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The syntheses, structures, and electroluminescent properties are described for two new lanthanide complexes
Ln(HFNH)sphen [HFNH = 4,4,5,5,6,6,6-heptafluoro-1-(2-naphthyl)hexane-1,3-dione; phen = 1,10-phenanthroline;
Ln = Eu®* (1), Sm®* (2)]. Both complexes exhibit bright photoluminescence at room temperature (RT) due to the
characteristic emission of Eu®* and Sm3* ion. Several devices using the two complexes as emitters were fabricated.
The performances of these devices are among the best reported for devices using europium complex and samarium
complex as emitters. The device based on 1 with the structure ITO/TPD (50 nm)/1:CBP (10%, 40 nm)/BCP (20
nm)/AIQ (30 nm)/LiF (1 nm)/Al (200 nm) exhibits the maximum brightness of 957 cd/m?, current efficiency of 4.14
cd/A, and power efficiency of 2.28 Im/W with a pure red Eu* ion emission. Especially, at the high brightness of
200 cd/m?, the device of 1 still has a high current efficiency of 2.15 cd/A. The device of 2 with a three-layer
structure of ITO/TPD (50 nm)/2 (50 nm)/BCP (20 nm)/LiF (1 nm)/Al (200 nm) gives the maximum brightness of 42
cd/m?, current efficiency of 0.18 cd/A. By the comparison of the electroluminescent properties of devices based on
Eu(TTA)sphen (TTA = 2-thenoyltrifluoroacteonate) and 1, we conclude that the polyfluoration on the alkyl group
of the ligand and the introduction of the long conjugate naphthyl group into the ligand improve the efficiency of
1-doped devices, especially at high current densities.

Introduction emitting diodes (OLEDs) have attracted intense research
interest in the development of full-color flat panel display
devices, three main issues remain to be addressed: emission
color, emission efficiency, and device lifetime. Organolan-
thanide complexes can provide potential solutions for the
former two issues. First, the central lanthanide metal ions

It is known that organic lanthanide complexes show
promising properties as phosphors in thin-film organic
electroluminescent (EL) displays? Although organic light-
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solid state and in organic solutiéfr.* Because both singlet
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more, fluorination can improve the PL and EL efficiency

and triplet excitons are involved in the luminescence process,and enhance luminescence intensiz® McGehee et al.
very high lanthanide ion excitation efficiency can be achieved chose different ligand substituents of Eu complex to study
by optimizing energy transfer in solid-state systems where the performance of the OLEDs based on BEuliketone
the molecule is doped into an appropriate molecular host complex:CN-PPP-doped system as emitt€r3hey found

matrix./-2:15-17
The central E®" ions coordinated witl$-diketone ligands

that the efficiency was higher for the Eu complex whose
ligand had longer conjugation lengths, that is, the complex

give stronger and higher efficient fluorescence than that of With naphthyl substituent had a higher efficiency than those
the parent compounds (e.g., chloride, hydrate, etc.), especiallywith other substituents (e.g., phenyl or methyl).

when 3-diketone ligands with aromatic or fluorine substit-
uents are preseftc"14 However, regular lanthanidé-di-

Herein, we have synthesized a ngadiketone ligand,
which has the polyfluorinated alkyl group as well as the long

ketone chelates have poor carrier-transport ability and cannotconjugate naphthyl group. The EL devices based on the two

satisfy the need of fabricating OLEDs. To improve the

lanthanide (E&" and Smi") complexes with this fluorinated

carrier-transport properties of lanthanide complexes, two /-diketone ligand show promising properties. We selected
ways of modification have been made: one is introducing complex Eu(HFNHgphen () as the emitter and CBP (4;4

the charge-transport groups to ligarid§;2® the other is
doping lanthanide complexes into good carrier matetfaiz18

N,N'-dicarbazole-biphenyl) as the host because complex
can be sublimed in a vacuum without decomposition and

Seen from some relevant reports, devices based on EUCBP has a wide energy gap which supports bipolar carrier
complexes without doping show high brightness, but do not transport’?® One of the devices based tnwith the structure
have high efficiency. In contrast, devices based on Eu Of ITO/TPD (50 nm)L:CBP (10%, 40 nm)/BCP (20 nm)/
complexes doped into carrier materials show not only high AlQ (30 nm)/LiF (1 nm)/Al (200 nm) exhibits the maximum

brightness but also high efficiency. To improve the EL

brightness of 957 cd/tmcurrent efficiency of 4.14 cd/A, and

performance of OLEDs, some researchers have made chemipower efficiency of 2.28 Im/W. In addition, this device shows
cal modification on the ligands of lanthanide complexes and a pure red E¥ ion emission at all current densities. It should

