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A high efficiency deep blue phosphorescent organic light-emitting diodes was developed
using an weak electron transport type high triplet energy host material with dibenzofuran
and phosphine oxide units. The host material showed a high triplet energy of 3.01 eV and
was effective as the host material for deep blue phosphorescent organic light-emitting
diodes. The device performances could be optimized by managing the doping concentra-
tion of phosphorescent dopants and a high quantum efficiency of 25.9% with a color coor-
dinate of (0.14, 0.22) was achieved.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Deep blue phosphorescent organic light-emitting
diodes (PHOLEDs) have been actively studied to overcome
the low external quantum efficiency of current fluorescent
deep blue organic light-emitting diodes (OLEDs) [1–8].
Compared with the external quantum efficiency of deep
blue fluorescent OLEDs (5–9%), the external quantum
efficiency of deep blue PHOLEDs was improved up to 25%
[3].

The significant improvement of quantum efficiency in
deep blue PHOLED was accomplished by the development
of high triplet energy host materials [3,4,6–10] in addition
to dopant materials and device architecture [1,11–15]. As
the triplet energy of the deep blue dopant materials is in
the range from 2.7 eV to 2.8 eV, host materials with a trip-
let energy over 2.9 eV have been developed for deep blue
PHOLEDs. The high triplet energy host materials include
carbazole [16], silane [17,18] and phosphine oxide (PO)
. All rights reserved.
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[3,4,6,7,19–27] derivatives. In particular, PO derivatives
were very effective to enhance the quantum efficiency of
deep blue PHOLEDs.

Several high triplet energy PO type host materials were
reported, which include carbazole based PO [3,4,6,7,19–22]
dibenzofuran based PO [23–25] and dibenzothiophene
based PO materials [20,26]. A high external quantum effi-
ciency over 20% was achieved in PO based host materials
and the best quantum efficiency value of deep blue
PHOLEDs was 25.4% [3]. However, it is necessary to further
improve the quantum efficiency of deep blue PHOLEDs
using a better host material. In addition, high quantum
efficiency in deep blue PHOLEDs was mostly obtained by
using bipolar host materials [3–11].

In this work, a high triplet energy electron transport
type host material, bis(dibenzo[b,d]furan-2-yl)(phenyl)
phosphineoxide (DFPO3), was synthesized as the high
triplet energy host material for deep blue PHOLEDs and
the device performances of the DFPO3 devices were
investigated according to the doping concentration. A high
quantum efficiency of 25.9% was demonstrated from the
deep blue PHOLEDs with the DFPO3 host material, which
is higher than any other data reported in deep blue
PHOLEDs.
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2. Experimental

2.1. Synthesis

2.1.1. Bis(dibenzo[b,d]furan-2-yl)(phenyl)phosphineoxide
(DFPO3)

2-Bromo-dibenzofuran (3.00 g, 12.14 mmol) was dis-
solved in 30 mL of anhydrous tetrahydrofuran under argon
and cooled to �78 �C and n-butyllithium (2.5 M in hexane,
5.83 mL) was added slowly to give a bright yellow solution
that thickened to a slurry. Stirring was continued for 3 h at
�78 �C after 1.65 mL (8.50 mmol) of dichlorophenylpho-
phine was added giving a clear, pale yellow solution under
argon atmosphere. The resulting mixture was gradually
warmed to ambient temperature and quenched by metha-
nol (10 mL). The mixture was extracted with dichloro-
methane. The combined organic layers were dried over
magnesium sulfate, filtered, and evaporated under reduced
pressure. The white powdery product was obtained to
1.34 g (yield: 25%). It was dissolved in dichloromethane
(20 mL) and hydrogen peroxide (4 mL), which was stirred
overnight at room temperature. The organic layer was sep-
arated and washed with dichloromethane and water. The
extract was evaporated to dryness affording a white solid.

