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A Bipolar Host Material Containing Triphenylamine and
Diphenylphosphoryl-Substituted Fluorene Units for
Highly Efficient Blue Electrophosphorescence
By Fang-Ming Hsu, Chen-Han Chien, Ching-Fong Shu,* Chin-Hung Lai,

Cheng-Chih Hsieh, Kang-Wei Wang, and Pi-Tai Chou*
Highly efficient blue electrophosphorescent organic light-emitting diodes

incorporating a bipolar host, 2,7-bis(diphenylphosphoryl)-9-[4-(N,N-

diphenylamino)phenyl]-9-phenylfluorene (POAPF), doped with a

conventional blue triplet emitter, iridium(III) bis[(4,6-difluoro-

phenyl)pyridinato-N,C2́]picolinate (FIrpic) are fabricated. The molecular

architecture of POAPF features an electron-donating (p-type) triphenylamine

group and an electron-accepting (n-type) 2,7-bis(diphenyl-

phosphoryl)fluorene segment linked through the sp3-hybridized C9 position

of the fluorene unit. The lack of conjugation between these p- and n-type

groups endows POAPF with a triplet energy gap (ET) of 2.75 eV, which is

sufficiently high to confine the triplet excitons on the blue-emitting guest. In

addition, the built-in bipolar functionality facilitates both electron and hole

injection. As a result, a POAPF-based device doped with 7wt% FIrpic exhibits

a very low turn-on voltage (2.5 V) and high electroluminescence efficiencies

(20.6% and 36.7 lm W�1). Even at the practical brightnesses of 100 and

1000 cd m�2, the efficiencies remain high (20.2%/33.8 lm W�1 and 18.8%/

24.3 lm W�1, respectively), making POAPF a promising material for use in

low-power-consumption devices for next-generation flat-panel displays and

light sources.
1. Introduction

Since the first report of organic light-emitting devices (OLEDs),[1]

many studies have focused on improving their efficiency.Recently,
phosphorescent OLEDs have attracted much attention because of
their highly efficient performance relative to that of conventional
singlet fluorescent OLEDs as a result of their harvesting of both
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singlet and triplet excitons for emission.[2–7]

Phosphorescent emitters typically possess
longer lifetimes for further diffusion, leading
to undesired concentration quenching or T1–
T1 annihilation and, thereby, declining
performance.[8,9] To overcome this drawback,
the triplet phosphor is usually doped into an
appropriate host. Consequently, in the quest
for efficient phosphorescent OLEDs, the
development of effective host materials is
as important as the development of the
phosphors. There are some intrinsic physical
requirements for the host materials: i) a
triplet energy gap (ET) larger than that of the
triplet emitter, thereby preventing reverse
energy transfer from the guest to the host;[10–
15] ii) goodcarrier transportingproperties that
balance the charge fluxes and thus increase
the opportunity for electron and hole recom-
bination;[16–18] iii) highest occupied/lowest
unoccupied molecular orbital (HOMO/
LUMO) energy levels matching those of the
adjacent layers, thereby reducing the opera-
tion voltage; iv) decent thermal and morpho-
logical stabilities, which extend the device’s
operational lifetime.[19,20] It is difficult, however, for a blue-light
phosphorescent host to meet the requirements of a high-value ET
by confining the degree of p-electron conjugation in the host
molecules while simultaneously conserving its charge transport
properties. A restriction in the length of p-conjugation may result
in a reduction of the carrier-injection/transport properties. To
overcome this obstacle, a general design strategy is to incorporate a
rigid charge-transporting group into themolecular structure of the
host, for example, a carbazole unit for p-type hosts[21–25] and an
aromatic phosphine oxide for n-type matrixes.[26–28] Nevertheless,
the internal quantumefficiencies of devicesusing suchp- orn-type
hosts are significantly less than 100%—partly because of the
injection and transport of a single carrier such that charge balance
cannot be achieved in the emitting layer (EML).

Recent research trends have, therefore, turned to the develop-
ment of hosts possessing bipolar properties.[28–33] Through the
linking of both p- and n-type groups into the host’s molecular
structure, the carrier-injection/transport properties in the EML
can achieve balanced charge fluxes, resulting in high device
performance. In this study we synthesized a bipolar host,
Adv. Funct. Mater. 2009, 19, 2834–2843
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2,7-bis(diphenylphosphoryl)-9-[4-(N,N-diphenylamino)phenyl]-9-
phenylfluorene (POAPF), that incorporates a p-type triphenyl-
amine group linked to an n-type 2,7-bis(diphenylphosphoryl)-
fluorene segment through the sp3-hybridized C9 atom of the
fluoreneunit to effectively interrupt the conjugationofp-electrons.
Instead of using a conventional p-type carbazole group, we chose
triphenylamine as the building block for this blue phosphorescent
host because the latter has a higher HOMO energy level than the
former.[34] As a result, we expected POAPF-based devices to have
reducedenergybarriers forhole injection and thus loweroperating
voltages. Indeed, POAPFpossesses four important characteristics:
i) a high value of ET because of the complete isolation of the
p-electrons of the triphenylamine (ET¼ca. 3.04 eV)[35] and 2,7-
bis(diphenylphosphoryl)fluorene units (ET¼ca. 2.72 eV, esti-
mated from the methyl-substituted analogue)[27] provided by the
nonconjugated linkage; ii) bipolarity, resulting from the coex-
istence of p- and n-type groups; iii) appropriate HOMO/LUMO
energy levels, originating from the presence of electron-donating
and accepting building blocks within the molecule; and iv) the
capability of forming a stable amorphous thin film as a result of
the molecule’s bulky, nonplanar structure. Thus, we expected
POAPF to act as a suitable host for blue phosphorescent emitters
such as iridium(III) bis[(4,6-difluorophenyl)pyridinato-N,C2́]pico-
linate (FIrpic). To verify the bipolar properties of POAPF, we
also prepared the corresponding p- and n-type-only compounds
9-[4-(N,N-diphenylamino)phenyl]-9-phenylfluorene (APF) and
2,7-bis(diphenylphosphoryl)-9,9-diphenylfluorene (PODPF),
respectively.
2. Results and Discussion

