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Abstract

This study reports a series of benzo[b]thiophen€) (Berivatives with good electronic
properties as host materials for red phosphoresrganic light-emitting diodes (PHOLEDS).
We applied thermally-stable materials for red PHOEEwvhich contain BT and carbazole
moieties which also provide a good charge transpbility, as well as a good charge
confinement effect (> 2.25 eV). To control the appropriate chargedpamting ability, two
different structures having one or two carbazoléswonnected to the single BT moiety were
prepared. Using this approach, we found that thiema&with a single carbazole and a single
BT unit showed the best current efficiency and mxdkequantum efficiency (up to 23.6 cd/A
and 12.8%, respectively). The results of the expenit also suggest that BT could be used as
an electron-transporting unit when utilized withllazole moiety, although it has previously

been utilized as p-type material.
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1. Introduction

Phosphorescent organic light-emitting diodes (PHD&Ehave attracted much attention
because of their high quantum efficiency as conaneconventional fluorescent OLEDs
through utilizing both singlet and triplet excitorf®r emission [1-5]. In fact, red
phosphorescent materials have already been applibeé main-display mode of commercial
mobile phones since 2007. Green PHOLEDs have bgkzred in the same application as
well. More specifically, there has been progressresearch on the external quantum
efficiency (EQE) of PHOLEDs. Kim and co-authors agpd that their extremely high
efficiency (>30% of EQE) could be achieved if hontally-oriented emitters are used [6].
Hence, numerous attempts have been undertakenrtbim® this extremely high efficiency
with high device stability. To make such devicegnm ideas are still needed on how to
extract the internally trapped emission on a waidgwr a substrate mode. However, the
development of thermally or electrochemically stabbst materials to improve lifetime and
internal quantum efficiency still needs to realughly stable PHOLEDs, because PHOLEDs
generally have a much shorter lifetime comparediuorescent ones. Indeed, PHOLEDs
normally need a more or less complicated evaporaystem, such as mixed host approach,
to obtain a much longer lifetime, although a veighhefficiency could sometimes be
achieved from a single host system. [7,8] Thus, ynegsearch groups focus on the
elaboration of ideal host materials with bipolaaitteristics, as a minute change in mixing
the ratio of hole transport type and electron fpanistype host materials could change the
resultant device characteristics, as well as neggtimpact the reliability of active matrix
OLED products. To synthesize the bipolar host neteattempts have been made to
combine the hole transport type functional grouwgth the electron transport type functional
groups, As a result of these efforts, improvemehtiie PHOLED device efficiency by using
certain bipolar host materials have been repo@et].

This study reports two different types of new hositerials for red PHOLEDs having high

triplet (>2.25 eV) with thermally-stable benzo[b{ihhene (BT) moieties to improve their



electron transport ability. As a result of using Bioieties at host material, PHOLEDs

devices that have novel host materials showed arowved EQE (up to 12.8%).

2. Resultsand Discussion
2.1. Materials

Two bipolar host materials to realize a highly @ént thermally-stable red PHOLEDs
were prepared. Due to its frequent occurrence imreaand useful properties in material
science, BT moiety was selected as a basic furattgn14-17]. In particular, the triplet
energy level of BT (~2.99 eV) is similar to that®H or 9-phenyl carbazole (~3.01 eV) [18-
21]. This is a very useful merit for making new thogterials and tuning their triplet energy
levels. On the other hand, these BT derivativesludiocg multiply arylated
benzo[b]thiophenes and furtherextended benzo[l,2-b;4,5-b’]dithiophenes have nige
aroused considerable interest in the field of oigatectronics[22-24]. However, to the best
of our knowledge, no OLEDs using host materialseda®n BT moiety have been
investigated to date.

Scheme. 1 shows the schematic diagram of the dyntete to prepare such compounds.
Herein the 2,3-diphenylated BT derivative was uage@n electron-transporting functionality.
Indeed, there have scarcely been any attempts ke mew bipolar host materials that do not
contain any electron-transporting moieties, such pgsidine, triazine, benzimidazole,
phosphine oxide, and so on. Meanwhile, we chan@ednumbers of carbazole moiety
connected to the central benzene core unit whithsahole transporting functional units.

