 9.2 487
L18 470 87 - 0.11 17.9 510
L19 448 66 - 0.16 21.8 475 40
L20 444 61 - 0.21 19.5 473
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Fig. 8 Structures of derivatives L15-L.20%%
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Pyridine, pyrazine, pyrimidine or triazine are strong electron withdrawing groups
that are widely investigated and described in literature for TADF molecules®.

The cyanopyridine and phenylacridane based emitters L21-23 were synthesized and
investigated by Pan and co-workers* (Fig. 9). The derivatives were synthesized
from p-(N-acrydanyl)-phenylboronic acid and respective acceptor by Suzuki
coupling and got high yields of products. The derivatives are stable at temperatures
higher than 273 °C. The PL measurements were recorded from toluene solutions and
solid state in matrix of mMCPCN. The PL maxima of degassed toluene solutions were
488, 504 and 652nm, and 490, 459 and 550nm were observed from solid state with
mCPCN for derivatives L21-L23 respectively. The PL quantum yields of
derivatives were 34.5, 30.6 and 48.9% that were measured from degassed toluene
solution and 91.6, 83.5 and 90.4% from matrix in mMCPCN for derivatives L21-L.23
respectively. The phosphorescence maxima of derivatives were observed at 538, 516
and 550nm, and the calculated splitting of singlet and triplet energies were 0.19, 0.18
and 0.032eV for derivatives L21-1.23 respectively. The OLED devices containing
emitters  L21-1.23 were made by scheme ITO/ PEDOT:PSS/
TAPC/mCP/mCPCN:8% emitter of L21-L23/3TPYMBI/LiF/AI. The device of L21
emitter exhibited 23.9% maximal EQE of sky-blue light. The devices of emitters
L22 and L23 exhibited 23.1 and 29.2% maximal EQE with green and yellow light.

O CN CN CN
sziislsien
PZ _N _N
L21-L23 L21 L2223

Fig. 9 Cyanopyridine-based derivatives L21-1.23*

Di-tert-butylcarbazolyl and 9,9-dimethylacridanyl substituted dicyanopyrazine
derivatives L24 and L25 (Fig. 10) were investigated by Cai and co-authors®™. The
mass lost temperatures of derivatives were higher than 400 °C. The fluorescence
maxima of thin films were observed at 534 and 618nm for derivatives L24 and L25
respectively. Derivative L25 exhibited higher fluorescence quantum yield (39.8%)
than derivative L24 (28.6%). The investigations of the influence of fluorescence
guantum yield from solution in air and oxygen-free conditions were made as well.
The measurements of PL quantum yield from thin films showed higher values in
nitrogen atmosphere (38 and 43% respectively). The quantum yield of derivative
L24 was higher in hexane solution in oxygen-free atmosphere (62.9 and 53.8% in
air). Acridane substituted derivative L25 is exhibiting twice higher fluorescence
guantum yield in oxygen-free atmosphere (16.4 and 8.6% respectively). The OLED
most effective structures were formed with 5% L24 and 1% L25 as emitter in the
CBP host by structure: ITO/HATCN/TAPC/emitter/TmPyPB/LiF/Al. The maximum
quantum efficiency of devices was 8.1% and 15.6% and PL maxima of devices were
546 and 572nm for L24 and L25 respectively.
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Fig. 10 Derivatives L24 and L25%

The quinoxaline acceptor-based materials L26-29 (Fig. 11) were synthesized and
explored by Yu and co-workers”. The derivatives were synthesized by Buchwald-
Hartwig (L23), Ullman-coupling (L27 and L28) and Suzuki-coupling (L29)
reactions with high yields. The physical properties of derivatives are summarized in
table 3. The derivatives showed high thermal stability and high glass transition
temperature. The OLED device was made by scheme:
ITO/MoO3: TAPC/TAPC/mCP/10% L26:CBP/TmPyPB/LiF/Al. The device showed
7.4% maximum quantum efficiency by 580nm PL maxima. The physical properties
of derivatives L26-L29 were summarized in table 4. The lowest splitting of singlet
and triplet energies exhibited acridane-substituted derivative L26. However, it
showed the longest PL maxima and the lowest PL quantum yield from the series of
derivatives L26-L29.

Table 4 Structures of derivatives L26-L.29

T_5%, TG, )\-max, QY, ES, eV ET, eV AESTa eV REf
°C °C nm % No
L26 394 134 603 14 2.06 1.99 0.07

L27 | 414 150 537 47.8 2.31 2.11 0.20

L28 | 419 194 557 42.7 2.23 2.05 0.18 43

L29 | 471 157 502 67.3 247 2.14 0.33
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Fig. 11 Structures of derivatives L26-L29*

The pyrimidine based derivatives L30-L33 were investigated by Ganesan and co-
workers*, and derivative L34 (Fig. 12) was investigated and described by Nakao
and co-authors®. The derivatives L30-L33 exhibited high thermal stability in the
range of 357-382 °C, and the derivative L34 exhibited 453 °C 5% mass lost
temperature, but the glass transition of derivatives L30-L34 were in the range 90-95
°C, only then, L34 exhibited 181 °C glass transition. The OLED devices containing
emitters of L30-L33 were made by the scheme: ITO/TAPC/ host: 10% emitter L30-
L33/ TmPyPB/LiF/AIl. The mCP was used as host for devices containing emitters of
L30-L33, and DPEPO was used with L32 emitter. The device with L34 emitter was
prepared by the scheme: ITO/PPBI/TAPC/10% L34: DPEPO/B3PyPB/LIiF/Al. The
OLEDs with mCP hosts showed 7.2% of blue colour, 12.6% of green colour
maximal EQE for emitters L30 and L32 and 11.8% of blue sky light for L31 and
L33 emitters equally. The devices with L32 emitter and DPEPO host showed 14.2%
EQE of green light emitting, and OLED with dicarbazolyl substituted L34 emitter
exhibited noticeable higher 23.7% maximal EQE of shorter wavelength blue sky
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Fig. 12 Pyrimidine-based derivatives L30-L34*%

The derivatives L35-L.37 that were based on triazine ring acceptor were synthesized
by Ullman coupling and Myiaura-Suzuki coupling tree steps reaction®. All materials
(Fig. 13) were obtained as a yellow powder. The derivative L37 showed the highest
mass lost and glass transition temperatures (372 and 127 °C respectively). All
materials exhibited enough low splitting of singlet and triplet energies with the
biggest value of 0.17eV. The OLEDs devices with derivatives emitters were formed
by the structure: ITO/PEDOT:PSS/TAPC/MCP/mCP:5% L35-37/TSPO1/LiF/Al.
The bicarbazolyl and tricarbazolyl substituted biphenyltriazine derivatives L38-L40
were synthesized and characterized by Kim and co-workers®’. OLED were formed
according to the scheme: ITO/PEDOT:PSS/TAPC/mCP/DPEPO:10% L38-
L40/TSPOL/TPBI/LiF/Al. The derivatives L41 and L42 were described by Kim and
co-authors®. The device was made by the structure: 1TO/a-NPD/TCTA/MCP/6%
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L41-L42:DPEPO/DPEPO/TPBI/LIF/Al. Derivative L43 was synthesized from N-
phenylbicarbazole and difluorotriphenyltriazine by NaH catalysed nucleophilic
coupling reaction® (Fig. 13).

Table 5 The physical characteristics of derivatives L35-L43

Es, Er, | AEst, | Amaw | QY, | 2°%P. | EQE, | Ref.
eV eV eV nm % nm % No.
L35 | 276 | 2.66 | 0.10 455 16.7 470 9.3
L36 | 261 | 258 | 0.03 481 50.5 484 14.7 46
L37 | 260 | 259 | 0.01 477 43 480 12.3
L38 | 3.00 | 279 | 0.03 460 82 473 15.7
L39 | 292 | 280 | 0.01 465 62 488 12.4 47
L40 | 298 | 297 | 0.12 502 85 476 15.7
L41 | 298 | 284 | 0.14 499 | 61.3* 504 10.3 48
L42 | 279 | 270 | 0.09 505 | 60.5* 531 11.6
L43 | 269 | 252 | 0.17 465 | 30** 493 23.5 49

* - measured from film of 6% of derivative in DPEPO; ** - the quantum yield in
thin film with DPEPO that was 40%.

The optimized amount of emitter was 20% in DPEPO host, and the best structure of
the device was formed by the scheme: ITO/PEDOT:PSS/ TAPC/ L43: DPEPO/
TSPO1/TPBI/LiF/Al. The physical characteristics and properties of OLED devices
of derivatives L35-1.43 were summarized in table 5. As shown in the table, triazine-
based derivatives L35-L43 are exhibiting low splitting of singlet and triplet
energies, but PL maxima of derivatives were longer than 455nm. The characteristics
of derivatives L35-L37 indicate that alkyl-substituted carbazole substituent
improved the characteristics of higher PL quantum vyield, and the bathochromical
shifts were observed as well. The photophysical properties of derivative L38 are
higher than L40, but the characteristics of the devices are quite similar. The 1,3-
biscarbazol-9-yl-carbazole substituted derivative L39 showed lower splitting of
singlet and triplet energies, but all other properties were worse than in L38 and L40.
The PL maxima of diphenylamine-substituted derivative L41 was shorter by 6nm
than di-(biphenyl)amine-substituted derivative L42, and the quantum yields were
quite similar, but the difference of electroluminescence maxima of devices was
27nm, and the maximal EQE was higher than L41. The photophysical characteristics
of dibicarbazole-substituted derivative L43 was lower than other triazine-based
derivatives L35-L42, but the efficiency of electroluminescence was the highest. It is
possible to explain by well exploring the best optimized structure of OLED.

2.2.2. Sulphone-based materials

Thiantrene tetroxide and diphenylsulfoxide are strong electron accepting parts which
are used to make D-A or D-A-D structures because of the interruption of conjugation
at diphenylsuphoxide part®.
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The series of four thiantrene-tetraoxide-based derivatives L44-L47 (Fig. 14) were
synthesized and investigated by Sun et al®’. The derivatives were synthesized by
Suzuki coupling reaction from bromothiantrene-tetraoxide and respective boronic
acid pinacol ester with higher than 60% of yields. The derivatives have high thermal
stability that is higher than 360 °C, but L47 showed lower glass transition at 110 °C
temperature. The splitting of singlet and triplet energies of derivatives were 0.28,
0.30, 0.38 and 0.21eV for derivatives L44-L47 respectively. The PL characteristics
of derivatives were measured from thin films and are 487, 501, 558 and 610nm
maxima of emission wavelength with 71, 65, 72 and 50% of PL quantum yield for
derivatives L44, L45, L46 and L47 respectively. It is possible to see that metoxi-
substituted derivative L47 exhibited lower splitting of singlet and triplet energies,
but PL characteristics was much lower. The quantum yield of triphenylamino-
substituted derivative L46 exhibited higher than phenylcarbazole-substituted
derivative L45 and similar to 9-phenyl-carbazol-3-yl-substituted derivative L44, but
there was observed a wide bathochromical shift. The electroliumenescence
properties of materials were investigated by device structure: ITO/PEDOT:PSS/10%
emitter:host/ TPBi/Cs,COs/Al. Where host for L44 was mCP and CBP for the
others. The device with L44 emitter emitted blue sky light and achieved 4%
maximum EQE. The best properties had emitter L45, and there was achieved 9.1%
EQE with 502nm maxima of wavelength light. The electroluminescence properties
of L46 and L47 devices were 5.1 and 3.3% maximal EQE and 521 and 570nm
wavelength maxima of emitting respectively.

For comparison with thianthrene tetraoxide based derivative L46, there are presented
properties of anthraquinone based derivative L48 with triphenylamino
chromophores. The anthraquinone - triphenylamine derivative L48 was described by
Bin Huang and co-authors®. The derivative was synthesized by Suzuki coupling
reaction and is exhibiting thermal stability of 367 °C. The splitting of singlet — triplet
energies was very low as 0.05eV, and PL quantum yield was 52% of red light. The
OLED was formed by the structure: ITO/ PEDOT:PSS/ 10% L48:CBP/ TPBi/
Cs,CO4/ Al. The device emitted red light (612nm maxima) with 7.5% maximal EQE.
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Fig. 14 Derivatives L44- 48%%

Derivatives L49-L53 (Fig. 15) were investigated for physical characteristics and
OLED structures by several authors, and they were described in series of papers®*®.
Derivatives L49 and L54 emitted blue light on 419 and 408nm with 32.1 and 25.4%
PL quantum vyield from solid state respectively®’. Derivative L50 characteristics
were as follows: Es=2.80eV, E;=2.66eV, AEst=0.14eV, QY=71%. The OLED

structure was®® ITO/PEDOT:PSS/TAPC/TCTA/MCP/L50
(20%):DPEPO/TSPO1/TPBI/LiF/Al. The device showed 20.7% EQE of blue light.
One more investigated OLED structure was

ITO/PEDOT:PSS/mCP/L50/TSPOL/TPBI/LiF/Al. The device emitted blue light, and
the maximal EQE was 15.7%. The different substituted derivative L51 with
carbazolyl and phenthiazinyl chromophores and diphenothiazinyl substituted
derivative L51 exhibited 518 and 510nm emission. The PL measurement of L51
showed 66.3 and 93.3% quantum yield from thin film in air and argon atmosphere.
Quantum yields of L52 were 30.2 and 52.8% respectively. The higher PL quantum
yield of L51 is explained by fluorescence from two different parts of molecule®,
Derivative L53 was used by several authors for OLED structure investigations™":
ITO/a-NPD/DPEPO/L53/TPBI/LiF/Al. The device showed 16% EQE of blue light.
Another structure® was ITO/ PEDOT:PSS/ TAPC/ mCP/ DDCzTrz/ L53/ TSPO1/
TPBi/ LiF/ Al. The exciplex was formed in structure from diphenyl-(3,4,5-
tris(carbazole-9-yl)-phenyl)-triazine and L53. The exciplex consisting OLED
showed 15.3% EQE of green light. Without it, there was made OLED by structure®:
ITO /[PEDOT:PSS ITAPC ITCTA /mCP /L53(50%):DPEPO/
DPEPO/TSPO1/TPBI/LiF/Al. The EQE of the device was 22.6% of blue light
(Amax=470nm). The device with 5,10-diphenyl-phosphanthrene 5,10-dioxide host was
formed by  structure®:  ITO/MoOs/NPB/mCP/L53:DPDPO2A/DPDPO2A
/BPhen/LiF/Al. The device emitted blue light with EQE of 17.9%. Zhang and co-
authors®* described the investigation of the influence of layers for the characteristics
of the device. The structures of devices and characteristics are summarized in table
6. The results show that holes and electrons transporting layers are increasing the
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EQE of the device, but the little bathochromic shift of electroluminescent is
observed.

Derivatives L54-156 were described in two papers® °®“The fluorescence
measurements of derivative L54 showed 69% quantum yield with 402nm emission
maxima. The singlet-triplet splitting of derivative is 0.32eV. The OLED was formed
by the scheme: ITO/a-NPD/TCTA/CzSi/L54/DPEPO/TPBI/LIF/Al. The device
exhibited 9.9% maximal EQE of near standard blue light. The derivatives have high
thermal stability and high glass transition temperatures. The singlet and triplet
energies of L55 and L56 are 3.25; 3.15eV and 3.00; 2.98eV respectively. The
splitting of singlet and triplet energies are 0.25 and 0.17eV. The blue OLEDs were
made by simple structure: ITO/PEDOT:PSS/L55 or L56/TPBI/LiF/Al.

Table 6 The characteristics of OLEDs with L53 emitter

Structure EQEmax, AO-EP Ref.
% nm No.

ITO/MoO5/L53/LiF/Al 0.11 476

ITO/ MoO,/L53/PO15/LiF/Al 144 481 61

ITO/M0oO3/mCP/L53/PO15/LiF/Al 11.8 479

ITO/MoO3/mCP/L53/DPEPO/LIF/AI 195 480

Derivatives L57-L59 were synthesized and investigated by Gong et al®. The
thermogravimetric analysis showed high thermal stability of derivatives that are
higher than 372 °C. The glass transition of derivatives was observed at the interval
143-194 °C. PL properties of derivatives were investigated from solution in toluene
on argon atmosphere and from thin films with mCP. The PL quantum yields of
derivatives L57-L59 solutions were 8.3, 12.4 and 6.3% with 490, 549 and 498nm
emission respectively.

ses
2 2 2 2 %
Y9 9 9 9
S

Fig. 15 Derivatives L49-1.53°%°



The quantum yield of thin films with mCP were 87, 45 and 27%. The singlet and
triplet energies were calculated from fluorescence (300K) and phosphorescence
spectra (77K). The singlet energies of derivatives L57-L59 are in the range 2.56—
2.87eV, the triplet energies are in the interval 2.52-2.65eV, and AEst are 0.22, 0.04
and 0.29V respectively. The devices were made by the scheme:
ITO/PEDOT:PSS/ImCP:15%  L57-L59/TPBi/Lig/Al. The blue sky light
(AoLep=496nm) device of compound L57 showed 3.8% EQE, yellow light emitting
device L58 had 8.1% EQE, and the device with L59 emitter showed luminescence
of green light (AoLep=522nm) with 1.3% EQE.