2.1. Synthesis and Characterization

Scheme 1 illustrates the synthetic route that we followed to
prepare the bipolar host compound POAPF. The startingmaterial
2,7-dibromo-9-phenyl-9-fluorenol (1) was obtained according to
procedures described in the literature.[36] An acid-promoted
Friedel–Crafts-type substitution of 1 with triphenylamine yielded
the key intermediate 2,7-dibromo-9-[4-(N,N-diphenylamino)-
Scheme 1. Synthetic route toward POAPF and chemical structures of APF

and PODPF. Reagents: i) triphenylamine, CF3SO3H, CH2Cl2; ii) a) n-BuLi,

THF, b) PPh2Cl, c) 30% H2O2(aq), CH2Cl2.
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phenyl]-9-phenylfluorene (2). Lithiation of 2 with excess
n-butyllithium and subsequent treatment with chlorodiphenyl-
phosphine gave the phosphine-containing intermediate, which
we converted to the target compound POAPF through oxidation
with 30%aqueous hydrogenperoxide. To examine the influence of
the built-in bipolar functionalities, we also synthesized the
corresponding donor-only analogue APF and acceptor-only
analogue PODPF. The final products were purified through
column chromatography and sublimed prior to device fabrication.
The molecular structures were characterized using 1H, 13C, and
31P NMR spectroscopy, high-resolution mass spectrometry,
and elemental analysis.

2.2. Thermal Properties

The thermal properties of POAPF, APF, and PODPF were
characterized using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC). In the TGA measure-
ments, POAPF and PODPF, which feature thermally stable
diphenylphosphoryl groups,[37] exhibited high decomposition
temperatures (Td, corresponding to 5% weight loss) of 466 and
428 8C, respectively. These values are much higher than that
(313 8C) of the phosphine oxide-free counterpart APF. The high
temperature resistance of POAPF implied that it would be capable
of enduring vacuum thermal sublimation, thereby meeting one
basic requirement of a host to beused inOLEDs.TheDSCtraces of
POAPF, APF, and PODPF exhibited distinct glass transition
temperatures (Tg) during the second heating scans (scanning rate:
10 8C min�1) (Fig. 1). We found that POAPF, with its one
triphenylamine and two diphenylphosphine oxide groups at
the 9- and 2,7-positions of the fluorene unit, respectively, exhibited
the highest value of Tg among the three host materials. Such a
molecular design not only renders a nonplanar molecular
structure to hinder intermolecular interactions (i.e., close packing)
but also increases themolecular rigidity, leading to a high value of
Tg of 129 8C. We suspected that the high values of both Td and Tg
wouldmakePOAPFa thermally robustmaterial that could bear the
inevitable joule heating that occurs under device operation
conditions.
Figure 1. DSC traces of POAPF, APF, and PODPF recorded at a heating

rate of 10 8C min�1.
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Figure 2. Room-temperature absorption and PL spectra of POAPF, APF, and PODPF (excited at 335, 310, and 320 nm, respectively) in cyclohexane (open

circles), benzene (open squares), THF (closed circles), dichloromethane (open triangles), and acetonitrile (closed squares). Inset: phosphorescence

spectra of POAPF, APF, and PODPF in frozen 2-methyltetrahydrofuran matrixes at 77 K (excited at 335, 310, and 320 nm, respectively). The solid lines in

Figure 2a represent the respective absorption spectra of APF and PODPF in cyclohexane.

2836
2.3. Photophysical Properties

Figure 2 depicts the UV–vis absorption and photoluminescence
(PL) spectra of POAPF, APF, and PODPF in various organic
solvents. Table 1 lists the pertinent photophysical and dynamic
parameters. The steady-state absorption spectra of POAPF in, for
example, cyclohexane (Fig. 2a) can be simulated qualitatively
through a linear combination of the absorption spectra of APFand
PODPF (Fig. 2a, solid line), with slight differences arising from
summing the influences of two fluorene units (i.e., one each for
APF and PODPF). As a result, we infer that only weak electronic
coupling exists between the triphenylamine and 2,7-bis(diphe-
nylphosphoryl)fluorene chromophores in POAPF in the ground
state. In addition, we found that the features in the absorption
spectra of POAPF are nearly independent of the solvent polarity.
These results lead us to conclude that the Franck–Condon excited
state is subject to a rather small dipolar change with respect to
the ground state. In sharp contrast, thefluorescencemaximaof the
bipolarPOAPF (Fig. 2b) revealed a remarkable bathochromic shift:
from 442nm in cyclohexane to 554 nm in acetonitrile. Further-
Table 1. Photophysical properties of the hosts in various solvents.

host solvent labs [nm] lem [nm] tobs [ns] F

POAPF cyclohexane 293. 305, 315 442 8.3 0.12

benzene 394, 306, 316 473 23.5 0.10

THF 294, 304, 315 515 24.0 0.07

dichloromethane 294, 305, 315 517 42.5 0.06

acetonitrile 293, 303, 314 554 16.7 0.01

APF THF 309 366 2.1 0.13

PODPF THF 295, 309, 321 345 1.9 0.98

� 2009 WILEY-VCH Verlag GmbH &
more, the excitation spectra (see Supporting Information, Fig. S1)
were, within experimental error, effectively identical to the
absorption spectra, indicating that the entire emission resulted
from a common Franck–Condon excited state. For comparison,
the unipolar compounds APF and PODPF, which contain solely
a triphenylamine electron donor and a diphenylphosphoryl-
substituted fluorene electron acceptor, respectively, exhibited
normal Stokes-shifted emissions (366 nm for APF; 345 nm for
PODPF; in tetrahydrofuran (THF)). In addition, their emission
peaks underwent negligible shifts upon varying the solvent
polarity (Fig. 2d and f).

