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Three pyrazolone-based ligands, namely 1-phenyl-3-methyl-4-(1-naphthoyl)-5-pyrazolone (HL1), 1-phenyl-3-methyl-
4-(4-dimethylaminobenzoyl)-5-pyrazolone (HL2), and 1-phenyl-3-methyl-4-(4-cyanobenzoyl)-5-pyrazolone (HL3), were
synthesized by introducing electron-poor or electron-rich aryl substituents at the 4-position of the pyrazolone ring.
Their corresponding europium complexes Eu(L X)s(H20), and Eu(LX)3(TPPO)(H,0) (X = 1-3) were characterized
by photophysical studies. The characteristic Eu(lll) emission of these complexes with at most 9.2 x 1072 of fluorescent
quantum yield was observed at room temperature. The results show that the modification of ligands tunes the
triplet energy levels of three pyrazolone-based ligands to match the 5D, energy level of Eu®* properly and improves
the energy transfer efficiency from antenna to Eu’*, therefore enhancing the Eu(lll) emission intensity. The highest
energy transfer efficiency and probability of lanthanide emission of Eu(L1)s(H,0), are 35.1% and 2.6%, respectively,
which opens up broad prospects for improving luminescent properties of Eu(lll) complexes by the modification of
ligands. Furthermore, the electroluminescent properties of Eu(L1)s(TPPO)(H,0) were also investigated.

“antenna”, from which the energy can be effectively trans-
ferred to Eu(lll) and Th(lll) ions for high harvest emissidn%.
For example, the terbium complexes based on the pyra-
zolone-based ligands 1-phenyl-3-methyl-4-isobutyryl-5-pyra-
zolone HL4)" and 1-phenyl-3-methyl-4-(2-ethylbutyryl)-5-
pyrazolone KL5)® (see Chart 1) can emit characteristic
Tb(lll) photoluminescence with high quantum yield.
Recently, europium complexes have attracted more interest
in organic light-emitting diodes (OLED) for their saturated
red-emissiort:>~17 Although several europium complexes
have been applied as red emitters in electroluminescent (EL)
devices, their ligands are mainly limited to 1,3-diphenyl-

Introduction

On the basis of the unique photophysical properties of
lanthanide cations (long luminescence lifetime and very sharp
emission band), rare earth metal complexes, especially
europium(lll) complexes, as luminescent materials have
received increasing attention for application in bioas3ays
and sensor systemdt is well-known that the application
of the strong absorbing “antennae” for light harvesting is
required for the low extinction coefficients of the lanthanide
ions. The -diketone ligand is one kind of important
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Chart 1. Molecular Structures of the Pyrazolone-Based Ligands

CHa
5\].——
@,N R
b0

9

v L5 o o <0 <C
CH;,

HL1 HL2 HL3 HL4 HLS5

1,3-propanedione (HDBM) and-thenoyltrifluoroacetone
(HTTA).°* However, the electroluminescent properties of
these europium complexéshave not been as satisfactory
as those of the terbium complefag to now. One of the

important reasons is the poor carrier transporting property

of these europium complex&&?8in our previous study, we
noticed that the pyrazolone-based ligands4)” and HL5)®
with an alkyl group at the 4-position of pyrazolone ring not
only have suitable triplet energy levels match¥y (20 400
cm1) of Th®" but also have good carrier transporting
properties. The OLED device based on tris[1-phenyl-3-
methyl-4-(2-ethylbutyryl)-5-pyrazolonato](triphenylphos-
phine oxide)terbium [TH(5)3(TPPO)] exhibited good elec-
troluminescent properties (11 ImW).2 However, the triplet
energy level oHL5 is too high for the’Dg (17 500 cn?)
energy level of E®, so that this ligand is not suitable to be
used as a sensitizer for europium(lll) ion. To reduce the
triplet energy level of the pyrazolone-based ligand, herein,
1-phenyl-3-methyl-4-(1-naphthoyl)-5-pyrazolonéil(l),
1-phenyl-3-methyl-4-(4-(dimethylamino)benzoyl)-5-pyra-
zolone HL2) and 1-phenyl-3-methyl-4-(4-cyanobenzoyl)-
5-pyrazolone KIL3) (see Chart 1) were synthesized by
introducing electron-poor or electron-rich aryl substituents
into the 4-position of the pyrazolone ring. Their correspond-
ing lanthanide (L= Eu, Gd) complexes (see Chart 2) were
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Chart 2. Molecular Structures of the Eu(lll) Complexes with the
Pyrazolone-Based LigandsX—L3)

R
R H,0 R TPPO
2%\ 2O\ 7 L 0
HsC Lu H,C CEu,
\ =01 \ i =0T “4o
N-N H,0 N-N 2 L2: ,
’ —< >-N
\
O/ Q)
L3:
Ln=Eu, Gd —)-ceN

() (b)

Scheme 1. Synthesis Route of the Pyrazolone Ligands
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obtained and investigated by measuring their photophysical
properties.

