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Abstract

Synthesis and thermal, electrochemical, photophysiad charge-transporting properties of the
derivatives of carbazole and 2-phenylindole areomgnl. Compounds with reactive functional
groups are emphasized. Two compounds form molecglasses with the glass transition
temperatures of 57C and 134'C. The synthesized compounds absorb electromagmaeliation in
the range of 200—-375 nm and emit in the range 6+350nm. Their solutions exhibit Stokes shifts
up to 81 nm. Their triplet energy levels were foundbe in the range of 2.88-3.04 eV. The
ionization potentials of the synthesized compoundese found to range from 5.45 eV to 5.88 eV.
The ability of photopolymerization in the solid t&taof the synthesized monomers was
demonstrated by ATR-FTIR spectroscopy. The chamgesporting properties were studied by the
space-charge-limited current (SCLC) method. The-fieid hole mobilities reaching 1.97x20
cnV st were observed. According to the results of charaition, two compounds were selected

for studying them as the hosts in blue and gre@spiorescent organic light emitting diodes. The
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best fabricated device consisting of indium tindexanode, hole-transporting layer, emitting layer
with 3-((1-(4-vinylbenzyl)-2-phenyl-1H-indol-3-yl)ethyl)-9-ethyl-9H-carbazole as a host and the
green emitter, electron transporting layer andigaidayer topped with aluminum layer as cathode,
exhibited the maximum current, power, and extequantum efficiencies of 10.3 cd/A, 7.2 Im/W,
2.9 %, respectively, in the absence of light outpdmg enhancement. The devices based on the
twin derivatives of 2-phenylindolylcarbazolylmetlgademonstrated the relatively low values of the

turn-on voltages of 3.7 and 3.1 V as well as tlieieficy roll-offs of 12.5 and 22.7 %.

Keywords: indole, carbazole, phosphorescence, PHOLED.

Introduction

Phosphorescent organic light emitting diodes (OLEBxe a prime focus of organic light
emitting device research due to their high lightténg efficiency efficiencies [1]. The efficienge
of light emission from fluorescent OLEDs are linditeompared to that from OLEDs with
phosphorescent (triplet) emitters. In a device auittriplet emitters only the singlet excitons ¢en
as high as 100% since the triplet emitters candsartpoth singlet and triplet excitons [2]. The
selection of high-triplet-energy host material®igreat importance for the preparation of effitien
phosphorescent OLEDs [3]. Effective charge transmgmod thermal stability, high triplet energy,
capability of glass formation are the reasons wkgteon-rich carbazole moieties are widely used
in the design of electroactive compounds [4,5].izgives of carbazole with electronically isolated
electroactive groups exhibit high triplet energ{é$ They showed good performance as host
materials of blue phosphorescent OLEDs [7,8]. Daiwes of indole were also reported to exhibit
high triplet energies [9]. However, their applidépiin phosphorescent OLEDs is much less

explored.



The strategy of this work was to combine carbazsld indole moieties in the design and
synthesis of host materials for phosphorescent GL&fibiting high triplet energy values, charge-
transporting and glass-forming abilities. A seriels new derivatives of 2-phenylindole and
carbazole were synthesized and studied. The migtevitn the most suitable sets of the properties
were tested as host materials in green phosphaortelggiat emitting diodes.

Experimental
Materials

2-Phenylindole-3-carbaldehyde, 2-phenylindole, gsitan tert-butoxide, iron (lll) chloride, zinc,
titanium  tetrachloride, sodium carbonate, tetralamynonium  hexafluorophosphate,
benzyltrimethylamonnium chloride (BTMAC), 4-vinylbeylchloride, bromoethane,
epichlorohydrin, 9-ethylcarbazole, cyclopentadi¢iybrene)iron(ll)hexafluorophosphate, boron
trifluoride diethyl etherate (all from Aldrich),H3carbazole (Reakhimyere used as received. 3-
Hydroxymethyl-2-phenylindoleHMPI ) was synthesized as described before [10].
3-((9H-Carbazol-3-yl)(2-phenyl-Hi-indol-3-yl)methyl)-H-carbazole CPIC). To a mixture of BiI-
carbazole (5 g, 30 mmol) and 2-phenylindole-3-caddayde (3.3 g, 15 mmol) in chloroform
(40mL), hydrochloric acid (conc., 5 ml) was addedplvise and the reaction mixture was stirred at
room temperature for 8 h. Then, water (10 mL) wdded to quench the reaction and the mixture
was stirred vigorously for the additional 10 mirheTcrude product was extracted with chloroform
several times. The chloroform solution was washeth water, dried with anhydrous sodium
sulphate, filtered and the solvent was evaporaléeé. product was purified by silica gel column
chromatography using hexane:ethylacetate (1:6h &tuent. Yield of reddish powder was 4.5 g (56
%). My= 537 g/mol. GsHo7Ns. 'H NMR (400 MHz, CDCJ) § 8.34 (s, 3H, NH), 8.23 — 7.72 (m,
9H, Ar.), 7.60 — 7.48 (m, 14H, Ar.), 5.41 (s, 1H-8H). **C NMR (101 MHz, CDGJ) § 139, 126,

124, 119, 50.



