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Abstract

Four phenanthroimidazole-based bipolar compoundginga electron-donating carbazole or
diphenylamino moieties were synthesized and chamaed. All compounds form glasses and
exhibit high glass transition temperatures randiog 183 to 239C. Solid state blue emission was
detected for all synthesized compounds and quantieids in solid state reached 0.55. Room
temperature hole and electron mobilities in thestayof phenanthroimidazole derivatives reached
3.14x10" and 5.69x10 cnf/V's, respectively, at an electric field of 3.6%1@/cm. Quantum
chemical calculations on the molecular level werpleyed to interpret optical, photophysical and
photoelectrical properties of the compounds. Dughw efficient blue solid-state emission and
ambipolar charge transport the phenanthroimidakateed derivatives were used for the preparation
of non-doped emitting layers of blue OLEDs. Thectlgplex forming properties of the compounds

were observed in a host:guest emitting layer witboenmercial hole-transporting material '4,4



cyclohexylidenebid{l,N-bis(4-methylphenyl)benzenamine]. Two most prongsin
phenanthroimidazole-based compounds were usedhddiabrication of white OLEDs which were
based on both fluorescence and either electroplexciplex emissions. The best almost blue and
white OLEDs were characterized by maximal currefficiency of 1.3 and 5.3 cd/A, power

efficiency of 0.8 and 1.7 Im/W, and external quamtfficiency of 0.95 and 2.9 %.

Keywords. Phenanthroimidazole, solid-state emission, ambipolobility, exciplex, electroplex

1. Introduction

Intermolecular charge transfer systems enablingrthly activated delayed fluorescence (TADF)
are utilized for the fabrication of organic lightagting diodes (OLEDS). The possibility of emissive
harvesting of 100 % excited states in the emitlaygrs based on such systems was discovered [1
2]. The emissive harvesting of TADF occurs througb lowest singlet energy level to which
energy is additionally transferred from the tripdetergy level [1]. Interaction of holes on a highes
occupied molecular orbital (HOMO) level of donor lemules with electrons on a lowest
unoccupied molecular orbital (LUMO) level of acaaptnolecules in a donor-acceptor molecular
mixture leads to the formation of the intermolecwlarge transfer systems [3,4,5].

Exciplex emission can be obtained from the donaeptor molecular mixtures under both photo-
and electro-excitations [4]. The singlet and tripbmergy levels are close for exciplex-forming
compounds and this similarity leads to the revensersystem crossing (RISC) and, as a result,
TADF can be obtained [6]. However, since the endeggls of exciplexes are always lower than
singlet energies of exciplex-forming donor and @taemolecules, the exciplex emission is shifted
to lower-energy spectral region compared to thessiom of pure donor and acceptor molecules
[7,8]. Despite that, expedient selection of donut acceptor molecules by carefully analysing their
HOMO and LUMO energies allows to obtain exciplexiggion with colours ranging from blue to

red, which was successfully exploited in all-exeyplOLEDs of different colours including white



devices 3]. Exciplex-forming donor-acceptor mixtures are oalexploited as hosts in
phosphorescent OLEDs for energy transfer from ampéxx to an emitter [9]. White OLEDs with
single emitting layer can be designed since interiexciplexes can be formed between compounds
constituting neighbouring layers [9]. A verticalganic light-emitting transistor with adjustable
emission colour was demonstrated using a perioderupted middle electrode in the region of an
interface exciplex [10]. Recently, long-range cangl of electron-hole pairs which produce
exciplexes in organic multilayer structures was eobsd [11]. This observation opens new
possibilities in the development of efficient exedpbased devices.

Another intermolecular charge transfer system,dlectroplex can also be formed between
donor and acceptor molecules [3]. Electroplex eimmssan be observed only under electrical
excitation through carrier recombination of holessoHOMO level of donor and of electrons on a
LUMO level of acceptor [12]. Electroplex emissioancbe utilized as a good approach for the
fabrication of OLEDs similarly to exciplex emissidfor example, a white top-emitting OLED with
a single emissive layer based on an interfacerefdeix between low-molar-mass compounds 4,4’ -
bis(2,2’-diphenylvinyl)-1,1’-biphenyl (DPVBI) and,2-dimethyl-4,7- diphenyl-1,1’-phenanthroline
(BCP) was demonstrated [13]. Metal complexes angnperic electroactive materials were found
to be capable of electroplex formation which wesedifor the fabrication of white OLEDs [14,15].
However, the number of electroplex-forming molesuk still low which limits diversity of color
of electroplex emission and efficiency of electepkmitters. To better unclose potential of usage
of electroplex emitters for OLED applications, gearch for new electroplex-forming molecules is
still an urgent task.

Phenanthroimidazole—based derivatives called dpigt@attention of scientific community due
to their attractive bipolar properties and excdlleluminescence efficiency. Mainly,
phenanthroimidazole—based materials were exploitetvo application areas related to OLED's

relying on their emitting or bipolar properties.aBing with the publication of Wang et al [16]



phenanthroimidazole—based derivatives were develagrel used mainly as deep blue singlet
emitters for organic light emitting diodes [17], veetheless some of the compounds showed
emissions in UV [18] and red regions of electronmegnradiation [19].

The aim of this work was synthesis and studies eiv rsolid state emissive bipolar
electroactive compounds having electron-acceptingnpnthroimidazole moieties and electron-
donating carbazolyl or diphenylamino units. We @ddnew phenanthroimidazole derivatives as
blue emitters for non-doped OLEDs. In addition, thlectroplex forming properties of such
compounds were studied in a host:guest emittingrlayth a commercial hole-transporting material
4,4-cyclohexylidenebis{l,N-bis(4-methylphenyl)benzenamine] (TAPC). Two mostorpising
phenanthroimidazole-based derivatives were usethéfabrication of white OLEDs based on both

fluorescence and either electroplex or exciplexssmns.