obtained good resulfs'™23 Seen from previous reports,
fluorinated substituent in ligand increases the volatility of
the complex, thus facilitating thin-film fabrication, and leads
to improved thermal and oxidative stability and reduced
concentration quenching of the luminesceffc®.Further-
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be pointed out that the device afstill has a high current
efficiency of 2.15 cd/A at the high brightness of 200 cé/m
The device oR with a three-layer structure of ITO/TPD (50
nm)/2 (50 nm)/BCP (20 nm)/LiF (1 nm)/Al (200 nm) gives
the maximum brightness of 42 cdnturrent efficiency of
0.18 cd/A. By the comparison in the performance of the
device based on Eu(TTAphen and the device based on
Eu(HFNH)phen, we conclude that the introduction of the
polyfluorinated alkyl group and the long conjugate naphthyl
group into the3-diketone ligand results in high EL efficiency
of the devices based on the Eu(HFNpten complex even
at high current densities and at high brightness.

Experimental Section

Materials. Europium oxide (EpOs, 99.99%) and samarium oxide
(Sm03, 99.99%) were purchased from Yue Long Chemical Plant
(Shanghai, China). Metal sodium=98%, A. R.) and 1,10-
phenanthroline monohydrate (phelO, 99%, A. R.) were pur-
chased from Beijing Fine Chemical Co. (Beijing, China); 2
acetonaphthone was from Acros Chemical Co. (Geel, Belgium),
and ethyl heptafluorobutyrate was from Aldrich Chemical Co.
(Milwaukee, WI). All of these reagents were used directly without
further purification. EuG and SmC} ethanol solutions were
prepared using a literature procedéfte.

Synthesis of Ligand HFNH. A modified method of a typical
Claisen condensation procedure is used as follows. Metal sodium
thread (0.276 g, 0.012 mol) was added into dry anhydrous ethanol
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Dias, H. V. R.Inorg. Chem.2003 42, 8612.
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Chen, T.-M.Chem. Mater2004 16, 111.

(26) zZheng, Y. X.; Lin, J.; Liang, Y. J.; Lin, Q.; Yu, Y. N.; Meng, Q. G.;
Zhou, Y. H.; Wang, S. B.; Wang, H. Y.; Zhang, H.JJ.Mater. Chem.
2001 11, 2615.
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Efficient Electroluminescence from New Lanthanide Complexes

(20 mL). The reaction mixture was stirred for 30 min at room
temperature, after whicH-acetonaphthone (1.702 g, 0.01 mol) and
ethyl heptafluorobutyrate (2.905 g, 0.012 mol) were added. The
mixture was then stirred for 48 h at room temperature. The resulting
mixture was acidified to pH= 2—3 using hydrochloric acid (2 M

solution), and the solvent was removed under reduced pressure at

Scheme 1. Synthetic Route to Complexdsand 22
FFR F

CH3+C3F7C0,CoHs — 1,
‘OO p Cla* CaF1C0aCats e “WO/F

[¢) OH O F F

70 °C. Acetone (30 mL) was added to the resulting mixture and 7
stirred for 10 min. The mixture was filtered and washed with 77 i N~
acetone several times (3 15 mL). The filtrate was collected, and N... B NaOH, LnCl3xH,0

the solvent was removed under reduced pressure to obtain a maroon\_-~ N/L"‘ - N
oil, which was purified by chromatography on a silica gel column s 7

with hexane as the eluent to get a maroon liquid (2.930 g, 0.08
mol, yield of 80% based on'&cetonaphthonejH NMR (CDCls,

400 MHz): 9, 6.76 (s, 1H), 7.61 (td, 1H] = 8.0, 1.2 Hz), 7.65
(td, 1H,J=18.0, 1.2 Hz), 7.90 (d, 1H] = 8.0 Hz), 7.95-7.93 (m,
2H), 8.00 (d, 1H,J = 8.0 Hz), 8.54 (s, 1H), 15.38 (broad, 1H).
Anal. Calcd for GgHoF7O»: C, 52.47; H, 2.48. Found: C, 52.70;

3
a(i) Room temperature, stirred 48 h; (ii) 8C, reflux 12 h.