: avs 2% : x: @@:x

L54: R: tert-buthyl;

L55: R: 3,6-di(tert-buthyl)-carbazol-9H-yl; Ry Ls7: R;: phenyl;

L56: R: 3,6-di(3,6-ditert-buthylcarbazol-9 L58: Ry: N-diphenylamino;
H-yl)carbazol-9H-yl-cabazol-9Hyl; L59: R;: 4-(N-phenylbenzoamine)-phenyl;

Fig. 16 Derivatives L54-1.59°%%

The compounds L60, L61% and L62, L63* were synthesized and described by Liu
with co-authors in two papers (Fig. 17). All these derivatives have high thermal
stability that is higher than 400 °C. The fluorescence measurements of derivatives
were recorded from films. The PL maxima of derivatives L60, L61 and L63 were
fixed in the range from 444 to 474nm and 521nm for L62. The PL quantum yields of
chloroform solution of derivatives L60 and L61 were 39.3 and 48.5% in air and 56.3
and 69.3% under argon atmosphere. The singlet-triplet splitting of derivatives are
0.14, 0.12, 0.19 and 0.26eV for derivatives L59-L62 respectively. The OLED with
L60 and L61 emitters were made by the structure: ITO/NPB/TCTA/CzSi/10% L60
or L61:DPEPO/DPEPO/TPBI/LiF/Al. The sky-blue device with L60 emitter had
11.7% maximal EQE, and blue OLED with L61 emitter showed 5.5% EQE.
Derivatives L62 and L63 were investigated as emitters in OLED structure:
ITO/triphenylamine-containing polymer®: PPBi/TAPC/mCP/20% L62 or L63:
DPEPO/ DPEPO/B3PyPB/LiF/Al. The green device with L62 emitter showed
13.5% EQE, and the device with derivative L63 emitter had 24.5% maximum EQE
of blue light luminescence with CIE light colour coordinates (0.16:0.21).
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Fig. 17 Derivatives L60-L63%%

2.2.3. Dendrimers and polymers

The dendrimer-form molecules are known as derivatives with excellent thermal
stability characteristics®®, dendrimers are using as holes transporting and emitting
single layer in devices because-off good holes transporting properties® and were
investigated as organometallic complexes for phosphorescent host-free emitters layer
in OLED®. Polymeric materials are perspective for the OLED devices because of
easy layers’ making from the solutions by spin-coating process possibility, and it is
enabling to make the devices by cheap printing technology®.

The triphenyltriazine and carbazole-based dendrimers L64-L66 (Fig. 18) were
synthesized and described by Albrecht with co-authors™. The thermogravimetric
analysis showed very high thermal stability of dendrimers about 600 °C. The
quantum vyields of green and sky-blue PL from thin films were 52, 31, 8.5% for
dendrimers L64, L65 and L66 in nitrogen atmosphere respectively. The PL quantum
yields were measured from solutions in toluene. The air and oxygen-free conditions
were made, and the derivatives showed 76, 59 and 6.4% PL quantum yield in the air
and 94, 100 and 94% QY in nitrogen atmosphere. The singlet-triplet energies
splitting of dendrimer L64 was 0.03eV and 0.06eV for dendrimers L65 and L66.
There were made non-optimized structure OLED by the scheme:
ITO/PEDOT:PSS/L64-L66/TPBi/Ca/Al and achieved 2.4, 3.4 and 1.5% maximal
external quantum efficiencies of blue light.
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Fig. 18 Dendrimers L64-166"

The dendrimers L67-L69 (Fig. 19) were described by Sun with co-authors™. The
compounds are stable at temperature higher than 388 °C but not consisting molecular
glasses. The triplet energies of derivatives L67 and L68 are 2.33eV, but in the case
of tricarbazolyl-substituted dendrimer L69, the energy is decreasing to 2.29eV. The
singlet energies are 2.51, 2.50, 2.49, and a splitting of singlet-triplet energies are
0.18, 0.17, 0.20eV for derivatives L67-L69 respectively. The maxima of PL were
observed in the range 541-553nm with the quantum vyield of 44, 56 and 71% for
dendrimers L67-L69 respectively. The devices were formed by simple structure:
ITO/ PEDOT:PSS/ L67-L69/ TPBi/ Cs,COs/ Al. The OLEDs showed green
electroluminescence with maximum external quantum efficiencies 1.2, 6.5 and
11.8% for emitters L67-L69 respectively.
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The derivative L70 was investigated by Zhang with co-workers®, and dendrimers
L71 and L72 were described by Li and co-authors’>. The derivative L70 was
investigated as an emitter for different structures of OLED devices. The simplest
structure was ITO/ MoOy/ L70/ LiF/ AL. There was observed 508nm emission
maxima and 0.06% maximal EQE only. The best investigated structure with L69
emitter was 1TO/MoOs/mCP/L70/TPBI/LiF/AL. The maximum EQE of this
structure was 18.9% with 510nm electroluminescence maxima. The influence of
temperature of efficiency for TADF emitters was investigated with derivatives L71
and L72 in the OLED structures. There were used no holes transporting layers. The
structures of OLED were ITO/PEDOT:PSS/L71 or L72/TPBi/Lig/Al.

Table 7 The thermal behaviour of OLED characteristics

Emitter Temperature, °C AoLEp, NM EQEm&X, % Ref. No.
Ambient 9.7
80 12.0
L71 120 546 38
160 8.3 79
Ambient 522 3.3
80 522 5.2
L72 120 528 5.2
160 528 4.7
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As the results are indicating in table 7, the highest EQE of OLEDs were observed at
temperatures of 80 °C. The exciplex emitter structure of OLED was formed by the
structure: ITO/PEDOT:PSS/L71/TmPyPB/Lig/Al. There was achieved 13.8%
maximal EQE with 552nm electroluminescence maxima. The dendrimers L73 and
L74 were investigated by Luo et al”. The derivatives exhibited high mass loss
temperature of 459 and 479 °C and very high glass transition point of 272 and 274
°C for derivatives L73 and L74. The PL wavelength maxima of dendrimers are 492
and 464nm. The PL quantum yield of derivative L74 is 48.2%. The singlet and
triplet energies of dendrimers are similar: 2.52, 2.58 and 2.51, 2.50eV for L73 and
L74 respectively, but singlet-triplet energies splitting are 0.01 and 0.08eV. The
OLED devices containing dendrimeric emitters were made by scheme
ITO/PEDOT:PSS/L73 or L74/TPBi/Lig/Al. The OLED with L72 emitter light sky-
blue light with 12.2% maximal EQE and L74 OLED made blue light
electroluminescence with 2.2% maximal EQE.
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Copolymers L75-L.77 and polymer L78 were investigated by Ren and co-workers.
The compositions of copolymers were confirmed by elemental analysis exactly. The
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molecular weight of polymers was higher than 11500. The thermal investigations
showed that polymers have high thermal stability higher than 400 °C, and it were
consisting glasses at temperature higher than 217 °C. The narrowest splitting of
singlet-triplet energies showed polymers L75 and L78 as 0.35 and 0.4eV
respectively. The PL maxima of polymers are in the range from 535 for L75 to
556nm for L78 polymers. These polymers were used for OLED forming by the
scheme: ITO/PEDOT:PSS/10% L75-L79:mCP/TPBI/LiF/Al. The devices exhibited
electroluminescence with 533-539nm maxima for copolymers L75-L77 and 556nm
for L78 polymer. The maximum external quantum efficiencies were 20.1, 15.2, 1.8
and 1.4% for polymers L75-L78 respectively. Polymer L79 was described by
Nobuyasu with co-authors™. The device was made by the structure:
ITO/PEDOT:PSS/10% L79, 40% PBO, 50% PVCz/TPBI/LiF/Al, and there was
achieved 11.05% maximal EQE. The copolymers L80 and L81 were described by
Zhu and co-authors’™. The PL spectra of copolymers were investigated from films,
and there was observed 487 and 507nm maxima of peaks for copolymers L80 and
L81 respectively with quantum yields of PL that were 8 and 28% respectively.
Triazine-substituted copolymer L81 exhibited lower singlet-triplet energies splitting
(0.13eV) than L80 (0.37eV). The devices were formed by the scheme: ITO/
PEDOT:PSS /L80 or L81/ TmPyPB/ LiF/ Al. The characteristics of devices were
1.3% maximal EQE of 521nm maxima light for L80 emitter and 12.6% maximal
EQE of 508nm for L81 emitter device (Fig. 21).

L75: m:n 63:37;

L76: m:n 54:46: S
L77: m:n 33.67;
L78: m:n 0:100;
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Fig. 21 Polymers L75-1.817"7

2.3. Summary of literature review
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The best results of OLED investigations that were described in the literature review
were summarised in table 8. As seen in table, the devices based on emitters with
nitrogen acceptor exhibit maximum EQE at approximately 29%. It is significant that
emitters are forming exciplexes with host materials, and large bathochromic shifts
were observed. It is worth noting that the synthesis of these materials is usually
difficult and have low vyields. Sulfone based derivatives are not that effective
emitters, but the wavelength of PL maxima is short. It should be noted that sulfone-
based derivatives exhibit higher thermal stability. The OLED structures based on
dendrimeric and polymeric emitters exhibit remarkably lower efficiency.

The main advantages of TADF materials are relatively cheap raw materials for the
synthesis, wide possibilities of the design of the structures of compounds with
desirable characteristics and high enough efficiencies of electroluminescent devices.
The main raw-materials for the synthesis are well-known compounds, such as
carbazole, and wide range of electron accepting compounds. The most widely used
electron accepting moieties are carbonitriles, sulphones, nitrogen-containing
aromatic rings, ketones. The carbazole, cyanobenzene and cyanopyridine based
derivatives are exhibiting high photoluminescence quantum vyields with blue
emission and other desirable characteristics. Due to the possibilities to use cheap raw
materials and select simple synthetic routes, TADF materials are promising in
comparison to the expensive organic metal chelates, which are used in
phosphorescent organic light emitting diodes.

Table 8 The most perspective reviewd materials

Class of compounds No. of Amaxs QVY, | EQEnax OLED Ref.
derivative | nm % % colour No.

Cyanobenzene L11 431 50 29.5 blue 35
Dicyanobenzene: L3 507 94 19.3 green 32
dimer L15 477 91 18.9 sky-blue 38

dimer L19 448 66 21.8 sky-blue 40

Cyanopyridine L21 488 91.6 23.9 sky-blue 41
Dicyanopyridine L23 550 90 29.2 yellow 41
Cyanopyrazine L25 572 16 15.6 yellow 42
Pyrimidine L34 not described 23.7 sky-blue 45
Triazine L38 460 82 15.7 sky-blue 47
Thianthrene L44 487 71 4 sky-blue 50
tetraoxide L46 558 72 5.1 yellow 50
Diphenylsulfone L53 not described 22.6 blue 55
Tetraphenyldisulfone L63 not described 24.5 sky-blue 64

The main disadvantages of TADF-based OLEDs are short lifetime, still too low
efficiency of blue devices, long and difficult manufacturing of multilayer structures
by vacuum evaporation. The fabrication of OLEDs by solution processing is much
simpler, but the efficiencies of polymeric devices are usually low. Blue OLEDs
showing maximum external quantum efficiency higher than 20% were reported, but
their stability was low. Yellow and red TADF based OLEDs exhibit high
efficiencies and much better stability. The stock of inexpensive, easily preparable
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OLED emitters is still not sufficient. In addition, structure-properties relationship of
organic emitters intended for OLEDs has not been sufficiently explored yet.

36



3. EXPERIMENTAL SECTION
3.1. Instrumentation

Nuclear magnetic resonance spectra were recorded by Bruker Avance Ill (400
MHz —'H, 100MHz — "*C spectra) or Bruker Avance I11 (700 MHz — *H, 176 MHz —
3C) equipment. All measurements were recorded from the solutions in deuterated
chloroform, acetone or DMSO with tetramethylsilane as internal standard.

Infrared spectra were recorded from KBr pellets with 1% of the exploring material
by Perkin Elmer Spectrum BX Il FT-IR System equipment.

Mass spectra were recorded by Waters SQ Detector 2 equipment. The samples were
prepared as diluted solutions in methanol.

Ultraviolet-visible light absorption spectra were recorded by Perkin Elmer
lambda 25 equipment from diluted solutions or thin films on quartz plates at ambient
temperature. The experimental error of measurements is 1nm. The optical band gaps
were calculated by Planck hypothesis formula 2"":

hc  4.136x10"15eVs5x2.998x108ms~1 1240
E=hv=—= = el (2,

A Ax107%m = Aedge(nm)

where h is Planck’s constant, v — frequency, ¢ — speed of light, A — wavelength.

Fluorescence and phosphorescence (77K) spectra, fluorescence quantum yields
and fluorescence decay times were recorded and calculated by Edinburg
instruments FLS980 equipment from diluted solutions or thin films. The declared
signal and noise ration is higher than 35000:1. The excitation of photoluminescence
was exited by a 450W xenon arc lamp with TMS300 monochromator or PicoQuant
LDH-D-C-375 picosecond laser (374nm), and the emission was detected by a red
cooled detector Hamamatsu R928P. The manufacturer declared accuracy of the
wavelength is £0.2nm. The quantum yields of photoluminescence were measured by
using a special calibrated sphere. The manufacturer declared that the experimental
error of measurements of PL quantum vyields is £2%. The photoluminescence
measurements at different temperatures were investigated by using liquid nitrogen
cooled cryostat Optistat DN2 under inert N, atmosphere. The accuracy of
temperature measurements is £0.1K.

The singlet and triplet energies were calculated from the onset of fluorescence or

phosphorescence spectra by Planck hypothesis.

The colour coordinates of photoluminescence were calculated according to the
International Commission on Illumination (CIE) recommended formulas’®.
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The noisy curves of photoluminescence were smoothed, or the fitting curves were
calculated by adjacent-averaging method according to formula 3 by Origin 8.1

software”™.
2
U-9
oi-(h) o
2
where w is the average value, N — points on the window (50), j, i — values.

Differential scanning calorimetry measurements were carried out by using Perkin
Elmer DSC 8500 equipment at a heating rate of 10°C/min. The manufacturer
declared accuracy of measurements is £0.05 °C. The energy flow was recorded. The
energy flow change, which depends from temperature, shows the structural
transformations.

Thermogravimetric analysis measurements were recorded by Perkin Elmer TGA
4000 equipment. The measurements of mass were recorded at heating rate of 20 °C
per minute at nitrogen atmosphere. The declared accuracy of measurements is £0.5
°C of temperature and +0.02% of sample mass. Mass changes were registered by
raising temperature, and the mass lost curves were recorded.

Cyclic voltammetry measurements were carried out by using micro-AUTOLAB I
equipment with Ag/Ag*, Pt and working carbon electrode of a glassy carbon of 0.12
cm® surface. The measurements were investigated from tetrabutylamonium
hexfluorophosphate 0.1M solutions in dichloromethane or acetonitrile in inert argon
atmosphere. The measurements were calibrated by using an internal ferrocene
standard. The investigations were recorded at voltage rate of 50mV/s. The current
was recorded. The declared accuracy of measurements is £0.2%. The current peaks
are shown as electrochemical transformations. The ionization potentials and electron
affinities were calculated from the oxidation-reduction or reduction-oxidation
potentials according to formulas 4 and 5%

1,(CV)=Upt48  (4),
‘EA(CV)=U,+4.8  (5),

where U, is ionization potential by oxidation-reduction conditions, Fc - ferocene
ionization potential, U4 - iOnization potentials by reduction-oxidation conditions.

X-ray diffraction analyses were investigated by Rigaku Xtalab mini equipment
from the single crystal of derivatives. The calculations of crystal characteristics were
calculated by Mercury 3.8 software®. The method is based on electromagnetic
waves diffraction of crystals, and the slopes of beams were recorded. The distances
between atoms were calculated according to Bregs law (6):
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nd = dsin 260 (6),

where nis 1,2..., A - wavelength of X-ray, d - spacing of the crystal layers, ® —
angle.

Melting points were investigated by Electrothermal MEL-TEMP melting point
equipment. The measurements were explored in the capillary at air conditions. The
measurments heating rate 1°C/min and the processes were observed visually.

Elemental analysis was measured by Exeter Analytical CE-440 Elemental Analyzer
equipment. The manufacturer declared error of measurements is £0.15%.

Charge mobilities were recorded by the time of flight (ToF) method®®,

The structures ITO/material/Al were formed by vacuum deposition, and the charges
mobility was generated by Nd: YAG pulsing laser (EXPLA NL300) with 355nm
wavelength, and the pulse period was 3-6ns. The declared pulse stability of
equipment is +3%. The mobility’s were calculated from the transit photocurrent
curves. The measurements were observed by Keithley 6517B electrometer, and a
Tektronix TDS 3052C oscilloscope. The accuracy of voltage is +1%, and the
accuracy of the oscilloscope is +21%. The principle of measurement is the
determination of time crossing charges till excitation of a laser beam to the stopping
of conductivity of the prepared device. The conductivity is excitated by picosecond
laser beam to make electron and hole pairs. The different charges move to different
electrodes with fixed voltage which not initiate conductivity. The conductivity is
stopped; than, the free charges go out from semiconductor layer. ITO and
aliuminium were used as electrodes. The thickness of semiconductors layers were
measured by CELIV method. The mobility charges were calculated by formula 7:

dZ

H=0n (),

where d is the thickness of the cell, U — voltage, t — time.