Fig. 1 shows the geometries of the core parts eftwo resultant host materials obtained
from the simulation at a DNP/GGA(PBE) level of theaising Dmol3 module (Material
Studio 7.0, Accelrys). BT moieties were rather tedsto the core benzene unit (dihedral
angles ca. 38.75~42.95which could expectedly arouse a broken conjugasio that these
materials can be used as red host materials (@.25 eV). In addition, the molecular orbital
distribution of Synthesis 08,9'-(5-(triphenylen-2-yl)-1,3-phenylene)bis(9H4oazole) (BT-
mCP), and Synthesis of 9-(4-(2,3-diphenylbenzojbfihen-5-yl)phenyl)-9H-carbazo(®T-



PC) are also shown in Fig. 1. As expected fromniwdecular structures, the electrons in
lowest unoccupied molecular orbital (HOMO) werediimed on the N-phenylcarbazole (PC)
or 1,3-phenylene)bis(9H-carbazolghCP) units, while the electrons in lowest unocedpi
molecular orbital (LUMO) were dispersed over thg-@iphenylbenzo[b]thiophene core units.
In other words, the hole carriers injected from kiwde transport layer (HTL) could move
through PC or mCP units, while the electrons igeddrom the electron transporting layer
(ETL) could be transported through BT moieties.

Fig. 2(a) shows the UV-Vis absorption and photohmscence spectra of new host
material. The band gap {Eof BT-mCP was slightly larger than that of BT-RBT-mCP
3.48eV, BT-PC: 3.39eV). Both compounds showed vilardine structures in their emission
spectra, especially at low temperature (77 K). ipdet energies (1) of new host materials
determined by the first phosphorescence peak framshorter wavelength region were 2.26,
2.26 eV for BT-mCP and BT-PC, respectively. Thergpdevel of HOMO was collected
from cyclic voltammetry while F was determined from the band edge of UV-visible
absorption spectrum (see Table 1). The LUMO leVeiaterial was determined from the
HOMO level and & Fig. 2(b) and 2(c) shows the thermal stabilithdgor of the materials
synthesized in this study. Novel host materialshwienzothiophene moieties have high
thermal stability. BT-mCP and BT-PC showed the dgoosition temperature {J of 430,
393C as shown in Fig. 2(b). Meanwhile, they showedgl@mperature ¢J of 150, 110C,

respectively as shown in Fig. 2(c). The represamaesults are also summarized in Table 1.

2.2. Device Characteristics

Bipolar characteristics of host materials with motriplet energy levels are very important
for the enhancement of efficiency, because thep helbroaden the recombination zone
inside the emission layer of PHOLEDSs. In additithre precisely controlled charge balance at
the emission layer is also very important to imgrdhe device stability, as well as its
efficiency. To investigate the relative charge iesirtransport ability of emission layer (EML),

we prepared the hole only devices (HODs), as we#lactron only devices (EODSs) [25-27]



of 4,4N,N’-Dicarbazole-1,1'-biphenyl (CBP) and newly syntlzesi host materials by using
molybdenum oxide (Mog) and lithium quinolate (LiQ) as charge carrierentjon layers
from indium tin oxide (ITO) and aluminum (Al) aslifmws.

HOD A: ITO/ MoG; (0.75 nm) / CBP (100 nm) / Ma@10 nm) / Al (100 nm)

HOD B: ITO / MoQO; (0.75 nm) / BT-mCP (100 nm) / M@®10 nm) / Al (100 nm)

HOD C: ITO / MoO; (0.75 nm) / BT-PC (100 nm) / Ma@10 nm) / Al (100 nm)

EOD A: Al (50 nm) / LiQ (1.5 nm) / CBP (100 nm) / LiQ.6Lnm) / Al (100 nm)
EOD B: Al (50 nm) / LiQ (1.5 nm) / BT-mCP (100 nm) / LiQ.5 nm) / Al (100 nm)
EOD C: Al (50 nm) / LiQ (1.5 nm) / BT-PC (100 nm) / LiQ.5 nm) / Al (100 nm)

Fig. 3(a) shows energy band diagram of HODs and €£0Thost materials utilized in this
study. 0.75 nm of Mo@were deposited on the front and rear of host natenf HOD
devices. Mo@ helpsthe effective ohmic injection of hole carriers inlee HOMO and block
the flow of electrons from cathode to the LUMO [2B} EODs, LiQ/Al were used to inject
the electron into the LUMO of new host materials¢duse it has also been widely known as
an effective cathode system towards tris(8-hydrakygjinato)aluminum [28]. The current
density — voltageJ(- V) characteristics obtained from the aforementioH&Ds and EODs
are shown in Fig. 4(a). Our results suggest thailewthe hole current density was
significantly reduced in the order of HOD A (CBPH®D B (BT-mCP) > HOD C (BT-PC),
the electron current density was reduced in theroofl EOD C (BT-PC) > EOD A (CBR
EOD B (BT-mCP). To estimate the charge balance whenmaterials were used as host
materials in emission layer, we plotted the rekatsharge density of those devices by
dividing the hole current density of HODs by eleaticurrent density of EODs [e.d(hole) /
J(electron) wherd — current density, mA/chj as shown in Fig. 4(b) [1]. From this plot, we
could expect that BT-PC could give the most desralevice performance as the relative
charge density value was very close to unity, aigfothe differences of HOMOs and

LUMOs between host and dopant materials shouldddéianally considered. Consequently,



from this result it could be expected that BT-PCuildoshow the most efficient device
behavior.

