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The complex (1,10-phenanthroline)tris[4,4,4-trifluoro-1-(9,9-dihexylfluoren-2-yl)-1,3-butanedione]
europium(1n), Eu(FTA);Phen, was synthesized. Devices based on the complex doped into a
PVK:PBD host as emitter were fabricated and showed good performance. A double-layer device
with a device configuration of ITO/PEDOT:PSS (150 nm)/PVK:PBD:Eu(FTA);Phen (80 nm)/Ba
(4 nm)/Al (200 nm) with 0.2 wt% Eu(FTA);Phen doping concentration emitted a sharp red
emission due to the europium(iin) ion at 612 nm. The device showed a highest luminance of

114 ¢cd m~2 at 12.3 V, a maximum external quantum efficiency of 0.41% and a maximum
luminance efficiency of 0.44 cd A~ at 7.5 V. Furthermore, after inserting a TPBI layer, the device
performance was greatly enhanced. At 1% w/w Eu(FTA);Phen doping concentration, a highest
luminance of 465 cd m~2 at 16.7 V, maximum external quantum efficiency of 4.28% and

maximum luminance efficiency of 4.60 cd A" at 9.0 V were obtained from a triple-layer device
with a configuration of ITO/PEDOT:PSS (150 nm)/PVK:PBD:1 wt% Eu(FTA);Phen (80 nm)/

TPBI (45 nm)/Ba (4 nm)/Al (200 nm).

Introduction

Europium complexes showing organic electroluminescence
(EL) are of great interest and considered as promising candi-
dates for flat-panel display applications.!* Various europium
complexes have been used in organic EL devices since the first
report by Kido ef al.' The emission from europium complexes
results from electronic transitions between the 4f energy levels
(CDy—"F; (J = 0, 1,2, 3, 4)), therefore changing the ligands in
the europium complex will have little effect on the character-
istic emission of the europium ion.> Commonly, organic light-
emitting devices (OLEDs) based on europium complexes as
the emitting layer are fabricated by vacuum deposition.’
Recently, more and more studies have utilized spin-coating
techniques to fabricate polymer light-emitting devices
(PLEDs) of europium complexes blended into conjugated or
non-conjugated polymers.* However, devices formed by this
method have exhibited low EL efficiencies compared to devices
formed by the vacuum deposition method. One of the reasons
for the low efficiencies is a limited choice of polymer hosts for
europium complexes. Until now, only a few polymers, such as
polyvinylcarbazole (PVK)* and poly(2-(6-cyano-6-methyl)-
heptyloxy-1,4-phenylene) (CN-PPP),** have been selected as
polymer hosts for Eu complexes due to a good match between
the triplet energy levels of the polymer host and guest, and
good overlap between the emission of the polymer host and
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1 Electronic supplementary information (ESI) available: General pro-
cedure for device fabrication and characterization and detailed syn-
thetic procedures for all compounds. See DOI: 10.1039/b617612g

the absorption of the guest complex. In this regard, the design
and synthesis of new Eu complexes which show good energy
level matches and phase compatibility with the existing host
materials is an important approach.

In this paper, we report the design and synthesis of a novel
europium complex with ligands based on an alkyl-substituted
fluorene unit, which has a larger conjugation length than a
benzene unit, and the EL properties of devices fabricated from
the europium complex as dopant and PVK as host were also
investigated. To our best knowledge, there are only a few
reports of the synthesis of fluorene-based europium com-
plexes® and no reports have focused on their electrolumines-
cent properties in PLEDs.

Results and discussion

The general synthetic route to the fluorene-based europium
complex is shown in Scheme 1 and the detailed synthetic
procedures are presented in the Electronic Supplementary
Information (ESIf). Alkylation of 2-acetylfluorene with 1-
bromohexane in DMSO-NaOH afforded 9,9-dihexyl-2-acetyl-
fluorene in 71% yield. The B-diketone FTA was prepared by
the reaction of 9,9-dihexyl-2-acetylfluorene and trifluoroacetic
acetate under Claisen condensation® conditions in a yield of
74%. The target europium complex Eu(FTA);Phen was
synthesized from FTA, 1,10-phenanthroline and EuCl; - 6H,O
following the literature method.” The structures of the com-
pounds were confirmed by NMR and mass spectroscopy. The
elemental analysis of Eu(FTA)s;phen was also measured. All
characterization results are available in the ESI.

Both the thermal properties and cyclic voltammetry (CV) of
Eu(FTA);Phen were investigated. The melting point (7},) of
Eu(FTA);Phen was found to be 126 °C. The low T, is due
to the introduction of two long flexible hexyl groups at the
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Scheme 1 The synthetic route to Eu(FTA);Phen.