Experimental Section

Materials and Apparatus. 2,9-Dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP), 1-phenyl-3-methyl-5-pyrazolonelN,H+
dimethylaminobenzoyl chloride, 4-cyanobenzoyl chloride, and
1-naphthoyl chloride were obtained from Acrd$N'-Diphenyl-
N,N'-bis(1-naphthyl)-1,tdiphenyl-4,4-diamine (NPB) was pur-
chased from Aldrich. Tris(8-hydroxyquinolinato)aluminum (AIQ)
was synthesized in our laboratory and sublimed twice before use.
The lanthanide oxides were purchased from Shanghai Yuelong Co.,
Ltd., and the lanthanide nitrate hexahydrates were synthesized in
our laboratory. Indium tin oxide (ITO) glass substrate with a sheet
resistance of 182/00 was kindly supplied by China Southern Glass
Holding Co. Ltd.

The photoluminescence spectra were measured on an Edinburgh
LFS920 fluorescence spectrophotometer.-tiNsible absorption
spectra were recorded using a Shimadzu 3000—U¥—NIR
spectrophotometer. NMR spectra were recorded on Mercury Plus
400NB NMR spectrometer. The luminaneeurrent-voltage 8—

1-V) curves were measured with a computer-controlled Keithley
2400 sourcemeter unit with a calibrated silicon diode. The EL
luminescence and chromaticity values were measured using a Photo
Research PR-650 spectrophotometer. The element analyses were
performed with VarioEL Il O-Element analyzing system. Fluo-
rescence lifetime was recorded on a single photon counting
spectrometer from Edinburgh Instruments (FLS920) with micro-
second pulse lamp as the excitation source. The data were analyzed
by iterative convolution of the luminescence decay profile with the
instrument response function using a software package provided
by Edinburgh Instruments.

General Procedure for Synthesis of the LigandsThe ligands
(HL1 —HL3) were synthesized according to the method reported
previously® (see Scheme 1). 1-Phenyl-3-methyl-5-pyrazolone (0.05
mol) and 150 mL of dried 1,4-dioxane were placed in a 50 mL
flask with a magnetic stirrer and heated at T for 10 min. To
the resulting yellow solution, calcium hydroxide (0.12 mol) and
barium hydroxide (0.03 mol) in small portions were added, and
then the corresponding acyl chloride (0.058 mol) was added
dropwise. The resulting mixture was heated to reflux for 24 h. The
cloudy yellowish mixture was cooled to room temperature and

(19) Li, H.; Huang, C. H.; Zhou, Y. F.; Zhao, X. S.; Xia, X. H.; Li, T. K;;
Bai, J.J. Mater. Chem1995 5, 1871.
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poured into a 350 mL solution of ice-cold hydrochloric acid (3 Table 1. Crystal Data, Collection, and Structure Refinement
mol L~%) under stirring. The yellow precipitate was filtered and Parameters

recrystallized from acetone and water. param HL2 Eu(L3)s(tppo)(H0)
_1-Phenyl-3-methyl-4-(l-naphthoyl)-5-pyrazo|one (HL1). empirical formula GeH1aN:0s CrHssEUNGOP

Yield: 62%. Mp: 167169 °C. 'H NMR (DMSO, 400 MHz, fw 320.36 1355.16

TMS): 6 8.039 (d,J = 7.2 Hz, 1H; ph-H), 8.002 (d] = 6.8 Hz, cryst system monoclinic triclinic

1H; ph-H), 7.953 (dJ = 7.2 Hz, 1H; ph-H), 7.661 (d] = 7.2 Hz, space group P2i/c P1

2H; ph-H), 7.583 (m, 4H; ph-H), 7.464 (,= 6.4 Hz, 2H; ph-H), ot size 70622‘5*(20)-1“ 0.05 %%f(élfx 012

7.296 (t,J = 7.6 Hz, 1H; ph-H), 1.879 (s, 3H, GH 13C NMR A 17.919(6) 15.122(3)

(CDCly): 6193.1, 161.2, 148.9, 137.4, 135.6, 133.7, 131.2, 129.9, /A 12.219(4) 17.272(4)

129.4,128.8, 127.7, 127.0, 126.9, 125.6, 125.1, 125.0, 121.0, 105.6, o (deg) 90 100.72(3)

14.9. ﬂ (deg) 106.286 111.64(3)
1-Phenyl-3-methyl-4-(4-dimethylaminobenzoyl)-5-pyrazolo- \y,,(f\’f 9 3502_5(9) é(l)gf_ gg)l)

ne (HL2). Yield: 55%. Mp: 194-195°C.H NMR (CDCls, 400 z 4 2

MHz, TMS): 6 7.911 (d,J = 8 Hz, 2H; ph-H), 7.656 (dJ = 8 Pealedd CIT3 1.328 1.449

Hz, 1H; ph-H), 7.456 (tJ = 6 Hz, 2H; ph-H), 7.268 (] = 5.2 ﬁ/gﬁggl %3688 1131;)02

Hz, 1H; ph-H), 6.740 (dJ = 7.6 Hz, 2H; ph-H), 3.088 (s, 6H; L. 0 ) 200 o Y

N—CHa), 2.298 (s, 3H; CH). 13C NMR (CDCk): ¢ 188.5, 163.5, WR2 [l > 20(1)] 0.1676 0.1053

153.5, 147.8, 138.0, 131.3, 129.2, 126.3, 123.2, 120.6, 110.9, 103.1, R1 (all data) 0.0884 0.0990

