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materials with bipolar charge transport 
properties. [ 6–11 ]  Another method was to 
substitute the electron transport unit at 
2- or 3- positions of carbazole. [ 12–14 ]  The 
substitution enhanced the electron trans-
port properties of carbazole derivatives, 
resulting in high quantum effi ciency. The 
other method was to attach electron trans-
port units at 2,7- or 3,6- positions of carba-
zole. [ 12,15–19 ]  Two electron transport units 
were symmetrically attached to the carba-
zole unit for better electron transport prop-
erties. Diphenylphosphine oxide, fl uorene 
and imidazole moieties were attached to 
the carbazole core and balanced holes and 
electrons in the emitting layer. 

 In general, the symmetric substitution of the carbazole 
core was made through bromination of carbazole [ 12,18,19 ]  or 
ring closing reaction of biphenyl with nitro functional group 
at  ortho-  position. [ 17 ]  However, it was diffi cult to brominate the 
cabazole unit asymmetrically because typical bromination of 
the carbazole unit results in symmetric bromination of the 
carbazole core. Asymmetric bromination may produce a car-
bazole derivative with the same functional units asymmetri-
cally. The asymmetric substitution can improve the morpho-
logical stability of the host fi lm due to suppressed molecular 
packing and manage the device performances of the host 
materials. Therefore, it is strongly required to develop carba-
zole derivatives with substituents at asymmetric position of 
carbazole. 

 Herein, we describe the synthesis of a carbazole derivative 
with electron withdrawing units at asymmetric positions of car-
bazole, (9-phenyl-9H-carbazole-2,5-diyl)bis(diphenylphosphine 
oxide) (PCPO25) and device performances of blue PHOLEDs 
with the carbazole derivative as the host material. It was dem-
onstrated that the substitution of diphenylphosphine oxide at 
asymmetric positions of carbazole improved the glass tran-
sition temperature and morphological stability of the host 
material, power effi ciency and quantum effi ciency of the blue 
PHOLEDs. A high external quantum effi ciency of 31.4% was 
achieved using the PCPO25 host material and the quantum 
effi ciency obtained in this work is the best quantum effi -
ciency value reported for blue PHOLEDs. [ 6 ]  It was even better 
than the state of the art quantum effi ciency of red and green 
PHOLEDs. [ 2,20 ]   
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  1. Introduction 

 External quantum effi ciency is one of the most important 
device characteristics of phosphorescent organic light-emit-
ting diodes (PHOLEDs) because PHOLEDs can achieve 100% 
internal quantum effi ciency, much higher than conventional 
fl uorescent organic light-emitting diodes. [ 1 ]  The maximum 
external quantum effi ciency of PHOLEDs was improved above 
20% in red, green and blue PHOLEDs compared with 10% of 
that of fl uorescent organic light-emitting diodes. [ 2–4 ]  

 The advance of the quantum effi ciency of PHOLEDs was 
made through development of triplet host materials. Typically, 
carbazole based host materials were effective to improve the 
quantum effi ciency of PHOLEDs. [ 4–11 ]  The carbazole unit was 
typically used as a hole transport unit of host materials due 
to electron donating character of amine unit of carbazole and 
it was modifi ed with electron transport units in various ways. 
Substitution of amine unit of carbazole was one of the most 
widely used methods to improve the electron transport prop-
erties of carbazole. Several carbazole derivatives with a substit-
uent at nitrogen of carbazole were reported as the triplet host 
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  2. Results and Discussion 

 The PCPO25 host material was designed to take advantage of 
the merits of good charge transport properties and low bandgap 
of substitution at 2- position of carbazole, and high glass transi-
tion temperature and high quantum effi ciency of substitution 
at 4- position of carbazole. [ 14 ]  It was reported that substitution 
of diphenylphosphine oxide at 2- position of carbazole reduced 
the bandgap and increased charge transport properties because 
of deepened LUMO level, resulting in low driving voltage and 
high power effi ciency in blue PHOLEDs. [ 17 ]  On the other hand, 
the substitution of diphenylphosphine oxide at 4- position of 
carbazole was effective to increase the glass transition temper-
ature and quantum effi ciency of blue PHOLEDs due to steric 
hindrance and balanced charge density. [ 14 ]  Therefore, the sub-
stitution of the diphenylphosphine oxide at 2- and 5- positions 
may have synergic effect on the thermal stability, low driving 
voltage and high quantum effi ciency. 