Table 1. Crystal Data and Structure Refinement foand 2

H, 2.59 ! 2
' ) . — 3+ . empirical formula GoH32F21N206EU GsoH32F21N20sSM
Synthe5|s of_ Ln(HFNH)gphen [Ln Eu3t (1), St (2)]. _ 1427 84 1426.23
Sodlum hydroxide solution (1.0 M, 6.0 mL) was added dropwise  emp 293(2) K 293(2)K
to a mixture of HFNH (1.831 g, 6.0 mmol) and pheRO (0.396 radiation, wavelength Mo & 0.71073 A Mo Ko 0.71073 A
g, 2.0 mmol) in ethanol (20 mL) under stirring. LnrGéthanol crystal system triclinic triclinic
i space group P1 P1
Zoluthn ((_).195th|\_/l, 2.'0tmmo_ll2hprep_a;ed separsteli/ \év?S thzn addzd a(d) 11,700 (3) 11.6777 (4)
ropwise into this mixture. The mixture was heated to reflux an b (A) 21.111 (8) 21.1704 (8)
kept for 12 h at 80°C. The resulting mixture was filtered and c(A) 24.369 (9) 24.3540 (8)
washed with water several times to give a solid product, which o (deg) 76.39 (3) 76.475 (2)
was dried under vacuum at 8€ for 12 h, and then purified by B (deg) 86.47 (3) 86.661 (2)
recrystallization from an acetone/ethanol (V&/1:20) solution. C%j&%)g) 5853'26(:5))3) 58&?35((42))
The yields are 83% and 81% fdarand2, respectively. Yellowish 7 4 4
orange crystals (fol) and yellowish crystals (foR) suitable for ocalc (Mg/md) 1.625 1.621
X-ray single-crystal structural determination were grown from  x(mm) 1194 1124
ethanol solutions. Anal. Calcd forggHszF21N2OgEu: C, 50.47; H, F (000) 2824 2820
2.26; N, 1.96. Found: C, 50.36; H, 2.17; N, 1.91. Anal. Calcd for ‘1 2nde (deg) 1722510 146 2500
P TN e sy DI T ety T e : refins collected 24 145 19083
CooHzaF21N20sSm: C, 50.53; H, 2.26; N, 1.96. Found: C, 50.39;  independent refins 20 497 10736
H, 2.21; N, 1.91. final R[I > 20(1)] R1=0.0828 R1= 0.0696
X-ray Diffraction Analyses. Crystallographic data ot were Rindices (all data) W§12::o %214?3? ° g?jzo 2'21358 °
collected at 298 K on a Siemens P4 diffractometer equipped with WR2=0.1918 WR2= 0.2014

graphite monochromatic Mo & radiation ¢ = 0.71073 A).

Intensity data were collected in the range 8326 =< 50° by the measured using a Keithley source measurement unit (Keithley 2400
o scan techniques and corrected for Lorentz and absorption effects, 4 Keithley 2000) with a calibrated silicon photodiode. Al

(y-scan). Three standard reflections were monitored every 97 meagurements were carried out in ambient atmosphere at room

reflections and showed no systematic changes. Dat foere temperature. The TGA-DTA analyses were measured using an SDT

recorded at room temperature (298 K) on a Bruker-AXS Smart »9g0 Simultaneous DSC-TGA of TA instruments, and the heating
CCD diffractometer equipped with a normal-focus, 2.4 kW sealed |te \was 1GC/min.

tube X-ray source (graphite-monochromated Mo iddiation with

2 =0.71073 A) operating at 50 kV and 40 mA. Intensity data were
collected in 1271 frames with increasing (width of 0.3 and
exposure time 30 s per frame). An absorption correction was made
using the SADABS programT{,x = 0.3282 andly, = 0.1718).

The structures were solved by direct method using SHELXS-97
and refined by full-matrix least-squares techniques ag&thssing

the SHELXL-97 program package. Non-hydrogen atoms {for
except F atoms, fo2 except F5-F7; F12-F21; F26-F35; F41-

Fabrication of EL Devices. The EL devices with lanthanide
complexes as the emitting layer were fabricated on an inehitim
oxide (ITO) substrate, which was cleaned by a lotion from a French
company (FRANKLAB S. A.) specifically made for rinsing ITO
glass plates, followed by anhydrous ethanol. The organic layers
were sequentially deposited at a rate in the range 6f0.2 nm/s
under high vacuum<8 x 10°° Pa). At last, LiF layer and Al layer
were deposited at a rate of 0.05 and-0180 nm/s, respectively,

- A _ under the same high vacuum. The thickness of the deposited layer
42 atoms) were refined amsotroplcall_y. AI! of the hydrogen atoms 5nd the evaporation speed of the individual materials were
were generated manually based on idealized geometries. monitored in a vacuum with quartz crystal monitors. The active