40.3, 17.0. WR2 (all data) 0.1863 0.1195

1-Phenyl-3-methyl-4-(4-cyanobenzoyl)-5-pyrazolone (HL3). GOF 0.949 0.908

Yield: 78%. Mp: 177179 °C. 'H NMR (CDCl;, 400 MHz,

TMS): & 7.835 (m, 4H; ph-H), 7.738 (d] = 8 Hz, 2H; ph-H) solution containing 3.0 mmol of HL1 and 1.0 mmol of triph-
7.485 (1.0 = 7.6 Hy 2H- ph-H)’ 7.337 (0= 7.6 Hy 1H- ph-H)l enylphosphine oxide, and after stirring, 3.0 mmol of NaOH was

2.048 (s, 3H; CH). 13C NMR (CDCk): 6 191.1, 160.9, 147.4 added dropwise with the pH being about 5. The solution was stirred
1421 1371 132.6. 129.5. 128.5. 1274 1212 118.1. 110.0. 103.770" 5 h to obtain the yellowish solid product. The product was

15.9. washed using deionized water and dried. Anal. Calcd faHg;-
Synthesis of the ComplexesThe Eu(lll) and Gd(lll) complexes E”';Gggp: C.68.02; H, 4.37, N, 5.88. Found: C, 68.69; H, 4.75;

with the ligandsHL1—HL3 were synthesized according to the . )
method reported previousfy. E_u(L2)3(TPPO)(H20),Trls[l-phenyl—3-methyl-4-(4-(d|met_hyl-

Eu(L1)s(H,0)s, Tris[1-phenyl-3-methyl-4-(1-naphthoyl)-5- am|nq)benzoyl)-5-pyrazoIonato](trlphenylphosphlne oxide)-
pyrazolonatoJeuropium Dihydrate. A 1.0 mmol amount of Eu-  SUOPIUM Hydrate. Anal. Calcd for GsHzEUNsOgP: C, 63.92;

. . H, 5.08; N, 8.94. Found: C, 64.10; H, 5.34; N, 8.58.
(NO3)3*6H,0 was added to an ethanol solution containing 3.0 mmol "~ P = ro o
of HL1 under stirring, and the pH was adjusted to ca. 5 by dropwise Eu(L3){(TPPO)(H0), Tris[1-phenyl-3-methyl-4-(4-cyanoben-

adding of 3.0 mmol NaOH. The solution was stirred ®h to 20yl)-5-pyrazolonato](triphenylphosphine oxide)europium Hy-

obtain the yellow solid product, which was washed using deionized drate. Anal. Calcd for GaHssEUNsOeP: C, 63.81; H, 3.94; N, 9.30.

; Found: C, 64.23; H, 3.94; N, 8.99.
water and dried. Anal. Calcd forg@HsEUNOs: C, 64.67; H, 4.22; ’ 2 o
N. 7.18. Found: C. 64.85: H. :.ZS?N, 7_285_ Crystallography. The crystals oHL2 and Eu(3)s(TPPO)(HO)

The other complexes were prepared and purified by the same Vere mounted on glass fibers and transferred to a Bruker SMART
procedure CCD area detector. Crystallographic measurements were carried
Eu(L2)s(H0),, Tris[1-phenyl-3-methyl--(4-(dimethylamino)- out using a Bruker SMART CCD diffractometer, withscans and

benzoyl)-5-pyrazolonato]europium Dihydrate. Anal. Calcd for graphite-monochromated ModKradiation ¢ = 0.710 73 A), at

CsHesEUNGOs: C, 59.58: H, 5.09: N, 10.97. Found: C, 59.33: H, room tgmperature. The _structures were solved by dlre_ct methods
5.34: N, 10.52. and refined by full-matrix least-squares & values using the

-970 - i
Eu(L3)s(H,0),, Tris[1-phenyl-3-methyl-4-(4-cyanobenzoyl)- program _SHELXS 97° All non-hydrogen atoms were refined
. . anisotropically. Hydrogen atoms were calculated in ideal geom-
5-pyrazolonatojeuropium Dihydrate. Anal. Caled for GdHag etries. For the full-matrix least-squares refinemehts po(1)], the
EuNgOg: C, 59.24; H, 3.68; N, 11.51. Found: C, 58.57; H, 3.82; ; . q '
N. 11.43 unweighted and weighted agreement factors ofFRI(F, — Fc)/
, 11.43. — 2_[E2 411/2
GA(L1)5(H,0)s Tris[1-phenyl-3-methyl-4-(1-naphthoyl)-5-  ~ 0 Nd WR2= [Zw(Fo® — Fe)/2WF,1]™ were used. The crystal -
pyrazolonato]gadolinium Dihydrate. Anal. Calcd for GeH data and details of the structure determinations are summarized in
. . 3149 .
; i ) - ) ~ Table 1. CCDC reference nos.: 225972 Kit2 and 271332 for
CN;dgle]% C, 64.38; H, 4.20; N, 7.15. Found: C, 64.75; H, 4.18; Eu(L3)s(TPPO)(HO).