Bis(2-phenyl-H-indol-3-yl)methane EBPIM). To a mechanically stirred solution of 3-
hydroxymethyl-2-phenylindole (1.3 g 5.8 mmol) anglt#enylindole (1.12 g, 5.8 mmol) in dry
dichloromethane (40 ml), boron trifluoride diethgtherate (3.2 ml) was added dropwise and the
reaction mixture was stirred at room temperature3fd. The crude product was extracted with
dichloromethane several times. The dichloromethsoietion was washed with water, dried with
anhydrous sodium sulphate, filtered and the solwerg evaporated. The product was purified by
silica gel column chromatography using hexane:attgtiate (1:9) as an eluent. Yield of greenish
powder was 1.1 g (62 %). 398 g/mol. GgHN,. *H NMR (400 MHz, CDCY) § 8.33 (s, 2H,
NH), 8.00 — 7.74 (m, 18H, Ar.), 5.41 (s, 2H, Ar-CEC NMR (101 MHz, CDG)) § 141, 137, 129,
127, 126, 123, 121, 119, 22.
3-((2-Phenyl-H-indol-3-yl)methyl)-H-carbazole RIMC). To a mechanically stirred solution of 3-
hydroxymethyl-2-phenylindole (1.3 g 5.8 mmol) anetlylcarbazole (1.5 g, 5.8 mmol) in dry
dichloromethane (40 ml), boron trifluoride diethgtherate (3.2 ml) was added dropwise and the
reaction mixture was stirred at room temperature3fd. The crude product was extracted with
dichloromethane several times. The dichlorometrsietion was washed with water, dried with
anhydrous sodium sulphate, filtered and the solwexg evaporated. The product was purified by
silica gel column chromatography using hexane:attetite (1:9) as an eluent. Yield of greenish
powder was 1.3 g (58 %). 400 g/mol. GeH24N». *H NMR (400 MHz, CDCJ) § 10.01 (s, 1H,
NH), 8.00 — 7.74 (m, 9H), 7.43 — 7.15 (m, 7H), 5(892H, Ar-CH), 4.04 (g, 2H] = 7.1 Hz, CH),
1.32 (t, 3H,J = 7.1 Hz, CH). **C NMR (101 MHz, CDCI3) 141, 137, 133, 128, 121, 118, 112,
111, 108, 37, 30, 14.
9-(4-Vinylbenzyl)-3-((1-(4-vinylbenzyl))-2-phenyhdol-3-yl)(9-(4-vinylbenzyl)-carbazol-
3-yl)methyl)-carbazolel) was prepared by the procedure similar to thatritesd elsewhere[11].
To a mechanically stirred mixture of 3-{Scarbazol-3-yl)(2-phenyl-H-indol-3-yl)methyl)-H-

carbazole CPIC) (0.7 g, 1.3 mmol), dimethyl sulphoxide (DMSO) (10l), potassiumtert-



butoxide (0.04 g, 0.4 mmol), BTMAC (0.04 g, 0.01 oijnand 4-vinylbenzylchloride (1 ml, 7.8
mmol) were added. The resulting mixture was stiaetbom temperature for 2 h. The reaction was
stopped by adding water and neutralized with 10% (8Cnl) to pH 6—7. The crude product was
extracted with chloroform several times (50 mIxBhe chloroform solution was washed with
water, dried with anhydrous sodium sulphate, #teand the solvent was evaporated. The product
was purified by silica gel column chromatographyngshexane as an eluent. Yield of reddish
powder was 0.86 g (75 %). M 886 g/mol. GeHs:Ns. *H NMR (400 MHz, CDCY) § 8.23 — 7.72
(m, 9H, Ar.), 7.60 — 7.48 (m, 14H, Ar.), 7.21 —7.0n, 12H), 6.62 (m, 3H, AMX system CH=GH
proton H'), 5.67 (dd, 3H, AMX system -CH=G#proton H" trans Ju=5.75 Hz and gemy}=5.80
Hz), 5.41 (s, 1H, Ar-CH), 5.18 (d, 3H, AMX systerh-€H=CH, proton H cis ;x=11 Hz), 3.39

(s, 6H, CH). *C NMR (101 MHz, CDGJ) § 139, 125, 123, 119, 110, 50, 45. FT-IR (KBr)¢m
3050 ¢ C—H Ar), 2919 ¢ C-H aliph.), 1450%C=C Ar), 1363 ¢{ C—N Ar), 995, 928 (C-H of vinyl
group), 841, 820, 745 C—H Ar). Elemental analysis forggHs1Ns. % Calc.: C, 89.46; H, 5.80; N,
4.74; % Found: C, 89.41; H, 5.85; N, 4.69. %z 886 [M'].
9-((Oxiran-2-yl)methyl)-3-((1-((oxiran-2-yl)methyB-phenyl-indol-3-yl)(9-((oxiran-2-yl)methyl)-
carbazol-3-yl)methyl)-carbazole2) A solution of 3-((®1-carbazol-3-yl)(2-phenylH-indol-3-
yl)methyl)-9H-carbazole CPIC) (0.7 g, 1.3 mmol) potassium in epichlorohydrinndi 51 mmol)
was stirred at 120 °C for 24 h under argon atmagph€hen epichlorhydrin was removed by
distillation The product was purified by silica geblumn chromatography using hexane as an
eluent. It was recrystallized from methanol. Yieldreddish crystals was 0.74 g (81 %). M.p. 110
°C (DSC). My= 705 g/mol. GgHagN3Os. *H NMR (400 MHz, CDCJ) & 7.88 (d, 9H,J = 7.8 Hz,
Ar), 7.28 — 7.22 (m, 7H, Ar.), 7.1-7.0 (m, 7H, A15.07 (s, 1H, Ar-CH), 4.40 (dd, 6H= 15.8,J =

3.4 Hz, CH), 4.18 (dd, 4H, = 15.8,J =8.1 Hz, CH), 3.12 (d, 2H,) = 6.4Hz, CH), 2.57 (t, 3H,] =

4.1 Hz, CH)®C NMR (101 MHz, CDGJ) § 140, 125, 123, 119, 109, 50, 45. FT-IR (KBr)¢m

3052 ¢ C—H Ar), 2920 ¢ C—H aliph.), 1453y(C=C Ar), 1351 { C—N Ar), 1220 { C—-O-C), 841,