 The PCPO25 host material was synthesized from a bro-
minated carbazole intermediate with two bromine units at 
2- and 5- positions of carbazole as shown in synthetic scheme 
in  Scheme    1  . The brominated intermediate was synthesized 
by ring closing reaction of 2′,4-bromo-2-nitro-1,1′-biphenyl 
which was synthesized by Suzuki coupling reaction between 
1,4-dibromo-2-nitrobenzene and 2-bromophenylboronic acid. 
The synthetic yield of the PCPO25 compound was 62.4% from 
the brominated intermediate and the synthetic yield of the ring 
closing reaction was 88.7%. The PCPO25 host material was 
purifi ed by vacuum train sublimation to obtain high purity 
level above 99% from high performance liquid chromatography 
analysis.  

 The photophysical properties of the PCPO25 were meas-
ured using ultraviolet-visible (UV-Vis) and photoluminescence 
(PL) spectrometers.  Figure    1   shows UV-Vis and PL spectra of 
the PCPO25 host material. PCPO25 showed n–π* absorption 
of carbazole at 335, 355, and 371 nm, and π−π* absorption of 
diphenylphosphine oxide modifi ed carbazole at 261, 304, and 
313 nm. The UV-Vis absorption of carbazole was similar to 

that of PPO27 with two diphenylphosphine oxide units sym-
metrically. [ 17 ]  The absorption edge of the UV-Vis absorption 
was 379 nm (bandgap of 3.27 eV), which was similar to that 
of PPO27. This indicates that the substitution at 2- position of 
carbazole dominates the photophysical properties of PCPO25. 
Solution PL emission of PCPO25 was observed at 385 nm and 
398 nm and solid PL emission was shifted to long wavelength 
due to intermolecular interaction in solid state. Phosphorescent 
emission of PCPO25 was analyzed at 77 K and fi rst phospho-
rescent emission peak appeared at 443 nm. High triplet energy 
of 2.80 eV was calculated from the fi rst phosphorescent emis-
sion peak, which was the same as that of PPO27 with substitu-
ents at symmetric position. [ 17 ]  All photophysical properties of 
PCPO25 were similar to those of PPO27 because of the diphe-
nylphosphine oxide substitution at 2- position. The substitution 
at 5- position had little effect on the photophysical properties of 
PCPO25.  

 The highest occupied molecular orbital (HOMO) of PCPO25 
was measured by cyclic voltammetry and the lowest unoccupied 
molecular orbital (LUMO) of PCPO25 were calculated from 
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 Scheme 1.    Synthetic scheme of PCPO25.
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 Figure 1.    UV-Vis absorption, solution PL, solid PL and low temperature 
PL (LTPL) spectra of PCPO25.
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the HOMO and bandgap from UV-Vis absorption edge. The 
HOMO and the LUMO of PCPO25 were –6.17 eV and –2.90 eV, 
respectively, which were suitable for hole injection from mCP 
hole transport layer (–6.10 eV) and electron injection from 
TSPO1 electron transport layer (–2.52 eV). 

 Thermal stability of PCPO25 was studied using differential 
scanning calorimeter (DSC) and thermogravimetric analyzer 
(TGA). DSC and TGA thermograms of PCPO25 are shown in 
 Figure    2   and  Figure    3  . Glass transition temperature ( T  g ) was 
measured from the infl ection point of DSC thermogram and 
it was 140 °C, which was higher than that of PPO27 (120 °C) 
and PPO36 (123 °C) with two diphenylphosphine oxide units 
at symmetrical positions. [ 17 ]  The high  T  g  of PCPO25 can be 
explained by the substitution of diphenylphosphine oxide at 5- 
position, which induces steric hindrance and restricted molec-
ular motion. The rotation of the diphenylphosphine oxide unit 
is hindered by the carbazole core, resulting in high  T  g . The sub-
stitution of diphenylphosphine oxide at 5- position increased 
the  T  g  although it did not affect the photophysical properties of 
PCPO25. The improved thermal stability was also confi rmed by 
TGA and the thermal decomposition temperature at 5% weight 
loss was 506 °C, which was much higher than that of PPO27 
with substituents at symmetric positions.   