. . ) Preparation of EL Devices.Electroluminescent devices based
Gd(L2)3(H20),, Tris[1-phenyl-3-methyl-4-(4-(dimethylami- : : -
th | f ted th h -
no)benzoyl)-5-pyrazolonato]gadolinium Dihydrate.Anal. Calcd on the europium complex were fabricated through vacuum deposi

) - . i _ tion of the materials onto clean glass precoated with a layer of
Erfgg_sﬁdl'\fa‘; C.59.31; H, 5.06; N, 10.92. Found: C, 59.82; indium tin oxide at 10° Pa. The rates of deposition of each organic

. compound were 42 A s and for the europium complex were
Gd(L3)s(H20),, Tris[1-phenyl-3-methyl-4-(4-cyanobenzoyl)- 0.1-0.2 A s'1. The cathode was formed through coevaporation of
5-pyrazolonato]gadolinium Dihydrate. Anal. Calcd for GsHao

GdNO= C. 58.95: 1. 3.66° N. 11.46. Found: C. 58.34- 1. 3.74- Mg and Ag with Mg:Ag ratio of 10:1, followed by vacuum
NoOs: C, 58.95; H, 3.66; N, 11.46. Found: C, 58.34; H, 3.74; deposition of Ag (80 nm). The emitting diode has an effective area

N, 11.03. ) of 4.0 mn?. The thickness of the deposited layer and the evaporation
Eu(L1)3(TPPO)(Hx0), Tris[1-phenyl-3-methyl-4-(1-naphthoyl)-

5-pyrazolonato](triphenylphosphine oxide)europium Hydrate. (20) Sheldrick, G. M.SHELXTL-Plus V5.1 software Reference Mapual

A 1.0 mmol amount of Eu(N€);-6H,0 was added to an ethanol Bruker AXS Inc.: Madison, WI, 1997.
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Figure 1. ORTEP diagram ofHL2 with the thermal ellipsoids drawn at
the 30% probability level.

speed of the individual materials were monitored in a vacuum with
quartz crystal monitors.

Results and Discussion

Synthesis and Characterization of the Ligands1-Phen-
yl-3-methyl-4-R)-5-pyrazolone ligandsHL X, X = 1—-3)
were prepared according to Scheme 1 and characterized by
NMR. The resulting compounds are soluble in ethanol,
chloroform, acetonitrile, and dimethyl sulfoxide. No obvious
IH NMR signals of the hydrogen atom linked to the carbon
atom of the pyrazolone ring were observed for all ligands,
indicating that the enol configuration Gfdiketonate formeéP
This cqnclusion was .confirmed further by the crystal- Figure 2. ORTEP diagram of EW@)(TPPO)(HO) with the thermal
IOgraph'C data for the I|ganHIL2 : eIIipsoidé drawn at the 30% probability level and the H atoms removed for

The crystallographic data fddL2 are listed in Table 1.  clarity.

An ORTEP diagram for the common repeating unit is shown

in Figure 1. The molecular structure ldf.2 reveals a planar ~ and the carbon atoms of tifediketonato anions are almost
arrangement of non-hydrogen atoms (02, C11, C8, C7, O1,unified (1.26(3), 1.24(8), 1.26(5), 1.26(6), 1.26(9), and 1.26-
mean deviation of 0.0362 &), and H1A lies 0.0318 A from (2) A corresponding to 03C7, 02-C11, 03-C25, O4-

this plane. The carbonyl bond lengths for G122 and C7 C29, 05-C43, and 0O6-C47, respectively), implying that
01 are 1.30(5) and 1.28(7) A, respectively. There is an Strong conjugation exists in the chelate rings.
intramolecular hydrogen bond between the atoms O1 and UV—Vis Spectra. UV—vis absorption spectra of the
02 (02-H1A::-01, 2.529 A, 160.3. These data suggest ligands HL1—HL3) and their corresponding Eu(lll) com-
that, in the ring consisting of 01/02, the enolic proton is plexes are shown in Figure 3. The maximum absorption
not shared symmetrically with the carbonyl oxygens; that bands at 282, 350, and 293 nm for the ligaftlsl —HL3,

is, HL2 exists in the enol form in the solid state. Although respectively, are attributed to singtetinglet 7—x* enol

the phenyl plane consisting of €C6 and the pyrazolone absorption ofs-diketonates. Compared with the ligaHid 4

ring (mean deviation of 0.0632 A) are almost in a plane, in (Amax = 262 nm), the absorption peaks are red-shifted 20,
which the dihedral angle is 52the whole molecule is not 88, and 31 nm foHL1 —HL3, respectively. Interestingly,
coplanar, and the dihedral angle between the pyrazolone ringthe UV—vis maximum band is red-shifted to 350 nm for
and the phenyl plane consisting of C1217 is 42.5. HL2, indicating that the conjugation degree enlarges and the

Structure Characterization of Eu(L3)3(TPPO)(H20). m—m* energy level is lowered by introduction of thé,N-

The structure of EW3)s(TPPO)(HO) was characterized by  dimethylaminobenzoyl group. Furthermore, compared with
X-ray crystallography. Details of the crystal data and data the spectra of the liganddL1 —HL3, the first absorption
collection parameters for EuB)3(TPPO)(HO) are given in bands of the corresponding europium complexes are all red-
Table 1. An ORTEP diagram for the asymmetric unit of Eu- shifted 6-10 nm, which is a consequence of the enlargement
(L3)3(TPPO)(HO) is shown in Figure 2. The coordination of the conjugate structure of ligands after coordinating to
geometry of the metal center is best described as a distortedhe lanthanide ion. The spectral shapes of the Eu(lll)
bicapped trigonal prism with the trigonal prism being complexesin CHGlare similar to those of the corresponding
composed of six oxygen atoms (01, 02, 03, O5, 06, 08). ligands, indicating that the coordination of the europium ion
Among them, O1, O2 and 05, O6 are from tprliketones, does not significantly influence the energy of the singlet state
and O3 and O8 are from the third diketone and a water of the5-diketone ligands. The molar absorption coefficients
molecule, respectively. Another two oxygen atoms (04, O7) (¢) of HL1—HL3 are calculated as 1.8 10* (282 nm), 1.9
cap the two quadrilateral faces ©85—-08-01 and O2- x 10* (350 nm), and 1.3x 10* (293 nm) Lmol%-cm™?,
06—03-01, respectively. The average £0 distance is respectively, revealing that these ligands have a strong ability
2.39(6) A [2.34(4)-2.49(0) A], which is little smaller than  of absorbing light. Similarly, the determined molar absorption
the sum of the radii of Eif (1.07 A, eight coordinated) and  coefficients €) of the complexes El(X)s(H20), (X = 1—3)

