Accepted Manuscript ; g
/. PIGMENTS

Carboline modified dibenzofuran as a high triplet host material for blue
phosphorescent organic light-emitting diodes

Yirang Im, Jun Yeob Lee

Pl S0143-7208(14)00406-9
DOI: 10.1016/j.dyepig.2014.10.009
Reference: DYPI 4560

To appearin:  Dyes and Pigments

Received Date: 11 September 2014
Revised Date: 10 October 2014
Accepted Date: 11 October 2014

Please cite this article as: Im Y, Lee JY, Carboline modified dibenzofuran as a high triplet host material
for blue phosphorescent organic light-emitting diodes, Dyes and Pigments (2014), doi: 10.1016/
j-dyepig.2014.10.009.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.dyepig.2014.10.009

Quantum efficiency (%)

25

20

15

10

n ] | | .I...
A A & e,
* A ]
* o A
* . 4
*
*
= 3% ¢
*
A 5%
+ mCP
10 100 1000

L uminance (cd/m?)

10000



Carboline modified dibenzofuran asa high triplet host material for
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Abstract

A carboline modified dibenzofuran compound, 2,8jwysido[2,3-b]indol-9-
yl)dibenzofuran (DBFCb), was synthesized and evatlias the host material for blue
phosphorescent organic light-emitting diodes by imggpiridium (1) bis((3,5-
difluorophenyl)pyridine) picolinate (Flrpic) as dub triplet emitter. The DBFCb host
showed balanced charge density in the emittingrlagpd a triplet energy of 2.88 eV by
carboline moiety. The Flrpic doped DBFCb deviceslired high external quantum

efficiency of 21.3% at a low doping concentratidr8%o.
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Introduction

There have been a lot of researches about deveglbygh triplet energy host materials

to enhance the quantum efficiency of blue phossuam organic light-emitting diodes

(PHOLEDS). Generally, carbazole derivatives havenbextensively studied as the high

triplet energy host materials, but relatively padectron transport properties of the

carbazole derivatives limited the device perfornesnaf the blue PHOLEDs[1-7].

Therefore, several moieties have been developatteaasatives of the carbazole moiety

and one of the most useful unit structures wasotiad8-15]. The carboline moiety is

composed of conjugated pyridine and indole subsuaiid has better electron transport

properties than carbazole due to electron defigieic¢he pyridine sub-unit. The good

electron transport properties of carboline balantelés and electrons, contributing to

the high quantum efficiency of the blue PHOLEDseféhhave been several papers

reporting high external quantum efficiency abové&e2ih blue PHOLEDs using host

materials derived from carboline[10-15]. Howevehnge tmolecular structure of the

carboline compounds was not diversified in spitehgfh quantum efficiency of the

carboline derivatives. Typically, the carboline etgiwas combined with the carbazole

moiety for both hole and electron transport prapsefl2,13] although a carboline

compound with two carboline moieties linked viaiphenyl core was reported[15].




In this work, a new carboline derivative, 2,8-big{gdo[2,3-b]indol-9-yl)dibenzofuran

(DBFCDb), was developed as a host material for BOLEDs. The synthesis and

device application of DBFCb as the host materidblae PHOLEDs were investigated

and high external quantum efficiency 21.3% at a bnping concentration of 3% in

blue PHOLEDs was demonstrated.

Experimental Section

General information

Dibenzofuran (TCI Chem. Co.) was used without fertpurification. Periodic acid,

copper iodide (Cul),trans-1,2-diaminocyclohexane (Aldrich Chem. Co.), sodium

thiosulfate, sulfuric acid, acetic acid, 1,4-diogafuksan Sci. Co.), iodine (Samchun

Sci. Co.), #¥-pyrido[2,3b]indole (a-carboline) (P&H tech Co.), and potassium

phosphate (KPQy) (Daejung Sci. Co.) were also used as receivedth®gized material

was analyzed according to the method reportedaitérature[10].

Synthesis

Synthetic scheme of the DBFCb is describe8dneme 1.