To gain more insight into the emission spectral shift for
POAPF, we prepared POAPF solutions in various solvents
over the concentration range from 10�4 to 10�6

M. The resulting
absorption spectra and emission profiles all exhibited con-
centration-independence, eliminating the possibility of the
emission being caused by the formation of aggregates and/or
excimers. Alternatively, given the p/n-type functionality in
POAPF, the distinct solvatochromism may more plausibly
be rationalized by a mechanism involving rapid photoinduced
electron transfer (PET) within the bipolar POAPF molecule.
The net result of such a PET process would be a large change
in dipole moment in the excited state. In this case, the
surrounding solvent molecules would exist in energetically
unfavorable, non-equilibrium states that would then undergo
dipole relaxation to the equilibrium polarization, resulting
in solvent polarity-dependent emission, that is, fluorescence
solvatochromism.[38,39] This hypothesis is supported by the
strongly solvent-dependent shift in the signal in the emission
spectrum depicted in Figure 2b. As a result, the change in
magnitude of the dipole moment between the ground and
excited states, that is, Dm ¼ ~me �~mg

�
�

�
�, can be estimated using
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2834–2843
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the Lippert–Mataga equation

~yf ¼ ~yvacf � 2

hc
ð~me �~mgÞ2a0�3Df (1)

where ~yf and ~y
vac
f are the spectral positions (inwavenumbers) of

the solvation-equilibrated emission maximum and the value
extrapolated to the diluted gas phase, respectively, a0 is the cavity
radius in which the solute resides, estimated to be 7.4 Á̊ at the
B3LYP/6-31G� theoretical level,[40,41] h and c are Planck’s constant
and the speed of light, respectively, and Df is the orientation
polarizability, defined as

Df ¼ f ð"Þ � f ðn2Þ ¼ "� 1

2"þ 1
� n2 � 1

2n2 þ 1
(2)

where e is the static dielectric constant and n is the optical
refractivity index of the solvent. In Figure 3, the plot of ~yf as a
function of Df for POAPF is sufficiently linear, with a slope
reaching as steep as �12 300 cm�1. Accordingly, we calculated
Dm ¼ ~me � ~mg

�
�

�
� to be 22 D for POAPF, consistent with our

hypothesis of charge transfer emission.
A further investigation of the dynamics of relaxation in various

solutions firmly supported our proposed PETmechanism. In this
study, we determined the fluorescence rise and decay dynamics of
POAPF by using a time-correlated photon counting technique
that provided a temporal resolution of ca. 15 ps. Figure S2 in
the Supporting Information reveals that the decay traces were
drastically different when monitoring the blue side and the red
tail of the emission of POAPF in THF. Table 1 lists details of the
associated photophysical parameters. Upon excitation at 350 nm,
the decay (monitored at 400 nm) could be fitted well using two
single-exponential components (<15 ps and 24 ns). Conversely,
when we monitored on the red side of the signal (515 nm), only a
single-exponential decay of 24 ns was evident—the rise compo-
nent was beyond the response of the instrument of 15 ps. The fast
decay of the <15-ps component at 400 nm, within experimental
error, is consistent with the irresolvable rise time constant
monitored at 515 nm, establishing a precursor/successor type of
PET process. The identical population decay of the 24-ns
Figure 3. Lippert plot of the emission maximum (~yf ) with respect to the

orientation polarizability (Df) of POAPF in various solvents.

Adv. Funct. Mater. 2009, 19, 2834–2843 � 2009 WILEY-VCH Verl
component between the two wavelengths leads us to conclude
the possible existence of overlap of the locally excited (LE) and
charge transfer (CT) emission of POAPF at 515 nm in THF. In
other words, at 400 nmwe ascribe the decay component of<15 ps
to the locally (Franck–Condon) excited emission, whereas we
consider the 24-ns decay component originates from the charge
transfer emission. In sum, the fast (<<15 ps) relaxation dynamics
of the locally excited POAPF indicates the occurrence of a rapid
PET process. This behavior is understandable because of the
near proximity of the p-type (triphenylamine) and n-type (2,7-
bis(diphenylphosphoryl)fluorine) chromophores in POAPF. Due
to these charge transfer properties, we expected the associated
emission to have a long population lifetime. This hypothesis is
supported by the rather long emission lifetimes (several tens of
nanoseconds; Table 1) in various solvents, with corresponding
relatively small quantum yields (F; Table 1). The radiative lifetime
tf can be deduced from the relationship

tf ¼ tobs=F (3)

where tobs denotes the observed lifetime. According to the data
listed in Table 1, we calculated that tf existed in a range from 70 ns
to 1.6ms, depending on the solvent polarity. In sharp contrast, the
observed fluorescence lifetimes for the unipolar APF and PODPF
in THF were as short as 2.1 and 1.9 ns, respectively, due to their
originating from the locally excited donor (APF) and acceptor
(PODPF) emissions. Assuming the PETefficiency of POAPF to be
approximately unity, the solvent polarity-dependent yields ranging
from 0.12 to 0.01 for POAPF are relatively small when compared
with those of the parent molecules APF and PODPF. This
phenomenoncanbe rationalizedby considering that back-electron
transfer is normally dominated by the radiationless deactivation.
In addition, because the gap between the LE and CTenergy levels
increases upon increasing the solvent polarity, the radiative decay
rate of the electron transfer band decreases as a result of the
reduction in LE/CT electronic coupling.[42] The combination of
these two factors can, therefore, be used to rationalize the decrease
in the charge transfer emissionquantumyieldupon increasing the
solvent polarity.