0?2 (1.42 )1t is noted that, in this complex, the bischelate were 6.1x 10* (288 nm), 5.5x 10* (360 nm), and 3.5«
rings are coplanar. The band lengths between the oxygenl0* (301 nm) L:mol~*-cm™?, respectively, which are about
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Figure 4. Luminescence spectra of BLX)3(H20), (X = 1—3) at 298 K.
The intensities are relative to the fluorescence intensity o E}4(H20),.

750

three times of those of the corresponding ligands, indicating
the presence of three ligands/complex molecule.
Fluorescence SpectraThe red luminescence, character-
istic of 5Dy — 7F; (J = 0—4) emission bands of Eti was
observed when EuX)3(H20), (X = 1—3) were excited at

290 nm (see Figure 4). However, the fluorescent intensities
of these complexes are different. The excitation spectra of

EU(Ll)g(HzO)z, EU(L2)3(H20)2, and EU(_3)3(H20)2 with

Photophysical Properties of the ComplexesThe data
for photophysical properties for HuK)3;(H20), (X = 1—3)
are shown in Table 2. The overall luminescent quantum
yields (@overa) Of these europium complexes were measured
using Rhodamine B in ethanol (2.0 107 mol/L, ¢ =
0.69¥* as a reference and were calculated according to the
well-known method given

1)

¢overa||

Heren, A, andl denote the refractive index of solvent, the
area of the emission spectrum, and the absorbance at the
excitation wavelength, respectively. Subscript ref denotes the
reference, and no subscript denotes the unknown sample.
The refractive index is assumed to be equivalent to that of
the pure solvent: 1.361 for ethanol and 1.344 forsCN at
room temperature. The overall fluorescent quantum yields
(Cboveralb of EU(L1)3(H20)2, EU(|_2)3(H20)2, and EU(_3)3-
(H,0), were calculated as 9.2 1073, 3.1 x 103, and 4.0

x 1074, respectively, revealing that the structural change of
the ligands affects the fluorescent quantum yields of the Eu-
(1) complexes.

The luminescence lifetimes)(were also investigated for
these complexes except for E3(3(H.O), due to its very
weak fluorescent intensity. The measured luminescent decays
(see ESI) of EU(1)3(H20), and Eul[2)3(H.0), can be
described by monoexponential kinetics, which suggests that
in these complexes only one species exists in the excited
state. In combination with the data for the fluorescent
intensities, the data for the fluorescent lifetimes show that
the higher the fluorescent intensities, the longer the fluores-
cent lifetimes are for the complexes (see Table 2). According
to the above results of fluorescence and phosphorescence
properties of the europium complexes, we can conclude that
the modification of the ligands is effective.

To understand the effect of the ligand modification on the
fluorescence properties of HuX)3(H.0), (X = 1-3), the
efficiency of energy transfegp{anste) from the ligand to E&
and the probability of the europium emissiop {) were
investigated on the basis of the method developed by Selvin
et al?? The overall quantum yieldggvera) Of the europium
complex treats the complex as a “black box” where internal
processes are not explicitly considered: given that complex
absorbs a photon (i.e. the antenna is excited), the overall
guantum yield can be defined as

)

¢overall = d)transfe#)Ln

When a lanthanide chelate is mixed with an acceptor of

band maxima at 284, 349, and 295 nm, respectively, matchynown quantum yield and very short fluorescence lifetime
the corresponding absorption spectra, confirming that energy(ns), the efficiency of energy transfer between thefar)

transfer takes place from the ligands to’Eion. We also
investigated the emission spectra of the complexek E)4f

(H20), (X = 1-3) in the different solvents, such as &H
CN, CHCL, DMF, and DMSO. The similarity of the

emission patterns in these solvents suggests that there arg,
no solvent-dependent structural changes in the complexes.

and the probability of lanthanide emissiah{) are calculated
from both fluorescence decay lifetime and intensity measure-

(21) Filipescu, N.; Mushrush, G. W.; Hurt, C. R.; McAvoy, Nature1966
211, 960.