Instrumentation. The *H NMR spectra were recorded on @ device area was 10 nim
Bruker DRX 400 spectrometer. Element analyses were performed
using a Vario Element Analyzer. UWis absorbance spectra were
recorded using a TU 1901 UwWis spectrophotometer. The
photoluminescence (PL) spectra were measured on a Hitachi F-4500 Syntheses and Structures of 1 and 2The whole
fluorescence spectrophotometer. The electroluminescence (EL)SYnthetic procedure of lanthanide complexes is shown in
spectra were measured on a JY SPEX CCD3000 spectrometerScheme 1. Both the ligand HFNH and the lanthanide
Current density-brightness-voltage §—B—V) characteristics were ~ complexes 1, 2) were prepared by typical methods. The

Results and Discussion

Inorganic Chemistry, Vol. 44, No. 5, 2005 1613
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car Y %,

Figure 1. Perspective view showing the asymmetric unit of comglexith the atom labeling schemes. Hydrogen atoms were omitted for clarity.

second added ligand, phen, is coordinated witflians as 127 ‘ ' ‘ ' '

. . . . 1 Al E E t!
a synergic agent, which not only saturates the coordination 1 A8 andExspectra m spectra

number of the LA" ions, but also improves the fluorescence ]

intensity, volatility, and stability of the lanthanide com- Eo_s_ :

plex81428This further step enhances the luminescent intensity g :

of lanthanide complexesl( 2) and makes them more S 06+ 2=

sublimable. Complexesand?2 are stable in air and soluble z ]

in common organic solvents, such as CH, CHC, 2 041

acetone, and ethyl acetate, but insoluble in water. = 0_2; R B !
Single-crystal X-ray diffraction studies revealed similar | k : -{

crystal structures for complexésand2, whose crystals fall 0.0 ¥ : o il JJ -,

in the same centrosymmetric space group. The crystal- 200 300 400 500 600 700

lographic data ofl and2 are given in Table 1. There are Wavelength (nm)

two independent molecules in the asymmetric unit of both Figure 2. UV-—vis absorption 1, dash dot?, dash), excitation, solid,
1 and2. The structures of these two independent molecules ’31;”%?2121 r&?&;@ggg%’; :pggﬁ;r&)’a?&d;m'ss'om(so"d”l‘—‘x -
of 1 are similar, one of which is shown in Figure 1. The
corresponding selected bond lengths and angles are giverexcitation of ligands HFNH and phen. Seen from Figure 2,
in Table 2. In complexe4 and2, each central L¥ ion is the excitation spectra of two complexes overlap well within
coordinated by six oxygen atoms from three HFNH ligands the absorbance wavelength range, indicating that the emis-
and two nitrogen atoms from phen ligand, resulting in a sions originate from the energy absorbed by the ligands.
coordination number of eight for each central metal ion. The Complexesl and 2 show strong red (fod) and reddish-
coordination geometry of the metal can be described as aorange (for2) luminescence in solution and solid state when
distorted square antiprism with six oxygen atoms and two irradiated by UV light. When excited by light at 356 nm,
nitrogen atoms. the emission spectrum dfconsists of entirely characteristic
PL Properties of Complexes 1 and 2The absorption,  emission bands of Bt ion *Dy—'F;, J = 0, 1, 2, 3, 4).
excitation, and emission spectra of complekesd?2 were However, the emission (excited at 390 nmRaxhibits not
shown in Figure 2. The absorption spectra were measuredonly characteristic emission of Sm(°Gs;z—%H;, J = 3/2,
in ethanol solution (1x 10 M). The excitation and  5/2, 7/2, 9/2, 11/2), but also a weaker wide emission band
emission spectra were measured from the solid states. Both(420—480 nm) of the ligand HFNH. Generally, organolan-
the absorption and the excitation spectra are broad bandghanide complex emission is originated from the excitation
from 200 to 450 nm mainly attributed to the absorption and of ligands. Through intersystem crossing, the energy is