Figure 4 presents the PL spectra (excited at 335 nm) of POAPF
films doped with various concentrations of FIrpic. The 7wt%
Figure 4. PL spectra (excited at 335 nm) of POAPF films doped with

various concentrations of FIrpic (30 nm, formed on quartz substrates

through thermal evaporation).
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Table 2. Electrochemical properties of the hosts.

host Eonsetox

[V]

Eonsetred

[V]

HOMO

[eV]

LUMO

[eV]

Eg,CV [c]

[eV]

Eg,abs

[eV]

ET

[eV]

POAPF 0.46 �2.40 �5.26 �2.40 2.86 3.59 2.75

APF 0.42 N/A �5.22 �1.62 [b] N/A 3.60 2.88

PODPF N/A �2.42 �6.15 [a] �2.38 N/A 3.77 2.76

[a] Energy level calculated by subtracting the optical energy gaps from the

LUMO energies. [b] Estimated by adding the optical energy gaps to the

HOMO energies. [c] Band gap estimated from CV results.

2838
FIrpic-doped film exhibited only the blue emission from the
dopant, suggesting complete energy transfer of singlet excitons
from POAPF to FIrpic. The insets to Figure 2 depict
the phosphorescence spectra of POAPF, APF, and PODPF in
2-methyltetrahydrofuran at 77 K. From the highest-energy
0-0 phosphorescence emissions, we estimate that their values of
ET are 2.75, 2.88, and 2.76 eV, respectively. We attribute the
maintained high value of ET of POAPF to the effective lack of
conjugation between the triphenylamine and bis(diphenylphos-
phoryl)fluorene groups. Because POAPFpossesses a higher value
ofETthan that ofFIrpic (2.62 eV),wewouldexpect that i) the energy
of the triplet excitonswouldbe transferred effectively fromthehost
to the guest emitter and ii) the reversing pathway was prohibited.
Figure 6. Calculated spatial distributions of the HOMO and LUMO energy

densities of POAPF.
2.4. Electrochemical Properties

We investigated the electrochemical characteristics of POAPF,
APF, and PODPF in solution through cyclic voltammetry (CV)
using tetrabutylammoniumhexafluorophosphate (TBAPF6) as the
supporting electrolyte and ferrocene as the internal standard
(Fig. 5). During the anodic scan in dichloromethane, POAPF and
APFunderwent oxidation processes, originating from their p-type
triphenylamine pendent groups, with onset potentials of 0.46 and
0.42V, respectively. In contrast, the acceptor-only compound
PODPF exhibited no oxidation signal in the positive potential
region up to 1.60V. Upon cathodic sweeping in THF, POAPFand
PODPF exhibited reversible reduction waves, arising from their
n-type 2,7-bis(diphenylphosphoryl)fluorene segments, with onset
potentials of �2.40 and �2.42 eV, respectively. In contrast, the
donor-only compound APF exhibited no reduction wave in the
cathodic scan up to�3.30V. Therefore, the sp3-hybridized carbon
atom at the C9 position of the fluorene unit acts as an insulating
spacer such that the electrochemical properties of individual p- and
n-type groups in POAPF remain essentially unperturbed.
Accordingly, the redox behavior of POAPF is similar to a
combination of the oxidation behavior of APF and reduction
behavior of PODPF. Table 2 lists the corresponding electro-
chemical data.We also performed a quantumchemical calculation
on POAPF at the B3LYP/6-31G� theoretical level (see the
Experimental Section for details).[40,41] As depicted in Figure 6,
the electron density distributions of the HOMO and LUMO
of POAPF are localized predominantly on the electron-rich
Figure 5. CV results of POAPF, APF, and PODPF.

� 2009 WILEY-VCH Verlag GmbH &
triphenylamine and electron-deficient 2,7-bis(diphenylphosphor-
yl)fluorene fragments, respectively, consistent with our original
concept of a p/n configuration. Because the oxidation and
reduction behavior of POAPF originates from two different
functional groups, it is more appropriate to use CV to determine
the relative energy levels in such a bipolarmolecule rather than the
optical method; that is, LUMO¼HOMOþEg,abs, where Eg,abs is
the band gap determinedmerely from the absorption threshold of
the triphenylamine component. On the basis of the onset
potentials for oxidation and reduction, we estimated the HOMO
and LUMO energy levels of POAPF to be �5.26 and �2.40 eV,
respectively, with regard to ferrocene (�4.80 eV below vacuum).
Consequently, as a host material, POAPF can perform both hole
and electron injection functions to achieve more balanced carrier
fluxes in the EML relative to those of its donor-only APF and
acceptor-only PODPF counterparts. Figure 7 displays the relative
Figure 7. Relative HOMO/LUMO energy levels of the materials used in

the devices.
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Figure 8. I–V characteristics of a) electron- and b) hole-only devices doped with (closed symbols)

and without (open symbols) 7wt% FIrpic.
HOMO/LUMOenergy levels of thematerials used for the devices;
the energy levels of the blue-emitting dopant FIrpic (�5.60/
�2.50 eV) were also obtained using the electrochemical
method.[43]
2.5. Electroluminescence Properties