CBP was selected as a reference material to véhidy effect of new synthetic host
materials, because one of the major charge furatiomits of new host materials is carbazole
moiety which is similar to those of CBP. Fig. 5 wsisothe perspective image of the OLED
devices fabricated in this study. The chemicalcstnes of the used materials are provided in
Fig. 5. We used ITO as an anodg,N’-bis(naphthalen-1-yIN,N’-bis(phenyl)benzidine
(NPB) as a hole transport layer, 4,4’,4"-tris(cazbl-9-yl)-triphenylamine (HATCN) as a
charge generation layer, CBP and new materialshegi#ed in this study as host materials
for EML and iridium(lll) bis(2-Phenylquinoline) atgacetonate (Ir(phgacac) as a dopant
material for EML, 4,7- diphenyl-1,10-phenanthrolifi@PyPB) as an electron transport layer,
as well as a hole blocking layer, lithium fluorifleF) as an electron injection layer, Al as a

cathode. The exact device configuration used mltrk was as follows.

Device A: ITO/ NPB (60 nm) / HATCN (5 nm) / NPB (60 nmEBP : Ir(phg)(acac) (8%,
30nm) / TpPyPB (25 nm) / LiF (1.5 nm) / Al (100 nm)

DeviceB: ITO / NPB (60 nm) / HATCN (5 nm) / NPB (60 nmBT-mCP : Ir(phg)(acac)
(8%, 30nm) / TpPyPB (25 nm) / LiF (1.5 nm) / Al @L.Am)

DeviceC: ITO/ NPB (60 nm) / HATCN (5 nm) / NPB (60 nmBT-PC : Ir(phg)(acac)
(5%, 30nm) / TpPyPB (25 nm) / LiF (1.5 nm) / Al @L.Am)

All devices were prepared using thick HTL by usiigB (60 nm) / HATCN (5 nm) / NPB
(60 nm) to reduce a leakage current level to ohte@sonable efficiency values. The energy
diagram of the materials utilized for those deviseslso depicted in Fig. 3(b).

Fig. 6(a) shows the current density — voltage-(V) and luminance — voltage. ~ V)
characteristics of the fabricated red devices; rdpresentative results are summarized in
Table 2. At a given constant voltage of 5.0 V, entrdensity values of 8.26, 8.29 and 9.49

mA/cn’ were observed in the fabricatBavices A, B, andC, respectively. The reason why



BT-PC showed the greatest current density valuddcba due to the reasonable exciton
formation inside the EML layer. In other words, tieeombination zone may be formed close
to the HTL / EML interface, because there is a hdifierence in HOMO energy levels in-
between BT-PC and Ir(phgcac. Nevertheless, the electron current couldalmmatically
be reached in this interface, as the electron drain-between BT-PC and TpPyPB is
relatively small (~0.4 eV). This is somewhat diffiet in the BT-mCP case. While the
relatively shallow HOMO level of BT-mCP may resut an easier hole injection, the
electron injection into BT-mCP is very difficult.eBides, a fairly low electron conductivity of
BT-mCP may inhibit reasonable recombination ofltbée and electron carriers. While CBP
also exhibits large tapping behavior in-between HTEML interface because of the big
difference of HOMO energy levels in-between CBP dogant, they also showed moderate
electron injection barrier (~ 0.5 eV). Our expeicias from the calculation of relative current
density and experiment results are somewhat difter@pecifically, we expected that the
device prepared with BT-mCP would show a betteicieficy behavior than with CBP.
However, the results suggest that the two showlairafficiency values. This means that the
real energetic situation in-between host and dopaaterials in EML could lead to the
emergence of very complicated device propertiesveNbeless, as expected (see Fig. 4(b)),
BT-PC have emerged as good candidates for excéltesttmaterials for red PHOLEDSs.

Fig. 7 shows normalized EL spectra at the brightrmé<000 cd/rh All devices radiate the
peak wavelength of Ir(phggcac (603nm, 604nm, 600nm f@evices A, B, and C,
respectively.