779 ¢ C—H Ar). Elemental analysis forsgH3gN3Os. % Calc.: C, 81.68; H, 5.57; N, 5.95; O, 6.80;
% Found: C, 81.63; H, 5.52; N, 5.90; O, 6.85. M#z 706 [(M+H)'].
9-Ethyl-3-((1-ethyl-2-phenyl-1H-indol-3-yl)(9-ethW@H-carbazol-3-yl)methyl)-9H-carbazole 3)(
To a mechanically stirred mixture of 3-HScarbazol-3-yl)(2-phenylHi-indol-3-yl)methyl)-H-
carbazole CPIC) (0.7 g, 1.3 mmol), dimethylsulfoxide (10 ml), pssiumtert-butoxide (0.44 g,
3.9 mmol), BTMAC (0.04 g, 0.01 mmol) and bromoeind0.58 ml, 7.8 mmol) were added. The
resulting mixture was stirred at room temperatore2fh. The reaction was stopped by adding water
and neutralized with 10% HCI (8 ml) to pH 6—7. Tdrade product was extracted with chloroform
several times (50 mIx3). The chloroform solutionswaashed with water, dried with anhydrous
sodium sulphate, filtered and the solvent was engpd. The product was purified by silica gel
column chromatography using hexane as an elueetd Yof reddish powder was 0.53 g (66 %).
Mw= 621 g/mol. GsHsgNz. *H NMR (400 MHz, CDCY) & 7.89 (d, 9H,) = 7.8 Hz, Ar.), 7.38 — 7.29
(m, 7H, Ar.), 7.2 — 7.11 (m, 7H, Ar.), 5.20 (s, 1Ar-CH), 4.02 (q, 6H,) = 7.3 Hz, CH), 1.32 (t,
9H, J = 7.1 Hz, CH). *C NMR (101 MHz, CDGJ) § 139, 125, 123, 119, 110, 50, 45. FT-IR (KBr)
cm ™ 3052 ¢ C—H Ar), 2925 ¢ C—H aliph.), 1492, 1450,(C=C Ar), 1358 { C—N Ar), 842, 745y
C—H Ar). Elemental analysis fors§HsgNs. % Calc.: C, 86.92; H, 6.32; N, 6.76; % Found86.87;

H, 6.37; N, 6.71. MSm/z 635 [(M+Na)].
1-(4-Vinylbenzyl)-3-((1-(4-vinylbenzyl)-3,7-dihydr@-phenyl-1H-indol-3-yl)methyl)-2-phenyl-
1H-indole @). To a mechanically stirred solution of bis(2-pylebH-indol-3-yl)methane EPIM )
(1.5 g, 3.7 mmol) in dimethylsulfoxide (10 ml), psesiumtert-butoxide (1.26 g, 11.3 mmol),
BTMAC (0.04g, 0.01 mmol) and 4-vinylbenzylchlorid2.1 ml, 15.6 mmol) were added. The
resulting mixture was stirred at room temperatore2fh. The reaction was stopped by adding water
and neutralized with 10% HCI (8 ml) to pH 6—7. Tdrade product was extracted with chloroform
several times (50 mIx3). The chloroform solutionsweaashed with water, dried with anhydrous

sodium sulphate, filtered and the solvent was engipd. The product was purified by silica gel



column chromatography using hexane as an elueetd Yof greenish crystals was 1.7 g (74 %).
M.p. 120C (DSC). My=632 g/mol. GHaoN>. 'H NMR (400 MHz, CDCJ) & 8.05 (d, 8HJ = 7.8,
Ar), 8.00 — 7.74 (m, 18H, Ar.), 6.62 (m, 2H, AMXstem CH=CH proton H'), 5.61 (dd, 2H
AMX system -CH=CH proton H" trans Ju=16.2 Hz and gemy%=8.40), 5.41 (s, 2H, Ar-CH),
5.26 (d, 2H, AMX system of -CH=Ctproton H cis ;x=12.7 Hz), 5.14 — 5.07 (m, 2H, AMX
system of -CH=Chiproton H), 3.38 (s, 4H, ChH). **C NMR (101 MHz, CDGJ) & 140, 137, 128,
127, 125, 123, 121, 116, 46, 41, 23. FT-IR (KBr)tn3052 ¢ C—H Ar), 2927 ¢ C—H aliph.),
1485, 1450+ C=C Ar), 1381 ¢{ C—N Ar), 994, 969, 927 (C-H of vinyl group), 8485 746 { C—

H Ar). Elemental analysis for&HsoN2. % Calc.: C, 89.20; H, 6.37; N, 4.43; % Found8€.,15; H,
6.41; N, 4.48. MSm/z 633 [(M+H)'].
3-((1-(4-Vinylbenzyl)-2-phenyl-1H-indol-3-yl)methyB-ethyl-O9H-carbazole 5. To a
mechanically stirred solution of 3-((2-phenyindol-3-yl)methyl)-H-carbazole RIMC) (2 g, 5
mmol) in dimethylsulfoxide (10 ml), potassiutert-butoxide (1.68 g, 15 mmol), BTMAC (0.04g,
0.01 mmol) and 4-vinylbenzylchloride (1.4 ml, 10 wiinwere added. The resulting mixture was
stirred at room temperature for 2 h. The reactias stopped by adding water and neutralized with
10% HCI (8 ml) to pH 6—7. The crude product wasraoted with chloroform several times (50
mIx3). The chloroform solution was washed with watried with anhydrous sodium sulphate,
filtered and the solvent was evaporated. The produas purified by silica gel column
chromatography using hexane as an eluent. Yielgreénish powder was 1.7 g (68 %), 616
g/mol. GgHsoN». *H NMR (400 MHz, CDCJ) § 8.13 — 8.01 (m, 2H), 8.00 — 7.74 (m, 9H), 7.43 —
7.15 (m, 7H), 6.69 — 6.51 (m, 1H, AMX system CH=Gibton H'), 5.69 (s, 2H, Ar-CH), 5.66 —
5.54 (m, 1H, AMX system of -CH=Ctproton H' cis), 5.22 — 5.05 (m, 1H, AMX system of -
CH=CH, proton H), 4.04 (q, 2H,) = 7.1 Hz, CH), 3.40 (s, 2H), 1.32 (t, 3H,= 7.1 Hz, CH). **C
NMR (101 MHz, CDC}) § 141, 137, 130, 129, 125, 121, 120, 116, 111, 38FZ-IR (KBr) cm™

3052 ¢ C—H Ar), 2925 ¢ C—H aliph.), 1480, 1453/C=C Ar), 1359 ¢ C-N Ar), 993, 969, 926 (C-



H of vinyl group), 842, 745y(C—H Ar). Elemental analysis forsgHs.N,. % Calc.: C, 88.34; H,
6.24; N, 5.42; % Found: C, 88.394; H, 6.29; N, 5]88%: m/z 540 [(M+Na)].