Toevaluate thesuitability ofusingbipolarPOAPFasahostmaterial
in blue phosphorescent OLEDs, in initial studies we prepared
electron-only devices having the structure indium tin oxide (ITO)/
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP, 30 nm)/
host material (30 nm)/3-(4-biphenylyl)-4-phenyl-5-(4-tert-butyl-
phenyl)-1,2,4-triazole (TAZ, 40 nm)/LiF (15 Å)/Al (100 nm) and
hole-only devices having the configuration ITO/9,9-bis[4-(N,N-
diphenylamino)phenyl]fluorene (BPAF, 30 nm)/host material
(30 nm)/BPAF (40 nm)/Al (100 nm). Here, host material refers
to thebipolarPOAPFand the two referenceunipolarhostsAPFand
PODPF. For the electron-only devices, the BCP layer, which
possesses a largeHOMOenergy of�6.50 eV, functioned as a hole-
blocker to inhibit the majority of holes from being injected from
the ITO anode (�4.80 eV) to the organic layer. Thus, themeasured
current density–voltage (I–V) curves refer to the injected electrons.
In the case of hole-only devices, because of the large energy
injection barrier between the BPAF (LUMO¼�2.00 eV) and Al
(�4.30 eV) layers,weexpectedmost of the electrons tobe impeded.
Onlyholes canbe injected fromtheanode to theorganic layers and,
therefore, the measured I–V characteristics are dominated by
holes. Figure 8a and b presents the I–V plots of the electron- and
hole-only devices, respectively. Generally, p- and n-type materials
prefer to accept and transport holes and electrons, respectively.
Therefore, the use of unipolar molecules could only effectively
mediate either hole or electron injection into the organic layer.
Among the I–V curves of the undoped electron-only devices
(Fig. 8a), we observe that the APF-based device exhibited the
highest threshold voltage. Because the large injection barrier
(1.08 eV) for electrons betweenAPF (LUMO¼�1.62 eV) andTAZ
(LUMO¼�2.70 eV), electron injection was impeded relative to
that in the POAPF- and PODPF-based devices (electron-injection
barriers: 0.30 and 0.32 eV, respectively). Likewise, the undoped
hole-only device of PODPF exhibited the largest threshold voltage
(Fig. 8b). The hole injection was restrained because of the large
injection barrier (0.75 eV) for holes from the BPAF (HOMO
¼�5.40 eV) toPODPF (HOMO¼�6.15 eV) layers, relative to that
Adv. Funct. Mater. 2009, 19, 2834–2843 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA,
in the POAPF- and APF-based devices (hole-
injection barriers: 0.14 and 0.18 eV, respec-
tively). Thus, the incorporation of both donor
(triphenylamine) and acceptor (2,7-bis(diphe-
nylphosphoryl)fluorine) units into POAPF
provided suitable HOMO and LUMO energy
levels for efficient hole- and electron-injection
from the charge transporting layers.

Furthermore, we fabricated carrier-only
devices doped with 7wt% FIrpic to investigate
the effect of the dopant on the transport
characteristics. When POAPF and PODPF
were used as hosts, the I–V characteristics of
the FIrpic-doped, electron-only devices were
nearly identical to those of the undoped devices
(Fig. 8a), indicating that the presence of FIrpic only minimally
affected electron injection. This phenomenon can be explained by
considering the energy level diagrams of the devices (Fig. 7), in
which the LUMO of the dopant was merely 0.10–0.12 eV lower
than that of POAPF or PODPF. Thus, the barriers for electron
injected from TAZ to either FIrpic or the hosts were almost
identical. On the other hand, when APF was used as the host
material, the required voltage of the dopeddevice at a given current
density was lower than that of the undoped counterpart, revealing
the facilitation of electron injection by the doped low-LUMO-lying
FIrpic. In the case of the hole-only devices (Fig. 8b), we noted that
the HOMO energy level of FIrpic was deeper than those of the
hosts APF and POAPF. Consequently, hole injection in the doped
devices was impeded and the drift velocity of holes was lowered,
presumably because of the scattering of dopant sites,[44] resulting
in higher threshold voltages relative to those of their undoped
reference devices. In contrast, the I–V curve of the doped PODPF
device was steeper than that of the undoped counterpart, because
the doping of the relatively shallower HOMO-lying FIrpic would
lower the energy barrier for hole injection.[45] Figure 8 reveals that
although the doping of FIrpic changed the I–V characteristics of
the carrier-only devices, the bipolar host POAPF (the major
component of the EML) remained the predominant factor
facilitating both hole and electron injection.

Next, we doped the bipolar host material POAPF with a
commercially available triplet blue emitter, FIrpic, to realize
devices exhibiting highly efficient blue electrophosphorescence.
The device structure had the configuration ITO/BPAF (30 nm)/
EML (30 nm)/TAZ (40 nm)/LiF (15 Å)/Al (100 nm). Here, EML
refers to the layer of POAPFdopedwith 7wt%FIrpic; BPAF[46] and
TAZ were employed as hole- and electron-transporting layers,
respectively. The values of ETof BPAF (2.87 eV, estimated from the
phosphorescent spectra measured in 2-methyltetrahydrofuran at
77K) and TAZ (2.70 eV)[47] were sufficiently high to prevent any
possible luminescence quenching by the carrier-transporting
layers and to confine the triplet excitons in the EML.[48,49] For
comparison, we also fabricated the corresponding devices
incorporating APF, PODPF, and the conventional material N,Ń-
dicarbazolyl-3,5-benzene (mCP), respectively, as hosts. Figure 9
displays the current density–voltage–luminance (I–V–L) charac-
teristics of these blue-light-emitting devices. The POAPF-based
device exhibited a significantly lower operating voltage than those
of the reference devices at the same current density. We attribute
the enhanced device current to the facilitation of both hole and
Weinheim 2839
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Figure 10. Plots of a) EQE and b) PE with respect to current density for the

FIrpic-doped devices.