At a given constant luminance of 1000 cé/the current and power efficiencies were 13.6
cd/A and 8.7 Im/W for th@®evice A, 13.7 cd/A and 8.70 Im/W for theevice B, 19.1 cd/A
and 13.2 Im/W for th®evice C, respectively. These efficiency data correspond.i@, 10.3
and 12.8 % external quantum efficiencies évices A, B and C, respectively. The
maximum current and power efficiencies were 13,8\ ahd 13.4 Im/W for thdevice A,
19.5 cd/A and 20.4 Im/W for thBevice B, 23.6 cd/A and 24.7 Im/W for thBevice C,

respectively. All of detail device characteristaz® summarized in Table 2. Our expectations



from the calculation of relative current densitydaaxperiment results have somewhat
difference. In other words, we expected that thacgeprepared with BT-mCP could show
better efficiency behavior than that with CBP, whihey showed similar efficiency values.
This means that the real energetic situation inveeh host and dopant materials in EML
could cause very complicated device properties.elbeless, BT-PC has emerged as good
candidates for excellent host materials for red PHDs as we expected from Fig. 6 (b).

Fig. 7 shows normalized EL spectra at a brightés000 cd/m. All devices radiate the
peak wavelength of Ir(phggcac (603nm, 604nm, 600nm for tBeevices A, B and C,

respectively.)

3. Conclusion

In this study, we verified the effect of novel bi@ohost materials for red PHOLEDSs.
Although materials with benzothiophene moieties evexxpected to have high hole
transporting ability, they manifested reasonablectebn carrier characteristics. Our red
PHOLED devices showed fairly good current efficierand EQE values, as their relative
charge density is close to unity. Finally, 46% be tefficiency improvement had been

achieved by using newly synthesized BT-PC as reatl ho

4. Experimental

4.1. Instruments

'H-NMR and *C-NMR spectra were recorded on a Bruker Avance ¥0dz NMR
spectrometer and chemical shifts were referencathltmroform (7.26 ppm). UV-Vis spectra
were recorded with a HEWLETT PACKARD 8453 UV-Vis esrophotometer.
Photoluminescence Spectrometer was used PERKIN B.M& 50B model. The molecular
mass value of the compound was analyzed by Synagdl@MS quadrupole time-of-flight
(TOF) mass spectrometer equipped with an electagsjon source (Waters, Milford, MA,

USA). The instrument was calibrated using NaF smtufThe sample was dissolved in 100 %



MeOH and introduced by direct infusion at a floweraf 20 ul/min into the ion source
operating in positive mode. All spectra were acegliat a range of 50 to 1500 m/z. Leucine
enkephalin was used as the lock mass for the emass measurement correction. Thermal
properties were measured by differential scanniadprometry (DSC) under nitrogen
atmosphere using a (TA instruments) and thermograwic analysis (TGA) using TGA-
1000 (SINCO). Cyclic voltammetry were measured Ausolab/PGSTAT 2 model at room
temperature in a solution of tetnabutylammonium hexafluorophospate(nzBiPF;)(0.1 N)

in acetonitrile under nitrogen gas protection &can rate of 100 or 50 mV/s. The working

electrode was Pt disk type and reference electn@deAg/0.1M AgNQ.

4.2. Synthesis of new host materials

4.2.1. Synthesis of 9-(4-bromophenyl)-9H-carbatble

9H-carbazole (5.0 g, 29.9 mmol), 1-bromo-4-iodolesez (8.88 g, 31.4 mmol), copper(l)
iodide (0.86 g, 4.5 mmol), potassium phosphate 527, 125.6 mmol) and trans-1,2-
diaminocyclohexane (1.1 ml, 9.0 mmol) in 200 mhahydrous toluene was stirred at 120 °C
for 48 h under nitrogen atmosphere. After the iieadbad finished, the mixture was washed
three times with distilled water and extracted wahloroform. The organic layer was
separated, dried over anhydrous magnesium suffategvaporated under reduced pressure.
The crude product was purified by silica gel coluriromatography using-hexane-
tetrahydrofuran (5:1) eluent to afford (1) a whiwder, yield 65%H-NMR (CDCk, 400
MHz) 8.16-8.14 (d, J = 7.6 Hz, 2H), 7.75-7.73 (& 8.4 Hz, 2H), 7.48-7.45 (d, J = 8.4 Hz,

2H), 7.43-7.37 (m, 4H), 7.34-7.29 (t, J = 8 Hz, Zigm.