Photopolymerization of monometsand 4 was performed using an UV lamp OmniCure®
S2000 (Lumen Dynamics). The solution of a monomamtaining 3 mol % of photoinitiator
cyclopentadienyl(fluorene)iron(ll)hexafluorophosphavas drop-casted on the surface of ATR
crystal and the decrease of the intensity of aasighreactive functional group under exposure of
UV radiation source was monitored.

Polymerization monomeb was carried out in the solution of dry dichloronseta (0.5
mol/l) under argon blanket. After dissolving the momer, initiator Bg- (GHs)20 (0.15 mol/l) was
added dropwise. The reaction was carried out foda§s and monitored by TLC (eluent:
dichloromethane). The initiator was neutralized hwNH; ;g and the reaction product was

precipitated in methanol. The precipitate was wdshkigh methanol several times and dried.
Instrumentation

'H and™*C NMR spectra were obtained using a Bruker Avaticgl00 MHz). The data are
given as chemical shifts)in ppm against trimethylsilane (in parenthesisitiplicity, integration,
coupling constant). IR spectra were recorded uaiMgrtex 70 Bruker spectrometer. Mass spectra
were obtained on a Waters ZQ 2000 mass spectronfelsetronspray ionization). Elemental
analyses were performed with an Exeter Analytidal420 Elemental Analyzer. UV-vis spectra of
the dilute THF solutions (Idmol/l) of the synthesized compounds were recordit & Perkin
Elmer Lambda 35 spectrophotometer. Fluorescencetrapef the dilute tetrahydrofuran solutions
(10* mol/l) of the synthesized materials were recordetbam temperature and phosphorescence
spectra of the the dilute tetrahydrofuran solutiqa6* mol/l) were recorded at 77 K with
luminescencent spectrometer Edinburgh Instrumebh&980 spectrometer (excitation wavelength
Aex= 320 nm). Differential scanning calorimetry (DSC)asarements were carried out using a TA

Instruments Q200@hermosystem. The samples were examined at a pé&atoling rate of 10
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°C/min under nitrogen atmosphere. Thermogravimetnalysis (TGA) was performed on a TA
Instruments Q50. The heating rate was@0nin under nitrogen atmosphere. The melting pafits
the compounds were determinated using an ElectrotleMEL-TEMP. Molecular weights of the
polymers were determined by gel chromatographygugitaters SEC system with Waters 501 UV
detector and polystyrene standards.

The ionization potentialdf) were estimated by the electron photoemissionrimathod as
reported earlier [12,13].The samples for the measents were prepared by casting chloroform
solutions of the compounds onto pre-cleaned indinroxide (ITO) coated glass substrates.

Cyclic voltammetry measurements were performedguaiglassy carbon working electrode
(disk with the diameter of 2 mm) in a three-eledeaell using an Autolab Type potentiostat -
galvanostat. The measurements were carried otiéasolutions in dry dichloromethane containing
0.1 M tetrabutylammonium hexafluorophosphate at@5scan rate 50 mV/s, sample concentration
10° M. The potentials were measured against Ag/Aghkreference electrode. Platinium wire was
used as a counter electrode. The potentials wditwatad with the standard ferrocene/ferrocenium
(Fc/FS) redox system [14].

DFT calculations employing the B3LYP functional weperformed with the Spartan’l4
program [15]. Neutral, cationic and triplet stametries of molecules in vacuum were optimized
from conformational analysidata using 6-31G (d,p) basis set as a starting t.pdihe
HOMO/LUMO orbitals were calculated at the B3LYP/6&3 (d, p) level.

Phosphorescent OLEDs (PhOLEDs) were fabricatedhbyntal vacuum deposition under
the vacuum higher than-1®™°® mBar. The host:guest emission layers were dembdite co-
deposition of host (m/m 90%) (compouBar 5) and dopant (m/m 10%) (tris[2-phenylpyridinato-
C2,NJiridium(l1) (Ir(ppy)s)) from two different sources. The deposition rafeguest was of 0.1
A/s, while the deposition rate of hosts was set’l0 A Keithley source meter 2400-C was utilized

for recording of the current density—voltage chteastics of the devices. The current density—



luminance characteristics were estimated usinglibrated silicon photodiode with the 6517B

Keithley electrometer. Electroluminescence (EL)csizewere recorded by an Avantes AvaSpec-
2048XL spectrometer. The current, power and extequantum efficiencies were estimated

utilizing the current density, luminance, and Eledpa as reported earlier. [16]

Hole-only devices were fabricated for the spacegddimited current (SCLC) experiments.
The indium tin oxide (ITO) coated glass substraték a sheet resistance of @Bsq were cleaned
in acetone and isopropyl alcohol ultrasonic batrsch. 5 min before depositing functional layers.
Organic and metal layers were vacuum-depositedgusia same conditions as for preparation of
PhOLEDSs. The thickness of thin films was monitodeating the deposition using a quartz crystal
microbalance. The sample area was 6°mith 7 devices per substrate.

The surface morphology of light-emitting layermgas investigated by atomic force
microscopy (AFM). AFM experiments were carried oot air at room temperature using a
NanoWizardlIll atomic force microscope (JPK Instrums3, while the data were analyzed using
SurfaceXplorer and JPKSPM Data Processing softwidre. AFM images were collected using a
V-shaped silicon cantilever (spring constant of/&\Ntip curvature radius of 10.0 nm and the cone
angle of 20°) operating in a contact mode.