2, 8-Diiododibenzofuran (1)



Dibenzofuran (7.00 g, 41.62 mmol) and periodic ad@d.38 g, 49.94 mmol) were
dissolved in acetic acid (300 ml). And then, iod{@e34 g, 73.6 mmol) was added to the
solution. The reaction mixture was stirred af(6Gor 30 min followed by addition of
distilled water (60 ml) and sulfuric acid (0.6 mlhe solution was refluxed for 38 h,
cooled to room temperature and poured into didtildater. The mixture was filtered
and diluted with ethyl acetate and washed withiltidt water and sodium thiosulfate.
The organic layer was dried over anhydrous Mg&Q evaporated in vacuo. The crude
product was washed with hexane after drying in uatuThe synthesized 2, 8-
diiododibenzofuran was used in the next reactiothout further purification. A white

powder was obtained as a product (7.70 g, yiekb )

2, 8-Bis(pyrido[2,3-b]indol-9-yl)dibenzofuran (DBFCb) (2)

2, 8-Diiododibenzofuran (1.15 g, 2.74 mmal)carboline (1.02 g, 6.03 mmol),3RO,
(2.33 g, 10.96 mmol) and Cul (0.53 g, 2.74 mmolyenvdissolved in 1,4-dioxane (60
ml) under a nitrogen atmosphere. The reaction mexias stirred for 30 min aricans-
1,2-diaminocyclohexane (0.34 ml, 2.74 mmol) wasealdtb the solution followed by
reflux overnight. After cooling to room temperatuthe mixture was filtered and
diluted with methylene chloride and washed withiliesl water. The organic layer was

dried over anhydrous MgSGand evaporated in vacuo. The product was purified



column chromatography using methylene chloridekahe as an eluent. A white
powder was obtained by vacuum train sublimatiorBq@, yield : 42%).

'H NMR (400 MHz, CDC})): 6 8.48 (d, 1H, J = 6.40 Hz), 8.40 (d, 1H, J = 8.89,H
8.20 (d, 1H, J = 1.60 Hz), 8.14 (d, 1H, J = 7.60,Hz86 (d, 1H, J = 8.80 Hz), 7.76 (d,
1H, J = 11.20 Hz), 7.49-7.47 (m, 2H), 7.36-7.33 ), 7.26-7.23 (m, 1H*C NMR
(100 MHz, CDC}): 6 156.14, 152.49, 146.71, 140.79, 131.64, 128.52,5I12 127.22,
125.43, 121.13, 120.94, 120.90, 120.70, 116.46,2614.13.16, 110.45, MS (FAB) m/z
501 [(M+H)']. Elemental Analysis (calculated forf,0N4O) : C, 81.58; H, 4.03; N,

11.19; O, 3.20. Found : C, 81.57; H, 4.05; N, 11083.19.

Device fabrication and measurements

Blue PHOLEDs were fabricated by growing organic enats on poly(3,4-
ethylenedioxythiophene):polystyrenesulfonate (PEIR®B, 60 nm) coated indium tin
oxide (ITO, 120 nm) substrate by vacuum thermal pevation. 4,4'-
Cyclohexylidenebis[N,N-bis(4-methylphenylaniling)TAPC, 20 nm) was a hole
transport layer and N,N'-dicarbazolyl-3,5-benzém€P, 10 nm) was used as a hole
transport type exciton blocking layer. Iridium Jlibis((3,5-difluorophenyl)pyridine)

picolinate (Flrpic) doped DBFCb (25 nm) was a blenitting layer and



diphenylphosphine oxide-4-(triphenylsilyl)phenylJFPO1, 35 nm) was deposited as an

electron transport type exciton blocking layer. ([ifkm)/Al(200 nm) double layer was

evaporated as a cathode for the blue PHOLEDSs. &iogtrier devices had device

structures of ITO (120 nm)/PEDOT:PSS (60 nm)/TARG ¢m)/mCP (10 nm)/DBFCb

(25 nm)/TAPC (5 nm)/Al (200 nm) (hole only devicapd ITO (120 nm)/Ca (5

nm)/DBFCb (25 nm)/TSPO1 (35 nm)/LiF (1 nm)/Al (2@én) (electron only device).