2. Experimental methods

2.1 Instrumentation

Nuclear magnetic resonancé(NMR and**C NMR) spectra were obtained using a Varian Unity
Inova (400 MHz tH), 101 MHz {3C)). All the data are given as chemical shiftsdirf{ppm),
multiplicity, integration down-field from (CkJ4Si. Mass spectra were obtained on a Waters ZQ 200(
(Waters). Infrared (IR) spectra were performedPamnkin Elmer Spectrum BX Il FT-IR System,
using KBr pellets. Elemental analysis was performéti an Exeter Analytical CE-440 Elemental
Analyzer. Differential scanning calorimetry (DSCeasurements were performed on Perkin EImer
DSC 8500 (heating/cooling rate 20/min). Thermogravimetric analysis (TGA) measuretaavere
performed on a Mettler Toledo TGA/SDTA 851e. Flismence emission spectra were recorded
with a Perkin Elmer LS 55 spectrometer. Quantumldgiein solutions determined using
comparative method [20]. The solid-state lumineseequantum yields measured by FLS980
spectrometer (Edinburgh Instruments) using intéggatsphere supplied by the spectrometer
producer. Absorption spectra were recorded withegkiR Elmer Lambda 35 spectrophotometer.
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Electrochemical investigations carried out usingqAWFOLAB Il (Metrohm Autolab B.V.)
potentiostat-galvanostat. The solutions of thetsysized compounds with the concentration 6t 10
M were used for cyclic voltamperometry (CV) measuweats. The standard ferrocene/ferrocenium
redox system used as an internal standard for lasilog ionisation potentials [21]. The ionization
potentials (pg) were obtained by the electron photoemission niethair as described earlier [22,
23]. The samples for the measurements were pregredsting THF solutions of the compounds
onto pre-cleaned indium tin oxide (ITO) coated glasibstrates. Charge drift mobilities of the
vacuum deposited layers of the compounds weredtdsyethe time-of-flight (ToF) method as
described earlier [24,25]. Diode-like samples wiith thicknesses of layers ranging from 1.8 to 7.1
um and with bottom ITO and top aluminium electrosese fabricated. The experimental setup
included a Nd:YAG laser EKSPLA NL300, a oscilloseopektronix TDS 3032C, and a 6517B
Keithley electrometer. To estimate the charge dnifbilities, the formula=d’(Uxt,)™* was used,
whered is the layer thicknes$] is applied voltage to the samples, &nd the transit time. OLEDs
containing non-doped and doped emitting layers with following architectures were fabricated:
ITO/M0O3(3 nm)/m-MTDATA(30 nm)/ the synthetized compoufd nm)/PBD(10 nm)/TPBIi(25
nm)/Ca(10 nm)/Al(60 nm) and ITO/Ma(3 nm)/m-MTDATA(30 nm)/ the molecular mixture of
the synthesized compoundsth TAPC or m-MTDATA (20 nm)/PBD(10 nm)/TPBIi(25 nm)/Qa&
nm)/Al(60 nm). The layers of organic compounds dhdse of calcium and aluminium were
prepared by vacuum-deposition under the vacuumfI0 ° mBar using the equipment from Kurt
J. Lesker in-built in an MB EcoVap4G glove box. &ef deposition of the layers, the ITO-coated
glass substrates with a sheet resistance d2/3§ were cleaned in acetone and isopropyl alcohol
ultrasonic bath during ca. 10 min. To record thensitg-voltage and luminance-voltage
characteristics, a Keithley 6517B electrometer atckithley 2400-C source-meter were used in air

without passivation immediately after the formatiohOLEDs. A calibrated photodiode and an



Avaspec-2048XL spectrometer were utilized for theeasurements of brightness and
electroluminescence spectra, respectively.

Quantum chemical calculations The computations were performed in the frame efsdy
functional theory (DFT) [25] employing the B3LYP7Rfunctional with Gaussian 09 program [28].
The 6-31G(d,p) basis set was utilized for all ckdttans. The spectroscopic properties of the
molecules were calculated by mean of time dependiemsity functional theory method (TDDFT)
[29]. Up to 40 excited states were calculated &edtheoretical absorption bands were obtained by
considering a band half-width at half-maximum O\ &he theoretical ionization potentials (IP)
were calculated at the B3LYP/6-31G(d,p) level asrgy difference between neutral and cation
radical species at the neutral state geometry.ifiin@molecular reorganization energies of holes
and electrons for the isolated molecules were tatled according the method described in

literature [30].

1.1 Materials

9,10-phenanthrenequinone (Aldrich, 80%), trifluosthanesulfonic acid (Aldrich, 98%),
sodium hydrosulfite (Aldrich, 85%), sodiutart-butoxide (Aldrich, 97%), bromine (Aldrich, pure),
9-ethyl-3-carbazole-carboxaldehyde (Aldrich, 98%)8-crown-6 (Aldrich, 99%), copper (Cu)
(Aldrich, 99%), tris(dibenzylideneacetone)dipallaai(0) (Aldrich, 97% ), tritert-butylphosphine
(P(t-Bu)s) (Aldrich, 1 mol/l), N-iodosuccinimide (Fluka, 97%), aniline (Fluka, 98%)nmonium
acetate (Reachem, 98%), potassium carbonateC@J (Reachim, 99 %), bis(tert-
butylphenyl)amine (TCI, 90%) were used as recei@-Diiodophenanthrene-9,10-dion® énd
3,6-dibromophenanthrene-9,10-dior® (vere synthesized using procedures describedearature

[30,31].



1.2 Synthesis

1.2.1 2-(9-Ethyl-9H-carbazol-3-yl)-5,10-diiodo-1-phenyHiphenanthro[9,10-d]imidazolés)

To a solution of 2,7-diiodophenanthrene-9,10-diond) ((0.5 g, 1.09 mmol), 9-ethyl-3-
carbazolecarboxaldehyde (0.24 g, 1.09 mmol), amomoracetate (0.84 g, 10.9 mmol) in glacial
acetic acid (5 ml) aniline (0.12 g, 1.3 mmol) wasled dropwise. The reaction mixture was stirred
at 120°C and after 2 h cooled to room temperature. Brovatipitate was filtered, washed with
methanol and dried. The crude product was puriigdcolumn chromatography (silica gel, 3:1
toluene:hexane) to give a white solid. Yield: 0.2§%).'H NMR (400 MHz, ¢-DMSO, §, ppm):
1.10 (t,J=7.0 Hz,3H), 4.46 (q,J=7.0 Hz,2H) 7.21-7.28 (m1H), 7.38 (d,J=1.8 Hz,1H), 7.46-7.54
(m, 1H), 7.58-7.68 (m2H), 7.73-7.88 (m7H) 7.97-8.07 (m2H), 8.37 (s.1H), 8.65-8.74(m, 2H),
9.07 (d,J=1.8 Hz,1H). *C NMR (101 MHz, CDC} 8, ppm): 152.34, 140.99, 140.30 (3C), 138.47,
131.86 (2C), 130.39 (2C), 130.16, 129.10 (3C), 627127.14, 126.88, 126.09, 125.39, 124.58
(2C), 122.89, 122.72, 121.80 (2C), 120.53 (2C),.120119.37 (2C), 114.07, 108.68, 108.29,
37.66, 13.81IR, KBr, (cm?): 3057, v (CH,); 2975, v, (CHipr); 1591, v (C=C-N); 1559, 1498,
1453, v (C=G,); 1346, v (C-N); 808, 748, 699,(C-Ha,); 474, v (C-1).MS (APCI', 25 V), m/z: 740

([M+H] +), (CssH23l2N3, MW=739.39 g/mol)

1.2.2 6,9-Dibromo-2-(9-ethyl-9H-carbazol-3-yl)-1-phenyphenanthro[9,10-d]imidazol&t)

The compound was prepared from 3,6-dibromophenam¢h®,10-dione2) (0.5 g, 1.37
mmol), 9-ethyl-3-carbazolecarboxaldehyde (0.3 &71mmol), aniline (0.153 g, 1.64 mmol),
ammonium acetate (1.05 g, 13.7 mmol), and 5 mliglaacetic acid using a similar synthesis
procedure foB, affording a yellow solid. Yield: 0.6 g (68 %H NMR (400 MHz, ¢-DMSO, 3,
ppm.): 1.0 (tJ=7.1 Hz,3H), 4.44 (q,J=7.1 Hz,2H), 7.04 (d,J=8.9 Hz,1H), 7.14-7.28 (m1H),
7.46-7.51 (m1H), 7.56-7.61 (m2H), 7.63 (d,J=8.2 Hz,1H), 7.69-7.74 (m3H), 7.76-7.80 (m,