 The thermal stability of the PCPO25 was also confi rmed by 
monitoring the crystallization and PL emission of PCPO25: 
iridium(III) bis[(4,6-difl uorophenyl)-pyridinato-N,C 2 ]picoli-
nate (FIrpic) fi lm deposited by vacuum thermal evaporation at 
high temperature. The PCPO25:FIrpic fi lm was annealed from 
100 °C to check the fi lm stability. Optical microscopic pictures 
of PCPO25:FIrpic fi lms are presented in  Figure    4   according 

to annealing temperature after 10 min annealing at the 
annealing temperature. There was no crystallization observed 
up to 150 °C, which proves the excellent thermal stability of 
the PCPO25 fi lm. PL intensity of the PCPO25:FIrpic fi lm was 
also not greatly affected by the high temperature annealing up 
to 130 °C as shown in Figure S1 in Supporting Information. 
Above 95% of the original PL emission was maintained up to 
130 °C. The high T g  and morphological stability of the PCPO25 
contributed to the stable PL intensity after thermal treatment at 
high temperature.  

 Hole only and electron only devices of PCPO25 were 
fabricated to compare hole and electron densities in the 
PCPO25 device.  Figure    5   shows current density-voltage 
curves of hole and electron only devices of PCPO25. Device 
structures of hole only and electron only devices were 
indium tin oxide (ITO, 50 nm)/poly(3,4-ethylenedioxythio-
phene) : poly(styrenesulfonate) (PEDOT:PSS, 60 nm)/4,4′-
cyclohexylidenebis[N,N-bis(4-methylphenyl)aniline] (TAPC, 
20 nm)/1,3-bis(N-carbazolyl)benzene (mCP, 10 nm)/PCPO25 
(25 nm)/TAPC (5 nm)/Al (200 nm) and ITO (50 nm)/Ca (5 nm)/
PCPO25 (25 nm)/ diphenylphosphine oxide-4-(triphenylsilyl)
phenyl (TSPO1,35 nm)/LiF (1 nm)/Al (200 nm), respectively. 
The hole and electron current densities of the PCPO25 host 
were similar over all voltage ranges measured, which indicates 
that holes and electrons can be balanced in the emitting layer. 
As there was little energy barrier for hole and electron injec-
tion, the similar hole and electron current density of the single 
carrier devices refl ects bipolar charge transport properties of 
the PCPO25 host. As reported in other works, the combination 
of electron donating carbazole and electron withdrawing diphe-
nylphosphine oxide units induced the similar hole and electron 
current densities in the single charge devices. [ 12 ]   

 The PCPO25 host was evaluated as the host material for blue 
PHOLEDs because PCPO25 possessed high triplet energy of 
2.80 eV for effi cient energy transfer to FIrpic dopant material. 
 Figure    6   shows current density-voltage-luminance curves of 
the blue PHOLEDs with the PCPO25 host material according 
to the doping concentration of FIrpic. The doping concentra-
tions of FIrpic were 5, 10, and 20%. The current density of 
the blue PHOLEDs was increased according to the increase 
of FIrpic doping concentration. As reported in other works, 
the better charge hopping between dopant materials enhanced 
the current density at high doping concentration. [ 21 ]  However, the 
luminance showed a maximum value at 10% doping concen-
tration due to poor recombination effi ciency and concentra-
tion quenching effect at 20% doping concentration, which will 
be shown in  Figure    7  . Turn-on voltage of the device was 3.0 V 
and the driving voltage at 1000 cd m -2  was 5.1 V, which was 
similar to that of PPO27 based blue device. Although the diphe-
nylphosphine oxide was substituted at 2- and 5- positions, the 
driving voltage could be lowered just as the PPO27 host with 
two substituents at 2- and 7- positions.   

