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Abstract: Four carbazol-9-yl and diphenylamino substituted 9-ethylcarbazole derivatives having
cyano groups in the substituents were synthesized and characterized by the experimental and
theoretical tools. Thermal, optical, photophysical and electrochemical properties were studied. The
derivatives exhibited moderate thermal stability with 5 % weight loss temperatures exceeding
300°C. All the derivatives were found to be capable of glass formation with glass transition
temperatures ranging from 77 to 111 °C. The optical band gaps of the solid samples were 2.84—
3.38 eV. One of the derivatives was used for the preparation of blue non-doped emitting layer and as
exciplex forming material for the fabrication of blue and yellow organic light emitting diodes with
CIE color coordinates of (0.17, 0.28) and (0.40, 0.52), respectively. The electroluminescence of the
yellow exciplexes based device resulted from the overlapping of sky blue bulk emission with
photoluminescence quantum efficiency of 43.8% and orange interface exciplex emission with the
efficiency of 3.84%. The fluorescent non-doped blue OLED exhibited maximum luminance of
2515 cd/m? and external quantum efficiency reaching of 2 %, while the yellow exciplex OLED

exploiting the effect of thermally activated delayed fluorescence had maximum luminance of
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6260 cd/m? and external quantum efficiency of 5.8 %. In addition, sky-blue and orange OLEDs with
only one exciplex-based emitter were fabricated showing external quantum efficiencies of 4.2 and
3.2 %, respectively. This work provides background for the fabrication of efficient OLEDs
combining advantages of both interface and bulk exciplex emissions (maximal internal quantum
efficiency of 100%, provision of exelent charge balance in emitting layer, formation of the “active”

planar pn heterojunctions).
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1. Introduction

Organic light-emitting diodes (OLEDs) based on thermally activated delayed fluorescence
(TADF) emitters are promising devices for display and illumination technologies [1, 2]. Utilizing
TADF emitters, maximum internal quantum efficiencies (100%) can be obtained in florescencent
OLEDs by harvesting both singlet and triplet excitons through the reverse intersystem crossing
(RISC) [3]. Possibility of the full harvesting of the both singlet and triplet excitons in organic
materials for OLED applications was firstly discovered in heavy metal-based phosphorescent
emitters [4]. However, TADF emitters are nowadays at the very forefront of materials science
because of their advantages over phosphorescent emitters such as absence of rare and high cost
heavy metals, wide range of emitting colors, environmental benignity ect [5]. Utilizing TADF
emitters, all-color high-efficient OLEDs with maximal internal quantum efficiency (IQE) close to
100% and with maximal external quantum efficiency (EQE) close to 30% were recently develop
[3,6]. Moreover, owing to strongly horizontally oriented emitting dipoles of TADF emitters that

rises the optical outcoupling/extraction efficiency of OLEDs, maximal EQE of 37% was obtained
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without additional out-coupling [5]. Owing the spatial overlap between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) in materials
containing electron donating and accepting units, the TADF can be obtained due to the negligibly
small singlet-triplet energy splitting (AEst) which leads to up-conversion of the lowest excited
triplet (T1) states to the emissive singlet (Si1) state [5,7,8]. Appart from the molecular TADF
emitters, the synthetizis of which usually is not trivial [6], TADF can be achieved in simple solid
state mixtures of two donor and acceptor materials, forming exciplexes S; and T states of which are
very close what can lead to reverse intersystem crossing (RISC) [9,10]. Therefore, maximal IQE of
100% can also be achieved in OLEDs based on the exciplex emitters [11]. For achieving maximal
IQE of 100%, exciplex systems having almost no any non-radiative processes of triplet exciplexes
are required [11]. This challenge stimulates the search for new more effective TADF exciplex-
forming materials. In addition, exciplex forming molecular mixtures were proposed as efficient
hosts for TADF and phosphorescent OLEDs with improved performance compared to that of the
devices based on the conventional molecular hosts [12,13].

Exciplexes can be formed between two different molecules being in a single layer and in
two different layers of depending on OLED architecture [14,15]. Both interface and bulk exciplexes
were utilized as emitters or hosts in OLEDs [16,17,18]. The interface exciplexes can be utilized not
only as TADF emitters but also as active planar pn heterojunctions, which dramatically reduce turn-
on voltage of OLEDs [19]. The interface exciplexes were shown to be more efficient hosts than bulk
exciplexes for stable and efficient orange phosphorescence OLEDs with low efficiency roll-off and
long lifetime [20]. Electroluminescence of OLEDs can also consit of the combination of interface
exciplex emission and of monomer emission [21]. On the other hand, exploitation of bulk exciplexes

enables to provide the charge balance in emitting layers of efficient exciplex-based OLEDs [22].
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Thus previously reports on exciplex-based OLEDs disclose advantages of both interface and bulk
exciplexes which were used separately in the devices.