2H), 7.95-8.01 (m2H), 8.29 (d,J=1.5 Hz,1H), 8.68(d, J=8.6 Hz,1H), 9.20 (d,J=1.7 Hz,1H),



9.22 (d,J=1.9 Hz, H). °C NMR (101 MHz, CDC}, 5, ppm.): 152.60 (2C), 140.32, 140.14, 138.70
(2C), 130.87, 130.34 (2C), 130.02, 129.90, 12914%.23 (2C), 128.63, 127.69, 127.16, 126.90,
126.05, 125.90, 125.84, 124.75, 122.89, 122.69,2722121.86, 121.74, 120.46, 119.91, 119.32,
119.04, 108.68, 108.24, 37.65, 13.8R. KBr, (cmi'): 3050, v (CH); 2968, v, (CHipn); 1598, v
(C=C-N); 1508, 1495, 1452, v (Cz{ 1350, v (C-N); 810, 751, 702,(C-Hay); 539, v (C-Br)MS

(APCI, 25 V), m/z: 646 ([M+H]), (CasH23Br2Ns, MW=645.39 g/mol)

1.2.3 N-(4-(5,10-diiodo-1-phenyl-1H-phenanthro[9,10-d]aaizol-2-yl)phenyl)-N-phenyl-

benzenaminebj

To a solution of2,7-diiodophenanthrene-9,10-dior® (0.5 g, 1.09 mmol) in glacial acetic

acid (5 ml) 4-(diphenylamino)benzaldehyde (0.3 #91mmol), ammonium acetate (0.83 g, 10.9
mmol) and aniline (0.12 g, 1.3 mmol) were addece Tmperature was increased to $20After

2 h, the reaction mixture was cooled to room terpee. The precipitate was filtered, washed with
methanol and dried. The crude product was puriigdcolumn chromatography (silica gel, 3:1
toluene:hexane) to give a yellow solid. Yield: .671 %)."H NMR (400 MHz, CDC}4, 5, ppm.):
6.94-6.98 (M2H), 7.05-7.12 (M9H), 7.25-7.31 (m6H), 7.37 (d,J = 1.7 Hz,1H), 7.45-7.48 (m,
2H), 7.74 (ddJ = 6.2 Hz,J = 2.6 Hz,1H), 7.91 (ddJ = 6.0 Hz,J = 2.0 Hz,1H), 8.33 (d,J = 8.9
Hz, 1H), 8.38 (d,J = 8.9 Hz,1H), 9.23 (d,J = 1.9 Hz,1H). **C NMR (101 MHz, CDC}, §, ppm.):
176.60 (2C), 147.07, 134.42 (2C), 133.37, 130.39),(330.08 (4C), 129.39 (6C), 128.92 (3C),
126.88, 125.39 (2C), 125.19 (6C), 124.58, 123.75),(321.69 (2C), 93.85, 92.61R, KBr, (cniY):
3058, v (CH,); 1610, v (C=C-N); 1592, 1524, 1490, v (GaC1331, v (C-N); 797, 742, 695,(C-

Ha); 436, v (C-1).MS (APCI, 25 V), m/z: 712.21 ([M-gHs]"), (CagHzsloNs, MW=789.44 g/mol)



1.2.4 N-(4-(6,9-dibromo-1-phenyl-1H-phenanthro[9,10-d]dakzol-2-yl)phenyl)-N-

phenylbenzenaminé)(

The compound was prepared from 3,6-dibromophenam¢®,10-dione 2) (0.5 g, 1.37
mmol), 4-(diphenylamino)benzaldehyde (0.37 g, 1/@mol), aniline (0.15 g, 1.65 mmol),
ammonium acetate (1.05 g, 13.7 mmol), and 5 mllafigl acetic acid using a similar synthesis
procedure fob, yellow crystals was finally obtained. Yield: @553 %).'H NMR (400 MHz, &-
DMSO, 5, ppm.): 7.08-7.17 (mi1H), 7.33-7.41 (mpH), 7.90 (d,J=8.5 Hz,2H), 8.15 (d,J=8.8
Hz, 2H), 8.46 (d,J = 8.6 Hz,2H), 9.11 (d,J=1.4 Hz,2H). 3C NMR (101 MHz, ¢-DMSO, 3,
ppm.): 150.38, 148.87, 147.17 (2C), 131.04 (2CP.23 (7C), 128.59, 127.95 (2C), 127.27 (2C),
125.21 (7C), 124.30 (6C), 123.93, 122.50 (2C), 2092C).IR KBr, (cm?): 3035, v (CH,); 1612,

v (C=C-N); 1591, 1519, 1477, v (Cz§; 1331, v (C-N); 812, 738, 695,(C-Ha); 542, v (C-Br).

MS (APCI", 25 V), m/z: 618.03([M-@Hs] "), (CasH2sBr2Ns, MW=695.44 g/mol)

1.2.5 5,10-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-2-(el-9H-carbazol-3-yl)-1-phenyl-1H-

phenanthro[9,10-d]imidazoléery.

To a solution of 2-(9-ethyl-9H-carbazol-3-yl)-5,tidledo-1-phenyl-H-phenanthro[9,10-
d]imidazole B) (0.05 g, 0.07 mmol), 3,6-dert-butylcarbazole (0.06 g, 0.21 mmol) and 18-crown-6
(0.004 g, 0.014 mmol) ie-dichlorobenzene (1 ml) were addeddQO; (0.027 g, 0.21 mmol) and
Cu powder (0.018 g, 0.28 mmol). The reaction wasest at 190°C for 24 h under argon
atmosphere. Insoluble inorganic salts were remdnefiltration and washed with small amount of
toluene. After removal ab-dichlorobenzene brown liquid was added to hex@he.precipitate was
collected by filtration and purified by column chmatography (silica gel, 6:1 hexane:acetone) to
give a white solid. Yield: 0.05 g (70 %H NMR (400 MHz, CDC}4, &, ppm.): 1.42 (t)=7.0 Hz,
3H), 1.54 (d,J=3,9 Hz,36H), 4.34 (q,J=7.0 Hz,2H), 7.16-7.69 (m17H), 7.80-7.95 (m5H), 8.15
(s, 1H), 8.25 (s,3H), 8.97(d, J=8.9 Hz,1H), 9.03(d, J=9,0 Hz,1H), 7.56-7.64 (m2H), 9.23(d,
J=1.7 Hz, 1H). *C NMR (101 MHz, CDC}, §, ppm.): 152.77, 143.32, 142.97 (2C), 140.30,
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140.03, 139.52, 138.90, 138.55 (2C), 137.97, 137138.28, 130.55 (3C), 129.77, 128.90 (2C),
128.45, 127.24, 126.88, 126.59, 125.84 (3C), 124194.29, 124.09, 123.59 (8C), 122.95, 122.64,
121.61, 120.39 (4C), 119.23 (2C), 117.69, 116.12)(309.62 (4C), 108.61 (2C), 108.27, 34.80
(2C), 32.07 (16C)IR, KBr, (cmb): 3045, v (CH); 2959, v, (CHipr); 1614, v (C=C-N); 1531,
1479, 1452, v (C=§); 1349, v (C-N); 810, 749, 703, (C-Ha). MS (APCI', 25 V), m/z: 1042.6
(IM]9), (CzsH721Ns, MW=1042.4 g/mol)Anal. Calcd. for G;sH;1Ns: C, 86.42; H, 6.87; N, 6.71 %;

found C 86.37, H 6.90, N 6.73%.