 Quantum effi ciency-luminance curves of the PCPO25 blue 
PHOLEDs are shown in Figure  7 . The quantum effi ciency of 
the PCPO25 blue PHOLEDs was optimized at 10% doping con-
centration and a maximum quantum effi ciency of 31.4% was 
achieved at 100 cd m −2  without any out-coupling enhancement. 
The high quantum effi ciency was maintained even at high 
luminance and a quantum effi ciency of 28.6% was obtained at 
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 Figure 2.    DSC thermogram of PCPO25.
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 Figure 3.    TGA thermogram of PCPO25.
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1000 cd m −2 . The external quantum effi ciency of the PCPO25 
device is better than any other data reported in blue devices. [ 6 ]  
The high quantum effi ciency of the PCPO25 blue PHOLEDs 
can be explained by effi cient energy transfer (high PL intensity), 
charge balance and exciton confi nement. Energy transfer from 
PCPO25 to FIrpic is critical to the quantum effi ciency, which 
was confi rmed by PL emission of PCPO25:FIrpic fi lm com-
pared with that of mCP:FIrpic fi lm (Figure S2 in Supporting 
Information). The PL emission intensity of the PCPO25:FIrpic 
fi lm was stronger than that of mCP:FIrpic fi lm, which confi rms 
the effi cient energy transfer from PCPO25 to FIrpic. Absolute 
PL quantum effi ciency of PCPO25:FIrpic fi lm was 95±5% from 
integrating sphere measurement, which confi rms the effi cient 
energy transfer from PCPO25 to FIrpic. In addition, the PL 
emission was not reduced up to 10% doping concentration, 
indicating that the PCPO25 host suppressed triplet-triplet anni-
hilation at high doping concentration. 

 Holes and electrons balance in the emitting layer also con-
tributed to the above 30% quantum effi ciency of the PCPO25 
devices. As shown in the single charge device data, PCPO25 
showed similar hole and electron current density, which bal-
anced holes and electrons in the emitting layer, enhancing 
the quantum effi ciency. The exciton confi nement is also a key 
factor for the high quantum effi ciency of the PCPO25 blue 
devices. Triplet excitons of FIrpic are effectively confi ned inside 
the PCPO25 emitting layer because of high triplet energy of 
mCP (2.90 eV) and TSPO1 (3.39 eV) charge transport materials. 
The triplet excitons of FIrpic are not quenched by PCPO25, 
mCP and TSPO1 which are in direct contact with FIrpic, 
which improved the external quantum effi ciency of PCPO25 

devices. In addition, Lambertian distribution 
of light emission was confi rmed and no out-
coupling enhancement was observed in the 
PCPO25 device. In addition, the use of thin 
ITO electrode (50 nm) had positive effect 
on the quantum effi ciency because of high 
transmittance in blue emitting wavelength 
region and suppressed waveguide mode. [ 22 ]  
The quantum effi ciency of the PCPO25 
device was higher than that of PPO27 device 
(27.5%) and mCP device (19.7%). 

 The power effi ciency of the PCPO25 blue 
PHOLEDs was also plotted against lumi-

nance. The maximum power effi ciency of the PCPO25 blue 
device was 53.1 lm W −1  and the power effi ciencies at 100 cd m −2  
and 1000 cd m −2  were 46.9 lm W −1  and 33.5 lm W −1 , respec-
tively. Although p- or n-doped charge transport layers were 
not used in this work, high power effi ciency was obtained due 
to low driving voltage by substitution at 2- position and high 
quantum effi ciency by substitution at 5- position. 

 Electrolminescence (EL) spectra of the PCPO25 blue 
PHOLEDs are shown in  Figure    8  . Although bathochromic shift 
of the EL spectra by 3 nm was observed at high doping con-
centration, only FIrpic emission peak was observed without any 
emission from the PCPO25 host. This confi rms the effi cient 
energy transfer from PCPO25 to FIrpic and charge confi ne-
ment inside the emitting layer.   