In this work, we developed OLEDs based on both interface and bulk exciplex emission
exploiting new carbazolyl substituted derivative containing cyano groups. The results obtained show
that exploitation of of both interface and bulk exciplexes in OLED allows not only to increase its
efficiency but also to change the color of electroluminescence. Since CIE chromaticity coordinates
of electroluminescence of the known exciplex-based OLEDs are still far from the National
Television System Committee (NTSC) color standards [23], this our finding can be useful for the
monitoring of electroluminescence color. In order to estimate the applicability in OLEDs, the
thermal, photophysical electrochemical and photoelectrical properties of the differently substituted
carbazole based derivatives with electron-accepting cyano substitutes were studied. Exciplex-based
TADF was identified for the molecular mixtures of the newly synthesized cyano substituted
carbazole derivative with tris(4-carbazoyl-9-ylphenyl)amine (TCTA) and 4,4'4"-tris[3-
methylphenyl(phenyl)amino]triphenylamine (m-MTDATA). This finding allowed us to develop a
new approach for the fabrication of effective OLEDs in wich both interface and bulk exciplexes
were utilized as emitters. The approach is demonstrated with the example of yellow OLED showing
maximum external quantum efficiency (nex) of 5.8 % which is higher than theoretically possible nex
of fluorescence OLEDs. To our opinion, combinination of the advantages of both interface and bulk
exciplex emissions, in the future, can lead to the considerable increase of efficiencies of exciplex-

based OLEDs.
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2. Experimental

2.1. Instrumentation

'H and 3C NMR spectra were recorded using Bruker Avance 11 [700 MHz (*H), 175 MHz (*3C)]
spectrometer at room temperature. All the data are given as chemical shifts in & (ppm), (CH3)4Si
(TMS, 0 ppm) was used as an internal standard. Infrared (IR) spectra were recorded by Perkin
Elmer Spectrum BX Il FT-IR System spectrometer. The spectra of the solid compounds were
recorded using KBr pellets. Mass (MS) spectra were recorded on a Waters Acquity UPLC mass
spectrometer. Melting points (m.p.) of the synthesized compounds were estimated using
Electrothermal Mel-Temp melting point apparatus.

Differential scanning calorimetry (DSC) measurements were carried out in a nitrogen atmosphere
with a DSC Q-2000 thermal analyser at a heating rate of 10 °C/min. Thermogravimetric analysis
(TGA) was performed on a TGA Q-50 aparatus in a nitrogen atmosphere at a heating rate 10 °C/min.
Absorption spectra of the dilute tetrahydrofuran (THF) solutions were recorded on Perkin Elmer
Lambda 35 spectrometer. Room and low (77K) temperature photoluminescence (PL) spectra of the
synthesized compounds were investigated by FLS980 fluorescence spectrometer with TMS300
monochromators and a red cooled detector (Hamamatsu R928P). The standard light source for
measuring of PL spectra was a 450 W xenon arc lamp. PL spectra of the samples were recovered at
the excitation wavelength of 350 nm and the scan speed of 1 nm/s. For these measurements, the
dilute solutions of the investigated compounds were prepared by dissolving them in a spectral grade
THF at 10° M concentration. PL decay curves of the layers of the exciplex forming molecular
mixtures and a PL intensity dependence on laser flux were recorded with the Edinburgh Instruments
FLS980 spectrometer at room temperature using a PicoQuant LDH-D-C-375 laser (wavelength 374
nm) as the excitation source. Variable temperature liquid nitrogen cryostat (Optistat DN2) was used
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for the studies of photophysic properties of the samples at different temperatures under inert
atmosphere (N).

The cyclic voltammetry (CV) measurements were carried out by a three-electrode assembly cell
from Bio-Logic SAS and a micro-AUTOLAB Type Il potentiostat-galvanostat. The working
electrode was a glassy carbon of 0.12 cm? surface although the reference electrode and the counter
electrode were Ag/Ag* 0.01 M and Pt wire respectively. The solutions with the concentration of 103
M of the compounds in argon-purged dichloromethane (Fluka) with 0.1M tetrabulthylammonium
hexafluorophosphate as electrolyte were used for the CV measurements. At the end of the
measurements, ferrocene was added as internal reference.

The ionization potentials (IPep) of the films of the synthesized compounds were measured by the
electron photoemission in air method as reported earlier [24, 25]. The samples for the measurements
were prepared by dissolving compounds in THF and by casting on indium tin oxide (ITO) coated
glass plates. The experimental setup consisted a deep UV deuterium light source ASBN-D130-CM,
a CM110 1/8m monochromator, and an electrometer 6517B Keithley.

The charge carrier mobility (1) measurements were carried by the time of flight method (TOF) [26,
27 ]. The sandwich-like cells (ITO/the synthesized compounds/Al) were fabricated for the
measurements. The samples for TOF measurements were prepared by vacuum deposition of the
compounds on a pre-cleaned glass/ITO substrate and the 60 nm aluminum top electrode. The
thickness of the films was measured using method carrier extraction in linearly increasing voltage
(CELIV) (e~3) [28]. The charge carriers were generated at the layer surface by illumination with a
pulsed Nd:YAG laser (EKSPLA NL300, a wavelength of 355 nm, pulse duration 3-6 ns). The transit
time was determined from the kink point in the transient photocurrent curves. The transit time t; with

the applied bias (V) indicates the passage of holes through the entire thickness of the cell (d) and
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enables determination of the hole mobility as p=d?/U"t.. The experimental setup was as reported
earlier consisting of a Keithley 6517B electrometer and a Tektronix TDS 3052C oscilloscope [29].

The electroluminescent devices were fabricated by means of vacuum deposition of organic
semiconductor layers and metal electrodes onto pre-cleaned ITO coated glass substrate under
vacuum of 107® Torr. The active area of the obtained devices was 6 mm?. The density-voltage and
luminance-voltage characteristics were measured using a Keithley 6517B electrometer and a
Keithley 2400C sourcemeter in air without passivation immediately after the formation of the

device. The brightness measurements were done using a calibrated photodiode [30, 31].