Carrier extraction by linearly increasing the voltage method®® (CELIV) was
used to estimate the thickness of OLEDs layers®. The charge carriers were excited
by Nd:YAG laser pulses (355nm, pulse duration — 25ps). The results were recorded
by Tektronix AFG 3011 delay generator and a digital storage oscilloscope Tektronix
DPO 4032. The declared accuracy of equipments are £1%. The method of CELIV is
similar to ToF, but the conductivity of layer is excitating by the raising of voltage
with a light beam or without. The thickness of layers was calculated from
photocurrent curves by formula 7 as ToF.

lonization potentials were measured by the electron photoemission method that is

described in literature®” . The materials were coated on Al plates from solutions at
THF, and the layers were prepared by spin-coating with methylmethacrylate and
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methacrylic acid as adhesive materials. The accuracy of measurements is £1%. The
electrode voltage was 300V, and the samples were illuminated by monochromatic
light from SBN-D130-CM and CM110 1/8 m monochromator. The photocurrent
were measured by Keithley 6517B electrometer. The photoelectrons were excited by
UV light, and the photoelectrons energy were measured.

OLEDs were prepared from the purchased materials of host and transporting layers
with synthesized emitters. The purchased materials were used:

1) Indium thin oxide (ITO) was used as electrode;

2) Molybdenum trioxide, m-MTDATA were used as holes injection layer;

3) TCTA, NPB were used as holes transportation and electrons blocking layer;

4) For hosts were used mCP, DPEPO, TCTA, TCz, m-MTDATA,

5) BPhen and TPBi were used as holes blocking and electrons transporting layer;

6) Ca and Al were used as electrode;

The layers were formed by vacuum evaporation at vacuum lower than 2:10°mBar.
All layers were about 6mm? working area. The host-materials and transporting layers
were chosen by experimental results that were calculated from fluorescence
measurements. The properties of devices were measured by a Keithley 6517B
electrometer and a Keithley 2400C sourcemeter in air conditions. The devices were
not passive after the made measurements. The brightness measurements were
measured by calibrated photodiode. The calibrating mistake of photodiode is +2%.
The seven samples of same structure devices were made and the best sample
measurements were fixed.

3.2. Materials

2,2,6,6-Tetramethylheptane-3,5-dione (98% Sigma-Aldrich), 2-bromo-5-
methoxynitrobenzene (98% Sigma-Aldrich), 3,4-difluoro-bromobenzene (99%
Sigma-Aldrich), 3-amino-9H-ethylcarbazole (98% Sigma-Aldrich), 4-(tert-butyl)-
aniline  (98% Sigma-Aldrich), 4,4’-dibromobiphenyl (95%  Aldrich), 4-
bromobiphenyl (95% Aldrich), 4-iodobenzonitrile (99% Sigma-Aldrich), 4-
methoxyiodobenzene (99% Sigma-Aldrich), 6-crown-18 (99% Sigma-Aldrich),
acetic acid (99% Eurochemicals), bis-(triphenylphosphine)-palladium (11) dichloride
(95% Sigma-Aldrich), bromoethane (95% Aldrich), carbazole (95% Reakim),
copper (99% Sigma-Aldrich), copper cyanide (98% Sigma-Aldrich), copper
dichloride dihydrate (95% Reakim), diphenylamine (99% Reakim), hydrochloric
acid (36% Eurochemicals), iodobenzene (99% Sigma-Aldrich), malononitrile (95%
Sigma-Aldrich), methylanthranilate (98% Sigma-Aldrich), methylmagnesiumiodide
(3M in hexane Acros), N-bromosuccinimide (98% Sigma-Aldrich), nitric acid (65%
Eurochemicals), ortho-phosphoric acid (98% Eurochemicals), paladium (I1) acetate
(98% Sigma-Aldrich), phenothiazine (99% Acros), phenoxazine (97% Sigma-
Aldrich), phenylboronic acid (95% Sigma-Aldrich), potasium carbonate (98%
Eurochemicals), potassium iodate (95% Reakim), potassium iodide (95% Reakim),
potassium tert-butoxide (99% Sigma-Aldrich), pyridine (95% Reakim), sodium
(95% Reakim), sodium hydride (60% in mineral oil Sigma-Aldrich), sodium tert-
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butoxide (99% Sigma-Aldrich), tert-butylnitrite (98% Sigma-Aldrich), tri-(tert-
butyl)-phosphine (1M in toluene Sigma-Aldrich), trimethylorthobenzoate (99%
Sigma-Aldrich), triphenylphosphine (95% Sigma-Aldrich).

All solvents were purchased from Sigma-Aldrich, Eurochemicals or Fluka. The
solvents were distilled before fluorescence spectra measurements.

The copper dichloride anhydrate was prepared by heating copper dichloride
dihydrate at 200 °C temperature in a vacuum, and other chemicals were used as
received.
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3.3. Synthesis

3-lodo-9H-carbazole (M1, FW=293 g/mol, m.p.=238-239 °C , lit. 238 °C) was
synthesized as described in literature source ®. The off-white solids were obtained.

9H-Ethyl-3-iodocarbazole (M2, FW=321 g/mol, m.p.=84-85 °C, lit. 83 °C %)
The material was as described in literature procedure®. The product was isolated as
light brown needles.

3,6-Dibromocarbazole (M3, FW=325 g/mol, m.p.=211-213 °C, lit. 209-210 °C)
was synthesized as described in literature®. The product was obtained as white
crystals.

3-Cyano-9H-carbazole (M4):

3-lodocarbazole (4.50 g, 15.4 mmol), copper (1) cyanide (2.79 g, 30.8 mmol) and N-
methyl-2-pyrrolidone (50 ml) were mixed in a flask. The reaction mixture was
heated at 155 °C under nitrogen atmosphere for 22 h. The reaction mixture was then
cooled to room temperature and poured into the solution of cold water (500 ml),
hydrochloric acid (80 ml) and FeCl; (16 g). The reaction mixture was heated at 80
°C for 1 h, and then cooled to room temperature. The precipitate which had formed
was filtered off. The product was crystallized from methanol and was obtained as
light brown crystals (mp = 187-188 °C, lit.: 189-190 °C %) in 30% (0.89 g) yield.

'"H NMR (400 MHz, DMSO-dg) & (ppm): 10.50 (s, 1H, NH), 7.33 (s, 1H, Ar), 6.87
(d, J = 7.7 Hz, 1H, Ar), 6.38 (d, J = 8.3 Hz, 1H, Ar), 6.26 (d, J = 8.4 Hz, 1H, Ar),
6.20 (d, J = 8.0 Hz, 1H, Ar), 6.11 (t, J = 7.4 Hz, 1H, Ar), 5.88 (t, J = 7.3 Hz, 1H, Ar).
C NMR (100 MHz, DMSO-dg) & (ppm):142.1, 140.7, 129.0, 127.4, 126.0, 123.0,
122.0,121.4,121.0, 120.3, 112.4, 112.0, 100.7.

4,4’-Dibromo-2-nitro-1,1’-biphenyl (M5, FW=357 g/mol, m.p.=126-127 °C, lit.
125-127 °C) was synthesized as described in literature®. The yellow crystals were
obtained.

2,7-Dibromo-9H-carbazole (M6, FW=325 g/mol, m.p.=234-235 °C, lit. 236-238
OC)
was synthesized as described in literature®. The off-white crystals were obtained.

2,7-Dicyanocarbazole (M7, FW=217 g/mol, m.p.=279-280 °C, lit. 279-281 °C)
was prepared according to the published procedure®.

3,6-Dimethoxy-9H-carbazole (M8, FW=227 g/mol, m. p.=133-134 °C, lit. 131-

133 °C ) was prepared according to the published procedure®. The light brown
crystals were obtained.
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3,6-Diphenyl-9H-carbazole (M9, FW=319 g/mol, m.p.=184-185 °C, lit. 186-187
°C) was synthesized as described in literature®. The product was isolated as white
needles.

4-Bromo-2-nitrobiphenyl (M10, FW=278 g/mol, m.p.=126-127 °C, lit. 125-127
OC)

The synthesis of derivative was made by literature method®. The material was
received as yellow crystals.

2-Bromo-9H-carbazole (M11, FW=246 g/mol, m.p.=251-253 °C, lit. 250-251 °C)
was synthesized by reported procedure®. The product was isolated as white crystals.

2-Bromo-9H-ethylcarbazole (M12, FW=274 g/mol, m.p.=79-80 °C, lit. 77-79 °C).
The material was prepared from M11 by alkylation as described early®®. The
material was obtained as white needles.

Methyl-2-(phenylamino)-benzoate (M13, FW=227 g/mol) was synthesized from
methylanthranilate and iodobenzene by Ullman coupling reaction as described in
literature'®. The product was isolated as the yellow oil.

2-(2-(Phenylamino)phenyl)-propan-2-ol (M14, FW=227 g/mol) was prepared by
Grignard reaction from M13 and methyl magnesium iodide as described in literature
191 The product was isolated as the orange oil.

9,9-Dimethyl-10H-acridane (M15, FW=209 g/mol) was prepared as described in
literature’®and obtained as transparent crystals.

4,4’-Dimethoxi-2-nitrobiphenyl: (M16, FW=259 g/mol, m.p.=138-140 °C) was
prepared by the reported procedure'®.

2,7-Dimethoxi-9H-carbazole (M17, FW=227 g/mol, m.p.=275-277 °C, lit. 271-
272 °C). The preparation of derivative was described in literature'®®

1,3-Dibromo-4,6-difluorobenzene (M18, FW=272 g/mol, m.p.= 205-207 °C
(subl.)) was synthesized as described in literature'®. The material was obtained as
white needles form crystals.

1,3-Dicyano-4,6-difluorobenzene (M19 FW=164 g/mol, m.p.= 107-109 °C (exp.))
was prepared from Rosendmund-von Brown reaction as described in literature'®.

The material was obtained as transparent crystals with 38% of yield.
2-Amino-6-chloro-4-phenylpyridine-3,5-dicarbonitrile (M20, FW=255 g/mol)

was prepared according to the publicized procedure'®. The yellow crystals were
obtained with 60% of yield.
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2,6-Dichloro-4-phenylpyridine-3,5-dicarbonitrile ~ (M21, FW=274 g/mol,
mp=203-204 °C(exp.)) was prepared from M20 and anhydrous copper dichloride
with t-butylnitrite in acetonitrile as described in literature’®. The product was
obtained as transparent crystals with 38% of yield.

N-Biphenyl-N-(4-tert-butylphenyl)-amine (M22):

The 4-t-butylaniline (2.5g, 16.75mmol), 4-bromobiphenyl (3.9g, 16.75mmol),
sodium tert-butoxide (3.2g, 33.5mmol), tri-t-butylphosphine (1.7ml, 1M), and dry
toluene (20ml) were charged. The mixture was degassed, and palladium (1) acetate
(0.2g, 0.9mmol) was added. The reaction mixture was refluxed under argon
atmosphere overnight. After cooling to room temperature, the reaction mixture was
poured into water, extracted with ethyl acetate. After being dried over sodium sulfate
and filtered, the solvent was removed, and the crude product was purified by silica
gel column chromatography by using ethyl acetate/hexane 1:20 as an eluent. The
product was recrystallized from methanol and toluene mixture and was obtained as
white crystals (FM=301 g/mol, mp=96-97°C, mp=90-92 °C (lit.*")) in 14% (0.7g)
yield.

1H NMR (400 MHz, CDCl3) & (ppm): 7.55 (d, J = 7.6 Hz, 2H), 7.49 (d, J = 8.2 Hz,
2H), 7.40 (t, J = 7.6 Hz, 2H), 7.33-7.23 (m, 3H), 7.09 (s, 4H), 5.93 (s, 1H, NH), 1.32
(s, 9H, CHy).

NC

N,N-(bis(4-cyanophenyl))-N-(9-ethylcarbazol-3-yl)-amine* (C1):

The 3-amino-9H-ethylcarbazole (0.7g, 3.3mmol), 4-cyanoiodobenzene (3g,
13.2mmol), 18-crown-6 (0.3g), copper (1.47g, 23mmol) and potassium carbonate
(5.46 g, 39.6 mmol) were added to three necks flask, and o-dichlorobenzene (15 ml)
was filled. The reaction mixture was stirred for 24h under N,. After reaction, the
mixture was filtered, the filtrate was evaporated and adsorbed on SiO,. The product
was separated by column chromatography (eluent EtOAc: hexane 1:20), (fw = 412
g/mol, mp = 168-171 °C) in 32% (0.45 g) yield.

* The synthesis of derivatives C1-C4 was described in reference: SKUODIS, E. et al.
OLEDs bhased on the emission of interface and bulk exciplexes formed by cyano-substituted
carbazole derivative. Dyes and Pigments 2017, vol. 139, 795-807; eISSN 1873-3743.
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'H NMR (400 MHz, DMSO-ds) & (ppm): 8.15 (d, J = 7.8 Hz, 1H, Ar), 8.11 (s, 1H,
Ar), 7.74-7.69 (m, 5H, Ar), 7.65 (d, J = 8.2 Hz, 1H, Ar), 7.48 (t, J = 8.3 Hz, 1H, Ar),
7.30 (dd, J =8.6 Hz, 2.1 Hz, 1H, Ar), 7.21-7.14 (m, 5H, Ar), 4.47 (q, J = 7.1 Hz, 2H,
NCH2), 1.35 (t, J = 7 Hz, 3H, CHy).

3C NMR (100 MHz, DMSO-dg) & (ppm): 150.9, 140.6, 138.6, 136.2, 134.1, 133.4,
128.5, 126.8, 126.4, 124.0, 122.3, 121.3, 120.8, 119.6, 111.4, 109.8, 104.1, 37.1
(NCHy), 13.8 (CH,).

MS (ESI) m/z (%) = 411 (M*-H, 100).

FTIR vmax in cm™ (KBr): (C-H Ar) 3046; (C-H Al) 2975; (-CN) 2219; (C=C Ar)
1592, 1498; (C-H Ar) 747.

NC

3-(3-Cyanocarbazol-9-yl)-9-ethylcarbazole (C2):

The C2 was synthesized by the same Ullman-coupling procedure as C1. 3-lodo-9-
ethylcarbazole (0.72 g, 2.25 mmol), 3-cyanocarbazole (0.3 g, 1.5 mmol), potassium
carbonate (0.62 g, 4.5 mmol), copper (0.19 g, 3 mmol), 18-crown-6 (0.04 g) were
used, and 10 ml of 0-DCB was used as a solvent. The reaction mixture was stirred at
180 °C temperature under nitrogen atmosphere for 24 h. The product was purified by
silica gel column chromatography (eluent ethyl acetate: hexane) as an eluent. The
target compound was obtained as yellow crystals (fw = 385 g/mol, mp = 214-216
°C) with 0.45 g (78%) yield.

'H NMR (400 MHz, CDCls;) & (ppm): 8.50 (s, 1H, Ar), 8.23-8.21 (m, 2H, Ar), 8.11
(d, J=7.8 Hz, 1H, Ar), 7.67-7.64 (m, 2H, Ar), 7.60-7.48 (m, 4H, Ar), 7.42-7.38 (m,
3H, Ar), 7.31 (t, J = 8.0 Hz, 1H, Ar), 452 (q, J = 7.2 Hz, 2H, NCH2), 1.57 (t, J = 7.2
Hz, 3H, CH3).

3C NMR (100 MHz, CDCls) & (ppm): 143.6, 142.8, 140.7, 139.5, 129.1, 127.4,
127.3, 126.7, 125.3, 124.8, 124.0, 123.2, 123.0, 122.4, 122.0, 120.9, 119.6, 119.5,
110.7, 110.6, 109.7, 108.9, 102.2, 37.9 (NCH,), 13.9 (CHs3).

MS (ESI) m/z (%) = 386 (M*-H, 30).

FTIR vmax in cm™ (KBr): (C-H Ar) 3047; (C-H Al) 2972, 2929; (-CN) 2214; (C=C
Ar) 1595, 1472; (C-H Ar) 807, 747.
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3-(2,7-Dicyanocarbazol-9-yl)-9-ethylcarbazole (C3):

The derivative was prepared by C1 method. 3-lodo-9-ethylcarbazole (2.2 g, 6.9
mmol), 2,7- dicyanocarbazole (1.5 g, 6.9 mmol), potassium carbonate (7.62 g, 55.2
mmol), copper (1.75 g, 27.6 mmol), 18-crown-6 (0.73 g) and 30 ml of ortho-
dichlorobenzene were used. The reaction mixture was refluxed under nitrogen
atmosphere for 72 h. The product was separated by column chromatography (eluent
THF: hexane 1:9). The product was obtained as greenish crystals (fw = 410 g/ mol,
mp =270-272 °C) in 20% (0.55 g) yield.

'H NMR (700 MHz, CDCl,) & (ppm): 8.17 (d, J = 8.0 Hz, 2H, Ar), 8.08 (s,1H, Ar),
8.00 (d, J = 7.8 Hz,1H, Ar), 7.60 (s, 2H, Ar), 7.56 (d, J = 8.1 Hz, 1H, Ar), 7.50-7.46
(m, 3H, Ar), 7.45-7.40 (m, 2H, Ar), 7.20 (t, J = 7.5 Hz, 2H, Ar), 4.41 (g, = 7.5 Hz,
1H, NCH,), 1.46 (t, J = 7.3 Hz, 3H, CHj,).