1.2.6 6,9-Bis(3,6-di-tert-butyl-9H-carbazol-9-yl)-2-(9ksti-9H-carbazol-3-yl)-1-phenyl-1H-

phenanthro[9,10-d]imidazoles]

To a solution of 6,9-dibromo-2-(9-ethyHScarbazol-3-yl)-1-phenylH-phenanthro[9,10-
d]imidazole @) (0.2 g, 0.31 mmol), 3,6-dert-butylcarbazole (0.2 g, 0.71 mmol) arBuONa
(0.18 g, 1.86 mmol) in anhydrous toluene (5 ml)avadded Pgdba} (0.012 g, 0.01 mmol) and
P(t-Bu); (0.003 g, 0.001 mmol, 0,1 M solution in tolueriE)e reaction was stirred at 130 for 24
h under argon atmosphere. Solvent was removed wsiogum, the precipitate was purified by
column chromatography (silica gel, toluene) to gavgellow solid. Yield: 0.11 g (34 %) NMR
(400 MHz, ¢-DMSO, §, ppm.): 1.31 (tJ=7.0 Hz,3H), 1.39 (d,J=5.7 Hz,36H), 4.46 (q,J=6.9 Hz,
2H), 7.21-7.29 (m2H), 7.38 (d,J=8.7 Hz,1H), 7.34-7.54 (mpH), 7.58-7.68 (m3H), 7.73-7.79
(m, 3H), 7.81 (dd,J=8.6 Hz,J=1.7 Hz,1H), 7.88-7.93 (m2H), 8.03 (d,J=7.5 Hz,2H), 8.26(d,
J=1.7 Hz, 1H), 8.31(d, J=1.6 Hz,1H), 8.37(d, J=1.5 Hz,1H), 9.03 (d,J=8.5 Hz, H), 9.25 (s,
1H), 9.29 (s, H). °C NMR (101 MHz, ¢-DMSO, &, ppm.); 153.04, 149.48, 147.51, 142.95,
139.12, 138.14, 137.32, 136.36, 135.43, 134.78,6833.30.03 (2C), 129.93 (2C), 129.40, 127.66
(2C), 125.80 (2C), 125.75, 125.67 (2C), 125.22,.3@4124.33 (2C), 123.27 (2C), 123.09, 122.22
(2C), 121.56, 121.46, 121.30, 121.16, 120.94, I2QAT), 119.35 (2C), 118.75, 117.78, 117.20
(2C), 116.26, 113.63, 113.45, 109.62 (3C), 10933),109.20, 106.69 (3C), 34.97 (2C), 32.30

(16C).IR, KBr, (cmi): 3053, v (CH,); 2954, v, (CHipr); 1616, v (C=C-N); 1489, 1475, 1457, v
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(C=C.); 1348, v (C-N); 809, 746, 702 (C-Ha). MS (APCI', 25 V), m/z: 1042.6 ([M),
(C7sH71Ns, MW=1042.4 g/mol)Anal. Calcd. for C;sH71Ns: C, 86.42; H, 6.87; N, 6.71 %; found C

86.39, H 6.89, N 6.72%.

1.2.7 2-(4-(Diphenylamino)phenyl)-5,10-(4-tert-butylphBrl-phenyl-1H-phenanthro[9,10-

d]imidazole-5,10-diamine9d)

The compound was prepared fromN-(4-(5,10-diiodo-1-phenylH-phenanthro[9,10-
d]imidazol-2-yl)phenyl)N-phenyl-benzenamin&) (0.5 g, 0.6 mmol), bis(fert-butylphenyl)amine
(0.51 g, 1.8 mmol), 18-crown-6 (0.032 g, 0.12 mmBHCO; (0.23 g, 1.8 mmol), copper powder
(0.15 g, 2.4 mmol), an® ml of o-dichlorobenzene using a similar synthetic procedas for
compound?, white solid was finally obtained. Yield: 0.1 g5(%).*H NMR (400 MHz, CDC}, §,
ppm.): 1.34-1.39 (m36H), 6.85-6.90 (MBH), 7.00-7.07 (m14H), 7.12-7.17 (m3H), 7.20-7.27
(m, 14H), 7.32-7.37 (m2H). 3C NMR (101 MHz, CDC}4, §, ppm.): 145.35 (14C), 129.80 (3C),
129.29 (6C), 128.49 (4C), 125.89 (9C), 125.00 (82B.61 (19C), 31.52 (16CIR, KBr, (cnm):
3060, v (CH); 2960, v, (CHiipn); 1599, v (C=C-N); 1510, 1460, v (Cxf 1317, v (C-N); 807,
754, 695y (C-Ha). MS (APCI', 25 V), m/z: 1096.9 ([M], (CreH77Ns, MW=1096.5 g/mol)Anal.

Calcd. for CzgH77Ns: C, 86.53; H, 7.08; N, 6.39 %; found C 86.48, H1{.N 6.41%.

1.2.8 2-(4-(Diphenylamino)phenyl)-6,9-(4-tert-butylpher¥tphenyl-1H-phenanthro[9,10-

d]imidazole-6,9-diaminel().

The compound was prepared fromi-(4-(6,9-dibromo-1-phenylH-phenanthro[9,10-
d]imidazol-2-yl)phenyl)N-phenylbenzenamine 6 (0.4 g, 0.58 mmol), bis(tert-
butylphenyl)amine (0.37 g, 1.33 mmot)BuONa (0.33 g, 3.48 mmol), Rdba) (0.024 g, 0.02
mmol), P{-Bu)s (0.006 g, 0.002 mmol, 0,1 M solution in toluene)d 5 ml of anhydrous toluene
using a similar synthetic procedure as8paffording a white solid. Yield: 0.35 g (56 %H NMR

(400 MHz, ¢-DMSO, 8, ppm.): 2.09 (m36H), 7.11-7.21 (m25H), 7.22-7.30 (m16H). *C NMR
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(101 MHz, CDC}, 8, ppm.): 144.57 (6C), 130.19 (9C), 129.26 (14CB.18 (3C), 125.65 (25C),
123.51 (6C), 31.47 (16C)R, KBr, (cm?): 3034, v (CH)); 2958, v, (CHlipn); 1591, v (C=C-N);

1510, 1473, v (C=§); 1317, v (C-N); 828, 753, 69%,(C-Ha). MS (APCI', 25 V), m/z: 1096.64
(IM]), (CzoH77Ns, MW=1096.5 g/mol)Anal. Calcd. for G;gH;7Ns: C, 86.53; H, 7.08; N, 6.39 %;

found C 86.50, H 7.12, N 6.38%.

3. Results and Discussion

Synthetic routes for the donor-substituted phemanthidazole derivative3-10 are outlined
in Scheme 1 The starting compoundsand2 were prepared according to the procedures earlier
reported in literature [31,32]. The key intermedigthenanthroimidazole derivativés6 were
obtained by the reactions of compouridor 2 with the corresponding aldehydes. The target
compounds/ and 9 were prepared by Ullmann coupling reactions [33rilatives8 and10 were
synthesized using Buchwald-Hartwig conditions [3¥].the synthesized compounds were purified
by column chromatography and characterized by IRRNspectroscopies and mass spectrometry,

elemental analyses as described in the experimsetdbn.
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R;
R, R,
c N, e,f O N
=P PO
. Yoo MHHOo
1 Rl Rl
® Re <
. Z N —H-
0 3:R;=I, R,=H; 7:R = ,R,=H;
0 4: R,=H, R,~Br. 9

1: R =1, R,=H;
2: Rj=H, R,=Br.