2.2. Materials

3-Amino-9-ethylcarbazole and 4-cyanophenyliodide were purchased from Sigma Aldrich, and were
used without purification. 3-lodocarbazole [32], 3,6-diiodocarbazole [32], 3-iodo-9-ethylcarbazole
[33], 4-bromo-2¢-nitrobiphenyl®* 2-bromocarbazole®® 2-bromo-9-ethylcarbazole, 4,4¢-dibromo-2-
nitrobiphenyl [36], 2,7-dibromocarbazole [33], and 2,7-dicyanocarbazole [37], were prepared
according to the published procedures.

3-Cyano-9H-carbazole. 3-lodocarbazole (4.50 g, 15.4 mmol), copper (1) cyanide (2.79 g, 30.8
mmol) and N-methyl-2-pyrrolidone (NMP, 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 a solution of cold water (500 ml), hydrochloric acid (80 ml) and FeCl3
(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 [38]) in 30% (0.89 g) yield.
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IH NMR (400 MHz, DMSO-ds) & (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=7.4Hz, 1H, Ar), 5.88 (t, = 7.3 Hz, 1H, Ar).

13C NMR (100 MHz, DMSO-ds) & (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.

3-Di(4-cyanophenyl)amino-9-ethylcarbazole (1) was obtained by an improved Ullman coupling
reaction. 3-Amino-9-ethylcarbazole (0.7g, 3.3 mmol), 4-cyanophenyliodide (3 g, 13.2 mmol),
powdered anhydrous potassium carbonate (5.46 g, 39.6 mmol), copper powder (1.47 g, 23 mmol),
and 18-crown-6 (0.3 g) were refluxed in o-dichlorobenzene (0-DCB, 15 ml) under nitrogen
atmosphere for 20 h. Then copper and inorganic salts were removed by filtration of the hot reaction
mixture. The solvent was distilled under reduced pressure. The product was purified by silica gel
column chromatography using hexane/ethylacetate (20/1) as an eluent. The target compound was
obtained as light brown crystals (fw =412 g/mol, mp = 168-171 °C) in 32% (0.45 @) yield.

IH NMR (400 MHz, DMSO-dg) & (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 (g, J = 7.1 Hz, 2H, NCHa), 1.35 (t, J = 7 Hz, 3H, CHb).

13C NMR (100 MHz, DMSO-ds) J (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 (NCH>), 13.8 (CH5).

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

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

3-(3-Cyanocarbazol-9-yl)-9-ethylcarbazole (2) was prepared according to the procedure similar to
that described for the synthesis of 1. 3-lodo-9-ethylcarbazole (0.72 g, 2.25 mmol), 3-cyanocarbazole

(0.3 g, 1.5 mmol), K2COs3 (0.62 g, 4.5 mmol), Cu (0.19 g, 3 mmol), 18-crown-6 (0.04g), and 10 ml

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



of 0-DCB were used. The reaction mixture was refluxed under nitrogen atmosphere for 24 h. The
product was purified by silica gel column chromatography using hexane/ethylacetate (10/1) as an
eluent. The target compound was obtained as yellow crystals (fw = 385 g/mol, mp = 214-216 °C) in
78% (0.45 g) yield.

IH 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), 4.52 (q, J = 7.2 Hz, 2H, NCH>), 1.57 (t, J = 7.2 Hz, 3H, CHs).

13C 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 (CHy).

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

IR vmax in cm™ (KBr): (C—H Ar) 3047; (C—H Al) 2972, 2929; (-C=N) 2214; (C=C Ar) 1595, 1472;
(C-H Ar) 807, 747.

2-(3-Cyanocarbazol-9-yl)-9-ethylcarbazole (3). To a dry, three-necked round flask 2-bromo-9-
ethylcarbazole (1 g, 3.6 mmol), 3-cyano-9H-carbazole (1.04 g, 5.4 mmol), t-BuOK (2 g, 18 mmol),
Cul (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. The mixture was degassed and refluxed under nitrogen atmosphere for
24 h. After cooling to room temperature, the reaction mixture was poured into water, extracted with
ethyl acetate, washed with 3 N HCI and water. After being dried over Na>SO4 and filtered, the
solvent was removed and the crude product was purified by silica gel column chromatography using
hexane/tetrahydrofuran (9/1) as an eluent. The product was crystallized from methanol and was

obtained as yellowish crystals (fw = 385 g/mol, mp = 187-188 °C) in 47% (0.65 g) yield.
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IH NMR (700 MHz, CDCls) & (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 (q, J=7.2 Hz, 2H, NCHy), 1.36 (t, J = 7.2 Hz, 3H, CHa).

13C 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 (NCHy), 12.8 (CHs).

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

IR vimax in cmt (KBr): (C-H Ar) 3060; (C-H Al) 2972, 2932; (-C=N) 2220; (C=C Ar) 1597; (C-H

Ar) 810, 739.

3-(2,7-Dicyanocarbazol-9-yl)-9-ethylcarbazole (4) was prepared according to the procedure
similar to that described for the synthesis of 1. 3-lodo-9-ethylcarbazole (2.2 g, 6.9 mmol), 2,7-
dicyanocarbazole (1.5 g, 6.9 mmol), KoCOs (7.62 g, 55.2 mmol), Cu (1.75 g, 27.6 mmol), 18-crown-
6 (0.73g), and 30 ml of o-DCB were used. Reaction mixture was refluxed under nitrogen
atmosphere for 72 h. The product was purified by silica gel column chromatography using
hexane/tetrahydrofuran (9/1) as an eluent. The target compound was obtained as greenish crystals
(fw = 410 g/mol, mp = 270-272 °C) in 20% (0.55 g) yield.