The X-ray diffraction measurements at grazing ience (XRDGI) were performed using a
D8 Discover diffractometer (Bruker) with Cu (& 1.54 A) X-ray source. Parallel beam geometry
with 60 mm Gdobel mirror (X-ray mirror on a high gision parabolic surface) was used. This
configuration enables transforming the divergerdident X-ray beam from a line focus of the X-
ray tube into a parallel beam that is free ofr&diation. Primary side also had a Soller slit kvé&n
axial divergence of 2.5°. The secondary side haddXEYE (1D mode) detector with an opening
angle of 2.16° and slit opening of 6.0 mm. Samjplgeswas a Centric Eulerian cradle mounted to
horizontal D8 Discover with a vacuum chuck (santpi&er) fixed on the top of the stage. X-ray
generator voltage and current was 40.0kV and 40regpectively. The XRDGI scanseghitting

layerswere performed in the range of 3-134.0° with @ siee of 0.065°, time per step of 19.2 s and
10



auto-repeat function enabled’he XRDGI scans were performed at incidence andle.o°.

Processing of the resultant diffractograms was qenked with DIFFRAC.EVA software.

Results and Discussion
Synthesis, thermal and photophysical properties
The routes of the synthesis of the derivatives-ph@nylindole and carbazole are shown in
Scheme 1. In the first step, the mixture of 2-ptiedyple-3-carbaldehyde andH9carbazole was
treated with HCI to obtain the intermediate compb@#®IC. 2-Phenylindole-3-carbaldehyde was
reduced to 3-hydroxymethyl-2-phenylindoledMPI1) which was then condensed with 2-
phenylindole and 9-ethylcarbazole to obt&RIM and PIMC respectively. The last step in the
synthesis of the target compounds was the intramluaif the reactive functional groups by the
interaction of the intermediate products with tberesponding halides in the presence of potassium
tert-butoxide. All the target compounds were purifigddolumn chromatography and characterized
by spectroscopic tools and elemental analysis. Wexe found to be soluble in common organic
solvents.
<Insert Scheme 1.>

Thermal properties of the derivatives were invedéd by thermogravimetric (TG) analysis
and differential scanning calorimetry (DSC). Therthal characteristics of compountis5 are
collected in Table 1. TG curves and differentiarthogravimteric (DTG) curves are presented in
Fig.1a, b. The temperatures of the onsets of therthl degradation of most of the compounds were
found to be rather moderate. They were found initiberval from 228 to 284 °C, while that of
compound was considerably higher (404 °C).

<Insert Figure 1>
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Compound® and4 were isolated as crystalline substances. Theirimggtoints were found to
be 110 °C and 120 °C, respectively. It was not ijptssgo transform them to the glassy state by
cooling from the melts. Compounds 3 and5 were isolated as amorphous materials The glass
transition temperatures of compourland5 were found to be 134 °C and 85 °C respectively Th
higher glass transition temperature of compo8man be explained by its higher molecular weight
which determines stronger intermolecular interactiothe solid state. We did not manage to detect
glass transition temperature of compoundh DSC heating scan it showed only sharp endotfzer
signal at 2468C due to sublimation.

<Insert Table 1>

UV-vis spectra of the dilute solutions of compourdds4 and 5 representing two different
families of the derivatives of 2-phenylindole aratttazole are shown in Fig. 2. The wavelengths of
absorption maxima of the compounds®) are summarized in Table 2.

<Insert Figure 2>

The derivatives absorb UV-vis radiation in the marfgppm 200 to 375 nm. The absorption
bands observed in the region of 250-270 nm cansieebad to the localized aromaticr*
transitions of 2-phenylindole moiety while thosepaared in the region of 275-330 nm can be
assigned to a localized aromatia* transition of carbazole species. The wavelengfrabsorption
bands of the solutions of the compounds increafieeiorderl > 4 > 5. The optical band gap values
estimated from the absorption band edges of thdiesnk of compound$-5 are in the range from
3.29 to 3.46 eV. Compouritlshowed the lowest value of optical band gap (3\29 €hese values
are lower than the theoretically calculated optlzahd gap values that range from 4.35 eV to 4.92
eVv.

<Insert Table 2>
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Emission spectra recorded at room and at low (7TeK)peratures of the dilute solutions of
compoundsl-5 are shown in Fig.3. The wavelengths of photolusteace (PL) intensity maxima
are summarized in Table 2.

<Insert Figure 3>

PL spectra are characterized by the single peak.&59 nm for the solutions of compounds
1 and 3, at 363 nm for the solutions of compourgiend 4, and at 381 nm for the solution of
compound5. Similarly, as in the case of absorption specth@ wavelengths of fluorescence
intensity maxima of the solutions increase in theeoof1 > 4 > 5. The observed fluorescence can
be attributed to the relaxation of the excitedestah which the whole molecules are involved. The
triplet energy levels established for the dilutelusons of the monomers from their
phosphorescence spectra at 77 K reach 3.02-3.040e\2-phenylindolylcarbazolylmethane
derivatives1-3 and 2.91 eV and 2.88 eV for compounrtdand5. These values are much higher
than those previously reported for other host nelesuch as indole-carbazole hybrids (2.62—-2.99

eV) [17] and triindolylmethanes (2.97-2.99 eV) [9].

Electrochemical and electron photoemission propents

Electrochemical properties of the compounds wevesdtigated by cyclic voltammetry (CV).
The resulting data are summarized in Table 2. Aexample, cyclic voltammograms of compound
1 are shown in Fig. 4.

<Insert Figure 4>

All the studied compounds showed irreversible otxaa suggesting electrochemical
coupling. During the multiple scans new reversiitelation peaks at around 0.65 V were observed
for all the compounds. It was found that the omsetlation potential was much lower for the 2-
phenylindolylcarbazolylmethane derivatighan for 2-phenylindole twin compouddwhich may

be due to the strong electron donating origin @& tlrbazole moiety. The solid-state ionization
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potential (IRy) and electron affinity (EAv) values were estimated from the oxidation onset
potentials Eox onset vs./: and optical band gap&{"™). The ionization potential values of compounds
1-5 established by CV were found to be in the shargesof 5.50-5.84. The electron affinity values
ranged from 2.12 to 2.45 eV.