C NMR (176 MHz, CDCls) & (ppm): 141.1, 139.7, 138.7, 125.9, 125.1, 124.0,
123.4, 123.2, 122.4, 121.1, 120.9, 119.8, 118.7, 118.4, 113.9, 109.4, 109.0, 108.0,
36.9 (NCH,), 12.9 (CHsy).

MS (ESI) m/z (%) = 411 (M*+H, 35).

FTIR vy in cm™ (KBr): (C-H Ar) 3053; (C-H Al) 2978, 2924; (-CN) 2227; (C=C
Ar) 1496; (C-H Ar) 806.

CN

S

e’o

2-(3-Cyanocarbazol-9-yl)-9-ethylcarbazole (C4):

The 2-bromo-9-ethylcarbazole (1 g, 3.6 mmol), 3-cyano-9H-carbazole (1.04 ¢, 5.4
mmol), potassium tert-butoxide (2 g, 18 mmol), copper iodide (1.4 g, 7.2 mmol),
2,2,6,6-tetramethyl-3,5- heptanedione (TMHDO, 0.4 ml) and anhydrous DMF (20
ml) were charged to round bottom flask. The mixture was refluxed under nitrogen
atmosphere for 24 h. After it, the reaction mixture was poured into water, extracted
with ethyl acetate, washed with 2 N HCI and water. After being dried over Na,SO,
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and filtered, the solvent was removed, and the crude product was purified by column
chromatography (eluent THF: hexane 9: 1). The product was crystallized from
methanol and was obtained as yellowish crystals (fw = 385 g/mol, mp = 187-188
°C) in 47% (0.65 @) vyield.

'H NMR (700 MHz, CDCI5) & (ppm): 8.39 (s, 1H, Ar), 8.21 (d, J = 8.0 Hz, 1H, Ar),
8.10 (d, J = 7.8 Hz, 2H, Ar), 7.56 (dd, J = 8.5, 1.5 Hz, 1H, Ar), 7.48-7.37 (m, 6H,
Ar), 7.30 (t, J = 7.4 Hz, 1H, Ar), 7.24 (m, 2H, Ar), 4.29 (g, J = 7.2 Hz, 2H, NCH,),
1.36 (t, J = 7.2 Hz, 3H, CHa).

C NMR (176 MHz, CDCls) & (ppm): 142.1, 141.2, 139.7, 139.5, 132.8, 128.2,
126.4, 125.4, 124.3, 122.4, 122.0, 121.4, 121.1, 120.7, 120.1, 119.7, 119.6, 119.5,
118.6, 116.8, 109.7, 109.5, 107.8, 106.2, 101.5, 36.8 (NCH,), 12.8 (CHj,).

MS (ESI) m/z (%) = 386 (M*+H, 100).

FTIR vy in cm™ (KBr): (C-H Ar) 3060; (C-H Al) 2972, 2932; (-CN) 2220; (C=C
Ar) 1597; (C-H Ar) 810, 739.

SHsae
NC CN

4,6-Bis(9,9-dimethylacridan-10-yl)isophthalonitrile* (N1):

Potassium tert-butoxide (0.75g, 6.7 mmol) was added to a stirred solution of 9,9-
dimethyl-10H-acridane (1g, 4.78 mmol) in dry DMF (20 ml) under argon
atmosphere at room temperature. After stirring for 30 min, 4,6-
difluoroisophthalnitrile (0.3g, 1.91 mmol) was added. The reaction mixture was
stirred at 30 °C temperature for 3 hours. The reaction mixture was quenched with
water and neutralized by 2M HCI. After extraction by using ethyl acetate, the
mixture was purified by column chromatography on silica gel by using
acetone/hexane (1/5) as an eluent and recrystallized from the mixture of
dichloromethane and methanol. The target compound was obtained as yellow
needles-form crystals (fw = 542 g/mol, mp = 291-292 °C) in 27% (0.28g) yield.

MS (ESI) m/z (%) = 543 (M"+H, 21).

'"H NMR (400 MHz, CDCls) § (ppm): 8.51 (s, 1H, Ar), 7.77 (s, 1H, Ar), 7.52 (dd, J;
=75, J, = 1.8 Hz, 4H, Ar), 7.10-7.02 (m, 8H, Ar), 6.23 (dd, J; = 7.9, J,= 1.4 Hz,
4H, Ar), 1.71 (s, 12H, CHs).

C NMR (101 MHz, CDCls) & (ppm): 150.7, 141.6, 139.8, 139.0, 131.0, 126.8,
126.2, 1225, 117.9, 114.0, 113.0, 36.1 (CH3), 31.2 (C—(CHj3),).

FTIR vma in cm™ (KBr): 3066, 3032 (C—H Ar); 2972, 2957 (C-H Al); 2235 (-
C=N); 1587, 1498, 1474, 1447 (C=C); 744 (C-H Ar).

* The synthesthesis of derivative was published in reference: SKUODIS, E. et al.
Aggregation, thermal annealing, and hosting effects on performances of an acridan-based
TADF emitter. Organic Electronics 2018, vol. 63, 29-40; eISSN 1878-5530.
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Elemental analysis: calculated for CsgH3zN4 (%): C 84.10, H 5.57, N 10.32; found
(%): C 84.15, H 5.59, N 10.35.

BO4

NC CN

4,6-Bisphenothiazin-10-yl-isophtalonitrile (N2) was prepared according to the
procedure similar to that described for the synthesis of N1. 10H-phenothiazine (1.43
g, 7.2 mmol), 4,6-difluoroisophthalnitrile (0.4 g, 2.4 mmol), t-BuONa (1.15 g, 12
mmol), and 20 ml of dry DMF were used. The reaction mixture was stirred at 30 °C
for 30 min. The crude product was purified by silica gel column chromatography by
using hexane/ethyl acetate with the volume ratio of 5/1 as an eluent and
recrystallized from toluene. The target compound was obtained as red crystals
(fw=522 g/mol, mp=279-281 °C) in 16% (0.2 g) yield.

MS (ESI) m/z (%) = 540 (M++18, 100).

1H NMR (400 MHz, CDCls) & (ppm): 8.05 (s, 1H), 7.60 (s, 1H), 7.33 (dd, J = 7.4,
1.5 Hz, 4H), 7.21-7.07 (m, 8H), 6.79 (d, J = 7.8 Hz, 4H).

13C NMR (100 MHz, CDCls) & (ppm): & 150.2, 143.1, 141.3, 128.4, 128.3, 127.5,
125.7,124.0, 120.8, 114.4, 105.5.

FTIR vmax in cm-1: 3033 (C—H Ar); 2235 (—C=N); 1580, 1492, 1466, 1440 (C=C
Ar).

NC
O @)
\ /

4,6-Bis(2,7-dimethoxycarbazol-9-yl)-isophthalonitrile  (N3) was prepared
according to the procedure similar to that described for the synthesis of N1. 2,7-
Dimethoxycarbazole (0.5 g, 2.2 mmol), 4,6-difluoroisophthalnitrile (0.12 g, 0.73
mmol), t-BuONa (0.35 g, 3.6 mmol), and 10 ml of dry DMF were used. The reaction
mixture was stirred at 30 °C for 2 hours. The crude product was purified by silica gel
column chromatography by using hexane/acetone with the volume ratio of 2/1 as an
eluent and recrystallized from toluene. The target compound was obtained as orange
crystals (fw=578 g/mol, mp=237-240 °C) in 86% (0.36 g) yield.
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MS (ESI) m/z (%) = 601 (M*+23, 100).

'H NMR (400 MHz, CDCl3) & (ppm): 8.38 (s, 1H), 7.84 (s, 1H), 7.51 (d, J = 2.2 Hz,
5H), 7.25 (dd, J = 12.1, 9.6 Hz, 6H), 7.07 (dd, J = 8.9, 2.4 Hz, 5H), 3.93 (s, 16H).
B3C NMR (100 MHz, CDCls) & (ppm): 155.6, 146.1, 140.9, 134.9, 128.1, 125.5,
115.4, 114.6, 110.9, 109.8, 103.7, 56.0 (OMe).

FTIR vma in cm™ 3061 (C-H Ar); 2996 (C-H Al); 2233 (—C=N); 1462, 1431
(C=C); 1325 (C-N Ar); 835, 812, 788, 742 (C—H Ar).

7~

&
OO
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4,6-Bis(3,6-dimethoxycarbazol-9-yl)-isophthalonitrile  (N4) was  prepared
according to the procedure similar to that described for the synthesis of N1. 3,6-
Dimethoxycarbazole (0.82 g, 3.6 mmol), 4,6-difluoroisophthalnitrile (0.2 g, 1.2
mmol), t-BuONa (0.58 g, 6 mmol), and 20 ml of dry DMF were used. The reaction
mixture was stirred at 30 °C for 2 hours. The crude product was purified by silica gel
column chromatography by using hexane/acetone with the volume ratio of 3/1 as an
eluent and recrystallized from toluene and methanol. The target compound was
obtained as the yellow crystals (fw=578 g/mol, mp=279-281 °C) in 16% (0.2 g)
yield.

MS (ESI) m/z (%) = 601 (M*+23, 100).

'"H NMR (400 MHz, Acetone-dg) & (ppm): 8.90 (s, J = 8.0 Hz, 1H), 8.16 (s, 1H),
7.77 (s, 1H), 7.49 (d, J = 8.9 Hz, 1H), 7.10 (d, J = 7.3 Hz, 1H), 3.91 (s, 1H).

C NMR (100 MHz, Acetone-ds) & (ppm): 156.51, 147.06, 142.61, 136.47, 130.34,
126.19, 116.37, 115.82, 112.37, 111.93, 104.47, 56.31 (OMe).

FTIR Vimax in cm™: 3044 (C—H Ar); 2833 (C-H Al); 2236 (-C=N); 1462, 1432 (C=C
Ar); 1323 (C-N Ar); 834, 811, 791 (C-H Ar).

-0 O
N

N@N
CN CN
4,6-Diphenoxazin-10-yl-isophthalonitrile (N5) was prepared according to the

procedure similar to that described for the synthesis of N1. Phenoxazine (0.88 g, 4.8
mmol), 4,6-difluoroisophthalnitrile (0.27 g, 1.6 mmol), t-BuONa (0.77 g, 8.0 mmol),
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and 10 ml of dry DMF were used. The reaction mixture was stirred at 30 °C for 2
hours. The crude product was recrystallized from dichloromethane and methanol
mixture 2 times. The target compound was obtained as the red crystals (fw=490
g/mol, mp=347-348 °C) in 43% (0.35 g) yield.

MS (ESI) m/z (%) = 513 (M*+23, 100).

'H NMR (400 MHz, Acetone-dg) & (ppm): 8.98(s, 1H), 8.34 (s, 1H), 6.89-6.67 (m,
12H), 6.31 (d, J = 7.5 Hz, 4H).

C NMR (101 MHz, Acetone-dg) & (ppm): 149.5, 144.5, 143.9, 138.6, 133.2, 124.7,
124.0, 118.8, 116.9, 115.0, 114.6.

FTIR Vmax in cm™: 3043 (C—H Ar); 2984 (C-H Al); 2363 (-C=N); 1589, 1486 (C=C
Ar); 1328, 1271 (C-N Ar); 924, 857, 738 (C-H Ar).

NC_~ CN

IO | CI
N N N

2,6-Bis(9,9-dimethylacridan-10-yl)-4-phenylpyridine-3,5-dicarbonitrile (P1)
Sodium tert-butoxide (0.35g, 3.65mmol) was added to the stirred solution of 9,9-
dimethyl-10H-acridane (0.46g, 2.19mmol) in dry DMF (5ml) under the nitrogen
atmosphere at room temperature. After stirring for 15 min, 2,6-dichloro-3,5-dicyano-
4-phenylpyridine (0.46g, 2.19mmol) was added. The reaction mixture was stirred for
15 min at room temperature. The reaction mixture was quenched with water. After
extraction with ethyl acetate, the mixture was purified by silica gel column
chromatography by using hexane/isopropanol with the volume ratio of 20/1 as an
eluent and recrystallized from toluene and hexane mixture. The product was
obtained as yellow crystals (FM=619g/mol, mp=266—-267 °C) in 40% (0.18g ) yield.
MS (ESI): m/z(%)=642 [M+Na+, 100].
'H NMR (400 MHz, Acetone-dg) 3 (ppm): 7.69-7.67 (m, 2H, Ar), 7.62-7.55 (m, 7H,
Ar), 7.46-7.40 (m, 4H, Ar), 7.18-7.11 (m, 8H, Ar), 1.73 (s, 12H, CH3).
BC NMR (100 MHz, Acetone-ds) & (ppm): 165.5, 159.1, 140.5, 136.50, 135.0,
131.7, 130.1, 129.6, 127.5, 125.8, 125.0, 119.0, 114.6, 104.2, 37.8 (CH3), 29.5 (C-
(CH3)2).
FTIR Vi in cm™: 3035, 3029 (C-H Ar), 2967 (C-H Al), 2217 (-C=N), 1546, 1495,
1474 (C=C Ar), 1400C-C Ar)1268 (C-N Ar), 760, 744, 714 (C-H AXr).
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2-(tert-butoxy)-6-(diphenylamino)-4-phenylpyridine-3,5-dicarbonitrile (P2)
Potassium tert-butoxide (1.02g, 9.1mmol) was added to the stirred solution of
diphenylamine (0.91g, 5.5mmol) in 20ml of dry dioxane. The reaction mixture was
heated at 50 °C for 30 min under nitrogen atmosphere. 2,6-Dichloro-3,5-dicyano-4-
phenylpyridine (0.5g, 1.82mmol) was added to the reaction mixture and stirred at
ambient temperature for 2 hours. Then, the reaction mixture was poured into water
and extracted with ethyl acetate. After being dried over Na,SO,4 and filtered, the
solvent was removed and the crude product was purified by silica gel column
chromatography by using hexane/ethyl acetate (4/1) as eluent. The product was
recrystallized from methanol and was obtained as transparent needles-form crystals
(FM=444g/mol, mp=308-309 °C) in 41% (0.330) yield.

MS (ESI) m/z(%)=467 [M+Na] 15%

'H NMR (400 MHz, DMSO-dg) & (ppm): 7.62-7.56 (m, 3H, Ar), 7.55-7.45 (m, 6H,
Ar), 7.43 (dd, J = 8.4, 1.3 Hz, 4H, Ar), 7.35 (t, J = 7.2 Hz, 2H, Ar), 1.26 (s, 9H,
CHa).

C NMR (101 MHz, DMSO-dg) & (ppm): 164.6, 159.1, 158.7, 145.2, 135.0, 130.3,
129.4,129.0, 128.7, 127.0, 126.9, 126.3, 117.8, 115.0, 86.9, 83.5, 50.9, 40.2.

FTIR vima in cm™: 3062 (C—H Ar), 2984 (CH;, Al), 2217 (-C=N), 1584, 1555, 1538,
1491 (C=C Ar), 1435 (CHj; Al), 1399 (C-C Ar), 1257 (Ar-0O-C), 1131 (N-Ar), 754,
695 (C-H Ar).

o1



2,6-Bis(phenoxazin-10-yl)-4-phenylpyridine-3,5-dicarbonitrile (P3) was prepared
according to the procedure similar to that described for the synthesis of P2.
Phenoxazine (1g, 5.46mmol), 2,6-dichloro-3,5-dicyano-4-phenylpyridine (0.5g,
1.82mmol), potassium tert-butoxide (1.02g, 9.10mmol) and dry dioxane (30ml) were
used. The reaction mixture was stirred at 50 °C for 20 min. The crude product was
purified by silica gel column chromatography by using hexane/ethyl acetate (4/1) as
eluent, and additionally it was washed with methanol. The product was obtained as
orange crystals (FM=567g/mol, mp=258-259 °C) in 22% (0.229) yield.

MS (ESI): m/z(%)=590 [M+Na+, 100].

'H NMR (400 MHz, Acetone-dg) & (ppm): 7.69-7.59 (m, 5H, Ar), 7.28 (d, J = 7.6
Hz, 4H, Ar), 7.08-6.98 (m, 8H, Ar), 6.97-6.87 (m, 4H, Ar).

3C NMR (101 MHz, Acetone-dg) & (ppm): 164.4, 157.5, 146.5, 133.6, 131.6, 131.1,
129.1, 128.9, 125.0, 124.0, 117.1, 116.7, 113.2, 105.7.

FTIR vmax in cm™: 3049 (C-H Ar), 2225 (-C=N), 1538, 1484, 1392 (C=C Ar),
1207 (Ar-O-Ar), 745 (C-H Ar).

O
O O

2,6-Bis(3,6-diphenylcarbazol-9-yl)-4-phenylpyridine-3,5-dicarbonitrile (P4):

A flask was charged with the mixture of 3,6-diphenyl-9H-carbazole (0.7g,
2.2mmol), 2,6-dichloro-3,5-dicyano-4-phenylpyridine (0.2g, 0.73mmol), sodium
tert-butoxide (0.35g, 3.7mmol), triphenylphosphine solution (0.1ml, 1M in toluene)
and dry toluene (10ml) . The flask was degassed and purged with argon. Then,
palladium acetate (0.01g, 0.03mmol) was added to the reaction mixture at inert
atmosphere and stirred at 100 °C for 20 hours. After cooling, the reaction mixture
was poured into water and extracted with ethyl acetate. After being dried over
Na,SO, and filtered, the solvent was removed, and the crude product was purified by
silica gel column chromatography by using hexane/ethyl acetate (4/1) as eluent. The
product was crystallized from eluent and recrystallized from toluene and hexane
mixture. The product was obtained as yellow crystals (FM=839g/mol, mp=210-241
°C) in 38% (0.23g) yield.