4.2.2. Synthesis of 9-(4-(4,4,5,5-tetramethyl-Xd@gXaborolan-2-yl)phenyl)-9H-carbazole

)



n-Butyllithium (26 mL, 41.59 mmol) was added to dusion of 9-(4-bromophenyl)-9H-

carbazole (6.7 g, 20.79 mmol) in anhydrous tetrabfylan (70 mL) at -78C under

nitrogen atmosphere. The mixture was stirred fom80utes at the same temperature. And
then, 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxatane (21.2 mL, 103.97 mmol) was
added dropwise to the reaction mixture and stifoed 2 h at room temperature. The reaction
mixture was poured into water and extracted withorciorm. The organic layer was
separated, dried over anhydrous magnesium suffategvaporated under reduced pressure.
The crude product was purified by silica gel coluammomatography using toluene eluent to
afford (2) a white powder, yield 54%H-NMR (CDCk, 400 MHz) 8.17-7.15 (d, J = 8 Hz,
2H), 8.10-8.08 (d, J = 8 Hz, 2H), 7.64-7.62 (d, 8.4 Hz, 2H), 7.49-7.47 (d, J = 8 Hz, 2H),

7.45-7.41 (t, J = 6.8 Hz, 2H), 7.33-7.29 (t, J & Bz, 2H), 1.43 (s, 12H) ppm.

4.2.3. Synthesis of 2,3-dibromobenzo[b]thiophE)e

Benzo[b]thiophene (10 g, 74.5 mmol) was dissolved50 ml of chloroform. The resulting
solution was cooled down to 0°C and bromine (7.87 162.8 mmol) was added. The
mixture was stirred for 12 h. The reaction mixtwas poured into water and extracted with
chloroform. The organic layer was separated, doegl anhydrous magnesium sulfate, and
evaporated under reduced pressure to afford (8vefsite solid, yield 90%H-NMR (CDCl,
400 MHz) 7.76-7.74 (d, J = 8.8 Hz, 1H), 7.73-7.@1J = 8 Hz, 1H), 7.45-7.41 (t, J = 7.6 Hz,

1H), 7.41-7.36 (t, J = 8 Hz, 1H) ppm.

4.2.4. Synthesis of 2,3-diphenylbenzo[b]thioph@he
2,3-dibromobenzolb]thiophene (6.3 g, 21.6 mmolemhboronic acid (5.5 g, 45.3 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.6 ¢ ®mol), and 1.0 M N4&O; (86 ml) in

220 ml of toluene was stirred at 130 °C for 48 hemnitrogen atmosphere. After the

10



reaction had finished, the mixture was washed thirees with distilled water and extracted
with chloroform. The organic layer was separategiddover anhydrous magnesium sulfate,
and evaporated under reduced pressure. The crodagbrwas purified by silica gel column
chromatography using-hexane-toluene (5:1) eluent to afford (4) a wpibevder, yield 80%.
'H-NMR (CDCl, 400 MHz) 7.90-7.88 (dd, J = 6.4 Hz, 1H), 7.6297(8d, J = 7.6 Hz, 1H),

7.41-7.32 (m, 10H), 7.25-7.24 (d, J = 2 Hz, 2H) ppm

4.2.5. Synthesis of 5-bromo-2,3-diphenylbenzo[bjtheng5)
2,3-diphenylbenzol[b]thiophene (6.1 g, 21.3 mmolswisssolved in 70 ml of chloroform.
The resulting solution was cooled down to 0 °C bramine (1.1 ml, 21.9 mmol) was added.
The mixture was stirred for 12 h. The reaction mmigtwas poured into water and extracted
with chloroform. The organic layer was separatetiddover anhydrous magnesium sulfate,
and evaporated under reduced pressure. The crodeqgbrpurified by recrystallization in

acetone to afford (5) as a white solid, yield 73¢:NMR (CDCk, 400 MHz) 8.01 (s, 1H),
7.43 (s, 2H), 7.41-7.39 (d, J = 7.2 Hz, 3H), 7.3297(m, 5H), 7.25-7.24 (d, J = 3.6 Hz, 2H)

ppm.

4.2.6. Synthesis of 9,9'-(5-bromo-1,3-phenylen@biscarbazole)6)

1,3,5-Tribromobenzene (5 g, 15.9 mmol), 9H-carbazdl.31 g, 31.8 mmol), copper(l)
iodide (0.91 g, 4.7 mmol), potassium phosphate7@1g, 190.6 mmol) and trans-1,2-
diaminocyclohexane (1.2 ml, 9.5 mmol) in 160 mhahydrous toluene was stirred at 120 °C
for 48 h under nitrogen atmosphere. After the ieadbad finished, the mixture was washed
three times with distilled water and extracted wahloroform. The organic layer was
separated, dried over anhydrous magnesium su#ategvaporated under reduced pressure.