Xiao, M.; Selvin, PJ. Am. Chem. So@001, 123 7067 and references
therein.
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Table 2. Photophyscical Properties of HuX)3(H20), (X = 1—3) in Acetonitrile

Amad®Inm Poverall
compd (10 %e/dmPmol~tem™)  S/em™t AmaPOInmP Ti/em ! Amalnmt tlus (?)°  (x10%) pn/% Puansef% KadSt 10 %Kn/st
Eu(L1)s(H20) 288 (6.1) ~28 900 554 ~19600 614  3150(1.10) 9.2 26 35.1 835 3.13
Eu(L2)s(H20) 360 (5.5) ~24 450 525  ~19900 614  1857(1.12) 3.1 1.9 16.1 1050 5.28
Eu(L3)3(H20) 301 (3.5) ~27 027 593  ~18200 614 0.4
Eu(L4)s(H20) 265 (3.5) ~32785 460  ~23500

ag: singlet energy levelT:: triplet energy levely? is called the “reduced chi-squaré”Emission band maximum at 77 KEmission band maximum
and decay lifetimes in C}CN solution at room temperature.

ments as the following: 1.24 — Gd(L1),(H,0),
---- Gd(L2),(H,0),
1.0 -+~ Gd(L3).(H,0)
Per =1 (v @) 3 Jom - Gd(L4)H,0),
< 08 d %
PLn = Gl ad1ad/(Mper —1) = ¢l g{tg — Tad/ (laad) 2
(4) @ 06
C
g
c
Here ¢, is the fluorescence quantum yield of the acceptor, T 044
Tag@ndrq are the lanthanide complex’s excited-state lifetime
in the presence and absence of the acceptor respectiyely, °21 .
is the area under the residual lanthanide emission in the 0.0 b it , .
presence of the acceptor, anglis the area of the fluorescent 400 500 600 700 800
emission part of the acceptor. Wavelength (nm)
Here, the acceptor was Rhodamine B in acetonitiles Figure 5. Phosphorescent spectra of GX()3(H20)2 (X = 1—4) at 77 K.

0.52 andr < 10 ns. For example, in a mixture solution )

consisted of 1M Eu(L1)s(H-0), and 1uM Rhodamine ~ ©dge of the ligandsiL1—HL3 are 346, 409, and 370 nm,
B, the emission lifetime of the Eu(lll) complexd, = 614 respectively, indicating that their singlet energy levels are
nm) decreased from 31.50 to 2944, indicating that 6.7% 28 900, 24 450, and 27 027 ciyrespectively (see Table

of energy transferred to Rhodamine B. From these measure-2)- The triplet energy level of the ligand was not affected

ments and eq 4, the quantum yielfl{) of EG* in EuL1)s- significantly by the lanthanide ion, and the lowest lying
(H,0), was determined to be 2.6% (in Table 2). Similarly, €*cited level 7, —Syz) of Gd(lll) is located at 32 150
the other quantum yieldg(,) of EL®" was 1.9% for Eu- cm 123 On this basis, the phosphorescence spectra of Gd-

(L2)s(H;0), (in Table 2). In combination with the overall ~(-X)a(H20), (X = 1-3) allow one to evaluate thewr*

quantum yields dovera) of EU(L1)3(H,0), and Eu(2)s energy levels cor_responding ligand anidng (X = 1-3)
(H.0),, we can calculate the efficiencyanse) Of €nergy for all the lanthanide chelates. The phosphorescence spectra

transfer from the ligand to Bt according to eq 2. It can be of Gd('-l)3(H20,)2’ Gd¢2)3(H20)2' gnd Gd3)s(H0) at 77
seen from Table 2 thagyanservalues of the complexes Eu- K present their bands with maxima at ca. 554 nm (18 050
(L1)s(H:0), and Eu(2)(H:0), were 35.1% and 16.1%, CM ) 525 nm (19 048 cm), and 593 nm (16 863 cm),
respectively. However, for its very weak fluorescence respe_ctlvely, and their energies of zero-phonon transition of
emission, we did not obtain the quantum yiefd,) and the the triplet statg§tm*) 2 at _about 19600, 19 900 and 18 200
energy transfer efficiencyanste) for EU(L3)s(H20).. cm*l, respectlvely (see Figure 5). Consequent_ly, compared
With ¢, andty determined in acetonitrile, radiative and with the triplet energy level (23 500 cri) of the ligandL4

nonradiative decay rates for the Eu(lll) complexes were (see Figure 5), the triplet state levels were successfully
calculated via the following: lowered for the ligandsLd—L3) with electron-poor or

electron-rich aryl substituents at the 4-position of the
= = (1 — pyrazolone ring.

Kaa = Pualta K= (1= Pn)/Tg ®) Generally, the sensitization pathway in luminescent eu-
ropium complexes consists of excitation of the ligands into
their excited singlet states, subsequent intersystem crossing
of the ligands to their triplet states, and energy transfer from
the triplet state to theD; manifold of the E&" ion, following

by internal conversion to the emittirt, state; finally, the

Taking 2.6% of¢, and 31.50us of 74 into account, the
radiative and nonradiative decay rates of [E)§(H,O), were
835 and 3.13« 10* s1, respectively. Similarly, the radiative
and nonradiative decay rates of EQf3(H,O), were 1050
and 5.28x 10* s™! (in Table 2), respectively.