1n O 4 5:R,=L, Ry=H; 9: RF%@N*, Ry=H;
WO P
98 7 6 5 10: R,=H, R2=>L©N

Scheme 1Synthetic routes for phenanthroimidazole derivestia. N-iodosuccinimide, CESO;H, 6 h, 20°C; b.

Br,, NaHSQ, nitrobenzene, 22 h, 12Q; c. 9-ethyl-3-carbazolecarboxaldehyde, {,NH,, aniline, CHCOOH, 2h,
120°C; d. 4-(diphenylamino)benzaldehyde, ammonium acetaiéna, CHtCOOH, 2h, 120C; e. 3,6-ditert-

butylcarbazole (bis(4-tert-butylphenyl)amine), d®wn-6, Cu, KCO;, o-dichlorobenzene, 24h (48h), 1%D; f. 3,6-

di-tert-butylcarbazole (bis(#ert-butylphenyl)amine)t-BuONa, Pd(dba), P¢-Bu)s, toluene, 24 h, 11%C.

3.1 Thermal properties

The thermal properties of phenanthroimidazole @erres7-10 were investigated by TGA
and DSC under a nitrogen atmosphere. Their thechalacteristics are summarizedrliable 1 All
compounds exhibit high thermal stability and glémsaing ability. Their 5% weight-loss
temperatures @ range from 491 to 524 °C. The DSC curves of theosd heating of the
compounds/-10 demonstrate that compounds could be transformedaimorphous stat@-igure
1). The glass-transition temperatures,)(6f 7-10 were observed in the range of 183-2&
Compounds7 and 8 containing carbazole moieties exhibited considgrafigher T; than

phenanthroimidazole derivativ@sand10 containing diphenylamino substituents. This obaton
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can apparently be explained by the higher rigiditgarbazole moiety. Such high &nd T values
of compounds/-10 indicate that the amorphous layers of these comg®wan be fabricated by
vacuum thermal evaporation technology. In additiomterials are expected to exhibit high

morphological stability which is desirable for thaterials used in OLEDs [35].

Table 1. Thermal characteristics of compourid40

Compound Tm? (°C) T4 (°C) T4 (°C)
7 - 206 524
8 - 239 511
9 394 192 491
10 - 183 503

2Determined by DSC, scan rate Zmin, Nratmospheré’ Ty is 5% weight loss temperature; scan rat&2énin, N, atmosphere.

<endo exo>

160 180 200 220 240 260

Temperatureo(C)

Figure 1. DSC curves (¥ heating) of the phenanthroimidazole derivativek0, at the heating rate

of 20 °C/min, N atmosphere
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3.2 Geometries and frontier orbitals
The theoretical geometries of synthesized compourt3 are presented ifigure 2. The

fused phenanthroimidazole core is planar and dubstis attached to it are out of plane with
dihedral angles in the range of 22-76°. In the ecdstand8, the dihedral angles between carbazole
moieties withtert-butyl groups and phenyl rings of central planerargging from 51° to 58°. The
replacement of carbazole substituents by dipheny@amoieties in9 and 10 leads to decreased
dihedral angles (38°- 49°). It was found, that siilsnts at 18 position of phenanthroimidazole
are weakly affected by phenyl ring attached at amalyl moiety. Therefore, carbazole and
diphenylamine at this position are more twistednthiaeir analogues fragments attached @t 5

position (7° for7 and 11° for9).

Figure 2. Optimized geometries of compound4.0 obtained at B3LYP/6-31G(d, p) level

The HOMO for the molecules with substituents atsheme positions were found to be very
similar (Figure 3). In the case of and9, HOMO is localized on phenyl rings of the centale
and substituents wittert-butyl groups. However, due to the larger inter-fn@gt dihedral angles in
compound?7 as compared t® by roughly 10 ° Figure 2), the bridging between the two lateral
substituents through the core is less efficienthie case of compound (Figure 3). The above
explanation is also consistent with the larger gbations in the HOMO of compoundsand 9
from the substituents at’osition (dihedral angles of 38-41° and 51° reipely) as compared to
those at 18 position (dihedral angles of 46-49° and 58f).the case of compoundsand 10,
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HOMO is essentially distributed over the entire qdrghroimidazole core, with less contribution
from the 9-ethylcarbazole or triphenylamine units.

The LUMOs of compoundg-10 are mainly localized on the central core, exhilgitsome
additional distribution on the substituents attacte the imidazole ringRigure 3), in turn being
more important in the case of triphenylamine stibstits (compound8 and10). The energies of
the frontier orbitalsKigure 3, Table SJ) translate the above observations, indicating rgfOMO
energies fo® and10 due to better conjugation between the central aockthe substituents. The
range of the LUMO energies is narrower, which ig do enhanced LUMO similarity across the

series as compared to HOMOs.

-L1leV

-4.93 eV

7 8 9 10

Figure 3.HOMO and LUMO of compounds-10 calculated at B3LYP/6-31G(d,p) level

3.3 Optical and photophysical properties
The experimental absorption spectra of the dilotat®ns of7-10in tetrahydrofuran (THF)
are in agreement with the theoretical spedtigure 4). The optical characteristics are summarized

in Table 2andTable S1 The lowest energy absorption bands of compourntts diphenylamino
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moieties § and10) are red-shifted with respect to those of phenanttidazole derivativeg and8
containing carbazole substituents. This is due doeneffective conjugation of-electrons i@ and

10 molecules over alitbackbone Figure 3) which lead to the smaller values of band gapHose
compounds. The band gaps decrease in the @Grde > 9 > 10(3.82 eV > 3.75 eV > 3.49 eV >
3.39 eV). According to the results of quantum cleaincalculations, the lowest energy absorption
bands of derivativeg-10 can be characterized as a mixture of electroaitsitions towards several
excited statesHgure S1). The transition from ground state to first exditstate (5—S;) in
compound¥-10correspond to transition from HOMO to LUMO, LUMO+Absorption spectra of
the films of compoundg-10are similar to those of dilute solutiorfagure S2. The lowest energy
absorption bands of the films of compoun® are slightly red-shifted with respect of thosetu
solutions, due to enhanced intermolecular intesastiin the solid state, whereas no shift is
observed in the case of compoutdl The HOMO distributionsHigure 3) indeed indicate larger
contribution of the peripheral molecular entities the case of compounds9, hence larger
sensitivity of HOMO energies to intermolecular natetions and geometrical deformations, as

compared to compouriD.