IH NMR (700 MHz, CDCls) 6 (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 (q, J = 7.5 Hz, 1H, NCH>), 1.46 (t, J = 7.3 Hz, 3H, CHj).
13C NMR (176 MHz, CDCls) 6 (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 (CHs).

MS (ESI) m/z (%) = 411 (M*+H, 35).
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IR vimax in cm (KBr): (C—H Ar) 3053; (C—H Al) 2978, 2924: (—C=N) 2227: (C=C Ar) 1496; (C-H

Ar) 806.

3. Results and Discussion
3.1. Synthesis

Compounds 1-4 were synthesised as shown in Scheme 1 by Ullmann C-N coupling reaction. The
chemical structures of the synthesized compounds were confirmed by 'H and *C NMR, IR

spectroscopies, and mass spectrometry.
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Scheme 1. Synthesis of compounds 1-4.
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3.2. Thermal properties

The behavior under heating of the synthesized compounds was studied by DSC and TGA under
nitrogen amosphere. The values of the glass transition temperatures (Tg), melting points (Tm), and
temperatures at which 5% loss of mass was observed (Tip) are summarized in Table 1. All the
synthesized compounds demonstrated high thermal stability. The values of Tip were found to be
higher than 300 °C, as confirmed by TGA with a heating rate of 10 °C/min. The highest Tip was
observed for dicyanocarbazolyl substituted compound 4 (359 °C).

All the synthesized compounds (1-4) were obtained as crystalline substances. However, they readily
formed glasses when their melt samples were cooled down. For the illustration of above stated the
DSC curves of compound 2 are shown in Fig. 1. In the first DSC heating scan, compound 2 showed
endothermic melting signal at 224 °C. The compound formed glass upon cooling from the melt. In

the following heating scan, compound 2 showed glass transitions at 79 °C.
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= 3 \T 79°C
(®) st .
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o}
I
o
o
i
v T =224°C
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Figure 1. DSC curves of 2 (scan rate 10 °C/min, N2 atmosphere).

The glass transition temperatures of the synthesized carbazole compounds depended upon the nature

and positions of the substituents. Dicyanodiphenylamino-substituted derivative 1 exhibited lower Tg
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than dicyanocarbazolyl substituted compound 4, apparently, due to the higher flexibility of
diphenylamino moiety. Compound 3 having 3-cyanocarbazolyl group at C-2 position of 9-
ethylcarbazole moiety ehibited higher Ty by 14 °C than its isomer (2) having the same substituent at

C-3 position of 9-ethylcarbaole moiety.

Table 1. Thermal characteristics of compounds 1-4.

Compounds Tm?2°C Tg,2°C Tip,? °C
1 176 7 333
2 224 79 302
3 191 93 320
4 261 111 359

& Determined by DSC, scan rate 10 °C/min, N2 atmosphere.
b5 9% weight loss determined by TGA, heating rate 10
°C/min, N2 atmosphere.

3.3. Theoretical calculations

The structures of compounds 1-4 were optimizated and the values of the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (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 done using Spartan’14 programme [39]. The theoretical structures

and HOMO - LUMO values of compounds 1-4 are given in Figure 2.

1 HOMO =-5.50 eV LUMO = -1.65 eV
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2 HOMO = -5.56 eV LUMO =-1.19 eV

2a HOMO = -5.60eV LUMO =-1.11eV

3 HOMO = -5.66 eV LUMO =-1.24 eV

4 HOMO =-5.80 eV LUMO =-2.05 eV

Figure 2. Theoretical structures and HOMO — LUMO values of compounds 1-4.

The DFT calculations revealed that HOMO are distributed mostly over the both carbazole moieties
for 2—4 and over the carbazole and cyano substituted diphenylamino moiety for 1. The theoretical
HOMO values range from -5.80 to -5.50 eV. These values are in good agreement with the
experimental data (Table 5). The dihedral angles between the carbazole chromophores of
compounds 2—-4 were calculated to be 54-58°. These dihedral angles are insufficient for the spatial
separation of the HOMO and LUMO orbitals on the donor and acceptor moieties. The similar

theoretic results were earlier reported for 9-ethyl-9H-3,9'-bicarbazole [40], LUMO of compounds 1
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and 4 having two cyano groups were found to be localized on the cyano substituted carbazole or
diphenylamino moieties. However, for compounds 2 and 3 with one cyano group the LUMO is

localized on the N-ethyl substituted carbazole moiety.

3.4. Photophysical properties

UV-vis spectra of 104 M solutions of compounds 14 in THF are shown in Figure 3A while those
of the thin films are depicted in Figure 3B. The optical characteristics are summarized in Table 2.
The absorption spectra of the solid films of the synthesized compounds 1-4 showed small red shifts

of 5-12 nm with respect of those of dilute THF solutions. Using the edge wavelengths of the
absorption bands, the optical band gaps (Eg’“) were estimated for the synthesized compounds 1-4.

The optical band gaps of the solid samples of the synthesized compounds except 3 were found to be
shorter than those of the dilute solutions, apparently, due to the enhanced intermolecular

interactions.

(B) —1

Absorbance, a. u.
Absorbance, a. u.

200 250 300 350 400 450 200 250 300 350 400 450
Wavelength, nm Wavelength, nm

Figure 3. UV-vis absorbtion spectra of the dilute solutions (A) and of neat films (B) of the

synthesized compounds 1-4.
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PL quantum yields were estimated for the dilute solutions and for the neat films of the compounds.
The data are summarized in Table 2 The highest PL quantum yields were observed for the solution
and the neat film of compound 4. Cyanocarbazolyl-substituted carbazoles 2-4 showed considerable
decrease of PL quantum yields in the solid state as compared to those of the solutions. In contrast,
PL quantum yield of the solid sample of dicyanophenylamino substituted carbazole 1 was found to
be comparable with that of the dilute solution. As dicyanophenylamino substituted compound 1 has
more freedome for the rotation of N-C bonds compared with cyanocarbazolyl-substituted
compounds 2-4, such PL quantum vyield of 1 in the solid state can aperently be explained by

aggregation-induced emission enhancemenn [41].