To elucidate the energy transfer process of the UropiUM 53" -\ Stein, G.. Wurzberg, B. Chem. Phys1975 62, 208. (b) Dieke,
complexes, the energy levels of the relevant electronic states ~ G. H. Spectra and Energy Lels of Rare Earth lons in Crystals

; i i Wiley-Interscience: New York, 1968.
should be estlmqted. The smglet_ and trlplgt energy levels of (24) (a) Comby. S Imbert. D.. Chauvin, A-S.: Bunzli, J-C. G.. Char-
L1—L3_ were estimated by referring to their wavelengths qf bonniere, L. J.; Ziessel, R. Forg. Chem2004 43, 7369. (b) Quici,
UV —Vis absorbance edges and the lower wavelength emis- g-: ga\_/azlflrt\tl_, I\F/Ii; Marzé':lr?m, 5366 5Aflczlogszl,gcs(.;)ATrnrtl)atrth, Nx Vsntura,
. . ., barigellett, F.Inorg. em Y . (C) loDbita, S.; Arakawa,
sion edges of the corresponding phosphorescence spectra. It M : Tanaka. 1.J. Phys. Chemi985 89, 5649. (d) Prodi, L. Maestr,

can be seen from Figure 3 that the wavelengths of absorbance  M.; Ziessel, R.; Balzani, Vinorg. Chem.1991, 30, 3798.
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Figure 6. Schematic energy level diagram and the energy transfer process

in the systems of EW(X)3:2H,0 (X = 1-3). S;: the first excited singlet
state.Ty: the first excited triplet state.

Ew?t ion emits when transition to the ground state océidps.
Moreover, the electron transition from the higher excited
states, such a¥®; (24 800 cn?), 5D, (21 200 cm?), and
5D; (19 000 cn?), to °Dg (17 500 cmt) becomes feasible
by internal conversion, and most of the photophysical
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Figure 7. Luminescence spectra of EuX)3(TPPO)(HO) (X = 1-3) at
room temperature. The intensities are relative to the fluorescence intensity
of Eu(L1)3(TPPO)(HO).

for us to understand that the fluorescent quantum yield of
Eu(L1)3(H20), is higher than that of EW@)s(H.0), (see
Table 2). On the contrary, therz* state (~18 200 cm?)

of the anionL3 is so close t&D, (17 500 cm?) of Eu(lll),
giving AECCra*—5Dg) = 700 cnm?, too low to prevent
thermally competitive back energy transfer from the Eu(lIl)
excited state to the triplet state b8, which predicts that

processes take place in this orbital. Consequently, mostlittle effective energy transfer takes place from the ani8n

europium complexes give rise to typical Eu(lll) emission
bands at~581, 593, 614, 654, and 702 nm corresponding
to the deactivation of the excited stat@, to the ground
states’F; (J = 0—4). Therefore, the energy level's match of
the triplet state of the ligands D, of EW?t is one of the

to Eu(lll), resulting in a low fluorescence quantum yield (4.0
X 10_4) of EU(L3)3(H20)2

Generally, the method of deoxygenating and reducing
temperature becomes feasible to improve the quantum yield
of the europium complexeéd.Here, to improve the lumi-

key factors which affects the luminescent properties of the nescence intensity, the stronger donor of triphenylphosphine

europium complexes.

oxide (TPPOY° with the triplet energy level of20 000 cm?®

According to the above experimental results, the schematic(see ESI) was introduced to exchange the coordinated Water
energy level diagram and the energy transfer process areand to form the ternary complexes EX()s(TPPO)(HO) (X

shown in Figure 6. The triplet energy levelsldf (~19 600
cm), andL2 (~19 900 cm?) are obviously higher than
the Dy level (17 500 cm?) of EW*", and their energy gaps
AECGra*—°Dg) between ligand- and metal-centered levels
are AE > 2000 cm?, too high to allow an effective back
energy transfer. According to Latva’'s empirical rétean
optimal ligand-to-metal transfer process for Eu(lll) needs
AECra*—5Dg) > 2500 cnt?; therefore, the ligand-to-metal
transfer processes are effective for EL)z(H.0), and Eu-
(L2)3(H20),. We also noticed that the energy gap between
the tz* and 3zz* levels are 9300 and 4550 crhfor the
anionsL1 andL2, respectively (see Table 2). According to
Reinhoudt’'s empirical rule that the intersystem crossing
process becomes effective whak(*zz* —37z7*) is at least
5000 cmy?” we believe that the aniongl and L2
(especiallyL1) are suitable as sensitizers for Eu(lll) and that
the intersystem crossing process of [EL);(H,O), is more
effective than that of EWR)s(H.O).. Therefore, it is easy

(25) (a) Sato, S.; Wada, M. Ehem. Soc. Jpri97Q 43, 1955. (b) Tanaka,
M.; Yamagughi, G.; Shiokawa, J.; Yamanaka, C@em. Soc. Jpn.
197Q 43, 549. (c) Haynes, A. V.; Drickamer, H. @. Chem. Phys.
1982 76, 114.

(26) Latva, M.; Takalo, H.; Mukkala, V.-M.; Matachescu, C.; Rodriguez-
Ubis, J. C.; Kankare, Jl. Lumin.1997, 75, 149.

(27) Steemers, F. J.; Verboom, W.; Reinhoudt, D. N.; van der Tol, E. B.;
Verhoeven, J. WJ. Am. Chem. S0d.995 117, 9408.

= 1-3). Figure 7 gives the luminescence spectra of Eu-
(LX)3(TPPO)(HO) (X = 1—3). Compared to Elfl )3(H20),,

the quantum efficiency of Eu()3;(TPPO)(HO) increases
about 18%. Similarly, an increase of 24% was obtained for
Eu(L2)3(TPPO)(HO). Moreover, the fluorescence lifetime
was increased to 33,is for Eul1)3(TPPO)(HO). Since
the triplet energy level of TPPO matches g energy level

of EL?*, the energy absorbed by TPPO could be transferred
to EL?* ion directly (see Figure 6), leading to the enhance-
ment of the emission quantum yields of the complexes Eu-
(LX)3(TPPO)(HO) (X =1, 2).