9-position of the fluorene unit. The glass transition tempera-
ture (7,) of Eu(FTA);Phen was found to be 64 °C. This
indicates that introduction of the flexible alkyl chain substan-
tially reduces the 7, of the Eu(FTA);Phen complex. The
decomposition temperature (74) of Eu(FTA);Phen was found
to be 326 °C (5% weight loss, Fig. 1), suggesting improved
thermal stability compared with that of (1,10-phenanthroline)
tris[4,4,4-trifluoro-1-phenyl-1,3-butanedione]europium(1in)
Eu(TPD);Phen (T4 = 318 °C).? The cyclic voltammetry (CV)
experiment was conducted at a Eu(FTA);Phen concentration
of 2 x 107* M in dichloromethane solution containing 0.1 M
tetrabutylammonium hexafluorophosphate (Buy;NPF;) with a
platinum working electrode and a saturated calomel electrode
as the reference electrode at a scan rate of 50 mV s~'. The
HOMO and LUMO levels were estimated from the redox
onset following an empirical formula.® The values of the
HOMO and LUMO for Eu(FTA);Phen are estimated as
—6.07 eV and —2.76 eV, respectively.

Fig. 2 presents the UV-Vis absorption and PL spectra of
Eu(FTA);phen in dilute THF solution (about 1 x 107¢ M)
and in PMMA (0.2 wt%). In the UV-Vis absorption spectrum,
the Amax values of Eu(FTA);phen in THF and PMMA thin
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Fig. 1 The TGA curve of Eu(FTA);Phen.
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Fig. 2 The UV-Vis spectra and PL spectra of Eu(FTA);Phen in
solution and in PMMA (0.2 wt%) and PL spectrum of PVK in thin
film.

film are 354 and 353 nm, respectively, which are assigned to
the n—n* transition. The 30 nm red-shift compared with the
absorption peak of Eu(TPD)s;phen (325 nm) is due to the
incorporation of the fluorene moiety resulting in a significant
increase in conjugation of the ligand.?” The PL spectra (Fig. 2)
of Eu(FTA)sphen in both solution and thin film show the
characteristic sharp red emission of the Eu ion with almost no
difference in peak positions. The five luminescence bands
centered at 581, 593, 614, 654 and 705 nm are attributed to
the 5D0*7F0, 5D0*7F|, 5D0*7F2, 5D0*7F3 and 5D0*7F4 transi-
tions of Eu ion, respectively. The PL quantum yield (PLQY)
of Eu(FTA);phen in dichloromethane was measured with
coumarin-1 (®, = 60% in ethanol solution) as reference.’
The PLQY value is 89% which is significant higher than that
of Eu(TPD)sphen (28%).2* Significantly enhanced PL effi-
ciency for Eu(FTA);phen complex in solution can be attrib-
uted to that incorporation of voluminous dihexylfluorene
substitution into B-diketonate ligand effectively suppressed
the concentration quenching of Eu ions.

PVK was used as the host for the europium complex in this
study due to its good hole-transporting properties. At the
same time, we blended PVK with 30 wt% of 2-(4-biphenyl)-5-
(4-tert-butylphenyl)-1,3,4-oxadiazole (PBD), which is a good
electron-transporting material in order to get a more balanced
electron and hole current.

As shown in Fig. 2, the absorption spectrum of
Eu(FTA);Phen has a large overlap with the PL spectrum of
the PVK host. The large spectral overlap is due to the large
red-shift of the absorption spectrum of Eu(FTA);Phen com-
pared with other europium complexes reported so far by many
groups.'#?%3¢ Therefore, efficient energy transfer from the
PVK host to Eu(FTA);Phen could be expected to occur via
the Forster process.'® To investigate the efficiency of Forster
energy transfer, films containing PVK:30 wt% PBD with
varying concentrations of Eu(FTA);Phen were prepared and
examined by optical excitation at 325 nm. Fig. 3 shows the PL
spectra of various doping concentrations of Eu(FTA);Phen in
PVK:30 wt% PBD films. The PL profile contains two main
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Fig. 3 The PL spectra of Eu(FTA);Phen doped into PVK:30 wt%
PBD at various concentrations.

peaks: one is centered at 430 nm which can be assigned to
PVK:PBD emission and the other is the characteristic sharp
emission band at 614 nm from Eu(FTA);Phen emission. The
intensity at around 430 nm due to PVK emission was reduced
significantly along with the increase in Eu(FTA)s;Phen emis-
sion (614 nm) with an increase in the concentration of
Eu(FTA);Phen complex indicating efficient Forster energy
transfer from the PVK:PBD host to the Eu complex guest.*
When the doping concentration of Eu(FTA);Phen in the PVK
increased to 8 wt%, the energy transfer became almost com-
plete showing traces of emission from the PVK:PBD host. At
low doping concentrations, Forster energy transfer from the
polymer host to Eu(FTA);Phen is incomplete because
of the large average distance from a polymer chain to
Eu(FTA);Phen.