DFPO3 yield 25%. NMR-1H (500 MHz, CDCl3): d 8.45 (d,
2H, J = 10 Hz), 7.93 (d, 2H, J = 10 Hz), 7.65 (d, 2H,
J = 17.5 Hz), 7.70 (d, 4H, J = 10 Hz), 7.64–7.33 (m, 9H).
13C-NMR (500 MHz, CDCl3): d 132.2, 132.1, 132.0, 130.9,
130.8, 128.7, 128.6, 128.0, 125.5, 125.4, 123.4, 123.3,
121.1, 112.0, 111.9, 111.8. MS (FAB) m/z 459 [(M + H)+].
Anal. Calcd. for C30H19O3P: C, 78.60; H, 4.18; O, 10.47; P,
6.76. Found: C, 78.44; H, 4.14.
2.2. Device fabrication

The device structure of blue PHOLEDs was indium tin
oxide (ITO, 150 nm)/N,N0-diphenyl-N,N0-bis-[4-(phenyl-m-
tolyl-amino)-phenyl]-biphenyl-4,40-diamine (DNTPD,
60 nm)/N,N0-di(1-naphthyl)-N,N0-diphenylbenzidine (NPB,
10 nm)/N,N0-dicarbazolyl-3,5-benzene (mCP, 10 nm)/
DFPO3: bis((3,5-difluoro-4-cyanophenyl)pyridine) iridium
picolinate (FCNIrpic) (30 nm, x%)/4-(triphenylsilyl)phen-
yldiphenylphosphine oxide (TSPO1, 15 nm)/LiF(1 nm)/
Al(200 nm). The doping concentrations of FCNIrpic were
3%, 5%, and 10%. All devices were fabricated by vacuum
thermal evaporation. Deposition rate of organic materials
was 0.1 nm/s and doping concentration was controlled by
changing the deposition rate of dopant material. Devices
were encapsulated with CaO getter and a glass lid after
metal electrode deposition. The device performances of
the blue PHOLEDs was measured with Keithley 2400
source measurement unit and CS1000 spectroradiometer.
2.3. Measurements

Photophysical properties of the DFPO3 were analyzed
using ultraviolet–visible (UV–Vis) and photoluminescence
(PL) spectrometer. DFPO3 was dissolved in tetrahydrofuran
at a concentration of 1.0 � 10�4 M for UV–Vis and PL mea-
surements. Triplet energy analysis of the DFPO3 was car-
ried out using low temperature PL measurement in liquid
nitrogen. Energy levels of the DFPO3 were measured using
cyclic voltametry (CV). Cyclic voltametry measurement of
organic materials was carried out in acetonitrile solution
with tetrabutylammonium perchlorate at 0.1 M concentra-
tion. Ag was used as the reference electrode and Pt was the
counter electrode. Organic materials were coated on in-
dium tin oxide substrate and were immersed in electrolyte
for analysis. Ferrocene was used as the internal standard
material. Elemental analysis of the materials was carried
out using EA1110 (CE instrument). High performance li-
quid chromatography (HPLC) analysis of the synthesized
materials was carried out using HPLC from Youngrin
Instrument. A mixed eluent of actonitrile:methanol
(90:10) was used for the analysis.
3. Results and discussion

DFPO3 was designed as a weak electron transport type
host material with high triplet energy. Dibenzofuran was
used as the electron deficient core structure and two
dibenzofuran units were connected through electron with-
drawing PO unit. The dibenzofuran core has a high triplet
energy of 3.14 eV and the PO linking unit does not extend
the conjugation between the dibenzofuran and phenyl
unit. Therefore, high triplet energy can be obtained in
DFPO3. Compared with other PO modified dibenzofuran
host materials [24,25,28], DFPO3 may show weak electron
transport properties because two dibenzofuran units share
one PO unit. Therefore, DFPO3 may function as a weak
electron transport type host material for deep blue
PHOLEDs.

DFPO3 could be synthesized by the lithiation of the
2-bromobenzofuran followed by the reaction with
dichlorophenylphosphine and oxidation. Two equivalent
of 2-bromobenzofuran was used to attach two dibenzofu-
ran units. Synthetic scheme of the DFPO3 is shown in
Scheme 1. The DFPO3 could be obtained in high purity
level over 99% after purification.