Table 2. Photophysical properties of 10° M THF solutions and thin films of 1-4.

Compound | Dilute solution Thin film
UV: Redge, | EM, | AmaxpL, | DL, UV: dedge, | E, | AmaxpL, | e,
nm Y, nm % nm eV nm %
1 392 3.16 480 14.80 | 404 3.07 457 14.28
2 364 3.40 385 24.46 | 374 3.32 392 5.20
3 404 3.07 374 32.65 | 415 2.99 378, <1
494"
4 357 3.47 480 49.87 | 362 3.43 475 26.41

*shoulder

To study possibility of the TADF effect for the synthesized compounds, the phosphorescence
spectra of the THF solutions of 1-4 were recodered (Figure 4A). The phosphorescence was excited
by UV radiation of 300 nm for all the samples. The singlet (S1), triplet (T1) energies and singlet—
triplet energy splittings (AEst) observed for compounds 1-4 are summarized in Table 3. The values
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of S; and Ty of 1-4 were determined from the onsets of the fluorescence and phosphorescence
spectra, respectively. It is possible to predict that compounds 1-4 can be utilized as functional
materials for efficient visible color OLEDs due to the high values of T (2.76-3.02 eV). TADF can
be predicted for compound 4 because of the low AEst value (0.16 eV). To prove this assumption we
additionally recorded PL spectrum of the solution compound 4 after elimination of oxygen. The
intensity of PL of the degassed THF solution of 4 was found to be by ca. two times higher than that
of the non-degassed THF solution (Figure 4B). The PL decay curves of both degassed and non-
degassed THF solutions of 4 showed the monoexponential character (Figure 4C). The PL life time
of 21.7 ns of degassed THF solution was found to be longer than that of the non-degassed solution
(12.9 ns). Despite of the increase of the PL intensity and PL life time of the solution of 4 after
purging it with the inert gass, TADF component was not observed in the PL decay curve (Figure 4C,
insert). It is usually are observed in the ps range or even ms range and it has double exponential
character including prompt and delay fluorescence [42]. The increase of the PL intensity and PL life
time of 4 upon elimination of oxygen was apparently observed due to the triplet-triplet annihilation

that is caused by the intersystem [43].

Table 3. Singlet and triplet energies of compounds 1-4*

1 2 3 4
Singlet state energy (S1), eV 3.26 341 3.49 2.92
Triplet state energy (T1), eV 2.79 3.02 2.93 2.76
Singlet-triplet energy splitting (AEsT), 0.47 0.39 0.56 0.16
eV

1 Estimated for 10> M THF solutions
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Figure 4. Phosphorescence spectra of the solutions of compounds 1-4 in THF (10° M) recorded at
77 K (A); photoluminescence spectra of 4 in degassed and non-degassed THF solutions (B); and

normalized photoluminescence decay curves of the solution of 4 in THF before and after degassing

(©).

The colour coordinates were calculated from PL spectra of neat films according to CIE
recommendations [44]. The emission of the film of 2 was in the range of blue colour while

derivatives 1, 3 and 4 showed blue sky emission (Table 4).

Table 4. CIE colour coordinates of PL of the films of 1-4.

Derivative X Y
1 0.218 0.342
2 0.188 0.163
3 0.205 0.263
4 0.181 0.306
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3.5. Eelectrochemical properties and ionization potentials

Electrochemical properties of the solutions of the synthesized compounds 1-4 in dichloromethane
with 0.1 M tetrabulthylammonium hexafluorophosphate as supporting electrolyte were studied by
the cyclic voltammetry (CV) using Ag/AgNOs as the reference electrode and a Pt wire counter
electrode. Taking 4.8 eV as the ionization potential (IPcv) value for the ferrocene redox system
related to the vacuum level, the IPcv and electron affinity (EAcv) values of compounds 1-4 were
estimated. The electrochemical characteristics are summarized in Table 5.

The CV curves of compounds 2 and 4 are shown in Figure 5 All the synthesized compounds showed
the oxidation waves up to ca 2 V. The oxidation was found to be reversible only for
dicyanodiphenylamino substituted carbazole derivative 1. The cyanocarbazolyl substituted carbazole
compounds 2-4, having unsubstituted reactive C-6 or C-3 and C-6positions of carbazole rings
showed irreversible oxidation. Irreversible oxidation of 2—-4 was followed by coupling of carbazole
radical cations because of the higher electron spin density at C-3 and C-6 positions [45] and
formation of new carbazole-containing componds [46]. No reduction potentials were recorded for
the samples of compounds 2 and 3 containing single cyano groups, while compounds 1 and 4 having

two cyano groups showed reduction potentials ranging from -2.07 V to -1.97 V.

0,1 0,1

Current, mA
o
o
o
°
h

Current , mA

-0,1

2 K 0 1 2 2 A 0 1 2
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Figure 5. Cyclic voltammograms of argon-purged dichloromethane solutions of 2 and 4 (scan rate

50 mV/s).