  3. Conclusions 

 In conclusion, substitution of electron withdrawing groups at 
asymmetric position of carbazole was effective to improve the 
thermal stability and device performances of blue PHOLEDs 
simultaneously. The PCPO25 host with substituents at 2- and 
5- positions showed the merits of low driving voltage of 2- posi-
tion substitution and high thermal stability and high quantum 
effi ciency of 5- position substitution. Therefore, the PCPO25 
host exhibited excellent thermal and morphological stability 
up to 140 °C and record high quantum effi ciency of 31.4% 
and power effi ciency of 53.1 lm W −1  without any outcoupling 
enhancement and p- or n-doped charge transport layer in 
blue PHOLEDs. The quantum effi ciency and power effi ciency 
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 Figure 4.    Optical microscopic pictures of PCPO25 according to annealing temperature after 
10 min annealing at the test temperature.
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 Figure 5.    Current density-voltage curves of hole only and electron only 
devices of PCPO25.
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obtained in this work are the best effi ciency values reported 
in blue PHOLEDs. Therefore, the modifi cation of carbazole 
at asymmetric positions can be effective to improve the device 
performances of blue PHOLED in future development of host 
and charge transport materials.  

  4. Experimental Section 
  Synthesis of 2′,4-Dibromo-2-nitro-1,1′-biphenyl : 1,4-Dibromo-2-

nitrobenzene (3.0 g, 10.680 mmol), 2-bromophenylboronic acid (2.36 g, 
11.748 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.62 g, 
0.534 mmol) were dissolved in tetrahydrofuran (60 mL) and aqueous 
K 2 CO 3  (8.29 g, 2  M ) solution (30 mL) was added. The solution was 
refl uxed for 18h and was extracted with methylene chloride and water 
after cooling to room temperature. The combined organic layer was dried 
over MgSO 4  and concentrated. Purifi cation by silicagel chromatography 
using methylene chloride : n-hexane (1:9) gave a yellowrish powder. 
The product was obtained to 2.6 g (yield 68.0%).  1 H NMR (200 MHz, 
CDCl 3 ): δ 8.25 (s, 1H), 7.81 (d, 1H,  J  = 8.0 Hz), 7.65 (d, 1H,  J  = 8.0 Hz) 
7.43–7.22 (m, 4H). MS (FAB) m/z 358[(M+H) + ]. 

  Synthesis of 2,5-Dibromo-9H-carbazole : 2′,4-Dibomo-2-nitro-1,1′-
biphenyl (2.6 g, 7.283 mmol) and triphenylphosphine (4.78 g, 18.207 
mmol) were dissolved in 1,2-dichlorobenzene (60 mL). The mixture 
was refl uxed for 12h and was extracted with methylene chloride and 
water after cooling to room temperature. The combined organic layer 
was dried over MgSO 4  and concentrated. Purifi cation by silicagel 
chromatography using methylene chloride : n-hexane (1:9) gave a white 
powder. The product was obtained to 2.1 g (yield 88.7%).  1 H NMR 

(200 MHz, CDCl 3 ): δ 8.58 (d, 1H,  J  = 8.0 Hz), 7.60 (s, 1H,  J  = 8.0 Hz), 
7.40–7.31 (m, 4H). MS (FAB)  m / z  326[(M+H) + ]. 

  Synthesis of 2,5-Dibromo-9-phenyl-9H-carbazole : 2,5-Dibromo-9H-
carbazole (2.5g, 7.692mmol), iodobenzene (3.14 g, 15.385 mmol), 
cupper iodide (0.73 g, 3.846 mmol) and K 2 CO 3  (2.13 g, 15.385 mmol) 
were dissolved in 1,4-dioxane (60 mL) and ehylenediamine (0.42 mL, 
3.846 mmol) was added to the solution. The mixture was refl uxed for 
24 h and was extracted using methylene chloride and water after cooling 
to room temperature. The combined organic layer was dried over MgSO 4  
and concentrated. Purifi cation by silicagel chromatography using n-hexane 
gave a white powder. The product was obtained to 2.6 g (yield 81.0%).  1 H 
NMR (400 MHz, CDCl 3 ): δ 8.69 (d, 1H,  J  = 16Hz), 7.63 (t, 1H,  J  = 16.0Hz), 
7.51–7.45 (m, 6H), 7.28–7.27 (m, 2H). MS (FAB)  m / z  402[(M+H) + ]. 