Table 3. EL data for the FIrpic-doped devices.

host POAPF APF PODPF mCP

V [a] [V] 2.5; 3.3; 4.2 3.0; 4.1; 5.5 3.9; 5.0; 6.3 3.8; 5.3; 6.6

EQE [%][b] 20.6; 20.2; 18.8 10.8; 10.6; 8.7 13.2; 12.9; 10.1 13.2; 13.1; 11.2

PE [lm W�1][b] 36.7; 33.8; 24.3 16.9; 14.6; 8.9 16.1; 14.3; 9.0 14.9; 14.1; 9.6

LE [cd A�1][b] 35.4; 34.8; 32.3 19.2; 18.9; 15.4 23.0; 22.6; 17.8 23.7; 23.6; 20.1

CIE [x, y][c] 0.13, 0.27 0.13, 0.28 0.13, 0.28 0.12, 0.29

[a] Order of operating voltages: 1, 100, 1000 cd m�2. [b] Order of measured

values: maximum value, then values at 100 and 1000 cd m�2. [c] Measured

at 7 V.

Figure 11. EL spectra of the POAPF-based device under various operating

voltages.

Figure 9. I–V–L characteristics of FIrpic-doped devices.
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electron injection when using bipolar POAPFas the hostmaterial,
as revealed for the carrier-only devices (vide supra). The diode
based on POAPF exhibited a relatively low turn-on voltage of 2.5 V
(corresponding to 1 cd m�2). At the practical brightnesses of 100
and 1000 cd m�2, the driving voltages of the POAPF-based device
were merely 3.3 and 4.2 V, respectively. Figure 10 displays the
external quantum efficiency (EQE) and power efficiency (PE)
plotted with respect to the current density. The POAPF-based
deviceachievedanEQEashighas20.6%(0.07mAcm�2and24cdm�2),
almost a twofold enhancement over those of the reference
counterparts (10.8% for APF, 13.2% for PODPF, and 13.2% for
� 2009 WILEY-VCH Verlag GmbH &
mCP). This value of 20.6% is almost equal to the theoretical limit of
20% for phosphorescent OLEDs, suggesting that the use of a
bipolar host material results in balanced charge fluxes within the
EML to achieve a higher EQE than that in devices incorporating
unipolar host molecules. The combination of such a low driving
voltage and a high EQE of the POAPF-based device also resulted in
a high PE of 36.7 lm W�1. It is notable that these efficiencies
remained high at 20.2% (33.8 lmW�1) and 18.8% (24.3 lmW�1) at
brightnesses of 100 and 1000 cd m�2, respectively. These values
aremuchhigher than that of thedevicebasedon theconventionally
used material mCP and are among the highest ever reported for
FIrpic-doped devices.[28,33,47–50] Table 3 lists the key characteristics
of the blue electrophosphorescence obtained using the various
host materials. In addition to the efficient carrier-injection in the
POAPF-based device, we also attribute the high efficiencies to
the effective carrier/exciton confinement within the EML. The
electroluminescence (EL) emission spectra of the POAPF-based
device over the entire range of operating voltages (Fig. 11) reveal
the same blue emission with amaximum intensity at 474 nm, and
Commission Internationale de L’Eclairage (CIE) coordinates of
(0.13, 0.27), assigned to the triplet emission of FIrpic.[13,22] We
observed no emission originating from adjacent organic layers,
indicating that BPAF and TAZ functioned as effective blockers to
confine carriers and excitons within the EML.

Recently, it has been demonstrated that an interfacial
interaction between the Al metal and the phosphonate groups
can facilitate efficient electron injection from the Al cathode to the
phosphonate-containing material.[51] Thus, we were interested in
fabricating a simple double-layer EL device having the architecture
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2834–2843
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Figure 12. Variations in the EQE and PE plotted with respect to the current

density for the POAPF double-layer device. Inset: device structure.
ITO/BPAF (30 nm)/POAPF:7wt% FIrpic (70 nm)/Al (100 nm),
where POAPF was used simultaneously as the host and as an
electron-transporting and injecting material. Figure 12 presents
plots of the EQE and PE with respect to the current density of the
POAPF-based double-layer device. This simple device exhibited
peak EL efficiencies of 17.2% and 21.2 lmW�1. Even at a practical
brightness of 1000 cd m�2, the efficiencies of this double-layer
device remained as high as 17.1% and 14.9 lm W�1. The
application of simple devices providing high efficiency is expected
to reduce the overall cost and increase the extent of OLED
commercialization. We ascribe the reduced EL efficiencies,
relative to those of the multilayer device, to less efficient charge
recombination and/or reduced hole/exciton confinement as a
result of the absence of the TAZ and LiF layers. Nevertheless, the
resultingELefficiencies of this simpledouble-layerdevice still rival
those of the multilayer devices based on APF, PODPF, and
conventional host materials.[12,13,22–27]
3. Conclusions

We have developed a novel bipolar host, POAPF, comprising an
electron-donor triphenylamine unit and an electron-acceptor
diphenylphosphoryl-substituted fluorene unit. Because the tri-
phenylamine and 2,7-bis(diphenylphosphoryl)fluorene segments
were connected through the sp3-hybridized C9 atom of the
fluorene unit, thereby eliminating extended p-conjugation,
POAPF possessed a high triplet energy of 2.75 eV. Electrochem-
istry studies with related carrier-only devices revealed that the
bipolar character of POAPF did indeed improve the charge
injection for both hole and electron carriers relative to those of its
unipolar counterparts to achieve balanced charge fluxes. These
features allowed us to fabricate highly efficient blue electrophos-
phorescent devices using POAPF as the host material. The 7wt%
FIrpic-doped device exhibited a very low turn-on voltage (2.5V)
along with EL efficiencies reaching as high as 20.6% and
36.7 lm W�1. Even in simple double-layer devices incorporating
POAPF simultaneously as the host and electron-transporting
and -injecting material, the EL efficiencies remained satisfactory
(17.2% and 21.2 lmW�1). These results indicate that the design of
Adv. Funct. Mater. 2009, 19, 2834–2843 � 2009 WILEY-VCH Verl
bipolar host materials featuring isolated donor and acceptor
functionalities is an effective strategy toward improving the
performance of OLEDs for use in next-generation flat-panel
displays and light sources.
4. Experimental

Materials: 1 [36], 9-phenyl-9-fluorenol [52], and 2,7-dibromo-9,9-
diphenylfluorene [53] were prepared by reported procedures. The solvents
were dried using standard procedures. All other reagents were used as
received from commercial sources unless otherwise stated.