MS (ESI): m/z(%)=862 [M+Na", 100].
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'H NMR (400 MHz, CDCls) & (ppm): 8.37 (d, J = 1.2 Hz, 4H, Ar), 7.97-7.85 (m, J =
7.0 Hz, 5H, Ar), 7.79-7.67 (m, 14H, Ar), 7.48 (t, J=7.6 Hz, 7TH, Ar), 7.37 (1, J = 7.3
Hz, 4H, Ar), 7.24 (t, J = 3.6 Hz, 1H, Ar), 7.20-7.12 (m, 2H, Ar).

C NMR (101 MHz, CDCls) & (ppm): 167.7, 158.0, 143.9, 142.2, 138.7, 132.9,
132.6, 132.5, 131.9, 130.8, 130.5, 129.3, 129.0, 128.8, 122.8, 117.9, 116.6, 107.7.
FTIR vmax in cm™: 3067 (C-H Ar), 2226 (—C=N), 1527, 1475, 1445, 1417 (C=C
Ar), 760, 695 (C-H Ar).

NC Yz CN

? A

2-((4-tert-butylphenyl)amino)-6-(tert-butoxy)-4-phenylpyridine-3,5-
dicarbonitrile (P5) was synthesized according to the procedure similar to that
described for the synthesis of P4. Bis-(4-tert-butylphenyl)-amine (1.54g, 5.47mmol),
2,6-dichloro-3,5-dicyano-4-phenylpyridine (0.5g, 1.82mmol), sodium tert-butoxide
(0.87g, 9.1mmol), triphenylphosphine solution (0.2ml, 1M in toluene), palladium
acetate (0.02g, 0.1mmol) and dry toluene (20ml) were used. The reaction mixture
was stirred at 110 °C overnight. After being dried over Na,SO, and filtered, the
solvent was removed, and the crude product was purified by silica gel column
chromatography by using hexane/tetrahydrofuran (7/1) as eluent. The product was
obtained as yellow crystals (FM=556g/mol, mp=272-273 °C) in 17% (0.17¢) yield.
MS (ESI): m/z(%)=579 [M+Na*, 100].

'H NMR (400 MHz, DMSO-ds) (ppm): & 7.55-7.49 (m, 3H, Ar), 7.48-7.40 (m, 6H,
Ar), 7.31 (d, J = 8.6 Hz, 4H, Ar), 1.27 (s, 18H, CH3), 1.17 (s, 9H, OCHs).

C NMR (101 MHz, DMSO-dg) & (ppm): 163.5, 159.6, 150.2, 142.4, 130.5, 129.0,
128.9, 127.4, 126.9, 88.5, 87.6, 84.4, 34.8, 31.6, 31.5, 28.0.

FTIR vma in cm™: 3057, 3036 (C-H Ar), 2964, 2903, 2868 (C-H Al), 2221 (C=N),
1584, 1556, 1529, 1509 (C=C), 1401 (C=(CH,); Al), 1149 (N-Ar), 932, 832, 752,
703 (C-H Avr).
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2,6-Bis((4-tert-butylphenyl)-(4-biphenyl)-amino)-4-phenylpyridine-3,5-
dicarbonitrile (P6) was synthesized according to the procedure similar to that
described for the synthesis of P4. N-biphenyl-N-(4-tert-butylphenyl)-amine (1.4g,
4.6mmol), 2,6-dichloro-3,5-dicyano-4-phenylpyridine (0.42g, 1.55mmol), sodium
tert-butoxide (0.75g, 7.75mmol), tri-(tert-butyl)phosphine (0.16ml, 1M in toluene),
palladium acetate (0.02g, 0.08mmol) and 20ml of dry toluene were used. After being
dried over Na,SO, and filtered, the solvent was removed, and the crude product was
purified by silica gel column chromatography by using
hexane/tetrahydrofuran/acetone (20/2/1) as eluent. The product was obtained as
yellow crystals (FW=804g/mol, mp=275-276 °C) in 8% (0.1g) yield.

MS (ESI): m/z(%)=826 [M+Na", 100].

'"H NMR (400 MHz, CDCl;) & (ppm): 7.43-7.36 (m, 13H, Ar), 7.32-7.26 (m, 10H,
Ar), 7.11 (dd, J = 9.7, 8.7 Hz, 8H, Ar), 1.23 (s, 18H, CHy).

C NMR (101 MHz, CDCls) & (ppm): 164.4, 159.0, 149.9, 144.0, 141.4, 140.0,
138.4, 134.7, 130.1, 128.7, 128.7, 128.6, 127.4, 127.2, 126.8, 126.8, 126.5, 126.4,
114.3,90.1, 34.5, 31.2.

FTIR vmax in cm™: 3032 (C-H Ar), 2961 (C-H Al), 2216 (C=N), 1546, 1523, 1487
(C=0), 1392 (C=(CHay); Al), 1294 (N-Ar), 829, 764, 736, 696 (C-H Al).

54



4. RESULTS AND DISCUSION
4.1. Cyanocarbazole-based derivatives

One of the most explored chromophore for TADF materials is carbazole?’. The
possibility to use different substituted carbazole helps to synthesize the large
diversity of carbazole compounds'®. The multicarbazole blocks are exhibiting some
well characteristics such as high ambipolar charge mobility'® or high triplet state
energies™® "' Due to strong electron-accepting characteristics, cyanogroup or
dicyanodiphenylamine were chosen to make classical donor-acceptor structure® of
molecules to achieve TADF characteristics. The differently connected bicarbazole
chromophores were described as high PL quantum yield exhibiting material®**“°, but
cyano-substituted N-bicarbazoles were not investigated and described in literature.

- Q
O Cu, K,CO3, 18-crown-6, 0-DCB, N OCN
l » N
N L i
N

Cu, K,CO3,

Cu, K,COg, 18-crown-8, Cul, t-BuOK,
18-crown-6, 0-DCB, N2 TMHDO, DMF, N,
0-DCB, N,

Scheme 1 Cyanocarbazole-based derivatives C1-C4
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The derivatives C1-C4* were synthesized by copper or copper iodide catalysed C-N
Ullman coupling, and the yields of 20-78% were obtained (Scheme 1). The
structures of derivatives were confirmed by *H and *C NMR, FTIR, mass spectra,
and all materials were obtained as yellow crystalline materials. The thermal
characteristics of derivatives were explored by DSC and TGA methods under N,
atmosphere. All synthesized derivatives were obtained as crystalline materials, but
these derivatives were formed as molecular glasses; then, the samples were cooled
down at DSC measurement. The thermal properties are highly dependant on the
positions of substituents. The derivative C3 substituted by two carbonitrile
substituents exhibited higher thermal stability and higher glass transition and melting
point. The C1 showed lower melting point and glass transition due to more flexible
dicarbonitrilediphenylamino substituent. The derivatives exhibited moderate thermal
stability in the range of 302—-359 °C. The thermal characteristics of derivatives C1-
C4 were summarized in table 9. The DSC thermogram of C2 is shown in fig. 22.

Table 9 Thermal characteristics of C1-C4

Derivative | T, °C Ty, °C | T, °C
C1 176 77 333
C2 224 79 302
C3 261 111 359
C4 191 93 320

The reversible oxidation processes were found for dicarbonitrilediphenylamino-
substituted derivative C1 only. The carbonitrile-carbazolyl substituted derivatives
C2-C4 with unstable C-3 or C-6 positions of carbazole rings exhibited irreversible
oxidation due to higher electron spin density at free C-3 and C-6 positions at
carbazole rigs and possibility to form radical cations or new carbazole-based
compounds™? ***, The reduction potentials were not observed for single carbonitrile-
substituted derivative C2. The dicarbonitrilediphenylamino-substituted derivative
C1 showed higher electron affinity then 2,7-dicarbonitrilecarbazolyl-substituted
derivative C3. The ionization potentials are important characteristics for the
application of derivatives for optoelectronic devices, which is showing electrons’
releasing work under excitation. The electrons photoemission spectra are shown in
fig. 23. The values of ionization potentials are in the range of 5.58-5.75eV, and it
has shown good stability of derivatives in the air. The electrochemical characteristics
of derivatives C1-C4 are summarized in table 10.

* The synthesis and investigations of derivatives C1-C4 were described in reference:
SKUODIS, E. et al. OLEDs based on the emission of interface and bulk exciplexes formed
by cyano-substituted carbazole derivative. Dyes and Pigments 2017, vol. 139, 795-807;
elSSN 1873-3743.
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Fig. 22 DSC measurements of C2

Table 10 Electrochemical characteristics of derivatives C1-C4

Uea, V. | Ug V | 1,(CV), eV | EA(CV), eV | 1x(Ph), eV
C1 -2.07 0.54 5.34 273 5.60
C2 | Notfixed | 0.84 5.64 - 5.63
C3 -1.97 0.77 557 -2.83 558
C4 | Notfixed | 0.89 5.69 - 5.75

The quantum chemistry calculations of the values of HOMO and LUMO energies
were estimated by the density functional theory (DFT) with the B3LYP energy
functional and the 6-31G(d,p) basis set in vacuum. The calculations were calculated
by Spartan 14 software™*. The structures of derivatives were optimized firstly
theoretically. The structures of molecules and orbitals with HOMO and LUMO

values are shown in fig 24.
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Fig. 23 Photoemission spectra of electrons

The crystal structure of C2 (C2a) was investigated by X-ray diffraction analysis, and
HOMO, LUMO energies were calculated according to XRD confirmed structure.
The DFT calculations pointed out that HOMO are distributed mostly over the both
carbazole units for C2—C4 and over the carbazole and dicarbonitrile-diphenylamino
part for C1. The estimated HOMO values range from -5.80 to 5.50eV. The values
have shown high similarity with experimental data. The dihedral angles between
carbazole chromophores of derivatives C2—C4 were calculated to be 54-58°. These
dihedral angles are insufficient for the spatial separation of the orbitals of HOMO
and LUMO on the donor and acceptor parts.

Cl  HOMO = -5.50eV LUMO = -1.65eV
Fig. 24 The quantum chemistry calculations of derivatives C1-C4
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C2  HOMO = -5.56eV

Ca  HOMO= -5.60eV LUMO =-1.11eV

L L
C3 HOMO = -5.80eV LUMO = -2.05eV

+
C4 HOMO = -5.66eV LUMO =-1.24eV
Fig. 24 The quantum chemistry calculations of derivatives C1—C4 (continuous)
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The photophysical characteristics of derivatives were explored by UV-vis,
fluorescence, phosphorescence spectroscopies and electrons photoemission spectra
(Fig. 25). UV-vis and fluorescence spectra were recorded from diluted solutions at
THF and the thin films at ambient temperature. The low temperature luminescence
spectra were recorded from diluted THF solutions that were excitated by 300nm
wavelength beam at 77K temperature, and the phosphorescence maxima were found
at spectra. The results of measurements are summarized in table 11.
Carbonitrilecarbazolyl-substituted carbazole derivatives C2—C4 showed significant
decrease of the PL quantum vyield of solid sample as compared to the diluted
solutions, and the PL quantum yield of solid state derivative C1 are similar to that of
the diluted solution. The dicarbonitrilediphenylamino-substituted derivative C1 have
more freedom for the rotation of C-N-C bond compared with the
carbonitrilecarbazolyl-substituted compounds; hence, such PL quantum yield of C1
in the solid state is possible to be explained by aggregation-induced emission
enhancement™'®. The possibilities of TADF effect of derivatives were studied from
low temperature PL spectra by Planck hypothesis. The singlet and triplet energies
were determined from the onset of fluorescence and phosphorescence spectra
respectively. The singlet and triplet energies of derivatives C1-C4 and the splitting
of singlet and triplet energies are shown in table 11. The derivatives C1-C4 can be
used for visible colours OLED’s due to high triplet energies (2.76-3.02eV). TADF
characteristic can be predicted for derivative C3 due to low splitting of singlet and
triplet energies (0.16eV). In order to confirm the assumption that the PL spectra
were recorded from solution in THF at ambient and oxygen free conditions. The
intensity of PL from degassed solution was approximately two times higher than the
ambient conditions (Fig. 25).
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Fig. 25 A: The low temperature luminescence spectra of derivatives C1-C4
B: The influence of oxygen for PL intensity of derivative C4

The PL life-times were increased from 12.9 to 21.7ns by non-degassed and degassed
conditions respectively. Despite of the increase of PL quantum yield and the life-
time of luminescence, the TADF characteristic of derivative C3 was not observed in
PL life-time due to too short life-time. The increasing of intensity and longer life-
time of PL of C3 by the elimination of oxygen can be explained by a triplet-triplet
annihilation that is caused by intersystem.
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Table 11 Photophysical characteristics of derivatives C1-C4

Solution (CH,ClI,) Thin film

uv PL uv PL
* Ey™ A Dpy, A Es™, A Dp, E\s/ IeE\T/ AB
onsets eV max, % onsety eV max, % eV
nm nm nm nm

Cl | 392 [ 3.16 | 480 | 14.8 | 404 | 3.07 457 143 1326 | 279 | 047

C2 | 364 | 340 | 385 | 245 | 374 | 3.32 392 52 |341|3.02| 0.39

C3 | 357 | 3.47 | 480 | 49.8 | 362 | 3.43 475 264 | 292]276| 0.16

C4 | 404 | 3.07 | 374 | 32.7 | 415 | 2.99 | 378, <1 [349[293] 056
494"

* - shoulder;

The charge transporting properties of derivatives C1-C4 were investigated by the
time of flight (ToF) method. The dispersive holes transport was observed for the
derivative C1-C3. The transit times for holes of derivative C4 were not found due to
the strong dispersity. Despite of donor-acceptor structures of derivatives, the electron
transport properties were not confirmed for all derivatives. The properties of holes
drift mobility on the square root of electric fields of derivatives C1-C3 are shown in
fig. 26. The dicarbonitrilecarbazolyl-substituted derivative C3 and monocarbonitrile-
substituted derivative C2 showed two orders of magnitude higher than for the
dicarbonitrilediphenylamino-substituted derivative C1. The holes mobility of
derivative C3 is little higher than C2. This observation is showing that the amount of
carbonitrile substituents do not effect the mobility of holes.
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Fig. 26 The holes drift mobilities of derivatives C1, C2 and C3
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4.1.1. OLED investigations

Due to high enough PL quantum yield, suitable holes mobility and energy levels of
compound C3 explored that this compound could be investigated as an emitter for
the application in OLEDs. The devices were made by step-by-step deposition or co-
deposition of the different layers. MoO; or m-MTDATA was used for the
preparation of hole-injecting transporting layer basing on HOMO and LUMO levels.
TCTA was utilized as the host, and Bphen was used for the deposition of electron-
transporting layer. The layer of indium tin oxide was used as anode, and that of
Ca:Al was used as the cathode. The structures of devices A and B were: A:
ITO/MoO5/C3/ Bphen/Ca:Al; B: ITO/m-MTDATA/TCTA:C3/Bphen/Ca:Al (Fig.
27). Electroluminescence spectra of the devices B, C and D are depicted in fig. 28.
The device A exhibited blue electroluminescence. The electroluminescence
spectrum was very similar to the PL spectrum of the solid film of C3. The device A
showed rather low efficiency. The reason of low efficiency of device A was a poor
hole injection in the emission layer. Therefore, the hole transporting layer of m-
MTDATA and TCTA as the host of emitting layer were introduced into the structure
of device B. Surprisingly, this device exhibited yellow luminescence. In order to
explain the experimental results, PL spectra of the layers of the molecular mixtures
TCTA:C3 and m-MTDATA:C3 were investigated. Although the PL spectra of solid
films of the pure materials C3, TCTA, and m-MTDATA appear in the blue region,
the molecular mixtures TCTA: C3 and m-MTDATA: C3 exhibited sky blue and
orange PL respectively. This process can be explained by the formation of
exciplexes of the derivative C3 with TCTA and m- MTDATA. Different emission
colours of exciplexes TCTA: C3 and m- MTDATA: C3 can be explained by
utilizing equation (8) for the exciplex emission maximum:

hviy®™ = I — Ef — E¢ (8),

where IPp is the ionization potential of the donor, E4 is the electron affinity of the
acceptor, and Ec is the electrone hole Coulombic attraction energy (0.35eV is a
typical value for the e-h binding energy in the organic materials)*.