  Synthesis of (9-Phenyl-9H-carbazole-2,5-diyl)bis(diphenylphosphine 
oxide) (PCPO25) : 2,5-Dibromo-9-phenyl-9H-carbazole (2.5 g , 
6.233mmol) was dissolved in tetrahydrofuran (40 mL) under argon at 
–78 °C followed by slow addition of n-butyllithium (8.96 mL, 1.6  M ). 
Dichlorodiphenylphosphine (2.65 mL, 15.583 mmol) was added slowly 
to the solution after 1 h. The mixture was stirred for 2 h at –78 °C, 
and allowed to warm to room temperature. After overnight stirring, 
methanol (10 mL) was added to the solution for 2 h and the solution 
was extracted with water and methylene chloride. The combined organic 
layer was dried over MgSO 4  and concentrated. Purifi cation by silicagel 
chromatography using methylene chloride : n-hexane (1:4) gave a white 
powder. After vacuum drying, the white power was dissolved in a mixed 
solvent of methylene chloride and H 2 O 2  (10:2 mL) and the solution was 
stirred for 2 h. After extraction with with water and methylene chloride, 
the combined organic layer was dried over MgSO 4  and concentrated. 
The product was obtained to 2.5 g (yield 62.4%).  1 H NMR (500 MHz, 
CDCl 3 ): δ 8.82 (d, 1H,  J  = 10.0 Hz), 7.95 (d, 1H,  J  = 10.0 Hz), 7.74–
7.70 (m, 4H), 7.62–7.53 (m, 10H), 7.50–7.44 (m, 9H), 7.41–7.33 (m, 
5H), 7.16 (t, 1H,  J  = 10.0 Hz).  13 C NMR (125 MHz, CDCl 3 ): δ 142.6, 
142.5, 141.2, 141.1, 133.4, 132.8, 132.5, 132.2, 132.1, 132.0, 131.7, 130.2, 
129.9, 129.2, 128.6, 128.5, 128.4, 128.3, 127.7, 127.1, 126.8, 126.3, 125.9, 
125.8, 125.7, 125.6, 124.4, 123.2, 123.1, 114.5, 114.0. MS (FAB)  m / z  
644[(M+H) + ]. Anal. Calcd for C 42 H 31 NO 2 P 2  : C, 78.37; H, 4.85; N, 2.18; 
O, 4.97; P, 9.62. Found: C, 77.61; H, 4.86; N, 2.19. 

  Device Fabrication and Measurements : The device structure of blue 
PHOLEDs was ITO (50 nm)/PEDOT:PSS (60 nm)/TAPC (20 nm)/mCP 
(10 nm)/PCPO25:FIrpic (25 nm, x%)/TSPO1 (35 nm)/LiF (1 nm)/
Al (200 nm). The doping concentrations of FIrpic were 5%, 10%, and 
20%. Device structures of hole and electron devices were ITO (50 nm)/
PEDOT:PSS (60 nm)/TAPC (20 nm)/mCP (10 nm)/PCPO25 (25 nm)/
TAPC (5 nm)/Al and ITO (50 nm)/Ca (5 nm)/ PCPO25 (25 nm)/
TSPO1 (35 nm)/LiF (1 nm)/Al (200 nm), respectively. Vacuum thermal 
evaporation was used to fabricate the blue PHOLEDs and single carrier 
devices. Current density-voltage-luminance curves of blue PHOLEDs 
and single carrier devices were obtained using Keithley 2400 source 
measurement unit and CS1000 spectroradiometer.  
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 Supporting Information is available from the Wiley Online Library or 
from the author.   
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 Figure 7.    Quantum effi ciency–power effi ciency–luminance curves of the 
PCPO25 devices according to the doping concentration of FIrpic. Device 
data of the PPO27 device were added for comparison.
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 Figure 8.    EL spectra of the PCPO25 devices according to the doping con-
centration of FIrpic.
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