The crude product was purified by silica gel colurimromatography using-hexane-

11



tetrahydrofuran (5:1) eluent to afford (6) a whitewder, yield 27%H-NMR (CDCI3, 400
MHz) 8.16-8.14 (d, J = 7.6 Hz, 4H), 7.87 (s, 2HB {5, 1H), 7.57-7.54 (d, J = 8.4 Hz, 4H),

7.49-7.45 (t, J = 7.2 Hz, 4H), 7.36-7.32 (t, J & Mz, 4H) ppm.

4.2.7. Synthesis of 2-(2,3-diphenylbenzo[b]thiopbem)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolang7)

5-Bromo-2,3-diphenylbenzo[b]thiophene (10 g, 27 @al), bis(pinacolato) diborate (8.3 g,
32.8 mmol), [1,10-bis(diphenylphosphino)ferrocemeitbropalladium(ll) (0.4 g, 0.5 mmol),
and potassium acetate (13.6 g, 136.9 mmol) wesoldsd in anhydrous 1,4-dioxane (120
ml) and refluxed under nitrogen for 24 h. After tteaction had finished, the mixture was
washed three times with distilled water and exadatith chloroform. The organic layer was
separated, dried over anhydrous magnesium suffategvaporated under reduced pressure.
The crude product was purified by silica gel coluchmomatography using-hexane-toluene
(1:1) eluent to afford (7) a white powder, yield?80"H-NMR (CDCl, 400 MHz) 7.36 (s,
1H), 7.75-7.73 (d, J = 8 Hz, 1H), 7.59-7.57 (d, 8 Hz, 1H), 7.43-7.36 (m, 3H), 7.34-7.31

(m, 4H), 7.25-7.23 (m, 3H), 1.38 (s, 12H) ppm.

4.2.8. Synthesis of 9-(4-(2,3-diphenylbenzo[b]thap-5-yl)phenyl)-9H-carbazol@T-PC)

2-(2,3-Diphenylbenzo[b]thiophen-5-yl)-4,4,5,5-tetr@thyl-1,3,2-dioxaborolane (1.0 g, 2.74
mmol), 9-(4-bromophenyl)-9H-carbazole (0.86 g, 2.67 mmol),
tetrakis(triphenylphosphine)palladium(0) (0.14 d.Dmmol), and 1.0 M N&O;3 (9.7 ml) in

50 ml of toluene was stirred at 130 °C for 48 hemuitrogen atmosphere. After the reaction
had finished, the mixture was washed three timeh wistilled water and extracted with
chloroform. The organic layer was separated, doel anhydrous magnesium sulfate, and

evaporated under reduced pressure. The crude pgredis purified by silica gel column

12



chromatography using-hexane-tetrahydrofuran (3:1). The final producsvadbtained as a
white powder after purification by vacuum sublinsatiat a synthetic yield of 63%H-NMR
(CDCls, 400 MHz) 8.20 (s, 1H), 8.18-8.16 (d, J = 7.6 Bid), 7.92-7.90 (d, J = 6.4 Hz, 2H),
7.73-7.71 (d, J = 8 Hz, 1H), 7.69-7.67 (d, J =828 3H), 7.52-7.50 (d, J = 8 Hz, 2H), 7.46-
7.27 (m, 14H) ppm**C-NMR (CDCk, 400 MHz) 138.6, 138.1, 138.0, 137.8, 137.4, 134.6
133.2, 131.9, 130.9, 128.2, 127.4, 126.5, 126.4,212125.6, 125.3, 125.2, 123.8, 121.8,
121.5, 121.2, 118.2, 118.1, 117.8, 107.6 ppm. HRES, m/z): [M+H] calcd for GgHaeNS,
528.1786; found, 528.1777. Anal. calcd fostdzsNS: C 86.49, H 4.78; found: C 86.43, H
4.79 %.

4.2.9. Synthesis of 9,9'-(5-(triphenylen-2-yl)-pl8nylene)bis(9H-carbazol@ T-mCP)
9,9'-(5-Bromo-1,3-phenylene)bis(9H-carbazole) (1.9, 2.26 mmol), 2-(2,3-
diphenylbenzo[b]thiophen-5-yl)-4,4,5,5-tetramethy8,2-dioxaborolane (0.96 g, 2.33 mmol),

tetrakis(triphenylphosphine)palladium(0) (0.08 ) Ommol), and 1.0 M N&O; (4.8 ml) in