Indeed, the values of hvy., (TCTA:C3)=2:49eV and (m-MTDATA: C3)= 1:8%V
are in good agreement with the emission maxima at 490 nm (2.53eV) and 584 nm
(2.12eV) of the molecular mixtures TCTA: C3 and m-MTDATA: C3. The
differences between the calculated and measured values could be due the bending of
HOMO, LUMO levels of the donor-acceptor interface™’ and the lack of exact e-h
binding energies. As it was expected for the exciplex emission, PL decay transients
for the molecular mixtures TCTA: C3 and m-MTDATA: C3 were observed in the
range up to microseconds. Such PL decay transients cannot be attributed to the
emission of 4, which was observed in the ns range (Fig. 4C). The PL decay curves
of the solid layers of the mixtures TCTA: C3 and m-MTDATA: C3 could be
adequately described ¥* = 1.173 and 1.289 by the double exponential law A +
B.exp™™® +B,exp™?. The PL lifetimes of 45 ns and 56 ns are apparently related to
exciplex emission, while the lifetimes of 193 ns and 305 ns can be explained by
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TADF effect of exciplexes due to RISC from singlet to triplet state**® *°, RISC can
occur due to the small splitting of singlet and triplet energy of exciplex, which was
found to be of 0.05eV for TCTA:C3. Fig. 28 depicts PL spectra of the molecular
mixture TCTA: C3 at different temperatures. The curves were recorded without
delays immediately after the excitation. PL decay curves of the layer of the
molecular mixture TCTA: C3 recorded at different temperatures are shown in the
insert of fig. 28. They show two decay components displaying that PL spectrum of
the TCTA: C3 exciplex included the weak prompt fluorescence and strong
phosphorescence at low temperatures, while at room temperature, the PL spectra
consisted of prompt and delay fluorescence. The presence of two decay components
with similar character was previously observed for the exciplexes exhibiting TADF
effect'®?, In order to prove the assumption that the long-lived components of the
PL decay curves of the layers of the mixtures TCTA: C3 and MTDATA: C3
appeared due to the TADF effect of the exciplexes, PL intensity dependences of the
molecular mixtures TCTA: C3 and m-MTDATA: C3 on the laser flux were recorded
(Fig. 28). The linear dependence with slope of ca. 1 of PL intensity on laser flux was
observed for the studied mixtures TCTA: C3 and MTDATA: C3. This observation
shows that exciplex TADF effect is responsible for the long-lived PL components of
the molecular mixtures**!. The electroluminescence spectrum of the device B shown
in fig. 28 does not coincide with the PL spectra of the layers of the mixtures TCTA:4
and m-MTDATA: C3. The possible explanation of this observation could be that the
electroluminescence spectrum of the device B was a combination of exciplex
emissions of both TCTA: C3 and m-MTDATA: C3. The exciplex emission of
TCTA: C3 (PLQY = 43.8%) was more efficient than the exciplex emission of m-
MTDATA: C3 (PLQY = 3.84%). However, the energy of electroluminescence of the
device B is close to that of the exciplex PL of m-MTDATA:C3. This observation
can apparently be explained by the energy transfer from the exciplex TCTA: C3 to
the exciplex m-MTDATA: C3. In order to support this assumption on the energy
transfer from the bulk exciplex TCTA: C3 to the interface exciplex m-MTDATA:C3
in device B, there were carried out the additional experiments regarding the
fabrication and characterization of exciplex-based OLEDs that were formed only
with m- MTDATA: C3 and TCTA: C3 as emitters. The author of this dissertation
has fabricated new OLEDs (devices C and D), the structures of which were as
follows: ITO/m-MTDATA/TCTA/TCTA: C3/ C3/Bphen/Ca:Al (device C) and
ITO/m-MTDATA/m-MTDATA: C3/ C3/Bphen/Ca:Al.
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Fig. 27 The structures of OLEDs with C3 emitters

In order to avoid the formation of exciplexes, except for the needed one, non-doped
layers of TCTA and/or C3 were included in the structures of the devices C and D.
Fig. 28 shows that the electroluminescence spectra of these devices that were
recorded at different applied voltages are similar to the PL spectra of the molecular
mixtures TCTA: C3 and m-MTDATA: C3, which exhibited sky blue and orange PL
respectively.

The maximum intensity of electroluminescence spectrum for device C (at ca. 490
nm) was observed at the same wavelength as that of the PL spectrum of the
molecular mixture TCTA: C3 (Fig. 28). The maximum of electroluminescence
spectrum that was observed for the device D at ca. 598 nm was shifted to the low
energy region by 14 nm compared to that of the PL spectrum of the molecular
mixture m-MTDATA: C3 apparently due to the different excitations that were
involved (optical/electrical).
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Fig. 28 Characteristics of C3 luminescence

Table 12 Characteristics of devices A-D

IDevices| Vi, Max. Max. Max. power|Max. external| Rol-off
(V) | brightness | current | efficiency quantum | efficiency
(cd/m?) | efficiency | (Im/W) |efficiency (%)| (%)?
(cd/A)
A 3.5 2515 7.7 5.4 2.0 28
B 4.5 6260 13.48 8.1 5.8 38
C 3.2 3600 9.9 8.8 4.2 52
D 2.5 1570 5.5 5.3 3.2 61

3 calculated at brightness of 1000 cd/m?

Such blue shift of electroluminescence spectrum compared to the solid-state PL
spectrum of the exciplex emitter was earlier reported and was explained by the
enhancement of the delayed fluorescence by the electrical excitation of the exciplex
emission®. In contrast, the intensity maximum of electroluminescence spectrum for
device B that was observed at ca. 560 nm was shifted to the high energy region by
38 nm compared to that of the device D. This observation shows that the mechanism
of electroluminescence of device B is different. Most probably, it is the energy
transfer from the bulk exciplex TCTA: C3 to the interface exciplex m-MTDATA:
C3 in the device B, since the shapes of electroluminescence spectra of both devices
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B and D on the m- MTDATA: C3 exciplex are very similar as well. In addition,
lower maximum external quantum efficiencies of 4.2 and 3.2% that were observed
for devices C and D were lower than that for the device B (5.8%) (Table 12).
This result as well indicates that the energy transfer occurs in device B leading to the
change of electroluminescence colour and enhancement of EQE. The output
characteristics of sky blue and orange exciplex-based OLEDs are presented in table
12. Devices A and B exhibited low turn-on voltages of 3.5 and 4.5 V, respectively.
The low turn-on voltages could be ascribed to the effective hole injection due to the
suitable HOMO energy level of the derivative C3. Fig. 29 and fig. 30 as well show
current density voltage luminance maxima of the devices A and B. The maximum
luminance of device A did not reach 3000 cd/m?, while that of the device B was over
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Fig. 29 The current and power efficiencies of devices A and B

The brightness of the device B was as well much higher than that of the device A.
This observation can apparently be explained by the higher hole mobility of TCTA
relative to that of derivative C3. One more reason of poor performance of device A
might be the unbalanced hole and electron mobilities in the emitting layer of C3.
The balanced hole and electron mobilities are of extreme importance for the
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EQE and current density curves for OLEDs A-D are shown in fig. 31. The
characteristics of the devices are summarized in table 10. The device B exhibited
much higher maximum EQE than the device A at the same luminance. The
maximum quantum efficiencies of 2.0 and 5.8% were observed for the devices A
and B, respectively. The CIE colour coordinates were calculated to be 0.17, 0.28 and
0.40, 0.52 for devices A and B, respectively. It should be noted that triplet energy
levels of C3, TCTA, and m-MTDATA, which could be sources of energy losses in
the emitting layer, are higher than exciplex energy levels, denying the possibility of
energy losses through the triplets (Fig. 31). The external quantum efficiencies that
were observed at 1000 cd/m? were used to calculate the efficiency roll-offs, which
were in the range from 28 to 61% for the studied devices (Table 12). It should be
pointed out that the characteristics of OLEDs were recorded for the devices under
ordinary laboratory conditions. Using variety existing materials'® '*, the device
performance could be further improved by changing the hole and electron
transporting layers, optimizing the layer thicknesses, changing the concentration of
C3in the host, varying the processing conditions.
10
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Fig. 31 The maximal external quantum efficiencies of devices A-D

4.2. Isophtalonitrile-based derivatives

The cyano-substituted benzene blocks are widely investigating with carbazole
chromophores as thermally activated delayed fluorescence exhibiting materials and
described in many works. However, the derivatives with other donors such as
phenothiazine, phenoxazine, acridane or methoxy substituted carbazole are described
purely, but they are perspective materials for the OLEDs emitters or host materials®
due to lower ionization potentials, better charges mobilities™™ %, lower turn on
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voltages of OLEDs"". The methoxy-substituted carbazole derivatives are exhibiting
useful properties for OLEDs applications such as lower ionization potentials, lower
splitting of singlet and triplet energies'® and improving the holes drift mobilities™
130
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Scheme 2 Isophtalonitrile-based derivatives N1-N5

N1

The isophthalonitrile-based derivatives” were synthesized by sodium or potassium
tert-butoxide catalysed C-N nucleophilic coupling reaction of 1,3-dicyano-4,6-
difluorobenzene with the respective chromophore (scheme 2). The vyields of
synthesized products were ranging from 16% for derivatives N2 and N4 to 86% for
derivative N3. All materials were obtained as yellow or red crystalline materials.

The thermal properties of derivatives were investigated by DSC and TGA methods.
The DCS thermograms of derivatives N1 and N5 are shown in fig. 32.

The derivatives N1-N5 exhibited high thermal stability, and the highest stability
exhibited derivative N3. It could be explained by free reactive C-3 positions at
carbazole, which gave lower stability. The phenothiazine-based derivative N2
exhibited the highest thermal stability. All materials were obtained as crystalline
materials, and the derivative N3 consist of stabile molecular glass only. Other
derivatives showed crystallization peaks at DSC cooling processes, and there were

* The synthesis and investigations of derivative N1 were published in reference: SKUODIS,
E. et al. Aggregation, thermal annealing, and hosting effects on performances of an acridan-
based TADF emitter. Organic Electronics 2018, vol. 63, 29-40; elSSN 1878-5530.
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observed no glass transitions. The thermal properties of derivatives were collected in

table 13.
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Fig. 32 The DSC curves of derivatives N1 and N5

Table 13 The thermal characteristics of derivatives N1-N6

Tm, °C Ty, °C | Ter, °C | Tuse °C
N1 302 - 246 340
N2 303 - 281 355
N3 309 153 - 404
N4 311 148 237 376
N5 344 - 205 325

The electrochemical properties of derivatives N1-N5 were investigated by cyclic
voltammetry measurements (Fig. 33) in dichloromethane solution.
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Fig. 33 The cyclic voltammetry measurements of derivatives N1 and N2

The curves of measurements of derivatives N2, N4 and N5 showed reversible
processes of oxidation-reduction conditions. The CV curves of derivatives N1 and
N3 showed irreversible processes of oxidation-reduction because of free reactive
spots at acridane and carbazole chromophores. The electrochemical characteristics of
derivatives N1-N5, and the results of photoelectron spectroscopy are summarized in
table 14. The 2,7-dimetoxicarbazolyl substituted derivative N3 exhibited higher
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electron affinity and lower ionization potential than 3,6-dimetoxicarbazolyl
substituted derivative N4. The phenothiazinyl and phenoxazinyl substituted
derivatives N2 and N5 exhibited the lowest ionization potentials that were measured
by photoelectrons emission spectra; however, the correlation between CV and
photoelectrons emissions spectra are low.

Hole and electron mobilities were calculated for the studied compounds at different
electric fields having ToF current transients with recognized transit times. Electron
mobility for N3 was not obtained, since the transit times for the electrons were not
observed due to the strong dispersity. Hole (h*) and electron (e) mobility for the
layers of N2-N5 were found to be similar, slightly depending on the nature of donor
substituents. The electron mobility of all compounds was found to be slightly higher
to their hole mobility. The highest values of charge mobilities were obtained for 3,5-
dicarbonitriles with attaching the methoxy-substituted carbazoles exceeding 10™
cm?/Vs at electric fields higher than ca. 6.5x10° V/cm.

The quantum chemistry calculations were calculated by Gaussian software™" by the
density functional theory (DFT) with the B3LYP energy functional and the 6-
31G(d,p) basis set in vacuum. The theoretical HOMO and LUMO orbitals and the
values of HOMO and LUMO energies are shown in fig. 34. The theoretical values of
HOMO of derivatives N1-N5 are lower than the experimental ionization potential,
and the theoretical values of LUMO are higher than the electron affinities calculated
according to the cyclic voltammetry, but the correlation between values of HOMO
and LUMO and experimental values of ionization potentials and electron affinities
were observed.

Table 14 Electrochemical characteristics of derivatives N1-N5

I5(CV), eV | EA(CV), eV | 1(Ph), eV | pror (Max), cm*/Vs
e/h'
N1 5.63 2.81 5.65 6107107
N2 5.51 2.83 5.55 4.10°/3.10°
N3 5.32 2.83 5.70 8.8.107/-
N4 5.52 2.76 5.80 2.610°/2.4.10™
N5 5.37 2.90 5.58 3.2.10°/3.6:10°

The photophysical characteristics were investigated by UV-vis absorption,
fluorescence and phosphorescence (77K) spectroscopy. The measurements were
recorded from diluted solutions (10*M) of THF or toluene. The PL spectra were
recorded, and PL quantum yields were calculated from thin films as well. The
optical band gaps were calculated from UV-vis spectra of neat films by Planck
hypothesis. The values of band gaps were lower than 2.61eV. The fluorescence of
derivatives N1-N5 were in a range of yellow and red colours, and the shortest
maxima was observed for the derivative N1 containing acridane substituents. The PL
guantum yields of derivative N1 are 47%, but other derivatives exhibited much
lower PL quantum yields that were measured in the solid state.
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Fig. 34 The theoretical calculations of HOMO and LUMO energy levels of derivatives N1-N5

The splitting of singlet and triplet energies of explored derivatives are enough
narrow. The derivative N2 is showing no phosphorescence from THF solutions at
77K temperature. The photophysical characteristics of derivatives N1-N5 were
summarised in table 15, and the spectra of UV-vis absorption and PL are shown in

fig. 35.

Table 15 The photophysical properties of derivatives N1-N5

QY, %

E. | Plya, - Es, eV Er, eV AEsT, eV

ov | nm | Toluene m‘: THE/MCP | THE/MCP | THE/MCP
N1 | 2.61 | 543 ; 47 2.26/- 2.241- 0.02/-
N2 | 258 | 643 1 4 | 2620274 12.69 -/0.05
N3 | 253 | 572 16 5 | 2.71/260 | 2.69/256 | 0.02/0.04
N4 | 257 | 575 16 7 | 2.73/263 | 2.71/259 | 0.02/0.04
N5 | 2.30 | 678 2 0.06 | 2.38/2.33 7235 7/0.02
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Fig. 35 The UV-vis absorption and luminescence spectra of derivatives N1-N5

The PL spectra were recorded from toluene solutions in ambient and oxygen free
conditions. The difference of intesivity of the PL spectra were 7.3, 1.2, 1.5, 1.5 and
1.3 times of derivatives N1-N5, respectively. The PL decaying time spectra were
recorded by using 350nm picosecond laser beam from the solutions of THF of
derivative N1 and toluene solutions of other derivatives at ambient and oxygen free
conditions. The curves of PL decay times were smoothed. The influence of PL
intensity by decaying time of ambient and oxygen free conditions are shown in fig.
36. The longest luminescence decay time of oxygen-free solutions were observed for
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derivatives N1 and N4. Phenothiazine and phenoxazine based derivatives N2 and N5
exhibited no increasing of luminescence intensity of longer decay.
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Fig. 36 The PL decaying time of derivatives N1-N5
of solutions in ambient and oxygen-free conditions

In order to show that the formations of different aggregates are mostly related to the
influences of intermolecular bonds but not to the structure properties of aggregates
(i.e. amorphous or crystallinity), the PL behaviours of N1-N5 compounds were
tested in solid-state solutions by using ZEONEX host. The refractive index of
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ZEONEX polymer is 1.53. The emission maxima of thin films of ZEONEX matrix
were different for derivatives N1, N2, N4 and N5 at different concentrations of
derivatives in ZEONEX matrixes, and the process of aggregation was observed
slightly for the derivative N3. The PL maxima of derivatives were shorter measured
from ZEONEX 1% solid solution; then, the maxima were measured from diluted
solutions in hexane. The PL spectra of 15% N1 in ZEONEX exhibited a double band
emission profile with a left-hand shoulder situated around 494 nm (non-aggregated
N1) and a maximum around 565 nm (pure N1). The same process is possible to be
seen in the spectra of derivative N5. The smoothed PL spectra of derivatives N1-N5
in ZEONEX matrix are shown in fig. 37.
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Fig. 37 The aggregation processes of derivatives N1-N5
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The host polarity influence for the wavelength of PL of thin films and thin films with
mCP matrix are shown in fig. 38. The wavelengths of derivatives in matrixes were
524,591, 525, 543 and 598 for derivatives N1-N5 respectively, which were shorter
wavelengths of 33-54nm as compared with single material thin films. The intensity
of PL of derivatives N1-N5 in mCP matrix were much higher than the intensity of
PL of single material thin film. The PL decaying time spectra of derivatives N2—-N5
in mCP matrixes were recorded at different temperatures from 100K to ambient
temperature. The decaying time of PL were increased for all derivatives, but the
characteristics of thermally activated delayed fluorescence were not observed for all
the derivatives N2—N5 in mCP matrixes.

The intensity of PL of thin films with derivatives N2-N5 and mCP matrix were
recorded at air conditions and vacuum. The increasing of PL of host-guest systems
are explained by the better transition of energy***. As shown in Fig. 39, the intensity
of PL of N4 and mCP was increased by 9.4 times at vacuum compared with the air
conditions, and other derivatives exhibited much lower increasing in intensity.