To investigate the EL properties, double-layer devices with
the configuration of indium tin oxide (ITO)/PEDOT:PSS
(150 nm)/PVK:30 wt% PBD:x wt% Eu(FTA);Phen (80 nm)/
Ba (4 nm)/Al (200 nm) were fabricated. The EL spectra of the
device at 0.4 wt% doping concentration at different voltages
show the characteristic sharp red europium emission peak at
614 nm, the intensity of which increases with applied voltage
(Fig. 4a). At 10 V, the EL spectrum was almost completely
dominated by the europium ion emission, which is consistent
with charge trapping of the europium complex, rather than
Forster transfer, as the dominant mechanism in OLEDs."!
With further increasing the voltage in the device, the exciplex
emission from PVK:PBD could be observed. This phenomen-
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Fig.4 The EL spectra of the double- (a) and triple-layer (b) devices at
different applied voltages at 0.4 wt% doping concentration.

on has been reported previously for doped devices in the
literature. '

Device efficiencies varied with Eu(FTA);Phen doping con-
centration. The maximum external quantum efficiency (EQE)
of 0.41% was obtained for the device with 0.2 wt% doping
concentration with a maximum luminance efficiency of 0.44 cd
A~ at 7.5 V. The highest brightness reached was 114 c¢d m~>
at 12.3 V. This is among the best performances for double
layer devices based on europium complexes as dopant and
PVK as host in PLEDs.***!* The current density (J)-voltage
(V), luminance (L)-V and J-luminance efficiency (LE) curves
at various Eu(FTA);Phen doping concentrations are pre-
sented in Fig. 5. As reported previously,>® EL efficiency of
phosphorescent devices typically decreases significantly with
increasing current density due to increased triplet—triplet
annihilation at high current density’ and field-induced
quenching effects.'* For the double-layer devices, as shown
in Fig. 5b the device efficiency showed a moderate drop with
increasing current density. It is interesting to note that in
contrast to most previous reports,'> devices with high doping
concentrations of complexes showed much less current density
dependence than those with low doping concentration. It is
not clear at this point in the experiment how to understand the
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Typically a much higher hole current was observed for devices
from the europium complex doped into a PVK host resulting
in low efficiency due to the high hole mobility of the PVK
host.'® As reported previously, in order to reduce hole current
and improve the charge balance, 2,9-dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) is commonly used as an electron
injection (EIL)/hole-blocking layer (HBL) for europium com-
plexes/small molecule host devices.**** In this work, we
found out that 1,3,5-tris(2- N-phenylbenzimidazolyl) benzene
(TPBI) serves as good electron injection layer (rather than
HBL) for Eu complex/PVK devices. Triple-layer devices with
the configuration ITO/PEDOT:PSS (150 nm)/PVK:30 wt%
PBD:x wt% Eu(FTA);Phen (80 nm)/TPBI (45 nm)/Ba (4 nm)/
Al (200 nm) were fabricated. The devices show a remarkable
enhancement, more than ten-fold, in EL efficiencies after
inserting a TPBI layer compared to double-layer devices
without a TPBI layer. The EL spectra of devices with
0.4 wt% doping concentration at different voltages (Fig. 4b)
showed almost identical spectra to those of the double devices.
Table 1 shows the EL performances of the devices with various
Eu(FTA);Phen doping concentrations. The device with 1 wt%
doping concentration gave the best EL performance. The
maximum EQE is 4.28%, corresponding to luminance and

Current density/ [mA cm'2]

Fig.5 The J-V-L (a) and LE—J curves (b) of the double-layer devices
(device structure: ITO/PEDOT:PSS (150 nm)/PVK:30 wt% PBD:x
wt% Eu(FTA);Phen (80 nm)/Ba (4 nm)/Al (200 nm)) at various
Eu(FTA);Phen doping concentrations.

observation and related studies are in progress. The detailed
device performance is summarized in Table 1.

To achieve high device performance, balanced charge injec-
tion and transport is one of the most important factors.

Table 1 The maximum device performance at various Eu(FTA);.
Phen doping concentrations of double- and triple-layer device

structures

Max Max

Max LEjed Ljcd

Device structure” V?/V  EQE (%) A~ m~2
0.2 wt% Eu(FTA);phen 6.6 0.41 0.44 114
0.2 wt% Eu(FTA)sphen/TPBI 6.4 3.00 323 281
0.4 wt% Eu(FTA);phen 7.7 0.30 0.32 163
0.4 wt% Eu(FTA)sphen/TPBI 7.1 4.08 440 450
1 wt% Eu(FTA);phen 9.0 0.25 0.26 150
1 wt% Eu(FTA);phen/TPBI 8.1 4.28 460 465
2 wt% Eu(FTA);phen 11.8 0.10 0.10 116
2 wt% Eu(FTA);phen/TPBI 9.5 3.30 3.55 526
4 wt% Eu(FTA);phen 15.3 0.04 0.04 55
4 wt% Eu(FTA);phen/TPBI  10.1 3.83 412 475
8 wt% Eu(FTA);phen 16.3 0.02 0.02 28
8 wt% Eu(FTA);phen/TPBI 9.6 2.50 2,69 444