1614 Inorganic Chemistry, Vol. 44, No. 5, 2005
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Table 2. Selected Bond Lengths and Angles for One of the Molecules —
of 1 and2 '_I
"
1 2 Al
Ln(1)—0(1) 2.342(9) 2.370(10) LiF Al
Ln(1)—0(3) 2.345(9) 2.364(9) AlQ LiF
Ln(1)-0O(4) 2.347(10) 2.366(10) BCP BCP
Ln(1)—0(6) 2.359(10) 2.388(11)
Ln(1)—0O(5) 2.370(9) 2.394(10) 1:CBP 2
Ln(1)—-0(2) 2.397(9) 2.417(11) TPD or NPB TPD
Ln(1)—-N(2) 2.585(11) 2.596(11) L ITO — ITO
Ln(1)-N(2) 2.606(11) 2.603(11) | Glass | | Glass |
O(1)-Ln(1)-0(3) 76.6(3) 77.0(3)
O(1)-Ln(1)—0(4) 119.9(3) 119.5(4) A B
O(3)-Ln(1)—0(4) 72.0(3) 71.7(3) Figure 3. General structure of the device&; type of device for europium,
O(1)-Ln(1)—0(6) 83.0(3) 82.2(4) ITO/TPD or NPB/Eu complex, CBP/BCP/AIQ/LIF/AB, type of device
O(3)—Ln(1)—0O(6) 78.2(3) 78.2(3) for samarium, ITO/TPD (50 nm3/(50 nm)/BCP (20 nm)/LiF (1 nm)/Al
O(4)-Ln(1)—0(8) 135.5(3) 136.3(4) (200 nm).
O(1)-Ln(1)-0(5) 149.7(3) 150.3(4) .
O(3)~Ln(1)—0O(5) 84.5(3) 85.1(3) two complexes have good thermal stability and can be
O(4)-Ln(1)-0O(5) 74.9(3) 75.6(4) sublimed at low temperature due to fluorination Sialike-
8%%:::28;:88 zg'ggg ;8'2% tone ligands. For europium complexes, the doping method
0(3)-Ln(1)-0(2) 113.4(3) 113.1(4) was often used to fabricate devices to improve efficiency.
O(4)-Ln(1)-0(2) 76.6(3) 76.2(4) Because CBP has a wide energy gap which supports bipolar
88:'[28;:8% igg'ggg gg'gg’; carrier transpoft?® and europiumg-diketone complexes
O(1)-Ln(1)~N(1) 76.9(3) 78.1(4) generally have low-lying highest occupied molecular orbital
O(3)-Ln(1)-N(1) 145.3(3) 146.8(3) levels due to relatively high oxidative state of europiumdon,
8%2;:'[28;:%8 1;%?8; 1??'5((2)) we can fabricate several devices using CBP as the host and
O(5)-Ln(1)—N(1) 103',6(3) 106',9(4) 1 as the guest. The general structure of the dopant devices
8(?)—tn(i)—m(;) 1;1-5;(2) 12?-23(1) based orl as the emitter is shown in Figure 3. Here, TPD
o NG La5 a0 L) (4,4-bis[N-(p-toly)-N-phenyl-amino]biphenyl) or NPB (4:4
0O(4)y-Ln(1)—-N(2) 80.9(4) 80.8(3) bis[N-(1-naphthyl)N-phenyl-amino]biphenyl) serves as the
O(6)-Ln(1)-N(2) 113.5(4) 114.3(4) hole transporter, whereas AlQ (tris[8-hydroxyquinoline]) and
ggitgggjmgg ;g%g ;gg% BCP (2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) are
N(1)—Ln(1)-N(2) 64.6(4) 63.4(4) used as electron transporters. Thus, TPD (or NPB) and BCP
can confine electrons and holes effectively in the emitting
transferred from the singlet state t8 the triplet state Tin layer. A layer of CBP doped with at different concentration