The ionization potentials of the solid samples ofmpoundsl-5 were estimated by the
electron photoemission spectrometry in air. Eletiphotoemission spectra are shown in Fig. 5 and
the results are summarized in Table 2.

<Insert Figure 5>
The values of ionization potentials recorded bycteten photoemission spectrometry were
found to be close to those estimated by CV anded@rfgom 5.74 eV to 5.88 eV. Monomér
showed the lowest ionization potential (5.45 eWisTresult correlates with UV spectrometry data

which showed the lowest value B§*™ for compoundb.

Results of computational study

Quantum chemical calculations were performed fonpoundsl-5 using DFT/B3LYP/ 6-31
(d, p) method. The optimized structures revealed tie carbazole and 2-phenylindole moieties in
all the compounds are set in the different plaf@g. 6 shows the molecular orbital plots of the
optimized structures of 1-5. =-Electrons in the HOMO orbitals of the 2-
phenylindolylcarbazolylmethane derivativés3 and 5 are delocalized over all carbazole-indole
backbone, except phenyl- moiety, whereas the HOM@}ab of the indole twin derivativéd is
delocalized over both indole moieties with the sawreeption of the phenyl group. The LUMO
orbitals of1, 4 and5 are delocalized over vinylbenzyl fragment, whilegd of compound2 and3
are delocalized on carbazole moieties (Fig. 6). iheallest energy gap, which was experimentally
observed for compoung indicates the most extensiweelectron delocalization among the series.

Although DFT calculations show that delocalizatiohHOMO orbitals of the compoun8 are
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similar to that of compountl, the absence of the additional carbazole moietyhias impact on its
photophysical and photoelectrical properties.

<Insert Figure 6>
Polymerization

Photocross-linking of monomelts and 4 was studiedoy ATR-FTIR spectrometry. For the
measurements the solution of a monomer (0.5M) aanta 3 mol % of photoinitiator
cyclopentadienyl(fluorene)iron(ll)hexafluorophosphavas drop-casted on the surface of ATR-
FTIR analysis crystal, the solvent was vaporizedhlegting at 40 °C for 15 min and then the
monitoring of the decrease of the intensity of absorption band of vinyl group under exposure of
UV radiation source was performed.

<Inset Figure 7>

Fig. 7 shows the fragments of FTIR spectra of thmesfof compoundd(a) and4 (b) at the
different stages of photocuring. They illustrate ttecrease of the intensity of absorption bands of
vinyl groups at 997 cthwith the increase of the time of photocuring (jwotrred for 15 min). The
values of the insoluble fractions of the obtainedtenals were found to be 76 % and 56 %,
respectively (estimated after the extraction ofdamples with chloroform for 24h).

Polymerization of monomés was performed in solution, and the product wasatttarized by
gel chromatography. The weight average relativdeoutar weight was determined to be 1870 and
number average molecular weight was of 1110. Tkenthl degradation temperature (474 °C) of
the product was determined by TG (see Fig. S3)itands 70 °C degrees higher than the monomer
5 onset degradation temperature (404 °C). The gtassition temperature (120 °C) obtained from

the DSC curves is 62 °C degrees higher than themenglass transition temperature (58 °C).

Charge-transporting and device properties
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Charge-transporting properties of the solid laydr& and5 were studied by the method of
space-charge-limited current (SCLC) [18]. The hmidy devices with the following architectures
were fabricated: ITO/m-MTDATA(20 nm) or 5 (80 nm)/m-MTDATA(20 nm)/Al(60 nm). The
layer of m-MTDATA (4,4,4"-tris[3-methylphenyl(phenyl)amino]triphenylaminelasvused as the
hole-injecting and electron-blocking layer. Thereat density vs. voltage characteristics of the
hole-only devices are plotted in Fig. 1. The valaghole mobility were estimated using the Mott-

Gurney law [18]:

9 Vv?
Jscie = :uSCch‘ggO F ) (1)

where Jo. .iS the steady-state current density (SCIZ), . is the SCLC mobility,V is applied
voltage;d is the film thickness¢ is the permittivity of the film (~3)g, is the absolute permittivity

of the free space.
<Insert Figure 8>

The similar current density vs. voltage dependenwiere observed for compouriand5 (Fig.8).
Values of the zero-field hole mobility of 1.97x1@n?V's* and 1.78x18 cnfV*s* for 2 and5,
respectively, were obtained by fitting the regidi),(in which the SCLC occurred, of the
experimental current density vs. voltage curve \idth 1 (Fig. 8). The disagreement between the
experimental and fit curves can be explained byntpin account the existence of hole trapRin
and5 which can occur due to volume or morphology effentsolid state layers [19]. Additional
explanation of that can be the absent Ohmic contdutich is required for SCLC method, in the
hole-only and electron-only devices [18]. The regias the Ohmic region while the region Il can
be caused by injection-limited behavior, traptigj or built-in voltage [18].

To study the performance @ and5 as hosts, the simple PhOLEDs were fabricated. én th
devices with the structures ITO/m-MTDATA (25 n@yr 5:1r(ppy)s(15 nm)/Bphen (30 nm)/Ca:Al
(devices A and B, respectively), 44-tris[phenyl(m-tolyl)amino]triphenylamine (m-MTDATA

was used as the hole-transporting material anddipfrenyl-1,10-phenanthroline (Bphen) was
16



utilized as the electron-transporting material. peepare the emitting layer&:Ir(ppy)s and
5:Ir(ppy)s for the devices A and B, the hostsand 5 were dopedwith tris[2-phenylpyridinato-
C2,NJiridium(lll) (Ir(ppy)s) as a green phosphorescent emitter. Efficientexadonfinement on the
dopant Ir(ppy) was expected due to relatively high triplet leveis3.02 eV and 2.88 fa2 and5
(Table 2) [20].