An important characteristic of electronically active compounds intended for the application in
optoelectronic devices is ionization potential (IP), which characterizes the electron releasing work
under illumination. The IPcv values deduced from the onset redox potentials ranged in a small
window (5.34-5.69 eV). The values of the ionization potentials (IPgp) of the solid samples of
compounds 1-4 were estimated by electron photoemission spectrometry. The spectra are shown in

Figure 6 and the results are collected in Table 5.

.0,5

¢ 4 o 1
A OWON -~

' T T T T T T T
50 52 54 56 58 60 62 64 66
Photon energy, eV

Figure 6. Photoelectron emission spectra of the layers of 1-4.

The IPep of the layers of compounds 1-4 range from 5.58 to 5.75 eV, indicating good air stability
for these materials. While the range IPcv values are generally a little smaller than those estimated by

the photoemission spectrometry, both methods provide the same trend.

Table 5. Electrochemical characteristics of derivatives 1-4.
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Ee | Exe | TPow’ |\ BAcw? JEfee g IPerS
Vv Vv eV eV eV eV eV
1 -2.07 0.54 5.34 -2.73 2.61 2.98 5.60
2 Not fixed | 0.84 5.64 - - 2.84 5.63
3 Not fixed | 0.89 5.69 - - 3.22 5.75
4 -1.97 0.77 5.57 -2.83 2.74 3.38 5.58

2 Ep®and EX™ are measured vs. ferrocene/ferrocenium. ° lonization potentials and

electron affinities estimated according to IPcy = (Eor™ + 4.8). EAcy = (Eg™ + 4.8)

(where, EX** and E =" are the onset reduction and oxidation potentials versus the

Fc/Fc*). © Eg° = IPcv - EAcy, where EZ° is the electrochemical band gap. ¢ The optical
band gap of the solid samples of the compounds estimated from the onset wavelength of
optical absorption spectra according to the formula: E;"“ = 1240/Xedge, in Which the Legge

is the onset value of absorption spectrum in long wave direction. ¢ Established from
photoelectron emission spectra.

3.6. Charge-transporting properties

Charge-transporting properties of the synthesized compounds 1-4 were studied by the time of flight
(TOF) method. The TOF transients for holes of a thin layer of 1 are shown in Figure 7A. The
dispersive hole transport was observed for the layer of compound 1. The transit times practically
were not observed in the linear plots; however, they were well seen on log-log plots. Much more
dispersive hole transport was found for compound 2 and 4. As an example, the TOF transients for a
thin layer of 4 were ploted in Figure 7B. The similar transients were observed for the layer of the
compound 2. The transit times for holes of compound 3 were not found due to the strong dispersity.
Despite of the bipolar (donor-acceptor) nature of compounds 1-4 the transit times for electrons were

not recognized.
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Figure 7. Time of flight transients for holes in thin layers of compounds 1 (A) and 4 (B). The insets

show transient curves in the linear plots.

The dependencies of the hole drift mobilities on the square root of electric field for compounds 1, 2
and 4 are shown in Figure 8. The obtained hole mobility () value for dicyanocarbazolyl substituted
carbazole compound 4 was found to be 2 orders of magnitude higher than that for
dicyanodiphenylamino substituted carbazole derivative 1. The value of x of 4 was found to be
2.33x10* cm?/Vs, whereas u of 7.67x10° cm?/Vs was observed for compound 1 at electrif field of
6.4x10° V/cm. Hole mobilities of the layer of compound 2 were found to be only slightly lower than
those of the layer of compound 4. This observation shows that the number of cyano groups
practically does not affect hole mobility. The inferior hole-transporting properties of
dicyanodiphenylamino substituted carbazole derivative 1 compared to those of dicyanocarbazolyl
substituted carbazole compounds 2 and 4 can apparently be explained by the volume effects in the
solid state layer due to the enhanced non-planarity of the molecules of 1 relative to those of 2 and 4.

Hole mobility of 1 is lower than that of many other carbazole derivatives [47, 48, 49]. The
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molecules of 1 are apparently completely disordered in the solid state layer because of the non-

planar molecular structure.

Holes [T cm?/Vs

T T T T
0 200 400 600 800 1000
E1/2’ V"%/om "2

Figure 8. Hole drift mobilities as a function of E¥2 for the layers of 1, 2 and 4.

3.7.Device fabrication and characterization

The relatively high PL quantum yield, suitable hole mobility and energy levels of compound 4
showed that this compound could be promissing as an emitter for the application in OLEDs. The
devices were fabricated by step-by-step deposition or co-deposition of the different layers. MoOs or
4,4' 4"-tris[3-methylphenyl(phenyl)amino]triphenylamine  (m-MTDATA) were used for the
preparation of hole-(injecting) transporting layer [50]. Tris(4-carbazoyl-9-ylphenyl)amine (TCTA)
was utilized as the host, and 4,7-diphenyl-1,10-phenanthroline (Bphen) was used for the deposition
of electron-transporting layer. The layer of indium tin oxide (ITO) was used as anode, and that of
Ca:Al was used as cathode. The structures of devices A and B were as follows: A:
ITO/MoQOz3/4/Bphen/Ca:Al; B: ITO/m-MTDATA/TCTA:4/Bphen/Ca:Al.