Electroluminescence Propertieskor its good luminescent
property, the complex Eu()s(TPPO)(HO) was used to
fabricate the EL devices. No obvious light emission was
obtained from the single-layer device A with the configu-
ration of ITO/Eul1)3(TPPO)(HO) (60 nm)/Mg:Ago:1 (200
nm)/Ag (80 nm). By usind\,N-diphenyIN,N-bis(1-naph-
thyl)-1,1-diphenyl-4,4-diamine (NPB) and tris(8-hydroxy-
quinolinato)aluminum (AIQ) as hole and electron trans-

(28) Parker, D.; Dickins, R. S.; Puschmann, H.; Crossland, C.; Howard, J.
A. K. Chem. Re. 2002 102, 1977.

(29) Xin, H.; Shi, M.; Gao, X. C.; Huang, Y. Y.; Gong, Z. L.; Nie, D. B.;
Cao, H.; Bian, Z. Q.; Li, F. Y.; Huang, C. H. Phys. Chem. R004
108 10796.

(30) Dickins, R. S.; Parker, D.; Bruce, J. |.; Tozer, D.Dhlton Trans.
2003 1264.
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Figure 8. Current density-voltage ¢) and luminancevoltage () curves Figure 9. Current-voltage t) and luminancevoltage () curves of
of device B with the configuration of ITO/NPB (50 nm)/Ei()s(TPPO)- device C with configuration of ITO/NPB (50 nm)/BELL)s(TPPO)(HO):
(H20):CBP (6%, 50 nm)/AIQ (40 nm)/Mg:Ag:1 (200 nm)/Ag (80 nm). CBP (15%, 50 nm)/BCP (20 nm)/AIQ (20 nm)/Mg:4g (200 nm)/Ag
Inset: EL spectrum (16 V). (80 nm). Inset: EL spectrum (18 V).

rich aryl substituents at 4-position of the pyrazolone ring.
Three pyrazolone-based ligandi&1 —HL3 and their cor-
responding europium complexes EX)s(H.O), and Eu-
(LX)3(TPPO)(HO) (X = 1—3) were structurally and pho-
tophysically characterized. The experiment results prove that
the modification of ligands not only alters the triplet state
energy but also affects the quantum yield ofEamission

and the energy transfer efficiency from the ligand t¢'Eu
finally resulting in the change of the overall emission
quantum yield. The complex EL{)s(H>0), at room tem-
perature exhibits 35.1% of energy transfer efficientiydte),
2.6% of probability of lanthanide emissiog, (), and 9.2x

103 of fluorescent quantum yield, which are the highest
values in all europium complexes based on pyrazolone-based
ligands up to now. Moreover, we used Elijs(TPPO)(HO)

as the emitter to fabricate successfully an OLED device with
a saturated red electroluminescence of 24mcé.

porting materials, respectively, and 4pis(carbazol-9-
yhbiphenyl (CBP) as a host material, the three-layer device
B with the configuration of ITO/NPB (50 nm)/Eul)s-
(TPPO)(HO):CBP (6%, 50 nm)/AIQ (40 nm)/Mg:Ag.1
(200 nm)/Ag (80 nm) was fabricated. Figure 8 shows the
EL spectrum of the device B. A broad EL emission peaked
at 502 nm with a sharp emission peaked at 615 nm and the
highest luminance of 920 eah~2 were observed, revealing
that the emission of the device B was mainly from AlQ with
a small amount of emission from the europium complex.
After insertion of hole blocking material 2,9-dimethyl-4,7-
diphenyl-1,10-phenyanthroline (BCP) between the europium
complex and AlQ and improvement ofthe content of the Eu-
(111 complex in CBP, device C with the configuration of
ITO/NPB (50 nm)/EU(1)3(TPPO)(H0):CBP (15%, 50 nm)/
BCP (20 nm)/AIQ (20 nm)/Mg:Ag:1 (200 nm)/Ag (80 nm)
was fabricated. Its EL spectrum is shown in Figure 9. Device
C gave the characteristic emission of the central europium Acknowledgment. The authors thank the National Sci-
ion, indicating that the carrier recombination zone was well ence Foundation of China (Grant 20490210), the NHTRDP
confined in the europium complex layer and their perfor- (863 Program No. 2002AA302403), and Shanghai Sci. Tech.
mance was 247 eth~2 at 18.5 V. Currentvoltage (—V) Comm. (Grants 03QB14006 and 03DZ12031) for financial
and luminancevoltage (—V) curves of device C are also  support.

shown in Figure 9. Supporting Information Available: Data for the crystal
. structure ofHL2 and Eu(3)3(TPPO)(HO) (CIF), decay lifetimes
Conclusions of Eu(L1)s(H:0), and Eu(2)s3(H:0), and the phosphorescent

In conclusion, we have identified viable operating prin- spectrum of Gd(N@)3(TPPO). This material is available free of

ciples for the modulation of optical properties of the Charge via the Internet at hitp://pubs.acs.org.
europium complexes by introducing electron-poor or electron- 1C050844P
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