Characterization: 1H, 13C, and 31P NMR spectra were recorded using
Varian UNITY INOVA 500MHz and Varian UNITY 300MHz spectro-
meters. Mass spectra and high-resolution mass spectra (HRMS) were
obtained using JEOL JMS-HX 110 and Finnigan Thermo Quest MAT 95XL
mass spectrometers. DSCwas performed using a SEIKO EXSTAR 6000DSC
unit operated at heating and cooling rates of 10 and 50 8C min�1,
respectively. The glass transition temperatures (Tg) were determined from
the second heating scan. TGA was undertaken using a DuPont TGA 2950
instrument. The thermal stabilities of the samples under nitrogen
atmosphere were determined by measuring their weight losses while
heating at a rate of 20 8C min�1. UV–Vis spectra were measured using an
HP 8453 diode-array spectrophotometer. PL spectra were obtained using a
Hitachi F4500 luminescence spectrometer. The quantum yields of the
hosts in various solvents were determined using quinine sulfate (quantum
yield: 0.53� 0.02 (in 0.1 N H2SO4)) [54] as the fluorescence standard.
Sample concentrations for quantum yield measurements were set at
5� 10�6

M to eliminate self-absorption and quenching effects. The low-
temperature phosphorescence spectra were obtained using a composite
spectrometer containing a monochromator (Jobin Yvon, Triax 190)
coupled with a liquid nitrogen-cooled charge-coupled device (CCD)
detector (Jobin Yvon, CCD-1024x256-open-1LS). Nanosecond lifetime
measurements were recorded using a photon-counting system with a
hydrogen-filled lamp as the excitation source. The emission decays were
analyzed through the sum of exponential functions, which allows partial
removal of the instrument time broadening and, consequently, renders a
temporal resolution of ca. 200 ps. The picosecond dynamical lifetime
studies were performed using a Ti-Sapphire oscillator operated at 700–
1050 nm (82MHz, Spectra Physics) as the excitation source. The
fundamental train of pulses was typically pulse-selected (Neos, model
N17389) to 0.8–8MHz to reduce the repetition rate, and then used to
produce second harmonics as an excitation light source. A polarizer was
placed in the emission path to ensure that the polarization of the
fluorescence was set at the magic angle (54.78) with respect to that of the
pump laser to eliminate fluorescence anisotropy. An Edinburgh OB 900-L
time-correlated single-photon counting system was used as a detecting
system, providing a temporal resolution of ca. 15 ps. CV measurements
were performed using a BAS 100B/W electrochemical analyzer operated at
a scan rate of 100mV s�1. The potentials were measured against a Ag/Agþ

(0.01M AgNO3) reference electrode using ferrocene/ferrocenium (Fc/Fcþ)
as an internal standard.

Computational Methodology: The structure of POAPF was calculated at
the B3LYP/6-31G� level of theory [40]. After obtaining the converged
geometry, a vibrational frequency analysis was performed to confirm that
the imaginary frequency number was zero, which was expected to be a
minimum. To obtain the radius of the solvent cavity, the keyword volume
was used; the recommend value was adopted directly in this study. All
calculations were performed using the Gaussian 03 program [41].

Fabrication of OLEDs: The EL devices were fabricated through vacuum
deposition of the materials at 10�6 torr onto ITO glass having a sheet
resistance of 25V square�1. All of the organic layers were deposited at a
rate of 1.0 Å s�1. The cathode was completed through thermal deposition
of LiF at a deposition rate of 0.1 Å s�1, then capped with Al metal through
thermal evaporation at a rate of 4.0 Å s�1. The relationships of the current
density and brightness of the devices with respect to voltage were
ag GmbH & Co. KGaA, Weinheim 2841
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measured using a Keithley 2400 sourcemeter and a Newport 1835C optical
meter equipped with an 818ST silicon photodiode. The EL spectrum was
obtained using a Hitachi F4500 luminescence spectrometer.

2: CF3SO3H (0.90mL, 10.2mmol) was added dropwise to a solution of
triphenylamine (3.35 g, 13.7mmol) and 2,7-dibromo-9-phenyl-9-fluorenol
(2.85 g, 6.85mmol) in dichloromethane (100mL). The reaction mixture
was stirred for 30min at room temperature before being quenched with
saturated aqueous NaHCO3 (100mL). The organic phase was washed
twice with water (100mL) and then dried (MgSO4). After evaporation of the
volatiles, the residue was purified through column chromatography (SiO2;
EtOAc/hexane 1:10) to yield 2 as a white solid (3.61 g, 82%). 1H NMR
(300MHz, [d8]THF, d): 7.75 (d, J¼ 8.1Hz, 2H), 7.60 (d, J¼ 1.5Hz, 1H),
7.53 (dd, J¼ 8.1, 1.8Hz, 2H), 7.25–7.15 (m, 9H), 7.07–7.03 (m, 6H), 7.00–
6.95 (m, 2H), 6.91 (d, J¼ 8.7Hz, 2H); 13C NMR (75MHz, [d8]THF, d):
155.03, 149.17, 148.42, 146.35, 139.78, 139.24, 132.37, 130.75, 130.64,
130.26, 129.85, 129.33, 128.39, 126.08, 124.47, 124.09, 123.40, 123.10,
66.79; EIMS (m/z): 643 [Mþ].