Encapsulation of the blue PHOLEDs and single camievices was carried out to

protect the devices from moisture and oxygen usingjass cover. A desiccant was

inserted inside the device and the glass coverseaked with an epoxy adhesive by

ultraviolet curing. Electrical performances of tdevices were characterized using

Keithley 2400 source measurement unit and lumingrezéormances were measured

using CS 2000 spectroradiometer.

Results and discussion

The carboline based host material, DBFCb, has ak va@ctron transport type

dibenzofuran core and two carboline moieties. Casgbawith other carboline

compounds reported earlier[10-15], the dibenzofucare can allow more electron

transport character to the host material and cadume electron transport type host




materials. The DBFCb host was simply synthesized tbg reaction of 2,8-

diiododibenzofuran witho-carboline using Cul. Synthetic yield of the protdadter
column chromatography and vacuum train sublimat@s 42%. Purity of the final
sublimed compound was 99.9% and the final compauas! confirmed byH and*°C
NMR, mass and elemental analysis.

The highest occupied molecular orbital (HOMO) art tlowest unoccupied
molecular orbital (LUMO) of DBFCb were studied bglaulating electron distribution
of optimized geometrical structure. B3LYP 6-31G*sisaset of Gaussian 09 program
was used for the molecular simulatidiigure 1 represents the electron distribution of
DBFCb. The HOMO was widespread over the entire oude with more HOMO
dispersion on the carboline and the LUMO was cedtem the dibenzofuran moiety.
Relatively low electron density of the aromatic tandf dibenzofuran by electron
withdrawing oxygen allowed the localization of LUMSD the dibenzofuran moiety and
dominant HOMO distribution on the carboline moiets the carboline and
dibenzofuran moieties are weak hole transport &tren transport units, respectively,
DBFCb may show bipolar charge transport properties.

lonization potential (IP) and electron affinity (EAf DBFCb were analyzed by

measuring the oxidation and reduction potentialgid&ion and reduction curves



obtained from cyclic voltammetry (CV) measurememravplotted against voltage in

Figure 2. The oxidation and reduction potentials of DBFCérev1.30 V and -2.13 V

from the onset of oxidation and reduction curveliclv were -6.17 eV and -2.74 eV as

IP_and EA using ferrocene as the standard matditied.IP of DBFCb was stabilized by

the HOMO dispersion on the carboline moiety. Theidaye unit of the carboline

moiety decreased electron density and deependd@h&O level of DBFCb compared

to carbazole derived molecules. The EA was alsoiltad by the LUMO distribution

on the dibenzofuran. The HOMO and LUMO of DBFCb tenestimated to be -6.17

eV and -2.74 eV, respectively, from the IP and EA.

Photophysical parameters of DBFCb were extractathudV-vis absorption and PL
emission analysigzigure 3 shows UV-vis absorption, solution PL and low tenapere
PL spectra of DBFCb. Solution and low temperaturerfeasurements were carried out
in tetrahydrofuran solvent at a concentration d %. 10° M. UV-vis absorption
assigned taeTt* and nit* absorption of DBFCb was observed below 360 nm and
solution PL peak position was 379 nm. First phospbcent peak position was 427 nm
and the triplet energy of DBFCb was 2.90 eV frone tlow temperature PL
measurement at 77 K. The high triplet energy of BBRs due to the distortion of the

carboline moiety from the dibenzofuran plane by863.as presented iRigure 4. The



distortion of the carboline moiety limited p-orbitaverlap between dibenzofuran and

carboline, which lead to the high triplet energy.

Thermal transition temperatures of DBFCb were messbuusing differential

scanning calorimeter (DSC) to elucidate thermabibta of DBFCb. Figure 5 shows a

DSC themogram of DBFCb. Glass transition tempeeafily) is an important parameter

for the thermal stability and the, ® DBFCb was 132C. As the T, of DBFCb was well

above 100°C, the DBFCb host can be considered as a thermstlye host material.

The T, of DBFCb was higher than that of the carbolinethmaterial with a biphenyl

core[15]. Thermal decomposition temperaturg) (6f DBFCb was investigated by

thermogravimetric analysis (TGA). TGA curve of DB displayed irFiqure 6. The

Tqat 5 % weight loss was 378, which supports the thermal stability of DBFCbaas

host material.