Photophysical properties of DFPO3 were analyzed using
UV–Vis and PL spectrometer. Fig. 1 shows UV–Vis and PL
spectra of DFPO3. DFPO3 showed strong absorption peaks
at 287 nm and 299 nm due to p�p⁄ absorption of dibenzo-
furan unit. As the PO unit does not extend the conjugation
of DFPO3, the absorption of dibenzofuran was observed.
Bandgap of DFPO3 was 3.96 eV from the absorption edge
of UV–Vis spectra. PL emission of DFPO3 was observed at
321 nm. Triplet energy of DFPO3 was 3.01 eV from the first
emission peak of low temperature PL spectrum. The triplet
energy of DFPO3 was higher than that of deep blue phos-
phorescent dopant (2.74 eV). Therefore, DFPO3 can be
effectively used as the host material for deep blue PHOL-
EDs. The triplet energy of DFPO3 was similar to that of
other PO modified dibenzofuran host materials substituted
at 2,8 positions [25], but it was lower than that of dibenzo-
furan derivatives with the PO unit at 4 position [28] due to
extended conjugation through para substitution to oxygen
moiety. The triplet energy 2,8-bis(diphenylphospho-
ryl)dibenzo[b,d]furan (DFPO) was 3.04 eV from our mea-
surement, which is similar to that of DFPO3.
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Scheme 1. Synthetic scheme of DFPO3.
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Fig. 1. UV–Vis absorption, PL and low temperature PL spectra of DFPO3.
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Fig. 3. Current density–voltage-luminance curves of DFPO3 deep blue
PHOLEDs according to doping concentration.
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Molecular simulation of DFPO3 was performed to study
the molecular orbital distribution of DFPO3. Fig. 2 shows
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) distribution of
DFPO3. Both HOMO and LUMO were dispersed over diben-
zofuran of DFPO3 due to strong electron withdrawing char-
acter of phosphine oxide unit. As dibenzofuran is an
electron deficient unit, the molecular orbital simulation re-
sults indicate that DFPO3 is an electron transport type host
material with weak hole transport properties. Simulated
HOMO and LUMO levels of DFPO3 were �6.16 eV and
�1.16 eV, respectively. The HOMO of DFPO3 measured by
cyclic voltametry was�6.66 eV from the onset of oxidation
curve and the LUMO was �2.70 eV from the HOMO and
bandgap.

DFPO3 was evaluated as the host material for deep blue
PHOLEDs because of its high triplet energy of 3.01 eV. The
doping concentration of the blue dopant was changed from
3% to 10% to optimize the device performances. Fig. 3
shows current density–voltage-luminance curves of the
DFPO3 devices according to the doping concentration of
FCNIrpic. The current density of the device was not chan-
ged up to doping concentration of 5%, but it was increased
at 10% doping concentration. The increased current density
Fig. 2. HOMO and LUMO d
of the device is due to the charge hopping effect between
dopant materials at high doping concentration. In particu-
lar, hole transport is improved at high doping concentra-
tion because of large HOMO level difference between
DFPO3 (�6.66 eV) and FCNIrpic (�5.74 eV). Hole trapping
and hopping by FCNIrpic dominate the current density of
the device, resulting in high current density at 10% doping
concentration. The luminance also followed the same trend
as the current density although the luminance of the 5%
FCNIrpic doped device was slightly higher than that of
the 3% FCNIrpic doped device because of better recombina-
tion efficiency in the emitting layer.