20 100000

——7 90000 7

— b,

8 80000 ) ——38
——9 ——9
144 10 700004 10
60000
50000
40000

300004
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.
°
Absorbance (a.u)

044 220000 4

0,24 100004

0,0 T T T T 0 T T T *
250 300 350 400 450 500 250 300 350 400 450 500 550

Wavelength (nm) Wavelength (nm)

Figure 4. Normalized experimental (a) and theoretical in pfasse (b) absorption spectra of compoufde

Fluorescence and phosphorescence spectra and pysittgd properties of the dilute
solutions of7-10in THF are presented iRigure 5 andTable 2 The spectra of the solutions of
compounds exhibit emission peaks in the range #amto 467 nm. In the solid state, the emission
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of these four materials show negligible red shiithwemission intensity maxima still localized in
the blue spectral region (421 - 468 niaiglre S2, which is coherent with the similar red-shifts of
the corresponding absorption spectra. Fluorescespmxtra presented ifigure 5 translate
consequently the effective conjugationreélectrons over alftbackbone (or the substituent-care
donor efficiency) in the molecules as it was meargub previosly. The similar observations were
recently reported for triazol-containing derivavg86,37]. In the case of carbazolyl substituted
compounds, 8) for instance, the emission maxima are blue-ghiftempared to the spectra of the
derivatives containing diphenylamino moietie 10), which is coherent with the same trend
observed for the low energy absorption bands aadhdoretical results={gure 3 andTable 2). On

the other hand, the position of emission bands alepends on substitution pattern of
phenanthroimidazole chromophore. The emissionus-bhifted in the case of phenanthroimidazole
moiety substituted at™5and 18" positions ¥, 9) compared to the spectra of the derivatives having
substituents at " and 9" positions 8, 10), in agreement with the smaller degree of HOMO
delocalizations in compounds 9 as compared t8 and10. Both the nature of the substituent and
the linking position are important for tuning themission colour of the synthesised
phenanthroimidazoles.

Fluorescence quantum yield®:] of the solid films of compoundg9 were found to be
considerably higher than those of dilute THF solugi and reach 0.5F4ble 2). Quantum chemical
calculations revealed that optimized geometrieswshyuite large dihedral angles between
phenanthroimidazole moiety and bulky donotsert-butylated carbazolyl and diphenylamino units.
The increase of th@®; values in solid state could be due to freezingptdtional degrees of freedom
between the substituents and the phenanthroimidazmie in the case of compoung®, thus
suggesting an effect similar to aggregation induegthanced emission (AIEE) [38]. This
hypothesis seems to be supported by the coherataeédn the geometrical characteristics of the

compounds and thei;. Indeed, in the case of compoundsand 9, the phenyl group of the
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imidazole ring prevents from rotations of neighbaubstituents in 0 position, whereas the
rotations of the substituents in" 5osition are free from steric hindrance. The cpomding
contribution to the self-quenching in solution cdonus be reduced (eliminated) in solid films,
resulting in increased;. In the case of compour&iboth groups in 8 and §' positions seem to
undergo free rotations in solution (no steric hamdre from the phenyl ring), hence resulting in
almost total fluorescence self-quenching (0.09 kt=TTable 2). Obviously, this effect is absent in
the case of compountD (no AEIEE effect,Table 2), due to the larger volume of diphenylamino
groups as compared to carbazoles, mutually prevgffitom their free rotations. Indeefigure 2
indicates larger space separation between theubstituents in 8 and §' positions in compound

as compared td0.

Commission Internationale de I'Eclairage (CIE) chadicity coordinates (x,y) for the
solution of compounds, 8, 9, and10 were calculated from emission spectra and wereddarbe
(0.16, 0.03), (0.15, 0.03), (0.15, 0.09), and (PA.87) respectively, which correspond to the blue
colour. The lowest energy phosphorescence peakslOfwere observed in the range from 471 to
535 nm. Based on these values the calculatedttepkrgies o¥, 8, 9, and10 arrange in the order
2.63 eV >253eV >246eV >232eV, respectiviithe all cases, experimental triplet energies

compare well with theoretical vertical valudsable 2).

Table 2.Optical and photophysical characteristics of cormusr-10

AapgsoIn/film)? Ae (soln/film)? Apr] Er(exp/theor)®
Compound @(soln/film)®  CIE® (x;y)
(nm) (nm) (nm) (eV)
7 349353 414421 0.35/0.55 (0.16;0.03) 471 2[83B5
8 348350 417,43M24;444 0.09/0.49 (0.15;0.03) 491 2581
9 365374 433443 0.22/0.51 (0.15;0.09) 505 2(2618
10 364364 444;46143;468 0.26/0.27 (0.14;0.07) 535 22339

@ Maxima bands of absorption and fluorescence recbed room temperatureThe fluorescence quantum yield of the solutiomgisi 0.5 M HSQ,

solution of quinine as reference (0.51); the sstate quantum yield estimated using an integragptgere® Estimated from the fluorescence spectra
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of the solutions in THF® Lowest energy maxima bands of phosphorescenceunsebim THF at 77 K Experimental and theoretical vertical values

of triplet energy.

4 Fluorescence === Phosphorescence

Intensity (a.u.)

10

400 450 500 550 600 650 700
Wavelength (nm)

Figure 5. Normalized room temperature fluorescence and pgtarsgcence recorded at 77K spectra of dilute swisti

of 7-10in THF (10°).

3.4 Electrochemical and photoelectrical properties

To evaluate applicability of the materials in opéatronic devices, the electrochemical
properties of compoundg-10 were further studied by CV measurements using tineiL0® M
solutions. The results of the CV measurements lawenis in Table 3. The CV voltamperogram of
10is given inFigure 6. During the positive potential sweep compodiidshowed three reversible
oxidation peaks located at 0.42, 0.65 and 1.06 Whvimdicate the generation of a stable tricationic
species. The three-electron process probably dmeila@ssigned to the formation of cations on each
diphenylamino and triphenylamino moieties.

The other compounds under investigation showedlairbehaviour in CV experiments (see
Figure S11). Has been noticed, that the same values ofreld@mical peaks were observed for
derivatives 7-10 after repeated cycles. Compounds form stable rstidbecause activpara

positions of diphenylamino and®36" positions of carbazolyl moieties are blockedtest-butyl

20



groups. Additionally, th@ara positions of fragments attached to the imidazivig lack of HOMO
electron densityKigure 3).

The ionization potential (i) and electron affinity (EA,) values of the compounds were
calculated from their onset potentials of oxidatiand their By. IPcy values of the four
compounds varied in the range from 4.96 to 5.528% EAcy values ranged from 2.01 to 2.38 eV.
IPcy, calculated theoretical IP and HOMO energies libeesame trend and decrease in the ofder
> 8 >9 > 10. This trend could be explained by chromophoretsireaand substitution pattern of
phenanthroimidazole moiety. DerivatiVewith carbazolyl units attached df &nd 18 positions of
phenanthroimidazole moiety shows the highest IP@nthe contrary the lowest IP was observed
for the derivativel0 which contains diphenylamino units attached 4tatid 9" positions of
phenanthroimidazole moiety. The difference betwemmzation potential values estimated by
electron photoemission in air method ggPand IRy is due to the different environments in

solutions and solid layers of compounds.

1.5x10° |-

1.0x10°

5.0x10°

0.0

Current (uA)

-5.0x10°

-1.0x10° -

00 02 04 06 08 10 12 14
Potential, (V vs Ag/Ag")

Figure 6. CV of compoundL0 (scan rate of 50 mV'svs Ag/Ad).

Table 3. Electrochemical characteristics of compoumd<.