The absorption and PL spectra of the dilute solutions (10 M) and vacuum
deposited solid layer of N1 were recorded. The dilute solutions in solvents
with the different polarities demonstrate similar positions (~415 nm) of the
low-energy absorption bands at UV-vis absorption spectra, whereas the red-
shift of low-energy absorption peak is observed for the neat film of N1, as
compared to the spectrum of hexane solution.
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Fig. 39 The intensity of PL of thin films with N2-N5 and mCP in air and vacuum

The PL spectra of the N1 in solutions of increasing polarity are shown in Fig.
40. Strong solvatochromic effect in the PL spectra of the solutions of N1 is
detected as the polarity of the solvent increases, which is consistent with the
charge transfer nature of the transitions that are contributing to this band. The
bathochromic shift of PL maxima of N1 solutions increases with increasing
dielectric constant of solvents'™ in the order: hexane (e=1.88), toluene
(e=2.38), THF (&=7.5), dichlormethane (¢=9.1), acetone (¢=21) and N,N-
dimethylformamide (¢=38), with an overall Stokes shift of 133 nm. An
exception was observed for the PL spectrum of the solution of N1 in methanol
(e=33). Despite the lower polarity as compared to that of N,N-
dimethylformamide, the redshift for the solution in methanol was found to be
larger due to the H-bonding potential***, which additionally results in strong
PL quenching.
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4.2.1. TADF exploration

The excited state dynamics of N1 dispersed in different media was
investigated by recording emission decay curves at the wavelength of PL
maximum (Fig. 41). The PL decay curve of dilute THF solution (as prepared)
exhibited double exponential decay with t,= 14 ns and t,= 103 ns. The
lifetimes of long-lived components t, of deoxygenated THF solution and the
solid film of N1 were found to be considerably longer, i.e., 438 ns and 802 ns,
respectively.
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Fig. 41 The confirmation of TADF properties of N1

Given the strong quenching induced by oxygen, 1, of 103 ns could be assigned
to the non-radiative decay (NRD), thus suggesting for 1, of 438 ns in
deoxygenated THF, a radiative PL stemming from the TADF mechanism. The
attribution of the long-lived component of the solid layer of N1 to TADF was
confirmed by the linear dependence of the PL intensity on laser flux with the
slope of ca. 1, which is typical for TADF molecules™® (Fig. 41). In addition,
upon temperature increase, the increasing intensity of long-lived component
related to TADF was detected by PL decay measurements of vacuum
deposited layer of N1. The shapes of the PL spectra of the solid-state layer of
N1 were found to be similar in the range of temperatures from 100 to 300 K.

In order to investigate the emissive nature of the studied derivatives N2-N5, PL
spectra and PL decay curves were recorded for the synthesized compounds in
contained oxygen and oxygen free dilute toluene solutions. The solutions emitted
light with independent PL spectra on the oxygen contents displaying fluorescence
nature on emission. However, their PL decay curves clearly demonstrated two-
exponential attenuation of emission, which most possibly related to prompt and
delayed fluorescence (Fig. 42 A).
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Fig. 42 The photoluminescence decay times of derivative N4: A — in argon and air conditions, B — in
100 and 300 K temperatures of 10% N4 in mCP matrix

In order to find out the nature of the delayed fluorescence for the studied emitters,
AEst values were obtained for the studied compounds N2-N5 in dilute THF
solutions and hosted films by using mCP as the low-polar host (¢=2.84) recording
their PL and phosphorescence (Ph) spectra at 77K. Due to the very small AEst
values that were obtained for N2-N5 compounds (Table ), the emission of studied
emitters can be characterized by TADF nature. This assumption was well proved,
since the intensity of the delayed fluorescence for all emitters successively increased
by increasing temperature from 77 to 300 K, undoubtedly establishing distinct
TADF nature of the studied compounds. The example of N4 photoluminescence
decay times is shown in Fig. 42 B.

4.2.2. Aggregation-induced enhanced emission characteristics

Studying PL spectra of the dispersions of compounds N2-N5 in THF/water
mixtures with different water fractions (f,,), their AIEE properties were detected.
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Fig. 43 PL spectra of the dispersions of N3 in THF/water mixtures with different water fractions before
(a) and after (b) sonication

When the aggregates of N2-N5 were formed at the certain f,, a considerable
increase of PL intensity of the dispersions relative to that of the THF solutions was
observed, displaying AIEE effect. For example, due to the aggregation, the PL
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intensity enhancement was detected for the dispersion of compound N3 in
THF/water mixture at f,=55% (Fig. 42). At the highest f,,, the PL spectra of the
dispersions in THF/water mixtures were very similar to the PL spectra of spin-coated
films of the compounds. The PL spectra of the dispersions in THF/water mixtures as
well as their intensities were quite dependent on the values of f,,. For instance, red-
shifts of the PL spectra from 586 to 613 nm and the decrease of PL intensities were
observed for the dispersions of N3 in THF/water mixtures with the increasing values
of f,, from 0% to 50% (Fig. 43). This observation can be explained by the sensitivity
of N3 emission that is characterized by ICT nature to change the dielectric constant
of THF/water mixtures with the addition of water. In addition to the PL intensity
enhancement, strong PL blue-sift from 613 to 527 nm was detected for the
dispersion inTHF/water mixture of N3 at higher f,, then ca. 55%, apparently due to
the change of polarity of the media. This PL spectrum with the maximum at 527 nm
is blue-shifted in comparison to the PL spectrum of the solid film of N3 film with the
maximum of 562 nm. This observation can apparently be explained by the formation
of the first-type of N3 aggregates with low dielectric constant. In the THF/water
mixtures with higher f, then ca. 70%, the formation of the second-type of N3
aggregates with higher dielectric constant apparently occurred. Their PL spectra
were red-shifted and being very similar to the spectra of the films of N3. The
strongest PL intensity was observed at f, of 80%. Further, at f,>80%, the PL
intensity continuously decreased by displaying the quenching, which was apparently
induced by the interactions between different N3 aggregates. Different values of
dielectric constants for the first-type and second-type of N3 aggregates may be
explained by assuming different dihedral angles between the donor and acceptor
units of N3, undoubtedly affecting its own polarity. The difference in dihedral angles
between donor and acceptor units of TADF molecules result in their AEsT values and
TADF efficiency.
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Fig. 44 PL intensities of N3 in THF/water mixtures with different water fractions before and after
sonification (a). PL intensities of N3 in THF/water mixtures at f,,=80% before and after sonification (b).

Apparently, the second-type of N3 aggregates were induced by intermolecular
interaction (e.g., H-bonding) of N3 molecules that are containing methoxy groups.
Meanwhile, the first-type of N3 aggregates were formed without the participation of
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hydrogen bonds when aggregates are very small. It is known that H-bonds can be
broken by heating or applying a sonication bath *** **, Therefore, the dispersions of
N3 in THF/water mixtures were treated by sonification for the corroboration of this
assumption. Indeed, the green emission of N3 aggregates was observed instead of
yellow one for the mixtures after sonification (Fig. 44). This observation proves that
the second-type of N3 aggregates switched to the first-type of N3 aggregates due to
the breaking of intermolecular bonds (i.e. H-bonds). Since more intensive emission
was recorded after the sonification, the breaking of intermolecular bonds resulted not
only in the shift of the spectrum, but in the additional AIEE (“double” AIEE) as
well. The “double” AIEE can be explained by the increase of dihedral angles
between the donor and acceptor units of N3 after the sonification leading to the
decrease of AEst and increase of TADF efficiency. The similar behaviour was
observed for methoxy-substituted compound N4. However, small differences were
observed for the dispersions in THF/water mixtures of compounds N2 and N3 which
are not capable of hydrogen bonding.

4.2.3. OLEDs with isophthalonitrile-based emitters

In order to estimate the effect of polarity of guests on the PL efficiency of N1,
the host-guest systems were prepared by taking p-type mCP and TCTA, n-type
DPEPO and bipolar 3,6-bis(carbazol-9-yl)-9-(2-ethyl-hexyl)-9H-carbazole
(TCz1) hosts for N1 guest. The hosts were selected taking into account the
HOMO and LUMO energy levels of the components of host-guest systems.
Due to the triplet energy level (2.92eV), bipolar mobility, values of
HOMO/LUMO levels, TCz1 was successfully utilized as the host, electron-
transporting and even as the violet/blue emitting material™®’ %% 139 140
However, TCz1 was not used for the fabrication of TADF OLEDs up till now.
The similar profiles of the PL spectra for mCP:N1, TCTA:N1, DPEPO:N1 and
TCz1:N1 but with the different wavelengths of PL maxima ranging from 529
to 552 nm were observed (Table 16). In contrast to the reported study®, there
were not observed any exciplex emission (which may explain the shifts of PL
maxima) for the studied TADF host-guest systems.

Effect of host polarity. In order to obtain the insight on the impact of hosts on
PL spectra of host-guest systems, the dielectric constants of N1 and several
hosts were measured (Table 16). It was found that the trend of PL-maxima
wavelengths of mCP:N1, TCTA:N1, DPEPO:N1 and TCz1:N1 systems with
15 wt. % of guest does not correlate with the dielectric constants of hosts.
Indeed, while mCP with lowest €=2.84 showed PL maximum at 533 nm,
TCTA with twice higher value of €=5.61 exhibited PL maximum at shorter
wavelength (529 nm). Moreover, pure layer of N1 with relatively small €=3.15
showed the largest bathochromic shift of the PL maximum (565 nm).
Additional PL measurements of molecular mixtures mCP:N1 and TCz1:N1
with the different concentration of N1 support this conclusion: despite the
respectively lower- and larger polarity of mCP (2.85) and TCzl1 (4.85) as
compared to N1 (3.15), similar PL redshifts with increasing concentration of
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N1 were observed for both guest-host systems. All these results in concert lead
to the conclusion that the position of PL maxima of the guest-host systems
decorrelates with the host-polarity.

Interestingly, the polarity of the hosts seems to have no effect on the singlet-
triplet energy splitting of N1. The measurement of AEsr of guest-hosts
mixtures containing 10% of N1 in mCP, TCz1 and TCTA exhibit identical
AEst values of 0.016eV, despite the important differences in host dielectric
constants (€=2.84, 4.85, and 5.61 respectively).

Table 16 The host: N1 characteristics

PL of QY of AEst, | AT,

Host N1:host, nm £ N1:host, % SveV | TueV eV eV

mCP 533 2.84 83 4.06 3.28 0.78 1.04

TCTA 529 5.61 54 3.70 3.07 0.63 0.83
DPEPO 552 6.12 60 - - - -

TCz 537 4.85 73 3.63 3.15 0.49 0.90
N1 565 3.15 47 2.26 2.24 0.02 -

As the final point, It should be noted that the absence of host polarity impact
on the PL maximum wavelength and AEst should not be considered as an
absolute effect, given the strong solvatochromic effect shown in Fig. 40. It is
suggested that inside the narrow window of the host dielectric constants tested
in this study (2.85—-6.12), the host-polarity effect on the charge transfer state
energies varies very little, thus constituting a minor effect as compared to the
dominant effect of aggregation on the dihedral angles.

The estimation of electroluminescence properties of the structure
ITO/MoOs/N1/LiF/Al was made. The devices with not annealed and annealed
emitters were prepared. The OLEDs showed 560 and 537nm electroluminescence
maxima with not annealed and annealed emitters respectively. For the estimation of
electroluminescent properties of N1 as emitter, the devices with the host were
prepared by the structure of ITO/MoOs/NPB/host:N1/TPBi/Ca:Al (Fig. 45) that
were fabricated and characterized. The efficient injection and transport of holes and
electrons from the ITO anode and the Ca cathode to the host:N1 layer can be
expected according to HOMO and LUMO levels of the used materials. The different
hosts, i.e., mCP, DPEPO, TCTA and TCz1 were used to fabricate devices I-IV,
respectively. The non-optimized concentration of 20 wt% of N1 emitter (guest) in
the host:guest emitting layer of the devices I-IV was taken. The hosts were mainly
selected on the basis of their appropriate HOMO and LUMO levels for the charge
injection, charge-transporting properties and high triplet-energy levels.
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Fig. 45 The OLED structure with N1 emitter

The output characteristics are presented in fig 46, and the key output parameters of
devices are given in table 17. The EL intensity maxima of devices I-1V were found
to be in the range from 521 to 540 nm. Some noises of electroluminescence of
device 2 are due to the low intensity of electroluminescence on turn-on voltage.
Commission Internationale de 1’Eclairage (CIE 1931) chromaticity coordinates (X, y)
of the devices that are presented in table 17. The CIE chromaticity coordinates how
devices I-1V correspond to green, green/yellow, yellow colours depending on the
used host. The highest values of maximum brightness and maximum EQE were
obtained for the device IV, showing that the most efficient correlation between PL
qguantum yield and the charge balance and TADF efficiency were observed for the
system TCz1:N1.

Table 17 Characteristics of devices with N1 emitter

Vo, V Current Power CIE colour
a:nset _Max efficiency, | efficiency, EOQE’ XC;E[ED coordinates
10/1000 | PTIONNESs, | cq/a Im/W /° 5V, | at5V(x,y)
cd/m? cd/m max/1000 cd/m nm
1| 3.4/52 3900 716.7 5.2/4.3 2.2/2 521 | (0.27,0.56)
2 | 3.6/6.1 4900 9.7/7.5 6/4.2 2.8/2.3 536 | (0.35,0.56)
3| 3.1/49 8400 11/9.2 13.7/5.6 4.5/2.4 536 | (0.34,0.59)
4 | 455/7.7 34700 18/17 9.5/7 4.8/4.6 540 | (0.37,0.58)
5 | 3.55/6.8 35500 66.5/67 49/31 18/17.1 540 | (0.36,0.58)
6 | 2.3/5.7 44900 63/58 33/26 17.1/15 540 | (0.36,0.59)
7 | 2.4/4.2 20700 68/46 62/31 22.5/12.8 | 532 (0.33, 0.6)

The concentration of N1 was additionally optimized in the light-emitting layer of
device IV. Devices V-VII were fabricated with the same structure as device 1V, but
with the different concentrations of N1 in TCz1: 15% (device V), 10% (device VI),
and 5% (device VII). EL spectra of devices V, VI, and VII are plotted, and the CIE
chromaticity coordinates that are calculated at 5V are given in table 17. Similar EL
spectra were recorded for all the devices (V-VII) (Fig. 46). Only slight shift towards
lower energies of the maximum of EL spectrum of device VII was observed. This
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shift lead to the change of emission colour to green with CIE (0.33, 0.6) for device
VII compared to the devices IV, V, VI, which emitted in the yellow region with CIE
(0.37,0.58), (0.36, 0.58), (0.36, 0.59), respectively.

The electroluminescence maxima of devices 1 and 3 were the same at the interval of
voltages 4-10V. The PL spectra of device 2 were similar, but the influence of
voltage for wavelength maxima were observed for device 4 and 5-7 as well. The

electroluminescence

spectra of devices

at

different

electroluminescence spectra of devices 1-4 at 5V are shown in fig. 46.

voltages

and

the

Device | Device I
—av —av
5y —5V
6V eV
v — —v
—~ 8V ] 8v
S —ov < — %W
) S
\(E — 10V b 10v
2 ‘G
[7) c
S 2
IS} c
I £
- T T T T T T T T T T
450 500 550 600 650 450 475 500 525 550 575 600 625 650
Wavelength, nm Wavelength (nm)
Device Il
—av
— 5V
6V
—v
o 8V -
3 —9v 3
& — 10V LU/ Device IV
2 > 5V
7] D —6V
c c v
g g —
= = v
—10v
—11v
——12v
T T T T T T T T T T
450 500 550 600 650 525 530 535 540 545 550 555
Wavelength (nm) Wavelength (nm)
[—— Device 1| —=— Device 4
—— Device 2| :./:::\ v, e Dev!ce 9
—— Device 3 . SPa 4&\%.. 4~ Device 6
—— Device 4| ash2a vy, e Y9V —v— Device 7
— ad v,
S 104 a V.
) V.
< ~ 1 ad vy
~ S Vv'v
z <
2 (LI;‘ :7-1/-—-1—1-'-—- "EE gmy gENmEEEg ...'-V
49 | \L v,
= e
A 4
v

400 450 500 550 600

Wavelength (nm)

650 10 5100
Current density (mAcm™)

Fig. 46 Electroluminescent characteristics of devices 1-7

The devices containing emitters N2—-N5 were prepared. Their structure was ITO/
MoOs/ NPB/ mCP: N2-N5/ TSPO1/ TPBI/ Ca:Al. TCz was selected as host taking
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into account its good performance in combination with emitter N1 and due to
appropriate HOMO and LUMO levels. The characteristics of OLEDs are given in fig
47.
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Fig. 47 Electroluminescent characteristics of OLEDS containing emitters N2—N5

The devices exhibited electroluminescence in green (carbazole-based derivatives) or
orange (phenothiazine and phenoxazine based derivatives) spectral region. The
electroluminescence intensity maxima of devices containing emitters N2-N5 were
observed at 586, 521, 528 and 580 nm, respectively. The characteristics of the
devices are summarized in table 18. The wavelengths of electroluminescence
intensity maxima of OLEDS are shorter by 47-98nm, comparing with those of the
PL spectra of pure derivatives N2—N5. This observation can be explained by the
effect of host material on electroluminescence spectra of the devices. The same
phenomenon was observed for OLED with N1 emitter. No tangible influence of the

86



position of metoxy substituents of carbazole moiety on the device performance was
observed. The characteristics of OLEDs, containing emitters N3 and N4, were found
to be comparable. The devices containing emitters N2 and N5 were found to be
rather ineffective. Thus, it is possible to conclude that phenothiazinyl and
phenoxazinyl substituted isophtalonitriles are not very promising emitters for
OLED:s.