the ligand. The ligand then intramolecularly transfers energy serves as the emitter between the layer of TPD and BCP.
from its lowest excited triplet state to the excited states of  Forrest et al.reported that excited CBP singlet energies
the central lanthanide id Finally, the central ion gives  were partially transferred to Eu(TT4hen singlet states via
fluorescence through radiative transition from the excited a Firster process when the Eu complex is doped into CBP.
state to the ground state. The results shown in Figure 2Herein, we studied the PL properties of th&€BP system
indicate that a complete internal conversion occurred from where the dopant concentration bfin CBP dissolved in
the ligand to the central Etiions in complexd, but this is CH.CI, was varied from 1% to 20%. The G#I, solution
not the case for complexXwhere the internal conversion is was spin-coated onto quartz substrate to form films for
incomplete. According to Sato et &.fo improve energy  spectroscopy. The spectra shown in Fegdra indicate that
transfer probability from the triplet state of the ligand to the an overlap between CBP fluorescence dnabsorption is
resonance level of L3 ion, the triplet state of the ligand only significant betweerd = 300-400 nm. From the PL
must be closely matched to or slightly above the metal ion’s spectra (Figure 4b), an emission from CBP in the PL
emitting resonance levels. In fact, the energy |&@y, of spectrum ofl:CBP can be always observed despite the high
S+ (18 000 cm?)* is higher than the energy levai, of dopant concentration df (up to as high as 20%). All of
EW®* (17 500 cn1?).?° Possibly, the triplet state of HFNH  these results show that the energy transfer from CBP to
ligand is not matched to Sthion’s emitting resonance levels  via a Faster process is inefficient, as reported in some other
°Gs)2. As stated above, a weak ligand emission band appearseference€? When the dopant concentration bfvas 5%,
in the emission spectrum ¢ due to incomplete energy the CBP emission became weak in the PL spectra of the
transfer. 1:.CBP system. We also found that there was no obvious
EL Properties of Complexes 1 and 2The TGA-DTA  concentration quenching of Eu complex luminescence until
analyses show that the melting pointslond 2 are 172 the dopant concentration dfwas 20%.
and 114°C, respectively, and the decomposition temperatures  To understand the EL performanceloés red emitters in
are 379 and 389C, respectively. The results indicate that EL devices, we fabricated several devices with the device
: configuration shown in Figure 3A usirigas dopant emitters
ggg Sato. giéz"’v\"jfjg'.;'ﬁ;yﬁnﬁ:?eg; il‘égt;‘pg%%fj’é‘gf&mn.1992 with concentrations from 1% to 15%. Key characteristics of
54, 231. some devices are listed in Table 3. Devices with dopant
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Figure 4. (a) The absorption spectrum of TOM 1 in ethanol solution.
(b) PL spectra ofl:CBP (1-20%) films (ex = 254 nm).

Table 3. Performances of OLEDs Based G

J L e p

device (mA/c?, V) (cd/m?) (cd/A) (Im/W)
A 0.021,4.9 1 4.88 3.13
12.3,10.1 204 1.66 0.52
389.7,16.2 1013 0.26 0.05

B 0.034,5.4 1 3.04 1.77
11.6 13.9 201 1.74 0.39
298.0, 18.4 819 0.27 0.05

C 0.026, 5.7 1 4.14 2.28
9.3,15 200 2.15 0.44
305.3,19.1 957 0.31 0.05

D 0.035, 6.3 1 3.56 1.77
9.9,16.4 203 2.25 0.43
259.9, 22 1132 0.48 0.07

E 0.031,7.5 1 3.31 1.39
18.1, 18.7 203 1.11 0.19
266.4,22.8 856 0.32 0.04

F 0.050, 5.7 1 1.98 1.09
13.1, 14.8 206 1.57 0.33
301.4,20.2 1062 0.35 0.05

G 0.035,5.2 1 3.36 2.02
10.1, 15.6 205 2.23 0.45
296.9, 21.4 1121 0.42 0.06

aLuminance L), current efficiency {c), and power efficiencyif,) are
given as functions of current densiyDeviceA, TPD (50 nm)L:CBP (9%,
40 nm)/BCP (20 nm)/AIQ (30 nm); devidg, TPD (50 nm)L:CBP (10%,
30 nm)/BCP (20 nm)/AIQ (30 nm); devigg, TPD (50 nm)L:CBP (10%,
40 nm)/BCP (20 nm)/AIQ (30 nm); devide, TPD (50 nm)L:CBP (10%,
40 nm)/BCP (25 nm)/AIQ (30 nm); devide, NPB (50 nm)1:CBP (10%,
40 nm)/BCP (20 nm)/AIQ (30 nm); devide, TPD (50 nm)L:CBP (11%,
30 nm)/BCP (20 nm)/AIQ (30 nm); deviad, TPD (50 nm)L:CBP (8%,
40 nm)/BCP (20 nm)/AIQ (30 nmY.Current densityJ) is given whenL
is about 1 cd/ry 200 cd/n, and the maximal data.

concentrations< 9% showed undesirable CBR{x = 400
nm) and BCP Amax = 500 nm) emissions besides charac-
teristic red emission of Eti ion (one of the spectra shown
in Figure 5,G 19V). Weak emission from AlQlgax= 520
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Figure 5. The EL spectra of several devices basedlpdeviceC at 15
and 19 V, device at 21 V, deviceE at 23 V, and devicé& at 19 V.