The electroluminescence (EL) spectra of the devikeand B are shown in Figure 8. The
fabricated PhOLEDs were characterized by greenseoms with the intensity maxima at ca. 510
nm, confirming the radiative recombination of emoi on Ir(ppy). However, low intensity blue
emissions with the intensity maxima at ca. 430 nenenobserved in EL spectra of both PhOLEDSs.
The wavelengths of these emissions were close db dh photoluminescence of m-MTDATA
showing that the recombination of excitons occumetionly in the emitting layers but also in the
hole-transporting layer of devices A and B. To avtlie recombination of excitons in the hole-
transporting layer, either additional electron-ldiog layer or exciton-blocking layer are required
[21]. The similar shapes of EL spectra at the d&ffe applied voltages for both the devices were
observed. However, intensity of the blue emissimieseased in the EL spectra of the PhOLEDs
with the increase of the applied voltage. The Cderdinates were (0.29; 0.59) and (0.35; 0.64)
which were calculated for the EL at 8 V of the ded A and B, respectively. The better colour
purity was observed for device A.

<Insert Figure 9>

The luminance and efficiency characteristics of dbgices A and B are plotted in Figure 10.
Both the devices were characterized by the religtiosv values of the turn-on voltage {#*3.7 for
device A and ¥,=3.1 V for device B), confirming the very efficieimjection from the electrodes
and transport of holes and electrons to the enmdaigers (Figure 11). The driving voltage of 4.9 V
at 1000 cd/hwas observed for device B and it was by 1 V lotian that observed for device A

(Figure 10 a). This observation indicates the bettarge balance in device B than in device A,
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owing the better charge injection due to the magmerepriate HOMO and LUMO levels (Figure
11). The higher maximum brightness of ca. 11900ntdias recorded for device B than that
observed for device A (5700 cdi)r(Figure 10). The higher brightness and loweridgwoltages
observed for the device B compared to those redofde the device A shows more effective
exciton recombination and radiative transitionhia emitting layer with the ho5t[22]
<Insert Figure 10>

The efficiency curves of the PhOLEDs are shownigufe 10 b-d. The devices A and B based
on host and5 exhibited the maximum current efficiency, poweiogncy, and external quantum
efficiency of 4.2 and 10.3 cd/A, 2.5 and 7.2 ImAAZ and 2.9 % respectively in the absence of light
out-coupling enhancement. The external quantuncieffcies of 1.05 and 2.24 % at 1000 cd/m
were recoded (Figure 10 b-d) showing the efficieratiroffs of 12.5 and 22.7 % for the devices A
and B respectively. The external quantum efficiescof PhOLEDs decreased at high current
density and high exciton concentration apparentlg tb the unbalanced charges and quenching
effects. [22] We noted that the simple and unomedi PhOLEDs based on ho&sand5 were
fabricated, therefore, the maximum efficienciesle¥ices A and B were lower compared to those
reported for PhNOLEDs containing Ir(ppy23,21,24]. The better performance of the devicesed
on the host® and5 can apparently be reached either after introdaaidhe additional layers, after
the additional optimization of the concentrationdafpant Ir(ppy) in hosts2 and5, or after the
additional optimization of the thicknesses of thgelrs of the devices.

<Insert Figure 11>

Since the triplet energy levels 8fand5 were found to be high, they were tested as thé hos
materials for the blue phosphorescent emitter Hi[@- difluorophenyl) pyridinato -C2,N]
(picolinato)iridium(lll) (Firpic). We fabricated be PhOLEDs with structures ITO/m-MTDATA
(25 nm)2 (5nm)2 or 5:FIrpic (15 nm)/DPEPO(5 nm)/Bphen (30 nm)/Ca:Al (@es C and D,

respectively). DPEPO is an abbreviation of Bis[ie@nylphosphino)phenyl] ether oxide which
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was used from a site of electron injection as tkmten-blocking material with a high triplet level

(3.3 eV). An additional laye2 was also used as the exciton-blocking layer froendther site of the

emitting layer. Such multilayer structure did ndow to obtain effective blue PhOLEDSs since the
additional emission band was observed in the logrggnregion of the EL spectra (Figure 12). The
emission with the maxima at 470 and 503 nm is edlab pure Flrpic emission while the low
energy maximum apparently results from intermolacystem (an exciplex or an electroplex)
formed in the emitting layer. Taking into accouhtst observation for the blue PhOLED, the
shoulders in the EL spectra of the green PhOLEDsbeaidentified only after the careful analyzis.
Those shoulders can also be assigned to exciplexelestroplex emission. Recently the

phosphorescence exciplex between tri(9-hexylcatd@astyamine and Flrpic was reported [25].
<Insert Figure 12>

Morphology of the layers

AFM measurements were performed for vacuum depmbdight-emitting layers2:Ir(ppy)s and
5:Ir(ppy)s on glass substrates. The AFM topographical images shown in Fig. 13. The
topography o®:Ir(ppy)s shows relatively homogeneous surface with morphoébdeatures having

a mean height of 1.18 nm and the root mean squarghnessR;) of 0.36 nm. The surface of
2:Ir(ppy)s is dominated by the peaks with skewend’g) (value of 0.79 and has a leptokurtoic
distribution of the morphological features with tagsis ) value of 4.67 indicating relatively
many high peaks and low valleys. In contrasAdppy)s, the 5:1r(ppy)s surface was found to be
more rough with randomly oriented surface moundangaa mean height of 3.60 afj value of
1.24 nm. The surface 05:Ir(ppy)s exhibited relatively similar symmetry and leptolaic
distribution of the morphological features w3 and Ry, values of 0.58 and 4.42, respectively.
Both, light-emitting layer&:Ir(ppy)s and5:Ir(ppy)s exhibited quite low roughness values which are
acceptable for structuring OLEDs as the low rougknealues of host:guest emission layers

contribute to the higher brightness and efficieati?hOLEDs [26].
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<Insert Figure 13>
The X-ray diffraction patterns at grazing inciderasggle of 1.0° o®:Ir(ppy)s and5:1r(ppy)s thin
films are shown in Fig. S2. The broad reflex atwl® = 23.6° in both diffractograms indicates
amorphous character of thin films. Since crystatin and aggregation significantly affect the
device stability and lifetime, amorphous layerdtasse of2:Ir(ppy)s and5:Ir(ppy)s are favourable
for OLEDs [27]. In addition, the amorphous materiaxhibit the excellent processability,

homogeneity and isotropic properties, which are atgjuired for the highly efficient OLEDs [28].