Electroluminescence (EL) spectra of the devices A and B are depicted in Figure 9A. The device A
exhibited blue EL. The EL spectrum was very similar to PL spectrum of the solid film of 4. The
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device A showed rather low efficiency. The reason of low efficiency of device A was 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 (Figure 10). Surprisingly,
this device exhibited yellow luminescence (Figure 9A). To explain the experimental results, PL
spectra of the layers of the molecular mixtures TCTA:4 and m-MTDATA:4 were recorded.
Although the PL spectra of solid films of the pure materials 4, TCTA, and m-MTDATA appear in
blue region, the molecular mixtures TCTA:4 and m-MTDATA:4 exhibited sky blue and orange PL
respectively (Figure 9A). This observation can be explained by the formation of exciplexes of the
derivative 4 with TCTA and m-MTDATA. Different emission colours of exciplexes TCTA:4 and
m-MTDATA:4 can be explained utilazing equation hv/2®* ~ [P — E4 — E, for exciplex emission
maximum, where I5 is the ionization potential of the donor, E£ is the electron affinity of the
acceptor, and Ec is the electron—-hole Coulombic attraction energy (0.35 eV is a typical value for the
e-h binding energy in organic materials) [15]. Indeed, the values of hv2%*(TCTA: 4) =~ 2.49 eV
and hvz®*(m — MTDATA: 4) = 1.89 eV are in good agreement with the emission maxima at 490
nm (2.53 eV) and 584 nm (2.12 eV) of the molecular mixtures TCTA:4 and m-MTDATA:4. The
differences between the calculated and measured values could be due the bending of HOMO,
LUMO levels at the donor-acceptor interface [51] and to the lack of exact e-h binding energies. As it
was expected for exciplex emission, PL decay transients for the molecular mixtures TCTA:4 and m-
MTDATA:4 were observed in the range up to microseconds (Figure 9B). Such PL decay transients
can not be atributed to the emission of 4 which was observed in the ns range (Figure 4C). The PL
decay curves of the the solid layers of the mixtures TCTA:4 and m-MTDATA:4 could be adequately
described (¥?>=1.173 and 1.289, respectively) by the double exponential law A+Blexp(-
t/t1)+B2exp(-t/t2). The PL lifetimes of 45 ns and 56 ns respectively are apparently related to

exciplex emission, while the lifetimes of 193 ns and 305 ns can be explaned by TADF effect of
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exciplexes due to the reverse intersystem crossing (RISC) from singlet to triplet state [52, 53]. RISC
can occur due to the small singlet-triplet energy splitting (AEst) of exciplex, wich was found to be
of 0.05 eV for TCTA:4. Figure 9C depicts PL spectra of the molecular mixture TCTA:4 at the
different temperatures. The curves were recorded without delays imediately after excitation. PL
decay curves of the layer of the molecular mixture TCTA:4 recorded at the different temperatures
are shown in the insert of Figure 9C. They show two decay components displaying that PL spectra
of the TCTA:4 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 the similar character was previously observed for the
exciplexes exhibitting TADF effect [52, 54].To prove the asumption that the long-lived components
of the PL decay curves of the layers of the mixtures TCTA:4 and MTDATA:4 appeared due to the
TADF effect of the exciplexes, PL intensity dependences of the molecular mixtures TCTA:4 and m-
MTDATA:4 on the laser flux were recorded (Figure 9D). The linear dependence with slope of ca. 1
of PL intensity on laser flux was observed for the studied mixtures TCTA:4 and MTDATA:4. This
observation shows that exciplex TADF effect is responsible for the long-lived PL components of the

molecular mixtures [55].
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Figure 9. (A) EL spectra of devices A and B recorded at 10V and PL spectra of the layers of the
mixtures TCTA:4 and m-MTDATA:4; (B) normalized photoluminescence decay curves of the solid
films of the molecular mixtures; (C) PL spectra and PL decay curves (insert) of the layer of the

molecular mixture TCTA:4, and (D) TCTA:4 and MTDATA:4 PL intensity dependencies on laser

flux.

© 2018. This manuscript version is made available under the CC-BY-NC-ND 4.0 license
http://creativecommons.org/licenses/by-nc-nd/4.0/



The EL spectrum of the device B shown in Figure 9A does not coincided with the PL spectra of the
layers of the mixtures TCTA:4 and m-MTDATA:4. The possible explanation of this observation
could be that the EL spectrum of the device B was a obination of exciplex emissions of both
TCTA:4 and m-MTDATA:4 (Figure 10). The exciplex emission of TCTA:4 (PLQY = 43.8 %) was
more efficient than the exciplex emission of m-MTDATA:4 (PLQY = 3.84 %). However, the energy
of EL of the device B is close to that of the exciplex PL of m-MTDATA:4 (Figure 9A). This
observation can apparently be explained by the energy transfer from the exciplex TCTA:4 to the

exciplex m-MTDATA:4 (Figure 10).

E 4 m-MTDATA BPhen
vae[ JTO} | TCTA:4 | | Ca
-1 | I I I

T

oo 1 - I I

T g

a3 1/ k 3.()' =

— /

9 | Voo I

@ -4 | A S I
. A VAP AN !

) I @, 1|/ .\ I

1 [ 5.7\ ]
| F——1.6.]
Intérface B‘}lk
A exciplex exciplex
m-MTDATA: ICTA:
il 27 RISC :3.17
3- . _— . —

2.92 .89£2\_85 1 Q5
= 2.67—\ RIS ‘ =<
2 | = 3
g T 214 = — )
P29 4
15 =
S == =
=Tz

So \ 4

Figure 10. The energy diagram of the device B, and locations of interface m-MTDATA:4 and bulk

TCTA:4 exciplexes (top). Singlet and triplet energy levels of m-MTDATA, 4, TCTA, and the
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resultant exciplexes m-MTDATA:4 and TCTA:4 (bottom). Singlet and triplet energy levels are

marked by blue and pink colors, respectively.