30 ml of toluene was stirred at 130 °C for 48 hemuitrogen atmosphere. After the reaction
had finished, the mixture was washed three timeh wdistilled water and extracted with
chloroform. The organic layer was separated, doegl anhydrous magnesium sulfate, and
evaporated under reduce pressure. The crude prodastpurified by silica gel column
chromatography using-hexane-tetrahydrofuran (5:1). The final producsvadbtained as a
white powder after purification by vacuum sublinsatiat a synthetic yield of 58%-NMR
(DMSO-d;, 400 MHz) 8.71 (s, 1H), 7.30-8.28 (d, J = 8 Hz) 48121 (s, 1H), 7.98-7.95 (d, J
= 8.8 Hz, 1H), 7.88 (s, 1H), 7.70-7.68 (d, J =182 4H), 7.57-7.54 (d, J = 8.8 Hz, 1H), 7.52-
7.46 (m, 6H), 7.44-7.42 (d, J = 6.8 Hz, 1H), 7.3817(m, 11H) ppm**C-NMR (CDCE, 400
MHz) 144.6, 141, 140.6, 139.9, 139.8, 135.7, 135324, 133.1, 130.4, 129.6, 128.9, 128.5,

128, 127.7, 126.3, 124.5, 124, 123.9, 123.7, 12120,6, 120.5, 109.8 ppm. HRMS (ESI,
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m/z): [M+H]+ calcd for C50H33NS, 693.2364; foun®362342. Anal. calcd for C50H32NS:

C 86.67, H 4.66; found: C 86.60, H 4.67 %.

4.3. Fabrication of PHOLEDs

4.3.1 Materials : NPB / HATCN / NPB as a hole injection layer, Ir(pfacac as a red
dopant, TpPyPB as a hole blocking layer, and BIE, LiQ as an electron injection layer
and Al as a cathode were purchased from commescippliers and were used without

purification.

4.3.2 Device FabricatianTo fabricate OLED devices, clean glass substrptescoated
with a 150-nm-thick ITO layer with a sheet resis@mof ~12Q/sq were used. Line patterns
of ITO were formed on glass by photolithographygess. The ITO glass was cleaned by
sonification in an isopropylalcohol and acetoneéysed in deionized water, and finally
irradiated in a UV-ozone chamber. All organic miglier were deposited by the vacuum
evaporation technique under a pressure of ~1k@r. The deposition rate of organic layers

was about 0.5 A/s. Deposition rates of LiF and &tev0.1 A/s and 3 A/s, respectively.

4.3.3 Measurement3 he current density-voltagd-{/) and luminance-voltagd_{V) data
of OLEDs were measured by Keithley 2635A and MiaolS-100A, respectively. The
OLED area was 4 mfrfor all the samples studied in this work. Eleatrolnescence (EL)

spectra and CIE coordinate were obtained usingreolkéi CS-2000A spectroradiometer.
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FIGURE CAPTIONS

Scheme 1. Synthesis scheme of novel red host materials
Fig. 1. Geometries of two host materials having benzoteoe.

Fig. 2. (a) UV-visible absorption and photoluminescencecia (at 298 and 77K),
(b) DSC and TGA analyses of red host materials

Fig. 3. Energy band diagrams of used materials in thiskwor

Fig. 4. (a) Hole current characteristicsidOD A~C and electron current characteristics of
EOD A ~C. (b) Relative charge density in host materialédle) /J(electron))

Fig. 5. Schematic diagram of device architecture and cutde structure used in this study.

Fig. 6. (a) J—V —L characteristics of fabricated red devices. (b) lnance vs current

efficiency and power efficiency characteristicdaifricated red PHOLEDs.

Fig. 7. The normalized EL spectra at a brightness of 1@{iff of fabricated red devices.
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Table. 1. Summary of physical properties of new host material

Ao [nM]
T T HOMO
Compound &, [nm] @) (&) fev] MO B Te Tm T
Solution  Film  (Exp) (Cal)  (CV) [evli  [evl [C] [C] [€C]
245, 293,
BT-mCP 393 404 2.26 2.25 - 5.66 -2.18 348 150 255 430
326, 340
244, 294,
BT-PC 230 398 416 2.26 2.27 -5.96 -257 3.39 110 258 393

Table 2. Summary of device performance of all fabricatedd®HD devices.

Turn-on Driving Current Power
Device voltage voltage Efficiency Efficiency EQE [%]™® CIE (x, y)®!
[V][a] [V][b] [Cd/A][b][C] [Cd/A][b][C]

. 136 8.70

Device A 2.58 4.90 (13.6) (13.4) 9.72 (0.620, 0.379)
. 13.7 8.70

DeviceB 253 4.90 (19.5) (20.4) 10.3 (0.624, 0.374)
. 19.1 13.2

DeviceC 254 4.49 (23.6) 247) 12.8 (0.626, 0.381)

@ Measured at 1 cd Th
) Measured at 1000 cd
[ The values in parentheses mark the maximum effigien

20



LUMO Side View

HOMO



Absorbtion(a.u.)