Compound E,2 (V) IPo/°(eV) Epl¢(eV) EA.(eV) I[P (eV) IP', eV

7 1.02 5.52 3.14 2.38 5.29 5.74

8 0.85 5.38 3.04 2.34 5.31 5.61
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9 0.51 5.03 3.02 2.01 5.27 5.26

10 0.42 4.96 2.81 2.15 5.15 5.10

3 Onset oxidation potentiais Ag/Ag'.? IPcy = (Ex- Erorc) + 4.8 (€V)° Estimated from the onset wavelength of opticabattion according to the

empirical formula: B¢ = 1240“"edge in which the edge is the onset value of absampsipectrum in long wave directichEAcy = IPcy— Egpf.

Established from electron photoemission in air specTheoretical adiabatic IP values.

To examine the charge-transporting properties ofpmunds7-1Q the charge-drift mobilities
were measured by the ToF technigkey(re 7, Figure 8, Table 4. The transit timest;) for both
holes and electrons on transient curves in logdcgles were well seen showing the ambipolar
charge transport for the layers of all the compasusididied Figure 8a, b Figure S1). Hole (u)
and electron() mobilities for the layers o7-10 were estimated using the formuylad®/(Uxty),
whered is the thickness of the layer ablds voltage. Well balanced hole and electron trartspas
observed for the layers @t10. The vales of, were only slight higher than the valuesef{Figure
7). Both iy, and ue for the layers of7-10 confirm Poole—Frenkel type electric field depermien
H=poxexp@E)Y?, wherep, is the zero electric field charge mobility, amds the field dependence
parameter [39]. This dependence is typically coméid by organic ambipolar semiconductors
(Figure 7, Table 4) [40]. Close values of charge mobilities in thege from ca. 18 to 10°
cn’/(Vs) at electric fields of (0.4-8.1)x1®/cm were found for compounds10. The differences
in shapes of the current transients for holes #&mttrens for7-10 were observed indicating that the

hole transport is less dispersive than that oftedes Figure 8, Figure S3).
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Figure 7. Hole-drift and electron-drift mobilities for thayers of compounds-10at room temperature

o
[
L

Photocurrent (a.u.)
Photocurrent (a.u.)

0.01

1E-3

Figure 8. Hole (a) and electron (b) transient curves atlifferent electric fields fol 0 and electric field dependencies

To get insight into the charge mobilities in theydes of synthesized compounds,
intramolecular reorganization energies of hole$ 4nd electronsif) for the isolated molecules of
7-10 were calculated. According Marcus theory [41,42,4Bf smaller values of intramolecular
reorganization energies will enhance charge madslitThe/, and e values are presented in the
Table 4 and are estimated to increase in the ordei8 ~ 9 < 10 and7 <8 <9 < 10, respectively.
These values are consistent with the increase afgehmobilities in the ordef > 8 > 10, at an
electric field of 3.6x1®cnf/Vs (Table 4). However, the much largés values as compared ig
ones are inconsistent with the roughly similar (eskghtly larger) electron mobilities as compared
to hole ones. Additionally, the trend &f values is opposite to the trend Qf These observations
indicate that the hole and electron transport ieséh compounds are dominated by disorder
phenomena. Support to this conclusion seems to doome the comparison between HOMO-
versus LUMO distributions: LUMOs are more conceteitiaon the rigid phenanthroimidazole core
preventing from large distribution of LUMO energiédensity of states). An opposite situation
occurs for the HOMO energies, being more sensitiee the deformation of the

phenanthroimidazole-ligand dihedral angles.
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Table 4.Charge-drift mobilities and reorganization enesgi compoundg-10.

Compound  d(um)  mpn (cn?/V-sP A (eV) e (CnfIV-Sf . (eV)

7 3.1 3.14x1d 0.12 5.69x10 0.30
8 3.9 1.91x1d 0.21 2.14x19 0.36
9 1.8 3.02x10 0.21 8.52x10 0.50
10 7.1 1.60x1d 0.28 1.91x19 0.52

3 Hole- and electron-drift mobilities at an electiild of 3.6- 18 cnf/Vs.

3.5 Electroluminescent properties

Sincederivatives7-10 showed strongly enhanced blue emission in the sttt :;=0.27-
0.55) and ambipolar charge transport with well-beéal hole and electron mobilities, it was of
interest to study their electroluminescent propsrtiElectroluminescent devices based on non-
doped light-emitting layerg-10 with the following architectures were fabricatedO/MoOs(3
nm)/m-MTDATA(30 nm)7,8,9,10 (20 nm)/PBD(10 nm)/TPBi(25 nm)/Ca(10 nm)/AI(60 nm)
(marked as devices A,B,C, and D, respectively)adloieve the high charge-balance the multilayer
architectures of OLEDs were chosdfigure S4). In such devices, molybdenum trioxide (MO
was used for the preparation of hole-injection taye 4,4,4"-tris[3-
methylphenyl(phenyl)amino]triphenylaminexMTDATA) was employed for the fabrication of
hole-transporting and electron-blocking layers4iphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD)
was used for the preparation of electron-transpgrand hole-blocking layers and 1,3,5-ts(
phenylbenzimidazol-2-yl)benzene (TPBi) was utilizeat the preparation of electron-injection
layers. Owing to the additional layers, the chatgeier barriers between work functions of the
electrodes (ITO, Ca) and the molecular orbitalbgbft-emitting layers 7-10) were reducedHigure

S4).
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The electroluminescence (EL) spectra of the devicg® coincided with the
photoluminescence (PL) spectra of solid films ofiters 7-10 (Figure 5 and 9). The
electroluminescence characteristics of the non-dloglectroluminescent devices ITO/Mg@-
MTDATA/ 7-10PBD/TPBI/Ca/Al are shown iRigure S5 a-dand are summarized ifable 5. The
turn-on voltages (¥, of the devices were found to be in the range fibih to 5.5 V at the
brightness of 1 cd/fn while the maximum brightness was recorded inrérge from 130 to 750
cd/nt at the driving voltage of 10 V. These parameteescamparable with those of the fluorescent
deep blue OLEDs [44,45], however, the efficienaéshe devices were rather low (the maximal
current, power, and external quantum efficiencieseMower than 1.3 cd/A, 0.8 Im/W, 0.95 %,
respectively FFigure S5 b-d). Commission Internationale de I'Eclairage (CIERromaticity
coordinates (x,y) for the devices based on non-di@peitting layers, 8, 9, and10, were found to
be (0.183, 0.162), (0.265, 0.25), (0.19, 0.184Y, @166, 0.133) respectively, which correspond to
the blue colour. We note that the potential of shelied compounds was not fully disclosed in the
non-doped blue electroluminescent devices. Theieffcies of non-doped blue electroluminescent

devices will apparently be increased when apprtgpaaxiliary materials are available.

1.0

0.94

0.8

0.7

0.6

0.5

0.4

0.3

0.2

Normalized EL Intensity (a.u.)

0.14

0.0 . T T T T T
350 400 450 500 550 600

Wavelength (nm)

Figure 9. Electroluminescence spectra of the devices baseldeonon-doped emitting layers 6110,
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Table 5. EL characteristics of the fabricated devices.