“ The device structures are ITO/PEDOT:PSS (150 nm)/PVK:30 wt%
PBD:x wt% Eu(FTA);Phen (80 nm)/(or TPBI 45 nm)/Ba (4 nm)/Al
(200 nm). ® Voltage when luminance reaches 1 cd m™~

power efficiencies of 4.60 cd A™' and 1.67 Im W~
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Fig. 6 The J-V-L (a) and LE-J (b) curves of the triple-layer devices
(device structure: ITO/PEDOT:PSS (150 nm)/PVK:30 wt% PBD:x
wt% Eu(FTA);Phen (80 nm)/TPBI (45 nm)/Ba (4 nm)/Al (200 nm)) at
various Eu(FTA);Phen doping concentrations.
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Fig. 7 The compared J—F-L curves (a) and photovoltaic character-

istics (b) of the double- and triple-layer devices with 1 wt%
Eu(FTA);Phen doping concentration.

respectively. The turn-on voltage reduces to 8.1 V compared
with 9.0 V for the corresponding double-layer device. The
maximum brightness reaches 465 cd m~2 at 16.7 V. To our
best knowledge, this is the best EL efficiency based on a
europium complex in PLED by spin casting technology re-
ported so far. Fig. 6 presents the J-V-L and J-LE curves at
various Eu(FTA);Phen doping concentrations.

Fig. 7a compares the J-F—L curves at 1 wt% Eu(FTA);Phen
doping concentration for double- and triple-layer devices. At
the same field strength, the device with a TPBI layer has a
much higher current density and higher luminance than that of
the device without a TPBI layer. This indicates that device has
a more balanced electron and hole current in the emitting layer
after inserting a TPBI layer mainly due to improved electron
injection. As shown in Table 1, the turn-on voltage (defined as
voltage at 1 cd m2) was significantly reduced by having a
TPBI layer, especially for the devices with high Eu(FTA);Phen
doping concentrations, for instance at 4 wt% doping concen-
tration the turn-on voltage reduced to 10.1 V with a TPBI
layer from 15.3 V without a TPBI layer. In order to under-
stand the mechanism of the reduction of operating voltage
after insertion of a TPBI layer, photovoltaic measurements
were carried out to determine the built-in potential across the
devices. Fig. 7b compares photocurrent—} curves and the
open-circuit voltage (V,.) of the double- and triple-layer
devices at 1 wt% Eu(FTA);Phen under white-light illumina-
tion (78 mW cm2). As reported previously,'” photovoltaic

measurements might provide a simple measurement of built-in
potential (V). At zero applied voltage the OLED acts as a
photovoltaic cell, where photo-generated charges drift under
the influence of ¥Vy; to produce a photocurrent as a first
approximation, the voltage when the photocurrent has been
completely compensated by applying a bias is equal to the
open circuit voltage (V,.). The open-circuit voltage was ap-
proximately 1.6 V in the double-layer device and shifted to
2.1V for the triple-layer device. Since the anode interface was
kept the same in both double- and triple-layer devices, a
significant increase in the built-in potential indicates the
reduction barrier height in the cathode interface which leads
to a significant reduction of the turn-on voltage and improve-
ment of the device efficiency due to dramatically increasing
electron injection. We note that device efficiency increased
more significantly after insertion of TPBI for the blend with
the higher Eu complex concentration. The EQE for devices
with 4 wt% and 8 wt% dopant concentrations increased more
than one hundred-fold compared to that without a TPBI layer.
At this stage in the experiment, it is not clear why TPBI could
make such a difference for devices with different dopant
concentrations. Further experiments are planned to elucidate
this problem.

Conclusions

In summary, we synthesized a novel dihexyl-substituted fluor-
ene-based europium complex, Eu(FTA);Phen. The EL devices
fabricated from the Eu(FTA)s;Phen complex doped into
PVK:PBD host as the emitting layer show good performance.
After inserting a thin layer of TPBI, the device performance
was greatly improved up to a maximum EQE of 4.28% and
luminance efficiency of 4.60 cd A~! which is the highest EQE
reported so far for devices based on europium complexes in
PLEDs. The mechanism of the enhancement of device effi-
ciency by insertion of a TPBI layer was investigated by
photovoltaic measurement. A significant increase in built-in
potential indicates a reduction in barrier height in the cathode
interface which leads to a reduction of the turn-on voltage and
improvement of device efficiency as a result of the increase in
electron injection.
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