The quantum efficiency–luminance curves of the DFPO3
device are shown in Fig. 4. The quantum efficiency was in-
creased according to doping concentration and the best
quantum efficiency was obtained in the 10% FCNIrpic
doped device. The maximum quantum efficiency of the
10% FCNIrpic doped deep blue PHOLED was 25.9% and the
quantum efficiency at 100 cd/m2 was 23.2%. The quantum
efficiency achieved in this work is better than any other
data reported in deep blue PHOLEDs [3]. The high quantum
efficiency in 10% FCNIrpic doped device is due to the better
istribution of DFPO3.
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Fig. 4. Quantum efficiency–luminance curves of DFPO3 devices according
to doping concentration. Quantum efficiency of DFPO3 was compared
with that of DFCzPO and DFPO.
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Fig. 5. Electroluminescence spectra of DFPO3 devices.
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hole injection at high doping concentration by charge trap-
ping and hopping. As there is 0.56 eV energy barrier for hole
injection between the DFPO3 and mCP hole transport mate-
rial, the hole injection from the mCP to emitting layer is
limited. The hole injection can be improved by the dopant
material at high doping concentration because dopant
transports holes through hopping between dopant materi-
als. As DFPO3 is an electron transport type host material,
holes and electrons are balanced at high doping concentra-
tion because of the high hole density. The maximum
current efficiency of the 10% FCNIrpic doped device was
37.5 cd/A. Quantum efficiency of strong electron transport
and bipolar host materials is also shown in this figure to
compare the device performances of weak electron
transport type host material with those of strong electron
transport and bipolar host materials. 9-(8-(Diphenylphos-
phoryl)dibenzo[b,d]furan-2-yl)-9H-carbazole (DFCzPO)
was used as the bipolar host material and DFPO was
adopted as the strong electron transport type host material.
It can be seen that DFPO3 showed better quantum
efficiency than DFPO and DFCzPO although the quantum
efficiency roll-off was worse than that of DFPO3 device.
Strong electron transport type DFPO host material showed
low quantum efficiency because of poor hole injection. This
indicates that weak electron transport type host materials
can be as efficient as bipolar host materials in terms of
quantum efficiency. Management of doping concentration
controls the hole injection and transport in the emitting
layer, resulting in the high recombination efficiency in the
emitting layer.

Electroluminescence (EL) spectra of the DFPO3 devices
are shown in Fig. 5 according to doping concentration.
Deep blue emission with a maximum emission peak at
459 nm was observed without any emission by host or
charge transport materials, indicating efficient energy
transfer from DFPO3 to FCNIrpic. The EL spectra were
red-shifted at high doping concentration due to strong
intermolecular interaction. The colour coordinate of the
3% FCNIrpic doped device was (0.14, 0.20), while that of
the 10% FCNIrpic doped device was (0.14, 0.22).

4. Conclusions

In conclusion, an electron transport type high triplet en-
ergy host material, DFPO3, was effectively synthesized and
showed good performances as the host material for deep
blue PHOLEDs. A high quantum efficiency of 25.9% was
achieved, which was higher than any other quantum effi-
ciency value reported in other works.

References

[1] C.-F. Chang, Y.-M. Cheng, Y. Chi, Y.-C. Chiu, C.-C. Lin, G.-H. Lee, P.-T.
Chou, C.-C. Chen, C.-H. Chang, C.-C. Wu, Angew. Chem. Int. Ed. 47
(2008) 4542.

[2] H. Sasabe, J. Katamatsu, T. Motoyama, S. Watanabe, G. Wagenblast,
N. Langer, O. Molt, E. Fuchs, C. Lennartz, J. Kido, Adv. Mater. 22
(2010) 5003.

[3] S.O. Jeon, S.E. Jang, H.S. Son, J.Y. Lee, Adv. Mater. 23 (2011)
1436.

[4] S.O. Jeon, K.S. Yook, C.W. Joo, J.Y. Lee, Adv. Funct. Mater. 19 (2009)
3644.

[5] T. Sajoto, P.I. Djurovich, A. Tamayo, M. Yousufuddin, R. Bau, M.E.
Thompson, R.J. Holmes, S.R. Forrest, Inorg. Chem. 44 (2005)
7992.

[6] S.O. Jeon, K.S. Yook, C.W. Joo, J.Y. Lee, Adv. Mater. 22 (2010) 1872.
[7] Y.J. Cho, J.Y. Lee, Chem. Eur. J. 17 (2011) 11415.
[8] P. Erk, M. Bold, M. Egen, E. Fuchs, T. Geßner, K. Kahle, C. Lennartz, O.

Molt, S. Nord, H. Reichelt, C. Schildknecht, H.-H. Johannes, W.
Kowalsky, SID Digest 37 (2006) 131.

[9] H. Chang, W. Tsai, C. Chang, N. Chen, K. Wong, W. Hung, S. Chen, Org.
Electron. 12 (2011) 2025.