Conclusions

2-Phenylindole and carbazole derivatives were ®gitled and studied as highly-efficient
hosts for phosphorescent OLEDs. Photopolymerizabbrthe compounds having vinylbenzyl
reactive functional groups was demonstrated insthle films and in solutions. The compounds
with high triplet energies of 3.02 and 2.88 eV aallvas with favourable for charge injection
HOMO/LUMO values were tested as the hosts in blneé green phosphorescent OLEDs. The
green devices demonstrated practically pure enmssidhe used dopant, the relatively low values
of the turn-on voltages of 3.7 and 3.1 V as wellhesefficiency roll-offs of 12.5 and 22.7 %. Light
emitting layers of green PhOLEDs based on the ggitbed hosts exhibited low roughness values
and amorphous character. The best green devicai®dithe maximum current, power, and
external quantum efficiencies of 10.3 cd/A, 7.2Wn/2.9 %, respectively, in the absence of light
outcoupling enhancement. Electroluminescence ofblbe device was related not only to pure
emission of the dopant but also to exciplex andlectroplex emission formed between host and
guest.
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Figure 13.

TABLES

Table 1. Thermal properties of compounds 45.

Compound Tr? °C| T4% °C| TeS, °C | T4, °C
1 - - - 228
2 110 - 54 242
3 - 134 - 268
4 120 - - 284
5 - 85 - 404

- melting point observed at the first heating sofithe DSC measurement;
- glass transition temperature recorded by DSC;

- initial weight loss temperature obtained from ¢@ves;

a

b

Z- crystalization observed during DSC cooling scan;
e

- not detected.
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Table 2. Photophysical and electrochemical charaatistics of compounds 5.

Compound 1 2 3 4 5
Ml nm 259, 298, | 259,298, 259,298, | 360, 298, 262,
325,337 | 325,341| 325,336 | 327,342 | 301, 352
c ApL®, NM 359 363 359 363 381
% Esi€, eV 3.45 3.42 3.45 3.42 3.25
A Stokes shift, nm 40 22 25 22 81
Apn®, NM 407 410 407 425 430
Er', eV 3.04 3.02 3.04 291 2.88
AEst?, eV 0.41 0.40 0.41 0.51 0.37
Eox onset vs.Fe, V 0.73 0.52 0.42 0.71 0.40
IP', eV 5.74 5.82 5.74 5.88 5.45
IPcy/, eV 5.83 5.62 5.52 5.81 5.50
ES P eV 3.42 3.46 3.40 3.36 3.29
EAc/, eV 241 2.16 2.12 2.45 2.21
HOMO™, eV -4.99 -4.93 -4.95 -5.08 -5.01
LUMO ", eV -0.91 -0.66 -0.66 -0.90 -0.92
By, eV 4.08 4.27 4.29 4.63 4.35

& - absorption maxima;

- emission maxima;

- singlet energy calculated from 1248/

¢ Arhaps

€- phosphorescence maxima;

" triplet energy calculated from 124/;

9. energy gap betweensfand &;

f‘- onset oxidation potential of the sample vs. oogétation potential of ferrocene;
' - jonization potencial estimated by electron pleotission spectrometry;
! - ionization potencial, I = Egnsetox vs.rc+ 5.1 €V [28, 28];

k_ optical band gap calculated from 124@lonset (onset absorption);

' - electron affinity, EAy= Py - E

™ - theorically calculated HOMO energy;

" - theorically calculated LUMO energy;

° - HOMO-LUMO.

o
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FIGURE CAPTIONS

Scheme 1. Synthesis of 2-phenylindolylcarbazole derivatiy@sHCI (conc.),
tetrahydrofuran/methanol, r.t., 5hi)(alkylhalide, KtBuO, BTMAC, DMSO, r. t., 48h:ii{)
NaBH;, methanol, 0-5 °C, 2 h; (iv) 9-ethylcarbazole gutiznylindole, BEe Et,O,
dichloromethane, 3 h.

Figurel. TG (a) and DTG (b) curves of 2-phenylindolo-carbdeaterivatives 1-5. (Heating rate
10°C/min, N2 atm).

Figure 2. The absorption spectra of the dilute THF solutiohsompounds 1, 4 and 5.

Figure 3. Photoluminescence spectra recoded at room tempei@) the photoluminescence
(thick curves) and phosphorescence (thin curvesjteprecoded at 77 K (b) of the dilute THF
solutions of compounds 1-b= 320 nm.

Figure 4. Cyclic voltammograms of compound 1.

Figureb5. Electron photoemission spectra of compounds 1-5.

Figure 6. Molecular orbital plots (B3LYP/ 6-31G**) of compodsa 1-5.

Figure7. The fragments of FTIR spectra recorded during phwoiag of the films of compounds
1(a) and 4 (b) containing 3 mol % of cyclopentagtiéluorene)iron(ll)hexafluorophosphate.
Figure 8. Current density vs voltage characteristics of thiedonly devices based on the 2 and 5
layer.

Figure 9. EL spectra of PhOLEDs recorded at the differentiagproltages.

Figure 10. EL characteristics of devices A and B: current dgresd luminance versus voltage
(a), current efficiency versus current density ffmwer efficiency versus current density (c),
external quantum efficiency versus current der(sijy

Figure 11. Energy-band diagrams of devices A and B.

Figure 12. EL spectra of the devices C (a) and D (b) recoatdtie different applied voltages.
Figure 13. AFM topographical images with normalized Z axisim of light-emitting layers of
2:r(ppy)k () and 5:1r(ppyy (b). The images were acquired in air using contaade.



New derivatives of carbazole and 2-phenylindole.
Photopolymerization was demonstrated by ATR-FTIR.

The triplet energy levels were found to be in twege of 2.88-3.04 eV.
The hole mobility values exceed 1.78%1eV s,

The materials were used as hosts in green OLEDSs.