The high triplet energy of DBFCb allowed us teowgrblue PHOLEDs by doping

common Flrpic as a blue triplet emitter becausettip&et energy of Flrpic (2.65 eV) is

lower than that of DBFCb (2.90 eV). Firpic was do doping concentrations of 3%

and 5%. Current density-voltage-luminance plotshef DBFCb:FIrpic devices at 3%

and 5% doping concentrations are presente@igure 7. The current density was

sharply increased at a turn-on voltage of 3.0 Mvlemergy barrier for hole injection

10



(0.07 eV) and electron injection (0.22 eV) lowetbd turn-on voltage of the DBFCb
device by facilitating charge injection from theache transport layers to the emitting
layer as shown in the energy level diagram of #mak inFigure 8. Driving voltage at
1,000 cd/m was 5.7 V and 6.7 V at 3% and 5% doping concdotrgf respectively.
The high driving voltage of the DBFCb device at 8&fping concentration is originated
by the low recombination efficiency and low curreensity compared to the DBFCb
device at 3% doping concentration.

External quantum efficiency of the DBFCb device wassented against luminance
in Figure 9. The external quantum efficiency was optimize@%tdoping concentration
by concentration quenching effect at 5% doping eotration and the maximum
quantum efficiency of the DBFCb device was 21.3%e Thigh quantum efficiency
above 20% was maintained up to a luminance of 3&D@f. Several factors can
explain the origins of the high external quanturficeincy of the DBFCb devices. One
key factor is the suppression of triplet excitoremehing of Flrpic by the DBFCb host
due to high triplet energy of DBFCb (2.90 eV). Amext factor is complete energy
transfer from DBFCb to Firpic as can be ensuredth®y electroluminescence (EL)
spectra inFigure 10. Pure emission of Flrpic without DBFCb emissiompports the

complete energy transfer in the DBFCb device. AltiloDBFCb was synthesized as an

11



electron transport type host as shown in currensithevoltage curves of single carrier
devices Figure 11), the triplet exciton harvesting and good enemgygfer increased
the quantum efficiency. Additionally, electron tpapg effect by Flrpic in the emitting
layer contributed to the high quantum efficiencyotigh balancing holes and electrons
in the emitting layer[16]. The quantum efficiencl tbe DBFCb devices was higher
than that of mCP device over all luminance rangé efficiency roll-off was also

reduced.

Conclusions

In summary, a carboline and dibenzofuran derivetenad, DBFCb, was synthesized
as an electron transport type host material fopi€ltriplet emitter. The high triplet
energy of 2.90 eV and good energy transfer chaiatts of DBFCb contributed to
high external quantum efficiency and the maximuntemal quantum efficiency of
DBFCb reached 21.3%. Therefore, the DBFCb hosbeadliiversely applied as the host

material for blue PHOLEDSs.

12



References

1. Tokito S, lijima T, Suzuri Y, Kita H, Tsuzuki Bato F, Confinement of triplet energy

on phosphorescent molecules for highly-efficiergamic blue-light-emitting devices.

Appl Phys Lett 2013;83:569-71.

2. He J, Liu H, Dai Y, Qu X, Wang J, Tao S, ZhangWang P, Ma D, Nonconjugated

Carbazoles: A Series of Novel Host Materials for gty Efficient Blue

Electrophosphorescent OLEDs. J Phys Chem C 200%;168-67.

3. Yeh S-J, Wu M-F, Chen C-T, Song Y-H, Chi Y, HeHWl Hsu S-F, Chen C H, New

Dopant and Host Materials for Blue-Light-Emitting hd3phorescent Organic

Electroluminescent Devices. Adv Mater 2005;17:285-8

4. Wang Q, Ding J, Ma D, Cheng Y, Wang L, Wang Fanipulating Charges and

Excitons within a Single-Host System to Accompligficiency/CRI/Color-Stability

Trade-off for High-Performance WOLEDs. Adv Matel02(21:2397-2401.

5. Tsai M-H, Lin H-W, Su H-C, Ke T-H, Wu C-c, FaRgC, Liao Y-L, Wong K-T, Wu

C-l, Highly Efficient Organic Blue Electrophospheoent Devices Based on 3,6-

Bis(triphenylsilyl)carbazole as the Host Materkadlv Mater 2006;18:1216-20.