nm) was observed in the EL spectra, especially at high
current densities when the dopant concentration of complex
1was increased to 12%. The same results were also observed
when the dopant concentration was increased to 13% and
15%. The reason is that high concentration can induce
concentration quenching of the luminescencé.diVith the
appropriate concentration{4.1%), the emissions from CBP
and BCP were efficiently quenched in devicksF, and
these devices showed pure red emission of"Eion
(°*Dg—"F3, J =0, 1, 2, 3, 4) centered dt= 611 nm with a

full width at half-maximum of 3 nm at all current densities
(shown in Figure 5). Device&, B, C, andF had maximum
brightness between 819 and 1062 c8/ourrent efficiency

in the range of 2.734.88 cd/A, and power efficiency in the
range of 1.24-3.13 Im/W, and had the current efficiency in
the range of 1.572.15 cd/A at the brightness of 200 cd/m
Among the four device#\, B, C, andF, deviceC with a
dopant concentration of 10% showed the best device
performance especially at the brightness of 200 édirhe
highest current efficiency of 4.14 cd/A, power efficiency of
2.28 Im/W, and brightness of 957 cd/nvere obtained.
Furthermore, the highest current efficiency of 2.15 cd/A
(shown in Table 3) was achieved at the brightness of 200
cd/n¥, which is crucial for practical application of OLEDs.

In addition to the dopant concentration, the thickness of
both the emitting layer and the BCP layer also affected the
performances of devices. Decreasing the thickness of the
emitting layer from 40 nm (in devic€) to 30 nm (in device
B) not only decreased the turn-on voltage from 5.7 to 5.4 V
but also decreased the maximum current efficiency from 4.14
to 3.48 cd/A, power efficiency from 2.28 to 1.85 Im/W, and
brightness from 957 to 819 cdfmWhen the BCP layer was
increased from 20 nm (in devicg) to 25 nm (in device),
the maximum brightness increased to 1132 Edtout the
current efficiency and power efficiency of devid de-
creased to 3.56 cd/A and 1.77 Im/W, respectively. The turn-
on voltage was also increased from 5.7 to 6.3 V. However,
we also observed that devide showed higher current
efficiency than devic€ at high current densities-(L0 mA/
cn?, in Figure 6). This indicates that the thicker BCP layer
can effectively confine carriers in the emitting layer,
especially at high current densities.
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Table 4. Summary of Europium Complex:CBP-Based OLEDs

L,V Ne, J Np, J
cd/m?, vV cd/A, mAlcn?  Im/W, mA/cn?

emitter layer ref
Eu(HFNH)phen 957,19.1  4.14,0.026 2.28,0.026  this work

(10%)
Eu(TTA)sphen 505, 12.0 7

(1)
Eu(TTA);DPPZ 1670,13.6 4.4,1.23 2.1,1.23 9

(4.5%)

4.7,0.1 1.6,0.1 17a

Eu(TTA)s;(Tmphen) 800, 24.5
(1%)

Table 5. Current Efficiency Comparison between the Devices Based
on Eu(TTA)phen (1%) andL (10%)

current efficiency (cd/A)

device 1 mA/cr 10 mA/cn? 50 mA/cn?
Eu(TTA)sphen (1%) 1.4 0.7 0.4
1 (10%, deviceC) 3.1 21 1.1

efficiency of the device was decreased with increasing dopant
concentration. The best concentration was 1%, and the best

When TPD was replaced by NPB as a hole transporter device structure was ITO/TPD (50 nm)/Eu(T &phen:CBP

for deviceE based onl, the device showed a maximum
brightness of 856 cd/Mcurrent efficiency of 4.1cd/A, and
power efficiency of 1.48 Im/W. The current efficiency of

(1%, 30 nm)/BCP (20 nm)/AIQ (30 nm)/LiF (1 nm)/Al (200
nm). The current efficiency of the device based on
Eu(TTA)sphen (1%) and the current efficiency of deviCe

deviceE decreased sharply as the current density increased at different current densities are shown in Table 5. Seen from

At the brightness of 203 cdA{18.1 mA/cn?), the current
efficiency was only 1.11 cd/A. Furthermore, the turn-on
voltage was increased from 5.7 V (devi€3 to 7.5 V. In
conclusion, deviceC exhibits the best EL properties with
the structure of ITO/TPD (50 nn)/CBP (10%, 40 nm)/
BCP (20 nm)/AIQ (30 nm)/LiF (1 nm)/Al (200 nm). The
current density-brightness-voltage §—B—V) characteristics
of device C are shown in Figure 7. A summary of

Table 5 and Figure 6, a significant decrease of current
efficiency of the device based on Eu(TTfahen (1%) was
observed. The decrease of efficiency of the device based on
Eu(TTA)sphen-doped CBP with increasing current density
was found to be due to—T annihilation on CBP molecules
following back transfer from ligand TTA due to the near
resonance of TTA and CBP tripléetHowever, such a
significant decrease was not observed in de@aghich still

performances of OLEDs based on europium complexes had high current efficiency at high current density. A possible
doped into CBP as the emitter in the literature is listed in candidate for this result is that the high dopant concentration
Table 4. By comparison, we can see that the EL property of and the large ligand molecular volume (in contrast to ligand

device C is among the best reported for devices with
europium complexes as the emittér.’a