[10] S. Gong, Q. Fu, Q. Wang, C. Yang, C. Zhong, J. Qin, D. Ma, Adv. Mater.
23 (2011) 4956.

[11] R.J. Holmes, S.R. Forrest, T. Sajoto, A. Tamayo, P.I. Djurocich, Appl.
Phys. Lett. 87 (2005) 243507.

[12] S. Burling, M.F. Mahon, S.P. Reade, M.K. Whittlesey, Organometallics
25 (2006) 3761.

[13] P.L. Chiu, C.Y. Chen, C.-C. Lee, M.-H. Hsieh, C.-H. Chuang, H.M. Lee,
Inorg. Chem. 45 (2006) 2520.

[14] C.-H. Hsieh, F.-I. Wu, C.-H. Fan, M.-J. Huang, K.-Y. Lu, P.-Y. Chou, Y.-
H.O. Yang, S.-H. Wu, I.-C. Chen, S.-H. Chou, K.-T. Wong, C.-H. Cheng,
Chem. Eur. J. 17 (2011) 9180.

[15] K.-Y. Lu, H.-H. Chou, C.-H. Hsieh, Y.-H.O. Yang, H.-R. Tsai, H.-Y. Tsai,
L.-C. Hsu, C.-Y. Chen, I.-C. Chen, C.-H. Cheng, Adv. Mater. 23 (2011)
4933.

[16] J. Holmes, S.R. Forrest, Y.-J. Tung, R.C. Kwong, J.J. Brown, S. Garon,
M.E. Thompson, Appl. Phys. Lett. 82 (2003) 2422.

[17] R.J. Holmes, B.W. D0Andrade, S.R. Forrest, X. Ren, J. Li, M.E.
Thompson, Appl. Phys. Lett. 83 (2003) 3818.

[18] X. Ren, J. Li, R.J. Holmes, P.I. Djurovich, S.R. Forrest, M.E. Thompson,
Chem. Mater. 16 (2004) 4743.

[19] L.S. Sapochak, A.B. Padmaperuma, X. Cai, J.L. Male, P.E. Burrows, J.
Phys. Chem. C 112 (2008) 7989.

[20] X. Cai, A.B. Padmaperuma, L.S. Sapochak, P.A. Vecchi, P.E. Burrows,
Appl. Phys. Lett. 92 (2008) 083308.

[21] H.-H. Chou, C.-H. Cheng, Adv. Mater. 22 (2010) 2468.
[22] J. Ding, Q. Wang, L. Zhao, D. Ma, L. Wang, X. Jing, F. Wang, J. Mater.

Chem. 20 (2010) 8126.



S.H. Jeong, J.Y. Lee / Organic Electronics 13 (2012) 1141–1145 1145
[23] P.A. Vecchi, A.B. Padmaperuma, H. Qiao, L.S. Sapochak, P.E. Burrows,
Org. Lett. 8 (2006) 4211.

[24] C. Han, G. Xie, J. Li, Z. Zhang, H. Xu, Z. Deng, Y. Zhao, P. Yan, S. Liu,
Chem. Eur. J. 17 (2011) 8947.

[25] S.H. Jeong, C.W. Seo, J.Y. Lee, N.S. Cho, J.K. Kim, J.H. Yang, Chem. Asia
J. 6 (2011) 2895.
[26] S.H. Jeong, J.Y. Lee, J. Mater. Chem. 21 (2011) 14064.
[27] H.-H. Chou, H.-H. Shih, C.-H. Cheng, J. Mater. Chem. 20 (2010)

798.
[28] C. Han, G. Xie, H. Xu, Z. Zhang, L. Xie, Y. Zhao, S. Liu, W. Huang, Adv.

Mater. 23 (2011) 2491.


	Dibenzofuran derivative as high triplet energy host material for high  efficiency in deep blue phosphorescent organic light-emitting diodes
	1 Introduction
	2 Experimental
	2.1 Synthesis
	2.1.1 Bis(dibenzo[b,d]furan-2-yl)(phenyl)phosphineoxide (DFPO3)

	2.2 Device fabrication
	2.3 Measurements

	3 Results and discussion
	4 Conclusions
	References