6. Sasabe H, Pu Y-J, Nakayama K-I, KidondTerphenyl-modified carbazole host

material for highly efficient blue and green PHOLEDChem Commun 2009;43:6655-

13



57.

7. Kim S H, Jang J, Lee S J, Lee J Y, Deep bluspiarescent organic light-emitting

diodes using a Si based wide bandgap host and dgopént with electron withdrawing

substituents. Thin Solid Films 2008;517:722-26.

8. Motoyama T, Sasabe H, Seino Y, Takamatsu J, Hjdan a-Carboline-containing

Host Material for High-efficiency Blue and Greend3phorescent OLEDs. Chem Lett

2011;40:306-08.

9. Fukagawa H, Yokoyama N, Irisa S, Tokito S, Pyindole Derivative as Electron

Transporting Host Material for Efficient Deep-bli#hosphorescent Organic Light-

emitting Diodes. Adv Mater 2010;22:4774-78.

10. Lee C W, Lee J Y, Structure-Property Relatignstf Pyridoindole-Type Host

Materials for High-Efficiency Blue Phosphorescentg@nic Light-Emitting Diodes.

Chem Mater 2014;26:1616-21.

11. Lee CW, Im Y, Seo J, Lee J Y, Carboline denes with an ortho-linked terphenyl

core for high quantum efficiency in blue phosphoesd organic light-emitting diodes.

Chem Commun 2013;49:9860-62.

12. Im Y, Lee J Y, Effect of the position of nitegin pyridoindole on photophysical

properties and device performancesi9fp-, y-carboline based high triplet energy host

14



materials for deep blue devices. Chem Commun 2013948-50.

13. KimS J,KimYJ,SonYH, HurJ A, UmHA, 8hil, Lee TW, Cho M J, Kim J K,

Joo S, Yang J H, Chae G S, Choi K, Kwon J H, ChoHDHigh-efficiency blue

phosphorescent organic light-emitting diodes usangarbazole and carboline-based

host material. Chem Commun 2013;49:6788-90.

14. Lee C W, Im Y, Seo J, Lee J Y, Thermally statdeboline derivative as a host

material for blue phosphorescent organic light-engt diodes. Org Electron

2013;14:2687-91.

15. Lee C W, Lee J Y, Above 30% External Quantuficiehcy in Blue Phosphorescent

Organic Light-Emitting Diodes Using Pyrido[2,3-bjiole Derivatives as Host

Materials. Adv Mater 2013;25:5450-54.

16. Huang J, SuJ —H, Li X, Lam M —K, Fung K -MnBd —H, Cheah K W, Chen C

H, Tian H, Bipolar anthracene derivatives contagniole- and electron-transporting

moieties for highly efficient blue electrolumineace devices. J Mater Chem

2011:21:2957-64.

15



List of figures

Scheme 1. Synthetic scheme of DBFCb.

Figure 1. HOMO and LUMO distribution of DBFCb

Figure 2. Oxidation and reduction curves of DBFClxidation and reduction were
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Figure 3. UV-vis absorption, solution PL and lowngeerature PL spectra of DBFCDb in

tetrahydrofuran solvent.

Figure 4. Geometrical structure of DBFCb.

Figure 5. DSC curve of DBFCb scanned at a heatiteyaf 10°C/min under nitrogen.

Figure 6. TGA curve of DBFCb scanned at a heatiatg of 10°C/min under nitrogen.

Figure 7. Current density-voltage-luminance pldt®BFCb devices doped with Flirpic

at doping concentrations of 3% and 5%.

Figure 8. Energy level diagram of the blue phosphoent organic light emitting diodes

with DBFCb host material.

Figure 9. External quantum efficiency-luminancetplof DBFCb devices doped with

Flrpic at doping concentrations of 3% and 5%. Dewata of mCP device was also

added for comparison.

Figure 10. Electroluminescence spectra of DBFChogsvdoped with Flrpic at doping
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concentrations of 3% and 5%.

Figure 11. Current density-voltage curves of thielomly and electron only devices of

DBFCb.
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