To investigate the effect of the polyfluorinated alkyl group
and the long conjugate naphthyl group of the ligand HFNH
on the performance of OLEDs based on comdlewe have
fabricated several devices based on Eu(T:pAgn as the
emitter with the dopant concentration varing from 1% to 5%.
As reported, there were always emissions from CBP

TTA) of 1 lengthen the distance between the adjacent CBP
molecules, which diminishes the CBIP-T annihilation. It

is the introduction of the polyfluorinated alkyl group and
the long conjugate naphthyl group into fheliketone ligand

that has increased the dopant concentration and the molecular
volume of 1. Another possible mechanism that cannot be
excluded is that the introduction of the polyfluorinated alkyl
group and the long conjugate naphthyl group can lower the

observed with increasing current density in the EL spectra triplet state of HFNH ligand39-26which diminishes the back

of devices with different structures (shown in Figure 8). The

transfer of energy from HFNH to CBP. Last, fluorine atom
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Figure 9. The EL spectra of a device based 2rat different voltages. Voltage (V)

substituting hydrogen can lower the vibration energy of the Figure 10. The J-B—V characteristics of a device based &n
ligand, which decreases the energy loss and enhance®8CP (20 nm)/AIQ (30 nm)/LiF (1 nm)/Al (200 nm) emits
luminescence efficiencsf. pure red emission of Etiion centered at = 611 nm with
We also observed that there was no emission from CBP a full width at half-maximum of 3 nm at all current densities
in 1-doped CBP devices (devicA—F) at all current and shows the maximum brightness of 957 c/ourrent
densities. However, there were always emissions from CBP efficiency of 4.14 cd/A, and power efficiency of 2.28 Im/
in the PL spectra of thel:CBP system. The difference W. At the brightness of 200 cdAnthe current efficiency
between PL spectra and EL spectra indicates that the carrieremains as high as 2.15 cd/A. These values are among the
trapping is the main electroluminescence process. In this casebest reported for devices based on Eu complexes as emitters.
the injected electrons and holes through CBP are first trappedThe device based on compleX exhibits the maximum
by complex1, and then form excitons on complex In brightness of 43 cd/fat 14 V (J = 100 mA/cn¥) and current
addition, CBP singlet energies partially transferred1to  efficiency of 0.18 cd/A]J = 1.1 mA/cn?. By the comparison
singlet states via a Fster process may be included in the in the performance of the device based on Eu(TzpAgn
mechanism of the EL process of these devices. and the device based on Eu(HFNphen, we conclude that
For complex2, we have also tried to dope it into the CBP  the introduction of the polyfluorinated alkyl group and the
host to fabricate devices. Although many structures of long conjugate naphthyl group leads to the high EL efficiency
devices had been designed to fabricate devices based omf OLEDs based on the Eu(HFNgphen complex at high
2:CBP emitter, we failed to obtain devices with pure®m  current densities and at high brightness. Our results dem-
ion emission. There were always CBP emissidn= 400 onstrate that the EL performance of OLEDs based on
nm) and BCP emissioml (= 500 nm) besides the charac- lanthanide complex can be effectively improved by chemical
teristic Sn¥" ion emission. So the device structure shown in modification on the3-diketone ligand.
Figure 3B was used to fabricate devices with comeas
the emitter, and BCP was used as the electron transporter

The d_eV|ce e_xhl_blted pure reddish-orange EL of characteristic 20372060, 20131010, 20121701), the “863” National Foun-
Snet ion emission {Gs;z—%H,, J = 3/2, 5/2, 7/2, 9/2, 11/2). . . ;
The th ¢ est emission bands were located at 563 604datlon for High Technology Development and Programming
e 646 o rocr(‘)grespon'dm'gw s gy o O (Nos. 2002AA302105, 2002AA324080), and the Foreign
) 527 F15/2, "5/ 1772 ; : : ;
5Geys—CHopp transitions, respectively (Figure 9). The B—V Communion & Cooperation of National Natural Science

characteristics oR-based OLEDs are given in Figure 10. Foundation of China (No. 20340420326). We are grateful

The device exhibits the maximum brightness of 43 ¢ddin Loe\iéc;fesrzggszongge Ma for his advice on the fabricating
14 V (J = 100 mA/cn?) and current efficiency of 0.18 cd/ P '
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