Welght (%)

Heat Flow (W/g)

12
PL (Solution RT} PL (Film RT) PL (Sclution LT)
12 {PL (Solution RT} PL (Film RT} PL (Sclution LT} [4.2
e . / 1.0
L F-2 A% i lo.g
1 : E
o8 J i i . BT-mPC [ .
o4 4 -': ‘-".I 0.4
02 v Fo.z
o0 e il 00
200 400 E00 200 700
wWavalangth (nmj
100 95 wita 430°C
&0 + 95 wits 393°C
g0
40 4
aq BT-PLC
BT-mCP
I:l T T T T T T T T T T T T T
100 200 300 400 500 600 o0
Temperature °C
294 ——BT-PC
——BT-mCP
0.0 osc (1%}
] T, 258 <}
25 R
DsC (2"
5.0 4 {Tu1'1l:l =)
0sC {15
75 {T_ 255 <)
1osc 277
1001 150 1)

50 100 150 200 250 300 350 400

Temperature °C

(‘ne) Ayisuayu| 1d



ITO

-4.80 oo,
-5.68

-2.50

CBP

-5.90

ITO
-4.80

-2.18

BT-mCP

-2.57

-5.66

-2.40

BT-PC Al

-4.30

M003
-5.68

-5.98

NPB

|HATCN

-5.40

-5.70

-9.50

-2.40

NPB

-5.40

-3.20
Al
-4.30
-5.70
-2.18

-2.18
-2.50 -2.57

cBp ||BT-mCP|| BT-PC

-5.66
-5.90 -5.98

LiF/Al
23,04 —

TpPyPb

-6.66

-3.20

LiQ

-5.70



(b)

mun
P RSl
T R o o0
P __:.JIA-""‘
T -"\;“ A
E I i ) =
== —a——0— CBP
° BT-mCP
A BT-PC
1
Voltage (V)
—a— CBP
¢ BT-mCP
—4— BT-PC

Voltage (V)

—
(=]
Y

(_wo/yw) AIsua Juaiind uoa329|3

A

—
(=]
[¥]

o
(=)
o

§
(4]

%
(=}

S

-
=

&

-t
=




LiF/Al (1/100nm)

TpPyPB (40nm)

Host : Ir(phq),acac
(30nm, 5 or 8%)

NPB (60nm)

HATCN (5nm)

NPB (60nm)

ITO




Current Density mA/cm?

—
O

N
(cd/A)

iciency

Current Eff

1000 . 14000
100 " —°— Device A -
1 . L 12000
10{®——°— Device B _
1 1—*——L— Device C - 10000
0.1 L 8000
0.01 1 i
L 6000
1E-3 |
15.4} - 4000
1E-5 1 L 2000
1E-6 § L
L0
1E-7
25 L 40
- 35
20 Jp— I
s TN 30
‘ 'I A‘*“—A—EA%
15 4 °\' | ! 4 25
e B ] i
? M S e S
10 {1\, o 70— o *® -
LN —— L 15
54 “oen T—O—eR . _ N
D\%'L—"‘_E&_l _ As
\~_¢ - L
0 T [ o
0 2000 4000 6000 8000 10000

Luminance (cd/m?

Luminance (cd/m?)

(Im/W)

iciency

Power Eff



Normalized EL Intensity (a.u.)

—_
o
|

Device A
Device B
Device C

500

550

600 650 700 750
Wavelength (nm)



=
i

o

] Clll, K3PO4

trans-1.2-diamino-

Br
I cyclohexaneltoluene @_@
(1)

Ty &

n-BulLi, THF

(2)
_on Pd(PPhs) 5
H—w L™ + 200 e atos L~ =
CHCIj b : @ IUIUEHE Q CHCL =

(3) (4)
Pd(PPh )

9 5 1Mtl‘~lagC%13 S O aY,

{ } + { } toluene O T

) BT-PC

Br

& i Cul, K3POy O ,@ O
O F e (D - S

(5) + et

(6) + (7)

trans-1,2-diamino-
cyclohexaneftoluene O O
(6)
KOAc 3
Pd{dppf)Cl; O.p O & Q
14 -dioxane - %rfl* Q

(7)

—_— 5
Pd(PPhs), ! o=y

M HﬂzCOg N O

L

toluene I O



Research Highlight

> Highly efficient phosphorescent red OLED devices with newly synthesized
materials. > Application of benzothiophene moieties for good charge
transportation. > Effect of relative charge density on phosphorescent red OLED
devices. > OLED devices with balanced charge carrier density. > Thermostable
OLED host material.