Table 18 The characteristics of devices with N2—N5 emitters

Emitter | EQE, % Max. Power Current CIE
brightness | efficiency, efficiency,
Imw* cdA™
max/ 1000 | cdm™ max/1000 max/1000 | X;Y
cdm™ cdm™ cdm™
N2 1.8/1.8 11400 12.7/11.6 4.45/4.30 0.49; 0.49
N3 7.0/6.5 28100 54.7/46 22.9/21.1 0.25; 0.57
N4 6.7/6.0 29000 48.3/44 22.4/19.8 0.29; 0.6
N5 2.0/2.0 15100 16.0/14.6 5.47/5.45 0.49; 0.49

4.3. Phenylpyridine dicarbonitrile-based derivatives

Pyridine, carbonitrile, sulphones and other simple electron withdrawing moieties are
widely used in the design of TADF materials®’. More complex acceptors with some
electron withdrawing blocks such as pyridine carbonitriles are less explored, but
more complex acceptor structures often provide desirable properties of TADF
materials*****2. Thus, it is worth of focussing on exploration of complex acceptors.
The structure of substituents on pyridine ring was selected according to the literature
data with the aim to obtain compounds exhibiting PL in high-energy spectral
region®* 3 3 The usage of methoxy and other alcoxy substituents are widely
described in literature® * and known as a tool of improving thermal and
photophysical characteristics of the materials'*. The introduction of tert-butoxy
substituents affect photophysical properties'®, solubility and glass-forming
properties of compounds**.

The series of pyridine dicarbonitrile-based derivatives were synthesized by sodium
or potassium tert-butoxide catalysed nucleophilic coupling reaction or Buchwald-
Hartwig coupling method (scheme 3). The compounds were obtained in low to
moderate yields ranging from 8 to 41%. The higher molecular mass substituents
such as diphenylcarbazole, N,N-di(di-(tert-butyl)-phenyl)-amine or N-biphenyl-N-
(tert-butyl)-phenylamine were incorporated by using Buchwald-Hartwig coupling.
For example, P1 was obtained by nucleophilic coupling reaction with the yield of
41%, while the P6 was prepared by Buchwald-Hartwig coupling reaction with the
yield of 8% . The compounds were obtained as transparent, yellow or red crystalline
substances.
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Scheme 3 Synthesis of phenylpyridine dicarbonitrile-based derivatives P1—P6

The thermal properties were evaluated by TGA and DSC. The characteristics are
summarized in table 19. The examples of DSC curves are shown in fig. 48. The
derivatives were obtained as crystalline materials and showed melting temperatures
higher than 240 °C. The derivative P2 did not form molecular glass, the
crystallization peaks were observed on the DSC curve of cooling processes. The
derivatives P5 and P6 formed unstable molecular glasses. The crystallization peaks
were found in the second heating scans.

Table 19 Thermal characteristics of derivatives P1—P6

Derivative | Tp, °C | Ty, °C | T, °C | Tos6, °C
P1 241 122 - 366
P2 318 - 266* 332
P3 267 111 - 356
P4 250 120 - 333
P5 255 128 223 350
P6 273 128 182 337
* - DSC cooling;

Thus, the derivative P2 with diphenylamino substituent did not form molecular
glass, but P5 containing di-tert-butyldiphenylamino group could be transformed into
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the glassy state. This observation can be explained by the presence branched
aliphatic substituent on aromatic rings of P5.

Compounds P1-P6 exhibited high thermal stability. Their 5% weight loss
temperatures were found to be close and ranged in narrow interval from 332 to 366
°C.
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Fig. 48 The DSC thermograms of derivatives P1 and P6

In order to explore electrochemical stability and energy levels of derivatives P1-P6,
the investigations were performed by cyclic voltammetry. The measurements were
recorded for the diluted solutions in dichloromethane or acetonitrile. The
electrochemical characteristics of derivatives P1-P6 are summarized in table 20.
The ionization potentials were found to be in the range of 5.44-5.82eV. The electron
affinities of the derivatives were in the range of 2.30-2.95eV. The reversible
processes of oxidation-reduction were observed for derivatives P2-P6, and the
irreversible process was recorded for derivative P1. tert-Butoxy substituted
derivatives P2 and P5 showed lower electron affinities and higher ionization
potentials than derivatives without tert-butoxy substituents. Phenoxazinyl-
substituted derivative P3 exhibited the lowest ionization potential among the
synthesized phenylpyridine dicarbonitrile based derivatives. The reduction potential
was not fixed for derivative P6 at the used conditions.

Table 20 Electrochemical characteristics of derivatives P1-P7

Derivative lox' V| lregr V IP(CV), eV EA(CV), HOMO, | LUMO,
eV eV eV
P1 0.71 -1.86 551 2.94 -5,43 -2,10
P2 1.03 -2.33 5.82 2.47 -5.73 -1.69
P3 0.64 -1.85 5.44 2.95 -5.73 -2.49
P4 0.98 -1.85 5.78 2.95 -5.51 -2.66
P5 0.96 -2.50 5.76 2.30 -5.57 -1.50
P6 0.72 | Not fixed 5.52 - -5.63 -2.0
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The HOMO and LUMO energies were calculated by using Gaussian software by the
density functional theory with the B3LYP energy functional and 6-31G(d,p) basis set
in vacuum. The theoretical calculations of P2 were based on crystalline structure
confirmed by X- ray analysis. The fig. 49 is showing the crystalline structure and
angles between some bonds of molecule. The volume of the molecule in crystal was
found to be 2529A°. The distributions of HOMO and LUMO orbitals are shown in
fig. 49. HOMO and LUMO orbitals of the derivatives are not completely separated
for all the structures that were studied. The results of HOMO and LUMO energy
values correlate with ionization potentials and electron affinities estimated by the
CV measurements. LUMO energy levels of P2 and P5 were found to be lower than
those of other derivatives of this family. The trends LUMO levels as well correlate
with the experimental values of electron affinities that were obtained by CV. The
highest LUMO levels were obtained for compounds P2 and P5 containing tert-
butoxy substituents.

Photophysical properties of derivatives P1-P6 were investigated by UV-vis
absorption and PL spectroscopies. The experimental photophysical characteristics of
the compounds are summarized in table 21. The values of optical band gaps, singlet
and triplet energies were estimated by using Planck hypothesis. PL quantum yields
of the solid films of the materials ranged from 5 to 45%. The highest PL quantum
yield was observed for the film of compound P2 containing tert-butoxy substituent.
The solid sample of another derivative of tert-butoxy substituted pyridine (P5)
showed considerably lower PL quantum yield of 27.5%. This observation can
apparently be explained by the attachment of bulky tert-butyl substituents to
diphenylamino moieties of P5. The films of compounds P1 and P4 as well showed
relatively high PL quantum yields for the solid samples (20 and 28%). Interestingly,
these compounds showed the lowest values of AEst. All the compounds exhibited
relatively high triplet energies, which ranged from 2.71 to 2.9 eV. The highest triplet
energies were observed for compounds P2 and P5. Singlet energies of the
compounds were found to be in the range of 1.96-3.16eV. The singlet energy of P2
was found to be higher than P5, but their triplet energies were the same. Di-tert-
butyl substituted derivative P5 exhibited lower AEst. This observation is in
agreement with the literature data, showing that the introduction of tert-butyl
substituents results in the decrease of singlet-triplet energy splitting®. The diphenyl-
substituted carbazole derivative P4 exhibited lower singlet and triplet energies and
much wider splitting of singlet and triplet energies than the similar compound
containing unsubstituted carbazole moiety™*’. Phenoxazine substituted derivative P3
showed no phosphorescence in THF solution at 77K. Therefore, it was impossible to
estimate its triplet energy.
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(b)
Fig. 49 (a) The crystalline structure of P2 estimated by X ray analysis (b)
Theoretical HOMO and LUMO orbitals and energies of compounds P1-P6
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Table 21 The photophysical characteristics of derivatives P1-P3

EgOPt, Apl, QY, % Mphos (THF), Es, eV E+, eV AEsT,
eV nm nm eV

P1 2.73 591 20 505 2.72 - -
p2 3.01 478 45 471 3.16 2.90 0.26
P3 2.51 634 5 - 1.96 - -
P4 2.63 547 28 515 2.81 2.71 0.10
P5 2.87 491 27.5 515 3.01 2.90 0.11
P6 2.82 513 6 518 3.05 2.72 0.33

Deoxygenation effects of the PL spectra of the compounds were investigated by
purging with argon their dilute solutions. The photoluminescence were excited by
310nm wavelength light for derivative P2 and 350 nm for others derivatives. The
solution of P3 in toluene exhibited very low PL intensity, and it was impossible to
register its PL spectrum. The results of measurements are shown in fig. 50. The PL
guantum vyields of the solutions of all the derivatives increased after the
deoxygenation. The PL quantum yield of the solution of P6 rose from 10 to 78%.
The oxygen-free solutions of derivatives P1, P3 and P5 exhibited noticeably lower
PL quantum yields than their solid films. The PL quantum yields of deoxygenated
solutions of derivatives P2 and P4 were found to be close to those of their solid
films. This observation allows to presume that the aggregation induced emission
enhancement is characteristic for compounds P1, P3 and P5.

The PL decay curves of toluene solutions of pyridine-based derivatives were
recorded by using 374 nm picosecond laser beam excitation (Fig. 51). The
investigations were measured at ambient and oxygen-free conditions. In PL, the
decay curves of deoxygenated solution of derivatives P1, P4, P5 and P6 intensities
of longer-lived components were found to be higher than those of air equilibrated
solutions. This observation indicates the participation of triplet excitons in the
emission of these compounds. The PL decay curve of the solution of derivative P2
exhibited very low intensity at the decay times longer than 150ns both at ambient
and oxygen free conditions.

The processes of solvatochromizm were investigated by PL spectroscopy by using
solutions of the compounds in the solvents of different polarity**® such as hexane,
toluene, chloroform, tetrahydrofurane, dichloroethane, acetone and acetonitrile. The
values of PL maxima of the solutions in different solvents and dielectric constants
with refractive index of solvents are given in table 22. Due to the insolubility of the
derivatives P1-P6 in methanol, butanol, isopropanol and dimethylsuphoxide, these
highly polar solvents could not be used in the measurements of solvatochromism.
The derivative P3 exhibited no PL from solutions, and the characteristics of
solvatochromism were not-explored.

Fig. 52 shows the dependence of maxima of PL and solvent polarity. All the studied
compounds showed strong solvatochromic effect. The strongest red shift with the
increase was observed for the derivative P6. Its PL maximum shifted by 75nm when
dielectric constants of solvents increased from 1.9 (hexane) to 37.5 (acetonitrile).
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The polarizability properties of solvents are described clearer by the orientation
polarizability coefficient Af which is calculated by formula 9*°:

-1 Rp?-1
Af - - 2
2e+1  2Rp?+1

9),

where ¢ is the dielectric constant of solvent, Ry is the refractive index of solvent.
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Fig. 50 Deoxygenation effects on PL intensity of the solutions derivatives P1-P6 in toluene.
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Table 22 Solvatochromic characteristics of compounds P1, P2, P4-P6

8133 RD133 Af ;hpl, nm
Solvent PL] P2 | P4 | P5 | P6
Hexane 10 | 1.89 | 0.001 | 600 | 476 | 524 | 520 | 515
Toluene 24 | 311 | 0.013 | 610 | 482 | 533 | 555 | 537
Chloroform 48 | 21.0 | 0.148 | 636 | 508 | 567 | 565 | 563

Tetrahydrofuran | 7.6 | 19.9 | 0.210 | 641 | 516 | 560 | 569 | 571
Dichloroethane | 10.4 | 21.0 | 0.217 | 652 | 521 | 574 | 574 | 574

Acetone 20.7 | 20.7 | 0.284 | 661 | 541 | 583 | 584 | 588
Acetonitrile 375 | 11.1 | 0.306 | 670 | 549 | 589 589 590
Adg, NM 70 73 65 69 75
Apt, NM 591 | 478 | 547 | 491 | 513

The tert-butyl-substituted derivative P4 showed the lowest bathochromic shift with
the increase of solvent polarity, but the maximum emission wavelength was longer
for the neat film. The bathochromical shift of PL maxima was observed in hexane
solutions compared with the neat film for derivatives P1, P2, P4, P5 and P6, but the
hypsochromical shift was observed for derivative P4 as seen as the lowest
bathochromical shift by increasing the polarity of solvents. The solvatochromic
properties show strong intramolecular charge transfer effect.

4.4, The summary of results and discussion

The three series of compounds were synthesised and investigated. The N-bicarbazole
based derivatives formed molecular glasses and exhibited blue light fluorescence.
However, the splitting of singlet and triplet energies was too big to show TADF
effect. The isophthalonitrile-based derivatives exhibited very low splitting of singlet
and triplet energies and exhibited TADF effect, but the photoluminescence maxima
wavelengths were longer and were in the range from green to red colour. The
morphological characteristics were worse than N-bicarbazole based compounds.
Dicyanophenylpyridine compounds exhibited worse photoluminescence quantum
yields, but the high influence of chromophore was observed. The synthesis of
dicyanophenylpyridine compounds were the most complicated, and the lowest yields
were achieved. As seen in the results of photoluminescence characteristics, the most
perspective chromophores for OLEDs emitters are carbazole and 9,9-
dimethylacridane. The system of strong electrons withdrawing groups and
chromophores is influencing the intermolecular charge mobility. It is possible to
confirm that by solvatochromic effect.

95



460 480 500 520 540 560 580 600 620 640 660 680

0.279
0.186
0.093
0.000
J0.279
Jo.186
1 0.003
1 0.000
1 0.279
Jo.186
1 0.003
1 0.000
~J0.279
Jo.186
1 0.003

1 0.000
J0.279
0.186
0.093
0.000

— .
460 480 500 520 540 560 580 600 620 640 660 680
Wavelength (nm)

Fig. 52 Af versus the wavelengths of PL intensity maxima of compounds P1, P2, P4-P6



5. CONCLUSIONS

1. The series of new cyanophenyl and cyanocarbazolyl derivatives were
synthesized, and their properties were studied.

1.1.

1.2

1.3.

1.4.

1.5.

The derivatives exhibited ability to form molecular glasses with glass
transition temperatures that are in the range of 77-111 °C; they
demonstrated high thermal stability with 5% weight loss temperatures
exceeding 300 °C.

The synthesised compounds emitted blue or sky-blue light with
photoluminescence quantum yields in the range of 15-50%. 3-(2,7-
Dicyanocarbazol-9-yl)-9-ethylcarbazole showed the highest
photoluminescence quantum yield reaching 50%.

The synthesized compounds are capable of hole transporting. The
highest hole mobility, exceeding 10 cm?/Vs at 6.410° V/cm electric
field, was observed in the amorphous film of 3-(2,7-dicyanocarbazol-9-
yl)-9-ethylcarbazole.

A combination of cyanophenyl or cyanocarbazolyl electron acceptor
moieties and electron donating core resulted in a strong intramolecular
charge transfer confirmed by the solvatochromism study of emission.
3-(2,7-Dicyanocarbazol-9-yl)-9-ethylcarbazole was studied as exciplex-
forming the emitter in OLED structures. The yellow exciplex OLED
exploiting the effect of thermally activated delayed fluorescence had
maximum brightness of 6260 cd/m?® and external quantum efficiency of
5.8%. The sky-blue OLED showed the maximum brightness of 3600
cd/m® and maximum current efficiency of 9.9 cd/A, maximum power
efficiency of 8.8 Im/W, and maximum external quantum efficiency of
4.2%.

2. The series of new isophthalonitrile-based derivatives containing different
donating units were synthesized, and their properties were studied.

2.1.

2.2.

2.3.

2.4.

2.5.

The ionization potential values of the amorphous layers of the
synthesized compounds do not depend on the nature of the donor.

The synthesized compounds are capable of transporting holes and
electrons.

The studied derivatives showed strong intramolecular charge transfer
and small singlet-triplet energy splitting (0.02-0.06eV).

The synthesized compounds showed thermally activated delayed
fluorescence.

The derivatives were tested as emitters in OLEDs. 1,3-Bis-(9,9-
dimethylacridan-10-yl)-4,6-dicarbonitrilebenzene showed good
performance as TADF emitter in OLED with maximum brightness of
20700 cd/m? maximum current, power and external quantum
efficiencies of 68 cd/A, 62 Im/W and 22.5%.
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The series of new dicyanophenylpyridine-based compounds containing
different electron donor units were synthesized, and their properties were

studied.

3.1. The compounds demonstrated high thermal stability with 5% weight
loss temperatures ranging from 332 to 366 °C and high glass transition
temperatures in the range of 111-128 °C.

3.2.  The photoluminescence quantum vyields of thin films of the synthesized
derivatives range from 5 to 45%. 2,6-Bis((4-tert-butylphenyl)-(4-
biphenyl)-amino)-4-phenylpyridine-3,5-dicarbonitrile solution exhibited
the highest photoluminescence quantum yield.

3.3.  The synthesized compounds showed high triplet energies in the range of
2.71-2.90eV.

3.4. The combination of different electron donating groups with

dicyanophenylpyridine electron acceptor core resulted in a strong
intramolecular charge transfer that was confirmed by solvatochromism
study of emission.
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