Current Power External
CIE 1931
Vo at Max efficiency, efficiency, quantum
UcCs
Device 1 Cd/m?,  brightness, cd/A Im/W efficiency,
coordinates,
v cd/m? %
(x.y)
max
A 5.5 750 1.3 0.8 0.95 (0.183;0.162)
B 4.5 270 0.06 0.03 0.03 (0.265;0.250)
C 4.0 140 1.15 0.8 0.75 (0.190;0.184)
D 4.0 130 0.97 0.64 0.7 (0.166;0.133)
Al 4.8 1970 4 15 1.75 (0.275;0.467)
All 5.1 6130 5.3 1.7 2.9 (0.468;0.381)
DI 2.6 870 0.58 0.53 0.24 (0.324;0.289)
Dl 2.5 1300 0.56 0.53 0.24 (0.207;0.268)

2_ the values were taken at applied voltage of 8 V.

To increase the efficiencies of devices, dopedtdegghitting layers were used with the most
promising emitters7 and 10 which allowed to obtain the blue colour deviceshwhigher
efficiencies, while m-MTDATA and 4,4&yclohexylidenebisfl,N-bis(4-
methylphenyl)benzenamine] (TAPC) were additionaitiized as the hosts. As CIE chromaticity
coordinates for the devices based on non-dopediegiayers from7 and10 ((0.183, 0.162) and
(0.166, 0.133), respectively) were related to theper blue colour than those devices based on non
doped emitting layers froand9 ((0.265, 0.25) and (0.19, 0.184), respectivelyg, cbmpounds
and 10 were chosen for the fabrication of the white OLEBkctroluminescent devices based on
doped light-emitting layers with the following artdctures were fabricated: ITO/Mg@@ nm)/m-
MTDATA(30 nm)/ TAPCZ, m-MTDATA:7, TAPC10 or m-MTDATA:10 (20 nm)/PBD(10
nm)/TPBi(25 nm)/Ca(10 nm)/Al(60 nm) (marked as desi Al, All, DI and DIl). Low-energy

bands with the maxima at 585 nm for the devices#d DI and at 540 nm for the devices All and
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DIl were additionally observed in the electrolunsoence spectra of the doped OLEDs as
compared to the spectra of the non-doped OLHEgu(e 10 a,band Figure S6 a,h). Appearance
of the additional band can apparently be explaimgdhe formation of the dimeric excited states
(e.g. exciplexes or electroplexes) either in th@edb light-emitting layers or at the interfaces
between the layers of OLEDs due to the cross-iotera between the holes of donor and the
electrons of acceptor [3]. To prove this assumptiRinspectra of the film of the molecular mixtures
of the hosts and emitters were recordegjfre S7). The PL spectra of the mixtures TARCmM-
MTDATA: 7, TAPC10and m-MTDATA10 were very similar to the PL spectra of pdrer 10 and

did not contain bands at the wavelengths closddse of the low energy bands observed in EL
spectra of the doped OLEDBidgure S7). The similarity of shapes and positions of thedpectra

of the mixtures to the PL spectra of the pure emstf or 10 indicates effective energy transfer
from hosts to emitters. In addition, the PL speatfathe mixtures m-MTDATA:PBD and
TAPC:PBD were found to be different as comparedhtie PL spectra of the pure m-MTDATA,
TAPC, or PBD. The maximum at 540 nm of the PL spectof m-MTDATA:PBD film was found

to be at the similar wavelength as the maximumhef additional band in the EL spectra of the
devices All and DIl with m-MTDATA as the host. TIRL decay curves of the film of the mixture
m-MTDATA:PBD mixture recorded at the wavelengthrmaximum were well fitted by double-
exponential functionKigure S8 g. The shorter lived component is most probablptesl to the
monomeric fluorescence, while the longer lived comgnt is apparently related to the exciplex
emission which occurred due to the reverse integsyscrossing (RISC) from the singlet to the
triplet state [46]. Therefore, the low-energy entissand in EL spectra of the doped OLEDs with
the m-MTDATA host can be ascribed to the interfageiplex between m-MTDATA and PBD.
Despite the exciplex emission with the maximum @@ #4m between TAPC and PBD observed in
PL spectrum of the molecular mixturéigure S7 andFigure S8 b, the exciplex TAPC:PBD was

not observed in the EL spectra of the devices All 2h The possible origin of electroluminescence
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in low-energy region (585 nm) of the devices Al &ids apparently the formation of electroplexes
between TAPC and (10) which only occurs under the electric fields. T$imilar electroplex
emission between TAPC and a bipolar transportingtena 2,6-bis(3-(carbazol-9-yl)

phenyl)pyridine was observed previously [47].
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Figure 10. Electroluminescence spectra of the devices basédle doped emission layers TARC(a) and m-

MTDATA: 10 (b).

Commission Internationale de I'Eclairage (CIE) chaticity coordinates (x,y) of the TAPTD
based device at voltages from 8 V to 9 V was founle very close to the white point (0.33, 0.33)
(Figure S9 due to the mixed blue monomer emission and oramgetroplex emission in the
TAPC:10 emitting-layer. The current density—voltage—lummic@ and efficiencies versus current
density characteristics for the doped devices #oted in Figure 11 and Figure S1Q Improved
maximal current of 4 and 5.3 cd/A, power of 1.5 dnd Im/W, and external quantum of 1.75 and

2.9 % efficiencies were achieved for the devicesdd DI respectivelyTable 5).
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Figure 11.Current density—-voltage and luminance-voltage attaristics of OLEDS based on the doped light-émgjtt

layer TAPC7, m-MTDATA:7, TAPC210 and m-MTDATA10 (a); external quantum efficiencies of the devii®s

4. Conclusions

Four bipolar phenanthroimidazole-based derivatoggaining carbazolyl and diphenylamino
substituents were synthesized and characterizeel.tAgrmal, photophysical, photoelectrical and
electrochemical properties of the obtained compsundre studied. It was concluded that new
synthesised materials possess extremely high thestataility (5% weight loss reaches 50) and
form glasses with high glass transition temperatuanging from 183 to 238C. Synthesised
derivatives are efficient solid state blue-emissivaterials with photoluminescence quantum yields
ranged from 0.27 to 0.55. The electron photoemissjgectra of the synthesized compounds were
recorded and ionization potentials of 5.15-5.31vedfe established. It was found that synthesised
phenanthroimidazoles derivatives are bipolar maleriwith well-balanced charge transport
properties. Room temperature hole-drift mobilitestablished by time-of-flight technique reached
1.41x10* cnf/V's at an electric field of 2.96xf0cnf/V's and electron-drift mobility approached
1.68x10* cnf/V's at an electric field of 2.71xfOcnf/V's. Blue emitting OLEDs with CIE
chromaticity coordinates of (0.183, 0.162), (0.2625), (0.19, 0.184), and (0.166, 0.133) have
been prepared using phenanthroimidazole-based atie#gg for non-doped emitting layers. In
addition, the electroplex formation of the syntkedi compounds was observed in a host:guest
emitting layers with  4/4cyclohexylidenebisfl,N-bis(4-methylphenyl)benzenamine]. Two

phenanthroimidazole-based derivatives were usethtfabrication of white OLEDs which were
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based on both fluorescence and either electropiesxoiplex emissions. The best almost white
device was characterized by maximal current efficyeof 5.3 cd/A, power efficiency of 1.7 Im/W,

and external quantum efficiency of 2.9 %.
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