To support our assumption on the energy transfer from the bulk exciplex TCTA:4 to
the interface exciplex m-MTDATA:4 in device B, we carried out the additional experiments
regarding the fabrication and characterization of exsiplex-based OLEDs formed only with m-
MTDATA:4 and TCTA:4 as emitters. We have fabricated new OLEDs (devices C and D) the
structures of which were as follows: ITO/m-MTDATA/TCTA/TCTA:4/4/Bphen/Ca:Al (device C)
and ITO/m-MTDATA/m-MTDATA:4/4/Bphen/Ca:Al. To avoid formation of exciplexes except for
the needed one, non-doped layers of TCTA and/or 4 were included into the structures of the devices
CandD.

Figure 11 shows that the EL spectra of these devices recorded at the different applied
voltages are similar to the PL spectra of the molecular mixtures TCTA:4 and m-MTDATA:4 which
exhibited sky blue and orange PL respectively (Figure 9A and 11). The maximum intensity of EL
spectrum for device C (at ca. 490 nm) was observed at the same wavelength as that of PL spectrum
of the molecular mixture TCTA:4 (Figure 11). The maximum of EL spectrum observed for 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:4 apparently due to the different excitations involved
(optical/electrical). Such blue shift of EL 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 [56]. In contrast, the intensity
maximum of EL spectrum for device B observed at ca. 560 nm was shifted to the high energy region
by 38 nm compared to that of device D. This observation shows that the mechanism of EL of device

B (Figure 11) is different. Most probably, it is the energy transfer from the bulk exciplex TCTA:4 to
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the interface exciplex m-MTDATA:4 in the device B since the shapes of EL spectra of both devices
B and D on the m-MTDATA:4 exciplex are also very similar. In addition, lower maximum external
quantum efficiencies of 4.2 and 3.2 % observed for devices C and D were lower than that of device
B (5.8%) (Table 6). This result also indicates that energy transfer occurs in device B leading to the
change of EL colour and to the enhancement of external quantum efficiency. The output
characteristics of sky-blue and orange exciplex-based OLEDs are additionally presented in Figures

12 and 13 and included in Table 6.
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Figure 11. PL spectrum of the solid film of the molecular mixtures TCTA:4 and m-MTDATA:4 vs.

EL spectra of device B as well as of devices C, and D (recorded at applied voltages from 4 to 10 V).

As shown in Figure 12, devices A and B exhibited low turn-on voltages (Von) of 3.5 and 4.5 V,
respectively. The low turn-on voltages could be ascribed to the effective hole injection due to
suitable HOMO energy level of the derivative 4. Figure 12 also shows current density—voltage—
luminance curves 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 6000 cd/m?2. The brightness of device B was also much
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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 4. One more reason of the poor performance of
device A might be unbalanced hole and electron mobilities in the emitting layer of 4. The balanced

hole and electron mobilities are of extreme importance for the materials of emitting layers [57].
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Figure 12. Current density-voltage-brightness characteristics of the studied devices.

External quantum efficiency (EQE)—current density curves for OLEDs A and B are shown in Figure
13. The characteristics of the devices are summarized in Table 6. 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 devices A and B, respectively. The CIE color
coordinates were calculated to be (0.17, 0.28) and (0.40, 0.52) for devices A and B, respectively. We
note that triplet energy levels of 4, 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 (Figure 13). The external quantum efficiencies observed at 1000 cd/m2
were used to calculate the efficiency roll-offs which were in the range from 28 to 61 % for the
studied devices (Table 6). It should be pointed out that the characteristics of OLEDs were recorded

for the devices under ordinary laboratory conditions. Using variety existing materials [58, 59], the
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device performance could be further improved by changing the hole and electron transporting
layers, optimizing the layer thicknesses, changing concentration of 4 in the host, varying the

processing conditions.
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Figure 13. External quantum efficiency-current density characterictic of the studied devices.

Table 6. EL characteristics of the studied devices.

Devices Von (V) Max. Max. Max. power Max. Rol-off
brightness current efficiency external efficiency
(cd/m2) efficiency (Im/W) quantum (%)?
(cd/A) efficiency
(%)
A 3.5 2515 1.7 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 55 5.3 3.2 61

2 calculated at brightness of 1000 cd/m?

Conclusions

A series of carbazole based compounds containing cyano groups were synthesized and
characterized. The thermal, photophysical, electrochemical, charge-transporting properties of the
synthesized compounds were studied. The compounds exhibited relatively high thermal stability
with 5 % weight loss temparatures ranging from 302 to 359 °C. They were capable of glass

formation with the glass transition temperatures of 77-111 °C. lonization potentials of the layers of
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the compounds established by electron photoemission spectrometry were found to in the shoert
range of 5.58-5.75 eV. Time-of-flight hole mobilieties of the layers of carbazolyl-substituted
carbazoles with cyano groups were found to be considerably higher than those of
dicyanophenylamino-substituted derivative and exceeded 10* cm?/Vs at high electric fields. 3-(2,7-
Dicyanocarbazol-9-yl)-9-ethylcarbazole was used as emitter for the fabrication undoped and doped
electroluminescent devices. Exciplex TADF was identified for the mixtures of the cyano-substituted
carbazole derivative and commercial donor materials. This finding allowed us to develop a new
approach for the fabrication of effective OLEDs in wich both interface and bulk exciplexes were
utilized as emitters. The undoped device showed blue electroluminescence with the maximum
external quantum efficiency of 2.0 %. The doped device showed yellow exciplex TADF emission
with the maximum external quantum efficiency of 5.8 %. Sky-blue and orange OLEDs containing
one exciplex-based emitter were additionaly fabricated and showed external quantum efficiencies of

4.2 and 3.2 %, respectively.
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