POAPF: n-Butyllithium (4.00mL, 10.0mmol, 2.5 M in hexane) was
added dropwise to a stirred solution of 2 (2.75 g, 4.28mmol) in anhydrous
THF (200mL) at �78 8C under a nitrogen atmosphere. After stirring at
�78 8C for a further 3 h, chlorodiphenylphosphine (2.00mL, 10.9mmol)
was added to give a clear, pale-yellow solution. The mixture was gradually
warmed to room temperature over 4 h while stirring. The reaction mixture
was quenched with water (200mL) and then extracted with EtOAc
(2� 100mL). The combined extracts were dried (MgSO4) and then
concentrated under reduced pressure. The crude product was dissolved in
dichloromethane (150mL) and then 30% aqueous hydrogen peroxide
(30mL) was added. The mixture was stirred at room temperature for 3 h
and then extracted with dichloromethane (3� 50mL). The collected
organic phases were dried (MgSO4) and then concentrated under reduced
pressure. The residue was purified through column chromatography (SiO2;
EtOAc/MeOH 50:1) to yield POAPFas a white solid (2.69 g, 71%). 1HNMR
(300MHz, [d8]THF, d): 8.02 (dd, J¼ 7.8, 2.4Hz, 2H), 7.81 (d, J¼ 11.7Hz,
2H), 7.75 (dd, J¼ 11.4, 7.8Hz, 2H), 7.67–7.59 (m, 8H), 7.50–7.44 (m, 4H),
7.41–7.35 (m, 8H), 7.24–7.19 (m, 4H), 7.15–7.09 (m, 5H), 7.02–6.98 (m,
6H), 6.96–6.92 (m, 2H), 6.83 (d, J¼ 8.7Hz, 2H); 13C NMR (75MHz,
[d8]THF, d): 153.30 (d, J (C,P)¼ 12.0Hz), 149.21, 148.24, 146.35, 143.84,
139.88, 135.73 (d, J (C,P)¼ 101.1Hz), 135.64 (d, J (C,P)¼ 102.2Hz),
133.34 (d, J (C,P)¼ 9.5Hz), 133.19 (d, J (C,P)¼ 13.6Hz), 132.84, 131.51
(d, J (C,P)¼ 10.5Hz), 130.63, 130.04, 129.74, 129.66 (d, J (C,P)¼ 11.6Hz),
129.18, 128.29, 125.77, 124.55, 124.33, 122.42 (d, J (C,P)¼ 13.1Hz), 66.69;
31P NMR (202MHz, [d8]THF, d): 25.98. HRMS (FAB,m/z): [MþH]þ calcd
for C61H46NO2P2, 886.3004; found, 886.3011. Anal. calcd for
C61H45NO2P2: C 82.70, H 5.12, N, 1.58; found: C 82.67, H 5.17, N 1.56.

APF: Prepared as a white solid (2.89 g, 75%) in the same manner as 2,
from triphenylamine (3.93 g, 16.0mmol) and 9-phenyl-9-fluorenol (2.05 g,
7.94mmol). 1H NMR (300MHz, [d8]THF, d): 7.80 (d, J¼ 7.5Hz, 2H), 7.43
(d, J¼ 7.2Hz, 2H), 7.32 (dt, J¼ 7.5, 1.2Hz, 2H), 7.24 (dd, J¼ 7.2, 1.2Hz,
2H), 7.21–7.12 (m, 9H), 7.08 (d, J¼ 8.7Hz, 2H), 7.03–6.99 (m, 4H), 6.97–
6.91 (m, 2H), 6.88 (d, J¼ 8.7Hz, 2H); 13C NMR (75MHz, [d8]THF, d):
152.93, 149.33, 147.88, 147.79, 141.73, 141.32, 130.55, 130.41, 129.46,
129.44, 128.93, 128.76, 127.81, 127.62, 125.71, 124.43, 124.16, 121.47,
66.53; HRMS (EI, m/z): [Mþ] calcd for C37H27N, 485.2144; found,
485.2137. Anal. calcd for C37H27N: C 91.51, H 5.60, N 2.88; found: C 91.36,
H 5.58, N 2.87.

PODPF: Prepared as a white solid (2.61 g, 78%) in the same manner
as POAPF, from 2,7-dibromo-9,9-diphenylfluorene (2.23 g, 4.67mmol).
1H NMR (300MHz, [d8]THF, d): 8.02 (dd, J¼ 7.8, 2.1Hz, 2H), 7.79
(d, J¼ 12.0Hz, 2H), 7.74–7.68 (m, 2H), 7.62 (dd, J¼ 11.4, 8.1Hz, 8H),
7.48 (t, J¼ 7.2Hz, 4H), 7.41–7.36 (m, 8H), 7.17–7.03 (m, 10H); 13C NMR
(75MHz, [d8]THF, d): 153.07 (d, J (C,P)¼ 12.5Hz), 146.33, 143.93,
135.76 (d, J (C,P)¼ 101.2Hz), 135.62 (d, J (C,P)¼ 102.2Hz), 133.34
(d, J (C,P)¼ 9.5Hz), 133.20 (d, J (C,P)¼ 11.0Hz), 132.83, 131.57
(d, J (C,P)¼ 10.1Hz), 129.73, 129.65 (d, J (C,P)¼ 12.0Hz), 129.21,
128.29, 122.41 (d, J (C,P)¼ 12.5Hz), 67.16; 31P NMR (202MHz, [d8]THF,
d): 25.52; HRMS (FAB, m/z): [MþH]þ calcd for C49H37O2P2, 719.2269;
found, 719.2268. Anal. calcd for C49H36O2P2: C 81.88, H 5.05; found:
C 81.58, H 5.03.
� 2009 WILEY-VCH Verlag GmbH &
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